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Preface

the two decades since the first edition of this book was published CMOS technology

has claimed the preeminert position in modern electrical system design and enabled the

widespread use of personal compute In the decade since the second edition was pub-

ished continued advances have led to the explosion of the Internet and wireless commu
nications TI trar sistor cou ts and clock frequenc es of state of theart chips have growr

orders of nagrnicie

Year 985 1993 2004
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PREFACE

extensive references for those who need to delve deeper into topics
introduced in this text

\Ve have mphasized the best practices
that are used in industry and warned of pitfalls and

fallaciet Our judgments about merits of circuits may become incorrect as technology and

applications change but we believe it is the responsibility of writer to attempt to separate

the good from the bad

Updatng and expanding on the supplements available was major goal of ti-is edition
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suggestions on how to deal with the mask artwork and various other book savw corn

ments Geoff Smith did the synthesis of the place and route examples that appear in

Chapter and along ruth Gordon often provided design methodology suggestions Jared

ndcrson did ihc MAmL1S synthess of the NCO in Chapter Phil Rian Gieg

Zyner ard Mike Webb provided hackgiou id on digitrl methoddogies and lesign ci

agemen Andrew Adams Jeffrey Harrison and John Olip guided me in RF issues Rod

ney Chandler provided ADC theory and practice Brian Hart contributed the INL/DNL

plots in apter 12 Tom McDermott often provided software guidance and other eciect

information Chris Coreorar oft ii got me out of muddle with dead laptops or other

seemingly insurmountable softwa or network probleff John OSullivan provided useful

feedback and was cd person to bounce idels off George Bouehayi broughr an exten
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Harvey Mudd College provided chip photographs taken by Kevin Mapp Steve Rubin

developed the open-source Electric Editor used to produce many layouts

Designers from several companies contributed war stories of chip design errors for

Section 9J2 under the condition of anonymity We welcome your war stories as candi

dates for the next edition An ideal story would be presented like detective mystery start

ing with the symptoms then the process by which the bug was traced and concluding

with schematic of the incorrect circuit aiid the method by which it was corrected

The E158 CMOS VLSI Design classes of Spring 2002 2003 and 2004 at Harvey

Mudd College and classes of engineers at Qualcomm and Sun Microsystems tested drafts

of thc manuscript Some of the engineers who helped inprove the manuscript include
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Michael iderman Mark Locasc Renee Logan Dimitrios yrrberopoulos Khurra
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CHAPTER INTRODUCTION

hundreds of thousands of transistors were integrated onto single die CMOS processes

were widely adopted and have essentially replaced rIIVIOS and bipolar processes for nearly

all digital logic applications

Gordon Moore observed in 1965 that ploLtmg the number of transistors that can be

most economically manufactured on chip gives straight line on semilogarithmic scale

At the time he found transistor count doubling every 18 months This obser

vation has been called Moorei Law and has become self-fulfilling prophecy Figure t4

shows that the number of transistors in Intel microprocessors has doubled every 26

months since the invention of the 4004

The level of integration of chips has been classified as smallscale medium-scale

large scale and very large-scale Small-scale integratwn SS circuits such as the 7404

inverter have fewer than 10
gates

with convers on of roughly half dozen transistors per

gate MecSem scale integration MSI cirmits su as the 74161 oun er have up 000

gates Larg a1e lmegratwn LSP circuits such as shvpe 8-bit crnprocewors have up

10000 gat oon became apparent that new narres would have to be eatd every five

years of this taming rend orti rued and thus the er veiy lar5cicale ztegsatio VLSI
sed to descr be most lot grated rcuits Ito ii th 1980s ward
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CHAPTER RODUCTION

dom look at actual transistors Nevertheless chip design is not software engineering

Addressing the harder problems requires fundamental understanding of circuit and

physical design Therefore this book focuses on building an understanding of integrated

circuits froiii the bottom up
In this chapter we will take simplified view of CMOS transistors as switches With

this model we will develop CMOS logic gates and latches C1\40S transistors are masw

produced on silicon wafers using lithographic steps much Pke printing press process We

will explore how to lay out transistors by specifring rectangles indicating where dopants

should be diffused polysilicon should be gross metal wires should be deposited and

contacts should be etched to connect all the layers together By the middle of this chapter

you will understand all the principles required to design and lay out your own simple

CMOS chip The chapter concludes with an extended example demonstrating the design

of smple 8bt MIPS icroprocessor chip The piocessor raises an of Fe siga

issues that be deve oed more depth through eii the book The best way to earn

VLSi des gr TI by doing it of labora orv exercises arc available tF Web see the

VTeb Soup emerit p0 on of Sc preface guide you tF ough tl de gn of oc vi

microorocessor chip

Ofc se sTI sri it TIrp ches Chapterd de fi rder cu rent

ap anec ii wo

tsc ed tc

of nv te nm cSno pies

ia tc ITie asieproces in cur riuse are icr bed so it resi ig

pro cii cuha cern ts Represe iv ay cesgr Vs arc cited Cha tc

ad rrar cit

too complicated and to inaccurate to apph by hand to in crc ning circuits Fo natel
od ff TI

pose of mat iw del TI he lative forman of different crate can be quant fled

ho theii ca ffo ic hat esTIlrev re gh uttheboob We
are lso addressed beer they are as or art as the transisto pe for uance

Si a5i scuss CFaper and used obtain no cu te perfo mmcc nirn

to rn Fe co ye Fau di

bnai ci oek
tradeof Is speed power crnty and iobustness iap ti ues qu

icutc gi aJdiIg ga ac gtechiqeer

na der of ti bok prererts bTI ncr in CMOS desgn hpt
focuses on rarge of current design ccl ods derti0i ig

the ssues ecu iar CMOS

Testing and designVor test techniques are discussed in Chapter Chapter 10 catal
gs

de gas for host datapati subsystems na1udng adc en sI ftns iltpli rs counten

rod others Chapter smilaVy describes me nory subsystem irciuding SRAMs
DRAIV CAMs RO1Vs PLAs Final Cha1ter i2 addresses sgc ia urp se sub

rnr cc nut or hi hi

ge are used xi early all dib eg ated cc today

ard nrc ide TI1 in Ver log dVHDL tsn ant HDI
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number of sections are marked with an optional icon These sections describe par
ticular subjects in greater detail You may skip over these sections on first reading and

return to them when they are of practical relevance

1.3

Silicon Si semiconductor forms the basic starting material for large class of inte

grated circuits Pure silicon consists of three-dimensional lattice of atoms
Silicon is Group IV element so it forms covalent bonds with four adjacent atoms as

shown in Figure 6a The lattice is shown in the plane for ease of drawing but it actu

lv forms cubic crystaL As all of to valen electron are involved in emca bonds

poor conductx TI cond ctislty can be raised by introducing ir iril amouiits of npur
cs into si icon latt ceTfese ci are called dopanta Group dopart sod as

rn has vera1 ice tro it plaes sd to to tI ci it still bo ds to

ho the ft en on ci fit ser at as

Figue 6h hermal vibrat of the atticc at room temper re ceo ivh to set th

rtri fre Vt civ ai cr or

oth nt er
do cc ruse hc rs ega vely haTe dcc oar Si

op ra thr aa orvr ig pa
ho tron from neighboring silic on sh in

001
ng clectr hole ci opag about th la tied ats as positive at ie so

sic adu

junctoI twee p-typ and ntype siicon cc fid diode owe gu
tge rn icr di ct ed the on Jr

cc iod sf cvii cc cc ci wi ov When ie no

ge lcsa than or cqu age od re eel

cc Os

II

---S

ptype type

Si -S -z/
II Arode cli

Sn-S-- SiS--So 5-

djd Ut
scor lit arid dopa oir
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An MOS Metal-Oxide-Semiconductor structure is created by superimposing sev

eral layers of conducting and insulating materials to form sandwich-like structure These

structures are manufactured using series of chemical processing steps involving oxidation

of the silicon the diffusion of impurities into the silicon to gve ertan ronduction char

acteristics and the deposition and etching of aluminum or other metals to provide inter

connection in the same way that printed wiring board is constructed This is carried out

on single crystal of silicon which is available as thin fiat circular wafers around 1530 cm

in diameter CMOS technology provides two types of transistors also called devices in this

text an n-type transistor nMOS and p-type transistor pMOS Transistor operation

is based on electric fields so the devices are also called Metal Oxide Semiconductor Field

Effect Transistors MOSFETs or simply FETs Cross-sections and symbols of these tran

sistors are shown Figure The and regions indicate heavily doped n- or p-type

silicon

ach transistor consists of stack of the conducti ig gate an instilating layer
of silicon

dioxide SiO2 better known as glass and the silicon wafer also called thc subit rate body

or bulk Gates of early transistors built fro is ctal so the sack vas lied me

oxide semiconductor or MOS Ni the bate 15 typ cal fori ted is volyc ys
all si

ca polysi on it the name stu-k An MOS transistor is built with p-type dv and

egion vp emit rd or acace he lle he ou nd drain cv

ii gah

ccl rounded pY insto uettf opos corsis rgotp pesou

andd regionswtha peb dy JnaCNlOStc nol gyvitrbo ill

sistors tIc substrate il th ype or a- vjeTIc erfiavor of trends or trest buit

fC aoiai

opposite tspc

TI
get

it ip
vie ts fi of ectri ur cot hem the so ice

dra Cc udder an nMOS tranustor The body is ger erally grounded so the pn June-

So ice te ran Source Sate Dr

buLk SL buLk Si

nIVOS trands aid pMOS tam atm
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tions of the source and drain to body are reverse-biased If the gate is also grounded no

current flows through the reverse-biased junctions Hence we say the transistor is OFF If

the gate voltage is raised it creates an electric field that starts to attract free electrons to

the underside of the Si SiO terface Tf the voltage is mis enough the e1ecrons out
number the holes and thin region under the gate called the channel is inverted to act as

an n-type semiconductor Hence conducting path of electron carriers is formed from
source to drain and current can flow We say the transistor is ON

For pMOS transistor the situation is again reversed The body is held at high

potential When the gate is also at high potential the source and drain junctions are

reversebiased and no current flows so the transistor is OFF When the gate voltage is

lowered positive charges are attracted to the underside of the SiS i07 interface suffi

cicntly low gate voltage inverts the channel and ccnducting path positive carrieis is

ft twed fro so tee to drair the trans oi is ON No cc he syn Lo for the

pMOS tra ssLoI has bubble on the gate dicatlnF that the tra sistor behaiio the

opposite of the rllIOS

fErn ghoat tf it will ill tEe high potent al Dl or POWFR nd asc mc

gie aN ni0 al ii og lie of ci

980s V-m was mt to ohs oct iii inal higher Smaller more i-nsi tori are

tsr igh ha
P1

ROLNC it

iouria Ovots
lnmuia eg en OS so tli in cu ci leaen

ure at dr m1hf ng IS ftc extre a-enl uvs the OS tr to vet

the is conduct ng from son to drain WE the gate is low ft nMOS
rrc stor ci an iii ie v-ca flu from on iNn

is tEe opposite benp ON i-hen the gate low and OF whet he gate high us

san mN 11 st cttd in Fnir wh me and dmlica Itte L5C nd
so us tul o-t common raodcl So thi aking abou ruit ehavh

OFF ON

pMOS ON

Tran istei ynoe i- ac ore
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t4

Figure t1Oa shows CMOS inverter or NOT gate using one nMOS transistor and one

pMOS transistor The horizontal bar at the top indicates VDD and the triangle at the bot

tom indicates GND When the inputA is the nMOS transistor is OFF and the pMOS
transistor is ON Thus the output Yis pulled up to because it is connected to but

not to GND Conversely when is the nMOS is ON the pMOS is OFF and the Yis

pulled doM to This is summarized in the truth table of Table The symbol is given

in Figure L10b

Figure ows 2-innut CMOS NAND gat

sistors Ct an so

para le plY OS transistors between and VDD If eithe input

it eas cc MO sis OFF
G\JD

rnaking the path ft Yt GND 3ut at ast on of the

am ors wi ON tng ro

Hence tIe output Ywi be fbo nr ts oth of the

iC MOS i4 55 St IS vi ON both of tIe OS tra sa

sO Fe 111 TI

gi syr sI fl

that DeMorgana Law the rvers ble rra be

placc on hot dc of Fe hat sa iguies
this bock zo

foes ersec irg at aT ju ae con tad iwo rcs cross

ng are connected if and or if dot is showr

k-input NAND
gates are constructed using Series nMOS

4II iIIIii ansistors and parallel pMOS transit on or examp

input NAND gate is shown in Figure 12 When any of the

mi uts are tIe output pulled gh thro
ig

he par lie

pI ti stor th ii

\JJj te la lot tIe series iC tans
in hY
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OFF ON
OFF ON
OFF ON
ON OFF

3-inpurNAND
gate schema ic

The inverter and NAND gates are examples of complementaiy CMOS logic gates
also

called static CMOS
gates In general fully con-pica aentary CI LOS gate has an nMOS

peldown zetwo-/ cnnect atput GND srd oMOS pal rctwor-k

conr ect the output to as shown in Figure 13 The netw irks are are nged St

that one is ON and he her QC for any aput pattern

he pull--up and puTdown networks in the inverter each consisted of tr nsis

TI ND gate us sea ul1 down etwork and pa ii ne or

oacatw ci dInt tcnplxgc\oc astos
rcaeC ci at ass roe as

lid ON 11

41 nMOS and pill OS transistor pairs usi comb rat these on-
PMOS

uctions JOb co rbu ationa gates can be constricted p-uo

pa vc cull

ogi gate as show
gasre my hot wi at empt to exert logic ie at the 1H On put

as cc tI ui ita rn Jab L3 Th tl abet

ar be see th ttheo tofaCiVOSl gcgate anbcinf irs ites and
Ic aaou NANTt as vIe er nea

pall or 1- anc the ot at ic ON ten both uc
ab lull dovan OFF higaarrpedcnce orfioczing outnut state resu tsTl is

il no ard ov

yi ts vhen in -0 univ si to ON IL

ause leterm ate level and also sta ic we tr Ic dna pated It usual it Oii cc woks

waatd To jfl an CI 103 gte rcuat
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owbare
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giH
g2H

OFF OFF OFF ON

giH
g2

0$

ON 3FF C-

g1g2

g2 oC

fe

_______ 0-i put NOR gate is sFowr in gure llhe iMOS nan is

ors parallel to II the output low wher either nput is hghBI
The pMO transistors are in series to pull the output high wher

mt inpu clowas cared thetruth table of label As

Ib AND as hTh he

wbarrcdo 1etfm
2-input NOR gae schema dOd

sylrc lbj 12
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Sketch 3-input CMOS NOR gate

Figure L16 shows such gate If any input high the output is pulled

low through the parallel nMOS transistors if all inputs are iow the output is pulled

high through the se ies pMOS trarsistors

ru ti gate ematicYAi

uc nd snga iir an pa
res.mrexamj1e ti dcrvation of do switch co ncctior diagrar fo the fur ion

shown gore mtion is sameties 1ec RI -OR
IN ER 22 AO122 because it perforr tte NOR of pas of 2- nput ANDs or

OS pull dowr ne ork ake he rted expres on di

cating whcn he utpu shou be pulled The AND cnpressions aid

nay be implemented by ser es connections ofw tches as shown in Figure l7a Now
tikin5 sc subswt hes and Oh

ag the resdit equires the parallel connection sesc

str actures whicf shown in Figure 111b Fo the pMOS pull-up network we
aaple dnta us swi Lhes that or it ii vms

ol ri DeMo gars aw is is equ va ent nterchangrng AND and OR ope
as en rans stors that appear in set es in so Pu down etwork must appea is
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parallel in the pull-up network Transistors that appear in parallel in the pull-down net

work must appear in series in the puli-up network This principle is called conduction com

plements and has already appeared in the design of the NAND and NOR gates In the

pull-up network the parallel combination of and is placed in series with the parallel

combination of and This progression is evident in Figure 117c and Figure

L17d Putting the networks together yields the connection diagram Figure 1.17e
The schematic icon is shown in Figure J7f which shows that this gate can he used in

2-input multiplexer If then YA if is true while if is false

AH JHC AH HO
BH Ho BH HD

AHBCHflD

1H

ID

CMOS orr 3311 go fo func onY

The rngth of signs1 asured by how closely apg ox mates an idea so age un

go he srongu sgraI the nre uene so r.k powet

plies or railr VDD and GND are the source of the strongast and Os

An sMOS ansist is an alir oat perfect swita en passng and am va sa

passcs strong
los over ii aMOS ansistor perf at at pmsing The hgF

voltage 1ev same vhat less than VDD as wi be explained in Section We say

passes degraded weak pWOS ansistor again has the pos bei avior passing

strong ls bu deg aded Os The ransis at syr
bols and behav ors are summarized ig

arc hg andd ndicatinggatc rccard so nb sa owsiepe

sert switches in tne OFF and ON positions
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Sketch compkmentary CMOS gate computing

Figure hiS shows such an OR-AND4N\TERT-3-4 0A131 gate The
niviOS pulldown network pulls the output low if is and either or or are

so is in series with the parallel combination of and The pMOS pull-

up network is the conduction complement so must be in parallel with the series

combination ofA and

AH

CHDH
DH

UOS orpond Tte

cY

rMO Q1-o-strongO

g1
o-d Pdcg adcd

ip Output

SVd ostro1c

Pass Lranstc ci and agraded tpot

When rWOS OS sed alo as ar ipcrf as it hs srietincs dl
MOS OS Cr na allel

20a wr oh an switch hat Cams os whe as re 20b
si and lb rebuth ed Pt ehahbr Fga ci 2O Wctcrr th
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transrnivsicn gate or pass gate in circuit where oniy or has to be passed the

appropriate transistor or can be deleted reverting to single nMOS or pMOS
device Note that both the control input and its complement are required by the transmis

sion gate This is called c/cubic nec/logic Some circuk symbols for the transmission gate are

shown in Figure 1.20d None are easier to draw than the simple schematic so we wiil

use the schematic to represent transmission gate in this book

Input Output

gOgbl g1 gbO
strong

aUJb glgb0 gb0
gb

ab oso-strong

at b\

sn fi

in the pull down net york arid pMOS transis ois ii he cur pl mcntary psI up ncvork

ra 11 NE NE ii is

pMOS only sass tE on it is alw is rongla driver the levels are neve

dcgru ri lied Ii is ly ird suvplfle en en bl

Ia contrae too cm Icic tie at 1-up ard pu us itch ncorks have

to be toe or or ntar ape st cot il ii pen
hy ii ze Uh ass coy ne hr fi

st ngle c1 nd Ga Lee nolog aol as

00
ch ip ri Fr awe Ii

fNEOS

cot sequence of the desgn of coniplcn Lacy Civ OS gates is that boy

must he ins ertin he nMOS pu11 do vn senvork turns ON who inputs arc

leading to it the output We ght he emp to the mans ito

GND
upside down to build noninveiting gate For exauple bgume 21 snasvs

ni erring buffer Unfortunately saw both the OS ar MOS ransis

et Ic
CF Idoutput Ii so

Wc call the lb and right em ins id boe ama each tcchnicaflv he or bone of Lhe St it

and th drain of tic ot im



1.4 CMOS LOGIC

can build noninverting functions from multiple stages of inverting

gates Figure 122 shows 4input AND gate built from two lerels of

inverting complementary CMOS gates In isolation the NAND

the gates depending on the speed and density required

design is simpler In the context of larger system one can optimize

Similarly the compound gate of Figure 1.17 could be built with

two AND gates an OR gate and an inverter The AND and OR
gates in turn could be constructed from NAND/NOR gates and

inverters shown in Figure .23 using total of 20 transistors as

compared to in Figure 1.17 CMOS logic designers must learn to
Various up merDt am of

take advantage of the efficiencies of compound gates rather than CMOS 4- ri ut AND gaL
using large numbers of AND/OR gates

ia La

FN

igure shows symbo for Innate buffi
Whet the enable input EN is

Ic out1 Yeqra he utA St OS ifl an otdinar Ic \Then the

unibri 01 sit ga/ ss tied be
-N

Lu it pie re ta iablc EN
ci ic Ic ne nit 51

0/1

0/1
El

1/0

-Y
1/0

Tb tr nsm su ga in 1J fat thc tnth taLl as at oM luffc

eq it vo Iran stors but is non es/acing circuit If the input is iois or othe gt
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wise degraded signal the output will receive the same noise After several stages of nonre

storing logic signal can become too degraded to recognize \ATe will see in Section 42

that the delay of series of nonrestoring gates
also increases quadratically with the number

of gates in series

Figure 26a shows tristate inverler The output is actively driven from V1 or

GNU so it is restoring logic gate Unlike any of the gates considered so far fEe tristate

inverter does not obey the conduction complements rule because it must allow the output

to float under certain input combinations When EN is Figure 1.26bl both enable

transistors are OFF leaving the output floating When EN is Figure 126c both

enable transistors are ON They are conceptually removed from the circuit leaving sim

pie inverter Figure 1.26d shows symbols for the tristate inverter The complementary

enable signal ca be generated iternally or can bc routed to the cell explicitly ristate

buff can be uilt as ristate ertei follows an ordinary mi erte

ret

1r were ice cor sed lo pie oc LO

sUenh gn

ii cx are rele red

Yu plexers are ey or nerits CYOS iie en rt and dare nanipalatioi

St uctu es ult plerer ci ne tl outpu be ore several inouts based lee

sigral twii put or2 miltipi er hoosu 1ut DOs he the sd Ct is md in ut

vhen se cc USe vi table is gv uT tic oic ii ior is

DO DI
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0/1

0/1

1/0

1/0

Two transriission gates ca be tied together to form compact
nput multiplexc8 as shown Figure 1.27a The select and its comple
nant able ex ctly one of the wo ransmissior gates at any given time DO

lsc complcmcntary select is ofte io drawn in the syn bol as ir ig Sj
27b no

cgaJn the miss or gt sr due rot restorirg multpIcx
te nuld fare orinx nvert ng mult plexer out ga cci

wys ne the conpourd ga Figure 17 co inectcd as shovn

8a er gang together cro tr tatc twa ters

ge SC ese iso

ia cc kiasle

TI osL
ac us sciec and its complemcn arc riutually xc usive FFe trista ap7roach

ght no cx as faster cause req ties less interna wire th ci

rbo1 5Tigwx
28c

ir

Invert tn1tiplexer

rger iultplex ca be lt frcr inuluple ape rnultiplexers
orbs drac lv

ga ging together severa istatas he latter approach equires dewded se eat signals for

ach ta fU inc iu xci of these proac

12
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Siso SISO Siso Siso

SO Si

DO

D2
D3

r1 xU

Us ng tF on rat onal rc ts veloned so WC Ca wqu ntia

suef in ni ches tin upups oit ic nip it thu pleAe ii tu tWO ii ici Lc

Si wn iFigure 30a It consist data clock inpu CLK and ue nd

on plemerrary outputs and CLK the latch is transparent and

guac 30c Wher CLKis cfcd ci ch opaqus fe dbsck oath

to tc ta Figure

cfiutcyVF ciciscaqa Dsg Ti cia
ernst ucted tro ii trar sri ion grres shown in gi 30h

Sac S8t5 st us
da 1enrrnt the eve the ink na as shown gu atch hos

positive eve1 mit latch represel ed by ha .ymbol in hugo 30f By ting

the sontro canrprrirs tc the mutp asa agc ii Te tnelf se tch maybe con
structed

By cosib ning two levi se si on tr sans tUe aid negats

sensitiva curs uc an edbe igye edflip flop as shown is Figure 31a By conve

tiol tie firs atch ag ailed the ma fir id the se sond is cal ed the slave

Whlc GLK is ov the ma ter negative des el-send ye late output QM folio vs tl

inpu wFila tie sieve nosi ire level-set stiva la holds he previrus value igur
ci lock trans iron 10 in nester it eases to mph

Input and hoid tile value as irr th lock ra Sit Ofl slave ch inns

passing the stored mastar vilue QM he tput the ave atch he nput is

block fror affactns Os epu barr in as er dis onnec ad fon the inpu
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OLK

D--
CLK

CLTI

tY

CMOS posi 1w level-sensitive atcn

go IV co to to Ic sac Eold

and Ic naster arts sar ng aga it

su ira fi rfle to tI ig cd if abc

thi cal gge fl

itfip
flip fib1 vc ing be nolan es segat edge iggered op or ha

ed ra tion of wo riot ip flops kg ommin do nIT

Vied regis register often kawr as fi p- flop wi milti-bi and Qbus es

In Section 72 we will see that flpflops may experience holdtime failure if the

system has too much clock skecrz Le lo ae thp flop tr ggers nv and another triggers late

ecause of variations in och rival times In industral sigi great deal of effort

devoted to ig ii nulators to catch hold time ob cmi Whcn design tie is more

pot nt it aca eVa ass rrojc fold time noblems can be ode toga

dii bu vo lock Fig ockcd

tv nomo -criapping phases As long as tIe phases do not vet ap ye ath won

ae us tleau one ach viii be opaque it arygi en ne as hod rri probieivc

en occur
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CLK

CLK

DHQ
Ui

CLK CLK

CL

CMOS posit ve-edge tr ggered fTp-fOp

It is fte usfaI to osice esi ard/o able ffp-kps la Sue

01 a0t ardaid
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CMOS if p-flop wJi two-p ase -io soverlapping clocks

15

SO
rn taCo it nsistor re fabricated hi Ii si fer tsr nrc

tea upport aid Ca nor pot it caSef abs -a VTe un icr

sea of ra sstosfontwoperspectivesOiiei th psiv

tie waif tfrougf th ddif of is sto and looking at it edgewise \Ve begin look

hi pet OS
ne er er define se of nask- us ra iufact the different pars of th
torT oftleansa sandwi tb fnrso

I-c ku ii so man fact
ig proces Con ma vince sento in his esol iaon

I-ave sic od tI-c expo sen sal growth of the iconduetor md 0tr

1W
gure 33 shows cross-section of the nverter from Sccf or th diagra the

41t p-e salost0at te p1/LOS trans ca ea res n-yoe bkiy

region so an n-well is di fused the substrate its vicinity
Note ia it is also poss Sic

to design CMOS process ar s-typo subst ate and veils CO tam the nMOS
txankstor ks ifs hbcd See tI-c nMOS trans stor has type source rd drain

egions nd polysiicon gate ver thin layer of sib on dioxide Si02 afo cc led gate

oxide lie pIV OS transistor similar structure witS p-type source and drain reg ona

Fhe polysif con gates of the two transisto are tied together somewhere off the nago and

rn lie Pu iou cc ItS nM ansls connected to metal gro dl

the source of the pMOS transisto connected rreta I7 ie se drains of ti
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nMO br pMOS Transistor

mei er

tv trans trs tr cornccted such ixetal tc form the output thicker layer of Si02

al1edfte/d oxide pieve its metal xi sorting hr cii excep here contacts arc

cxplic etchcd

Fstritc stbc Pc to ootc if ix 1b sng hr

cot ha It

cl di
cc itt c01 in

ir gur o4 re di frmt coce Ic hr Iooinp recui ed

Lstabl si od ohmcr conto that pros cc esistar Ii oiu ii

cono

V/

Substkte Tap Well

nier cos 101 ft xc suc con Cc sici cii Pa

or roe

all thur oinplexit chps re araazingh ncxpensixe becausc he tra slstors and

rm can Leo nted sour the irc vay as ook lh ao catio ccc nce curs sts of
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series of steps in which layers of the chip are defined through process called photolithogra

phy Because many entire chips are printed at once the cost of the chip is proportional to

the chip area rather than the number of transistors As manufacturing advances allow engi

iseers to build smaller transistors arid place more transistors in the same area cad trarssiswe

gets cheaper Smaller transistors are also faster because electrons dont have to travel as far

to gct from the source to the drainl This explains the remarkable trend tor computers and

electronics to become both cheaper and more capable with each generation

The inverter could be defined by h1 pothetical set of six masks nwell polysilicon

diffusion diffusion contacts and metal for fabrication reasons discussed in Chap
ter the actual mask set is usually different Masks specify where the components will be

manufactured on the chip Figure 33a shows top view of the six masks See also the

ii side front cover for color picture The cross-section of the inverter from Figure L34

as ta ten along thc dashed line

ci sider very fimple fafrcation pocs ill Crate he fundimental ideas Tic

proces cgins with tic creatio if an well on ixre type silicon wafer rgsre 36

shows cross-secti an of the wafer after each processing step invo red in fo mi ig tie

nell guic 36a illustatcs the bare subsi ate before processing Forming the well

cc add crough Cii pVd ii into he hcon bstra haigc tic sub tc

el for
Chit vc

oI idr ta eti Fe ti lice

ti 7c t1 tIc the do hi ckd ho tie

ibstrate ar fo the wells vh there no ox de The next paragraph describes these

ecu ore deta

cr1 51 pcs 12 OC Fr tla

ca ses the Si nd to react and become 0202 he wafer surface Figure 36b he

re

exp lgf is jun or tr the wafer Tb photr resilt is cxi osed
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The transistor gates are formed next These consist of polycrystalline silicon generally

called polysilicon over thin layer of oxide The thin oxide is grown in furnace Then the

wafer is placed in reactor with silane gas SalI4 and heated again to grow the polysilicon

layer through prornss called chemical vapor deposition The polyhlicon is heavily dopd to

form reasonably good conductor The resulting cross-section is shown in Figure L37a
As before the wafer is patterned with photoresist and the polysilicon mask Figure

1.35c leaving the polysilicon gates Figure 1.37b
The regions are diffused to create the transistor active area and the well contact As

with the well protective layer of oxide is formed Figure 1.37c and patterned with the

n-diffusion mask Figure 1.35d to expose the areas where the dopants are needed Fig
ure 37d Although the regions are typically formed with ion implantation Figure

1.37c they were isto icall dffascd and thus sf11 are oftcn called ndffPszon Notice

that the polyiicor gate ow nyc os ansistor bk cks the di ía so tie son cc and

rim ac ieparated hv chonne rdcr tc TI is cr1 ed cellaligned ciocess because

the ource ire dra ci he ass to are automatcd formed Ijacent to the ga wth

out tl to piecisels align die asi ira Fe prot tic aide ripu gare

3/t
31 ccc eoeat Orthep ffus as na kge togr he stricture

ry re rn nd

set sho 1/f si in

igure 38 ip cc vs tact
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remov me everywhere excep es shou err air ig ire 38c is cam
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en in of if
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that cover wide range of manufacturing processes The rules have become slightly more
conservative for more advanced submicron processes but are fttndamentally very similar to

those proposed by Mead and Conway in 1980 for 6-micron process The rules describe

the minimum width to avoid breaks in line minimum spacing to avoid shorts between

lines and minimum overlap to ensure two layers completely overlap

conservative but easytouse set of design rules for layouts with two metal layers in

an well process is as follows

Metal and diffusion have mirimum width and spacing of

Contacts are and must be surrounded by on the layers above and
below

Polysilicon usc wid of

nosilco ovedaps dfOsioi wher Lear sistu dcOed and irs acing
of wa whare no transs or is re

Po1 lao as pcig pi un

ci ansistors by MO rn5 te

esi ul
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si00
has W/L of 4/2 In 0.6 nm process this corresponds to an

actual width of 11.2 p.nn and length of 0.6 pm Such minimum

width contacted transistor is often called unit transistor.4 pMOS
transistors are often ider than nAiOS transistors because holes

move more slowly than electrons so the transistor has to be wider

to deliver the same current Figure 1.40a shows unit inverter

layout with unit nMOS transistor and double-sized pMOS
transistor Figure 140b shows schematic for the ineerter anno

tated with Width/L ngth for each transistor Figure 140c shows

L812
shorthand ull often use specifying multiples of unit width

HL2
IJ and assumiug length
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These cells were designed such that the gate connections are made
from the top or bottom in poh silicon In contemporary standard cells

polysilicon is generally not used as routing layer so the cell must allow v0
mctai2 to metall and netal1 to polyslicon COStaL tc cach gate While 1F 40

this increases the size of the cell it allows free access to all terminals on

metal routing layers

As layout is timeconsuming it is important to have fast ways to plan lay
out and esUmate area before comm tting to frill layout Stick diagi ems are

easy to draw because they do rot need to be drawn to scale Figure L43

and the inude Iron cover show stick diagrams for an inserter and input

NAND gate While this bo uses ipple patterns las ou designers usc Nt
colored pencils or di era leers

With orac ice cc esti sia the area lrs out from cone 32

pondng st diaerar cv gh hr not scale Aitho

matfrs focus on transistors lcout area is uual dctcr nncd bt th N3N sndcid
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Sketch stick diagram for CMOS gate computing see Figure
18 and estimate the cell width and height

Figure 1.47 shows stick diagram Counting horizontal and vertical

pitches gives an estimated cell size of 40 by 48

DD

6tracksY48

00 p--p_
ack /0

uic PiBC

unit yo know that OS transistors bel ave as tage controlled swTches You
to build ago ga as out oft nistors And you know ow tratsistirs are fahri

nd how dr layout that
sp lies liov tr canto shou be placed ar ci

cc cd ogether You know rougi start buldirg your ow sir plc chips

greatest challenge in nodern VLS design is not in designing the individua

tra isis on but rather in cc anagin sYstem comp1cxiy Modern System On-Chip SO
designs combine memories processors higf sp

ed I/O interfac and dedicated applica

spec IA logic on single ch They use hundreds 0f millions soon billions of tran
cc at on St be ed ro gc ins gmcers each

ocr must be
ig ily pa duct If tIe rtple afon il too rigidly pa to aed each

ock
opt ma ed wit regard to its neigf hors ading poo system results

averse if every task terdepende at with
every other task design will progress too
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slowly Design managers face the challenge of choosing suitable tradeoff between these

extremes There is no substitute for practical experience in making these choices and tal

ented engineers who have experience with multiple designs are very important to the suc

cess of large project hc notion of structured design which is also uicd in large sofLware

prolects will be introduced in Chapter Structured design uses the principles of hierar

chy regularityi modularity and locality to manage the complexity

Digital VLSI design is often partitioned into five interrelated tasks architectuie

design microcznhitecture design logic design circuit design and physical design Architec

ture describes the functions of the system For example the x86 microprocessor architec

ture specifies the instruction set register set and memory model Ivlictoarchitecture

describes how the architecture is partitioned into registers and functional units The

80386 80486 Pentium pentium II Pentiu Ill Pentium Celeron Cyrix II AMD
KS and hlo arc all mi roarchitectures offering ffercnt pe formance transstor count

adofL fur he x86 ar-h etre Logic decbas fo LnconK nlis crc coistructed

Fo exarr Ic vaisoas log desgns for 32-bit adder in tEe x8 nteger sit include rpple

carry carry oo ahead and carry sele Circus des gn dcscr bes how tra is stors used

nplement the logic example carry lookahead adder can sc stat CMOS ci

do crc its pas crcuts ci alo ed ar FgF
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system can be more easily understood at the top level by viewing units as black boxes with

well-defined interfaces and functions rather than looking at each individual transistor

Hierarchy also facilitates design reuse block can be designed and verified once then

osed ir many places Logic circuit and physical views of the design shoWd share the same
hierarchy for ease of verification design hierarch1 can be viewed as tree structure with

the overall chip as the root and the primitive cells as leafs

An alternative way of viewing design partitioning is shown with the Y-chart in Figure
148 KangO3J The radial lines on the Y-chart represent three distinct design
domains behavioral structural and physical These domains can be used to describe the

design of alir ost any artifact and thus form very general taxonomy for describing the

lesign process Within er don am there are number of levels of design abstraction that

start at very high level and desccr eventually to the sdaidual elements that iced to be

aggregatd to yield the top level function the case daip desigr and transistors
Th hh ri3rr domair des bs whiu ga-i caei sys cm does Thr is ant at me
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Normally these steps are fully automated in modern design process but it is important

to be aware of the basis for these steps
in order to debug them if they go astray

The diagram can be used to illustrate each domain and the transformations

between domains at varying levels of design abstraction As the design process winds its

way from the outer to inner rings it proceeds from higher to lower levels of abstraction

and hierarchy

Most of the remainder of this chapter is case study in the design of simple micro

processor to illustrate the various aspects of VLSI design applied to nontrivial system

We begin by describing the architecture and microarchitecture of the processor We then

consider logic design and discuss hardware description languages The processor is built

with static CMOS circuits which have been examined in Section idready transistor

level design and netlist formats are discussed We continue exploring the physical design

of the processor icludmg floorplanning and area estimat on Desigr verificaf on is very

imporant and happens at eah 1evel the hierarchy for each element of thi def go

ina tl layout is co vert uto asks so th clip can be nanufact ir packaged and

tea ed

/7

oaf Cefi

Descnp on

Boooi

Equebi

Mask

f000rp an

Geometnca ya ca

agi in Reproduced from angO3 ft cn mision

The McC raw Cornanles



EXAMPLE SIMPLE MIPS MICROPROCESSOR

1J
We consider an bit subset of the Patterson Hennessy MIPS microprocessor architec

ture because it is widely studied and is relatively simple while still being

large enough to illustrate hierarchical design This section describes the architecture and
the multicycle microarchitecture we will be implementing If you are not familiar with

computer architecture you can regard the MIPS processor as black box and
skip to Sec

tion L8
set of laboratory exercises are available online in which you can learn VLSI design

building the microprocessor yourself using free opensource CAD tool called E1ecc

ie 11 S32 architecture is simple 32-bit RISC architecture wi Is relatively few idiosyn

asies Our subset of the architec ure uses 32-bit nstruction encodings but on eigEt
ral purpos rcgiste named $0 si so an bit program co nte PC

tei shardwrel rumbc Ife rstmctorsa CA ND Ot
LI ADDI BE0 LB and SB

he functio nd cod tr is
gi

Ta Each

cot act
egis

Las

used fo and specify two source registers desti sato
regis er vpe

ad $2 $3 additos $2 c3 000000 100000

aub $1 $3 sub raction $1 $2 $3 000 00010

ad wn and and 000

vosc $1 53 000000

l- $2 03 00

sd $2 irma add snared te $1 $2 hum 001000 nJ

CO hair bmnchircqai pc inn5 OOulbu s/a

destanatior ump destination5 000010 a/a

$1 imm$2 oadbyte $1 mcem iraml 100000 t/a

$1 irnm$2 strebyte mem urn $1 0100 n/a

oh ucs ly Id sses speciE by tes nstructions require ft ur byte word ard rr St begii addre sos that at

aultiple of fou lIo most effectively use instruct bi ii the hill 32 bit MIPS archi ecturc branch and jump eo astants

spec fed wors anc must aultiplied ba our ski ted left two bit to be converted to byte addresses
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instructions are used when 16-bit constant also known as an immediate and two regis

ters must be specified J-type instructions jumps dedicate most of the instruction word to

26-bit jump destination The format of each encoding is defined in Figure 149 The six

most significant bits of all formats are the operation rude op R-rype instruchons all

share op 000000 and use six more funct hits to differentiate the functions

Forma Exampe Encodin9

add $rd Sra $rb

beq $ra lab mm

den opJ dent

cC uc cO

VVe can wri pr is ix PS ocesso as emb aayuay svheic ciC Sc

Fe irs gram cur suns or ssiuctuc uch as BLQ vcs sar

varc ultimatc mu tie tIn og scre of 32 bt numbcrs allcc zachr 1w

ii Par ss ci arm mm

machine language using the encodings dehncd in Table and Figure 49 Wr ting

rut in bi mnwg ar prc amine is ork

hh ilevel language such Cc FORTRAN compiler translates prog am from ugh

Ic is cc sours cola Ito tie ppmpr ate ma cc 1arari ge ohject Pc

go JO cw 0ii cs the is

elF fu ecurciv fo asf cf Translate he ograso

in IVifS as emtiv language and macnine longuage

Fgure 1.51 yes commented as cmbly language program igure 52

translates the assembly language to machine language

nor/muss
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mt fibvoid

mt compute nth Fibonacci number
mt last two Fibonacci numbers

while count down to
41 41

fl

return

occ fo rbooac plograrn

flbasm
Register usage $3 44 $5
returr value written to address 25

addi $0 iiat slice
id 4intia
adi $5 42

loop beg $0 end Done wi oop
add $4 $4 $5 Il 41

$5 41 42

addi$3$3 rr_l
leo rpet ii one

end sb $4 255$0 store result in address 255

serib gso Co fa og

Rexade

to ma od cod ig

dda 40 100 00 00 003 00 00 10008

ddi $4 $0 001000 00000 00100 0000000000000001 20040001

rldi 45 001000 Lfl00 0011 l1i11 Illllll 00fff
beg $3 $0 era 000100 00011 00000 0000000000000101 0600005
ado $4 $4 000000 00100 0010 00100 00000 100000 00852020
sub $5 $4 $5 000000 00100 00101 00101 00000 100010 00852322
addi $3 $3 001000 00011 00011 llllllllllllllJ 20634444

loop 000010 0000000000000000000000000011 08000003
sb $4 255$0 110000 00000 00100 0000000011111111 a00400f

Mcf re IangL ago oda far Fiborrc arogiar
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We whl implement the multicycle MIPS microarchitecture given in Chapter of

PattersonO4J modified to process bit data The microarchitecture is illustrated in Figure

133 The rectangles represent registers or memory The rounded rectangles represent inul

tiplexers The ovals represent control logic Light lines indicate individual signals
while

heavy lines indicate busses The control logic and signals are highlighted in blue while the

datapath is shown in black Control signals generally drive multiplexer select signals and

register enables to tell the datapath how to execute an instruction

Instruction ecution generahv flows from left to right The program counter PC
specifies the addrss of the instruction The instruction is loaded one byte at tirre ove

four cycles
from an off chip memovy into the 32 nstructior register IR he op fi id

31 26 of he nstr im is he contro er wh ci scouce datapath

rough the orrect onerations cxecr tr icUon Fore anç1e xrnU nstrr

tio tie wo source ig ers arc a2 for se regi npo at St

tl nex rico ol Ic it /1 Al to

add tIc inputs he remit is cap ed th aluout reg ci On firl cy Ic es

ha he ap ate st tior ster rep ci

ma er Pee ii

daa car
vi ipu ii tc

oiy he FS thee is spa based op to cute he par ular st ret

FS te or ssnc an ft exe fo de

tibse ye trat tne ortoi prouuc bis as up

at on to bit ucontro sigi if Ic

fields as xfted ir laMe alucc tro yes multip cxci he Ic

te comout io

010

o1_

100000 010

1000 JO SUB

10 100100 00 AN

10 100101
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Referring to Figure 53 and Figure 154 explain how the MIPS processor fetches

and executes the stm instruction

The first step is to fetch the 32-bit instruction This takes four cycles
because the instruction must come over an S-bit memory interface On each cycle

we want to fetch byte from the address in memory specified by the program
counter then ucrement the program counter by one to point to the next byte

The fetch is performed by states 03 of the FSM in Figure S4 Let us start

with state The program counter PC contains the address of the first byte of the

nstruction The controller must select rord so that the nultiplexer sends this

address to the memo memread must au be sscrted so the me nory teads ti

bt out the memdata ho PinaIr Irwr te3 shaii be asser ed to enable wrting
icr Ca Fe riost sign flea it byte 0f the Istruction egister

fi eanwl Ic ye iced to nc emem thi program courter We car do thi wi

by pe if ng PC the thee np ADD
ioa ITo select PC as the first input alusrea selec othei ii

uruh 01 To wrfo an io op ac cc

ccii po arcu at c-e cmxc

don cc tngpewrxtnnoid
cc sac coat

rcg ter enables are assun be if explcitly asserted an he other mult

-e ci re Ion c- ne re der -i Fe

cc ytes cm ft espectively

he cad son tytisti tate source

sters are mc bed ii bit 21 and 20ló of tie JR he register file reads these

is puts tie val es he reg st rs \o ortrol sig air me rcce

Fe tFou fo ii ci Jet tier

iris oc cc is BLC
IT cm tea to per tF so Base on the he JP is

he ci -y tr

tusa 00 Choo tug aluop direc th Control de odes to se ect he

goal 10 ubcnaz ice R-typc cci ic ions execotea

den cal except thu the decoder rece yes dif eren funct code bits 5O and
tF gcr crates erect nine in ol signal The result is placed in the ALUOut
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comes Iron cc ALUOut
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We begin the logic design by defining the top-level chip interface and block diagram We
then hierarcriicaily decompose the units until we reach leaf cells We specify the logic with

Hardware Description Language HDL which provides higher level of abstraction

than schematics or layout

The top-level inputs and outputs are listed in Table This example uses two-phase

clocking system to avoid hold-time problems Reset initializes the PC to and the con

trol FSM to the start state The remainder of the signals are used for an asynchronous

bit memory interface assuming the memory is located off chip The processor sends an

bit address adr and ther isserts mcmxc ad or memwr ate On cad cycle the em

returns value on te memdata lines while or urite cycle the net ory accepts input

from writedata In rrany systems memdata and wri edata can be ccmbinec

gle bid cc or is xi nse Ii ace

figure 55 iows very mple computer system built from ie IvIIPS proces or external

eset iv it ii ai lock zen stor

ph2 tedata
reset memread

icr data wro

HaLO
ator h2

adr

_wteddtar

MIPS computer svsroui
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The chip is partitioned into three top- evel units the controller alucontrol and datapath

as shown in the block diagram in Figure 1.56 The controller comprises the control FSM
and the two gates used to compute pcen The alucontrol consists of combinational logic

to drive the ALU The datapath contains the remainder of the chip organized as eight
identical bus/ices This partitioning is influenced by the intended ph sical design The
da apath contains most of the transistors and is very regular in structure We can achieve

high density with moderate design effort by handcrafting single bitslice of the datapath
then replicating that bitslice eght times The controller has much less structure It is

tedious to translate an FS1V into gates by hand and in new design the controller is the

oat likely portion to have bugs and last-minut changes Therefore we will spccif the

LOt troller more abstractly with hardware description language and automatically gene

ate it ising synthesis and flac rout tools
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mips composed of eight bitslices and zipper that ties the datapath

together by driving control signals
and

register
enables to the

controller alucontrol datapath
various bits The bitslice in turn is composed of the ALU reg
istet file ramalice flip-flops and gates Same of these gates arS

standard bitstce zipper
reused in multiple places The pieces composing the zipper

cell library and rams/ice are left out for brevity\Af The design hierarchy does not necessarily have to be

alu inv4x flop ramsflce identical in the logic circuit and physical designs For exam

plc in the logic view memory may be best treated as black

fulladder or2 and2 mux4 box while in the circuit implementation it may have

IN /1 decoder cell array column multipiexers and so forth Diffar

nor2 nv nand2 mux2 cnt hierarchies complicate verification however because they

must befiattened until tSe port that they agme As mattcr of

practice it is best to make logic urcuit and physics design

hierarchies agree as far as possib
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ware that executes ir parallel ratncr than so 1w rc tvi execute sequentially There are two
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logic irnalatas 1w rat otl Ic an If UI logs s1n/ac 50

maps behaaioial HDL coda onto /ilnasy of gat called steedaid LeD to isa imizc area

lc mect rig som timng census On suset of DL constructs axe synthcs a-



19 CIRCUIT DESIGN

able this subset is emphasized in the appendices For example file I/O commands used in

testbenches are obviously not synthesizable Logic synthesis generally produccs circuits

that are neither as dense nor as fast as those handcrafted by skilled designer Neverthe

less integrated circuit processes arc now so advanced that synthesizcd circuits are good

enough for the great majority of application specific integrated circuits ASICs built

today Layout maybe automatically generated using p/ace route tools

Verilog and VHDL models for the MIPS processor are listed in Appendix 10 and

In Verilog each cell is called module The inputs and outputs are declared much as

program and bit widths are given for busses Internal signals must also be declared

in way analogous to local variables The processor is described hierarchicall1 usbig strut

turk Verilog at the upper levels at behavioral Verilog for the leaf cdlls For example the

cm troller odulc shows how finite state macbin is specified in behavioral Vdrilog and

al acontrol module shows ho complcx combi tionil 0gw spccficd datap

spc fled ictcray cw alnrg stues ich in tur oct
ortains flail adder

he fu addes could be exprese struct as sum ann car subcircL turn

Fe sum and car subcircuits ould be cxp scd char ly he ull ad er bloc
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ut ut no

usrs ____

endmodu llum
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to justify extra engineering to reduce die area custom circuit design becomes important

for critical portions of the chip
Circuit designers often draw schematics at the transistor and/or gate level For exam

ple Figure L59 shows two alternative circuit designs for tha carry circuit in full adder

The gate-level design in igure L59a requires 26 transistors and four stages of gate

delays recall that ANDs and ORs are built from NANDs and NORs followed by invert

ers The transistor level design in Figure 159b requires only 12 transistors and two

stages of gate delays illustrating the benefits of optimizing circuit designs to take advan

tage of CN OS technology
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wire ii 12 i4 cn
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Cli Ii GND 2FF

C13 13 GND 3FF

CA GND 4FF
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Figure t60 shows the chip floorplan for the MIPS processor including the padframe

The toplevel blocks arc the controller alucontrol and datapath wiring channel is

located between the controller and datapath to provide room to route the 30 control sig

nals to the datapath The datapath is further partitioned into the eight bitslces and the

hpper The padframe includes 40 1/0 pads which are wired to the pins on the chip pack

age There are 29 pads used for signals the remainder are VDD and GND

101/0 pads

PS
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Ti

OUTO TO

200/ lOOTi

in pcian 30 240/
20ki

zippar2too x250/

datapati

____________________ 700/.x 1050 Ti

b4slice 2700/.x 100/

101/0 pads
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The floorplan is drawn to scale and annotated with dimensions The chip is designed

in 0.6 am process on 1.5 1.5 mm die so the die is 5000 on side The maximum

possible core area inside the padframe is 3500 3500 12.25 MX2 Due to the wiring

channel and wasted space in the upper right corner the actual core area of 4.6 MX2 is larger

than the sum of the block areas This design is said to be pcidlim2ted because the I/O pads

set the chip area Most commercial chips are corelimited because the chip area is set by the

logic excluding the pads In general blocks in floorplan should be rectangular because it

is difficult for designer to stuff logic into an odd-shaped region

Figure 1.61 shows the actual chip layout Notice the 40 I/O pads around the periph

ery Just nside the pad frame are metal2 VDD and GND rings marked with and Fo

sirr plicity the routing between the padframe and core is not shown

tiJ

ihV ii4
IV PS layo
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Onchip structures can be categorized as random logic datapaths arrays analog and

input/output I/O Random logic like the controller has little structure Datapaths oper

at on multi bit data words and perform roughly the same frmnction on each bit so they

consist of multiple idetuical nearly identicej bitsliaes rpeated one dimension Array

ike RAMs ROMs and PLAs consist of identical cells repeated in two dimensions Pro

ductivitv is highest if layout can be reused or automatically generated Datapaths and

arsays
are good VLSI building blocks because single carefully crafted cell is reused in one

or two dimensions Automatic layout generators exist for memory arrays
and random logic

but are not as mature for datapaths Therefore many design methodologies ignore the

potent a1 structure of datapaths and instead lay them out with random logic tools except

when performance or area are vital Analog circuits still require careful design and simula

ion but tend involve only small amounts of livut I/O cells are also highly uned to

ach Fb cation ocess and are often suppled by the pro is ndor

Th MFS Iaaou dcmonsrrates wo of th most corn non laaout stylcs srandard cells

id snap together cells ardard cells are used for randorr logic Snaptogether ccl

used ir ditapads ai ays Etch scuss the fellow ng sectons
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ye ir si

no cc it su
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The number of wires that must run over the datapath determines the height

of the datapath cells 80100 are typical heights for relatively simple datapaths

The width of the cell depends on the cell contents In this layout metal is used

for local wirmg within cell and GD are iou ed horizontaill in mctalll

Horizontal metaH wires also run over the tops of cells to ca data heeen cells

in bitslice Vertical metal3 control wires are used for control including clocks

multiplexer selects and register enables

Figure 1.67 shows blowup of the ALU at the right cud of each bitslice

Observe how horizontal metal2 data wires and vertical metal3 multiplexer select

lines are routed over the top of the cells so no routing channels are required The

Pitc riachir of
adder is shown as black box and its design is left as an exercise for the reader

siar logethe cells
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Figure L68 shows slice plan for hitslice of the datapath The diagram illustrates the

ordering of elements in the bitcbce 2nd the allofion oEwring trscks \\TIres at the 1eft

side of cell are inputs and wires at the right side are outputs Dots indicate that wi

passes over cell and is also used in that cell Each cell is annotated with its type and
id For example the program counter pc is an output of the PC flop and is also used

as ar input to the srcA and address multiplexers The slice plan makes it easy to calculate

wire lengths and evaluate wiring congestion before laying out the datapath In this case it

is evident that the greatest congestion takes place over the
register file where eight wiring

tracks are required The slice plan is also useful for estimating area of datapaths
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random logic 2-level metal process 1000 1500 transistor

datapath 250 750 hI transistor

or WL 360 hI transistor

SRAM 1000 hI/bit

DRAM in DRAIVI process 100 hI bit

ROM 100X2/bit
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number of techniques are available for circuit verification If the
iogic is

svnthesixed onto cell librar1 the postsynthasis gate level netl St can be

expressed in an HDL agan and simulated using the same test vectors Power-
Specifcaton

fulfiirmal ver/ication tools are also becoming available that prove that circuit

1cr orris the same Boolcan function as the associated logic These are eiy

useful for handcrafted circuits but can be slow and difScult to operate Exotic Funchon

circuits should be simulated thoroughly to ensure they perform the intended

ogic functio and have adequate noise margins circuit pitfalls are discussed Arch lecture

rot ghout this hook Desgn
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ou arc conrectcd in th sac way as in the circuit schematic Design rule
ne 00

huIce DTC verifc hat t8e aymt satishes desgr nle Electrcalrel check
gcRC sear or oh potertia rbleins mci as ate1 up anse prob ens Desigr

Cul SKS such vii oiscan ster

nior

utrcui

/\\ use

at al ape
Des

at crp on usua or

nrr Ia -u is ir

ge ermtC FI cadSO raainyus us ad niaard alina

St muAT red st

if et

or rc cc oc xi fr
hi r- etc tioaaa

it
is cove ag ru tip des rat mc de aid art

mussiisi uso

Integrate circu cebriesfian hants lab cost hora of do lirs ar bee iii

ri caye Sonic rge orapa ctifl wnfah ho mrimncr asing

numbe of fabl sen cond ompa is ac rt asnu re in to idor ste

CU Cs dIB\

tip ef re no of rt mu ta cc ma 8k iLon af

am te 000 Is

tire sk et phn steps st hr at on an opr zed

vf thi ugh in ai Ic- urn imes ma rneks

at Is sho e- sia id is ab subta 70

vu af



INTOUCON



EXERCiSES

If the automobile hadfollowed the same development cycle as the camp uten Rolls

Royce would today cost $100 get one million miles to the gallon and explode once

year.

Robert Cringely

CMOS technology driven by Moores Law has come to dominate the semiconductor

ndustry This chapter developed the principles of designing simple CMOS integrated

circuit MOS transistors can be viewed as electrically controlled switches Complementary
CMOS gates are built from pull down networks of nMOS transistors and pulh-up neto

vorks of pl\IOS sstors Transisto and wires are fabucated silic crc using

ss ot Ic sho taogaphy mid etch teps These SimiS arc ficd by oCviviks

drawn as chip syo Design les specify minim wd ind spscng betwee do

or er in he ayout he chip design process can be divided mt chit wture log cit

rn and ama design perform aviv area and power of the chip are in luer ced by
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CHAPTER NTRODUCTION

Use combination of CMOS gates represented by their symbols to generate the

following functions from and

bufferl

YABABXOR
YABARXNOR
YAB BCAC majority

Sketch transistor-level schematic of CMOS 3-input XOR gate You may assume

you have both true and complementary versions of the inputs available

Sketch transistor-level schematics for the following logic
functions You may assume

you have both true and complementary versions of the inputs available

decoder de5ned by

Y0 AOA1
AU

Y2 A0 Al

Ed-AU Al

uye

El AO Al

rip
aeforha

1.9 Estimate he area if your 4-nput NOR gate fro Die cisc 1.8

10 Using CAD tool of your choice layout input NOR ga Pow does its size

corr pare to the predic ion from Exerise

ill hgure 72 hews tick diagram of -input lAND gate Sket side vi

cross-section the gate ftc

gi 3ae rrfo vi nate acao

al

at schcr latch of Fg re 73 Hw or the schc

tic ffe fnrr Figure 30bi

114 Car side dcgfa CMOS coupe rd OR-AND INVFR 0A12 ga

cornputngF AB
ii etcf transistor level schc uafc
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sketchasckdiagr

hr
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layoutyourgatew Ui too
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16 3input majority ga returns true output if at least two of the inputs aae ttue

minor ty gate is its complement Design 3-input CMOS minority gate using

single stage of logic

sketcl tr nsstotlevel schematic
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L17 Design 3-input minority gate using CMOS NANDs NORs and mverters How

many transistors are required How does this compare to design from Exercise

L16a

t18 carry lookahead adder computes C3 P3G2 P2G1 P1G0 Consider

designing compound gate to compute

sketch transistor-level schematic

sketch stick diagram

estimate the area from the stick diagram

1J9 The course Web page
has series of five labs in which you can learn VLSI design by

completing the multicycle MIPS processor
described in this chapten The labs use

the open source Electric CAD tool They cover

lexf cells scher atic entry layout icons simulation ERC T5

hicrar design

omplex leaf cell design and erification hill adde

hicrsrc ca cign assem ly atapati out ng ai ci mu atio

Cr sp
cc psi lpdan II



MOS flransistor

Theo
2i
In Chapter the MetaalOxide Semiconductor MOS transistor was introduced in terms

of its operation as an idea switch in this chapter we will examir the characteristics of

MOS ansistors in more data to la ale foundation for predicting their performancc We
viii also look at seco order effects tfat are irnportart to power consumption aod circuit

rd ability Us ng th trnsisto mdels we wil calcu te the transfer ch ractcr stics of

gcgates

Figure 2J shows some of the symbols that are commonly used for MOS transistors

he ymbo gure vii be med when tis cessa dicate svitc

eats ryt be if to ol su re
ci is rc 1b wib bc mcd igure 2Jc sho vs ar exan pie ootFr Muo trans
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MOb transistor majoszt ca -rie Pevice in whicf ftc ci rent in cord tng

ci tw en co ed
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trarsistor major ca rs are ectrrs 1V10S transs or irajo

are holes The behasior transistors an aol examin
solated MOb structure with gate ar body but no source or drain Figure 22 shot

raple bIOS cturc Ihc top aver of the strucflrre is brood conductor aiied thegi
iss used gatca oc eric to ll sc on

on ormcd rota ama cr stais tr dd aycr ri snsulatin Ii

102 ci th gate oxde ac on avcr ti doped icon ad Tie figur ho
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gt heg Jo Fo lcga
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Ligure neath vulragc is applicu LO inc gaLe so nere is regarve chaige on
th gate no mobile positively charged holes are attracted to the region beneath the ga

is called thc aazmule ion node In Figure 2b low
positive voltage is applied to

ga resul it some pasitivc chargc or the gate The ho cs in the bodt are repelled

he eg on cite tybcncrth tch gatc sukiag depi gor foimarg below th

Figure 2c aiohcr posIt tri oten-ial exceeding critical threshold sroltag

ax des row inI dfu 01 atomic Ia thak e1cctron somcti as to and sroug he

ivid real ng corr ott on gala 10 sol strate effect is cxolorcd Sect
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applied attracting more positive charge to the gate The holes arc repelled further and

small number of free electrons in the body are attracted to the region beneath the gate

This condi crive layer of electrons in the ptpe body is called the inveisiois layer The

threshold voltage depends the number of dopants the hody nd the thickness of

the oxide It is usuly positwe as shown in this example but can be engineered to be neg

ative

Sicon ode Insulator

ptype Body

___

Depe coca

os cc an lx

con it ween ons ld ad

dow tg he gate to so Ptagc ian ii cii vo tag

TIC0 drirl cfreecec its if beak tr ctoi
ITI tI od in ourcc ir re re erscJ cd xl ii as

re osis Fis cc net tin oo ae
rca

is el ii
tb pot cr

LU Las is ac ot diffcre
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gVd nne

d1
Lrear

ChaineIFo

hc

pa bod ldependont

nMOS tr iistcr ernonstrat og tof linear s5 atio

0gb of operat on

be ween and ource field

mg Dos or from cram to so roe Whe small pos tive potont al is

ied to the drain Figure ur cot Td flows through he ha in from rica tc
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source2 This mode of operation is termed linear resistive nonsaturaterl or unsaturated the

current increases with both the drain voltage and gate voItage If becomes sufficiently

large that J7 the channel is no longer inverted near the drain and becomes pinched off

Figure 23d However conduction is still brought about by the drift of electrons under

the influence of the positive drain voltage As electrons reach the end of the channel they

are injected into the depletion region near the drain and accelerated toward the drain

Above this drain voltage the current is controlled only by the gate voltage and ceases to

be influenced by the drain This mode is called saturation

In summary the nMOS transistor has three modes of operatioiv If

the transistor is cut off and no current flows If and is small the

ate
transistor acts as linear resistor in which the current flow is proportional to

Source Drain If and is large the transistor acts as current source in which

the curt nt flow beco nes independent

lie uMOS anus or in Figure T4 opera es is just the oppos to fashior

Tc ntvpe body tied high potential so the scion vith hc ptypc

ype Sody sour aid nor biasef Wfr tEe ga alo gh

potential no us ci fows be waco as srd osr sag pa

dy
hreshold Fol attracted to fore p- vpa channel

ni fits in aP

icc

ye use ar cc ti ngu vE

TOS hcs dv

ltho igf MOS tra sstors arc umet by co iserti say th

Ua

chred ie source fan nMOS tranPstor is thc more egatise of the vo sa

of pl ansI th as tive of the

vo te ls In omplementary CMOS ga es source is term nal Poser to the

cal di eta vii cli tp

Ph dela of OS ircuit is fetermined tha tier req
ad ci arga cc gc

capac inc ax ci an MOP ai go cpa

ed pa ita ice re at ig
Ca

inc ti

at ftorr cc or ci si pacita

of rca rar ass fi ace nil

erpoa inS 52

beg Sectio by defwng an ideali nodel relat cur ant and zoltag

for transiston This stodel prov des ganera inderstar di
ig

of transis hA awor but

st of tad ea cia On thc on and it neglects too effi ats at are por

modern trans stoer with short chnnel lang hs Therefore tl model is at uff Pnt to

aacurattl ilcolate urr at Os tie di Fa stil amp er sa backof

lie tarnonology oAoo and fi air migh is Oil scam bsdiwarl ci Fit ii OS

tr silo is carried oiovi amos with egatna cia pa ha dora Pioc ci ar

soc rae oiieaoond electrons flowing to thei sooxcc to their rain
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the-envelope calculations when computing the performance of large circuits Therefore we
will develop even simpler models for performance estimation in Section To plausibly
simulate transistor behavior we must consider many second-order effects introduced in

Section 2.4 and use crcu siru1atocs based on SPICE see Chapter with

elaborate models capturing these effects Nevertheless the first-order models form foun
dation for understanding the second-order effects in particular even the smallest transis

tots still act as voltage-controlled switches with cutoff region in which the current from
source to drain is nearly zero linear region in which the trinsistor acts as resistor and
saturation region in which current becomes neatly independent of drain-source voltage

TI he temainder of this chapter develops qt antitative models of MOS circuit opera
on It begins with the ideal Shocklcy models of transistor IV characteristics and study

capa Itances it then cap ores nonidealities that arc important far design The mdels
red to ted tl tra rife ch ractetistics of eve ers at pas ins tots ci cu

ii al very plc resstor canacitor RC model ic introrinced nr Scaly atrto

01

fo

am ntr uaon gon

icrs ore /0

ting tIe cur cat aid so ag i_IT fo an 11405 ar sto ad of acre ci ns In

toIl
er rten fins

cc ot ci gate att acts is cc so Si

TI it -c at or ate

dc eo tafa

ph mac is ci

ann
ntrnn

_cv 21
_______

crc apa- tar cc of thL gat to the eha inc aid is the aivo tnt

itage tr etiag eaar5e 10 Ic channel beyond he rsmjm requ md to
erage g-t ar ie potonta

lao gate air is ref cneed tie ci wit dh not
12ad If ti he ge

V1/2 ereforethc treat dlfe- nc hecc card haniel
im gatetcon

rt /2 wn in igur cot are
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We can model the gate as parallel plate capacitor with capacitance proportional to

area over thickness If the gate has length and width Wand the oxide thickness is as

shown in Figure 2.6 the capacitance is

Ggov 22

where the permittivitr 3.9 for Si02 and c0 is the permittivity of free space 885

10 F/cm Often the c0/t0 term is called the capacitance per unit area of the gate

oxide

S102 ate de
di ate

nsst rdersori

Each rice in th anne accelerated to era or 01 tie

atekn cc rich se VC so rc an dra Ic cue ant Cr

lec nb

lce IdF he voltage te eric be contain asusourLL

LIC haeinell ngth

cc cv tI th chine ci lenrith isd

the mine lort iv hcreore the cut bcvee sour and iacr the tot

sCUll oCill th cI or ci Ic by the time reqitird to cross
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Qciiairei

v_v 25

where

tC 26

LQj2 describes the linear region of operation for but relatively small

It is called linear or reoiuive because /2 cc fri increases almost
linearly with

just ilk idea re istor The geo aactxy and tcchnolog1 -dependent pare netei are some

nes me gcd site gi factor ilo at confm hi use if with the sane sy nb
used for the ratu of collector to has current brnols ansistor Some texts al

no Fe technologi dependent paiamet rs alorc into istart led pu ne

ovever if the channe is no longer inverted the vicinity

ti dra xc sa it he off Beyond pain ale he dual aunt or voltao

uiuCi no ci eefcc uO cucicni uubsstuung ai iis

poi at of niax aaun currcn nt 25 we had ax cxp io Ii the satun tion curier

at is mdc cnie it of ass expression valid for and

_v 28

ci nc to sF na vO

gt 29

3OiEer 151 cfw ckth ri if
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EQ2.1O summarizes the current in the three regions

cutoff

ds Vg _/Vd VV linear 2.10

_v -v1 saturation

Conside ar nMOS transistor in 180 nm process with IWL 4/2 Le 036/0 18

gm In thu process the gate ovide thickness is 40 and the mdbilitv of electrons is

