
Preface

Digi tal electro nic ci rcuits An: the e ngines o f cell phones. M PEG players, d igital cameras. cu m­
pe te rs. data serv e rs. personal d ig ital devices. CPS displ ays. and many oth er con su mer prod .
UCIS thai proces s and use in form atio n in a d igital format. Th is boo k presents a basic treauue ut
o f digi tal circuits and the fund am en tal co nce pts used in the ir de sign . It is wilable for use as a
lextho ok in an introd uctory co urse in an electrical en gineering. co mputer engi nee ring. or corn­
purer scie nce curriculum .

Eac h significa nt adva nce in ind ustry practice ullimatcl y wor ks its way into the e nginee ring
curricu lum. Si nce the mid-1 9HO's. the use of computer -based des ign rool-, has transformed the
el ect ron ics ind ustry wor ldw ide . Ap plica tion speci fic integrated circ uits (AS IC,,) are designed
tod ay hy using a hard ware de scri ption langua ge nI OL ). suc h as Verilog \lr V UOL, to write
a be ha viora l model o f the circuit's functio nalit y. and then ..ynthes il.ing thllt de scrip tio n into
a hard war e reulizution in a part icu lar tec hno logy. e.g.. Ct\.10S integrated ci rcuits o r field ­
progra mmable ga te arrJ.ys ( FPGA...). No longer a novehy, these design too ls arc nnw readily
ava ilable to universities. a nd are mig rat ing in a strategic way from grad uate level curric u la
into unde rgrad uate co urses. It is clear that HD Ls have an e~semial. signific ant ro le in educat ­
ing ou r future enginee rs. Learn ing to design with an HO L is as impo n antm today's stude nts.
we think. as osc illosco pes. bread board s. and logic anal yzers were to pre vio us generations of
engineers . so this ed ition o f the te xt adds more weight to the use o f hardware description lan­
guag e.. in designing digita l ci rcuits .

We note that introd uci ng HDts in a firs t course in designi ng digi tal ci rcuit.. is nut intend­
ed to replace funda me ntal unders tand ing of the building bloc kv o f such ci rcuit"> or to eliminate
a di <;cussion o f manual methods of de sign . It is still essential for a s tude nt to under stand how
lumJlI"u rt' w(Jrh . Thus. we retain a thoro ugh tre utmcnr o f com bina tio nal and seque ntiallogic
devices. Manua l de..ign prac tices arc pre sented . and the ir results are compared with those ob­
l:tineJ with a HDL·hased paradigm . wb.u we are pre~cn t ing . ho we ver. is a shift in emphas is
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on how hardware iI designed, a shift that. we think. better prepares a student for a career in
tcday's industry . ..... here HOL-ba~ed design practices are prevalent.

FLE X I BILIT Y

The sequence of topics in the text can accommoda te courses th:!t adhere to traditional. man u­
al-based. treatments of d igital design. COUf1;e5 that trea t design using an HDL, and courses tha t
arc in transition between or blend the two approaches. Because modem synthes is tools auto­
matica lly perform logic minlmization. Karnaugh maps and related topics in op timization can
be presented at the beginning of utrcatme m of digi tal design. or they can be presented after cir­
cuits and their appl ica tions are examined. designed . and simulated with an HDL. T he tex t in­
cludes both man ual and Hljl.chascd design examples. Our end-of-c hapte r problems further
fac ilitate this flexibilityby crow-referencing problemsthat addres.sa trad itional manual desig n
task with a companion proble m that uses an HDL to accomplish the task. Additionally. we link
manual and HOL ·based approaches by presenting anno tated res ults of simulations in the text .
in answers to selected pro blems at the end of the text . and in the sol utions manual.

WHAT 'S NEW ?

