
CHAPTER CIRCUIT CHARACTERZAT1ON AND PERFORMANCE ESTIMA11ON

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
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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
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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
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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
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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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CHAPTER CRCUI SMULATON

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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5.2 SPICE TUTORIAL

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
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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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52 SPICE TUTORIAL

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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CHAPTER CIRCUIT SIMULATION

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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52 SPICE TUTORIAL

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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CHAPTER CIRCUIT SIMULATION

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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5.2 SPICE TUTORtAL

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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CHAPTER CIRCUfT SIMULATION

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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52 ASPCETUTORAL

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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CHAPTER CIRCUIT SIMULAFON

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
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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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CHAPTER CIRCUIT MULATION

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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DEVICE MODELS

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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CHAPTER RCUIT SIMULATION

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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52 DEVCE MODELS

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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CHAPTER CIRCUIT SIMULATION

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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54 DEVICE CHARACTERIZATION

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
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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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DEVICE CHARACTERZAT1ON

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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CHAPTER CROW SIMULATION

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
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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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CHAPTER CIRCUIT SIMULATION

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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54 DEVICE CHARACTERIZATION

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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CHAPTER CIRCUIT SIMULATION

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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54 DEVICE CHARACTEFflZATON

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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CHAPTER CRCUT SIMULA110N

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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5.5 fiRCUIT CHARACTERZATON

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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CHAPTER CIRCUIT SIMULATION

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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55 CIRCUIT CRARACTERZATION

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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CHAPTER CIRCUIT SIMULATION

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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5.5 CIRCUIT OHARACTERZATON

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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CHAFFER CIRCUIT SIMUI ATION

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

UMC 1212
UMC v. AICP



55 ORCUJT CHARACTERZATI0N

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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CHAPTER CIRCUIT SIMULATION

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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5.6 NTERCONNECT SMULATION

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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CHAPTER CRCUIT SMULATION

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
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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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CHAPTER CIRCUIT SMULATION

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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57 PITFALLS AND FALLACIES

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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CHAPTER CIRCUIT SIMULATION

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
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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
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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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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

UMC 1212
UMC v. AICP



6.2 C1RCUT FAMILIES

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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CHAPTER COMBNATONAL CIRCU DESIGN

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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62 CRCU1T FAMILIES

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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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

has gIit1 gI cc fort be se tic nt ode ds to

rise SC neat cdback WI he ne in see

co

reman hster tfe an sffancuts used rca onable circuits

IV sc cssc VI

coe
tcz

tsr orco tear For in plc onsi ini
6.1 cc sat tin ua cc cof tweenA

iLt

ci in cc tale

esk be opt ssuze it put utpu Fe oc of in

coy Ic ic 11 Cs

cc 4/ Li At cai ye

co How ta on gu An onl 0/3 ogica

opt dote br 0/9 This is ettes tha 4/3 whirls is normally ssoc ated with

NANT gate In he limi fir ite ge reset trar to end un t-szed

OS ta it hr
rip

it tl ogierl cffc rt approacl es ju
ike an

rtcr Fe prceme logical of nputA comes the cos of suck ighe

trh cc sth iii 05

cca cot hc dcli in crtc ins tic gaic
of an id aver cc
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CIRCUIT FAMILIES

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

ta cc ir or sly ig ing
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

Unskewed Hj AY9 4/3 gU
5/3

gd g59d

9vg 4/3 g35 5/3

Hhskew AH A_
3/25/6

gd 9e

3/2 ivg 914

AHJ
BH2

skew
4/3

/3

Jyg
3/2 9vq

delat hc 03 ans to do sz to sic fic redi cc pr

oc
In gereral what is the best P/N ratio for ogi gate the ati of obIOS to

OS tro 11 xer os th

av is he so are root the rat hat gives equal se ar al delay processes with

ir ra of /u have -en ig
os

tH
41 g2

O8I 4/3
98 3/2
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6.2 CIRCUIT FAMILIES

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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CHAPTER COMBNATIONALCIRCU DESIGN

nverter NAND2 NOR2 Genenc

4/3 8/3 go 4/3

9d gd 8/9

39 Inputs

p0
6/9 Pd 10/9 Pd

10/9

Pay9
12/9 Pyg 20/9 Payg

20/9

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

logic clort for faJlng 05it ci of psc o-nMOS ira ist at no to sit

pa 4/3 tnt fa rsn tsr CMOSrver 4/ hrw

ti nec as grea becau the cu re is 1/3 as nu

The paras uc 3cm is also found ountitg sutput ccpac tatc corps it to

VC equal cull c\ar ip it useud IC

capac tai ur at

is to io doe 11

delay pulling up is 10/3

ii en pseu w- os ave ace usa ta or

StiuLlUoCs WCvu W01ooV Ito ll at to a4
of the numhcr finpats in wide NORs sops udo-nMOS use hr fast vi NOR

gtcs or NOR-based structures he RAls aid PLAs when pi pc iits

scudo cMOS gcs will so opera coo cc 01 IL
of toe

xi des n\ OS tr or at we OS ran

or arc ccptc ic to SF fo to

tive cho cc av ak pN in sito is thc norira cornet biasit ret can be used

ri gab helsi ult

crc it that to ver -Ut Ic it

mobiities of the OS and iMOS transvtors Transistor has dth of 3/2 and hercc

gI ditces CU rent /2 vhen ON ransistor All ci ON to act as currel souicc

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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6.2 CRCU FAMILIES

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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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

viewed as pseudo-nMOS cite it with appropriate ado LO istraints

iIOS 11

sol rg hiph hat tfan din ar ordirar pseudo
51 ts phtOS ssto

ifV dial ogi
or say static po ssipatior pseud -nYOS the

tra isista iz 10 arc abo ti strer th

ii fa cc

2IjY
\l2 -2/3

gg /6

Syn Cr irpitNafga

ccnb se se svnrnr or ceo yilr sii e3rn II las cctor

6214
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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

ogar SPL input NOR gate is similar to pseudonI\ OS gate excep

pci is ontroiled rputs JT6 -A9

ul thOu 04
80

iii iii

ansistor N0 Whe ore iput turns on the souice

lower lic aode
ar oxima silO N3

13 33jdowas V6 N9 to be acT JTo ye erNl N5 N6 N7 N8 N9
nO iii id in

cut citi cc ro SFPL
-iriput5JOSga

rgOcN gt

He ci

thou Ut iii

CS boO cc and upl mentary outputs us rg if OS Thdowr et

orns as sa Figu co 0ia he Pu owa retwi kfimptements the ogic tunctio

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

any antic call this clrcu ami Differeriia/ascoac ho/urge S-wztthLogzr iLCVS auP6 or DCVSL
he tern corrode comes rot analog Ircuits where trans siors aced in se it
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

-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

to eases pwer consur ption

scudo- ilk OS wo Iced 10 OR
rldo AND

sl cr tI CMOS cli as or potoe sos gry

sO owes eas seL to se

rCa
discussed inlatei sections

VSF ga as

Ratio cuit Ouc se put aj
at cc ii

tne sasc ic cd atie us as tie-J Thc iv of rat its ic slav si tr is-

sn iv sly

vUck ci dpell to slitS rathe Oar

tt at was gore sO compares iVeic CMOS
or or CF CS

lb taejd anc pseudo-nMOS and dynimic invcrters Dynamic circuit

sans erVrs opera or is dided ito nodes sown Fii Dun

precharge the ci ck is clocked pi 108 is

and initaiiaes hc ulpe Yb gf Dun
ig

eva/arc

on tF ock is and th cia ked p1k OS terns OFF

Th tput em dig or msyhc dii hu1ed ow

th aug tic pa down netwo Dynan irceit are

the rastest co nmonl used ci cui Family becaus thcv

echtogt to action dyamic gins
dive ova nput capac tance and no cii tent on ring

rise1 niv sa pto ipt to
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6.2 CIRCUIT FAMILIES

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
lipu

ic pa asit pacitan cane ise

Ia We see that tI gica ef orts ate very low outed gates

g1 cc log ffo fa itt pa Still 00cc Ur foote

em to ate cg ga rto ooe

10 ran tdd on cc cc

og ci are so gh be ter tF ax ed en meat se th

vc tc \N NOR2

ri
EHY

od
L2

Jd 55 2/3 p5 /3

3/

112 r3 HB2
213 3/3 2/3

Pd
5/3

Ut to ysc

4Thc toorcl ii Inc tad cm 2ogt fm 113 ka8 In calls lest knits Dl cc
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CHAPTER COMBINATIONAL CIRCUG DESIGN

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

cc
Li2

output floats sta ig O\V scr

woo IT sot is it ye Wi ov

ci ic IT

I/o pmblem must be monotoruca na ng fir the narvi gate to

1tc Ce

Usfo tin ly of dynamic ga leg ns HIG ard nonoton ll

TV iTs irs ig
ozal it

se -or dy gt t- eca ig ni not at ft ruing ngr in

Dy ic v-a es is rig sa cloc Laflno be ect on CL cd oblem often

con tlI cc

se lie lr cas be aol ed by ag

C2sIOS cc yn gates as sh vu in rvz8a TI cony ts ac

cr0 out all fo utput to on cal ng
sHe fo the ne gate

shown re 628b The dynan -statu- pa tog Uer called domino gate

secause arecharge res mbles setting up chain of domnos and esaluation

csuses the ga es to fire like domnos tipping risc each
trigger rig

tie nex single
rick

can be ed to
prec harge and evaluate ft the logi- gat within the chain Fe dynam

ou monotonically ft ing during va uation so tat nverter outpu rt ao

enrv Fe in am yn skeg to aor ha tag

ut1ut bse ic pre ge in pa al al do occurs sequentia This

emla us ul pr charge asually less er tea The irb is ft Ic rat \NI

ske vi we ter ann domno are ft own in Fig re 28c
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xI

correct car nectior cyr1am1c gates
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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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-2 1fI

AIHE B_IH HB

xnoA hH HA
Axor

3Otb iows uaIrail D/NANI gate and igure 63Oc
dual XOk/XNOR gate The gates are shos with

cloeke us bu
Ot

it etc oge ha itt OCfll iteil vtng
no inverfng ogic untnns Hcwcxer ires mo ci wa

nyc ra fv

oa ci plen
dyt arnie ND staci

aad no swna not one tie eu1t ampi atm
iptS

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

Coupling cai be tcduced in dual rail signal busses by intetdign
CO npIeLio do ection

at the ts of the be shown ig Ii

never see more than one aggrcssu swithng at time beca se oni

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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62 CRCUTFAMILIES

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

40

35

30

20 22 24 26 28 30

None Mary 9/ of

Dc itiC rs gn of cameo ial ard

ste toN picc son AD 2s
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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

as isnq so sir ugar 01 ntiooal op is go ra

pooH d1 ton

so uh1e oh

srg
is ing ad cans co udes tl 2- dy

Fg 439a Suapos an re arg rs
so

ua on inputs rises but nput ie isairs so ou put Y.l ou ni ig

Lu 63i
ap ti rye dot and the oh ges eq al

5C it no oa

te aLe cx it na an an

AO el go mong ultip no tl 5e SF ng
he cc pots to ly is it Ho cans if iF ha

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

ac as eec go as cci

diffus apacitirec mnal ol as tel ne et nit is

at iadc faste odis arnn ste so an
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___
Clarge-sharing noIse

sur nary domi so logic was originalia proposed as fast ii compact circuit tool

quo practice domino is phzcd for its speed fowever by the time fee keepers and

ndaryprecharpc Ic ices dde for rob so ss down scdor ch ii

as it cc Ci On inn do di do dgn ff cc su to ust

ta When dual-rail domino requ red thc area eaeeds atic

of 1-

otis otaeica pe di gsaut CIV Si verters mtc tncendc thcpa lie

St If sep ed ej arasit dclay and was ho

by it tnaf ft foH los the bes
stage

ffort cIV nge Far cxi as

aos ng ffs so

of tIe ath Figur OWS at hebogici cffo tofadorn nobuffe is

/9 or fdr rf nob ea buffe

ooended to cath actua by decreases be path effort roe it better to ad

uff rs va target twer irg efbr ii vo

otic CVIO deign
he it go offo is hs

undo proc larged2 orpa hu tot casm npa taxi gfote
ho

or Ic ju
do stti lOS paths you Ca targot ace sffrt

nf ote ted

dotrino pat

We have also seen that is possible to push logic ito the

at stages otween ynamic gates owtrg

examp cap ores undor what circumstances thio is benelicasi

Ic sun mary d1nsmic rtages arc fast becauso they budd

ousi ignIV ns ito Moroover elowlooa effo ts 5/6 g- 213 5/6

as tel we largo flu nber of ges hen fi 5/9

cia Pu ing logic into so OS stages usc slow

lero oh tIe
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CHAPTER COMBINATIONAL CRCU1T DESiGN

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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62 CIRCUTFAMIUES

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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C2

C1
YH3 gC4

p2H g2H

cci

1pH
g4

1
C

o
H

ti II

te it ir arg bout 17 St ong
dii en by statc lOS gate he fib ng Ii OS Pu
more prone to no se horn counling and harge si ahng but drive

howere sensitive dynamic inputs are driven by noise-prone

ai other static CMOS gate with larger noise margin in NORA

oHL
dynamic outputs Given thes drawbacks and the extra clock phase

o- quired ticre is Ft le reason to rsc NORA
Zppei 7r 56 osJ ate ccl ea

Sneak Pet the grecharge transistors aNdy ON during esaluation iv using

pre irge do ks it be cer and fo he

Ssea pMOo precharge and and 1/ for the nMOS precharge This
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Other blocks Other blocks

Other blocks Other blocks

____
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pos logu /7penior speed po vet and area

or the purpose of comparison Figure 4/ shows 2-in put mult piexer eo ratru ted
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

Static CMOS PseudonMOS CVSL

AH BHL ____
sHL _____ ___ _____

AH BH AH ____
HB HA

SHL
sH

Domino Dua1-RaI Domno

A-H BH AHJjHA
CSFC

SI

jLiy41

SP
DPI

/\

iJ

JSL
BLJ

mo of ircu fri inp ir II lexeis
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6.2 CIRCUIT FAMILIES

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

48b slows th mul drawn at the transistri level 5steniit ep sjoi CVOa

civ tl CMOS mu ver
XC5

igu
en ept Fe ii ermcd so oul vi

ii or iv cc cc as a4

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

ga depet ds why dii ng the inp it as wcfl as the vi at iv driven tLe Ut

input iriser scnsitni -y kw Far ten sit the te in arc ffi li and ompa
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n2

Iu JOs yoi Os

pa vo is

ins itip ok ci is is

ics er cha icte or he de

so is
nat tncorrectl su ii on the inverter this isc used rrhcr is Seer on iii the

riI1v as

rais sssio fatesareus rsrmpr Ct 300 he fIOSa

JY st Fe at ti us Ic dt OS
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62 CIRCUIT FAMILIES

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

fall on put ewe an be

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

IP is 98
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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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leakage

charge sharing

pocr sdpply ioisc

coupling

minority carrier injection

backgate coupling

difFusion input noise sensitivity

race conditions

delay matching

me astability

Ito spots

sott ors

ow scr

vi cci gw
Vi cii it

liscussed in Section It im ng-r ed problems ic udir ace con ditir ns delay

as its vim be Vt

iria sareu snueure

at on It

rail Fe other ect on this Ic ifre iolldrop exai big

vs tans trw it crtcr put of he pass

V5 oV Was fV ot oltac

st

re vc as ti ig cower is ci in

lcgrsd outjc be so po tF th err no acer ufd ci

Fin an eco vi las tp it if
cIt TF

drops were mehm to table in older prom whe Sn

aldom ace ptabl ir as oderr processes ii here the no vet suppi ias scaled

lown faster an the threshold voltage to As resul pass ansistors

suit be replaced by full iansiv ssion gate or may use weak oMOS ecdba tr

stors tbe OU Pu V10 one icy vi pass ir ns sro fras

r5ViS to

hasioc
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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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6.3 CIRCUIT PITFALLS

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
Cx

at adannvic ertcd rng ra

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

as ses both noise margin problems and delay sariations Ic noise ma

gin issues can be managed by placi ag
sensitive circuits near each other

anc Fawng them share cornwon low resista power at

Power supply oise can be cat niatd froir simu ations of tFe chip powci grin bypass
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7L
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12 tero Ut 01 EE 001
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ecti dec eons ino tt ype substrate hese can be ected on arby transistor

iffusion node Figure S8a disturbing high voltage on the node This is pir icular

blem fo dynamic nodes and 5ensltwe analog circuits

Minority carrier ojection prob ems are avoided by keeping injection sources

om senstive odes particular I/O pads should not be located near sersitive nodas

ise tools ca dcnt potcntial co ipling prob ems so the layo it can bc iodified to

upl Ader aficly enfcenodccar bcp cccdb tes ifi sub
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______________________________________________________________________

Inje Node
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ta tr
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it

ii

ci guc ing ut tc ntcc

ii at

cates iv ipi ups ate are sc Sc boc/
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WI ci dv ci vu 11
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6.3 RCUIT PITFALLS

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

cc as ci is fvite

Iii

ke mo-rated so se ocesa for cos cc to ts

cit car si ela/e wi liner

tesip
art-c o-rcatc Jo on of Fe ye ne ar tug get woi cc as aspwt ratios of

as ro al

si si er ci si sa es hem se

sa Ii
ac irO is

erifi as cause it is as No st lb OS ca usual ults

gac dt-h cs iui ifgw ctipudiiii h5 maui
cvi ws the aria us cisc so irces hat ca all domino res nd presents ample noise

dgct

Dy as rico
tpa c-pc all ause tib to cisc ashen icy float high tield ly by

ve kee Dy mK sins ave ow so is appr xcv italy Noise ics

sat shou be as sfdcrcc ira udc Chandral anO

esF ag dyn sc as St

or as gate leakage Ii beco xc rta so so ca si

mast fo aside NOR ci es ct- do bars

Kecers at xc approps at crnapcnsatc fo akage
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CHAPTER COMB NATIONAL CIRCUIT DESIGN

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

caine Flese ilu 110 ti and th be

be

adelourt yr cnolc ape iii

ye sup ly nsa old be ca cd ci ey

lrwe to in nra fpowc suoply sc in

Soft pha es an cosm ays can ut rL vu an odes proj

Ii 15 in ito nc o3 ci ac ac kin

cdi Nose of pre nea

asecriit SIC

uOCC Cec ma as degi led cci

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
li Tablc tes
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6.4 MORE CIRCUIT FAMILIES

