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125 CLOCK

drives load of pF distributed along 0.5 mm wire The systematic
clock skew is the

portion that exists even under nominal conditions this component can be predicted by

simulation By adjusting the size of one of the gaters the systematic skew between c/kr and

c/k2 could be driaen zO aetu Howeecr son sytema iC skerv will lv ay
exist between c/k2

and c/k3 because of the flight time along the wire after the gater

The random component of skew is caused by manufacturing variations that could

affect the wire width thickness or spacing and the transistor channel length threshold

voltage or oxide thickness These cause unpredictable changes in resistance capacitance

and transistor current introducing additional skew In principle the actual random skew

could be neasured during chip test or on startup and adjustable delay elements could be

calibrated to compensate for the random skew

Dfi is caused by time dependent envi onmental va iations that occur relatively

slow1 For examplc afte the ch tur on will ip
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CHAPTER 12 SPECIAL-PURPOSE SUBSYSTEMS

The global clock generator receives an external clock signal and produces the global clock

that will be distributed across the die In this simplest case the clock generator is simply

buffer to drive the large capacitance of the clock distribution network However the input

pad buffering distribution network and
gaters

have
significant delay that leads to large

skew between the external clock and the physical clocks receis ed at the clocked elements

Moreover this delay varies with processing and environment Because of this skew
clocked elements on the chip are no longer synchronized with the external I/O signals

Guaranteeing setup and hold times becomes problematic particularly at high frequencies

where the skew exceeds half of the clock period More sophisticated clock generators use

phase-locked loops PLLs to compensate for this delay Moreover phase-locked loops can

pe forir frequency ltiplicatio to provide an on-rhp clock at higher frequency than

the exter al ock
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12.5 CLOCK

duces an output clock of the proper phase at the same frequency as the reference clock

This control is performed with charge pump and RC biter phase detector determines

whether the feedback clock leads or lags
the reference clock The charge pump consists of

pair
of cu rnt surcee enabed by the up and down dgnals to adjust

the altage

until the feedback clock becomes aligned with the reference

Figure 12 31b shows PLL that performs frequency multiplication It uses

divideby-N counter on the Jbclk to generate clock aligned in phase but at times the

frequency of the reference clock For example the Pentium uses 100 MHz external

system clock that can be multiplied up to GHz core clock With another divide-by-M

counter on the
ref

c/k terminal the PLL can produce any rational N/li/I multiple of the

input frequencje
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12 CLOCK

PLLs and DLLs are notoriously difficult to build correctly They require expertise in

both feedback control systems and analog design They mux be carefulla designed to

acquire lock successfully and operate correctly with jitter across process and environ

rental variatior our inca of tuxis iocludng Bakcr98 Dally9S

BcstO3 offer introductions to mop design For many applicatic ns loops are best obtained

as predesigned cells from third party that specializes in loop design arid offers guaran

tee True Circuits is well-regarded PLL/DLL supplier

The global clock must be distributed across the chip in way that reaches all of the

clocked elements at nearly the same trifle Ir antiquated processes with slow at sistors

and fast wires the clod wire had negrgrble delay and an onvenient iou org plan co ild
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CHAPTER 12 SPECIALPURPOSE SUBSYSTEMS

An tree is fractal structure built by drawing an shape then

recursively drawing shapes on each of the vertices as shown in Figure 12.34 With

enough recursions the H-tree can distribute clock from the center to within an arhi-

uarilv short distance of every point on the chip while maintaining exactly equal

_______________________________ wire lengths Buffers are added as necessary to serve as repeaters If the clock

loads were uniformly distributed around the chip the H-tree would have zero

systematic skew Moreoa er the trees tend to use less wire and thus have lower

capacitance than grids

In practice the H-tree still shows some skew because the clock loads are

not uniform loading some leaves of the tree more than others Moreover the

tree often must be routed around obstructions suth as memory arrays The
leaves of the do not reach every point on the elf so some short phys cal
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CHAPTER 12 SPECLL PURPOSE SUBSYSFEMS

16-64 sector buffers arranged across the chip Each sector buffer drives smaller tree net

woik Each tree can be tuned to accomme date nonuniform load capacitance by adjusting

the wire widths Togetheb the tunable trees diive the global clock grid at up to 1024

points IB1 uses pecialiLcd cool to perform the ctiiing

High speed clock distribution network require careful layout

to minimize skew The two guiding principles are that the network should be as uniform

and as fast as possible In uniform network chip-wide process or environmental varia

tions should affect all clock paths identically In fast network localized variations that

cause fractional difference between two clock path delays lead only to modest amounts

of ew For example voltage noise that causes 10% delay ariato between two pat2

throegh an tree vililead to 80 ps of uer if the tne lay 800 cm but 160
ps
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inverters are annotated with their size The two inverters have electrical efforts of h1 and

h2 respectively while the three inverters have electrical efforts of and The electri

cal efforts should be chosen so that the delays of the chains are equal

h1 h2 3p 125

Even it the inverlers have equal rise and fall delays in the TT corner they will have

unequal delays in the ES or SF corner This can lead to skew between c/k ann c/kb in these

corners However if the delay of the second invcrter in each chain is equal h2 the

two gaters
will have equal delay in all process corners

\Ve can sol for the best electrical efforts that satisfi this constraint while giving least

delay through the path ecall hat path has least delay when its stage efforts are equal

hus hoose his upli H2 The lay tIe first inverter c/k
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125 CLOCK

mance targets and has no hold time failures while consuming as little area power and

design effort as possible Ihe performance target can be fixed number set by standard

or can simply be as fast as possible
it possible to ignorr cluck skeat 1f you are conservative about h0ld times and simply

want the system to run as fast as possible You must take reasonable care in the clock dis

tribution network so that the skew between hack-to-back flip-flops is unlikely to be too

large 1\Iany ASIC and FPGA flip flops are designed with long contarnmation delays so

they can tolerate significant skew before violating hold times Build the system to run as

fast as possible When it is manufactured clock skew will cause it so run slower than

expected The advantage of this methodology is that designers can be more productive

because they do nor need to think about clock skew disadvantage is that it uses slow

flip flops Inother drawback is that some path really will ave more skew than others TI

all at1 designed to have al delay he patl wth trot ske vii hmt perIl

ar whOr thr other paths as ll ba overdmigned and wil niorr arl Tar

tha neces my oreover fsken tolerant ircuit techniques used in some places hut

rot oths the aor-t lcrai uts will rend fo in the cci ol 1aths

rc ated approach to ca nate the wors-case clock the and budhet evervuhcrc

nl fl1 Lb thi can be done by de inir0 Ic tc pcrod
se oc icdic 00

prt ri sI ccl

de ig st vo rg out

Il ca ye sE rte rI an abou Ff34 delat CS La

111

ed hat rcfiect al at Cs nv lets Teen ti flta ocal Il cor Lit

re oh ai sI that app ic apprc Cc gC
ml tim il

SO TIC ai at

it OV ifl it s9 thrl sot rmcr mi ala

trI ss Pr ire mc no ta As St

ss dc

air ic output ti ohase- oc ed oop has me tter came ot one it ti

it tt CL Ut so it Ut ocuc or

at fi vat at he buff rs anT cc ufcrs nay ha dffe cot lea

be rut if difllrences ard temperatur as nell candor ariations thci ci ar

ccl ngth and hrcshold voltaacs The vuc icn1tl and boadng between buffc may not

be perfectly atched Each gater drives physical clock long wire so ocked em ta

at different ends cf the wire will see diVe en RC delays Inent aied Sectio
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with the skew between elements from one cycle to the next Jitter in the clock distribution

network can affect the instantaneous clock period so setup time skew budgets must

include the cycle to-cycle jitter of the entire clock distribution system even for elements in

the same local clock domain Hence we can define separate clock skew nudgets for setup

time and hold time analyses

The sources can be categorized as systematic random drift and jitter Recall that

systematic skews can be modeled as extra delay and taken out of the skew budget if you are

willing to do the modeling Good clock distribution networks have close to zero system

atic skew Systematic and random skews can also be eliminated by calibrating delay lines

as will be discussed in Section 125 Drift occurs slowly enough that it can be eliminated

by pe iodic recalibration of the delay lines Ultimately ji ter is the most serious wrcc of

skew because it hangcs too rapidly predict and counteract
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12 CLOCK

more risky as cycle times decrease lVleasured clock skew numbers reported in publications

are notoriously optimistic for example EMuleO2 finds an average reported skew of 3.2%

of the cycle tmc in recei microprocessors Part of the reason is that measuring the worst

case skew is difficult Measurements tend to be made at on few clocked elements for

rail nu nber of clock cycles while the chip must be designed to operate correeti for tFe

largest skew seen ansnvhere on the chip anytime during its 10 cycle life span

As illustrated in Section 12.5.4 the 1.0

GHz tanluirn uws an tree for clock distribution The distritution network uses four

level of bufliring between tFe and the clocked ci ments These buffers are called the

primary dci er PD repeater second-level clock buffer SLOB rod gater The clocks are

di rrbuted on wide shi ided UPI er-level cml
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sh et it id unori fde css wi IS rd Se f2ko
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PLL Jitter Jitter

Voltage Jitter

Temperature Drift

Rand

Rand

Vs/ire Syst

Voltage Jitter

Temp ratc Drif

Rac is

Rand is

VJre St
Vs

Ran

\\Tirc Sys

ge

ger Dr

ad
oding ha

ar mci vo case ci eras cc am oad aoac ta

wen unl rough simul for hh utel tr

ble sumnn he utude ach oftfesc ccc if ry varatios

Sam so rces dew ned bt thc ha range of an arm bufon Others are

leach bed sta devat Gauss as dkt abs on

Ihe skew budges Va selecnd byperfoim Monte Car rid io I/ OO
er skc

we ass gwd doe sa or ti air istr but ew asfgrcd

st because he ap fly an on cy es the
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LJitter
75

Voltage 19S

Temperature n/a

n/a

n/a

Vkire

Voltage 195

Temperature

13

LoaTng

Volaff 36

28

Lo dirg 10

2oltahe 23

cc
18

36

Lmdi

10

issia inca were done fo every clock buffer the ci and skev budge for hat

eup o- ii do as fi icd as uic niiu nun suew ocnwecri as co elemeiis in ti at

domair fhs
gives

another distribution of skews in each do nain across the chipn The

s- up time skess was taken om the median of the distribut on represent typical

The hold time skew was selected at the 95 percentile in tie distribution so hat

any all chps would have no hold ti problems Table 124 lists the skew budgets Jitter

represe rs more than 00 ps of the setup t1n skew budgets indicatir that powe supp

no se Ic PLL and clock huffc rVo pt hi rr for he Htree ii re careful

inscst gation rte tic acuAvol age ros see at buffe ard bettei fo to 51 er he

supply misc at tic buffers coo ffer substan all iprovement this jitter Ho time

hew budget are sma let because they suffe ss fromj
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Tame Clock Edge tholdi Cycle to cycle setupil

Cater

..
Cater

280 229 106 20 312 302 267 232

more realistic budget considers that variation takes place in the logic paths as well

as the clock distribution outwork Thus some critical paths will be longer than predicted

while others will be shorter This variation is called data skew The total skew impacting

path is the sum of its clock and data skew The cycle limiting path is the one that has the

worst total skew not ecessarily the one with just the worst clock skew Ai other Monte

Carlo Ti aulation inco porating data skew gives total skew budgets sI owr llbble 12

The total chew
slightly higher mr the cmk skew alone in mcst cases However thc

diffcre bcvu rn the skew in he PD and gater de ays substantially smaller Whet the

de ifl gc
al to aid Tzc reouency di rfcr cc berwcer global id lo al se up Li

skew is most mpo taut bccausc it ndicates an nuck cit nyc can go in nba pat

han ocal puth 11 paths lould ie qually if Alu note Ia he

Ii dcc hh us cc rd tire Ii

TI

ccdb coc

ieee SLCB Ga PD epece Cs

2/5 226 11/ 44 313 Y9 28b

as it ait

adjustable de in cot apcr sate for nis natc ac do ibution de ong

pa ha llr np Fe urn 11 and urn buffe

nc to cumin tc tematic aid om ra tadom ock dist nersvork

Figure 1242 shows or exa npie of dig tally djustab delar line with ght er els of

adjustment he select signals usc thermometer rode1 to produce monot mica1 dec ea

ing prr pagat on defy as mo pass transistr are turned

In the Pentium phase comparator checks the arrival times of the physical ocks

and adjusts digitall cc ntmolled delay dnes to make all wks arrre rrultar ecudy

op ndr ak iii ow enou in bu gh au to co as

In an hit tL-rn om -ter code number no NI is reo Lsentc witl is the lea signif unt p0

nor IT cxanp tL- number is tcprcscntcl in an hit cL-ri omc cr code as 0000011
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gclk Ok

Digially ad UI ab de cy line

atu sift Ihis technique is somenries called atlaptive deilaeu my Geannopouios98j In

tI Pntu Fe ay hn cn chain thu ugh the bounda sen tmt

13 en epa is ie at i1

hi ted our through th Al3 he delay joe an be adiust to reduce systematc and ran

0111 A-a to
ps

as co ed 331 si ate 64
pi

be ad is ii Ic dc
nero for is de

t3 31 crOp oc so ses si mAr deskew ef to amOO

St nO th CS

ai ft hp ar ov eliminate th syttnrafc mdon sk is

35 30 lea
dra eba A- dap de cv ng th he buffeis mt od extra delae \ioltsge

oie the buCf Ic IC CU use etc

vet sr pphes tIe extra Jitter trom the deskew buffers ca overwhelm the improvement
va an nskw

ad dof

is no tis rholt
ock dist Ut cmsumes significant am urts po nd irtrod ces much of

oel ske eta wires aav hi resista cor but
ig to se oble vs

A- te oat cia clock co Ad be Is bu on the
psi te Icuit boa or tIe ack ge

usin low eAst anon SI or ies ard the ght tc ft
11

bc

regions do mid also he istributed opt cal to photodetectors around the

broadcast isa essiy using mi rowavcs Each of these metl ods suffers from he difficult

test ag
A- chip ackaged If the package 13 exp nsive rd the yield is not

ext cmelv 1- gh testing ci ps after packaging adds sign ficantly to the averag part ost

als op jbo od or or

at ac
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Another strategy is to distribute the clock on chip but use novel architecture Many

oscillators can be distributed across the chip and operated in phase so clock distribution

becomes localized Rotary travelingwave oscillator array exploit the inherent

naruial frequency set by the clock network induciance and capacitance

pumped at this freque icy it can oscillate by transferring the energ\ back and forth

between magnetic and electric forms reducing the power consumption

Asynchronous systems eliminate the clock entirely Proponents argue that no clocks

means no clock skew and no clock power consumption Advocates of synchronous systems

point out that asynchronous systems still must distribute control signals to all the sequen

tial elements and that variation in this delay appears as sequencing erhead in just the

same way as clock skew Moreover the control signals dissipate power SparsoOlj pro

\ides gocd tutolia nuoduction to some of the advantages of challenges in an tech

rques asy
ci em design by dci ye ho wd mar techri ci

ch acm es -eL-eaetf4 dom ne and seurcr- Are ceOn0 thtt

might nec Ii ace co red as ach no he ehvc aas ra fr dccadc

nc ai crc iii ii iou 11 like cA it

ltho Fe ci
la a- to uie ac an icY ice

.l Yk
ford fital lea aer BakeiU2 Gra hns96 offer cx ent me ae of OS ana

Igri pa Rz8 lR c1
tk ana and dg ci cut all led mix d-- fgnal iPx

LuJ
upl ca-c c- cap oxmt

Ill
ci

I-c 29

Ti
ii

Vs

cr oate cii iF rcas as in -pci

moll offvt as cwr- Ti 43 in nt

sa iss iao tp
cci andu

OS is ir us ii icr cg ii cii

Cs ii tac i- tue rrent ads tI op rat
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12.6 ANALOG CIRCUITS

ing po nt we find the dependence of output current on small changes in input voltage

13

13Vvg
13 12i0

Vm 213VGs Vtvg Ovg32

If small enough the Ovç2 tarm negligible

general1 we ca find the sensitivity of current to sma changes in voltage by taking

uc st order Tay series arour he eratin pcmt

371
co ii on he ties as

gg2vj 1L12

vF

3f5
J7

it

Il2lzfi

dsjv

This Taylor seric approach gives the same results as the direct expansion in EQ12J0
real MOS ET the output current does increase with because of char nd

length modulation Considering EQ 229

If 1215

UMC 1341
UMC v. AICP



CHAPTER 12 SPECALPURPOSE SUBSYSTEMS

is called the iransconductance because it reflects the dependence of the drain current

on the gate voltage is the output conductance reflecting the dependence of the drain cur

rent on the drain voltage Here is the channel length modulation coefficient not the unit

of distance Recall that is inversely dependent on channel length Current sources and

high-gain analog amplifiers require low output conductance and thus often use longer

than minimum transistors Often it is convenient to think about the reciprocal output

renstance

r0 rd
-- 1216
g2

Figure 12 44 ows the LV characteristics of an nVOS transistor annotated with the

point and small-signal parameters The transistor is biased in sa urat on at V65 0.9

transconductance an output connu ian use ci slope of cuise wt

meet sr allchargcs PT2
and Va at urd op rat ng P0

20

ds

d$
0.3

\I 06

mA IA

06 -085mA/V 03 06 12
Siope

02
04 g-oo mS/V

1.2 02
IVGS

8.9 TVDS 1.0
V0 06

00 06 .8 03 Ott .9 15 18

and srr gna ehav

Auutr ng th body is at tne sa te al as the

source ye ca nodel th tr or tr tIe ci al -si0

ii nal equ va en circu gore 12/3 re

Gate
gs

-O Dnien
sign volt gcs and curre Its he en urc rflcts

the dependence or and the re trot reflects the

dependence of on v3 The acitors can be consid

ered r0 high eq opcr hon gro ed for ion

Source Body fre jencv ooera The results of the all-Pqnal

oeaeadd as

Sr iso nod oraiMS too Sir
PT era behav it of Ic ircuit
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12.6 ANALOG CRCUTS

Figure 12.46 shows common source amplifier with resistive load The VDD 1.8

amplifier is biased at 0.9 stting an output bias point V01 If we
4kG

increase by some small Vir the transistor will turn on harder pulling the

output down by some sm The gain of the amplifier is thus v1 20/2

Figure 12.47 shows the simulated DC transfer characteristics of the

common source amplifier The bias point is indicated on the graph The

slope of the transfer characteristic around the operating point is the gain VEAS 0.9

The transistor is nonlinear device so its gain varies with the operating

p0 nt However the slope and gain are relatively constant for modest values

of Common source amplifier

NOPe 2.83

18

Ca culato tie bias po and small
sigi

allow frequency ga 0.4 50 at

lv peas it

Attiebasrioirto VO91jr_l3OaJO Gate -r
0.9 042/2 93 ana thin the outp voLabe Vour

I25R 1.03 Figure 12 show smal signal
Vn 9r Va

equivalent circuit around this bias poir Thp model omits the

capacitors because they act as open circuits at low frequency
Source Body

and al leaves out r0 because it is infini Phe load resistor

ties to small-signid ground because is constant Accord

ing to EQ12 13g 1550 10 09 04 077 mA/V Sun signalrno3el of common

ag hFoff irrc at utpu node al vu
me uplif

or the gain 1/v 3.1

2Note tla his diffe sit gftl fomi an 12.44 because channel lenpth modulat neglect
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iôj
Repeat the previous example if the transistor has channel length modulation coef

ficientofl 0.1V

The bias point changes oniy slightly on account of channel length mod
ulation Assuming from the previous example that we find 1550

