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Preface 

L ) l p l s l c ~ ~ ~ 1 ~ 1 n ~ ~ d F C I I p ~ . ~ p l s y a . ~ u l s m a r r r n m -  
puma, bu xnm & drplW &wear. OPS &splsyr PDd mmy m k r  m- pod- 
~CB~~crrsmdwcinfolnarimmsdialplfomurllus~mvoU~.b.slcm~t 

a b e b v i d  model of the circuit's f m c d o ~ ,  and lhcn nym&iziq thnt dcseription inm 
a hardware realiitioo 111 % pudd.r tshnology, c.g... CMOS intcgmd Eirsuia or field- 
pgmmmblcgare unya  (FRl48). No longor s wvelw, Y, &+ Itmk me noar rrrdily 
~ W b l c  m m i n i ~ a i t i ~ .  and src m i w e  in a -pic wnv fmm mduue kvcl nuricula 

M &ink, as o d h m p l .  hdbr&. PDd logic d y m  l ~ e ~  w pVidll of 
c-. u, Ibb histion of & mu addr a m  aniglt lo& u s s o f i m d w n  ducriplioo Inn- 

in d C L i ~ & ~ r a l  c ~ ~ l u t s ~  

hadwan w*. 'Phlu, an main s k.m@ mml dsomthuid sod qusnri.l logic 
&vices. h m d  hip pmxim uc pcumsd and W! d m  &re - pad  rim those ob- 
oind vnh a HDL-based @gm. mu ve am pmrntins. hovevu. is a shiR 111 emphaair 



on how hniwam u &signcd, a sshiftthat, we Umk, bener pqm.? s stodmt far a c- m 
today's industry, where H D L - k d  d 4 g n  p t i m  ate prsvalmt. 

FLEX1,BILITY 

The wqueme of topics in the t e a  can aecommodatcmvrses thatadbne to uaditiooal, manu- 
al-bed,aatmmuafdigital~gn.comsthat~dcsignusioganHDL, andco-that 
m in hansition beween or blendthe two sppmachcs. Because mob synthesis tmls a t +  
m a t i d y  paform logic minimhion, Kamaugh maps and rrLslrd topics in oplimirarioncan 
kpnnentcdat~beginniogof  aueatmmt ofdigitaldesign, orthey canbe-otedaftecci- 
a i rs  and their applicaions areexmind, designed. and simulatedwith anHDL. The w i n -  
d h  both manual and HDL-bwd dcsigo uampln. Our md-ofchapta pnobicmr funher 
faelhtau~s ncxihhly b) ms-refcmmgproblems tha addrrssa m d e o d  ald d e s w  
task a tth acornparum problem that uwr an HDLta aecompluh the I& A d ~ P o ~ y ,  we Id 
manuai and HDL-bled annoark bv maenan* m n a l e d  renuled~mulstlonr to the err ~ ~~~ . . ~~~ ~ ~ , P~ ~~~ - - ~~~ ~ ~~ ~ 

in a n r u a  lo &red problems u the  end of the n*. and in ihe rolutionrmaoual. 

WHAT'S NEW? 

Tbc previous edition of Ulis W t  magni2ed the impartMoe ofhard- dcsedptioo langoages 
io the design of digitalcincuiu, and incmpRtednew matuial mduampkr  intmducing rm- 
~to theWoglaoguagDasdef iocdby~Sfandard l364 -1~5 .~rev i ionupdatss  
and expaads that mamen1 by: 

misi~ HDL-based e m p l n  10 presentthe ANS1.C like SynW that was adopted in the 
stm& IEEE 1364-2001 a o d I E a  13W2005 - enr~tbatsllHDLuampicndmto~-aEnpcdpraetiecsformWgdig- 
ital cima . proyiding a ~yswmtic  muhodology for deigning a datapslb eonmlla . -ting sclcnedcxercires and aolvtims m md-ofcbsptcr problems in Verilog IS95 
and Verilog Z W l W 5  synm . introducing an imponant design taal -the algorithmic sratc machine and datapath 
(ASMD) EbM - wising the end-ofshaptv p b l e m  and urnding the s t  of p b k r m  by including 
o v u  75 additional problems 
pviding swdenu with fully developed mwcrs  m selcnedpmblems, including simu- 
Istion m u l e  - providing smdena with a CD-ROM containing simulator-dy HDL aolutionr of an- 
S W ~  to selwtedpmbkm . upanding the lteament of p m p m m b k  logic devices to indude FPOAs 