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

Coupling 1/

Supply nose

Pecdtlircaga naive

Total 37% 19%

OS oat lot
assornient of passtransistor ircuits ad pseudonMOS accoi nts

Fe rca iii gates arge nbc rcuit liar arar

c- ca
gth and limita so as

en it lrcu tf ies using pa dowa ii two las are lea vd toy the

0% Lo rsiss gue

V/2V

nputs

outs JJ

al cut
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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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6.4 MORE CIRCUIT FAMILIES

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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CHAPTER COMBNATONAL CIRCUIT DESIGN

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

GND At fi st is Ha ill dow tin eEc sid as Il it is ii Hpfr1 to ul

keener showr blue rest ire the hgh leve
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64 MORE CRCU FAMLES

Amp

HLO OH OH OH OH

Chage

is

4o

b0 2D

pa

Eno ls/ sab CMOS Dy
staIIog FC u88b h9 mprove on SSD byelmsnating he stat p0
sumptton The sense mplifier is nade from pair of oss coupled locked we ters

ed vn in Figure 66a to emphasize the nverters he cycle ii again dvded into

phases of op erat on enable and limb/c Wher is high the gate is disabled Both out
are pulled ow and the pull up stac Is tot ied OfF When falis the gate is enabled

cross coupled oMOS ansistors arc both iu daily ON and attempt pul the out

ic do vn pu do in stac will ig
clew pul os output fully gh and tie ot se back

ily
low Tb amplifier ris ng

lays ci ieM lo an iSSD cause it iii hig tbrougb ao se ics OS
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CHAPTER COMB NATIONAL CIRCUIT DESIGN

dDeIy
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gose at liec au go 6F clay

cj cc av cc Is sea ado ossib

vat Id sta cia ft ui platzoi utzor as OP ira

ou pa

cat at tacou uts le 0005 im So or

rtd ci is for cv St SC ana

ha osa oar th econd ck dela ii nag amLfi

Diff ir se

Sb lev it ff trIal lariat

ii og
Cr96 ta 31 pow arts siption can
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31 10 it sagnis lus

it talc OilS Is oi1 Ic so so afar ac ci ate or
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toO
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6A MORE CIRCUIT FAMft ES

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

fri sldo1i cH
OS usc Ic al sell ft gai pi ssb Os

in
ii

odelage lpoa tarssto

Othe circuit families the Ftcratur include Regeinralivc Pa DPu1lDffere ialoga
PPDL wi/chad Outpu/ Dif ruiizai 1uItare SODS cmta95 anna

Ansi igDzj/eie itiallogic SDL k99 Dynamic treat Mine Logic Dv
iO fubtn shoidLogi cwagLaiuedftogl ElahimOz aid

ci Vi in eve -e us

ft va itage Cal if ihee or ft it iF
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CHAPTER COMBINATIONAL RCUIT DESIGN

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

cc Is leo ii

kia ati a1 ag supl is Ft log ecd an

lo
cc of as rout ag opt as cc on tcd

die xn supp Jnu slow iug is wn is

Le ci converters have to be userted bevcen th two si1es of

su ply tra sstors cc cc ae high

on then ga ci th or ace bets gh Fr ga arid low

Di gate be di ct onnect to high the

___p VSL ter/bu1

leVy

abe

shouE ise sparn sa94jpop /03 iv colt pa

ira ag where the low frj cells are gt up at tie of eac

Co
cy

of Fe evel ions bar 17D can be
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66 COMPARISON OF C1RCUT FAMILIES

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

iii
wn ft fcc ii eff ci mp es ii sz rca cir ontrv sno

og dci as al tit is ii

tr sis is liar
sy

rod riost oat ons

fn
mall best rdeoffo habl cult ci nology and low powerhtrcts 1v ph ii

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

often eptable Lu batte ope ed evices iits with rail ou

hiw D5oa ode th tha Pa bier
isp as

ma bat or nIt ea eld by kce er they are ar ticulir sen ye ma isc

no di vii families ire those ow ii og evels cc tie sirs th inpi lou
le fam ass not artor buff rs mist be periodically laced bctw ga ci
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

to noise from charge sharing cc upl rig eakagc and alpha pa clcs If you are not prc

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

11 be discussed urther in ctu \lan OOV cc pros have beer auieh

ret rim sa dreg all tee prdi cres that cane ise wren no loge is ci

to an kg

it tie ge

rat ci tie Fri the molt tud ass in si tot cu dies he

prof see re

0th difee tia Fl che euph 10 Ia disc gene tior

in sen tive slog irci its but one must be were of pitfal and der carefuhl why

wanv circuit families have never seen commeicial application
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6.7 SILICON-ON-INSULATOR CIRCUIT DESIGN

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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CHAPTER COMBINATiONAL CIRCUIT DESIGN

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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67 SILICON-ONEINSULATOR CIRCUIT DESIGN

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-

sot

si war Ce dle lorg or of i-c

ce

nts through tIe source id drair lunc ons Vi cii the de

stliil hi it ff fII Th Y/Th
threshold vol age signfioantly

najor adv ntage of SO saId we diffusion capacitisce the source rd or

abut ox itt its

as ii ins in th as it sac tonce xd

smaller parast dcl yard lower dvnain power co isump ion

mo shtle cvsntage is 10 p1iteit al fnr lover fhraihn ii Vgcs h5 0m
ses ti-ic hold voltage aries it hanr ci lengt lonoc variations in polysi cot etch

slow ii as ariation thresh hd ol ago tIres gc sut gh ceo

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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CHAPTER COMBINIAT ONAL CRCUIT DESJGN

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

PD Sal
cpelc to ho he node ud
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SILICON ON-INSULATOR CIRCUIT DESIGN

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

chi is ca

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

dschargng o- erco pa gate eaka1 should be stat

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
ai onba ra tatohg ga one

he ng Dart eat ma

is harg rtern rode to pa vent pss eakgc aen as 0a

ire pa ame rol

so on ar she am eper on

athing be ween trans St rs suffer from major hrcshold oltage smatches caused

story of th Soc tig hocy hey ran iire body no .tacts to mu ate Fr in tch

hoidir thi ho
iy co nra aoltagc Gat ocks also have gre ter clock kew

sc he ory ffec makes tFc bc sv cl ly cc yr

Fe clock is been sa led for mte idd se

art Sr 0c cd cc

ditfu on apac ar cii hi ag Las er an powe eLba tr sn SO ii TOS
tc tcFup art a1 dpltd SC is nit on tee olo ci oos ci

cur cut bacar th floatieg body leads vaes eshold ol aries
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

at via org In is no fa ye ban CI tt

ai 190th it Broth fpaperr war en 01 he ro

The tl and Pent 11 Pro piocessois were

bu as ig BiCMCS recesses Inrestois poured at

fi ion sta up ompany cal ci ouontial

aft oh sought ta crud fast ower proceasot in or ored var make new invn inn ook good

IMOSf rams is otuneitaswe lasposaib earucapa oanun
cc ogy sin

ia aid up as exar ef so
ICVO ecuuse aver CVOS trai sc wee

tire For exwp nra want 97 prt
out
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69 HISTORICAL PERSPECTIVE

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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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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

cli

Irputs

MO clans ga cs
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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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CHAPTER COMBINATIONAL CJRCIJIT 0ESGN

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

risi ig lay for tb mno sg ogical nffort on yr appro mnioi ea

he tia asictor sire im ye ac delay ow much yemen cv vo tal

Sfilsch no ye ft 5adN
arc each
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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

ogp
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CHAPTEF COMBINATIONAL CIRCUFI DESIGN

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

a-c fT1 ge in th pore tt

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
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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

ai ass ic yo has hod tr ar compi ncnta vii upists avas aba eac

a4ab fd is in ansisto Labcl gate es ate thc isv

She an\ ox io8 ut

38 1k tO dcxci You an gi cn for data
styt

ala DO an

sac

On1

mt on cgaga vi rs S0fl

She input OR lois us cac ftlic follosri
ig tt ci

atcCsIOS

cudo Os OS

dua vii do

PL

DV50
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CHAPTER COMBINATIONAL CIRCUIT DESIGN

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
ci-

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

Ut iic ts ivin eiti-

st Ivnamc se ucn isp is er cit stat storgeem ion orie so to Ieedh

am its output value indefinitela elemen ml d7nammc Image ger eral ci

a-cl lr
cc ac Oh CC cia

car depe de it

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

sed as it pa it Ow dcpa nc on

ensure that ci asec of ign capture nti- ens and he tior -a be am omraodat ci
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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
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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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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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

atch/Flop Clock-to Contamination Delay

t5 teL to-Q Propagatim elay

tthD QC so atosD

aLch/F lop Setup lime

at bill op Pd
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7.2 SEQUENCING STATIC CIRCUITS

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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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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7.2 SEQUENCING STATIC CIRCUITS

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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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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CHAPTER SEQUENTIAL CJRCUT DESIGN

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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7.2 SEQUENCING STATIC CIRCUITS

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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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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

Ia rpa all IA
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cL
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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CHAPTER SEQUENTAL CRCUT DESIGN

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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SEQUENCING STATIC CIRCUITS

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
to it

gtl1d Ho 13
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cik cik

Corn binatiocal Logicac
QI

D2

elk

52

Q1

skevs81 pfo

he stern using transpare itches ock kew doe not degride pe arce

igure ows how tic ft yde 1c LWO latc de avs is axa lable ci ompusauo
eve wI clod ske ud wcause se data an stil as latchc rile hey

are tra rsparent Therefore we say that tra ap rer latch-based yste are kew/olerant

However skew still effectively increases the hold me in each half-cycle It also cuts into

thc cv ndow as ailable for time borrowi

td2t
sa ci O\ cr1 cad

hsi d2 hold trq Ion rtap tikc
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72 SEQUENCING STATIC CIRCUITS

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

5aee

117
sei or icing erhead

tnj th0M tw tccq td 18

or ta tea 719

In nmar sstcn is rd edges fipflopsi subt doe sk om the

time avaTable for useftil computation stems with softer edges latches take adva
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CHAPTER SEQUENTIAL CiRCUIT DESIGN

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
01 tqac

5c3 by 1oriag cut Icsigas for sc lathes then her pr

flu flip and pulsedlatches at hn cc5 eset as dirt ctahl irpu so

sib to build log functions nto tic ches to reduce se seouercmg ovcrheic

so be nati lj flop yes 5e cd

ci cc is

cr fu

fi fin il

appl cc ons of nauv ar ri cd

crure ia shows vet cimple rat sparcn ch Cr is to

compact md fas but sutfcts if if imitat ons he out aut does no swing from rail to sail

from NI to fr1 it never aba cm t7
Ut is also srna ii

ctl vo so oas vhe cia quc st uug
Ii

by csg ct il dii ccc the dif so iss

lirect Ic do potent nose Si Cc hi dc

/a
ri ttsl

inn at as Sieve no robs ct operat

Figu 1b Uses ira ismissiar ga or the snoie oas

transisto of er tailto-rail output Sw igs It te ures complementary clack hich

ca be ded ar add tins al or lo
ally genesa cd from if oua an vr

fig ire 7c adds an output in tert lbs the stat nod Xi So ed from ro sc Di

if Of curse th cm tc nvcrting late higure 17d also hells is

ag
cf if uf crc rput but un ff as put ks se Se

aid 6.2 the nv te folios ed by at gate et nt mu qu ss to St

moe te but has sligh owe logiu edo be mc outp it it di otii sos

tars the tra smssion gate allel Both and fast dvaa nu late es
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7.3 CIRCUIT DESIGN OF LATCHES AND FLIRthLOPS

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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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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73 CIRCUIT DESIGN OF LATCHES AND FliP FLOPS

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

lo so on is soa led aT chr

JVtplligerpuledha Au mm ocess orsis oi Ic atch ro

or by

ffi go 021 Thic uls gen Psi ly ito xc ik in Torte to orodu vi

2Gll pta

or lisab ed al pulse gon floats gh mor enia but no

pi or co ae able sn Pass

quiroments around he ri edge ot the clock as shov in Figure 22cl

Fgu 2d vs no ulse go ito used or an OC RISC processor

ozuf to sbtrrti iger os ol ar

to to tsr Is

rp so or uls sal TF aulse et sfo iid crc

ci

soc he sod caviar ocO as In as xc se aenerator had idep ate

cc

The 0artoai pu/ed latch in Figure 23 ehmnates the need distribute the pu cc ba

bu lding the pulse generator irta toe latch itself Partovc96 Draper97 TI Fe weak

oouoled inverters dashed box stat ciae the circuit though tf latch is susceptible

ba k-d iseri output robe on or inles an ertra ins rter us to buffer th put

twa pals lceh was wed or the \M K6 nd Athl Go1den99 but

ligh ta rap
ci IN ffZ1 t02 It rally lie an ge Trigge

latch FT but at otlvs aking pu sedla beause it ha hr 1w idowo

raospri cy
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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7.3 CIRCUIT DESIGN OF LATCHES AND FLIP-FLOPS

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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CHAR ER SEQUENTIAL CIRCUIT DESIGN

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

red id
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7.3 CIRCUIT DESIGN OF LATCHES AND ELI P-FLOPS

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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CHAPTER SEQUENTIAL CIRCU DESIGN

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

fit fin ng er ci odu work

wth ow swng puts such as register fi bitlines Section .2 low-swi
ig SOS

Sm 46
3a svs enin-aarplcficr fib en

irodue ti

Sn iodos ai te on

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

tiCo 5h tc sns tage IS tart to ooagatn na hrovgh

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

hANDs at th nope ire of eigh more tr ntis ors Whe he Xsignal tails it

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
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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
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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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7.4 STATIC SEQUENCING ELEMENT METHODOLOGY

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

les re case

hu 11

uh to distribute cj gle do acrou iii as ii fat get uer

meitsi csan ti onlIrg kk nn col

uis i- C.C

lo

both nasici and av ches are part snvu anco

ha cdg fl
If

Ii OiL

ci sh th oc p0 re cc he ool tI ne svoik

dk ked ad
tyuie cc or ic iud ii iii on

ore Catel
cal ock to

tab ero

ct ci ct charg oc cc

cc ig can is tos

an se it Lo

ip flops pulsed latches at trans are it Etches ffer eoff ig

tolers and sin ii city

Iswehaves csfip usia foihhg ingovcl acb

cpopularhecau ii pe irl gn ndersaidl wfhp lo
Ste olsi also sid Il cult

Ii wpa en latcle Tv ii ci us Iii cx fo ii

om id If cc tins cc lb

process ffp flops olear ti hi ie dt fl
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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STATIC SEQUENCING ELEMENT METHODOLOGY

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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CHAPTER7 SEQUEN ALCRCUTDESGN

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
rJ

taO

fLoeal one kial

lock luonk lock

ar of lock Cloc Clock

Can Can

Con
co ID Con

nc in or

rs .2 tl tv lacc nonover appm cks and

are ye das orojec raus an ad uate long ock wr od and cuffi

ci oto it ap rc gu ane to be afc frost ectup ii fold 1rob

da ad Sr
it tl pl Pasts th nges si

itu 11 In
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7.4 STATIC SEQUENCING ELEMENT METHODOLOGY

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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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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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7.4 STATIC SEQUENCING ELEMENT METHODOLOGY

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

udca sc odtr 01 ac ficsiscna uJ
1

I1
II

1
\

ew between these

ArrotatJ crcu sho Thing ypes
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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

Previous sect ons have derved seque cng elemnt perfo cc ii is the et cc

git Ia1 dc
i1s ii rca

are used for budget ng purposes For example flip flop us gh stil captire ts ii put cp
if da ngcs igr dy eso tha ctup nd ore dge ic ti

ock delay mgh be qu ng in his situatian Ifwe the tie th lie at

efoe ccli dgee tt cit dcclv ok f3 xc

fire as the smalleot value oftuc such tha tc reover we mid choe
to mimcuz Ic sequer in rhead tI sect or xc ill cup ore hov to

ci in CC5 Of
ir tI ov conve iona ti cc

gure 13b Dc
ays arc sorma tied to /5 gs E04 inve ter he actu to ttu

and to rDQ dclats fos run Spot ale plotted ag0ai St he ill delay

ho da cd befo IC SC5 If ii ar bef the clock

is shot and ess nt ally md pendert of/ delay tQ it reases mearlv

as data arri Ces earlier because the data is blocked and tiai for the clock before proceed

mg As the data arr yes closer to the clock cQ bcgin Se However tyq iritially

deere ties and reachm minimum when t- has son of no tIe axes are not to

scale Therelorc let us deAn the setup time as tDC at whi this mm muir

ar pro aga in clay tJq
this ire he ii Cior eli is the

ii tp fat ccurs wher rur arc tes ly
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7.4 STATIC SEQUENCING ELEMENT METHODOLOGY

4.0

DQ
_______ 3M --- _____________

__________
24

08 10 14 16

04 nverter De aye

11L eL ic

ff
ip lfC ii LL

1if tldk id
tured icas pose tQ Ohs ivy hat us flip flop

has longar satup tirre

ta to agat fo ow nputs tha Ii gh inp hold was if

1_

capture tnated of Ic new icc Obscrvc that tirrc arc pcalIy
ii is

155/

vi ii

at veil dgc an ay iotm II

an ta eC

if iC ndow he lo edve dun

mesa fi flipflo is produce tie corrmt outpu vid opa

isr

upi 1CC

20

he dat ransitions within tF aperturc can ecome me astahie and ar

bounded amou tiara to scttL Me astahlaty discussed further in Scctio /61

is er hor cc d-
flop may fai to capture it even i1 is tabIe lu

sup sold tea aror ad ae aug on edge Similarly the clock pulse to

fo rr cap tab ttel acre cdl sacs

fa ii avd rti /0 acre seuoa dhocti
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rises

rises
falls

fafls

35

rises

nputO Qfafls
DfSlS

rises

ii

2.5

Inputl

15

.5

im Jon se up cod ho times

evelsensitise latches ha so rewhat different ming const aints because oft

transparency as shown so Fig 41 for conve itional static latch from higu Jg
vi of 04 nv de ede gge lo th

dat yes befo res it nus wai fo ck In
gi

to tQ delay is nearly nstar nd ir creases as the data arrives Cl lie ft

da is ft oc ix

al di or vi ne be dx rru sc no fo di an dg the vi

ond set of labe on the axis indicates tF to-i/k fl tir ie
tncf

ks the data urrives too

close ta tIe ailing edge tj creaws ow to achiese ow trx tuoose he sexp me
before mc knee of the curve 5% greater than its minimum value he setup time is

ixasu ed relative to the fall edge of the clock If the data chang tess than iold time

af er the falling edge of the clock may nomentarily gil ch Thus th aid time t1 fir