10 0.9 0.42 tO 01/2 212 ItA The output voltage is now T7OtT

0.9a justifying our assumption The output resistance is 110.1 212

qA 47 112 Figure 12.49 shows small-signal equivalent circuit around this bias

point including Now the gain depends on the parallel combination of the output

and load resistances gRL II 2.83 where the parallel combination of

two resistors is

R1R2 1217
I2

ai

S
o
u
r s/Body

Sral nignalunsde con no soace
sc jdiri

he -up re or can bul as pfV Os ant to of id era ig

ar reg igu The ga ass pcnds fe tive reistan of

prO5 po Cmi Ir te

is ssJi

\Ve can in creaw the gain thc common source amplifie by using an active load that

wr 01 nfen the nMO tra sto tu ns OFF and OFF sal en the oMOS ur ON
This can be dor b1 buldng the load from pVOS taass or con sec the rput as

shwn in Yg re 12 51 high gi inp ifLr is npy CMOS irverte Her th

MOS inverter is an analog anrphfier operates under saturating corditions can also be

aSewed as an nMOS on ncr-so ampl fier di ving ommon-source ampli

fie \ear ii npu threJ voltage the CVI we tc act as ng

amplif en with charactenis mc of

12 81
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12 ANALOG CIRCUITS

1.8

1.5

24

V0 0.9

si

1
6

/2

0.6

14

03

VBAS
03 06 0.9 1.2 1.5 1.8

V0

pseudo vMOS iv tee viewed cc orr0r oi son ce mop firs

rc to pMCS load

V01
1.0 Sope

v0 \/
08y

041

021VN
4068 .2

Th1
vlJSrae cc alar

where Tipliber

earrir hs regio acmo rdrbfusv1g he
10

shown in Figure 12.52 with highva1ue resistor 10 between input and out

put to bias the soverter at The input is AC coupled us capar tar he V0HoL
gair

of th arc pl icr is estiniated using the srnall-sig sal rausisto dcl fro Fig

ure 43 to cons met an equlv lent circuit Figure 12 53 valid for malls gna AC Mc5
awl sgs aro rd il linea operatic point of the amp the The gain is approximately nveter

gi en by

grnn gr 10Vli 12 19

g0 lfg0 rrd -OIV
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Source Body
The gain depends on the channel length modulation We can

estimate it as

Gate
r00

PVgi

nourcelBody

1120

SmalLsgnal nodel of amplifier

4L-1 J3 HJ
iiHHN The current mirrors in Figure 1254 rep icate the input currer tat tie ou

put The voltage Vadjust itselfto the correct level to si or source

th ough Ni This voltage so cort ole the gate of \72 It both tI SS1S

tors ope in sc rat al
th dcpe ds or get age

the drain voltage then Such an ideal current irce has ibm te

pcd se dep de thds ife ngiril
cc Tic esist ekes vary son vi cc yr tav

od cur nr on us ong ass to

near constant he output imp dance he pe irg pa

QUt
12

Ths nbefound pyisgatest otgeo nail gnal no

outi tie cu rent igu 255 shov iali-sigr irod th cit rror vi

hc eat so cc Obse ti Ic na ii ag Ic ar

rale nr bi ato dr lad tng tt no

pyg

vo

so the output ucineda cc is r2

Dra Gate Drsn

ourcelBody1
eSo

rce

SmaLsgnal made to cur en Thpeder cc
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12.6 ANALOG CRCUTS

Figure 1256a shows simple currcnt source constructed from resistor and cur

rent mirror it can be modeled as an ideal current source in parallel with finite out

put resistance as shown in Figure 1256b Find the current source output

impedance Rt and the range of over which the current source operates cot

rec lv Again assume V1 ft4 t3
1550 iaA/V2 and OJ \T

The effect of channel length modulation on bias point is small so we

will neglect it in our analytical solution We find the bias point by solving the non
linear equation for input current 103 aA at 76i

Iv1 v218 i1 V23

At the bias point and

1/0 kfl ic

current sou cc operates correctly as jj_
Ion as outout or ii ii

at ir

--V 0i65 good cur

-c ioul gF ti ntsou

dcal finte utput imp dance

Ci ii
5/ gn dj st to vhat ci th to sink

i0 tF

sea eq -e is nd N2 Five ar he sam driis ee
dil as gate oltage nia ng cur its cci ly us cv the sisto

-f cc

aft ci tic or sso ur

upedas C-t vied

gu ass nodel for tie iscoded ui or currert Ti

tprt dan Sc2 -c Exr

JfU --- gH41//4 122
1-U

No that vi igno tie body eVes in this and subscyoc it cxtrnples Nc buds eff ad nothci

ye-ida vi ru vi- cc pea on

UMC 1341
UMC v. AICP



CHAPTER 12 SPECIAL PURPOSE SUBSYSTEMS

Test Source

r03

r0

Sn dgr at no- del for ascode iput irpedarce

nd he octput 5mpedascc of cascoded current trirror un ig the same parameters

ai bias currci as tfc oar cxamplc

Each irintc mr to at am curr it 103 qi and Fas the

time ut St iF is 015 04
051

3Oi 1k ii ton or Ii an rrent

or

Curr nt miirors can usc nult pie output trarsistots -ieotc mul copies of an

Tr am

timu as w5d as wn ire 12 59 etter vtt Fe cc put at

ca be ic is5st ir lo

11 CI Wit flU OU
arc with urien ga

differentia
pas

steers current to two outpuis Figure 1260 the current -is dividcd

wwr tp ug ucr mc go

the input sitaes are equa the output ir qw one inf tt sAtan ia ly

higher than the otho it draws al uric it ornrnoo mod sal ta atfe ts

inpu equally causes no change the output current cnce d5ffeiential pairs are wide
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12 ANALOG CRCUTS

used because they are insensitive to many noise sources For this reason differen
Xt 1x

tial pairs are used in sense amplifiers on RA2vI bitline circuitry

Differential pairs are easiest to analyze by finding the input voltage difference V7

from the output current differance rather than cc velsa in analog circuits the

transistors normally operate in saaration \e define as the
gcte over-

drive of transictor An ideal transistor would deliver saturation current propor

tional to the square of the gate overdrive According to the a-power law model
tif emntia pair

we can estimate the current of real transistor with velocity satriratinn as

1125

for some

When the nplifier itr alanced Co on and IJ2 Both trar

some gate rrdr1ie use thic vpres kin tprmc of and ow
11 he ab to eLm rate it Iron subseque equations

kV 12

ho mu lf Itg \V cI trve

Nd ncrei se tie

bsrn retron rent cc ives

X1j fl 1227

stit ng 26 cc ml for Fe fi 1uirec to

11
ii

Fr 12 28

Sn Sail Htc ci U2t dosvr snc io iS

ii 21 12 29

Combani
ig EQ 28 rd 12.2 shows that the fractional currents will be and

when differer ia vfrtage AVs applied

2x 30
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This relationship is plotted in Figure 12.61 for several values of cc Values of cx closer to

two give higher gain In any case if one voltage is up and the other down by an overdrive

the second transistor will be completely OFF Hence voltage differential of2f is

always enough for one tianshtor LO hog all the cunent

.0

0.9

08

07

0.6

0.4

00

01

20 06 ii

cm

ak he ev eel 01 g2
gae ceo Ic po se xer

Q4V
cc 62 ows diferenfal fe The aaplifcr sic fa doff

pa
N3 able vo tage as cut su Cu IS olt

age

et rr cci roe he gI ox peda ice cd often built fr

cMO0c

he ut np is feca ose oc ta di

th tog ga of Ix

127 rtla nplo

2J1
IRa 232

AV dAy

Ac ideal diufere at mplofier sen it ye rnly to the voltage fference betweec

ta puts ot rage common mode inpa oltage re ampli nods ye on
Ia Ste so ga dcio vhn he

cc cute ft eio ccc ns lx cc on vailab rg
Ic
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12.6 ANALOG CIRCUITS

P1 HP2 P3

Figure 1263 shows simple CMOS operational amplifier It consists of

differential amplifier followed by common source amplifier to

HNN2HVVachieve high gain The differential amplifier uses pMOS current mir

ror as load to get high impedance in compact area The output is

N4
N5taken singleended to pMOS common source amplifier P3 loaded by

nMOS current mirror 1V5 N3 and set the bias voltage and current for

the opamp
The smallsignal gain of the differential stage is computed from Two-stage CMOS operational

EQl232 amphñer

vv

it g2i2 Tp2 12 33
V1

in all al
gat

of th mmon ace ip ifie

mm 12 34

2g0 12 35

mplifi works c- co ip rator senses smal fferenoe

tvrn voi ii dd oskhigf or owd pendingo who inputishiglo

ls Id oads doe notdeliverenoulihcuro oc IVC es
rì he ans

taon he i-ed edback alp ci un np ati capa to iv

need ho conne ted between and to ens cc ity 98 and GrayO

in repis dci

Dg al aralog cc t- DACs ati rly easy to desig Le targe wso uffon

and speed are moderate Speed linearith power dissipation size and ese of lesign at

mportance rf en selecting DAC archtecture Analogtodigital converter ADCs are

10 of lange bu cor erters with low peod and cii car be implemented

oulte easily The descriptions given in the following two sections can form the start of

as gtn or- ato cnvsaged

IDA at ADC are sa np ad data ss ems As audi soiv note civ uits to if ly

requ red apar om Ic has corverter Fignre 12 64 illust ates ira use ii system
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Analog Si9nalH
DAC Digital Signal

elk

Analog Signal __E Pa_a0 AD Digital Signal

elk

DAC end At casters

db fi
noorhe ei ni

og also pass OC Pu sa

sit to Id ti-c nputnf th iC roes cony rs on The
ri ose of i-cs

Ott ac at

Before discussirg DACs and ADCs in detai ew DI metric will be exp
Hr ersheie94 The par et ra are ira pi cab cxc -ha ri

ratio on digitaC.taana og transformation tIe ADC parameters refe the deviaa

fro Ic qua ebg to gi xl tr ira

rs rs parisac OF cs D5
kD is he rem/mm pe rs -T rd an cc at tIc DA

26 aefial im ong SR is se is nuts ouwu oltage ii cu it the

lk /1 es on of the AC/ADC grre ly SR So

PER 8bit PAC/ADC rein utios is ough mV wh le lU-b AC/A wou
have resolution approximately mV The FSR related the voltage supply In tnt

case of DAC or DC the SR can net be grearer xl an Vi- and co as- on asplementa

tions sa FSRs of the der of Vi- mi aus ore vo drops As ocesses scle Vi
decteases alog performance becomes more difficult to achievc because the resolution for

gi en sze on rter decrease relato to noise that might be wesent

pr asari ore will- DAC/ADC is the neartv or ac as aey of

transformation from digi ci code qua stred are op alue inearitv of DC
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12 ANALOG CIRCUITS

is determined by component linearity where the components in CMOS are transistors

resistors and capacitors It is also affected by the introduction of unwanted signals that are

classified as noise Static DC linearity is normally calculated using measures called the

IntcgralNoizlinearity INL and DfJ centia/Noczfineai iiy

DNL The departure from one LSB in transitioning from one digital code to the

next For instance in Figure 12.65a the DNL highlighted is approximately 0.5

least significant bits LSB for the 3-bit DAC shown

INL The maximum deviation horn straight line drawn between the endpoints of

the DAC ADC output input characteristic Again the INN illustrated is

around LSB

Offset The diffrrencc between ominally into and the actual valu when the

dig tal code for zero is app ied This is fraction of an LSB in Fe figure

good DA is mono on for each increase or decrease digital code put

tIc D1 the na og outou in cci dec cisci value Cor espondrngly for

tease in xalog ir put DL vould poet at so ace ho dig al co

nw to oto DAC tc1 town gus 1265b vIto Fe alog output de rease

ix to ed gi ode pend tFm vbc

c1 od sh in re mxci

lithepos ci 02/ O2LSB ardthe s0

NLia ix
vat

stra3it ne

ero

nnrx
cog frn

cc

Offset

000

000 001010 11 100 101 110 111

Dngfta nput

DAC1 tearS rreas sos
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VVith digital

_____
sine wave applied to the DAC the ratio of the desired signal

energy to harmonics and noise is called the Signal toNoise

Ratio SNR in practice to measure this in DAC the

DAC is fed digital sine wave from numerically controlled

oscillator The DAC is lowp ass filtered as shown in Figure

IT 1264 and then fed to spectrum analyzer The undesired

signals are then apparent

0.3 In comparison an ADC measures this by applying

04 ______ ______ high-quality sine wave to the ADC and doing an FFT on

128 256 384 512 640 768 096 1024 the stored digital samples for number of cycles of the input

DAC OIL of analog output versus digital nput code in additon dynamic measures such as the Total Her

015
monte Dactoitzon THD aad Spuious cc iaint Rang
SFDR crc als ef intere Phe THD meAs ires all

01 urwaned harmonic coi tent and expresses this as ratio of

00 dc ned to urd ircd out rnts lb an DkC for

des re cunc off crc cv significant scccnd

harmon 2f md Li Faim nc 3f5 is caused

in it anc.d

Ic

an are

_____
IC t7 it were pa1 cc af og ys

255 384 5Y 640 768 896 02 rc opular ye su euit aaiADCs taws Ic

oa oc pt ses eo
range SFDR he DR is measu os spec fled

aid fthcd

Thu -lode no se ftc so twos uch as swtches and so

te cic mj SDR
rieasu indB be

lh ite mo In ictori or neuurc two iulti eous

or wa re at it ea ic Ii mn hi cc

ctor oc
iuc to me iest DCs ie irc tic appl ag ac ia og ii wave thc DC
nid zirg he git em tput

Figure 12 67 hw typ aiD spec mr Th ni SFDR Pwn
Tlhc 5iizs is typical of sampled data syst its

noise id distortion va ucs can bc taasformcd into singl value called the

Lfi h-tine Number ofBits OB wi ch is defir ed by

NOB SNR 76/6 02

ii icc Icn cai cd co pa
AC rp we tat he ffcc we SNR Fe eralsatcd Ii hN number

NOB6C 76dB
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12 ANALOG CIRCUITS

Amplitude

Spurious Free

Dynamic Range

///

Largest Spur

ilJWJILLLJiJLLL1iI
llgnai 2signa 3sg Frequency

sampe

pP DAC oucrct plot showinp saironcs noise

bit converter has max mum SNR of 49 92 dB If an inpiemertati has at

FNOBvauof ts what he NRindB

SNR 716O2 176 445dB

iercqifr YDP 4/dB how many ENOB reqel ccl

OP /60 i1b

As montioned proviously DACs and ADCs are sampled da systc ns vo maj

arffac are presen it DACs and ADCs The st effec is due to sampi ng th ory TI

suits ii the eph ation of copies of the baseband signals at muif pies of the do fre-

quency as is shown in Figure 1268a This requires Bra 1owpass filter follow DAC
to eliminate tre unwanted signals This comiro ly called recon true/ion filter

In the

figure the Nvquist frequency /2 is noted This is the maximum signal frequency

tiatcash gcners bya DAC cockeds fpie
The second arti be results from the frequency esponse of pulse wI smx/c

furic on as showr Figxrre 12 68b This results in off Br uency the
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CHAPTER 12 SPEC ALPURPOSE SUBSYSTEMS

desired and undesired signals This is also illustrated in Figure 12.68a This may have
to be compensated for by the digital circuits driving the DAC if flat response is required

Similarly an ADC responds to signals at multiples of the sampling frequenc Thus an

antialiasingfi/ter has to be provided so that the ADC does riot see these signals In addi
tion compensation maybe needed for the sinx/x response

Signal amplitude roll off with frequency

AmPlitudek._

gsa

1MHz Alias products around multiples

Nyquist Frequency
of sampling frequency

fsampie
tsar pe sgria

3i .71 08

06
/9

21
0.4

0.2
29

04

C5 pe sa Spe arp

eqenyM

rcapone ifs DAC

For sample eq ency of 10 Vls wi at are the oducts fo MPa
gr

peu sgi rcquen-y fntf in hc in
le freq nay So he Srst atf MT ar ic

gr
11 MHz The seyt ro an offset from the second harmo 19 MHz and 21
Mhz and so on These gr ustLeecl in Pgure 681a

This sectior s1l present selection of DACs roughly in order of increasing mplemen
ion mp exi All DACs presen ad here are wit sir the capability of carefa C1 lOS

cu de Cs are ar iar fiD

DAC can be m1 emented in sof cc proce or or DS is ava la or the chi1
aCeadv shoun 1269 Th nears des strea r15 aid Us vriah
when stegrated loaspass filtered provdes the requ red analog output he RC tine
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constant of the low-pass filter is designed to cut out the haimonics

present in the output at multiples the sampling frequency Tirpi- DSP
cally simple DAC such as this is highly overiarnpled i.e the clock

frequency of the serial bit stieam is many times the eventual analog

output frequenet For the simple first-order dl er shonn this oven

sampling ratio might be in the range of 256 1024

If no processor is available converter called the Pulae Width DSP oi processor coo io1ld DSC

Modza/atcd PWM DAC shown in Figure 1210 can be imple
mented This DAC employs digital counter and corn patator The

ounter cycles through set of 2s alues and the compalatol is set high when the count is

less than the
digital input This results waveform with varying duty cycle If is

crr all the svavefotm will spend the majority of the ti sic lows Conversely if is large the

outprt higl
fo vms of tfe counter cycle

The mearitv of hw and tl lICS on cot

aih jAwlig asiiDeiitcdb hchieuit thcun_i RanCart 0lLl

ch crc be bl good

toss Co te

whend

iou

_-_
Lo\r

ocs iC ae2

osg
es ar st at ii cc

ip
late ra usa ai og frequcncics extend to half the Nyc uist fe ra

sion ft sA ow Fig large ada ng of

ors or bit AC wn ted ft to tin

us four resi to shiwn l1ure 12 1a OS vA Far re ccl stch the

app opnat fit inc oltag ti he put decode vitch can be used as sA

wficf case the switch depth is Altet natively each witch can ndiAdually decod as

lot ig ir 12 71b in which arse the witch dcp ie Wh cunpleth sD

is slower tha othe designs due to the AC time conarant Atough ic ladder md tchcs

gh ar cc to to ag ci

ef fe DAC dr CMOS iffer op am co pai

odeta
sp

ed aop or cs to ca be on tr ctcd if po ys
The 11

is irherent monotoi ic due tIc reshto sAng
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CHAPTER 12 SPEOALPURPOSE SUBSYSTEMS

Switch depth is

Each transmission gate
Do LSB

vdviduaUy decoded
swtches

SB
switches

75 V0
ci

aO

5V00
al

out aO
out

025 V00
al

nO

aigTa0
ens cs

The 2R DAC uscs an array of resTtors of value aid 2R tEe ave suggests

con io TI

CMOS switches and ffer aaiolfier Th rumber ci res sto equired is 2N
if ed ily np to inca arc stied

fastest DACs CIV OS those bu froir cur cc sou ces Ph

-b ow 12
gi ally ont le wr ci

wt rc ii cdtag

V1
CS

rT1P iplecurre tsourcc Isu rca

re 1P7 10 TI ra

P2 P3 TI he toggi the current frc oi2R 25 25 25
eg ttfe other of differe itial es sto net

MSB SB Ri R2 under the controlofconiplemestarv sig

na SN he curre it source P1 is set wi

Vb diffe itisi voltage V5 is the

out DAC tput ig 1273c slows ar iap
scod cc 74 vt

AC it thougl pMOS devices ss beer osar

allc OND efe cwte aM dc

can also be used VDDreferenced system
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VbS1

VbasH1
Vbas2HP2HP2 p3

V0 IR
SN

R2 IR2 OUt

cv rent DAC

There are two basic merhods of building currcnt DAC fTc first is show Figure

12 4i crc veig ited rent sources are sed to bui an Nbit kC Each current

currci in it1 ieb ve Fo otccn

verter IX 2X 4X and SX current source would be required These con be built from

J1L
both

outb

Ci troni DAC chitpcj ceo
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CHAPTER 12 SPECLALPURPOSE SUBSYSTEMS