180 cm2/V at 70 The threshold voltage is O4V Plot vs for 0.3

060.9 1215 and L8V

Wefirstc cuatell

3o 92
155- 211

010cm

igure 2.7 shows the characteristics or tra isistor kccord ig

the first ord mod the urrcn for gat volt ge bek
400

For higher ga voi ages curren increases inearly with V3 for small

As te- los he samrati poirt cu re rol off and

300 eventually becomes ndepcr den of Vth as her he trani5tOr 15 SItu

ra ed

V3 pV transist behave ii -i Ic sam wv wt WI tIe

it ati

v5 .2 it he obil Soles

110 Ia of roes his cans tfat pMOS sis ors orovide ss

0.9
ent than VIOS transistors of compara1e size and hence are stow

The symbols and are used to distinguish mobiht1 of electrons

0.6 09
at of holes in nYOS and pMOS transistors respe tirely he

mobility rat is typically we wil gen rally use for

examples in this book The figure reflects ansstor of the sarr

iararlenstics of ideal
gco retry as gure but ith 90 all/V and

nIVOS transirtor
la St igu

MOS arc pMOS -V ha teristics
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VdS

1.8 1.2 0.9 0.6 0.3

200

cho actertics of ic cal

WO sto

23

Each tr iral of an MOS rims stc ras capacitance to th othc er nals In general

ci ca

appraximaed as simple capacitors when their bchavior is mcragcd acroas the ssitJung
vo ges log late

his it first sents sir models of sd apa tance

able for estirratng delay and power consu aption of transistors It then explores mor
detaled model ned for rcu simulatior The more detailed models may be slupoed

firs

hegatco an tr1isors goo capa or deed scapa ne ccsssto
attract charge to ert se chan so high gate capacitance is required to oh am high

sec Secton ihc cat cac or can be as paral plate canacitoi smth

gat or top and charnc os bottom with the thin oxidc cctrc bctweco There re

the capacitance is

CXWL 212

capac tor is twoterminal device When the transistor is on the channel extends

hot thusouc nd ahm he ra if Fctan sor rauraedo soosslor ins

utafo ot ar unreasonab iplificatir approxmate tIe gate capac anc as

rmirat ng at the source at thus cll the capacitance Cg
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Most transistors used in logic are of minimum manufacturable length because this

results in
greatest speed and lowest power consumption Thus taking this minimum as

constant for particular process we can define

113

where

CpcrmiLron CL 114

I\otice that if we develop more advanced mamfactufng process ir ishich both the

channe lengtt and oxide thickness are reduced by the sirs factor Cpctjron
renaa

uncnarged ad has avlue of abot 15 F/pn of gate width Tb1e 5.5 lists gate

apac
vail ofproc scs

In additioi te the gate the source and drain also havc aptcitanccs hc pail

ta scm not fundamental to opcration of the devices but do pact circuit perforria cc

and cnce are al dparasitn cc ac Fey afs fron tFe erie base o- inctions

cc ft cc xl ed liff swr

ac
1ff of fitn cp ha dtsevo

age As silos both cap cit cc it igf resistan ieia

nail xs ossible he
layos

TF crc ire three ypes of dffusio rcg is frcqu ci tly sec

fu

dr has its own isolated region of contacted diffusion Is Figure 2.9h the drain of the

botto isisto ii ci cc ic top nit fo ix Ii cd ff

Ii Fg- rc 9c cc and dr eded an ore rnt cd regon il Fe averge

cane nta Fe sc cg cc he xl Ia cis ed fr in sircu

as trans stor swi se bcce ai GN Table also hi tF apaca an for

ccc so ariety ci occsscs

ci tI Aff

ar cci cg co npa

e.g ti iirc of ontc vtdtl Fe chIli cpac ta the unostacted so oi

dra is ci wi at ss acs tI ca is sn cc xc uxU cc

for sand ca ulat TI cs al Gg 2fF/i scd it example

orgF out se it on shor obta tI ppropriat data for tour process using

vet soth to be discuss .d in Section

tCiS ii ci ut ue

Li Shy Jxg
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Drain2

Gate2

Source2

m1Isj
Draini

Gte1

Sourc

JS oi recio us

lice MOS ga sits above tIe chair ci cud ray artially ow lap Fee id and
fusion areas seicfore cc gate capacitance has two componcr the intrinsic capaci
an channel id Pc overlap capac tances to the cc drat and body

ns ta it ted srr pie pa plate

cci Ps ca ac ancc VIC flow se cot on an cci

depend he mule of oprati the trans ctor

fJ ha urn

gates atched it ositec ag Ito sea dbp
gte lv cpaeh ncrar ho csh

egion fort at the so Pc ef Pr dv ly mo an the butt irn plate downward fr cm

he oxide reducing the capacitance

Lirear When the channel irverts and again acrvcs as good condo the bot

torn plate Howe cr the channel is connected the source and drain rather than the

but At low values of lb the channel charge is rung si cd between source and

drain so G0/2 As V1 nureases ti-c region near the dra becomes less

cc so grrn ac on oft caps ccc is at hutcd to the soutc an

snial ac ioi to he drain
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Soturcition At Vth the transistor saturates and the channel pinches off At

this point all the intrinsic capacitance is to the source Because of pincho4 the

capacitance in saturation reduces to 2/3 C0 for an ideal transistor Gray01

The behavior in these three regions can be approximated as shown in Table2.1

C0

C1
0//2 2/3 0/

0//2

00 0/ 2/3 G0

gste lai ou all inc re Ic

aso nl
uc i0C

0204 or

ss en

ri 2Th

TF uc irod cha

ssorIV49i 11 iguc 8/a os

ap os hc maY ca ac ar cc ic

is ac

to is sa ii ated
ig ire ws neasu ed ca sho nd

sco 0b Ia do tg toO njt

cot cant ci

cc portax
shorter cF mod anU Ia cc mc of the to/li
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1.0

0.8

V55
0c1s

0.8

CQ5WL

0.4

0.2

00_

Vd volts

08

v9 V1 Coo

c05w

EEE.EEIEEEEEEIiiINN

.2

0.0

Vds volts

Total gato capacitance of an MOS ransiso as fu oction of

IFFF 987
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It is convenient to view the gate capacitance as single-terminal capacitor attached to

the gate Because the source and drain actually form second terminals the effective gate

capacitance varies with the switching activity of the source and drain Figure 2J2 shows

the effective gate capacitance in O35 process
for seven diflerent combinations of

source and drain behavior

Case

Case JH C11C0

Case
1.3 Case

1.1 Case2

Case J_ 1O Case

8O Case4

Case

CaseS
Cass

Cdsel

lore accurate modeling ot the gate capacitancc ny be ac mcd by rig ii

bsse mode he xg991 the wcrlap capscitancc also di ays tlgc de5e dece

it psroosc of dcl to o1 igita ap

aen lot it Sec ior he ci abet be SSCL ur

sin ri d1 oiit pa is Fe pac anc deoends both the

ac AS and dd LIpenrn te PS of Fe scurce di bisior rcg in he geom tv is

crated igure 13 The area isAS IC he oerimet PS Of thh

ocri neter Wabut the gate and the rem4irulg docs not

The total ii pa inc a5acitance is

s1
A3 iFS

vii ITas of cepa ii Frei and has its of 1acitaIiCe/ ngt
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Gate
Drain Source

ffus on region geometry

Because the depletion iugon tlneknrss dcperidi on the escrse bias hese
parasiLics

re no chinear The
ju

cfo capaeitan ter

C1
the

ju it pae ILL at hi fpl OCCIS ii

tior grading coeffincnt vpicahly ii the range of to 033 depending on the abruptness of

the ditfe on nctio ii5 is tEe /uslizn potential deper ds on doping levels

Tonil

di ihrr ci it emody ame no oh co ith ed th he hi sh ldv It

ge It has caine cqe to kJ/q 26 rV at room empe ure where 138
ii ca in Si cteiv or 30 ttu Ic

geo cctrc red v0 ree tE oping cv of th hod

irid source difftrhon reg or is the ntrinsic care er con entree on in undoped Icon at

ha clue ef Ao en at 30
The idewal capacitance teim is of similar form Ut USCS dlalrer coefficien

119
To

he cap ri cd the de va La ng the char be rico hf ed so ceca it

by the prescn of he ci annul dep etion regior and the riodiflcd doping prof1 es so cc
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SPICE models the capacitance of this sidewall abutting the gate is specified with another

set of parameters

Cjbsswg
220

Vo

Section 5.3.4 discusses SPICE perimeter capacitance models further

The drain diffusion has similar parasitic capacitance dependent on AD PD and

Vdb Equivalent relationships hold for pMOS transistors but doping levels differ As the

capacitances are voltage-dependent the most useful information to digital designers is the

value averaged across switching transition This is the or value that was presented

in Section 3.1 Analog designers must minimize the consequences of these varations by

using good circuit design

alculate the diffusion parasitic of the drain of unit-sized contacted nMOS
tra ssto 180 nrn process whe drain is at and Assume

tra is TI ar is stts CJ 98 fE/Faa2 21/7

036 /7SW-O fb/j cc JdWG 33tF/Fsm MJ5WMJ6WG0 aidi
0.75 at roox cmpcratu

From gurc29w fird it siat fibs ci s4xS 36x

0.45 pm The area is 162 m2 and penm tcr is 1.26 pm plus 0.36 jam ong th

zero as /7 98 fF/p n2 07 022 in ard 33 fF1

Fain Hence he total capacitance is

0770 V0 162 1tm20.98
2.21

126 UaO 11 trc 33 osi fF

At drain voltigc of V2 he apacita ace reduces to

036

C1 V0 162
jamaO.98 T1J

-ow 2.22

lLm0.22 L0.S6 Itm0.33 0.44

For th pu mc of at al perforn- ac estimaton hs nonlinear apa itance ir too

much effort An effective capacitance averaged over the switchi ig ange quite sat

isfacory for
digital applications
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Diffusion regions were historically used for short wires called runneis it pro Gate

cesses with limited numbers of metal levels Diffusion capacitance and resistance are

large enough that such
practice is now discouraged

In summary ar MOS transtor can be viewed ac fou terminal derice with Source Drain

capacitances beeen each terminal pair as shown in Figure 214 The gate capaci-

tance includes an intrinsic component to the body source and drain or source
CSS

alone depending on operating regime and overlap terms with the source and drain Body

TI source and drain have
parasitic diffusion capacitance to the body Cdpactances of an

MOO transisor

24 IdSuA

ihe dcii model of EQs and 28 neg ccts iv any
250

effects that are important to mx dern devices Figure L5
200

ti nulat ii cI arrcteiist of ft MOS
irs 180 flu ocess mO

Compar he hara tsr strar in the meat and saturat on

to osc ft ic in igui 100

70 ct
wtLi cs is cassedhycefect veosfVrtv

iatio and mo/n/st deyradcuor ft gh atcral St Sfl _______________________________________

/L ic oc cc ia lie 03 oo
at yr

than expected at igh Va gh ti al held str ngthsfFEtbv
lator effect als di to si currcn thar xp ct at high

sat be on al ra fit ase

igat Wi V1 is ed henni/engt as deC 01 CtO

vh ghc ases tw iv he 01 edo egior
00

in as ai sh tins am 0Ubti siold

eg

ni Oi its Lo On ci igute

ml or of xp nca ll rather than
00 nA

hru tla Ic em called ssiblhiesholdcondnctzo

Tie thresh Id voltage tic is nil enced the asl ane differ nA Subthreshold

nec try cc tic source and body is called the body 100 pA Slope

effect The source and drain ffus ons are re erie-biased 10 pA

inc es uid also experie ice Junction leakaye into th substrate .a .8

or nd .The rrent nt the gate is leaPs Howe cc

ml is grte nsF

ost layer elect fun sd tlroug tie gate cans ng so
isIs dat

gte flt
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Both mobility and threshold voltage decrease with rising temperature The mobility

effect is most important for ON transistors resulting in lower at high temperature The

threshold effect is most important for OFF transistors resulting in higher leakage current

at high temperature Clearly MOS characteristics degiade with temperaturc

It is useful to have qualitative understanding of nonideal effects to predict their

impact on circuit behavior and to be able to anticipate how devices will change in future

process generations However the effects lead to complicated HV characteristics that are

seldom useful for hand calculations nstead the effects are built into good transistor mod
cia and simulated with SPICE or similar software

According to EQ23 carrier drift velocity and hence current increase Fnearl with

the lateral electr field V0/L betwccn sourc and dNin Ttis is oily true for weak

fields igh eld tei gtf dr ft niocity rolls off duc to car er scattering and cver tual

saturates at as town gur 16 he ca ci ye oc mas hc fitted with LQ

22 lurily ng99t ic cE1 sdc ermH mp al he

rai ge of 10 106 cm/s fur elect -ons and 106 cm/s fo holes This cotrespo ds to

us ii ation he or th rder 10 V/cm for nMOS transhtors

Ia

-F

Feat

Kecal that without vclocfur saturation the saturaon urrent is

-i 22J

ftse instvi sa at md the atu cu

Ca il

0W/ V6 25

Owcvie Fe dra currtn 1sad ii mdc iton vo tgt vtl sclo

turatior near dependent v-hen fully velo 2kv saturated Fo ri oderate supply volt

ages translators opera in rcgon where the se ocitr no longer increases linearly with

field but also not co plctel saturated The apower law -nodel given EQ2 26

vides dniple aprox matiori capture this behavior is called he velocity

rate -ation erdx and is deter mmcd by curve fitting measured -V data Tra ssis will

sanne ov is quad -a
tar aa ra To

Do not co ifuso he tate adoit cgio ic Ira siasto oper whoic fu 1lO6 atce oft

echoic Diat a/I at proachc E1 Jr this icy the waif saturano ala refers to opcrating region

ante hel ocit url ieee 10 ig catiFe dc ac hiK1 fi 1d
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Vt

Vsat

Sope

E1 3E

Cay as celocty vs electhc field

ad wt As transsstcrs beco ne now locity saturated creacing Vu has less

ef on cc rer and decreases reac ng br ta nsistors tat mp te xc oitV

uric Ic ode ii cc ii tea eg d\cra

cc cc pa rate Ic

er

V5 satu aton

Ic

21

As channel engtt become shorter the atera1 field increase and transistors becorn

tore vclocty saturated closet to if the supply voltage is held constant Par example

transstor with gm channel agt begins to show the effects of veloci saturation at

above while 0.18 long transistor bcgi as to experience velocity saturation

abs 36 Fgurc 2.17 cor res for vlocit3r saturated nI/1OS transistoi witi that

fan ideal Shockley ci add tra asistor om Figur 17 nd wi that predic cii the

awe la The SI ockic dcl os ly preA gh co tape but th

power fit is reaci nably good As the transistor heco rae severely velocity saturate there is

no crformance benefi to cmg V5
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OaA

300

JVis1.8
200

100 v12
v06

03 06 09 12 15 18

Vu

saric enstV for nMOS ransic ir

1tF ue ut ir

ftc er ro ii of et ons OS

ro sa r/
ft ii tar OS an istc

rongve tic ci ctrc see ing frori age ausc the ai ci

agains tic irfac and also reduce the mobili Thu effec call ii bid deg

ItI rca

this effect ir the
parair

eter cc

deal ird ercc fo tran isto aki or

dcc cc \o Sc or 23 cc- as set is

the drain ii or Ic depierior sega roth hi that eases he

fri he

228

To avoid introducing the body voltage into our calculations assume th source ltagc

is ose to the body voalage so increasng ïç decreases the effc ci

ne ie sgch Shorter channel length resi its higher curt thus nc eases with

sat irat on as shown in Figure 2J8 Fhis can be crudl modeled by multiplying EQ
10 by factor of \I In the sa airation cgior ye nd

dV 79
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The parameter is is an empirical channel length modulation factor VA
that should not be confhsed with the same symbol used in layout design

rules As channel length gets shorter the effect of the channel length
400

modulation becomes relatively more important Hence is is inversely

dependent on channel length This is channel length modulation model 300

is gross oversimplification of nonlinear behavior and is more useful for

conceptual understanding than for accurate device modeling 200
VSS 15

Channel length modulation is very important to analog designers

because it reduces the gain of amplifiers It is generally unimportant for V5
qualitatively understanding the behavior of digital circuits

100

V55

03 09V51

Until now we have considered transistor to be three terminal device

with gate so ce and dair T_bowevec the body is inpliLit foutF is

erminal The potential difference between the source and body

affects the threshold vo tage he thresFo voltage can be modeled as chaiactensucs nvO
tra is ito tic sir erL

30
tjon

tht sos 12 hL

/a op tf fi rC

nd the boay effect coefficient typically in the range 04 to V112 ese in urn depend
he doping N4 Sectio 44 32 vii dmcribe body bias car ntentionally be

cage fo sJ

iii esho leakagc currcn

23

32

Consider the nMOS transistor in 180 om process with nominal threshold voltage of 04 and doping level of

1017 cm The body is tied to ground with substrate contact How much does the threshold change at room

temperature the sutce at instead of

room empera ore the thermal voltage kT/q 26 mV and ci 45 lO cur3 The tfreshohd

increases by 028
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20.026 V1n
10 cm

0.93

1.45 1010 cm3

V2 2.33

04 /1V o.o

The ideal transistor lV model assumes current on flows from ource to drn when

real transistors current does OL abinptlv ur off belon hresho bu rather

drops off expol ia iy as 1ven FQ2.34 i87b Cheng99 This conduction

also no vn as leakage and often results ir undesired current when trar sistor is nomi

nally OFF the current at threshold and is dependent on process and device geome

tr the term was lo nd empi ly process dcge des tc aff ct by

pier or ic non act suc ar is call OS

ns halter cc ifu

ii tag
C0

2.bb shnvs the cha act St cs on loga Ic scale ilust ati both norms an

subthrcshold curd iO

1s 1aae

L
1
_
e 234

o_1v1e 235

Sr thr is or red to dvantage low po re anal

so partcalarlv 1ff poitant for dyna nc circus am DFh5JV rich depend on stor

gc charge on capaci or or due os through an OFF ransistor duel arges capac

itoi hess it is periodically refreshed or trickle of cu nt ailable on stan the

leakag eakage als contribue power dissipation in idle circu eakage increaes

exponentially an decreases or as temperature rises so it becoming major probleff for

cusps using low supply and threshold voltages

Scbd resl old conductin is exacerbated by drain nducedbzrrier lowering BL in

ashich posit xc eftectivclt reduces his effect is especially pronou aced in short

han ci rats tea dclcd as

236



2.4 NONDEAL -V EFFECTS

IbAtlitJj

What is the minimum threshold voltage for which the leakage current through an

OFF transistor is 10 times less than that of transistor that is barely ON
i2 at room temperature if One of the advantages of sihconon-dnsu

lator SOT processes is that they have smaller see Section 6.7 What threshold is

required for SOT if .1.3

26 mV at room temperature Assume V5 so leakage is signifi

cant We solve

Si

oio ai 237
TVT1CIO3 270ffV

Ii the CMOS procws lwkage rolls off by factor of tO for very 90 mV falls

below t1 reshold This is often quoted as subthres hold slope
of 90 mV/decade In

SO proces the subthreshold slop is 78 mV/dc ade thresho of only

34 T5 uied

iciC thc coefficiert ty ncaily intl ranye of 002

jaiini 1aer Ic /ecce

ludes subthreshold en ducton ascii cc velocitf satura effects

ju coon be cc us and the subs rate veil iorir ddes as shovn

gu 19 well to substrate junction is aoher hoc Th hst Ic wcl at

to th se as des rema rev se-bied oweve revers

ide ii ena

V-1

238

wile depends on dopi lear and on the area and perimeter of the dt usion reg on

and is the diode oltagc cg or ll WI junctor is cvecsc biased by sign

Cal more han tl-crmalaoitage the leakage ust gnerall tIc 1O.01 fA/

rr2o

ty rd Ic dc cric

TIe and are rclatcd to drai 01 SOU
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Reversu-biased dodes in CMOS circuits

Junction leakage was historically limiter of storage time on dynamic nodes In mod

em transistors with low threshold voltages subthreshold conduction far exceeds junction

leakage

According to quan uta mechanics there is finite probabilit tf at ne wil urne

through the gate oxide his results in gate leakage current flow he Tne ob

ab lity of rnelirg drop off ciponen ally with wide tFckness and was negligible

urtl reeflt
ci dc hi ao l52O/ ii bcanesf in

cc me cmi to ii hreshold ag ad anced pr ces Cs ire lots gae

leakage cu er dci tvJ st ol ige for various ox dc th is

10 La ge tunnclng current- upa only dym odes also quies

ac3 vi ns mpt ann tl

than about io keep dimensions in perspec ive recall that

10 cIa of cc run Fa ed

handful of atomic layers thick High important for good transitons

so eseircE di ct use ar ii er yr it at wirE

10
higl die ectric constan key ha Ic sgc hid ng mater als that form

high iua itir Ii rfacc icon one co te is con nnide

SN4 wth mdcc cn rtnt of/S ri npsrposcyb usc

at cct ic ci

03 cnn cling cur ent is an der agn tude cr foi nW

pI OS stor SO die trics because 3e dc rons in

from the iduction band while the holes nn if om the va ence band
Gae ieakage current from

and see higher rrer Dfferent dielec ci may have

different ninneling propertes

ancistor cha ecersti tie nf ced npcr Cob ol 66 la 66

Tsivadis99 GutierrczOlj Carrier oh
sty

decreases mOth tot peratu ipproximate

me ation ic
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239

where Tis the absolute tempe-atare -uom crp vator and is fitdng parameter

generally in the range of 2TO
The magnitude of the threshold voltage decreases nearly lineasly with temperature

and may be approximated by

v1T vTkJ7-r 230

where is typically in the ra ige
of OS to TO mV/K

Junetio leakage iso inc mses with rempe ature because is strongly temperature

depe ider

The eon hined neerature feets are shoun in Figur vhrc 01 cur nt

decreases ant rent ire mses wits ssperasre Sins larl igu hr ho

the ON current Tv deL eases trioc hc Jo ii Ce he

ii it te is lies iV trip IO it

2o0

40

55

nereas sq
22

Ierrperatu

u10

20

is

sc es cc vs mp ccv

ra ctio ec emper cc

nverse ireuit perfor ii ice can be unproved by Looling lost syste iss use natu

cal convection fa is corjunctioi ivith hea sinks bu water cooling thin fins refriger

ators ore er lq ud nitrogen can increase performsnce if the expense sjustif4JTher re

sany adva stag of oy era sg low temperature SunSTj Subthrc sld leakage

exponentially dependent tempe at so lower hreshold voltages can be used

Tdoci atura so scet high ci pins dlnf nor urre nobilit is Sr

higher ihese ftc di ire reached ci power supply iv ng power Deple ion regions

her or ie wide rest lti ig in les jun io cpacitancr vs rvarout inecha ns are ten-
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perature-dependent so transistors are more reliable However at low temperatures tran

sistors break down at lower voltages

Two popular lab tools for determining temperature dependence in circuits are can

of freeze spray and heat gun The former can be used to momentarily freeae chip to

see whether performance alters and the other of course can be used to heat chip up

Often these tests are done to quickly determine whether chip is prone to temperature

effects Be carefulsometimes the sudden temperature change can fracture chips or their

packages

The layout designer draws transistors with width and length and The actual

gate dimensions may dffer by some fact and For nampIe the mai ufacturer

may mate wasks with na owe cysilicon or way oseretch the polvsilicon to provide

shorter channels ncgatv XL withou changing th overall sgr sles metal tct

Moreove th urc and dwin end ffus laterall ut dci the 4atc LD prod

ii ortr ffectiv gth tha th car mrs ust tra ewe we and rain

mi lv diffus on of the bulk by decreases the efiectiac channc width Putting thcse

Ceo oge her cwpute flecti ans stw engthc ai adths Isa sc be

up ac fr re ta ilL
is vie

boX to to efe lite aid ot cof echa

Lf drlXJ 2L 2/

fore ansiCtor dra vn mace as lonh may has an dIce is gtl ti it mc han

tasce as great him laily two transistors ffering in drawn dths ly ac of avo ày

diffet in at on curre more than or of nan hrcs si voltagm also sary

sort ewhat tn ac ti as g9
ca at lot hal stw so exper ice ii

isa the hres cf cc ac chair gtl nd re Mr odulato /e ts atm

te ia -U

sal lcn
scm npbfie or Co icr er bes to use tie sa wait ird agth fw cac

twvice Current ratios cai be pronu ed by in SC de nars mors pcrml

In processes below 25 pm the effective length of the trar sistor so dpcr ds
sige

can on Ce mutation transistor oreovcr he an nun of carby po ysi cc

also affects etch rates du lug manu bctur and us channel length Tran that

mm match well hould have the vi sac orier tati ma my polyclicoo wires cat be

aced searby to imuros etch ur mu

lllthough the physcs small Ui is to cor plia to tic npaLt ndcal

ha/or is fai yeas urderstand from the designet viewpoint
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Pass transistors suffer threshold drop when passing the wrong value

nMOS transistors only puli up to V00 while pMOS transistors only pull down to

The magnitude of the threshold drop is increased by the body effect Therefore pass

ransistors do net operate very veil in moderr processc where the threshold soltage is

significant fraction of the supply voltage Full complementary transmission gates should

he used where both 0s and ls must be passed well

Ideally complementary CMOS gates draw zero current and dissipate

acro power when idle Real gates draw some leakage current The most important source

at this time is subthreshold leakage between source and dran of transistor that should be

cut off The suhthreshold curIent of an OFF transistor decreases by an order of magnitude
for

every 60-l00 mV that is below hreshoid voltages ave been decreasing so sub

eshold Lakag has been mere Vising dra nor cally Some processes offer multiple choice

of low devices are used fbi ugh performance in triticl cir mis ide high
vices are used for low leakage elsewhere

ad or La good nsulato mv eg umncut curicn flows htoe gh vc

fbi gates he sigi ifbar unnel ig al ircecas poi en aid be

rothe irtant so leak rre

CV CViI rr ci OS tea lie

ces it tc tee suit rt ci fee Ihac bc
Tn ca age ak7 reasesa giten crate

sib ke an

igh vOtace his neon Ia tie is no you use high to achieve lls

dc
fo In enact ha er sFo than and thn gte ades old be dam ged iyl

sto care op pa ii tIc vo gc across ac at sto aid bus cxye

lie cc oc to nith uol en Flie 0er

ci

is ii sn es ci re tha haif of ogle nAIOS anus

lb lie cad OS ViSt har

ran beca Sc id is hhcr nob begin vhS ad is

To evelon sat rated

two tea ots boo behave Vdill hod should hav the san dimen

sinus and oiwnta on and he it terdigita ed if poss ble
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Digital circuits are merely analog circuits used over special portion of their range The

DC transfer characteristics of circuit relate the output voltage to the input voltage

assuming the input changes slowly enough that capacitances have plenty of time to charge

or discharge Specific ranges of input and output oltages are defined as valid and

logic
levels This section explores the DC transfer characteristics of CMOS gates and pass

transistors

Let us derive the DC transfer function vs F1 for the complemci ary CMOS

nverter shoun in gore 2.23 We gin wi Ii Table shich utY cs wit oua rcgio rs of

perarion us t5ic cit prar i5ti table the thesh1d vo1tgc c1 the ri

cf nd dc iv and he tfrcshold voltag of the channel device \otc that

ng tive We equalons are giv
both terms /1 tnd /l the source of the

OS transistor is ounded and As ti so rce of he pl OS rrar

st cd
DT fjj

pv
wt

1/c V1

fJIOS



2.5 DC TRANSFER CHARACTERSTCS

The objective is to find the variation in output voltage IU as function of the input

voltage This may be done graphically analytically see Exercise 116 or through
simulation Given Vu we must find subject to the constraint that

I1dnI

For simplicity we assume and that the pMOS transistor is 23 times as wide as

the nMOS transistor so j3 We relax this assumption in Section 2.5.2

We commence with the graphical representation of the simple algebraic equations

described by EQs 2.5 and 2.8 for the two inverter transistors shown in Figure 2.24a
The plot shows and in terms of Vd and for various values of and Fig
sue 224h shows the same plot of and now in terms of for various values of

The possible operating points of the inverter marked with dots are the values of

where
Ilupt

for given value of Vi These operating points are plotted on vs

axes in Figure 2.24c to show the inverter DC transfer characteristics The supply current

DL IIdpI
is also plotted againrt in Figure 24d showing that both transstors

arc momentarily ON as passes through voltages between GND and resu ting in

Pu se of current drawn from the power supply

Iin

/i_
Vii

Li

V02
V1

kO

__
Cr de tion nv DC actrist
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The operation of the CMOS inverter can be divided into five regions indicated on Fig

ure 2.24c The state of each transistor in each region is shown in Table 2.3 In region the

nMOS transistor is OFF so the pMOS transistor pulls the output to In region
the

nMOS transistor starts to turn ON pulling the output down 1n region both transistors

are in saturation Notice that ideal transistors are only in region for VDD /2 and that

the slope of the transfer curve in this example is -8 in this region corresponding to infinite

gain Real transistors have finite output resistances on account of channel length modula

tion described in Section and thus have finite slopes over broader region In

region the pMOS transistor is partially ON and in region it is completely OFF

leaving the nMOS transistor to pull the output down to GND Also notice that the

inverter current consumption is zero when the input is within threshold voltage of the

VDD or GND rails This feature is important for low power operation

17 linear itoff

V-/ lnea saturated Ai 17D1

au at ft

tar lncar

1a cutoff ireir

Fure sfow si nulato results of an in ercr from 130 nm pir ccci

pV CS ttansnt rca de OS stir hr alp O\i at

bea lati ira chea the mplc nodal ream aCSly a/el alth igl ransiti

not at in coo at ad Ic agth on

V5 is

06

Cal

00 0.3 09 1.2 .6 .8

C94O irac an anc eoii
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The crossover point where is called the input threshold Because both

mobility and the magnitude of the threshold voltage decrease zsith temperature for

nMOS and pMOS transistors the input threshold of the gate is only weakly sensitive to

temperature

We have seen that for fl the inverter threshold soltage I/ is V/2 This may be

desirable because it maximizes noise margins see Section 253 and allows capacitive

load to charge and discharge in equal tames by providing equal current source and sink

capabilities see Section 4.2 Inverteis with different beta ratios are called skewed

inverters Sutherland99 If e.g the inverter is HIskewed If ip
1/2 the inverter is IOskewed II the inserter has norma skew

uncke wed

HI skew inverter has ronger pMOS transistor Therefore the input is V15/2
we would expe the output will be greater than Viw other we rds ti iprit thr

hold suet be highe 11 ci LO ins er ins

weaker pMOS rransistoi and thus lower switching threshold

F1VS 26 cxp or th upact of skev ng he wta rate the DC ra hi

ti eta changed ol

rage
transit rmains ii asp Cat are usuallt skewed by adjustu he ssidt ot ar

tir ish ewes gi sur en

V10

in

V1

Lo5
Se

DO

dcccii

cue irs crn

DC trxnsfer characteristics of other comi lementar CW OS gates can be nderstood
hi eollpsing the gates into an equivalent mvertet Series transistors can be viewed as sin

gle transistor of greater leng only one of several parallel transistors is ON the her

Cf Sintori can ign red seseral Ccl saris it are the eol cctior can be

viewed as single trans ito ol greate wad



CHAPTER MOS TRANSISTOR THEORY

Noise margin is closely related to the DC voltage characteristics WakerlyOOIh This param

eter allows you to determine the allowable noise voltage on the input of gate so that the

output will not be corrupted The specification most commonly used to describe noise

margin or noise immunity uses two parameters the LOW noise margin NM1 and the

HIGH noise margin NMH With reference to Figure 227 ZVM is defined as the differ

ence in maximum LOW input voltage recognized by the receiving gate and the maximum

LOW output voltage produced by the driving gate

NM1 V07 2A2

The vs ue of NM11 tue difference betw en ti-c smum HIGH output voltage of

he rPing gate the ninrnum HIGH irput vo tage recognized by the receiving gate

Thus

NMV011 -VH 243

IV ri-ut oltage

V01 mimrr im HI out tage

VOL Tax mur LOWospu olage

Ct aracteristns Input Character abcs

ogciI gh

Range

lrdete rate

Regnr

cal

Lognal Low Input -aige

Outpu Rangel
GND

None nargiJ deLis lops

lnp Cs beween yr VH are said be indetermirute egior
bidden roar

and lo jot epresent legal digital logic levels herefore it is generally den able to ha is

as cLose as poss
ble to VIL id for this vali Cr be mid vay ir he ogic ving V05 to
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V1 This implies that the transfer characteristic should switch abruptly that is there

should be high gain in the transition region For the purpose of calculating noise margins
the transfer characteristic of the inverter and the definition of voltage levels V11 I7OL V1

are shmin in Pigure 28 ogic leveic are defined at the unity gain point vhere the

slope is This gives conservative bound on the worst-case static noise margin Hi1168

ohstroh83 Shepard99 For the inverter shown the NM1 is 46 while the NM11 is

ft34 VD Note that the output is slightly degraded when the input is at its worst legal

value this is called noisJèedthrough orpropagaterl iwise The exercises at the end of the

chapter examine graphical and analytical approaches of finding the logic levels and noise

margins

you

Unity Dan Pouts

Slope1

Ut

ii

lieu is tirielb lieS atoccurs he nput Qifte ste naris
cnisp ri ed to mpio Teed tTC examp ci in Cr aur WiS ust ate

tradeoff Noi sources tend cale th the se pply soltage so nc ise margin are st

as iaction of the supp nltsge noise marg of is quite comfortable in

piocess but mirgina in process

ana yfs gis if tatic noi mag ecifrir the level of roise th
gi

say see tor ar mdcii site duration arge no se sulses may ac ptab if they are brcf
thse are deoc bed by dyne xis noise siargins sp cifid by niximum imp thde is

of tI-c durit on LLo rn 179 Scnnasekhe 00 nfortunatel her is rip

imp iide duration roduct ti at conrenientli specific dyna is oise rargi
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Apart from the complementary CMOS inverter there arc other

forms of MOS invcrter that can be used to build logic gates igurc

2.29a shows generic nMOS inverter that uses either resistive

RodL
mA load or constant current source For the resistor case if we super

1612 i6I2 impose the resistor load line on the I-V characteristics of the pull

vii

down transistor Figure 2.29b we can see that at J7 Vrw the

output is some small Figure 2.29c When

rises to As the resistor is made larger the V01 decreases and the

current flowing when the inverter is turned on decreases Corre

VA
spondingly as the load resistor is decreased in value the rises

iaoo
and ti ON current risci Selection ll the resistoi lue would seek

comp onise ecn the current drawn ad the puilup delay

800 .-- hat increases with the valie of the load resistor urrcnt nurces

ave high tot recst nec at th is offer sharpc ans to

600

Ne th gh eN ii de

//

available in mos CMOS proccs es note ict or ci sit ii ed

ul ctdOS siter is howi 30 api 105

flui toe/taN tsgc etnre cdt

ap ate as rc Co

thi ri ci
CYC techno gy as major systc as torhno ogv orl

OS ndst

03 06 0.9 15 1.8 res niscent of de let on mo ua tran issOl ac is

The transfer character sties nay again be etivcd by fin rig

for whic to cit as ow ii igi 30b ar

u1iuc2SO fiebria toa5c ste pe ft sO

aLteris ard he of pv as

offer Sc ics but ss Ic cI cr ig re

he

st ur oc

09
patea ii th ccton are cal cd cc iced cu ta beca se or

transfer funerioi dcpc ids uC ra or of

down tra asiitor to the pullup device he resistor current source or

ON transistor is nets es call slati load po to coi

stru other ratroed circuits sue as NAND NOR gates

ag
the pullup transs with srgC pu No devrcc Us ke

com nentarl ruits the ratio ust be chosen so the rcuit

at rcctl3 de p1 am or at on ri non/na omponen va es

sa at
occux du rg an ic un Worcove ra ocd cu

dissipate power contiiiuallv in certain states e.e whci the output

Gwen eVOS is ccc ors ith ieis Ce

or coos ornt curiew cad
lo at poorer one ma argin the cos plc scnta rcu Is
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pA
1000

800 1.8

600
/Z 16

Load
P12 400 //

tds

0.9200 __
0.3 06 0.9 1.2 18

o1n

dtL

18 500i

40

3oo
09

LU

06
/1

100
0.3

0.3 00 13 03 05 09 13

1.J3 LC ac

Uherefore rafoed circuit tnd to be used only in very 1ir itcd drcumstanccs where thet

offe cntical benefits such as smal er area or reduced input capcitcnce \Ve will return to

rat oed circus it Sectior

Ta
pens 50 arc

cc Ict erdefi cpooilyf go e2 slays an lOS anlltoi di ihc ga
and air ied 17iw nag sic the source all at Y/ h0 so th arsis
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tor is ON and current flows If the voltage on the source rises to

falls to 17 and the transistor cuts itself OFF Therefore nMOS transistors

r-Ys V00 attempting to pass never pull the source above 17DD FY This loss is some

times called threshold di op

Moreover whe the source of the nMOS transistor rises becomes non

iv
zero As described in Section 2.42 this nonzero source to body potential intro

duces the body effect that increases the threshold voltage Using the data from

the example in that section pass transistor driven with would pro
GND duce an output of only 3.34 potentially violating the noise margins of the next

stage

V00 V00
Similarly pI OS transistors pass ls well but Us poorly If the pMOS source

VDI dips below the transistor cuts off Hcnce pMOS transistors on1 pull

down to thin tl old aboic GND as ahcw in Figure 315
vanv VcF H0 surce can rue tn thin tsr shold voltage of the gate the on put

seiera trarsistors ies is no nore degreded tfan ha of single trans stor

VDD Ft ore Uowever degraded outpu dri lie gate finn Ic or

V1vv sistor so aecond to nsis can oduce at eves fu pi
cd oc tpu to

231d
0riv 2V

so Ia is 11 ii annMO
cmi

ns the ci ate tie vi 31 sistor

Ut ill ace aid cc us asse oh 0s

ls we1 he tranirnis ion ga at so hi Ut CO

me it and an alog switch he transmission ga acts oltagccontroll

ot

32 hots Fe transm sion te ON iosstancc as the lint voltage is

we Co CN asur rg the iput it Fib regon

the r\ OS ranistor isg early and tic is cot otf eg on

botf rita sto 1near go NO us tor ci

ii tisn st sat ats
as to St

ON resista so pa ale oi rat ri ft aO it

sial tos Fe full sieo pot ol

By ascafng transmssion gate witl an inve to th or tate Nyc oh wn

Fg re 233a corstr ed Wh FAA- and FNb the output of the

invertet is ate co ion Fe You put is tot drive hi hcA npu

Ttathor FIV and TAb the Yottpot jc eq to tIe complenent ofA The

us masion go cnne ti on mo dii Ins as orn

luicCillo tso age

seE sea ly Foe tput 11 tsr igher rosy siowir rn acouri of ub Foreahold Cu on



2.6 SWITCH-LEVEL RC DELAY MODELS

2.33b-c and the operation remains substantially the same For the same
size n- and p-devices this tristate inverter is approximately half the speed ENb ENb
of complementary CMOS inverter The tristate inverter forms the basis

for various types of clocked logic latches bus driveis riultiplexers and

I/O structures The circuit in Figure 2.33d interchanges the and

enable terminals It is logically equivalent but electrically inferior because
L4

EN EN
if the output is tristated but toggles charge from the internal nodes

tay
disturb the floating output node see Section 6.34 for more discus

sion of charge sharing

EbH
ENb

2.6

It is very useful to be able to estimate the delay of gate or compare cir

pOlogie vi ut ieso ti to cult simulation RC delay mode
ide mea to take uc auproxire ste ii ulations hey approx

mate the on near tranis or I-V and chara terstics with average
ir ira iv its

ne ani eo itance OtCi es vi Firk range of the gte thu works

ci on et1

rig
tailed ana Felvior

RC de de treats tiansistors as iv ci se ies th tesitots Debrie

nt nMOS ans to ave effeilve res stance The ze of the urit trarsistrr arb

Ii iv xt ri p1 idr rim

tete diffusion width ie 4/2 An nMOS transistor of mes un width has

R/k pMOS er rs ge ly
3R because of ts lowe mobility Throughout this book we will use 2R for examples to

keep ar thu et simple

Ph stance it so tic operating point cat be dell ted as

ma and the trarsisto iper ting the linear regior the resista ice can be

approximated by dfferer dating EQ2 as

245vt
his or is is tot partcularly urefu for cal-ulatons be ause the current rolls off ard

teshta cc nere ses a- in re are mo interested in some ave ag en rent er

the swit huig transition Moreove velocit saturato at oti effects are importan in
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modern transistors so mtimating resistance from fundamental principles is

not very practical Nevertheless EQ2.45 shows that resistance is propor

Rk kC
tional to L/W and decreases with better way to determine resistance is

to simulate transistor driving known capacitance and irleasuro the time

constant see Section 5.4.5

Each transistor also has gate and diffusion capacitance We define to he

the gate capacitance of unit transistor of either flavor transistor of times

unit width has capacitance IC Diffusion capacitance depends on the size of

the source/drain region Using the approximations from Section 2.3.1 we

assume the source or drain of unit transistor to also have capacitance

Wider transistors have proportionally greater diffusion capacitance As dis

kG cussed in Section 2.3.1 is pically in the range of 152 fF /m of transis

2Ik tot nidth for minimum length transistor fF/prn is rcasonabF value for

rough estimates

Fig ire 234 hows equivalent RC circuit models for nMOS and pMOS
kG

nsisix rs of widtf with contr cted difhision 01 both source cud dra Th

p\ OS capacitors are shown with T/J as their second terminal because the

well is usually tiec lowet bef the capa ti

vacr de pe socc is ci sc age

it
Sc in

ii

The propagation
de of kg ga can est on

de Fgc re 35 shows how to imate the delay at knout ivertcr un

iriveitei re ça
transist of uvice unt width to achieve equal se and fall resstai cc Remember the

iMO mobility were ccc times at the lOS isisto ti

ha to be ade hree ti uCS viler tL lv OS ti sitror to acS cve symrr rise

id ti tie ate ti at cc cell lb at ti gcr
mr tic wetter

del ti tie mit aasto Ce oN OS ram stor he bsic rvertcr Sigurc

35b gives an equ
valets ci cui if cwi ig

tl irsi inve cr dlvi the md icert.rs

got
ftle th it OS OFf

3c Bus rates th as itc ci ma ape or

constant supplies are also removed because they are not chair disC ged

apugotlon de of 11 6Au is est nated as th co he

resistor dischargmg tie Cf usion at load races fa deal be

str ieted vith co parasitc diffm 01 cartctance the dela could be colt 3R0 his delay

of 01 ideal inverter with no parasitics driving an dentical inverter is figure of mci it

describing matmufachari process and is sometimes called Delay esti

mates for more mplex gates are examined Section 4.2

not confus this dedntion of 3RC with \lead and Conwty deh simian lMcadSO RL delay

of an nMOS ynsisto drvrf its own gat
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tram is on is oFten slightly Ins than our simple model predicts Fhe effect more pro
nouncad for MOS transstor than pl fOS be ause of the higher mobihi and greate

egree of velocity saturation
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SUMMARY

In summary we have seen that h/ OS transistors are four terminal devices with gate
source drain and body Tn normal operation the body is tied to OND or so the tram

stor can be modeled as three terminal device The transistor behaves as voltagecon
trolled switch An nMOS switch OFF no path from source to drain when the gate

voltage is below some threshold V1 The switch turns ON forming channel connecting

source to diain when the gate voltage rises above This chapter has developed more
aborate models to predict th amount of current that flows chen the transistor is ON

The transistoi operates in three modes depending on the terminal voltage

Cutoff

inear iticrease itn lkc resis or
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or to sV
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on cu doe it La gi Sit wit ot ehannc inodu anon
ca at arc ng ac urate the ge era se oe

af tccc

51 nu Ct eth di

cc gat ito tag Isv tie no onip etc OF Sub hrcs

in ord cl
th ho tug ti

Junctions un cling eat fows through tF tsr ating gate whe the ox de

in th ougf
Utile des MOF nansisto spa son cc age els bet di ode
aMOS uansi tor passcc 01 ly pe Us V0 wF ci pink ag
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aMOS oacs vel but vpulls do to 1V11 whet pa sing hs thresho drop
seerbated by the body effect whiLh creases he threshold voltage wI en the sour is

diffe er uotential than the hod

Transistor speed depends on se latlo cur ent to eapac tance he two main sources

cc ir or tI in he thin de
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the diffusion capacitance formed by the depletion regions between the source or drain and

body The diffusion capacitance is voltage dependent but can be modeled across the digi

tal switching voltages with an average value

Circuit simulators ose very daborate models to calculate the currentc and voltages in

transistor These models are too complicated to give much insight into the circuit behav

ior For the purpose of estimating delay we can approximate an ON transistor with an

effective resistance such that the product of this resistance and the load capacitance

matches the gate delay This approximation is remarkably good and will be developed fur

ther in subsequent chapters to explain wh1 some circuits are faster than others and to help

optimize gate delay

offers comprehensive treatment of device physics at more advanced

level describes MOSFEll models in more detail from the analog designers

pVnt ofvew
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In Fxercis hod effec was ignored If the body effect is onsidcred wil

be cqual to greater an or less Van Explair



EXE RC ES

2.4 90 nm long transistor has gate oxide thickness of 16 What is its gate capaci

tance per micron of width

2.5 Calculate the diffusion parasitic of the drain of unit-sized contacted nMOS
transistor in 0.6 pm process when the drain is at and at Vi Assume the

substrate is grounded The transistor charactcristics are GJ 0.42 fF/im2 MJ
0.44 JiSW 0.33 fF4em MJSW 0.12 and

1130
0.98 at room temperature

Consider the riMOS transistor in 0.6 em process with gate oxide thickness of 100

The doping level is NA -2 1O cm and the nominal threshold voltage is Vi

The body is tied to ground with substrate contact How much does the threshold

change at room temperature if the source is at instead of

.i Does lie body effect of process imit the number of transistors that can be placed
ii se ice CMOS gate low equencies

Somet lee he substrate is en nectcd to voltrge called the substrate bias to altcr

tie threE old of nVl transistors If the threshold of an nI 105 trans or is to

her 13 ipo iircoi icgstsc ubstra ebias cused

MOS or ti ho co tage 10 ik voltage of 7DD

cu dcsg piv 00

aturt
trans stor were ideah

IT

ic at suive

B1 hat act vould subth csho leakage cur eat crease at 120
Ic tI cshold vo ivgc is de1 ci de often atu

$5 tc cci oc the currer rougi an tr rs stor crease or

ecreas Docr cu nugi Of trs or ncrease dcc case5 IV II UI

ape las empe ats re in tempera

ub eel uka cu iv at the

Pu /-O ei-28-l A/Vnl.4 andIv 04VAssumtFehd1
cff tar DIBL fficirts ate

12 Repeat Exercise 11 for SAND gate built from unit transistors with mputsA
ow that the subth eshold lealage irrent through the se ies traneis ors is half

fat of the ivertci

Repeat Exercises 11 ar 12 when 04 as in the case of more realistic ran

stor ecor da effect so assuer that it is SF leakage currents go up
en crc tiC tIe cs rg ti ro Cr iv is iv

exct half os less FalfofE hen gi over
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2.14 Peter Pitfall is offering to license to you his patented noninverting buffer circuit

shown in Figure 2.38 Graphically derivc the transfer chaiacteristics for this buffer

Why is it bad circuit idea

AY

Noninver igbu fe

nova Fe as the trinc ides ics sho vs in gure 239 VVI at are the

ue of T/L Nov thu giv bust noise iargins
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EXERCISES
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CMOS Processing
TcoI gy

pter summarized the steps in basic CMOS process These steps are expandd

pon in ti is cFaptcr Vhre possible the processi ig
dctail arc rela to thc wa CMOS

it ystcir are designed In addition this chapter investigates somc emerg ag

ol it that ma bccorne important ii the future Modern C\ OS processing is
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Chapter outlined an ioel process stor tally well processes preceded well
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3.2 CMOS TECHNOLOGIES

The seed is gradually withdrawn vertically from the melt while simultaneously being

rotated The molten silicon attaches itself to the seed and recrystallizes as it is withdrawn

The seed withdrawal and rotation rates determine the diameter of the ingot Growth rates

eor from 30 to 180 mm/hour

ecall that regions of dopants polvsihcon metal and contacts are defined using masks

or instance in places covered by the mask ion implantation might not occur or the

dielectric or metal layer might be left intact In areas where the mask is absent the

or plantation can occur or dielectric or metal could be etched away The patterning is

achieved by process called photohthography from the Gieek photo lght ithoa stone

graphc picture literalla meai ha ving pictures in stone using light he pri

riethod for defim
ag are of nterest vhere we tuna to prese at or
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Varying proportions of donor and acceptor impurities can be achieved using epitaxy depo
aition or implantation Epitaxy involves growing single-crystal film on the silicon surface

which is already single crystal by subjecting the silicon wafer surface to an elevated

temperature and source of dopant material

Epitaxy can be used to produce layer of silicon with fewer defects than the native

wafer surface and also can help prevent latchup see Section 4.8.5 Foundries usually pro
valc choce of

epi with epitaxial layer or non-epi wafers Microprocessor designers usu

ally prefer to use epi
wafers for device uniformity of performance

Deposition involves placing dopant material onto the silicon surface and then driving

it into the bulk using thermal diffusion step This can be used to build deep junctions

stcp
called chemical vapor deposition CVD can be used for the deposition As its name

ggests CVD occurs who heated gase reau in he vcirity of the waf and produce

produc that do on ed on the silicon surface CVD is also used to lay lown thin films

frna criallatc in Fe CMOS ocess

Ic aa at on nvolves tbiectng coo subs highi or
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he first
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orgy implantation where no we should be formed tick resists arid deep implants

ccssarily lead to fair coarse feature dimensions for wclls compared to the minimurr

size Shallowe n-well and p-well cegions are thcn mplar ed After wells have

be formed doping levels can be adj sted called threshold implant to set the

cured threshold voltages for both nV OS and pMOS two sistors For given ga and

bstrate material th Crc hold voltage depends or the png level the subit ate

Vs the ox dc iie1ri can ax rfa state Ca gc Q1 up an of oct

aoLh NA and Q1 hence Figure 1.2 shows tp cal ole well structure As
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discussed the nMOS transistors are situated in the well located in the deep n-well The

pMOS transistors are located in the shallow no mal ii well The figure shows the cross

section of an inverter

nMOS transistor pMQS transistor
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The oxidation process normally consumes silicon deposition or ALT does not
Since Si02 has approximatel twice the volume of silicon the Si02 layer grows almost

equally in both vertical directions Thus after processi ag the SiO projects above and

love
uiiginai idLd sio rfacc

/T hough not immediately obvous individual des ices in CMOS process need to be iso

ii ted from one another tha they do not have une pected interactions he source and
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tIc

planarized strucare that urs at the age shown in Figure 3d This shown in Fig
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Many processes in the 180 nm generation and beyond Gate Oxide

provide at least two oxide thicknesses thin for logic transis

tors and thicker for I/O transistors that must withstand

highes voltages Some processes offer more than one oxide

for logic transstors to permit tradeoffs between speed and
n-welt p-well

gate leakage current as will be discussed in Section 3.4.1 At

the 65 nm node the effective thickness of the thin gate oxide
Substrate

is of the order of 1.5 nm or 15

Gate ox do fo ma ion

historical note early metal-gate processes first diffused

ource and drain regions and then formed metal gate It the gate was misaligned it

could ail aver the entire channel and lead 10 iralisis ior iai nave wisied QT m0

yea th55 metal gate had oven arg the source and dral note thai the aLga
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1he source/dr in ir plant is relatvel low typically the range 10uS 1020 cm of

nipurity atoms Such lightly doped doria LDD structure reduces the electric field at the
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dcv5cc to hot dc on lar age cc Section 484 TO LDD
yip nt an shallow and

ghtly doped so icy exhibit low capac ance but high resistanco his reduces cue per

formanee somewhat bee use of the resistance ii series vith the tar usistom Consequently
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PolysWcon

Gate Oxde

pweI1

Substrate

Implantation

__ lill pwel

llhII
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di dr

lega ScS ri odcfirt anal if dc
hi io cs shomi ic IC in coverage sat uus sii Lw cs sc

As me itcor ed sil co pvtc and our na dra diffusi Fig to
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Deep Source

Drain Diffusion
Scde

SiN Spacer
Delectnc

p-well p-well

____________________________________________________ __________________________________________________

CMP Delectncel
1rd Dran LD arc

ci sa fr ice rn tF no tn ii

tc ni cgi

one nt ii cc

ira 6b tic eu ta it tru tore ti te and ce/dr aglon 11

ad

1. iTi iIUc

ypca of pncescs
.6c is ii C\ P6 bec ap aFt

6n lIo rtscl ed ver cal it fl or no thc eon 11 ng

avcrs rapid ansitions surface haigh as shown Fiire 6i ch ca lead

breaks and plethora design rules that relate to metal edges

Polys icon er buion ormally forms transist gate so short mctah iv at

tecessarv to connect diffuson output node to polycilicon input Some pr ess add

act eeo to pioccs so that the polysilicon 1ycr ca dec onr eat hc diffu

Lo as ca ca/in ci /// ui tei an cc

sp sO 515
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Contact cute are made to source drain and gate according to the contact mask These are

holes etched in the dielectric at the end of the source/drain step covered in the previous

section Aluminum Al is commonly used for wires but tungsten can be used as

plug to fill the contact holes to alleviate problems of aluminum conforming to small con

tacts some processes the tungsten can also be used as local interconnect layer

Melallizatien is the process of building wires to connect the devices As mentioned

previously conventional metallization uses aluminum Aluminum can be deposited either

by evaporation or sputtering Evaporation is performed by passing high electrical current

through thick aluminum wire in vacuum chamber Some of the aluminum atoms are

vaporized and deposited on the wafer An improved form of evaporation that suffers less

from contamination focuses an electron baa at containr of aluminum to evaporae the

nctal Sputterii
achieved generat ga asrr by or zing an meit gas using

DC eleetr field he jars lie ased or an alumll

nun targe ane ftc asrra ges is etal atoms wi

\Iumwum rack
de do tlc vafn

or dry e/chlnf be used to emove unavar ted

ta rhane olu on 3l to ii fsu pl yr ac

se to can aft of

ga ts to tt nets

te amy bin is as witl

uContae
sac ott gas used Is netalliar ior steps lb

pwta
app opriately ehaged si ico surface very sharp etha proW

files san he ci ed ng plasma ing resel

the contact and metahizatio natterr ing steps is ml own in

igure

ibs se eta tall at are tI

at ii etc
pro eript rus ni III ft

at1 eve on leas rae1 he ii ft

fri

is aed cths /s gsa

es as me sun mm ely 11 eaer aid wider met riovir as ove to upper ers as

will exploreci in Section be Suer tie over on cIusSaecsioa is s1soar ui agu

hc fnal processng step to add 1rotecfve glass layer cal ed pasc
ation or oeerglass

tha preverts the rgress of contamina Openings pass vat on layer
alkw corne

tim to I/O pads and test abe poir ts if eded After
passi ation steps ca be

ft as hi ci ne to

du gplatels ide rrs pa op ings
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Metrology is the science of measuring Everything that is metal6

built in semiconductor process has to be measured to give

feedback to the manufacturing process This ranges from

simple optical measurements of line widths to advanced

echniques to measure thicknesses of thin films and defects

such as voids in copper interconnect natural requirement
metal5

cists for in situ real-time measurements so that the manu
facturing process can be controlled in direct feedback

manner
metal4

Optical microscopes are used to observe large struc

tures and defects but arc no longer adequat for structures

smaller than the wavelcngth of sible light .8 im Dielectric

anning eec ro microscopy SE1 used to obserse

cra small featurcs ci SL\ raster scans structure unde taG

rvs or ye cc rdart ectr emisio to Va

oduce an imsg of if surface of the structure lane gy

pe sive Spcctrrscopv bombardc circuit wth octal

etss us aei non is sedf va2

igi ig is nis oscopc
sl of asr

firough sample rather than bouncing them of the sam

so user no ct was

uLal eta or

yo uc also cc isd ignrulesorgroirc a/eB 41 vere ntcfu

pter can be cot sdci apr scr Pt 01 In rep pL ton asks tif are

or cg oiiobe eoftf oies oh

is Cu fl as na area on TI genera ics sn

compromise between peiforinance and yield The more comer at vc the iles arc thc

kcl it that lie Titcint wills ction nun se the ore agg esu the ii ri are

greater ie opportunity for mproscrserts rcuit pcrfo ancc his improvcmcn
av be ti the expense of

yi ld

Jesign rules specif to tIe dcsgner ccrta geomctr conotrants hc layou art

rotS so that the patterns on the processed wafer will preserve the tooology and geometry
of Sc dc It mpxtant to note tha dcsgn rules do represent some hat bou sd

ary betweer cm ect anc5 incorrect fabrication Rather they represent tolerance that

gI to lty ft rect ca an qu or
lc you as had hat layout that viol tes desig las cans ii func 101 correc lyan
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versa Nevertheless any significant or frequent departure design rule waiver from design

rules will seriously prejudice the success of design

Chapter described version of design rules based on the VOSIS CMOS Scalable

Rules he MOSIS rules are expressed in terms of These rules llw some degree of

scaling beveen processes as in principle you mliv need to reduce the alue of and the

designs will be valid in the next process down in size Unfortunately histoiy has shown

that processes rarely shrink umformly Thus industry usualy uses the actual micron

design rules for layouts At this point in time custom layout is usually constrained to

number of often-used standard cells or memories where the effort expended is amortized

over many instances Only for extremely higf -volume chips is the cost savings of smaller

full eustom layout worth the labor cost of that layout

The ruIe are defirod ii tori is of/eaton sizes widths separations and enlaps

IV lv vs vi ic so ii so decign ruloc

The ras oil usuall ad hnpls ciii do no

cii odd Fcre or nec vir

ft ti ad

usc

cii es rrpcm ir ii

110 cries ble is tl him beak fe the ste an

cc her

vera Kf pe ire it ie to ho cugri gro at ro

ssi srs drc os to en ot id it it ti ate

in Sec ur .8.o IVIs re iso is vote tl ifte sot oils sa inst dog

es ft lii at ye ft lit at ti tar

ii
ftl

ic toil
s- so us to

Ci

OHS ci at ph

al masks VI me are et ye also called diffusion dill or iwo selmt so ca

11 is so oc ppl and

also oa leo polv ic no an ft cas wa iC 1ff

ot Fe ed here he dat of cv he be ga oft insist sr

ef cc icc mask tie ac ask or

fo cc sm ft on met cc ne Is od Its

sole Si Ott di ac ye
gi

is ty1i
in 00

areas set tvp di fision tequired flu von arns insid wel
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MOb transistors or n-diffusion wires n-diffusion areas inside n-well regions define

well contacts p-diffusion areas inside n-wells define pMOS transistors or p-diffusior

wires p-diffusion areas inside wells define substrate contacts or p-well contacts fire

ue tial design stems wi0 el define liusnr rdif and p-dltFsion nd
duce the complexity of the procecs The appiop iate selects are generated autorsr en In

hat is ndiff will be converted automatically into aetire with an overlapping recta ng or

oligor of n-select

It is essential for the poiy be completely cross active otherwise ar suitor that

as been cres ted will be shorted by diffusion patF between source and drain Hence pol

required to extend beyond the edges of tie active area This is often ter ned the gate

xteizston Active must extend beond the poiy gate se that ffused source and drair

regions cx St to carry ch
Irge

nto and out of the ci arcel Po and actvc regio th

rn at isror Ou se ratc thi ts in

Pt ysif con

Figu 3.9a shos tI wak strict on Sial that pai
9b

rat l\

tLn
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Mask SummaryThe basic masks in addition to well masks used to define transistors

ditfiision interconnect possibly resistors and gate interconnect are active n-select p-select

and polysilicom These may be called different names in some processes Sometimes n-diffti

sioo ndili and diffusion lpdiff masks ate used to aCes iate designes L01i1L1iOfl

These are several generally available contacts

al -active diffusion

alto et n-diffusion

taltopolt ii

sitwll ib

th diii 11 n- contacts

in lo alt osi

edo ci ltd II tote

11

Li tO
it 11 ub nt Ct nenti do

vs oin dio

fit tic ii

Substrate Contact Ii tran to

It S1
whi mu esses

di liv schicve well

fired chin uses in

ide

// its iv

IT Ti oived with ontacts

rS ci IkdCC
Co 01 allotu to

the widtf Ti fin all al

tat In iv the tics

in hr 110 11 ci ti

albi al its is tb at is

th helm0

ii rb to di to dd lly

ii di 01 sc in
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Older nonpianarized processes required greater width and spacing on upper-level

metal wires metal3 to prevent breaks or shorts between adjoining wires caused by

the vertical topology of the nderlying layers This is no longer consideration for mod-

ciii planarized processes Neveidiclcss width and spacing are sri11 greater for thicker

netal la ers

Mask Summary l\Ietal rules may be complicated by varying spacing dependent on

width As the width increases the spacing increases Metal overlap over contact might be

cr0 or nonzero Guidelines wili also exist for electromigration as discussed in Section 4.8.2

Processes mayvary in whether they allow stacked vias to be placed over

polysilicon and diffusion regions Some processes allow vial to be placed witl- in these

eas but do not allow lie vias to straddle the boundar of polysilic or iffuson TI-is

es dts Co the sudde vertica opology rariatior tha mr at sub layc dot

ot modern planarl ccii esse allv fG taed iss dice ib reie1
to pass I-nm lower-level metal to high level me al

Mask Summary has arc ror nally of rn fo xc with Ia Cl cv snot tease

size toward he top art tal svck or instu Ce laige vias equnc as power buscs

ti ed fr il zed as

iev cc
ha I-ni I- ltd ed

nv ter is test poi its

ad it 10 es tar ig esent sri orceen is mv

Lxt ssioi 01 pr ysi set th Osret or at se vre on act

Ft of

Diffei ig1OS in Ink ogre engr

DI-fer rig tatt olv eater ion de on the dcvi or th

tie 101

en sri is ci

dloagandiraolr ddescs ul ooecss saii elecosse is rein de
ig cc

10CC ciii te ci tos ncskg ri is or

hr ml ro lu Cow nC -a vs ge

fern CMOS foundries that they might se me pr eases have 5i gui nes

that festurc stiuetcrcs to be avo de to ensure good yields Fraditionallv agi rs fol

ved ie imp ovement cycles to determ the closes of defective cli
ps

nd ni di lie

out to avoid the most common si stematic failures ime to irks and Proc lif

esare nw st short that meld irapro ewe is only done fo the highest volurse past It

te is icr ss is

than nor aF it impi irng the on the lagre to ca
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he scrth line surrounds the completed chip where it cut with diamond sa The coo

trurtioll of the scribe line varies from manufacturer to manufactrirer It is designed to pre

vent the ingress of contaminants from the side of the chip as opposed to the top the

hip which is protected by the overglass

Several other stru totes are included or mask including the alignment mark ideal

dimension structures vernier structures and
prorcss

cheek structures IIIess94 The mack

align ncrt raark is usually placed by the foundry to align one mask to the next Critical

dimension test structures can be measured after processing to check proper etching of nar

rov polysil con or mta1 lines Vernier structures are used to judge the alignment beecn

av acinnr et of closelt spaced parallel lines on two layers Misa ignmenr

na ac cn dged by the ign nei of the vernicrs Test st ucture

cE cc ii test tr kstc cc are sed to aluite nt cc rcsis

stor TN ers Often rh ru cv ci nbc 1laccc
tic

ig
if scr be hr

de oar rat at

sa lactu cc

iti af cc ic OS ST av

0- ou shirk nv in cr clue whi

ll CC
ff It -u o0r ITt

cc ru
Tb arc -ho ii bLa cc

cc ci -r 51

ciii

onc acc 3-

or ul in at ra 5atc excc di Ca

cc Iv Ir cc ScM

if SUM oc t1

app fl Ii ran or tc

ta ga cc ii pm YVh asu at it tii

cc i-icc hci ae eric ac ately aodc the car cats or

21 cia cc Mlii 1cc fled to leigh to hid tae uM

en cx nip CO Id peL1fy to ar is ai
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Orbit 2.0 metal No wm
YMI 1.5 metal poly No ii 0.80 pm 0.80 p.m

ANJ 0.5 metal poly Yes 0.35 p.m 0.30 p.m

FSMC 0.35 metal 12 poly Yes 0.20 p.m

TSMG 0.25 metal Yes 15 p.m 0.12 p.m

SMC 018 metal Yes 0.10 p.m 09 rim

Se tio oduced th basic dcdgn rules fable 3.2 Us sot eta thc

OSIS dcsign rul sat as ge sc abv relevant to dcs gnats for process wi me al

rs Fi re 11 idustra as many these alas and tF aw wr ca Ic

co base os oror at1 odtcr
ts consist ot set ractingh on various layers such us polvs or meta Width is

tcu la the

am fe

aiairc mu ourd oth an is Dana more ill soc let oX ax or

do sic se usa oat os at or obc

Ct Uveni ften pica sm scally aid this an not sh as in Ft at

In
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re he ls asca ic

tftisi ar sy if mu pie cur taats is slaghti ia ger ti ala that to as rgle contact

etia as theot ver aid set alo 81 4Ato ii

ig as sut wdta us avg sot as flu
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Well 1.1 Width 10 12 12

L2 Spacing to well at different potential 18 18

Spacing to well at same potential

Active 2.1 Width

diffusion 22 Spacing to active

2.3 Source/drain surround by well

Substrate/well contact surround by well

2.5 Spacing to acive of opposite type

oly 3.1 Widti

pm tog to p0 over Se Mdc

2a Spmlng to poiy owr ac vc

Greex ibey ic

3.4 isi be on ooL

fpoci
tig co togt

atn
Ovrlap of substra /wcl co iactse

ontac cit evact x2

2b 2b Ovc lspb ph or active

SpacIng contact

ana tit gate

Sb Spacing of poi ontact ta other po

ic

Lt

.8h Spacing of actiac co ct oI cot act

7.2 Soa ng to metall

Sh Oveilap fcontact or via

74 Spacing metal for Sn widet than 10
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Vial 8.1 14.1 Width exact 2x2 2x2 3x3

Vial 8.2 14.2 Spacing to via on same layer

Spacing to contacts if no stacked was n/a

8.5 Spacing of vial to poiy or active edge
n/a

14 Spacing of via2 to vial if no stacked was n/a

MetaI2 Width

MctalN 9.2. Spacing to same laer metal

9.3 .. Overlap of

9.4 Spacing to metal foi lines wider tha

03 15.1 Vidth i/a

Spa ng to
/a

if edapof i2

1- fo id tIOX to

Si 26

56 Ocr

Spa nctal at th di

6- ier u.k it rrctal6

CS
30 Over ap

i/a

30 cinu meta fo IC der iii n/

rirlas dtl hoi penin 60

VT dO of in

dni

pa ye it ohr

lab lists set of micron des gi rues for hapothetical 90 irocess rcprc

iyal an or of se.c gr cc set Ohscr tEe les fO shhtla not

name rev from ambda bsed rue wth 0.0 vu.



