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experime nt 9,5S7
eapenment IO,SS7
e.perimen! 11.557
experimenl1J, 5S7- S58
expe rimen r H .558
expe rime nl 16.558
expe riment 17, SS8

Lamp ha ndba ll Oaborltoty expe riment),
S41 - 545

circuit analysil, 544
count in. the num be r of losses. 544
IC type 74194. 542
Lamp Ping-Pong" ' , 545
logic diagram, 542- 544
playing the lame, S44

Lar,e-5Cl.1eintegration (LSI) c1ev>ce..63
Latches, 1&4-188

D Iltch (transparent lllch),I87_I88
rewtlil.llo:,HI5
W:nsi:tivity of. 184
set sta le. l lI$
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Lllche~ (COIl!.)
SN lalCh.1K}.-1lr1
triUier.18l1

Latch -free dnipt..aoJ.....I(l4
Lilerab.,46
load opo:ration. n:p1cn. 24-&. 334
~ic ri n:u iu.,S« Di gital s~ ,"elm

~ic diag ra m:
oN3ining ou tput Book ao fu1lC'1I01l~

from , 12"
of lhn:c-hit biMry rounlCT.2J.I

l ogic gales, 30-31
l ogic ope ra lion" digila l s~"'Stc m\, 336
l o:'l!ic opcratOA,Ve rilog 2001 HO L 339
Logic " pe ra lon. lo r binary "''(lrds., 338
Lo gic simulation. 107
l<' lZ ic simulalon.l22
Logic synthesis,343-345

advantages lOdesigner. 3.&5
M" lllll stateme nt. 3-13
1<>"1,, 3.&3

u '!Z iCllll,pe ralon. Vcri log 2001 HO L. 339
L.II" p state ments, 3.&0-3.& I
Low-power Schou ky TTL .&85
l.I'''' ·p ....e r TfL gatc."ll"

"~llIllnct ic d ",t . 290--291
:Io1..~itude com para tor , 1"3-1"5 . 529-530

fou r-bit. 145
:lo b,.\( J'l'OJTammin~ 303
M..""er-.!avc f1ip-flop. 530
U n imlll (Oll1pali~ .s..u--.u5

Me..l~ FSM ( Mul~' mac hinc ),206
Mcal~' model. 2Ofa....207
."(alv_Zero_lHl« tor. 215-216
Med ium·K111e inkllra t)on (MSI)

cin:u it,5 12
:Io k dium'K111e inlev at ioo (:IoISI)

devices. 63
:Io lega l:lo!) . "
.\ l ml. 2SH

'-k m" l)':
;tceess time, 2119
addr<;ss.2116
archi tect ure of. 2RS
com munication bet .....ee n the

cn\i ro nme nl and, 285
~c1e t ime, 289
inh:e ra lcd cin:ui l RAM unns, 291
propammahle JoPc de~'ioe (PLD ). 28.&
ta nd<.",,·..xeu (RAM) . 28.&
.....quenlial·accru. 290
t~ pesof.290-291

:Io k mo ryttll.29I- 292

:>'k lOtlf)" ch ip. oontrol inpulS k>, :!88
:Io k mol)' C)'cle liming .. avd onm.

2S9- :NO
Me mory dccodin~ 291- 295

aJ<Jro.lomuitipkUng. m-m
eoi ncioknl dcrodiog. 293-2901
inle rnal oons lructioll. 291- 292

:Iole mory depth.:!88
:Iol emory dncriptioo in HD L... 2!lll-2lI9
Me mory enabk.2S1.2lI9
M",mory '>"'Siem. modeof~ of. :NO
Me mory liming. 289
:>.le mory unillo, 28+-287

t>lock diapam.2llS-2ll6
cap;OCity 0 (, W
defined .2tU--2S5
laboratol) ' espenmem, 539-541

rc RAM. 539-5.&0
mernury e apa nsion . 541
RO M simulator.Sal
le. ling the RA M. 540-S41

