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Editor's Foreword 

The McGraw-Hill Education Trade and Technology list 
has been designed to provide entry-level competencies in 
a wide range of occupations in the electrical and electron
ics fields. It consists of coordinated instructional mate
rials designed especially for career-oriented students. A 
textbook, an experiments manual, and online resources 
support each major subject area covered in the series. All 
of these focus on theory, practice, applications, and expe
riences necessary for those preparing to enter technical 
careers. 

There are two fundamental considerations in the prepa
ration of a text like Digital Electronics: Principles and 
Applications: the needs for the learner and the needs of 
the employer. This text meets those needs in expert fash
ion. The authors and editors have drawn upon their broad 
teaching and technical experiences to accurately interpret 
and meet the needs of the student. The needs of business 
and industry have been identified through personal inter
views, industry publications, government occupational 
trend reports, and reports by industry associations. 

The processes used to produce and refine the series 
have been ongoing. Technological change is rapid, and 
the content has been revised to focus on current trends. 
Refinements in pedagogy have been defined and imple
mented based on classroom testing and feedback from 
students and instructors using the series. Every effort has 

been made to offer the best possible learning materials. 
These include animated PowerPoint presentations, circuit 
files for simulation, a test generator with correlated test 
banks, dedicated websites for both students and instruc
tors, and basic instrumentation labs. All of these are well 
coordinated and have been prepared by the author. 

The widespread acceptance of Digital Electronics: Prin
ciples and Applications and the positive feedback from 
users confirm the basic soundness in content and design of 
all the components as well as their effectiveness as teach
ing and learning tools. Instructors will find the texts and 
manuals in each of the subject areas logically structured, 
well paced, and developed around a framework of modern 
objectives. Students will find the materials to be readable, 
lucidly illustrated, and interesting. They will also find a 
generous amount of self-study materials, review items, and 
examples to help them determine their own progress. 

Both the initial and ongoing success of this text and 
others with the McGraw-Hill Trade and Technology list 
are due in large part to the wisdom and vision of Gordon 
Rockmaker, who was a magical combination of editor, 
writer, teacher, electrical engineer, and friend. The pub
lisher and editor welcome comments and suggestions 
from instructors and students using this series. 

Charles A. Schuler, Project Editor 

Basic Skills 1n EIBctricity and EIBctronics 

Charles A Schuler, Project Editor 

New Editions in This Series 
Electricity: Principles and Applications, Eighth Edition, Richard J. Fowler 
Electronics: Principles and Applications, Eighth Edition, Charles A. Schuler 

VIII Editor's Foreword 



Preface 

Digital Electronics: Principles and Applications, eighth 
edition, is an easy-to-read introductory text for stu
dents new to the field of digital electronics. Providing 
entry-level knowledge and skills for a wide range of 
occupations is the goal of this textbook and its ancil
lary materials. Prerequisites are general math and intro
ductory electricity/electronics. Binary math, Boolean 
concepts, simple programming, and various codes are 
introduced and explained as needed. Concepts are con
nected to practical applications, and a systems approach 
is followed that reflects current practice in industry. 
Earlier editions of the text have been used successfully 
in a wide range of programs: electronic technology, 
electrical trades and apprenticeship training, computer 
repair, communications electronics, and computer sci
ence, to name a few. This concise and practical text can 
be used in any program needing a quick and readable 
overview of digital principles. 

New to this Edition 
Chapter 1 

• Digital applications, including automotive fuel in
dicators, vehicle speed sensors, and engine control 
module. 

• A new section on where digital circuit applications 
are used. 

• Information on logic probe use in troubleshooting. 

• A revised instruments section. 

Chapter 2 

• Subsection on applications of encoders and 
decoders. 

Chapter 3 

• Updated information on practical chips including 
lower voltage ICs. 

• Expanded most self-test sections. 

Chapter4 

• Expanded several self-test sections. 

• Revised material on data selectors. 

Chapter 5 

• Information on low-voltage ICs. 

• Added many application assignments on interfacing. 

Chapter 6 

• Updated applications of the Gray code, including 
the shaft encoder, and new information on the 
quadrature encoder. 

• Updated information on display technologies. 

Chapter7 

• Application of an R-S latch. 

• A new detailed application of a latched encoder
decoder system. 

Chapter 8 

• Expanded self-test questions. 

Chapter 10 

• Expanded several self-tests. 

• Updated binary subtraction section. 

Chapter 11 

• Updated overview of memory section. 

• Updated nonvolatile read/write memory section 

• Updated memory packaging section. 

• Expanded bulk storage section, including more 
information on USB flash drives. 

• Internet research topics. 

Chapter 12 

• Expanded self-test and critical thinking questions. 

• Information on distance sensing with coverage of 
several sensor technologies. 

• A DIY application demonstrating a distance sensor 
triggering the timed operation of a stepper motor. 

Chapter 13 

• Updated microcomputer section. 

• Updated data transmission section. 

Preface IX 



• A revised microcontrollers section. 

• Application of a microcontroller with photo input 
and servo motor output. 

Chapter 14 

• Expanded self-test questions. 

Additional Resources 
An Experiments Manual for Digital Electronics contains 
a comprehensive test, a variety of hands-on lab exercises 
and experiments, and additional problems for each chap
ter in the textbook. 

The Online Learning Center (OLC) at www.mhhe. 
com/tokheim8e includes comprehensive Multisim files, 
keyed to circuits found in the eighth edition, and a Multisim 
primer (written by Patrick Hoppe of Gateway Technical 
College), which provides a tutorial on the software for new 
users. The Multisim program itself is not included on the 

x Preface 

website, but the latest version, version 12, can be purchased 
through McGraw-Hill at a discount when you adopt this 
textbook. Visit www.mhhe.com/tokheim8e or contact your 
McGraw-Hill sales representative for more information. 

The OLC also features chapter study resources, links to 
industry and association sites, and assignments and tests 
for students. Instructors can access the instructor side of 
the OLC to find a wide selection of information including: 

• An Instructor's Manual that includes a list of the 
parts and equipment needed to perform lab experi
ments, learning outcomes for each chapter, answers 
to chapter review questions and problems, and more. 

• PowerPoint presentations that correlate to all chap
ters and special PowerPoint presentations on bread
boarding, soldering, circuit interrupters (GFCI and 
AFCI), and instrumentation. 

• A test generator, EZ Test, which includes a test 
bank with questions for each chapter. 
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alkthrough 

Digital Electronics: Principles and Applications, eighth 
edition, is designed for a first course in digital electron
ics. It provides a concise, modern, and practical approach 
that's suitable for a range of electricity and electronics 

XII 

Learning Outcomes 
Tflix chapter will hdp yo11 m: 

1·1 fdr1u1/y ,,...,,er;tl dwr.ic1eri<lk.'i of di,sir.d 
cin:uitsa>oppo .... o.J1o:m.1hP;dn:uil>. 
/Ji{f<'mllit11eb.:t"ccndi~it~J and;1n.1!oi; 
.<ii;11:11.•, :ind ide111if1· 1nc HIGH aml LOW 
portionsnfa<ligi1atw·.1vcform 

1·2 Cluuifv the <ignah (analog; or digil~h in 
>c..-er~l "PPlk~tion circuit<. 1111"/.r~c the 
op.:r~tion uf\Cvcr..11 !iq..,id·rnca.wrinJ,! 
cin:ui1~ £11•frii1111hycomcninga0Jfog 
inpol~fcum:n1<:1nJ,·ol!agts)from.<';Cll,Ots 

todigi1~1 fonn c~n Ix: u;:.:ful. 

1-3 Li.•f...:1·cr~I cununon pi~-.:.:.~ofclcctronic 
:;c-~r that .;on1ai11 <lig•!~l dn:uitry. Oi1c1m 
thedemantlfoccomputerandelo::tronic> 
!L-.:hnici~o•. and f,/~111if;o1raining 
opponunitics 

1-4 f.i.1111lrcc typ<:-.• ofmulli\·ibr.llor.i.~nd 
11<'.,.-rilJ<:how1hcyi.:encr.1letype•ofdigirnl 
$ii;nakAml/_,·:e <ever.ii mu!!ivibrntor ;tnd 
~witchdd1ourn:ingcircui1s 

1·5 A11a(1<:<"""<!\"cm!!ugic·levdindicator 
circ\lit>. fll/rrprerlngie probe readings 
durtns !~..,,1ing ofadii;ical circuit 
U11ders111mf1hcdefini!i(m;ofJ/fGlf. 
(.O!V.Jndu111fr:ji11r:dwhcnoh>.ervingk1gic 
level; in both TTl. ~nd CMOS digital 
circuitry. 

1·5 fJemmr.11wrethcu.cof><.'Vcr.1lM> 

Digital Electronics 

E~f~~~~; a~g~~f~~11~it~~~~~~:io:1 ~~trSi~ii~ 
tal in nawre. Historically. most electronic 
pnxlucls contained a.irnlog circuitry. Most 
newly designed electronic devices rn111ain 
digit:il circuitry. This chapter introduces 
you to the world of digital electronics. 

What:iretheduesr.h;itnnelectronicprod
uct n111rai11.1· di&iWl drr.uirry? Signs that n 
device contains digital circuitry indude: 

I. Doe~ it have a disphiy that shows 
numbers, letters. pictures, or video? 

2. Docs it have a memory or can it More 
information? 

3. C;m the dc\•icc he programmed'! 
4. C;in it he conncc!e<l l(1 the ln1cmc1? 

If the answer to any one of the four ques
tions is yes. then the product probably con
tains digital circuitry. 

Digital circuitry is quickly hecoming 
pe1vasive because of its ad1'antagc.1 over 
analog including: 

I Genernlly,<ligitalcircuitsarcea~ier 

to Jesign using modern integrated 
circuit~ (!Cs). 
Information stornge is ca~ier to 

• ~:,l;~.~:e.~!:~~h~~;1i~a~·.,,,. ..... , ..... h! .. 

Key terms are carefully defined and explained 
in the text and listed in the margins so students 
can easily identify them. 

S11/)/lfy1hrmi.ni11t-:u"mtfi11rach.1wtrmell/ 

!. Rc!erLo Fi!!.. 1·2. The +5-V li:vel of the 
__ -(:rnalog,digita[J~ignalcould 
:1ho be ca!k-U a logical ! or a __ _ 
<HIGH. LOW). 

~· A(n) ___ (anl;llog, digi1al) di:vicc 
i.\Onc that hasa.~ignalwhichvariescon· 
tinuouslyin~tepwith!hcinput. 

3. Refer to Fig. l-4 The input to the 
elecmmicblock iseta.~siliedasn(n) 
___ (analog, digiiall signal. 

4. Refert0Fig. l-4.Theo11tpmfromthe 
efcetronic hlock i~ ctu.,silied a~ a(n) 
___ (analog, digital) sign;iJ 

5. An annlog circuit is one that procc~$C$ 
analogsignalswhileadigitalcircuit 
proccsses __ ~ignals 

OUTPUT 

n__ 

F.;t~Bi.Jcl<dag";rnricloc!nricorcut~a!ine"Ml'>'e'rt11a _,,_ 

Walkthrough 

programs. With its easy-to-read style, numerous full
color illustrations, and accessible math level, the text is 
ideal for readers who need to learn the essentials of digital 
electronics and apply them to on-the-job situations. 

Each chapter begins with a list of learning 
outcomes that tell the reader what he or she 
should expect to accomplish by the end of 
the chapter. The outcomes are tied to the 
chapter subsections. 

Huadecimal 
num!rersymm 

Buel6system 

He.aidecimi! 
natatian 

Mii;ral'rucnstJr· 
ba~eds~mli 

Subscript! 

!Jue10 

Ba~2 

2-8 Hexadecimal Numbers 

The he.111drd111u/ 1111m/1er .\\"Ht'/11 u~s the !6 

symboh 0, I. 2. 3, 4, 5. 6, 7. 8. 9. A. B. C. D. E. 
and F and is 1cfcrrcd to a~ the fxni• 16 .<y1IL'lll. 
Figure 2-9 ~how.~ the equivalent bin~ry and 
hexadecimal representations for the decim;il 
numbers 0 thmugh 17. The !cuer "A" slamh 
for decimal IO. "B~ for decimal IL and ~o on. 
The adv;inlage ut the hc:irndccimal sy,,tcm is it~ 
u1><!Fulne.,~ in converting directly from a 4-hit 
binary number. For instance. hexadcdm~! F 
~tand~ for the -l·bit binary number l 11 ! He.w· 
detima/ 11111Uti1111 is typically ug."d to repre~cnt 
;i binary number. For in~tancc, the hexadecimal 
number A6 y.uuld rcprc . ..ent the 8·bit binary 

number !UJUOl IU. Hexudcc1mal notatmn is 

widely usi:d in micmprocc.uor-lm.1t:d f_Y\tt.'1111 

to repre.\Cnt 4. 8-. !6-, 32·, or 6-1-·hit binary 
numbers 

The numhcr lO rt:prc).Cnh how many ob· 
jcct~·! It can he oh~crved from the table ~hown 
in Fig. 2-9 that the number IOcouldmc:m ten 
ohjccts, two nhjt.-Cb. or ~ixtee11 objects depend· 
ing on the ba~c of the number. Subsuipfl arc 
~omctimes :iddcd to a number to indicate the 
ba.~e of the numh-::r. U~ing \Ub?>Cripts, !he num
ber 10"' repre,1,cnts ten object~. The subscript 
{IOinthisexample) indic;itcsit isalwfc JO.or 
decimal. number. U~ing ~uthcripl\, thc number 
10, reprerent.~ two objects since this is in binary 
(bi11e 2). Again u~ing suhscripls. the number 

The self-tests can either help students 
identify areas that need further study or 
serve as positive reinforcement for material 
that students already know. After completing 
a self-test, students may check their answers 
in the Answers to Self-Tests sections at the 
end of each chapter. 



A photographic hls!ory of the computer One ot the first computers was the Eniac (upper felt), devel· 
oped in the 1940s. The 1970s marked the expanded use of the computer by busmesses. The main
frame computer (uppernght) was the 100101 the time. Jn the 1980s persona! computers such as the 
Apple l!e (lower left) brought computers intn our homes and sehools. Today, perS-Onal computers can 
goanywtiere,aslaptopcomputers(lowertighl}increaselnpopu!arity 

if~~~~~~~!Jf~:2L. __________ ... -·~-- a comhinati{ln of both. The to::chniciims mu~t 
A Changing Acid. E!ei:tmn!cs Is among Ille most exciting lxritd ;1 prototype (1r troublc)horJI and rcp;iir 
:ire as of technical s!udy. New developments are reported digital. analog:, nnd combined ~y~tcm-.. 
weekly. lnterestiogly, m-OSt dtwelopments are based on the Anulogd.:1111111ic 11·1t<:m\ haw been popular 

in comerting a more cump!katcd m;J.:tterm 
c\prcs,ion to it' m11nem1 form. Conver..ion~ 
twm maxt1:rm-to·111intern1 or minterm-to-ma,. 
lt:rmforin,u'l!co111u1onlyumkrt;ikentogc1rid 
of Jong overh:1r~ in the Buoleln c'p1c~,io11. 
rhe new e:umple iJlu,trated in Fi!!. 4-46 will 
change the ma~tern1 e:tprc .... ,ion (A + 8 + (;} · 
(;r:;:s-+c) = Yto i1~ mime1m equivalent :md 
dim111;uethelongoverbar.Carcful!yfollow1he 
comer:.ion procc. ... , in Fi!!- 4-~. The re~u!t of 
thhcun\Cr.>itJn)iclJ,th<: iuinccnu IU1mA B 
C + A B -C = Y. which p.:rfonm C:.'<lt:t!y the 
\3mc kl\!k fm1<:uo11 a~ the m;J.:tlt:rrn expn::~sion 
!A+B + Cl ( . ..l. + B + 0 = Y. The re~ulting 
rnm1ermcxpres.,ioncanhewrmen inconven· 
t\lmJJ form :1.~A B · C +A· fl. C= Yu,\n!! 
O\'t:r!iJr:. or in !he 'h\lftcncd kcybourd vefliio~ 
ABC+ A'B·c = Yu.,ing <!po~trophes 

Jt mu~t hc undcr~too<l that the logic db· 
grnm< that ""ould hc wird U'>ing the maxtern1 

~ History of 
Electronics 

George Boole was tiom 10 Lir;;:oln, 
Eru]!and. on November 2, 1815. 
He was a seU-taught matfle
maucran wtc invented mooem 
symbolic klgic and pioneered 
thecaJculvsofaperat0<s . .arounct 
1850, Ge<lrge &Joie created 
Booteana!gebra,whidlunderlies 
thetheoryoflogrc. 

fundamentals !earned in the first classes in elettrlcity, :ma1og in the ~1,1. Okkr TV>. telephones. and auiomo· 

=~~~~ci~~~~,computertec<hlfo;;;l"OY"' . ..;;""c::'.;:'°"'="";;:·;;;'";;.'--;.....:~"';~"'-;;~""i'~"':"'~r"',"'c~rs'"'.'.'.'"'~:"'"~a!"':g"';"'~~'-',.!1,,'";~s"':;,'-';lli;"'u:"',;'-----!;:.;----

The features History of Electronics and 
About Electronics add depth to the topics and 
highlight new and interesting technologies or 
facts. 

1·2 Why Use Digital Circuits? 

Electronic~ Ue,ignct'i and technicians must 
huvc a v.mldng knowledge of both analog and 
digital \Y~tem~. The de~igncr mint <ledde if the 
~y~tem will ul.( an:1!og or digital technique~ or 

in ~omc milit;iry applications such as tire con· 
tro!oo.\hip.>. 

Mo)t rcal·wnrld inforrnulion is mw/og in 
nature. NJtural phenomena, ~uch a.> time, 
temperature. lrnmidicy. wind ~peed. r;idia
tion. ani.J sound inten,ity. :ire :ma lug in nature 
You proh;ib!y have ;ilrc;idy mea$1ircd voltage, 

Digital Circuitry: Advontoges 
and limitotions 
Some of the :idvanwgc\ ror u~ing dii;'1tal cir· 
cuitry lnJ.!ead of anal0<,; arc nJ. !bllow': 

l lnexpcn~ive IC~ can be u:-cd with few 
extcrn;ilcomponent.\. 
lnfounaci,1ncanbc\torcdfor,hort 
pt!rioclsorinJelinitdy 

J. Darn can he u~ for prt:cbe t:a!cubtion' 
4. Systems can be de~igned more e:i..-ily 

u,Jng conipaiihk digital logic familie.~ 
5. Systems cm1 be programmed and ~how 

Mime manrr.:r ol "intclllgencc" 
6 Al?hnnumeric,picture,and video 

7. Digi1al dri:uib are !c~' uffix:ied by unwanted 
de<.:uic:1tinteikn::ocet":l!b.J11(1i1e 

8. Suchcircuitsarecompaub!ewith the 
lmern1:tnn<lcomputc1~, 

The limi/(/f/flll\ oj diir;1tal cirnii11y are :I.\ 

follow~: 

! Mo.'l re~!-WDfld ewnl\ are ~na!n•3" in nature. 
2 An;i!og pnlee~sing h U\u;1!!y 'impler and 

fa.-ier. 

Digital circuic~ a1e ;ipp.::aring in rnurc and 
more product.~ primarily bec;iu~ of low-co~t. 
reliable digital JC~. Other n:a~on' for their 
growing popularity arc ac1:uracy. added \tll· 
hilitv. comouler commuibilitv. mcmocv, ea;.c 

Critical facts and principles are reviewed in 
the Summary and Review section at the end 
of each chapter. 

~--;.:..-Internet connections encourage students to 
do online research on certain topics. 

Chapter l Summary and Review 

L Analog signals vary gradually and continuou~ly. 
while digital ... ignah produce dhcrete \·oltngt: 

lcveh commouly refcned to a\ HIGH and LOW. 
2. Mo-.t modern electronic equipment contain.\ both 

analoganddigitalcircuilry 

3. Logic tcve!sJrediffen:nt forvariou,digital logic 
fnmilics, such as 1TL and CMOS. These logic 

lcvt'b an:: t'Qmmonly referred to as HIGH, LOW. 
and undefined Figure 1-20 Uewih the;.c TIL nnd 

6_ Digilalclectrooicsi~ a huge 3nd rapidly e.,p:in<ling 

field Digital computen.. in all their fom1s, serve :i.~ 

ihelrn:lhoncofthe fnh:met 
7 Bbt'1.ble, mono,1ah!c, 30d a.~table rnultivibrntors 

Jn: ut.ed 10 !;!enerate digital ~ignah. Thc\C are 
MHnctune~ca11ed la1che.~.onc·~ho1, ;ind Cree· 

runningmultivibr.ito1Ji,rt:~peetively 

8. Logic kvd indic:m}fs may toke the tv1m of ~imp!e 
LE.D ;ind ~i,tor drcuits, ~ollmrten, or logic probes 

f11181818181D!mR!E!llBRl:ll•••••1""'1-----!f- Chapter review questions are found at the end of 
2-J I. Convert the bin;uy number.. in a to d 10 

hexadecimal uumlx:r~: 
3. OIOI !!JO c. 1101!01 I 
b. 00011!1 I d. 001 [()(XX) 

2·12. Hexadecimal JE6""' 
2-13. Decimal 4095 "" ___ " 
2-14. Octal 156 = ___ ,,, 
2-15. Decimal 391 
2-16. A~lngleOor I 

[bit, word). 

2-17. An 8-bit g1oupof h:ind Os. which reprc::cm~;i 
number. letter, or op code, b commonly cJIJed a 
___ fbyte.nihbkJ. 

2-1. !(the digital circuiL~ in a computer only respond 
to tiinary nuinher.;, why are ocrnl an<l he.,a
decimal number~ used exten~ively by computer 

spe-.:i3lisi~·! 

2-2. Jn a digital sy~tem .,uch a.' a mlCH\COmP'Jler, it 

is common to consider an S-bit l!roup (called 

2·18 A nibbleisatermthatdei:cribe~a 
___ (4-bit, 12-btt)datagroup. 

2· 19. Mieroptoce~~or-h3..ed ~yMems {~uch a.~ a com
pulef) commonly identify the size or o d;ua 

gT0Up3~---(fi!e.WOfd)!ength. 

2·20. To encrypt data from a readable form (~uch 
a~ alphanumeric) to m:ichinc code u.<.able by 
digital r:in:uits is called ___ (encoding, 

interr~ing) 

2-4. Al the op¢ ion of your instructor, U!>C circuit 
slmu!;itioo ..art ware to (a) draw the logic dia· 

gram of the binary-to-<lecimal decoder circuit 
~hown 'rn Fig. 2-18, (b) opernce the circuit, and 
(el dcrnonsuate the bin:iry·to-decirnal decoder 

simufotiontoyourinstructor. 

each chapter, as are critical thinking questions. 

Walkthrough XIII 



bout the uthor 

Over several decades, Roger L. Tokheim has published 
many textbooks and lab manuals in the areas of digi
tal electronics and microprocessors. His books have 

xiv About the Author 

been translated into nine languages. He taught technical 
subjects including electronics for more than 35 years in 
public schools. 



Safety 

Electric and electronic circuits can be dangerous. Safe 
practices are necessary to prevent electrical shock, fires, 
explosions, mechanical damage, and injuries resulting 
from the improper use of tools. 

Perhaps the greatest hazard is electrical shock. A cur
rent through the human body in excess of 10 milliam
peres can paralyze the victim and make it impossible 
to let go of a "live" conductor or component. Ten mil
liamperes is a rather small amount of current flow: It 
is only ten one-thousandths of an ampere. An ordinary 
flashlight can provide more than 100 times that amount 
of current! 

Flashlight cells and batteries are safe to handle be
cause the resistance of human skin is normally high 
enough to keep the current flow very small. For exam
ple, touching an ordinary 1.5-V cell produces a current 
flow in the microampere range (a microampere is one
millionth of an ampere). The amount of current is too 
small to be noticed. 

High voltage, one the other hand, can force enough 
current through the skin to produce a shock. If the cur
rent approaches 100 milliamperes or more, the shock can 
be fatal. Thus, the danger of shock increases with volt
age. Those who work with high voltage must be properly 
trained and equipped. 

When human skin is moist or cut, its resistance to the 
flow of electricity can drop drastically. When this hap
pens, even moderate voltages may cause a serious shock. 
Experienced technicians know this, and they also know 
that so-called low-voltage equipment may have a high
voltage section or two. In other words, they do not prac
tice two methods of working with circuits: one for high 
voltage and one for low voltage. They follow safe proce
dures at all times. They do not assume protective devices 
are working. They do not assume a circuit is off even 
though the switch is in the OFF position. They know the 
switch could be defective. 

Even a low-voltage, high-current-capacity system 
like an automotive electrical system can be quite 
dangerous. Short-circuiting such a system with a ring 
or metal watchband can cause very severe burns
especially when the ring or band welds to the points 
being shorted. 

As your knowledge and experience grow, you will 
learn many specific safe procedures for dealing with elec
tricity and electronics. In the meantime: 

1. Always follow procedures. 
2. Use service manuals as often as possible. They 

often contain specific safety information. Read, and 
comply with, all appropriate material safety data 
sheets. 

3. Investigate before you act. 
4. When in doubt, do not act. Ask your instructor or 

supervisor. 

General Safety Rules for Electricity 
and Electronics 

Safe practices will protect you and your fellow workers. 
Study the following rules. Discuss them with others, and 
ask your instructor about any you do not understand. 

1. Do not work when you are tired or taking medicine 
that makes you drowsy. 

2. Do not work in poor light. 
3. Do not work in damp areas or with wet shoes or 

clothing. 
4. Use approved tools, equipment, and protective 

devices. 
5. Avoid wearing rings, bracelets, and similar metal 

items when working around exposed electric 
circuits. 

6. Never assume that a circuit is off. Double-check it 
with an instrument that you are sure is operational. 

7. Some situations require a "buddy system" to guar
antee that power will not be turned on while a tech
nician is still working on a circuit. 

8. Never tamper with or try to override safety devices 
such as an interlock (a type of switch that automati
cally removes power when a door is opened or a 
panel removed). 

9. Keep tools and test equipment clean and in good 
working condition. Replace insulated probes and 
leads at the first sign of deterioration. 

10. Some devices, such as capacitors, can store a lethal 
charge. They may store this charge for long periods 
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of time. You must be certain these devices are dis
charged before working around them. 

11. Do not remove grounds and do note use adaptors 
that defeat the equipment ground. 

12. Use only an approved fire extinguisher for electrical 
and electronic equipment. Water can conduct elec
tricity and may severely damage equipment. Carbon 
dioxide (C0

2
) or halogenated-type extinguishers 

are usually preferred. Form-type extinguishers may 
also be desired in some cases. Commercial fire ex
tinguishers are rated for the type of fires for which 
they are effective. Use only those rated for the 
proper working conditions. 

13. Follow directions when using solvents and other 
chemicals. They may be toxic, flammable, or may 
damage certain materials such as plastics. Always 
read and follow the appropriate material safety data 
sheets. 

14. A few materials used in electronic equipment are 
toxic. Examples include tantalum capacitors and be
ryllium oxide transistor cases. These devices should 
not be crushed or abraded, and you should wash 
your hands thoroughly after handling them. Other 
materials (such as heat shrink tubing) may produce 

irritating fumes if overheated. Always read and fol
low the appropriate material safety data sheets. 

15. Certain circuit components affect the safe perfor
mance of equipment and systems. Use only exact or 
approved replacement parts. 

16. Use protective clothing and safety glasses when 
handling high-vacuum devices such as picture tubes 
and cathode-ray tubes. 

17. Don't work on equipment before your know proper 
procedures and area aware of any potential safety 
hazards. 

18. Many accidents have been caused by people rush
ing and cutting corners. Take the time required to 
protect yourself and others. Running, horseplay, and 
practical jokes are strictly forbidden in shops and 
laboratories. 

19. Never look directly into light-emitting diodes or 
fiber-optic cables; some light sources, although in
visible, can cause serious eye damage. 

Circuits and equipment must be treated with respect. 
Learn how they work and the proper way of working on 
them. Always practice safety: your health and life depend 
on it. 

Electronics workers use specialized safety knowledge. 

xvi Safety 



learning Outcomes 
This chapter will help you to: 

1-1 Identify several characteristics of digital 
circuits as opposed to analog circuits. 
Differentiate between digital and analog 
signals, and identify the HIGH and LOW 
portions of a digital waveform. 

1-2 Classify the signals (analog or digital) in 
several application circuits. Analyze the 
operation of several liquid-measuring 
circuits. Explain why converting analog 
inputs (currents and voltages) from sensors 
to digital form can be useful. 

1-3 List several common pieces of electronic 
gear that contain digital circuitry. Discuss 
the demand for computer and electronics 
technicians, and identify training 
opportunities. 

1-4 List three types of multivibrators, and 
describe how they generate types of digital 
signals. Analyze several multivibrator and 
switch debouncing circuits. 

1-5 Analyze several logic-level indicator 
circuits. Interpret logic probe readings 
during testing of a digital circuit. 
Understand the definitions of HIGH, 
LOW, and undefined when observing logic 
levels in both TIL and CMOS digital 
circuitry. 

1-6 Demonstrate the use of several lab 
instruments. 

Digital Electronics 

ngineers generally classify electronic 
circuits as being either analog or digi

tal in nature. Historically, most electronic 
products contained analog circuitry. Most 
newly designed electronic devices contain 
digital circuitry. This chapter introduces 
you to the world of digital electronics. 

What are the clues that an electronic prod
uct contains digital circuitry? Signs that a 
device contains digital circuitry include: 

1. Does it have a display that shows 
numbers, letters, pictures, or video? 

2. Does it have a memory or can it store 
information? 

3. Can the device be programmed? 
4. Can it be connected to the Internet? 

If the answer to any one of the four ques
tions is yes, then the product probably con
tains digital circuitry. 

Digital circuitry is quickly becoming 
pervasive because of its advantages over 
analog including: 

1. Generally, digital circuits are easier 
to design using modem integrated 
circuits (ICs). 

2. Information storage is easier to 
implement with digital. 

3. Devices can be made programmable 
with digital. 

4. More accuracy and precision are 
possible. 

5. Digital circuitry is less affected by 
unwanted electrical interference called 
noise. 

All persons working in electronics must 
have knowledge of digital electronic cir
cuits. You will use simple integrated circuits 
and displays to demonstrate the principles 
of digital electronics. 

Identifying digital 
products 

Advantages af 
digital 



Analog signal 

Volt-ohm-millimeter 

HIGH and LOW 
signals 

Digital multimeter 

Digital circuits 

1-1 V\Jhat Is a Digital Signal? 

In your experience with electricity and electron
ics you have probably used analog circuits. The 
circuit in Fig. 1-l(a) puts out an analog signal 
or voltage. As the wiper on the potentiometer is 
moved upward, the voltage from points A to B 
gradually increases. When the wiper is moved 
downward, the voltage gradually decreases 
from 5 to 0 volts (V). The waveform diagram 
in Fig. 1-l(b) is a graph of the analog output. On 
the left side the voltage from A to B is gradually 
increasing to 5 V; on the right side the voltacre 
. b 

is gradually decreasing to 0 V. By stopping the 
potentiometer wiper at any midpoint, we can 
get an output voltage anywhere between O and 
5 V. An analog device, then, is one that has a 
signal which varies continuously in step with 
the input. 

A digital device operates with a digital signal. 
Figure 1-2(a) pictures a square-wave generator. 
The generator produces a square waveform that 
is displayed on the oscilloscope. The digital sig
nal is only at +5 V or at 0 V, as diagrammed in 
Fig. l-2(b). The voltage at point A moves from 
0 to 5 V. The voltage then stays at +5 V for a 
time. At point B the voltage drops immediately 
from +5 to 0 V. The voltage then stays at O V 
for a time. Only two voltages are present in a 
digital electronic circuit. In the waveform dia
gram in Fig. l-2(b) these voltages are labeled 
HIGH and LOW The HIGH voltage is +5 V; 
the LOW voltage is 0 V. Later we shall call the 
HIGH voltage (+5 V) a logical 1 and the LOW 
voltage (0 V) a logical 0. Circuits that handle 
only HIGH and LOW signals are called digital 
circuits. 

The digital signal in Fig. 1-2(b) could also be 
generated by a simple on-off switch. A digital 
signal could also be generated by a transistor 
turning on and off Digital electronic signals 
are usually generated and processed by inte
grated circuits (ICs). 

Both analog and digital signals are repre
sented in graph form in Figs. 1-1 and 1-2. A 
signal can be defined as useful information 
transmitted within, to, or from electronic cir
cuits. Signals are commonly represented as 
a voltage varying with time, as they are in 
Figs. 1-1 and 1-2. However, a signal could be 
an electric current that either varies continu
ously (analog) or has an on-off (HIGH-LOW) 
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1-1 (a) Analog output from a potentiometer. 
(b) Analog signal waveform. 

characteristic (digital). Within most digital 
circuits, it is customary to represent signals 
in the voltage versus time format. When 
digital circuits are interfaced with nondigi
tal devices such as lamps and motors, then 
the signal can be thought of as current versus 
time. 

The standard volt-ohm-millimeter (VOM) 
shown in Fig. l-3(a) is an example of an ana
log measuring device. As the voltage, resis
tance, or current being measured by the VOM 
increases, the needle gradually and continu
ously moves up the scale. A digital multimeter 
(DMM) is shown in Fig. 1-3(b). This is an ex
ample of a digital measuring device. As the 

Square-wave 
generator 1---_____,a 

(a) 

B 

~J I I I I 
A Time 

(b) 

·1-2 (a) Digital signal displayed on scope. 
(b) Digital signal waveform. 

8 

HIGH 

LOW 



(a) (b) 

(a) Analog meter. (6) Digital multimeter (DMM). Courtesy Fluke Corporation. Reproduced with permission 

current, resistance, or voltage being measured 
by the DMM increases, the display jumps up
ward in small steps. The DMM is an example 
of digital circuitry taking over tasks previously 

Supply the missing word in each statement. 

1. Refer to Fig. 1-2. The + 5-V level of the 
____ (analog, digital) signal could 
also be called a logical 1 or a ___ _ 
(HIGH, LOW). 

2. A(n) (analog, digital) device 
is one that has a signal which varies con
tinuously in step with the input. 

INPUT 

performed only by analog devices. This trend 
toward digital circuitry is growing. Currently, 
the modern technician's bench probably has 
both a VOM and a DMM. 

3. Refer to Fig. 1-4. The input to the 
electronic block is classified as a(n) 
____ (analog, digital) signal. 

4. Refer to Fig. 1-4. The output from the 
electronic block is classified as a(n) 
____ (analog, digital) signal. 

5. An analog circuit is one that processes 
analog signals while a digital circuit 
processes signals. 

OUTPUT 

Lb- Electronic 
function 

JL 

Fig. 1-4 Block diagram of electronic circuit shaping a sine wave into a 
square wave. 

Trend toward 
digital circuitry 

Digital Electronics Chapter 1 3 



History of 

Electronics 

A photographic history of the computer. One of the first computers was the Eniac (upper Jett), devel
oped in the 1940s. The 1970s marked the expanded use of the computer by businesses. The main
frame computer (upper right) was the tool of the time. In the 1980s personal computers such as the 
Apple lie (lower left) brought computers into our homes and schools. Today, personal computers can 
go anywhere, as laptop computers (lower right) increase in popularity. 

A Changing Field. Electronics is among the most exciting l!1 
areas of technical study. New developments are reported 
weekly. Interestingly, most developments are based on the 
fundamentals learned in the first classes in electricity, analog 
and digital circuits, computer technology and robotics, and 
communications. 

1-2 Why Use Digital Circuits'? 

Electronics designers and technicians must 
have a working knowledge of both analog and 
digital systems. The designer must decide if the 
system will use analog or digital techniques or 
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a combination of both. The technicians must 
build a prototype or troubleshoot and repair 
digital, analog, and combined systems. 

Analog electronic systems have been popular 
in the past. Older TVs, telephones, and automo
biles featured analog circuits. Before modern 
digital computers, analog computers were used 
in some military applications such as fire con
trol on ships. 

Most real-world information is analog in 
nature. Natural phenomena, such as time, 
temperature, humidity, wind speed, radia
tion, and sound intensity, are analog in nature. 
You probably have already measured voltage, 



current, resistance, power, capacitance, induc
tance, and frequency in other electricity and 
electronics courses. Other things to be mea
sured include pressure, weight, oxygen (and 
other gases), ultrasonic sound, acceleration 
and tilt, vibration, direction (compass), global 
positioning, proximity, magnetic fields, linear 
distance, and angle of rotation (angular speed). 
They are all analog in nature. Engineers and 
technicians commonly use sensors to measure 
these things. Many sensors emit an analog 
signal. 

A simple analog electronic system for mea
suring the amount of liquid in a tank is illus
trated in Fig. 1-5. The input to the system is a 
varying resistance. The processing proceeds 
according to the Ohm's law formula, I = V/ R. 
The output indicator is an ammeter which is 
calibrated as a water tank gauge. In the analog 
system in Fig. 1-5 as the water rises, the input 
resistance drops. Decreasing the resistance R 
causes an increase in current (/). Increased cur
rent causes the ammeter (water tank gauge) to 
read higher. 

Water tank 

The analog system in Fig. 1-5 is simple and 
efficient. The gauge in Fig. 1-5 gives an indica
tion of the water level in the tank. If more infor
mation is required about the water level, then a 
digital system such as the one shown in Fig. 1-6 
might be used. 

Digital systems are required when data must 
be stored, used for calculations, or displayed as 
numbers and/or letters. A somewhat more com
plex arrangement for measuring the amount 
of liquid in a water tank is the digital system 
shown in Fig. 1-6. The input is still a variable 
resistance as it was in the analog system. The 
resistance is converted into numbers by the 
analog-to-digital (AID) converter. The central 
processing unit (CPU) of a computer can ma
nipulate the input data, output the information, 
store the information, calculate things such as 
flow rates in and out, calculate the time until 
the tank is full (or empty) based on flow rates, 
and so forth. Digital systems are valuable when 
calculations, data manipulations, data storage, 
and alphanumeric or video outputs are required. 
Data transfers via the Internet are common. 

Analog 
INPUT 

Analog 
PROCESSING 

Analog 
OUTPUT 

% 
Fig. 1-S Analog system used to interpret float level in water tank 

Water tank 

Analog Digital 
~ INPUT 

AID 
converter 

Fig. Hi Digital system used to interpret float level in water tank 

1 = .!::'._ (constant) 
R 

STORAGE 
(memory) 

PROCESSING 

CPU 
and 

memory 

I OUTPUT I 
CRT or 

other digital display 

Analog-ta-digital 
(A/D) converter 

Central processing 
unit (CPU) 
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Application: Automobile 
Fuel Indicators 
Older automobile circuitry was analog in na
ture. Consider the traditional fuel gauge system 
sketched in Fig. l-7(a). The fuel tank sending unit 
has a float that moves a wiper on a resistive ma
terial. Increasing the fuel level in the tank raises 
the float, causing the wiper to move left on the 
resistor. The resistor's value decreases. Decreased 
circuit resistance causes an increase in current in 
the series circuit (via Ohm's law, I= V/ R). The in
creased current causes the needle on the fuel gauge 
(an ammeter) to move clockwise toward F on the 
meter face. The older-style fuel gauge diagram in 
Fig. l-7(a) is an example of an analog circuit. 

Newer automobiles may use the information 
from the fuel tank sending unit for several pur
poses. Figure l-7(b) shows the analog voltage 
from the fuel tank sending unit entering the in
strument panel module. The computer module 
converts the analog input to digital information 
(AID converter). The computer module also re
ceives signals from the vehicle speed sensor, 
engine control module (ECM). The input in
formation is processed by the computer mod
ule. The instrument control module will drive 
a traditional-looking fuel gauge located on the 
instrument panel. A tachometer is probably also 
located on the instrument panel. With the inputs 

+12 v Fuel tank 
sending unit 

~ t" 
Variable £~-=cRi,f=-J 
resistor ·I . :.~.-. .%.··. ·.·. I 

shown in Fig. l-7(b), the instrumentation computer 
module calculates the average-fuel-consumption 
and miles-to-empty data. The driver sees this 
information displayed on an LCD screen. 

It will be noted that information from the 
sensors in Fig. l-7(b) comes in various forms. 
The fuel tank sending unit delivers a variable
voltage signal to the computer module. With 
higher levels of fuel in the tank the sending unit 
generates a higher positive voltage. 

The vehicle speed sensor sends a variable
frequency signal. At lower vehicle speeds the 
sensor emits a low-frequency signal. At higher 
speeds a high-frequency signal is sent to the 
computer module. 

The engine control module sends several 
digital signals to the instrument control mod
ule. The engine control module determines how 
much fuel is injected into the cylinders of the 
engine and the timing. 

Variable 
resistor 

Fuel tank 
sending unit 
1------1 

I ~.I 
I /'/' I 

.----4111' f I 

rL ~~+-'--T-=----11-------' 
~ ...J~ ~ ,, Fuel gauge 

; ( - !) Float (ammeter) 

Automobile fuel tank 

(a) 

OUTPUTS 

Instrument 
panel 

0 
LCD dash 

display 

+12V 

~.··~ 
INPUTS 

Float -

Vehicle speed 
sensor 

Engine 
control 
module 
(ECM) 

(b) 

Fig. 1-7 [al. A~tomobile fuel tank sending unit and fuel gauge. (b) Modern automobile fuel 
1nd1cator system with computer module. 
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Digital Circuitry: Advantages 
and limitations 
Some of the advantages for using digital cir
cuitry instead of analog are as follows: 

1. Inexpensive ICs can be used with few 
external components. 

2. Information can be stored for short 
periods or indefinitely. 

3. Data can be used for precise calculations. 
4. Systems can be designed more easily 

using compatible digital logic families. 
5. Systems can be programmed and show 

some manner of "intelligence." 
6. Alphanumeric, picture, and video 

information can be viewed using a variety 
of electronic displays. 

Answer the following questions. 

6. Generally, electronic circuits are classi
fied as either analog or----

7. Measurements of time, speed, weight, 
pressure, light intensity, and position are 
____ (analog, digital) in nature. 

8. Refer to Fig. 1-5. As the water level 
drops, the input resistance increases. 
This causes the current I to ---
(decrease, increase) and the water level 
gauge (ammeter) will read---
(higher, lower). 

9. Refer to Figs. 1-5 and 1-6. If this water 
tank were part of the city water system, 
where rates of water use are important, 
the system in Fig. (1-5, 1-6) 
would be most appropriate. 

1-3 Where Are Digital Circuits 
Used'? 

Digital electronics is a huge and rapidly ex
panding field. The global system of intercon
nected computer networks called the Internet 
serves billions of users. Digital computers, in 

7. Digital circuits are less affected by unwanted 
electrical interference called noise. 

8. Such circuits are compatible with the 
Internet and computers. 

The limitations of digital circuitry are as 
follows: 

1. Most real-world events are analog in nature. 
2. Analog processing is usually simpler and 

faster. 

Digital circuits are appearing in more and 
more products primarily because of low-cost, 
reliable digital ICs. Other reasons for their 
growing popularity are accuracy, added sta
bility, computer compatibility, memory, ease 
of use, simplicity of design, and compatibility 
with a variety of displays. 

10. True or false. The most important rea
son why digital circuitry is becoming 
more popular is that digital circuits are 
usually simpler and faster than analog 
circuits. 

11. Refer to Fig. 1-7(a). This traditional auto 
fuel tank gauge assembly that senses and 
indicates the fuel level is an example of 
a(n) (analog, digital) circuit. 

12. Refer to Fig. l-7(b). The input voltage 
from the fuel tank sending unit is a digi
tal signal before it enters the instrument 
panel module. (T or F) 

13. Refer to Fig. l-7(b). The input from the 
enaine control module (ECM) having to I:> 

do with fuel flow and time is ___ _ 
(analog, digital) in nature. 

all their forms, serve as the backbone of the 
Internet. The Internet consists of academic, 
business, private, and government networks. 
The Internet allows users to access huge 
amounts of information using the World Wide 
Web (WWW). The Internet also supports two
way communications with e-mail and social 

Internet 
Connection 
Search the web for 
the following terms: 
fuel tank sending 
unit, vehicle speed 
sensor. and engine 
control module. 
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Laptops 

Auto electronics 

Robots 

Financial 

networking sites including Facebook. Huge 
amounts of data are transferred via the Internet 
by banks, manufacturers, the military, medi
cal professions, security companies, govern
ments, and businesses. The global economy 
could hardly survive without the capabilities 
of digital computers, huge memory banks, and 
the Internet. 

Millions of individual electronic devices 
must be designed, manufactured, tested, and 
repaired by technicians. Electronics techni
cians and engineers are in great demand. A 
few applications of digital electronics are sug
gested by the images on the tablet sketched in 
Fig. 1-8. 

Desktop Tablets iPhone 

Avionics Automation Cameras 

TV-DVD Instrumentation Gaming 

Security GPS Publishing 

Internet e-mail Search Digital clock 

Fig. 1-8 Applications of digital electronics. 
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Jobs for technicians are available with most 
high-technology businesses. Many govern
ment jobs call for some skills in computer 
technology including electronics. Highly 
skilled technicians work on extremely sophis
ticated military electronics. It is reported that 
the half the cost of some military aircraft is 
electronics in nature. The military has many 
outstanding advanced electronics training 
programs. Ask about these when you visit a 
military recruiter. 

The driving experience of a modern auto
mobile has been greatly enhanced by electron
ics. Automobile engines have more power, run 
smoother, and use less fuel due to precise elec
tronic engine control. More automobiles con
tain entertainment systems that are outstanding. 
Bluetooth for cell phones, GPS, and touch 
screen displays are common. Assisted parking 
and blind spot detection are standard on many 
autos. Safety features like antiskid and traction 
and stability control systems depend digital 
electronics. Ask your school counselor about 
opportunities in your area. 

To cut down on thefts, the key to your au
tomobile may contain a transmitter whose sig
nal is picked up by a transponder ECM. The 
transponder reads the wireless signal from the 
key, allowing the engine to start. Some mod
ern automobiles have more than 50 electronic 
control modules (computers). Auto mechan
ics must be trained in modern electricity and 
electronics. Check with your area technical 
college to survey training openings. Auto 
manufacturers also run outstanding training 
classes. 

Most measuring instruments you may use 
at work in the lab will contain digital circuitry. 
These might include a logic probe, digital mul
timeter (DMM), capacitance meter, frequency 
counter, function generator (signal generator), 
and programmable power supply. Modern 
oscilloscopes may also feature some digital 
circuitry. 

Many hands-on lab activities will be pro
vided. A updated Experiments Manual for 
Digital Electronics is available that pres
ents many hands-on lab activities chapter by 
chapter. 



Answer the following questions. 

14. List at least four devices that use digital 
circuitry. 

15. Computer and electronics technicians are 
in great demand. (T or F) 

16. The military has excellent electronics 
training schools. (T or F) 

How Do You Generate a 
Digital Signal'? 

Digital signals are composed of two well
defined voltage levels. Most of the voltage 
levels used in this class will be about + 3 V to 
+5 V for HIGH and near 0 V (GND) for LOW. 
These are commonly called TTL voltage lev
els because they are used with the transistor
transistor logic family of I Cs. 

Generating a Digital Signal 
A TTL digital signal could be made manually 
by using a mechanical switch. Consider the 
simple circuit shown in Fig. l-9(a). As the blade 
of the single-pole, double-throw (SPOT) switch 
is moved up and down, it produces the digital 
waveform shown at the right. At time period t

1
, 

the voltage is 0 V, or LOW. At t2 the voltage is 
+5 V, or HIGH. At t

3
, the voltage is again 0 V, 

or LOW, and at t
4

, it is again +5 V, or HIGH. 
The action of the switch causing the LOW, 

HIGH, LOW, HIGH waveform in Fig. 1-9(a) 
is called toggling. By definition, to toggle (the 
verb) means to switch over to an opposite state. 
As an example in Fig. 1-9(a), if the switch moves 
from LOW to HIGH we say the output has tog
gled. Again if the switch moves from HIGH to 
LOW we say the output has again toggled. 

One problem with a mechanical switch is 
contact bounce. If we could look very care
fully at a switch toggling from LOW to HIGH, 
it might look like the waveform in Fig. 1-9(b). 
The waveform first goes directly from LOW to 

17. All auto mechanics that are specialists in 
electronics are self-taught. (T or F) 

18. List at least two measuring instruments 
you will use as a technician and that 
contain digital circuitry. 

HIGH (see point A) but then, because of con
tact bounce, drops to LOW (see point B) and 
then back to HIGH again. Although this hap
pens in a very short time, digital circuits are 
fast enough to see this as a LOW, HIGH, LOW, 
HIGH waveform. Note that Fig. 1-9(b) shows 
that there is actually a range of voltages that are 
defined HIGH and LOW. The undefined region 
between HIGH and LOW may cause trouble in 
digital circuits and should be avoided. 

To cure the problem illustrated in Fig. l-9(b), 
mechanical switches are sometimes debounced. 
A block diagram of a debounced logic switch is 
shown in Fig. 1-9(c). Note the use of the debounc
ing circuit, or latch. Some of the mechanical logic 
switches you will use on laboratory equipment 
will have been debounced with latch circuits. 
Latches are sometimes called flip-flops. Notice 
in Fig. 1-9(c) that the output of the latch during 
time period t

1 
is LOW but not quite 0 V. During 

t2 the output of the latch is HIGH even though it 
is something less than a full +5 V. Likewise t

3 
is 

LOW and t
4 

is HIGH in Fig. 1-9(c). 
It might be suggested that a push-button switch 

be used to make a digital signal. If the button 
is pressed, a HIGH should be generated. If the 
push button is released, a LOW should be gener
ated. Consider the simple circuit in Fig. 1-IO(a). 
When the push button is pressed, a HIGH of 
about +5 V is generated at the output. When the 
push button is released, however, the voltage at 
the output is undefined. There is an open circuit 
between the power supply and the output. This 
would not work properly as a logic switch. 

TTL voltage levels 
Transistor· 
transistor lagic 

Debaunced lagic 
switch 

Digital waveform 
Latch (flip-flap) 

Contact bounce 
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monostable 
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--------------+5V 
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Fig. 1-9 (a) Generating a digital signal with a switch. (b) Waveform of contact bounce caused by a mechanical 
switch. (c) Adding a debouncing latch to a simple switch to condition the digital signal. 

___l__ Pressed= HIGH 

n------+-OUTPUT 
Released=? 

One-shot 
multivibrator 

-----+5V 

_fL 
-----OV(GND) 

5V-=- 5V-=-

l 
(a) (b) 

Fig. 1-10 (a) Push button will not generate a digital signal. (b) Push button used to trigger a one-shot multivibrator for a single
pulse digital signal. 

A normally open push-button switch can be 
used with a special circuit to generate a digi
tal pulse. Figure 1-lO(b) shows the push button 
connected to a one-shot multivibrator circuit. 
Now for each press of the push button, a single 
short, positive pulse is output from the one-shot 
circuit. The pulse width of the output is deter
mined by the design of the multivibrator and 
not by how long you hold down the push button. 

Multivibrator ·Circuits 
Both the latch circuit and the one-shot circuit 
were used earlier. Both are classified as multi
vibrator (MV) circuits. The latch is also called 
a flip-flop or a bistable multivibrator. The one
shot is also called the monostable multivibra
tor. A third type of MV circuit is the astable 
multivibrator. This is also called a free-running 

multivibrator. In many digital circuits it may be 
referred to simply as the clock. 

The free-running MV oscillates by itself 
without the need for external switching or an 
external signal. A block diagram of a free-run
ning MV is shown in Fig. 1-11. The free-running 
MV generates a continuous series of TTL level 
pulses. The output in Fig. 1-11 alternately tog
gles from LOW to HIGH, HIGH to LOW, etc. 

In the laboratory, you will need to gener
ate digital signals. The equipment you will use 
will have slide switches, push buttons, and free
running clocks that will generate TTL level sig
nals similar to those shown in Figs. 1-9, 1-10, and 
1-11. In the laboratory, you will use logic switches 
which will have been debounced using a latch 
circuit as in Fig. l-9(c). You will also use a single
pulse clock triggered by a push-button switch. 
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-T 

Fig. 1-11 Free-running multivibrator generates a string of digital pulses. 

The single-pulse clock push button will be con
nected to a one-shot multivibrator as shown in 
Fig. 1-lO(b). Finally, your equipment will have a 
free-running clock. It will generate a continuous 
series of pulses, as shown in Fig. 1-11. 

Wiring a Multivibrator 
Astable, monostable, and bistable MVs can all be 
wired using discrete components (individual re
sistors, capacitors, and transistors) or purchased 
in IC form. Because of their superior perfor
mance, ease of use, and low cost, the IC forms 
of these circuits will be used in this course. A 
schematic diagram for a practical free-running 
clock circuit is shown in Fig. l-12(a). This clock 
circuit produces a low-frequency (1- to 2-Hz) 
TTL level output. The heart of the free-running 
clock circuit is a common 555 timer IC. Note 
that several resistors, a capacitor, and a power 
supply must also be used in the circuit. 

A typical breadboard wiring of this free
running clock is sketched in Fig. l-12(b). Notice 
the use of a solderless breadboard. Also note that 
pin 1 on the IC is immediately counterclockwise 
from the notch or dot near the end of the eight
pin IC. The wiring diagram in Fig. l-12(b) is 
shown for your convenience. You will normally 

1 k!l 
4 8 

7 

+ 
5V - 555 -- 470 k!l 

Timer 
6 IC 

2 

+ 
1µ,F~ 

3 

have to wire circuits on solderless breadboards 
directly from the schematic diagram. 

Wiring a Debounced Switch 
Simple mechanical switches introduce problems 
when used as input devices to digital circuits. The 
push-button switch (SW) shown in Fig. 1-13(a) 
is being pressed or closed at point A (see output 
waveform). Because of switch bounce the output 
signal goes HIGH, LOW, and then HIGH again. 
Likewise when the push-button switch is released 
(opened) at point B, more bouncing occurs. Switch 
bounce from input switches must be eliminated. 

To solve the problem of switch bounce, a de
bouncing circuit has been added in Fig. l-13(b). 
Now when the push-button switch is closed at 
point C (see output waveform), no bouncing 
occurs and the output toggles from LOW to 
HIGH. Likewise when SW

1 
is opened at point 

D, no bouncing is observed on the waveform 
and the output toggles from HIGH to LOW. 

(a) 

An input switch with a debouncing circuit 
attached is drawn in Fig. 1-14. Observe that the 
555 timer IC is at the heart of the debouncing 
circuit. When push-button switch SW

1 
is closed 

(see point E on waveform), the output toggles 
from LOW to HIGH. Later when SW

1 
is opened 

OUTPUT 

Fig. 1-12(a) Schematic diagram of a Free-running clock using a 555 timer IC. 
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Fig. 1-12[b) Wiring the free-running clock circuit on a solderless breadboard. 
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1
L::"1 

/ Time 
c 

Close SW1 

(b) 

Fig. ·1-13 (a) Switch bounce caused by a mechanical switch. (b) Debouncing circuit eliminates switch bounce. 

(see point Fon wave-form), the output of the 555 
timer IC remains HIGH for a delay period. After 
the delay period (about 1 second for this circuit) the 
output toggles from HIGH to LOW. The delay pe
riod can be adjusted by changing the capacitance 
value of capacitor C

2
• Decreasing the capacitance 
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value of C
2 

will decrease the delay time at the out
put, while increasing c2 will increase the delay. 

Wiring a One-Shot Multivibrator 
A one-shot multivibrator (MV) is also called a 
monostable multivibrator. The one-shot circuit 



+5V 

INPUT 
4 8 

2 
Timer IC 

(555) 

5 
0.01 -c1 

--
Switch debouncing circuit. 

responds to an input trigger pulse with an out
put pulse of a given width or time duration. 

A one-shot MV circuit that can be wired in 
the lab is drawn in Fig. 1-15. The 74121 one
shot multivibrator IC uses a simple push-button 
switch to raise the voltage at input B from GND 
to about + 3 V. This is the trigger voltage. When 
triggered, the one-shot MV outputs a short pulse 
at the two outputs. The normal output Q (pin 
6) emits a short positive pulse about 2 to 3 ms 

+5V 

INPUT 
Vee 

One-shot MV 
(74121) Q 

RExT/CExT 
11 

B Input 
CEXT 

GND A1 A2 10 

7 4 3 

ns One-shot multivibrator circuit using the 74121 TTL IC. 

100 kn 
OUTPUT 

Delay 

3 

~ 
I L +5 v (HIGH) 
I . 
I I _...J_______ 0 V (LOW) 

t \ Time \ 

6 

7 

E F I 

Closed Open \ 
+ SW1 SW1 

C2 -· 10 µ,F ~~ \ 

~ 
Time delay related 

to value of C2 

in duration. The complementary output Q emits 
the opposite output, or a short negative pulse. 
On digital devices called flip-flops the outputs 
are commonly labeled Q and Q (say not Q), and 
their outputs are always opposite or complemen
tary. On complementary outputs, if Q is HIGH 
then Q is LOW but if Q is LOW then Q is HIGH. 
The outputs of the 74121 one-shot multivibrator 
IC come directly from an internal flip-flop and 
are therefore labeled Q and Q. 

Pulse width 
(=2-3 msec) 

==f+}= - HIGH 

LOW 

7'Ll 
Time 

HIGH 

LOW -

( . 0.1 µ,F NOTE: Pulse width can be increased 
C1 

\ 
by increasing value of either C1 or R3. 

~ Tciggec point 
(SW1 closes) 
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Connection 
Search the web 
for LED, LCD, and 
VFD seven-segment 
displays. 

The pulse width generated by a one-shot mul
ti vibrator is dependent on the design of the MV 
and not how long the input switch is pressed. 
The pulse width of the one-shot MV sketched 
in Fig. 1-15 can be increased by increasing the 
value of capacitor C

1 
and/or resistor R

3
• De

creasing the values of capacitor C
1 

and resistor 
R

3 
will decrease the pulse width. 
As a practical matter, the input switch in 

Fig. 1-15 may have to be debounced, or the 
multivibrator IC could emit more than a single 
pulse. Using a good-quality "snap-action" push
button switch may also help avoid the problem 
of false triggering by the one-shot MV circuit. 

Digital Trainer 
A typical digital trainer used during lab ses
sions is featured in Fig. 1-16. The photograph 
actually shows a pair of PC boards specifi
cally designed to be used with this textbook's 

companion experiments manual. Dynalogic's 
DT-1000 digital trainer board on the left in
cludes a solderless breadboard for hooking up 
circuits. It also includes input devices such as 
12 logic switches (two are debounced), a key
pad, a one-shot MV, and a variable frequency 
clock (astable MV). Output devices mounted 
on the DT-1000 trainer board include 16 LED 
output indicators, a piezo buzzer, a relay, and a 
small de motor. Power connections are available 
on the upper left of the DT-1000 digital trainer 
board. On the right in Fig. 1-16 is a second PC 
board which contains sophisticated LED, LCD, 
and VFD displays. Dynalogic's DB-1000 dis
play board is very useful when seven-segment 
displays are used as outputs. These boards along 
with individual ICs and other components could 
be used during your lab sessions to enable you to 
gain practical experience in digital electronics. 

. .............................................. . .... .... .... .... .... .... .... .... .... .... .... ... . 
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Fig. 1-'16 Digital trainer and display boards used to set up lab experiments. 

Supply the missing word in each statement. 

19. Refer to Fig. l-9(c). The digital signal at 
t
2 

is (HIGH, LOW), while it is 
____ (HIGH, LOW) at t

3
• 

20. Refer to Fig. 1-lO(a). When the push 
button is released (open), the output is 

21. Refer to Fig. l-9(c). The debouncing 
latch is also called a flip-flop or 
____ multivibrator. 
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22. Refer to Fig. 1-lO(b). The one-shot multi
vibrator used for generating the digital 
signal is also called a(n) ___ _ 
multi vibrator. 

23. Refer to Fig. 1-12. A 555 IC 
and several discrete components are being 
used to generate a continuous series of 
TTL level pulses. This free-running clock 
is also called a free-running multivibrator 
or multi vibrator. 

24. Refer to Fig. 1-14. The 555 timer IC is 
being used along with several discrete 
components to ( debounce, 
increase the voltage of) push-button 
switch SW1• 

25. Refer to Fig. 1-15. The 74121 IC is being 
used as a (free-running, one-
shot) multivibrator. 

26. Refer to Fig. 1-15. The 74121 IC has two 
outputs (labeled Q and Q) generating 
____ (complementary, in-phase) 
output pulses. 

1-5 How Do You Test for a 
Digital Signal? 

In the last section you generated digital signals 
using various MV circuits. These are the meth
ods you will use in the laboratory to generate 
input signals for the digital circuits constructed. 
In this section, several simple methods of testing 
the outputs of digital circuits will be discussed. 

Consider the circuit in Fig. l-17(a). The input 
is provided by a simple SPOT switch and power 

INPUT n Hl~G0H--O-U-.TPUT 

27. Refer to Fig. 1-15. The time duration or 
pulse width of the output of the one-shot 
MV is determined by the ___ _ 
a. Amount of time switch SW 

1 
is closed. 

b. Values of components C
1 

and R
3

• 

28. Refer to Fig. 1-16. The one shot at the left 
on the DT-1000 board emits a single pulse 
each time the push-button switch is pressed. 
The one shot is also called a(n) ___ _ 
(astable, monostable) multivibrator. 

29. Refer to Fig. 1-16. The clock at the 
left on the DT-1000 board generates a 
string of digital pulses. The clock is also 
called a(n) (astable, bistable) 
multi vibrator. 

30. Refer to Fig. 1-16. The DT-1000 digital 
trainer board on the left features several 
output devices. List at least three of these 
output devices. 

31. RefertoFig.1-16. TheDB-lOOOdisplay 
board on the right features what three 
types of seven-segment displays? 

supply. The output indicator is an LED (light
emitting diode). The 150-D resistor limits the 
current through the LED to a safe level. When 
the switch in Fig. l-17(a) is in the HIGH (up) 
position, +5 V is applied to the anode end of the 
LED. The LED is forward-biased, current flows 
upward, and the LED lights. With the switch in 
the LOW (down) position, both the anode and 
cathode ends of the LED are grounded, and it 
does not light. Using this indicator, a light means 
HIGH and no light generally means LOW. 

INPUT 

Logic switch 
OUTPUT 

J_ 1LOW 
sv -

Light= HIGH 
No light = LOW 

I 
(a) (b) 

1-17 (a) Simple LED output indicator. (b) Logic switch connected to simple LED output indicator. 

Output indicatars 
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+ 
5V-=-

-1 

INPUT 

The simple LED output indicator is shown 
again in Fig. 1-17(b). This time a simplified 
diagram of a logic switch forms the input. The 
logic switch acts like the switch in Fig. 1-17(a) 
except it may be debounced. The output indica
tor is again the LED with a series-limiting resis
tor. When the input logic switch in Fig. l-17(b) 
generates a LOW, the LED will not light. How
ever, when the logic switch produces a HIGH, 
the LED will light. 

Another LED output indicator is illustrated 
in Fig. 1-18. The LED acts exactly the same as 
the one shown previously. It lights to indicate 
a logical HIGH and does not light to indicate 
a LOW. The LED in Fig. 1-18 is driven by an 
NPN transistor instead of directly by the input. 

+5V 

~1500 
A 

OUTPUT 
Light= HIGH 

~No light= LOW 

Fig. 1-18 Transistor-driven LED output indicator. 

INPUT 

HIGH 

+5V 

~node 
(!) !_OW indicator 

---cathode 

390 fl 

y 
OUTPUT 

+ 
5V -

LOW 

390 fl 

Anode 

~~:t· 1 

HIGH indicator 

, Cathode 
;/ 

Fig. 1-'!9 LED output indicators that will show LOW, HIGH, and 
undefined logic levels. 
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The transistorized circuit in Fig. 1-18 holds an 
advantage over the direct-drive circuit in that 
it draws less current from the switch or an out
put of the digital circuit under test. Light-emit
ting diode output indicators wired like the one 
shown in Fig. 1-18 may be found in your labora
tory equipment. 

Consider the output indicator circuit using 
two LEDs shown in Fig. 1-19. When the input 
is HIGH ( +5 V), the bottom LED lights while 
the top LED does not light. When the input is 
LOW (GND), only the top LED lights. If point 
Yin the circuit in Fig. 1-19 enters the undefined 
region between HIGH and LOW or is not con
nected to a point in the circuit, both LEDs light. 

Output voltages from a digital circuit can be 
measured with a standard voltmeter. With the 
TTL family of ICs, a voltage from 0 to 0.8 V 
is considered a LOW. A voltage from 2 to 5 V 
is considered a HIGH. Voltages between about 
0.8 and 2 V are in the undefined region and sig
nal trouble in TTL circuits. 

Logic levels are shown in graphic form 
in Fig. 1-20. It should be noted that a typical 
operating voltage for transistor-transistor logic 
(TTL) circuits is +5 V. Depending on the sub
family of complementary metal-oxide semi
conductor (CMOS) digital circuits, they may 
operate on a wide range of operating voltages 
including +12 V, +9 V, +5 V, or even less. The 
definition of what TTL and CMOS circuits con
sider HIGH and LOW is different. Notice that 
the range of voltages between HIGH and LOW 
in both TTL and CMOS is called the undefined 
region. Voltages in the undefined region cause 
trouble in digital circuits. 

TTL 100% CMOS 

90% B+Voltag' 
80% H 

HIGH 70% 

60% 

50% Undefined 

40% 
region 

Undefined 30% 

region 20% 

10% LOW 
LOW 

GND voltage 

l2!J Defining logic levels for the TTL and CMOS families 
of digital ICs. 



A handy portable measuring instrument 
used to determine logic level is the logic probe. 
A simple version of the logic probe is sketched 
in Fig. 1-21(a). Before testing a circuit, this 
logic probe requires the operator to select the 
type of digital circuitry being tested. Move the 
selector switch to either TTL or CMOS. TTL 
and CMOS are two different families of digital 
circuits. The graph in Fig. 1-20 suggested the 
definitions of HIGH, LOW, and undefined are 
different. 

GND 

TTL 

Power to operate the logic probe is provided 
by the digital circuit you are testing. The two 
leads coming out the end of the logic probe are 
connected to the + V (red lead) and negative 
GND (black lead). The pointed metal tip of the 
logic probe is touched to the point in the circuit 
you are testing. The appropriate output LED on 
the logic probe will light (HIGH or LOW), de
pending on the logic level at the input metal tip. 

A TTL digital circuit is being tested with a 
simple logic probe in Fig. l-21(b). Switch logic 

(a) 

OUTPUTS 
(TTL) 

+5V 

GND 

Digital B >-----~~ 
circuit 

GND 

+5V 
GND 

+5V 

GND 

+5V 

(b) 

Fig. 1-21 (a) Simple logic probe. (b) Testing a TTL digital circuit with a logic probe. 

Logic probe 
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probe to TTL (not CMOS). The red and black 
leads are connected to the voltages that operate 
the circuit. Next turn the power on. Five logic 
probe tests are performed as follows: 

Test #1: Touch tip to + 5-V input. 
Result: Reads HIGH logic level. 
This is correct. 

Test #2: Touch tip to GND input. 
Result: Reads LOW logic level. 
This is correct. 

Test#3: Touch tip to outputA. 
Result: Reads LOW logic level. 
This is correct. 

Test #4: Touch tip to output B. 
Result: Reads HIGH logic level. 
This is correct. 

Test #5: Touch tip to output C. 
Result: No reading on HIGH or LOW 
indicators. 

Supply the missing word or words in each 
statement. 

32. RefertoFig.1-17.IftheinputisHIGH, 
the LED will (light, not 
light) because the diode is ___ _ 
(forward-, reverse-) biased. 

33. Refer to Fig. 1-18. If the input is LOW, 
the transistor is turned (off, 
on) and the LED (does, does 
not) light. 

34. Refer to Fig. 1-19. If the input is HIGH, 
the (bottom, top) LED lights 
because its (cathode, anode) 
has +5 V applied, forward-biasing the 
diode. 

35. Refer to Fig. 1-20 and assume a 5-V 
power supply. In a TTL circuit, a volt
age of 2.5 V would be considered a(n) 
____ (HIGH, LOW, undefined) 
logic level. 
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This means that the output is neither HIGH 
nor LOW but floating in the undefined 
region or is open. This is a problem that 
must be repaired! 

A floating output from a digital circuit was 
detected in test #5 in Fig. l-2l(b). Floating in
puts or outputs commonly mean a fault in the 
circuit and must be repaired. 

Testing with a logic probe as in Fig. l-2l(b) 
can be one of the steps in troubleshooting. 
Knowledge of circuit operation is the key to 
effective troubleshooting. 

You will notice that we are testing a TTL dig
ital circuit that has static outputs. Logic probes 
are good for this type of testing but not suited for 
circuits that have constantly changing outputs. 

In the laboratory, you will use a logic probe 
to test and troubleshoot your breadboarded digi
tal circuits. The operating instructions are dif
ferent for each model of logic probe. Read the 
instruction manual on the unit you will be using. 

36. Refer to Fig. 1-20 and assume a+ 12-V 
power supply. In a CMOS circuit, a volt
age of 2 V would be considered a(n) 
____ (HIGH, LOW, undefined) 
logic level. 

37. Refer to Fig. 1-21(a). This logic probe is 
powered by ___ _ 

a. A solar cell. 
b. A 9-V battery. 
c. Power from the circuit being tested. 

38. Refer to Fig. 1-2l(b). Test #5 indicates an 
open or output C of the digital circuit is 
floating in the undefined region for TTL 
circuits. (Tor F) 

39. Refer to Fig. l-21(b). The finding de
tected in test #5 will not cause problems 
because the unit is a TTL digital circuit. 
(Tor F) 
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Fig. 1-22 Function generator. 

1-6 Simple Instruments 

Several basic commercial instruments used 
with digital circuits are introduced in this sec
tion. Simplified generic instruments are fea
tured. Real commercial function generators, 
logic probes, and oscilloscopes have more ad
vanced features. 

Function Generator 
One useful output device available in most 
school and industrial labs is the function gen
erator. A simple function generator is sketched 
in Fig. 1-22. If you work with a digital trainer 
(DT-1000 trainer in Fig. 1-16) in your school 
lab, it may contain outputs like those of a func
tion generator. 

To use the function generator, you first se
lect the shape of the waveform. A square wave 
would be selected when working with most 
digital circuits. Second, the frequency (in hertz, 
or Hz) may be selected using the range switch 
along with the variable multiplier dial. Third, 
the output voltage is selected. This function gen
erator features two separate voltage outputs (5-V 
TTL and variable). The 5-V TTL output is handy 
for driving many TTL logic circuits. If you use 
the variable output on the function generator, the 
amplitude knob will adjust the output voltage. 

What is the shape and frequency of the 
waveform being generated by the function 
generator pictured in Fig. 1-22? The shape 
knob is in the square-wave position. The range 

SHAPE AMPLITUDE 

/V'v 

IULO~ 
MINO MAX 

5-VTIL VARIABLE 
OUTPUT OUTPUT 

0 

5-VTIL 

frequency selector knob points at 10 Hz. The 
multiplier frequency dial points at 1. The out
put frequency is 10 Hz (range X multiplier = 
frequency or 10 X 1 = 10 Hz). In Fig. 1-22, 
the output is taken from the 5-V TTL output of 
the instrument. This output will directly drive a 
TTL logic circuit. 

logic Probe 
The most basic instrument for testing the 
digital logic levels is the logic probe. A sim
ple logic probe is sketched in Fig. 1-23. The 
slide switch is used to select the type of logic 
family under test, either TTL or CMOS. The 
logic probe pictured in Fig. 1-23 is set to test 
a TTL-type digital circuit. Typically, two 
leads provide power to the logic probe. The 
red lead is connected to the positive ( +) of the 

Fig. 1-23 Logic probe. 
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power supply and the black lead is connected 
to negative (-) or GND of the power supply. 
After powering the logic probe, the needlelike 
probe is touched to the test point in the circuit. 
Either the HIGH (red LED) or LOW (green 
LED) indicator will light. If neither or both 
indicators light, it usually means the voltage 
is somewhere between HIGH and LOW (un
defined region). As a reminder, definitions for 
HIGH, LOW, and undefined logic levels are 
detailed in Fig. 1-20. 

The logic probe will be a useful tool when 
you wire and test digital circuits in the school 
lab. Read the operating instructions for your 
specific logic probe. 

Oscilloscope 
The oscilloscope is a very versatile piece of test 
equipment. A simplified generic oscilloscope, 
or "scope," is sketched in Fig. 1-24. The basic 
function of the oscilloscope is to graph time 
versus input voltage. Time is the horizontal 
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LO'f' 

VERTICAL DEFLECTION 

1 Oj5 0.2 

\ I 0.1 2 
' / 

5- 0 -0.05 

100/ 
VOLTS/DIVISION 

TRIGGERING MODE = AUTO 

DC input 

distance on the screen and voltage is the verti
cal deflection. Oscilloscopes work best on sig
nals that repeat over and over. 

Consider the digital signal of 4 V p-p, 100 Hz 
shown entering the scope's input in Fig. 1-24. 
The horizontal sweep time knob on the 
scope has been set to 2 ms (2 milliseconds = 
0.002 second). This will cause a dot of light to 
move across the screen from left to right at 2 ms 
per division (20 ms to cross the entire screen). 
The dot of light will then jump back to the left 
end of the screen to start the process again. The 
vertical deflection knob on the scope is set at 
1 V per division. 

In this example, a signal voltage of 0 V, to 
+4 V is entering the input. Starting at the left 
edge of the scope face, first, the dot is deflected 
four divisions (1 V per division) upward for the 
first S ms. Second, the input voltage drops to 
0 V, and the lighted dot traces the bottom line 
for S ms. Third, the input voltage jumps to +4 V 
with the second upper trace. Fourth, the voltage 
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100/ '.2 
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200 .1 
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POWER= ON INPUT SIGNAL 

4 V P-P 100 Hz 

Fig. 1-24 Oscilloscope. 
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drops to 0 V with the second lower trace. Finally, 
the lighted dot jumps back to the left of the screen 
and then repeats. TTL logic levels are labeled on 
Fig. 1-24 as HIGH (+4 V) and LOW (0 V). 

Consider the wave traced on the oscillo
scope's screen in Fig. 1-24. The shape of the 
signal is a square wave. Square waves are use
ful in digital electronics. A careful look will 
show that two waveforms are displayed on the 
screen. We say that two cycles are displayed. 

Look at the waveform on the scope in Fig. 1-24. 
What is the time duration for one cycle? You will 
count five divisions. This means that the time 
duration of the first cycle is 10 ms (5 divisions X 

Supply the answers for each question. 

40. List two instruments used to detect and 
measure digital signals. 

41. A (function generator, logic 
analyzer) is a laboratory instrument that 
can generate electronic signals. This 
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POWER= ON 

Fig. 1-25 Oscilloscope problem. 

2 ms/division = 10 ms). From the time duration 
of 10 ms (O.DlO second), you can calculate the 
frequency of the input voltage using the for
mula f = lit, where f is the frequency in Hz 
(cycles per second) and tis the time in seconds. 
Calculating the frequency of the input signal 
in Fig. 1-24 yields a frequency of 100 Hz (f = 
1/0.01 s). Notice that the oscilloscope has aided 
us in determining the shape and frequency of 
the input waveform. 

Oscilloscopes you will use in the lab will be 
more complicated than the simplified version 
shown in Fig. 1-24. However, the basic function 
of the scope has been illustrated. 

instrument has controls available for 
varying the voltage, shape, and frequency 
of the output signal. 

42. Refer to Fig. 1-25. How many cycles 
are displayed on the screen of the 
oscilloscope? 
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43. Refer to Fig. 1-25. What is the time dura
tion for one cycle? 

44. Refer to Fig. 1-25. What is the frequency 
of the input signal? 

45. Refer to Fig. 1-25. What is the peak-to
peak (p-p) voltage of the input signal? 

22 Chapter 1 Digital Electronics 

46. Refer to Fig. 1-25. The digital input 
signal stays HIGH for ( 1 ms, 
10 ms) and goes LOW for ___ _ 
(4 ms, 8 ms). 



l Summary and Review 

1. Analog signals vary gradually and continuously, 
while digital signals produce discrete voltage 
levels commonly referred to as HIGH and LOW. 

2. Most modem electronic equipment contains both 
analog and digital circuitry. 

3. Logic levels are different for various digital logic 
families, such as TTL and CMOS. These logic 
levels are commonly referred to as HIGH, LOW, 
and undefined. Figure 1-20 details these TTL and 
CMOS logic levels. 

4. Digital circuits have become very popular because 
of the availability of low-cost digital ICs. Other 
advantages of digital circuitry are computer 
compatibility, memory, ease of use, simplicity of 
design, accuracy, and stability. 

5. Modern automobiles are examples of the extensive 
use of both analog sensors interfaced with dozens 
of digital engine control modules (ECMs). These 
ECMs make thousands of decisions a second, 
controlling the overall driving quality and safety of 
the modem automobile. 

Answer the following questions. 

1-1. Define the following: 
a Analog signal. 
b. Digital signal. 

1-2. Draw a square-wave digital signal. Label the 
bottom "O V" and the top "+ 5 V." Label the 
HIGH and LOW on the waveform. Label the 
logical 1 and logical 0 on the waveform. 

1-3. List two devices that contain digital circuits 
which do mathematical calculations. 

1-4. Refer to Fig. 1-6. The processing, storage of 
data, and output in this system consist mostly of 
____ (analog, digital) circuits. 

1-5. Refer to Fig. l-7(a). The gradually varying cur
rent sent from the fuel tank sending unit to the fuel 

6. Digital electronics is a huge and rapidly expanding 
field. Digital computers, in all their forms, serve as 
the backbone of the Internet. 

7. Bistable, monostable, and astable multi vibrators 
are used to generate digital signals. These are 
sometimes called latches, one-shot, and free
running multivibrators, respectively. 

8. Logic level indicators may take the form of simple 
LED and resistor circuits, voltmeters, or logic probes. 
Light-emitting diode logic level indicators will 
probably be found on your laboratory equipment. 

9. A function generator is a lab instrument used 
to generate electronic signals. The operator can 
vary an output signal's voltage, frequency, and 
shape. 

10. An oscilloscope is a widely used test and 
troubleshooting instrument used to graph signals. 
Oscilloscopes are useful in showing waveform 
shape, time duration, and frequency of repetitive 
signals. 

gauge on this older auto instrument panel is classi-
fied as a(n) (analog, digital) signal. 

1-6. Refer to Fig. l-7(b). The modem automobile in
strument panel module is a digital computerlike 
unit that can drive the fuel gauge and calculate 
and display fuel consumption as average miles 
per gallon and miles till empty. List the sensors 
and modules that must input data into the in
strument panel module. 

1-7. Traditionally, most consumer electronic devices 
(TVs, radios, and phones) have used ___ _ 
(analog, digital) circuitry. 

1-8. Unwanted electrical interference in electronic 
circuitry is commonly called ___ _ 

(gobo, noise). 
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1-9. An electronic product that has an alphanumeric 
display, is programmable, and can store infor-
mation for sure contains (analog, 
digital) circuitry. 

1-10. Digital circuitry is becoming more pervasive 
because information storage is easy, the device 
can be programmed, and (greater, 
less) accuracy and precision are possible. 

1-11. List two electronic devices you personally use 
that contain digital circuitry. 

1-12. The military has excellent electronics training 
schools. (Tor F) 

1-13. List two pieces oflab equipment you will use 
that contains digital circuitry. 

1-14. Refer to Fig. 1-9. When using a SPDT switch to 
produce a digital signal, a(n) latch is 
used to condition the output. 

1-15. Refer to Fig. 1-10. A(n) _______ _ 
multivibrator is commonly used to condition the 
output of a push-button switch when generating 
a single digital pulse. 

1-16. An astable, or , multi-
vibrator produces a string of digital pulses. 

1-17. The circuit in Fig. 1-12 is classed as a(n) 
____ (astable, bistable) multivibrator. 

1-18. Refer to Fig. 1-16. The one-shot MV on the 
DT-1000 trainer produces a (series 
of pulses, single pulse) when the push button is 
pressed once. 

1-19. Refer to Fig. 1-16. The clock on the DT-1000 
trainer produces a (continuous series 
of pulses, single pulse) and the circuit can be 
referred to as a(n) (astable, mono
stable) multivibrator. 

1-20. Refer to Fig. 1-16. The two solid-state logic 
switches on the DT-1000 trainer are ___ _ 
(analog, debounced). 

1-21. Refer to Fig. 1-16. The DB-1000 board 
features what three types of seven-segment 
displays? 

1-22. The LED in Fig. 1-17(b) lights when the input 
logic switch is (HIGH, LOW). 

1-23. Refer to Fig. 1-19. The (bottom, top) 
LED lights when the input switch is LOW. 

1-24. Refer to Fig. 1-20 and assume a 5-V power 
supply. In a TTL circuit, a voltage of 1.2 V 
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would be considered a(n) (HIGH, 
LOW, undefined) logic level. 

1-25. Refer to Fig. 1-20 and assume a 10-V power 
supply. In a CMOS circuit, a voltage of 9 V 
would be considered a(n) (HIGH, 
LOW, undefined) logic level. 

1-26. Refer to Fig. 1-20 and assume a 10-V power 
supply. In a CMOS circuit, a voltage of 0.5 V 
would be considered a(n) (HIGH, 
LOW, undefined) logic level. 

1-27. When referring to digital ICs, TTL stands for 

1-28. When referring to digital ICs, CMOS stands for 

1-29. Refer to Fig. 1-14. The 555 timer IC is wired to 
function as a(n) (astable MV, switch 
debouncing) circuit. 

1-30. Refer to Fig. 1-14. Increasing the capacitance 
value of c2 will (decrease, increase) 
the time delay of the output waveform. 

1-31. Refer to Fig. 1-15. The 74121 IC can be de-
scribed as a(n) (astable, bistable, 
monostable) multivibrator. 

1-32. Refer to Fig. 1-15. Activating input switch 
SW

1 
causes a short (negative pulse, 

positive pulse) to be emitted from the normal 
Q output of the 7 4121 one-shot multi vibrator 
IC. 

1-33. A flip-flop is the name for a device classified 
as a(n) (astable, bistable, monos-
table) multivibrator. 

1-34. The repeated action of a switch or other device 
causing a LOW, HIGH, LOW, HIGH output is 
called (complementing, toggling). 

1-35. Refer to Fig. 1-22. The output from the function 
generator is a 5-V TTL square-wave signal that 
has a frequency of Hz. 

1-36. Refer to Fig. 1-23. This logic probe can test 
either TTL or (CMOS, PPC) logic 
circuits. 

1-3 7. The advantage of the oscilloscope in testing 
and troubleshooting is that voltage, time dura-
tion, frequency, and the (quantum 
level, shape) of a waveform can be easily 
determined. 



1-1. List several advantages of digital over analog 
circuits. 

1-2. When you are looking at electronic equipment, 
what are some clues that might indicate it con
tains at least some digital circuitry? 

1-3. Refer to Fig. l-9(a). What is the main drawback 
of this circuit for generating a digital signal? 

1-4. Refer to Fig. 1-lO(a). What is the difficulty with 
this circuit for generating a digital signal? 

1-5. Refer to Fig. 1-26. From the oscilloscope 
settings and display, determine the following 
signal characteristics: 
a. Voltage (peak-to-peak). 
b. Waveform shape. 
c. Time duration (one cycle). 
d. Frequency (j = lit). 
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Fig. 1-26 Oscilloscope problem. 

1-6. At the option of your instructor, use circuit 
simulation software to (1) draw a free-running clock 
circuit using a 555 timer IC such as that pictured in 
Fig. 1-27, (2) test the operation of the clock circuit, 
and (3) determine the approximate frequency of the 
clock using the time period measurements from the 
scope and the formula!= lit. 

1-7. At the option of your instructor, use circuit 
simulation software to (1) draw the clock circuit 
in Fig. 1-27 as in question 1-6, (2) change the 
resistance of R

2 
to 100 kD, (3) test the operation of 

the clock circuit, and (4) determine the approximate 
frequency of the clock using the time period 
measurements from the scope and the formula 
f = lit. 
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Fig. 'l-27 Circuit simulation problem-clock circuit. 

1. digital, HIGH 15. T 31. LED, LCD, VF 
2. analog 16. T 32. light, forward-
3. analog 17. F 33. off, does not 
4. digital 18. DMM 34. bottom, anode 
5. digital logic probe 35. HIGH 
6. digital logic analyzer 36. LOW 
7. analog oscilloscope 37. c 
8. decrease, lower 19. HIGH, LOW 38. T 
9. 1-6 20. undefined 39. F 

10. F 21. bistable 40. logic probe, oscilloscope 
11. analog 22. monostable 41. function generator 
12. F 23. timer, astable 42. 2 
13. digital 24. debounce 43. 5 ms or 0.005 s 
14. many possible: 25. one-shot 44. 200 Hz 

computers 26. complementary 45. 3 v 
memory 27. b 46. 1ms,4 ms 
digital clock 28. monostable 
digital cameras 29. astable 
many phones 30. LED (logic indicators), piezo 
auto ECMs buzzer, de motor, relay 
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Learning IJutcames 
This chapter will help you to: 

2-1 Demonstrate understanding of the idea of 
place value in the decimal, binary, octal, 
and hexadecimal number systems. 

2-2 Convert binary numbers to decimal and 
decimal numbers to binary. 

2-3 Analyze several block diagrams that 
electronically translate from decimal to 
binary and binary to decimal. Understand 
the use of terms encode, encoder, decode, 
and decoder in digital electronics. 

2-4 Convert hexadecimal numbers to binary, 
binary to hexadecimal, hexadecimal 
to decimal, and decimal numbers to 
hexadecimal. 

2-5 Convert octal numbers to binary, binary 
to octal, octal to decimal, and decimal 
numbers to octal. 

2-6 Use terms such as bit, nibble, byte, and 
word when describing data groupings. 

Numbers We Use 
in Digital Electronics 

ost people understand us when we 
say we have nine pennies. The num

ber 9 is part of the decimal number system 
we use every day. But digital electronic 
devices use a number system called bi
nary. Digital computers and many other 
digital systems use other number systems, 
including hexadecimal and octal. Men and 
women who work in electronics must know 
how to convert numbers from the everyday 
decimal system to the binary, hexadecimal, 
and octal systems. 

Besides decimal, binary, hexadecimal, 
and octal, many other codes are used in 
digital electronics. Some of these codes 
include binary coded decimal (BCD), the 
Gray code, and the ASCII code. Arithme
tic circuits represent positive and negative 
binary numbers using 2s complement num
bers. Many of these specialized codes will 
be studied in later chapters. 

2-1 Counting in Decimal 
and Binary 

A number system is a code that uses symbols to 
refer to a number of items. The decimal number 
system uses the symbols 0, 1, 2, 3, 4, 5, 6, 7, 
8, and 9. The decimal number system contains 
10 symbols and is sometimes called the base 
10 system. The binary number system uses 
only the two symbols 0 and 1 and is sometimes 
called the base 2 system. 

Figure 2-1 compares a number of coins with 
the symbols we use for counting. The decimal 
symbols that we commonly use for counting 
from 0 to 9 are shown in the left column; the 
right column has the symbols we use to count 
nine coins in the binary system. Notice that the 
0 and 1 count in binary is the same as in deci
mal counting. To represent two coins, the binary 

Decimal number 
system 

Base 10 system 

Binary number 
system 

Base 2 system 
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Place value 

number 10 (say "one zero") is used. To repre
sent three coins, the binary number 11 (say "one 
one") is used. To represent nine coins, the binary 
number 1001 (say "one zero zero one") is used. 

Supply the missing word or number in each 
statement. 

1. The binary number system is sometimes 
called the system. 

2. Decimal 8 equals in binary. 

COINS 

No coins 

Fig. 2-1 Symbols for counting. 

2-2 Place Value 

DECIMAL BINARY 
SYMBOL SYMBOL 

0 0 

2 10 

3 11 

4 100 

5 101 

6 110 

7 111 

8 1000 

9 1001 

The clerk at the local store totals your bill 
and asks you for $2.43. We all know that this 
amount equals 243 cents. Instead of paying 

For your work in digital electronics you 
should memorize the binary symbols used to 
count to at least 15. 

3. The binary number 0110 equals 
____ in decimal. 

4. The binary number 1001 equals 
____ in decimal. 

with 243 pennies, however, you could probably 
give the clerk the money shown in Fig. 2-2: two 
$1 dollar bills, four dimes, and three pennies. 
This money example illustrates the very impor
tant idea of place value. 

Consider the decimal number 648 in Fig. 2-3. 
The digit 6 represents 600 because of its place
ment three positions left of the decimal point. 
The digit 4 represents 40 because of its place
ment two positions left of the decimal point. 
The digit 8 represents eight units because of its 
placement one position left of the decimal point. 
The total number 648, then, represents six hun
dred and forty-eight units. This is an example of 
place value in the decimal number system. 

The binary number system also uses the idea 
of place value. What does the binary number 
1101 (say "one one zero one") mean? Figure 2-4 
shows that the digit 1 nearest the binary point 
is the units, or ls, position, and so we add one 
item. The digit 0 in the 2s position tells us we 

HUNDREDS TENS UNITS 

243 cents = + + 

Fig. 2-2 An example of place value. 
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HUNDREDS TENS 

648 600 + 40 

Fig. 2-3 Place value in the decimal system. 

Number of 
items 

Place value 

Binary number 

•• •• •• •• 
Ss 

1 

•• •• •• 
4s 2s 

•• 
• fl 

•• •• 
Total items= 13 

UNITS 

+ 8 

• 
1s 

9 
Binary 
point 

Fig. 2-4 Place value in the binary number system. 

have no 2s. The digit 1 in the 4s position tells us 
to add four items. The digit 1 in the 8s position 
tells us to add eight more items. When we count 
all the items, we find that the binary number 
1101 represents 13 items. 

How about the binary number 1100 (say 
"one one zero zero")? Using the system from 
Fig. 2-4, we find that we have the following: 

8s 4s 2s ls place value 
yes yes no no binary 
(1) (1) (0) (0) number 
•• •• number of items 
•• •• 
•• 
00 

The binary number 1100, then, represents 
12 items. 

Figure 2-5 shows each place in the value of 
the binary system. Notice that each place value 
is determined by multiplying the value to the 
right by 2. The term "base 2" for binary comes 
from this idea . 

Many times the weight or value of each place 
in the binary number system is referred to as 
a power of 2. In Fig. 2-5, place values for a 
binary number are shown in decimal and also 
in powers of 2. For instance, the 8s place is the 
same as the 23 position, the 32s place the same 
as the 25 position and so on. 

Recall that 24 means 2 x 2 X 2 X 2 which 
equals 16. From Fig. 2-5 it is noted that the fifth 
place left of the binary point is 24 or the 16s place. 

Powers af 2 

32s 16s 8s 

Fig. 2-5 Value of the places left of the binary point. 

Supply the missing number in each statement. 

5. The 1 in the binary number 1000 has a 
place value of in decimal. 

6. The binary number 1010 equals 
____ in decimal. 

7. The binary number 100000 equals 
____ in decimal. 

8. The number 27 equals in 
decimal. 

9. The binary number 11111111 equals 
____ in decimal. 

10. The first place left of the binary point has 
a value of 1 or (2°, 21). 

11. The expression 26 means 2 X 2 X 2 X 
2 X 2 X 2 which equals in 
decimal. 

Numbers We Use in Digital Electronics Chapter 2 29 



Binary ta decimal 
canversian 

Binary paint 

Internet 
Connection 
Search the web for 
code conversion 
programs. 

Decimal ta binary 
canversmn 

Repeated 
divide-by-2 process 

2-3 Binary to Decimal 
Conversion 

While working with digital equipment you will 
have to convert from the binary code to decimal 
numbers. If you are given the binary number 
llOOll, what would you say it equals in deci
mal? First write down the binary number as: 

Binary J 1 I 1 I 0 J 0 I 1 I 1 I 
0 
bi~ary 

t t t t pomt 
Decimal 32+ 16 + 2 + 1 = 51 

Start at the binary point and work to the left. 
For each binary 1, place the decimal value of 
that position (see Fig. 2-5) below the binary 
digit. Add the four decimal numbers to find the 
decimal equivalent. You will find that binary 
110011 equals the decimal number 51. 

Another practical problem is to convert the 
binary number 101010 to a decimal number. 
Again write down the binary number as: 

Binary I 1 I 0 I 1 J 0 J 1 I 0 J 
0 

+ l + 
Decimal 32 + 8 + 2 42 

Supply the missing number in each statement. 

12. The binary number 1111 equals 
____ in decimal. 

2-4 Decimal to Binary 
Conversion 

Many times while working with digital elec
tronic equipment you must be able to convert a 
decimal number to a binary number. We shall 
teach you a method that will help you to make 
this conversion. 

Suppose you want to convert the decimal 
number 13 to a binary number. One procedure 
you can use is the repeated divide-by-2 process 
shown next: 
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Starting at the binary point, write the place 
value (see Fig. 2-5) for each binary 1 below 
the square in decimals. Add the three decimal 
numbers to get the decimal total. You will find 
that the binary number 101010 equals the deci
mal number 42. 

Now try a long and difficult binary number: 
convert the binary number 1111101000 to a 
decimal number. Write down the binary num
ber as: 

Binary 1 1 1 1 1 

Decimal 512 + 256 + 128 + 64 + 32 

0 1 0 0 0 I G 

l 
+8 = 1000 

From Fig. 2-5, convert each binary 1 to its 
correct decimal value. Add the decimal values 
to get the decimal total. The binary number 
1111101000 equals the decimal number 1000. 

13. The binary number 100010 equals 
____ in decimal. 

14. The binary number 1000001010 equals 
____ in decimal. 

Decimal number 

~ -c 2 ~ 6 with a remainder of 1--~ 
6~3 with a remainder of 0 ~ 
3 ~1 with a remainder of 11 
1 ~O with a remainder of 11 t 

Signal to stot ~ 
Binary number 



Notice that 13 is first divided by 2, giving 
a quotient of 6 with a remainder of 1. This re
mainder becomes the ls place in the binary 
number. The 6 is then divided by 2, giving a 
quotient of 3 with a remainder of 0. This re
mainder becomes the 2s place in the binary 
number. The 3 is then divided by 2, giving a 
quotient of 1 with a remainder of 1. This re
mainder becomes the 4s place in the binary 
number. The 1 is then divided by 2, giving a 
quotient of 0 with a remainder of 1. This re
mainder becomes the 8s place in the binary 
number. When the quotient becomes 0, you 
stop the divide-by-2 process. The decimal 
number 13 has been converted to the binary 
number l101. 

Practice this procedure by converting the 
decimal number 37 to a binary number. Follow 
the procedure used before: 

Supply the missing number in each statement. 

15. The decimal number 39 equals ___ _ 
in binary. 

2-5 Electronic Translators 

If you were to try to communicate with a 
French-speaking person who did not know the 
English language, you would need someone to 
translate the English into French and then the 
French into English. A similar problem exists 
in digital electronics. Almost all digital circuits 
(calculators, computers) understand only binary 
numbers. But most people understand only 
decimal numbers. Thus we must have elec
tronic devices that can translate from decimal 
to binary numbers and from binary to decimal 
numbers. 

Figure 2-6 diagrams a typical system that 
might be used to translate from decimal to bi
nary numbers and back to decimals. The device 
that translates from the keyboard decimal num
bers to binary is called an encoder; the device 

Decimal number 
t EJ + 2 = 18 with a remainder of 1 

18 ~9 with a remainder of 0---. 

9~4 with a remainder of 1-

4~2 
2~1 
l~O 

t 

with a remainder of 0 ~ 
with a remainder of 0 

with a remainder of 1 ~ 
r'-'l 1 o'--"-o-'--1 o'--'-,1 I 

t 
Signal to stop 

Binary number 

Notice that you stop dividing by 2 when the 
quotient becomes 0. According to this proce
dure, the decimal number 37 is equal to the 
binary number 100101. 

16. The decimal number 100 equals 
____ in binary. 

17. The decimal number 133 equals 
____ in binary. 

labeled decoder translates from binary to deci
mal numbers. 

The bottom of Fig. 2-6 shows a typical con
version. If you press the decimal number 9 on 
the keyboard, the encoder will convert the 9 
into the binary number 1001. The decoder will 
convert the binary 1001 into the decimal num
ber 9 on the output display. 

Encoders and decoders are very common 
electronic circuits in all digital devices. A 
pocket calculator, for instance, must have encod
ers and decoders to translate electronically from 
decimal to binary numbers and back to decimal. 
When you press the number 9 on the keyboard, 
the number appears on the output display. 

In modern electronic systems, the encoding 
and decoding may be performed by hardware as 
suggested in Fig. 2-6, or by computer programs 

Electronic 
translators 

Decoders 

Hardware 

Encoders 

Numbers We Use in Digital Electronics Chapter 2 31 



Software 

Input 
keyboard 

Output 
display 

Encoder 
Processing 

unit Decoder 

Decimal Binary Decimal 

9 1001 9 
Fig. 2-6 A system using encoders and decoders. 

or software. In computer jargon to encrypt 
means to encode. Likewise, in computer soft
ware to decode means to convert unreadable 
or encrypted codes into readable numbers or 
text. In electronics hardware, to decode means 
to translate from one code to another. Usually 
an electronic decoder converts encrypted codes 
into a more readable form. 

You can buy encoders and decoders that trans
late from any of the commonly used codes in digi
tal electronics. Most of the encoders and decoders 
you will use will be packaged as single ICs. 

General Definitions 
Here are some general definitions: 

Decode (verb). To translate from an encrypted 
code into a more readable form; for example, 
converting binary code to decimal. 

Decoder (noun). A logic device that 
translates from binary code to decimal. 
Generally, it makes the conversion from 
processed data in a digital system to a more 
readable form such as alphanumeric. 

Encode (verb). To translate or encrypt; for 
example, converting a decimal input into a 
binary code. 

Encoder (noun). A logic device that translates 
from decimal to another code such as binary. 
Generally, it converts input information to a 
code useful to digital circuits. 

Application: Encoders 
and Decoders 
Manufacturers of integrated circuits (ICs) pro
duce various encoders and decoders. These ICs 
make the job of translation from decimal to bi
nary or binary to decimal easy. 

The block diagram in Fig. 2-7(a) is an over
view of an encoder-decoder system you may 
construct in the lab in later chapters. The encoder 
section features a 74147 decimal-to-binary 
encoder JC. The center block in Fig. 2-7(a) is 
the processing section. The simple process
ing in this example is to invert or complement 
the 4-bit binary number using a 7404 inverter 
JC. The final block in Fig. 2-7(a) shows a de
coder that would translate binary to decimal. 
The decimal is displayed on a seven-segment 
LED. The 7447 binary-to-seven-segment LED 
decoder/driver IC performs this task. Various 
manufacturers produce these res. 

The action of the encoder-decoder system 
when the decimal 7 is pressed on the keypad is 
detailed in Fig. 2-7(b). 

Step 1. Press 7. Input 7 of the 74147 IC is 
activated by a LOW. 

Step 2. Encoder (74147 IC) outputs in
verted binary of 1000. 

Step 3. Inverter (7404 IC) changes in
verted binary 1000 to real binary of 0111. 
To invert or complement a binary number, 
change each bit to its opposite. 

Step 4. Decoder (7447 IC) converts from 
binary 0111 to seven-segment LED code 
by driving lines to segments a, b, and c 
LOW. This lights only segments a, b, and c 
on the LED display, forming the decimal 
number7. 

The action of the encoder-decoder system 
when the decimal 2 is pressed on the keypad is 
detailed in Fig. 2-7(c). 

Step 1. Press 2. Input 2 of the 74147 IC is 
activated by a LOW. 
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INPUT 
Keyboard 

00[IJ Encoder 

000 
ITJ [I] [TI 

[§] 
74147 IC 

INPUT 
Keyboard 

00[IJ Encoder 

000 
ITJ [I] 0 

7 

[§] 
74147 IC 

Press 

) 
Line 7 

active, LOW 

INPUT 
Keyboard 

00[IJ 
000 
ITJ [I] 0 
7[§] 
\ 

Encoder 

2 

74147 IC ) 

) 
Inverted 
binary 
1000 

) 

Inverters 

7404 IC 

(a) 

Inverters 

7404 IC 

(b) 

Inverters 

7404 IC 

) 
True 

binary 
0111 

I 

Decoder/ 
driver 

7447 IC 

Decoder/ 
driver 

7447 IC 

OUTPUT 
7-segment 

LED dispiay 

e 

a 

b 

d 

OUTPUT 
?-segment 

LED display 

a -
f-!VV\r- lb 

1 
/c 

Segments a, b, c 
go LOW 

Decimal 7 displayed 

Decoder/ 
driver 

~ 

7447 IC 

1 

OUTPUT 
?-segment 

LED display 

a -lb -e/ g -d 

Press 2 Line 2 goes 
active, LOW 

Inverted 
binary 
1101 

True 
binary 
0010 

Segments a, b, d, e, g 
go LOW 

Decimal 2 displayed 

(c) 

Fig. 2-7 (a) Encoder-di:rnder system (block diagram form). (b) Press 7 on keypad; result is 7 on the LED display. 
(c) Press 2 on keypad; result is 2 on the LED display. 

Step 2. Encoder (74147 IC) outputs in
verted binary of 1101. 
Step 3. Inverter (7404 IC) changes inverted 
binary 1101 to real binary of 0010. 

Step 4. Decoder (7447 IC) converts from 
binary 0010 to seven-segment LED code by 
driving lines to segments a, b, d, e, and g 
LOW. This lights only segments a, b, d, e, 
and g on the LED display, forming the deci
mal number 2. 

A search of the Internet will reveal many 
other codes that are related to binary. Some 
of these codes will be covered later in this 
textbook. 

You used hardware (integrated circuits) 
to make code conversions in this section. 
Most code conversions are done with soft
ware (programming of a microprocessor or 
microcontroller). 
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Hexadecimal 
number system 

Base 1Ei system 

Hexadecimal 
notation 

Microprocessor
based systems 

Subscripts 

Base 1[J 

Base 2 

Supply the missing word in each statement. 

18. A(n) is an electronic device 
that translates a decimal input number to 
binary. 

19. The processing unit of a calculator out
puts binary. This binary is converted to a 
decimal output display by an electronic 
device called a(n) ___ _ 

20. To translate or encrypt from a readable 
form of data to a binary-coded form is 
called (decoding, encoding). 

21. To translate from an encrypted code (such 
as binary) to a more readable form (such 

INPUT 
Keyboard 

22. 

23. 

24. 

as decimal) is called ____ ( decod-
ing, encoding). 
Refer to Fig. 2-8. With input line 3 to 
the 74147 encoder IC activated with a 
LOW, the 4-bit output at point A would be 
___ (4 bits). 
Refer to Fig. 2-8. The output from the 
7404 inverter IC at point B would be 
_ __ (4 bits). 
Refer to Fig. 2-8. The output of the 7447 
decoder IC would drive which segment 
lines LOW? 

OUTPUT 
?-segment 

LED display 

a 
00~ Inverters Decoder/ -Encoder 

lb driver 
0~[IJ 

3 ~ -:;c DJ cg] tEl 
[QJ -74147 IC 7404 IC 7447 IC d 

1 1 1 
0 

Fi~J· 2-8 Encoder-decoder system. 

2-6 Hexadecimal Numbers 

The hexadecimal number system uses the 16 
symbols 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E, 
and F and is referred to as the base 16 system. 
Figure 2-9 shows the equivalent binary and 
hexadecimal representations for the decimal 
numbers 0 through 17. The letter "}'>;' stands 
for decimal 10, "B" for decimal 11, and so on. 
The advantage of the hexadecimal system is its 
usefulness in converting directly from a 4-bit 
binary number. For instance, hexadecimal F 
stands for the 4-bit binary number 1111. Hexa
decimal notation is typically used to represent 
a binary number. For instance, the hexadecimal 
number A6 would represent the 8-bit binary 

® © 

number 10100110. Hexadecimal notation is 
widely used in microprocessor-based systems 
to represent 4, 8-, 16-, 32-, or 64-bit binary 
numbers. 

The number 10 represents how many ob
jects? It can be observed from the table shown 
in Fig. 2-9 that the number 10 could mean ten 
objects, two objects, or sixteen objects depend
ing on the base of the number. Subscripts are 
sometimes added to a number to indicate the 
base of the number. Using subscripts, the num
ber 10 represents ten objects. The subscript 

IO 

(10 in this example) indicates it is a base 10, or 
decimal, number. Using subscripts, the number 
10 represents two objects since this is in binary 
(b~se 2). Again using subscripts, the number 
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Decimal Binary Hexadecimal 

0 0000 0 

1 0001 1 

2 0010 2 

3 0011 3 

4 0100 4 

5 0101 5 

6 0110 6 

7 0111 7 

8 1000 8 

9 1001 9 

10 1010 A 

11 1011 B 
12 1100 c 
13 1101 D 
14 1110 E 

15 1111 F 

16 10000 10 

17 10001 11 

Fig. 2·9 Binary and hexadecimal equivalents to decimal 
numbers. 

10 represents sixteen objects since this is in 
16 

hexadecimal (base 16). 
Converting hexadecimal numbers to binary 

and binary numbers to hexadecimal is a com
mon task when working with microprocessors 
and microcontrollers. Consider converting C3

16 

to its binary equivalent. In Fig. 2-lO(a), each 
hexadecimal digit is converted to its 4-bit bi
nary equivalent (see Fig. 2-9). Hexadecimal 
C equals the 4-bit binary number 1100, while 
3

16 
equals 0011. Combining the binary groups 

yields C3
16 

= 110000112• 

Now reverse the process and convert the 
binary number 11101010 to its hexadecimal 
equivalent. The simple process is detailed in 
Fig. 2-lO(b). The binary number is divided into 
4-bit groups starting at the binary point. Next, 
each 4-bit group is translated into its equivalent 
hexadecimal number with the help of the table 
shown in Fig. 2-9. The example in Fig. 2-lO(b) 
shows 111010102 = EA16• 

Consider converting hexadecimal 2DB
16 

to 
its decimal equivalent. The place values for the 
first three places in the hexadecimal number 
are shown across the top in Fig. 2-11 as 256s, 
16s, and ls. In Fig. 2-11 there are eleven ls. 
There are thirteen 16s, which equals 208. There 
are two 256s, which equals 512. Adding 11 + 
208 + 512 will equal 731

10
• The example given 

in Fig. 2-11 shows that 2DB
16 

= 731
10

• 

Hexadecimal 

j 
Binary 

Binary 

j 

c 
! 

,-A-., 

1100 
(a) 

·1·1iQ 

T 
Hexadecimal E 

(b) 

316 

! 
,-A-., 

00112 

Fig. 2·10 (a) Converting a hexadecimal number to binary. 
(b) Converting a binary number to hexadecimal. 

Place value 256s 16s 1s 

Hexadecimal 2 D 815 

l t t t 
256 16 1 

x 2 x 13 x 11 
512 208 -1-1 

Decimal 5·12 + + 11 = 

Fig. 2·11 Converting a hexadecimal number to decimal. 

10 

Now reverse the process and convert the 
decimal number 47 to its hexadecimal equiva
lent. Figure 2-12 details the repeated divide
by-16 process. The decimal number 47 is first 
divided by 16, resulting in a quotient of 2 with 
a remainder of 15. The remainder of 15 (F in 
hexadecimal) becomes the least significant 
digit (LSD) of the hexadecimal number. The 
quotient (2 in this example) is transferred to the 
dividend position and divided by 16. This re
sults in a quotient of 0 with a remainder of 2. 
The 2 becomes the next digit in the hexadeci
mal number. The process is complete because 
the integer part of the quotient is 0. The divide
by-16 process shown in Fig. 2-12 converts 47

10 

to its hexadecimal equivalent of 2F
16

• 

4710 -;- 16 = 2 
-----~.J 

f 
2 -;- 16 = 0 

remainder of 1

2

5

1
1 

remainder of 1 1 

Fig. 2-12 Converting a decimal number to hexadecimal using 
the repeated divide-by-16 process. 

Base 1Ei 

Hex-ta-binary 
canversmn 

Binary-ta-hex 
canversmn 

Oecimal·ta·hex 
canversmn 

Repeated 
divide-by-1Ei 
process 

Internet 
Connection 
Search the web 
For number system 
conversion tools. 
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Octal number 
system 

Octal-to-binary 
conversmn 

Octal-to-decimal 
conversion 

Decimal-to-octal 
conversion 

Repeated 
divide-by-8 process 

Supply the missing number in each statement. 

25. Decimal 15 equals m 
hexadecimal. 

26. Hexadecimal A6 equals in 
binary. 

2-7 Octal Numbers 

Some older computer systems use octal num
bers to represent binary information. The octal 
number system uses the eight symbols 0, 1, 2, 3, 
4, 5, 6, and 7. Octal numbers are also referred to 
as base 8 numbers. The table shown in Fig. 2-13 
gives the equivalent binary and octal represen
tations for decimal numbers 0 through 17. The 
advantage of the octal system is its usefulness 
in converting directly from a 3-bit binary num
ber. Octal notation is used to represent binary 
numbers. 

Converting octal numbers to binary is a 
common operation when using some computer 
systems. Consider converting the octal number 
67

8 
(say "six seven base eight") to its binary 

Decimal Binary Octal 

0 000 0 

1 001 1 

2 010 2 

3 011 3 

4 100 4 

5 101 5 

6 110 6 

7 111 7 

8 001 000 10 
g 001 001 11 

10 001 010 12 

11 001 011 13 

12 001 100 14 

13 001 101 15 

14 001110 16 

15 001111 17 

16 010 000 20 

17 010 001 21 

Fig. 2-13 Binary and octal equivalents to decimal numbers. 
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27. Binary 11110 equals m 
hexadecimal. 

28. Hexadecimal 1F6 equals 
decimal. 

29. Decimal 63 equals in 
hexadecimal. 

Octal 

J 
Binary 

(a) 

Binary 

j JI 
Octal 

(b) 

Fig. 2-14 [a) Converting an octal number to binary. 
( b) Converting a binary number to octal. 

in 

equivalent. In Fig. 2-14(a), each octal digit is 
converted to its 3-bit binary equivalent. Octal 6 
equals llO, while 7 equals lll. Combining the 
binary groups yields 67

8 
= l10ll12• 

Now reverse the process and convert binary 
10000l101 to its octal equivalent. The simple 
process is detailed in Fig. 2-14(b). The binary 
number is divided into 3-bit groups (100 001 
101) starting at the binary point. Next, each 
3-bit group is translated into its equivalent 
octal number. The example in Fig. 2-14(b) 
shows 100 001 101

2 
= 415

8
. 

Consider converting octal 415 (say "four one 
five base eight") to its decimal equivalent. The 
place values for the first three places in the octal 
number are shown across the top in Fig. 2-15 as 
64s, 8s, and ls. There are five ls and one 8. 
There are four 64s, which equals 256. Adding 
5 + 8 + 256 = 269

10
• The example in Fig. 2-15 

shows that 415
8 

= 269
10

• 

Now reverse the process and convert the 
decimal number 498 to its octal equivalent. 
Figure 2-16 details the repeated divide-by-8 



Place value: 64s 8s 1s 

Octal i!< ~, t;_ 

j 
t t T 
64 8 

x 4 x 1 x 5 
256 -8 -5 

Decimal T 

2-15 Converting an octal number to decimal. 

:~:. ~~) fJ 10 remainder of 2 
) 

f 
62 8=7 

"m';°"" of 6 ~ 
7 8=0 remainder of 71 

2-16 Converting a decimal number to octal using the 
repeated divide-by-8 process. 

process. The decimal number 498 is first di
vided by 8, resulting in a quotient of 62 with 
a remainder of 2. The remainder (2) becomes 
the LSD of the octal number. The quotient (62 
in this example) is transferred to the dividend 
position and divided by 8. This results in a 
quotient of 7 with a remainder of 6. The 6 be
comes the next digit in the octal number. The 
last quotient (7 in this example) is transferred 
to the dividend position and divided by 8. The 

Supply the missing number in each statement. 

30. Octal 73 equals ____ in binary. 
31. Binary 100000 equals in octal. 

2-8 Bits, Bytes, Nibbles 
and Word Size 

A single binary number (either a 0 or a 1) is 
called a bit. Bit is an abbreviation for a binary 
digit. The bit is the smallest unit of data in a 
digital system. Physically in a digital circuit a 
single bit is commonly represented by a HIGH 
or LOW voltage. On a magnetic storage medium 

Microprocessors Then and Now. The Intel 4004 4-bit mi
croprocessor was unveiled in 1971. The 4004 processor con
tained about 2300 transistors. Using a web search, determine 
current microprocessor complexity. 

quotient is 0 with a remainder of 7. The 7 is the 
most significant digit (MSD) in the octal num
ber. The divide-by-8 process shown in Fig. 2-16 
converts 498

10 
to its octal equivalent of 762

8
• 

Note that the signal to end the repeated divide
by-8 process is when the quotient becomes 0. 

Technicians, engineers, and programmers 
must be able to convert between number sys
tems. Many commercial calculators can aid in 
making binary, octal, hexadecimal, and deci
mal conversions. These calculators also per
form arithmetic operations on binary, octal, and 
hexadecimal as well as decimal numbers. 

Most home and school computers feature 
various calculators. When working with varied 
number systems, select the scientific calcula
tor. This will allow you to make number sys
tem conversions (between binary, octal, hex, 
and decimal). The scientific calculator will also 
allow arithmetic calculations (add, subtract, 
etc.) in various number systems. 

32. Octal 753 equals ____ in decimal. 
33. Decimal 63 equals in octal. 

(such as a hard disk) a bit is a small section that 
can be either a 1 or 0. On an optical disk (such 
as a CD-ROM) a bit is a small area that either is 
a pit or no pit for a 1 or 0. 

All but the simplest digital devices handle 
larger data groups which in computer jargon 
may be called words. For most computer sys
tems, the width of the main data bus is the same 
as the word size. For instance, a microprocessor 

Bit 

Ward size 
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Nibble 

Byte 

or microcontroller might operate on and store 
8-bit groups as a single unit of data. Many com
mon microprocessors have word lengths of 8, 
16, 32, or 64 bits. A 16-bit piece of data is com
monly referred to as a word. A double-word 
contains 32 bits. A quad-word features 64 bits. 

An 8-bit group of data that represents a num
ber, letter, punctuation mark, control character, 
or some operation code (op code) in a digital 
device is called a byte. For instance, the hexa
decimal number 4F is shorthand for the byte 
0100 1111. A byte is an abbreviation for binary 
term. A byte represents a small amount of in
formation, and in memory devices we talk of 
kilobytes (210 or 1024 bytes), megabytes (220 

or 1,048,576 bytes), or gigabytes (230 or 1,073, 
741,824 bytes) of storage. 

A simple digital device might be designed to 
handle a 4-bit group of data. A half-byte or a 

Supply the missing word in each statement. 

34. A single binary digit (such as a 0 or 1) 
is commonly called a (bit, 
word). 

35. An 8-bit data group that represents a 
number, letter, punctuation mark, or con
trol character is commonly referred to as 
a (byte, nibble). 

36. A 4-bit data group that represents some 
number or code is called a ___ _ 
(nibble, octet). 
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4-bit group of data is called a nibble .. For in
stance, the hexadecimal number C is shorthand 
for the nibble 1100. 

In summary, the common names for binary 
digit groupings are 

Bit 

Nibble 

Byte 

Word 

Double-word 

Quad-word 

1 bit (such as 0 or 1) 

4 bits (such as 1010) 

8 bits (such as 1110 1111) 

16 bits (such as 1100 0011 
11111010) 

32 bits (such as 1001 1100 
1111 0001 0000 1111 1010 
0001) 

64 bits (such as 1110 1100 
1000 0000 0111 0011 1001 
1000 0011 0000 1111 1110 
1001 0111 0101 0001) 

37. The length of data groups in a computer 
system is commonly referred to as its 
____ (memory, word) size. 

38. A 32-bit data group in a computer system 
is commonly referred to as a ___ _ 
(double-word, nibble). 

39. A word in a computer system most often 
suggests a (16-bit, 256-bit) 
data group. 



pt er Su m ry n Review 

1. The decimal number system contains 10 symbols: 0, 

1, 2, 3, 4, 5, 6, 7, 8, and 9. 

2. The binary number system contains two symbols: 0 

and 1. 

3. The place values left on the binary point in binary 
are 128, 64, 32, 16, 8, 4, 2, and 1. 

4. All men and women in the field of digital 
electronics must be able to convert binary to 

decimal numbers and decimal to binary numbers. 

5. Encoders are electronic circuits that convert decimal 
numbers to binary numbers. 

6. Decoders are electronic circuits that convert binary 
numbers to decimal numbers. 

7. By general definition, to encode means to convert 
a readable code (such as decimal) to an encrypted 
code (such as binary). 

Answer the following questions. 

2-1. How would you say the decimal number 1001? 

2-2. How would you say the binary number 1001? 
2-3. Convert the binary numbers in a to j to decimal 

numbers: 

a. 1 f. 10000 

b. 100 g. 10101 

c. 101 h. 11111 

d. 1011 i. 11001100 

e. 1000 j. 11111111 
2-4. Convert the decimal numbers in a to j to binary 

numbers: 

a. 0 f. 64 

b. 1 0- 69 b" 

c. 18 h. 128 

d. 25 1. 145 
e. 32 J. 1001 

8. 

9. 

10. 

11. 

12. 

By general definition, to decode means to convert 
a machine code (such as binary) to a more readable 

form (such as alphanumeric). 
The hexadecimal number system contains 16 
symbols: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E, 

and F. 
Hexadecimal digits are widely used to represent 
binary numbers in the computer field. 
The octal number system uses eight symbols: 
0, 1, 2, 3, 4, 5, 6, and 7. Octal numbers are used 
to represent binary numbers in a few computer 
systems. 
Data groupings have common names including bit, 
nibble (4 bits), byte (8 bits), word (16 bits), double-
word (32 bits), and quad-word (64 bits). 

2-5. Encode the decimal numbers in a to f to binary 
numbers: 
a. 9 d. 13 
b. 3 e. 10 
c. 15 f. 2 

2-6. Decode the binary numbers in a to f to decimal 
numbers: 
a. 0010 d. 0111 
b. 1011 e. 0110 
c. 1110 f. 0000 

2-7. What is the job (function) of an encoder? 
2-8. What is the job (function) of a decoder? 

2-9. Write the decimal numbers from 0 to 15 in binary. 
2-10. Convert the hexadecimal numbers iri a to d to 

binary numbers: 
a. SA c. 6C 
b. B7 d. FF 
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2-11. Convert the binary numbers in a to d to 
hexadecimal numbers: 
a. 01011110 c. 11011011 
b. 00011111 d. 00110000 

2-12. Hexadecimal 3E6 = ----10-

2-13. Decimal 4095 = ----16• 

2-14. Octal 156 = ----10• 

2-15. Decimal 391 = ____ 
8

. 

2-16. A single 0 or 1 is commonly called a ___ _ 
(bit, word). 

2-17. An 8-bit group of 1 s and Os, which represents a 
number, letter, or op code, is commonly called a 
____ (byte, nibble). 

2-1. If the digital circuits in a computer only respond 
to binary numbers, why are octal and hexa
decimal numbers used extensively by computer 
specialists? 

2-2. In a digital system such as a microcomputer, it 
is common to consider an 8-bit group (called 
a byte) as having a meaning. Predict some 
of the possible meanings of a byte (such as 
11011011

2
) in a microcomputer. 

2-3. At the option of your instructor, use circuit 
simulation software to (a) draw the logic dia
gram of the decimal-to-binary encoder circuit 
sketched in Fig. 2-17, (b) operate the circuit, 
and (c) demonstrate the decimal-to-binary 
encoder simulation to your instructor. 

40 Chapter 2 Numbers We Use in Digital Electronics 

2-18. A nibble is a term that describes a 
____ (4-bit, 12-bit) data group. 

2-19. Microprocessor-based systems (such as a com
puter) commonly identify the size of a data 
group as (file, word) length. 

2-20. To encrypt data from a readable form (such 
as alphanumeric) to machine code usable by 
digital circuits is called (encoding, 
interfacing). 

2-4. At the option of your instructor, use circuit 
simulation software to (a) draw the logic dia
gram of the binary-to-decimal decoder circuit 
shown in Fig. 2-18, (b) operate the circuit, and 
(c) demonstrate the binary-to-decimal decoder 
simulation to your instructor. 

2-5. At the direction of your instructor, use a sci
entific calculator to convert from one number 
system to another. Show the instructor your 
procedure and results. 

2-6. At the direction of your instructor, use a website 
to convert from one number system to another. 
Show the instructor your results. 
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Fig. 2-17 Decimal-to-binary encoder circuit. 
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Binary input 
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Fig. ~~ 1B Binary (BCD)-to-decimal decoder circuit. 

1. base 2 11. 64 21. decoding 31. 40 
2. 1000 12. 15 22. 1100 32. 491 
3. 6 13. 34 23. 0011 33. 77 
4. 9 14. 522 24. a, b, c, d, g 34. bit 
5. 8 or (23) 15. 100111 25. F 35. byte 
6. 10 16. 1100100 26. 10100110 36. nibble 
7. 32 17. 10000101 27. IE 37. word 
8. 128 18. encoder 28. 502 38. double-word 
9. 255 19. decoder 29. 3F 39. 16-bit 

10. 2° 20. encoding 30. 111011 
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learning []utcames 
This chapter will help you to: 

3-1 Memorize the name, symbol, truth table, 
function, and Boolean expression for the 
seven basic logic gates (AND, OR, NOT, 
NAND, NOR, XOR, XNOR). 

3-2 Draw a logic diagram of any of the seven 
basic logic functions using only NAND 
gates. 

3-3 Sketch logic diagrams illustrating how 
two-input gates could be used to create 
gates with more inputs. 

3-4 Convert one type of basic gate to any other 
logic function by using inverters. 

3-5 Identify pin numbers and manufacturer's 
markings on both TTL and CMOS DIP 
package ICs. 

3-6 Troubleshoot simple logic gate circuits. 

3-7 Recognize new logic gate symbols used 
in dependency notation (IEEE standard 
91-1984). 

3~8 Analyze the operation of several simple 
logic gate applications. 

Logic Gates 

omputers, calculators, and other digi
tal devices are sometimes looked upon 

by the general public as being magical. 
Actually, digital electronic devices are 
extremely logical in their operation. The 
basic building block of any digital circuit 
is a logic gate. Persons working in digital 
electronics understand and use logic gates 
every day. Remember that logic gates are 
the building blocks for even the most com
plex computers. Logic gates can be con
structed by using simple switches, relays, 
vacuum tubes, transistors and diodes, or 
I Cs. Because of their availability, wide use, 
and low cost, ICs will be used to construct 
digital circuits. A variety of logic gates are 
available in all logic families including 
TTL and CMOS. 

The task performed by a logic gate is 
called its logic function. Logic functions 
can be implemented by hardware (logic 
gates) or by programming devices such as 
microcontrollers or computers. 

3-1 The AND Gate 
The AND gate is sometimes called the "all or 
nothing gate." Fig. 3-1 shows the basic idea of 
the AND gate using simple switches. 

What must be done in Fig. 3-1 to get the 
output lamp (L

1
) to light? You must close both 

switches A and B to get the lamp to light. You 
could say that switch A and switch B must be 
closed to get the output to light. The AND 
gates you will operate most often are con
structed of diodes and transistors and pack
aged inside an IC. To show the AND gate, we 
use the logic symbol in Fig. 3-2. This is the 
symbol you will memorize and use from now 
on for AND gates. 

Logic gates 

Logic function 

"All or nothing" 
gate 

AND gate logic 
symbol 
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Internet 
Connection 
Try searching for 
any logic gate, such 
as an AND gate. 

Positive logic 

Truth table 

AND function 

OUTPUT 

INPUTS 

Fig. 3-1 AND circuit using switches. 

Fig. 3-2 AND gate logic symbol. 

The term "logic" is usually used to refer to a 
decision-making process. A logic gate, then, is 
a circuit that can decide to say yes or no at the 
output based upon the inputs. We already deter
mined that the AND gate circuit in Fig. 3-1 says 
yes (light on) at the output only when we have a 
yes (switches closed) at both inputs. 

Now let us consider an actual circuit similar 
to one you will set up in the laboratory. The 
AND gate in Fig. 3-3 is connected to input 
switches A and B. The output indicator is an 
LED. If a LOW voltage (GND) appears at 
both inputs A and B, then the output LED is 
not lit. This situation is illustrated in line 1 of 
the truth table in Fig. 3-4. Notice also in line 1 
that the inputs and outputs are given as binary 
digits. Line 1 indicates that if the inputs are 
binary 0 and 0, then the output will be a binary 
0. Carefully look over the four combinations 
of switches A and B in Fig. 3-4. Notice that 

INPUTS 

B 

Switch 
Binary 

Switch 
voltage voltage 

LOW 0 LOW 

LOW 0 HIGH 

HIGH 1 LOW 

HIGH 1 HIGH 

Fig. 3-4 AND truth table. 
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Switches 

INPUTS 

B A 

A 

B .___ __ 

Fig. 3-3 Practical AND gate circuit. 

OUTPUT 

~+;1. \.:__;/ 
LED 

y 

only binary ls at both A and B will produce a 
binary 1 at the output (see the last line of the 
table). 

It is a +5 V compared to GND appearing at 
A, B, or Y that is called a binary 1 or a HIGH 
voltage. A binary 0, or LOW voltage, is de
fined as a GND voltage (near 0 V compared 
to GND) appearing at A, B, or Y. We are using 
positive logic because it takes a positive 5 V to 
produce what we call a binary 1. You will use 
positive logic in most of your work in digital 
electronics. 

The table in Fig. 3-4 is called a truth table. 
The truth table for the AND gate gives all the 
possible input combinations of A and B and the 
resulting outputs. Thus the truth table defines 
the exact operation of the AND gate. The truth 
table in Fig. 3-4 is said to describe the AND 
function. You should memorize the truth table 
for the AND function. The unique output from 
the AND gate is a HIGH only when all inputs 
are HIGH. The output column in Fig. 3-4 shows 
that only the last line in the AND truth table 
generates a 1 while the rest of the outputs are 0. 

So far you have memorized the logic symbol 
and the truth table for the AND gate. Now you 

OUTPUT 

A y 

Binary Light Binary 

0 No 0 

1 No 0 

0 No I 0 
I 

1 Yes 1 



In the English language 

As a Boolean expression 

As a logic symbol 

As a truth table 

Input A is ANDed with 
input B to get output Y. 

A ·B =Y )i 
\AND symbol 

~=o-y 

A a y 

0 0 0 

0 1 0 

1 0 0 

1 1 1 

Boolean expression 

Boolean algebra 

will learn a shorthand method of writing the 
statement "input A is ANDed with input B to 
get output Y." The short method used to repre
sent this statement is called its Boolean expres
sion ("Boolean" from Boolean algebra-the 
algebra of logic). The Boolean expression is a 
universal language used by engineers and tech
nicians in digital electronics. Figure 3-5 shows 
the ways to express that input A is ANDed with 
input B to produce output Y. The top expression 
in Fig. 3-5 is how you would tell someone in the 
English language that you are logically ANDing 
inputs A and B to get output Y. Next in Fig. 3-5 
you see the Boolean expression for ANDing in
puts A and B. Note that a multiplication dot O 
is used to symbolize the AND function in 
Boolean expressions. In common practice the Fig. 3-S Four ways to express the logical ANOing of A and B. 

Boolean expression A · B = Y can be simplified 
to AB = Y. Both A · B = Y or AB = Y describe 
the two-input AND function. 

Examine the output column of the AND 
truth table in Fig. 3-5. You will notice that the 
unique output is the last line in the truth table 
when output Y is HIGH. The AND function's 
unique output is a HIGH output only when all 
inputs are HIGH. 

Summary 
The four commonly used methods of express
ing the ANDing of inputs A and B are detailed 

Answer the following questions. 

1. Write the Boolean expression for a two
input AND gate. 

2. Refer to Fig. 3-3. When both inputs 
are HIGH, output Y will be ___ _ 
(HIGH, LOW) and the LED will 
____ (light, not light). 

INPUTS 

0 0 

0 

Fig. 3·Ei Pulse train problem. 

0 

in Fig. 3-5. All these methods are widely used 
and must be learned by persons working in the 
electronics industry. 

The term logic function implies the logical 
relationship between inputs and output while 
logic gate suggests the physical implementa
tion. We might say that an AND logic gate (IC) 
performs the AND function. 

The unique output of the AND function 
is a HIGH output only when all inputs are 
HIGH. 

3. Refer to Fig. 3-6. The output of the 
AND gate at time period t

1 
is a logical 

___ (0,1). 

4. Refer to Fig. 3-6. The output of the 
AND gate at time period t

2 
is a logical 

_ __ (0,1). 

5. Refer to Fig. 3-6. The output of the 
AND gate at time period t

3 
is a logical 

___ (0,1). 

OUTPUT 

? . 
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OR gate 

"Any or all" gate 

Inclusive OR 
function 

OR gate truth table 

6. Refer to Fig. 3-6. The output of the 
AND gate at time period t

4 
is a logical 

___ (0, 1). 

7. The unique output of an AND gate is a 
____ (HIGH, LOW) output only 
when all inputs are HIGH. 

8. Refer to Fig. 3-7. If all three inputs (A, 
B, and C) to the AND gate are HIGH, 
then output Y will be (HIGH, 
LOW). 

3-2 The DR Gate 
The OR gate is sometimes called the "any or all 
gate." Figure 3-8 illustrates the basic idea of the 
OR gate using simple switches. Looking at the 
circuit in Fig. 3-8, you can see that the output 
lamp will light when either or both of the input 
switches are closed but not when both are open. 
A truth table for the OR circuit is shown in 
Fig. 3-9. The truth table lists the switch and light 
conditions for the OR gate circuit in Fig. 3-8. 
The truth table in Fig. 3-8 is said to describe the 
inclusive OR function. The unique output from 
the OR gate is a LOW only when all inputs are 
LOW. The output column in Fig. 3-9 shows that 

INPUTS 

B 

OUTPUT 

Fig. 3-8 DR circuit using switches. 

+ =Y 

INPUTS 

E[=>-y 
Fig. 3-7 Logic symbol for a three· 

input AND gate. 

only the first line in the OR truth table gener
ates a 0 while all others are 1. 

The logic symbol for the OR gate is dia
grammed in Fig. 3-10. Notice in the logic dia
gram that inputs A and B are being ORed to 
produce an output Y. The engineer's Boolean 
expression for the OR function is also illus
trated in Fig. 3-10. Note that the plus(+) sign is 
the Boolean symbol for OR. 

You should memorize the logic symbol, Bool
ean expression, and truth table for the OR gate. 

A brief summary of the OR function is shown 
in Fig. 3-11. It lists four methods of describing the 
logical ORing of two variables (A and B). 

The unique output of the OR function is a 
LOW output only when all inputs are LOW. 
Examining the Y output column of the OR truth 
table in Fig. 3-11 shows that the first line describes 
the unique output condition for this logic gate. 

INPUTS OUTPUT 

A B y 

Switch Binary Switch Binary Light Binary 

Open 0 Open 0 No 0 

Open 0 Closed 1 Yes 1 

Closed 1 Open 0 Yes 1 

Closed 1 Closed 1 Yes 1 

Fig. 3.9 DR gate truth table. 

~ORsymbol 
Fig. 3-'m DR logic gate symbol and Boolean expression. 

46 Chapter 3 Logic Gates 



Describing the OR Function 

In the English language 
Input A is ORed with input B 
to yield output Y. 

A+B=Y 
As a Boolean expression 

LOR symbol 

As a logic symbol :n-y 
A B y 

l 0 0 0 

As a truth table 0 1 1 

1 0 1 

1 1 1 

Fig. 3-ll Four ways to express the logical ORing of inputs A and B. 

Answer the following questions. 

9. Write the Boolean expression for a two
input OR gate. 

10. Refer to Fig. 3-12. The output of the OR 
gate at time period t

1 
is a logical 

___ (0,1). 

11. Refer to Fig. 3-12. The output of the OR 
gate at time period t? is a loaical 

- b 

___ (0,1). 

12. Refer to Fig. 3-12. The output of the OR 
gate at time period t

3 
is a logical 

___ (0,1). 

13. The unique output of an OR gate is a 
----(HIGH, LOW) output only 
when all inputs are LOW. 

INPUTS 

I 

0 0 

0 

Fig. 3-12 Pulse train problem. 

14. Technically the truth table in Fig. 3-11 
describes the (exclusive, 
inclusive) OR logic function. 

15. Refer to Fig. 3-13. If all three inputs (A, 
B, and C) to the OR gate are LOW, then 
output Ywill be (HIGH, 
LOW). 

E[)--v 
Fig. 3-13 Logic symbol for a three-input DR gate. 

OUTPUT 
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NOT circuit 

Inverter 

Complements 

Inverts 

INVERT function 

Negated 

Invert bubble 

Naninverting 
buffer /driver 

3-3 The Inverter and Buffer 

All the gates so far have had at least two inputs 
and one output. The NOT circuit, however, has 
only one input and one output. The NOT circuit 
is often called an inverter. The job of the NOT 
circuit (inverter) is to give an output that is not 
the same as the input. The logic symbol for the 
inverter (NOT circuit) is shown in Fig. 3-14. 

If we were to put in a logic 1 at input A in 
Fig. 3-14, we would get out the opposite, or a 
logical 0, at output Y. We say that the inverter 
complements or inverts the input. Figure 3-14 
also shows how we would write a Boolean ex
pression for the NOT, or INVERT function. 
Notice the use of the overbar (-)symbol above 
the output to show that A has been inverted or 
complemented. We say that the Boolean term 
A would be "not A." 

An alternative NOT symbol used in Bool
ean expressions is also shown in Fig. 3-14. No
tice the use of the apostrophe symbol to show 
that A has been inverted or complemented. We 
would say that the Boolean term A' would be 
"not P.:' or "A not." The use of the overbar is the 
preferred NOT symbol, but the apostrophe is 
common when Boolean expressions are shown 
on a computer screen as in circuit simulation 
programs. 

The truth table for the inverter is shown in 
Fig. 3-15. If the voltage at the input of the in
verter is LOW, then the output voltage is HIGH. 
However, if the input voltage is HIGH, then the 

A Y OUTPUT 

Y=A~ 
NOT symbol 

I 

Y=A~ 
Alternate NOT symbol 

Fig. J-14 A logic symbol and Boolean expression for an inverter. 
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INPUT OUTPUT 

A y 

Voltages Binary Voltages Binary 

LOW 0 HIGH 1 

HIGH 1 LOW 0 

Fig. 3-15 Truth table for an inverter. 

output is LOW. As you learned, the output is 
always opposite the input. The truth table also 
gives the characteristics of the inverter in terms 
of binary Os and ls. 

You learned that when a signal passes 
through an inverter, it can be said that the input 
is inverted or complemented. We can also say 
it is negated. The terms "negated," "comple
mented," and "inverted," then, mean the same 
thing. 

The logic diagram in Fig. 3-16 shows an ar
rangement where input A is passed through two 
inverters. Input A is first inverted to produce a 
"not A" (A) and then inverted a second time for 
a "double not A" (A). In terms of binary digits, 
we find that when the input 1 is inverted twice, 
we end UE_ with the original digit. Therefore we 
find that A equals A. Thus, a Boolean term with 
two bars over it is equal to the term under the two 
bars, as shown at the bottom of Fig. 3-16. 

Two symbols found in logic diagrams that 
look something like an inverter symbol are 
pictured in Fig. 3-17. The logic symbol in 
Fig. 3-17(a) is an alternative symbol for an in
verter and performs the NOT function. The 
placement of the invert bubble on the left side 
of the inverter symbol in Fig. 3-17(a) might sug
gest that this is an active LOW input. 

The symbol in Fig. 3-17(b) is that of a non
inverting buffer/driver. The noninverting buffer 
serves no logical purpose (it does not invert), 
but is used to supply greater drive current at its 
output than is normal for a regular gate. Since 

">O---A 

invert invert 
Logical 1 ----- Logical O ---- Logical 1 

Therefore 

Fig. 3-16 Effect of double inverting. 



A A 

(a) 

A 

(b) 

Fig. 3-17 (a) Alternative inverter logic symbol (note bubble at 
input). (b) Noninverting buffer/driver logic symbol. 

regular digital res have limited drive current ca
pabilities, the noninverting buffer/driver is im
portant when interfacing res with other devices 
such as LEDs or lamps. Buffer/drivers are avail
able in both noninverting and inverting form. 

Another device that you will encounter in 
your work in digital electronics is the symbol 
in Fig. 3-18(a). It represents a common type of 
buffer/driver used with bus systems (buses are 
used in computers). The unit detailed in Fig. 3-18 
is a three-state buffer. It looks like a regular 
buffer/driver device except that it has an extra 
control input. According to the truth table for 
the three-state buffer in Fig. 3-18(b), when the 
control (C) input goes HIGH, its output goes to 
a high-impedance state (high-Z state). In the 
high-impedance state, the output will act like 
an open switch between the output of the buf
fer and the bus. In its high-impedance state, the 
output of the buffer has no effect on the logic 
level on the bus to which it is connected. This 
allows several logic devices with three-state 

Answer the following questions. 

16. Refer to Fig. 3-14. If input A is HIGH, 
output Yfrom the inverter will be 

17. Refer to Fig. 3-16. If input A to the left 
inverter is LOW, the output from the 
right inverter will be ___ _ 

18. Write the Boolean expression used to 
describe the action of an inverter. 

c 

Control input 

A 

Data input 

(a) 

INPUTS 

c A 

L L 

L H 

H x 
Control Data 
input input 

L = Low voltage level 
H = High voltage level 

y 

OUTPUT 

y 

L 

H 

(Z) 

X = Don't care (Does not affect output) 
(Z) = High impedance 

(b) 

Fig. 3-18 Noninverting buffer/driver (three-state output). 
(a) Logic symbol for three-state buffer; (b) truth 
table for three-state buffer. 

outputs to be connected to a bus at the same 
time, however, only one three-state device can 
be active at a time. 

When the control input to the three-state buffer 
goes LOW (see Fig. 3-18), the buffer will transfer 
true (noninverted) data from input to output. 

In summary, you now know the logic sym
bols, Boolean expression, and truth table for the 
inverter or NOT gate. Second, you can recog
nize the symbol for a noninverting buffer/driver 
and know its purpose is to drive LEDs, lamps, 
and so forth. Third, you can recognize a three
state buffer/driver and know it is used when 
connecting to bus systems. 

19. List two words that are used to mean 
"inverted." 

20. Refer to Fig. 3-17(b). If input A is 
LOW, the output from this buffer 
will be ___ _ 

21. Refer to Fig. 3-19. The output of the 
three-state buffer during time period t

1 

is (HIGH, LOW, high 
impedance). 

three-state buffer 
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22. Refer to Fig. 3-19. The output of the 
three-state buff er during time period t

2 
is 

____ (HIGH, LOW, high 
impedance). 

li\JPUTS 

23. Refer to Fig. 3-19. The output of the 
three-state buff er during time period t3 

1s (HIGH, LOW, high 
impedance). 

OUTPUT 

c 
0 0 

-~~ 
t 1 t 2 t3 

NANO gate 

NANO gate logic 
symbol 

Invert bubble 

NANO logic 
function 

NANO Boolean 
expressmn 

NANO truth table 

0 -
Fig. 3·18 Pulse train problem. 

3-4 The NANO Gate 

The AND, OR, and NOT gates are the three 
basic circuits that make up all digital circuits. 
The NAND gate is a NOT AND, or an inverted 
AND function. The standard logic symbol for 
the NAND gate is diagrammed in Fig. 3-20(a). 
The little invert bubble (small circle) on the 
right end of the symbol means to invert the out
put of AND. 

Figure 3-20(b) shows a separate AND gate 
and inverter being used to produce the NAND 
logic function. Also notice that the Boolean 
expressions for the AND gate (A · B) and the 
NAND (A · B) are shown on the logic diagram 
in Fig. 3-20(b). 

The truth table for the NAND gate is shown 
at the right in Fig. 3-21. Notice that the truth 
table for the NAND gate is developed by invert
ing the outputs of the AND gate. The AND gate 
outputs are also given in the table for reference. 

A 

B 

:v--y 
(a) 

A·B 

(b) 

3·2!J (a) NANO gate logic symbol. (b) A Boolean expres· 
sion For the output of a NANO gate. 
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y ? 
A 

Three-state 
buffer/driver 

INPUTS OUTPUT 

B A AND NANO 

0 0 0 1 
1---· 

0 1 0 1 

1 0 0 1 

1 1 1 0 

Fig. 3-21 Truth tables For AND and NANO gates. 

Describing the NANO Function 

In the English Input A is NANDed with 
language input B yielding output Y. 

tNOTsymbol 

As a Boolean A ·B =Y or 
expression LAND symbol 

, 
AB= Y or (AB) =Y 

As a logic symbol :Dy 
A B y 

0 0 1 

As a truth table 0 1 1 

1 0 1 

1 1 0 

3-22 Four ways to express the logical NANDing of 
inputs A and B. 



Do you know the logic symbol, Boolean ex
pression, and truth table for the NAND gate? You 
must commit these to memory. The unique out
put from the NAND gate is a LOW only when all 
inputs are HIGH. The NAND output column in 
Fig. 3-21 shows that only the last line in the truth 
table generates a 0 while all other outputs are I. 

A brief summary of the NAND function 
is shown in Fig. 3-22. It lists four methods of 
describing the logical NANDing of two vari
ables (A and B). Several alternative methods 

Answer the following questions. 

24. Write a Boolean expression for a two
input NAND gate. 

25. Refer to Fig. 3-23. The output of the 
NAND gate at time period t

1 
is a logical 

___ (0,1). 

26. Refer to Fig. 3-23. The output of the 
NAND gate at time period t

2 
is a logical 

___ (0,1). 

27. Refer to Fig. 3-23. The output of the 
NAND gate at time period t

3 
is a logical 

___ (0,1). 

INPUTS 

0 0 

0 

Fig. 3-23 Pulse train problem. 

3-S The NOR Gate 
The NOR gate is actually a NOT OR gate. In 
other words, the output of an OR gate is inverted 
to form a NOR gate. The logic symbol for the 
NOR gate is diagrammed in Fig. 3-25(a). Note 
that the NOR symbol is an OR symbol with a 
small invert bubble (small circle) on the right 
side. The NOR function is being performed by 
an OR gate and an inverter in Fig. 3-25(b). The 
Boolean expression for the OR function (A + B) 

of writing the NAND Boolean expression are 
given in Fig. 3-22. The first two are traditional 
Boolean expressions using long overbars while 
the last [(AB)' = Y] is a computer version used 
to represent the NAND function. 

The unique output of the NAND function is 
a LOW output only when all inputs are HIGH. 
Examining the Y output column of the NAND 
truth table in Fig. 3-22 shows that the last line 
describes the unique output condition for this 
logic gate. 

28. The unique output of an NAND gate is 
a (HIGH, LOW) output only 
when all inputs are HIGH. 

29. Refer to Fig. 3-24. Write a Boolean ex
pression that would represent the three
input NAND gate. 

30. Refer to Fig. 3-24. If all three inputs (A, 
B, and C) to the NAND gate are HIGH, 
then output Y will be (HIGH, 
LOW). 

OUTPUT 

? . 
Fig. 3-24 Logic symbol for a three-input 

NANO gate. 

is shown, The Boolean expression for the final 
NOR function is A+ B. 

The truth table for the NOR gate is shown in 
Fig. 3-26. Notice that the NOR gate truth table 
is just the complement of the output of the OR 
gate. The output of the OR gate is also included 
in the truth table in Fig. 3-26 for reference. 

You now should memorize the symbol, 
Boolean expression, and truth table for the 
NOR gate. You will encounter these items often 
in your work in digital electronics. The unique 

NOR gate 

NOR gate logic 
symbol 

Invert bubble 
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NOR Boolean 
expressmn 

NOR truth 
table 

A 

B 

(a) 

A+B 

(b) 

A+B 

Fig. 3-25 (a) NOR gate logic symbol. (6) Boolean expression for 
the output of a NOR gate. 

INPUTS OUTPUT 

B A OR _!_ _ _Ill_?~ 
0 0 0 1 

0 1 1 0 

1 0 1 0 

1 1 1 0 

Fig. 3-26 Truth table for OR and NOR gates. 

output from the NOR gate is a HIGH only 
when all inputs are LOW. The output column in 
Fig. 3-26 shows that only the first line in the 
NOR truth table generates a 1 while all other 
outputs are 0. 

A brief summary of the NOR function is 
shown in Fig. 3-27. It lists four methods of 
describing the logical NORing of two variables 

Answer the following questions. 

31. Write a Boolean expression for a two
input NOR gate. 

32. Refer to Fig. 3-28. The output of the 
NOR gate at time period t

1 
is a logical 

___ (0,1). 

33. Refer to Fig. 3-28. The output of the 
NOR gate at time period t

2
, is a logical 

___ (0,1). 
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Describing the NOR Function 

In the English Input A is NORed with 
language input B yielding output Y. 

t NOT symbol 

As a Boolean A+B=Y or 
expression LOR symbol 

, 

(A+ B) =Y 

As a logic symbol :=r=>-y 
A B 

0 0 

As a truth table 0 1 

1 0 

1 1 

Fig. 3-27 Four ways to express the logical NORing of 
inputs A and B. 

y 

1 

0 

0 

0 

(A and B). Several alternative methods of writ
ing the NOR Boolean expression are given in 
Fig. 3-27. The first is the traditional Boolean 
expression using a long overbar, while the last 
(A + B)' = Y is a computer version representing 
the NOR function. 

The unique output of the NOR function is 
a HIGH output only when all inputs are LOW. 

34. Refer to Fig. 3-28. The output of the 
NOR gate at time period t

3 
is a logical 

___ (0,1). 

35. The unique output of an NOR gate is a 
____ (HIGH, LOW) output only 
when all inputs are LOW. 

36. Refer to Fig. 3-29. Write a Boolean 
expression that would represent the 
three-input NOR gate. 



INPUTS 

0 

0 

Fig. 3-28 Pulse train problem. 

37. Refer to Fig. 3-29. If all three inputs (A, 
B, and C) to the NOR gate are LOW, 
then output Y will be (HIGH, 
LOW). 

3-6 The Exclusive OR Gate 

The exclusive OR gate is sometimes referred to 
as the "odd but not even gate_" The term "ex
clusive OR gate" is often shortened to "XOR 
gate_" The logic symbol for the XOR gate is 
diagrammed in Fig. 3-30(a); the Boolean ex
pression for the XOR function is illustrated in 
Fig. 3-30(b). The symbol G;J means the terms are 
XORed together. 

The output for the XOR gate is shown at the 
right in Fig. 3-31. Notice that if any but not all of 

(a) 

Fig. 3-30 (a) XOR gate logic symbol. (b) Boolean expression 
For the output of an XOR gate. 

INPUTS OUTPUT 

B A OR XOR 

0 0 0 0 

0 1 1 1 

1 0 1 1 

1 1 1 0 

Fig. 3-31 Truth table For DR and XOR gates. 

OUTPUT 

? 

Fig. 3-29 Logic symbol For a three-input 
NOR gate. 

the inputs are 1, then the output will be a binary, 
or logical, 1. The OR gate truth table is also given 
in Fig. 3-31, so that you may compare the OR 
gate truth table with the XOR gate truth table. 

The unique characteristic of the XOR gate is 
that it produces a HIGH output only when an odd 
number of HIGH inputs are present. To demon
strate this idea, Fig. 3-32 depicts a three-input 
XOR gate logic symbol, a Boolean expression, 
and a truth table. In Fig. 3-32(b) the three-input 
XOR function is described in the output column 
(Y). The HIGH outputs are generated only when 

~D-A©B©C 
(a) 

3-input XOR 

INPUTS OUTPUT 

c B A y 

0 0 0 0 

0 0 1 1 

0 1 0 1 

0 1 1 0 

1 0 0 1 

1 0 1 0 

1 1 0 0 

1 1 1 1 

(b) 

Fig. 3-32 (a) Three-input XOR gate symbol and Boolean 
expression. (b) Truth table for three-input XOR gate. 

Exclusive 
DR gate 

XOR truth 
table 

XOR gate 

XOR function 

XOR gate logic 
symbol 

XOR Boolean 
expressmn 
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Exclusive NOR gate 

XNOR function 

XNDR gate logic 
symbol 

XNOR truth table 

Describing the XOR Function 

In the English Inputs A, 8, and Care 
language XORed yielding output Y. A B c y 

0 0 0 0 

AEBBEBC=Y 0 0 i i 
As a Boolean As a truth table 0 i 0 i 
expression 

LxoR symbol 0 i i 0 
i 0 0 i 

~v-y 
i 0 i 0 

As a logic symbol 
i i 0 0 
i i i i 

Fig. 3-33 Four ways to express the XORing of inputs A, B and C. 

an odd number of HIGH inputs are present (lines 
2, 3, 5, and 8 in the truth table). If an even num
ber of HIGH inputs to the XOR gate are present, 
the output will be LOW (lines 1, 4, 6, and 7 in 
the truth table). The XOR gates are used in a va
riety of arithmetic circuits. 

Answer the fallowing questions. 

38. Write a Boolean expression for a three
input XOR gate. 

39. Refer to Fig. 3-34. The output of the 
XOR gate at time period t

1 
is a logical 

___ (0,1). 

40. Refer to Fig. 3-34. The output of the 
XOR gate at time period t

2 
is a logical 

___ (0,1). 

41. Refer to Fig. 3-34. The output of the 
XOR gate at time period t

3 
is a logical 

___ (0,1). 

42. Refer to Fig. 3-34. The output of the 
XOR gate at time period t

4 
is a logical 

___ (0,1). 

3-7 The Exclusive NOR Gate 

The term "exclusive NOR gate" is often short
ened to "XNOR gate." The logic symbol for the 
XNOR gate is shown in Fig. 3-35(a). Notice 
that it is the XOR symbol with the added invert 
bubble on the output side. Figure 3-35(b) illus
trates one of the Boolean expressions used for 

A brief summary of the XOR (exclusive OR) 
function is shown in Fig. 3-33. It lists four meth
ods of describing the logical XORing of three 
variables (A, B and C). The unique output of the 
XOR gate is a HIGH only when an odd number 
of inputs are HIGH. 

43. Refer to Fig. 3-34. The output of the 
XOR gate at time period t

5 
is a logical 

___ (0,1). 

44. The unique output of an XOR gate is a 
HIGH when an (even, odd) 
number of inputs are HIGH. 

INPUTS OUTPUT 

3-34 Pulse train problem. 

the XNORfunction. Observe that the Boolean 
expression for the XNOR gate is A EEl B. The 
bar over the A EEl B expression tells us we have 
inverted the output of the XOR gate. Examine 
the truth table in Fig. 3-35(c). Notice that the 
output of the XNOR gate is the complement of 
the XOR truth table. The XOR gate output is 
also shown in the table in Fig. 3-35(c). 
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(a) 

INPUTS OUTPUT 

A B XOR XNOR 

0 0 0 1 

0 1 1 0 

1 0 1 0 

1 1 0 1 

(c) 

Fi~. 3.35 (a) XNOR gate logic symbol. (b) Boolean expression 
For the output of an XNOR gate. ( c) Truth table for 
XOR and XNOR gates. 

You now will have mastered the logic sym
bol, truth table, and Boolean expression for the 
XNORgate. 

A brief summary of the XNOR (exclusive 
NOR) function is shown in Fig. 3-36. It lists four 
methods of describing the logical XNORing 
of three variables (A, B and C). The unique 

Answer the following questions. 

45. Write a Boolean expression for a three
input XNOR gate. 

46. Refer to Fig. 3-37. The output of the 
XNOR gate at time period t

1 
is a logical 

___ (0,1). 

47. Refer to Fig. 3-37. The output of the 
XNOR gate at time period t

2 
is a 

logical (0, 1). 
48. Refer to Fig. 3-37. The output of the 

XNOR gate at time period t
3 

is a 
logical (0, 1). 

49. Refer to Fig. 3-37. The output of the 
XNOR gate at time period t

4 
is a 

logical (0, 1). 

Describing the XNOR Function 

In the English language 
Inputs A, B, and C are XNORed 
yielding output Y. 

;I NOT symbol 

As a Boolean expression 
A~E8C = Y 

XOR symbol 

As a logic symbol ~ 
A B c y 

0 0 0 1 

0 0 1 0 

0 1 0 0 

As a truth table 0 1 1 1 

1 0 0 0 

1 0 1 1 

1 1 0 1 

1 1 1 0 

Fig. 3·3Ei Four ways to express the logical XNDRing of inputs 
A, B, and C. 

output of the XNOR gate is a LOW only when 
an odd number of inputs are HIGH which is the 
opposite from the XOR gate. 

50. Refer to Fig. 3-37. The output of the 
XNOR gate at time period t

5 
is a logical 

___ (0,1). 

51. The unique output of an XNOR gate is a 
____ (HIGH, LOW) when an odd 
number of inputs are HIGH. 

INPUTS OUTPUT 

Fig. 3-37 Pulse train problem. 

XNDR Boolean 
expression 

Logic Gates Chapter 3 SS 



NANO gate as a 
universal gate 

XNOR gate 

3-8 The NANO Gate as a 
Universal Gate 

So far in this chapter you have learned the basic 
building blocks used in all digital circuits. You 
also have learned about the seven types of gat
ing circuits and now know the characteristics of 
the AND, OR, NAND, NOR, XOR, and XNOR 
gates and the inverter. You can buy ICs that 
perform any of these seven basic functions. 

In looking through manufacturers' litera
ture you will find that NAND gates seem to be 
more widely available than many other types of 
gates. Because of the NAND gate's wide use, 

LOGIC 
FUNCTION 

Inverter 

AND 

OR 

NOR 

XOR 

XNOR 

SYMBOL 

A--{>o-A 

;=o-A·B 

~D-A+B 

A~ -
B ---}___/0- A + B 

Fig. 3-3B Substituting NANO gates. 

A 

B 
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we shall show how it can be used to make other 
types of gates. We shall be using the NAND 
gate as a "universal gate." 

The chart in Fig. 3-38 shows how you would 
wire NAND gates to create any of the other 
basic logic functions. The logic function to be 
performed is listed in the left column of the 
table; the customary symbol for that function is 
listed in the center column. In the right column 
of Fig. 3-38 is a symbol diagram of how NAND 
gates would be wired to perform the logic func
tion. The chart in Fig. 3-38 need not be mem
orized, but it may be referred to as needed in 
your future work in digital electronics. 

CIRCUIT USING NANO GATES ONLY 

AL[)o-A 

; ==c>-o-A ·B 

A 
A+B 

B 

A Ef>B 



Answer the following questions. 

52. The NAND gate can perform the invert 
function if the inputs are ___ _ 
(connected together, left open). 

53. Refer to Fig. 3-39. Write a simple 
Boolean expression that would describe 
this two-input logic circuit (use A and B 
for inputs, Y as output). 

54. Refer to Fig. 3-39. The output at Y from 
this logic diagram at time period t

1 
is a 

logical (0, 1). 
55. Refer to Fig. 3-39. The output at Y from 

this logic diagram at time period t
2 

is a 
logical (0, 1). 

0 0 

0 

Fig. 3-39 Pulse train problem. 

~-A---_, 

A 

0 .__ _ _,,. 

0 0 
B 

Fig. 3-40 Pulse train problem. 

3-!3 Gates with More 
Than Two Inputs 

Figure 3-4l(a) shows a three-input AND gate. 
The Boolean expression for the three-input 
AND gate is A · B · C = Y, as illustrated in 
Fig. 3-41(b). All the possible combinations of 
inputs A, B, and C are given in the truth table 
in Fig. 3-4l(c); the outputs for the three-input 

56. Refer to Fig. 3-39. The output at Yfrom 
this logic diagram at time period t

3 
is a 

logical (0, 1). 
57. Refer to Fig. 3-40. The output at Yfrom 

this logic diagram at time period t
1 
is a 

logical (0, 1). 
58. Refer to Fig. 3-40. The output at Y from 

this logic diagram at time period t
2 

is a 
logical (0,1). 

59. Refer to Fig. 3-40. The output at Yfrom 
this logic diagram at time period t

3 
is a 

logical (0, 1). 

y 

AND gate are tabulated in the right column of 
the truth table. Notice that with three inputs the 
possible combinations in the truth table have in
creased to eight (23). 

How could you produce a three-input AND 
gate as illustrated in Fig. 3-41 if you have only 
two-input AND gates available? The solution 
is given in Fig. 3-42(a). Note the wiring of the 
two-input AND gates on the right side of the 

Gates with mare 
than two inputs 

Three-input AND 
gate 
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Four-input AND 
gate 

Four-input DR gate 

A 

0 

0 

0 

0 

1 

1 

1 

1 

A 

B 

c 
t----Y 

(a) 

A·B·C=Y 
(b) 

INPUTS 

B c 
0 0 

0 1 

1 0 

1 1 

0 0 

0 1 

1 0 

1 1 

(c) 

--
OUTPUT 

y 
·-

0 

0 

0 

0 

0 

0 

0 

1 
-·----

Fig. 3-41 Three-input AND gate. (a) Logic symbol. 
(b) Boolean expression. (c) Truth table. 

(a) 

(b) 

y 

y 

Fig. 3-42 Expanding the number of inputs. (a) Using two AND 
gates to wire three-input AND. (b) Using three AND 
gates to wire four-input AND. 

diagram to form a three-input AND gate. Fig
ure 3-42(b) illustrates how a four-input AND 
gate could be wired by using available two
input AND gates. 

The logic symbol for a four-input OR gate 
is illustrated in Fig. 3-43(a). The Boolean ex
pression for the four-input OR gate is A + B + 
C + D = Y. This Boolean expression is writ
ten in Fig. 3-43(b). Read the Boolean expres
sion A + B + C + D = Y as "input A or input 
B or input C or input D will equal output Y." 
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A 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

i---Y 

(a) 

A+B+C+D=Y 
(b) 

INPUTS 

B c D 

0 0 0 

0 0 1 

0 1 0 

0 1 1 

1 0 0 

1 0 1 

1 1 0 

1 1 1 

0 0 0 

0 0 1 

0 1 0 

0 1 1 

1 0 0 

1 0 1 

1 1 0 

1 1 1 

(c) 

OUTPUT 

y 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Fig. 3-43 Four-input DR gate. (a) Logic symbol illustrating 
the method used to show extra inputs beyond the 
width of the symbol. (b) Boolean expression. 
(c) Truth table. 

Remember that the + symbol means the logic 
function OR in Boolean expressions. The truth 
table for the four-input OR gate is shown in Fig. 
3-43(c). Notice that because of the four inputs 
there are 16 possible combinations (24

) of A, B, 
C, and D. To wire the four-input OR gate, you 
could buy the correct gate from a manufacturer 
of digital logic circuits or you could use two
input OR gates to wire the four-input OR gate. 
Figure 3-44(a) diagrams how you could wire a 
four-input OR gate using two-input OR gates. 
Figure 3-44(b) shows how to convert two-input 
OR gates into a three-input OR gate. Notice 
that the pattern of connecting both OR and 



A 
A a 
a y = 
c c 
D 

D 

(a) 

A 

~==D-Y =a 
c------1 

(b} 

Fig. 3-44 Expanding the number of inputs to an DR gate. 

AND gates to expand the number of inputs is 
the same (compare Figs. 3-42 and 3-44). 

Expanding the number of inputs of a NAND 
gate is somewhat more difficult than expanding 

Answer the following questions. 

60. Write the Boolean expression for a three
input NAND gate. 

61. The truth table for a three-input NAND 
gate would have lines to in-
clude all the possible input combinations. 

62. Write the Boolean expression for a four
input OR gate. 

63. The truth table for a five-input NOR gate 
would contain lines to include 
all the possible input combinations. 

64 .. Refer to Fig. 3-46. This circuit generates 
the six-input (AND, NAND, 
OR) logic function at output Y. 

3-10 Using Inverters to 
Convert Gates 

Frequently it is convenient to convert a basic gate 
such as an AND, OR, NAND, or NOR to another 
logic function. This can be done easily with the 
use of inverters. The chart in Fig. 3-47 is a handy 

y 

y 

A 

i3=J-v~ 
a 

c 
D 

Fig. 3-45 Expanding the number of inputs to a NANO gate. 

AND and OR gates. Figure 3-45 shows how a 
four-input NAND gate can be wired using 2 two
input NAND gates and 1 two-input OR gate. 

You frequently will run into gates that have 
from two to as many as eight and more inputs. 
The basics covered in this section are a handy 
reference when you need to expand the number 
of inputs to a gate. 

65. Refer to Fig. 3-46. The truth table that 
would describe the six-input logic func
tion represented by this logic circuit 
would contain 26 or ___ _ 
(32, 64, 128) lines. 

A 

a 

c 
D 

E 

F 

Fig. 3-46 Six-input logic circuit. 

y 

guide for converting any given gate to any other 
logic function. Look over the chart: Notice that 
in the top section only the outputs are inverted. 
Inverting the outputs leads to rather predictable 
results, shown on the right side of the chart. 

The center section of the chart shows only 
the gate inputs being inverted. For instance, if 

y 

Faur-input NANO 
gate 

Using inverters ta 
convert gates 
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=D- + -[>o- - =D-
=D- + -[>o- - =D-

INVERT 
OUTPUTS 

=[)-- + -[>o- - =c>-
=c>- + -[>o- - =[)--
-[>o- =D- - =c>-+ -[>o-

-[>o- =c>- - =D-+ -[>o-
INVERT 

=[)--
INPUTS 

-[>o- =D- -+ -[>o-

-[>o- =[)-- - =D-+ -[>o-

-[>o- D- + -[>o- - D-+ -[>o-

-[>o- D- + -[>o- - D-+ 
INVERT -[>o-
INPUTS 

D-
AND 

-[>o- D- -[>o- -
OUTPUTS 

+ + -[>o-

-[>o- +LJ- + -[>o- = D--[>o-
I 

.. 
· · the functions. . . . Th + s mbol here indicates comb1rnng Fig. 3.47 Gate conversions using inverters. e y 
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you invert both inputs of an OR gate, the gate 
aenerates the NAND function. This fact is em-
o 
phasized in Fig. 3-48(a). Notice that the invert 
bubbles have been added to the inputs of the 
OR gate in Fig. 3-48(a), which converts the 
OR gate to a NAND function. Also, in the cen
ter section of the chart the inputs of the AND 
crate are being inverted. This is redrawn in 
b 

Fig. 3-48(b). Notice that the invert bubbles 
at the input of the AND gate convert it into 
a NOR function. The new symbols at the left 
(with the input invert bubbles) in Fig. 3-48 are 
used in some logic diagrams in place of the 
more standard NAND and NOR logic symbols 
at the right. Be aware of these new symbols 

B--( 
Inverted 
inputs 

p-
lnverted 
inputs 

(a) 

(b) 

Fig. 3-48 Common alternative logic symbols. (a) NANO 
symbols. (b) NOR symbols. Note: Invert bubbles at 
inputs commonly mean an active·LOW input. 

because you will run into them in your future 
work in digital electronics. 

Figure 3-49 illustrates how adding inverters 
(invert bubbles) to a logic symbol is described in 
Boolean expression form. Consider the NAND 
symbol at the left in Fig. 3-49(a) as an AND 
with an inverter attached to the output. The 
Boolean expression for the AND gate alone is 
A · B = Y Adding the inverter to the output 
of the AND gate in Fig. 3-49(a) is symbolized 
in the Boolean expression as a long overbar as 
A:-s = Y At the right in Fig. 3-49(a) is a 
simple truth table describing the NAND logic 
function. 

Next consider the alternative NAND symbol 
in Fig. 3-49(b). Notice that the inverters (invert 
bubbles) are attached to the inputs of the OR 
symbol. Inverters at an input are symbolized 
with a short overbar as shown in Fig. 3-49(b). 
The A + B = Y expression describes the alter
native NAND logic symbol with its logic func
tion shown in the NAND truth table at the right. 
The two Boolean expressions A · B = Y and 
A + B = Y both describe the NAND logic 
function. The two logic symbols at the left in 
Fig. 3-49 both produce the NAND truth table. 

Applying DeMorgan's theorem (part of 
Boolean algebra) is a systematic way of con
verting simple logic functions to fundamental 
AND or OR circuits. DeMorgan's theorem will 
be covered in some detail in Chapter 4. 

NANO truth table 

~g overbar 

A ~ B0y A·B=Y 

A B Y 

0 0 

(a) 

Short overoar 
(b) 

0 

0 

0 

NANO truth table 
A B Y 

0 0 

0 

0 

0 

Fig. 3·4S (a) NANO logic symbols. (b) Boolean expressions, and truth tables. 

Invert bubbles 

Alternative NOR 
symbol 

Alternative NANO 
symbol 
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Families of digital 
I Cs 

Dual in-line 
package (DIP) 

Bipolar technology 

Metal-oxide 
semiconductor 
(MOS) technology 

CMOS family 

The bottom section of the chart in Fig. 3-47 
shows both the inputs and the outputs being 
inverted. Notice that by using inverters at the 
inputs and outputs, you can convert back and 
forth from AND to OR and from NAND to 
NOR. 

Supply the missing word in each sentence. 

66. The OR gate can be converted to the 
NAND function by adding to 
the inputs of the OR gate. 

67. Adding inverters to the inputs of the 
AND gate produces the logic 
function. 

68. Adding an inverter to the output of an 
AND gate produces the logic 
function. 

69. Adding inverters to all inputs and outputs 
of an AND gate produces the ___ _ 
logic function. 

70. Write the Boolean expression for the 
standard NOR logic symbol shown in 
Fig. 3-SO(a) (use long overbar). 

3-11 Practical TTL Logic Gates 

The popularity of digital circuits is due partly 
to the availability of inexpensive ICs. Manufac
turers have developed many families of digital 
!Cs. These families are groups of devices that 
can be used together. The ICs in a family are 
said to be compatible and can be easily con
nected to one another. 

One group of families is manufactured using 
bipolar technology. These ICs contain parts 
comparable to discrete bipolar transistors. 
Transistor-transistor logic (TTL) digital ICs are 
constructed using bipolar-junction transistors 
(BJTs), diodes, and resistors. 

A second group of digital IC families uses 
metal-oxide semiconductor (MOS) technology. 
CMOS Complementary metal-oxide semicon
ductor, (COMOS) ICs contain parts compa
rable to insulated-gate field-effect transistors 
(IGFETs). The CMOS family is a very low 
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With the 12 conversions shown in the chart 
in Fig. 3-47, you can convert any basic gate 
(AND, OR, NAND, and NOR) to any other gate 
with just the use of inverters. You will not need 
to memorize the chart in Fig. 3-47, but remem
ber it for reference. 

71. Write the Boolean expression that best 
describes the alternative NOR logic sym
bol shown in Fig. 3-SO(b) (use two short 
overbars). 

(a) 

::[)-y 
(b) 

Fig. 3-SIJ NOR logic symbols. 

power and widely used family using MOS 
technology. In the laboratory, you will have an 
opportunity to use both TTL and CMOS ICs. 

IC Packaging 
A traditional type of IC is illustrated in 
Fig. 3-5l(a). This case style is referred to as a 
dual in-line package (DIP) by IC manufactur
ers. This particular IC is called a 14-pin DIP IC. 

Just counterclockwise from the notch on the 
IC in Fig. 3-5l(a) is pin 1. The pins are num
bered counterclockwise from 1 to 14 when 
viewed from the top of the IC. A dot on the 
top of the DIP IC as in Fig. 3-5l(b) is another 
method used to locate pin 1. 

The ICs in Fig. 3-5l(a) and (b) have longer 
pins that are commonly inserted through holes 
drilled in a printed circuit board and soldered 
to copper traces on the bottom. The two ICs in 
Fig. 3-5l(c) and (d) are much smaller and have 
shorter pins bent to be soldered to the traces on 



(a) 

Dot 

\~ 
~~v 
/~ 

Pin 1 

(c) 

(b) 

(d) 

Fig. 3·51 Dual in-line package (DIP) !Cs. Regular and micro 
size. (a) Regular-size DIP- locating pin 1 using a 
notch. (b) Regular-size DIP-locating pin 1 using a dot. 
(c) Micro-size DIP surface mount IC locating pin 
1 using a dot. (d) Microsize DIP surface-mount IC 
locating pin 1 using a notch. 

the top of the PC board. The smaller micropack
ages in Fig. 3-51(c) and (d) are commonly called 
SMT (surface-mount technology) packages. The 
SMT packages are typically much smaller in order 
to save PC board space and are easier to align 
when being positioned and soldered using auto
mated manufacturing equipment. Two methods of 
locating pin 1 on the small SMT packages are il
lustrated in Fig. 3-5l(c) and (d). In your school lab 
you will probably use the larger DIP IC, which is 
shown in Fig. 3-51(a) with long pins because they 
can be inserted into a solderless breadboard. 

Manufacturers of ICs provide pin diagrams 
similar to the one shown in Fig. 3-52. This IC 
contains 4 two-input AND gates. Thus, it is 
called a quadruple two-input AND gate. This 
7408 unit is one of many of the 7400 series of 
TTL ICs available. The power connections to 
the IC are the GND (pin 7) and Vee (pin 14) 
pins. All other pins are the inputs and outputs 
to the four TTL AND gates. 

IC Wiring 
Given the logic diagram in Fig. 3-53(a), wire this 
circuit using the 7408 TTL IC. A wiring diagram 
for the circuit is shown in Fig. 3-53(b). A 5-V de 
regulated power supply is typically used with TTL 
devices. The positive CVee) and negative (GND) 
power connections are made to pins 14 and 7 of 
the IC. Input switches (A and B) are wired to pins 

14 Vee 

48 

4A 

4Y 

GND 7 

Fig. 3-52 Pin diagram For the 7408 digital IC. 

1 and 2 of the 7408 IC. Notice that if a switch is 
in the up position, a logical 1 (+5 V) is applied 
to the input of the AND gate. If a switch is in the 
down position, however, a logical 0 is applied to 
the input. At the right in Fig. 3-53(b), an LED and 
150-D limiting resistor are connected to GND. If 
the output at pin 3 is HIGH (near +5 V), current 
will flow through the LED. When the LED is lit, 
it indicates a HIGH output from the AND gate. 

IC Part Numbers 
The top of a typical TTL digital IC is shown in 
Fig. 3-54(a). The block form of the letters "NS" 
on the top of the IC shows the manufacturer as 
National Semiconductor. The DM7408N part 
number can be divided into sections as shown 
in Fig. 3-54(b). The prefix "DM" is the manu
facturer's code (National Semiconductor uses 
the letters "DM" as a prefix). The core part 
number is 7408, which is a quadruple two-input 
AND gate TTL IC. This core part number is the 
same from manufacturer to manufacturer. The 
trailing letter "N" (the suffix) is a code used by 
several manufacturers to designate the DIP. 

The top of another digital IC is shown in 
Fig. 3-55(a). The letters "SN" on this IC stand 
for the manufacturer, Texas Instruments. On this 
unit, the suffix "J" stands for a ceramic DIP pack
aging. This is typically referred to as the commer
cial grade. The core part number of the IC in Fig. 
3-55 is 74LS08. This is similar to the 7408 qua
druple two-input AND gate IC discussed earlier. 
The letters "LS" in the center of the core number 
designate the type of TTL circuitry used in the IC. 
In this case "LS" stands for low-power Schottky. 

Internet 
Connection 
For related 
information, visit the 
website For Fairchild 
Semiconductor. 
www.fairchildsemi 
.com 

SMT 

TTL digital IC 

pin diagrams 

7400 series 
af TTL ICs 

Commercial 
grade 

Law-power 
Schottky 
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Internet 
Connection 
For data sheets see, 

wwwJameco.com 

or other supplier. 

Switches 

+ 

sv-=-

INPUTS 

B A 

A 

a~--

{a) 

(b) 

OUTPUT 

y 

18 

1Y 

LED 

(7408) 
150 il 

GND 

Fig 3-53 (a) Logic diagram for a two-input AND gate circuit. (b) Wiring diagram to implement the two-input AND function. 

Marking on a 
typical digital IC 

Decoding the 
part number 
on a typical IC 

14 13 12 11 10 9 8 

Dfv17408f\l 

2 3 4 5 6 7 

(a) 

Core part number 

D!Vl 
Manufacturer's T 
code-----~ 

~ 
7408 !\J -[L Manufacturer's 

code for 
7400 TTL series dual in-line 
(commercial grade)- package 

Function of digital IC 

{b) 

Fig. 3-54 (a) Marking on a typical digital IC. (b) Decoding 
the part number on a typical IC. 
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14 13 12 11 10 9 8 

SI -!74L::OGdJ 

~ 
2 3 4 5 6 7 

(a) 

Core part number 
~ 

Manufacturer's J 
code---~ 

7400 TTL series 
(commercial grade) 

Low-power 
Schottky type-----~ 

{b) 

Ceramic dual 
in-line package 

Function of a 
digital IC 

Fig. 3-55 (a) Markings on a Texas Instruments digital IC. 
(b) Decoding the part number of a typical low-power 
Schottky IC. 



The internal letter(s) in a core part number 
of a 7400 series IC tell something about the 
logic family or subfamily. Typical internal let
ters used are: 

AC = FACT Fairchild Advanced CMOS 
Technology logic (a newer advanced 
family of CMOS) 

ACT = FACT Fairchild Advanced CMOS 
Technology logic (a newer family 
of CMOS with TTL logic levels) 

ALS = advanced low-power Schottky TTL 
logic (a subfamily of TTL) 

AS advanced Schottky TTL logic (a sub
family of TTL) 

C = CMOS logic (an early family of 
CMOS) 

F FAST Fairchild Advanced Schottky 
TTL logic (a new subfamily of 
TTL) 

FCT = FACT Fairchild Advanced CMOS 
Technology logic (a family of 
CMOS with TTL logic levels) 

H high-speed TTL logic (a subfamily 
of TTL) 

HC high-speed CMOS logic (a family 
of CMOS) 

Answer the following questions. 