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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5.5 __________________________________

5.0

25
___________________________________

40

35 _________________ ______
30

2.5

ii 2.0

1.5

0.0 1-r
20 00 10 20

.0 20 30 A0 50 60

ro lays

2ecs a1- is ii

F04 but
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id IS posifiw as se should es icc because tie inpa lust 1-o lo af ci the ns

1-sc
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SEQUENCING DYNAMIC CIRCUITS

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
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CHAPTER SEQUENTAL CIRCUIT DESIGN

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
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75 SEQUENCiNG DYNAMIC CIRCUITS

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
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CHAPTER SEQUENTIAL CRCIJT DESIGN

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
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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
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7.5 SEQUENCING DYNA4IIC CIRCUITS

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
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7.5 SEQUENCING DYNAMIC CIRCUITS

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
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75 SEQUENCING DYNAMIC CIRCUITS

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
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igg ad ga Sig fo ir xg cal rg ga
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75 SEQUENCING DYNAMIC CIRCUITS

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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CHAPTER SEQUENTIAL CRCUT DESGN

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
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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
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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
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7.5 SEQUENCING DYNAMIC CIRCUITS

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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7.5 SEQUENCING DYNAMIC CIRCUITS

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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OHAPJER SEQUENT AL CIRCUIT DEIUGN

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

20

is

hr

00

Ii 15 20 25 30

Coc

Path ay vs ork de cc

iii P1 cli ic as is ra ified ta ba

tha rc re1 it cl ow but recos quicids trow large gli cI es It aise app to othei

cuit faw the Ease fate ccftuat on de ss for gh fan in NO str cc cs such as
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L5 SEQUENCING DYNAVIC CIRCUITS

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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to kcdgcwthaboporlatch produc onotoiicayri irgoup ts

ii da cSRs
rap ad TF ff fi fEk as cc as ua

on sic pi sad ouputc tab fcr cc ccc oge th cc it pulsed input

igu

ii fi rt a/ it

pa is Ka a9 Taftz ge ca viewed as lv yrami
eV PP pu mus se se CUJJ

inputs can borrow smal noun of time af cdgc 7o ouLput is Onotomca

risirgigla sutLeaas puctosubsaquci sogat uledc.omsflpflc

an also us irg pr0g ss or glac thc ts ocked dcvicm

MefE taoo

mo tputs are pulses that term nate wF en

gat icc arce Sto ci gui ies cci tlat instab ut ii hc ped rd

pendcnt ottf oak peiiad At dot io statIc to ace another latc cou ta

pu e-u icvc vert se ut uc of this latch can hr row ti so into ubscqc it atic

loci sot latchd as trs osea ha ed
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_/ //////A

cik cik dk

$11r 000

Mootor ic fiipflop or pulsed iatch at ic to dom no Pterface

lx

X7Z7

dornir fi fib

go 716 show doirir gate with ipic outpi oh Thc HI skcw

is cila ed koc in erto ho crit or pati- passes ug or ly ti-c

il\IOS transistor so the latch is nearly as it as simpie irverter On the fal ing edge of

ock Pie latch locks ou t1 precha rge holding the result of the domino gate until ti-

ext rising edge of the clock woak invertet staticizes the Youtput should typcally be

wffered before dr rang long wire to prevent noise from backdriving the atch Note that

loes glitci- low sno tly aftcr re ising edge of the clock The
gli

ch can cause excess power
ii sa ogic rai loin tpu to ost

i-
catc de ay usir ti-c SR latch si own ir nigure 29a or

UMC 1212
UMC v. AICP
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TO SYNCHRONIZERS

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

tn soi it mccl ch

re iea Wren tie ates gees opaque san ftc sac tc opt mu toe non tc

osca igu 79bI unc 79c sho ti JC ian3f IC tI

centers Because whe te atch opaque the stable tatcs arc and

lh setas abe ate 5/ where is not mleg lo ie eve1 his poi

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
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76 SYNCHRONIZERS

Stabe

ABO AQ

09 Metastable

Q-B
Ci

Metastabe

03

DO 03

3tobe

AE3

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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CHAPTER SEQUENTIAL CIRCU DESIGN

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

model dbistanle R6
ement ata0e 727

netastac ii

Suppo he node defined to sea legal log level when at exceeds some

deviation he vie to reach his 1ev

TO mA nah 128

A3 pr

oo nt ails ilP cc cii ap
Ii a0 is se

CvCS ci vi as in ivi oei id

possib aiting ti qwred fir the na to become ft it Atl ran

aI

good fit to tie log linear of re 7.80 The vi vi cons tar is scer fall

roca viii -hans vidti procu-t lnrnagan8 cii be ha

hop in latch ci or Id have higL tai bandw dth roduc to resobe from netastabi it

of kv
gn cc vi lm the probab ty at etch gi on Ic av xvie sir

sos hal bca ci vi wit Ic ace

sal ou dco ease ii rio au vi

11 cc

id cx Vcc on r89 vi th pub
abil vi an vi resseci as

fort 129

sic in vie ed gh 02 rca ci

ively Vs nib hi prhab that tie is put all charge dur ng the apes
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76 SYNCHRONIZERS

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

tk Ito ii ci onn

sing mc utah at liii cx on it al de crihes irohab sat epuL

not resolve altet ii it iter metastabi it he model is fly vs1 tot sufficientit

opagat dclavs su ca lv greater then

cc tJ fcdb Jc oop hi0

ha dv Ct ye ition sec sistor in ii

ci ecu ng ehc Sn vd gur SIC vs on flip

ci ii tiso ad Cl
vi

cedbac op
hL Plo-fl Cutui ut asS IaveJ vih 1LCl rse
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
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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

ca fcc thc abiHa fcc et stabi itv ynch is i.e receives ar avciage of

dir
cnso cs

Pfailure 7V 32

aid the rican taTe betv rn fa lures nccascs posenfally vith cyc me

ltaT

MTBF 733
Pfailure

The acceptabl MTBF denerds on thc app ication For medical equipment where

sy cu cc jab ci al rr rc pa tan 11 BF car

choscr to onger ti tic Ic of the se 0n secores by nailing moe an ore

ockcyclc before usirg the dta noncr ca app at ons tIe BF ar be chose to

nicrclt orgc han the
sig ers exac ted dura on of emp oymcn at the mpa if
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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
ncL onr us sycte

ierq aidac vs dge nals ccalc laic/aha rg igurc/8a lv

to is

ida sake ig

shac ass en aces oita it bus th see zfeqto catc dat the Ma
ast sir pl isa uc Acj aiscAce ha

heda ca ned 5a em Re ts mBlowersAhThisprotoco

requir duet ansit their ilshake re In tIc dase handshake system

ad data on he sue en ci
iges eq low hwh or high to low to sdicate

ata is slid Syster samoles the ta wi en it detecr ch ige it the eve of Req

aid toggles Ac mdi at at the data has been captured his pntocol uses ewe tram

sitiors ai Lu poss less vs nd sergy but equi cvi that resp nds

gc act
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Ack Ack

Four-phase avo-phase

I-our phasc oil wo phabe handsha re plot000

Req is not synch roniaed to 1kB If it changes at the same time clkB rises System
eceive metastable value Thu System needs synchronizcr on th Req input If

chronize wai long en ugh thc requst will csolvc to valid ogic leo ci with very

obal sty The sy coro Icr na row big 11 ml ugh ie

wis dotected System cn smn the de it eo yes low the sing

wtaoas tivisscd wevcr vii be deret don tie nevt cvclo 1kB ust as

id us ng ie ucst oc uire 110 lig ohy later Ark no iso ic to

oio rc rc oi
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or depei pot dye feedf ack dri ou pu to good logic level here ore
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mc glowt tiall Iso ii or tant ii faedbaok loop TEd erefo th
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cikA cIkB

System System
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0000 to the syri hronzer might produ value as 0101 that ne th he vid

no na data wo tms reason the
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us ii aid ma iv bei

art Ic Ca code meCectoi 0/3aa In tart vbo tput nib
iali CC usc avaL ot oas iah co is so thr as gu ar

teedn.finde di tveod or he navidatavau

UMC 1212
UMC v. AICP



76 SYNCHRONZERS

Bad syn 510 zer designs

To gereral synchro sizer bugs are mterm Stent and very dIfficult to atc and ag

forth caine he su syrchro icr systers iso rid tric8s mites

is edit gi rc 88a osc ed to Sc syi
ci ii dc

be cc thes put exc dz so as to here

tI is

two it mix po rod ins resse

on bc crir edge sot ss to ose to st

ost Ii so ta it bit 11

Bea Regl/2

teq Ask
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1I

Ac

igure 88h shows arbiter 8ri fron an SR atc and touertrassistor metasta

it dde one of tic request inputs arrives well before the other the late rest

appropriat ly owe Cr icy arnie at nc irly tie same tine th latch may be dr yen nto

set stability as so igur 88c Tic filter kceps both asks owlcdge erg
ii us

un die vo rge
differen btwve the en al les ted exceeds indca ino
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CHAPTER SEQUENTIAL CIRCU DESIGN

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
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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

Example Chip to-Lhip where chips use same clock

signal but might have arbitrarily large skews

siochronous Yes varies sm Signal has nearly the same frequercy Phase ifs

slowly slowly over time Safe to cart plc sigr
al if it is deli1 ed

by variab but predictable amou si DfIcrencc ir

frequen ad to dropped or dupi cated ata

Examp th board vhcie rd use

en au vith small inism th it alI en al

Sg arar

ii 1l

nly when dita sill change during iper rc

ampi ard 1n her boa

fiequi hey eioc

sy chronous Iho en en Stena ma ange at arbit tirte cli

timer is requi ed

xrmpl ow us ton vii

lmcetsr iwhtlepoel lac tolcrpvis stf ughthe ruin log
89

oc netico biio cc

ike is th ogc ci later si ig as each tokn stuhle to vole rtI2 and

the cones do not overltp the peline viii oerate correctly ne same cnn hu

twice the throughpu

Burleson98 gives
tutorial on wave pipelining an derives the timing constraints In

general wave pipeline can contain tokens between each
pair

of
registers

The axi mum
value ofNis urn ted by the ratio of pro agatior ay to dspersiori ti logi co ces

734
TI
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CHAPTER SEQUENTIAL CIRCUIT DESIGN
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78 PITFALLS AND FALLACIES

he efiec lye delay of flip flop is minimum to Unsynchronized inputs mn cause trarge aed wonder

line sic the sum of the setup time he and tt alE ul sporadic ystem failuws that very difficult to to

delay ty 1f these delays are defired rninirnze cate For example finite stete machine running off

so sum Some engineers focus on only the cT toQ de one clock received READY inpet ions DART running

ay or define setup and alE to delays in way that on another wock when the DART had data available as

dos riot miniosize toe sum shown in Figure 7.90 The desgner mosored that syn

ch or zing the READY signal was snimportant be aum

it charged near the clock edge at Poe OSM she olden

re or the lead ag easens the a1 ips fad ta operate mre The her as detected me cycle the cx

dio they apeem to siulate correct no Koreni em tUe clerk WCI cc cnn that radar ahiliv

mc vie acYns in oca ly volations cci md by jnex wou have ore reso ye do ever the ISP nsien

inted ock ew Us ass design ses twmphase Yly fallen by jum og to sac tl no ste cc

ve aopng oaks inc clack eew thou be car ii ly
dO ne em egihy moor ía oat ebog

ode en toe so wee soon ba at caked with ging she realized that he proc vaT sgg ec

isa It sea Id oow FPY in vga

MI

il in wS in bin 10 tic or Po

core wdr ainertmc ItO netayed clocks to ye ortup ens bi so he ow inate logic ri ed

im prob ens osgpahs Polo tmes ware not LO 0nj ne yea swl Ic ci

Ic he ad ts

edele vh owns ri crc Iv nd Registering tIc RTAPY eigr en tic FEW In re

8z
icnew so ow rir oroucnhagina od READY Cornb

elegies wh has aoffs se method

LU
A

R
T

or cnjorbeh

war ood des Po mccc ii hod

cogj not et lo at thbeg an got ceo neat exe
nsnce shows that cnn ne ra vi wasin treme coons Ur synthmcriiw mr

wou is of tense redoingveik do lie son changes

suppo lag vanfying iultp me aodologeo

moec.s reed nag echnca ri onager .o demnd

that team choose are no hon the begnneng amd
Designerr race fo nO many \1 ivci bu eulin ri

sUck or Ii en ornee For examp an do orb one rput

Pow more han ore syncoreni die to sync meal
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CHAPTER SEQUENUALCIRCU DEStGN

era car eso ye to cotferent values If they must produ soh in tier state resulting in an inva hi patem
corsistent outputs only one syncnron zer st ourd be thatsneitner toe ohi noi the non rnputwohi In yet an

used rnor er examp spnchmnlren no ac oLbe example s1rch uzeis NiLb 000ny aesigncd

cept multhbit inputs where more thin one of the bits feedback loops car be mucu lo icr than expecrod ar

can change sirnultaneoucly ibis would pose the sk car base exponent worse ucan me between

that some of the bits msolve as sanged while othe failures

79

Th urn ha it 12 rcp us ol Iosophhi of oc fu yr

rem sr et 01 tic nt

csg ad ntel for er er deskt app utions aid tn inirate ptop
utcr is vu he mi rn vs ci aft acka ant for

ntur4
cC

Prornsnrs 180 Process rr5 13Ci ru ss
SPECI 12000 636 SPECint 00 910 LPnt2000 205

fp0

gO

tanu

_-

eor i4- 11 See

20 .10
rO Cm

mop ocecc

TI urr uses vet Tlorg cue pe ire th few agcs of ogn pcr ycle

icitic cxtrcmc ftc IC es up to iFre iret .t is ei hi

lo wit at ces rc march vi ad Ct td in ses

ve 11 cv age numbe of ever or er rhia ur

cd oto on ru sto ta rnts ou

watts topo tlIc cc cut sold COO if qua ttt us or cc F400

fCnd visure from co ct chn as agg em rn
00 flte i$ It tc acf duc
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7.9 CASE STUDY PENTIUM AND TAN IUM SEQUENCING METHODOLOGIES

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

10

10

AW10

5rrwr

It rn II di photo 1EJ 2002
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CHAPTER SEQUENTIAL CIRCUI1 DESIGN

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

ion log ai pu sed latches INa ecOfl accieifl2 RusuO3 IC ock distribu ed

actoss tic on ig ar rec 11 shos Sectio 12a 42 The II cc cs

33 second level clock buffe dstm ut ar is the Tb buU ts lled

SLCBOs in turn drive local flock
gaters

lv seric arEa of wqueneing elements thin

functional blocks The are 24 different pci of clock gatcrs producing ins ci ed
tretched de1aed and pulsed cocks FiTire 794 sho vs cmc oft ccsc clock Ea mv
comes in many sizes and tuned to drive dflferent clock oads with low skew oser region

oabo 3a vf sdk

ne we
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CHAP VER SEQUENTIAL CIRCUIT DESIGN

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-

The nt ci end pF .e scs in vi late CO cc DLC cc it

dsi it cc
Scctior fhc DLC also prov dc an capability at each half dc boo var to

hel1 with est

At static-to-dr namic interface inputs pass thi iugh pulsed entrt latches ELATe
th it cap ii gr al re nto al oti dir ic ig an

mc L2 were iOl pure ano can perform ogic as ci as ia hng
sd fcc vi Iron

so espe oil tc ta nfootc

Cf ig
96 os cc arpe cdgatc lol cc if

ages itt urno wita cces ye pi ha edge Wa Fe

04-bit aft7iger addc ir the vitege cut it

DCC CR PRECK PRECKX \__________ ______rri OK

EOEIH RCK -f
ERCO

gfd
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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

C5 c5 e\s

P1 ace
od onoer1ap

at
If

bLt

sed
ii axt

cc iii SI ases ci anal sic cud cc tary

an te lAinrs phc vet appin do ci If up ttrc

tee pu nan in cc Ia cc cc

dis mci apiug ai 1cr ra see

ii tu mac ii to ci rrcm e1gr an sped

cc in cc fir flops crc to id rc code ood

cci ve more riporta utly ti am hand ed well by syr Scsi tools and th unp

nd zers Unfortui atel ii systems with few gat delays pe cy le Fe sequencing

cad en use me large raction of the eve ire vet nany it udard cell flipl ops

nteuttonallr rather low to prevent hold tin violatioi at the cap nsc of eatei seque

rug ovcrlcca

rt aw but sing1 cal ala it

the con alt The ac system role ate sgniflecn in click cew vi loss

perfo cii cd borroc balar clay cn ionall 001 nis lv

owever the sac ems equire too effor to it der.ta id because tune bor wing stih
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CHAPTER SEQUEN11AL CIRCUIT DEC1GN