Ilpcra lion of. 288
rd iabilily 0(, 296
~'lllalile.29 1

"onh. 2S5. 2S7
m,,,, ,,'Ord. 2llll
:Iole fge r diagr arn. 44-&
:Iole lal-oxidc 'lCmiooood UCIOl" (MOSl;

a J\'anUi ge of. "((1
l'>a-\IIC MTVCI ure of. 495
cha nnd. "95
dc:ple lion eooe, 496
diffused channel, "96
<J rain. 495
e nha nceme nt mode. "96
lIale. 495
gra phic , >mbols. "96
n<hannel '-fOS."96-4((1
p<hanoel :Iof OS.496-4((1
source, "9S-496
l~ pc,o(, 496

:Iofelal-oxidc -semicOlldUC1or f>ckl-cffed
Iransistor ( MOSFET). 473

:Ioflld ule. 207
rnudule _ en.cl muclule ( keyw or d

pair) . 109
M,,<J u1l:d.:<:laralion, HIS_I IO
M<>tlulei.,108-110.217
:Ioh >tlulo-N oounlet . 265
:Iol "or e FSM (Moore machine ). 206
:Io1<'OIl: model. 2Q6-.207
:IoIOS. S« Melll-olide 'lCmi.ooDdUl'tor

t!-IOS)
:Iol ullile\ 'el NA:-;D circui u.,92-93
MUltlple· row I1k'lbod. "50-452

Mull ipleKn, 152-158. 313
Book~ functioa implel1k'n ta lion.

15"-156
data Kkctor.l5.I
de fined. IS2
dnip eumple. 3QJ.-.IOO

lesting tbe 0Il0C$ COWl lC!. -11110-401
~p ..-jth. 3'Jt)-I(}1

lamatory expcriJD(:nl. S1O-S27
fou r·lo-ooc-linc.IS3
gT.lphics s}"mbols for.567
imple menling a BooIc an ru.....,1011

. ilh. l56
imple menling a four·inpul fwlCtlOQ

. i lh.157
input condition s, 393
qu adru ple lWO-I()-()ne-line. 155
three-state gates, 156-ISg
l"' O-I()-()oe-line. 152- IS3. 1S3

,
:"lA :'IOD gatc . 89-90
II·bil bina ry~. 17-18

S egatKm(-) opera lllf . 3311
1leIftCt' (kC}.. ord ), 209
Scu., I64
Noi~. defined. 476

Soiie rnngin.6-I."7t>-4n
Son~assipmo:nI:s. »>-2 Io.337-33!l

S oncrilical race, 4!2
Sondc~neral e forms..((1
Non\'OUlik lDClDOfl.291
:-OO R gale. 93-96
SOT operalioD. 29
npn I>-re.bipolar U~.alor. "77-478

silicon tranSisl:or p.aramclCn. "79
n -IOom-1iMdecodcn.l -lob
:'IOurnboer-base OOIl:~ en.ions. 5-7

o
Octal number s~"'Sl em. 4

Octal numbe n. roovenioo 10

hexadecimal. 9
Oc tal-to-binary e ncoder.truth lah le tor.

lSO
Odd funct ion. 102-10.&
O ne ·hol al&ignment . 22~m

One-hot dcsign. 3S0-.\82
Open Verilog In lellla t)onal (0\'1). lOll
Open-collector outpul gale.~

ASD-OR-Il\"\."ERT funcI)on . 487
appbeal~.w.

fonning a oommoo bus 1inc..&lO~

!'ol A,...O gale.485
.. -jITd-A....O•.&lO



Opera to r precedence . 43-44
O R gate.conventionaland aTTay logic

diagra ms for, 28S
O R operation, 29
Ou tput equations, nip -flops, 200
Overflow, 138- 139

p

PAL, Stt Progr ammable arra y
logic ( PAL)

Parallel adder. SUI
laboralo ry expenmem. 547-54 9

block dilll(ram, 547
carry circu it, 548
cbeck ing Ihe circ uil ,548
drcuit ope ration, 549
cont rol of regisler,54?
detailed diagram of circuit. S4S