Th e previous edition of this text recognized the importa nce of ha rdware descr iption languages
in the design of digital circ uits. and incorporated new material and examples introducing stu­
dents to the Verilog language. as defined by IEEE Stan dard IJM -1995. This revision updates
and expands that treatment by:

• revis ing Hlj k-based examples to presentthe ANS I-C like syntax that was adop ted in the
standards IEEE I3M-2oo1 and IEEE 13M -2oo5

• ens uring that ali i rDL exam ples conform to industry-acceptedpractices for mod ellin g dig­
ital circu its

• providing a sys tematic met hodology for designing a darapath controller

• prese nting selec ted exercises and solu tions to end-of-chapter pro blems in Verilog 1995
and Veri log 200112005 syntax

• introd ucing an importa nt des ign too l - the algorithmic slate machi ne and dara path
(ASMDI chan

• revising the end-of-chap ter problems and ex panding the set o f prob lems by includ ing
over 75 addi tiona l prob lems

• prov iding students with full) ' developed answers to selec ted problems. including sim u­
lauon resu lts

• prov iding stude nts with a CO- RO M containing simu lato r-ready HDL solutions of an­
swe rs to selecte d problems

• expanding the treatme nt o f prog rammable logic devices to include FPG As
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re viving the solunonc manual and web- based ma ler ial\ and ensuring tha t solutions of
HOL· ba<.ed exercoev conform to ind ustry pracuccs fo r modelling with an HOI.

• di..cu\sing and de monstrating the import ance of te"l plans for \''--rifying HDI. models of

circuus
• providing instru ctors with veri fied . simulalor -ready source cllde and tes t bcecbe, I'll.. all

end-of chapter pruhlems

maling al l fil!urt' \ . lab ks. and HDL examples a\'ailable (0 instructorv f(1f do\\.nltlddlOg
in PDF format from the publ i~her

incl ud ing \\.ilh the book a CO- RD ""! with tUltll"iab and simulalon. for the IEE E- I995 and
IF.EE· .:!OOI Sland,lI'lh of she Ve:riIO{! language

In addi tion to the abo ve c:: nhancemenh. lhe text incorporate- more: gr4ph ical material to be l­
ter serve kame.... \\.be are orientedtowar d a graphica l med ium . Annoeated graphical recuhs and
e xplananonv of simulation' are prescnrcd m he lp uuoc m.. under-aand digital circ uits and to Ia ­
cilucte classroom dtscu....inn" of them. Kam augh map' are presen ted with addi tional gra phlcv.

DESIGN METHODOLOGY

Th i" edition of lhe text extends lhe previous edition-s trcarr ncnr of sy nchm mut-, finite ";tle r na­
chinc'>by presenting a , ys lemi\ll\; mcthodology 1" '1' J e, igning a \ lille mach ine 10 cont rot the data­
path of a d igi tal sys tem. Moreov er, the fram ework in which lh i\ mmcrinl i, pre vented treats the
reali stic situation in whic h Ihe co ntroller use-, ,>igna ls fro m lhe datapalh. i.e .. the syste m has feed­
back. Th e met hodology i' app licab k to man ual and HDL-ba"Cd approaches to dc,>i l!n.

HDl -BA SED APPROACH

II i.. not sufflciem for an intrcdecticn 10HDL~ 10 dwell on lunguage synla.\ . We pre-em only
lho-.c elements of the \'erilo~ lan l!uill!e Ihal arc matched 10 the jeve l and scope uf !hi\> tex r.
Al so . co rrect "yn la\ doe .. nol.l!uarantee thaI a model mecb a tu nctional vpecification or that
il ca n be \y nthesil-ed into php ical ha rd...are . We introduce ,>luJenl'>10 a di...:ipliJK'd u-e of
indu\try.ba-.ed pra cti ces for \\.ri linj! model" to ens ure that a behavioral de'>t.-ripl ion can be syn­
Ike , ilCd in to phy'"ica l har dwarc . and Ihill the behavior 01 thc 'y nthesized circuit will march
that of the bcha' ioral dcscnplion . Failu re In follow Ihi" disc ipline ca n lead 10 sonware race con ­
dition s in the HOI. modele o f -uch mach ines. race cnml ition, in the tevtbe nch used 10 \erify'
them . and a mism atch between Ihe re,ull.. of sim ulat ing. a be havioral mod el and it, syn the ­
sized physical coc nterpcrt. S imilarly. f;lilurc III abide by' inductry pract ice.. may lead 10 dc\i gn,
thaI ..imulate co rrec tly. tlul \\.hil"h have hard ware Iarchev (hal are: introduced into the Je, i~n

acc ide ntally 3'> a consequence of the mod ellin g style used by the lIc ,>il!ner. Th e indu stry-based
rnethed olcgy we prc cemIcads tn race-free und latc h-free de~igns . If j" ir nport unr rha r students
learn and foll ow ind ust ry practices in u"in!! HOL mod els . independen t of whether a student'
curric ulum has access to sy'nlhe,is tool s.
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V ER IFICATION