1X 2X 4X and 8X the basic current source using current mirroring and appropriately siz

ing the transistors This style of current DAC is suitable for small DACs or DACs where

speed is paramount Problems can surface when designers try to match the scaled current

sources to each other

Figure 12.74b shows an alternative architecture which uses 2n identical current

sources This is called afully iegmentedDAC The linearity can he quite good if the match

ing of the current sources can be maintained bit converter is shown in schematic

form and possible floorplan is shown

Figure 12.75 shows full implementation of 4bit current DAC To the basic cas

code current source and switch decode OAI gate is added in each current cell An array

of fifteen current cells is used To the left of the current array row decoder and at the

bottom column decoder have been added These decode the two LSBs and two MSBs

respectively and drive ross and column Ones nto he as pending on hch

activar aaxI1uc of cuarcut iurccs nd prp ihe prsen dgita

ue Each rent sou sb ed con non ar soltages hese

generated ng npF bias generator aug re oft it rrnt sa urec as ii ow

at te top left and these an to can bufie ed by eiationa mplthers desig

fints be ic udcd the fg as ol ft isle oDlC
uge 10 il

be DACs naiog tc -dgi al at te ADCs are rated prec ape conva

eN

ers and versampled conver era cIte rg ata of he ormax an

ca tang se en as Ia es ions hera about dc it rot

great detail owcver moderate ADO des gr as euitc th th capablaty of the dli

acs rwh ntereot og care its cood ira egs gain experieme

han ng aLadero ret lesi

abs cat ci he aceura ul aycc ati

antos iab 4S pro sin ar dAC in cai

Li hue ac it eted

ln era tep pe ii of eo ire sian nor her of bats

emmon fl e1ec ire sun bei oTh ts Ojls tea Un real oy of

ular ADO In come on with DACs other mean re erst are the cffset NL NL
SiNE aid SFDI

igure sl-ows dual slopeAD ahi uses CII OS sw an nt ator

cor ipm to and digital ogc to in lement lath ely gh pr ss ertar op ra

ho ti tegrat it frst reset using S\Vc Nx tn Negative input no tage is

fo in SWa opan SVc SW is ooened ìI

Nb closed vi post ye cfe ac oltage act inc ch the go

crones aero is treasured nl the inp at voltage can Ic cNc ated frn

V11 25
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12.6 ANALOG CIRCUITS

resistance to reduce output or ion

____________ Keep output current nes low

V5

______ eepVupplyrmstance
be affec outpu du or

Vbsi

Rn

ad _________a2
to ro and colurrri ma

edada cc

decoders or embed bs2 in ou currert

curren ccl TL_ _______
reduce effect of tc cc _______

car nector ov

rtce
or GND car be

at OS

Cu cc

4bit orren AC

co eve tee is relatively ow due to the integration times but can ach eve good

prcclson wth mile analog compone CMOS nvertcr can be used or thc aplif rs
as shown later in this section An example of dual slope ADC can be found

Rodge 89J

gur Via an DC at ii uc iC

ases gorithii rverson is amp DAC fore zcr to ful scaC and bser

the orn arato sex ches is is cv tak Niclock ycic icc tc

quicker cc ethod to use successive apooximctioo algo th TI he followi use do
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CHAPTER 12 SPECAL-PURPOSE SUBSYSTEMS

code demonstrates the successive approximation algorithm This algorithm completes in

cycles and is preferred for this reason Le cycles versus 256 for an 8-bit ADC The

normal input range is zero to 2/2

To Swit

SWc

Vrei vTgao
Conparator

1k

vo

10 xci 00

eset

rtcgraie1
trneasUre

sure2
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12 ANALOG CRCUTS

Injtjaljz Vdac Vfullscale/2
Vetep Vfullscale/4
Vout

loop repeat
writeVdac output DAC value

flag readcomparator flag VinVdac
if flag

Vdac Vdac Vetep DAC value is high so reduce
Vout Vout contribution to output

else

Vdac Vdac Vstep DAC is low so ircreas

Vout Vout aul ly output by qo

Istap Vatp divide ep by two

reoea

1plcai operatlo of he successue app roxir afon ADC ho yr in Figu 12 78 fo

ar app the

nF
ubracte ro Jr ivie tepocecsacrc tedan 01 ddd

OO62S is cte na it 312 Ihe cxl sect sswc
if at 68/5 72 inpu Fe it ye tic of lou

L
o

o
n

J

________
V58

ccessive approx naGon AUG
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CHAPTER 12 SPECIAL PURPOSE SUBSYSTEMS

Voltage Value Representative successive approximation ADCs can be

DAC Code found in PromiaterOl MortezapouroO One

0875 /111
of the original commercial implementations can be found in

75/110 The fAith corverter is shows in Figure 12.79 This is

0625 /101 the fastest converter architecture The design consists of

05/ 100
parallel comparators each of which is fed with the input and

monotonically increasing reference voltage This is most
0375Oll

easily generated by using string of resistors that is

25 010 grounded at one end and fed at the other end with refen

125 001 _________ ence voltage When the analog input rises above the refer

ence value fed to particular comparator the comparator
00 000 ruins on hus thermometerlikc sequen of ls wil234 67

appcai at sc ourput of the eoi iparaois sisi ig
and failnig ii

Slot
syr th v/tL the nalog ut The sh

-Ic eked sorve frequ nc leterm ned by th fastest me
that the signal can be ar ipled and the comparator switc sed

The thei non ter ode is thei fed to dig aT
logic to extrac

C-

ix ax oi pa

e/ IT if
cii

Reference Ladder

Analoq Input

Logus Dgtal Output

1S1 rrcaI ii
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12.6 ANALOG CIRCUITS

cuit uses one or two inverters DingwallSS The basic

circuit is shown in Figure 12 SOa The circuit consists of three

CMOS switches capacitop and CMOS inverter connected as

shown The operation is explained in Figure 12.80b In the reset

cycle the inverter is biased by connecting its input to its output
This settles the output at the inverter threshold voltage as defined

v00
in Section 2.5.1 One end of the sampling capacitor is connected to

the input of the inverter In addition the analog input is connected

to the other end of the capacitor In this configuration the capacitor Va

assumes charge where is the inverter thres

hold voltage and is the analog input voltage In the second phase

Agure 12.80c the reference voltage is connected to the

capacitor and the charge is maintained As ihe inserter is in high

gain mode the difference in analog input and reference voltage is FfL.a
mplified by tI verter If Ic gain high enough the mxci ter

V0
dr yes the outp ito tage to ti iris

single stage does not have enough gain anothe capaci
xc ioled

stage can be adder as shov in Figu 12 81

uSa rgr howsreo ireui is

mp tyi vv
Ti irli es hi

ipini or iZe has to be selected he size of the capacitor in rela

on to ze of er ci tc iT Cs he all in

gU Ox iput ifl erLci ga

capa ome is art The rte ln be lied No mlly
no ad antagc making he iuvertcr nuci 1arer than ______

ix ed bee use six dete nes the sampling eapaci
an cc cml

eapa Cr ci out
_________________

ti or ss adsan geou lies tIc

gate from mi mix to fiatte the -V characte itt and reduce

ai St ze Ito

he en ch rim it disar sit get ía

such simple ci cult compare to dffe nti circuits ire that the

co np rato sensit ye to Commons mudo none the nput
ground and V0 Using nn as reference also mplres that this

Sir pe CMOS based
supply should be fi ered Howeve supply olraes are educed corn Jo 03 or
the opportunity to build more sophisti ated cii rits lessened

and careful layout and design can ield good results for this corn

para Tbs is es ecally uc with an insulated SOT substrate or tr plc well processes
he output of the comparators is thermometer code nd the next stage has

ode to nix bubb gate as thou Figure 2.82 is ted deter
nre the high one ii the thcruometer code While simple 2- Iput gate mn be used

the ga shown detnsts sequence of 110 in tIe output This prevert spurious one and
zero bubble from falsely triggerir the deeodei
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clkn ckn

Vref

F1

Vniag eDkn elk

elk

Comparator Latch

nip ovcd gain co nparator circuit with output latch

ebcbbeg
orvent

cnt

GD

Theimon ctn ho ble ga

of th ub to

cx rep 83 ci psud MO NOR gatni to to

rur ber he se ond show 83b ues mmt oxen knoth

the be fir tnc
cc et gn of am te fri cit ci

arge umbe of mparators places significant load on any circuit dr ving Ic

is usuail ii ts je asf or ci ewe th ts ep icr cc fiah ouw cr

be found ir Uyrte ho c03 Do ar Solo1 cnsO2 Some reduc

tier mb of co np atrea nbc sieved ahng nt rpolati teeln ques aid

nique calledfoldsng Representative converter be foun in iO3j

The ppe1 neADC sscntially trades the high speed and iow latency of the fls con

verter fo onger atency and lightly nore mplicated and nec wee speed design

How ver the power diasipa on an be much ower san for flash converte ot the same

spec he figu TDC co po rfdca

iden seal stas In N-hi co cc er Rae age or ibu em tI overal rem

stage so sr Figu i2 84b ci put preren ed an Al fats

tracts or adds reference tage fro tee inpu he dfference is then nphfied by
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126 ANALOG CIRCUJTS

bO
o6_ o5

o4

03 4h

vu iu Ic peate nis arr rts to distr buted cucccss re

at at

hi of scse op auo is ma scem dituicu to ach eve typical stag is 55 urn in

Ti 1285 rs ng CMOS swi Cs apacltorv do pan stage

pci is mughga ow ra

rd toe umng nats rg ao ito flclcd arcade

tac ho Igure 86 fO tiar aft St pe cos co air nt

snles
lef ed if oft

mature for Cit detai

prcrcntu/ pse sa chscrptkas fhft
u1 uato cOt be foui if

Cho9S amalO2 sa gOd PoultonOd
of the most ub quitous ADC archit cturcs usc today the

sigma delta arch

ect si own is igurc 12 87 TI cot te Wi ch was developed in the latc 1970s is

ideal foi processes where dg tal rcu ts arc eaer rplement tI an analog crcu

Candy The Co werter works by subtracing delayed digitized sat 0f the analog

nput from dself This is passeS through filtur and then sent to cornpa ator he
xi Ic showi ep DCC whtcl co upletas the cop

he digita output Cc mparator pas ed ito gh digital filtei and chaital code

for ft or alog input Sigma-dc to nverters are oversan pled cony ra That is

they operate at molt ole the rerun ad mgn ii freournco ersamo na fl
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Analog In put

A0 A1 AN2 AN1

Digital Output

__IIII_ v0

Op aIOu

ef Vref

3eln ALk Aoc Jmgra

V0 v0 v1ml
N2Vref

___________________a2 N4
VICf ______________

v1
H

1

\Sd

Pipe eI Cs gs CvOSio1dedcs seop
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12 ANALOG CIRCUiTS

Anang Input
Dig Sal Output

gr a-eel DC

ctve OOa Fu aer mb
the precision of cou cc at he expense of speed Sgma dclte Cs arc con monly

layers aud iie es th re on 20 itl they ix is

sc rc ii Ia cc on it

og Ci wb
cs ci er

be found in 1appesO3 Sauer rey02 Gup a03

ka t1ms spcsntdn or Ft trFaeben
iv owfieu us twice me esorunon na

is the ha fo has ye Thn ri ci be sed

pare ay ocks to form at an itrari gF speed conve tee Interleating ti

ra cnvc Icr OS tel inner crtcd frori 80 8b 2a0 \1H currea

od air Gift uti

Sb circu cgc ca devuc oumt but ngi it desig ct ot \Vhilewewl ii

ate onek crt ti he tma tbundcrsto tdcaiccd naa ceo
ncr ix cc mo do co ctioi speca st RF deign c8
Razavi98 LeungO2J To repeat he point of showing these uts is enco rage digital

dec gnrs to exp esc allied C1% OS design areas

As an odue
typi al radio transceiver is shown ii Figure 12 88 The receiver

is what is ailed do cit conversion or /ionwdj ne architecture It takes Ha carrier and
downconvcrrs Fs to ad igi al by mci

ip yi with on chip oscillat

ial ft red ow ass flit ix Si

ab ga ar fe his sg ai then fed to 40 15 Hz Wh tF is si Ge
rec ive Cu rios of fc in xc red fo ll agp Cl ntis at facouc mc

namely an fe fixed-gai at iab oscillators mixers and filters
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Antenna

5GHz
VGA ADC

LPF

GHz

LNA 10MHz 10MHz f54OMHZ
90

VGA ADC

liTpical CVOS tad rarsceiver

tic vu of ci

va cc ich ltput
te ec by ow as rcu Cr

at then peon tee to 0Hz he output the upmixer ampli cd and fed to

cnenca it an xterna iansmit/rece ye switch trans ii ttcr air le thu

receiver because of the asger signal amp tudes jlC2

Ihe est of th sect 11 rodu rcpresentatve exar pies
each type rut

ntroduced this architecture

variety of CMOS RF amplifiers axe shown Figure 1289 Lee98J igurc

89a shows as rple resist ely loaded common iou sega stage
It is biased by resis

tot Ri connected to These circuits can give
bandwidths the 0Hz regions or

orprot ssesanos ul notbe vcrookedles tfer ip
lies age

entlywidiroand gure 12 89b shows ured carp her Inductor Li eson ir5 Vt

dvicc and load capac tance pros de gam at particular eque cy se sage is biaed

sin daily to the resstvely loaded examplc Figure 12 89c shows tie corresp nding WI-
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Vb asS

VbSSHout Fout

VbSS

R2

V
b

Ia
S

fl in C05

V5552

out

VbaS2

CMOS RE arnpifiers

feren stage wh Figure 12 89d shows caseode gar stage This li nor

ma tie starfng point for ola-noise tap
ifier NA that might be used at

cud ofa cc at
bas2

igure 29O shows the eas ode ampl 11cr with some added inductors

he source gt nd ctan es aed tune ou in at capt ha cc ard is
ese ma pu ci an Is

lJywh ci sliest ates that Fe irit alcircu ngl

li op is iron sir 82 ag rc soph ic

design
La

or oft0 li cl/to CO le fopr
veil into crowa gio Is sHz with ode processes co

tic viti- the ust ii requ ed en Fhase ocked loop te

inductors resonate wi he stray capacitance at the drain of M3 and M4
to osci late he eoui tad reque cy lie cross-coupled nMOS trans stors M3

Phase

MSbaa

Ml
ComParat 1Iump

Reference

flivder
rys Oicie

LC s11lator phsd ocked loo
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CHAPTER 12 SPECIAL PURPOSE SUBSYSTEMS

M4 provide the gain for the oscillator Transistors MS and

rf M6 are used as varartors or voltage-variable capacitors to tune

the oscillator frequency Ml/M2 forms current mirror to

bias the oscillator The output of the oscillator is buffered and

fed to spec al prescaler that divides by or four and pro-

sents lower-frequency digital waveform to conventional

CMOS logic divider cr stal oscillator is used as reference

100 180
by phase comparaton The phase omparator feeds charge

pump which in conjunction with low pass filter produces

rfO rf 80 ar increasing or decrcasing analog voltage that fed

back to th AC oscillator When configu ed pr perly with the

1o180
1t180

loD orrect ratios in the VCO divider and the reference divider

the feedbac loop stabi izcs th AC oscl nd prevents it

Pr atr 1tg temperatrc

Pate etcr of nteres ar scill to ii rc

Sco of op iv at pow ss oct10 an pfaae

fo 80
Fe lit ci ter determines the us aires ic Ia

__ apa iccia ss we iv

118 La

80
osci or

10 Vi ta ocr vi ip ii noses 00 ft

iv toot
mixer ard -pi al pplica ion where high radio freqo ci

La corvc ted

fl far etc al OH iro cl

at si

fret cc of the RF od cr and

op th ult i91 sane var og

at ode oil ii

xc

quad FL in shown gut gi
aI it

flu coo sp ares or si Sa cc at ha to

ppl ed ire 92e a1 os tare

ba ci 911er/ 10 Tb has gher

gai irid lo iv in so in the ng mfxei hut so has awer

wan ic range
ow tasa fite or ewe it of use in ar Ri enadror me re 12 03 sh via sim

on -pass active fi ci fib ed by ng rcsiso rb to as is ig
C\iOa

55 ot tw iv cc it
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12.6 ANALOG ORCUTS

of tuning can be employed Alternatively capacitors can be

switched and fixed resistors used

The CMOS switch idea can also be used to build van- --
able-gain amplifler thown in iiare 12.94 This dcsign

employs binary weighted capacitors

As mentioned previously decreasing 1DD presents chal

lenges for linear circuits especially amplifiers Figure 1295 8C

shows high-speed op amp with feed-forward compensa
tion that only uses pMOS loaded differential stages which Gan contro leo ampIer
work well at low supply voltages This is suit

able for the Alter and active gain control AGO applications

mentioncd previously As with other circuits included in this

sect or the cjrcuit included here to Uustrate tIe po nt that

higH erntrrxy amplifiers ar not nncesatily complex in cir

cuit terms

HH
H4HF

dJ\CS

his ctior wai included to provide brief introduction to thc type of circuits at

dcsigncr ight encounter in ixed-signal analog or RF systemon chip aesigr such

short space xc can hardly justice to this expans xc area Hcwe er we hope that the

pfncipl and circuits provided herc will provide springboard to understanding these cit

cu ts in more depth lv consulting specialist texts and experimer ng with circuits through

Si niu atm
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CHAPTER 12 SPECAL-PUR POSE SUBSYSTEMS

nique The process corners model worst-case varia

tion from chip to chip which can be far greater thar

The resistance capacitince and inductance of the between two nearby transisoro this resui.s in un
package have enormous impact on the power and I/O acceptably conservative skew budgets But reliable

gnal integrity of high-speed dgital chips They must data for on-chp vanaton can be hard to obtain as-

be incorporated into modeling pecially for small ASIC design teams and universi

ties Unless this data is used ock skew budgeting

is largely matter of guesswork

power gPd should use generous amounts of the top

two rr eta ayers ruonng in orthogonal direr ions
Many papers state that syste ri has zero skew when

rr esr that mostly runs in only one direction is subject
he writers really mea at it nas zero systematic

excessi orop wuen ma ga es on vngle wire
skew Liese sys ems may have rig can ando

at tch soul .aneous so also lead to serious induc
skew as wei as ft and jitter TI terre zero SkerO iS

orobleres becaum of ye ugc cur er loo The
clecmtive an is Lvi odd

powe grid should use mary namow rca rd gitat

ed with he signals to provide SR so tothe than

dcv sos at ge oops soper also repo tf sy t-r

to to an to no at or 11 olin

so gI lo sot at Prr ri

doc cc arid itte

Jitter depends tao arid sore is drificul to

ase jockea loops arena or ou 1y diffriu tIc es gr irodcl or at vi to sooph stmt ring ate

cc If poorly tie-signed they can oscil ate at the
ges sometin es igno cj tar mis re ult in unreal-

vito rcqueuoy to acqu to lock or ha to excessi abc sker budgets part cula ct ye deskw
et Cacsol cri baa roe ssa to ens ire tley

buffers ricrease bock distr butio do Voltage
sort ace VSriO io reje var .0 tot

roVe he hr Ic appears as te Urloss
oise It the Pt dam rot rrk testing -ho rest of the

rep Vie are tram ly uet fe

-e It tot in ass it 05

to ari cit er ye it rust avi at

Ves LI or cease icr oops Lan re onab

Measurngsk ox chip is lsr difficult Some

pers meas roe sok or alt mao at onil two or

few poir on the ch or brie period of time

arid sopo tboe as th skew As chip as irny

ockei eiemenn you are un kely find the

Pc Is or so tie nut rd wrrst case okay by measurrgjust oorm
Iri cope al end wires on chip Ihi Moreovre measurense saver abnef rime atewV

to sri or vU dVtu ar ayo aie unlikely to captule worst case jitter
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12.8 HISTORICAL PERSPECTIVE

shouid be exerc sed through variety of mod es toat sure the design will operate correctly Reporting

cause arge fuctuations in supply current to cause measured skew rather than skew budget vL

maximum power supply noise ariC c1ocjtter give smaller number

Designem of en choose rather conservative clock

skew budgets dudng design because they roust en

128

ock dis ribrtion is persistert challeng VLSI design The clock often accounts fo

t0% oft chips dyaam power es clock periods have dmreased the clock distribu

two root al dign de te with skews ow 10 of th

ycle time The DEC Alpha series of microprocessors led the clock frequency race

ito igh truth ott so 1990s En tl is se tim we will ice the evolution of thr ock gr ds

ig 12 ol tl ds the P6 2126 oprces ors

isle Fgu 12 96b plots tic sstc ratio clocks she oss the dc onowski98

obf tgul tiec cgr dr ye

dinr ctlv without cal clock gater The final clock had is 35 dr yen Fy 35 cm

ar wo the de ir is bu It

any saIler pvc ter
gai ged para el binar cc ayout used to tribute th

externa ck to of the river en sir sulta seous ock skew is tr near the certe

an increases toward the edges ie do driver generates so much heat that it raises the

chip temperatur by 300 nearby Checking for hold time olafons is simply matter of

gcrug gt tl

30 43 Aluhi 64 BowS 95 vs 06 cc
rI con cot or two phas nan it anamissior gate latehe wo banks of

ifr ri ectrs cc 37

eco to to dim

tw die

mh 600 MHz -uplia 2i2kii tGiescke7 Gronowsici9h Baiiev98 used Clara grid

that in turn drove an assortment of local clocks through gaters rho grid is divided into

ur wi How panes2 eacf of which is drver from its four edges Each driver along the

edge of pane uses rany inverters in parallel The clock distributed to the invertens in

fasho ti equal ices tIe RC dela by apering the Cs app oprately hc systemahc

skew is ose to ero along the edges of the panes id remains relatively small near th

ste cciuse the wires tIC mr gater perform clock yat ng to redure powr con

sumption Othcns go era de ayed ocks to Sac err ical patl Because the system no has

iltiple logical c1o ks with differcn ar isa imes chec ci ig
for hold tune vo at

req ii es riore careful timng analys
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CHAPTER 12 SPECALFURPOSE SUBSYSTEMS