33 LAYOUT DESIGN RULES

Ly rpn

11 Tidth

cing to well at diffe otet 1$

L3 pa ing to well at same pot ntial tO

Actwc idth ff15

diffusion
Spacing tc achi ff20

Source/drain surround by well ff25

24 Substrate/well contact irround by well 25

Sprcng to ret ye opr ci typo

Vdh 809

rug to dy fi ld oxido 15

rg clii ii 015

Gate extsislon hevwd ic iv 15

t1o

ii

OvelpJacrie 020

31

44 Splclng select

0i2

or inc

p05 It

Spi n.gtc

ilaL 1011

83 rp fcoitactorva

8po c1ta nr Jer th

nlViaj 14 Width exact 13

Spacing to on aric layer

conS nued
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Metal2 9.1. Width 0.15

Metal6 9.2 .. Spacing to same layer
metal 0.15

9.3 .. Overlap of via 001

94 .. Spacing to metal for lines wider than tO pin 0.40

Via6 Width 020

Spacing
020

Metal7 Width 0.40

Spaci ig to metal7 40

Overlap of via6 10

SpaLing iO meta linessdertha 1.0 tr 050

that som processes offer multiple threshold voltages and/o oxide thick csc Low

eshvidt dc ON cot 2c ter uhrhrcl ild cakae

Providi ig
or morc thresholds pcrm ts the di cigner to use 1ow dcv ces on critical

hs iI de ci els whcre to rr akag pi
vc tipi

sk and

implan ation steps are used set the tar ous thres olds

hn gate oxides as cirs no ON cur How they wet co nlcn

exp tIe oltw ad ii /0 ire Vs ry th ox des ntribu it

Iare ga leaug

stors Cu For cx rip
circ 0.3 to ii

Cl ergt ird 7n git An ntermedia cc dde thici is or eaka oc
mc its ca L0 Sc scf Agair nultiple nasks are to deAne th uitferent oxide

variant of CN OS that has been avaso ble for any years

and currently emesging in prom nencc Silicon on Insulator 501 As the name tug

gests this is process where the transistors arc fabricated on as sulitor Two .ruin Nw
ators arc used S0 and sappL Onc ajo

advar tagc of insua ir wtrate the

toss VIe caws
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higher-speed devices A1 dvantage is lower subthreshold
n-transistor p-transistor

leakge Proponents argue that SQl will be core technology required to

cale devices

Figum 312 shows two common types of SOT Figure 312a illus

ates sapphire substrate Tn this technology for example Peregrine

Semiconductors Ultra Thin Silicon UTSi thin layer of silicon is

formed on the sapphire surface The thin layer of silicon is selectively Sapphire
loped to define different threshold transistors Gate oxide is grown on

op of this and then polysilicon gates are defined Following this the ___________
nMOS and pMOS transistors are formed by implantation Figure

3.12h shows silicon-based SQl process Heme silicon substrate is

sed and buried oxide BOX is grown on top of the bilcon subs rate transistor transistor

Tm sslcor layer is then grown on top 01 the bu ied oxide and tI is ___
so oct vely imnianted to form nVIOS nd oMOS mrmicictr regon
Gate source and drain regions are thee defined ii similar fashion to

oces SappFi is opticall Rh transparent uch

t-rc

fuse op ectronic ircas en ierged wi 111-5 based light Eu ied 1001 Oxide BOX

itSO dcv n3ci ccs ect n6

VOStrnitnnw EgFg
apaci an to at ma go to the sa lea very thin

oO to icc ri al rend cate thL gate leakage vii be

ci elect one

le material igher electric constan ete ava OhIo aterials suLh as

fO de 02
con utri Si3N 6515 Ma98 have bcn o1oed fhcs are nfled gTrcr otrtSO2 11 9T rapieusg stalogai
lien ica vapo dope si io DCVI 01 sputte ng Woi tO

icr al buI Ic

asebte trmoffte
nd be proved by ga stru turo he gate is placed oi vo

fo ide of in candle ci bl b7 ig ii

caanne aol Ccrstrueti ig ti te ii pin -ike ergenen Ic dm3 ci Ti
been given the go brie name finfetc because th soure Vdran recion formr fins ill

con surface IHisa oto9S igure 3.13a shows 3D vie of finfet hiD igurc

13b shows the ross-secto and Figur I.13c shows the top view The hate wraps
nd three sides of the vertical source/c maim fins he width of the dcvi fned

he lie glt oft so sOd en tructe by pria cling fi is Va orhe

ace scd em try to ft gao
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ros ection

Gate

Gate Oxide

bW

Ai4

tet iucLe

leer asirg he mobility uS of th serriconductor ir proves

drive current and transistor speed This as beer achieved by using si icon ger ianiu ii

SiGe fo bipoim transistors ir the same process as conve ional CMOS lesices typi

cal SiGe potar transistor is shown in Figure 14 SlOe transistors can be constructed on

corventional CAIOS
processir by addi

ig
few extra implantation steps

The es dt ng

rsist is ave xt good CO SC bd

Sie iso sexl perfoima cc ar te sth yen Ill-V compoun sue as
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High-voltage MOSFETs can

also be integrated onto conventional CMOS processes for switching

Source Drain and high-power applications Gate oxide thickness and channel

length have to be larger than usual to prevent breakdown Specialized

Gate process steps are necessary to achieve very high breakdown voltages

Substrate glass/plastic _______

Interconnect has advanced rapidly While two or three metal layers

LII Semiconductor Pentacene were once the norm CMP has enabled inexpensive processes to

Gold Termtnals include seven or more layers Copper metal and low-k dielectrics are

LI Insulator Polymer SilNx becoming popular to reduce the resistance and capacitance of these

wires

stir transisLors

Whle alurr mum has tradi

trot named nterconnect ctal of choice large dcv op
en effo is en in CCI an icc ne al Th due

the higher conductiarti of copper co rapa
ed to alu mum Some challe gcs of adopting

opper nd he MerehantOl

op ra is ant St

ocess rr fC icky

Coppr oxde forrris recaily an rferes whir good cot acti

Care has to be taken not to in rocLue copper into tie env tori enm as ouuuta

Barr ci aye co pe

mc viii on re lied the damaiceneproess var invented to form this bar-

Ti cr5 rets its rev talui its of Da rascus whi ed

fire in rd swor Is cc vn io sal subtractive mm based meta zation ep as we

have seen rut layered on silico su face vherc as also ye eer ed

it sk ii ne

ceded ii ct Ac
ray

ale 02 or act lu

mrm co iductors an pioce ca be repea ed

al coppc ha nasc plocesr ii it Fg avh dap it

of do dan ascer roc flov fror Novell gure l7a if ows barrier hyer over

the io rr etalhzat on layer This stops the coppw from diffusing in tIe did ctf and

silicon he via dielectric is then laid down Figure 17b further barrier layer can

then be
patte

ned and tie line dielectri ayered on top of the structure as si own it Fig

ure 3J7cl Ar anti-reflective layer which helps in the photo itl ogtaph process is

added to the top the sa dwicl he tivo diclectr are hen et Aed away vI crc ii es

itdvias eq ti bar rIiye sa as Fic orION fit St dcpo

prc ent the pp ring itt drelect rcs As can be seii bin

layer
Fe ha ie as at Fe botto it of fi the barrie ns Lmd ct
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Diffusion barrier etch stop Via dietectric Line electric Anti-reflective ayer

HP
ci ne ete

and CMP

rp cc

pper seed ayer hcn oate aer bar icr layer gore 1Pg Tie res ifrg
ropla Cl of er ly th tire grou ha CY

or figorc 3d

O2ha Ie rs ok kdel

apa 03

ed ho po ac co su ii kdd uorine to tie sihco

do ates fluoros Fcac ass FSC ectf sta 36 Cely sed

rm processes Adding arb to ohde an rcduce the deI ctric constant 73
Alternatively porous polymerbased dielectrics can deliver even lo ver dielect ic constants

or example SiLK from Dow Chemical has Tb and may scale to Ic 622 by

creasing the porosity Developing ow dielectrics at can withstand high temper
es tring processing ard the fcvces applied durng CMP is major challenge

VI le CVOS anststors provdc fo alrios nplcte digita functiona ty the use of

i\IOS tech ology as the miaed signa and Rh process of choice are driven the addit on
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of special process options to enhance the performance of circuit elements required for

these purposes

In conventional CMOS process capacitor can be constructed

using the gatc and source/drain of an MOS transistor diffusion area to ground or

or parallel metal plate capacitor using stacked metal layers The MOS capacitor has

good capacitance per area but is relatively nonlinear if operated over large voltage ranges

The diffusion capacitor cannot be used for floating capacitor but is useful as bypass

capacitor The metal parallel plate capacitor has low capacitance per area Normally the

aim in using floating capacitor to have the highest ratio of desired capacitance value to

stray capacitanc to ground normally The bottom metal plate contributes stray pach

tance to ground

Analog circuits frcouenth require capacitors in the range of to 10 pF The fist

meth Cot dong this was to acid second poiyflico Ia ci so thaL apo1yiasoIato7 pot

PIP apacito could bc cor sti ictcd At oxidc was aced twec Ic two sd co

laye St Yev ape itance cfapp oximatel fF11 as2

Fhc nost common capa her used in CYOS processes today th IVIIJV or eta

rsui to -r La sr ac tor the is ro sally pla ed bevce ate a1ers
ad vhere

ror cc cvc cr ar mi sri ar cc as

acd pca Pu
eac tori aa ic fi

tori rypica ca ac or is sho yr ir igura 8a
not icr of

arpaci sr ossb ii sr cd proccsse
he rpe or f/sew

capaciiui L3aicvat1 iij as

thu vu -u 8b hc origiral acts apacitor Ibamavari98 has nvolved

layout and as neccssary elder ocesscs cc ssivc ci eta cii hi ga ag

ach evc more capacitan If the uppc ann ef ucta arc uscd cry ar hgh srd

igI
ucd ow nas ci pa rcu an ontr ctci

iy c-i ii mos the tar al ic as IIM pa
This pro ich wo

be 130 mr an ci mets arc very close tar cd at tfus have ig

gale

at ad rpsr say olagc ft sic dcp icc ig

go es be suited for th Se parama crs

unaugnicnt processes caistois can be budt any layc ad

hc fine re it depc ding on he rarlCtivit he layer
Br ild large rcsist ar sr in

sma arcs rcqu res levers wi high stviq partcular lysili aria and diffc son Diffti

sior has large parasitic arpac tence to ground rralona it nsuitablc for gh- requercy

icat is Polyilican gates ar isuall lie Jed to have low esistiv he fix thi

aIm fo andopixhigh-res stivan poiys icon his specifed th mask that blocks

silic ci crc sigf talue ns vi cc

around 30C- 1000 ohrns/qua lccc di ig on calfng lcvels Anoth aLer tad

lsigh-quaL es stors nichrome hough rhd nqu ret speci procear step
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metain

Cross-Section

Htghketr

metOln-1

iT

MA capac nnge Capacitor

WIM a-c tngc ap Core

cal esistor layout is shown Se 119 This geomet is so let mm called

rieunder structure rumber of unit res stors have been used so that variety of matched
cr ho St Ii ted isa ice 20K OK 15K re tor

qu red un uc of 5K oul ho ised Then th cc reslsto as abs vn wou cor struct

5K in us or Tb two res sto at the ends are called dummy resistors or finge
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They perform no circuit function but
replicate

the proximity effects such as etch and

implant that the interior resistors see during processing This helps ensure that all

tors are matched

Dc roe

ue in egratca capt On Ui vaisous csiSL 03110

coafficic ou gi ant au or 11 udc tF al
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where 1.2 10 H/if is the permeability of free space Higher

quality
inductors can also be manufactured using bond wires between I/O

pads The inductance of wire of length /and radius is approximately

0.751 3.2
2m

about nH/mm for standard mu 25 bond wires

Reduction in occurs because of the resistive loss in the conduc

tars used to build the inductor Re and the eddy current loss in the

esistive silicon suHirate Rp In an effort to increase designers have

resorted to removing the substrate below the inductor usi ig MEMS
aniques Designers have also used bond wires gh

ad ictors The cc est way to improve the of onolithic irductors is

irerease the thic ness of he top icy metal The can also be

inprove using patter ed gour Tc1d lye lion nder

te cite as

Cs

uasaoi ii lire us be cc on

SW TC iv Ic
co tori se eric /r5b ad aa/cnai waaegride se

Ic e32

mi ii wiu Foe hoc gur
ed

dc of height ha elect Ic eo hip case the ypcal airti ic

ngt fl ha it gr nie Ct

next met down

oplana waven no iav ib aver rr ur

and sho mc isis cv

as Lop/oar at Ic

fee Ta hr eta cc decw

itt te when he pccver aco ficra the it Th

nplesr vT nh pro rammed iOiv cd see twcton

11 This tape if NV1\1 is not reprograminable or prgmmma
after the device is man ifactuted onetme pro grammah/c .m

mcii can be imp ace ted using fuse eonstru ted of

hin 1iece of metal hr ug ccl icli is pmsed cur ent that epoi

the neta cx red the urrent des sit the re he

ill hi et polv ito

gate strum we xog cia by apIll ug high vo tagc to

marre that acuse Fow erNohhe mohair
VI crostnp ad ccp as evaaegtote caa or floati ga lb vho memora au he
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erased by exposing it to UV light that knocked the charge off the gate These memories

evolved to electrically erasable memories which are today represented by Flash memory

typical Flash memory transistor is shown in Figure 3.22 The source and

drain structures can vary considerably to allow for highvoltage operation but the dual-

gate structure is fairly common The gate structure is stacked configuration commencing

with thin tunneling oxide floating polysilicon gate sits on top of this oxide and con

ventional gate oxide is placed on top of the floating gate Finally polysilicon control gate

is placed on top of the gate oxide The operation of the cell is also shown in Figure 3.22

In normal operation the floating gate determines whether or not the transistor is conduct

ing To program the cell the source is left floating and the control gate is raised to approx

imately 20 using an onchip voltage multiplier This causes electrons to tunnel into the

floating gate thus programming it To deprogram cell the drain and source are left float-

ng and the substrate or well is connected to 20 The electrons stored on the floating

gate are attracted awly leavi
ig

the gate an unprogrammed state

Bpo transistors vein wentionin re in our dn

cussio of SiGe ocess opt cut Bot npn po an is ad ed

CMOS pro nss vhich is then clled BiCMOS proces These procesns tend to be used

Cont Gate

Gte Ox do

ce rr oatingaIe

-nfl
pwel

substr ste

ov

Floadng Float ig Host

OV 3V

oV 20V

orria Operation ograr Frasa

Flash men constr act on and opera ion
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for specialized analog or high-voltage circuits In regular n-well process parasitic pnp
transistor is present that can be used for circuits such as bandgap voltage references This

transistor is shown in Figure 3.23 with the psubstrate collector the well base and the

n-diffusion emitter Both process cross-section and layout are shown This transistor in

conjunction with parasitic npn is the cause of latchup see Section 8.5

The use of fuse was mentioned in the section on non
olatile memory Fuses can be blown with high current or zapped by laser In the latter

ase an area is normally left in the passivation oxide to allow the laser direct access to the

metal link that is to be cut Figure 24 shows the layout of metal fuse

An antifuse is device that initially has high resistivity but can become low resis

when programming voltage is applied This device requires special processing and

used programmah logic devices see Section 32

Se iiconductor processes and

speually MOb processes ui been usd to onstruc ny iechani stems mono
II al de vi so vs ag Se sot is II cce1

ncr

so

subs ector

____________
oss se on

yp cal prp creut str eture as u.ed ii vol age relerence

rssl pp olsr sac
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consisting of an air bridge capacitor that can detect sudden changes in accelera

tion when co-integrated with some conditioning electronics Structures such as

cantilevers mechanical resonators and even micromotors have been built full

discussion of MEMS is beyond the scope of thh book but further material can

be found in Kovacs98Il
Fuse

Metal Track
Nanotechnology is presently hot research area seeking alternative structures to

replace CMOS when scaling finally runs out of steam For example carbon nan

otubes have been used to demonstrate transistor behavior and build inverters

They are of interest as the nanotuhe is smaller than the predicted end

point for Chs OS gate lengths narotube transistor is shown in Figure 25

typical eta fuse
Presenilv the speeds are quite slow and the manufactu ing tech

niques are limited bu thc maybe olin crest the future

Narotute

cd0lPr
So

_________

Gate SO

Cainor ranotube tari or

35

ci isk databcs it tc be vee er rdect in Ct ran

er basic lc us be 21 ted re this dcscriptic can

turned into sork ng ci irst the specified geom tfc design rules rust be obeyed

Second the interrelationship of the masks must upon passing through the asanuf cturing

process produce the correct intercornec ed set of crcuit elements To seek these tuo

requ cements vo basic tools are required namely Design Rule Check DRC prm

gram and mask circu exrractwn prague TEe most corn as app oacl rapl me Al

se op ft case bproar ge gc

pa timers to sot cx ractior rut ci ft agwen OSproc is anveasicor

ctor oces is then dicated cc fica oft ope afo ha must be per
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formed on each mask and the inter-mask checks that must be completed Accompanied by

written specification these run sets are usually the defining specification for process

In this section we will examine hypothetical DRC and extraction system to illustrate

nature of these rus sets

LU
Although we can design the physical layout in certain set of mask layers the actual

masks used in fabrication can be derived from the original specification Similarly when

we want program to determine what we have designed by examining the interrelation

ship of the various mask layers it may be necessary to determine various logical combina

tions between masks

To examine these concepts et us posit the existence of the following functiens

loosely based on the Cadence DRACULA DRC program uch we wdl apply to gem
etric dararase ic ecta igles poygons paths

AND laycrl layer2 layer3
Di cr ày r2 ogethe to oduce yei3

inte em or of the two inpm mask descrption

syr taye
og the ci xli ay

ipu ra ot

IOT tayrt lsy yur3

Pie dffcrencc of he wo input nask descraptiom

plDIq layer drirencior layer
CF ecU tha al gco et on ay arger

han ns

yg lac iii

PA yer as is on ay

ye sp ccci lx ii ci

follow ng ers wi be ass imed as inpu

nwel
actlv

elet
n-select

poly

poly contact

nut oitact

retal
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Typically useful sublayers are first generated First the four kinds of active area are

isolated The rule set to accomplish this is as follows

NOT all nwell substrate

AND nwell active nwelLactive

NOT active nwell pwellaetive
AND nwellactive pselect pdiff

AND nwellactive select vdcln

AND pwell-active nselect ndifl

AND pwellactive pselect gndp

In the above specification number of new layers
have been specified For instance

tIe first rule states tha wherever rwcll is absc it layer
called substrate exists The second

sIc states that all active areas wi the nwell are nwelFacfve con bmation of nwell

active and sd et or nselec yields pdiff diffusior or vddn nell cap
iiid is ranisw rc followsig lule ct ls sed

PW oly ndiff njate
PN di

ll it tes Fat the comb on of pols ii on ff mel the ngxtes

par trmnco

TC
so ioLs ax

PACL sietal Ol3 met spec error

tl nc em am

aces the errors ir the etat idtti error Layer Iris layer gut Dc interact xc ni

to high tab be crrors

or ng rm nc he ca nne of mask database

Is on ii snls required

Fe le dl

rare daj syor Le la ursa Layer

Dc PsIOS aria star tc of ncr ye sir

ted it le bit
sag

con sect ons etwcr yes mc bc specified allows

CONNF actve car tact pdif

COINICI acLave contac rdx
0NN dr

CONN CT ave orta giN
CONNECT active coitact metal
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CONNECT gndp substrate

CONNECT vddn nwell

CONNECT po1yeontact poly
CONNECT po1ycontact metal

The connections between the diffusions and metal are specified by the first seven

tatements The last two statements specify how metal is connected to polv

Finally the active devices are specified in terms of the layers that we have derived

MOE nmos ndiff ngates ndlff substrate

MOE pmos pdiff pgates pdrff nwell

An output statement might then be used to output the extracted transistors in some

ictlist format i.e SPICE format The extracted netlist is often used to compare the lay

ox against the intended schematic

It is important to realize that the above run set is manual gee crated he data you
xtract from such program is on as good as the input cor instance if parasit routirg

acitances arc reour ed then each layer ix teraction must be coded parasitic resistance

nip rtant deterixning dr it formarce iso inns be sp fcay eluded in

extract on rue set

oces cc hase crolved six mess dcsig ml ccxc gcd th cflc tie co cit

iC is cv see ir

mew wi conta td to us or gate is olastra etched can cha up to

tage flce il ga ii be ac

ixovdc pa Li cha ge iced away Antcnna ii cc etlly the axmu are

reta tra car bc cornect gate witi out sou air act dii ha ge

icr xv sat ird vs ox ml but fixed by ole
yr ix highe

tfe in gus rt Ci is re

as gn normal defines the riax mow atm of vietal area to gate area such that ci arge

metal will oct carnage th gate lhc cur in inn art trlm itOl to oO deperd

ing on the thickr ess of the gate oxide and cr cc breakdown voltage of the transistor in

cc cs icr Higher ratios apply to thcker gate ide trans stors 33 I/O transistors

igu 26 shows typical fx to ax antenra violation In the top layout tie ssre

L2 exceeds the antenna rule for the process If this were to be connected to the gate the

oold possibly brcak down in subsequent processing steps The fix is showr ir the

bottom diagram where link to the top metal layer made so that the length is now Li

tie point the iou ce/drair cc n-er ion is made the gat is protected Ths occurs at the

final metalhzation step The link has to be made at the level where sourced am regirn
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Wire attracts charge during plasma processing and

builds up voltage 0/C

Length L2 exceeds allowed limit Any source/drain can act as discharge element

gate is sensitive

Gate may be connected to source/dma at any metal laye in an auto outirg
situatioL

netal4

etal3

eta2

meta

dd lye ocr cc

toro ti icti

will connect to the gate or sate ys sake in dense layouts it is normalla assume at the

ni as a14 tc

we ethod to attach siurce/drais diodes prohien neta as hown Fig cc 27

ho dod sir oe is of n-diff ii hi ra he tb tn to

source/dtair cg ons

Is ct sa rta ad oces av ii ci ip

mm ins saxi uu st of particular lave vIt in specified area hee

are jli the oos nd the desje to achieve ii iorm etch raes

For instance metal layer might hive to nave 300/8 misimu ii 0% naxitum 32

wi hit mhyl nu am Fw digitxi dbu sine dens leve1s arc orm ly ahed

th notmal uting Analog and RI circuits on the other hand re alsiost defir on

sparn hus gate and mets Ia era mey hive to be added manually or by 311 ogram

af or design has beer completed oinc circums ance flU nay ha ho giounded

via diffisio diodes Fs is speciall rue rI/if circu ts where the metall fill can be

imo fo gro id plir ers sos be sir th 71 so at it cdu

unexpicted pi ins tic cap utancc no rh ci
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L2

Antenna

diode may be added

Anter sa diode additior
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On the other hand if you are imited in speed or sorre cairec metal Ge sity Partdu any in anulog and RF to
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cc atiaue



CHAPTER CMOS PROCESSING TECHNOLOGY

after the fill by completing full parasitic extract and by the silicon manufacturer Documentation is often

rerunning the verification simulation scripts unavailable so it is prudent for designers particularly in

acacemic designs which receive less support rom

fouudy to cludc their own test structdres such as

transistors or ring oscllators This allows designers to

It was mentioned the discussion on scribe line struc- calibrate the silicor against simulation models

tures that test structures are frequently inserted here

38

the act 30 years we espe thos of who are older in years is lived thro gi art

nd cc mo en tog dciv VP Ic to ro

hung appioachcd ii terms of lithography and denier dimensions history shows that tie

recfrology take path that den cs ppl ti as ci ret am

aware or Ay rj5 process opri us ano riirectio as can grvi cy nnune assign oeci

sin equently he co ab nation of pe for ar ad oct incubi icc ii it proc is

can provide new oduc opportunities that were not avai able previously rnilarly ncr

processes can offe good opportunities ire right prod Ct

scue at cas to be kept easing fh fi/ OS

lesig atec ear ngcdge am Ma cost for cal rers ti cc ci

S100K per mask fall mask so or adva ess ppro ches $11 ir cost hi in

ci ti arnie er

ch th ft or nrc crakrgade gr og

face longer product life good first start aapter covers these aporoa cc deoth

cedreadi mcessirtg ernuil text cobs ah as CC

248 nm UV
step
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machines have depreciation period of four years what is the difference in the cost

per chip for chip that occupies 50 square mm at 90 nm resolution if the stepper is

med 10 times per process run for the critical layers

If the gate oxide thickness in SiO-based structure is nm what would be the

thickness of HfO2based dielectric providing the same capacitancc

Explain the difference betreen polycide and salicide CMOS process

Which would be likeiy to have higher performance and why

Draw the layout for pMOS transistor in an well process that has

active pselect select polysilicon contact and metall masks Include

the well contact to T/DD Contacted Pitch

What the best possible metsi for interce nncct Wha isnt it used

Using bble 12 ca eulate be minimum contacted nitch ci sh wn in

igure 128 for rrctall metal3 ard metal6 in terms of lambda using

tie aUBli role la process here wirings ategy hi cc

duce ti is pi

3/ Jsn4 fable ciii aerhem imumun ontoct dand in actrdt

sen Ff 39

Unconta ted ch
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V00

Minimum

transistor 4N
Width L__4i

in out Minimum MInimum

to Pitch Inverter Height

Minimum iJIIi
transistor
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Mm nveror eig
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42

In most designs there will he many logic paths that do not require any conscious effort

when it comes to speed However usually there will be number of paths called the criti

calpathi that require attention to timing details These can be recognized by expe ience or

timing simulation but most designers use timing analyzer which is design tool that

automatically finds the slowest paths in logic design see Section 8.41 The critical

paths can be affected at four main levels

The architectural/microarchitectural level

The logic level

The circuit level
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understand its origin and figure out how it can be reduced This section applies the RC

delay model to estimate the delay of logic gates

We begin with few definitions

Rise time time for waveform to rise from 20% to 80% of its steady-state value

Fall time time for waveform to fall from 80% to 20% of its steady state value

Edge rate

Piopagation delay time maximum time from tIm input crossing 50% to the

output crossing 50%

Contamination dc/a time inimum time from tI input rossir 50% to lie

output ossmg 50%

Jr tui irelti we know that when at nput change the outf ut ii taxis ts vale fo at

as the cot taminatio dc av and take on its new alue sost ti nagatir xi dcliv

\Te comet mm dift nt ate bwcen the delxy fo the outsi rnhng /t an the out

fa irg /t e/ so cii ad
of cc Ig

Pxi ga

tion and cootawi nation dela times are also called max-trm and mmtime iespectively

pat ra arg gee da led ii is

7aI

ct epef nped mo ti nsis sos sic or con

sw tch in -cries with re ist svhc
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apa ann

sec ire
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Sketch 3-input NAND gate with transistor widths chosen to achieve effective rise

and fall resistance equal to that of unit iriverter CR

Figure 41 shows such gate The three nMOS transistors are in series so

the resistance is three times that of unit transiston Therefore each must be three

times unit width to compensate In other words each transistor has resistance R13

and the series combination has resistance The three pMOS transistors are in par

allel In the worst case with one of the three inputs low only one of the three

pMOS transistors is ON Therefore each must be twice unit width to have resis

tance

hi

UgatL
en

All rem that tEe capacitanco co issts of bate capacitance and Nour /drmn difftsio

apac tance Let us refine the gate capacitanc unit transistor be nd hc di to

on acitance its cwtacted source and rail to cad be man piO th

pa tan es app xina ely nd ar Cai if to

simpi hesecond erina thefif so ctcr ith dwhch uea1ht dto

ground fo cMOS fo p\ dS As th tage tie second term aa

re

tar the ou cc

analys table it car be apprcxmated as smg capacitance the V00 or

arid C1 propo tLaaa1 to tr rsor dh

In od layoi mff son odes arc

shared wherever possib to aeducc th diffuhor capac tance \oiccver th ncontacted

difflihon nodes be aveen series ansistors are usua lv anal er than those that must be con

cted Such uncortacted nodes havc css capacitance see Sections 32 and 44

aith uh ye whi negi thc difference for hand 1culations
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Annotate the 3-input NAND gate of Figure 4J with its gate and diffusion capaci

tances Assume all diffusion uorles are contacted

Figure 42a shows the gate and its capacitances Each input drives five

units of gate capacitance Notice that the capacitors on source diflirsions attached to

the rails have both terminals shorted together so they are irrelevant to circuit opera

tion Figure 4.2b redraws the gate with these capacitances deleted and the remain

ing capacitances lumped to ground

2C 2C 2C

cr202c
__

---

hap t\ADg-te anno with CràL ar ccc

summary gate capacitanc car determined directl1 from tI transistor widths in

schi mat illusion capacitance depends on th layout conservative met iod of

nat cap arc ay it to as co at Ii fus or betwe sc

and to ed ffusion silo her des

tino sU a1
be RC c1c sh

Figure The Elrro de lraore48 model timates the de ay of

RC dr ui over ecch de in thc addci of the resistaoce

between that node and supply mu tiphed by the capacitance on the PC aeder fr Erroe delsi

ode

FR 41
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Sketch 2input NAND gate with transistor widths chosen to achieve effective rise and

fall resistance equal to unit inverfer Compute the tiring and falling propagahon delac

in terms of and of the NAND gate driving identical NAND gates using the

Elmore delay model If fF/p.m andR 2.5 kfl xm in 180 nm process nhat

the delay of fanout of-3 NAND gate

Figure 4.6a shows such NAND gate annotated with difflision capacitance

assuming contacted diffusion on each transistor except between the series nMOS transis

tors The two nMOS transistors are in series so each must be made twice as wide to

achieve overall unit resistance The two pMOS trarsistors are in parallel In the worst

caw only one is ON so it must be the same width as in the nvert twice unit width

because pMOS transisto have loner mobility than nMOS transistors Each input con
ected to units of gate width Hence the output load of identical NAND

gates maybe

represented as 44 units of capacit mice Figure 46b shows the equ alen rcwt fTt est

atip risirg dcliv Only one pMOS nsis ON it thi si iv case ie diffu

sion capacitance of the nMOS transistor is ignored because it is not on the path between

he supply ard the de sal ii is iohtlv mstic suit lie isv

iu e46 nl it ouhil

natina the Ia ing delay worst case input is already so node chai up to

oul ip iSV OS trans Pu us tu oi hot or

trnsisto and thy dis barging both tIe cpicitance on node aud the tput pie
ls mcli it 4RC es he

hat the se md fall reista ice at eyual he falirg propaga on delay slightly lorgcr

on in mit tw lie -r

capalitan

Obserre hat theE St ye antam na ior ccl of th gate ould be bst uirlly

es or xa hot i7U fell simultaneous th OU Pu neu be
pm

lied up in aif

the tin th ough the pina ci the two pSV OS tn slst rs RI6
hR put were already ut node alt

in

lay IhC bhL ci fai fasts tsp isthu atcst no
should be -anne -t the trans sta cbs -St to the output node vhei feasible

it the l8u nm pr cess kG Theretore fanot tof-3 NAND gate has

delayof6435p 9Ops

rL6chc 64hC
F/284tC

Nth gdte cow
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Suppose the widths of the transistors in the NAND gate are increased by factor of

but the load is left unchanged at AhCuliere 11 bin the previous example In

other words the load is equivalent to H/k NAND gates that are also factor of

larger Recompute the rising and falling propagation delays using the Elmore delay

model

Figure 4.7 shows the new equivalent circuits The Elmore delay model

predicts rising delay of 4h /kRC 4hRC and falling delay of

4h/kRC 4hRC

6ka4hC R/2k6t4

JCCi
determined by he gate drv ng its own internal diffusion eapacitince Boosing the dth

ti irss cues ie sista ease espie tai tl

del ly ndcpe ide tof te szet The eJfm tdlayof 46 /kC 4kG le ends cc

rt xt is ad it cant rd us witi tiai

au or widths he etc et by the en cxi of he gate ie capaci ic ratio

ailed the elect icel effort orjinou and the term mu alt iat eon Pc sea the by

lef un
er pt is in nine cue tha

be ompa based on opo og ra an spear of the ma Ct irung pr ess

ii cci elepe ad at ae sure fo kr owledge of eu spe di
gai

eel

while irk rg oL bL inn ew Les hat the delay of

an ideal uout of cr1 cc wras ea scitanee 3kG \Ye de iote tie no

malized delay is multiples 01 tins mverter uelav t/t Hence the risu delay of the

aput AND gate 4/36 The RC de ay model similarly predicts in inver er

wth rca paraPtics drivng identical invert rs to have delay of

101 curse gate aith aide tans tots ma me ou cka moth dffu cepacitanLe reascs St 551

tin si ith wit th slirhtls dcc canoe the
pa asic delay of

arge eat Section 10 ii rates foldi
ag

ofwsde transis 015
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In general the propagation delay of gate can be written as

dfp 42

where is the parasitic delay inherent to the gate when no load is attached is the
effort

delay or stage effort that depends on the complexity and fanout of the gate

if gil 43

The complexity is represented b3 the logical ejjort Sutherland99 An inverter is

defined to have logical effort of More complex gates have greater logical efforts mdi

catmg that they take longer to we give fanout For example thc logical effort of the

AND gate om ne previous example is 73 gate drIving il identical cop es of itself is

said to have afaiwut or electri effo of thc load is not ide tical copies of tie gate

the ti/cal ffort ca be coirpu ed as

eit

iat cc

is the input capacitance oft gate2 hAND nverte

os cd de ricvi fort le-

r1d pu 1is gain iC yiritesne iuiC-

the paras i/c delay the lay when the gate drives no load IThe 4/3h

slope of tic nes ftclogiealel art lie iisv rter has slope oil by
definit NND has slope of 4/3

kg and ire lay be

models us will be erp aced sc ol cv rue ed

curve fltt
ig

rrulat da as dis sed in Setion ogi

rca soc re rk

ac vat ess fo en rip ire ws

vithm ps ir 80 nm nocess uroperly calibrated linear delay Plisetr

mode widely ased by AD fojs mcli logm sy
.hes ers and

static ti ri ng analyrers although the otatsor varies ft too to

tool For examplc the opular Syt opsys Desg Cor tool uses IC cc no
the foil wi ha mode to defin delay for lbrary of gate

delay rise intrInsic rise rise resistance capac tarce

delay tall ntrir ic La fall resistance capacitance

2Sorne FT designers sy gate has fsno Ii when dcivs ot gitni we the thee hay

different iuipactancei Fhis defin tion wwld ri be useful fri caleu atng delay and best avoided

\TLSJ design The e1ec1ricl c/fire avoids this pote ida eonftnion and emplas zes the raral1els with

logical ci ort
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Note that separate rising and falling delays are computed These parameters are

related to the logical effort terms as given in Table 4J The effective resistance of gate

increases with the logical effort of the gate but decreases with the gate size i.e input

capacitance

capacitance

ccci tance

dcip ti did as Ic oct of cc Gates

It cv vs to eT

drive

Log ffi oat he oft in it anti icc gc
he spa

pa nance of an cc tei that can deli icr thc same output at valer op Ca effor

rd cite mu acm ode sag is esm at

put cc tan

ogical to ca sea ft oc ot ch

Ii th pa ci te tive

an it ed sk Ping hate ure shows vcrte \ANL NOR

pa cc ass widths chose to achie unit resistance assuming pMOS transis

tors have twic the resistance of nTIOS transistors3 he inve ter presen units

input capacitai cc The NND premnt sits of capac asce on each put so th logi

ffort is 4/3 Similarly the \OR piesents units of capacitance so the ogical effo

Tho ur 55 ma OU5h uS hit ook xc is 19 20 exolr sc tecU of en reid

rein ices see also Su hular d99 he na conclosior io nc cha sirs moe the om1c

model oo ci ouchf ost taisc mates As aol 0i it timi 54 lv mecltien

mire ac orate results arc qu ret
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Cr3 C4 G5
gr3/3 g413 g5I3

Logic ga es sized for unit resistance

5/3 Th matci- ci our expectation that NANDs are better than NORs because NORs
slow pMOS ransstors cries

Tnble 42 lists the logical effort o1 cimrrirn gares The effort tends to 1nresP with

flu nber of inputs NAND gates are better than NOR gates because the series transs

on arc nNOS rather than pMOS ExclusiscOR gatcs are particularly costly ard ha

erect ogical tlfors for different inputs An nteresting case is that multip exers built

om ganged ates as shos gore 29b log al cffcrt of dcpc dent cf

he in np sr ght st ser to imp cry arg cj

ccl ii xer

inc grin tct to -o trut arge in It of tare of4 It

cxer e- 99

we

4L 5/ 6/3 2/

NOR 73 9/3

tt on xc

XOR XNOR 12 16 16

he parastlc delay of gate is he delsy of the gate when it ayes zero load It an be est

rated wth RC delay models udc method good for ha id calculations is to coun orlt

diffusion capaci ancc on the output node Fo examp consider the gates in Figure

ng ad trai ii output od sa ts owi dr is diffusi mrtac is-
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tot widths were chosen to give resistance of in each gate The inverter has units of

diffusion capacitance on the output so the parasitic delay is 3RC In other isords the

normalized parasitic delay is In general we will call the normalized parasitic delay p0
is the ratio of diffusion capacitance to gate capacitance in particular process

It is usu

ally close to and will be considered to be on many examples for simplicity The NAND

and NOR each have units of diffusion capacitance on the output so the parasitic delay is

twice as great 2p or simply Table 4.3 estimates the parasitic delay of common gates

Increasing transistor sizes reduces resistance but increases capacitance correspondingly so

parasitic delay is to first order independent of gate size However wider transistors can be

folded and often see less than linear increases in internal wiring parasitic capacitance so in

practice larger gates tend to have slightly lower parasitic delay

in crter

trsti

TI his method of estirrating parasitic clay is obviously etude More cfir sli nate

11 1cr ng rnal tC ti extra ftc lays om im ion

The parasitic delay also depends on the ratio of diffusion capactance to gate capacitance

ho in sula or prom whch difftisio capacta much less

the paias delays vill be lower \Vhi kno vu he pares delay is rio at or accu

ate st rat rg gte wil See dii ha 1w ci irsis or sixes fo

ic it ar Uv de if it on at tic de ay de iira ci

ii
lever Si it is rpo ta at ii eu dc or

tf ion ipt ts ea ND or NO cult For exit Ic vure

shovu mode r-nyut AT gate in vhieh the upper inputs were ant die

bottom iput rises The gate must discharge the dffusion pacitances of all of the inter

nal nodes as well as the outpm ihlmo de ay

R3nC diJJfC
46
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HHL2H2
Rfn Rin Rio R/n

nC
Hn

ivinput NAND gan parasitic de

This delay grows quadratically with the number of series transistors indicating that

wnd certain point is faster to spi arge gate ito cascade of mro wailer gate
II see in 42 tht the coeff lent of the ii tera tends to be even larger teal cir

ts han in this siw pie model because of gate-source capacitance In practice it is rarely

sable to courtr gat witL mor than four gos five series ad tors When
ng tes cc NAND Late ar bitter than aes ausc

OS ttansitors have lower esistance than pMOS transis ors of the sawe size and

ii

ogi al effort buIlt on the ea dela riodel Although the aaodcl ssorks iemarkably

or iv ta pp icatio IL also ass our that thculd be unde od

arge source in it ca delat model

op ffet gu ows fanou nyc ter driven
by ramus

ft Np eat ereas th ie gat age

nw tor th ans 01 bly 0\Jfw panic/i
3/ or nt di ga so tages As the se rrc pit in vease the delay also

so rca ti f5
er propaga on de iu ie

Notice hat tire
Ilay fise ti TC data fits traight line qute we1 rnab7

uggesta tha tie lan iodclcd as

12
VDD 47

tpa is the opagac clay sure log step nput and the app opri

Ogerat
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tr
100

tr 150 ps

80

-50 PS 250 ps 60

tPd

40

05
20

________ __________00 1tps
oo 200 300 IJcO 50 50 150 COo

so ulatior of slope cli un CMOS or vu ci

ri 0/c O%i /F rflr nO RC If

2O% se/fri torn of ga roug ra the itp ti to

put sb oe of gae ted up agat dc at rio ups

onI
ope rse slope term The overa delay of gate becomes lit early depanden

fi /1

do rot cc ctr
slope as delay previou

ala tr cc fail itr cc ancc

ci de an evious

po on fo ng iv

rap wor vi for ca culat orn Fortuna elp sri1 see in ecton

tnat dr to ar fastest wnen mar gate nas sat to effort ne/a1 ard 5hc11 t0.at dar

roughly Because slopes are related to edge rate fast circuIts to ad to have re velv con

sister loper cell ary is character vit here slopes
be uced

th ome on wh ch mm accu ate modcls 4e1e

er so cc of error the linear an model is he

nr of nob iou gt vi Fm wfile the are ma
stab Vhen two npo ts se ies tack to DI lta he dDa wi

be slightly nger than predicted because both transictors are only partia lv ON dun
ig

th rot dl pa of the transition Wh tw nputs paralle ark ON mi/a a-
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neously the delay will be shorter than predicted because both transistors deliver current

to the Output

Figure 4J2 plots the propagation delay of an P03 2-input NAND gate as function

the input nterarrival time Input switches at te while inpat switches in the

me direction at time Propagation delay is measured from the latest input rising for

ailing outputs and from the earliest input falling for rising outputs When one input

irves well before the other t5 is large and the propagation delay is
essentially indepen

cOt of This is the case assumed in the linear delay model The delays are slightly differ-

depending on which input arrives first as will be explored in Section 5S When the

two inputs arrive at nearly the same time JtI is small tdf increases because of the series

ulldowns while
ipd

decreases because of the parallel pilleps

__________ 100

_____________ ii
_______________

60

200 150 100 50 00 00 150 200

Dc aj sees op rva ime

es sp ca cecuon asset at ga
ntance rmir fixed piy aL scused is Secton th bottor

ii nai of the gate oxide ca acitor is Fc chance which is pr isa ii cc re to

cc when the ransistor ON TI is mar us that as ti sou cc of transistor changeb

cc charge is required to change the voltage on C0 Figurc 413a revisits the 2-input
ND gate exarrpie explicitly slowing gate- ource capacitances As node is dis

ged on fallng output transition us Figure 13b must also be discharged The

ay sow bc est mated as R122C 2C R2 4hC 4hRC RC
is xe so aluabi pfcitythar accu ac sos ire de gne grorc this fect

hand calculat ons No at of th pMOS transistors does not affect de beso is

not or the oath betwe Yard CND th gate apaci of hod MOS
pMOS would affect th oading delay th previous stage
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A6ChC R/2c64hc

NAND gate delay estimation witn gate-uource

capacitance modeled

Trans stors also have some capacita ice from gate to drain This

capacitance couples the input and ou put an effect known as bootstrapping which can be

understood b1 examiong figure 414a Our models so far have only considere C5
his figure also cot riders Cga the gate to di in capa dtance the case sat he flout is

rising tie put sta ts ig sic ifective inp it an nce Cg VVhcn if ou

pit starts to ta thc voltage across changes reousring the input to suppI addtional

sha In let voids the impact of gd on gate apaits cc dIce we

Jo ii it ejfect of oots ia ap ci as Vi

tv ire pas
as in exr ca iaci vi Pu

put of th second inverte The bottom pa las the same amount of tra capacitance from

lsrc rt egi Ct

iodes see approxmately same capacitance consisting of the iran sir is alas

eVt IF ode res it ins ia lv buwps up hf ow boots ra Er

toallv tIe nMOS transistors turn ON pulhrg down and As Ia is it tugs 01

rd

ft6I2 ft

H6 2H612

The at cc of ootstsappirg iverte delay nave our
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irough the capacitor leading to the slow final transition visible on node Also observe

hat falls later than because of the extra charge that must be supplied to discharge the

bootstrap capacitor In summary the extra capacitance has greater effect when connected

tween input and output as compared to when it is connected between input and ground
Because is fairly small bootstrapping is only mild annoyance in digital circuits

owever if the inverter is biased in its Linear region near VDD /2 the may appear mul
ied by the gain of the inverter This is known as the Miller

effect and is of major impor
ance in analog circuits

csigners
often need to coose the fastest circuit topology and gate sizes for partwcar

flinctior and to estimate the delay of the design As has been stated sun ulation or

analys arc poo tools for this ta because they uiy deter nine Low fast part cu

mci ta 10 Wi ape ate not se her tie imple entation can be sodifed far bet-

tei It aid if what to change Innperenced designers of id
ip in the mulate

twwk op aeo sa ig and sim on ta not at

to oa fa
So he land99 pray nple metf ad the back iii lope is st

no ay and umber stages ogic for et or rllows desigre qu ckly

Lmate mun possble dela far the ver to alog aid chaos atc tha

Logical Effort is based on the linear de ay ii ode We firs review using the model to

tet 1e ad edc

ultstage gc aetworks nd to choose best number of stages for multistag ner
rk Ti ci 05 dcc xample applvng Lob fort sign
decodci and mm rzes he key ci ag its fro meth The echniques of gin

ffort be cv -d no 5h ii text em ad del of nary pci of ci cu ts

he linear de ay model EQs 42 and 44 exp esses prapagatlor delay of logic

cc rims of the comple of
gate pe effort th auaciive far5ot

nical or and the paras tic delayp Let us begin with two ezamples
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Estimate the delay of the fanoutof F04 inverter i.e an inverter driving four

identical copies shown in Egure 4.15 Assume the inverter is constructed in 180

nm process with 15 ps

rni The logical effort of the inverter is by definition The electrical

effort is because the load is four gates of equal size The parasitic delay of an

inverter isp The total delay is gh Sin notmalized terms

75 ps in absolute terms

Often path delays are expressed in terms of F04 inverter delays While not all

designers are familiar with the notation most experienced designers do know the

de ay of fa iout-of4 inve at it the process in whicl they are worldng can be

esnated ar 1O4 inverter delays Even the ratio diffusion eapac tance to

gate capacitance tanges sop 0.8 or rather than the F04 invertet delay

only varies from 4.8 to 52 lIen the delay ff gat -do mated logic lock

expressed in terms of 04 nave tars ten aiac ati clv aoi ta fr ri apr ceas

arothcr van the diff ison capac ance does ii

to uc of t/ O4 lay fo

12 ci at

nth at at rs examp 18 air ot

ass nay ave F04 detv 60 ps Dc

hg isi it to na ltage at terni ate

vi tao it ci

F04 delay is usually quoted assuming tyMca procass ftO nvet

ara vr Ic 1ow
stpp voltage and high tempetau

gca If zct cc twork ho cxarrpe irs

I-c op -a ad ctrica el-for ir ea stage mul istage path as funct on of the zes

of etd Lage na net 31 are is na ad wit th as

blue line Observe that logic effort is ndepender of xc whi elect ck effo pa ds

on Inca

/3

x/O h2 i3zy 21

sge lofc natwor
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ring oshilator is constructed from an odd number of inverters as shown in igur
4J7 Estimate the frequency ot an N-stagc ring oscillator

The logical effort of the inverter is by definition The electrical

tffort of each inverter is also because it drises single identical lord The
parasitic

delay is also The delay of each stage is gh An Nstage ring
occillator has period of 2N stage delays because value must propagate twice

around the ring to regain the original polarity Therefore the period is 2N
he frequency is the reciprocal of the period 1/4N

31stage ring ow Uator in ISO nm process has frequency of 114 31 15

540 Mhz
Note that rng oscd ators often us as process moritns ojudge Taper

hr chip fas sU ver than oininhh evoce cd One of tIc irve shoald be

pli ed with NAND gate to rn the nag off whe not mi The outpi can

to utern possibly thr gi ul p1e ow ati

en should bc Ion enough eg 100 VHz that the pan the on side von

ite

I-L_____ __

he nj/c- sh haefi
oic cut1

tf r/eff Jar tie on hc ou put apac ta

dr dc tl npu apart at is is mo iv

defining ath hctr cii effort as he prc duct of
stage

elect al cffcrt he

In no Imov th ndividua stage electri ci forts noD gatc size re sd cte

49
att
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The path effort
is the product of the stage efforts of each stage Can we by analogy

state GM

FfHgth 4d0

15
In paths that branch OH This is illustrated in Figure 418 circuit with

190 vo-way branch Consider path from the primary input to one of the outputs The

path logical effort is The path electrical effort is 90/5 18 Thus OH

18 But Ffl gjhg2ha 36 In other words 2CHin this path

90
on account of the vo-way branch

We must intr duce new alnd of effort to account for branching becen stages
ot

path This thanching efforib
is the xatio fth etal capacitanLe sccr stage

th

wa ic cape cita ice on tne patio Figurc 18 Si Shl

tt1

ri.ihi rer

Now we cai dci ti 1ath effort Fa the
pr

duct of the ogical trica aid bran Yng

forts ot Fe path No iat thc cc the cLt

RHnc just

-CBH 41

iuc
ii

cia sy CC ex so as jJ

pa hparaczt mV

4I4

P-p

The pro ti St tf Jo to ga

is th sum of tic stag
ffort .1 soc se of cc ers iosc pi

duc constar
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Estimate the minimum delay of the path from to in Figure 419 and choose

transistor sizes to achieve this delay The initial NAND2 gate may present load of

of transistor width on the input and the output load is equivalent to 45 of tran

sistor width

The path logical effort is 4/3 5/3 5/3 100/27 The path

electrical effort is 45/8 The path branching effort is The path

effort is CH 125 As there are three stages the best stage effort is

The path parasitic delay is Hence the minimum

path delay is 22 in units of or 44 F04 inverter delays The gate

sizcs are computed with the capacitance transformation 45 5/3/S 15

15 15 5/3/S 10 We check that the wit al 2-input NAND gate should have

size of 10 10 10 4/3/S as desired The trnsistoi sizes in Figure 4.20

are chosen to ye the desired amount of input capacitance while achieving qual

se and fa deJa

We can also check that our delay was achieved The NAND2 gate delay is d1

4/3 10 10 10/S 2- 11 NfiND3 ratc delayh d2

C/3 15 NC ti is gb 5/3 4t/

Ilcncc tic path dula is 22

Ix

inxper enced designers

with .ri ir irs off

mow current thu rv the H._J
uts Ia Sc by iag itgr vtcs

Increa tug the size ot any of the gates

evcept ie first onc only ii kes he

vei 1011 pl cres mg
ie it D3 naSestie lx ieiat

NAND but nakes the

re

r6tl oh
intal NAND2 ga do .s spced up
thc ciccui uidc wnsdeiato

ever it presents larger load cii the

path that computes input making 12

tha path slowcr Ha ice it is crucial 1IJB45
to have specifica ion of no only tie

load the path must drive but aim the

n-axirnu input ca acitance the iath no ed

may prcscnt tranus or sires
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minimized by choosing all the numbers to be equaL In other words the path delay is mm
imized when each stage

bears the same effort If path has
stages

and each bears the

same effort that effort must be

fghF1 415

Thus the minimum possible delay of an N-stage path with path effort and path parasitic

delay is

DNF1 NP 416

This is key result of Lopical Effort It shows that the mi aimum delay of th path can he

esttmatd kro rg only the number of stages pa effort dj arasitic lay vithout ti

ueec sgn tran 15t0r ses upsor stiuu atlon in which delay deoc ad

zes am you ye aefieve ccrrainqr hattie sires se cc ed are those miriraum

delay

it is also straig
forward to select ga ci adi is ea Ic

FQ4j nd ta orf to for dth tii

11 nc

Start ng with tfe oad at the cod 1ath vo back vs mg tie ac arc

is

the fe al it ge na claw eh at

ci to oh Os tee ti Co

og

TN te tt
bette as es nan is sec ave iv al its to

pi
die dIe bL 1b1 of ILgI

Logic designers SOnIC it csti ire delay by countir mutt be of -t ge of og

ge ta gate ay pa lid

iniplie hat las est its 51L those us fu ct rages ogle

t-de ct 11 nd nt cmi -a efto one1m sukngfcascr ag sr

deF he folowitg xamj ill es Fs aol

you c-it al as acm em ol ci as ng

ox fo si ty Pu ma fo

delan Ihe logic bock shown in Firrc his 01 stages
id path effoit of or

aid to the end to sag
the pa age cx xii do lot
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1$Th2j
control unit generates signal fro unit-sized inverter The

signal must drive

unit-sized loads in each bitslice of 64-bit datapath The designer can add inverters

to buffer the signal to drive the large load Assuming polarity
of the signal does not

matter what is the best number of inverters to add and what delay can be achievedr

Figure 4.21 shows the cases of adding or inverters The path

electrical effort is 64 The path logical effort is independent of the num
her of inverters Thus the path effort is 64 The inverter sizes are chosen to

achieve equal stage effort The total delay is NV
The 3-stage design is fastest and is much super or to single stage If an even num
ber of inversions were required the two or four stage designs are prc mising he

n-stage design is slight fasteii but the tuostage desg requr ci significantly

less area and power

Initial Driver

\7 \7

\8/ \/ \97

Corpa te nrbe of

ttage of buffns

hange the path logcal effort but do add ras tc de ay The delay of Extra liverters

he new path is

p7 18

Log LlCL ith ddi ons in



CHAPTER CIRCUT CHARACTERIZATION AND PERFORMANCE ESTMATON

Differentiating with respect to and setting to allows us to solve for the best number of

stages The result can be expressed more compactly by defining

ppl/

to be the best stage effort

__F1lnFF1p
4d9

p1 in

LQ 19 has no closed for solution Neglecting parasitics Le assuming Prs

we find the rlas1c renJt that 71 l28 el ead8O1 In actice the parastic delays

mea eac invrter is so newh more cost to add As esult it is bette to use fewer

stages or equivalcrtly igher stage effo that Solving nur cr cally
when

flndp 159
achea delay b1 using log2 stages It is im2ortan to under

Ic elf anf nu ocr itag
am tI seas

re
urn

apt palo he imbr ag for at ou

rn be dc ay wit iii a% of bes achie ab mbe of ci

to res Ac theoretical best abei raag of2 to

14
if 12
ci

00
01 10 .4 20

NIN

So fe ro rnaer of sag
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Using stage effort of is convenient choice and simplifies mentally choosing the

best number of stages This effort gives delays within 2% of minimum for in the range

of 07 to 2S This further explains why fanout of-4 inverter has representative logic

gate delay

Consider larger example to illustrate the application of Logical Effort Our esteemed

oileague Ben Bitdiddle is designing decoder for register file in the Motoroil 68W86
embedded processor for automotive applications The decoder has the following spec

fications

16-word register file

32-bi words

Each register prcse its load of unit-sized transistors on he word line

it sized access ir sist as plus soar ware capaci tar cc

ue and complementary versions of the address bits A3 are ailab1e

Ec adrr
ipu ca dri nit- ire ar stor

cc act rddo
gics todcsig ig aoc put 4g

us help Ben determine how many stages to use how largc each gate shou be and

ew fast the decode can ope ate

ajL njiCz is tapaiasi 96

Therefore the path dc tfcal effor 6/10 Eac8 address is used to co arpute

if of thc 16 wo lines ts co pcmnc uscd the oti ci kilf eforc way
bra chisrequ cds icy rc rthcp owweaefacedw2f ad ekes gg

le in ov fft ca psI etfo id

us of stages xc sut knowng se umnbcr ofsta cs canr ike

path and determ ire the ogical effort for that path crc are two vays to resolve the

Ne in iii ardor of de cr at

oga effot alen setha tocoarpuet at efo andth actea numb to saps
he path can be redesigned witb this nbc of stages refining pat8 og cal ffort If

the ogcal ef oat clanges significantly the drocecs in reneted Alte intive ye now

ie ogic decoder rather le so we can ignore ogical bat assun

1Thcn dli pro eed wi hour design ne bc ing that he bes musher of ges
likely slightly hghet than predicted because we neglected logical effort

Taking the second aoproach we find the path effort is GBH 1896 768

ig
best stage effort of we find the bes numbei of

stages is

log4 768 Let us select 3-stage design recalling that 4-stage design might
be good cc co she ogica effor is as de ed Ugu ho is possible

3-s ag des INV NAND4 INV
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At2 AE21

oto\o
word

96 units of wordline capacitance

word

age decode des

l-c pa ha log al ff rt 6/3 the act ci path etfo is

28 The ff0 536 Fe cc ge if

Cs ca
ii of esz-96 /5 cod 2/6 fi lay3

221

Logcai Effo also lo so rsçdl co nra al cc arive desgn us ng ccc

othe er -ii

pares number of alterr ative designs We find 4-stage desg is somewhat faster as we

TIed cageNAND2 INVNND INVd sg nlvh tIer

best robe fstagm but also ses sir er 2input gates to duce Fe logical effort and

it dcl oh 12% ip Fop or th org ca go Po ti ag

design ha sir aller total ga rica and Pissipates is power

JSTD4jNV 298

NAND2-NOR2 20/9 301

INV-NAND4 NV 221

NAND4-INV INV INV 2L1

NAND2 NOR2 NV4NV 20/9 205

NAND2 INV-NAND2- NV 16/9 19

NV-NAND2 INV NANT21Nb 16/ 2ft4

NAND -TNV-NAND2- NV- NV- NV 36N 216



43 LOGICAL EFFORT AND TRANSISTOR SIZING

ogical Effort provides an easy way to compare and select circuit topologies choose the

cst number of
stages

for path and estimate path delay The notation takes some time to

become natural hut this author has poured through all the letters in the English and Greek

alphabets without finding better notation It may help to remember for delay for

parasitic for branchingf for effort for logical effort or perhaps gain and as

the next letter after and The notation is summarized in Table 4S for both
stages

and paths

numb of stages

giae air IZ

aut atl

cectrica cfo _______

if
branch ng ffort

for

oarasit de sy see able 31

4ay

hen odof ogci No tis hef

pute ath ffo CRN

Est mite tEe best number of otages log4
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Sketch path using stages

Estimate the minimum delay NF1

Determine the best
stage

effort

Starting at the end work bac1ard to find sizes Cm

CAD tools are very fast and accurate at evaluating complex delay models so Logcal

Effort should not be used as replacement for such tools Rather its value arises from

quick and dirty hand calculations and from the insights it lends to circuit design Some

of the key insights include

The idea of nu none log cal effortthat chaiacterizcs the comp cxrty ot logic

gate or pa allows you to compare alternative circuit topoog ci rid shiv that

some ogles Fan ot ien

IN laD stru fat tO INC xi ii es comp OF 03

cuits

tct the to saC

Sc

ath Ida se LO de in ho

sign tl cc ki% of or delay need riake cal

orita gfi ci

cad rhere is no need to cho se nih or sizes exacti cording to tbcoi

rd ike cfit se ng ns ii ifth des ccc

si 1U tag Of somen hat greater tEa reeluLe area and pov flit 01

Fl cc ng ccc gn fi os

Un we ft cc cc cc os oes not mOe rc as Ii
ig

OS liii

XC delay of dl deogned path is about log fanou t-of-4 04 wet

delays ac quadrupling of lie load adds about cc F04 maccrier delay the

path Co ol als fanni
ig out 6d_bit datapaT efo np ifca

tiofi delcc of abou 04 inver cr5

The logical effoi of each
iput

of gate inc ccc es th oagf no fault of its vn as

the number of inputs giews Com de ng noth lcca effert paras tic dO
cc of ogi cc Oox

to rrultiplexers Beyond this fan fas er to split gates irto if ultip stag

skinnier gate
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Inverters or 2-input NANI
gates

with low logical efforts are best for driving

nodes with large branching effort Use small
gates

after the branches to minimize

load on the driving gate

When path forks and one leg is more critical than the others buffer the noncrit

ical legs to reduce the branching effort on the critical path

ogical Lffort is based on the linear delay model and the simple premise that making the

effort delays of each stage equal minimizes path delayt This simplicity is the methods

neatest strength but also results in number of Iimitations

The linear delay model fails to capture the effect of input slope Fortunatelh edge

rates tend to be about equal 11 el designed ret its win equa effort delay pe

stage

Th RC de todd ncglce Fe fe no nests itu tion id over tiinate

tie oica1ef on of l\D stiseni ci so ignor bod lee gin
cfhr nay be or a-cu ci ul icd ugh mulatto as own

51

ogc Ut es act te gg
in to

appf cable to high- speed circuits with regular hvo ts where routing delay does not

lode mtl ig me sc ci ad othei Irta

pains and ijia

Ffc espi

ga fir us in ar sr owes given fixed sped ear strknt

eis hI cihel saizy1t

dde ba is oF ia lot esd

mi datas ret ens sale iguic 25 shovs cal 12 da asfects

fo omp re 1b for Fe 1\lC 180 pro CSS TF es ir

ihra ome var us drive st engt INVX tEe rt ci NV2Q th

drive JNVXL Fas Fe sane ra as the sit inverter but uses srraller trarsistors te seduce

power consumption on no iciitiea paths The X12 X20 iverte built oct three

ages of smal or inverters gi high drive strength and low input capacitane at th

expense of greater parasitic delay

Fr da her the unt inve te has an inpu eapaci anee 36 fal Tie

fa it fe pa ate TV ve ta ifferen
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delays in Section 6.2.1 but will use the average delay for now The average intrinsic or

parasitic delay is 25.3 14.6/2 20.0 ps The slope of the delay vs load capacitance

curve is the average of the rising and failing Rj values An inverter driving fanout of

will thus have delay of

20.Ops 3.6 eh gates453

2.37
20.0 12.4h ps 4.20

The slope of the delay vs fanout curve indicates 12.4 ps
and the ydntercept indi

catespjr 20.0 ps or 1.61 in normalized terms

By similar calculation we find the Xl input NAND gate has an average de1a

fro the in icr nput of

31.319 ps 4.2 2h bates
2.8

25 5.35 Os

av og pa tic he

rput

ndX4 sim ar cot firning if sho tdh eiwr

cit of pat sizeforg cc oft sorabi sacs

44
ct lOS at or ef cc oa
while idle uch of tIe stw of C\ OS design po was seondnv co aside

ti behi ced an ar to ny chip As us nts flu

inn sec las ct dat

stra

VTcbegr byte vingsoi ioaaoz ouspowr 7Qd

pu supplyct en anl isp yvolagV0j

Pz itV 42

Tie energy cor ii nr cone time ii terval the integral of it tar cous pov

42
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The average power over this interval is

ivg 1DD tVDDcZt 424

Power dissipation in CMOS circuits comes from two components

Static dissipation due to

subthreshold conduction through OFF transistors

tunneling current through gate oxide

eakage through reve se biased diodes

cnte stion current in tiotd circuits

Dv sanu dissipatior due

charging an discharg ng of load capacita era

th 05 vv rk re

Tto dnaric

his ira ra cc is ss

to mmmc pov er corsumption

Cii he Staitc OS sh in Figum P26 npr asmc

aednb OSansis sO Ii dthepMOS isis ON tvolag is V0

or logy When he irput tI asso ated \lO rans1tor is ON and tie

liF oh

vi en he gat ci cse op es

deafly no curre flows througi the OFF transiste so the power dissipaf on is

vhi tl is qcamert ce then transstar switching Jero

vo nMOS quiescent power dissipation is principle advantage of CMOS over competi ig

ttaisis re mo
igi

IIoweve seco chary effects includinp ibtimeshold co

uction tunneling id eakage lead to small amounts of static cur ent flowing

cMci3 rvertra rnoael for
thror gh the OFF tra itor Assuming the leakage current is onstant so instar

it ci taneou average power are tF saw the static power disspatio the

cv on rodurt of total eskage current ard the sapply voltage

c17DL
426
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digital system in 100 nm process has 200 million transistors

of which 20 million are in logic gates and the iemamder in memory arrays The

average logic transistor width is 12 and the average memory transistor width is

The process has two threshold voltages and two oxide thicknesses Subthresh

old leakage for OFF devices is 20 nA/gm for low-threshold devices and 0O2 nAl

gm for high-threshold devices Gate leakage is nA/urn for thin oxides and 0002

nA/gm for thick oxides Memories use low-leakage devices everywhere Logic uses

low-leakage devices in all but 20% of the paths that are most critical for perfor
mance Diode leakage is negligible Estimate the static power consumption How
would the power consumption change if the low4eakagc devices wcre not available