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

ii latche hae be CC02j Pieup
Var hi 9/ CRAY go 86 we hey ran eak so

vs he erti nit stiil ava lsbh dcsisn ws ir ss en

fo sac quite sent extre ne

qh

ed cqu ad ale ue inn

ra oral oyin ri es sri ass us ii

as is ri

15 push she ser ii fir tie of ip ic uting rg rrai

Pc Oh Sf
rc ri dh

cas ci cit nit it as ted

Id ssa uly udb se igg

is

seen tsm era ci

Cl0 ci yd or UCc

1to cit us 5c ii at

Ic It he cia itch
ig sac urn1 asa wale ff so

cost op atior requiring or also
siargi

Us sale ops atior Ph of aLe

ondalions deter ira desig lom us is mdcl fin iii ins it oi

cr ary goal at teres ng specie vses no irk
CYOt

Pc

al cqu ci Oatput ed ci oi og so ire ci ir Ut Fri ye be

I-

so as ci ma

up 10 as is kcd

ii Ic cr rc nest ci su cia kcd clement prod ices
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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
50

pa
3s is PS

irs pa aO pa
40

ps
3t PS 30 ps

or ic ng cn ay es de enni the nax og

io as availab wit S0O1selockc cit ssur her srocl sIren

OP

s0a atchec

Pulsed latches with 80 ps pulse wdtl

Repeat rer at fth clock sken heeen any
elcr mt can be

ip to 50
ty

ho ch of the fflo
ig sequencing sty determine the mx on ogm on

hon deM ea clock earle or half cycle InTO phase latches Assr ae here

kk

lois

hI Iwo sas transparci
etches with 500/s duty cycle cheks
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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

elJ

1iA2J
Lxa aple patl

110 Dterrrinc inn on k7criod shch the rc litir Figsie 9Swl
dilfi ci fh fo gc

and tht he oth de
iys aco tied Ia it propagat or dela A7

00 as A2 440 is \3 200 ps laO
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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

dk elk elk elk elk

axaa1

cat JO Ta

abc ret ra ng te of ccc all Fc circuit ro grc di he
flipfio

ed aa ii atches- the at cd elk

by

si ula oagatoi de acorac its

ci Jut
atd ad at ant ut of dcc ked ui re

sing urn tr Sn cc ai ul ti nrs cIa ch der hc asuir

tfl ua riu tars agat oil dc at ailable di

rio Lol Sc

cc ar t1 do bc as

pe efo
puck ccc suo

dccci

kepeat xcrc cc ocR sic vu cern oc

iv se bo to tat xe sc 18 it

qj O%dct vcle

ep at xcc 718 Pal cc ks 6C0/
ty cyc

sags raa pu sed at tea ae grtc capac on ct

ilk cape cc

ci he aciup ard hc dc ock to aga oi ad as

up cii It ci de
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CHAPTER SEQUENTIAL CIRCUIT DESIGN

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

ti iSv zcm
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CHAPTER DESIGN METHODOLOGY AND TOOLS

domain we can select which particular circuit style logic family or clocking strategy to

use At the physical level we have many options about how the circuit is implemented

terms of chips boards and enclosures These domains can further be hierarchicall

divided into different levels of design abstraction Classically these have included the f0

lowing for digital chips

Architectural or functional level

Logic or Register Transfer level RTL
Circuit level

For analog and RF circuits the block diagram level replaces the logic
level

The relationship between description domains and levels of abstraction is elegant

shown by he GajskiKuhn Ychart in Figure 8.1 In this diagram the three radial lines rep

esent ic behavioral structural and physical domains Along each inc are

ypes of objec that doir am ii the beha ioral domair vie hay rep esented conven

fo al of rc and hardwa scription la uge atego ks we mo out alorg

the adral axes tfe ncreasng level of des gr abstraction is able to eprese great

rra

Systems Operstsg Systems Absi Sc oi processor

Aijo tO
App cue Hareware MOOS

Logic Abstracflon

Rsi snsfer
mj mc is Re-Sate

Sabre-st re lots Fi bps

Staler erris
strucSO aase-ta-s

tact

Rectasg be

Cets

Modes

Chips

Br do Sysems

sy mr

Ga5ski Kuhn c1 art
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8.2 STRUCTURED DESIGN STRATEG ES

iplexity Thus in the behavioral domain the lowest level of abstraction is an instruc

or statement in software or HDL descriptions respectively Circles represent levels

similar design abstraction the architectural RTL logic and circuit levels The particu

abstraction levels and design objects may differ shghtly deperdirg on the design

hod

In this chapter we will examine how to transform description from one domain into

iother while maintaining the integrity of the design It is only in this way that we can

itt with behavior and successfully build product
We begin by discussing some of the guiding principles that apply to most engineering

ojects Then we survey the various design strategies
available to the CMOS IC designer

ese range from rapid prototyping or small-volume approaches to those suitable for high
lume digital analog or RF design We then examine the economics of design which

guide us to the right selection of an implementation strategy and review docu ncnta

on requirements In conclusion we look at the reasons for the ap in perforir ance

tweeri custom and ASIC design methods

viab ii of an IC
large part affected by the productivity that can be brought to

on ti ci ti deper or se dli ency Ii vi ic Sc

icr wi fro onc Pt te archtecture to logic and memory to circuit and ultimate to

SI ci sy 10 He Ic

cc description domains behavioral structural ard physical and at all relevant levels

Hr hite rut Ti /blocP logic The ri by it ii is

co riplished can be measured in various terms that ffer mportance baed on the

cation ese parame en can be mmarized terms of

foirsar cc red power fur ct tier ity

eo dc icr it tofde

Ime odcsirn cecostof cc nd ieee

Fase of ye ification test generation ard testabi henie ost of cog neer ng and

sent aue

Des is continuous deofft achive ade rate results for all of the above pa

eters ks such the tools and methodologies used for
particular chip will functon of

lese parameters Certain end results have to be met i.e the chip must conform to cer

am performance specifications but otler coistraints nay depend on economcs i.e size
of die

affecting yield or even subjectivity what one desig icr finds east another gi

ncompre ens

Giten that tie pro ess odcsignirg system on silicon is con plicated the role of

good VLS design aids is to reduce this complexity increase productivi and assure the
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designer of working product good method of simplifying the approach to design

by the use of constraints and abstractions By using constraints the tool designer has some

hope of automating procedures and taking lot of the ulegworki effort out of design

By using abstractions the designer can collapsc detallo and arrie at simpler objcce to

handle

In this chapter we will examine design methodologies that allow variation in the

freedom available in the design strategy The choice assuming all styles are equally avai

able should be entirely ceon mic According to function suitable design methods are

selected Following these steps the required chip cost is estimated and the quickest means

of achieving that chip should be chosen We will focus on structured approaches to design

since they offer the most appropriate method of dealing with design complexit

hc successful implem ntatior of almost
sy integiated rcuit requires attention to

the details earing go rocess er he years numbe of structured dci

os inues save been developed to deal wit comolex hard vare ed software
projects ot

su pr smgl tee se great
dea coi saronaliw Rigorous aoplice on of th

ecari ucs Isastical altc at of effort as expende on

pro cc at boo elsa of etc usoi

55
cii lUt

recere art cur gna normatonisosduatedonto nRf LCY xc

ii ta co TI TF it er late cc on

Ut ci so waic iJU Cu lie ieee cc1o di de Ci douc ars

ior tar arc ra Soi cdi is gE ossible king tIc lmta ofcu

nt sroccsscs se ore so bout di ii dersta ot design

sy to ions ic cxc ii ado no deta tl

LU hit ii al

in ii

IQ is if la is ito sm scodeP sto mnphase fO

JJ iss to
te so tc tic 83rçp

atet car be ess cd us ti ed is ii

AnIog ADC gta

Vodutuionflemodutuion
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Digfta
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ian ai lick don care abnut and vecro ra ro ti igi

ti csc itc hr ii va ftk at of or

ra srr freq icr us be 800 IC and du

eoucndes rang from rough 300 KHz oce and music frequencies Phos

Vodulation is shown in Figure 84b icrc thc vector travels ound the maximun car

cr amplitude circle varying he p8 ase angle as the modulation changes TI is cous

stant amplitude modulation isA might he used with carr er frequcncy of 100 1VH
in Ic lilil broadcast bud we or oosely associating phav modulation with frequent2

dulsii is as cv Os elated as as rcr 20
20 1fF -ñ hi ially Figure 4c shosis Quathatuia Phas htJi Kjisg

odu is ical of do ason hi it

ncoded onto four phase mrs as sown dngram tVmca ncr frequtc
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Ampi tude Modulation Phase ModulaVon Quadrature N-ase Sftft Kepng QPSK
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csgn ci cclung each level of Lie arc here dorias as arc wended Co rcsp ond Li
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Hierarchy allows the use of virtual components soft versions of the more conventional

packaged IC Virtual components are placed into chip design as pieces of code and come

with support documentation such as verification scripts They can be supplied by an inde

pendent intellectud property IP provider or can be reused from prrt ious product dcvci

oped in your organization Virtual components are discussed further in Section 8.5

The digital operations in the transmit path of the software radio Figure 8.3 can be

performed in software Hence microprocessor can form the basis for the design

In this case the design might have the hierarchy of typical microprocessor as

shown in Figure 8.6 kt the top level the microprocessor contains an arithmetic

logic unit ALIJ program counter PC register file instruction decoder and

memory The ALU can be further decomposed nto an adder Boolean logic unit

and shfter The shifter and adder car togethe perform multiplicatio iThe dia

gram llus rates ow relatively complex ccmponent can be rapidly decomposod

irto sr plc nçoncr vi Fr rti CS ofl era chy La lesel rI

modules which ds in the understandink of that level of the hue rarchi

Software Radio

Mier procwsa

deH0 ALU

Boatear
Adder

Unit

er
Possblehierar iy fsoltwa udic ungasdTg Tic on ocessor
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We can roughly eitimate the performance required in the transmit path by noting that we require

it least two multiplications an addition and two table lookups sine and cosine Another addi

on would be required to muir win ioop counter An iterative multiply takes cycles for an N-

word so for 16bit word width the total number of
cycles for the steps described would be

pproximately 16 16 if table lookups take two clock cycles This yields total

roughly 40 clock cycles For 100 MI Iz processor the fastest we could perform the IQcon
ersion would be approximately 400 ns which according to Nyquists criteria Fsarn

/2 would be capable of generating 15 MHz IF signal This is of course without any extra

nrocessi ig
for modulating the carrier While we could add another processor this may be wasw

dii of area and power given the operation that has to be performed
beit approuh is to use dedicated hardware for the compotahonally ite isve fored fur

ii blocks ihe tn his to otice tiat the JQnudulator portion It sofw arc dro rmit

ndrcesepatifo agv nDkC and ADC reolutionha are atisclyfhcd archl ecruru For Ic

smit pat chic chv shown in figure can be used where the blue sectims uive een

ofix die ctcnhorls ii xc sic setielQu eiiv in

elk commur icati us budding hi wk In iditior to the nultipliens device called Nuiu
il iztrolLd il/etc NIT has ii die EL Lur ti g021 The

Ic ext sc in ri spec ui
dc ii to e2 10

ttplc

Soa Rado

Spec al Hardware

/\ ---

fl

eiat
iter

Al Adder Multiol ci

Ira an aiss ii ed ersre
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CHAPTER DESIGN METHODOLOGY AND TOOLS

move to dedicated hardware tor the IQupconversion allows the circuit to produce

new value once every clock cycle If we conservatively say that the arithmetic blocks

operate at the same speed that the microprocessor ALU does then the circuit will

now operate at 100 MHz Taking into account sampling theory this means that

can generate analog frequencies up to almost 50 MHz with suitable DAC The

microprocessor now only has to respond at the modulation data rate providing

values to the IQupeonverter

Hierar thy involve di tiding sys em into set it subrr odules However bier itchy al ne

dies ot colve the eo nplexity prob em instaee we ould repea ed div de

arcby of design ito frerent sub odiles but stdl end up with large number ftc

reg nil s1o1 npt Ic

into set of nila building boeks icgaalaritv can exist at all leve of the de ago Hera

by thee rca Vvd foru szed taas stois nbc used wade gate Ic ci

ía hi Hrd pH xa iar ec at ie ap

.e jta ii ll ati ra tt

be nan Ic ccl di

can be used to bo it pe forman

ar to ffo btr iii ih
va ibate and bit ad it ng tormal ye tie for prog ar lice tao ape at nor

efficientla Deslirn reuse depends or the pr xiple of reuIurta araac vi trn

corn moent mull places or roduets

ii at ft ii ii ci iit ft nsid so

Iri

Itr at

Ic YIC as warn icue88e sconagosedolare terdadd th

acrem ted every ci it vet by xi se eernent regis er 1111 115

phase Count vh ch seP to step thro gla RO\ lookup table that provides

phase tc mp dude conversion phas st can ne added to the phase mc

menter to perforn ohrse nodu atiox Wi this it er tire we arc able to generit

digatals ase

ur up to the ion pass flte shorn Fig 8.5 gur shows he

fiItrn den ation th cal

impala Respons ft ter ds93 ChoaiJ IF lru re con putes the

fu action
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81

vrhere is the sampled input are the filter coefficients that characterize the

particular filter and nil is the output As the structure indicates the filter is

posed of registers multipliers and an adder Filters are characterized by the number

of taps coefficients More taps yield better filters approaching an ideal brick wall

flter with steeper cutoff and low ripple This in turn requires more registers and

note multipliers

nereflent
Sine Output

ii Dy oIFeI Fi NCO Li

Inputck
Finite Imp Ise Response FIR Filter ructure

Structure of numencal contro ed osci ator and low pass
filter implemented as finite impu se respo see FIR fi ter

Having examined the de ail of these blocks we notice hat the comrson funn

tions are registers adders and multipliers wth precislons as yet undefined Parallel

Nbit adders an be cur posed of single full adders Multiplier are al bui

from full adde N-bt
registers are built fro bt flip-flops This uric form
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regularity might be to use the same flail adder for all parallel adders and multipliers

Simiiarlyl the same flip-flop would be used in all locations

Typically the phase counter adder in the NCO would be of the order of 1632

bits wide The phase increment adder might be 8l6 bits wide The sizes of the

multipliers and adders in the FIR filter vary widely but depend on the input data

width This typically
varies from t-12 bits

As ilustrated in the previous section IQuoconversio and downconvcrsion ear be

conve ted to fixed hardware as Fighlighted in blue Figure 8.9 Whether the

hardware is shared the NCO and the multipliers is determination that can be

sade at the ire of de ign Once tI is ecided he 1Qnodulation and de iodu rn

tion til urdefned hose oeks tc to be hly ab depe Ii
ig ty

ti ilar
syster

So are rados have been proposed in areas where tie standards ar

hal vol eces than has pr di fxed od

ca ph c-f fin

v-r lat cit oftw ci radic clii ci tu ci we tsar

gra nabili

men

uto to ra Si ingpr abl ci ci

glte earn ltçr rhov Fore8lO Here tleIQup

dci cor eric hs bee ted acid th modulation/demoduation is per

formed by the fou processors The number of processors is arhitra and would be

ascertained by detailed ana vs of the required computational power

Imagine that tfci con putati nal powe required ightly cxc eds provided

by the four processors shown in Figu ci 8.10 cause mul iplica ion is quentl

required opcratl arc ci goal roee ag ope at on ci ii kes sen to hi ild multi

pirn lit icr ho Fgu 81 ci usa

lanci at rove essing powe
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Software Radio
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Sofiware ad as tip cessor

err pcrooE crop Ce em Hrops roceworj

7m
enOYJ flO MC

cwnu Li ce ar50 cho

If he ujfy lies on is onecycIc pe ation se th oug ay it for ul iplica

on stemi operations can
srtp

ova by actor at up to Ar as compared to an ii4

li pa wessor wth an iteratise naultip icatiOn operation This style of celeration

be repeated for any operation that is computationally stensive The applicatiot

ada is profiled taring bottlenecks are identified and custom hardware is added

vith approp etc nstructio access the hardn arc In this ma oar thc overall

olution emains programmable wi Ic the spec of procesnng ncreases markedly
skli call ali Ic so uslig uci appa all Hwevei addng ftnc

ional iits ncreases die sic an pa var dissipation so tradeoffs are necess
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CHAPTER DESGN METHODOLOGY AND TOOLS

The tenet of modularity states that modules have well-defined functions and interfaces If

modules are well-formed the interaction with other modules can be well characterized

The notion of well-formed may differ from situation to situation but good starting

point is the criteria placed on well-formed software subroutine First of all clearly

defined interface is required In the case of software this is an argument list with typed

variables In the IC case this corresponds to clearly defined behavioral structural and

physical interface that indicates the function as well as the name signal type and electrical

and timing constraints of the ports on the design Reasonable load capacitance and dri

capability should be required for I/O ports Too large fan-in or too small drive capabil

ity can lead to unexpected timing problems that take effort to solve where we are trying to

minimize effort For noise imur unity and predictable timng inputs should only drise

war istor gates ot diffusion terminals The physical interface specification
includes sue

attbutes as position connect on layer and re wdth commor wtt FDL descr

roes we usua ly assif ports as ipu outputs drecuonal power or ground In ad

vor or p0 dg a1 Mod It hal tIe desigic

clarif id document an approach to problem and also allows desgn system to ii ore

easily check the attr butes du as it is cons ucted that outpu are

sF ted to cc er ty Ivide the task dined mod Ic

adi ye C1 clcgs era eo1 sue to

red sign

lhe ow- ass her ir our software dio needs large number of registers Assunfng tha we anted to

ii iplement ong filter say 128 taps with 12-bit word 30/ flip-flops are required for the and filters

These ar contrbure significantly to the power of portable communications IC it tempting to prune

mis stors flia fib llustra atm and dypamc ltt so ie ar la ch mud

sri bu is set sitive res the in V10 suff or the effects of eakag arid roe

ii ouslv ockcd to preserve its sta The oice betv ecu two opt ours depenc to some extent on

ig esiIflc sto

ads tIe nan ch uld er if the be rutoma 1-

ally 1laced and routed the atm lat is the only prudent choice For reasor discussed in Scctio 6.3

modure unpuii si cuid oi Jv the gate emaL of M3S t.ansioto used or idard-cel ace and

route scenario Usually discretion is the better part of yalor in these situations

Ccl level ci odula ty erar ip
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knother form of modularity which aids in debugging and testabilitv is to ensure that all

egisters in design are writable and readable Figure 8.13 shows this principle applied to

NCO circuit All
registers have been made loadable via enables ida 1db etc rather

ian the gated clocks shown in the original figure Tristate buffers have been added so that

he registers can also be read Input and output registers have been added to the sine ROY
LO provide temporally modular design All modules should be registered on both their

rputs and outputs this manner we know the input arrival time is D-to-clk setup

efore the clock edge arid the output timing is clkto- delay after the clock edge The

cit task is identical for each register save for the number of bits that have to be written or

read and the address of the register in fact by taking this approach table of register

is ne address and bit width can be compiled and the HDI code to control the egisters

umentation and test programs automatically gnerated With more ad hoc approacf

Sc productivity aids arc not ava lab

Phase
Counter

as
me

Mrcu tes NCO

In igut 13 ic aseto ampi to conversion ach cv usi ig sine ROM
uber of phase ponts detcrivrcs hc be vord in the ROl and the dcii ed

cs on erni nes the viii of word 7bit ROV at hitpha addre ill

2tf wo di long mprovng th phase precson involves increasing the lengtf of the RUM
One trick to reduce the RUM length by factor of four is to se the schme shown in Fig
urc 8.14 Only the first quadrant of the sire wave needs to be stored in the ROV The sgn

hit MSB is used to conditionally invert the inc wave and the nxt bit in sign licence