Alpha 21064 Alpha 21164 Alpha 21264

____li__ __ ____

gr
galS grid

40

IV 10 Al Alph 12

pin
it

In 21064 td 2F 61 ha gi
bal clock distr button network rsust have low

tr dwcth Pr ye si ch large loaP caU acitar cc is cqui ci loin

amount of avetal wiring dedUca ted in the clack gr
rhc so has Fg capac ta cc

so Pock grid cm suncs gc nou fpewci Fo examp hc 21164 clock dis

bi ion uten rruncs 20 or 40% total hip power it tb 21264 the local clock

gate have electrical effo that reduces the capacitance scen directly on the global clock

TI benefiha becausa it redu ci th al age and capacitance of tfe global dock

grid wi ut multareouslv cd icing ulohal clack skea wcvep the cal
gatcrs

introducc

dd mr or ji
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SUMMARY

This chapter has surveyed package power distribution 1/0 clock and analog subsystem

design Yhi1e each topic is book in itself and specialty design area the short fat VLSI
des gner ii ust understand enough about each area to optimize the stem as whole

Packages connect the chip to the board or module protect the chip and are the first

link in removing heat They should offer plenty of connections low thermal resistance

and low parasitics while still being inexpensive to manufacture and test Flip-chip pack

aging using solder bumps distributed across the die has become popular because of the

large number of connections and iow inductance

he power distribution network consists of elements on the chip package and board

It must deliver stable vol age cross the chip under fluctuating rent demands Noise is

car sed both ave age and peak current requirements Multip ypa capa it rs offer

npeda icc to he filter gh-Ircquency ER and /dt cc Sc the suppl

nisSan ust be low enor gh to de iv the average urient id GI lines shoe ci

tl ru or

and lose inductance The supply wires lust also have enough cross-sectional area to avoid

at le rs se rec uir rn clv arge founts of ret ar jas

apar i- rr necs nar

sO oils6 aL ml suflg ml

geCe
tibic with ther ups hy must so protect the core cuitry against rye tag

cag
cci ug sucn1rsrem ii cluc ea gee erar eutioi inc gate uc ts

ock or cm to on ck an xter efc

svn hronoos commu aicatior pe 01 ii equencl mu tip cation lii do distr bu

ci voiks ul nid Ii balcoA calico kedeleneitsr low

ye The
rug can

ci lobal do
iT ira og nit ng dude mron so rcn ci ar

Ii ii

12 ceramic GA pa kage wt geod heat sink cod fan has I-er nil resistance to

the ar bien of 10 C/ lie tier nal sustance fro lie die to the package is

LW th package is chassis at II never cx ed 500 the xriaa/mum

cc pe 110 ccc uch po ca chip as

ci xcst chccgc ru xi se tch cii
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CHAPTER 12 SPECIALPURPOSE SUBSYSTEMS

12.3 Comment on the advantages and disadvantages of H-trees and clock grids blow

does the hybrid tree/grid improve on standard grid

12.4 Calculate the bias-point and small-signal low-frequency gain of the common

source amplifier from Figure 1246 if 07 240 gA/b1 and the nMOS out

put impedance is infinite Let JAS VDD 15 and 10 k12

12.5 Prove EQ12.24

12.6 Calculate the output impedance of the Wilson current mirror in Figure 12.97

N3NI N2

Wi son cur ii /ro

its ir s2i ft

cxamp ect or 6/ What is he mu rr im am oltag yo

curren source pe es

lz ma tne output impeaanm of your cur cut sour rrom rxerc se 05

fraction does he currcn ha as the ou to angus by

12 Sir mulate the operatmo amplifier of Figure 12 63 Usi
ig miri nurr size tral sis

rs nd resistoT vhat the ga

10 Wh ra at ke at fle in rcmc 12 as

gain \fl rat he adeoffs nro ved Vhat ga you ach eva rg rcas

ha nu
cLQa

Us SP to find sc id ouU ras stat iii siz

tra nistot in youm oces bi sad at Va V/2 at he gu mod

12.13 Repeat Exercise 12 for sistor sith 2x vi mum ci anr length Pow dam

th produc hange

14 Ir Se tion 12.6 on resistor
string

DACs it was mentioned that simila DAC
can ba mplemented th capacitors Des gn he arch aectu of ba capac tar

It
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EX ER ES

12J5 bias generatol is required to generate 16
steps

from to 100 gA to bias an

amplifier Design CMOS DAC to do this assuming the presence of 50 gA ref

erence current

1216 Differential circuits provide good noise immunity and have the advantage of dual

rail inputs and outputs Pseudodifferentiiil circuits based on CMOS inverter

amplifiers can be implemented by using two signal paths that process each signal

but do not provide for the same level of noise immunity Design single stage of

pipeline ADC that uses thic style of differential circuit

1217 To reduce clock and decoder skew in current-miode DAC latch is often

included in the current cell Design the circuit for such cell demonstrating where

the latch would he placed If this is slave latch where would the master la ch be

beat th
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Verilo

Ai
This appendix gives quick introduction to the Verilog Hardware Desc iptior Language

HDL There are masy texts Icrilog Tho nasO2 Csletti99 others

thai provide more in-derith treatment The IFE standard itself is quite
readable as aell

as authortativc 364 Many bocks treat Verilog as programming language
which is not the best vay if ewing Ve kg is bettci urderstood as si tha fo

uescribtrg dig tal sat Iv is bet to beg yru desiyr occss planiung on papc

01 aour nd the hardna von want example tFc MIPS processo con ssts of ai

rol inc datapa fror dde am crs hen VT te

g- as is
is to wit apr ii thi raFost the hart sat that rn led Tfvoe don

kr aw ha dv ar ye yoc st cersi get ng at ou

didi va So tine this xi us extra atchcs apoca cr us fliers
hin us

ta es far mote gates than it would Fave if it were note arefuG lesershed

di tCs1slunao pt
large age fo log nula ion in 984 Gateway was acqu red adc ice in 1989 at Ver

990 nO ix cii nl AO log Inter sat onal

Phe larguw sast so re sions bcca scan LEE stat dard 190 ard was icated

20011 as apcndsx cots at it tF 2001 tandaix

ed 84 at tle Id it dix em
It 051 Ii so ds its

or basiL primi ayes sud as gates sas sistors av ix cr og lescrib tic or

pits am coni utcd func ftle inpeta Tie amo nesa of ts

six hel am erlog same axin neal stater ts necessarily irip coxibns

tonal logic1 because the output on the left side is functk of the inputs th rg at

side Always blocks can imply combinational logic or seque twl logic depending on hexi

are used It is good practice to partition your design Ito combina ional and sequcn

xl components and then write Verilng in soc way hat you get what you urnilt If you

ha deer uu iodine see /a8ue aepe she shile ou sits if

Tic it rnnd bits pan si pr
sent puts other is di corn diati soB

ugie
mernorsi is

seque at ogi
has rncr us oi stat
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APPENDXA VERLOG

dont know whether block of logic is combinational or sequential you are likely to get the

wrong thing particularly common mistake is to use always blocks to model combina

tional logic but to accidentally imply latches or flip-flops

This appendix focuses on subset of Verilog sufficient to synthesize any iardwarc

function The language contains many other commands that are beyond the scope of this

tutorial

A2

32-bit ad is complex design at he cherr die level of rep sentati can be

ito ad orn3 fuladeic is achofwf cli tic rq iresaboa six2 1nputgaes
Va slog pray dci vuch iota corn act escript each ol the cxa rplcs in ap

Syr Pi Va 101

ci adjaccrtto the fcc ats it rnplsc

so

input 3t

31 Oj 1k

.L4ypioj

er dmodule

sodule ike ccl sh mauL beg no den upt in ii

is id vii coo arc o2 busses

ng gs cousc

ti Va ght do a/b chasges Th as sly rn sb ii log he spa

ci

Yer og has be of bitws cm tha oc usses For cx thc lb ng

mod le describes four inoc cii

du iv spu

10 30 33
35

asbJgSl
YLOO

endmodu
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A.2 BEHAVIORAL MODELING WITH CONTINUOUS ASSIGNMENTS

Similar bitwise operations are available for the other basic logic fttnctions

module gatesinput
output yl y2 y3 y4 y5

Five different two-input logic

gates acting on bit busses

assign yl /7 AND y3
assign y2 1/ OR

30
43assign y3 /7 XOR

assign y4 1/ NAND

assign y5 /1 NOR

endmodule

Lao

yS

ou exan ii ow es nr ts St se

Common be innina with ont nu pssblv acron multiple ci to the next

th /7 nu to th erd of Pn mpr ant

con met cmrp ei so ha six mox hs fror now ca underta id vitat you did

so so co oh assinc fix vo bucg% code wi be ible to figure tout

\Terilog is not pick about tie use of white space Never heless proper indenting ard

spa help flu irake nontrivial des gns readable Verilog case-sensitive Be cors

cao eat de ci sigr ia nes Pc ia ng
wit he se of rico eu be icy can nc ease tF silo arp tunnel syndro ne

Reduction operator imp rnult ple nput gate acting on single
bus For example tfc

fo owng rcoculc describes ar 8inpuiANDgat wit rpcts

nodule ond8inut 70
output

-a

asign
endnodule
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APPENDXA VERILOG

As one would expect and reduction operators are available for OR XOR
NAND and NOR as well Recall that multi-bit XOR performs parity returning true if

an odd number of mputs are true

The conditional operator works like the same operator in or Java and is useful for

describing multiplexers is called ternary operator because it takes three inputs the

first input is nonzero the result is the expression in the second input Otherwise the result

is the expression in the third input

roodute nux2input do dl
Jnuu

tout .dO 03

55131 dl 301

oidioue

flu her tO f0 ed

no

tad hc

haidware anc equa Itt/lncq litr N- inputs reiuir N-na XNORs
fe rd N1

snown igu W.02 woo ti ii subtraction compariso requ adele hi

cxpenso to ardn ire Variab lopca cIt an gh ilts cc id did honet of

and right shift iu ply ha ci shifter Multip tors are eve mor cosdv Do

us ìcsc sta ci lents as tho it contcp atitig th iuwbcr of gates ou are generatu
Mo

111 crioc ie essa fO
ori tooL Liar os or soecta fumt 01 ik adder

Cli il Ic Sy msy Dc ics asona od

up
th tic re

es syn hits or ik on and because th so no oval flinc on

nor ib

A3

Ic ba acim1 at 01 ore1 ta oo
cxi ip rio full addei we soriet 11 co deflie propagate signal as ho XC of tIc aso

nputs and he sun frosa the adder XC of th opaga gn and carts

\Vc can declare he poopagate ru Log ware statemen in thc same vas wc
se variab os on programming angu ge
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8ASC CONSTRUCTS

module fulladderinput cia
output cout

prop

wire prop

aasign prop
assign prop cm
assign cout cm

Gout Gout
endmodule

un2 co
jni coo

Tech sicallv it is not necessary tc dcc at it gicbi necesar

dcc arc iw ti-b busses at good pra cc ccl al gn ho etc og ai

and yet is jve rs that fflcs it to dchphe en rio declared

VU Sc ye

opera tot preLedercc usc fewer parentheses

UUSJ LUL oar oti at

11 opcratoi wcdc cc io est cc

gu es si I5ND las urcee enc ri OR

LtD cst

MUL DIV ODLLO
LUSM NUS

Log cal Left/Right Sh

Trthr ietc URigI Shtft

Rclitire Com1afs

Lqaf mparron

AN
XORXNOR
OR NOR
Coat1 ions Lowest
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APPENDIX VERILOG

Constants can be specified in binary octal decimal or hexadecimal Table A2 gives

examples

3blOl Binary 101

bil unsized Binary 000000 00011

8bll Binary 00000011

blOlO 1011 Binary 171 10101011

3d6 Decimal

6o42 Octal 3A 100010

tAB adecmii ii 01011

42 unsized Decmal 42 0000 OOLO1O1

14 Os SiC so

ass srclsr csr oss ccs cia

may be surp ned is hen eo og assu CS the constant has add too nil eading Os tha yos

ddnt tend Is sn mlsos gre bc elpf hr ir lo

numocrs into inor readaLic cnunhni it the base is ouinicu ic nun boo as uir

dcci on

bore va des gns dcvelo1ed als rare ca foi in shins cc do es

omposed of ub nod es For exani up xcr con tructe fn
hre hip ci

flpUt x2

output ItO fl0 IS
1301 30 30 aol ODJEm d03 301 -4cO 30 rn4y 30

sre high
IAIIOI r2 30

mux2 omnuxciO cii stO low nmu aux
roux2 ghnuxc12 03 high
nix fina in os sigh

odiiodu rnus2

00fiubj dUO in

SilO

ghmi
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A.3 BASIC CONSTRUCTS

This is an example of the structural coding style because the mux is built from simpler

modules It is good practice to avoid or at least minimize mixing structural and behav

ioral descriptions within single module Generally simple modules are described behav-

iorally and larger modules are composed ructurally from these building blocks

It is possible to leave bus floating rather than drive it to or This floating value is

called in Verilog For example tristate buffer produces floating output when the

enable is false

module tristateinput

input en
output 30

assicn bz yl
erdncdu

tes au und fined mt isp ed At

up sate odesuel as he teim od offltpfo1smralo iuall

We ould define miultiplexer us og two tris ats so that the urput is contmnuo sly

ix gr tee ha th it fi tiiig mdes

module mux2i put dO dl irstat

irpu

r3
O

1
P

P

itate tel

Ys te

as

Often is necessa to ope ut on par of concatenate jo oge signa to

buss tI riux4 xa rl it sg bt ma

ws used for he ow and gm moves and the nost sign ficant bit was us fo the

fina ra ges to selects bsets of bus Fo example an 8-bit wide 2-inpu sux

car be constructed om two bi sde put moves
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APPENDXA VERILOG

module mux28nput dO dl

output

mux2lsbmuxd0 dl L__
endmodule113 dl 74

he rotation used to concatenate buses For xample ie ollowirig

tipher produces 6ulit result sihich is placed on the upper and ower 8bit result busses

ii pr art 7O

assign upper Jouer ad 7a _____endmodu
var

16 2s onaplemeat iota ber is ugn erded 032 its b1 opyirg si

ar it of ii in 16 iii us Veri te rica

15 to tFe 16b mae sInthesi tons produce tao su that

fcc ItE rough et cans at iipu ul iF rough ii the out1 Ii

sari dd lie If

ioghit ice uhf Icc ria if

rrodue aignextand Igut

output Ii
assagn 6a

andinodu

a15O
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A.4 BEHA\OORAL MODELING WITH ALWAYS BLOCKS

The next statement generates silly combination of two busses Dont confuse the 3-

bit binary constant blO with bus Note that it was important to specir the length of

bits in the constant otherwise many additional 0s might have appeared in the middle of

assignya 3b 3blOl

This produccs

he lelay statement can be specified in arbitrary inir For example the foil wing
ode defites am iiwerter vith 42unit prop igation dilay Delays harm no impact on syn
thesis but can be helpful while debugging simu at war ef ms becausc they makc cause

andcffetm ajiar at

assign 42

st te nt nc am on he righ de rare he

tore ci mu cmesc inc cc marc ation1 o5ic Always bioca are recvaiua ect only sig

als in tbc iead ca led ansztciti list ig
Dc wnding on he fo ii ways bk cbs

can imply either sequentia or ombmnational circuits

Vcr bg ers to cdge riggered hp-fl pa as rcglstcis Regi tcr demr bed ii an

o.ed ci rita nt

nocLnlc up iput cik
ii

output reg Of50

aiwa @po.edg clk

endmodule

The hod the iway- atemert oclv evaluated the una 1ositde edge

tic Attli outpu copcd ft ira mruutd Iw cd icnblo

ny assignment and is pronounced gets as in gels
ci Think of it as regular equals sig
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APPENDXA VERILOG

for now well return to the more subtle points in Section A4.6 Notice that is used

instead of assign inside the always block

All the signals on the left side of assignments in always blocks must be declared as

reg This is confusing point for new Verilog users In this circuit is also the output

Declaring signal as rag does not mean the signal is actually register All it means is that

it appears on the left side in an always block We will see examples of combinational sig
nals later that are declared rag but that have no flip-flops

At startup the output is initialized to Generally it is good practice to use reset-

table registers so that on power-up you can put your system in known state The reset

can be either asynchronous or synchronous as discussed in Section 734 Asynchronous
resets occur immediately Synchronous resets only change the output on the rising edge of

the clock

ire tloprinput elk
liput rese

outprt rag 0q30J
as rca

ccI ci poe
it

ese
ndmo ide

riodu flopa input elk
wet

hitCh

hr

ot ueg

pocj
et

q-d
end od

Note that the asynchror ously res ttabie
flop eva uates tie always blo wh either

clk or reset ise so th imtrediately respor ds to reset The ich onous est bc
not sensiti ed reset tithe St SO it waits for the cia edge before ciea ig

output
You so cc egiste ca

onab two Th fol ow ag regs abe ard async ito ion toter ret ad
value i0boti reset and en false
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BEHAVIORAL MODELING WITH ALWAYS BLOCKS

module flopreninput elk
input reset
input en

output req 0130 130Jr
1/ asynchronous seset

always @poaedqe elk posedge reset
if reset 4bO
else if en

endmodu le

Always blo ks ca be used to model tra isparen latcfcs also known as latches When
he gf fie Iacf iaripar the ta flaws the tpat \Vhn the

clock is by he latch goes opaque am the output remains constan

hjrt

req d13003i 030 iAq1301

cix c30

nnd ci

ha st ocka tire Ic daha ii

ti tpu get Pa Noti ha ci is ala cl ood ot cgiste rile

still ceclared as regheciuse is tfe ef sith of in ai always black Some sijn

too ed ar iggcr ar

rr 1srch pine tnp

Consider two ways of describing 4-hit counter with asynchronous reset The first scheme

behavioral implies sequential circuit containing both the regstcr and an adder

The second heme structural exphcitly declares modules for the register
and adder

Lithe sc ocrie is good for simple rcuit such as counter As you devobop no

cc nplc ho et te cli as sag oil idea eparite the next St to bg from the

vii co Vc 101 pro eat ou or inch icr

ire many simple rrors at cad to cii uits unf those te vied as wil be cx lo ed

inS ctirol

UMC 1341
UMC v. AICP



APPENDIX VERILOG

module counterinput elk
input reset

// counter using always block

output rag

always @posedge elk
if reset 4bO un3_q

else pal
endmodule

module coo terinpUt clk
input reset

output
reset

oiire nextq
oR

it rodoic
i0 re et 0Je

ore
DO 130

30

00 ret 0O
08

1/ sousa bit addr
dmouula

Plwss bock ply tallogcwxen one ftle puts do notap eor he stim

ulus us or might not aus ftc itp to change exarep Ic fib aod not

to he se sot fbp does ro rr ly rcspc get oft ch

tf list bu ia es gn ed ess is hg Al toys blo lie us

at ci cry tu it ci ut5 to lo ng

no ci or an 11 Not tf fl St he dcc ared eg

becaus appea so th left side or sign always bloCk rtneis

the tput of mbinationl logic register

module nvinput
tp eg LO

always @1
301

en $noduie
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A4 BEHAVIORAL MODELiNG WITH ALWAYS BLOCKS

always evaluates the statements inside the always block whenever any of the

signals on the right side of or change inside the always block Thus is safe way
to model combinational logic in this particular example would also have sufficed