In induSlJ)'. significant effort is expended 10 verity that the functionalit)' of a circuir is COlTeI:1 . Yet
nut much attentionis given10veliflCalion in inU1XluetoryleXB on digital design. where the focus
is on design itself. and te~ling is perhaps viewed as a secondary undertaking. Our experience is
thai this view can lead to premature declarations that "'the circuit worXs beauufully," Likewise.
industry gains repeated returns on its investment in an HDL model by ensuring thaI it is readable.
poruble and reusable. We demonstrate naming practices and the use ofparameters. We also peo­
vide test benches for all of the solutions and exercises 10 (I ) verify the functionality of the cir­
cuit. (2) underscore the importanceof thorough testing. and (3) mcodocestudents to important
concepts. suc h a, self-checking Ie \( benches. Ad vocatin g and illustrating the de\'c1opment of a
r~sl ploll to guide the development of a test benc h. we meodoce them in the text and expand
the m in the soleuons manua l and in die answers to selected problems at the end of the text

HOl CONTE NT

Th is ed itio n of the text updates lind e xpan ds its tre at me nt of the Veri log Hardware Descrip­
lion La nguage ( ~lDL) and ex ploi ts key e nha nce ments available in IEEE Standard s 1364-200 I
and 1364-2005. We have e nsured that all ex amp les in the text and all an swers in the solu tion
ma nual confor m 10 accepted industry practices for mod elin g d igit al hard ware . As in the pre­
vio us ed ition. HDL ma terial is inserted in separate sect ions so it ca n he covered or skipped
as desi red. doe s not di min ish treatment of man ua l-based design. and does not dic tate the J.('­

que nc e of presentat ion. The treatme nt is a t a leve l suitable fo r beg inning students that are
learni ng d igital circui ts and a hard .....are descript ion language ar the same time. The text pre­
pares st ude nts to wor-k on significant indepe ndent de~ign projects and to suceed in a later
course in computer architecture.

Dig ita l circuits are introduced in Chaplcr.. I through 3 with an introduction 10 Verilog
HDL in Section 3.10.

Funher di"oCUssion of modeling wit h HD Ls occurs in Section ..l.12 following the ~Iud)

of combtnauooat circuits.

• Sequential circuits are covered in Chapters 5 and 6 with coere ...ponding HDL examples
in Sections 5.6 and 6.6 .

• The HDL description of memory is presented in Section 7.2.
• The RTL sy mbols use d in Verilog are irurcduced in Section...8 .3.

• Examples of RTL and structural models in vernog are provided in Sections 8.6 and 8.9 .
Cha pte r 8 also presents a new, com pre hensive tre atment of HDL· bascd de sign of a data­
path co ntroller.

Sect io n 10.10 covers switch- leve l modeling corres pon ding to CMOS circuits.

Sec tio n 11.20 sup ple me nts the ha rdware e xpe riments of Chapter I I with HDL experi­
ments. Now the circuits des ig ned in the la bo ratory can be chec ked by mod eli ng them in
Verilog and simulating their behavior. Then they canbe synthcvized and implemented with
an FPGA on a prctoty ping board.
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HDL SIMULATORS

The CD-R01\1 in the bad. o f the book contains the Verilog HDL source cod e file s for the ex ­
amples in the book and two vimu taror s provided by Syna ptiCAD . The first simulator i\
veril.ogger Pro.a traditional Verilog simulator that can he used to simulate the Hnt. exempie-,
in the hook and to veri fy the solutions of HDL problems. Th is ..imula tor accepts the synta x o f
the IEEE - I995 Standard and will he usefu l 10 those who have legacy models. As an interac­
tive simu lator. Verilogger Extreme. acce pts the s) nla., o fIEEE -:!OOI as well as lEEE· 1995. al­
lowing the designer to simulate and analyze design ideas before a co mplete simulation model
or schem atic is available. Th is technology is part icularly useful for stude nts. because they can
quickly enter Boo lean and D nip-flo p or larch input equ ations to check equivale ncy or 10 ClI ­

perirnenr with flip -flops and latch designs.