These are 20 106 ogc tra wlstors 02 12 Is 05 m/
100 gm of hig icakage devices ar 10 loc transistors 12
180 10 mcmarv transistors iJ 005 gm/A 486 106 gm of low-leakage

devccs All dw cs exhibi gatc leaka1v On sveis gc half tF tr sisto OFF
and cc ntribute subthreshold icakage Thcrefore total static cc rent is 24

06 ga 20 A/p m/2 nA/p 4a 106 s/2

102 Al xIs 1aU cons rp iis 12
naIl co ucd oc oo vcr umpt is yt gc

oa IC 05 rposrre wt mo avibv

If low-leak ige devices were not available the total static current woul he 24
am 106 aV Al fo db oo

7n9rnvv

Isccordn so LQ2 34 OFFt or hI es

Cu tCT As cur is po al lane on thr sh 11 hage
cress igdra tc heshold oltg Ia cacdd

SO2 cd sto caki Cc
Ho hi or ac

sos co hi isvdiopsof apo ants vi oxide hilsnss us uren

Co ml ti 30 is gao rat tE wdcs 20i

hnner

There also sma sttic dissipation Inc rascrsc baw dode lealnge be wcen

diffusion regiors we 1s aid the substrate as shown for an invert in Figure 19 Diode

caga is Q2 38 In modern procassci dode laalssgs is generAls muc
mailer than tic suhth eshold ga leakaga id may be neglected

old occsa al th cc cornora ofssata powar dissipation ware rnAl ougF

OS ns ov eakrg os on ao

lv ow po or sstcrns Y0 no pr Cessc vi beo the oaw rap

cnnrg as sndvetdor cloak 5a data

orn of tA/g of gatc crgtl Hand-he ttc -powe ed devicas ti aaiy aouir
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For procese
with if of 75 jaA/V2 Vapra

O4 and L8 calculate the static

power dissipation of 32 word 48-bit ROM that contains 132 pseudo-nMOS

row decoder and pMOS pull-ups on the 48-bit lines The W/L ratio of the pMOS

pull-ups is Assume one of the word lines and 50% of the bithnes are high at any

given time

Each pMOS transistor dissipates power when the output is low

_tv12

130W
73pA 4i7

pull up DD pulIup

We expec to ice 31 wordi es rd bitlm los so the al stat power is

l30tW31 2472niW

db St tc 104s if stits rc uaipatsn if a4

becom cot pa abJc to dyn pov cr yen for hig mwer systri

Of course static is pation Ca cur gates sue7 as psc do rIt OS gates ic

te Le vc vc jeer
th

current nust be factored nto the total stfc power dssipation of he chip

le piurarvdyr arric di spat rpm caargirg the oal pact Sup oe

oa cfed etwe ON V0 in avrrage ecuerc of Over gve

it terva of tirre lo will be charged and cli rged ti es Cu rcn flows from

ml gS ar

It rg ge of Vv th erre

rrrV ND
The average dynamic power wasipaL on iS

70D OiD 428

1al
ni

th mt if the curreut om terval as the to ill harge hwred during

that imc si nplify to

dinamk CVDDCVDD 429
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Our 200M tiansistor digital system from the example on page 99 uses static CIV OS
for the logic gates with an average actiaitv factor of The memory IrTm ara

di ded into banks and only the necessary bank is activated so the effective memory
activi factor is ff05 Assume transistors have gate capacitance about /gm
Neglecting wire capacitance estimate the dynamic power consumption per MHz of

the system

There ale 20 1O logic transistors 12 ff05 lLm/2i tV/nm
24 nF of %gic transistois and 180 memory transistors id ff05 gm/h1

fF/jim 72 nF of memory ramistors The powc cot sump ion is 24
005 72 10 22 mW/MHz or ff6 lIz

cause most do lo svi ci oc tel ct en more iie at re

ing equ ncyJ as ivi orci IC o% freqi caJ Nci
Isso

01

it cto bcc isc ses ii ils st ta has

no iot beet sc ea ta

air utout ta ii re ft noth and ca ca pit

nsa

as
sirs citcia sh re pu em

is iv ci 6% Sccrdi ck84

as
nc vo tine as as

be 11 it ad ou ci if

lead

smucfsover nteuptcdg oc
C% ut lust aid ionor Vt on

ci ii It the put ga as ans ii

cit eaten

II
as issi at on is if cc 11

in dss pafan tar

ard fa 111
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threshold leakage increase Many tools are available to assist with power estimation these

are discussed further in Sections 5.5.4 and 8.417

Power dissipation has become extremely important to VLSi designers For high-per

formance systems such as workstations and servers dynamic power conwmption per chip

is often limited to about 150 by the amount of heat that can be managed with air-

cooled systems and cost-effective heatsinks This number increases slowly with advances

in heatsink technology and can be increased significantly
with expensive liquid cooling

but has not kept pace with the growing power demands of systems Therefore perfor

mance may be limited by the inabili to cool huge systems with power-hungry cIrcuits

operating at high speeds For battery-based systems such as laptops cell phones and

PDAs power consumption sets the battery life of the product In these systems most or

all of the switching activi may be stopped in an idle or sleep mode Hence in addition

to dyna nic power while acth static power consu uptior may limit the battc life while

rile

Man un cii and bo Ps hs been wiltie on lcw-power desgn Unforfls iatelv there

are no lvcr bu lets ow-power consurn non generally achieved by careful dcilgn

Povcr educ on techn ques can he divided into those tf reduce dynamic po ye

those tha cdsue static uo vcr

cs ccc ff ics

iii so ag ct micd aton

usually dons hilc ii set Lil4 30 or tha nan orver

redmcd decreasirg the actwitv factoif sw hing ca taI cc powc upul or

ig
kc hiT tactor reduct en is cry mpo tant Static logic has ar in swcntlv low actirit

lac or CloLk as or oil ta rk ii he

actir of ar power-h urns it farnif dscribed ir Sec

lo il tot ci pl ci fi toi ti al fly

powe ocr ig
red to riop portion

of se sq that arc idi exan

point ar bet ed vhc cc it it tcfci
code and woo level cac se

end
he oc nil sd SO soiti ic

erep ssi3le Tie chip cvi mo sen diet aperat tea dcii acU ac file te

perets re hcconics on ugh du aback actvlil sew cd ic that tF

transition rapidy frors an idle tao1 vi ii tics tchi ip
fuly ctive iulc ae

/d spike 11 cc This leads to ud cfve oise the power pply ne Sorn

tcms thotfie executic Ii niting the number of functional units that go born dle to

active in each cele

Di ce swtehi ig capacitance is red ced by choc sing snail ranslstors Minimum

sized gates can be used on non criricil paths tho igh Logical Lffort foils that iF bes

stag arc 1sg cf as ela on igh vi

reduws lists stor mw For eva pie uffcrs dl rg 1/ pads lo wiru nasr ise

stage effort reduce tie bu ft fiac corn wtcFi
ig apacit icc if St
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ffectively reduced through careful floorplanning placing communicating units near each

ther to reduce wire lengths

Voltage has quadratic effect on dynamic power Therefore choosing lower power
pplv significantly reduces power consomption As m-ao ransistors are upesatmg in

ocicy saturated regime the lower power supply may not reduce performance as much as

norder models predict Voltage can be adjusted based on operating mode for example
ptop processor may operate at high voltage and high speed when plugged into an AC

ipter hut at lower vol age and speed when on battery power If the frequency and volt

scale down in proportion cubic reduction in power is achieved for example the lap

processor may scale back to 2/3 frequency and roltage to save 70% in power when
iplugged

raquency can also be traded for powel For example in gital signal processing
em oriccarilv conce ned with throughput nao mult ph rs nning at ha speed can

ace sngle multiplier at full sue At hrst this my not ipir to Iw gc iea
ause mainrain constant power and performance while doubLn rea Powevei if

supply ci also be educ beca he Fequency rcqu remen lowered

Co
5UITJ tins go OW

omi ion used nietrcs inst po sign arcp tl low dr/a1 Jtoduc1

erg ifu/ai ci one ti be ue
tiC 152

tine he cc nrc it cal iced
ccsv1 in cc at Ins lo up It

ncrg delay orod ict .e po vet dcla is les pn tie to su gaming
vet II tic Ida odc an so Pci forma ice2Vat he ye

na yahoo
cross wide range of neral purpos microprocenor arch tectur FGonzslez96

rg tth rbiaaai5u esi
at pu se ocessors cxc pi

trade the energy consumed compe tatlo avu
lay of omi ott The bg ponr gain rr mt gh yea ni

ts ho cents dens algorit ims example Fas our ransform re ii ci

er kIt coo rations 1W les poucr than Disere hot tier Iranef

as is sing path pc it 01 at

cap in se

tt ite ceessa co it ol on

Stat ower ctio ii ol es

iv circuit techniques such as analog current source aid pseud nnMOS gates inten

draw static power They can be turned off when they are not aceded

IF cal that the subt ire old leakage current for is
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il
4.32

nhcre the term describes drain induced easi icr lowering and tae tcm describes ha

odt eff Lt For any appreciable hr term ir brackets approaches unity and can be dis

carded The remaining tenT can be reduced by increasing the threshold oltage reduc

mg reducing increasing Va or lowering the temperature

Subthreshold leakage oower already major problem for batterapowered designs

in the 180 nm generation and wi1 be growing xponentially as power supp ieis and thres

hold soltages are saled do vn future processes Many low power sastems need high

fi to manic v4 ile ctne ani lo leakage while idle Tb high performance requirement

entails relatively ow tI us1 eh con ribute excessi leakag curre at ii the idle

de As icr dared it 4.4 is appli at of mu iple sIn oltages

pc Torra pa rancistn vhule sect cur cakaae

sole ath ssor

ha ter pe dc wLi es

be to is sos rrpor ant nge

err

a9

ci e1i
rna Ac pci

Naiea id ag ir

Li

as ant achi rm to sor forma cespt ftc tar ations are dra9

ii

as ads eakav ct 0h me an Fe ha id to

as
usia

ho axe iod

ps ga al Oaap tail te Ic te
ft

tet

ii bi is fl
11

st

rp is ii re fr ti st te td ax un

hod ia Fe we ha rate crr he cur rh so ba vol ges are

re ativel saa to genera ad trac

ta na lv cc so agc nbc aep ide Fs ft do able at

new thri reduced IBL and to also educe gale cakage

as as tang oax the hod cc lb dots

ii
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AI
V881

bbdtrae
Substrate Tap Tap

3odj ias

le ii uc ir ngc
eakage so decreas ga leakage in ocesses where that compon nt is impor

sjj Ia re rig1 og is cc
art

Ye otl nc of redu id ira ren in vs to tu

th powe supply ntir his could be dos exterr ly with the voltage regular
ernally soth scrics ansistor Multiple eshold CIVOb ircu its CMOS ise

tran or fo to tars stor di3 nr

lv lu go 28 deviLe is con

eat wce ic V1 and the virtua VDDVraI co reated to the ogic ga es

xt ra 5l or ii reases th mp rca be ri ci the ua dvii ual power sup cau

grea power pply se gate de ay Bypala apac ance VDDV
GND stab l7es the supply somewha but the capacitar cc is discharged each time VDDV

sconnected cons ibuting to the power co asuir ption Even using very wide hicrh

ransistor MTI CMOS is only sus ed syste ns with small power den ands The pMOS
body shou be red to VDD so both VDD and VD lines must be routed to all cells

ITCMOS us carefuil dasignad ragisters conr acted to the rue supply rals to re air

as duis dcncd IaoOI

not confuss III MOS with the use of gh tra isstots noncri ca gates and lo transiston

used in critical gates descrbed ca her
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VDD
The lcakage through two series OFF transistors is much lower than that of

StandbyH High seep single transistor because of the stack effect Narendra0l In Figure

TransistOr 4.29a thc single transistor has relatively low threshold because of drain-

induced barrier lowering from the nigh dram voltage In Figure 29b code

Bypass rises to about 100 mV The threshold on thc bottom transistor is higher because

of the small drain voltage The top transistor also turns off harder becausc of the

SN negative and the body effect The net result is that 12 may be 10 20 times

smaller than Low-power systems can take advantage of this stack effect to

Ml CMOS put gates with series transistors into low-leakagc sleep mode by applying an

input pattern to turn off both transistors

Silicon on Insulator SOT circuits are attractive for low-leakage designs

becas se hey have sharper subthreshold current rolloff aaaller in EQ
31 SO viii be discussed further in Sectio

ii mjo

eot net sj
Lfsfenhe

ncigh ors ar ad icc gF twen tI cm Fe cuc ayes

hc sus of dta spic sea ed ii pit Tie tF ckrc atm IV

cd Ic ic na

VI SI transistrs we rclatively ow res were wide and ck id thus had low

csi cc ic

th it ed ap ha ii des SI ci es ht asa vi ci nueh faster

as or ut cc th

pat th rc ii excecds ga dc or he ci packed ye

loh okcth ad lisa age ore tics apacta ccistotV reig

If coo kin

ai ci alt cc id ad cc so

tac Mste ast dge atm os packed ussr ors de ig
the

artor Li cu in mud hc as tEe tsr it

acer ci

rvC\ Obprocesse rgcme layerand formaavyea or Vacorth

layers were avai ebic but uith ru nccs chemical mechanical polish ng at became fa

is ore practical to manofacture any eta layers 180 nm process pica ly has bou

ix eigh me vers and th aye unt as been inc asing at ate ol about one pci

generat on iguo ic as sos -s of the Tnt 180 oces5 ack

nd as ig

ohsc tha is less ha ne cc ati sca bic MOS
ru cs ould Si Ad cs Mmcc sF ph but Fa ble ise

the wit nd to be sh hp-ic metal iv res are dicker and built wide tell
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/111
Inaerconoec geometry

ye vi

600 80 800

000

2u

00

20

700

700 32 20

80
800

Subs

yer ark or nmeta1 in 180 nrn process

Thjs owrcs stance layer is usef for poner ground ck ard critical signal routing In

Ii Ic ocess ir Ii socd ate layer gradua ly tease dts nd ptch al

in many processes the ir mediate
ayers uniform he width sd spac are typi

ally comparable
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The resistance of uniform slab of conducting material can be expressed as

433
tw

where is the resistivity This expression can be rewritten as

434

where R0 p/t is the sheet resistance and has units of F/square Note that square ic

dime ision ess quantity corresponding to slab of equal lengt and wdta This is conve

nient because resistivity ai thickness are characte tics of the proc is outside tic control

of he rcuk designer and an stracted awa into the single
sheet resistance sn eteu

obtas tie resistance of co uctor aye lpl ii et esists by the

ratio of enh to wid of the conduc or For exar iple the resistance ot the vo shapes in

Fr 32 cc cc be Fe gth dth ratio the sante ceo though te sizes

No dec pl
fo

th eta ace ca at ita83

kV

Rectangua Block Rectangular Blocks

R2T2wQ
Rhw

Iwo cocucto wi coual res Ce

dic te both reristivity and best stage effort he meaning st ould be clear fro ii context
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Table 4.6 shows bulk electrical resistivities of pure metals The sheet

iesistance of thin metal films used in wires tends to he slightly higher e.g 2.6 tf2 cm for

and 3.54.0 tG cm far Al Most processes prior to the 180 nm generation use alumi

num wires Modern processes often use cnpper to reduce the reshnvify and also to obtain

bettcr electromigration characteristics see Section 4.8.2 Unfortunately copper must be

surrounded by lower-conductivity diffusion barrier that effectively reduces the wire

sectional area and hence raises the resistance Aluminum does not require such

eir1er and thus may actually offer lower resistance for very narrow wires in the future

Electron surface scattering effects in thin conductors also result in somewhat higher resis

ance for on-chip interconnect than simple bulk
resistivity would predict

Sl rAg 1.6

Coupe

Gold Au
Aiu nA

Ml
tanium Ti 430

Ft
ect The up wr layers of tal have lower resistivty cause they arc sic er

etelrei etc them terilxs II Al 1hreiti poE
on as on and weds if cant nfiuc ced ping te Polysi car an

ff to rc ef xi ide TiSx see Section 3.2 to reduce the cx stance nter

rex xx cx tr prr rt or

tact as so tcs ter as atd xv tfi tFcr at dcpe idert ox the

ed nat nc ye of the rtc cal value Mi ltxple contat
iould is to ow rcs tin con iectons Beca sc cu tent crow lng tends

cc us pcr phi of contacts design rules dictate multiple small cont cts rathe than

ngle large co tact shown Figure 4.33 Whe current turns at rigf angle or

vex squ array
of con acts is nerally re uired while when the flow is in the sa

lxrectio crier co itacts car be used
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Diffusion sflicided 3-10

Diffusion unsilicided 50-200

Polysihcon silicided 3-10

Polysilicon unsilicided 50-400

IVetall ft08

Metal2 OOS

Metal3 05

Metal4 03

MctdI5 FF02

Vetal6 0.0

HP

viu us

isolate irc th subs ca hU led On ou

TFc vire aoicita hs vox ifor corn cnent the pita1 1lar capac trace the hot

off if aor
of en iii mew vi sw vi re

or ne wet it exHbt capacita icc neighbor hcsc fee atm ed

igue 34 Thw Liass pml etc mpacitcnce rn ula is

Cmw1

No th oxides art of 51 dop with hosphorou2 to trap
Otis before di ag wan

stow this oxde hw Ia cot ipa
ed to 9c1 for ii ideal oxide or los er for loss

trics

The fringing capacitance is more nphcatcd it cornputc id spun ii

hem solver exact results nu be of autf ors vie proposed app ximatto this
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4culation Ruehli73 YuanS2 One intuitively appealing approximation treats

lone conductor above ground plane as rectangular middle section with two hemi

rerical end caps as shown in Figure 4.35 The total capacitance is assumed to

the auto of parallel plate capedtor af width t/2 and cylindrical capacitor of

dius t/2 This results in an expression for the capacitance that is accurate within 10% for

pcct ratios less than and

ln 2h/7h2h2
436

Th1111 III
b/7/-

rffeco eu uncaac La cc

An ip ci al Ia ci 11 effici id at eiy ate

\le js84 Ba cc88

Li des
sich good 6% for aspect atios as than

These formulae do rot account for neighbors on the aamc layer or //
Figher laycrs Capacitarce interactions between layers can become qute

complex in modern multilayer CMOS pr cesses consercat ye uppe
bound or capacitance can be obtained assumi sg that the laycrs above and

Ia the ror of ir est solid gro ad planes Sim any bract
Parallel plate

ho be btai issu in crc hc ccc duc Fc
ys

cm xcet tfe substra he upper bound car be us for pagaton
dcliv and pow stimation vthi tF low hound an be ed or ran

Yuan caac ccc
tamina on delay cal ulauor before layout information is mailable mode cluJ ag sing
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cross-section of the model used for capacitance upper bound calculations is shown in Fig

ure 4.36 The total capacitance of the conductor of interest is the sum of its capacitance to

the layer above the layer below and the two adjacent conductors If the layers
above and

below are not switching6 they can be modeled as ground planes and thh component of

capacitance is called Caa Theoretically wires will have some capacitance to further neigh

bors but in practice this capacitance is normally small enough to ignore because most

electric fields terminate on the nearest conductors

Cgnd Gb0
top 4.38
2C

ayc if

h2

Lyr

Vc in ca acat nec nw ol

ap cc at tl fi 11 sofer

atCap rs92j or ITSPIC Tabi car ge aeratad ft different widths and

span gs ayer
and ou rpcIa en sr Fo cx mpin

leb tabulates apa it ne he layer stack gu usa OF owO

Itelectri with a5 5c and assuming ol dplat cc fmta those sewnd

it es ni mu aiovbef ttcI ut eta ate

ceccu sot

grour planes at ard bc ow in ich at as an ày ag to tin

ml LQ 38 Ti apacit eigh ac unt for store ban 8O/ of th

cap ci anc fo sarros wires cc it Secti that ins pl ng to se me ghbors

ha0 gnificant effect on de ày aid sianal nteg ty
ad limits the acceptable aspe ratios

The capacitance for metafl and me ai3 lines should be equa bccause thcy have the same

goomct the minnr vanatio as reflect finite nu aerica1 precin in the HSPICJ3 field

aiver fable 4.9 shows the same information assuming to metal on otbcr plane Thc

ovarall eapaci ance is sligh ly smalle because ther no aaby pla ci fie to

on cc to tha hi gl of

rng he ds row terminata on tin ghbo stead

Or at least consist of large number of otthogona nduc tots that on averagc car eel mcli cc tch

ingc ivtl
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Cgd
Ciot Caj Cg to Caj Ct Cad giid tUL Gadj Ggud ot adj Cgnd

84 43 210 88 57 232 88 57 232 77 78 232 73 94 240 82 64 227

15 57 52 166 58 68 184 58 68 184 49 93 191 45 112 202 54 76 184

42 60 144 42 78 162 42 78 162 33 106 173 30 126 186 39 85 164

oi 112 112 132 132 132 132 154 154 167 167 137 137

85 53 224 89 70 248 89 70 248 77 99 253 73 119 266 83 80 246

t5 58 62 178 59 82 199 59 82 199 49 114 212 45 137 227 56 91 202

43 70 156 42 92 177 42 92 177 34 127 194 30 151 211 41 101 182

co 123 123 147 147 47 47 171 174 192 12 54 15

86 63 236 89 84 263 89 263 77 119 274 73 44 291 9a 26
59 72 190 59 96 214 59 214 49 134 232 45 162 252 57 10/ 220

44 80 167 07 191 43 106 191 3i 47 30 J76 36 j9t

in 34 34 62 162 162 162 95 95 27 217 71 1/1

187832800 229 139 7760
921 01 38

31 43 3C79 3117
in 155 19 91 191 19 236 236 26 269 204 204

87 04 70 90 20 320 /7 20 35 90
60 113 232 59 53 272 59 b3 272 49 216 314 45 262 352 58 70 287

44 122 210 219 43 1E 34 229 29 30

76 176 19 20 19 278 278 32 237 23
46 20 77 89 09 37 /7 284 43/

15 153 T4 59 210 323 59 210 28 29 396 36 4a

163 25 42 221 306 42 306 33 312 30 -i

28 360 30

go lot tot ii cap ic icc ietat2 inc tic same process 5cr

of wid for ii ious spacirgs For an isolated wirc ovc bstra ti cap cita

strongly nfiuence-I by spacing between conductors Fo wire sandwiched bctwcen
etal and met planes the capacitrnce is hgher and is more sensitive to the width

errr ring parallel plat capaci ancc but es sensitive to spac ag once thc ma ig is

inifcantly greater thn the to thickness either case the y-mtercept greater than

ub res tC ss thrn ca ac

ght 1it ncta lines ha apac tnc cf ugh l/p
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Cadj 0god C0 Cadl Ggnd C8 0adj Cgnd Go Cadj Cgnd C05 Cadj Cgnd Cadj Cgnd Ct

89 28 206 101 19 220 96 16 208 102 15 219 96 15 208 97 14 207

1.5 63 33 159 73 22 167 70 18 158 75 17 166 70 17 158 71 15 158

49 37 136 58 24 140 57 20 133 60 18 138 57 19 132 58 17 132

cc 87 87 70 71 60 61 59 60 60 60 55 55

t5 92 33 217 104 21 230 100 17 218 106 16 229 100 17 217 101 15 217

1.5 1.5 66 38 170 76 24 176 74 19 167 78 18 174 74 19 167 75 16 166

52 42 145 61 27 148 60 21 140 63 20 146 60 21 140 61 18 139

15 cc 94 94 /5 75 64 64 62 62 63 63 58 58

94 38 27 107 24 238 03 225 110 23/ 103 18 225 10 16 221

15 68 /8 26 18 76 174 81 19 81 /1 20 73 78 17 73

53 4/ 54 63 i54 62 22 47 66 152 63

cc 00 00 78 79 67 67 65 65 66 66 60 60

4823 14 2024 08 2/ 82
94 31 85 82

oC 4o2 313 35

cc 12 11 86 86 72 72 69 /0 /1 /2 63

24 TB 11

/3 62 208 8.5 36 205 83 2/ 88 25 201 83 26 193 85 22 192

38 6i 82 38 68 x8 68 28

cc 24 12 92 93 /7 15 76 76 68 69

102 7/ 28 27 13 31 62 122 28 23 258

76 82 33 46 22 89 26 204

20/ Ag /2 79 76 31 84 /2 34 178 73 17

1030

In pract ce the ayers above aad below the conductor of interest are ci nbc so

lar es or en pty 0cc ot et capacita ccc more ate by nterpolati

betweer ihese two extremes based on the density of metal or each level gives

formu xc th nte pol tior ccci te to within 10% However he wi ing above am

below is fairly dense e.g Ins on ci inmu ii ptc1i is 11 approxicca ed as plane

ccc fill added to warn chip fo mechanical stabi and etch uniformi mak

tic app oct nat eve cc appiopr ate
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psciarce ne c12 ne Lnctioo of wdtn an spacing

rn sc rcuit delay easo rs

pa ad

strs it Lit Lu day arfiiga

inc St ft war to add wre capc tancc ti tIe Fimore nvy WV
de air calcu at ons of Sect 42 so ii tI sect on we focus on P7

tIe RC delay
R12R12The distributed esistance and capac tance of wire can be

approximated witl number of lumped elements Three standard

approxin ations are the nodel ii model and Tmodel sm
P7 becus ofthe shape Figu 438 show hon ad Pb ted mode no ci T-rnod

RC eouiv to dbt Ti ed RC acnt of1
pod appr to ci

sona oss resistance ard oapcitancc ox thew seg ts vu
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Consider mm long 032 am wide metat2 wire in 180 nm procesu The sheet

resistance is 0O5 WD and the capacitance is 03 ff/ltm Construct 3-segment

it-model for the wire

The wire is 5000

im/ft32im15625 squares in 2600 2600 2600

length The total resistance is

0.05cJ0 156250 781 a67fW67fF 67f67fF 67fF167 fF

The total capacitance is 02 IF

lam 5000 lam pE Each

v-segment has oncthird of this 2600 2600 2600

esstncP and capactanc The

it-model is shoen Figure b67fF33 33fF6hf
39a adjacri capautols can

be mc ged as sho vu in ig rc ttn cc

39b

lOx unit svcd inverter drives 2x invert the id St mm WIre scorn tne

pr aivple Tic ute apac rc is 7pm dt cc fectec es tanc

pm for uMOS transistors tim te the propagatio delay using the

Flm cc dcl riodel ne rlect ffus pautan

un ir tes as use wi \IO tr us yr

ii de car cr II ccc tin is ma effc Site mc

ag
2SF ieaFs

proportlo tally nor arcitArce at it 71Q
rests anc gure 40 sO wis equisa

nt circuit So the sstem using single- egoo

segme it n-model The Imor delay is
ofo fF

690F 5001 69014 781
Dove Wee Load

500 if IF 11 ns The cap citance

of hrp re lominatu tic 2cltv tie ci evmn

cghgFlc

in on pa non
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en be modeled with lumped elements As the number of segments approaches infinith

the lumped approximation will converge with the true distributed circuit The L-modcl is

cry poor choice because large number of segments are required for accurate results

a-model is n-uLh better thwe segments suffleici to give resuiss accuraic so 3%

akurai83j The T-rnodel is comparable to the it-model but produces circuits with more

des that are slower to solve by hand or with circuit simulator Therefore it is common

actice to model long wires with 3- os 4-segment it-model for simulation

These results make sense because the Elmore delay of single segment L-model is

while the Elmore delay of single-segment it- or T-model is RG/2 Single-segment it

odds we reasonable approximation for hand calculations

Because both wire resistance and wire capacitance increase with length wire delay

rows quadratically with length Using thickc and videt wires lower-resistance meta

as coppcti and lower-dielectric consti insulator l-elps Ut ong wires rvertFe ess

ten have 11naccepnhle deay Setion 6.4 riHe hen repeaeer ear b- ned to b-a
ong wire into mu tiple segments such that the overal delay becomes linear function of

ith
olysi icon and diflusio si res inetimes called runners hate sistance ci en

cii dcd fflaso also Jig1 capahtancc Do cc dff on Use ohsil

tfiUU the full fip

rev ewed in ure 41 wires have capacitance to ther adjacent ueighb ir as

gro ii hec it nd- ghb al ng
on account or paciti Ic coup ing so ca eel wsstala is suppos

tc tinccu is iay ncrea decrease the -with ng delay If not

oposed to switch crosstalk csuscs noise on We will see hat the impact of

-c dc1e As lie io of to the ott capacita ice Note that the loal

lance is .s rt lasi Os

omi ci nd -s alk unimpor nt cc on- cc

rr
stalk VCi po

di- it tAn rc

an of th vitching affects the arsoun of chaige diet must he dci vered ard the Ia

iting chic 1.10 sun res -his Afecr TA Arg del ered to AL upF
apacitor is G1xA 1/where AVis the change in voltage between and If switches

ut does not V1/ ic total capacitance effectively seen byA just thc apa

nec to grout to fb thA aid swtch the sa ie duectior AV derce no

rg is required nd Cai is effect vely absent for delay purposer If and swtcf

pos direct on Ak cc as mucf charge is requ tea Equivalenth the capac

tot can he treated as being effmtvelv twice as urge switch ng through 13 Th is coals

ous to 1k llc cffcc ussc ct or B2 Ic Miller Goupling Fr/Oi NI
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describes how the capacitance to adjacent wires is multiplied to find the effective capaci

tance Some designers use MCF IS as statistical compromise when estimating propa

gation delays before layout information is availabi

nstant

thing

to 2C5

Each wire in pair of mm lines has capacitance of 01 fF/brn to ground and Di

fF/u ts cighi hal iii vsr by ai invcrterw hal lc cif cti resis

ance iv ta ao- Neglec

ass iv rapac aiim the nverter ies stance of lewi as

We fad
Cgflj 01 fE/gm I000gr 1pF he deity

VC Tl- or nnr os us vie

both wires switch the same drection In that case and the delay

1kf pF 100 pi The ropmra on dclai the mx im 1ossib1 delar

which occurs when both wires switci opposite rections In this case

26 and the delay is lkfil 300ps

iv cc in
ii an JCF ar ds

wide atio ii the delay of more aggressiv setl odology tracks rne win

uowduinga hJ eaT ga nti has wnchmg ghb3rs mist be acoiined

For only it the potentii switching aindow overlap Similarly the direct is switching

in be an dered Nt example ram ga as sc ib Sect large high

and then fal low during eviuaCon sea d1 namc bm sill ncscr sea oppos swtcl ing

during evaluaf

Sup sa wire switches wI le is supposed to re nun

cons asS his intrvduc no se as II par sa 11 iv it as We cal the cgrsior pcrpetra

tar anti the vsctuz If the victim is floating we can model the circuit as cap ails
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ge divider to compute the victim noise as shown in Figure 4.42 is normally

AT AT
aggucor

gnd adi

If the victim is actively driven the driver will supply current to oppose and reduce the

ictim noise We model the drrsers as resistors as shown in Figure 4.43 The peak noise

wcomes dependent on the time constant ratio of the aggiessor to the victim

AV \J7 440
\Ut rn

C5 Cadj

sIc

R4ggorCgn_ Cad

Fidur ii ow nulat is of co ol ii cii

gessor dri en ertcr vct is rdri en
Ado e.so

ggresaor aid Cgth.O serve at when the ict

IV vi

nyc the dr yen restores tIe ctin La ge faster vers Vicdni

op he u1 ng ie ult in tha nal Is
percentgc of tic upp oftag Note that dur ng he rose

cven the virtiri trar ts ii ear gor vhF the

gresso ii ual th Cu to

ag

ro ico 3stio oOJ gics iCts

orse avc cpccFy vu wieritan Fcc ded

Vit a199 It is often used to Sag nets where oupl nip can he

oblem then Fmulations can be performed to ca culat the __OS0T
exact coupling noise Coupling noise is of greatest importance

rn weakly driven nodes wl

We have only eonaidcred the case of single neighbor Rctm

si tching \Vhen ho cc ghbors vit ti on 11 be

vie gr at odeic tIe 1ac ab ye nd

bob as AC ourd arcs butw res or tiese layers are kely

to bc witching For lone lin vo an expc aboet Coup ing to di nyc
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1.8

Aggressor

.5

1.2

Victim undnven 50
09

0.6

/Vctim halt size driver 16%

Victim equal size driver 8%

7/.Victm douesze driver 4%

200 400 600 800 1000 1200 1400 18 2000

tps
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lines swiching up ard writ trig
dow vi so cv itribut on to dcla or in

ever sbort line or 6LLb bus wh ch all 64 bi crc ulta ous Ssaitc

rim Le ifieuc

it doign toll co de on nterco rect rtsis aid capw tar cc Indu tasce is

begin ng mpo or curat rod ii on ch po lo

Wi ses 11 vs ave undc attn rg Ct

if if ac km su arc od

fi

ad al ft

he rowe md it couer ci errs the
poaset

is

ar ecaus the bypass capaci ante forms ow impedance pa actucen vDTj

ard GND irrents flowing ound loop gener te magr tic held proportiona to the

area of the oop aid th nount of curie it Oh agirg tl cur eat requires su
erie gy change Fe

risagnetic
field his neans tha cnangrng currerts induce soltag

proportiona so the isLe ofrl angc ic constal cfpioo uora is ca 1d hi rid

Lane

uscd rot cite both dutt ice and ira tars anne cog it imtanri ou irs rr

con ort
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4A2

iductance and capacilance a1so sat the specu oiglit in nicdiuin Esen lf Lhe resis

of wire is em leading to zero RC delafi the speed of light flight-time along wire

length with inductance and capacitance per unit length of and is

Epa 443

If the current return paths are the same as the conductors on which electric field lines

wr inate he sig sal velocity is

LC EOpO

re is wr agret pe eabTty of we ace 4a JO in at tic speed of

vi 1O mis In tI ords sat nls ti ave ibotu If Lh iced of light

sI IC

CS et hb
ni rnsl

hang or wag ie ed ir uee cur erts otfer oops Ihis cans lit

sot cs am se al sr irdoct atrss1o1k

nLb
round plan PLOXI nat ly

45

gb tC
vii pOV

ci seir vim ets rn nit av diem Cs rte an ow due at -c
Curren ii along Is pat of lo st irnpcdan jw At high fr nuenc so

Ian do cv he ii iv ni ic cur cn

fibs rs on near surface of he conductor closes to return pats TI dr effect can

educe effect ross se tional area of hic conductors and aise the effee ive resis

Ce at fi equ me TEe skit depth for co iducto

CIt
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Find the skin depth for signals with 100 Ps edge rates on copper interconnect

11 10

ETflfTT 100
ps edge rates correspond to energy at 1.67 GHz

x1o8 16 im 4.47
1.67 lO9rad/ s41c 107H

Skin depth is rot major consideration at the time of writing but will limit the

benefit of thick wires at higher frequencies in the future

eues iwportorce igi stfrejucr yw hag cartpoweri
For ncr transform of the signal hi not the ch or ir ng frequ hut

ass ed list edges pp oxi ate

Extiacting inauctancc in gcneral threedimcnsiona1 problem and is extrerr hr

me con hr rca xc ir ti nt 01
ci

therefore carrot be sim liv decomposed into se ti rs ir the way capatance is It tfere

to pu tic to ext act tIc ri tc chip laycit tead ually ndr eta

cx rae cci us ng sos sucl is astHe ir Ka to 94 ripe tn sr tures nter ed to

ca to Fe St ca es ri ale eher ower spply tv

huh eg ii ver Ian dvi rc go fir ou

as gd
ou he ire oop as ci gru ly ciea fete cc

Jo arg ap gas ti fields gi lao Tie Fy an uc

dlitan he et re ui sal ci eta or ph ig con ucur rer long di tines es ceal

whe Fe etur pa is for from the conductor Incorpora srg nd tance int smu1atior

ilso difficult Instead dcClgners sua ly generate design rules tat allow inductance to

generally sos Jo ig as the ules ire followed

inductance has always men important for in egrated circus packages where ti phys
sea drse sio srge as be ds us ed Section 12 Or chip indueraicc is

tfo roe crc tfig igs
of tIe tF RU deli he ire heirs sc speed of Ugh flight time ircrca an li

early and RC eLy rease quadratcall lcng we rn fwi

1engtf for wfich irductanc re eva it smail99
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Consider rnetal2 signal line with sheet resistance of 0.05 CilLi and width of 0.5

urn The capacitance is 0.2 fF4sm and inductance is 0.5 pH/lam Compute the

velocity of signals on the line and plot the range of lengths over which inductance

matters as function of the rise time

The velocity is

___ _______________ IU miS5c
pHI lam0.2 fT lam

Note that this is 100 mmlns or We Lengthmm 10 ps The resistance

01p/OD/05itm02
1Cm

cc 45 Plo tI

length of wires for which induc Dominates

is rele agast Tee cc and RC

ixc Alxvcthetorz ta line

wires guatcr than 500 pm liducla cc

al RC de ay rati cc ti

OOii
de ay

the right of the Rise Time

Dvi ales

greater than the LU dav Oni
10tLm

ii the regnn ewecr hese ines

is inductance relevant to delay 11

cairn1 ion regina has ps 10 ps 100 pe ns

as edge tes so

ance is lot Very
in ta te lcngtn and dge races vch
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As he example illustrated inductanc wil 01 be important to ti delay of low

res stance gnals such as wide clock lines or the power supply As edge rates becom fa

ductance vail come relevant to ala gr ru nber of cUp sigrals du tve crosta
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changing current needs until speed-of-light flight time has elapsed and hence will not

supply current immediately Adding inductance to the power grid simulation generally

reveals greater supply noise than would otherwise be predicted Power supplies will be dis

cussed further in Section 12.3

In wide thick upper-level metal lines resistance and RC delay may be six all This

pushes the horizontal line in nigure 445 upward increasing the range of edge rates for

which inductance matters This is especially common for clock signals Inductance tends

to increase the propagation delay and sharpen the edge rate

To see the effects of inductance consider mm metal6 clock line above metalS

ground plane driving 2pF clock load If its width is 4.8 urn six times minimum it has

resistance of QImrn capacitance of 0.4 pF/mm and inductance of 12 nH/mm Figure

4.46 presents models of the clock line as S-stage n-model without and with

inductance Figure 4.46 shows the response of cad model to ar ideal voltage source

with 80 PS rise time The model includu irduetance shows greater delay until the clock

begins to rise because of tIe speed of light fight time also oveixhoots However the ris

ing edge sharper and he ise ti otter In circu nsta ices when is

vpcdarce nate/c to tIe harac stie npe anee the wre Fe at ug ig

ctuall result shorter propagation de ay measured 50% point

4c P1

vv

TO pE T4 pF pF To pE

451 12V-J 451 a12 1451 012 nP 451 12n 451 12n PLC

2p .tpF 4p 84i

ps
200 400 600

ok me modeted vothou iucta
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To reduce the inductance and the impact of sldn effect when no ground plane is avail

ble it is good practice to split wide wires into thinner sections interdigitated with power

nd ground lines to serve as return paths For example Figure 447 shows how 16

cide clock line can be split into four lines to redce de inductance

l6ttm

CLK

CLK CLK CLt

GNU \juD GNO VD GND

Wie c1o Se nterd ated power coo raur
orers arid cci duct rc

ace Ic bv go sp ci

rnIrct ye crc ssta but one re in the ne each nduces mag tic

rescrugretic ic di ci irougi the loop foriredlt iioi ci rgv ii

nducing current in the cti a.ii TI one om ea agg as or vs he

arv iT ri aJo oprn
rig1 secondar1 turn Computing the inductive crosstalk requires extnacdng mut

era ci rgt tn rot ii aca
rg ps design ri inst either follow design rules that keep the inductive ef bets

ore th est TI dn gr iles be of the font th

orepowcrorgro md cc ustba ns edbetweeieveryNsigna us on each lae

ii edthesgnalretu 4rato art 99J limier smest ndi tveefectsor

nI 80 ca eaF ig Je4ded ide as

ig aut er

a1 esou ci

mm try or -ch or ucta liffici It to yt cc Mu al in ucti oup gre

occur iv ig ringe saud ic iv coup is dfficult iv ate even if accurate vii un

extra ted nstead design rules are usually constructed so that inductive effects nay be

reglected for most str ict res regular power and guound grid or plane with no gaps is

ssentua Dower ar ound should be interdigitated in wide sigral lines such

ocks and between about eveit four bits arge highsneed busses Inductance should be

Ceo ited ino cv ulat of 4i pay id clock networks and nto the oisc and

IcC lcuht seswul lag 0R aosir il eedlsig
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Interconnect capacitance is independent of temperature but the resistance varies strongly
The temperature coefficients of coppet and aluminum are about OA%/C over the normal

operating range of circuits that is l00 increase in temperature leads to 40% higher

resistance At
liquid nitrogen temperature the bulk resistivity of copper drops to ft22 g_Q

cm an eight-fold irnprovenient This suggests great advantages for RC-dominated paths

in cooled systems

Jr this charter we iave played fast ioose with th relationship bcecn resistance

nd ely In priutice the method sok ll for hand estinatios T1er highly ci
rate re is desired you can simula the ircut tuth atua device nodels and wrc

parameteis ra her than simplfied RO circuits Nciertheles rigor compels us resis

th relationship

Ac ordi
ig to the io delay model /atc wit efft apiaao gtto dt st iace adaa

sasi
proy rrie of ircr tF be cc 48
step naponse

op la ul 1/2

fC n2 69/

he distr buted RC gure 48b no oacd Ion do rai

res1 Bi ce nc it ed ii

yo ap cc ii gcd tie

Dutnb ted

tie aimpedtV ________
05 25 RC

turaped anca distbbted Rd rcu respoise
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rcsistaflce and that the propagation delay should thus be about half as great numerical

nalysis finds that the propagation delay is O38RC
To reconcile the Elmore model with the true results for logic gate recall that logic

gates
have colrlplrx nonlinear 1-V Lharactcristic and tu approximated as having an effec

resistance If we characterize that effective resistance as Rln2 the propagation

clay really becomes the product of the effective resistance and the capacitance RC

ci Section 54.5 we will calculate this effective resistance by simulating the delay of gate

rwing capacitive load and measuring the propagation delay

For distributed circuits observe that

ft38RCRCkl2 RC

Therefnre the Elmore delay mcdii descrihc distributed delay well if we use an effec

wire resit ice equal to 69% of that computed with EQ4 34 This is somewhat

onve icnt hc effective usistance is further cc rapli rited by the effect of ronacro risc

on propagatior de air igurc 449 show that pif pagat ci delay depends on the

ke fne th appr acfes RCf clumped tetis ad RG/2 fo dii riuted

fur put ix hic ggc tiat wh fe tap is as the

ci ccutc due sir
rs ix Fnally fu rasi es tch cc xr or inser caic ilati mc

Sec ot 64 ac resul are or weakly sec ii ow re resistance so th

earn aotiioduegreateror

Ut Input stbuted

/////
Lu spec

RC Lumped

Ir

O5 Dutributed

38

Sc

RC

ffec ernie im or p-cicd ct uLd OC Jr de irs
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In summaryi it is reasonable practice to estimate propagation delay of gates using the

Elmore delay model as RC where is the effective resistance of the gate Similarly you
can estimate the flight time along wire as RG/2 where is the true resistance of the wire

When more accurate results are nedcd is important to use good transirtor models and

appropriate input slopes in simulation

On separate topic Section 42.l defined the Elmore delay of an RC ladder In gem
eral wire branchmg to many destinations is usually modeled as an RC tree instead The
Elmore delay to node of an RC tree is

RC1 453

where Nis the mivbe ofnnde in th ree is the an rifnce on nor anc is the

esistance between the input and node ar common with the path betwee he irput

iode This simplfies the iimp prod ct of res stance and canacitance fo cad rode ii

an RC ladder In trees the capac tar cc on bras ches ray om he patl put

mrvat ci luiped fit at the branch nt on the oath

gu aD rode ga Vying res to two ds mat on pre
as voltage source with eff iv re arice TIe tv em ire

ew iF as

m-segments while the wire to node is represer ted with single segme it nd

Finn fr tr ei ce

TFe ore dela1

-- Ci FC2 1R R3cRc
RC

R4

MethumWre

is so sactrnod RC me
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The Elmore delay can be viewed in terms of the first moment of the impulse response

of the circuil CAD tools can obtain greater accuracy by approximating delay based on

higher moments using technique called moment matching Asymptotic Waveform Evalua

A\VE ses usurp nt matchhg esimate int-ccvect delay with better ccuiacy

an the Elmore delay model and faster run times than full circuit simulation

4.6

hs gate delays continue to improve while long wire delays remain constant or even get

wer wire engineering has become major part of integrated circuit design It is nece

to develop floorplan early in the des gn cycle identify the long wires and pan for

her Whi fiooi planning in such way tha critica commumca ing units are close to

roe another has the greatest impact performance it is ireritabic that long wires will

cx The desgne ha nu ibe of tech ques ngir cur iv to la an co

rig at The dth 5J1 id la .age ide csgn ol

Shielding car he used to further reduce coupling on critical nets Repeaters oserted alcng

ig ur dr at fr qu lire \Vire

ice re -he ho iii gat
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bet der Ia bY den nq popor orailt duees esstance creases the

pa at cc is bus at ab 4A iou at this leads to less than

po onal ease ae cc so the delay oduct pro es especixIl
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var ci ti -a op Eo it

cIrce coup ng hon adiec ti cc crc erg
wPveen wires red ice apicitance to the adiacent iv ret am lesvei esista cc ne arged

gr t1 cc cc se

pure wi the de nm net vi ccc ur

io 45 sat dma 1e beta een aretall and metal3 planes as function of wire ch vu

dif erent re snac ngs Figure 51b shows he couolmg capacitance to the two cclja

cci regibo sas ha torn treto alcapaeitance Tledatashoars tla fo tgatp teles

re to se widtl ci an pac iniprove la ii ci better to

mere cc spacu if an as dth to improve coupling Ih best tradeoff learly peed tF

situat on

Eailv 19 lOs OS uocesscs offered unit sirg
of meta ohs licon or ffusion

jumpe were reu re en two grals ossed Modern eses have ax or ret tal
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planes much like in printed circuit board For example the Alpha 21264

used thick metal3 and metal6 planes for ground and power This was necessary because

the I/O pins were all along the periphery of the chip and the planes were needed to pro
bide low-resistance path for poner the center better packaging with power and

ground bumps across the die reduces the pressure to use planes Another approach is to

hield noise-sensitive nets with power or ground lines this will be discussed in Section

63 third approach is to use differential signaling

As discussed in Section 45.4 coupling from adjacent lines impacts both the delay and sig
al integrity

of wires The coupling can be avoided if the adjacent lines do not switch It is

common practice to shield critical signals with power or ground wires on one or both sides

iminate coupi ng Ths is costly is area but nay be less costly than increasing spacing

hc point tF at tne coupling is negligib Thr examc cloc ires arc usually shicicied so

hat switch ncighbois do not affcct ti dclay of the ock frc and it oduce clock

kew Sensitive analog wires passing near dig tal gnals shoull sh elded

alternative to shelding is to interdigitate wires that at gurar teed to switcf at

erent mci 0or examp ii bus switches on the risir edge ft se clock nd us

vi ci
ig d4e se by ite xv bu es

bo st bos chiige er svodsth desy

2t op cc or sue au ocI cu
ioise budgcts figure 52 shows es shielded on one side on both sides and

erdig ta ed Te tve gra such so o4n crc og tapes nbc cci

anu 0iOv ii

a4
foth tan capac icc nc se cr PlC deloy of it

increases wItl /2 as show iii Figure o3a he dela may be rcdu ed by sp

vire in segme setting sri Ic buff cc ed rpeaEe to ci

re laserfa on Fi ib ne vi

ic dc ay caca at vith

vcid gnd a2 vdd vdd gnd vdd a2 gnd a0 b0 a1 b2
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nput Some designers use inverter
pairs buffers rather than single inverters to avoid the

olarity problemS The pairs contribute more delay Howeveg the first inverter size /4/i may
be smaller presenting less load on the wire driving it The second inverter may be larger

ving he next wire more strongly You can shor diaL the best size of the scLxnd inveter

where 06 if diffusion
parasitics are negligible The distance betwuen

epeaters increases to see Exercise 34

cRCk
4S8RC

delay ocr unit length Fzcomes

lI

transis or vii of

VV 460

tvpcally means wi es drive no iver irg epeaters are only about 1%

rtl ur
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iS 05
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Ic ff tt of di Ti plo Fe flea 4w ri

rnly sag lt creas op delay Repea ers ir pose dre ora ty on awl Bd cc io bu

es di trbuted tristate busses cannot use simple repeaters aid her cc ar ower

avors paa topt mt unidirec al earn nu catior Repeaters also draw lusually larg

crowbar curt nts bow usc heir inpets corre frau RO with sOw edge rates turning

hot transistors partially ON for long me

at ye pcateis are borrtcn ialp 32 wF ch reed in parallel

sc as sO Ii Ogu 4.o aist SC vi

sw rl ito and ds the ns den It relies on he princif let cfhvste ess at pos
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Determine the best distance between repeaters for minimum pitch metal2 line in

180 urn process Assume the metal usage on other layers is dense The transistor

resistance is 3kfl am and the gate capacitance is 1.7 fF4im How far should

the repeaters be spaced How wide should the repeater transistors be What is the

signal velocity on the wire How do your results change if width and spacing are

each increased by 50% How do they change for minimum-pitch metalS line

FUT The capacitance of minimum-pitch metal2 lines with planes above and

below is 0.21 fF/am according to Table 4.8 The sheet resistance from Table

is 0.05 Cl/square or

0.05

4.61
032 pm

Sc USfl

Ill ordirg to EQ /55 th ditanc htsv re1 ci ers

23000L3 n5
r90pm01

LtmJ\

Accordi
ig to Q4 the MOS transistor width should he

r30oc nO
_____ 28 4.63

ar ci pI uld be ro awl- that The repelted gx al velocity ignoring

dl uion capac ta1ccj Is

h/3O00Cl tm5 1O.16i0.2i 77-p-- 4.64
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In comparison the speed of light in medium with relative permittivity of

355is

0.155-63-- 465

Even with repeaters the wire is an order of magnitude slower than the speed of

light because it is so resstivc

If the width and spacing increase by 50% the capacitance is 0J8 fF/im and

the rcsstance

005
squarc 10 66

lS032 urn JSrn

sq

cv tcc
tb its tn so lib ed ye is gnei
al atmg the ame equatior gves dis ance of 1300 be ccii repeatcrs

rai sstor widtls of 33 and wire delay of is2 ps/mm
faster lam slat SCL

ft02

467
LT

squ src

sea a2f0 1Irnt grga
30

pi ea ti iv de ipper ye at at ous roeta

resu cc

gate in the center an inverting Muller celement defi ied ir Figure 4S4b which ro-

vi es hystere b1 oni toggi wlcn hots sputa are the sane Skesred nvrters with

ugh and low switching points sense the beginning of transition Figure 1c sho it

sulations of ftc boo ci ii action on 6mm ong incta wire The re is ially so

ti Ft ali th at hr ste
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keeper holds the wire low The input rises and the middle of the wire mid slowly follows

The keeper opposes the transition but is weak enough to have little effect When the mid-

die reaches the switching point of the LO-skew inverter node falls Now the booster fires

through buda pMOS transisLors serving as positive feedback to strongly pull the middlc

of the wire high This is visible as kink in the mid waveform The keeper also turns OFF
As the middle reaches the switching point of the HI-skew inverter node falls crises and

turns OFF the booster because the transition is nearly complete The keeper turns ON
again holding the middle of the wire high The waveforms without boosters are also

shown they are slowly rising exponentials Nalamalpu finds boosters are 20% faster and

are inserted at three times the spacing of repeaters presents similar

technique using self-timed circuits

Wire Wire
-- --

i-Out

vVeaK

Keeper

Booster

fd

-1
Md Clo Boaster
Out No Booster

05 r/

Soeseer
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nterconnect complicates the application of Logical Effort because the wires has lived

apacitance The branching eftort at wire with capacitance Cwre driving gate load of

is Gte This branching effort is not constant it depends on the size of

gate being driven The simple rule that circuits are fastest when all
stages

bear equal

ffort is no longer true wher wire capacitance is introduced If the wire is very short or

cry long there are simple approximations possible but when the wire and gate loads are

omparable there is no simple method to determine the best
stage

effort

Every circuit has some interconnect but when the interconnect is short Gj
it can be ignored Alternatively you can compute the average ratio of wire capaci

ance to parasitic diffusion capacitance and add this as extra parasitic capacitance when

leterminng parasitic delay For connections between nearby gates this generally leads to

ct stage
ef ort slightly greater than

snvrsel whe the sterconnet is long tfc gate at the cod car be

gnored he path can now be farti oned into two salts The first part drives he wire

hc sec ci ts con tie wire The ft pact is lesgi ire he

oad capacitance of the wire the extra load of the receive is negligible long wire is

ii vcr by an inve ter with stage effort of to rati er tha he use ow itage

rts igr and it ic cerfo ic va it ge

ccc ay is re RC li ze ot ie cc se iosen pia

cc se hey os

The most fficult proble vii oc ur whe These mediumlength vircs

hr stron Fret ft the rt

vriting cieiay quar on as ru cron ol lie gre sizes along the patn ant lie WI capac

5U xp ecs that can be ditferer tted with remect ant izes to cons

Jute tie best zcs for the puruose of hand estimation this is usuall too much work

aso sa ke alte ive is to pres rye ti age fort of about four se nit al vi ing

ti usuall sa

ci al oup fi

apac ta to otal capaLitance or node vices aspect ratio ii or

pu pactancc am fo tsso rd he il cipa

nd at an ream rc of oi uge li ta depend Li

ion SI ieldi ig or increasng the spacng or width of wires alleviates crosstalk at the

SC of greater area Three alternative techniaues to control crosst 1k are staggered

peaten barge compensation and twisted differential signaling hi Each technique

seeks cause equil an ounrs if positbre and
egati

crosstalk on the vie efrectmveh

pioducing zemo net crosstalk

ig ad vi vi

es ia fat cii aque sor as aid hdfof fal gres seome hough

ci vi Ic
gr cisc sgp
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The path in Figure 4.55 contains medium-length wire modeled as lumped

capacitance Write an equation for path deLy in terms of andy T4ow hrge should

the andy inverters be for shortest path delay What is the stage effort of each

stage

FFitFrom the Logical Effort delay model we find the path delay is

468
10

Differentiating with respect to each size and setting the results to allows us to

solve EQ4.68 for 33 if andy 57 fT The stage efforts are 33/10 3.3 57
50/33 3.2 and 100/57 1.8 Notice that

the fast two stage
efforts are equal as usual but

fF

the third
sitige

effort is lower As already

dr es lame cita er
50 fF 100fF

an am effo bef

ITe ncr is ci ii in cease ivu

equal inc em ntal di leases di ay of ng
driving the ou pu

lY5ox2 iosoo
469

100
100x

effect roa S6b sow serge compmisa io wIt is er am

transs re added Deitvm tie aggessor iv 1e transistor is conneetd

behave as capahtor V/en the aggressor rises and couples the sctim upwad the

nvetter falls and couples the vict downas ard By choosing an appropriat ly sized com

pe satioi trans stor most of the noise cai be cancelled at the cape se of the ext err

cu try Figure 456c shows tsvisted differential sigoaling in which each signtl is routen

diffe cntatly The signals ae swappe twisted such that tIe icti and its mpL nent

ad iv ti ag esso let Tb ach

siv ir reotrces but it very effmtive mi sacs crosstalk It widely used

memory des gns as cap ored Seed or 11
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Hence the dynamic dissipation is

dvnamic vgVdrvr fGVingVivc 471

In contrast railtorail driver uses wcg 17im and thus consumes power

proportional to V2 EQ430 17nvjrg must be less than or equal to Vvc By making
less than 17u we speed up the wire because we do not need to wait for full swing

By making both voltages significantly less than T7DDi we can ieduce the power by an order

of magnitude

Low-swing signaling involves numerous challenges low must he provided to

the chp and distributed to low swing drivers The signa should be transmitted on differ

enfal pm of res that visted to ancel co pling fror egF hors equaPred to

nrrvent interference from the previous data fri ismitrei4 The dr nmst turn ii long

enough to produce at the far end of the line then turn off pmvet innecessar1

powe dissipation This generally leads neashat la ge wing at the near cad oftie

inc lie tee ive must be oeic tie appropriate time to aii ditfmrtial

Dstfb it ng 0eif fived oek fir wet or ever ifiekit he ii flL

Irk he date

mc moe am iuo ar te kin ui kie sys
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mm Mm Not tha ick oeriod must be long enough ti-ar smi adept at eolrae

swing If the clock period increases the eircut will actually dissipate mole powei because

he voltage sw rgw mc case to iv rum of
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liese listnhi 00Th are shown jn Ihigi 58 Jntiorrn fi sirib nonc xe snecifie with

half ra age or good results accept vauatior cc the or arc hal ra age
For exan pie VDD

ma cfled at 0% This is iform distrihuton it 120 raV half

ge ai all parts should won at any voltage in th range No ma dstrbutrons spec

fled with sta adard deviation Processing variations are usually mode ed vi normal

distibut ons Rota fling pa ts vs th 3cr disrribu on wail result in 0.26% of parts bcirg

rce ted 2cr retcntion esults in 456% of parts be rejected while icr results in

Yo
cjcc or rcyc oarts oi lo non na

gc uirhc of pa ts 3cr 2o Icc conve vi and manufac urer auth con
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All parts lie within

the haIfrange

Accepting parts within icc

would exclude 311%

Accepting parts within 2cc
l/e

would exclude 4.6%

Accepting parts within 3cc

would exclude 03%

Nur rnal Dstr iou ion unifoa Distribution

do cc nJ 0iLi3UL OilS

-n rca ly heal is iv et ers are

.do sh r-tdr SE

des gr is rr is iv etc ratl ir ror aise les as ii arh

Qe gned opercccc -t off cc aupg vu cctc Cu th is vy vctry

any ecaso as including tolerances of the oltagc aegi lator IR drops lo
ag supply rails

id di/dt noise se ystem divigner say tradeoff power supply is wsc age nst rcsou ces

voted to powc supply cgul ion ad distnbutao ti ically supply specifed at

10% aron mcli og gata of iv at on if

a1fra age We Vf oi sly piopo to to fir

order this leads to 10% delay variaions check for rour process and tage vnen his

ii ige

ction showe the as emper crease dra is cc rre cr ases he

don temperature of transittor ftc su of the ambient temperatur and the temper

ture use caused by pow dissip do is ftc pee age This rise is determ red by the power

consumptor and ftc pae age ft ermal cr5 ancc as iscuss is Section

Table 12 lists the ambient temperature ranges for
parts specified to corn saercial

indus uift and ai ry ndrds Parts raust pivate bott is end fib abier

on ci al ed tir ie at

siniflca ly cxce tic axmua aabien temp ratuac nrno mmercial par are

rifled to opwat iv hjunaion temp rat sup to l0 tc l2
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ii ii

Commercrnl 70

Industrial 40 85

Military 55 125

cvices and interconnect have variatior in film thickness lateral dimensions and doping
entrations These variations occur from one wafer to anothey between

on the same wafer and across an it dividual die va iation gei cmliv smaller across

than betvee wafbrs These effects are sometimes called inteidze and intro die viral

is intrwde variation is also called
procesc

tilt because certain parameters may slowly

0ystcmaticall cry acros die For exa uple if ci in llantei dcliicrcd eater

cc tie ie tei oh ssafc an cir tIe ye her icc old vo tag ght ii

ally across the wafer

levcec the rios inp as ins ar cIann engtf oxide th ress

rn lerg rip
it effects deriatio in the

optics id plasma etch ndenc th doers is

con all ii id gei erall
cigt ficanr berwee wale ts ef ects per

ftc vped ii chan tel length ito iresl ol age
at

if rs ci ffe mob
te oxide and screte dopa it sariatiot caused by he smal in ber of dopant atoms in

trains

or interconnee the most portanr vailations are lit width and spacing metal and
cli tr dii ha and resis an inc width spa ito char ne length

opend on phorolirhogrip at etc ng proxur effects knesc may be influenced

liii Co tact ens at cc rds Ofl nact dimens on aid Ccc chat clean stp

torn the
desigi Cr Oit of Ic the collect ye effects of occss and en rot merit 11 var

wr Lan be umped into their etfecr an transistors /yptrol Led norni fl itt

CMOS die are types of transsstor wt somewhat indcpcndcn character

Cc spe of an be hcra teriaed Yorecvcr ine connLct spece ii va

wiepeidently al hen Whn these proecscing variations are comb ned vith tie envi

ro imental variations we define
design or process cornerr The term orner refers to an imag

scary box surro ids the
gr

arantced pcrforina ice of circuits sb vn ii Figure 4a9
The box is not square because some characteristics such as oxide thickness track between

naks isp sbl tosi ut sy indadow OS usc wstf thick

Wide an fast OS tra is star thn oride
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1L62 125C

It is important to know the design corner when interpreting delay specifications For

npie the datasheet in Figure 4.25 is specified at the 25 02 TTT corner The SS cor
is 27% slower The cells are derated at 71% per volt and 0J3%/C for additional

nalties of 13% each in the low voltage and high temperature corners These factors are

lriplicative giv ng 5558 delay of 1.62 times nominal

find the f4 inverter delay ar be stimated from tie

ccfve chanrcl rgth Let

36 ps/i 37 ornci

07 Is/nm SScrte

/n 33Sc

ii gt si st ed
th to improve perforir ance ypically 050 L1 For examph Intel9 180 nm

ssvsso rfiue 0n deverts rpuhedtol
FiOuc prcn s4 inve tel dera auo iua ps iii re So co ncr

sign
usualls takes

In addit to wording at the standa process corners chips must functior in very

igh te rature nit ge barn in Corner 125 40 exte nail eon spo iding

ntc ii te
ip

Ti ra i99j
lee ri ed Sec di Ii doe at to cpee mus ope ci

tiy ut nodes can toggi TIc correr hr very gh skage ard can dse

aeti In ceS mrgae Ia ue
cc see mu ii ai- wide ickne ii

ad flavor of transist in idependently vary ng as Cs typical or slow hi can easily lead

to trio rem han niiyon voalo ca tr em etc end rajses chtaLngs abet de

ng hat corners must be checked for different types of rcu ts

here ate many eases in which the designer cares how wel two nominally identicel tran

sstors match Fo cam pie it sens plifier the minimum voltge tha re in ily car be

offs olta th
ip fe ch dTiends on Si In

beeci he pu rarsi tots Differential ars sed St og rcuits iso very

ersit ctomism tcubc en out risi to Ii old ibito etivoikv vould
li to dis rilute clock tori coItus ehp at the same tme asa smate leads to
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clock skew It is dearly overkill to model one transistor as fast and an adjacent transistor as

slow because nearby transistors experience similar processing such conservative modeling

ii ould make design impossible On the other hand it is also clear that the two transistors

are not identicil Designers should be able to obtiln daL about process vafi ad on from the

manufacturer Unfortunately this data is often not availablc Even if the manufacturer has

characterized the process for variation the data is usually closely guarded tradc secret

Moreover manufacturers do not like to share the information for fear that it will become

part of the process specification and prevent process modifications that lead to faster tram

sistors at the expense of different variabilities Nevertheless devicc matching is criticil

paramcter calculating clock skew and is an increasingly important specidcation for

pr ess

Mismatci occur om both aystrinatf variability and uncertazntj Sys

te variabi it if an stature rcla orsYp to source For eyrapl an ion

win ira cLy dhv tterent dosage tu different regions ot wafer Siir

con es un stema etched narrower in eg ons of high polysilics

than ow nsiU Ui tin ntt ci ri vi he ourcc ut In or do

its model Svsters tic ariab lit car be mode ed an led ou cv

cc1 cia di ab nd cal ulate ft irf it our as

yot ta art en In

ib iv tI is

he iv is tc

is of he to no Ic Idj art am iii vii

se arated cncs

ii ito

ale with evice parameters cpend or device size oricntatior

and is in

la ge rs or 1-c s-ire di cc on the same to gate ea WI

iv sc th cr if

ii de ivt8 bVl ci itch upecta cr is cock but en

or hc tar stcr ci of it in tr is

Ii nae ly

ii

rn ito ski itsi er ci

uasos cii isv
it ca be fi in If ft it

in via ehe ud irs an be no eled and iv lateci des gn ti vi

iv in iv res of diffcrcnt ngths Random nun ate ses dudL if as process variatlo is