Similarly the next example defines five bani of different ldnds of gates thr case

an would have been equiralent to lowevet better becaus it avoids

common mistakes of missing signals in the stimulus list Also notice that the begin end

construct is necessary because multiple commands appear in the always block This is

analogous to block structure in or Java The begin end was not needed in the

flopr example because an if else command counts as single statement

module gatesinput 30 -4-7
output rag 13 yl y2 y3 y4

80
y3OOj

always fi

bsoi -o- aOjfi rg

ii fg4
// OR yiO

xox L__
-3

flt

aid

10 2-0

Ip
ooi be ce ncr tho vi ac ppr hi

cc is

Cd ira of the ali ey ot ht ikm ad

iae of case ta cue it at car nh ep war node -at ay OcI

nodu ciecoderalwaye op

out7

/7 38 decoder
Wa

case

3bOOO 8bOOOOOOOi
3bOOi b000000lO

010 8b00000i00
3b0il- BbOOOOlOOO

Ia 00 10

bi0l bOOl00000
bl0 Ia

bill bl0000000
ud as

erdmodilc
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y41

y40

y39

y3

I9I

y5

ir lea eqea ir

gista rient
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A4 BEHAVIORAL MODELING WITH ALWAYS BLOCKS

module decoder assigninput
output 1a2i2JEii

assign -a
assign -a
assign

assign -a
assign yl
assign

assign

assign
endmodule

yll

10

y6

An crc ra ol it logic ía scgmc it disp ay
decode Tio

tt99 seg tdisplayisshowni Figs cA edecodcr takes bit

ni tibet and displas its decimal ral on ale scgrrerts Fo ample the mbcr 01

should turn on segments md The equva ent logic astgn statement

describir tIe detai ed log for each vould be tedious This more abst act approach

faster to urte clearer to read and ca automat cally ynthesized do to clii

cat log ire pie nentation his example also lusts ates the use of parameters to defne

ak ta ci data It it

seg neat
mnL utu wiser tie outsid ii ranne of dcci iii

raIa rrsaipi
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module sevenseginput data

output rag segments

// Segment abcdefg
parameter BLANK 7bOOO 0000

parameter ZERO 7blll 1110

parameter ONE 7bOll 0000
parameter TWO 7bllO 1101

parameter THREE 7bllI 1001

parameter FOUR 7bOll 0011

parameter FIVE 7blOl 1011

parameter SIX blOll

parameter SEVEN bIll 0000

paretec FIGHT blll 11 O1aO
rarameter NINE 7b111 10 dNapOT- usA DOU

always egmcnts 16

fat

segmerts nERO
aurar ONE

sgmna NO

ar iRF
ejue OU

sagmeucs
segments SlY
aegmeras SEVEN
ccl
segitents NE

default segments BLA\K
doase

endxrooule

binalll% co pare ti cc en i1
is of mon ico cc at sets one utpu

po tot rif tia cc

awavc kcs Pc 101 quit adF as state iso

alway blocks and losas don caieb in the cas logic indicated th symbol ic

ass on iei svi esize tic anc sesu but aigmablv less c1c cad Note

tilt another cxampl of adt it ugi because ccc

styles the f/cisc roach reco aided fo descr 11 pnc encod rs btraiisc

the easint fo most engineers to rccognae Caoe statements are best reserved for finctions

specified by truth tablc and eaeez statements should be used for functions specified h3

tru tafln tIi do ft cares in he firs two description crust be declared as req

because it ii assigned nsi Ic at always block
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A.4 BEHAVIORAL MODELING WITH ALWAYS BLOCKS

module priority ifiriput
output reg

always

it blOOD
else it 4bOlOO
else if afl 4bOOlO
else af 4bOOOl

endmodule
else 4bOOOO

y24

111

mcdulc- uro ri
3C

cj

4b177 4bl oo
caa a1

bOO 4bO 10

4bOOOl b000l

dci 1b0

erdmodule

y25
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module priority assigniflput
output

assign
assign

assign yE1 Ha
assign

endmodule

y24

ii 25

se cc

og ug
dii ii

imply combratior logic is safer to use ass gn staten nts dar always bin ks

erthe cc iich th it it iv

blades stiti she it esing styi as io as yoS tiiurvuginy

doing

Ye log ha an array co ret used dcac be icr ior cv he fo lo it dub dcsc be

64 hit it ous at tte Fe ege

gr ci re ath dan

isiac vi

nput addrr r1 RAOOC
ii do tan rou lk mel

Ito

pu wrb 150_____ 150
50input din dr WAODR itO

rag mee II nenosy

DOUT

to dout

01

lvay 0CC 0115

if wrb mem din

assgn duo men addr
en iodu
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A.4 BEHAVIORAL MODELING WITH ALWAYS BLOCKS

Synthesis tools are often restricted to generating gates from library and produce

poor memory arrays speutalized memory generator is commonly used instead

Verilog supports two types of assignments inside an always block Blocking aicignmenti use

the statement Nonblocking assignments use the statement Do not confuse either type
raiih the assign statement which cannot appear inside always blocks at all

group of blocking assignments inside begin/end block are evaluated sequen
nally just as you would expect in standard programming language group of non dk

blocking assignments are er aluated in parallel all of the statements are evaluated before sin

ant of the left sides are updated This is what you would expect in hardware because real

logic gates all operite mdc endently rather than waiting fo tfe completion of ci

gates

For cxiii cons dci two attempts to describe sh cg tc eacL clock edge ndcu ii

the data at sin should be shifted toe first flop as hwn igurc The fir

fiysLf cdaa sc fl af ada
on until the last element ops off the end

sod lc at 3zejinput ciSc

ro

Outp rag

1/ using ionblo Si ss jn ent ___________

ways posedge cia
20 i0

i30kg
jn-- oj qC

q2

end

drod sic

he oeking assign rents n-can that all of the alt es on the right sides re

assigned ltaneously herefore wil get the original value of not the value

fair tba gets loaded irto Tb vha we would pee ft ii al ha lava Of

course of this cool he written on one line for bre irv

odin2 ascignmen at nao fam Ii ion- tad progr miving angiueg but

the accc italy io haidwr ons der the san-c nod ucirg blockirg assig in nc
When elk rises the Venlog says ti at shou be copied or sin en

be cope frori newv ii of ard fort gt rs me2 atfi gc tie

Sin Vl_
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module shiftreglnput cik
input sin
output rag

/1 This is bad implementation
/1 using blocking assignment

always @posedge clk
begin qisOt

qO sin // blocking

gE3

nd

Ic trato

iiod 1in en al log ng ct tfr ingenu1 such revers he orders of

am sg orb th

ot at ys oc ot

or cy Ot

mrrcd out Irs be cd

AS
micaetvosNc us ymah utput

ut Voo ma ie Vp it

tnto St

rext ______

mtp.t puts
21/

og

irputs
flex

ci

OUPUm\ outputsat

Noo Mea mu nm-
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FSMs are modeled in \Terilog with an always block defining the state regis

ters and combinational logic defining the next state and output logic reset

Let us first consider simple finite state machine with one output and no So

iuputs divide-by-3 counter The output should be asserted every three clock
out

cycles The state transition diagram for Moore machine is shown in Figure

The output value is labeled in each state because the output is only func

tion of the state

Divide oy counter

state ranston diagram

modu dvrdeby3F5M anput cik
npu reset
output out

reo state nextstate

oarb

Ucl

cot

eta Rerister
stae

dctc xc
rf tSec brace CU

state te

1/ Next State Logic

Jkxt5ttE/

flextetete

xt

dcc

1/ 1pt Log
asign out state 52

endsiodule

TI lie FSM mode is divided into th cc portions state
regicter

next state logic and

07 at log The state registc logic describes ai isynchronously resettable
register

that

cr se is to ftc corn text state Tins stat

Rift par reters lows ftc csy modificatior of te encodings and makes he code einr
to se next ta log computes I- as ctio of the ate aid
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inputs in this example there are no inputs case statement in an always state or

inputs block is convenient way to define the next state It is important to have

default if not all cases are enumerated othemsise nextatate would not be assigned in

the undefined cases This implies that nextstate should keep its old value which would

require the existence of latches Finally the output logic maybe Function of the currant

state alone in Moore machine or of the current state and inputs in Mealy machine

Depending on the complexity of the design assign statements if statements or case

statements may be most readable and efficient

The next example shows nite state machine with an input and two outputs Out

put is true when the input is the same now as it was last cycle Output is true when the

input is the same now as it was for tha past two cycles This is Mealy machine bacause

the output depends on the current inputs as well as th state The outputs are labeled on

each transition after the nput The state transition diagram is shown in Figure AS

rem

xlyO x4 xO aIx1yO

S4

sto 5111 it Le diii 01 igia
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A5 FNITE STATE MACHINES

module historyFSMinput elk
input resotf

input

output

reg state nextstate

parameter SO 3bOOO
parameter Si 3bOlO
parameter 02 3bOll
parameter S3 3blOO
paraneter S4 3blOl

1/ State Register
alway0 @posedge elk posedge reset

ti reset state SO
eLe bLots rextatate

/1 Next State Logic

always

are Late
SO next to 53

tc

else rexts ate 02
tf ext ate

it nextstate S4

EBe nxttae
rext ott

Be Text ate C- 51

dl ttate SO

ac

1/ Outou ogic

ji sLat oLe
state satetO

d-rodule Unit it
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st emhine

010

01

Di
un4x

un S0

outpu log ea uatjoi depon the spe it stat LOS

ou jar ge ri ad apeod ii the ii an Ies

kirghttnoc
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A.5 FNTE STATE MACHINES

1/ Output Logic

always @state or

case state
SO begin

end

Si if begin

end else begin

end
S2 if begin

end else begin

rd

SO it beoin

erd else begin

ye
end

04 if begrn

10

ldcasE

ase is Os

red tied to

II ba ipt iC cf

ii bcgr

erd eJse begn

ci

lh dcsigncr reasons tha get to state 04 xc must have passed through state SO

iv gi oc tang hig Thercforc aignric it of is optimized out of $4 hcr

igh Th ncorrec rc son ig
Th modified approach mplies sequcntial logal Spe

cifically latch is implied that holds the old value of when is not assigned The latch

holds ts output under peculiar set of circumstancev and the state must be used to

mpute the latch ock signal This is undoubtedly not what you wanted but was easy to

inadvertentiy imply he moral of this example that if any signal gets assigne in any

branch of at if or ease statement it must be assigncd in branches lest latch be

pid

UMC 1341
UMC v. AICP



APPENDIX VERILOG

A6
So far all of our modules have had fixed-width inputs and outputs Thus we have needed

separate modules for 4- and 8-bit wide 2-input multiplexers \/erilog permits variable hit

widths using parameterized modules For example we can declare parameterized bank of

inverters with default of
gates as

module mv
parameter width

input
output

assign
endmodule

We can adjust the oaramctcr her we instant ate thc block Fo exan pie we can

bui bask buf cii us rig pa fbarks sf12 nverters

nodue Ui

iparnueter uirbita 12
input

pt

wire nunb Cs up
nv 12

hi0j

fly

12
tiu
tnubt

endmoduie

Wher coding he str ctura leve pnm ves exist fo basic logic gates ann transstorri

Fxamples for full adde carry crcuit majority gate were given in Section 84

Gate px xv twes ii dude not and or xor nand nor and xnor The ou pu is dedar

first ltipN input it ay
follow For exar iple inp it AND gate may be yen as

and gly ci

Transistor primi ives rciude tranail anif0 rtranifl and rtranifO anifi 15

ar na tra us or tha turns 0s ics tie gte wfile ti sitU is pMOS ra

br The atranuf primitives are resistive transistois te weak trarsistors that ar be nyu

curr by ongr driver For exits pseudo-nMOS NOR gate th eak pull-up
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is modeled with three transistors Most synthesis tools map oniy onto gates not transis

tors so these transistor primitives are only for simulation

module nor2input
output

tranifi nly god
tranill n2y god AH_BH2
rtranif ply vdd god

endmodule

The en devices ar bi directional that is the source and drain are svmnw ic

Verilog also suppor unidirectional anne and pmos primitives that niy allow signal to

do from the input terminal to the output term nab Real transistors are nherently hi

ci ecfo aSl SO Ui di fond odck ca rn it sir laton not cat ing bugs Tat wo Id

cx st eal ware he ti es red or

P8
Ver og iTo tt though rio ho mall fgrs it ivy be ra Ito

as fo csFo1a1
des gus this procedure usually iutor ed with ts hiich

The wng curl sho ad Ic ass ciat cv es be

onsynthedzabie system ca ls to read file apply the test vectors the device under test

DLI check he res lts por ny cre des The atial tateix ent ddflr

hoc xec te or artup ci aimu anon the $reednemh reads file

xa cc ar iy ii in op stvertor tv die si Ws fiT

nut tc rn corn sting of two -b riputs and expect 32 LIt output th

ag cag
Tb seas ci eaya di cp of

ime die high for 50 Or ecF odd ri edgc of if oek ale next test vector is app ied

the inputs the expected out ut saved The actual taut is samp ed on the cgative

edge of the clock to permit some time for it to settle It is not uncommon for bad logic to

generate and values The and --
comparison operatior return if either argument

din or so they are not reliable he and commands check for an exact match

ncluding or values there is mismatch the Idisplay command is used to print the

discrepan ch nae ectornur is dicre vented if CS be ch checks to see if the test

cc err ha cf as en and 100 to Five bee

applied or the test ecto corsPts of as for our tetvectoz tv fi it vs cad af cc the

for ectors arn applied
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module addera
input

output

assign
endmodule

module testbaneh
reg testvectors
rag elk
reg vectornum errors

rag expeetedy
wire

7/ instantiate device under test

adder duta

/7 cc tte yea file and riitia1ize test

initial

egi it

$readnenh testvectoretv testvectors
vocornun errors

er

it
oak ecite cc ote

alwaya

begir

1k 10 1k

en-

gays lposedge elk
be in

ctvcc ctcr

vact actor ir3

pectedy tastyacto vectorul3

always nogedge

begin
tot vactornun

if expectedy begin

$displayInputs were %h %1i

$display Expected %h but actual %h xpe edy

errors errors

end

nd
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II halt at the end of file

always vectornuin
begin

if veetornum 100 testveators 32bx
begin

$dlsplayCornpleted %d tests with %d errors

vectornum errors
$finish

end

end

endmodule

testvectors tv file

00000000

00000000

00000000

00000001

00000000

00

123

12345678

4S8acfO

A9
This sect on nc odes et tyle idol nec ard campl sofa number of bd cit ults

oduced by corn ion Verilog coding errors The exair es chide wa ngs given by

op sty ic ar by nit ties to

rJse ny tonuli clung assignments rnsia always DiOcks

Define your combinaf on ii logic us ng aaalj stements when pracfcal Only use

always blocks to define combinafonal logc if constructs ike if or case mak your

logic much clearer or more compact

When mode ing combinational logc swi as always block if signal is assigned in

any bra ch of as as staement must ssigned all bran ci
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Include default cases in your case statements

Partition your design into leaf cells and non-leaf cells Leaf cells contain behavioral

code assign statements or always blocks but do not instantiate other cells Non-

leaf cells contain structural code i.e they instantiate other cells but contain no

logic Minor exceptions to this guideline can be made to keep the code readable

Use parameters to define state names and constants

Properly indent your code as shown in the examples in this guide

Use comments liberally

Use meaningful signal names Use for generic logic gate inputs Use

for generic combinational outputs and for generic state element output Use

descrptive names for nongenerie cells Do not se too ber or az

10 Be consister your use capitaliration and underscores

11 or syn if gs yo ta ti ic

Tie doe register tchs are umon aces introduce bug \I FP and

IC ci fi iv tio ppl it

gg
au

anc ad cm rc es oti re wr err gr ian ode

and the cxper se of debugging th se err he ollow gu ic or to sue

sye

Use only nositive edge tt ggereo registers
avoiu negeage Ue

anspa crt late1 Cs

Be ertain ot to nad ertentlv mply ehes Cheek wnti cbs reports fo warm gs

ici as

Svnopys Va
rug

ruith 1feu-red ies gr cc hdlrn ch in atch

Synp cty @W Latch gee ratedf sri ways blockJorsacl

ov uc asyr
el 00 Ci ur

Provide con mon clock to all of yo egisters whenever possible Avoid go ted

clocks whirh
Lay

ed to extra ci skew old tme au rem ss ri ink aF

instead

If you get any Bus Conifict nessages or ys yo simulation sure ar theu

muse md fix he oblem

iae follow ellen twos ended nbc transpuert ate1 ti put

from the stimulus list hVhen synthesized it still produces arsparent is vet

warning If he Ver log is simulated ill mange the rising edge of clii bu not on

angeir while cia is stable Fgh rs the eircuutssullsimtha as fi we fiipfioo
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Inconsistencies between simulation and synthesis are common reason for chips to fail so

correcting these warnings is vital

St OOS IVznng T/arabL ii is being ead

in routine notqnitealatch line in
file iiotquztealatch

but does not occur in the liming control of the block which begins there HDL-180
Synplicity notquitealatch nS Incompicte sensiti oily list assuming completeness

@W notquitealatch 512 525
@W notquitealatch v6 Referenced variable is not in sensitivity list