72. List two popular digital IC families. 
73. Refer to Fig. 3-51(a). This IC uses the 

case style called the package. 
74. A -V de power supply is used 

with TTL ICs. The Vee pin is connected 
to the (-, +) of the supply. 

75. Refer to Fig. 3-53(b). How is the 7408 IC 
described by the manufacturer? 

3-12 Practical CMOS 
Logic Gates 

The older 7400 series of TTL logic devices 
has been extremely popular for many decades. 
One of its disadvantages is its higher-power 

HCT = high-speed CMOS logic (a family 
of CMOS with TTL inputs) 

L low-power TTL logic (a subfamily 
of TTL) 

LS 

s 

low-power Schottky TTL logic 
(a subfamily of TTL) 

Schottky TTL logic (a subfamily of 
TTL) 

The internal letters give information about the 
speed, power consumption, and process technol
ogy of digital ICs. Because of these speed and 
power consumption differences, manufacturers 
usually recommend that exact part numbers be 
used when replacing digital ICs. When the letter 
"C" is used inside a 7400 series part number, it 
designates a CMOS and not a TTL digital IC. 
The internal letters "HC," "HCT," "AC," "ACT," 
and "FCT" also designate CMOS !Cs. 

Data manuals from manufacturers contain 
much valuable information on digital ICs. They 
contain pin diagrams and packaging informa
tion. Data manuals also contain details on part 
numbering and other valuable data for the tech
nician, student, or engineer. Manufacturer's 
websites usually have data sheets available for 
download at no cost. 

76. What can you tell about a digital IC that has 
the marking "74LS08N" printed on the top? 

77. A digital IC with markings of 7 4F08 on 
top would be a quad two-input AND gate 
from what TTL subfamily? 

78. A digital IC with markings of 74ACT08 
on top would be a quad two-input AND 
gate using (CMOS, TTL) tech-
nology and supporting TTL logic levels. 

consumption. In the late 1960s, manufacturers 
developed CMOS digital ICs which consume 
little power and were perfect for battery
operated electronic devices. CMOS stands for 
complementary metal-oxide semiconductor. 

Core part number 

Logic families or 
subfamilies 

CMOS ICs 

Internet 
Connection 
www.ti.com 

Complementary 
metal-oxide 
semiconductor 
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Unused inputs 

4000 series 

74COO series 

74HCOO series 

FACT series 

Several families of compatible CMOS ICs 
have been developed. The first was the 4000 
series. Next came the 74COO series and more 
recently the 74HCOO series of CMOS digital 
ICs. In 1985, the FACT (Fairchild Advanced 
CMOS Technology) 74ACOO series, 74ACTOO 
series, and 74FCTOO series of extremely fast, 
low-power CMOS digital ICs were introduced 
by Fairchild. Many large-scale integrated (LSI) 
circuits such as digital wristwatch and calcu
lator chips are also manufactured using the 
CMOS technology. 

IC Packaging 
A typical 4000 series CMOS IC is pictured in 
Fig. 3-56(a). Note that pin 1 is marked as such 
on the top of the IC immediately counterclock
wise from the notch. The CD4081BE part num
ber can be divided into sections as shown in 
Fig. 3-56(b). The prefix CD is the manufactur
er's code for CMOS digital ICs. The core part 
number is 4081B, which stands for a CMOS 
quadruple two-input AND gate IC. This core 
part number is almost always the same from 
manufacturer to manufacturer. The trailing let
ter "E" is the manufacturer's packaging code 
for a plastic DIP IC. The letter "B" is a "buff
ered version" of the original 4000A series. The 
buffering provides the 4000B series devices 
with greater output drive and some protection 
from static electricity. 

Figure 3-56(c) is a pin diagram for the 
CD4081BE CMOS quad two-input AND gate 
IC. The power connections are V DD (positive 
voltage) and V55 (GND or negative voltage). The 
labeling of the power connections on TTL and 
4000 series CMOS ICs is different. This differ
ence can be observed by comparing Figs. 3-52 
and 3-56(c). 

IC Wiring 
Given the schematic diagram in Fig. 3-57(a), 
wire this circuit using the 4081B CMOS IC. 
A wiring diagram for the circuit is shown in 
Fig. 3-57(b). A 5-V de power supply is shown 
but the 4000 series CMOS ICs can use voltages 
from 3 to 18 V de. Care is taken in removing the 
4081 from its conductive foam storage because 
CMOS !Cs can be damaged by static charges. 
Do not touch the pins when inserting the 4081 
CMOS IC in a socket or mounting board. VDD 

and V55 power connections are made with the 
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power off. When using CMOS, all unused in
puts are tied to GND or VDD" In this example, 
unused inputs ( C, D, E, F, H, G) are grounded. 
The output of the AND gate (pin 3) is con
nected to the driver transistor. The transistor 
turns the LED on when pin 3 is HIGH or off 
when the output is LOW. Finally, inputs A and 
B are connected to input switches. 

When the input switches in Fig. 3-57(b) are 
in the up position, they generate a HIGH input. 
A LOW input is generated when the switches 
are in the down position. Two LOW inputs to 

14 13 12 11 10 9 8 

CD4081!3E 

2 3 4 5 6 7 

(a) 

Core part number 
,-/~ 

s-i 8 E 
Manufacturer's~ I L . Manufacturer's 
code code for plastic 

4000 L dual in-line 
CMOS series package 

(b) 

Vss 7 

(c) 

--Buffered 
version of 
4000 series 

'------Function of 
digital IC 

14 Voo 

Fig. 3·55 (a) Markings on CMOS digital IC. (b) 0Bcoding thB 
part numbBr on a typical 40008 SBriBs CMOS IC. 
(c) Pin diagram For the 40818 CMOS IC. 



OUTPUT 

+5V 

INPUTS 

Switches 

A 

a~--

(a) 

+ 
A sv __ INPUTS 

(b) 

Fig. 3-57 (a) Logic diagram for a two-input AND gate circuit. (b) Wiring diagram using the 4081 CMOS IC to implement the 
two-input AND Function. 

the AND gate produce a LOW output at pin 3 
of the IC. The LOW output turns off the tran
sistor, and the LED does not light. Two HIGH 
inputs to the AND gate produce a HIGH output 
at pin 3. The HIGH (about +5 V) output at the 
base of Q

1 
turns on the transistor and the LED 

lights. The 4081 CMOS IC will generate a two
input AND truth table. 

CMOS Subfamilies 
Several families of CMOS digital ICs are avail
able. A 4000 series IC was used as an example 
in this section. The newer 74HCOO series CMOS 
digital ICs have gained favor because they are 
somewhat more compatible with the popular 
TTL logic. The 74HCOO series of CMOS ICs 
also has more drive capabilities than the older 

4000 and 74COO series units and operates at 
high frequencies. The "HC" in the 74HCOO se
ries part number stands for high-speed CMOS. 

The FACT Fairchild Advanced CMOS 
Technology logic series is a later CMOS fam
ily of ICs. It includes the 74ACOO-, 74ACTOO-, 
74ACTQOO-, 74FCTOO-, and 74FCTAOO
series subfamilies of CMOS digital ICs. The 
FACT logic family has good operating char
acteristics exceeding many CMOS and TTL 
subfamilies. For direct replacement of 74LSOO 
and 74ALSOO TTL series ICs, the 74ACTOO-, 
74ACTQOO-, 74FCTOO-, and 74FCTAOO
series circuits with TTL-type input volt
age characteristics are included in the FACT 
CMOS family. FACT logic devices are ideal 
for portable systems because of their extremely 
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Cautions when 
using CMOS ICs 

low power consumption and excellent high
speed characteristics. 

Caution must be used so that static charges 
do not damage CMOS ICs. All unused inputs 
to CMOS gates must be grounded or connected 
to V DD" Most important, input voltages must not 
exceed the GND (Vss) to V

0
D voltage. 

lower-Voltage ICs 
Manufacturers continue to crowd more and 
more semiconductor elements (transistors, di
odes, and resistors) on a single chip. The chips 
are then packaged in smaller IC packages. The 
higher density means the components are ex
tremely close together. This is good for speed 
of operation. The higher densities are bad be
cause of heating and the problem of not enough 
insulating materials between components. To 
solve the drawbacks caused by high-density 

(a) 

integrated circuits, manufacturers have lowered 
the power supply voltage from the traditional 
5 V to 3 V and lower. The lower-voltage 3-V 
chips (ICs) can operate on power sources rang
ing from about 2.7 to 3.6 V. Some ultra-low
voltage ICs operate on 1.8-V power supplies. 
The compact low-voltage ICs are used in most 
applications today including handheld con
sumer electronics. 

An example of a low-voltage CMOS IC is 
pictured in Fig. 3-58(a). The part number is 
SN74LVC08. The tiny 14-pin package is for 
surface mounting on a printed circuit board. 
The package is referred to as a small-outline IC 
(SOIC) package. Note the beveled corner of the 
IC. This aids us in identifying pin 1 of this IC. 

The decoding of the SN74LVC08 part num
ber from the IC is detailed in Fig. 3-58(b). 
The SN is the manufacturer's code (Texas 

SOIC package 

Manufacturer'sT T 1 T Function of IC 
code - t___ quad two-input AND gate 

7400 CMOS Low-voltage CMOS 
series - ---- subfamily 

(b) 

14 Vee 

GND 7 

(c) 

Boolean expression 
Y=A·B 

(d) 

Fig. 3-58 (a) Markings on low-voltage CMOS digital IC. (b) Decoding the 
part number on 74LVCOB IC. (c) Pin diagram for the 74LVCOB IC. 
(d) Boolean expression for the two-input ANO gate. 
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Instruments uses SN). The 74 identifies this as 
part of the popular 7400 series of digital ICs. 
The LVC section of the part number is short for 
"low-voltage CMOS" which is a subfamily of 
digital CMOS ICs. 

The pin diagram in Fig. 3-58(c) shows the 
power pins CVcc = + 3 V and GND = - of power 
supply). The other 12 pins are either inputs to 
or outputs from the 4 two-input AND gates in 
the 74LVC08 IC. Finally, the Boolean expres
sion for a single two-input AND gate is given 
as Y =A· B. 

Many low-voltage subfamilies of digital ICs 
have been developed. They are considered low 
voltage digital res if they operate on power 

Answer the following questions. 

79. The primary advantage of CMOS digital 
res is their (high, low) power 
consumption. 

80. While TTL must use a 5-V power supply, 
4000 series CMOS ICs can operate on de 
voltages from to V. 

81. Refer to Fig. 3-56. How is this 4081B IC 
described by the manufacturer? 

82. What rule (dealing with unused inputs) 
must be followed when wiring CMOS 
I Cs? 

83. Refer to Fig. 3-57. With both inputs A 
and B at + 5 V, output J goes ___ _ 

3-13 Troubleshooting Simple 
Gate Circuits 

The most basic piece of test equipment used 
in digital troubleshooting is the logic probe. 
A simple logic probe is pictured in Fig. 3-59. 
The slide switch on the unit is used to select 
the type of logic family under test, either TTL 
or CMOS. The logic probe in Fig. 3-59 is set 
to test a TTL type of digital circuit in this ex
ample. Typically, two leads provide power to 
the logic probe. The red lead is connected to 
the positive ( +) of the power supply while the 

supplies of less than 5 V. Some operate on 
about 3 V. Others operate on voltages as low as 
1.8 V. A few subfamilies of low-voltage digital 
IC are listed below: 

74LVC (low-voltage CMOS). Operates on 
3 V. Can tolerate 5-V inputs. This series 
contains a wide variety of logic gates and 
many other logic devices. 

74ALVC (advanced low-voltage CMOS). 
Operates on 3 V only. High-performance 
subfamily. 

74AVC (advanced very low voltage CMOS). 
Operates on power supplies as low as 1.2 V 
to a high of 3.3 V. Very high performance. 

(HIGH, LOW) turning (on, 
off) transistor Q

1 
causing the LED to 

light. 
84. New designs of compact electronics 

equipment would consider low-voltaoe b 

CMOS chips over older 4000 series I Cs. 
(Tor F) 

85. Refer to Fig. 3-58(a). This 74LVC08 IC is 
housed in a 14-pin small outline package 
(SOIC) designed for surface mounting. 
(Tor F) 

86. Refer to Fig. 3-58. The 74LVC08 IC is an 
example of a low-voltage CMOS IC that 
operates on 3 V. (T or F) 

Lagic probe 

black lead of the logic probe is connected to the Fig. 3-59 Logic probe. 
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Printed circuit 
(PC) board 

Communications in Orbit. Satellites in 
geostationary earth orbit (GEO) enable fax, 
videoconferencing, Internet, long-distance 
fixed phone service, television, and broadband 
multimedia to be provided in developing areas 
of the world. Satellites in medium-earth orbit 
(MEO) are used for mobile cell phones, fixed 
phones, and other personal communications. 
Satellites in low-earth orbit (LEO) are used for 
handheld mobile phones, paging, fax, ship or 
truck tracking, fixed ordinary phones, broad
band multimedia, and monitoring of remote 
industrial spots. In the aftermath of the earth
quake pictured, search and rescue teams kept 
in touch with one another using satellite tech
nology and were also able to maintain interna
tional communications. 

negative (-) or GND of the power supply. After 
powering the logic probe, the needlelike probe 
is touched to a test point or node in the circuit. 
The logic probe will light either the HIGH or 
the LOW indicator. If neither indicator lights, 

(a) 

+5V 

14 

2 
INPUTS 

5 
IC1 

3 

4 

7 

(b) 

, __ J 
it usually means that the voltage is somewhere 
between the HIGH and LOW. 

In practical electronic equipment most digi
tal ICs are mounted on a printed circuit (PC) 
board. An example is shown in Fig. 3-60(a). 

6 

150 fl 

Fig. 3-50 (a) Digital IC mounted on a printBd circuit (PC) board. (b) Wiring or schematic diagram of a digital gating circuit. 
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Also available to the student or technician is a 
circuit wiring diagram or schematic similar to 
that in Fig. 3-60(b). Many times the +5-V (Vee) 
and GND connections to the ICs are not shown 
on the wiring diagram. However, they are al
ways understood to be present. Pin numbers are 
usually given in a wiring diagram. The IC type 
may not be given on the schematic but is usually 
listed on a parts list in the equipment manual. 

The first step in troubleshooting is to use your 
senses. Feel the flat top of the ICs to determine 
if they are hot. Some I Cs operate cool; others run 
slightly warm. CMOS ICs should always be cool. 
Look for broken connections, solder bridges, 
broken PC board traces, and bent IC pins. Smell 
for possible overheating. Look for signs of exces
sive heat, such as discoloration or charring. 

The next step in troubleshooting might in
volve checking whether each IC has power. 
With the logic probe connected to power, check 
at the points labeled A, B (the Vee pin), C, and 
D in Fig. 3-60(a). Nodes A and B should give a 
bright HIGH light on the logic probe. Nodes C 
and D (GND) should give a bright LOW light 
on the logic probe. 

The next step might be to trace the path of 
logic through the circuit. The circuit is equal 
to a three-input AND gate in this example 
(Fig. 3-60). Its unique state is a HIGH when 
all inputs are HIGH. Check pins 1, 2, and 5 
of the IC in Fig. 3-60(a) with the logic probe. 
Manipulate the equipment to get all inputs 
HIGH. When all inputs are HIGH, the output 
(pin 6 of the IC) should be HIGH and the circuit 
LED should light. If the unique state works, try 
several other input combinations and verify 
their proper operation. 

Refer to Fig. 3-60(a). Assume a HIGH read
ing at node A and a LOW reading on the logic 

Answer the following questions. 

87. Refer to Fig. 3-59. With what two logic 
families can this logic probe be used? 

88. What is the first step in troubleshooting 
gating circuits using TTL ICs? 

probe at node B (pin 14 of the IC). This probably 
means an open circuit in the PC board trace or 
a faulty solder joint between points A and B. If 
DIP IC sockets are used, the thin part of the IC 
pin can be bent. This common difficulty causes 
an open between the IC pin and the socket and 
PC board trace. 

Refer to Fig. 3-60(a). Assume LOW read
ings at pins 1, 2, and 3 with no reading (neither 
LED on the logic probe lit) at pin 4. No reading 
on most logic probes means a voltage between 
LOW and HIGH (perhaps 1 to 2 V in TTL). 
This input (pin 4) is floating (not connected) 
and is considered to be a HIGH by the TTL cir
cuitry inside the 7408 IC. The output of the first 
AND gate (pin 3) is supposed to pull the input 
to the second AND gate (pin 4) LOW. If it does 
not, the fault could be in the PC board trace, 
solder connections, or a bent IC pin. Internal 
opens and shorts also occur in digital ICs. 

Troubleshooting a comparable CMOS circuit 
proceeds in the same way with a few exceptions. 
The logic probe must be set to CMOS instead 
of TTL. Floating inputs on CMOS ICs can 
harm the IC. A LOW in CMOS is defined as ap
proximately 0 to 20 percent of the power supply 
voltage. A HIGH in CMOS is defined as approx
imately 80 to 100 percent of supply voltage. 

Summary 
Troubleshooting first involves using your 
senses. Second, check with a logic probe to see 
if each IC has power. Third, determine the exact 
job of the gating circuit, and test for the unique 
output conditions. Finally, check other input 
and output conditions. Short-circuit conditions 
can occur inside ICs as well as in the wiring. 
Digital ICs should be replaced with exact sub
family replacements when possible. 

89. What is the second step in 
troubleshooting? 

90. Floating inputs to CMOS ICs are 
____ (allowed, not allowed). 

Steps in 
troubleshooting 

Floating inputs 
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Dependency 
notation 

IEEE standard 
symbols 

IEEE logic gate 
symbols 

3-14 IEEE Logic Symbols 
The logic gate symbols you have memorized 
are the traditional ones recognized by all work
ers in the electronics industry. These symbols 
are very useful in that they have distinctive 
shapes. Manufacturers' data manuals include 
traditional logic symbols and are recently in
cluding the newer IEEE functional logic sym
bols. These newer symbols are in accordance 
with ANSI/IEEE Standard 91-1984 and IEC 

LOGIC TRADITIONAL 
FUNCTION LOGIC SYMBOL 

AND :=o-y 

OR ~=D-y 

NOT A-[>o-Y 

NANO :=o-y 

NOR ~=L>y 

XOR ~v-y 

XNOR ~=D-y 

Publication 617-12. These newer IEEE symbols 
are commonly referred to as dependency nota
tion. For simple gating circuits, the traditional 
logic symbols are probably preferred, but the 
IEEE standard symbols have advantages as ICs 
become more complicated. 

Figure 3-61 shows the traditional logic 
symbols and their IEEE counterparts. All 
IEEE logic symbols are rectangular. There is 
an identifying character or symbol inside the 
rectangle. For instance, notice in Fig. 3-61 that 

IEEE 
LOGIC SYMBOL* 

;~y 

;=G-y 

A-0-Y 

~=EJ-y 

;=B-y 

~=C:J-y 

;=e:J-y 
*ANSI/IEEE Standard 91-1984 and IEC Publication 617-12. 

Fig. 3-61 Comparing traditional and IEEE logic gate symbols. 
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the ampersand (&) character is printed inside 
the IEEE standard AND gate symbol. Char
acters outside the rectangle are not part of the 
standard symbol and may vary from manu
facturer to manufacturer. The invert bubble 
on traditional logic symbols (NOT, NAND, 
NOR, and XOR) is replaced with a right tri
angle on corresponding IEEE standard sym'
bols. The IEEE right triangle can also be used 
on inputs to signify an active LOW input. You 
have memorized the traditional logic gate 
symbols. You will not have to memorize the 
IEEE logic gate symbols but should be aware 
they exist. 

Recent manufacturers' data manuals may 
give both the traditional and IEEE functional 
logic symbols for a particular IC. For in
stance, logic symbols for the 7408 quadruple 
two-input AND gate are illustrated in Fig. 
3-62. The traditional logic diagram for the 
7408 IC is shown in Fig. 3-62(a). The IEEE 
logic diagram for the 7408 IC is reproduced 
in Fig. 3-62(b). Note in the IEEE symbol for 
the 7408 IC that only the top AND gate con
tains the & symbol, but it is understood that 
the lower three rectangles also represent two
input AND gates. 

Answer the following questions. 

91. Draw the IEEE standard logic symbol for 
a three-input AND gate. 

92. Draw the IEEE standard logic symbol for 
a three-input OR gate. 

93. Draw the IEEE standard logic symbol for 
a three-input NAND gate. 

3-15 Simple Logic Gate 
Applications 

Consider the use of the AND gate in 
Fig. 3-63(a). Input A is the input which controls 
whether the clock signal is blocked or passed 
through the AND gate to output Y. The clock 

1A D 1Y 
18 

2A D 2Y 
28 

3A D 3Y 
38 

4A D 4Y 
48 

i\,B='/ 

(a) 

1A & 

18 

2A 

28 

3A 

38 

4A 

48 

This symbol is in accordance with ANSI/IEEE 
Standard 91-1984 and IEC Publication 617-12. 

(b) 

1Y 

2Y 

3Y 

4Y 

Fig. 3-52 Logic symbol for 7408 quadruple two-input AND 
gate. (a) Traditional symbol (most common). 
(b) IEEE functional logic symbol (newer method). 

94. The right triangle on IEEE symbols re-
places the invert on traditional 
logic symbols. 

95. For simple gating circuits, the ___ _ 
(IEEE standard, traditional) logic symbols 
are probably preferred because of their 
distinctive shapes. 

waveform is considered to be continuous. If the 
control input to the AND gate goes HIGH, the 
gate is said to be enabled. This means that the 
clock signal passes through the gate to the out
put with no change. The AND gate is shown in 
its enabled mode in Fig. 3-63(b). If the control 
input to the AND gate goes LOW, the gate is 
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HIGH = enabled 
LOW = disabled 

1 second control pulse 

Contml-~: CY 
clock signal 

(a) 

~ AND gate enabled ~ 

~-· I )~ 
(b) 

__,.AND gate disabled~ 

H 

L 

~ -~ 
~) --->- -j\__r ·~----------------- H 

_ __,,_ ----~ L 

(c) 

lrum_:~-~ 
5 cycles per second 

(5 Hz) 

2 3 4 5 

H 

~--L 

I 1 2 3 4 5 I 
clock signal (d) 

Fig. 3 63 The AND gate used as a control gate. 

Active HIGH input 

Pull-up resistar 

said to be disabled. Being disabled means the 
output of the AND gates stays LOW and the 
clock signal is blocked from passing through to 
the output. The AND gate is shown in its dis
abled mode in Fig. 3-63(c). 

The control input to the AND gate in Fig. 3-63 
is said to an active HIGH input. By definition, 
an active HIGH input is a digital input which 
executes its function when a HIGH is present. 
The job or function of the gate in Fig. 3-63 was 
to pass (not block) the clock signal. 

The AND gate in Fig. 3-63(d) serves as a 
special control gate. This circuit is a very fun
damental frequency counter circuit. The control 
pulse at input A to the AND is exactly 1 second 
allowing the clock signal to pass through the gate 
for only ls. In this example 5 pulses pass through 
the AND gate from input B to output Y during 

74 Chapter 3 Logic Gates 

the one second. Counting the pulses at the output 
of the gate in Fig. 3-63(d) means that the clock 
signal must be 5 cycles per second (5 Hz). 

Consider the use of a push-button switch to 
activate the clear (CLR) input of an 8-bit bi
nary counter IC in Fig. 3-64. With SW

1 
open, 

the pull-up resistor R
1 
pulls the input of the in

verter HIGH. The output of the inverter is LOW 
at this time, and the CLR input to the counter 
IC is not active (disabled). Pressing input switch 
SW

1 
applies a LOW to the input of the inverter 

whose output goes HIGH enabling the CLR 
input of the counter. This clears the counters 
output to 00000000. The bubble at the input of 
the inverter in Fig. 3-64 (JC) indicates that the 
active state is a LOW while the lack of a bub
ble on the CLR input to the binary counter IC

2 

symbol indicates an active HIGH input. 



+5V 
Clear input 

enabled= SW1 closed 
disabled= SW1 open R, 

~W1 

Binary output 

00000000 

I re, Binary r: CLR 

ve LOW input I counter 
IC2 

active HIGH input 

Fig. 3-64 Active LOW and active HIGH inputs. 

+V Inputs: All switches open 

NC 

NC 

Buffer 

(a) 

+12 V Output: 
No alarm 

Alarm 

H 

Fig. 3-65 Simple alarm circuit. (a) No alarm with all inputs open. 

Consider the simplified automobile alarm 
system shown in Fig. 3-65(a). The alarm will 
sound when any one or all of the door-mounted 
normally closed (NC) push-button switches are 
released (closed) by a door opening. Each input 
to the NOR gate has a pull-down resistor at
tached to pull the inputs to the gate LOW when 
the switches are open. The bubble at the output of 
the NOR gate suggests that it has an active LOW 
output. The NOR gate in Fig. 3-65(a) has active 
HIGH inputs. With all the auto doors closed and 
all input switches open as shown in Fig. 3-65(a), 
the inputs to the NOR gate are LLLL causing a 
HIGH output. The alarm is disabled. 

If any car door opens, the door mounted 
switch springs closed as shown in Fig. 3-65(b). 
The inputs to the NOR gate are HLLL causing 
a LOW output. The noninverting buffer also 
outputs a LOW which turns on the alarm. The 
alarm sounds. The buffer provides extra current 
to drive the alarm device. 

To disable the alarm system a switch SW
1 

has been added along with an OR gate in 
Fig. 3-65(c). The OR gate is redrawn to look 
like a AND symbol with inverted inputs and 
output. This arrangement produces the OR 
function (see the conversion chart in Fig. 3-47). 
The reason the alternative symbol was used is 

Pull-dawn resistor 
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7Ei 

+v 

+V 

Alarm 
ON/OFF 

NC 

NC 

NC 

NC 
_L_ SW5 

NC 
_L_ SW4 

NC 

OFF 

input 

~N 

+12 V Output: 
Alarm sounds 

L 

Buffer 

(b) 

+12V 

Alarm 

t Buffer 

alternative symbol 
for OR gate 

(c) 

Fig. 3-65 (continued) (b) Alarm sound with top input switch closed. (c) Adding ON/OFF switch to alarm. 
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to suggest that it takes two LOW inputs to gen
erate a LOW output and sound the alarm. The 
two bubbles at the inputs to the alternative OR 
symbol means it takes a LOW from the ON/ 
OFF switch as well as a LOW from the NOR 
aate to produce an active LOW output turn
"' ing on the alarm. The alarm is turned off or 

Answer the following questions. 

96. Refer to Fig. 3-63(c). When the control 
input to the AND is LOW, the gate is 
____ (disabled, enabled) and the 
clock signal is blocked from passing 
through to the output. 

97. Refer to Fig. 3-63(b). When the control 
input to the AND is HIGH, the gate is 
enabled and the clock signal is ___ _ 
(blocked from passing through, passed 
through) to the output. 

98. Refer to Fig. 3-63(d). The AND gate along 
with a I-second positive control pulse 
demonstrates the concept used in an elec-
tronic lab instrnment called a ___ _ 
(digital multimeter, frequency counter). 

99. Refer to Fig. 3-64. To clear the binary 
counter to binary 00000000, the push 
button is (pressed, released) 

3-16 Logic Functions Using 
Software (BASIC 
Stamp Module) 

It is common for logic functions (AND, OR, 
XOR, etc.) to be programmed using software. 
In this section, we will program logic functions 
using a high-level language called PBASIC 
(a version of BASIC used by Parallax, Inc.). The 
programmable hardware device used in these 
examples will be the BASIC Stamp 2 (BS2) 
Microcontroller Module by Parallax, Inc. 
The hardware needed to program the BASIC 
Stamp Microcontroller Module is sketched in 
Fig. 3-66(a). The hardware includes the BASIC 
Stamp 2 module, a PC system, a serial cable for 
downloading (or USB cable on certain models), 

disabled by placing SW
1 

in the OFF position 
which passes a HIGH to the OR gate. A HIGH 
at any input to an OR gate will always generate 
a HIGH output and disable the alarm. 

This example was given to alert students that 
traditional logic symbols as well as their alterna
tive symbols appear in manufacturer's literature. 

causing the input to the inverter IC to go 
---- (HIGH, LOW) driving the 
CLR input to IC2 (HIGH, 
LOW). 

100. Refer to Fig. 3-64. The clear or CLR pin 
to the binary counter IC is an ___ _ 
(active HIGH, active LOW) input. 

101. Many times logic symbols attach a small 
____ to show either an active LOW 
input or an active LOW output. 

102. Refer to Fig. 3-65(c). If switch SW
1 

is LOW and switch SW2 is closed by 
the opening of a car door, the alarm 
____ (does not sound, sounds). 

103. Refer to Fig. 3-65(c). If switch SW1 is 
HIGH and both SW 1 and SW2 are closed 
by the opening of car doors, the alarm 
____ (does not sound, sounds). 

and assorted electronic components (switches, 
resistors, and an LED). The actual BS2 IC is 
sketched in Fig. 3-66(b). Notice that the BS2 
module takes the form of a 24-pin DIP IC. The 
BS2 module is manufactured using several 
components including a PIC16C57 microcon
troller with PBASIC interpreter in firmware, 
EEPROM program memory, and other parts. 

The procedure for programming the BASIC 
Stamp Module to operate as a two-input AND 
gate is represented in Fig. 3-66. The steps in 
wiring and programming the BASIC Stamp 2 
module are: 

1. Refer to Fig. 3-66. Wire the two active 
HIGH push-button switches and connect 
them to ports Pl 1 and Pl2. Wire the 

PBASIC 

EEPRIJM 

BASIC 
Stamp 2 
module 
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PC 

INPUTS 

A 
_L_ 

SW 1 

10 kD 

p 12 <Ji----1-llll-----<O 
B -=- v.. _L_ 

p 11 <Ji----1-9-----<0 SW2 

10 kD 

v •• 

OUTPUT: 

BASIC Stamp 2 
module 

Light = 1 
NO light= 0 

(a) 

BASIC Stamp 2 module 

(b) 

PIC16C57 microcontroller 
with PBASIC interpreter 
in firmware 

Fig. 3-66 (a) BASIC Stamp 2 module wired as a two-input AND gate. (b) Physical appearance of the BS2 by Parallax, Inc. 

red LED output indicator and connect it 
to port Pl. The ports will be defined as 
either an output or inputs in the PBASIC 
program. 

2. Load the PBASIC text editor program 
(version for the BS2 IC) into the PC. 
Type your PBASIC program describing 
the two-input AND logic function. A 
PBASIC program titled 'Two-input AND 
function is listed in Fig. 3-67. 

3. Attach a serial cable (or USB cable on 
certain models) between the PC and the 
BASIC Stamp 2 development board (such 
as the Board of Education by Parallax, Inc.). 
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4. With the BASIC Stamp 2 module turned 
on, download your PBASIC program 
from the PC to BS2 module using the 
RUN command. 

5. Disconnect the serial or USB cable from 
the BS2 module. 

6. Test the two-input AND program by 
pressing the input switches. The output 
indicator (red LED) will light only 
when both input switches are activated 
(pressed). The PBASIC program stored in 
EEPROM program memory in the BASIC 
Stamp 2 Module will start each time the 
BS2 IC is turned on. 



PBASIC Program: 2-input 
AND Function 
Consider the PBASIC program titled 'Two-in
put AND function in Fig. 3-67. Line I starts 
with an apostrophe ('), which means this is a 
remark statement. Remark statements are used 
to clarify the program and are not executed by 
the microcontroller. Lines 2-4 are lines of code 
to declare variables that will be used later in the 
program. As an example, line 2 reads-A VAR 
Bit. This tells the microcontroller that A is a 
variable name that will hold only 1 bit (a 0or1). 
Lines 5-7 are lines of code that declare which 
ports are used as inputs and which port is an 
output. As an example, line 5 reads-INPUT 
11. This informs the microcontroller that port 11 
(Pll) will be used as an input in this program. 
Another example in line 7 reads OUTPUT 1 
which declares that port 1 will be used as a~ 
output. Notice that line 7 code is followed by a 
remark statement-'Declare port 1 as an out
put. The remark statements at the right in this 
PBASIC program are not required, but they aid 
in understanding the purpose for lines of code. 

Next consider the main routine with the 
starts with the Ckswitch: line of code. In 

PBASIC, any word followed by a colon (:) is 
called a label. A label is a reference point in the 
pro~ram that usually locates the beginning of a 
mam or subroutine. 

In the 'two-input AND function sample 
program, the label Ckswitch: is the startino-

. . b 

pomt m the main routine used to check the 
condition of input switches A and B and loo-i
cally AND the inputs. The Ckswitch: routi~e 
repeats continuously because either lines 14 
(~OTO Ckswitch) or 18 (GOTO Ckswitch) 
will always return the program to the beginning 
of the Ckswitch: main routine. 

Line 9 of the PBASIC program initializes 
or turns off the output LED. The OUTl = O 
statement causes port 1 (Pl) of the BS2 IC to 
go LOW. Lines 10 and 11 assign the current bi
nary ~alue at input ports 11 (Pll) and 12 (Pl2) 
to :anables B and A. For instance, if both input 
switches are pressed, then both variable B and 
A would hold logical 1. 

Line 12 of the PBASIC program is code that 
logically ANDs the values in variables A and 
B. As an example, if both inputs are HIGH, 
then variable Y = l. Line 13 is an IF-THEN 
statement used for making decisions. If Y = I, 
then the PBASIC statement IF Y = 1 THEN 

'Two-input AND function 'Title of program (Fig. 3-67) L1 
L2 

L3 
L4 

A VAR Bit 

B VAR Bit 

Y VAR Bit 

INPUT 11 

INPUT 12 

OUTPUT 1 

Ckswitch: 

OUTl = 0 

A= IN12 

B = INll 

Y=A&B 

IfY = 1 THENRed 

GOTO Ckswitch 

Red: 

OUTl = 1 

PAUSE 100 
GOTO Ckswitch 

'Declare A as variable, 1 bit 

'Declare B as variable, 1 bit 

'Declare Y as variable, 1 bit 

'Declare port 11 as an input 

'Declare port 12 as an input 

'Declare port 1 as an output 

'Label for check switch routine 

'Initialize: port 1 at 0, red LED off 

'Assign value: port 12 input to variable A 

'Assign value: port 11 input to variable B 

'Assign value: ANDed with B to variable Y 

'If Y = 1 then go to red subroutine, otherwise next line 

'Go to Ckswitch-begin check switch routine again 

'Label for lighting red LED, means HIGH output 

'Output Pl goes HIGH, lights red LED 

'Pause for 100 ms (milliseconds) 

'Go to Ckswitch: begin check switch routine again 

3-67 Program for two-input AND function. 

L5 
L6 

L7 

LS 

L9 

LIO 

Lll 

L12 

L13 
L14 

L15 
L16 
L17 
L18 

Laba! 

PBASIC program 

Remark statement 

Declare variables 

Internet 
Connection 
Downloads from 
Parallax site
www.parallax.com. 
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Red will cause the program to jump to the 
Red: label or the subroutine that lights the red 
LED. If Y = 0, then the first section of PBA
SIC statement IF Y = 1 THEN Red is false. 
This will cause the program to proceed to the 
next line of code (line 14-GOTO Ckswitch). 
Line 14 (GOTO Ckswitch) sends the program 
back to the beginning of the main routine with 
the label of Ckswitch:. 

The Red: subroutine in the PBASIC program 
'two-input AND function causes the port 1 (pin 
Pl) of the BS2 IC to go HIGH using the OUTl 
= 1 statement. This turns on and lights the red 
LED. Line 17 (PAUSE 100) causes the LED to 
stay on for an extra 100 ms (milliseconds). Line 
18 (GOTO Ckswitch) sends the program back 
to the main routine labeled Ckswitch: 

The PBASIC program 'two-input AND 
function runs continuously while the BASIC 
Stamp 2 module is powered. The PBASIC pro
gram is held in EEPROM program memory 
for future use. Turning the BS2 off and then 
on again will restart the program. The current 

PBASIC listing can be changed by download
ing a different program. 

Programming Other 
logic functions 
Other logic functions can also be programmed 
using PBASIC and the BASIC Stamp module. 
These include OR, NOT, NAND, NOR, XOR, 
and XNOR. The next PBASIC program titled 
'two-input OR function, in Fig. 3-68, is used 
with the hardware from Fig. 3-66 and operates 
like a two-input OR gate. This program listing 
looks almost the same as the earlier PBASIC 
program except for the title line ('Two-input 
OR function) and line 12 (Y = A I B). 

Line 12 of the 'Two-input OR function pro
gram shows inputs A and B being ORed with 
the resulting output being assigned to variable Y. 
The symbol for the OR function in PBASIC is 
the vertical line (I) and not the plus sign(+) that is 
used in traditional Boolean expressions. 

The chart in Fig. 3-69 details the PBASIC 
code used to generate logic functions using 

'Two-input OR function 'Title of program (Fig. 3-68) 

A 

B 
y 

VAR Bit 

VAR Bit 

VAR Bit 

'Declare A as variable, 1 bit 

'Declare B as variable, 1 bit 

'Declare Y as variable, 1 bit 

L1 

L2 

L3 

L4 

INPUT 11 

INPUT 12 

OUTPUT 1 

Ckswitch: 

OUTl = 0 

A= IN12 

B = INll 

Y=AIB 

IfY = 1 THEN Red 

GOTO Ckswitch 

Red: 

OUTl = 1 

PAUSE 100 

GOTO Ckswitch 

3-68 Program For two-input OR function. 
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'Declare port 11 as an input 

'Declare port 12 as an input 

'Declare port 1 as an output 

'Label for check switch routine 

'Initialize: port 1 at 0, red LED off 

'Assign value: port 12 input to variable A 

'Assign value: port 11 input to variable B 

'Assign value: A ORed with B to variable Y 

L5 
L6 

L7 

LS 

L9 

LlO 

Lll 

L12 

'If Y = 1 then go _to red subroutine, otherwise next line Ll3 

'Go to Ckswitch-begin check switch routine again 

'Label for lighting red LED, means HIGH output 

'Output Pl goes HIGH, lights red LED 

'Pause for 100 ms (milliseconds) 

'Go to Ckswitch: begin check switch routine again 

L14 

Ll5 
Ll6 

L17 

L18 



LOGIC FUNCTION BOOLEAN EXPRESSION PBASIC CODE (BS2 IC) 

AND A· B = Y Y=A&B 

OR A+B=Y Y= Al B 

NOT A=A y =-(A) 

NANO A· B = Y Y = - (A & 8) 

NOR A+B=Y y = - (A I 8) 

/\ 

XOR A<f)B=Y Y=A 8 

/\ 
XNOR A<f)B=Y y =-(A 8) 

Fig. 3-59 Logic functions implemented using PBASIC code with the BASIC Stamp 2 
module by Parallax, Inc. 

the BASIC Stamp 2 module. Notice the use of 
unique symbols in PBASIC to define AND, OR, 
NOT, and XOR logic functions. The ampersand 
(&) symbol is used for AND, and the vertical line 
(I) denotes the OR logic function. The tilde H is 
used for NOT. The circumflex accent ("') symbol 
is used to show the XOR logic function. 

From Fig. 3-69, notice the use of both the 
tilde H and ampersand (&) symbols in the 
NAND function. An example of the two-input 
NAND function would be Y = -(A & B). Like
wise in PBASIC code, both the tilde H and 

Answer the following questions. 

104. The BS2 IC by Parallax is described as 
a BASIC Stamp (microcon-
troller, multiplexer) module. 

105. The BASIC Stamp 2 module can be 
programmed in a high-level language 
called FORTRAN by its manufacturer 
(Tor F). 

106. The PBASIC assignment statment Y = 
A I B I C is for the three-input ___ _ 
(OR, XOR) logic function. 

107. Write the PBASIC assignment statement 
that would describe the two-input NAND 
logic function. 

108. Write the PBASIC assignment statement 
that would describe the Boolean expres
sion A· B = Y. 

vertical line (I) symbols are used in the NOR 
function. An example of the 2-input NOR func
tion would be Y = -(A I B). 

From Fig. 3-69, notice the use of the circum
flex accent (A) symbol to define the exclusive 
OR (XOR) logic function. The PBASIC code 
for the two-input XOR logic function would be 
Y = A" B. In PBASIC, both the tilde H and cir
cumflex accent(") symbols are used to describe 
the XNOR logic function. An example would be 
Y = -(A " B), which describes A XNORed with 
B and the output being assigned to Y. 

109. Write the PBASIC assignment statement 
that would describe the Boolean expres
sion A EBB= Y. 

110. Write the PBASIC assignment statement 
that would describe the Boolean expres
sion A+ B = Y. 

111. In Fig. 3-66(a), if input Pl2 is HIGH and 
Pl 1 is LOW and the PBASIC program 
titled 'Two-input OR function is loaded 
into the BS2 IC, then output Pl will be 
_ __ (HIGH, LOW), and the LED 
will (light, not light). 

112. In Fig. 3-66( a), if input Pl2 is HIGH and 
Pl 1 is LOW and the PBASIC program ti
tled 'Two-input AND function is loaded 
into the BS2 IC, then output Pl will be 
____ (HIGH, LOW), and the red 
LED will (light, not light). 
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1. Binary logic gates are the basic building blocks for 
all digital circuits. 

2. Figure 3-70 shows a summary of the seven basic 
logic gates. This information should be memorized. 

3. NAND gates are widely employed and can be used 
to make other logic gates. 

LOGIC LOGIC 
FUNCTION SYMBOL 

AND ~=D-y 

OR ~n-y 

Inverter A-(>o-X 

NANO ~=D-y 

NOR ~=Do--y 

XOR ~v-y 

XNOR ~~y 

and Review 

4. Logic gates are often needed with 2 to 10 inputs. 
Several gates may be connected in the proper 
manner to get more inputs. 

5. AND, OR, NAND, and NOR gates can be converted 
back and forth by using inverters. Refer to Fig. 3-47. 

BOOLEAN TRUTH 
EXPRESSION TABLE 

INPUTS OUTPUT 
·--

B A y 

0 0 0 
A ·B =Y 

0 1 0 

1 0 0 

1 1 1 

0 0 0 

0 1 1 
A+B=Y 

1 0 1 

1 1 1 

A=A 
0 1 

1 0 

0 0 1 

0 1 
A ·B =Y 

1 0 

1 1 0 

0 0 1 

0 1 0 
A+B=Y 

1 0 0 

1 1 0 

0 0 0 

0 1 1 
A ©8 =Y 

1 0 1 

1 1 0 

0 0 1 

0 1 0 
A e B =Y 

1 0 0 

1 1 1 

Fig. 3·71l Summary of basic logic gates. 
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6. Logic gates are sometimes packaged in DIP ICs. 
The larger traditional DIP ICs are used on through
the-hole printed circuit boards. Modern small-size 
DIP ICs are used for surface mounting. 

7. Both TTL and CMOS digital ICs are used in very 
small systems. Modern high-speed low-power 
CMOS ICs are used in many new designs. 
Low-voltage (such as 74LVC) ICs are popular. 

8. Very low power consumption is an advantage of 
CMOS digital ICs. 

9. A technical person's knowledge of the normal 
operation of a circuit, powers of observation, and 
skill in the use and interpretation of test data are all 
important in troubleshooting. 

10. Logic symbols sometimes have small bubbles 
attached. These bubbles usually indicate that these 
pins are active LOW inputs or outputs. 

11. When using CMOS ICs, all unused inputs must go 
to VDD or GND. Care must be exercised in storing 

Answer the following questions. 

3-1. Draw the traditional logic symbols for a to j 
(label inputs A, B, C, D and outputs Y): 
a. Two-input AND gate 
b. Three-input OR gate 
c. Inverter (two symbols) 
d. Two-input XOR gate 
e. Four-input NAND gate 
f. Two-input NOR gate 
g. Two-input XNOR gate 
h. Two-input NAND gate (special symbol) 
i. Two-input NOR gate (special symbol) 
j. Buffer (noninverting) 
k. Three-state buffer (noninverting) 

3-2. Write the Boolean expression for the following 
(label inputs A, B, C, D, and outputs Y): 
a. Three-input AND function 
b. Two-input NOR function 
c. Three-input XOR function 
d. Four-input XNOR function 
e. Two-input NAND function 

and handling CMOS ICs to avoid static electricity. 
Input voltages to a CMOS IC must never exceed the 
power supply voltages. 

12. The logic probe, knowledge of the circuit, and your 
senses of sight, smell, and touch are basic tools used 
in troubleshooting gating circuits. 

13. Figure 3-61 compares the traditional logic gate 
symbols with the newer IEEE standard logic 
symbols. 

14. Logic functions can be implemented by hard-wiring 
logic gates or by programming various programmable 
devices. 

15. The chart in Fig. 3-69 shows the PBASIC 
(Parallax, Inc.'s version of BASIC for the 
BS2 IC) code used in programming the logic 
functions AND, OR, NOT, NAND, NOR, XOR, 
and XNOR. This code is executed using a 
device called a microcontroller (BASIC Stamp 2 
module). 

3-3. Draw the tmth table for the following (label 
inputs A, B, C, and outputs Y): 

a. Three-input OR 
b. Three-input NAND 
c. Three-input XOR 
d. Two-input NOR 
e. Two-input XNOR 

3-4. Look at the chart in Fig. 3-70. Which logic gate 
always responds with an output of logical 0 
only when all inputs are HIGH? 

3-5. Which logic gate might be called the "all or 
nothing gate"? 

3-6. Which logic gate might be called the "any or all 
gate"? 

3-7. Which logic circuit complements the input? 
3-8. Which logic gate might be called the "any but 

not all gate"? 
3-9. The unique output of a(n) (AND, 

NAND) gate is a HIGH only when all inputs are 
HIGH. 

3-10. The unique output of a(n) (NAJ'lD, 
OR) gate is a LOW only when all inputs are LOW. 
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3-11. The unique output of a (NOR, 
XOR) gate is a HIGH only when an odd 
number of inputs are HIGH. 

3-12. The unique output of a(n) (NAND, 
OR) gate is a LOW only when all inputs are HIGH. 

3-13. The unique output of a (NAND, 
NOR) gate is a HIGH only when all inputs are 
LOW. 

3-14. Given anAND gate and inverters, draw how 
you would produce a NOR function. 

3-15. Given a NAND gate and inverters, draw how 
you would produce an OR function. 

3-16. Given a NAND gate and inverters, draw how 
you would produce an AND function. 

3-17. Given 4 two-input AND gates, draw how you 
would produce a five-input AND gate. 

3-18. Given several two-input NAND and OR gates, 
draw how you would produce a four-input 
NAND gate. 

3-19. Switches arranged in series (see Fig. 3-1) act 
like what type of logic gate? 

3-20. Switches arranged in parallel (see Fig. 3-8) act 
like what type of logic gate? 

3-21. Figure 3-5l(b) illustrates a(n) (8, 
16)-pin (three letters) IC. 

3-22. Draw a wiring diagram similar to Fig. 3-53(b) for 
a circuit that will perform the three-input AND 
function. Use a 7408 IC, a 5-V de power supply, 
three input switches, and an output indicator. 

3-23. The PC board pad labeled (A, C) 
is pin 1 of the IC in Fig. 3-71. 

3-24. The PC board pad labeled (letter) 
is the GND pin on the 7408 IC in Fig. 3-71. 

3-25. The PC board pad labeled (letter) 
is the Vee pin on the 7408 IC in Fig. 3-71. 

3-26. The unit shown in Fig. 3-72 is a ____ _ 
(low-power, standard) TTL 14-pin DIP IC. 

3-27. Pin 1 of the IC shown in Fig. 3-72 is labeled 
with the letter ____ _ 

3-28. The pin labeled with a "C" on the IC in Fig. 3-72 
is pin number ____ _ 

3-29. Figure 3-60(b) is an example of a ____ _ 
(logic, wiring) diagram that might be used by 
service personnel. 
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3-30. Refer to Fig. 3-60(a). If all input pins (1, 2, and 5) 
are HIGH and output pin 6 is HIGH but point Eis 
LOW, the LED (will, will not) light 
and the circuit (is, is not) working 
properly. 

3-31. Refer to Fig. 3-60(a). List several possible 
problems if pin 6 is HIGH but point Eis LOW. 

3-32. Refer to Fig. 3-60(a). An internal open between 
the output of the first AND gate and pin 3 might 
give neither a HIGH nor LOW indication on the 
logic probe. This means that both pins 3 and 4 
are floating (HIGH, LOW). 

3-33. Refer to Fig. 3-73. The core number of this 
IC is , which means it is a 
_____ (CMOS, TTL) logic device. 

3-34. Pin 1 of the IC shown in Fig. 3-73 is labeled 
with the letter ____ _ 

PC board 
(bottom view) 

Fig. 3-71 An IC solderad to a PC board. 

A B 

D C 

3-72 Top viaw of a digital IC. 



A D 

0 

B c 

Fig. 3-73 Top view of a digital IC. 

3-35. What precaution should be taken when storing 
the DIP IC like the one in Fig. 3-73? 

3-36. Refer to Fig. 3-74(a). These CMOS digital de
vices are enclosed in a tiny SOIC package which 
is fastened to a PC board using ____ _ 
(point-to-point wiring, surface mounting). 

3-37. Refer to Fig. 3-74(a). Pin 1 on the 74LVCOO IC 
is located at the pin labeled ____ _ 
(A, B, C, or D). 

3-38. Refer to Fig. 3-74(b). The 74LVCOO IC contains 
four separate two-input (AND, 
NAND) logic gates. 

3--39. Refer to Fig. 3-74. The 74LVCOO is a low-voltage 
CMOS IC operating on a ____ _ 

(3, 12)-volt power source. 
3-40. Refer to Fig. 3-74. Write a Boolean expression 

that would describe the logic of a single gate in 
the 74LVCOO IC. 

3-41. Draw the IEEE standard logic symbol for a 
three-input NOR gate. 

3-42. Draw the IEEE standard logic symbol for a 
three-input XNOR gate. 

3-43. The right (circle, triangle) at the 
output of an IEEE standard NAND logic sym
bol signifies to invert the output of the AND 
function. 

3-44. The IEEE standard AND logic symbol uses the 
_____ sign to signify the AND function. 

3-45. A microcontroller (such as the BASIC Stamp 2 
module) can be programmed to perform logic 
functions (AND, OR, etc.). (Tor F) 

3-46. The (BS2, BXlO) module by 
Parallax is programmed in a high-level 

D 

A 

GND 7 

(a) 

74 LVCOO 

(b) 

c 

B 

14 Vee 

Fig. 3-74 74LVCDO IC. (a) SOIC package. 
(b) Pin diagram. 

computer language called PBASIC (a version of 
BASIC). 

3-47. When programming the BASIC Stamp 2 mod
ule, the PBASIC code used to represent the 
Boolean expression A + B = Y (two-input OR) 
is (Y =A ORB, Y = AIB). 

3-48. When programming the BS2 microcontroller 
module, the PBASIC code used to repre
sent the two-input NAND function would be 
____ [Y = A + B, Y = -(A & B)]. 

3-49. The PBASIC code Y = A " B " C represents 
the assignment statement for the three-input 
_____ (AND, XOR) logic function. 
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3-1. What three-input logic gate would you use in 
your design if you require a HIGH output only 
when all three input switches go HIGH? 

3-2. What four-input logic gate would you use in 
your design if you require a HIGH output only 
when an odd number of input switches are 
HIGH? 

3-3. Refer to Fig. 3-48(a). Explain why the OR 
gate with inverted inputs produces the NAND 
function. 

3-4. Inverting both inputs of a two-input NAND 
gate produces a circuit that generates the 
_____ logic function. 

3-5. Inverting both inputs and the output of a two
input OR gate produces a circuit that generates 
the logic function. 

3-6. Refer to Fig. 3-57. If input A is HIGH and 
input Bis LOW, output J (pin 3) will be 

_____ (HIGH, LOW). Transistor Q1 

is turned _____ (off, on) and the LED 
_____ (does, does not) light. 

3-7. Refer to Fig. 3-57. Why are pins 5, 6, 8, 9, 12, 
and 13 grounded in this circuit? 

3-8. Refer to Fig. 3-60. If the 7408 TTL IC devel
oped an internal "short circuit," the top of the IC 
would probably feel (hot, cool) to 
the touch. 

3-9. Draw a logic diagram (use AND and inverter 
symbols) for the Boolean expression A· B = Y. 

3-10. The Boolean expression A · B = Y is one repre-
sentation of the (NAND, NOR) 
logic function. 

3-11. Draw a waveform to represent the logic 
levels (H and L) at output Y of the AND gate 
in Fig. 3-75. 

:=o-y 
Clock input A 

Control input B 

Fig. 3.75 Pulse train problem. 
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Clock input A 

Control input B 

Fig. 3-76 Pulse train problem. 

3-12. Draw a waveform to represent the logic levels 
(Hand L) at output Y of the NOR gating circuit 
in Fig. 3-76. 

3-13. Prove to your instructor that both logic dia
grams drawn in Fig. 3-48(a) will generate a 
two-input NAND truth table. (Hint: Think of 
the bubbles as inverters.) You may use one of 
the following methods (ask instructor): 
a. Wire and test logic circuits in hardware. 
b. Wire and test logic circuits using a computer 

circuit simulation software. 
c. Use a series of truth tables to make your 

proof. 
3-14. Prove to your instructor that both logic dia

grams drawn in Fig. 3-48(b) will generate a 
two-input NOR truth table. (Hint: Think of the 
bubbles as inverters.) You may use one of the 
following methods (ask instructor): 
a. Wire and test logic circuits in hardware. 
b. Wire and test logic circuits using a computer 

circuit simulation software. 
c. Use a series of truth tables to make your 

proof. 

H 

L 

~------H 

L 

3-15. Refer to Fig. 3-77(a). The normally open 
switches are wired (active HIGH, 
active LOW) inputs. 

3-16. Refer to Fig. 3-77(a). The LED at Pl will light 
when port 1 becomes (HIGH, 
LOW). 

3-17. Refer to Fig. 3-77. What three lines of PBASIC 
computer code declare which BS2 IC ports are 
inputs? 

3-18. Ref er to Fig. 3-77. What is the purpose of line 
11 of the PBASIC code? 

3-19. Refer to Fig. 3-77. If all inputs to the BASIC 
Stamp 2 module are HIGH, the output will be 
____ (HIGH, LOW), and the red LED 
will (light, not light). 

3-20. Answer selected questions asked by your 
instructor about the PBASIC program and 
the programming and operation of the 
BASIC Stamp 2 module detailed in 
Fig. 3-77. 
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PC 

'Three-input XOR function 

A VAR Bit 
B VAR Bit 
C VAR Bit 
Y VAR Bit 

INPUT 10 
INPUT 11 
INPUT 12 
OUTPUT 1 

Ckswitch: 
OUTl =0 
A= IN12 
B = INll 
C =INlO 
Y=A"B"C 
IfY = 1 THEN Red 

GOTO Ckswitch 

Red: 
OUTl = 1 
PAUSE 100 

GOTO Ckswitch 

F 
I 

J \ 7 \: 

la~ 
-=- vss 

10~ 
-=- Vss 

l 10 ~ 
_J_ 

-=- Vss 

INPUTS 

A vdd (+) 

_J_ 
0 

SW 1 

B 
_J_ 

0 
SW2 

c 
_J_ 

0 
SW3 

OUTPUT 
BASIC Stamp 2 ~-~ 

module ~ 

(a) 

'<---Line 1 

'<---Line 2 
'<---Line 3 
'<---Line 4 
'Declare Y a variable, 1 bit 

'<---Line 6 
'<---Line 7 
'<---Line 8 
'Declare port 1 as output (red LED) 

'Label for check switch routine 
'<---Line 11 
'<---Line 12 
'<---Line 13 
'<---Line 14 
'<---Line 15 
'If Y = 1 then go to red subroutine, otherwise next line 
'Go to Ckswitch-begin check switch routine again 

'Label for lighting red LED, means HIGH 
'<---Line 19 
'<---Line 20 
'Go to Ckswitch: begin check switch routine again 

(b) 

Fig. 3-77 (a) Wiring of BASIC Stamp 2 module used with the three-input XOR function program. (b) PBASIC program loaded into BS2 module. 
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1. A · B = Y or AB = Y 33. 0 66. inverters 89. Check that each IC 

2. HIGH, light 34. 0 67. NOR has power 

3. 0 3S. HIGH 68. NAND 90. not allowed 

4. 0 36. A + B + C = Y or 69. OR 91.A~ 
5. 1 (A+ B + C)' = Y 70. A+ B = Y 

B & y 
c 

6. 0 37. HIGH 71. A· B = Y 92.A~ 
7. HIGH 38. A EF> B EF> C = Y 72. TTL, CMOS B :2:1 Y 

c 
8. HIGH 39. 1 73. dual in-line package 

93.A~ 9. A+ B = Y 40. 0 (DIP) B & y 

10. 1 41. 1 74. 5, + c 

11. 0 42. 1 7S. TTL quad two-input 94. bubble 

12. 1 43. 0 AND gate 9S. traditional 

13. LOW 44. odd 76. package = DIP 96. disabled 

14. inclusive 4S. A EF> B EF> C = Y family = low-power 97. passed through 

15. LOW 46. 0 Schottky 98. frequency counter 

16. LOW 47. 0 function = quad 99. pressed, LOW, 

17. LOW 48. 0 two-input AND HIGH 

18. Y=AorY=A' 49. 1 77. FAST (Fairchild 100. active HIGH 

19. negated, so. 1 Advanced Schottky 101. bubble 

complemented SI. LOW TTL) 102. sounds 

20. LOW S2. connected together 78. CMOS 103. does not sound 

21. HIGH 53. A · B = Y or AB = Y 79. low 104. rnicrocontroller 

22. LOW S4. 0 80. 3, 18 lOS. false 

23. high-impedance SS. 0 81. CMOS quad 106. OR 

24. A · B = Y or AB = Y S6. 1 two-input AND gate 107. Y =-(A & B) 

or (AB)'= Y S7. 0 82. All unused CMOS 108. Y =A & B 

2S. 1 S8. 0 inputs must be con- 109. Y = -(A~ B) 

26. 0 S9. 1 nected (not floating) 110. Y = -(A I B) 

27. 1 60. A · B · C = Y or ABC 83. HIGH 111. HIGH, light 

28. LOW = Y or (ABC)' = Y 84. T 112. LOW, not light 

29. A · B · C = Y or 61. eight 8S. T 

ABC= Yor 62. A + B + C + D = Y 86. T 

(ABC)'= Y or (A + B + C + D)' 87. TTL and CMOS 

30. LOW =Y 88. Use your senses to 

31. A+ B = Yor 63. 32 (25) locate possible open 
(A+ B)' = Y 64. AND circuits, short circuits, 

32. 1 6S. 128 or overloading 
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learning Dutcames 
This chapter will help you to: 

4-1 Draw logic diagrams from minterm and 
maxterm Boolean expressions. 

4-2 Design a logic diagram from a truth table 
by first developing a minterm Boolean 
expression and then drawing the AND-OR 
logic diagram. 

4-3 Reduce a minterm Boolean expression to 
its simplest form using two-, three-, four-, 
and five-variable Karnaugh maps. 

4-4 Simplify AND-OR logic circuits using 
NAND gates. 

4-5 Convert back and forth from Boolean 
expression to truth table to logic symbol 
diagram using computer simulation 
software (such as the Logic Converter 
instrument from Multisim or Electronic 
Workbench). 

4-6 Solve logic problems using data selectors. 

4-7 Understand the fundamentals of selected 
programmable logic devices (PLDs). 

4-8 Convert minterm-to-maxterm and 
maxterm-to-minterm Boolean expressions 
using De Morgan's theorems. 

4-9 Use a "keyboard version" of Boolean 
expressions. 

4-10 Program several logic functions using a 
BASIC Stamp 2 Microcontroller Module. 

9[] 

Combining logic Gates 

arlier you memorized the symbol, truth 
table, and Boolean expression for each 

logic gate. These gates are the building 
blocks for more complicated digital devices. 
In this chapter you will use your knowledge 
of gate symbols, truth tables, and Boolean 
expressions to solve real-world problems in 
electronics. 

You will be connecting gates to form 
what engineers refer to as combinational 
logic circuits. By definition, combinational 
logic is an interconnection of logic gates to 
generate a specified logic function where 
the inputs result in an immediate output, 
having no memory or storage capabilities. 
Digital circuits that have a memory or stor
age capability are called sequential logic 
circuits and will be studied later. 

You will be combining gates (ANDs, 
ORs) and inverters to solve logic problems 
that do not require memory. The "tools of 
the trade" for solving combinational logic 
problems are truth tables, Boolean expres
sions, and logic symbols. Do you know 
your truth tables, Boolean expressions, and 
logic symbols? An understanding of combi
nation a logic is knowledge required of all 
who work as a technician, troubleshooter, 
designer, or engineer in electronics. 

To gain maximum experience you should 
try to implement your combinational logic 
circuits in hardware in the laboratory. Logic 
gates are packaged in inexpensive, easy
to-use integrated circuits (ICs). Also, your 
combinational logic circuits can be tested 
using circuit simulation software on your 
computer. 

Combinational logic problems can be 
solved with "hard logic" using traditional 

Combinational logic 
circuits 

Sequential logic 
circuits 



!Cs. More complicated combinational logic 
problems are solved with programmable 
logic devices (PLDs). You can also pro
aram a microcontroller using a PC and the 
BASIC Stamp 2 module to solve combina
tional logic problems. 

4-1 Constructing Circuits 
from Boolean Expressions 

We use Boolean expressions to guide us in 
building logic circuits. Suppose you are given 
the Boolean expression A + B + C = Y (read 
as '~1 or B or C equals output Y") and told to 
build a circuit that will perform this logic func
tion. Looking at the expression, notice that each 
input must be ORed to get output Y. Figure 4-1 
illustrates the gate needed to do the job. 

Now suppose you are given the Boolean ex
pression A· B +A· B + B · C = Y (read as "not 
A and B, or A and not B, or not B and C equals 
output Y"). How would you construct a circuit 
that will do the job of this expression? 

The first step is to look at the Boolean ex
pression and note that you must OR A · B with 
A · B with B · C. Figure 4-2(a) shows that a 
three-input OR gate will form the output Y. 
This may be redrawn as in Fig. 4-2(b). 

The second step used in constructing a logic 
circuit from the given Boolean expression 
A · B + A · B + B · C = Y is shown in Fig. 4-3. 
Notice in Fig. 4-3(a) that an AND gate has been 
added to feed the B · C to the OR gate and an 
inverter has been added to form the B for the 
input to AND gate 2. Figure 4-3(b) adds AND 
gate 3 to form the A · B input to the OR gate. 
Finally, Fig. 4-3(c) adds AND gate 4 and in
verter 6 to form the A · B input to the OR gate. 
Figure 4-3(c) is the circuit that would be const
ructed to perform the required logic given in the 
Boolean expression A · B + A · B + B · C = Y. 

Notice that we started at the output of the logic 
circuit and worked toward the inputs. You have 
now experienced how combinational logic cir
cuits are constructed from Boolean expressions. 

Fig. 4-1 Logic diagram for Boolean expression A+ B+ C= Y. 

A·B+A·B+B·C=Y 

\J:D-y 
(a) 

B·Cn--~-8 y 
A·B 

(b) 

Fig. 4· 2 Step 1 in constructing a logic circuit. 

Boolean expressions come in two forms. 
The sum-of-products (SOP) form is the type we 
saw in Fig. 4-2. Another example of this form 
is A · B + B · C = Y. The other Boolean ex
pression form is the product of sums (POS); an 
example is (D + E) · (E + F) = Y. The sum
of-products form is called the minterm form in 

c-----
2 

B y 

(a) 

c-------1 

B 
8 2 B·C 

3 y 

A-----

A·B 
(b) 

Constructing logic 
circuit from a 
Boolean expression 

Sum·of ·products 
(SOP) form 

Product·of -sums 
(PDS) form 

Minterm farm 
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Maxterm form 

Circuit simulation 
software 

engineering texts. The product-of-sums form is 
called the maxterm form by engineers, techni
cians, and scientists. 

Computer circuit simulation software, such 
as Electronics Workbench or Multisim, will draw 
a logic diagram from a Boolean expression. 

Answer the following questions. 

1. Construct logic circuits using AND, OR, 
and NOT gates for the following minterm 
Boolean expressions: 
a. A · B + A · B = Y 
b. A · C + A · B · C = Y 
c. A · D + B · D + C · D = Y 

2. A minterm Boolean expression is also 
called the form. 

4-2 Drawing a Circuit from 
a Maxterm Boolean 
Expression 

Suppose you are given the maxterm Boolean 
expression (A + B + C) · (A + B) = Y. The 
first step in constructing a logic circuit for this 
Boolean expression is shown in Fig. 4-4(a). 
Notice that the terms (A + B + C) and (A+ B) 
are ANDed together to form output Y. Fig
ure 4-4(b) shows the logic circuit redrawn. 

(A + B + C) ·(A + B) = Y 

(D-y 
(a) 

X+a-j\ ... 
A+B+C~y 

(b) 

Fig. 4-4 Step 1 in constructing a product-of-sums logic circuit. 
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This software can draw logic diagrams from 
either minterm or maxterm Boolean expres
sions. Professionals in digital design will com
monly use computer circuit simulations. Your 
instructor may have you use circuit simulation 
software in the lab. 

3. A maxterm Boolean expression is also 
called the form. 

4. The minterm Boolean expression A · D + 
B · D + C · D = Y has a pattern that is 
called the (product-of-sums, 
sum-of-products) form. 

5. The maxterm Boolean expression (A + 
D) · (B + C) ·(A+ C) = Yhas a pattern 
that is called the (product-of
sums, sum-of-products) form. 

The second step in drawing the logic circuit 
is shown in Fig. 4-5. The (A + B) part of the ex
pression is produced by adding OR gate 2 and 
inverters 3 and 4, as illustrated in Fig. 4-5(a). 
Then, the expression (A + B + C) is delivered 
to the AND gate by OR gate 5 in Fig. 4-5(b). 
The logic circuit shown in Fig. 4-5(b) is the 

A A+ 8 ,.----.. 
2 

B y 

A+B+C 

(a) 

A 

2 
B A+B 

y 

A+B+C 

5 
c------1 

(b) 

Fig. 4-S Step 2 in constructing a product-of-sums logic circuit. 



complete logic circuit for th~ m~term Boolean 
expression (A + B + C) · (A + B) = Y. 

In summary, we work from right to left (from 
output to input) when converting a Boolean ex
pression to a logic circuit. Notice that we use 
only AND, OR, and NOT gates when construct
ing combinational logic circuits. Maxterm and 
minterm Boolean expressions both can be con
verted to logic circuits. Minterm expressions 

Answer the following questions. 

6. Construct a logic circuit using AND, OR, 
and NOT gates from the following Bool
ean expressions: 
a. (A + B) · (A + B) = Y 
b. (A + B) · c = Y. 
c. (A + B) · (C + D) · (A + C) = Y 

7. Refer to question 6. These Boolean 
expressions are in (maxterm, 
minterm) form. 

4-3 Truth Tables and Boolean 
Expressions 

Boolean expressions are a convenient method of 
describing how a logic circuit operates. The truth 
table is another precise method of describing 
how a logic circuit works. As you work in digital 
electronics, you may have to convert information 
from truth-table form to a Boolean expression. 

Truth Table to Boolean 
Expression 
Look at the truth table in Fig. 4-6(a). Notice 
that only two of the eight possible combinations 
of inputs A, B, and C generate a logical 1 at 
the output. The two combinations that gener
ate a 1 output are shown as C · B · A (read as 
"not C and B and A") and C · B · A (read as "C 
and not Band not A''). Figure 4-6(b) shows how 
the combinations are ORed together to form the 
Boolean expression for the truth table. Both the 
truth table in Fig. 4-6(a) and the Boolean ex
pression in Fig. 4-6(b) describe how the logic 
circuit should work. 

create AND-OR logic circuits similar to that in 
Fig. 4-3(c), whereas maxterm expressions cre
ate OR-AND logic circuits similar to that in 
Fig. 4-5(b). 

You now should be able to identify minterm 
and maxterm Boolean expressions, and you 
should be able to convert Boolean expressions 
to combinational logic circuits by using AND, 
OR, and NOT gates. 

8. Refer to question 6. These Boolean 
expressions are in (product-of-
sums, sum-of-products) form. 

9. Maxterm Boolean expressions are used to 
create (AND-OR, OR-AND) 
logic circuits. 

Truth table 

INPUTS 

c B 

0 0 

0 0 

0 1 

0 1 

1 0 

1 0 

1 1 

1 1 

A 

0 

1 

0 

1 

0 

1 

0 

1 

OUTPUT 

y 

0 

0 

0 

1 

1 

0 

0 

0 

(a) 

~C·B·A 1 

~C·B·A=1 

(b) Boolean expression 

C·B·A+C·B·A=Y 
Fig. 4-B Forming a minterm Boolean expression From a truth table. 

The truth table is the origin of most logic cir
cuits. You must be able to convert the truth-table 
information into a Boolean expression as in this 
section. Remember to look for combinations of 
variables that generate a logical 1 output in the 
truth table. 

Farming a Boolean 
expression from a 
truth table 
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(a) Boolean expression (a) Boolean expression 

C·B·A+C·B·A=Y C·A+C·B·A=Y 
Truth table Truth table 

INPUTS OU~~ c B A 

0 0 0 

INPUTS OUTPUT 

c B A y 
·-

0 0 0 0 
--

0 0 1 0 0 0 1 0 
--

0 1 0 1 0 1 0 1 

0 1 1 0 0 1 1 0 

1 0 0 0 1 0 0 0 

1 0 1 1 1 0 1 0 
------

1 1 0 0 1 1 0 0 
--

1 1 1 0 1 1 1 1 
---

(b) (b) 

Constructing a 
truth table Fram a 
Boolean expression 

Fig. 4-7 Constructing a truth table from a minterm Boolean 
expression. 

Boolean Expression 
to Truth Table 
Occasionally you must reverse the procedure 
you have just learned. That is, you must take 
a Boolean expression and from it construct a 
truth table. Consider the Boolean expression in 
Fig. 4-7(a). It appears that two combinations of 
inputs A, B, and C generate a logical 1 at the 
output. In Fig. 4-7(b) we find the correct com
binations of A, B, and C that are given in the 

Electronic Thermometers. Today, taking a temperature is 
not the challenge it was for previous generations. The Braun 
ThermaScan ear thermometer takes a reading in just one sec
ond. This is possible because the thermometer is able to read 
the infrared heat emitted from the eardrum and surrounding 
tissue. Advanced electronics then "translate" this signal to a 
temperature that appears on the digital readout. 
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Fig. i!-!3 Constructing a truth table from a minterm Boolean 
expression. 

Boolean expression and mark a 1 in the output 
column. All other outputs in the truth table are 
0. The Boolean expression in Fig. 4-7(a) and 
the truth table in Fig. 4-7(b) both accurately de
scribe the operation of the same logic circuit. 

Suppose you are given the Boolean expres
sion in Fig. 4-8(a). At first glance it seems that 
this would produce two outputs with a logical 1. 
However, if you look closely at Fig. 4-8(b) you 
will see that the Boolean expression C · A + 
C · B ·A = Y actually generates three logical ls 
in the output column. The "trick" illustrated in 
Fig. 4-8 should make you very cautious. Make 
sure you have all the combinations that gener
ate a logical 1 in the truth table. The Boolean 
expression in Fig. 4-8(a) and the truth table in 
Fig. 4-8(b) both describe the same logic circuit 
or logic function. 

You have now converted truth tables to Bool
ean expressions and Boolean expressions to 
truth tables. You were reminded that the Bool
ean expressions you worked with were minterm 
Boolean expressions. The procedure for pro
ducing maxterm Boolean expressions from a 
truth table is quite different. 

Circuit Simulation Conversions 
Circuit simulation software running on modern 
computers can accurately convert Boolean ex
pressions to truth tables or truth tables to Bool
ean expressions. We will demonstrate the use of 
one popular electronic circuit simulator. 



Inputs 

Logic Converter 

00000000 0 
A B C D E F G H OUT 

Conversion 
options 

Truth table 
tor specified 
inputs 

Boolean expression 

(a) 

Logic Converter 

00000000 0 
A B C D E F G H OUT 

Step :' --:-.~ 
Results 
ShO\N 

0 0 0 
0 0 1 
0 1 0 
0 1 1 
1 0 0 
1 0 1 
1 1 0 
1 1 1 

Step 1. Type Boolean expression 

(b) 

0 
1 
0 
0 
0 
0 
1 
0 

CONVERSIONS 

i:otina-J~.J/&-.&- Step 2. 
Click 

Fig. Logic converter instrument from an electronic circuit simulator. (a) Logic converter instrument layout. (b) The three steps 
in converting a Boolean expression to a truth table. 

One easy-to-use circuit simulator is Electron
ics Workbench (EWB) or Multisim. The EWB 
software contains an instrument called a logic 
converter, shown in Fig. 4-9(a). To use this EWB 
instrument to convert a Boolean expression to a 
truth table, you would take the following steps: 

Step 1. Type the expression in the bottom 
section (see Fig. 4-9(b)). 

Step 2. Activate the Boolean expression to 
a trnth-table option (see Fig. 4-9(b)). 

Step 3. View the resulting truth table on 
the computer monitor (see Fig. 4-9(b)). 

TheBooleanexpressionA'B'C +ABC' entered 
in step 1, Fig. 4-9(b), is a shortened keyboard ver
sion of the C · B ·A + C · B ·A = Yin Fig. 4-6(b). 
It is important to recognize that A'B'C +ABC' 
equals C · B · A + C · B · A = Y. The apostrophe 
in the keyboard version of a Boolean expression 
means the same as an overbar over that letter. 
Therefore A' (say "A not") means the same as 

Multisim logic 
converter 

Boolean expression 
keyboard version 
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A (say "A not"). Notice that the order that the 
variables appear in the Boolean expression are 
reversed. This difference in order has no effect 
on the logic function. Therefore, ABC means the 
same as CBA. Also notice that the AND dot 
between variables has been eliminated so that 
A · B · C can be shortened to ABC. 

Compare the output columns in Figs. 4-6(a) 
and 4-9(b). Both these truth tables describe 
the same logic function although the out
put columns seem different. This is because 
the order of the input variables are listed as 
CBA in Fig. 4-6(a) whereas they appear as 
ABC in Fig. 4-9(b). Truth table line 5 (100) 

Answer the following questions. 

10. Refer to Fig. 4-10. Write the sum-of
products Boolean expression that describes 
of the logic function of this truth table. 

Truth table 

INPUTS OUTPUT 

c B A y 

0 0 0 0 

0 0 1 0 --
0 1 0 0 

0 1 1 0 

1 0 0 0 

1 0 1 0 

1 1 0 1 

1 1 1 1 

Fig. 4-10 Three-variable truth table. 

11. Refer to Fig. 4-11. The Boolean expres
sion C · B · A + C · B ·A = Y produces a 
truth table that has HIGH (1) outputs in 
which two lines? 

12. Construct a truth table for the Boolean 
expression C · B · A + C · B · A = Y. 

13. The procedure illustrated in Fig. 4-6 con-
verts a truth table to a (max-
term, minterm) Boolean expression. 
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in Fig. 4-6(a) is the same as line 2 (001) in 
Fig. 4-9(b). This demonstrates that the head
ings on truth tables and Boolean expression 
representations vary. Workers in electronics 
will become familiar with several methods of 
labeling truth tables and variations in Boolean 
expressions. 

Electronic circuit simulators such as EWB can 
commonly handle either minterm or maxterm 
Boolean expressions. Observe from Fig. 4-9(a) 
that five other logic conversions are available 
using this version of EWB. Your instructor may 
have you use the many features available on your 
electronic circuit simulation software. 

line 0 

line 1 

line 2 

line 3 

line 4 

line 5 

line 6 

line 7 

Truth table 

INPUTS 

c B 

0 0 

0 0 

0 1 

0 1 

1 0 

1 0 

1 1 

1 1 

A 

0 

1 

0 

1 

0 

1 

0 

1 

Fig. 4-11 Three-variable truth table. 

OUTPUT 

y 
--

--

14. The procedure illustrated in Figs. 4-7 
and 4-8 converts a (maxterm, 
minterm) Boolean expression to a truth 
table. 

15. Write the keyboard version of the Bool
ean expression C · B · A + B · A = Y. 

16. The Boolean expression A · B · C = Y 
means the same as ABC = Y. (Tor F) 

17. The Boolean expression A · B · C = Y will 
generate the same truth table as C · B · A = 
Y. (Tor F) 

18. A'C' +AB= Yis the keyboard version 
of the traditional Boolean expression 
(A + C) · (A + B) = Y. (Tor F) 



4-4 Sample Problem 
The procedures in Secs. 4-1 to 4-3 are useful 
skills as you work in digital electronics. To as
sist you in developing your skills, we shall take 
an everyday logic problem and work from truth 
table to Boolean expression to logic circuit as 
shown in Fig. 4-12. 

Let us assume that we are designing a simple 
electronic lock. The lock will open only when 
certain switches are activated. Figure 4-12(a) 
is the truth table for the electronic lock. Notice 
that the two combinations of input switches,A, 
B, and C generate a 1 at the output. A HIGH 
(or 1) output will open the lock. Figure 4-12(b) 
shows how we form the minterm Boolean ex
pression for the electronic lock circuit. The 
logic circuit in Fig. 4-12(c) is then drawn from 
the Boolean expression. Look over the sample 
problem in Fig. 4-12, and be sure you can follow 
how we converted from the truth table to the 
Boolean expression and then to the logic circuit. 

(a) Truth table 

INPUTS OUTPUT 

A B c y 

0 0 0 0 

0 0 1 1 

0 1 0 0 

0 1 1 0 

1 0 0 0 

1 0 1 0 

1 1 0 0 

1 1 1 1 

(c) A ---41~----l 
B -----1-------1 

c --l-1-------1 

I 

I 

Many electronic circuit simulation programs 
can handle these conversions. For instance, 
the logic converter instrument in Electron
ics Workbench or Multisim could make these 
conversions. The logic converter instrument 
from Electronics Workbench or Multisim will 
be used to solve the lock problem presented 
earlier. The steps in solving this lock problem 
using this software are represented in Fig. 4-13. 
These steps are: 

Step 1: Fill out the lock problem truth 
table [see Fig. 4-13(a)]. 

Step 2: Activate the truth table to Boolean 
expression [see Fig. 4-13(a)]. The result
ing Boolean expression will be A' B' C + 
ABC. 

Step 3: Activate the Boolean expression to 
logic circuit button [see Fig. 4-13(b)]. The 
resulting AND-OR logic will be displayed 
on the EWB screen. 

A·B·C 

y 

A·B·C 

Fig. 4·12 Electronic lock problem. (a) Truth table. 
(b) Boolean expression. (c) Logic circuit. 
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Logic Converter 

00000000 0 
A B c D E F G H OUT 

0 0 0 0 CONVERSIONS 
Step 1: 0 0 1 1 

Fill out 0 1 0 0 Step 2: 

truth table 0 1 1 0 Click 

1 0 0 0 
1 0 1 0 
1 1 0 0 
1 1 1 

Results after Step 2: 
Boolean expression 

(a) 

CONVERSIONS 

Step 3: 
Click 

I /'.XB'C +ABC 

(b) 

Fig. 4-13 EWB logic converter software used to solve logic problem. (a) Truth table to Boolean expression. 
(b) Boolean expression to logic circuit conversion. 

You should now be able to solve a logic 
problem like the one described in this section. 
You can solve these problems either by hand 
(Fig. 4-12) or by using simulation software 
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(Fig. 4-13). The following test will give you 
some practice in solving problems dealing 
with truth tables, Boolean expressions, and 
combinational logic circuits. 



Answer the following questions. 

19. Using the truth table in Fig. 4-14, for an 
electronic lock, write the minterm Bool
ean expression for this truth table. 

20. From the Boolean expression developed 
in question 19, draw a logic symbol dia
gram for the electronic lock problem. 

4-5 Simplifying Boolean 
Expressions 

Consider the Boolean expression A · B + A · 
B + A · B = Yin Fig. 4-15(a). In constructing 
a logic circuit for this Boolean expression, we 
find that we need three AND gates, two invert
ers, and one 3-input OR gate. Figure 4-15(b) is a 
logic circuit that would perform the logic of the 
Boolean expression A · B + A · B + A · B = Y. 
Figure 4-15(c) details the truth table for 
the Boolean expression and logic circuit in 
Fig. 4-15(a) and (b). Immediately you recognize 
the truth table in Fig. 4-15(c) as the truth table 
for a two-input OR gate. The simple Boolean 
expression for a two-input OR gate is A + B = 
Y, as shown in Fig. 4-15(d). The logic circuit 
for a two-input OR gate in its simplest form is 
diagrammed in Fig. 4-15(e). 

The example summarized in Fig. 4-15 shows 
how we must try to simplify our original Bool
ean expression to get a simple, inexpensive 
logic circuit. In this case we were lucky enough 
to notice that the truth table belonged to an 
OR gate. However, usually we must use more 
systematic methods of simplifying our Bool
ean expression. Such methods include apply
ing Boolean algebra, Karnaugh mapping, and 
computer simulations. 

Boolean algebra was originated by George 
Boole (1815-1864). Boole's algebra was adapted 
in the 1930s for use in digital logic circuits; it is 

Truth table 
INPUT OUTPUT SWITCHES 

c B A y 

0 0 0 0 
I 

0 0 1 0 I 
0 1 0 1 

0 1 1 0 

1 0 0 0 
·----

1 0 1 1 

1 1 0 0 

1 1 1 0 

Fig. 4-14 Truth table For lock problem. 

(a) Original Boolean expression 

A·B+A·B+A·B=Y 

B -11-+----i 
A-a 

.__ _ _..., 

A·B 

(c) Truth table 

INPUTS OUTPUT 

A B y 

0 0 0 

0 1 1 

1 0 1 

1 1 1 

(d) Simplified Boolean expression 

A+B=Y 
(e) 

Fig. 4-15 Simplifying Boolean expressions. (a) Unsimplified 
Boolean expression. (b) Complex logic diagram. 
(c) Truth table. (d) Simplified Boolean expression: 
two-input DR by inspection. (e) Simple logic diagram. 

y 

Boolean algebra 

Karnaugh mapping 
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Tabular method of 
simplification 

Quine-McCluskey 
method 

Maurice Karnaugh 

Karnaugh map 

Looping 

the basis for the tricks we shall use to simplify 
Boolean expressions. Only selected topics in 
Boolean algebra are covered in this text. Many 
of you who continue on in digital electronics and 
engineering will study Boolean algebra in detail. 

Karnaugh mapping, an easy-to-use graphic 
method of simplifying Boolean expressions, is 

Supply the missing word or words in each 
statement. 

21. The logic circuits in Fig. 4-15(b) and (e) 
produce (different, identical) 
truth tables. 

22. Boolean expressions can many times 
be simplified by inspection or by using 

4-6 Karnaugh Maps 

In 1953 Maurice Karnaugh published an article 
about his system of mapping and thus simplify
ing Boolean expressions. Figure 4-16 illustrates 
a Karnaugh map. The four squares (1, 2, 3, 4) 
represent the four possible combinations of A 
and B in a two-variable truth table. Square 1 
in the Karnaugh map, then, stands for A · B, 
square 2 for A · B, and so forth. 

Let us map the familiar problem from 
Fig. 4-15. The original Boolean expression A · 
B + A · B + A · B = Y is rewritten in Fig. 4-17(a) 
for your convenience. Next, ls are placed in 
each square of the Karnaugh map, as shown in 
Fig. 4-17(b). The filled-in Karnaugh map (K map) 
is now ready for looping. The looping technique 

Truth table 

INPUTS 

A B 

0 0 

0 

0 

y 

AB 
AB 
AB 
AB 

Karnaugh 
map 

Fig. 4-16 The meaning of the squares in a Karnaugh map. 
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covered in detail in Secs. 4-6 to 4-10. Several 
other simplification methods are available, in
cluding Veitch diagrams, Venn diagrams, and 
the tabular method of simplification. The tabu
lar method used by computer software such 
as Multisim is called the Quine-McCluskey 
method. 

methods that include algebra 
or mapping. 

23. Karna ugh mapping is a systematic 
graphic method of logic circuit 
simplification, but the ___ _ 
method is better suited for computer 
simplification. 

(a) A · B + A · B + A · B = Y 

(b) 

Fig. 4-17 Marking 1s on a Karnaugh map. 

B B 

:~ 
Fig. 4-18 Looping 1s together on a Karnaugh map. 

is shown in Fig. 4-18. Adjacent Is are looped to
gether in groups of two, four, or eight. Looping 
continues until all ls are included inside a loop. 
Each loop represents a new term in the simpli
fied Boolean expression. Notice that we have 
two loops in Fig. 4-18. These two loops mean 
that we shall have two terms ORed together in 
our new simplified Boolean expression. 



8 B 

A 

Simplified 
Boolean expression A+B=Y 

LoRterms 

Fig. Simplifying a Boolean expression From a Karnaugh map. 

Now let us simplify the Boolean expression 
based upon the two loops that are redrawn in 
Fig. 4-19. First the bottom loop: Noti~ that an 
A is included along with a B and a B. The B 
and B terms can be eliminated according to the 
rules of Boolean algebra. This leaves theA term 
in the bottom loop. Likewise, the vertical loop 

Answer the following questions. 

24. The map shown in Fig. 4-17 was devel-
oped by ___ _ 

Karnaugh Maps with 
Three Variables 

Consider the unsimplified Boolean expression 
A·B·C+A·B·C+A·B·C+A·B·C= Y, 
as given in Fig. 4-20(a). A three-variable Kar
naugh map is illustrated in Fig. 4-20(b). Notice 
the eight possible combinations of A, B, and 
C, which are represented by the eight squares 
in the map. Tabulated on the map are four ls, 
which represent each of the four terms in the 
original Boolean expression. The Kamaugh 
map with loops is redrawn in Fig. 4-20(c). Ad
jacent groups of two ls are looped. The bottom 
loop contains both a B and a B. The Band B 
terms are eliminated. The bottom loop still 
contains the A and C, giving the A · C term. 
The upper loop contains both a C and a C. The 
C and C terms are eliminated, leaving the A · B 
term. A minterm Boolean expression is formed 

contains an A and a A, which are eliminated, 
leaving only a B term. The leftover A and B 
terms are then ORed together, giving the sim
plified Boolean expression A + B = Y. 

The procedure for simplifying a Boolean 
expression sounds complicated. Actually, this 
procedure is quite easy after some practice. 
Here is a summary of the six steps: 

1. Start with a minterm Boolean expression. 
2. Record ls on a Karnaugh map. 
3. Loop adjacent ls (loops of two, four, or 

eight squares). 
4. Simplify by dropping terms that contain a 

term and its complement within a loop. 
5. OR the remaining terms (one term per 

loop). 
6. Write the simplified minterm Boolean 

expression. 

25. List the six steps used in simplifying a 
Boolean expression using a Karnaugh 
map. 

by adding the OR symbol. The simplified 
Boolean expression is written in Fig. 4-20(d) 
asA·C+A·B= Y. 

You can see that the simplified Boolean 
expression in Fig. 4-20 would take fewer 
electronic parts than the original expression. 
Remember that the much different looking sim
plified Boolean expression produces the same 
truth table as the original Boolean expression. 

It is critical that the Kamaugh map be pre
pared just as the one shown in Fig. 4-20. Note 
that as you progress downward on the left 
side of the map, only one variable changes for 
each step. At the top left A B is listed, while 
directly below is A B (B changed to B). Then, 
progressing downward from A B to AB, the A 
term is changed to A. Finally, moving down
ward from AB to A B, the B term is changed to 
B. The Kamaugh map will not work properly if 
it is not laid out correctly. 

Simplifying 8aalean 
expressmns 

Three-variable 
Karnaugh map 
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Simplifying a 
Boolean expression 

(a) Boolean expression 

A·B·C+A·B·C+A·B·C+A·B·C=Y 

(b) Karnaugh map 

(c) Looping and 
eliminating 
variables 

AB 

AB 

A B 

A 

A 

A 

(d} Simplified Boolean expression 

c c 

A·C+A·B=Y 
Fig. 4-20 Simplifying a Boolean expression using a Karnaugh map. (a) Unsimplified 

expression. (b) Mapping 1s. (c) Looping 1s and eliminating variables. (d) Forming 
simplified minterm expression. 

Answer the following questions. 

26. Simplify the Boolean expression A · B · 
C+A ·B· C+A ·B· C+A ·B· C= 
Yby: 
a. Plotting ls on a three-variable 

Kamaugh map 
b. Looping groups of two or four ls 
c. Eliminating variables whose comple

ment appears within the loop(s) 
d. Writing the simplified minterm 

Boolean expression 

27. Simplify the Boolean expression A · B · 
C+A·B·C+A·B·C+A·B·C 
= Yby: 
a. Plotting ls on a three-variable 

Kamaughmap 
b. Looping groups of two or four 1 s 
c. Eliminating variables whose comple

ment appears within the loop(s) 
d. Writing the simplified minterm 

Boolean expression 
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Karnaugh Maps with 
Four Variables 

The truth table for four variables has 16 (24
) 

possible combinations. Simplifying a Boolean 
expression that has four variables sounds com
plicated, but a Karnaugh map makes the job of 
simplifying easy. 

Consider the Boolean expression A · B · C · 
75+A·B·C·D+A·B·C·D+A·B·C· 
D + A · B · C · D + A · B · C · D = Y, as in 
Fig. 4-2l(a). The four-variable Karnaugh map 
in Fig. 4-2l(b) gives the 16 possible combina
tions of A, B, C, and D. These are represented 
in the 16 squares of the map. Tabulated on the 
map are six ls, which represent the six terms in 
the original Boolean expression. The Karnaugh 

(a) Boolean expression 

map is redrawn in Fig. 4-21(c). Adjacent groups 
of two ls and four ls are looped. The bottom 
loop of two ls eliminates the D and D terms. 
The bottom loop then produces the A · B · C 
term. The upper loop of four ls eliminates the 
C and C and B and B terms. The upper loop 
then produces the A · D term. The A · B · C and 
A · D terms are then ORed together. The simpli
fied minterm Boolean expression is written in 
Fig. 4-2l(d) as A · B · C + A · D = Y. 

Observe that the same procedure and rules 
are used for simplifying Boolean expressions 
with two, three, or four variables and that larger 
loops in a Karnaugh map eliminate more vari
ables. You must take care to make sure that 
the maps look just like the ones in Figs. 4-20 
and 4-21. 

A·B·C·D+A·B·C·D+A·B·C·D+A·B·C·D+A·B·C·D+A·B·C·D=Y 

(b) Karnaugh map 

(c) Eliminating variables 
by looping 

(d) Simplified Boolean expression 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

co CD 

CD CD CD CD 

'-----~A . B. c +A . 0 = y 

Fig. 4-21 Simplifying a Four-variable Boolean expression using a Karnaugh map. 

Karnaugh maps 
with four variables 
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K map laaping 
variations 

Answer the following questions. 

28. Simplify the Boolean expression A· B · C · 
D +A·B·C·D +A·B·C·D +A ·B· 
C · D +A · B · C · D +A· B · C · D = Yby: 
a. Plotting ls on a four-variable 

Karnaugh map 
b. Looping groups of two or four 1 s 
c. Eliminating variables whose comple

ments appear within loops 
d. Writing the simplified minterm 

Boolean expression 

4-9 More Karnaugh Maps 

This section presents some sample Karnaugh 
maps. Notice the unusual looping procedures 
used on most maps in this section. 

Consider the Boolean expression in 
Fig. 4-22(a). The four terms are shown as 
four ls on the Karnaugh map in Fig. 4-22(b). 

(a) Boolean expression 

(b) 

A·B·C·D+A·B·C·D+ 
A·B·C·D+A·B·C·D=Y 

CO CD CD CO 

AB 

AB 

AB 

AB 

(c) Simplified Boolean expression B · D = Y 
Fig. 4-22 Simplifying a Boolean expression by considering the 

map as a vertical cylinder. In this way, the four 1s 
can be looped. 
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29. Simplify the Boolean expression A· B · 
C·D +A·B· C·D +A·B· C·D +A· 
B· C·D +A·B· C·D +A ·B· C· 
D = Yby: 
a. Plotting ls on a four-variable 

Karnaugh map 
b. Looping groups of two or four ls 
c. Eliminating variables whose comple

ment appears within the loop(s) 
d. Writing the simplified minterm 

Boolean expression 

The correct looping procedure is shown. No
tice that the Karnaugh map is considered to 
be wrapped in a cylinder, with the left side 
adjacent to the right side. Also notice t~ 
elimination of the A and A and C and C 
terms. The simplified Boolean expression of 
B · D = Y is shown in Fig. 4-22(c). 

Another unusual looping variation is illus
trated in Fig. 4-23(a). Notice that, while loop
ing, the top and bottom of the map are adjacent 
to one another, as if rolled into a cylinder. The 

lco CD CD C 0 

(a) AB 

AB 

AB 

(b) Simplified Boolean expression B · C = Y 
Fig. 4-23 Simplifying a Boolean expression by considering the 

map as a horizontal cylinder. In this way, the four 1s 
can be looped. 



simplified Boolean expression for this map is 
given as B · C = Yin Fig. 4-23(b). The A and A 
as well as the D and D terms have been elimi
nated in Fig. 4-23. 

Figure 4-24(a) shows still another unusual 
looping pattern. The four corners of the Kar
naugh map are considered connected, as if the 
map were formed into a ball. The four corners 
are then adjacent and may be formed into one 
loop as shown. The simplified Boolean expres
sion is B · D = Y, given in Fig. 4-24(b). In this 
example, the A and A as well as the C and C 
terms have been eliminated. 

Answer the following questions. 

30. Simplify the following Boolean expres
sion A · B · c · D + A · B · c · D + A · B · 
C·D +A·B· C·D +A ·B· C·D + 
A·B·C·D=Yby: 
a. Plotting ls on a four-variable 

Karnaugh map 
b. Looping groups of two or four ls 
c. Eliminating variables whose comple

ments appear within loops 
d. Writing the simplified minterm 

Boolean expression 

4-10 A Five-Variable 
Karnaugh Map 

The Karnaugh map becomes three-dimensional 
when solving logic problems with more than 
four variables. A three-dimensional Karnaugh 
map will be used in this section. 

A five-variable unsimplified Boolean expres
sion is given in Fig. 4-25(a). A five-variable 
Karnaugh map is drawn in Fig. 4-25(b). 
Notice that it has 2 four-variable Karnaugh 

(a) 

AB 

AB 

(b) Simplified Boolean expression 8 · D = Y 

Fig. 4-24 Simplifying a Boolean expression by thinking of the 
Karnaugh map as a ball. In this way, the 1s at the 
Four corners can be enclosed in a single loop. 

31. Simplify the following Boolean expres
sion A · B · c + A · B · c + A · B · c + 
A· B · C +A· B · C = Yby: 
a. Plotting ls on a three-variable 

Karnaugh map 
b. Looping groups of two or four ls 
c. Eliminating variables whose comple

ments appear within loops 
d. Writing the simplified minterm 

Boolean expression 

maps stacked to make it three-dimensional. 
The top map is the E plane while the bottom is 
the E (E not) plane. 

Each of the nine terms in the unsimpli
fied Boolean expression is plotted as a 1 on 
the Karnaugh map in Fig. 4-25(b). Adjacent 
groups of two, four, and eight are looped. The 
four ls on the E and E planes are also adja
cent so that the entire group is enclosed in a 
cylinder and is considered a single group of 
eight ls. 

Five-variable 
Karnaugh map 

Three-dimensional 
Karnaugh map 
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Looping cylinder 

A·B·C·D·E+A·B·C·D·E+A·B·C·D·E+ 
A·B·C·D·E+A·B·C·D·E+A·B·C·D·E+ 
A· B · C · D ·E+A · B · C · D ·E+A · B · C ·D ·E= Y 

(a) Unsimplified Boolean expression 

(b) Karnaugh map. Plotting 1 s and looping 

A·B·C·D·E+A·D=Y 
(c) Simplified Boolean expression 

Fig. 4-25 Using a Five-variable Karnaugh map to simplify a Boolean expression. 

The next step is the conversion of the looped 
ls on the Karnaugh map to a simplified min
term Boolean expression. The lone 1 on the 
E plane of the map in Fig. 4-25(b) cannot be 
simplified and is written as A · B · C · D · E 
in Fig. 4-25(c). The eight ls enclosed in the 

Answer the following questions. 

32. Simplify the Boolean expression A · B · 
C-D -E +A -B · C-D ·E+A ·B · C· 
D · E+A ·B · C-D -E +A ·B · C-D · 
E +A· B · C · D · E = Yby: 
a. Plotting ls on a five-variable 

Karnaugh map 

4-11 Using NANO Logic 
Earlier you learned that the NAND gate can 
be used as a universal gate. In this section, you 
will see how NAND gates are used in wir
ing combinational logic circuits. NAND gates 

looping cylinder can be simplified. The E and 
E, the C and C, and the B and B variables are 
eliminated leaving the term A · D. The terms 
A· B ·CD· E and A· Dare ORed yielding the 
simplified minterm Boolean expression shown 
in Fig. 4-25(c) as A · B · C · D · E + A · D = Y. 

b. Looping groups of two, four, or eight 
adjacent ls 

c. Eliminating variables whose comple
ments appear within loops or cylinders 

d. Writing the simplified minterm 
Boolean expression 

might be used because they are easy to use and 
readily available. 

Suppose your supervisor gives you the Bool
ean expression A · B + A · C = Y, as shown 
in Fig. 4-26(a). You are told to solve this logic 
problem at the least cost. You first draw the 
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(a) A·B+A·C=Y 

A 
A 

B 
B 

(b) ~:AC~Y 
c c 

A~--
A ----------a---1 

B 
B ----------;---1 

(c) 
~y 
~+A·C=Y 

A~--

Fig. 4·2fi Using NANO gates in logic circuits. (a) Boolean expression. (b) ANO·DR logic circuit. (c) Equivalent NANO-NANO logic circuit. 

logic circuit for the Boolean expression shown 
in Fig. 4-26(b), using AND gates, an OR gate, 
and an inverter. Checking manufacturer's data 
manuals, you determine that you must use three 
different ICs to do the job. 

Your supervisor suggests that you try using 
NAND logic. You redraw your logic circuit 
to look like the NAND-NAND logic circuit 
in Fig. 4-26(c). Upon checking a catalog, you 
find you need only one IC that contains the 
four NAND gates to do the job. Recall that the 
OR symbol with invert bubbles at the inputs is 
another symbol for a NAND gate. You finally 
test the circuit in Fig. 4-26(c) and find that it 
performs the logic A · B +A · C = Y. Your su
pervisor is pleased you have found a circuit that 
requires only one IC, as compared to the circuit 
in Fig. 4-26(b), which uses three ICs. 

Remembering this trick will help you appre
ciate why NAND gates are used in many logic 
circuits. If your future job is in digital circuit 
design, this can be a useful tool for making 
your final circuit the best for the least cost. 

You may have questioned why the NAND 
gates in Fig. 4-26(c) could be substituted for the 

AND and OR gates in Fig. 4-26(b). If you look 
carefully at 4-26(c), you will see two AND 
symbols feeding into an OR symbol. From 
previous experience we know that if we invert 
twice, we have the original logic state. Hence 
the two invert bubbles in Fig. 4-26(c) between 
the AND and OR symbols cancel one another. 
Because the two invert bubbles cancel one an
other, we end up with two AND gates feeding 
an OR gate. 

In summary, using NAND gates involves 
these steps: 

1. Start with a minterm (sum-of-products) 
Boolean expression. 

2. Draw the AND-OR logic diagram using 
AND, OR, and NOT symbols. 

3. Substitute NAND symbols for each AND 
and OR symbol, keeping all connections 
the same. 

4. Substitute NAND symbols with all inputs 
tied together for each inverter. 

5. Test the logic circuit containing all NAND 
gates to determine if it generates the 
proper truth table. 

AND-OR logic 
circuit 

NANO-NANO logic 
circuit 

Using NANO logic 

Combining Logic Gates Chapter 4 107 



Logic converter by 
Multisim 

Answer the following questions. 

33. The logic circuit in Fig. 4-26(b) is called 
a(n) (AND-OR, NAND-
NAND) circuit. 

34. The logic circuits in Fig. 4-26(b) and (c) 
generate (different, identical) 
truth tables. 

35. List five steps in converting a sum-of
products Boolean expression to a NAND
NAND logic circuit. 

Computer Simulations: 
Logic Converter 

Designers and engineers have used professional 
computer simulation software running on power
ful workstations for decades. More recently easy
to-use electronic circuit simulators that will run 
on a PC (personal computer) have become avail
able. Inexpensive educational versions of circuit 
simulation software are very user-friendly. 

Recall that three methods used to describe a 
combinational logic circuit is by its truth table, 
Boolean expression, or logic symbol diagram. 
A useful computer simulation instrument called 
a logic converter will convert back and forth 
between truth table, Boolean expressions, and 

36. Convert the minterm Boolean expression 
A · B + A · B = Y to NAND logic by: 
a. Drawing an AND-OR logic diagram 

of this expression 
b. Redrawing the AND-OR diagram as a 

NAND-NAND logic diagram 
37. Convert the minterm Boolean expression 

A' B' + ABC = Y to NAND logic by: 
a. Drawing an AND-OR logic diagram 

of this expression 
b. Redrawing the AND-OR diagram as a 

NAND-NAND logic diagram 

combinational logic diagrams. The logic con
verter makes many of the tasks performed ear
lier in this chapter fast, easy, and accurate. The 
logic converter instrument, which is part of cir
cuit simulation software by Electronics Work
bench and Multisim, is sketched in Fig. 4-27. 
The tasks that this instrument can perform are 
listed as buttons on the right side under the title 
Conversions. The conversion options are (from 
top to bottom): 

1. Logic diagram to truth table. 
2. Truth table to unsimplified Boolean 

expression. 
3. Truth table to simplified Boolean expression. 
4. Boolean expression to truth table. 

Logic Converter 

00000000 0 
A B C D E .. · F G H OUT 

CONVERSIONS 

Fig. 4-27 Logic Converter screen (from Electronics Workbench or Multisim). 
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5. Boolean expression to logic diagram 
using AND, OR, and NOT gates. 

6. Boolean expression to logic diagram 
using NAND gates only. 

You will notice that these are the same subjects 
covered earlier in the chapter. 

An experiment using most of the conversion 
functions of the logic converter is illustrated in 
Fig. 4-28. 

Step 1. in the experiment is to draw the 
logic symbol diagram and connect it to the 
logic converter as shown in Fig. 4-28(a). You 
will notice that this is an AND-OR pattern of 
logic gates that is equivalent to a rninterm or 
sum-of-products Boolean expression. 

Step 2. shows the logic converter enlarged on 
the screen and the top button (logic diagram 
to truth table) being activated. The results of 
this conversion are shown in Fig. 4-28(b) as 
an equivalent four-input truth table. 

Step 3. illustrates the second button from 
the top (truth table to unsimplified Boolean 
expression) on the logic converter being 
activated. The result of this conversion is 

Fig. 4-28 (a) Step 1. Draw logic diagram. 
(a) 

shown near the bottom of the screen in 
Fig. 4-28(b). The unsimplified Boolean ex
pression is shown in its keyboard version as 
A'B'C'D' + A'B'CD' + A'BCD + ABCD. 

Step 4. illustrates the third button from the 
top (truth table to simplified Boolean ex
pression) on the logic converter being acti
vated. The result of this conversion is shown 
near the bottom of the screen in Fig. 4-28(c). 
The simplified Boolean expression is shown 
in its keyboard version as A' B' D' + BCD. 

Step 5. illustrates the bottom button 
(Boolean expression to NAND logic gate 
diagram) on the logic converter being 
activated. The result of this conversion is 
shown as a NAND-NAND logic circuit near 
the upper left of the screen in Fig. 4-28(d). 

In summary, modem computer simulations, 
such as the logic converter instrument we ob
served, make the task of converting back and forth 
between representations of logic functions easier, 
more accurate, and less time-consuming. Com
puter software and simulations are commonly 
used in the development stage of digital circuitry. 

Step1: Draw logic 
diagram and attach 
logic converter 

Combining Logic Gates Chapter 4 ms 



110 

Step 2. Activate logic 
diagram to truth table button 

Logic Converter 

00000000 
A B C D E F G H 

A'E'C'D' + A'B'CD' +,\'BCD I· ABCD 

··"'·- Results: Unsimplified Boolean expression 

(b) 

Fig. 4·28 (b) Steps 2 and 3. Generate truth table and unsimplified Boolean expression. 

Logic Converter 

00000000 o· 
A B C D E F. G H OUT 
0 0 0 0 1 
0 0 0 1 0 
0 0 1 0 1 
0 0 1 1 0 
0 1 0 0 0 
0 1 0 1 0 
0 1 1 0 0 
0 1 1 1 1 
1 0 0 0 0 
1 0 0 1 0 
1 0 1 0 0 
1 0 1 1 0 
1 1 0 0 0 
1 1 0 1 0 
1 1 1 0 0 
1 ,L 1 1 1 

A'B'D' +BCD 

Results: Simplified Boolean expression 

(c) 

Fig. 4·28 [c) Step 4. Generate simplified Boolean expression. 
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Step 4. Truth table to simplified 
Boolean expression button 

Step 3. Activate truth 
table to unsimplified 
Boolean expression 
button 



A B CD 

I 

1 0 
1 1 1 

1 0 0 0 
1 0 0 1 
1 0 1 0 
1 0 1 1 
1 1 0 0 
1 1 0 1 
1 1 1 0 

A'B'D' +BCD 

/Results 
r 

u 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 

CONVERSIONS 

Step 5. Activate Boolean expression 
to NANO logic diagram button 

(d) 

Fig. 4·2B (d) Step S. Generate the NANO logic diagram. 

Answer the following questions with the 
aid of the logic converter from Electronics 

Workbench or Multisim. 

38. Using the logic converter, (a) draw the 
AND-OR logic diagram in Fig. 4-29, 
(b) generate and copy its four-variable 
truth table, and (c) generate its simplified 
minterm Boolean expression. 

39. Using the logic converter, (a) enter the 
minterm Boolean expression AC' D + 
BD', (b) generate and redraw the four
variable truth table for this expression, 

and (c) generate and copy the AND-OR 
logic diagram that represents this logic 
function. 

40. Using the logic converter, (a) copy the 
truth table in Fig. 4-30 into the logic 
converter, (b) generate and write the 
unsimplified Boolean expression for 
this truth table, ( c) generate and write 
the simplified Boolean expression, 
and (d) generate and sketch the AND
OR logic diagram for the simplified 
expression. 
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INPUTS 

A 

B 

c 

D 

4-29 Logic converter problem. 

Data Selector 

1-of-B data selector 

Rotary switch 

4-13 Solving Logic Problems: 
Data Selectors 

Manufacturers of ICs have simplified the job 
of solving simple combinational logic problems 
by producing data selectors. A data selector is 
often a one-package solution to a complicated 
logic problem. The data selector actually con
tains a rather large number of gates packaged 
inside a single IC. 

A 1-of-8 data selector is illustrated in 
Fig. 4-31. Notice the eight data inputs num
bered from 0 to 7 on the left. Also notice the 
three data selector inputs labeled A, B, and C 
at the bottom of the data selector. The output of 
the data selector is labeled W 

The basic job the data selector performs is 
transferring data from a given data input (0 to 
7) to the output (W). Which data input is se
lected is determined by which binary number 
you place on the data selector inputs at the bot
tom (see Fig. 4-31). 

The data selector in Fig. 4-31 functions in the 
same manner as a rotary switch. Figure 4-32 
shows the data at input 3 being transferred 
to the output by the rotary switch contacts. 
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OUTPUT 

DATA 
INPUTS 

DATA 
SELECTOR 

INPUTS 

INPUTS o_uT;~ 
A B c D 

0 0 0 0 1 

0 0 0 1 0 

0 0 1 0 1 

0 0 1 1 0 

0 1 0 0 0 

0 1 0 1 0 

0 1 1 0 R 0 1 1 1 

1 0 0 0 

1 0 0 1 0 

1 0 1 0 0 
--

1 0 1 1 0 

1 1 0 0 0 

1 1 0 1 0 

1 1 1 0 1 

1 1 1 1 1 i 
Fig. 4-3[] Truth table. 

DATA 
SELECTOR 

0 

2 

3 

4 

5 

6 

7 

w 

C B A 

0 1 1 

1 OUTPUT 

Fig. 4-31 Logic symbol for a 1-of-8 data selector. 

In like manner the data from data input 3 in 
Fig. 4-31 are being transferred to output W 
of the data selector. In the rotary switch you 
must mechanically change the switch posi
tion to transfer data from another input. In the 
l-of-8 data selector in Fig. 4-31, you need only 
change the binary input at the data selector in
puts to transfer data from another data input 



DATA 
INPUTS 

0 

2 --o 
3 

i-0~1 
4 
-0 

~ 

~I 

OUTPUT 

Fig. 4-32 Single-pole, eight-position rotary switch works as a 
data selector. 

(a) Simplified Boolean expression 

to the output. Remember that the data selector 
operates somewhat as a rotary switch in trans
ferring logical Os or ls from a given input to 
the single output. 

Solving logic Problems 
Now you will learn how data selectors can 
be used to solve logic problems. Consider 
the simplified Boolean expression shown in 
Fig. 4-33(a). For your convenience a logic cir
cuit for this complicated Boolean expression is 
drawn in Fig. 4-33(b). Using standard ICs, we 
probably would have to use from six to nine IC 
packages to solve this problem. This would be 
quite expensive because of the cost of the ICs 
and printed circuit board space. 

A· B · C ·D +A ·B · C ·D +A· B · C ·D +A ·B · C · D + 
A·B·C·D+A·B·C·D+A·B·C·D=Y 

A 
B 
c 
D 

(b) 

1"--v-
"' - v~-

~v~-

Fig. 4·33 (a) Simplified Boolean expression. (b) Logic circuit For Boolean expression. 

ABCD 

lf8cl5 

ABCD 

ABCl5 

ABCl5 

ABCD 

ABCD 

L) 
\ 
J 

y 

~ 

~ 
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Salving logic 
problem with a 
data selector 

1-af-16 data 
selector 

Multiplexers 

(a) 

Truth table 

INPUTS OUTPUT 

D c B A y 

0 0 0 0 1 1 

0 0 0 1 0 0 

0 0 1 0 0 0 

0 0 1 1 1 

0 1 0 0 0 

0 1 0 1 0 0 

0 1 1 0 1 1 

0 1 1 1 0 0 

1 0 0 0 0 0 

1 0 0 1 1 1 

1 0 1 0 1 1 

1 0 1 1 0 0 

1 1 0 0 1 1 

1 1 0 1 0 0 

1 1 1 0 0 0 

1 1 1 1 1 1 

t 

4-34 Solving logic problem with a data selector IC. 

A less costly solution to the logic problem 
is to use a data selector. The Boolean expres
sion from Fig. 4-33(a) is repeated in truth
table form in Fig. 4-34(a). A l-of-16 data 
selector is added in Fig. 4-34(b). Notice that 
logical Os and ls are placed at the 16 data in
puts of the data selector corresponding to the 
truth-table output column Y. These are per
manently connected for this truth table. Data 
selector inputs (D, C, B, and A) are switched 
to the binary numbers on the input side of the 
truth table. If the data selector inputs D, C, 
B, and A are at binary 0000, then a logical 1 
is transferred to output W of the data selec
tor. The first line of the truth table requires 
that a logical 1 appear at output W when D, 
C, B, and A are all Os. If data selector inputs 
D, C, B, and A are at binary 0001, a logical 0 
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(b) 

0 

1 

2 

3 

4 

5 

6 1-of-16 
data w t---

7 selector 

8 

9 

10 

11 

12 

13 

14 

15 D c B A 

l 

appears at output W, as required by the truth 
table. Any combination of D, C, B, and A 
generates the proper output according to the 
truth table. 

Summary 
We used the data selector to solve a compli
cated logic problem. In Fig. 4-33 we found we 
needed at least six ICs to solve this logic prob
lem. Using the data selector in Fig. 4-34, we 
solved this problem by using only one IC. 

The data selector seems to be an easy-to-use 
and efficient way to solve combinational logic 
problems. Commonly available data selectors 
can solve logic problems with three, four, or 
five variables. When using manufacturers' data 
manuals, you will notice that data selectors are 
also called multiplexers. 



Supply the missing word, letter, or number in 
each statement. 

41. Figure 4-31 illustrates the logic symbol 
for a 1-of-8 ___ _ 

42. Refer to Fig. 4-31. If all data select inputs 
are HIGH, data at input ___ _ 
(number) are selected and transferred 
to output (letter) of the data 
selector. 

43. The action of a data selector is often 
compared to that of a mechanical 
----switch. 

44. Refer to Fig. 4-34. If all data select inputs 
are HIGH, data from input ___ _ 
(number) will be transferred to output W 

(a) 

Truth table 

INPUTS OUTPUT 

A B c D y 

0 0 0 0 1 

0 0 0 1 0 

0 0 1 0 0 

0 0 1 1 1 

0 1 0 0 0 

0 1 0 1 0 

0 1 1 0 0 

0 1 1 1 0 

1 0 0 0 0 

1 0 0 1 1 

1 0 1 0 0 

1 0 1 1 0 

1 1 0 0 0 

1 1 0 1 0 

1 1 1 0 0 

1 1 1 1 1 

Fig. 4·35 Logic problem with a data selector IC. 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

? 

Under these conditions, output W will be 
---(HIGH, LOW). 

45. Data selector ICs might also be listed in 
catalogs as (counters, multi
plexers) suggesting another use of these 
devices. 

46. Refer to Fig. 4-35(a). Write the minterm 
Boolean expression that describes this 
truth table. Note: This Boolean expression 
cannot be simplified. 

47. Refer to Fig.4-35(b). Redraw the l-of-16 
data selector with the proper data inputs 
that solve the logic problem described in 
the truth table. 

(b) 

0 

2 

3 

4 

5 

6 1-of-16 
data w OUTPUT 

7 selector 

8 

9 

10 

11 

12 

13 

14 

15 A B c D 

I I 
SELECTOR 

INPUTS 
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Programmable 
logic device (PLO) 

4-14 Programmable Logic 
Devices (PLOs) 

A programmable logic device (PLD) is an IC 
that can be programmed by the user to execute 
a complex logic function. Simple PLDs are 
used to implement combinational logic. Other 
more complex PLDs have memory characteris
tics (registers) and can be used in the design of 
sequential logic circuits (such as counters). The 
PLD is a one-package solution to many logic 
problems. The PLD has many inputs and mul
tiple outputs. The PLD can implement minterm 
(sum-of-products) Boolean expressions using 
AND-OR logic. 

The term PLD is the common name for 
devices that may have proprietary names and 
acronyms. For instance, PLD might refer to 
specific devices such as: 

PAL for programmable array logic 

GAL for generic array logic 

ELPD for electrically programmable devices 

IFL for integrated fuse logic 

FPL for fuse-programmable logic 

PLA for programmable logic arrays 

PEEL for programmable electrically 
erasable logic 

FPGA for field-programmable gate arrays 

CPLD for complex programmable logic 
device 

SRAM FPGA or static RAM field
programmable gate array 

PLD is the most generic term for a group of 
programmable logic devices used to implement 
digital logic. However, PLD is commonly as
sociated with simpler devices such as PALs and 
GALs. More complex designs can be imple
mented using field-programmable logic arrays 
(FPLAs). Three major catagories of FPLAs are 
complex programmable logic devices (CPLDs), 
static RAM field-programmable gate arrays 
(SRAM FPGAs), and antifuse FPGAs. PLDs 
are limited to hundreds of gates while FPGAs 
contain thousands of logic gates. If your in
structor has you program PLDs in class, the 
PLDs will probably be either PALs or GALs. 

Advantages of PlDs 
Using PLDs cuts costs because fewer ICs are 
used to implement a logic circuit. Software 
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development tools are available from the manu
facturers of the ICs for programming your de
sign in the PLD. Development software makes it 
easy to make changes in the logic design. Other 
advantages of PLDs are the lower cost of inven
tory because they are somewhat generic logic 
devices. Upgrades and modifications are more 
easily made in prototypes and products using 
programmable logic devices. The PLD is a very 
reliable component. Proprietary logic designs 
can be more easily hidden from competitors. 
PLDs are inexpensive because they are avail
able from many sources and are manufactured 
in large quantities. For instance, a recent catalog 
lists the cost of a simple PAL at less than one 
dollar even when ordered in small quantities. 

Programming PLDs 
The PLD is commonly programmed in the local 
development lab, school lab, or shop and not 
at the manufacturer. Development software is 
available from several manufacturers for PLDs. 
Some common development software used by 
schools might include: 

• ABEL software from Lattice Semi
conductor Corp. 

• CUPL software from Logical Devices, 
Inc. 

Many manufacturers allow downloading a ver
sion of their development software for tempo
rary use by students, engineers, and designers. 

A common system used in schools and small 
labs for programming PLDs is sketched in 
Fig. 4-36. The system includes a PC (personal 
computer), development software, an IC pro
grammer (IC burner), and a cable to connect the 
IC programmer to the PC (serial cable shown). 

The general steps in programming are shown 
in Fig. 4-36. Step 1 includes loading the devel
opment software. Step 2 would include entering 
the logic design as required by the development 
software and informing the software which de
vice (for instance a PALIOH8 IC) you will use 
to implement the design. Development software 
will allow you to describe your logic circuit in 
at least three ways. They are by (1) Boolean 
expression (sum-of-products form), (2) truth 
table, or (3) logic diagram. Describing your 
logic circuit can also take other forms. Step 3 
would have you compiling and simulating your 
design to check for proper operation. Step 4 



step 1. Load 

software 7 
Step 2. Enter device type and logic design 
(Boolean expression, truth table, or logic diagram) 

~ 
~ 

Development 
software 

Fig. 4-35 Typical equipment For programming a PLO. 

includes placing your PLD integrated circuit in 
the ZIF (zero insertion force) IC socket. Step 5 
shows sending your design via the serial output 
cable to the IC programmer. Step 6 would be to 
"burn" or program the PLD IC. In summary, 
Fig. 4-36 shows both the hardware and the gen
eral procedure for programming a PLD. 

What's Inside the PLO 
A simplified version of a programmable logic 
device is detailed in Fig. 4-37(a). Notice that 
it has the look of the AND-OR circuits you 
worked with earlier to implement a sum-of
product (minterm) Boolean expression. This 
simple logic circuit has two inputs and one out
put while a typical commercial PLD may have 
12 inputs and 10 outputs, as is the case for the 
PAL12Hl0 IC. The simplified PLD sketched 
in Fig. 4-37(a) has intact (not blown) fuses used 
for programming the AND gates. The OR 
gate is not programmable in the device. The 
PLD in Fig. 4-37(a) is shown as it comes from 
the manufacturer-with all fuses intact (not 
blown). The PLD in Fig. 4-37(a) needs to be 
programmed by burning open selected fuses. 

Step 3. Compile 
and simulate 
logic design 

Step 4. Insert IC 
into ZIF socket 
of IC burner 

Step 6. Burn logic design 
into PLO 

The PLD in Fig. 4-37(b) has been pro
grammed to implement the sum-of-products 
(minterm) Boolean expression A · B + A · B = 
Y. Notice that the top four-input AND gate (gate 
1) has two fusible links burned open, leaving 
the A and B terms connected. Gate 1 ANDs the 
A and B terms. AND gate 2 has two burned
open fuses, leaving the A and B inputs con
nected. Gate 2 ANDs the A and B terms. AND 
gate 3 is not needed to implement this Boolean 
expression. All fuses are left intact as shown in 
Fig. 4-37(b), which means the output of AND 
gate 3 will always be a logical 0. This logical 0 
will have no effect on the operation of the final 
OR gate. The OR gate in Fig. 4-37(b) logically 
ORs the A · B and A · B terms implementing the 
Boolean expression. 

In the simple example detailed in 
Fig. 4-37(b), the A · B + A · B = Y minterm 
Boolean expression was implemented using 
a PLD. You can see from Fig. 4-37(b) that 
AND gate 3 was not used in this circuit and 
this seems wasteful. Remember that the PLD 
is a generic logic device that can be used to 
solve many problems. Sometimes parts of the 
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PLO burner 

A ---<Ill>----< 

B B A A 

;;;;; Fuses used for 

1 
ramming the AND gates 

y 

Fuses intact (as from manufacturer) 

INPUTS 
A---t11t----t 

B ---1111----1 

Intact fuses 

(a) 

B 8 A A 

Burned-open fuses 

A-8 

OUTPUTS 
2 

A·B+A-B=Y 

Selected fuses burned open to solve logic problems 

Fig. 4.37 Simplified PLO. 

logic will not be used. Recall that the IC pro
grammer depicted in Fig. 4-36 "burns open" 
selected fuses. The IC programmer instru
ment is therefore commonly called the PLD 
burner. 

(b) 

The sample problem in Fig. 4-37(b) would 
not be solved using a PLD. Designers and en
gineers look to the most cost-effective method 
to implement electronic designs. The Boolean 
expression A · B + A · B = Y describes the 
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two-input XOR function which might be imple
mented cheaper using a dedicated two-input 
XOR gate IC. 

An abbreviated notation system used with 
PLDs is illustrated in Fig. 4-38. Note that all 

AND and OR gates appear to have only one 
input, while in reality each AND gate has four 
inputs, and the OR gate has three inputs. The 
PLD represented in Fig. 4-38(a) has all fuses 
intact before programming. The X mark at an 

A ----111t----1 

a ----111t----1 

INPUTS 
A---111----i 

8---ilt--

a a A x 

'../ '/ '-..,,/ ....... / 
/'7'. /'-.. /'-.. 

All fuses intact 

(a) 

Burned-open fuses 
_ _ lr(no connections) a a A A 

' ' 

lntaotf~ 
(connection) , , , , 

/'-.. /'-.. / / 

/ JI.a 

Selected fuses burned open to solve logic problems 

(b) 

Fig. 4-38 Notation system used with PLDs. 

y 

OUTPUTS 

A·B+A-a Y 
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Fuse map 

intersection of lines represents an intact fuse 
when using the abbreviated notation system. 

The Boolean expression A · B + A · B = Y 
was implemented earlier in Fig. 4-37(b). The 
same Boolean expression is implemented in 
Fig. 4-38(b) but using the abbreviated notation 
system to describe the programming of the 
PLD. Notice that an X at an intersection of lines 
means an intact (not blown) fuse, while no X 
means a burned-open fuse (no connection). 

The abbreviated notation system used in 
Fig. 4-38 is sometimes called a fuse map. The fuse 
map is a graphic or "paper-and-pencil" method of 
describing the programming of a PLD. In prac
tice you would use a computer system like that in 
Fig. 4-36 to perform PLD programming, but the 
fuse maps are useful for visualizing the inside 
organization or architecture of the PLD. The fuse 
map also assists in understanding what is hap
pening inside a PLD when it is programmed. 

A more complex PLD is illustrated in Fig. 4-39. 
This PLD features four inputs and three outputs. 

INPUTS 

A----1111-----1 

B _ ......... ,,__----1 

c ----11111----1 

D ----111t----1 

D l5 c 

" /'-

'-/ 
/ 

'-/ 

/ 

" " /'- / 

'-/ 

" / 

'-/ 

T 

c B 
"/ " /'- /'-

'-/ " /'- /'-

" / 

" " " /'-

/ " /'-. 

/ 
/ 

" 

" /'-

Fig. 4-39 Programming a PLO using a fuse map. 
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8 

It is common for decoders to have many inputs 
and outputs as they translate from code to code. 
The PLD sketched in Fig. 4-39 is not a commer
cial product because it is much too simple. 

Three combinational logic problems have 
been solved using the PLD in Fig. 4-39. First the 
Boolean expression A · B · C · D + A · B · C · D 
+ A · B · C · D = Y

1 
is implemented using the 

upper group of AND-OR gates. Recall that the X 
on the fuse map means an intact fuse while no X 
means a burned-open fuse. The second Boolean 
expression A · B · C · D + A · B · C · D = Y

2 

is implemented using the middle group of AND
OR gates. Note that the bottom AND gate in the 
middle group is not needed. Therefore it has all 
eight fuses intact, which means it generates a 
logical 0 having no effect on the output of the OR 
gate. The third Boolean expression A· B · C · D + 
A · B · C · D + A · B · C · D = Y

3 
is implemented 

using the bottom group of AND-OR gates. 
A more complicated PLD architecture is 

suggested in Fig. 4-40. This PLD provides both 

A A 
ABCD 

" / OUTPUTS 

" 
ABCD 

/'-

" 
ABCD 

/'-

" 
ABCD 

/ 

ABCl5 

"O" 

" 
ABCD 

/ 

ABCD 
/ 

Xacl5 
/'-



INPUTS A ______ ____, 

a---__, 

Programmable OR fusible links 

/ AND gates/, 

'/ '/ '/ '/ 

c ----tlT____,[>o,_______, 

ilvvvv 
/' /' / /'7'7' 

'/ '-/ '/ '/ /' /' /' /' 
'/ ' '/ '/ 
/'- /'- /' /' 

'/ 
/ ........ / ' /'-

'/ '/ ' '/ 
~' /' /'- /' /'-

' '/ '-/ '/ '/ 
/ / /' /'- / ' 

Programmabl~ 
OR gates 

Y4 Y3 Y2 Y1 

OUTPUTS 

Fig. 4-40 PLO with programmable AND and DR arrays. Like an FPLA (field-programmable logic array). 

programmable AND and OR arrays. The pro
grammable logic devices studied earlier con
tained only programmable AND gates. This 
type of device is sometimes called a field
programmable logic array (FPLA). Notice that 
all the links are intact (not burned) in this sim
plified example. 

Practical PLDs 
One catalog of ICs groups programmable logic 
devices first by the process technology used 
to manufacturer the device (such as CMOS or 
TTL). Second, they may be grouped as either 
one-time programmable or erasable. The eras
able units can be either the UV (ultraviolet) light 
type or electrically erasable. Third, they may 
be grouped by whether the PLD has combina
tional logic or registered/latched outputs. Tra
ditionally PLDs have been used to implement 
complex combinational logic designs (such as 
decoders). The registered PLDs contain both 
gates and a means of latching output data or 
of designing sequential logic circuits (such as 
counters). 

The PALIOH8 is an example of a small 
commercial PLD (a PAL in this case). The 

pin diagram in Fig. 4-41 shows a simple view 
of the PALIOH8 programmable logic device 
housed in a 20-pin DIP IC. The PALIOH8 has 

i.-----l 11 

Fig. 4-41 PAL 10HB programmable logic IC with a 
programmable AND array. 

Field-programmable 
logic array (FPLA) 
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10 inputs and 8 outputs with a programmable 
AND array. The OR array is not program
mable in this unit and has active HIGH out
puts. The PAL10H8 is also available in other 
IC packages. 

If your school has programming equipment, 
you will probably use low-cost PALs with fus
ible links. PALs can be programmed only 
once. Your instructor may have you use slightly 
more expensive GALs which look like a PAL 
on the inside except the "fuses" are electronic 
cells (using E2CMOS technology) which can 
be turned on or off during programming. The 
GAL is useful because it can be erased and 
reprogrammed. 

PAL/GAL IC part identification guidelines 
are illustrated in Fig. 4-42. The first letters on 
the left identify the technology family used to 
manufacture the PLD. The older PAL uses the 
TTL technology. The newer GAL uses CMOS 
technology. Moving right, the next number 
(10 in this example) is the number of inputs 
to the AND array. Moving right, the next let
ter (L in this example) identifies the type of 

1 
PAL 10 L 8 

Fig. 4-42 Decoding a PAL part number. 

122 Chapter 4 Combining Logic Gates 

output (in this example the output is an active 
LOW). Moving right, the next number (8 in 
this example) is the number of outputs. Any 
trailing letters deal with speed/power, pack
aging, and the temperature range of the PLD. 
Some manufacturers may add to this list. 
Many PLDs allow output pins on the IC to be 
configured as either an input or output. 

As an example, suppose a 20-pin DIP IC 
had PAL14H4 printed on its top. According to 
the guidelines from Fig. 4-42, this would be a 
PAL using TTL technology with 14 inputs and 
4 outputs. It would have active HIGH outputs. 
Recall that a PAL can be programmed only 
once. Data sheets must be examined to find out 
more information on the IC. 

A second example, suppose a 20-pin DIP IC 
has GAL16V8 printed on its top. According to 
the guidelines from Fig. 4-42, this would be a 
GAL using E2CMOS technology with up to 16 
inputs and 8 outputs. The outputs can be con
figured as either inputs or outputs, and recall 
that GAL technology allows the E2CMOS cells 
to be reprogrammed. 

Technology family: 
PAL = programmable array logic (TTL) 
GAL= generic array logic (E2CMOS) 

Number of array inputs 

Output type: 
L = active LOW H = active HIGH 
C = complimentary 
R = registered 
P = programmable polarity 
V =variable (GAL only) 
Z = In-system reprogrammable (GAL only) 

Number of outputs 

Other suffixes dealing with speed/power, 
package type, and temperature range 



Answer the following questions. 

48. In electronics technology, the acronym 
PLD stands for ___ _ 

49. In electronics technology, the acronym 
PAL stands for ___ _ 

50. In electronics technology, the acronym 
GAL stands for ___ _ 

51. In electronics technology, the acronym 
FPLA stands for ___ _ 

52. Programmable logic devices from the 
PAL family are commonly used for 
implementing (combinational, 
fuzzy) logic. 

53. FPLAs, PALs, and GALs are commonly 
programmed (by the manufac-
turer, by the local user). 

54. Programming simple PALs consists of 
____ (burning open selected fusible 
links, turning E2CMOS in the array either 
on or off). 

55. The equipment needed to program PLDs 
includes a PC, development software, the 
correct PLD IC, a serial cable, and an in-
strument called a (PLD burner 
or programmer, logic analyzer). 

56. The development software used for 
programming a PLD allows your logic 
design to be entered in at least three 

INPUTS 
A--c~ 

B 8 A A 

fig. 4·43 PLO fusE! map. 

57. 

58. 

59. 

60. 

61. 

62. 

forms. These include a truth table, a 
logic symbol diagram, or a ___ _ 
(Boolean expression, Winchester table). 
PLDs such as the PAL you studied are or-
ganized to implement ___ _ 
(maxterm, sum-of-products) Boolean 
expressions using and AND-OR pattern 
of logic gates. 
A programmable logic device IC with 
a number printed on top of PAL12H6 
would be based on TTL technology, have 
____ (6, 12) inputs, have ___ _ 

(6, 12) outputs with the outputs being 
----(active HIGH, active LOW). 
A programmable logic device IC with a 
number printed on the top of GAL 16V8 
would be based on (CMOS, 
TTL) technology. 
A programmable logic device IC with a 
number printed on the top of GALI 6V8 
would have a maximum of ___ _ 
(8, 16) outputs. 
Refer to Fig. 4-41. The PAL10H8 IC has 
a programmable (AND, OR) 
gate array and can implement sum-of
products Boolean expressions. 
The PLD shown in fuse map form in 
Fig. 4-43 would implement what Boolean 
expression? 

OUTPUTS 

? 
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4-15 Using De Morgan's 
Theorems 

Boolean algebra, the algebra of logic circuits, 
has many laws or theorems. De Morgan's the
orems are very useful. They allow us to con
vert back and forth from minterm to maxterm 
forms of Boolean expressions. They also allow 
us to eliminate long overbars that cover several 
variables. 

De Morgan's theorems can be stated in the 
form shown in Fig. 4-44. The first theorem 
(A + B = A · B) shows that the long overbar 
covering the A + B term can be eliminated. A 
simple example of the first theorem is shown 
in the example section [Fig. 4-44(b)] when the 
customary NOR logic symbol (A + B = Y) is 
shown as equivalent to the alternative NOR 
symbol (A · B = Y). 

De Morgan's second theorem is stated in 
Fig. 4-44(c) as A · B = A + B. A simple ex
ample of the second theorem is shown in the 
example section where the customary NAND 
logic symbol A · B is shown as equivalent to the 
alternative NAND symbol (A + B = Y). 

Boolean Expressions: 
Keyboard Version 
The long overbars in Boolean expressions (for 
example, A · B) are somewhat more difficult to 
show in the keyboard versions of an expression. 
For instance, the keyboard version of A · B 
would be (AB)'. The apostrophe outside the pa
renthesis means a long overbar. Next consider the 
Boolean expression A · B · C + A · B · C = Y. The 
keyboard version of this expression would be 

(a) First theorem 

(c) Second theorem 

I 
T 

Fig. 4-44 De Morgan's theorems and practical examples. 
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((ABC') + (A'B'C'))'. The customary Boolean 
expression for the NOR function is A + B while 
the keyboard version could be typed as (A + B)'. 
Do not be surprised when working with some 
circuit simulation programs if the software 
converts a minterm to a maxterm or maxterm 
to a minterm type expression. For instance, it 
might convert the conventional NAND notation 
(A · B) to alternative NAND notation (A'+B'). 
Computer circuit simulation programs use De 
Morgan's theorems to make these conversions. 

Minterm to Maxterms or 
Maxterm to Minterms 
Four steps are needed to convert a maxterm-to
minterm Boolean expression or from minterm
to-maxterm form. The four steps, which are 
based on De Morgan's theorems, are as follows: 

Step 1. Change all ORs to ANDs and all 
ANDs to ORs. 
Step 2. Complement each individual vari
able (add short overbars to each). 

Step 3. Complement the entire function 
(add long overbar to entire function). 

Step 4. Eliminate all groups of double 
overbars. 

As an example, consider converting the cus
tomary NAND expression (A · B = Y) to its 
alternative NAND form (A + B = Y). Follow 
the four-step process in Fig. 4-45 to get familiar 
with the procedure. At the end of the procedure, 
the alternative NAND expression is shown as 
A + B = Y, but on the computer it would be 
represented as A' + B' = Y. 

(b) Example-first theorem 

A+ B Y JS.'..B=Y 

(d) Example-second theorem 

A ·B =Y A+ B =Y 



Begin. Customary NANO expression. Begin. Maxterm expression. 

A ·B = Y (A + B + C) · (A + B + C) y 

Step t Change all ORs to ANDs ancl all ,l\NDs to ORs. Step i. Cl1ange all ORs to /-\NDs and all Al\!Os to ORs. 

=Y 

Step 2. Complement each inclividual variable (short overbar). Step 2. Complement each individual variable (short overbars). 

A+B=Y A·B·C+A·B·C=Y 

Step 3. Complement the entire function (long overbar). Step 3. Complement the entire function (long overbar). 

A+B=Y A·B·C+A·B·C=Y 

Step 4. Eliminate all groups of double overbars. Step 4. Eliminate all groups of double overbars. 

End. Alternative NANO expression. 

A+B=Y 
Fig. 4-45 Four-step process using De Morgan's second 

theorem to convert conventional NANO to alternative 
NANO. Note that the long overbar is eliminated. 

Now we will use the four-step procedure 
in converting a more complicated maxterm 
expression to its minterm form. Conversions 
from maxterm-to-minterm or minterm-to-max
term form are commonly undertaken to get rid 
of long overbars in the Boolean expression. 
The new example illustrated in Fig. 4-46 will 
change the maxterm expression (A + B + C) · 
(A + B + C) = Y to its minterm equivalent and 
eliminate the long overbar. Carefully follow the 
conversion process in Fig. 4-46. The result of 
this conversion yields the minterm form A · B · 
C + A · B · C = Y, which performs exactly the 
same logic function as the maxterm expression 
(A + B + C) · (A + B + C) = Y. The resulting 
minterm expression can be written in conven
tional form as A · B · C + A · B · C = Y using 
overbars or in the shortened keyboard version 
ABC+ A'B'C = Yusing apostrophes. 

It must be understood that the logic dia
grams that would be wired using the maxterm 

End. Minterm expression. 

A·B·C+A·B·C=Y 
Fig. 4-46 Four-step process using De Morgan's theorems 

to convert from maxterm-to-minterm form. 
Note that the long overbar is eliminated. 

History of 

Electronics 
George Boole was born in Lincoln, 
England, on November 2, 1815. 
He was a self-taught mathe
matician who invented modem 
symbolic logic and pioneered 
the calculus of operators. Around 
1850, George Boole created 
Boolean algebra, which underlies 
the theory of logic. 
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History of 

Electronics 
Augustus De Morgan (1806-
1871) was born in Madras 
Province, India. He taught math
ematics at the University of Lon
don for 30 years, and published 
many texts on arithmetic, algebra, 
trigonometry, and calculus, and 
important treatises on the theory 
of probability and formal logic. De 
Morgan contributed the method of 
changing from sum-of-products 
to product-of-sums. 

Answer the following questions. 

63. State two of De Morgan's theorems. 
64. Convert the maxterm Boolean expression 

(A + B + C) · (A + B + C) = Y to its 
rninterm form. Show each step as is done 
in Fig. 4-46. 

65. Convert the minterm Boolean expression 
A · B · C + A · B · C = Y to its maxterm 
form. Show each step as is done in 
Fig. 4-46. 

66. Write the Boolean expression 
A · B · C + A · B · C = Yin the keyboard 

4-16 Solving a Logic Problem 
(BASIC Stamp Module) 

It is common for logic functions to be pro
grammed using software. In this section we 
will solve combinational logic problems using 
a high-level language called PBASIC (a ver
sion of BASIC used by Parallax, Inc.). The 
programmable hardware device used in these 
examples will be the BASIC Stamp 2 (BS2) 
Microcontroller Module by Parallax, Inc. 
The hardware includes the BASIC Stamp 2 
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expression (A + B + C) · (A + B + C) ~ Y _9r 
its equivalent minterm form A · B · C + A · B · 
C = Y from Fig. 4-46 would look different, but 
they would generate the same truth table. It is 
said that they generate the same logic function. 

Summary 
In summary, De Morgan's theorems are useful 
for converting from maxterm-to-minterm or 
minterm-to-maxterm form of Boolean expres
sions. We commonly make this conversion to 
eliminate long overbars in a Boolean expres
sion. A second reason to use De Morgan's theo
rems might be to examine two different logic 
diagrams that perform the same logic function. 
One logic diagram might be simpler than the 
other. 

version using apostrophes instead of 
overbars. 

67. Draw a logic symbol diagram for the 
Boolean expression (A'BC + A'B'C')' = 
Y. Hint: Use a two-input NOR gate near
est the output. 

68. Draw a logic symbol diagram for the 
Boolean expression ((A+ B + C + D) 
(A' + D)(A' + B' + C'))' = Y. Hint: 
Use three-input NAND gate nearest the 
output. 

module, a PC system, a serial cable (or USB 
cable) for downloading, and assorted elec
tronic components (switches, resistors, and 
LEDs). 

The truth table in Fig. 4-47(a) details the 
logic problem to be solved. From the truth table 
it appears that there are three separate combi
national logic problems with outputs labeled 
YI, Y2, and Y3. The schematic diagram in 
Fig. 4-47(b) shows three active HIGH input 
switches (A, B, and C) and three colored output 
indicators (LEDs). The programmable device 
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4-47 Three-input three-output logic problem. (a} Truth table. (6) BASIC Stamp 2 module wiring diagram. 
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used to solve this logic problem is the BASIC 
Stamp 2 Microcontroller Module. 

The procedure for solving the logic problem 
with the use of the BASIC Stamp 2 module is 
detailed below. The steps in wiring and pro
gramming the BASIC Stamp 2 module are: 

1. Refer to Fig. 4-47(b). Wire the three 
active HIGH push-button switches and 
connect them to ports PIO, Pl 1, and Pl2. 
Wire the red, green, and yellow LED 
output indicators with limiting resistors 
and connect them to ports Pl, P2, and P3 
of the BASIC Stamp 2 module. The ports 
will be defined as either outputs or inputs 
in the PBASIC program. 

2. Load the PBASIC text editor program 
(version for the BS2 IC) into the PC. Type 
your PBASIC program describing the 
three-input, three-output logic problem. 
A PBASIC program titled '3in-3out logic 
problem is listed in Fig. 4-48. 

3. Attach a serial cable (or USB cable) 
between the PC and the BASIC Stamp 2 
development board (such as the Board of 
Education by Parallax, Inc.). 

4. With the BASIC Stamp 2 module turned 
on, download your PBASIC program 
from the PC to BS2 module using the 
RUN command. 

5. Disconnect the serial cable (or USB 
cable) from the BS2 module. 

6. Test the program by pressing the input 
switches (A, B, and C) while observing 
the outputs (red, green, and yellow 
LEDs). The PBASIC program stored in 
EEPROM program memory in the BASIC 
Stamp 2 module will start each time the 
BS2 IC is turned on. 

PBASIC Program: 3in-3out 
logic Problem 
Consider the PBASIC program titled '3in-3out 
logic problem in Fig. 4-48. Line 1 starts with 
an apostrophe ('), which means this is a re
mark statement. Remark statements are used to 
clarify the program and are not executed by the 
microcontroller. Lines 2-7 are lines of code to 
declare variables that will be used later in the 
program. As an example, line 2 reads A VAR 
Bit. This tells the microcontroller that A is a 
variable name that will hold only 1 bit (a 0 or 1). 
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Lines 8-13 are lines of code that declare which 
ports are used as inputs or outputs. As an exam
ple, line 9 reads INPUT 11. This informs the 
microcontroller that port 11 (Pll) will be used 
as an input in this program. Another example in 
line 11 reads OUTPUT 1, which declares that 
port 1 will be used as an output. Notice that 
line 11 code is followed by a remark statement 
'Declare port 1 as output Yl (red LED). The 
remark statements at the right in this PBASIC 
program are not required, but they aid in under
standing the purpose for lines of code. 

Next consider the main routine with the 
starts with the CkAIISwit: line of code (line 14). 
In PBASIC, any word with a colon (:) after it is 
called a label. A label is a reference point in the 
program that usually locates the starting point 
of a routine. 

In the '3in-3out logic problem sample pro
gram, the label CkAIISwit: is the starting point 
in the main routine used to check the condition 
of input switches A, B, and C. The Boolean 
expression using variables A, B, and C is then 
evaluated. The CkAIISwit: routine repeats con
tinuously because either lines 29 or 38 (GOTO 
CkAIISwit) will always return the program to 
the beginning of the CkAIISwit: routine. 

Lines 15-17 of the PBASIC program initial
izes or turns off all three output LEDs. As an 
example, the OUTl = 0 statement causes port 
1 (Pl) of the BS2 IC to go LOW. Lines 18-20 
assign the current binary value at input ports 10 
(PIO), 11 (Pll), and 12 (Pl2) to variables C, B, 
and A. For instance, if all input switches were 
pressed, then all variables A, B, and C would all 
equal to logical 1. 

Line 21 of the PBASIC program evaluates 
the Boolean expression Yl = (A&B&C) I 
(-A&-B&C). As an example, if all inputs are 
HIGH, then variable YI = 1 (see last line in 
truth table-Fig. 4-47). Line 22 is an IF-THEN 
statement used for making decisions. If Yl = 1, 
then the PBASIC statement IF Yl = 1 THEN 
Red will cause the program to jump to the Red: 
label or the subroutine that lights the red LED. 
If YI = 0, then the first section of PBASIC 
statement IF Yl = 1 THEN Red is false. The 
false will cause the program to proceed to the 
next line of code (line 23). 

The Red: subroutine (lines 30-32) in the 
PBASIC program '3-in-3out logic problem 
causes the port 1 (pin Pl) of the BS2 IC to 



'3in-3out logic problem 

A VAR 

B VAR 

c VAR 

Yl VAR 

Y2 VAR 

Y3 VAR 

INPUT 10 

INPUT 11 
INPUT 12 

OUTPUT 1 

OUTPUT2 

OUTPUT3 

CkAllSwit: 

OUTl = 0 

OUT2 = 0 

OUT3 = 0 

A= IN12 

B = INll 

C = INlO 

Bit 

Bit 

Bit 

Bit 

Bit 

Bit 

Yl = (A&B&C) I (-A&-B&-C) 

If Yl = 1 THEN Red 

CkGreen: 

Y2 = (-A&-B) I (A&C) 

If Y2 = 1 THEN Green 

Ck Yellow: 

Y3 =(-A) I (-B&C) 

lf Y3 = 1 THEN Yellow 

GOTO CkAllSwit 

Red: 

OUTl = 1 

GOTO CkGreen 

Green: 

OUT2 = 1 

GOTO CkYellow 

Yellow: 

OUT3 = 1 

GOTO CkAllSwit 

4-48 Program For the 3in-3out logic problem. 

'Title of program 

'Declare A as variable, 1 bit 

'Declare B as variable, 1 bit 

'Declare C as variable, 1 bit 

'Declare Yl as variable, 1 bit 

'Declare Y2 as variable, 1 bit 

'Declare port 10 as an input 

'Declare port 11 as an input 

'Declare port 12 as an input 

'Declare port 1 as an output Yl (red LED) 

'Declare port 2 as output Y2 (green LED) 

'Label for main routine 

'Initialize port 1 at 0, red LED off 

'Initialize port 2 at 0, green LED off 

'Initialize port 3 at 0, yellow LED off 

'Assign value: port 12 input to variable A 

'Assign value: port 11 input to variable B 

'Assign value: port 10 input to variable C 

'Assign value of expression to variable Yl 

'If Y = 1 then go to Red:, otherwise next line 

'Assign value of expression to variable Y2 

'If Y2 = 1 then go to Green:, or next line 

'Assign value of expression to variable Y3 

'If Y3 = 1 then go to Yellow:, or next line 

'Go to CkAllSwit- start main routine 

'Label for light red LED subroutine 

'Output Pl goes HIGH, red LED lights 

'Go to CkGreen: 

'Label for light green LED subroutine 

'Output P2 goes HIGH, green LED lights 

'Go to CkYellow: 

'Label for light yellow LED subroutine 

'Start main routine again at CkAllSwit: 

L1 

L2 

L3 

L4 

LS 

L6 

L7 

LS 

L9 

LIO 

Lll 
Ll2 

L13 

L14 
L15 
L16 
L17 
L18 
L19 
L20 

L21 

L22 

L23 

L24 

L25 

L26 

L27 

L28 

L29 

L30 

L31 

L32 

L33 

L34 
L35 

L36 

L37 

L38 

Combining Logic Gates Chapter 4 129 



go HIGH using the OUTl = 1 statement. 
This turns on and lights the red LED. Line 32 
(GOTO CkGreen) sends the program back to 
the routine labeled CkGreen: (Lines 23-25). 

After the PBASIC program is downloaded to 
the BASIC Stamp 2 unit, the module wired as in 
Fig. 4-47(b) will perform the logic functions de
tailed in the truth table [Fig. 4-47(a)]. You have 
programmed the logic functions called for in the 
truth table into the microcontroller module. 

Answer the following questions. 

69. Ref er to Fig. 4-4 7 ( b). Inputs A, B, and 
C are wired as (active HIGH, 
active LOW) switches, which gener-
ate a HIGH when the pushbuttons are 
depressed. 

70. Refer to Fig. 4-47(b). If the outputs from 
the BASIC Stamp 2 module are P3 = 
HIGH, P2 = LOW, and Pl = HIGH, 
which LED(s) will light? 

71. Refer to Fig. 4-47(a). The logic function 
in output column Yl can be described by 
the Boolean expression 

72. When using the BASIC Stamp 2 module, 
the program is typed on a PC using the 
PBASIC text editor and then 
(downloaded, poured) through a serial 
cable to the microcontroller unit. 

73. Refer to Figs. 4-47 and 4-48. If only 
pushbuttons A and C are depressed, 
which LEDs will light? 
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The PBASIC program '3-in-3out logic 
problem will run continuously while the 
BASIC Stamp 2 module is powered. The 
PBASIC program is held in EEPROM pro
gram memory for future use. Turning the 
BS2 off and then on again will restart the 
program. Downloading a different PBASIC 
program to the BASIC Stamp module will 
erase the old program and start execution of 
the new listing. 

74. The program line Y2 = (-A&-B) I (A&C) 
is the PBASIC version of what Boolean 
expression? 

75. Refer to line 25 of Fig. 4-48. If variable 
Y2 = 0, then the next PBASIC program 
code executed would be 
(line 26, line 33). 

76. Refer to line 22 of Fig. 4-48. If variable 
Y1 = 1, then the next PBASIC program 
code executed would be 
(line 23, line 30). 

77. Refer to Figs. 4-47 and 4-48. The BASIC 
Stamp 2 module knows that ports PlO, 
Pl l, and Pl2 are (inputs, out-
puts) because they are declared as such in 
the PBASIC program listing. 

78. Refer to the Fig. 4-48 listing. The main 
routine labeled CkAHSwit: in the 
PBASIC program begins with line 14 and 
ends with (line 29, line 38) 
repeating over and over until power to the 
BASIC Stamp 2 module is turned off. 



Chapter 4 Summary and Review 

1. Combining gates in combinational logic circuits 
from Boolean expressions is a necessary skill for 
most competent technicians and engineers. 

2. Workers in digital electronics must have an 
excellent knowledge of gate symbols, truth tables, 
and Boolean expressions and know how to convert 
from one form to another. 

3. The minterm Boolean expression (sum-of-products 
form) might look like the expression in Fig. 4-49(a). 
The Boolean expression A · B + A · C = Y would 
be wired as shown in Fig. 4-49(b). 

4. The pattern of gates shown in Fig. 4-49(b) is called 
an AND-OR logic circuit. 

5. The maxterm Boolean expression (product-of-sums 
form) might look like the expression in Fig. 4-49(c). 
The Boolean expression (A +C) ·(A+ B) = Y 

would be wired as shown in Fig. 4-49(d). This is an 
OR-AND logic circuit. 

(a) Minterm Boolean expression 

A·B+A·C=Y 
(b) 

A--------1 

B -+-------t 
y 

(c) Maxterm Boolean expression 

(A + C) · (A + 8) = Y 
(d) 

y 

Fig. 4-4!3 (a) Minterm expression. (b) AND-DR logic circuit. (c) Maxterm 
expression. (d) DR-ANO logic circuit. 

6. A Karnaugh map is a convenient method of 
simplifying Boolean expressions. 

7. AND-OR logic circuits can be wired easily by using 
only NAND gates, as shown in Fig. 4-50. 

8. Data selectors are a simple, one-package method of 
solving many gating problems. 

9. Computer simulations can easily and accurately 
convert back and forth between Boolean 
expressions, truth tables, and logic diagrams. The 
simulations can also simplify Boolean expressions. 

10. Programmable logic devices (PLDs) are inexpensive 
one-package solutions to many complex logic 
problems. In this chapter, simple PLDs are used to 
solve combinational logic problems but may also be 
applied to sequential logic designs. 

11. De Morgan's theorems are useful in converting 
maxterm-to-minterm and minterm-to-maxterm 
Boolean expressions. 

12. A keyboard version of a Boolean expression is 
used with computer systems. An example would 
be A· B = Y is equivalent to (A' B)' = Y. 

A·B+A·B=Y 
A ---o-------i 

B --a---+---i 

(a) 

A·B+A·B=Y 
A ---410------l 

a----+-i 

(b) 

y 

y 

Fig. 4-50 (a) AND-OR logic circuit. (b) Equivalent NANO-NANO logic circuit. 
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13. BASIC Stamp modules are microcontroller-based 
devices that can generate logic functions. They 
are programmed using Boolean expressions. 
The programs are downloaded from the PC 
to the BASIC Stamp module. The PC is then 

Answer the following questions. 

4-1. Logic gate circuits whose outputs respond 
immediately (no memory characteristic) to 
a change at the inputs are called ___ _ 
(combinational, sequential) logic circuits. 

4-2. Draw a logic diagram for the Boolean expres
sion A· B + B · C = Y. Use one OR gate, two 
AND gates, and two inverters. 

4-3. The Boolean expression A · B + B . C = Y is in 
____ (product-of-sums, sum-of-products) 

form. 
4-4. The Boolean expression (A + B) . ( C + D) = y 

is in (product-of-sums, sum-of-
products) form. 

4-5. A Boolean expression in product-of-sums form 
is also called a expression. 

4-6. A Boolean expression in sum-of-products form 
is also called a expression. 

4-7. Write the minterm Boolean expression that 
would describe the truth table in Fig. 4-51. Do 
not simplify the Boolean expression. 

4-8. Draw a truth table (three variables) that represents 
the Boolean expression C · B + C · Ii . A = Y. 

INPUTS OUTPUT 

c B A y 

0 0 0 1 

0 0 1 0 

0 1 0 1 

0 1 1 0 

1 0 0 0 

1 0 1 1 

1 1 0 0 

1 1 1 1 

Fig. 4·51 Truth table. 
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disconnected, and the BASIC Stamp module will 
execute the correct logic. 

14. The traditional Boolean expression A. B + B · C = Y 
would be coded in PBASIC as Y = (-A&-B) I 
(B&C), and its logic function implemented by a 
BASIC Stamp module. 

4-9. The truth table in Fig. 4-52 is for an electronic 
lock. The lock will open only when a logical 1 
appears at the output. First, write the minterm 
Boolean expression for the lock. Second, draw 
the logic circuit for the lock (use AND, OR, and 
NOT gates). 

4-10. List the six steps for simplifying a Boolean 
expression using a Karnaugh map as discussed 
in Sec. 4-6. 

4-11. Use a Kama ugh map to simplify the Boolean 
expression A · B · C + A · B · C + A · B . C + 
A · B · C = Y. Write the simplified Boolean 
expression in minterm form. 

4-12. Use a Kamaugh map to simplify the Boolean 
expression A · B · C · D + A . B . C · D + A . Ii . 
C·D+A·B·C·D= Y. 

4-13. From the truth table in Fig. 4-51, do the 
following: 
a. Write the unsimplified Boolean expression. 
b. Use a Kamaugh map to simplify the Boolean 

expression from a. 
c. Write the simplified minterm Boolean 

expression for the truth table. 

INPUTS OUTPUT 

c B A y 

0 0 0 0 

0 0 1 0 

0 1 0 0 

0 1 1 1 

1 0 0 1 

1 0 1 0 

1 1 0 0 

1 1 1 0 

Fig. 4·52 Truth table. 



d. Draw a logic circuit from the simplified 
Boolean expression (use AND, OR, and 
NOT gates). 

e. Redraw the logic circuit from d using only 
NAND gates. 

4-14. Use a Karnaugh map to simplify the Boolean 
expression A · B · C · D + A · B · C · D + A · B · 
C · D +A· B · C · D = Y. Write the answer as a 
minterm Boolean expression. 

4-15. From the Boolean expression A· B · C · D +A· 
B· C·D +A ·B· C·D +A ·B· C·D +A ·B. 
C · D + A · B · C · D = Y do the following: 
a. Draw a trnth table for the expression. 
b. Use a Karnaugh map to simplify. 
c. Draw a logic circuit of the simplified Boolean 

expression (use AND, OR, and NOT gates). 
d. Draw a circuit to solve this problem using a 

l-of-16 data selector. 
4-16. From the Boolean expression A · B · C · D · E + 

A ·B· C·D·E +A ·B· C·D·E+A ·B. C· 
D ·E+A ·B · C·D ·E+A ·B · C· D ·E+ 
A · B · C · D · E = Y do the following: 
a. Use a Karnaugh map to simplify. 
b. Write the simplified minterm Boolean 

expression. 
c. Draw a logic circuit from the simplified 

Boolean expression (use AND, OR, and 
NOT gates). 

4-17. The Boolean algebra laws that allow us to 
convert from minterm-to-maxterm or maxterm
to-minterm forms of expressions are called 

4-18. Based on De Morgan's first theorem, A+ B = 

4-19. Based on De Morgan's second theorem, A· B = 

4-20. Using De Morgan's theorems, convert the max
term Boolean expression (A + B + C) · 
(A+ B + C) = Yto its minterm form. This will 
remove the long overbar. 

4-21. Using De Morgan's theorems, convert the minterm 
Boolean expression A· B · C +A· B · C = Y 
to its maxterm form. This will remove the long 
overbar. 

4-22. Write the keyboard version of the Boolean 
expression A· B +A· B = Y. 

Fig. 4-53 Logic converter problem. 

4-23. Write the keyboard version of the Boolean 
expression A· B · C = Y. 

4-24. Write the keyboard version of the Boolean 
expression (A + B) (C + D) = Y. 

4-25. Using the logic converter from Electronics 
Workbench or Multisim, (a) draw the logic dia
gram shown in Fig. 4-53 on the logic converter 
screen, (b) generate and write its truth table, 
( c) generate and write it unsimplified Boolean 
expression, and (d) generate and copy down its 
simplified Boolean expression. 

4-26. Using the logic converter from Electronics 
Workbench or Multisim, (a) enter the truth 
table shown in Fig. 4-54 on the logic converter 
screen, (b) generate and write the simplified 
Boolean expression, and ( c) generate and draw 
the AND-OR logic symbol diagram for the truth 
table. 

4-27. Using the logic converter from Electronics 
Workbench or Multisim, (a) enter the Boolean 
expression A' C' + BC + ACD' on the logic 
converter screen, (b) generate and draw the 
four-variable truth table, and (c) generate and 
draw the AND-OR logic symbol diagram that is 
equivalent to the Boolean expression. 

4-28. Using the logic converter from Electronics 
Workbench or Multisim, (a) enter the five
variable truth table shown in Fig. 4-55 on the 
logic converter screen, (b) generate and copy 
the simplified Boolean expression, and ( c) 
generate and draw the AND-OR logic symbol 
diagram that is equivalent to the truth table and 
simplified Boolean expression. 
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INPUTS OUTPUT 

A B c D y 

0 0 0 0 0 

0 0 0 1 0 

0 0 1 0 0 

0 0 1 1 0 

0 1 0 0 0 

0 1 0 1 0 

0 1 1 0 1 

0 1 1 1 1 

1 0 0 0 1 

1 0 0 1 1 

1 0 1 0 1 

1 0 1 1 0 

1 1 0 0 0 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 1 

fig. 4-54 Truth table. 

4-29. In electronic technology, PAL is a common 
acronym for ___ _ 

4-30. In electronic technology, PLD is a common 
acronym for ___ _ 

4-31. In electronic technology, GAL is a common 
acronym for ___ _ 

4-32. In electronic technology, FPGA is a common 
acronym for ___ _ 

4-33. In electronic technology, CPLD is a common 
acronym for ___ _ 

4-34. The (PAL, CPLD) is the simpler 
programmable logic device and is usually used 
to implement combinational logic designs. 

4-35. List several advantages of using PLDs to imple
ment a logic design. 

4-36. In the case of a PAL, to "burn" the IC means to 
____ (close, open) selected fusible links 
in the programmable device. 

4-37. To solve the logic problem described in the 
truth table in Fig. 4-56, draw a PLD fuse map 
like the one pictured in Fig. 4-57. An X at an 
intersection on the fuse map means an intact 
fusible link. 
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INPUTS OUTPUT 

A B c D E y 

0 0 0 0 0 0 

0 0 0 0 1 0 

0 0 0 1 0 0 

0 0 0 1 1 0 

0 0 1 0 0 1 

0 0 1 0 1 0 

0 0 1 1 0 0 

0 0 1 1 1 0 

0 1 0 0 0 0 

0 1 0 0 1 0 

0 1 0 1 0 0 

0 1 0 1 1 0 

0 1 1 0 0 1 

0 1 1 0 1 0 

0 1 1 1 0 0 

0 1 1 1 1 0 

1 0 0 0 0 0 

1 0 0 0 1 0 

1 0 0 1 0 0 

1 0 0 1 1 0 

1 0 1 0 0 1 

1 0 1 0 1 0 

1 0 1 1 0 0 

1 1 1 1 1 0 

1 1 0 0 0 1 

1 1 0 0 1 1 

1 1 0 1 0 1 

1 1 0 1 1 1 

1 1 1 0 0 1 

1 1 1 0 1 0 

1 1 1 1 0 0 

1 1 1 1 1 0 

Fig. 4-55 Truth table. 

4-38. Draw a PLD fuse map like the one pictured 
in Fig. 4-57 that will solve the logic problem 
described by the Boolean expression A · B · C · 
D+A·B·C·D+A·B·C·D+A·B·C· 
D = Y. An X at an intersection on the fuse map 
means an intact fusible link. 



INPUTS 

A B c D 

0 0 0 0 

0 0 0 1 

0 0 1 0 

0 0 1 1 

0 1 0 0 

0 1 0 1 

0 1 1 0 

0 1 1 1 

1 0 0 0 

1 0 0 1 

1 0 1 0 

1 0 1 1 

1 1 0 0 

1 1 0 1 

1 1 1 0 

1 1 1 1 

Fig. 4-55 Truth table. 

INPUTS 

o----l 

c-----i 

A----l 

OUTPUT ·-y 

0 

1 

0 

0 

0 
·-

0 

0 

1 

0 

0 

0 

1 

0 

1 

0 

0 

Fig. 4-57 Fuse map problem. 

4-39. BASIC Stamp modules are ___ _ 
(microcontroller-based, vacuum tube-based) 
devices that can be programmed to generate 
logic functions. 

4-40. Refer to Fig. 4-47(a). The PBASIC code 
(-A&-B) I (A&C) when used in an assignment 
statement would generate the logic for truth 
table output column (Yl, Y2, Y3). 

4-41. Refer to Fig. 4-47(b). What three BASIC Stamp 
2 module ports are used as inputs in this circuit? 

4-42. Refer to Fig. 4-47(b) and the PBASIC program 
listed in Fig. 4-48. Which lines of code define 
which ports are inputs and which are outputs? 

4-43. Refer to Fig. 4-47 and the Fig. 4-48 listing. 

A A a 8 C c D B 

If only push-buttons B and C are activated 
(depressed), which LED(s) will light? 

HINTS: 7~ an X at intersection 
means an intact fuse 

+ no X at intersection 
means a blown open fuse 
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4-1. When implemented, a minterm Boolean 
expression produces what pattern of logic 
gates? 

4-2. When implemented, a maxterm Boolean expres
sion produces what pattern of logic gates? 

4-3. Simplify the Boolean expression A · B · C · D + 
A ·B· C·D +A ·B· C·D +A ·B · C·D + 
A·B·C·D+A·B·C·D+A·B·C·D=Y. 

4-4. Do you think it is possible to develop a max
term (product-of-sums) Boolean expression 
from a truth table? 

4-5. Do you think the Kamaugh map shown in 
Fig. 4-2l(b) can be used to simplify either 
minterm or maxterm Boolean expressions? 

4-6. A six-variable truth table would have how many 
combinations? 

A---~--------1 

8----+---------; 
c ----+----+--; 

fig. 4·58 Logic circuit 

1. See logic circuits a, b, and c below. 
a. 
A 

B 
y 

b. 
A 
B 
c 

y 
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A 

B 

c 

D 

4-7. Write the keyboard version of the Boolean 
expression A · B · C + A · B · C + A · B · C = Y 
as you may have to do when entering informa
tion into a computer circuit simulator. 

4-8. Write a maxterm Boolean expression for the 
logic diagram shown in Fig. 4-58. 

4-9. Using De Morgan's theorems (or circuit simu
lator software if available) write the minterm 
Boolean expression that would describe the 
logic function of the circuit in Fig. 4-58. 
Hint: Use the maxterm expression developed 
in question 4-8. 

4-10. Draw a three-variable truth table that would 
describe the logic function of the circuit in 
Fig. 4-58. Hint: Work from the minterm expres
sion developed in question 4-9. 

y 

c. 

y 



2. sum-of-products 

3. product-of-sums 

4. sum-of-products 

5. product-of-sums 
6. See logic circuits a, b, and c below. 

c. 

7. maxterm 
8. product-of-sums 

9. OR-AND 

10. C · B ·A + C · B ·A = Y 
11. lines 0 and 1 

12. See table below. 

INPUTS OUTPUT 

c B A y 

0 0 0 0 

0 0 1 0 

0 1 0 0 

0 1 1 0 

1 0 0 0 

1 0 1 1 

1 1 0 1 

1 1 1 0 

13. minterm 

14. minterm 

15. C'B'A +BA'= Y 

y 

y 

16. T 
17. T 
18. F 
19. C·B·A+C·B·A=Y 
20. See figure below. 

C----< 

B ---19-i-----t 

A --i9-i--+--t 
y 

21. identical 

22. Boolean, Karnaugh 

23. Quine-McCluskey or tabular method 

24. Maurice Karnaugh 

25. 1. Start with a minterm Boolean expression. 

2. Record ls on a Karnaugh map. 

3. Loop adjacent ls (loops of two, four, or eight 

squares). 

4. Simplify by dropping terms that contain a term 

and its complement within a loop. 

5. OR the remaining terms (one term per loop). 

6. Write the simplified rninterm Boolean expression. 

26. See a-c below. 

c c 
AB 

AB 

AB 

AB 

d. A · c + A · B = Y 
27. See a-c below. 

AB 

AB 

AB 

d.B = Y 
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28. See a-c below. 

CD co co co 
AB 

AB 

AB 

AB 

d. B · C + A · B · C = Y 

29. See a-c below. 

AB 

I 
I 

AB 

AB 

AB 

d. A · C + A · B · C = Y 
30. See a-c below. 

CD co co CD 

AB 

AB 

AB 

AB 

d. A · B · D + Ii · D = Y 
31. See a-c below. 

c c 
AB 

AB 

AB 

AB 

d. B +A· C = Y 
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32. See a-c below. 

--e 
pJ3 {'. 

E 

d. A · B · C + A · C · D · E = Y 
33. AND-OR 
34. identical 

35. 1. Start with a minterm Boolean expression. 

2. Draw the AND-OR logic diagram using AND, 

OR, and NOT symbols. 

3. Substitute NAND symbols for each AND and 

OR symbol, keeping all connections the same. 

4. Substitute NAND symbols with all inputs tied 

together for each inverter. 

S. Test the logic circuit containing all NAND gates 

to determine that it generates the proper truth 

table. 

36. a. 

y 

b. 

y 



37. a. 

A-----C>o~------1 
8 -4111+-----j 

y 

b. 

A-6--1---U--~ 
B L_[)-v 

c -----;____/ 

38. b. 

INPUTS OUTPUT 

A B c D y 

0 0 0 0 0 

0 0 0 1 0 

0 0 1 0 0 

0 0 1 1 1 

0 1 0 0 0 

0 1 0 1 0 

0 1 1 0 0 

0 1 1 1 0 

1 0 0 0 0 

1 0 0 1 0 

1 0 1 0 1 

1 0 1 1 0 

1 1 0 0 0 
A B 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 1 

c. A'B'CD + ACD' + ABD 

39. b. 

INPUTS OUTPUT 

A B c D y 

0 0 0 0 0 

0 0 0 1 0 

0 0 1 0 0 

0 0 1 1 0 

0 1 0 0 1 

0 1 0 1 0 

0 1 1 0 1 

0 1 1 1 0 

1 0 0 0 0 

1 0 0 1 1 

1 0 1 0 0 

1 0 1 1 0 

1 1 0 0 1 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 0 

c. 

A B C D 

40. b.A'B'C'D' + A'B'CD' + ABCD' + ABCD 
c.A'B'D' +ABC 
d. 

C D 

41. data selector 
42. 7, w. 
43. rotary 
44. 15, HIGH 
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45. multiplexers 

46. A · B · C · D + A · B · C · D + A · B · c · D + 
A·B·C·D=Y 

47. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 A B c D 

I t 

48. programmable logic device 
49. programmable array logic 

50. generic array logic 

w 

51. field-programmable logic array 
52. combinational 
53. by the local user 

c---

54. burning open selected fusible links 

55. PLD burner or programmer 
56. Boolean expression 
57. sum-of-products 
58. 12, 6, active HIGH 
59. CMOS 
60. 8 
61. AND 
62. A · B + A · B = Y 

63. A+ B =A· B 
A·B=A+B 

~-==---=-~=-~~-= 

64. Begin. (A + B + C) · (A + B + C) = Y 

Step 1. (A· B · C) +(A· B · C) = Y 

Step 2. (A · B· C) + (A · B · C) = Y 

Step 3. (A· B · C) + (A· B · C) = Y 
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A 

Step 4. Eliminate double overbars. 

End. A · B · C + A · B · C = Y 

65. Begin. A · B · C + A · B · C = Y 

Step 1. (A+ B + C) ·(A+ B + C) = Y 

Step 2. (A + B + C) . (A + lJ + C) = Y 

Step 3. (A + B + C) · (A + B + C) = Y 

Step 4. Eliminate double overbars. 

End. (A + B + C) · (A + B + C) = Y 
66. (A'BC + A'B'C')' 
67. 

A B c 

68. 

B c D 

69. active HIGH 
70. yellow (Y3), red (Yl) 

71. A· B · C +A· B · c = Y 
72. downloaded 
73. green (Y2) and yellow (Y3) 

74. A· B + A · c = Y 

75. line 26 
76. line 30 
77. inputs 
78. line 29 

y 

y 



learning Dutcames 
This chapter will help you to: 

5-1 Determine logic levels using TTL and 
CMOS voltage profile diagrams. 

5-2 Use selected TTL and CMOS IC 
specifications such as input and output 
voltages and noise margin. 

5-3 Understand other IC specifications 
including drive capability, fan-in, fan-out, 
propagation delay, and power consumption. 

5-4 List several safety precautions for handling 
and designing with CMOS ICs. 

5-5 Recognize several simple switch interface 
and debouncing circuits using both TTL 
and CMOS ICs. 

5-6 Analyze interfacing circuits for LEDs and 
incandescent lamps using both TTL and 
CMOS ICs. 

5-7 Explain the basics of current sourcing and 
current sinking when using TTL ICs. 

5-8 Draw TTL-to-CMOS and CMOS-to-TTL 
interface circuits. 

5-9 Describe the operation of interface circuits 
for buzzers, relays, motors, and solenoids 
using both TTL and CMOS ICs. 

5-10 Analyze interfacing circuits featuring an 
optoisolator. 

5-11 Describe a servo motor, and summarize 
how it is controlled using pulse-width 
modulation (PWM). 

5-12 List the primary characteristics and 
features of a stepper motor. Describe the 
operation of stepper motor drive circuits. 

5-13 Characterize the operation of a Hall-effect 
sensor and its application in a device such 
as a Hall-effect switch. 

5-14 Demonstrate the interfacing of an open
collector Hall-effect switch with TTL and 
CMOS ICs as well as LEDs. 

5-15 Troubleshoot a simple logic circuit. 

5-16 Demonstrate interfacing a servo motor to a 
BASIC Stamp 2 Microcontroller Module. 
Explain the actions of the servo motor when 
controlled by the microcontroller module. 

I ( Specifications 
mple ~nterfadng 

he driving force behind the ·increased 
use of digital circuits has been the avail

ability of a variety of logic families. Inte
grated circuits within a logic family are 
designed to inteiface easily with one an
other. For instance, in the TTL logic fam
ily you may connect an output directly into 
the input of several other TTL inputs with 
no extra parts. The designer can have con
fidence that ICs from the same logic family 
will interface properly. Interfacing between 
logic families and between digital ICs and 
the outside world is a bit more complicated. 
Inteifacing can be defined as the design 
of the interconnections between circuits 
that shift the levels of voltage and current 
to make them compatible. A fundamental 
knowledge of simple interfacing techniques 
is required of technicians and engineers 
who work with digital circuits. Most logic 
circuits are of no value if they are not inter
faced with "real-world" devices. 

S-1 Logic Levels and 
Noise Margin 

In any field of electronics most technicians and 
engineers start investigating a new device in terms 
of voltage, current, and resistance or impedance. 
In this section just the voltage characteristics of 
both TTL and CMOS ICs will be studied. 

logic levels: TTL 
How is a logical 0 (LOW) or logical 1 (HIGH) 
defined? Figure 5-1 shows an inverter (such as 
the 7404 IC) from the bipolar TTL logic fam
ily. Manufacturers specify that for correct op
eration, a LOW input must range from GND to 
0.8 V. Also, a HIGH input must be in the range 
from 2.0 to 5.5 V. The unshaded section from 

Logic families: TTL 
and CMOS 

Interfacing 
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TTL voltage profile 

Internet 
Connection 
Find data sheets For 
ICs at www.onsemi 
.com or www.ti.com. 

INPUT 
. VOLTAGE 

Maximum +5.5 

+5 

+4 
HIGH 

+3 

+2 ---- 2.0V 

Undefined 

+1 ---- 0.8V 
LOW 

GND 

Fig. 5-1 Defining TTL input and output voltage levels. 

0.8 to 2.0 V on the input side is the undefined 
area, or indeterminate region. Therefore, an 
input of 3.2 is a HIGH input. An input of 0.5 V 
is considered a LOW input. An input of 1.6 V is 
in the undefined region and should be avoided. 
Inputs in the undefined region yield unpredict
able results at the output. 

Expected outputs from the TTL inverter are 
shown on the right in Fig. 5-1. A typical LOW 
output is about 0.1 V. A typical HIGH output 
might be about 3.5 V. However, a HIGH output 
could be as low as 2.4 V according to the voltage 
profile diagram in Fig. 5-1. The HIGH output de
pends on the resistance value of the load placed at 
the output. The greater the load current, the lower 
the HIGH output voltage. The unshaded section 
on the output voltage side in Fig. 5-1 is the unde
fined region. Suspect trouble if the output voltage 
is in the undefined region (0.4 to 2.4 V). 

The voltages given for LOW and HIGH logic 
levels in Fig. 5-1 are for a TTL device. These 
voltages are different for other logic families. 

logic levels: CMOS 
The 4000 and 74COO series CMOS logic fami
lies of ICs operate on a wide range of power 
supply voltages (from + 3 to + 15 V). The defi
nition of a HIGH and LOW logic level for a typ
ical CMOS inverter is illustrated in Fig. 5-2(a). 
A 10-V power supply is being used in this volt
age profile diagram. 

The CMOS inverter shown in Fig. 5-2(a) will 
respond to any input voltage within 70-100 per
cent of V DD ( + 10 V in this example) as a HIGH. 
Likewise, any voltage within 0 to 30 percent of 
VDD is regarded as a LOW input to ICs in the 
4000 and 74COO series. 
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OUTPUT 
VOLTAGE 

+5V 

HIGH +4V 
Typical 3.5 V -

+3V 

2.4V ----
+2V 

Undefined 

+1V 

0.4V ----
Typical 0.1 V - LOW GND 

Typical output voltages for CMOS ICs are 
shown in Fig. 5-2(a). Output voltages are nor
mally almost at the voltage rails of the power 
supply. In this example, a HIGH output would 
be about +10 V, while a LOW output would be 
about 0 V or GND. 