Ic if iicshold and in on fat tier tru ande vi or tao ostly to odd

hare ian itch In ch nge art time so they in be flu on frough feedback

cui tha net ct th tat tend ocnsatc Drift usria Cf cc inky pe flsr

CO rg 001 tivt

La gair is in so iv ust ar sisple ep

cd as en die iF ar h1 tifdtu tar

ft fro is ag ai atic th iv nit -u isc of in octu at equec
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comparable to or faster than the system clock and therefore may not be eliminated

rough feedback

As an example presents process variation data used to model the clock

stnbution network of the Ttaniurl nmcessn in tha Tntel 180 nm proccs FYeng9
hc imary sources of random mismatch are channel lengths and threshold voltages The

mel length has both component slowly varying across the die and random compo
ii tF no apparent spatial correlation The slowly varying component aries os cc

12 cm half-range for transistors scparated by mm or more nearh1 ci sistors see less

titior and adjaccrt transistors we no variation Thc random component is modeled
ha standard deviation of 13 om The threshold voltae variation has Gaussian distri

ut on with ar inverse area dependence it is treated as 16 mV foi small n2YIOS transis

vi 146 mVfor sinai pMOS annrtors /9w for Ia ge nOS trassistcrs and 63
hr iae MOb tiansis Ia re defoe sos wift exce 1-

123

ot so desigr prob In c/c dls fo ua ck

cia cc cxc

tc cc ci tc

Ci

best way rat ci
ays

to ae cc Ot icc aa Cs sa

mat or vi ic ct pl ci

sa

ox ipac cc bo ten

cc cc ii ci lnvcrte

se ntra vi va

Ic vi ft

te has xc yt pc db 3tc

Isove vci ticS rehh cx

cc la io cc ngs eaa
fur LaO ox ow gate dcl cs i11 invertcr eh

itl process co Cr vi re at xi ag leuits at ed de

10 Stir CF OS NAI NO tec don ii OR gates ax

ddei hi of del ig xc IC of

it ci circut in ferent he addet so tIc greatetvirxatron bee use vi

vrc imited patl but all the ircuits tra to xc sr 0% act ss xesses ndc
it delay easu xc clays fo ccss ax

oxrparab ccc ay dxffc en process gore 46 nd xc 6atc
dc isp th

cc ow

xc cix to cs cc ioi dcla 34

set ci at cc nOr ci is pr cess ra ion is
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mallest for mpl static C\ OS gates that mc do ely resemble rverters an car each

30% for some gates Thes figu es fersor strate that an inveiter chain should have nom

na de at aboot 30% great than tl path mate ci so t1sa the inverte tpu always

arrives later that tfe nate ted path across all combinations of voltage emperature and

design rite TE ahrfyrnargn and scru ges the cas alos of rtch delays
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4.8

Designing reliable CMOS chips involves understanding and addressing the potential fail

re nodes Bernstetn99j lhis section addrcsccs eliabihty problems hard

os that cause integrated circuits to fail perm aentiy including

Electi omigration

Self-heating

Hot carriers

Latcl up

Oacrvoltage failur

secuoli so vu siuc ians cut ii ins cofl errors that cause wire tO Cr St

ate iic ptfaUs an minon Ic go errors ned Se no 63

of dm cbia9 is

ci at of r/ efal
yr in lime tie in ta lurn at would ccuc ci civ tF san hours per million

nice or cii 00 is ft ra mis

FL dfoa ci LW iH systmco ars clips ach

tf
or cc ailure 00 ours 12 da nO targ les icri 100

eele
j\i it svsten xfib hathtuh cur Los in Finure 46 Sooo after birth

itO cak ira
cp tc fail TI it lao alit

nie cc it Ju op rat ug fife ul ch the ure ra

cc aes Ice ac it

cm in rt Etc cci pug 1rod ccc

cat

nal even ad Lure in

yc ins also cub ted to ac rated it tcr buiLt burn- id on to

imulate the agn occss and evaluate the sine to wearou The re ults an extrepolated

not mal pcrati ag nd non
ji dge the aetna useful operat eg 11 his process

consux cwg and -o nes ght at the end cf the orojc Part of any gn volume iF1
ccssa dy include dcswn biiity anes ii ent ft at its of

it ho di ci beratil
strissing

number of chps or te pe of es gi

ctlfc 1u9 II 92 it

vs tcstin mains ii cortant or igh vo cc in the ou of at bed

and om non peLts offailu en -iF iv into na aft tu



CHAPTER CIRCUTCHARACTERIZATON AND PERFORMANCE ESHMAT ON

Ii

ix

Ii

C-

Time

ybathtubcawe

Iiectromigratwn ames wearout of metal eterconnect tF mu rh he brrnation of voids

To urre Ic ties lead en lect fl wi id thet Ca srn mete at

cc Rrn Iaev taV ii cc ct ma

to to gra on and Tin iu \ieier Ic ro es wiafl

an urn cml ale uI or

mc nportsnt for pu copp wrec bec th different sra arc ort pmopert cc

iT rcto rwe offtcne in

El ntromigration depends an the currert density 1/wi is core likely to occur for

nurm ng current hew the mimi win blows co tacit rect or than or

those with bidirectional currents iew9O ecttomigrat on current limits are usually

expre sec as irne rn The mean me to failure cc hichi senoti to

operating err peratu gi en had ott

VuJiT
Jd

vhere Ea the activation eoergv that can be expe urnentall determined by tess testu it

ugh ener ur sand bP mU The rmgra mm ni

materials proce sing and desired MfTT aid chwd be obta ned forn the hrcetCn

ye dor th abwnw of better nforrnation max ruumj/ V2 nu Vu cc2 is con erva

dye imit for 2cm num ma 0C lt ugh 10 tAilor2 orb tte ni
hievable fir oppr cv res 10 Curren ncit rna be even name imited in

conteeter
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hue bidirectional wires are less prone to electromigration their current density is still

nited by se/fheating High currents dissipate power in the wire which raises its ambient

iperature Hot wires exhibit
greater resistance and delay Electromigration is also highly

sitivc to temperature so self-heating may cause temperature-induced electromigration

blems in the bidirectional wires Brief pulses of high peak currents may even melt the

nterconnect Self-heating is dependent on the RMS current density This can be inca

red with circuit simulatoi or calculated as

________ dc

/Jzt2d1

47 dc

rasonab su contro reliab it problemi with lf-hat ng is

for id cct Ti rrr

Rzcpka98j on silicc substrate Self-heating is especially signth

SO proc iou becaus of tl cc due ii

iii iiiartel cc migato or ig Cuirectdenitie is

ar op cc St st5 rts

RMS curren dens ty cct ona siaral ne Howevcr co

ol haturdr ahu tsafl

a/re co act ng iS ai OS transistors or xampic

gore diow vhi ire in tee itid ou
OND

cur ents Both problems an bc addiessed hr widen ng the dc
nes or red cmg th trar sistor sizes and hence the cur ent

io cc

cc ci ia ace c/he

reducing cii rent iMOS ransi.s rs an ca currer tin oMOS ar sistor

iagc nxiniic riFe es bstratc cuilent laige wli typic/i occurs en

bIOS ranssto sac at Ic hen Pu se Feroetreprk1e aort
for rverter NOR gtes with fast risng infut and avily load outputs

SakuiaiS6 ai for hgh ower supply voltages

ot carsiers cause circuit wearout as nM 55 tea Isistors become too slow cy can

Iso cause fa irec of sense nplifie and other match ci circuits if ira cE ed co npor en

deg ade dif/ren ly Huh9S Hot elcctnon dcgradat can be analyzed with ii lators

ad he car is be wt naic irs ics

and rage dc tr cal effort lcbici96 fcsc ar ri ii vals dcpc ci tic pro

ccar pcr stir vo tage
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related aging mechanism is negative bias tempei dare instability NBTI which leads

to decrease in pMOS transistor current as transistors treat at high temperature

Doyle9l NBTI results from trapped holes in the oxide coupled with the creation of

intertace states Like hot carrieis it leads to circuit failuics trom increased delay and

poorer matching NBTI shifts depend on the electric field en the dcvi

and can be locked in to the device by highvoltagc stress during burn in this is good
because it allows testing with full NBTI degradation

Early adoption of CMOS processes was slowed by curious tendency of CMOS cF
ips to

develop low resistance paths between arid GND causing catastrophic meltdown The

phenomenon called latchup occurs wh paras ic bipolar transistors fo med the

strate well at diffusion turt ON With ocess ad ances as ope ocd

latchup problems can eas ly avoided

ft latchup cffe lEs ichb utmar 86 Cdi IC inc

di cess cctso \lOS ye or ore

which is oscrlaid an equivaen cit uit It afdition to tie eipectcd nMOS and pMOS
esi on Fe xi Ic en isto no or

art oF vs veal
nv be mac ci so of tr s\ xii

the rid wel rc to to ti

the subst II tc the ire bs IC tOil Ii an ito CflUl
cd lit

iio no
istors are OfF tcFup can be triggered ía it its fi th ougf the sub

stra duf norma chip povrer or ternal volt7g ft

opera fig range are applied fsuhstastia rrent flows in the substrate to

iii th npn trans iii is rre rt thr 11 rena nc dr sun

rdtaritg cpnp ta sistor iepnptan its crc ise

at pm mc ck
iy gc ctwc ii vi is

per st nti powe supply to ed If the wet vi es tel

ii

ore no ii ii and Ia yd ed oio Ii fi nfl

sib tic it file Ic ibs cc ii oi taut or ft

piace
batrate ann weli tap ore eas trassstx is ocar uc Sectio con

servative guideline place tap adjacent to every source cot nccted xi or NI If

tEss is to practical iou ar olai dea led rf ni hon frorr the process yen Ion

th wi noiiv all specify niaximun stance fo diffusion to cubstrate sell ap
Fe folio sing gudclines

Fver well should have at ast inc

subst and well Ic on cctly to ft iroj na up ii

me a1
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GND
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grn none nv0 crua
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ga dg id char
110 rd 1Ot ci si Lkc acts

/0 pa spec ally susceutible Ia up because cx er al Itages bclow

1\D or aboac VDD for va usa ng Ii
jut

io ii at can Fe ubst wall

and injecting current into the substrate In such cases guu irgs shou be us coll

the cuirent as shown in Figure 64 Cuard
rings are simply suhst teor well ta tid

to the proper supply that completely surround the transistor of concern For exar the

diffusio in Figure 464b cat in ccl electrons into the ab at if it fal diod oy

below volts Phe guard ring tied to ground provides low-resistance path to collec

ci es ott be in far
01 ion

ag
A/i diffision tures ary cot to the external world must be guard

ngcd difhasionby coirec ed to orp di fusion by cant cc ed to
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be caused by noisy power supplies or reflections at I/O pads Reliability is improved by

owering the power supply voltage minimizing power supply noise and using thicker

visdes on the I/O pads

the 1970s as dynamic RA/Vis DRAMs replaced core memories DFAIvI vendors

puzzled to find DRAM bits occasionally flipping value spontaneously At first the

rors were attributed to system noise voltage marginality sense amplifiers or pat
te sensitivith but the errors were found to be random When the corrupted bit was

ewritten with new value it was no more likely than any other bit to experience another

error In classic paper 1I\ a179 otel identified the sourcc of these soft errors as alpha

article collisions that generate electro s-hole pairs in he silicon as the particlec low

vigr hc excess care cvi can be collected nto the diffus on term nals of trans stors Jf

Ic chvige colic ted is co or ab vi chaige on do iv de so ra5e car di urbed

Sof errors arc ra dos nor recuiririg nglc Lit errors rrerrory devices inc uding
\JVE DR \M reg revs late cc AIph ar des as fio

rnpur ties in integrated cu ir terconnect an packagi ig malor aoa cc of sof

ceo eve is ng roll roi aV SF al l00-2000 IT
ho os si cc uc ur

cg ray rus do

Soft errors are nay izcd by mai atalning at east solve critical harge

TI dff nry el her hen pa

cc as is owe suppue 10 raiuc xc uc ure cfl as iemi

aacitors to sodsuffcientcharge orus tely rs lie is css bce vi

tress small area to collect carrier

ccroirarcisaloaffectcdbyticpoximtyofaphacou es cfln ci oog
ii ibi cc

gh Sorn es ig er

direct ci id/Is Sc dove cr A5 ca vim

an af cc un

nor cc Sixto iii Ic

Fir 11 error detec ng do iig cod scd cc catc so er ois

ics Ca hew cods wi11 do Sc ti

0/

4g

or or VI as gi co ongc re do ci

duct otel inc oar cesso each feat re aeon it ic sea in Ice rrg that

fcatu ze reduces by 30% roy one generation to the ext vcr to ear As vi mc
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tors become smaller they switch fasteh dissipate less poweo and are cheaper to manufac

ture Despite the ever-Increasing challenges process advances have actually accelerated in

the past decade Such scaling is unprecedented in the history of technology However

scaling also exacerbates noise and reliability issues and introduces new problems Dcsigxi

ers need to be able to predict the effect of this feature size scaling on chip performance to

plan friture products ensure existing products will scale gracefully to ftiture processes for

cost reduction and anticipate looming design challenges This section examines how tran

sistors and interconnect scale and the implications of scaling for design The Semicon

ductor Industry Association prepares and maintains an International Technology

Roadmap for Semiconductors predicting future scaling Section 4J1 gives case study of

how scaling has influenced Intel microprocessors over three decades

18
95 38 25

Year

in ii

lii st-ordr con3tantfind MOb scaling thory based tod loin Dcc

ard74 The charac ensues of MOS cc ca he ita cd ar

opera ionai cha acteruf ci can renried if the iritica pa ameters of de ice are caled

by dimensionless factoi LSC parniceers in ludc

tie in tya zdctc

Device ye tages

Hop ng concentration Sen ie
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Another approach is lateral scaling in which only the gate length is scaled This is

mmonly called gate shrink bemuse it can be done easily to an existing mask database

oi design

mhe effects of these Lypes
of scaling are ulusuated in Table 415 The industry gener

scales process generations with This doubles the number of transistors per

nit area with each generation and doubles transistor performance every two generations

under constant field scaling 5% gate shrink 1.05 is commonly applied as process

ecomes mature to boost the speed of components in that process

engtVL /5 1/5

idt 1/S

Ce oxide thickness 1/S

uiy it V1 1/

ag 1/S

aedp

t0

Currei 1/5

v2

Ifs /5
1DD

epci WL

Gatedeayr RC 1/S 1/S2

Clock frcquency.f It 52

Dynami power dissipation per gate CV2f 1/52

Csp area 1/52

Power density P/A

Currer de isi 12/A
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For constant field scaling all device dimensions including channel length width

J4/ and oxide thickness are reduced by factor of 1/S The suppiy voltage VDD and the

threshold voltages are also reduced by 1/S The substrate doping N4 is increased by

Because both distance and voltage are scaled equally thL electric field remains constaru

This has the desirable effect that many nonlircar factors essentially renain unaffected

Because both and scale at the same rate the gate capacitance per micron of width

has also remained approximately constant at 52 fE/pm as described in Section

2.3.1

gate shrink scales only the channel length leaving other dimensions voltages and

doping levels unchanged This offers quadratic improvement in gate delay according to

the first order model In practice the gate delay improvement is closer to linear because

velnciz saturation keeps the curtent and effective resistance approximately constant

istoricalh feature sires were shrunk from pm urn while maintai aing

cupp1v voltage This was called ronctant voalage scaling and offemcd ouadiatic delay

improvemrert as sack as cost reduction also mantained contrnwtv in 1/0 voltage stan-

lards Constami voltage sealing increased the electric felds in dea LCS By the pm 0ene

ation ieloeitv saturation as severe enough tha de teas ng feature cc no longe

wiproved cc cmi rrent Dc cc hr akdowr fr rn the higi field avis ar hem ak re

he
ag

al tot no es

Fr ost processes hase ga capaeitai ceo rougoly IF/ui If tie 04 erte dela

oce fE lea tea cc Ii /2 liv Fe rca

unit cc wide nMOS transistor

4n wetter has delay of 15 Thecfore

AC J_ 171
3Ona

sit tram ito has dt W- 2fard ins capacitance of /prn holy ng
lot /7

hO 4.75
3Orrn4f fF

Note that this is indeye ident of feature size TFc resistance of on transisto is

gi ad pc de it of al ice vhil qate paci ante dcci ase al

cc cc Alternat cia the capacitarce per eron as gh adepender toffettur

wIde he was cc croc decreases wI fccc szc
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The F04 mi erter delay will scale as 1/8 assuming ideal constant-field scaling As we

yin Section 4.7.4 this delay is commonly 1/2 ps/nm of the effective channel length for

ta cncal processing and worstcase environment Aggressive processes achieve delays in the

i- end of the rang by buildrg transistors with effectve channel lengths somewhat

otter than the feature size would imply

vo common approaches to interconnect scaling are to either scale all dimensions or keep

wire hcight constant Table 4.16 shows the resistance capacitance and delay per unit

igth for each of these techniques Wire length decreases for some types of wires but

ay increase for others Local and scaled wires are those that decrease in length during

al ig For cxarrple wire across 64bit ALU is local because it becomcs shorter as the

is migrated to finer process wire across particular microprocessor is scaled

attic wFen the iricrc processor is shrunk to the new process the wire wiil also shrink

macvet wirc crossing next generation microprocessors arc global because the next gets

ncrrproc sat is likcl obc1arrer by fac or fD dc-oft thar

previous generation so the cross ch wires get longe rathcr than shorter TI table

so iwa wr delay for nterconnc with id with ut repeaters

an epa ted tier cct dc ay rc about ons art fo rica sect

it for cr out csenta ap ii cit sc tra isist are getti

ic in ri gate CtCi sit iC ra

cit circuits are limited by tare delay rather than gate delay and designers must devote

at is
rig cc an apeaters

lit uel wile widih anu Sparc were mum gieatea man wite tnicz

it vu adaaritaoe ins to scaic Wi CS liv reducing the widtf and spacing bu sot the

ckness us avoids the quadratic increase in re resistance per unit Ic igth and was

ptahlc because fringing acitan was nail fractior of the cole Ii modern pro

5C SOC o2 gaactac tc ajo
of

a1 aac ira rig ing itno ghti ic cs theft ngirg capacita eec wgh
th- cxt hakrcs s-a cc im1roves de

icy
Mcrcov he pling apac tanc

twit sac err foie sn cc in in educe ti

ci it 0- -cF ener pta ng ca

Isoose from contanuuin of possibilif ci betwcen lnearly scaling wire thickness and keep
are thickness cit sian

Observe that when wire thickness is icc ed the capacitance per unit length remains

sta lien rca -o all Oil cit mate tI pa -itance of minimumpitcf wire

about 02 IT/u dcpc idea of tIe prrccss otf Cr wo di re capac tancc

ouc-hly 1/10 /6 of gate capacitance per unit length
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Width i/S

Spacing 1/5

Thickness i/S

Interlayer oxide height 1/S

Nkire resistance per ur length

iii ap cc ice

Paa pEte tn

in ii

UnentedlC

pc Cd 1C let inr

rg is \5

ikro

Unj

Re ci xi vi betv

/S /5

Legtii/

ron El dc et cc

D5D
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ncredible pace of scalng requires cooperation among many companies and research-

both to develop compatible process steps
and to anticipate and address future chal

ges
before they hold up production The Semiconductor Industry Association develops

updates the International Technology Roadmap for Semiconductors to forge

onseosus so that development efforts are not wasted on incompatible technologies and

edict future needs and direct research efforts Such an effort to predict the future is

stably prone to error and the industry has scaled feature sizes and clock frequencies

rapidly than the roadmap predicted in the late 1990s Nevertheless the roadmap
fes more cc herent vision than one could obtain by simply interpolating straight lines

brough his ical scaling data

The TRS forecasts xi jor new technolog3 gc icrario als called technology node
oxin ntelv

er3
hrec ears Te

scaling
betu cen cr ations is adit oral

s-
se rumhci ot trans stars per ea doubles eve generation lab 317 irma

is of mi part ft ughpc ira arue mc opr css

kft ug Cs ta cc

on is de
cy gu rac so

in

ic sires appea problcmac because is very dfiacult for ligita gnal sw og rai

St fe updt

in

11

ten nediat wire pit 450 275 l9u 3a 9o

ior td -c 36 L6 2s

cons

/0 signal 1024 024 1024 1280 1408 1472

ClockiatcM 1684 3990 6/39 11511 19348 2875

lay5/cy Ic 13

Maximum pos er 31 30 60 190 218 288

ix acm Quits 64
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One of the limitat ons of first-order scaling is that it givin th tong impression of being

able to scale proportionally to zero dimensions and zero voltage In seality number of

factors change signicantly witf scaling Phis section attempts to peer into the crystal ball

and predic some of the impacts on design for the future hese predictions are notot ously

risky because chip designers have had an astonishing history of enting ingenious solu

tions to seemingly insurmountable barriers

The moat positive impact of scaling is that

performance and cost are steadily improving System architects need to understand the

seal ng of CMOS tech ologics and ed ct tI tapabilities the pr as seve years into

Ce future who hip mplcted sto are be mm ig er ap each

cai aref te part or rertiv eas of ii toe it growing rumx tia

an vs ir in ne tic ra Vi etc rt ave eb tt best

fodi cc mh ll or cs

ns ic am

ippo so ad eta pas three dccc 03J

iii lfi to

iii

cc oco

at cf son

in as arV teed ap vi dela ba vi vs

ale em ant oe in so ahe Se iiLO et

ndusna ss ia or a91 ottc oat

o2 or lii Ic
ted ant ia of nbc ci do ii ii al re cc
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ci OS CC rriid ci YLI- AC

-are fa ci ci ust be al ocited spa-c fioorp As scaled ga cc becc me fas

IClO -a ran er gras do.vp ann hrro ci -C if wl Frter Sm

coca cc This means greater ruwbcr of epcatc rms are equired

technquc to abc iat ticc in ft problc USu nor layer or ma

abl 418 sl -s he ybeofli er ofnterconnect ceasing witi cachg ra

on in TSMC processes The lw lasers of te cc nnect are assically scaled ovide

dc isits rho ornect ois The higher is er aie caled less aggrcssivcly or ocssib
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/////////7\\\\\

Chip Size

Reachable radius SCd mg

3Al
350 4Al

IU
180 Al Jowk
150 7Cu ion

130 6Cu os

Cu ow

oi 4a gal ott ga Si

co itinue ave ason bly short trnal res and acceptab on re If dc ay

cc 08 he 1a ste ns ca be partitione oc gk th

wth reperte erte8 cerury for mmc ica ion beve blocks

In classical constant field scaling power density remains constant and

overall ch poner increases only slowly wth ze In practice powe density has sky

rocketed because clock frequencies have increased much faster than classica sea nag won

predic somewhat hig ci than constant field seal ng would ncr

ntc ice es de at cc ng specc the In at

S5 lid Ste Ct ts Conference oct oars 200 Cell rgerol He show ti at

xi so ore or un ption ad bce cacrg xpo itiall gu 69
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eld are approaching the size of automotive arid aerospace teams because the development
ort is justified by the size of the market This drives need for engineering managers who

ir skilled in leading such large organizations

The number 0f 50-10I Kgate b1ocls is grov ing even ki relatisel 1ow nd sstems
demands

greater
attention to floorplanning and placement of the blocks

One of the best hopes to solve the prodm tivity gap is design reuse Intellectual prop
ty IF blocks can be purchased and used as black boxes within system-on-chip SoC
in uch the same way chips are purchased for board-level design

How far will CMOS processes scale It is clear that scaling

innot continue indefinitely transistors as we know them today will not work if the oxide

cr5 than an atomic layer thick the channel less than an atomic layer long or the charge

he channel less than that of one electron Numerous papers ha been uttcn forecast

the end of sil con scaling For example it 1972 the limit was placed at the pm
en ratio because of tunneling sd fluctuations in dopant distributions

adSO at this ge tion ps were pre cted operate at 10 30 ki 1999

hi ardicted that scalng oul carli gr
id to ii bcyo 00 ni gene

04 99
Ii the authors see in iii able en se se on

icr nfr res

an

btsresfoldliikageat Os V1 rid

L1L11 JA1LtL

arrsr id IrrI

Opfc cost cffeuti en as fa tnt rp fsrr all ca ire

once nctass ng cos ab ntio fan and mask se

ro rca

ft th time ofwrit appears tsr so ndanei ta Vt acrs exist before tie nm
iciat on in 2013 mghlv decade alsad Beyosd this mi is difficul to pci

Ii

hc future Ncs ci css srg no she errc sd talented peop arc an stn usls

rig el sits and sunlred cfbillc ns ofdolla rrc at tskc iv re rc uctan tc bet

nst fiats of scaling
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When xiaiket process it is common report gate

de ay based on an nyc ter in ing oscillator or he mid499Os desigrers became accustomed to syr

even the RC Ome constant of tm asistor cha gang tc theslzng chip from HDL and toss ng ihe nethst ovei

own gate capacitarce 1/3 Remember that the delay Wa to the vendor wno would ace and if it
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ditions without bothering to state that fact or report the original designed and manufactured on 0.5 nfc on

004 inverter delay in the same conditions Circuits in EICMOS process The Pen turn II is closely related de
this corner ore about mice as fast as iranufactu rivative manfacured in 035 minon procoss Operan
able part ing at lower voltage In the new process poiw

transistors ceased to offer performance advantages and

were removed at considerable design effort Further de

We have seen that the delay of chain of inverters can rivatives of the same architecture migrated to 02F and

vary by about 30% as compared to the delay of other ole- 018 micron processes in which wire delay did not im

cults across design comers voltage and temperature prove at the same rate as gate delay luterconnect-dom

On top of this you should expect intra-die process vain- mated paths required further redesgn to achieve good

tion and errors in modeling and extraction Ifs race performance in the new processes In contrast the Pen-

condition exists where he circuit II fail when the in- tum was designed with preress scaling in mind

ver er dd ay Ic %cter than the gate del the experi- Knowing that over the life mw of inc idurt diire

enced designer who wishes to sleep well at night performance would improve but wires would no de
ermines generous daIry margin under nominal condi gners oserengineered the interconnect dci iinated

ons Remember teat he consequences Mine lit Ic paths mc the origisa process so hat in paths vould

na gi icon be million dollars in mask costs for anoti not limit performance impro me-ens the process ad

or of ins hi far mor mon ho op or vanced Delcganeso7

otofar

Ma cy prod cots will ngm through rnclt pie process

or oxarnorin tr e-

lrr

of sea var ccii ant ft cc cc cproc Sc

rte mcrop msso pa sm eti nt reedecades fable4 9sun re Ii

ogressior from the first tbit mc oprocessor the 4004 through the Pc stium courtesy

ci the Inte IVlu-eum 03- Over the three decadm IPafurp sns has improved near11

or curd edfold Trarsistor budgets multiplied by more thar 10000 Even more

kably clock fr quencies have also multip1 ed by almost as nuel Eve as the dial

iges
have grown in the past decade scafrg has cce1ercted
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4004 1971 10 23k 075 16pinDiP

8008 1972 10 5k 05 O8 18 pin
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H1
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it is am1laated da witl ner carrent tat

capaUtance soltage relationshp for the oarose of dclx ast mad on digital drauts

the1 can be approximated quite II as having constant capacitance and an effective resis

tance when ON Logic gates are thus modeled as RC natv orks Tha Elmore delay

model estimates the dalay of the network as the sum of ach aproitance mes the ress

tance through which it must be charged or discharged Therefore the gate delay consists

of parasi delay acaoanting for the gat di virg wr me al FàiàS cap taxce

us a0 ày rg loi vi ca at ii lodl Tie ak
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SUMMARY

liedJdnout and the logical effort which characterizes the current driving capability of

he gate relative to an inverter with equal input capacitance Even in advanced fabrication

ocesseS the delay vs electrical effort curve fits straight line very well The method of

apical Effort builds on this linear delay model to help us qaidkly estimate the delay of

paths based on the effort and parasitic delay of the path We will use Logical Effort

mbsequent chapters to explain what makes circuits fast

The power consumption of circuit has both dynamic and static components The

arnie power comes from charging and discharging the load capacitances and depends

he frequency voltage capacitance and activity factor The static power comes from

LUStS that have an intentional path from V0 to GND like pseudomMOS and from

akage CA/ OS circuits have historically consumed relatively low power because comple

er tarv CMOS gates dissipate almost zero static power However leakage is increasing as

sire decreases ii aki static powe msurnpt on mire iw portar

fmture size decreases ranshtors ge aste haL woes do nat ntPop1ect dela

row very rnp rtan he May is again estimated usrng the Elrnre deay model based

he lesistance and capacitance of the wire and its driver and load The wire delay ows

the square of its length so ong wires are often broken into shorter segment ivcn

te Vas irbe ofavrcs arc recuired to come tall the transtors so cc es

net ly tb .f apa

usa ser
lie era ta ha fo

ac ss va istions is the pera ing sir tage aid tempe atu and must devc op tee ts

hr fo ariations transistor characreria sue is charn cog ho thro

ca cfp

ng ad environment hr dela poner con rnption and fu ictional If circuits must

jec

trct di ge

Cir eer tea ii up fo at 20 cot
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in rat ci hr energ fo ac ins stir switch decreas the ci be of mannel

the per den era or ab tie ame became chips co

sto up higho rat goes rnrll as ste ir

ent ally wore Cakage lnterconnmt capacitarcc per unit length remains constant hut

resistanm increases because the wires lmav smafle crosssection Local wires get shortes

and have constant delay sAlle gi ba Ares haac inercas
ag delay Architects planning

future chips will take advantage of the larger number of faster transistors but must also

ethmk
existing

architectures because the changing ratio to-gatu de
ay

and the

ess erie gee
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4.1 Sketch 2-input NOR gate with transistor widths chosen to achieve effective rise

and fall resistances equal to unit inverter Compute the rising
and

falling propaga

non delays of the NOR gate driving identical NOR gates using the Elmore delay

model Assume that every source or drain has fully contacted diffusion when making

your estimate of capacitance

42 Sketch stick diagram for the 2-input NOR Repeat Exercise 4.1 with better capac
itance estimates In particular if diffusion node is shared between two parallel

transistors only budget its capacitance once If diffusion node is between two

series transistors and requires no contacts only budget half the capacitance because

of the smal er diffusion area

4.3 Find tie rising ano allng propagation delays of an AND-OR-1N\ ET gate using

the Elmore dc ay model Estimate the diffusion capacita cc based on sti dii

gnu of the layout

nd the worst-case Limore paras tic delay of an n-input NOR gate

5k
dclay vs ctn ffo

tpl
th it Fgu Br

gic eogi iii aS oc

NNi
terccp ce pare

et 4x ye in 10 th

unit inverter has three units ot nput capac tance and parasitic ceL of na is

ie rput capaci ance of 4x nyc teni Vhrt is the logca iforti What tie nata

sitic de1ay

hire stage 1og oath is dcii ted so hat ti eff rt ne each age 12
aid delayunits respe vely Can 61 is desigr be mprov dvV What is he best

nuivber of 3t ges fo hi patul \V at rgs do you iecomxr end to tic cxstirg

ppc se htee
ipi api nec dr

hie of cite

\Vhat is he dine of ii put NAN gate with ut of input cananta icC

49 Sketch input NAND gate with transistor widths chosen to achieve eoual isc

and fall resistance as unit inver er Show why the ogical effoit is 6/

4.10 Con der the two designs of 2-input ANI gate sho vu in Figure 4.7/ Give an

intuitive argume about which will be faster Back up ye or angumei th calcu

iii pa lb Ii ci cc idy cv his ea



EXERC SES

6C b2 6C

nput AND gate

Consider four designs of input AND gate shown in Figure 4.78 Develop an

expression for the delay of each path if the path electrical effort is What design is

fastest for 12 For For 20 Explain your conclusions intuitively

Repes the decode dci amp fern ctio 434 for 32 siord cgist file

mrcth St eo ar hed

the decoder sd the ranstetor vidths to ad ieve this delay

13 Design circuit at ga evcl compute Ic ollowirg fusctior

abya
elee

ct andyb ussesi ssumc tic ut ard outpu apac talccs aic cc

male tie ast ble it ii de ay

us St ga am at

Sc you need to use to ac sieve this deiay

14 Pb Sic aver ge Sc ayfr-rri irpLtAo an 1C3 NAN gate from tlr daas

figure 4.25 sy is the delay larger far the XL drive strength ti- an for the other

drive strengths

415 Figure 479 slows datasheet fo 2irput NOR gate in the Arlesan Comporents
star dab cell library or the TSMC 180 rim process find tie averag parasitic de ay

and logca effo of the Xl NOR gate input Use 41 uc of from Sctior

43
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XC Descrptierr Lops Symbol

1IIIo

Fund 55$ Coil Sloe

Price Strdngth HiirO Apr WCd$h

f1T
Pews Fin CapwAOundo

lid CopOuiteyss pP

CL CO 12 24 XL XX

60

Id2XA2SC CV yywoPresos

rrrsCDdayi

T51

XXr XX CA

5O42AC

44

inpu NOR datasheet Co artesy Artisan

COff p0 en

pa des X2 0d npu
cc age lo cv if that the garea as ii0

about our model th parasitic difay at logical effort depe only gate wpe and

Cot 5ra ssto ns
4J7 What are if parasitic del and logical effort of the Xl NOR gat ir pu How

and why do icy differ fro if input

18 Parasitic delay esti nates Section are made assuming co itacted diffusion

each transisto on if output rode and gro nternal difus 01 Would

asitic delay increase or decrease if you took into account that some parallel transin

on re outp arc single di fus ontact you ntenal

diffuson capacita cc bcwcr seric to If countcd capa5 itanc

wt ii eel



EXERCISES

Consider process in which pMOS transistors have three times the effective resis

tance as nMOS transistors unit inverter with equal rising and falling delays in

this process is shown in Figure 48O Calculate the logical efforts of 2-input

NAND gate and 2-input NOR gate if they are designed vth equal rising and fall

ing delays Unt nverter

Generalize Exercise 19 if the pMOS transistors have times the effective resis

tance of nMOS transistors Find general expression for the logical efforts of

input NAND gate and k-input NOR gate As increases comment on the rela

tive desirability of NANDs vs NORs

Some designers define gate delay to be fanout-of-3 2-input NAI\D gate rather

han fanout-of-4 inverter Using Logical Effort estimate the delay of fanout-of

inp NAND gate Express your result both in and in 04 ye ter delays

assuraing

Repeat Fxercisc 21 in process with lower ratio ot Sitfusior to gate capacitance

in whic ip /5 what percentage do tI is ch nge the NiF ND gate delay

easuied F04 inverter dela What itp 25-

Lie 61 bit Naff4ige adder hcffziger96 ha delay of 930 fa

et Fcc arc th nyc bru Li ii it

dela in /0 am process itli an J0 nierte de 20

tput pad conta nsa chair of succ us ye ge rv cs dine th ie

ielye cit ousoffcl oa tanceJftlclrs iv cci cc ai asalinput

ictri 5a di- lo

used dri he load vith le st lay stirna tiis clay expiessed ii F04
ye

Li The clock buffer Figure 48 can present nazi flu it iput capt haute of

100 co mt cad 30
gek

ute Ut at cc of e5 ci cc nit ie wo case

di
ay

horn np tto eitl outpu 9k itt hi dc Ui Li cc

26 ck buf xe se is an cxar pl of al

fir ha- ximur q-u apac cc --c1 of Li sa egs

di yes oad of wI at shoulc tLi copacita ice of each nvi be nd hcu

fast taill the circuit op ratea Express your ar swer in terms of p1

2/ 180 am itt-ada cell prccess can have average sasitching capacitance of 150

pF/mmt- You are synthesizing chip composed of random logic with at average

tal facto f0 Fstunate the po vet cons rnptio of you chp fit Lis

of/U mu2 and runs at 450 MI-la at

28 You are Co isidering lowering to try save uower atic OS gate You

vol also scale i- roport ona hr Wil rnrnic rnwer tsurnp on go up dowr

Wil atic power consur ption go up or down
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429 Evaluate the benefits of the stack effect for subthreshold leakage by comparing Ii

and in Figure 429 this problem is inspired by NarendraO1 Assume all three

transistors are identical and

If the transistors suffer from no DIBL prove that 2/Il 1/2 just as you

would expect if the transistors behaved as resistors

Does increasing increase or decrease By what fraction does change at

room temperature if ft05 and -1

Does increasing ii increase or decrease 12 By what fraction does change at

room temperature if DM5 and VDD 18

Soveforl2/11 andxas afunctionofA V0/vassumingA

Explair why the stack effe is ix ost impo ant for sis ors with heart

10 Cons de tin ig wide metald wire in ix process The shec res

cc 08 Cfl th 02 /u at

del for the wire

al al crt Ice f1h ix

Tgc 1/
SkOumfor OStt sors Fixna vga sr Fe

Ir lot delay odd di Ifus anc

32 Fir he wtwdF dsp cc3 to nimiw the cevofe 2bus nthe

oces cy Le Ii u11C in in

num width nd spafi 320 st assum that thet adj cent it

tchitig Pow does ixur iswer cha gc tix djacert tci ng

Der ye 57 Asum it driver final eec ver are of Pc sam

as the epca ri ix Fe otal de ay ne the scgr

so as so sega be rroo cc ig

R/W CIY

rW

Mode of tepeate

dnvi igintetcorr- Ct

and next ga



EXERCISES

Revisit Exercise 33 using pair of inverters noninverting buffer instead of single

inverter The first inverter in each pair is Wi times unit width The second is factor

of larger than the first Derive EQ4.58-4.60

Compute the characteristic velocity delay per mm of repeated wire in the 180 nm

process unit nMOS transistor has resistance of KU and capacitance of 0.7 f1

and the pMOS has twice the resistance Develop table of results for metall

metal2 and metal4 on minimum pitch and on double pitch twice minimum width

and spacing Use the data and pitches for the Intel 180 nm process Assume solid

metal above and below the wires and that the neighbors are not switching

16 The Pentium operated at 1.4 GIIz in Intels 180 nm process with an F04 delay of

50 ps in 2001 If new process is introduced every two years with aling factor of

predict microproccsso ci all eq ends 2009 assu rIng all the ip ova cit

CS he selling aid at ansisti
sp

ed se all Ii

oractice the frequer likely to be higher Whyi

uatifi ad etc Ice ass

gt ry rg
cdci ia ts 18

te he ga and wire delays the fatl By hw ues did the overall delay

mprovr



op
Circuit

Simulation

5.1

ahrscaurg chips is expensive and time-concuming so designers need simulation tools to

ore the dcsgr space and verify desig befoie they are fabricated Simulators operate

many leach of abstraction from oroecss through architecture rocess cirnulalors such as

SUPREME pr diet hon factors in the process recipe
such as time and temperature affect

dc phy real and cc ci iractcf if Ccrruzi ne/aloes such as SPIEF use device

it ode ar it tis lict it it tagc at cur ch nd cate pen

manic powe consu npt on logic simulatois rrcdict the function of digital circuits ard

cc ci cc gi oe it of ci sir ifled 1a cavare

or at fit the ns

ccc ci ct thr uchp and inc iron access ntterrs ch influence desig de

sucia ci nganccac er co ogaiczatior ic ai our fabstacrio

ffc tradeoffs bet ecu eec of dcta sir of thc ter ti at can be cimulcited

re it if ai

focuses on circu it nulatio wi SP CE Sec aoi discusses logic
sin alaton

re uit it usinu rp -ar analts as has be

is ti
pr ou chapters in with simulation cbcuats are complex and moderr

is cal hal avior niulation is ccssarv to accurate pre

dict aries inc aa on ven er osedform so trOes exist for dcli trarsfc

its to ye- urn ng app by ci to arg ci cuits

it ut nu la ion ur tir pm ne to garbage in garfre out

ord ii cc

ca at in it Is

hr sti prov dcci by the desici cr and it very easy to ove ook he worst asc

itiiaulus the same Wa ha ar exicnic iced programmer cioesalt expect program

operate correctly before debugging an experienced VLSI designer does not expect tha the

rst rue of sin ulatlon vill reflect reality Therefore the circuit designer needs to have

good itt itive urdestarding of circuit operation and should be able to predit the

expected outco ire before simulating Only vhen expectation and simulator watch can

there be co fidenee resr its practice crrcui desgnem depend on both and anal

aCe or as Cl rSS iht ciA thr igh rsgit gal red

from anal sit



CHAPTER CRCUTSMULATION

This chapter presents brief SPICE tutorial by example it then discusses models for

transistors and diffusion capacitance The remainder of the chapter is devoted to simula

tion techniques to characterize process and to check performance power and correct

ness of circuits and interconnect

52

SPICE Simulation Program with Integrated Circuit Emphasis was originally developed
in the i970s at Berkeley It solves the nonlinear differential equations describ

ing components such as transistors re5stors capacitors and vo tage sources SPICE
offers many ways to analyze circuits but digital VLS desigrers are imarily interested in

DC and transient aralysir that predicts tie sode voltages given inputs that are fixed or

arbitrarily anging in time SIT CE was orig nally dcvc sped in FOR1 RAN and has

some idiosyr crasies pa ticularl1 Sic for sats ed to ts heritage Fhe arc free vc

sinus of SP CE ava ab platforms ommercia senior tc id to offe

more robs it numerical convergence partic lar HSPICF widely xd nd
he we en tc cv anc en en en nd
le co ii cre

ci sc vit ic it ml er 1e pho itt en

tin se HSPICF ar get silt 11 so iu ord SP

Wh ie the details of using SP is or nd plitfo ill ye

PIC ci cc
se input file fter called SP deck nd each line card because it was once pro

ides to nfra tic en ards it

of oenponents and nodes It so contains nulat on op ions enalys co isivards is

devc dels Then thstc sbeentered at ore\t en dfo cc CL sale iat

ao aGADp ograr

gsc dSP eck kc goo ieee sotwa dab man
eusab om rest sci hte ip cc tick he bic

Icc acos
hngandt dy

eni fths to isiclenaseqveneof rfc
systax capabil ties dg iSV ci cult For mene detail ossu

Berkele1 SPICE manual Johnson9l the leng hy IISPICE nual oi rut the of

tertbooks on SP CE such as FotyC

Suopose we would like to find the regionse of hc RC rcui in nigu 1a yen

rising
fror te ii Be suse tic co of 100 fF

200 ps is mu gres er ian the it nis se intuitively expect the outpc woule



1a2 SPOCE TIJTOFUAL

ok like an exponential asymptotically approaching the Ri 2Kci

inal value of 1.5 with 200 ps time constant Figure 5.2

gives
SPICE deck for this simulation and Figure 1b Vin

Ci Vout

ows the inpur and output responses
00fF

Cards beginning with are comments The first card

of SPICE deck must be comment typically indicating

the title of the simulation It is good practice to treat

PICE input flies like computer programs and follow

milar procedures for commenting the decks In particu

lar giving the author date and objective of the simulation 20 vin

at the beginning is helpful when the deck must be revis

ted in the future e.g when chip in si icon debug and

old mulatnns are being reviewed track down potcnfti

os for %lure
Cont cards bog with dot ha option

St card tistructs HS to wr thc results to El
00

or usc with waveforn vicwcr The last card of SF CE

kr the en

ch ad hact iat

vn trrt Fib 00

hi he nrc co sri of vo tage source ra nod 0.0 loOp iOOp JOOp O0p 501 COOp BODe DOOr

rcs it an ca acitc na ied ci Ph

rcua adg
odc came defined to be hc fererce The

cicuit as oaetcv ro fi ii

ti of ni ode as en TCble

so so us on ch fo ad at fo or

aid grored examp the hundred lent farid ca ac to car ha exorcised

10010 01 or truly OOe 15

cfi ore at is

rab ir oaopiO Si

DC source ard soi Ce DC so tage smrcc vdd sat set nouc vdd

1db xpcssc

Odd add gnd

sa sources arc ivenient for
repetitiv signals

ke clocks The general fo for

pulse source is llustratcd Ftyu a.3 Fo example lock dl swng 800 ps

pe 10 ps Ce and fa mci and 50% do cvc 1uaI higl ard ow mci

voull assefs

Vck elk gnd PUtS Opa lOOps loops 3O0o 800pS
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resp
David Harris@hmcedu 2/2/03

Sand the response of PC circut to rising Input

Parameters and models

Opti0fl post

Simulation netlist

yin in god twi Ups lOOps l5Ops l8 SOUps l.8

Ri in out 2k

Cl out grd lOOf

St imu lu

tran 20p5 SOUpe

fl Ut
or

cc cc

vlv tdtr wo

v2_____ff1

pw

The stirru us ccihcs that tn isien aralys caan shorld be performed us ng
max im step one of 20 ps for dur two of 800 oc When pl tting

nod oltige the

step size tern mes the spacing betweer points

ornma at ot thu car sc t1

ase the no ode as ow guru iv lar he pr nt

ta neat pro ts the ds cul th mands show egicy of
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Resistor

Capacitor

Inductor

Mutual inductor

Independent voltage source

Independent current source

MOSFET
Diode

Bipolar tra isistor

ossy taosssieP line

Subcircuit

Ve ltagecontro1led voltag source

Vbltagecontrolled current source

we tco ro ki voltage so rc

cnsou

atto
18

femto i015

oc -32

woo

micre 10

kilo

niega 106

giga

FORTRAN and fne printers On modern computer with graph cal user nterfaces the

option post command is usually pie erred it gee crates file in this case to te

or ta ti esu ie spec as ent as ate aph

wa reform wee ca be used to look and cia Pu ate the waveforms AWkVLS anc

COSMOSCOPE are wave orri sic vera compa wt1 lISP CE



CHAPTERS CRCUTSMULATON

legend
vin
vout

tIrte in
ab 5000000m l0000 L5000 20000

______-____-
200OOop
4OOO0Op
600000p
800O00p

l0000Q0p
12O0000p 720000zn
140 0000p 440

160 0000p l8O0 -F

_8fl 0000p 800 -1- 4- 4- 4- 4- 4- 4-

200 0000p 800 ---- ----
220 0000p 800 4- 4-

240 000O 40

260 0000p l800 -F
--

000p 800

30 00

000
34 000Op L800 -F 1-

0000p -F

380 0000p 1800 1-

400 0000p 800 --
00 80

44O0O0Op 800

460 0000p 800 -F

4SO0O0Op 800

O000O0p 800 4-

000p 80-F F-

540 0000p 800 4-

560 0000p 800 -F

580 0000o 800 1- -F

80

620 0000p 80 -F -F

640 0000p LOUD
000p 18CC

680 0000p SOC F-

700 0000p 800

720 0000p 800
-F

-F -r

7d0OOOOp L800
F-

1-

768 0000p L800
780 0000p L800
800 0000p 800 ----

Textual at of RC circu1 Tespone
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ne of the first steps ira becoming familiar with new CMOS process is to look at the LV charac

cristics of the transistors Figure 5Sa shows test circuits for unit 4/2 nMOS transistor in

80 ram process at VDD L8 The I-V characteristics are plotted in Figure 5Sb using the

CE deck in Figure 56

250

.8

200

1.5

1S0

ILA

00 03 18

li/CS TV charac1 ens KS

nosiv sp

Paraetcrs and mode

iic ude /rodele/tem 180/i deLs
tenc 10

op on poet

Ssniu1aion net ist

enflos

Vgs grad

ye gnd

Ml ci grad CMOS 150 6u 10 18u

PLirn lue

do Vda 05 StLLt Vga 18
end

MOS SPICE deck
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include reads another SPICE file from disk In this example it loads device mod
els that will be discussed further in Section 5.3 The circuit uses two independent voltage

sources with default values of these voltages will be varied by the dc command The
nMOS transistor is defined with the MOSFET element Musing the cyntax

Mname drain gate source body type Wwidth Llength

The .de command varies the voltage source vds DC voltage from to 1.8 in

increments of 05 This is repeated multiple times as vga is swept from to 1.8 in

0.3 increments to compute many vs curves at different values of

Figure sEows twi step response of an unloaded unit ii ertes annotated vith piopaga

on delay and 2O%80% rue and fail tes Cbwr tha signiLcan ca-shoot nom boot

strapoi occurs bewusc th is no load The SP CF de the fimult Son wn in

Figure 5.8

144

10ps Ls

16ps mx

812 036

Lii
so

is

00 tOp OOp Op 200p

Un ce nzer

his dock introduces the use of parameters and scaling hc param stateme

defi ses parameter aireS SUPPLY Save vane 1.8 us is then used to et vdd and

the anipltud oftFe irput Sc Ifwe wanted to evaluate the response at differen sup

ply vol age we would sim fi need ro hange the param statement The scale sets

scale factor for all dimensions that would by defau be mersured in meters In hic ewe
sets sce 900 Now the ton stor rid hs 1d lengths in he inver or are pc
fled in ins of ibda rather ai ne ers
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nv_sp

Parameters and models

adam SUPPLY18
ption scale90n

oclude /models/tamci8o/models sp
temp 70

ption post

Samulation netlist

ad vdd gnd SUPPLY
PULSE SUPPLY 5Ops ops Spa lOOps 200ps

gnd gnd NMOS W4
AS20 PSIC AD-20 PDl8

vdd vdd uos W8 62
26 10

tY

ran ba 200p

pa Ic at al cop rde dffu cap ci so ch

ur depends ares and paf meter of the sos rae and drain As web diffusior regior

xc St con acted the reom ti rese siNes tNt cf ioure 9a Ihe diftu

srnm wilt qua or ar ti fIns eng is he of

so arc kS AID WX2 ard ch swears ar PS a0 2W 0i
the gr ft 11 ad Ccc co etio

Orc aft ie sirnlc rcasu cs of processs inharent specd thc fano of nveite

Figure sho as crc it ifeasure his dc
ay

The FOS and OS tran is

to sal si in siti les of us 4/2 trans storl are list below and above each gate

respectively X3 is the inverter under test and X4 is its load which is four times larger
than

X3 first mdcc tfese xv invertc sould be suffle owever the dclay ofX3

also depends on the input slope as discussed in Section 25J One way to obtain real

ti ti of hO na tc Xl ii

cussed is Scctior 4J the put capaci anca of X4 dep ids si ut on Cs but so
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on is Miller-multiplied as node switches and would be effectively doubled if

switched instantaneously When is loaded with X5 it switches at slower more realistic

rate slightly reducing the effective capacitance presented at node by X4 The waveforms
in Figure 59b are annotated with the

rising
and falling delays

Device

Under Load on
Sha Input Test Load LoadIII

b8c32di282f

20

10

pd

001

00 400 bOJp Op

Fanou 10 Vei tes

SPIC des are sic to cad an ma tainwfcn ir ci cu teennts
tured as suhcircu ts ex2mpie the deck Fiau IC computes the 04 nvcrt

dc
ay USI ig an iivei te subci Suit

TI cf vJ gr sgo od Fr

om vtF sub TI ive is dec are as vi als

au ir cf id of tin lOS an OS Lrai
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fo4sp

parameters and models

parain SUPPLY1S

param H4
option scale90n

include /models/tsmcl8O/models sp

temp 70

option post

Subcircuite

global vdd gnd

ubckt mv N4 P8
gnd gnd NMOS L2

aS Nk5 PS2N10 ADN5 D2Nl0
Mi vdd vdd PMOS WP L2

AS p5 PS 27110 75 PD 2P-flO

U.mulation net ist

Pin ond PUlSE SULY Ops loops lOOps hOOps l000ps

nv wavofoir

X2 mv MH reshape input waveform

mv MU.I2 deuce rider test

ri los

55 inv IUi load on load

Stimulus

Per pa

ra tpd sang delay

TR1G PAL UPPLY LLl

aId PLSUPPLY/2

lv JL tJPlY2 IS

TARS vd PAL SUPPLY/2 FALLI

reasure tpd parari tpdr4tpdi/2 aa.erage op dala

raur 55

TRIG vd VAL 2SUPPLY RISL1
TARS vd VAL 8SUPPLY RISEl

masure tfali Sal me

TRIG vd PAL 8SUPPLY FALL1
TABS vd VIaL SUPP FALL-l

end

04 SP deck
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tors these parameters have default values of and respectively The source and drain

area and perimeter are functions of the transistor widths HSPICE evaluates functions

given inside single quotation marks The functions can include parameters constants

parenthesm and raised to power
The simulation nudist contains the power supply input waveform and four inverters

Each inverter is subcircuit element As and are not specified each uses the default

size The parameter multiplies all the currents in the subcircuit by the factor given

equivalent to elements wired in parallel In this case the fanouts are expressed in terms

of parameter ri Thus X2 has the capacitance and output current of unit inverters

while X3 is equivalent to 16 Another way to model the inverters would have been to use

tl and parameters

Xl low 144 P8 shape input waveform
Y2 mi P32 reshape input waveform
Xi mv N64 P128 device under teit

rv N24 Pill
Xi 024 2048 cad on cad

vca iiiffou .n nit dot Ev wact reiy can

at cr ual

et fh
dkWervrongi faadadcc ay ni ntokcpaucir

cia at cit ci and fc he wi ic lude inter cc cad

in lii sn
con mm to put the netlist in separate Ale and mntude as we

Ph hag
he if Oc ye sores 1e sn promo-a 10 des -a th Off bewe tIe tin

hat Ii np ft 1/ rd Ac tnt df ci hroigh
/2 ti md iu lica riggcr and ta ts ewe ih de ay mm

sired ci atc en ci edtc nipute unction ofot ter ric-asu

in 04 ft

0/ Ic

In many oxamples we have assumed that P111 ratio of 2l
gives approximately equa rise

md bill de avs TI F04 rt sirnu at on ho ye tha to gives rising delays

that are slowc an th filling de avs ecausc J\ OS ro lity less man half that of

the nMOS ISo cc Id rcp atcd1 run si latio is wi different defaud valu-- of to And

ic I-at lot equal ay SV Ci hash opumi atior ca abilites ia auto ra

ical uwak an eters me ga1 -nd port what pa meter va ue gay

cc igui omn Id cd vc 04 ii at ation si

thc opt miver
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to4optsp

parameters and models

param SUPPLY1.8

option scale90n
include models/tsmcl80/modelasp

amp 70

option post

Subcircuits

global vdd god

subckt mv N4 P8
god god NMOS L2

ASN55 PS2N10 ADN5 PD2N10
vda end WOS L2

A5 P5 PS2P10 ADp5 PD2P10
ends

Simulation netlist

gd UP

ci 1U
nv PP sha put wiveforin

nh uL wareto ci

X3 ci Inc PP1 M16 devtee uider test

ci Y6Ô osf
oa ci ad

param Ploptrange 84 16 search from to 16 guess

ole ci iii cc ci 30 aLe atons
eccre as at pa no eat I/N ratio

3tc

Sr lE if ci

measure tpdr nsa propagation delay
iRl vc VAL SUPPLY/2 tALL1
TSRG ci VIiL iUPPLlL/ ISP

cceaaure tpdf falling propagation delay
TRIG vc VALSUPPLY/2 RISE
TARG vd VALSUPPLY/2 FALLl

measure tpd param tpdrtpdf/2 goalo average prop delay
reaure Iii paraic tpdr tpdf goal diff between delays

end

FO4OPf SP CE deck
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The subcircuits X1X4 override their default pMOS widths to use width of P1

instead in the optimization setup the difference of and is measured The goal of

the optimization will be to drive this difference to To do this Pt maybe varied from

to 16 with an initial guess of The optimizer may use up to 30 iterations to find the test

value of Because the nMOS width is fixed at the best P/N ratio is computed as

1/4 The transient analysis includes SWEEP statement containing the parameter to vary

the desired result and the number of iterations

HSPICE determines that the P/N ratio for equal rise and fall delay is 3.61 giving

rising and falling delay of 84 Ps This is slower than the 21 ratio provides and requires

large pMOS transistors that consume area and power so such high ratio is seldom used

similar scenario is to find the P/N ratio that gives lowest average delay By changing

the tran card to use RESULT5tpd we find best ratio of 1.41 with rising falling and

average propagation delays of 87 59 and 73 ps respectively Whenever yo do an opium

zatlor important corsider not orly tIe optimum bt so Ac serstcy to dc
tiors from this point Further sim tio nds that P/Nra ins ofnywhere fror

all
give an average propagition delay of 73 ps there cc need to slav shiv stick to

he 14.1 optirrum.1he best P/Nratio in practice is compromi between us ng
all 1MOS dcvces rca and owcr and ust arger dc ccc to ad icy note

Ca equ e/ cc lo ct ub oble nduce by

rut re

Secio

The liii iSPiCt marual fills over 2000 pages and ncludes manS ore ca ala icc tha

can be dccc ibed here few of tEe most use addit onal comivancs covered in th

sectior Section describes transistor models and library calls wi lie Section dis

cusses modeling interconnec with lossy rars russ on nes

optior accurate

hg ter itegra on tolerances to obtan rore acc irate reul Useful fo oscillators

vi cra cc fish

opto

at on at en all su obta thai on ir

ng fo th foB at on tIe ta ci is car stat aIi cd

ir

.temp 70 125

Repeat sire ulation three fmes at temperatu of 70 and 125 Device

deis may contain info mats in aboc low charg ng temperat re cha ges device

pcrforrr cc

Prirt thc oltages cur ts and transist bias cur ditions at the DC operating

poirt



5.3 DEVICE MODELS

Most of the examples in Section 5.2 included file containing transistor models SPICE

ijrovides wide variety of MOS transistor models with various tradeoffs between com

Laity
and accuracy Level and Level models were historically irnpoi taut but they are

longer adequate to accurately model very small modern transistors BSIM models are

more accurate and are presently the most widely used Some companies use their own pro

letary
models his section briefly describes the main features of each of these models It

so describes how to model diffusion capacitance and how to run simulations in various

ocess corners The model descriptions are intended only as an overview of the capabii

and hmitat ons of the models refer to SPICE manual for much more detailed

dcscriptio one is necessary

he SP CL ii Sh man odgcs lodel Sl ichma i68 closci arIa ed the

ocidey nede described LQ2 IC arc vi chair lengtf lu ation

dv If basiL ci ci ode

tçf

MBDA VdTc VJ/JV VdV-V lner

AJVBDA -V at ration
21

ai SPI ii APS it tt

it is vie is aodel pa ph ie se

27 aid are dcc sacs dthaic lengtha dc nbed Sccto 248 Th

ii

Ci ado

body cc sc Section .4.3 For no git ci ag

VIOG /IAjPH15 C11 52

Notice this is identical to EQ2 30 iF err VTO is zero-bias threshold vo rage

GAJVIVIA is the body effect coefficient
-y

and PH js the udace pot ntiaI

gate capac tance is calcuirted fro he oxdc cii TOX The defa gate

apr ta nole ad ndwt aisi dg

ii ts ore orate Iris exit tha capna ioi ca elf cts tha are npor an for

104 design
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Level models are useful for teaching because they are easy to correlate with hand

analysis hut are too simplistic for modern design Figure 5J2 gives an example of Lesel

model card illustrating the card syntax The card also includes terms to compute the dif

fusion Lapacitane described in ScLtion 14

model EEOC lIMOS LEVELi T0X40e-1O KP155E-6 LAMBDAO2
VTOO4 01110.93 GMI11La0.6

CJ9.8E5 P110.72 MJ0.36
CJSW2 2El0 PHP7.5 MJSW01

Sample Leve MODSi caM

The raid Is add effec of Otit natinn lipid gra alan
subtfreshold cnduction and ra i- nduced bir er lowering hi etc model is based

oi the to Frohmas equation Inhmar6 while he ra 13 model is based on

spi cal
cqi is tl km lar cc acy at fast la on ie ii be er

vi ii he ii isa

li
now widely used in cit ult simul don he yodels are derved hors the dcr ying dcv cc

ohs ics hut se enormoc ml of param rem fit twi behavior of icr trans

tots BSTb aerso is 12 3v3 and are mplemcnted SPICF cvels 13 39 49 and 54

rcspcctrwl

BS res Iii bock ng9 se lie od

nc ud cr1 pra iii ers dcv vat tr sm 2/pages te go for

tal it no atk Cit hat do ot ide fate cal gi ea at of

intrnsou er ntiab c1ract sac oar sub hreshold linear and

situ ati vi icgiom 10 00 lie ge iLe

Scnsifsiy parameters such as to transistor length and width

Detaired threshold mIrage iodel mel idirig body effect an drCn inde ced barrier

lowering

Ve iciLy saturation nobr deg adatron and otter short mood effe is

itt iF eta ie

ffusion iptctancc and rmistance mod ig

in Stan fo laud ye eld Sc ranOstoi ynan Ior leSS
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BSIM version was fairly new at the time this book za being written and adds sup

pt rt for gate leakage and other effects of very thin gates As these effects are rapidly

hr oming more important and better characterized the designer should check with the

rocess engineeis oriole blindly trusting gate leakage models

Some device parameters such as threshold voltage change significantly with device

mensions BSIM models can be binned with different models covering different ranges

0f length and width specified by LM LMAX WMIN and WMAX parameters For

nample one model might cover transistors with channel lengths from Ui O2S sam

arother from 0.25115 lam and third from 0.5 SPICE will complain if transis

or does not fit in one of the bins

As the BSIM models are so complicated it is impractical to derive closed-form equa

ons for propagation delay switching threshold noise margins etc from the undcrly ng

lowevet it iS lOt dfficult to find these prcperties through rcui simi ior

at iii iSo dmple smulations to plot the devre cha acteristics over the regi

opeiatio that are interesting to most digital de Igners and to extract rIft tive capaci

LII cc and sista ice arer ged across tic vitching transition TI sur P.C aodel con

rues to ye the sig icr riportar might about the characteris irs ot ogic gates

ci ci dr in oi

ased dci ci it us icc tc

oate and depends on tie ea rid perimeter of the diffusior HSPICE ororidm nc

of Is ci eo IC vi ci Ii

cit paramter ri ci rt toe trans at our cam inc mmcii care nust

era ucs Ci ction in sic en r0 lIfe non capa itanc as nc ibm ni Sec io

he diffusion eapacttancc riodel is com non across most dci ice nodeus imluding wels

-3 dBSF\

aol nd ci de ci cii

the ares an wr icIer ci lie so irc drain ci each transst For eva he

iors of ad ifflusi icgior froi gu is fable in ts of y2 for arec

SP ira fI ci

ass ci ro it it

solatd contacted dhffusior Wa 10

Shared contacted diffusion Wa

ci Merged on ontactcd Fusion Wa 10 Wa
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Shared contacted diffusion
Ml mid bat qnd NMOS Ww L2

AS w5 PS2wlO AD w3 PI w6
M2 top mid gnd NMOS 55 L2

ASw3 PSw6 ADw5 PD2wlO

SPICE ode transistors wi aared contactee diffuson

The SPICE models also should contain parameters CJ CJSW PB PHI MJ and

IMJSAT Assuming the diffusion is reverse-biased and the area and perimeter are specified
the diffusion capacitance between source and body is computed as described in Section

SCJSW iJ 53

The dra eq atons analohous ith replaced by the oel parani ter

Ihe fi od oi ida are oasis af or od CM 10 that kea rto

de ca oei ca Ns to rt

rane so 00

IJIWsc
JLJ aS iv jsw

5iJiVG

CJS
PBSW

or ii pocifi tF ii or oss

nderes if Ic al oor Cill

ud 12 ros do no dofa values ca ii are ot pee lee

Is ia pe ju

Iovevo ti in is go rally negligib co nparod th eshold leakat in dci

ceioes

Fogmoors often ate arc ts ii iple dosig corners to icr fy tha operation ao oss

var atm is in vice character sties anl environment SP Ch inc1ude ti fib card Ht
akes ol

ig ag brarku cmv Thi exa iple dock in iir 514 runs mo is

in cap in
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corner sp
step response of unloaded inverter across process corners

parameters and models

option scale90n

param SUP1 Must set before calling lib

ib /inodels/tsmcl80/opconditlonslib TT

option post

Simulation netlist

vdd vdd gnd SUPPLY

gnd PULSE SUPPLY 200ps Ops Ops 500ps l000ps

god aid SeSOS L2
tS 20 PSl8 AD 20 PD 18

42 vdd vdd P140

AS 40 PSh6 AD40 PD

ii

00

1b /nodei/tsmrl80lopc tions lib SF

to

Lii iOO tcoJ
end

CO rFR PC deeP

de fist scts uP the no sinai supp ye tsg of It then smokes

ci ri ring
sh the

St it us pe th ch cas Pc ma

come cha ged Alt gethc ice simulations are performe and three ts of wavc

for0 ae gcrcrated Im the tree 4es
gr rornnr

The ibrary file is given Figure 15 Dependisg am at ibrary was specTed th

empe ture set degrees Gels us with tenip and iF valu SUPPLY is calcu

lated froir the nomir al The lihir ry
loads the appropriate nMOS and pVOS tram sis

tom models fast process file might ye lower no mnal threshold voltages V0 greater

eral diffusion L15 and lowe diffusion capacitance values
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opconditions jib