. revising the sclutions manval and web-band materials and msudng that &lions d 
HDL-based exercises wnfmm lo indumy praE6-l for modelling with an HDL 
b s a i n g  and demonsm@ Ihe i m p m n c c  of lcst plaoa for vrrifying HDL models of 
EireviD 
pmviding iwtrucm with vedficd simuhlopready soume code ad ndr hbe.chcs for all 
omd.of ch.pmproblcm - maki"8.U figares, mbb, and HDLsrmples available to i m m  fordownloading 
in PDF formar fmm the publisha 
inelu~withhebcoka~.ROMwith~alsadsimulnorsforhe~lP95and 
EEB-2OOl SIawhds dthcVerilo8lsnguagc 

In addi6-m m th above Mbanscmcou, the m t  incmponfcs more m h i d  material m bee 
tcr rene l u m a  who sle micnted Wsrd agraphid d u r n  Annowedgraphical ~ r u l t s  ad 
a p l m t i o ~ i  of ~ ~ r n  are prrscnld to help snulcou undmtsnd d i g i d  cirmis and lo fa- 
nliufc c1l~ssm.m dismsdmu olthcm. -ugh map. me p n x m d  with a d d i t i d  graphics. 

DESIGN METHODOLOGY 

dtion of thc l e a  exen& thpmioud editiw's m m n t  of &ou6 hnifc m t e  ma- 
s h  by pucnua a sysQmaoc memodology fadeqmg amfc marhmne mmnml hedata- 
@of a d ~ g i d  ryrwrn M m v a .  the h e w m k  la  uhrh  thlr malmal ,s pmmled -Ihr 
rraluoc unuum rn w k h  thc m m U m  YVI 61W horn Ih dmmIh e thc %v$mm has fed- 
b a ~ k %  methc-~ogyis qp l i ce i e  to ma.& and ~ ~ ~ r t m e d & r s x c h e s  to 'bzgn 

HDL-bASED APPROACH 

It is not r u f f i c ~ f o r  a. inhodunion lo HDLs to dwell on ian@agc syorar. We present only 
thMc elements d t h c  Veriloe lanewe that am marched to the level and rsooe of Ws ten. 
Abo. -1 syntax d a s  noLgun&& that a model mssrs a flmetiod specik~cation or that 
it can h synthctivd inlo phystcal hardware We inrmduse students to .dlxtpbncd use of 
i oduswbaaedpc t im  for moogmadcls locnrwe Ihal ahha\ioral dnolptioo can h s y o -  
thesued ,nu, ~ h v % n l  bardwsrr. and thsr Ue hhavnn d the aolhewcd cku i t  will mash 

diti- in he HDL madelsbf wrh m 0 1 : k .  m e  conditi&r in the tcstbeoeh used lo verify 
Ihem. md n rnmrmatch h w m  the terults of srmulaoq a h c h s v i d  model and 1% rynlhe 
w c d p h y r e d m v r p u r  Slrmlmly,fmkurm.hdcby (nduslripmakesmay lud todwps  
t h s  s~mulsle e m e d v .  hm whtheh have bard- lsrchcr tha~ M lnrmduccd mm he &sum 
aetidcnWy sa a e & ! s e ~  &he modelling rwlcuscd by he higno.  inmulw-b&d 
msrnodology wcpcv.r I& m -.Gee and I&-Geeduiglrr 11 ii im-1 hat afvdmts 
leam and foUw indusoy -cn u d o g  HDL models. indepndcnt of luhclma smtudcnt'r 
cmkulum has m u  lo synthuir tarlr. 