INSTRUCTOR RESOURC ES

Instructo rs can download the following classroom-ready reso urces from the pub lisher
(www.prenhall.co mlmano):

• Sour ce code and tel,l benches for all Veri log HDL examp les in the lest

• All figur es and table s in the te xt

• Sour ce code for all HD t. mod els in the solutions manual

A solution manual in typed hardcopy form at with gra phics. suirable for clue-room presen­
tat ion. will atso be provided instructors.

CHAPTER SUMMARY

The fo llowing is a brief summary of the topics that are covered in each chapter.
C ha pter I presents the variou s binary sys tems suitable for repre-entin g ie forrmuion in dig­

ital sys tems. The binary num ber sys tem is explained and binary code s are illustra ted , Exa mples
arc gi ven for addition and suhrrucno n of signed binary num bers and decima l numbe rs in BCD

C ha pter 2 introd uces the hu ~ ic postulates of Boolean algehrJ. and show, the correlation be­
tween Boolean expr essions and their corr es ponding logic diagrams. All possible logic opcrJ­
tlon s fo r two variables are inves tigated and from that. the mos t usefullogic gales used in thc
design of d igital syste ms are determined. The charac teristics o f integ rated e i r~'u it gates arc
mentioned in this chapter bUI a more detailed analysis of there the electronic circ uits of the gates
ilt don e in Chapter 10.

C ha pter J cove rs the map method for simplifyi ng Boolean exp ress ions , The map met hod
is also used to simplify digital c ircuits construc ted with AND ·OR , NA~D. or NOR gates. All
other powiblc two -lev el gate circuits are considere d and their method of implementation is
explained . verilo g HDL is introduced toget her with simple gate-level modeling e lluillples.

C h:tpte r ~ \lutline, the form al procedu res for the anal ysis and design o f combinational cir­
cuits. Som e basic components u,cd in the design o f digital 'y,tems. suc h as adders and code
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conveners. are introduced as design examples. Frequently used dig ital logic funcuon, such as
para llel adders and subtractors . decoders. encoders. and multiple xers are explained . and their
use in the design of combinational circui ts is illustrated. HDL examples are given in the gate­
level. dataflow, and behav ioral modeling 10show the alternative ways avai lable for describing
combinational circuits in Verilog BDL. The procedure for writing a simple test bench to pro­
vide stimulus to an HDL design is presented.

Chapter 5 outlines the formal procedures for the analy sis and de sign of clocked (synchro­
nous) sequential circuits. The gate structure of several types of flip-flop s is presented rogcrh­
er with a discussion on the difference between level and edge triggering. Specific examples are
used to show the derivation of the state table and state d iagram when analyzing a sequential
circ uit. A number of design examples are presented with emphasis on sequential circuits that
use D.type flip-flops. Behavioral modeling in Verilog HDL for sequential circui ts is e xplained.
HDL Examples are given to illustrate Mealy and Moore models of sequential circ uits.

Chapter 6 deals with various sequential circuits components such as registers, shift registers,
and counters. These d igital components are the basic building blocks from which more complex
digital systems arc constructed . HDL descriptions of shift registers and counter arc presented .

C hapter 7 deals with random access memory (RAM) and programmable logic devices.
Memory decoding and error correction schemes are discussed . Com binat ional and sequen tial
programmable devices are presented such as ROMs. PLAs. PALs. CPLDs. and FPGAs.

Chap ter 8 deal s with the register tran sfer level (RTL ) representation of digital systems .
The algorithmic state machine (AS M) chan is introduced. A numbe r of examples demo nstrate
the use of the ASM chan. ASMD chan, RTL represe ntation, and HDL description in the de­
sign of digital systems. The desi gn of a finite stale machine to control a datapath is presented
in detail, inclUding the realistic situation in wh ich status signals from the datapath are used by
the slate machine that controls it. This chapter is the most important chapter in the book as it
provides the studen t with a systematic approach to more advanced design projects.