The 74HCOO series and the newer 74ACOO 
and 74ACQOO series operate on a lower volt
age power supply (from +2 to +6 V) than the 
older 4000 and 74COO series CMOS ICs. The 
input and output voltage characteristics are 
summarized in the voltage profile diagram in 
Fig. 5-2(b). The definition of HIGH and LOW 
for both input and output on the 74HCOO, 
74ACOO, and 74ACQOO series is approximately 
the same as for the 4000 and 74COO series 
CMOS ICs. This can be seen in a comparison 
of the two voltage profiles in Fig. 5-2(a) and (b). 

The 74HCTOO series and newer 74ACTOO, 
74ACTQOO, 74FCTOO, and 74FCTAOO series 
of CMOS ICs are designed to operate on a 5-V 
power supply like TTL ICs. The function of the 
74HCTOO, 74ACTOO, 74ACTQOO, 74FCTOO, 
and 74FCTAOO series of ICs is to interface be
tween TTL and CMOS devices. These CMOS 
ICs with a "T" designator can serve as direct 
replacements for many TTL ICs. 

A voltage profile diagram for the 74HCTOO, 
74ACTOO, 74ACTQOO, 74FCTOO, and 
74FCTAOO series CMOS ICs is drawn in 
Fig. 5-2(c). Notice that the definition of LOW 
and HIGH at the input is the same for these "T" 
CMOS ICs as it is for regular bipolar TTL ICs. 
This can be seen in a comparison of the input 
side of the voltage profiles of TTL and the "T" 
CMOS ICs [see Figs. 5-1 and 5-2(c)]. The out
put voltage profiles for all the CMOS ICs are 



INPUT OUTPUT 

+ 10V VOLTAGE VOLTAGE 
9.95V 7-- +10V 

HIGH 
+8V HIGH +8V 

----?V 4000 

+6V 
and 

74COO +6V 

Undefined -r>- Undefined 

+4V +4V 

----3V 

+2V CMOS LOW +2V 
LOW 

0.05V ~--
GND GND 

(a) 

INPUT OUTPUT 
V VOLTAGE VOLTAGE 

+5 
4.9V 7-- +5V 

HIGH 
+4V 74HCOO HIGH +4V 

----3.SV 74ACOO 

+3V 
and 

74ACQOO +3V 

Undefined 

--f>-
Undefined 

+2V +2V 

+1V ----1V CMOS LOW +1V 

LOW 
0.1 v _\ __ 

GND GND 

(b) 

INPUT OUTPUT 
+SV VOLTAGE VOLTAGE 

+5V 
Typical 4.7 V --- HIGH 

74HCTOO /----
+4V 74ACTOO +4V 

74ACTQOO 
4.3V 

HIGH 

+3V 
74FCTOO 

74FCTAOO +3V 

--f>-
Undefined 

+2V ----2.0V +2V 

Undefined 
+1V CMOS LOW +1V ----0.8V 0.3V~\ 

LOW 
GND 

Typical 0.2 V ---- --
GND 

(c) 

5-2 Defining CMOS input and output voltage levels. (a) 4000 and 74COO series voltage 
profile. (b) 74HCDO, 74ACOO, and 74ACODO series voltage profile. (c) 74HCTOD, 
74ACTOO, 74ACTODD, 74FCTOO, 74FCTAOO series voltage profile. 

similar. In summary, the "T" series CMOS ICs 
have typical TTL input voltage characteristics 
with CMOS outputs. 

logic levels: low-Voltage CMOS 
As digital circuits become smaller it is useful to 
use power supply voltages that are lower than 

the common +5 V. The definition of HIGH 
and LOW logic levels for a typical low-voltage 
CMOS IC is detailed in Fig. 5-3. 

Two modern low-voltage CMOS families are 
the 74ALVCOO series (advanced low-voltage 
CMOS) and the 74LVXOO series (low-voltage 
CMOS with 5-V tolerant inputs). The 74LVXOO 

4000 and 74COD 
series CMOS 
voltage profile 

74HCIJD and 
74ACOO series 
CMOS voltage 
profile 

'T' series CMOS 
profile 

Law-Voltage CMOS 
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Comparing TTL 
and CMOS noise 

margins 

Advantages of 

CMOS 
Noise immunity 

Noise margin 

INPUT OUTPUT 

+ 3 V VOLTAGE VOLTAGE 7-- +3V 

HIGH 
74ALVCOO HIGH 

+2V ---- 74LVXOO +2V 

Undefined ---rs:- Undefined 

+IV 
Low-voltage +IV ----

CMOS 
LOW 

LOW 

~--
GND GND 

Fig. 5-3 Defining low-voltage CMOS input and output voltage levels. 

INPUT TTL OUTPUT 
+ 5 V VOLTAGE VOLTAGE 

+5V 

+4V +4V 

HIGH 
HIGH 

+3V Noise margin (0.4 V) +3V 

+2V ,- --T-
+2V 

2.4 v 
2.0 V 0.8V Noise margin (0.4 V) 

+IV ___ _/_ 0.4 v +IV 

LOW 
\__ 

GND 
LOW 

GND 

INPUT CMOS OUTPUT 
V VOLTAGE VOLTAGE 

+5 \-'f\- +5V 

HIGH Noise margin (1.5 V) HIGH 
+4V 4.95 v + 4 v 

+3V 3.5V +3V 

+2V 1.5 v +2V 

+IV 0.05 v +IV 
LOW Noise margin (1.5 V) 

/_LOW 

GND --1- GND 

Fig. 5-4 Defining and comparing TTL and CMOS noise margins. 

ICs can tolerate higher input voltage than sug
gested in Fig. 5-3 without harm. 

Fig. 5-3, but the scaling on the left edge of the 
profile would be different. 

As detailed in the voltage profile diagram in 
Fig. 5-3, input voltages above +2 V are consid
ered HIGH, while input voltages below +0.8 V 
are in the LOW range. The output voltages from 
these low-voltage CMOS ICs would be near the 
voltage rails of + 3 V and GND. 

Many low-voltage CMOS ICs can operate 
on supply voltages as low as about + 1.7 V. The 
voltage profile would look about like that in 

Noise Margin 
The most often cited advantages of CMOS are 
its low power requirements and good noise im
munity. Noise immunity is a circuit's insensitivity 
or resistance to undesired voltages or noise. It is 
also called noise margin in digital circuits. 

The noise margins for typical TTL and 
CMOS families are compared in Fig. 5-4. The 
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noise margin is much better for the CMOS than 
for the TTL family. You may introduce almost 
1.5 V of unwanted noise into the CMOS input 
before getting unpredictable results. 

Noise in a digital system is unwanted voltages 
induced in the connecting wires and printed cir
cuit board traces that might affect the input logic 
levels, thereby causing faulty output indications. 

Consider the diagram in Fig. 5-5. The LOW, 
HIGH, and undefined regions are defined for 
TTL inputs. If the actual input voltage is 0.2 V, 
then the margin of safety between it and the un
defined region is 0.6 V (0.8 - 0.2 = 0.6 V). This 
is the noise margin. In other words, it would 
take more than +0.6 V added to the LOW volt
age (0.2 V in this example) to move the input 
into the undefined region. 

In actual practice, the noise margin is even 
greater because the voltage must increase to the 
switching threshold, which is shown as 1.2 V in 
Fig. 5-5. With the actual LOW input at +0.2 V 
and the switching threshold at about + 1.2 V, the 
actual noise margin is 1 V (1.2 - 0.2 = 1 V). 

Supply the missing word in each statement. 

1. The design of interconnections between 
two circuits to make them compatible is 
called 

2. An input of + 3.1 V to a TTL IC would 
be considered (HIGH, LOW, 
undefined). 

3. An input of +0.5 V to a TTL IC would 
be considered (HIGH, LOW, 
undefined). 

4. An output of +2.0 V from a TTL IC 
would be considered (HIGH, 
LOW, undefined). 

5. An input of +6 V (10-V power supply) 
to a 4000 series CMOS IC would be 
considered (HIGH, LOW, 
undefined). 

6. A typical HIGH output (10-V power 
supply) from a CMOS IC would be 
about v. 

7. An input of +4 V (5-V power supply) 
to a 74HCTOO series CMOS IC would 

TIL 
INPUT LOGIC LEVELS 
-----+5V 

+4V 

.HIGH 

Undefined 
region Switching 

threshold 
Noise. < O.S V 
margin 0.2 v LOW 

'---"<-------' 0 V (GND) 

Actual input voltage (LOW) 

Fig. 5-5 TTL input logic levels showing noise margin. 

The switching threshold is not an absolute 
voltage. It does occur within the undefined re
gion but varies widely because of manufacturer, 
temperature, and the quality of the components. 
However, the logic levels are guaranteed by the 
manufacturer. 

be considered (HIGH, LOW, 
undefined). 

8. The (CMOS, TTL) family of 
ICs has better noise immunity. 

9. The switching threshold of a digital IC is 
the input voltage at which the output logic 
level switches from HIGH to LOW or 
LOW to HIGH. (T or F) 

10. The 74FCTOO series of 
(CMOS, TTL) ICs has an input voltage 
profile that looks like that of a TTL IC. 

11. Refer to Fig. 5-3. The 74ALVCOO series 
ICs would be referred to as 
(high-impedance, low-voltage) CMOS 
chips because it can operate on a + 3-V 
power source. 

12. Refer to Fig. 5-3. An input of +2.5 V to a 
74ALVCOO series IC would be considered 
a(n) (HIGH, LOW, undefined) 
logic level. 

Noise 

Switching 
threshold 
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Fan-out 

Drive capabilities 

S-? Other Digital IC Specifications 

Digital logic voltage levels and noise margins were 
studied in the last section. In this section, other im
portant specifications of digital ICs will be intro
duced. These include drive capabilities, fan-out and 
fan-in, propagation delay, and power dissipation. 

fan-out. The fan-out of a digital IC is the num
ber of "standard" inputs that can be driven by 
the gate's output. If the fan-out for standard TTL 
gates is 10, this means that the output of a single 
gate can drive up to 10 inputs of the gates in the 
same subfamily. A typical fan-out value for stan
dard TTL ICs is 10. The fan-out for low-power 
Schottky TTL (LS-TTL) is 20 and for the 4000 
series CMOS it is considered to be about 50. Drive Capabilities 

A bipolar transistor has its maximum wattage 
and collector current ratings. These ratings de
termine its drive capabilities. One indication of 
output drive capability of a digital IC is called its 

Another way to look at the current character
istics of gates is to examine their output drive 
and input loading parameters. The diagram in 
Fig. 5-6(a) is a simplified view of the output 

..J 

I= 

CJ) 
0 
:a: 
() 

OUTPUT DRIVE 
(Standard TTL) 

+sv 

+4V 
HIGH 

+3V 

----
+2V 

+1V 

GND 
LOW 

Device Family 

Standard TTL 

IoH 

400 µA 

IoL 

16 mA 

Low-Power Schottky 

Advanced Low-Power 
Schottky 

FAST Fairchild Advanced 
Schottky TTL 

4000 Series 

74HCOO Series 

FACT Fairchild Advanced 
CMOS Technology Series 
(AC/ ACT I ACQ/ ACTQ) 

FACT Fairchild Advanced 
CMOS Technology Series 
(FCT/FCTA) 

> 
liH 

40 µA 

Jil 

> 1.6 mA 

(a) 

Output Drive* 

lQH = 400 µ,A 
IoL = 16 mA 

lQH = 400 µA 
I0 L=8mA 

IoH = 400 µ,A 
IoL = 8 mA 

IoH 1 mA 
lQL = 20 mA 

IoH = 400 µA 
IoL = 400 µ,A 

I0 H=4mA 
I0 L=4mA 

IoH = 24.mA 
IoL = 24 mA 

IoH = 15 mA 
IoL = 64 mA 

*Buffers and drivers may have more output drive. 

(b) 

INPUT LOADING 
(Standard TTL) 

+sv 

> 
+4V 

HIGH 

+3V 

---- +2V 

+1V 

> 
----

LOW 
GND 

Input Loading 

liH = 40 µA 
liL = 1.6 mA 

JiH = 20 µA 
liL = 400 µA 

liH = 20 µ,A 
liL = 100 µ,A 

JiH = 20 µ,A 
liL = 0.6 mA 

I;n=1µ,A 

I;n=1µ,A 

I;n=1µ,A 

I;n=1µ,A 

5-6 (a) Standard TTL voltage and current profiles. (b) Output drive and input loading characteristics for 
selected TTL and CMOS logic families. 
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drive capabilities and input load characteristics 
of a standard TTL gate. A standard TTL gate 
is capable of handling 16 mA when the output 
is LOW (/0L) and 400 µA when the output is 
HIGH (/0H). This seems like a mismatch until 
you examine the input loading profile for a stan
dard TTL gate. The input loading (worst-case 
conditions) is only 40 µA with the input HIGH 
(Im) and 1.6 mA when the input is LOW (11J 
This means that the output of a standard TTL 
gate can drive 10 inputs (16 mA/1.6 mA = 10). 
Remember, these are worst-case conditions, 
and in actual bench tests under static conditions 
these input load currents are much less than 
specified. 

A summary of the output drive and input 
loading characteristics of several families of 
digital ICs is detailed in Fig. 5-6(b). Look over 
this chart of very useful information. You will 

LS-TTL 

LS-TTL 
OUTPUT 

+sv 

+4V IoH 

> HIGH 
400 µA 

+3V 

----
+2V 2.4 v 

+1V 
lOL 0.4 v 

> LOW 8mA 
GND 

(a) 

(b) 

need these data later when interfacing TTL and 
CMOS ICs. 

Notice the outstanding output drive ca
pabilities of the FACT series of CMOS ICs 
[see Fig. 5-6(b)]. The superior drive capabilities, 
low power consumption, excellent speed, and 
great noise immunity make the FACT series of 
CMOS ICs one of the preferred logic families 
for new designs. The newer FAST TTL logic 
series also has many desirable characteristics 
that make it suitable for new designs. 

The load represented by a single gate is 
called the fan-in of that family ofICs. The input 
loading column in Fig. 5-6(b) can be thought of 
as the fan-in of these IC families. Notice that 
the fan-in or input loading characteristics are 
different for each family of ICs. 

Suppose you are given the interfacing prob
lem in Fig. 5-7(a). You are asked if the 74LS04 

Standard TTL 

Standard TTL 
INPUT 

+SV 

fiH 

> 
+4V 

40 µA HIGH 

+3V 

---- +2V 
2.0V 

fiL 
a.av +1V 

> 
----

1.6 mA LOW 
GND 

Fig. 5-7 Interfacing LSHL to standard TTL problem. (a) Logic diagram of interfacing problem. 
( b) Voltage and current profiles for visualizing the solution to the problem. 

Fan·in 

Internet 
Connection 
Visit www.ti.com. 
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Propagation delay 

Internet 
Connection 
Visit www.fairchildse 
miconductor.com. 

Propagation delays 

inverter has enough fan-out to drive the four 
standard TTL NAND gates on the right. 

The voltage and current profiles for LS
TTL and standard TTL gates are sketched in 
Fig. 5-7(b). The voltage characteristics of all 
TTL families are compatible. The LS-TTL gate 
can drive 10 standard TTL gates when its out
put is HIGH (400 µA/40 µA = 10). However, 
the LS-TTL gate can drive only five standard 
TTL gates when it is LOW (8 mA/1.6 mA = 5). 
We could say that the fan-out of LS-TTL gates 
is only 5 when driving standard TTL gates. It 
is true that the LS-TTL inverter can drive four 
standard TTL inputs in Fig. 5-7(a). 

Propagation Delay 
Speed, or quickness of response to a change 
at the inputs, is an important consideration in 
high-speed applications of digital ICs. Con
sider the waveforms in Fig. 5-8(a). The top 
waveform shows the input to an inverter going 
from LOW to HIGH and then from HIGH to 

_jl 
INPUT 

I 
OUTPUT 

I 
I I 

v 

LOW. The bottom waveform shows the output 
response to the changes at the input. The slight 
delay between the time the input changes and 
the time the output changes is called the propa
gation delay of the inverter. Propagation delay 
is measured in seconds. The propagation delay 
for the LOW-to-HIGH transition of the input 
to the inverter is different from the HIGH-to
LOW delay. Propagation delays are shown in 
Fig. 5-8(a) for a standard TTL 7404 inverter IC. 

The typical propagation delay for a standard 
TTL inverter (such as the 7404 IC) is about 
12 ns for the LOW-to-HIGH change while only 
7 ns for the HIGH-to-LOW transition of the 
input. 

Representative minimum propagation delays 
are summarized on the graph in Fig. 5-8(b). The 
lower the propagation delay specification for an 
IC, the higher the speed. Notice that the AS
TTL (advanced Schottky TTL) and AC-CMOS 
are the fastest with minimum propagation 
delays of about 1 ns for a simple inverter. The 

l H 

I L 

I I H 
I L I 

v 
tPLH = 12 ns tPHL = 7 ns 

40 

en so 
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TTL CMOS TTL 
s 

TTL 
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Logic Families 

(b) 

Fig. 5-El (a) Waveforms showing propagation delays for a standard TTL inverter. 
(b) Graph of propagation delays For selected TTL and CMOS Families. 

4000 
series 
CMOS 
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older 4000 and 74COO series CMOS families 
are the slowest families (highest propagation 
delays). Some 4000 series ICs have propaga
tion delays of over 100 ns. In the past, TTL ICs 
were considered faster than those manufactured 
using the CMOS technology. Currently, how
ever, the FACT CMOS series rival the best TTL 
res in low propagation delays (high speed). 
for extremely high-speed operation, the ECL 
(emitter-coupled logic) and the developing gal
limn arsenide families are required. 

Power Dissipation 
Generally, as propagation delays decrease 
(increased speed), the power consumption 
and related heat generation increase. Histori
cally, a standard TTL IC might have a propa
gation delay of about 10 ns compared with a 
propagation delay of about 30 to 50 ns for a 
4000 series CMOS IC. The 4000 CMOS IC, 
however, would consume only 0.001 mW, 
while the standard TTL gate might consume 
10 mW of power. The power dissipation of 
CMOS increases with frequency. So at 100 
kHz, the 4000 series gate may consume 0.1 
mW of power. 

The speed versus power graph in Fig. 5-9 
compares several of the TTL and CMOS 
families. The vertical axis on the graph rep
resents the propagation delay (speed) in nano
seconds, while the horizontal axis depicts the 
power consumption (in milliwatts) of each 

Supply the missing word in each statement. 

13. The number of "standard" input loads 
that can be driven by an IC is called its 
____ (fan-in, fan-out). 

14. The (4000 series CMOS, 
FAST TTL series) gates have more output 
drive capabilities. 

15. Refer to Fig. 5-6(b). The calculated fan
out when interfacing LS-TTL to LS-TTL 
is ___ _ 

10 
Speed vs. Power 
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(Not to scale) 

Fig. 5-9 Speed versus power for selected TTL and CMOS 
families. (Courtesy of National Semiconductor 
Corporation.) 

gate. Families with the most desirable com
bination of both speed and power are those 
near the lower left corner of the graph. A few 
years ago many designers suggested that the 
ALS (advanced low-power Schottky TTL) 
family was the best compromise between 
speed and power dissipation. With the intro
duction of new families, it appears that the 
FACT (Fairchild advanced CMOS technol
ogy) series is now one of the best compromise 
logic families. Both the ALS and the FAST 
(Fairchild advanced Schottky TTL) families 
are also excellent choices. 

16. The 4000 series CMOS gates have very 
low power dissipation, good noise immu-
nity, and (long, short) propa-
gation delays. 

17. Refer to Fig. 5-8(b ). The fastest CMOS 
subfamily is ___ _ 

18. All TTL subfamilies have ___ _ 
(different, the same) voltage and dif
ferent output drive and input loading 
characteristics. 

FACT series 
CMOS !Cs 
Emitter-coupled 
logic (ECL) 

Power dissipation 

Speed versus 
power chart 

Internet 
Connection 
IC manufacturers 
refer to RoHS. RoHS 
stands for what? 
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Cautions when 
using CMOS 

Conductive foam 

PMOS 
NMOS 

Complementary 
symmetry 
metal-oxide 
semiconductor ICs 

CMOS structure 

5-3 MOS and CMOS ICs 

MOS ICs 
The enhancement type of metal-oxide semicon
ductor field-effect transistor (MOSFET) forms the 
primary component in MOS ICs. Because of their 
simplicity, MOS devices use less space on a sili
con chip. Therefore, more functions per chip are 
typical in MOS devices than in bipolar ICs (such 
as TTL). Metal-oxide semiconductor technology 
is widely used in large-scale integration (LSI) and 
very large-scale integration (VLSI) devices be
cause of this packing density on the chip. Micro
processors, memory, and clock chips are typically 
fabricated using MOS technology. Metal-oxide 
semiconductor circuits are typically of either the 
PMOS (P-channel MOS) or the newer, faster 
NMOS (N-channel MOS) type. Metal-oxide 
semiconductor chips are smaller, consume less 
power, and have a better noise margin and higher 
fan-out than bipolar ICs. The main disadvantage 
of MOS devices is their relative lack of speed. 

CMOS !Cs 
Complementary symmetry metal-oxide semi
conductor (CMOS) devices use both P-channel 
and N-channel MOS devices connected end 
to end. Complementary symmetry metal-oxide 
semiconductor ICs are noted for their excep
tionally low power consumption. The CMOS 
family of ICs also has the advantages of low 
cost, simplicity of design, low heat dissipa
tion, good fan-out, wide logic swings, and good 
noise-margin performance. Most CMOS fami
lies of digital ICs operate on a wide range of 
voltages. Some low-voltage CMOS ICs operate 
on power supplies as low as + 1.7 V. 

Historically, the main disadvantage of many 
CMOS ICs was that they were slower than bipo
lar digital ICs such as TTL devices. In more re
cent times, CMOS families such as 74ACOO and 
74ALVCOO series feature very low propagation 
delays (perhaps 2 to 5 ns) for use in high-speed 
digital circuits. For comparison, older 7400 se
ries logic circuits may have propagation delays 
of about 6 ns. Extra care must be taken when 
handling CMOS ICs because they must be pro
tected from static discharges. A static charge 
or transient voltage in a circuit can damage 
the very thin silicon dioxide layers inside the 
CMOS chip. The silicon dioxide layer acts like 
the dielectric in a capacitor and can be punc
tured by static discharge and transient voltages. 
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If you do work with CMOS ICs, manufactur
ers suggest preventing damage from static dis

charge and transient voltages by: 

1. Storing CMOS ICs in special conductive 
foam or static shielding bags or containers 

2. Using battery-powered soldering irons 
when working on CMOS chips or 
grounding the tips of ac-operated units 

3. Changing connections or removing CMOS 
ICs only when the power is entumed off 

4. Ensuring that input signals do not exceed 
power supply voltages 

5. Always turning off input signals before 
circuit power is turned off 

6. Connecting all unused input leads to 
either the positive supply voltage or GND, 
whichever is appropriate (only unused 
CMOS outputs may be left unconnected) 

FACT CMOS ICs are much more tolerant of 
static discharge. 

The extremely low power consumption of 
CMOS I Cs makes them ideal for battery-operated 
portable devices. Complementary symmetry 
metal-oxide semiconductor ICs are widely used 
in a variety of portable devices. 

A typical CMOS device is shown in 
Fig. 5-10. The top half is a P-channel MOSFET, 
while the bottom half is an N-channel MOS
FET. Both are enhancement-mode MOSFETs. 
When the input voltage (V) is LOW, the top 
MOSFET is on and the bottom unit is off. The 
output voltage (V ) is then HIGH. However, if 

out 

V. is HIGH, the bottom device is on and the top 
In 

MOSFET is off. Therefore, V is LOW. The 
out 

device in Fig. 5-10 acts as an inverter. 
Notice in Fig. 5-lOthatthe VDD of the CMOS unit 

goes to the positive supply voltage. The V DD lead is 
labeled Vee (as in TTL) by many manufacturers. 

Fig. 5-m CMOS structure using P-channel and N-channel 
MOSFETs in series. 



The "D" in VDD stands for the drain supply in 
MOSFET. The V

88 
lead of the CMOS unit is con

nected to the negative of the power supply. This 
connection is called GND (as in TTL) by some 
manufacturers. The "S" in Vss stands for source 
supply in a MOSFET. CMOS ICs typically oper
ate on 3-, 5-, 6-, 9-, or 12-V power supplies. 

The CMOS technology is used in making 
several families of digital ICs. The most popular 
are the 4000, 74COO, 74HCOO, 74ALVCOO, and 
FACT series ICs. The 4000 series is the oldest. 
This family has all the customary logic functions 
plus a few devices that have no equivalent in TTL 
families. For instance, in CMOS it is possible to 
produce transmission gates or bilateral switches. 
These gates can conduct or allow a signal to pass 
in either direction like relay contacts. 

The 74COO series is an older CMOS logic 
family that is the pin-for-pin, function-for
function equivalent of the 7400 series of TTL 
ICs. As an example, a 7400 TTL IC is desig
nated as a quadruple ("quad") two-input NAND 
gate as is the 74COO CMOS ICs. 

The 74HCOO series CMOS logic family is 
designed to replace the 74COO series and many 
4000 series ICs. It has pin-for-pin, function-for
function equivalents for both 7400 and 4000 se
ries ICs. It is a high-speed CMOS family with 
good drive capabilities. It operates on a 2- to 
6-V power supply. 

Supply the missing word in each statement. 

19. Large-scale integration (LSI) and very 
large-scale integration (VLSI) devices 
make extensive use of (bi po-
lar, MOS) technology. 

20. The letters CMOS stand for 
21. The most important advantage of using 

CMOS is its 
22. The Vss pin on a CMOS IC is connected 

to (positive, GND) of the 
power supply. 

23. The VDD pin on a CMOS IC is connected 
to (positive, GND) of the 
power supply. 

24. The (FACT, 4000) series of 
CMOS ICs are a good choice for new 

The FACT (Fairchild advanced CMOS tech
nology) logic IC series includes the 74ACOO, 
74ACQOO, 74ACTOO, 74ACTQOO, 74FCTOO, 
and 74FCTAOO subfamilies. The FACT fam
ily provides pin-for-pin, function-for-function 
equivalents for 7400 TTL ICs. The FACT 
series was designed to outperform existing 
CMOS and most bipolar logic families. It fea
tures low power consumption even at modest 
frequencies (0.1 mW/gate at 1 MHz). Power 
consumption does however increase at higher 
frequencies (>50 mW at 40 MHz). It has out
standing noise immunity, with the "Q" devices 
having patented noise-suppression circuitry. 
The "T" devices have TTL voltage level inputs. 
The propagation delays for the FACT series are 
outstanding [see Fig. 5-8(b)]. FACT ICs show 
excellent resistance to static electricity. The se
ries is also radiation-tolerant making it good in 
space, medical, and military applications. The 
output drive capabilities of the FACT family 
are outstanding [see Fig. 5-6(b)]. 

Extremely compact digital devices may use 
lower-voltage power sources where Vee = 3.3 V, 
Vee = 2.5 V, or Vee = 1.8 V. The 74ALVCOO 
series of CMOS ICs may be used because of its 
low power consumption, 3.6-V tolerant inputs/ 
outputs, TTL direct interface, static protection, 
and very high speeds (low propagation delays, 
about 2 to 3 ns). 

designs because of their low power con-
sumption, good noise immunity, excellent 
drive capabilities, and outstanding speed. 

25. The 74FCTOO would have the same logic 
function and pinout as the 7400 quad two-
input NAND gate IC. (T or F) 

26. The 74ALVCOO series of ICs use 
(CMOS, TTL) technology in 

their manufacture. 
27. Older series of CMOS ICs (such as the 

4000 series) were (not, very) 
sensitive to static electricity. 

28. Older series of CMOS ICs (such as the 
4000 series) featured low power con-
sumption but were lacking because of 
high propagation delays. (T or F) 

FACT series 
CMDS ICs 

401JO series 

Transmission gates 

Bilateral switches 
74COO series 

74HCaa series 

Internet 
Connection 
Explore BiCMOS or 
BiMDS technology at 
en.wikipedia.org. 
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Pull-up resistor 

Switch-tal"TL 
interfaces 
Switch-ta-CMOS 
interfaces 

5-4 Interfacing TTL and 
CMOS with Switches 

One of the most common means of entering 
information into a digital system is the use of 
switches or a keyboard. Examples might be the 
switches on a digital clock, the keys on a calcu
lator, or the keyboard on a microcomputer. This 

INPUT 
_L_ 

[ 
(a) 

+5V 

+5V 

Pull-up 
INPUT resistor 
_L_ 

iO kfl 

(b) 

L ~[}---------l 

(c) 

+5V 

OUTPUT 

TIL 

OUTPUT 

TIL 

+5V 

OUTPUT 

TIL 

Fig. S-11 Switch-to-TTL interfaces. (a) Simple active LOW 
switch interface. (b) Active LOW switch interface 
using pull-up resistor. (c) Active HIGH switch 
interface using pull-down resistor. 
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section will detail several methods of using a 
switch to enter data into either TTL or CMOS 
digital circuits. 

Three simple switch interface circuits are 
depicted in Fig. 5-11. Pressing the push-button 
switch in Fig. 5-ll(a) will drop the input of the 
TTL inverter to ground level or LOW. Releas
ing the push-button switch in Fig. 5-ll(a) opens 
the switch. The input to the TTL inverter now is 
allowed to "float." In TTL, inputs usually float 
at a HIGH logic level. 

Floating inputs on TTL are not depend
able. Figure 5-ll(b) is a slight refinement of the 
switch input circuit in Fig. 5-ll(a). The 10-kD. 
resistor has been added to make sure the input 
to the TTL inverter goes HIGH when the switch 
is open. The 10-kD. resistor is called a pull-up 
resistor. Its purpose is to pull the input voltage 
up to +5 V when the input switch is open. Both 
circuits in Fig. 5-ll(a) and (b) illustrate active 

+5V 

+5V 

Pull-up 
INPUT resistor 
_L_ 

100 kfl 

(a) 

~r ,__ _____ _, 

(b) 

OUTPUT 

+5V 

OUTPUT 

CMOS 

Fig. S-12 Switch-to-CMOS interfaces. (a) Active LOW switch 
interface with pull-up resistor. (b) Active HIGH switch 
interface with pull-down resistor. 



LOW switches. They are called active LOW 
switches because the inputs go LOW only when 
the switch is activated. 

An active HIGH input switch is sketched in 
fig. 5-ll(c). When the input switch is activated, 
the +5 V is connected directly to the input of 
the TTL inverter. When the switch is released 
(opened), the input is pulled LOW by the pull
down resistor. The value of the pull-down resis
tor is relatively low because the input current 
required by a standard TTL gate may be as high 
as 1.6 mA [see Fig. 5-6(b)]. 

Two switch-to-CMOS interface circuits are 
drawn in Fig. 5-12. An active LOW input switch 
is drawn in Fig. 5-12(a). The 100-kD. pull-up re
sistor pulls the voltage to +5 V when the input 
switch is open. Figure 5-12(b) illustrates an ac
tive HIGH switch feeding a CMOS inverter. The 
100-kD. pull-down resistor makes sure the input to 
the CMOS inverter is near ground when the input 

+5V 

switch is open. The resistance value of the pull
up and pull-down resistors is much greater than 
those in TTL interface circuits. This is because 
the input loading currents are much greater in 
TTL than in CMOS. The CMOS inverter illus
trated in Fig. 5-12 could be from the 4000, 74COO, 
74HCOO, or the FACT series of CMOS I Cs. 

Switch Debouncing 
The switch interface circuits in Figs. 5-11 and 
5-12 work well for some applications. However, 
none of the switches in Figs. 5-11and5-12 were 
debounced. The lack of a debouncing circuit 
can be demonstrated by operating the counter 
shown in Fig. 5-13(a). Each press of the input 
switch should cause the decade (0-9) counter 
to increase by 1. However, in practice each 
press of the switch increases the count by 1, 2, 
3, or sometimes more. This means that several 
pulses are being fed into the clock (CLK) input 

Problem: Decade 
Switch bounce counter OUTPUT 

~~ lal _r ,,,___~~CLK~ ~lgj 

INPUT 10 kil 

L 
10 kil 

(a) 

TTL 
debouncing circuit 

(b) 

+5V 

TTL 
decade 
counter 

Fig. 5·13 (a) Block diagram of switch interfaced to a decimal counter system. (b) Adding a debouncing circuit to 
make the decimal counter work properly. 

Pull-dawn resistor 
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RS flip-flap ar latch 

Switch debauncing 
circuit 

of the counter each time the switch is pressed. 
This is caused by switch bounce. 

A switch debouncing circuit has been added 
to the counting circuit in Fig. S-13(b ). The de
cade counter will now count each HIGH-LOW 
cycle of the input switch. The cross-coupled 

+sv 

NAND gates in the debouncing circuit are 
sometimes called an RS flip-flop or latch. Flip
flops will be studied later in greater detail. 

Several other switch debouncing circuits are 
illustrated in Fig. 5-14. The simple debouncing 
circuit drawn in Fig. 5-14(a) will work only on 

100 ki1 
INPUT 
_L_ 

r 
+5V 

100 ki1 100 ki1 

INPUT 

INPUT 

~ 
OUTPUT 

40106 To 4000 series 

/r~.047 µF 

CMOS only 

(a) 

74HCOO • >----..---
OUTPUT 

74HCOO 

(b) 

1 ki1 

7403 

7403 

(c) 

To 4000 series CMOS or 
74HCOO series CMOS or 
7400TTL or 
FACT series CMOS 

+5V 

1 ki1 

OUTPUT 

To 4000 series CMOS or 
74HCOO series CMOS or 
7400TTL or 
FACT series CMOS 

Fig. 5-14 Switch debouncing circuits. (a) A 4000 series switch debouncing circuit (b) General-purpose switch debouncing circuit that 
will drive CMOS or TTL inputs. (c) Another general-purpose switch debouncing circuit that will drive CMOS or TTL inputs. 
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INPUT 
~W1 

2 

+5 v 

4 

Timer IC 
(555) 

8 

3 

6 

7 

OUTPUT 

Close SW1 Open SW1 

Switch closed Delay 

H 

L 

Internet 
Connection 
Go to www 
.elmelectronics.com 
For custom 
debouncing ICs. 

C2 -1oµF 

.01 µF 

Fig. 5·15 Switch debouncing circuit using the 555 timer IC. 

the slower 4000 series CMOS IC. The 40106 
CMOS IC is a special inverter. The 40106 is 
a Schmitt trigger inverter, which means it has 
a "snap action" when changing to either HIGH 
or LOW. A Schmitt trigger can also change a 
slow-rising signal (such as a sine wave) into a 
square wave. 

The switch debouncing circuit m 
Fig. 5-14(b) will drive 4000, 74HCOO, or 
FACT series CMOS or TTL ICs. Another 
general-purpose switch debouncing circuit 
is illustrated in Fig. 5-14(c). This debounc
ing circuit can drive either CMOS or TTL 
inputs. The 7403 is an open-collector NAND 
TTL IC and needs pull-up resistors as shown 
in Fig. 5-14(c). The external pull-up resistors 
make it possible to have an output voltage of 
just about +5 V for a HIGH. Open-collector 

Answer the following questions. 

29. Refer to Fig. 5-ll(a). The input to the 
TTL inverter goes (HIGH, 
LOW) when the switch is pressed 
(closed) but (floats HIGH, 
goes LOW) when the input push button 
is open. 

30. Refer to Fig. 5-ll(b). The 10-kD resis
tor, which ensures the input of the TTL 
inverter, will go HIGH when the switch 

Time delay related to value of C2 

TTL gates with external pull-up resistors are 
useful when driving CMOS with TTL. 

Another switch debouncing circuit using the 
versatile 555 timer IC is sketched in Fig. 5-15. 
When push-button switch SW

1 
is closed (see point 

A on output waveform), the output toggles from 
LOW to HIGH. Later when input switch SW

1 

is opened (see point B on waveform), the output 
of the 555 IC remains HIGH for a delay period. 
After the delay period (about 1 second for this cir
cuit) the output toggles from HIGH to LOW. 

The delay period can be adjusted for the 
switch debouncing circuit shown in Fig. 5-15. 
One method of adjusting the time delay is to 
change the capacitance value of C

2
• Decreasing 

the value of C
2 

will decrease the delay time at 
the output of the 555 IC. Increasing the capaci
tance value of c2 will increase the delay time. 

that is open is called a (filter, 
pull-up) resistor. 

31. Refer to Fig. 5-13(b). The cross-coupled 
NAND gates that function as a debounc
ing circuit are sometimes called a(n) 
____ or latch. 

32. Refer to Fig. 5-ll(c). Pressing the switch 
causes the input of the inverter to go 
____ (HIGH, LOW) while the out-
put goes (HIGH, LOW). 

Schmitt trigger 
inverter 

Dpen·callectar TTL 
output 
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Light-emitting diode 
(LED) 

Current sourcing 

33. Refer to Fig. 5-12. The inverters and asso
ciated resistors form switch debouncing 
circuits. (T or F) 

34. Refer to Fig. 5-13(a). This decade counter 
circuit lacks what circuit? 

35. Refer to Fig. 5-14(c). The 7403 is a TTL 
inverter with a(n) output. 
a. Open collector 
b. Totem pole 
c. Tri state 

36. Refer to Fig. 5-15. Pressing (closing) 
input switch SW

1 
caused the output of the 

555 IC to toggle from (HIGH 
to LOW, LOW to HIGH). 

5-S Interfacing TTL and 
CMOS with LEDs 

Many of the lab experiments you will perform 
using digital ICs require an output indicator. 
The LED (light-emitting diode) is perfect for 
this job because it operates at low currents and 
voltages. The maximum current required by 
many LEDs is about 20 to 30 mA with about 
2 V applied. An LED will light dimly on only 
1.7 to 1.8 V and 2 mA. 

CMOS-To-LED Interfacing 
Interfacing 4000 series CMOS devices with sim
ple LED indicator lamps is easy. Figure 5-16(a-j) 
shows six examples of CMOS ICs driving LED 
indicators. Figure 5-16(a) and (b) show the 
CMOS supply voltage at +5 V. At this low volt
age, no limiting resistors are needed in series 
with the LEDs. In Fig. 5-16(a), when the out
put of the CMOS inverter goes HIGH, the LED 
output indicator lights. The opposite is true 
in Fig. 5-16(b): when the CMOS output goes 
LOW, the LED indicator lights. 

Figure 5-16(c) and (d) show the 4000 series 
CMOS ICs being operated on a higher supply 
voltage ( + 10 to + 15 V). Because of the higher 
voltage, a 1-kD. limiting resistor is placed in se
ries with the LED output indicator lights. When 
the output of the CMOS inverter in Fig. 5-16(c) 
goes HIGH, the LED output indicator lights. In 
Fig. 5-16(d), however, the LED indicator is acti
vated by a LOW at the CMOS output. 
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37. Refer to Fig. 5-15. Releasing (opening) 
input switch SW

1 
(see point Bon output 

waveform) causes the output of the 555 
IC to ___ _ 
a. Immediately toggle from HIGH to 

LOW 
b. Toggle from LOW to HIGH after a 

delay time of about 1 millisecond 
c. Toggle from HIGH to LOW after a 

delay time of about 1 second 
38. Refer to Fig. 5-15. The time delay at the 

output of the 555 IC can be decreased by 
____ (decreasing, increasing) the 
capacitance value of C

2
• 

Figure 5-16(e) and (j) show CMOS buffers 
being used to drive LED indicators. The circuits 
may operate on voltages from +5 to + 15 V. Fig
ure 5-16(e) shows the use of an inverting CMOS 
buffer (like the 4049 IC), while Fig. 5-16(j) uses 
the noninverting buffer (like the 4050 IC). In 
both cases, a 1-kD limiting resistor must be used 
in series with the LED output indicator. 

TTL-To-LED Interfacing 
Standard TTL gates are sometimes used to drive 
LEDs directly. Two examples are illustrated in 
Fig. 5-16(g) and (h). When the output of the in
verter in Fig. 5-16(g) goes HIGH, current will 
flow through the LED causing it to light. The 
indicator light in Fig. 5-16(h) only lights when 
the output of the 7404 inverter goes LOW. The 
circuits in Fig. 5-16 are not recommended for 
critical uses because they can exceed the output 
current ratings of the ICs. However, the circuits 
in Fig. 5-16 have been tested and work properly 
as simple output indicators. 

Current Sourcing 
and Current Sinking 
When reading technical literature or listening to 
technical discussions, you may encounter terms 
such as current sourcing and current sinking. 
The idea behind these terms is illustrated in 
Fig. 5-17 using TTL ICs to drive LEDs. 

In Fig. 5-17(a) the output of the TTL AND 
gate is HIGH. This HIGH at the output of the 
AND gate lights the LED. In this example, we 



CMOS 
INPUT 

CMOS 
INPUT 

CMOS 
INPUT 

INPUT 

+5V 

OUTPUT 

/ 
/ Light= HIGH 

}-H~,,j--1---, 

(a) 

+10-15 v 
OUTPUT 

// 
Light= HIGH 

1 kfl 

(c) 

+5-15 v 
OUTPUT 

// Light= HIGH 

1 kfl 

(e) 

OUTPUT 

A Light= HIGH 
LED 

(g) 

CMOS 
INPUT 

CMOS 
INPUT 

CMOS 
INPUT 

INPUT 

+5V 

(b) 

+10-15 v 

1 kfl 

Light= LOW 

(d) 

+5-15 v 

v .. , 1 kfl 

DD "' CMOS 
buffer I 

Light= LOW 4050 
Vss OUTPUT 

(f) 

+5V 

Light= LOW 
A 

K """" 
(h) 

Fig. 5-16 Simple CMOS- and TTL-to-LEO interfacing. (a) CMOS active HIGH. (b) CMOS active LOW. 
(c) CMOS active HIGH, supply voltage = 10 to 15 V. (d) CMOS active LOW, supply voltage = 10 to 
15 V. (e) CMOS inverting buffer to LEO interfacing. (f) CMOS noninverting buffer to LEO interfacing. 
(g) TTL active HIGH. (h) TTL active LOW. 

talk of the IC as being the source of current 
(conventional current flow from + to -). The 
sourcing current is sketched on the schematic 
diagram in Fig. 5-17(a). The source current ap
pears to "flow from the IC" through the external 
circuit (LED and limiting resistor) to ground. 

In Fig. 5-17(b) the output of the TTL NAND 
gate is LOW. This LOW at the output of the 

NAND gate lights the LED. In this example, we 
refer to the IC as sinking the current. The sinking 
current is sketched on the schematic diagram in 
Fig. 5-17(b). The sinking current appears to start 
with +5 V above the external circuit (limiting 
resistor and LED) and "sink to ground" through 
the external circuit (limiting resistor and LED) 
and the output pin of the NAND IC. 

Simple CMOS-ta
LEO interfacing 

Simple TTL-to-LEO 
interfacing 

Conventional 
current flaw 

Current sinking 
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+5V 

H 
HIGH 

H---i +5V / Sourcing Current 
,,. (conventional 
:: current flow) 

\~ 
TIL H 

LOW 
H 

(a) (b) 

Fig. 5-17 (a) Curnmt sourcing. (b) Current sinking. 

Interfacing ta LEDs 
using a transistor 
drive circuit 

INPUT 

(a) 

INPUT 

(b) 

+5V 

+5V 

OUTPUT 

Light= HIGH 

-~ 

Fig. 5-18 Interfacing to LEDs using a transistor driver circuit. (a) Active-HIGH 
output using a NPN transistor driver. (b) Active-LOW output using a 
PNP transistor driver (simplified logic probe). 
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,,. (conventional 
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INPUT 

CMOS 
or 

TTL 

33 kil 

(c) 

2N3904 
NPN 

B 

+5V +SV 

Fig. S-18 (cont.) Interfacing to LEDs using a transistor driver circuit. (c) HIGH-LOW indicator circuit {simplified logic probe). 

FACT 

INPUT 

2N3904 
NPN 

+5V 

47 a 

#49 bulb 
2V, 60 mA 

Light= HIGH 

Fig. S-1!:! Interfacing to an incandescent lamp using a transistor driver circuit. Interfacing ta an 
incandescent lamp 

Improved LED Output Indicators 
Three improved LED output indicator designs 
are diagrammed in Fig. 5-18. Each of the circuits 
uses transistor drivers and can be used with 
either CMOS or TTL. The LED in Fig. 5-18(a) 
lights when the output of the inverter goes 
HIGH. The LED in Fig. 5-18(b) lights when the 
output of the inverter goes LOW. Notice that 
the indicator in Fig. 5-18(b) uses a PNP instead 
of an NPN transistor. 

The LED indicator circuits in Fig. 5-18(a) 
and (b) are combined in Fig. 5-18(c). The red 
light (LED

1
) will light when the inverter's 

output is HIGH. During this time LED
2 

will be 
off. When the output of the inverter goes LOW, 
transistor Q1 turns off while Q2 turns on. The Transistor driver 
green light (LED

2
) lights when the output of the circuit 

inverter is LOW. 
The circuit in Fig. 5-18(c) is a very basic 

logic probe. However, its accuracy is less than 
most logic probes. 

The indicator light shown in Fig. 5-19, uses 
an incandescent lamp. When the output of the 
inverter goes HIGH, the transistor is turned on 
and the lamp lights. When the inverter's output 
is LOW, the lamp does not light. 
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Interfacing TTL 
and CMOS ICs 

TTL-CMOS 
interfacing 

CMOS-ta-TTL 
interfacing 

Pull-up resistor 

Supply the missing word( s) in each statment. 

39. Refer to Fig. 5-16(a-j). The ___ _ 
(4000, FAST) series CMOS ICs are being 
used to drive the LEDs in these circuits. 

40. Refer to Fig. 5-16(h). When the output 
of the inverter goes HIGH, the LED 
____ (goes out, lights). 

41. Refer to Fig. 5-18(a). When the output of 
the inverter goes LOW, the transistor is 
turned (off, on) and the LED 
____ (does not light, lights). 

42. Refer to Fig. 5-18(c). When the output 
of the inverter goes HIGH, transistor 
---- (Q1, Q) is turned on and the 

(green, red) LED lights. 
43. Refer to Fig. 5-20. The TTL decoder 

IC has (active HIGH, active 
LOW) outputs. 

44. Refer to Fig. 5-20. The TTL decoder IC 
is said to be (sinking current, 

5-6 Interfacing TTL 
and CMOS !Cs 

CMOS and TTL logic levels (voltages) are 
defined differently. These differences are il
lustrated in the voltage profiles for TTL and 
CMOS shown in Fig. 5-2l(a). Because of the 
differences in voltage levels, CMOS and TTL 
ICs usually cannot simply be connected to
gether. Just as important, current requirements 
for CMOS and TTL ICs are different. 

Look at the voltage and current profile in 
Fig. 5-21(a). Note that the output drive currents 
for the standard TTL are more than adequate 
to drive CMOS inputs. However, the voltage 
profiles do not match. The LOW outputs from 
the TTL are compatible because they fit within 
the wider LOW input band on the CMOS IC. 
There is a range of possible HIGH outputs from 
the TTL IC (2.4 to 3.5 V) that do not fit within 
the HIGH range of the CMOS IC. This incom
patibility could cause problems. These prob
lems can be solved by using a pull-up resistor 
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sourcing current) as it lights segment a of 
the LED display. 

45. Refer to Fig. 5-20. Segment don the 
display is not glowing because it takes a 
____ (HIGH, LOW) logic level at 
output d of the IC to light the LED. 

+5V 7-segment +5V 

LED display 
_,11a/_ 

a ~":l: Common 
TTL anode 

Decoder 
IC d le HIGH 

-d-

Fig. 5-2iJ TTL decoder IC driving common-anode seven-segment 
LED display. 

between gates to pull the HIGH output of the 
standard TTL up closer to +5 V. A completed 
circuit for interfacing standard TTL to CMOS 
is shown in Fig. 5-2l(b). Note the use of the 
1-kD pull-up resistor. This circuit works for 
driving either 4000 series, 74HCOO, or FACT 
series CMOS ICs. 

Several other examples of TTL-to-CMOS 
and CMOS-to-TTL interfacing using a com
mon 5-V power supply are detailed in Fig. 5-22. 
Figure 5-22(a) shows the popular LS-TTL driv
ing any CMOS gate. Notice the use of a 2.2-kD 
pull-up resistor. The pull-up resistor is being 
used to pull the TTL HIGH up near +5 V so 
that it will be compatible with the input voltage 
characteristics of CMOS ICs. 

In Fig. 5-22(b), a CMOS inverter (any series) 
is driving an LS-TTL inverter directly. Comple
mentary symmetry metal-oxide semiconductor 
ICs can drive LS-TTL and ALS-TTL (advanced 
low-power Schottky) inputs: most CMOS ICs 
cannot drive standard TTL inputs without spe
cial interfacing. 



OUTPUT INPUT 
(Standard TTL) (CMOS) 

+5V +5V 

> > 400µA t 1 µA HIGH 
+4V +4V 

HIGH ------
3.5V 

+3V +3V 

------2.4V Undefined 

+2V +2V 

Undefined 1.5 v ------
+1V ------o.av +1V 

> > LOW 
LOW 16 mA t 1 µA 

GND GND 

(a) 

+5V 

Standard TTL 

INPUT 

(b) 

1 kD. 

xr--CMOS 

OUTPUT 

Fig. 5-21 TTl..:to-CMOS interfacing. (a) TTL output and CMOS input profiles for visualizing 
compatibility. (b) TTL-to-CMOS interfacing using a pull-up resistor. 

Manufacturers have made interfacing easier 
by designing special buffers and other interface 
chips for designers. One example is the use of 
the 4050 noninverting buffer in Fig. 5-22(c). 
The 4050 buffer allows the CMOS inverter to 
have enough drive current to operate up to two 
standard TTL inputs. 

The problem of voltage incompatibility 
from TTL (or NMOS) to CMOS was solved 
in Fig. 5-21 using a pull-up resistor. Another 
method of solving this problem is illustrated 
in Fig. 5-22(d). The 74HCTOO series of CMOS 
ICs is specifically designed as a convenient in
terface between TTL (or NMOS) and CMOS. 
Such an interface is implemented in Fig. 5-22(d) 
using the 74HCT34 noninverting IC. 

The 74HCTOO series of CMOS !Cs is widely 
used when interfacing between NMOS devices 

and CMOS. The NMOS output characteristics 
are almost the same as for LS-TTL. 

The modern FACT series of CMOS !Cs has 
excellent output drive capabilities. For this rea
son FACT series chips can drive TTL, CMOS, 
NMOS, or PMOS ICs directly as illustrated in 
Fig. 5-23(a). The output voltage characteristics 
of TTL do not match the input voltage profile of 
74HCOO, 74ACOO, and 74ACQOO series CMOS 
ICs. For this reason, a pull-up resistor is used 
in Fig. 5-23(b) to make sure the HIGH output 
voltage of the TTL gate is pulled up near the 
+5-V rail of the power supply. Manufacturers 
produce "T"-type CMOS gates that have the 
input voltage profile of a TTL IC. TTL gates 
can directly drive any 74HCTOO, 74ACTOO, 
74FCTOO, 74FCTAOO, or 74ACTQOO series 
CMOS IC, as summarized in Fig. 5-23(c). 

TTl.:-ta-CMOS 
interfacing 

FACT series of 
CMOS ICs 

74HCTOO series af 
CMOS ICs 
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+5V 

Low-Power (LS) TTL 
INPUT 

Any CMOS 
INPUT 

CMOS 
INPUT 

INPUT 
Any TTL 
or NMOS 

(a) 

+5V 

(b) 

+5V 

(C) 

+5V 

(d) 

Fig. 5-22 Interfacing TTL and CMOS when both use a common + S-V power 
supply. (a) Low-power Schottky TTL to CMOS interfacing using a 
pull-up resistor. (b) CMOS to low-power Schottky TTL interfacing. 
(c) CMOS to standard TTL interfacing using a CMOS buffer IC. 

CMOS buffer 

(d) TTL to CMOS interfacing using a 74HCTDO series IC. 

Interfacing CMOS devices with TTL de
vices takes some added components when each 
operates on a different voltage power supply. 
Figure 5-24 shows three examples of TTL-to
CMOS and CMOS-to-TTL interfacing. Fig
ure 5-24(a) shows the TTL inverter driving a 
general-purpose NPN transistor. The transis
tor and associated resistors translate the lower
voltage TTL outputs to the higher-voltage 
inputs needed to operate the CMOS inverter. 
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AC 

FACT 

TTL 

FAST 
AS/ALS 

FAST 
AS/ALS 

+5V 

I 

(a) 

+5V 

4.7 kfl 

(b) 

+5V 

(c) 

Bipolar TTL 
HC & HCT 
NMOS 
PMOS 
FACT 

AC 

HC 
AC 
ACQ 

HCT 
ACT 
FCT 
FCTA 
ACTQ 

Fig. 5-23 Interfacing FACT with other Families. (a) FACT 
driving most other TTL and CMOS Families. 
(b) TTL-to-FACT interfacing using a pull-up resistor. 
(c) TTl:to-'T CMOS ICs. 

The CMOS output has a voltage swing from 
about 0 to almost +10 V. Figure 5-24(b) shows 
an open-collector TTL buffer and a 10-kD pull
up resistor being used to translate the lower 
TTL to the higher CMOS voltages. The 7406 
and 7416 TTL ICs are two inverting, open
collector (OC) buffers. 

Interfacing between a higher-voltage CMOS 
inverter and a lower-voltage TTL inverter is 
shown in Fig. 5-24(c). The 4049 CMOS buf
fer is used between the higher-voltage CMOS 
inverter and the lower-voltage TTL IC. Note 
that the CMOS buffer is powered by the lower
voltage (+5 V) power supply in Fig. 5-24(c). 



Any TTL 
INPUT 

Any TTL 
INPUT 

CMOS 
(higher-voltage) 
INPUT 

+5V 

+10V 

+10V 

(a) 

+10V 

(b) 

(c) 

CMOS 
(higher-voltage) 
OUTPUT 

CMOS 
(higher-voltage) 
OUTPUT 

TTL 
OUTPUT 

Fig. 5·24 Interfacing TTL and CMOS when each use a different power supply 
voltage. (a) TTL-to-CMOS interfacing using a driver transistor. 
(b) TTL-to-CMOS interfacing using an open collector TTL buffer IC. 
(c) CMOS-toHL interfacing using a CMOS buffer IC. 

Looking at the voltage and current profiles 
[such as in Fig. 5-21(a)] is a good starting point 
when learning about or designing an interface. 
Manufacturers' manuals are also very helpful. 

Supply the missing word in each statement. 

46. Refer to Fig. 5-21(a). According to 
this profile of TTL output and CMOS 
input characteristics, the logic devices 
____ (are, are not) voltage 
compatible. 

47. Refer to Fig. 5-22(a). The 2.2-kD resis-
tor in this circuit is called a ___ _ 
resistor. 

Several techniques are used to interface be
tween different logic families. These include 
the use of pull-up resistors and special interface 
ICs. Sometimes no extra parts are needed. 

48. Refer to Fig. 5-22(c). The 4050 buffer 
is a special interface IC that solves the 
____ (current drive, voltage) incom
patibility between the logic families. 

49. Refer to Fig. 5-24(a). The ___ _ 
(NMOS IC, transistor) translates the TTL 
logic levels to the higher-voltage CMOS 
logic levels. 
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Pieza buzzer 

5-7 Interfacing with Buzzers, 
Relays, Motors, and Solenoids 

The objective of many electromechanical sys
tems is to control a simple output device. This 
device might be as simple as a light, buzzer, 
relay, electric motor, stepper motor, or sole
noid. Interfacing to LEDs and lamps has been 
explored. Simple interfacing between logic 
elements and buzzers, relays, motors, and sole
noids will be investigated in this section. 

Interfacing with Buzzers 
The piezo buzzer is a modern signaling device 
drawing much less current than older buzzers 
and bells. The circuit in Fig. 5-25 shows the in
terfacing necessary to drive a piezo buzzer with 
digital logic elements. A standard TTL or FACT 
CMOS inverter is shown driving a piezo buzzer 

INPUT 

INPUT 

Standard 
TTL 

FACT 

(a) 

(b) 

directly. The standard TTL output can sink up 
to 16 mA while a FACT output has 24 mA of 
drive current. The piezo buzzer draws about 
3 to 5 mA when sounding. Notice that the piezo 
buzzer has polarity markings. The diode across 
the buzzer is to suppress any transient volt
ages that might be induced in the system by the 
buzzer. 

Many logic families do not have the current 
capacity to drive a buzzer directly. A transis
tor has been added to the output of the inverter 
in Fig. 5-25(b) to drive the piezo buzzer. When 
the output of the inverter goes HIGH, the NPN 
transistor is turned on and the buzzer sounds. 
A LOW at the output of the inverter turns the 
transistor off, switching the buzzer off. The 
diode protects against transient voltages. The 
interface circuit sketched in Fig. 5-25(b) will 
work for both TTL and CMOS. 

+5V 

OUTPUT 

+5V 

OUTPUT 

Fig. 5-25 Logic device to buzzer interfacing. (a) Standard TTL or FACT CMOS 
inverter driving a piezo buzzer directly. (b) TTL or CMOS interfaced 
with buzzer using a transistor driver. 

164 Chapter 5 IC Specifications and Simple Interfacing 



+5V 

Relay 
--------

\ 

~PUT 
; To controlled 

I ~circuit 
i NO I "- ________ / 

INPUT 

Fig. 5-26 TTL or CMOS interfaced with a relay using a transistor driver circuit. 

Interfacing Using Relays 
A relay is an excellent method of isolating a 
logic device from a high-voltage circuit. Fig
ure 5-26 shows how a TTL or CMOS inverter 
could be interfaced with a relay. When the out
put of the inverter goes HIGH, the transistor is 
turned on and the relay is activated. When ac
tivated, the normally open (NO) contacts of the 
relay close as the armature clicks downward. 
When the output of the inverter in Fig. 5-26 
goes LOW, the transistor stops conducting and 
the relay is deactivated. The armature springs 
upward to its normally closed (NC) position. 
The clamp diode across the relay coil prevents 
voltage spikes which might be induced in the 
system. 

The circuit in Fig. 5-27(a) uses a relay to iso
late an electric motor from the logic devices. 
Notice that the logic circuit and de motor have 
separate power supplies. When the output 

Supply the missing word(s) in each statement. 

50. Refer to Fig. 5-25(a). If the piezo buzzer 
draws only 6 mA, it (is, is not) 
possible for a 4000 series CMOS IC to 
drive the buzzer directly [see Fig. 5-6(b) 
for 4000 series data]. 

of the inverter goes HIGH, the transistor is 
turned on and the NO contacts of the relay 
snap closed. The de motor operates. When the 
output of the inverter goes LOW, the transistor 
stops conducting and the relay contacts spring 
back to their NC position. This turns off the 
motor. 

The electric motor in Fig. 5-27(a) produces 
rotary motion. A solenoid is an electric device 
that can produce linear motion. A solenoid is 
being driven by a logic gate in Fig. 5-27(b). 
Note the separate power supplies. This circuit 
works the same as the motor interface circuit in 
Fig. 5-27(a). 

In summary, voltage and current character
istics of most buzzers, relays, electric motors, 
and solenoids are radically different from those 
of logic circuits. Most of these electric devices 
need special interfacing circuits to drive and 
isolate the devices from the logic circuits. 

51. Refer to Fig. 5-25(b). When the input 
to the inverter goes LOW, the transistor 
turns (off, on) and the buzzer 
____ (does not sound, sounds). 

52. Refer to Fig. 5-26. The purpose of the 
diode across the coil of the relay is to 

Relay 

Clamp diode 

Logic device ta 
relay interface 
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Logic device to 
motor interfacing 

Logic device to 
solenoid interfacing 

suppress (sound, transient 
voltages) induced in the circuit. 

53. Refer to Fig. 5-27(a). The de motor will 
run only when a (HIGH, 
LOW) appears at the output of the 
inverter. 

54. If an electric motor produces rotary mo-
tion then a solenoid produces ___ _ 
(linear, circular) motion. 

55. The main purpose of the relay in Fig. 5-27 
is to (combine, isolate) the 

INPUT 

INPUT 

TIL 
or 

FACT 

TIL 
or 

FACT 

logic circuitry from the higher-voltage/ 
current motor or solenoid. 

56. Refer to Fig. 5-27(a). If the input to the 
inverter is LOW, its output goes HIGH 
which (turns on, turns off) the 
NPN transistor. 

57. Refer to Fig. 5-27(a). When the transis
tor is turned on, current flows through the 
coil of the relay and the armature snaps 

+5V 

(a) 

+5V 

(b) 

from the (NC to the NO, NO 
to the NC) position which activates the 
motor circuit. 

OUTPUT 

NO 

OUTPUT 

NO --==- 12 v 

Solenoid 

Fig. 5·27 Using a relay to isolate higher voltage/current circuits from digital circuits. (a) Interfacing TTL or CMOS with an 
electric motor. (b) Interfacing TTL or CMOS with a solenoid. 
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5-8 Dptoisolators 
The relay featured in Fig. 5-27 isolated the 
lower-voltage digital circuitry from the high
voltage/current devices such as a solenoid and 
electric motor. Electromechanical relays are 
relatively large and expensive but are a widely 
used method of control and isolation. Electro
mechanical relays can cause unwanted voltage 
spikes and noise due to the coil windings and 
opening and closing of contact points. A use
ful alternative to an electromagnetic relay when 
interfacing with digital circuits is the optoiso
lator or optocoupler. One close relative of the 
optoisolator is the solid-state relay. 

One economical optoisolator is featured in 
Fig. 5-28. The 4N25 optoisolator consists of a 
gallium arsenide infrared-emitting diode opti
cally coupled to a silicon phototransistor detec
tor enclosed in a six-pin dual in-line package 
(DIP). Figure 5-28(a) details the pin diagram 
for the 4N25 optoisolator with the names of 
the pins. On the input side, the LED is typi
cally activated with a current of about 10 to 30 
mA. When the input LED is activated, the light 
activates (turns on) the phototransistor. With 
no current through the LED the output photo
transistor of the optoisolator is turned off (high 
resistance from emitter to collector). 

A simple test circuit using the 4N25 optoiso
lator is shown in Fig. 5-28(b). The digital signal 
from the output of a TTL or FACT inverter di
rectly drives the infrared-emitting diode. The 
circuit is designed so the LED is activated when 
the output of the inverter goes LOW, which al
lows the inverter to sink the 10 to 20 mA LED 
current to ground. When the LED is activated, 
infrared light shines (inside the package) ac
tivating the phototransistor. The transistor is 
turned on (low resistance from emitter to col
lector) dropping the voltage at the collector 

(OUTPUT) to near 0 V. If the output of the in
verter goes HIGH, the LED does not light and 
the NPN phototransistor turns off (high resis
tance from emitter to collector). The output (at 
the collector) is pulled to about + 12 V (HIGH) 
by the 10-kn pull-up resistor. In this example, 
notice that the input side of the circuit operates 
on +5 V while the output side in this example 
uses a separate + 12-V power supply. In sum
mary, the input and output sides of the circuit 
are isolated from one another. 

In Fig. 5-28(b), when pin 2 of the optoisola
tor goes LOW, the output at the collector of the 
transistor goes LOW. The grounds of the sepa
rate power supplies should not be connected 
to complete the isolation between the low- and 
high-voltage sides of the optoisolator. 

A simple application of the optoisolator being 
used to interface between TTL circuitry and a 
piezo buzzer is diagrammed in Fig. 5-28(c). In 
this example the pull-up resistor is removed be
cause we are using the NPN phototransistor in 
the optoisolator to sink the 2 to 4 mA of cur
rent when the transistor is activated. A LOW at 
the output of the inverter (pin 2 of optoisolator) 
activates the LED, which in turn activates the 
phototransistor. 

To control heavier loads using the optoiso
lator, we could attach a power transistor to the 
output as is done in Fig. 5-28(d). In this ex
ample, if the LED is activated, it activates the 
phototransistor. The output of the optoisolator 
(pin 5) drops LOW, which turns off the power 
transistor. The emitter-to-collector resistance 
of the power transistor is high, turning off 
the de motor. When the output of the TTL in
verter goes HIGH, it turns off the LED and 
the phototransistor in the optoisolator. The 
voltage at output pin 5 goes positive, which 
turns on the power transistor and operates the 
de motor. 

(a) 

Optoisolator 

Fig. 5-28 (a) The 4N25 optoisolator pin out and six-pin DIP. 
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4 
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5-28 (cont.) (b) Basic optoisolator circuit separates 5-V and 12-V circuits. (c) Dptoisolator driving piezo buzzer. 
( d) Dptoisolator isolating low-voltage digital circuit from high-voltage/ current motor circuit. 
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If the power transistor (or other power
handling device such as a triac) in Fig. 5-28(d) 
were housed in the isolation unit, the entire de
vice is sometimes a solid-state relay. Solid-state 
relays can be purchased to handle a variety of 
outputs included in either ac or de loads. The out
put circuitry in a solid-state relay may be more 
complicated than that shown in Fig. 5-28(d). 

Several examples of solid-state relay pack
ages are shown in Fig. 5-29. The unit in 
Fig. 5-29(a) is a smaller PC-mounted unit. The 
larger bolted-on solid-state relay has screw ter
minals and can handle greater ac currents and 
voltages. 

In summary, it is common to isolate digital 
circuitry from some devices because of high 
operating voltages and currents or because 
of dangerous feedback in the form of voltage 
spikes and noise. Traditionally, electromagnetic 
relays have been used for isolation, but optoiso
lators and solid-state relays are an inexpensive 
and effective alternative when interfacing with 

Supply the missing word(s) in each statement. 

58. Refer to Fig. 5-27(a). The ___ _ 
(relay, transistor) isolates the digital cir
cuitry from the higher-voltage and noisy 
de motor circuit. 

59. The 4N25 optoisolator device contains an 
infrared-emitting diode optically coupled 
to a (phototransistor, triac) de
tector enclosed in a six-pin DIP. 

60. Refer to Fig. 5-28(b). If the output of 
the TTL inverter goes LOW, the infrared 
LED (does not light, lights), 
which (activates, deactivates) 
the phototransistor and the voltage at 
pin 5 (output) goes (HIGH, 
LOW). 

61. Refer to Fig. 5-28(b). The 10-kD. resistor 
connecting the collector of the phototran-
sistor to + 12 V is called a(n) ___ _ 
resistor. 

62. Refer to Fig. 5-28(c). If the output of 
the TTL inverter goes HIGH, the LED 

(a) (b) 

Fig. 5-29 (a) Solid-state relay-small PC-mounted package. 
(b) Solid-state relay-heavy-duty package. 

digital circuits. A typical optoisolator, shown 
in Fig. 5-28(a), contains an infrared-emitting 
diode that activates a phototransistor. If you are 
building an interface project using the paral
lel port from an IBM-compatible PC, you will 
want to use optoisolators between your circuits 
and the computer. The PC parallel-port out
puts and inputs operate with TTL level signals. 
Good isolation protects your computer from 
voltage spikes and noise. 

____ (does not light, lights), which 
____ (activates, deactivates) the 
phototransistor and the voltage at pin 5 
(output) goes (HIGH, LOW) and the 
buzzer (does not sound, 
sounds). 

63. Refer to Fig. 5-28(d). If the output of the 
TTL inverter goes HIGH, the LED does 
not light, which deactivates (turns off) 
the phototransistor and the voltage at 
pin 5 (output) goes more positive. This 
positive-going voltage at the base of the 
power transistor (turns on, 
turns off) Q 

1 
and the de motor ___ _ 

(does not run, runs). 
64. The (electromagnetic, solid-

state) relay is a close relative of an 
op to isolator. 

65. Refer to Fig. 5-28(c). If the input to the 
inverter is HIGH then the piezo buzzer 
____ (will not sound, will sound). 

Solid-state relay 
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Internet 
Connection 
Find more 
information on how 
servo motors work. 

5-!3 Interfacing with Servo 
and Stepper Motors 

The de motor mentioned previously in this 
chapter is a device that rotates continuously 
when power is applied. The control over the de 
motor is limited to ON-OFF, or if you reverse 
the direction of current flow through the motor 
the direction of rotation reverses. A simple de 
motor does not facilitate good speed control, 
and it will not rotate a given number of degrees 
to stop for angular positioning. Where preci
sion positioning or exacting speed are required, 
a regular de motor does not do the job. 

Servo Motor 
Both the servo and the stepper motor can rotate 
to a given position and stop and also reverse 
direction. The word "servo" is short for servo 
motor. "Servo" is a general term for a motor in 
which either the angular position or speed can 
be controlled precisely by a servo loop which 
uses feedback from the output back to input for 
control. The most common servos are the in
expensive units used in model aircraft, model 
cars, and some educational robot kits. These 
servos are geared-down de motors with built
in electronics that respond to different pulse 
widths. These servos use feedback to ensure 
the device rotates to and stays at the current 
angular position. These servos are popular in 
remote-control models and toys. They com
monly have three wires (one wire for input and 
two wires for power) and are not commonly 
used for continuous rotation. 

The position of a hobby servo's output shaft 
is determined by the width or duration of the 
control pulse. The width of the control pulse 
commonly varies from about 1 to 2 ms. The 
concept of controlling the hobby servo motor 
using a control pulse is sketched in Fig. 5-30. 
The pulse generator emits a constant frequency 
of about 50 Hz. The pulse width (or pulse dura
tion) can be changed by the operator using an 
input device such as a potentiometer or joystick. 
The internally geared motor and feedback
and-control circuitry inside the servo motor 
responds to the continuous stream of pulses 
by rotating to a new angular position. As an 
example, if the pulse width is 1.5 ms, the shaft 
moves to the middle of its range as illustrated 
in Fig. 5-30(a). If the pulse width decreases 
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to 1 ms, the output shaft takes a new posi
tion rotating about 90° clockwise as shown in 
Fig. 5-30(b). Finally if the pulse width increases 
to 2 ms as in Fig. 5-30(c), the output shaft moves 
counterclockwise to its new position. 

The changing of the pulse duration is called 
pulse-width modulation (PWM). In the exam
ple shown in Fig. 5-30, the pulse generator out
puts a constant frequency of 50 Hz but the pulse 
width can be adjusted. 

A sketch of the internal functions of a servo 
motor is shown in Fig. 5-30(d). The servo con
tains a de motor and speed-reducing gear. The 
last gear drives the output shaft and is also con
nected to a potentiometer. The potentiometer 
senses the angular position of the output. The 
varying resistance of the potentiometer is fed 
back to the control circuitry and repeatedly 
compares the pulse width of the external (input) 
pulse with an internally generated pulse from 
a one-shot inside the control circuit. The inter
nal pulse width is varied based on the feedback 
from the potentiometer. 

For the servo motor in Fig. 5-30 suppose 
the external pulse width is 1.5-ms and the in
ternal pulse width is 1.0-ms. After comparing 
the pulses, the control circuitry would start 
to rotate the output shaft in a CCW direction. 
After each external pulse (50 times per second) 
the control circuitry would make a small CCW 
shaft adjustment until the external and inter
nal pulse widths are both 1.5-ms. At this point 
the shaft would stop in the position shown in 
Fig. 5-30(a). 

Next for the servo motor in Fig. 5-30 sup
pose the external pulse width changes to 1 ms 
and the internal pulse width, based on the feed
back from the potentiometer, is at 1.5 ms. After 
comparing the pulses, the control circuitry 
would start to rotate the output shaft in a CW 
direction. After each external pulse (50 times 
per second) the control circuitry would make 
a small CW shaft adjustment until the external 
and internal pulse width are both 1.0 ms. At 
this point the shaft would stop in the position 
shown in Fig. 5-30(b). 

When both external and internal pulse widths 
are equal for the servo motor in Fig. 5-30, the 
control circuitry stops the de motor. For in
stance, if both the external and internal pulse 
widths are 2.0 ms, then the output shaft would 
freeze in the position shown in Fig. 5-30(c). 
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Pulse 
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Fig. 5-30 Controlling the angular position of a hobby servo motor using pulse-width modulation (PWM). 
(Note: Some hobby servos rotate in the opposite direction as the pulse width increases.) 

+5V 

+5V 

Output 
shaft 
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Control sequence 
for stepper motor 

Bipolar stepper 
motor 

Variable reluctance 
stepper motor 

Some hobby servo motors may have opposite 
rotational characteristics from the unit featured 
in Fig. 5-30. Some servos are internally wired 
so that a narrow pulse (1 ms) would cause full 
CCW rotation instead of CW rotation shown 
in Fig. 5-30(b). Likewise, a wide pulse (2 ms) 
would cause full CW rotation. This is opposite 
that pictured in Fig. 5-30(c). 

Stepper Motor 
The stepper motor can rotate a fixed angle with 
each input pulse. A common four-wire stepper 
motor is sketched in Fig. 5-31(a). From the label 
you can see some of the important character
istics of the stepper motor. This stepper motor 
is designed to operate on 5-V de. Each of the 
two coils (L

1 
and L

2
) has a resistance of 20 D. 

Using Ohm's law we calculate that the de cur
rent through each coil is 0.25 A or 250 mA 
(I = V/ R, substituting I = 5/20, then I = 
0.25 A). The 2 ph means this is a two-phase 
or bipolar (as opposed to unipolar) stepper 
motor. Bipolar stepper motors typically have 
four wires coming from the case as is shown in 
Fig. 5-3l(a). Unipolar stepper motors can have 
five to eight wires coming from the unit. The 
label on the stepper motor in Fig. 5-31(a) indi
cates that each step of the motor is 18° (meaning 
each input pulse rotates the shaft of the stepper 
motor an angle of 18°). 

Other important characteristics that might 
be given in a catalog or manufacturer's data 
sheet are physical size, inductance of coils, 
holding torque, and detent torque of motor. A 
schematic of the stepper motor's coils would 
probably be included. Notice that there are two 
coils in the schematic diagram of this stepper 
motor. A control sequence is also usually given 
for a stepper motor. 

A simplified exploded view of a stepper 
motor is drawn in Fig. 5-31(c). Of interest is the 
permanent magnet rotor attached to the output 
shaft. Some stepper motors have a gearlike soft
iron rotor with the number of poles unequal to 
the number of poles in the stator. These are re
ferred to as variable reluctance stepper motors. 
There are two stators as shown in Fig. 5-3l(c). 
A series of poles are visible on both stator 1 and 
2. The number of poles on a single stator are 
the number of steps required to complete one 
revolution of the stepper motor. For instance, if 
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a stepper motor has a single step angle of 18°, 
you can calculate the number of steps in a revo
lution as 

Degs. in circle/single-step angle = steps per 
revolution 

360°/18° = 20 steps per revolution 

In this example, each stator has 20 visible poles. 
Notice that the poles of stator 1 and 2 are not 
aligned but are one-half the single-step angle, 
or 9° different. Common stepper motors are 
available in step angles of 0.9°, 1.8°, 3.6°, 7.5°, 
15°, and 18°. 

Stepper Motor Control Sequence 
The stepper motor responds to a standard 
control sequence. That control sequence for 
a sample bipolar stepper motor is charted in 
Fig. 5-32(a). Step 1 on the chart shows coil lead 
L

1 
at about +5 V, while the other end of the coil 

(I) is grounded. Likewise, step 1 also shows 
coil lead L

2 
at about +5 V while the other end of 

the coil (Lz) is grounded. In step 2, note that the 
polarity of coil L/L

1 
is reversed while L/I2 

stays the same, causing a clockwise (CW) 
rotation of one step (18° for the sample stepper 
motor). In step 3, only the polarity of coil L/I2 is 
reversed, causing a second CW rotation of one 
step. In step 4, only the polarity of coil L/I1 is 
reversed, which causes a third CW rotation of a 
single step. In step 1, only the polarity of L/L2 

has been reversed, causing a fourth CW rota
tion of a single step. Continuing the sequence 
of steps 2, 3, 4, 1, 2, 3, and so on would cause 
the stepper motor to continue rotating in a CW 
direction 18° at each step. 

To reverse the stepper motor's direction of 
rotation, move upward on the control sequence 
chart in Fig. 5-32(a). Suppose we are at step 2 
at the bottom of the chart. Moving upward to 
step 1, the polarity of only coil L/I1 changes 
and the motor rotates one step counterclock
wise (CCW). Moving upward again to step 4, 
the polarity of only coil L/L

2 
changes and the 

motor rotates a second step CCW. In step 3, the 
polarity of only coil L/L

1 
changes as the motor 

rotates a third step CCW. CCW rotation con
tinues as long as the sequence 2, 1, 4, 3, 2, 1, 
4, 3, and so forth from the control sequence is 
followed. 

In summary, CW rotation occurs when you 
progress downward on the control sequence 



(a) 

L, 

[, 

L2 

L2 

(c) 

L, 

Stepper 
motor 

(b) 

L, 

Rotor 
(permanent magnet) 

Fig. 5-31 (a) Typical four-wire stepper motor. (b) Schematic of four-wire bipolar stepper 
motor. (c) Simple exploded view of typical permanent magnet type stepper motor. 
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Step L, 

1 1 

2 0 

3 0 

4 1 

1 1 

2 0 

Sequence: 
Down chart CW rotation 

3-5V .....=_ 

I, 

0 

1 

1 

0 

0 

1 

1 = +5 v 
O=GND 

(a) 

L2 

1 

1 

0 

0 

1 

1 

(b) 

I2 

0 

0 

1 

1 

0 

0 

Stepper 
motor 

Sequence: 
Up chart = CCW rotation 

Fig. 5-32 (a) Bipolar control sequence chart. (b) Test circuit for hand checking a four-wire bipolar 
stepper motor. 

chart in Fig. 5-32(a). Counterclockwise rotation 
occurs when you stop at any step on the chart in 
Fig. 5-32(a) and then progress upward. The step
per motor is excellent at exact angular position
ing, which is important in computer disk drives 
and printers, robotics and all types of automated 
machinery, and NC machine tools. The stepper 
motor can also be used for continuous rotation 
applications where the exact speed of rotation is 
important. Continuous rotation of a stepper motor 
can be accomplished by sequencing through the 
control sequence quickly. For instance, suppose 
you want the motor from Fig. 5-31(a) to rotate 
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at 600 rpm. This means that the motor rotates 10 
revolutions per second (600 rpm/60 s = 10 rev /s). 
You would have to send the code from the 
control sequence in Fig. 5-32(a) to the stepper 
motor at a frequency of 200 Hz (10 rev/s X 20 
steps per rev = 200 Hz). 

Stepper Motor Interfacing 
Consider the simple test circuit in Fig. 5-32(b) 
which could be used to check a bipolar stepper 
motor. The single-pole, double-throw (SPDT) 
switches are currently set to deliver the volt
ages defined by step 1 on the control sequence 



chart in Fig. 5-32(a). As you change the voltage 
inputs to the coils as specified by step 2, then 
step 3, and then step 4, and so on, the motor 
rotates by stepping in a CW direction. If you 
reverse the order and sequence upward on the 
control sequence chart in Fig. 5-32(a), the motor 
reverses and rotates by stepping in a CCW di
rection. The circuit in Fig. 5-32(b) is an imprac
tical interface circuit but can be used for hand 
testing a stepper motor. 

A practical bipolar stepper motor interface 
is based on the MC3479 stepper motor driver 
JC from Motorola. The schematic diagram in 
Fig. 5-33(a) details how you might wire the 

INPUT MC3479 IC 

ccw = 1 1° CW/CCW 
CW= 0 

MC3479 driver IC to a bipolar stepper motor. 
The MC3479 IC has a logic section that gener
ates the proper control sequence to drive a bipo
lar stepper motor. The motor driver section has 
a drive capability of 350 mA per coil. Each step 
of the motor is triggered by a single positive
going clock pulse entering the CLK input (pin 7) 
of the IC. One input control sets the direction 
of rotation of the stepper motor. A logic 0 at 
the CW/CCW input to the MC3479 allows CW 
rotation, while a logic 1 input at pin 10 changes 
to CCW rotation of the stepper motor. 

The MC3479 IC also has a full/half input 
(pin 9) which can change the operation of the 

+5V 

16 

'I 3-5 v 
1 

L1 

OUTPUT 

3 

Logic Motor 
2 [f 

1---i>- drivers Stepper 
L2 motor 15 L2 

Clock....IL 
7 

CLK 

L3 

14 
L4 

Half step= 1 
9 

Full/Half 
Full step= O 

Bias GNDs 

4 5 12 13 

47 kfl 

(a) 

Step L1 
I 

L2 L3 I L4 

1 1 0 1 0 

2 1 1 1 0 

3 0 1 1 0 

4 0 1 1 1 
I 5 0 1 0 1 

Step L1 L2 L3 L4 
6 1 1 0 1 

1 1 0 1 0 7 1 0 0 1 

2 0 1 1 0 8 1 0 1 1 

3 0 1 0 1 1 1 0 1 0 

4 1 0 0 1 2 1 1 1 0 

1 1 0 1 0 3 0 1 I 1 0 

2 0 I 1 1 0 4 0 1 1 1 

(b) (c) 

5-33 (a) Using the MC3479 stepper motor driver IC to interface with a bipolar stepper motor. (b) Control sequence of the 
MC3479 IC in the full-step mode. (c) Control sequence For the MC3479 IC in the half-step mode. 

Bipolar stepper 
motor 

Internet 
Connection 
Find the data sheet 
For the MC3479 IC 
at onsemi.com. 
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Unipolar stepper 
motor 

MC 3479 stepper 
motor driver IC 

5804 stepper 
motor driver IC 

IC from stepping by full steps or half steps. In 
the full-step mode, the stepper motor featured 
in Fig. 5-31 rotates 18° for each clock pulse 
(each single step). In the half-step mode, the 
stepper motor rotates half of a regular step or 
only 9° per clock pulse. The control sequence 
used by the MC3479 IC in the full-step mode 
is shown in chart form in Fig. 5-33(b). Note 
that this is the same control sequence used in 
Fig. 5-32(a). The control sequence used by the 
MC3479 IC in the half-step mode is detailed 
in chart form in Fig. 5-33(c). These control 
sequences are standard for bipolar or two-phase 
stepper motors and are built into the logic block 
of the MC3479 stepper motor driver JC. Spe
cialized ICs such as the MC3479 stepper motor 
driver are usually the simplest and least expen
sive method of solving the problem of generat
ing the correct control sequences, allowing for 
either CW or CCW rotation, and allowing the 
stepper motor to operate in either the full-step 

+5V 

INPUTS 

10 kn 10 kn 

16 

or half-step mode. The motor driver circuitry of 
the MC3479 is included inside the IC so lower
power stepper motors can be driven directly by 
the IC as illustrated in Fig. 5-33(a). 

Unipolar or four-phase stepper motors have 
five or more leads exiting the motor. Special
ized ICs are also available for generating the 
correct control sequence for these four-phase 
motors. One such product is the EDE1200 uni
polar stepper motor JC by E-LAB Engineering. 
The EDE1200 has many of the same features of 
the Motorola MC3479 except it does not have 
the motor drivers inside the IC. External driver 
transistors or a driver IC must be used in con
junction with the EDE1200 unipolar stepper 
motor IC. The control sequence for four-phase 
(unipolar) and two-phase (bipolar) stepper mo
tors is different. 

Note the use in Fig. 5-34 of two power sup
plies (+5 V and + 12 V), both connected to the 
same 5804 IC. The +5-V supply powers the 

+12 v 

2 

OUTPUT 
Unipolar 

stepper motor 
(6 wire) 

A 

14 Voo Kso 
O=CCW 
1 = CW ' >---1-1---1 Direction 

BiMOS 5804 IC 

10 Step 
size 

o = Full-step o--~---i 
1 = Half-step 

11 Step 
input 

__n_ 
Clock ' >------• ' 

Logic 

One Output 
phase enable 

9 15 

Motor 
drivers 

GNDs 

4 5 

Out A 

12 13 

B D c A 

cw)! 
0 0 

~ Jccw 1 0 
1 1 
0 1 

Typical Control Sequence 
Full step 

5804 IC (two-phase mode) 

Fig. 5.34 A six-wire unipolar stepper motor is being driven by the BiMDS 5804 stepper motor translator/driver IC in this 
schematic diagram. 
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input and logic sections of the 5804 IC. The 
+ 12-V supply powers the high current, high
voltage active LOW outputs. 

A typical full-step control sequence gener
ated by the 5804 IC's logic section is shown at 
the lower right in Fig. 5-34. When a 5804 output 
goes LOW, it sinks the high current from the 
coils of the stepper motor. 

The four Schottky diodes allow normal cur
rents to flow through while protecting the 5804 
IC from damaging voltage spikes. Pull-up resis
tors (two 10 kD) are shown at the upper left of 
Fig. 5-34. 

This is a circuit you could construct in 
the lab. 

Summary 
In summary, a simple permanent magnet de 
motor is good for continuous rotation applica
tions. Servo motors (such as the hobby servo 

Answer the following questions. 

66. The (de motor, servo motor) 
is a good choice for continuous rotation 
applications not requiring speed control. 

67. The (de motor, stepper motor) 
is a good choice for applications that 
require exact angular positioning of a 
shaft. 

68. Both the servo and stepper motors can 
be used in applications that require exact 
angular positioning. (T or F) 

69. Refer to Fig. 5-35. This device, which 
might be found in a radio-controlled air-
plane or car, is called a (servo 
motor, stepper motor). 

70. Refer to Fig. 5-35. The red lead is con
nected to + of the power supply, the 
black lead to ground, and the white lead 
to the servo is the (input, 
output) lead. 

71. Refer to Fig. 5-35. This hobby servo motor 
is controlled by inputs from a pulse gen-
erator using (pulse-amplitude, 
pulse-width) modulation. 

motor) are good for angular positioning of a 
shaft. Pulse-width modulation (PWM) is a 
technique used to rotate the servo to an exact 
angular position. Stepper motors can be used 
for angular positioning of a shaft or for con
trolled continuous rotation. 

Fig. S·35 Art for self-test questions 69, 70 and 71. 

72. The device featured in Fig. 5-31 is a 
_____ (bipolar, unipolar) stepper 
motor. 

73. The chart in Fig. 5-32(a) shows the 
____ sequence for a ___ _ 
(bipolar, unipolar) stepper motor. 

74. Refer to Fig. 5-32(a). If we are at step 4 and 
progress upward on the control sequence 
chart to step 3, the stepper motor rotates in 
a (CCW, CW) direction. 

75. Refer to Fig. 5-33(a). The ___ _ 
(logic, motor drive) block inside the 
MC3479 IC assures that the control se
quence for driving a bipolar stepper motor 
is followed. 

76. Refer to Fig. 5-33(a). The maximum 
drive current for each coil available using 
the MC3479 is (10, 350) mA, 
which allows it to drive many smaller 
stepper motors directly. 

77. Refer to Fig. 5-33(a) and assume input 
pins 9 and 10 are HIGH. When a clock 
pulse enters pin 7, the attached stepper 
motor rotates (CCW, CW) a 
____ (full step, half step). 

Internet 
Connection 
For information on 
servo mechanisms 
and stepper motors 
see en.wikipedia.org 
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Tachometer 
pickup 
sensor 

Camshaft 
timing sensor 

Transmission 
speed sensor 

5-10 Using Hall-Effect Sensors 

The Hall-effect sensor is often used to solve 
difficult switching applications. Hall-effect 
sensors are magnetically activated sensors or 
switches. Hall-effect sensors are immune to en
vironmental contaminants and are suitable for 
use under severe conditions. Hall-effect sen
sors operate reliably under oily and dirty, hot or 
cold, bright or dark, and wet or dry conditions. 

Several examples of where Hall-effect sen
sors and switches might be used in a modern 
automobile are graphically summarized in 
Fig. 5-36. Hall-effect sensors and switches are 
also used in other applications such as ignition 
systems, security systems, mechanical limit 
switches, computers, printers, disk drives, key
boards, machine tools, position detectors, and 
brushless de motor commutators. 

Many of the advances in automotive tech
nology revolve around accurate reliable sensors 
sending data to the central computer. The central 
computer gathers the sensor data and controls 

Throttle position 
sensor 

Transmission 
shift position 

sensor 

EGR valve 

Camshaft 
timing sensor 

Fig. 5-36 Hall-effect sensors used in a modern automobile. 
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many functions of the engine and other systems 
of the automobile. The computer also gathers 
and stores data from the sensors to be used by 
the on-board diagnostics system (OBD I or the 
newer OBD II). Only some of the many sensors 
in an automobile are Hall-effect devices. 

Basic Hall-Effect Sensor 
The basic Hall-effect sensor is a semiconductor 
material represented in Fig. 5-37(a). A source 
voltage (bias voltage) will cause a constant bias 
current to flow through the Hall-effect sensor. 
As demonstrated in Fig. 5-37(a), when a mag
netic field is present, a voltage is generated by 
the Hall-effect sensor. The Hall voltage is pro
portional to the strength of the magnetic field. 
As an example, if no magnetic field is present, 
then the sensor will produce no Hall-effect 
voltage at the output. As the magnetic field 
increases, the Hall voltage increases propor
tionally. In summary, if a biased Hall sensor is 
placed in a magnetic field, the voltage output 

Digital compass 

Steering sensor 

Pedal position sensor 

Ride height 
sensor 



v+ 

Hall-effect voltage output 

v-

+ 
/- +:>-.,--------- Magnetic field 

- Bias 
(perpendicular to sensor) 

Voltage 

Hall-effect sensor 

(a) 

Hall voltage 
de 

Amp 

+ 

(b) 

Fig. 5-37 Hall-effect sensor. (a) Sensor produces a small voltage pr.oportional to the strength of the 
magnetic field. (6) Adding a voltage regulator and de amplifier to produce a more usable 
Hall-effect sensor. 

will be directly proportional to the strength of 
the magnetic field. The Hall effect was discov
ered by E. F. Hall in 1879. 

The output voltage of the Hall-effect sensor 
is small and is commonly amplified to be more 
useful. A Hall-effect sensor with a de amplifier 
and voltage regulator is sketched in Fig. 5-37(b). 
The output voltage is linear and proportional to 
the strength of the magnetic field. 

Hall-Effect Switch 
Hall-effect devices are produced in rugged IC 
packages. Some are designed to generate a lin
ear output voltage such as the sensor sketched 
in Fig. 5-37(b). Others are designed to operate 
as switches. A commercial Hall-effect switch is 
featured in Fig. 5-38. The Hall-effect switch de
tailed in Fig. 5-38 is the 3132 bipolar Hall-effect 
switch produced by Allegro Microsystems, Inc. 

IC Specifications and Simple Interfacing Chapter S 179 



Internet 
Connection 
For more information 
on Hall-effect 
sensors and 
switches, visit www 
.allegromicro.com. 

x 

Vee 1 
2 3 

~ 
CL 
CL 
:::> 
(J) 

0 
z 
:::> 
0 
a: 
<D 

f
:::> 
CL 
f
:::> 
0 

Pinning is shown viewed from branded side. 

(a) 

Reverse-battery 
~y protection 

Voltage __ .... 
regulator 

REG.,_ __ ..,.._ 

Hall-effecifr X 
sensor 

(b) 

NPN output transistor 
(open collector) 

Fig. 5-38 Allegro Microsystem's 3132 bipolar Hall-effect switch. (a) Pin diagram. 
( b) Functional block diagram. 

The three-lead package in Fig. 5-38(a) shows 
that pins 1 and 2 are for connecting the external 
power supply(+ to Vee and - to ground). Pin 3 
is the output of this bounce-free switch. The pin
out in Fig. 5-38(a) is correct when viewing the 
3132 Hall-effect switch from the printed side 
(branded side) of the IC package. A functional 
block diagram of Allegro Microsystem's 3132 
Hall-effect switch is drawn in Fig. 5-38(b). No
tice that the symbol for the Hall-effect sensor is 
a rectangle with an X inside. Added to the sensor 
are several sections that convert the analog Hall
effect device into a digital switch. The Schmitt
trigger threshold detector produces a snap-action 

bounce-free output needed for digital switching. 
Its output is either HIGH or LOW. The open
collector output transistor is included so the IC 
can drive a load up to 25 mA continuously. 

The two most important characteristics of a 
magnetic field are its strength and its polarity 
(south or north poles of the magnet). Both of 
these characteristics are used in the operation 
of the bipolar 3132 Hall-effect switch. To dem
onstrate the operation of the bipolar Hall-effect 
switch, study the circuit in Fig. 5-39(a) includ
ing the 3132 IC. An output indicator LED with 
150-0 limiting resistor has been added at the 
output of the IC. 
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INPUT 
S pole 

3132 
Hall-effect switch 

of magnet 

INPUT 
N pole 

3132 
Hall-effect switch 

of magnet 

(.) 

~1-----~ 

(a) 

(b) 

+5V 

+5V 

OUTPUT 
NPN transistor OFF 

'- PIN 3 is HIGH 
X~ LED is OFF 

Fig. 5-39 Controlling 3132 Hall-effect switch with opposite poles of a magnet. [a) Turning on 
switch with S pole. (b) Turning off switch with N pole. 
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+5V 

/ 
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33 kfl for CMOS 
1 o kfl for TTL 

CMOS 
or 

TTL 

OUTPUT 

Fig. S-41J Interfacing Hall-effect switch IC with either TTL or CMOS. 

In Fig. 5-39(a), the south pole of the magnet 
approaches the branded side (side with print
ing) of the IC causing the internal NPN tran
sistor to turn on. This causes pin 3 of the IC to 
drop LOW causing the LED to light. 

In Fig. 5-39(b), the north pole of the magnet 
approaches the branded side (side with print
ing) of the IC causing the internal NPN transis
tor to turn off. This causes pin 3 of the IC to go 
HIGH, and the LED does not light. 

The 3132 Hall-effect switch was bipolar be
cause it required a S pole and then a N pole to make 
it toggle between ON and OFF. Unipolar Hall
effect switches are also available which turn on 
and off by just increasing (switch on) and decreas
ing (switch off) the magnetic field strength and 
not changing polarity. One such unipolar Hall
effect switch is the 3144 by Allegro Microsys
tems, Inc. The 3144 unipolar Hall-effect switch is 
a close relative the 3132 bipolar Hall-effect switch 
you have already studied. The unipolar 3144 IC 
shares the same pin-out diagram [Fig. 5-38(a)] 
and functional block diagram [Fig. 5-38(b)] as the 
bipolar 3132 Hall-effect switch. The 3144 Hall
effect switch features a snap-action digital output. 
The 3144 IC also features an NPN output transis
tor that will sink 25 mA. 

The Hall-effect switch IC drawn in Fig. 5-40 
has an NPN driver transistor with an open collec
tor. Interfacing a Hall-effect switch IC with digital 
ICs (TTL or CMOS) requires the use of a pull-up 
resistor as shown in Fig. 5-40. Typical values for 
the pull-up are shown as 33 kD for CMOS and 
10 kD for TTL. The Hall-effect switch shown in 
Fig. 5-40 could be either the 3132 or 3144 ICs. 
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Gear-Tooth Sensing 
Other common Hall-effect switching devices in
clude gear-tooth sensing ICs. Gear-tooth sensing 
ICs contain one or more Hall-effect sensors and 
a built-in permanent magnet. A sketch of typi
cal gear-tooth sensing IC and gear is shown in 
Fig. 5-41. The south pole of the permanent mag
net produces a magnetic field that varies with the 
position of the gear. When a gear tooth moves 

Plastic 
case 

South 

North 

2 

leads 

3 

Half-effect 
sensors 

Permanen· 
.---1-__,1-- Magnet 

4 

Fig. 5-41 Hall-effect gear-tooth sensor with rotating gear for 
triggering. 



into position to shorten the air gap, the field gets 
stronger and the Hall-effect sensor switches. 
Gear-tooth sensors are commonly used in me
chanical systems including automobiles to count 
the position, rotation, and speed of gears. 

It is a characteristic of Hall-effect switch 
ICs to function as a bounce-free switch. This is 

Answer the following questions. 

78. A Hall-effect sensor is a(n) ___ _ 
(magnetically, optically) activated device. 

79. Hall-effect devices such a ___ _ 
(gear-tooth sensors, thermocouples) and 
switches are commonly used in automo
biles because they are reliable, inexpensive, 
and can operate under severe conditions. 

80. Refer to Fig. 5-42. The semiconductor 
material shown with the X on it is called 
the (electromagnet, Hall-effect 
sensor). 

81. Refer to Fig. 5-42. Moving the permanent 
magnet closer to the Hall-effect sensor 
increases the magnetic field causing the 
output voltage to (decrease, 
increase). 

82. Refer to Fig. 5-43. The 3132 Hall-effect 
IC is a (bipolar, unipolar) 
switch. 

83. Refer to Fig. 5-43(a). Output transistor 
of the IC is turned on and the output at 
pin 3 goes (HIGH, LOW) 

+ 

Fig. 5-42 Hall-effect sensor. 

sometimes difficult with mechanical switches. 
You will observe that the magnet does not have 
to touch the surface of the Hall-effect switch to 
turn it on and off. These are touch-free switches 
that can operate under severe environmental 
conditions. Simple Hall-effect switch ICs are 

small, rugged, and very inexpensive. 

when the south pole of a magnet 
approaches the Hall-effect sensor in the 
3132 causing the LED to _____ _ 
(light, not light). 

84. Refer to Fig. 5-43(b). Output transistor 
of the IC is turned (on, off) 
and the output at pin 3 goes ___ _ 
(HIGH, LOW) when the north pole of a 
magnet approaches the Hall-effect sensor 
in the 3132 causing the LED to not light. 

85. Refer to Fig. 5-38. The snap action 
causing a digital output (either HIGH 
or LOW) from the IC is caused by the 
____ (de amplifier, Schmitt-trigger) 
section of the IC. 

86. Hall-effect switches are small, bounce-
free, rugged, and (inexpensive, 
very expensive). 

87. The open-collector of the NPN driver 
transistor used in both the 3132 and 3144 
Hall-effect switches requires the use a 
____ (pull-up, transition) resistor 
when sending digital signals to either 
CMOS or TTL logic devices. 
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Fig. 5-43 Hall-effect switch. 
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5-11 Troubleshooting Simple 
Logic Circuits 

One test equipment manufacturer suggests 
that about three-quarters of all faults in digital 
circuits occur because of open input or output 
circuits. Many of these faults can be isolated in 
a logic circuit using a logic probe. 

Consider the combinational logic circuit 
mounted on a printed circuit board in 
Fig. 5-44(a). The equipment manual might in
clude a schematic similar to the one shown in 
Fig. 5-44(b). Look at the circuit and schematic, 

Vee 

A 
B c 

D 

+5V 

14 

INPUT A 
3 

2 
INPUT B 6 

4 IC1 
INPUT C 

5 
INPUT D 

7 

PARTS LIST 

(a) 

2 

and determine the logic diagram. From that 
you can determine the Boolean expression 
and truth table. You will find that in this 
example, two NAND gates are feeding an 
OR gate. This is equivalent to the four-input 
NAND function. 

The fault in the circuit in Fig. 5-44(a) is 
shown as an open circuit in the input to the OR 
gate. Now let's troubleshoot the circuit to see 
how we find this fault. 

1. Set the logic probe to TTL, and connect 
the power. 

+5V 

14 

3 
// 

IC2 

LED1 

7 

IC1 7400 quad 2-input NANO gate 
IC2 7432 quad 2-input OR gate 
LED1 Red diffused T-1-3/4 light-emitting diode 
R1 1/2 W, 150 n, 10% resistor 

(b) 

Fig. 5-44 Troubleshooting problem. (a) Testing a faulty circuit mounted on a PC board. 
(b) Schematic diagram of four-input NANO circuit. 

Troubleshooting 
using a logic probe 
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2. Test nodes 1and2 [see Fig. 5-44(a)]. 
Result: Both are HIGH. 

3. Test nodes 3 and 4. Result: Both are 
LOW. Conclusion: Both ICs have power. 

4. Test the four-input NAND circuit's unique 
state (inputs A, B, C, and D are all HIGH). 
Test at pins 1, 2, 4, and 5 of the 7400 IC. 
Results: All inputs are HIGH, but the LED 
still glows and indicates a HIGH output. 
Conclusion: The unique state of the four
input NAND circuit is faulty. 

Supply the missing word in each statement. 

88. Most faults in digital circuits occur be-
cause of (open, short) circuits 
in the inputs and outputs. 

89. A simple piece of test equipment, such as 
a(n) , can be used for checking 

5-12 Interfacing the Servo 
(BASIC Stamp Module) 

Programmable devices are very common in 
modern digital electronics. This section will 
explore interfacing of the BASIC Stamp 2 Mi
crocontroller Module with a simple servo. 

Review Sec. 5-9 on servo motors. Hobby 
servo motor operation is summarized in 
Fig. 5-30. Notice the use of pulse-width modu
lation (PWM) to control the angular position of 
the servo motor. In this section, you will pro
gram a BASIC Stamp 2 (BS2) Microcontroller 
Module to act as the PWM pulse generator 
sketched in Fig. 5-30(a), (b), and (c). Notice in 
Fig. 5-30 that the positive pulse widths are 2 
ms for fully CCW rotation, 1 ms for fully CW 
rotation, or 1.5 ms for centering of the servo's 
output shaft. 

Consider the hobby servo motor connected 
to the BASIC Stamp 2 module in Fig. 5-45. 
This is a test circuit to rotate the servo (1) fully 
CCW, (2) fully CW, and (3) to finally center the 
output shaft. 

The procedure for solving the logic problem 
with the use of the BASIC Stamp 2 module is 
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5. Test the outputs of the NAND gates at 
pins 3 and 6 of the 7400 IC. Results: 
Both outputs are LOW. Conclusion: The 
NAND gates are working. 

6. Test the inputs to the OR gate at pins 1 
and 2 of the 7432 IC. Results: Both inputs 
are LOW. Conclusion: The OR gate 
inputs at pins 1 and 2 are correct, but the 
output is still incorrect. Therefore, the OR 
gate is faulty, and the 7432 IC needs to be 
replaced. 

a digital logic circuit for open circuits in 
the inputs and outputs. 

90. Refer to Fig. 5-44. With inputs A, B, C, 
and D all HIGH, the output (pin 3 of 
IC2) should be (HIGH, 
LOW). 

detailed below. The steps in wiring and pro
gramming the BASIC Stamp 2 module are: 

1. Refer to Fig. 5-45. Wire the hobby servo 
motor to port Pl 4 of the BASIC Stamp 2 
module. Note the color coding (red= Vdd 

and black = V or GND) of the power wires. 
SS 

2. Load the PBASIC text editor program 
(version for the BS2 IC) into the PC. 
Type your PBASIC program describing 
the 'Servo Test 1. A PBASIC program 
titled 'Servo Test 1 is listed in Fig. 5-46. 

3. Attach a serial cable (or USB cable) 
between the PC and the BASIC Stamp 2 
development board (such as the Board of 
Education by Parallax, Inc.). 

4. With the BASIC Stamp 2 module turned 
on, download your PBASIC program 
from the PC to BS2 module using the 
RUN command. 

5. Disconnect the serial cable (or USB 
cable) from the BS2 module. 

6. Observe the rotation of the servo output 
shaft. The PBASIC program stored in 
EEPROM program memory in the BASIC 
Stamp 2 module will restart each time the 
BS2 IC is turned on. 



PC 

D Serial port (or USB port) 

fl ---- ---0 --------------------------------

0 
<:z. 
'2-
0 

~ 
~ 

0 
<Bo. 

<;)>0 

BASIC Stamp 2 
module 

Fig. 5-45 Hobby servo motor connected to a BASIC Stamp 2 module for testing. 
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PBASIC Program - Servo Test 1 
Consider in Fig. 5-46 the PBASIC program 
titled 'ServoTest 1. Lines 1 and 2 both begin 
with an apostrophe (') meaning these are re
mark statements. Remark statements are used 

to clarify the program and are not executed by 
the microcontroller. Line 3 is a line of code to 
declare a variable that will be used later in the 
program As an example, line 3 reads C VAR 
Word. This tells the microcontroller that C is 

'ServoTest 1 'Title of program (See Fig. 5-45.) 
'Test servo in 3 different positions, CCW, CW and centered 

c VAR Word 

FORC = 1 T075 
PULSOUT 14, 1000 
PAUSE20 
NEXT 

FORC = 1 T075 
PULSOUT 14, 500 
PAUSE20 
NEXT 

FORC = 1 T075 
PULSOUT 14, 750 
PAUSE20 
NEXT 

END 

'Declare C as variable, 16-bit length 

'Begin counting loop, C = 1 thru 75 
'Pulse output (HIGH) at pin 14 for 2 ms 
'Pause for 20 ms, output LOW . 
'Back to FOR if C < 75 

'Begin counting loop, C = 1 thru 75 
'Pulse output (HIGH) at pin 14 for 1 ms 
'Pause for 20 ms, output LOW 
'Back to FOR if C < 75 

'Begin counting loop, C = 1 thru 75 
'Pulse output (HIGH) at pin 14 for 1.5 ms 
'Pause for 20 ms, output LOW 
'Back to FOR if C < 75 

Fig. S-46 PBASIC program listing for Servo Test 1. 

L1 
L2 

L3 

L4 
LS 
L6 
L7 

L8 
L9 

LIO 
Lll 

L12 
L13 
L14 
L15 

L16 
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a variable name that will hold a word length 
value (16 bits). The 16-bit variable C can hold 
a range of values from 0 to 65535 in decimal. 

Lines 4-7 produce the full CCW rotation 
of the servo motor shaft. The FOR-NEXT 
loop will be executed 75 times (C = 1 to 75). 
The PULSOUT 14, 1000 code (L5) gener
ates a HIGH pulse at pin 14 for 2 milliseconds 
(2 µseconds X 1000 = 2000 µs = 2 ms). Pin 14 
then drops LOW after the 2-ms positive pulse. 
The PAUSE 20 code (L6) allows pin 14 to re
main LOW for 20 ms. This first FOR-NEXT 
loop (L4-7) will cause the hobby servo motor 
to turn fully CCW. 

Lines 8-11 produce the full CW rotation 
of the servo motor shaft. The FOR-NEXT 
loop will be executed 75 times (C = 1 to 75). 
The PULSOUT 14, 500 code (L9) gener
ates a HIGH pulse at pin 14 for 1 millisecond 
(2 µseconds X 500 = 1000 µs = 1 ms). Pin 14 
then drops LOW after the 1-ms positive pulse. 
The PAUSE 20 code (LIO) allows pin 14 to re
main LOW for 20 ms. This second FOR-NEXT 

Answer the following questions. 

91. The angular position of a hobby servo 
motor is controlled by a technique called 
____ (amplitude, pulse-width) 
modulation. 

92. Refer to Fig. 5-46. Variable C may hold 
only a single bit of data. (T or F) 

93. Refer to Fig. 5-46. Each of the three 
FOR-NEXT loops will be repeated 
___ (20, 75) times. 

94. Refer to Fig. 5-46. The purpose of the 
PAUSE 20 statement is to permit the 
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loop (L8-ll) will cause the hobby servo motor 
to turn fully CW. 

Lines 12-15 cause the servo motor shaft to 
center itself. The FOR-NEXT loop will be ex
ecuted 75 times (C = 1to75). The PULSOUT 
14, 750 code (L13) generates a HIGH pulse at 
pin 14 for 1.5 milliseconds (2 µseconds X 750 = 
1500 µs = 1.5 ms). Pin 14 then drops LOW 
after the 1.5-ms positive pulse. The PAUSE 20 
code (Ll4) allows pin 14 to remain LOW for 
20 ms. This last FOR-NEXT loop (Ll2-15) 
will cause the hobby servo motor shaft to move 
to the center of its range. The END statement 
(Ll6) causes the program to stop executing. 

The PBASIC program 'ServoTest 1 will 
run once while the BS2 module is powered. 
The PBASIC program is held in EEPROM 
program memory for future use. Turning the 
BS2 off and then on again will restart the pro
gram. Downloading a different PBASIC pro
gram to the BASIC Stamp module will erase 
the old program and start execution of the new 
listing. 

microcontroller to cool off for 20 min
utes. (T or F) 

95. Refer to Fig. 5-46. The PULSOUT 14, 
750 output a positive pulse to pin 14 
with a time duration of ___ _ 
millisecond( s). 

96. Refer to Figs. 5-45 and 5-46. What is the 
effect on the servo's output shaft when 
the FOR-NEXT loop in lines 12-15 is 
totally executed (75 times through the 
loop)? 



apter 5 Summa and Review 

1. Interfacing is the design of circuitry between 11. Driving LEDs and incandescent lamps with logic 
devices that shifts voltage and current levels to devices usually requires a driver transistor. 
make them compatible. 12. Most TTL-to-CMOS and CMOS-to-TTL interfacing 

2. Interfacing between members of the same logic requires some additional circuitry. This can take the 
family is usually as simple as connecting one gate's form of a simple pull-up resistor, special interface 
output to the next logic gate's input, etc. IC, or transistor driver. 

3. In interfacing between logic families or between 13. Interfacing digital logic devices with buzzers and 
logic devices and the "outside world," the voltage relays usually requires a transistor driver circuit. 
and current characteristics are very important Electric motors and solenoids can be controlled by 
factors. logic elements using a relay to isolate them from the 

4. Noise margin is the amount of unwanted logic circuit. 
induced voltage that can be tolerated by a logic 14. Optoisolators are also called optocouplers. Solid-
family. Complementary symmetry metal-oxide state relays are a variation of the optoisolator. 
semiconductor ICs have better noise margins than Optoisolators are used to electrically isolate digital 
TTL families. circuitry from circuits that contain motors or other 

5. The fan-out and fan-in characteristics of a digital IC high-voltage/current devices that might cause 
are determined by its output drive and input loading voltage spikes and noise. 
specifications. 15. Hobby servo motors are used for angular posi-

6. Propagation delay (or speed) and power dissipation tioning of an output shaft. A pulse generator 
are important IC family characteristics. employing pulse-width modulation (PWM) is used 

7. The ALS-TTL, FAST (Fairchild advanced Schottky to drive a these inexpensive servo motors. 
TTL), and FACT (Fairchild advanced CMOS 16. Hobby servo motors can be driven by 
technology) logic families are very popular owing programmable devices such as the BASIC Stamp 2 
to a combination of low power consumption, high Microcontroller Module. 
speed, and good drive capabilities. Earlier TTL and 17. Stepper motors operate on de and are useful in 
CMOS families are still in use. applications where precise angular positioning or 

8. Advanced low-voltage CMOS ICs (such as the speed of an output shaft is important. 
74ALVCOO series) are used in many modem 18. Stepper motors are classified as either bipolar (two 
designs. These low-voltage CMOS ICs feature low phase) or unipolar (four phase). Other important 
power consumption, TTL direct interface, static characteristics are step angle, voltage, current, coil 
protection, and very high speeds. resistance, and torque. 

9. Many CMOS ICs are sensitive to static electricity 19. Specialized I Cs are useful for interfacing and driving 
and must be stored and handled properly. Other stepper motors. The logic section of the IC generates 
precautions to be observed include turning off an the correct control sequence to step the motor. 
input signal before circuit power and connecting all 20. A Hall-effect sensor is a magnetically activated 
unused inputs. device used in Hall-effect switches. Hall-effect 

10. Simple switches can drive logic circuits using switches are classified as either bipolar (need S and 
pull-up and pull-down resistors. Switch debouncing N poles of magnet to activate) or unipolar (need S 
is usually accomplished using latch circuits. pole or no magnetic field to activate). 
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21. External magnetic fields are commonly used to 
activate a Hall-effect sensor or switch. Gear-tooth 
sensors have Hall-effect sensors and a permanent 
magnet encapsulated in the IC. Hall-effect gear-

Answer the following questions. 

5-1. Applying 3.1 V to a TTL input is interpreted by 
the IC as a(n) (HIGH, LOW, unde-
fined) logic level (5-V power source). 

5-2. A TTL output of 2.0 Vis considered a(n) 
---- (HIGH, LOW, undefined) output 
(5-V power source). 

5-3. Applying 2.4 V to a CMOS input (10-V 
power supply) is interpreted by the IC as a(n) 
---- (HIGH, LOW, undefined) logic level. 

5-4. Applying 3.0 V to a 74HCOO series CMOS 
input (5-V power supply) is interpreted by the 
IC as a(n) (HIGH, LOW, undefined) 
logic level. 

5-5. A "typical" HIGH output voltage for a TTL 
gate would be about (0.1, 0.8, 3.5) V. 

5-6. A "typical" LOW output voltage for a TTL gate 
would be about (0.1, 0.8, 3.5) V. 

5-7. A "typical" HIGH output voltage for a CMOS 
gate (10-V power supply) would be about 
____ v. 

5-8. A "typical" LOW output voltage for a CMOS 
gate (10-V power supply) would be about 
____ v. 

5-9. Applying 3.0 V to a 74HCTOO series CMOS 
input (5-V power supply) is interpreted by the 
IC as a(n) (HIGH, LOW, undefined) 
logic level. 

5-10. Applying 1.0V to a 74HCTOO series CMOS 
input (5-V power supply) is interpreted by the 
IC as a(n) (HIGH, LOW, undefined) 
logic level. 

5-11. The 74ALVC series of logic ICs are modern 
___ (CMOS, TTL) chips. 

5-12. Applying 2.4 V to a 74ALVCOO series (3-V 
power supply) input would be interpreted by the 
IC as a(n) (HIGH, LOW, undefined) 
logic level. 

190 Chapter 5 IC Specifications and Simple Interfacing 

tooth sensors are triggered by ferrous metals (such 
as steel gear teeth) passing near the IC. 

22. Each logic family has its own definition of logical 
HIGH and LOW. Logic probes test for these levels. 

5-13. Modern logic families such as the 74ALVCOO 
series feature (high-, low-) 
voltage operation, low power consumption, 
good static protection, and very ___ _ 
(high, low) propagation delays (for high-speed 
operation). 

5-14. The (CMOS, TTL) logic family has 
better noise immunity. 

5-15. Refer to Fig. 5-4. The noise margin for the TTL 
family is about V. 

5-16. Refer to Fig. 5-4. The noise margin for the 
CMOS family is about V. 

5-17. Refer to Fig. 5-5. The switching threshold for 
TTL is always exactly 1.4 V (T or F). 

5-18. The fan-out for standard TTL is said to be 
____ (10, 100) when driving other stan
dard TTL gates. 

5-19. Refer to Fig. 5-6(b). A single ALS-TTL out-
put will drive (5, 50) standard TTL 
inputs. 

5-20. Refer to Fig. 5-6(b). A single 74HCOO series 
CMOS output has the capacity to drive at least 
___ (10, 50) LS-TTL inputs. 

5-21. Refer to Fig. 5-47. If both family A and Bare 
TTL, the inverter (can, may not be 
able to) drive the AND gates. 

5-22. Refer to Fig. 5-47. If family A is ALS-TTL 
and family B is standard TTL, the inverter 
---- (can, may not be able to) drive the 
AND gates. 

5-23. Refer to Fig. 5-4 7. If both families A and B are 
ALS-TTL, the inverter (can, may 
not be able to) drive the AND gates. 

5-24. The (4000, 74ACOO) series CMOS 
ICs have greater output drive capabilities. 

5-25. Refer to Fig. 5-8(b). The logic 
family has the lowest propagation delays and is 
considered the (fastest, slowest). 



FamilyB 

Family A 

Fig. 5.47 Interfacing problem. 

5-26. The 74FCT08 IC would have the same logic 
function and pin-out as the standard TTL IC 
with part number ___ _ 

5-27. Generally, (CMOS, TTL) ICs 
consume the least power. 

+5V 

~~0'~{'\----------1 

Fig. 5-48 Interfacing problem. 

5-28. List several precautions that should be observed 
when working with CMOS ICs. 

5-29. The V
00 

pin on a 4000 series CMOS IC is con-
nected to (ground, positive) of the 
de power supply. 

5-30. Refer to Fig. 5-ll(b). With the switch open, the 
inverter's input is (HIGH, LOW) 
while the output is (HIGH, LOW). 

5-31. Refer to Fig. 5-12(a). When the switch is open, 
the resistor causes the input of the 
CMOS inverter to be pulled HIGH. 

5-32. Refer to Fig. 5-48. Component R
1 
is called a 

____ resistor. 

5-33. Refer to Fig. 5-48. Closing SW
1 

causes the input 
to the inverter to go (HIGH, LOW) 
and the LED (goes out, lights). 

5-34. Refer to Fig. 5-48. With SW
1 

open, a---
(HIGH, LOW) appears at the input of the in-
verter causing the output LED to ___ _ 
(go out, light). 

5-35. The common switch debouncing circuits in 
Fig. 5-14(b) and (c) are called RS flip-flops or 

5-36. Refer to Fig. 5-15. Closing input switch SW
1 

causes the output of the 555 IC to toggle from 
___ (HIGH to LOW, LOW to HIGH). 

5-37. Refer to Fig. 5-15. Opening input switch SW
1 

causes the output of the 555 IC to toggle from 
HIGH to LOW ___ _ 

a. immediately 
b. after a delay of about 1 second 
c. after a delay of about 1 microsecond 

LED1 

OUTPUT 
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5-38. A TTL output can drive a regular CMOS input 
with the addition of a(n) resistor. 

5-39. Any CMOS gate can drive at least one LS-TTL 
input. (T or F) 

5-40. A 4000 series CMOS output can drive a 
standard TTL input with the addition of a(n) 

5-41. Open-collector TTL gates require the use of 
____ resistors at the outputs. 

5-42. Refer to Fig. 5-25(b). The transistor functions as 
a(n) (AND gate, driver) in this circuit. 

5-43. Refer to Fig. 5-25(b). When the input to the 
inverter goes LOW, its output goes ___ _ 
(HIGH, LOW) which (turns off, turns 
on) the transistor allowing current to flow through 
the transistor and piezo buzzer to sound the buzzer. 

5-44. Refer to Fig. 5-27(a). When the input to the 
inverter goes LOW, its output goes HIGH which 
____ (turns off, turns on) the NPN transis
tor; the coil of the relay is (activated, 
deactivated), the relay armature clicks down-
ward, and the de motor (rotates, will 
not rotate). 

5-45. Refer to Fig. 5-27(b). When the input to the 
inverter goes HIGH, its output goes LOW 
which (turns off, turns on) the NPN 
transistor; the coil of the relay is ___ _ 
(activated, deactivated), the armature of the relay 
____ (clicks, will not click) downward, 
and the solenoid (is, will not be) 
activated. 

5-46. Refer to Fig. 5-28. The 4N25 optoisolator con-
tains a gallium arsenide (infrared-
emitting diode, incandescent lamp) optically 
coupled to a phototransistor output. 

5-47. Refer to Fig. 5-28(b). If the input to the in
verter goes HIGH, its output goes LOW which 
____ (activates, deactivates) the LED, the 
phototransistor is (turned off, turned 
on), and the output voltage goes ___ _ 
(HIGH, LOW). 

5-48. Refer to Fig. 5-28(c). The piezo buzzer sounds 
when the input to the inverter goes ___ _ 
(HIGH, LOW). 

5-49. Refer to Fig. 5-28(d). This is an example of 
good design practice by using an optoisolator to 
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isolate the low-voltage digital circuit from the 
higher-voltage noisy motor circuit. (Tor F) 

5-50. Refer to Fig. 5-28(d). The de motor turns on 
when a (HIGH, LOW) logic level 
appears at the input of the inverter. 

5-51. A solid-state relay is a close relative of the 
optoisolator. (T or F) 

5-52. The electromagnetic device well suited to 
continuous rotation in either direction is the 
____ (de motor, hobby servo motor). 

5-53. Refer to Fig. 5-49. The pulse generator will 
vary the causing the servo motor to 
adjust the angular position of the output shaft. 
a. Frequency from about 30 to 100 Hz 
b. Pulse width from about 1 to 2 ms 
c. Pulse amplitude from about 1 to 5 V 

5-54. A (de motor, stepper motor) should 
be used when the application calls for exact an
gular positioning of a shaft (as in a robot wrist). 

5-55. The stepper motor sketched in Fig. 5-31(a) is 
classified as a unipolar or four-phase unit. (T or F) 

5-56. The device featured in Fig. 5-31 is a ___ _ 
(permanent magnet, variable reluctance) type 
stepper motor. 

5-57. The step angle for the stepper motor in 
Fig. 5-3l(a) is degrees. 

5-58. The control sequence shown in Fig. 5-32(a) is for 
a (bipolar, unipolar) stepper motor. 

5-59. Refer to Fig. 5-33(a). How is the MC3479 IC 
described by its manufacturer? 

5-60. Refer to Fig. 5-33(a) and assume pins 9 and 
10 of the MC3479 IC are LOW. When a single 

Pulse 
generator 

Fig. 5-49 Driving a servo motor. 

+5V 
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Fig. S·SD Art for chapter review questions 5-64, 5-65, and 5-69. 

clock pulse enters the CLK input (pin 7), 
the stepper motor rotates a (full 
step, half step) in the (CCW, CW) 
direction. 

5-61. Refer to Fig. 5-33(a) and assume pins 9 and 10 of 
the MC3479 IC are HIGH and the stepper motor 
has a step angle of 18°. Under these conditions, 
how many clock pulses must enter the CLK input 
to cause the stepper motor to rotate one revolution? 

5-62. The Hall-effect sensor is a (magneti-
cally, pressure-) activated device. 

5-63. Hall-effect devices such as gear-tooth sensors 
and switches are commonly used in automobiles 
because they are rugged, reliable, operate under 
severe conditions, and are inexpensive. (T or F) 

5-64. Refer to Fig. 5-50. The sections of this Hall
effect device are the Hall-effect sensor, the 
bias battery, and a (de amplifier, 
multiplexer). 

5-65. Refer to Fig. 5-50. Moving the magnet closer to 
the Hall-effect sensor increases the strength of 
the magnetic field which causes the output volt-
age to (decrease, increase). 

5-66. Refer to Fig. 5-51. If the Hall-effect IC uses 
unipolar switching, then increasing the magnetic 
field by moving the south pole of the magnet to-
ward the sensor will turn the switch ___ _ 
(off, on), while removing the permanent magnet 

Hall-effect switch 
IC 

(.) 

~>-----~ 

+5V 

Fig. 5-51 Art For chapter review questions 5-66, 5-67, 5-68, and 5-70. 

completely will turn the switch ___ _ 
(off, on). 

5-67. Refer to Fig. 5-51. If the IC is the bipolar 3132 
Hall-effect switch, then the (N, S) 
pole of the magnet will turn the device on while 
the (N, S) pole will turn the output 
transistor off. 

5-68. Refer to Fig. 5-51. If the IC is the bipolar 
3132 Hall-effect switch, then moving the north 
pole of the magnet near the sensor will turn 
____ (off, on) the switch, the voltage at 
pin 3 will (drop LOW, raise HIGH), 
and the LED will (light, not light). 

5-69. Refer to Fig. 5-50. The output of this device is 
____ (analog, digital) in nature. 

5-70. Refer to Fig. 5-51. The output of this IC is 
____ (analog, digital) in nature. 

5-71. Refer to Fig. 5-45. The BASIC Stamp 2 
____ (Audio-amplifier, Microcontroller) 
Module substitutes as a PWM generator to 
rotate the servo motor. 

5-72. In Parallax's PBASIC language, the statement 
PULSOUT 14, 750 generates 14 negative pulses 
each 750 µs. (Tor F) 
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5-1. How would you define inteifacing? 
5-2. How do you define noise in a digital system? 
5-3. What is the propagation delay of a logic gate? 
5-4. List several advantages of CMOS logic elements. 
5-5. Why might a design engineer use the 

74ALVCOO series of logic ICs for a new tiny 
handheld device? 

5-6. Refer to Fig. 5-45. If family A is standard 
TTL and family Bis ACT-CMOS, the inverter 
______ (can, may not be able to) drive 
the AND gates. 

5-7. Refer to Fig. 5-18(c). Explain the operation of 
this HIGH-LOW indicator circuit. 

5-8. What is the purpose of "T"-type CMOS ICs 
(HCT, ACT, etc.)? 

5-9. What electromechanical device could be used to 
isolate higher-voltage equipment (such as mo
tors or solenoids) from a logic circuit? 

5-10. An electric motor converts electric energy into 
______ motion. 

5-11. A(n) ______ is an electromechanical 
device that converts electric energy into linear 
motion. 

5-12. Why is the FACT-CMOS series considered by 
many engineers to be one of the best logic fami
lies for new designs? 

5-13. Refer to Fig. 5-26. Explain the circuit action 
when the inverter input is LOW. 

5-14. Refer to Fig. 5-27(a). Explain the circuit action 
when the inverter input is HIGH. 

5-15. An optoisolator prevents the transmission of 
______ (the signal, unwanted noise) 
from one electronic system to another that oper
ates on a different voltage. 

5-16. Refer to Fig. 5-28(d). Explain the circuit action 
when the inverter input is LOW. 

5-17. If the coil resistance of a 12-V stepper motor is 
40 n, what is the current draw for the coil? 

1. interfacing 
2. HIGH 
3. LOW 
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5-18. If a stepper motor is designed with a step angle 
of 3.6°, how many steps are required for one 
revolution of the motor? 

5-19. Why are Hall-effect devices such as switches 
and gear-tooth sensors so widely used in 
modern automobiles? 

5-20. Explain what we mean by current sinking. 
5-21. What is PWM, and how is it used to drive a 

hobby servo motor? 
5-22. Refer to Fig. 5-33(c). What do you notice as 

you progress down the control sequence for a 
stepper motor (Hint: Direction of current flow 
through windings)? 

5-23. Refer to Fig. 5-38(b). What is the purpose of the 
Schmitt trigger in the Hall-effect switch? 

5-24. Refer to Fig. 5-38(b). The output of the driver 
transistor in this IC is the _____ _ 
(open-collector, totem-pole) type. 

5-25. Describe the difference between the operation 
of a bipolar and a unipolar Hall-effect switch. 

5-26. Design circuits including the following inter
faces: switches with TTL ICs; LEDs with TTL 
and CMOS ICs; TTL and CMOS ICs; and 
CMOS ICs with buzzers, relays, and motors. 

5-27. How would you use an optoisolator to interface 
between TTL ICs and higher-voltage devices 
(buzzer and motor)? 

5-28. Describe interfacing with a stepper motor. 
5-29. How would you apply Hall-effect switches 

(both bipolar and unipolar) to drive a CMOS 
counter IC? 

5-30. Describe using a pulse-width modulator (PWM) 
to control a servo motor. 

5-31. Design and demonstrate a TTL logic block that 
controls a stepper motor driver IC and stepper 
motor. 

5-32. Describe driving a servo motor using a micro
controller (BASIC Stamp 2 system). 

4. undefined 
5. undefined 
6. +10 



7. HIGH 51. on, sounds 

8. CMOS 52. transient voltages 

9. T 53. HIGH 

10. CMOS 54. linear 

11. low-voltage 55. isolate 

12. HIGH 56. turns on 

13. fan-out 57. NC to the NO 

14. FAST TLL series 58. relay 

15. 20 (8 mA/400 59. phototransistor 

µA= 20) 60. lights, activates, LOW 

16. long 61. pull-up 

17. FACT series CMOS 62. does not light, deactivates, HIGH, does not sound 

18. the same 63. turns on, runs 

19. MOS 64. solid-state 

20. complementary symmetry metal-oxide 65. will sound 

semiconductor 66. de motor 
21. low power consumption 67. stepper motor 

22. GND 68. T 

23. positive 69. servo motor 

24. FACT 70. input 

25. T 71. pulse-width 

26. CMOS 72. bipolar 

27. very 73. control, bipolar 

28. T 74. ccw 
29. LOW, floats HIGH 75. logic 

30. pull-up 76. 350 

31. RS flip-flop 77. CCW, half step 

32. HIGH, LOW 78. magnetically 

33. F 79. gear-tooth sensors 

34. switch debouncing circuit 80. Hall-effect sensor 

35. open collector 81. increase 

36. LOW to HIGH 82. bipolar 

37. c 83. LOW, light 

38. decreasing 84. OFF, HIGH 

39. 4000 85. Schmitt-trigger 

40. goes out 86. inexpensive 

41. off, does not light 87. pull-up 

42. Qt, red 88. open 

43. active LOW 89. logic probe or voltmeter 

44. sinking current 90. LOW 

45. LOW 91. pulse-width 

46. are not 92. F 

47. pull-up 93. 75 

48. current drive 94. F 

49. transistor 95. 1.5 
50. is not 96. rotates to the center of its range 
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learning []utcames 
This chapter will help you to: 

6-1 Convert decimal numbers to BCD code and 
BCD to decimal. 

6-2 Identify the characteristics and applications of 
several commonly used codes. 

6-3 Compare decimal numbers with excess-3 code, 
Gray code, and 8421 BCD code. 

6-4 Interpret the operation of a 4-bit Gray code shaft 
encoder using optical encoding. Understand the 
use of a 2-bit quadrature encoder in determining 
direction of shaft rotation. 

IHii Conve11 ASCII code to letters and numbers, and 
convert characters to ASCII code. 

6-6 Demonstrate detailed understanding of an 
encoder (74147 decimal-to-BCD encoder JC). 
Interpret operational details from truth tables, 
pin-outs, and logic diagrams (74147 encoder IC). 

6-i' Describe the construction of several light
emitting diode (LED) displays. Test the 
operation of a seven-segment LED. 

!MJ Demonstrate understanding of typical decoders 
including a BCD-to-seven-segment decoder/ 
driver. 

6-9 Interpret operational details from truth tables, 
pin-outs, and logic diagrams (7447 BCD-to
seven-segment decoder/driver IC ). Wire a 
7447 decoder/driver to a common-anode seven
segment LED display. 

6-10 Describe the construction and operation 
of a liquid-crystal display (LCD). Identify 
operational details of a CMOS decoder/driver 
system used to drive an LCD. Demonstrate 
understanding of color LCDs by answering 
selected questions. 

6-11 Interpret operational details from truth table, pin
outs, and logic diagrams (74HC4543 BCD-to
seven-segment latch/decoder/driver IC for driving 
an LCD). Explain the functioning of the CMOS 
decoder/latch/driver IC interfaced with a LCD. 

6-12 Describe the construction and operation of a 
vacuum fluorescent (VF) display. 

6-13 Interpret operational details from truth table, pin 
outs, and logic diagrams (CMOS 4511 BCD-to
seven-segment latch/decoder/driver IC). Explain 
the functioning of the CMOS latch/decoder/ 
driver IC interfaced with a VF display. 

6-14 Troubleshoot two faulty decoder/driver seven
segment display circuits. 
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Encoding, Decoding, and 
Seven-Segment Displays 

e use the decimal code to repre
sent numbers. Digital electronic 

circuits use various forms of binary. 
Many special codes are used in digital 
electronics to represent numbers, letters, 
punctuation marks, and control charac
ters. This chapter covers several common 
codes used in digital electronic equip
ment. Electronic translators, which con
vert from one code to another, are widely 
used in digital electronics. This chapter 
introduces you to several common en
coders and decoders used for translating 
from code to code. 

In modern electronic systems, the en
coding and decoding may be performed 
by hardware or by computer programs 
or software. In computer jargon, to en
crypt means to encode. So an encoder is 
an electronic device that translates from 
decimal to an encrypted code (such as 
binary) which is not as easy to interpret. 
In general, to encode means to convert 
input information to a code useful to digi
tal circuitry. 

In general, to decode means to translate 
from one code to another. In common use, a 
decoder would be a logic device that trans
lates from an encrypted code into a code 
that is more understandable. An example of 
decoding would be to translate from binary 
to decimal. 

B-1 The 8421 BCD Cade 

How would you represent the decimal num
ber 926 in binary form? In other words, how 
would you convert 926 to the binary number 
1110011110? The decimal-to-binary conversion 



would be done using the repeated divide- by-2 
method illustrated in Fig. 6-1. 

Following the repeated divide-by-2 pro
cess shown in Fig. 6-1, recall that the deci
mal number 926 is first divided by 2 yielding 
a quotient of 463 with a remainder of 0. The 
remainder of 0 becomes the least significant 
bit (LSB is the ls place) in the binary num
ber. Next the first quotient is divided-by-2 
yielding 231 (463/2 = 231) with a remain
der of 1. This remainder of 1 holds the 2s 
place in the binary number. This process 
is continuous until the quotient becomes 1. 
When the quotient becomes 0 the process is 
complete. Studying Fig. 6-1 will help refresh 
your memory about the repeated divide-by-2 
process used to convert a decimal number to 
its binary equivalent. 

The binary number 1110011110 does not 
make much sense to most of us. A code that 
uses binary in a different way from the preced
ing example is called the 8421 binary-coded 
decimal code. This code is frequently referred 
to as just the BCD code. 

The decimal number 926 is converted to 
the BCD (8421) code in Fig. 6-2(a). The re
sult is that the decimal number 926 equals 
1001 0010 0110 in the 8421 BCD code. 

Decimal number 

J926J+ 2 = 463 with a remainder of 
t I 

463 + 2 = 231 with a remainder of 
t I 

231 + 2 = 115 with a remainder of 
t I 

115 + 2 = 57 with a remainder of 
t I 

57 + 2 = 28 with a remainder of 
t I 

28 + 2 = 14 with a remainder of 

r-' 
14 + 2 = 7 with a remainder of 

~ 
7 + 2 = 3 with a remainder of 

~ 
3 + 2 = 1 with a remainder of 

t 
I 

1 + 2 = 0 with a remainder of 

t Signal to end + by 2 
i 

111100111101 

Binary equivalent 

Fig. Ei-1 Converting decimal to binary numbers using the 
repeated divide-by· 2 method. 

HUNDREDS TENS ONES 

Decimal 
number 

8421 BCD 
number 

THOUSANDS 

8421 
0001 BCD 

number 

! 
Decimal 

1 number 

9 2 6 

! ! 
1001 

(a) 

0010 0110 

HUNDREDS TENS ONES 

1000 0111 0001 

! ! ! 
8 7 1 

(b) 

Fig. 5-2 (a) Converting from decimal to 8421 BCD code. 
(b) Converting from BCD to decimal. 

Notice from Fig. 6-2(a) that each group 
of four binary digits represents a decimal 
digit. The right group (0110) represents the 
ls place value in the decimal number. The 
middle group (0010) represents the 10s place 
value in the decimal number. The left group 
(1001) represents the lOOs place value in the 
decimal number. 

Suppose you are given the 8421 BCD 
number 0001 1000 0111 0001. What decimal 
number does this represent? Figure 6-2(b) 
shows how you translate from the BCD code 
to a decimal number. We find that the BCD 
number 0001 1000 0111 0001 is equal to the 
decimal number 1871. The 8421 BCD code 
does not use the numbers 1010 1011 1100 
1101 1110 1111. These are considered invalid 
numbers. 

The 8421 BCD code is very widely used in 
digital systems. As pointed out, it is common 
practice to substitute the term "BCD code" 
to mean the 8421 BCD code. A word of cau
tion, however: Some BCD codes do have dif
ferent weightings of the place values, such 
as the 4221 code and the excess-3 code. If 
seven-segment displays need to show deci
mal digits 0 through 9, the BCD code is a 
good choice. 

Converting from 
decimal ta 8421 
8CIJ code 

Converting from 
8CIJ ta decimal 

BCIJ code 

Converting decimal 
ta binary numbers 
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Supply the missing number in each statement. 

1. The decimal number 29 is the same as 
____ in binary. 

2. The decimal number 29 is the same as 
____ in the 8421 BCD code. 

3. The 8421 BCD number 1000 0111 0110 
0101 equals ____ in decimal. 

4. The (ASCII, 8421 BCD) code 
would be the preferred output from the 
counter shown in Fig. 6-3. 

Clock 
JlSL 

0-99 
counter 

5. Refer to Fig. 6-3. If the output from the 
counter is 0111 1001 entering the 

BCD 

decoders, what will the seven-segment 
displays read? 

6. Refer to Fig. 6-3. If the seven-segment 
displays read decimal 85, then the BCD 
code between the counter and decoders is 

7. Refer to Fig. 6-3. If the seven-segment 
displays read decimal 81, then the BCD 
code between the counter and decoders 
will be 0101 0001. (T or F) 

Decimal Output 

l# a 
Decoder Decoder 

Fig. fi-3 Two-digit counter with decimal output. 

Excess-3 code 

Converting a 
decimal number ta 
the excess-3 code 

6-2 The Excess-3 Cade 

The term "BCD" is a general term, usually refer
ring to an 8421 code. Another code that is really a 
BCD code is the excess-3 code. To convert a dec
imal number to the excess-3 form, we add 3 to 
each digit of the decimal number and convert to 
binary form. Figure 6-4 shows how the decimal 
number 4 is converted to the excess-3 code num
ber 0111. Some decimal numbers are converted to 
excess-3 code in Table 6-1. You probably have no
ticed that the excess-3 code for decimal numbers 
is rather difficult to figure out. This is because 
the binary digits are not weighted as they are in 
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regular binary numbers and in the 8421 BCD 
code. The excess-3 code is used in some arithme
tic circuits because it is self-complementing. 

The 8421 and excess-3 codes are but two of 
many BCD codes used in digital electronics. 
The 8421 code is by far the most widely used 
BCD code. 

Decimal 
number 

Excess-3 coded 
number 

8]+3=0 ~ 
Add 3 Convert to 

binary 

Fig. Ei-4 Converting a decimal number to the excess-3 code. 



Supply the missing number in each statement. 9. The excess-3 code number 1001 0011 

8. The decimal number 18 equals ___ _ 
equals ____ in decimal. 

in excess-3 code. 

Decimal Excess-3 Decimal Binary 8421 BCD Gray Code 
Number Number Number Number Number Number 

0 0011 0 0000 0000 0000 

0100 0001 0001 0001 

2 0101 2 0010 0010 0011 

3 0110 3 0011 0011 0010 

4 0111 4 0100 0100 0110 

5 1000 5 0101 0101 0111 

6 1001 6 0110 0110 0101 

7 1010 7 0111 0111 0100 

8 1011 8 1000 1000 1100 

9 1100 9 1001 1001 1101 

14 0100 0111 10 1010 0001 0000 1111 

27 0101 1010 11 1011 0001 0001 1110 

38 0110 1011 12 1100 0001 0010 1010 

459 0111 1000 1100 13 1101 0001 0011 1011 

606 1001 0011 1001 14 1110 0001 0100 1001 

Hundreds Tens Ones 15 1111 0001 0101 1000 

16 10000 0001 0110 11000 

17 10001 0001 0111 11001 

6-3 The Gray Code 
Table 6-2 compares the Gray code with some 

Shaft Encoder 
Gray cade 

codes you already know. The important char-
acteristic of the Gray code is that only one bit The Gray code, which was invented by Frank 
changes as you count from top to bottom, as Gray of Bell Labs, is commonly associated 
shown in Table 6-2. The Gray code cannot with the optical encoding of a shaft's angu- Optical encoding 
be used in arithmetic circuits. The Gray code lar position. A simple example of this idea is 
is used for input and output devices in digital sketched in Fig. 6-5. The encoder disk is at-
systems. You can see from Table 6-2 that the tached to a shaft. The lighter areas of the disk 
Gray code is not classed as one of the many represent transparent areas; the darker areas 
BCD codes. Also notice that it is quite difficult are opaque. A light source (usually infrared) 
to translate from decimal numbers to the Gray shines from above the disk, and light detectors 
code and back to decimals again. There is a are positioned below. The disk is free to rotate 
method for making this conversion, but we usu- while the light sources and detectors stay in 
ally use electronic decoders to do the job for us. their position. 
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8 

Stationary light ~ 
detectors (4) 

Light 

4 
3 

i2 13 

G, 

r-----Bo 
,-----c,-i...__, 

J--1----. B, 

)--1----- 82 r--:r:z__./ 

Gray code-to-binary decoder 

Fig. Ei-5 Gray code used on shaft encoder to determine angular position of shaft. 

In the example shown in Fig. 6-5, light passes 
through all four transparent areas activating all 
four light detectors. In this example the detec
tors send the Gray code 1111 to the Gray code
to-binary decoder. The decoder translates Gray 
code to binary. As this is only a 4-bit shaft posi
tion encoder disk, the resolution is only 1 of 16. It 
can only detect a change in angular shaft position 
each 22.5° (360°/16 = 22.5°). The encoder disk 
in Fig. 6-5 serves to show how shaft positioning 
might be accomplished using the Gray code. 

In Fig. 6-5, each of the four stationary light 
detectors located below the shaft encoder gen
erates a HIGH (logical 1) when light strikes the 
photosensitive detector. In this example, the 
shaft encoder disk is rotated so all detectors re
ceive light and are activated (emit a logical 1). 
Gray code 1111 equals segment lOto. The Gray 
code-to-binary decoder in Fig. 6-5 would con
vert the Gray code 1111 to binary 1010. 

The purpose of the shaft encoder is to locate 
the angular position of a shaft or wheel as might 
be required in a robot, machine tool, or servo
mechanism. In Fig. 6-5, imagine if the shaft 
encoder rotated 90 degrees counterclockwise 
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so segment 6 was over the light detectors. The 
four segment 6 windows (opaque, transparent, 
opaque, and transparent) would cause the light 
detectors to generate the Gray code 0101. The 
Gray code-to-binary decoder would translate 
Gray code 0101 to binary 0110. The angular po
sition would be used in a processing unit (such 
as a microcontroller) to aid the operation of a 
robot or machine tool. 

The shaft encoder may be built into a motor, 
gear, or wheel. The shaft encoder will probably be 
divided into many more segments. More segments 
mean that the Gray code number will consist of 
many more digits. Devices called absolute encod
ers use Gray code to determine angular position. 

Quadrature Encoder 
The shaft encoder demonstrated in Fig. 6-5 
employed the Gray code to determine angular 
position of a shaft. In robotics and other electro
mechanical devices the direction of rotation of 
a shaft must be signaled to the processing unit 
(such as a microcontroller). A simple 16-position 
rotary encoder is sketched in Fig. 6-6. Its output 
is a form of Gray code called 2-bit quadrature. 



+5V +5V 

10 KD. 10 KD. 

Output A Output B 

0 0 
1 0 
1 1 
0 1 
0 0 
1 0 

ccw 1 1 cw 
rotation 0 1 rotation 

0 0 
1 0 
1 1 
0 1 
0 0 
1 0 
1 1 
0 1 

Fig. 6-6 Rotary encoder generating a 2-bit quadrature code. Code in chart is for 
one rotation of the encoder. 

A diagram of how the encoder might be con
nected to generate the 2-bit quadrature code is 
shown in the lower section of Fig. 6-6. Notice 
that the output exhibits the Gray code character
istic that only one bit changes as we step down 
(or up) the chart. 

The rotary encoder's direction of rotation 
can be determined from the 2-bit code that is 
generated. In Fig. 6-6, first imagine that you 
are nine lines down on the chart (00) and the 
output goes to 10 (A = 1 and B = 0). From the 
chart you would know that the shaft was rotated 
one position clockwise (CW). Second, imagine 

Answer the fallowing questions. 

10. The Gray code (is, is not) a 
BCD-type code. 

11. What characteristic is most important 
about the Gray code? 

that you are five lines down on the chart (00) 
and the output goes to 01 (A = 0 and B = 1). 
From the chart you would know that the shaft 
was rotated one position counterclockwise 
(CCW). A processor such as a microcontroller 
would be programmed to decide the direction 
of rotation of the shaft of the encoder. 

In summary, you have observed a 4-bit Gray 
code being used with a shaft encoder to deter
mine the angular position of a shaft. Second, 
you analyzed the 2-bit quadrature code output 
from a rotary encoder to determine the direc
tion of rotation of rotary encoder. 

12. The inventor of the Gray code was 
____ of Bell Labs. 

13. The Gray code is most commonly associ-
ated with of a shaft's angular 
position using a shaft encoder. 
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American 
Standard Cade 
far Information 
Interchange 

Alphanumeric code 

EBCDIC 

Baudat 

Hollerith 

14. Refer to Fig. 6-5. The transparent areas of 
the encoder disk permit light to activate 
the light detectors generating a ___ _ 
(HIGH, LOW) logic level. 

15. Refer to Fig. 6-5. If segment 7 were rotated 
under the light detectors, the shaft encoder 
would generate a Gray code of ___ _ 
[4 bits] which is decoded to binary 0111. 

6-4 The ASCII Code 

The ASCII code is widely used to send in
formation to and from microcomputers. The 
standard ASCII code is a 7-bit code used in 
transferring coded information from keyboards 
and to computer displays and printers. The ab
breviation ASCII (pronounced "ask-ee") stands 
for the American Standard Code for Informa
tion Interchange. 

Table 6-3 is a summary of the ASCII code. 
The ASCII code is used to represent numbers, 
letters, punctuation marks, as well as control 
characters. For instance, the 7-bit ASCII code 
111 1111 stands for DEL from the top chart. 
From the bottom chart we see that DEL means 
delete. 

What is the coding for "N.' in ASCII? Locate 
A on the top chart in Table 6-3. Assembling the 

Answer the following questions. 

18. ASCII is classified as a(n) ___ _ 
code because it can represent both num
bers and letters. 

19. The letters ASCII stand for ___ _ 
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16. Refer to Fig. 6-6. The 16-position rotary 
encoder generates a ( 4-bit 
Gray code, 2-bit quadrature code). 

17. Refer to Fig. 6-6. Imagine that you are 
three lines down on the chart ( 11) and the 
output goes to A = 0 and B = 1. From the 
chart you find that the shaft rotated in a 
_ ___ (CCW, CW) direction. 

7-bit code gives 100 0001 = A. This is the 
code you would expect to be sent to a micro
computer's CPU if you pressed the A key on 
the keyboard. 

Some care must be used in applying Table 6-3 
to specific equipment. Be aware that the shaded 
control characters may have other meanings on 
specific computers or other equipment. How
ever common control characters such as BEL 

' 
(bell), BS (backspace), LF (line feed), CR (car-
riage return), DEL (delete), and SP (space) are 
used on most computers. The exact meaning of 
the ASCII control codes should be looked up in 
your equipment manual. 

The ASCII code is an alphanumeric code. 
It can represent both letters and numbers. Sev
eral other alphanumeric codes are EBCDIC 
(extended binary-coded decimal interchange 
code), Baudot, and Hollerith. 

20. The letter R is represented by the 7-bit 
ASCII code ___ _ 

21. The ASCII code 010 0100 represents 
what character? 



ASCII code 

)> 0 0 0 0 

I 
0 0 1 0 0 

0 0 0 0 '( '( 

Bit Bit Bit Bit Bit Bit Bit 

7 6 5 4 3 2 

0 0 0 0 NUL OLE SP 0 @ p \ p 

0 0 0 1 SOH DC1 ! 1 A 0 a q 

0 0 1 0 STX DC2 " 2 B R b r 

0 0 1 1 ETX DC3 # 3 c s c s 

0 1 0 0 EOT DC4 $ 4 D T d t 

0 1 0 1 ENO NAK % 5 E u e u 

0 1 1 0 ACK SYN & 6 F v f v 

0 1 1 1 BEL ETB ' 7 G w g w 

1 0 0 0 BS CAN ( 8 H x h x 

1 0 0 1 HT EM ) g I y i y 

1 0 1 0 LF SUB * J z j z 

1 0 1 1 VT ESC + ' K [ k I 

1 1 0 0 FF FS ' < L \ I I 

1 1 0 1 CR GS - = M l m } 

1 1 1 0 so RS > N /\ n -
1 1 1 1 S1 us I ? 0 - 0 DEL 

NUL Null OLE Data link escape 

SOH Start of heading DC1 Device control 1 

STX Start of text DC2 Device control 2 

ETX End of text DC3 Device control 3 

EOT End of transmission DC4 Device control 4 

ENO Enquiry NAK Negative acknowledge 

ACK Acknowledge SYN Synchronous idle 

BEL Bell ETB End of transmission block 

BS Backspace CAN Cancel 

HT Horizontal tabulation (skip) EM End of medium 

LF Line feed SUB Substitute 

VT Vertical tabulation (skip) ESC Escape 

FF Form feed FS File separator 

CR Carriage return GS Group separator 

so Shift out RS Record separator 

SI Shift in us Unit separator 

DEL Delete SP Space 
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10-line-to-4-line 
priority encoder 

Active LOW inputs 

Active LOW 
outputs 

6-5 Encoders 

A digital system using an encoder is shown 
in Fig. 6-7. The encoder in this system must 
translate the decimal input from the keyboard 
to an 8421 BCD code. This encoder is called a 
J O-line-to-4-line priority encoder by the manu
facturer. Figure 6-8(a) is a block diagram of this 
encoder. If the decimal input 3 on the encoder 
is activated, then the logic circuit inside the unit 
outputs the BCD number 0011 as shown. 

A more accurate description of a 10-line-to-4-
line priority encoder is shown in Fig. 6-8(b). This 
is a connection diagram for the 74147 10-line-to-
4-line priority encoder. Note the bubbles at both 
the inputs (1 to 9) and the outputs (A to D). The 
bubbles mean that the 74147 priority encoder has 
both active LOW inputs and active LOW out
puts. A truth table is given for the 74147 priority 

encoder in Fig. 6-8(c). Note that only LOW logic 
levels (L on the truth table) activate the appropri
ate input. The active state for the outputs on this 
IC are also LOW. Notice that in the last line of the 
truth table in Fig. 6-8(c), the L (logical 0) at input 
1 activates only the A output (the least significant 
bit of the 4-bit group). 

The 74147 TTL IC in Fig. 6-8(c) is packaged 
in a 16-pin DIP. Internally, the IC consists of cir
cuitry equivalent to about 30 logic gates. 

The 74147 encoder in Fig. 6-8 has a priority 
feature. This means that if two inputs are ac
tivated at the same time, only the larger num
ber will be encoded. For instance, if both the 
9 and the 4 inputs were activated (LOW), then 
the output would be LHHL, representing deci
mal 9. Note that the outputs need to be com
plemented (inverted) to form the true binary 
number of 1001. 

Tens Ones 000 
00~ 
GJ00 E} Processing B-rnJ-f I n I 

1--> Encoder '>- ~~~ ->- Decoder 0 0 
memory 

~-~ LB-__ _J 0 

Decimal------- 8421 BCD code -----l>- 7-segment code --- Decimal 

Fig. 5-7 A digital system. 

Answer the following questions. 

22. Refer to Fig. 6-8. The 74147 encoder IC 
has active (HIGH, LOW) in-
puts and active (HIGH, LOW) 
outputs. 

23. Refer to Fig. 6-8. If only input 7 of the 
74147 encoder is LOW, what is the logic 
state at each of the four outputs? 

24. Refer to Fig. 6-8(b). What is the meaning 
of a bubble on the logic symbol at input 4 
(pin 1 on the 74147 IC)? 

25. Refer to Fig. 6-8. If both inputs 2 and 
8 go LOW on the 74147 encoder, what 
is the logic state at each of the four 
outputs? 
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0 0 1 1 

D 

2 c 
Activate 3 

4 10-line- B 
to-4-line 

5 encoder A 
6 

7 

8 

9 

(a) 

OUTPUT INPUTS OUTPUT 

Vee NC D 3 2 9 A 

16 15 14 13 12 11 10 9 

2 3 4 5 6 7 8 

4 5 6 7 8 c B GND 
'--y--J 

INPUTS OUTPUTS 

(b) 

INPUTS OUTPUTS I 
1 2 3 4 5 6 7 8 9 D c B Ai 
H H H H H H H H H H H H H 
x x x x x x x x L L H H L 
x x x x x x x L H L H H H 
x x x x x x L H H H L L L 
x x x x x L H H H H L L H 
x x x x L H H H H H L H L 
x x x L H H H H H H L H H 
x x L H H H H H H H H L L 
x L H H H H H H H H H L H 
L H H H H H H H H H H H L 

H = HIGH logic level, L = LOW logic level, X = Don't care 

(c) 

Fig. E-8 {a) 10-line-to-4-line encoder. 
(b) Pin diagram for 74147 encoder IC. 
( c) Truth table for 74147 encoder. 

6-6 Seven-Segment LED Displays 

The common task of decoding from machine 
language to decimal numbers is suggested in 
the system in Fig. 6-7. A very common output 
device used to display decimal numbers is the 
seven-segment display. The seven segments 
of the display are labeled a through g in 
Fig. 6-9(a). The displays representing decimal 
digits 0 through 9 are shown in Fig. 6-9(b). 
For instance, if segments a, b, and c are lit, 
the decimal 7 is displayed. If, however, all 
segments a through g are lit, the decimal 8 
is displayed. 

a 

e 

d 

(a) 

I: : I l 11 I :IYl' 1l: 1l1l::l':I 
(b) 

Fig. 6-!3 (a) Segment identification. (b) Decimal numbers on 
typical seven-segment display. 

Pin 1 

(a) (b) 

QQQQQQQQQQQQQQQQ 
.,, lf. ~-, -~-, 
0 #·OO. 

(c) 

Fig. 6-10 (a) DIP seven-segment LED display. (b) A common 
10-pin single-digit package. Note the location of 
pin 1. Pins are numbered counterclockwise from 
pin 1 when viewed from the top of the display. 
(c) Multidigit package. 

Seven-segment 

display 

74147 encoder IC 
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Incandescent 
display 

Gas-discharge tube 

Vacuum 
fluorescent (VF) 
display 

Liquid-crystal 
display (LCD) 

Several common seven-segment display 
packages are shown in Fig. 6-10. The seven
segment LED display in Fig. 6-lO(a) fits a regu
lar 14-pin DIP IC socket. Another single-digit 
seven-segment LED display is shown in Fig. 
6-lO(b). This display fits crosswise into a wider 
DIP IC socket. Finally, the unit in Fig. 6-lO(c) is 
a multidigit LED display widely used in digital 
clocks. 

Display Technologies 
The seven-segment display may be constructed 
with each of the segments being a thin fila
ment that glows. This type of unit is called an 
incandescent display and is similar to a regular 
lamp. Another type of display is the gas-dis
charge tube, which operates at high voltages. It 
gives off an orange glow. The modern vacuum 
fluorescent (VF) display gives off a blue-green 
glow when lit and operates at low voltages. The 
liquid-crystal display (LCD) creates numbers 
in a black or silvery color. The common LED 
display gives off a characteristic reddish glow 
when lit. 

Diode chip 

Reflector 

Cathode 
index 
flat 

Cathode lead 

Shorter lead 
(cathode) 

(a) 

Shorter lead 
(cathode) 
Cathode/ 

(b) 

Lens 

Anode wire 

-Anode 

Fig. 6-11 (a) Cutaway view of standard light
emitting diode. (b) Identifying the cath
ode lead of the LED. 
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light-Emitting Diode 
A basic single LED (light-emitting diode) is il
lustrated in Fig. 6-11. The cutaway view of the 
LED in Fig. 6-ll(a) shows the small exposed 
diode chip with a reflector to project the light 
upward toward the plastic lens. 

LED 

A 

+ sw,l ...:=:.___ 5 v 

-I 
GND 

(a) 

Cathode 
inputs ..---------------. 

a 

(b) 

a ,, b 
Common 
anode 

el 
g ,, 

+ 
sv-=-

d 

l 1so n --
(c) 

Fig. 6-12 (a) Operation of a simple LED. (b) Wiring a common
anode seven-segment LED display. (c) Driving a 
seven-sBgmBnt LED display with switches. 



Of importance during use is determining the 
cathode lead of an LED. The index area (flat 
area) on the rim of a round LED is the cathode 
side. In Fig. 6-11 both the flat area on the rim 
and the shorter of two leads identifies the cath
ode of an LED. 

The LED is basically a PN-junction diode. 
When the diode is forward-biased, current flows 
through the PN junction and the LED lights and 
is focused by the plastic lens. Many LEDs are 
fabricated from gallium arsenide (GaAs) and 
several related materials. LEDs come in sev
eral colors including red, green, orange, blue, 
amber, yellow, infrared, and multicolor. 

A single LED is being tested in Fig. 6-12(a). 
When the switch (SW) is closed, current flows 
from the 5-V power supply through the LED, 
causing it to light. The series resistor limits cur
rent to about 20 mA. Without the limiting resis
tor, the LED would burn out. Typically, LEDs 
can accept only about 1.7 to 2.1 V across their 
terminals when lit. Being a diode, the LED is 
sensitive to polarity. Hence, the cathode (K) 
must be toward the negative (GND) terminal, 
while the anode (A) must be toward the positive 
terminal of the power supply. 

Seven-Segment LED Display 
A seven-segment LED display is shown in 
Fig. 6-12(b). Each segment (a through g) con
tains an LED, as shown by the seven symbols. 

Supply the missing word or words in each 
statement. 

26. Refer to Fig. 6-9(a). If segments a, c, 
d,J, and g are lit, the decimal number 
____ will appear on the seven
segment display. 

27. The seven-segment unit that gives off a blue-
green glow is a(n) (vacuum 
fluorescent, incandescent, LCD) display. 

28. The letters "LED" stand for ___ _ 
29. Refer to Fig. 6-12(c). If switches band 

c are closed, segments and 
____ will light. This ___ _ 

The display shown has all the anodes tied to
gether and coming out the right side as a single 
connection (common anode). The inputs on the 
left go to the various segments of the display. 
The device in Fig. 6-12(b) is referred to as a 
common-anode seven-segment LED display. 
These units can also be purchased in common
cathode form. 

To understand how segments on the display are 
activated and lit, consider the circuit in Fig. 6-12(c ). 
If switch b is closed, current flows from GND 

through the limiting resistor to the b-segment 
LED and out the common-anode connection to 
the power supply. Only segment b will light. 

Suppose you wanted the decimal 7 to light on 
the display in Fig. 6-12(c). Switches a, b, and c 
would be closed, lighting the LED segments a, b, 
and c. The decimal 7 would light on the display. 
Likewise, if the decimal 5 were to be lit, switches 
a, c, d, J, and g would be closed. These five 
switches would ground the correct segments, and 
a decimal 5 would appear on the display. Note 
that it takes a GND voltage (LOW logic level) to 
activate the LED segments on this display. 

Mechanical switches are used in Fig. 6-12(c) to 
drive the seven-segment display. Usually power 
for the LED segments is provided by an IC. The 
IC is called a display driver. In practice, the dis
play driver is usually packaged in the same IC as 
the decoder. Therefore, it is common to speak of 
seven-segment decoder/drivers. 

(LCD, LED) seven-segment unit will dis-
play the decimal number ___ _ 

30. On a single LED, as in Fig. 6-11, the flat 
area on the rim of the plastic identifies 
the lead. 

31. Refer to Fig. 6-12(c). The seven resistors 
at the cathode inputs to the LED display 
are for (current limiting, volt-
age multiplying). 

32. Refer to Fig. 6-12(b). This seven-segment 
LED display has (active 
HIGH, active LOW) inputs. 

33. Refer to Fig. 6-12(c). Closing input 
switches b, c,f, and g causes the decimal 
number to be displayed. 

Common anode 

Pf\J-junctian diode 
Cammon cathode 

Gallium arsenide 
(GaAs) 

Display driver 

Seven-segment 
LEO display 

Seven·segment 
decoder I drivers 
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6-7 Decoders 

Decoder 

Combinational logic 
circuits 

A decoder, like an encoder, is a code transla
tor. Figure 6-7 shows two decoders being used 
in the system. The decoders are translating the 
8421 BCD code to a seven-segment display 
code that lights the proper segments on the 
display. The display will be a decimal num
ber. Figure 6-13 shows the BCD number 0101 
at the input of the BCD-to-seven-segment 
decoder/driver. The decoder activates outputs 

LEDs in Traffic lights. More and more communities are 
using traffic lights that contain an array of light-emitting diodes 
(LEDs) instead of incandescent halogen light-bulbs. Here's why: 

• LEDs are brighter and cover the entire surface. 
• LEDs last longer and save replacement costs. 
• LEDs save energy costs and in some areas even be 

powered by solar panels. 

0 1 0 1 
) ) )L 

A g 

B 
BCD-to-

f 

c 7-segment e 

D decoder/ d 
driver 

c 

b 

a,__ 

Fig. 6-13 A decoder driving a seven-segment display. 
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a, c, d, f, and g to light the segments shown in 
Fig. 6-13. The decimal number 5 lights up on 
the display. 

Decoders come in several varieties, such 
as the ones illustrated in Fig. 6-14. Notice in 
Fig. 6-14 that the same block diagram is used 
for the 8421 BCD, the excess-3, and the Gray 
decoder. 

Other decoders are available such as BCD 
converters, BCD-to-binary converters, 4-to-16-
line decoders, and 2-to-4-line decoders. Other 
encoders available are a decimal-to-octal and 
8-to-3-line priority encoder. 

Decoders, like encoders, are combinational 
logic circuits with several inputs and outputs. 
Most decoders contain from 20 to 50 gates. 
Most decoders and encoders are packaged in 
single IC packages. Specialized encoders and 
decoders can be fabricated using programma
ble logic devices (PLDs). 

Decoding can also be achieved using flexible 
programmable devices such as BASIC Stamp 
modules. These modules by Parallax contain 
a microcontroller and associated EEPROM 
memory. 

I 

DECIMAL 
OUTPUTS 

11 
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8421 BCD code 
or 

Excess-3 code 
or 

Gray code 
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B 

c 
0 

Decimal 

9 

0 
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Decoder 
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6 
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9 

Fig. 6·14 A typical decoder block diagram. Note that inputs may be 8421 BCD, excess·3, or Gray code. 

Answer the following questions. 

34. Refer to Fig. 6-13. If the BCD input to the 
decoder/driver is 1000, which segments 
on the display will light? The seven
segment LED display will read what deci
mal number? 

35. List at least three types of decoders. 
36. Refer to Fig. 6-13. If the seven-segment 

6-8 BCD-to-Seven-Segment 
Decoder/Drivers 

A logic symbol for a commercial TTL 7447A 
BCD-to-seven-segment decoder/driver is 
shown in Fig. 6-IS(a). The BCD number to 
be decoded is applied to the inputs labeled D, 
C, B, and A. When activated with a LOW, the 
lamp-test (LT) input activates all outputs (a to 
g). When activated with a LOW, the blanking 
input (Bl) makes all outputs HIGH, turning all 
attached displays off. When activated with a 
LOW, the ripple-blanking input (RBI) blanks 
the display only if it contains a 0. When the 

display were an LED type, seven 
____ (limiting resistors, switches) 
would need to be added between the de
coder and the display. 

37. Refer to Fig. 6-13. If the display reads 
decimal 3, the BCD input is ___ _ 

38. Refer to Fig. 6-13. If the BCD input is 
0111, what segments are illuminated? 
What decimal number is displayed? 

RBI becomes active, the BI/RBO pin tempo
rarily becomes the ripple-blanking output 
(RBO) and drops to a LOW. Remember that 
"blanking" means to cause no LEDs on the dis
play to light. 

The seven outputs on the 7447A IC are all 
active LOW outputs. In other words, the out
puts are normally HIGH and drop to a LOW 
when activated. 

The exact operation of the 7447A decoder/ 
driver IC is detailed in the truth table fur
nished by Texas Instruments and reproduced in 
Fig. 6-IS(b). The decimal displays generated by 
the 7447A decoder are shown in Fig. 6-15(c). 

7447 A BCD·to· 
seven-segment 
decoder/driver 

Blanking input (Bl) 
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BCDoomboc { 

A a 

B b 

c c OUTPUT 

D Decoder d 
Seven-segment 

INPUTS code 

Lamp test LT e 

Blanking BllRBO f 0----

Zero blanking RBI g 0----

(a) 

Decimal INPUTS OUTPUTS 
or Bl/BRO 

~ I ;N r:N 
I 

Note 
function LT RBI D c B A b e I f g 

0 H H L L L L H ON ON ON ON OFF 

1 H x L L L H H OFF ON ON OFF OFF OFF OFF 

2 H x L L H L H ON ON OFF ON ON OFF ON 

3 H x L L H H H ON ON ON ON OFF OFF ON 
·-

4 H x L H L L H OFF I ON ON OFF OFF ON ON 

5 H x L H L H H ON OFF ON ON OFF ON ON 

6 H x L H H L H OFF OFF 

I 
ON ON ON ON ON 

7 H x L H H H H ON ON ON OFF OFF OFF OFF 

8 H x H L L L H ON ON ON ON ON ON ON 1 

9 H x H L L H H ON ON ON OFF OFF ON ON 

10 H x H L H L H OFF OFF OFF ON ON OFF ON 

11 H x H L H H H OFF OFF ON t ON OFF OFF ON 

12 H x H H L L H OFF ON OFF I OFF I OFF ON ON 

13 H x H H L H H ON OFF OFF ON OFF ON ON 

14 H x H H H L H OFF OFF OFF ON ON ON ON 

15 H x H H H H H OFF OFF ioFF ! OFF OFF OFF OFF .I ,___ 
Bl x x x x x x 

RBI H L L L L L 

LT L x x x x x 

H = HIGH level, L = LOW level, X = Irrelevant 
Notes: 

L OFF OFF OFF OFF OFF OFF OFF 

L OFF I OFF OFF OFF OFF OFF OFF 

H ON I ON ON ON ON ON ON 

1. The blanking input (B/) must be open or held at a HIGH logic level when output functions 0 through 15 are 
desired. The ripple-blanking input (RB/) must be open or HIGH if blanking of a decimal zero is not desired. 

2. When a LOW logic level is applied directly to the blanking input (B/), all segment outputs are OFF regardless 
of the level of any other input. 

3. When ripple-blanking input (RB/) and inputs A, B, C, and Dare at a LOW level with the lamp test (LT) input 
HIGH, all segment outputs go OFF and the ripple-blanking output (RBO) goes to a LOW level (response 
condition). 

4. When the blanking inpuVripple-blanking output (B//RBO) is open or held HIGH and a LOW is applied to the 
lamp test (LT) input, all segment outputs are ON. 

(b) 

•• ' -, -, ·-· .- • -, •• •• ._, .- ·-L( ' c =- ' =- 0 ' 0 -i c =- - L -0 2 3 4 5 6 7 8 9 10 11 12 13 14 

(c) 

2 

3 

4 

7447 A TTL Fig. f:ViS (a] Logic symbol For 7447 A TTL decoder IC. (b) Truth table For 7447 A decoder. (Courtesy of Texas Instruments, Inc.) 
decoder IC (c) Format of readouts on seven-segment display using the 7447A decoder IC. 
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History of 

Electronics 

What is commonly known today 
as the computer mouse was 
engineered in 1963 by Douglas 
Engelbart and was originally 
called an X-Y position indicator 
for a display system. Engelbart's 
early mouse was an electronic 
marble that was housed in a 
wooden box that had a red but
ton and a copper wire tail. After 
retiring from Stanford Research 
Institute, Englebart developed 
a keyboard that had only five 
buttons. 

Note that invalid BCD inputs (decimals 10, 11, 
12, 13, 14, and 15) do generate unique outputs 
on the 7447A decoder. 

The 7447A decoder/driver IC is typically 
connected to a common-anode seven-segment 
LED display. Such a circuit is shown in 
Fig. 6-16. It is especially important that the seven 
150-D limiting resistors be wired between the 
7447A IC and the seven-segment display. 

Assume that the BCD input to the 7447A 
decoder/driver in Fig. 6-16 is 0001 (LLLH). This 
is equal to line 2 of the truth table in Fig. 6-15(b). 
This input combination causes segments b and 

+5V 

Vee a 

1s A b 

2s B 
c 

BCD Decoder 

input 
d 

4s c (7447A) 
e 

8s D 

GND 
g 

con the seven-segment display to light (outputs 
b and c drop to LOW). Decimal 1 is displayed. 
The LT and two Bis are not shown in Fig. 6-16. 
When not connected, they are assumed to be 
"floating" HIGH and therefore disabled in this 
circuit. Good design practice suggests that 
these ''floating" inputs should be connected to 
+5 V to make sure they stay HIGH. 

Many applications, such as a calculator or 
cash register, require that the leading zeros be 
blanked. The illustration in Fig. 6-17 shows 
the use of the 7447A decoder/drivers operating 
a group of displays as in a cash register. The 

+5V 

Decimal output 

a 

b 

J ' 
c 

d 

e 

' 
Common 
anode 

g 

150fl 

Invalid BCD inputs 

Goad design 
practice 

"Floating" inputs 

Blanking leading 
zeros 

Fig. 6·16 Wiring a 7447A decodar and sevan-sagmant LED display. 
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Blank displays 
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II Ill 
1111 1111 

" "' ... " Ill Ill 
Ill Ill 
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7447 
IC6 

co 0 
en a: a: 

0000 

7447 
IC5 

0 
en a: 

0000 

7447 7447 
IC4 IC3 

co 0 co 0 
en en a: a: a: a: 

LOW 

\ 0011 (3) 1000(8) 

Ripple-blanking pulse 

LED displays (6) 

I 

Limiting resistors (42) 

7447 7447 
IC2 IC1 

co 0 co 0 
en en 

Decoder/drivers (6) 

a: a: a: a: 

HIGH 1' HIGH 

0001 (1) 0000(0) BCD inputs 

Fig. 6-17 Using the ripple-blanking input (RBI) of the 7447A decoder/driver to blank leading zeros in a multidigit display. 

six-digit display example details how the blank
ing of leading Os would be accomplished using 
the 7447A IC driving LED displays. 

The current inputs to the six decoders are 
shown across the bottom of the drawing in 
Fig. 6-17. The current BCD input is 0000 0000 
0011 1000 0001 0000 (003810 in decimal). 
The two left Os should be blanked, so the dis
play reads 38.10. The blanking of the leading 
Os is handled by wiring the RBI and RBO pins 
to each 7447A decoder IC together as shown 
in Fig. 6-17. 

Working from left to right in Fig. 6-17, no
tice that the RBI input of IC6 is grounded. From 
the 7447A decoder's truth table in Fig. 6-15(b) it 
can be determined that when RBI is LOW and 
when all BCD inputs are LOW, then all seg
ments of the display are blanked or off. Also 

Check your understanding by answering the 
following questions. 

39. Refer to Fig. 6-15. The 7447 A decoder/ 
driver IC has active (HIGH, 
LOW) BCD inputs and active ___ _ 
(HIGH, LOW) outputs. 

40. Refer to Fig. 6-15. The lamp-test, blank
ing, and zero-blanking inputs of the 
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the RBO is forced LOW. This LOW is passed 
to the RBI ofIC5. 

Continuing in Fig. 6-17 with the BCD input 
to IC5 as 0000 and the RBI at LOW, the dis
play is also blanked. The RBO of IC5 is forced 
LOW and is passed to the RBI input of IC4. 
Even with the RBI LOW, IC4 does not blank 
the display because the BCD input is 0011. 
The RBO of IC4 remains HIGH, which is sent 
to IC3. 

A question arises about the right LED display 
in Fig. 6-17. The BCD input to ICl is OOOOBco 
and a zero (0) appears on the display. The zero 
on the ICl display is not blanked because the 
RBI input is not activated (RBI = HIGH). The 
first row of the truth table in Fig. 6-15(b) shows 
that the 7447A decoder/driver will display the 
zero when the RBI is HIGH. 

7447A are active (HIGH, 
LOW) inputs. 

41. The RBI and RBO inputs of the 7447A 
are commonly used for blanking 
____ on calculator and cash register 
multidigit displays. 

42. What will the seven-segment display read 
during each time period (t

1 
to t

7
) for the 

circuit shown in Fig. 6-18? 



43. List the segments on the seven-segment 
display that will light during each time pe
riod (t

1 
to t

7
) for the circuit in Fig. 6-18. 

44. The BI, RBI, and LT inputs are not shown 
on the 7 44 7 A's logic symbol in Fig. 6-18. 
They have all been left disconnected, 
meaning they will "float HIGH" and be 
disabled. (T or F) 

45. Refer to Fig 6-16. The 7447A decoder/ 

t1 

driver IC is said to be ___ _ 
(sinking, sourcing) current when seg
ments on the LED display are lit. 

0 0 ->-

-
-
-->-

t2 t3 t4 ts ts t7 

Fig. fJ.18 Decoder-LED display circuit. 

6-B Liquid-Crystal Displays 

1s 

2s 

4s 

8s 

--

The LED actually generates light, where the 
LCD simply controls available light. The LCD 
has gained wide acceptance because of its very 
low power consumption. The LCD is also well 
suited for use in sunlight or in other brightly 
lit areas. The DMM (digital multimeter) in 
Fig. 6-19 uses a modern LCD. 

The LCD is also suited for more complex dis
plays than just seven-segment decimal. The LCD 
display in Fig. 6-19 contains an analog scale 
across the bottom as well as the larger digital 
readout. In practice you will find that the DMM 
LCD has several other symbols, which you can 
also observe on the DMM in Fig. 6-19. 

Monochrome LCD 
The construction of a common LCD unit 
is shown in Fig. 6-20. This unit is called the 

A 

8 

c 

D 

46. Refer to Fig. 6-16. The 7 44 7 A decoder/ 
driver IC is designed to operate a 
____ (common-anode, common
cathode) seven-segment LED display. 

47. Refer to Fig. 6-15(b). The lamp-test (LT) 
pin on the 7447 A IC is an ___ _ 
(active HIGH, active LOW) input. 

48. Refer to Fig. 6-15(b). If both the BI and 
LT inputs to the 7447 A IC are activated 
by a LOW, all segments of an attached 
LED display are (OFF, ON). 

+5V 

Vee 

Decoder 

(7447A) 

a 

b 

c 

e 

+5V 

Common 
anode 

GND 

field-effect LCD. When a segment is energized 
by a low-frequency, square-wave signal, the 
LCD segment appears black, while the rest of 
the surface remains shiny. Segment e is ener
gized in Fig. 6-20. The nonenergized segments 
are nearly invisible. 

The key to LCD operation is the liquid 
crystal, or nematic fluid. This nematic fluid 
is sandwiched between two glass plates. An 
ac voltage is applied across the nematic fluid, 
from the top metalized segments to the metal
ized backplane. When affected by the field of 
the ac voltage, the nematic fluid transmits light 
differently and the energized segment appears 
as black on a silvery background. 