For TSMC 180 nm process

TT Typical nMOS pMOS voltage temperature
lib TT

temp 70

param StJPPLY SUP

include modelsTTsp
endl TT

SS Slow nNOS pMOS low voltage tigh temperature
lib SS

temp 125

param SUPPLY0 SUP
include modelsSSsp

eidl SS

FF Fact nM0S pMOU igh voltage low tenpera ire

Lib Cl

temp
param SUPPLY- SUP

anclude vôde15S cp

El

i-YOF cv 105 type vi rd terperatu
lib CS

tamp 70

rat PPIY UP
moea

endl ES

SF Slow oPUS Fast pMOS typical voltage and temperature
Lb SF

term

oar SU0PiY

include irodelcSL ap

dl to

OPCONDT ONS Nary

S4

IV odern SPICE mode ave so mart mete that tho designer can tot easily ead key

performance charactef tcs from tF to de file viore corvcnient approach is to to

of imelat ons to act ctw CS st md pe far outof

nverter delay the LV chat acteristics and other ste acting data This sect on de isbes

thes simula ions and mpares the esul act ss va iety
of C1\40S ocess
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hen familiariving yourself with ness process starting point is to plot the current

oltage LV characteristics Although digital designers seldom make calculations directly

win these plots it is helpful to know the OI\ current of nl\IOS and pMOS transistors

severely velocity-saturated the process is how the current rolls off below threshold

sow the devices are affected by DIBL and body effect and so forth These plots are made

4h DC sweeps as discussed in Section 5.2.2 Each transistor is lirn
wide in represen

tive 180 nm process at 70 with 1.8 The left column shows nMOS behavior

the right column shows pWOS behavior

Figure 516a plots vs at various values of as was done in Figure 5.5 Fhe

aturation current would ideally increase quadratically with but in this plot shows

er to linear dependence indicating that the aMOS transistor is severely velocitycat

ted closer to tha 11 the a-power mode Tb crc sc saw ation cu it with

caused bye mel engt nod lation lhe sate err rt Icr li trarsistor

lowe than for tie ih note he If cut veit ci sea ci hut the dekce as

ocT sr ccl En cc 6bnwks imJarplot enitha lair hanr

ngth of 360 rat ci 180 vi TI rrcnt is ghtl flatte satui atioi ii dicat

that cl Ic gt odu tion hs .s pa onger channel is

ri cit or

at ci cc ago

sic his cii ii ci is
vi tage reflects efiec of dran-inc uced riier low ci BL effect vely rduci

ig

igh V5 Fl- rr sum di

1rentJ0Fismeasuie at vuaio 5c hesuarnesa uso isaoiura ii

ecade am cdu cffcctiv cshold age abort 40 ra

Figure 6d ak sirs lot or scale or aid Ihi

cssiitlio oialt Lair cdii ef

mo

he del isho voltag l- is ed ic ci cc bOo wh

bcco c0 elt to iacteriticsiw ninfgac5 1c bF sold

cit or to fl so sin vi cn def tIe th cs vo age

becomes problema covr tI ireshold voltage van iv th ifi and

cast elm en different rrethods have been cued me the lterature dete mine threshold

voltage fro is measi ed data Ortiz Co sdeO2 his sec ion will explore two corn

mon metho Is constant current and linear extrapo atior and hybrid that comb nes tic

ad antagesofeaci
or to cc cc nes echo tl given am

rent This etsid Ti cas to el rdi oi arbit cry cho cc ca drain

mc it die of VIL rca It

Ereshold vol age varies vet the oice or ill at 10 in



CHAPTER CRCU SMULATION

nMOS pMOS

600u 0.0

voe
500u 50u

V-1.5
400u

lOOu 1.2

ds

300u 1.2

150u

200u Vg 15

Vç$09
200u

lOOu

VgeOG

T-T---T--rY--r1 250u

00 02 .4 0.6 08 .2 1.8 1.8 1.6 .2 0.8 0.6 0.4 02 0.0

Vd

40Cc .0-1

-06

40 12

200u V2
V--.6

100u 09

V06 V- 1.8

C- 00u

0.0 02 0.6 08 1.2 16 18 16 14 12 10 0.8 06 04 0.2 00

Vd

__a

he linear xirapola/ion or maxirium riethod cx apolates thc gate voltage ii

po of maxim lo en he ira terist unambig us bu vah
ly

for tne linear region of operat on low because of the sehes reustance of the source

drair diffttsion and because dras i-jr duced barrier lowering effect ye reduces he thres

hold at gh l7 Figure 18 shows how tF thresh ild is extracted fro measured da

using the linear extrapo ation method at V4 100 mV Obsers that this method can give

iiftc inti ff res ioltage is mjx rta

eck tV thresl volt ge was ease mu sy icr mtcrpretir thresl old oltage spec

cation defir ed to be the value of 14 at
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nMOS pMOS

1.8 1dt

Vd
lOOu

vo.i
lOOu

Vd -0.1

lu

ion 7Subthreshold iOn

LJ Slope
Subthreshold

of Slope

lOOp lOOp

00 114 56 08 111 12 1.4 16 lB 1.8 06 04

200 00

DO

0.2

00 20
do

50u iou

00 40u
000 04CC 08 18 18 i6.4 1210 18-0604

hou0 dose be di et od ng rchc

II of aid es not depend or as arbitrar cc of critical urrent and

bend at ow 100 ix ft givm alue of ard Wusing he linear extrap six

don ricthod or ix yak es of is defincd he tf gate voltage when

Fivurc 19 plots
the threshdd voltag vs length for ln-xvide device over

variety csigr co aid tempo atires Ic es iold is extracted is the linear

to 0541 tees Tie ii tucin

thc come an tIe SS err it dea1
ig xa cit ms sto the

is old depe dci of dt ig is de cc co scr
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depends on the particular doping profile of the process Figure 519b

lOCu plots against for 16/2 It transistors using Zhous method The

threshold voltage decreases with V5 because of DIBL
The moral of this section is that depends on length width tern

lu perature processing and how you define it The current does not

abruptly drop to zero at threshold and can be significant
for leakagesem

sitive circuits When two devices need accurately matched thresholds

e.g in sense amplifier the devices should be adjacent and identicdl in

loop

geometry

0.0 02 0.4 0608 10 1.2 1.4 16 18
When using RC nodels to estin at gate dcla we need to kr ow the

effecttse gate capacitance for delay purposes Section 3.2 we saw

Loris not cur en nest that the gate capacita ace is voltage dependent The gateto drain on
vol 03 xx iction ne hoc

ponent may be ecti ely doubled wF en gate witc bec use tl gate

ad apuo ti ar en tar as

Cu
offntive capacitance averaged across the switching tim use fanout

rr es gat with tt ca wit ag
becau

so fov Ic cfo nan nth

eftor approx as

go 20 cie for nit II are ci

flax sum tanc ofins rte Y4 The
sppr

nh to ad th ca aci ste rt

pcl
ad X3 have the same input opc and Fe same as Is ac

the aria deny must cqral the ffecttve gate nj ac tan Y4

and X2 are used to produce reasonable nput slope on node single

02 04 0811 nv rtrn give easonab eult but t3 iwerter pa is cairn better

beauac itprovidas as ope or tha 10 ndepeiu SC

tine oad os A/to neven no eel on snitch rice cu

svelvfan with odd air dut hs fi inc heatm dcii

gui lvi to

11 in nO the class at cd Ths npacia cc dv dcd

Cu
by th total gate wio of4 to obtain he

cai win per

micro of gate widtf 1exjr0 This capacitance listed as do ay

fable for varie processes Note that the dcc sets dilvis to area

Su
in penn- ten to to measure only the gate capacitance

00
03 04 15 06

cea exlrapolat 011 ft Ox

vol ge ax rst ama hod



5.4 DEVICE CHARACTER ZATION

V1 Vt

0.65
SS

0.65
SS

60 0.60

______
TTO TTO

055 0.55

TT7O
050 050

TT125 TT12S
045 045

0.40 FF125 0.40

035 0.35
FF125

10 03 0.6 09 1.5 18

Length
VdS

MOO nreshold nlages

16

2X4
fiecrat

capa .i an for cM ny estmcuori

Ca caac tat rap tar for dvrmic po or ons Pt as on

Q4 29 effect ye date capicita cc fcr nower pica so rcwhat higfer tha for

ill Vc is son

dii cor tch ows mas ir 119 ga apac

tance or power purposes voltage step is applied to the ir put and the cur ant ou of the

voltage sou cc nteg ated se eftc tise cap citanc for dynamic power coirsumnrion is

tdt

Cetp er

DL

Again ths capacitance can be divided by the total transistor width to find the effective

apaclrccpe ISL is
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capdelayhsp
Extract effective gate capacitance for delay estimation

parameters and models

option scale90n

param StJP1 Must set before calling lib
lid /models/tsmcl8O/opconditions lid TT

option post

SubcirOuits

global vdd god
subckt mv

Ml god gnd NMOS Wl6 12 AD0 AS--O P00 PS0
M2 vdd vdd PMOS W32 L2 AD0 ASU P00 PS0

ends

Smulat on net is

Sd 3rd SUP UP lob al

ir god pulse SUPPLY iris 5is ris l0r
Xl mv set appropmate al pe

t-rp oae
rca

mv OOal load

rv 25 red ad ii an

X6 mv M8 drive lmnea cpacmLor

odelay god SperM 00003 16 32 90rr/Ju lmnc in to

Optirriaetmoin setup

rIOdbume CitO Or oar in

neasuxe eirort par iwF cepF goalU
pa an CprYironptrai 2f if Of
node nod opt OS opt

in CoMi am Cc Uct

St

vET opr ot P6 UI or 40

lieasure movE

AL UI LY/2
TARS vd VAL SUPPY/2

measure capR
TRIO VAL SUPPLY/2 TALL1
TARG vg VALSUPI /2 551

measure movE

iRIS vr VAL SUPPLY/2 RISRE1

TARG vd VAL- SJPPLY FIL

neasu cap
RE PIY/2 II

TAR vo PAL SUPPTY/ FAITl
end

SP\PDLL3Y 55 Jock
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ae parasitic capacitance associated with the source or drain of transistor x12

ludes the gate-to-diffusion overlap capacitance and the diffusion area

perimeter capacitance and As discussed in Section 534 some

ilcls assign different capacitance to the perimeter along the gatc

The diffusion capacitance is voltage-dependent but as with gate capaci Circjit for exLacIng

cc we can extract an effective capacitance averaged over the switching efrective gate capac tanc

ansition to use for delay estimation power estimation

Figure 23 shows circuits for extracting these capacitances

They operate in much the same way as the gate capacitance extrac- 16

or from Section he first aro fanout-of-4 invertcrs shape X4

nput slope ro match typical gatc X3 drivcs the drain of an

air transistor MI with specified I1 AD and PD X4 drives sim 16

capac tor vhose value opt mizeti so at the delay of A3 anti X2 X3 at

arc anal his vue tf effective capacitance of Mis dra

la sinule ions mr tbe untofndt era asticapa ncesof

OS transistors

abic sts tn at au of to Circul for ext act

xLaca if ectpacitaues rc ic
31 to

uc

cc ye capacitance Gd isolated contarted shared contacted and merged unconacted

fi or ions he ap ncc foe irg he tra iust rs re vi ougi ha

Pa uo galL Cl wgthre ac Oi uvCfl

cc Fe AD if nensions art ha ed or he layouts of Fgure you
roe bst tetc you vii cesign hc total capaL ace of sfarcd ad ncrged

sfa ld he
sp

bet en vo ra swis sl arti thc ffttso node The capa
to ntsp rio arc atni org

in alSO ni it 9pir so3 fo iota

veil ip the apac ante pe or

3i 5616Oo

According to the RC delay model if nt trai sistor as gate capac tance pra itiL

capa itance Cd ar ta cc R1 fo \OS or R1 for pMOS thc rsing and falling

del of far oo rtc io can Fe acco ng
24 ays can cad be racasured fiom the no t- nvr er Cmu atlo in

icf lOb Lh gJ
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1600 Cdety/l6OOX per i.Lm

8000 C1/8OO01d per pm2

1600 Cdca/160OX per urn

1600 1600 Cde1 /1600X per prn

C1 isolated contacted 1600 8000 3200 Cdl/l6OOX per pm of gate width

Cd shared contacted 3200 9600 3200 CdOay/1600X per urn of gate width

Cd merged uncontacted 3200 4800 3200 CdOay/1600X per urn of gate width

3hC 3C tpdf R3hC 30d

R/2

30

RE deay vode to Onout of inverte

he dependence on pa a4tis can be remo ed by ccu ating tn iference benvce

del vs Iferent fan uts xa nple he diferen between ys fo /3 /3 ar

If

2r

Atiai 3C0 If1

r1 to pci Ic ad

ed Tf esc repro the ffec rye esistar cc ng nMOS and pIVOS transi tots fot

aelav esnmat on

When two unit transistors ire series each nornindily wo id have the same effectire

ress arce ving trw th oveta resistance How ver node processes where the

transien rs isully experier some velocity saturation each transstor sees smalle

nd ic cc less betty saturafon and lowr ffect ye sstance We car determne th

re stance simulat farn Ut of /3 tristates we of inver en as shown from to din

25 lint Ia easmlncr diff betweer de ay for 42 ard is

\tpd

LVpa32R jc
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is still known we can extract the effective resistance of series nMOS and pMOS
nsistors for delay estimation and should expect this resistance to be slightly smaller than

ft single transistors

h2 rHh5

C1cuit ex cit lug fect Ce ie cc cm

Et is npo taut to use real at
ipi op hen extra ffectve ns stance Ca ci

deity vacua viti np 1otci Realistic means tht the nput ant ou edge ae
be comparable itcu mint aplie tie

ltpu am ticu aste and the

fr ac decrea SC gc ts

sb 55 Co tic chara terstis of rarie fOMOS case fea

cc 80 cit scd dl 10

aat2 Lsd erte tam co cc usc node sprovde SM ant

flet nra is vre os er cud de ic OS
iod usc th ffusion sidewall capacitance is treated the same ong the

ott dtheotlers is cOSa di or proesaeso eate icr icr V5 11
gsa cia mcs

/0

ca Ta Ic is caps et ce

ol

as tie at
area cc des atc over aps he erpaci ance of the erged diffusion eflccts

Cu gate us claps bu sri cc rim or rca

he effectve resistance 5LC de transistor las decreased process scaling

propo on feature sizef Fowcver he rears ar cc at ur 1/2 nMOS ansis

/2/ named rough constant around co st seal ng Sn ory

die TI effec we ess ance of pMOS tra istors nes that of MOS
cia sis pa of nMOS tran iciore in cs each ha owcr effec esietance Tar

ng device aus otch 01cr and hm cx rrcn ci ci tt saturatlon

es OS is SLOY ow less tOt OU mp nent because CC as

ebci vuttu beam
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Vendor Orbit AMI HP HP AM AMJ TSMC TSMC TSMC TSMC

Model MOSIS MOSS MOSTS MOSTS MOSIS MOSIS MOSIS MOSIS MOSTS TSMC

Feature Sizef nrn 2000 1600 800 800 600 600 350 250 180 180

33 3.3 3.3 25 1.8 1.8

fF/im 0.37 18 0.30 0.30 0.20 0.20 0.27 0.57 0.73 37

fF4am2 0.05 0.15 0.06 0.09 0.25 028 0.73 123 0.78 0.77

fF/im 0.31 0.13 0.34 39 0.28 0.29 0.32 0.30 0.22 0.18

Gjog n/a n/a Ia n/a c/a cia n/a n/a n/a 0.24

so and fF/cni .19 09 111 27 1.14 21 .63 1.88 150

fsharcd im 182 55 160 14 hO 2.04 26u 2s0 62

gas F/pm 48 98 24 66 09 .41

gi kI M2 .9 10 42 69
cc1 lpm 95 40 628 59 101 2.24 00

06 03 06 048

ns 51 FO 66

TI 4A1 tm 226 71 36 659 21 45 5/ 36 78.2 93

00 50 1/ 08 40

fF 036 33 029 29 OF 066 .3

SF/nY 13 016 032 0.7 042 048 091 139 04 085

Im 01 02 0.2 06
r/j is c/a /a /a r/ 333

lat 26 42 36 24

11

rcig 4sn 12 1.23 86 1.56

11 pi kIn 26 40 19.9 22.6 8J3 6.F

If car Cs Fl atm 3.9 zI.4 33.3 F.4 23.6 3.3 6.91 s.06 .41

at 7i 0.91 0.21 090 090 0.8 046 0.43

ii ear xt 0.71 /6 94 94 93 0.93 0.88 a2 0.53 0.51

do pAijai 70.5 60 154 66.6 215.3 99 181 245 257 228

pA/am 18 1/.9 1.57 1.03 08 38 2.06 30.1 474 25.2

Jo 0.2

Cc delay fl/urn 1.77 1.67 1.67 1.60 iF .90 2.O 2.13 1.67

24 189 .70 90 83 476 22fl 292 2.83 Oa

O4snvdkIt 826 /1 29 27 230 32 210 53 994 756
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Threshold voltages are reported at 100 mY for 16/2 devices using both the

ci stant current at O.1 W/L for nMOS and ft06 P/IL for pMOS and linear

rapolation methods Threshold voltages have generally decreased but not as fast as

noel length or supply voltage becaus of subtf reshold leakage Therefore the T7DD/V1

is decreasing and pass transistor circuits with threshold drops do not perform well in

viern processes

Saturation current per micron has increased somewhat through aggressive device

sign as feature size dec eases even though constant field scaling vould suggest it should

nain constant OFF current was on the order of few picoamperes per micron in the

st but is now exponentially increasing because of subthreshold conduction through

vices with low threshold voltages The current at threshold using the linear extrapola

method is soriewhat higher than the constant current corresponding to the

ghe threshold tages fou by tfe linear raoolatior method

lFìe ga canacitance for delay has held steady near fF/am for many generations as

aheg theory would predict The gte capacitance for power slightly higher than that

Fr dclay as diicused Sectioi

b04 inverter delay has st ad ly improv wit Ic ur us fi

edct fts our rule from Senior 43 of 1/3 to 1/2 of featu iewhen id

cos or dc nd re ometers

alle s5o is how the 8Mb 180 nrn process character sties vary with process corru

he ter Ia ar eo it ts

ne wee ucs at 70 case we ocess ite ei-ay var ci vy v1/u

about 10/ of supp okay ci ge em ag as cc we iti

ie nan vary data trorr Sec ion 4i.4 sate and dii wino capacitance change ony

igh ly vith oroce dice esistan reversely oroportionul supply vo age

ib lea ag

gi fa vi ci vher thre ho so ta

he device raracter zat tcchniq es the previous sectio ypi ally rur ci cc by

gi see vii arc tam liarizirg Ac ml cs with proces is sed mere often

ehara terize cut re ircuits This Sc son gives so vie pointers on ui irg sa hs and

describes how to fir the ansfer cha aeteristics logical effort and power consur

tb of logi gate
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pMOS
1.98 1.62 1.8 1.8 1.98 1.62 1.8

70 125 70 70 70 70 125

fF/pm 0.37 0.39 0.35 0.37 0.37 0.37 37 0.37 0.37

F/p.m2 77 0.72 0.82 0.72 0.80 75 0.78 76 0.76

fF/p.m 0.18 0.17 0.19 0.17 0.19 0.18 0.18 0.18 0.18

Gte SF/p.m 24 022 0.26 23 25 23 0.25 0.24 0.24

Cd isolatedl fT/pie 12 1.0 1.16 08 1.16 1.10 l3 12 112

hared SF/pm 1te2 158 165 58 60 64 F62 162

Cmcrged 1pm .41 143 38 1.45 10 43 42 41

ig
78 423 20 13 43 00 13

series kOp.m 00 1.23 3.42 .3 2.42 78 32 176 2.17

Co stl 04 035 04 051 01 043 037

Ic
23 50 70

pA/p.o 39 61 849 16 99 101 8i 47 689

11 ar Vp 12 83 29 04 40

IF/p ii 53 34 31 133 33 33 33 033

fT/p.m2 85 79 91 0.90 81 84 87 0.85 0.86

F/ 020 019 12 02 020 9.20 .20 020

ipx 03 0.36 032 UI Ui4

Cjieolat IFp ii 20 28 1.28 123 26 24

erg 13

4mg 960 700 601 53 732 60-1 SS

R4 res 03 98 73 18 98 68

nst 043 43 45 0.50 36 43 43 050 038

941inea ext 051 05 0.52 USi 044 05 051 05 046

pA/pm 228 3s 144 209 248 273 184 238 222

k/p.m 252 52 748 766 12/ 267 237 276 AS

er .A 10 114 121 .09

de1ar fT 1.67 72 .61 165 165 1.6 168

power fF/rn 06 12 98 2.06 2.07 09 03 2.01 .06

fQ my delay ps 75.6 53 112 744 776 69 83 69 80
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delay of most static CMOS circuits today is computed with static timing analyzer

cc Section 8.415 As long as the noise sources particularly coupling and power supply

se are controlled the circuits will operate correctly and will correlate reasonabl1 well

static timing predictions However SPICL-ievel simulation is important for send

circuits such as the clock generator and distribution network custom memory arrays

id novel circuit techniques

Most experienced designers begin designing paths based on simple models in order to

iderstand what aspects are most important evaluate design tradeoffs and obtain quid
ative prediction of the results The ideal ShocUey transistor models RC delay models

logical effort are all helpful hero because they are simple enough to give insight \Vhen

ood first pass design is readh the designer smulates the circui to veriftr that it operates

fly nd meets delay ard power specihcatioi Just as few new software programs run

rcctly befoie debugging he simulation oftn will be incorrect at first Unless the

runer hi ows what results to expect tempting to tis St the false results tha are nicely

ntdwth gu ng ip gnfca gore .0 cc th cue to corrct

uld be checked across design corners to veriIi that it operates in all cases Section

ova upico sc si to yariou Ott

hi ons cxc exoc it

irs ruct rcwt ide that ap ores of the rd van co id tio ncla ding ea

rm rupr ate abcit cc Ic cc

iitcl
ig

is po ta it vo it ider the cffect of mismatches that aie no given in

cit ac SPTC

ii ore ic ul iv stakes and are more dith to ebug good co

msi stostar pIe aid sri dd nplexit Cflitil afte achs0 ha he

csults still make use

dc at ssef Ifo find ng arse char ctcristi md use vara rs og

tc oc ro

op to Iigicu2 as rc as

cad gtc big iv 26c shos hc mu ation ts he atic etc ha cter

carl nietiic 00/L Tic d1r sin sic has owc suitchi
ig

rc is op ph bea so is iv feedbac

is hft keepci

Note tha whcs the input an the dtnamic inverte is in evaluation

ne output ould be ta do at eithe or Fo find die transfer cI aracteristics we initial

gate viA tut using the ic conamand
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ay1 H16
y2

H16 aHl6

yl y2

2
.0

1

1.5

State

.01 nverter

Dynama
nverter

05

0.8

tr naler 1sis

log ci ITo rd Si of ci in ga in iv cci red fi

stra gh cx to de vs anon simu ation resu icr cxc np

iaporta it to iv vit an apy opr ate vivotort at de vo ages

inc igu 28a ef ow npie of fr ut nr ag cx

\ijN oa in ge 2t
os ad vs at ou tsr rocess fit as nug inc oCr ih 28 ps

hin cv gE tF rcit cx sot

flee ahoy hat he clay del Site nra as Ion as hc sops and

put slopes ate conSiste

The SWEEP commaru is convenient to ary the fanout and repeat the tiande SITU

ation ii ultipic lines Fe exanipi the fo owing ca runs eight in lations varyir

from to in steps of

tran Ips l000ps SWEEP .1

haact acarent lbay oucai vea dir ianagcmhas hat

generates the appropriate SPICE decks invokes the simulator and post atocess ii

fies to exti cc data and do ti cu ye fit
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Recall that is the coefficient of fi i.e the slope in delay vs fanout plot for an

verter Given that 15 ps in this process we see the NAND gate has logical effort of

7/15 1.11 and parasitic delay of 289/15 1.93

Table 5.7 compare the logical cffurt and parasitic delay of the different inputs of

iu ti-input NANI gates for rising falling and average output transitions in the TSMC
SC nm process For rising and falling transitions we still normalize against the value of

und from the average delay of an inverter Input is the outermost closest to power or

ground As discussed in Section 6.2.1.3 the outer input has higher parasitic delay but

ghtly lower logical effort The rising and falling delays in this process are quite different

ccause pMOS transistors have less than half the mobility of nMOS transistors and

iccause the nMOS transistors arc quite velocity-saturated so that series transistors have

ss resistance than expected

invdc ap

Static and nan orter DC tr rater cl-ar cC rrtes

parametera and node

option ace e9On
/ro rc 0/iodc

temp 70

optior cot

.-.---
u1

odd vdd gio SUP

Vcli 1k jnd CPP

Static Inerter
11 gd gd NOt 516

ii
MS p2 gnd god MVOS L2
114 odd odd P1O

vdd vdd CMOS 554

M6 p2 god gnd NMOS 554 L2
M7 p2 vdd vdd CMOS W8 L2
.rc Vy2 SUPPLP

--
Stir 1u

doVa0 800
end

INVDC SPICE dec or PC -ra sfcr ii vs
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180

160

140

120

Device
100

Under Load on dabs
______________________

Shape Input Test Load Load 80

1hcX3dX4f ___
Cas c1 dCCC LC of \/ \JIj

or

cc as tc

cac ro Thc og tu 1V gate as st cdi

ii Soc is acT satur cas the eItis

loWe Ut so effect is loss pronounced bccausc 105 ra sisto hay lowor nob lit

ie fo rl ac

voltage Tb oaraCt delays sho ore tor ca of the var afon cia 1W

as dhf ani is

082 142 190

36 T9 ii L60 22 41

380 31 490 211 31
/3 95 34 94 t86 90

136 260 154

89 08 81

80 IA 42 36
Ti 71 28 32 9i
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This data includes more detail than the designer typically wants when doing design

hand the coarse estimates of logical effort from Table 4.2 are generally sufficient for an

tial design However the accurate delay vs fanout information often augmented with

nput slope dependence is very important when chas acterizing standard cell library to

with static timing analyzer

Vendor Orbit AMI HP HP A1VIT AMI TSMC TSMC TSMC TSMC

Model MOSIS MOSIS MOSIS MOSIS MOSIS IVOSIS MOSIS MOSIS SIOSIS TSMC

Feature Sizef nm 2000 1600 800 800 600 600 350 250 180 180

33 31 33 .8

O4invde1ay ps 856 7i7 297 427 30 312 210 153 994

ps 170 143 39 84 60 40 30 20

rverter 00 L00 00 tOO 00 00 00 00 00 00

\A TD 107 07 19 08

17
T4 48 35 137 38

t57 62 t59 58 t8 t60 146 30

0R3 2J6 232 223 22 2O 0/ 202

NOR4 55 74 64 L5i 68 24f 38

river er 08 07 05 13 18 25 33 18 93 03

8/ 79 85 32 JO 90

NAND3 34 22 30 40 79 08

AND4 464 442 454 52 alo o3 426

NOR 622 6U
NORI 792 871 SM 914 065 106W 0/ 703 638 O5

Recall om Section energy and power are proportiona to the suppi urrent

They can be measured based on the current out of se power supply vo tagc sourcc For

exampi the following code ues tf INTFGRAt command to me su charge and or rgv
delivered to circ during fi st 10 is

measu ctarge ITFGRAL vdd FROMOna TOiOns
measure energy param chargeSUPPLY
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Alternatively HSPTCE allows you to directly measure the instantaneous and average
power delivered by voltage source

print Pvdd
meaisure pwr AVG Pvdd FitOMOns TOlOns

Sometimes it is helpful to measure the power consumed by only me gate in larger
circuit In that case you can use separate voltage source for that gate and measure power
only from that source Unfortunately this means that vdd cannot be declared as global

When the input of gate switches it delivers power to the supply through the gate
tosource capacitances Be careful to differentiate this input power from the power drawa

by the gate discharg ng its inteina and load capacitances

Iany rcuits are sensit ye ti mis natchs betw mm nally identic trar stors For
exarrpk se ijff hld respond to mal tfe ci al

ag
itica st ri dd set

fernt
gr er

ir ade 11 tll
it

mis nate be wee mrter ii ly ider ti transistoi can be is ima
atLrlbutcd sfi ts ireshok oltarre and than sd is 29 sho

it ila
it tp en by iv ucrit ret

wIth different hanne length and volt age sousce node ing the iferen reh 14

is age tli na ed BS models lo no allow
setting he tram

sis Ic agth sho san imum pported by the process
Obtt nm Cart at ter rato scar he

wa ci ha II ng threshol rut 80 0CCHi HW/L It tarp am the nsii or at ot adja md nays ci bs

fer pe rp
di create en lee is seed i.e ccv rr vi It

be wwn the vo clocks soltage dif rence ca he is ode ed

Iii nnma ffe it it tage so ret rr ocra ore di len 11 most eas ind
gh parat sir no ons at ffa en tee peratures

Monte Ca lo urn lation can be used to find ic effects random iatior or circuit
consists of running umulaton epeatedlv with diffeest itdon ly ch vi ameter
se To use 14 nte Carlo Ft or th il Fe offset ntr

hi era ople Cig sh vs iVOS ode car from ni l2 nodic
to hand length width and thres old vu tmge ci ante XL nd XIV if off tile

length ard width
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nader NMOS NMOS LEVFL1 TOX4Oe1O KP155E-6 LISMBDAO.2
VTOO.4dvthn PHIO.93 GAMMAO.6
CJ9 8E-5 P0-0.72 MJ0.36
CJSW2.2E-10 PHP7.5 MJSW0.1
XLdx1 XWdxw

Sample Level MODLL card with offsets

Consider modiing the F04 mverter delay simulation from Figure 5.10 to handle

length and threshold roltage mismatches given in Section 4.7.5 The tran card must

augmer ted to include the number of times to repeat the simulation with random Va1

Th random distVbut or of each of the parameters must also be specified igure

31 show these chang fo 30 1EV onto Ca lo repeti ions The channel leng is assigned

for cffsc the range 12 nm The oily OS threshold voltage offset has

as ds er art in wi icr of

us nhn iii us Sn vtao sri

as to

Mouse Car aront ysis

ma an ave age un nu maximum and andard do on

mputed from the repeated simulation the 04 example he average propagation

clay 74 witi stat dard devia ion of 38 caus prima liv by the ra and

le va

.6

ori cc pxtasiL
cs LSO be ey cp taa caea11 de.s3c Whoa ar ctctal

out is available the wire ometry can be directly extracted only Lhe sche aade is avail

ab he sigre aay need to stimate re lcngt For nal gates even tie

capacitance of ie wires insid the gate are imp rtat Therefo some companies use

pa asiti cstimatortcoF to guess parasitics
sch matics based on the number and size

of ti mnistors In
sy ease the designer must expl fly model long wres based on ther

esf mated eng hs IC floorplan

nrc iv 1cr gth ai pi are isv estimated icy ar iv con ted

rcsistan an capacitance Gus ng the methods dscussed Sectior short

macre wire resis ance much less thar ga resistance can be modeled as lu uped
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capacitor longer wire can be modeled with multisegment i--model four-segment

model such as the one shown in Figure 5.32 is generally quite accurate The model can be

readily extended to include coupling between adjacent lines

TCI8TCI4TCI4TC/4TC/8
In general interconnect consists or multiple interacting signal and poster/ground

lines YoungllO For example Figure 33a shows pair of parallel signals running

between pair of ground wires Although it is possible to model the ground lines with

For r-segmeri resistance and inductance per unit length it is usually more practical to treat the supply

ercoinect
networks as ideal then account for power supply noise separately in the ooise budget Fig

ure 533b shows an equivalent circuit using single ir-segment model Each line has

series resistance and inductance capacitance to ground and mutual capacitance and

inductance The mutual elements describe how changing voltage or current in one con

ductor nduce current or voltage the other

HSPICE also supports the element that models lossy multic nducto transmission

Fees hs is more converent than co tutng an enovous v-model with resistance

capacitance nductar cc mut capacitance and mutual inductance Moreover HSPICE

has built-is two-dimensional field solver tha ca compute all of the tLlms from ross-

sectional description of the is teiconnect Fgrrc .34 gives
SPICE deck that uses he

field sol ret to cx ix tie dc flint values del he liii itE thc ciciver

ti os in ct tha Fri

Pc tr tc in

ta cal disc he eper

wile aedwiched till pm of os ectr ovi Sc ow Txe

signa traces are spcc gis from the grourd ines and from ea hit ci

rg CLfiekLoi

in the HSPIC manual It generates the transmsslon lire mode and writes it to tic

igtt _TiMc

is C11b

n2 L12T
C22a

22
c22o

LssI irulJcoi to rcon lines



5.6 NTERCONNECTStMULATON

anar rlgc file The file contains resistance capacitance and inductance matrices and is

own in Figure 535

nterc000eet ap

Parameters and models

param SUPPLY1
ncluda /models/tsmc180/modelsap

temp 70

optiOn post

Subcircults

lobs add god

bckt ma 360nm 720nm

god god NMOS LlDOnm
ASN45Onm PS 2N900nm AD N4500a PD2N900n1t

vdd add PMOS LlBOnm
SP450rit PS 2P 900nr AD P450nm PD2P900r

olpu rot cc pa alec it

aotaial de DIELECTR LR3
to aol cope METAL CONDUCTIVITY cc

op ad
fsoptions opt ACCURAY-MEDIiJ PRINTDATA YES

si pe widewixe RECTANGLE W1DTH2s HElGHI-0 7uri

ode ao lanar 0Db FieldSolvat

IAYFR AC pstack OPIJONS ipti RLGCFILEeoplanar
CON VU HAP dia OIl GIN UVIE lAG copper lYDET at

ORDU TON SHAPE tidevi ORIGIN8ur 9am MATHRIALc pper
ON UCOR3IA crdawra IGIN- 2am 9am MAIERIAIr-cower

ONDUCTOR SHADE widawira RIGIN 2Ourr0 9am iATERIALcopper TYPE deco

oi l1

add god SUPPLY
yb nil gia PuLSE SOPPab Opa iOOpS lOOps SOcips OOOpS
WI n12 n22 god ohS n23 Fsnodelcoplanar N2 l6mm
Xl nil i12 ira 40

X2 r13 n14 ma M0
XI gr n22 baa M40
X4 n23 i24 ma 020--

incus

mar ips 000pa

aid

ST CF ci or OISy ruItc cc arsnis
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LH/m CF/m RoOhm/m GoS/m RsOhm/msgrtHz GdS/mHz
MODEL coplanar MODELTYPERLGC 512

Lo 6.68161e007
67226e007 668161e0O7

Co 25384le011
136778e0 53841e011

Ro 12400

l24008Go
00

coplana ge

The cqu hi ffor ret ey are on

aol on the we ha pr nted fc ra es 12 /mm
ndartanes so 067 In and 03/ fe CD3C tan matrix

repr sen scoop gcaactaicsw.th gatse in bcrsan tiesuno alt

cc ardor

ci gta re ii
i01t

ii ad ie dcvi es wth
aig uc resi tance dr yen sha edg

rates ft re nducta ICC re ci uced ri ov tea ii te

LqUL
noise at bota ands ye

20

i23

oo Sop Oop SOp 200 2501 300 350p 400

frrnsra ajar hue raco at
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D1tingmelminaiq desg it much room Pci utto

fhe diffusion capactla me can account for 20% of the comuare circuits by model on tie chic pa he rath

delay of an P04 inverter and more than 50% of the de ay er han the er Ore circu You ever this req Ores that the

of hig far ii ou fanout gate Be certa ii ion simu designe correctly identi Ye path mat will Tie mcst cdt

atng crrcuits ha ea at pe ir leter the source ical somebmes this requires much conside sOon

and drain are nuuded the Omula dons Tntercorirlo

caoacit0 cc is also moo it bu difficult to estim te

So lo ig res tie apac ta ice and Rd delay represent Many PAD systems ntroduae coal ngfac For exam

is of the oa.h deay co lS to gm sm aci cO an ni dmv oh mc design mu

UIL hi Ic riign broat cr0 OCir rich ami um pr
cud discover if m0you that vCc1ayn ton TScCADt as nay ir rod asm tavo
portani mougl do id or ci ru arges al ct change ci ythg ic pm ccc ansislu 0zes

corm Pro gee tic lasout etlec ing ii 5cc ngis note mom ic nulation

rasulta oo roobu roeairo rig rigisro

cc cop
15 or

aynJ_
cerOr is subsar ally shorter when rth input is ap Novicc SPIu use Mien trust be rem sot mu to

out cnn ci pi so al she our Tb aa Cr 35

cci im uS CO 5C_
ettvwacefmn he er ip be

easer rOy in at ru ci cc

Ga de av cc rare ri gly emn or ic oaf or tt

cu cS it tic ft

ark 1r14 ur mc m.e mr Oh sane mc
of in Ti jO if Sc to Icrs er

Vic ex

Ira nail it or at non Im ru

ircl de 0.n mdload .0 ro naht1gnmust doer1 it cm sam ns

a0 oh rersiori .rc .1 ro Thm var if ucv

mnges are de cal ori nga nus

eeevdcaarbttcsn ir IC mmd ed

Ge as soda ds ansso wdths Son to cc nd he or or cc

ec vga no Per pi mOb caofc cc ro ls mY
citoi izes oa venUe ial des gn wOO poor Ir enr ci acm cc Ml dcc igg IC

ci zes ad cmv cl no mc asio en otr es Sc if the smu ces agee hy ro

tno ieee Ms cope io ape am air 1e ii ua
cUr nthe cc
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Leaving out diffusion parasitics

Forgetting to set initial values fo dynamic logic
re aed error common among pcwians hem avirity of

or sequen ia cii cults

crcuit dekgners is to use SPICE too much and ones

brain too lIttle Circuit simu lot on should be guided by

analysis

If option scale is not osed transistor with

would be interpreteo as by meters This often

Some of be commo mistakes in SPICE decks include is outside the legal range of sizes in BSIM mood file

Ho owitzO21 musing SPICE produce enor messages Similarly

Omittir the commeot on toe first inc
drain diff sian of jam should be specified as

co AD Sp opposed ma the comir cc has
Ccc he rewl ne at the end of tim Ocry

ofPfl 7A0 5oPD
Court ig the option oost co vrcard air en

us go wrveform vi vol

When used properlh SPiCE is powerfu tool tc character ye the behavior of 105 cit

uhs Tb hea vu brief rf ru if

ana yses to characterize ann op Imize simple hrcu I1 ppo ma ft ren

tranfstor odds ii he time of mr the 1V3 tom ci nost do uwd an

descr bes MOSTET behavior
ja ito uell for most dig app iation When specifying

the MOS of con lecr or you nust sid ide lot lv the term nal con ections dra

ga our ci ml ngth bu ea er of cc

drair used mp si tm

IC odds so an ti ti are mac 1c foi hard

ecag is
or ft ti mc ccc

the miff non capac CD id the mhrmhold vol age ieakagc cu ent You can so

cei me he de1m ianout iu Ler if logicat cEnt and pa asiho do
ay

library of
gates make quick stimates of circuit performance

oat desigi era so SPIC to ci ter real rcuits Du ng im ary Es gn
you can model the path to bloCs fete ne cvb ther ire cvii meet perfo

ccc qu remerits good odd dcscrbn not sly le dr ut ts if hr also the sput

edge ates the ou put loadi
ig or sines suh as dufision capacit ore and mtercon

fort Most nterconnect is he am ed fo eg mode tF ugh
duct cc nes in ortant the lo ii ci dvi trarsirission in elemmt

convenient Novel and sky ole uits should be simuiated it nultja le des go cot ie to

ism re tFe will work oo reedy os ano ir 0cc sing and enviro smc As



EXERCISES

ICE is prone to garbage in garbageout it is often best to begin with simple mode

nd debug until it matches expectations Then more detail can be added and tested incre

tcntally

ate the book Web page see preface contains SP CE models and charactcrizatio

en ts used to generate the data in this chapter Unless otherwise stated try the exercises

sing the mosistsmclSO model file extracted by MOSIS from test structures ma sufac

ed on thc T5 80 nm process TTTT conditions

ad ti averagc orooagaton delay of snout of rnvertc by odif ig

CFdeckir figu e5 JO

wI et cc stage
loes he ax Exercise th is drivw

vohagc ste rather th
pair

sF ng erter

of Ys

dirni
crier vitti a3I U/V to

vs ri ii in

oeratc se of CU ike ose iguic 16 for MOb pU/U

secta rlsio asiatIc of au rzceuoew
ii

ml Sfo

hr nun of CS1

cs

Jse ii cha Sc to ll talc os ud pars lay of

ANI grief iheou ci os

10 Exercise cot parcs tv desigr of inpc AND it ate ac dc gn

ad conip cc tIc avcrage delays at a1u of dy eat Ia on

faster Lv th is eeL ci uk aloes of ndj gec og

fort leulations on doc the best delay Lompa cst nat twit owca

rtt 16 kin cf

11 xc ce asks to is nate the of log nc you cs

at
i1

sid you tin etc se ii tep

muff sired tranvstc



FC
Combinational

Circuit Design

6.1

Chapter we introduced CMOS logic wh the assumption that MOS transistors act

i-p swtehe Static CMOS atcs ned omplcmen icy rMOS and pMO netv ks

drive ind oufpnts resnertwely Tn lpter we ced tle de crc nind irc

gica ffort to be te und rsta tle sour- ofdclayu stat CV OS logic

In this chapter iae exarime alternative CMOS logic igui 510 is al ed circuit /ivn

hi lethevastmij ty de gnssynleszeexcusncr wosttcCLl bases

ci ustotr deign uses ate CI\IOS fir C5% ftle oc gh spe lo owe or

oi ou his

-t etik
cc ni sir ti cc -in cs 10 voc cc its ir cc

tot rev

As pike yet still se nod dealt lob depe

AV
ccs fa sat mpt educeonco Cite is rsc transsoispi

de ore cv tF an IV foi the same u-ic and cc cc Sane cr OS vo at

fI Ii

tic

Ct rawbaek of tatie lAy is is nice but us\ OS arid OS ai

pu Do out to i-c pMOS as st ign fleas

ainc uthlpu cpu dovi t-tici\OSIa atsJcv

Ia ge log cii effort any fas er rcuit farrilses seek to dr i-c on nMOS ransist ci

the inputs tl us reducing capacitance and logical effort kn alterna vc mcchnism must

ovided to pu the utput higl Dc ermining when to pull outputs igi- ovales

non tor ng the inputs outputs or some clock nyc ci Monitor ng mput outputs tsev

ably loads nodes so Jockcd cireuc are of en fasteu 10th clue cii be pr ided

deal ek fs is dcv ages rust

tun en cud Scme crest far iles redu ud voltage si-log nprrs
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propagation delays and power consumption This advantage must be weighed against the

delay and power of amplifying outputs back to full levels later or the costs of tolerating the

reduced swings
host of other circuit families have been proposed but most have never been used in

commercial products and are doomed to reside oii dusts library si elves Every transistor

contributes capacitance so most fast structures are simple Nevertheless we will describe

many of these circuits as record of ideas that have been explored Afew hold promise for

the future particularly specialized applications Many texts simply catalog these circuit

families without making judgments This book attempts to evaluate the circuit families so

hat de igners can concentrate their efforts on the most promising ones rather than

scares sg for the gotchas that were not mentioned ii the origiral papers Of course any

ki evaluation runs the risk of overlooking adsantages or becoming incorrect as technol

og rg si you should cycur own judgnicn

Stat CMOS 1ogic paskiculas1y populai because 0f its roSust sass ise th corre

Sf0 scntuC ii dcc sc ng so hex rc in logic

an afict cc Other ii mit SimS es are prone to nurr erous pawiolcg es

nc ig hargc sharing lealcag thresho drops and tios or traints cc using

en limit ta ii is sata ders he pat si fogies and check th tl

tIi lmg

dc bch or rd jo ye dis ipaSo if cal at spac an

gh leve ite decisio iv prec Os iS ba ed cc

some ides ow-level ccc it opfons

sa ITS rip
og gat SV 00

ii as as low power sitise to de Ce var toss casj to des

ii go cJ SD ol ii as ai able an las cc Sb asses

cxc smg is he
ga

Alas se cau of sot tl tc

eve it iallvwi se rrect an er Inderd ar ASIC mchodologies orly allow

static CI OS rruits lhis section beams so isber of techniques for opt mir ng

static CMOS ircuits

Ncsenthe ess perfo man or are -onstraic ts occasionally dictate the ed for other

circu families re uundes of sect ii eser es se rios pular circuit families

ts vito
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signers accustomed to AND and OR functions must learn to think in terms of NAND
NOR to take advantage of static CMOS in manual circuit design this is often done

ough bubble pushing Compound gates are particularly useful to perform complex

ictions with relatively low logical efforts When particulat input is known to be latest

gate can be optimized to favor that input Similarly when either the rising or falling

Ige is known to be more critical tF gate can be optimized to favor that edge We have

sed on building gates with equal rising and falling delays however using smaller

OS transistors can reduce delay power and area In processes with multiple threshold

tages multiple flavors of gates can be constructed with different speed/leakage power
adeoffs

Cl/lOS stages ire inherently insert ng so AN cr4 OR
thus trust be buir NP NTJ and $O gates DeVorgan asr lips

t1 is

erS On

JBAB 62
zl4B AF

rc gra It /5

4a
erred inputs lIe sane re at onship applies to gate more inputs

rg btrver hese sen ora is cas on vli cboad id

a5 othp

cr ad tb ta 11

/f dl 55 ron pound es corn uting sano in ox hi at

ac og cc

Ut si \N /R1 /0 22 atcnd5 erter asaho ii

nFig of

cli tr b1f fhr
1T

ov ott thc

0122 irdax reconpexcoixpcu /0 2at hctraisstorr dt sac

en ye same driac as unit inverter ac log 5a c/or of cad mi ut is

at of wt aerts we that orpu to lic it caps cc oF

ver Fo AOI21 gate ths ream the log -al eff rt sigh one

the OR term nal than for the nvo NI tcrnunal he sr/tic Ii

crudely estimated from he total diffc sion capacitance on the output nodc by

ng tIe sizes of he sistois sttacfcd he
itp

TIc complex

no be used for compar son bctwccn logic lam/cs
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Design circuit to compute AR CD using NANDs and NORs

By inspection the circuit consists of two ANDs and an OR shown in

Figure 63a In Figure 63b the ANDs and ORs are converted to basic CMOS
stages In Figure 63c and bubble pushing is used to simplify the logic to three

NANDs

fD
Pub Ic UP \D /OU

verter 11012 tompexCIC

____ DiL2 12 IL

DBH_c-
6/3 6/3

6A

3/3 35 613 6/3 g5 813

to 5/3 6/3 8/3

/13 6/

p2/3 8/3

16/3

Oluca toi ar pa as ace ay A/1 gate
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Calculate the minimum delay in to compute AB CD using the circuits from Figure 6.2 and Figure

3d Each input can present maximum of 20 of transistor width The output must drive load equiva-

ut to 100 of transistor width Choose transistor sizes to achieve this delay

The path electrical effort is 100/20 and the branching effort is The design using

NAND gates has path logical effort of 4/3 4/3 16/9 and parasitic delay of The

design using the A0122 and inverter has path logical effort of 6/3 and parasitic delay ofF

12/3 Both designs have stages The path efforts GRH are 80/9 and 10 respectively The

path delays are NFIW or 10.0 and 11.3 respectively Using compound gates does not always result in

faster crcuits simple 2-input NAND gates can be quite fast

To compute the sizes we determine the best stage efforts Fl/N 3.0 and 12 respectively These are

the range of 2.46 so we know the efforts are reasonable and the design would not improve too much by

adding or removing stages The input capacitance of the second gate is determined by the capacitance transfor

mation

C0

Fo ic NAND dcsign

100X4/344
30

For the 01 desio

32

TIe aths re shown Fwure 6.5 wi transistor widths iou stied to integer lus

AH IOBH 10

AHIO

BH 22 CH41Y
CRI0DHI0 22

Tm isistor widths fo ryan pie
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The logical effort and parasitic delay of different

gate inputs is often different Some logic gates like the A0121 in the previous section are

inherently asymmetric in that one input cci less capacitance than another Other gates

like NANDs and NORs are nominally syrnmctric but actually have slightly difiereist log

ical effort and parasitic delays for the different inputs

Figure 6.6 shows 2-input NAND gate annotated with diffusion parasitics

Consider the falling output transition occurring when one input held stable value

and the other rises from to input rises last node will intially be at VDD

26C VDJ because it was pulled up through the nMOS transistor on input As

2x 2G shows in Section 4.2.1 the Elmore delays R/2l2G R6G 7RC 2.33 On
the other hard if npu rises last node will initially be at because it was dis

harged through the nMOS transistor on in ut No cbarge must be delivered to

NAND gate rode LImo de ay is simpi RC 6R0
cst coal

ige wc dcaic Ac uatr spot to ue irpt eloc te sph coil te

zn bc th inpu loe he output pa tic

cc sn when tI ic is su tches las cc use the med ate ode

already be discharg se efo se signal knos to attn atcr ia he

ot cr5 ga
CS Ci ïe Cr

lie co ef cf

de co
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rise SC neat cdback WI he ne in see

co
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tsr orco tear For in plc onsi ini
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iLt
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his reduces its diffusion capacitance and parasitic delay at the expense of slower

esponse to reset

In other circuits such as arbiters we may wish to build gates that are per-

Frtly symmetric so neither input favcred Figure thows how consuct

mmetric NAND gate

Perfect symmetric
In other cases one input transition is more important nput NAND gare

han the other In Section 5.2 we defined HI-skew gates to favor the
rising out-

ot transition and LOskew gates to favor the falling output transition This

favoring can be done by decreasing the size of the noncritical transistor The logical efforts

the rising up and falling down transitions are called and respectively arid are

ratio of the input capacitance of the skewed gate to the input capacitance of an

kewed inverter with equal dr ye for that transition Figure 9a shows how skew

nrc ter is cons ructcd by downsizing he nMOS trar sistor his maintair the same

fcctive resistance for thc cr tica tra si ior whi reduci sg the input capacitance clause

thc unsi ir rertcr of urc 9b rcducm Fe og cffor hat criti al

ii .itror 5/3 /6 Of the ovc ncrt irs at pc sc of

effort on the noncr heal transition The logical dEfort for the fall ng transition is estirn ted

rtc ns vec te vn re

ov rt of /3 of

he rate ef iv resis ai Fe fast arsitu tive slow trans tion

in ts logical lb ts an so gi
fac vo is non gw ca

Sc LO-s ew ra eke fac or SI vdd sour ime

I-skew Unstewed Inverter Unskewed Inverte

eq rL re utar roi Fr sstance

/11 rI

yr

acon for km so or

Al ernats sg HI-the and LOskew gut car used when rnly one transi so is

nportant SolomatnikovOO Skewed gates work paiticularly well th dynamic euro Is

as ye shall see in Sccti

No ft at he nrc ogi ft eff rt of LO-skes

0R2 Fa ha lb ad gat pVOS us

nskewed gatc sormous orde to frcvd wca de hey cs tr inp
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Unskewed Hj AY9 4/3 gU
5/3

gd g59d

9vg 4/3 g35 5/3
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3/25/6

gd 9e

3/2 ivg 914
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In gereral what is the best P/N ratio for ogi gate the ati of obIOS to
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Reducing the pMOS size from to IA for the inverter gives the theoretical

stest average delay hut this delay improvement is only 2% However this significantly

re ices the pMOS transistor area It also reduces input capacitance which in turn reduces

icr consumption Unforturatelfi leals to coequal dRay betwen the outputs Some

i-ha can be slower than average if they trigger the worst edge of each gate Excessively

rising outputs can also cause hot electron degradation And reducing the pMOS size

is rioves the switching point lower and reduces the noise margin
In summary the P/N ratio of library of cells should be chosen on the basis of area

er and reliability not average delay For NOR gates reducing the size of the pMOS
asistors significantly improves both delay and area In most standard cell libraries the

itch of the cell determines the P/N ratio that can be achieved in any particular gate
Os of are commonly used for inverters

Some CMOS erocesses offer two or more th es

oltages ransis ors wi lower threshold voltages produce more ON cur cot
leak cap ally more OFF ca de ho FigS lo

ci lie as gates he ov csho ga se api

of crit cal paths ma 94 Wei98J hewed gates ar atm ow hreshold devic on

ci \ko visit rs

at oed ui ntroduecd Sectior 2.5 weak pull up devices and stronger pull
devices red pu -e ye og ii rt

ta liS ja ts tS ctect LLI OJ

to ui dov igt the boo on VOL ia be toe igh V1
cci Icy ic so the ow output does not turn the rear stage If tie

11 tao seal- di aa be oo Ri OC Ut iso dsspa a-v

outpu is iv as

io-nf bolt

el zl/ gig-esv er

crrr gic
-d twrk Fat sotc

in ii null up aetwork has been replaced weta singe pMOS ransistol that is grounded

alwa he ph var cror ri se erted be ahoi 14 ia strength

1/2 the effective widt of the nO pulldovin aetuork as co om se beeei

iv spc his best ghl oc dep ndert hut ul

range of 11 to 1/6

ca Ru ate the ogica effort of pseudo IsIOS gats suppose complementa
OS uV dclvc -u re Lot falli an ifons For Fe

widths show i-i pN OS tran istors produce 1/3 and the nMOS networks produce 41/3

Fr ap Ic arm he pie ance

ha lc tienta C\ OS ir ante vi2a equal cur nt fo at an it or Fo the
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nverter NAND2 NOR2 Genenc

4/3 8/3 go 4/3

9d gd 8/9

39 Inputs
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6/9 Pd 10/9 Pd
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12/9 Pyg 20/9 Payg
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Pseudo nMCS ogie gates

failing transitior the pMOS transistor effectively fights the nlOS pull down The out

put curre it is estimated as the pull-down cuir nt nlui Fe Ull-Up currcn 41/a /3

er-fore we viii mparc eacr gate to sit mae ret to aicuiafe oi cxairpl he
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1/3 the current of N2 to 1/2 P1 acts as current nurtot using feedback to esiabhsh tic

bias voltage at ffic nit to pros dc equi curie as NI 72 TF at to of P1 is son riti ci so

long as is large enough to roducc suffic cnt curtont and equal in size to P2 Now P2

ideally also provides 1/2 In summary when is low the pseudo aMOS gate pulls up with

curaen of 1/2 When hgh the xicudo nMOS gate pul down vr effective

current of31/2 1/2 To first order this biasing tchn one sets the relatire cur torts

to by trar vidth0 adeper de it 105 aria F0 OS es
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uign k-input AND gate with DeMorgans Law using static CMOS inverters

followed by k-input pseudo-nMOS NOR as shown in Figure 6J3 Let each

ins erter be unit-sized If the output load is an inverter of size determine the best

ansistor sizes in the NOR gate and estimate the average delay of the path

The path electrical effort is and the branching effort is The

rverter has logical effort of The pseudo-nMOS NOR has an average logical

ffort of 8/9 according to Figure 612 The path logical effort isG 8/9 8/9

so the path effort is 8H/9 Each stage
should bear an effort of JSH /9 .Using

he capacitance transformation gives NOR pull-down transistor widths of

gC0 8/9H
____

jr 8H/9

sized ine ters As inst nvert Fas trce un ts of inpu apacitare the

NOR transistor nMOS widtfs should be sI According to Figure 6J2 the pull
trar should be half ths dth The complete rcuit marked ssith nMOS

tnd IV wi ths dratw re

Pseudo nMOS PseudonMOS

op PN iv sptANJ sarka wit

load of trar sister widths

Vt St tea6 we nl\ QC NOR
8k 479 The total delay in is

ncreasing the number fir put ly mpcts the parasi de ay not the effort delay
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To other Such replica biasing permits the 1/3 current ratio rather than the

pseudomMOS conservative 1/4 ratio in the previous circuits resulting in lower logical

gates
effort The bias voltage V5 can be distributed to multiple pseudo-

nMOS gates Ideally will adjust itself to keep VOL constant across

process corners Unfortunaeely the currents through the two pMOS

N2 1/2 transistors do not exactly match because their drain voltages are unequalii
3/4 so this technique still has some process sensitivity

Also note that this

bias is relative to VDD so any noise on either the bias voltage line or the

Replica biasing of supply rail will impact circuit performance

neudo-nMOS gates Turning off the pMOS transistor can reduce power when the logic

is die or during IDDQtest mode see Section as shown in Figure

616
An altercate way to represert the ps ud nYOS ga to aw the

puh up at the inpjt an4 Iw pll-dwn ransistorc open drains as

alowi in Fgure 17 Mu tiple gates are tied togetl er in wired-OR

cHL fishior This epresci atio is called CMO3 Multidrciir Jog tfc

invento Wu87j but offers so advantage ow rot sal peudo ni OS
Ic V/a fate

oder CAD n/jo ants

68 frc
rc tr th o8l thUt

tie OR alnet an tcu so cC nes ad

symmetric2 OR so 88 cc ge ii sgcd MOS
hO irc id
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iIOS 11

sol rg hiph hat tfan din ar ordirar pseudo
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ifV dial ogi
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tra isista iz 10 arc abo ti strer th
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OFF
ON OFF ON

OFF ON ON OFF
ON OFF OFF ON
ON OFF ON OFF

at svmmetiic IN OR achieves both better performance and lower power dissipation than

nput pseudo nMOS NOR
ohnson also showed that symmetric strm turin can be used for NOR gates with more

pu and ever for NAND
gates see Exercses 623 24 he input syimnet ic NOR

en kcw ii buFc1ugoaicffoii ofrheotherstruciuicsarcurattrac4ve

Figu 19 ow Source lower Pull up
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as in Static CMOS gate whilef uses inverted inputs feeding transistors arranged in tO

ci nductior complement hr any given input pattern one of the pulFdown networks will

be ON and the other OFF The
pull down network that is ON will pull that output low

This low output turns ON tic pMOS transistor to pull the oppos te outpu alg en

the oppoc to outpu rises the oth pMOS transistor irns OFF so stat power dissig

cc Fc 20F ahws CVSI AND/ kND Oboe Fe
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-cr pull-down networks are complementary with parallel transistors in

one and series in the other Figure 62Oc shows 4-input XOR

gate The pull-down networks share and transistors to reduce

nputs
tise transistor count by two Sharing is often possible in compiex

functions and systematic methods exist to desigr shared network

CVSL has potential speed advantage because all of the logic

is performed with nMOS transistors thus reducing the input

capacitance As in pseudo I1MOS the size of the pMOS transistor

AB is important It fights the pull-down network so large pMQSAHA transistor will slow the falling transition Unlike pseudo-nMOS
the feedback ends to turn off the pMOS so thc outputs will even

tua ly scttlc to lcgal logic
level small MOS transistor is slow

at ouU cOii pRuientary ouUui Ugu ddtor th CVS

ga qu
th jo and high-going trass on adding

to ire de ontention irnn during he tchi ad so
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lilo vever they require careful clocking consume significant dynamic

ver and are sensitive to noise during evaluation Clocking of dynamic

ci traits siil be discussed in much more detail in Section 7.5

in Figuse 2l the input is during frec1aaige contention

ike place because both the pMOS and nMOS tiansistors will be

VThen the input cannot be guaranteed to be during precharge

crtra clocked evaluation transistor can be added to the bottom of the

OS stack to avoid contention as shown in Figure 6.23 The extra rooted cyra nc love ter

iii or is sometimes called afoot Figure 624 shows genericfooted and

njboted gates4

Figure 25 estimates the falling logical effort of both footed and

ted dyna nb gates As usual he pull do transisto widths are

to gi itt res stance Precha ccctr hile the gil tie nd

my rake dare rrnr a.owly ThrrAor ihe nrerbarge ranc1Sro

ith chosenfo twice unt res stance ihis re lutes the cawitive
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no contention between nMOS and pMOS transistors during the input transition The

size of the foot can be increased relative to the other nP/OS transistors to reduce logical

effort of the other inputs at the expense of greater clock loading Like pseudo-nMOS

gates dynamic gates are particularly well suited to wide NOR functions or multiplexers

because the logical effort is independent of the number of inputs Of course the parasitic

delay does increase with the number of inputs because there is more diffusion capacitance

on the output node Characterizing the logical effort and parasitic delay of dynamic gates

is tricky because the output tends to fall much faster than the input rises leading to poten

daily misleading dependence of propagation delay on fanout

fundamental difficulty with dynamic Circuits is the monoton laity requirement

While dynamic gate is in evaluation the inputs must be monotonically rising That the

input can ste LOW ard cmain LOW start LOW asd rae ILGH start HIGH and

remain HIGH but not at HIGH id tall OW
ne 06 show was efoms fo oeted drami

rivnte wli the nput vitiates n000tonicity ir
_____

ig prs charge the Itpu is pu ed en the

clock scs the input is so ac output

ii LOVT oc ic as ou

ii
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Li2
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ci ic IT
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sHe fo the ne gate

shown re 628b The dynan -statu- pa tog Uer called domino gate
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tie nex single
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in general more complex inverting static CMOS gates such

as NANDs or NORs can be used in place of the inverter

For example Figure 629 shows an 8-input dom
ino multiplexer built from two 4-input dynamic muluple\ers and

soH2Hs3
DOH D1H HI skew NAND gate Th is often faster than an input

ynamic mux and HI-skew inverter because the dynamic stage has

less diffusion capacitance and parasitic delay

Domino gates are inherently noninverting while some func

S4H 5H S6H S7H
tions like XOR

gates necessarily require inversion Three methods

D4H D5H D6H D7H of addressing this problem include pushing inversions into static

logic delaying clocks and using dual rail domino logic In many

Don no co te sir loc in eta
circuits such as arithmetic logic units ALUs the necessary XOR

Mo age gate at the end of the path can be built with conventional eta in

CMOS NOR gite driven 1c 1ai domao crcu owever the

XOR ootl longer is mont ton caily ii and thus cannot

direct dive re dominc logic
od cppic ach is to cc tlv cascade dvnarn gates

thout the statiL TlOS inver er delaying toe do to the later gates to ensure toe

inputs monoto ic du ing evaluation is co ni or ly Os ai di ssai

ones be

Dual rail demi 20 gat de aLh ng ic th ii

wirn he input and output sign pairs or cut ed iv th roe ce Thb

rk _i c__g ott

gate hgl- or The /wire serted to ndicat th the oetput of the gate is ow

he lie gate is go tint _b is as of old

xci hot ssc ted sinultan sl dun cc ct ope o0

cad

Dual al domno gates aceei
both com neon ispuD ard 1ut

both true and complemen ary outputs as xc it Farure 620a Obscrvc toat hs is

dertical sta ic rc it in gi to oss p\

transinors are instead connected tie prechorge clock Theieh duabra do ii can

be viewed as dynam ft CV$L sometime calUd DCb tel igu
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also indicates when the computation is done Be ole computation

conp etes bot are preeharged V1 en thee rnputat corn

pletes one rail nil be asserted NANI gate can be used fo corn

pie ion detectin as shown in gurc 31 This is particular useful

ot myneironous circuits ns9l SparsoUl Duc Jo no ga vi
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we of two ra cwitc in each eveli
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Dynamic circuits also suffer from charge leakage on the dynamic
node If dynamic node is precharged high and then left floating the voltage on the

dynamic node will drift over time due to subthreshold gate and junction leakage The

time constants tend to be in the millisecond to nanosecond range dependiteg on prucess

and temperature This problem is analogous to leakage in dynamic RAMs Moreover

dynamic circuits also have poor input noise margins If the input rises above while the

gate is in evaluation the input transistors will turn on weakly and can incor

rectly discharge the output Both leakage and noise margin problems can be

addressed by adding keeper circuit

Figure 633 shows conventional keeper on domino buffer The keeper is

weak transistor that holds or staticizes the output at the correct level when it

nould otherwise float When the dynamic node Xis high the output Yis low

bh and tF keeper is ON to prevent from floating When falls the keeper in

tilly opposec the rass ion so mus be mu weaker thn fbi pa 13cwn net

Redo ig
work Fventt ally Yrises 13 sing tfc keeper OFF and avoid ng statc pa vc

cask busses discs at on

he keeper must be strorg ugi to comoensa or sty Icik

iv ds vFen Pc outp float th ul dos ck sO

ep it ssin ut

kcc

an Le hISS aim vrtt J\r the

keepers idth acres the swi chi
ig poin shifts do vi rot

Lo cr act cia puilv /o 0/a Kee at ra sa sac u.ua

Oti ag Fo

to be stronger at wide NOR gates or ltiplaxers in pa ticu arl ask

tallyi pa htl cc
Coecentonalkee 51

al th minna ii ased trans sr This ad eve by inc aSisg

vi fg aw ansisto ase

iv tv oad on output car be avoided tt ng ke is

aw gurcF34h

LergtfWd

LengtLri

Weak keepac implemeiva so
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Figure 35 shows djerentiaZ keeper for dual-rail

mino buffer When the gate is precharged both keeper

nsistors are kF and the dynamic outputs float However

soon as one of the rails evaluates low the opposite keeper

ON The differential keeper is fast because it does not

oom the falling rail As long as one of the rails is guaran

to fall promptly the keeper on the other rail will turn on
Differential keener

ore excessive leakage or noise causes failure Of course

al rail domino can also use pair of conventional keepers

An alternative approach is to build the keeper with

rr all complementary pull-up stack connected to the inputs

ther than weak pMOS ransistor drven by the inverted output as shows

trc 36 for 7-input NAND gate In the te ninology of Sec ion

_.l.S such gate can be siewed as very JO-skew leg skew factor

CMOS gate augmerted wi precharge and possibl3 evaluation tran

rs Skeas f4 caso ab The pp omh las be cFlcd

olerent pee hurg la IT abayas 96 oto ii

it MOS p99J Such noise-toleran precharge gates have the
35 sa gc

ag so he keepe vi ever ccvcr 11 even on

ti xl ouo

so he c-to rat harcr roes ot wwk dH or de

CS usres it any scsi OS trar ss so rio ac fo

vts wd Ss SS cc es ble co porativ ly weak

II so

tic noise margin and dcla of dynamic NAND2 ga es sing rv snal keep rs an

60

Ti 50
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20 22 24 26 28 30

None Mary 9/ of

Dc itiC rs gn of cameo ial ard

ste toN picc son AD 2s



CHAPTER COMBINATtONAL CIRCUIT DESIGN

NTP Increasing the keeper size improves noise

BI margin at the expense of delay For the same noise margin the

conventional keepers are consistently faster

Durisig burnin the chip operates at reduced fre2uency

hut at very high temperature and voltage This causes severe

leakage that can overpower the keeper in wide dynamic NOR

gates where many 0MOS transistors leak in parallel Figure

6.38 shows domino gate with burnsi conditional keeper

The 131 signal is asserted during burn-in to

irn-in conditional iceoper
turn on second keeper in parallel with the primary keeper The

second keeper slows the gate during burn -in but provides extra

current to figI leakage

Domino circuits th delayed ho can use full keepers

cefst of ems cop ed ters to hold outpj either high ow as disco sod

Sect 75 art tIer ice icr Fniques have been propoced inc leaker that

vs ON ibecl 82J aput out oiled ref-cal FLak hisa ian0 so eel

nique Covino/ MOS
pi up tch Souza96 teh quo
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srg
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AO el go mong ultip no tl 5e SF ng
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it use argo on flip and sm ff the Ice per loadi incot re