Paralle l load:
bidirectional shift register ...-ah,

537-538
bin ary cou nters with, S34-535

Clta, input, 262- 264
CL K inp ut , 264
COUnf input , 264
LtxJd input .264

regislen with, 244-245
Parallel mult iplier, behavioral description

0(,3&1-390
Parallel-load con trol , diift reg iMen, 2St
p....mt'ln [keyword). 213
Parily en. 2S

lIS error detection sche me, 296
Parit y checke r, J04- I06
Pari ty ge ncration. I04-106
Pari ly gene rator. co mbinational

circui ts, 52J
PIP-based interconnec tion. a rcbirectu re

0( 3 19-320
PLA ,Sn Progr ammable logic aTTay

( PLA )
PLO, Set Pro grammable logic device

(PLO )
pnp type. bipolar transislor,4 n -t78
~ge (keyword). 209
Positive-edge-lrigge red D flip-flop.

194-t95
Power dissipa lion.64, 474-475
Powers o f two (la ble), 5
Predefined primitives, 110
Preset inpu ts. fiip-flops,I94-195
Prim e implicanls, 79-80
Primit ive flow table, 421, 4$7-458
Primitive gales. 110
Pri mitives, 110

Prior ity encoders, 151-152
fou r-input,IS2
maps for, 15 1
Iruth table for, 151

Proce dural assignments, 337
Prod uct of sum'>, 54

exp ression.9S
simplifica tion, 83-86

Progr amma ble array logic ( PAL).
2M-28S. 309-31 I

com me rcial , 309
deli ned , 309
designing wilb , 3W, 311
fuse map for , 311
prog rammi ng table, 309-311

Programmable logic array ( PLA ), 284.
sos-ooe

de fined , lOS
designing a digila l syslem with, 307
fuse map of, 306,308
implementing a combinationa l circuit

with. 307-308
Internall ogic0(305
progr amm ing table:

genera tion 0 (, 3011
sections o f.306

size of, 307
Program mable logic device (PLO), 65.

284-285 , 30
design with . 3l S

Program mable read-only me mo!)·
(PRO M), 303-304

Programming, 284-UlS
Propagation delay,64. 475-476

digital logic gales (laboratory
experime nt), 519-520

emiller-coupled logic (Ee L).
494-495

Ie digi tal logic families, 475-476
lransisto r-lramiSiOr logic (lTL), 48.4

Q
Quadruple two-to-one- line

mu ltiplexe n, IS5
Qualifying symbo ls, 562-S64
Q ualitat i\'e analys.i'>, 480
Q uan t italive a nalysis, 480

•
Race condit ions, 422....24

critical race. 422-423
avoidi ng. 447
examples o f. 423

cycles, 423-424
no ncri tica l race,422

Index 60S

Race -free design, '*01-403
softwa re race co nditions, 40J

Race-free stal e /Issignmcn t, 446-452
four-row flow-table example, 449-t~
multiple-row mct hod .450-4 52
thrce _ro w flow -table exa mple ,447-449

Radi ~ , 3-4 , 10-11
Radix complement, lO- 11
RAM. Set Rando m-access memory

(RA M)
Ra ndom-access me mory (RA M), 284-291

co mme rcia l, v.'{)rd c,apaci ty 0(292
memory description in HD L, 288-289
memo ry, types of, 21lO-291
symbol for. 574
liming ....aveforms.289-290
write lind lead ope ra tions,287-21lll

Read cycle. 289
Read input. U S
Read ope ratio n, 2S4
Read-only memory ( RO M). 284.299-305

block diagram, 2!19-30n
combina tional circui t

imple me nla lion, 302
com bina tional programmable logic

device (PLO), 304-30S
<Je fined,299
elect rically erasable P RO M

( EE PROM/E2PR O M), 304
erasable PR O M ( EPRO:'.I},304
flash memories,304
intemat binary storage of.300
internal operat ion of. 302
mas k progr amming. 303
num be r o f words in, 299
pro grammable read-only memo ry

(PRO M), 300-304
programming. 300-301
tru th tab le.lOt
lype s of. 300-304

RrodWrirt inp ut. 288
Read/wri te signals, 289
Rectangular-shape symbols,559-S61
Reduction opera tors, 3311
ft'l variable, 342
Regisler o per alions, 334
Re gi$ler symbo l'>, 570-572
Register transfe r, 26-28
Register trand e r le vel ( RT L),2

algorilbmic sta te mach ines (A SMs),
345-352

desig n eumple, 3S2-361
bina ry multiplier:

control slal e diagram for , 376
HDL de scription of. 382- 38<;1
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Register tr ansfer level ( Rn) (COnt.)