The twisted-nematic field-effect LCD uses a 
polarizing filter on the top and bottom of the 
display as shown in Fig. 6-20. The backplane 
and segments are internally wired to contacts 

Liquid-crystal 
displays 

Field-effect LCD 

Nematic fluid 
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Digital multimeter 

Construction of a 
field-effect LCD 

Fig. 6-18 Digital multimeter (DMM) using a liquid-crystal display. 

on the edge of the LCD. Only two of the many 
contacts are shown in Fig. 6-20. 

Driving the LCD 
Decimal 7 is displayed on the LCD shown in 
Fig. 6-21. The BCD-to-seven-segment decoder 
on the left is receiving a BCD input of 0111. 
This input activates the a, b, and c outputs of the 

Polarizer 

Conductive 
pattern on glass _.- ·.: .· 

Liquid crystal ~ ·.· 
(nematic fluid) 

Glass backplane 

Rear metalized backplane 

Polarizer 

Fig. 6-20 Construction of a field-effect LCD. 
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decoder (a, b, and c are HIGH in this example). 
The remaining outputs of the decoder are LOW 
(d, e,f, and g = LOW). The 100-Hz square-wave 
input is always applied to the backplane of the 
display. This signal is also applied to each of 
the CMOS XOR gates used to drive the LCD. 
Note that the XOR gates produce an inverted 
waveform when activated (a, b, and c XOR gates 
are activated). The 180° out-of-phase signals to 
the backplane and segments a, b, and c cause 
these areas of the LCD to turn black. The in
phase signals from XOR gates d, e, f, and g do 
not cause these segments to be activated. There
fore, these segments remain nearly invisible. 

The XOR gates used as LCD drivers in 
Fig. 6-21 are CMOS units. TTL XOR gates are 
not used because they cause a small de offset 
voltage to be developed across the LCD's nem
atic fluid. The de voltage across the nematic 
fluid will destroy the LCD in a short time. 

In actual practice, the decoder and XOR LCD 
display drivers pictured in Fig. 6-21 are usually 
packaged in a single CMOS IC. The 100-Hz 
square-wave signal frequency is not critical and 
may range from 30 to 200 Hz. Liquid-crystal dis
plays are sensitive to low temperatures. At below
zero temperatures the LCD display's turn-on and 
turn-off times become slow. However, the long 
lifetime and extremely low power consumption 
make them ideal for battery or solar cell operation. 

Commercial lCDs 
Figure 6-22 illustrates two examples of typical 
commercial monochrome LCD devices. Note 
that both have pins which can be soldered into a 

segments 
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,u b 
g 

·D 
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d e f g 

CMOS XOR gates 

Fig. 6-21 Wiring a CMOS decoder/driver system to an LCD. 

printed circuit board. In the lab, these LCD dis
plays may be plugged into solderless mounting 
boards. However, this must be done with great 
care because there are many fragile pins. Most 
labs will have the LCDs mounted on a printed 
circuit board with the appropriate connectors. 

A simple two-digit seven-segment LCD is 
sketched in Fig. 6-22(a). Notice the use of two 
glass plates. Because of the thin glass used in 
LCDs, care must be taken not to drop or bend 
the display. Notice in Fig. 6-22(a) that two 
plastic headers with pins are fastened on each 
side of the glass backplane. Only the common 
or backplane pin is labeled. Each segment and 
decimal point has a pin connection on this LCD 
package. 

Another commercial monochrome LCD is il
lustrated in Fig. 6-22(b). This LCD has a more 
complex display, including symbols. This unit 
comes in a 40-pin package. All segments, deci
mal points, and symbols are assigned a pin num
ber. Only the backplane or common pin is noted 

on the drawing. Manufacturers' data sheets 
must be consulted for actual pin numbers. 

Inexpensive monochrome LCDs use the 
twisted-nematic field-effect technology. These 
are constructed and operate like the one 
sketched in Fig. 6-20. Simple monochrome 
LCDs are used in phones, calculators, watches, 
and clocks. More complex monochrome LCDs 
might be used for bar graphs (such as on the 
DMM in Fig. 6-19), maps, diagram waveforms; 
charting the bottom of lakes and showing fish 
in depth finders; and in radio and GPS receiv
ers. A host of lower-cost products from alarm 
clocks to ebook readers may use monochrome 
LCDs. 

Color lCDs 
Older color TVs and computer monitors used 
cathode-ray tube (CRT) technology. The CRTs 
displayed bright colors in high resolutions. 
CRTs lost favor because they were large and 
heavy and used a lot of power. 

Twisted-nematic 
field-effect 
technology 

Encoding, Decoding, and Seven-Segment Displays Chapter Ei 215 



Passive-matrix 
LC Os 

Active-matrix LCDs 
(AMLCDs) 

Glass front 
and polarizer 

Glass backplane 
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(backplane) ----..._ 

(a) 

(b) 

Fig. 6-22 Commercial liquid-crystal displays. (a) Two-digit LCD. (b) LCD with 3~ digits and symbols. 

Color LCDs are commonly used in light
weight battery-power laptop and tablet comput
ers. Color LCDs are appearing on computer 
desktops in place of the bulky CRT monitors. 
Color LCDs are generally classified as ei
ther passive-matrix LCDs or the newer more 
expensive active-matrix LCDs (AMLCDs). The 
future favors the active-matrix LCD because 
it is faster, brighter, and has a wider viewing 
angle than the passive-matrix types. However, 
active-matrix LCDs are more expensive than 
the passive-matrix type. 

A simplified sketch of the construction of an 
active-matrix LCD is shown in Fig. 6-23. Like 
the monochrome LCD it has polarizers top and 
bottom. The active-matrix LCD also contains 
nematic fluid (liquid crystal) sandwiched in the 
sealed display much like the monochrome type 
display. Below the nematic fluid are thin-film 
transistors that can be turned on or off indi
vidually. The thin-film transistors are some
thing like window blinds that can be opened 
or closed when turned on or off. For simplicity, 
think of each thin-film transistor as a pixel in 
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Polarizer ----i~• 

Color filters ---
(Red, green, 
and blue) 

View 

+--- Nematic fluid 
(liquid crystal) 

Thin-film transistors 

Internet 
Connection 
Learn more about 
LCDs at www 
.howstuffworks.com 

Fig. Ei-23 Construction of an active-matrix LCD using thin-film transistor (TFT) technology. 

the computer display. Recall that a pixel is the 
smallest element that can light or not light on 
an LCD monitor. A monitor may have several 
million pixels on the screen. You can see that 
the cutaway diagram of the active-matrix LCD 
shown in Fig. 6-23 is only a tiny section of an 
entire monitor screen. To add color to the tiny 
points of light, colored filters are added to the 
display in Fig. 6-23. Red, green, and blue filters 

Supply the missing word or words in each 
statement. 

49. Digits appear (black, silver) 
on a (black, silver) back-
ground on the field-effect LCD. 

50. The LCD uses a liquid crystal, or 
____ fluid, which transmits light 
differently when affected by a magnetic 
field from an ac voltage. 

51. A(n) (ac, de) voltage applied 
to an LCD will damage the unit. 

are used to produce all colors when mixed 
properly. Computer monitors must be fairly 
bright so backlighting is added to the active
matrix LCD screen. 

It must be understood that Fig. 6-23 pres
ents only the concept of the active-matrix LCD 
using thin-film transistor (TFT) technology. 
The exact geometry and parts may vary in real 
devices. 

52. The LCD unit consumes a ___ _ 
(large amount, moderate amount, very 
small amount) of power. 

53. Refer to Fig. 6-24. The XOR gates used 
to drive the LCD display are ___ _ 
(CMOS, TTL) devices. 

54. Refer to Fig. 6-24. With an input of 
0101

8
co to the decoder, the output display 

with form the decimal on the 
monochrome LCD. 

55. Refer to Fig. 6-24. With the BCD input 
to the decoder of 0101, what segments of 

Pixel 
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74HC4543 BCD
ta-seven-segment 
latch/decoder/ 
driver CMOS IC 

BCD-ta-seven
segment latch/ 
decoder/driver far 
LCD 

the monochrome LCD are activated and 
show up as dark on a lighter background? 

56. Refer to Fig. 6-24. With the BCD input to 
the decoder of 0101, the outputs of XOR 

Fig. 5-24 Driving a liquid-crystal display. 

Ei-10 Using CMOS to Drive an 
LCD Display 

A block diagram of an LCD decoder/driver 
system is sketched in Fig. 6-25(a). The input is 
8421 BCD. The latch is a temporary memory to 
hold the BCD data. The BCD-to-seven-segment 
decoder operates somewhat like the 7447A de
coder that was studied earlier. Note that the 
output from the decoder in Fig. 6-25(a) is in 
seven-segment code. The last block before the 
display is the LCD driver. This consists of XOR 
gates as in Fig. 6-21. The drivers and backplane 
(common) of the display must be driven with a 
100-Hz square-wave signal. In actual practice 
the latch, decoder, and LCD driver are all avail
able in a single CMOS package. The 74HC4543 
and 4543 ICs described by the manufacturer as 
a BCD-to-seven-segment latch/decoder/driver 
for LCDs are such packages. 
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gates a, c, d, f, and g are ___ _ 
(in phase, 180° out of phase) with the BP 
(backplane) signal. 

OUTPUT 

LCD 

a 

A wiring diagram for a single LCD driver 
circuit is shown in Fig. 6-25(b). The 74HC4543 
decoder/driver CMOS IC is being employed. 
The 8421 BCD input is 0011 (decimal 3). The 
0011

8
co is decoded into seven-segment code. 

A separate 100-Hz clock feeds the signal to 
both the LCD backplane (common) and the Ph 
(phase) input of the 74HC4543 IC. The driving 
signals in this example are sketched for each 
segment of the LCD. Note that only out-of 
phase signals will activate a segment. In-phase 
signals (such as segments e and fin this exam
ple) do not activate LCD segments. 

A pin diagram for the 74HC4543 BCD-to
seven-segment latch/decoder/driver CMOS IC 
is reproduced in Fig. 6-26(a), page 220. Detailed 
information on the operation of the 74HC4543 
IC is contained in the truth table in Fig. 6-26(b). 
On the output side of the truth table, an "H'' 
means the segment is ON while an "L'' means 



74HC4543 or 4543 (--------------------------------,, 
I Seven- Seven-

LCD 
OUTPUT 

! segment segment 
BCD I BCD BCD-to- code code 

4-bit seven- LCD 
INPUT latch segment driver 

: decoder 

I I 
I I 

\~--------------------------------/ 

J1JlJl 100 Hz 

(a) 

BCD +5V 

INPUT LCD 
0 0 1 OUTPUT 

LE Vee lJlJL a 
lJlJL 

a a 
1s 

b A BCD-to-
lJlJL 

b 
2s seven-

B segment c 

lJlJL 
c 

4s 
c latch/ d d 

8s decoder/ JlJlI 
D driver e 

JlJlI 
e c 

(74HC4543) 
f 

lJlJL g g d 

Bl GND Ph Common 

Clock 
100 Hz l JlJlI l 

(b) 

Fig. 6-25 (a) Block diagram of system used to decode and drive a seven-segment LCD. (b) Using the 74HC4S43 CMOS IC 
to decode and drive the LCD. 

the segment is OFF. The format of the decimal 
numbers generated by the decoder is shown 
in Fig. 6-26(c). Note especially the numbers 
6 and 9. The 74HC4543 decoder forms the 

Answer the following questions. 

57. Refer to Fig. 6-25(a). The job of the 
decoder block is to translate from 
____ code to code. 

58. Refer to Fig. 6-25. All of the drive lines 
going from the driver to the LCD carry a 
square-wave signal. (Tor F) 

59. Refer to Fig. 6-27. What is the decimal 
reading on the LCD for each input pulse 
(t

1 
to t

5
)? 

6 and 9 differently from the 7447A TTL de
coder studied earlier. Compare Fig. 6-26(c) 
with Fig. 6-15(c) to see the differences. 

60. Refer to Fig. 6-27. For input pulse t
5 

only, 
which drive lines have an out-of-phase 
signal appearing on them? 

61. Refer to Fig. 6-25. The LCD driver block 
inside the 4543 IC will probably contain a 
group of (AND, XOR) gates. 

62. Refer to Fig. 6-25. What block in the 
74HC4543 IC is a type of memory device? 

63. Refer to Fig. 6-25(b). What activates 
segments a, b, c, d, and g on the LCD? 
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74HC4543 BCO
to-seven-segment 
latch/decoder/ 
driver CMOS IC 

g 

116 15 

-

1 2 

LE c B 

Truth Table 

14 

3 

e d 

13 

4 

D A 

Top View 

(a) 

c b a 

12 11 10 9 

1--

5 6 7 18 
Ph Bl GND 

·~-~----------

INPUTS OUTPUTS 

LE Bl Ph* D c B A a b c d e f 

x H L x x x x L L L L L L 

H L L L L L L H H H H H H 

H L L L L L H L H H L L L 

H L L L L H L H H L H H L 

H L L L L H H H H H H L L 

H L L L H L L L H H L L H 

H L L L H L H H L H H L H 

H L L L H H L H L H H H H 

H L L L H H H H H H L L L 

H L L H L L L H H H H H H 

H L L H L L H H H H H L H 

H L L H L H L L L L L L L 

H L L H L H H L L L L L L -----
H L L H H L L L L L L L L 

H L L H H L H L L L L L L 

H L L H H H L L L L L L L 

H L L H H H H L L L L L L 

L L L x x x x t 
Inverse of output 

+ + H + combinations 
above 

X = don't care 
* = for liquid crystal readouts, apply a square wave to Ph 
t = depends upon the BCD code previously applied when LE= H 
+ = same as above combinations 

(b) 

0 2 3 4 5 6 7 8 9 

(c) 

g Display 

L Blank 

L 0 

L 1 

H 2 

H 3 

H 4 

H 5 

H 6 

L 7 

H 8 

H 9 

L Blank 

L Blank 
-~~~--

L Blank 

L Blank 

L Blank 

L Blank 

t 
Display 

as 
above 

6-26 The 74HC4543 BCD-to-seven-segment latch/decoder/driver CMOS IC. 
(a) Pin diagram. (b) Truth table. (c) Format of digits formed by the 
74HC4543 decoder IC. 
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+5V 

LCD 
OUTPUT 

I 1 LE Vee 0 0 0 
-l_>- a a 

1s BCD-to-
a 

A b b 

~ 1 I 0 0 2s seven-
~ B segment c c b 

4s 

~r 
c latch/ d d 

8s decoder/ 
D driver e e 

~-' (74HC4543) g g d 

tl t2 t3 t4 ts Bl GND Ph Common 

100 Hz 
Clock input Sl_fUL 

Fig. 5-27 Decoder/LCD circuit For problems 59 and 60. 

6-11 Vacuum Fluorescent Displays 

The vacuum fluorescent (VF) display is a 
modern relative of the triode vacuum tube. A 
schematic symbol for a triode vacuum tube is 
sketched in Fig. 6-28(a). The three parts of the 
triode tube are called the plate (P), grid (G), 
and cathode (K). The cathode is also called the 
filament or the heater. The plate is also called 
the anode. 

The cathode/heater is a fine tungsten wire 
coated with a material such as barium oxide. The 
cathode gives off electrons when heated. The grid 
is a stainless steel screen. The plate can be thought 
of as the "collector of electrons" in the triode tube. 

Assume that the cathode (K) of the triode 
tube in Fig. 6-28(a) is heated and has "boiled 
off' some electrons into the vacuum surround
ing the cathode. Next, assume that the grid (G) 
becomes positive. The electrons are attracted to 
the grid. Next, assume that the plate (P) becomes 
positive. When the plate becomes positive, elec
trons will be attracted through the screenlike 
grid to the plate. Finally, the triode is conducting 
electricity from cathode to anode. 

You can stop the triode tube from conduct
ing in one of two ways. First, make the grid 
slightly negative (leave the plate positive). This 

will repel the electrons, and they will not pass 
through the grid to the plate. Second, leave the 
grid positive, and drop the plate voltage to 0. 
The plate will not attract electrons, and the 
triode tube does not conduct electricity from 
cathode to anode. 

The schematic symbol in Fig. 6-28(b) rep
resents a single digit of a VF display. Notice 
the single cathode (K), single grid (G), and 
seven plates (Pa to Pg). Each of the seven plates 
has been coated with a zinc-oxide fluorescent 
material. Electrons striking the fluorescent 
material on the plate will cause it to glow a 
blue-green color. The seven plates in the sche
matic in Fig. 6-28(b) represent the seven seg
ments of a normal numeric display. Note that 
the entire unit is held in a glass enclosure con
taining a vacuum. 

A single-digit seven-segment display is 
being operated in Fig. 6-28(c). The cathode 
(heater) is being powered by direct current in 
this example, with + 12 V applied to the grid 
(G). Two plates (Pc and P

1
) are grounded. Each 

of the remaining five plates has + 12 V applied. 
The high positive voltage on the five plates (Pa, 
Pb, Pd, Pe, and Pg) causes these plates to attract 
electrons. These five plates glow a blue-green 
color as electrons strike their surface. 

Internet 
Connection 
Read about the 
history of display 
technology at 
en.wikipedia.org. 

Vacuum 
fluorescent (VF) 
display 

Plate (P) 

Grid (G) 

Cathode (K) 

Filament 

Heater 

Zinc-oxide 
fluorescent 
material 
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Triode vacuum tube 

VF display 

Internet 
Connection 
For information on 
solid-state display, 
visit the website for 
Lumex, inc. 

~ 
(a) 

Pa Pb Pc pd Pe P, Pg 

G 
--+---------------------------- Fluorescent material 

K K 

(b) 

+12 v +12V ov +12V +12 v ov +12V 

I Pa Pb Pc pd Pe P, Pg 

~ t§-Qr"'Tj--u llnl"Tll ~ ~:i--:a ll"T'1rll rm 
I II\\\/ II\\\ G 

+12V--+--
I II\\\/ II\\\ I II\\\ 

--------------------------

K + 

1.5 v 
(c) 

K 

Fig. 6-28 (a) Schematic symbol For a triode vacuum tube. (b) Schematic symbol For a single digit of a VF display. 
(c) Lighting plates on the VF display. 

In actual practice, the plates of the VF dis
play tube are shaped like segments of a num
ber or other shapes. Figure 6-29(a) is a view of 
the physical arrangement of cathode, grid, and 
plates. Notice that the plates are arranged in 
seven-segment format in this display unit. The 
screen above the segments is the grid. Above 
the grid are the cathodes (filaments or heat
ers). Each segment, grid, or cathode lead comes 
out the side of the sealed glass vacuum tube. 
The VF display shown in Fig. 6-29(a) would be 
viewed from above the unit looking downward. 
The fine wire cathodes and grid would be al
most invisible. Lighted segments (plates) show 
through the mesh (grid). 

A commercial vacuum fluorescent display 
is sketched in Fig. 6-29(b). This VF display 
contains 4 seven-segment numeric displays, 
a colon, and 10 triangle-shaped symbols. The 
internal parts of most VF displays are visible 

through the sealed glass package. Visible in the 
display are the cathodes (filaments or heaters) 
stretched horizontally across the display. These 
are very fine wires and are barely visible on a 
commercial display. Next, the grids are shown 
in five sections. Each of the five grids can be 
activated individually. Finally, the fluorescent
coated plates form the numeric segments, 
colons, and other symbols. 

Vacuum fluorescent displays are based on an 
older technology, but they have gained some favor 
in recent years. This is because they can operate 
at relatively low voltages and power and have an 
extremely long life and fast response. They can 
display in various colors (with filters), have good 
reliability, and low cost. Vacuum fluorescent dis
plays are compatible with the popular 4000 se
ries CMOS family of ICs. They are widely used 
in readouts found in automobiles, VCRs, TVs, 
household appliances, and digital clocks. 
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Cathodes (heaters) 

\ 

K G a e g d c b K 

(a) 

K K 

(b) 

Fig. Ei-29 (a) Typical construction of VF display. (b) Commercial four-digit VF display. 

Answer the following questions. 

64. A VF display glows with a(n) ___ _ 

66. Name the parts of the vacuum fluorescent 
display labeled A, B, and C in Fig. 6-31. 

color when activated. 
65. Refer to Fig. 6-30. Which plates of this 

VF display will glow? 

+12V +12V 

Pa Pb 

........... ........... 
G 

+12V 

Pc 

........... 

67. Ref er to Fig. 6-31. What segments of the 
VF display glow, and what decimal num
ber is lit? 

ov ov ov ov 
pd Pe P, Pg 

........... ~ ~ ........... 
ov ------------ -------------

K + 

1.5 v 

Fig. 6·30 VF display with no positive grid voltage. 

K 

Construction of 
vacuum fluorescent 
display 
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+12V +12V+12V ov +12V +12V+12V 

Driving a VF 
display 

4511 BCD-ta-seven
segment latch/ 
decoder I driver 
CMOS IC 

+ 

Fig. 6-31 Single-digit VF display problem. 

6-12 Driving a VF Display 

The voltage requirements for operating VF 
displays are somewhat higher than for LED or 
LCD units. This requirement makes them com
patible with 4000 series CMOS ICs. Recall that 
4000 series CMOS ICs can operate on voltages 
up to 18 V. 

BCD 
+12V 

INPUT 

1 0 0 1 

I I 
LT Bi Voo 

a 
1s BCD-to-

A seven- b 

2s segment 
B latch/ c 

4s decoder/ c driver d 

8s 
D e 

(4511) f 

g 

LE Vss 

I - I 
J_ 

Fig. Ei-32 Driving VF display with a 4511 CMOS IC. 
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H 

H 

H 

L 

L 

H 

H 

A wiring diagram of a simple BCD decoder/ 
driver circuit is detailed in Fig. 6-32. In this ex-
ample 1001 is translated into the decimal 

' BCD 

9 on the VF display. The circuit uses the 4511 
BCD-to-seven-segment latch/decoder/driver 
CMOS IC. In this example, the a, b, c, f, and g 
output lines are HIGH(+ 12 V) with only the d 
and e lines LOW. 

a 

b 

c 

d 

e 

f 

g 

K 

--

+12V 

1 -

R1 
VF DISP LAY 

UT OUTP 

Grid 
KL_ 

r---------, 
I I 

: I 
I 

I I I 
I I 
I I) I 
I l I 

I ). . ~ 
I 

I 
I I l _________ J 



The + 12-V supply is connected directly to 
the grid in Fig. 6-32. The cathode (filament or 
heater) circuit contains a resistor (R1) to limit 
the current through the heaters to a safe level. 
The + 12 V is also used to supply power for the 
4511 decoder/driver CMOS IC. Note the labels 
on the power connections to the 4511 IC. The 
Vvv pin connects to + 12 V while Vss goes to 
ground (GND). 

The pin diagram, truth table, and number 
formats for the 4511 CMOS IC are shown in 
Fig. 6-33. The 4511 BCD-to-seven-segment 
latch/decoder/driver IC's pin diagram is shown 
in Fig. 6-33(a). This is the top view of this 16-
pin DIP CMOS IC. Internally, the 4511 IC is 
organized like the 74HC4543 unit. The latch, 
decoder, and driver sections are illustrated 

Truth Table 

in the shaded section of the block diagram in 
Fig. 6-25(a). 

The truth table in Fig. 6-33(b) shows seven 
inputs to the 4511 decoder/driver IC. The 
BCD data inputs are labeled D, C, B, and 
A. The LT input stands for lamp test. When 
activated by a LOW (row 1 on the truth table), 
all outputs go HIGH and light all segments of 
an attached display. The BI input stands for 
blanking input. When BI is activated with a 
LOW, all outputs go LOW and all segments of 
an attached display are blanked. The LE (latch 
enable) input can be used like a memory to 
hold data on display while the BCD input data 
changes. If LE = 0, then data passes through 
the 4511 IC. However, if LE = 1, then the last 
data present at the data inputs (D, C, B, A) is 

INPUTS OUTPUTS 

16 
B Voo 

2 15 
c f 

3 14 
LT g 

4 13 
Bi a 

5 12 
LE b 

6 11 
D c 

7 10 
A d 

8 9 
Vss e 

Top View 

(a) 

LE Bi LT D c B A a b c d e f g 

x x 0 x x x x 1 1 1 1 1 1 1 

x 0 1 x x x x 0 0 0 0 0 0 0 

0 1 1 0 0 0 0 1 1 1 1 1 1 0 

0 1 1 0 0 0 1 0 1 1 0 0 0 0 

0 1 1 0 0 1 0 1 1 0 1 1 0 1 

0 1 1 0 0 1 1 1 1 1 1 0 0 1 

0 1 1 0 1 0 0 0 1 1 0 0 1 1 

0 1 1 0 1 0 1 1 0 1 1 0 1 1 

0 1 1 0 1 1 0 0 0 1 1 1 1 1 

0 1 1 0 1 1 1 1 1 1 0 0 0 0 

0 1 1 0 0 0 0 1 1 1 1 1 1 1 

0 1 1 1 0 0 1 1 1 1 0 0 1 1 

0 1 1 1 0 1 0 0 0 0 0 0 0 0 

0 1 1 1 0 1 1 0 0 0 0 0 0 0 

0 1 1 1 1 0 0 0 0 0 0 0 0 0 

0 1 1 1 1 0 1 0 0 0 0 0 0 0 

0 1 1 1 1 1 0 0 0 0 0 0 0 0 

0 1 1 1 1 1 1 0 0 0 0 0 0 0 

1 1 1 x x x x * 

X = Don't care 

* Depends upon the BCD code appiled during the O to 1 transition of LE. 

(b) 

~-~ ~-,-~~ ~~-~ ..,~..,~-~ 
~~ ~ ~= ~ -~ ~ ~~ ~ ~~ -~ 

(c) 

Fig. Ei-33 The 4511 BCD-to-seven-segment latch/decoder/driver CMOS IC. (a) Pin diagram. (b) Truth table. (c) Format of digits 
using the 4511 decoder IC. 
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4511 BCD-ta-seven
segment latch/ 
decoder I driver 
CMOS IC 

Encoding, Decoding, and Seven-Segment Displays Chapter 6 225 



latched and held on the display. The LE, BI, 
and LT inputs are all disabled in the circuit in 
Fig. 6-32. 

Next, refer to the output side of the truth 
table in Fig. 6-33. On the 4511 IC, a HIGH or 
1 is an active output. In other words, an output 
of 1 turns on a segment on the attached display. 

Answer the following questions. 

68. Refer to Fig. 6-32. The+ 12-V power sup-
ply is being used because the ___ _ 
(CMOS, TTL) 4511 decoder/driver IC 
and the (LCD, VF) display 
operate properly at this voltage. 

,.--3>-

~~~ 
~_j 

t1 t2 t3 t4 

1s 

2s 

4s 

8s 

LT 

A 

B 

c 

D 

LE 

+12V 

BCD-to
seven

segment 
latch/ 

decoder/ 
driver 

(4511) 

Fig. Ei-34 Decoder/VF display pulse-train problem. 
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Therefore, a 0 output means the display's seg
ment is turned off. 

The format of the digits generated by the 
4511 BCD-to-seven-segment decoder IC are 
illustrated in Fig. 6-33(c). Especially note the 
formation of the decimal numbers 6 and 9. 

69. Refer to Fig. 6-32. What is the purpose of 
resistor R

1 
in this circuit? 

70. Refer to Fig. 6-34. What is the decimal 
reading on the vacuum fluorescent dis
play for each input pulse (t

1 
to t

4
)? 

71. Refer to Fig. 6-34. During pulse (t
4
) what 

voltages are applied to the seven plates 
(segments) of the VF display? 

Voo a a f-------1 

b 
b 1----1 

c 
c 1----1 

d 
d f-------1 

e 
e f-------1 

g g ,___ _ ___, 

K 

+12V 

Grid K 

VF DISPLAY 
OUTPUT 

r---------1 
I 

1 _________ 1 



6-13 Troubleshooting a 
Decoding Circuit 

Circuit 1 
Consider the BCD-to-seven-segment decoder 
circuit in Fig. 6-35. The problem is that segment 
a of the display does not light. The technician 
first checks the circuit visually. Then the IC is 
checked for signs of excessive heat. The Vee 
and GND voltages are checked with a voltme
ter or logic probe. In this example, the results of 
these tests did not locate the problem. 

Next, the temporary jumper wire from GND 
to the LT input of the 7447A IC should cause 
all segments on the display to light, giving a 
decimal 8 indication. Segment a on the display 
still does not light. The logic probe is used to 
check the logic levels at the outputs (a to g) of 

+5V 

Circuit 1 5.0V 

Vee L 
A a 

L 
B b 

L 
c BCD-to-seven- c 

segment decoder L 
D (7447A) d 

L 
LT e 

BllRBO 
L 

L 
RBI GND g 

):. 
$.st. 

Jumper 

the 7447A decoder. They are all L (LOW) in 
Fig. 6-35, as required. Next, the logic levels 
are checked on the display side of the resistors. 
They are all H (HIGH) except the faulty line, 
which is LOW. The LOW and HIGH pattern in 
Fig. 6-35 indicates a voltage drop across each of 
the bottom six resistors. The LOW indications 
on both ends of the top resistor in Fig. 6-35 
indicate an open circuit in the segment a sec
tion of the seven-segment display. Segment a 

of the display must be faulty. The entire seven
segment LED display is replaced. The replace
ment must have the same pin diagram and be 
a common-anode LED display. After replace
ment, the circuit is checked for proper operation. 

Circuit 2 
The circuit shown in Fig. 6-36 produces no 
display. The hurried technician checks the Vee 

+5V 

L 
a 

H 
b 

H 
c 

H 
d 

H Common 
e anode 

H 

H 
g 

150 n 
LED display 

Fig. IJ.35 Troubleshooting a faulty decoder/LED display circuit. 

Circuit 2 

A 

B 

+5V 

H 
H 

C BCD-to-seven- c n---J\ 

segment decoder 
D (7447A) d 

LT 

BllRBO 

RBI 
GND 

g 

a 

b a v c 

d 

il ~ e 

L \ 
g 

LED display 

Fig. 6-36 Troubleshooting a faulty decoder circuit with blank LED display. 

+5V 

Common 
anode 

Internet 
Connection 
Look up digital light 
processing (OLP) at 
en.wikipedia.org or 
www.dlp.com. 

Troubleshooting 
faulty decoder/LEO 
display circuit 
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Internal short 
circuit 

and GND pins with a logic probe. The readings 
as shown in Fig. 6-36 seem all right. The test 
jumper wire from the LT to the GND should 
light all segments of the LED display. No seg
ments on the display light. The logic probe 
shows faulty HIGH readings at all the outputs 
(a tog) of the 7447A IC. The technician checks 
the voltage at Vee with a DMM. The reading is 
4.65 V. This is quite low. The technician now 
touches the top of the 7447A IC. It is very hot. 
The chip (7447A) has an internal short cir
cuit and must be replaced. The 7447A IC is 

Answer the following questions. 

72. What is the first step in troubleshooting a 
digital logic circuit? 

228 Chapter Ei Encoding, Decoding, and Seven-Segment Displays 

replaced, and the circuit is checked for proper 
operation. 

In this example, the technician forgot to use 
his or her own senses first. A simple touch of the 
top of the DIP IC circuit would have suggested 
a bad 7447A chip. Note that the HIGH reading 
on the Vee pin did not give the technician an ac
curate picture. The voltage was actually 4.65 V 
instead of the normal 5.0 V. In this case the volt
meter reading gave the technician a clue as to 
the difficulty in the circuit. The short circuit was 
dropping the power supply voltage to 4.65 V. 

73. An internal (open, short) cir-
cuit in a TTL IC will many times cause 
the IC to become excessively hot. 



apter Summary and Review 

1. Many codes are used in digital equipment. You should 
be familiar with decimal, binary, octal, hexadecimal, 
8421 BCD, excess-3, Gray, and ASCII codes. 

2. Converting from code to code is essential for your 
work in digital electronics. Table 6-4 will aid you in 
converting from several of the codes. 

3. The most popular alphanumeric code is the 7-bit 
ASCII code. The ASCII code is widely used in 
microcomputer keyboard and display interfacing. 
Extended ASCII uses 8 bits. 

4. Electronic translators are called encoders and 
decoders. The complicated logic circuits are 

Decimal Binary 8421 
Number Number 

0 0000 

0001 

2 0010 

3 0011 

4 0100 

5 0101 

6 0110 

7 0111 

8 1000 

9 1001 

10 1010 0001 

11 1011 0001 

12 1100 0001 

13 1101 0001 

14 1110 0001 

15 1111 0001 

16 10000 0001 

17 10001 0001 

18 10010 0001 

19 10011 0001 

20 10100 0010 

0000 

0001 

0010 

0011 

0100 

0101 

0110 

0111 

1000 

1001 

0000 

0001 

0010 

0011 

0100 

0101 

0110 

0111 

1000 

1001 

0000 

manufactured in single IC packages. Decoding can 
also be implemented using programmable devices 
such as PLDs or microcontroller modules. 

5. Seven-segment displays are very popular devices 
for reading out numbers. Light-emitting diode 
(LED), liquid-crystal display (LCD), and vacuum 
fluorescent (VF) types are popular displays. 

6. The BCD-to-seven-segment decoder/driver is a 
common decoding device. It translates from BCD 
machine language to decimal numbers. The decimal 
numbers appear on seven-segment LED, LCD, or 
VF displays. 

BCD Codes Gray 
Excess-3 code 

0011 0000 

0100 0001 

0101 0011 

0110 0010 

0111 0110 

1000 0111 

1001 0101 

1010 0100 

1011 1100 

1100 1101 

0100 0011 1111 

0100 0100 1110 

0100 0101 1010 

0100 0110 1011 

0100 0111 1001 

0100 1000 1000 

0100 1001 11000 

0100 1010 11010 

0100 1011 11011 

0100 1100 11010 

0101 0011 11110 
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Answer the following questions. 

6-1. Write the binary numbers for the decimal num
bers in a to f: 
a. 17 d. 75 
b. 31 e. 150 

c. 42 f. 300 
6-2. Write the 8421 BCD numbers for the decimal 

numbers in a to f: 
a. 17 d. 1632 
b. 31 e. 47,899 
c. 150 f. 103,926 

6-3. Write the decimal numbers for the 8421 BCD 
numbers in a to f: 
a. 0010 
b. 1111 
c. 0011 0000 
d. 0111 0001 0110 0000 
e. 0001 0001 0000 0000 0000 
f. 0101 1001 1000 1000 0101 

6-4. Write the excess-3 code numbers for the deci
mal numbers in a to d: 
a. 7 c. 59 

b. 27 d. 318 
6-5. Why is the excess-3 code used in some arithme

tic circuits? 
6-6. List two codes you learned about that are classi

fied as BCD codes. 
6-7. Write the Gray code numbers for the decimal 

numbers in a to f 
a. 1 d. 4 
b. 2 e. 5 
c. 3 f. 6 

6-8. The (Gray, XS3) code is com-
monly associated with optical encoding of a 
shaft's angular position. 

6-9. The important characteristic of the Gray code is 
that only one digit changes as you decrement or 
increment the count. (T or F) 

6-10. Refer to Table 6-3. The 7-bitASCII code for the 
capital letter S is _____ _ 

6-11. The letters "ASCII" stand for ------
6-12. Standard ASCII is a(n) -bit 

______ (alphanumeric, BCD) code that 

is used to represent number, letters, punctuation 
marks, and control characters. 
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6-13. List two general names for code translators, or 
electronic code converters. 

6-14. A(n) (decoder, encoder) is the 
electronic device used to convert the decimal 
input of a calculator keypad to the BCD code 
used by the central processing unit. 

6-15. A(n) (decoder, encoder) is the 
electronic device used to convert the BCD of 
the central processing unit of a calculator to the 
decimal display output. 

6-16. Which segments of the seven-segment display 
will light when the following decimal numbers 
appear? Use the letters a, b, c, d, e,f, and gas 
answers. 
a. 0 f. 5 
b. 1 g. 6 
c. 2 h. 7 
d. 3 i. 8 
e. 4 j. 9 

6-17. The seven-segment displays that you will 
use emit light (usually red) and are of the 
_____ (LCD, LED) type. 

6-18. The (LCD, LED) seven-
segment display is used where battery operation 
demands low power consumption. 

6-19. The (LCD, LED) display is 
used where the unit must be read in bright light. 

6-20. Refer to Fig. 6-37. All the outputs from the 
7447A decoder are (HIGH, 
LOW). This is (correct, not 
correct) for this circuit. 

6-21. Both a voltmeter and a(n) are 
used to troubleshoot the circuit in Fig. 6-37. 

6-22. Refer to Fig. 6-37. Segment b of the LED 
display appears to be (open, 
partially short-circuited). The display should be 
replaced with a common- LED 
display having the same pin diagram as the one 
in the circuit. 

6-23. Refer to Fig. 6-38. With the BCD input shown, 
the six-digit display reads _____ _ 

6-24. The front and back panels of an _____ _ 
(LCD, LED) seven-segment display are 
made of glass and can be broken by rough 
handling. 



+5V +5V 

5V 

Vee L 3.4 v H 
L A a a 

L 4.2V H 
L B b b 

L 3.4 v H 
L c BCD-to-seven- c c 

segment decoder L H 
H D (7447A) d d 

L H 5V 
LT e e Common 

81/RBO 
L H anode 

L H 
RBI g g 

150 il 
LED display 

Fig. 6-37 Troubleshooting problems. Logic levels and voltages given on faulty decoder /LED display circuit. 

• • • • • • • • • • 

7447 7447 7447 

IC6 IC5 IC4 

0 Cii 0 
Cii 

0 
Cii co co co a: a: a: a: a: a: 

A B c 

Fig. Ei-38 Ripple-blanking circuit problem. 

6-25. Refer to Fig. 6-39. With the driving signals 
shown, the LCD will display the decimal num-
ber . The input must be the 
BCD number _____ _ 

6-26. Vacuum fluorescent displays can operate on 
12 V, which makes them very compatible with 
______ (CMOS, TTL) ICs and auto

motive applications. 

Cii a: 

LED 
displays (6) 

• • • • • • • • 0 • 
Limiting 
resistors ( 42) 

7447 

IC3 

0 
co a: 

D 

7447 7447 

IC2 IC1 

E 

Decoder/ 
drivers (6) 

BCD inputs 

6-27. Refer to Fig. 6-40. What will the VF 
seven-segment display read for each input 
pulse? 

6-28. Refer to Fig. 6-40. List the approximate 
voltages at each of the seven plates and the 
grid of the VF display during pulse t

4
• 
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BCD +5V 

INPUT l LCD 
? ? ? ? I - OUTPUT 

LE Vee lI1J1 
a a 

1s 
A b 

ruu 
b 

2s B lI1J1 t -~ 
CMOS c c 

4s IC lI1J1 c d d 
8s 

D (74HC4543) e ruu 
.~ e 

f 
lI1J1 

f 

lI1J1 
g g 

Bl GND Ph Common 

T 
--

100 Hz ruu 
6-39 Decoder/LCD circuit problem. 

+12V +12V 

R1 VF 
DISPLAY 

~~>-
[f Voo 

BJ a 
a 

~ 1s b 
~--------, 

>- A b I I 

2s 
BCD-to-

I I 

~J->-
B seven- c I 

4s segment I 
c latch/ d I 

0 OT I 
8s decoder/ e I 

1 I D driver e 
I 

0 0 0 0 ~ 
(4511) L ________ J 

g 
g 

t1 t2 t3 t4 ts LE Vss K Grid 

Fig. 6-40 Decoder /VF display pulse-train problem. 
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6-1. Convert the following 8421 BCD numbers to 
binary. 
a. 0011 0101 
b. 1001 0110 
c. 0111 0100 

6-2. As you count in the Gray code, what is the most 
important characteristic? 

6-3. Refer to Fig. 6-7. If the decoder chip is a 4511 
and the circuit operates on a 12-V power sup
ply, then the output displays are probably 
______ (LED, VF) units. 

6-4. Refer to Fig. 6-8. Why would the output of 
the 74147 10-line-to-4-line encoder read 0111 
when both inputs 2 and 7 are activated at the 
same time? 

6-5. What is the purpose of the 7447A TTL IC, and 
with which type of seven-segment display is it 
compatible? 

6-6. The 7447 A decoder TTL IC contains 44 gates 
and is considered a (combi-
national, sequential) logic circuit. The 7447 A 
decoder has [number] active 
LOW inputs, [number] active 
HIGH inputs, and [number] 
active LOW outputs. 

6-7. List the condition (HIGH or LOW) of each of 
the ripple-blanking lines A to E in Fig. 6-38. 

6-8. Refer to Fig. 6-39. List the three functions of 
the 74HC4543 CMOS IC. 

6-9. At the option of your instructor, use circuit 
simulation software to (1) draw the logic circuit 
sketched in Fig. 6-41, (2) generate a truth table 
for the logic circuit, and (3) determine if it is a 
Gray code-to-binary decoder or a binary-to
Gray code decoder. 

6-10. At the option of your instructor, use circuit 
simulation software (such as Electronics Work
bench or Multisim) to (a) draw the binary-to
decimal decoder circuit sketched in Fig. 6-42, 
(b) test the operation of the decoder circuit, and 
( c) demonstrate the operation of the binary
to-decimal decoder circuit simulation to your 
instructor. 

INPUT OUTPUT 

D ----4---------0UT3 

Fig. 6-41 Logic circuit. 
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Binary Input 

• 

0 
ell u 

+Vee 
-~ 

Decimal Output 

• 
2 3 4 5 6 7 8 9 10 
I~ lll I~ I~ ID I~ I~ ID ID 

1 
0 

2 
1 

3 
2 

4 
3 

5 
4 

6 
5 

1s 7 
~[1] 8 

6 

~ 

9 
7 

1,_____a - 8 
10 

9 
2s 11 

10 
[2] 12 

- 1 
GND 

.___;: /- 74154 
~ --

4s 
[4] 

-
11>--0 -

8s 
~[8] 
-

I~ 
u 

- '--

Fig. Ei-42 Binary-to-decimal decoder circuit using the 74154 decoder IC. 

1. 11101 10. is not 

11 12 13 14 15 
u 1t ) I~ 4111 

+Vee 
--

Vee 
24 

23 
A 

B 
22 

c 21 

20 
D 

G2' 
,_ 19 

,_ 18 
G1' 

~ 17 
15 

16 
14 

13 
15 

12 

11 

14 

13 

-'---

2. 0010 1001 11. Only one digit changes as you count in the Gray 

3. 8765 code. 

4. 8421 BCD 12. Frank Gray 

5. 79 13. optical encoding 

6. 1000 OlOlBCD 14. HIGH 

7. F 15. 0111 

8. 0100 1011 16. 2-bit quadrature code 

9. 60 17. cw 
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18. alphanumeric 
19. American Standard Code for Information Interchange 
20. 101 0010 

21. $ 
22. LOW, LOW 
23. output D = HIGH 

output C = LOW 
output B = LOW 
output A = LOW 

24. The invert bubble means that input 4 is an active 
LOW input; it is activated by a logical 0. 

25. output D = LOW 
output C = HIGH 
output B = HIGH 
output A = HIGH 

26. 5 
27. vacuum fluorescent 
28. light-emitting diode 
29. b, c, LED, 1 
30. cathode 
31. current limiting 
32. active LOW 
33. 4 
34. all segments, 8 
35. 1. BCD to seven segment 

2. 8421 BCD to decimal 
3. Excess 3 to decimal 
4. Gray code to decimal 
5. BCD to binary 
6. Binary to BCD 

36. limiting resistors 
37. 0011 
38. a, b, c; 7 
39. HIGH, LOW 
40. LOW 
41. leading zeros 
42. pulse t

1 
= 0 

pulse t
2 

= blank display (not a BCD number) 
pulse t

3 
= 2 

pulse t
4 

= 8 
pulse t

5 
= 5 

pulse t
6 

= 3 
pulse t

7 
= 9 

43. pulse t
1 

= a, b, c, d, e,f 
pulse t

2 
= blank display 

pulse t
3 

= a, b, d, e, g 

pulse t
4 

= a, b, c, d, e,f, g 
pulse t

5 
= a, c, d,f, g 

pulse t
6 

= a, b, c, d, g 
pulse t7 = a, b, c,f, g 

44. T 
45. sinking 
46. common-anode 
47. active LOW 
48. OFF 
49. black, silver 
50. nematic 
51. de 
52. very small amount 
53. CMOS 
54. 5 
55. a,c,d,f,g 
56. 180° out of phase 
57. BCD, seven-segment 
58. T 
59. pulse t

1 
= 4 

pulse t
2 

= 2 
pulse t

3 
= 6 

pulse t
4 

= 9 
pulse t

5 
= 1 

60. band c 
61. XOR 
62. 4-bit latch 
63. out-of-phase signals between inputs and common 

(backplane) 
64. blue-green (also blue or green) 
65. none 
66. partA =grid 

part B = cathode (heaters) 
part C = plates 

67. a, c, d,f, g; 5 
68. CMOS, VF 
69. limit current through cathodes to a safe level 
70. pulse t

1 
= 3 

pulse t
2 

= 8 
pulse t

3 
= 7 

pulse t
4 

= 0 
71. segment a-f = + 12 V, segment g = GND 
72. Use your senses to locate open or short circuits or 

ICs that are too hot. 
73. short 
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learning Outcomes 
This chapter will help you to: 

7-1 Explain the function of each input and 
output on the R-S flip-flop. Use key words 
dealing with flip-flops, including set, 
reset, hold, active LOW, and active HIGH. 
Describe some uses of latches and their 
operation. 

7-2 Interpret clocked R-S flip-flop waveforms 
and truth tables. Explain the modes of 
operation. 

7-3 Analyze the truth table with modes of 
operation for the 7474 D flip-flop. 

7-4 Predict the operation of several J-K flip
flop ICs, including the toggle mode. 

7-5 Describe the use and operation of the 7475 
4-bit latch in a simple system. 

7-6 Classify flip-flops as synchronous or 
asynchronous and compare triggering. 

7-7 Describe the operation of Schmitt-triggered 
devices and cite some applications. 

7-8 Compare traditional with IEEE/ANSI flip
flop symbols. 

7-9 Analyze and explain the operation of a 
latched encoder-decoder system. 
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Flip-Flops 

ngineers classify logic circuits into two 
groups. We have already worked with 

combination logic circuits using AND, OR, 
and NOT gates. The other group of circuits 
is classified as sequential logic circuits. 
Sequential circuits involve timing and mem
ory devices. The basic building block for 
combinational logic circuits is the logic gate. 
The basic building block for sequential logic 
circuits is the flip-flop (FF). This chapter cov
ers several types of flip-flop circuits. In later 
chapters you will wire flip-flops together. 
Flip-flops are wired to form counters, shift 
registers, and various memory devices. 

7-1 The R-S Flip-Flop 

Combination logic 
circuits 

Sequential logic 
circuits 

Counters 

Shift registers 

Memory devices 

The logic symbol for the R-S flip-flop is drawn R-S flip-flop 
in Fig. 7-1. Notice that the R-S flip-flop has 
two inputs, labeled S and R. The two outputs 
are labeled Q and Q (say "not Q" or "Q not"). 
In flip-flops the outputs are always opposite, 
or complementary. In other words, if output Complementary 
Q = 1, then output Q = 0, and so on. The R-S 
flip-flop symbol from Fig. 7-1 labels the out-
puts as normal and complementary. The letters 
S and R at the left of the R-S flip-flop symbol 
are often referred to as the set and reset inputs. Set and reset 
The inputs are active LOW (see bubble). 

The R-S flip-flop may also be referred to as an 
R -S latch. The term "latch" refers to its use as a 
temporary memory device. A latch such as the R-S 
flip-flop in Fig. 7-1 can hold one bit of information. 

FF 

Normal 
Qf----

OUTPUTS 

Complementary 
Q f-----'--

Bubbles mean active LOW inputs 

Fig. 7-1 Logic symbol for an R-S Flip-flop. 



Mode of Inputs Outputs 
operation s R Q 

Set 0 

Reset 0 0 

Hold Q 

The truth table in Table 7-1 details the op
eration of the R-S flip-flop. When the Sand R 
inputs are both 0, both outputs go to a logical 1. 
This is called a prohibited state for the flip-flop 
and is not used. The second line of the truth 
table shows that when input Sis 0 and R is 1, the 
Q output is set to logical 1. This is called the set 
condition. The third line shows that when input 
R is 0 and Sis 1, output Q is reset (cleared) to 
O. This is called the reset condition. Line 4 in 
the truth table shows both inputs (R and S) at 1. 
This is the idle or at rest condition and leaves 
Q and Q in their previous complementary 
states. This is called the hold condition. 

From Table 7-1, it may be observed that it 
takes a logical 0 to activate the set (set Q to 1). 
It also takes a logical 0 to activate the reset, or 
clear (clear Q to 0). Because it takes a logical 0 to 
enable, or activate, the flip-flop, the logic sym
bol in Fig. 7-1 has invert bubbles at the Rand S 
inputs. These invert bubbles indicate that the set 
and reset inputs are activated by a logical 0. 

R-S flip-flops can be purchased in an IC 
package, or they can be wired from logic gates, 
as shown in Fig. 7-2. The NAND gates in 
Fig. 7-2 form an R-S flip-flop. This NAND-gate 
R-S flip-flop operates according to the truth 
table in Table 7-1. Technically, the R-S flip-flop 
in Fig. 7-2 might be referred to as an R-S flip
flop or R-S latch. The overbars above the Rand 
S mean these are active LOW inputs. These 
overbars are used by some industry sources. 

Many times timing diagrams, or waveforms, 
are given for sequential logic circuits. These dia
grams show the voltage level and timing between 
inputs and outputs and are similar to what you 
would observe on an oscilloscope. The horizontal 
distance is time, and the vertical distance is volt
age. Figure 7-3 shows the input waveforms (R, S) 

Q Effect on output Q 

0 For setting Q to 1 

For resetting Q to O 

Q Depends on previous state 

Overbars mean active LOW inputs 

K }----il!t----- Q 

Set condition 

1t >---t----- Q Reset condition 
A------. 

Fig. 7-2 Wiring an R-S flip-flop using NANO gates. 

and the output waveforms (Q, Q) for the R-S Hald condition 
flip-flop. The bottom of the diagram lists the 
lines of the truth table from Table 7-1. The Q 
waveform shows the set and reset conditions of 
the output; the logic levels (0, 1) are on the right 
side of the waveforms. Waveform diagrams of the 
type shown in Fig. 7-3 are very common when 
dealing with sequential logic circuits. Study this 
diagram to see what it tells you. The waveform 
diagram is really a type of truth table. 

Recall that there are three types of multi
vibrators (MVs). They are the monostable MV, 
the astable MV, and the bistable multivibrator. 
The R-S flip-flop is one of several bistable MVs. 
The R-S flip-flop is most commonly known as 
a latch and is listed under this heading in IC R-5 latch 
catalogs. A latch is a fundamental binary mem-
ory device for holding data. Latches are com-
monly used at the output of a digital device to 
hold the data until the next device is ready to 
receive the input. Latches are commonly orga-
nized into groups of 4-bits, 8-bits, or more into 
registers. An 8-bit register would be a group of 
eight latches holding a byte of information. You 
may recall that R-S flip-flops were also used 
for switch debouncing. 
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Set Reset Hold Set Hold - Mode of operation 

s 

R 

Waveform diagram 

Q 
0 

Q 
0 

Line 2 Line 3 Line 4 Line 2 Line 4 - Lines of truth table 

Fig. 7-3 Waveform diagram for an R-S Flip-flop. 

Vee 
5V 

OUTPUTS 

R1 R2 Q 
10 kfl 10 kfl 

Internet 
Connection 
Look up latch or SR 
latch at en.wikipedia 

.org. 

INPUT 

SPOT 

Key= Space 

Fig. 7-4 SPOT switch debouncing circuit. 

Figure 7-4 shows the application of an 
R-S flip-flop in an SPDT switch debouncing 
circuit. 

Commercial versions of the R-S flip-flop are 
available. One example is the 74LS279 Quad 
S-R Latch IC. It contains four latches like the 

Answer the following questions. 

1. The R-S flip-flop in Fig. 7-1 has active 
____ (HIGH, LOW) inputs. 

2. List the mode of operation of the R-S 
flip-flop for each input pulse shown in 
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s U1A 

7400N 

Q 

' / 

R 7400N 
/ I ' 

2.5V 

one you studied from Fig. 7-2. Later in this chap
ter you will study the 7475!74LS75!74HC75 
4-bit latch in detail. 

Do you know the logic symbol and truth 
table for the R-S flip-flop? Do you know the 
four modes of operation for the R-S flip-flop? 

Fig. 7-5. Answer with the terms "set," 
"reset," "hold," and "prohibited." 

3. List the binary output at the normal out
put (Q) of the R-S flip-flop for each of the 
pulses shown in Fig. 7-5. 



0 0 

t1 12 13 14 Is 

0 

Fig. 7-5 R-S Flip-flop pulse-train problem. 

7-2 The Clocked R-S Flip-Flop 

The logic symbol for a clocked R-S flip-flop is 
shown in Fig. 7-6. Observe that it looks almost 
like an R-S flip-flop except that it has one extra 
input labeled CLK (for clock). 

The operation of the clocked R-S flip-flop is 
detailed in Fig. 7-7. The CLK input is at the top 
of the diagram. Notice that the clock pulse (1) 
has no effect on output Q with inputs S and R 
in the O position. The flip-flop is in the idle, or 
hold, mode during clock pulse 1. At the preset 
S position, the S (set) input is moved to 1, but 
output Q is not yet set to 1. The rising edge of 
clock pulse 2 permits Q to go to 1. Pulses 3 and 
4 have no effect on output Q. During pulse 3, 
the flip-flop is in its set mode, and during pulse 
4 it is in its hold mode. Next, input R is preset 
' 

Preset S Set 

CLK 2 

s 
----~ 

o _____ ~ 

Fig. 7-7 Waveform diagram For a clocked R-S Flip-Flop. 

s Q ? 

FF 
16 

R Q 
0 

to 1. On the rising edge of clock pulse 5, the Q 
output is reset (or cleared) to 0. The flip-flop 
is in the reset mode during both clock pulses 5 
and 6. The flip-flop is in its hold mode during 
clock pulse 7; therefore, the normal output (Q) 
remains at 0. 

Notice that the outputs of the clocked R-S 
flip-flop change only on a clock pulse. We 
say that this flip-flop operates synchronously; 

Set Normal 
s Q 

Clock 
FF 

CLK 

Reset 
R Q 

Comp le mentary 

Fig. 7-Ei Logic symbol For a clocked R-S Flip-flop. 

Preset R Reset 

1 

0 

1 

L----+--lf------------ 0 

1 

'-----0 

'------------0 

0 

Clacked R-5 flip-flap 

CLK input 

Waveform diagram 
far a clacked R-5 
flip-flap 
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Truth table for a 
clacked R-S flip-flap 

Wiring a clacked 
R-S flip-flap using 
NANO gates 

Synchranaus 
aperatian 

Memory 
characteristic 

Mode of 
operation 

Hold 

Reset 

Set 

Prohibited 

INPUTS 

CLK 

_n_ 
_n_ 
_n_ 

s 

CLK 
or 

enable 

s 

0 

0 

(a) 

(b) 

OUTPUTS 

--r Effect on 
R 0 10 output Q 

0 No change No change 

0 
Reset or 
cleared to O 

0 0 Set to 1 

0 

Fig. 7-8 (a) Truth table For a clocked R-S flip-flop (b) Wiring a clocked R-S flip-flop 
using NANO gates. 

it operates in step with the clock. Synchronous 
operation is very important in most digital cir
cuits, where each step must happen in an exact 
order. 

Another characteristic of the clocked R-S 
flip-flop is that once it is set or reset, it stays 
that way even if you change some inputs. This 
is a memory characteristic, which is extremely 
valuable in many digital circuits. This charac
teristic is evident during the hold mode of op
eration. In the waveform diagram in Fig. 7-7, 
this flip-flop is in the hold mode during clock 
pulses 1, 4, and 7. 

Figure 7-8(a) shows a truth table for the 
clocked R-S flip-flop. Notice that only the top 
three lines of the truth table are usable; the bot
tom line is prohibited and not used. Observe 
that the Rand S inputs to the clocked R-S flip
flop are active HIGH inputs. That is, it takes a 

HIGH on input S while R = 0 to cause output 
Q to be set to 1. 

Figure 7-8(b) shows a wiring diagram of a 
clocked R-S flip-flop. Notice that two NAND 
gates have been added to the inputs of the R-S 
flip-flop to add the clocked feature. The CLK 
input may be labeled with a C or E for enable 
by various manufacturers. 

It is important to remember that the mem
ory characteristics exhibited by flip-flops are 
among the fundamental reasons why digi
tal technology has become so widely used 
in modern electronic products. It is strongly 
suggested that you actually experiment with 
R-S and clocked R-S flip-flops either on a 
circuit simulator or with actual ICs on a sol
derless breadboard. Operating flip-flops in 
the lab will help you better understand their 
operation. 
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Answer the following questions. 

4. The set and reset inputs (S, R) of the 
clocked R-S flip-flop in Fig. 7-6 are 
active (HIGH, LOW) inputs. 

5. List the mode of operation of the clocked 
R-S flip-flop for each input pulse shown 
in Fig. 7-9. Answer with the terms "set," 
"reset," "hold," and "prohibited." 

6. List the binary output at the normal 
output (Q) of the clocked R-S flip-

0 0 

t2 t3 

0 0 

Fig. 7.9 Clocked R-S flip-Flop pulse·train problem. 

7-3 The D Flip-Flop 

0 

t4 

0 

The logic symbol for the D flip-flop is shown in 
Fig. 7-lO(a). It has only one data input (D) and 
a clock input (CLK). The outputs are labeled Q 
and Q. The D flip-flop is often called a delay 
flip-flop. The word "delay" describes what hap
pens to the data, or information, at input D. 
The data (a 0 or 1) at input D is delayed one 
clock pulse from getting to output Q. A simpli
fied truth table for the D flip-flop is shown in 
Fig. 7-lO(b). Notice that output Q follows input 
Dafter one clock pulse (see Qn+i column). 

AD flip-flop may be formed from a clocked 
R-S flip-flop by adding an inverter, as shown 
in Fig. 7-11. More commonly you will use a 
D flip-flop contained in an IC. Figure 7-12(a) 
shows a typical commercial D flip-flop. Two 
extra inputs [PS (preset) and CLR (clear)] have 
been added to the D flip-flop in Fig. 7-12(a). 
The PS input sets output Q to 1 when enabled 
by a logical 0. The CLR input clears output Q to 
0 when enabled by a logical 0. The PS and CLR 
inputs will override the D and CLK inputs. The 

flop for each of the pulses shown in 
Fig. 7-9. 

7. To set a flip-flop means to cause the nor-
mal output (Q) to go (HIGH, 
LOW). 

8. Refer to Fig. 7-9. The CLK on this 
clocked R-S flip-flop might be labeled 
EN for (encoder, enable) by 
some manufacturers. 

- s Q ? 
FF - CLK 

- R Q 
0 

D and CLK inputs operate as they did in the D 
flip-flops in Fig. 7-10. 

Note the addition of a small triangle on the 
CLK input of the IC symbol in Fig. 7-12(a). 
This small triangle inside the 7474 IC symbol in 
Fig. 7-12(a) means the flip-flop is edge-triggered. 

Data Normal 
D Q 

INPUTS FF OUTPUTS 
Clock 

Q 
Com pie 

>CLK 
mentary 

(a) 

Input Output 

D on+ 1 

0 0 

1 1 

(b) 

Fig. 7-11J D Flip-flop. (a) Logic symbol (b) Simplified truth table. 

0 flip·flap 

Delay flip-flap 

Edge triggering 

Flip-Flops Chapter 7 241 



Synchronous 
operation 

7474 TTL 0 flip-flap 

Shift registers 
Storage registers 

____ _,s 

FF Q 

CLK 

Fig. 7-1"1 Wiring a D flip-flop. 

0 Q 

FF 

CLK Q 

During synchronous operation, edge triggering 
means the bit of data present at input D is trans
ferred to output Q on the positive edge (LOW-to
HIGH transition) of the clock pulse. The 7474 D 
flip-flop IC is said to be positive-edge-triggered. 

A more detailed truth table for the commer
cial 7474 TTLD flip-flop is shown in Fig. 7-12(b). 
Remember that the asynchronous (not synchro
nous) inputs (PS and CLR) override the syn
chronous inputs. The asynchronous inputs are 
in control of the D flip-flop in the first three 
lines of the truth table in Fig. 7-12(b). The syn
chronous inputs (D and CLK) are irrelevant 

as shown by the "X''s on the truth table. The 
prohibited condition, line 3 on the truth table, 
should be avoided. 

With both asynchronous inputs disabled 
(PS= 1 and CLR = 1), the D flip-flop can be 
set and reset using the D and CLK inputs. The 
last two lines of truth table use a clock pulse to 
transfer data from input D to output Q of the 
flip-flop. Being in step with the clock, this is 
called synchronous operation. Note that this 
flip-flop uses the LOW-to-HIGH transition of 
the clock pulse to transfer data from input D 
to output Q. 

D flip-flops are sequential logic devices 
which are widely used temporary memory 
devices. D flip-flops are wired together to 
form shift registers and storage registers. 
These registers are commonly used in digital 
systems. Remember that the D flip-flop de
lays data from reaching output Q one clock 
pulse and is called a delay flip-flop. D flip
flops are sometimes also called data flip-flops 

Preset-----.. 

PS 

Data---io Q 

FF 

Clock CLK Q 

CLR 

Clear 
(a) 

INPUTS 
Mode of 
operation 

Asynchronous Synchronous 

Asynchronous set 

Asynchronous reset 

Prohibited 

Set 

Reset 

O=LOW 
1 =HIGH 
X =Irrelevant 

PS CLR 

0 

0 

t = LOW-to-HIGH transition of clock pulse 

(b) 

CLK 

x 
x 

t 
t 

7-12 (a) Logic symbol for commercial D Flip-flop. 
( b) Truth table for 7474 D Flip-Flop. 

0 

x 
x 

0 

OUTPUTS 

Q Q 

0 

0 

0 

0 
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or D-type latches. D flip-flops are available 
in both TTL and CMOS IC form. A few typi
cal CMOS D flip-flops might be the 74HC74, 
74AC74, 74FCT374, 74HC273, 74AC273, 

Answer the following questions. 

9. List the mode of operation of the 7474 D 
flip-flop for each input pulse shown in 
Fig. 7-13. Answer with the terms "asyn
chronous set," "asynchronous reset," 
"prohibited," "set," and "reset." 

10. List the binary output at the normal out
put (Q) of the D flip-flop for each of the 
pulses shown in Fig. 7-13. 

0 

0 0 

Fig. 7-13 0 flip-flop problem for test items 9 and 10. 

7-4 The J-K Flip-Flop 

0 

The J-K flip-flop has the features of all the 
other types of flip-flops. The logic symbol for 
the J-K flip-flop is illustrated in Fig. 7-14(a). 
The inputs labeled J and K are the data in
puts. The input labeled CLK is the clock 
input. Outputs Q and Q are the usual normal 
and complementary outputs on a flip-flop. A 
truth table for the J-K flip-flop is shown in 
Fig. 7-14(b). When the J and K inputs are both 
0, the flip-flop is in the hold mode. In the 
hold mode, the data inputs have no effect on 
the outputs. The outputs "hold" the last data 
present. 

Lines 2 and 3 of the truth table show the 
reset and set conditions for the Q output. Line 4 

4013, and 40174. D flip-flops are so popular 
with designers that more than 50 different res 
are available in just the FACT CMOS logic 
series. 

11. Refer to Fig. 7-12(a). The">" at the CLK 
input means that this D flip-flop uses 
edge triggering (data transfers from D to 
Q on the LOW-to-HIGH transition of the 
clock pulse). (Tor F) 

12. Refer to Fig. 7-12. Both PS and CLR are 
____ (active HIGH, active LOW) 
inputs to the 7474 D flip-flop. 

1 
PS 

/ D Q ? 

FF 
(7474) 

CLK Q 
CLR 

illustrates the useful toggle position of the J-K 
flip-flop. When both data inputs J and K are 
at 1, repeated clock pulses cause the output to 
turn off-on-off-on-off-on, and so on. This off
on action is like a toggle switch and is called 
toggling. 

The logic symbol for the commercial 7476 
TTL J-K flip-flop is shown in Fig. 7-15(a). 
Added to the symbol are two asynchronous 
inputs (preset and clear). The synchronous in
puts are the J and K data and clock inputs. The 
customary normal (Q) and complementary Q 
outputs are also shown. A detailed truth table 
for the commercial 7476 J-Kflip-flop is drawn 
in Fig. 7-15(b). Recall that asynchronous inputs 
(such as PS and CLR) override synchronous 
inputs. The asynchronous inputs are activated 

7474 0 flip-flap 

J-K flip-flap 

Toggling 
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Data Normal 
J Q 

Clock 
>CLK 

Data 
Q 

Corn pie 
K 

mentary 

(a) 

INPUTS OUTPUTS 
Mode of 

operation 

I 0 
I 

Effect on 
CLK J K Q 

output Q 

Hold _n_ 0 0 No change No change-
disable 

Reset _n_ 0 1 0 _l 1 Reset or 
cleared to O 

Set _n_ 1 0 llsetto1 

_n_ 1i 1 I Changes to Toggle 1 1 ogg e I opposite state 

(b) 

Fig. 7-14 J-K Flip-flop. (a) Logic symbol. (b) Truth table. 

negative-edge 
triggering 

in the first three lines of the truth table. The 
synchronous inputs are irrelevant (overridden) 
in the first three lines in Fig. 7-15(b); therefore, 
an "X" is placed under the J, K, and CLK in
puts for these rows. The prohibited state occurs 
when both asynchronous inputs are activated at 
the same time. The prohibited state is not useful 
and should be avoided. 

When both asynchronous inputs (PS and 
CLR) are disabled with a 1, the synchronous 
inputs can be activated. The bottom four lines 
of the truth table in Fig. 7-15(b) detail the hold, 
reset, set, and toggle modes of operation for the 
7476 J-K flip-flop. Note that the 7476 J-K flip
flop uses the entire pulse to transfer data from 
the J and K data inputs to the Q and Q outputs. 

A second commercial J-K flip-flop is the 
74LS112 TTL-LS J-K flip-flop. The logic sym
bol for the 74LS112 J-K flip-flop is drawn in 
Fig. 7-16(a). The 74LS112 flip-flop features two 
active LOW asynchronous inputs (preset and 
clear). The two data inputs are labeled J and K. 
The clock (CLK) input has a bubble with the > 
symbol inside the block. This means that the 
74LS112 flip-flop uses negative-edge trigger
ing. In other words the flip-flop is activated on 
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the HIGH-to-LOW transition of the input clock 
pulse. The 74LS112 J-K flip-flop has the custom
ary normal (Q) and complementary (Q) outputs. 

The pin diagram for a 16-pin DIP 74LS112 
IC is sketched in Fig. 7-16(b). Notice that the 
74LS112 IC contains two J-K flip-flops, both 
with asynchronous inputs (PS and CLR) and 
complementary outputs (Q and Q). The 74LS112 
IC is also available in other IC packages. 

The truth table for the 74LS112 J-K flip
flop is drawn in Fig. 7-16(c). The 74LS112 
flip-flop has the same modes of operation as 
the 7476. The first three lines of the truth table 
show the asynchronous inputs (PS and CLR) 
overriding the synchronous inputs (J, K, and 
CLK). Notice that the asynchronous pins are 
active LOW inputs. The last four lines of the 
truth table detail the hold, reset, set, and toggle 
modes of operation. The CLK inputs triggers 
the flip-flop on the HIGH-to-LOW transition 
of the clock pulse. This is called negative-edge 
triggering. The last line of the truth table in 
Fig. 7-16(c) is the useful toggle mode. With 
the asynchronous inputs disabled (PS = 1, 
CLR = 1) and the data inputs both HIGH 
(J = 1, K = 1), each clock pulse will cause the 



Fig. 7-16 

Preset 

Data 

Clock 

Data 

Clear 

Mode of 
operation 

Asynchronous set 

Asynchronous reset 

Prohibited 

Hold 

Reset 

Set 

Toggle 

0 =LOW 
1 =HIGH 
X = Irrelevant 

_ri_ = Positive clock pulse 

l 
J 

PS 

FF 0 

CLK 

K 
Q 

CLR 

(a) 

Asynchronous 

PS CLR 

0 

0 

INPUTS 
OUTPUTS 

Synchronous 

CLK J K 0 Q 

x x x 0 

x x x 0 

_n_ 0 0 No change 

_n_ 0 0 

_n_ 0 0 

_n_ Opposite state 

(b) 

Fig. 7-15 (a) Logic symbol for commercial J-K Flip-Flop. (b) Truth table For 7476 J-K Flip-Flop. 

Preset 
CLK1 

PS K1 

Data J J1 
FF 0 

PS 1 

Clock CLK OUTPUTS 
01 

Q 01 
Data K 

CLR 02 

GND 
74LS112 

Clear 

(a) (b) 

74LS112 J-K Flip-Flop IC. (a) Logic symbol, (b) pin diagram. 

7476 J-K flip-flap 

Vee 

CLR1 

CLR2 

CLK2 
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J2 

PS 2 
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T flip-flop 

Counters 

Mode of 
operation 

Asynchronous set 

Asynchronous reset 

Prohibited 

Hold 

Reset 

Set 

Toggle 

O=LOW 
1 =HIGH 
X = Irrelevant 
t = HIGH-to-LOW clock transition 

Fig. 7-16 (cont.) (c) truth table. 

Asynchronous 

PS CLR 

0 

0 

outputs to toggle to their opposite state. For in
stance, output Q might go from HIGH, LOW, 
HIGH, LOW, on repeated clock pulses. This 
is a useful feature when building circuits such 
as counters. 

J-K flip-flops are used in many digital cir
cuits. You will use the J-K flip-flop especially 
in counters. Counters are found in almost every 
digital system. 

Answer the following questions. 

13. List the mode of operation of the 7476 
J-K flip-flop after each input pulse shown 
in Fig. 7-17. Answer with the terms 
"asynchronous set," "asynchronous reset," 
"prohibited," "hold," "reset," "set," and 
"toggle." 

14. List the binary output at the normal out
put (Q) of the J-K flip-flop after each of 
the pulses shown in Fig. 7-17. 

15. Refer to Fig. 7-18. Both J-K flip-flops are 
in the (reset, set, toggle) mode 
of operation in this circuit. 
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INPUTS 
OUTPUTS 

Synchronous 

CLK J K Q Q 

(c) 

x x x 0 

x x x 0 

t 0 0 No change 

t 0 0 

t 0 0 

t Opposite state 

In summary, the J-K flip-flop is consid
ered the "universal" flip-flop. Its unique fea
ture is the toggle mode of operation so useful 
in designing counters. When the J-K flip-flop 
is wired for use only in the toggle mode, it is 
commonly called a T flip-flop. J-K flip-flops 
are available in both TTL and CMOS IC form. 
Typical CMOS J-K flip-flops are the 74HC76, 
74AC109, and 4027 ICs. 

16. Refer to Fig. 7-18. The 74LS112 
flip-flops used in this circuit are 
triggered on the (HIGH-to-
LOW, LOW-to-HIGH) transition of a 
clock pulse. 

17. List the 2-bit binary output of the J-K 
flip-flops after each of the pulses shown 
in Fig. 7-18. 

18. Refer to Fig. 7-18. The circuit using J-K 
flip-flops seems to operate as a 2-bit 
____ (adder, counter). 



0 

0 

0 0 

0 

Fig. 7-17 J-K flip-flop problem for test items 13 and 14. 

INPUTS 

~ 

__ o~i 1 
~ 

Fig. 7-18 J-K flip-flop problem for test items 15-18. 

7-5 IC Latches 
Consider the block diagram of the digital system 
in Fig. 7-19(a). Press and hold the decimal number 
7 on the keyboard. A 7 will be observed on the 
seven-segment display. Release the 7 on the key
board, and the 7 disappears from the display. It is 

Input keyboard 

---i 
0 PS -- J Q ? 

FF 

-- CLK 

(7476) -- K Q 
CLR 0 

--
H H 

H J 
PS 

Q H J Q 

FF FF 
CLK CLK 

(74LS112) (74LS112) 
H K 

CLR 
H K 

CLR 

obvious that a memory device is needed to hold 
the BCD code for 7 at the inputs to the decoder. A 
device that serves as a temporary buffer memory 
is called a latch. A 4-bit latch has been added to 
the system in Fig. 7-19(b). Now when the decimal 
number 7 on the keyboard is pressed and released, 
the seven-segment display continues to show a 7. 

Output display 

000 
000 
[2]00 - Encoder - Decoder -

0 

Input keyboard 

000 
000 
[2]00 

0 

- Encoder -

(a) 

4-bit 
latch 

(b) 

Output display 

- Decoder -

Fig. 7-19 Electronic encoder-decoder system. (a) Without buffer memory. (b) With buffer memory (latch) added. 

Memory device 

Latch 

Electronic encoder
decoder system 
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Data-latched mode 
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7475 TTL 4-bit 
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Data latched 
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delay unit 

frequency dividers 

Data-enabled mode 

Data inputs for { 
D0 and D1 latches 

Data inputs for { 
D2 and D3 latches 

1 = Data enable { 
O = Latch enable 

Mode of 
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Data enabled 

Data latched 

0 =LOW 
1 =HIGH 
X = Irrelevant 

Do 

D1 

D2 

D3 
4-bit 
latch 

(7475) 

Eo-1 

E2-3 

(a) 

INPUTS 

E D 

1 0 

1 1 

0 x 

(b) 

Oo 

Oo 
} Nocmal aod 

complementary 

01 
outputs for D0 

and D1 latches 
01 

02 

02 
} Nocmal aod 

complementary 

03 
outputs for D2 
and D3 latches 

03 

OUTPUTS 

0 Q 

0 1 

1 0 

No change 

Fig. 7-21J (a) Logic symbol for commercial 7475 4-bit transparent latch. 
(b) Truth table for 7475 D latch. 

The term "latch" refers to a digital storage de
vice. The D flip-flop is a good example of a device 
used to latch data. However, other types of flip
flops are also used for the latching function. 

Manufacturers have developed many latches 
in IC form. The logic diagram for the 7475 TTL 
4-bit transparent latch is shown in Fig. 7-20(a). 
This unit has four D flip-flops enclosed in a 
single IC package. The D

0 
data input and the 

normal Q
0 

and complementary Q
0 

outputs form 
the first D flip-flop. The enable input (E

0
) is 

similar to the clock input on the D flip-flop. 
When E

0
_
1 
is enabled, data at both D

0 
and D

1 
are 

transferred to their outputs. 
A simplified truth table for the 7475 latch 

IC is shown in Fig. 7-20(b). If the enable input 
is at a logical 1, data is transferred, without a 
separate clock pulse, from the D input to the Q 
and Q outputs. As an example, if £

0
_
1 

= 1 and 
D

1 
= 1, then without a clock pulse output Q 

- I 
would be set to 1 while Q 

1 
would be reset to 

0. In the data-enabled mode of operation, the 
Q outputs follow their respective D inputs on 
the 7475 latch. 

Consider the last line of the truth table in 
Fig. 7-20(b). When the enable input drops to 0, the 

7475 IC enters the data-latched mode. The data 
that was at Q remains the same even if the Din
puts change. The data is said to be latched. The 
7475 IC is called a transparent latch because 
when the enable input is HIGH, the normal out
puts follow the data at the D inputs. Note that 
the D

0 
and D

1 
flip-flops in the 7475 IC are con

trolled by the E
0

_
1 
enable input, whereas the E2_3 

input controls the D
2 

and D
3 

pair of flip-flops. 
One use of a flip-flop is to hold, or latch, 

data. When used for this purpose, the flip-flop 
is called a latch. Flip-flops have many other 
uses, including counters, shift registers, delay 
units, andfrequency dividers. 

Latches are available in all logic families. 
Several typical CMOS latches are the 4042, 
4099, 74HC75, and 74HC373 ICs. Latches are 
sometimes built into other ICs such as the 4511 
and 4543 BCD-to-seven segment latch/decoder/ 
driver chips you may have already studied. 

One of the primary advantages of digital 
over analog circuitry is the availability of easy
to-use memory devices. The latch is the most 
fundamental memory device used in digital 
electronics. Almost all digital equipment con
tains simple memory devices called latches. 
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Supply the missing word in each statement. 

19. When the 7475 latch IC is in its data-
enabled mode of operation, the ___ _ 
outputs follow their respective D inputs. 

20. A (HIGH, LOW) at the en-
able inputs places the 7475 latch IC in the 
data-latched mode of operation. 

7-6 Triggering Flip-Flops 
We have classified flip-flops as synchronous or 
asynchronous in their operation. Synchronous 
flip-flops are all those that have a clock input. 
We found that the clocked R-S, the D, and the 
J-K flip-flops operate in step with the clock. 

When using manufacturers' data manuals, 
you will notice that many synchronous flip-flops 
are also classified as either edge-triggered or 
master/slave. Figure 7-21 shows two edge-trig
gered flip-flops in the toggle position. On clock 
pulse 1, the positive edge (positive-going edge) 
of the pulse is identified. The second waveform 
shows how the positive-edge-triggered flip
flop toggles each time a positive-going pulse 
occurs (see pulses 1 to 4). On pulse 1 in Fig. 
7-21, the negative edge (negative-going edge) of 
the pulse is also labeled. The bottom waveform 
shows how the negative-edge-triggered flip
flop toggles. Notice that it changes state, or tog
gles, each time a negative-going pulse comes 
along (see pulses I to 4). Especially notice the 

21. In the data-latched mode, a change at 
any of the D inputs to the 7475 latch IC 
has (an immediate effect on 
their respective outputs; no effect on the 
outputs). 

22. When a flip-flop is used to temporarily 
hold data, it is sometimes called 

difference in timing between the positive- and 
negative-edge-triggered flip-flops. This trig
gering time difference is quite important for 
some applications. 

It is common to show the type of trigger
ing on the flip-flop. The logic symbol for a D 
flip-flop with positive-edge triggering is shown 
in Fig. 7-22(a). Note the use of the small > in
side the flip-flop logic symbol near the clock 
input. This > symbol says data are transferred 
to the output on the edge of the pulse. A logic 
symbol for a D flip-flop using negative-edge 
triggering is shown in Fig. 7-22(b). The added 
invert bubble at the clock input shows that trig
gering occurs on the negative-going edge of the 
clock pulse. Finally, a typical D latch symbol is 
shown in Fig. 7-22(c). Note the lack of a> sym
bol next to the enable (similar to a clock) input. 
This means that this unit is not considered an 
edge-triggered unit. Like the R-S flip-flop, the 
D latch is considered asynchronous. Recall that 
the D latch normal output (Q) follows its input 

Positive 
edge 

Negative 
edge 

OUTPUTS 
Q 

Clock pulses 

Positive-edge FF 
(toggle position) 

Negative-edge FF 
(toggle position) 

~ ..---- ..----
1 2 ~ 

Fig. 7-21 Waveforms for positive· and negative-edge-triggered flip-flops. 
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J-K master/ 
slave flip-flap 

Triggering the 
J-K master/slave 
flip-flap. 

D Q D Q 

FF FF 

---1> CLK Q ---.....-- CLK Q 

(a) (b) 

D Q 

Latch 

EorG Q 

(c) 

Fig. 7-22 (a) Logic symbol For positive-edge-triggered D flip
flop. (b) Logic symbol For negative-edge-triggered D 
flip-flop. ( c) Logic symbol For D latch. 

(D) when the enable (E) input is HIGH. The 
data are latched when the enable input drops to 
LOW. Several manufacturers label the enable 
input with a "G" on the D latch. 

Another class of flip-flop triggering is the 
master/slave type. The J-K master/slave flip
flop uses the entire pulse (positive edge and neg
ative edge) to trigger the flip-flop. Figure 7-23 
shows the triggering of a master/slave flip-flop. 

OUTPUT 

Clock 

J+K 

J-K master/ Q 
slave FF 

a 

Toggle position 

Fig. 7-23 Triggering the J-K master/slave flip-flop. 

Supply the missing word in each statement. 

23. A positive-edge-triggered flip-flop 
changes state on the (HIGH-
to-LOW, LOW-to-HIGH) transition of the 
clock pulse. 
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Pulse 1 shows four positions (a to d) on the 
waveform. The following sequences of opera
tion takes place in the master/slave flip-flop at 
each point on the clock pulse: 

Point a: Leading edge-isolate input from 
output. 

• Point b: Leading edge-enter information 
from J and K inputs. 

• Point c: Trailing edge-disable J and K 
inputs. 

• Point d: Trailing edge-transfer 
information from input to output. 

A very interesting characteristic of the 
master/slave flip-flop is shown during pulse 2, 
Fig. 7-23. Notice that at the beginning of pulse 
2, the outputs are disabled. For a very brief mo
ment, the J and K inputs are moved to the toggle 
positions (see point e) and then disabled. The 
J-K master/slave flip-flop "remembers" that 
the J and K inputs were in toggle positions, and 
it toggles at point f on the waveform diagram. 
This memory characteristic happens only while 
the clock pulse is HIGH (at logical 1). 

Master/slave triggering has become obsolete 
with the newer edge-triggered flip-flops. For 
instance, the master/slave 7476 flip-flop is re
placed by the 74LS76 device. It has the same 
pin diagrams and functions, but the newer 
74LS76 IC uses negative-edge triggering. 

d 
2 

0 

e 

Disable position 
0 

~---o 

24. A negative-edge-tliggered flip-flop 
changes state on the (HIGH-
to-LOW, LOW-to-HIGH) transition of the 
clock pulse. 



25. The">" near the clock input inside a 
flip-flop logic symbol means ___ _ 

26. The 74LS112 J-K flip-flop detailed in 
Fig. 7-16 uses (positive-edge 
triggering, negative-edge triggering). 

27. The 7474 D flip-flop detailed in Fig. 7-12 
uses (positive-edge triggering, 
negative-edge triggering). 

7-7 Schmitt Trigger 
Digital circuits prefer waveforms with fast rise 
and fall times. The waveform on the right side 
of the inverter symbol in Fig. 7-24 is an exam
ple of a good digital signal. The square wave's 
L-to-H and H-to-L edges are vertical. This 
means that the rise and fall times are very fast 
(almost instantaneous). 

The waveform to the left of the inverter 
symbol in Fig. 7-24 has very slow rise and 
fall times. The poor waveform on the left in 
Fig. 7-24 might lead to unreliable operation if 
fed directly into counters, gates, or other digi
tal circuitry. In this example, a Schmitt-trigger 
inverter is being used to "square up" the input 
signal and make it more useful. The Schmitt 
trigger in Fig. 7-24 is reshaping the waveform. 
This is called signal conditioning. Schmitt trig
gers are widely used in signal conditioning. 

A voltage profile of a typical TTL inverter 
(7404 IC) is reproduced in Fig. 7-25(a). Of spe
cial interest is the switching threshold of the 
7404 IC. The switching threshold may vary from 
chip to chip, but it is always in the undefined re
gion. Figure 7-25(a) shows that a typical 7404 
IC has a switching threshold of + 1.2 V. In other 
words, when the voltage rises to + 1.2 V, the out
put changes from HIGH to LOW. However, if the 

"JV\ L 

Fig. 7-24 Schmitt trigger used For wave shaping. 

28. J-K master/slave flip-flops (such as the 
7476 IC) using the entire pulse to trigger the 
unit have become obsolete, replaced by the 
newer edge-triggered flip-flops. (Tor F) 

voltage drops below + 1.2 V, the output switches 
from LOW to HIGH. Most regular gates have a 
single switching threshold voltage whether the 
input voltage is rising (L to H) or falling (H to L). 

A voltage profile for a 7414 Schmitt-trigger 
inverter TTL IC is sketched in Fig. 7-25(b). 
Note that the switching threshold is different 
for positive-going (V +) and negative-going 
(V -) voltages. The voltage profile for the 
7414 IC shows that the switching threshold is 
1.7 V for a positive-going (V+) input voltage. 
However, the switching threshold is 0.9 V for 
a negative-going (V-) input voltage. The dif
ference between these switching thresholds 
(1.7 V and 0.9 V) is called hysteresis. Hys
teresis provides for excellent noise immunity 
and helps the Schmitt trigger square up wave
forms with slow rise and fall times. 

Schmitt triggers are also available in CMOS. 
These include the 40106, 4093, 74HC14, and 
74AC14 ICs. 

One of the characteristics of a bistable mul
tivibrator (or flip-flop) is that its outputs are 
either HIGH or LOW. When changing states 
(H to L or L to H), they do so rapidly without 
the outputs being in the undefined region. This 
"snap action" of the output is also characteristic 
of Schmitt triggers. 

OUTPUT 

er- LJLH 
L 

Rise and fall times 

7414 Schmitt
trigger inverter 
TTL IC 

Schmitt-trigger 
inverter 

Hysteresis 

Signal canditianing 

Switching 
thresh aid 
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IEEE logic symbols 

+5V 

+4V 

+3V 

INPUT 
VOLTAGE 

HIGH 

+2V -----· 2.0V 
Undefined 

OUTPUT 
VOLTAGE 

HIGH 

Undefined 

+5V 

+4V 

+3V 

+2V 

+1V - - - - - · 1.2 V Switching threshold +1V 

GND 

+5V 

+4 

-----· 0.8V 
LOW 

INPUT 
VOLTAGE 

(a) 

7414 

LOW 
GND 

OUTPUT 

VOLTAGE +SV 

+4V 

H V- -[))o---

1 ~: j: 0.9 V Swttch;og thm,hold 

+3 

Switching +2 

HIGH 

+3V 

threshold / 
(positive going) 1.7 V 

+1 

+2V 

Undefined 
+1V 

V+ L (negative going) 
LOW GND GND 

(b) 

Fig. 7-25 (a) TTL voltage profiles with switching threshold. (b) Voltage profiles For 7414 TTL Schmitt-trigger 
IC showing switching thresholds. 

Answer the following questions. 

29. The is a good device for 
squaring up a waveform with slow rise 
and fall times. 

30. Draw the schematic symbol for a Schmitt
trigger inverter. 

7-8 IEEE Logic Symbols 

The flip-flop logic symbols you have learned 
are the traditional ones recognized by most 
workers in the electronics industry. Manufac
turers' data manuals usually include traditional 
symbols and are including new IEEE standard 
logic symbols. 

The table in Fig. 7-26 shows the traditional 
flip-flop and latch logic symbols learned in this 

31. A Schmitt trigger is said to have 
____ because its switching thresh
olds are different for positive-going and 
negative-going inputs. 

32. Schmitt triggers are commonly used 
for (memory, signal 
conditioning). 

chapter along with their IEEE counterparts. All 
IEEE logic symbols are rectangular and include 
the number of the IC directly above the sym
bol. Smaller rectangles show the number of du
plicate devices in the package. Notice that all 
inputs are on the left of the IEEE symbol and 
outputs are on the right. 

The IEEE 7474 D flip-flop symbol shows 
four inputs labeled "S" (for "set"), ">Cl" 
(for "positive-edge-triggered clock"), "ID" 
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Flip-Flop/ 
Traditional Logic Symbol IEEE Logic Symbol* 

Latch IC 

7474 TTL 
Dual Preset 
D Flip-flop 1 Preset 

PS 1 Clock 10 
Data D 0 1 Data 

FF 1 Clear 10 

(7474) 2 Preset 20 
Clock CLK 0 2 Clock 

CLR 2 Data 20 

? 
2 Clear 

Clear 

7476 TTL 
Dual Preset 1 Preset 
Master/ 1 J Data -, 10 
Slave PS 1 Clock 
J-K Flip-flop Data-- J 0 1 K Data -, 10 

FF 1 Clear 
Clock CLK 

(7476) 2 Preset 
20 Data K 0 2J Data -, 

CLR 2 Clock 
20 

? 
2 K Data -, 

Clear 
2 Clear 

7475 TTL 7475 
4-bit 1 Data 10 10 
Transparent Do Qo C1 10 
Latch Data { 01 Oo Enable 

Inputs D2 Q1 C2 20 
03 01 2 Data 20 20 

Q2 
3 Data 30 -30 

Enable { Ea.1 02 Enable 
C3 30 

Inputs Q3 C4 40 
E2.3 03 4 Data 40 40 

*IEEE Standard 91-1984 

Fig. 7-26 Comparing traditional and IEEE symbols for several flip-flops. 

(for "data"), and "R" (for "reset"). The tri
angles at the S and R inputs on the IEEE 7474 
symbol identify them as active LOW inputs. 
The 7474 outputs are on the right of the IEEE 
symbol with no internal identifying mark
ings. The Q outputs have triangles suggesting 
active LOW outputs. The markings inside the 
IEEE logic symbols are standard while the 
outside markings vary from manufacturer to 
manufacturer. 

Consider the IEEE logic symbol for the 
7476 dual master/slave J-K flip-flop in 
Fig. 7-26. The internal inputs are marked "S" 
("set"), "lJ" ("J data"), "Cl" ("Clock"), "lK" 
("K data"), and "R" ("reset"). The "7476" 
above the symbol identifies the specific TTL 

IC. The markings near the Q and Q outputs 
are the unique IEEE symbols for pulse trig
gering. The IEEE logic symbol for the 7476 
IC shows that there are two active LOW in
puts (S and R) and a single active LOW output 
(Q) on each J-K flip-flop. The active LOW 
inputs and outputs are marked with a small 
right triangle. The symbol is repeated below 
to indicate that the 7476 IC package contains 
two identical J-K flip-flops. 

The IEEE standard logic symbol for the 
7475 4-bit transparent latch is reproduced in 
Fig. 7-26. Note the four rectangles to represent 
the four D-type latches in the 7475 IC package. 
The four Q output leads are marked with small 
triangles. 
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Answer the following questions. 

33. The "C" marking inside the IEEE sym
bol stands for the control input or the 
____ inputs on the flip-flops. 

34. The complementary (Q) outputs of the 
flip-flops and latches on an IEEE symbol 

7-9 Application: Latched Encoder-
Decoder System 

You have worked hard learning the detailed op
eration of various logic gates, encoders, decod
ers, flip-flops, and input/output devices. Now 
you apply your knowledge of digital devices 
as these components are connected together to 
form a simple digital system. 

A simplified block diagram of the latched 
encoder-decoder system is reproduced in 
Fig. 7-27. The encoder translates one of eight in
puts from the keypad to inverted binary form. The 
latch-enable circuitry generates a positive pulse 
for each keystroke. This positive pulse (latch
enable pulse) causes the transfer of the encoder 
output to the complementary Q outputs of 
the 3-bit latch. This latches normal binary that 
can be observed on the three LEDs at the top 
center. The 3-bit latch holds binary data at the 
decoder inputs. The decoder translates from 

INPUT 

Encoder 

Unlatched inverted 
binary 

_n__ 
Latch
enable 

3-bit 
latch 

Latch- pulse 
enable 
circuitry 

are designated with the ___ _ 
symbol. 

35. The asynchronous clear on the 7474 and 
7476 flip-flop are active ___ _ 
inputs and are marked with the letter "R," 
which stands for ___ _ 

binary-to-seven-segment code, lighting the 
proper segments of the LED display. 

The task of entering a single decimal number 
and having it appear on a seven-segment displays 
seems simple. The electronics to make this hap
pen is fairly complex and well suited to using ICs 
that contain many gates. It has been calculated 
that for using the ICs called for in Fig. 7-28, the 
gate count would total from 60 to 90. 

A wiring diagram will be developed from 
the block diagram sketched in Fig. 7-27. Com
ponents that you have studied will be used to 
implement a working version of the latched 
encoder-decoder system. 

A detailed wiring diagram of the latched 
encoder-decoder circuit is reproduced in Fig. 7-28. 
The circuit was constructed using Multisim. 

A summary of the features are: 

• Input: Keypad with eight active LOW 
normally open switches. 

Latched 
binary 

••• 
Decoder 

OUTPUT 

Fig. 7-27 Block diagram of a latched encoder-decoder system. 
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• Encoder: 74148 8-line-to-3-line priority 
encoder with active LOW inputs and active 
LOW outputs. Eight pull-up resistors hold 
the eight encoder inputs HIGH until driven 
LOW by keypad input(s). 

• Decoder: A binary-to-seven-segment 
display decoder/driver with active HIGH 
inputs is embedded in the decoder/ 
display module. 

• Outputs: (1) 3-bit-unlatched inverted binary 
display, (2) 3-bit-latched binary display, and 
(3) seven-segment LED display embedded 
in the decoder/display module. 

• Memory: 7475 4-bit transparent latch 
with active HIGH inputs and active LOW 
outputs. Only three of the four latches 
are used in this circuit. Data latched with 
enable (EN) inputs are LOW. Data pass 
from inputs to outputs when EN inputs 
are pulsed HIGH. The latch is said to be 
transparent during the HIGH pulse. 

• Latch-enable circuits: The eight-input 
NAND logic gate emits a HIGH, only 
when one or more inputs go LOW. With 
all inputs HIGH, the output of the NAND 
is LOW, which causes the 7475 latches to 
remain latched (not transparent). 

Example: Power ON. Press decimal 1 on the 
keypad, activating input Dl of the encoder IC. 
The 74148 IC generates the inverted binary 110 
(ls complement of binary 001). The 110 (inverted 
binary) is passed on to the data inputs of the 7475 
4-bit latch IC (3 bits used in this circuit). 

Answer the following questions. 

36. Refer to Fig. 7-28. If all switches on the 
keypad are open, then the output from 
the eight-input NAND gate is ___ _ 
(HIGH, LOW). 

37. Refer to Fig. 7-28. The 74148 encoder 
has both active LOW inputs and active 
LOW outputs. (T or F) 

38. Refer to Fig. 7-28. If input key 6 is 
pressed and released, the latched binary 
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Pressing decimal 1 on the keypad. in this 
example also causes the eight-input NAND 
gate (latch-enable circuitry) to output a HIGH. 
This HIGH activates transparent mode of the 
7475 IC as it enters the EN inputs. The positive 
latch-enable pulse causes the 7475 latch IC to 
become transparent for an instant and transfer 
the inverted binary 110 to the complementary 
outputs (Q), where it becomes the true binary 
value of 001. As input switch 1 returns to its 
open position, it outputs HIGH. All inputs to the 
eight-input NAND gate are now HIGH because 
of the eight pull-up resistors (R

1
) causing the 

gate's output to go LOW. When the EN input to 
the 7475 goes LOW, binary data 001 are latched 
at the complementary outputs (Q) and held at 
the inputs of the decoder/display module. 

The seven-segment decoder translates the 
001 binary to seven-segment code, activating 
both segments a and b. This drives the LED 
display, forming the decimal 1. 

The 74148 IC is referred to as a priority 
encoder. The priority feature means that if 
two or more inputs are activated at one time, 
the higher-value input will be output. In other 
words, if both the 2 and 4 inputs to the 74148 
encoder go LOW, the IC will generate the 011 
(ls complement for binary 100), which will 
read 4 on the seven-segment display. 

The latched encoder-decoder in Fig. 7-28 is 
an experimental circuit. This circuit uses com
ponents and digital devices that you have used 
in earlier experiments. 

will be [3-bit binary] and the 
seven-segment display will read decimal 
____ (decimal number). 

39. Refer to Fig. 7-28. In this circuit, the 
latches are used as a type of temporary 
____ (memory, multiplexer). 

40. Refer to Fig. 7-28. The ___ _ 
(74148, 7475) IC converts the inverted 
binary to true binary. 



Chapter 7 Summary and Review 

1. Logic circuits are classified as combinational or 
sequential. Combinational logic circuits use AND, 
OR, and NOT gates and do not have a memory 
characteristic. Sequential logic circuits use flip
flops and involve a memory characteristic. 

2. Flip-flops are wired together to form counters, 
registers, and memory devices. 

3. Flip-flop outputs are opposite, or complementary. 
4. The table in Fig. 7-29 summarizes some basic 

flip-flops. 

5. Waveform (timing) diagrams are used to describe 
the operation of sequential devices. 

6. Flip-flops can be edge-triggered or master/slave 
types. Flip-flops can be pulse- or edge-triggered. 

7. Special flip-flops called latches are widely used in 
most digital circuits as temporary buffer memories. 

8. Schmitt triggers are special devices that are used for 
signal conditioning. 

9. Figure 7-26 compares traditional flip-flop/latch 
symbols with the newer IEEE logic symbols. 

Circuit Logic Symbol Truth Table Remarks 

R-S flip-flop -c s R Q R-S latch s Q"""" Set-reset flip-flop 0 0 prohibited 
FF 0 1 1 set 

-c R Q"""" 1 0 0 reset 

1 1 hold (asynchronous) 

- s CLK s R Q 
Clocked o~ 

R-S flip-flop FF __IL 0 0 hold 
- CLK __IL 0 1 0 reset 

-R o~ __IL 1 0 1 set 

__IL 1 1 prohibited (synchronous) 

Delay flip-flop 

D flip-flop 
-o Q- CLK D Q Data flip-flop 

FF + 0 0 

-'>CLK Q - + 1 1 (synchronous) 

+ = L-to-H transition of clock 

-J 
CLK J K Q 

J-K flip-flop Q-
FF t 0 0 hold Most universal FF 

-0 r;> CLK t 0 1 0 reset 

- K 
Q- t 1 0 1 set 

t 1 1 toggle (synchronous) 

f = H-to-L transition of clock 

Fig. 7-29 Summary of basic flip-flops. 
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Answer the following questions. 

7-1. Logic are the basic building 
blocks of combinational logic circuits; the 
basic building blocks of sequential circuits are 
devices called ------

7-2. List one type of asynchronous and three types 
of synchronous flip-flops. 

7-3. Draw a traditional logic symbol for the follow
ing flip-flops: 

a. J-K c. Clocked R-S 

b. D d. R-S 

7-4. Draw a truth table for the following flip-flops: 
a. J-K (with negative-edge triggering) 

b. D (with positive-edge triggering) 
c. Clocked R-S 
d. R-S 

7-5. If both synchronous and the asynchronous 
inputs on a J-K flip-flop are activated, which 
input will control the output? 

7-6. When we say the flip-flop is in the set condi-
tion, we mean output is at a 
logical _____ _ 

7-7. When we say the flip-flop is in the reset, or clear, 
condition, we mean output is at 
a logical _____ _ 

7-8. On a timing, or waveform, diagram the horizon-

tal distance stands for and the 
vertical distance stands for ------

0 0 

0 0 0 

0 

Fig. 7-3[] Pulse-train problem. 
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7-9. Refer to Fig. 7-7. This waveform diagram is for 
a(n) flip-flop. This flip-flop is 
______ -edge triggered. 

7-10. List two types of edge-triggered flip-flops. 

7-11. The "D" in a "D flip-flop" stands for 
______ , or data. 

7-12. D flip-flops are widely used as temporary mem
ories called ------

7-13. If a flip-flop is in its toggle mode of operation, 

what will the output act like upon repeated 
clock pulses? 

7-14. Identify these acronyms used on traditional flip
flop logic symbols: 

a. CLK 
b. CLR 
c. D 

d. FF 

e. PS 

f. R 

g. s 

7-15. Give a descriptive name for the following TTL 

I Cs: 
a. 7474 
b. 7475 
c. 74LS112 

7-16. The 7474 IC is a(n) -edge-
triggered unit. 

7-17. List the modes of operation of the 7474 IC. 
7-18. List the mode of operation of the 7 4 7 6 J-K flip

flop for each input pulse shown in Fig. 7-30. 
7-19. List the binary outputs at the normal output (Q) 

of the J-K flip-flop after each time period (t
1
-t7) 

shown in Fig. 7-30. 

0 

PS 
0 J Q 

FF 

CLK 

(7476) 

K Q 
CLR 

-

? 



0 0 

0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 

Fig. 7-31 Pulse-train problem. 

INPUT WAVEFORM OUTPUT 

0-? 

Fig. 7-32 Sample problem. 

7-20. List the mode of operation of the 7475 4-bit 
latch for each time period (t

1 
through t

7
) shown 

in Fig. 7-31. 
7-21. List the binary output (4-bit) at the output in

dicators of the 7475 4-bit latch for each time 
period (t

1 
through t7) shown in Fig. 7-31. 

7-1. List two other names sometimes given for an 
R-S flip-flop. 

7-2. Explain the difference between asynchronous 
and synchronous devices. 

7-3. Draw the traditional and IEEE logic symbols 
for a D flip-flop (7474 IC) and a J-K flip-flop 
(7476 IC). 

7-4. Refer to Fig. 7-3. Notice that line 4 is listed 
two times across the bottom. Why does output 
Q = 0 in the first case and then 1 in the second 
case when inputs Rand Sare both 1 in each case? 

7-5. Explain how the 74LS112 J-K flip-flop is 
triggered. 

(7 

0 

0 

0 

0 

0 

Binary output 
? 

Data 8 4s G 1s 

\inputs 

Do Q3 
~ o, 4-bit 02 

02 latch Q, /' 

/Enables 

03 Oo 

(7475) 

Eo-1 

/ E2·3 

7-22. Refer to Fig. 7-32. The output waveform 
on the right of the logic symbol will be a 
______ (sine, square) wave. 

7-23. The inverter in Fig. 7-32 is being used as a sig-
nal (conditioner, multiplexer) 
in this circuit. 

7-24. The logic symbol in Fig. 7-32 is for a symbol 
______ [two words] inverter IC. 

7-25. Identify these markings found inside and on the 
leads of the IEEE flip-flop/latch logic symbols. 
~ C e. J 
b. S f. K 
c. R g. l 

d. D h. >C 

7-6. What is the fundamental difference between 
a combinational logic and a sequential logic 
circuit? 

7-7. List several devices that are built using J-K 
flip-flops. 

7-8. Explain why Schmitt-trigger devices tend to 
"square up" inputs with slow rise times. 

7-9. At the option of your instructor, use circuit 
simulation software to (1) draw the flip-flop cir
cuit sketched in Fig. 7-33; (2) test the operation 
of the flip-flop circuit; (3) make a truth table for 
the flip-flop (something like Table 7-1) listing 
the modes of operation as "set," "reset," "hold," 
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Fig. 7-33 Flip-Flop circuit. 

[Space] 

Fig. 7-34 Circuit showing the application of J-K Flip-Flops. 

1. LOW 
2. pulse t

1 
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pulse t
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= reset 
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3 
= hold 

pulse t
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pulse ts = hold 
pulse t

6 
= reset 

3. pulse t
1 

= 1 
pulse t

2 
= 0 

pulse t
3 

= 0 
pulse t4 = 1 
pulse ts = 1 
pulse t

6 
= 0 

4. HIGH 
5. pulse t

1 
= set 

pulse t
2 

= hold 
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and "prohibited"; and ( 4) determine if it acts 
more like an R-S or a J-K flip-flop. 

7-10. At the option of your instructor, use circuit sim
ulation software to (a) draw the circuit shown 
in Fig. 7-34 using a generic J-K flip-flop with 
negative-edge triggering, (b) test the operation 
of the circuit trying to determine the function 
of the circuit (such as adder, counter, shift reg
ister), and (c) show your instructor your circuit 
simulation. 

pulse t
3 

= reset 
pulse t4 = hold 
pulse ts = set 

6. pulse t
1 

= 1 
pulse t

2 
= 1 

pulse t
3 

= 0 
pulse t

4 
= 0 

pulse t
5 

= 1 
7. HIGH 
8. enable 

OUTPUT 

• 
8s 4s 2s 1s 

9. pulse t
1 

= asynchronous set 
(or preset) 
pulse t

2 
= reset 

pulse t
3 

= set 
pulse t

4 
= asynchronous reset (or clear) 

pulse ts = set 



10. pulse t
1 

= 1 
pulse t

2 
= 0 

pulse t
3 

= 1 
pulse t

4 
= 0 

pulse ts = 1 
11. T 
12. active LOW 
13. pulse t

1 
= asynchronous set (or preset) 

pulse t
2 

= toggle 
pulse t

3 
= reset 

pulse t
4 

= asynchronous reset (or clear) 

pulse ts = set 
pulse t

6 
= toggle 

pulse t
7 

= toggle 
pulse ts = hold 

14. pulse t
1 

= 1 
pulse t

2 
= 0 

pulse t
3 

= 0 
pulse t

4 
= 0 

pulse ts = 1 
pulse t

6 
= 0 

pulse t
7 

= 1 
pulse ts = 1 

15. toggle 
16. HIGH-to-LOW 
17. pulse t 1 = 00 

pulse t
2 

= 01 
pulse t

3 
= 10 

pulse t
4 

= 11 
pulse ts = 00 

18. counter 
19. Q (normal) 
20. LOW 
21. no effect on the outputs 
22. latch 
23. LOW-to-HIGH 
24. HIGH-to-LOW 
25. edge-triggering 
26. negative-edge triggering 
27. positive-edge triggering 
28. T 
29. Schmitt trigger 
30. See figure below 

31. hysteresis 
32. signal conditioning 
33. clock 
34. triangle 
35. LOW, reset 
36. LOW 
37. T 
38. 1102, 6 
39. memory 
40. 7475 
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learning IJutcames 
This chapter will help you to: 

8-1 Draw a circuit diagram of a ripple counter 
using J-K flip-flops. 

8-2 Convert a 4-bit ripple counter to mod-10 
(decade) counter. 

8-3 Analyze the circuit action of any mod-3 through 
mod-8 synchronous counter. 

8-4 Analyze the circuit action of ripple down 
counters. 

ii 8-5 Explain the action of down counters with a 
I self-stopping feature. 
I 

I 8-6 Understand the operation and draw a block 

I diagram of a frequency divider circuit. 
' >/ 8-7 Interpret the data sheets for two TIL counter I Cs 

(7493 4-bit counter and 74192 up/down decade 
counter). Characterize the operation of several 
circuits using TIL counters. 

8-8 Interpret the data sheets for two CMOS 
counter ICs (74HC393 4-bit binary counter 
and 74HC193 4-bit binary up/down counter). 
Summarize the operation of several circuits 
using CMOS counters. 

8-9 Investigate the features of the 4553 threecdigit 
BCD counter. Analyze the operation of a three-
digit decimal counter with multiplexed displays 
(using 4553 BCD counter and 4543 BCD-to-
seven-segment decoder/driver ICs). 

8-10 Determine the operation of an optical sensor used 
as input transducer. Demonstrate knowledge of a 
counter system using optical encoding of a shaft 
encoder disk. 

8-11 Predict the operation of a magnitude com-
parator (74HC85 4-bit magnitude comparator). 
Explain the operation of a simple electronic 
game using a magnitude comparator. 

8-12 Analyze and discuss the operation of a complex 
electronic tachometer. The experimental 
tachometer features a Hall-effect switch input, 
one-shot MV input, three-digit BCD counter 
(4553 IC), seven-segment decoder/driver 
(4543 IC), and three multiplexed seven-segment 
displays. 

8-13 Troubleshoot a simple ripple counter. 
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Counters 

lmost any complex digital system 
contains several counters. A coun

ter's job is the obvious one of counting 
events or periods of time or putting events 
into sequence. Counters also do some not 
so obvious jobs: dividing frequency, ad
dressing, and serving as memory units. This 
chapter discusses several types of counters 
and their uses. Flip-flops are wired together 
to form circuits that count. Because of the 
wide use of counters, manufacturers also 
make self-contained counters in IC form. 
Many counters are available in all TTL and 
CMOS families. Some counter ICs contain 
other devices such as signal conditioning 
circuitry, latches, and display multiplexers. 

8-1 Ripple Counters 

Counting in binary and decimal is illustrated 
in Fig. 8-1. With four binary places (D, C, B, 
and A), we can count from 0000 to 1111 (0 to 
15 in decimal). Notice that column A is the ls 
binary place, or least significant digit (LSD). 
The term "least significant bit" (LSB) is usually 
used. Column D is the Ss binary place, or most 
significant digit (MSD). The term "most signif
icant bit" (MSB) is usually used. Notice that the 
ls column changes state the most often. If we 
design a counter to count from binary 0000 to 
1111, we need a device that has 16 different out
put states: a modulo-16 (mod-16) counter. The 
modulus of a counter is the number of different 
states the counter must go through to complete 
its counting cycle. 

A mod-16 counter using four J-K flip-flops 
is diagrammed in Fig. 8-2(a). Each J-K flip
flop is in its toggle position (J and K both at 1). 
Assume the outputs are cleared to 0000. As 
clock pulse 1 arrives at the clock (CLK) input 
of flip-flop 1 (FF 1), it toggles (on the negative 

LSB 

MSB 

Modulo-16 counter 

Modulus of a 
counter 



BINARY COUNTING 

D c B A DECIMAL 
COUNTING 

8s 4s 2s 1s 

0 0 0 0 0 

0 0 0 1 1 

0 0 1 0 2 

0 0 1 1 3 

0 1 0 0 4 

0 1 0 1 5 

0 1 1 0 6 

0 1 1 1 7 

1 0 0 0 8 

1 0 0 1 9 

1 0 1 0 10 

1 0 1 1 11 

1 1 0 0 12 

1 1 0 1 13 

1 1 1 0 14 

1 1 1 1 15 

Fig. B-1 Counting sequence for a 4-bit electronic counter. 

Clock pulses 

~~ 

CLK 

FF1 Q 

FF2 Q 

OUTPUTS 

1 J Q 

1 K 

FF 1 
CLK 

1 J Q 

1 K 

FF 2 
CLK 

(a) 

edge) and the display shows 0001. Clock pulse 
2 causes FF 1 to toggle again, returning out
put Q to 0, which causes FF 2 to toggle to 1. 
The count on the display now reads 0010. The 
counting continues, with each flip-flop output 
triggering the next flip-flop on its negative
going pulse. Look back at Fig. 8-1 and see that 
column A (ls column) must change state on 
every count This means that FF 1 in Fig. 8-2(a) 
must toggle for each pulse. FF 2 must toggle 
only half as often as FF 1, as seen from col
umn B in Fig. 8-1. Each more significant bit in 
Fig. 8-1 toggles less often. 

The counting of the mod-16 counter is shown 
up to a count of decimal 10 (binary 1010) by 
waveforms in Fig. 8-2(b). The CLK input is 
shown on the top line. The state of each flip
flop (FF 1, FF 2, FF 3, FF 4) is shown on the 
waveforms below. The binary count is shown 
across the bottom of the diagram. Especially 
note the vertical lines on Fig. 8-2(b); these lines 
show that the clock triggers only FF 1. FF 1 
triggers FF 2, FF 2 triggers FF 3, and so on. 

J Q 
FF 3 
CLK 

1 K 

7 

1 J Q 

1 K 

FF 4 
CLK 

a 

9 

OUTPUT 

10 
~--0 

A 

B 

FF3 Q C 

FF4Q D 

Binary count 0000 I 0001 I 0010 I 0011 I 0100 I 0101 I 0110 I 0111 1000 I 1001 i 1010 

(b) 

Fig. B-2 Mod-16 counter. (a) Logic diagram. (b) Waveform diagram. 

Binary count 
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Asynchronous 
counter 

4-bit counter 

Ripple counter 

Mod-10 ripple 
counter 

Decade counter 

Because one flip-flop affects the next one, it 
takes some time to toggle all the flip-flops. For 
instance, at point a on pulse 8, Fig. 8-2(b), notice 
that the clock triggers FF 1, causing it to go to 
0. This in turn causes FF 2 to toggle from 1 to 0. 
This in turn causes FF 3 to toggle from 1 to 0. 
As output Q of FF 3 reaches 0, it triggers FF 
4, which toggles from 0 to 1. We see that the 
changing of states is a chain reaction that rip
ples through the counter. For this reason this 
counter is called a ripple counter. 

Answer the following questions. 

1. The unit in Fig. 8-3 is a(n) ____ -bit 
ripple counter. 

2. The unit in Fig. 8-3 is a mod- ___ _ 
counter. 

0 

Fig. 8-3 Counter problem For test items 1 through 4. 

8-2 Mod-10 Ripple Counters 

The counting sequence for a mod-10 counter is 
from 0000 to 1001 (0 to 9 in decimal). This is 
down to the heavy line in Fig. 8-1. This mod-
10 counter, then, has four place values: 8s, 4s, 
2s, and ls. This takes four flip-flops connected 
as a ripple counter in Fig. 8-4. We must add a 
NAND gate to the ripple counter to clear all 
the flip-flops back to zero immediately after 
the 1001 (9) count. The trick is to look at 
Fig. 8-1 and determine what the next count will 
be after 1001. You will find it is 1010 (deci
mal 10). You must feed the two ls in the 1010 
into a NAND gate as shown in Fig. 8-4. The 
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The counter we studied in Fig. 8-2 could 
be described as a ripple counter, a mod-16 
counter, a 4-bit counter, or an asynchronous 
counter. All these names describe something 
about the counter. The ripple and asynchro
nous labels mean that all the flip-flops do not 
trigger at one time. The mod-16 description 
comes from the number of states the coun
ter cycles through. The 4-bit label tells how 
many binary places there are at the output of 
the counter. 

3. Each J-K flip-flop in Fig. 8-3 is in the 
____ (hold, reset, set, toggle) mode 
because inputs J and K are both HIGH. 

4. List the binary output after each of the six 
input pulses shown in Fig. 8-3. 

J Q 
FF 1 
CLK 

BINARY OUTPUT 

J Q 
FF 2 
CLK 

1 K 
CLR 

? 

NAND gate then clears the flip-flop back to 
0000. The counter then starts its count from 
0000 up to 1001 again. We say we are using 
the NAND gate to reset the counter to 0000. 
By using a NAND gate in this manner, we can 
make several other modulous counters. Fig. 8-4 
illustrates a mod-10 ripple counter. This type of 
counter might also be called a decade (mean
ing 10) counter. 

Ripple counters can be constructed from 
individual flip-flops. Manufacturers also pro
duce ICs with all four flip-flops inside a sin
gle package. Some IC counters even contain 
the reset NAND gate, such as the one used in 
Fig. 8-4. 



Clock pulses 

~SUL 

1 J Q 
FF 1 
CLK 

1 KCLR 

J Q 
FF2 
CLK 

1 
KCLR 

Fig. 8-4 Logic diagram for a mod-10 ripple counter. 

Answer the following questions. 

5. Refer to Fig. 8-4. This is the logic dia-
gram for a mod-10 (ripple, 
synchronous) counter. Because it has 
10 states (counts from 0 through 9), it is 
also called a(n) counter. 

_?J I 

1 J Q 
FF3 
CLK 

1 KCLR 

1 J Q ....___ _ __, 

FF 4 
CLK 

1 
KCLR 

D---

B 

Added reset circuit 

6. List the binary output after each of the six 
input pulses shown in Fig. 8-5. 

7. The circuit in Fig. 8-5 is a ___ _ 
(ripple, synchronous) mod- ___ _ 
counter. 

BINARY OUTPUT 

PS PSQ PSQ 
1 J Q 1 J 1 J 

~ 
FF 1 
CLK 

1 KCLR 

Fig. 8-5 Counter problem for test items 6 and 7. 

8-3 Synchronous Counters 

The ripple counters we have studied are asyn
chronous counters. Each flip-flop does not trig
ger exactly in step with the clock pulse. For some 
high-frequency operations, it is necessary to have 

FF2 FF 3 
CLK CLK ? 

1 KCLR KCLR 

all stages of the counter trigger together. There is 
such a counter: a synchronous counter. 

A synchronous counter is shown in Fig. 8-6(a). 
This logic diagram is for a 3-bit (mod-8) coun
ter. First notice the CLK connections. The clock 
is connected directly to the CLK input of each 

Synchronous 
counter 
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NUMBER BINARY COUNTING 

ROW OF SEQUENCE DECIMAL 
COUNT 

CLOCK PULSES c B A 

1 0 0 0 0 0 

2 1 0 0 1 1 

3 2 0 1 0 2 

4 3 0 1 1 3 

5 4 1 0 0 4 

6 5 1 0 1 5 

7 6 1 1 0 6 

8 7 1 1 1 7 

9 8 0 0 0 0 

(b) 

B-6 A 3-bit synchronous counter. (a) Logic diagram. (b) Counting sequence. 

flip-flop. We say that the CLK inputs are con
nected in parallel. Figure 8-6(b) gives the count
ing sequence of this counter. Column A is the 
binary ls column, and FF 1 does the counting for 
this column. Column B is the binary 2s column, 
and FF 2 counts this column. Column C is the 
binary 4s column, and FF 3 counts this column. 

Let us study the counting sequence of this 
mod-8 counter by referring to Fig. 8-6(a) and (b): 

Pulse 1-row 2 

Circuit action: Each flip-flop is pulsed 
by the clock. 

Only FF 1 can toggle because it is the 
only one with ls applied to both J and 
Kinputs. 

FF 1 goes from 0 to 1. 

Output result: 001 (decimal 1). 

Pulse 2-row 3 

Circuit action: Each flip-flop is pulsed. 

2EiEi Chapter 8 Counters 

Two flip-flops toggle because they 
have ls applied to both J and K inputs. 

FF 1 and FF 2 both toggle. 

FF 1 goes from 1 to 0. 

FF 2 goes from 0 to 1. 
Output result: 010 (decimal 2). 

Pulse 3-row 4 
Circuit action: Each flip-flop is pulsed. 

Only one flip-flop toggles. 

FF 1 toggles from 0 to 1. 

Output result: 011 (decimal 3). 

Pulse~row 5 

Circuit action: Each flip-flop is pulsed. 

All flip-flops toggle to opposite state. 

FF 1 goes from 1to0. 

FF 2 goes from 1to0. 

FF 3 goes from 0 to 1. 

Output result: 100 (decimal 4), 



Pulse 5-row 6 
Circuit action: Each flip-flop is pulsed. 

Only one flip-flop toggles. 

FF 1 goes from 0 to 1. 

Output result: 101 (decimal 5). 

Pulse 6-row 7 
Circuit action: Each flip-flop is pulsed. 

Two flip-flops toggle. 

FF 1 goes from 1 to 0. 

FF 2 goes from 0 to 1. 

Output result: 110 (decimal 6). 

Pulse 7-row 8 
Circuit action: Each flip-flop is pulsed. 

Only one flip-flop toggles. 

Supply the missing word in each statement. 

8. A counter that triggers all the flip-flops 
at the same instant is called a ___ _ 
(ripple, synchronous) counter. 

9. Clock inputs are connected in ___ _ 
(parallel, series) on a synchronous 
counter. 

10. Refer to Fig. 8-6(a). FF 1 is always in the 
____ (hold, reset, set, toggle) mode 
in this circuit. 

8-4 Down Counters 

Up to now we have used counters that count up
ward (0, 1, 2, 3, 4, ... ). Sometimes, however, we 
must count downward (9, 8, 7, 6, ... ) in digital 
systems. A counter that counts from higher to 
lower numbers is called a down counter. 

A logic diagram of a mod-8 asynchronous 
down counter is shown in Fig. 8-7(a); the 
counting sequence for this counter is listed in 
Fig. 8-7(b). Note how much the down coun
ter in Fig. 8-7(a) looks like the up counter in 
Fig. 8-2(a). The only difference is in the "carry" 

FF 1 goes from 0 to 1. 

Output result: 111 (decimal 7). 

Pulse 8-row 9 

Circuit action: Each flip-flop is pulsed. 

All three flip-flops toggle. 

All flip-flops change from 1 to 0. 

Output result: 000 (decimal 0). 

We now have completed the explanation of 
how the 3-bit synchronous counter works. 
Notice that the J-K flip-flops are used in their 
toggle mode (J and Kat 1) or hold mode (J and 
Kat 0). 

Synchronous counters are most often pur
chased in IC form. Synchronous counters are 
available in both TTL and CMOS. 

11. Refer to Fig. 8-6. On clock pulse 4, 
____ (only FF 1 toggles; both FF 1 
and FF 2 toggle; only FF 3 toggles; all 
the flip-flops toggle), producing a binary 
count of 100 at the outputs of the counter. 

12. Refer to Fig. 8-6. The purpose of the 
AND gate is to place (FF 1, 
FF 2, FF 3) in the toggle mode two times 
during the counting cycle [rows 4 and 8 
from Fig. 8-6(b)] while this flip-flop stays 
in the hold mode during other times. 

from FF 1 to FF 2 and the carry from FF 2 to 
FF 3. The up counter carries from Q to the CLK 
input of the next flip-flop. The down counter 
carries from Q (not Q) to the CLK input of the 
next flip-flop. Notice that the down counter has 
a preset (PS) control to preset the counter to 
111 (decimal 7) to start the downward count. 
FF 1 is the binary ls place (column A) counter. 
FF 2 is the 2s place (column B) counter. FF 3 
is the 4s place (column C) counter. Notice in 
Fig. 8-7(a) that all three J-K flip-flops are in 
the toggle mode. 

3-bit synchronous 
counter 

J-K flip-flops in 
either toggle or 
hold modes 

Down counters 

Mod-B 
asynchronous 
down counter 
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Preset -----~11"---1f---41----l---~ 

Clock pulses 

___n_fL_ 

1 J PS Q 
FF 1 

CLK 

1 K 

(a) 

1 J PS Q 

FF 2 

CLK 

1 J PS Q 
FF3 

CLK 

1 K 

NUMBER BINARY COUNTING 

OF SEQUENCE DECIMAL 

CLOCK PULSES 
COUNT 

c B A 

0 1 1 1 7 

1 1 1 0 6 

2 1 0 1 5 

3 1 0 0 4 

4 0 1 1 3 

5 0 1 0 2 

6 0 0 1 1 

7 0 0 0 0 

8 1 1 1 7 

9 1 0 0 6 

(b) 

Fig. 8-7 A 3-bit ripple down counter. (a) Logic diagram. (b) Counting sequence. 

Answer the following questions. 

13. Refer to Fig. 8-7(a). All flip-flops are in 
the (hold, reset, set, toggle) 
mode in this counter. 

14. Refer to Fig. 8-7(a). It takes a (HIGH
to-LOW, LOW-to-HIGH) transition of the 
clock pulse to trigger these J-K flip-flops. 

0 

Fig. 8-B Counter problem for test item 16. 
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15. Refer to Fig. 8-7. On clock pulse 1, 
____ (only FF 1 toggles; both FF 1 
and FF 2 toggle; only FF 3 toggles; all 
the flip-flops toggle) producing a binary 
count of 110 at the outputs of the counter. 

16. List the counter's binary output for each 
of the six input pulses shown in Fig. 8-8. 

BINARY OUTPUT 

J Q 1 J Q 
FF 1 FF2 

/ 
CLK CLK ? 

1 K Q 1 K 
CLR CLR 

~ 



Preset ----e---+---9----t-----., 

Clock pulses 
JPS Q 

FF 1 

CLK 

K Q 

1 JPS Q 

FF2 

CLK 

K Q 

Fig. B-9 A 3-bit down counter with self-stopping feature. 

8-5 Self-Stopping 
Counters 

The down counter shown in Fig. 8-7(a) 
recirculates. That is, when it gets to 000 it 
starts at 111, then 110, and so forth. However, 
sometimes you want a counter to stop when 
a sequence is finished. Figure 8-9 illustrates 
how you could stop the down counter in 
Fig. 8-7 at the 000 count. The counting se
quence is shown in Fig. 8-7(b). In Fig. 8-9 
we add an OR gate to place a logical 0 on 
the J and K inputs of FF 1 when the count at 

Supply the missing word or words in each 
statement. 

17. Refer to Fig. 8-9. This is the logic dia-
gram for a self-stopping 3-bit ___ _ 
(down, up) counter. 

18. Refer to Fig. 8-9. With an output count 
of 000, the OR gate outputs a ___ _ 
(HIGH, LOW). This places FF 1 in the 
____ (hold, toggle) mode. 

1 JPS Q 
FF3 

CLK 

K 

outputs C, B, and A reaches 000. The preset 
must be enabled (PS to 0) again to start the 
sequence at 111 (decimal 7). 

Up or down counters can be stopped after 
any sequence of counts by using a logic 
gate or combination of gates. The output of 
the gate is fed back to the J and K inputs of 
the first flip-flop in a ripple counter. The 
logical Os fed back to the J and K inputs of 
FF 1 in Fig. 8-9 place it in the hold mode. 
This stops FF 1 from toggling, thereby stop
ping the count at 000. 

19. Refer to Fig. 8-9. With an output count 
of 111, the OR gate outputs a ___ _ 
(HIGH, LOW). This places FF 1 in the 
____ (hold, toggle) mode. 

20. Refer to Fig. 8-10. This is a 3-bit ripple 
down counter that has a self-stopping 
feature. (T or F) 

21. Refer to Fig. 8-10. List the 3-bit binary 
counts that appear on the output display 
after input pulses t

1
, t

2
, and ty 

3-bit down counter 
with self-stopping 
feature 

Recirculating 
counter 
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Frequency division 

Divide-by-Em circuit 

Digital clock 

Frequency counter 

Oscilloscopes 
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8-6 Counters as Frequency 
Dividers 

An interesting and common use of counters is 
for frequency division. An example of a simple 
system using a frequency divider is shown in 
Fig. 8-11. This system is the basis for a digital 
clock. The 60-Hz input frequency may be from 
the power line (formed into a square wave). The 
circuit must divide the frequency by 60, and the 
output will be one pulse per second (1 Hz). This 
is a seconds timer. 

A block diagram of a decade counter is 
drawn in Fig. 8-12(a). In Fig. 8-12(b) the wave
forms at the CLK input and the binary 8s place 
(output QJ are shown. Notice that it takes 30 
input pulses to produce 3 output pulses. Using 
division, we find that 30 + 3 = 10. Output QD 
of the decade counter in Fig. 8-12(a) is a divide
by-10 counter. In other words, the output fre
quency at QD is only one-tenth the frequency at 
the input of the counter. 

If we use the decade counter (divide-by-10 
counter) from Fig. 8-11 and a mod-6 counter 
(divide-by-6 counter) in series, we get the 
divide-by-60 circuit we need in Fig. 8-11. A dia
gram of such a system is illustrated in Fig. 8-13. 
The 60-Hz square wave enters the divide-by-6 
counter and comes out at 10 Hz. The 10 Hz 
then enters the divide-by-10 counter and exits 
at 1 Hz. 

You are already aware that counters are 
used as frequency dividers in digital time
pieces, such as electronic digital clocks, 
automobile digital clocks, and digital wrist
watches. Frequency division is also used in 
frequency counters, oscilloscopes, and televi
sion receivers. 

INPUT 

60 
Hz __ .._, Divide-by-60 1--.,._ 1 Hz (one pulse 

circuit per second) 

Fig. 8-11 A 1-second timer system. 
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Fig. 8-12 Decade counter used as a divide-by-10 counter. (a) Logic diagram. (6) Waveform diagram. 
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Biquinary counter 

7493 TTL 4-bit 
binary counter 

74192 up/dawn 
decade counter IC 

Supply the missing word in each statement. 

22. Refer to Fig. 8-13. If the input frequency 
on the left is 60,000 Hz, the output 

8-7 TTL IC Counters 

Manufacturers' IC data manuals contain lists 
of counters. This section covers only two repre
sentative types of TTL IC counters. 

The 7493 4-Bit Counter 
The 7493 TTL 4-bit binary counter is detailed 
in Fig. 8-14. The block diagram in Fig. 8-14(a) 
shows that the 7493 IC houses four J-K flip-flops 
wired as a ripple counter. If you look carefully 
at Fig. 8-14(a), you will notice that the bottom 
three J-K flip-flops are prewired internally as 
a 3-bit ripple counter with output Q

8 
connected 

to the clock input of the next lower J-K flip-flop 
and output Qc connected internally to the clock 
input of the bottom J-K flip-flop. Importantly, 
the top J-K flip-flop does not have its QA out
put internally connected to the next lower flip
flop. To use the 7493 IC as a 4-bit ripple counter 
(mod-16), you have to externally connect out
put QA to input B, which is the CLK input of 
the second flip-flop. A counting sequence for 
the 7493 IC wired as a 4-bit ripple counter is 
reproduced in Fig. 8-14(c). Consider the J and 
K inputs to each flip-flop in Fig. 8-14(a): It is 
understood that these inputs are permanently 
held HIGH so the flip-flops are in the toggle 
mode. Notice that the clock inputs suggest that 
the 7493 uses negative-edge triggering. 

Recall the use of a two-input NAND gate to 
change the mod-16 ripple counter to a decade 
counter in Fig. 8-4. Figure 8-14(a) shows that 
such a two-input NAND gate is built into the 
7493 counter IC. Inputs R0(1l and R0<2l are the in
puts to the internal NAND gate. The reset/count 
function table in Fig. 8-14(d) shows that the 7493 
counter will be reset (0000) when both R

0
(1) and 

R
0

(2l are HIGH. When either or both reset inputs 
are LOW, the 7493 IC will count. Caution: If 
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frequency from the decade counter is 
____ Hz. 

23. Refer to Fig. 8-12(a). Output A divides 
the input clock frequency by ___ _ 
(number). 

the reset inputs (R00l and R0(2)) are left discon
nected, they will float HIGH and the 7493 IC 
will be in the reset mode and will not count. 

Note B in Fig. 8-14(d) suggests that you 
can use the 7493 IC as a biquinary counter by 
connecting output Q0 to QA with output QA be
coming the most significant bit. The biquinary 
number system is used in the hand-manipulated 
abacus and soroban. 

The 7493 4-bit ripple counter is packaged 
in a 14-pin DIP as shown in Fig. 8-14(b). Note 
especially the unusual location of the GND 
(pin 10) and Vee (pin 5) connections to the 7493 
counter, which are commonly on the corners of 
the many ICs. 

The 7 4192 Up/Down 
Decade Counter 
A second TTL IC counter is detailed in 
Fig. 8-15. Itis the 74192 up/down decade counter 
IC. Read the manufacturer's description of the IC 
counter in Fig. 8-15(a). Because the 74192 coun
ter is a synchronous counter and has many fea
tures, it is quite complex, as shown in the logic 
diagram reproduced in Fig. 8-15(b). The 74192 
IC is packaged in either a 16-pin dual in-line 
package or a 20-pin surface mount package. The 
pin configurations of both the DIP and surface 
mount packages are drawn in Fig. 8-15(c). Both 
IC packages shown in Fig. 8-15(c) are viewed 
from the top. Note especially the unusual loca
tion of pin 1 on the surface mount package. 

The waveform diagram in Fig. 8-15(d) details 
several sequences used on the 74192 counter IC. 
Useful sequences detailed in the waveform dia
gram are clear, preset (load), count up, and count 
down. The clear (CLR) input to the 74192 is an ac
tive HIGH input while the load is an active LOW 
input. Counterparts to the 74192 synchronous 
up/down counter are the 74LS192 and 74HC192. 



(a) BLOCK DIAGRAM 

J Q QA 

Input A CLK 

KCLR 

J Q Oa 

Input B CLK 

KcLR 

Qe 

CLK 

Q Qo 

CLK 

KcLR 
Ro(l) 

Ro(2) 

The J and K inputs shown without connection for 
reference only and are functionally at a high level. 

(c) COUNT SEQUENCE: Wired as 4-Bit Counter* 

OUTPUT 
COUNT 

Qo Qe Qa QA 

0 L L L L 

1 L L L H 

2 L L H L 

3 L L H H 

4 L H L L 

5 L H L H 

6 L H H L 

7 L H H H 

8 H L L L 

9 H L L H 

10 H L H L 

11 H L H H 

12 H H L L 

13 H H L H 

14 H H H L 

15 H H H H 

Output QA is connected to input 8. 

(b) PIN CONFIGURATION 

Input 
B 

B A 
Ro(l) Ro(1) NC 

Ro(2) Ro(2J QA QA 

NC 4 Qo Qo 

Vee 5 GND 

NC 6 Qa Qa 
Qe 

NC 7 8 Qe 

(d) RESET/COUNT FUNCTION TABLE 

RESET INPUTS OUTPUT 

R0 (1) R0 (2) Qo Qe Qa QA 

H H L L L L 

L x Count 

x L Count 

NOTES: 
A. Output QA is connected to input B for BCD count (or 

binary count). 
B. Output Q0 is connected to input A for 

biquinary count. 
C. H = high level, L = low level, X = irrelevant. 

Fig. 8-14 A 4-bit binary counter IC (7493). (a) Block diagram. (b) Pin configuration. (c) Count sequence. 
( d) Reset/ count function table. 

Applications 
You probably have already figured out that some 
of the features are not used on these IC counters 
for some applications. Figure 8-16(a) (p. 275) 
shows the 7493 IC counter being used as a mod-8 
counter. Look back at Fig. 8-14, and notice that 

several inputs and an output are not being used. 
Figure 8-16(b) shows the 74192 counter being 
used as a decade down counter. Six inputs and 
two outputs are not being used in this circuit. 
Simplified logic diagrams similar to those in 
Fig. 8-16 are more common than the compli
cated diagrams in Figs. 8-14(a) and 8-15(b). 

4-bit binary 
counter IC (7493) 
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(a) DESCRIPTION 

This monolithic circuit is a synchronous reversible (up/down) counter having a complexity of 55 equivalent gates. 
Synchronous operation is provided by having all flip-flops clocked simultaneously so that the outputs change 
coincidentally with each other when so instructed by the steering logic. This mode of operation eliminates the output 
counting spikes which are normally associated with asynchronous (ripple-clock) counters. 

The outputs of the four master-slave flip-flops are triggered by a low-to-high-level transition of either count (clock) input. 
The direction of counting is determined by which count input is pulsed while the other count input is high. 

All four counters are fully programmable; that is, each output may be preset to either level by entering the desired data 
at the data inputs while the load input is low. The output will change to agree with the data inputs independently of the 
count pulses. This feature allows the counters to be used as modulo-N dividers by simply modifying the count length 
with the preset inputs. 

A clear input has been provided which forces all outputs to the low level when a high level is applied. The clear 
function is independent of the count and load inputs. The clear, count, and load inputs are buffered to lower the drive 
requirements. This reduces the number of clock drivers, etc., required for long words. 

These counters were designed to be cascaded without the need for external circuitry. Both borrow and carry outputs 
are available to cascade both the up- and down-counting functions. The borrow output produces a pulse equal to the 
count-down input when the counter underflows. Similarly, the carry output produces a pulse equal in width to the 
count-up input when an overflow condition exists. The counters can then be easily cascaded by feeding the borrow 
and carry outputs to the count-down and count-up inputs respectively of the succeeding counter. 

(b) LOGIC DIAGRAM 

Data 
Input A 

Down 

Up 

Data 
Input B 

Data 
Input C 

Data 
Input D 

CLR 

v 

' 

I 
-

r-1--7 

~ 

\.. 

r-1-" 

~ 
rJo--. 

'c 

r-1--F 
~ 

~ 
' r-1--7 

~-

~ 
~ 

_j_ 
s Output QA 

T 
R :>-

..,---...,., ~ 
~ 

s 
Output Oa 

T 
R p-

~ 

..-6-
s Output Oc 

T 
R P-

~ ~ 
-

1 
s 
T 

Output Oo 

R :>-

Ji 1\ 
v -Synchranaus LOAD 

decade up/dawn 
counter IC (74192) fig. 8-15 Synchronous decade up/down counter IC (74192). (a) Description. (b) Logic diagram. 
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(c) PIN CONFIGURATIONS 

(Top view) 

B 16 Vee 

Qa 2 15 A 

QA 3 14 CLR 

Down 4 13 BO 

Up 5 12 co 

Qc 6 11 LOAD 

Qo 7 10 c 
GND 8 9 D 

Dual in-line package 

"' 0 () 

0 en z .;: <( 

QA 4 

Down 5 

NC 6 

UP 7 

Qc 8 

Cl 0 0 Q () 
Oz z 

(!) 

Pin 1 
marker 

(d) TYPICAL CLEAR, LOAD, AND COUNT SEQUENCE 

Illustrated below ls the following sequence: 
1. Clear output to zero. 3. Count up to eight, nine, carry, zero. one, and two. 
2. Load (preset) to BCD seven. 4. Count down to one, zero, borrow, nlne, eight, and seven. 

::~================== 
Data{; :Jt:--tf================== c...rtr1t================== D I I 11-------------------! ! -----------------

Co~:tu~~~~ I I i i ~ ! 

{

QA: 

o - I 
Outputs 

8
: I 

Oc_ I 

Oo=-lll~'----;...-.>---~ 
Carry II I~ 1 

Borrow!! II~ U : 
101 171 I s 9 o 1 2 I 

1
1 o 9 s 7 I 

c~r Pr'"es'et ~Count up~ """*-Count down-+-

Plastic leadless chip carrier package NOTES: A. Clear overrides load, data, and count inputs. 
8. When counting up, count~down input must be high; when counting down, count~up input 

must be high. NC = No internal connection 

Fig. 8-15 (cont) (c) Pin configurations. (d) Waveforms. 

Clock pulses 

_SUl_Sl_ Input B 

Reset= 1 { 
Count= 0 

Clock pulses 

_SUl_Sl_ 

(a) 

Count 
down 

CLK 

R0 (1) 

R0 (2) 

Qo 

Qc 1-----~ 

Qa 1--------' 

(7493) 
Counter 

CLK 

Qo 

Qc 1------' 

Qa 1--------' 

QA>---------~ 

Reset = 1 Clear CLR 
Count= O 

(b) 

(74192) 
Counter 

Fig. B-1Ei Two applications. (a) 7483 IC wired as a mod·B up counter. 
(b) 74182 IC wired as a decade down counter. 

Mad-8 counter 

Decade dawn 
counter 
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Answer the following questions. 29. Refer to Fig. 8-15. The data inputs (D, C, 

24. Refer to Fig. 8-14. If both inputs to the 
B, andA) of the 74192 IC are used to pre-

NAND gate (pins 2 and 3 on the 7493 IC) 
set the four outputs (QD, Qc, Q8, and QA) 

are HIGH, the output from the 7493 
along with an (active HIGH 

counter will be [4 bits]. 
carry, active LOW LOAD) input. 

25. Refer to Fig. 8-14. The 7493 IC is a(n) 
30. Refer to Fig. 8-15. List the two clock in-

-bit (down, up) 
puts to the 7 4192 counter IC. 

counter. 
31. Refer to Fig. 8-15. The borrow and 

26. Refer to Fig. 8-15. The 74192 IC is a 
carry outputs from the 74192 IC are used 

(decade, mod-16) up/down 
when several counter I Cs are cascaded. 

(ripple, synchronous) counter. 
(Tor F) 

27. Refer to Fig. 8-15. The clock input to 
32. List the output frequency at points B, C, 

the 74192 for counting upward is pin 
and Din Fig. 8-17. 

[number] on the DIP IC. 
33. The 7493 IC is a ripple divide-by-2, 

divide-by-4, and divide-by-
28. Refer to Fig. 8-15. The 74192 IC has an 

active (HIGH, LOW) clear 
unit in Fig. 8-17. 

input. 

+SV OUTPUTS 

5 ? ? ? 

INPUT Oo 
11 D c B 

JLfUL- 8 
Input B Oc 

400 Hz 9 
Counter Oa 
(7493) 

2 
R0 (1) 

R0 (2) 
GND 

10 

Fig. B-17 Counter problem for test items 32 and 33. 

74HC393 dual 
4-bit binary ripple 
counter 

T flip-flap 

8-8 CMOS IC Counters 
Manufacturers of CMOS chips offer a variety 
of counters in IC form. This section covers only 
two types of CMOS counters. 

The 7 4HC393 4-Bit Binary Counter 
The diagrams in Fig. 8-18 detail a 74HC393 
dual 4-bit binary ripple counter. A function 
diagram (something like a logic diagram) of the 
74HC393 counter IC is shown in Fig. 8-18(a). 
Note that the IC contains two 4-bit binary 
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ripple counters. The table in Fig. 8-18(b) gives 
the names and functions of each input and out
put pin on the 74HC393 IC. Note that the clock 
inputs are labeled with the letters CP instead of 
CLK, as used earlier. Pin labels vary from man
ufacturer to manufacturer. For this reason, you 
must learn to use manufacturers' data sheets for 
exact information. 

Each 4-bit counter in the 74HC393 IC pack
age consists of four T flip-flops. A T flip-flop 
is any flip-flop that is in the toggle mode. This 
is shown in the detailed logic diagram drawn in 



100 3 
1 1CI' PIN DESCRIPTION 

4-BIT 10, 4 
BINARY 
RIPPLE 102 5 

PIN NO. SYMBOL NAME AND FUNCTION 
2 1MR COUNTER 

10, 6 1, 13 1CP, 2CP clock inputs (HIGH-to-LOW, edge-triggered) 

2, 12 1MR, 2MR asynchronous master reset inputs (active HIGH) 
200 11 

13 2CI' 
3, 4, 5, 6, 100 to 103, 

flip-flop outputs 
4-BIT 20, 10 11, 10, 9, 8 200 to 203 

BINARY 
RIPPLE 202 9 

12 2MR COUNTER 
203 8 

7 GND ground (0 V) 
14 Vee positive supply voltage 

(b) 

(a) 

393 

(c) (d) 

Fig. 8-18 CMOS dual 4-bit binary counter IC (74HC393). (a) Function diagram. (b) Pin descriptions. 
(c) Detailed logic diagram. (d) Pin diagram. 

74HC393 4-
bit- counter 

Fig. 8-18(c). Note that the MR input is an asyn
chronous master reset pin. The MR pins are ac
tive HIGH inputs. In other words, a HIGH at 
the MR input will override the clock and reset 
the individual counter to 0000. 

A pin diagram for the 74HC393 IC is repro
duced in Fig. 8-18(d). This dual in-line package 
IC is being viewed from the top. The counting 
sequence for the 74HC393 counter is binary 
0000 through 1111 (0 to 15 in decimal). 

The functional diagram in Fig. 8-18(a) and 
logic diagram in Fig. 8-18(c) both suggest that 
the counters are triggered on the HIGH-to
LOW transition of the clock pulse. The outputs 
(Q

0
, Q

1
, Q

2
, Q

3
) of the ripple counter are asyn

chronous (not exactly in step with the clock). As 
with all ripple counters, there is a slight delay 
in outputs because the first flip-flop triggers 
the second, the second the third, and so forth. 
Note that the> symbol at the clock (CP inputs) 
has been omitted by this manufacturer. Again, 
many variations occur in both labels and logic 
diagrams from manufacturer to manufacturer. 

The 74HC193 4-Bit Binary 
Up/Down Counter 
The second CMOS IC counter we shall dis
cuss is the 74HC193 presettable synchronous 
4-bit binary up/down counter IC. The 74HC193 

counter has more features than the 74HC393 IC. 
Manufacturer's information on the 74HC193 
counter IC is detailed in Fig. 8-19. 

A function diagram of the 74HC193 IC is 
drawn in Fig. 8-19(a) with pin descriptions fol
lowing in Fig. 8-19(b). The 74HC193 has two 
clock inputs (CP u and CP J. One clock input is 
used for counting up (CP u) and the other when 
counting down (CP J. Figure 8-19(b) notes 
that the clock inputs are edge-triggered on the 
LOW-to-HIGH transition of the clock pulse. 

A truth table for the 74HC193 counter is 
drawn in Fig. 8-19(d). The operating modes 

Devices in the Medical Field 

74HC193 
presettable 
synchronous 4-bit 
binary up/down 
counter IC 

• In the past, blood tests required several vials of blood be
cause testing machines couldn't handle small quantities. 
A new method encapsulates blood within a dime-sized 
"vial" and moves blood electrically within a computer 
chip with channels that carry liquid instead of wires. For 
this procedure, less than a billionth of a liter needs to be 
sampled. 

• Deeply embedded bodily aliments, such as kidney disor
ders, that cause scar tissue can be located when medi
cal personnel use ultrasound together with touch. When 
organs do not move freely, the area is scarred. 
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CMOS presettable 
4-bit synchronous 
up/down counter 
IC (74HC193) 
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15 1 

D, D, D, D, 

COUNTER 

PIN DESCRIPTION 

FLIP FLOPS PIN NO. SYMBOL 

o, o, o, o, 3, 2, 6, 7 O,toQ, 
15 1 10 9 4 CPD 

5 CPu 
8 GND 

(a) 
-

11 PL 
12 ~u 
13 TC0 

14 MR 

193 15, 1,10, 9 D,toD, 
16 Vee 

•LOW-to-HIGH, edge triggered 

(c) 

INPUTS 
OPERATING MODE 

MR PL CPu CP0 Do D, D, 

reset (clear) 
H x x L x x x 
H x x H x x x 
L L x L L L L 

parallel load 
L L x H L L L 
L L L x H H H 
L L H x H H H 

count up L H t H x x x 
count down L H H t x x x 

• TCu = CPu at terminal count up (HHHH) 
t TCD = CPo at terminal count down (LLLL) 

H = HIGH voltage level 
L = LOW voltage level 
X = don't care 

NAME AND FUNCTION 

flip-flop outputs 
count down clock input• 

count up clock input' 
ground (0 V) 
asynchronous parallel load input (active LOW) 

terminal count up (carry) output (active LOW) 
terminal count down (borrow) output (active 

LOW) 

asynchronous master reset input (active HIGH) 
data inputs 
positive supply voltage 

(b) 

OUTPUTS 

D, o. o, o, o, TC0 TC0 

x L L L L H L 

x L L L L H H 

L L L L L H L 
L L L L L H H 
H H H H H L H 
H H H H H H H 

x count up H' H 

x count down H Ht 

t = LOW-to-HIGH clock transition 

(d) 

MR 111 

0, 

o, 

o, 

13 14 15 15 14 13 

-+ - COUNT UP - - COUNT DOWN 
CLEAR PRESET 

(e) 

(1) Clear overrides load, data and 
count inputs. 

(2) When counting up the count down 
clock input (CP0 ) must be HIGH, 
when counting down the count up 
clock input (CPu) must be HIGH. 

Sequence 
Clear (reset outputs to zero); 
load (preset) to binary thirteen; 
count up to fourteen, fifteen, 

terminal count up, zero, one 

and two; 
count down to one, zero, 

terminal count down, fifteen, 
fourteen and thirteen. 

Fig. B-19 CMOS prnsettable 4-bit synchronous up/down counter IC (74HC183). (a) Function diagram. 
(b) Pin descriptions. (c) Pin diagram. (d) Truth table. (e) Typical clear, preset, and count sequence. 



for the counter on the left give an overview of 
the many functions of the 74HC193 counter. 
Its modes of operation are reset, parallel load, 
count up, and count down. The truth table in 
Fig. 8-19(d) also makes it clear which pins are 
inputs and which are outputs. 

Typical clear (reset), preset (parallel load), 
count up, and count down sequences are shown 
in Fig. 8-19(e). Waveforms are useful when in
vestigating an IC's typical operations or timing. 

Applications 
Figures 8-20 and 8-21 show two possible ap
plications for the CMOS counter ICs studied 
in this section. Figure 8-20 shows a logic dia
gram for a 74HC393 IC wired as a simple 4-bit 

Clock pulses 

JlJLJL 

Clear= 1 
Count= 0 

Clock 

Reset 
MR 

binary counter. The MR (master reset) pin must 
be tied to either 0 or 1. The MR input is an ac
tive HIGH input so a 1 clears the binary out
puts to 0000. With a logical 0 at the reset pin 
(MR), the IC is allowed to count upward from 
binary 0000 to 1111. 

The 74HC193 CMOS IC is a more sophisti
cated counter. Figure 8-21 diagrams a mod-6 
counter, which starts at binary 001 and counts 
up to 110 (1to6 in decimal). This might be use
ful in a game circuit where the rolling of dice is 
simulated. The NAND gate in the mod-6 coun
ter activates the asynchronous parallel load 
(PL) input with a LOW just after the highest 
required count of binary 0110. The counter is 
then loaded with 0001, which is permanently 

Counter 
(74HC393) 

4s 

03 
021-----~ 

2s 

O,o-------~ 

001----------~ 

Fig. B-21J A 74HC393 IC wired as a 4-bit binary counter. 

0 0 0 4s 2s 1s 

PL 03 

Do 02 

D, o, 

02 Oo 

03 Counter 

+5V 
(74HC193) 

Clock pulses CPo 
II II II Countup 

_J LJ LJ L ----'-----l CPu 

MR 

Fig. B-21 A 74HC193 IC wired as a mod-6 counter. 

4-bit binary 
counter 

Mod-6 counter 
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Internet 
Connection 
Relevant data sheets 
can be Found at 
www.onsem1.com. 

Display multiplexing 

connected to the data inputs (D
0 

to D). Clock 
pulses enter the count-up clock input (CP u). 
The count-down clock input (CP J must be tied 
to +5 V, and the master reset (MR) pin must be 

Answer the following questions. 

34. Refer to Fig. 8-18. The 74HC393 IC 
contains two (4-bit binary, 
decade) counters. 

35. Refer to Fig. 8-18. The reset pin (MR) 
on the 74HC393 counter is an active 
____ (HIGH, LOW) input. 

36. Refer to Fig. 8-18. The 74HC393 coun
ter's clock inputs are triggered by the 
____ (H-to-L, L-to-H) transition of 
the clock pulse. 

37. The circuit drawn in Fig. 8-20 is a mod-
---- [number] (ripple, 
synchronous) counter. 

38. Refer to Fig. 8-19. The 74HC193 is a pre-
settable (ripple, synchronous) 
4-bit up/down counter IC. 

8-B A Three-Digit BCD Counter 

Historically more and more electronic func
tions are being embedded in a single IC. The 
three-digit BCD counter IC will demonstrate 
this trend and also feature some devices that 
you have studied. 

The 4553 (MC14553) CMOS three-digit 
BCD counter will be featured in this section. A 
simplified functional block diagram of the 4553 
IC is sketched in Fig. 8-22(a). You will notice 
that the 4553 IC contains three cascaded decade 
counters. Cascading counters means that the ls 
BCD counter triggers the 10s counter as it recir
culates from lOOlBcD to OOOOBcD· In like man
ner, the 10s counter triggers the lOOs counter 
as it recirculates from lOOlBcD to OOOOBcD· The 
BCD output from the three counters are fed 
through the three 4-bit transparent latches. The 
BCD data are then transferred to a display mul
tiplexer circuit. The display multiplexing circuit 
will drive three 7-segment displays. 
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grounded to disable these inputs and allow the 
counter to operate. The mod-6 counter circuit 
in Fig. 8-21 shows the flexibility of the CMOS 
74HC193 presettable 4-bit up/down counter IC. 

39. Refer to Fig. 8-19. The reset pin (MR) is 
____ (asynchronous, synchronous) 
and overrides all other inputs on the 
74HC193 IC. 

40. Refer to Fig. 8-19. The outputs of the 
74HC193 are labeled (D

0
-D

3
, 

Qo-QJ 
41. Refer to Fig. 8-21. List the binary count

ing sequence for this counter circuit. 
42. Refer to Fig. 8-21. What is the purpose of 

the three-input NAND gate in this counter 
circuit? 

43. Refer to Fig. 8-18(a). How do you explain 
the lack of the > symbol near the clock 
inputs since the 74HC393 counters are 
edge-triggered? 

The 4553 BCD counter IC detailed in 
Fig. 8-22(a) also features a pulse-shaper cir
cuit to square up the incoming clock pulses. 
The CLK (clock) input to the 4553 is negative
edge-triggered. The display multiplexer cir
cuitry turns on just one of the three decimal 
displays at a time, feeding the correct BCD 
output to the display. The multiplexing should 
occur at a rate of about 40- to 80-Hz. An exter
nal capacitor (C) can be attached between the 
C and C pin; of the IC to set the scan oscil-

tA lB . 
lator frequency. Capacitor C

1 
would typically 

have a value of about 0.001 µF. 
The disable clock, master reset, and latch en

able inputs to the 4553 counter IC are all ac
tive HIGH inputs, and the 4-bit BCD outputs 
(Q

0
-Q

3
) are active HIGH. The digit select (DS1, 

DS and DS ) pins are active LOW outputs. 
2' 3 
A truth table drawn in Fig. 8-22(b) for the 

4553 three-digit BCD counter IC shows a few 
of the modes of operation. These modes of 



1\\JPUTS 

Negative-edge 
triggered ------> 

Active HIGH ____.,_ 

Active HIGH ---+-

Active HIGH ____.,_ 

12 
9----C 
- 11 -

- 13 -

- 10 -

4 ---- 3 

CLK 
Pulse 

Disable shaper 
Clock 

Master reset 

Latch enable 

C1A 

c1B 

+5V 

116 
Voo 

~ 1s --counter - c---+ 

~ 
10s - c---+ 

counter 

c~ 

~ 
100s - r-+ 

counter 
0-+ 4~ 

Vss 

J_ 8 

(a) 

Partial Truth Table: 4553 3-Digit BCD Counter IC 

1s 
latch 

10s 
latch 

100s 
latch 

Mode of INPUTS 

operation 

Master reset 

Count up 

Disable clock 

Latch outputs 

O=LOW 
1 =HIGH 

MR CLK 

1 x 

0 t 
0 x 

0 x 

Master Clock 
reset' 

t = HIGH-to-LOW transition of clock pulse 
X =Irrelevant 

DIS 

x 

0 

1 

x 

Disable 
the 

clock 

(b) 

Fig. B-22 4SS3 three-digit BCD counter IC. (a) Functional block diagram. (b) Partial truth table. 

-

-

-

LE 

0 

0 

0 

1 

OUTPUTS 

DS1 

DS2 
-

Display 
DS3 

Multi player 

~2 
L -SD 

- -
1 - -- -

~15 -- -
M SD 

Digit select 
(active LOW) 

Oo 9 --
01 7 --
02 6 --
03 5 --

} 

BCD outputs 
(active HIGH) 

t 
Scan 

oscillator 

I I 

OUTPUTS 

0000 0000 OOOOsco 

Advance count by 1 

No change 

Latches BCD data 

Latch 
enable 
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N 
CD 
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£1l 

-g. 
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CD 

n 
0 c 
:::J 
fir 
LJl 

INPUTS 

___n_rc 
O=Count 
1=Reset 

O=Data passes 
1 =Data latched 

Fig. f:l-23 A 3-digit up counter circuit. 
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CLK DS2 

MR 

LE 
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BCD counter 

(4553) 

A 

Ph LE V00 a 

BCD-to- b 
7-segment Oo 

01 

02 

03 

8 
decoder/driver c 

C1A (4543) 
d 

c 
(74HC4543) e 

D 
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DIS Vss Bl Vss g 

B 
01 

Anode 

100s 

+5V 

02 

Anode 

10s 

Decimal output 

1s 

03 
2N3906 

Anode 



operation are the most useful, but several other 
combinations of inputs are possible. When the 
MR input pin goes HIGH, the outputs are reset 
to 0000 0000 00008co· The master reset mode 
of operation is shown in line 1 of the truth table 
in Fig. 8-22(b). The count up mode of operation 
is detailed in line 2 of the truth table. On the 
HIGH-to-LOW transition of the clock pulse, 
the BCD count will advance by 1. Notice from 
Fig. 8-22(a) that only the ls counter is triggered 
by the input clock pulses. The 10s counter is trig
gered by an output from the ls counter, while 
the lOOs counter is triggered by the output from 
the 10s counter (called cascading). The disable 
clock mode of operation happens when the dis
able input pin goes HIGH. The input clock pulses 
are not permitted to reach the ls counter, and the 
BCD output remains the same. 

The three BCD counters are constructed of 
12 T flip-flops that have a memory character
istic. A second layer of memory is provided in 
the 4553 IC in the form of three 4-bit transpar
ent latches. When the LE (latch enable) input 
to the 4553 IC is LOW, the three latches pass 
data directly through to the multiplexer as 
suggested in the functional block diagram in 
Fig. 8-22(a). When the latches pass data through, 
they are said to be transparent. When the LE 
(latch enable) input to the 4553 IC is activated 
by HIGH, the last count from the three BCD 
counters is latched at the inputs to the display 
multiplexer. It is important to understand that 

Answer the following questions. 

44. The 4553 IC contains a pulse shaper, 
three BCD (adders, counters), 
three 4-bit latches, a scan oscillator, and a 
display (multiplexer, shifter). 

45. The MR (master reset) pin on the 4553 IC 
is a(n) (active HIGH, active 
LOW) input that (resets all 
counter outputs to 0, sets all counter out
puts to 1) when activated. 

46. The CLK input to the ls counter on the 
4553 IC is triggered on the ___ _ 
(H-to-L, L-to-H) transition of the clock 
pulse. 

the BCD counters can continue to count up
ward even when the LE (latch enable) input is 
active. However, the BCD output will display 
the former count frozen in the latches. 

Application 
One simple application of the 4553 three-digit 
BCD counter IC is sketched in Fig. 8-23. After 
activating the MR (master reset) input, the 4553 
IC counts the number of input pulses and ac
cumulates the count. The display multiplexer 
activates one 7-segment LED display at a time 
in rapid succession. First, as the ls LED display 
is turned on by a LOW output from the DSl 
output from the 4553 IC, the correct BCD data 
from the ls counter are sent to the 4543 decoder 
and are translated into seven-segment code, 
lighting the appropriate segments. Second, as 
the 10s LED display is turned on by a LOW 
output from the DS2 output from the 4553 IC, 
the new BCD data from the 10s counter are de
coded by the 4543 IC and the 10s LED display 
lights. Third, as the lOOs LED display is turned 
on by a LOW output from the DS3 output of the 
4553 IC, the new BCD data from the lOOs coun
ter are decoded by the 4543 IC and the lOOs 
LED display lights. The multiplexer section in
side the 4553 IC turns only a single display on 
at a time in rapid succession. To the human eye, 
the multiplexed seven-segment displays will ap
pear as being lit continuously even if they are 
being turned on and off many times per second. 

47. All three BCD counters in the 4553 IC 
use (negative-edge, positive-
edge) triggering to increment the count on 
that counter. 

48. The LE (latch enable) pin on the 4553 
IC is an (active HIGH, active 
LOW) input. 

49. Data from the three counters pass through 
the latches as if they were transparent 
when the LE input is (HIGH, 
LOW). 

50. The DIS (disable clock) pin on the 4553 
IC is the same thing as the LE (latch 
enable) input. (Tor F) 

Cascading counter 
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-Switches 

S 1. When the LE input is activated with 
a HIGH, the latest data on the BCD 
counters are frozen at the output of the 
latches, but the BCD counters can still 
count upward with more input pulses. 
(Tor F) 

S2. Refer to Fig. 8-23. The purpose of capaci
tor cl is to (decouple the input 
from the output, set the scan frequency of 
the multiplexer). 

S3. Refer to Fig. 8-23. The (4000, 
4S43) IC serves to translate the BCD 

8-10 Counting Real-World Events 

As we have mentioned before, the processing 
power of digital circuits is not very useful if we 
cannot input data and output results. The block 
diagram in Fig. 8-24(a) is a summary of the sys
tems that we have studied to this point. In the 
digital processing area, we have studied some 
combinational and some sequential logic. We 
have studied several encoders and decoders that 

Interface Digital 
processing - One-shot MV 

-Astable MV 
- Hall-effect 

sensors 
- Pulse-width 

modulators - Combination 
- Sequential 

(a) 

f lot"mptec modole 

Optical 
encoding 1---~ Waveshaping 1-----+1 

Shaft 
encoder 
disk 

(b) 

input to the seven-segment code aiding 
in turning on the proper segments of the 
LED displays. 

S4. Refer to Fig. 8-23. The (4S43, 
4SS3) IC contains an embedded display 
multiplexer, which turns on the proper 
display while routing the correct BCD 
data to the decoder. 

SS. What is the range (lowest to highest in 
decimal) for the 4SS3 counter that could 
be shown in the seven-segment displays 
in Fig. 8-23? 

handle interfacing. We have studied many output 
devices such as LEDs, seven-segment LED, LCD, 
and VF displays, incandescent bulbs, buzzers, re
lays, de motors, and stepper and servo motors. 
We have worked with a few input devices such as 
clocks (both astable and monostable), switches, 
Hall-effect sensors, and pulse-width modulators. 
In this section we will add a new input device. 

A block diagram for the system we are study
ing in this section is drawn in Fig. 8-24(b). We 

Interface 

Counting 
and 

storage 

OUTPUTS 

-LEDs 
- 7-seg. LED displays 
- 7-seg. LCD displays 
- 7-seg. VF displays 
- Bulbs 
- Buzzers 
- Relays 
-Motors 
- Stepper motors 
- Servo motors 

Decoding 

Fig. 8-24 (a) Typical inputs, processing, and outputs from a digital system. (b) Interrupter module optically encoding disk that drives counter. 
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10 kfl 

Light-detecting side 
(NPN phototransistor) 

to waveshaping 

Fig. B-25 (a) Schematic diagram of optocoupled interrupter module's emitter and light-detecting sides wired. 
(b) Drawing of H21A1 optocoupled interrupter module (slot type). 

will use optical encoding for input, the counter 
will accumulate the count, and the seven
segment display will form the output. The op
tocoupled interrupter module will sense each 
time the infrared light beam is interrupted and 
send this as a signal to the waveshaper and then 
to the decade counter/accumulator. Finally, the 
BCD count will be decoded, and the number of 
slots in the shaft encoder disk that have moved 
by the stationary optocoupled interrupter mod
ule will be displayed. 

The optocoupled interrupter module or 
optical sensor is constructed with an infrared 
light-emitting diode aimed at a phototransis
tor across the slot. A schematic symbol for the 
optocoupled interrupter module is reproduced 
in Fig. 8-25(a). If current flows through the in
frared diode on the emitter (E) side, the NPN 
phototransistor is activated on the detector (D) 
side of the module. If the light from the LED 
is blocked, the phototransistor on the detector 
side of the module is deactivated (turned off). 

The H21Al (ECG3100) optocoupled inter
rupter module is shown in Fig. 8-25(b). Notice 
that pins 1 and 2 of the H21Al interrupter mod
ule are for the emitter side or infrared light
emitting diode. Typical wiring of the emitter 
side of the interrupter module is also detailed 
in Fig. 8-25(a). Pins 3 and 4 of the H21Al in
terrupter module are for the detector side or 
NPN phototransistor. Typical wiring of the de
tector side of the interrupter module using an 
external 10-kD pull-up resistor is also shown in 
Fig. 8-25(a). The signal from the detector side 
of the interrupter module is then sent on to the 
waveshaping circuit. 

A wiring diagram for a simple system that 
counts the number of pulses coming from the 
optocoupled interrupter module is detailed in 
Fig. 8-26. When an opaque object interrupts the 
light beam in the module, the phototransistor 
is deactivated (turned off) and the input to the 
7414 Schmitt-trigger inverter is pulled HIGH 
by the 10-kD pull-up resistor. The output of the 

Optocoupled 
interrupter module 

Optical sensor 
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Fig. 8-26 Counter system using optical encoding. 



inverter goes from HIGH to LOW. When the 
opaque object is removed from the slot of the 
optocoupled interrupter module, the infrared 
light crosses the slot, striking the base of the 
phototransistor. The phototransistor is acti
vated (turned on), and the voltage at pin 3 of 
the inverter goes from HIGH to LOW. Then 
the output of the waveshaper goes from LOW 
to HIGH, which will trigger the 74192 to count 
upward by 1. The 7447 IC decodes the BCD 
input to a seven-segment code and lights the 
appropriate segments on the LED display. 

In summary, the optical encoder/counter 
system in Fig. 8-24(b) increments (one count 
upward) the count each time an opening in the 
encoder disk passes through the slot in the in
terrupter module. The optocoupled interrupted 
module uses infrared light so the ambient light 
does not cause false triggering. Remember that 
the infrared diode emits the correct wavelength 
of light for the phototransistor to detect. 

Two common types of optical sensors are 
the slot-type module used in the last optical 
encoder/counter system and the reflective-type 
sensor. A sketch of a common reflective-type 
optical sensor is shown in Fig. 8-27(a). No
tice that it has two holes in the front. One is 
an infrared-emitting diode, while the other is 
the receiver part of the optical sensor, which is 

Supply the missing word or words in each 
statement. 

56. Refer to Fig. 8-24(b). The ___ _ 
(decoder, interrupter module) is the de
vice that does the job of optical encoding 
in this circuit. 

57. Refer to Fig. 8-25(a). The diode on the 
emitter side of the interrupter module gives 
off (infrared, ultraviolet) light. 

58. Refer to Fig. 8-25(a). The ___ _ 
(phototransistor, germanium transistor) on 
the detector side of the interrupter module 
is sensitive to infrared light and does not 
trigger because of white room light. 

59. Refer to Fig. 8-24(b). The optical sensor 
being used in this system is classified as 

(a) 

(b) 

Fig.13-2'7 (a) Reflective-type optical encoder. (b) Shaft encoder 
disk usBd with rBflBctivB-typB optical BncodBr. 

a phototransistor. This reflective-type optical 
sensor is carefully aimed at a target such as the 
disk shown in Fig. 8-27(b). The white areas re
flect light and turn on the output phototransis
tor, while the dark stripes absorb light and turn 
off the phototransistor. 

a (reflective-type, slot-type) 
module. 

60. Refer to Fig. 8-26. The count on the 
display increments when the output of 
the Schmitt-trigger inverter goes from 
____ (H to L, L to H). 

61. Refer to Fig. 8-24(b). The count on the 
display increments when the encoder disk 
opening just (enters, leaves) 
the interrupter module. 

62. Refer to Fig. 8-26. The 74192 operates as 
a (decade, mod-16) counter 
in this circuit, and it also performs the 
task of (decoding the count, 
temporarily storing the count). 

Types of optical 
sensors 
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74HC85 4-bit 
magnitude 
comparator 

Cascading 
comparators 

B-11 Using a CMOS Counter 
in an Electronic Game 

This section will feature a CMOS counter being 
used in an electronic game. The game is the clas
sic computer game of "guess the number." In the 
computer version, a random number is generated, 
and the player tries to guess the unknown num
ber. The computer responds with one of three re
sponses: correct, too high, or too low. The player 
can then guess again until he or she zeros in on 
the unknown number. The player who uses the 
fewest guesses wins the game. 

The schematic for a simple electronic ver
sion of this game is drawn in Fig. 8-28. To oper
ate the game, first press the push-button switch 
(SW

1
). This allows the approximately 1-kHz 

signal into the clock input of the binary coun
ter. When the push button is released, a random 
binary number (from 0000 to 1111) is held by 
the counter at the B inputs to the 74HC85 4-bit 
magnitude comparator. The player's guess is 
entered at the A inputs to the comparator IC. If 
the random number (B inputs) and the guess (A 
inputs) are equal, then the A = B

0
uT output will 

be activated (HIGH) and the green LED will 
light. This means the guess was correct. After a 

Electronic "guess 
the number" game 

INPUT 
(Binary guess) 

8s 4s 2s 1s 

+5V 

INPUT 
(Generate 

100 kD. 
random number) 

4 8 
7 _fUlfl_ _L 

Clock 0-0 
10 3 SW1 
kD. 

6 

2 
(555) 

lC: 001 µF 

Fig. 8-28 Electronic "guess the number" game. 
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+5V 

GP Oo 

Binary 01 

counter 02 

03 
(74HC393) 

correct guess, a new random number should be 
generated by pressing swl. 

If a player's guess (A inputs) is lower than the 
random number (B inputs), the comparator will 
activate the A < B

0
uT output. The yellow LED 

will light. This means that the guess was too 
low and the player should try again by entering 
a somewhat higher number. 

Finally, if a player's guess (A inputs) is higher 
than the random number (B inputs), the com
parator will activate the A > BouT output. The 
red LED will light. This means that the guess 
was too high and the player should try again. 

Figure 8-29 provides greater detail on the 
operation of the 74HC85 4-bit magnitude 
comparator IC. The pin diagram is shown in 
Fig. 8-29(a). This is the top view of the DIP74HC85 
CMOS IC. The truth table for the 74HC85 com
parator is reproduced in Fig. 8-29(b). 

The 74HC85 comparator has three "extra" 
inputs used for cascading comparators. Typical 
cascading of 74HC85 magnitude comparators 
is shown in Fig. 8-30. This circuit compares the 
magnitude of the two 8-bit binary words ~ A6 

A
5 

A
4 

A
3 

A
2 

A
1 

A
0 

and B
7 

B
6 

B
5 

B
4 

B
3 

B
2 

B
1 

B
0

• 

The output from /C
2 

is one of three responses 
(A > B, A = B, or A < B). 

+5V 

OUTPUT 

Vee A= B;n 
Ao 

A1 
A> Bout 

A2 
4-bit 

A3 magnitude 
comparator 

/-1 
/ 

A= Bout 

Bo 

B1 

B2 
A< Bout 

B3 (74HC85) 

A> B;n GND A< B;n 



Data inputs 

Ao 

116 15 14 13 12 11 10 9 

A3 B2 A2 A1 B1 Ao 

~ B3 Bo ~ 

A<B A=B A>B A>B A=B A<B 
in in in out out out 

• 
1 2 3 4 5 6 7 Js 

B3 f < B A = B A > B;\A > B A = B A < B; GND 
Data V V 
input Cascade inputs Outputs 

(a) 

Truth Table-74HC85 Magnitude Comparator IC 

COMPARING CASCADING 
OUTPUTS INPUTS INPUTS 

A3, B3 A2, B2 A1,B1 Ao, Bo A>B A<B A=B A>B A<B A=B 

A3> B3 x x x x x x H L L 

A3< B3 x x x x x x L H L 

A3= B3 A2> B2 x x x x x H L L 

A3= B3 A2< B2 x x x x x L H L 

A3= B3 A2= B2 A1>B1 x x x x H L L 

A3= B3 A2 = B2 A1<B1 x x x x L H L 

A3= B3 A2= B2 A1= B1 A0 > Bo x x x H L L 

A3= B3 A2= B2 A1=B1 A0 < Bo x x x L H L 

A3= B3 A2= B2 A1=B1 Ao= Bo H L L H L L 

A3= B3 A2 = B2 A1= B1 Ao= Bo L H L L H L 

A3= B3 A2= B2 A1= B1 A0 = Bo x x H L L H 

A3= B3 A2= B2 A1=B1 Ao Bo H H L L L L 

A3= B3 A2 = B2 A1= B1 A0 = Bo L L L H H L 

(b) 

Fig. 8-29 CMOS magnitude comparator IC (74HCBS). (a) Pin diagram. (b) Truth table. 

Answer the following questions. 65. Refer to Fig. 8-28. The 555 timer is wired 

63. Refer to Fig. 8-28. If the binary counter 
holds the number 1001 and your guess 
is 1011, the [color] LED will 
light, indicating your guess is ___ _ 
(correct, too high, too low). 

64. Refer to Fig. 8-28. How do you generate a 
random number before guessing? 

as a(n) (astable, monostable) 
multi vibrator. 

66. Refer to Fig. 8-31. List the color of the 
output LED that is lit for each time period 
(t

1 
to t

6
). 

74HCB5 magnitude 
comparator IC 
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Fig. B-3!l Cascaded magnitude comparators. 
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Fig. B-31 Comparator problem For test item 66. 
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8-12 Using Counters-An 
Experimental Tachometer 

This section shows how you might integrate sub
systems to form an experimental electronic ta
chometer system. You will combine known input 
and output as well as digital devices into a design 
that will indicate the angular velocity of a shaft 
measured in rpm (revolutions per minute). 

The first concept drawn of an experimental 
tachometer using some of the subsystems stud
ied is sketched in Fig. 8-32(a). A 4-digit BCD 
counter is the heart of the system. The idea is to 
count each of the input pulses from a Hall-effect 

One-shot 
MV 

One-shot 
MV 

IN 

Hall-effect sensor 

Hall-effect sensor 

4-digit 
BCD 

counter 

3-digit 
BCD 

counter 

sensor and accumulate that count for a given 
time such as one minute. The counter would be 
turned on and count upward in BCD for one 
minute and then turned off. The count held in 
the four-digit BCD counter would then be de
coded, and the seven-segment display would 
present the shaft speed in rpm. 

The second concept showing the experimen
tal tachometer is sketched in Fig. 8-32(b). This 
time a three-digit BCD counter becomes the 
heart of the system. The idea is count the num
ber of input pulses from the Hall-effect sensor 
in 1/10 of a minute (6 seconds). This would be 
like counting rpm by 10s. The 1000s, lOOs, and 

(a) 

(b) 

Decoder/ 
driver 

Decoder/ 
driver 

RPM 

RPM 

3 digits 

Fig. 8-32 (a) First concept of an experimental tachometer. (b) Second concept of an experimental tachometer. 
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Trigger 
pulse 

10s seven-segment displays would present the 
latest accumulated count from the BCD coun
ters and the Os place always be considered a 0. 
Therefore, if the input to the tachometer is 1256 
rpm, the three active seven-segment displays 
would show 125 with the ls place understood 
to be 0. This would be interpreted as 1250 rpm. 

The second experimental tachometer sketched 
in Fig. 8-32(b) would have a count-up time of only 

+5V 

33kD 

6 s while the earlier design required a lengthy 
count time of 1 minute. The sampling time of 
the second concept experimental tachometer is 
only 6 seconds. The speed that can be measured 
by the tachometer in Fig. 8-32(b) ranges from 0 
to 9990 rpm in increments of 10. 

A schematic of an experimental tachometer 
based on the second concept block diagram 
[Fig. 8-32(b)] is detailed in Fig. 8-33. This unit 

3141 IC R 1 
Unipolar Hall-effect switch 

74HC04 

500kD 
R2 
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4 
150 kD 
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One-shot 
7 MV 3 
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1s 
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0.01 µ,F /~ C2 

8· 33 An experimental electronic tachometer using counters, latched outputs, and multiplexed displays. 
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uses components that you have encountered 
earlier in your study of electronics. 

The input device to the tachometer circuit in 
Fig. 8-33, which senses the speed of rotation of a 
shaft, is a Hall-effect switch (3141 IC). A 33 kD 
pull-up resistor (R

1
) is required at the output 

of the 3141 ICs open-collector NPN transistor. 
The pulses generated by the Hall-effect switch 
are fed directly into the CLK input of the 4553 

B 

6 16 
150 .n 

Ph LE V00 a 
5 a 

A BCD-to- b 3 ?-segment B 
2 decoder/driver c 

c 
d 4 (4543) D 

(74HC4543) e 

Bl Vss g 

three-digit BCD counter. Each is pulse from the 
Hall-effect switch is counted and accumulated 
in the BCD counter. The three-digit BCD coun
ter can count from 0000 0000 0000

8
cn to 1001 

1001 1001
8
cn (from 0 to 999 in decimal). 

A second input shown at the left in Fig. 8-33 is 
called the trigger pulse. This short negative pulse 
first clears the counters to 0000 0000 0000

8
cn 

by activating the master reset (MR) with a short 

+5V 

03 
2N3906 (3) 

c 

Anode Anode Anode 

1000s 100s 10s 

RPM 
OUTPUT 

(Not active) 

1 

1s 
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positive pulse emitted by the 74HC04 inverter. 
Second, the trigger pulse activates the 555 IC 
wired as a one-shot multivibrator (MV). When 
triggered, the one-shot MV emits a 6-second 
(1/lOth of a minute) positive pulse, which is in
verted by the 74HC04 inverter. The precise length 
of the count-up pulse can be adjusted using the 
500 kD potentiometer (R

2
). The 6-second nega

tive count-up pulse enters the latch enable (LE) 
input of the 4553 counter IC. This LOW at the LE 
input makes the latches transparent, and the out
puts of the three BCD counters pass through to 
the multiplexer. When the count-up pulse is LOW, 
the displays will be observed counting upward. At 
the end of the 6-second count-up pulse, the latch 
enable input is driven active by a HIGH, and the 
last data accumulated in the three BCD counters 
are latched at the inputs to the display multiplexer. 

The display multiplexer section of the 4553 
IC shown in Fig. 8-33 lights the three 7-segment 
LED displays in a rapidly rotating sequence. 
Details for the lighting sequence are as follows: 

1000s Display. The display multiplexer first 
activates (turns on) PNP transistor Q

1
• This al

lows +5 V to appear at the anode of the 1000s 
seven-segment LED display. At this time the dis
play multiplexer sends the segment information 
for the 1000s display to the 4543 IC for decod
ing (BCD-to-seven-segment code). The 4543 IC 
drives the segments of all three LED displays at 
once with the 1000s data, but only the 1000s dis
play is activated by display driver transistor Q

1
• 

JOOs Display. Second, the display multiplexer 
activates (turns on) PNP transistor Q

2
• This al

lows +5 V to appear at the anode of the lOOs 
seven-segment LED display. At this time, the 
display multiplexer sends the segment infor
mation for the lOOs display to the 4543 IC for 
decoding (BCD-to-seven-segment code). The 

Answer the following questions. 

67. An instrument that measures the angular 
velocity of a rotating shaft in revolutions 
per minute (rpm) is called a ___ _ 
(tachometer, Vu-meter). 

68. Refer to Fig. 8-33. The interface device 
used by the tachometer circuit to translate 
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4543 IC drives the segments of all three LED 
displays at once with the lOOs data, but only 
the lOOs display is activated by display driver 
transistor Q

2
• 

1 Os Display. Third, the display multiplexer 
activates (turns on) PNP transistor Q

3
• This al

lows +5 V to appear at the anode of the 10s 
seven-segment LED display. At this time, the 
display multiplexer sends the segment informa
tion for the 10s display to the 4543 IC for decod
ing (BCD-to-seven-segment code). The 4543 IC 
drives the segments of all three LED displays at 
once with the 10s data, but only the 10s display 
is activated by display driver transistor Q

3
• 

The display multiplexing in Fig. 8-33 continues 
at a frequency high enough so the human eye will 
not detect the displays turning on and off. The 
display multiplexing frequency is set by the ex
ternal capacitor Cy This frequency is set at about 
70 Hz in this circuit. In other words, each seven
segment display turns on and off 70 times each 
second, but they all appear to be lit continuously. 

As a working example, suppose the speed of 
rotation of input shaft is 1250 rpm. On an ex
ternal trigger pulse, the experimental tachom
eter shown in Fig. 8-33 would clear the counters 
to 000

10 
and the one-shot MV would emit the 

6-second count-up pulse. During the 6-second 
count-up time period, 125 pulses would enter 
the CLK input and be accumulated in the BCD 
counters as 0001 0010 0101

8
co (125 in deci

mal). The latch enable input would go HIGH, 
which would latch the 0001 0010 Ol01

8
co (125 

in decimal) at the inputs to the 4553 ICs display 
multiplexer. The seven-segment displays would 
be multiplexed with the reading of 125 shown 
on the left three displays. This would be inter
preted as 1250 rpm with the inactive ls display 
assumed to be 0. 

from shaft rotation to digital pulses is a(n) 
____ (Hall-effect switch, optical 
encoder). 

69. Refer to Fig. 8-33. The 4553 IC records 
the number of rotations of the shaft by 
counting the number of pulses entering 
the (CLK, master reset) input 
of the three-digit BCD counter. 



70. Refer to Fig. 8-33. The negative trigger 
pulse input first (resets the 
COUnter tO 000

10
, sets the COUnter tO 111

10
) 

and then causes, the (555, 
4543) IC wired as a one-shot MV to 
generate a 6-second count-up pulse. 

71. Refer to Fig. 8-33. If the constant rota
tional speed of the input shaft were 2350 
rpm, how many pulses would be counted 
and accumulated in the BCD counters of 
the 4553 IC and be displayed after the 
6-second count-up pulse goes HIGH? 

72. Refer to Fig. 8-33. Immediately after 
the 6-second count-up pulse, the latch-
enable input is (activated, 
deactivated) by the HIGH, and the ac
cumulated count is frozen at the inputs to 

8-13 Troubleshooting a Counter 

Consider the job of troubleshooting the faulty 
2-bit ripple counter shown in Fig. 8-34(a). 
For your convenience, a pin diagram for the 
74HC76 IC used in this circuit is shown in 
Fig. 8-34(b). Note that all of the input and out
put markings in Fig. 8-34(a) and (b) are not the 
same. For instance, the asynchronous preset 
inputs on the logic diagram are labeled PS. 
The same inputs are labeled PR (for preset) by 
another manufacturer. The labels on the pins 
may be different from manufacturer to manu
facturer. However, the pins on an IC labeled as 
a 74HC76 serve the same function even if the 
labeling is different. 

It is found that the faulty 2-bit counter circuit 
can be cleared to 00 by the reset switch at the 
left in Fig. 8-34(a). The IC seems to be operat
ing at the correct temperature, and the techni
cian can see or smell no signs of trouble. 

A digital logic pulser is used to pulse the 
CLK input on FF 1. According to the pin dia
gram, the tip of the digital pulser must touch 
pin 1 of the 74HC76 IC. Upon repeated single 
pulses, the counting sequence is 00 (reset), 01, 
10, 11, 10, 11, 10, 11, and so on. The Q output of 
FF 2 seems to be "stuck HIGH"; however, the 
asynchronous clear (CLR), or reset, switch can 
drive it LOW. 

the (display multiplexer, pulse 
shaper) of the 4553 IC. 

73. Refer to Fig. 8-33. The (coun-
ter, display multiplexer) section of the 
4553 IC enabled the lighting of the three 
7-segment displays in a rapidly rotating 
sequence. 

74. Refer to Fig. 8-33. The three PNP transis
tors (Q

1
, Q

2
, and Q

3
) could be described 

as (digit, segment) drivers 
during display multiplexing. 

75. Refer to Fig. 8-33. The external compo
nent that sets the frequency of the display 
multiplexing of the 4553 IC is ___ _ 

76. Refer to Fig. 8-33. The (4543, 
4553) IC decodes and drives the segments 
of the LED displays. 

Power is then turned off in the circuit in 
Fig. 8-34(a). A logic clip is clipped over the 
pins on the 74HC76 IC. Power is turned on 
again. The reset switch is activated. The re
sults displayed on the logic monitor after the 
reset are shown in Fig. 8-34(c). Compare the 
logic levels shown on the logic monitor with 
your expectations. You must use the manufac
turer's pin diagram furnished in Fig. 8-34(b). 
In looking over the logic levels pin by pin, the 
LOW or undefined logic level at pin 7 should 
cause concern. This is the asynchronous pre
set (PS or PR) input and should be HIGH ac
cording to the logic diagram in Fig. 8-34(a). 
If it is LOW or in the undefined region, it can 
cause the Q output of FF 2 to be in the "stuck 
HIGH" condition. 

A logic probe is used to check pin 7 of the 
74HC76 IC. Both LEDs on the logic probe 
remain off. This means neither a LOW nor a 
HIGH logic level is present. Pin 7 appears to 
be floating in the undefined region between 
LOW and HIGH. The IC is interpreting this 
as LOW at some times and as HIGH at other 
times. 

The IC is removed from the 16-pin DIP 
IC socket. It is found that pin 7 of the IC is 
bent under and not making contact with the 
IC socket. This caused it to float. The fault is 
illustrated in Fig. 8-35. This common fault is 

Traubleshaoting a 
caunter 

2-bit ripple caunter 
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Traubleshaating 
a faulty counter 

INPUTS 

Reset 

CLK1 --+--~ 

PR1 
2 

CLR1 --+-+--' 
3 

J 1 --+-Ii---+--' 
4 

Vcc-5 

CLK2 --1--1--~ 
6 

PR2 
7 

PS 
+5V J Q 

FF 1 
Clock 

CLK 

+5V K 
+5V 

CLR 

j_ 
(a) 

16 K1 

CLR Q 
J l-------<~--1-5- Q 1 

CLK 

K PR 

K PR 

CLK 

J CLR 

14 01 

13 
GND 

12 K2 

~-----<~- Q2 
11 

....___.,_____ 02 
10 

CLR2 --+-------' ,_____,,_____ J2 
8 9 .__ _________ __, 

(b) 

+5V 

+5V 

? 

J 

K 

PS 
Q 

FF 2 

CLK 

CLR 

01 
2 

3 

4 

5 

06 
07 

8 

OUTPUTS 

Logic monitor 

0 = off = LOW or undefined region 

=on= HIGH 

(c) 

Fig. B-34 (a) Faulty 2-bit ripple counter circuit used in troubleshooting example. (b) Pin diagram for 74HC76 J-K flip-flop IC. 
(c) Logic clip reading after momentarily resetting the faulty 2-bit counter. 

very hard to see when the IC is seated in the IC 
socket. 

In this example, several tools were used in 
troubleshooting. First, the logic diagram and 
your knowledge of how it works are most im
portant. Second, a manufacturer's pin diagram 
was used. Third, a digital logic pulser was 
used to inject single pulses. Fourth, a logic 
clip checked the logic level at all pins of the 
74HC76 IC. Fifth, a logic probe was used to Fig. 13-35 Bent pin caused input to float. 
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check the suspected pin of the IC. Finally, your 
knowledge of the circuit and visual observation 
solved the problem. 

Your knowledge of the circuit's normal oper
ation and your powers of observation are prob
ably the most important troubleshooting tools. 
Logic pulser, logic probes, logic clips, DMMs, 
logic analyzers, IC testers, and oscilloscopes 

Supply the missing word or words in each 
statement. 

77. Refer to Fig. 8-34. Pins 4, 9, 12, and 16 to 
the J and K inputs of the flip-flops should 
all be (HIGH, LOW) in this 
circuit. 

78. Refer to Fig. 8-34. Pins 3 and 8 to the 
--~- inputs of the flip-flops should 
follow the logic state of the reset switch. 

are only aids to your knowledge and powers of 
observation. 

The example of a floating input caused by 
a bent-under pin is a very common problem in 
student-constructed circuits. It is good practice 
to make sure all inputs go to the proper logic 
level. This is true for TTL and especially true 
for CMOS circuits. 

79. Refer to Fig. 8-34. Pins 2 and 7 to the 
____ inputs of the flip-flops should 
be (HIGH, LOW) in this 
circuit. 

80. Refer to Fig. 8-34. The fault in this circuit 
was located at pin [number]. 
It was rather than being at a 
HIGH logic level. 

Most important 
troubleshooting 
tools 
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Chapter 8 Summary and Review 

1. Flip-flops are wired together to form binary 
counters. 

2. Counters can operate asynchronously or 
synchronously. Asynchronous counters are called 
ripple counters and are simpler to construct than 
synchronous counters. 

3. The modulus of a counter is how many different 
states it goes through in its counting cycle. A mod-5 
counter counts 000, 001, 010, 011, 100 (0, 1, 2, 3, 4 
in decimal). 

4. A 4-bit binary counter has four binary place values 
and counts from 0000 to 1111 (decimal 0 to 15). 

5. Gates can be added to the basic flip-flops in 
counters to add features. Counters can be made to 
stop at a certain number. The modulus of a counter 
can be changed. 

6. Counters are designed to count either up or down. 
Some counters have both features built into their 
circuitry. 

7. Counters are used as frequency dividers. Counters 
are also widely used to count or sequence events 
and temporarily store data. 

8. Manufacturers produce a wide variety of self-
contained IC counters. They produce detailed data 
sheets for each counter IC. Several TTL and CMOS 
counter ICs were studied in this chapter. 

9. Many variations in pin labeling and logic symbols 
occur from manufacturer to manufacturer. 

Answer the following questions. 

8-1. Draw a logic symbol diagram of a mod-8 ripple 
up counter. Use three J-K flip-flops. Show input 
CLK pulses and three output indicators labeled 
C, B, and A (C indicator is MSB). 

8-2. Draw a table (similar to Fig. 8-1) showing the 
binary and decimal counting sequence of the 
mod-8 counter in question 8-1. 
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10. 

11. 

12. 

13. 

14. 

15. 

A transducer such as an optical sensor can be used 
to count real-world events such as in shaft encoding. 
Optical encoders come in slot types and reflective 
types, and both are based on an infrared diode 
shining on an output phototransistor. 
A magnitude comparator will compare two binary 
numbers and decide if A = B, A> B, or A< B. 
Magnitude comparator ICs can be cascaded to 
compare larger binary numbers. 
A decade counter counts from 0 through 9 (0000-
1001 in binary). Decade counters are also commonly 
called BCD (binary-coded decimal) counters. 
One trend in the manufacture of a digital IC is to 
include more functions on one chip. As a simple 
example, the 4553 three-digit BCD counter IC 
contains three BCD counters, waveshaping, twelve 
transparent latches, and display multiplexing. 
A transducer such as a Hall-effect switch may be 
used to sense rotations of a shaft which can be 
counted in a given time period, yielding an output in 
revolutions per minute. An instrument that measures 
speed of rotation of a shaft is called a tachometer. 
The technician's knowledge of the circuit and 
powers of observation are the most important tools in 
troubleshooting. The logic probe, voltmeter, DMM, 
logic clip, digital pulser, logic analyzer, IC tester, and 
oscilloscope aid the technician's observations when 
troubleshooting sequential logic circuits. 

8-3. Draw a waveform diagram [similar to Fig. 8-2(b)] 
showing the eight CLK pulses and the outputs 
(Q) of FF 1, FF 2, and FF 3 of the mod-8 coun
ter from question 8-1. Assume you are using 
negative-edge-triggered flip-flops. 

8-4. A(n) (asynchronous, synchro-
nous) counter is the more complex circuit. 



8-5. Synchronous counters have the CLK inputs 
connected in (parallel, series). 

8-6. Draw a logic symbol diagram for a 4-bit ripple 
down counter. Use four J-K flip-flops in this 
mod-16 counter. Show the input CLKpulses, 
PS input, and four output indicators labeled 
D, C, B, and A. 

8-7. If the ripple down counter in question 8-6 is 
a recirculating type, what are the next three 
counts after 0011, 0010, and 0001? 

8-8. Redesign the 4-bit counter in question 8-6 to 
count from binary 1111 to 0000 and then stop. 
Add a four-input OR gate to your existing cir
cuit to add this self-stopping feature. 

8-9. Draw a block diagram (similar to Fig. 8-13) 
showing how you would use two counters to 
get an output of 1 Hz with an input of 100 Hz. 
Label your diagram. 

8-10. Refer to Fig. 8-14 for questions a to f on the 
7493 IC counter: 
a. What is the maximum count length of this 

counter? 
b. This is a ______ (ripple, synchro-

nous) counter. 
c. What must be the conditions of the reset in

puts for the 7493 to count? 
d. This is a(n) (down, up) 

counter. 
e. The 7493 IC contains _____ _ 

[number] flip-flops. 
f. What is the purpose of the NAND gate in the 

7493 counter? 

INPUTS 

0 

0 0 0 0 0 0 

Fig. B-36 Counter pulse-train problem. 

8-11. Refer to Fig. 8-15 for questions a to f on the 
7 4192 counter: 
a. What is the maximum count length of this 

counter? 
b. This is a (ripple, synchro-

nous) counter. 
c. A logical (0, 1) is needed to 

clear the counter to 0000. 
d. This is a(n) (down, up, both 

up and down) counter. 
e. How could we preset the outputs of the 

74192 IC to 1001? 
f. How do we get the counter to count downward? 

8-12. Draw a diagram [similar to Fig. 8-16(a)] show
ing how you would wire the 7493 counter as a 
4-bit (mod-16) ripple counter. Refer to Fig. 8-14. 

8-13. Refer to Fig. 8-36. The 74192 counter is in the 
______ (clear, count up, load) mode 

during pulse t
1
• 

8-14. List the binary output from the 7 4192 counter 
IC after each of the eight input pulses shown in 
Fig. 8-36. Start with t

1 
and end with t

8
• 

8-15. Refer to Fig. 8-18 for questions a toe on the 
74HC393 IC counter: 
a. This is a ______ (ripple, synchro-

nous) counter. 
b. This is a(n) ______ (down, up, 

either up or down) counter. 

Data +5V BINARY OUTPUT 

1 0 0 1 :28 1s 

1s Vee A Oo 
2s 

B Oe 
4s 

c Oa 
8s Counter 

D 
(74192) QA --------.. Load 

---- Count up 

0 ----- CLR GND 
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INPUTS 

0 0 

B-:37 Counter pulse-train problem. 

c. The MR pins are (asynchro-
nous, synchronous) active _____ _ 
(HIGH, LOW) inputs that clear the 
outputs. 

d. Each counter contains four _____ _ 
(R-S, T) flip-flops. 

e. This is a _____ (CMOS, TTL) 
counter. 

8-16. Refer to Fig. 8-19 for questions a to e on the 
74HC193 IC counter: 
a. When the MR pin is activated with a 
_____ (HIGH, LOW), all outputs 
are reset to ______ (0, 1). 

b. This is a ______ (ripple, synchro-
nous) counter. 

c. Parallel data from the data inputs (D
0 

to D
3

) 

flow through to the outputs (Q
0 

to Q
3

) when 
the input is activated with a 
LOW. 

d. When a clock signal enters pin CP u• the CP 
0 

pin must be tied to ( + 5 V, 

GND). 
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BINARY OUTPL 

+5V as 4s 2s 

Vee 

0 Do Counter 02 

01 01 

D2 
Oo 

0 03 

CPo 

(74HC193) 

CPu 

MR 
GND 

8-17. Refer to Fig. 8-37. List the mode of operation for 
the 74HC193 counter during each pulse t 1 to ts 

(use answers parallel load, count up, count down). 

8-18. Refer to Fig. 8-37. List the binary output 
for the 74HC193 counter IC after each pulse 
t 1 to ts. 

8-19. Refer to Fig. 8-22. The CLK input to the 4553 
counter IC is triggered on the _____ _ 
(H-to-L, L-to-H) transition of the input pulse. 

8-20. Refer to Fig. 8-22. List whether the following 
inputs to the 4553 counter IC are active HIGH 
or active LOW. 
a. Disable input 
b. Master reset input 
c. Latch-enable input 

8-21. Refer to Fig. 8-22. List whether the following 
outputs from the 4553 counter IC are active 
HIGH or active LOW. 
a. DS 

1 
output 

b. DS
2 

output 
c. DS

3 
output 

d. BCD outputs (Q
0
-Q

3
) 



8-22. Refer to Fig. 8-23. If the MR input to the 4553 
IC goes HIGH, what happens to the contents of 
the counters? 

8-23. Refer to Fig. 8-23. External capacitor C1 is 
associated with the (counter, 
scan oscillator and display multiplexer) section 
of the 4553 IC. 

8-24. Refer to Fig. 8-23. The 12 latches in the 4553 
IC are said to be (latched, 
transparent) when the LE input is LOW. 

8-25. Refer to Fig. 8-23. The 4543 IC is closely asso
ciated with segment driving while the three PNP 
transistors are associated with display driving. 
(Tor F) 

8-26. Refer to Fig. 8-24(b). The device optically sens
ing the opening in the shaft encoder disk and 
sending a signal to the waveshaping circuit is 
a(n) _____ _ 

8-27. Refer to Fig. 8-24(b). The optical encoder 
at the top of the shaft encoder disk is of the 
______ (reflective type, slot type). 

8-28. Refer to Fig. 8-25(b). The H21Al interrupter 
module contains a(n) on the 

~'-
~~ 

1\0 0 0 _r--

~_r 
t 1 t2 t3 t4 ts ts 

0 o I 1 '--
0 o I 1 ~ 

0 o I 1 
_r--

1 I o 0 
_r 

Ao 

A1 

A2 

A3 

Fig. B-38 Magnitude comparator pulse-train problem. 

emitter side and a phototransistor on the detec
tor side of the optical sensor. 

8-29. Refer to Fig. 8-26. The device that performs wave-
shaping in this circuit is the _____ _ 
(7414, 74192) IC. 

8-30. Refer to Fig. 8-26. The device that performs 
as a decade counter in this circuit is the 
_____ (7447, 74192) IC. 

8-31. Refer to Fig. 8-26. The 7447 IC is a de
coder/driver that translates BCD data to 
______ code and drives the display. 

8-32. Refer to Fig. 8-27(b). The disk shown (black 
and white strips) would be an encoder disk used 
by a (reflective-type, slot-type) 
optical sensor. 

8-33. Refer to Fig. 8-30. The two 74HC85 magnitude 
comparator ICs are said to be _____ _ 
(cascaded, subdivided) so they can compare two 
_ _____ [number]-bit binary numbers. 

8-34. Refer to Fig. 8-38. List the color of the output 
LED that is lit for each time period (t

1 
to t6). 

8-35. A tachometer is an instrument that measures the 
speed of rotation of a shaft in revolutions per 
minutes. (T or F) 

+sv 

OUTPUT 

Vee A= B;n 

A> Bout 

4-bit 
magnitude 
comparator 

·( 

// 
A= Bout 

Green 

(74HC85) 

A < Bout f---t--~~+-+----@ 
Yellow 
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8-36. Refer to Fig. 8-33. Each rotation of the input 
shaft will be converted into four pulses that 
enter the CLK input of the 4553 counter IC. 
(Tor F) 

8-37. Refer to Fig. 8-33. What two things happen 
when the negative input trigger pulse occurs? 

8-38. Refer to Fig. 8-33. When the output of the one
shot MV goes LOW for 6 seconds, the 4553 
IC (counts the input pulses, 
latches [freezes] the outputs of the counters). 

8-39. Refer to Fig. 8-33. The (display 
multiplexing, pulse-shaper) section of the 4553 
IC coordinates the lighting of the three 7-segment 
LED displays in a rapidly rotating sequence so 
only one display is turned on at a time. 

8-40. Refer to Fig. 8-33. If the 4543 decoder/driver IC 
is called the segment driver, then the three PNP 

8-1. What types of flip-flops are useful in wiring 
counters because they have a toggle mode? 

8-2. Draw a logic symbol diagram of a mod-5 ripple 
up counter. Use three J-K flip-flops and a two
input NAND gate. Show input CLK pulses 
and three output indicators labeled C, B, and A 
(C indicator is MSB). 

8-3. Draw a logic diagram for a mod-10 counter 
using a 7493 IC. 

8-4. Draw a logic diagram of a divide-by-8 counter 
using a 7493 IC. Show which output of the 
7493 IC is the divide-by-8 output. 

8-5. Refer to Fig. 8-36. List the mode of operation 
during each of the input pulses t

1 
to t

8
• 

8-6. Refer to Fig. 8-18. Why are the master 
reset inputs (lMR and 2MR) referred to as 
asynchronous? 

8-7. Refer to Fig. 8-19. The 74HC193 IC counter 
is called presettable because of what operating 
mode? 

8-8. Refer to Fig. 8-37. Give the modulus and list the 
counting sequence for this counter. 

8-9. Design a decade up counter (0 to 9 in decimal) 
using a 74HC193 IC and a two-input AND gate. 
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transistors (Q
1

, Q
2

, and Q
3

) would be called the 
______ (display, scanner) drivers. 

8-41. Refer to Fig. 8-3 3. The purpose of the external ca
pacitor cl is to decouple the internal circuitry of 
the 4553 counter IC from ground (GND). (Tor F) 

8-42. Refer to Fig. 8-33. At a given instant, only 
one DS output from the 4553 counter IC is 
______ (HIGH, LOW) at a given time 
to tum on its respective PNP transistor and 
display. 

8-43. Refer to Fig. 8-33. When the _____ _ 
(CLK, latch-enable) input goes HIGH, the data 
accumulated in the BCD counters are frozen at 
the inputs to the display multiplexer while the 
counters can continue to count pulses. 

8-44. A digital (IC tester, pulser) is 
an instrument for injecting a signal into a circuit. 

8-10. On a(n) (asynchronous, syn-
chronous) counter, all outputs change to their 
new states at the same instant. 

8-11. What is another name for an asynchronous 
counter? 

8-12. If we refer to a divide-by-6 counter, the circuit 
will probably be used for what purpose? 

8-13. Refer to Fig. 8-26. The counter and display will 
increase by one when the output of the inverter 
goes from (H to L, L to H). 

8-14. Refer to Fig. 8-26. The counter and display 
will increment when the beam of infrared light 
across the slot _____ _ 

a. is broken (from light to no light) 
b. begins again (from no light to light) 

8-15. Compare the shaft encoder disks in Figs. 8-24(b) 
and 8-27(b). Which disk will provide the greater 
resolution? 

8-16. Refer to Fig. 8-22(a). How many T flip-flops 
are probably used to implement the three BCD 
counters in the 4553 IC? 

8-17. Refer to Fig. 8-22(a). How many transparent 
latches are probably used in the 4553 IC to latch 
the data from the three BCD counters? 



8-18. Refer to Fig. 8-33. How would you adjust the 
time duration of the count up pulse emitted 
from the one-shot multivibrator? 

8-19. Refer to Fig. 8-33. How many pulses are emitted 

1. two 
2. 4 
3. toggle 
4. pulse t

1 
= 00 

pulse t
2 

= 01 
pulse t

3 
= 10 

pulse t
4 

= 11 
pulse ts= 00 
pulse t

6 
= 01 

5. ripple, decade 
6. pulse t

1 
= 111, then cleared to 000 just 

before pulse t
2 

pulse t
2 

= 001 
pulse t

3 
= 010 

pulse t
4 

= 011 
pulse t

5 
= 100 

pulse t
6 

= 000 
7. ripple, 5 
8. synchronous 
9. parallel 

10. toggle 
11. all the flip-flops toggle 
12. FF 3 
13. toggle 
14. HIGH-to-LOW 
15. only FF 1 toggles 
16. pulse t

1 
= 00 

pulse t
2 

= 11 
pulse t

3 
= 10 

pulse t
4 

= 01 
pulse ts= 00 
pulse t

6 
= 11 

17. down 
18. LOW, hold 
19. HIGH, toggle 

from the Hall-effect switch for each rotation of 
the shaft? 

8-20. Refer to Fig. 8-33. Explain why the ls display 
is not active and is considered to be a zero (0). 

20. T 

21. t4 = 100 
ts= 011 
t6 = 010 
t7 = 010 
t
8 

= 010 
22. 1000 
23. 2 
24. 0000 (reset) 
25. four, up 
26. decade, synchronous 
27. 5 
28. HIGH 
29. active LOW LOAD 
30. down and up 
31. T 
32. point B = 200 Hz 

point C = 100 Hz 
point D = 50 Hz 

33. 8 
34. 4-bit binary 
35. HIGH 
36. H-to-L 
37. 16, ripple 
38. synchronous 
39. asynchronous 

40. QO-Q3 
41. 0001, 0010, 0011, 0100, 0101, 0110 

(1 to 6 in decimal) 
42. To preset the counter to 0001 after the highest 

count of 0110. 
43. Manufacturers use different standards when 

drawing logic symbols and labeling. 
44. counters, multiplexer 
45. active HIGH, resets all counter outputs to 0 
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46. H-to-L 
47. negative-edge 
48. active HIGH 
49. LOW 
50. F 
51. T 
52. set the scan frequency of the multiplexer 
53. 4543 
54. 4553 
55. 000 to 999 
56. interrupter module 
57. infrared 
58. phototransistor 
59. slot-type 
60. L to H (LOW to HIGH) 
61. enters 
62. decade, temporarily storing the count 
63. red, too high 
64. press and release switch swl 
65. astable 
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66. t
1 

= green 
t
2 

=red 
t
3 

=yellow 
t
4 

=red 
t
5 

= green 
t
6 

=red 
67. tachometer 
68. Hall-effect switch 
69. CLK 
70. resets the counter to 000

10
, 555 

71. 235 
72. activated, display multiplexer 
73. display multiplexer 
74. digit 
75. c3 or capacitor c3 
76. 4543 
77. HIGH 
78. clear 
79. preset (asynchronous), HIGH 
80. 7, floating 



learning Outcomes 
This chapter will help you to: 

9-1 Define shift register operations such as 
shift right, shift left, parallel load, and 
serial load. Draw a circuit diagram of a 
serial-load shift register using D flip-flops. 

9-2 Understand the operation of a parallel
load shift register, including modes of 
operation such as asynchronous clear, 
shift right, and parallel load. Predict the 
operation of a 4-bit shift register with a 
recirculating feature. 

9-3 Interpret the many modes of operation 
of the TTL 74194 4-bit bidirectional 
universal shift register IC. 

9-4 Predict the actions of the 7 4194 shift 
register when used in its various modes of 
operation (clear, parallel load, shift right, 
shift left, and inhibit). 

9-5 Interpret the operation of the CMOS 
74HC164 8-bit serial-load shift register. 

9-6 Study the operation of a simple system 
(a digital roulette game). Analyze the 
operations of the subsystems including 
(a) clock input with a voltage-controlled 
oscillator, (b) audio output with a simple 
audio amplifier, (c) LED outputs with 
eight LEDs driven by the 74HC1 Q4 shift 
register wired as a ring counter, and 
(d) power-up initializing circuit with auto 
clearing and loading a ring counter with a 
single HIGH. 

9-7 Troubleshoot a faulty 4-bit serial-load shift 
register circuit. 

Shift Registers 

register is a group of memory cells 
grouped together and considered a 

single unit. For example, an 8-bit register 
could be used to store a byte of data. The 
register can be used to simply store infor
mation for later use, or the register can be 
designed to act on the data as is the case of 
a shift register. A shift register may modify 
the contents by shifting data right or left. 

The term latch may be used to describe 
the register used to store data. You may have 
used several transparent latches in previous 
chapters and know that they are commonly 
constructed using flip-flops (such as D flip
flops). A buffer register is a specific use of a 
storage device that holds data that are wait
ing to be transferred. For instance, a buffer 
is used to temporarily store data while they 
are waiting to be used by a printer. 

A typical example of a shift register at 
work is found within a calculator. As you 
enter each digit on the keyboard, the num
bers shift to the left on the display. In other 
words, to enter the number 268 you must do 
the following. First, you press and release 
the 2 on the keyboard; a 2 appears at the ex
treme right on the display. Next, you press 
and release the 6 on the keyboard, causing 
the 2 to shift one place to the left and allow
ing 6 to appear on the extreme right; 26 ap
pears on the display. Finally, you press and 
release the 8 on the keyboard; 268 appears 
on the display. This example shows two 
important characteristics of a shift register: 
(1) It is a temporary memory and thus holds 
the numbers on the display (even if you re
lease the keyboard number) and (2) it shifts 
the numbers to the left on the display each 
time you press a new digit on the keyboard. 
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Memory 
and shifting 
characteristics 

Shift registers 
Serial in-serial out 

Serial in-parallel 
out 

Parallel in-serial 
out 

Parallel in-parallel 
out 

These memory and shifting characteristics 
make the shift register extremely valuable 
in most digital electronic systems. This 
chapter introduces you to shift registers and 
explains their operations. 

Shift registers are constructed by wiring flip
flops together. We mentioned before that 
flip-flops have a memory characteristic. This 
memory characteristic is put to good use in a 
shift register. Instead of wiring shift registers by 
using individual gates or flip-flops, you can buy 
shift registers in IC form. In larger-scale digital 
devices (microcontrollers, microprocessors), the 
registers are integrated into the chip design. 

Serial in 

.. 0 i .. 

(a) 

One method of describing shift register char
acteristics is by how data are loaded into and 
read from the storage units. Four categories of 
shift registers are illustrated in Fig. 9-1. Each 
storage device in Fig. 9-1 is an 8-bit register. 
The registers are classified as: 

1. Serial in-serial out [Fig. 9-1 (a)] 
2. Serial in-parallel out [Fig. 9-l(b)] 
3. Parallel in-serial out [Fig. 9-l(c)] 
4. Parallel in-parallel out [Fig. 9-l(d)] 

The diagrams in Fig. 9-1 illustrate the funda
mental idea of each type of register. These clas
sifications are often used in a manufacturer's 
literature. 

&-- Seda! oot 
G Oi .. · 

Parallel out 
MSB LSB 

Serial in 

... i 0 

Parallel in 
MSB LSB 

0 0 0 0 

(c) 

Parallel in 
MSB LSB 

0 0 

0 0 

Parallel out 

(d) 

Fig. 9-1 Shift register characteristics. (a) Serial in-serial out. (b) Serial in-parallel out. 
(c) Parallel in-serial out. (d) Parallel in-parallel out. 
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9-1 Serial-Load Shift Registers 

A basic shift register is shown in Fig. 9-2. This 
shift register is constructed from four D flip
flops. This register is called a 4-bit shift regis
ter because it has four places to store data: A, 

B,C,D. 
With the aid of Table 9-1 and Fig. 9-2, let 

us operate this shift register. First, clear ( CLR 
input to 0) all the outputs (A, B, C, D) to 0000. 
(This situation is shown in line 1, Table 9-1.) 
The outputs remain 0000 while they await a 
clock pulse. Pulse the CLK input once; the out
put now shows 1000 (line 3, Table 9-1) because 

A 

the I from the D input of FF A has been trans- Serial-load shift 
ferred to the Q output on the clock pulse. Now registers 
enter ls on the data input (clock pulses 2 and 3, 

Table 9-1); these ls shift across the display to 4-bit shift register 
the right. Next, enter Os on the data input (clock 
pulses 4 to 8, Table 9-1); you can see the Os 
being shifted across the display (lines 6 to 10, 
Table 9-1). On clock pulse 9 (Table 9-1) enter a 
1 at the data input. On pulse 10 the data input 
is returned to 0. Pulses 9 to 13 show the single 
1 on display being shifted to the right. Line 15 
shows the 1 being shifted out the right end of 
the shift register and being lost. 

OUTPUTS 
8 c 6 

Data input D Q D Q D Q D Q 

CLK CLK CLK CLK 

FFA FF B FFC FF D 
CLR CLR CLR CLR 

_Jl_c1ock --.1il----l---t~--+---<11t---+-----" 
Clear ___ ...._ ____ _.. ____ __.,__ ___ ~ 

Fig. !3-2 A 4-bit serial-load shift register using 0 Flip-Flops. 

Inputs Output 
Clock 

FF A FF B FF C FF D Line Pulse 
Number Clear Data Number A B c D 

0 0 0 0 0 0 0 

2 1 0 0 0 0 0 

3 1 1 0 0 0 

4 1 2 1 0 0 

5 1 3 1 0 

6 1 0 4 0 1 

7 1 0 5 0 0 1 

8 0 6 0 0 0 1 

9 0 7 0 0 'o 0 

10 1 0 8 0 0 0 0 

11 1 9 1 0 0 0 

12 0 10 0 0 0 

13 0 11 0 0 1 0 

14 0 12 0 0 0 1 

15 0 13 0 0 0 0 
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Parallel-laad shift 
registers 

Recirculating 
feature 

Remember that the D flip-flop is also called 
a delay flip-flop. Recall that it simply transfers 
the data from input D to output Q after a delay 
of one clock pulse. 

The circuit diagrammed in Fig. 9-2 is re
ferred to as a serial-load shift register. The term 
"serial load" comes from the fact that only one 
bit of data at a time can be entered in the reg
ister. For instance, to enter 0111 in the register, 
we had to go through the sequence from lines 3 
through 6 in Table 9-1. It took four steps to seri
ally load 0111 into the serial-load shift register. 
To enter 0001 in this serial-load shift register, 

Answer the following questions. 

1. The unit shown in Fig. 9-3 is a shift-right 
____ (parallel, serial)-load shift 
register. 

2. List the contents of the register in Fig. 9-3 
after each of the six clock pulses starting 
with t

1 
(A = left bit, C = right bit). 

3. A(n) (entire 3-bit group, 
single bit) is loaded on each clock pulse 
in the serial-load shift register in Fig. 9-3. 

Data 

0 0 0 / 

-----..._Clock 

Clear ____.,,-

Fig. !l3 A shift register problem for test items 1 through S. 

9-2 Parallel-Load Shift Registers 

The serial-load shift register we studied in the 
last section has two disadvantages: It permits 
only one bit of information to be entered at a 
time, and it loses all its data out the right side 
when it shifts right. Figure 9-4(a) illustrates a 
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we need four steps, as shown in Table 9-1, lines 
11 to 14. According to the classifications in 
Fig. 9-1, this would be a serial in-parallel out 
register. However, if data were taken from only 
FF D, it becomes a serial in-serial out register. 

The shift register in Fig. 9-2 could become 
a 5-bit shift register just by adding one more 
D flip-flop. Shift registers typically come in 
4-, 5-, and 8-bit sizes. Shift registers also can 
be wired using other flip-flops. J-K flip-flops 
and clocked R-S flip-flops are also used to wire 
shift registers. 

4. The clear ( CLR) input to the shift register 
in Fig. 9-3 is active (HIGH, 
LOW). 

5. The clear input in Fig. 9-3 must be 
___ (HIGH, LOW) and a 
____ (H-to-L, L-to-H) clock pulse 
at the CLK input will trigger a right shift 
in this register. 

A. 

D Q D 

CLK 

FFA 
CLR 

OUTPUTS 

B. 

Q D 

CLK 

FFB 
CLR 

Q 

CLK 

FFC 
CLR 

system that permits parallel loading of four bits 
at once. These inputs are the data inputs A, B, 
C, and D in Fig. 9-4. This system could also 
incorporate a recirculating feature that would 
put the output data back into the input so that 
they are not lost. 



A wmng diagram of the 4-bit parallel
load recirculating shift register is drawn in 
Fig. 9-4(b). This shift register uses four J-K 
flip-flops. Notice the recirculating lines leading 
from the Q and Q outputs of FF D back to the 
J and K inputs of FF A. These feedback lines 
cause the data that would normally be lost out 
of FF D to recirculate through the shift register. 
The CLR input clears the outputs to 0000 when 
enabled by a logical 0. The parallel-load data 
inputs A, B, C, and D are connected to the ac
tive LOW preset (PS) inputs of the flip-flops 
to set ls at any output position (A, B, C, D). 
If the switches attached to the parallel-load 
data inputs are even temporarily switched to a 
O, that output will be preset to a logical 1. The 
clock pulsing the CLK inputs of the J-K flip
flops will cause data to be shifted to the right. 
The data from FF D will be recirculated back 
to FFA. 

DaraH 

Clock 

Clear 

r Data 

Parallel C 
load 8 

A 

JPS Q 
QA 

J PSQ 

FFA FF B 
CLK CLK 

K Q K Q 
CLR CLR 

Clock 

Clear 

Table 9-2 will help you understand the oper
ation of the parallel-load shift register. As you 
turn on the power, the outputs may assume any 
combination. Line 2 shows the register being 
cleared with the CLR input. Line 3 shows 
0100 being loaded into the register using the 
parallel-load data switches. An asynchronous 
parallel load occurs whenever a parallel-load 
input goes LOW. Notice in line 3, input B is 
at 0 causing the corresponding output B to be 
set to 1. 

Lines 4 through 8 in Table 9-2 show five 
clock pulses (t

1
-t

5
) shifting data to the right. Ex

amine the outputs in lines 5 and 6. The 1 from 
FF D (on right) in line 5 is being recirculated 
back to the left FF A in line 6. 

Line 9 shows the register being cleared 
again by the CLR input. New information 
(0110) is being loaded in the data inputs in line 
10. Lines 11 to 15 illustrate the register being 

QA 
4-bit Os 
parallel-load 

Oc recirculating 
shift register Oo 

(a) 

Os 
J PSQ 

Oc 
J PSQ 

Oo 

FFC FF D 
CLK CLK 

K Q K Q 
CLR CLR 

(b) 

4-bit parallel-load 
recirculating shift 
register 

Fig. 9-4 A 4-bit parallel-load recirculating shift register. (a) Block diagram. (b) Wiring diagram. 
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Inputs 
Mode 

Parallel Load of Line 
Operation Number Clear A B c 
Power up 1 1 1 

Clear (asynchronous) 2 0 1 

Parallel load 3 0 
(asynchronous) 

Shift right 4 

Shift right 5 

Shift right 6 1 

Shift right 7 1 1 

Shift right 8 1 

Clear (asynchronous) 9 0 1 1 

Parallel load 
(asynchronous) 

Shift right 

Shift right 

Shift right 

Shift right 

Shift right 

10 0 0 

11 

12 

13 

14 

15 

shifted five times by clock pulses. Note that 
it takes four clock pulses to come back to the 
original data in the register (compare lines 11 
and 15 or lines 4 and 8 in Table 9-2). The reg
ister in Fig. 9-4 could be classified as a parallel 
in-parallel out storage device. 

Answer the following questions. 

6. The unit in Fig. 9-5 is a shift-right 
____ (serial, parallel)-load recircu
lating shift register. 

7. Refer to Fig. 9-5. List the mode of opera
tion of the shift register during each of 
the eight clock pulses (start with pulse t

1
). 

Use as answers the terms "clear," 
"parallel load," and "shift right." 

8. List the contents of the register in Fig. 9-5 
immediately after each of the eight clock 
pulses (start with pulse t

1
) (A = left bit, 

c = right bit). 
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D 

Output 

Clock FFA FF B FF C FF D 

Pulse A B c D 

(Random outputs) 

0. 0 0 0 

0 0 0 

. t1 0 0 0 

t2 0 0 0 

t3 1 0 0 0 

t4 0 0 0 

ts 0 0 1 0 

0 0 0 0 

0 1 0 

t6 0 0 

t7 1 0 0 

ta 0 0 

tg 0 1 0 

tlO 0 0 1 

The recirculating feature of the shift register 
in Fig. 9-4(b) can be disabled by disconnecting 
the two recirculating lines. The register is then 
a parallel in-parallel out register. However, if 
only the output from FF D is considered, this 
register is a parallel in-serial out storage device. 

9. Refer to Fig. 9-5. This is a ___ _ 
(nonrecirculating, recirculating) 3-bit 
shift register. 

10. Refer to Fig. 9-5. The parallel-load inputs 
are (asynchronous, synchro-
nous) on this shift register. 

11. Refer to Table 9-2. The shift register is in 
the clear mode during what two lines on 
the table? 

12. Refer to Table 9-2. The shift register is in 
the parallel-load mode during what two 
lines on the table? 



1 L2.J 1 ~Parallel-load data 

c 

JPS Q 
FFA 

CLK 

K Q 
CLR 

JPS Q 

FF B 
CLK 

K Q 
CLR 

JPS Q 

FFC 
CLK 

K Q 
CLR 

---~C~lo~ck_._ __ -+---41t---+----' 
Clear 

~------------_..---:r _g_J 1 

fig. 9-5 A shift register problem For test items 6 through 10. 

8-3 A Universal Shift Register 

When reviewing data manuals, you will see 
that manufacturers produce many shift regis
ters in IC form. In this section, one such IC shift 
register will be studied: the 74194 4-bit bidirec
tional universal shift register. 

The 74194 IC is a very adaptable shift regis
ter and has most of the features we have seen so 
far in one IC package. A 74194 IC register can 
shift right or left. It can be loaded serially or in 
parallel. Several 4-bit 74194 IC registers can be 
cascaded to make an 8-bit or longer shift register. 
And this register can be made to recirculate data. 

Read the description of the 74194 shift reg
ister in Fig. 9-6(a) for a good overview of what 
this shift register can do. 

Answer the following questions. 

13. List the five modes of operation for the 
74194 universal shift register IC. 

14. Refer to Fig. 9-6. If both mode control 
inputs (S

0
, S

1
) to the 74194 are HIGH, the 

unit is in the mode. 
15. Refer to Fig. 9-6. If both mode control 

A logic diagram of the 74194 shift register is 
reproduced in Fig. 9-6(b). Because it is a 4-bit 
register, the circuit contains four flip-flops. 
Extra gating circuitry is needed for the many 
features of this universal shift register. The pin 
configuration in Fig. 9-6(c) will help you de
termine the labeling of each input and output. 
Of course, the pin diagram is also a must when 
actually wiring a 74194 IC. 

The truth table and waveform diagrams in 
Fig. 9-6(d) and (e) are very helpful in determin
ing exactly how the 74194 IC register works be
cause they illustrate the clear, load, shift-right, 
shift-left, and inhibit modes of operation. When 
you use the 74194 universal shift register, you 
will have occasion to look quite carefully at the 
truth table and waveform diagrams. 

inputs (S
0

, S
1
) to the 74194 IC are LOW, 

the unit is in the mode. 
16. Refer to Fig. 9-6. Shift right on the 74194 

IC is accomplished when S
0 

is ---
(HIGH, LOW) and S1 is---
(HIGH, LOW) and when the clock pulse 
goes from to ___ _ 

74194 4-bit 
bidirectional 
universal shift 
register 
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74194 shift register 

This bidirectional shift register is designed to incorporate virtually all of the features a system designer may want. in a 
shift register. The circuit contains 45 equivalent gates and features parallel inputs, parallel outputs, right-shift serial 
inputs, operating-mode-control inputs, and a direct overriding clear line. The register has distinct modes of operating, 
namely: 

Parallel (broadside) load 
Shift right (in the direction QA toward 0 0 ) 

Shift left (in the direction 0 0 toward QA) 
Inhibit clock (do nothing) 

Synchronous parallel loading is accomplished by applying the four bits of data and taking both mode control inputs, Sa 
and S1 , high. The data are loaded into the associated flip-flops and appear at the outputs after the positive transition of 
the clock input. During loading, serial data flow is inhibited. 

Shift right is accomplished synchronously with the rising edge of the clock pulse when Sa is high and S 1 is low. Serial 
data for this mode are entered at the shift-right data input. When Sa is low and S 1 is high, data shifts left synchronously 
and new data are entered at the shift-left serial input. 

Clocking of the flip-flop is inhibited when both mode control inputs are low. The mode of the S54194/N74194 should be 
changed only while the clock input is high. 

(a) Description 

Clear 1 

Serial; (shift-right) 
input 

"""" '''"" ~ 
Serial (shift-left) 
input 

GND 

(c) Pin configuration 

Clock 

0A 

Oe 

Oc 

Oo 

Clock 

S1 

CLEAR 

L 

H 

H 

H 

H 

H 

H 

H 

Parallel inputs 

r--------~·~---------., Shiltlelt 
serial input 

D (6) (7) A (3) c (5) B (4) 

Parallel outputs 

(b) Logic diagram 

INPUTS OUTPUTS 

MODE SERIAL 

s So CLOCK LEFT RIGHT 

x x x x x 
x x L x x 
H H I x x 
L H I x H 

L H I x L 

H L I H x 
H L j L x 
L L x x x 

(d) Function table 

PARALLEL 

A B c D 
o. 

x x x x L 

x x x x o., 
a b c d a 
x x x x H 

x x x x L 

x x x x Oen 

x x x x Oen 

x x x x o., 
H = high level (steady state) 
L = low level (steady state) 

Os 

L 

Oeo 
b 

OAn 

OAn 

Oen 

Oen 

Oso 

X = irrelevant (any input, including transitions) 
t transition from low to high level 

Oc 

L 

Oco 
G 

Oen 

Oen 

Oon 

Oen 

Oco 

Oo 

L 

Ooo 

d 

Oen 

Oen 
H 

L 

Ooo 

a,b,c,d, =the level of steady state input at inputs A,B,C, or 
0, respectively 

Serial 
data 
inputs 

Clear 

Parallel ~B 
data 
inputs C 

~!-"'Ir--+--------+-+------+------+--

Clear 

(e) Typical clear, shift and load sequences 

OAO· Oso. Oco. Ooo = the level of OA. Os, Oc. Oo. 
respectively, before the indicated steady state 
input conditions were established 

0An. Oen, Oen, Oon =the level of OAr Os, Oc. Oo. respectively 
before the most recent + transition of the clock 

Fig. 9-Ei A 4-bit TTL universal shift register 
(74194). (a) Description. (b) Logic diagram. 
(c) Pin configuration. (d) Function (truth) 
table. (e) Waveforms. 
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9-4 Using the 74184 IC 
Shift Register 

In this section we shall use the 74194 univer
sal shift register in several ways. Figure 9-7(a) 
and (b) shows the 74194 IC being used as serial
load registers. A serial-load shift-right register 
is shown in Fig. 9-7(a). This register operates 
exactly like the serial shift register in Fig. 9-2. 
Table 9-1 could also be used to chart the per
formance of this new shift register. Notice that 
the mode control inputs (S0, S1) must be in the 
positions shown for the 74194 IC to operate 
in its shift-right mode. Shifting to the right is 

Shift-right 
serial input 

defined by the manufacturer as shifting from 
QA to QD. The register in Fig. 9-7(a) shifts data 
to the right, and as they leave QD the data are 
lost. 

The 74194 IC circuit has been revised 
slightly in Fig. 9-7(b). The shift-left serial input 
is used, and the mode control inputs have been 
changed. This register enters data at D (QJ and 
shifts them toward A (Q) with each pulse of 
the clock. This register is a serial-load shift-left 
register. 

In Fig. 9-8 the 74194 IC is wired as a 
parallel-load shift-right/left register. With a sin
gle clock pulse, the data from the parallel load 

OUTPUTS 

Oa 

Clock 

Serial-load 
shift-right 
shift 
register 

Clear CLR 

(74194) 

Mode { 1 So 

control 
0 

_S__;1 ____ ___, 

(Shift-right position) 

Shift-left 
serial input 

Clock 

Clear 

(a) 

Serial-load 
shift-left 
shift 
register 

CLR 

(74194) 

Mode {o So 

control 
1 

_s_;.1 ____ __. 

(Shift-left position) 

(b) 

QA 

Oa 

Oc 

Oo 

Fig. 9·7 (a) A 74184 IC wired as a 4-bit serial-load shift-right register. 
(b) A 74184 IC wired as a 4-bit serial-load shift-left register. 

Serial load shift
right register 

Made control 
inputs 

Serial-load shift-
left register 
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B-bit parallel-load 
shift-right register 

Mode control 

Parallel load 

ParalleJ.Joad { A 
inputs ~ 

D 

Shift-right serial input 0 
Shift-left serial input 0 

Clock 
Clear 

Sn= 1, S, = 1 

Parallel-load 
shift register 

CLK 
CLR 

(74194) 

Oa 

Oc 

Oo 

Shift right S0 =1,S1 =0 
Shift left S 0 = 0, S1 = 1 

{

So 

S1-----~ 

Inhibit S 0 = 0, S 1 = 0 

Fig. 9-8 A 74194 IC wired as a parallel load shift-right/left register. 

inputs A, B, C, and D appear on the display. The 
loading happens only when the mode controls 
(S

0
, S

1
) are set at 1, as shown. The mode control 

can then be changed to one of the three types of 
operations: shift right, shift left, or inhibit. The 
shift-right and shift-left serial inputs both are 
connected to 0 to feed in Os to the register in the 
shift-right or shift-left mode of operation. With 
the mode control in the inhibit position (S

0 
= 0, 

Clock 
Clear 

Shift-right 

serial input 
CLK 

:: CLR 
Shift 

A 
register 1 

~ (74194) 

Mode control 

Parallel load 

Shift right 

Shift left 

Inhibit 

Parallel 
load 

S 0 = 1, S1 = 1 
S 0 = 1, S1 = 0 { 
S 0 = 0, S1 = 1 
S 0 = 0, S 1 = 0 

B 
c c 
D 0 

So S1 
E 

F 
G 
H 

So 

S1 

S
1 

= 0), the data do not shift right or left but 
stay in position in the register. When using the 
74194 IC, you must remember the mode control 
inputs because they control the operation of the 
entire register. The CLR input clears the regis
ter to 0000 when enabled by a 0. The asynchro
nous CLR input overrides all other inputs. 

Two 74194 IC shift registers are connected 
in Fig. 9-9 to form an 8-bit parallel-load 

P-®Cf c D E F G H 

Oa 

Oc 

Oo 

A 
&--B 

c Oa 
D 

Shift-right Shift Oc 
register 2 

serial input (74194) Oo 

CLK 
:::; CLR Recirculating 

So S1 line 

I 

I 

Fig. 9-9 Two 74194 ICs wired as an 8-bit parallel load shift-right register. 
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shift-right register. The CLR input clears the 
outputs to 0000 0000. The parallel-load inputs 
A to H allow entry of all 8 bits of data on a 
single clock pulse (mode control: S

0 
= 1, S

1 
= 

1). With the mode control in the shift-right po
sition (S

0 
= 1, S

1 
= 0), the register shifts right 

for each clock pulse. Notice that a recirculating 
line has been placed from output H (output Q

0 

of register 2) back to the shift-right serial input 
of shift register 1. Data that normally would be 
lost out of output H are recirculated back to po
sition A in the register. Both inputs S

0 
and S1 at 

O will inhibit data shifting in the shift register. 
As you have just seen, the 74194 IC 4-bit 

bidirectional universal shift register is very 

Supply the missing word or words in each 
statement. 

17. The 74194 IC is in the parallel-load mode 
when both mode control inputs (S

0
, S) 

are (HIGH, LOW). The four 
bits of data at the parallel-load inputs 
are loaded into the registers by applying 
____ [number] clock pulse(s) to the 
CLKinput. 

18. If the mode control inputs (S
0

, S
1
) to the 

74194 IC are both LOW, the shift register 
is in the mode. 

19. For the 74194 IC to shift right, the mode 
controls are so = and sl = 

9-5 An 8-Bit CMOS 
Shift Register 

This section will detail the operation of one of 
many CMOS shift registers available from man
ufacturers. A manufacturer furnished the tech
nical information in Fig. 9-10 on the 74HC164 
8-bit serial in-parallel out shift register. 

The 74HC164 CMOS IC is an 8-bit edge
triggered register with serial data entry. Parallel 
outputs are available from each internal D flip
flop. The detailed logic diagram in Fig. 9-IO(a) 

useful. The circuits in this section are some ex
amples of how the 74194 IC can be used. Re
member that all shift registers use as their basis 
the memory characteristic of a flip-flop. Shift 
registers often are used as temporary memo
ries. Shift registers also can be used to convert 
serial data to parallel data or parallel data to 
serial data. And shift registers can be used to 
delay information (delay lines). Shift regis
ters are also used in some arithmetic circuits. 
Microprocessors and microprocessor-based 
systems make extensive use of registers similar 
to the ones used in this chapter. Counterparts to 
the 74194 are the 745194, 74LS194A, 74F194, 
and 74HC194 ICs. 

____ and the serial data enter the 
____ input. 

20. Refer to Fig. 9-8. If S
0 

= 1, S
1 

= 1, shift
left serial input = 1, and clear input = 0, 
then the outputs are ___ _ 

21. Refer to Fig. 9-6. The 74194 IC is trig-
gered on the (H-to-L, L-to-H) 
transition of the clock pulse. 

22. Refer to Fig. 9-6. An active ___ _ 
(clear, shift-left serial) input overrides all 
other inputs and resets the register outputs 
to 0000 on the 74194 IC. 

23. Refer to Fig. 9-6. To (shift 
left, shift right) means to shift data from 
Q0 toward the QA output on the 74194 IC. 

shows the use of eight D flip-flops with parallel 
data outputs (Q

0 
to Q

7
). 

The 74HC164 IC featured in Fig. 9-10 is de
scribed as having a serial input. Data are en
tered serially through one of two inputs (D 

Sa 

and Dsb). Observe on Fig. 9-IO(a) that the data 
inputs (Dsa and Dsb) are ANDed together. The 
data inputs may be tied together as a single 
input or one may be tied HIGH using the other 
for data entry. 

The master reset input (MR) to the 74HC164 
IC is shown at the lower left in Fig. 9-IO(a). 

74HC164 8-bit 
serial in-parallel 
out shift register 
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Truth table-74HC164 Shift Register 

INPUTS 
Operating modes 

MR GP Dsa 

Reset (clear) L x x 
H t I 
H t I 

Shift right H t h 
H t h 

H = HIGH voltage level 

Oa 

Dsb 

x 
I 
h 
I 
h 

GP 
FF 2 

Ro 

OUTPUTS I 
0 0 I 0,-01 j 
L 1 L-q 
L qo qs I 
L qo-qs 
L qo-qs I 
H q,-qs I 

h = HIGH voltage level one set-up time prior to the LOW
to-HIGH clock transition 

L = LOW voltage level 
I = LOW voltage level one set-up time prior to the LOW

to-HIGH clock transition 
q = lowercase letters indicate the state of the referenced 

input one set-up time prior to the LOW-to-HIGH 
clock transition 

= LOW-to-HIGH clock transition 

(b) 

01 

GP 

Dsa 

01 

FF 3 
Ro 

1 

4 

02 5 

031 6 I 

GND I 7 I 

Q 

02 

D 

GP 

(a) 

FF 4 
Ro 

74HC164 

(c) 

QI • ID QI 0 ID QI• ID Q D 0 

03 

GP 
FF 5 
Ro 

04 

GP 
FF6 

Ro 

Os 

PIN DESCRIPTION 

14 Vee PIN NO. SYMBOL 

Q7 

Os 

1,2 Dsa,Dsb 

3, 4, 5, 6, 
0 0 to 01 10, 11, 12, 13 

7 GND 

11 Os 8 GP 

10 04 9 MR 

I 9 IMR 14 Vee 

µ_JGP (d) 

GP 
FF? 
Ro 

Os 

GP 
FF 8 
Ro 

NAME AND FUNCTION 

Data inputs 

Outputs 

Ground (0 V) 

Clock input (Low-to-HIGH, 
edge-triggered) 

Master reset input (active 
LOW) 

Positive supply voltage 

Fig. !JUI An 8-bit CMOS serial in-parallel out shift register (74HC164). (a) Detailed logic diagram. (b) Truth table. (c) Pin diagram. (d) Pin descriptions. 
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It is an active LOW input. The truth table in 
Fig. 9-lO(b) shows that the MR input overrides 
all other inputs and clears all flip-flops to 0 
when activated. 

The 74HC164 IC shifts data one place to the 
right on each LOW-to-HIGH transition of the 
clock ( CP) input. The clock pulse also enters 

Vision Enhancement 

data from the ANDed data inputs (Dsa and Dsb) 
into output Q

0 
of FF 1 [see Fig. 9-lO(a)]. 

For your reference, a pin diagram for the 
74HC164 shift register IC is reproduced in 
Fig. 9-lO(c). The helpful table in Fig. 9-lO(d) 
describes the function of each pin on this 
CMOS IC. 

• The NOMAD Personal Display System is a "see-through" high-resolution head-worn 
display that allows mobile viewing of electronic information in all lighting conditions. The 
Nomad system superimposes high contrast images on the user's field of vision-from 
schematics, maintenance records, or manuals to situational awareness data to interac
tive training manuals. A crew can now access information while on scaffolding or working 
in other difficult positions, all the time, working with their hands while viewing critical 
information. 

Answer the following questions. 

24. The 74HC164 IC's master reset pin is an 
active (HIGH, LOW) input. 

25. The clock input to the 74HC164 IC 
responds to a(n) (H-to-L, 
L-to-H) transition of the clock pulse. 

26. Refer to Fig. 9-11. List the shift register's 
mode of operation for each clock pulse 
(t

1 
through t

6
). 

27. Refer to Fig. 9-11. List the 8-bit output 
(Q

0 
bit on left, Q

7 
bit on right) after each 

of the six clock pulses. 
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Digital roulette 
wheel 

28. The 74HC164 is a ____ (CMOS, 30. On the 74HC164 IC, the serial data inputs 
TTL) shift register IC. (D and D ) are (ANDed, 

sa sb 

29. The 74HC164 is a(n) (4-bit, ORed) together inside the chip to form 
8-bit) (parallel-load, serial- the serial data input. 
load) shift register IC. 

+5V 

Dsa Oo 
8-bit 

0 0 Dsb shift 01 
register 02 

CP 
Q3 

o. 
Os 

(74HC164) Os 

Fig. 9-11 Shift register problem For test items 26 and 27. 

!3-6 Using Shift Registers: 
Digital Roulette 

The roulette wheel holds great fascination for 
people of all ages. Variations are used in game 
shows and in gaming. This section explores an 
electronic version of the mechanical roulette 

wheel. Digital roulette is a favorite project for 
many students. 

A block diagram of a digital roulette wheel 
is sketched in Fig. 9-12. This simple roulette 
wheel design uses only eight number markers. 
The number markers are LEDs in this electronic 
version of roulette. Only a single LED (number 

Audio 
amplifier 1-----+-Q] 

,__ ___ _, 

+5V 

Power-up 
initializing 

circuits 

tii~;~eel~ ---~,_ _ _..,__~---~ 
Voltage- Ring counter 

controlled 
oscillator 8-bit 

(VCO) ..I1I1flf1.SL shift register 

Fig. 9-'12 Block diagram For simplified electronic digital roulette wheel. 
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marker) must light at a time. A ring counter is a 
circuit that will cause the LEDs to light, one at 
a time, in sequence. A ring counter is simply a 
shift register with some added circuitry. 

When turning on the power, the shift reg
ister in Fig. 9-12 must first be cleared to all 
zeros. Note that the system ON-OFF switch is 
not represented in the block diagram. Second, 
when the "spin wheel" switch is pressed, a single 
HIGH must be loaded into position 0 on the 
display lighting LED 0. The voltage-controlled 
oscillator (VCO) emits a string of clock pulses 
that gradually decrease in frequency and stops. 
The clock pulses are directed to the ring coun
ter (shift register) and the audio amplifier sec
tions of the digital roulette game. Each clock 
pulse entering the ring counter will shift the 
single light around the roulette wheel. The 
lighting sequence should be 0, 1, 2, 3, 4, 5, 6, 7, 
O, 1, and so forth, until the VCO stops emitting 
clock pulses. When clock pulses stop, a single 
LED should remain lit on the roulette wheel in 
some random position. 

The VCO in Fig. 9-12 also sends clock pulses 
to the audio amplifier section. Each clock pulse 
is amplified to sound like the click of a roulette 
wheel. The frequency gradually decreases and 
stops, simulating a mechanical wheel coasting 
to a stop. 

The ring counter block of the digital roulette 
game is detailed in Fig. 9-13(a). Notice that the 
ring counter makes use of the 74HC164 8-bit 
serial in-parallel out shift register IC studied 
earlier. When power is turned on, the circuits 
in the power-up initializing block clear all out
puts to zero (all LEDs are off). Upon pressing 
the "spin wheel" input switch, the first pulse 
loads a single HIGH into the shift register. This 
situation is illustrated in Fig. 9-13(a). The clock 
pulses that follow move the single light across 
the display. This is illustrated in Fig. 9-13(b). 
Notice that on each L-to-H transition of the 
clock, the single HIGH in the 74HC164 8-bit 
register shifts one position to the right. When 
the HIGH reaches output Q7 [after clock pulse 8 
in Fig. 9-13(b)], a recirculating line (feedback) 
is run back to the data inputs to transfer the 
HIGH back to the left LED (output Qr). In the 
example in Fig. 9-13(b), the switch is opened 
after the twelfth pulse. This stops the light at 
Q

3
• This is the "winning number" on the rou

lette wheel for this spin. 

The 74HCJ64 8-bit shift register IC is wired 
as a ring counter in Fig. 9-13(a). The circuit 
has the two characteristics that make it a ring 
counter. First, it has feedback from the last 
flip-flop (Q

7
) to the first FF (Q

0
). Second, it is 

loaded with a given pattern of ls and Os, and 
these recirculate as long as clock pulses reach 
the CP input of the shift register. In this case, 
a single 1 is loaded into the shift register and is 
recirculated. 

In summary, the circuit in Fig. 9-13(a) is a 
very simple electronic roulette wheel. Pressing 
the spin wheel input causes the single light to be 
circulated through the LEDs. When the switch 
opens, the shifting stops. 

For added appeal, the simple digital roulette 
circuit in Fig. 9-13 can be changed by adding a 
clock that will continue to run for a time after 
the push button is released. Sound could also 
be added for a more realistic simulation. Fig
ure 9-14 adds both features to the digital rou
lette wheel. 

The versatile 555 timer IC is wired as a 
VCO in Fig. 9-14. Pressing the spin wheel input 
switch turns on transistor Qr The 555 timer op
erates as a free-running MV. This square-wave 
output from the VCO drives both the clock 
input (CP) of the ring counter and the audio 
amplifier. Pulses from the VCO alternately turn 
transistor Q

2 
on and off, clicking the speaker. 

When the spin wheel input switch is opened, 
the 47-µF capacitor holds a positive charge 
for a time, which is applied to the base (B) of 
transistor Qr This keeps the transistor turned 
on for several seconds before the capacitor be
comes discharged. As the 47-µF capacitor dis
charges, the voltage at the base of Q 

1 
becomes 

less and the resistance of the transistor (from 
emitter to collector) increases. This decreases 
the frequency of the oscillator. This causes the 
shifting light to slow down. The clicking from 
the speaker also decreases in frequency. This 
simulates the slowing of a mechanical roulette 
wheel. 

To review, the power-up initializing circuitry 
block in Fig. 9-14 must first clear the shift reg
ister and then set only the first output HIGH. 
These two circuits have been added to the digi
tal roulette wheel in Fig. 9-15. 

An automatic clear circuit has been added 
to the roulette wheel in Fig. 9-15. It consists of 
the resistor-capacitor combination (R

7 
and C

4
). 

Ring counter 

74HC1Ei4 8-bit shift 
register IC 

Voltage-controlled 
oscillator (VCO) 

Audia amplifier 

Power-up initializing 
circuitry 

Recirculating line 
(feedback) 

Automatic clear 
circuit 
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Ring counter 

Spin 
wheel 
input 

+5V 
LED output indicators 

Oo 

Clock I .Ilfl_ ~r l---1 '> GP 
Vee 

Oo 

011----~ 

Power up initializing 

Load single 
HIGH 

Ring 
counter 

021--~~~~~~ 

031--~~~~~~~---' 

041~~~~~~~~~~~~ 

Osi--~~~~~~~~~~~~--' 

Dsb O 1--~~~~~~~~~~~~~~~ 
(74HC164) 6 

Power up 
clear 

1--~~<• MR 071----fllli--~~~~~~~~~~~~~~~-' 

GND 

Feedback line 

(a) 

Oo 01 Os 

Afterfirstpulse Q Q Q Q Q Q Q 
(power up) 

After second pulse Q Q Q 0 0 0 0 
After third pulse Q Q Q 0 0 0 0 

Afterfourthpulse Q Q Q Q 0 0 0 
Afterfifthpulse Q Q Q Q • 0 0 0 

After sixth pulse Q Q Q Q Q 0 0 
After seventh pulse Q Q Q Q Q Q 0 

After eighth pulse Q Q Q Q 0 0 0 
After ninth pulse Q Q Q Q Q 0 0 
After tenth pulse Q • Q Q 0 0 0 0 

After eleventh pulse Q Q • Q Q Q 0 0 
After twelfth pulse Q Q Q • Q Q 0 0 

STOP "The winner" 

(b) 

Fig. !:1-13 (a) Ring counter circuit detail in digital roulette wheel. (b) Output from ring counter for first 12 clock pulses. 

When power is turned on, the voltage at the top 
of the 0.01-µF capacitor starts LOW and in
creases quickly to a HIGH as it charges through 
resistor R7 • The master reset (MR) input to the 
74HC164 register is held LOW just long enough 
for the output of the shift register to be cleared 
to 00000000. At this point all the LEDs are off. 

The circuit that loads a single 1 into the ring 
counter consists of the four NAND gates and 

two resistors (Rs and R
6
). The NAND gates 

are wired as an R-S latch. The two resistors 
(Rs and R

6
) force the output of the NAND gate 

(IC) HIGH when the power is first turned 
on. This HIGH is applied to the data inputs 
(D and D b) of the ring counter. On the very 

sa s 
first L-to-H transition of the clock, the HIGH 
at the data inputs is transferred to output Q0 

of the 74HC164 IC. Immediately this HIGH is 
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fed back to the input of IC d and resets the latch 
so that a LOW now appears at the data inputs 
(Dsa and DsJ· Only a single HIGH was loaded 
into the ring counter. Repeated clock pulses 
move the HIGH (light) across the display until 

Answer the following questions. 

31. Refer to Fig. 9-15. Components R4, 

speaker, and Q
2 

form the ___ _ 
block of the digital roulette wheel circuit. 

32. Refer to Fig. 9-15. The 74HC164 8-bit 
shift register is wired as a(n) ___ _ 
in this circuit. 

33. Refer to Fig. 9-15. What components 
cause the 74HC164 IC to reset all 

9-7 Troubleshooting a Simple 
Shift Register 

Consider the faulty serial-load shift-right reg
ister drawn in Fig. 9-16. Four D flip-flops (two 
7474 ICs) have been wired together to form this 
4-bit register. 

After checking for obvious mechanical and 
temperature problems, the student or technician 
runs the following sequence of tests to observe 
the problem: 

1. Action: Clear input to 0 and back to 1. 

Result: Output indicators = 0000 (not lit). 

Conclusion: Clear function operating 
correctly. 

2. Action: Data input = 1. 
Single pulse to CLK of flip-flops 
from logic pulser. 

Result: Output indicators = 1000. 

Conclusion: FF A loading 1 s properly. 
3. Action: Data input = 1. 

Single pulse to CLK of flip-flops 
from logic pulser. 

Result: Output indicators = 1100. 

Conclusion: FF A and FF B loading ls 
correctly. 

Q
7 

of the ring counter goes HIGH. This HIGH 
is fed back to the input of IC c setting the latch 
so that a 1 appears at the data inputs of the 
ring counter. The single HIGH has been recir
culated back to Q

0
. 

outputs to 0 when the power is first 
turned on? 

34. Refer to Fig. 9-15. Clock pulses are fed to 
the ring counter by the output of the 555 
timer IC wired as a(n) ___ _ 

35. Refer to Fig. 9-15. The four NAND gates 
used for loading a single 1 in the ring 
counter are wired as a(n) ___ _ 
circuit. 

4. Action: Data input = 1. 
Single pulse to CLK of flip-flops 
from logic pulser. 

Result: Output indicators = 1110. 

Conclusion: FF A, FF B, and FF C 
loading ls correctly. 

5. Action: Data input= 1. 
Single pulse to CLK of flip-flops 
from logic pulser. 

Result: Output indicators = 1110. 

Conclusion: Suspect problem near or in 
FF D since it did not load a 
HIGH properly. 

6. Action: Logic probe at D input to FF D 
to see if D = 1. 

Result: D = 1 on FF D. 

Conclusion: HIGH data at D of FF D is 
correct. 

7. Action: One pulse to CLK (pin 11) of FF 
D from logic pulser. 

Result: Output indicator remains at 1110. 

Conclusion: Data not being transferred 
from input D of FF D to 
output Q on a clock pulse. 

8. Action: Logic probe to output Q of FF D 
(pin 9). 

Troubleshooting 
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Faulty 4-bit serial
laad shift-right 
register 

Fig. !:J-16 Faulty 4-bit serial load shift-right register used as a troubleshooting example. 

Redundant 
circuitry 

Result: Neither HIGH nor LOW 
indicator lights on logic probe. 

Conclusion: Output Q (pin 9) of FF D 
floating between HIGH and 
LOW. Probably a faulty FF 
Din second 7474 IC. 

9. Action: Remove and replace second 7 4 7 4 
IC (FF C and FF D) with exact 
replacement. 

10. Action: Retest circuit, starting at step 1. 

Result: All flip-flops load ls and Os. 

Conclusion: Shift register circuit is now 
operating properly. 

According to the sequence of tests, the Q 
output of FF D seemed to be stuck LOW, while 
it was actually floating between LOW and 

Answer the following questions. 

36. Refer to Fig. 9-16. Describe the observed 
problem in this circuit. 

37. Refer to Fig. 9-16. What is wrong with 
this circuit? 
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HIGH. This fact made our conclusion in step 
1 incorrect. This fault was caused by an open 
circuit within the second 7474 IC itself. Again, 
the technician's knowledge of how the circuit 
operates along with observations helped lo
cate the fault. The logic probe and digital 
logic pulser aided the technician in making 
observations. 

Sometimes the technician is not exactly sure 
of the appropriate logic level. In a circuit with 
redundant circuitry (circuits repeated over and 
over), the technician could go back to FF A and 
FF B and compare these readings with those on 
FF C and FF D. Digital circuits have much re
dundant circuitry, and at times this technique is 
helpful in troubleshooting. 

38. Refer to Fig. 9-16. How can the fault in 
this circuit be repaired? 

39. What test equipment can be used to 
troubleshoot this shift register circuit? 



apter Summary nd Review 

1. Register is a generic name for a group of memory 
cells (such as flip-flops) that are considered as a 
single unit. A few other names used forregisters are 
buffer registers, shift registers, and latches. 

2. Flip-flops are wired together to form shift 
registers. 

3. A shift register has both a memory and a shift 
characteristic. 

4. A serial-load shift register is one that permits only 
1 bit of data to be entered per clock pulse. 

5. A parallel-load shift register is one that permits 
all data bits to be entered at one time (one clock 
pulse). 

Answer the following questions. 

9-1. Draw a logic symbol diagram of a 5-bit serial
load shift-right register. Use five D flip-flops. 
Label inputs data, CLK, and CLR. Label outputs 
A, B, C, D, and E. The circuit will be similar to 
the one in Fig. 9-2. 

9-2. Explain how you would clear to 00000 the 5-bit 
register you drew in question 9-1. 

9-3. After clearing the 5-bit register, explain how 
you would enter (load) 10000 into the register 
you drew in question 9-1. 

9-4. After clearing the 5-bit register, explain how 
you would enter (load) 00111 into the register 
you drew in question 9-1. 

9-5. Refer to the register you drew in question 9-1. 
List the contents of the register after each clock 
pulse shown in b toe (assume data input= 0). 
a. Original output= 01001 (A = 0, B = 1, 

C = 0, D = 0, E = 1) 
b. After one clock pulse = 

c. After two clock pulses = 

d. After three clock pulses = 

e. After four clock pulses = 

6. A recirculating register feeds output data back into 
the input. 

7. Shift registers can be designed to shift either left or 
right. 

8. Manufacturers produce many adaptable universal 
shift registers. 

9. Shift registers are widely used as temporary 
memories and for shifting data. They also have 
other uses in digital electronic systems. 

10. A ring counter is a shift register that (1) has a 
recirculating line and (2) is loaded with a pattern 
of Os and ls, which is repeated over and over as the 
unit is clocked. 

9-6. Refer to Fig. 9-8. The parallel-load register 
using the 74194 IC needs (no, 
one, three, four) clock pulse(s) to load data 
from the parallel-load inputs. 

9-7. A (serial, parallel)-load shift 
register is the simplest circuit to wire. 

9-8. A (serial, parallel)-load shift 
register is the easiest to load. 

9-9. Refer to Fig. 9-6 for questions a to ion the 
74194 IC shift register: 
a. How many bits of information can this 

register hold? 
b. List the four modes of operation for this 

register. 
c. What is the purpose of the mode control 

inputs (S
0

, S
1
)? 

d. The input overrides all other 
inputs on this register. 

e. What type are the flip-flops, and how many 
are used in this shift register? 

f. The register shifts on the ____ _ 
(negative-, positive-) going edge of the clock 
pulse. 

Shift Registers Chapter 9 325 



g. What does the inhibit mode of operation mean? 
h. By definition, to shift left means to shift data 

from to (use 
letters). 

i. This register can be loaded _____ _ 

(serially, in parallel, either serially or in 
parallel). 

9-10. Refer to Fig. 9-17. List the 7 4194 shift regis
ter's mode of operation during each of the eight 
clock pulses. Use as answers "clear," "inhibit," 
"shift right," "shift left," and "parallel load." 

9-11. Refer to Fig. 9-10 for questions a to f on the 
74HC164 shift register. 
a. How many bits of information can this regis

ter store? 
b. This shift register is a _____ _ 

(CMOS, TTL) IC. 
c. This is a ______ (parallel, serial)-

load shift register. 
d. The master reset is an active _____ _ 

(HIGH, LOW) input. 
e. The register shifts data on the 

______ (H-to-L, L-to-H) transition 

of the clock pulse. 

f. The register has two data inputs, which are 
_____ (ANDed, ORed) together for 

loading data into FF 1. 
9-12. Refer to Fig. 9-18. List the contents of the 

register during each of the eight clock pulses · 
(Q

0 
= left bit, Q

7 
= right bit). 

9-13. Refer to Fig. 9-12. The device that generates 
clock pulses in the digital roulette circuit is 
called a(n) _____ _ 

9-14. Refer to Fig. 9-13(a). The 74HC164 shift 
register is wired as a(n) ______ in this 

circuit. 
9-15. Refer to Fig. 9-15. The frequency of the VCO 

decreases as the voltage at the top of capacitor 
______ (C

1
, C

2
, C

4
) decreases. 

9-16. Refer to Fig. 9-15. What is the purpose of 
resistor R7 and capacitor C

4
? 

9-17. Refer to Fig. 9-15. Resistors R
5 

and R
6 

force the 
output of IC a (HIGH, LOW) 
when the power is first turned on. 

9-18. Refer to Fig. 9-15. If only Q
0 

of the ring counter 
is HIGH (as shown), the R-S latch forces the 
output of IC a (HIGH, LOW). 

OUTPUT INDICATORS 

Parallel data 

A 

0 0 0 0 o I 1 

0 0 o I 1 

-----1A QA 
B 
-----18 
c 

o-----1C 
0 

O-----iO Shift Oc i----~ 
register 

"-..... (Shift right) 
SR Q0 r------~ 

Serial inputs 

~ - (Shift left) 
Clock 

SL 
(74194) 

CLK 

Clear 
----<1CLR 

~-------------/ So S1 
~ 1 

0 0 0 
Mode controls 

__011~0 __ 0 __ 0 __ 0~' 1 
Fig. 9-17 Shift register problem For critical thinking question 4. 
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1 I a a I 1 1 I a 0 -

0 

Fig. 9-18 Shift register problem for review question 12. 

9-1. The shift register in Fig. 9-4(b) needs 
______ (no, one, four) clock pulse(s) 
to load data from the parallel data inputs. 

9-2. The shift register in Fig. 9-4(b) can only load 
______ (OS, ls) using the parallel-load 

inputs. 
9-3. List several uses of shift registers in digital 

systems. 
9-4. List the contents of the register in Fig. 9-17 

after each of the eight clock pulses (A = left bit, 
D = right bit). 

9-5. Describe in general terms the nature of the out
put from the VCO in Fig. 9-12. 

9-6. Refer to Fig. 9-4. Describe the procedure you 
would follow when loading the data 1101 into 
this 4-bit parallel-load shift register. 
Hint: Remember to clear the register to 0000 
before activating the asynchronous parallel 
inputs. 

9-7. Refer to Fig. 9-8. Parallel loading of data is a(n) 
______ (asynchronous, synchronous) 
operation when using the 74194 shift register IC. 

Dsa 
8-bit 

Oo 

Dsb shift o, 
register 

02 

CP 
03 

MR 

04 

Os 

(74HC164) Os 

01 

9-8. A ring counter is classified as a type of 
______ (shift register, VCO). 

9-9. Draw a block diagram of a 16-bit electronic 
roulette wheel with VCO, audio amplifier, 
power-up initializing circuits, and ring counter 
blocks. It should look something like the 8-bit 
electronic roulette wheel in Fig. 9-12. 

9-10. At the option of your instructor, use Electron
ics Workbench or Multisim circuit simulation 
software to (1) draw the 8-bit serial-load shift 
register shown in Fig. 9-19, (2) test the opera
tion of the shift register, and (3) save the circuit 
and show your instructor your design. 

9-11. At the option of your instructor, use Elec
tronics Workbench or Multisirn circuit simu
lation software to (1) add a recirculating line 
to your 8-bit shift register you designed in 
question 9-10 (Hint: OR recirculating line 
and data input), (2) test the operation of the 
shift register with recirculating feature, and 
(3) save the circuit and show your instructor 
your design. 
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['' 
L 
~;: 

I\ 

+5V A 

Data input 

Clear = O 
Shift= 1 

Function generator 

DOD 
+ 

0 

Fig. 9-19 EWB or multisim circuit problem. 

1. serial 
2. after pulse t

1 
= 000 

after pulse t
2 

= 100 
after pulse t

3 
= 010 

after pulse t
4 

= 001 
after pulse ts = 000 
after pulse t 

6 
= 100 

3. single bit 
4. LOW 
5. HIGH, L-to-H 
6. parallel 
7. pulse t

1 
= clear 

pulse t
2 

= parallel load 
pulse t

3 
= shift right 

pulse t
4 

= shift right 
pulse ts = shift right 
pulse t

6 
= parallel load 

pulse t
7 

= shift right 
pulse t

8 
= shift right 
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B D 

A Vee 
B OH 
QA QG 
QB OF 
QC OE 
OD CLR 
GND CLK 

74HC164 

Clock input 
1 Hz, 5 V 
__fl__f1_ 

8. after pulse t 
1 

= 000 
after pulse t

2 
= 010 

after pulse t
3 

= 001 
after pulse t

4 
= 100 

after pulse ts = 010 
after pulse t

6 
= 101 

after pulse t
7 

= 110 
after pulse t

8 
= 011 

9. recirculating 
10. asynchronous 
11. lines 2 and 9 
12. lines 3 and 10 
13. 1. clear 

2. parallel load 
3. shift right 
4. shift left 
5. inhibit (do nothing) 

14. parallel load 
15. inhibit 

G H 



16. HIGH, LOW, LOW, HIGH 
17. HIGH, one 
18. inhibit 
19. 1, 0, shift right serial 
20. 0000 (cleared) 
21. L-to-H 
22. clear 
23. shift left 
24. LOW 
25. L-to-H or LOW-to-HIGH 
26. during pulse t

1 
= reset 

during pulse t
2 

= shift right 
during pulse t

3 
= shift right 

during pulse t
4 

= shift right 
during pulse t

5 
= shift right 

during pulse t
6 

= shift right 
27. during pulse t

1 
= 00000000 

during pulse t
2 

= 10000000 

during pulse t
3 

= 01000000 
during pulse t4 = 00100000 
during pulse t

5 
= 10010000 

during pulse t
6 

= 01001000 
28. CMOS 
29. 8-bit, serial-load 
30. ANDed 
31. audio amplifier 
32. ring counter 
33. R

7 
and C

4 

34. voltage-controlled oscillator or VCO 
35. R-S latch or latch 
36. will not shift a HIGH into the D position 
37. Output Q (pin 9) of FF D floating; 7474 IC that 

contains FF C and FF D faulty 
38. A new 7474 IC should be inserted, replacing FF C 

and FF D. 
39. logic pulser, logic probe 
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learning Clutcames 
This chapter will help you to: 

10-1 Solve binary addition problems. 

10-2 Predict the outputs from a half-adder 
circuit. 

10-3 Predict the outputs from a full-adder circuit. 

10-4 Draw a block-style logic diagram of 3-bit 
parallel adder and predict its operation. 

10-5 Solve binary subtraction problems. Draw 
half-subtractor and full-subtractor circuits 
and predict their operation. 

10-6 Draw a block-style logic diagram of 
4-bit parallel adder/subtractor circuit and 
predict its operation. 

10-7 Use the TTL 7483 IC (or CMOS 4008 IC) 
as a 4-bit adder and cascade two adder 
ICs to form an 8-bit binary adder circuit. 
Predict the operation of both 4-bit and 
8-bit adder circuits. 

10-8 Solve binary multiplication problems. 
Summarize binary multiplication 
using repeated addition. Solve binary 
multiplication problems using the 
add-and-shift method of calculating. 

10-9 Explain the operation of a simple repeated 
addition-type multiplication circuit. 
Analyze the operation of an add-and-shift
type multiplier circuit. 

10-10 Understand 2s complement numbers used 
by some digital circuits that handle signed 
numbers. Convert decimal and binary to 2s 
complement notation and 2s complement 
to decimal and binary numbers. Solve both 
addition and subtraction problems using 2s 
complement numbers. 

10-11 Add and subtract signed numbers using 
2s complement addition and subtraction. 
Predict the operation of a 4-bit adder/ 
subtractor system using 2s complement 
numbers. 

10-12 Troubleshoot a faulty full-adder circuit. 

33(] 

List several hints that aid in successful 
troubleshooting. 

Arithmetic Circuits 

he public's imagination has been cap
tured by computers and modern-day 

calculators, probably because these ma
chines perform arithmetic tasks with such 
fantastic speed and accuracy. This chapter 
deals with some logic circuits that can add 
and subtract. (Of course, the adding and 
subtracting is done in binary.) Regular logic 
gates will be wired together to form adders 
and subtractors. Basic adder and subtrac
tor circuits are combinational logic circuits, 
but they are commonly used with various 
latches and registers to hold data. 

In the central processing unit (CPU) of 
a computer, arithmetic is handled in a sec
tion commonly called the arithmetic-logic 
unit (ALU). This section within the CPU 
can usually add and subtract, multiply and 
divide, complement, compare, shift and ro
tate, increment and decrement, and perform 
logic operations such as AND, OR, and 
XOR. Many older microprocessors and sev
eral modern microcontrollers (a miniature 
microprocessor used mainly for control 
purposes) do not have multiply and divide 
commands in their instruction set. 

10-1 Binary Addition 

Remember that in a binary number, such as 
10101100, the leftmost digit is the MSB and the 
rightmost digit is the LSB. Also remember the 
place values given to the binary number is: ls, 
2s, 4s, Ss, 16s, 32s, 64s, and 128s. 

You probably still recall learning your addition 
and subtraction tables when you were in elemen
tary school. This is a difficult task in the decimal 
number system because there are so many combi
nations. This section deals with the simple task of 
adding numbers in binary. Because they have only 

Central processing 
unit (CPU) 

Arithmetic-logic 
unit [ALU] 

Microcontraller 

Binary addition 

MSB 

LSB 



0 1 0 1 
+0 +o +1 +1 -

0 1 1 Ocarry 1 

(a) 

1;arry "'"1~1 
carry 

1 01 5 1 0!1 0 1 0 1 0 
+11 + 1 0 +2 + 11 1 I 11 0 0 ·12 I 

1 1 1 7 1 1 lQ 1 13 folo 11 o 
' 

(b) 

Fig. 10-1 (a) Binary addition tables. (b) Sample binary addition problems. Binary addition 
tables 

two digits (0 and 1), the binary addition tables are 
simple. Figure 10-l(a) shows the binary addition 
tables. Just as in the case of adding with decimals, 
the first three problems are easy. The next problem 
is 1 + 1. In decimal that would be 2. In binary a 
2 is written as 10. Therefore, in binary 1 + 1 = 0, 
with a carry of 1 to the next most significant place 
value. 

Figure 10-l(b) shows some examples of 
adding numbers in binary. The problems are 
also shown in decimal so that you can check 
your understanding of binary addition. The 
first problem is adding binary 101 to 10, which 
equals 111 (decimal 7). This problem is sim
ple using the addition tables in Fig. 10-l(a). 
The second problem in Fig. 10-l(b) is adding 
binary 1010 to 11. Here you must notice that 
a 1 + 1 = 0 plus a carry from the 2s place to 
the 4s place, as shown in the diagram. The 
answer to this problem is 1101 (decimal 13). 
In the third problem in Fig. 10-l(b), the binary 
number 11010 is added to 1100. In the figure, 
note two carries with the solution as 100110 
(decimal 38). 

Another sample addition problem is shown 
in Fig. 10-2(a). The solution looks simple until 
we get to the 2s column and find 1 + 1 + 1 
in binary. This equals 3 in decimal, which is 
11 in binary. This one situation we left out of 
the first group of binary addition tables. Look
ing carefully at Fig. 10-2, you see that the 1 + 
1 + 1 situation can arise in any column except 
the ls column. So the binary addition table 

in Fig. 10-l(a) is complete for the ls column 
only. The new short-form addition table in 
Fig. 10-2(b) adds the other possible combi
nation of 1 + 1 + 1. The addition table in 
Fig. 10-2(b), then, is for all the place values (2s, 
4s, 8s, 16s, and so on) except the ls column. 

To be an intelligent worker on digital 
equipment, you must master binary addi
tion. Several practice problems are provided 
in the first test. You may want to check your 
answers with a calculator that will perform 
binary arithmetic. 

carry 

1~ ""' 
3 

~ 1 3 
11 0 6 

(a) 

1 
0 1 1 1 

+0 +o +1 +1 -
0 1 0 carry 1 1 carry 1 

(b) 

Fig. 10-2 (a) Sample binary addition problem. 
[b) Short-Form addition table. 

Internet 
Connection 
Search for a 
binary calculator at 
www.calculator.net. 
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Half adder 

Half-adder circuit 

Full adder 

Answer the following questions. 

1. What is the sum of binary 1010 + 0100? 
(Check your answer using decimal 
addition.) 

2. What is the sum of binary 1010 + 0111? 
3. What is the sum of binary 1111 + 1001? 
4. What is the sum of binary 10011 + 0111? 

10-2 Half Adders 
The addition table in Fig. 10-l(a) can be thought 
of as a truth table. The numbers being added 
are on the input side of the table. In Fig. 10-3(a), 

INPUTS 

B A 

0 0 

0 

0 

0 

Binary Sum Carry 
digits to be out 
added 

(a) 

A 2, (Sum) 
Half 
adder 

B C0 (Carry out) 

(b) 
Half adder 

OUTPUTS 

A 

~ 
B 

2, (Sum) 

C0 (Carry out) AND 

(c) 

Fig. 10-3 Half adder. (a) Truth table. (b) Block symbol. 
(c) Logic diagram. 
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5. What is the sum of binary 0110 0100 + 
0011 0010? (Check your answer using 
decimal addition.) 

6. What is the sum of binary 1010 0111 + 
00110011? (Check your answer using 
decimal addition.) 

7. What is the sum of binary 01111111 + 
01111111? (Check your answer using 
decimal addition.) 

these are the A and B input columns. The truth 
table needs two output columns, one column 
for the sum and one column for the carry. The 
sum column is labeled with the summation 
symbol 2:. The carry column is labeled with a 
C 

0
. The C 

0 
stands for carry output or carry out. 

A convenient block symbol for the adder that 
performs the job of the truth table is shown in 
Fig. 10-3(b). This circuit is called a half-adder 
circuit. The half-adder circuit has two inputs 
(A, B) and two outputs, (2:, C 

0
). 

Take a careful look at the half-adder truth 
table in Fig. 10-3(a). What is the Boolean ex
pression needed for the C 

0 
output? The Boolean 

expression is A· B = C
0

. You need a two-input 
AND gate to take care of output C 0 . 

Now what is the Boolean expression for the 
sum (2:) output of the half adder in Fig. 10-3(a)? 
The Boolean expression is A · B + A · B = 2:. 
Two AND gates, two inverters, and one OR 
gate will do the job. If you look closely, you will 
notice that this pattern is also that of an XOR 
gate. The simplified Boolean expression is then 
A ffi B = 2:. In other words, we find that only 
one 2-input XOR gate is needed to produce the 
sum output. 

Using a two-input AND gate and a two
input XOR gate, a logic symbol diagram for 
a half adder is drawn in Fig. 10-3(c). The 
half-adder circuit adds only the LSB column 
(ls column) in a binary addition problem. A 
circuit called a full adder must be used for 
the 2s, 4s, 8s, and 16s, and higher places in 
binary addition. 



Answer the following questions. 

8. Draw a block diagram of a half adder. 
Label inputs A and B; label outputs 
2: and C

0
. 

9. Draw a truth table for a half adder. Label 
the two inputs B and A. Label the two 
outputs 2: and C

0
• 

10. A half-adder circuit is used for adding 
only the (ls, 2s, 4s, 8s) 
column of a binary addition problem. 

11. Refer to Fig. 10-4. List the outputs from 
both the sum (2:) and carry out ( C 

0
) 

10-3 Full Adders 
Figure 10-2(b) is the short form of the binary 
addition table, with the 1 + 1 + 1 situation 
shown. The truth table in Fig. 10-S(a) shows 
all the possible combinations, of A, B, and C. 

In 

(carry in). This truth table is for a full adder. 
Full adders are used for all binary place values 
except the ls place. The full adder must be used 
when it is possible to have an extra carry input. 
A block diagram of a full adder is shown in 
Fig. 10-S(b). The full adder has three inputs: 
C., A, and B. These three inputs must be added 

In 

to get the 2: and C 0 outputs. 
One of the easiest methods of forming the com

binational logic for a full adder is diagrammed in 
Fig. 10-S(c); two half-adder circuits and an OR 
gate are used. The expression for this arrange
ment is A EB B EB C = 2:. The expression for 
the carry out is A· B + Cin. (A EBB)= C0 • The 
logic circuit in Fig. 10-6(a) is a full adder. This 
circuit is based upon the block diagram using 
two half adders shown in Fig. 10-S(c). Directly 
below this logic diagram is a logic circuit that 
is somewhat easier to wire. Figure 10-6(b) con
tains two XOR gates and three NAND gates, 
which makes the circuit fairly easy to wire. 
Notice that the circuit in Fig. 10-6(b) is exactly 
the same as the one in Fig. 10-6(a), except that 
NAND gates have been substituted for AND 
and OR gates. 

terminals of the half-adder circuit for 
each input pulse (t

1 
to t

4
). 

o I 1 8 

Fig. 1!J-4 Half -adder pulse-train problem for test question 11. 

C;n 

A 

8 

C;n 

0 

0 

0 

0 

1 

1 

1 

1 

INPUTS 

8 

0 

0 

1 

1 

0 

0 

1 

1 

Carry+ B +A 

A 

8 

Full adder 

A 

A 2: 8 
Half 

8 adder Co 

A 

0 

1 

0 

1 

0 

1 

0 

1 

(a) 

Full 
adder 

(b) 

Half · 
adder 

(c) 

OUTPUTS 

2: Co 

0 0 

1 0 

1 0 

0 1 

1 0 
·-

0 1 

0 1 

1 1 

Sum 
Carry 
out 

OUTPUTS 

2: 
L-------2: 

Co 

Fig. 10-5 Full adder. (a) Truth table. (b) Block symbol. 
(c) Constructed from half adders and an DR gate. 
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Half adder 
I- - - - - - -- - - - -I 

IA I 
C;n ------------+-----------+-\ I~ 

Half adder 
l------------
1A 

A --.r---~H 

la 

I 
I 
I 
I 
I 18 

B --.--t----,>-1 I 
I 
I 

I I l ___________ J 

Co I 
I 
I 

I I l ___________ J 

A---~H 

B ---t---.>-1 

(a) 

(b) 

Fig. 11.J.6 Full adder. (a) Logic diagram. (b) Logic diagram using XOR and NANO gates. 

Half and full adders are used together. For 
the problem in Fig. 10-2(a) we need one half 
adder for the ls place and two full adders for 
the 2s place and the 4s place value. Half and 
full adders are rather simple combinational 
logic circuits. However, many of these circuits 
are needed to add longer problems (more binary 
digits). 

Answer the following questions. 

12. Draw a block diagram of a full adder. 
Label inputs A, B, and C.; label outputs 
~and C

0
. in 

13. Draw a truth table for a full adder. 
14. Adder circuits are widely used in the 

____ section of a microprocessor. 
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Many circuits similar to half and full adders 
are part of a microprocessor's arithmetic-logic 
unit (ALU). These circuits are then used for add
ing 8-, 16-, 32-, or 64-bit binary numbers in a 
microcomputer system. The microprocessor's 
ALU can also subtract using the same half- and 
full-adder circuits. Later in this chapter, you 
will use adders to perform binary subtraction. 

15. A (half-adder, full-adder) 
circuit must be used for the 2s, 4s, 8s, and 
more significant bits in a binary addition 
problem. 

16. Refer to Fig. 10-7. List the outputs from 
both the sum (~) and carry out ( C 

0
) 

terminals of the full-adder circuit for each 
of the input pulses (t

1 
to t

8
). 



1111!0000/" ';--------2: 

Fig. m-7 Full-adder pulse-train problem For test question 16. 

10-4 3-Bit Adders 

Half and full adders are connected to form ad
ders that add several binary digits (bits) at one 
time. The system in Fig. 10-8, adds two 3-bit 
numbers. The numbers being added are writ
ten as A,,A

1
A

0 
and B

2
Bp

0
• Numbers from the 

ls place -value column are entered into the ls 
adder which is a half adder. The inputs to the 
2s adder are the carry from the half adder and 
the new bits A

1 
and B

1 
from the problem. The 

4s adder adds A? and B
2 

and the carry from the 
2s adder. The total sum is shown in binary at 
the lower right. The output also has an 8s place 
value to take care of any binary number over 

Problem 

A2 A1 Ao 

+B2 B1 Bo 

LA, A 

B 
Bo 

A 
A1 
B1 

B 

C;n 

A2 A 

B2 B 

Fig. 1iJB A 3-bit parallel adder. 

111 in the sum. Notice that the 4s adder's output 
(CJ is connected to the 8s sum indicator. 

The 3-bit binary adder is organized as you 
would add and carry by hand. The electronic 
adder in Fig. 10-8 is very much faster than 
doing the same problem by hand. Notice that 
multibit adders use a half adder for the ls col
umn only; all other bits use a full adder. This 
type of adder is called a parallel adder. 

In a parallel adder, all bits are applied to the 
inputs at the same time. The sum appears at the 
output almost immediately. The parallel adder 
shown in Fig. 10-8 is a combinational logic 
circuit and typically needs various registers to 
latch data at the inputs and outputs. 

2: 

Half 
adder Co 
1s 

2: 
Full 
adder 

Co 2s 

2: 
Full 
adder 
4s Co 

8s 1s 

3-bit adders 

Parallel adder 

Combinational logic 
circuit 
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Binary subtraction 

Half subtractars 

Full subtractars 

Supply the missing word (or words) in each 
statement. 

17. The unit in Fig. 10-8 uses a(n) ___ _ 
for adding the ls column and ___ _ 
for the more significant columns. 

18. Parallel adders are (combina-
tional, sequential) logic circuits. 

19. If the inputs to the 3-bit binary adder in 
Fig. 10-8 are 110

2 
and 111

2
, the output 

indicators will show a sum of ___ _ 
in binary. 

20. If the inputs to the 3-bit binary adder in 
Fig. 10-8 are 010

2 
and 110

2
, the output 

indicators will show a sum of ___ _ 
in binary. 

10-5 Binary Subtraction 

You will find that adders and subtractors are 
very similar. You use half subtractors and 
full subtractors just as you use half and full 
adders. Binary subtraction tables are shown in 
Fig. 10-9(a). Converting these rules to truth
table form gives the table in Fig. 10-9(b). On the 
input side, Bis subtracted from A to give output 
D. (difference). If B is larger than A, such as in 
li~e 2, we need a borrow, which is shown in the 
column labeled B 

0 
(borrow out). 

A block diagram of a half subtractor is shown 
in Fig. 10-9(c). Inputs A and B are on the left. Out
puts Di and B 

0 
are on the right side of the diagram. 

Looking at the truth table in Fig. 10-9(b), we can 
determine the Boolean expressions for the half 
subtractor. The expression for the Di column is 
A E8 B = D;- This is the same as for the half 
adder [see Fig. 10-3(a)]. The Boolean expression 
for the B 

0 
column is A · B = B 

0
. Combining 

these two expressions in a logic diagram gives 
the logic circuit in Fig. 10-9(d). This is the logic 
circuit for a half subtractor; notice how much it 
looks like the half-adder circuit in Fig. 10-4. 

When you subtract several columns of binary 
digits, you must take into account the borrow
ing. Suppose you are subtracting the numbers 
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21. If the inputs to the 3-bit binary adder in 
Fig. 10-8 are 111

2 
and 111

2
, the output 

indicators will show a sum of ___ _ 
in binary. 

22. Draw a logic diagram (XOR and AND 
gates) that would substitute for the 1 s 
half-adder block in Fig. 10-8. Label in
puts with A and B. Label outputs with 
2: and C

0
. 

23. Draw a logic diagram (XOR and NAND 
gates) that would substitute for the 2s or 
4s full-adder blocks in Fig. 10-8. Label 
inputs with A, B, and C. . Label outputs 

m 

with 2: and C
0

. 

in Fig. 10-lO(a). You might keep track of the 
differences and borrows as shown in the figure. 
Look over the subtraction problem carefully, 
and check if you can do binary subtraction by 
this longhand method. (You can check yourself 
on the next test.) 

A truth table that considers all the possible 
combinations in binary subtraction is shown in 
Fig. 10-lO(b). For instance, line 5 of the table is 
the situation in the ls column in Fig. 10-lO(a). 
The 2s column equals line 3, the 4s column line 
6, the 8s column line 3, the 16s column line 2, 
and the 32s column line 6 of the truth table. 

A block diagram of a full subtractor is drawn 
in Fig. 10-ll(a). The inputs A, B, and Bin are on 
the left; the outputs Di and B

0 
are on the right. 

Like the full adder, the full subtractor can 
be wired using two half subtractors and an OR 
gate. Figure 10-1 l(b) is a full subtractor showing 
how half subtractors are used. A logic diagram 
for a full subtractor is shown in Fig. 10-ll(c). 
This circuit performs as a full subtractor as 
specified in the truth table in Fig. 10-lO(b). The 
AND-OR circuit on the B 

0 
output can be con

verted to three NAND gates if you want. The 
circuit would then be similar to the full-adder 
circuit in Fig. 10-6(b). 



0 borro'N 0 1 1 
0 1 0 1 -- -- -- --
0 1 1 0 

(a) 

INPUTS OUTPUTS 

A B D; Bo 

0 0 0 0 

0 1 1 1 

1 0 1 0 

1 1 0 0 

A-B Difference Borrow out 

A 

B 

(b) 

Half 
subtractor 
(A-B) 

(c) 

(d) 

D; (Difference) 

B 0 (Borrow) 

D; (Difference) 

(A-8) 

B0 (Borrow) 

Fig. 11).9 (a) Binary subtraction tables. (b) Truth table for the 
half subtractor. ( c) Block symbol of half subtractor. 
(d) Logic diagram for half subtractor. 

Answer the following questions. 

24. Do the binary subtraction problems in 
a to f. (Check yourself using decimal 
subtraction.) 
a 11 d. 1010 

b. 

c. 

-10 - 101 

100 
- 10 

111 
-111 

e. 10010 
11 

f. 1000 
- 01 

32s 16s 8s 4s 2s 1s 

n J/ 
0 0 1 Q) 1 A 

1 0 1 0 -8 
1 0 Di 

(a) 

INPUTS OUTPUTS 

A B B;n 

Line 1 0 0 0 

Line 2 0 0 1 

Line 3 0 1 0 

Line 4 0 1 1 

Line 5 1 0 0 

Line 6 1 0 1 

Line 7 1 1 0 

Line 8 1 1 1 

A - B - B;n 

(b) 

Fig. 10-10 (a) Sample binary subtraction problem. 
( b) Truth table for a full subtractor. 

D; 

0 

1 

1 

0 

1 

0 

0 

1 

Difference 

25. Do the binary subtraction problems in 
a to d. (Check yourself using decimal 
subtraction) 
a. 1010 10102 17010 

b. 

c. 

d. 

-0101 01102 - 8610 

111111002 
-0100 01012 

1100 01112 
-0000 11112 

1010 00012 
- 010100112 

25210 
- 6910 

19910 
- 1510 

161 IO 

- 8310 

Bo 

0 

1 

1 

1 

0 

0 

0 

1 

Borrow 
out 

Binary subtraction 
tables 

Truth table far a 
full subtractar 
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Parallel subtractar 

26. Draw a block diagram of a half subtrac
tor. Label inputs A and B; outputs Di 
and B

0
. 

28. Draw a block diagram for a full subtrac
tor. Label inputs A, B, and B. ; label out-

"' puts Di and B 
0

. 

27. Draw a truth table for a half subtractor. 29. Draw a truth table for a full subtractor. 

B;n D; 
A 

Full 
subtractor 

B 
(A - B - B;n) 

Bo 

(a) 

Full subtractor 
r--------------------------------~ 
I I 
I I 
I B O; I 
I Half l I 

O; subtractor Bo I I A A \ 
I Half (A-8) 

) 
I 

I B subtractor Bo i I 

I (A - B) I I 

A 

B 

O; 

Bo 

I I 
L--------------------------------J 

(b) 

Half subtractor 
r----------------, 
I I 
la I 

B;n --------------+----tit----+--1 I 
I D; I I A )--'-,-------- D; 

Half subtractor 
r--------------~ 
I I 
IA : 

I D; I 
A 

18 
B -+----1-----i'-I 

I 
I 
I 
I Bo 

I 
I 
I 
I 
I 
I 
I 

Bo 

I I L ______________ _J 

(A B··B;,,) 

Bo 
I >---+-----------------1..__~~ 

I I 
: I 
L--------------J 

(c) 

Fig. 10-1'1 Full subtractor. (a) Block symbol. (b) Constructed with half subtractors and an DR gate. (c) Logic diagram. 

10-6 Parallel Subtractors 

Half and full subtractors are wired together 
to perform as a parallel subtractor. You have 
already seen adders connected as parallel ad
ders. An example of a parallel adder is the 3-bit 
adder in Fig. 10-8. A parallel subtractor is wired 
in a similar manner. The adder in Fig. 10-8 is 

considered a parallel adder because all the dig
its from the problem flow into the adder at the 
same time. 

Figure 10-12 diagrams the wiring of a single 
half subtractor and three full subtractors. This 
forms a 4-bit parallel subtractor that can sub
tract binary number B

3
B

2
B

1
B

0 
from binary num

ber Ap
2
A

1
A

0
• Notice in Fig. 10-12 that the top 
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Problem 

A3 A2 A1 A 0 

-B3 B2 B1 Bo 

L Ao 

Bo 

A1 

B1 

A2 

B2 

A3 

B3 

Fig. 10-12 A 4-bit parallel subtractor. 

subtractor (half subtractor) subtracts the LSBs 
(Is place). The B 

0 
output of the ls subtractor is 

tied to the Bin input of the 2s subtractor. Each 
subtractor's B 

0 
output is connected to the next 

more significant bit's borrow input. These bor
row lines keep track of the borrows we dis
cussed earlier. 

Answer the following questions. 

30. Refer to Fig. 10-12. This is a block dia-
gram of a 4-bit (parallel adder, 
parallel subtractor, serial adder, serial 
subtractor) circuit. 

D; 

A Half 
subtractor 

B 1s Bo 

B;n D; 

A Full 
subtractor 

B 2s Bo 

B;n D; 

A Full 
subtractor 

B 
4s Bo 

B;n D; 

A Full 
subtractor 

B 
8s 

8s 4s 2s 1s 

OUTPUT 
DIFFERENCE 

Compact Data Storage Information storage is getting 
sma~le~ and f~~ter. Today, researchers continue to go beyond 
the limits of s11lcon to find ways to transmit store and retrieve 
data wi~h molecul~s. ~he first step in meshing m~lecular sys
tems with electronics 1s to magnetize single molecules. 

31. Refer to Fig. 10-12. The lines between 
subtractors (B 

0 
to B;) serve what purpose 

in this circuit? 
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Cascading adders 

TTL 7483 4-bit 
binary full adder 

8-bit binary adder 

10-7 IC Adders 

IC manufacturers produce several adders. One 
elementary arithmetic IC is the TTL 7483 4-bit 
binary full adder. A block symbol for the 7483 
IC adder is drawn in Fig. 10-13. The problem 
of addition of the two 4-bit binary numbers 
(A A A A and B B B B ) is shown being entered 'f '2 I 0 3 2 I 0 . 

into the eight inputs of the 7483 IC. Notice a 
difference in numbering systems on the prob
lem and the IC (subscripts don't match). For 
adding just two 4-bit numbers, the C 

0 
input 

is held at 0. The C 
0 

input is marked as the C;,, 
input by some manufacturers. The sum outputs 
are shown attached to output indicators. The 
c4 output is attached to the 16s output indica
tor. The C

4 
output is marked as the C

0 
output 

by some manufacturers. This binary adder can 
indicate a sum as high as 11110 (decimal 30) 
when adding binary 1111 to 1111. 

The internal organization of the 7483 adder IC 
is detailed in Fig. 10-14. The 7483 IC is a com
binational logic circuit with no memory capa
bilities. The pin numbers used on DIP 7483 ICs 
are shown on the logic diagram in Fig. 10-14 
with numbers in parentheses. For instance, data 
input A is pin 10 on the DIP version of the 7483 
adder IC. You will observe from the logic diagram 
in Fig. 10-14 that the circuitry is fairly complex. 

Problem 

A3 A2 A 1 Ao 

+ 8 3 8 2 8 1 Bo 

The 7483 adder can be cascaded by connect
ing C

4 
(carry out) output ofICl to the C0 (car~y 

input) of the next 7483 IC (IC2). The detai_ls 
for cascading of two 7483 adders are shown m 
Fig. 10-15. This circuit is an 8-bit binary adder. 
This circuit will add the 8-bit binary inputs 
~A6A5A4A3A2A1A0 to B

7
B

6
B

5
B

4
B

3
B

2
B

1
B

0 
yield

ing a 9-bit binary sum. The 8-bit binary adder 
can handle a maximum 9-bit sum of 111111110

2 

(lFE or 510 ). For instance, if the inputs are 
~ w . 

00011100
2 

and 11100011
2 

then the output will 
be 11111111

2 
(in hexadecimal that would be 

lC + E3 =FF). 
Counterparts to the 7483 4-bit adder are the 

74LS83, 74C83, and 4008 ICs. Other 4-bit ad
ders that function the same as the 7483 IC but 
have a different pin configuration are the 74283, 
74LS283, 745283, 74F283, and 74HC283. 

A more complex arithmetic chip is the 
74LS181 IC. The 74LS181 and its relatives, the 
74LS381, are described as arithmetic-logic units/ 
function generators. These units perform many 
of the tasks of the ALUs in simple micropro
cessors and microcontrollers. These functions 
include add, subtract, shift, magnitude compari
son, XOR, AND, NAND, OR, NOR, and other 
logic operations. The 74LS181 has CMOS rela
tives including the 74HC181 and MC14581. 

+5 v Aiternative 4-bit acide1· = 4008 CMOS IC 

A1 

81 

A2 

82 

A3 

83 

A4 

84 
Carry 

Co input 

GND 

Vee 

4-bit 

binary 

full adder 

(7483) 

GND 

GND 

Fig. UJ.13 The 7483 4-bit binary adder IC. 
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:S1 

Carry 
C4 output 

16s 8s @ 2s 

OUTPUT 

1s 



MSBs 

LSBs 

(16) 
84-------l 

(1) A4 ______ __, 

(4) 
83----a----l 

(7) 
82--------

(8) 
A2----....---t 

(11) 
81 

(10) 
A1 

(13) 
Co 

t 
Carry input 

Fig. 11J14 Detailed logic diagram for the 7483 4-bit binary adder IC. 

Carry output 