xli Prehce 

VERIFICATION 

h~,si~teffeatisup~wv~WIhe~~naliityofa~uitiscomnYu 
nnmuchatmrionis nivmtovaific~onininMduclory~~~digi81~Sign, w h c r c I h e h  
is on design irxlf, ond =dog is viewed as a secondary uodarling. Our is 
that this view can lead to pemme declmtim that "thc Ehnrit works beauWy? Likewise. 
indusqgsinsrepeated~o11i~~inv~tmenfinonHDLmode1by ~~udngtbat i IUmdabIc ,  
mmbleandr~usablP. W e 6 $ r m % u a s d b  andIhehsu&of~-. W e a l n o ~ m  
;idc s s t  benches for all of the solutions and &-s to (1) vedfy tb; function& of Gdr- 
cuih (2) uodsnsore the importanceof thnough mting, and (3) hmduce sludcar toimpMan1 
m n s s p t b .  ~ u r h  a, 3dfshccl;mg tea bcnchc5 Advmaung and ~ U ~ s m g  ihc drvclopmcnt nf s 
rerrplan u, gut& the hcdsvslopmuu of a test bcmb. ac m b s c  I k m  m me W i l  and a@ 
ihcm in the wluuvnr manual and m thc h c w m  u, r c l d  pmbl-a Ik a d  of lbs ic* 

HDL C O N T E N T  

This e d i h  of the text ~pdates and expands its tl~armsnt of the Vnilog Hard- Dsscrip 
tion Laogoage @DL) and exploits key eobanccmem available in IEEE Standards 13M2M1 
and 13643005. Wehahave a r d  mar all-pla in the t u r  and all m s m  in the salutiao 
manual conform to accented indvsuv d ~ c 8  for modelioe diaital hardardarr As in the or- 
Yiow edition, HDL m&al in inr&d in inwpas aectim;so;t con be covered or skip& 
a. &iced. docs not diminish treatment of manual-based design, and does nndiEtas Ihe ss- 
quence of p-ntatioo. Tbe aaatment in ar a level suitable for beginoing stude0ts fa are 
icamiog di#tal circuib and a hardware d~w;nption language at Ihe same lime. The mtpn 
pans nudents to work on significant iodepeodent design pmjccts md to s u e d  in 1 later 
C O W S  C O I O p U W ~ h i ~ .  . Digital circuit8 a,,$ intmduced iD Chapthapt 1 lhmugh 3 with an inmduction U, vaiiog 

HDLin Sedon3.10. . fuaba discussion of mAelh8 with HDLs m u r s  io Section 4.12 f o U o d  the s M y  
ofsombin81id circuits. 
sequential c h ~ i t s  arc c o v d  in Chapm 5 and 6 with cornpondin8 HDL a a m p h  
in Sectione 5.6 and6.6. . ThcHDLdesdption of memory is prercntedio Section 72. . ThcRnsymbols usedin Vwilog arc i n a u c e d i n  Sections 8.3. . Examples af RTLandsrmctmJmodelr invedlog are pmvidedin Seetiona 8.6 and 8.9. 
Chapter 8 also-1s a new. somprehennivc hwtmcnt of HDLbased design of a data- 
path rnnmUET. 
W o n  10.10 cover8 switch-lcvclmadeling ~onn@gto CMOS c-U. 
S d o n  l1.20 s u p p i m t s  thc hard- upwimenb ofchapfer 11 with HDL urpcd- 
men*. Now me cimits designed in U l e ~ ~  con be cbsrcd by modeling &em lo 
v & g o n d a i m ~ g ~ b e h a ~ o r . T h c n ~ ~ a o b e s y n h ~ a n d ~ ~ e d w i t h  
on PPOAO" a pmtoryping b a a .  



HDL SIMULATORS 

Tbc CD-ROM in the beck of thc bmk M ~ N  thc V d o g  HDL M)WC cods files for me ex- 
amples in Gx k& and two rimvlatm provided by SpaptiCAD. Tbc tint sirnulaor is 
&dhggerpm. atnditionalVwilogrimularm~tsan beussdmaimula!sthc HDLa.mpks 
in the bmk and IO M i f v  Gx mlutiom d H D L  m b l m .  Tbis simulstm -t$ Ibc rvmax of 
the IEFE-1995 stsn& sod w i ~  te useful m bass who hsvc ieg.ey modeti. A* snintcrae- 
tivc rimulamr, ~ I D ~ ~ C I ~ ~ ~ ~ I M ,  aoupu mc ryntu oflEE32Wl as well ar IEEE-1995, d- 
I ~ t h c d w i g n a m r i m u ( a ( c  and analyze &rign idem bcfm a complete simulatirm m d d  
m schematic is avabbls. lbir lsbwlagy is p- thlsr ly usdnl formdcnm, bccaurc they can 
quickly e m  Boolean end D fhipflop n latch input q d m s  m e h d  oquivdenoy m m m- 
pcrimcm wim fipflq end 1a1ch -I. 