cont inuous assignme nts, 337
COlltrol logie, 376-382
d e~i gn at, 334-414
digita l system re prese nted at, 334
in HDL, 336-345

HDL operators,338-340
logic synt hesis.343-345
loop statements, 340-341

latch-free design. 403-404
multiplexers. design with , 390-40l
notat ion, 334-335
proce dura l assignmen ts. 337-338
race-free des ign, 401-403
seq uent ial bina ry m ultiplier , 31o-376

Register transfer operations, 334. 336
Registers. 26, 242-253, 334, Su also

Register transfer le vel (RT L)
define d, 242, 335
four-bit da ta-s torage register, 244
HDL for. 269-276

ripple couDte r, 274-276
shift register, 269-273
synchro nous counte r, 273-274

loadi ng. 244
with para llel load . 244-245
shift registers. 245-253

defined, 245
serial addition, 248-250
serial inp ut, 246
serial output, 246
seri al tr ansfer, 246-248
simple, 245-246
universal , 250-253

types of, 242-243
updating. 244

Relational operators,Veri log 2001
HD L, 339

""peat loo p, 340
Reset state, latches, 185
Ring countel'1,267-268, 537
Ripple caunters.lS3-258. 534

RCD,2 56-lS8
hinary,253-256
defined.lS3 ,256
HD L for , 274-276

RO :-'l (read-only memory ),
Su Read-only memory (ROM)

RTL digi ta l logic family:
analysisof, 481
fall-out, 481-482
NOR gate.48l

RTL (res isto r-tra nsistor logic) , 471

S
Schematic cap ture. 6S
Schematic e ntry. 6S

Schottky tra nsistor.defme d,489
Schott ky lTL gate. 484-485, 489-491

symbol for Scbo nky
transistors/d iodes, 490

Scratchpad mem ories, 321
Sensitivity list, 208
Sequence de tector:

maps for.ll8
state diagram for. ll7
state table ror.zzs

Sequential binary mu ltiplicr, 37G-376
AS MD chllTt.373-376
registe r confi guration. 3n-373

Sequential circuits. 182-184, 415-410
a~ynchronous. l 83

block diagram , 182
hazards in. 454
la boratory expe rime nt. 532-533

coun te r design, 533
state diagram. 533
up-down counte r witb enable,533

synch ro nous. 183
Sequential (or simple) pro gram mable

logic device (SPLD). 311.313
Sequential programm.able devices,

311-329
complex programmable logic de vice

{CPLD), 31I , 313--315
design w itb.315

configurable logic block (CLB), 317
distribute d RAM, 317
enh ance men ts, 320-321
fie ld-programmable gate arr ay

(FPG A ). 65, 284.311,315
design with ,315
logic block , 315
Xilinx FrOAs, 316
Xilin x Spartan 11 FrOAs, 323-327
Xilinx Spartan XL FPGAs, 322- 323
Xilinx Virtex FPG As. 327-329

interconnect resources. 317-318
ro block {IO B),320
sequential (or simp le) programmable

logic device (SPLD), 311, 313
Xilinx:

bas ic architect ure,3l6-317
FPG As, 3 16

Sequentia l-access memory, 290
Serial adder, 248. 539

seco nd form of, 250
sta te table for, 2S0

Seri al addit ion, 248-250
laboratory experime nt, 538-539

serial adde r, 539
serial edder-scb n ecror , 539
testing the adde r,539

Ser ial bit stream, 227

Serial input. 246
Serial o utput. 246
Serial transre r. 246-201S
Set,36
Set state,lalches.l85
Sbannon, C. E., 38
Shared-row me thoc!.451
Sbift operation. regisle rs. 3~
Shift ope ra nons.digital system...336
Shift operators,Veri log 2001 HD L. 339
Sbift register , HDL for. 269-273
Shift registers. 245-lS3. 321

bidirectional. 251
clear cOnlrol.251
clock in puI. 251
de fined . 245
laboratory experime nt. 535-538

bidirectional sbift register. 531-538
bidirectional shift register ",iLb

pa rallelload. 537- 538
feedhack shift registe r. 537
Ie shift register. 535--536
riDg counter. 537

parallel-load COntrol. 251
serial adclition ,24S--250
serial input . 246
serial OUtput . 246
serial transfer.246-201S
sbift -left control lSI
shift-right control, 251
simple, 245-246
unidirectional. zn
universal 250-lS3