~~~---- Y>---"-~-(-14) C4 

(15) 
'--- ~4 MSB 

(2) 
~3 

(6) 
._____ ~2 

(9) 
'----L1 LSB 
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LU 

i!::i 

['""J 
::r 
Dl 

@-.., 
Ei 

)> --, 
g:: 
3 
p;. 
ff 
n =;· 
n c: 
ra-· 

() 

B7 

A7 As 
) ) 

) ) 

Ba Bs 

INPUTS 
(two 8-bit binary numbers) 

As A4 A3 A2 
Cl ) ) ) 

) ) ) 

B4 B3 B2 

A1 
) 

) ) 

B1 Bo 

A7 As As A4 A3 A2 A1 Ao 
+B7 Ba B5 B4 B3 B2 B1 B0 

= 9 bit sum 
Ao 

) +sv 
1s 

10 Vee A1 
11 

B1 IC1 
8 

A2 
7 

B2 
3 4-bit 

A3 binary 
4 full adder 

B3 
1 (7483) A4 

16 
B4 

13 l Carry input Co GND 

_r_2 -- --

carry line 

+sv 
Is 

10 Vee 
A1 

11 
B1 IC2 

8 
A2 

7 
B2 4-bit 3 

binary 

"2:1 

"2:2 

L3 

L4 

C4 

"2:1 

12 

L3 

A3 
4 full adder 14 B3 
1 (7483) 

A4 
16 Cs 

13 
B4 

Carry input 
Co 

GND 

_r_2 
-

1f.l-1S Cascading two 7483 adders to form an 8-bit binary adder circuit. 

/\ltemaiive Li-bit adder = 4008 CMOS IC 

9 

6 

2 

15 

14 Carry out 

9 

6 

2 

15 

14 Carry out 

MSB 

~ ~ G0 2sas 128s a4s as 2s 1, 
LSB 

Binary Sum Output 



Supply the missing word in each statement. 

32. The 7483 IC contains a 4-bit binary 

33. Two 7483 ICs can be to form 
an 8-bit parallel binary adder. 

34. An adder such as the 7483 IC does not 
have a memory device, such a latch, 
built into the chip and is classified as a 
____ (combinational, sequential) 
logic device. 

35. The (74LS32, 74LS181) is 
a more complex IC that performs many 
of the same operations (such as add, 
subtract, shift, compare, AND, OR, 
etc.) as the ALU of a microprocessor or 
microcontroller. 

10-8 Binary Multiplication 

In elementary school you learned how to mul
tiply. You learned to lay out your multiplica
tion problem similar to that in Fig. 10-16(a). 
You learned that the top number is called the 
multiplicand and the bottom number is the 
multiplier. The solution to the problem is called 
the product. The product of 7 X 4, then, is 28, 
as shown in Fig. 10-16(a). 

Figure 10-16(b) shows that multiplication 
really is just repeated addition. The problem 
7 X 4 = 28 is represented by the multiplicand 
(7) being added four times, because 4 is the 
multiplier. The product is 28. 

7 Multiplicand 

X 4 Multiplier 

28 Product 

(a) 

Y- Multiplicand Y-- Product 

7 + 7 + 7 + 7 = 28 
Multiplier = 4 

(b) 

Fig. m-16 (a) Decimal multiplication problem. (b) Multiplying 
using the repeated addition method. 

36. Refer to Fig. 10-13. If the binary inputs 
are 1100

2 
and 1001

2
, then the binary out-

put will be ___ _ 
37. Refer to Fig. 10-14. The 7483 adder IC 

contains both combinational and sequen
tial logic circuits. (T or F). 

38. Refer to Fig. 10-15. If the binary inputs 
are 1100 1100

2 
and 0001 1111

2
, then the 

binary output will be ___ _ 
39. Refer to Fig. 10-15. If the binary inputs 

are 1111 1111
2 

and 1111 1111
2

, then the 
binary output will be ___ _ 

40. Refer to Fig. 10-15. This circuit adds 
____ (BCD, binary) numbers. 

If you want to multiply 54 X 14, the repeated 
addition system is complicated and takes a long 
time. The multiplicand (54) must be added 14 
times to get a product of 756. Most of us were 
taught to multiply 54 X 14 in the manner shown 
in Fig. 10-l 7(a). To solve the multiplication prob
lem 54 X 14, we first multiply the multiplicand, 
54, by 4. This results in the first partial product 
(216) shown in Fig. 10-17(b). Next we multiply 
the multiplicand by 1. Actually the multiplicand 
is multiplied by a multiplier of 10, as shown in 
Fig. 10-17(c). The second partial product is 540. 
The first and second partial products (216 and 
540) are then added for a final product of 756. 
It is normal to omit the 0 in the second partial 
product, as in Fig. 10-17(a). 

It is important to notice the process in the 
problem in Fig. 10-17. The multiplicand is first 
multiplied by the LSD of the multiplier. This 
gives the first partial product. The second par
tial product is then calculated by multiplying 
the multiplicand by the MSD of the multiplier. 
The two partial products are then added, pro
ducing the final product. This same process is 
used in binary multiplication. 

Binary multiplication is much simpler than 
decimal multiplication. The binary system has 
only two digits (0 and 1), which makes the rules 

Multiplicand 
Multiplier 
Product 

Binary 
multiplication 
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Rules far binary 
multiplication 

Internet 
Connection 
Search for web 
pages on binary 
multiplication. 

Partial product 

54 Multiplicand 

X 14 Multiplier 

216 
54 

756 Product 

(a) 

54 
x 4 
216 First partial product 

(b) 

54 
x 10 

6 First partial product 

540 Second partial product 

(c) 

Fig. m-17 (a) Decimal multiplication problem. 
(b) Calculating the first partial product. 
(c) Calculating the second partial product. 

Decimal Binary 

Rules for binary multiplication 

0 
XO 

0 

Decimal 

7 
X5 
35 

0 
X1 

0 
(a) 

1 
XO 

0 

Binary 

1 
X1 

1 

1 1 1 Multiplicand 

X 1 0 1 Multiplier 

1 1 1 First partial product 

0 0 0 Second partial product 

1 1 1 Third partial product 

1 0 0 0 1 1 Product 

(b) 

Fig. 10-18 (a) Rules for binary multiplication. 
(b) Sample multiplication problem. 

27 
X12 

54 
27 
324 

1 1 0 1 1 Multiplicand 

X 1 1 0 0 Multiplier 

1 1 0 1 1 0 0 Third partial product 

1 1 0 1 1 Fourth partial product 

1 0 1 0 0 0 1 0 0 Product 

Fig. 11l1!3 Sample multiplication problem. 

for multiplying simple. Figure 10-18(a) shows 
the rules for binary multiplication. 

Multiplication with binary numbers is done 
just as with decimal numbers. Figure 10-18(b) 
details a problem where binary 111 is multi
plied by binary 101. First, the multiplicand (111) 
is multiplied by the ls bit of the multiplier. The 
result is the first partial product, shown as 111 
in Fig. 10-18(b). Next, the multiplicand is mul
tiplied by the 2s bit of the multiplier. The result 
is the second partial product (0000). Notice that 
the LSB of the second partial product, 0000, 
is left off in Fig. 10-18(b). Third, the multipli
cand is multiplied by the 4s bit of the multiplier. 
The result is the third partial product of 11100, 
shown in Fig. 10-18(b) as 111, with the two 
blank spaces in the ls and 2s places. Finally, 
the first, second, and third partial products are 

added, resulting in a product of binary 100011. 
Notice that the same multiplication problem in 
decimal is shown at the left of Fig. 10-18(b) for 
your convenience. The binary product 100011 
equals the decimal product 35. 

Another binary multiplication problem is 
shown in Fig. 10-19. At the left the problem is 
in the familiar decimal form; the same prob
lem is repeated in binary form at the right, 
where binary 11011 is multiplied by 1100. As 
in decimal multiplication, the Os in the multi
plier can simply be brought down to hold the ls 
and 2s places in the binary number. The binary 
product is shown as 101000100, which equals 
decimal 324. 

You will gain experience in solving binary 
multiplication problems by answering the ques
tions that follow. 
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Answer the following questions. 

41. Find the product for binary 111 X 10. 
42. Find the product for binary 1101 X 101. 
43. Find the product for binary 1100 X 1110. 
44. Solve these multiplication problems: 

a. 11112 15 10 

x 10012 x 910 

10-9 Binary Multipliers 
We can multiply numbers by repeated addition, 
as illustrated in Fig. 10-16(b). The multiplicand 
(7) could be added four times to obtain the prod
uct of 28. A block diagram of a circuit that per
forms repeated addition is shown in Fig. 10-20. 
The multiplicand is held in the top register. In 
our example the multiplicand is a decimal 7, 
or a binary 111. The multiplier is held in the 
down counter shown on the left in Fig. 10-20. 
The multiplier in our example is a decimal 4, or 
a binary 100. The lower product register holds 
the product. 

The repeated addition technique is shown in 
operation in Fig. 10-21. This chart shows how 
the multiplicand (binary 111) is multiplied by 
the multiplier (binary 100). The product register 
is cleared to 00000. After one count downward, 
a partial product of 00111 (decimal 7) appears 
in the product register. After the second count 
downward, a partial product of 01110 (decimal 
14) appears in the product register. After the 
third count downward, a partial product of 10101 
(decimal 21) appears in the product register. 
After the fourth downward count, the final prod
uct of 11100 (decimal 28) appears in the prod
uct register. The multiplication problem (7 X 

4 = 28) is complete. The circuit of Fig. 10-20 
has added 7 four times for a total of 28. 

This type of circuit is not widely used be
cause of the long time it takes to do the repeated 
addition when large numbers are multiplied. 
A more practical method of multiplying in 
digital electronic circuits is the add-and-shift 
method (also called the shift-and-add method). 
Figure 10-22 shows a binary multiplication 

b. 11002 
x 10002 

c. 10112 
x 10112 

Multiplicand 
register 

Multiplier 
down counter 

I 
Product 
register 

1210 
x 810 

1110 

Xl110 

Adder -

Fig. 10-20 Block diagram of a repeated addition-type multiplier 
system. 

problem. In this problem binary 111 is multi
plied by 101 (7 X 5 in decimal). This hand-done 
procedure is standard except for the temporary 
product in line 5. Line 5 has been added to help 
you understand how multiplication might be 
done by digital circuits. Close observation of 
binary multiplication shows the following three 
important facts: 

1. Partial products are always 000 if the 
multiplier is 0 and equal to the 
multiplicand if the multiplier is 1. 

2. The product register needs twice as many 
bits as the multiplicand register assuming 
the multiplier has the same or a fewer 
number of bits. 

3. The first partial product is shifted one 
place to the right (relative to the second 
partial product) when adding. 

Add-and-shift 
method 
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After 1 After 2 After 3 After 4 
Load with down down down down 
binary count counts counts counts 

Multiplicand 
111 111 111 111 111 register 

Multiplier 
100 011 010 001 000 counter 

Product 
register 00000 00111 01110 10101 11100 

Load Stop 

Fig. 11J21 Multiplying binary 111 and 100 using the repeated addition circuit. 

Add-and-shift 
method of 
multiplying 

Line 1 1 11 Multiplicand 

Line 2 x 1 01 Multiplier 

Line 3 1 11 First partial product 

Line 4 0 00 Second partial product 

Line 5 0 1 11 Temporary product (line 3 + line 4) 

Line 6 1 1 1 Third partial product 

Line 7 100011 Product 

1fJ-22 Binary multiplication problem. 

You can observe each characteristic by look
ing at the sample problem in Fig. 10-22. 

The important characteristics of longhand 
multiplication have been given. A binary multi
plication circuit can be designed by using these 
characteristics. Figure 10-23(a) shows a circuit 
that does binary multiplication. Notice that the 
multiplicand (111) is loaded into the register 
at the upper left. The accumulator register is 
cleared to 0000. The multiplier (101) is loaded 
into the register at the lower right. Notice, too, 
that the accumulator and the multiplier are con
sidered together. This is shown by the shading 
connecting the two registers. 

Let us use the circuit in Fig. 10-23(a) to dem
onstrate the detailed procedure for multiplying. 
The diagram in Fig. 10-23(b) is a step-by-step 
review of how binary 111 is multiplied by 101 
using the add-and-shift method. The binary 111 
is loaded into the multiplicand register. The ac
cumulator and multiplier registers are loaded in 
step A in Fig. 10-23(b). Step B shows the 0000 
and the 111 from the accumulator and multipli
cand registers being added when the 1 is ap
plied to the control line. This is comparable to 
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line 3 of the multiplication problem in Fig. 10-22. 
Step C shifts both the accumulator and the mul
tiplier register one place to the right. The LSB 
of the multiplier (1) is shifted out the right end 
and lost. Step D represents another add step. 
This time a 0 is applied to the control line. A 
0 on the control line means no addition. The 
register contents remain the same. Step D is 
comparable to lines 4 and 5, Fig. 10-22. Step E 
shows the registers being shifted one place to 
the right. This time the 2s bit of the multiplier 
is lost as it is shifted out the right end of the 
register. Step F shows the 4s bit of the multi
plier (1) commanding the adder to add. The ac
cumulator contents (0001) and the multiplicand 
(111) are added. The result of that addition is 
deposited in the accumulator register (1000). 
This step is comparable to the left section of 
lines 5 to 7, Fig. 10-22. Step G is the final step 
in the add-and-shift multiplication; it shows a 
single shift to the right for both registers. The 
4s bit of the multiplier is lost out of the right end 
of the register. The final product appears across 
both registers as 100011. Binary 111 multiplied 
by 101 resulted in a product of 100011 (7 x 5 = 
35 in decimal). The final product calculated by 
the multiplier circuit is the same result we got in 
line 7, Fig. 10-22, when we multiplied by hand. 

Two types of multiplier circuits have just 
been illustrated. The first uses repeated ad
dition to arrive at the product. That system is 
shown in Fig. 10-20. The second circuit uses the 
add-and-shift method of multiplying. The add
and-shift system is shown in Fig. 10-23. 

In many computers the procedure, such as 
the add-and-shift method, can be programmed 
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Microprocessors 

2s complement 
representations 

Sign bit 

into the machine. Instead of permanently wir
ing the circuit, we simply program, or instruct, 
the computer to follow the procedure shown 
in Fig. 10-23(b). We are thus using software (a 
program) to do multiplication. This use of soft
ware cuts down on the amount of electronic cir
cuits needed in the CPU of a computer. 

Simpler 8-bit microprocessors, such as the 
obsolete Intel 8080/8085, Motorola 6800, and 
the 6502/65C02, do not have circuitry in their 

Answer the following questions. 

45. Refer to Fig. 10-20. This circuit uses what 
method of binary multiplication? 

46. A widely used technique for multiplying 
using digital circuits is the ___ _ 
method. 

47. Refer to Fig. 10-23. This circuit uses what 
method of binary multiplication? 

10-10 2s Complement Notation, 
Addition, and Subtraction 

The 2s complement method of representing num
bers is widely used in microprocessors. To now, 
we have assumed that all numbers are positive. 
However, microprocessors must process both 
positive and negative numbers. Using 2s com
plement representations, the sign as well as the 
magnitude of a number can be determined. 

2s Complement 4-bit 
For simplicity, assume we are using a 4-bit 
processor. This means that all data are trans
ferred and processed in groups of four. The 
MSB is the sign bit of the number. This is 
shown in Fig. 10-24(a). A 0 sign bit means a 
positive number, while a 1 sign bit means a 
negative number. 

The table in Fig. 10-24(b) shows the 2s com
plement representation for all the 4-bit posi
tive and negative numbers from +7 to -8. The 
MSBs in Fig. 10-24(b) of the positive 2s com
plement numbers are Os. All negative numbers 
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ALUs to do multiplication. To perform binary 
multiplication on these processors, the program
mer must write a program (a list of instructions) 
that multiplies numbers. Either the add-and-shift 
or the repeated addition method can be used 
for programming these microprocessor-based 
machines to do multiplication. Most advanced 
microprocessors do have multiply instructions. 
Some more expensive microcontrollers also 
have a multiply instruction. 

48. All microcontrollers have a multiply 
instruction. (T or F) 

49. Refer to Fig. 10-23. The parallel adder 
would be classified as a ___ _ 
(combinational, sequential) logic device 
that has no memory characteristic. 

50. Refer to Fig. 10-23. What three devices 
in this system are classified as sequential 
logic devices? 

(-1 to -8) start with a 1. Note that 2s comple
ment representations of positive numbers are 
the same as binary. Therefore, + 7 (decimal) = 
0111 (2s complement) = 0111 (binary). 

The 2s complement representation of a nega
tive number is found by first taking the ls com
plement of the number and then adding 1. An 
example of this process is shown in Fig. 10-25(a). 
The negative decimal number -4 is to be con
verted to its 2s complement form: 

1. Convert the decimal number to its binary 
equivalent. In this example, convert -410 

to 01002" 
2. Convert the binary number to its ls 

complement by changing all ls to Os 
and all Os to ls. In this example, convert 
0100

2 
to 1011 (ls complement). 

3. Add 1 to the ls complement number, using 
regular binary addition. In this example, 
1011 + 1 = 1100. The answer (1100 
in this example) is the 2s complement 
representation. Therefore, -4

10 
= 1100 

(2s complement). 



Sign bit 0 = (+) 
1 = (-) 

I 
t 

I 
MSB 

Signed 
decimal 

+7 

+6 

+5 

+4 

+3 

+2 

+1 

0 
-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

LSB 

(a) 

4-bit 
2s complement 
representation 

0111 

0110 

0101 

0100 

0011 

0010 

0001 

0000 
1111 

1110 

11 01 

1100 

1011 

1010 

1001 

1000 

(b) 

> 
Same as 
binary 
numbers 

Fig. 10-24 (a) MSB of 4-bit register is a sign bit. 
(b) 2s complement representation 
of positive and negative numbers. 

- 4 (Decimal) 

t Step Convert decimal to binary 

0100 (Binary) 

t Step 1 s complement 

1011 (1s complement) 

t Step 0 Adel+ 1 (10·11 1 = i100) 

- 410 = 1100 (2s complement) 

(a) 

11 00 (2s complement) 

t Step 1 s complement 

0011 (1s complement) 

t Step® Adel+ i (0011 + 1 = 0100) 

410 = 0100 (Binary) 

(b) 

Fig. m-25 (a) Converting signed decimal numbers to 
2s complement form. (b) Converting from 
2s complement form to binary numbers. 

This answer can be verified by referring to the 
table in Fig. 10-24(b). 

To convert from 2s complement form to binary, 
follow the procedure shown in Fig. 10-25(b). In 
this example, the 2s complement number (1100) 
is being converted to its binary equivalent. Its 
equivalent decimal number can then be found 
from the binary. 

1. Form the ls complement of the 2s 
complement number by changing all ls 
to Os and all Os to ls. In this example, 
convert 1100 to 0011. 

2. Add 1 to the ls complement number, 
using regular binary addition. In this 
example, 0011 + 1 = 0100. The answer 
(0100 in this example) is in binary. 
Therefore, 0100

2 
= 4

10
• 

Because the MSB of the 2s complement num
ber (1100) is a 1, the number is negative. There
fore, 2s complement 1100 equals -4to. 

2s Complement Addition 
2s complement notation is widely employed be
cause it makes it easy to add and subtract signed 
numbers. Four examples of adding 2s comple
ment numbers are shown in Fig. 10-26. Two 
positive numbers are added in Fig. 10-26(a). 
2s complement addition looks just like adding 
in binary in this example. Two negative num
bers (-1

10 
and -2

10
) are added in Fig. 10-26(b). 

The 2s complement numbers representing - 1 
and -2 are given as 1111 and 1110. The MSB 
(overflow from 4-bit register) is discarded, 
leaving the 2s complement sum of 1101, or -3 
in decimal. Look over examples (c) and (d) in 
Fig. 10-26 to see if you understand the proce
dure for adding signed numbers using 2s com
plement notation. 

2s Complement Subtraction 
The 2s complement notation is also useful in 
subtracting signed numbers. Four subtraction 
problems are shown in Fig. 10-27. The first 
problem is (+7) - (+3) = +4w- The subtrahend 
(+3 in this case) is converted to its binary form. 
Next, the 2s complement of this is formed, yield
ing 1101. Then 0111 is added to 1101, yielding 
10100. The MSB (overflow from 4-bit register) 
is discarded, leaving the difference of 0100, or 
+4

10
• Note that an adder is used for subtraction. 

This is done by converting the subtrahend to its 

Add or subtract 
signed numbers 

Converting signed 
decimal numbers 
ta 2s complement 
farm 
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(+4) 
+ (+3) 

+710 

(-1) 
+(-2) 

-310 

( +1) 
+ (-3) 

-210 

(+5) 
+(-4) 

+110 

0100 
+ 0011 

0 11 1 (2s complemeni SUM) 

(a) 

1 1 1 1 
+ 1110 
/ 1 11 0 1 (2s complement SUM) 

? 
Discard 

(b) 

0001 
+ 1101 

111 0 (2s complement SUIVI) 

(c) 

0101 
1100 

1 0 0 0 1 (2s complemeni SUM) 

Discard 

(d) 

Fig. 1iJ-25 Four sample signed addition problems using 4-bit 2s 
complement numbers. 

(+7) 
Form 2s complement 

( +3) = 0011 
and ADD 

+410 

2s complement and adding. Any carry .or over
flow into the fifth binary place is discarded. 

Look over the sample 2s complement subtrac
tion problems using an adder in Fig. 10-27(b), 
(c), and (d). See if you can follow the procedure 
in these remaining subtraction problems. 

2s Complement 8-bit 
Only 4-bit 2s complement representations have 
been used in previous examples. Most micro
processors and microcontrollers use 8-, 16-, 
32-, or 64-bit groupings. The procedures used 
with 4-bit 2s complement descriptions of binary 
numbers also apply to 8-, 16-, 32-, or 64-bit 
representations. 

In an 8-bit 2s complement of a number, the 
MSB is the sign bit as illustrated in Fig. 10-28(a). 
This allows both the sign and magnitude of the 
number to be represented. Some 8-bit 2s com
plement representations of positive and negative 
numbers are shown in Fig. 10-28(b). Notice that 
the range of numbers for an 8-bit 2s complement 
is from -128 to + 127. Notice from the top half of 
the chart in Fig. 10-28(b) that decimal numbers 
from 0 through + 127 (positive numbers) have 
2s complements that are the same as binary 

0111 
+ 1101 
1 0100 (2s complement DIFFERENCE) 

/ 
Discard 

(a) 

(-8) 
Form 2s complement 

1000 
-(-3) = 1101 + 0011 and ADD 

-510 1 011 (2s complement DIFFERENCE) 

(b) 

(+3) 
Form 2s complement 0011 

-(-3) = 1101 + 0011 and ADD 

+610 0110 (2s complement DIFFERENCE) 

(c) 

(-4) 1100 
-(+2) 

Form 2s complement 
+ 1110 = 0010 

--- and ADD 

-610 1 1010 (2s complement DIFFERENCE) 
/ 

Discard 

(d) 

Fig. 10-27 Four sample signed subtraction problems using 4-bit 2s complement numbers. 
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Sign Magnitude 
bit 

64s 32s 16s 8s 4s 2s 1 s 
MSB LSB 

(a) 

8-bit 
Signed 2s complement 
decimal representation 

+127 0111 1111 
+126 0111 1110 
+125 0111 1101 . . . . . . 

+5 0000 0101 
+4 0000 0100 
+3 0000 0011 
+2 0000 0010 
+1 0000 0001 

0 0000 0000 
-1 1111 1111 
-2 1111 1110 
-3 1111 1101 
-4 1111 1100 
-5 1111 1 011 
-6 1111 1010 . . . . . . 

-125 1000 0011 
-126 1000 0010 
-127 1000 0001 
-128 1000 0000 

(b) 

Fig. m-28 (a) MSB of 8-bit register is a sign bit. 

Same as 
binary 
numbers 

(b) 2s complement representation of selected 
positive and negative numbers. 

numbers_ As an example, + 125 is represented by 
0111 1101 in either binary or 2s complement. 

Converting a negative decimal number (from 
-1 to -128) to its 8-bit 2s complement is ac
complished by the same process shown earlier 
in Fig. 10-25(a). Follow the three-step process 
in the example below: 

1. Convert the decimal number -126 to its 
binary equivalent. 
Example: 12610 = 011111102 

2. Convert the binary number to its ls 
complement. Example: 
0111 1110

2 
= 1000 0001 (ls c) 

3. Add 1 to the ls complement forming the 
2s complement. Example: 
1000 0001 (ls c) + 1 = 1000 0010 (2s c) 
Result: -12610 = 1000 0010 in 2s 
complement 

Next convert a 2s complement representation 
of a negative number to its decimal equivalent. 
Follow the three-step process in this example: 

1. Convert the 2s complement to its ls 
complement form. Example: 
1001 1100 (2s c) = 0110 0011 (ls c) 

2. Add + 1 to the ls complement to form 
the binary number. Example: 
0110 0011 (ls c) + 1 = 0110 0100

2 

3. Convert the binary number to its decimal 
equivalent. Example: 
0110 01002 = (64 + 32 + 4 = 100) = 10010 
Result: 1001 1100 (2s c) = -10010 

In the previous examples, you converted a nega
tive decimal number to its 2s complement. Later, 
you reversed the process and converted a 2s 
complement to a negative decimal number. Be
cause these conversions are time-consuming and 
prone to errors, Appendix B includes a 2s com
plement number conversion chart. Appendix B 
contains 2s complements of decimal numbers 
-1 through -128. 

Several 8-bit 2s complement addition prob
lems are solved in Fig. 10-29(a). Remember 
when overflows (more than 8 bits) occur, they 
are discarded. The sums are in 2s complement 
notation, but remember that for positive num
bers the 2s complement and binary number are 
the same. Review these addition problems to 
see if you understand the procedure. You will 
have practice problems later. 

Several 8-bit 2s complement subtraction 
problems are solved in Fig. 10-29(b). Remember 
when overflows (more than 8 bits) occur, they 
are discarded. Notice that only the subtrahends 
are 2s complemented before they are added to 
the minuend. The differences are in 2s comple
ment notation, but remember that for positive 
numbers, the 2s complement and binary number 
are the same. Review these subtraction problems 
to see if you understand the procedure. You will 
have practice problems later. 

In summary, 2s complement notation is used 
because it shows both the sign and magnitude 
of a number. Remember that 2s complement 
and binary numbers are identical for positive 
numbers. Also, 2s complement numbers can 
be used with adders to either add or subtract 
signed numbers. The next section in the text
book will diagram an adder/subtractor system 
that makes use of 2s complement notation. 

2s complement 
addition 

2s complement 
subtraction 
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Internet 
Connection 
Search for a 

2s complement 

calculator. 

(+60) 
+ ( +20) + 

+8010 

(-50) 
+ (-30) + 

-8010 1 
Discarcl 

(+30) 
+ (-90) + 

-6010 

(+90) 
+ (-80) + 

+1010 1 
Discard 

(a) 

(+65) 
- ( +35) = 0010 0011 

Form 2s complement 

+3010 

(-78) 
- (-35) = 1101 1101 

-4310 

(+40) 
-(-21) = 1110 1011 

+6110 

(-45) 
- ( + 22) = 0001 0110 

-6710 

and ADD 

Form 2s complement 

and ADD 

Form 2s complement 

and ADD 

Form 2s complement 

and ADD 

0011 1100 
0001 0100 
0101 0000 (2s complemeni SUi\tl) 

1100 1110 
1110 0010 
1 011 0000 (2s complement SUM) 

0001 1110 
10100110 
1100 0100 (2s complement SUivl) 

01011010 
1011 0000 
0000 1010 (2s c0mplemeni SUfvl) 

0100 0001 
+11011101 
1 0 0 0 1 1 1 1 0 (2s complement DIFFERENCE) 

/ 
Discard 

1011 0010 
+ 0010 0011 

1101 Q 1 01 (2s complement DIFFERENCE) 

0010 1000 
+ 0001 0101 

0 0 11 1 1 0 1 (2s complement DIFFERENCE) 

1101 0011 
+11101010 
1 1 011 11 01 (2s complement DIFFERENCE) 

/ 
Discard 

(b) 

Fig. 1fJ-29 (a) Four sample signed addition problems using 8-bit 2s complement numbers. 

(b) Four sample signed subtraction problems using 8-bit 2s complement numbers. 
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Answer the following questions. 

51. When microprocessors process both 
positive and negative numbers, ___ _ 
representations may be used. 

52. The 4-bit 2s complement number 0111 
represents in binary and 
____ in decimal. 

53. The 4-bit 2s complement number 1111 
represents in decimal. 

54. In 2s complement representation, the 
MSB is the bit. If the MSB 
is 0, the number is (negative, 
positive), whereas if the MSB is 1, the 
number is (negative, positive). 

55. The decimal number-6 equals 
____ in 2s complement 4-bit 
representation. 

56. The decimal number + 5 equals 
____ in 2s complement 4-bit 
representation. 

57. Calculate the sum of the 4-bit 2s com
plement numbers 1110 and 1101. Give 

10-11 2s Complement Adders/ 
Subtractors 

A 2s complement 4-bit adder/subtractor system 
is drawn in Fig. 10-30. Note the use of four full 
adders to handle the two 4-bit numbers. XOR 
gates have been added to the B inputs of each 
full adder to control the mode of operation of 
the unit. With the mode control at 0, the system 
adds the 2s complement numbers Ar4

2
A

1
A

0 
and 

B
3
B

2
B

1
B

0
• The sum appears in 2s complement 

notation at the output indicators at the lower 
right. The LOW at the A inputs of the XOR 
gates permit the B data to flow through the gate 
with no inversion. If a HIGH enters B

0 
input to 

the XOR gate, then a HIGH exits the gate at Y. 
The Cin input to the top ls full adder is held at a 
0 during the time the mode control is in the add 
position. In the add mode, the 2s complement 

the answer in 2s complement and in 
decimal. 

58. Calculate the sum of the 4-bit 2s comple
ment numbers 0110 and 1100. Give the 
answer in 2s complement and in decimal. 

59. Decimal 90 equals in binary 
and in 8-bit 2s complement. 

60. Decimal -90 equals in 8-bit 
2s complement. 

61. Adding 0111 1111 (2s c) and 1111 0000 
(2s c) yields in 8-bit 2s com-
plement or in decimal. 

62. Adding 1000 0000 (2s c) and 0000 1111 
(2s c) yields in 8-bit 2s com-
plement or in decimal. 

63. Subtracting 0001 0000 (2s c) from 1110 
0000 (2s c) yields in 8-bit 2s 
complement or in decimal. 

64. Subtracting 1111 1111 (2s c) from 0011 
0000 (2s c) yields in 8-bit 2s 
complement or in decimal. 

adder operates just like a binary adder except 
that the carry out (CJ from the 8s full adder is 
discarded. In Fig. 10-30, the C

0 
output from the 

8s full adder is left disconnected. 
The mode control input is placed at logical 1 

for the unit to subtract 2s complement numbers. 
This causes the XOR gates to invert the data at 
the B inputs. The Cin input to the ls full adder 
also receives a HIGH. The combination of the 
XOR gate's inversion plus adding the 1 at the 
C. input of the ls full adder is the same as com-

m 

plementing and adding 1. This is comparable to 
forming the 2s complement of the subtrahend 
(B number in Fig. 10-30). 

Remember that the system in Fig. 10-30 uses 
only 2s complement numbers. The 4-bit adder/ 
subtractor system in Fig. 10-30 could be ex
tended to 8, 16, 32, or 64 bits to handle larger 
2s complement numbers. 

2s complement 
4-bit adder/ 
subtractar system 
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Aa A2 A1 A 0 } 
+!- 8

3 
8

2 
8

1 
Bo 2s complement INPUTS 

Gin 

FA 

1s 

FA 

2s 

FA 
A 

4s 

A 
FA 

8s 
Mode control 

Sign 
Subtract 1 

Add= 0 
Sum or Difference 

2s complement OUTPUT 

Fig. 1!1-3[] AddBr/subtractor system using 2s complBment numbBrs. 

Supply the missing word or words in each 
statement. 

65. Refer to Fig. 10-30. The numbers to 
be added or subtracted in this system 
must be in (binary, BCD, ls 
complement, 2s complement) form. 

66. Refer to Fig. 10-30. The sum or differ
ence output from this system will be in 
----(binary, BCD, ls complement, 
2s complement) form. 

67. Refer to Fig. 10-30. This system can 
add or subtract (signed, only 
unsigned) numbers. 

68. Refer to Fig. 10-30. If the system is add
ing 0011 (2s c) to 1100 (2s c), the out
put will read . This is the 2s 
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complement representation for decimal 

69. Refer to Fig. 10-30. If the system is sub
tracting 0010 (2s c) from 0101 (2s c), the 
output will read . This is the 2s 
complement representation for decimal 

70. Refer to Fig. 10-30. If the system is 
adding 1010 (2s c) to 0100 (2s c), the 
output will read . This is the 2s 
complement representation for decimal 

71. Refer to Fig. 10-30. If the system is 
subtracting 1110 (2s c) from 1001 (2s c), 
the output will read . This is 
the 2s complement representation for 
decimal ___ _ 



10-12 Troubleshooting 
a Full Adder 

A faulty full adder circuit is sketched in 
Fig. 10-3l(a). The student or technician first 
checks the circuit visually and for signs of ex
cessive heat. No problems are found. 

The full adder is a combinational logic circuit. 
For your convenience, its truth table with nor
mal outputs is shown in Fig. 10-3l(b). The stu
dent or technician manipulates the full-adder 
inputs and using a logic probe checks the out
puts (2: and C ;J. The actual logic probe outputs 
are shown in the right-hand columns of the truth 
table in Fig. 10-31(b). H stands for a HIGH logic 
level, while L stands for a LOW logic level. Two 
errors seem to appear in the C 

0 
column in lines 

6 and 7 of the truth table. These are noted in 
Fig. 10-3l(b). A look at the truth-table results 
of the faulty full adder indicates no trouble in 
the 2: column. The 2: circuitry involves the two 
XOR gates labeled 1 and 2 in Fig. 10-31(a). It 
appears that these gates are operating properly. 

C;n 

7486 

A) 
5 

4 
B 

5 
7408 

6 
4 

3 

(a) 

The troubleshooter expects the problem to be 
in the OR gate or two AND gates. The bottom 
line of the truth table suggests that the bottom 
AND gate and OR gate work. The upper AND 
gate (labeled 4) is suspect. The technician ma
nipulates the inputs to line 6 on the truth table 
(C. = 1, B = 0, A = 1). Pins 1 and 2 of the 

m 

AND gate labeled 4 should both be 1. Both in-
puts to gate 4 indicate a HIGH logic level when 
a logic probe is touched to pins 1 and 2. Output 
3 of AND gate 4 is checked and remains LOW. 
This indicates a stuck LOW output at gate 4. 

The technician carefully checks the 7408 IC 
and surrounding circuit board for possible short 
circuits to GND. None are found. Gate 4 is as
sumed to have a stuck LOW output, and the 
7408 IC is replaced with an exact duplicate. 

After replacement of the 7408 IC, the trou
bleshooter checks the full-adder circuit for 
proper operation. The circuit works according 
to its normal truth table. Truth tables help both 
technicians and students with troubleshooting. 
Such tables define how a normal circuit should 

7486 

3 
2 2 

7408 

4 
2 

Ca 

INPUTS 
NORMAL ACTUAL 

OUTPUTS OUTPUTS 

C;n B A I Ca 2: Ca 

0 0 0 0 0 L L 
0 0 1 1 0 H L 
0 1 0 1 0 H L 
0 1 1 0 1 L H 
1 0 0 1 0 H L v 1 0 1 0 1 L (t} 1 1 0 0 1 L 

? 

1 1 1 1 1 H H 

(b) 

Fig. 'ill-31 (a) Faulty full-adder circuit used for troubleshooting problem. (b) Full-adder truth 
table with normal and actual outputs. 

Troubleshooting 
a full adder 

Combinational logic 
circuit 
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respond. The truth table becomes part of the 
technician's knowledge of the circuit. Knowl
edge of normal circuit operation is critical to 
good troubleshooting. 

To review, six hints for successful trouble
shooting are: 

1. Know the normal operation of the circuit. 
2. Feel the top of the IC to determine if it is 

hot. 

Supply the missing word or words in each 
statement. 

72. Refer to Fig. 10-31. The fault in the 
____ (combinational, sequential) 
logic circuit seems to be in the ___ _ 
(carry out, sum) part of the circuit. 
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3. Look for broken connections or signs of 
excessive heat. 

4. Smell for overheating. 
5. Check the power source and power to ICs. 
6. Trace the path of logic through the circuit, 

and isolate the faulty section. 

73. Refer to Fig. 10-31. The fault in the 
circuit is in gate [number]; the 
output is stuck (HIGH, LOW). 

74. Knowledge of normal circuit operation is 
critical to good troubleshooting. (T or F) 

7 5. List several hints for successful 
troubleshooting. 



Chapter l 0 Summary and Review 

1. Arithmetic circuits, such as adders and subtractors, 
are combinational logic circuits constructed with 

logic gates. 

2. The basic addition circuit is called a half adder. Two 
half adders and an OR gate can be wired to form a 
full adder. 

3. The basic subtraction circuit is called a half 
subtractor. Two half subtractors and an OR gate can 
be wired to form a full subtractor. 

4. Adders can be wired together to form parallel adders. 

5. A 4-bit parallel adder adds two 4-bit binary 
numbers at one time. This adder contains a single 
half adder (ls place) and three full adders. 

Answer the following questions. 

10-1. Do binary addition problems a to h (show your 
work): 
a. 101 + 011 e. 1000 + 1000 = 

b. 110 + 101 = f. 1001 + 0111 = 

c. 111 + 111 = g. 1010 + 0101 = 

d. 1000 + 0011 = h. 1100 + 0101 = 
10-2. Draw a block diagram for a half adder (label 

two inputs and two outputs). 
10-3. Draw a block diagram for a full adder (label 

three inputs and two outputs). 
10-4. Do binary subtraction problems a to h (show 

your work): 
a. 1100 - 0010 = e. 10000 - 0011 = 

b. 1101 - 1010 = f. 1000 - 0101 = 

c. 1110 - 0011 = g. 10010 - 1011 = 
d. 1111 - 0110 = h. 1001 - 0010 = 

10-5. Draw a block diagram of a half subtractor (label 
two inputs and two outputs). 

10-6. Draw a block diagram of a full subtractor (label 
three inputs and two outputs). 

6. Manufacturers produce several arithmetic ICs. 
7. Adder/subtractor units are often part of the CPU of 

calculating machines. 
8. Binary multiplication performed by digital circuits 

may use repeated additions or the add-and-shift 
method. 

9. Microprocessors may use 2s complement notation 
when dealing with signed numbers. Adders can be 
used to perform addition and subtraction using 2s 
complement numbers. 

10. Truth tables are a great aid in troubleshooting 
combinational logic circuits since they define the 
normal operation of the circuits. 

10-7. Draw a block diagram of a 2-bit parallel adder 
(use a half and a full adder). 

10-8. Use circuit simulation software to (1) construct 
a full-adder circuit like the one in Fig. 10-6(a), 
(2) test the circuit, and (3) show your instructor 
your circuit and results. 

10-9. Do binary multiplication problems a to h (show 
your work). Check your answers using decimal 
multiplication. 
a. 101 X 011 = e. 1010 X 011 = 

b. 111 x 011 = f. 110 x 111 = 

c. 1000 x 101 = g. 1100 x 1000 = 
d. 1001 x 010 = h. 1010 x 1001 = 

10-10. List two methods of doing binary multiplication 
with digital electronic circuits. 

10-11. Convert the following signed decimal numbers 
to their 4-bit 2s complement form: 
a. +1 = 

b. +7 = 

c. -1 = 

d. -7 = 
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10-12. Convert the following 4-bit 2s complement 
numbers to their signed decimal form: 

a. 0101 = c. 1110 = 

b. 0011 = d. 1000 = 
10-13. Convert the following 8-bit 2s complement 

numbers to their signed decimal form: 
a. 0111 0000 c. 1000 0001 
b. 1111 1111 d. 1100 0001 

10-14. Convert the following signed decimal numbers 
to their 8-bit 2s complement form: 

a. +50 c. -50 
b. -32 d. -96 

10-15. Add the following 4-bit 2s complement num~ 
bers. Give each sum as a 4-bit 2s complement 
number. Also give each sum as a signed decimal 
number. 
a. 0110 + 0001 = c. 0001 + 1100 = 
b. 1101 + 1011 = d. 0100 + 1110 = 

10-16. Subtract the following 4-bit 2s complement 
numbers. Give each difference as a 4-bit 2s 
complement number. Also give each difference 
as a signed decimal number. 
a. 0110 - 0010 = c. 0010 - 1101 = 

b. 1001 - 1110 = d. 1101 - 0001 = 
10-17. Add the following 8-bit 2s complement num

bers. Give the sum in 8-bit 2s complement nota
tion. Also give each sum as a signed decimal 
number. 
a. 0001 0101 + 0000 1111 = 

b. 1111 0000 + 1111 1000 = 

10-1. Draw a logic symbol diagram of a 2-bit parallel 
adder using XOR, AND, and OR gates. 

10-2. Draw a logic symbol diagram of a full-subtractor 
circuit using XOR, NOT, and NAND gates. Use 
Fig. 10-11 as a guide. 

10-3. Draw a logic diagram of an 8-bit binary adder 
using two 7483 4-bit adder ICs. 

10-4. Convert the signed number+ 127 to its 8-bit 2s 
complement form. Remember that the leftmost 
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c. 0000 1111+11111100 = 
d. 1101 1111 + 0000 0011 = 

10-18. Subtract the following 8-bit 2s complement 
numbers. Give the difference in 2s complement 
notation. Also give each difference as a signed 
decimal number. 
a. 0111 0000 - 0001 1111 = 
b. 1100 1111 - 1111 0000 = 

c. 0001 1100 - 1110 1111 = 

d. 1111 1100 - 0000 0010 = 

10-19. See Table 10-1. The problem with the 
faulty half-adder circuit appears to be in the 
______ ( C 

0
, sum) output, which seems 

to be (stuck HIGH, stuck 
LOW). 

10-20. See Table 10-1. In an attempt to repair the 
faulty half-adder circuit, you might start by sub
stituting a good (AND gate IC, 
XOR gate IC) and then testing the circuit for 
correct operation. 

Inputs Outputs 

B A Sum co 
L L L 

L H H 

H L H 

H H L 

bit will be 0, which means the number is 
positive. 

10-5. Convert the signed number -25 to its 8-bit 

H 

H 

H 

H 

2s complement form. Remember that the left
most bit will be 1, which means the number is 
negative. 

10-6. The 2s complement numbers are widely used 
in digital systems (such as microprocessors) 



because they can be used to represent 
______ numbers. 

10-7. Describe how you would form a 2s complement 
from a binary number. 

10-8. The negative of a binary number is its 
______ (2s complement, 

9s complement). 
10-9. Why might we say that decimal 0 would be rep

resented as a positive number in 2s complement 
notation? 

10-10. At the option of your instructor, use circuit 
simulation software to (1) construct a 4-bit 
binary adder using an adder IC (see Fig. 10-13), 

1. 1110 
2. 10001 
3. 11000 
4. 11010 

5. 1001 01102, 15010 
6. 1101 10102, 21810 
7. 1111 11102, 25410 

8.A=B=~ HA 
B Co 

9. 
B A I co 
0 0 0 0 

0 1 1 0 

1 0 1 0 

1 1 0 1 

10. ls 
11. t

1
: sum= 1, C

0 
= 0 

t2: sum= 0, C0 = 0 
t
3

: sum= 0, C0 = 1 
t
4

: sum= 1, C
0 

= 0 

12.c;n~~ 
A FA 
B Co 

(2) test the circuit by adding several 4-bit binary 
numbers, and (3) show your instructor your circuit 
and results. You may substitute a 4008 CMOS 
4-bit adder IC in place of the 7483 TTL IC. 

10-11. At the option of your instructor, use circuit 
simulation software to (1) construct an adder/ 
subtractor system using 2s complement num
bers (see Fig. 10-30), (2) test the circuit by 
adding and subtracting 2s complement num
bers (see Figs. 10-26 and 10-27 for samples), 
and (3) show your instructor your circuit and 
results. 

13. 
C. B A s co l/l 

0 0 0 0 0 

0 0 1 1 0 

0 1 0 1 0 

0 1 1 0 1 

1 0 0 1 0 

1 0 1 0 1 

1 1 0 0 1 

1 1 1 1 

14. arithmetic-logic unit (ALU) 
15. full-adder 
16. t

1
: sum= 1, C

0 
= 1 

t2 : sum = 0, C
0 

= 1 
t3: sum= 0, C

0 
= 1 

t4 : sum= 1, C
0 

= 0 
t
5

: sum= 0, C
0 

= 1 
t
6

: sum= 1, C
0 

= 0 
t7 : sum = l, C

0 
= 0 

t
8

: sum = 0, C
0 

= 0 
17. half adder, full adders 
18. combinational 
19. 1101 
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20. 1000 
21. 1110 

22. ~ =;p[)---2; 
ln-co 

23. C;n ______ .._,...----.... ----

24. a. 01 
b. 10 
c. 000 
d. 101 
e. 1111 
f. 111 

25. a. 0101 01002, 84to 
b. 1011 01112, 183l0 
c. 1011 10002, 184l0 
d. 0100 11102, 78l0 

26.AB=D; 
HS 

B Bo 

27. 
A B D. Bo l 

0 0 0 0 

0 1 1 1 

1 0 1 0 

1 1 0 0 

28. B;nB=D; 
A FS 
B Bo 

29. 
A B B. D. Bo m l 

0 0 0 0 0 

0 0 1 1 1 

0 1 0 1 1 

0 1 1 0 1 

1 0 0 1 0 

1 0 1 0 0 

i 1 0 0 0 

1 1 1 1 1 

30. parallel subtractor 
31. borrow lines 
32. adder 
33. cascaded 
34. combinational 
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35. 74LS181 
36. 10101 
37. F 
38. 1110 1011 
39. 111111110 
40. binary 
41. 1110 
42. 1000001 
43. 1010 1000 
44. a. 100001112, 135to 

b. 0110 00002, 9610 
c. 0111 10012, 121l0 

45. repeated addition 
46. add and shift 
4 7. add and shift 
48. F 
49. combinational 
50. multiplicand register 

multiplier register 
accumulator register 

51. 2s complement 
52. 0111, +7 
53. -1 
54. sign, positive, negative 
55. 1010 
56. 0101 
57. 1011, -5 
58. 0010, +2 
59. 0101 1010, 0101 1010 
60. 1010 0110 
61. 01101111, +111 
62. 1000 1111, -113 
63. 1101 0000, -48 
64. 0011 0001, +49 
65. 2s complement 
66. 2s complement 
67. signed 
68. 1111, -1 
69. 0011, +3 
70. 1110, -2 
71. 1011, -5 
72. combinational, carry out 
73. 4,LOW 
74. T 
75. Know the normal operation of circuit, feel top ofIC, 

look for broken connections or signs of excessive 
heat, smell for overheating, check the power sources, 
trace path of logic, and isolate the faulty section. 



Learning []utcames 
This chapter will help you to: 

11-1 List and characterize common memory and 
storage devices used in a microcomputer 
system. Sketch the general organization of 
a computer, including CPU, control bus, 
address bus, data bus, RAM, ROM, NVRAM, 
and bulk storage memory devices. Associate 
specific storage devices with their fundamental 
technology, such as magnetic, mechanical, 
optical, or semiconductor. Match certain 
semiconductor memory cell types with specific 
characteristics and common uses. 

11-2 Given small semiconductor memory organization, 
draw the memory in table form, sketch a 
logic symbol for the memory, and explain the 
programming of the memory. 

11-3 Detail the inputs/outputs and predict the 
operation of a small static RAM IC. Analyze 
the inputs/outputs and summarize the operation 
of a larger static RAM. 

11-4 Program a small static RAM with the Gray 
code. 

11-5 Characterize read-only memories (ROMs). 
Analyze a primitive diode ROM circuit. 

11-6 Solve a counting problem using read-only 
memory (ROM). 

11-7 Explain the characteristics of programmable 
ROMs (such as PROM, EPROM, EEPROM, and 
flash nonvolatile memory). 

11-8 Summarize the implementation of nonvolatile 
read/write memory (such as flash EEPROM, 
battery backup SRAM, and NVSRAM). 
Summarize newer non-volatile read/write 
memory technologies (such as FeRAM and 
MRAM). 

11-9 Identify several memory packages used in 
modem computers. 

11-10 Characterize computer bulk storage devices as 
to technology (mechanical, magnetic, optical,' 
and semiconductor). Explain advantages of each 
type of storage device. 

11-11 Summarize the operation of a digital 
potentiometer containing NVRAM. Analyze 
the action of a specific digital potentiometer. 

Memories 

It has been said that the most important 
characteristic that a digital system has 

over an analog system is its ability to store 
data for short or long periods. The avail
ability and use of memory and digital stor
age devices have fueled what writers have 
called the information revolution. The en
tire Internet is dependent on the transfer of 
data from one storage/memory device to 
another. Of course, computers and telecom
munication systems are dependent on large 
amounts of digital storage. 

The USB flash drive is one example of an 
advance in memory technology. The small 
portable USB flash drive is used by almost 
everyone. The flash drive does not contain a 
hard drive but features semiconductor flash Flash memory 
memory devices. USB flash drives are com-
monly available with storage capacities 8, 
16, 32, 64, 128, and 256 GB, with larger 
units available. They have mostly replaced 
floppy disks. They are also replacing forms 
of rewritable CD optical storage discs for 
removable media. Flash drives are portable, 
rugged, and compatible with computers 
and other digital devices. Their cost is less 
than $2 per gigabyte and decreasing. Flash 
drives have less storage capacity than exter-
nal hard drives. It should be noted that flash 
memory is also employed in many digital 
devices, including computers, microcon-
trollers, camcorders, cameras, and game 
consoles. 

The flip-flop, which we have already 
studied, forms a basic "memory cell" in 
some semiconductor memories. You have Semiconductor 
already used a simple shift register, latches, memory 
and counters, which use the flip-flop as a 
temporary memory. Several other types 
of semiconductor memory cells will be 
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investigated in this chapter. Several types of 
bulk storage devices will also be surveyed. 
Bulk storage devices are commonly classi
fied as either magnetic, mechanical, opti
cal, or semiconductor in nature. 

11-1 Overview of Memory 

Memory Devices in Computer 
The sketch in Fig. 11-1 is an overview of a typi
cal microcomputer system featuring the many 
types of memory and storage devices used in an 
everyday machine. The CPU is the central pro
cessing unit, which is the section of a computer 
or microprocessor that contains the arithmetic, 
logic, and control sections. The CPU is the focus 
of most data transfers. Flowing from the CPU 
in Fig. 11-1 are the address bus and control bus 
lines. A bus is a group of parallel conductors 
whose job it is to transfer information to other 
parts of the computer or microprocessor. The 
address bus and control bus are one-way com
munication lines that tell memory, storage, and 

other peripheral devices who does what and 
when. The data bus is a two-way communica
tion channel for sending information to and re
ceiving information from memory, storage, and 
other peripheral devices. The simplified block 
diagram in Fig. 11-1 shows some of the com
mon internal semiconductor memory devices 
used in computers such as the RAM, ROM, and 
NVRAM. Notice that data from the data bus can 
flow into (to write in memory) or out of (to read 
from memory) both random-access memory 
(RAM) and nonvolatile RAM (NVRAM). The 
read-only memory (ROM) is different because 
it is permanently programmed and data can 
flow out of this semiconductor device only as 
shown by the arrow in Fig. 11-1. A variety of 
semiconductor read-only memory devices such 
as PROMs, EPROMs, or EEPROMs could 
be substituted for the ROM in this computer 
system. 

Other memory components commonly asso
ciated with a modern microcomputer are listed 
under bulk storage devices in Fig. 11-1. They 
are divided according to the type of storage 

11-1 Simplified view of a typical computer system showing types of memory or storage devices. 
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medium such as magnetic, cloud, optical, or 
semiconductor. 

Magnetic Storage 
The hard drive is the most universal mag
netic bulk storage device in personal com
puters. It may also be referred to as a hard 
disk drive (HDD). Hard drives may also be 
found in many other digital devices, including 
camcorders, automobiles, and Internet servers. 
The hard drive features highly polished rigid 
disks that spin at high speeds (commonly 
7200 rpm). They store data in a thin coat
ing of metal oxide on the surface of the disk. 
Digital Os and ls are represented by the align
ment of magnetic domains in one direction or 
the other in the metal-oxide surface. A write 
head stores Os and ls on the disk, while a read 
head detects Os or ls as the magnetic medium 
moves at hypersonic speed. 

Larger hard disk drives housed in home 
and school computers may have a capacity of 
500 GB (gigabytes) to over a TB (terabyte). To 
achieve these large capacities, the hard drive 
mechanism contains many stacked double
sided rigid disks, each with a read/write arm 
and heads to read and write data. The hard 
drive mechanism represents extreme preci
sion and is sealed against moisture, smoke, 
and dust. 

Floppy disk drives were standard on many 
personal computers in the past. The floppy 
disk material was a flexible plastic coated with 
a metal oxide. The disk drive would spin the 
floppy disk and read/write heads would read 
and write data on the magnetic medium. A typ
ical floppy disk might only have a capacity of 
1to2 MB. 

Optical read/write CDs and USB flash drives 
have taken over the task of portable data storage 
because they have greater storage capacities. 
When larger capacities are required (such as 
back ups for your computer), then external hard 
disk drives are common. External hard disk 
drives usually do not have as large capacities as 
internal HDDs. External HDDs commonly use 
the computer's USB port for transferring data. 

Internet servers are large-scale computers 
systems without common user interfaces like 
keyboards, sound, or monitors. These serv
ers feature high-capacity processors and huge 

amounts of internal memory. It is common to 
use stacks of hard disk drives as part of Internet 
servers. 

Optical Storage 
Many computer systems contain a CD reader 
drive capable of reading information from 
several types of CDs (compact discs). The 
music industry started using CDs in the early 
1980s. 

Common optical media include CD-ROM 
(CD read-only memory), the CD-DA (CD 
digital audio), CD-R (CD recordable), CD-RW 
(CD rewritable), and DVD (digital versatile 
disc). DVDs come in a wide variety including 
DVD-video (digital video disc), DVD-audio, 
DVD-ROM, and DVD-RAM. 

Manufactured CD-ROM and DVD discs 
are produced using expensive industrial plas
tics injection equipment. During manufacture, 
tiny pits and lands (no pit) are molded into the 
shiny side of the CD. The CD reader drive aims 
a laser beam at a track on the spinning CD. The 
reflected light bounced off the pits and lands 
are interpreted as logical Os and ls. 

A high-capacity version of the CD-ROM is 
the digital versatile disc (DVD). DVDs are most 
commonly associated with video productions 
(movies). DVD-video standards are used when 
the disc holds only audio/video (such as mov
ies). DVD-ROM standards are used when the 
digital versatile disc is used for data storage as 
with a computer. The pits and lands are smaller 
with the DVD, which yields a greater storage 
capacity than older CD-ROMs. A simple one
sided, single-layer, 4.75-inch DVD has a capac
ity of about 4.7 GB. 

Semiconductor Storage 
A single semiconductor type of bulk storage 
device is listed in the microcomputer system 
sketched in Fig. 11-1. Flash memories can ap
pear in regular IC packages or in memory card 
form. A memory card looks something like a 
thick credit card. Digital cameras commonly 
use flash memory cards to store photos. A de
cade ago, flash memories were available only 
in small sizes, but large-capacity chips have be
come available. Semiconductor flash memories 
have become solid-state drives as they replace 
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the hard drive in some portable computers and 
other devices such as personal organizers. Flash 
memories commonly take the form of small 
USB flash memory devices. USB flash memory 
modules are removable and are commonly used 
like floppy disks or compact discs. 

Semiconductor Storage Cells 
Semiconductor storage devices are commonly 
classified in about six categories: SRAM, 
DRAM, ROM, EPROM, EEPROM, and flash 
memory (flash EEPROM). Some of these tech
nologies are better than others for certain jobs 
in a digital system. Following is a brief descrip
tion of these technologies: 

• SRAM (static random-access memory)
high access speed, read or write, requires 
continuous power (volatile memory), 
low density, high cost, associated 
with high-speed cache memory in 
microprocessors. 

• DRAM (dynamic random-access 
memory )-good access speed, read or 
write, volatile memory plus a need for 
refresh circuitry, high density, lower 
cost, RAM type used in most modern 
PCs. 

• ROM (read-only memory)-high density, 
nonvolatile (cannot be altered), reliable, 
low cost especially at high volumes. 

• EPROM (electrically programmable 
read-only memory )-high density, non
volatile (can be updated although not 
easily), ultraviolet light erasable before 
reprogramming. 

• EEPROM (electrically erasable 
programmable read-only memory)
nonvolatile but electrically erasable by 
bytes for reprogramming, lower density, 
high cost. 

• Flash Memory-very high density, low 
power, nonvolatile but rewritable (bit by 
bit) within the digital system, fairly new 
and developing technology holding great 
promise as a solid-state hard drive, can 
be portable (like floppy disk) in memory 
card form or USB flash memory. 

• FRAM (ferroelectric RAM)-nonvolatile 
RAM, in-circuit programmable, good 
access speed (reading and writing), low 
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density, high cost, FRAM memory cells 
based on ferroelectric capacitor and 
MOS transistor. 

• MRAM (magnetoresistive RAM or 
magnetic RAM)-nonvolatile RAM, in
circuit programmable, excellent access 
speed, high density, nanotechnology used 
in fabrication; cost has not been deter
mined because it is a new technology. 

The diagram in Fig. 11-2 suggests three 
important characteristics of a semiconductor 
memory represented by the three large circles: 
nonvolatility, high density, and the capacity of 
being electrically updated. Notice in Fig. 11-2 
that the flash memory has the best combina
tion of nonvolatility, high density, and read/ 
write capability (electrically updatable). Flash 
memory is a developing technology, and it can 
be expected that densities will go up and the 
price will fall, making the technology widely 
applied. 

Consider the advantage of using flash mem
ory in the system sketched in Fig. 11-1. In a 
common microcomputer system, the control 
unit of the computer would direct the disk drive 
to transfer a file or files to the RAM (proba
bly DRAM in most systems). This takes a bit 
of time. If the disk drive were replaced with 
flash memory this seek time (disk-to-DRAM 
loading) is eliminated making users experience 
higher-speed operation. 

Fig. '11-2 Important semiconductor memory characteristics. 



Answer the following questions. 

1. The section of a computer system that 
contains the arithmetic, logic, and control 
section and is the center of many data 
transfers is called the 

2. List two one-way buses in a microcom-
puter system that direct memory, storage, 
and peripheral devices. 

3. List three general categories of bulk storage 
devices based on the technology each uses. 

4. List at least two bulk storage devices com-
monly found in microcomputer systems. 

5. Spell out the full term for each of the fol-
lowing abbreviations. 
a. RAM 
b. ROM 
c. EPROM 

11-2 Random-Access 
Memory (RAM) 

One type of semiconductor memory device 
used in digital electronics is the random-access 
memory. The RAM is a memory that you can 
"teach." After the "teaching-learning" process 
(called writing), the RAM remembers the in
formation for a while and the RAM's stored 
information can be recalled, or "remembered," 
at any time. We say that we can write infor
mation (Os and ls) into the memory and read 
out, or recall, information. The RAM is also 
called a read/write memory or a scratch-pad 
memory. 

A semiconductor memory with 64 cells in 
which to place Os and ls is illustrated in Fig. 11-3. 
The 64 squares (mostly blank) represent the 64 
cells that can be filled with data. Notice that 
the 64 bits are organized into 16 groups called 
words. Each of the 16 words contains 4 bits of 
information. This memory is said to be orga
nized as a 16 X 4 memory. That is, it contains 
16 words, and each word is 4 bits long. A 64-bit 
memory could be organized as a 32 X 2 mem
ory (32 words of 2 bits each), a 64 X 1 memory 

6. 

7. 

8. 

d. EEPROM 
e. SRAM 
f. DRAM 
A DVD is an optical disc that has more 
storage capacity than a CD-ROM. 
(Tor F) 
A CD writer drive is used on many 
personal computers to write data on 
____ (CD-ROMs, CD-R or 
CD-RWs). 
Based on the information in Fig. 11-2, 
which semiconductor memory type 
would be the best choice if you wanted 
a nonvolatile memory with read/write 
capabilities, and high density (memory 
cells are very small)? 

(64 words of 1 bit each), or an 8 X 8 memory 
(8 words of 8 bits each). 

The memory in Fig. 11-3 looks very much 
like a truth table on a scratch pad. On the table 

Bit Bit Bit Bit 
Address D c B A 

WordO 

Word 1 

Word2 

Word3 0 1 1 0 

Word4 

Word5 

Word 6 

Word? 

Words 

Word9 

Word 10 

Word 11 

Word 12 

Word 13 

Word 14 

Word 15 

Fig. 11-3 Organization of a 64-bit memory. 

Random-access 
memory 

Read/write 
memory 

Memory 
organization 
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Write operation 

Read operation 

Address 

Volatile memory 

Nonvolatile storage 
devices 

after word 3 we have written the contents of 
word 3 (0110). We say we have stored, or writ
ten, a word into the memory; this is the write 
operation. To see what is in the memory at word 
location 3, just read from the table in Fig. 11-3; 
this is the read operation. The write operation 
is the process of putting new information into 
the memory. The read operation is the process 
of copying information from memory. The read 
operation is also referred to as the sense opera
tion because it senses, or reads, the contents of 
the memory. 

You could write any combination of Os and 
ls in the table in Fig. 11-3 rather like writing on 
a scratch pad. You could then read any word(s) 
from the memory, as from a scratch pad. Notice 
that the information in the memory remains 
even after it is read. Now it should be obvious 
why this memory is sometimes called a 64-bit 
scratch-pad memory. The memory has a place 
for 64 bits of information, and the memory can 
be written into or read from very much like a 
scratch pad. 

The memory in Fig. 11-3 is called a random
access memory because you can go directly to 

CD-Rewritable Drives CD-rewritable drives 
are a versatile piece of computer hardware. 
They are like having three drives in one. 
(1) A CD-rewritable disc can be used like a 
700-megabyte floppy disk. (2) With special 
software, the CD-rewritable disc drive can 
be used to record audio CDs. (3) Finally, a 
CD-rewritable disc drive can double as a 
CD-ROM drive. 
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word 3 or word 15 and read its contents. In other 
words, you have access to any bit (or word) at 
any instant. You merely skip down to its word 
location and read that word. A location in the 
memory, such as word 3, is referred to as the stor
age location or address. In the case of Fig. 11-3, 
the address of word 3 is 0011

2 
(3

10
). However, 

the data stored at this address are 0110. 
The RAM cannot be used for permanent 

memory because it loses its data when the 
power to the IC is turned off. The RAM is con
sidered a volatile memory because of this loss 
of data. Volatile memories are thus used for 
the temporary storage of data. However, some 
memories are permanent; they do not "forget" 
or lose their data when the power goes off. Such 
permanent memories are called nonvolatile 
storage devices. 