INSTRUCTOR RESOURCES 

lnsmstms om download the foUowing chsmom-ready IWWCS fmm the publisher 
( v w - w . ~ . ~ m l m m ) :  - Same c& sod tw h m k s  forall VaitDg HDL uamplcs In thc m . All fig- and tabla in the 10x1 . so- c& dclm au HDL &la in me m ~ u t i m  m u d  

A mlutim m u d  in typd h d m p y  forma wiIh graphic*, suihble for dassmam p e n -  
mtim dl & te pmmided immmnr. 

CHAPTER SUMMARY 

Ihc following is a brief sllmmsry ofthe mplm that an mved  in a h  chap-. 
1 p s m m  ihc vnious binary s y r w  ruihbk forrepsmbw mfmmm 

. . 
' in dig- 

ital aysfrms.Tbc~nvmbcrsprutlisexpllinedaodbinarycDdcs anUlurmtcd.Examplea 
a~ Bivm fm additionad sub(raction ofrimed b i n w  nwahn end d d d  nmitsn in BW. 

cbapm2 inmduccs the basic pwrulawof Boolean Qcbnand show thecmla6oabc- 
tvccn Bmlcsn cxpesrimr and lh&cwsapoodinp logic d i a m  All po~ublc Ions opsra- 
tiom fm w o  vsnsblcs an i n v e t i d  and horn Lbr lhc mast useful l o w  ml uud in Ibr 

is done in Chaprsr 10. 
Ch.plw3 ;oren thc mapmnhd for rimphfp"p Bml- cxpertionr. The map mnhnd 

s ~ "red IO simp@ digiw -uiu ~ m t w t e d  WD~AND-OR NAND. or NOR gstas. w 
odm nanblc avo-kvcl m e  circwts am mns~dmd end their method of imolemuuon is =~~~~~~ 
Upup&. ~ w i l q  ~ ~ ~ C i n m c d n c a ~ t o ~  wim empk g w ~ s v e ~  modsli& erampln. 

Cbapte.4 ouIliocn thc larmal p d m  for Ibe saslysis sod desigo of mmbinational cir- 
cuit$. Some h i c  snnpomns vscd in the d r r i o f  digital n y r m .  such ar adders and cadc 



m v m ,  are iafroduced as design examples. Frequently used digital logic functims such as 
parallel adders and submtors, dec@ders, endem and multiplexm arc explained, aud their 
use in the dmign of combhational Wts is illustmted. HIlL examples given in d~ gate 
level, M o w ,  and behavioral modeling to show the alternative ways available for describing 
combinational circuits in Verilog HDL. The procedure for writing a simple test bench to pro- 
vide stimulus to an HDL. &sign is presented. 

Chapter 5 outlines the formal procedures for the analysis and design of cloclced (synctuo- 
n m )  sequential circuits. The gate structure of s e v d  trpes of flipflop is presented togeth- 
er with a discussion on the differera between level and edge triggging. Specific examples are 
used to show the derivation of the st& iable and state diagram when and* a sequential 
circuit, A number of design examples are presented with emphasis on sequential circuits tbat 
use D-type Kiflops. Behavioral r d e b g  in Verilog HDL for s q e d d  c k d b  is explained. 
HDL Examplea are given to illustrate Mealy and Mwre rn& of sequential circuits. 

Chapter 6 deaIs with various sequential circuits components such as regisma, shift peghers, 
and counters. These digitd compnents are the bwii building bl& frmn which more cdmplwc 
digital systems are c o m ~  HDL M p t i o m  of sbtft r@tm and counter are p-anted 

CbpW 7 d d s  with random access memory (RAM) and p-le logic devices. 
Memory decoding and ermr d m  schemes are discussed Combidmal and sqwtthl 
programmable devices are presenred such as ROMs. PLAs, PALs, CP& and FPGAs. 