Sbift -left co ntrol. sbift registers, :!51
Sbift-rigbt control, shift re~ters. 25 1

Signed binary numbers. 14-1 7
ari thmetic addit ion. 16
ari thme tic subtraction. 17

Signed-eomplemen t syste m_14
Signed-magnitude eccvenncn. t
Simple shift regist ers.245--246
SimplcCircuir-prop_d~', II I - 1 12

Single-e rror correct ion . do uble-error
det ection.29ll-299

Single-pass behavior. 207
Sma ll-scale integra tion (551) circuits. 512
Small-scale integration (SSI) devices. 63
Software race condition...4.03
Spartan chips. 32G-321
Spartan device fami lics..comparison

cbart.324
Spartan de vices. 317
Spartan II FPG As. 323--327

device attributes (table),324
Spartan XL FPGAs. 322- J 23

architecture of, 323
device attributes (table) . J2J



SPLD,St t Sequ entia l (or simple)
programmable logic device (SPLD )

SR latch, 185-187
SRAM, See Stati c RAM (SRA M)
Stab le circuits,424-425
Standard forms:

Boo lean algebra,48-SS
defined ,54
expression of a Boo lean function

e.ss
product of sums, 54
sum of products. 54-55

Standard grap hic symbols. S59-S76
combinat ional element symbols,

566-568
counter symbols,572-574
de pendency notation, 564-566
flip-flop symbols,S68-570
qualifying symbols.562-5 64
RAM symbol, 574
rectangular-sbape symbols. 559-S61
register symbo ls.570-572

State assignment ,22 4-22 5
Stale diagram. 199, 213-217

compared to a state tabl e, 198
reducing. 223--224
for sequence detecto r, 227

Stal e equat ions, 196-19 7
Boolean express ions for , l 97
de fined, l 96-197

Sla te machin e, defined , 346
State reduction, 220-2 23
Sla te table,1 97- 198

binary form of. 225
compared to a sta te diagram , 198
andlK flip-flop inpu ts. 231
reducing. 222-223
sections, 198
for sequence de tector, 228
for thr ee-bit binary counter. 231- 233

Stat e tables. reduction ot.439--441
Static Q.hazard, 453
Static l- haza rd. 453
Static RAM (SRAM), 291
Stor age elements.

defined , 184
flip-flops, 188--195
latches. 184-188

Slim of products.S4-55
Switch-level modeling. 505-508

transmissio n gate, 506-507
Switch mat rices, and CLB architecture.

317-3 19
Switching algebra. 38
Synchr onous counte rs, 25S-264, 534

BCD counter, 260-262
sta te table fo r, 260-262

binary counter , 258-260
four-bit , 259

binary counter with parallel load ,
262-265

Cft ar input, 262-264
CL K inp ut, 264
Caurlt input, 264
Load input, 264

defined. 253
HOL for . 273-274
up-down binary counter, 260

four-bit, 261
Synchron ous RAM (SelectRAM).3 20-32 1
Synchronous seque ntial circui ts, 183, 225
Synchronous sequentia l logic, 182- 241

clock ed sequential circuits, analysis of,
195-207

design procedu re, 225- 234
sequential circu its,182- 184
sta te assignment, 224-225
state reduction , 220-223
stor age elements:

defined , 184
flip-flops, 18S- 195
latches, 184-188

syntheslzable HOL models of
sequential circuits, 207-220

Syndro me, 296
Synthesis. 226
Synthesis tools, 315
Synrhesiza ble HD L models of seq uentia l

circuits, 207- 220
be havioral mod eling. 207- 210
clocked sequential circui ts, structural