RAMs are used where only a temporary 
memory is needed. RAMs are used for calcu
lator memories, buffer memories, and cache 
memories. 

Modern personal computers implement 
random-access memory using both SRAM 
(static RAM) and DRAM (dynamic RAM). 



Supply the missing word or words in each 
statement. 

9. The letters "RAM" stand for ___ _ 
10. Copying information into a storage loca-

tion is called into memory. 
11. Copying information from a storage loca-

tion is called from memory. 
12. A RAM might also called a(n) ___ _ 

or scratch-pad memory. 

11-3 Static RAM ICs 

The 7489 read/write TTL RAM is a 64-bit data 
storage unit in IC form. Figure ll-4(a) is a logic 
symbol for the 7489 RAM. The memory cells are 
arranged like the layout of the table in Fig. 11-3. 
The memory can hold 16 words; each word in the 
7489 IC is 4 bits wide. The 7489 RAM is said 
to be organized as a 16 X 4-bit memory. A pin 
diagram for the 7489 IC is given in Fig. ll-4(b). 

A simplified truth table for the 7489 RAM 
is shown in Fig. ll-4(c). The memory enable 
(ME) input is used to "turn on" or "select" the RAM 
for either reading or writing. The top line in the 
truth table shows both the ME and the write en
able (WE) inputs LOW. The 4 bits at the data 
inputs (D

1 
to D 

4
) are stored in the memory loca

tion selected by the address inputs (A3 to A
0
). 

The RAM is in the write mode. 
Let us write data into the 7489 memory chip. 

Suppose we want to write 0110 into the word 3 
location, as shown in Fig. 11-3. The address for 
word 3 is A

3 
= 0, A

2 
= 0, A 1 = 1, and A0 = 1. 

Word 3 is located in the memory by placing a 
binary 0011 on the address inputs of the 7489 
RAM [see Fig. 11-4(a)]. Next, place the cor
rect input data at the data inputs. To enter 0110, 
place a 0 at input A, a 1 at input B, a 1 at input C, 
and a 0 atinputD. Next, place a LOW at the write 
enable (WE) input. Last, place a LOW at the 
memory enable (ME) input. Data are written into 
the memory in the storage location called word 3. 

Now let us read, or sense, what is in the 
memory. If we want to read out the data stored 
at word 3, we first set the address inputs to 

13. Refer to Fig. 11-3. This 64-bit unit is 
organized as a(n) memory. 

14. A disadvantage of the RAM is that it 
is ; it loses its data when the 
power is turned (off, on). 

15. The RAM section of a PC usually con-
sists of both SRAM and ___ _ 
(DRAM, PXRAM). 

binary 0011 (decimal 3). The write enable (WE) 
input should be in the read position, or HIGH 
according to the truth table in Fig. 11-4(c). The 
memory enable (ME) input should be LOW. The 
data outputs will indicate 1001. This output is 
the complement of the actual memory contents, 
which is 0110. Inverters could be attached to the 
outputs of the 7489 IC to make the output data 
the same as that in the memory. This illustrates 
the use of the read mode on the 7489 RAM. 

The last two lines in the truth table in 
Fig. ll-4(c) inhibit both the read and write 
processes. When both ME and WE inputs are 
HIGH, all outputs go HIGH. When the ME 
input is HIGH and the WE input is LOW, the 
outputs are the complement of the inputs, but 
no reading or writing is taking place. 

The 7489 RAM has open-collector outputs. 
This is suggested by the use of pull-up resistors 
on the outputs in the diagram in Fig. 11-4(a). 
A close relative of the 7489 is the 74189 64-bit 
RAM with the same configuration and pins ex
cept its outputs are of the tristate type instead 
of the open-collector type. A tristate output has 
three levels: LOW, HIGH, or high impedance. 

You will find that although different manu
facturers use various labels for the inputs and 
outputs on this IC, all 7489 ICs have the inputs 
and outputs shown in Fig. 11-4. IC manufactur
ers usually include even very small memories 
like the 7489 RAM in separate data manuals 
that cover semiconductor memories. 

The 7489 RAM is an obsolete IC that is used 
for experimental purposes in lab experiments 
to help show how many semiconductor memory 

7489 read/write 
TTL RAM 

74189 64-bit RAM 

Tristate output 
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Static RAM 

2114 static RAM 

Dynamic RAM 

Data { ~ ----1 ~: 
inputs Co 03 

---104 

RAM 

Memory enable ---0 ME 

(7489) 

+5V 
Data outputs 

D c B 

1 kn 

04iv--<111...--r---r---i--~ 

03!0-----e---1--1-------' 
0210---------1---------' 

A 

01 IO------~i.----------J 

Write enable ---0 -
(read= 1) WE 
(write= O) 

Ao 

Address{~ 
inputs 8 -------~ 

A----------' 
(a) 

(TOP VIEW) Truth Table-7489 RAM 

Ao 16 Vee MODE INPUTS CONDITION 
OF OF - -

ME 2 15 A1 
OPERATION ME WE OUTPUTS 

WE 3 14 A2 Write L L Complement of data inputs 

01 4 13 A3 
Read L H Complement of selected word 

01 5 12 04 
Inhibit storage H L Complement of data inputs 

02 6 11 04 

02 7 10 03 
Do nothing H H ALL outputs HIGH 

GND 8 9 03 
L = LOW logic level 
H = HIGH logic level 

(c) 
(b) 

Fig. 11-4 7489 64-bit RAM TTL IC. (a) Logic diagram. (b) Pin diagram. (c) Truth table. 

chips are addressed, read from, and written to. 
Microprocessor-based equipment makes exten
sive use of semiconductor read/write RAMs in 
IC form. 

Semiconductor RAM ICs are subdivided by 
manufacturers into static and dynamic types. 
The static RAM stores data in a flip-flop-like 
element. It is called a static RAM because it 
holds its 0 or 1 as long as the IC has power. 
The dynamic RAM IC stores its logic state as an 
electric charge in an MOS device. The stored 
charge leaks off after a very short time and must 

be refreshed many times per second. Refreshing 
the logic elements of a dynamic RAM requires 
rather extensive refresh circuitry. Dynamic 
RAMs come in larger sizes than static RAMs. 
Dynamic RAMs have the refresh circuitry on the 
chip. Because of their ease of use, static RAMs 
will be used in this chapter. 

One MOS memory IC is the 2114 static RAM. 
The 2114 RAM will store 4096 bits, which are 
organized into 1024 words of 4 bits each. A 
logic diagram of the 2114 RAM is sketched 
in Fig. 11-5(a). The 2114 RAM has 10 address 
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+5V 

Ao Vee 

A1 
1/04 A2 

Address 
A3 

1/03 A4 
inputs As 

As 1102 

A? 
1101 Aa 

Ag RAM 

Control { 
(1024 x 4) 

(2114) 
inputs 

GND 

(a) 

A3 
0 

A4 
0 
0 

As 

8 Row Memory array 

select 
(64 rows x 

64 columns) As 

A? 
@ 

Aa 
® 

1/01 
@ 

® 
Column 1/0 circuits 

1102 
Input 

® 
data Column select 

control 
1/03 

1/04 
® 

Ao A1 A2 

0 cs---------a 

-® WE -"----ia-----; 

(b) 

Fig. 11-5 2114 MOS static RAM. (a) Logic diagram. (b) Block diagram of RAM chip. 

Ag 

® 
Vee 

0GND 

Q = Pin numbers 

2114 MOS static 
RAM. 
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Chip select 

Access time 

Three-state buffers 

Gray code 

Programming RAM 

Binary-to-Gray 
code converter 

lines, which can access 1024 (210
) words. It has 

chip select (CS) and WE control inputs. The 
CS input is similar to the ME input on the 7489 
RAM. The four input/output (I/0

1
, I/0

2
, I/0

3
, 

I/O 
4
) pins serve as inputs when the RAM is in 

the write mode and outputs when the IC is in 
the read mode. The 2114 RAM is powered by a 
+5-V power supply. 

A block diagram of the 2114 RAM is illus
trated in Fig. 11-5(b). Especially note the three
state buffers used to isolate the input/output 
(I/O) pins from a computer data bus. Note that 

II 
Supply the missing word in each statement. 

16. The 7489 IC is a 64-bit ___ _ 
17. The 7489 memory IC can hold ___ _ 

words, each word being bits 
wide. 

18. Refer to Fig. 11-4. If the address inputs = 
1111, write enable = 0, memory en-
able = 0, and data inputs = 0011, then 
the 7489 IC is in the (read, 

a 

We need some practice in using the 7489 read/ 
write RAM. Let us program it with some usable 
information. To program the memory is to write 
in the information we want in each memory cell. 

Probably you cannot remember how to count 
from 0 to 15 in the Gray code, so let us take the 
Gray code and program it into the 7489 RAM. 
The RAM will remember the Gray code for us, 
and we can then use the RAM to convert from 
binary numbers to Gray code numbers. 

Table 11-1 shows the Gray code numbers 
from 0 to 15. For convenience, binary num
bers are also included in Table 11-1. The 64 
logical ls and Os in the Gray code number 
column of the table must be written into the 
64-bit RAM. The 7489 IC is perfect for this 
job because it contains 16 words; each word is 
4 bits long. This is the same pattern we have 
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the address lines are also buffered. The 2114 
RAM comes in 18-pin DIP IC form. 

An important characteristic of a RAM is 
its access time. The access time is the time it 
takes to locate and output (or input) a piece of 
data. The access time of the 7489 TTL RAM is 
about 33 ns. The access time of the 2114 MOS 
RAM ranges between 100 and 250 ns depend
ing on what version of the chip you purchase. 
The TTL RAM is said to be faster than the 
2114 memory chip because of its shorter ac
cess time. 

write) mode. Input data 0011 are being 
____ (read from, written into) 
memory location (decimal 
number). 

19. A (dynamic, static) RAM 
must be refreshed many times per second. 

20. The 2114 RAM IC will store ___ _ 
bits of data, and each of the 1024 words is 
____ bits wide. 

in the Gray code column of Table 11-1. The 
decimal number in the table will be the word 
number (see Fig. 11-3). The binary number 
is the number applied to the address input of 
the 7489 RAM (see Fig. 11-4). The Gray code 
number is applied to the data inputs of the 
RAM [see Fig. ll-4(a)]. When the ME and WE 
inputs are activated, the Gray code is written 
into the 7489 RAM. The RAM remembers this 
code as long as the power is not turned off. 

After the 7489 RAM is programmed with the 
Gray code, it is a code converter. Figure 11-6(a) 
shows the basic system. Notice that we input a 
binary number. The code converter reads out 
the equivalent Gray code number. The system 
is a binary-to-Gray code converter. 

How do you convert binary 0111 (decimal 7) 
to the Gray code? Figure 11-6(b) shows the bi
nary number 0111 being applied to the address 
inputs of the 7489 RAM. The ME input is at 0. 



Decimal Binary 
Number Number 

0 0000 

1 0001 

2 0010 

3 0011 

4 0100 

5 0101 

6 0110 

7 0111 

8 1000 

9 1001 

10 1010 

11 1011 

12 1100 

13 1101 

14 1110 

15 1111 

Memory enable 0 

The WE input is in the read position (logical 1). 
The 7489 IC then reads out the stored word 7 in 

Gray Code inverted form. The four inverters complement 
Number the output of the RAM. The result is the correct 

0000 Gray code output. The Gray code output for bi-

0001 nary 0111 is shown as 0100 in Fig. ll-6(b). You 

0011 can input any binary number from 0000 to 1111 

0010 and get the correct Gray code output. 

0110 
The binary-to-Gray code converter in 

Fig. 11-6 works fine. It demonstrates how you 
0111 can program and use the 7489 RAM. It is not 
0101 practical, however, because the RAM is a volatile 
0100 memory. If the power is turned off for even an 
1100 instant, the storage unit loses all its memory and 
1101 "forgets" the Gray code. We say the memory has 

1111 been erased. You then have to again program, or 

1110 teach, the Gray code to the 7489 RAM. 

1010 Each time your home or school computer 

1011 
boots up when it is first started, it loads codes/ 

1001 
programs into its RAM section of memory. 
This is much like loading the Gray code into 

1000 the tiny 7489 RAM. 

Binary 
coded ~ 
number 

Binary-to-Gray 
code 
converter 
(using RAM) 

Gray 
coded 
number 

(a) 

+5V 

RAM 
(Gray code in memory) 

Write enable WE 
(read= 1) 

(7489) 

0 

Address 
inputs 

(b) 

Fig. 11-6 Binary-to-Gray code converter. (a) System diagram. (b) Wiring diagram using RAM. 
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Read-only memory 
(ROM) 

Nonvolatile 
memories 

Mask-programmed 
ROM 
Address 

1-of-10 decoder 

Diode ROM 
disadvantages 

Supply the missing word or words in each 
statement. 

21. Refer to Fig. 11-6. The RAM is 
programmed as a(n) code 
converter in this example. 

22. Refer to Fig. 11-6. If the address inputs = 

1000, WE= 1, and ME= 0, then the 

11-S Read-Only Memory (ROM) 

Many digital devices including microcomputers 
must store some information permanently. This 
may be stored in a read-only memory or ROM. 
The ROM is programmed by the manufacturer 
to the user's specifications. Smaller ROMs can 
be used to solve combinational logic problems 
like decoding. 

ROMs are classified as nonvolatile memories 
because they do not lose their data when power 
is turned off. The read-only memory is also re
ferred to as the mask-programmed ROM. The 
ROM is used in only high-volume production 
applications because of the expensive initial 
setup costs. Programmable read-only memo
ries (PROMs) are used for lower-volume appli
cations where a permanent memory is required. 

The primitive diode ROM circuit in Fig. 11-7 
can perform the task of translating from binary 
to Gray code. The Gray code along with decimal 
and binary equivalents is listed in Table 11-1. 

If the rotary switch in Fig. ll-7(a) has se
lected the decimal 6 position, what will the 
ROM output indicators display? The outputs 

Protein~Based Memory Are protein-based 30 RAM memo
ries in the future? A small cube of optically sensitive protein 
(such as Rhodopsin), suspended in a transparent plastic, might 
be the basis for a 20-gigabyte RAM memory. Two laser beams 
might intersect at a point in the cube of protein to switch that 
"organic memory cell" from one logic state to another. 
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output at the displays on the right will be 
____ . This is the code 
equivalent of binary ___ _ 

23. If power to the 7489 IC in Fig. 11-6 is 
turned off for an instant, the RAM will 
____ (lose its program and have 
to be reprogrammed, still hold the Gray 
code in its memory cells). 

(D, C, B, A) will indicate LHLH or 0101. The D 
and B outputs are connected directly to ground 
through the resistors and read LOW. The C and 
A outputs are connected to +5 V through two 
forward-biased diodes, and the output voltage 
will read about +2 to +3 V, which is a logi
cal HIGH. Notice that the pattern of diodes in 
the diode ROM matrix in Fig. 11-7(a) is similar 
to the pattern of ls in the Gray code column 
in Table 11-1. Each new position of the rotary 
switch will give the correct Gray code output. 
In a memory, such as the ROM in Fig. 11-7, 
each position of the rotary switch is referred to 
as an address. 

A refinement in the diode ROM is shown 
in Fig. 11-7(b). The diode ROM circuit in 
Fig. 11-7(b) uses a I-of-JO decoder (7442 TTL 
IC) and inverters for row selection. This ex
ample shows a binary input of 0101 (decimal 5). 
This activates output 5 of the 7442 with a LOW. 
This drives the inverter, which outputs a HIGH. 
The HIGH forward-biases the three diodes con
nected to the row 5 line. The outputs would be 
LHHH or 0111. This is the Gray code equivalent 
for binary 0101 according to Table 11-1. 

The diode RO Ms suffer many disadvantages. 
Their logic levels are marginal. The diode ROM 
also suffers in that it has very limited drive 
capability. The diode ROMs do not have input 
and output buffering needed when working with 
systems that contain data and address buses. 

Practical ROMs are available from many 
manufacturers. These can range from very 
small bipolar TTL units to quite large capacity 
CMOS or NMOS ROMs. Commercial ROMs 



0 1 2 

DECIMAL 
INPUT 

+5V~ 

INPUT 
0 0 

8s 4s 2s 1s 
A 

'-----;B 

'------;C 

0 

9 8 7 

+5V 

Vee 0 

2 

3 

1-of-10 4 
decoder 

(7442) 5 

6 

7 

8 

GND 9 

3 
4 

5 

6 

(a) 

(b) 

/ I ' / I ' 

OUTPUT INDICATORS 
(GRAY CODE) 

0 
/1' /I' .... ,, 

OUTPUT INDICATORS 
(GRAY CODE) 

Fig. 11-7 Diode ROMs. (a) Primitive diode ROM programmed with Gray code. 
(b) Diode ROM with input decoding (programmed with Gray code). 

Primitive diode ROM 
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TMS4764 8192 x 
8-bit ROM 

Software 

Firmware 

can be purchased in DIP form. As examples, a 
very small capacity unit might be the TTL 74S370 
2048-bit ROM organized as a 512-word by 4-bit 
memory. A larger-capacity unit might be CMOS 
TMS47C512 524,288-bit ROM organized as a 
65,536-word by 8-bit memory. The 65,536 X 8 
unit has an access time of from 200 to 350 ns 
depending on the version you purchase. Personal 
computers have RO Ms of larger capacity. 

As an example of a commercial product, the 
TMS4764 ROM will be featured. The TMS4764 
is an 8192-word by 8-bit ROM. Its 8192 X 8 
organization makes it useful in systems that 
might store data in 8-bit groups, or bytes. 

A pin diagram for the TMS4764 ROM is re
produced in Fig. l l-8(a). The ROM is housed in 
a 24-pin DIP. The names and functions of the 
pins are given in the chart in Fig. ll-8(b). No
tice that a total of 13 addresses lines (A

0 
to A

12
) 

are needed to address the 8192 (213) memory lo
cations. A

0 
is the LSB and A

12 
is the MSB of the 

word address. The access time of the TMS4764 
ROM varies from 150 to 250 ns depending on 
the version of the chip you purchase. Perma
nently stored data are output via the pins la
beled Q1 through Q

8
• Q

1 
is considered the LSB 

while Q
8 

is the MSB. The output pins (Q
1 

to 
Q

8
) are enabled by pin 20. Pin 20 may be pro

grammed by the manufacturer to be an active 
HIGH or active LOW CS or CE input. When 
the three-state outputs are disabled, they are in 
a high-impedance state, which means they may 
be connected directly to a data bus in a micro
computer system. 

Read-only memories are used to store per
manent data and programs. Computer system 
programs, lookup tables, decoders, and charac
ter generators are but a few uses of the ROM. 
ROMs can also be used for solving combina
tional logic problems. General-purpose micro
computers allocate a larger proportion of their 
internal memory to RAM. However, dedicated 
computers allocate more addresses to ROM and 
usually contain only small amounts of RAM. 

Supply the missing word or words in each 
statement. 

24. The letters "ROM" stand for ___ _ 
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(TOP VIEW) 

A7 24 Vee 

As 2 23 Aa 

As 3 22 As 

A4 4 21 A12 

A3 5 20 E/E/S/S 

A2 6 19 A10 

A1 7 18 A11 

Ao 8 17 Oa 

01 9 16 07 

02 rn 15 Os 

03 11 14 Os 

Vss 12 13 04 

(a) 

PIN NOMENCLATURE 

Ao-A12 Address inputs 

E/E/S/S Chip Enable/Power Down 
or Chip Select 

01-0a Data out 

Vee 5-V supply 

Vss Ground 

(b) 

Fig. 11-8 TMS4764 ROM IC. (a) Pin diagram. 
(b) Pin nomenclature. 

About 500 different ROMs were available in 
one recent listing. 

A computer program is typically referred to 
as software. However, when a computer pro
gram is stored in a ROM, it is called firmware 
because of the difficulty of making changes. 

For a summary, look back at Fig. 11-2. Notice 
that the ROM is a high-density memory device 
and is nonvolatile. The ROM is a permanent 
storage device that cannot be reprogrammed. 

25. Read-only memories never forget 
data and are called ____ _ 
memories. 



26. The term is used to describe 
microcomputer programs that are perma
nently held in ROM. 

27. Read-only memories are programmed by 
the (manufacturer, computer 
operator) to your specifications. 

28. A backup battery (is, is not) 
needed to power the ROM when the 
computer is turned off so it can retain 
its programs and data. 

11~6 Using a ROM 
Suppose you have to design a device that will 
give the decimal counting sequence shown in 
Table 11-2: 1, 117, 22, 6, 114, 44, 140, 17, 0, 
14, 162, 146, 134, 64, 160, 177, and then back 
to 1. These numbers are to read out on seven
segment displays and must appear in the order 
shown. 

Knowing you will use digital circuits, you 
convert the decimal numbers to BCD numbers. 
This is shown in Table 11-2. You find you have 
16 rows and 7 columns of logical Os and ls. 
This section forms a truth table. As you look at 

Binary-Coded 
Decimal Readout Decimal Number 

100s 10s 1s 100s 10s 1s 
1 0 000 001 

7 001 111 

2 2 0 010 010 

6 0 000 110 

4 1 001 100 

4 4 0 100 100 

4 0 1 100 000 

7 0 001 111 

0 0 000 000 

1 4 0 001 100 

6 2 1 110 010 

4 6 100 110 

3 4 011 100 

6 4 0 110 100 

.6 0 110 000 

7 7 111 111 

29. Refer to Fig. ll-7(a). If the input switch 
is at 3 (binary 0011), the Gray code out-
put will be ___ _ 

30. Refer to Fig. 11-7(b). If the input is 
binary 1001, the Gray code output will 
be ___ _ 

31. The typical ROM is a (high-, 
low-) density memory device. 

the truth table, the problem seems quite compli
cated to solve with logic gates or data selectors. 
You decide to try a ROM. You think of the in
side of a memory as a truth table. The BCD sec
tion of Table 11-2 reminds you that a memory 
organized as a 16 X 7 storage unit will do the 
job. This 16 X 7 ROM will have 16 words for 
the 16 rows on the truth table. Each word will 
contain 7 bits of data for seven columns on the 
truth table. This will take a 112-bit ROM. 

A 112-bit ROM is shown in Fig. 11-9. Notice 
that it has four address inputs to select one of 
the 16 possible words stored in the ROM. The 
16 different addresses are shown in the left 
columns of Table 11-3. Suppose the address 
inputs are binary 0000. Then the first line in 
Table 11-3 shows that the stored word is 0 000 
001 (a to g). After decoding in Fig. 11-9, this 
stored word reads out on the digital displays as 
a decimal 1 (IOOs = 0, 10s = 0, ls = 1). 

Let us consider another example. Apply bi
nary 0001 to the address inputs of the ROM in 
Fig. 11-9. The second row on Table 11-3 shows 
us that the stored word is 1 001 111 (a to g). 
When decoded, this word reads out on the 
digital display as decimal 117 (lOOs = 1, 10s = 

1, ls = 7). Remember that the Os and ls in the 
center section of Table 11-3 are permanently 
stored in the ROM. When the address at the 
left appears at the address input of the ROM, 
a row of Os and ls (7-bit word) appears at the 
outputs. 

You have solved the difficult counting se
quence problem. Figure 11-9 diagrams the basic 
system to be used. The information in Table 11-3 
shows the addressing and programming of the 
112-bit ROM and the decoded BCD as a deci
mal readout. You would give the information 
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Digital readout 

100s 10s 1s 

a Decoder 

t 
I 

b I 
ROM I 

c Decoder 
__________ ...J 

16 x 7 
d 

e 

Decoder 
_________________ J 

g f------1 

A B C D 

Using a ROM Fig. 1Hl System diagram for the counting sequence problem using a ROM 

Inputs ROM Outputs 

Address or 100s 10s 1s Decimal 
Word Location 1s 4s 2s 1s 4s 2s 1s Readout 

D c B A a b c d e f g 100s 10s 1s 

0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 1 7 

0 0 0 0 0 0 0 0 2 2 

0 0 1 0 0 0 0 1 1 0 6 

0 1 0 0 1 0 0 1 0 0 1 4 

0 0 1 0 0 0 0 0 4 4 

0 0 1 1 0 0 0 0 0 4 0 

0 0 0 0 1 7 

0 0 0 0 0 0 0 0 0 0 0 

0 0 1 0 0 0 0 0 4 

0 0 0 0 0 6 2 

0 0 0 0 4 6 

0 0 0 1 0 0 3 4 

0 1 0 1 0 0 0 6 4 

0 0 0 0 0 6 0 

7 7 
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in Table 11-3 to a manufacturer, who would 
custom-make as many ROMs as you need with 
the correct pattern of Os and ls. 

It is quite expensive to have just a few ROMs 
custom-programmed by a manufacturer. You 
probably would not use the ROM if you did not 
have need for many of these memory units. Re
member that this problem also could have been 
solved by a combinational logic circuit using 
logic gates. 

Semiconductor memories usually come in 2" 
sizes or 64-, 256-, 1024-, 4096-, 8192-bit, and 

Supply the missing word or words in each 
statement. 

32. Refer to Fig. 11-9. If power is turned 
off and then back on, the counting se
quence programmed into the ROM will 
____ (be lost from, remain in) 
memory. 

33. Refer to Table 11-3 and Fig. 11-9. If the 
ROM address input = 1111, the digital 
readout will be ___ _ 

11-7 Programmable Read-Only 
Memory [PROM] 

Mask-programmable ROMs are programmed 
by the manufacturer using photographic masks 
to expose the silicon die. Mask-programmable 
ROMs have long development times, and the 
initial costs are high. Mask-programmable 
ROMs are usually simply called ROMs. 

Field-programmable ROMs (PROMs) are 
also available. They shorten development time 
and many times lower costs. It is also much eas
ier to correct program errors and update prod
ucts when PROMs can be programmed (burned) 
by the local developer. The regular PROM can 
only be programmed once, but its advantage is 
that it can be made in limited quantities and can 
be programmed in the local lab or shop. The 
PROM is also called a fusible-link PROM. 

larger units. A 112-bit memory is an unusual 
size. The 112-bit memory was used in the ex
ample because its truth table in Table 11-3 is 
exactly the truth table of the 7447 IC. You used 
the 7447 IC as BCD-to-seven-segment decoder 
earlier. You will want to use the 7447 IC as a 
ROM in the laboratory. 

Read-only memories are used for encoders, 
code converters, lookup tables, microprograms, 
character generators, function generators, micro
computer system firmware, and microcontroller 
firmware. 

34. Refer to Table 11-3 andFig.11-9. If the 
ROM address input = 1001, the digital 
readout will be ___ _ 

35. A mask-programmable ROM is 
programmed by the ___ _ 
(manufacturer, user). 

36. A group of programs and data held 
permanently in a microcomputer's 
___ (RAM, ROM) would be 
called firmware. 

The EPROM (erasable programmable read
only memory) is a variation of the PROM. The 
EPROM is programmed or burned in the local 
lab using a PROM burner. If an EPROM needs 
to be reprogrammed, a special window on the 
top of the IC is used. Ultraviolet (UV) light is 
directed at the chip under the window of the 
EPROM. The UV light erases the EPROM by 
setting all the memory cells to a logical 1. The 
EPROM can then be reprogrammed. A 24-pin 
EPROM DIP IC is shown in Fig. 11-10. The ac
tual EPROM chip is visible through the window 
on top of the IC. These units are sometimes 
called UV erasable PROMs or UV EPROMs. 

The EEPROM is a third variation of a pro
grammable read-only memory. The EEPROM 
is an electrically erasable PROM also referred 
to as an E2PROM. Because EEPROMs can be 
erased electrically, it is possible to erase and 

EPROM (erasable 
programmable 
read-only memory) 

PROM burner 

Mask
programmable 
RO Ms 

Field-programmable 
ROMs (PROMs) 

EEPROM 

Electrically 
erasable PROM 
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Flash EEPROM 

2732A 32K 
(4K x 8) 
ultraviolet-erasable 
PROM 

Erasing the UV 
EPROM 

"Burning" a PROM 

EPROM family 
27XXX-series 

1l10 EPROM. Note window in top used to erase 
EPROM with ultraviolet light. 

reprogram them without removing them from 
the circuit board. The EEPROM can be repro
grammed one byte at a time. 

The flash EEPROM is a fourth variation of 
a programmable read-only memory. The newer 
flash EEPROM is like an EEPROM in that 
it can be erased and reprogrammed while on 
the circuit board. Flash EEPROMs are gain
ing favor because they use a simpler storage 
cell, thereby allowing more memory cells on a 
single chip. We say they have greater density. 
Flash EEPROMs can be erased sector by sec
tor and reprogrammed faster than EEPROMs. 
While parts of the code can be erased and re
programmed on an EEPROM, the entire flash 
EEPROM must be erased and reprogrammed. 

The basic idea of a PROM is illustrated in 
Fig. 11-11. This simplified 16-bit (4 X 4) PROM 
is similar to the diode ROM studied in the pre
vious section. In Fig. 11-ll(a), each memory 
cell contains a diode and a good fuse. This in
dicates that all of the memory cells are storing 
a logical 1. This is how the PROM might look 
before programming. 

The PROM in Fig. 11-ll(b) has been pro
grammed with seven Os. To program or burn 
the PROM, tiny fuses must be blown as shown 
in Fig. 11-ll(b). A blown fuse in this case dis
connects the diode and means a logical 0 is per
manently stored in this memory cell. Because 
of the permanent nature of burning a PROM, 
the unit cannot be reprogrammed. A PROM 
of the type illustrated in Fig. 11-11 can only be 
programmed once. 

A popular EPROM family is the 27XXX 
series. These are available from many manufac
turers. A short summary of some models in the 
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EPROM Number 
27XX/.. Organization of Bits 

2708 1024 x 8 8192 

2716 2048 x 8 16384 

2732 4096 x 8 32768 

2764 8192 x 8 65536 

27128 16384 x 8 131072 

27256 32768 x 8 262144 

27512 65536 x 8 524288 

27XXX series is shown in Table 11-4. Notice 
that they are all organized with byte-wide (8-bit
wide) outputs, making them compatible with 
many digital systems. Many versions of each of 
these basic numbers are available such as low
power CMOS units, EPROMs with different 
access times, and even pin-compatible PROMs, 
EEPROMs, and ROMs. 

A sample IC from the 27XXX series EPROM 
family is illustrated in Fig. 11-12. The pin dia
gram in Fig. 11-12(a) represents the 2732A 32K 
(4K X 8) ultraviolet-erasable PROM. The 2732 
EPROM has 12 address pins (A

0 
to A

11
) which 

can access 4096 (212) byte-wide words in the 
memory. The 2732 EPROM uses a 5-V power 
supply and can be erased using UV light. The 
CE input is like the chip select CS inputs on 
some other memory chips. The CE input is ac
tivated with a LOW. The OE/VPP pin serves a 
dual purpose. It has one purpose during read
ing and another during writing. Under normal 
use the EPROM is being read. A LOW at the 
output enable (OE) pin during a memory read 
activates the outputs driving the data bus of the 
computer system. The eight output pins are la
beled 0

0 
to 0

7 
on the 2732 EPROM. A block 

diagram is drawn in Fig. ll-12(b) to show the 
organization of the 2732 EPROM chip. 

. When the 2732 EPROM is erased, all mem
ory cells are returned to logical 1. Data are intro
duced by changing selected memory cells to Os. 
The 2732 is in the programming mode (writing 
into the EPROM) when the dual-purpose OE! 
VPP input is at 21 V. During programming (writ
ing), the input data are applied to the data out
put pins (0

0 
to 0

7
). The word to be programmed 

into the EPROM is addressed using the 12 ad
dress lines. A very short (less than 55 ms) TTL 
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Fig. 11-1'! Simplified PROM. (a) PROM before programming. All fuses good (all 1s). 
(b) PROM after programming. Seven fuses blown (seven Os programmed). 
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2732 EPRDM IC Fig. 11-12 2732 EPROM IC . {a) Pin diagram. (b) Pin names. (c) Block diagram. 

level LOW pulse is then applied to the CE input 
to complete the write process. 

Programming an EPROM is handled by spe
cial equipment called PROM burners. After 
erasing and reprogramming, it is common to 
protect the EPROM window (see Fig. 11-10) 
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with an opaque sticker. The sticker over the 
EPROM window protects the chip from UV 
light from fluorescent lights and sunlight. The 
EPROM can be erased by direct sunlight in 
about one week or room-level fluorescent light
ing in about three years. 



Supply the missing word or words in each 
statement. 

37. The letters "PROM" stand for ___ _ 
38. The letters "EPROM" stand for ___ _ 
39. The letters "EEPROM" stand for 

11-8 Nonvolatile Read/ 
Write Memory 

Both static and dynamic RAMs have the dis
advantage of being volatile. When power is 
turned off, the data are lost. To solve this prob
lem, nonvolatile read/write memories were de
veloped. These are currently implemented by 
(1) using battery backup for a CMOS SRAM, 
(2) using a nonvolatile static RAM (NVSRAM), 
(3) using a flash EEPROM or flash memory, or 
(4) newer FRAM (ferroelectric random-access 
memory). 

The new MRAM features high speed, high 
density, nonvolatility, low power, and endur
ance (unlimited reads and writes). 

Battery Backup SRAM 
Battery backup is a common method of solv
ing the volatility problem of a SRAM. CMOS 
RAMs are used with battery backup systems 
because they consume little power. A long-life 
lithium battery is typically used to back up data 
on the CMOS SRAM. Backup batteries have a 
life expectancy of about 10 years and may be 
embedded in the memory package. Under nor
mal operating conditions, the SRAM is pow
ered by the equipment's power supply. When 
the power supply voltage drops to some prede
termined lower level, voltage-sensing circuitry 
switches to backup battery power to maintain 
the contents of the SRAM until power is re
stored. Battery backup SRAMs are common in 
microcomputer systems. 

Battery backup SRAM is sometimes referred 
to as BBSRAM. BBSRAM currently domi
nates the market. BBSRAM is commonly used, 

40. 

41. 

Erasing EPROMs can be done by shining 
____ light through a special window 
in the top of the IC. 
See Table 11-4. The 27512 EPROM can 
store a total of ____ bits of data 
organized as words, each 
8 bits wide. 

but some battery-free applications in medicine, 
aerospace, and distance data logging don't re
quire batteries that may go dead. BBSRAM 
also has lower data retention than other NVS
RAM devices. Some alternatives to BBSRAM 
such as NVSRAM, FRAM, and MRAM pro
vide improved access times (they are faster). 

NVSRAM 
Nonvolatile RAMs can solve the volatility prob
lem. The nonvolatile RAM may be referred to 
as NVRAM (nonvolatile RAM), NOVRAM 
(nonvolatile RAM), NVSRAM (nonvolatile 
static RAM). The NVRAM combines the read/ 
write capabilities of a SRAM with the nonvol
atility of an EEPROM. A block diagram of a 
small NVSRAM is detailed in Fig. 11-13. Note 
that the NVSRAM has two parallel memory ar
rays. The front array is a SRAM, while the back 
is a shadow EEPROM. During normal opera
tion, the read/write SRAM is used. When the 
power supply voltage drops, a duplicate of all 
data in the SRAM is automatically stored in the 
nonvolatile EEPROM array. The store opera
tion is represented in Fig. 11-13 with an arrow 
pointing toward the EEPROM array. On power
up, the NVSRAM automatically executes the 
recall operation, which copies all data from the 
EEPROM to the SRAM. The recall operation is 
symbolized in Fig. 11-13 by the arrow pointing 
toward the front static RAM array. 

NVSRAMs seem to have a slight advantage 
over battery backup SRAMs. NVSRAMs have 
better access speed and generally better over
all life. NVSRAM ICs are smaller than the 
more bulky battery backup SRAM packages 
and therefore save PC board space. Currently, 

Nonvolatile read/ 
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Battery backup 
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NVSRAM 

NVSRAM 

Battery backup of 
CMIJS SRAM 
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Fig. 11-13 Block diagram and pin names on a typical NVSRAM. 

NVSRAMs are more expensive and are manu
factured in limited sizes. 

Flash Memory 
Flash EEPROMS may become a low-cost 
alternative to battery backup SRAMs and 
NVSRAMs. Flash memories are widely used in 
laptop computers. 

The commercial flash memory by Intel is 
featured in Fig. 11-14. Intel's 28F512 512K 
(64K X 8) CMOS flash memory will store 
524,288 (219

) bits organized into 65,536 (216) 

words, each 8 bits wide. The block diagram 
and pin descriptions in Fig. 11-14 give an over
view of the flash memory. The 28F512 flash 
memory reacts like a read-only memory when 
the VPP erase/program power supply pin is 
LOW. When the VPP pin goes HIGH (about 
+ 12 V), the memory can be quickly erased or 
programmed based on commands sent to the 
command register by the attached micropro
cessor or microcontroller. The 28F512 flash 
memory uses a 5-V supply to power the chip, 

but + 12 V is required at the VPP pin during eras
ing and programming. 

In summary, flash EEPROMs or flash 
memories are an emerging memory technol
ogy which will become even more popular in 
the future. Flash memories have many desir
able characteristics including being nonvola
tile, in-system rewritable (read/write), highly 
reliable, and having low power consumption. 
Flash memories currently boast high densi
ties (the single transistor storage cells are very 
tiny). Recent developments by Intel suggest that 
even higher densities will be available in flash 
memones. 

Ferroelectric RAM 
Ferroelectric RAM (FeRAM or FRAM) is 
a high-speed memory similar to SRAM or 
DRAM, but it is nonvolatile. The FRAM 
is faster than flash EEPROM memory. The 
FRAM does not require constant battery power 
like SRAM with battery backup. Low power 
consumption makes the ferroelectric RAM an 
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PIN DIRETIONS 

Symbol Type Name and Function 

Ao-A1s INPUT ADDRESS INPUTS for memory addresses. Addresses are internally 
latched iring a write cycle. 

DOa-007 INPUT/OUTPUT DATA INPUT/OUTPUT: Inputs data during memory write cycles; outputs data 
during memory read cycles. The data pins are active high and float to tri-
state OFF when the chip is deselected or the outputs are disabled. Data is 
internally latched during a write cycle. 

CE INPUT CHIP ENABLE: Activates the device's control logic, input buffers, decoders 
and sense amplifiers. CE is active low; CE high deselects the memory device 
and reduces power consumption to standby levels. 

OE INPUT OUTPUT ENABLE: Gates the device's output through the data buffers during 
a read cycle. OE is active low. 

WE INPUT WRITE ENABLE: Controls writes to the command register and the array. 
Write enable is active low. Addresses are latched on the falling edge and 
data is latched on the rising edge of the WE pulse. 
Note: With Vpp :s 6.5 V, memory contents cannot be altered. 

Vpp ERASE/PROGRAM POWER SUPPLY for writing the command register, 
erasing the entire array, or programming bytes in the array. 

Vee DEVICE POWER SUPPLY (5 V ± 10%) 

Vss GROUND 

NC NO INTERNAL CONNECTION to device. Pin may be driven or left floating. 

11-14 Block diagram and pin descriptions for 28FS12 S12K CMOS flash memory. (Courtesy of Intel Corporation.) 

excellent choice for portable digital devices. A 
semiconductor memory like the FRAM may be 
integrated into microcontrollers and other chips 
with a few added manufacturing steps. The 
FRAM memory cell consists of a ferroelectric 
capacitor and MOS transistor. The ferroelec
tric capacitors (memory cells) do not all need 

to be periodically refreshed as in the popular 
DRAM. A FRAM memory cell needs refresh
ing only after a read of a specific cell. 

Currently, ferroelectric RAM densities are 
somewhat low and prices are high. However, 
FRAM technology is fairly new, and it is ex
pected that densities will increase and prices 

2BF512 flash 
memory IC 
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www.nantero.com. 

will fall. A major developer and manufacturer 
of FRAMs is Ramtron International. 

Magnetoresistive RAM 
Magnetoresistive RAM (MRAM) is an emerg
ing semiconductor memory technology. Magne
toresistive RAM has wonderful characteristics 
combining the access speed of the SRAM, the 
density of the DRAM, and the nonvolatility of 
flash EEPROM memory. The MRAM's small 
memory cell is based on a single transistor and 
a magnetic tunnel junction (MTJ) structure. 

Supply the missing word or words in each 
statement. 

42. The abbreviation "NVRAM" stands for 

43. Battery backup SRAMs commonly use a 
____ (carbon-zinc, lithium) battery, 
which has a long life and maintains the 
data in the memory when power is lost. 

44. A NVSRAM contains a static RAM array 
and a shadow (EEPROM, 
ROM) memory array. 

45. During power-up using a NVSRAM, 
the (recall, store) operation 
automatically occurs, duplicating all the 
data from the EEPROM into the SRAM 
memory array. 

46. Refer to Fig. 11-14. The 28F512 flash 
memory can be erased/reprogrammed 
when + 12 V is applied to the ___ _ 
pin of the IC. 

11-9 Memory Packaging 
A general evolution of memory packaging is 
depicted in Fig. 11-15. The dual in-line pack
age (DIP) is represented in Fig. ll-15(a). The 
dual in-line package is the traditional IC pack
age. DIPs occupy a fair amount of surface area 
on a printed circuit board. The DIP sketched 
in Fig. 11-15(a) may be either a surface-mount 
or a through-the-hole type. Small-outline ICs 
(SOIC) are smaller and reduce the board area 
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The cell changes resistance representing differ
ent logic states (0 or 1). The MRAM has fast 
read and write speeds. The MRAM has almost 
unlimited read and write cycles and has low 
power requirements. MRAM is compatible with 
CMOS processes, allowing processors (such as 
a microcontroller) and memory to be fabricated 
on the same chip. Some sources suggest that 
MRAM has the potential to be a "universal 
semiconductor memory." MRAM is sometimes 
also referred to as magnetic random-access 
memory. 

47. The (ROM, flash memory) has 
high density, is reliable, and is rewritable. 

48. The (SRAM, PROM) is a 
read/write memory that is quite expensive 
and very fast. 

49. Flash EEPROMs are a good substitute 
for a ROM but cannot replace DRAMs 
because they are not rewritable. (T or F) 

50. The new (MRAM, ZDRAM) 
has the potential of replacing many types 
of semiconductor memory because it is 
fast, low power, high density, has good 
endurance, and is nonvolatile. 

51. In semiconductor memory jargon, the 
acronym MRAM stands for ___ _ 

52. In semiconductor memory jargon, the 
acronym FeRAM stands for ___ _ 

53. The flash EEPROM is like a SRAM be
cause it is high density, low speed, and a 
volatile semiconductor memory. (T or F) 

used by the DIP package. In less complex 
systems (such as microcontroller-based PC 
boards), DIPs in SOIC form are mounted di
rectly on the main PC board. In larger systems 
(such as microcomputers), DIP memory ICs are 
not mounted directly on the main motherboard. 
Memory modules (boards holding many DIP 
SOIC memory ICs) are inserted into sockets on 
the computer's motherboard. 

Two types of memory modules used on some 
older computers are represented in Fig. 11-15(b) 



(a) 

(b) 

(c) 

(d) 

Fig. 11-15 Evolution of memory packages. (a) Dual in-line package (DIP). (b) Single in-line package (SIP). 
(c) Zig-zag in-line package (ZIP). (dJ Single in-line memory module (SIMM). 

and (c). These packages are the SIP (single in
line package) and the ZIP (zig-zag in-line pack
age). These may be found in older equipment, 
but not used in new designs. 

Some older microcomputers may have 
SIMM memory modules. The older memory 
module sketched in Fig. 11-15(d) is a 72-pin 
SIMM (single in-line memory module). No
tice the 72 contacts on the bottom edge of the 
SIMM. These contacts are located on only one 
side of the SIMM. An earlier version of this 
type of memory module was the 30-pin SIMM. 
Notice the notches on the left side and bottom 
of the SIMM in Fig. ll-15(d). These notches 
help the technician install the SIMM in the 
socket properly. 

Newer microcomputers commonly use 
memory modules that look something like the 
DIMM (dual in-line memory module) depicted 
in Fig. 11-16(a). This is a 168-pin DIMM mem
ory module. The DIMM sketched in Fig. ll-16(a) 
has 84 contacts on each side of the bottom 

edge of the pc board for a total of 168 pins. 
Installation of a typical DIMM is depicted in 
Fig. 11-16(b). Notice the tabs at each end of the 
socket. These units help lock the memory mod
ule in place when it is pressed firmly downward 
in the socket, or the levers act as ejectors when 
removing a seated DIMM. Notice also the 
notches along the bottom of the memory board 
in Fig. ll-16(b). These notches slide over solid 
raised areas in the center of the DIMM socket. 
This allows the DIMM to fit into the socket 
in only one direction and ensures the correct 
memory module is installed. 

The DIMM shown in Fig. ll-16(c) is a 184-
pin DDR SDRAM (double data rate synchro
nous DRAM). Currently, the DDR SDRAM is 
a popular memory module used in PCs. Also 
widely used in PCs is the 184-pin RDRAM 
(Rambus DRAM). RDRAM is sometimes re
ferred to as RIMM by its manufacturer Ram
bus, Inc. The 184-pin RDRAM physically looks 
somewhat different from the DDR SDRAM, 
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(a) 

(c) 

Fig. 11·16 DIMM memory modules. (a) 168-pin DIMM with SDRAM. (b) Installing DIMM in socket. 
(c) 184·pin DIMM with DOR SDRAM. 

and its lower-edge notches have different loca
tions. The 184-pin RDRAM and DDR SD RAM 
cannot be interchanged because the mother
boards are designed for one style or the other 
DIMM. A larger-capacity DIMM used in some 
PCs might be the 240-pin DDR2 SDRAM. 

Portable computers use memory modules that 
are smaller than those pictured in Fig. 11-16. 
These look different physically. Some DDR 
SDRAM modules used in laptops might be the 
small outline 200-pin SO-DIMM or 172-pin 
micro-DIMM. 

DIMMs have many vanat1ons including 
different physical sizes, voltages, speeds, and 
memory capacities. Replacement or added 
memory modules must be ordered for your spe
cific computer. 

Another packaging method is the memory 
card. The Personal Computer Memory Card 
International Association (PCMCIA) defines 
standard physical and electrical characteris
tics of the PCM CIA card. This memory card is 
about the width and length of a standard credit 
card; its thickness varies (in four thicknesses) 
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from about 3 to 19 mm. The memory card can 
house arrays of memory chips and other elec
tronics using almost any type of memory de
vice (PROM, DRAM, battery-backed SRAM, 
flash EEPROM, and so on). The flash memory 
card is very popular because of its very high 
density, low power consumption, read/write 
capabilities, nonvolatility, and modest cost. 
A PCMCIA device containing flash memory 
would probably be referred to as aflash mem
ory card. The memory card enables a method 
of adding memory to laptop and palmtop com
puting devices or even a copier. Large-capacity 
flash memory cards can be used as solid-state 
disk drives. The standard PCMCIA memory 
card has an edge connector with 68 pins, which 
are assigned tasks (address lines, data lines, 
power supply, ground, and so forth). The 68-
pin PCMCIA memory card allocates 26 pins 
for address lines, which allows addressing of a 
large memory (226 = 64 MB). You should show 

Answer the following questions. 

54. The memory package in Fig. 11-15(a), 
which is the most traditional, is called the 

(DIP, SIP, ZIP). 
55. The acronym DIMM stands for what 

when referring to a computer memory 
module package? 

56. The acronym DDR SDRAM stands for 
what when referring to computer memory 
modules? 

57. The acronym SIMM stands for what 
when referring to computer memory 
modules? 

11-10 Computer Bulk Storage 
Devices 

Generally, semiconductor memories are used 
for internal storage in most modern comput
ers. The computer's internal storage is also 
called primary storage. It is not possible to 

some caution when plugging in a memory 
card because other standards are used, such as 
the PCMCIA 88-pin interface, the Panasonic 
34-pin interface, the Maxwell 36- or 38-pin 
interface, the Epson 40- or 50-pin interface, 
and others. 

A disk drive is an electromagnetic device that 
consumes much power and can mechanically 
wear, thereby causing problems. Disk drives 
are particularly vulnerable to shock, vibration, 
dust, and dirt. The solid-state disk using flash 
memory cards or similar devices that appear in 
portable computers and other equipment must 
be very small. They use very little power, and 
withstand shock and vibration. In a solid-state 
computer, the traditional DRAM and magnetic 
drive combination would be replaced by some 
fast SRAM and flash memory. The SRAM/ 
flash memory combination is very fast when 
transferring data from the solid-state disk to 
RAM. 

58. The acronym RDRAM stands for what 
when referring to computer memory 
modules? 

59. DIMMs have many variations including 
different physical sizes, voltages, speeds, 
and memory capacities. (T or F) 

60. The letters "PCM CIA" stand for what 
when referring to a memory card? 

61. A PCMCIA flash memory card is about 
the size of a thick (credit card, 
5.25-in. floppy disk). 

62. All memory cards follow the PCMCIA 
68-pin standard for electrical connections 
and physical dimensions. (Tor F) 

store all data inside the computer itself. For in
stance, it is neither necessary nor desirable to 
store last month's payroll information inside 
the computer after the checks are printed and 
cashed. Thus most data are stored outside the 
computer. External storage is also called sec
ondary storage. Several methods are used to 

Computer bulk 
storage devices 

Secondary storage 

Primary storage 
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store information for immediate and future use 
by a computer. External storage devices are 
usually classified as either mechanical, mag
netic, optical, or semiconductor. 

Mechanical Devices 
Mechanical bulk storage devices include the 
punched paper card and punched or perforated 
paper tape. The punched card was developed 
before 1900 by Herman Hollerith, who adapted 
them for use in the 1890 United States census. 
These cards commonly have holes punched in 
them to represent alphanumeric data. The code 
used is called the Hollerith card code. A typical 
Hollerith punched card is made of heavy paper 
and measures about 3.25 X 7.5 in. A common 
punched card can hold 80 characters. Punched 
paper cards are now obsolete. 

Perforated paper tape was another method 
of mechanically storing data. The paper tape 
is a narrow strip of paper with holes punched 
across the tape at places selected according to 
a code. The paper tape can be stored on reels. 
This method is also obsolete. 

Magnetic Devices 
Common magnetic bulk storage devices are the 
magnetic tape, the magnetic disk, and the mag
netic drum. Each device operates much like a 
common tape recorder. Information is recorded 
(stored) on the magnetic material. Information 
can also be read from the magnetic material. 

Magnetic tape has been widely used for 
many years as a secondary storage medium. 
It is still very popular for backing up data be
cause it is quite inexpensive. The main dis
advantage of magnetic tapes is that they are 
sequential-access devices. That is, to find 
information on the tape, you must search 
through the tape sequentially, which makes 
the access time long. 

Magnetic drum memory units were used 
in early computer systems (1950s and 1960s). 
They featured a spinning magnetic iron-oxide
coated metal drum. Read/write heads recorded 
and detected binary data. Unlike magnetic 
tape, drum memory units featured shorter ac
cess time because they were random-access 
devices. Magnetic drum memory was used to 
store both programs and data (primary storage) 
before semiconductor memories were available. 
Drum memory is now obsolete. 
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Magnetic disks have become particularly 
popular in recent years. Magnetic disks are 
random-access devices, which means that any 
data can be accessed easily and in a short time. 
Magnetic disks are manufactured in both rigid 
and floppy (flexible) disk form. The floppy disk 
was a popular form of secondary storage used 
by many microcomputers. 

The popular rigid magnetic disk has been 
combined with very fast nonvolatile RAM (such 
as flash RAM) to produce hybrid RAM disks. 
These hybrid hard disk drives (H-HDD) feature 
increased speed of access and decreased power 
consumption. Regular hard drives spin the rigid 
disks continuously, whereas the H-HDD start 
and stop the platters. Many data transfers to 
and from the hybrid disk drive use the nonvola
tile RAM section. The rigid disk only spins up 
when needed and then goes to rest as it spins 
down. Some drawbacks of the hybrid hard disk 
drives include cost, noise (spin-up and spin
down times), and reduced lifetime. 

Hard Disks 
The hard disk or rigid disk drive is currently 
the most important bulk storage memory de
vice used on modern computer systems. One 
of the original sealed dust-free hard disk drives 
was developed by IBM and was referred to as 
a Winchester drive (after famous 30-30 Win
chester rifle-30 MB with 30-ms access time). 
The hard disk has proved to be reliable, fast, 
and today has a very large storage capacity. A 
picture of a modern hard disk drive by Seagate 
Technology is reproduced in Fig. 11-17. The 
cover has been removed from this normally 

Fig. 11-17 A Cheetah hard disk drive by Seagate. 



sealed unit to expose four 3.5-in. rigid disks 
(called platters) made of aluminum, glas~, or 
ceramic. The platters are probably coated with a 
thin-film medium, which is a microscopic layer 
of metal bonded to the disk. The hard drive fea
tured in Fig. 11-17 has eight read/write heads 
(only one is visible), one on each side of the four 
platters. When the platters spin, the read/w~ite 
heads float just above the surface of the disk. 
The read/write arm pivots to locate a specific 
circular track on the surface of the platters. The 
spindle speed on many hard drives is 3600 rpm 
or faster. Seagate Cheetah hard drives similar 
to the one pictured in Fig. 11-17 have spindle 
speeds of 10,000 or 15,000 rpm. The higher 
spindle speed allows the read/write heads to lo
cate data more quickly. 

The specification sheet for a hard disk drive 
gives information, such as the total storage 
capacity, number and size of platters, number 
of read/write heads, average seek time (read/ 
write), average latency, spindle speed, physical 
dimensions, power requirements, and operating 
temperatures. The organization of the data on 
the disks might be given as the number of sec
tors (a sector commonly holds 512 or multiples 
of 512 bytes of data plus other information such 
as an address), number of tracks (concentric 
circles of data), or number of cylinders (like 
the number of tracks but three-dimensional, in
cludina both sides of all of the platters). 

The
0 

hard drive pictured in Fig. 11-17 is de
signed to function as internal storage in ~ cor~
puter system. Currently, internal h.a~d dnve~ m 
modern PCs have storage capac1t1es rangmg 
from about 100 GB to 3 TB. A portable hard 
drive, such as the pocket hard drive sketched 
in Fig. 11-18, is a popular choice. The pocket 
hard drive unit has a storage capacity of 5 GB 

3600 rpm, 1 inch 
Pocket hard drive 

Fig. 11-18 Pocket hard drive. 

USB 2.0 
connector 

to 1 TB. It is shirt pocket size, weighing only a 
few ounces. It has a built-in retractable connec
tor, which can be hot-plugged into a USB port 
on your PC with data transfers up to 480 Mbps. 
The pocket hard drive (Fig. 11-18) is powered 
by the USB port. Other portable hard drives are 
available, but they are larger in size and may 
require separate power supplies. 

Floppy Disks 
Floppy disks were an important portable mag
netic storage device. They were read from 
and written to by a floppy disk drive. For over 
50 years they came in 8-in., 5.25-in., and more 
recently 3.5-in. diameters. A decade ago all 
home, school, and small business microcomput
ers featured built-in floppy disk drives. The later 
3.5-in. floppy disks had a storage capacity of 
about 1.4 to 2.0 MB. Floppy disks are still used 
on many types of older equipment. USB floppy 
disk drives are available if you choose to use 
floppy disks for portable storage in newer com
puter systems. Better portable storage options are 
available, including USB flash drives, portable 
external HDDs, optical discs, and memory cards. 

A diagram of a common 3.5-in. floppy disk 
is shown in Fig. 11-19. The drawing shows the 
bottom view of the disk. It labels the rigid plas
tic case as well as the sliding metal shutter, 
both of which help protect the delicate floppy 
disk housed inside. The sliding metal shut
ter is shown open, exposing the floppy disk. 
When released, the cover snaps back to cover 
the floppy disk inside. The read/write heads of 
the disk drive can store or retrieve data from 
both sides of the floppy disk. The center has a 
metal hub attached to the bottom of the floppy 
for gripping the disk. The write-protect notch 
is located at the lower right in Fig. 11-19. If the 
write-protect hole is closed (as shown in the 
drawing), you can both write to or read from 
the disk. If the hole is open (move plastic slider 
down), the drive can only read the disk; we say 
that the disk is "write-protected." 

Optical Discs 
The optical disc has become one of the most 
familiar bulk storage devices used with modern 
personal computers. Optical disc technology is 
popular because it is (1) reliable, (2) high capac
ity, (3) transportable, and (4) inexpensive. 

Optical disc 
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~ 800 Kbyto' 0< leM 

Fig. 11-19 A 3.5-in. floppy disk. 

Optical discs are available in many forms and 
formats including the popular CD-ROM (com
pact disc read-only memory), CD-R (compact 
disc recordable), and CD-RW (compact disc 
rewritable). Newer high-capacity optical discs 
include the DVD-ROM (digital versatile disc 
read-only memory), DVD-R (digital versatile 
disc recordable), DVD-RW (digital versatile disc 
rewritable), and DVD+RW (another version of 
digital versatile disc rewritable). Optical discs 
are commonly available in the usual 120 mm 
(about 4.72 in.)-and the smaller 80 mm (about 
3.15 in.)-size. Besides being used for storing 
computer data, optical discs are also commonly 
used for storing audio and video. 

The CD was first developed for audio and 
then adapted for computer use in the CD-ROM 
form in the mid-1980s. The CD-ROM is manu
factured using a carefully prepared glass mas
ter. The master is pressed into injection-molded 
clear polycarbonate plastic, forming the CD
ROM. The resulting CD-ROM contains small 
pits and lands (no pits). A sketch of a CD-ROM 
is shown in Fig. ll-20(a). When read by the 
computer system's CD-ROM drive, a laser is 
aimed at the disc from the bottom, and the re
flection from the pits and lands on the platter 

are interpreted by a photodetector and digital 
circuitry as logical Os and ls. 

The data transfer rate of a CD-ROM drive 
is indicated by the manufacturer with a des
ignation such as lX, 2X, 16X, or 32X. A CD
ROM drive with a lX designation would have 
a maximum data transfer rate of 150 KB per 
second. Therefore, a 16 X drive would have 
a maximum data transfer rate of 2400 KB 
per second (150 KB/s X 16 = 2400 KB/s or 
2.4 MB/s). These data transfer speeds are maxi
mums, and the real data transfer rates are usu
ally less. Currently new PCs are equipped with 
CD-drives rated at 48X or higher. 

The CD-ROMs modern counterpart is the 
DVD-ROM. CDs and DVDs look alike, both 
being plastic discs measuring 120 mm in di
ameter and 1.2 mm in thickness. They both 
are manufactured using the same technology 
and read data from a spiral track of pits and 
lands. The DVD-ROM has a greater storage 
capacity. A single-layer DVD-ROM can store 
about seven times more data than the older CD
ROM. The pits and lands on the DVD-ROM 
are more closely packed, as suggested in the 
sketch in Fig. ll-20(b) comparing the pit sizes 
and track pitch (width) for a CD-ROM and for a 
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pit minimum size = --~ 
0.83 micron 

pit minimum size = ----
0.4 micron 

Reflective layer 

Polycarbonate (clear) with pits 

(a) 

(b) 

Fig. 11·20 (a) CD-ROM construction. (b) Comparing track pitch (width) and pit size for CDs and DVDs. 

DVD-ROM. The tracks on the DVD-ROM are 
spaced closer together allowing more tracks per 
disk. The pits and lands are also much smaller. 
Currently many CD drives have lasers that can 
read either CD-ROMs or the higher-capacity 
DVDs. CD drives that can read DVDs will 
commonly have a DVD logo imprinted on the 
front. 

DVD-ROMs can store 4.7 GB (single-sided, 
single layer), or 9.4 GB (double-sided, single 

layer), or 8.5 GB (single-sided, double layer), or 
17 GB (double-sided, double layer) compared to 
0.65 GB for a standard CD-ROM. DVD-ROM 
drives provide a data transfer rate of 1.385 MB 
per second. This means that a DVD-ROM drive 
rated at lX would transfer data at about the 
same rate as a 9X CD-ROM drive. 

CD-R (CD-recordable) discs are popular for 
permanently storing data (archival storage). 
CD-Rs are write-once read-many (WORM) 

CO·R 
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Internet 
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Phase-change 
technology 

storage devices where the PC operator can 
"burn" a CD-R using a CD-writer drive. Before 
burning a CD-R disc, the reflective surface ap
pears to a CD reader as a continuous land (no 
pits). During the burning process a laser heats 
a gold reflective layer and a dye layer in the 
CD-R causing it to have a duller appearance. 
The reflective layer may be gold or silver while 
the dye layer may be gold, green, or blue de
pending on the manufacturer. When read by 
the CD-R drive, the dark burned areas (like 
the pits on a CD-ROM) reflect less light. The 
shiny areas (lands) and the dull areas (burned) 
are interpreted as logical Os and ls by the CD-R 
reader and digital circuitry. The CD-R disc can 
be burned only once. Most CD-Rs are format
ted to have a capacity of about 650 MB. 

CD-RW (CD-rewritable) discs were an 
earlier alternative to floppy disks because of 
their high capacity and read/write capability. 
CD-RW discs are sometimes referred to as 
erasable-CDs or CD-Es. CD-RWs can be re
written 1000 times or more. When burning a 
CD-R, the photosensitive dye is permanently 
changed. When burning a CD-RW, the record
ing layer (silver-indium-antimony-tellurium 
alloy) can be recorded and rerecorded, mak
ing it rewritable. The recording layer alloy is 
either very reflective in its polycrystalline state 
or dull in it amorphous state (like the lands and 
pits on a CD-ROM). The CD-R/CD-RW drive 
uses a laser to identify the reflective and dull 
areas on the CD-RW interpreting them as logi
cal Os and ls. Many CD-ROM drives also read 
CD-Rs and CD-RWs. 

Three high-capacity DVD versions of the 
CD-RW are emerging. They are the DVD-RW, 
DVD+mv; and DVD-RAM. The DVD-RAM 
disks were developed earlier but were not very 
compatible with other CD-RW/DVD products. 
The DVD-RAM with caddy looks like a large 
floppy disk. DVD-RW (formerly known as 
DVD-R/W) and DVD+RW discs use phase
change technology for reading, writing, and 
erasing information. During writing the laser 
heats a phase-change alloy so it is either crys
talline (reflective) or amorphous (dark, non
reflective). The resulting difference between 
the reflective and dark areas on the disc can 
be read by a photodetector and interpreted as 
logical Os or ls. DVD+RW discs are more com
patible with both the consumer electronics and 
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personal computer environments, which is im
portant in multimedia applications. 

It is expected that various forms of optical 
discs will be used for computer, audio, and 
video storage for decades due to their reliabil
ity, high capacity, low cost and transportability. 

USB Flash Memory 
The USB flash drive (also known as a USB 
flash memory stick) has become an important 
storage device replacing the floppy disk and 
optical disc for many purposes. A typical USB 
flash drive is sketched in Fig. 11-21. This unit 
features 64 MB of flash memory with the com
mon USE standard type A plug. This unit also 
has an LED indicator showing when the drive is 
active. Most USB flash drives provide a method 
of covering the USB plug, such as the cap 
sketched in Fig. 11-21. The graphic shown on 
the top of the flash drive housing in Fig. 11-21 
is a standard icon used to label USB ports and 
devices. For most applications, the flash drive 
draws its power from the computer's USB port 
and therefore needs no battery. 

The USB flash drive is somewhat mis
named because it does not contain any moving 
parts (as in a hard drive or an optical drive). It 
is a solid-state flash memory device with ap
propriate digital interface circuitry. The flash 
memory is based on EEPROM memory cells. 
USB flash drives have greater capacity than 
either a floppy disk or optical disc. USB flash 
drives are available in capacities from 4 MB to 
1 TB. The cost of USB flash drives continues 
to drop dramatically. The access times and data 
transfer rates are superior to either the floppy 
disk or optical disc storage units. The maxi
mum transfer speed of a USB 2.0 port might 
be as high as 480 MB per second, while newer 

Fig. 11-21 USB Flash drive Featuring 64 MB of memory 
and a USB standard type A plug. 



USB 3.0 ports may have data transfer rates al
most 5 GB per second. 

USB flash drives are also known as mem
ory sticks and key, pen, thumb, finger, or jump 
drives. USB flash drives are used with many 
digital devices including all computers (desk
tops, laptops, notebooks), some games, phones, 
and instrumentation. 

Access Time 
Various bulk storage devices are compared on an 
access time/storage capacity basis in Fig. 11-22. 
Whereas access time is given in seconds, storage 
capacity is graphed in MB. Access time is the 
time in seconds it takes to retrieve a piece of data 
from memory. The highest-performance (short
est access time) device on the chart is the flash 
memory card. 

Mechanical methods of storing data (paper 
tape and punched cards) have the lowest per
formance and, as such, have been phased out 
for most applications. Magnetic tape and digi
tal audiotape (DAT) have poor access time but 
have very large storage capacity at low cost. 
Hard disks are extremely popular because of 
their ease of use, large storage capacities, good 

access times, reasonable cost, and universal 
usage. Floppy disks were popular because they 
are easy to use, are available for a very low cost, 
are portable, have medium access times, and 
were used universally. 

Optical discs, such as CD-ROMs, CD-Rs, 
and CD-RWs, have become standard bulk stor
age media on personal computers. The higher
capacity versions of optical discs, such as DVDs, 
have gained popularity. Optical storage is popu
lar because of high storage capacities, low cost, 
transportability, and reliability. 

Semiconductor memory used for external 
storage is shown in Fig. 11-22 to have great 
speed and storage capacity characteristics. The 
USB flash drive would be one such storage de
vice that has become extremely popular. A hy
brid hard disk drive (H-HDD) is a recent type 
of hard drive that contains both a traditional 
hard disk drive with nonvolatile semiconduc
tor memory. The H-HDD would then have the 
characteristics of a hard drive for some appli
cations. For most routine data transfers, the 
H-HDD increases its access speed by using the 
nonvolatile semiconductor memory. 
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Fig. 11-22 Comparison of several bulk storage devices. 
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Answer the following questions. 

63. External computer bulk storage devices 
can be classified as mechanical, 
________ ,or ___ _ 

64. List several computer bulk storage 
devices. 

65. Magnetic disks are manufactured in both 
floppy (flexible) and (amor-
phous, rigid) form. 

66. The most important bulk storage device 
used in almost all computer systems is the 
____ (magneto-optical disk drive, 
hard disk drive). 

67. The (floppy disk, rigid disk) 
is faster and has much greater storage 
capacity. 

68. Refer to Fig. 11-17. The rigid disks are 
commonly called (platters, 
spindles) on this disk drive. 

69. A gigabyte equals bytes. 
70. A Winchester drive was an early name for 

a(n) (optical disc drive, hard 
disk drive) developed by IBM. 

71. Modern personal computers are being 
shipped with hard disk drives have storage 
capacities of about (30 MB, 
250 GB and up). 

1H1 Digital Potentiometer: 
Using NV Memory 

Many products and electronic devices contain 
embedded semiconductor memory. One such 
device is the digital potentiometer or solid
state potentiometer. 

Recall that a regular potentiometer, sketched 
in Fig. 11-23(a), is an analog device. If the wiper 
is moved over the resistive element, the mea
sured resistance between the wiper and the 
bottom terminal gradually changes. If the re
sistance of the fixed element is 1 kD, then the 
measured resistance between points A and B 
can be any value between 0 and 1 kD. 

The concept of a digital potentiometer is 
shown in Fig. 11-23(b). Here the fixed resistive 
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72. The (USB flash drive, mag-
netic tape) is a bulk storage device that 
is low cost, reliable, high capacity, and 
transportable. 

73. The popular digital video disc is referred 
to as a DVD. The acronym DVD also 
stands for 

74. Both CDs and DVDs are classified as 
____ (mechanical, optical) bulk 
storage devices. 

75. The acronym WORM stands for what in 
reference to an optical disc? 

76. The acronym CD-RW stands for what in 
reference to an optical storage disc? 

77. The (CD-ROM, CD-RW) disc 
is manufactured with small pits and lands 
which are interpreted by the CD drive as 
logical Os and ls. 

78. Floppy disks have lost favor because 
they feature low-storage capacities and 
____ (slower, very fast) access times. 

79. Hard disk drives are not used in modern 
computers. (Tor F) 

80. Optical discs come in a wide variety of 
forms to store video, audio, or digital 
data. (T or F) 

element is ten 100-D resistors wired in series. 
The entire resistive element equals 1 kD. The 
wiper in this model can only connect to the 
ends of the resistors. Therefore, as you move 
the wiper upward from the bottom of the digital 
potentiometer, the measured resistance jumps 
in discrete steps (100-D steps in this case). For 
instance, the ohmmeter could read only in dis
crete steps of 0, 100, 200, 300, 400, 500, 600, 
700, 800, 900, or 1000 ohms. 

The block diagram for a digital potentiom
eter is sketched in Fig. ll-24(a). The DIP pin 
diagram with pin descriptions is detailed in 
Fig. 11-24(b). These are diagrams fortheDSJ804 
NV trimmer potentiometer IC or digital potenti
ometer by Dallas Semiconductor. Notice the three 
outputs labeled H, L, and W much like those on 
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Fig. 11-23 (a) Analog output from a potentiometer. (b) Digital output 
from solid-state potentiometer (10 steps, 100 .Q each). 

a regular potentiometer. On the output side of 
the block diagram shown in Fig. ll-24(a), note 
that the DS1804 IC contains series resistances 
labeled R

1 
through R

99
• The W (wiper) output 

of the digital potentiometer can be connected 
to one of 100 different points on the series lad
der of resistances. These are labeled position 
0 through position 99 on the block diagram. If 
this unit is a 100-kD potentiometer, then each 
series resistance will be 1 kD. If the wiper were 
at position 1, then the resistance between out
puts L and W will be 1 kD. If the wiper were at 
position 98, then the resistance between outputs 
L and W will be 98 kD. 

When the DS1804 IC, shown in Fig. 11-24, 
is first powered up, an initial wiper position, 
stored in nonvolatile EEPROM, is automati
cally loaded into the control logic section of the 

chip. This is passed to the multiplexer to locate 
the starting position of the wiper. The wiper po
sition can be altered by applying signals to the 
inputs (CS, INC, and UID). 

Consider changing the wiper position of 
the DS1804-100 IC (100-kD digital pot) using 
the logic diagram in Fig. 11-25. The first ex
ample [Fig. 11-25(a)] shows a LOW at the chip 
select (CS) input and a HIGH at the up/down 
(U/D) input. This will allow the wiper position 
to move upward one position for each nega
tive pulse entering the increment (INC) input. 
In this example, three negative pulses enter the 
INC input; therefore, the wiper will move up
ward three positions from its initial setting. In 
this example each position is 1 kD; therefore, 
the three pulses will increase the resistance 
between outputs L and W by 3 kD. 
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PIN DESCRIPTION 

H - High terminal of potentiometer 
L - Low terminal of potentiometer 
W - Wiper of potentiometer 
Vee - 3-V or 5-V power supply 
CS - Chip select 
U!l5 - Up/down control 
INC - Increment/decrement wiper control 
GND - Ground 

(b) 

Fig. 11-24 (a) Block diagram of DS1804 digital potentiometer. (b) Pin diagram and pin descriptions 
for DSIBD4 digital potentiometer (DIP IC). (Courtesy of Maxim Integrated Products.) 
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Fig. 11-25 Changing the wiper position on the DSIBD4-100 digital potentiometer. 
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Disabling the chip select input (CS = HIGH) 
will disable all inputs to the DS1804 IC. This 
allows for one-time programming (OTP) 
of the chip. With the CS input HIGH, the 
EEPROM is not written to during power
down. The EEPROM still holds the last pro
grammed wiper position, and this position 
is read from the nonvolatile memory during 
power up. 

A second example is shown in Fig. ll-25(b). 
This example shows the chip select (CS) 
input activated with a LOW, and the up/down 
(UID) input is LOW selecting the down mode. 
Two negative pulses are entering the INC pin of 

Answer the following questions. 

81. The DS1804 IC is described by the 
manufacturer as a(n) also 
sometimes known as a solid-state 
potentiometer. 

82. Refer to Fig. l l-24(a). During power-up 
(power first turned on to IC), the initial 
position of the wiper is retrieved from 
___ (RAM, EEPROM) and the 
____ (multiplexer, XOR gate) 
adjusts the wiper to stored wiper position. 

83. Refer to Fig. 11-26. Assume the initial 
output resistance is 50 kO. The measured 
output resistance after input pulse t

1 
is 

____ ohms. 

INPUTS 

t1 t2 t3 t4 t5 t6 

the IC. This would cause the wiper position to 
decrease by two, which decreases the resistance 
from outputs W to L by 2 kD. 

The last wiper position is stored in 
EEPROM using the INC and CS inputs. Stor
age of the wiper position occurs whenever the 
CS input changes from LOW to HIGH while 
the INC input is HIGH. The DS1804 IC can ac
cept at least 50,000 writes to EEPROM before a 
wear-out condition occurs. After wear out, the 
DS1804 will still function, and the wiper posi
tion can be changed when the IC is powered. 
However, after wear out, the wiper position may 
be random on power-up. 

84. Refer to Fig. 11-26. The measured output 
resistance from the DS1804 IC after input 
pulse t

2 
is ohms. 

85. Refer to Fig. 11-26. The measured output 
resistance from the DS 1804 IC after input 
pulse t

3 
is ohms. 

86. Refer to Fig. 11-26. The measured output 
resistance from the DS1804 IC after input 
pulse t

4 
is ohms. 

87. Refer to Fig. 11-26. The measured output 
resistance from the DS1804 IC after input 
pulse t

5 
is ohms. 

88. Refer to Fig. 11-26. The measured output 
resistance from the DS1804 IC after input 
pulse t

6 
is ohms. 
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~-~'"r---i U/D Vee H 
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~ INC W 

LOW c >------< ~ CS L 
GND 

100 k 

Fig. 11-26 Digital potentiometer pulse-train problem. 
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Chapter 11 Summary and Review 

1. The availability of memory and data storage is why 10. NVRAM (nonvolatile RAM) is implemented in 
many electronic devices are designed using digital microcomputers using SRAM with battery backup, 
instead of analog circuitry. flash EEPROM, FRAM (ferroelectric RAM), or the 

2. Internal memory devices in a computer are usually newer MRAM (magnetoresistive RAM). 
in the form of RAM, ROM, and NVRAM. The CPU 11. A flash memory is a low-cost EEPROM that can 
also contains other smaller memory devices like be quickly erased and reprogrammed while in the 

registers, counters, and latches. circuit. Flash memory chips can be packaged as 

3. External bulk storage devices are commonly removable flash memory cards or as USB flash 
classified as to their basic technology: magnetic, drives. 
mechanical, optical, or semiconductor. 12. Computer external storage methods include 

4. Bulk storage devices include floppy disks, hard magnetic tapes, floppy disks, rigid disks, optical 
disks, magnetic tape, CD-ROMs, DVDs, and flash discs and flash memory cards or USB flash drives. 

memory modules. 13. Microcomputers typically use various types of 

5. Semiconductor storage cells are classified as RAM, ROM and NVRAM for internal main 
SRAM, DRAM, SDRAM, ROM, EPROM, memory. Floppy disks, hard disks, CD/DVDs, 
EEPROM, flash EEPROM, MRAM, and FRAM. and flash memory cards and modules are the most 

Some important characteristics of semiconductor common popular bulk storage devices used on 
memory devices are density, reliability, cost, power smaller computer systems. 
consumption, read only or read/write, nonvolatile/ 14. A byte is an 8-bit word. One terabyte (1 TB or 
volatile, and electrically updatable. 1 Tbyte) of memory means 1 trillion bytes (actually 

6. A RAM is a semiconductor read/write random- 240
). One gigabyte (1 GB or 1 Gbyte) of memory 

access memory device. RAM comes in two primary means 1 billion bytes (actually 230
). One megabyte 

forms including SRAM (static RAM) and DRAM (1 MB or 1 Mbyte) of memory means 1 million 
(dynamic RAM). Faster SRAM and slower DRAM bytes (actually 220

). One kilobyte (1 KB or 1 Kbyte) 

are both classified as volatile memory. of memory means 1000 bytes (actually 2 10 or 1024). 

7. A ROM is considered a permanent storage unit that 15. DIP, SIP, ZIP, SIMM, DIMM, and RIMM are 
has a read-only characteristic. common memory packages. Memory cards are 

8. A PROM operates like a ROM. PROMs are one- commonly packaged as a PCMCIA (Personal 
time write devices. PROMs come in many varieties, Computer Memory Card International Association) 

generally known as EPROM, EEPROM, and device. 
NVSRAM. These "E" prefixed PROMs can be 16. A digital potentiometer, featuring an EEPROM, 
erased electrically or by shining ultraviolet light allows changing the output wiper's position digitally 
through a special transparent "window" on the top and storing the wiper position in NV memory 

of the IC. during power-down. 

9. The write process stores information in the memory. 
The read, or sense, process detects the contents of 
the memory cell. 
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Answer the following questions. 

11-1. The most important characteristic of a digital 
system compared to an analog system is its 
______ (ability to store data, ease of 
interfacing with real-world events). 

11-2. The CD-RW is an example of a bulk storage 
device using (mechanical, 
optical) technology. 

11-3. The (CPU, RAM) is the sec-
tion of the computer system that contains the 
arithmetic, logic, and control sections and is 
the focus of many data transfers. 

11-4. Three common internal semiconductor memory 
devices used in most computer systems are the 
______ (floppy, rigid disk, and CD
ROM; RAM, ROM, and NVRAM). 

11-5. Semiconductor RAM is a ------
(read-only, read/write) type memory device. 

11-6. Semiconductor ROM is a ------
(read-only, read/write) type memory device. 

11-7. Semiconductor RAM is a ------
(nonvolatile, volatile) memory device. 

11-8. Semiconductor ROM is a ------
(nonvolatile, volatile) memory device. 

11-9. Semiconductor NVRAM is a ------
(read-only, read/write) memory device. 

11-10. Name the three buses used in a typical personal 
computer system. 

11-11. The (address, data) bus in 
a typical PC system is a one-way bus used 
for selecting a specific memory location or 
peripheral. 

11-12. The USB flash drive is an example of a bulk 
storage device using _____ _ 
(mechanical, semiconductor) technology. 

11-13. Both floppy and rigid disks use _____ _ 
(magnetic, optical) technology for storing data. 

11-14. Compared to the typical floppy disk, the hard 
disk drive can store much (less, 
more) data. 

11-15. The CD-ROM is an optical memory device 
that can store about (30 MB, 
650 MB) of data. 

11-16. List at least five semiconductor memory 
devices. 

11-17. Press the store key on a calculator. This acti-
vates the (read, write) process 
in the memory section. 

11-18. Press the recall key on a calculator. This acti-
vates the (read, write) process 
in the memory section. 

11-19. The following abbreviations stand for what? 
a. RAM e. EEPROM 
b. ROM f. NVRAM 
c. PROM g. FRAM 
d. EPROM h. MRAM 

11-20. A (RAM,ROM)hasbothread 
and write capability. 

11-21. A (RAM, ROM) is a permanent 
memory. 

11-22. A _____ (RAM, PROM) is a nonvola-
tile memory. 

11-23. A (RAM, ROM) has a read/ 
write input control. 

11-24. A (RAM, ROM) has data 
inputs. 

11-25. A 32 x 8 memory can hold _____ _ 
words. Each word is bits long. 

11-26. List at least three ad vantages of semiconductor 
memories. 

11-27. A _____ (RAM, ROM) can be erased 
easily. 

11-28. A (flash memory, ROM) can 
be quickly erased and reprogrammed. 

11-29. A (flash memory, UV 
EPROM) can be erased electrically in a very 
short time. 

11-30. A (flash memory, ROM) is a 
read/write nonvolatile memory device. 

11-31. A(n) (EEPROM, UV EPROM) 
can be erased and reprogrammed byte by byte 
without being removed from the equipment. 

11-32. A (DRAM, SRAM with 
battery backup) is a nonvolatile read/write 
memory device. 

11-33. A (MRAM, SRAM) semi-
conductor memory is a newer type nonvolatile 
RAM. 

11-34. A (FRAM, SRAM) semicon-
ductor memory is classified as NVRAM. 
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11-35. Memory or data storage is much easier to im-
plement using (analog, digital) 
electronic circuitry. 

11-36. The 2114 IC is a (dynamic, 
static) RAM. 

11-3 7. The access time of the TTL 7 48 9 RAM is 
______ (faster, slower) than that of the 
MOS2114RAM. 

11-38. Refer to Fig. ll-7(b). If the input to the decoder 
is binary 0010, the output from the ROM will 
be in Gray code. 

11-39. Computer programs that are permanently held 
in ROM are called _____ _ 

11-40. Refer to Table 11-4. Which 27XXX series 
EPROM could be used to implement a 16K 
ROM in a microcomputer? 

11-41. Refer to Fig. 11-14. The 16-address line inputs 
to the 28F512 flash memory IC can address 
______ (number) words, each 8 bits 

wide. 
11-42. Refer to Fig. 11-14. To erase and/orre

program the 28F512 flash memory IC, the 
______ (CE, VPP) input must be pulled 
to a high of about ( + 5, + 12) 
volts. 

11-43. List at least five common types of computer 
bulk (external) storage. 

11-44. Magnetic disks have much _____ _ 
(faster, slower) access time than magnetic 
tapes. 

11-45. Short access time in a memory device is a 
measure of (good, poor) 
performance. 

11-46. Refer to Fig 11-16(b). The 168-pin DIMM 
being installed in the socket on the PC's 
motherboard contains (ROM, 
SDRAM) memory chips. 

11-47. A RIMM refers to a memory module used 
in modern PCs that contains semiconductor 
memory chips of the _____ _ 
(RDRAM, ROM BIOS) type. 
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11-48. Replacement or added memory modules (such 
as DIMMs) are universal and will fit any PC. 
(Tor F) 

11-49. A laptop (portable) computer uses the exact 
same DIMMs and RIMMs as larger desktop 
PCs. (Tor F) 

11-50. CD-Rand CD-RW discs store data using 
______ (magnetic, optical) media. 

11-51. The acronym DVD may stand for digital 
video disc or ___________ _ 

11-52. A _____ (CD-R, CD-RW) is an 
example of a WORM optical disc. 

11-53. The floppy disk used for portable storage 
in the past had a capacity of about 1 to 2 
____ (KB,MB). 

11-54. Refer to Fig.11-21. The USB flash drive uses 
magnetic technology (1/

2
-inch hard drive) to 

store data. (T or F) 
11-55. Nonvolatile SRAM inside a computer is 

commonly implemented using battery backup 
SRAM (BBSRAM). (T or F) 

11-56. Hybrid hard disk drives contain hard disk 
platters as well as NVSRAM semiconductor 
memory. (T or F) 

11-57. The bulk storage device with the best access 
time (fastest speed) is the _____ _ 
(floppy disk, USB flash drive). 

11-58. One gigabyte (1 GB) of memory means a 
storage capacity of about _____ _ 
(1 billion, 1 million) bytes. 

11-59. A modern personal computer might feature 
a hard disk drive with a storage capacity of 
_____ (1 MB, 1 TB). 

11-60. A digital potentiometer, such as the DS1804 IC, 
features a (nonvolatile, vola-
tile) memory for storing the wiper position for 
later retrieval during power-down conditions. 

11-61. Generally, an analog input (gradually changing 
voltage) controls the digital output of a solid
state potentiometer such as the DS 1804 IC. 
(Tor F) 



11-1. Draw a diagram of how a 32 X 8 memory 
might look in table form. The table will be 
similar to the one in Fig. 11-3. 

11-2. List at least three uses of read-only memories. 
11-3. If a computer has 4 GB of SRAM, how many 

bytes of read/write memory does it contain? 
11-4. Explain the difference between software and 

firmware. 
11-5. Explain the difference between a mask

programmable ROM and a fusible-link PROM. 
11-6. Explain the difference between a UV EPROM 

and an EEPROM. 

1. CPU or central processing unit 
2. address bus, control bus 
3. magnetic, optical, semiconductor, or mechanical 
4. floppy disk drive, hard (rigid) disk drive, CD

ROM, DVD, USB flash drive. 
5. a. random-access memory 

b. read-only memory 
c. electrically programmable read-only memory 
d. electrically erasable programmable read-only 

memory 
e. static RAM 
f. dynamic RAM 

6. T 
7. CD-R or CD-RWs 
8. flash memory or MRAM 
9. random-access memory 

10. writing 
11. reading 
12. read/write 
13. 16 x 4 bit 
14. volatile, off 
15. DRAM 
16. RAM 
17. 16,4 
18. write, written into, 15 
19. dynamic 
20. 4096, 4 
21. binary-to-Gray 

11-7. Why have hard disks become almost standard 
bulk storage devices on most microcomputers? 

11-8. List several types of nonvolatile read/write 
memory. 

11-9. Internet research: Why might you order a solid
state drive instead of a hard disk drive in a new 
computer? 

11-10. Internet research: What is a hybrid hard disk 
drive? 

11-11. Internet research: What is a holographic versa
tile disc (HVD)? 

11-12. Internet research: What are the uses of Blu-ray 
discs? 

22. 1100, Gray, 1000 
23. lose its program and have to be reprogrammed 
24. read-only memory 
25. nonvolatile 
26. firmware 
27. manufacturer 
28. is not 
29. 0010 
30. 1101 
31. high-
32. remain in 
33. 177 
34. 14 
35. manufacturer 
36. ROM 
37. programmable read-only memory 
38. erasable programmable read-only memory 
39. electrically erasable programmable read-only 

memory 
40. ultraviolet 
41. 524,288, 65,536 
42. nonvolatile RAM 
43. lithium 
44. EEPROM 
45. recall 
46. vpp 

4 7. flash memory 
48. SRAM 
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49. F 
50. MRAM 
51. magnetoresistive RAM 
52. ferroelectric RAM 
53. F 
54. DIP 
55. dual in-line memory module 
56. double data rate synchronous DRAM 
57. single in-line memory module 
58. Rambus DRAM 

59. T 
60. Personal Computer Memory Card International 

Association 
61. credit card 
62. F 
63. magnetic, optical, semiconductor 
64. magnetic tapes, magnetic disks (floppy and rigid), 

magnetic drum, optical discs, flash memory or 
cards, paper tapes, paper punched cards, USB flash 

drive 
65. rigid 
66. hard disk drive 
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67. rigid disk 
68. platters 
69. one billion 
70. hard disk drive 
71. 250 GB and up 
72. USB flash drive 
73. digital versatile disc 
74. optical 
75. write-once read-many 
76. compact disc rewritable 
77. CD-ROM 
78. slower 
79. F 
80. T 
81. NV trimmer potentiometer 
82. EEPROM, multiplexer 
83. 51 kD 
84. 52 kD 
85. 51 kD 
86. 50 kD 
87. 49 kD 
88. 50 kD 



learning Outcomes 
This chapter will help you to: 

12-1 Identify and describe six elements found 
in most systems. Classify parts of the 
BS2 microcontroller module as to input, 
output, storage, control, processing or 
transmission. 

12-2 Describe each of the five scales of 
integration of digital ICs (SSI, MSI, LSI, 
VLSI, and ULSI). 

12-3 Analyze the operation of two digital dice 
game circuits. 

12-4 Diagram the organization of a digital 
clock system. Analyze the block diagram 
of a digital clock. Use your knowledge 
of counters and Schmitt triggers in 
explaining the operation of several 
sections of a digital clock. 

12-5 Analyze the operation of an LSI digital 
clock system, including frequency 
dividing circuits and display multiplexing. 

12-6 Analyze the operation of a digital 
frequency counter system. Predict the 
operation of divide-by-x circuits, counters, 
decoder/drivers for LED displays, control 
circuitry, and waveshaping circuits. 

12-7 Interpret the detailed schematic of an 
experimental frequency counter system. 

12-8 Analyze the operation of an LCD timer 
system. Predict the operation on time 
base circuits/clocks, down counters, 
magnitude comparators, and LCD latch/ 
decoder/drivers. 

12-9 Classify technologies used in distance 
sensors. Summarize the operation types 
of infrared and ultrasonic distance 
sensors. Test a digital distance sensor. · 
Envision, invent, sketch, and predict of 
operation of non contact distance sensor, 
like an automatic paper-towel dispenser 
using components you have formerly 
used in class. 

12-10 Answer selected questions about terms 
used in boundary scan technology (JTAG). 

Simple Digital Systems 

any devices we use every day, such 
as calculators, alarm clocks, digital 

wristwatches, cellular telephones, MP3 
players, and computers, are digital systems. 
Calculators, digital clocks, and computers 
are assemblies of subsystems. Typical sub
systems include counters, RAMs, ROMs, 
encoders, decoders, clocks, and display 
decoders/drivers. You have already used 
many of these subsystems. This chapter 
discusses several digital systems, how they 
transmit data, and how they can be tested 
for proper system operation. Digital sys
tems are formed by the proper assembly of 
digital subsystems. 

12-1 Elements of a System 

Most mechanical, chemical, fluid, and electri
cal systems have certain features in common. 
Systems have an input and an output for their 
product, power, or information. Systems also 
act on the product, power, or information; this 
is called processing. The entire system is orga
nized and its operation directed by a control 
function. The transmission function transmits 
products, power, or information. More compli
cated systems also contain a storage function. 
Figure 12-1 illustrates the overall organization 
of a system. Look carefully, and you can see 
that this diagram is general enough to apply to 
nearly any system, whether it is transportation, 
fluid, school, or electronic. The transmission 
from device to device is shown by the colored 
lines and arrows. Notice that the data or what
ever is being transferred always moves in one 
direction. It is common to use double arrows on 
the control lines to show that the control unit is 
directing the operation of the system as well as 
receiving feedback from the system. 

Elements of a 
system 

Input 

Output 

Processing 

Control 

Transmission 

Storage 
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Control 

Input Storage --l>-- Processing ~ Storage Output 

Transmission 

Fig. 12·1 The elements of a system. 

Digital systems deal with transmitting digital 
data, usually as numbers or codes. The general 
system shown in Fig. 12-1 will help explain sev
eral digital systems discussed in this chapter. 

BASIC Stamp 2 Module 
The BASIC Stamp 2 (BS2) Microcontroller 
Module by Parallax is a digital system some in 
your class have used. Figure 12-2(a) represents 
the BS2 module in 24-pin dual in-line package 
(DIP) form. Mounted on top of the 24-pin DIP 
are several electronic devices. The largest IC is 
the custom PIC16C57 microcontroller, which is 
housed in a SOIC surface-mount 28-pin IC. The 
IC labeled U2 is a SOIC 8-pin, 2-KB EEPROM 

Answer the following questions. 

1. There is a two-way path from the 
section of a system to all other 

parts. 
2. The keyboard of a microcomputer is 

classified as what part of the system? 
3. Digital systems deal with transmitting 

4. Refer to Fig.12-2. The 24LC16 EEPROM 
would be classified as a 
(processing, storage) device in this 
system. 

5. Refer to Fig. 12-2. The microcontroller 
(custom PIC16C57 chip) has many func-
tions, including storage, processing, 
control, input, and output in most 
applications. (T or F) 

6. Refer to Fig. 12-2(a). Pins 1 and 2 of 
the 24-pin DIP BS2 module are used for 
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used for storing downloaded programs. Other 
surface-mount parts including a 5-V regulator, 
reset circuitry, a 20-MHz ceramic resonator, and 
serial input/output circuitry. 

A more detailed schematic of the BS2 mod
ule is drawn in Fig.12-2(b). This shows the com
ponents mentioned above along with details on 
input/output ports (P

0 
to P

15
), serial communi

cation ports (RA
0 

to RA
3
), power connections 

V
00

, V
55 

(ground), and ~11 • 

Can we classify the parts of the BS2 module 
shown in Fig. 12-2(b) as input, storage, process
ing, output, or control? We can only partially 
classify the parts in the BS2 module because it 
is a programmable device. 

serial transmission of data to and from the 
host computer (PC). (Tor F) 

7. Refer to Fig. 12-2(b). The component that 
sets the clock frequency of the PIC16C57 
microcontroller is the 

8. Refer to Fig.12-2(b). The MCLR pin 
(pin 28) is an (input, output) 
linked to the reset (RES) pin of the BS2 
module. 

9. Refer to Fig. 12-2(b). The general-purpose 
input/output ports become either an input 
or output as directed by the downloaded 
PBASIC program. (T or F) 

10. Refer to Fig. 12-2. List the power 
connections to the BS2 microcontroller 
module. 

11. Refer to Fig. 12-2(b). The programs 
downloaded by the user of the micro-
controller are stored in the EEPROM, 



while the PBASIC interpreter is housed 
in (firmware, RAM) in the 
PICI6C57 microcontroller. 

12. Refer to Fig. 12-2(b). The commu
nication between the EEPROM and 

24LC16 EEPROM 
for program 

storage 

Voo >--------------a 
(21) U4 5-V Reg. 

VIN '>---------; 

+5V 
Power source 
for all 

(24) + 
-22µF 

>----------•Vss T 10V *V 
SS (23, 4) 
•A/so cal/ed"ground" 
throughout this 
document 

SIN (2) 

4.7 k 

SouT (1) 

+5V 
U2 2-kB EEPROM 

10 k 

4.7 k-=-

microcontroller chip appear to be in the 
form of (8-bit parallel, serial) 
data transmission. 

PIC16C57 microcontroller 
with PBASIC interpreter 
in firmware 

(a) 

+5V 

U3 4-V Reset 

OUT 

Vss 

U1 PBASIC2 

( Input/Output Pins ) 

Output: source 20 mA 
each sink 25 mA each 

+5V 

20-MHz 

10 k 
,_ ----------------

(22) RES 

(3) 

Fig. 12-2 BASIC Stamp 2 module. (a) Housed in 24-pin DIP. (b) Schematic diagram of housing. 
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Internet 
Connection 
Search Wikipedia 
for current info on 
processors. 

Ultra large-scale 
integration (ULSI) 

Small-scale 
integration (SSI) 

Medium-scale 
integration (MSI) 

Calculator chips 

Microprocessor 

Large-scale 
integration (LSI) 

Very large-scale 
integration (VLSI) 

Microcontroller 

12-2 A Digital System on an IC 

We have learned that all digital systems can be 
wired from individual AND and OR gates and 
inverters. We have also learned that manufac
turers produce subsystems on a single IC (coun
ters, registers, and so on). Now manufacturers 
have gone a step further: some ICs contain en
tire digital systems. 

The least complex digital integrated circuits 
are classified as a small-scale integration (SS!). 
An SSI contains circuit complexity of less than 
12 gates or circuitry of similar complexity. 
Small-scale integrations include the logic gate 
and flip-flop ICs you have used. 

A medium-scale integration (MS!) has a 
complexity ranging from 12 to 99 gates. ICs 
that are classified as MSis belong to the small 
subsystem group. Typical examples include ad
ders, registers, comparators, code converters, 
counters, data selectors/multiplexers, and small 
RAMs. Most of the ICs you have studied and 
used so far have been either SSis or MSis. 

A large-scale integration (LSI) has the com
plexity of 100 to 9999 gates. A major subsystem 
or a simple digital system is fabricated on a single 
chip. Examples of LSI chips are digital clocks, 
calculators, microcontrollers, ROMs, RAMs, 
PROMs, EPROMs, and some flash memories. 

A very large-scale integration (VLSI) has the 
complexity of 10,000 to 99,999 gates. VLSI ICs 
are usually digital systems on a chip. The term 
"chip" refers to the single silicon die (perhaps 

Supply the missing word in each statement. 

13. A medium-scale integration is an IC that 
contains the equivalent of ___ _ 
gates. 

14. A VLSI is an IC that contains the equiva-
lent of more than gates. 

15. Using SSI and MSI technology, 
digital families of I Cs (like TTL) were 
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1~-in. square or larger) that contains all the el~c
tronic circuitry in an IC. Large memory chips 
and advanced microprocessors are examples of 
VLSI ICs. 

An ultra-large-scale integration (ULSI) is 
the next higher level of circuit complexity and 
contains more than 100,000 gates on a single 
chip. Various manufacturers tend to define SSI, 
MSI, LSI, VLSI, and ULSI differently. 

In the 1960s, families of digital ICs were 
being developed using SSI and MSI technol
ogy. Late in the 1960s, large-scale integration 
technology developed many specialized ICs. 
Higher-production LSis included single-chip 
clocks, calculators, and memories. After the 
development of calculator chips, the architec
ture of a computer was designed into a single 
chip called the microprocessor. The micropro
cessor forms the CPU of a computer system. 
Improvements in CPU design and chip manu
facturing have produced the latest generation of 
microprocessors that contain the equivalent of 
billions of transistors. 

In the 1980s, manufacturers combined some 
of the separate sections of a computer system 
(CPU, RAM, ROM, and input/output) into a 
single inexpensive IC. These "tiny computers 
on a chip" were used mainly for control pur
poses and were not used in general-purpose 
computers. These inexpensive computers on 
a chip are generally referred to as microcon
trollers. The BS2 microcontroller module in 
Fig. 12-2 features one such device. 

developed in the (1940s, 
1960s). 

16. A(n) (adder IC, microcon-
troller IC) could be described as a digital 
system on a chip. 

17. Identify an ULSI device that forms 
the CPU of modern general-purpose 
computers. 



12-3 Digital Games 

Electronics has been a popular hobby for more 
than a half century. A favorite task for many 
electronic hobbyists, young and old, is to con
struct electronic games. Electronic games 
and toys are also very popular with students 
studying electronics in high schools, technical 
schools, and colleges. 

Electronic games may be classified as sim
ple self-contained, computer, arcade, or TV 
games. The simple self-contained type includes 
the games and toys most often constructed by 
students and hobbyists. Several simple digital 
electronic games using SSI and MSI digital ICs 
will be surveyed in this section. These are ex
amples of simple digital systems. 

Simple Dice Game 
A block diagram of a simple digital dice game 
is sketched in Fig. 12-3. When the push but
ton is pressed, a signal from the clock is sent 
to the counter. The counter is wired to have a 
counting sequence of 1, 2, 3, 4, 5, 6, 1, 2, 3, 
and so on. The binary output from the counter 
is translated to seven-segment code by the de
coder block. The decoder block also contains a 
seven-segment LED display driver. The output 
device in this circuit is an LED display. When 
the push-button switch is opened, the counter 
stops at a random number from 1 through 6. 
This simulates the roll of a single die. The bi
nary number stored in the counter is decoded 
and shown as a decimal number on the display. 
This circuit could be doubled to simulate the 
rolling of a pair of dice. 

A wiring diagram for the digital dice game is 
detailed in Fig. 12-4. Pressing the input switch 
causes the counter to sequence through the bi
nary numbers 001, 010, 011, 100, 101, 110, 001, 
010, 011, etc. When the switch is opened, the 
last binary count is stored in the flip-flops of 

Press to 
"roll" die 

Clock 
Counter 

(1-6) 

Fig. 12-3 Simple block diagram of a digital dice game. 

the 74192 counter. It is decoded by the 7447 IC 
and lights the seven-segment LED display. 

The 555 timer IC is wired as an as table MV 
in Fig. 12-4. It generates a 600-Hz rectangular
wave signal. 

The 74192 IC is wired as a mod-6 (1 to 6) 
up counter. The three-input NAND gate is ac
tivated when the count reaches binary 111. The 
LOW signal from the NAND gate loads the 
next number in the count sequence, which is bi
nary 001. It should be noted that the three out
puts of the counter (QA, Q

8
, Qc) all go HIGH for 

only an extremely short time (less than a micro
second) while the counter is being loaded with 
0001. Therefore, the temporary count of binary 
111 never appears as a 7 on the LED display. 

The 7447 BCD-to-seven-segment decoder 
chip translates the binary inputs (A, B, C) to 
seven-segment code. The 7447 IC drives the 
LED segments with active LOW outputs (a to 
g). The seven 150-D resistors serve to limit the 
current flow through the LEDs to a safe level. 
Note that the seven-segment LED display used 
in Fig. 12-4 is a common-anode type. 

Another Dice Game 
The digital dice game featured in Fig. 12-4 
used TTL ICs with an unrealistic seven
segment display. A more realistic dice simu
lation is implemented in the circuit shown in 
Figs. 12-5 and 12-6. 

A block diagram for a second digital dice 
game is sketched in Fig. 12-5(a). This unit uses 
individual LEDs for the output device. 

Depressing the push button in Fig. 12-5(a) 
causes the clock to generate a square-wave 
signal. This signal causes the down counter 
to cycle through the count sequence 6, 5, 4, 3, 
2, 1, 6, 5, 4, and so on. The logic block lights 
the proper LEDs to represent various decimal 
counts. The LED pattern for each possible deci
mal output is diagrammed in Fig. 12-5(b). 

Decoder/ 
~ driver 

Digital dice game 
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Fig. 12-4 Wiring diagram for an experimental digital dice game using TTL !Cs. 
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2 
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3 
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4 
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5 

LEDs 

0 ® 

6 

Fig. 12-S Electronic dice simulation game. (a) Simple block diagram. (b) LED patterns used For representing dice rolls 1 through 6. 

The wiring diagram for the second digital 
dice game is detailed in Fig. 12-6. The circuit 
features the use of 4000 series CMOS ICs and 
a 12-V de power supply. The push-button switch 
on the left is the input device, while the LEDs 
(DI to D7) on the right form the output. Physi
cally, the LEDs are arranged as shown at the 
lower right in Fig. 12-6. 

When the "roll dice" switch is closed, the 
two NAND Schmitt-trigger gates at the left in 
Fig. 12-6 produce a 100-Hz square-wave signal. 
The two NAND gates and associated resistors 
and capacitors are wired to form a stable MV. 
The 100-Hz signal is fed into the clock input 
of the 4029 presettable binary/decade up/down 
counter. In this circuit, the 4029 IC is wired as 
a down counter whose outputs produce binary 
110, 101, 100, 011, 010, 001, 110, 101, 100, etc. 

Consider the situation when the down coun
ter in Fig. 12-6 reaches binary 001. On the next 
LOW-to-HIGH transition of the clock pulse, the 
carry out output (pin 7) of the 4029 IC drops 
LOW. This signal is fed back and turns on tran
sistor Q

1
• This causes the preset enable input of 

the 4029 counter to go HIGH. When the preset 
enable input goes HIGH, the data at inputs 14, 
13, 12, and JI (the "jam inputs") are asynchro
nously loaded into the counter's flip-flops. In 
this example, binary 0110 is loaded on the pre
set pulse. Once the flip-flops have been loaded, 
the carry out pin goes back HIGH and transis
tor Q

1 
turns off. 

The final sections of the dice game at the 
right in Fig. 12-6 contain many components. 
The table in Fig. 12-7 will help explain the 
complexities of the logic and output sections 
of this dice game. 

The input section of the table in Fig. 12-7 
indicates the logic levels present at the output 
of the 4029 counter. The top line of the table 
shows a binary 110 (HHL) stored in the 4s, 2s, 
and ls flip-flops of the counter. The middle col
umn of the table lists only the components that 
are activated to light the proper LEDs. 

Consider the first line of the table in 
Fig. 12-7. The output of the NAND gate goes 
LOW, which turns on the PNP transistor Q2. 

The transistor conducts and all six LEDs (D2 to 
D7) on the right in Fig. 12-6 light. This would 
simulate a dice roll of 6. 

Consider line 2 of the table in Fig. 12-7. 
The binary data equal 101 (HLH). The HIGH 
on the ls line (pin 6) turns on transistor Q

5
• 

Transistor Q
5 

conducts and lights LED DI. 
The output of the NAND gate is HIGH, which 
causes both bilateral switches to be in the 
closed condition (low impedance from in/out 
to out/in). The bilateral switches pass the logic 
level from the 2s and 4s lines to the base of 
transistors Q

4 
and Q

3
• Transistor Q

3 
is turned 

on by the HIGH and conducts. Light-emitting 
diodes D2, D3, D4, and DS light. A decimal 5 
is represented when these five LEDs (Dl to 
D5) are lit. 

Electronic dice 
simulation game 

Logic and output 
sections of dice 
game 

4029 presettable 
binary /decade 
up/down counter 
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INPUTS OUTPUT I 
4s 2s 1s ACTIVE COMPONENTS 

(pin 14) (pin 11) (pin 6) LEDs LIT DECIMAL 

H H L 
NANO output LOW 

D2,D3,D4,D5,D6,D7 6 Transistor 0 2 turned on 

Transistor Os turned on D1 

H L H Bilateral switch SWB closed D2, D3, D4, DS 5 
Transistor 0 3 turned on 

H L L 
Bilateral switch SWB closed D2, D3, D4, DS 4 Transistor 0 3 turned on 

Transistor Os turned on D1 

L H H Bilateral switch SWA closed D2, D3 3 
Transistor 0 4 turned on 

H L 
Bilateral switch SWA closed 

D2, D3 L Transistor 0 4 turned on 2 

L L H Transistor Os turned on D1 1 

Fig. ·12.7 Explaining the logic and output sections of the electronic dice simulation game. 

You may look over the remaining lines of 
the table in Fig. 12-7 to determine the operation 
of the logic and output sections of this CMOS 
digital dice game. 

The 4016 IC used in Fig. 12-6 is described 
by the manufacturer as a quad bilateral switch. 
It is an electronically operated SPST switch. A 
HIGH at the control input of the 4016 bilateral 
switch causes it to be in the "closed" or "ON" 

Answe.r the following questions. 

18. Refer to Fig. 12-4. The 555 timer is wired 
as a(n) multivibrator in this 
digital system. 

19. Refer to Fig. 12-4. When the 74192 IC 
increases its count from 110 to 111, the 
output of the NAND gate goes ___ _ 
(HIGH, LOW) immediately loading 
____ (binary) into the counter. 

20. Refer to Fig. 12-4. List the possible dig
its that can appear on the seven-segment 
LED display when the input switch is 
released. 

position. In the closed position the internal re
sistance from in/out to out/in terminals is quite 
low (400 D, typical). A LOW at the control input 
of the bilateral switch causes it to be in the open 
or OFF position. The 4016 IC acts like an open 
switch when the control is LOW. Unlike a gate, a 
bilateral switch can pass data in either direction. 
It can pass either de or ac signals. A bilateral 
switch is also referred to as a transmission gate. 

21. Refer to Fig. 12-6. Two gates packaged in 
the (4016, 4029, 4093) IC are 
wired as a free-running MV in this digital 
dice game circuit. 

22. Refer to Fig. 12-6. List the binary count
ing sequence of the 4029 IC in this 
circuit. 

23. Refer to Fig. 12-6. When the output of the 
counter is binary 001, only DI lights be-
cause only transistor is turned 
on and conducts. 

24. Refer to Fig. 12-6. When the output of the 
counter is binary 010, LED(s) ___ _ 

[Juad bilateral 
switch 

Transmission gate 
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Frequency divider 
circuits 

Frequency divider 

Count accumulator 

light because the bilateral switch SWA 
is (closed, open) and transis-
tor is turned on grounding the 
cathode of light-emitting diodes D

2 
and D

3
• 

25. A(n) is an IC device avail-
able in CMOS that acts much like a SPST 
switch that can conduct either ac or de 
signals. 

26. Refer to Fig. 12-4. The 74192 IC is wired 
as a mod-7 down counter which counts 
from 6 through 1. (T or F) 

12-4 The Digital Clock 

We introduced a digital electronic clock earlier 
and noted that various counters are the heart 
of a digital clock system. Figure 12-S(a) is a 
simple block diagram of a digital clock system. 

Some clocks use the power-line frequency 
of 60 Hz as their input or frequency stan
dard. This frequency is divided into seconds, 
minutes, and hours by the frequency divider 
section of the clock. The one-per-second, one
per-minute, and one-per-hour pulses are then 
counted and stored in the count accumulator 
section of the clock. The stored contents of the 
count accumulators (seconds, minutes, hours) 
are then decoded, and the correct time is shown 
on the output time displays. The digital clock 
has the typical elements of a system. The input 
is the 60-Hz alternating current. The process
ing takes place in the frequency divider, count 
accumulator, and decoder sections. Storage 
takes place in the count accumulators. The con
trol section is illustrated by the time-set control, 
as shown in Fig. 12-S(a). The output section is 
the digital time display. 

It was mentioned that all digital systems con
sist of logic gates, flip-flops, and subsystems. 
The diagram in Fig. 12-S(b) shows how sub
systems are organized to display time in hours, 
minutes, and seconds. This is a more detailed 
diagram of a digital clock. The input is still a 
60-Hz signal. The 60 Hz may be from the low
voltage secondary coil of a transformer. The 
60 Hz is divided by 60 by the first frequency 
divider. The output of the first divide-by-60 
circuit is 1 pulse per second. The 1 pulse per 
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27. Refer to Fig. 12-6. A short LOW preset 
pulse temporarily (turns off, 
turns on) the PNP transistor Q

1 
which 

causes a short (HIGH, LOW) 
pulse at the preset enable input loading 
___ ( 1000, 0110) in the 4029 
counter IC. 

28. Refer to Fig. 12-6. With the count output 
from the 4029 IC at 001, only transistor 
____ (Q

2
, Q

5
) conducts, lighting 

only LED Dl. 

second is fed into an up counter that counts 
upward from 00 through 59 and then resets to 
00. The seconds counters are then decoded and 
displayed on the two 7-segment LED displays at 
the upper right, Fig. 12-S(b). 

Consider the middle frequency divider cir
cuit in Fig. 12-S(b). The input to this divide
by-60 circuit is 1 pulse per second; the output 
is 1 pulse per minute. The I-pulse-per-minute 
output is transferred into the 0 to 59 minutes 
counter. This up counter keeps track of the 
number of minutes from 00 through 59 and 
then resets to 00. The output of the minutes 
count accumulator is decoded and displayed 
on the two 7-segment LEDs at the top center, 
Fig. 12-S(b). 

Now for the divide-by-60 circuit on the right 
in Fig. 12-S(b). The input to this frequency di
vider is 1 pulse per minute. The output of this 
circuit is 1 pulse per hour. The 1-pulse-per-hour 
output is transferred to the hours counter on the 
left. This hours count accumulator keeps track 
of the number of hours from 0 to 23. The output 
of the hours count accumulator is decoded and 
transferred to the two 7-segment LED displays 
at the upper left, Fig. 12-S(b). You probably 
have noticed that this is a 24-h digital clock. 
It easily could be converted to a 12-h clock by 
changing the 0 to 23 count accumulator to a 1 
to 12 counter. 

For setting the time, a time-set control has 
been added to the digital clock in Fig. 12-S(b). 
When the switch is closed (a logic gate may 
be used), the display counts forward at a fast 
rate. This enables you to set the time quickly. 
The switch bypasses the first divide-by-60 



60 Hz 
Frequency 

divider 

Time t set ___ __, 

Frequency dividers 

60 Hz-e---0--1 

Time 
set 

Divide 
by 60 

Closed = fast forward set 

Count 
accumulators 

Hours 

Decoder/ 
driver 

0-23 
count 

accumulator 

(a) 

1 pulse/ 
hour 

Seconds Divide 
by 60 

(b) 

Decoder/ 
drivers 

Digital time 
displays 

Minutes 

Decoder/ 
driver 

0-59 
count 

accumulator 

Minutes 

1 pulse/ 
minute 

Divide 
by 60 Hours 

Seconds 

Decoder/ 
driver 

0-59 
count 

accumulator 

1 pulse/ 
second 

Fig. 12-8 (a) Simplified block diagram of a digital clock. (b) More detailed block diagram of a digital clock. Digital clack as a 
system 

frequency divider so that the clock moves 
forward at 60 times its normal rate. An even 
faster fast-forward set could be used by bypass
ing both the first and the second divide-by-60 
circuits. The latter technique is common in 
digital clocks. 

What is inside the divide-by-60 frequency 
dividers in Fig. 12-8(b)? In Chapter 8 we spoke 
of a counter being used to divide frequency. Fig
ure 12-9(a) is a block diagram of how a divide
by-60 frequency divider might be organized. 
Notice that a divide-by-6 counter is feeding a 
divide-by-10 counter. The entire unit divides 

the incoming frequency by 60. In this example, 
the 60-Hz input is reduced to 1 Hz at the output. 

A detailed wiring diagram for a divide
by-60 counter circuit is drawn in Fig. 12-9(b). 
The three J-K flip-flops and NAND gate form 
the divide-by-6 counter while the 74192 de
cade counter performs as a divide-by-10 unit. 
If 60 Hz enters at the left, the frequency will 
be reduced to 1 Hz at output Q

0 
of the 74192 

counter. 
The seconds and minutes count accumu

lators in Fig. 12-S(b) are also counters. The 0 
to 59 is a decade counter cascaded with a 0 to 
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(b) 

12·8 Divide-by-60 counter. (a) Block diagram. (b) Wiring diagram using TTL ICs. 

5 counter. The decade counter drives the ls 
place of the displays. The mod-6 counter drives 
the 10s place of the displays. In a like manner, 
the hours count accumulator is a decade coun
ter cascaded with a 0 to 2 counter. The decade 
counter drives the ls place in the hours display. 
The mod-3 counter drives the 10s place of the 
hours display. 

In many practical digital clocks the output 
may be in hours and minutes only. Most digital 
clocks are based upon one of many inexpensive 
ICs. Large-scale-integrated clock chips have all 
the frequency dividers, count accumulators, and 
decoders built into a single IC. For only a few 
extra dollars, clock chips have other features, 
such as 12- or 24-h outputs, calendar features, 
alarm controls, and radio controls. 

An added feature you will use when you 
construct a digital timepiece is shown in 
Fig. 12-lO(a). A waw:shaping circuit has been 
added to the block diagram of our digital clock. 
The IC counters that make up the frequency 
divider circuit do not work well with a sine
wave input. The sine wave [shown at the left 
in Fig. 12-lO(a)] has a slow rise time that does 
not trigger the counter properly. The sine-wave 

input must be converted to a square wave. The 
waveshaping circuit changes the sine wave to a 
square wave. The square wave will now prop
erly trigger the frequency divider circuit. 

Commercial LSI clock chips have wave
shaping circuitry built into the IC. In the labo
ratory you may use a Schmitt-trigger inverter 
JC to square up the sine waves as you did in 
Chapter 7. A simple waveshaping circuit is 
shown in Fig. 12-lO(b). This circuit uses the 
TTL 7414 Schmitt-trigger inverter IC to convert 
the sine wave to a square wave. The circuit in 
Fig. 12-lO(b) also contains a start/stop control. 
When the control input is HIGH, the square 
wave from the Schmitt-trigger inverter passes 
through the AND gate. When the control input 
goes LOW, the square-wave signal is inhibited 
and does not pass through the AND gate. The 
counter is stopped. 

You will want to get some practical knowl
edge of how counters are used in dividing fre
quency. Remember that the counter subsystem 
is used for two jobs in the digital timepiece: first 
to divide frequency and second to count upward 
and accumulate or store the number of pulses 
at its input. 
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Fig. 12-m Waveshaping. (a) Adding a waveshaping circuit to the input of the digital clock system. 
( b) Schmitt trigger inverter used as a wave shaper. 

Answer the following questions. 

29. Refer to Fig. 12-8(a). Counters are used 
in the and sections 
of a digital clock. 

30. Refer to Fig. 12-10. When operating a 
clock with a sine wave, a(n) ___ _ 
circuit is added to the clock. 

31. Refer to Fig. 12-lO(b). What is the pur
pose of the Schmitt-trigger inverter in this 
circuit? 

32. Refer to Fig. 12-lO(b). What is the 
purpose of the AND gate in this circuit? 

12-5 The LSI Digital Clock 

The LSI clock chip forms the heart of modern 
digital timepieces. These digital clock chips are 
made as monolithic MOS ICs. Sometimes, the 
MOS LSI chip, or die, is mounted in an 18-, 24-, 
28-, or 40-pin DIP IC. Other times, the MOS 
LSI chip is mounted directly on the PC board 
of a clock module. The tiny silicon die is sealed 
under an epoxy coating. Examples of the two 
packaging methods are shown in Fig. 12-11. An 
MOS LSI clock IC packaged in a 24-pin DIP is 
illustrated in Fig. 12-1 l(a). Pin 1 of the DIP IC is 

33. Refer to Fig. 12-8. The seconds 0-59 
count accumulator could be wired 
using (counter, shift register) 
res. 

34. Refer to Fig. 12-8. The divide-by-60 
frequency dividers could be wired using 
only decade counters. (Tor F) 

35. Refer to Fig. 12-8. The blocks titled 
"count accumulators" suggest that the 
embedded counters serve as temporary 
memory devices. (T or F) 

identified in the normal manner (pin 1 is imme
diately CCW from the notch). A clock module 
is sketched in Fig. 12-ll(b). The back is a PC 
board with 22 edge connectors. The numbering 
of the edge connectors is shown. A four-digit 
LED display is premounted on the board with 
all connections complete. Some clock modules 
have some discrete components and a clock IC 
mounted on the board. The clock module in 
Fig. 12-ll(b) has the tiny silicon chip, or die, 
mounted on the PC board. It is sealed with a 
protective epoxy coating. 

Waveshaping using 
Schmitt-trigger 
device 

Clack module 
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MM5314 MOS 
LSI clack IC 

Multiplexing and 
driving displays 

4-digit 
display 

Printed 
circuit 
board 

Edge connectors 

Silicon die 
sealed with 
epoxy 

(a) 

(b) 

Fig. 12-11 (a) An LSI clock chip in a 24-pin dual in-line package. 
(b) A typical clock module containing a MOS/LSI die. 

A block diagram of National Semiconduc
tor's MM5314 MOS LSI clock IC is shown 
in Fig. 12-12(a). The pin diagram is shown in 
Fig. 12-12(b). Refer to Fig. 12-12(a) and (b) 
for the following functional description of the 
MM5314 digital clock IC. 

50- or 60-Hz Input [Pin 16] 
Alternating current or rectified ac is applied 
to this input. The waveshaping circuit squares 
up the waveform. The shaping circuit drives 
a chain of counters which perform the time
keeping job. 

50- or 60-Hz Select Input 
[Pin 11] 
This input programs the prescale counter to 
divide by either 50 or 60 to obtain a 1-Hz, or 
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I-pulse-per-second, time base. The counter is 
programmed for 60-Hz operation by connect
ing this input to V

00 
(GND). If the 50/60-Hz 

select input pin is left unconnected, the clock is 
programmed for 50-Hz operation. 

Time-Setting Inputs (Pins 13, 
14, and 15) 
Slow- and fast-setting inputs as well as a hold 
input are provided on this clock IC. These in
puts are enabled when they are connected to 
V

00 
(GND). Typically, a normally open push

button switch is connected from these pins to 
V

00
. The three gates in the counter chain are 

used for setting the time. For slow set, the pres
cale counter is bypassed. For fast set, the pres
cale counter and seconds counter are bypassed. 
The hold input inhibits any signal from pass
ing through gate A to the prescale counter. This 
stops the counters, and time does not advance 
on the output display. 

12- or 24-H Select Input [Pin 10] 
This input is used to program the hours counter 
to divide by either 12 or 24. The 12-h display 
format is selected by connecting this input to 
V

00 
(GND). Leaving pin 10 unconnected selects 

the 24-h format. 

Output MUX Operation 
(Pins 3 to 9 and 17 to 22) 
The seconds, minutes, and hours counters con
tinuously reflect the time of day. Outputs from 
each counter are multiplexed to provide digit
by-digit sequential access to the time data. In 
other words, only one display digit is turned 
on for a very short time, then the second, 
then the third, and so forth. By multiplexing 
the displays instead of using 48 leads to the 
six displays (8 pins each X 6 = 48), only 13 
output pins are required. These 13 outputs are 
the multiplexed seven-segment outputs (pins 3 
through 9) and the digit enable outputs (pins 17 
through 22). 

The MUX is addressed by a multiplex 
divider/decoder, which is driven by a multi
plex oscillator. The oscillator uses external 
timing components (resistor and capacitor) to 
set the frequency of the multiplexing function. 
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Fig. 12-12 (a) Functional block diagram of the MMS314 MOS/LSI clock chip. (b) Pin diagram for the MMS314 digital clock IC. 
MM5314 MOS/ 
LSI clack chip 
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PROM 

MM5314 clack IC 
features 

Relaxation 
oscillator [multiplex 
oscillator] 

The four/six-digit select input controls if the 
MUX turns on all six or just four displays in 
sequence. The zero-blanking circuit suppresses 
the 0 that would otherwise sometimes appear 
in the tens-of-hours display. The MUX ad
dresses also become the display digit enable 
outputs (pins 17 to 22). The MUX outputs are 
applied to a decoder which is used to address a 
PROM. The PROM generates the final seven
segment output code. The displays are enabled 
in sequence from the unit seconds through the 
tens-of-hours display. 

Multiplex Timing Input (Pin 23) 
Adding a resistor and capacitor to the MM5314 
clock IC forms a relaxation oscillator. The ex
ternal resistor and capacitor are connected to 
the MUX timing input as shown in Fig. 12-13. 
Typical timing resistor and capacitor values 
might be 470 kD and 0.01 µF. 

Four /Six-Digit Select Input 
(Pin 24) 
The four/six-digit select input controls the 
MUX. With no input connection, the clock 
outputs data for a four-digit display. Apply
ing V

00 
(GND) to this pin provides a six-digit 

display. 

Supply the missing word in each statement. 

36. Digital clock LSI chips are made using 
____ (bipolar, MOS) technology. 

37. Refer to Fig. 12-12. If pin 16 of the 
MM5314 is at GND, the clock IC is 
programmed for -Hz 
operation. 

38. Refer to Fig. 12-12. If the slow set input 
to the MM5314 IC is grounded, the 
____ counter is bypassed. 

39. Refer to Fig. 12-12. The MM5314 MOS/ 
LSI clock chip requires a(n) -V 
nonregulated power supply. 
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2 

Fig. 12-13 Placement of the external resistor and capacitor 
used to set the frequency of the multiplex oscillator 
in the MM5314 clock IC. 

Output Enable Input (Pin 1) 
With this pin unconnected, the seven-segment 
outputs are enabled. Switching V

00 
(GND) to 

this input inhibits these outputs. 

Power Inputs (Pins 2 and 12) 
A de 11- to 19-V nonregulated power supply op
erates the clock IC. The positive of the power 
supply connects to the V

55 
(pin 12), while the 

negative connects to V
00 

(pin 2). 

40. The MM53 l 4 clock chip ___ _ 
(directly drives, multiplexes) seven
segment displays. 

41. The positive of the 12-V power supply is 
connected to the (V DD' V55) pin 
of the MM5314 clock chip. 

42. The MM5314 clock chip (has 
internal, needs external) waveshaping 
circuitry to square up the incoming 60-Hz 
signal. 

43. The MM5314 clock chip needs an 
external (crystal, resistor and 
capacitor) connected to the MUX timing 
pin of the IC. 



12-6 The Frequency Counter 

An instrument used by technicians and engi
neers is the frequency counter. A digital fre
quency counter shows in decimal numbers the 
frequency in a circuit. Counters can measure 
from low frequencies of a few cycles per sec
ond (hertz, Hz) up to very high frequencies of 
thousands of megahertz (MHz). Like a digi
tal clock, the frequency counter uses decade 
counters. 

As a review, the block diagram for a digital 
clock is shown in Fig. 12-14(a). The known fre
quency is divided properly by the counters in 
the clock. The counter outputs are decoded and 
displayed in the time display. Figure 12-14(b) 
shows a block diagram of a frequency counter. 
Notice that the frequency counter circuit is fed 
an unknown frequency instead of the known 
frequency in a digital clock. The counter circuit 
in the frequency counter in Fig. 12-14(b) also 
contains a start/stop control. 

The frequency counter has been redrawn 
in Fig. 12-15(a). Notice that an AND gate 
has been added to the circuit. The AND gate 

Time .,., ... ,., 
oo .. c•o 

Known 
frequency --+-

Unknown 
frequency --+-

Counter 
circuits 

Counter 
circuits 

Start/stop __J 
control 

t 
f---+ Decoder/ 

drivers 

(a) 

Frequency (Hz) . ,.,., 
000 

t - Decoder/ 
drivers 

(b) 

Fig. 12-14 (a) Simplified block diagram of a d!g!tal clock. 
(b) Simplified block diagram of a d1g1tal frequency 
counter. 

controls the input to the decade counters. When 
the start/stop control is at logical 1, the un
known frequency pulses pass through the AND 
gate and on to the decade counters. The coun
ters count upward until the start/stop control 
returns to logical 0. The 0 turns off the control 
gate and stops the pulses from getting to the 
counters. 

Figure 12-15(b) is a more exact timing 
diagram of what happens in the frequency 
counter. Line A shows the start/stop control at 
logical 0 on the left and then going to 1 for 
exactly I s. The start/stop control then returns 
to logical 0. Line B diagrams a continuous 
string of pulses from the unknown frequency 
input. The unknown frequency and the start/ 
stop control are ANDed together as we saw 
in Fig. 12-15(a). Line C in Fig. 12-15(b) shows 
only the pulses that are allowed through the 
AND gate. These pulses trigger the up coun
ters. Line D shows the count observed on the 
displays. Notice that the displays start cleared 
to 00. The displays then count upward to 
11 during the 1 s. The unknown frequency 
in line B in Fig. 12-15(b) is shown as 11 Hz 
(11 pulses/s). 

A somewhat higher frequency is fed into the 
frequency counter in Fig. 12-15(c). Again line A 
shows the start/stop control beginning at 0. It is 
then switched to logical 1 for exactly I s. It is 
then returned to logical 0. Line Bin Fig. 12-15(c) 
shows a string of higher-frequency pulses. This 
is the unknown frequency being measured by 
this digital frequency counter. Line C shows the 
pulses that trigger the decade counters during 
the 1-s count-up period. The decade counters 
sequence upward to 19, as shown in line D. The 
unknown frequency in Fig. 12-15(c) is mea
sured at 19 Hz . 

If the unknown frequency were 870 Hz, the 
counter would count from 000 to 870 during the 
1-s count period. The 870 would be displayed 
for a time, and then the counters would be reset 
to 000 and the frequency counted again. This 
reset-count-display sequence is repeated over 
and over. 

Notice that the start/stop control pulse (count 
pulse) must be very accurate. Figure 12-16 shows 
how a count pulse can be generated by using an 
accurate known frequency, such as the 60 Hz 
from the power line. The 60-Hz sine wave is 
converted to a square wave by the waveshaping 

Frequency counter 

Start/stop control 

Reset-count-display 
sequence 
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Frequency (Hz) 
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Stop 
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control 0 1 second 0 

Unknown 

® frequency 
0 input 

Input to @) 
counters 0 
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(b) 

Start 

Start/stop 
count~ 

control 0 -..---------1 second __________ ,_ _____ O 

Unknown 

® frequency 
input 0 

Input to © counters 
1 

'-------o 

Digital 
display ® 00 00 00 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 19 19 19 19 

(c) 

Fig. 12-15 (a) Block diagram of a digital frequency counter showing the start/stop control. (b) Waveform diagram for an 
unknown frequency of 11 Hz. (c) Waveform diagram for an unknown frequency of 19 Hz. 

circuit. The 60-Hz square wave triggers a coun
ter that divides the frequency by 60. The output 
is a pulse 1 s in length. This count pulse turns 
on the control circuit when it goes HIGH and 
permits the unknown frequency to trigger the 

counters. The unknown frequency is applied to 
the counters for 1 s. 

Remember that the frequency counter goes 
through the reset-count-display sequence. So 
far we have shown only the count part of this 
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Divide 
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~--~ 10 seconds 

Counter 
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circuit 

Fig. 12-16 More detailed block diagram of a digital frequency counter. 

sequence. The counter reset circuit is a group 
of gates that reset, or clear, the decade coun
ters to 000 at the correct time-just before the 
count starts. Next, the 1-s count pulse permits 
the counters to count upward. The count pulse 
ends, and the unknown frequency is displayed 
on the seven-segment displays. In this circuit, 
the frequency is displayed in hertz. It is con
venient to leave this display on the LEDs for a 
time. To do this, the divide-by-10 counter sends 
a pulse to the control circuit, which turns off 
the count sequence for 9 s. 

In summary, the events happen like this: 
(1) Reset the counters to 000; (2) count upward 
for a 1 s; and (3) display the unknown frequency 
for 9 s with no counts. This reset-count-display 
sequence is repeated every 10 s in this experi
mental frequency counter. 

The frequency counter in Fig. 12-16 measures 
frequencies from 1 to 999 Hz. Notice the exten
sive use of counters in the divide-by-60, divide
by-10, and three decade counter circuits-hence 
the name frequency counter. The digital fre
quency counter actually counts the pulses in a 
given amount of time. 

One limitation of the counter diagrammed in 
Fig. 12-16 is its top frequency; the maximum fre
quency that can be measured is 999 Hz. There 
are two ways to increase the top frequency of 
our counter. The first method is to add one or 

more counter-decoder-display units. We could 
extend the range of the frequency counter in 
Fig. 12-16 to a top limit of 9999 Hz by adding a 
single counter-decoder-display unit. 

The second method of increasing the fre
quency range is to count by 10s instead of ls. 
This idea is illustrated in Fig. 12-17. A divide
by-6 counter replaces the divide-by-60 unit in 
our former circuit. This makes the count pulse 
only 0.1 s long. The count pulse permits only 
one-tenth as many pulses through the control as 
with the 1-s pulse. This is the same as counting 
by 10s. Only three LED displays are used. The 
ls display in Fig. 12-17 is only to show that a 
0 must be added to the right of the three LED 
displays. The range of this frequency counter is 
from 10 to 9990 Hz. 

In the circuit in Fig. 12-17, the decade coun
ters count upward for 0.1 s. The display is held 
on the LEDs for 0.9 s. The counters are then 
reset to 000. The count-display-reset procedure 
is then repeated. The circuit in Fig. 12-17 has 
one other new feature: During the count time 
the displays are blanked out. They are then 
turned on again when the unknown frequency 
is on the display. The sequence for this fre
quency counter is then reset, count (with dis
plays blank), and, finally, the longer display 
period. This sequence repeats itself once every 
second while the instrument is being used. 

Counter reset 
circuit 
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12-17 Detailed block diagram of an experimental digital Frequency counter with a Frequency range From 10 to 9990 Hz. 
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Supply the missing word in each statement. 

44. Refer to Fig. 12-15. This digital 
frequency counter counts the number of 
pulses passing through the AND gate in 
____ s. 

45. Refer to Fig. 12-15. If the start/stop 
control to the AND gate is LOW, the 
signal at output C is a (HIGH, 
LOW, square wave). 

46. Refer to Fig. 12-16. The waveshaping 
blocks might be implemented using TTL 
____ (XOR gates, Schmitt-trigger 
inverters). 

12-7 An Experimental Frequency 
Counter 

This section is based on an experimental 
frequency counter circuit purposely designed 
using only components you have already 
used earlier in the book. This experimen
tal instrument is not as accurate or stable as 
commercial units. Its maximum frequency is 
also limited to 9990 Hz, and its inputs are 
somewhat primitive. A schematic diagram of 
the primitive frequency counter is detailed in 
Fig. 12-18. 

The purposes for including the experimental 
frequency counter are as follows: 

1. To show how SSI and MSI chips may 
be used to build digital subsystems and 
systems. 

2. To demonstrate the concepts involved in 
the design and operation of a frequency 
counter. 

Figure 12-17 is a block diagram of the fre
quency counter. Most components in the wiring 
diagram are in the same general position as in 
the block diagram. 

At the lower left in Fig. 12-18, a 60-Hz sine 
wave is shaped into a square wave. The 60-Hz 
signal may come from the secondary of a 

47. Refer to Fig. 12-16. The divide-by-60 
block might be implemented using 
____ (counters, shift registers). 

48. Refer to Fig. 12-17. The count pulse 
is s long in this frequency 
counter. 

49. Refer to Fig. 12-17. The unknown 
frequency input waveform is conditioned 
by a(n) circuit before entering 
the control circuitry of the counter. 

50. Refer to Fig. 12-17. The decade counters 
serve the dual purpose of counting upward 
and the count for display. 

low-voltage power transformer. The waveshap
ing is done by the 7414 Schmitt-trigger inverter. 
Remember that the divide-by-6 counter needs a 
square-wave input to operate properly. 

To the right of the lower 7414 inverter is a 
divide-by-6 counter. Three flip-flops (FFl, 
FF2, and FF3) and a NAND gate are wired to 
form the mod-6 counter. The frequency going 
into the divide-by-6 counter is 60 Hz; the fre
quency coming out of the counter (at Q of FF3) 
is 10 Hz. The 10 Hz is fed into the 7493 IC 
wired as a decade or divide-by-JO counter. 

Figure 12-18 shows that the four outputs 
from the 7493 counter are NO Red together (OR 
gate and inverter). The four-input NOR gate 
generates a 1-Hz signal. This 1-Hz signal is 
called the count/display waveform. The count/ 
display waveform is HIGH for exactly 0.1 sand 
low for 0.9 s. The count/display waveform is 
fed back into the 7400 control gate. When the 
counter/display waveform is HIGH for 0.1 s, 
the unknown frequency passes through the 
NAND gate on to the clock input of the 10s 
counter. When the count/display waveform 
is LOW for 0.9 s, the unknown frequency is 
blocked from passing through the NAND con
trol gate. It is during the 0.9 s that you may 
read the frequency off the seven-segment LED 
displays. 

Experimental 
frequency counter 

Waveshaping 

Divide-by-6 counter 

Divide-by-10 
counter 
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The frequency counter goes through a 
reset-count-display sequence. The reset pulse 
is generated by the five-input AND gate near 
the lower right in Fig. 12-18. It clears the 10s, 
lOOs, and 1000s counters to zero. The reset (or 
counter clear pulse) is a very short positive pulse 
that occurs just before the counting occurs. 

Next in the reset-count-display sequence is 
the count or sampling time. When the count/ 
display waveform goes HIGH, the control gate 
is enabled and the unknown frequency passes 
through the NAND gate to the clock input of 
the 10s counter. Each pulse during this sam
pling time increments the 10s counter. When 
the 10s counter goes from 9 to 10, it carries 
the 1 to the lOOs counter. After 0.1 s the count/ 
display waveform goes LOW. This is the end of 
the sampling time. You will notice that the un
known frequency that was sampled causes the 
frequency to increase by 10s. 

Last in the reset-count-display sequence is 
the display time. When the count/display wave
form goes LOW, the control gate is disabled. It 
is during this time that a stable frequency dis
play may be read from the LEDs. Notice that 
an extra ls display has been added in Fig. 12-18 
to remind you that a 0 must be added to the 
right of the three active displays for a readout 
in hertz. 

To make the displays look better, display 
blanking occurs during the count time of 
the reset-count-display sequence. The displays 

Supply the missing word(s) or number in each 
statement. 

51. Refer to Fig. 12-18. FFl, FF2, FF3, and 
the NAND gate form a(n) ___ _ 
counter. 

52. Refer to Fig. 12-18. The count time for 
this frequency counter is s, 
while the display time is s. 

53. Refer to Fig. 12-18. The sampling time 
of the frequency counter is also called the 
____ (count, display) time. 

54. Refer to Fig. 12-18. The five-input 
AND gate generates a counter clear or 

light normally with a stable readout during the 
display time. The display blanking waveform is 
a 0.1-s negative pulse generated by a 7404 in
verter off the count/display waveform line. It 
causes the three displays to blank out for 0.1 s 
during the count time. The blanking does cause 
the displays to flicker. This problem could be 
cured by the use of latches to hold data on the 
inputs of the decoders. 

For the most part commercial frequency 
counters operate like the one in Fig. 12-18. 
Commercial counters usually have more dis
plays and read out in kilohertz and megahertz. 
The experimental frequency counter needs an 
input signal of about 3 to 8 V to make it op
erate. Commercial counters usually have an 
amplifier circuit before the first waveshaping 
circuit to amplify weaker signals to the proper 
level. Overvoltage protection is also provided 
with a zener diode. To get rid of the blinking of 
the display, commercial counters usually use a 
slightly different method of storing and display
ing the contents of the counters. We used the 
power-line frequency of 60 Hz as our known 
frequency. Commercial frequency counters 
usually use an accurate high-frequency crystal 
oscillator to generate their known frequency. 

Some of the important specifications of com
mercial frequency counters are the frequency 
range, input sensitivity, input impedance, input 
protection, accuracy, gate intervals, and dis
play time. 

____ pulse. This is a ___ _ 
(negative, positive) pulse. 

55. Refer to Fig. 12-18. The display 
blanking pulse is generated during the 
_ ___ (count, display) time. This 
is a (negative, positive) 
pulse. 

56. Refer to Fig. 12-18. The 7414 IC is called 
a(n) inverter. The 
7 414 inverters are used for ___ _ 
shaping in this circuit. 

57. Refer to Fig. 12-18. Each pulse from 
the unknown frequency that reaches the 

Reset-count-display 
sequence 

Sampling time 
(count time) 

Display blanking 
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counter increases the frequency reading 
by (1, 10, 100) Hz. 

58. Refer to Fig. 12-18. The frequency 
range of this experimental counter is 
from a low of Hz to a high 
of Hz. 

59. Refer to Fig. 12-18. The gate interval for 
the experimental frequency counter is 
0.1 s while the display time is ___ _ 
seconds. 

12-8 LCD Timer with Alarm 

Most microwave ovens and kitchen stoves fea
ture at least one timer with an alarm. Older ap
pliances used mechanical timers, but modern 

INPUT: Keypad 

Clock 
(time base) 

Input 
controls 

IT] § ~ r Set time~ 

Lf]J ~ lTIJ ( Start 

L2J ITD~ 
~ 

Self-stopping 
down 

r----+ counter 

Display 

(b) 

60. Refer to Fig. 12-18. The known frequency 
entering the experimental counter is 
____ Hz. 

61. Refer to Fig. 12-18. The ___ _ 
(7447 decoder ICs, 74192 counter ICs) 
function as temporary memory devices to 
hold the highest count during the display 
time. 

microwaves and ranges feature electronic tim
ers using digital circuitry. The concept of a 
timer system is sketched in Fig. 12-19(a). In 
this system, the keypad is the input and both 

(a) 

Latch/ 
decoder/ 

driver 

Magnitude 
comparator 

Alarm 

Display 

LCD timer circuit Fig. 12-1!3 Digital timer system. (a) Concept sketch of timer with alarm. (b) Simple block diagram of timer with alarm. 
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the digital display and alarm buzzer are the 
output devices. The processing and storage of 
data occur within the digital circuits block in 
Fig. 12-19(a). 

A somewhat more detailed block diagram of 
a digital timer is shown in Fig. 12-19(b). The 
digital circuits block has been subdivided into 
four blocks. They are the time-base clock, the 
self-stopping down counter, the latch/decoder/ 
driver, and the magnitude comparator. The 
input controls block presets the time held in the 
down counter. The time base is an astable mul
tivibrator which generates a known frequency. 
In this case, the signal is a 1-Hz square wave. 
The accuracy of the entire timer depends on the 
accuracy of the time-base clock. Activating the 
start input control causes the down counter to 
decrement. Each lower number is latched and 
decoded by the latch/decoder/driver. This block 
also drives the display. 

The illustrations in Fig. 12-19 might be pre
liminary sketches used by a designer in visual
izing a timer system. The designer might next 
decide on what type of input, output, and pro
cessing technologies to use to implement the 
system. 

A somewhat more detailed block diagram 
of a digital electronic timer system is drawn in 
Fig. 12-20. The designer decided to use a two
digit LCD along with low-power CMOS ICs. 
This system was designed with your lab train
ers in mind, so the inputs are logic switches to 
simplify the input section. The designer de
cided on seconds as the time interval. Notice 
that each block roughly corresponds to an MSI 
digital IC or input/output device. A wiring dia
gram could then be developed from the detailed 
block diagram in Fig. 12-20. 

The block diagram in Fig. 12-20 represents 
an experimental LCD timer with alarm that you 
might construct in the laboratory. The timer is 
operated as follows: 

1. Set the load/start control to 0 (load 
mode). 

2. Load the ls counter by setting a BCD 
number using the top four switches. 

3. Load the 10s counter by setting a BCD 
number using the bottom four switches. 

4. A two-digit number should now be 
displayed on the LCD. 

5. Move the load-start control to 1 (start 
down count mode). 

The timer will start counting downward in 
seconds. The LCD shows the time remaining 
before the alarm sounds. When both counters 
reach zero, the LCD reads 00 and the alarm 
will sound. The final step is to disconnect the 
power to the circuit to turn off the alarm. 

A wiring diagram for the experimental LCD 
timer circuit is detailed in Fig. 12-21. Notice 
that each IC is placed in the same relative posi
tion on the wiring diagram as in the block dia
gram in Fig. 12-20. 

Detailed operation of the LCD timer circuit 
in Figs. 12-20 and 12-21 follows. 

Time Base 
The time-base clock is a 555 timer IC wired as 
a free-running MV. It is designed to generate 
a 256-Hz square wave. The time-base clock 
in this experimental timer is not very accurate 
or stable. It can be calibrated by adjusting the 
value of resistor R

1
• The nominal value of R

1 
should be about 20 kO. 

The second part of the time base is the 
divide-by-256-counter block. The function of 
this block is to output a 1-Hz signal. The di
vide-by-256-counter block is actually two 4-bit 
counters wired together. Figure 12-22 shows the 
two 4-bit units wired as divide-by-16 counters. 
Note that the CP inputs are clock inputs and 
only the Q

0 
outputs are used. The first divide

by-16 counter divides the frequency from 256 to 
16 Hz (256/16 = 16 Hz). The second counter di
vides the frequency down to the required I-Hz 
output (16/16 = 1 Hz). 

Self-Stopping Down Counters 
The two 74HC192 decade counters are the 
74HCXXX series equivalent to the 74192 TTL 
IC detailed in Chapter 8. When the load in
puts to the 74HC192 counters are activated by 
a LOW, data at the data inputs (A, B, C, D) 
are immediately transferred into the counter's 
flip-flops. They then appear at the outputs of 
the counter (QA, Q

8
, QC' Q

0
). The data loaded 

should be in BCD (binary-coded decimal) 
form. When the load/start control goes HIGH, 
the I-Hz signal activates the count down input 

Experimental timer 
circuit 

Time-base clack 

Divide-by-25Ei
caunter black 

Dawn counters 
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of the ls counter. The count decreases by 1 
on each L-to-H transition of the clock pulse. 
The borrow out output of the ls down coun
ter goes from L to H when the ls counter goes 
from 0 to 9. This decrements the 10s counter. 
The down counters are actually wired as a self
stopping down counter because of the counter 
stop line fed back to the CLR input of both 
74HC192 counters. When this line goes HIGH, 
both counters stop at 0000. 

8-Bit Magnitude Comparator 
The 74HC85 4-bit comparators are shown 
cascaded in Fig. 12-21 to form an 8-bit
magnitude comparator. Their purpose in this 
circuit is to detect when the outputs of the 
counters reach 0000 OOOOBcD· When both 
counters reach zero, the output of the 8-bit 
magnitude comparator (A= Bout) goes HIGH. 
This serves two purposes. First, it stops both 
74HC192 counters at 0000. Second, the HIGH 
at the output of the comparator turns tran
sistor Q

1 
on. This allows current to flow up 

through the transistor, sounding the buzzer. 
The diode across the buzzer suppresses 

Answer the following questions. 

62. Refer to Fig. 12-21. The accuracy of the 
entire timer depends on the frequency 
generated by the clock. 

63. Refer to Fig. 12-21. The initial numbers 
to be loaded into the counters in the timer 
must be entered in (BCD, 
binary, decimal) form. 

64. Refer to Fig. 12-21. What two compo
nents are considered output devices in this 
timer circuit? 

65. Refer to Fig. 12-21. When the count 
reaches zero, the output (A = B ) of out 
the 8-bit magnitude comparator goes 
____ (HIGH, LOW). This causes 
the counter stop line to go ___ _ 

transient voltages that may be generated by 
the buzzer. 

Decoder /Driver 
The two 74HC4543 ICs used in the timer cir
cuit serve three purposes. The functions of the 
74HC4543 IC are summarized in Fig. 12-23. 
The latch disable (LD) input is permanently 
tied HIGH in the timer circuit (Fig. 12-21), 
which disables the latches. The BCD data flows 
through the latch to the BCD-to-seven-segment 
decoder. The decoder translates the BCD input 
to seven-segment code. Finally, the driver cir
cuitry in the 74HC4543 chip energizes the cor
rect segments on the LCD. 

The display clock shown at the lower right in 
Fig. 12-21 generates a 100-Hz square wave. This 
is sent to the common (backplane) connection 
on the LCD and the Ph inputs of the 74HC4543 
ICs. The LCD driver in the 74HC4543 chip 
sends inverted or 180° out-of-phase signals to 
the LCD segments that are to be activated. Seg
ments that are not activated receive an in-phase 
square-wave signal from the LCD driver sec
tion of the 74HC4543 IC. 

66. 

67. 

68. 

(HIGH, LOW), stopping the counters. 
This also turns (off, on) the 
transistor causing it to conduct electricity 
and sound the buzzer. 
Refer to Fig. 12-21. The driver section of 
the 74HC4543 IC sends an ___ _ 
(in-phase, out-of-phase) square-wave 
signal to the LCD segments that are to be 
activated. 
Refer to Fig. 12-21. The display clock 
sends a 100-Hz square-wave signal to 
the inputs of both 74HC4543 
ICs and the ____ connection on 
the LCD. 
The timer circuit in Fig. 12-21 is 
calibrated in (minutes, seconds, tenths of 
a second). 

Decoder/driver 

8-bit magnitude 
comparator 
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Fig. 12-21 Wiring diagram for an experimental LCD timer with alarm. 
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Fig. 12-22 Wiring a divide-by-256 block using two divide-by-16 counters. 
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Fig. 12-23 Internal organization of the 74HC4543 IC including latch, decoder, and driver sections. 

12-9 Simple Distance Sensing 

Electronic distance sensors may be catego
rized by the technology used in the device. 
Five common distance-sensing technologies 
are (1) infrared light, (2) ultrasonic sound, 
(3) laser narrow light beam, (4) sonar (sound 
navigation and ranging), and (5) radar (radio 
detection and ranging). Both infrared and ul
trasonic technologies are used in simpler low
cost distance sensors. 

Infrared-light Distance Sensor 
An infrared-light distance sensor can measure 
distance to an object using one of the methods 
sketched in Fig. 12-24. The method shown on 
the left in Fig. 12-24(a), uses pulses from an 
IR LED emitting infrared light which reflect 
off the target surface. The reflected light en
ters the lens of the IR detector (phototransis
tor). The lens shines IR light on the base of the 
IR phototransistor. More IR light means the 
transistor will have greater conduction, while 
less light means less emitter-to-collector cur
rent flow. With a pull-up resistor added to the 
collector of the phototransistor, the change in 
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emitter-to-collector resistance will be converted 
in a change in output voltage (a signal). 

The method shown on the right in 
Fig. 12-24(b) uses an IR LED emitting pulses 
of infrared light which reflect off the target 
surface. The reflected light enters the lens of 
the special IR detector. The light striking the 
sensor is fed to a signal processor. The signal 
processor inside the DIP distance sensor unit 
uses the triangulation method of calculating 
the distance to the target (reflective surface). 
As diagrammed in Fig. 12-24(b), the smaller 
the angle between the IR light beam and the 
perpendicular, the greater the distance to the 
target. In like manner, a greater angle between 
the IR light beam and perpendicular is inter
preted as a shorter distance to the target. The 
special IR detector linked to the signal pro
cessor generates an output. Depending on the 
model of distance measuring sensor, the output 
signal may be either analog or digital. 

Ultrasonic Distance Sensor 
An ultrasonic distance sensor, sketched in 
Fig. 12-25, emits a burst of sound energy. The 
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Fig. 12-24 IR distance sensor operation. (a) Traditional IR emitter and IR detector (IR phototransistor). 
(b) Distance-measuring sensor using the triangulation method of measurement. 
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Fig. 12-25 Operation of a distance sensor controlled by a microcontroller. 

sound burst bounces off the target and returns as 
an echo, activating the ultrasonic receiver. The 
amount of time it takes for the ultrasonic burst 
to reach the target and return to the receiver 
is passed on to the control unit (commonly a 
microcontroller). A control unit then calculates 
the distance and outputs the information (to an 
operator or as feedback to a machine). 

A more detailed view of the operation of 
an ultrasonic distance sensor is enumerated in 
Fig. 12-25. Notice that the ultrasonic distance 
sensor is under the control of a microcontroller. 

The sequence of events to measure the distance 
from the sensor to the target object is as follows: 

1. The microcontroller outputs a short 
trigger pulse to the transmitter. 

Out 
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INPUT 

Distance sensor 
(digital output) 

+5V +5V 
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OUTPUT 

Light = object detected 
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"'~ " 

Fig. 12-25 Test circuit For the Pololu 1134 digital distance sensor. 

2. The ultrasonic transmitter emits a short 
burst of sound energy. 

3. After the sound bounces off the target, it is 
referred to as the echo pulse and returns to 
be interpreted by the ultrasonic receiver. 

4. The ultrasonic receiver emits a pulse that 
represents the time it took the sound to 
travel from the transmitter, to bounce 
off the target, and for its echo to return 
to the receiver. The greater the sensor
to-target distance, the greater the time 
duration of this pulse. Note that the sound 
has traveled twice the distance from the 
sensor to the target. 

5. The microcontroller calculates the sensor
to-target distance based on constants, 
such as the speed of sound in air (about 
1100 ft/s). The calculation must also 
reflect the fact that the sound burst 
traveled twice the distance from the 
sensor to the target. 

6. The microcontroller generates an 
appropriate distance output (on a display 
device or it is used to control the action of 
a machine such as a robot). 

The BASIC Stamp 2 module by Parallax can 
be used with an ultrasonic distance sensor to 
measure distances. The unit commonly used 
with the microcontroller is the PING™ ultra
sonic distance sensor by Parallax. 

Testing a Distance Sensor 
Two technologies used in an infrared distance 
sensor are summarized in Fig. 12-24. The first 
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is the traditional method (IR LED as emitter 
and IR phototransistor as detector). The second 
sensor uses the triangulation method of mea
surement. The IR distance sensor to be tested 
will be the newer type that operates like the 
unit in Fig. 12-24(b). 

The simple test circuit drawn in Fig. 12-26 
will detail the operation of the Pololu Corpora
tion sensor 1134. The unit is described as Po
lolu carrier with sharp GP2YOD8IOZOF digital 
distance sensor JO cm. This sensor detects ob
jects between 2 and 10 cm (0.8 and 4 in.) away. 
Because it only has a digital (HIGH or LOW) 
output it will detect an object in its range but 
cannot be used to calculate the exact distance. 
It could be useful as a break-beam sensor, non
contact bumper or obstacle as used on mobile 
robots, or counter/timer of objects as they pass 
in front of the sensor. 

The Pololu distance sensor module is 
shown in Fig. 12-26 in its physical form (not 
a schematic diagram). The output from the 
distance sensor is HIGH when it is not detect
ing on object in its range. When an object is 
detected in the sensor's range (2-10 cm), the 
output pin will go LOW. The test circuit in 
Fig. 12-26 uses the 74HC04 inverter to drive 
the NPN transistor. When the output of the in
verter is LOW, the transistor is turned off and 
the LED does not light. An object detected by 
the distance sensor causes a LOW output that 
is passed on to the inverter. The inverter's out
put goes HIGH, turning on the transistor and 
lighting the LED. 



Noncontact Operation 
with Distance Sensor 
Imagine a device that operates like the auto
matic paper-towel dispenser found in many 
public bathrooms. Can you envision a simple 
system that might operate an electric motor or 
stepper motor for only a short period of time 
using a distance sensor? Can you invent the 
simple system you imagined? An idea sketch 
in block diagram form will help clarify your 
imagined system. A few requirements of the 
system might be listed below each block in your 
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(digital output) 

- Trigger and 

- Timing circuit 

- Clock 
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or 

Counters and 
comparators 

+5V 

100 kil 8 4 
R1 

2 3 

L_::__J 555 6 Trigger timer IC 
7 

HIGH = enable 

system. Limit yourself to components that you 
have experienced (in the textbook and experi
ments manual). 

The sketch in Fig. 12-27(a) outlines the sim
ple system that was envisioned. Brief notes 
below each block help define the details needed 
to construct the simple system. Some of the 
useful notes under blocks include: 

1. Detector: Distance sensor with digital 
outputs, short range. 

2. Trigger timing circuit to stay on for 2 to 
4 s. Turn off. Wait for next trigger. Clock 

Motor 

driver 

- Stepper motor 

driver IC 

or 

- Motor driver 
(relay or 
transistor 
control) 

- Stepper motor 

or 

- Electric motor 

+5V 
3-5 v 

100 kil MC3479 IC 16 

R2 
CW/CCW 

V;n Vo 

L, 

Logic 
Motor L2 

elk drivers L3 

Full/Half L4 
Bias 

LOW =disable ~------E-----~ 

Clock 
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Enable pulse 

--1LJLSL ... 
Control gate 

(b) 

Fig. 12·27 (a) Idea sketch for noncontact and timed operation of a stepper motor. (b) Using a distance sensor for noncontact 
operation of a stepper motor. 
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Distance sensor 
(digital output) 

VIN 

input needed for timing circuit. Easiest 
solution for timing circuit seems to be the 
555 timer. 

3. Motor driver: Decide type of output 
(electric motor or stepper motor). Stepper 
motor is chosen. 

4. Motor: Stepper or regular electric motor. 
Stepper motor is chosen. 

A schematic diagram of a circuit using a dig
ital distance sensor for noncontact operation of 
a stepper motor is detailed in Fig. 12-27(b). This 
circuit simulates the operation of a noncontact 
paper-towel dispenser found in many public 
bathrooms. 

The digital distance sensor used in 
Fig. 12-27(b) is the Pololu 1134 unit tested in 
Fig. 12-26. The distance sensor generates a 
LOW output when an object is detected in its 
range (2 cm to 10 cm). The LOW trigger pulse 
at the input to the 555 timer IC (pin 2) causes 
its output (pin 3) to go HIGH for a few sec
onds. The HIGH at the top input of the control 
gate (AND gate) allows the 20- to 50-Hz clock 
pulses to be passed on to the clock input of the 
MC3479 stepper motor controller IC. The step
per motor rotates in a CW direction as long as 
clock pulses enter the elk input of the MC3479 

+5V 

100 kfl 8 4 
R1 

2 
3 

~ 555 6 
timer IC Trigger 

pulse 
7 Enable 

pulse 

+ 
1 5 

-;--50 µ,F 
--.01 µ,F C1 
/ ·c2 

12-2B Using a distance sensor for noncontact operation of a de motor. 
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IC. The stepper motor would engage the me
chanics of the dispenser and cause the paper 
towels to be delivered. The 555 timer IC circuit 
is designed to disable the control gate with a 
LOW after about 2 to 4 s. The rotation of the 
stepper motor can be increased by increasing 
clock frequency. This rotation could also be 
adjusted by changing the value of capacitor C

1 

in the timer circuit. Decreasing the value of C
1 

would decrease the time that the output (pin 3) 
of the 555 timer IC remains HIGH. 

Another solution to the automatic paper
towel dispenser is detailed in Fig. 12-28. In this 
simple solution, the distance sensor triggers the 
same 555 timer circuit used in Fig. 12-27. When 
activated by an object, such as the wave of a 
hand, the digital distance sensor emits a nega
tive pulse, triggering the 555 timer IC. This 
generates a 2- to 4-s positive pulse, turning 
on the NPN transistor. The transistor conducts 
through the coil of the relay, the NO contacts 
of the relay snap closed, and the de motor is 
energized and rotates. After a delay of about 2 
to 4 s, the output of the 555 timer IC (pin 3) 
returns to LOW. This turns off the NPN transis
tor. The coil of the relay is no longer energized. 
The NO relay contacts spring open, causing the 
de motor to stop rotating. 

+5V 

NC 

NO 

OUTPUT 

+ 
Voltage 

--01 motor 



The distance sensor used in this circuit is 
the same one used in Fig. 12-27(b). It is enabled 
by sensing an object in range (2 to 10 cm). 
The Pololu 1134 sensor module features a 
digital output (enabled = LOW, disabled = 

Answer the following questions. 

69. Five common distance-sensing technolo
gies include RADAR, SONAR, Y-modulus, 
ultrasonic sound, and blue-ray. (T or F) 

70. Refer to Fig. 12-24(a). The IR emitter 
applies an infrared diode, while the IR 
detector uses an IR 
(phototransistor, ring counter). 

71. Refer to Fig. 12-24(b). This distance
measuring sensor applies the 
(9s complement, triangulation) method 
for calculating the distance to the reflect
ing target. 

72. Refer to Fig. 12-24(b). The special IR 
detector's output feeds a 
(demodulator, signal processing) circuit, 
generating either an analog or digital 
output signal. 

73. Refer to Fig. 12-25. The ultrasonic dis
tance sensor is used with a control 
unit. The control unit is commonly 
a (laptop computer, 
microcontroller). 

74. Refer to Fig. 12-25. With an ultrasonic 
sensor, the distance is measured by using 
the volume of sound returned to the ultra
sonic receiver. (T or F) 

75. Refer to Fig. 12-26. The range of the 
Pololu 1134 distance sensor is about 

12-10 JTAG/Boundary Scan 
It is important to be able to test digital systems 
and subsystems for proper operation, both at place 
of manufacture and in the field. Semiconductor 
manufacturers continue to increase the complex
ity of digital circuitry built into ICs. Many ICs 

HIGH). The time the motor runs can be ad
justed by changing the value of capacitor C

1 
in 

the timer circuit. Decreasing the capacitance 
value of C will decrease the time the motor 

l 

rotates. 

____ ( 4, 36) in. maximum and its 
output is (analog, digital). 

76. Refer to Fig. 12-26. When the distance 
sensor detects an object in its range, the 
output goes (HIGH, LOW), 
the output of the inverter goes ---
(HIGH, LOW), the transistor is turned on, 
and the LED (lights, does not 
light). 

77. Refer to Fig. 12-27(b). A negative trigger 
pulse from the distance sensor causes the 
output of the 555 timer IC (pin 3) to go 
____ (HIGH, LOW), enabling the 
AND control gate. 

78. Refer to Fig. 12-27(b). Clock pulses are 
____ (blocked, passed through) 
when the control gate is enabled, causing 
the MC3479 IC to drive the stepper motor. 

79. Refer to Fig. 12-28. When the distance 
sensor module is activated, its output goes 
____ (HIGH, LOW), which triggers 
the 555 timer IC to output a HIGH enable 
pulse. 

80. Refer to Fig. 12-28. The motor operates 
as long as the enable pulse at the output 
of the 555 timer IC is HIGH, turning 
the transistor on and snapping the 
____ (NC, NO) contacts of the 
relay closed. 

contain complete digital systems on a single 
chip. Other technologies such as surface-mount 
technology and multilevel PC boards have both 
increased the number of components on printed 
circuit boards and shrunk their size. This minia
turization has resulted in a loss of access points 
for testing system and subsystem operation. 

Simple Digital Systems Chapter 12 437 



Boundary scan or 
JTAG 

In the mid-1980s, the Joint Test Action 
Group developed a solution to this problem of 
loss of test point access on PC boards. The solu
tion it developed was a new testing architecture 
that added testing ability and test access points 
into integrated circuits. The Institute for Elec
trical and Electronic Engineers (IEEE) later 
formalized this solution as Standard 1149.1 Test 
Access Port and Boundary-Scan Architecture. 
The boundary-scan architecture is commonly 
referred to as boundary scan or JTAG. JTAG 
is in reference to the group (Joint Test Action 
Group) that developed the system. Some ICs 
and printed circuit boards now have this addi
tional testing subsystem built into them. 

A simplified JTAG compliant IC is shown 
in Fig. 12-29. The main JTAG elements are 
shown in yellow, pink, and red. The black lines 
in the drawing represent the IC's regular input 
and output lines. The red lines at the bottom of 
Fig. 12-29 are the chip's test access port (TAP). 
The four solid red lines, TD! (test data input), 
TDO (test data output), TMS (test mode se
lect), and TCK (test clock), provide a standard 
four-wire serial interface for test access to the 
chip. The dashed line represents the test reset 
(TRST) input, which is an optional fifth wire 
for resetting the test access port. The other 
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Fig. 12-29 JTAG compliant IC. 
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required boundary-scan elements are the in
struction register, the bypass register, the TAP 
controller, and at least one test data register. 
JTAG compliant ICs may have more than one 
test data register; however, one of the test data 
registers must be the boundary-scan register. 
The boundary-scan register is made up of a 
series of boundary-scan cells (BSCs). The ten 
square yellow boxes in Fig. 12-29 represent the 
boundary-scan cells that make up the bound
ary-scan register in this example IC. The right 
side of Fig. 12-29 shows an exploded view of 
a boundary-scan cell. Notice that a boundary
scan cell may consist simply of two 2-input 
multiplexers and two flip-flops. The chip's TAP 
controller controls the multiplexers and flip
flops in the boundary-scan cells. 

\ 

The TAP controller and the instruction reg
ister shown at the left in Fig. 12-29 make up the 
control section of the boundary-scan architec
ture. Serial data at the TMS input pin, read dur
ing the rising edge of the clock input to TCK, 
sets the TAP controller into one of many pos
sible states. The state of the TAP controller de
termines if (1) the boundary-scan test system is 
reset, (2) if the test specified by the instruction 
in the instruction register is run, (3) if the serial 
data at the TDI input pin are shifted into the 

\ 
\ 

\ 
\ 

\ 
\ 

Serial 
scan 
input 



instruction register, with the previous instruc
tion in the register shifted out through the TDO 
output pin, or (4) if the serial data at the TDI 
input pin are shifted through one of the test data 
registers and the previous data in the register 
shifted out through the TDO output pin. If the 
instruction register is loaded with the bypass 
instruction and the TAP controller is in the run 
test state, then data at the TDI input pin instead 
pass through the 1-bit bypass register. The 1-bit 
bypass register shortens the shifting path of 
data from other ICs through the chip when the 
chip is not part of the test being run on a circuit 
board containing many JTAG ICs. This can sig
nificantly speed up the testing of systems and 
subsystems on pc boards. 

JTAG-compliant ICs must also implement 
two other required instructions. The extest (ex
ternal test) instruction allows testing of compo
nents and interconnections external to the chip 
to be tested without the risk of damaging the in
ternal chip logic. When the extest instruction is 
run, boundary-scan cells at the chip's input pins 
sample the incoming data, and the BSCs at the 
output pins output their data to the chip's out
put pins. During the extest instruction, the TAP 
controller may prevent the data at the chip's 
input pins from reaching the internal chip logic 
in order to prevent damage to the IC. The other 
required instruction, sample/preload, has two 
functions. The first function is to take a snap
shot, or sample, of the data flowing into or out 
of the internal chip logic without interrupting 
the normal operation of the chip. The second 
function of the sample/preload instruction is 
to preload known test data into the boundary
scan cells of the IC before running other tests. 
Semiconductor manufacturers may also build 
in other test types that can be decoded by the 
instruction register in their JTAG-compliant 
ICs. The additional tests specified by the manu
facturer may test the entire system on the IC or 
specific subsystems of the IC. 

Figure 12-30 shows a simplified circuit 
board that makes use of the boundary-scan ar
chitecture. The TAP connector at the bottom of 
the circuit board in Fig. 12-30 is typically con
nected to a computer. Test data from the com
puter can be loaded in parallel, possibly through 
a UART, and passed to the TAP serially. Serial 
data out from TDO (test-data output) are con
verted back to parallel data and read back into 
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Fig. 12·30 Simplified PC board with six ICs. Five of the ICs are 
JTAG-compliant using boundry·scan architecture. 

the computer. All of the digital subsystems on 
this circuit board can be tested using automated 
tests run by a computer. This testing is quicker, 
more accurate, and less expensive than conven
tional testing of circuit boards. 

The yellow squares on ICl and IC3 through 
IC6 in Fig. 12-30 represent the boundary-scan 
cells (BSCs) built into the chips, the same as 
they are represented in the single IC shown in 
Fig. 12-29. The boundary-scan cells can be used 
to control or observe the values at each IC's in
puts and outputs. Serial test data are shifted in 
through test data input (TDI) on the rising edge 
of the clock input at TCK. Serial output is ob
served at the test data output (TDO) on the fall
ing edge of the clock pulse. 

Notice that this circuit board has five JTAG 
ICs and one non-JTAG IC. The placement of 
JTAG ICs ICl and IC3 on either side of the 
non-JTAG IC allows IC2 (the non-JTAG IC) 
to be tested for proper operation. To test IC2 
for proper system operation, a series of input 
test data values known as test vectors is loaded 
into the output boundary-scan cells of ICl. ICl 
and IC3 are then instructed to run the extest 
instruction, and the output of IC2 is observed 
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at the input BSCs of IC3. Comparison of the 
observed inputs at IC3 to the expected out
puts of IC2 will confirm the proper operation 
of IC2. Some other types of tests that might 
be performed on this circuit board include (1) 
verifying the proper operation of each of the 
JTAG-compliant ICs on the board (ICl, IC3-
IC6), (2) checking the interconnections (nets) 
between IC4 and ICS as well as between ICS 
and IC6, and (3) observing how the entire sys
tem is reacting to the normal system inputs 
from the board connector. 

Answer the following questions. 

81. Boundary-scan testing is commonly 
known as [four letters] refer-
ring to the name of the original group that 
worked on this method. 

82. A series of test values used during a 
boundary-scan test procedure might 
be called (arguments, test 
vectors). 

83. The nickname for interconnections in the 
vocabulary of boundary-scan technology 
would be (ICs, nets). 

84. The test access port input/output connec-
tion to a JTAG-compliant pc board uses 
the acronym [three letters]. 

85. JTAG is an acronym for in the 
field of boundary-scan technology. 
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To summarize, testing is an important 
part of any complex system. The loss of test 
access points on printed circuit boards has 
made boundary scan an important subsystem 
of many digital systems. The boundary-scan 
architecture makes testing and correcting 
problems in digital systems both quicker and 
easier. Boundary scan is likely to become 
more widely used as digital systems continue 
to get more complicated and testing of those 
systems becomes more difficult because of 
their miniature size. 

86. JTAG-compliant PC boards are soaked in 
a special varnish to make them resistant 
to chemical vapors and moisture. (T or F) 

87. JTAG-compliant PC boards are becom-
ing more important as digital ICs become 

(less complex, more complex) 
and (larger in size, smaller in 
size). 

88. Refer to Fig. 12-30. The small yellow 
squares on ICl and IC3-IC6 are called 

(boundary-scan cells, carbon-
zinc cells). 

89. On a printed circuit board containing 
both JTAG and non-JTAG ICs, it may 
be possible to test non-JTAG ICs for 
proper operation using boundary scan. 
(Tor F) 



Chapter 12 Summary and Review 

1. An assembly of digital subsystems connected 

correctly forms a digital system. 
2. Digital systems have six common elements: input, 

transmission, storage, processing, control, and output. 
3. Manufacturers produce ICs that are classified as 

small-, medium-, large-, very large-, and ultra-large

scale integrations. 
4. Electronic games are popular construction projects. 

Many are simulations of older games like throwing 

dice. 
5. A digital clock and a digital frequency counter 

are two closely related digital systems. Both make 
extensive use of counters. 

6. Many LSI digital clock chips are available. Most 
clock ICs need other components to produce a 
working digital clock. 

7. Multiplexing is a commonly used method of driving 
seven-segment LED displays. 

8. All digital systems are basically constructed from 
AND gates, OR gates, and inverters. 

9. A frequency counter is an instrument that accurately 
counts input pulses in a given time interval and 

Answer the following questions: 

12-1. List the six elements found in most digital 

systems. 
12-2. What do the following letters stand for when 

referring to ICs? 

a. IC d. LSI 
b. SSI e. VLSI 
c. MSI f. ULSI 

12-3. The term "chip" usually is taken to mean a(n) 
______ (IC, sliver of plastic) in digital 

electronics. 
12-4. A (computer, digital wrist-

watch) is usually based upon a single LSI IC. 

displays it in digital form. It constantly cycles 
through a reset-count-display sequence. 

10. Block diagrams communicate the organization of 

a digital system. The most detailed block diagrams 
break the system down to the chip level. 

11. The IEEE Standard 1149 .1 Test Access Port and 
Boundary-Scan Architecture (commonly known as 
either JTAG or boundary scan) specifies standards 
for embedding testing and access points in complex, 

miniature, high-density ICs and PC boards. Testing 
can be automated for quality-control testing and 
field troubleshooting. 

12. Distance sensors use various technologies, including 
infrared light, ultrasonic sound, laser, sonar, and 
radar. Distance sensors are selected by technology, 

cost, ease of interfacing, and range. 
13. Outputs from distance sensors are classified as 

either analog or digital. The sensors with analog 
outputs are usually linked to a control unit such as 
a microcontroller for needed calculations and to 
generate useful outputs. 

12-5. Refer to Fig. 12-4. When the push button is 
______ (closed, opened), the display 

will stop and indicate a random number from 1 
to [number], simulating the roll 

of a single die. 
12-6. Refer to Fig. 12-4. This circuit uses 

_____ (CMOS, TTL) ICs. 

12-7. Refer to Fig. 12-4. If a "l" shows on the 
seven-segment LED display, then outputs 
______ [letters] of the 7447 IC are ac-

tivated with a (HIGH, LOW). 
12-8. Refer to Fig. 12-4. When the 74192 IC 

tries to count upward from 110 to 111, the 
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NAND gate is activated driving the load input 
_____ (HIGH, LOW). This immedi-
ately loads ______ [binary number] 
into the counter's flip-flops. 

12-9. Refer to Fig. 12-6. Two trigger 
NAND gates and associated resistors and 
capacitors form the clock section of this digital 
dice game. 

12-10. Refer to Fig. 12-6. Grounding pin 10 of the 4029 
IC converts this unit to a(n) _____ _ 
(down, up) counter. 

12-11. Refer to Fig. 12-6: When the counter's outputs 
are 110 (HHL), LEDs light. 
This is caused by the output of the NAND gate 
gomg (HIGH, LOW) and tran-
sistor Q

2 
being turned (on, off). 

12-12. A bilateral switch is also called a(n) 
______ gate. 

12-13. A digital clock makes extensive use of 
______ (counter, shift register) 
subsystems. 

12-14. A known frequency is the main input to a digi-
tal (clock, frequency counter) 
system. 

12-15. Counters are used for counting upward and 
______ (shifting data, storing data) in 
the digital clock system. 

12-16. The National Semiconductor MM5314 clock 
chip (directly drives, multi-
plexes) the output displays. 

12-17. The multiplex oscillator's frequency in 
Fig. 12-12(a) is set by ____ _ 
(connecting an external capacitor and resistor 
to the correct IC pins; the factory and cannot be 
changed). 

12-18. Counters are used for counting upward and 
______ (counting downward, dividing 
frequency) in a digital frequency counter. 

12-19. The three J-K flip-flops (FFl, FF2, FF3) and 
the NAND gate in Fig. 12-18 function as a 
______ (down counter, frequency 

divider). 
12-20. The 7408 AND gate in Fig. 12-18 serves to 

______ (clear, inhibit) the counters. 
12-21. The frequency counter in Fig. 12-18 counts 

from a low of Hz to a high of 
______ Hz. 
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12-22. What IC(s) are being used as waveshaping cir
cuits in the frequency counter in Fig. 12-18? 

12-23. Refer to Fig. 12-18. The unknown frequency 
is allowed to pass through the control gate for 
0.1 s when the count/display waveform goes 
____ (HIGH, LOW). 

12-24. Refer to Fig. 12-18. The displays are blanked 
during the portion of the count/ 
display waveform. 

12-25. Refer to Fig. 12-21. List two ICs that form the 
time-base clock section of the LCD timer. 

12-26. Refer to Fig. 12-21. List the IC(s) that detect 
when the count of the timer reaches 00. 

12-27. Refer to Fig. 12-21. When the count on the 
timer reaches 00, the output of the magnitude 
comparator goes (HIGH, 
LOW). This turns on transistor Q1, sounding 
the alarm, and activates the _____ _ 
______ line. 

12-28. Refer to Fig. 12-21. When the LCD reads 88, 
the signals on all of the lines from the 
74HC4543 drivers to the displays are 
______ (in phase, 180° out of phase) 
with the signal at the output of the display 
clock. 

12-29. Refer to Fig. 12-21. The accuracy of the 
entire timer depends on the accuracy of the 
______ clock. 

12-30. Refer to Fig. 12-19(b). A commercial timer 
would probably use a(n) con-
trolled oscillator (astable MV) for the time-base 
clock to ensure maximum accuracy. 

12-31. Refer to Fig. 12-21. The 74HC4543 ICs have 
the (decoder, driver, latch) 
section of the chip disabled in this circuit. 

12-32. List five common distance-sensing 
technologies. 

12-33. Refer to Fig. 12-24(a). The IR emitter is an 
infrared diode, while the IR detector uses a IR 
phototransistor. (T or F) 

12-34. Refer to Fig. 12-24(b). This distance-measuring 
sensor applied the triangulation method for cal
culating the distance to the reflecting target. 
(Tor F) 

12-35. Refer to Fig. 12-25. List the sequence of events 
after the trigger pulse in the operation of this 
ultrasonic distance sensor circuit. 



12-36. Refer to Fig. 12-26. When the digital distance 
sensor detects an object in its range, the output 
of the sensor goes (HIGH, 
LOW), causing the output of the inverter to go 
______ (HIGH, LOW), turning on the 

transistor and causing the LED to light. 
12-37. Refer to Fig. 12-27(b). The negative trigger 

pulse entering the input (pin 2) of the 555 timer 
IC is generated by the when it 
is activated. 

12-38. Refer to Fig. 12-27(b). The positive enable 
pulse (disables, enables) the 
AND control gate, allowing clock pulses to 
enter the MC3479 driver IC, which causes 
the stepper motor to rotate _____ _ 

(CCW, CW). 
12-39. Refer to Fig. 12-28. Starting with the digital 

distance sensor, list the events needed to turn on 
the de motor for a few seconds. 

12-1. List at least five common pieces of equipment 
that are considered digital systems. 

12-2. List at least four devices you used or studied 
about that are considered digital subsystems. 