Phaie ir used to count up or down tI rough the ROY Thus z56-wond phase to

amp1 tudt le as need has the RUM
the sire lookup tall is for all ROVe large ROMs be on and

rae avis diffic sit di II dcsgn flow silt nate St ucLur tI at can
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Rem ength
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Phaselni

Phase ____1 IIIIIIIIL1 EE4i See Output

Sine ROM opt mzation

be used to generate sine is called CORDIC processor The structure of the

CORDIC processor is shown in Figure 8J5 Timmermann94 Giehs9l

Grayver98 Sharif cOO It can be used to iteratively compute the Sanctions
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downconversion block by using an appropriately dimensioned CORDTC Poasble

disadvantages include the pipeline delay through the CURDIC and perhaps power

dissipation

nO
1fl 1Iu1X1HHm z0 Zk

rrb COcD 1tages

cmtr

By dehn ng for If iv th ci

an tIe ll te cal cs the em of the mcdu ire ci irip rta ther

no des In ths way we performing fori of iforrr atcon hidi ig hit red ices the

copa cr complexity of the module the so tv arc rd HDL wo id tI is paralleled by

reducton of global variables to minimum hopefulh to ero Increaongh local ty
aftei

rears teriporal localiti dhere ice to ock or tie ng protocol This is addr ssd
Ch cm here iffcrc do king it ateg se of it al tI cs

ma it ic all opec fled

eqiedstp dholdtncsr any cok ndo t1it haic Ieays laedto he

ed5e of cloca
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In the example of the software radio locality would probably be most evident in the floorplan of the

chip One example floorplan is shown in Figure 8.16 The analog blocks ADC and DAC are placed

adjacent to the I/O pads This is an example of physical locality because the analog blocks draw signifi

cant DC current and therefore the power busses have to be short and exhibit low resistance Further

more the analog input and analog output signals can be routed to the pads without interference from

digital signals If necessary the left edge of the chip can be guard-ringed and placed in deep n-well if

this process option is available The digital IQupconversion module is placed near the DAC and ADC
and the four programmable processor/memory composites are arrayed across the chip

An alternative floorplan is shown in Figure 8.17 Here the analog blocks and IQconversion

module are placed at the top of the chip The four processor/memory blocks are then arrayed around

centrally located bus The area for both array possihilites is roughly the same but the second floorplan

better because the bii connecting the processors sForter and hence faster and potentially dissi

tes less power This is an cxample of phys cal local tsr used to obtain good temporal performance

us

oce pr Ce ro as

10
10

Vernoy Vemoy Me wry Ve oy
AD

I0

One possible flooralan for the sc.twa tad
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There are strong parallels between the methods of design for software and hardware sys

tems Table 81 summarizes some of these parallels for the principles outlined above
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Even when von decide to build system with an off-theshelf microprocessor you

should consider the possibility of eventual integration For example if your product

becomes very successful sd you want to redr cc costs by integrating it into single sys

scmon--chip rather than building it as board vim micioprocessor and various support

chips ou will need microprocessor that is available in embedded form so that you can

keep your software Examples of embedded commercial processor cores include ARTVI

J\HPS and IBMs PowerPC The Sun Microsystems SPARC V8 architecture is also

as ailabic in VT IDL for research or commercial use from Gaisler Research

Often the cost spec or power dissipation of icroprocessor may not meet system

goals
nd an herriative sulutton equi variety of programmabi chip ar ava all

at ca ore effete it tI ge pu op occssc rs ye Ste to devel than

dedi at oh PS

hms og nut op air

nable steno inet
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leo
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cd as rio ic
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là

ot ns or co in nd outina ross cs four

00 fe a- og gssc ay ogramn anN sogc -v cci bas cii

allowed useful od ret to be he dod and wh es ab she techn ques based ogic oph

is iont awct st uc ur so tre asso isted ols were rela web si riple
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cry diLtable
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grammed with floating-gate transistor see Section 343 fusible link or RAM con

trolled transistoi as illustrated in Figure 18 The first two versions were the way these

types of devices were programmed when device densities were low These devices are gen

erally used tor low-complexity problems few hundred gates which require fairly high

speed 100s MHz

______ _________ NOR Output

EFROM Transutor Fuse Rem CeJI

Otir ea

ii

od re tC
iT 01

ha er ons exist ft sI uses spec pr civ option uch as fu

antifuse to perrrancntlv urog aix nteronnec aid pe xl xc og hs use SC

se 1L1

ogc functons Ii general on FPGk chip con ists of ar array of og cells rr irded

nag hr civ

examp fir ypa PC vi oar factu ad byi ctel

rrao rico rco cciv sbnd
So ass routing cho xc tically ho tall as rho ii Figure 19

al he ii te of roufrg scar xc special arc se progi urn sable contac

ii Tu asfr
appl cat occia iog tall ac ac tar

cit dr few ohs CMOS vitches xl ow the prograrrrnrng vol agu be

cctcd ch Fe adsa tage of uc ad outing ha

of tIc og is abk co ct ha ntc ivctio iv of two ci it ac

IV ore xc th oiv es starce low cc ed to OS aritcf ci cuit pe
not conipromisivi he dsadvantage is that the tntetconnect not re siogrammable so

once carp is ogrammed its function is fixed to the cxter that the mtcrconnect has

been personalzcd

fib irlar of typical Actel ciii is shown Figuie ray of logi ci

as dl iced iv sg
ti

dirta aid out tad og cix dad se vet horo vi rout

cell is pe sir xl in tr of fui ti ad it to ot er el b1
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R1_
Before ntifuse blown

IIIIIji

anifu 1ev

gra abeL

air ti cc ati ns

asic te api av pis

hp-flop cell pro des or asyrafronous se and reset act ye enab ted program
able odll polauty Wt uscal uulization affective sat aqu valcr wo apu

gatu can ng on 82K to ye ml tes

This type of
array

would be suitable for reasonably con plex higl ip
ed 10Cc MHz

applicatons where cost and power constraints were tao crate Antifuses are or ly availab

specialized CMOS processes

Figure 82 hows the Soo pun of simpi feed RAIVI-bae FPGA he clip com
posed of

array configurable logic
blocks CLBs Sims ar to the one-tin programmable

devic iveta outing ur ice ad once es en nay
te na at the

gray cicks which are ting svdtc at ca be mplemented

us ig
CMOS tr nsn ssi get ristste ouffen TH coo ing csou Ca als be
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Logic Module Inputs Logic Module Output Logic Modules

_________ _________ ______________________ ________/

Routing Crossove

OO
__

and Antifuses

_________
LM LM

1LM1
LM

______ ________
Horizontal and

_______ ______ _______ Vertcai Routing

LM LM
Channels

__ __ __
sout Output Ce Is

7i

__
__ ___ __

trA ppn

nctd 15 es top so qc be

pute any func ion severa Va ab he conte its the oku tab are at ed ati

so tie Ii nag ip
fror to na

dits so Itu such at so LE1O Si ar 11 eti

vitch Confirai ceis car is PU orb di onal pd
se rround the cow array of CLBs

sir po FPGA logic cell is si own Figure 82 corsposed of ati

PAM the logic me hs prov es for ny ogle ctlor of fo ir iA erely by

oading the RAM th the appropriat conter ts able illustrates ow ab sould

oue to er Cl of

Bs one and he CLB si ci pr 12 op nd utp
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Conflgurabe Logic Block

CLB

Jj
CLB CLB CLB

___________

Routuig Swtch

____ ____ Routtngir
CL CLB1

____

LE

___ -j

ed dl Is las Cl 10 cessas reso ces sod

rot ng cod to ii dcnsib avpi
shoyrn IrIr 322 re1 ec of foa FP kc it pi

zat ors ave bee stade to mprove nerformance These nclud ault dedic ed Ch

ne Bs optim zed for fast ti met dedica id oaks of PAM highspecd /0
interfac and eve embcdded microprocessors hc Xihnx XCVP125 FPGA
state of tF art 200 coo ihinec over lC 00 ogc cc is approx mae se or inn

tv tcs fo RISC rocessors ovcr 000 eva lab

110 ls kJL XC
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Global Data Bus

11 RAM Mux RAM Write Enable

DIN

CLB Inputs ADDRESS 181 RAM DOUT
CLB Output

WE

CLB Write Enable

Global Clock

Sin FCA gic ce

000

1000

0100

1100

0010

01

Cl

0001

1001

10 0101

ii 1O

12 0011

1011
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Personalization RAM

Input Routes Output Routes

An example of crossbar

router usmg tnstate buffers

each input re an be

connected to any output

by enabli ig the app opna
at bufer

Ver dl outes

Trisfat buffon

route CLB output

to vertical routes

Muxes control

which wires are

routed to which

nput of the CLB

Vmp itied FPGA routing 11
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One approach to routing cells is shown in Figure 823 The upper diagram shows

horizontal routing switch Tristate buffers controlled by RAM bits determine which output

routes are driven The lower diagram shows the routing to the CLB of Figure 822 Each

input can be connected to any of the three vrtical routes to the left of the cell while the

tristate buffers can connect the output of the CLB to any route along the right of the cell

Putting it all togetheb Figure 24 shows an example of personalized array
with the

associated routing Three inverting input pads enter on the left and are routed to two

XOR gates the output of which is routed out of the chip on the right

FPGAS have matured to the point where they are the best choice for many low- to

medium-volume custom logic applications The economy of scale of modern processes

allows extremely high densities of reprogrammable logic gates to be delivered at low cost

to the designer and hen to the consumer Compared to conventional ICs FPGAs are

ower and are less efficient in area and power However the cost to manufm ture virtu

ally zero programm ig cost The cost per part is noderate high As initial manufac

turing costs for custom integra ed circuits increase and FPGA costs decrease FPGi
come attract ye for more and mon low lun moderat wci pp icafons

TJ

CLB CLB CLE

Routing

CS GB

CLB CLU

OK1OIO 010 010101010

Personelizec and iouttd -PGA
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Note that after sorting out the intellectual property rights with the appropriate

patent holders it is possible to implement FPGA blocks or any CMOS chip to provide

some degree of programmability at the gate level

he chips described in the presious section do not requite fabrication run Designers

typically strive to keep the nonrecurring engineering cost NRE see Section 8.5 as iow as

possible One method of doing this is to construct common base array of transistors and

personalize the chip by altering the metallization metal and via masks that is placed on

top of the tiansistors This style of chip is called Gate Array GA particular subclass

of gate array is knowr as Sea-of-Gates SOG chip vendor stocks master or baie

wafer tha ave been processed up to the polys licon gate yc i.e the sistors hay

beer med ai tallizati arc- then spec-ihed on per-design ba is to con

pletetlechpThecos canbekep mcd ctothcfo ow ag aco

hewa ci co rb redu cc lyircdu urn -in -has curfe for avarie 01

crer p5

Only th me -0 wt ks re irel one ze ci es p1 -cc-

be ke on na nbc it etc

cOp

cit and adue or costs re reduced uci ommo test fixturea

oc

cow ii ga array otrurtures th Tea ed highspeed i/O erc itt Tcir

agy rp
tes Ml fR$cl ii rn and /0 spec Cbp cc ra

00 Os bale Co Os

id torn ir on at clii aw cw ide re Ow
00 eel cc ca so be ed cus on Ps to urov de an area

-a /SO ii

as ws 05 OS ra ed cs

area og as co isicts an ow aid row Ca ys diii or SOC
lcara%oftails un notonticuornardta sstosca cgouped cid

du 0/en fo c-c mi tiyl cf pp tions no

Figure 826a shoxs an SOC structure which features conti worn of tia

Figure 5.265 shows gate array struc un Oat uses oups oft aree tran sto sirs

Because the SOC structu coot uou ay of tiansisto it las to allow for so
lation of gro ip

cit ansisto-s Grounding the gat of the oF PS transistor oi -on ect op
tie gee ofthcp OStars sto tie Vtalprovil his iso irn

ur si tire gr inn

OID gat te h-i Sac rid VOS -an ors cad nd tula 0-a

scribe cv nsF sor1 foi of SOC uc ownien es or tact
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S11 ann repi

fo Dat

Oi IC CS
iF ut\ ag

Ga and hOG at sys
ha lower upfront costs hevi we they require fewer ii asks

so fastot or in ecaus tal aCts es in

no ooV Pe au ga t0

gat odu costs inCi on os to vo nas ufact fng

par to at Gr giscn sar pioccss gatc atm ssipa ea lcs powcr and

costs ess ol od Ic SRL Los ost fib ar fm

so

ii app at rt 10 ou Cc

desgr an leiner sm Dstc aid ower owe 1n gte ia sos ag ann be

logic ha hph coss produce Ce cu torn mask sc eretire OC

nor neat for high voluni parts or when Fe perfortr anc nmm nds ucrative sa in ic

As mrnpared to fufu-custorn sign1 cell-based design offers much higher products

because uses pr designed clii wi layou Foundries at hbrary vendors suppi cc

with wide range of functional ty csc lulc

Small scale ntegration SSI logic NAND OR XO ll AOl OAT invetters

of rgse
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Memories RAM ROM CAM register files

Syste level modules such as processors protocol processols serial interfaces and

bus interfaces

Possibiliti of mixed-signal and RF module

Whereas Mediur Scale Integration MSI function such as adders iv iltiplers and

parity blocks used to be supplied as cells svnthesll engines eonamonlv construct these

from base-level Small Scale Integration SSI gates current dmign systems

typical standard cell library is shown in Table 8.3 IX normal powei cell com
monly is defined to use the widest transistors that fit within the vertical pitch of the stan

dard cell 2X and Ia ger high power cells usc wider transistors to deliver more current

They must fold the transistors Sec Seetso to fit tF the cell thl comes at Fe

mpense fin teased cell idtL Gate iv oft yr lable low pow as

These eel ac im widt trail istors ta reduce capacita ace ov -p er ten

to be Jo se of tL ci lth da

re do su aipt ir

So sticated ibraries also geucrate nei as assortep sires orn maphical use

ater cc era irs Ad no tl cal our

nd sea an

dr cllra si
ew the iv dess

five lh ight nith powc ard grouad cap tirs at ro tI

ha tLe supply rn onn ci si agic of 105 It star djacer Gla

wooed ad sine row OS tranaists rs ad ent 00

polysi icon gate is connected from nMOS ransastor to pV OS transistor and he

sea mat exesandrfiatir he mlvsilco or sti sahas ab oselbe
-a ly eo cit OS id us cc as ab he tin

or isv to he low dec

process ica is i5c 8.29 ti th ii sat Fe oft In
rn

gc saa1 fe
defi ed cii ad fit ab vu fig It re

easy Iii soiiwar orog am to au ow atacal ge serat ii so sh

Figue 8.29 all dliv -haracterizcd th ough mulaton sood agmernea vtF sill

ci as was scorned Section 5.5 aricaton ella to prove rfor aaanc is

raid requred Opt on to an lard cc in lud ou ae ti clock th ao nd

go iv scs and meting rid iple auppl isp ac 11 The tt nh que is

so cd red ice cr onnect op ga tlaat or ii th

er thin aorm so ala volt Ac th iti if the

Gao gc
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Inverter buffer Wde range of power options

tristate buffers TX 2X 4X 8X 16X 32X 64X

minimum size inverter

NAND AND 28 inputs High normal low power

NOR OR 2S inputs High normal low power

XOR XNOR High normal low power

AOl OAT ugh normal low power

Multipiexers Inverting/noninverting High normal low power

Schmitt rigger Higi normal ow power

Adder half dder High normal ow nower

Latches High itm low power

flip flop as th with High no nd pow

synch/asych set and reset

scan

rput mit te cv

btd cct so og

at ivae
ystal oscillator

number of tech naues ca be used si ndard cells Lirger ci cal blocks ct

sk ci Th old St tt ost trad tici tech cm irc It inject

ha des gre ts ii to of aph ci dispht fur ag an nte active editor ccs

dcsiga togehe at he geometry evelo ecta glea me vo ac as

11 Fir call vi ph

dt ti asrtcccF
mate ca led uby cc it str pab iaycr on wi

as ash ckgro nd mcd crtly to odt ph ski hr Vask

lcsigr under such onditio was aborio and 01 ro Fec sc hc am no otis

to heck the signs othcr tan hurnai yes

var ation of custom mask design is called symholit layout Rather than dealing with

rectangles and polygo or va bus iv ask leve he primit yes are transistois contacts

wirm ard ports points of connection These primitives cat also be manip latcd

hics or So as syster ins for des gn uic free acement of symbolic cr6 es

-Ta 0CC it af ac ha rpa ea ii

to ha neghsor as possb ac oral he es iii Ic ocess us By is ng

as bol out syt out tc polog cs trans rted fro pro oce is

out huge ariount of effort
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In these times of cell-based design digital CMOS
ICs use custom mask design oniy for the highest of vol

ume parts such as microprocessor datapaths However
VDD bus width

analog and RF designs cell libraries memories and I/O

cells still frequently use custom design There are van
etal tometaI spacuig

cry of custom MOS layout hints in Section 8.8 Custom

14 j4 design is also worthwhile pedagogically because it corn

pletes the link from transistors to systems
transis rwidth

From time to time we have mentioned software

generators as method of generating physical layout

This kind of idea has been around for long time and

was often referred to as silicon compilation Complete
pit microprocessors were typcal of layouts that trere gener

afed correct by construrt or method wac used tn
to iffuin pcing

ph
build the layouts hierarch cally In other words only the

ont mask descriptio was generated wi perhaps high

level instruction level simula er bfing havio

II flip fib
odd Gen ía are the most nn- erhod used

oday fo ge cu-to

node csi 1df

gn ed nfeg ate vth the at

trough se desigit ysteir or ins ar cc in add tio to Ic

transistor width bhaviord odd -imng ew would be needed fo fun

VJ.J u- eaI it vet flea so epic ew migh be

tion and circuit view for layout versus schematic or

GNU bus width
td co ipa us lee icc fw ne

can be used provide all of these views automatically

Mo crsvc so sofcver rib cslicn le

Type stands cc layou wi some at be built in structured herarchical mar ne to genc
curs cc sf5

ate ricrro irs regu-ter fles and other special-purpose

it uc is th an be icy lviii 1cr

it itforward to

tore placement routines that in essence hand place certai standard cells thin the tow

itt tu of cJic sipn For in nc is iy prefer certair adder desgn and

is re ditapatf yo for the add kr algo if err be ten to place the cells or ti is

standard cell grid In addition linked algoriim can be written generate ga netlist

in an HDL In th way both the physical and stn ctural des gn are captured The behav

ior can be represented by an HDL fur cton or module call Such custom placcmcrt ci

shorten wire lengths and thus improve speed md power
To illustrate memory generatol consider the sine ROM requ red for the NCO vi

othw ad RO is ti avai ab it of be ard ye

var to gee crate avout and the Vet log Gene ati
ig

the Verilog straightforvard and

Id Proc ed ccording ti the fi vi tdmcodc loose1 has the language

UMC 1212
UMC v. AICP



83 DESIGN METHODS

function generate ROM veriiogROM length MOM width MOM filename
verilog file pointer open eineromv
generate verilog headverilog file pointer MOM length MOM width
MOM file pointer openROM filename
index

loop for index below 2ROM length roe length6 64

MOM entry get line from file file pointer
fprintfverilog file pointer %d

Index ROM width MOM entry
index
file pointer

end loop

generate verilog tail verilog file pointer
end function

function generate verilog head file_pointer length width
fprintffile pointer nodure quarter wave
fpri tffile pointer input %d 01 addr length-l
fpiirtffile_puintc output req width-
fp intffile puin Cr wayc ddr
fprlntffile pointer begin
fprintffilepoirter caseaddr
fur ro

function generote ye log file pointe
tori it poiiter ndcse
fprintffile pointer end
fir ntf fr p0 nter rd juth le

lit fri qur cacy to low St vii es ou Ft eri
rig

fit header structure

TF des th xv odu iv lrput/output oats nd bit wdtl of ti ports hcsc

sp Ii ci ng nc pr am tFea

through the \i file contents ad ats etc xr the ase sir all th

an of Verilog Ii generated The fo low ng code
segrr

exit iUusra es the out Ut

irolie urteri
ou put req

alwaye @addr
bay

case addr
7tOO
7h03
7h06

62 7hlf
63 7h7f

erd

endrrodui
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\Athile this function is basic the sophistication can be built up over time There are

number of academic and commercial projects that have been aimed at HDL generation

such as Verilog and Verilog2Ci-

For the generation of the physical layout we will concentrate on the gene vtion of the