Ohs ge mar ng can be overcome byp cchargng scme or all of th irnal node th

aecordar3 prechar5e trarsiatoo as chow gu ZO he tr St is ou be

because tHy only must charge se snaIl interna capaci ices and heir Fuson apaei

tan ows he eva ti ten liciort to prerha eve ol ii
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diffus apacitirec mnal ol as tel ne et nit is
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Figure 642 shows two designs for an 8-input domino AND gate using footed dynarr ic gates One uses

four
stages

of logic with static CMOS inverters The other uses only two stages by employing HI-skew

NOR gate For what range of path electrical efforts is the 2-stage design faster

TtYou might expect that the second design is superior because it scarcely increases the complexity

of the static gate and uses half as many stages but this is only true for low electrical efforts Figure 43

shows the paths annotated with logical effort parasitic delay and total delay The
parasitic

delays only consider diffusion capacitance on the output node The delay of each design is plotted against

path electrical effort H5 For 23 the 4-stage design becomes preferable because the domino gates are

effective buffers

F5rflg

5/6 /6

6/3 5/6 4/3 /6 73 5/3

735/6 /6 125 88 43
6/3 5/6 413 5/6 6/3 o/3

125
D-21

l1O8

3irpu dorniro AND de ay

Tjo thc cc cff ic It ccl dci gr iting skc cC 105 gat ii ha chcr iatli
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OS transistors and reduces the number of stages Thus it is usually good to use static

OS gates only on paths with low electrical effort

It is often necessary to compute mill

functions where one is subfunction of another or shaies subfunction LVI iii ile

pci domino logic MODL Wang97 saves area by combining all of the

nputationS into multiple-output gate

popular application is in addition where the carry-out of each bit of 4-bit block

st be computed as will be discussed in Section lO2.22 Each bit position in the block

either propagate the carry or generate carry gi The carry-out logic is

C1 g1 C0

2g22g fiiic0

64
p3g2 pg1

C4 p4gi p3g2 fp gii c0

no gaesi1vr Fgre6
cur io gi Ca iou

as

terme hate iutputs eqilr scandary precharge transistors Also note that care must

Ii tc ic ic order amid snak paths ore am

ii ad Li wO 15 ilL

656

ik cor id cx ci ai ft ar and

that are wou fee as des red but c5 wou isa re near

ii

rother ad ation on dom no shown Figu

41a the rernng static gates err rep ccci nit prcdischarged dynamic gates

usi ig
lOS logic or examp footed dy og NOR gat is own Figu

6b en sO tI chit turd stages ar chayc Yghwl secord stge

dis ha gm low When rues all stages evaluate Do nino conncctons are poss ble as

shown Fipiare 46c The des gr style is called NP Domino or NORA Domino NO
\ce Friedman84

NO6A las two major whacks he ogical effort of footed pOog gates is gener

ly an at of sIc ga /2 0R2 aid //f

LND2 Seco NORA ext em susceptible to ao ii ar Ar dyram
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puted with exactly the same logic using This shows that

CMOS is particularly poorly suited to XOR because the complex gate and two

mona1 inverters are required hence pass-transistor circuits become attractir In corn

son static CNTOS NAND sind NOR gates are relatively efficient and benefit less from

ransistors

This section first examines mixing CMOS with transmission gates as is common in

ulriplexers and latches It next examines Uomplemenzary Pass tansistor Logic CPL
ich can work well for XOR-rich circuits like full adders and LEAn integration with Pass

lii tors LEAP which illustrates single-ended pass transistor design Finalh it cata

nd compaies wide variety of alternative passtransistor families

Structures such as tristates latches and rnul

xc are ften Irawn as transrnson gates
in conjunction wth si nile static CM DS

For cxamolc Fgu 1.27 roduced fiw ransnrission gate in itip cx sing wo

rsiviss or ga ci The circuit was nonrcstoring hc logic lesels on out it xie so

cr tha on cascade if suci ci cv may it mula St

ad cstorc stati

re 64/ CMOS TO
ii

ii vi
ia logy ac ally almost iden

is vii ice it agcs

cv be we as alt na

Ii av

ni uSc th cv froi cv ous tsg th hetE wpt ci
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civ tl CMOS mu ver
XC5
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en ept Fe ii ermcd so oul vi
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inte in as Pc

ig tc Sac in ii

as How ft spa iv aes phtlt civ vi oft

us Os am cc paci cc ed for tl is shorting app ii trorn maveuts oft

lexcrs the tiansi aissio gate desgn in Figure 49a reqe ircs contacted diffusion

NI and 412 vii Fe static CMOS gate Figure 9b does not in yost processes

the imp ovcd resistance minates for gates with modes fanouts asdu
ag

sI orting gcn

ially bcncfieisl

FIr arc 11 on that favor thc tatic cc we cnn or OS wi

pa on ii at ihc ha th np dc of he
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ivscoup1ed device is an inherent compromise between large transistor that fights the

down excessively and mall transistor that is siow pulling up CPL resolves this

oblem by making one half of the gate pull up while the other half pulls down

igure 631a shows CPL multi11cccr fn igur 647 nacd ideaays If

nsists of cascade of CPL gates the inverters can he viewed equally well as being

cii tie output of one stage or the input of the next Figure 631b redraws the mini to

ude the inverters from the previous stage that drives the diffusion input but to exclude

output inverters figure 631c shows the mux drawn at the tiansistor level Obser

his is identical to the CVSL gate from Figure 637 except that the internal node of

stick can be pulled up through the weak pMOS transistors in the inverters

150
ide pu ls ian be on tiu ted witloit cr Si Co ed OS ìuxt irs bu

Is
cnc body fllc Tb os stitie werb cam hco invei vi

elf ic er notu
ra Ii
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eased IC4IJC te th owl ii itp

ogi us ng 01 as OS tics aow
dell farr ha tic om ci oie

an ye ye caved vo

tfc ass iT met ic rsn se ofan aMOS tra as stor The lOS etwo hi nlv yul up to

so pllO fekibadk trans ito necessary to pull the it tetnal ode fsl1 igh avod

no ye Co ii npf on ii out mt verter pMOS widti tradeoff betwcn

figh ing Ial transit ons and assist ng the eat pert in ccii tii siti gem
lìoold be quite call id Lircu all lvii if it LLP an good wa

xc CS

ie ow was ise Ic undc the Ftng/e tded Fssn inI
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without the static power consumption It was originally proposed for use in pass transis

tor logic synthesis system because the cells are compact
Unlike most circuit families that can operate down to VDD max II TI LEAP is

limited to operating at EnD because the inverter must flip even when receiving an

input degraded by threshold voltage

There have been host of pass transistor fam
ilies proposed in the literature including Differential Pass Transistor Logic DPTL

Pasternak9l Double Pass Transistor Logic DPL Energy Econ

omized Pass Transistor Logic EEPL Push-Pull Pass Transistor Logic PPL
Swing-Restored Pass Transistor Logic SRPL and Dflirential

Cascade Voltage Switch with Pass Gate Logic DCVSPG All of these are dual rail

far silies like CPL as contras ed with the single rail CMOSTG and TAP
DPL is double-rail fotri of CMOSTG optimized to usc single eass transistors

where onl knowr or nceds to be passed It passes good higF and low logic leve

wi Lout tie iced for lead csto ng dcv cc t-lo vcve th oMOS slots cor ibutc

subs antis1 area ard cap ciarc but do not he the dela moc tcsultirg

relafvely sb tee

Te he as bc vie ed sothil tionc Is vvi the

Oh

ore cia nec ii ort and cc vi diss pat an OP Ut

mprove te cot so co if med Zi nr s9/a us -tO

we ters nstcad of us ng cross coui lcd pMOS ups his cads ratio sioblem

etc

pass trar sisters try to pull up This tends to equise smal iverters which cia poo ff

DCVSPC
tg us OP Witho of

put ff DCVSPG gate kes poor inp to the dTfu ion rmiral of another DCVSPC

gate bccas se long unrest ed cha OS Pto vo be formed eadP to

de ay ots problems PPL Iso ha en suffered vitputs ad seocia de ay as mae

ssi DPT ger crab ci he ou pu Mile at cc cons de us tO cross

coo bed us or vet er
Ti

63

Circuit designers tend to use simple circuits because they arc robust Elaborate ciicuits

cspec ally those with more transistors tend to add more aiea mo apacitancc and rorc

th ngs that can go wrong Static CMOS the no robust circuit fami and should be

used whenever possible This sect on cata ogs ariety of circuit is sa ca cause

1i Os hlcvic

threshold drops

ratio failures
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Pseudo ilVIQS circuits illustrated ratio constraints that occur when node is simulta

neously pulled up and down typically by strong nMOS transistors and weak pMOS tran

sistors The weak transistors must be sufficiently small that the output level falls below I/
of the next stage by some noise margin ideally the output should fall below so the next

stage does not conduct static power Ratioed circuits should be checked in the SF and FS

corners

Another example of ratio failures occurs in circuits with feedback For example

dynamic keepers levcFrestonng devices in SRPL and LEAP and feedback inverters in

static latches all have weak feedback transistors that must he ratioed properly

Ratomg is especially sensitive for diffusion inputs For example Figure 53a shows

statc latch with weak feedback in erter he feedback inverter irust he weak coo igh to

he overcorr by the series combination of the pass transistor and the gate driving the

input as hown in Figure 6.53i This cannot be ye vie checi the latch alor it

equue obal cli ck of the tel and vet Wo se yet if ti driver is far awn th cr

as erlash gr a3

TJ
Weak ___ VVeak _______________ Veak

bt
Strorige etronger

Rato constraint en at S/Li ifl flJL

eakagccurnt ag ngprbe iatc 10 gyscalcscspecalv ii IC

ci
ased die ag ci

most fort CJl onet wcau low ttmg ower but gate ti ni ing vol

becoi iu id ii nor aide tl ickness di ni us ie Be idcs ausuig it it

nos ci vi pat leak gc ci it in inco cct cm on ar wend dri ci

iode The cc required for leakage disturb ads iii some tlge AVis

La

ape ti

lb OFF iii ga cc ant Ia he ithut keepers coo wab

odcx occs cs DR1P rcflc irc alse lal pe L\ ci

mi ma ir re enkage to hay satisfacto reter on times
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Lven when keeper is used it must be wide enough This seems trivial because the

at is fully ON while leakage takes place through transistors that are supposed to be

ES However in wide dynamic NOR structures many parallel nMOS transistors may

caking simultaneously Sirnilat probicrns apply to wide pscudo-nMOS NOR gates and

Leakage increases exponentially with temperature so the problem is especially bad

urn-in For example preliminary xci sion of the Sun UltraSparc had difficulty with

n-rn because of excess leakage

Subthreshold leakage is much lower through two OFF transistors in series than

ugh single transistor because the outer transistor has lower drain voltage and sees

ii lower effect from DIBL Multiple threshold voltages are a1so frequently used to

high performance in critical paths and lower leakage in other paths

arge hating was in roduced in Section

in the co atert of dynamic ite

itt ar occu ci na

drive pass transistors For example igxire
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yatc in th dama ic ga

cc argcd ad ac ou ou at
-t- -n

Us ox 31

transmss gate turt

iar ci bet Xi
ng Use dyn utput

it it cit

iopplv 1/0 at sad by drops ci /dt se drop cur

oss th CSiS cR of the iow supp gi bc ci supply pins

hi cr 55 ci ci noPe

30 YC SUpp ra
ngo U/St no cc at csp sly rnpor ant fo Flockt tUs are dIe at iver

at Recver

sea ral cs and ci begin awl lu 3g Power suppl one its

to cc can ci ade is nirgi lptce rgets fo ci Vs
sower upply one the orde of 50110% Power supply me
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gi
6.53a showed static latch with as exposed diffusion input Such an

Ccc ng
is also particularly sensitive to noise For example imagine that power sup Supy None
osc and/or couphng noise drove the input voltage below -V relative to

seen by the transmission gate as shown in Figure 6.60
17/ now exceeds VD

the ILMOS transistor in the transmission gate so the transmission gate üirns

the latch had contained it could be incorrectly discharged to

ar effect can occur for vfitage excursions above Wesk

hr this reason along with the ratio issues discussed in Section 6.3.2 stan
ajoise on ffuaio

ccli latches are usually built with butfcrcd inputs rather than exposed diffu
inpu of 1arch

nodes Exposing the difftisio nput results in faster latch and can be used

aoatf whe inpa Is as careful con roll and ceked

ca sei as is sir tO in erta cess

the rcui is nig atcd to icr proct-ss Nm ci ould sirs
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sat shou be as sfdcrcc ira udc Chandral anO
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or as gate leakage Ii beco xc rta so so ca si

mast fo aside NOR ci es ct- do bars
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Charge sharing Charge sharing can take place between the dynamic output node

and the nodes within the dynamic gate Secondary precharge transistors should be

added when the charge sharing could be excessive Do not drive dynamic nodes

directly into transmission gates because charge sharing can occur when the trans

mission gate turns ON

Capacitive coupling Capacitive coupling can occur on both the input and output

The inputs of dynamic gates have the lowest noise margin but are actively driven

by static gate which fights coupling noise The dynamic outputs have more nois

tolerance but arc weakly driven Coupling is minimized by keeping wires short

and increasing the spacing to ncighbors or shielding the lines Coupling can be

extremely had in processes below 250 nm because the wires have such high aspect

itios

%acl couphng Dynamc gaies omneced il ul pxt 05105 gates

slou di tEe ii whcn possible no factor So yr am ate

nv nvertcts

Mw rt-y carrier in ectior Dyna nodes sho be ptocctcd from nodes tha
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Ii 15 in ito nc o3 ci ac ac kin

cdi Nose of pre nea

asecriit SIC
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Ti ii

ii re

ntsha lies os aragn ntl hFcorner vl gatcsarenaost

cuewe

ao gate pro dv utput in ati in neaso

ab urn margin Fe aOsC-inflsiti dy arnie gate in trorgl iv Ly se eistant

statc gate in an NP dom gate lock-dela ed ui mi gate the noise one dynamic

tput dretv TCI ii cc erc tv dy anc input maki in men ts par icu arly

rsk
ci udb cc sO

cccsc 208 li molt rg it NM l% VH nam gate

smai kec per 1L 063 res ig
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margins to the primary noise sources In full design methodo1og different mar
can be used for different gates For example wide NOR structures have no charge

iv noise but may see significant leakage instead More coupling noise could be toler

othe noise sourccs are known to be smaller Noise analysis tools aic discussed fur
Section 8427

Charge sharing 10 n/a
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D/jerential Split Level DSL
places oMOS transistors in series with the basic CVSL pull-down networks By applying

reference voltage of V0/2 to these transistors the swing on the internal nodes

and are limited to VDD/2 This reduces the parasitic delay of inc pull-down sacks

The lower internal voltage also lead to lower electric fields across the pullidown ransis

torn The inventors took advantage of this lower voltage to reduce the channel lengths of

the transistors without compromising hot-electron reliability They claimed tenfold

speedup over static CMOS full adder this was attributed to factor of for the CVSL

structure another factor of from the loss -swing signals and factor of 25 for using

shorter transistors

In modern process transistors are generally as short as can be reliably manufactured

so DSL cannot use esca shorter transistors The authors have been unable to reptodu

any advantage over static CMOS in sub ni to process The res cc of ic extra series

rast os not help nethar disadvanag of DSL is Chat the so1 ag oil the T\1O

gates ig bctwe and 5/2 Therefore the pulli ip
tha should be OFF is actu

lv xartil ON re tin stave power diss pat nail get rating ax ibuti

the reference voltage requires some effort and the reference nay be ensitiv to power sup

pl is tad esliold gc ii

bsi
89 12 tu

orn of each pu xv eta orl id setxng the erence ol ge DD rat er an

serie am si mae tc it ngatv dback

ia ing

Iraw than in SI bmausc tic pIFIOS transistors are nearll irned 01 CN1

Cs roeaer Cal odihee.ta
div rho

rg
sh olin pa trs Pitt ally lc ate thi prohie

NT ax No oo iS go

whi es ent pseudo-nV OS gat th exra iss or and shunt ng

af acito it twi senior aiu ci

it nI iv

inteuo OS

Sense rxmplzfiers magnify smail differential input vdtages nto large output voltages hey

conV xi ed rnenxo xci xvhnh dfk ext li bills slave cii wora ca antive

loads see Section 112 Because of he large load the hi xci ng sb sly cducr

th 1N he bthne voltags a-c firs equvhz Then vie they are dr epart he

cc camp Sec ardtetasnallsvingaodbirxgi up onorma logclv hs

It -e twi AVtVm or cr vaord reduces lx del irig mit rig

foi lul
ig on sea nsc aix ft is fLi ot So cdu Ic

heavily loaded logic car its well
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Figure 663 shows more differential circuit families derived from CVSL These fami

1dd sense amplifiers to dual-rail domino also repeated in the figure to detect small

rcntal oltage and amplify it to full-rail output They will be discussed in detail later

sctiOfl

SSDLDua-RaiI Domino

Inputs

al

IRE
tj

tJ

_____LfINi

Inoutsputs npu

SCiI ii
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Figure 664 shows generic sense-amplifier circuit it works best for

complex pull down networks that would have large RC delay The sense

Sense amplifier fires after small develops Once fired it turns on dris cc with

low resistance to slew th outputs between rails The combined delay of tul

uts
pull-down stage and the sense-amplifier stage may be better than the delay of

single complex stage

The sense amplifiers must be clocked after sufficient differential voltag

has developed Therefore the inputs must settle some setup time before the

Gereric sense-amp er clock edge The outputs become valid at some clock-to out delay aftm

cilcuit the clock edge The total delay of the sense-amplifier circuit is the sum of the

setup time clock-to-out delay and any clock skew that must be budgeted see

Section 72

As slith clock-delaycd domno to bc discu di Sect or 7S 421 it is tricky cas

cade wcse-amplier rrciits because the successive clocks ir ust be delivered at the ap ro

pra mes If orlv single clock phase is used only one sense-amp ifier rcui car be

placed in each cc1e If multipic ocks genciated usi ig dclx hncs sufhcier

margin must be allowed so that tfc at line is cy enug ti ock

ed trough pleti detcc io in in budonted for the co npletio

Ce
id caa

rc lose -s on -r iffe on xl vs deve ap ci crc ire

One of he impo an ci of no ci rg stars ig or sple gr 5e

shows pair of pull-down setwo lii ar pa titularly scm ve rg
ul ci

-ho -h

charged node carries res dual low voltage from prcs ious cycle pci ns id

on ntc ff in

tan con scd sit aU ca ses Yto fa fa ter tha its complement Even ly tfc ress

dowi tic or wt Thi arg son ng is reones the

on before the amp ifion can safe fir Yet another risk unbu Tred sc-at pl Fe

ncr its uonqual outp ing ip log se ouu El ster

c-i It ii Ce mis ens an iii ffer sri

spec

ampli Ft Dtfrentkl og SSDI

modifion al- sHro ogc ddng ockcd sense amp ficr an

mod ing the ocking Rather thon usn echarge and valuation phases SSDL uses

sample and sarphases Du ng sample is Ion and both the prccharge inc valuation tran

sisto ON One the te nal ides or is precharged high wh ic the oth

expersen es contention between the predharge transistor and pull-down stac so its outp

set les somewhere below 1/ID Static wet cd th sigh Ac smp piase

-r ig prec sarg
id cisc on

suplifer tsr ON Ac nplfiLr tends pu thc nvcr fthe two ite nat nodes wn
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polar transistor can deliver rruch higher output mrrent than can CMOS transistors

equal input capacitance Therefore they can be used to build gates with low logical

fort and are good for driving large capacitive loads Gates mixing bipolar and Cl\IOS

sistors arc called BiLl/lOS

Figure 67 shows BiCMOS NAND gate using two npn bipolar transistors An npn
insistor behaves as switch between the collector and th emitter controlled by the base

ic base voltage must be about 01 above the emitter to turn the transistoi ON The

CMOS gate contains an ordinary CMOS NAND gate to compute fA or is

be driven to LThis turns on Q2 and pulls the output Yup When Yis high Ml tuins

pulling down in ar fun lug off Qi fA and are both M3 and M2 are both

If Ybegins at will ise to ard rn on Qi Qi in urn disclsarge Yto

ça
Baam

it

10 tunate biuolir trans on isc an crc op iboutU wf

V0 sas at ti nab

33 td iagcb
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6.5

Given the logic families covered in this chapter what are the particular strategies to

achieve low-power dissipation For the answers return to the basics introduced in Sec

tion 4.4 Commencing with dynamic power recall that this component of power dissipa

tion is proportional to the activity factor the capacitance switchcdf the frequency

of operation and VDD2 where is the supply voltage

The first step is to choose suitable process Dynamic power is lowest in the most

advanced shortest channel length manufacturing process available Capacitance per

micron of channel width is approximately fF/gm in most processes
but more advanced

processes use minimuin-sijed transistors with narrower channel widths Moreover the

proces cc un at lower 17 Thi onsta nt ficid aling pros ides cubic itspro cment

am power for gisen func Statc power inc easc wi more adva processes

bc aus subtl cci old eakage gocs UI as thre old aol ages decrease Ic he past

yn ower has dois ed It it ese ci fu nrc low- vci proce will he

rgc th it ig

ivanc ocessec at also uorc expensive adeoffs betwe .n ponc and cost bc

3ar

ii ac tac

ade cc 03

otg t17 ar ar
om sa xc oil old ages is be sea ed dow to av am

ha lpl
do

target
tlcn tais ppioa cc sac cc proce3ses are

ffo is to ale
sp suppl vol ape Doper di on ie

lo Fe voltage aid clock trequency an both be adjusted to conserve powi when th

or does not sed aviv pcrfismaiacc up say also as the osa die tc is

it6 ge ar ci Fe pcia
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cc of as rout ag opt as cc on tcd

die xn supp Jnu slow iug is wn is
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cit into the register at the end of the cycle Figure 668b shows such latch with inte

cd level conversion

Ihe next dynamic power paiameter to attack for low power operation is the

tchcd capa6tanac This conwit ogate capcta sc diffusion capachane and wire

icitance Good floorplanning reduces the number of long wires in system Ge od lay-

it minimizes the size of the diffusion regions for particular gate width Thus gate and

usion capacitance are both reduced by using small number of small trarsistors Cus
layout of datapaths and

arrays usually provides shorter wires and lower capacitance

automatic placement and outing

activity factor offers more opportunity for power savings Complementary
10$ logic has typical acttvky factor of about ftl while dynamic logic has an activity

-tor of and clock have an activity factor of Gatir the clock to registers
in rused

vs power not only the regstm Pt also lll the reim wi aucc

factor the inputs do not switch

at ci cu Lam es are bc for low power5 Dti am and seudo-rf 10$ ga es

ir ye caus thct bull g\ tr is tors that ccc 2/

Vet vi ta icr dy us sigh

tir factor twit rest sigh namc vr nsumpt Ps do sMOS ti

ma mos icr 5fl5
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mid avo led Logidll cffc each that do avis rim zed if all stam have star

at ii tIe ver ire be imp
uc ng ic co cs gate fo ts cxcc ding about Pay ants etuir

icr ix ro iabi gyp 1cm

ab .4 summarizes the characteristics of the circuit fa nilies descr bed in this chap

Fe ire mr of transistors equ red or ir put gates are listed ID ftcrentral circui famili

ire those that requ true aid complementary irputs aid gene ate tmue aid en asp em

tar outp its Static power rdicatcs that the gate may comume powc svhlc or csccr thu
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Ratioed circuits are those whose operation depends on the relative strength of nINIOS and

pMOS transistors they must be sired properly for correct operation Circuits ate cascade-

able if the output of gate is legal input to another gate of the same family without any

special delayed clocking ur selftmiing For example domino getes sharing common

clock can be cascaded but dynamic gates cannot be without violating monotonicity

Robustness characterizes the amount of care required to ensure gate will work Highly

robust circuits like static CMOS will eventually get the right answer independent of sizing

and noise while less robust circuits are more sensitive Undesirable characteristics are

marked in blue

large number of circuit families have been presented in this section natural ques

tion is how to choose the appropriate circuit family for the application

Static CMOS logic is the best option for the vast majority of CMOS circuits Tt is

noise ire munc dissipates rio stati power and is fast Highly automated tools di readily

aailable llbiries cxit sunthesree place and route ciath logic Dont overlook corn

pound kOI and OAI gates High fan-in static CVOS gates offer low power but

arge log al effirt and arc bcst split into rn dtiple stages of si uple gates wi en spec

essential

Ocr higl fa Lu en much rnxc efficcntl wtl scudo

rr INC ga cac cli ce For is cumdnt the dti

ci C\\ Sa1
di oh fo vet te us hi cc vcti il -up at he

turned ng dle ods av nov

Do ii in log rci ains iu tc hn of choLc for lih speed zoplica spec alt

ip is ii
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eh ul cv nr

cap ito from tie ayout do corn ceo in Femember that precle rg time

11 sp
he ret ige taO- des0 1300 lt cD sch yes hs
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tati CMOS NO NO YES NO YES NO YES HIGh

udo nMOS NO NO YES YES MEDIUM

FBI 2k NO NO YES YES MEDIUM

VSI 25 YES NO YES NO YES NO YES HIGH

Hi namlo NO NO YES YES NO LOW
Domino 54 NO NO YES YES NO YES LOW
ua-ral Domino 2k3 YES NO YES YES NO YES LOW
NIOSTG NO NO YES NO YES NO YES 111011

Hi NO NO YES NO YES YES MEIUM
25 21 YL NO YES NO YES NO YIN 11011

21 455 NO NO HiS NO YFS MFO1U\1

24 YES NO NO

RL 2k YLS NO YES NO YES YES Hill

SPU 25 NO 10

YIN NO

2k42 NO ES NI ES

NO NO YES YE IF Dli

10 41S Hi

DCI 241 YES NO YES 40 YES NO

41 25 YFS NO YFS

CS1 2INi NO YES NO YLS NO

Hi 2k NO NO aSS NO ISO

Siliconc i-ilniulaio SOl te hnology hs been subject of research for decades but has

bean iie Tunlercial ncpnrtllnt nec if mis 8tecl hy lilvI or owerPC niicroprrces

sors in 1998 ShahidiO2j 501 attractive because offers potcnua for ssghci perfor

mince and lower po cr nsumption bu so sa OgLe narufactcring os ani some

irusual transistor ehavior that complicates circut design

The fundamental difference between SQl and cons entional bulk CMOS technology

hat tIc transistor aourc drain ill body ai surrounded by insualti ag oxid ale th

the conductive substrate or well called the bulk Using an insulator eliminates most of the
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parasitic capacitance of the diffusion regions However it means that the body is no longe

tied to GND or V0 through the substrate or well Any change in body voltage modulates

leading to both advantages and complications in design

Figure 6.69 shows cross-section of an inverter in SOT process The process is situ

Par to standard CMOS but starts with wafer containing thin layer of Si02 burie

beneath thin single-crystal silicon layer Section 34.1 discussed several ways to form this

buried oxide Shallow trench isolation is used to surround each transistor by an oxide insu

lator Figure 6.70 shows scanning electron micrograph of 6-transistor static RAM cell

in 0.22 gmIBM SOT process

SOT devices are categorized partially depleted PD or fully depleted PD
depletion region emp of free carriers forms in the body beneath the gate In PD SOT twi

body is thinner than tL channel depletion width so the body charge is fixed and thus th

bods voltage does ot change PD SOT the hod1 is th cker and its oltage cas

depcning hw msLh chag prseet his aying body vlage un changes

gh he bdv ef bet PD SO his beer di cult manufmture because ot the ii

body SO appea to be the ssmt prom sing teehr op

TF orghout this secton we will concent te OS ransictirs pMOS tra sits

his ogo sb Ia

%ste ator/
nit rai so Vt an no

he key to unders sndrng PD SQl to fo low the xl so tage he body tage vere

constant the thieshold oltage vould be cot stant as well and the tiansistor ou behave

sue like co bulk device excep that the dffuPo cap ctanc loss

5Q1 the float op body oltane varies it eL arg oi ditch iges igure

is at icE ch nt it fm as ti ho lv

Be aste The ear Iwo pa hi tn oug wlich cia pecans wlv ui pin he boy

keverseb tied draw body and ly ct tcuoi ca

sail diode le kage currents it the body
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High-energy carriers cause impact ionization creat

ing electron-hole pairs Some of these electrons are IIIIJ 1UU 1IUI.III
injected into the gate or gate oxide This is the

mechanism for hot electron wearout descrbed

Section 484 The corresponding holes accumulate

in the body This effect is most pronounced at /7Th
above the intended operating point of devices and

relatively unimportant during normal operation The

impact ionization current into the body is modeled

as current source

charge can exit the body through other pathv AH
he boA ltage ncreaces the sourc n-body
1unctior becomes slightls forward-biased Even

tu liv the charge exiting from this junction equals

charge ale ig hors he o-bo 501 prorcas ci cmg
of in

Jo in
VieS es Coporason no ze us

sing st or dt in capa itivelv or pies fr0 body
ii

up at org d-
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Ic isoist li sos case to imit subti-reahold Ic kage ii the nominal thresh id loge

nust be higher In SQl procosses the frees old variations tend to be smalles He ice the

minal can be closLr to worst case owes sominal results in fastei trsnsis oss eSp
ialhi at low Cxv

ed Cb dcv cc it ubtl real slope of abou

szo1lnlOwhe uj kT/q eth smal vol age 26 at om speratuw aid is

process-depenc no Bulk 01k OS processes typically save corresponding to sub

thresi- old sb of 90 rV/deeade lii ot se words foi each 90 mV ecro se is Vbcl
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thc subthreshold leakage current reduces by an order of magnitude Misleading claims

have been made suggesting SOT has ii and thus an ideal suhthrcshold slope of only 60

mV/decade EM has found that real SOT devices actually subthreshold slopes of 75 85

mV/decade his is better than bulk but not as good as the hype woud suggest Double

gate
MOSFETs and FINFETs discussed in Sectior 3A are variations on SO transistor

that offer lower subthreshold slopes
because the gate surrounds the channel or more sides

and thus turns the transistor off more abruptly

Finally SOT is immune to latchup because the insulating oxide eliminates the para

sitic bipolar devices that could trigger latchup

El SOT suffers from the history effect
Char ges tf body soltcg ii duh tc he hrcs

hold voltac and thi adjust gate cc at The body ye tage depends oi her hs device

hac men switching so gate de is frmncuon of the Sw chi history verall

cictated dy ltagc
reds cm tie rh Id id makes tl es as bu ice air

nakc cu gil
Ic nod fi

by us gning diE crent propacatmo aid contammat oi delays to each gate IBM on

us bcu ii 8% ir ga ed ii vi ch n%cs

ft of at it

ithu

fort cy gni cant sri tn Es

dent ii ra isttor mEle sense iuplifier sas re uatedh cad particu at input

lbifvrtd
vo tage it tie set sc amplifier This proble be rest riven ted add ng cont to

tl gr he sot cc for ive nilo cir uits

Another SOT proble is the presence of parasitic bipolar transistor witht each

ci sE iw in 6.1 th urce hod an dra forr ew tec base

Ci ecto of an rancist Tn din rat sup

01 hot v/has so %h

en mi of sic vh cthct ow mc vl highas vitir igEdiod

do c1 ii

he /c or /e The hip lar ns stor gain /3 cj nds

nouce the channe cigtt id
ciopi iii

1w is at be gieate ia Tie.ce

nfl ant pulse of current can Sow from draw source when ou cc is

ed on eve thoc gh the ra isistor if no he 01

Body
hi

pm
reit is nometime ca Iedpa got ca/age ecause

___________________________ happens OFF oass stor wEe th so ire at drain cc ii-

hg nd thc led ow major rob fo cut en ut
ON oo th glitcv ca me nalf

go LrCntIs ynamic lat he id ius dv icr ror
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third problem common to all SOT circuits is self-heating The oxide is good ther

insulator as well as an electrical insulator Thus heat dissipated in switching cransis

rs nds to accumulate in the transistor rather than spreading rapidly into the substrate

ddual transistors dhLipcting large amounts otpower nay become subtaotially

me than the die as srhole At higher temperature they deliver iess current and hence

ower Self-heating can raise the temperature by 1O0_150 for clock buffer and I/O

sistors although the effects tend to he much smaller for logic transistors

rzu
su aamary 501 is attractive for fast CMOS logic The smaller diffusion capacitance

Fm lower parasitic delay Lower threshold voltages offer better drive currer and lower

delays Moreover SO also attractive lot low power desgn The smaller diffusion

pacitance reduces dyna ic power consumption Th speed improvemen can be trad

Twe Sr yvhtage to further reduce dvi am pow arper subthresim 1of CS

he opportu for reduced static leakage curent erpecialh in FINFETs

Coca len CV pa Pr Five rr ud bulb co

cxc Pt for ie de ay mprovement The history effect also causes patttn dependent
onia reonte cIt

rcu vith dy am odm nit ac sc sos cc

at at 70 1
c
iL
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ii ac mechanism In each cae the dynamic node Xis in tia lyhigh and

on nncced he sour onI

nign or pCi nuOt tru oics Silo
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eci with cross cor pled ii ye ter pan for atche or pI 105 keeper for
______

an ic gat at ix -r anus ors st rc sue sir ng cg
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he ng Dart eat ma
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so on ar she am eper on
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SOT design is more challenging because of the floating body effects Gate delay

becomes history-dependent because the voltage of the body depends on the previous state

of the device This complicates device modeling and delay estimation It also contributes

to mismatches between devices In specialized applications like sense amplifier bod
contact may be added to create fully depleted device

second challenge with SOT design is pass-gate leakage Dynamic nodes may be dis

charged from this leakage even when connected to OFF transistors Strong keepers ca

fight the leakage to prevent errors

Finally the oxide surrounding 501 devices is good thermal insulator This leads to

greater self-heating Thus the operating temperature of india idual transistors may be up
to 1Q0_15 higher than that of the substrate Self-heating reduces ON current and

makes modeling more diff cult

This section only scrat hes the surface of subject worthy of entire books part cu

lar SO static RAMs require special care because of nass gate leakage and floating bodie

is einQO offers definitive treatment of prtially depleted SOl circuit design and

rays Fc literature of SO dr uts

ipJy aa rr5C
clip Ihereatve be ICr Oi aipe I15t 1C

There ar any advancein tcchno1oi at ange iie gee etr5 EMCS dec ese As iscuase ir Sect Oh

or ci IL

an in era onnerL eelaye are not improvng as rapidly he po yeas ippy rinaly the static newer consu ip

ip tsth ate Li
loiti in the ii aiy voltage ad wkage urrerts Ia rws ors ha an be wd

casmg cip Ite 1arg 1c dS Ti Fir jar II ab aP tic en rr

van ulios use ulne Is ioA ved uit the ipo ansllo shad cart ore bee rae

Cr aample the use nd oP dM05 wy na lot ga ihee dr as theFT pm gen

fi or ye ree it rato 10

II gu ai tj or tS
Mi FT Lrut1 iC eat ackc-epe lug O1r1vflCr aPron
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The tl and Pent 11 Pro piocessois were

bu as ig BiCMCS recesses Inrestois poured at
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IMOSf rams is otuneitaswe lasposaib earucapa oanun
cc ogy sin

ia aid up as exar ef so
ICVO ecuuse aver CVOS trai sc wee
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that most paoers finding paswtransistor adders faster designs some authors have found that DSL and dual

tAo static CMOS adders use 40 trarsistor static adder rail domino are lOx faster than static CMOS Neither

rccher Jian the faster and srnaler 2Atransiste ataterrc is ywhcre close sha dcsgners sea

is Figure 10.4 practice for example firds that an Sx8multp

ci buittfromDSbis tx faste and one built from dual

rio domino is 2x faster than stat CMOS

ln general there aint rio such thing as free lunch

Another way make pass transistor circuit fambies in circuit design CMOS destgn is fairly is sture fie

oak about twice an fast as they really are to drive dif- and designers are not stupid or at least not al desigcc

fusion inputs wth voltage source rather than with the ens are stup all the rime so if some new invention

cutput stage the previous gate secms too good to be true it probably is Ecu are of pa

pers that push he sdvantages of new nvecton isO

out disclosing the inevitable tradeoffs lhe tradeoffs

Clocked circuits all have setup time and clock-tm is ay be acceptable but they most be uriders ood

cc it delay good sy make ocke cue cok

mt onla report the clock-co-output de ay rhis is

ian Cu ny comma or he mrs amplhier ogc
no 00 valtor arus yea tso chip

cc nI

iwt in it Or tf

Mnny publiC ed papers have macis outrageous perfo con man to is amy ased urcuit in aPi calinoL

anne is ma cx op while or oarin 11 adde
to is hay rite proo to cc oh

ust at logic

69

Oh Ic fyi iou or 55 ol

des an or date tI eai us OS an rib OS ocos
o\ OS rarsistors yore riot available to build complementary ga en One stra egy was to

lu ioed gatos as nlov 11 igu 6i4 Conceptually the iwd gate ccnsists an

aMOS pull dow tvo kaad so op II up dovcc cab

on would simple but large nistors ns ne large
la out

ire it typical MOb processes Another technique is to use

an nMOS transistol with the gate tied to Vcc If V50

the nfaIOS transistor will pull ip
to VD0 Worse et

aputs Inputs tnpu0

threshold is increased by the body effect Thus using Vcc

in is St sui go

OS ocess off red dl izon zrade transistors

mae tim is oraindieated uth ctl ck or dentical to nJVIOS iatioeo gatns
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ordinary enhencement mode transistors except that an extra ion implantation was performed

to create negative threshold voltage The depletion mode pull-ups have their gate wired to

the source so J7 and the transistor is always weakly ON
All the ratioed gates consume static power whenever the outputs are low The speed is

proportional to the RC product so last gates need low-resistance pull-ups exacerbating

the power problem An alternative was to use dynamic gates The classic MOS textbook

of the early 1970s Penney72 devotes 29 pages to describing multitude of dynamic gate

configurations Unfortunate1y dynamic gates suffer from the monotonicity problem so

each phase of logic may contain only one gate Phases were ieparated using nMOS pass

transistors that behaved as dynamic latches Figure 6.75 shows an approach using two

phase nouoverlapping clocks Each gate precharges in one phase while the subsequer

latch is opaque It then evaluates while making the latch transparent This approach ii

prone to charge-sharing noise is hen the latch opens and pied arge only rises to 7DD

scrous four phase clocking techuiuu-- werc also dcvckiped

Wi the adve of CVOS chnolog dynamic logc lost id antage of power

consump ion owev hip spae was at premiurs and dvwinL gates could eli innate

most of the pMOS transistors to save area Domino
gates were developed at II Labs los

32-b add the BE lAC-32 cop oeesso cc olve chIc as of en ar

peed ml ccl 82 hh jul Dom al an -e to ci ded

is bCl ae

Il po ch

ems ispioven cut nould in sso the nu nber of date dela per has shrunk

DLC Alpha microprocessors onecred hs trern through the 1990s Gronowski98 aid

slfc1 Da

last cycle times B\ is notble wccption relying al uost exclusively complc entarv

CN OS ogc mirket cut tag edge proceses lUi

oc sor pcrf 02
Sor ie 1dm no esgn- leave ci save ret ga ig pci

mane advan age hi- has become more ffic it as akage ni mupling noise have

nereased with process sealing TI he 033 gre JUph 21 64 was or of he last designc

ii it Fm ad ag

spe an ea tat ad nit 20 TI
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SUMMARY

etain state in the Alpha 21264 leakage current had increased to the point that keepers

ye essential Modern designs always need keepers As an interesting aside the Alpha

to oprocessois also dtd not use scan latches because scan cost area and small amount of

pet
ormance This proved unfortunate on the Alpha 212o4 which was difficult 10 debug

usc of the limited observability into the processor state Now airtually all design

tFodologies require scan capability in the latches or registers as will be discussed in

ct on 9.6

Contemporary domino design involves substantial overhead besides the keepers Dual

domino is often necessary for nonmonotonic functions Secondary precharge devices

used to prevent charge sharing Multiple clock phases arc used to tolerate clock skew

ach phase requires clock be ffer and wire Dynamic inputs and outputs must be

de or spaced far from aggressors to avoid coupling noise problems Considering all

se factois domino no longer sgnficant area advantages er eompler ice tary

OS gate geea1 purros logh oever static Ws nd rgnter fiLs dscsd

ai
er ii en he viewed special auplicatic ns of ur io that do achieve hegf density

4asod to he c/I\ prorL ttotes hapt plc re ci crnat ye

na rota crc rues to improve iJ rat or espmd to male ol ag

Ia of tee tee 1uea trade hi0 re as ipuon ri ye aol

sr pi us
at ye ciieuit fan dies have falls that tome be understood and manag The chaote

icr ci of ci

tne or to ed alte iat to con plementary CMOS arc do nno
OS arc pi to tsr eF 15 CU CC came or

etfoi mi gi mc sd1 igi tra as stors

scudo MO cpl ccsthcpi\IOSpul upncue ha changc yea ptv Ohtan
TF hO5 rai to cc ra go ver whc

at ion

wet cot sa tnptic acrtoscs ci the Ja or ci se up is to erabic seu to

OS gat NOA action

nan gatec ito abe sculo ese lccid MOS ci us or 1ac

the weak pullup When ti clock is ow the gates precharg high When the clock

hcs the gates evaluate pull ag the output low or leaving it floating high The inut of

cvnamc gate must be in not real rsing whi the gate is in evals ation but the out ut

monoton ca lv tails Domino gates consict of dynamic gate followed by an inverting

cu gate nd oduce monotoniealla ing ou puts Therefore do nh gates in be eac

cc ci ten1 nv ons alrail do ac op true cc

ci itaiy nuutc and od ces ue and cot il nen art itp its to arov dc an ogle

fu icti at pc cc rgcr gtes to to ito gates are

sensitive to noise because is close to tee threshold voltage and ou put floats
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Major noise sources include charge sharing leakage and coupling Therefore domino cir

cults typically use secondary precharge transistors keepers and shielded or carefully

routed interconnect The high-activity factors of the clock and dynamic node make dom
ino power hungry Despite all of Lhese challenges domino offers S2x spcedup over

static CMOS giving it compelling advantage for the critical paths of high performance

systems

Pass-transistor circuits use inputs that drive the diffusion inputs as well as the gates of

transistors Many pass-transistor techniques have been explored and Co nplementary Pass

Transistor logic has proven to he one of the most effective This dual-rail technique uses

networks of nMOS transistors to compute true and complementary logic functions The

uMOS transistors only pull up to so cross-coupled pMOS transistors boost the

output to full-rail 1cvis Some designers find that pass-transistor circuits arc faster and

nailer for ictiors such is XOR IoU adders a1d n-ut pl xcrs that ax to in-plc

ment in sratir MS Becace nf th threchold drop the erit scala well it

Vw/V deneases

As desgn oduct vt cnn gates icr designer pr week it ist crer

exponentiall static CMOS rcusts rc even note at rsctive ccausc Fey at sir

ilea oF

ste

nplemcrtation using two stages of
gic cg NO6 INV NOR3 NkND2

etc Fr vl oC lc 105

input car dr5 no re than 30 of ra stor width Ti-c outp 1vc

60/30 rter inserter vtl 602 wide OS rd li de sMOS
tran ister Use logna effo to hoose the topo ar hr can average Ic

sti r5 te de ay ing og ci IA Ti ma parasit de or

cdffu eva tr

ta YliS

odo MOS wt OS oh or 1/4 treng ic Il-A ref

ed 1yntmc 1ovd slic opt

tie Ida fnm rist in2 fAng outpi

6.2 Sim slate cae gate you designed in Exetcrce Dc erm the sac age lay lot
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he tia asictor sire im ye ac delay ow much yemen cv vo tal
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EXERCISES

Design static CMOS circuit to compute BC with least delay Each

input can present niaximum of 30 of transistor width The output must drive

load equiva ent to 500 of transistor width Choose transistor sizes to achieve

least delay and stirat thh delay in

Figure 616 shows vo series transistors modeling the pull-down network of

input NAND gate

Plot Ivs using ideal transistor models for Oh

On the same axes plot Ivs for 1A Hisit you will

need to solve for ii this can be done best numerically

Using your results from explain whs the inner input of 2-input Cu ie in

NAND gate has slight greater logical effort thai the outer input seniec

Vvhat is the logical eUort of an OR-AN -IN\l Rf gat at ther the OR
erminals the AND terrni What ic tIe paras ti deay ony Tusioi

apa ance on tI output our ted

OA gate Uc il effo

antic delay from each input

34 Fe ax

I-s

he panv is fur ci

ren inp its

cL efforts each ga 01 ts axt alt sr sitlo

for sic los and U4 for ii is and LU-skew k-input LAND pa

Ii ca ra is toi it ci or sial ar

u.s 81

esg ax is NOR p-at ax Ut tie

cto Ic
p-i

or ti ii up is VVhs

13 to at the P1w rati rF as givec wes age de ogc ate the or air

to of ice at irS vax equa se and de
sys

14 et he the best stage effort of pat one is free to add cx ax buffers with

par 151 ic de ai and gual rffor Fo example etion 4o howed sat

pl a.i It asy to make plot of pl by solsmg umetieallv

Ii 6i es be tsge Is of CMOS taxI he lie cit Us

as sIc ofp Nov th fol owing it wh ch is useful for cc crmin up-
the best

st p-c
cfh im no re vh re fi ye lo log a1 effs rtc
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6.15 Simulate fanout-of--4 inverter Use unit-sized nMOS transistor How wide must

the pIVIOS transistor be to achieve equal rising
and falling delays What is the

delay How wide must the pN OS transistor be to achieve minimum average delayi

What is the delay How much laster is th average delay

6.16 Many standard cell libraries choose P/N ratio for an invertrr in bctxaccn that

which would give equal rising and failing delays and that which would give mini

mum average delay Why is this donnl

6.17 static CMOS NOR gate uses transistors while pseudo-nMOS NOR gate

uses only Unfortunately the pseudo-nMOS output does not swing rail to rail If

both the inputs and their complements are available it is possible to build 3-tran

sistor NOR that swings rail to rail without ucng any dynamic codes Si-ow to

do it Exp am any drawbacl of youi circuit

Silctc pie do-oMOS put Nil ard
i-ga truistor

idths WI the risn0 tag nd avc log in ofeoch gi

51 lo th rr in fu tiol

/BC

ig gictlae oLsgpscdo 110

itt 2/

what is the ath delayi

ft

of ti-c nMOS trans stor Vhat re the sini- ad ad avcrgc og ca ef hr

vi-

Rcneai Lx tin 21 and noes corners

23 ok tc in sy ie no NO
gat tO urte no is

fot rne St oit ibe vidtf
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TI

Sk tcl ipu nmctr gitc the erte ox

10 ci as ont ji nc inc nO tie ai xis dOt
rr ate th 15mg fal ax inc cO ef coi in at

OY imp te

625 Comwrc tic age do avs 16 ipi picuco Si

NOR gate vi ig fano of ti al 0atcx

Skein aput 01/IN gitc

ii ooti tin ted ga

transist ixidtl WSat ho lop fort each ga



EXERCISES

28 Sketch 3-input dual-rail domino ORJOR gate

Sketch input dual-ra domino majority/minority gate This is often used in

domino full adder cells Recall that the majority function is true if more than half of

the inputs are true

Compare standard keeper with the noise tolerant precharge devics Larger pMOS
transistors result ii higher and thus better noise margins but more delay

Simulate 2-input footed ND gate and plot Vy vs delay for various sizes 0y

keepers and noise tolerant prechargc transistors

Dcsign 4-input footed dynamic NAN gate driving an electrical effort of Esti

rratc thc worst charge shafng noise as fraction of f/ assuming that diffusion

capaci ance on uncontacted rodcs is bout half of gate capacitance sod contac cd

nodes it equals ga cipacita icc

Repeat Exercise 31 eneratmg graph of chaige sharing noke clcctri If rt

foh0 14anlS

ej
zcrcisc 631 if siz all condaryprccfargc tra ito add or cn oft

si

xc sin as

cogn to RC pm
iflU present man so is Os ass ye

lo 00 SSL rid or

i6 Redo
gi cnciio lecoder vii Se Sin 4A inn0 fo ed dom nokginYc
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a4ab fd is in ansisto Labcl gate es ate thc isv

She an\ ox io8 ut
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styt

ala DO an
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On1
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SRPL

PPL

DPL

LEAP

40 Repeat Exercise 639 for 2-input NAND gate

6.41 Design sense-amplifier gates using each of the following circuit families to compute
an 8-input XOR function in single gate SSDL ECDL LCDL DCSL1
DCSL2 DCSL3 Each true or complementary input can drive no more than 24

of transistor width Each output must drive 32/16 inverter Simulate each circuit

to determine the setup time and clock-to-out delays

6.42 Figure 6.77 shows Switched Output Different xl Str cture SODS gite Explain

how the gate operates and sketc waveforms for the gate acting as an inve ter/buffer

Comment on the St engths and weaknesses of the circuit family

LE

pts

ODe

Choose of tf circuit fam lies bes des SODS Exercise 6/21 ment ored in Sec

In rpe it -all at he gm
id th ci was oposed an we er fc cx hoa

ate in luding appropriat waveforms llVF at are the st engtf the

ii
sig gc

cc iis so veaxutthe ire ía v5
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3equential
ircuit Design

Ic previous chapter addressed combinational circuits in whch the output function of

cc re it npu This chspte disc sscs quntialcir ts wh tfc utput depe ds

1re in well as ciirrrnt inputs suck circuits are aud iav c/ate iu qe
schi sec nd pipelines are two important examples of sequential ci cults

Sequ rtal cireuts usualls desigred ill i-Up flops or ate cs wine son

cc called memory elemen1 lit hold data cc led tokens Ic Pu pOSc these lc sents

II nc wit it to ci force seq en gins cur- cit en fro

in xt toke here act iv Il th ii equ ge/c is

ui-s kc

hl ng nih ng is acm dcl oken ti- ai is a- reve

ch up vit pre ous to ens Un or unately ti-c1 ab add ne de
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to

Ic at ate slrcady inca deercasi sq tie cifo ani of en his ra de

fl
This ci- apses cons ders sequencing or both tic and namic ts btatie ci cuit

i-is 51

ps or loge Uy circuits refer ga es hat have odk ri-ut men
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Smtmo 74wii-lo sei-ueicngclcncstsfn atati Ic i-a tc Ii- flp

2r Isaac anspare i-i nd pu sed latch In dell no at of mi-s

secuen in dynamic circuits periodic riock is commonly used ndi th il of

sequence Section describes how external signals can be synchronized to the clock and

asilyzes he risks ui synchronizer fai ure \ave pif eli ung is scussed in Sect on 77
Clock g-neranon and distriburio will be examined further in Section 12

Ti-c hoice of scene ci ig strstegy in inst tied deIgn flow hat is be
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This includes such aspects as cell libraries Are the latch or flip-flop circuits and models

available tools such as timing analyzers Can timing closure be achieved easily and

automatic test generation Can self-test elements be inserted easily

L2

Recall from Section 49 that latches and Jlp-fieps are the two most commonly used

sequencing elements Both have three terminals data input ED clock c/k and data out

put The latch is transparent when the clock is high and opaque when the clock is lots

in other vords when the clock is high flous through to as if the latch were just

buffer but vhcn the lock low the là ch hol Is its ese output ever if changes

p-H an edge-triggered dnice that copes to the ruing edge the clocU

an gror at all tI ci tines These are llustratrd in Figure The inknowr state of

dore firs saw clock due radicatcd hr the
pair

oflnc at boil low ard hig

levels

LQ

Q9ath

chw tnt fipiop

This sect or explores the three most wdcly used methods of sequer staic cucuiL

with these elements flip flops 2-phase transparent latcbes and pulsed atehes iger86j

An ideal seq ncing mcthod logy wwld nt oduce no sequenci ovrliead allow

secuencing cmcrts back-to-back with no logic in Seen grant the designer flexibiliw

bait drg tsr nt clogi it exch ci cvcl tolerart noderate mo ntr of it ck

elar degi a/i performa ace aid consume cern ca ad pam er We II ompe
aese methods ard explore the radeoffs the offer \e will also examinc imbcr of

transis or-lea nplemmt of ca fir ne



7.2 SEQUENCING STATIC CIRCUITS

IJ
re 7.2 illustrates three methods of sequencing blocks of combinational logic In each

cr5 the clock waveforms sequencing elements and combinational logic are shown The

rontal axis corresponds to the time at which token reaches point in the circuit For

ipic the token is captured in the first flip-flop on the first
rising edge of the clock It

nagates through the combinational logic and reaches the second
flip-flop on the second

edge of the clock The dashed vertical lines indicate the boundary between one
cycle and the next The clock period is In 2-phase system the phases may be

ated by In pulsed system the pulse width is

Ftops ck

__________
ij Combuaton Logu

1t5C nIL

ehes

Comb nn
Cyce1

etces

xb one Logn

SLa ic scqs en ne ad

flop ba ssterr use one flip-flop or icr Ic iOU idars To ad inca ron

aye1 tEe
ig dg tok is to cs ly fl1

in tha rext cycle Recal that flip flop can ewed as pair of ba al ti back
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latches using c/k and its complement as shown in Figure 7.3 if we separate the latches we

can divide the full cycle of combinational logic into two phases sometimes called haf

cycles The two latch clocks are often called and They may correspond to c/k and its

complement Jk or may be nonoverlapping tnousep At any given tima at 1east one

clock is low and the corresponding latch is opaque preventing one token from catching

with another The two latches behave in much the same manner as two watertight gates

canal lock eadSO Pulsed latch systems eliminate one of the latches from each cycle

and apply brief pulse to the remaining latch if the pulse is shorter than the delay

through the combinational logic we can still expect that token will only advance throug

one clock cycle on each pulse

ci

elk cli liE cli

rations og

able deflnec th dc avs rn constra nt of the cc rib tier log and

ii gel iron lncd as is ii finnty sny dfllsr

can be istu go she wits an or fufhsc Thr brev we use th overa rsaxirnur

dminin in

Logic Propagation Delay

ogic Contam nation clay

Latch/p op Clock to rirop sgatio Delay
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t5 teL to-Q Propagatim elay

tthD QC so atosD

aLch/F lop Setup lime

at bill op Pd
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Figure 7.4 illustrates these delays in timing diagram In timing diagram the hori

itOl axis indicates time and the vertical axis indicates logic level single line indicates

signal is high or low at that time pair of lines indicates that signal is stable but

we dont care about iii value Ciiss crossed lilies indic ate thai tile signal nught change

at time pair of lines with cross-hatching indicates that the signal may change once

nc re over an interval of time

Figure 7.4a shows the response of combinational logic to the input changing from

arbitrary value to another The output cannot change instantaneously After the

tamination delay tn may begin to change or glitch After the propagation delay ttd

have settled to final value The contamination delay and propagation delay may be

different because of multiple paths through the combinational logic Figure T4b
ows the response of flip-flop he data input must be stable for some window around

ng edge of th flop if it is to betel ably sarrp ed Specfically the ip it trust have

ed by some setup time before he fisrg edge oclk and hould rt change aaar

hold tine after the clock edge The output begins to change after clock toQ
ttaminatio delay and completely settles after clockto propagation delay igore

shows the response Ftch Now the input nust set up and hold aron id the

alge at dxi tes cud of th simpling iocriod The
itput initiallt changes

co an pa 4i
ig dg of hi

the uou 11 cc if ci oi

adt SetunnIldl crib hi

propagati delays in simulatior

ck

ek C___/

inn0 Ja
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Ideally the entire clock cycle would be ate Gable for computafons in the combinational

logic Of course the sequencing overhead of tt latches or flip flops cuts into this time If

the combinational logic delay is too great the receiving clement will niss its setup ti tie

and sample the wrong value This is called setup iliac failure or maxdelayfailure It can be

solved by redesigning the logic to be faster or by increasing the clock period This sectio

computes the actual time available for logic and the sequencing overhead of each of our

favorite sequencing elements flip-flops two-phase latches and pulsed latches

Figure 73 shows the max-delay timing constraints on path from one flip-flop to the

next assuming ideal clocks with no skew The path begins with the rising edge of the

clock triggering 11/ Fhe data must propagate to the output of the flip-flop Qi and

hrougl the combinational logic to se ing up at F2 befcre the rext ng clock edge

is mp as that the clock enod miss hr lea

Al er sat ecu we ca solve for the maximum allot able logic delat which is Inply the

me ss eqr rh se on

if f1

If 12

ck cit

L__ ___

___
\-

JO 00 conaLci
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The Arithmetic/Logic Unit ALU selJ-bypass path limits the clock frequency of

ome pipelined microprouiscors
Pnr example thc lnfeer Execution Unit IEU

Itanium contains self-bypass paths for six separate ALIT as shown in Figure

6a The path for one of the ALUs begins at registers containing the

puts to an adder as shown in Figure 6bThe adder must compute the sum or

difference for subtraction snaP moZtplexer chooses betwecn this sum the out

ut of the logic unit and the output of the shifter Then series of bypass mziltpZex

sri selects the inputs to the ALIT for the next cycle The early bypass multiplexer

chooses among results of ALUs from previous cycles and is not on the critical path
The 81 middle bypass multiplexer cho iSeS result from any of the six ALUs the

ear bypass mux or thc register file The 41 late bypasc multiplexer chooses result

from either of two result returning from the data cache the niddle hypax muir

result or thc immediate operand spccifed by the next instructios The late bypass

muir itp is dri mc baT tc ALU to usc on the nex le Becausu the sx

Is id Pc pa pl xc occup si9nifl art iro is of irea tic ci sea

path also nvolves mm wires from the result muir to middle b1 pass muir and from

idc rn ss ml b%p nuir La tO an uii hc

as ho ii is or ci

tie purposes ml thesc example we wil v1otbes se instead Is is built frum

ati 01 ci 6ip fioor itcie

ro ii opagat or dcl aol ontam sat on delays of the path

Ta or it ft fip ps witl is us

in cf 62 ps old tLn of as propagat or ds cy pa id cur taminotion

11 of ir l7si Fh if bi asc

path will
or

crate orrectiT

lAp Os
sut usc 6Ops Tips

Tiiv sypass ir 95 us

Middle Bypass Mu 80 us So
ps

Latc Bypass Muir sO pa 40

2-muwire lOOps 6Sps

teats sued
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7mm

Mu

Mu

iT Eu

ii 01
lIT

ire sh RO cc am ti

cc su Fat ar ivcs rn aren

da aga uiT
tIe frst ocl of atm It

or lo mb ia og ccl mml Du ye late as setup im



7.2 SEQUENCING STATT CRCUTS J1

dote the falling edge of jz and still be captured correctly by L3 To be fau we will insist

tha DJ nominally arrive no more than one clock period after Dl because in the long run

impossible for every single-cycle path in design to consume more than frill clock

Certain paths may take longer If other path tak less time this technique is called

boro wing and will be addressed in Section 724 Assuming the path takes no more

cycle we see the cycle time must be

pdql dq2 d2 73

cc again we can solve for the maximum logic delay winch ii the sum of the logic

clays through each of the two phases The sequencing overhead is the two latch propaga
delays Notice that the nonoverlap between clocks does not degrade performarce in

atcl -based stem because data con nucs to propagate tIm 5F Fe comhinathno

between latches men while both clocks are low Realizing that flip flop an

de from wo latches whose de as let rmire thc op propagat on delay and setup time

FQ 74is amlagous

02

33

io ph1a na rn
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the pulse is wide enough the max-delay constraint for pulsed latches is similar to

that of two-phase latches except that only one latch is in the critical path as shown in Fig
ure 78a However if the pulse is narrower than the setup time the data must set up
before Lhc pulsc rises as shown in igure 7.8b Combining these two casem gives

maxt 75

Solving for the maximum logic delay shows that the sequencing overhead is
Just one latch

delay if the pulse is wide enough to hide the setup time

tpd maxtq tEetpEiw
cqie ing wc ci

it it

HO
Gonb nationa Logic

D7
at

P2 ___

Fr ci ci cciy CC

deally sequencing nc ucuts can be aced back to back witho non ening combina

tion og and sri furc or rech le pip inc ca iSC bccl to gis

to alo ns et ot cole hoot ng T0 rId

ía is large ai ontam la sr all data cc con ctlt MI ate ougi

VO ucw RC ne ek Ic edge rupti th ta of th cri Th
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ftecompute the ALU self-bypass path cycle time if the flip-flop is replaced with

ulsed latch The pulsed latch has pulse width of 150 ps setup time of 40 us

old time of p5 c/k-to- propagation delay of 82 ps and contamination delay of

Ps and D-to-Q propagation delay of 92 ps

t5 is still 1000 p5 According to EQ7.5 the cycle time must be at least

92 1000 1092 Ps

lied race condition hold time failure or mindelay failure It can only be fixed by rede

gn ng the logic not by slowing the ock Therefore designers should be very

in avoiding such failures because modifying and refabricating chip is very expensive

ci time cons iming

Figure 79 slows he in fe syt mug nstrarts on apat7 fom ow fi flop tie

assuming ideal clocks with no skew The path begins with the rising edge of the clock

ge ing Fl The dat ay beg to change at Ql after ilk to co safo dcla

af te ano og contami sat delay liov ever not each at

as the hold time hc after tie clock edge lest it corrup tie contents of nil hence we

or ii og amirato

77

cik

___ID2
Flip flop latcd mm delay constraint
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In the ALU self-bypass example with flip-flops from Figure 7f1 the earliest input to

the late bypass multiplexer is the imm value coming from another flip-flop Will this

path experience any hold time failures

No The late bypass mux has 45 ps The flip-flops have tO ps

and 75 pn Hence EQ71 is easily satisfied

If the contamNation delay through the flip-flop exceeds the hold time you can safel1

use back-to back flip-flops not you must explicitly add delay kitween the flap flop

eg with buffer or use spec ii slow flip flops whh greater than no mu contamination

de an path that requhe hack to back fib iS Scan chairs arc common example of

patki back to back flops

Fig 10 hows ie in de na as or aspare

latch to tie ne The path begins witl Ian passing hrougf Li on the
risirg idge

tr L2 previo fall cd1 bl sc ao

ax saf aco in cce ra

Ia mc ra ni dc ax cach sc og

Lcq iii

Note that our der va br Aurd the aaa mun cia th tic first

dhlfcelsth amccrtrun

As result hon that by making
nap

sufflcaen lv largc hold time ure can he

are ntrc are erat and dis oh ws vcr pp rg loks yen

gang at aagr spc/s er fo most corn tra spa ii larch-bawd ix

hr oc aadasrc am marIa
tren tie an bet ye at Ii an It flips

logi ea Lu

en vat lo ta an cliv as ta

flap-flops Yc flap-flops can be boa Iao ii pa of latches ihe radon rCsO ye Ot

observing that ifip-fi has in errF wee cord non he nec the two latches The fl

flop trust carcfu designe so fr at ways opcra es re1aaby

gure shows the delay ming onstraa ws ota atl from one pulse tcl

to ac xr Now data departs on the nisng cd8e tic pulsc ha ni st hold un tal af cr tIt

hAng cdgc of re pu herefnre the Ise ffctr
Ia

inc cc es he hod time of
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If the ALU self-bypass path uses pulsed latches in place of flip-flops will it have any
hold-time prohlems

ETT Yes The late bypass mux has t3 45 ps The pulsed latches have

150 pa t0i3 ps and 52 ps Hence EQ79 is badly violated Srcl may
receive imm from the next instruction rather than the current instructionS The prob
lem could be solved by adding buffers after the imm pulsed latch The buffers would

need to add minimum delay of thld 58 pa Alternatively the imm

pulsed latch could be replaced with flip-flop without slowing the critical path If

the flip-flop were designed with very long 110 ps contamination delay the race

would be avoidech

In system using ip-flops data departs thc first flop on the risng edge of the clock and

set at the se out flop hfo re ott ris ng edge of he ock the data ar ives

1ae the cit prc
duces di

ig resu If the data wet ear bloc red

gc Ic na uso re it Fe oc poacs

jan cc/ge us si
srply to

con rast when systen- uses trar sparent latches the data ca depar the first latch

cn the is to it ge of tha oc doe ito to se ii the Ia og elge

it ocK on rcceiving atcu one nor cycie or stage or pipeline n-s too rnuco ogm
an ho row time ito the ext half-cycle or stage es lust ated gut 12a