Chapter 'J present s formal procedures for the analysis and design of asynchron ous sc­
q uential circuits. Methods are outl ined to show how an asynchronous sequential ci rcuit can be
imp lemented as a combinational circuit with feedback. An alternate implemen tation is also de­
scribed that uses SR latches as the storage elements in asynchron ous sequential circu its.

Chapte r 10 presents the most common integrated circuit digital logic families. The electron ic
circuits of the common gate in each family arc analyzed using electri cal circuit theo ry. A basic
knowledge of electronic circuits is nece ssary to fully unders tand the material in this chapter.
Examples of Verilog switch-level description s demonstrate the abi lity to simulate circu its con­
structed with ~IOS and CMOS transistors.

Chapte r II outlin es experiments thai can be performed in the laboratory with hardware
that is readily available commercially. The operation of the integrated circuits used in the e x­
pcrimcms is explained by referri ng to diagram s of similar co mponents introduced in prev ious
chapters. Each experiment is presente d Informally and the student is expected to produce the
c ircuit diagram and formulate a procedure for chec king the ope ration of the circui t in the lab­
oratory, The [ast section supplements the experiments with co rrespo nding HOI. expcrirncms.
Instead of. or in addition 10, the hardware construction, the student can use the Verilog HOL
software provided on the CD-RO~1 to simulate and verify the design.

Chapte r 12 presen ts the standard graphic symbo ls for logic funct ions recommended b)'
an ANS I/ IEEE Sta ndard . T hese graphic symbols ha ve bee n de veloped for SSI and MSI
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com ponent s so that the user can recogniz e each function from the unique graphic symbo l
assig ned. The chapter ,hllw~ the stan dard graphic s)'lIlbols of the integrated circuits used in
the laboratory exper iments. Th e various digital com ponents that arc repr esented through ­
out the book arc similar to commercia l integrated ci rcui.... However. the text doe s not men­
tio n speci fic in tegrated circuit, except in Chapters I I and 12. Doin g the <, ugg l"sted
expe rime ms in Chapter II while studying the theory prcsemcd in the te xt will en hance the
practica l appl ication of digi tal devig n.

LAB EXPERIMENTS

The book rna)' be usee in a stand-a tone course or with a companion lab based on the lab ex­
periment s included with the text. The Iah experiments can be used in a stand-a lone manner IIx ).

and can be accomplished by a traditional approac h. with a breadboa rd and TTL circuits, or with
an HDU synthesis approach u ~ i ng FPGAs. Today. software fur :.ynthesil-ing an IIDL model and
implementin g a circuit with an FPGA Is available at no CIN from vendors of fl'G As. allowi ng
students to conduct a significant amo unt of work in their persona l envi ronment before using
prototyping boards and other resources in a lab. Cirt:uit ttoard , for rapidly pWlIJtyping circuits
with FPGA, arc available ill nomina! CO<.l. and typically include puvh huuons, vwitchcs.•md
seven-segment dicplays. LCD~ . keypads and other UO devices. With these reso urces. students
can work prescribed lab exercises or their ow n projects and get results immediately ,

The operation of the integrated ci rcuit, used in the experi ment" ivexplained tty referring to
diagrams of similar components introd uced in prev ious chapters. Each expe riment is present­
ed informally and the student is expected to produce the ci rcuit diagram and formu late a pro­
cedure for verifying the operation of the circu it in the laboratory. The last section vupplemcnt-,

the experiments with correspon ding HOL experi ments. lnvtcud of, or in addition to. the hard­
ware concrrucuon. thc student can use the Verilog HDL software provided on the CD-RO\ lto
simulate and check the de sign . Synthesis tools can then be used tu implement the ci rcuit in an
FPGA on a prototyping board.

Our thanks go to the edito rialteam at Prentice Hall for com mitting to this timely revis ion
of the text. Finall y. we arc grateful 10 our wives. Sandra and Jcrilynn. for encouraging our pur­
suit of thi" project.
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