ROM array Details or ROM design may he found in Section 11 The main program is

shown below The program assumes that layout cells or tiles connect by abutment Le the

routing is implicit in the tile

function generate ron layoutROM length ROM width MOM filename
lfp opensineromlay /layout file pointer/
generate ronlfp MOM length ROM width MoM filename

length of ron cell MOM length
generate ron rightifp MOM length MOM width MOM filename

endtunctiori

hr no io lAng is roduced this cod The ur ct or yen rate ram tiles two

rcta1g lar blocks hora nt lv Fe is the R0 at aid rvde od Ic

ton right Is ulaccd to th right of tfe array This ontaii thc ON sensc mpl
is srr as rid fcr let seudo MOS

NCR FCW re
CI

Ia lo 8O

tuict oa yr at ronlfp rigir oriji lengtl itt

grIe yet

yorigin row decoder height

generate tori raylfo rigir le wdth
ct

ha ie it avo ka se hI Ic

ROW rovdecdc he upper 11 isth ROMara1 prope coderga

to the right tic lao ph tI is cslgr scudo nI/OS 01 gatc USC

rtc I/

sefhahi8

sense amp
sense amp

ROM sense amp
sense amp addre50

decodea aCt add 50

ram ngh

TO larout otase
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rowO

aO
flH

ROM Array

aO

ecoder

RO\6 au phasr

ii geerate ror ay to be itseir

rr ro yr ir 101 Jr 001 rr

cx ri ce

xo for ow cR01 lergtt or lergth 64

from tlicf po oRe

yr p5

op to at ardex

bt ja di enci bit inCa Rot ei ry
fbRiane

eR

cC ore

romb yr td

rid loop
ndfu

un nor le th and dirtcfon and builds RO arrat as sho vn Fiire

32

his hr ild on0 slunry ROV For he ne ROM examp tF rray woo be

cciii long hi cc is igh so or abies can be changed tF ictior to generate

arcs fou ROM or ti all vro ldrcs isastoct rc hitisas 16 ccli

28 cF ol leco Ic ul be dde ROM fi

theros rrgttboc oSccto ci ou of aLh or
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öhoJooooToDti
-i 1r1 ooo i5J

wordn
id 1i00 101O

6362616059585756 roweni

ROM anay ayout

Datapati arc another class of tucturc that can beiefit orn sofbaarc generator

he fil ew oc is pr set tativc of ra rnght be used to alace ce is in

COR pr esso Rou
ry

cab orpo td he fled or

ii na atcd Id cc code io or

on drc 3h
CO ay yo er

cop for dcx elow eig

go rotc cc co dtt

Ti

cord ice sidth
end ioop

fl Cr0

ii.1 flu ahC Or
ureS3l

Th pence to ft

MOOt
cc ate cc if fp widtr index00_n

Ti Ti qe crate ordic constant Mo widt-i ad er eigitCci CW1Ci
on co 00
CDIT_DC CDCSCDID xxFiftwldth

je ate cord derlfp cidt slice

addz eio width

jenerate cordic adderlfn ridthO slice

dde git widt

gene ate cordic adderjlfp widt circe

enera cordic cc roiLfp ale control 01

end lure ion

UMC 1212
UMC v. AICP



DESIGN METHODS

The generate cordic slice function adds shifter for the and paths

generate cordic shift and constant for the path generate cordic Control

constant and then builds the and adder/subtracter and the adder vertically

generatecordicadder Fach is width bits wIde The control block resides on top

of the three datapaths This is shown in Figure 8.34 Tha shifter block would consist of

wiring that would perform an abit shift and XY swizzle according to the horizontal

index Similarly the constant block would generate constant dependent on the hori Adder

zontal index

The next function generates the
stage adders This is shown in Figure 8.35

function generate cordicadderlfp width flag
index

loop br yandex below widti YAdier

generate tz itlfp flag Suhtsrter

yindex
adder bit height

nil oop

ordfuncton

aXa add ea cx rp ft

lit ye add
ubtraa er

at

rcti eneaate xyz tp lao

oc
else place xoalbo ORDC

or

place adderlitp
odder waltt

La lb

end func on

dde ba

adder bit

dde bi

adder bit

adder br1 ______ _________

________
atJ flptlopJ rul adda

adderbt

CORDIC CCRD ac bitt

Y/ acters
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In the previous examples the and locations for ccli placement have been calculated

using magic global dimensions i.e adder width in the last code example It is quite

possible to build an automated tiling engine that just takes alternating ordered lists of cells

and abuts them in the or direction incrementing the origi
the cell to placed by

the dimensions of the previous cell In this wa no global numbers need to he used in the

code generation and the code is generic for wide range of processes The other detail

omitted from the preceding examples is the generation of signal pins hese arc usually

needed eventualil for layout routers to connect to the generated modules and for compar
ison with structural views

As systems have bec me more camp cx he use of prdefined inte cc cal ape tv

blocks has become ommonpla Designs equentlv use numb of corn no blocks

as pro cssors wemor and /O fenc mrs at ached cmi Cr bosses Jp/et
ca be med to nc it crig us own cc nc ccli hoc in nd

gI
sl cs xtist

SC pnc sin and wcmo can he nt clanged and ale ha pc Iperipher

in ala ige ma an gsa ci mes ecat Ic id

icd ne hc

dc gi ak pu at as

di isa at cu itl
takes considerab engneer as or

mn rn sifa is ccwbc imi csass xk
itiilg

ciware is auueu we as ucsign ugic cC

poses thc obl of ii tit tiw o1utas ctsces diva HD ga cc

in siftware progiammed or thc ocesso Is as to rn soi ci sat rarual

ill bute ii nca rg an ama cd Ci Is

sy fba
iu as

siia u.s syst xccu specis
ivar

cit iti Sal list as

aig on ra oads

TVC aw n5oin hrJ 11
ig

hi thc

desi5n begins wttl sofvarc simula ion dcilly or Ac cmbedded sin cssor iii ng

ii atcs are out acrcc cc as abc ut na

So al am lat al is cd 10 Cs on logic as eloise

TV th plaifo nri ased design as say in ease ace come fish Sc Ira the st desigr

me lad sug no -ran ng ou cc TI is casan proce or lcction

in ortar uh aduct hgn tI as all be ntegratcd As

if as c5 ic we Ii flat 10 past at

effort
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In this section we have summarized wide range of CMOS design options ranging from
software-based microprocessor to full custom design The following table summarizes

these options in terms of variety of criteria Each category is ranked in relation to each

design method from iow to high

Microprocessor/ civ riedi cc hgh low low lo hgi
DSP

low medium medium low low ed low

FP ow high Tedium med err low urn ig

One Array/SOC medium mcdauir ion medium nedium medium med um
Cell Based hi5 by low Ii gh Fig boy

Cr i-nD hh hh ye

PlafwnBasel hgh in Figh ig mel cc

sgr isa to npccd
While dec ions can difficu tic followirg dragcc ri Fipure 37 should offer some

The dagrirr leu 37 ll ci-ates ti-at th riost cost effec we approach ou be

or soft
pi- or trig is ca

ire count as we ro uld use ft theshel so ution systeff Co

ra is ri-ret becausc he no i-ecu ring cngineeri ig NRL costs arc ar ort red er

ci vp peLt TGA ill ow i-Sw

tp Cr us bi- Ii i-pd
eCu to rig

i-vol inc applications and this is wi-c ida cell designs wi be used

ixd FIT gir ecd ig tal des cq ike dll based or custom approach

Ic rca-n th NRF nt predonin-in ly mas cos is approaching len

even indus ry prototypes must be done usirg ilti-project chips amortizing ti-c mask

co over mu tpie designs on same eticle Designs mus be as c-programmable or

thptablc as possible
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Off the shelf

microprocessor

or DSP chip

Fast

enough FPGA

Fast
Gate Array

Power enough or Standard

OK Cell Chip

Fast

OK OK
Cost Power enough Chp

Do
Coat

7N rr ig

Done VTh
OP

wwfo new

OK OK Gology

Done

ecroogY

Do

Dc ign decs adeoffi

8A
design flow is set of procedures that allows designers to progress frora specification

for chp to the final chip imple nenation in an errorfree way In the promo is section we

discussed he basic CMOS des gn me hods wit iout mcntio nng how we actually design

an FPCIA gate array or cellbased system In this section we will summarize the main

design flows it use oday
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8.4 DES GN FLOWS 1LJP

general design flow is shown in Figure 8.38

Product
Design starts at the behavioaal level and then proceeds to

Requirementthe structural lead gates and registers This
step

is called

behavioral or Register Transfer Level RTL1 synthesis eckOKbecause the designs are captured at the RTL memory dc- Front End

ments and logic level in an HDL The description is then

//
Behavioral/Functi

transformed to physical description suitable for chip fab- Specification

rication This step is called phvsicaloynthesis or layout gun

BehavTLeration Normally the synthesis steps are automated

are also shown

albeit guided by human judgment The verification
steps _______

OKin Figure 8.38 the design has been partitioned into

the yront end
stage at the bhaviora1 level and the back end

Structural

at the structu ai and physical lesel Th impo Cant
Soecificatinn

be aesc it lustratci partitioning that used to build

SCligr icccoc id
App/ira con Specif utegrar ci Ci ccci kS Cs an

Syntt esa
hen passed to compana that comuletes the tran ition to

ual ci sacs ig nal de pan
hicsha to st ic per cc

ar specif ratio nto physics ch Theo Pw cut or

beh Fl ccii

to sig ed ad late he bel av sal level All

des gt ruice wdh ly the rr ag to hi scsi

the ck en pro is otoetimes referied tc

as 1throw it over the wall approach While it works for Ceo ael Jedgi
nor eratels mpkx xigns the interaction betwe logic

ii op rt at dci arc tg cu

su Pb beer rr in rise ii ci oc cause ac te Tn ai

vec lo for dpi vs place nen akes too ii ii rca ver tw gan

ar

Fl ic pa ii

are redictable before atout Cr nside the -ase Were the des an ycle from ogFl to

iyout tanes vo hours wnen completed as an ntegrate rash one were sp in

front-end and hick-c ad tasks as shown in he figure If there are 100 eratior for thc

desig the stegrated approach taces roughly 25 orking days or five weeks wh le the

split approach takes two sears without vacationsT aving said ths companies are in

business to make this approach ork tI crc arc ten ite ations the time are much

more reasonable

Tb ext two ceeto ma rze of Fe toils
C/i

red ía ii tie or atc

ra sformat or al wl wami ac tfe cr8 catior tool required to gusrar tee the or
rect aess of the rransforrrat and lock at specifl de san flows Uhen ye wil describe
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manual flow that is typical of mixed signal or RF design Fmally we wili outline

method of transforming directly from the behavioral to the physical level

ftc

At the behavioral level the operation of the system is captured thout ha ung to speciflr

the implementation This level provides the most independence from implementation
details and is the most dependent on the tool flow for good design

The most popular style of tools for behavioral synthesis are those that directly trans

form behavioral RTL description to structural gate-level netlist typical behavioral

flow for an ASIC is shown rn Fgure 39 Tool suppliers nelude Synopsys Cadence

Design S1 stems Mertr Graphhs and Synplicity

The esign starts in ft ado wl ich

iiitsrh DC LCXL ueseriptiori or ci ups ii ecic turi IanuagC The

des convar talc to bel era tio HDI cucf Verilog

test es are tl cnstrt ct end he smu ate tl

Co rect behavio efned he spec heat os and product re rernen ca nte ac

ts igt cuts ri so us er ai vs er CA or

ecfuato ta brary Ma pr est Lagie re

RI Bahavio ci

// NetIco ______

Ver us at

Des on Forma Verficago orra

____
earch tact

Is ysca

RLT svrt isfo
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8.4 DESIGN FLOWS

top Verilog/VHDL from Cadence Design Systems VCS from Synopsys ModelSim from

Mentor Graphics and ActiveHDL from Alden Bear in mind that functional verification

via simulation is usually carried out hierarchically That is after the overall architecture is

defined modules arc successively buii froni the boituni up verifying at eac1r step The

design is iterated at this level until the correct behavior is evidnt Test benches are covered

further in Section

Behavioral Veriog for an hbit implementation of the NCO previously introduced is

presented below

module nco parameter size

counter size 16
table size 64

input tclock reset
input size lO intial phase place inciement

output

rug xc phme
oha cx ad ii

wir ROM data
WiiC ze l0 vim out

note that one uistarts are hardyired in de below

/1 phase Counter
alx ys used to oak

p1

cc phase ptase ohose increren

/7 add oltret and determie ROM addres

assigr onase psi ise counter size countex size

vric
as igr hr ae irt sr 1nv-r phase it

no dx eg be epox

IF var
s- non

assign wsv- ou 8i80 phase counter ize
usodula

Thu rcxt ep is to ynthexize th behavioral description rhs

xolv ccx the RTL to gene gates ard rcgisters hen optimi ing the logic

mproxe spccd area steps
involied at age are state ad-me de omposi

lion datapath optim ration and power opt mization yp ca products in lude engr
Co

ipiler
fi no is Pu dGate orn Cadence ad Sy fy fxo rum Sy xplicit

Id or ao Ii ye ntx ov rg nrucu al ro us og
lb ar
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CHAPTER DESGN METHODOLOGY AND TOOLS

module nee strurtinput fclock reset
input initial phase phase increments

output

wire ROM data
wire f150 phase
wire 150 nbuss
wire wave out
wire nbus2
wire nbusl
wire phase

xor i7waveout phase lbO
xor i6waveout phase MOM data

ye out phase ROdt

not l0nbus phase
not 9nbm phas

8rb otabe

01 et ci

It

quarter wave sine table add te address qROITabl

endmodule

he mapp mple Ver og logic statements be seei at rt of ho

am Tip Pb ri oped ger flop tlatwouldiffperrent vtr ety ffIip

fit sr es he l-i rcht is ao ed St by ca he ITO

ora mappz1i akes go HIJL gato levo so ipubn
nc tea sla Cs it is sprcifies pr gat he targe ibra stag

also maps predefined blocks such as emories to their appropriate descriptions he foI-

lowing description is po on of the mapped generic Vef log for the NCO shown above

nodule wo struot nappedinput fclock react

input nitial pha otase increment

output 70

ISOIFX4 r506 Pr 35 Yq
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84 DESIGN FLOWS

MX2X1 i00S0reset Binitra1phae Anbus1
Yphase 0115

ISAND2BX1 i8ANn 102 Bn 101 YnlO4fl
XOR2X1 i6 Aphase BR0MTab1ef Yn103

DFFHQX1 phasereg0Dphase0 CKfc1ock Qphase

endmodule

Now the specific library elements are called out XOR2X1 is 2input normal-porser

XOR gate id DFFHQX1 is high speed no na po ncr fiipchop in the Artisan library

used the mapping

\Ve mi now ove tha the structural

nethst pe orms the san fun rio as the
origir

behanioral IDL Ideal the netlis

rid co en it 10 but biguities iii HDLs so etimes anise he

ae ts or iv avio ad

at Fe cxac

noth strategy is to use formal -oerft cation program nat compares the og cal

cc of the wo icr Pt 005 Formal erif cation tools ares ruing bu offe

Ic ie am
fool lure ions AnastasakisO2 In contrast iimula ion on as god as th choice of

te or or ocr py cc al on cc cia

offo fes

th es at or

HiD Ar mpl of sen nt check no be ns that bus ass gnmentc
wlule example of structural cleckwoulo raking sure al outnu

this por functional eq rvalenc gate
ci at prim and thc on be av oial description as been estiblis red Non ti

ternporil eq re lent of the desigi to cIa ked Co examfle th adde in add

but do ad fas erougha At tIc ha coral level nih cycle is an abstract not

hut at the structural level an actual cycle time has to be met by particular set of gates

liminganalyzer is used to verify the tuning
Th analyzer is eriti ii analytical tool in the arsenal of the modern CVOS

digita designer hming can be verifie in eurso manner using timing simulator cc
oat awn Ic ac ga rgs arersedrath rtl cc se oru

delay sinulator Wh le scfi his app oa is usually her cam icte ro rigorous and

ca take an cx raord na in of rae to
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CHAPTER DES SN METHODOLOGY AND TOOLS