Bernstem99 lime lion-owing can accumulate across multiple cyc ci However in systerrs

wit edback he long delays ust be balanced by short delays to tat the overall ioop

cor ct in the iii it ti tush Fo cx trip gu yc it

bypass vF tj eb itovi ccc across hal
-cy lecbu rcpat

it it cyc yp example se bypas lo tFc cxecuton stage ppehned

wets it te it tic it ki

te /11 ndto Mw alp dg Lt cii

self bypass oops because otherwise latency does not matter

Figa ustrates aoar tiwe ha vitO puasa atch based

system can borrow beyond the /2 tomi ia ly available to each hall-cycle of logic

Because da doo not hate to et up di the failing edgc of the ccci ng tc clock

one phaQe car borrow up to half cycle of tme from thc next less setup time and non

ovela

710
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Suppose the ALU selfbypass path is modified to use twm-phase transparent latches

midcycle latch is placed after the addeA as shown in Figure 14 The latches

have setup time of 40 ps hold time of ps /ktoQ propagation delay of 82 ps

and contamination delay of 52 ps and D-to-Q propagation delay of 82 ps Com-

pute the minimum cycle time for the path How much time is borrowed through the

micP cycle latch at this cycle time If the cycle time is increased to 2000 p5 how

much time is borrowed

Adds Mux Dh2

Bypas Las

Bypass

Me

Es

Op
Vux

5Sf

Accordmg to EQ7 the ycle time 82 590 82 410 1164

ps TI is of ic so tic ch tddei il sun 82

S90 pe Thcnom salfcck twa is 1/2 582 He cc the 1athbor

ro vs 90 fru ties cord iaf ale ft ayal use increases o2000 Ps tfl tie

1080p Th iUoe

Pu sed ate an oe iewm as spares eswithanarrow use lepus

wde ran the setup ti sic Pu sed la dies air also capable of or no bor

rowingfr iv ne iv le to

iw T11

jive borrowing ras rio ber efits for the yste iv 2es gncr he most obv ous is mien

me bermomng Ic es se nor 30 an

eles pipe se ages cads ten is lvi time us

balancir can pla dun eu desigr iv icr than roust sangas to re

ma oarcritecture to explicit mo ne sors ross one stage to other The oil
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If he ALU self bypass path uses pulsed latches how much rime may it borrow from

he next cycle

None Because the path is feedback loop if its outputs arrive late and

orrow time the path begins later on the next cycle This in turn causes the outputs

arrive later Time borrowing can only be used to balance logic within pipeline

hut despite the wishes of many designers it does not increase the amount of time

ivailable in clock cycle

rtunzcli lilac borrowing Eser if the dLsigne caiefufly equalizes he delin ii each
stage

sigr the hogs v1l difc- ie ore stage to a-i tl-e or il-c fabr ated

of ore and envr nor enta snatio id na curs cies the timr nodel used

em as sterr wit h-ri orgs he longe cc sets ho mu swum

pe iod stoor capable of time orrowing the dov ye es can tu ust

fo ai ax ag utso eof oaia

sip pc or

sump srI of the tl-s re excessively ong Worse yet the 1roblem may be

de urt lit is an he7 ns cli tine It iS 00 to 3es gnri
ai as-c oF ci cab oil- lse

ii so ii ci at c-n cut in tie ahab so urn

ci 15a Tel oldcl- in cc ss bee

Fr7

borg flop ccci vs ts ock ate and the ccc up flop receives is ci orb corny Li is

ore skew ci act rro tue me ailaoie ior usefi computar so

ppes as sequ nemg overhead The vorst scenario fol mm delay is that tie Iun hing

receiv clock ear and the recessing clock ieee yes its clock late as own ii

re Er case he be skew effects clv ncreases ti old ime ot the ystem

1a ct 1ew 71
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Tf the ALU self bypass path from Figure 76 can experience 50 PS of skew from one

ycle to the next between ffipfleps in the various ALUs what is the minimum cyc1e

krie of the system How much clock skew can the system have before hold time

failures occur

According to EQ7J2 the cycle time should increase by 50 pa to 1202

pa The maximum skew for which the system can operate correctly at any cycle time

45 10 75 130 pa

716
boirov nor overlap e\r

1cna72NQ2Comural Q3
J7

Ciock skeu id ranepa late se

Lu is etc of 4evs no ial tie aulse If

wide enoug hc ike II neresse the sequenc ng oven cad because the dat3

an anise Ie he latcl is ins aient Ythc puls narrow skew can degrade perfoi

cs od end th ncitr
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sei or icing erhead
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or ta tea 719

In nmar sstcn is rd edges fipflopsi subt doe sk om the
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tage of the window of transparency to tolerate some clock skew without increasing the

sequencing overhead Clock skew will be addressed ftirther in Section 25 In particular

different amounts of skew can be budgeted for mm-delay and max delay checks More

over neaiby sequential elements are likely to see less skew than elements on opposite car

ners of the chip Current automated place route tools spend considerable effort to

model clock delays and insert buffer elements to minimize clack skew but skew is
gross

ing problem for systems with aggressive cycle times

7.3

Conven sara CMOS latches are bu usirg pass trans star ris ate biffer

wit4 ah 1e the 5ath is ansp4r an fflb to hul$ da wmhi cC
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In modern processes suhthreshold leakage is large enough that dynamic nodes retain

values for only short time especially at the high temperature and voltage encoun

during burn-in test Therefore practical latches need to be staticized adding feed-

ci to prevent the output horn floating as shown ir Figure 717e When the clock is

he input transmission gate is ON the feedback tristate is OFF and the latch is trans

nt When the clock is the input transmission gate turns OFF However the feed

ck tnstate turns ON holding at the correct level Figure 7.17f adds an input

ter so the input is transistor gate rather than unbuffered diffusion Unfortunately

and reintroduced output noise sensitivity large noise spike on the output

opagate backward through the feedback gates and corrupt the state node Figure

is very robust transparent latch that addresses all of the deficiencies mentioned so

he latch is stat al nodes wing rail to rail the state noise is isola ed from output

and the input drircs trans ito gi rather than fUsor ch ktch is ne

radard cell appl ctoo nc1udicg 0c AUso tandaU eeL Fbary FArtcrO2

ommended for but the st pe formar cc or area-critica resigns

nrii iS 010 al at app ice or vn in ut Se in be bet introllcd iv

ing latch of Figire 1ih may be ireterab because is laster and no or par

cc ole tel sc tFa as am dape hia rr kO Figu 7.17i sloss

oiih th to at le Is

oft

tI rtr

corners gu ows anoti erjamb Ia in onl use rcg cc Ues

ograr riabehaei Cc ysrchltche ivdouto as igal

or hi in

sn ses tile ate shown it ig /.1 affzigcrh2 .In the static feedback

it tF pu

ti irpu Iv sibe it rg no ci oseron thc feedback The teriLn 2cc1

ars id ffc

prey on gte iS weaL far way V/in it put Iv rOtter the atch

red as rio she we the tes go hc vn and nc tcfcs dd rotc

iIc

ci 01 cF il su Jo

vet state dc ca bc sh be veer tr lsmnsl gao n3 sta if

015

le dy mL 7d also be draw cud

go 8e uch form sometirres called c/ac/nd C/I/lOS C2OS
in to iventional fi rm using inverter and ansm ssion gate is slightly faster bccausc

output is driver thro igh the liMOS ard pMOS workrg in parallel 02 lOS is

ghtly smaller bee usc it limirates two cot tints iire 18b shows coo he 5o cf

he tf itate the
ips

the data an clod term als is ogically equ va ent but electri

ly fcc gg at

leoi ut ki/3
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CIRCUIT DESIGN OF LATCHES AND FLIP-FLOPS

DQ

C2MCS Latch

All of the latches shown so far are transparent while is high They can be converted

tave ow latches by swapping and

re 19a shews lynamic inaerting flip flop frora pai of bad to-back

atm latches Either the first or the ast inverter car bc em ye to reduc

at cape tic of eater noise sensitivky on the abuff ed put or outpu Figu

dd ci ar ther to rr nyc op

PC fi fib ou

94

-Q

XtLh

Flip ops

Flipflops us ally take ungic ock stgnal and locally gene ute it omplemert If

the ck se/fall mc ye sb poslibl tha both ale clock and cor itleme

jill simultaneous he inte mediate voltages atlung both latches tra sparent and

ncrea tie flip flop told no In SiC stand ad cell libraries such the krtisan
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library the clack is both complemented and buffered in the flip-flop cell to sharpen up
the edge rates at the expense of more inverters and clock loading

Recall that the
ffip-flop also has potential internal race condition between the two

latches This race can be exacerbated by skew between the clock and its complement
caused by the delay of the inverter Figure 7.20a redraws Figure 19a with built-in

clock inverter When falls both the clock and its complement are momentarily low as

shown in Figure 7.20b turning on the clocked pMOS transistors in both transmission

gates If the skew i.e inverter delay is too large the data can sneak through both latches

on the
failing clock edge leading to incorrect operation Figure 7.20e shows C2MOS

dynamic flip-flop built using C2MOS latches rather than inverters and transmission gates
Because each age inverts data passes through the nMOS stack of one latch

and the pMOS of the other so skew that turns on both clocked pMOS transistors is not

hazard However the
flip-flop std susceptible to failure from very slow edge rates tha

tuE k01h transisto parri4ly ON Tne same skew advantages apply even when an eve
flu nbc fr ui

ig logic ags ar placed betwec Fe tches tech que sam
mes ca led NO Ral NOPJ Go lrves83 -ti flip fi gas

ful con rol the de ay of he clock inverter so tF ansa sson gate des ge is safe

slightly fas et thai C21I/OS

Jr asrnssian gate and NGA dyrm tp-f oar

Ad of these fli fib desig at ese potci ra ivr delay lems beNr et flip

flops especially zshcn te is little or no igie bet vecri flops and the cloLk sken arge

pearly analyzed For VLS class proJc whee efid clock skew ai alyss too mucf
work ard perfern arc is less importnt reasonable ternall is to use pa of

are overlapping oc Inst ad the ock and its comple nt as vn in Fg
.T he ip-op c5 pitIes ts put tic sing edge of By raaAng the sonose ap

large enough the cir 5urt will rk despite large sk ws owever the nonoverlap time is
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Flip on wth phase onover spuing clocks

ot sed by logic so it dire tlv mci eases the setup to re and auencing overhead of the

mflop see Exercise

uF lt can be built from rvertlonal \KlOS tra spar nt latch river
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The 0artoai pu/ed latch in Figure 23 ehmnates the need distribute the pu cc ba
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oouoled inverters dashed box stat ciae the circuit though tf latch is susceptible
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Pu se gcneTato

Pr ov sed atcs

Most practical sequenci elements require reset signal to enter icr own mit al state on
starti Vigum 24 sF ows latches and ip-aloos with reset inputs There are two types if

reset synchronoas and asynrhronoui Asynefr nous reset forces low immediately whi

crc wa ti for acE Sy our reset ugna must stable or se

and bold tie he ock edge wh le syrc onous re at chara te ad by propa

gato dc
ay

fro reset too tbut Sr di roes reset simply req lies NDi flout

veth reset Asyi chronous reset requires gatrng both the da and the feedback to force the
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set independent of the clock The tristate NAND gate can be constructed from

ND gate in series with clocked transmission gate

Settable latches and flip-flops force the output high instead of low They are similar to

ttablc elements of Figure 724 but replace NAN with NOR and reset with set Figure

shows flip-flop combining both asynchronous set and reset

bo

reset reset

ornus

res

yr nous

r_c
re rese

T
II
II
J

reset
561

old Cc

11p-flo with aoyn ron6 er and cac
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Sequencing elements also often accept an enable input When enable en is low the do

ment retains its state independently of the ciock The enable can be performed with an

input multiplexer or clock gating as shown in Figure 7.26 The input multiplexer feeds

back the old state when the element is disabled The multiplexer adds area and delay

Clock gating does not affect delay from the data input and the AND gatc can be shaied

among multiple clocked elements Moreover it significantly reduces power consumptio
because the clock on the disabled element does not toggle However the AND gate delays

the clock potentially introducing clock skew Section 12.55 addresses techniques to min
imize the skew by building the AND gate into the final buffer of the clock distribution

network en must be stable while the clock is high to prevent glitches on lie clock as ill

be discussed ftirthei in Sectior 7.4

Symbo Mu tioexer esion Ioc at esqn

beat thss lr

oath way to reduce he saque icing ovc head oflache re ilacc soc of ii vert

ers is tie atch ati gate ti at perlor usef il co putation gure 27 ins vc
dot is ndyram atci IheDECApFa2 164uelanasso iertofiatclesb

ek
qe
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such as NANDs NORs or inverters This provides the low overhead of the

smission gate latch while preserving the buffered inputs and outputs The mux-/atch

Lons sts of two transmission gates in
parallel

controlled by clocks gated with the corre

nding select signals It
integrates

the multiplexer function with no extra delay from the

eputs to the outputs except the small amount of extra diffusion capacitance on the

node Note that the setup time on the select inputs is relatively high The clock gut
will introduce skew unless the clocking methodology systematically plans to gate all

ocks The same principles extend to static latches and flipflops

6S0 Si

nhiin op ogic anc chos

Kiass seinidynamzc fzp flop Si ass99 shown Figure N28 is cross betwc

is il late flip fi Pa no pu sed tch it ouer th pi iii

ersect go icc soer ses dyraivic AND ga in pia of tIe stati NAN
Tlil tfc -k lcvXp ha gus icrl and Fo ds old state Whei the clock ses

an-N es sO he

rsO rrr sEN nsF

on This allows for very short pulse and short ho time The Weak cross-cor oled

wts dti oie Pip-cop cd the fir irverte buff- tP output aod
ike pulsed latch the SDF accepts rising inputs slightly after the rising clock

ge Like flip-f op fallng igu must set up before the rising clock edge It is called

sernidynccmic ause it con buses the dyna ike input stage with static operat on TI

SDFF is slight faster than ice Parto pulsed latch loses the skew toleranc md ne

oorrowing capability The Sun Ultr Sparc burt
logic arto the SDFF very efficiently by

rp -iou the sir gle transistor connected to with collec ion of transis ors performir

OR or lit_P exer ncfo lPealdO
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Kiass sernidynarn flip-fop

DftIrentcaZf1cp-J1ops accept tore and complementary puts and produce true anc coor pie

men ary wtputs They are built fro ocked Se se amplifier so tI ey can rap ly respond

to al differe stia sout oltages WI tie they large as so ordinary singi ended
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irodue ti
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down whi the ross coup ed pill05 transistors ac as keeper for the oher nod The

SR late forr ed cr ss -cup ed NA TD gat es ci go to ig

OUEUL anti young tnrougn pro narge Ti flip nop ca ar ip ivy ano respono to

differenna nput voltages or it car usc overt derv co plementars input

trom his Sip flop was used in he Alpha 21264 Gronowski98 has small clock

load and aroids the need for ar inverted clock If tie wo rput am too are ieplaced by

ip ci OS logic to votes he ciA hi all ci og
tic offi ate 39

he ig or SA F/ uffers from Fe possb to hat one of tF terual nodes wi

ittsi

ntanao add iev aknhll in og re 20 oft Ct

flipflop at the of sma moons more internal loading and delay
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cross-coupled NAND gates hurts performance he NANI gates serve as ave SR

latch oil1 aecessary to convcr Ic monotoreaily fallng pulsed Xsignals sea ic

output they be re laced by HI-skew ester when dii es do mno tes Alter

native igure 729h iws tow to build fitter salvo latch to eplare roso-mupled
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urns on the oh OS transistor imrr cc rate pu the output high also Irises ore

to hUgh ails vu Fe cu ough the opp ir tran isro



CRCUIT DESJGN OF LATCHES AND FLF-FLOPS

he four blue transistors serve as small cross-coupled tristate keepers that hold the outputs

ter the master stage precharges but turn off to avoid contention when the outputs need

switch This slave latch still involves two gate delays for the falling output but the

lays are faster because the gates avoid Lrovvbar LUCCCUt hace lower logical effort and arc

wed to favor the critical edges
The AMD K6 used another differential flip-flop shown in Figure 729c at the inter-

ace from static to selfresetting domino logic The master stage consists of

elf-resetting dual-rail domino gate Assume the internal nodes are initially precharged
the rising edge of the clock one of the tss will pull down and drive the corresponding

tput high The OR gate detects this and produces done signal that precharges the

ternal nodes and resets the outputs Therefore the flip-flop produces pulsed outputs pri

arily suitable for use in subsequent self-resetting domino gates see Section 7.5 The

oss coupled pMOS ransistor irrp ove the nois inmu wfile the cross-coup

Prters cfdtICIZe the internal nrde

Do is

Dfeexiu ip io



CHAPTER SEQUEN11AL CIRCU DESVGN

Conventional latches require both true and complementary clock signals In modern

CMOS systems the complement is normally generated locally with an inverter in the

latch cell In the late l980s some researchers worked to avoid the complementary signal

The True Single-Phase--Clock TSPC latches and flip-flops replace the inverter-transmis

sion gate or C2MOS stage with pair of stages requiring only the clock not its comple
ment YuanS9 Figure 7.30a and show active high and low TSPC dynamic
latches Figure T30c shows TSPC dynamic flip-flop Note that this flipflop produces

momentary glitch on after the rising clock edge when is low for multiple cycles this

increases the activity factor of downstream circuits and costs power Afghahi9oj extends

the TS pr ciple handle domino RAJVs and other precharged circuits

tn

dy tainic PL at hes were us he groundbrea ung Alp 064 crc

Vroiess Dobherpuhl92 Logi car bin nto is first stgn ch lx ch he atc

as not easy to staticize Afghahi9O any case the clock must also be reasonably sharp to

prevent rines when both trin istor re pa tia CN ar on94 Th Alpha ll64

eves to oi or dy ii cm to St riated we verrer

Bow oa us nna
pr any othutoric eres

14

This section examines number of issues designers must address when selec ng

que cing dc rent metfodo ogv We begin af gencra issues ai ii cn pr ce to

echnique spec fic to flip flops pulsed latc sos id trar spawns latches

Until the or 35 pm genera leakage was relatively low and thug dynamc
itches held th ii state for acceptably 1mg tnt cc The Alpha 164 was one of tI

Ps
riajor

if icrooro sors to use dvnam latchng ethodoIo 35 proces in

so id 990s -e usreda miri n- era ing equer cv of 1/ 0th full ape miii

state eve durmg testing lhlodern systems generally requ me static sequencing elersents

no late when clocks are gated or the ste is test- at moderate freq ercy cal ge
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sually worst durmg burnin testing at elevated temperature and voltage where the chip

still function correctly to ensure good toggle coverage Static elements arc larger and

newhat slower than their dynamic counterparts

Similarly the growing difficulty and cost of debugging and citing has forced engi
irs to build design-for-test DFT features into the sequenUing elements The rrost

utant feature is scan special mode in which the latches or flip-flops can be chained

ether into large shift register so that they can be read and written under external con

during testing This technique is discussed further in Section Scan has become par

arly important because chips have so many metal
layers

that most internal signals

iot be directly reached wth probes Moreover somcfiip-ch pc are mounted upside

rraking physical ace is even more difficult Scan can dramatically decrease iFe

red to debug chip and red ice the cos of testi sg sost dm gn Tiodolog he

tha
seqi ci ements must be sea inab des sic tie tts area en uli

it s2 264 cid imp ii arc nas Very fIle de is at
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Pulsed latches are faster than flip-flops
and offer some time-

borrowing capability at the expense of greater hold times They have fewer clocked tram

sistors and hence lower power consumption intentional time borrowing is not neces

sary you can model pulsed latch as flipflop triggered on the
rising edge of the pul

with lower delay but lengthy hold time This makes pulsed latches relatively easy to

integrate into flipflop-based CAD flows Moreover the pulsed latches still offer opportu
nistic time borrowing to compensate for modeling inaccuracies even if the intentional time

borrowing is not used

The long hold times make pulsed latches unsuitable for use in pipelines
with no logic

between pipeline stages One solution is to use ordinary flip-flops in place of the pulsed

latches iii these circumstances where speed is not important Unfortunately some pulsed

latches fan out to multiple paths so am of which are short and others long The tanium

processoi sed hc clocked dercer in onjunction with affziger pulsed latches as showr

dgu T3r tNAfZgcrO2l These were placed before die receiving latches or rhoit pahr
blo kin omng at vhile the -e ng atch anspart The1 ton atical

adapt ml iv va alt on nc ave it rter no mna propagation delay tha

if ers but aIm consume more pcwei ian buffers because of the clock loading dusuO3

Toreedving

Pu red Latca

Deacer

ced

l- cc
ip ps ad tt ac e-iuse he pert ut re Ic to IF

One teF ut he plaeec it each hall-cycal ata ca arrive at the ate time tie latch

is tn iga er venier desig app oae iomrnal lace la eh at ti eg

rig
of earl ialf eieL IF ci time irowing oeeu rhen Ii Og ot c1c

agcr th ir om al iic data does or nrc at next atch until some me into th

next half-cycle

Figure L32 illustiater pipeline timing for ott arid long logic paths between latches

\Vheri he path is sho the data arrives at the ecrid arch early and is lay itd

thc ik edge of P2 Therefore it is natural to consider Ia ches residing at the beginning

ii SC OX pa is ott just op at ri is WI tF

path org orrews om tie nit half eyel the second tee bow
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Combinationa Logic

La pl ce sent and i-ne borrow ng

ci skew does no onc path becau th to does r1se it the latch un aftei

ac skeved is gc llC

ki no gnt nust sc thi ca gna pat as es

so ci be as op

must eceive all their inputs from the same phase Section deve ops lorma

oft ek vh
sig

all sa we

oft tee iq menhor do Sec ior 65 can be isvi in coinnor toe atcl

er abcs fi eqi leme ts cv 11 ho la eb or

eked CVC SC ho the wre design asd thee oc disrb or work

arefu ly sen tin zed eve on mire po ye Ke device sizes ar

arc do is ac nt feb trans lied lit he

cc cc ia at ci

xv tinY ip-5op ot gure 19b also pos elh aent because airrp

mv c99 aten ve dy of nd lay seq icn ii

Scan atches and fi flops Chapter used for estrg incre se the

quenfal ement switched load Unforta natelt there is radeoff berveen tw ability

powe consumption The deeisio norrr ally toward testabilitac

Clock gatir can be effectively used to turn off sedfo as of circuitry that are no

eauired during certain time intervals When ock gaters arc rxserted the relative cia

we blocks must be cful monitored ens re thai rio oel races oe nix se See

5a
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Figure 733 shows simplified block diagram of an IEEE 802 Ha Wireless Local Area Network

receiver IRvanOl Being packet-based system the clocking takes advantage of the fact that the

clocks only have to be applied to modules when packet arrives The packet activity is monitored

by the packet detector which is carefully designed to dissipate the least dynamic powcr as it is lis-

tuning constantly The test of the circuitry is usually idle and all clocks to the remaining modules

are turned off When packet is detectcd control block issues start of packet signal to the clock

gater that controls the synchronization module Synch The control block also figures the length

of the packet and thus in conjunction with the pipeline delafi through modules knows how long to

turn tl local clock to each module in the data pipe The Fast Fourier Transform FFT and Vit

erbi Decoder modules are until iriy controlled The Viterhi Decoder uses register exchange tech

sique which thc rammflction that has large num icr of
regis er 128 bits Dunrg

locking cccl
register locks coniC nfl rr to the codcr

sslpates gr ific tnt portion ot the

dy arts pov Cr tl sgnal C55 cha ortul atcly the do or or contains cry littlc ogic

hctuurn reck sters Ihu can be operated oi ye upy oltge to rcduur dynamic power

CV

Vi elms

te
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taO

fLoeal one kial

lock luonk lock

ar of lock Cloc Clock
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Con
co ID Con

nc in or
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domino circuits are mixed with the latches describes method ot timing

ps that can be appended to signal names to keep track of which signals can be safely

nbined at inputs to gates and latches

In the two-phase timing discipline signal can belong to either phase or phase

be of one of three classes stable valid or qualified clock signal is said to be stable

ng phase _sl if it settles to value before rises and remains constant until after

aIls It is said to be valid during phase Lvl if it settles to value before falls and

ii
ns at that value until after falls It is said to be phase gated or qual/ied clock

if it either rises and falls like or remains low for the entire cycle By definition

ql signal Phase signals are analogous Figure 7.34 illustrates the timing of each of

types

OvX4 X2XXX

____

fri rig vpes

45 eitl ci qJ 14 tI ir1

hiss at qures vi nip so that ir LU safsfies set ii ol

ti ng edge f41 hi ri .2 tp lecac th utput et sI
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4ii is high before 42 rises and does not change again until the next time is high after

falls phase latch requires _s2 or _v2 input and produces _sl output Qpalified

clocks are formed as the AND of clock phase or another qualified clock with stable sig
nal belonging to the same phase The qua1i5ing signal must be stable to ensure there are

no glitches in the clock Qualified clocks are only used at the clock terminals of latches or

dynamic logic block of static CMOS combinational logic requires that all inputs

belong to the same phase 11 all inputs are stable the output is also stable If any are valid

the output is valid The phase of domino gate is defined by the clock or qualified clock

driving its evaluation transistor The precharge transistor accepts the complement of the

other phase The inputs must be stable or valid during the evaluation phase and the output

is valid during that phase because it settles before the end of the phase and does not

change until precharge at the beginning of the next phase All of these rules are illustrated

in igure 7.35 The definitions are based on the assumption that the propagation delays

hor co pared to the cycle trie t5t ro me borcrsing takes pce he ever
connecfonr ccnti veto be fe even if time bor owirg does occur

si fl q2

Log__J
Vi

jLoc

Comb oqc o2s2
ile comb Of TiJS

gu 38 rcdr hefi ho fC gure72lbu tfro et

isirg tv pha sonoverlapping clock ng flip flop changes its output or the rising

edge Bo nput and utpu are s2 signals igr rc 38b show as iabled vets

of the flip flop using clock gatmg The sable signal to the have oat be si to prevent

glitche on the qualified do other words the enable or ust sot change w8 ile

gh If the system is built primar ly frorr flipflops with s2 outputs the enable must be

clay ui tI -g phase iatcf to come Alter ati ci the er aste atch cot ld

bot tlcc lies lfac lceac
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Imnotate each of the signals in Figure 736 with its timing type If the circuit contains any

ilegal connections identify the problems and explain why the connections could cause

alfhnctions

xirnoIe 1c tir in eck

igure 3/ shows the iming types of each signal ti is the OR ol hii ir

s2 Ilenc it migi chaige af cr the rsirg edge of2 or Exce sw clock skcw on
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42

en ci
ens2

en_q

s2 s2 ds2
ci

q_s2

Flip4lops using two pl ase nonoveY apping clocks

Even when conventional twophase latches with 50% duty cycles are used the tim

types are still convenient to track which signals can interact TypPally one distributes

single 50% duty cycle clock elk and locally genera es its complement c/k such cas

gas crocof1and2whil ckpay oeo 1andTisri bol

precharge and evaluate transistors of dynamic gates receive the same signal Because there

is no ona lap must cc ath to cnsurc no ho prob eax exist artcu

be rh It gu eriaf swna rtc nets
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fafls
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latch is defined to oe for which displays negligible glitch

Pulsed latches ave setup and hold tin raeasu ed am md the falling edge of the

ock However designers often wish treat pulsed atches as edge-triggered flip-flops

fro the pers cctivc of to ir ma ys he do we can def ii ml se up Id

time relative to the tin ig clue edge For example the pulsed latch in
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re 43a sFows traditional domino clocking scheme While the clock is high the

rs half-cycle evaluates and the second precharges While the clock is low the second

1utes and the fist precharges With this ping-pong approach the precharge time does

ippear in the critical path The inverting latches hold the result of one half-cycle while

half-cycle precharges and the next evaluates The data must arrive at the first half

atch setup time before the clock falls It propagates through the latch so the over

of each latch is the maximum of its setup time and D-to-Q propagation delay

rs97J Assuming the propagation delay is longer the time available for computation

ich cycle is

721

elk ek ck elk elk elk elk elk elk elk

Hi
Ii Cl Oei

rtj

JL
elk ek 1k elk lk

ad .eel icults
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Figure 743b shows the pipeline with clock skew Data is launched into the first

dynamic gate of each cycle on the rising edge of the clock and must set up before the faiF

ing edge Hence clock skew cuts into the time available for computation in each half

cycle This is even worse than fiipfiops which pay clock skew once per cycle Assuming

the skew and setup time are greater than the propagaf on delay the time for computatio

becomes

2t 722

Moreover like fiipflops traditional domino circuits suffer from imbalanced logic

Gates ca mot borrow time into the next halFcycle so fraction of gate delay at the end

of each half-cycle may be wasted This penalty is hard to quantif but cleailv the ability

rross me ntnt sally or opportunistically would help performance

Ii tnmay tadonal do Thou cu ciec sgh se1oercfrg ered from 1t

deiay oc id ufilanc logc For hevlly ppe ed syster
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it es heed

CciO 50 Sc IC

Trad or iiro ant it have high equencr overhusd because frey have ha

cI cc Io ii
edge of the clock ho he esuit must set the tatci beto the tailing ehge ot

If sos ye the als we eou sot cc La ing edge id cut the overhead

he latch serves functions to preven nonmonotorle signals from entering ti

rent doe vi eva ates id to hold the resi soft ehafrcsclew

gcs rd the ext all eye iluat Wt do is ii ies sig is ii

ot ci co rccc sara 11 ucovc at ci he xt ha ii

fei it valua mg he in of the st hslfrc ti alf cycle

tg
on Is gi Oh

sic iV ii ci lv des irc 44a ows the last do mo

te in phase df vine tie nrst gate in phase igure 44b mws th the Ln

if th clocks are nonoverlapping When falls nodes ard recharge gh and lo

respectively Whe ises se inp it ta the first if no gat in hi oh asc as alread

fallcr cv ever discharge and thee rcut mses riformation sure 7.44c slows tha

Ic sec nd dy
ic gate receive tIc eor cc inforns for if tI ocks overlap Now

CS hl still fo ds its cor ect isilue hcrefore the firs ohase domino gate can eva1

cc hVh fal cr4 1recharcrc rho ds viii

hoc ep ai float either ugh by gsre 4a sho vs a/ul/ecjx sttIg

crc ancoupled mnvercns hold the outp ithe high or ow In summary the
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la ekes can be eliminated at phase boundaries as long as the clocks overlap and the first

arnie gate of each phase uses full keeper

___ ajHJ
\_____

I- 2J

TH

ges era as lo th clock met rip ong coot thri seen rip vise -at eva

ate befo arst echarges tl latch betwee pha es is lecessa us de-ne

he equ red vc oso tha tic ic nnd phse cv before frs prcciarges

typ cal ira II egatave number beca se th dynamic gate evaluation fast but pre

sarge is slow aid ii ust ripple through the stafc stage The ocks must overlap enough
at they ti1l ovc ap by 151d even unde no st ea do ske v1 seq ienc

rcrhead is zero because data propagates from one do moo gate to the en without vait

ar senci fore us sri to/era ino

oi otco fuset is amour tour ethsttlic clocks mu veils inaskc -to otile is nap pe

me ula em sequcn ang element th time tha ic data must cc isa stable fter edge
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for domino circuits with overlapping clocks that eliminate the latches between phases

Using more clock phases also helps spread the power consumption across the

cycle rather than drawing large noisy current spikes on the two clock edges

Skew-tolerant domino circuits can also burrow time from one phase into the next as

illustrated in Figure 746 Nominally each phase in this example occupies half the cycle

However dynamic gate can borrow time into phase if that is convenient becausc

both clocks are simultaneously high If one phase overlaps the next by iVe ap
less any clock

skew the maximum time that gates in one phase can borrow into time nominally allocated

for the next is

tboll2w toveriap thold taiae 723

EH
ocO qj

tC it$

s9 baer ed that If med pel ov applrg do Ice toe imi

latch lut su asys oaous deslhn has co wide adoptci he A1FhS 21 61

hch mi oFn nec

19o cc gh ri

emp oyc om orm of skera-tole cc in to iv aid gi equenc Os ci ad of

radit ore don so

There ma ays to produ Os app odks ref Na

Ce or phase Each phase cn 5OYo duty cycle
vavforms or cans retch th fir hnl

edge for ever greatr overlap Generating multiple overlapping clocks with low skew is

challenge se remainder of ti sec ion describes cur iber of methods that ave been

uad successfullh

Cl or

clod gcn rator fo the 1hasc akew lcrant do sino system om Fgure 46 hc

generator uses clock chojpers also al cc clod rethr ha deal ti falls cdge pro

de the over ap otentral prc em wi two ase systems
that if phase of log
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as short contamination delay the data can race through while both

Time Borrowinp OTB Domino addresses the race

problem by introducing vo more clocks c/k and c/kb with 50% duty

les that are used on the first gate of each half-cycle as shown in Clock Choppers

gore 7.48 These first
gates block data that arrives too early so that it Generator

ill not race ahead The delayed clocks clkd and clkbcl pla the role of 41

ad 41 OTB domino was used on the Itanium processor uwcuphase KeWLOle as

fowever OTB domino has relatively skort overlap and me borrow- do nino clock genelator

capability set by the dela of the clock chopper The next section

scribes how to achieve better performance with four phases

ikd

cikb\

ci clkd cIkd cikb kbd kbd clkbd

ii

II ri 23
cs ci cr o4fJpJc/ci cs ci us

170 Si
hi sys rr th ph

after the pr isouc so th no cii overlap ar cr cvc clock are ties

in ilta wously igh ace oblems are ed ss ow apo caches coo tar cle
cording to LQ7 23 th sax cii us al bl for ho civ ig

hon inc phase ti

14 24

gu 7.50a shows oca clogenerato producing the four phases 41 and 41 re

oh cc md Its in it 412 or ala ad

ron inal quarter ycic la cn Ull bot oak d0es pl as gua

ap the next ohase rndeoc ci clock frequenc an stions tF esc icr de ays rl
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In general clock choppers can be used to produce even greater overlap at the expense

li greater race concerns The Itanium II uses four phase skew-tolerant domino with duty

clcs exceeding 50% Figure 750h shows four phase clock generator

clock choppers to proviac ionger duty cycles iariisOlal dcsctibes tour-phase circuit

kiodolog in much more detail including testability and generalization of timing

iea from Section

Anothei approach to domino clocking is to

chain of buffers to produce urique pnase for each level of logic in cycle Figure

shows two ways of producing these phases In Figure PSla half the phases are gem-

at doff the
rising edge of the clock and half off the falling edge In this way each plaac

aanteed to overlap the next independent of cycle time In Figure 7S1b all of the

ascs are generated ft rsing edge If the clock per od is lorg tIc hoOpt ae mu

fa1lirg 1ga gaarantee ll atlil overlap tye fis Fase ext cyc1e TSr

ch ensures that the last phase will iot rise until after c/k falls to av ud min-d lay

ins aid xli iotfkilur Ocr ciki scs ensur iver ap of
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wd oi od ns extra oadng ha eg -rp fo anc

Sc rraett ig gates sire power caus th reduce the cad eg on the do Ia Mo
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Timing

Chain

Reset Optional Res
of Skewed GateAll_

Reset

Se rese tie gate

Prd5xied Pt resetug gate

nd etc hr the

nory dec de Figure 54 shows an example of postc arge buf for memory

aidp emn txe chia sae CS ani prov des series use serve

clocks fo large multwpF loads across the clip he clock chopper oroducca pulse to

rigger the firs age of Ic buff The buffe corssts of alterr ating ext emely II- and

sk we with log cal efforts of ap roxima ely 2/3 and 1/3 respectively Lad

nverter so receives postcharge signal from subsequent stage to assist the weak device

eseft ng the gate The very ama transistor serves as keeper so tIe gate ea be

iewed as unfooted NTD dynamic nVOS and pMOS iiivertcrs Forward moving pulses

igg ad ga Sig fo ir xg cal rg ga

11cr is ro ghly twa as fast as an ordo chair of in er era because of the ower logca

fo as it also avods the need fo ii cxtcrra lock to echarge the nar ic gates
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itapath None of the keepers or static evaluation devices are shown The center is tim

ra chain that provides reset pulses to each gate These pulses may be viewed as N-phase

w-tolerant domino clocks The bottom shows pulse generator In normal operation

power-on reset signal is low and the statir maluao signal se high kssme that all of

gates
have been precharged When the input pulse arrive at the datapath will begin

luating The first stage must use dual-rail or in general 1-of-N hot encoding so that

or Yl will rise when the stage has completed This triggers the pulse generator

ch raises the done signal and initiates reset wave of low going reset pulses propa
tea along the timing chain to precharge each gate One of the reset pulses also pre

ges the pulse generator terminating the reset operation At this point the datapath

accept new input pulse If the data idles lou none of the nodes toggle and the circuit

mes dynamic power

/A

ave or

Rese

Done

Reset __________

CS Ti
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The power-on reset forces clone and reset high to initialize the pipeline at startup

\Yhen the static evaluation signal is asserted the reset pulses are inhibited In this mode
the datapath gates behave as pseudo-nMOS rather than dynamic permitting low-fre

quency test and debug

Self-resetting gates require very careftil design because they act on pulses rather tha

static levels Some of the timing checks include

Pulse overlap constraints

Pulses arriving at series transistors must overlap so the dynamic gate can pull

down through all the transistors

Pulse width constraints

ulses must wdc cnough ft ga to cvaluat

isior aro dance co strum

Pulsca ios ot as at gat tIc tcs bcng ccra gcd
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tpulsesotha is up bIe vi tatic ogic hcrescttm ng mistbc ul
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delayed too much in system with short clock period the clock may not he low long

enough to fully precharge the gate Figure 758b shows an 0Th domino system that

uses only one delayed clock but allows every other domino gate to be footless The delayed

clucks can be produced with clock choppers as was shown irs Figure 747

ci kbdddJ

elk clVd cikdd clkddd cikb cIlcbd cikbdd clkbddd

hIFll iihHsh 1i

aJeu aI01dCIiIO
\J

clkdJ

clkb

ikbd

ku kd elk cikbd cikb clkbd

oct ng domino ppel on with feote go

The ecf ge time or each of the de ayed phases Figure 8a becomes short

iecause the falling edge is delayed lot ti is ng edge no no sth tly rece ears for

all sing edger cc ucide so delay ccptcd so nag as Ic dc ny ock is

in evaluation by tIe time the input arrives or its ifooted gate gure l9 shows delayed

precharge doe buffer is ed on he en hair ycd clocks are pru

duced with cewed buffers th ave fs sing eluws hut cwer folhng edges



SEQUENCING DYNAM CIRCUITS

fi/r---i-
kdd _\_______________/

Skd Skd

Dray et aryeokbu

sct ins al nil Ti ul

ci that escis As long as the pulses arc on hgh vhile the gate is in evaluation

orte at occur Fo examp gu gr

ccc St Lr dg cor ag

pe arg ga1ttlJttI rc

sin is ii

nominaly avo precharge co ste on yet anept that under svorstcasc clock skew

ni cu pla

on on it reoure sic ft ccs domino gat ti nform only non nveiti ig
Fe

ta ts comple se it in oducc

cme ats Th no ks rca ab ci fo tens such as XOR at

tw cc sa dii arc Ho icr do no artnular

to igur no OR te

cc ol
ta Al il ti log cal Id rt dyt an wdc

orpa II ns log fin 13 They ens cc hat Id

gates

The outp it dvnamc gate is inonoton callv falling si it canrot directly drive

her dvnatr ic gate strolled by the same clock as was sho vn igure owever

he sing edge of the clock for the second gate is delayed on ii ti fi st gat as Oily eval

sated the second gate nes able input and will voik Lotreetir as shown by igu 61

he
1it nary radeoff mel lock ked ii is the anon of delas If the dc too

fa be kay econ us lo krcu Ties eth

manic advantag that dy site og wm spy ose It vide hs chal cage

lb in or al at fort that nqnirc ratgins or tIe de

minal case so sat the crcoit eon sues to opera eorre the worst case



CHAPTER SEQUENTIAL CIRCUiT DESIGN

Yh
5Hc_1

AhH BhH ChH DhH

AH2 BH2 cH2 DHj2

Corruaiisoa of\JOR gaces

61 also 11 is ate picha nc oblem Wh Xp rg th

al 12f on
rg

lef rg

his on addresses on qu us ay

if cc lv cascade dynar gaL ann he iargir rcqu for at if

Cascadrng dyna ga en with deayed clock

viguic L62 cv nun ber of aspic de casens The u/f

dcl sti ga
id ci as as ga

for onge deal/s fhc verter aid swi Cd capactance /gns use

rc vol age adu Lhe difay ext th gita nt oiled

inver er uses severa gtif gna rather if ar an ana og voltage an 1st delay



7.5 SEQUENCING DYNAMIC CIRCUITS
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iv generating monotomcallv rising output suitable as an input to subsequent domino

Cs It can be viewed as dynamic NOR followed by domino buffer with no clock

an This introduces race ondition but the two stages are carefully sized so the NOR
always win the eace
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Intel uses similar gate called Complementary Signal Generator CSG shown in Fig

ure 7.67 to produce dualrail outputs from single rail inputs in GHz ALU
Again nodes and Wprecharge and the inputs must set up before the rising edge of

When rises Wbegins to discharge If any of tue inputs are true also begins to dis-

charge The pulidown and keeper strengths must be chosen so that falls much faster

than Once one of these nodes falls it turns on the crosscoupled pMOS pullups to

restore the other node to ftll levels These strong pullups also help fight leakage permit-

ting wide fanin logic functions The CSG was designed so the glitch on Wwould not

exceed 10% of In dual process low transistors were used on all but the noise-

sensitive input transistors

The CSG is very effective in circuits that can use singlerail signals through most of

the path but that require dual- monotonic inputs to the last stage for fu ictions such as

XOR They can be iuch bster and more compact than dual au domino but suffer from

th v- deiicae 11- c1uck uocs itiposc hard edge before brth the its mst

up at skew end delay smatches on ths ock appear as scquenung over re

I-

ra

ck- de oil and -e bare dyw epresen

two extre sacs in nonmonotonic logic Both consst of two cascaded dynamic gates CI
Domino dc

ays
the clock to the second gate until the first has had time to fully dischar

so the seco gate will not glitch Race- log such as annih lation gates and CSGs

do cant delay the clock but use trar sistor and keeper sizing to ensure the or the sec

ond gate sea ains acceptably small Output Pcedutzon Logic OPL ts bctveen ese ozo

effes Ia c-c rt acce cc- ii c- tch

MoM rd ieOO The dc ay is as compro nise e-sveen rfor nar cc and gli cl

sizc
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gure 7.68 shows basic OPL gate consisting of Noise-Tolerant Pre

ia ire dynamic stage that was discussed in Section 4.3 You can view it

th as complementarl CMOS structure with clocked es aluation and pre

ec transistors or as dynamic gate plus complementary pMOS puflup
flDU

Like an ordinary dynamic gate thc output prcchargcs high while

lock is low then evaluates low when the clock rises and the appropriate

ts are asserted However like static CMOS gate the output can pull

igh through the pMOS network to recover trom output glitches

Figure 69 shows chain of OPL 2-input NAND gates Each receives OP gate

delayed from the previous stage As the stages are inverting it resern

Fain of CD Domino gates.lIh amount delay is cri lcd to the circuit opc atior

se is and al the unnamed outer inputs are also so and should ui1
and stay OPL pre harges all the outp its to predict eac out 11

8h The paCes can be cc si Ucc1u only alf tF outputs ve tu uasiiUr

ur slow hr tie ho mel ci at dcla

near ers Cir at ODL is city cc all the
gates are dent ca he

ts wll end se tk ietasta ha post to net ri tl an dii erg evious

ai To cad ng syrr vat pare sic cap ic tar cc wre

jsvj
ai Ig cs

lii 2i0 iii 4ii hid 2ii 350 403 iso us ioU

cv

Lu cfo iifu cc rla\s
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In Fgure 770a all the clocks rise simultaneously 42 arrives at the second stage

hue the input is still high so pulls mmt of the way low When falls rises back

up This causes to fall to rise and to fall In this mode of operation the data ripples

through the
gates

much as in static CMOS and the path delay is rather slow

In Figure 770b the clock spacing is 50 Ps arrises at the second stage after ti

input has pulled most of the way low so remains high After another delay 4- rises

falls and so forth In this mode of operation the OPL chain behaves in clockblocked

mode just like clockdelayed domino The path delay is the sum of the clock delays plus

the propagation delay of the final stage which again is rather slow because the clock delay

is lengthy

In Figuse 7.7Oc the clock spacing is 15 p5 arrives at the second stage as the input

is falling so glitches slightly then returns to good high value After another delay

falls Again he path delay is essential the sum the clock delays
and final

stage
deft

ut it is now kster because the cock dcay is shorter tha required for CD do hso The

cx ra ced cc nes at ili oensc of some 5h chnp
ftle des ji the Inc spar

should as short -t peas ble but sot or hort Pg- olots the de ay rem ti to

agai wcin ctvce clocks ic n\r 25 ans stow are un ts wide rd th El

21L -cf 015 rOs nia we

rg cc spas
is irils lcp os ia cc pa

short so the designer scald no nal provide ome rnargn or ock delay to cr su -e th

ws ss ou chaln ofcrrspl rrer hi

gates uioy Ut la po
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hr
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Path ay vs ork de cc
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udo-nMOS or dynamic gates as illustrated in Figure 772a and Pseudo-nMOS

-L is faster at evaluating because of the lower logical effort but slower at recovery if

glitch is large Dynamic OPL
gates

evaluate even faster but cannot recover at all if the

is large enough to flip the keeper Using Lw-kew ceedback inverter improves the

tolerance for the keeper As the best delay between clocks is function of both esal

ion delay and glitch tolerance pseudo-nMOS and dynamic OPL are comparable in

ormance Dynamic gates dissipate less power than pseudo-nMOS but may fail

ily if the clock delay is too short Figure 7.72c shows differential OPL gate using

-coupled pMOS keepers that do not fight the initial transition and that can recover

arbitrarily large glitches The inventors found that this was the fastest family

nearly five times faster than static CMOS

MOS ites eqi it that are levels miv duce wnmonotoniglitcic

Ic ii tc.rcci ii

di ices on tIe ltputs crcfore ntrface circuitri is necesvir the Ut

scfcetw dhlltclcsald ryatthedo-riricvto state nertae oco

Ic

ailing tat nputs dorsi -n st set up by

line th grtc beg is ci luatioi and should not change ci lua coxpi

po rd ed0e ti asco ted lock skev peril es the af
twfacc relat veiy expensive High-performance skew tolerant dom no pelines

he loops out of domino to paving the skew at the static-tn domino ii erface

sple solution to avoiding glitches the interface is to lach the static signals as

shown in igure 73a he latch ic opaque while the domino gatcs evali ste ig it

i3b si ows hat Ia ch does lint need to be pliced at tic end of the presious aif

he stati wus be desigs to on bctore dow no ates

ate1 irv ntr tE tAco rcm striving too ci is and
ip

he amino np It
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lamic gates with high leakage current is ill eventually discharge to an invalid logic level

less they have strong keepers The problem is especially severe when the inputs use

ci iv parallel low Vi transistors Unfortunately the stiong keepei slows the dynamic gate

ucing the performance advantage it was supposed to provide As discussed in Section

for the burn-in keeper this problem can be addressed by breaking the keeper into

parts
One part operates in the typical fashion The second part turns on after some

ci Icy when the gate has had adequate time to evaluate This combines the advantage of

initial evaluation from the smaller keeper with better longterm leakage immunity

cii the two keepers in parallel

Figure 18a shows such conditional keeper P2 is the conventional

keeper P1 turns on three gte delays after
cj rises to help fight leakage Figure

8b shows High Speed Denim tht leov Xfloating momentarily unf pi turns ON
00 liken b/cranE High-Speed Domino uses two ti nsistors in seriei as the second

JungOl as shows ir igure /8c The nverttng de ogic 111 can be an

th is son othe is it re pea en Inlay

Deay clay lay

twa an cc ue sec

be or on

eacage occurs They rk bcs di his gate afte has ho di vscrc put

knov se by he is the clock ses Ahvandpou 12

cquc icing elements are chat acterized by setup and hold tune If the data input changes

it ey ci Len svaleae ci rich

the aa sa ges after the ho ci outpu dc ci old alse aftet bounded

paga io de it gus aperture be we et ci ho
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times the output may be unpredictable and the time for the output to settle to good

logic level may be unbounded Properly designed synchronous circuits guarantee the data

is stable during the aperture However many interesting systems must interface with data

coining from sources that are not synchronized to the same clock Fur example the Usci

can press key at any me and data coming over network can be aligned with clock

differing phase or frequency

synchronizer is circuit that accepts an input that can change at arbitrary times and

produces an output aligned to the synchronizers dock Because the input can change dur

ing the synchronizers aperture the synchronizer has nonzero probabi1i of producing

metastable output This section first examines the response of latch to an

analog voltage that can change near the sampling clock edge The latch can nter mets-

stable state for some amount of time that is unbounded although the probability

re nirg as taetable cop off exponentially vFh ime Ther fue ou bu Id simple

Frpiir rn gni waitIng util iw prohab 1n of re nebility ii cept

ably low th sa upi ag ag In rtan circumstancer the elatio hip ot he data ard

li pred alle ocr nitfnir mor re isO ads fz r2

dci ssca cd hod
ol tb

ii ci

cons stirg two vit he probab tam inlssio gates practice and to rverter
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eb so taic def

etc an to inc vo

at st 79 ii cg ha /11 Ite

is

crure /O liots th mm of the hi or er lia as ata tnanstons

near La ai 5c LA

tore Ac output can remain the mete st able it for some eIore settling to valid

Ioge le ci gu 80a plo dO tj or emlogatits ne ca fo rg
ar eput FOe laity san or ou dii seu

ai ic ses inpe tht Am airke the graph II be

ha camp Fee of this sect an



76 SYNCHRONIZERS
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Metb1e ars ard

he osco inverters behave like linear amplifier with gain when is near

metastable vo tage The inverter delay ca be modeled witi an output resistance

id capacitance We can predct thc bel sVor in metastabili by ossuming that the

nitia so tage on node when the Ia ch becon es opaque at time is

A0 V11 a0 25
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where aO is small signal offset from the metastable point Figure 7.81 shows small

signal model for at he behavior after time is given by the first-order differential

equation

Catat
726

cit

aD
Sohing this equation shows that the positive feedback drhes at exponential1 away

from the metastable point with time constant determined by the gain and RC delay of

the cross coupled invertcr loop

SmaL signal
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ement ata0e 727

netastac ii
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indr3 T0 and for the latch using the data in Figure 780

is the propagation delay above which the data dts good straight line

cn log-linear scale In Figure 7R0 this appears to be approximately 175 ps The

urobability that the delay exceeds some is the chance that the input changing at

andom time falls within the small aperture that leads to the high delay We can

choose two points on the linear portion of the plot and solve for the two unknowns

For example choosing OJ ps 290 ps and 001 ps 415 ps we solve

290ps

01P T0
PVDQ 2POps

73
OOlps 7i

PtDQ I15 PS

ora Sd ad lllca
sg sosdis ctP
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When rises before the master output Xis drive high his in turn dr yes the

sic out ut igh wlcn isc he pulidown trarss ors arc just largc cnougli to vei

we the ass asp cd as tars hut cud add as tic capa the cc5-

as oars ross ble ii ire hi ff dvi mal1 nvrterc so tE do

has aps



CHAPTER SEQUENTIAL CIRCUIT DESIGN

Master Latch Slave Latch

Reset Reset

Fassyach zerfip iou

sa nhronirer ir its an ny Ut ann ockq produ us an pu ai augh in be

id sore boi led
delay

of he oc The synchr ay
fined by

nd tL sin dge tI sta ag
hr

Uerturc si aid eq ial LA the data cha ags during the apr ire car be eats

at Li tt ri oasiblctt uilda1er ctsanclro leausetaedu

Lie

SflC
aid

the sstnehr sous npus he outO it ma be act table oi ra but
rood eve ro ab lit ye alt or rou hi ii as

ret has la ency ofoi lee ye It si 11 rot set ed aid

to bed se Li ii

45

CI

Laca dip dip samp Lige en th rn st arF

opaq Ti aa latch aaer la passe oig the contents oftb naste nd dou



76 SYNCHR0NZERS

particular synchronizer fiipdiop in 025 am process has 20 ps and T0 15 ps

Dike99 Assuming the input toggles at 50MHz and the setup time is negligi

what is the minimum clock period for which the MTBF exceeds one year

year it 1O seconds Thus we must solve

12

iois 102

numerically for iii urn as clock pcr od of 625 ps L6 GH

lew mucf onger must we wait for 1000 year MlBl

at yes ps ci
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i- common application of synchroniaers is iii communication betwccn asynchronous do

domains i.e blocka of circuits that do not share common clock Suppose System

controlled by elM that needs to transmit N-bit data words to System which is con

erotled by elM as shown in Figure 784 The systems can represent separate chips or sepa

rate units within chip using unrelated clocks Each word should be received by system

exactly once System must guarantee that the data is stable while the flipflops in Sys

tem sample the word it indicates when new data is valid by using request signal Req
so System receives the rd exactly once rather than zero or multiple times System

replies with an ackr owlcdge signal Ark when it has sampled the data so System lmow

whe the data can safe1 be ci angka If relationshp etwecn elM and 1kB is cots

plete1y
sch nize is eouired the Interlace

uikI ci

Ia

icr
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ad data on he sue en ci
iges eq low hwh or high to low to sdicate
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Arbiters can be generalized to select 1of-N or M-nf--N inputs However such arbk

ten have multiple metastable states and require careful design Berkel99

The simple synchronizer from Section 7.6.2 accepts inputs that can change at any time

but has nonzero probability of failure In practice many inputs may not be aligned to

single system clock but they may still be predictable Table 7.3 provides classification

of degrees of synchrony between input signals and the receiver system clock

based on the difference in phase L4 and frequency 4f
describes number of synchronizers that have zero failure probability and

possibly lower latency when the input is predictable They are based on the observation

that then the signal or cops of the signa delayed by will be stable throughout the

aperuri lence izer that can predict the input arrival time can cI oosc the sig

nal 01 dclaed counterpar to safely san plc Mesochronous signals are synchronized

incas ring ftc phased fferen id delayng the spu esough to ensure it falls outside the

oh or oos sig
ii ca be ii imi at hi ox bu he 1ha

ference slowly sas es so the delay mus occasionally ad usted Because the frequencies

fe it do to sa dl is ixtra ci

ii 00 ku oak

crc ho rex dg wre her tie sal us ci ycd void ta

he sper crc

Recall soquecci ig ci exit are sod in sod systems pr vent the cur ent token

ott sing so sex to ci Os so toker

so If Ic oa ocl oip so at fair at

qu eleme ti sas ot cccssa te na ta icquc analof fib

bps
do ci inc

sty bee se prop spate along the cab at awe l-controlledv octh Th masts

us us scie ii nit roe disperssor song ire In that causes puises to oscar over

time and hIm into one another if they beconi too short

gure 89 co is ares adittonai
pipels ig ii th wave pe ii sng both cases the

pipeline contain mbi ational log sepa ated by regia ers gu The
registers

FL cod P2 cc clocks cl/i and lk2 that are nominally de itical ght expe Unc

sloev ouie 89b sho adorsl siph og he dats is asunched on the
rising edge

cPi proc go sor It sod cit the sashe beonnes stab orrc the

between he con airnat aid gation cc the clock edge neglect ng tie

flip-flop clk-to-Q deta D2 must not change during the mtup and hold aoerture around

c/k2 kedsts he gras lox he fig shous two succss conIc irhi tok rs



WAVE PFELINING

chronous es Signal as same frequency and phase as 1ock Safe

sample signal directly with the clock

Example Flip-flop to ffip-flop on chip

esochronous Yes constant Signal has same frequency but is out of phase with the

clock Safe to sample signal if it is delayed by con

tant amount to fall outside aperture
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he efiec lye delay of flip flop is minimum to Unsynchronized inputs mn cause trarge aed wonder
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size and manufacturing cost The Speed Demon approach also gives Intel bragging

ts to the highest clock frequency microprocessors which is important because many
isumers compare processors on clock frequency rather than benchmark performance

ishixehO2 argues that the best logic depth is cul1 to l04 inverter delays per cycle

In contrast the Itanium focuses on executing many instructions per cycle at lower

ck rate It uses an 8-stage integer pipeline clocked at about half the rate of the Pentium

in the same process so each cycle accommodates about twice as many gate delays

oughly 2O-24 F04 inverter delays compared to roughly 1012 for the Pentium

wever it issues up to six instructions per cycle and has very higix-bandwidth mcmory

11/0 system to deliver these instructions and their data As result it achieves nearly

same integer performance and much better floating-point benchmark results than the

urn Moreover it also performs sCB on multiprocessor and transaction processi ig

typical of hgF enc serve Figure 792 shows die photo of Itaniurn with

SIB leve L3 cache notice that the three levels of cachi occuov most of thc die arc

ii ost of the 221 million transisto s.The GHz nodel th 6MB cache bumps the

sisto count to 410 nith nd th ther dwarfs hc pr cess The chi is ics

out 130 Wa ts km ted by ost of cml in ci ic ic bove

sold for more than S4000 because the server market it ri less pr isiti

agged yc Pent ii pit ccc tc ul gv
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10

AW10

5rrwr
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The Pentium actually operates at three different internal clock rates IHintonOl

KurdOl In addition to the core clock that drives most of the logic it has double-speed

fast clod for the ALU core and half-speed slow clock for noncritical portions of the chip

The core clock is distributed across the chip using triple spine as will be shown in Sec
tion 12 54 These clocks drive pulsed latches flip-flops and self resetting domino

gates

The ALU runs at remarkable rate of twice the core clock frequency about P04
inverter delays To achieve this speed it is stripped down to just the essential functions of

the bypass multiplexer and the 16-bit add/subtract unit Other less commonly used blocks

such as the shifter and multipliei operate at core frequency The ALU uses unfooted dom
ino gates The gates produce pulsed outputs and precharge in seib timed fashion using
the Global STP approach described it Section 75d hese circuits demanded extensive

ver fication by expert circ des gners to is cc the do riino
gates

function rd ably

Phe Pentium uses pulsed atches operating at al tI ree clock speeds dgu
vpiIci trciitf occ poief or

pu sei The iv dium sgecd oulse genciato produces pulse on the rising edge of the core

od TEe dth cai ae sl apd hi the justab de ay buffer pros ide both
ig

mssffn mo ehro nI uss rihod inc rbc
cc icr fit dig 00 etc

gs gc crc cepts
ib it

unused ocks The slow pulse generator produces puls on eve ot icr us edg of th

hi si cm tha tc

sync signai must Dc aistr Duten globali it mare co is ient than clistrihut ag alt

speed odk be aasc it an accep substant cew vh Ic ill be ng stal le at it clock

edge fast pulse generator produces pulses on both the rising and falling edges of the

coic ock Therefore the co do hould hase war equal high md low times

0/ lu pu iv ma iv soac

Fhe ltaniu opc ales igle primary oc speed bu also akes use ten ive
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In the Itanium 95% of the static logic blocks use Naffaigerpulsed latches with
125 Ps wide pulses called PGK as were described in Section 73 The pulsed latches are

fast pci mit small amount of time borrowing and present small load to the clock In

situations where more time borrowing is necded tile
gatci iriay pxoducc wider pulsed

clock WPCK As discussed in Section 7.4.1.2 clocked deracen using NPCK can be inserted

between back-to-back pulsed latches to prevent hold time violations

The Itanium uses extensive amounts of domino logic to achieve high performance

at the expense of power consumption and careful design Figure 7.95 shows typical four-

phase skew tolerant domino pipeline from the Itanium QK and PvGK are clocks with

duty cycle slightly higher than 50% that are playing the roles of and They arc

delayed with buffers to produce CKD and NCKD and

CC
____________________ NCK

St CKD CKD CKDY RC KDYNGhD Do

npuis Ef tf fur FI0Iu OrStatc

t-S4 oc-
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SUMMARY

his chapter has examined the tradeoffs of sequencing with flip flops two-phase trans

nt latches and pulsed latches The ITRS forecasts cycle times dropping well below 10

delays see Table 17 Minimizing sequencing oserhead will be very important in

se high-performancL systems Plipfiops are the simplest but bane the greatest

iencing overhead Transparent latches are most tolerant of skew and allow the most

borrowing but require greater design effort to partition logic into half cycles instead

Lysles Pulsed latches have the lowest sequencing overhead but are most susceptible to

un delay problems Table 74 compares the wquencing overhead minimum delay con

cii ct and time borrowing capabili of each technique All of the techniques are used

Iricruat products and the dcsig cc choice depends on the design ontra nt and

tools
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utes the timing constraints across many stages
of pipeline rather than isolating them at

each stage Not all timing analyzers handle latches gracefully especially when there 4w

different amounts of clock skew between different clocks Twophase latches

have been used in the Alpha 21064 and 21164 Gronowski9a PosserPC 603 Gerosa9a

and many other IBM designs

Pulsed latches have low sequencing overhead They present tradeoff when choosi
sq

pulse width wide pulse permits more time borrowing and skew tolerance but makes

mm delay constraints harder to meet Pulsed latches are also popular because they can be

modeled as fast flipflops with lousy hold time from the point of view of tiivirg am
lyzer oi novice designer if intentional time boa owing is not permitted The mirs-dela

problems ca be largely overcc me by mixing pulsed latches for ng pa hs and flip flops

for short patl Unfor ui ately many cal desigr are paths which the pmopagat

delay is ye or but the cotta nmatio Ic as is ye sho ad ag ohs desig mo
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EX ER ES

lea Unfortunately if the element samples changing input at just the wrong time it

produce metastable output that remains invalid for an unbounded amount of time

probability of metastability drops off exponentially with time Systems use synchro

cii iO sample the asyrchronous input and hold lnrg oougb to resolve to valid logic

with very high probability before passing it onward

Most synchronous VLSI systems use opaque sequencing elements to separate one

from the next In contrast many optical systems transmit data as pulses separated in

As long as the propagation medium does not disperse the pulses too badly hey can

ecovered at receiver Similaily if VLSI system has low dispersion i.e nearly equal

air ination and propagation delays it can send more than one wave of data without

icit latching Such wave pipelinmg offers the potential of high throughput and low

uencing overhead However it is dfflcult to pc rir ir practice
because of the variabi

kta sic ay

nctr theo ucts

flops
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io as availab wit S0O1selockc cit ssur her srocl sIren

OP

s0a atchec
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ho ch of the fflo
ig sequencing sty determine the mx on ogm on
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Two-phase transparent latches with 60 Ps of nonoverlap between phases

Pulsed latches with 80 ps pulse width

7.4 Repeat Exercise 7.3 if the clock skew between any two eleiret can be up to SOps

7.5 Suppose one cycle of logic is
particularly critical and the next cycle is nearly empty

Determine the maximum amount of time the first cycle can borrow into the second

for each of the following sequencing styles Assume there is zero clock skew

Flip-flops

Two-phase transparent latches with 50% duty cycle clocks

Two phase transparent latches with 60 Ps of nonoverlap between phases

died latcics with 80 ps pu se Cdt

76 Tepeat Fxcrse 75 fttw ck skew betwean cc nnts car be up to Ups
71 owEQ/li

Consider
flip- op built fror

pair trar ent es using onoverlapping
ks Lxp cii ti se up tie Jock ce of re h1

ii

ortle ati guc dea aces ov ncai ary set

at ira cc nd
theta is zero do ske and that the latcf de ays are acrr unte Cr the ropana

\l-550psA2SSOps A3450psA42O is

-30 psA2- 600ps 4OOpsA4 a5Ops
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EXERCSES

Al 300 pa A2 400 ps A3 400 pa A4 550 Ps

Al 300 ps 900 ps A3 200 pn A4 350 ps
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7.22 Simulate the worstcase propagation delay of an input dynamic NOR gate driving

fanout of Report the delay in all 16 design corners voltage temperature

nMOS pMOS Also determine the delay of fanout of-4 inverter in each of these

corners By what percentage
does the absolute propagation delay of the NOR gate

vary acrms corners By what percentage does its normizcd delay vary in terms of

F04 inverters Comment on the implications for circuits using matched delays

7.23 synchronizer uses flip-flop with 54 ps and T0 21 ps Assuming the input

toggles at 10 MHz and the setup time is ncgligible what is the minimum clock

period for which the mean time between failures exceeds 100 years

7.24 Simulate the synchronizer flip-flop of Figure 782 and make plot analogous to

Figure 7.80 From your plot find and T0

25 Infefo Circu ts Inc wants to sell yo perfects cschronizn hat they clam ne

produ metastable out1 Ut ichron zer cc isists ci c3-u fp-fiop fo

ved by gh-a compa ator that produ es ig or rut for uts ove

25 lo lb ii

gum that men if the ffp fi enters tas abthtv it out utwhihoser

su id nni iv roduc gm gh put lb tie ac pant VI
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