12-3. Why was the experimental frequency counter 
shown in Fig. 12-18 included for study when it 
is not a practical piece of equipment? 

12-4. What are some differences between the 
conceptual version of the digital timer in 
Fig. 12-19 and the working experimental timer 
in Fig. 12-21? 

12-5. Why would the digital dice game shown in 
Fig. 12-6 probably be preferred over the simpler 
version in Fig. 12-4? 

12-6. Refer to Fig. 12-6. When the preset pulse line 
goes (HIGH, LOW), PNP 
transistor Q

1 
turns on and the preset enable 

input to the 4029 counter is activated with a 
_____ (HIGH, LOW). 

12-40. In common usage, JTAG is also referred to 
as (boundary scan, joule 
thermal agent) in the field of digital 
electronics. 

12-41. A testing architecture that includes automated 
testing and test access points for miniaturized 
complex PC boards is covered under IEEE 
_____ (Standard 1149.1, Standard 

2000), also sometimes called JTAG. 
12-42. Boundary-scan technology is an aftermarket 

item that can be added to any complex PC 
board after it has been manufactured. 
(Tor F) 

12-43. A JTAG-compliant IC would have boundary
scan cells embedded in the chip. (T or F) 

12-44. JTAG is an acronym for in the 
field of boundary-scan technology. 

12-7. Refer to Fig. 12-6. When the counter's outputs 
are 100 (HLL), LEDs light. 
The bilateral switches are closed because of 
the (HIGH, LOW) on their 
control inputs. Only transistor _____ _ 

(Q
3

, Q
4

) is turned on grounding the cathode of 
LEDD

5
. 

12-8. Refer to Fig. 12-27(b). Starting with the digital 
distance sensor, list the events needed to turn on 
the stepper motor for only a few seconds. 

12-9. The BASIC Stamp 2 module by Parallax is 
commonly used to operate which ultrasonic 
distance sensor? 

12-10. Describe how parking sensors might operate 
on a newer automobile (use an Internet search 
and/or interview users). 

12-11. Describe how blind-spot monitoring systems 
might operate on a newer automobile (use an 
Internet search and/or interview users). 
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1. control 46. Schmitt-trigger inverters 
2. input 47. counters 
3. data or digital data 48. 0.1 
4. storage 49. waveshaping 
5. T 50. storing or 
6. T accumulating 
7. ceramic resonator 51. divide-by-6 
8. input 52. 0.1, 0.9 
9. T 53. count 

10. v,_,, ~n' VDO 54. reset, positive 
11. firmware 55. count, negative 
12. serial 56. Schmitt-trigger, wave-
13. 12 to 99 57. 10 
14. 10,000 58. 10, 9990 
15. 1960s 59. 0.9 
16. microcontroller IC 60. 60 
17. microprocessor 61. 74192 counter ICs 
18. astable (free-running) 62. time-base 
19. LOW, 0001 63. BCD 
20. 1, 2, 3, 4, 5, 6 64. piezo buzzer, LCD (liquid-crystal display) 
21. 4093 65. HIGH, HIGH, on 
22. 110, 101, 100, 011, 010, 001 66. out-of-phase 
23. Q

5 
67. Ph (phase), common (backplane) 

24. D
2 

and D
3

, closed, Q4 68. seconds 
25. bilateral switch or transmission gate 69. F 
26. F 70. phototransistor 
27. turns on, HIGH, 0110 71. triangulation 

28. Q5 
72. signal processing 

29. frequency divider, count accumulator 73. microcontroller 

30. waveshaping 74. F 
31. waveshaping 75. 4, digital 
32. control gate (start/stop control) 76. LOW, HIGH, lights 

33. counter 77. HIGH 
34. F 78. passed through 

35. T 79. LOW 
36. MOS 80. NO 
37. 60 81. JTAG 
38. prescale 82. test vectors 
39. 11to19 83. nets 
40. multiplexes 84. TAP 

41. vss 85. Joint Test Action Group 
42. has internal 86. F 
43. resistor and capacitor 87. more complex, smaller in size 

44. 1.0 88. boundary-scan cells 

45. LOW 89. T 
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learning Outcomes 
This chapter will help you to: 

13-1 Diagram the classic organization of a 
computer. Trace the flow of data in a block 
diagram of a computer. 

13-2 Draw a basic block diagram of a 
microcomputer. Trace the flow of data. 
Catagorize peripheral devices as inputs, 
outputs, or storage. 

13-3 Analyze an input-store-output program 
sequence in a simplified microprocessor 
(featuring only input and output ports, MPU, 
program memory, and data memory). 

13-4 Determine the operation of a simple 
microcomputer address decoding system and 
characterize the use of three-state buffers with 
a data bus. 

13-5 Explain the difference between serial and 
parallel data transmission. Analyze several 
simple data transmission examples. 

13-6 Understand the use of parity bits in detecting 
errors in data transmissions. 

13-7 Recognize the ports available in several 
computers. Identify several USE characteristics 
and uses. Analyze a simplified transmission 
example. 

13-8 Discuss the use and advantages of PLCs in 
industrial settings. 

13-9 Define the use for microcontrollers. Detail 
primary characteristics and survey several 
examples of microcontrollers. 

13-10 Recognize several types of BASIC Stamp 
microcontroller modules, their characteristics, 
and the fundamentals of programming. 
Program a BASIC Stamp 2 module using the 
PBASIC language. 

13-11 Understand the conceptual features of digital 
signal processing (DSP). 

13-12 Describe the use of a DSP in a digital camera. 

13-13 Solve a mechanical slide mechanism applying a 
BASIC Stamp 2 microcontroller with photocell 
input and servo motor output. Analyze the 
circuit and PBASIC program used to solve the 
mechanical problem. 

Computer Systems 

desktop or laptop personal computer 
is probably the first device you think 

of when you think of a computer system. 
However, computer systems are found in 
many other devices that we use every day. 
Automobile engines have embedded com
puter chips to make them run more effi
ciently and to help mechanics diagnose 
problems. Digital cameras, video cameras, 
and MP3 players have computer processors 
in them to compress and decompress video 
and audio signals. Even your cell phone 
uses computer chips to send and receive 
your telephone calls, take pictures, play 
ringtones, and be a modem for a personal 
computer. This chapter examines several 
types of computer systems, some digital 
subsystems of computer systems, and data 
transmission. 

13-1 The Computer 

The most complex digital systems include 
computers. Most digital computers can be di
vided into the five functional sections shown in 
Fig. 13-1. The input device may be a keyboard, 
mouse, joystick, graphics tablet, card reader, 
magnetic tape unit, scanner, network connec
tion, or telephone line. This equipment lets us 
pass information from person to machine (or 
machine to machine). The input device often 
must encode human language into the binary 
language of the computer. 

The memory section is the storage area for 
both data and programs. This storage can be sup
plemented by storage outside the processing unit. 

The arithmetic unit is what many people 
think of as being inside a computer. The arith
metic unit adds, subtracts, multiplies, divides, 
compares, and performs other logic functions. 
Notice that a two-way path exists between 
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Central processing 
unit (CPU) 

Computer 
organization 

Peripheral devices 

Control 

l 
Input Memory Output 

Arithmetic 

Central processing unit 

Fig. 13-1 Sections of a digital computer. 

the memory and arithmetic sections. In other 
words, data can be sent to the arithmetic section 
for action and the results sent back to storage in 
the memory. The arithmetic unit is sometimes 
referred to as the ALU (arithmetic-logic unit). 

The control section is the nervous system of 
the computer. It directs all other sections to op
erate in the proper order and tells the input when 
and where to place information in the memory. 
It directs the memory to route information to 
the arithmetic section and tells the arithmetic 
section to add. It routes the answer back to the 
memory and to the output device. It tells the out
put device when to operate. This is only a sam
pling of what the control section can do. 

The output section is the link between the 
machine and a person (or to a device or net
work). It can communicate to humans through 
a printer. It can output information on a LED or 
LCD display. Output information can also be 
placed on bulk storage devices, such as memory 
cards, disks, or optical discs. The output section 
often must decode the language of the computer 
into human language. 

The three middle blocks of Fig. 13-1 are 
often called the CPU. The arithmetic and mem
ory sections and most of the control section are 
frequently found on a single circuit board. De
vices located outside the CPU are often called 
peripheral devices. 

The block diagram of the computer in 
Fig. 13-1 could well be the diagram for a cal
culator. Up to this point the basic systems op
erate the same. The basic difference between 
the calculator and computer is size and the use 

of a stored program in a computer. Computers 
are also faster and are multipurpose machines. 
Figure 13-2 shows that two types of informa
tion are put into a computer. One is the program 
(instructions) telling the control unit how to 
proceed in solving the problem. This program, 
which has to be carefully written by a program
mer, is stored in the central memory while the 
problem is being solved. The second type of 
information fed to the computer is data, to be 
acted on by the computer. Data include the facts 
and figures needed to solve the problem. Notice 
that the program information is placed in stor
age in the memory and used only by the control 
unit. The data information, however, is directed 
to various positions within the computer and 
is processed by the ALU. The data need never 
go to the control unit. The auxiliary memory is 
extra memory that may be needed to store par
tial results in some complex problems. It may 
not be located in the CPU. Data may be stored 
in peripheral devices such as a hard drive. 

In summary, the computer is organized into 
five basic functional sections: input, memory, 
control, ALU, and output. Information fed into 
the CPU is either program instructions or data to 
be acted upon. The computer's stored program 
and size make it different from a calculator. 

Computers, one of the most complex of digi
tal systems, are not covered in depth in this 
section. There are entire volumes written about 
the organization and architecture of comput
ers. Remember, however, that all the circuits in 
the digital computer are constructed from logic 
gates, flip-flops, memory cells, and subsystems. 
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Fig. 13·2 Flow of program instructions and data in a computer system. 

Answer the following questions. 

1. Devices located outside the computer's 
CPU are often called ___ _ 
devices. 

13-2 The Microcomputer 

Computers have been in general use since the 
1950s. Formerly, digital computers were large, 
expensive machines used by governments or 
large businesses. The size and shape of the digi
tal computer have changed in the past decades 
as a result of a device called the microproces
sor. The microprocessor (MPU, for "micropro
cessing unit") is an IC that contains much of the 
processing capabilities of a larger computer. The 
MPU is a small but extremely complex device 
that is programmable. The MPU IC forms the 
heart of a microcomputer. The microcomputer is 
a stored-program digital computer. 

The organization of a very tiny microcom
puter system is diagrammed in Fig. 13-3. This 
microcomputer contains all the five basic sec
tions of a computer: the input unit, the control 
and arithmetic units contained within the MPU, 
the memory units, and the output unit. 

2. List several of the fundamental dif
ferences between a computer and a 
calculator. 

3. List the two types of information fed into 
a digital computer. 

History of 

Electronics 

In 1978, 28-year-old Dennis 
C. Hayes formed what be
came Hayes Microcomputer 
Products, Inc. When he began, 
Hayes hand-assembled and 
soldered products on a bor
rowed dining room table in 
his home. Then, in 1981 the 
Hayes Smartmodem, which 
was easily integrated into 
the computer environment, 
started a communications 
revolution. 

Microprocessor 
(MPU) 
Stared-program 
digital computer 
Microcomputer 
organization 
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Internet 
Connection 
Visit the Intel 
website to learn 
about history and 
developments in 
microprocessors. 

Microcomputer 
system 

MPU 

Peripheral devices 

From peripheral device(s) ----~l~-

1
~~l 

Control 
bus 

Ports 

INPUT(S) 

Microprocessor 

MPU 
! 

Address bus 
(16 lines) 

Control and arithmetic 
Data bus 
(8 lines) 

Program memory 

ROM 

Data memory 
~ 

RAM 

! 
OUTPUT(S) 

Ports 

To peripheral device(s) 

Fig. 13-3 Block diagram of a microcomputer system. 

The MPU controls all the units of the sys
tem using the control lines shown at the left in 
Fig. 13-3. Besides the control lines, the address 
bus (16 parallel conductors) selects a certain 
memory location, input port, or output port. 
The data bus (eight parallel conductors) on the 
right in Fig. 13-3 is a two-way path for trans
ferring data into and out of the MPU. It is im
portant to note that the MPU can send data to 
memory or an output port or receive data from 
memory or an input port. 

The microcomputer's ROM commonly con
tains a program. A program is a list of spe
cially coded instructions that tell the MPU 
exactly what to do. The ROM in Fig. 13-3 is 
the place where the program resides in this ex
ample. In actual practice, the ROM (or perhaps 
NVSRAM) contains a start-up or initializing 
program and perhaps other programs. Separate 
programs can also be loaded into RAM from 
auxiliary memory. These are user programs. 

The RAM area in Fig. 13-3 is identified in 
this example as the data memory. Data used in 
the program reside in this memory. 

The CPU and memory sections of the micro
computer are not very useful by themselves. The 
CPU must be interfaced with peripheral devices 
for input, output, and storage. Typical peripheral 
devices used for input, output, and storage on 
modern microcomputers are diagrammed in 
Fig. 13-4. The keyboard, mouse, and joystick 
are probably the most common input devices 
connected to most microcomputers. Several 
other input devices connected to microcomput
ers are shown at the left in Fig. 13-4. 

The optical disc drive is a popular second
ary storage device connected to most micro
computers. Other popular secondary storage 
devices interfaced with microcomputers 
are hard disk drives and USB flash drives. 
The monitor, printer, and sound systems are 
the most common output peripheral devices 
used with typical microcomputers. Other out
put devices include TVs, plotters, and laser 
printers. 

Computer connections to networks such as 
the Internet are almost universal. Individual 
computer users commonly implement these 
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Internet, network connection, wireless or cable 

INPUT/OUTPUT 

Monitors 
Television 

Printer 

Keyboard 
Mouse 

Joystick 
Paddles 

Graphics tablet 
Microphone 

Light pen 
Graphics scanner 

Bar code reader 
Magnetic strip reader 

Digital camera 
USB flash drive 

Optical discs 
Hard drive 

Memory stick 
Storage tapes 

Various sensors 

CPU and 
main memory 

Speaker/head phones 
Plotter 
Laser printer 
Projectors 
Various storage devices 

STORAGE 

Game controllers 

Floppy disk drive 
Hard disk drive 
Solid-state drive 
Optical disc drive 
Flash memory device 
Online storage 

Fig. 13-4 Peripheral devices commonly attached to the CPU of a microcomputer. 

network connections using a modem (modulator/ 
demodulator) which communicates with an 
Internet service provider over regular home 
telephone or cable TV lines. The modem is 
classified as an input/output peripheral device 
in Fig. 13-4. The modem provides two-way 
communication over the public network called 
the Internet. The modem serves as an output de
vice when transmitting data and an input device 
when receiving data. The Internet is a huge net
work that links millions of computers worldwide. 
Users of the Internet can find and exchange infor
mation, buy and sell products, and play games. 

LAN 

Another method of securing a connection to 
the Internet is using a DSL (digital subscriber 
line). A DSL connection may be 10 to 100 times 
faster than a phone connection and is com
monly used by some individuals, telecommut
ers, and small businesses. Cable TV companies 
can also provide high-speed Internet service in 
many areas. 

Larger organizations commonly use LANs 
(local area networks) for two-way communi
cation within a building or campus. LANs use 
private lines and may use one of several proto
cols for two-way communication between the 

WAN 

Wide area 
network 

LAN 

provided by 
telephone company 

Server 

New York office Chicago office 

Fig. 13-5 Use of both LANs and WANs For business communication. 

Microcomputer 
peripheral devices 

Modem 

DSL 

LAN 
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WAN 

Program memory 

desk computers and a server (computer with 
more processing power and memory). A LAN 
is shown at the left in Fig. 13-5 showing compu
ters connected to the server using the Ethernet 
protocol. A server might be called on for pro
cessing, to retrieve/update a file, or for an app
lication. Larger organizations with remote 
offices may use a WAN (wide area network) to 
communicate with computers in other cities. 

Supply the missing word in each statement. 

4. Refer to Fig. 13-3. The address bus is a 
one-way path, whereas the bus 
is a two-way pathway for information. 

5. Refer to Fig. 13-3. The ROM typically 
holds (data, programs). 

6. Refer to Fig. 13-3. The exact memory lo-
cation, or input/output port, is selected by 
the MPU's output on the bus 
and bus. 

7. A (modem, scanner) is an 
input/output peripheral device that 
enables the microcomputer to send and 
receive data over telephone lines. 

8. Refer to Fig. 13-4. The is 
probably the most popular peripheral 

13-3 Microcomputer Operation 

As an example of microcomputer operation, 
refer to Fig. 13-6. In this example, the follow
ing things are to happen: 

1. Press the ''A" key on the keyboard. 
2. Store the letter "A" in memory. 
3. Print the letter "A" on the screen of the 

monitor. 

The input-store-output procedure outlined 
in Fig. 13-6 is a typical microcomputer system 
operation. The electronic hardware used in a 
system like that in Fig. 13-6 is complicated. 
However, the transfer of data within the system 
will help explain the use of several different 
units within the microcomputer. 
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The diagram in Fig. 13-5 shows the WAN sup
plied by a public telephone company being 
used for two-way business communication. 
The router (formerly called gateways) shown in 
Fig. 13-5 is a device that determines the optimal 
path along which long-range communications 
traffic should follow to reach its destination. 
The router may also translate from one trans
mission protocol to another. 

output device used with low-cost 
microcomputers. 

9. Refer to Fig. 13-4. The is a 
hand-operated input device used to con-
trol the direct movement of the cursor on 
the monitor's screen. 

10. An organization's computer network 
within a single building that might 
include a server and the Ethernet 
protocol is referred to as a 
(LAN, WAN). 

11. A method of accessing the Internet used 
by small businesses and individuals that 
is 10 to 100 times faster than a phone 
connection might be (DSL, 
SPL). 

The more detailed diagram in Fig. 13-7 will 
aid understanding of the typical microcomputer 
input-store-output procedure. First, look care
fully at the contents section of the program 
memory in Fig. 13-7. Note that instructions have 
already been loaded into the first six memory 
locations. From Fig. 13-7, it is determined that 
the instructions currently listed in the program 
memory are: 

1. Input data from input port 1. 
2. Store data from port 1 in data memory 

location 200. 
3. Output data to output port 10. 

Note that there are only three instructions in 
the above program. It appears that there are 
six instructions in the program memory in 
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Microcomputer 

INPUT 

CPU 

Memory 

OUTPUT 

A 

Fig. 13-6 An example of a common input-store-output microcomputer operation. 

Fig. 13-7. The reason for this is that instruc
tions are sometimes broken into parts. The 
first part of instruction 1 above is to input 
data. The second part tells where the data 
come from (from port 1). The first, action part 
of the instruction is called the operation and 

the second part the operand. The operation 
and operand are located in separate memory 
locations in the program memory in Fig. 13-7. 
For the first instruction in Fig. 13-7, program 
memory location 100 holds the input operation 
while memory location 101 holds the operand 

Microcontrollers are small inexpensive "computers on 
a chip" containing a CPU, RAM, EEPROM, and input/ 
outputs. The average American interacts with micro
controllers hundreds of times 
each day in appliances, comput
ers, telephones, security systems, 
televisions, thermostats, radios, 
automobiles, "smart cards," and 
other products. 

Parts of 
instruction: 
operation and 
operand 
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Fig. U 7 Sequence oF microcomputer operations in executing the input-store-output program. 
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(port 1) telling where information will be 
input from. 

Two new sections are identified inside 
the MPU in Fig. 13-7. These two sections 
are called registers. These special registers 
are the accumulator and the instruction 
register. 

that the MPU is the center of all data transfers 
and operations. Refer to Fig. 13-7 for all steps 
below. 

The sequence of events happening within the 
microcomputer in the input-store-output ''N.' 
example is outlined in Fig. 13-7. The flow of in
structions and data can be followed by keying on 
the circled numbers in the diagram. Remember 

1. The MPU sends out address 100 on the 
address bus. A control line enables the 
read input on the program memory IC. 
This step is symbolized in Fig. 13-7 by 
the encircled number 1. 

2. The program memory sends the first 
instruction (input data) on the data 
bus, and the MPU receives this coded 
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message. The instruction is transferred 
to a special memory location within 
the MPU called the instruction register. 
The MPU decodes, or interprets, the 
instruction and determines that it needs 
the operand to the input data instruction. 

3. The MPU sends out address 101 on the 
address bus. The control line enables the 
read input of the program memory. 

4. The program memory places the operand 
(from port 1) on the data bus. The 
operand was located at address 101 in 
program memory. This coded message 
(the address for port 1) is received off the 
data bus and transferred to the instruction 
register. The MPU now decodes the entire 
instruction (input data from port 1). 

5. The MPU uses the address bus and 
control lines to the input unit to cause 
port 1 to open. The coded form for 
"A" is transferred to and stored in the 
accumulator of the MPU. 

It is important to note that the MPU always 
follows a fetch-decode-execute sequence. It 
first fetches the instruction from program mem
ory. Second, the MPU decodes the instruc
tion. Third, the MPU executes the instruction. 
Try to notice this fetch-decode-execute sequence 
in the next two instructions. Continue with 
the program listed in the program memory in 
Fig. 13-7. 

6. The MPU addresses location 102 on the 
address bus. The MPU uses the control 
lines to enable the read input on the 
program memory. 

7. The code for the store data instruction 
is sent on the data bus and received by 
the MPU, where it is transferred to the 
instruction register. 

8. The MPU decodes the store data 
instruction and determines that it needs 
the operand. The MPU addresses the next 
memory location (103) and enables the 
program memory read input. 

9. The code for "in memory location 200" 
is placed on the data bus by the program 
memory. The MPU accepts this operand 
and stores it in the instruction register. 
The entire "store data in memory location 
200" has been fetched from memory and 
decoded. 

10. The execute process now starts. The MPU 
sends out address 200 on the address bus 
and enables the write input of the data 
memory. 

11. The MPU sends the information stored 
in the accumulator on the data bus to 
data memory. The "A" is received off the 
data bus and is written into location 200 
in data memory. The second instruction 
has been executed. This store process 
does not destroy the contents of the 
accumulator. The accumulator still also 
contains the coded form of "A." 

12. MPU must fetch the next instruction. It 
addresses location 104 and enables the 
read input of the program memory. 

13. The code for the output data instruction 
is sent to the MPU on the data bus. 
The MPU receives the instruction and 
transfers it to the instruction register. 
The MPU decodes the instruction and 
determines that it needs an operand. 

14. The MPU places address 105 on the 
address bus and enables the read input 
of the program memory. 

15. The program memory sends the code for 
the operand (to port 10) to the MPU via 
the data bus. The MPU receives this code 
in the instruction register. 

16. The MPU decodes the entire instruction 
"output data to port 10." The MPU 
activates port 10, using the address bus and 
control lines to the output unit. The MPU 
sends the code for "A" (still stored in the 
accumulator) on the data bus. The "A" is 
transmitted out of port 10 to the monitor. 

Most MPU-based systems transfer informa
tion in a fashion similar to the one detailed in 
Fig. 13-7. The greatest variations are probably 
in the input and output sections. Several more 
steps may be required to get the input and out
put sections to operate properly. 

It is important to notice that the MPU is the 
center of and controls all operations. The MPU 
follows the fetch-decode-execute sequence. The 
actual operations of the MPU system, however, 
are dictated by the instructions listed in program 
memory. Instructions are usually performed in 
sequence (100, 101, 102, and so on). 

All three instructions in the example would 
be fetched, decoded, and executed in a few 

Fetch-decade-
execute sequence 

MPU-based 
systems 
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Microcomputer 
address decoding 

Three-state buffer 

High-impedance 
state 

Address decoder 

microseconds or less by most small microcom
puters. The advantage of MPU-based systems 
is their fast operation and flexibility. They are 
flexible because they can be reprogrammed to 
perform many tasks. 

Microcomputers are complex digital sys
tems containing an MPU IC (or set of ICs), 
some memory, and inputs and outputs. The 

Supply the missing word or words in each 
statement. 

12. The action part of a microcomputer 
instruction is called the . The 
second part of the instruction is called 
the ____ , 

13. Refer to Fig. 13-7. Program memory 
location holds the operation 
part of the first instruction, whereas loca
tion holds the operand part of 
the instruction. 

13-4 Microcomputer Address 
Decoding 

Consider the simple 4-bit MPU-based system 
shown in Fig. 13-8(a). This system uses only 
eight conductors in the address bus and four 
conductors in the data bus. The RAMs are tiny, 
64-bit (16 X 4) units. These RAMs are like the 
7489 RAMs you studied earlier. 

Two problems become apparent when 
working with a system like the one shown in 
Fig. 13-8(a). First, how does the MPU select 
which RAM to read data from when it sends 
the same 4-bit address to each? Second, how 
can several devices send data over a common 
data bus if, generally, outputs of logic devices 
cannot be tied together? The solutions to both 
these problems are shown in Fig. 13-S(b). 

The address decoder shown in Fig. 13-8(b) 
decodes which RAM is to be used and sends the 
enabling signal over the chip select line. Only 
one chip select line is activated at a time. The 
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MPU chip itself is a complex, highly inte
grated subsystem that can process instructions 
at a high rate of speed. It is expected that mi
crocomputers will be a growth industry for de
.cades to come. The last two sections gave only 
a brief overview of the basic operation and 
organization of a microcomputer. 

14. Refer to Fig. 13-7. In this microcomputer, 
the is the center of all data 
transfers and operations. 

15. The microcomputer's MPU always 
follows a fetch- _______ _ 
sequence when running. 

16. Program instructions are usually 
performed in (random, 
sequential) order in a microcomputer. 

address decoder block consists of familiar com
binational logic gates. RAM 0 is selected when 
the address is 0 through 15. However, RAM 1 
is selected when the address is 16 through 31. 

The three-state buffers shown in Fig. 13-8(b) 
disconnect the RAM outputs from the data bus 
when the memory is not sending data. Only one 
device is allowed to send on the shared data bus 
at a given time. For this reason, the chip select 
line is also used to control, or turn on, the three
state buffers. When the three-state buffers are 
in the turned off mode, it is said that the buffer 
outputs are in their high-impedance state and 
are effectively disconnected from the four data 
lines at the inputs of the buffers. 

The logic circuits used in a simple address 
decoder are shown in Fig. 13-9. In this example, 
only when the four address lines (~ to A4) are 
all zero is the output of the bottom four-input 
OR gate LOW. When address lines ~ to A4 are 
0000, then RAM 0 is enabled with a LOW at its 
memory enable (ME) input. 
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Fig. 13-8 (a) Simplified 4-bit microprocessor interfaced with two 64-bit RAMs. 
( b) Address decoder and three-state buffers added to 4-bit microprocessor-based system. 

When the four address lines going into the 
address decoder in Fig. 13-8 are 0001 (~ = 0, 
A

6 
= 0, A

5 
= 0, A

4 
= 1), the top OR gate is 

activated. The 0001 causes the top OR gate in 
the address decoder to generate a LOW output, 
which activates the bottom device-select line. 
This enables the bottom RAM (RAM 1). 

The address decoder in Fig. 13-9 decodes 
only the four most significant address lines 
to generate the correct (ME) logic level. The 
RAMs internally decode the four least signifi
cant address lines (A

0 
to A) to locate the exact 

4-bit word in RAM. 

The MPU-based system in Figs. 13-8 and 
13-9 uses eight address lines. This means that 
the MPU can generate 256 (28) unique ad
dresses. In the systems in Figs. 13-8 and 13-9, 
the first 16 addresses are used by RAM 0 while 
the next 16 addresses are used by RAM 1. It is 
customary to draw a memory map of an MPU
based system. The memory map of our sample 
system is drawn in Fig. 13-10. This shows that 
the first 16 (OF in hexadecimal) addresses are 
used by RAM 0. These addresses range from 
0 to 15 (00 to OF in hexadecimal). The sec
ond 16 addresses are used by RAM I. These 

4-bit 
micrapracessar
based system 

Memory map 
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Fig. 13-B Address decoder gating to generate correct device select signals. 

Address 
(hexadecimal) 

notation in specifying addresses in an MPU
based system. 

00 
RAMO 

OF 

10 

1F 
RAM 1 

20 
2F 

30 
"'- --... 

"--- ...__ Not used in 
DF this system 

EO 

EF 

FO 

FF 

Fig. 13-10 Memory map of small microprocessor-based 
system using two 16 X 4 RAMs. 

addresses range from 16 to 31 (10 to lF in 
hexadecimal). The third through sixteenth 
groups of addresses are not used in this very 
tiny system. It is customary to use hexadecimal 

In Fig. 13-8(b), two blocks are labeled three
state buffers. The symbol for a buffer is drawn 
in Fig. 13-ll(a). It has a data input (A) and non
inverted output (Y). When the control input (C) 
is deactivated with a 1, output Y goes to its high
impedance (high-Z) state and is effectively dis
connected from the input. 

A commercial version of the three-state buf
fer is shown in Fig. 13-ll(b). This is the pin dia
gram for the 74125 quad three-state buffer TTL 
IC. The truth table for the 74125 IC is shown in 
Fig. 13-ll(c). 

In summary, an address decoder is used to 
select which device will be connected to the 
data bus in an MPU-based system. Address 
decoders are usually constructed of combina
tional logic circuits (simple gating circuits). 

To permit many devices to use a common data 
bus, three-state buffers are used. A three-state buf
fer has a control input that, when disabled, places 
the output in the high-impedance (high-Z) state. 
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Both address decoders and three-state buf
fers are widely used in microcomputers and 
most other digital products. The three-state 

Supply the missing word or words in each 
statement. 

17. Refer to Fig. 13-8. The in this 
system selects which RAM will be used. 

18. Refer to Fig. 13-8. When not in use, 
RAMs are isolated from the data bus by 

19. Refer to Fig. 13-9. If the MPU outputs 
00001000 on the address bus, RAM 

Control 

INPUTS 

Data 

1Y 

c 

At>Y 
(a) 

(b) 

TRUTH TABLE 

INPUTS OUTPUT 

c A y 

L L L 
L H H 
H x (Z) 

L LOW voltage level 
H =HIGH voltage level 
X = Don't care 
(Z) = High impedance (off) 

(c) 

OUTPUT 
(non-
inverted) 

Vee 

4C 

4A 

Fig. 13-11 (a) Logic symbol for a three-state buffer. (b) Pin 
diagram for commercial 74125 quad three·state buffer 
IC. (c) Truth table for 74125 three-state buffer IC. 

buffers are usually part of MPUs, larger 
RAMs, ROMs, and peripheral interface 
adapter ICs. 

____ [number] will be activated and 
storage area [decimal number] 
located in the RAM will be accessed. 

20. Refer to Fig. 13-11. If the control input 
on the three-state buffer is HIGH, output 
Y is (connected to input A; in 
its high-impedance state). 

13-5 Data Transmission 

Most data in digital systems are transmitted 
directly through wires and PC boards. Many 
times bits of data must be transmitted from one 
place to another. Sometimes the data must be 
transmitted over telephone lines or cables to 
points far away. If all the bits in each word were 
sent at one time over parallel wires, the cost 
and size of these cables would be too expen
sive and large. Instead, the data are sent over 
a single wire in serial form and reassembled 
into parallel data at the receiving end. Devices 
used for sending and receiving serial data are 
called multiplexers (MUXs) and demultiplexers 
(DEMUXs). 

The basic idea of a MUX and DEMUX is 
shown in Fig. 13-12. Parallel data from one 
digital device are changed into serial data by 
the MUX. The serial data are transmitted by 
a single wire. The serial data are reassembled 
into parallel data at the output by the DEMUX. 
Notice the control lines that must also connect 
the MUX and DEMUX. These control lines 
keep the MUX and DEMUX synchronized. 
Notice that the 16 input lines are cut down to 
only a few transmission lines. 

The system in Fig. 13-12 works in the follow
ing manner. The MUX first connects input 0 to 
the serial data transmission line. The bit is then 
transmitted to the DEMUX, which places this 
bit of data at output 0. The MUX and DEMUX 

Data transmission 

Serial data 

Multiplexer [MUX] 

Demultiplexer 
[DEMUX] 
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Control 

"13-12 Serial data transmission using a multiplexer and demultiplexer. 

proceed to transfer the data at input 1 to output 
1, and so on. The bits are transmitted one bit at 
a time. 

A MUX works much like a single-pole, many
position rotary switch, as shown in Fig. 13-13. 
Rotary switch 1 shows the action of a MUX. 
The DEMUX operates like rotary switch 2 in 
Fig. 13-13. The mechanical control in this dia
gram makes sure input 5 on SW 1 is delivered 
to output 5 on SW 2. Notice that the mechanical 
switches in Fig. 13-13 permit data to travel in 
either direction. Being made from logic gates, 
MUXs and DEMUXs permit data to travel only 
from input to output, as in Fig. 13-12. 

Multiplexer 

2 

You may have used a MUX before. The other 
name for MUX is data selector. DEMUXs are 
sometimes called distributors or decoders. The 
term "distributor" describes the action of SW 2 
in Fig. 13-13, as it distributes the serial data first 
to output 1, then to output 2, then to output 3, 
and so forth. 

Figure 13-14 is a detailed wiring diagram 
of a simple experimental transmission system 
using the MUX/DEMUX arrangement. A word 
(16 bits long) is entered at the inputs (0 to 15) 
of the 74150 MUX IC. The 7493 counter starts 
at binary 0000. This would be shown as 0 on 
the seven-segment display. With the data select 

Demultiplexer 

2 

Parallel 
3--0 SW 1 Serial data SW2 0-3 

Parallel 
data 

~--------_c:~~---------~ 
data 

4---0 0---4 

5 5 

6 / 
°"" 

6 

Fig. 13-13 Rotary switches act like multiplexers and demultiplexers. 
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Fig. 13-14 Wiring diagram for an experimental transmission system. 

inputs (D, C, B, A) of the 74150 MUX at 0000, 
the data are taken from input 0, which is shown 
as a logical 0. The logical 0 is transferred to 
the 74154 DEMUX IC, where it is routed to 
output 0. Normally the output of the 74154 IC 
is inverted, as shown by the invert bubbles. A 

7404 inverter complements the output back to 
the original logical 0. 

The counter increases to binary 0001. This 
is shown as a 1 on the decimal readout. This 
binary 0001 is applied to the data select inputs 
of both ICs (74150 and 74154). The logical 1 at 

74154 []EMUX IC 
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PPI [programmable 
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the input of the 74150 MUX is transferred to the 
transmission line. The 74154 DEMUX routes 
the data to output 1. The 7404 inverter comple
ments the output, and the logical 1 appears as 
a lighted LED, as shown in the diagram. The 
counter continues to scan each input of the 
74150 IC and transfer the contents to the output 
of the 74154. Notice that the counter must count 
from binary 0000 to 1111 (16 counts) to trans
fer just one parallel word from the input to the 
output of this system. The seven-segment LED 
readout provides a convenient way of keeping 
track of which input is being transmitted. If the 
clock is pulsed very fast, the parallel data can 
be transmitted quite quickly as serial data to 
the output. 

Notice from Fig. 13-14 that we have saved 
many pieces of wire by sending the data in 
serial form. This takes somewhat more time, 
but the rate at which we send data over the 
transmission line can be very high. 

One common example of data transmission 
is the link between a microcomputer and a pe
ripheral device such as a printer or modem. The 
computer's interface may send data either in 
parallel or serial format depending on the de
sign of the printer. 

A parallel interface transmits 8 bits (1 byte) 
of data at one time. Figure 13-15 shows how 
the microcomputer's CPU controls a special IC 
called a peripheral interface adapter (PIA). The 
PIA IC communicates with the printer through 

Address 

Control 
CPU 

Interrupt 

PIA 

Data (8 bits) Handshaking 
line 

Parallel r--------r 

printer '======P 

Data bus 
(8 bits) 

'!3-15 Parallel data transmission from the CPU to printer 
using a peripheral interface adapter [PIA] IC. 
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the handshaking line to check if it is ready to 
receive data. If the printer signals the PIA that 
it is ready, bytes are transmitted from the CPU 
to the PIA and then on to the printer's buffer 
memory. The CPU can send data much faster 
than the printer can print the information. For 
this reason, the printer signals the PIA when 
its buffer memory is full. The PIA then signals 
the CPU to stop sending data temporarily until 
there is more room for data in the printer's buf
fer memory. 

Peripheral interface adapters are not stan
dardized. For instance, Motorola calls its unit 
a 6820 PIA, while Intel's name for a similar 
input/output adapter unit is the 8255 PP! (pro
grammable peripheral interface). The PIAs are 
general-purpose res that can be programmed 
for either input or output. They have several 
parallel 8-bit I/O ports. 

A serial interface transmits data 1 bit at a 
time. ICs called UARTs (universal asynchro
nous receiver-transmitters) may be used as the 
interface between the CPU and the data lines 
(also called data links). A UART consists of 
three sections as shown in Fig. 13-16. They are 
a receiver, a transmitter, and a control block. 
The receiver converts serial to parallel data. 
The transmitter section converts parallel data 
(as from the data bus of the CPU) to serial data. 
The control section manages the UART's func
tions and handles communications with the 
CPU and the peripheral device. The UART also 
encodes and decodes the serial signal including 
start, stop, and parity bits. 

Serial input ~ 
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Enable/reset ~ 

Parallel { = 
1/0 ~ 
~ 
~ 
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{

=:: 

Control =:: 
functions 
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Control 
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nm Block diagram of a typical UART. 
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The speed at which serial data are trans
mitted is called the baud rate. The baud rate 
is the number of bits per second being transmit
ted through a data link. The baud rate is not 
the same as the number of characters or words 
transmitted per second. Common baud rates 
might be 2400, 9600, 19,200, and 38,400. 

The signal levels found in data lines are 
many times defined by standards. Two serial 

Answer the following questions. 

21. Refer to Fig. 13-12. A(n) ___ _ 
changes parallel data to serial data, 
whereas a(n) changes serial 
data to parallel data for transmission. 

22. Refer to Fig. 13-14. The 7493 IC is used 
to sequence the data selects from 0000 
through (binary number). 

23. Refer to Fig. 13-15. A complex chip 
called a(n) is used to output 

13-6 Detecting Errors in 
Data Transmissions 

Digital equipment, such as a computer, is valu
able to people because it is fast and accurate. 
To help make digital devices accurate, special 
error detection methods are used. You can well 
imagine an error creeping into a system when 
data are transferred from place to place. 

interface standards are the EIA RS-232C stan
dard and the older 20-mA current loop teletype 
standard. 

Two common parallel interfaces are the 
Centronics standard and the IEEE-488 stan
dard. The Centronics standard is used between 
many microcomputers and printers. The IEEE-
488 interface is used between computers and 
scientific instrumentation. 

parallel data to the printer in some micro
computer systems. 

24. An LSI IC used for asynchronous data 
transmission is called a(n) ___ _ 

25. A measure of the speed of serial data 
transmission is called the rate. 

26. The EIA RS-232C standard might be 
used for (parallel, serial) 
interfacing between a microcomputer 
and a peripheral device. 

To detect errors, we must keep a constant 
check on the data being transmitted. To check 
accuracy, we can generate and transmit an extra 
parity bit. Figure 13-17 shows such a system. 
In this system three parallel bits (A, B, and C) 
are being transmitted over a long distance. Near 
the input they are fed into a parity bit genera
tor circuit. This circuit generates what is called 
a parity bit. The parity bit is transmitted with 

TRANSMISSION 
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Fig. 13-17 Error detection system using a parity bit. 
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XOR gate used 
for parity bit 
generation and 
error detection 

CRC 
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the data, and near the output the results are 
checked. If an error occurs during transmis
sion, the error detector circuit sounds an alarm. 
If all the parallel data are the same at the output 
as it was at the input, no alarm sounds. 

Table 13-1 will help you understand how the 
error detection system works. This table is re
ally a truth table for the parity bit generator in 
Fig. 13-17. Notice that the inputs are labeled 
A, B, and C for the three data transmission 
lines. The output is determined by looking 
across a horizontal row. We want an even num
ber of ls in each row (zero ls, or two ls, or four 
ls). Notice that row 1 has no ls. Row 2 has a 
single 1 plus the parity bit 1. Row 2 has two 
ls. As you look down Table 13-1, you will no
tice that each horizontal row contains an even 
number of ls. Next, the truth table is converted 
to a logic circuit. The logic circuit for the par
ity bit generator is drawn in Fig. 13-18(a). You 

A~arityp 
B bit c 

A--"<---\ 
B---;-; 
C---t--1 

(a) 

P---.'----

(b) 

Error 

alarm 

Light = Error 
No light= OK 

Fig. 13-18 (a) Parity bit generator circuit. 
( b) Error detector circuit. 
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can see that a three-input XOR gate will do the 
job for generating a parity bit. The three-input 
XOR gate in Fig. 13-18, then, is the logic circuit 
you would substitute for the parity bit generator 
block in Fig. 13-17. 

Look at the entire truth table in Table 13-1. 
We can see that under normal circumstances 
each horizontal row contains an even number 
of ls. Were an error to occur, we might then 
have an odd number of ls appear. A circuit 
that gives a logical 1 output any time an odd 
number of ls appear is shown in Fig. 13-18(b). 
A four-input XOR gate would detect an odd 
number of ls at the inputs and turn on the 
alarm light. Figure 13-18(b) diagrams the logic 
circuit that can substitute for the error detector 
block in Fig. 13-17. 

The parity bit can be generated for longer 
words such as a 7-bit ASCII character. For in
stance, the ASCII code for Tis 1010100 (from 
Table 6-3). If transmitted using an even parity 
bit, an extra 1 would have to be added (to get 
an even number of ls or four ls). Another ex
ample, the ASCII code for S is 1010011 (from 
Table 6-3). If transmitted using an even parity 
bit, an extra 0 would have to be added (four ls 
already). A seven-input XOR gate would generate 
the correct even parity bit for 7-bit ASCII charac
ters. An 8-bit XOR gate at the receiver end would 
serve as an error detector circuit (H = error, L = 
no error). Either an even or odd parity bit may 
be transmitted or received. An XNOR gate is 
used to generate an odd parity bit. 

The parity bit system is a simple way to de
tect an error in a data transmission. However, 
the parity bit system can only detect errors if an 
odd number of bits changes. If an even number 
of bits changes during the data transmission, 
the parity bit system will not detect the error. 

For example, if the ASCII code 1010100 for 
the letter T changed during transmission to 
1010111 (letter W), this error would not be de
tected by the parity bit system. Notice that both 
1010100 (ASCII for T) and 1010111 (ASCII for 
W) have an odd number of ls. The parity bit 
system would generate no error message in this 
example. 

One common system used to check for mul
tiple bit errors during transmission is the cyclic 
redundancy check, or CRC. The CRC system 
adds several extra bits to the end of the trans
mitted data. The extra bits enable the system to 



Serial Data Input 

FF7 FF6 FF5 FF4 FF3 FF2 

13-19 A CRC-B checksum generator circuit. 

detect almost all transmission errors. Systems 
that use the CRC to detect errors may add 8, 
16, or 32 bits to the data. These are commonly 
referred to as CRC-8, CRC-16, or CRC-32 
systems. 

The cyclic redundancy check creates a 
unique code, or checksum, for the data by shift
ing the data through a special shift register 
circuit made up of flip-flops with XOR gates 
inserted at specific locations. The example in 
Fig. 13-19 shows a circuit for generating one 
possible CRC-8 checksum. After all the data 
have been shifted into the serial data input of 
the circuit, the shift register (FFO-FF7) holds 
the 8-bit checksum for the data. 

In a CRC error detection system, both the 
transmitter and the receiver implement the 
same circuit. The transmitter uses the circuit 

Supply the missing word or words in each 
statement. 

27. Refer to Table 13-1. This is the truth table 
for an ____ (even, odd) parity bit 
generator. 

28. Refer to Fig. 13-17. The parity bit 
generator block could be replaced 
with a three-input gate, 
whereas the error detector block could 
be replaced with a four-input ___ _ 
gate. 

to generate the checksum. At the receiver, the 
received data are passed through the checksum 
circuit. After all the data have been received, 
the checksum at the receiver is compared to 
the checksum sent by the transmitter. If the 
checksums match, the data were successfully 
transmitted. If the checksums do not match, the 
receiver requests the transmitter to resend the 
data. 

The use of parity bits or CRCs in a system 
only warns if there was an error during trans
mission. These systems do not automatically 
correct errors. Some systems such as the Ham
ming code both detect and correct errors in 
transmission. Codes such as the Hamming code 
are known as error-correcting codes. Other 
methods of ensuring accuracy in data transmis
sions have also been developed. 

29. Using even parity, what bit would be 
transmitted with the 7-bit ASCII code 
1011000 as a parity bit? 

30. Using odd parity, what bit would be 
transmitted with the 7-bit ASCII code 
1011000 as a parity bit? 

31. A seven-input (AND, XOR) 
gate will generate an even parity bit for a 
7-bit ASCII code. 

32. When dealing with error detection in data 
transmissions, the acronym CRC stands 
for ___ _ 

Checksum 
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13-7 Data Transmission in a 
Computer System 

For a computer system to operate, data must be 
transmitted between the computer and the pe
ripheral devices connected to the computer. If 
you look at the back of a desktop computer, you 
will find many different types of connectors for 
connecting devices to the computer. These con
nectors are often called ports. Some of the most 
common ports are: 

Keyboard Port 
A dedicated port specifically for connecting a 
keyboard. Many PCs use the mini-DIN PS/2 
connector (6 pins). 

More compact computers commonly use 
USB (universal serial bus) ports. Some key
board information is sent in wireless form. The 
wireless transfer to data may be via RF (radio 
frequency) or IR (infrared) means. Wireless 
transmission can pose more of a security risk 
in business, military, and government offices. 

Mouse Port 
A dedicated port specifically for connecting a 
mouse. Many PCs use the mini-DIN connector. 
Some use the USB connector. 

Video Port 
The port used for connecting the computer to a 
display monitor, often an LED or LCD display. 
This may be an older 15-pin VGA (video graph
ics adapter) port or a new DVI (digital visual 
interface) port. 

The DVI is a common video standard that 
can transmit either analog or digital signals 
using the same connector. The DVI connector 
can have up to 29 pins and has a unique shape. 
The DVI connector can be configured to send an 
analog signal (VGA) to older cathode-ray tube 
(CRT) monitors (DVI-A). The DVI connector 
can also be configured to send digital signals to 
newer LED or LCD monitors (DVI-D). 

Expect to see the newer DisplayPort digital 
display interface. The 20-pin connector has a 
unique shape and can transmit digital video, 
audio, USB, and other forms of data. 

Serial Port 
This port has a 9-pin D-shaped connector. It 
is one of the oldest ports on a computer and 
is used for connecting many types of devices. 
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The serial port is not available on most newer 
PCs. 

Parallel Port 
This port has a 25-pin DB (data bus) connec
tor. It is also one of the oldest ports on a com
puter. It was often used to connect printers to 
the computer. It sends data 8 bits at a time. 

Audio Ports 
A computer may have two or more of these 
ports. These are commonly 3.5-mm audio con
nectors. At least one port is typically used for 
audio output to headphones or speakers. An
other port is often used to connect a micro
phone for audio input. 

USB Port 
The universal serial bus (USB) port is found 
on most modern computers. It has become the 
standard port for interfacing with a variety of 
peripheral devices. The USB port has replaced 
older serial and parallel ports on many comput
ers. The USB port is adaptable enough, with the 
appropriate software drivers, to interface with 
the following: 

Printers: Inkjet printer, laser printer, and 
CNC machine 

Images: Camera, camcorder, webcam, and 
scanner 

Human interface: Mouse, keyboard, tablet, 
game controllers, and joystick 

Audio: Microphone, speaker, and sound card 

Bulk storage: USB hard disk drive, USB 
optical drive, USB flash drive, and memory 
cards (such as an SD card) 

Communications: Modem and other data 
communications 

At this time, the USB 2.0 receptacle is the 
most common port available on modern com
puters. The smaller 2.0 mini- or 2.0 micro-USB 
cables are unique and used on tiny computers 
such as notebooks and tablets. The 2.0 mini- or 
2.0 micro-USB cables are also used on calcu
lators, phones, cameras, and readers. A much 
faster USB 3.0 is starting to appear on comput
ers. The cables for USB 3.0 are much different. 

The standard type A and B plugs are 
sketched in Fig. 13-20. The type A plug is used 
to connect "upstream" to the USB ports (called 
receptacles) on the host computer. Type B plugs 
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Fig. 13-20 USB 2.0 cables. Standard A plug and standard B plug. 

are used to connect "downsteam" to the USB 
ports (called receptacles) on the peripheral 
devices (mouse and keyboard). Notice the dif
ference in shape of the A and B plugs. 

Pin-out information for the standard A and 
B plugs is detailed in Fig. 13-20. Notice that the 
USB cables carry power (+5 V and -GND) to 
the device connected to the computer. Voltage 
from the USB cable can power some devices. 
USB cables can even be used to charge batteries 
on some handheld devices. USB 2.0 ports can 
provide power up to 500 mA, at 5 V de. 

USB transmission rates are generally classi
fied as: 

• USB 1.0 low-speed rate of 1.5 megabits/s. 
Could be used with keyboards and 
mice. 

• USB l.lfull-speed rate of 12 megabits/s 
(about 1.4 MB/s). Its basic rate is defined 
by USB 1.0. 

• USB 2.0 high-speed rate of 480 
megabits/s (about 57 MB/s). High-speed 
devices are capable of full-speed opera
tion (USB 1.1). The high-speed trans
mission rate is currently widely used. 
Remember these are maximum speeds. 
Half-duplex differential signaling is used 
with a LOW being 0 to 0.3 V and HIGH 
being 2.8 to 3.6 V. 

• USB 3.0 superspeed rate of 5 gigabits/s 
(about 596 MB/s). Transmission rates are 
higher because of full-duplex operation. 

USB transmission was designed with low cost 
and ease of use in mind. Other transmission 
technologies such as FireWire are for higher 
performance, especially when dealing with 
audio and video. 

Ethernet Port 

This port is used to connect computers to net
works at high speed. Many PCs use a RJ-45 
jack to connect to a network. The RJ-45 looks 
something like the RJ-11 jack used to connect 
modems to home telephone lines. 

Transmission Example 
A look at how data are moved between the com
puter and peripheral devices through a simpli
fied serial port will help you to understand data 
transmission through a computer system. Sec
tion 13-5 introduced the UART as an IC com
monly used as a serial interface to the CPU. In 
personal computers, the UART is the IC used to 
control the serial port. UARTs are full-duplex 
devices because they can send and receive data 
at the same time. 

Fig. 13-21 is a block diagram of a UART 
used in a simple computer system for both 
the input and output ports. Data coming into 

Internet 
Connection 
Discover more on 
PC ports at www 
.howstuffworks.com. 
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Fig. 13-21 Block diagram of a UART in a computer system. 

the UART are the input data to the computer 
system. Data sent out of the UART are the out
put data. Notice that the UART in this sketch 
shows four registers within it. They are the 
transmit data register, the receive data register, 
the control register, and the status register. 
By reading and writing values to these regis
ters, the MPU is able to control data flowing 
in and out of the UART. The UART makes it 
easier for the MPU to send and receive data to 
peripheral devices because it allows the MPU 
to treat reading and writing data to peripheral 
devices almost the same as reading and writ
ing data to RAM memory. In microcomputer 
systems, registers in chips used to control data 
flowing in and out of ports are mapped into a 
memory space, the same as the RAM memory 
is mapped in Fig. 13-10. Although the UART 
in Fig. 13-21 shows four registers, it is common 
for the transmit data register and receive data 
register to share the same memory location. 
Thus, the memory map for the UART in this 
figure requires only three memory locations. 
The MPU signals the UART which data reg
ister it wants to use via the R/W control line. 
If the MPU signals a WRITE operation on the 
data register memory location of the UART, 
then data are sent to the transmit data register. 
If a READ operation is signaled to the same 
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Register 

Receive data 

Transmit data 

Status 

Control 

Offset 

OOh 
OOh 
01h 

02h 

memory location, then data are read from the 
receive data register. 

Table 13-2 details where the registers of 
the UART of Fig. 13-21 exist relative to a base 
memory location. As an example, let's say the 
designer of the computer system of Fig. 13-21 
placed the UART at a base memory location of 
300. In this configuration, the MPU accesses 
the status register by reading from memory 
location 301 and accesses the control register 
by reading or writing to memory location 302. 
Figure 13-22 provides more details about the 
control and status registers. Each of these two 
registers is subdivided into a number of bits, 
and each bit has special meaning. The special 
meanings assigned to each bit of these registers 
are also shown in Fig. 13-22. 

Now let's walk through an example of the 
computer system of Fig. 13-21, setting up the 
UART and sending the ASCII code for the letter 



Control Register 

7 6 5 4 3 2 0 

I I Parity I 
Parity Stop 

Unused Odd/ Data Bits 
On/Off Bits 

Even I I 

0 =Off + 
1 =On 

0= Odd 
1 =Even 

Status Register 

7 6 5 4 

I I 

Unused FE 

I I 

1 = Framing Error t 
1 = Parity Error 

(a) 

I 

' ) 00 = 5 bits 
01 = 6 bits 
10 = 7 bits 
11 = 8 bits 

0 = 1 Stop Bit 
1 = 2 Stop Bits 

3 2 0 

PE OF TE RF 

t ' ' 

1 = Receive Buffer Overflow 

1 =Transmit Buffer Empty 

1 Receive Buffer Full = 

(b) 

Fig. 13-22 (a) UART control register details. (b) UART status register details. 

''A:.' (1100001 binary) to a peripheral attached 
to the serial port. The data are to be sent using 
even parity and one stop bit Following the same 
fetch-decode-execute sequence described in 
Sec. 13-3, the MPU runs a program that instructs 
the MPU to do the following: 

Load the value 00011010 binary (lA in hex) 
into the MPU's accumulator from program 
memory. 

Place the memory address of 302 on the 
address bus. 

Place the value in the accumulator on the 
data bus. 

Place the WRITE signal on the R/W control 
line. 

A look at the bits of the value (00011010) just 
sent to the control register of the UART by the 
instructions above shows that the UART is now 
configured to transmit and receive data using 
seven data bits with even parity and one stop 
bit. Bit 1 of the control register is 1 and bit 0 is 0. 
From Fig. 13-22(a), we see that this combina
tion of bits instructs the UART to transmit and 

receive seven bits of data at a time. Bit 2 of the 
control registers is set to 0 for one stop bit. 
Bit 4 is 1, which instructs the UART to use 
parity encoding, and bit 3 is set to 1 for even 
parity. Continuing on, the program being run 
instructs the MPU to: 

Load 01100001 binary (the ASCII code for 
the letter "A") into the accumulator from 
program memory. 

Place the memory address of 300 on the 
address bus. 

Place the value of the accumulator on the 
data bus. 

Place the WRITE signal on the R/W control 
line. 

The UART now has enough information to 
begin transmitting the character "fa:' without 
any further action from the MPU. However, the 
instructions from the program that the MPU is 
running still instructs the MPU to read the sta
tus register (memory location 301) occasionally 
to check to see that the data were sent. The pro
gram performs this check by looking at bit 1 of 
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'13-23 Serial data sent out on TxD of the UART. 

the status register. If bit 1 of the status register 
is 1, the transmit data buffer is empty, indicat
ing that the data were sent. 

Figure 13-23 shows the serial data sent out on 
the TxD (transmit data) line of the UART. No
tice that 10 bits were transmitted. The UART did 
the work of adding the start bit, parity bit, and 
stop bit and transmitting the data without any 
further instruction from the MPU. Also notice 
that the seven bits representing the letter ''Pl.' 
are reversed. Data sent out from the UART are 
sent least significant bit first. The UART also re
ceives data with the least significant bit first. 

When the UART receives data, it automati
cally strips off the start, stop, and parity bits. 
The UART also checks the parity of the data re
ceived. If the parity does not match the expected 
parity, the error is indicated, or flagged, in the 
parity error bit of the status register. In fact, four 
of the five flags in the status register are for use 
when receiving data. In addition to the parity 
error (PE) flag, there are the receive-buffer
full (RF) flag, the overflow (OF) flag, and the 

Answer the following questions. 

33. Connectors on computers that are used 
to connect to external devices are often 
called ___ _ 
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framing-error (FE) flag. When the UART has 
received a byte of data, it sets the receive-buffer
full flag to 1, indicating that it has data ready to 
be read by the MPU. If the UART receives an
other byte of data before the MPU has read the 
previously received byte, then it sets the over
flow flag to 1, indicating that data were lost. A 
framing error occurs when the UART doesn't 
receive the expected number of bits for its cur
rent configuration. In our example, this might 
happen if the peripheral device were configured 
to send two stop bits instead of one. In this case, 
the UART would receive 11 bits instead of the 
expected 10 bits and would notify the MPU of 
the error by setting the framing-error flag. 

The UART in this example was intentionally 
kept simple to show you how data flow through 
the computer system to peripherals. UARTs 
used in personal computers typically have ad
ditional registers that allow for greater control 
over things such as the baud rate. However, the 
steps used to set up and control those UARTs 
are the same as what was presented here. 

34. The USB port on personal computers re
placed the older parallel port and is used 
only to drive printers. (T or F) 



35. The USB ports on modem personal 
computers were designed with low cost 
and ease of use in mind. (T or F) 

36. The newer and faster USB 3.0 ports on 
some computers require the exact same 
plugs and cables used by USB 2.0 ports. 
(Tor F) 

37. are ICs that are used to control 
data flowing into and out of the serial port 
of a personal computer. 

38. UARTs are (half, full)-duplex 
devices. 

13-8 Programmable Logic 
Contr·ollers (PLCs) 

A programmable logic controller (PLC) is a 
specialized computerlike device used to re
place banks of electromagnetic relays in indus
trial process control. The PLC is also known 
as a programmable controller (PC). The title 
"PC" for programmable controller could be 
confused in common usage with "PC" used to 
mean personal computer. To avoid this confu
sion, we shall refer to the programmable con
troller as a programmable logic controller, or 
PLC. 

You can think of the programmable logic 
controller as a heavy-duty computer system 
designed for machine control. Like a general
purpose computer, the PLC is based on digital 
logic and can be field-programmed. The pro
gramming language is a bit different because 
the purpose of the PLC is to control machines. 
The PLC is used to time and sequence functions 
that might be required in assembly lines, ro
bots, and chemical processing. It is designed to 
deal with the harsh conditions of the industrial 
environment; some of the physical environment 
problems could include vibration and shock, 
dirt and vapors, and temperature extremes. 
The PLC commonly has to interface with a 
wide variety of both input and output devices. 
Some input devices include limit and pressure 
switches, temperature and optical sensors, and 
analog-to-digital converters (ADCs). Output 
devices include relays, motors, solenoids, pneu
matic valves, hydraulic valves, digital-to-analog 

39. Registers in ICs that are used for interfac
ing external devices to a computer are 
special, so they are not mapped into the 
computer's memory space. (T or F) 

40. The MPU must do the work of adding 
the start, stop, and parity bits to the data 
before sending them to the UART for 
transmission. (T or F) 

41. A (port, flag) is another name 
of a bit used to indicate status or an error 
condition. 

converters, and indicators (both visual and 
aural). 

A simple block diagram of a programmable 
logic controller is sketched in Fig. 13-24. As 
a system, it looks much like classic computer 
architecture. What makes the PLC different 
from a general-purpose computer, however, 
is the type of inputs and outputs connected to 
the system. A PC system commonly has a key
board or mouse for primary input, while the 
PLC must interface with sensors, which detect 
the machine's action. The primary output from 
a PC is a monitor or printer, whereas the PLC 
must drive motors and solenoids. Notice from 
Fig. 13-24 that the programmer is shown as 
a separate module, which may or may not be 
connected to the processing unit. The program
ming device in Fig. 13-24 can be connected 
when an update is needed in the PLC and dis
connected when the task is finished. Semicon
ductor memory devices within the processing 
unit of the PLC hold the machine or process 
control program. In small PLCs, the input and 
output modules can be part of the device. In 
larger systems, the processing module, input 
module, output module, and power supplies are 
housed in separate heavy-duty, industrial-style 
enclosures. The programmer can be a dedi
cated terminal, general-purpose computer, or 
handheld programming device. 

The processing unit of the PLC typically 
contains a CPU (a microprocessor) and semi
conductor memory devices such as RAM and 
EEPROM or EPROM. The CPU communicates 
with memory and input/output (I/O) modules 

Programmable 
logic controller 
(PLC) 
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Fig. 13-24 Organization of a programmable logic controller [PLC). 

Relay ladder 
diagram 

Ladder logic 
diagram 

via the typical address, control, and data buses. 
The input sensors and output devices are 
hard-wired to the input and output modules. 
The architecture of the PLC and a PC look 
very much alike. Many PLCs have a simple 
machine-control language built permanently 
into their memory. The PLC programming 
language is simpler than the languages used to 
program general-purpose computers. Program
mable logic controllers can be reprogrammed 
by the electricians and technicians that main
tain the other industrial electrical-electronic 
devices in a factory or plant. The instruction 
set for a specific PLC may contain as few as 15 
to as many as 100 instructions. Besides the nor
mal arithmetic and logic functions associated 
with computer CPUs, specialized instructions 
are needed to sense and control output devices 
and to do the following tasks: 

Examine an input bit for ON condition. 

Examine an input bit for OFF condition. 

Turn on and latch an output. 
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Turn off and latch an output. 
Turn on for a certain time, then turn off. 

Programmable logic controllers are closely 
associated with relay logic or hardwired logic 
used prior to their introduction in the 1970s. 
A relay ladder diagram is a graphic method 
of describing how a circuit works. A ladder 
logic diagram is a graphic programming lan
guage developed from the relay ladder diagram 
and is useful in programming a PLC. Some 
examples of equivalent relay ladder diagrams, 
relay logic diagrams, and logic gate diagrams 
are illustrated in the following examples. These 
examples are from the excellent textbook, 
Programmable Logic Controllers, 4th edition 
by Frank Petruzella, McGraw-Hill. Notice that 
each of the three types of diagrams has its own 
symbols and conventions. Each of the types of 
diagrams was developed by various manufac
turers and users to suit their needs. For instance, 
the relay schematics were developed before dig
ital logic as we know it became popular. The 



EXAMPLE 13-1 

Two limit switches (LS) connected in seties are 
used to control a solenoid (SOL) (from Frank 
Petruzella, Programmable Logic Controllers, 
4th ed., New York: McGraw-Hill, 2011). 

Relay schematic 

~~~ 
Ladder logic program 

~A~B~Y~ 

Gate logic 

A 

B 

Boolean equation: AB = Y 

ladder logic diagrams were developed directly 
from the relay schematics used earlier. 

Example 13-1 shows two input switches in 
series, and the output device is a solenoid valve. 
The relay schematic is shown at the top, the 
ladder logic diagram in the center, and the fa
miliar logic gate diagram near the bottom. We 
recognize that two switches in series is an AND 
situation as shown at the bottom with a Boolean 
expression of AB = Y. Note the symbols used in 
the relay schematic, ladder logic diagram, and 
gate logic are different but each represents the 
same task-the AND function. 

Example 13-2 shows two input switches in 
parallel, and the output device is a solenoid 
valve. The relay schematic is shown at the top, 
the ladder logic diagram in the center, and the 
logic gate diagram near the bottom. We recog
nize that two switches in parallel is an OR situ
ation as shown near the bottom with a Boolean 
expression of A + B = Y. 

Example 13-3 shows two input switches 
in parallel with a normally open relay con
tact in series with both, and the output device 
is a green pilot light. The relay schematic is 
shown at the top, the ladder logic diagram in 
the center, and the logic gate diagram near 
the bottom. We recognize that two switches 

EXAMPLE 13-2 

Two limit switches (LS) connected in par
allel are used to control a solenoid (SOL) 
(from Frank Petruzella, Programmable Logic 
Controllers, 4th ed., New York: McGraw-Hill, 
2011). 

Relay schematic 

SOL 

Ladder logic program 

Gate logic 

Boolean equation: A + B = Y 

EXAMPLE 13-3 

Two limit switches (LS) connected in par
allel are placed in series with a relay con
tact (CR) are used to control pilot lamp (PL) 
(from Frank Petruzella, Programmable Logic 
Controllers, 4th ed., New York: McGraw-Hill, 
2011). 

Relay schematic 

WR4 

A 

Ladder logic program 

Gate logic 

A+B 

Boolean equation: (A+ B)C = Y 

y 

Output 
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in parallel (A and B) is an OR situation which 
feeds a series relay contact (AND situation). 
Both the Boolean expression (A + B)C = Y 
and logic gate diagram are shown near the 
bottom. 

Example 13-4 shows two input switches (A 
and B) in series with each other, and both are 
in parallel with a single switch (C). The output 
device in this example is a warning horn. The 
relay schematic is shown at the top, the ladder 
logic diagram in the center, and the familiar 
logic gate diagram near the bottom. We recog
nize that two switches (A and B) are in series, 
which is an AND situation, while switch C is 
parallel with the two switches. Again, remem
ber that the relay schematic, ladder logic dia
gram, and gate logic diagrams all represent the 
same logic function as described by the Boolean 
expression (AB) + C = Y. 

In summary, a programmable logic control
ler (PLC) is a heavy-duty computer system 
used to replace older relay logic. PLCs are used 
in factories and plants to control machines, ma
terial handling, and chemical processing. PLCs 
are built to withstand the more harsh environ
ment of a factory, warehouse, or processing 
plant. The language used to program a PLC has 
specialized instructions for evaluating inputs 
and generating outputs. Some PLC languages 
are based directly on relay ladder diagrams. 
Because the processing unit (CPU) of the PLC 
is a microprocessor, it can also perform arith
metic and logic functions as well as data han
dling and branch and subroutine calls typical 
of general-purpose computer languages. Some 
manufacturers of PLCs are Allen-Bradley 

Answer the following questions. 

42. The programmable controller (PC) is 
also commonly known as the ___ _ 
________ or PLC. 

43. A programmable logic controller (PLC) is 
a heavy-duty computer system designed 
for (general-purpose office 
use, machine control in factories). 

44. Once programmed, inputs to a PLC 
would probably come from devices such 
as (keyboard and mouse; limit 
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EXAMPLE 13-4 

Two limit switches (LS) connected in series 
with each other and in parallel with a. third 
limit switch are used to control a warning 
horn (H) (from Frank Petruzella, Program
mable Logic Controllers, 4th ed., New York: 
McGraw-Hill, 2011). 

Relay schematic 

~~").....___JLS2 H 

Ladder logic program htry1 
Gate logic 

A 

B 
-Y 

Boolean equation: (AB)+ C = Y 

Company, Cincinnati Milcron Company, Eaton 
Corporation (Cutler-Hammer products), Gould 
Inc., Honeywell, Inc., Square D Company, 
Texas Instruments, and Westinghouse Electric 
Company. 

switches, pressure switches, temperature 
and optical sensors). 

45. Typically a PLC has a programming mod-
ule connected to it (always, 
occasionally during reprogramming). 

46. Refer to Fig. 13-24. The power supply, 
processing, input, and output sections are 
referred to as modules because they are 
sometimes physically housed in separate 
enclosures in larger systems. (T or F) 

47. The programming language used with 
PLCs is commonly (less, 



more) complex than general-purpose 
computer languages. 

48. Given the relay schematic in Fig. 13-25, 
draw the ladder logic program that 
might be used with a PLC for this 
circuit. 

LS1 LS3 

49. Given the relay schematic in Fig. 13-25, 
draw a logic gate equivalent of this circuit 
using AND and OR symbols. 

50. Given the relay schematic in Fig. 13-25, 
write the Boolean expression that describes 
the logic function of this circuit. 

SOL 

~ 
LS2 LS4 

~ 

Fig. 13-25 Relay schematic diagram. 

13-9 Microcontrollers 

A microcontroller is considered to be a "com
puter on a chip." A single-package microcon
troller contains a central processing unit (CPU), 
semiconductor memory (RAM for data memory 
and read-only memory for program memory), a 
clock generator, and input/output capabilities. 
The read-only memory used to store programs 
in a microcontroller can take the form of ROM, 
EPROM, EEPROM, or even flash EEPROM. 
Microcontrollers are low-cost, programmable, 
electronic devices that can be embedded in 
inexpensive appliances. Microcontrollers are 
popular in consumer products because of their 
extremely low cost: A simple microcontroller 
IC may cost only a few dollars. The features of 
microcontrollers vary widely; some are faster, 
some contain more memory, some have more 
input/output ports, and some have other char
acteristics that may be necessary for a specific 
application. The term "microcomputer" or 
"small computer" might be used to describe the 
microcontroller but is not common usage. The 
term "microcontroller" fits the jobs these small 
"computers on a chip" perform, which are con
trol functions. Microcontrollers are not used as 
general-purpose computers. 

Microcontrollers were developed shortly 
after their larger relatives, microprocessors. The 
same companies that developed microprocessor 

chips (for instance Intel and Motorola) also de
veloped a line of microcontrollers. The first 
8-bit microcontrollers appeared in the late 
1970s, and some of these are still in use today. 
Microcontrollers sell in huge volumes (many 
billions per year). Microcontrollers are embed
ded in many everyday consumer products, such 
as cars, toys, TVs, VCRs, microwave ovens, and 
PC keyboards. For instance, a modern automo
bile may contain IO to 30 microcontrollers, 
whereas a high-tech home may contain more 
than that. 

Many younger students may get firsthand 
experience with microcontrollers through tech
nology classes and robotics competitions. You 
have probably already used the BASIC Stamp 
microcontroller modules introduced earlier in 
this textbook. 

Microcontrollers Compared to 
Microprocessors 
When compared to a microprocessor-based 
system, a microcontroller has less semicon
ductor memory (RAM, ROM, EPROM, and/ 
or EEPROM), is lower in cost, and uses less 
printed circuit board space. Microcontrollers 
commonly address only a limited size memory. 
Microcontrollers usually have fewer commands 
in their instruction set than microprocessors. 
Microcontrollers typically are programmed 
to do several limited tasks efficiently and are 

Micracantraller 
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srnc package 

SSIJP package 

usually not reprogrammed. Microcontroller 
programs are commonly held in read-only 
memory. Microcontroller-based systems rarely 
have complex input/output devices attached, 
such as keyboards, disk drives, printers, and 
monitors. Manufacturers support both their mi
crocontroller and microprocessor product with 
software development tools and application 
notes (examples of typical applications). 

Manufacturers of microcontrollers produce a 
wide variety of low-cost programmable devices. 
Some microcontrollers integrate features such 
as analog-to-digital converters and program
mable interval timers. Others include dedicated 
pulse-width modulation blocks or serial ports 
of various types. 

Microcontrollers are very inexpensive one
package solutions to complex control and logic 
problems. Common devices you interact with 
that seem to have some intelligence probably 
contain at least one microcontroller. 

A Family of Microc::ontrollers 
The chart in Fig. 13-26 illustrates a "family of 
microcontrollers" from Microchip Technology, 
Inc. This family of devices is described by the 
manufacturer as the EPROM/ROM-based 8-bit 

I Clock I Memory 
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CMOS microcontroller series. The PIC16C5X 
device is listed on the left side of the chart with 
columns showing some of the important charac
teristics of these low-cost microcontrollers. The 
operating frequencies of these units allow them 
to execute instructions very quickly. The pro
gram memory size is given in words (word size 
equals 12 bits for the 16C5X series) and is stored 
in either ROM or EPROM. The data memory 
or RAM size is very small, ranging from 24 to 
73 bytes. Because microcontrollers are control 
devices, they typically have many IC pins ded
icated to either input or output (I/O pins). The 
number of I/O pins for the PIC16C5X microcon
trollers range from 12 to 20. These I/O pins can 
be programmed to be either inputs or outputs. 

The PIC16C5X series of microcontroller 
ICs are CMOS devices and operate on low 
voltages. All of the I Cs are available in a variety 
of packages including the traditional DIP (dual 
in-line package), SOIC (small-outline IC), and 
SSOP (shrink small-outline package). The SOIC 
and SSOP packages are small surface-mount 
packages. Remember that microcontrollers are 
embedded CPUs in everyday devices and the 
small package ICs are ideal for "hiding" them 
inside of products. 

Peripherals I Features 

~c:;.. 0"' 
..::,.o if>o 
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PIC16C52 4 384 - 25 TMRO 12 2.5-6.25 33 18-pin DIP, SOIC 

PIC16C54 20 512 - 25 TMRO 12 2.5-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

PIC16C54A 20 512 - 25 TMRO 12 2.0-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

PIC16CR54A 20 - 512 25 TMRO 12 2.0-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

PIC16C55 20 512 - 24 TMRO 20 2.5-6.25 33 28-pin DIP, SOIC; SSOP 

PIC16C56 20 1K - 25 TMRO 12 2.5-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

PIC16C57 20 2K - 72 TMRO 20 2.5-6.25 33 28-pin DIP, SOIC; SSOP 

PIC16CR57B 20 - 2K 72 TMRO 20 2.5-6.25 33 28-pin DIP, SOIC; SSOP 

PIC16C58A 20 2K - 73 TMRO 12 2.0-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

PIC16CR58A 20 - 2K 73 TMRO 12 2.5-6.25 33 18-pin DIP, SOIC; 20-pin SSOP 

All PIG 16/17 Family devices have Power-On Reset, selectable Watchdog Timer, selectable code protect and high 1/0 current capability. 

'!3-26 General specifications For the PIC16C5X family of microcontrollers. (Courtesy of Microchip Technology, Inc.) 
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The PIC16C5X series of microcontrollers 
features RISC architecture using only 33 in
structions in their instruction set. RISC means 
reduced instruction set computing as opposed 
to CISC (complex instruction set computing). 
RISC CPUs have fewer instructions but execute 
them faster. CISC CPUs have more instructions 
in their instruction set with some of these in
structions executing complex tasks. The RISC 
architecture was developed to speed up the 
processors, but for complex operations many 
instructions are needed. 

Answer the following questions. 

51. A (microcontroller, micropro-
cessor) can be described as a "computer 
on a chip" because it contains a CPU, 
RAM, read-only memory, clock, and I/O 
pins within a single IC. 

52. The microcontroller is most likely to ap-
pear in a (CPU section of a 
PC, VCR). 

53. The microcontroller is noted for its small 
size and extremely low cost. (T or F) 

54. All microcontrollers from different manu-
facturers are alike in size, speed, packag-
ing, instruction set, and function. (T or F) 

55. Microcontrollers can address 
(very large, very small) amounts of RAM 
as compared to microprocessors. 

13-10 The BASIC Stamp 
Microcontroller Modules 

One of the most popular microcontrollers 
used in technical training is the BASIC Stamp 
by Parallax, Inc. The popularity of the BASIC 
Stamp modules is due to their ease of pro
gramming especially for beginners. BASIC 
Stamp modules are small (about the size of 
a postage stamp) and fairly inexpensive. Par
allax also encourages the educational use of 
the BASIC Stamp modules with free down
loads of both PBASIC editor software and 

The PIC 16C55 Microcontroller 
As an example, the 28-pin DIP diagram for 
the PIC16C55 microcontroller is reproduced in 
Fig. 13-27(a). A description of the IC's pins is 
detailed in the chart in Fig. 13-27(b). Note es
pecially from the pin diagram and pin-out de
scriptions the great number of I/O pins. They 
are organized into three ports (A, B, and C). 
Port A (4-bit port) consists of I/O pins RAO
RA3, while ports B and C are each 8-pin ports. 
Individual I/O pins can be programmed to be 
either an input or output. 

56. A (microcontroller, micropro-
cessor) is the device that is considered the 
CPU of a personal computer. 

57. The PIC16C55 IC is a (mi-
crocontroller, PLC) featuring an EPROM 
program memory that holds 
words and a RAM data memory that will 
hold bytes. 

58. The PIC16C55 IC would probably cost 
(less than 5, more than 50) 

dollars if purchased in small quantities. 
59. The PIC16C55 IC features a RISC archi-

tecture using (33, 72) instruc-
tions in its instruction set. 

60. The programs held in read-only memory 
in the 16C55 microcontroller are called 

(firmware, hardware). 

educational materials from its website (www 
.parallax.com). 

Two versions of BASIC Stamp modules are 
sketched in Fig. 13-28. The modules are the 
BASIC Stamp 1 and BASIC Stamp 2. Pro
gramming of either of the BASIC Stamp mod
ules is accomplished employing a modern PC 
using the correct PBASIC (Parallax BASIC) 
editor program. When the student has finished 
typing the PBASIC program on the PC, it is 
then downloaded via the proper output port 
of the PC to the BASIC Stamp module. The 
PBASIC interpreter software translates from 

RISC 

CISC 

BASIC Stamp 

PBASIC interpreter 

Computer Systems Chapter 13 475 



TOCKI-- +I 
Voo--l>- 2 
N/C 3 
Vss-- 4 
N/C 5 
RAO___. 6 

"'C "'C 
00 

RAI ___. 7 ............ 
O'I O'I 

RA2 ___. 8 (") (") 
(11 (11 

RA3 ___. 9 
-.J (11 

RBO ___. 10 
RBI___. II 
RB2 ___. 12 
RB3 ___. 13 
RB4 ___. 14 

(a) 

PIC16C55/C57 PIN-OUT DESCRIPTION 

DIP, SOIC SSOP 1/0/P 
Name No. No. Type 

RAO 6 5 1/0 
RAI 7 6 1/0 
RA2 8 7 1/0 
RA3 9 8 1/0 

RBO 10 9 1/0 
RBI II 10 1/0 
RB2 12 II 1/0 
RB3 13 12 1/0 
RB4 14 13 1/0 
RB5 15 15 1/0 
RB6 16 16 1/0 
RB7 17 17 1/0 

RCO 18 18 1/0 
RGI 19 19 1/0 
RC2 20 20 1/0 
RC3 21 21 1/0 
RC4 22 22 1/0 
RCS 23 23 1/0 
RC6 24 24 1/0 
RC7 25 25 1/0 

TOCK/ I 2 I 

MCLR/Vpp 28 28 I 

OSCl/CLKIN 27 27 I 

OSC2/CLKOUT 26 26 0 

Voo 2 3,4 p 

Vss 4 1,14 p 

N/C 3,5 - -

Legend: I = input, 0 = output, 1/0 = input/output, 
P = power, - = Not Used, TTL= TTL input, 
ST = Schmitt trigger input 

Input 
Levels 

TTL 
TTL 
TTL 
TTL 

TTL 
TTL 
TTL 
TTL 
TTL 
TTL 
TTL 
TTL 

TTL 
TTL 
TTL 
TTL 
TTL 
TTL 
TTL 
TTL 

ST 

ST 

ST 

-

-

-

-

28 -+--- MCLRNpp 
27 -+--- OSCl/CLKIN 
26 -- OSC2/CLKOUT 
25 ___. RC7 
24 ___. RC6 
23 ___. RC5 
22 ___. RC4 
21 ___. RC3 
20 ___. RC2 
19 ___. RCI 
18 ___. RCO 
17 ___. RB7 
16 ___. RB6 
15 ___. RB5 

Description 

Bidirectional 1/0 port 

Bidirectional 1/0 port 

Bidirectional 1/0 port 

Clock input to TimerO. Must be tied to V88 or V00, 

if not in use, to reduce current consumption. 

Master clear (reset) input/programming voltage input. This 
pin is an active low reset to the device. Voltage on 
MCLR/Vpp must not exceed V00 to avoid unintended 
entering of programming mode. 

Oscillator crystal input/external clock source input. 

Oscillator crystal output. Connects to crystal or resonator 
in crystal oscillator mode. In RC mode, OSC2 pin outputs 
CLKOUTwhich has 1/4 the frequency of OSGI, and 
denotes the instruction cycle rate. 

Positive supply for logic and 1/0 pins. 

Ground reference for logic and 1/0 pins. 

Unused, do not connect 

(b) 

PIC16C55 microcontroller IC. (a) Pin diagram (DIP or SOIC packages only). (b) Pin-out description. 
(Courtesy of Microchip Technology. Inc.) 
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PC 

PBASIC 
Text editor 
program 

Parallel port 

~~~ ~OWnlo;~~I~ nm~ 
BASIC program 

~"'~ 
''\\ 3erial or 

lf-~-~IB};_~ ~ssport 

~ 

Fig. 13-28 Downloading PBASIC programs to BS1 or BS2 modules. 

the downloaded code to machine code to op
erate the microcontroller. The cable from the 
PC can then be disconnected, and the program 
remains in memory on the BASIC Stamp mod
ule. The downloaded program then resides in 
EEPROM where it is executed starting from 
the beginning of the program each time the 
power is turned on to the BASIC Stamp mod
ule. The downloaded program is held in EE
PROM even if the power to the BASIC Stamp 
module is turned off. An old program in EE
PROM will be written over if a new program is 
downloaded from the PC. After programming 
the BASIC Stamp module, the microcontroller 
unit would operate independently. Notice that 
the simple BASIC Stamp 1 uses the parallel 
port (printer port) of the PC. The larger BASIC 
Stamp 2 receives downloading from the serial 
or USB port of the PC. 

The BASIC Stamp 1 module (BSl) shown in 
Fig. 13-28 is a small printed circuit board pack
aged as a 14-pin SIP (single in-line-package) IC 
measuring about 0.4 in. wide by 1.4 in. long. 
The BSl module is powered by a 9-V battery. 
An onboard de voltage regulator drops the volt
age to 5 V de for use by the microcontroller and 
memory ICs. The main IC on the BSl module 
is a custom PIC16C56 microcontroller chip 
with the PBASIC 1 interpreter in firmware. 

14-pin SIP 

BASIC Stamp 2 module 

PIC16C56 microcontroller 
with PBASIC interpreter 
in firmware 

PIC16C57 microcontroller 
with PBASIC interpreter 
in firmware 

Because the PIC16C56's memory is used by 
the PBASIC interpreter, a separate 256-byte 
program memory is provided. The program 
memory, implemented using an EEPROM, can 
hold about 75 instructions. The BASIC Stamp 
1 module has eight input/output (I/0) pins. 
The I/O pins used to control your device are 
digital in nature. Several special inputs/outputs 
include those for pulses, sound, PWM (pulse
width modulation) output, and potentiometer 
input. Besides the microcontroller, 256-byte 
EEPROM, and voltage-regulator ICs, the BSl 
module also houses a ceramic resonator and a 
special reset IC. 

The BASIC Stamp 2 module (BS2) shown 
in Fig. 13-28 is a small printed curcuit board 
packaged as a 24-pin DIP IC. The BS2 mod
ule is powered by a 9-V battery. An onboard 
de voltage regulator drops the voltage to 5 V 
de for use by the microcontroller and memory 
ICs. The main IC on the BS2 module is a cus
tom PIC16C57 microcontroller chip with the 
PBASIC 2 interpreter in firmware. Because 
the PIC16C57's memory is used by the PBA
SIC interpreter, a separate 2048-byte program 
memory is provided. The program memory, im
plemented using an EEPROM, can hold about 
500 instructions. The BASIC Stamp 2 module 
has 16 input/output pins. The I/O pins used to 

Internet 
Connection 
BASIC Stamp 

information and 

downloads are 

available at www 
.parallax.com. 
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089 connector 

control your device are digital in nature. Special 
inputs/outputs include those for pulses, PWM 
(pulse-width modulation) output, potentiometer 
input, X-10 appliance control, touch-tone out
put, sound, and frequency measurement. Be
sides the microcontroller, 2048-byte EEPROM, 
and voltage-regulator ICs, the BS2 module also 
houses a ceramic resonator and a special reset 
IC along with some transistor buffers. 

The current-drive capabilities of the BASIC 
Stamp modules are good ranging from 20 mA 
to 30 mA. This is enough to drive digital logic 
or even devices such as LEDs, piezo buzzers, 
or servo motors. Higher-current devices such as 
relays or incandescent lamps can be controlled 
with the use of a driver IC or transistor. 

Many beginning students start working with 
the BASIC Stamp 2 module because it comes 
in an easy-to-use 24-pin DIP form, can be pro
grammed from MS Windows from a PC, uses 
an inexpensive serial or USB cable to connect 
to the module, and its EEPROM can hold ap
proximately 500 instructions. As a practical 
matter, Parallax produces a useful starter kit 
called its "Board of Education (BOE)," which 
is a development board with a DB9 connector 
for programming and serial communication, 
a socket for the BS2 IC, 9-V battery snaps, 
onboard voltage regulator, and breadboard
ing area. A drawing of the BOE is shown in 
Fig. 13-29, with several key sections identified. 
The BOE can be powered with either a standard 

Alternative power 
connection 

,...--- Connector for add-on 
modules 

(wall transformer ac to de) ------, 

Filter 
capacitors 

g_v battery 
connection 

gVdc 
Battery 

+ 

Vss 
PO 
P2 
P4 
P6 

P~l-bCIX h TM PS 
P10 

V;n P12 
Vss P14 
Rst vdd 

vdd 

Soul 
S;n 
ATN 

P15 
P14 
P13 
P12 
P11 

-Pwr 

X1 

Reset 

Vss 
P1 
P3 
P5 
P7 
pg 

P11 
P13 
P15 

P15 
P14 
P13 
P12 
P11 
P10 
pg 

PS 
P7 
P6 
P5 
P4 
P3 
P2 

DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 
DDDDD DDDDD 

Vss 
PO 
P1 
P2 
P3 
P4 
P5 
P6 
P? 

~~o J • I J 

PS 

P1 
PO 

DDDDD DDDDD 
DDDDD DDDDD 

@ www.parallax.com/sic 

DBg connector 
for downloading 
for PC using 
serial port 

BS2 Stamp 
module 

Reset: Will restart ---~ 
program 

0 1 2 
( Board of Education) 

Ii& © 2000-2003 

Header for connecting 
1/0 pins of BS2 module 

Switch to circuits on breadboard 
O =power OFF 
1 = power ON/servo ports OFF 
2 = power ON/servo ports ON 

@ 

Fig. 13-29 Board of Education [BOE] used by students to study the operation of BS2 IC. [Courtesy of Parallax, Inc.] 
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(Vdd = +5 V, 
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9-V de battery using the snaps at the upper left 
or an ac-to-dc wall transformer. The solder
less breadboarding area is used by students to 
wire their projects. I/O port connections from 
the BS2 IC are available just left of the sol
derless breadboard for easy connection using 
22-gauge solid wire. Power connections CV:,d = 
+5 V de, and V =ground) are available above 

SS 

the solderless breadboard in Fig. 13-29. Serial 
downloading of PBASIC programs from your 
PC gain access to the BOE through the DB9 
connector at the lower left. 

The voltage regulator near to the top of the 
BOE in Fig. 13-29 shifts the input voltage level 
to +5 V (labeled V") and negative ground (la
beled V). The connectors 12, 13, 14, and 15 
are hobby servo connectors. The three-position 
slide switch near the bottom turns power off 
(position 0), power on with servo ports OFF 
(position 1), or power on with servo ports 
ON (position 2). The reset button will restart 
the program that is held in the program mem
ory of the BS2 IC module. A top view of the 
BS2 IC is shown at the lower left on the BOE 
development board. The DB9 connector at the 
lower left in Fig. 13-29 is used from download
ing from a PC via the serial or USB port. The 
header X2 is for connecting the I/O ports of the 
BS2 IC to circuits on the solderless breadboard 
using 22-gauge wire. The XI header is a con
nector for add-on modules that are available 
from Parallax, Inc. 

A less expensive version of the BOE is called 
the BASIC Stamp HomeWork board by Paral
lax. The HomeWork board features the BS2 
module, accepts power from only a 9-V battery, 
and has fewer features. 

Simple BASIC Stamp 
Programming 
Consider using the BOE development board 
to flash an LED on and off. The wiring of an 
LED in series with a 220-D. resistor on the 
breadboard section of the BOE is sketched in 
Fig. 13-30. Notice that port 7 (P7) of the BS2 
IC will be used to power the LED circuit. The 
procedure for programming, downloading, and 
running the program would be as follows: 

1. Wire the LED circuit with the power off. 
2. Start the MS Windows PBASIC editor on 

your PC. 

3. Type the program shown in Fig. 13-31. 
4. Power on the BOE. 
5. Download the PBASIC program using the 

serial port or USB port of the PC. 
6. Disconnect the download cable. 
7. Tum BOE power off and then on. 
8. The program will start at the beginning 

which will (1) make port 7 of the BS2 
an output, (2) tum the LED on, (3) pause 
1 second (1000 ms), (4) tum the LED 
off, (5) pause 1 second (1000 ms), and 
go to the beginning of the loop titled 
blink: .The LED will blink continuously 
until the power is turned off. 

The simple PBASIC blink program from 
Fig. 13-31 (and duplicated within Fig. 13-30) 
is explained below. Notice the use of remark 
statements. In PBASIC, remark statements start 
with an apostrophe ('). These remark statements 
are not executed by the BS2 module but appear 
in the PBASIC editor listing to help humans 
understand the program. 

The first line of the program starts with an 
apostrophe marking it is a remark statement. 
In this case 'Blinking LED 1 is the name of 
the program. Line 2 of the program is output 7 
which causes I/O port 7 to be configured as an 
output. This is clarified in the remark section 
of line 2. Line 3 (blink:) of the program is the 
name of the upcoming loop. The colon (:) after 
a word (such a blink: in this program) is in
terpreted by the microcontroller to be a label. 
The label (blink: in this example) is a refer
ence point in the programming that can be re
ferred to by other PBASIC commands. Line 4 
(out7 = 0) causes the BS2 module to drive out
put P7 LOW which turns on the student wired 
LED shown in Fig. 13-30. Line 5 (pause 1000) 
causes the BS2 module to do nothing for about 
1 second (1000 ms). This means the LED is ON 
for about 1 second. Line 6 (out7 = 1) causes the 
BS2 module to drive output P7 HIGH, which 
turns off the LED. Line 7 (pause 1000) causes 
another 1-s delay, which means the LED is OFF 
during this time. Line 8 (goto blink) causes the 
program jump back to beginning of the loop la
beled blink: and repeat the sequence. Remark 
statements are not required in PBASIC pro
grams but are customary for titles and explain
ing program operation. Remark statements are 
very useful for beginners. 

PBASIC editor 
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Need Tech Support? 
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~ 

( Board of Education) 
1011998 

www.stampsinclass.com (8\ 
(916)624-8333 ~ 

Port 7 

Fig. 13-3[] Downloading a PBASIC program to cause the BS2 IC to blink the LED circuit. Note the use of an older version of BOE. 

An LED and 220-D. resistor were wired 
between the P7 I/O pin of the BS2 module and 
the positive rail (Vdd) of the power supply in 
Fig. 13-30. A simplified schematic diagram of 
this arrangement is shown in Fig. 13-32(a). The 
LED shown in Fig. 13-32(a) will be used as an 
output device in the next program. 
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A push-button switch is being used as an 
input device (sensor) to I/O pin P3 of the BS2 
module in Fig. 13-32(b). You will notice that 
the push button is wired as an active LOW 
switch. When the switch is open, I/O port P3 
is HIGH, and when the switch is closed, input 
P3 goes LOW. 



'Blinking LED 1 'Title of PBASIC program (See Fig. 13.31.) 

output7 'Configure I/O port 7 as an output 

blink: 'Label for loop 

out7 = 0 

pause 1000 

out7 = 1 

pause 1000 

'Output 7 to logical 0 which turns on LED 

'Pause (do nothing) for 1000 milliseconds 

'Output 7 to logical 1 which turns off LED 

'Pause for 1000 ms 

goto blink 'Oo back to beginning of loop called blink 

Fig. 13-31 Listing of the blinking LED 1 program. 

BS2 
module 

P7~ 
(a) 

(b) 

220!1 

LED 

~ 

Fig. 13-32 (a) Output LED wired to P7 port of 852 module. 
(b) Input switch wired to P3 of 852 module. 

A program using both the LED output and 
push-button switch input connected to a BS2 
module (hardware is diagrammed in Fig. 13-32) 
is listed in Fig. 13-33. When downloaded into a 
BS2 module, the PBASIC program constantly 
checks if the switch is closed. If the switch is 
open, the switchcheck: loop repeats. However, 
if the switch is closed the microcontroller will 
jump to the blink: routine and flash the LED. 
After flashing the LED on and off once, the 

program returns to the switchcheck: routine. 
The LED will flash on and off the entire time 
the input switch SWl is closed. 

The IF-THEN statement in the switchcheck: 
routine might need some explanation. In this 
example the condition if in3 = 0 (if input 3 is 
LOW) is evaluated by the microcontroller as 
either true or false. If the condition (if in3 = 0 
or in English if switch SWl is closed) is true, 
then the microcontroller causes a jump to the 
routine labeled blink. However, if the condi
tion (if in3 = 0 or in English if switch SWl is 
closed) is false, then the microcontroller con
tinues to the next line of the program, which 
is the goto switchcheck command. IF-THEN 
commands are very important in the operation 
of microcontroller programs because they are 
the decision-making statements. 

Microcontrollers, such as the BASIC Stamp 
modules, can respond to a variety of inputs such 
as switches, or variations in light, temperature, 
position, voltage, or resistance. The microcon
troller's outputs can drive a variety of devices 
such as LEDs, piezo buzzers, speakers, displays 
(LED or LCD), relays, servos, or stepper mo
tors. BASIC Stamp modules, especially when 
premounted on a work surface such as Paral
lax's Board of Education (BOE), allow for an 
easy introduction to programming and using 
microcontrollers. 

Remember that microcontrollers are tiny 
computerlike devices that are embedded into 
products. Microcontrollers can respond to a lim
ited number of inputs and control several output 
devices. After initial programming, most micro
controllers are single-use controllers as opposed 
to general-purpose personal computers. 
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DSP 

'Input switch-output LED 1 

output7 

'Title of PBASIC program (See Fig. 13-32.) 

out7 = 1 
input3 

'Configure I/O P7 as output 
'Output 7 to 1 turning off LED 
'Configure I/O P3 as input 

switchcheck: 'Label for switch checking routine 
if in3 = 0 then blink 'If input 3 = 0 (switch closed), then go to blink routine 

goto switchcheck 'Check switch again (if input 3 = 1) 

blink: 

out7 = 0 
pause 500 
out7 = 1 
pause 500 

'Label for LED blink routine 
'Output 7 to 0 which turns on LED 
'Pause for 500 ms 
'Output 7 to 1 which turns off LED 
'Pause for 500 ms 

goto switchcheck 'Go back and check switch again 

13-33 Listing of the input switch-output LED 1 program. 

Answer the following questions. 

61. A BASIC Stamp module contains at least 
a (microcontroller, micropro-
cessor), voltage regulator, ceramic reso
nator, reset IC, and EEPROM chip for 
holding downloaded programs. 

62. A BASIC Stamp 2 IC is programmed 
using a PBASIC editor program on your 
PC and downloaded to the module via 
the (parallel, serial) port of 
your computer. 

63. BASIC Stamp modules accept pro
grams downloaded from a PC while 
a(n) (interpreter, sequencer) 
program in firmware translates from the 
PBASIC high-level language to machine 
language used by the microcontroller. 

64. Refer to Fig. 13-29. The Vctct pin of the 
BASIC Stamp 2 module is connected to 

13-11 Digital Signal Processing 

Digital signal processing (DSP) has become a 
very popular field in digital electronics. DSP 
is used in many pieces of equipment such 
modems, DVD players, MP3 players, and cell 

____ ( + 5 V, ground), while a pin 
labeled P7 would be a(n) (I/O 
port, power connection). 

65. Refer to Fig. 13-31. This program along 
with the circuit in Fig. 13-30 will blink 
the LED (continuously until 
power is turned off, once and stop). 

66. Refer to Fig. 13-33. and the associated 
circuits in Fig. 13-32. If switch SWl is 
closed, then the condition in the IF-THEN 
statement (if in3 = 0 then blink) will 
be (false, true) and next line 
executed by the microcontroller will be 
____ (blink:, goto switchcheck). 

67. Once programmed, microcontrollers 
(like the BASIC Stamp modules) are 
____ (single-purpose, general
purpose) devices that are commonly 
embedded in products. 

phones. While these are similar to the micro
computer systems you have just studied, DSP 
systems are more specialized. 

Earlier you learned about analog and digital 
signals. Digital signal processing is used to ana
lyze and modify digital signals. Many digital 
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1.75 ms 

0.25 ms 0.5 ms 

Fig. 13-34 Sampling a 1-kHz sine wave during analog-to-digital conversion. 

signals used in DSP systems are acquired from 
analog signals using a process known as sampling. 
Sampling can be thought of as taking snapshots 
of an analog signal's voltage at fixed or discrete 
points in time. For this reason, digital signals are 
also called discrete-time signals. An example of a 
discrete-time signal acquired by sampling a 1-kHz 
analog sine wave is shown in Fig. 13-34. The blue 
line represents the analog signal, while the green 
dots and vertical lines describe the digital signal. 
The green dots/vertical lines are a "snapshot" of 
the analog signal at a given time and are digitized 
(converted into a number). 

A simplified block diagram of a DSP sys
tem is shown in Fig. 13-35. The AID converter 
(analog-to-digital converter) performs the sam
pling and converts the analog signal into a digi
tal signal. The binary numbers from the AID 
converter are stored in memory and used by 
the digital signal processor. The DSP performs 
many calculations which modifies the signal. 
The output of the DSP section is routed to 
the DIA converter (digital-to-analog converter). 
The DIA converter alters the signal from its 
digital to an analog form. 

The most common type of calculation 
performed by the digital signal processor is 

- AID 
converter Memory 

known as the sum-of-products. An example 
of a sum-of-products calculation is detailed in 
Fig. 13-36(a). In each row, the number from col
umn A is multiplied by the number in column 
B to yield the result (product) in the product 
column. The right column in Fig. 13-36(a) is the 
sum of the products. Notice that for each row, 
the product of the multiplication for that row is 
added together, or summed, with the sum of the 
previous products. In DSP, the word accumulate 
is used for the process of adding the new product 
to the total of the previous products. This process 
of multiplying and accumulating is known as 
MAC. DSP systems need to perform thousands 
if not millions of these calculations per second. 
The mathematical equations that represent 
the calculations for each row of Fig. 13-36(a) 
are written in Fig. 13-36(b). Engineers who 
work with DSP use a shortened form of these 
equations shown in Fig. 13-36(c). You may en
counter equations like one in Fig. 13-36(c) if you 
work in the DSP field. 

Digital signal processors are specialized 
microprocessors that are optimized to quickly 
perform the repetitive calculations required 
by the MAC process. DSPs can perform many 
millions of instructions per second (MIPS). 

Digital 
signal 

processing 

DIA 
converter 

Fig. 13-35 Simplified block diagram of a DSP system. 

Sum-of-products 
calculation 

MAC 
AID converter 

O/A converter 

MIPS 
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Pipelining 

Coefficients 

Row A B Product Sum (Y) 

5 x 8 40 + 0 40 

2 7 x -9 -63 + 40 -23 

3 

4 

8 x 13 104 

10 x 14 140 

(a) 

Y1 =A 1 x8 1 

Y2 =A 1 x8 1 +A 2 x8 2 

+ -23 81 

+ 81 221 

Y3 =A 1 X8 1 +A 2 X8 2 +A 3 x8 3 

Y4 =A 1 X 8 1 +A 2 x8 2 +A 3 x83 +A 4 X8 4 

(b) 

4 

Y; = :2. A; · 8; 
i=1 

(c) 

Fig. 13-3E Sum-of-products DSP calculations. (a) An example. (b) Formulas. (c) Another formula. 

The basic architecture of a DSP is detailed 
in Fig. 13-37. Data are read into the separate 
program memory and data memory sections of 
the DSP. Samples from the AID converter (see 
Fig. 13-35), which were stored in memory, are 
read into the data memory of the DSP. Fixed 
numbers called coefficients, which are de
signed to change the digital signal in a specific 
way, are read into the program memory. The 
numbers from program and data memory are 
multiplied together in the multiplier and stored 
in the P register. The accumulator then adds 
the results of the products stored in the P reg
ister with the previous sum of the products and 
stores the new result in the R register. Each out
put of the accumulator, stored in the R register, 
is a new output sample of the processed digital 
signal. The output is sent to the DIA converter 
to be changed back to an analog signal. 

Digital signal processors use special regis
ters such as the P and R registers so they can 
work on more than one task at a time. In an 
elementary MPU, such as the one in Fig. 13-4, 
each fetch-decode-execute sequence must 
finish before the next one can begin. DSPs, 
however, can fetch a new instruction while the 

previous instruction is being decoded and an
other instruction is being executed. This pro
cess of starting a new task before the current 
one is finished is known as pipelining. Due to 
pipe-lining, the DSP in Fig. 13-37 will be per
forming all of the following tasks at the same 
time: 

1. Writing the contents of the R register to 
the DIA converter. 

2. Accumulating a new resulting sum of 
previous products. 

3. Multiplying two numbers from the 
program and data memories. 

4. Fetching a new sample into the data 
memory. 

Pipelining is also used in most modern micro
processors. Pipelining may take various forms 
in microprocessors or DSPs but its purpose is to 
speed up the execution of instructions. 

Digital signal processing systems are com
plex. This section only provides some of the 
basics of digital signal processing and digital 
signal processors. The use of DSP has been 
growing. It is expected that the need for people 
familiar with DSP will continue to grow. 
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13-37 Architecture of a digital signal processor. 

Answer the following questions. 

68. In the DSP field, another name that 
might be used for a digital signal is 
a(n) signal. 

69. During digital signal processing, what 
type of calculation is common? 

70. In the DSP field, MAC stands for 
the process of _______ _ 

71. In a digital signal processor or other 
microprocessor, starting a task before 
the previous one is finished is called 

72. A digital signal processor (DSP) is an IC 
designed for high-speed data manipulation 
used in audio, communications, image 
manipulation and other data acquisition 
and data control applications. (T or F) 
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Charged coupled 
device (CCD) 

CMOS image 
sensor 

13-12 in a Digital Camera 

Digital cameras have become very popular and 
are rapidly replacing film cameras for pho
tography. Both types of cameras use lenses to 
focus light in order to record an image. Un
like film cameras, digital cameras make use 
of digital signal processing to store the image 
electronically. 

Figure 13-38 shows a block diagram of the 
image capture section of a digital camera. The 
camera lens focuses the light of the image 
through a filter to either a charged coupled 
device (CCD) or a CMOS image sensor. The 
CCD or CMOS image sensor in the camera is 
the analog-to-digital converter of this system. 
Both types of light sensors use an array of 
photodiodes, one for each pixel in the image, 
to convert light energy into electric energy. 
CCDs and CMOS image sensors measure the 

Camera lens 

Removable 
media 

Compact 
flash 

Bayer 
filter 

electric energy from the photodiode at each 
pixel location and convert it to a digital num
ber. The big difference between CCDs and 
CMOS image sensors is where the analog
to-digital conversion is performed. CMOS 
image sensors perform the analog-to-digital 
conversion at each photodiode location. CCDs 
transport the stored electric charge from each 
photodiode across the array of photodiodes 
to one corner of the device where the analog
to-digital conversion is performed. You will 
learn more about analog-to-digital conversion 
in Chapter 14. 

The purpose of the filter shown in Fig. 13-38 
is to reduce the cost and complexity of the 
digital camera. Light is composed of three 
primary colors: red, green, and blue. Each 
pixel in a digital image stores three 8-bit val
ues, one for each primary color of light. To 
properly create a digital image, the digital 

DSP 

CCD or CMOS 
image sensor 

Data memory 

•• 0 

Program 
memory 

Fig. 13-38 Block diagram of image capture in a digital camera. 

48Ei Chapter 13 Computer Systems 



camera has to create samples for all three 
colors of light at each pixel location. How
ever, CCDs and CMOS image sensors mea
sure overall light intensity; they do not know 
anything about color. Instead of sampling the 
intensity of all three colors for each pixel, 
most digital cameras sample only one color 
for each pixel and the system later inserts val
ues for the other two colors by looking at the 
values from neighboring pixels. The special 
Bayer filter shown in Fig. 13-38 filters the 
incoming light so that each photodiode in 
the image sensor sees only one color of light. 
The color of each square in the Bayer filter 
is the color of light that is allowed to pass 
through that filter to the photodiode of the 
image sensor behind it. You can see from 
Fig. 13-38 that the pattern of the Bayer filter 
is rows of red and green filters alternat
ing with rows of blue and green filters. The 
reason that there are more green filters than 
red and blue filters is that the human eye is 
more sensitive to the green component of 
light than it is to the other two colors. 

The output of the image sensor block of 
Fig. 13-38 is a series of bytes containing the 
sampled digital values from each photodiode 
in the image sensor. This series of sampled 
bytes is the digital signal input to the rest of 
the system. The samples are stored in tem
porary memory and read into the data input 
of the digital signal processor. Recall that a 
stored digital image needs three values, one 
for each primary color, for each pixel. At this 
point in the system, the digital signal has only 
one sampled value for each pixel. The digital 
signal processor in Fig. 13-38 runs an algo
rithm, or sequence of steps, to calculate the 
two missing color values for each pixel based 
on the sampled values from neighboring pix
els. The process of calculating and inserting 
new data values from known existing values 
is called interpolation. Coefficients for the in
terpolation algorithm are the input to the pro
gram memory of the digital signal processor. 
The output from the digital signal processing 
block of Fig. 13-38 is a series of three 8-bit 
values for the red, green, and blue components 
of each pixel in the image. When the image is 
viewed, these three values are recombined to 
re-create the image. 

Some cameras may store this RGB (for red, 
green, blue) output of the DSP block directly 
to a removable memory card in the camera, as 
shown in Fig. 13-38. However, digital images 
can be very large. For example, a 5-megapixel 
digital camera has 5 million image sensors, 
each measuring only one color of light for 
each pixel of the image. So each picture taken 
with a 5-megapixel camera would require 
15 megabytes of memory. For this reason, 
most digital cameras also do some further 
processing of the digital signal. Digital cam
eras often compress the digital image so that 
it takes up less space when stored on the com
pact flash or other removable media card in 
the camera. The most common compression 
algorithm used by digital cameras is called 
JPEG after the group that created it, the Joint 
Photographic Experts Group. When compres
sion is done, the original RGB output of the 
DSP block may once again be stored in tem
porary memory and read back into the DSP's 
data memory path. The program memory for 
the DSP is changed so that it contains coef
ficients used by the JPEG compression al
gorithm. The output of the DSP block is the 
JPEG compressed image that is then stored on 
the removable memory card. 

The digital-to-analog conversion block 
of a digital signal processing system is not 
shown in Fig. 13-38. The digital-to-analog 
conversion for this system may happen in 
many places once the digital camera stores 
the image. The DIA conversion happens when 
the image is viewed on the LCD screen of the 
camera. If the image is moved to a personal 
computer, the DIA conversion will happen 
when the image is viewed on a monitor at
tached to the computer. The DIA conversion 
will also occur when the image is printed on a 
printer or taken to a photo developer that can 
print digital images. 

This section examined some digital signal 
processing that occurs within a digital camera. 
Digital cameras use several digital signal pro
cessing algorithms to provide many features. 
Many other devices, such as cell phones, digital 
video cameras, and MP3 players, also use digi
tal signal processing. Digital signal processing 
has become a part of many systems that we use 
in our everyday lives. 

Bayer filter 

JPEG 

Algorithm 

Interpolation 
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Answer the following questions. 

73. Image sensors in digital cameras use 
____ (solar cells, photodiodes) to 
convert light energy into electric energy. 

74. Green light is (blocked from 
passing through, allowed to pass through) 
a green light filter. 

13-13 Microcontroller: Photo 
Input and Servo Motor 
Output 

Robots come to mind when visualizing mod
ern manufacturing. However, some simple me
chanical actions can be controlled locally by 
embedded electronics. The control might take 
the form of an inexpensive microcontroller. 

The concept of a valve used to control the 
flow of liquid, air flow, or light intensity is 
sketched in Fig. 13-39(a). This valve is being 
activated using a servo motor. A microcon
troller could be used to manage the actions of 
the motor, thus opening and closing the valve. 
For more precise control a stepper motor could 
be used, which could also be controlled by a 
microcontroller. 

The concept of developing back-and-forth 
(reciprocating) motion is diagrammed in 
Fig. 13-39(b). The reciprocating slide is acti
vated by the back-and-forth motion of the servo 
motor arm in this sketch. A wire links the servo 
motor arm to the slide. A microcontroller could 
be used to manage the actions of the reciprocat
ing slide. 

Wiring the BASIC Stamp Circuit 
Consider the circuit in Fig. 13-40. The BASIC 
Stamp 2 module is at the heart of the circuit 
with photocell input and a single output. With 
the proper programming, the BASIC Stamp 2 
module can operate a mechanism like that 
shown in Fig. 13-39(b). The physical locations 
of the servo motor, slide mechanism, photocell, 
and wire linkage are sketched in Fig. 13-40(b). 
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75. (Inspiration, Interpolation) is 
the process of calculation and inserting 
new values from known existing values. 

76. Digital images store values for the 
three primary colors of light, which are 
---- ____ and ___ _ 

The photocell in Fig. 13-40(a) is an inexpen
sive CdS photoresistive cell. You will recall that 
the CdS cell changes resistance when more or 
less light strikes its surface. More light strik
ing the CdS cell means less resistance. Less 
light striking the photocell means it will have a 
higher resistance. 

The photoresistive cell in Fig. 13-40(a) is 
wired in a voltage divider circuit. With more 
light striking the surface of the CdS cell its re
sistance is lowered. The low resistance photo
cell causes a low voltage input to port 7 of the 
microcontroller. This low voltage is interpreted 
by the microcontroller (input port 7) as a LOW 
logic level. When less light strikes the CdS cell, 
its resistance is higher. The high-resistance CdS 
cell causes a higher voltage input to port 7. The 
higher voltage is interpreted by the microcon
troller (input port 7) as a HIGH logic level. The 
10-kQ potentiometer can be adjusted to slightly 
increase or decrease the input voltages to the 
microcontroller for proper operation. 

If you arrange the servo motor and input 
CdS photocell as in Fig. 13-40(b), the slide will 
slowly slide back and forth. The photocell will 
alternately exhibit low resistance and then high 
resistance to generate the logical LOW and 
HIGH inputs to the BASIC Stamp 2 module. 

BASIC Stamp Programming 
The procedure for programming, downloading, 
and running the BASIC Stamp program would 
be as follows: 

I. Wire the circuit and arrange the servo 
motor and input photocell as shown in 
Fig.13-40. 



(a) 

Servo motor 

Fig. 13-39 Ideas for microcontroller use. (a) Valve opening and closing. 
(b) Reciprocating slide mechanism. 

2. Start the MS Windows PBASIC editor on 
your PC. 

3. Type the program shown in Fig. 13-41 
and titled 'Read light-rotate servo. 

4. Power on the BASIC Stamp board (such 
as BOE). 

5. Download the PBASIC program using the 
serial port (or USB port) of the PC. 

6 .. Disconnect the download cable. 
7. Tum the BOE power off and then on. 
8. The program will start as the servo 

motor arm, which alternately cycles 
the slide back and forth. You may 
have to adjust the exact location of the 
photocell. You may also have to adjust 
the 10-kD. potentiometer for the light 
intensity. 

The PBASIC 'Read light-rotate servo pro
gram is listed in Fig. 13-41. 

Recall that in PBASIC the remark state
ments begin with an apostrophe ('). Remark 
statements are not executed by the BS2 mod
ule. They appear in the PBASIC editor listing 
to help understand the program. 

Line 1 ('{$STAMP BS2}) is a remark state
ment showing the version of BASIC Stamp 
module. Line 2 ('Read light-rotate servo) is a 
remark statement and the title of the program. 
Line 3 (x var byte) declares that variable x has 
a range from 0 to 255 in decimal or 00000000 
to 11111111 in binary. Line 4 (output12) config
ures port 12 (Pl2) as an output (drives the servo). 
Line 5 (input7) configures port 7 (P7) as an 
input (voltage divider photocell). 

Line 6 (ckphotocell:) is a label for the begin
ning of the main routine (checking input at P7 
for HIGH or LOW). Line 7 (if in7=0 then CW) 
checks the logic level at input port 7. If the input 
is 0 (LOW logic level), the statement is true and 
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Fig. 13-41] (a) BASIC Stamp 2 microcontroller with photo input and servo motor output. 
(b) Physical arrangement of servo motor, photocell, and slide mechanism. 
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·' {$STAMP BS2} 
'Read light-rotate servo 

x var byte 

output12 
input7 

ckphotocell: 
if in7=0 then CW 
IF IN7=1 then CCW 

goto ckphotocell 

CW: 
for x=l TO 30 
pulsout 12,500 
pause 20 
next 
pause 2000 

goto ckphotocell 

CCW: 
for x=l TO 30 
pulsout 12, 1000 
pause 20 
next 
pause 2000 

goto ckphotocell 

'Title of PBASIC program (See Fig. 13-40.) 

'Declare variable x, range=0-255 

'Configure P12 as output (servo) 
'Configure P7 as input (photocell-voltage divider) 

'Label for checking photocell input (P7) 
'If input P7=LOW then go to CW routine 
'If input P7=HIGH then go to CCW routine 
'Go back to start of main routine 

'Label for CW rotation of servo routine 
'Rotate servo CW 
'PWM=lmsec pulse 
'PAUSE for 20 ms 
'Repeat loop till x=31 
'Pause for 2000 ms 
'Go back to main routine 

'Label for CCW rotation of servo routine 
'Rotate servo CCW 
'PWM=2msec pulse 
'Pause for 20 ms 
'Repeat loop till x=31 
'Pause for 2000 ms 
'Go back to main routine 

L1 
L2 

L3 

L4 
LS 

L6 
L7 
LS 
L9 

LlO 
L11 
Ll2 
Ll3 

. L14 
L15 
L16 

L17 
L18 
L19 
L20 
L21 
L22 
L23 

Listing of the read light-rotate servo program .. 

the program jumps to the CW subroutine (CW:). 
However, if input P7 is 1 (HIGH logic level), 
the statement is false and the program jumps to 
next line in the program. Line 8 (if in7=1 then 
CCW) checks the logic level at input port 7. If 
the input is 1 (HIGH logic level), the statement 
is true and the program jumps to the CCW 
subroutine. 

One of the two subroutines (CW: or CCW:) 
is executed, powering the servo motor in either 
the clockwise or counterclockwise direction. 
Line 11 (for x = 1 to 30) starts a FOR-NEXT 
counting loop. The FOR-NEXT loop cycles 
30 times as defined by the first statement 
(line 11). Each time through the CW: loop, 
the microcontroller generates a 1-ms pulse. 
This is sent to the servo motor via port 12 

(pulsout12, 500). Recall that the small hobby
type servo motors we have used respond to 
the pulses of 1 ms by rotating clockwise. 
Thirty 1-ms pulses cause the servo motor to 
rotate fully clockwise. The (pause 20) adds 
a short pause of 20 ms between pulses. After 
exiting the FOR-NEXT counting loop, line 15 
(pause 2000) causes a 2-second (2000-ms) 
pause. Line 16 (goto ckphotocell) sends the 
program back to the label ckphotocell:, start
ing the main routine again. 

The CCW: subroutine (lines 17-23) operates 
like the CW: subroutine, except the pulsout 12, 
1000 statement (line 19) generates 2-ms pulses. 
A series of thirty 2-ms pulses by the CCW: 
subroutine will cause the hobby-type servo 
motor to rotate fully counterclockwise. 
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Answer the following questions. 

77. Refer to Fig. 13-40. The resistance of 
the CdS photocell (decreases 
increases) when exposed to brighter ' 
light. 

78. Refer to Figs. 13-40 and 13-41. Port 7 of 
the microcontroller is configured as an 
---- (input, output). 

79. Refer to Figs. 13-40 and 13-41. The 
single output from the microcontroller is 
----(port 7, port 12). 

80. Refer to Figs. 13-40 and 13-41. The 
hobby-type servo motor is driven by a 
technique called (amplitude 
modulation, pulse-width modulation). 

81. Refer to Figs. 13-40 and 13-41. When 
low light strikes the CdS photocell, its 
resistance is (higher, lower), 
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causing a (higher, lower) volt-
age to enter port P7. This is interpreted 
by the microcontroller as a ___ _ 
(HIGH, LOW) logic level. 

82. Refer to Figs. 13-40 and 13-41. The task 
of the main routine (lines 6-9) is to read 
input port P7 and execute either the CW: 
or CCW: subroutines. (T or F) 

83. Refer to Figs. 13-40 and 13-41. The 
microcontroller senses a HIGH logic 
level at port 7. The next line of the 
'Read light-rotate servo program to be 
executed after line 7 (if in7=0 then CW) 
will be line (8, 10). 

84. Refer to Fig. 13-41. The pause 2000 
statement in line 15 will cause the micro-
controller to pause for ___ _ 
(2, 2000) seconds. 



Chapter 13 Summary and Review 

I. The computer is one of the most complex digital 
systems. It is unique because of its huge capacity, 
high speed, and stored programs. 

2. The microcomputer is slower and less expensive 
than its larger counterparts. The microcomputer is a 

microprocessor-based digital system. 

3. The microcomputer makes extensive use of both ROM 
and RAM for internal storage. Flash memory, optical, 
and hard disks are widely used for secondary bulk 
storage. Microcomputers support many peripheral 
input and output devices including networks. 

4. Microprocessing unit instructions are composed of 

the operation and operand parts. The MPU follows 
the fetch-decode-execute sequence when running a 

program. 

5. Combinational logic gates can be used for 
microcomputer address decoding. 

6. Three-state devices, such as buffers, must be used 
when several memories and microprocessors 
transfer information over a common data bus. 

7. Multiplexers and demultiplexers can be used for 

data transmission. More complex UARTs may also 
be used for serial data transmission. 

8. Data transmission can be either serial or parallel. 
Various interface ICs are available for sending and 
receiving parallel and serial data. The USB standard 
is one of the most common used systems. 

9. Errors occurring during data transmission can be 
detected using parity bits or cyclic redundancy 

checks. 

Answer the following questions. 

13-1. The CPU of a computer contains what three 
sections? 

13-2. The _____ (ALU, MUX) section of 

a computer performs calculations and logic 
functions. 

10. A programmable logic controller (PLC) is a rugged 
computer system used in factories, warehouses, 

and chemical plants to control machines. PLCs 
are replacing hardwired relay logic for machine 
control. 

11. Ladder relay schematics, ladder relay logic 

diagrams, logic gate diagrams, and Boolean 
expressions can all be used to describe a control 
logic problem. 

12. A microcontroller is a "computer on a chip" embedded 
in many everyday devices. Microcontrollers contain a 
CPU, a small RAM (data memory), read-only memory 
(program memory containing firmware), a clock, and 

IJO pins. 
13. Microcontrollers are produced in huge quantities at 

very low prices. 
14. BASIC Stamp modules allow students and others to 

easily program and download code for directing the 
action of a microcontroller. 

15. The PBASIC high-level language is used to 
program BASIC Stamp modules. 

16. A digital signal processor (DSP) is a specialized 
microprocessor designed for high-speed data 
manipulation used in audio, communications, image 
manipulation, and other data acquisition and data 

control applications. 
17. DSP devices are commonly used as part of a system 

including AID converters, memory, DSP, and D/ A 
converters. 

13-3. The more complex digital system is a 
______ (computer, digital multimeter). 

13-4. An IC called a(n) is the heart 

of the CPU of a microcomputer. 
13-5. Refer to Fig. 13-3. The parts of a microcom

puter system are connected by control lines, 
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a(n) ______ bus, and a two-way 

13-6. The input-store-print operation shown in 
Fig. 13-6 required three instructions, which 
use bytes of program memory. 

13-7. Classify these microcomputer peripheral de
vices as input, output, storage, or input/output 
units: 
a. LCD monitor f. Laser printer 
b. Floppy disk drive g. Hard disk drive 
c. Keyboard h. Plotter 
d. Mouse i. Ethernet 
e. Modem 

13-8. Microcomputer memory addresses are com-
monly listed in (Gray code, 
hexadecimal). 

13-9. What do the following letters stand for when 
referring to a microcomputer system? 
a. CPU 
b. PIA 
c. PPI 
d. UART 

13-10. The baud rate is the number of _____ _ 
per second being transmitted serially through a 
data link. 

13-11. The IEEE-488 standard is a common 
______ (parallel, serial) interface stan
dard for the data link between a computer and 
scientific instrumentation. 

13-12. Draw the logic symbol and truth table for a 
three-state buff er. 

13-13. A MUX/DEMUX system converts parallel 
input data to (asynchronous, 
serial) data for transmission. 

13-14. A MUX/DEMUX system operates somewhat 
like two (rotary, three-way) 
switches. 

13-15. Errors in transmission can be detected by using 
a (parity bit, rotary switch). 

13-16. An (AND, XOR) gate can 
detect an odd number of ls at its input. 

13-17. The programmable controller is also 
commonly known as the _____ _ 
____________ ,or PLC. 

13-18. A programmable logic controller (PLC) is 
a heavy-duty computer system designed for 
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______ (general-purpose office use; 
machine control in factories, warehouses, and 
chemical plants). 

13-19. Once programmed, inputs to a _____ _ 
(microcomputer, PLC) would probably come 
from devices such as limit switches, pressure 
switches, and temperature and optical sensors. 

13-20. A programming module is always connected 
to a programmable logic controller, because 
program changes need to be made frequently. 
(Tor F) 

13-21. Refer to Fig. 13-24. The power supply, process
ing, input, and output sections are referred to as 
modules because they are sometimes physically 
housed in separate enclosures in larger systems. 
(Tor F) 

13-22. Given the relay schematic in Fig. 13-42, draw 
the ladder logic program that might be used 
with a PLC for this circuit. 

13-23. Given the relay schematic in Fig. 13-42, write 
the Boolean expression that describes the logic 
function of this circuit. 

13-24. A (microcontroller, program-
mable logic controller) can be described as 
a "computer on a chip" because it contains a 
CPU, RAM, read-only memory, clock, and I/O 
pins within a single IC. 

13-25. Microcontrollers are most likely to appear 
______ (in the CPU section of a 

PC, embedded in electronic devices in your 
automobile). 

13-26. The microcontroller is noted for its small size 
and (high, very low) cost. 

13-27. Program memory in a microcontroller is 
held in a read-only memory device and 
is (constantly, rarely) 
reprogrammed. 

SOL 
LS1 LS3 

~ 
LS2 LS4 

~ 

Fig. 13-42 Relay schematic diagram. 



13-28. Microcontrollers are manufactured in 
______ (large, small) volumes. 

13-29. Compared to microprocessors, microcontrollers 
commonly address (very large, 
very small) amounts of RAM (data memory). 

13-30. A microcontroller is the device that is consid
ered the CPU of a personal computer. (T or F) 

13-31. The PIC16C55 IC is a (micro-
controller, PLC) featuring an EPROM program 
memory that holds 512 words and a RAM data 
memory that will hold 24 bytes. 

13-32. The PIC16C55 IC would probably cost less 
than five dollars if purchased in small quanti
ties. (T or F) 

13-33. The PIC16C55 IC features a(n) ____ _ 
(CISC, RISC) architecture employing only 
33 commands in its instruction set. 

13-34. Refer to Fig. 13-17. A three-input 
_____ (AND, XOR) gate could be 
used in place of the parity bit generator block. 

13-35. RefertoFig.13-17.Afour-input _____ _ 
(NAND, XOR) gate could be used in place of 
the error detector circuit. 

13-36. Refer to Fig. 13-15. The PIA block is sending 
byte-wide (8 bits wide) data to the printer. This 
is an example of (parallel, 
serial) transmission of data. 

13-37. Refer to Fig. 13-27. The PIC16C55 microcon-
troller has a total of I/O pins. 
The master clear input is an _____ _ 
(active HIGH, active LOW) reset pin that is also 
used during programming. 

13-38. The BASIC Stamp 2 is packaged as a 24-pin 
DIP and contains several components including 
a custom PIC16C57 (micro-
controller, PLC) with PBASIC interpreter in 
firmware. 

13-39. The _____ (EEPROM, ROM) IC on 
the BASIC Stamp module is used for program 
memory. 

13-40. Programming in PBASIC is done on a 
_____ (PC, small 12-key keypad) and 
then downloaded to the BASIC Stamp module. 

13-41. The (parallel, serial) port of 
a PC is used for downloading to the BASIC 
Stamp 2 module. 

13-42. Refer to Fig. 13-29. Parallax's Board of Edu
cation development board is used by students 
when studying and experimenting with the 
_____ (BS 1 IC, BS2 IC). 

13-43. Refer to Fig. 13-31. The purpose of the first 
pause 1000 line of code would be to wait 1 
second ( l 000 ms) for an input from an attached 
switch. (T or F) 

13-44. The acronym DSP stands for _____ _ 
13-45. In DSP, a digital signal might be referred to as 

a (discrete-time, random-time) 
signal. 

13-46. Refer to Fig. 13-35. Sampling should be per-
formed by the (AID converter, 
DSP) section of the system. 

13-47. The most common type of calculation per
formed by a digital signal processor is known 
as (multiply-and-shift left, 
sum-of-products). 

13-48. Digital signal processors can perform 
_ _____ (a few thousand, millions of) 
instructions per second. 

13-49. Refer to Fig. 13-35. The output of the DSP 
block is digital in nature and the DI A converter 
changes this to a(n) (analog, 
multiplexed) signal. 

13-50. The light sensors in a digital camera consist of 
a large array of (light-emitting 
diodes, photodiodes), which convert light en
ergy into electric energy. 

13-51. The image sensor in a digital camera may con-
tain (many hundreds, many 
millions) of pixels or sensors. 

13-52. To add color to a photo in a digital camera 
a checkerboardlike-colored filter called a 
______ (Bayer, UV) filter is placed 
between the lens of the camera and the image 
sensor. 

13-53. The DSP block in a digital camera is a special
ized very fast microprocessor that can handle 
enormous amounts of processing in a very short 
time. (T or F) 

13-54. The CdS photocell, used as a light sensor in 
Fig. 13-40, exhibits lower resistance as the light 
striking the cell (decreases, 
increases). 
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13-55. The hobby-type servo motor used in Fig. 13-40 
rotates counterclockwise (CCW) when the de 
voltage increases and CW as the de voltage 
decreases. (Tor F) 

13-56. Refer to Fig. 13-40. With no light striking 
the surface of the CdS photocell, the volt
age entering port 7 of the microcontroller 
increases. This is interpreted as a logical 
_____ (HIGH, LOW) by the BS2 
module. 

13-57. Refer to Figs. 13-40 and 13-41. If input 7 to the 
BS2 module is HIGH, the main routine (L6-L9) 
sends the program to the _____ _ 
(CW:, CCW:) subroutine. 

13-1. Draw a block diagram of the organization of the 
five main sections of a computer. Show the flow 
of program information and data through the 
system. 

13-2. Why do PLCs simulate relay logic so 
closely? 

13-3. Given the relay schematic in Fig. 13-43, draw 
the ladder logic program that might be used 
with a PLC for this circuit. 

13-4. Given the relay schematic in Fig. 13-43, 
draw the logic gate diagram for this circuit 
(use AND and OR symbols) and write the 
Boolean expression that describes the logic 
of the circuit. 

SOL 

Fig. 13-43 Relay schematic diagram. 
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13-58. Refer to Figs. 13-40 and 13-41. If input 7 to the 
BS2 module is LOW, the main routine (L6-L9) 
sends the program to the (CW:, 
CCW:) subroutine. This causes the slide on the 
mechanism in Fig.13-40(b) to _____ _ 
(extend, retract). 

13-59. Refer to Figs. 13-40 and 13-41. Line 12 
(pulsout 12, 500) of the PBASIC program 
generates a(n) (audio, PWM) 
signal of about 1 ms to drive the servo motor in 
a (CW, CCW) direction. 

13-60. Refer to Figs. 13-40 and 13-41. The group of 
PBASIC statements (Ll 7-L23) in the BS2 
module is referred to as the main routine. 
(Tor F) 

13-5. Refer to Fig. 13-44. The inputs in this problem 
are both (active HIGH, active 
LOW) switches and the output LED is activated 
(turned on) with a (HIGH, 
LOW). 

13-6. Refer to Fig. 13-44. Line 4 in the PBASIC 
program (input 8) causes I/O port 8 of the 
BASIC Stamp 2 to be configured as a(n) 
______ (input, time delay port). 

13-7. Refer to Fig. 13-44. If the switch SWl is 
pressed, the PBASIC program will cause a jump 
to the (blink:, doubleblink:) 
routine and the LED will blink _____ _ 
(once, twice). 

13-8. Refer to Fig. 13-44. If the switch SW2 is 
pressed, the PBASIC program will cause a jump 
to the (blink:, doubleblink:) 
routine and the LED will blink _____ _ 
(once, twice). 

13-9. Refer to Fig. 13-44. Remark statements shown 
in a PBASIC program are not executed by the 
microcontroller in the BASIC Stamp module. 
(Tor F) 
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'Two input switches-output LED 1 

output? 
out?= 1 
inputs 
input9 

switchcheck: 
if in9 = 0 then blink 
if ins = 0 then doubleblink 

goto switchcheck 

blink: 
out?= O 
pause 750 
out?= 1 
pause 750 

end 

doubleblink: 
out?= 0 
pause 750 
out?= 1 
pause 750 
out?= O 
pause 750 
out?= 1 
pause 750 

end 

(a) 

(b) 

LED 

P7~ 
~ 

'Title of PBASIC program 

'Configure 1/0 P? as output 

'Label for switch checking routine 

'Label for blink routine 

1End the program 

1Label for doubleblink routine 

1End the program 

Fig. 13-44 Problem using BASIC Stamp 2. {a) External inputs and output. 
{b) PBASIC program listing. 
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1. peripheral 44. limit switches, pressure switches, and temperature 
2. size, stored program, speed, multipurpose and optical sensors 
3. program information and data 45. occasionally during reprogramming 
4. data 46. T 
5. programs 47. less 
6. address, control 

7. modem 
8. LCD monitor 

9. mouse 

48.~:~ Kc~ 
49. 

~~y 
10. LAN 50. (A+ B)C = Y 
11. DSL 51. microcontroller 
12. operation, operand 52. VCR 
13. 100, 101 53. T 
14. MPU (microprocessor) 54. F 
15. decode-execute 

16. sequential 
17. address decoder 

55. very small 
56. microprocessor 
57. microcontroller, 512, 24 

18. three-state buffers or tristate buffers 58. less than 5 
19. 0, 8 59. 33 
20. in its high-impedance state 60. firmware 
21. multiplexer, demultiplexer 61. microcontroller 
22. 1111 62. serial 
23. PIA (peripheral interface adapter) 
24. UART (universal asynchronous 

receiver-transmitter) 

25. baud 

63. interpreter 
64. +5 V, I/O port 
65. continuously until power is turned off 
66. true, blink: 

26. serial 
27. even 

67. single-purpose 
68. discrete-time 

28. XOR,XOR 
29. 1 
30. 0 
31. XOR 

69. sum-of-products 
70. Multiplying and accumulating 

71. pipelining 
72. T 

32. cyclic redundancy check 

33. ports 
34. F 
35. T 
36. F 

73. photodiodes 
74. is allowed to pass through 
75. Interpolation 
76. red, green, blue 

77. decreases 
37. UARTs 
38. full 

39. F 
40. F 
41. flag 

78. input 
79. port 12 
80. pulse-width modulation 
81. higher, higher, HIGH 

82. T 
42. programmable logic controller 83. 8 
43. machine control in factories 84. 2 
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learning Clutcames 
This chapter will help you to: 

14-1 Survey the concepts of AID conversion 
and DI A conversion. Answer selected 
questions about a simple DI A converter. 

14-2 Design an op-amp circuit with a given 
voltage gain. 

14-3 Analyze the operation of a basic DIA 
converter composed of a resistor network 
and summing amplifier. 

14-4 Analyze the operation of a ladder-type DIA 
converter composed of an R-2R ladder 
network and summing amplifier. 

14-5 Analyze the operation of a counter-ramp 
AID converter. 

14-6 Understand the use of an operational 
amplifier as a voltage comparator. 

14-7 Analyze the operation of an elementary 
digital voltmeter. Answer selected 
questions on the operation of the digital 
voltmeter. 

14-8 Understand the theory of operation of 
a ramp-type AID converter. Analyze the 
operation of a successive-approximation 
AID converter. Diagram the logic used in 
successive-approximation AID converters. 

14-9 Survey important specifications of AID 
converters. Answer selected questions 
about AID converter specifications. 

14-10 Test the operation the ADC0804 8-bit AID 
converter IC. Answer selected questions 
about the ADC0804 AID converter IC. 

14-11 Analyze the operation of two different 
light meter circuits using a CdS photocell 
sensor as input. Answer selected questions 
on the AID circuitry and CdS photocell 
input. 

14-12 Test the operation of a thermistor 
temperature sensor. Digitize the output 
of the thermistor using a Schmitt-trigger 
inverter IC. Survey several more expensive 
linear thermal sensors. 

nnecting with Analog 

o this point in our study, most data en
tering or leaving a digital system have 

been digital information. Many digital sys
tems, however, have analog inputs that vary 
continuously between two voltage levels. In 
this chapter, we discuss the inteifacing of 
analog devices to digital systems. 

Most real-world information is analog. For 
instance, time, speed, weight, pressure, light 
intensity, and position measurements are all 
analog in nature. 

The digital system in Fig. 14-1 has an analog 
input. The voltage varies continuously from 0 
to 3 V. The encoder is an electronic device that 
converts the analog signal to digital informa
tion. The encoder is called an analog-to-digital 
converter or AID converter. The AID converter, 
then, converts analog information to digital 
data. 

The digital system diagrammed in Fig. 14-1 
also has a decoder. This decoder is a special 
type: It converts the digital information from 
the digital processing unit to an analog out
put. For instance, the analog output may be a 
continuous voltage change from 0 to 3 V. We 
call this decoder a digital-to-analog converter 
or DIA converter. The DIA converter, then, de
codes digital information to analog form. 

The entire system in Fig. 14-1 might be called 
a hybrid system because it contains both digital 
and analog devices. The encoders and decoders 
that convert from analog to digital and digital 
to analog are called interface devices by en
gineers and technicians. The word "interface" 
is generally used when referring to a device or 
circuit that converts from one mode of opera
tion to another. In this case we are converting 
between analog and digital data. 

Note that the input block in Fig. 14-1 refers 
to an analog voltage ranging from 0 to 3 V. This 
voltage could be produced by a transducer. A 

Interfacing 

Analog-to-digital 
converter 

AID converter 

D/A converter 

Hybrid system 
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Transducer 

Resistor network 

Summing amplifier 
(scaling amplifier) 

Analog 
input 
0-3V 

Encoder 

A/D 
converter 

Digital 
processing 
unit 

14-'l A digital system with analog input and analog output. 

(Ss) (4s) (2s) (1 s) 
D C B A 

~ 

Resistor 

Decoder 

DIA 
converter 

Analog 
output 
0-3V 

Summing 
network f---+ amplifier r-----© 

0-3V 

(in 0.2-V steps) 
DIA converter 

Fig. 14-2 Block diagram of a D/A converter. 

transducer is defined as a device that converts 
one form of energy to another. For instance, a 
photocell could be used as an input transducer 
to give a voltage proportional to light intensity. 
In this example, light energy is being converted 
into electric energy by the photocell. Other 
transducers might include microphones, speak
ers, strain gauges, photoresistive cells, tempera
ture sensors, potentiometers, distance sensors, 
and Hall-effect sensors. 

A block diagram of a DIA converter is shown 
in Fig. 14-2. The digital inputs (D, C, B, A) are 
at the left. The decoder consists of two sections: 
the resistor network and the summing amplifier. 

14-1 D/A Conversion 

Refer to the DIA converter in Fig. 14-1. Let us 
suppose we want to convert the binary from the 
processing unit to a 0- to 3-V output. As with 
any decoder, we must first set up a truth table 
of all the possible situations. Table 14-1 shows 
four inputs (D, C, B, A) into the DIA converter. 
The inputs are in binary form so the exact value 
of the inputs is not important. Each 1 is about 
+ 3 to +5 V. Each 0 is about 0 V. The outputs 
are shown as voltages in the rightmost column 
in Table 14-1. According to the table, if binary 
0000 appears at the input of the DIA converter, 
the output is 0 V. If binary 0001 is the input, the 
output is 0.2 V. If binary 0010 appears at the 
input, then the output is 0.4 V. Notice that for 
each row you progress downward in Table 14-1, 
the analog output increases by 0.2 V. 

Row 1 

Row2 

Row3 

Row4 

Rows 

Row6 

Row? 

Rows 

~ow9 

Row 10 

Row 11 

Row 12 

Row 13 

Row 14 

Row 15 

Row 16 

D 

0 

0 

0 

0 

0 

0 

0 

0 

Digital 
Inputs 

c B 

0 0 

0 0 

0 

0 

0 

0 

0 0 

0 0 

0 

0 

0 

0 

Analog 
Output 

A Volts 

0 0 

0.2 

0 0.4 

0.6 

0 0.8 

1.0 

0 1.2 

1.4 

0 1.6 

1.8 

0 2.0 

2.2 

0 2.4 

2.6 

0 2.8 

3.0 
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The output is shown as a voltage reading on the 
voltmeter at the right. 

The resistor network in Fig. 14-2 must take 
into account that a 1 at input B is worth twice 
as much as a 1 at input A. Also, a 1 at input 
C is worth four times as much as 1 at input A. 
Several arrangements of resistors are used to 
do this job. These circuits are called resistive 
ladder networks. 

The summing amplifier in Fig. 14-2 takes 
the output voltage from the resistor network 

Supply the missing word in each statement. 

1. A special encoder that converts from 
analog to digital information is called 
a(n) ___ _ 

2. A special decoder that converts from 
digital to analog information is called 
a(n) ___ _ 

3. A DIA converter consists of a(n) 
____ network and a(n) ___ _ 

amplifier. 
4. The name "op amp" stands for 

14-2 Operational Amplifiers 
The special amplifiers called op amps are char
acterized by high input impedance, low output 
impedance, and a variable voltage gain that can 
be set with external resistors. The symbol for 
an op amp is shown in Fig. 14-3(a). The op amp 
shown has two inputs. The top input is labeled 
an inverting input. The inverting input is shown 
by the minus sign (-) on the symbol. The other 
input is labeled a noninverting input. The non
inverting input is shown by the plus sign ( +) 
on the symbol. The output of the amplifier is 
shown on the right of the symbol. 

The operational amplifier is almost never 
used alone. Typically, the two resistors shown 
in Fig. 14-3(b) are added to the op amp to set 
the voltage gain of the amplifier. Resistor R. 

Ill 

and amplifies it the proper amount to get the 
voltages shown in the rightmost column of 
Table 14-1. The summing amplifier typically 
uses an IC unit called an operational amplifier. 
An operational amplifier is often simply called 
an op amp. The summing amplifier is also 
called a scaling amplifier. 

The special decoder called a DIA converter 
consists of two parts: a group of resistors form
ing a resistive ladder network and an op amp 
used as the summing amplifier. 

5. Refer to Fig. 14-2 and Table 14-1. If 
the binary input to the DI A converter 
is 0111

2
, the analog output will be 

____ volts. 
6. Refer to Fig. 14-2 and Table 14-1. If 

the binary input to the DI A converter 
is 1111

2
, the analog output will be 

_ ___ volts. 

7. Refer to Fig. 14-2 and Table 14-1. If 
the binary input increases from 0001 to 
0010, the analog output will increase by 
____ volts. 

Inverting input=+>-
Output 

Noninverting input + 

(a) 

(b) 

Fig. 14-3 Operational amplifier. (a) Symbol. 
( b) With input and feedback resistors 
for setting gain. 

Operational 
amplifier (op amp) 

Inverting input 

Noninverting input 
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Summing amplifier 

Input and feedback 
resistors 

Resistor network 

is called the input resistor. Resistor Rf is called 
the feedback resistor. The voltage gain of this 
amplifier is found by using the simple formula 

R 
Av (voltage gain) = / 

Ill 

Suppose the values of the resistors connected 
to the op amp are Rf = 10 kD and R. = 10 kD. 

Ill 

Using our voltage gain formula, we find that 

A = Rf = 10,000 = l 
v Ri

11 
10,000 

The gain of the amplifier is 1. In our exam
ple, if the input voltage at Vi

11 
in Fig. 14-3(b) is 

5 V, the output voltage at V is 5 V. The invert-our 

ing input is being used, and so if the input volt-
age is +5 V, then the output voltage is -5 V. The 
voltage gain of the op amp can also be calcu
lated using the formula 

v 
A=-'!.!!!.. 

v v 
Ill 

The voltage gain for the circuit above is then 

A= V:,"'=2= 1 
v V:n 5 

The voltage gain is again found to be 1. 
Suppose the input and feedback resistors are 

1 kil and 10 kil, as shown in Fig. 14-4. What 

Answer the following questions. 

8. Refer to Fig. 14-3(b). The resistor labeled 
Rr in this op-amp circuit is called the 
____ resistor. 

9. Refer to Fig. 14-3(b). The resistor labeled 
Rin in this op-amp circuit is called the 
____ resistor. 

10. What is the voltage gain (A) of an op amp 
such as the one shown in Fig. 14-3(b) 
if R. = 1 kD and Rf= 20 kil? 

Ill 

14-3 A Basic D/A Converter 

A simple DIA converter is shown in Fig. 14-5. 
The DIA converter is made in two sections. 
The resistor network on the left is made up of 
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10 kD 

Fig. 14-4 Amplifier circuit using an op amp. 

is the voltage gain for this circuit? The voltage 
gain is calculated as 

A = Rf = 10,000 = 10 
v Rin I,000 

The voltage gain is 10. If the input voltage is + 0.5 
V, then the voltage at the output is how many 
volts? If the gain is 10, then the input voltage of 
0.5 V times 10 equals 5 V. The output voltage is 
-5 V, as measured on the voltmeter in Fig. 14-4. 

You have seen how the voltage gain of an op 
amp can be changed by changing the ratio be
tween the input and feedback resistors. You 
should know how to set the gain of an operational 
amplifier by using different values for Rin and R1 

In summary, the op amp is part of a DIA con
verter; it is used as a summing amplifier in the 
converter. The gain of the op amp is easily set 
by the ratio of the input and feedback resistors. 

11. What is the output voltage (V ) from the 
out 

op amp in question 10 if the input voltage 
is +0.2 V? 

12. What is the voltage gain (A) of an op amp 
such as the one shown in Fig. 14-3(b) 
if R. = 5 kil and Rf= 20 kD? 

Ill 

13. What is the output voltage (V ) from the out 

op amp in question 12 if the input voltage 
is+ 1.0 V? 

resistors R
1
, R

2
, R

3
, and R

4
• The summing am

plifier on the right consists of an op amp and a 
feedback resistor. The input (V. ) is 3 V applied 

Ill 

to switches D, C, B, and A. The output voltage 



Ss 4s 2s 1s 

0 0 0 0 
Summing amplifier 

10 kfl 

+10V 

._____---~-l 
Input resistors 

Resistor network 

A D/A converter circuit. 

(V ) is measured on a voltmeter. Notice that the 
OU 

op amp requires a dual power supply: a + 10-V 
supply and a -10-V supply. 

With all switches at GND (0 V), as shown in 
Fig. 14-5, the input voltage at point A is 0 V and 
the output voltage is 0 V. This corresponds to 
row 1, Table 14-1. Suppose we move switch A 
to the logical 1 position in Fig. 14-5. The input 
voltage of 3 V is applied to the op amp. We next 
calculate the gain of the amplifier. The gain is 
dependent upon the feedback resistor (Rf)' which 
is 10 kQ, and the input resistor (R. ), which is 

Ill 

the value of R
1
, or 150 kD. Using the gain for-

mula, we have 

Rf 10,000 
Av = R = 150 000 = 0.066 

flt ' 

To calculate the output voltage, we multiply the 
gain by the input voltage as shown here: 

V =A x V = 0.066 x 3 = 0.2 V 
Otlf V In 

The output voltage is 0.2 V when the input is 
binary 0001. This satisfies the requirements of 
row 2, Table 14-1. 

Let us now apply binary 0010 to the DIA 
converter in Fig. 14-5. Only switch Bis moved 
to the logical 1 position, applying 3 V to the op 
amp. The gain is 

A = Rf = 10,000 = 0.1 33 
v Rin 75,000 

10V 

Multiplying the gain by the input voltage gives 
us 0.4 V. The 0.4 V is the output voltage. This 
satisfies row 3, Table 14-1. 

Notice that for each binary count in 
Table 14-1, the output voltage of the DIA con
verter increases by 0.2 V. This increase occurs 
because of the increased voltage gain of the op 
amp as we switch in different resistors (R

1
, R

2
, 

R
3

, and R
4
). If only resistor R

4 
from Fig. 14-5 

were connected by activating switch D, the gain 
would be 

A = Rf = 10,000 = 0.535 
v Rin 18,700 

The gain multiplied by the input voltage of 3 V 
gives 1.6 V at the output of the op amp. This is 
what is required by row 9, Table 14-1. 

When all switches are activated (at logical 1) 
in Fig. 14-5, the op amp puts out the full 3 V 
because the gain of the amplifier has increased 
to 1. 

Any input voltage up to the limits of the 
operational-amplifier power supply (::J:::lO V) 
maybe used. More binary places may be 
added by adding switches. If a 16s place value 
switch is added in Fig. 14-5, it needs a resis
tor with half the value of resistor R

4
• Its value 

would then have to be 9350 D. The value of 
the feedback resistor would also be changed to 
5 kD. The input would then be a 5-bit binary 

Basic O/A 
converter 
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Ladder-type D/A 
converters 

R-2R ladder 
network 

number; the output would still be an analog 
output varying from 0 to -3.l V (in 0.1 V 
steps). 

Answer the following questions. 

14. Calculate the voltage gain of the op amp 
in Fig. 14-5 when only switch C (the 4s 
switch) is at logical 1. 

15. Using the voltage gain from question 14, 
calculate the output voltage of the DI A 
converter in Fig. 14-5 when only switch C 
is at logical 1. 

16. List two limitations of the basic DI A con
verter shown in Fig. 14-5 for large binary 
words. 

14-4 Ladder-Type D/ A Converters 

Digital-to-analog converters consist of a resistor 
network and a summing amplifier. Figure 14-6 
diagrams a type of resistor network that provides 
the proper weighting for the binary inputs. This 
resistor network is sometimes called the R-2R 
ladder network. The advantage of this arrange-
ment of resistors is that only two values of resis-
tors are used. Resistors R

1
, R

2
, R

3
, R

4
, and R

5 
are 

20 kfl each. Resistors R
6

, R
7

, R
8

, and R
1 

are each 
10 kfl. Notice that all the horizontal resistors 
on the "ladder" are exactly twice the value of 
the vertical resistors, hence the title R-2R ladder 
network. 

The summing amplifier in Fig. 14-6 is the 
same one used in the last section. Again notice 
the use of the dual power supply on the op amp. 

The operation of this DI A converter is similar 
to the basic one in the last section. Table 14-2 
details the operation of this DIA converter. 
Notice that we are using an input voltage of 
3.75 V on this converter. Each binary count in-
creases the analog output by 0.25 V, as shown 
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Trying to expand DIA converter in Fig. 14-5 
to many bits results in an impractical range of 
resistor values and poor accuracy. 

17. Calculate the voltage gain of the op amp 
in Fig. 14-5 when both switches A and 
B are at logical 1 [Hint: Use parallel 
resistance formula Rr = (R

1 
X R

2
)1 

(RI + R2)]. 
18. Using the voltage gain from question 17, 

calculate the output voltage from the 
DIA converter in Fig. 14-5 when both 
input switches A and B are at 
logical 1. 

Binary Inputs 

8s 4s 2s 1s Analog Output 

D c B A Volts 

0 0 0 0 0 

0 0 0 1 0.25 

0 0 0 0.50 

0 0 1 0.75 

0 0 0 1.00 

0 0 1.25 

0 0 1.50 

0 1.75 

1 0 0 0 2.00 

0 0 2.25 

0 0 2.50 

0 2.75 

0 0 3.00 

0 3.25 

0 3.50 

3.75 



Ss 4s 1s 

0 1
1 0 

B ~A 
~ 20 kfl 20 kfl 

-~ 

10.65 kfl 

R, 

Ra +10V 

R4 

Resistor network 

-10V 

Summing amplifier 

Fig. 14-6 A O/A converter circuit using an R-2R ladder resistor network. 

in the rightmost column of Table 14-2. Remem
ber that each 0 on the input side of the table 
means 0 V applied to that input. Each 1 on the 
input side of the table means 3.75 V applied to 
that input. The input voltage of 3.75 V is used 
because this is very close to the output of TTL 
counters and other ICs you may have used. The 
inputs (D, C, B, and A) in Fig. 14-6, then, could 
be connected directly to the outputs of a TTL 
IC and operate according to Table 14-2. In ac
tual practice, however, the outputs of a TTL IC 
are not accurate enough; they have to be put 

Answer the following questions. 

19. The digital-to-analog converter in 
Fig. 14-6 is a(n) -type DIA 
converter. 

through a level translator to get a very precise 
voltage output. 

More binary places (16s, 32s, 64s, and so on) 
can be added to the DIA converter in Fig. 14-6. 
Follow the pattern of resistor values shown in 
this diagram when adding place values. 

Two types of special decoders called digital
to-analog converters have been covered. The 
R-2R ladder-type DIA converter has some ad
vantages over the more basic unit. The heart of 
the DIA converter consists of the resistor net
work and the summing amplifier. 

20. Refer to Fig. 14-6. The gain of the op 
amp is greatest when all input switches 
are at logical (0, 1). 

21. Refer to Fig. 14-6 and Table 14-2. The 
gain of the op amp is least when switch 
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AID canvertEr 

Voltage 
comparator 

____ (A, B, C, D) is the only switch 
at logical 1. 

22. Refer to Fig. 14-6 and Table 14-2. If the 
binary input to the DI A converter is 1011, 
the analog output voltage is ___ _ 
volts. 

An analog-to-digital converter is a special type 
of encoder. A basic block diagram of an AID 
converter is shown in Fig. 14-7. The input is a 
single variable voltage. The voltage in this case 
varies from 0 to 3 V. The output of the AID 
converter is in binary. The AID converter trans
lates the analog voltage at the input into a 4-bit 
binary word. As with other encoders, it is well 
to define exactly the expected inputs and out
puts. The truth table in Table 14-3 shows how 
the AID converter should work. Row 1 shows 
0 V being applied to the input of the AID con
verter. The output is binary 0000. Row 2 shows 
a 0.2-V input. The output is binary 0001. Notice 
that each increase of 0.2 V increases the binary 
count by 1. Finally, row 16 shows that when the 
maximum 3 V is applied to the input, the output 
reads binary 1111. Notice that the truth table in 
Table 14-3 is just the reverse of the DIA con
verter truth table in Table 14-1; the inputs and 
outputs have just been reversed. 

The truth table for the AID converter looks 
quite simple. The electronic circuits that perform 

0-3V 

AJD 
converter 

23. Refer to Fig. 14-6 and Table 14-2 .. If the 
binary input to the DI A converter in
creases from 0111 to 1000, the analog 
output voltage increases by ___ _ 
volts. 

the task detailed in the truth table are somewhat 
more complicated. One type of AID converter 
is diagrammed in Fig. 14-8. The AID converter 
contains a voltage comparator, an AND gate, a 
binary counter, and a DIA converter. All the sec
tions of the AID converter except the compara
tor are familiar to you. 

The analog voltage is applied at the left of 
Fig. 14-8. The comparator checks the voltage 
coming from the DIA converter. If the analog 
input voltage at A is greater than the voltage at 
input B of the comparator, the clock is allowed 
to increase the count of the 4-bit counter. The 
count on the counter increases until the feed
back voltage from the DIA converter becomes 
greater than the analog input voltage. At this 
point the comparator stops the counter from 
advancing to a higher count. Suppose the input 
analog voltage is 2 V. According to Table 14-3, 
the binary counter increases to 1010 before it is 
stopped. The counter is reset to binary 0000, 
and the counter starts counting again. 

Now for more detail on the AID converter in 
Fig. 14-8. Let us assume that there is a logical 1 
at point X at the output of the comparator. Also 

8s 4s 2s 1s 

Block diagram of an A/O converter. 

506 Chapter 14 Connecting with Analog Devices 



Row 1 

Row2 

Row3 

Row4 

Rows 

Row6 

Row? 

Rows 

Row9 

Row10 

Row 11 

Row 12 

Row 13 

Row 14 

Row 15 

Row 16 

Binary 
Output 

Analog 
Input Ss 4s 2s 

---
Volts D c B 

0 0 0 0 

0.2 0 0 0 

0.4 0 0 

0.6 0 0 1 

0.8 0 0 

1.0 0 1 0 

1.2 0 1 1 

1.4 0 

1.6 0 0 

1.8 0 0 

2.0 0 

2.2 0 

2.4 0 

2.6 0 

2.8 

3.0 

Clock _________ _, 

A 

0-3V 

1 
B 

Voltage 
comparator 

x 

1s 

A 

0 

0 

1 

0 

0 

0 

0 

1 

0 

0 

AND 

assume that the counter is at binary 0000. As-
sume, too, that 0.55 V is applied to the analog 
input. The 1 at point X enables the AND gate, 
and the first pulse from the clock appears at the 
CLK input of the counter. The counter advances 
its count to 0001. The 0001 is displayed on the 
lights in the upper right of Fig. 14-8. The 0001 
is also applied to the DIA converter. 

According to Table 14-1, a binary 0001 pro-
duces 0.2 V at the output of the DIA converter. 
The 0.2 V is fed back to the B input of the com-
parator. The comparator checks its inputs. The 
A input is higher (0.55 V as opposed to 0.2 V), 
and so the comparator outputs a logical 1. The 1 
enables the AND gate, which lets the next clock 
pulse through to the counter. The counter ad-
vances its count by 1. The count is now 0010. 
The 0010 is applied to the DIA converter. 

According to Table 14-1, a 0010 input produces 
a 0.4-V output. The 0.4 Vis fed back to the B input 
of the comparator. The comparator again checks 
the B input against the A input; the A input is still 
larger (0.55 V as opposed to 0.4 V). The compara-
tor outputs a logical 1. The AND gate is enabled, 
letting the next clock pulse reach the counter. The 
counter increases its count to binary 0011. The 
0011 is applied back to the DIA converter. 

According to Table 14-1, a 0011 input pro-
duces a 0.6 V output. The 0.6 V is fed back to 

Counter 

CLK 

Ss 4s 2s 

B 

A 

.__ __ B_
1 

DIA 

converter c 

D 

1s 

Feedback (ramp) voltage 

Fig. 14-B Block diagram of a counter·ramp·type A/D converter. 
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Counter-ramp A/O 
converter 
Ramp 

Voltage 
comparator 

Op amp 

the B input of the comparator. The comparator 
checks input A against input B; for the first time 
the B input is larger than the A input. The com
parator outputs a logical 0. The logical 0 disables 
the AND gate. No more clock pulses can reach 
the counter. The counter stops at binary 0011. A 
look at row 4, Table 14-3, shows that 0.6 V gives 
the readout of binary 0011. Our AID converter 
has worked according to the truth table. 

If the input analog voltage were 1.2 V, the 
binary output would be 0110, according to 
Table 14-3. The counter would have to count 
from binary 0000 to OllO before being stopped 
by the comparator. If the input analog voltage 
were 2.8 V, the binary output would be lllO. 
The counter would have to count from binary 

Supply the missing word or words in each 
statement. 

24. An AID converter will translate a(n) 
____ input voltage into a(n) 
____ output. 

25. Refer to Table 14-3. If the analog input 
voltage is 1 V, the binary output will be 

26. Refer to Fig. 14-8. When the voltage 
at point B is less than A, the output of 
the comparator at point Xis ___ _ 
(HIGH, LOW). This causes the clock 
pulses to (be blocked by, pass 
through) the AND gate. 

14-6 Voltage Comparators 

In the last section we used a voltage compara
tor. We found that a comparator compares two 
voltages and tells us which is the larger of the 
two. Figure 14-9 is a basic block diagram of a 
comparator. If the voltage at input A is larger 
than at input B, the comparator gives a logical 1 
output. If the voltage at input B is larger than at 
input A, the output is a logical 0. This is written 
A > B = 1 and B >A = 0 in Fig. 14-9. 

The heart of a voltage comparator is an 
op amp. Figure 14-lO(a) shows a comparator 

5(]8 Chapter 14 Connecting with Analog Devices 

0000 to lllO before being stopped by the com
parator. Notice that it does take some time for 
the conversion of the analog voltage to a bi
nary readout. However, in most cases the clock 
runs fast enough so that this time lag is not a 
problem. 

You now should appreciate why we studied 
the DIA converter before the AID converter. 
This counter-ramp AID converter is fairly 
complex and needs a DIA converter to operate. 
The term "ramp" in the name for this converter 
refers to the gradually increasing voltage from 
the DIA converter that is fed back to the com
parator. A 4-bit converter produces a staircase 
waveform. When enough bits are used, the 
waveform approaches a smooth ramp. 

27. The unit diagrammed in Fig. 14-8 is a(n) 
____ -type AID converter. 

28. Refer to Fig. 14-8. The feedback voltage 
from the DI A converter to input B of the 
____ (counter, comparator) would 
appear as a ramp or "stair-step shape" 
waveform if observed on an oscilloscope. 

29. Refer to Fig. 14-8. The comparator com-
pares the (binary values, volt-
ages) at inputs A and B. 

30. Refer to Fig. 14-8. The (AND, 
XOR) gate blocks clock pulses from getting 
to the counter when the output of the com-
parator goes (HIGH, LOW). 

circuit. Notice that input A has 1.5 V applied 
and input B has 0 V applied. The output voltme
ter reads about 3.5 V, or a logical 1. 

Figure 14-lO(b) shows that the input B volt
age has been increased to 2 V. Input A is still at 

A 

B 

Voltage 
comparator 

A> B = 1 
x B>A=O 

Fig. '14-S Block diagram of a voltage comparator. 



+10V 
1.5 v 10 kfl 

10 kfl 

s.s:=BA > B = 1 1 -ovCa 
i 

-10V 
3-4V 

(a) 

+~ +10V 
1.5V A 10 kfl -'---1 

10 kfl 

-10V ov~B>A = 0 3-4V 
-~ 1 -2V B 

+~_t 
- -- -

(b) 

Fig. 14·1iJ Voltage comparator circuit. (a) With greater voltage at input A. (b) With greater voltage at input B. 

1.5 V. Input B is larger than input A. The output 
of the comparator circuit is about 0 V (actually 
the voltage is about -0.6 V), or a logical 0. 

The comparator in the AID converter in 
Fig. 14-8 works exactly like this unit. The zener 

Answer the following questions. 

31. The comparator block shown in Fig. 14-8 
compares two (binary num-
bers, decimal numbers, de voltages). 

32. A voltage comparator circuit can be con-
structed using a(n) IC, several 
resistors, and a zener diode. 

33. Refer to Fig. 14-10. When input B 

diode in the comparator in Fig. 14-10 is there to 
clamp the output voltage at about +3.5 or -0.6 V. 
Without the zener diode the output voltages would 
be about +9 and -9 V. The + 3.5 and -0.6 V are 
more compatible with TTL ICs. 

increases and becomes higher than input 
A, the output of the op amp will change 
from (HIGH, LOW) to 
___ (HIGH, LOW). 

34. Refer to Fig. 14-10. The ___ _ 
(10-kD. resistor, zener diode) "clamps" 
the output voltages of the op amp to about 
3.5 V (HIGH) or 0.6 V (LOW). 

Voltage 
comparator circuit 

Zener diode 
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Elementary digital 
voltmeter 

14-7 An Elementary Digital 
Voltmeter 

One use for an AID converter is in a digital 
voltmeter. You have already used all the sub
systems needed to make an elementary digital 
voltmeter system. A block diagram of a simple 
digital voltmeter is shown in Fig. 14-11. The 
AID converter converts the analog voltage to 
binary form. The binary is sent to the decoder, 
where it is converted to a seven-segment code. 
The seven-segment readout indicates the volt
age in decimal numbers. With 7 V applied to 
the input of the AID converter, the unit outputs 
binary 0111, as shown. The decoder activates 
lines a to c of the seven-segment display; seg
ments a to c light on the display. The display 
reads as a decimal 7. Note that the AID con
verter is also classified as an encoder; it en
codes from an analog input to a binary output. 

A wiring diagram of an elementary digital 
voltmeter is shown in Fig. 14-12. Notice the 
voltage comparator, the AND gate, the coun
ter, the decoder, the seven-segment display, and 
the DIA converter. Several power supplies are 
needed to set up this circuit. A dual ±10-V sup
ply (or two individual 10-V supplies) is used for 
the 741 op amps. A 5-V supply is used for the 
7408, 7493, and 7447 TTL ICs and the seven
segment LED display. A 0- to 10-V variable 
de power supply is also needed for the analog 
input voltage. 

Let us assume a 2-V input to the analog input 
of the digital voltmeter in Fig. 14-12. Reset the 
counter to 0000. The comparator checks inputs 
A and B; A is larger (A = 2 V, B = 0 V). The 
comparator's output is a logical 1. This 1 en
ables the AND gate. The pulse from the clock 
passes through the AND gate. The pulse causes 
the counter to advance one count. The count is 

7V 
A/D 
converter 

Decoder 

0111 

Fig. Wl1 Block diagram of an elementary digital voltmeter. 
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now 0001. The 0001 is applied to the decoder. 
The decoder enables lines b and c of the seven
segment display; segments b and c light on the 
display, giving a decimal readout of 1. The 
0001 is also applied to the DIA converter. About 
3.2 V from the counter is applied through the 
150-kD resistor to the input of the op amp. The 
voltage gain of the op amp is 

Rf 47,000 
Av= R = 150 000 = 0.3 l 

(1l ' 

The gain is 0.31. The voltage gain times the 
input voltage equals the output voltage: 

V =A x V = 0.31 X 3.2 = 1 V 
Oil! V lll 

The output voltage of the DIA converter is 
-1 V. The 1 V is fed back to the comparator. 

Now, with 2 V still applied to the input, the 
comparator checks A against B; input A is larger. 
The comparator applies a logical 1 to the AND 
gate. The AND gate passes the second clock 
pulse to the counter. The counter advances to 
0010. The 0010 is decoded and reads out as a 
decimal 2 on the seven-segment display. The 
0010 also is applied to the DIA converter. The 
DIA converter puts out about -2 V, which is fed 
back to the B input of the comparator. 

The display now reads 2. The 2 V is still ap
plied to input A of the comparator. The compar
ator checks A against B; B is just slightly larger. 
Output X of the comparator goes to logical 0. 
The AND gate is disabled. No clock pulses 
reach the counter. The count has stopped at 2 
on the display. This is the voltage applied at the 
analog input. 

The digital voltmeter in Fig. 14-12 is an ex
perimental circuit. The circuit is included be
cause it demonstrates the fundamentals of how 
a digital voltmeter works. It shows how SSI and 
MSI ICs can be used to build more complex 

a,b,c 

(active) 
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14· 12 Wiring diagram of an elementary digital voltmeter. 
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Hybrid electronic 
system 

LSI digital 
voltmeter IC 

Internet 
Connection 
Research lntersil ICL 
7106 and ICL 7107 

Ramp AID 
converter 

Ramp generator 

Sawtooth 
waveform 

functions. It is a simple example of a hybrid 
electronic system containing both digital and 
analog devices. 

Modern digital voltmeters and DMMs are 
based on LSI ICs. These specialized AID con
verters are available from many manufactur
ers. Large-scale integration digital voltmeter 
chips include all the active devices on a single 
CMOS IC. Included are the AID converter, 
seven-segment decoders, display drivers, and a 

Answer the following questions. 

35. One application for an AID converter is in 
a(n) __ _ 

36. Refer to Fig. 14-12. The elementary digi-
tal voltmeter is considered a ___ _ 
(digital, hybrid) system because it con
tains both digital and analog ICs. 

37. Refer to Fig. 14-12. With the counter 
reset to 0000, the feedback (ramp) voltage 
will be about V. 

38. Refer to Fig. 14-12. If the analog input 
voltage is 3.5 V and the counter is reset, 
how many clock pulses reach the 7493 IC 
before the counter stops? 

39. Refer to Fig. 14-12. If the analog input 
voltage is 4.6 V, the display will read 

Other A/D Converters 

In Sec. 14-5 we studied the counter-ramp AID 
converter. Several other types of AID convert
ers are also used; in this section we shall dis
cuss two other types of converters. 

A ramp AID converter is shown in Fig. 14-13. 
This AID converter works very much like the 
counter-ramp AID converter in Fig. 14-8. The 
ramp generator at the left in Fig. 14-13 is the 
only new subsystem. The ramp generator pro
duces a sawtooth waveform, which is shown in 
Fig. 14-14(a). 

Suppose 3 V is applied to the analog voltage 
input of the AID converter in Fig. 14-13. This 
situation is diagrammed in Fig. 14-14(a). The 
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clock. The ICL7106 and ICL7107 3V2-digit AID 
converters are two examples of these complex 
devices. They will directly drive either LCD 
(7106 IC) or LED (7107 IC) 3V2-digit displays. 
They feature a built-in clock, voltage refer
ences, accurate AID converter, auto-zero, high 
input impedance, decoders, and direct display 
drivers for 3V2-digit seven-segment displays. 
These chips can be used in digital voltmeters or 
digital thermometers. 

____ V after the reset/count 
sequence. 

40. Refer to Fig. 14-12. The op amp on the 
right is wired as a(n) while the 
operational amplifier at the left functions 
as a voltage comparator. 

41. Refer to Fig. 14-12. If the analog input 
voltage is 8.5 V, the display will read 
____ V after the reset/count 
sequence. 

42. Refer to Fig. 14-12. When input B of the 
voltage comparator becomes ___ _ 
(greater than, less than) the input voltage 
at A, the output goes LOW and the AND 
gate (does not pass, passes) 
the clock pulses to the counter. 

ramp voltage starts to increase but is still lower 
than input A of the comparator. The comparator 
output is at a logical 1. This 1 enables the AND 
gate so that a clock pulse can pass through. In 
Fig. 14-14(a) the diagram shows three clock 
pulses getting through the AND gate before 
the ramp voltage gets larger than the input volt
age. At point Yin Fig. 14-14(a), the compara
tor output goes to a logical 0. The AND gate is 
disabled. The counter stops counting at binary 
0011. The binary 0011 means 3 Vis applied at 
the input. 

Figure 14-14(b) gives another example. The 
input voltage to the ramp-type AID converter is 
6 V in this situation. The ramp voltage begins 
to increase from left to right. The comparator 



8s 4s 2s 1s 

Counter 
Clock----------------< 

AND CLK 

A 
V;n C!l-----1 

Voltage X 
comparator 

B 
Ramp 
generator 

Fig. 14-13 Block diagram of a ramp-type A/D converter. 

7V 

Analog input 3 V 
(V;n) ---~.,,,c..-------+---->""-------+--

Ramp voltage ov 

Comparator output 
~-----0 

Clock pulses flJllJl 
to counter 

Binary readout 0011 

(a) 

llJlJl 
0011 

7V 
Analog input 6 V ----------JllF---+--------___,,..c:.__+--
(V;n) 

Ramp voltage OV 

Comparator output 
0 

Clockpulsesn n n n n n n n n n n n 
to counter I U U U U U I I U U U U U I 

Binary readout 0110 0110 

(b) 

Fig. 14-14 Ramp-type A/D converter waveforms (a) With 3 V applied. (b) With 6 V applied. Ramp-type A/D 
converter 
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Successive
approximatian A/D 
converter 

output is at a logical 1 because input A is larger 
than the ramp-generator voltage at input B. The 
counter continues to advance. At point Z on 
the ramp voltage, the ramp-generator voltage 
is larger than V;n· At this point the comparator 
output goes to a logical 0. This 0 disables the 
AND gate. The clock pulses no longer reach 
the counter. The counter is stopped at binary 
0110. The binary 0110 represents the 6-V ana
log input. 

The difficulty with ramp-type AID con
verters is the long time it takes to count up to 
higher voltages. For instance, if the binary out
put were eight binary places, the counter might 
have to count up to 255. To eliminate this slow 
conversion time, we use a different type of 
AID converter. A converter that cuts down on 
conversion time is a successive-approximation 
AID converter. 

A block diagram of a successive-approximation 
AID converter is shown in Fig. 14-15. The con
verter consists of a voltage comparator, a DIA 
converter, and a new logic block. The new logic 
block is called the successive-approximation 
logic section. 

--Clock 

Suppose we apply 7 V to the analog input. 
The successive-approximation AID converter 
first makes a "guess" at the analog input volt
age. This guess is made by setting the MSB 
to 1. This is shown in block 1, Fig. 14-16. 
This job is performed by the successive
approximation logic unit. The result (1000) is 
fed back to the comparator through the DIA 
converter. The comparator answers the ques
tion in block 2, Fig. 14-16, Is 1000 high or 
low compared with the input voltage? In this 
case the answer is "high." The successive
approximation logic then performs the task 
in block 3. The 8s place is cleared to 0, and 
the 4s place is set to 1. The result (0100) is 
sent back to the comparator unit through the 
DIA converter. The comparator nt'.xt answers 
the question in block 4, Is 0100 high or low 
compared with the input voltage? The answer 
is "low." The successive-approximation logic 
then performs the task in block 5. The 2s 
place is set to 1. The result (0110) is sent back 
to the comparator. The comparator answers 
the question in block 6, Is 0110 high or low 
compared with the input voltage? The answer 

8s 4s 2s 1s 

"8 A 

Successive-approximation 'i 
logic 

~ 

A --
Voltage x 

comparator -

B A 
--

B 
DIA 

c converter -
D 

Fig. 'l4-1S Block diagram of a successive-approximation A/D converter. 
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is "low." The successive-approximation logic 
then performs the task in block 7. The ls place 
is set to I. The final result is binary 0111. This 
stands for the 7 V applied at the input of the 
AID converter. 

Notice in Fig. 14-16 that the items in the 
blocks are performed by the successive
approximation logic unit. The questions are 
answered by the comparator. Also notice 

Set MSB to 1 Result = 1000 

Low 
2 

3 
Clear 8s place. 
Set 4s place to 1 Result= 0100 

Low 
4 

that the task performed by the successive
approximation logic depends upon whether 
the answer to the previous question is "low" 
or "high" (see blocks 3 and 5). 

The advantage of the successive-approximation 
AID converter is that it takes fewer guesses to 
get the answer. The digitizing process is thus 
faster. The successive-approximation AID con
verter is very widely used. 

5 Set 2s place to 1 Result = 0110 

Low 
6 Find 

result = 0111 

7 Set 1s place to 1 

Fig. 14· 16 Flowcharting the operation of the successive-approximation A/D convertor. Flowcharting 
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AID converter 
specifications 

Resolution 

µP-type A/O 
converters 

Answer the following questions. 

43. List three types of AID converter circuits. 
44. The counter-ramp AID converter uses a 

DIA converter to generate the ramp volt
age fed back to the comparator, whereas 
the ramp type uses a(n) to do 
this job. 

45. The successive-approximation AID con-
verter is (faster, slower) than 
ramp-type units. 

46. Refer to Fig. 14-13. The ramp generator 
produces a (sawtooth, square) 
waveform. 

A/D Converter 
Specifications 

Manufacturers produce a wide variety of AID 
converters. One recent publication lists over 
300 different AID converters fabricated by 
many manufacturers. 

Some of the more common specifications of 
AID converters are detailed below. 

Type of Output 
Generally, AID converters are classified as hav
ing either binary or decimal outputs. Analog
to-digital converters with decimal outputs are 
commonly used as digital voltmeters and used 
in digital panel meters and DMMs. 

Analog-to-digital converters with binary 
outputs have from 4 to 16 outputs. Analog-to
digital converters with binary outputs are com
mon input devices to microprocessor-based 
systems. The latter are sometimes referred to as 
µP-type AID converters. 

Microcontroller inputs are commonly digi
tal in nature. Many input sensors used with 
microcontrollers are analog in nature. A tradi
tional AID converter can be used to interface 
between analog sensors and digital microcon
troller inputs. 

Traditional AID converters are sometimes 
replaced with simpler circuits when using low
cost microcontrollers. Many of these feature the 

516 Chapter 14 Connecting with Analog Devices 

47. Refer to Fig. 14-14. If the input voltage 
(V) is 2 V and the ramp voltage is 0 V, 
the output of the voltage comparator is 
___ (HIGH, LOW) and the AND 
gate allows clock pulses to pass to the 
counter. 

48. Refer to Fig. 14-15. When starting a 
new conversion, the first 
sets the MSB to 1 and the voltage com
parator checks to see if the input voltage 
CV;) is higher than the feedback voltage 
at B. 

use of RC circuits (resistive/capacitive circuits) 
where the time of charging (or discharging) a 
capacitor through a resistance is measured by 
the microcontroller. 

Resolution 
The resolution of an AID converter is given as 
the number of bits at the output for a binary
type unit. For decimal-output AID convert
ers (used in DMMs), the resolution is given 
as the number of digits in the readout (such 
as 3Y2 or 4Y2). Typical AID converters with 
binary outputs have resolutions of 4, 6, 8, 10, 
12, 14, and 16 bits. The errors that occur due 
to the use of discrete binary steps to represent 
a continuous analog voltage are called quan
tizing errors. 

A 16-bit AID converter has much finer res
olution than a 4-bit unit because it divides the 
input or reference voltage into smaller discrete 
steps. For instance, each step in a 4-bit AID con
verter would be one-fifteenth (24 - 1 = 15) of 
the input range. This would be a resolution of 
6.7 percent (1/15 X 100 = 6.7 percent). An 8-bit 
AID converter has finer increments. An 8-bit 
unit has 255 (28 - 1 = 255) discrete steps. This 
provides a resolution of 0.39 percent (1/255 X 

100 = 0.39 percent). The 8-bit unit has better 
resolution than the 4-bit AID converter. The res
olution of a 16-bit converter is 0.0015 percent. 



Accuracy 
The resolution of an AID converter can be 
thought of as the inherent "digital" error due to 
the discrete steps available at the output of the 
IC. Another source of error in an AID converter 
might be an analog component, such as the 
comparator. Other errors might be introduced 
by the resistor network. The overall precision of 
an AID converter is called the accuracy of the 
AID converter IC. 