Static timing analysis on the other hand runs quickly and exhaustively evaluates all

timing paths The inputs to the timing analyzer at this point are derived from the basic

timing of the library gates
due to intrinsic gate delays and routing loads that can be either

estimated statistically or derived from floorplanning data See Section 84 for

description of floorplannrng Timing analyzers check for both maxdelay will all flip-

flops meet their setup time at the required cycle timth and mm delay will any ftp-flop

violate its hold time
Static timing analysis can suffer from false path problems Typical of this problem

might be reset line in circuit that has many clock cycles to operate.The timing analyzer

might report that it cannot complete in one cycle The designer must manually flag such

multicycle paths for the tint ing analyzer

ypical tim ng ly zers ode de Pearl frori Cadence aid Pathmil aid Pr me irne

fm Synopsys Fhc fsf no on the fo lowing pag ll por pi il report for the

%m timing analyz rI Fst ng is xi aO lPPaies ti 01

nA atio spec he tl ci qu ccle uc Ii ll ii

to 89 is cc -F icc lock is

the oduccd ft ists the
rn-app

ed Ve og instui ftc go ft at ire Au
gi

aid

vh ci ircc ftc
ft

is ogg 1T
lb cc ti tcrs ig

and tall

ui c_ ci

cc nc
fi Si ii 50

size cas also be di ted rnprove ftc mi Phi je tab cm ncscsiz or

te

ogAanlrst -e Al df

situ in cat xc seci Or iii is

nra reg th sc cd coxipa

-a too

op at-ctl lecce -n
xi cc cg ccr ci iti tli c- cvi

cc

ii Ill CC
ca oicrc avaPab egr DF Porn

Ar cm ii cc nP nr xi cgu ms ks
ig

le

era BIa or built- sell test

hc ove or-in tio he ene-tnatcdA3o

tons iption dewnd on the act facto th gate wh ch dccxiii th

inn st the c1 c- vcs Ps-ce anaiya per If spa cu ft -t dUo

by xi nnp Pa eva uaf ig the to nec etc ed at ci eeL an i-

lot JO

arc te tu lid .0

scdos er ton to nm opsvs
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84 DESIGN FLOWS

Beginpoint phase reg 14/0 triggered by leading edge of clock

Required Time 11 00

Arrival Time 89

Slack Time 51l
Clock Rise Edge 000

Source Insertion Delay 020
Beginpoint Arrival Time 020

Instance Arc Cell Delay Arrival Required
Time Time

--F

fclock 20 31

phase reg 14 CE DFFHQX1 058 78 89

134 XOR2X1 /8 l57 668
sine table addr quarter iave 57 68

ina able/i 37 INVX 202 7l3
sne tahle/ 42 NOR2Y 19 21 732
sine table/i 44 AN 1AND2BX 16 3/

sine tab e/ 45 AC AOI211X1 10

I-rab 103 03
sine table/i 484 J3TJFX4 96 68

table q0 quartet save

13 NOR2N 22 /0 00

BX 13
AN kOR2BXl 21 20

N3N
AN IAND2BX1 419 60

Pt NAND2BXI

08
04 BUIX4 33 89 0C

00 589

h355
id Ut

Cl

ID
b
U

L

te
s
t

rda

te
S

t

ldc

dd 3d
rde

Serial In

Scm Ste INn frtes ing
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CHAPTER DESIGN METHODOLOGY AND TOOLS

While automated tools are the solution to estimating power consumption in large

circuits sometimes you need rapid hack of the envelope method of estimating

power How can we achieve this

following technique will
gir you rough idea of the power dissi

pated in circuit

Step Estimate the power in switched flip-flops and registers Sum the clock

input capacitance of all registers and if possible the internal switched capacitance

The latter is often hard to ascertain unless you have access to the internals of the cell

library but iii rough approximation double the specified clock input capacitance

To this add the capacitance of the clock routing Again conservatively double the

total clock load that you have previously calculated The clock has an activity factor

of Now giver V110 anti the clock freque icy von can estimate the clock power

using EQ4JO Thus the power villbe2 V02 lCVunf
Stp Estirt the ow sin tie omb nati cirof So all tar out

put capacitance all gates This appu mates the internal capacitance of the ogic

gates this ti nust add tIc mu ing capacitar -c lIt is best done alter sorre

tie cc vth rocc ii ools ti as gu Use

dci be and ii act ima ed Aga cc

hup bm us ic to ogi mug
05 C1 V2 2.5C1V02

These rrvo tep rery epproximate 111cr bit per etc ith tchro ry

ueign uv oa ac mle to pet OUt ni iumbcis appemo otiOs

Apart fror ii creasi ig dmign productislv hgic stnthesis rrstems

se forta sos gbm etitcc ilogies sa ey gh yit csz be

or ml PGA is ruLt oto pc ued the op at

Fe crcui ix de re vo onditio TIen io an co irgIe -h erko cm
Si

gc as up ii thi as of urn og desig nto nanufaL urablc

database ransfo is desig from ruct irk to he ph cii domain This ep is

sometimes called pIayscalsjrnthexix when the struc Unl netlist is manipulated as th physi
cal layout is generated iher crc vo miin nicthods of auto nated ayou genes ifon
namely standard eel place and route and the use of sofare ger erator icra ors ver

discussed in ct 8.3.8 wE ic this metlo iptras am place ai route too used on

ugu 84 si-vs sta laripar and tic iin gen ratci desigiflov Itbegint

wi the ractuta net is dese hi ga th
and ci it cot nect he
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8.4 DESIGN FLOWS

netlist might be provided in the Design Exchange Format DEF described in Section 9.4

or as Verilog netlist like the one in Section 84.1.3 The placement tool also takes stars

dard cell library definition describing cell dimensions and port locations Typically this is

irs the Library Exchange Fos mat LEE described in Section 11.3

The first step in Figure 8.41 is to place the standard cells The key to

automation of standard cell layouts the use of constant-height variable-width standard

cells that are arrayed in rows across chip as shown in Figure 8.42 In contrast to SOG
and gate array chips standard cell chips can add application-Rpecific custom blocks such as

memories and analog blocks b1 allowing the standard cell rows to flow around the fixed

shape custom blocks No separation has been shown between standard cell rows because

routing takes llacc over the cells using multiple avers of metal In older processes wrtf

two or three meta layers space betwee tows would bc needed to ailow routing

mmar zes the salen sysica dc ails cells

st
acement FPF

_____

JEF liming brary

ilyss SDF

tech rolojy1

non

Reliabiity

CCHOoO3/
Lxtracl

00

Database toer
snJ cc Jo
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CHAPTER DESIGN METHODOLOGY AND TOOLS

10 10 10 10 10

____ ____________
__________ __ ___________ ________

________ _____

Standar Gel we ustom or SpecIal

poc Iocs

17 ada cel

IC
TI TI IT

gri /r Fe

pa hs end th place ne JF as cel1s hay Ce TI poe or

all acc eng en -t da ior DF oi rocLng

creasng riua oor irn eg sLe reqt
llcd TI ac

an crocc Rather tha cc des flat Is at se sa es of the hirar

Fy od lies lIT clustered arc ar ctatcd Fy the re nctc iti

other 1odule Sc nor 825 lustra ed somc fbI
pla sotare rdio

sty

floor
TI an ing ni1- omp eted as on ace

Aftei plac rant of cells the nal nets th rcuit cc be routeci

Ro it all dis cc ii tvo ste global outir and tar edrut ng
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84 DESIGN FLOWS

global router abstracts the routing problem to notional set of abutting channels

that cover the chip surface through which wires are routed Routes are added to channels

according to cost function Wires can he changed from channel to channel if the density

of wires in channcl becomes too hign The deta icd router piaces the acNal geomerry

uired to complete signal connections Over time election of detailed routers haae

been developed to automatically route signals Older routers constrained signals to grid

oF tracks but newer gridless routers are more flexible for variable pitch wiies Noreover

they allow easy interface to forcgn cells that may have I/O pm locations that are not on

specific routing grid Routers also can route over the top of cells LEF definitions are

uscd to it dicate obstructio is on various layers cell definitions Advanced routers tae

into awourt manufactu ability en eerns such as redundant vias more that one via

ii srtcd when space ci ar ailab and adjuttable pa ing to sept wires and ieduce eou

0gw nor
mp fl to vi gin to it sin tenilog fi1e

sg
if vi nd tcheo fr th cii echn logy rant tEe res ilts to

let Ic

ac ci ci cci ci su Fe cu

P2 ci

ci Sn

7tR ci ci

Fe it 51 de iv the il issociated wi ts ut

uses oth ml fl del fhe in er ra ar ci iv

86
ap ivrce or 3D iv wa renslo ci

ate to it gar
ses ci tel we ci am

at cci

dcte rapaci ge mc ex inc us iv lv

iui ag
but ew star ticCi LI at is ne Or Ic

ar agina

ta in al rca iv ta rc

CCC lt ca ci is usua ly ci cLot Ic des pro ci ii fu

of tpl cv aliiat pga ti1
ors ym ci ci en

at ir Ii eivssar co iv ge on tin ng 3urene

ddit onall if poscible es ecifr where dyna uieuits arc used at an is mel

tin mg sin ato sI ould be tin While ii cannot usually be hievcd using SP CE

sed mg at ty
of tianis oi el aim ns vu most SICF accuracy

been it use nec the at /0 csc cur ently ha iv pacita
to do ole ci di mu

ut wha CC tat mi cv ag
tmath

ci mum LI to Cad mc arc xa le LI cur cot

ii aosoftlis yc
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CHAPTER DESfGN METHODOLOGY AND TOOLS

Analyses are now iun to

check noise JR drop in supply lines and electromigration limits Noise analysis is run to

evaluate crosstalk due to interlayer routing capacitance For static circuits aggressor nodes

can aster the timing of victim nodes but not their function as described in Section 4.5.4

For poorly designed dynamic circuits crosstalk can cause irrecoverable errors Signal-

Storm ElectronStorm and VoltageStorm from Cadence are examples of such tools

Tlhe trouble with p1acethen-route strategy is that

after the layout is completed the parasitic routing capacitance is extracted and the timing

analysis is done to estimate timing The timing is not know until the physical layout is

complete If timing problems are found the cycle has to be repeated with some kind of

constraint placed on the problematic paths With complex designs this quickly gets out of

cont ol to the porn where changing something on one iteration could undo something
Ivied on pmiios ieraioo The ac tves ocdcsins tIa nevc c-iruleted

becaus of hisr
The so on i- use technioue ca led ti iingdi yen p/a emert wh cci into

acco nt the timing speed of the ci cuit as cells are placed Cells on critical paths arc ver

priori ii delay ioproach lus ed in Figu 43 us bec

fe ma furaidesps

10 strat gy Sectio numbe of these approacl es are cx la ned To mi
skew is often best to rc ite tie clock Its buffers befo the ii at og acemen
too liii task ti te

approaches described in Chapter can be imp emer ted in this manner

matio
ep ed for 1e cx ac lesi row

hit cal it capa aw ro so

thesis are used

ecr damn 1db fo ap rc ii
wh ch the proced re for conve ng fror HIJ to ayou I- cii ut natcd low
OfiCti high prod uchviy for most laxgc uignal cu1 with moderate perfo inance equ re

ments But what smaller analog RF and highspeed digital sections of clip I-or

ties sect us we use custom- esgr lion nih eh is shown in Figure 844
TI-c desgner begins by drawing schemat possibly writing netlist

cal ole ci eck ERC verfies pert our cc ty and checks for unconnected inpu

output tl kt ifs conn ctivitv error hat ca occ easil in man ly

drawn schematic WIu the hema is cemed mmcc ci on -a

ted cut is ng 55 CL type simulator over ft DC AC Len ient so Se and oi Rh
performance
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Schematic
Floorplan

Netlist___ or

Electrical
Attributes Wire ri

Rule Check

Ci

an Resistance

Schematic
rcut Simulation

Backannotation

itanceExtractj

gy Layout

Construction
Res rr ulat or

Crow
Des Ru

Ci
at

aoutv
Li-a

Chpo Vat

vixH sga orcos am oesigi ow

rc ol de 05
istors odes resistors tsr nc ucto th se lu

twted nSectondo2

yr it 1cr
ii 10

proc sign rig rn iv ide if api
ard tEe 00 SC to

rIo scd fc coi or na ar to 10
transistr tvpr vdtt an etcrw the no cc

equivalenc has been do cc nncd each pr it xc burc hwkc for rIva ence

capacitor or resistor value trans ito EVL Discreoancies wte to the or Gtaph
al feedback nay be os dad to se Se des gncr fir thc source of any nismath This

step is common called layout -versus rchematx LVS
Once the iuctural hvs cal en cit hEed thc paras ext

-c ripi cd ado ii root ir re ar to

wmiivc emonts Jig new olsar tort icted butar da1 001

ig Sc rduc liy at and subs it
ig osly ad vhts

ado rI sometimw ca cd ma io substittion 115
parasitic cpohtarce andre
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DESIGN ECONOMICS

tance can be bark annotated onto the schematic and the complete circuit resimulated It

must be pointed out that this
step

is extremely important Matching simulated bchavulr to

real device behavior is of critical importance in being able to accurately predict perfor

mance It is too late when the circuit has been built

The module layout can then be design-rule checked DRC Alternati ely this step

can be completed just as the layout is completed Normally the AC performance is more

important than twealdng the last design-rule error because running DRC on circuit that

does not meet performance goals is waste of time

Foflowng this set of manufacturability verification steps
needs to be completed

Phese can be manual or an omated In common with the standard cell design flow power

bus widths shou be hecked to ensure that they comply with metal migration ar IR

drop onstra nts Power consumption can be found directly om rcuit simulation Ade

quate substrate and sse cootc should be present bulk CMO dc gn and all mte

nd 70 be aro-r ngm At this stage C1ieCK a1so bc ad fo tube flu SC

ii ection dgita to at clog cu Sub rat nc wifo ma is task

ii cm an omfieted cr ic- us IY000 es Usu

ul amate limitat coives from to si oula vast nu ans aceura dc

if tra is ito nu ice vcloped deal

le ho
ag

he ci to at ci cc

ii Ti

iscc of slicon corp TI of talc ii irg to app icc or

it nfl us

des non base on ph- eve nput desc pfioi An exampul of suck cyst is is the

de ign
fir ss Researc te vh ik cc

lesu
pt

Ii hisu no so tr sam tc

tops to as ayo is is iv ii du es avaa

xi tF my This sw of ai

10 oC act

fea a01 ru rio cc en sbcrs coo be

soecifle bamul nk blom ns once oftisis tip et woo rigg_r the ass oivatic

construction oft appropxiat gate ard to ask- rd descripuo tollow rg pre

programmed algori
hm

8S

is ant twi fesa me ale pre Ct mat ar des p1

fcc sets fTC cc imp tot teFy TI

sect on wi son mar xc sin cd approaci to cc hesc val ca
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Ftz

nput

output
Directly synthesized

cturalSpecification

nodule iru abz

via software algorithm nand alnby
nor 52 jax
nand a3z

endrnodule

Specificatio

-j

In th cctim ii conc nt no ti no sF

ouuh iCe S1uu Svs ni LCC imues so as atir

aing and sip tb can affcct th to of

so hi nO 111 it ated cuit ray gracs by

wh

Ii

IS dci oft

he
argi

iF is abc ectod tn nra prof ifer ourhead baA and

aiketing salts costs ha been to isidered

ts prad ice gra ed are gent iv ded nt fob ainG dc
lid nt

an recu ar or gineer ng o3ts NREs
kec

irrang costs

xed costs
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85 DESIGN ECONOMICS

gEig
Non-recurring engineering costs are those that are spent once during the design of an

lntegrated circuit They include

engineering design cost Etta

prototype manufacturing cost P011

These costs are amortized over the total number of ICs sold the total non

recurring cost is given by

ttai

The NRE costs can be amortized over the lifetime volume of the chips Alterna iveih

the non- airing osts can be viewed as an investrrcnt for which there is requ ed rate

of rctur For nstance SIM is invested NRE for chip tf an SIOM has to be gener

at If at of ir oft

Tbe cost of desig sing the Al mod ily wall happen

onie du des proc he costs

pa onn cc

support cos

Ii

site tu al dcsgn

logic cap

sisr finct sit

aaout modu as if chi

its

RC tapaou Oced -s

test gcneratlon

The support costs amort zad over the life of the equipment and the length of the design

proje nclude

computer costs

CAD sob vane LO ts

aduca on do tro sts
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CHAPTER DESIGN METHODOLOGY AND TOOLS

Costs can be
drastically reduced by reusing modules or acquiring fully completed

modules from an intellectual property vendor As guide the per annum costs might break

down as follows these figures are in US dollars for engineers in the USA circa 2004

Salary $50$100K

Overhead $1G$3OK

Computer $IOK

CAD Tools digital front end $1OK

CAD Tools analog 100K

CAD Tools digital back end 311k

The cost of he backend tools clearly mus be shared os er Fe group desige ing sc

chips

en the xc sri

firs iCs fm is the vendor They include

St

te rtucc

package took

Th phoo on
Mask costs ncrease as the process dimensions are red cod so altl ough newe sir aller

processes gene llv ave err ed mask en ts masks Fe in Ia

expensive than on the lower laye mask urrently Costs tween $500 and 330 000 or

aore nmp etc mask or 130 nm CMOS ens the vii ri iF $COOK 1k

Ow on ces mew as pro ss ressi ths meduced

tw.t fi iii of Pr fl ed ard nbc b1 to be ii ci

die at the wafer level aid terfa tei to

lfrc son1ikg ie nryli crgr iua
no ed tire ard xpe sen to kag rlep rids sj St Cati he

packageAvnere possrnle stanctarci package oud be used

An economical way of protoping chps is use multi proect re ide ht ii

Sines number of fferenr hip sig
on one nask set 11 if here were 200 sites

available on mask set 20 projects wer mplemented each proje ould go 10

per wafer and thi ir ask cost per project wou be 1120th oft dos of corm etc set

This nd of mice prcvded by ny if the icon cir anl also MOb
in tte ar 00 rir2fo Sor rr

cia users try a1 out pro ion ntellectud prop when mare masl
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CHAPTER DESIGN METHODOLOGY AND TOOLS