@Wc
notquitealatch v620622

uodule notqultealatchinput 1k
sput

iSO 001
110 30ou put rag 030

cC

00always @clk

endmodule

iir in the liowi shinrti ae civ ttd from

isl of awyb Snl od gtebu gie
nn

Synops Warning Variable being reac

ii -7
but does toe ur in lb to mug co itrol oft/c bl which begh

th ID
rp ul ite a4 on lyle seizoil lzt usunz coripl cue

VWgctsIado
VII goc od II

a000use gatessnput 001

_ac cv

output rg 3O yl y2 y3 y4 y5

y3

ra03rajwaye 1a 30be

AND 00
y1 j4

y2-a //OR
v3 /7 XOR

y4 z- 7/ NA
30

toe 30 30 30

ad
endrnodula

00
y330

5301

33

31
30
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The next example is supposed to model multiplexer but the author incorrectly wrote

posedge rather than Because is by definition high immediately after its pos

itive edge this circuit actually behaves as flip flop that captures dl on the rising edge of

cik and ignores dO Some roois will synthesize the fiipflop ehile others nilflust produce

an error messagn

Synopysis Error clock variable is being used as data HDL-J 75

Svnplicity badrnux.v1 Input dO is unused @bll badmux 121133

module badmuxinput dO
input 30

output rug
301

always si ii 110

ij

yZal
yo dO

y30

urJmod is

re loll vaing xi at oh are pp na ass may

Fe begin/end block is ng xt cc

Synopsvsl Fwo svn1ar error at or near token ntquiteutwobitfiop Lone Oj

eao /oçfiL ol 00 iop fip 17
ip cib eo

qnz wolitfiop v7 plc/lou 0E nolq iteaivohiftop.v79 79

module so uitaaob tlopilpui 1k

op eg jq

so 11
03

qOj 0j
as dnoduia

me text air fi late ate ac user ded gF

state is ann out2 to be higl wlxex he state Howe ci ode race sets he cuts

low Svnopy proc uccs rcu th an SI latch at transparent arc at set
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output high but never resets the output low Synplicity produces circuit in which both

outputs are hardwired to

module FSMbadinput elk elk

Synopyss
input state outi

output req outi out2

iiirreq state

always @posedge elk
if state begin

if state

end else begir

if state

end

outi
alwaysiLae ou

ynelse out2

TO

on Ic cod ode cs tF hsir st

inpu

cu ou eg outi out2

eri se begin ck
jf sta

end ou2

always

state bejin
out

end se beg

end

eudnodule
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The next examples show an incomplete specification of input possibilities The priority
encoder fails to check for the possibility of no true inputs It therefore incorrectly implies
latches to hold the previous output when all four inputs arc false Synplicity produces
bizarre circuit with SR latches

he synthesis tool will warn that latch or memory devica is implied The astute

designer will detect the problem by knowing that
priority encoder should be combina

tional circuit and therefore have no memory devices

Synopsys Inferred memory devices in
process in routine priority_ahways line infile

przorityalways badv

Synplicitv @Wprior iy alwayshad cfl Latch generatedfrom always block for signal

OJ probably caused by mis
leg ass in nec in an if or se I/mt

@TV prwrit alway bcdv 6-58

rodu prior ty aiwayainptt 3O
00 ou

Jf
eisai 4b0
isa bOOlO

al

idmonule

ISO ir

Ur

Er
y2

YI1I

u1a i1Q
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The next example of 7-segment display decoder shows the same type of problem in

case statement

module seven seg display decoderinput OJ data
output reg segments

always

ease data
segments 7bOOO 0000 /1 ZERO

segments 7blll 1110 1/ ONE

segments 7bOll 0000 // TWO

segments 7bllO 1101 1/ THRaE

segments bOll 0011 1/ FOUR

segments lblOl 1011 /1 FIVE

ssmets 7rblOl llll 1/ SIX

segments 7blll 0000 /1 SEVEN

segseit 7b111 /1 StUNT
01 NINE

erdease

rnik connor take to forgettv defau ti Fe sex sate or or

oro anFS\

modue divide y3FSMinput clk
put reset

it

rru 10 aLa rext tate

parameter S2 blO

// tate Regis er

ways @posedgs elk sedge reset
if reset state SO
else state iextstate

/7 Next State Logi

ways @state
ras 0tata

nextstate 51

Si nextstate 52
S2 nextstate SO

andcase conirnued
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// Output Logic

assign out state S2
endmodule

extstate 14 ____________
nextstae

uni nextstnte

Bad code sometimes leid to shorted outputs of gates For evanp state drivers

follows
ig ix ultplcx ou have me ually ex lusive able signals but toad ar

bo actve xrdlta oil ard produc confi who io and Ct ax no could

Syr ass ix or or os eve vs ula ob

ather Far Us vhe the us bei xg igh and Yo
also ta Bus fi ctwar ii nessag

no u1 mux2xnput 30J dO CI t4stats

nput

output

tat tOdO

EJ
triBtate tldl

erdnaodule tnte
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Another cause of shorted outputs is when rag is assigned in two different always

blocks For example the following code tries to model register with asynchronous reset

and asynchronous set The first always block models the reset and ordinary operation

The second always block attempts to incorporate the asynclconous set Synthehs infers

separate piece of hardware for each always block with shorted output and may report an

erroL

Synopsys Error the net Vverl/q has more than one driver

Synplicity @E.fioprsbacLv5 Only one always block may assign given variable

@E fioprsbadv533534

module tloprseninpu olk
reset

input set
irput

et
reset

always

endriodule

Section recor tmnded us nonb ocking assignments is all always blocks is

00 ty nt IC SON lvg VNDge

roduip andibada

inpt
output

rag

eg tmp

always ta up
tag

top ab
tmp

end

or dmodule
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in this example suppose that initially and Therefore tmp initially is

When rises the always block is triggered trap is given the value but is in parallel

given the value because the new value of tmp has not yet been writtern The code can syn
thesixe correctly but simulate incorrectly without warning The problem can be avoided

by using always to describe combinational logc

AiO
To illustrate nontrivial Verilog design this section lists the Verilog code and test bench

for the MIPS processor subset discussed in Chapter The example handles only the LB
SB ADD SUB AND OR SLT BEQ and nstructions ises ar 8-bit datapath on ight

egicterc Be2rce To instructinn is 32 bitc wide it is ntdoil in coiir sacrc4slve 4$erh if es

across an bit patf to extern memorv
The test bench iiual xci 512- byic cmo with it ucti and data fi rr tcxt

Sic he code xc cues eac of thc instr ctio is lie irlpsteat aan asserr bly lang age le

and enSUe text file arc wi civ The cit bend Ui 11 hi rim ci

Cv vi ca

4$ 051

9/ 6/0 Tav4d Ha as Dav Harris@h eN

4$ jUi Hit-a irstructiois Aseume u-iroiy was
itt alized

II do
4$ wo i7
4$ woil 18 12

no as ib odcC cc Mac ii

6850 tialize $2 580020044
is es

4$ 18
c221i

and $5 $4 4$ $5 12 and 400642B-
mid $5 5- $8 U0a42820

cq $7 zd
4$ ahouidn be takenlOcJ000S

sit $6 $3 4$ $6 12 00064302a

beg $6 $0 aroid 4$ shoild be takeriiOc0000i

ib 0$0 4$ sho iNn happer800S0000
ound si $6 $7 $2 44 $6 100e2302a

add $7 41 $1 00c53820
Sub $7 47 $2 4$ $7 700e23822

0800000

Jb $7 04$ 44
ouid haoa 80070000

end ab $7 0$2 44 write adr 7-0470000
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A.1O EXAMPLE MIPS PROCESSOR

memfiledat
80020044

80070040

80e30045

00e22025

00642824

00a42 820

10a70 008

00 643 02a

iOc0000l

80050000

00e2302a

00c53820

00e23822

0800000f

80070000

a047000C
03000000

05000000

00

7/

/1 ra pa
of

II Model of subset of 81 processor descrrbed Cd

7/ we des go testing

rodule no 4paramete VIDTP RECB1I

re cc
rag rese

renread net Ce

sire PIP adr te eta
tire PInTS iecdata

asi cc td
nips 451015 RIGS IS dutc reset tend no tread icsr ft at ed

/7 extertaL nentory for code and date

exeter TB exccem0 iemritc adr writ data ic It are

Li trr

begLii

cc 2reeetn8
eni

1/ generate clock to sequence tests

weys
begin

ck-l StclkO
end

aisay8 oegcdge oil
begin

tews

eor sriteoat

$d Inlay Simo ion cninp etely successful

else $fip aySimulat1or at ed

end

endwod le
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// external memory accessed by MIPS

module exmemory parameter WIDTH

input c1k
input meiswrite

input WIDTHlO adr writedata
output rag WIDTH1OJ siewdata

rag 31O RAN

wire wordX

inirial

begin

$reedmemhmemfilsdatR1rsi
end

II reed and write bytes from 32bit Word

always 0posedge cik
ifmsmwrite

case adrlOJ
2oOO RAM wri edata
2bO RAM 3SS eritedata
2hier R7XMadrii2 2316 wrtedata
2bi RZrN wr tedata

endcase

assgr PAd

ways

case adr
bOO asmdaa wod 24

rid
reida

it idet
dcse

rdaodi

1/ smplifid IPP processor
mode rips ersneter 8ID PEAl

ci

irput PAITHlO memdats

ou put memread in xiwr

fl wr eat

irs

zero at am tire cs regwr edst
51 duo dl ci

wire 30 irwr

Wi eeco

nor cilia nor irs 26 ire
ii crrc ci

dir ro on

pcsou Os iuop rwmc-e
or cul op ucot

datapath SWIDTH RPAF3ITS
mc ut ci La us ca iuciitoreg cco pci

egwmite regdst pcsource alusrob irwrite uoont

demo isr adm itedata
endicodule

module cootrollerlnput cik reset
input 50 op
bout rero
output rag meinread meiswrite alumna memto sg iord

output pcen

output meg megan megdst
tereg priori iacb up

output rig irwr te
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AJO EXAMPLE rvUPS PROCESSOR

parameter PETCH1 b000l
parameter FETCI42 4bOOiO
parameter JETCH3 4bOOi1
parameter FETCH4 4bQiOO
parameter DECODE 4bQ1O1
parameter NEHADR 4aOiiO
parameter DBHD 4bOi

parameter EWE 4bIOOO
parameter SBWR 4b1OOi
parameter RTYPEEX OO
parameter RTYPEWR 4blOii
parameter BEQEX 4b1iOi
parameter OWE bllOl

parameter LB Ybl00000
parameter SB 6blOiGOO
parameter ROYCE BbO
parameter SEQ 6b000iOQ
paramete 6bOOOOlO

rae etate nertetate
eg pcoc pee tooxd

ctae egacter

iaya Cposedge ct
cc

else state rears ate

exeeioee

FTP
ccx FT NI

FTCH3 nextat ate FETCH4
xaa

iCODE aec
CC1

hE xcxtar

Ypt slate YP5X

naxtatate JEX
tan re E1CLO orli ppen

does

JtA ccse
LB icxse L3R
SB neateta

dear nextetate FETCH houin rever hapee

arc see

SHE real tat EWE
SB0VR Texts etc FEtCnl
ETYPEEX reXttate NTYPEWR
RTYPE$R rext tate rLICHL

OCX nextetate OTCH1
JEXr nextatate TCH
de an exteta aETCHO II dodd evr happen

endcaae

ed

altays

beg
at o-tp to zero th rdi an a1 xc 10rt je the ep ropraate ores

nan hOOPS
pwr peoroeond
regwroe C- regdet

ran rena ate

oeea oh bT in

pccouroe 2bUO
ord iemtoreg
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IEI APPENDIX VERLOG

case state
FETCE1

begin

rnemread

irwrite 4b1OOO
aiusrcb 2bO1
pcwrite

end

FETCE2

begin

rnernread

irwrite 4bOlOO
aiusrcb 2bO1
pcwrite

end

FETCH

begin

meeread
irwrite 4blOiO
alusrcb 2bOi
pcwrite

ed
FETCH4

begin

neeread

rta
aiusrcb ibOl
ecir be

end

FCOD
ED

clue

in nt blO

end

LWID

be ir

DC

lord

end

begin

rege te

-rem

CC

bcgin

remnnite

Icr

YP CE

egin
alusra

n_nap ii

end

rnepEwR

begin

regdst

mgi rite

end

BE PEE

begn
aluirca

aluop 2bOl
peru

pnnour lboi
cnn

JFx

begin

pcwrtc
bcurn

end
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AlO EXAMPLE MIPS PROCESSOR

endcase

end

assign ocen pcwrite pcwritecond aero 1/ program counter enable

endmodule

module aucontrollinput lc0 aluop
input fuoct
output rag alucont

always

case aluop
2bOO alucont 3bOlO 1/ add for lb/eb/addi

2blll alucono 3bllO // sub for beg
default casefunct II HType instructions

OblOOOOO alucont 3bOlO /1 add for add
6blOOOlO alucont 3bllO 1/ subtract for sub

blOOlDO alucont BbOOO /1 ogical and for and
ObIOOlOl aluoont 3bOOl 1/ logical or for or
SblOlOO alucont 3blll If set on lees for alt
defaut alucont 3b II should never happe

endcase

encicase

esdmodule

module datapat 4parametec W1DH PLbl3IT

31 reset

input Pm- meedata

npu earns memtoreg ord pcen regwrite sods

input pcsoe Ce aluercO

rmr

in aeon
CO

ctpu 33 ncr
ore 30TH Idea

lb /0 he set cost be
cc ang ci cc tot IIDTF araffoo

pa as NIT 3ERO 8hO
ra

cmi TI a2

ci

aluout cunstx4

If if lef3 on by
mc4 ir 8835

req star addreme tie ds

scsi ci paIr REGHIT5252
5m 35

ix IL SI co 13 fO rgr
dt.c an cc ii ii 3o cc cx yr cc ry

fJopen 08 irOclk irwrite memdata insi
ope irl 11 ii cite eemdate

tope 88 ir2ck rrwnite memdata0 instr
lope 08 ir3clk irwrite3 memdata iflstr 24

// datapath

flopenr 133113H pocegct.k react pcen nextpc pc
flop 588113TH nsdrc memdate md
flop 888113TH eegclk rdl

lop WIDTH wrdclk rd2 writedata

flop WIDTH res aluresuit aluout
mu adrmuzpc aluout iord acm

ci ru po uerca crc

rmjx4 WIDTH src2suxerxtede POSIT OH costa WIDTI -0

asIc- alus oh at 23
mc IIDTH xalures duo coratx4 CONS13 71388 nosourco ne

rux2 5WIDIH wdmuxaluout cci memtoreg wd
regfile WIO1HRLGISIT8 rfclk regerite ra ra2 we rd rd2
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alu WIDTH alunitsrcl src2 aluCont aluresult
zerodetect WIDTH zde1uresult zero

endmodule

module alu parameter WIDTH

input LW1u1H-i0
input 20 alucont
output rep result

wire WIDTH10 b2 Sum sit

assign b2 alucont
assign sum b2 4- aiucont
// sit should be if most significant bit of sum is

assign alt sum
alwaysl

casealucont
2bDO result

b01 result

2bl0 result aur
2b1 eu1t sit

endoese

anti uul

ef P4-t ne ii
111021 II ti311

input ulk

input renvr ite

inpu ral ral ra

ii II

ito iii 12

0TH lAS CR21 ITS 10

tiree ted rep star

reed pors coin att ra

1/ ax to ird uort 01 uf

1Lc isro rrtd

ahiiays @posedga cik
if reqrte RAMwa md

assign rdl Tel BAV
SlA rd2 RIo

trio

mod liii cr0 etect Iparxvule ar

inpit 13f5J

output

erdi diii

nodule fop parame at WIITH

110
input DIPi
output rep

always poadg clix

en3riodole

sodule lope paorrete WIDTH

inpu 111 ci

input

ipt 03 Ti

always dge

if

end suduic
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AlO EXAMPLE MIPS PROCESSOR

module lopenr tparameter WIDTH

input elk reset en
input

output reg

always posedge elk
if reset
else if en

endnodule

module aual perameter WIDTH

input WIDTHlO dO dl
input

output

assign dl nO
endmodule

module mux4 paremeter WIDTH

nput dO dl d2 d3
put

oupu Ic WTD

ay
ses

000 20

2b0 dl

2blO dl

ku dl

0250
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VHDL

B1

This appendix gives ouick introduction to VHDL VHDL is an acro iym for the

VHSIC Hardware Descfption anguag VHS1C is rn an acron Er the US
Department of Defense Very High Speed ntegrited rciii prngram Ac idenfli

offers definitive and readable treatment of the language
VI DL vas of ginafly developed in 1981 by the Depar cut of Defense is Lire age

to dcwribc the ructure aid function ofhsrd va ic EEL dard ed 98 ard

ised ye on wa dop ed 993 updated 2000 an updst again in 2002

76 rh lang ige vas sten 7r4 cirnt ic tq
ii viii ci

mberm nht wcpect of Lir 9ce deve op onmtte

sat so Eatu ci tlat over ie or large tea des gn projects and gov in

as rita oaidtcleco nisi ao seompifesuetcxte svJyR1igous as

tct re Li fo

not support ti en

ret lr 84 ii fd

id tructural rue ral VI ID describes ho module is imposed of pier mod ik

bat mT es such stir Bel UT cr

Pu ate Inef oft puts sere are two gene tynes of tiste ne

be icurrert gnala.iigr nati shy Cot nai log

om fin gc ir coo ogic nr re

esg oola
let yr dUL in sues yr Lhat you vi war you do it sether

blo Log ombina in seque yo lii ly ge tbe roag thi

Ihi ap ndv focuses syrt fz ihcc ofthc rg ige

guage also conta ns cxtensive capabilties fc svste mode ing tfat hey id he scope of

th tutor aL
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APPENDIX VHDL

B2

32-bit adder is complex design at the schematic level of representation can be con

structed from 32 full adder cells each of which in turn requires about six 2-input gates

VHDL provides more compact description

library IEEE
use IEEE STDLOGIC1 164 all
use IEEE STO LOGIC UNSIGNED all

entity adder is

porta STD LOGIC VECTOR3l downto

n. rDLOCICECIOR31 downto 0i
end

11 rc ds
begi

his ampL as ts lthr TI use slau tie nut dec/am ar id

oh tore body ic br ir pr 11 uss it dc

inputs and outputs he odder black whirl in ix cc 32b busses lb ard te

rs hrkco thsc iii Ii ni

is called concur ext signal assignment sta sent because mi tiple sta err

Id ha1p 1arallcluct vii ic log at sneate core tire

VHDL has nbcr cfbtw ope cto ra on usses os rl fo lowing

cc odi Ic decr bes our inverters

itccy 01 ci

nt ri

uoft1a Ii SLL0.vECTGR uovr0o

out Sf LOGIC Vb010R3 downto
erd

arch tectu synto JI inv

begin
no

end
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B2 BEHAVIORAL MODELING WITH CONCURRENT SIGNAL ASSIGNMENTS

Similar bitwise operations are available for the other basic logic frmnctions

library IEEE use IEEE STD LOGIC 1164 all

entity gates is

porta in STU LOGIC VECTOR3 downto

yl y2 y3 y4 y5 out STO LOGIC VECTOR3 downto

end

architecture synth of gates is

begin

Five different twoinput logic gates acting on bit busses

yl and

y2 or

xor

y4 nand

nor

end

Ii esious cxar fic slrv en ii icnts hcgii viE onE ru
the nr ev e1 as ct

DI is Iiotpic yabouttrcu eofvh espace rtfcless owrirdcitiw

pscang lclpful to nake so tf aide
b115 cc dable no ca is is

cons sten us pp and los cas all makes the dc bit as in CC nit h1e

ID defl opc ator able in concu IC it assignment stsitcr

din

Mul ihying Operators nod rca

ig pa sr

kc onal Ope

Logical Onerators not and or nand nor xor

and equalty rcquallT 01 Nbi puts requin inpu XI ORs to dct rmi

quaFty of cacE bit input kND or NAND to combine all the bits Addit 01
subtraction and co nparison all require an adder which is enpensive in hardware Multi

pliers are even more costly Do not use these statements without contemplating the num
be of

gates you are generating Moreover the implementations are not aiway particula ly

efficient for your problem Division mod modulo and rem remainder are only sup

pa hen tEe op rand power of tw
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APPENDIX VHDL

Some synthesis tools ship with optimized libraries for special functions like adders

and multipliers For example the Synopsys DesignWare libraries produce reasonably good

multipliers If you do not have license for the libraries youll probably be disappointed

with the speed and gate count of multiplier your synthcsis tool produces from urhen it

sees

Conditional signal assign rnentc perform different operations depending on certain condi

dons For example 21 multiplexer can use conditional signal assignment to select one of

two 4-bit inputs

library IEEE use IEEE STD LOGIC 1164 all

entity rrux2 is

poitdO dl in 5111 LOG CVECIOi3 downtc

in LID LOGIC
Eri3 to

end

ur In

y_

ltiolee can select inc four nu tip se aue ii ti

tE icr en 11

Lty mux4 is

pci 13 VC ow

10 VFCTOR1
Cu 510 00 CTOR3 ow

IX1

bgin
ydlwi 00 ese

hon as

d2 wher 10 else

end

ig sg ocr dea ior iai sic rgf

ooss ie aw og case ne place in tip

UMC 1341
UMC v. AICP



B.3 BASIC CONSTRUCTS

else statements as will be described in Section B.44 The 41 multiplexer could have

been written with selected signal assignment as

library IEEE use IEEESTD LOGIC 1164 all

entity mux4 is

portdO dl 12 d3 in STD LOGIC VECTOR3 downto

in STD LOGIC vECT0R1 downto

out STD LOGIC \TECTOR3 downto

end

architecture synth2 of rrux4 is

begin

with eelect -V

dO when 00
dl when 01
d2 when
dl shen other

erd

boc ii

and outputs spec bed entity decla atio sirg per state flOut An arehzrctnre be ly

1or teJior ii ho1 bode fo log boch Th syn ixo ch4ccturc ody

aitt ue an Con
coin

body goe te

oi cxi op ix have seen body Cr aer block vstb arc ut cture nami

scsi en gra ssig iment ii bAa ra dc ii oft blo TFe

ran itleir ht Ct reca ries nosieca anngtoVHDlbut Aps the irar

reader underst tic that the cide is intended to be synth si7ab rather hanjut fo sisru