Chapter 8 deals with the register transfer level (KIT,) representation of digital sysiem~. 
The algorithmic state machine (ASM) chart f iatmduced. A number of examples demoastrate 
the use of the ASM chart, kSMD chart, 'iRTL  tion on, and HDL descriprion in the de- 
sign of digital systems. The design of a finite state machine to control a datapath is presented 
in dettlil, including the realistic situation in which status signals fKlm the datapath are used by 
the state machine that controls it. This chapter is the most importaat chapter in in bmk as it 
provides the student with a systematic approach to more advanced h i g n  projects. 

Chapter 9 presents formal p d u r e s  for the analysis and design of asynchronous se- 
quential circuits. Methods arc outtined to show how an asynchronous squentid ckuit can be 
impbmented as a m b W o n a l  circuit with fedback. An ahemate implmatatioa is also dc 
scribed that uses SR latches as the storage elements in asynchmnous s e y e n h l  circuits. 

Chapter 10 presents the m s t  commw h f e m  circuit digital logic families. The elecmk 
circuits of the common gate in each family are aaPyZaa using elecaical chuit &myyzaa Abasic 
knowledge of electronic circuits is necessary to fulIy understud the material in this c w r .  
Examples of Venlog switch-led ~ p t l o l i s  demonstrate the ability to simulate M t s  con- 
smcted with MOS and CMOS h-ansistors. 

Chapter ll outlines experiments that can h performed in the l a b o m  with hardware 
that i s  d y  available commercially. The -tion of the imgmed circuits used in the ex- 
p r h c n t s  is explained by refenkg to diagrams of Mar components introduced in previous 
chapters. Each experiment is pmented Informally and the student i s  expected to produce the 
circuit diagram and formulate a procedure for checking the operation of the circuit in the lab- 
oratory. The last section supplements the experiments with correspwding HDL experiments. 
Instead of, or in addition to, the hardware consbuctioa, the student cap use the V d o g  HDL 
software provided on the CD-ROM to simulate and verify the design. 

CJmpter 12 presenls the standard graphic symbols for logic functions recommended by 
an ANSMEE Standard. These graphic syrnbls have been developed for SSI and MSI 



components so that the user can recognize each function from the unique graphic symbol 
assigned. The chapter shows the standard graphic symbols of the integrated circuits used in 
the laboratory cxperhmnts. The various digital components that are represented through- 
out the book are similarto mmmercial integrated circuits. However, the text docs not men- 
tion specific integrated circuits except in Chapters 11 and 12. Doing the suggested 
experiments in Chapter 1 1 while studying the theory presented in the text will enhance the 
practical application of dijgitaI design. 

LAB E X P E R I M E N T S  

The h k  may be used in a strtnd-alone course or with a compwion lab based on the lab ex- 
periments included with & text, T b  lab c x p r b n t s  can be uswl in a stand-alone manner too, 
and can be accomplished by a eaditional appnmh with a and TTL circuits, or with 
an WDUsynthesis qqmmch using =As. Today, softwm for synthesizing an HDL model and 
implementing a circuit with an FPGA is available at no cost from vendors: of =As, aIlowing 
students to conduct a significaut amount of work in their perstwal environment before using 
pmtotyping boorrds and 0th r e m  in a Lab. Circuit bards for rapidly prototyping elmits 
with FPGAs are available at nominal cost, and typically include push buttons. swirehes, and 
seven-segment displays, E D s ,  keypads and other y0 devices. W I ~  these mmmes, d e n t s  
can work lab exucises or their own projects and get results immediately. 
The opwation of the integrate4 circuits u s d  in the experiments is explained by referring to 

diagrams of similar components introduced in previous chapters. Each apcrhent i s  present- 
ed informally and the studeat is expected to pladuce the circuit diagram and formulate a pro- 
cadm for veriwg the operation of the circuit in the laboratory, The Iast section suppbmts 
the urpexime~ts with correspdhg HDL q d m c n ~ ~ .  Instead of. or in addition to, the hard- 
ware comwction, the student can use the VeriIog HDL &are provided on the CD-ROM to 
simuiatc and check the design. Synthc& toals can then be used to implement the circuit in an 
FPGA on a promtyping board. 

Our thauks go to the editmi J team at Prentice Hall for codt t ing  to this timely revision 
of the text M y ,  we are grateful to our wives, Sandra and Jdynn. for encouraging ourpur- 
suit of this ptoject 
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