descript ion of. 217-220
flip-flops and latches, 210-2 13
stale diagram, l 99

System pr imitives. 114

T
Tfli p-flops.l92

analysis of d ocked sequential circuits
with, 204-206

analysis with , 204-206
charact eristic lab le, 193-194

conditions, l 94
r_Simple_Circuil,.prop_delay, 112
Tape unit , 290
Tera (T), 4
Test access port (TAP) contro ller, 320
Test be nch, 107, 111
Tesl bench mod ule, 218
Thr ee-bit binary counter:

logic diagram of, 234
ma ps for , 234
state diagram of, 233
state table for, 231-233
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Thr ee-state buffer gate , graphi c symbo l
for, 157

Three -stat e gates, 156-1 58, 491-493
buffer gate, gra phic symbo l of, 491-492
bus. creation of, 493
inverte r , 491-492
output enable delay compare d to

output disable delay, 493
OUtput states,491

Thr ee-to-eigh t-line decoder , 146
truth table for , 147

Thr ee-variabl e map , 72-76
TIme units, 110
TIme-delay de vices, 183
TIming verification , 107-108
TIming waveforms , 289-290
Top-down design, 161
Total state, 419
Totem-pole output. 488-489

defined,488
wired -logic connection, 489

Transfer funct ion , 57
Transfer opera tions, digitalsystems, 336
Transi sto rs,1
Transisto r-transistor logic (TIL):

advan ced low-power Schottk y TIL
gate, 48S

characteris t ics (table) . 484
defined. 471
fast TIL famil y, 4&5
high-spe ed TIL gale, 484-485
low-power Schottk y TIL, 485
low-power TIL gate. 484
ope n-collector output gate, 485-488
original,48 4
propagation delay,484
Scho ttky TIL gale, 484--485,489-491
standard, 484
three-stat e gate, 491-493
tote m-pole outp ut. 488-4S9
TIL gale , opera tion of. 471

Transition diagra m.447
Transi tion equation. See State equations
Transi tion tabl e, 225, 417-420, Ste Stat e

table
of asynchronous sequential circu its.

419-420
Transparent lat ch, 187- 188
Trigger , lalches, l 88
Truth tables, 29
TIL, SeeTransistor-transistor logic (TIL)
2421«ee.n -az
TWo-leve l implementa tion, 90-92
Two-to-four-lin e decod er , with enable

input, 147- 148
Two-to-one-line multiplexers,

152- 153,15 3
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T.. o-va lued Boo lel n algebrl.,.....,
TIIo o-vlrilble IIlIp.71-12

U
UDPs..StT User-defined primill\e!-

(UDPI)
Cnidirettionll shIh re!-iuen. 2S1
Uni oenalS~D ,llc.520
UDi\-enal mih rrPien. 250-253

fout-bit. 252
Unknown value.l~

UMirne d binl ry numb<:n.. H
Unstabl e circuits. -124-&25
UnuKd slain. 224

cou nters .. ilh. 265-26tl
Updlt inS I register. 2....
User-defined primilive!-{L:D r,. j. I I.... l l b

v
V«lon. l 60
Ventos HDL, I08.15'U'07. 209. 315

memory descripliotl in. 288
operl ton..l65.J3S..J.IO
s.. -ilcb-Ieoel modd inJ. 5OS-5OM

IU~ Slle•.506-SO'1
\ 't T}' Iar,e-ialle ullCJll tioo ( \ U I )

"""".....,
\ 'H:DL, I<lU I5
Vtnel. Fl'GAs.Jl7- 329
Vola l ile memory unilS.291

"Wl o'd orms..519
Weipted codes, 21
.. hilt loop. J.lO-3-12
\\-"ued toeic.96

Wor d length. 28S
Word kul>ont.;NO
Worlh. 2S5. !87
" '''" Inpu!.. 2li5
Wrile Clp«ltion.:tU

X
XihlU:

basic a.rdliltCtVf'C. 31b-JI7
Fl'GAs..316
Spertan II f1"QAL~13-J27

Spartan XL fPGAs. 312-J2J
Vi"u fPCiAt. 327-329

X."OR funct ion . 57
XOR function. 57