Litton As the design is refined you can imagine creating structural description such as

32 full adders connected in ripplecarry fashion his architectu might named

etruct While VHDL permits se ectmg among multiple chitectures for sing entit

the syn ax is complicated irid siirplest approacF is 00 lypro ide ole architecture for

Ct

de effe separat ng tectu Cs troir entiCes ipi blo ii ole

so rAil1 pi VHDL thai ilog
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APPENDIX VHDL

Often it is convenient to break complex calculation into intermediate variables For

example in full adder we sometimes define the propagate signal as the XOR of the two

inputs and bThe sum from the adder is the XOR of the propagate signal and the carry-

in We can name the propagate signal using signal statement in much the same way we

use local variables in programming language

library IEEE use IEEESTD LOGIC 1164 .all

entity fulladder is

porta rim in STO LOGIC
rout out STD LOGIC

end

architpctnrp svntb of jii1 adder

siona rop bID LOGIC
becrin

prop
prop xor cm

and cm and or

Notice that we fully parenthesized the coot computat is is necessary lL
acca cal op aors all have er cc we fu tee

rout and or crc and or

it could have been interpreted eithe

ou bo dao
out or

cli no ct se

labi is opc Pr dci cc oijcrat ox ii qua

preceoenec have gher prccedenc ax the row below arcs ecu iphcation takes ace

fece adult or as you would xpcc aìo proqia rirnir languagc ic

he ather hr ND doer plac aD Ok ii wha on onpect

conven onal Boolean equation Parentheses are ned to group express ons whe necessary

arid or nand nor xor
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Nontrivial designs are developed in hierarchical form in which complex blocks are com
posed of simpler blocks For example 4-input multiplexer can be constructed from three

2-input multiplexers that were defined earlier

library IEEE use IEEE STO LOGIC 1164all

entity mux4 is

portdO dl d2 dl in STD LOGIC VECTOR3 downto

in STO LOGIC VECTOR1 downto
out STD LOGIC VECTOR3 downto

end

archtecture struct of mux4 is

conponent rsux2 portdO dl in STrI LOGiC VECTOR3 downto
in STD LOGIC
out STD LOGIC VECIOR3 doruto

erd eon onent

signal low high $TD LOGIC VECTOR3 down

be

wmux nux2 pox it

ix2 npd it
gh

This an xample of tie structura coding tryle because it ux4 is built fro ii

it
ioral desc ip ions within sng module Gene al sin ale odules are described

fit it it fri sib nfl

The chite tur at ftrs declare the ri x2 arts us tf component declecratior

er Tbs al ws VhDl ools to abe sure tf comiot it ou wsF ti us

he same po as CO fl ten that vu de lared somewhere else an entity ater it

preventi ig errors caused by chang ng the cc bit rot die uae Howe er makes

Till it ber

hir
eceasary veorb pa-tr of ocatue joit to5etfer sit2

construct busses The mux4 example showed using the least significant bit of bit

se ect sig ta or the ow and high muxes and the most significar bit fo the final mcix

Use gcs to selcc subsets of bus For example an 8-btt ide nput mux car be con

structed from two bit wide 2-input muxes

library IEEE use IEEE Sill LOGIC 1164 all

entity mux2 is

portdO 81 it ICED LOCIC VECCOR7 dowito
510 LOGIC

out ICED LOGiC vacron downto

end
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architecture struct of mux2 is

component mux2 portdO dl in STO LOGIC VECTOR3 downto

Sr in STD LOGIC
out STD LOGIC VECTOR3 downto

end component
begin

isbmux mux2 port mapdO3 downto dl3 downto

y3 downto
mebhmux mux2 port mapdO7 downto dl7 downto

y7 downto

end

The operator is used to concatenate busses For example the following code multiplies

number by four by shifting it left two positions

bra hEY El OTt LOGIC 1164

entry htt2 is

porta in 610 LOGiC VECTOR downto
CTD 100 VFCTOR7 dointo

archrtect ii

dour 00

rid

Varisble cIt and rigl-t shifts can also done th the ar SI tu ctiOrs

library IEL
SELF 00 64

cc TEE UN NED

ent ty iter

00 ta TD LOGIC yrCOR7 dowuto

arc JDL OR urt
ou OC dow it

end

architecture ynti of shifter 13

begin
SHLa ant

end

THIl es trait pr svsten thatcanhe 2um attim nlogcd gi oar

sigr re typ cal yl na ts or ywords add and liii corverlcn

10 have values suh as high impedance vpresentcng trist baf hr with float ng

tp
descr bed ii Ccc ior B3dl nfl tialized repr sent ng flapflop at rtu
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before reset where the value might be high or low and unknown representing node

with contention that is driven high by one gate and low by another or the output of gate

whose inputs are The STD LOGIC and STD LOGIC VECTOR types represent single- and

iiiii1tp1e-bit binary values Table B2 shows trath table for an AND gate usng
STDLOGIC types Notice that the operators are optimistic in that they can sometimes

determine the result despite some inputs being unknown For example and returns

because the output of an AND gate is always if either input is

Upte ndtr rrp Pc CI snob
pa ei

lIBEL 164-93 Thus every Pie must inc ude the ibrary statements we have see pre
cxc ip es VFD ii ad vat iw types tha define only

vyin Lhcsc peS it tilis oraa aUSe SjCjOGjC be LU Su LCO

lot smu1at on th ix states initialiced aodes and coatenfos

Ii simulation may be necessary to dedine WI at to do when an IpUt Per

exai apie the select
smgr

at to raultip cxc ght be Begs adcfii ed aa uc iaS

on 22 25 dcl tilt Ct ng in ch an err

BIDL so as Booleun vlucs tru and Ia Boo ral at

ar ated by omparaso as ike and used in conditional atements such if or whe

aot gea no vo ix

cn nd hus rg atemerts are eg

dl snseJ.za dO

state 62

stead we must write

dl when isa d0
ixien state 52 else

cis icily SI LOCIC ii as alucs of -I cud fir weak urikoos Is ow and higi vi

for To carom but we wit nt need them this tutof at
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While we will not declare any signals to be Boolean they are automatically implied by
comparisons and used by conditional statements

Similarly VHDL has an INTEGER type representing 2s complement integer of at

least 32 bits spanning values _231 2nl Integer values are used as array indices For

example in the statement

lawmux mux2 port mapdO 05 sO low

is an integer serving as an index to choose one bit of the signal We Lannot di ectly

index an array with STD LOGIC or STD LOGIC VECTOR signal Instead we must convert
the

signal to an integer ll his is demonstrated in the following multiplexer that selects

one bit from vector using hit index The cmv integer function is defined in

STD LOGIC UNSIGNED and performs the conversion from 510 LOGIC VECTOR to ir
teger for

positive unsigned vaues

rbrary IEEE
use IEELSID LOGIC L164 cli

use 1ELLSID LoGIC Cs GSED

lymu8as
rL -i 510 LCGIC LC OR dust

it Si

it

it ur vith sf

be1
dconv integer

VHI so ni enuri tic es cx lv fn
mach des Secton acs threes at s.We can ivc tics ates aris rig th

ye ra ig to thc it

it oneS Se ta type

VHDL uses numbc of standard libraies hat extend tIc built in cpab ites ef the let

guage ks we hase seer he IEEE LTD LOGIC 1164 ibrary defines the essertial STD LOGiC
and STD LOGIC yE TOE types Un brtunately it does ot define basic operations such as

addition co nparrson sin ts or conversion to integer for STO lOGIC VECTOR dat

Synopsys has developed arc her ccli ahab bb ary perform titese bncriors fo

gi ci etfer as cirn

rar is ryical calic OG1C NC GNED Ar uva cot lib ar cii

STD lOG ha dl TD LOG 015 rep csc ig gr
cd 2s vp ci ci
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numbers Right-shifts fill the most significant bit with 0s for unsigned numbers and sign-

extend for signed numbers

The stntax to load library and use all of its functions is

library IEEE
use IEEESTD LOGIC ll64all
use IEEE STD LOGIC UNSIGNED all

It is possible to leave bus floating rather than drive it to or This floating value is

called in VHDL For example tristate buffer produces floating output when the

enable is

ljbrary IEEE use IEEE STD LOGIC 164 all

art ty ta state as

p0 STD LOGIC VECTOR3 dowrto

liv Ott
out 510 OGIC VECTOR downto

end

if

beg
I//I ten ci

bar cnfc

di played as for oar alt Floating inputs to gats 1st Ca se utclelined 00

dispivcd as hic usdrve tire rista Cs s1ot iavc one and

driver acive at given time

ouR defi iv iv hip xer is ng twc tns at so that tfc output is ways dr ver

crautly one is gua is

library IIEF use lEFt art LOGIC 1164

par iv VFCILR sn

STD LOGIC
ut OCICVE TO down

end

arhte ture truct of mu2 is

component trietate porta in STD LOGIC VECTOR3 downto

en an STDLOG1C
out STD LOGIC VECTOR3 downto

end componen
Cigna ar OTt LOGIC

began
bar not

tO tristate per naodO bar
tl tristate port mapcil

ad
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The delay of statement can be specified in arbitrary units For example the following

code defines an inverter with lOO ps propagation delay Delays have no impact on syn

thesis but can be heiptul while debugging simulation waveforms because they make cause

and effect more apparent

not after 100 ps

BA

Cone era gia ass ire ts retva ated cay time any rm or th ght ide

Ii iges The fo the1 raust escrb an ab atior al legic Pa.o St tar

ecvJ at sd gsa ade ca ef isifivi ut ara go ape dirgon
the rrn proces tatements can imply either sequer Ha ore mbina.tion ova ts

dg rg JI tsrs Sc

library EJa use so Locic .16

erity flop la

poztclk ii STD 01

IDLO IORJ dowa.to

oGIc vEcoR bosnIa

cc
if ever did taci SN CS

cad proce
end

VHDL has several idior fa spcci ng 1oit lge ggred flip flops tt

exemfie he flipfiop copies to when an event tak aco on elk and elk has va

fl are it is go ii ig al cal sng or llrf trarstior

RiSING EDGEclk syrinx is also acceptable

Ft star lI ad Lv to for at fi dcc

ives re it is gone praticc to use so tab agiste so owe up te
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BEHAVIORAL MODELtNG WITH PROCESS STATEMENTS

can put your system in known state The reset can he either asynchronous or synchro

Asynchronous resets occur immediately Synchronous resets only change the output

on the rising edge of the clock

ibrary IEEE use IEEESTD LOGIC i164a1i

entity flopr is

portcik reset in STO LOGIC
in STD LOGIC VECTOR3 downto
out STO LOGIC VECTOR3 downto

end

architecture synchronous of fiopr is

begin

procesecik begin
if evet an hep

if reset then

0000

an

tnd if
end ii

tu or

begi

proreascl rset beg

0000
elsi nyc ci

ci

eid if
to

ad

at cha re cv L3 he proc ttem vFer

hi

icct op ot sri it ta rca do cdgc

itp

You can also ansidcr repi adth enables hat Only reoond to the our when tO

enable is ru The followng register
retains old value if both reset Id en are false

library IELL use 1ELliST0000iC1 64

eatity fiopear is

portcik eset er STD LOGICa0 tOt bonito

ci out rTD LOG VLCOR3 downto

end
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architecture asynchronous of flapenr is asynchronous reset

begin
processcik reaet begin

if reset then

0000
elsif clkevent and cik then

if en then

end if
end if

end process
end

Transparent arc aJs modcled with pro ess stternents VThen the cock is higF tlc

Ira span ni tI da inpu fib tIe When clock ow re tc

goes paque aid the output rem irs cor

ibrary IF1tE sse ICCF STD lOG 1164 all

ty

ut ci trU

eg

easc beg

if cik lien

ccl

end

tOT evau proc tan it ci ige
fc

IT

Consider dcs or oc ax cd et TIc is cni

bel aaiora irphes quc cirru co air mr re 4b egiste and dd

me second che me structuw p1cc ily
declares modu cs for he reg ster and adde

Erthe schc nt good for simple cult such as countci As you derelcp ii ore co 1cr

hi te state rr ad ines go dcC tc pa ate the next stute logic om the registers in

ur code
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B4 BEHAVIORA MODELING WITH PROCESS STATEMENTS

library IEEE
use IEEE STOLOGIC1 L64 all
use IEEE STO LOGIC UNSIGNED all

entity counter is

par elk reset in STO LOGIC
buffer STO LOGIC VECTOR3 downto

end

arctitecture synth of counter is

begin

pracesselk begin
if clkevent and elk then

reset then 0000
else 000i
end if

end if
rd process

arc itecture struct of courter is

ccitarest topr rt elk xst in ST LOGJ

olD tows

end anspone

uoiooi it act or O- down
out TO LOGIC VECTOR

begar

in aid port ma 0001 raxtg
cd

tf io ftc to JO

is usc loth inprt 2nd output withii ock asi tIC cas of 0001

do ct or

Pr eec en impi Sc ue ital log It the ts do not pnear in the

sti suius list or night ot cause the output to cha lire or cxarnple in Ic fi di le is

not the st so the flop does not immedia fly respo to changes of In the latch

is ir tie but hanges are gno -cd UI CSS elk is higf so the latc is also seque

tnl Pincesocs ca also be uscd to in ply combinational logic if my are written in su

vi ti ccc reesalua cd Cr the ci iges ii oft put TI

ol galc od akf tstha acsO Ii

rd tecture is lasted the of code is th sa se as th her tvcrtcr na

began ande itemen sate eouireleien ough he OC iso con
onc sigr ment
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architecture proc of mv is

begin
processa begin

not

end process
end

Similarly the next example defines five banks of different kinds of gates

architecture proc of gates is

begin
processa begin

yl and

y2 or

y3 xox

y4 and

yS ror

end process
ed

cesscs car usc contain statements following exa le bcs
ij

ori

ci thtccter ios arti csc

IF tOCC 64 11

ertity priorty
TO vcTo nt

OUr S1uioCit vLC Cd

architecture synti iority is

bg
proce ee boir

tie ye 000
elsa e2 thai 100

00
.srd ccss

end

Processes can also contain case statc uents For example decoder coo be wr

ten using ace statcif en This is easier to read than description of ti SauL decoder

using Boo can equations

br IFE use IFFF TD oCIC 1164 all

anti decoder is

port ii SIOL IoR2 duwut

out SSD LOGIC VEcTOR downto

enu
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B4 BEHAVIORA MODELJNG WITH PROCESS STATEMENTS

architecture proc case of decoder is

begin
processa begin

ease is

when 000 00000001
when 001 00000010

when 010 00000100
when 011 00001000
when 100 00010000
when 101 00100000
when 110 -0 01000000
when others 10000000

end ease
end process

sd

cs tee ore ooie of decoder is

bejin

ad ot rdnta0
y1 not a2 not and a0

1a al andnota
y3 c- ci

-c -u2 da0
cia aid a0

y7 a2 and e1 ci

ci

As her en crap cn as loge crc ac du

15 10% VU
ds r1 he nber

so on cc

asa gnm no kt ed gi for hi is hi mor
a1 stiac ap noa- faste to crite en cc cc latwa la syn

in

abracy ILLL ue ILL 1D 64 isa

tit1 eve rev UaCOue

portdata SI LOG VECIOR3 downto

ejeent out 610 LOI VECTOR do nto

reutectue ynth of Sc se decoder

Segment abedefg
constant RISK STO LOGIC VECTOR6 dowr 0000000
otar zco ICr6 at 10

con it ONE HID LOCIC VSCTONJC dos 01 0000

Var WO OGIC SOTOF So eta JJ 101

car stant THREE TD LOGIC VECTOR6 dow 111 01
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constant FOUR STD LOGIC VECTOR6 downto 0110011

constant FIVE STDLOGICVECTOR6 downto 1011011

constant SIX STDLOGICVECTOR6 downto 1011111
constant SEVEN STO LOGIC VECTOR6 downto 1110000

constant EIGHT STD LOGIC VECTOR6 downto 1111111

constant NINE STDLOGICVECTOR6 tiownto 1111011

begin
process data begin

case data is

when 0000 segments ZERO

when 0001 segments ONE
when 0010 segments TWO
when 0011 segments THREE

when 0100 segments FOUR
when 0101 segments LiVE
when 0110 segments SiX
whes 011 scone Cs SEVEN

whc 300 egmonts

whet 100i segocnLs III
ot grter

aOl case

roce3
Nd

it

ee sOt efltcflt Las sE

decor dqi

cc or

the efforts of aroc ns sequential ssignmc statcmcr ts anf case Ia

01 co ct

ssipned ala ft op it Gnc nbi yl ng to USC sacs

On

a4 ci Cc hi Iibsc
ft grci ing at ti ar aad or lu cuoo aor

irravs spec ie rio Ol gc Oi

ra IEEE
usa IEFF OlD IOIC 1164 a1I

use ILISE STD LOGIC UNS GNEDa11

at tanory

rtCdr or OlD iJC yE TOR dowcto

stab ID

OLF it 610 VL OR Ol at

donor TO 1C la

ed
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ft5 FINITE STATE MACHINES

architecture synth of memory is

type ramtype is array 63 downto of STD LOGICLECT0R15 downto
signal mem rastype

begin

processaddr wib din begin
if wab then memconv egeraddr din
else tout memeonvintegeraddr
end if

end process
end

tc that the memory contents are stored in the signal men It is dared to be of

type ramtype arrv of 64 16- bit sords Arrays are idexed vith ar ntcgcl Ut addr

.OGIC VECTOR Hence he cow nteger firnction used to Convert heeen da

Ths cc not produce ci adwa bu keeps he IDL
sys sappy

arto fi it

rn sta
UtpL

tu ts

ti Ut en se cur gi ___________

SWs od Ic iVH
tC CI

ogic defning the at stat ir iut log teV state OU PUtS
th 01 ltput de

ed

hc cci nrn fo OUC

ho Outptt aloe is

rary err 164 II

nit

entity divideby3FSd as

pord 1k reet SIC LOCIC
Out SaD LOGIC

c2

ach ect re nth of eby3 SM

out

ype tatetyp 61 62
al tae in Cs .000adypn

ISP

cac
begii

ct egicdet

orocess resct tegin

UMC 1341
UMC v. AICP



APPENDIX VHD

if reset then state SO
elsif clk event and clk then state nextstate
end if

end process

next State logic

nextstate Si when state SO else

S2 when state Si else

SO

output logic

when State 62 else

end

Dcfning states wi type ratho han binar en odi
ag

makes the code easier to

read It Iso all as so synthes tod to carch for encodng that is sate use ti

ipie the art ti ool ght so 00 id

migh tie 00 S2 110

de rtio ist

ut state gist log des rib an aSi sa sousir resettsb
agi tar at

sir othe as ccc it at

re aid anp re

fi air xtt

vs eg

iras fine sir Fees ens bore ah or as can

vn jtrg the Ut og

eset
ui sac 52

5_

fit ofts 01 Ut

sian/else bo cai

sao sa

np nd Output is tao ut is

an os as vs paty awa flUt

ha amc as iv past tv yal

ci be se tI tp on th

after tIe Input he ate satson agram als ira gi

well as the re Fe arc belad on eb ition

isa

1- ii -1
entity storySSU is

port aset LOUt
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B6 FARAMETERZED BLOCKS