The accuracies of typical AID converter ICs 
with binary outputs range from ±V2 LSB to 
± 2 LSB. Those with decimal outputs might 
range from 0.01 to 0.05 percent accuracy. 

Conversion Time 
The conversion time is another important 
specification of an AID converter. It is the time 
it takes for the IC to convert the analog input 

Supply the missing word or number in each 
statement. 

49. An AID converter with binary outputs 
is sometimes referred to as a ___ _ 
(meter, µ,P)-type unit. 

50. The of an AID converter is 
given as the number of bits at the output 
of a binary-type unit. 

51. An 8-bit AID converter has greater resolu-
tion than a (4, 12)-bit chip. 

52. A typical conversion time for an AID 
converter might be about ___ _ 
(110 µ,s, 1 s). 

14-10 An A/D Converter IC 

A commercial AID converter IC is featured 
in this section. Figure 14-17(a) shows the pin 
diagram for an ADC0804 8-bit AID converter 
IC. The table in Fig. 14-17(b) lists the name and 
function of each pin on the ADC0804 IC. 

The ADC0804 AID converter was designed 
to interface directly with older 8080, 8085, or 
Z80 microprocessors. Some pin labels on the 

voltage to binary (or decimal) data at the out
puts. Typical conversion times range from 0.05 
to 100,000 µs for AID converter ICs with bi
nary outputs. Conversion times for AID con
verters with decimal outputs are somewhat 
longer and might typically be 200 to 400 ms. 

Other Specifications 
Four other common characteristics given for 
AID converters are the power supply voltage, 
output logic levels, input voltage, and maxi
mum power dissipation. Power supply volt
ages are commonly +5 V. However, some AID 
converter ICs operate on voltages from +5 to 
+ 15 V. The output logic levels are either TTL, 
CMOS, or tristate. The input voltage range is 
commonly 5 V. Maximum power dissipation 
for an AID converter IC might be in a range 
from about 15 to 3000 mW. 

53. A typical AID converter might have a 
maximum power dissipation of about 
__ (850mW, 10 µW). 

54. The conversion time for meter-type AID 
converters is (longer, shorter) 
than for µP-type units. 

55. Microcontrollers may collect analog sen
sor information using a traditional AID 
converter or by using lower-cost circuits 
commonly based on RC timing circuits. 
(Tor F) 

ADC0804 IC correspond to pins on popular 
microprocessors. For instance, the ADC0804 
uses RD, WR, and INTR as pin labels, which 
correspond to the RD, WR, and INTR pins on 
the older 8085 microprocessor. The ADC0804 
can also be interfaced with other older 8-bit mi
croprocessors such as the 6800 and 6502. The 
CS control input to the ADC0804 AID con
verter receives its signal (chip select) from the 
microprocessor address-decoding circuitry. 

Decimal-output 
c::mvertars 

Accuracy 

Conversion time 

AOC[]8[]4 8-bit 
A/D converter IC 
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ADCUBIJ4 A/D 
converter IC 

cs 

RD 

WR 

CLKIN 

INTR 

V;n (+) 

V;n(-) 

A GND 

v,.112 

DGND 

ADC0804 AID Converter IC 

Pin No. Symbol 

1 cs 
2 RD 

3 WR 

4 CLKIN 

5 INTR 

6 V;n (+) 

7 V;n (-) 

8 AGND 

9 v,.112 
10 DGND 

11 D87 

12 D8s 

13 D8s 

14 D84 

15 D83 

16 D82 

17 D81 

18 D8 0 

19 CLKR 

20 Vee (or ref) 

Dual in-line package 

20 Vee 

2 19 CLKR 

3 18 D8 0 (LSB) 

4 17 D81 

5 ADC0804 16 D82 

6 15 D83 

7 14 D84 

8 13 D8 5 

9 12 D86 

10 11 D87 (MSB) 

(Top view) 

(a) 

Input/Output 
Description 

or Power 

Input Chip select line from µP-control 

Input Read line from µP-control 

Input Write line from µP-control 

Input Clock 

Output Interrupt line goes to µP interrupt input 

Input Analog voltage (positive input) 

Input Analog voltage (negative input) 

Power Analog ground 

Input Alternate voltage reference ( +) 

Power Digital ground 

Output MSB data output 

Output Data output 

Output Data output 

Output Data output 

Output Data output 

Output Data output 

Output Data output 

Output LSB data output 

Input Connect external resistor for clock 

Power 
Positive of 5-V power supply and 
primary reference voltage 

(b} 

Fig. '!LJ-'i7 ADCOBD4 A/D converter IC. (a) Pin diagram. (b) Pin labels and functions. 
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+5.1 V (reference voltage) 

128s 64s 32s 16s 8s 4s 2s 1s 

+5V 

Vee 
087 

10 kil 0851---~ 

8-bit 
~-ao------...... WR AID Converter 

0851----~ 

084 1--------' 

083i--------~ 

0821-----------' 

08 1 1-------------' 

0801--------------' Start 

~---;CLKR 

R, 

10kf1 

---nCLKIN 

(ADC0804) 

A GND D GND CS RD 
c, /r 150pF 

Wiring diagram for a test circuit using the ADCDBD4 CMOS A/D converter IC. 

The ADC0804 is a CMOS 8-bit successive
approximation AID converter. It has three-state 
outputs so that it can interface directly with a 
microprocessor-based system data bus. The 
ADC0804 has binary outputs and features a 
short conversion time of only 100 µ,s. Its in
puts and outputs are both MOS- and TTL
compatible. It has an on-chip clock generator. 
The on-chip generator does need two external 
components (resistor and capacitor) to operate. 
The ADC0804 IC operates on a standard +5-V 
de power supply and can encode input analog 
voltages ranging from 0 to 5 V. 

The ADC0804 AID converter IC can be 
tested using the circuit shown in Fig. 14-18. The 
function of the circuit is to encode the difference 
in voltage between Vin ( +) and Vin(-) compared 
to the reference voltage (5.12 V in this example) 
to a corresponding binary value. The resolution 
of the ADC0804 IC is 8 bits or 0.39 percent. 
This means that for each 0.02-V (5.1 V X 0.39 
percent = 0.02 V) increase in voltage at the ana
log inputs, the binary count increases by 1. 

The "start switch" in Fig. 14-18 is first closed 
and then opened to start this free-running AID 
converter. It is "free-running" because it con
tinuously converts the analog input to digital 
outputs. The start switch should be left open 

once the AID converter is operating. The WR 
input can be thought of as a clock input with 
the interrupt output (INTR) pulsing the WR 
input at the end of each analog-to-digital con
version. A L-to-H transition of the signal at the 
WR input starts the AID converter process. 
When the conversion is finished, the binary 
display is updated and the INTR output emits 
a negative pulse. The negative interrupt pulse is 
fed back to clock the WR input, and it initiates 
another AID conversion. The circuit in Fig. 14-18 
will perform about 5,000 to 10,000 conver
sions per second. The conversion rate of the 
ADC0804 is high because it uses the successive
approximation technique in the conversion process. 

The resistor (R) and capacitor (C
1
) con

nected to the CLK R and CLK IN inputs to the 
ADC0804 IC in Fig. 14-18 cause the internal 
clock to operate. The data outputs (DB7-DBO) 
drive the LED binary displays. The data out
puts are active HIGH three-state outputs. 

What is the binary output in Fig. 14-18 if the 
analog input voltage is 1.0 V? Recall that each 
0.02 V equals a single binary count. Dividing 
1.0 V by 0.02 V equals 50 in decimal. Convert
ing decimal 50 to binary equals 00110010?. The 
output indicators will show binary 00ll0010 
(LLHHLLHL). 

Testing the 
ADC!lB04A/O 
converter IC 

Successive
approximation AID 
converter 
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Phatoresistor 

Photoresistive cell 

Digital light meter 

Transducer 

Internet 
Connection 
Search For 
photocells and LORs. 

Cadmium sulfide 
photocell 

Supply the missing word in each statement. 

56. The ADC0804 AID converter is manu-
factured using (CMOS, TTL) 
technology. 

57. The ADC0804 IC is a (meter, 
microprocessor)-type AID converter. 

58. The ADC0804 is an AID converter with a 
resolution of 

59. The ADC0804 IC's inputs and outputs 
meet both MOS and voltage-
level specifications. 

60. The conversion time for the ADC0804 IC 
is about (100 µ,s, 400 ms). 

14-11 Digital Light Meter 

The AID converter is the electronic device 
used to encode analog voltages to digital form. 
These analog voltages are often generated by 
transducers. For instance, light intensity may 
be converted to a variable resistance using a 
photocell. 

A schematic diagram for a basic digital light 
meter is drawn in Fig. 14-19. The ADC0804 
IC is wired as a free-running AID converter 
as in the last section. The push-button switch 
is pressed only once to start the AID converter. 
The analog input voltage is being measured 
across resistor R

2
• The photocell (R) is the light 

sensor or transducer in this circuit. As the light 
intensity increases, the resistance of the photo
cell (R

3
) decreases. Decreasing the resistance of 

R
3 

causes an increase in current through series 
resistances R

2 
and R

3
• The increased current 

through R2 causes a proportional increase in 
the voltage drop across the resistor. The voltage 
drop across R

2 
is the analog input voltage to the 

AID converter. An increase in the analog input 
voltage causes an increase in the reading at the 
binary outputs. 

The cadmium sulfide photocell used in 
. Fig. 14-19 is a variable resistor. As the intensity 
of the light striking the photocell increases, its 
resistance decreases. The photocell shown in 
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61. Refer to Fig. 14-18. Components R
1 

and C
1 
are used by the ADC0804 I C's 

internal (clock, comparator). 
62. Refer to Fig. 14-18. If the analog input 

voltage is 2.0 V, the binary output is 

63. Refer to Fig. 14-18. A(n) 
(H-to-L, L-to-H) signal at the WR input 
to the ADC0804 IC starts a new AID 
conversion. 

64. Refer to Fig. 14-18. What output terminal 
of the ADC0804 IC produces a nega-
tive pulse immediately after each AID 
conversion? 

Fig. 14-19 might have a maximum resistance 
of more than 100 k.D. and a minimum of less 
than 1 k.D.. The cadmium sulfide photocell is 
most sensitive in the green-to-yellow portion 
of the light spectrum. The photocell is also 
referred to as a photoresistor, CdS photocell, a 
photoresistive cell or a light-dependent resis
tor (LDR). 

CdS photocells vary widely in their mini
mum and maximum resistances. If the substitute 
photocell has different resistance specifica
tions, you can change the value of resistor R

2 
in 

the light meter circuit (Fig. 14-19) to scale the 
binary output as desired. 

A second digital light meter circuit is drawn 
in Fig. 14-20. This light meter indicates the 
relative brightness of the light striking the pho
tocell in decimal (0 to 9). The new light meter 
is similar to the circuit in Fig. 14-19. The new 
light meter has a clock added to the circuit. The 
clock consists of a 555 timer IC, two resistors, 
and a capacitor wired as an astable MV. The 
clock generates a TTL output with a frequency 
of about 1 Hz. This means the analog input 
voltage is only converted into digital form one 
time per second. The very low conversion rate 
keeps the output from "jittering" between two 
readings on the seven~segment LED display . 

The 7447A IC decodes the four MSBs (DB7, 

DB
6

, DB
5

, and DB
4

) from the output of the 



+5V 

V;n(+) 

V;n(-) 

_L 8-bit 

128s 64s 32s 16s 8s 4s 2s 1s 

087 

0851---~ 

0 0 

I' 
WR A/D Converter 

085 1------~ 

0841----------' 

0831--------~ 

082 1-------------' 
CLKR (ADC0804) 

081 !------------' 
080 1--------------' R1 

Press 10 kn 
to start 

CLKJN 

AGND OGND cs 
C1 

I 150 pF 

Fig. 14-19 Wiring diagram For a digital light meter using binary outputs. 

ADC0804 AID converter. The 7447A IC also 
drives the segments on the seven-segment LED 
display. The seven 150-D resistors between the 
7447A IC and seven-segment LED display limit 
the current through an "on" segment to a safe 
level. 

As in the previous circuit (Fig. 14-19), the 
output of the new light meter may have to be 

Supply the missing word or number in each 
statement. 

65. Refer to Fig. 14-19. As the light intensity 
striking the surface of the photocell in
creases, the binary value at the output of 
the light meter circuit ___ _ 
(decreases, increases). 

66. Refer to Fig. 14-19. As the light inten
sity striking the surface of the photocell 
increases, the resistance of the photocell 
____ (decreases, increases). 

scaled so that low light reads 0 and high light 
intensity reads 9 on the seven-segment LED 
display. The value of resistor R

2 
can be changed 

to scale the output. If R
2 

is substituted with a 
lower-value resistor, the decimal output will 
read lower for the same light intensity. How
ever, if the resistance value of R

2 
is increased, 

the output will read higher. 

67. Refer to Fig. 14-20. If current through 
series resistances R

2 
and R

3 
increases, the 

analog input voltage to the AID converter 
____ (decreases, increases). 

68. Refer to Fig. 14-20. The conversion rate 
of the ADC0804 IC in this digital light 
meter circuit is about (1, 400) 
AID conversion(s) per second. 

69. Refer to Fig. 14-20. Substituting R
2 

with a resistor of a lower ohmic value 
would cause the output display to read 
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1 kD 

470kD 

+ 
1 µF I 

11 

J 

+5V 
I 

14 1s 

I 

3 

Clock 

(555) I 

+5.1 V (reference voltage) 

~ .... ' +5V 
Photocell 

Vee 

V;n(+) D87 

8-bit DB 
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'l4-20 Wiring diagram for a digital light meter circuit using a decimal display. 
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____ (higher, lower) for the same 
light intensity. 

70. Refer to Fig. 14-20. The part labeled R
3 

in the light meter circuit is a ___ _ 
(transducer, transformer) that conve1ts 
light intensity into a variable resistance. 

71. Refer to Fig. 14-20. The component 
labeled R

3 
is a cadmium ___ _ 

14-12 Digitizing Temperature 
The AID converter could be used to convert 
an analog temperature to a digital quantity. A 
diaital thermometer is one example of the use b 

of an AID converter in digitizing temperature. 
Devices other than an AID converter might also 
be used to convert an analog temperature to a 
digital form. 

As a general definition, to digitize means 
to convert an analog measurement into digital 
units or digital pulses. The AID converter is 
one example of a digitizer. In this section the 
digitizer will be an elementary Schmitt-trigger 
inverter. 

A simple circuit for digitizing temperature 
is shown in Fig. 14-21. The digitizing device is 
a simple Schmitt-trigger inverter (74LS14 IC). 
A thermistor is the temperature transducer. A 

+5V 

74LS14 

72. The conversion time of the AID converter 
is much less frequent in the digital light 
meter circuit (Fig. 14-20) than in the light 
meter in Fig. 14-19. (T or F) 

73. Another name used for a CdS photocell 
is a light-dependent resistor (LDR). 
(Tor F) 

thermistor is a temperature-sensitive resistor. 
As the temperature of the thermistor increases, 
its resistance will decrease. Thermistors are 
said to have a negative temperature coefficent, 
while most metals (like copper) have a positive 
temperature coefficent. 

Recall that the switching threshold of the 
74LS14 Schmitt-trigger inverter is about 1.7 V 
when the input voltage is increasing. Because 
of hysteresis, the switching threshold of the 
Schmitt-trigger inverter is lower or about 1 V 
when the input voltage is decreasing. 

As the temperature of the thermistor in 
Fig. 14-21 increases, its resistance will de
crease. This will cause the voltage at the input 
of the Schmitt-trigger inverter to increase (see 
voltmeter). When the temperature increases the 
voltage at the input of the inverter will finally 
exceed about + 1.7 V and the output of the 

[)igitize 

Thermistor 

Fig. 14-21 Using a thermistor to sense temperature and a Schmitt-trigger inverter to digitize the analog input. 
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Nonlinear 

Linear thermal 
sensors 

Internet 
Connection 
Research the term 
sintering. 

inverter will snap from HIGH to LOW as indi
cated on the logic probe. 

Furthermore, as the temperature of the 
thermistor in Fig. 14-21 decreases its resistance 
will increase. This causes the voltage at the 
input of the inverter to decrease (see voltmeter 
in Fig. 14-21). When the temperature decreases 
below the threshold voltage of about + 1 V, the 
output of the Schmitt-trigger inverter will snap 
from LOW to HIGH, as indicated on the logic 
probe. The potentiometer shown in Fig. 14-21 
allows the user some adjustment as to what tem
peratures the digitizer circuit triggers to HIGH 
or to LOW. In other words, potentiometer R

1 
is 

used for calibration. 
In the example in Fig. 14-21, it is said that we 

have digitized the temperature. In this example 
digitizing takes the form of generating either a 
HIGH or LOW. This example is like the sens
ing function of a thermostat. The I/O pins of 
a microcontroller (like the BASIC Stamp) can 
digitize analog data much like the circuit in 
Fig. 14-21 when I/O pins are used as inputs. 
After sensing the HIGH or LOW input, a mi
crocontroller can then be programmed to re
spond to the higher or lower temperature. 

A thermistor, such as the one used in 
Fig. 14-21, is constructed by sintering com
binations of metallic oxides into different 
shapes. A common shape for a thermistor is a 
small teardrop to which leads are attached. The 

Answer the following questions. 

74. Refer to Fig. 14-21. The device that can 
be classified as a temperature transducer 
is the (Schmitt-trigger inverter, 
thermistor). 

75. Refer to Fig. 14-21. The device that 
can be classified as the digitizer is the 
____ (Schmitt-trigger inverter, 
thermistor). 

76. Refer to Fig. 14-21. Potentiometer R
1 

can 
be used to calibrate the digitizer circuit. 
(Tor F) 
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metallic oxides commonly used in manufactur
ing thermistors include those of titanium, iron, 
copper, cobalt, and nickel. A common thermis
tor you may use in lab will have a resistance 
value of 10 kD at a temperature of 25°C. This 
same thermistor might have a resistance of 
28 kD at 0°C and 1 kD at 100°C. 

The advantage of the thermistor is that it is 
simple, inexpensive, and easy to interface. One 
disadvantage of the thermistor is that it has 
a nonlinear temperature-vs.-resistance charac
teristic. This nonlinear characteristic makes the 
thermistor difficult to use as the thermal sensor 
in a thermometer application. 

Many more expensive linear thermal sensors 
are available in IC form that can be used as sen
sors in thermometers. These include the three
terminal LM34 and LM35 temperature sensors 
from National Semiconductor and the two
terminal AD592 precision IC temperature 
transducer from Analog Devices. More com
plex ICs like the 8-pin DIP DS1620 digital 
thermometer and thermostat IC include more 
functions, including sensing temperature, 
converting the temperature into a 9-bit word, 
a three-wire serial interface, and program
mable thermostatic controls. The DS1620 is 
especially useful when used in conjuction 
with a microcontroller (such as the BASIC 
Stamp). The DS1620 is manufactured by 
Dallas Semiconductor. 

77. Refer to Fig. 14-21. If the temperature 
of the thermistor is greatly increased, 
its resistance (decreases, 
increases, stays the same) and the volt-
age at the input to the inverter ___ _ 
(decreases, increases). This increasing 
thermistor temperature causes the output 
of the Schmitt-trigger inverter to snap 
from (HIGH to LOW, LOW to 
HIGH). 



pter 14 Summary and Review 

1. Special interface encoders and decoders are used 
between analog and digital devices. These are called 
DI A converters and AID converters. 

2. A DI A converter consists of a resistor network and a 
summing amplifier. 

3. Operational amplifiers are used in DIA converters 
and voltage comparators. Gain can be easily set 
with external resistors on the op amp. 

4. Several different resistor networks are used for 
weighting the binary input to a DI A converter. 

5. Common AID converters are the counter-ramp, ramp
generator, and successive-approximation types. 

6. A voltage comparator compares two voltages and 
determines which is larger. An operational amplifier 
is the heart of the comparator. 

7. Common specifications used for AID converters 
include such characteristics as type of output, 
resolution, accuracy, conversion time, power supply 

Answer the following questions. 

14-1. An AID converter is a special type of 
______ (decoder, encoder). 

14-2. A DIA converter is a(n) _____ _ 
(decoder, encoder). 

14-3. The (AID, DIA) converter 
digitizes analog information. 

14-4. The (AID, DIA) converter 
translates from binary to an analog 
voltage. 

14-5. A DIA converter consists of a(n) 
______ network and a summing 

14-6. The term "operational amplifier" is frequently 
shortened to _____ _ 

14-7. The voltage gain of the operational amplifier in 
Fig. 14-3(b) is determined by dividing the value 

voltage, output logic levels, input voltage, and 
power dissipation. 

8. The ADC0804 IC is a CMOS 8-bit AID converter. 
It features fast conversion times, microprocessor 
compatibility, three-state outputs, TTL level inputs 
and outputs, and an on-chip clock. 

9. A photocell, or light-dependent resistor (LDR), can 
be used as a transducer to drive an AID converter in 
a digital light meter circuit. 

10. A thermistor (temperature-sensitive resistor) can be 
used as temperature transducer. The thermistor has a 
nonlinear temperature-vs.-resistance characteristic. 

11. A Schmitt-trigger device can be used as a very 
elementary digitizer. 

12. An AID converter is at the heart of a digital 
voltmeter. Most commercial digital voltmeters 
and DMMs use complex meter-type AID converter 
LSI ICs. 

of (R
1

, R;,) by the value of 
______ (Rf' R;,). 

14-8. Draw a symbol for an operational amplifier. 
Label the inverting input with a minus sign and 
the noninverting input with a plus sign. Label 
the output. Label the + 10-V and -10-V power 
supply connections. 

14-9. Refer to Fig. 14-4. What is the gain (A) of the op 
amp in this diagram if Rin = 1 kfl and R

1 
= 20 kfl? 

14-10. Refer to Fig. 14-4. With the input voltage at 
+I/2 V, the output voltage is _____ _ 
( +, - )5 V. This is because we are using the 
______ (inverting, noninverting) input 
of the op amp. 

14-11. Refer to Fig. 14-5. What is the voltage gain of 
the op amp in this circuit with only switch A at 
logical 1? 
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14-12. Refer to Fig. 14-5. What is the combined re
sistance of parallel resistors R

1 
and R

2 
if both 

switches A and B are at logical 1? 
14-13. Refer to Fig. 14-5. What is the gain (A) of the 

op amp with switches A and B at logical 1? 
(Use the resistance value from question 14-12.) 

14-14. Refer to Fig. 14-5. What is the output voltage 
when binary 0011 is applied to the DI A con
verter? (Use the Av from question 14-14.) 

14-15. The arrangement ofresistors in Fig. 14-6 is 
called the ladder network. 

14-16. A HIGH, or logical 1, from a TTL device is 
about (0, 3.75, 8.5) V. 

14-17. The (AID, DIA) converter is 
the more complicated electronic system. 

14-18. Refer to Fig. 14-8. If point Xis at a logical 
______ (0, 1 ), the counter advances 
one count as a pulse comes from the clock. 

14-19. Refer to Fig. 14-8. If input B of the comparator 
has a higher voltage than input A, the AND gate 
is (disabled, enabled). 

14-20. The primary component in a voltage comparator 
is a(n) (counter, op amp). 

14-21. Refer to Fig. 14-12. This digital voltmeter uses 
a (counter-ramp, successive-
approximation) AID converter. 

14-22. The (ramp, successive-
approximation) AID converter is faster at 
digitizing information. 

14-23. Devices such as microphones, speakers, strain 
gauges, photocells, temperature sensors, and po
tentiometers convert one form of energy to an-
other and are generally called _____ _ 

14-24. An AID converter with binary outputs might 
be classified as a (meter, 
microprocessor)-type unit. 

14-25. Refer to Fig. 14-18. What is the resolution of 
the ADC0804 AID converter? 

14-26. A(n) (8, 16)-bit AID converter 
has a lower quantization error and is considered 
more "accurate." 
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14-27. Conversion times are somewhat longer for 
______ (meter, microprocessor)-type 
AID converters. 

14-28. The ADC0804 (Fig. 14-17) has ____ _ 
(binary, decimal) outputs. 

14-29. The AID converter wired in Fig. 14-18 performs 
about (3, 5,000 to 10,000) AID 
conversions per second. 

14-30. Refer to Fig. 14-18. If the analog input voltage 
is 3.0 V, the binary output is _____ _ 

14-31. Refer to Fig. 14-20. Decreasing the light inten
sity striking R

3 
causes the resistance of the pho-

tocell to (decrease, increase). 
14-32. Refer to Fig. 14-20. Decreasing the light inten

sity striking the photocell causes the decimal 
output to (decrease, increase). 

14-33. Refer to Fig. 14-20. If current through series 
resistances R

2 
and R

3 
decreases, the analog input 

voltage to the AID converter _____ _ 
(decreases, increases). 

14-34. Thermistors can be used as temperature trans
ducers but have a nonlinear temperature-vs.
resistance characteristic, which makes them 
difficult to use as a thermal sensor in a ther
mometer. (T or F) 

14-35. Refer to Fig. 14-21. As the temperature of the 
thermistor decreases, the voltage at the input to 
the 74LS14 inverter (decreases, 
increases) due to the _____ _ 
(decreased, increased) resistance of the thermal 
sensor R

2
• 

14-36. Refer to Fig. 14-21. As the temperature of 
the thermistor decreases greatly, the output 
of the Schmitt-trigger inverter will snap from 
_____ (HIGH to LOW, LOW to 
HIGH). 

14-37. Refer to Fig. 14-21. Potentiometer R
1 

is used for 
---'------ (digitizing, calibration) in this 
simple AID converter circuit. 



14-1. Calculate the gain of the op-amp circuit in 
Fig. 14-4 if R. = 1 kD and R

1 
= 5 kD. Using the 

Ill 

calculated gain, what is the output voltage (V
0

) 

if V. = 0.5 V? 
Ill 

14-2. Refer to Fig. 14-5. 
a. What is the combined resistance of parallel 

resistors R
2 

and R
3 

if both switches B and C 
are at logical 1? 

b. Using the calculated resistance, what is the 
gain (A) of the op amp with switches B and 
C at a logical 1? 

c. What is the output voltage when binary 0110 
is applied to the inputs of the DI A converter 
(use calculated A)? 

14-3. Compare Tables 14-1and14-2. Explain the 
difference between the data in the two tables. 

14-4. List the four sections of a counter-ramp AID 
converter circuit. 

14-5. List the four sections of a ramp-type AID 
converter circuit. 

14-6. Compare the DIA converter resistor networks 
in Figs. 14-5 and 14-6. Why would the R-2R 
ladder resistor network in Fig. 14-6 be easier to 
expand from four to eight binary inputs? 

20 kn 

20 kn 

- 3.2V 10 kn 

10 kn 

10 kn 

14-7. Refer to Fig. 14-8. What would be the resolu

tion of this AID converter? 
14-8. A digital voltmeter is one application of a(n) 

______ (AID, DI A) converter. 

14-9. At the option of your instructor, use circuit sim
ulation software to (1) draw the 4-bit DIA con
verter using the R-2R ladder resistor network 
and op amp detailed in Fig. 14-22, (2) operate 
the 4-bit DIA converter circuit, and (3) show 
instructor your working DI A converter. 

14-10. At the option of your instructor, use circuit 
simulation software to (1) draw a 5-bit DIA 
converter using the R-2R ladder resistor network 
and op amp something like the unit in Fig. 14-22, 
(2) operate the 5-bit DI A converter circuit, and 
(3) show the instructor your working 5-bit DIA 
converter. 

14-11. At the option of your instructor, use circuit 
simulation software to (1) draw the generic 
8-bit AID converter circuit (with binary output) 
detailed in Fig. 14-23,(2) operate the 8-bitA/D 
converter circuit, and (3) show the instructor 
your working AID converter. 

R, 
10 kn 

LM741 

v 

Fig. 14-22 Electronics Workbench simulation circuit of a D/A converter circuit using R-2R resistor network and op amp 
(scaling amplifier). 
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Key V 

VDD 
Gl>-----+------+----------t Vref+ 

GND 
~---------f------------l v,.,_ 

tr-------------------1SOC 

Key= Space 

GND 

Start 
conversion 

74HC04N 

Fig. 14-23 A/D converter circuit with 8-bit binary readout. 

~----1QE 

1. analog-to-digital converter (AID converter) 
2. digital-to-analog converter (D/A converter) 
3. resistor, summing (scaling) 
4. operational amplifier 
5. 1.4 
6. 3.0 
7. 0.2 
8. feedback 
9. input 

10. A = 20 
v 

11. v = -4 v 
0 

12. A = 4 
v 

13. v = -4 v 
0 

14. A = 0.266 
v 

15. v = -0.8 v 
0 
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128s 64s 32s 16s 8s 4s 2s 1s 

A1 

Do 

01 

02 

03 

04 

Os 

06 

07 

EOC 

ADC 

SOC input: +pulse starts new A/D conversion 
OE input= HIGH= enables tri-state outputs 
V1n: V key increases input voltage or 

shift-V key decreases input voltage 

16. 1. low accuracy 
2. a large range of resistor values needed 

17.A =0.2 
v 

18. v = -0.6 
out 

19. ladder (R-2R ladder) 
20. 1 
21. A 
22. 2.75 
23. 0.25 
24. analog, digital (binary) 
25. 0101 
26. HIGH, pass through 
27. counter-ramp 
28. comparator 
29. voltages 



30. AND, LOW 53. 850 mW 

31. de voltages 54. longer 

32. op amp 55. T 

33. HIGH, LOW 56. CMOS 
34. zener diode 57. microprocessor 
35. digital voltmeter 58. 8 bits (0.39 percent) 

36. hybrid 59. TTL 

37. 0 60. 100 µs '' . ' 

38. four 61. clock 

39. 5 62. 01100100
2 

(decimal 100) 
40. DI A converter 63. L-to-H 

41. 9 64. INTR 
42. greater than, does not pass 65. increases 
43. 1. counter-ramp 66. decreases 

2. ramp 67. increases 
3. successive-approximation 68. 1 

44. ramp generator 69. lower 
45. faster 70. transducer 
46. sawtooth 71. sulfide photocell 

47. HIGH 72. T 
48. successive-approximation logic 73. T 
49. µP (microprocessor) 74. thermistor 
50. resolution 75. Schmitt-trigger inverter 
51. 4 76. T 
52. 110 µs 77. decreases, increases, HIGH to LOW 
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Appendix A 
Solder and the Soldering Process 

From a Simple Task to a Fine Art 
Soldering is the process of joining two metals together 
by the use of a low-temperature melting alloy. Solder
ing is one of the oldest-known joining techniques, first 
developed by the Egyptians in making such weapons as 
spears and swords. Since then it has evolved into what is 
now used in the manufacturing of electronic assemblies. 
Soldering is far from the simple task it once was; it is now 
a fine art, one that requires care, experience, and a thor
ough knowledge of the fundamentals. With the advent of 
lead-free solder, even more care is needed to achieve good 
results and high reliability. The importance of having high 
standards of workmanship cannot be overemphasized. 
Faulty solder joints remain a cause of equipment failure, 
and because of that, soldering is a critical skill. 

The material contained in this appendix is designed 
to provide the student with both the fundamental knowl
edge and the practical skills needed to perform many of 
the high-reliability soldering operations encountered in 
today's electronics. Covered are the fundamentals of the 
soldering process, the proper selection of irons, tips, and 
materials and the use of the soldering station. Wave sol
dering and reflow soldering are techniques used in the 
manufacture of electronic equipment. This appendix fo
cuses on rework soldering, which is usually a part of the 
repair process. 

The key concept in this appendix is high-reliability 
soldering. Much of our present technology is vitally de
pendent on the reliability of countless, individual soldered 
connections. High-reliability soldering was developed in 
response to early failures with space equipment. Since 
then the concept and practice have spread to military and 
medical equipment. We have now come to expect it in 
everyday electronics as well. 

The Advantages of Soldering 
Soldering is the process of connecting two pieces of metal 
together to form a reliable electrical path. Why solder 
them in the first place? The two pieces of metal could be 
put together with nuts and bolts, or some other kind of 
mechanical fastening. The disadvantages of these meth
ods are threefold. First, the reliability of the connection 

Adapted from material provided by PACE, Inc., Southern Pines, NC. 
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cannot be ensured because of vibration and shock. Sec
ond, because oxidation and corrosion are continually 
occurring on the metal surfaces, electric conductivity be
tween the two surfaces would progressively decrease. A 
soldered connection does away with both these problems. 
There is no movement in the joint and no interfacing sur
faces to oxidize. A continuous conductive path is formed, 
made possible by the characteristics of the solder itself. 
Third, during manufacturing, hundreds or thousands of 
joints can be realized at the same time. 

The Nature of Solder 
Solder used in electronics is a low-temperature melt
ing alloy made by combining various metals in dif
ferent proportions. The most common types of solder 
were made from tin and lead. When the proportions 
are equal, it is known as 50/50 solder-SO percent tin 
and 50 percent lead. Similarly, 60/40 solder consists of 
60 percent tin and 40 percent lead. The percentages are 
usually marked on the various types of solder available; 
sometimes only the tin percentage is shown. The chemi
cal symbol for tin is Sn; thus Sn 63 indicates a solder 
that contains 63 percent tin. 

Pure lead (Pb) has a melting point of 327°C (621°F), 
and pure tin has a melting point of 232°C (450°F). When 
they are combined into a 60/40 solder, the melting point 
drops to 190°C (374°F)-lowerthan either of the two met
als alone. Today, lead-free solders are mandated for many 
manufacturing and repair procedures. Table A-1 shows 
both lead and lead-free alloys. All the alloys listed are 
available in wire form for repair work, and two are avail
able in paste form. Paste solders are used in the reflow pro
cess for manufacturing printed circuits with surface-mount 
devices. Paste solder is also sometimes used in rework. 

As listed in Table A-1, 60/40 solder begins to melt 
at 183°C (351°F), but is not fully melted until the tem
perature reaches 190°C (374°F). Between these two 
temperatures, the solder exists in a plastic (semiliquid) 
state-some, but not all, of the solder has melted. The 
same is true for the tin-silver-copper alloy shown in 
Table A-1. Two of the solder alloys have no plastic range. 
They transition directly from solid to liquid (or from liq
uid to solid) as they are heated (or cooled). These are 
called eutectic alloys or eutectic solders. 



Melting Available In 
Alloy Temperature Paste Form 

63% tin, 37% lead 361°F (183°C) Yes 

60% tin, 40% lead 361-374°F No 
(183-190°C)* 

96.5% tin, 3% silver, 422-428°F Yes 
0.5% copper (217-220°C)* 

96.5% tin, 3.5% silver 430°F {221°C) No 

'This alloy has a plastic range between its liquid and solid transition temperatures. 

When using solders with a plastic range, it is especially 
important to avoid vibration or movement of the joint dur
ing the cool-down period. When any movement happens, 
the joint tends to have a dull, grainy appearance. Such 
joints are unreliable and are rejected by careful workers 
and quality inspectors. However, lead-free solder joints 
are inherently dull and grainy, as shown in Fig. A-1. Thus, 
workers and inspectors must learn new visual inspection 
guidelines for lead-free soldering. 

In some situations, it is difficult to maintain a stable joint 
during cooling, for example, when wave soldering is used 
with a moving conveyor line of circuit boards during the 
manufacturing process. In other cases, it may be necessary 
to use minimal heat to avoid damage to heat-sensitive 
components. In both these situations, eutectic solder is the 
preferred choice, since it changes from a liquid to a solid 
during cooling with no plastic range. 

(a) 

(bl 

Fig. A-1 Appearance of (a) a lead alloy solder joint and 
(b) a lead·free joint. 

The V\/etting Action 
To someone watching the soldering process for the first 
time, it looks as though the solder simply sticks the metals 
together like a hot-melt glue, but what actually happen is 
far different. A chemical reaction takes place when the hot 
solder comes into contact with the copper surface. The 
solder dissolves and penetrates the surface. The molecules 
of solder and copper blend together to form a new metal 
alloy, one that is part copper and part solder and that has 
characteristics all its own. This reaction is called wetting 
and forms the intermetallic bond between the solder and 
copper. 

Proper wetting can occur only if the surface of the cop
per is free of contamination and from oxide films that form 
when the metal is exposed to air. Also, the solder and cop
per surfaces need to have reached the proper temperature. 
Even though the surface may look clean before soldering, 
there may still be a thin film of oxide covering it. 

When applied to a contaminated surface, the solder acts 
like a drop of water on an oily surface because the oxide 
coating prevents the solder from coming into contact with 
the copper. No reaction takes place, and the solder can be 
easily scraped off. For a good solder bond, surface oxides 
must be removed during the soldering process. 

The Role of Flux 
Reliable solder connections can be accomplished only on 
clean surfaces. Some sort of cleaning process is essential 
in achieving successful soldered connections, but in most 
cases it is insufficient. This is due to the extremely rapid 
rate at which oxides form on the surfaces of heated metals, 
thus creating oxide films, which prevent proper soldering. 
To overcome these oxide films, it is necessary to utilize 
materials, called fluxes, which consist of natural or syn
thetic rosins and sometimes additives called activators. 

It is the function of flux to remove surface oxides and 
keep them removed during the soldering operation. This 
is accomplished because the flux action is very corrosive 
at or near solder melt temperatures and accounts for the 
flux's ability to rapidly remove metal oxides. It is the flux
ing action of removing oxides and carrying them away, as 
well as preventing the formation of new oxides, that al
lows the solder to form the desired intermetallic bond. 

Flux must activate at a temperature lower than solder 
so that it can do its job prior to the solder flowing. It vola
tilizes very rapidly; thus it is mandatory that the flux be 
activated to flow onto the work surface and not simply 
be volatilized by the hot iron tip if it is to provide the full 
benefit of the fluxing action. 

There are varieties of fluxes available for many appli
cations. For example, in soldering sheet metal, acid fluxes 
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Fig. A·2 Flux-cored wire solders. 

are used; silver brazing (which requires a much higher 
temperature for melting than that required by tin-lead 
alloys) uses a borax paste. Each flux removes oxides and, in 
many cases, serves additional purposes. The fluxes used 
in electronic hand soldering are the pure rosins; rosins 
combined with mild activators to accelerate the rosin's 
fluxing capability; low-residue, no-clean fluxes; or water
soluble fluxes. Acid fluxes or highly activated fluxes 
should never be used in electronic work. Various types 
of flux-cored solder are in common use. They provide a 
convenient way to apply and control the amount of flux 
used at the joint (see Fig. A-2). 

Soldering Irons 
In any kind of soldering, the primary requirement, beyond 
the solder itself, is heat. Heat can be applied in a number 
of ways-conductive (e.g., soldering iron, wave, or vapor 
phase), convective (hot air), or radiant (IR). Here, we are 
mainly concerned with the conductive method, which 
uses a soldering iron. 

Soldering stations come in a variety of sizes and shapes 
but consist basically of three main elements: a resistance 
heating unit; a heater block, which acts as a heat reser
voir; and the tip, or bit, for transferring heat to the work. 
The standard production station is a variable-temperature, 
closed-loop system with interchangeable tips and is made 
with ESD-safe plastics. 

Controlling Heat at the Joint 
Controlling tip temperature is not the real challenge in 
soldering; the real challenge is to control the heat cycle 
of the work-how fast the work gets hot, how hot it be
comes, and how long it stays that way. This is affected by 
so many factors that, in reality, tip temperature is not the 
critical one. 

The first factor that needs to be considered is the rela
tive thermal mass of the area to be soldered. This mass 
may vary over a wide range. Consider a single land on a 
single-sided circuit board. There is relatively little mass, 
so the land heats up quickly. But on a double-sided board 
with plated-through holes, the mass is more than doubled. 
Multilayered boards may have an even greater mass, and 
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that's before the mass of the component lead is taken in 
to consideration. Lead mass may vary greatly, since some 
leads are much larger than others. Further, there may 
be terminals (e.g., turret or bifurcated) mounted on the 
board. Again, the thermal mass is increased, and will fur
ther increase as connecting wires are added. 

Each connection to be soldered, then, has its own par
ticular thermal mass. How this combined mass compares 
with the mass of the iron tip, the "relative" thermal mass, 
determines the time and temperature rise of the work. 
With a large work mass and a small iron tip, the tempera
ture rise will be slow. With the situation reversed, using a 
large iron tip on a small work mass, the temperature rise 
of the work will be much more rapid-even though the 
temperature of the tip is the same. 

Now consider the capacity of the iron itself and its 
ability to sustain a given flow of heat. Essentially, irons 
are instruments for generating and storing heat, and the 
reservoir is made up of both the heater block and the tip. 
The tip comes in various sizes and shapes; it's the pipeline 
for heat flowing into the work. For small work, a conical 
(pointed) tip is used, so that only a small flow of heat oc
curs. For large work, a large chisel tip is used, providing 
greater flow. Table A-2 shows some various tip styles and 
sizes. 

The heat reservoir is replenished by the heating ele
ment, but when an iron with a large tip is used to heat mas
sive work, the reservoir may lose heat faster than it can 

Size in 
Drawing Inches Description 

<D 0.031 30° chisel 

==u 0.047 
30° bent chisel 
extended 

~ 0.063 30° bent chisel 

=:::::rJJ 0.063 60° chisel 

CIJ 0.078 60° chisel 

crr:IJ 0.094 30° chisel 

90° chisel DI 11 6 0.125 
extended 

D 6 0.203 chisel 

+ Single-sided 6 I =s_t 0.250 
chisel 



be replenished. Thus, the size of the reservoir becomes 
important: A large heating block can sustain a larger out
flow longer than a small one. An iron's capacity can be 
increased by using a larger heating element, thereby in
creasing the wattage of the iron. These two factors, block 
size and wattage, are what determine the iron's recovery 
rate. 

If a great deal of heat is needed at a particular con
nection, the correct temperature with the right size tip is 
required, as is an iron with a large enough capacity and 
an ability to recover fast enough. Relative thermal mass, 
then, is a major consideration for controlling the heat 
cycle of the work. 

A second factor of importance is the surface condition 
of the area to be soldered. If any oxides or other contami
nants cover the lands or leads, there will be a barrier to the 
flow of heat. Then even though the iron tip is the right size 
and has the correct temperature, it may not supply enough 
heat to the connection to melt the solder. In soldering, a 
cardinal rule is that a good solder connection cannot be 
created on a dirty surface. Before attempting to solder, the 
work should always be cleaned with an approved solvent 
to remove any grease or oil film from the surface. In some 
cases, pretinning may be required to enhance solderabil
ity and remove heavy oxidation of the surfaces prior to 
soldering. 

A third factor to consider is thermal linkage-the area 
of contact between the soldering iron tip and the work. 
Figure A-3 shows a tip touching a round lead. The contact 
occurs only at the point indicated by the"+," so the link
age area is very small. The contact area can be greatly 
increased by applying wire solder to the point of contact 
between the tip and workpiece. This solder heat bridge 
drastically improves the thermal linkage and ensures 
rapid heat transfer into the work. 

It should now be apparent that there are many more 
factors than just the temperature of the iron tip that affect 
how quickly any particular connection is going to heat 
up. In reality, soldering is a very complex control prob
lem, with a number of variables to it, each influencing the 
other. And what makes it so critical is time. The general 
rule for high-reliability soldering on printed circuit boards 
is to apply heat for no more than 2 seconds from the time 
solder starts to melt. Applying heat for longer periods 
may cause damage to the component or board or both. 

Wire solder 

Fig. A-3 Increasing contact area for improved heat flow. 

The soldering iron tip should be applied to the area of 
maximum thermal mass of the connection being made. 
This will permit the rapid thermal elevation of the parts 
being soldered. Molten solder always flows toward the 
heat source of a properly prepared connection. 

For soldering and desoldering, a primary workpiece in
dicator is heat rate recognition-observing how fast heat 
flows into the connection. In practice, this means observ
ing the rate at which solder melts, which should be within 
1 to 2 seconds. This indicator encompasses all the vari
ables involved in making a satisfactory solder connection 
with minimum heating effects, including the capacity of 
the iron and its tip temperature, the surface conditions, the 
thermal linkage between the tip and the workpiece, and 
the relative thermal masses involved. 

lf the iron tip is too large for the work, the heating rate 
may be too fast to be controlled. If the tip is too small, it 
may produce a "mush" kind of melt; the heating rate will 
be too slow, even though the temperature at the tip is the 
same. A general rule for preventing overheating is, "Get 
in and get out as fast as you can." That means using a 
heated iron you can react to-one giving a 1- to 2-second 
dwell time on the particular connection being soldered. 

Selecting the Soldering Iron and Tip 
A good all-around soldering station for electronic sol
dering is a variable-temperature, BSD-safe station, with 
a pencil-type iron and tips that are easily interchange
able, even when hot (see Fig. A-4). The soldering iron tip 
should always be fully inserted into the heating element 
and tightened. This will allow for maximum heat transfer 
from the heater to the tip. 

The tip should be removed daily to prevent an oxidation 
scale from accumulating between the heating element and 
the tip. A bright, thin-tinned surface must be maintained 
on the tip's working surface to ensure proper heat transfer 
and to avoid contaminating the solder connection. 

Fig. A-4 Pencil-type iron with interchangeable tips. 
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The plated tip is initially prepared by holding a piece 
of flux-cored solder to the face so that it will tin the sur
face when it reaches the lowest temperature at which solder 
will melt. Once the tip is up to operating temperature, it 
will usually be too hot for good tinning, because of the 
rapid oxidation at elevated temperatures. The hot tinned 
tip is maintained by wiping it lightly on a damp sponge to 
shock off the oxides. When the iron is not being used, the 
tip should be coated with a layer of solder. 

Making the Solder Connection 
The soldering iron tip should be applied to the area of 
maximum thermal mass of the connection being made. 
This will permit the rapid thermal elevation of the parts 
being soldered. Molten solder always flows toward the 
heat of a properly prepared connection. 

When the solder connection is heated, a small amount 
of solder is applied to the tip to increase the thermal link
age to the area being heated. The solder is then applied 
to the opposite side of the connection so that the work 
surfaces, not the iron, melt the solder. Never melt the sol
der against the iron tip and allow it to flow onto a surface 
cooler than the solder-melting temperature. 

Solder, with flux, applied to a cleaned and properly 
heated surface, will melt and flow without direct contact 
with the heat source and provide a smooth, even surface, 
feathering out to a thin edge (see Fig. A-5). The resulting 

Wire 

/ 

Fig. A-5 Solder fillets. 
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shape is called a fillet. Improper soldering will exhibit a 
built-up, irregular appearance and poor filleting. The parts 
being soldered must be held rigidly in place until the tem
perature decreases to solidify the solder. This will prevent 
a disturbed or fractured solder joint. 

Selecting cored solder of the proper diameter will aid 
in controlling the amount of solder being applied to the 
connection (e.g., a small-gauge solder for a small connec
tion; a large-gauge solder for a large connection). 

Final Inspection and Removal of Flux 
The art of soldering requires knowledge of how the pro
cess works, the proper tools and materials, lots of practice, 
and careful inspection. Most solder joints involve fillets, 
and these take on a characteristic appearance. Figure 
A-5 shows examples of fillets. Experience dictates how 
these should appear for high-reliability joints. Generally, 
a properly shaped fillet indicates clean conditions (good 
wetting action), proper soldering temperature and dura
tion, and the correct amount of solder. 

Cleaning may be required to remove certain types of 
fluxes after soldering. lf cleaning is required, the flux 
residue should be removed as soon as possible, preferably 
within 1 hour after soldering. Failure to clean can result 
in loss of long-term reliability. For example, flux resi
dues can encourage the growth of metal dendrites that 
can eventually produce short circuits between closely 
spaced lands. 

What the Law Requires 
There is not sufficient space here to list the laws that 
apply to electronic soldering, since they vary by country. 
In many European countries, restriction of hazardous sub
stances (RoHS) and waste from electrical and electronic 
equipment (WEEE) standards are enforced. 



Appendix B 
2s Complement Conversions 

2s Comp Decimal 2s Comp Decimal 2s Comp Decimal 2s Comp Decimal 

11111111 -1 11011111 -33 10111111 -65 10011111 -97 

11111110 -2 11011110 -34 10111110 -66 10011110 -98 

11111101 -3 11011101 -35 10111101 -67 10011101 -99 

11111100 -4 11011100 -36 10111100 -68 10011100 -100 

11111011 -5 11011011 -37 10111011 -69 10011011 -101 

11111010 -6 11011010 -38 10111010 -70 10011010 -102 

11111001 -7 11011001 -39 10111001 -71 10011001 -103 

11111000 -8 11011000 -40 10111000 -72 10011000 -104 

11110111 -9 11010111 -41 10110111 -73 10010111 -105 

11110110 -10 11010110 -42 10110110 -74 10010110 -106 

11110101 -11 11010101 -43 10110101 -75 10010101 -107 

11110100 -12 11010100 -44 10110100 -76 10010100 -108 

11110011 -13 11010011 -45 10110011 -77 10010011 -109 

11110010 -14 11010010 -46 10110010 -78 10010010 -110 

11110001 -15 11010001 -47 10110001 -79 10010001 -111 

11110000 -16 11010000 -48 10110000 -80 10010000 -112 

11101111 -17 11001111 -49 10101111 -81 10001111 -113 

11101110 -18 11001110 -50 10101110 -82 10001110 -114 

11101101 -19 11001101 -51 10101101 -83 10001101 -115 

11101100 -20 11001100 -52 10101100 -84 10001100 -116 

11101011 -21 11001011 -53 10101011 -85 10001011 -117 

11101010 -22 11001010 -54 10101010 -86 10001010 -118 

11101001 -23 11001001 -55 10101001 -87 10001001 -119 

11101000 -24 11001000 -56 10101000 -88 10001000 -120 

11100111 -25 11000111 -57 10100111 -89 10000111 -121 

11100110 -26 11000110 -58 10100110 -90 10000110 -122 

11100101 -27 11000101 -59 10100101 -91 10000101 -123 

11100100 -28 11000100 -60 10100100 -92 10000100 -124 

11100011 -29 11000011 -61 10100011 -93 10000011 -125 

11100010 -30 11000010 -62 10100010 -94 10000010 -126 

11100001 -31 11000001 -63 10100001 -95 10000001 -127 

11100000 -32 11000000 -64 10100000 -96 10000000 -128 
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Term Definition Symbol or Abbreviation 

Access time In memories, the time it takes to retrieve a piece of data from 
storage. 

Active HIGH input Digital input that executes its function when a HIGH is present. 

Active LOW input Digital input that executes its function when a LOW is present. 

Active-matrix display A high-quality expensive color LCD using active-matrix 
technology, which involves the use of thin-film transistors. 
For contrast see passive-matrix display. 

A/0 converter Device for converting an analog voltage into a proportional 
digital quantity. Types include a microprocessor-compatible 
device with binary outputs or meter type with decimal 
outputs. ADC 

Adder Combinational logic circuit which generates sum and carry 
outputs from any set of binary inputs. Half adders and full 
adders are two fundamental adder circuits. 

Address In computer systems, a number that represents a unique storage 
location. 

Alphanumeric Consisting of numbers, letters, and other characters. ASCII is a 
common alphanumeric code. 

Ampere Base unit of current. A 
Analog A branch of electronics dealing with infinitely varying 

quantities. Also referred to as linear electronics. 

(: Analog to digital Conversion of an analog signal to a digital quantity such as 
binary. AID 

AND gate Basic combinational logic device where all inputs must be ~D-y 
HIGH for the output to be HIGH. 

Angular velocity Another method of describing the speed of rotation of a shaft or 
other object. 

Anode Positive section of a device such as a diode or LED. A-[)j-
Arithmetic-logic unit Part of central processing unit of computer that processes data 

using arithmetic and logic operations. ALU 
American Standard Code One of the most widely used alphanumeric codes. ASCII 
for Information Interchange 
Astable multivibrator Device that oscillates between two stable states. Commonly 

called a free-running clock or multivibrator. 
Asynchronous In digital circuits, meaning that operations are not executed in 

step with the clock. 
Base Center section of a bipolar transistor used to control current flow a-(Q from the emitter to collector. 
BASIC An easy-to-learn, high-level programming language commonly 

used to teach beginning programming. An acronym for 
beginners all-purpose symbolic instruction code. BASIC 

BASIC Stamp 2 module An easy-to-use rnicrocontroller system including PBASIC 
software, microcontroller, memory, and interface features 
(by Parallax, Inc.). 

Baud Unit of signal transmission speed in telecommunications equal 
to the number of discrete events per second. Bd 
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TE!rm 

BCD counter 

Bilateral switch 

Bi MOS 

Binary 
Binary-coded decimal 

Bistable multivibrator 

Bit 

Block diagram 

Boolean algebra 

Boolean expression 

Boundary-scan technology 

Broadside loading 
Bubble 
Buffer 

Bus 

Byte 

Cache memory 

Cascading 

Cathode 
Cathode-ray tube 

CD-R 

CD-ROM 
CD-RW 

DEfinition Symbol or AbbrEviation 

A 4-bit counter that commonly counts from binary 0000 to 1001 
and resets to 0000. 

Switch that operates much like relay, providing good isolation 
between the control signal and input/output (either digital 
or analog). A typical bilateral switch is packaged in IC form 
using CMOS technology and is also called a transmission 
gate or analog switch. 

A technology used to manufacturer chips that includes both 
bipolar and metal-oxide semiconductor (MOS) sections. 

Base 2 number system using numbers 0 or 1. 
A common code in which each decimal digit (0-9) is 

represented by a 4-bit group. 
A device having two stable states; but it must be triggered to 

jump from one to the other. Also called a flip-flop. 
A single binary digit (0 or 1). Useful in representing ON-OFF 

switching in digital circuits. An acronym for binary digit. 
A drawing using labeled blocks for functional sections of an 

electronic system. 
Mathematical system for representing logical statements. Very 

useful in digital electronics. 

Contr~I 
In 

4016 
Out 

Out In 

BCD 

Mathematical representation of a logic function. Function could 
also be described using a truth table or logic circuit diagram. AB+C

1
D= Y 

A system of embedding test points in silicon during the design 
process for ease of testing for quality control and field 
testing. See JTAG. 

Parallel loading. 
On logic symbol, it means an active LOW input or output. 
Special solid-state device used to increase the drive current at 

the output. Noninverting buffer has no logical function. 
In a computer system, parallel conductors used for 

communication between CPU, memories, and perpherial 
devices. Most systems have an address bus, data bus, and 
control bus. 

An 8-bit group that is commonly used to represent a number or 
code in computers and digital electronics. 

In computers, an extremely fast, expensive SRAM unit used 
to store frequently needed or recently used data. The cache 
memory is the bridge between the ultrafast processor 
and the much slower main/hard drive/CD-ROM memory. 
Cache memory is commonly referred as L1 (primary) or L2 
(secondary). 

Generally, the series connection of electronic devices with the 
output of the first feeding the input of the second. Term is 
used in both linear and digital electronics. 

Negative section of a device such as a diode or LED. 
Vacuum tube used in older televisions, video monitors, and 

JTAG 

oscilloscopes to display images. CRT 
A compact disc that you can record data once using a CD burner 

on a standard PC. CD-R is an acronym for compact disc-
recordable. CD-R 

A read-only mass storage device based on the compact disc. 
A compact disc that you can rewrite data many times using your 

computer system. CD-RW is an acronym for compact disc-
rewritable. CD-RW 

-[>1-K 
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Term 

Cell 
Central processing unit 

Charge-coupled device 

Chip 
Clock 

CMOS image sensor 

Collector 

Combinational logic 

Complementary metal
oxide semiconductor 

CPLO 

Current 

Current sinking 

Current sourcing 

Cylinder 
O/A converter 

D flip-flop 

Data selector 

Decoder 

Decrement 
Demultiplexer 

Digital 

Digital potentiometer 

Definition 

In memories, a single storage element. 
In computer system, the logic unit that performs logic arithmetic, 

control functions, and is the center of most data transfers. 
Image sensor using a light-sensitive array of photocells based on 

capacitorlike semiconductor devices. Used in digital cameras, 
scanners, camcorders, and scientific imaging equipment. See 
CMOS image sensor for an alternative technology. 

An integrated circuit. 
Signal generated by an oscillator used to provide timing for a 

digital system such as a computer. 
An image sensor using a light-sensitive array of photocells much 

like the CCD but less expensive to fabricate. Used in less 
expensive digital cameras and cell phones. See also charge
coupled device. 

The region of a bipolar transistor that receives the flow of 
current carriers. 

Use of logic gates to produce desired output immediately. No 
memory or latching characteristics. 

A popular technology for manufacturing ICs that features 
extremely low power consumption. Uses opposite polarity 
field-effect transistors in its design. 

A specific programmable logic device much like the GAL 
only for much larger scale logic problems. An acronym for 
complex programmable logic device. 

Movement of charge in a specified direction. Base unit is the 
ampere. 

Conventional current flow into LOW output of digital device. 
Current is "sinking" to ground. 

Conventional current flow from HIGH output into load. Output 
is "sourcing" current. 

On a hard disk drive, a series of identical tracks on various platters. 
Device for converting a digital quantity into a proportional 

analog voltage. 
Flip-flop with at least set and reset modes of operation. Also 

called a data or delay flip-flop. 
Combination logic block that selects one-of-x data inputs 

and connects that information to the output. Also called a 
multiplexer. 

A logic device that translates from binary code to decimal. 
Generally, it translates processed data into a digital system to 
another format such as alphanumeric. 

To decrease the count by 1. 
Combination logic block that distributes data from single input 

to one-of-x outputs. Also called a distributor. Can change 
serial to parallel data. 

Branch of electronics dealing with discrete signal levels. Signals 
are commonly HIGH or LOW and may be represented by 
binary numbers. 

An electronic device comparable to a traditional potentiometer 
with resistance outputs variable in discrete steps. The wiper 
position can be stored in EEPROM when the power is turned 
off. Digital input pulses control the movement of the wiper. 
Also referred to as a solid-state potentiometer or nonvolatile 
(NV) digital potentiometer. 
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Symbol or Abbreviation 

CPU 

CCD 
IC 

CMOS 

CPLD 

A 

DAC 

DEMUX 

-(QC 

D~Q 
CLK~Q 



Term 

Digital signal processor 

Digital to analog 

Digital versatile disc 

Digitize 

DIMM 

DIN connector 

Diode 

Discrete time signal 

Display multiplexing 

Double data rate SDRAM 
Drive 

Driver 

Dual in-line package 
Dynamic RAM 

Edge triggering 

8421 BCD code 

Electrically erasable 
programmable read-only 
memory 
Electronic control unit 

Definition 

A specialized microprocessor-like device that can be 
programmed to condition and enhance signals (eliminate 
noise, increase frequency response, etc.). Commonly used in 
conjunction with AID and D/ A converters. 

Conversion of a digital signal to its analog equivalent, such as a 
voltage. 

A popular very high capacity optical disc that looks like a 
traditional CD. It can store from about 4.7 GB to about 
17 GB of video, audio, or computer data. Also referred to as 
a digital video disc. 

To convert an analog signal into digital units or pulses. See AID 
converter. 

In computer technology, a modern RAM memory board 
holding many SDRAM memory chips used on PCs. An 
acronym for dual in-line memory module. See also slightly 

Symbol or Abbreviation 

DSP 

DIA 

DVD 

older SIMM. DIMM 
Connectors used on computers following the standards of the 

German association DIN (Deutsche Industrie Norm). DIN 
Two-terminal semiconductor device. They usually allow current 

to flow in only one direction. 
Another name for a digital signal especially used in DSP 

applications where digital inputs are commonly a sampling 
of an analog input. 

To light multiple alphanumeric displays by sequentially 
activating them one at a time in rapid succession so they 
appear to be turned on continuously. Display multiplexing 
saves components and cost. 

A synchronous dynamic RAM that is faster than regular SDRAM. DDR SD RAM 
Generally in computers, it refers to a mass-storage device 

such as a hard disk drive, optical drive, or solid-state drive. 
Usually an electromagnetic or optical device which moves 
mass-storage media under read/write heads. 

In digital electronics, an IC (or other interface electronics) that is 
capable of operating at higher currents and suitable voltages 
to drive an output device (such as a display). 

Older packaging method for ICs. DIP 
Extremely common random-access (read/write) memory 

device whose memory cells need refreshing many times 
per second. A volatile memory. Compare with SD RAM and 
RD RAM. DRAM 

In synchronous devices such as flip-flops, the exact time the 
device is activated such as on the rising (positive edge) or 
falling edge (negative edge) of the clock pulse. 

Four-bit BCD code with weighting of 8, 4, 2, and 1. See binary
coded decimal. 

A nonvolatile memory that can be programmed, electrically 
erased, and reprogrammed. Flash memories are a type of 
EEPROM. EEPROM 

In modern automobiles, one of a variety of embedded electronic 
control modules. A few of these include (1) engine control 
module (ECM), (2) body control module (BCM), (3) brake 
control module (ABS), (4) transmission control module 
(TCM), (5) airbag control unit (ACU), and (6) instrument 
panel module. ECU 
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TErm 

Emitti=r 

Enabli= 

Evi=n parity 

Extendi=d Binary-Codi=d 
Di=cimal lnti=rchangi= Codi= 

Fan-out 

Fi=rroi=li=ctric RAM 

Fii=ld-i=ffi=ct transistor 

Firmwari= 

Flash mi=mory 

Flip-Flop 

Floating input 

FPLD 

Frnqui=ncy divider 

Full adder 

Gain 

Gati= 

Generic array logic 

Glitch 

GND 

Gray code 

Hall-i=ffect si=nsor 

DEfinition 

The region of a bipolar transistor that sends the current carriers 
to the collector. 

To activate a function or input to a digital circuit. The opposite 
of disable. 

A logic device that translates from decimal to another code such 
as binary. Generally, it translates input information to a code 
useful to digital circuits. 

In data transmission, sending a parity bit that will make the 
number of ls in a group even. 

An 8-bit alphanumeric code used mainly on mainframe 
computers. 

Output drive characteristic of logic device. The number of inputs 
of the logic family that can be driven by a single output. 

A semiconductor nonvolatile RAM with good access speed that 
allows in-circuit programming. FeRAM memory cells are 
based on ferroelectric capacitors and MOS transistors. 

Type of transistor where gate terminal controls the resistance of 
a semiconducting channel. 

Computer programs and data held permanently in nonvolatile 
memory devices such as ROMs. See also hardware and software. 

A nonvolatile memory similar to the EEPROM. Its outstanding 
characteristics include very high density (small memory cell), 
low power, and nonvolatile but rewritable. 

Basic sequential logic device having two stable states. Can serve 
as a memory device. Also called a bistable multivibrator. 

An input not held HIGH or LOW, which may "float" either 
HIGH, LOW, or in between. Can cause problems. 

A specific programmable logic device something like the CPLD, 
but containing simpler cells allowing more flexibility during 
the design process. An acronym for field programmable logic 
device. 

A logic block that divides the input waveform's frequency by a 
certain number (such as divide by 10). Counters commonly 
perform this function. 

Digital circuit with three inputs for carry in and two bits with 
sum and carry out outputs. 

A ratio of output to input. May be measured in terms of voltage, 
current, or power. Also known as amplification. 

Basic combinational logic device which performs a specific logic 
function (AND, OR, NOT, NAND, NOR). 

A specific programmable logic device (PLD) with an array of 
ANDs that can be reprogrammed; a fixed array of ORs gates. 

An unwanted current or voltage spike that usually commonly 
reoccurs but not regularly. 

Label for negative of power supply in TTL ICs and some CMOS 
ICs. Common ground. 

Numeric code for rotary encoders because, unlike binary, as you 
progress to the next successive value (up or down) only 1 bit 
changes. The Gray code is also called reflected binary code. 

Digital circuit that will add two bits and output a sum and carry. 
Cannot handle carry inputs. 

A transducer that converts an increasing or decreasing magnetic 
field into a proportional varying voltage. These sensors are 
commonly packaged as Hall-effect switches featuring a 
digital output (HIGH or LOW). 
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Symbol or AbbrEviation 

EBCDIC 

FeRAM or 
FRAM 

FPLD 

GAL 

A~E 
B~C0 

~E 

C;"GE A FA C 
B o 

3-Bit Gray Code 

0 0 0 
0 0 1 
0 1 1 
0 1 0 
1 1 0 
1 1 1 
1 0 1 
1 0 0 



Term 

Hardware 

Hertz 
Hexadecimal 

Hybrid hard disk drive 

Hysteresis 

IEEE 
Increment 
Input/Output 

Instruction set 

Integrated circuit 

Interfacing 

Inverter 

JEDEC 
J-K flip-flop 

JTAG 

Karnaugh map 

Large-scale integration 

Latch 
Least significant bit 
Light-emitting diode 

Liquid-crystal display 

Logic analyzer 

Logic diagram 

Definition Symbol or Abbreviation 

In computer technology, the physical components of a 
computer system. See also software and.firmware. 

The base unit of frequency. One cycle per second. Hz 
Base 16 number system using characters 0 thru 9, A, B, C, D, E, 

and F. Used to represent binary numbers 0000 through 1111. Hex 
A combination of a hard disk drive and nonvolatile memory 

(such as flash memory) used as a larger buffer. Hybrid drives 
have the benefit of greater speed of data access and decreased 
power consumption (its hard drive does not speed until 
needed). H-HDD 

Unequal switching thresholds exhibited by some logic circuits 
making their outputs "snap action." Schmitt-trigger logic 
devices exhibit this feature. 

Institute for Electrical and Electronic Engineers. 
To increase the count by 1. 
A connection to a digital device that can be programmed to 

serve as either an input or output. Very common on many 
complex devices including microcontrollers. I/O 

The complete set of commands responded to by a 
microprocessor, microcontroller, or PLC. 

Combination of many electronic components in a compact 
package that functions as an analog, digital, or hybrid circuit. 
Classified as to levels of circuit complexity (SSI, MSI, LSI, 
VLSI, or ULSI). IC 

The design of interconnections between circuits that shift the 
levels of voltage and current to make them compatible. 

Basic logic function where the output is always opposite the 
input. Also called the NOT function. 

Joint Electron Device Engineering Council. 
Flip-flop with at least set, reset, toggle, and hold modes of 

operation. Very adaptable. 
In common use, JTAG refers to the boundary-scan method of 

embedding test points in silicon during the design process for 
automated testing. An acronym for Joint Test Action Group, 
responsible for developing the IEEE STD 1149.1 Test Access 
Port and Boundary Scan Architecture. See also boundary-
scan technology. JTAG 

A graphic method of reducing Boolean expressions to simpler 
forms. K map 

Used by some manufacturers to indicate the complexity of an 
integrated circuit. LSI usually means having a complexity of 
from 100 to 9999 gates. 

Fundamental binary storage device. Also called a flip-flop. 
The bit position in a binary number with the least weight. 
Special PN junction that gives off light when current flows 

through it. Has lens to focus the light. 
Very low power display technology used in most battery

operated devices. Nematic fluid in display changes 
reflectivity when energized changing display from silver to 
black characters. Color LCDs are common. 

An expensive test instrument that can sample and store many 
channels of digital information. 

A schematic showing interconnection between logic devices like 
gates, flip-flops, etc. 

LSI 

LSB 

LED 

LCD 
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Term 

Logic family 

Logic function 

Logic levels 

Logic probe 

Logic subfamilies 

Logic symbols 

Low-voltage CMOS 

Magnetoresistive RAM 

Magnitude comparator 

Maxterm Boolean 
expression 
Medium-scale integration 

Memory card 

Metal-oxide semiconductor 

Microcontroller 

Microprocessor 
Minterm Boolean 
expression 
Minuend 
Monostable multivibrator 

Most significant bit 

Definition 

A group of totally compatible digital ICs that can be 
interconnected with no interfacing problems. Common 
examples are the 7400 series TTL, 74HCOO series CMOS, 
and 4000 series CMOS. 

The logical task needed to be performed. It might be represented 
by the name (such as AND), a logic symbol, a Boolean 
expression (such as AB = Y), and/or a truth table. 

In digital electronics, voltage ranges at which inputs to digital 
devices interpret signal as HIGH, LOW, or undefined. 
Voltage thresholds may be different for various logic 
families. 

Simple service tool which indicates logical Os, logical ls, or 
pulses in digital circuits. 

Groups of related digital I Cs that have similar characteristics 
but may vary in speed, power dissipation, and current drive 
capabilities. Examples might be 7400-, 74LSOO-, 74FOO-, 
74ALSOO-, and 74ASOO-series TTL ICs. In some applications 
you may be able to substitute between subfamilies. 

Two systems are used in the U.S. Traditional representations 
using the unique shaped logic gate symbols. The newer IEEE 
symbols using rectangle boxes. 

A family of lower-voltage CMOS digital ICs for 3-V 
applications. LVC has excellent characteristics and is used 

Symbol or Abbreviation 

in portable equipment. LVC 
A semiconductor nonvolatile RAM with excellent access speed, 

allows in-circuit programming and low power, and features 
high density. MRAM memory cells are based on a transistor 
and a magnetic tunnel junction (MTJ). MRAM 

A combinational logic block that compares two binary 
inputs A and B and activates one of three outputs 
(A > B, A = B, or A < B). 

See product-of-sums. 

Used by some manufacturers to indicate the complexity of an 
integrated circuit. MSI usually means having a complexity of 
from 12 to 99 gates. MSI 

Packaging method for arrays of memory devices (such as flash 
memories). The cards are commonly about the size of a thick 
credit card with edge connectors; other sizes are available. 
SeePCMCIA. 

Technology used in the fabrication of integrated circuits using 
metal and an oxide (silicon dioxide) as an important part of 
the device's structure. 

An inexpensive IC which contains a tiny processor, limited 
RAM, ROM, and 1/0. A small computer on a chip. They 
are usually embedded in a product. 

An IC which forms the CPU of most microcomputers. MPU 
See sum-of-products. 

The number the subtrahend is being subtracted from. 
Device that emits a single pulse when triggered. Also called a 

one-shot multivibrator. 
The bit position in a binary number with the most weight. MSB 
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Term 

Multiplex 

Multiplexer 

Multivibrator circuits 

NANO gate 

Nibble 
Noise 

Noise immunity 

Nonvolatile memory 
Nonvolatile RAM 

NOR gate 

NOT 

Octal 
Odd parity 

Ohm 
1 s complement 

Open collector 

Operational amplifier 

Optical disc drive 

Dptoisolator 

DR gate 

Oscillator 
Oscilloscope 

Parallel data 

Parity 
Parity bit 

Definition 

In d1iving displays, to turn on/off one of several displays, each 
for a short time in turn at a high enough frequency so they 
appear to be lit continuously. In general, transmitting several 
signals over common lines. 

Combinational logic block selects one-of-x inputs and directs 
the information to a single output. Can change parallel to 
serial data. Also called a data selector. 

Classified as bistable (flip-flops), monostable (one-shots), and 
astable (free-running clocks). 

Basic combinational logic device where all inputs must be 
HIGH for the output to be LOW. A not AND circuit. 

One half a byte. A 4-bit binary word. 
In digital electronics, unwanted voltages induced in connecting 

wires and PC board traces that might affect input logic levels 
and therefore outputs in circuits. 

A digital circuit's insensitivity to undesired voltages or noise. 
Also called noise margin in digital circuits. 

Memory which retains data even if the power is turned off. 
Read/write memory that will hold its data even when the power 

is turned off. 
Basic combinational logic device where all inputs must be LOW 

for the output to be HIGH. A not OR circuit. 
Basic combinational logic device where the output is always the 

opposite from the input. Also called an inverter. 
Base 8 number system using characters 0 thru 7. 
In data transmission, sending a parity bit that will make the 

number of ls in a group odd. 

Symbol or Abbreviation 

MUX 

MV 

NV RAM 

The base unit of resistance. fl 
The ls complement form is formed by inverting each bit of a 

binary number. 
Digital circuit output which has no internal path to the positive 

of the power supply. Commonly used with an external 
pull-up resistor. 

An adaptable amplifier with inverting and noninverting inputs 
featuring high input and low output impedance, and very 
high gain. Gain can be set by external components. op amp 

Very high capacity mass-storage device which commonly stores 
data as surface pits. Reading is done by directing laser bean 
at pits/no pits and detecting the light bouncing from the 
reflective disc. Other optical recording methods are also used. 

An interface device used to electrically isolate input from output 
by using a light beam to transfer data. 

Basic combinational logic device where the output goes HIGH 
when any or all inputs are HIGH. 

Electronic circuit that generates ac waveforms from a de source. 
Test instrument that plots time against voltage by drawing a 

graph or waveform on the screen. Oscilloscopes are available 
in either analog or digital models. Also called a scope. 

Transmission of data in groups at the same time over multiple 
lines. 

A system used to detect errors in binary data transmission. 
An extra bit sent with data bits to check for errors in 

transmission. 
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Tarm 

Passive-matrix display 

PBASIC 

PC 

PCMCIA 

Phase-change technology 

Photoresistive cell 

Pipelining 

Plastic-leaded chip carrier 

Platter 

Port 

Product-of-sums 

Program 

Programmable array logic 

Programmable logic 
controller 

Programmable logic device 

Programmable read-only 
memory 
Propagation delay 

Pull-up resistor 

Pulse-width modulation 

Dafinition 

An low-resolution LCD which is satisfactory for low-cost 
monochrome displays but not good for high-quality color 
LCDs. For contrast see active-matrix display. 

A specialized high-level version of BASIC developed by 
Parallex, Inc., to program BASIC Stamp microcontroller 
modules. 

Commonly means personal computer but it may also be used to 
refer to a programmable controller or programmable logic 
controller. 

Personal Computer Memory Card International Association (sets 
standards for memory cards). 

Used in DVD-RW and DVD+ RW optical discs. A phase
change alloy is employed for reading, writing, and erasing 
information. The tiny "pit" and "no pit" areas of optical disc 
are either dark/nonreflective if the alloy is in its amorphous 
state or reflective if the phase-change alloy is in its crystalline 
state. These discs are rewritable. 

A photo-sensitive resistor whose resistance decreases as the 
light striking the unit increases. A cadmium sulfide photo cell 

Symbol or Abbraviation 

or photoresistor. Cds 
In computer terminology, a method of speeding up processing 

by fetching and decoding instructions ahead of time so the 
next instruction is waiting to be executed immediately. Also 
called prefetching. 

A type of surface-mount IC package with leads bent under the 
case. PLCC 

In a hard disk drive, a single hard disk. The drive may contain a 
stack of platters to increase storage capacity. 

In computers and microcontrollers, the circuits used to transfer 
~~~~~~~~- 00 

The form of a Boolean expression that looks like this: (A + B) 
( C + D) = Y. Implemented using an ORJ AND logic 
diagram. Also called a maxterm Boolean expression. 

List of instructions which tells computer what to do. May be 
written in a variety of computer languages. 

A specific PLD containing an array of ANDs which are 
programmable with a fixed OR array. PAL 

A specialized heavy-duty computer system used for process 
control in factories, chemical plants, and warehouses. 
Closely associated with traditional relay logic. Also called a 
programmable controller (PC). PLC 

A generic name for a group of specific programmable logic 
devices including PALs, GALs, CPLDs, and FPLDs. PLD 

Nonvolatile memory which is programmed once by the user or 
distributor. PROM 

The time it takes the output of a digital device to change state 
after the input is activated. Usually measured in nanoseconds. 

A resistor connected to the positive of the power supply to hold 
a point in the circuit HIGH when it is inactive. 

Information placed on a digital signal by increasing and 
decreasing the width (duration) of pulses. Used to drive 
hobby servo motors. Also referred to as pulse-duration 
modulation. PWM 
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Term 

Quadrature code 

Radix 
Random-access memory 

RD RAM 

Read 

Read-only memory 

Register 

Relay 

Reset condition 
Resistance 
Rewritable optical disc 

RIMM 

Ring counter 

Ripple counter 

Ro HS 

R-S flip-Flop 

Sampling 

Schmitt trigger 

Schottky diode 

Definition Symbol or Abbreviation 

The 2-bit code (a type of Gray code) that can be used with 
a rotary encoder to determine the direction of rotation of a 
shaft. In terms of shaft rotation, quadrature means being 
90 degrees out of phase. 

The base of a number. 
Memory organization allowing for easy access to each bit, byte, 

or word. RAM is commonly used to mean semiconductor 
read/write memory. 

In computer technology, an extremely fast dynamic RAM. Acronym 
for Rambus dynamic RAM. Compare with DRAM., SDRAJ'vf. 

The process of sensing and retrieving data from a memory cell 
or cells. 

Nonvolatile memory which is not usually changed once it 
is programmed. ROM commonly used to refer to mask
programmable read-only memory. 

A group of temporary memory cells (such as flip-flops) for 
temporary storage that have a common purpose. For instance, 
a register might have a name (such as DIRS in a popular 
microcontroller) and have a specific width (such as 8 or 
16 bits). 

Electrical device which uses the force of an electromagnet to 
open/close contacts. Used for heavy-duty switching and 
isolation of circuits. 

In a flip-flop, the normal output (Q) has been reset or cleared to 0. 

RAM 

RDRAM 

ROM 

Opposition to current flow. Measured in ohms. R 
A very large capacity optical disc that can be rewritten to many 

times. Some versions are called PD rewritable optical disc or 
CD-E (compact disc erasable). CD-E 

Rambus DRAM memory packaging for use in computers 
comparable to the DIMM. RIMM cannot be interchanged 
with DIMM. 

A recirculating shift register which is loaded with a pattern of ls 
(such as a single 1) which continue to circulate around in the 
circle or repeated clock pulses. 

Simple binary counter where the changing state of the LSB 
flip-flop triggers the clock input of the next, etc. A time delay 
results from the rippling of the count from LSB to MSB. 

Acronym for the EU directive, restrictions of hazardous 
substances, and a label used on some electronic components. 
Sometimes called the leadjree directive, it also restricts the 
use of lead, mercury, cadmium, chromium, PBB, PBDE, and 
acrylarnide in electronic products. 

Flip-flop with at least set, reset, and hold modes of operation. 
Fundamental latching (memory) circuit. 

To measure a signal level at discrete times. Widely used in DSP 
while digitizing an analog input at discrete times. 

A circuit that exhibits hysteresis and is useful in signal conditioning 
in digital electronics. May be used to digitize an analog input. 

A diode whose voltage drop when forward-biased is lower than 
a silicon diodes; also characterized by its quick response to 
being reverse-biased. It is used to speed switching times in 
Schottky TTL ICs. Schottky diodes may also be known as 
barrier diodes. 

Ro HS 

2-Bit Gray Code 

0 0 
0 1 
1 1 
1 0 

]\13 

s~g 
R --L:.'.::J- Q 
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Term 

SDRAM 

Semiconductor 

Sensor 

Sequential logic 

Serial data 
Servo 

Set condition 
Seven-segment display 

Shaft encoder 

Shift register 

Signal 
Silicon 

SIMM 

Small-outline DIMM 

Small-scale integration 

Software 

SDIC 

Solenoid 

Solid-state drive 

Definition 

In computer technology, a very fast dynamic RAM. Acronym 
for synchronous dynamic RAM. Compare with DRAM and 
RD RAM. 

Elements having four valence electrons and electrical properties 
between those of conductors and insulators. 

A detector that converts a physical quantity into an electric/ 
electronic signal. Sensors commonly detect and measure light 
and color, pressure, distance, temperature, humidity, compass 
headings, GPS, acceleration, tilt, proximity, flow, motion, 
noise, vibration, magnetic fields, electricity (voltage, current, 
and resistance), radiation, Hall effect, and chemicals. 

A logic circuit whose logic states depend on asynchronous and 
synchronous inputs. Exhibit's memory characteristics. 

The transmission of data one bit at a time. 
General term for a motor whose either angular position or 

speed can be precisely controlled by a servo loop which 
uses feedback from the output back to the input for control. 

In a flip-flop, the normal output (Q) has been set to 1. 
Numeric display with seven segments. May be implemented 

with LED, LCD, or VF technologies. A few letters can also 
be displayed for indicating hexadecimal numbers. 

Encoder that is used to convert the angular position of a wheel 
or shaft to a digital signal, such as the Gray code. Also called 
a rotary encoder. 

A sequential logic block made up of flip-flops that allows 
parallel or serial loading and serial or parallel outputs as well 
as shifting bit by bit. 

The information transmitted within, to, and from electronics circuits. 
A semiconductor element used in the manufacture of most solid

state devices such as diodes, transistors, and integrated circuits. 
In computer technology, a RAM memory board holding many 

memory chips used on PCs. An acronym for single in-line 
memory module. See also more modern DIMM. 

Compact memory module packaging for use in laptop-sized 
computers. One example is the 200-pin DDR SDRAM 
SODIMM. 

Used by some manufacturers to indicate the complexity of an 
integrated circuit. SSI usually means having a complexity of 
less than 12 gates. 

Computer programs that instruct the hardware. Two main 
classifications of software are applications (like a word 
processor or game) and operating systems. Other categories 
might include network software and programming software. 
See also hardware and firmware. 

Smaller package for IC than DIP packaging. Used in SMT. An 
acronym for small-outline integrated circuit. 

An actuator which converts electric energy into linear motion. 
It is constructed as a hollow coil with a sliding iron core. In 
operation the spring-loaded iron core is "sucked into" the coil 
when current flows in the coil. 

A device with solid-state nonvolatile memory (such as flash 
memory) that is organized so it appears to the computer as 
a hard disk drive. SSDs are a bit more costly but are used 
where fast access speed, low power consumption, small size, 
and light weight are important (e.g., for handheld devices). 
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Symbol or Abbreviation 

SD RAM 

SIMM 

SODIMM 

SSI 

SSD 
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Term 

Source 

Static RAM 

Stepper motor 

Subtrahend 
Successive approximation 

Sum-of-products 

Surface-mount technology 

Synchronous 

T flip-flop 

Thermistor 
Three-state output 

Toggle 

Transducer 

Transistor 

Transistor-transistor logic 
2s complement 

Trigger 
Truth table 

2s complement subtraction 

Ultra-large-scale integration 

Definition 

Terminal of a field-effect transistor that sends current carriers to 
the drain. 

Common random-access (read/write) memory device which 
stores data in a flip-flop-like cell. Volatile memory. 

A de motor that jogs in short uniform angular movements 
in either direction given the proper digital signals. 
Common step angles might be 1.8°, 3.6°, 7.5°, and 15°. 
Two types are permanent-magnet and variable-reluctance 
stepper motors. 

The number being subtracted from the minuend. 
In D/ A and AID converters, a technique used to decrease 

conversion time. 
The form of a Boolean expression that looks like this: 

AB + CD = Y. Implemented using an AND/OR logic 
diagram. Also called a minterm Boolean expression. 

SMT covers all aspects of the manufacturing techniques, 
equipment, and parts (surface-mount devices or SMDs) used 
in soldering electronic components to the surface of a printed 
circuit board. 

In digital circuits, meaning that operations are executed in step 
with the clock. 

Short for toggle flip-flop. The output toggles to the opposite 
logic state on repeated clock pulses. Very useful in digital 
counter circuits. 

A thermally sensitive resistor used as a heat sensor. 
Condition of outputs on certain digital ICs which includes three 

possible states including HIGH, LOW, or high impedance. 
Also commonly referred to as Tristate (trademark of National 
Semiconductor). 

To change to the opposite logic state. A pulse that changes 
a logic circuit's state to opposite condition. A mode of 
operation in a flip-flop where the output goes to the opposite 
state on each successive clock pulse. 

A general name for a device that converts one form of energy to 
another. Examples include (1) as an input, Hall-effect sensor 
converting from magnetic to electric energy; (2) as an output, 
electric motor converting from electric to rotary mechanical 
energy. 

A solid-state amplifying or controlling device which commonly 
has three leads. 

Symbol or Abbreviation 

~ 
s 

SRAM 

Plastic-leaded 
chip carrier Small-outline Chip 

(PLCC) package (SOT) component 

A type of digital IC fabricated using bipolar junction transistors. TTL 
Notation commonly used to indicate sign and magnitude of a 
number using only Os and ls. To form 2s complement, take ls 
complement of binary and add 1. Helpful when using binary 
adders for binary subtraction. 
A pulse that causes a logic device to be activated or change states. 
Tabular listing of all inputs and resultant output conditions for a 

logic function or circuit. 
Method of subtraction using a 2s complement subtrahend added 

to the minuend. Used so adders can be used to perform 
subtraction. 

Used by some manufacturers to indicate the complexity of an 
integrated circuit. ULSI usually means having a complexity 
of 100,000 or more gates. ULSI 

AB Y 
0 0 0 
0 1 0 
1 0 0 
1 1 1 
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Term 

Universal shift register 

USB port 

vss 
Vacuum Fluorescent display 

Very large-scale integration 

Volatile memory 
Volt 
Voltage 
Voltage comparator 

Waveforms 

Winchester drive 
Word 

Write 
Write-once read-many 

XNOR gate 

XOR gate 

Definition Symbol or Abbreviation 

Register with many features including serial in/out, parallel in/ 
out, hold, and shift right or left. 

USB is an acronym for universal serial bus. A general-purpose 
serial port for transmitting data from a microcomputer to 
peripherals such as external printer, modem, mouse, keyboard, 
portable drive (optical, magnetic), or flash memory module. 
The USB port provides power to the device that can be 
plugged in or disconnected when the computer is turned on. 

Label for positive of power supply in TTL I Cs and some CMOS 
ICs (commonly +5 V). 

Label for positive of power supply in many but not all CMOS 
ICs(+3to+l8V). 

Label for negative of power supply on many but not all CMOS ICs. 
Low-voltage triode vacuum tube display which commonly 

glows green (without filters). VF 
Used by some manufacturers to indicate the complexity of an 

integrated circuit. VLSI usually means having a complexity 
of from 10,000 to 99,999 gates. VLSI 

Memory that can store data only as long as power is applied. 
Base unit voltage. V 
Electric pressure. V 
An op-amp circuit that compares a positive voltage input (A) 

with a negative voltage input (B) and indicates with a logic 
output which input is higher. 

A graphic representation of voltage versus time as might be 
viewed on an oscilloscope. 

Historical name for a hard disk drive. 
In computer terminology, a group of bits that are processed as 

a single unit. The exact definition of a word depends on the 
system. Word sizes of 16 or 32 bits are common. 

The process of recording data in a memory cell or cells. 
An optical CD recordable disc that can be recorded on once 

using your PC, and it then is permanent like a CD-ROM. WORM 
Basic combinational logic device where an even number of 

HIGH inputs generates a HIGH output. A not XOR gate. 
Basic combinational logic device where an odd number of 

HIGH inputs generates a HIGH output. 

v~_ru--i_ 
time 
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Index 

Symbols 
& (ampersand), 73 
'(apostrophe) symbol, 48 
(-) multiplication dot, 45 
(-) overbar, 48 
+symbol, 58 
-(tilde), 81 
I (vertical line), 81 
> symbol, 249, 277 

A 
ABEL software, 116 
Absolute encoders, using Gray code, 200 
AC, in a core part number, 65 
Access time, 370, 393 
AC-CMOS, 148 
Accumulating, 484 
Accumulator, 452, 485 
Accuracy, of an ND converter, 517 
Acid fluxes, 531-532 
ACT, in a core part number, 65 
Action part, of an instruction, 451 
Activators, 531 
Active HIGH input, 74 
Active HIGH input switch, 153 
Active LOW inputs, 204 
Active LOW outputs, 204 
Active LOW switches, 153 
Active-matrix LCDs (AMLCDs), 216-217 
ND converter (analog-to-digital converter), 5, 6, 

483,499 
example of a digitizer, 523 
IC, 517-519 
other, 512-515 
specifications, 516-517 
translating analog voltage at input, 506 
truth table for, 506, 507 
using as a digital voltmeter, 510-512 

ADC0804 8-bit ND converter IC, 517, 519, 520 
Add steps, in binary multiplication, 346, 347 
Add-and-shift method, 345, 346 
Add-and-shift multiplication, 346, 347 
Adders, 330 

used for subtraction, 349-350 
Address 

rotary switch positions as, 372 
of a word, 366 

Address bus, 362, 448 
Address decoder, 454, 455, 456 
Address inputs, of the 7489 RAM, 367 
Alarm, LCD timer with, 426-429, 430-432 
Algorithm, 487 
"All or nothing gate," 43 
Allegro Microsystem, 3132 Hall-effect switch, 180 
Alphanumeric code, 202 
ALS, in a core part number, 65 
Alternate NOT symbol, 48 
Alternative NANO symbol, 61 
ALU (arithmetic-logic unit), 330, 334, 340, 446 
American Standard Code for Information Interchange 

(ASCII), 27, 202, 203 
AMLCDs (active-matrix LCDs), 216-217 
Ammeter, as output indicator, 5 
Ampersand(&) 

inside the IEEE standard AND gate symbol, 73 
in the NANO function in PBASIC, 81 

Analog circuits, 2 
Analog devices, 2, 499 

550 Index 

Analog electronic systems, 4, 5 
Analog in nature, natural phenomena as, 4-5, 499 
Analog input to digital information. See ND converter 

(analog-to-digital converter) 
Analog inputs, to digital systems, 499 
Analog measuring device, 2 
Analog meter, 3 
Analog-to-digital (ND) converter. See AID converter 

(analog-to-digital converter) 
AND circuit, using switches, 44 
AND dot, eliminating, 96 
AND function, 44, 45 
AND gate, 43-45, 73-74, 419 
And logic function, substituting NANO gates, 56 
AND truth table, 44 
AND-OR logic circuit, 107 
AND-OR pattern, of logic gates, 109 
Angular velocity, 291 
Anode, 221 
Antifuse FPGAs, 116 
"Any or all gate," 46 
Apostrophe symbol, as alternative NOT symbol, 48 
Arithmetic circuits, 330-356 
Arithmetic unit, of a computer, 445-446 
Arithmetic-logic unit (ALU), 330, 334, 340, 446 
AS, in a core part number, 65 
ASCII (American Standard Code for Information 

Interchange), 27, 202, 203 
Astable multi vibrator, l 0 
Astable MV, 237 
AS-TTL (advanced Schottky TTL), 148, 160 
Asynchronous counter, 264 
Asynchronous inputs, overriding synchronous inputs, 

242 
Audio amplifier sections, of the digital roulette game, 

319 
Audio ports, 464 
Automatic clear circuit, 319-320 
Automobile 

B 

alarm system, 75-77 
driving experience enhanced by electronics, 8 
fuel indicators, 6 

B421 BCD code, 196-198 
Back-and-forth (reciprocating) motion, 488, 489 
Backlighting, added to an active-matrix LCD screen, 

217 
Base 2 system, 27, 34 
Base 8 numbers, 36 
Base 10 system, 27, 34 
Base 16 system, 34, 35 
Basic gate, converting to any other gate, 62 
BASIC Stamp 1 module (BS!), 477 
BASIC Stamp 2 (BS2) Microcontroller Module by 

Parallax, 77, 126, 128, 186-188, 404 
BASIC Stamp 2 module (BS2), 126, 477-478 

circuit, 488, 490 
steps in wiring and programming, 186 
using with an ultrasonic distance sensor to measure 

distances, 434 
BASIC Stamp modules, 475, 477-482 
BASIC Stamp program, 488-489, 491 
BASIC Stamp programming, 479-482 
Battery backup, for a CMOS SRAM, 381 
Battery backup SRAM, 381 
Battery-operated portable devices, CMOS ICs 

ideal for, 150 

Battery-powered soldering irons, using, 150 
Baud rate, 461 
Baudot, 202 
Bayer filter, 486, 487 
BBSRAM, 381 
BCD (binary coded decimal), 27 
BCD code, 197 
BCD decoder/driver circuit, wiring diagram of, 224 
BCD-to-seven-segment decoder, 214, 215, 218, 219 
BCD-to-seven-segment decoder/drivers, 208, 209-212 
BEL (bell), 202 
"Bent under" pin, 296 
Bidirectional shift register, 312 
Bilateral switches, 151 
BiMOS 5804 stepper motor translator/driver, 176-177 
Binary (BCD)-to-decimal decoder circuit, 42 
Binary 0, 44 
Binary l, 44 
Binary addition, 330-331 
Binary and octal representations, for decimal 

numbers 1 through 17, 36 
Binary calculator, 331 
Binary code, converting to decimal numbers, 30 
Binary coded decimal (BCD). See BCD (binary coded 

decimal) 
Binary count, 263 
Binary digit, 37 
Binary equivalents, to decimal numbers, 35 
Binary multiplication, 343-344, 346 
Binary multipliers, 345-348 
Binary number system 

counting in, 27-28 
place value in, 28-29 

Binary numbers 
converting from, 229 
converting to decimal, 30 
converting to hexadecimal, 35 
converting to octal, 36 

Binary outputs, digital light meter using, 521 
Binary point, 29, 30 
Binary subtraction, 336-337 
Binary term, 38 
Binary-coded decimal numbers, 375 
Binary-to-Gray code converter, 370-371 
Bipolar stepper motors, 172 
Bipolar technology, families manufactured using, 62 
Bipolar TTL logic family inverter, 141-142 
Biquinary counter, 7493 IC as, 272 
Bistable multivibrator, 10, 237 
Bit, 37 
Blanking, leading zeros, 211-212 
Blanking input (Bl), 209, 210 
Blinking LED l program, listing of, 481 
Block diagrams 

debounced logic switch, 9 
digital clock, 413, 419 
digital electronic timer system, 427, 428 
digital frequency counter, 419, 420, 421 
digital potentiometer, 394, 396 
digital roulette wheel, 318 
of a full adder, 333 
of a full subtractor, 336, 338 
of a half subtractor, 336, 337 
MM5314 MOS LSI clock IC, 416, 417 
repeated addition-type multiplier system, 345 
2732 EPROM chip, 378 

Blood tests, requiring less blood, 277 
Board of Education (BOE), 478-479 



Boole, George, 99, 125 
Boolean algebra, 45, 99-100, 125 
Boolean expressions, 45 

forms of, 91 
for four-input OR gate, 58 
for the OR function, 51 
keyboard versions of, 95, 124 
forNAND, 50 
for the output of the XNOR gate, 55 
simplifying, 99-100, 101 
to truth table, 94 
for the XNOR gate, 54 

Borax paste, 532 
Borrow out output, 429 
Bounce-free switch, 180, 183 
Boundary scan or JTAG, 438 
Boundary-scan architecture, 438, 440 
Boundary-scan cells (BSCs), 438, 439 
Braun ThermaScan ear thermometer, 94 
Breadboard wiring, of a free-running clock, 11, 12 
BS (backspace), 202 
BS2 microcontroller module, 406 
Buffer memory, printer's, 460 
Buffer register, 305 
Buffers. See Three-state buffers 
Bulk storage devices, 362 
Bus, 362 
Bus systems, buffer/driver used with, 49 
Buzzers, interfacing with, 164 
Byte, 38 

c 
C, in a core part number, 65 
Cache memory, in microprocessors, 364 
Cadmium sulfide photocell, 520 
Calculator 

binary, 331 
commercial, 37 
compared to a computer, 446 
keys on, 152 
pocket, 31 
scientific, 37 
shift register in, 305 

Calculator chips, 406 
Carry input, 333 
Carry out, 332 
Cascaded decade counters, 280 
Cascading adders, 340, 342 
Cascading comparators, 288, 290 
Cascading counter, 283 
Cathode (K), 221 
Cathode lead, of an LED, 206, 207 
Cathode/heater, 221 
Cathode-ray tube (CRT) technology, 215 
CCDs (charged couple devices), 486 
CD reader drive, 363 
CD408 l BE CMOS quad two-input AND gate IC, 66 
CD4081BE part number, 66 
CD-DA (CD digital audio), 363 
CD-Es, 392 
CD-R (compact disc recordable), 363, 390, 391-392 
CD-ROM (compact disc read-only memory), 363, 

390,391 
CD-RW (CD rewritable), 363, 392 
CDs (compact discs), 363, 390 
CdS photocell, 520 
CdS photoresistive cell, 488, 490 
Central processing unit (CPU), 5, 330, 362, 406, 446, 

448,449 
Centronics standard, 461 
Charged coupled device (CCD), 486 
Cheetah hard disk drive, by Seagate, 388 
Chip select control input, 370 
Circuit board, 439 
Circuit resistance, 6 
Circuit simulation software, 92, 94-98 
Circuits, constructing from Boolean expressions, 

91-92 

Circumflex accent (A), in the XNOR function of 
PBASIC, 81 

CISC (complex instruction set computing), 475 
Clamp diode, 165 
Cleaning, required to remove certain types of fluxes, 534 
Clear mode, 74194 shift register, 3 11, 312 
CLK inputs, 239, 266, 293 
Clock, digital circuits in, 10 
Clock chips, large-scale integrated, 414 
Clock circuit, 26 
Clock module, 415, 416 
Clocked R-S flip flop, 239-240 
CLR input, of a counter, 74 
CMOS (complementary metal-oxide semiconductor), 62 

advantages of, 144 
buffers, 156, 162, 163 
circuit, troubleshooting, 71 
counter, 276-280, 288-289, 290 
counter !Cs, 279 
devices, 162-163 
digital circuits, 16 
digital !Cs, 65, 66 
driving an LCD display, 218-219 
image sensors, 486 
inverters, 142, 143 
logic gates, 65-'-69 
noise margin better for, 145 
power dissipation of, 149 
quadruple two-input AND gate IC, 66 
RAMs,381 
shift registers, 315 
SRAM, 381 
TMS47C512 TOM, 374 
XOR gates, 214, 215 

CMOS !Cs, 62, 150-151 
advantages of, 150 
caution against static charges, 68 
damaged by static charges, 66 
disadvantages of, 150 
families of compatible, 66 
handling, 150 
interfacing with TTL, 160-163 
storing, 150 
subfamilies, 67-68 
with a 'T' designator, 142 

CMOS-to-LED interfacing, 156 
Code conversions, with software, 33 
Code converter, 370 
Codes, converting from several, 229 
Coefficients, 485 
Collector of electrons, in the triode tube, 221 
Color LCDs, 215-217 
Combinational logic, 90 
Combinational logic circuits, 90, 208, 236, 335, 355 

NANO gates used in wiring, 106 
using logic gates, 376 

Combinational logic designs, PLDs implementing, 121 
Combinational logic problems, solving, 90-91, 126 
Commercial calculators, converting between number 

systems, 37 
Commercial frequency counters, 425 
Commercial grade, 63 
Commercial LCDs, 214-215, 216 
Commercial monochrome LCDs, 215, 216 
Commercial ROMs, in DIP form, 372, 374 
Commercial vacuum fluorescent display, 222, 223 
Common cathode form, 207 
Common-anode seven-segment LED display, 207 
Communications, in orbit, 70 
Compact data storage, 339 
Compact low-voltage !Cs, 68 
Comparator, 507-508 
Complement, of actual memory contents, 367 
Complementary metal-oxide semiconductor (CMOS). 

See CMOS (complementary metal-oxide 
semiconductor) 

Complementary outputs, 13, 236 
Complementary symmetry metal-oxide semiconductor 

(CMOS) devices, 150 

Complementary symmetry metal-oxide semiconductor 
(CMOS) !Cs, 160 

Complementing, 4-bit binary number, 32 
Computer bulk storage devices, 387-394 
Computer connections, to networks, 448-449 
Computer mouse, 211 
Computer simulations, logic converter, 108-1 l l 
Computer systems, 445-491 

data transmission in, 464-468 
flow of program instructions and data in, 446-447 

Computers, 445-446 
on a chip, 451, 473 
memory devices in, 362-363 
photographic history of, 4 

Conductive foam, 150 
Contact bounce, in a mechanical switch, 9 
Contents section, of the program memory, 450 
Continuous rotation, of a stepper motor, 174 
Control and arithmetic units, 447 
Control block, in a UART, 460 
Control bus, 362 
Control devices, microcontrollers as, 474 
Control functions 

of digital systems, 403, 404 
performing by microcomputers, 473 

Control input, extra, 49 
Control register, 466, 467 
Control section 

of boundary-scan architecture, 438 
of a computer, 446 

Control sequences 
for sample bipolar stepper motors, 172, 174 
used by the MC3479 IC, 176 

Conversion options, for a logic converter, 108-109 
Conversion time, of an AID converter, 517 
Core part number, internal letters in, 65 
Corrosion, on metal surfaces, 530 
Count accumulator section, of a clock, 412 
Count or sampling time, 425 
Count pulse, 420, 421 
Count/display waveform, 423 
Count-display-reset procedure, repeating, 421 
Counter stop line, 429 
Counter subsystem, 414 
Counter system, using optical encoding, 286 
Counterclockwise (CCW) rotation, 172, 174 
Counter-ramp ND converter, 508 
Counters 

described, 262 
formed by flip-flops, 236 
as frequency dividers, 270-271 
as heart of a digital system, 412 
J-K flip-flop in, 246 
troubleshooting, 295-297 

Counting, real-world events, 284-287 
Count-up pulse, 294 
CPLD (complex programmable logic device), 116 
CPU (central processing unit), 5, 330, 362, 406, 446, 

448,449 
CR (carriage return), 202 
CRC-8 system, 463 
CRC-16 system, 463 
CRC-32 system, 463 
CUPL software, 116 
Current sinking, 156-157, 158 
Current sourcing, 156-157, 158 
CW rotation, 172, 174 
Cycles, displaying, 21 
Cyclic redundancy check (CRC), 462-463 
Cylinders, number of, 389 

D 
Dflip-flops,241-243,308 

delaying data, 242 
serial-load shift register using, 307 
use of eight with parallel data outputs, 315 
used to latch data, 248 
wiring, 242 
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D latch symbol, 249, 250 
DIA converter (digital-to-analog converter), 

483,499,500-501 
circuit, 503 
parts of, 501 
sections of, 502-503 
truth table for, 500, 504 
truth tables, 506 

Dark burned areas, reflecting less light, 392 
DAT (digital audiotape), 393 
Data 

ability to store, 36 l 
to be acted on by a computer, 446 
sent over a single wire in serial form, 457 

Data bus, 362, 448 
Data flip-flops, 242 
Data inputs, 112, 367 
Data links, 460 
Data memory, 448, 474, 485 
Data selectors, 112, 113-114, 458 
Data transfer rate, of a CD-ROM drive, 390 
Data transmission, 457-461 

in a computer system, 464-468 
examples of, 460, 465-468 

Data transmissions, detecting errors in, 461-463 
Data-enabled mode, for 7475 latch IC, 248 
Data-latched mode, for 7475 latch IC, 248 
DB9 connector, 478, 479 
DB-1000 display board, 14 
De motor, noncontact operation of, 436 
De voltage, across nematic fluid destroying LCDs, 214 
De Morgan, Augustus, 126 
De Morgan's theorems, 61, 124-128 
Debounced logic switch, block diagram of, 9 
Debounced switches, 11-12, 153 
Debouncing circuit 

adding, 11 
eliminating switch bounce, 12 
lack of, 153 
use of, 9 

Decade counter, 264, 270, 27 l 
Decade down counter, 74192 IC wired as, 275 
Decimal multiplication, compared to binary 

multiplication, 343-344 
Decimal number system, 27, 28, 29 
Decimal numbers 

converting from, 229 
converting to BCD numbers, 375 
converting to binary, 30-31 
converting to hexadecimal, 35 
converting to octal, 36 
having 2s complements same as binary, 350 

Decimal-output AID converters, 516, 517 
Decimal-to-binary conversion, 196-197 
Decimal-to-binary encoder circuit, 41 
Decode (verb), defined, 32 
Decoder/driver, 429 
Decoders,31,32-33, 196,208-209,458,499 
Decoding, 196, 412 
Decoding circuit, troubleshooting, 227-228 
DEL (delete), 202 
Delay flip-flop, 241, 242, 308 
Delay period, adjusting, 12, 155 
Demultiplexers (DEMUXs), 457 
Dependency notation, 72 
Development software, for PLDs, 116 
Dice simulation, more realistic, 407, 409-411 
Digital audiotape (DAT), 393 
Digital cameras 

compressing digital images, 487 
DSP in, 486-487 
solid-state drives, 363-364 
using flash memory cards, 363 

Digital circuitry, l, 3 
Digital circuits, 2, 4-8 
Digital clock, 412-415 

block diagram of, 413, 419 
chips, 415 
switches on, 152 
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Digital computers 
as backbone of the Internet, 7 
functional sections, 445-446 

Digital device, operating with a digital signal, 2 
Digital dice game, simple, 407, 408 
Digital electronic equipment, codes used in, 196 
Digital electronic timer system, 427, 428 
Digital electronics, applications of, 8 
Digital frequency counter 

block diagram of, 419, 420 
experimental, 422 
more detailed block diagram of, 421 

Digital games, 407-411 
Digital ICs 

CMOS technology used in, 151 
data manuals from manufacturers, 65 
low-cost reliable, 7 
specifications of, 146 

Digital light meter, 520-521 
Digital light meter circuit, 522 
Digital logic pulser, 295 
Digital measuring device, 2-3 
Digital multimeter (DMM), 2-3 
Digital potentiometer, 394-397 
Digital roulette, using shift registers, 318-323 
Digital roulette wheel, 318, 322 
Digital roulette wheel circuit, 321 
Digital signal processing (DSP), 482-485, 486-487 
Digital signal processor (DSP), 483 
Digital signals, 2-3 

displayed on scope, 2 
engine control module sending, 6 
generating, 2, 9-14 
testing for, 15-18 
waveform, 2 

Digital subscriber line (DSL), 449 
Digital systems 

elements of, 403-404, 405 
on ICs, 406 
inputs and outputs from, 284 
measuring amount of liquid in a water tank, 5 
requirements for, 5 
using encoders, 204-205 

Digital timepieces, frequency dividers in, 270 
Digital trainer, used during lab sessions, 14 
Digital versatile disc (DVD), 363 
Digital voltmeter, 510-512 
Digital waveform, providing, 9 
Digital-to-analog (D/ A) converter. See DI A converter 

(digital-to-analog converter) 
Digital-to-analog conversion block, 487 
Digitizing, 523 

temperature, 523-524 
Digitizing process, faster for successive-approximation 

AID converter, 515 
DIMM (dual in-line memory module), 385, 386 
Diode ROM matrix, pattern of diodes in, 372, 373 
Diode ROMs, disadvantages of, 372 
DIP (dual in-line package), 62-63, 205, 384, 385, 474 
Discrete points, in time, 483 
Discrete-time signals, 483 
Disk drive, electromagnetic device, 387 
Display, seven segments of, 205 
Display blanking, during the count time, 425 
Display clock, 429 
Display driver, 207 
Display multiplexer circuit, 280 
Display multiplexer section, of the 4553 IC, 293, 294 
Display technologies, 206 
Display time, 425 
DisplayPort digital display interface, 464 
Displays, multiplexing, 294, 416 
Distance sensing, simple, 432-437 
Distance sensor 

noncontact operation with, 435-437 
testing, 434 
using for noncontact operation of a stepper 

motor, 435 
Distributors, 458 

Divide-by-6 counter, 423 
Divide-by-IO counter, 270, 423 
Divide-by-60 counter circuit, 270, 271, 413, 414 
Divide-by-60 frequency divider, 413, 414 
Divide-by-256-counter block, 427 
DM7408N part number, 63 
DMM (digital multimeter), using a modern LCD, 

213, 214 
Double inverting, effect of, 48 
Double-word, 38 
Down counters, 267-268, 269, 427, 429 
Down position, switch in, 63 
Drain supply, in MOSFET, 151 
DRAM (dynamic random-access memory), 364, 366 
Drive capabilities, of digital ICs, 146-148 
Drive current, supplying greater at its output, 48 
DS1620, in conjunction with a microcontroller, 524 
DS 1804 NV trimmer potentiometer IC, 394-395, 396 
DSL (digital subscriber line), 449 
DSP 

architecture of, 484, 485 
in a digital camera, 486-487 

DT-1000 digital trainer board, 14 
D-type latches, 243 
Dual circuitry, advantages and limitations, 7 
Dual in-line package (DIP), 62-63, 205, 384, 

385,474 
DVD (digital versatile disc), 363 
DVD+RW (digital versatile disc rewritable), 390 
DVD-audio, 363 
DVD-R (digital versatile disc recordable), 390 
DVD-RAM, 363, 392 
DVD-ROM (digital versatile disc read-only memory), 

363,390-391 
DVD-ROM drives, data transfer rate, 391 
DVD-RW (digital versatile disc rewritable), 

390,392 
DVD-video (digital video disc), 363 
DVI (digital visual interface) port, 464 
DVI-A, 464 
DVI-D, 464 
Dynamic RAM IC, 368 

E 
EBCDIC (extended, binary-coded decimal interchange 

code), 202 
ECL (emitter-coupled logic), 149 
EDE1200 unipolar stepper motor IC, 176 
Edge-triggered flip-flops, 249 
EEPROM (electrically erasable programmable read

only memory), 364, 377-378, 477 
memory cells, 392 
program memory, 77, 80 

Egyptians, soldering developed by, 530 
EIA RS-232C standard, 461 
8-bit 2s complement 

addition problems, 35 l, 352 
of a number, 350 
subtraction problems, 35 l, 352 

8-bit binary adder, 340 
8-bit CMOS shift register, 315-317 
8-bit parallel-load shift-right register, 314-315 
8-bit register, 237, 305 
8-bit XOR gate, 462 
8-bit-magnitude comparator, 429 
8-pin DIP DS1620 digital thermometer and thermostat 

IC, 524 
8255 PPI (programmable peripheral interface), 460 
8421 BCD code, 197, 229 
8421 code, most widely used BCD code, 198 
Electromechanical relays, 167 
Electronic circuit simulators, running on a PC 

(personal computer), 108 
Electronic devices, translating from decimal to binary 

numbers and from binary to decimal, 31 
Electronic dice simulation game, explaining logic and 

output sections of, 409, 411 
Electronic distance sensors, categorized, 432 
Electronic encoder-decoder system, 247 



Electronic engine control, 8 
Electronic games 

classifying, 407 
CMOS counter in, 288-289, 290 
constructing, 407 

Electronic lock, designing, 97 
Electronic roulette wheel, summary of, 319 
Electronic thermometers, 94 
Electronic translators, 31-33 

encoders and decoders, 196 
Electronics technicians and engineers, in great 

demand, 8 
Electronics Workbench (EWB), 95 
Elements, of a digital system, 403-404, 405 
ELPD (electrically programmable devices), 116 
Emitter-to-collector resistance, of the power 

transistor, 167 
Encode (verb), defined, 32 
Encoder, 31, 32-33, 196, 499 
Encoder-decoder system, 32-33 
Encoders and decoders, in digital systems, 204-205 
Encryption, 32, 196 
Engelbart, Douglas, 211 
Engine control module (ECM), 6 
Enhancement-mode MOSFETs, 150 
Eniac, 4 
EPROM (electrically programmable read-only 

memory), 364, 380 
EPROM (erasable programmable read-only memory), 377 
EPROM family, 378 
EPROM window, protecting, 380 
EPROM/ROM-based 8-bit CMOS microcontroller 

series, 474 
Epson 40- or 50-pin interface, 387 
Erasable PLD units, 121 
Erasable-CDs, 392 
Erasing, memory, 371 
Error detector circuit, sounding an alarm, 462 
Error-correcting codes, 463 
Errors, detecting in data transmission, 461-463 
Ethernet port, 465 
Ethernet protocol, 450 
Euctectic solders, 530 
Eutectic alloys, 530 
Eutectic solder, as preferred choice, 531 
Even or odd parity bit, transmitted or received, 462 
Excess-3 code, 198-199, 229 
Exclusive NOR gate, 54-55 
Exclusive OR gate, 53-54 
Experimental frequency counter, 423-425 
Experimental LCD timer circuit, wiring diagram for, 

427,430-431 
Experimental tachometer, 291-294 
Experiments Manual for Digital Electronics, 8 
External hard disk drives, 363 
External pulse width, 170 
External storage, 387-388 
Extest (external test) instruction, for 

JTAG-compliant ICs, 439 

F 
F, in a core part number, 65 
FACT (Fairchild Advanced CMOS Technology) 

74AC00 series, 66 
FACT (Fairchild Advanced CMOS Technology) 

CMOS ICs 
designed to outperform existing CMOS and most 

bipolar logic families, 151 
interfacing with other families, 162 
logic series, 67, 151 
more tolerant of static discharge, 150 
output drive capabilities, 161, 162 
outstanding output drive capabilities of, 147 
rivaling the best TTL I Cs in low propagation delays, 

149 
Families, of digital ICs, 62 
Fan-in, of a family ofICs, 147 
Fan-out, of a digital IC, 146 
Fast set, 416 

FAST TTL logic series, 147 
Fast-forward set, 4 l3 
FCT, in a core part number, 65 
Feedback resistor, 502 
Ferroelectric capacitor, with a MOS transistor, 383 
Ferroelectric RAM (FeRAM or FRAM), 382-384 
Fetch-decode-execute sequence, 453, 467 
Field-effect LCD, 213, 214 
Field-programmable logic arrays (FPLAs), 116, 121 
Field-programmable ROMs (PROMs), 377 
50150 solder, 530 
Filament, 221 
Fillet shape, of solder, 534 
Filter, purpose of, 486 
Fire Wire, 465 
Firmware, 374 
555 timer IC 

in a clock, 520 
switch debouncing circuit using, 155 
triggering, 436 
wired as a VCO, 319, 321 

Five-variable Karnaugh map, 105 
Five-variable unsimplified Boolean expression, 105 
Fixed angle, 172, 173 
Flagged error, 468 
Flags, in the status register, 468 
Flash drives, 361 
Flash EEPROMs, 378, 381, 382 
Flash memories, 363 
Flash memory, 361, 364, 381, 382, 387 
Flip-flops, 9, 13, 236 

constructing latches using, 305 
memory characteristics, 240, 306, 315 
operating synchronously, 239 
in semiconductor memories, 361 
traditional and IEEE symbols for, 253 
triggering, 249-250 
uses of, 248 

Floating inputs 
caused by a bent-under pin, 297 
on CMOS res, 71 
good design practice for, 211 
on TTL, 152 

Floating output, from a digital circuit, 18 
Floppy disk drives, 363, 390 
Floppy disk form, 388 
Floppy disks, 389, 390 
Flux 

removal of, 534 
role of, 531-532 

FOR-NEXT loops, 188 
Four full adders, use of, 353 
4-bit adders, functioning the same as the 

7483 IC, 340 
4-bit binary counter, logic diagram for a 74HC393 IC 

wired as, 279 
4-bit counter, 264 
4-bit electronic counter, counting sequence for, 263 
4-bit microprocessor-based system, 455 
4-bit MPU-based system, 454, 455 
4-bit parallel subtractor, 338-339 
4-bit parallel-load recirculating shift register, 309 
4-bit ripple counter, 7493 IC as, 272 
4-bit shift register, 307 
4-digit BCD counter, 291 
Four-input AND gate, wiring, 58 
Four-input NAND circuit, schematic diagram of, 185 
Four-input NAND gate, wiring, 59 
Four-input NOR gate, 423 
Four-input OR gate, wiring using two-input 

OR gates, 58-59 
4N25 optoisolator, 167 
Four-phase stepper motors, 176 
14-pin DIP IC, 62 
4000 series, 151 
4000 series CMOS devices, interfacing with simple 

LED indicator lamps, 156, 157 
4000 series CMOS ICs, 66, 142, 143, 155 

fan-out for low-power, 146 

propagation delays of, 149 
voltages for, 66 
voltages up to 18 V, 224 

4029 presettable binary/decade up/down counter, 409 
4050 noninverting buffer, 161 
4081B CMOS IC, 66 
45 l I BCD-to-seven-segment decoder IC, digits 

generated by, 225, 226 
4511 BCD-to-seven-segment latch/decoder/driver 

CMOS IC, 224-226 
4511 BCD-to-seven-segment latch/decoder/driver IC, 

pin diagram, 225 
4553 (MC14553) CMOS three-digit BCD counter, 

280-283 
4553 three-digit BCD counter, CLK input of, 293 
40106 CMOS IC, special inverter, 155 
Four-variable Karnaugh map, 103 
Four-wire bipolar stepper motor, test circuit for hand 

checking, 174-175 
FPGA (field-programmable gate arrays), 116 
FPL (fuse-programmable logic), 116 
FPLAs (field-programmable logic arrays), 116, 121 
FRAM (ferroelectric RAM), 364, 38 l 
Framing-error (FE) flag, 468 
Free-running AID converter, 519 
Free-running clock circuit, 11 
Free-running multivibrator, 10 
Free-running MV, 10 
Frequency 

of input voltage, 21 
selecting, 19 

Frequency counter, 419-422 
Frequency counter circuit, 74 
Frequency divider section, of a clock, 412, 413 
Frequency dividers, counters as, 270-27 l 
Frequency division, 270-271 
Fuel gauge system, traditional analog, 6 
Full adder circuit, 332 
Full adders, 333-334, 355-356 
Full subtractors, 336, 338 
Full-duplex devices, 465 
Full-step mode, 176 
Function diagram, 276, 277 

of the 74HC193 IC, 277, 278 
Function generator, 19 
Fuse maps, 120 
Fusible-link PROM, 377 

G 
GAL (generic array logic), 116, 122 
Gallium arsenide (GaAs), LEDs fabricated 

from, 207 
Gallium arsenide (GaAs) infrared-emitting 

diode, 167 
Gas-discharge tube, 206 
Gate circuits, troubleshooting, 69-7 l 
Gates 

with more than two inputs, 57-59 
using inverters to convert, 59-62 

Gateways, 450 
GB (gigabytes), 38, 363 
Gear-tooth sensing ICs, 182-183 
Generator, producing a square waveform, 2 
Geostationary earth orbit (GEO), 70 
Gigabytes (GB), 38, 363 
GND connection, 151 
Graph form, analog and digital signals 

representing, 2 
Gray, Frank, 199 
Gray code, 27 

converting from, 229 
numbers from 0 to 15, 370 
programming into the 7489 RAM, 370 
used for input and output devices in digital 

systems, 199 
Gray code-to-binary decoder, 200 
Green, human eye more sensitive to, 487 
Grid (G), 221 
Guess the number computer game, 288 
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H 
H, in a core part number, 65 
H21Al optocoupled interrupter module (slot type), 

285 
Half adders, 332, 334 
Half subtractors, 336 
Half-adder circuit, 332 
Half-byte, 38 
Half-step mode, 176 
Hall, E. F., 179 
Hall effect, 179 
Hall voltage, proportional to the strength of the 

magnetic field, l 78 
Hall-effect sensors, 178-184 

basic, l 78-179 
with a de amplifier and voltage regulator, l 79 
input pulses from, 29 l 

Hall-effect switch (3141 IC), 293 
Hall-effect switch IC, 182 
Hall-effect switches, l 79-182, l 84 
Hamming code, 463 
Handshaking line, 460 
Hard disk drives (HDDs), 363, 448 
Hard disks, 388-389, 393 
Hard drives, 363 
Hard logic, using traditional !Cs, 90-9 l 
Hardware 

encoding and decoding performed by, 3 l 
needed to program the BASIC Stamp 

Microcontroller Module, 77, 78 
Hayes, Dennis C., 447 
Hayes Microcomputer Products, Inc., 447 
Hayes Smartmodem, 447 
HC, in a core part number, 65 
HCT, in a core part number, 65 
Heart cycle, controlling, 532 
Heat rate recognition, 533 
Heat reservoir, replenished by the heating 

element, 532-533 
Heater, 221 
Heavy-duty computer system, designed for machine 

control, 469 
Hexadecimal equivalents, to decimal numbers, 35 
Hexadecimal notation, representing a binary 

number, 34 
Hexadecimal number system, 27, 34 
Hexadecimal numbers, 34-35 
HIGH input, 66-67, 142 
HIGH input input, 141 
HIGH logic level, for a CMOS inverter, 142, 143 
HIGH output, 53, 142 
HIGH voltage, 2, 16, 37, 44 
High-capacity DVD versions, of the CD-RW, 392 
High-impedance state, buffer outputs in, 454 
High-impedance state (high-Z state), 49 
High-reliability soldering, 530 
High-speed CMOS (HC), 67 
Hobby servo motor. See Servo motor 
Hold condition, for the flip-flop, 237 
Hold input, 416 
Hold mode, 239, 243, 244, 267 
Hollerith, Herman, 388 
Hollerith card code, 202, 388 
Home Work board, 479 
Horizontal sweep time knob, on a scope, 20 
Hybrid electronic system, 512 
Hybrid hard disk drive (H-HDD), 388, 393 
Hybrid RAM disks, 388 
Hybrid system, 499 
Hysteresis, 251, 523 

IC adders, 340-342 
IC forms, of MV circuits, 11 
IC latches, 247-248 
IC programmer, burning open selected fuses, 118 
ICL7106 3Y2-digit AID converters, 512 
ICL7 l 07 3Y2-digit AID converters, 512 
ICs. See Integrated circuits (!Cs) 
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Idle mode, in clocked R-S flip-flops, 239 
IEEE logic symbols, 72-73, 252-253 
IEEE-488 standard, 461 
IEEE-1149. l standard, 438 
IFL (integrated fuse logic), 116 
IGFETs (insulated-gate field-effect transistors), 62 
Image capture section, of a digital camera, 486 
Incandescent display, 206 
Incandescent lamp, interfacing, 159 
Inclusive OR function, 46 
Information, put into a computer, 446 
Information revolution, 361 
Infrared light, optocoupled interrupter module 

using, 287 
Infrared-emitting diode, 169, 287 
Infrared-light distance sensor, 432, 433 
Inhibit mode, 7 4194 shift register, 311, 312 
Initial wiper position, stored in nonvolatile 

EEPROM,395 
Input 

of a digital system, 403, 404 
inverting, 59-60 
provided by a simple SPDT switch, 15 

Input and feedback resistors, 502 
Input controls, 426, 427 
Input devices 

to computers, 445 
connected to microcomputers, 448 
for PLCs, 469 

Input loading characteristics, of several families 
of digital !Cs, 147 

Input resistor, 502 
Input shaft, speed of rotation of, 294 
Input signals, 15, 21 
Input switch 

of BS2 module, 481 
with a debouncing circuit, l l 

Input unit, 447 
Input voltage range, 517 
Input waveforms, 237, 238 
Input/output peripheral device, 449 
Input-store-output procedure, 450-451 
Installation, of a typical DIMM, 385, 386 
Institute for Electrical and Electronic Engineers 

(IEEE). See IEE specific entries 
Instruction register, 438, 452 
Instruction set, for a specific PLC, 470 
Instruments 

simple, 19-21 
used in the lab, 8 

Insulated-gate field-effect transistors (IGFETs), 62 
Integrated circuits (!Cs) 

containing entire digital systems, 406 
digital electronic signals generated and processed 

by, 2 
interfacing between TTL and CMOS devices, 142 
manufacturers producing encoders and decoders, 32 
packaging, 62-63, 66 
part numbers, 63, 65 
from the same logic family interfacing properly, 141 
troubleshooting, 7 l 
used to construct digital circuits, 43 
wiring, 63, 64, 66-67 

Integrated fuse logic (!FL), 116 
Intel 4004 4-bit microprocessor, 37 
Interconnections (nets), checking, 440 
Interface devices, 499 
Interfacing 

analog devices to digital systems, 499 
with buzzers, 164 
defined, 141 
with servo and stepper motors, 170-l 77 
TTL and CMOS !Cs, 160-163 
TTL and CMOS with LEDs, 156-159 
TTL and CMOS with switches, 152-155 
using relays, 165, 166 

Internal short circuit, of a chip, 228 
Internet, 7, 449 
Internet servers, 363 

Interpolation, 487 
Invalid BCD inputs, generating unique outputs on the 

7447A decoder, 211 
Invert bubbles, 50, 5 l 

added to the inputs of the OR gate, 61 
at the input of the AND gate, 61 
on the left side of the inverter symbol, 48, 49 
at the R and S inputs, 237 
replaced with a right triangle on IEEE symbols, 73 

Inverted AND function, 50 
Inverted binary form, 254 
Inverter logic function, substituting NAND gates, 56 
Inverters, 48 

adding to a logic symbol, 61 
adding to the output of the AND gate, 61 
attached to the inputs of the OR symbol, 61 
complementing or inverting the input, 48 
truth table for, 48 
using at the inputs and outputs, 62 
using to convert gates, 59-62 

Inverting 
4-bit binary number, 32 
CMOS buffer, 156 
outputs of the AND gate, 50 

Inverting input, to an op amp, 501 
IR detector (phototransistor), 432 
IR LED, emitting pulses of infrared light, 432 

J 
J-K flip-flops, 243-247 

shift register using four, 309 
in toggle mode or hold mode, 267 

J-K master/slave flip-flop, 250 
Joint, controlling heat at, 532-533 
Joint Test Action Group (JTAG), 438 
JPEG (Joint Photographic Experts Group), 487 
JTAG-compliant ICs, 438, 440 

K 
Karnaugh,i\llaurice, 100 
Karnaugh map (K map) 

considering as a vertical cylinder, 104 
filled in, 100 
five-variable, 105-106 
forming four corners into a ball, 105 
with four variables, 103 
more sample, 104-105 
simplifying a Boolean expression from, 101 
with three variables, 101-102 

Keyboard, entering information, 152 
Keyboard port, 464 
Keyboard versions, of Boolean expressions, 95, 124 
Kilobytes, of storage, 38 

L 
L, in a core part number, 65 
Label, in PBASIC, 79, 128 
Ladder logic diagram, graphic programming language, 

470 
Ladder-type DI A converters, 504-505 
LANs (local area networks), 449-450 
Laptop computers, 4 
Large-scale integration digital voltmeter chips, 512 
Large-scale integration (LSI), 406 
Laser narrow light beam, for distance sensing, 432 
Latch/decoder/driver, 426, 427 
Latched encoder-decoder system, 254-256 
Latch-enable circuitry, 254 
Latch-enable pulse, 254 
Latches, 154, 236, 237, 247, 305 

available in all logic families, 248 
flip-flops, 9 
groups of, 237 
in IC form, 248 
transparent, 283 

LCD decoder/driver system, 218, 2 l 9 
LCD displays, CMOS driving, 218-219 
LCD timer, with alarm, 426-429, 430-432 



LCDs, driving, 214, 215 
Lead (Pb), melting point of pure, 530 
Lead mass, variations in, 532 
Lead-free solder joints, inherently dull and grainy, 531 
Lead-free solders, mandated for many manufacturing 

and repair procedures, 530 
Leading zeros, blanking, 21 l-212 
Least significant bit (LSB), 197, 262 
Least significant digit (LSD), 35, 262 
LED (light-emitting diode), 15, 156, 206-207 

compared to LCD, 213 
flashing on and off, 479 
interfacing TTL and CMOS with, 156-159 
interfacing using a transistor driver circuit, 158 
as number markers, 318 
as output indicator, 44 
with a series-limiting resistor, 16 

LED 1 program, 481, 482 
LED output indicators, 16, 159 
LF (line feed), 202 
Light-dependent resistor (LDR), 520 
Limit switches (LS), connected in parallel and in 

series, 471-472 
Linear thermal sensors, 524 
Liquid-crystal displays (LCDs), 206, 213-217 
Load mode, 74194 shift register, 311, 312 
Logic circuits 

drawing from a maxterm Boolean expression, 
92-93 

groups of, 236 
for the parity bit generator, 462 
troubleshooting simple, 185-186 

Logic converter, 95, 108 
Logic converter instrument, 95, 97-98 
Logic converter software, 98 
Logic diagrams 

of the 7 4194 shift register, 311, 312 
for a full adder, 333, 334 

Logic families, availability of, 141 
Logic functions, 43, 45 

programming, 80-81 
using software, 77-81 

Logic gates, 43, 44, 45, 236 
applications, 73-77 
combining, 90-130 
summary of basic, 82 
symbols, 72 

Logic levels 
CMOS logic families, 142-143 
in graphic form, 16 
low-voltage CMOS, 143-144 
TTL logic family, 141-142 

Logic probe, 17, 19-20, 185-186 
Logic problems, solving using data selectors, 113-114 
Logic switches, using in the laboratory, 10 
Logic symbol 

for a clocked R-S flip-flop, 239 
for commercial D flip-flop, 242 
common alternative, 61 
for the D flip-flop, 241 
for a D flip-flop using negative-edged triggering, 

249,250 
for a D flip-flop with positive-edge triggering, 249, 

250 
for the OR gate, 46 
for the inverter (NOT circuit), 48 
for J-K flip-flop, 243, 244 
for the NOR gate, 51, 52 
showing the AND gate, 43, 44 
for three-state buffer, 49 
for the XNOR gate, 54 

Logic symbol diagram, for a half adder, 332 
Logical ANDing, ways to express, 45 
Logical NANDing, expressing, 50 
Logical NORing, ways to express, 52 
Logical ORing of two variables, 46 
Logical XNORing, of three variables, 55 
Long overbar, 61 
Looping, on a Karnaugh map, 100 

Looping cylinder, 106 
LOW, HIGH, LOW, HIGH waveform, 9, 10 
LOW input, 66, 141, 142 
LOW logic level, for a typical CMOS inverter, 

142, 143 
LOW voltage, 2, 16, 37, 44 
Low-cost PALs, with fusible links, 122 
Low-earth orbit (LEO), satellites in, 70 
Lower-voltage 3-V chips (!Cs), 68 
Lower-voltage !Cs, 68-69 
Low-power Schottky (LS), 63 
Low-voltage CMOS IC, 143, 144 
Low-voltage digital !Cs, subfamilies, 69 
LS, in a core part number, 65 
LSB (rightmost digit), 330 
LSI chips, examples of, 406 
LSI digital clock, 415-418 
LS-TTL, driving any CMOS gate, 160 
LS-TTL gates, fan-out of, 148 

M 
Machine language, decoding to decimal numbers, 

205-206 
Machine-control language, for PLCs, 470 
Magnetic bulk storage devices, 388 
Magnetic devices, 388 
Magnetic disks, 388 
Magnetic domains, in metal-oxide surface, 363 
Magnetic drum memory units, 388 
Magnetic field, characteristics of, 180 
Magnetic random-access memory (MRAM), 364, 384 
Magnetic storage, 363 
Magnetic tape, 388 
Magnetic tunnel junction (MTJ) structure, 384 
Magnetically activated sensors or switches, 178 
Magnetoresistive RAM (MRAM), 364, 384 
Magnitude comparator, 288, 426, 427 
Mainframe computer, 4 
Mask-programmed ROM, 372, 377 
Master reset input 

to the 74HC164 IC, 315, 316 
to the 74HC164 register, 320 

Master reset mode, of operation, 283 
Master/slave triggering, obsolete, 250 
Master/slave type, of flip-flop triggering, 250 
Maximum frequency, increasing, 421 
Maximum power dissipation, 517 
Max term Boolean expression, drawing a circuit from, 

92-93 
Maxterm expressions, 93, 125 
Maxterm form, 92 
Maxterm-to-minterm Boolean expression, converting, 

124 
Maxwell 36- or 38-pin interface, 387 
MC3479 stepper motor driver IC, 175-l76 
Mechanical bulk storage devices, 388 
Mechanical devices, 388 
Mechanical switches, debouncing, 9 
Medical field, devices in, 277 
Medium-earth orbit (MEO), satellites in, 70 
Medium-scale integration (MS!), 406 
Megabytes, of storage, 38 
Memory 

erasing, 371 
organization of, 365 
overview of, 362-364 
reading from, 362 
writing in, 362 

Memory cards, 363, 386 
Memory characteristic, of the clocked R-S 

flip-flop, 240 
Memory devices 

in computers, 362-363 
formed by flip-flops, 236 
needed to hold BCD code, 247 

Memory enable input, 367 
Memory map, of an MPU-based system, 455-456 
Memory packaging, evolution of, 384-387 
Memory section, of a computer, 445 

Memory units, 447 
Metal-oxide semiconductor circuits, 150 
Metal-oxide semiconductor field-effect transistor 

(MOSFET), 150 
Metal-oxide semiconductor (MOS) technology, 

62, 150 
Microchip Technology, family of microcontrollers, 474 
Microcomputer, 447-450 

address, decoding, 454-457 
keyboard on, 152 
operations, 450-454 
ROM,448 

Microcontrollers, 330, 406, 451, 473-475 
digital inputs, 516 
family of, 474-475 
responding to a variety of inputs, 481 

Microprocessor-based systems, hexadecimal notation 
widely used in, 34 

Microprocessors, 330, 406, 447. See also MPU 
microcontrollers compared to, 473-4 7 4 
multiplication and, 348 

Military, advanced electronics training programs, 8 
Millions of instructions per second (MIPS), 484 
Minterm Boolean expression 

constructing a truth table from, 94 
forming for the electronic lock circuit, 97 

Minterm expressions, creating AND-OR logic 
circuits, 93 

Minterm form, 91-92 
Minterm-to-maxterm form, converting, 124 
MM5314 digital clock IC, functional description of, 

416,418 
MM5314 MOS LSI clock IC, block diagram of, 

416,417 
Mod-6 counter, 270 

74HC193 CMOS IC as, 279 
Mod-8 asynchronous down counter, logic diagram of, 

267-268 
Mod-10 ripple counters, 264-265 
Mod-16 counter, 262-263 
Mod-16 ripple counter, 272 
Mod-B counter, 7493 IC wired as, 275 
Mode control inputs, 313 
Modem (modulator/demodulator), 449 
Modulo-16 (mod-16) counter, 262 
Modulus, of a counter, 262 
Molecules, magnetizing single, 339 
Monochrome LCD, 213-214 
Monostable multivibrator, 10, 12-14 
Monostable MY, 237 
MOS !Cs, 150 
MOS LSI chip, 415 
MOS LSI clock IC packaged in a 24-pin DIP, 415, 416 
Most significant bit (MSB), 262 
Most significant digit (MSD), 37, 262 
Mouse port, 464 
MPU, 452, 453. See also Microprocessors 
MPU IC, 447-448 
MPU-based systems, 453, 454 
MRAM (magnetoresistive RAM or magnetic 

RAM), 364, 384 
MSB (leftmost digit), 330 
MSBs, of positive 2s complement numbers, 348, 349 
µP-type AID converters, 516 
Multidigit LED display, 206 
Multiple bit errors, checking during transmission, 462 
Multiplex divider/decoder, 416 
Multiplex oscillator, 416, 418 
Multiplexer section, inside the 4553 IC, 283 
Multiplexers (MUXs), 114, 457 
Multiplicand, 343 
Multiplication 

with binary numbers, 344 
process of, 343 

Multiplication dot (·),symbolizing the AND 
function, 45 

Multiplication problem, sample, 344 
Multiplier, 343, 485 
Multiplying and accumulating, process of, 484 
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Multisim, 100 
Multisim logic converter, 95 
Multivibrators (MVs) 

circuits, I 0-11 
types of, 237 

MUX, working like a single-pole, many-position 
rotary switch, 458 

N 
NAND Boolean expression, methods of writing, 51 
NAND function, 50, 51 
NANO gates, 50-51 

forming an R-S flip-flop, 237 
resetting a counter, 264 
steps involving, 107 
truth table, 50 
two-input, 272, 273 
unique output from, 51 
as universal gates, 56, 106 
widely available, 56 
wired as an R-S latch, 320 
wiring to create any of the other basic 

logic functions, 56 
NAND logic, using, 106-107 
NAND logic function, 50, 61 
NAND-NAND logic circuit, 107, 109, 11 l 
Nanotube RAM (NRAM), 384 
National Semiconductor (NS), 63 
Natural phenomena, analog in nature, 4-5 
Negated input, 48 
Negative decimal number, 348-349, 351 
Negative GND (black lead), 17 
Negative temperature coefficient, of thermistors, 523 
Negative-edge triggering, 74LSI 12 flip-flop using, 244 
Negative-edge-triggered flip-flop, toggling, 249 
Nematic fluid, 213 
Nibble, 38 
NMOS (N-channel MOS), 150 
NMOS devices, interfacing with CMOS, 161 
No inversion, flowing through a gate with, 353 
Noise, 7, 145 
Noise immunity, 144, 151 
Noise margin, 144-145 
NOMAD Personal Display System, 317 
Noninverting buffer/driver, 48, 49 
Noninverting CMOS buffer, 156 
Noninverting input, to an op amp, 50 I 
Nonlinear temperature-vs.-resistance characteristic, 

of a thermistor, 524 
Nonvolatile memories, 372 
Nonvolatile RAM (NVRAM), 362 
Nonvolatile read/write memories, 38 l 
Nonvolatile static RAM (NVSRAM), 381 
Nonvolatile storage devices, 366 
NOR Boolean expression, alternative methods of writing, 52 
NOR gate, 51-52 
NOR logic function, 56 
NOR truth table, 52 
Normal circuit, truth tables defining response of, 

355-356 
Normal output, 13, 236 
North pole, of a magnet, 182 
NOT AND, 50 
NOT circuit, 48 
NOT OR gate, 51-52 
NOT symbol, alternative, 48 
Notation system, used with PLDs, 119 
NOVRAM (nonvolatile RAM), 381 
NPN phototransistor, 285 
NPN transistor, driving an LED, 16 
Numbers, adding in binary, 330-331 
NVRAM (nonvolatile RAM), 381 
NVSRAM (nonvolatile static RAM), 381-382 

0 
Octal number system, 27, 36 
Octal numbers, 36-37 
"Odd but not even gate," 53 
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Ohm's law, 6 
Ohm's law formula, 5 
On-board diagnostics system (OBD I or OBD II), 178 
On-chip clock generator, 519 
l -of-8 data selector, 112 
l-of-10 decoder (7442 TTL IC), 372 
l-of-16 data selector, l 14 
I-second timer system, 270 
lOOs display, 294 
112-bit memory, 376 
112-bit ROM, 375, 376 
184-pin DDR SDRAM (double data rate synchronous 

DRAM), 385 
184-pin RDRAM (Rambus DRAM), 385-386 
One-package solution, to a complicated logic 

problem, 112 
One-shot multivibrator circuit, push button 

connected to, 10 
One-shot multivibrator (MY), wiring, 12-14 
I OOOs display, 294 
One-time programming (OTP), of a chip, 397 
Open-collector NAND TTL IC, 155 
Open-collector outputs, of7489 RAM, 367 
Operand, 451 
Operation, 451 
Operational amplifier (op amp), 501-502, 508 
Optical disc drive, 448 
Optical discs, 389-392, 393 
Optical encoder/counter system, incrementing the 

count, 287 
Optical encoding 

for input, 284-285 
of a shaft's angular position, 199-200 

Optical read/write CDs, 363 
Optical sensors, 285, 287 
Optical storage, 363 
Optocoupled interrupter module, 285 
Optocoupler, 167 
Optoisloators, 167-169 
OR (XOR) logic function, 81 
OR function 

in PBASIC, 80 
summary of, 46, 47 

OR gate, 46-47 
inverting to a NANO function, 61 
truth table, 46 

OR logic function, substituting NAND gates, 56 
OR symbol 

as another symbol for a NAND gate, 107 
with a small invert bubble, 51 

Organization, of a very tiny microcomputer system, 
447-448 

Oscilloscope, 2, 20-21 
Out-of-phase signals, 218 
Output 

of AID converters, 516 
of a digital system, 403, 404 
from a PLC driving motors and solenoids, 469 

Output devices, 19, 164 
Output drive characteristics, of several families of 

digital !Cs, 147 
Output drive currents, for the standard TTL, 160 
Output indicator, 15, 16 
Output logic levels, 517 
Output peripheral devices, 448 
Output section, of a computer, 446 
Output unit, 447 
Output voltages 

calculating for op amps, 503 
for CMOS !Cs, 142, 143 
selecting, 19 

Output waveforms, 237, 238 
Outputs 

of digital circuits, 15 
inverting, 59, 60 

Overbar (-)symbol, above the output, 48 
Overflow (OF) flag, 468 
Oxidation, on metal surfaces, 530 
Oxide films, overcoming, 531 

p 
P register, 485 
PAL (programmable array logic), 116 
PALJOH8, 121-122 
PALJ2HlOIC, 117 
PAL/GAL IC part identification guidelines, 122 
Panasonic 34-pin interface, 387 
Paper tape, perforated, 388 
Parallel adder, 335, 338 
Parallel data, changing into serial data, 457 
Parallel in-parallel out register, 306, 310 
Parallel in-parallel out storage device, 310 
Parallel in-serial out shift register, 306 
Parallel in-serial out storage device, 310 
Parallel interfaces, 460, 461 
Parallel loading, of four bits at once, 308 
Parallel port, 464 
Parallel subtractors, 338-339 
Parallel wires, sending bits in each word at 

one time, 457 
Parallel-load shift registers, 308-310 
Parallel-load shift-right/left register, 313-314 
Parity bit, 461, 462 
Parity bit generator circuit, 461-462 
Parity error bit, of the status register, 468 
Parity error (PE) flag, 468 
Partial products, 344 
Passive-matrix LCDs, 216 
Past solders, 530 
PBASIC (Parallax BASIC) editor program, 475 
PBASIC I interpreter, in firmware, 477 
PBASIC blink program, 479 
PBASIC editor, in MS Windows, 479 
PBASIC high-level language, 77 
PBASIC interpreter software, 475, 477 
PBASIC programs 

2-input AND function, 78, 79-80 
downloading, 128, 477, 480 
ServoTest I, 187-188 

PBASIC text editor program, loading, 78, 128 
PC boards, loss of test point access on, 438 
P-channel MOSFET, 150 
PCMCIA 88-pin interface, 387 
PCM CIA card, 386-387 
PCMCIA device, containing flash memory, 387 
PEEL (programmable electrically erasable logic), 116 
Pencil-type solder iron and tips, 533 
Peripheral devices, 446, 448, 449 
Peripheral interface adapter (PIA), 460 
Permanent magnet rotor, 172, 173 
Personal Computer Memory Card International 

Association (PCMCIA), 386 
Personal computers, 4 
Petruzella, Frank, 470 
Phase-change alloy, 392 
Phase-change technology, 392 
Photocell, 488, 490 
Photodiodes, 486 
Photoresistive cell, 520 
Photoresistor, 520 
Phototransistor, activating, 167, 287 
Phototransistor detector, 167 
PICl6C55 microcontroller, 475, 476 
PIC16C56 microcontroller chip, 477 
PIC16C57 microcontroller, 404, 405 
PIC16C57 microcontroller chip, PBASIC 2 interpreter 

in firmware, 77, 477 
PIC16CSX family of microcontrollers, specifications 

for, 474-475, 476 
Piezo buzzer, 164 
Pilot lamp (PL), controlling, 471 
Pin configuration, of the 74194 shift register, 

311, 312 
Pin descriptions, 74HCl64 shift register, 316, 317 
Pin diagrams, 63 

74HC164 shift register, 316, 317 
74HC393 IC, 277 
74HC85 comparator, 288, 289 
7489 IC, 367, 368 



CD4081BE CMOS quad two-input AND 
gate IC, 66 

45 l l BCD-to-seven-segment latch/decoder/driver 
IC, 225 

MM5314 MOS LSI clock IC, 416, 417 
74HC76 IC, 295, 296 
7408 digital IC, 63 
TMS4764 ROM, 374 
2732A 32K ( 4K X 8) ultraviolet-erasable 

PROM, 378, 380 
Pin labels and functions, for ADC0804 AID 

converter IC, 518 
Pin-out information, for the standard A and 

B plugs, 465 
Pixels, 217, 486 
PLA (programmable logic arrays), 116 
Place value, 28-29 
Plastic range, using solders with, 531 
Plate (P), 221 
Plated tip, preparing for a soldering iron, 534 
Platters, 389 
PLC programming, 470 
PLDs. See Programmable logic devices (PLDs) 
Plus ( +) sign, Boolean symbol for OR, 46 
PMOS (P-channel MOS), 150 
PN-junction diode, 207 
Pocket calculator, encoders and decoders, 31 
Pocket hard drive, 389 
Polarity 

LED sensitive to, 207 
of a magnetic field, 180 

Pololu carrier with sharp GP2YOD810ZOF digital 
distance sensor 10 cm, 434 

Pololu Corporation sensor 1134, 434 
Pololu distance sensor module, 434 
Portable computers, memory modules, 386 
Portable hard drive, 389 
Ports, 128, 464 
Positive logic, 44 
Positive-edge-triggered flip-flop, toggling, 249 
Potentiometer 

as analog device, 394, 395 
sensing angular position of the output, 170 
used for calibration, 524 

Power consumption, exceptionally low, 150 
Power dissipation, of digital I Cs, 149 
Power supply voltages, 517 
Power transistor, attaching to output, 167 
Power-up initializing circuitry, 319 
Prescale counter, programming, 416 
Pretinning, 533 
Primary storage, 387 
Primitive diode ROM circuit, 372, 373 
Ptimitive frequency counter, schematic 

diagram, 423, 424 
Printed circuit (PC) board, 70 
Priority encoder, 74148 IC as, 256 
Priority feature, of74147 encoder, 204 
Procedure, programming into a computer, 346, 348 
Processing, of a digital system, 403, 404 
Processing unit, of the PLC, 469 
Product, 343 
Product of sums (POS), 91-92 
Program, for a computer, 448 
Program (instructions), 446 
Program memory 

instructions in, 450-45 l 
placing the operand on the data bus, 453 
sections of, 485 
separate provided, 477 

Program memory size, 474 
Programmable AND and OR arrays, 121 
Programmable controller (PC), 469 
Programmable Logic Controllers 4th edition 

(Petruzella), 470-472 
Programmable logic controllers (PLCs), 469-472 
Programmable logic devices (PLDs), 91, 116-122 

advantages of, 116 
burner, 118 

described, 117-121 
fabricating specialized encoders and decoders, 208 
integrated circuit, 117 
practical, 121-122 
programming, 116-117 
specific devices referred to, 116 
typical equipment for programming, 117 

Programmable read-only memoties (PROMs), 372, 
377-380 

basic idea of, 378 
burners, 377, 380 
generating final seven-segment output code, 418 
permanent nature of burning, 378 

Programming 
a computer, 348 
an EPROM, 380 

Programming mode, 378 
Prohibited state, for a flip-flop, 237 
Propagation delay, of digital ICs, 148-149 
Propagation delays, for the FACT series, 151 
Protein-based memory, 372 
Pull-down resistor, 75, 153 
Pull-up resistor, 74, 152, 160, 182 
Pulse duration, 170 
Pulse generator, 170 
Pulse triggering, IEEE symbols for, 253 
Pulse width, 14, 170 
Pulses, counting the number of, 285-287 
Pulse-shaper circuit, 280, 281 
Pulse-width modulation (PWM), 170, 186 
Punched card, 388 
Pure rosins, 532 
Push-button switch, 152 

activating clear (CLR) input of an 8-bit binary 
counter IC, 74, 75 

open, 10 
using to make a digital signal, 9 

PWM (pulse-width modulation), 170, 186 

0 
Quad bilateral switch, 411 
Quadrature encoder, 200-201 
Quadruple two-input AND gate, 63 
Quantizing errors, 516 
Quine-McCluskey method, 100 

R 
R register, 485 
R-2R ladder network, 504 
Radar (radio detection and ranging), 432 
Radiation-tolerant FACT !Cs, 151 
Ramp AID converter, 512, 513, 514 
Ramp generator, 512, 513 
Ramtron International, 384 
Random number, counter stopping at, 407 
Random-access memory (RAM), 362, 365-366 
Range of voltages, defined HIGH and LOW, 9 
RC circuits (resistive/capacitive circuits), 516 
Read light-rotate servo program, listing of, 491 
Read mode, on the 7489 RAM, 367 
Read operation, 366 
Reading, what is in memory, 367 
Reading from, memory, 362 
Reading out, information from RAM, 365 
Read-only memory (ROM), 362, 372-374 

storing programs in a microcomputer, 473 
used to store permanent data and programs, 374 
uses of for encoders, 37 6 

Read/write memory, 365 
Real-world events, counting, 284-287 
Real-world information, as analog, 4, 499 
Recall operation, in NVSRAM, 381 
Receive data register, 466 
Receive-buffer-full (RF) flag, 468 
Receiver, in a UART, 460 
Receptacles, 464, 465 
Reciprocating slide, activated by motion of a servo 

motor arm, 489 

Recirculating down counter, 269 
Recirculating feature, 308, 310 
Recirculating line (feedback), 319 
Recording layer (silver-indium-antimony 

tellurium alloy), 392 
Redundant circuitry, 324 
Reflective-type sensor, 287 
Registered PLDs, 121 
Registers, 237, 305, 452, 466 
Relaxation oscillator, 418 
Relay ladder diagram, 470 
Remark statements, 79, 128, 187, 479, 489 
Repeated addition, 343 
Repeated addition-type multiplier system, 345 
Repeated divide-by-2 method, 197 
Repeated divide-by-2 process, 30-31 
Repeated divide-by-8 process, 36-37 
Repeated divide-by-16 process, 35 
Reset condition, for the flip-flop, 237 
Reset input, 236 
Reset mode 

for 7476 J-K flip-flop, 244 
in clocked R-S flip-flops, 239 

Reset pulse, generated, 425 
Reset/count function table, 272, 273 
Reset-count-display sequence, 419, 420, 425 
Resistance, decreasing causing an increase in 

current, 5 
Resistive ladder network, 501 
Resistor network, 500, 502, 504 
Resolution, of an AID converter, 516 
Restriction of hazardous substances (RoHS) 

standards, 534 
RGB (red, green, blue) output, cameras storing, 487 
Rigid disk form, 388 
Rigid magnetic disk, 388 
RIMM, 385 
Ring counter, 319, 320 
Ripple counters, 262-264 
Ripple-blanking input (RBI), 209, 210, 212 
Ripple-blanking output (RBO), 209, 210 
RISC (reduced instruction set computing), 475 
Rise and fall times, fast, 251 
RJ-11jack,465 
RJ-45 jack, 465 
Roll dice switch, closing, 409 
ROM (read-only memory), 364, 375-377 
Rosins, combined with mild activators, 532 
Rotary encoder, determining direction of rotation 

of, 201 
Rotary switches, 112-113, 458 
Roulette wheel, 318 
Router, 450 
Rpm (revolutions per minute), 291 
R-S flip-flops, 236-238 
RS flip-flops, 154 
R-S latch, 236 

s 
S, in a core part number, 65 
Sample/preload instruction, 439 
Sampling, 483 
Sampling time, 425 
Satellites, in geostationary earth orbit (GEO), 70 
Schematic symbol, for optocoupled interrupter 

module, 285 
Schmitt triggers, 251-252 
Schmitt-trigger inverter, 155, 251, 523 
Schmitt-trigger inverter IC, 414, 415 
Schmitt-trigger threshold detector, 180 
Schottky diodes, use of, 177 
Schottky TTL (LS-TTL), fan-out for low-power, 146 
Scientific calculators, making number system 

conversions, 37 
Scope. See Oscilloscope 
Scratch-pad memory, 365 
Seagate Technology, 388 
Secondary storage, 387-388 
Seconds timer, 270 
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Sectors, 389 
Self-stopping counters, 269 
Self-stopping down counters, 426, 427 

for LCD timer circuit, 427, 429 
Semiconductor flash memory devices, 36 l 
Semiconductor memory, 361, 364 
Semiconductor RAM !Cs, static and dynamic 

types, 368 
Semiconductor storage, 363-364 
Sense operation, 366 
Sensing, what is in memory, 367 
Sensors 

information from, 6 
measuring analog phenomena, 5 
PLC interfacing with, 469 

Sequential logic circuits, 90, 236 
Sequential logic devices, D flip-flops as, 242 
Serial data 

changing parallel data into, 457 
out from TDO (test-data output), 439 
sent out on the TxD (transmit data) line of 

the UART, 468 
at the TMS input pin, 438 

Serial data transmission, 458 
Serial form, 457, 460 
Serial in-parallel out register, 306, 308 
Serial in-serial out register, 306, 308 
Serial interface 

standards, 461 
transmitting data 1 bit at a time, 460 

Serial load, 308 
Serial output, observed at test data output 

(TD0),439 
Serial port, 464 
Serial test data, shifted in through test data input 

(TD!), 439 
Serial-load shift register, 308 
Serial-load shift registers, 307-308 
Serial-load shift-left register, 313 
Serial-load shift-right register, 313, 323, 324 
Servo motor 

connected to the BASIC Stamp 2 module, 186 
controlling using a control pulse, 170, 171 
interfacing BASIC Stamp 2 Module with, 

186-188 
interfacing with, 170-172 
rotational characteristics, 172 
valve activated using, 488 

Set condition, for the flip-flop, 237 
Set input, 236 
Set mode 

for 7476 J-K flip-flop, 244 
in clocked R-S flip-flops, 239 

Seven-input XOR gate, generating correct even 
parity bit, 462 

Seven-segment decoder/drivers, 207 
Seven-segment LED, 32 
Seven-segment LED displays, 205-207 
72-pin SIMM (single in-line memory module), 385 
7 4ACOO series, 142, 150 
74ACQOO series, 142 
74ACTOO series, of CMOS !Cs, 66, 142, 143 
74ACTQOO series, of CMOS !Cs, 142, 143 
74ALVC (advanced low-voltage CMOS), 69 
74ALVCOO series, 143, 150, 151 
74AVC (advanced very low voltage CMOS), 69 
74COO series, 142, 143 

of CMOS !Cs, 66 
equivalent of 7400 series of TTL !Cs, 151 

74FCTOO series, of CMOS !Cs, 66, 142, 143 
74FCTAOO series, of CMOS !Cs, 142, 143 
74HCOO series, 66, 67, 142, 151 
74HC04 inverter, positive pulse emitted by, 294 
74HC164 8-bit serial in-parallel out shift register, 

315-317,319 
74HC193 IC, wired as a mod-6 counter, 279-280 
74HC193 presettable synchronous 4-bit binary 

up/down counter IC, 277-279 
74HC393 dual 4-bit binary ripple counter, 276-277 

558 Index 

74HC4543 BCD-to-seven-segment latch/decoder/ 
driver CMOS IC, 218, 219, 220 

74HC4543 IC, functions of, 429, 432 
74HC76 IC, pin diagram for, 295, 296 
74HC85 4-bit magnitude comparator, 288 
74HCTOO series, of CMOS !Cs, 142, 161 
74HCT34 noninverting IC, 161 
74LS04 inverter, 147-148 
74LS112 TTL-LS J-K flip-flop, 244-246 
74LS14 IC, 523 
74LS279 Quad S-R Latch IC, 238 
74LVC (low-voltage CMOS), 69 
74LVXOO, 143-144 
7400 series logic circuits, propagation delays, 150 
7400 series of TTL !Cs, 63 
7404 inverter, complementing the output, 460 
7404 inverter IC, 32 
7406 TTLICs, 162 
7408 digital IC, pin diagram for, 63 
7414 Schmitt-trigger inverter, 423 
7414 Schmitt-trigger inverter TTL IC, 251, 252 
7416 TTLICs, 162 
7447 BCD-to-seven-segment decoder chip, 407, 408 
7447 binary-to-seven-segment LED decoder/driver 

IC, 32 
7447A IC, 520-521 
7474 TTL D flip-flop, 241, 242 
7475 TTL 4-bit transparent latch, 248 
7475/74LS75/74HC75 4-bit latch, 238 
7476 TTL J-K flip-flop, 243-244, 245 
7483 4-bit adder, counterparts to, 340 
7489 read/write RAM, programming, 370 
7489 read/write TTL RAM, 367 
7489 TTL RAM, access time of, 370 
7493 4-bit ripple counter, packaged in a 14-pin 

DIP, 272, 273 
7493 IC counter, used as a mod-8 counter, 273, 275 
7493 TTL 4-bit binary counter, 272, 273 
74121 one-shot multivibrator IC, 13 
74125 quad three-state buffer TTL IC, 456, 457 
74147 !O-line-to-4-line priority encoder, 204, 205 
74147 decimal-to-binary encoder IC, 32 
74150 MUX, 459, 460 
74154 DEMUX, 460 
74154 DEMUX IC, 459 
74189 64-bit RAM, 367 
7 4192 decade counter, 413 
74192 up/down decade counter IC, 272-275 
74194 4-bit bidirectional universal shift register, 311 
7 4194 IC 4-bit bidirectional universal shift register, 315 
74194 IC register, 3ll 
74194 IC shift register, 313-315 
Shaft encoder, 199-200 
Shaft or wheel, locating angular position of, 200 
Shape, of a waveform, 19 
Shift registers, 305 

categories of, 306 
characteristics of, 306 
constructing, 306 
converting serial data to parallel data or parallel 

data to serial data, 315 
formed by flip-flops, 236 
forming, 242 
in IC form, 306 
memory and shifting characteristics, 305-306 
operating, 307 
troubleshooting, 323-324 
used as temporary memories, 315 
using, 315, 318-323 

Shift-and-add method, 345, 346 
Shift-left mode, 74194 shift register, 311, 312 
Shift-right mode, 74194 shift register, 311, 312 
Short circuit, dropping power supply voltage, 228 
Short-form addition table, for binary, 331 
Sign bit, of a number, 348 
Signal, defined, 2 
Signal conditioning, 251 
Signed decimal numbers, converting to 2s complement 

form, 349 

Signed numbers, adding or subtracting, 349 
Silicon dioxide layers, inside a CMOS chip, 150 
Silver brazing, 532 
SIMM memory modules, 385 
Simple self-contained digital electronic games, 407 
Simplified 16-bit (4 X 4) PROM, 378 
Sine wave, sampling, 483 
Single short, positive pulse, output from the one-shot 

circuit, 10 
Single-package microcontroller, 473 
Single-pole, double-throw (SPDT) switches, 9, 174 
Single-pulse clock, lO 
Sinking current, 157, 158 
SIP (single inline package), 385 
60140 solder, 530 
60-Hz signal, input into a digital clock, 412 
60-Hz sine wave, converted to a square wave, 419-420 
64 MB of flash memory, 392 
64-bit memory, organization of, 365 
64-bit scratch-pad memory, 366 
68-pin PCMCIA memory card, 387 
Six-wire unipolar stepper motor, 176-177 
Slot-type module, 287 
Slow rise time, for a sine wave, 414 
Slow set, 416 
Small-outline IC (SOIC), 68, 384, 404, 474 
Small-scale integration (SS!), 406 
SMT (surface-mount technology) packages, 63 
SN74LVC08, 68-69 
Snap action, changing to either HIGH or LOW, 155 
Snap-action bounce-free output, 180 
Snap-action pushbutton switch, 14 
Snapshot or sample, of data flowing into or out of the 

internal chip logic, 439 
Social networking, 7-8 
Software, 32, 374 

doing multiplication, 348 
SOIC (small-outline IC), 68, 384, 404, 474 
Solder, nature of, 530-531 
Solder connection, making, 534 
Solder heat bridge, 533 
Soldering 

advantages of, 530 
defined,530 
high-reliability, 530 
as very complex control problem, 533 

Soldering irons, 532, 533-534 
Solderless breadboard, 11, 12, 14 
Solenoid, 165, 166 
Solid-state computer, 387 
Solid-state disk, 387 
Solid-state potentiometer, 394 
Solid-state relay, 167, 169 
Sonar (sound navigation and ranging), 432 
Source supply, in a MOSFET, 151 
Sourcing current, 157 
South pole, of a magnet, 182 
SP (space), 202 
Speed versus power graph, comparing several of the 

TTL and CMOS families, 149 
Spindle speed, of hard drives, 389 
SPST switch, electronically operated, 411 
SPTD switch debouncing circuit, 238 
Square waves, useful in digital electronics, 21 
SRAM (static random-access memory), 364, 366, 

370-371 
SRAM FPGA (static RAM field-programmable gate 

array), 116 
SSOP (shrink small-outline package), 474 
Standard logic symbol, for the NAND gate, 50 
Standard TTL gate, capabilities, 147 
Standard TTL inverter, typical propagation delay for, 

148 
Start input control, activating, 427 
Start/stop control, 414, 415, 419 
Static discharges, protecting from, 150 
Static electricity, resistance to, 151 
Static RAM, 368 
Static RAM !Cs, 367-370 



Status register, 466, 467 
Step angles, for common stepper motors, 172 
Stepper motors 

control sequence, 172, 174 
interfacing, 174-177 
noncontact and timed operation of, 435 
rotating a fixed angle, 172, 173 

Storage capacity, graphed in MB, 393 
Storage function, of a digital system, 403, 404 
Storage registers, forming, 242 
Store operation, in NVSRAM, 381 
Stored program, in a computer, 446 
Stored-program digital computer, 447 
Strength, of a magnetic field, 180 
Subscripts, indicating the base of a number, 34 
Subsystems, assemblies of, 403 
Subtraction problem, sample binary, 337 
Subtractors, 330 
Successive-approximation AID converter, 514-515, 519 
Successive-approximation logic unit, 514 
Summing amplifier, 500, 501, 502, 504 
Sum-of-products (SOP) form, 91 
Sum-of-products calculation, 483, 484 
Surface condition, of area to be soldered, 533 
Smface oxides, removing, 531 
Switch bounce, caused by a mechanical switch, 12 
Switch debouncing circuit, 153, 154-155 
Switchcheck, IF-THEN statement in, 481 
Switches, interfacing TTL and CMOS, 152-155 
Switching threshold 

of the 7404 IC, 251, 252 
voltage increasing, 145 

Switch-to-CMOS interface circuits, 152, 153 
Switch-to-TTL interfaces, 152 
Synchronous counters, 265-267, 272 
Synchronous flip-flops, 249 
Synchronous operation, 240 

of a D flip-flop, 242 
Synchronous parallel loading, of a shift register, 312 

T 
T flip-flop, 246, 276-277 
"T" series CMOS !Cs, 143 
Tabular method of simplification, 100 
Tachometer, 6 
TAP controller, 438 
TB (terabyte), 363 
TCK (test clock), 438 
TD! (test data input), 438 
TDO (test data output), 438 
Temperature, digitizing, 523-524 
Temperature-sensitive resistor, 523 
Temporary memory, in a shift register, 305 
Temporary storage, of data, 366 
10-line-to-4-line priority encoder, 204, 205 
!Os display, 294 
Test access points, loss of, 440 
Test access port (TAP), 438 
Test data register, 438 
Test reset (TRST) input, 438 
Test vectors, loading into output boundary-scan cells, 

439 
Testing, as an important part of any complex system, 

440 
Texas Instruments, "SN" designating, 63 
Texas Instruments digital IC, markings on, 64 
Thermal linkage, 533 
Thermal mass, 532 
Thermistor, 523, 524 
Thin-film medium, 389 
Thin-film transistor (TFT) technology, 217 
Thin-film transistors, 216-217 
30-pin SIMM, 385 
3.5-in. floppy disks, 389, 390 
3-bit (mod-8) counter, logic diagram fur, 265-267 
3-bit adders, 335 
3-bit counter, with self-stopping feature, 269 
3-digit up counter circuit, 282 
3in-3out logic problem, 128, 129, 130 

Three-digit BCD counters, 280-283, 291-292 
Three-dimensional Karnaugh map, 105 
Three-input AND gate, 57 
Three-state buffers, 370, 454 

commercial version of, 456, 457 
truth table for, 49 

Three-teiminal LM34 and LM35 temperature 
sensors, 524 

3132 bipolar Hall-effect switch, 179-182 
3132 Hall-effect switch, 181, 182 
3144 unipolar Hall-effect switch, 182 
Three-variable Karnaugh map, 101-102 
Tilde(-) symbol, 81 
Time, graphing versus input voltage, 20 
Time displays, 412 
Time duration, for a cycle, 21 
Time-base clock, 426, 427 
Time-set control, 412, 413 
Timing diagrams, given for sequential logic 

circuits, 237 
Tin, melting point of pure, 530 
Tin-silver-copper alloy, 530 
Tip styles and sizes, for soldering irons, 532 
TMS (test mode select), 438 
TMS4664 ROM, access time of, 374 
TMS4764ROM, 8192-word by 8-bit ROM, 374 
Toggle mode, 244, 267 
Toggling, 9, 243 
Tracks, number of, 389 
Traditional method of distance sensing, 434 
Transducer, 500, 520 
Transistor driver circuit, 159 
Transistor-transistor logic (TTL). See TTL (transistor-

transistor logic) 
Transmission function, of a digital system, 403, 404 
Transmission gates, 151, 411 
Transmission system, using MUX-DEMUX 

arrangement, 458-460 
Transmit data register, 466 
Transmitter, in a UART, 460 
Transparent latch, 248, 256 
Transparent mode, of 7475 IC, 256 
Transponder ECM, 8 
Triangulation method, 432, 433, 434 
Trigger pulse, 293-294 
Trigger voltage, 13 
Triggering, flip-flops, 249-250 
Triode vacuum tube, 22 l, 222 
Tristate output, 367 
Troubleshooting 

a CMOS circuit, 71 
counters. 295-297 
a decoding circuit, 227-228 
a full adder, 355-356 
!Cs, 71 
knowledge of circuit operation key to effective, 18 
most important tools, 297 
shift registers, 323-324 
simple gate circuits, 69-7 l 
simple logic circuits, 185-186 
six hints for successful, 356 

Truth tables 
AfD converter, 506, 507 
AND,44 
Boolean expressions, 93 
clocked R-S flip-flop, 240 
constructing from Boolean expressions, 94 
D flip-flop, 241 
DI A converter, 500, 504, 506 
described, 93 
451 l BCD-to-seven-segment latch/decoder/driver 

CMOS IC, 225-226 
4553 three-digit BCD counter IC, 280, 28 l, 283 
four-input OR gate, 58 
full adder, 333, 355 
full subtractor, 336, 337 
half adders, 332 
inverter, 48 
J-L flip-flop, 243, 244 

NAND gate, 50 
NANO logic function, 61 
NOR function, 52 
NOR gate, 51 
OR circuit, 46 
as origin of most logic circuits, 93 
parity bit generator, 462 
R-S flip-flops, 237 
74HC!64 shift register, 316, 317 
74HC193 counter, 277-278 
74HC4543 BCD-to-seven-segment latch/decoder/ 

driver CMOS IC, 220 
74LSl 12 J-K flip-flop, 244, 246 
7447 A decoder/driver IC, 209, 210 
7474 D flip-flop, 242 
74125IC,456,457 
74194 shift register, 311, 312 
three-input AND gate, 57 
three-state buffer, 49 
XOR and XNOR gates, 55 
OR and XOR gates, 53 

TTL (transistor-transistor logic) 
circuits, 16 
digital circuit, testing, 17-18 
digital !Cs, constructing, 62 
family of I Cs, 9 
IC counters, 273-275 
input logic levels showing noise margin, 145 
inputs floating at a HIGH logic level, 152 
inverter, expected outputs from, 142 
logic family, 141 
logic gates, 62-65 
voltabe profile, 142 
voltage levels, 9 
XOR gates, not used, 214 

TTL 7414 Schmitt-trigger inverter IC, 414, 415 
TTL 7447A BCD-to-seven-segment decoder/driver, 

209-212 
TTL 7483 4-bit binary full adder, 340, 341 
TTL and CMOS noise margins, comparing, 144 
TTL digital IC, top of a typical, 63 
TTL families, families, voltage characteristics of all, 

148 
TTL!Cs 

interfacing with CMOS !Cs, 160-163 
typical fan-out value for, 146 

TTL-to-CMOS interfacing, 161 
TTL-to-LED interfacing, 156, 157 
TTL-type digital circuit, testing, 19 
"T"-type CMOS gates, having input voltage profile of 

aTTLIC, 161 
12-h display format, 416 
20-mA current loop teletype standard, 461 
20-pin DIP IC, 121 
24LC 16 EEPROM, for program storage, 405 
24-pin DIP IC, 77 
24-pin EPROM DIP IC, 377, 378 
25-pin DB (data bus) connector, 464 
27XXX series EPROM, 378 
28F512 512K (64K X 8) CMOS flash memory, 

382,383 
Twisted-nematic field-effect LCD, 213-214 
Twisted-nematic field-effect technology, 215 
2-bit quadrature, 200-201 
2-bit ripple counter, troubleshooting a faulty, 

295-297 
Two-digit seven-segment LCD, 215, 216 
240-pin DDR2 SDRAM, 386 
Two-input AND function PBASIC program, 

78, 79-80 
Two-phase stepper motor, 172 
2s complement 4-bit adder/subtractor system, 

353-354 
2s complement 8-bit, 350-352 
2s complement addition, 349, 350 
2s complement conversions chart, 535 
2s complement form, converting to binary, 349 
2s complement number conversion chart 351 
2s complement numbers, 27 ' 
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2s complement representations 
determining sign and magnitude of a number, 348 
of a negative number converting to decimal 

equivalent, 351 
of negative numbers, 348 
of positive numbers, 348 

2s complement subtraction, 349-350 
Two-terminal AD592 precision IC temperature 

transducer, 524 
2114 static RAM, 368-370 
2732 EPROM chip, block diagram of, 378 
2732 EPROM IC, 378, 380 
2732A 32K (4K X 8) ultraviolet-erasable PROM, pin 

diagram, 378, 380 
Two-way path, transferring data into and out of the 

MPU,448 
TxD (transmit data) line of the UART, 468 
Type A plug, connecting upstream to the USE 

ports, 464 
Type B plugs, connecting downstream to the 

USE ports, 464-465 

u 
UARTs (universal asynchronous receiver-transmitters), 

460,465-466 
Ultra-large-scale integration (ULSI), 406 
Ultrasonic distance sensor, 432-434 
Ultrasonic receiver, 433 
Ultraviolet (UV) light, erasing EPROM, 377 
Undefined region, 16 

between HIGH and LOW, 9 
pin floating in, 295 
voltage at, 9 

Unipolar Hall-effect switches, 182 
Unipolar or four-phase stepper motors, 176 
Unipolar stepper motors, 172 
Unique output, AND truth table, 45 
Universal flip-flop, 246 
Universal gate, NAND gates as, 56 
Universal serial bus (USE) port, 464-465 
Universal shift register, 311, 312 
Unknown frequency, measured by a digital frequency 

counter, 419 
Unused input leads, connecting, 150 
Unused outputs, leaving unconnected, 150 
Unwanted voltages, 145 
Up position, switch in, 63 
USE 1.0 low-speed rate, 465 
USE 1.1 full-speed rate, 465 
USE 2.0 

high-speed rate, 465 
ports, 392 
receptacle, 464 

USE 3.0 
ports, 393, 464 
superspeed rate, 465 

USE flash drives, 361, 363, 448 
USE flash memory, 364, 392-393 
USE floppy disk drives, 389 
USE ports, 392, 393, 464-465 
USE standard type A plug, 392 
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USE transmission rates, classified, 465 
UV erasable PROMs, 377 

v 
Vacuum fluorescent (VF) display, 206, 221-223, 224 
Valve, controlling flow of liquid, air flow, or light 

intensity, 488, 489 
Variable, declaring, 187-188 
Variable output, on the function generator, l 9 
Variable reluctance stepper motors, 172 
Variable-frequency signal, from vehicle speed sensor, 6 
Variable-voltage signal, 6 
Vehicle speed sensor, engine control module (ECM), 6 
Veitch diagrams, 100 
Venn diagrams, 100 
Vertical deflection knob, on a scope, 20 
Vertical line (I) symbol, in the NOR function in 

PBASIC, 81 
Very large-scale integration (VLSI), 406 
Very small capacity unit, 374 
VF display, driving, 224-226 
VGA (video graphics adapter), 464 
Video port, 464 
Vision enhancement, 317 
VLSI !Cs, 406 
Volatile memory, RAM as, 366 
Voltage, output by an analog circuit, 2 
Voltage characteristics, of both TTL and 

CMOS res, 141 
Voltage comparators, 506, 508-509 
Voltage divider circuit, 488, 490 
Voltage gain, 503 

of an amplifier, 502 
of the op amp, 510 

Voltage incompatibility, from TTL (NMOS) 
to CMOS, 161 

Voltage levels, for digital signals, 9 
Voltage profile, of a typical TTL inverter (7404 IC), 

251,252 
Voltage rails, of the power supply, 142 
Voltage regulator, on BOE, 479 
Voltage versus time format, for signals, 2 
Voltage-controlled oscillator (VCO), 319 
Volt-ohm-millimeter (VOM), 2 

w 
WAN (wide area network), 450 
Warning horn (H), 472 
Waste from electrical and electronic equipment 

(WEEE) standards, 534 
Waveform diagram 

74192 counter IC, 272, 275 
74194 shift register, 311, 312 
for a clocked R-S flip-flop, 239 
graphing analog output, 2 
for an unknown frequency, 419, 420 

Waveforms 
digital, 9 
with fast rise and fall times, 251 
given for sequential logic circuits, 237, 238 
input, 237, 238 

LOW, HIGH, LOW, HIGH, 9, 10 
ramp-type AID converter, 513 
showing propagation delays for a standard TTL 

inverter, 148 
Waveshaping, by a 7414 Schmitt-trigger inverter, 423 
Waveshaping circuit, 414, 415, 416 
Wear-out condition, for DS 1804 IC, 397 
Wetting action, 531 
Winchester drive, 388 
Wiper position, in DS1804-100 digital potentiometer, 

396 
Wiring diagrams 

BCD decoder/driver circuit, 224 
clocked R-S flip flop, 240 
digital dice game, 407, 408 
digital light meter circuit, 522 
divide-by-60 counter circuit, 413, 4 l 4 
elementary digital voltmeter, 510, 511 
experimental LCD timer circuit, 427, 430-431 
4-bit ~arallel-load recirculating shift register, 309 
latched encoder-decoder circuit, 254-256 

Words, 38 
in 64-bit memory, 365 
in computer jargon, 37 

Work surfaces, melting the solder, 534 
World Wide Web (WWW), 7 
Worst-case conditions, 147 
Write input, of the data memory, 453 
Write mode, RAM in, 367 
Write operation, 366 
Write-once read-many (WORM) storage devices, 

391-392 
Write-protect notch, 389, 390 
Write-protected disk, 389, 390 
Writing 

x 

in memory, 362 
to RAM, 365 

XNOR (exclusive NOR) function, 54, 55, 56 
XOR function, Boolean expression for, 53 
XOR gates 

inverting data at, 353 
logic symbol for, 53 
output for, 53 
for parity bit generation and error detection, 462 
truth tables, 53 
unique characteristic of, 53 
unique output of, 54 
in a variety of arithmetic circuits, 54 

XOR logic function, substituting NAND gates, 56 
XO Ring, ways of expressing, 54 
X-Y position indicator, for a display system, 211 

z 
Zener diode, in a comparator, 509 
Zero-blanking circuit, 418 
ZIF (zero insertion force) IC socket, 117 
Zinc-oxide fluorescent material, 221 
ZIP (zig-zag in-line package), 385 