in STD LOGIC
out STD LOGIC

end

architecture synth historyfSM is

type statetype is SO Si 52 S3 S4
signal state nextstate statetype

begin

state register
processcik reset begin

if reset then state SO
elsif cikevent and ulk then state nextetate
end if

end process

next state logic

proccssstat be5
case state is

Then SO nextst ta 83
ei evttat
end

whe if then rextetate St

cxtst-c

when 92 it then nex tate S3
cyttte

end if
83 ther nexte 94

end if
ste etttc

else nextatate Si
end it

tat

ase

proces

is si-c sta

ste 53 or state S4 and

elsa

wi-en stat an te
else

id

B6
far ou ocks have had fixed-wdt inputs ard outputs hus we have needed

separatc ties for and 8-bi wide
riput

mu iplcxers DL cn auom ticlly
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produce hardware with parameterized bit width For example we can declare parameter

ized bank of inverters with default of gates as

library IEEE use IFEF STD LOGIC 1164 all

entity 1ev

genericwidth integer
porta in STD LOGIC VECTORwidthl downto

out STD LOGIC VECTORwidthl downto

end

architecture syoth of mv is

begin
iOt

end

dIes the oara ret Fe vi stis ock For eva ye

hut ni of ffers is ng air ef of ye tcrs

lib cry IEEE ue IEEE 3113 LOGI 16 11

rrt 3033 33 unb din

VC Ot nrirb

end

UI 0vnt

conoo aft mv generic width integer

ST1 1001 VEC1033w dth i-it

out STD LOGIC Vt OR widt -1 downto

end compoielt
u1 CII ii

beg

gi iapn oh go ap

12 en ia Crib oc rap

Ike las Fty to ge ate adus able mber if gates nncctcd

rbtr he ivng ore proc .n IVD rate is ace eade

nput A\D ga es IN width It uses ie generate COT ar junctior

for ir if error tonally odu ra gate Gere asil

produce large numb rs of gates so iso it th to sure you inren Ito th

hardware

bmar IEEE se IEEEST LOGI 1164

cIt ty andN ma

genermcwdth integer

porta in STD LOGIC VECTOR wd dowrto

out STO LOGIC
end
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B.7 EXAMPLE MIPS PROCESSOR

architecture synth of andN is

signal integer
signal STD LOGIC VECTORwidth-1 downto

begir

AliBits for in widtn1 dowrito generate
LOWB1t if generate

Al xli aO and a1
end generate
OtherBits if generate

Al xi and xi1
end generate

end generate
xwidth-4

end

in sirra ar example generate can nstartiate an army of othe blocks evair pie

an nit ppe-crrv adder errs ne built on ull addeis it art gr as chi

tog the Of en irse using the symbol to impli adder is less ella ad
gives

the am

hens no ef ide of ea th

ibrary IEEE use tEE OS 1164

ci pp eafdc

Cf

po DJO 10 VLCiOR dOt do nOn
SrD OGI VECTOR width dootc

chatectu ya Ii prOcadde
orpoitf1od oat ii 1100

out Ut LTD St
end ronpor ent

sigru cj
gna 650 OCt Va OR wdtm dosrt

Bts sxdtt dowrt ge ci On

is

Othergits if /- nenerate
IA fuJls dci polL rupe oi ci si cL

end genena
end generate

er

BJ
ciustrate tr val VHD design th se tion hsti the VhF code nd test hen

for thc MIPS processor subset di uss CP apt lF amp dies only Ii

SB ADD SUB AND OR SLT ceo aid instructions it uses an 8h1L datapath and only cigni
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registers As the instruction is 32 bits wide it is loaded in four successive fetch cycles

across an 8bit path to external memory
The test bench initializes 512byte memory with instructions and data from text

file The code exercises each of the instructions The mipstert arm sserrbly language file

and merit tie dat text file are shown in Section A.10 The test bench runs until it observes

memory write If the value is written to address the code executed correctly If all

goes well the test bench should take 100 cycles 1000 ns to run

The code uses the cony std logic ector function that converts an integer into

sTDjoGIc_vEcTOR of the specified width This is helpful to create constants of parametcr

ized widths The function is in the IEEE STD_LOGICARITB library It also uses the

cxponentiatior operator to determine the number of register file entries given the number

of bts of register
address

mipa vhd
0rrri8ioc edo 9/9/03

Sodel of aubsc of rIPS processor deCribtd

tyJC

ibrary LSE oar ZLxb_D OG 1164 a1l use lEft G1CU SIGILD

en to op is dec go for testrg
on er5a did nt pa defa it 8b datp Lb

id aid eq at ad

erth

brary IS uSC 1588 4TOLOGI 1164 id use OIFXIIOail
use 11655 610 LOGIC 3NiGI ED ICOC
ant ty mcaory La external memory accessed by MPS

ge ICS dth intege
mrsrt lOut

or dat CT Ci ci ih don
memdats out 810 LOG CE jORWidt do of

library 15510 ocr IEIE0TD LoGIC 164

Ci f5
regb lrtcJer

and bit oh add ae ag

port cid react

macdata in 16 LOGIC VECTOTRw dt downto

etc ad rc oot wD 11

ad edna 010 LOGI 5010 width oownto

EE10 use ES SIP LOG 164 all

nitity controller is coot 801

portclk ear in 610 LOGIc

op In LOGIC VGCOR0 dow Ito

zero in STO LOGIC

macread remarcite alusrca men oreg
iord ocen xegrite regdat oi 5301 LOGIC
onso rce alusrcb Jon not 010 OGIC 680 081 car

1write out STO LOGIC \JECTOP3 downto

1brary EF ore ILL 0600 16

aluContro1 Ii control decoder

or aluop in STO LOGIC P501006 downto

oat in 5TD LOGIC LECTOR dornto
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alucont out STO LOGIC VECTOR2 dewnto
end

library IEEE use IEFESTD LOGIC 1164 al uce SEE SW LOGIC ARITH all
entity datapath is MIPS datapath

generiowidth regbits integer
oortclk reset STO cOG

macdata in Sb LOGIC VECTORwidthl downto

alosica rtemtoreg lord pcen
regwrite regdet 510 LOGIC
pcaource aluercb in STD LOGIC VECPOR1 downto
irwrite in SW LOG CVECTOR3 downto
alucont in 510 LOGIC VECTOR2 dowoto

zero nub 510 LOGIC
iflatr Out STD LOGIC VECTOR31 downto

ads writedata out STO LOGIC VECTORwidth1 downto

end

library IEEE use IEEESTO LOGIC ll64all
use EEESTO LOG ARITS all ee IEEE STD LOGIC ONSlGNEOal1
entbty alu Arithmetic/Login unit witil add/ub AND OR set less than

genericwidLh meager
porra in STO LOGiC VECTORwidth dowoto

aluconi no STOLOG CrECTO downto

Cs it out LOGICVECTORwidth4 downto

cnn

ibrarv IEEE use ILEE.STD lOGIC ll64all
use 3LLE.L1OLOC1C UNLIGNEO all use Ia EG LOGIC ARITRa
en eq th ecpurn gn ii n1 5r ob bite

geoericwidti regbits integer
portc 510 LOG

win DI OG1C
is sa DL VELVE Cqoic do to

OCII CellO doi to
dtr tO

OLC1C
santa cc is true all inout bits sari

geeenscwidth tnt ger
our bOlD VECTOR idth dowrts

DOlt

ILLS use EEL 00 64
11

generic widt integer
pot STO

is L0 VECIORwidth down

GC C5 be

EL 1DIO
ty open slo op its oa
Cs 131

O1i
aD OL
or on

end

library PEP use IEFSTD LOGIC 116 all use IEEE 31 LOG P1111TH ci
cit ty floce fIipf eth enable ad Ey chroio race

generic wnoth integer
nor 01k reae en SW LOGIC

no Sb OGICVECTORwidth downto

nub STOLOGIC VECTORwidtn doanto
cod

bra IEEE use LEE 210 LOG 64al
ii

mux2 nvonput aultipexer
ge sr Sic eg
portdI di in STD LOGIC VECTORwidth downtu

ii SlID LOG1C
oi 00 VECCPwinth situ

1brcry use IELSSID LOGIC l164a
cot sun is So input cii plaxer

ge eric dth nteger
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portdO dl d2 d3 in STO LOG VECTORwidth-l downto
in SIC LOGIC VECTOR1 dowoto
oat SOD LOGIC \TECTORwioth1 downto

end

krchitenl-ur nefinitiorn

architecture test of top is

compoent mips geericwidth integer -- default 8bit datapath
regbits integer and bit register addresses rags

portclk reset in STO LOG
memdata in ITO LOGIC VSCTORwidth-1 downto
memread memwrlte out ITO LOGIC
adr writedata out ITO LOGIC \IECTORwidth-.1 downto

end component
component memory genoricwidth meager

pnrtelk macwrite in SIP LOGIC
adr writedata in ITO LOGIC VECTORwidthl dowoto
semdata out SIC LOGIC VECTORsidth-1 downto

end coroonet
signal cik reset memread memwrite ITO LOGIC
signal emdata mdi writedata ITO LOGIC VECTORwtdth-1 dowoto

bogi

tips be og tested
dut mins generic mapoid-th reghil-s

IntL Gapclk reset memdata memread memwrie edt writedata
erne mellon for code and date

exact memory gner lapwdti
port xaoctk memwrte adr rtedata emdala

Generate clock itt 10 no period
oroce legSclk

talt

er os
ecoorato seU 1r lou cyo Cs

uroc as beg
eset

for 22

wait
end process

cot na gee ritoco to ad ss at en of progras
process clk began

if clke and eetwito tiei
coo ed and cow geru La

rt Sit an soc es fully
se court lieu a-ior ailed

en -f

cod process
en

cool icc_u ii sb of semo

31
oroceas

ft mtr ii cc Ice
variabl Ce
jariebls oh ciaracter
variable index result integer
_ype -am ype as array 11 down of ITO GD VECTOR7 dow to
cc iable sac raet3pe

begin
natia ore memory from ile

for In to 011 loop CCL all 001teflts low
coo onvioteoe 0000 00

ed loop
index

whle not endf eslem file loop
ci cion 03 Gop
rselt

for in to oopood of
C- cc and oh then

result resoit16 character pcah cieracteipoeOdeaf aed c5
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EXAMPLE MIPS PROCESSOR

cesu.t esult516 characterposch-oharacterposalS
else report Format e-ror on line ineegerimagendea

severity error
end if

end loop
mefllindex4 cony std logic vectorresult wid

eon luau
index indew

end loop
read or write memory

loop
ft clkevent and elk rhee

macwrite then meinconv integeradr writedata
end if

end if
merdate mecconv integeradr
caL on elk adr

cod loop
cod process

end

architecture stect of nips Cs

conponent conerol1 ew

ortc seset SIC LOGIC
op in SD LOcSC \ECIORs downto

acre in SC LOGIC

merreao memwrite aiusrca memtoreg
iced peel regwr te iegost Out SIC LOGIC
poccarce usrcb cop SIC LOGIC LCIOR downu

IOC CC her
ci coiipoent
coaponel ucont ci

po ta coo 510 Of SECO dow -o
in 0TC OGIC Croc5 dIwno

icY fO

IC CO te

Clt eset LOGIC

ii LO

CCC ci 00 pOe
egw Ia egdst 510 LOGIC
1000 10 1Cr in SIC_LOG CCR err

cO LILT \TCCRI Cow 00
111 hI

serer CtSDLOGC
out SO LOGIC lkCr0k31 tomb

aor cc de LOG VSC OR dow

qna rs-r STO lOGIC VFCTOR3l donto
ci cc sroa rem CCC ioro ccc IC OIL

ucp ceo roe jmrcb SIC LOGIC VCO510 oowneo
mr er ITS

jral Iluoot FIG LOGLL VLC CR2 doirt

IT Cant rt rapc west ecr3 decaL
mcmi sad sm10ier cm Sb 50

oh ii

Ic

dl 1005

Poe Iapc rese macdata luarca rem eq
aid pee egwrtc regdst

pcsuurce lus oh ito

auOOt CCC 10Str SOc LoCate

11 yn Coot oiler

type statetype Ia ETCH1 FETCS2 FElL CL Oh OECOCE 511505
LCU oBWS SlOWS RIYPELX Slyp ImS SLO ILk

constant LB 5170 LOGiC VSCTOR5 dowrta 150000
constan STD tOOl LCTOR5 donito ClO0O
coretant RTVPE 520 lOGIC VCOR5 cown-o 050000-
conctact SIC SIC LOGIC VLCTOR downra 000 00

onata ITO COG VLCOR5 Cuento CC
tatc teL etipe

IC
bcen

CC 55 in st regiat
art daIS- her

rese thea taLe FLC
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eae state nextstate
end if

end if
end process

process sabe or begn next state ogc
case state is

when FETCH1 nextetate EETCH2
when FETCH2 nextstate FETCH3
when FETCH3 sextatete FETCH4
when FETCH nextatate DECODES

when DECODE case op
when LB SB nextstate C- MEMLDR
when YPE nec-tstate a- RTYPEEX
when BED nsxtstate BYQFJX

when nextetate JEX
when others nextstats FETCH1 should never happen

end case
wher Mt MADE case op is

ween LB ne Es bate BRD
when SB nextta SBMR
when others next. ate .ETCB1 should cc ci nap en

erd caso
Ihen BRD beta LBWM
wl-e LowE rtaa FECEl
he 85M excetste 081

YB BY rextt YTYP PP

then TYLR nextstwc TH1
EQFX ccx ntate FECM1

the -X bet ..c FE1L
bbefl otter wttstdtc IETC1 s-oold nave. happer

nd
nd eec

..t .i
00

gent ds

see teed leaw te

at eros sid 00

prsooce 00

cae state
wbe FF..CH mesrea

10 Cl
alcsrcb 01

te cc

srcb

on te
it enread

in te 02
CCC

or
eec
Ir CIa

arch 11
crbe

hen DL alesrO
when V5 easrca aw

slow cb

hen LetO aectread

ida
the LBMM egate

entoega
ton SWIM neat Eta

ord

wcer RTYPEEX alonca
aluop

when -1 BE regdst
it-ow Ea

BED

acopC 01
p_w i_sc

ccso irCe 01

pour Cc

oLson cc 10
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B.7 EXAMPLE MIPS PROCESSOR 3P

end ease
end proeess

penn peorite or pewriteeond and zero program Counter enable
end

architecture syoth of alucontrol is

begin
proeesnaluop funet begin

ease aluop is
when 00 alucont 010 add for lb/sb/addj
when 01 alucont 110 -- sub for beg
when others case funet is -- Rtype mali eti005

when 00000 aluennt Ol0 add for add
when 100010 -s alucont 110 subtract for nub
when 100100 alueont 000 -- logical and for and
when 100101 alueont 001 logical or for or
when 101010 alucort 111 set on less for sit
when others ueont ahoold never happen

end ease
end ease

end process
end

siteetur -ve of atapaC
component alu gen riewidth oager

po DLOC-IC VECTOLwidth- donto
slueo SOD LOG 0CC OR2 donto
result ou LOGIC VFTOR idt

cos onent

omponenr re file gereriewdth regbits integer
porte SOD LOGIC

sri ir LOGIC
r2 SO lOGIC TCT cgt do

it SOD OCT VECTOSH ozoL

to
cid opo
roe

rt CC 12 idt
out SIC LOGIC

rd orpoien
comp nez flop osriel dth 0og

out SOD CO VLCOORwccth1 desnto
sod sp ncr

oc
portcls en SOD OCIC

SOD DCI VECTORwidth dowtt
112 LOGC VECTOSwidthi dowoto

10500

conoi Di Lope iutt
por Cit rose en 552 LOGIC

jn 110 lOGIC COO wdtl-l downto

00 ST 00 VECIOSsidtbl dosnto
end corp oii

er 2o ce
lOCH

00 001C iLCI di oosn
end component
cooo rx idtl ejoortd dl c2 d_ SOD OCIC CTONiido cc

in SOD DC VECTORI onnto
out 59D lOGIC VECPOSwidthi downto

nd component
constant CONST ONE SOD OGIC VCCTORwidth downto 01 cony std ogie vector
constant CONS HERO STO LOGIC CECTORw dtl.-l downto cons dloo eveeorO z1dthl
signs ra ral wo STD 00 VLCTORregbits1 downto
s_goal pc nextpe ad rdl rd wd

are aid llresut sluout dpartedete conax4 STO OGICVLC1ORwith1 dono
ioa1 dpiIsH SOD COG GCTOS31 dosno

begin
sot so

consul 5- nsr wdtl dow 00

register i2e addrs slds
rod dp ntr egbits 20 doynto 21
r2 do instrregoiLs--1o do 010
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APPENDIX VHDL

regmux mux2 generic mapregbits port mapdp inctrreghite15 downto 16
dpinstrregbits41O downto 11 regdst ma

Independent of bit width load dp instruction into four 4bit regieters over fou cycles

irO flopen generic mapS port mapclk irwriteO memdeta7 downro dp inetr7 downto

flopeo geneic mapS port mapclk irwritel memdata7 downto dpinstr15 downto

ir2 tlope0 generic map8 port mapclk irwrite2 memdata7 downto dpinstr23 downtO 16
ir3 flopen generic mapS port rnapclk irwrite3 memdata7 doweto dpinstr31 downto 24

dataoath

pcreg flopenr generic mapwidth port maoclk reset pcen rextpc pc
rndr top generc mapwidth port mapclk memdata jad
areg flop generic mapwidth port mapclk rdl
wrd flop generic mapwidth port mepclk rd2 dpwritedata
tea floo generic mapwidth port mepclk aluresult elunut
adrmux nux2 generic mapwidth port mappc aluout iord adr
srclmux mux2 gereric mapwidth oort mappc aluerca arcl
src2mux mux4 generic mepwidtb port mepdp_wrstedae CaPSTONE

dp lnetrwidth-4 downo constx4 alusrcb arc2

pcmux mux4 generic mepwidth port mapaluresulo aluout costx4 CONET ZERO ocsource nextpc

wdmuX mux2 generic mapwidth port mapaluoet vd nentoreg wd
regti genoric map widtl regbite p0 mapclk regwrite ral ra2 we wd rdl rd2

mtCn lu gelerc map width port mapsc erc2 ucot alurecult

zd zerdetec generic mdpw dtl ort aapa uresult Cern

drve outputs
inst npiretr oriteda opwxirerata

und

ec Cu
sioue u2 sue dID LOGIC ClON ownto

beg b2 otb
abc

11
IvIf noc 001 idt

dl no
ucot do

ober

sum wten 10

Os otto

rcfiteCt re ego uf cattle

ra.fype array 2regbtc dowot of 610 LOGIC VNC OR wid duarto

at rerr am yoe

Corel Dored registr fie
CO tort ally

ri cpu dg
cue

avert and icn
vJtC Cc rcmC ege

ad

rV q1 al
erd if

eger ad coin 10 ut r0 an th

dat rd menconv nceetra2
and it

cod process

rchitecture syrth at cerodetect is

ignel rnteger
god STO LOb CVEC ORwadtl do

AOL Inverted

to idth-l doanto gna etc

tuiJIit ge rate

iii x1 not end not

herl if ge
no ard

eeoc ete
geadtt

asidtl
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B.7 EXAMPLE MIPS PROCESSOR

architectuie synth of flop is

begin
procescik begir

if cik etent and elk hen nsa if RISING EDGEclk then

end If
end Process

end

archi ecture syoth of finpe is
begin

p000essclk begin
if cikevent and tik then

if er then ci

end
end if

ord process
end

snhriecture syrc.xonous openr
bec ir

oeoe lk ji
ckevent cit iho

Freet hen

CONG ITO OCICVECTOIO sin oroduce ne tor oF cceluf en thf
end if

cfd

ed

n1t mx

ed

Leo

iS he 00 so
rio

CI le

en
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