Ul\IC TBM LSI Logic or ST This is recurring cost that is it recurs every time an IC
is sold Another component of the recurring cost is the continuing cost to support the part
from technical viewpoint Finally there is what is called the cost of sides which is the

rnarkcting sales force and ovcrhead costs associated with selling each IC In captive sit

uation such as the IBM microelectronics division selling CPUs to the mainframe division

this might be 7ero

The IC manufacturer will determine part price for an IC based on the cost to pro
duce that IC and profit margin The margin generally falls as the volume increases An

expression for the cost to fabricate an is as follows

roces Rpacse 83

here

package cost

test cost he it to cit ust pro iona to the number ye ors

an thetmet cs

86

vhere

TV wafer cost $0 $3000 depwd ng 011 rc ess id wafer size

d1c iux ofo

die yield per vales slou die 70%9O% or no cr /e mi re

pro cvi

Y1 seT oul /o 99%

abr ated or ad is ovi iursber of die

ne we is

r-

wnere ti second term accounts for wasted area around the edges of circular wafer

The packagi ig vT the be clips ti pacs esting afte the wafer has ben
diced and the arts packaged die seld is affected by defects randomly dstr buted

iro md the si fe he 1rdah ity fa rarden Uf rg particular die to fa

depends on ic ze of the add iverage iumher of ts per area If dde ts

obey Polcson dhtribu ion may yen

88
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5.5 DESIGN ECONOMICS

Foi small dice AD is nearly and Rn grows linearly with For large

dice AD drops off rapidly because most chips will have defects and grows

exponentially with

Once chip has been designed and put into manufacture the cost to support that chip

from an engineering viewpoin may have few sources Data sheets describing the cearac

teristics of the IC have to be written even for application-specific ICs that are not sold

outside the company that developed them From time to time application notes describing

how to use the IC may be needed In addition specific application support may have to be

provided to help particular users This is especially true for ASICs where the designer

usually bec mes th walking talking data she and applcatio note Another ongoing

task maybe failure or yield analysis if the part is high vol and ou want to mc ease

the yield

side comment ever chip test hip designed sh uld aco par ing

nan cx la ns wha is an us pa

the ac naic environment because the time between design ibmission nd fabricatcd

hn lcq cli cc ra Ic ren

Su1yosc ou tar seek rctu on nvestrr at of ii The wale rest 112000 nd

/0%
gi

fx c1g
ble how much do you nwd to hargc pc chip to have 60% profit margin How

do ld nur 11 cst

11 0001400 117 Icr 60% 1gm ft

are sold at $714 06 $1786 vith rcfi 01012 per mi be leaned

AO rp mes profit 440 Fu $40M $10 /3M ch us

na ar rk is sa of ti nt ch

the outset of ssten dcign oject vol ug wly designed TCs mp ta to

estimate the desico cost ard design me ft tha system Estimat ng the cost cai help you

dcterm ne the method by which me Cs a11 be designed Eat ating the schedule is

esser tial to be able to select stntegy by which tIe Cs still be avaNable in the right time

nd at he 1/lit ice ac u/ila cad ae

cxpc iencc
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If we assume that fixed costs are kept reasonable and that for given IC size is

constant the variables left in determining the cost of an IC are the engineering

design cost and Pu the prototype manufacturing cost Pai depends on the way in

which the IC is implemented We examined ariert of strategies for the design of

CMOS systems easlier in the chapter The fixed costs ofpiototyp ng are relatively

constant given an implementation technology The engineering costs depend on the com

plexity of the chip the design strategy and the amount of sustaining engineering needed

Usually the design and verification engineering costs dominate For this season it is

important to be able to estimate schedule for the design of an IC and then manage the

available resources to bri ag the project to successful conclusion

creased cngireering effort can reduce the size of the die wI in educs

Hence it is important to be able to tr ide off tI reduction ir die eos or th the increase in

lgneer ng effort Op ii ns var but is usual bes to get pr it to kct id

her ahaçT vce be Lee ac ss PiC cu market

vi his un of na he ga

11

Pita vop osS/ suggests arur it oh us od hrs iasrg
cv sos

ret asn th om nit of sir ta it

x951

ii ie cdi

oss cli is

via

pa douc

timir vet ftcat or sgoa it tegrit rc vi di tin

RC od gcou pi
durcs Ta

beaus ioi

it ci cd Lien fo iii an prod

th aest edit of gn sche ii team prey otis ie to ian s1or mc fo
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85 DESIGN ECQNOMCS

While it is hard to predict the design and test time far chip we can at least identifp the main tasks and cor

responding fixed periods in chip design project representative Gantt chart is shown in Figure 847 for

project running over one yeao The logic design time is shown as 12 weeks which would be appropriate for

an extremely simple chip ouble this time would be representative of moderately complex digital chips The

fIxed times tend to be the fabrication time and packaging time which are shown to be 10 weeks in the exam

ple he design debug and test times wig expand or contract to fit the complexity of the chip And if you
are meticulous and luclpr you will not have to respin the chip

Teak Name $ttirt Finish Duration
02 04 or 04 04 04 01 05

Specification 1/1/2004 1/2 812004 4w

Dig is Design 1/29/2004 4/21/2004 12v _______

Place and Route 412212004 8/16/2004 8w

Fabrics ion 1l7/20O1 8/11/2004 8w

El Packaging 8112/2004 8/25/2004 2w

ab Test 8/26/2004 102012004 Ba

Rspn 0/212004 FTi7/2004 4w

Test 00 2/2200

hart for ma pL chip

tear Irs
gr euse cot ip

asci de ice ri

tar crop th no nber of aod ha arc tI
5ig

an so ri iv fo Ti rio Ti orn

irgie ad Ic irs mod th nst ccc re krs to ngn fvant sec on of

so as it icit processor serial ir terface or specra it or it

th 4C he or

cx to tee re sche lu oat he

-tied ied -corrpiie-debug loop re the re take to change to the

ics ze place and roe te and have ti ii ig-ver fled cx spa us ep

strong the fflcienc1 of he des is use bu ire an dcsig

do ht ruffcr ally dc fea ours so at It bugs fixcc

ccx

Broadly speakir schedules on the orde of 18 24 aaonths for completely new chip

cm to fit cu ent average complexit chaps aid stat-of-th tool ho im
slightly

dfferentiate products this can be reduced to sia nor ths or less but there are eec

cd uc fa at ad pa tha

dcsgr cyc tuTu ours fotte hiologies cxci ark rig turni ound ani

it vhic vhy FPGAveriflcatuor is so mpoitant to AS or cus ii signs
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CHAPTER DESIGN METHODOLOGY AND TOOLS

New microprocessors seem to take three to five years and most experience one or more
schedule slips

Project management is the overall supervision of the project Tasks include making certain

sufficient resources are available at the appropriate time ensuring communication between
different groups assigned to the project and summarizing progress and risks to manage
ment The development of processes for the conception design and ultimate manufacture

of products is also the purview of the project manager
There are two main ways to manage chip design The first is what might be called

the rapid prototyping approach that is typical of startup companies where full-time

oiet managc ma1 be luxury and probably is aaore aptly named seatof-the-pants

project mangen1ent Tn th approach dine goal set and tue workload is st to kl th

time ava lab vii to rapidly get to the point where prototype of the design

worideg in visence tie skeletonand the meat detaill gradually added This can

be Iskli

ii vie nior jpcach his gpro aefo lsgcconpaaicsaidtf

ep ci ii tt as

hvFie s- fo cg ob ft cr

and rarei de ict or vie

Ui able thc ks are we del an have been done befor than yol na

what thc task ti ncs hould
ap oac ab deper ng on he mir ftc

ci cc nbrle ad it

Rare is IC dcsigned as si ag even Ra lies compantes whh to amor me the deve

op cff of sat at IC ye gcne on 1rodu rma nea

sas abc arsf ci bsvc use er ife pro cssvi dci gn
sa an and ask le ci cvi cal of effo vas -xpended on iquec to

So vs art art

1110 nc vi
sy vou th us Ifl7 tof

ware

th ge uba des uesgv mglatiun falis into two steps

kcq ring buildi
ug

standard c- lb ark in thc ncw technology

Retarge tag the IDL
-scrip

ion to th new cell library

he design and test
gei

cration does not have to be red although timing analysis an

regiession test bcneh sImulation shouid defin
ely Fc completed

dcs ii arm cse it vi ni aye vi gn

sq mall software
gel at arhno

egi vim ma-kcdly impovc port ng mc
is ta ace vi id clca dccc nvintatio will allcviatc in proF ems do vuasucan
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DATA SHEETS AND DOCUMENTA11ON

With the maturation of cellbased design especially standard cell libraries and the use

of hardware description languages the notion of virtual components has become impor
tant as method of transferring and reusing designs Virtual components on an IC are

notionally the same as discrete ICs used on printed wihng board design Each compo
nent has precisely defined behavior and well-defined interface represented by sct of I/O

pins and corresponding specifications for loading setup and hold times and delays Com
ponents can be relatively simple or as complex as RISC processor MPEG decoder or

Wireless LAN modem Virtual components can be classified as hai-dfirm or soft hard

module is normally defined at the mask level in particular process Thus it will have

fixed floorplan size and well-known set of timing parameters firm block will nor

mally have specific or generic netlist that describes each gate or register that must be

used in the design ie input I\AND gate of normal power This allows the design to

be ported to multiple proc uss purely by netlist translatio The dining dil tated by the

process and the flnl physical placement however soft block is normally defined at the

RTL level in the HIL This captures the function of the block but the detailed it iple

arc atation is le to auto isa ed ool Again tn ng depender tc ocLific mplc

ic ta as The Virtual Socket Tn erface Alha are ma ard car gcs ad

govern ng the implementation and of rtaial coat nents

alec ft an IC cacribes at doe an outl nec tIc specificat fat nak

ork -e -i cs ii

delay times and clock cycle tin data slice also rcludcs pa ge and pi sout

good Pal of ompiling data sI ect any chip

es rf craveer Ii cal des be levc gn
it also it el terface other meni era of dekgn cam In par ula is good

piac cc arid is andatory ir nduat to omp the data sheet for the chip ii give

hr

at ii fe cd

sect on an outlin of typical data sheet be rev ew wa of ample

an as
siary

of the chip ii eludes the following details to ricnt he user

the designation nd dcscriptvc mar of the chip

concise description of what tI chip does

feat as atodue but goat for yo

high-level ock diagram at ac ch function
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CHAPTER DESIGN METHODOLOGY AND TOOLS

The pmout section should contain description of the following pin attributes to docn
merit the external interface of the chip

name of the pin

type of pin he whether input output tristate digital analog etc

brief description of the pin function

the package pin number

his section should outline the operation of the chip as far as he user of the chip ntcr

ested Progranivirg options data formats ard control options should be summa zed

fh ct on ommuncates the owet dissipation nd required voltages for the chip

correc perat bso ut rita mux ia igs
ìould be sta cd for

junc or upertu

rr
thefolo ngDCspecifi atcnsshorldbcg me heopeati ri cci

ac ia

for earL

ou pu ye

gf hn
iir

di cur appli ab

any he cva oltages nd cu rents

fo lowing tirni spcc ations hould bc oresented

etu sri old times a11

ock and other Ic ar rputs to outpu

C0
ig so is flu ii iu pus
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CLOSING THE GAP BETWEEN ASIC AND CUSTOM

This data should be tabulated in table form and supported by timing diagram where

neccssary This is probably the it ot in pot rant scction and an area where data provided

ahead of the chip fabrication will aid the board designer Designs are frequently snagged
for instance when chip designers assume infinitely fast cxtcrnal memories and do not

all enough time between outputs changing and the next rising edge of thc clock

diagram of the package with the pin names attached should bc supplied

ithough the data sheet provides enough data to familiarire user of particula ii

th th dc icc pracfcc pro2c Pil ici CS ofOpc ation naaual fit it al

ai ha to t1 d1 or build
ipo 6V

ser Manual hould so rvided his is designed for use wts ne he croup that

at it er thu it

ic op cs dig ng ii ces ty

es ned odology th ci dcsigne usc vidc
varicty

circuit icc

ii ca parts of an cc it aig or

tIc cc

rl cd dotosts

ly ci it in cute as ii es in Sec ions

fl fl 00

Ove all custo at dcsig ntl of bred -0 req ads antage ovcr AS
rn frye cc cm nahl to neaiv nra genr 0006

ram stor mprovcincnt Lhinncrv0 it naring ompat sin thc vo iethoi

oy ap ii fi cffc ch hghc perfo nan ho ASEC

ca torn ill ma nit hi1 producf Ti rc in0 oftias

secti ummari es St dv or ns

Mca ag
dcla tines ci P0 ivcrtci clii na cs ocess coer dcncy

tel pred it form future era11 AS Cs picalla have cycle times of tO

04 ic P1 isa 5310

oel ii ci ci ror an it pa iso iii

ard at 24 We Up cropronceors 13 de ai

cntic it ou 10 04 dc ci

UMC 1212
UMC v. AICP



CHAPTER DESIGN METHODOLOGY AND TOOLS

Chinnery identifies seven primary factors contributing to the custom performance

advantage Table 8.5 compares the effect of each of these factors Custom design offers

large advantage over poor ASIC design in which performance is secondary concern Best

practice ASIC methodologies can close much of the gap while still delivering far higher

productivity than custom design Poor is relative term often economics demands fastest

time to market rather than highest clock rate Note that some factors affect only parts of

the design so they cannot be simply multiplied to give the performance difference The

remainder of this section explores each of the factors

tim

ir rni

PC
ii

aout floorplaiirisg cciv 4x

cc

fixploiting process aria on and 2x 2x

ic cs li

IN sin orob en hcve ii mutt udra clii
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ii mg pc fo
ig pie opera ions

ib
ob cm iv iv egirt cas

iso og mor operat our ice ulso mc eases the arca powcr consum tion and es gn
hc sc wc ii to S1Cs icaiv Sm us ovc ad

thus snot be fit pc Sis rims is lot eve so SICs

sti have pen of roo benefit from gg cciv iv to cFt tsar

scsi Ci tl cntic oil yo tIc reed sequcici en nt the od
ar tol ra some kSICs sc ti flip flops th

eq up sac read se ck-to Qd av of -fi cite Pc
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87 CLOSING THE GAP BETWEEN ASIC AND CUSTOM

In comparison custom designs tend to use more aggressive sequential circuits Some

use pulsed latches or transparent latches Some integrate logic into the latches to reduce

sequencing overhead or use faster but less robust elements when noise on the input or

output can be better controlled mhese improvements drive the sequencing overhead down

to 23 F04 delays

IVIoreover most systems are designed with clock skew budget of about 10% of the

cycle time This corresponds to about F04 delays for typical ASIC as compared to 1-2

for custom design The ASICs use clock distribution networks that are automatically

generated by CAD tools These networks are not as well balanced as in good custom

design and are much more susceptible to process variation Moreover they are not ana

lyzed as carefully as in custom design so he clock skew budget must be conservative to

account for uncertainties

Finally flip-flops mpose ar edges so clock ii ew di cctl mpacts performance

They also am incapab obowng elire ba1ac ieg be eec 0ne ee ttags to

opportunistically adjust for un dicted delay variations Custoir latches have some sfuw

toleranc Custom designs also war etime intentional delay ks to la ice kg

summary ASICs tend to have sequencing overhead of abou 04 delays

wl Ic ens wn desg fuse cad as all as F04 clays 5S dccc se lUC

ove hi it ut pu ci oncp hee Ic fi fi it al

as etc lo ii iii

cork lt ar

Most custom designs use skew olera do is ro rcuts crt cal paths Lb is gates

are 2x ter ian con pletuc it CY skew toleici don so pine sos use nyc

apping clocks to imir ate at and thes seque icing over wad Custoir designs occa

nra me otier circuit families such as CPI seudo nI IC for specia nrc

ap lna

omi cci tar noise and must be sh elded Iron crossta he rio toter citi

uric tends to force us of dual- a-a Domno aF ictisit if or an

hgh nov ns pto ti ir fl vets

inTl di iy
observers doubt tfat doir trio sri gain despr ad use ASIC flows

Custor designs end to carefully optimize the logic desig Many ft etions ave ever

implementations that can be significantly faster For example ookahcad adders are nucf

faster than ripple ca ry adders and Booth-encoded mult plire can fu faster tan tin sri

using simple arrays

hcs ii Fl dl 1rit
sy

he to the core ten

so Booth mcoded mu tip had be spec fled anuallh oder to ls better at
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CHAPTER DES ON METHODOLOGY AND TOOLS

choosing an appropriate implementation of common blocks like adders or multipliers as

long as youve purchased the vendors intellectual property libraries but still need careful

coding to produce good results for more exotic functions

ASICs are synthesized onto standard cell library Some libraries have small selection of

gates library with oniy two drive strengths for NANDS NORs and invcrters may be

25% slower than library with rich selection of drive stiengths and buffer sizes and full

selection of compound and noninverting gates The richer library can also reduce circuit

area Good libraries also offer asymmetric and skewed gates While custom designs may
use an unlimited set of cell sizes this only offers small percentage improvement over

good ASIC library with discre sizes

Wre capaerar as RC dcl abo as rportart stoif sgncrs soose the

rats ye ire 11 and rc pacing and may ens bald rcal xv re .ASIC ncs

rye little contro ove sex bett oo at edd ft to ftls opt

inc rca
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here essary rat
cy cx sr add hr hers epa as seeded

esigr rs er in ab phys ea mp en at thi sur
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çies sc
Tb cm orb ired sic lyflso sb
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ir iw aii sass iou al be sea at set AS ii

tc isa
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timir us hen can as cd for us at pe mane nft ii ate
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88 CMOS PHYSICAL DESGN STYLES

the distribution of chips may have long tail at the slow end as

shown in Figure 845
Custom chips are often designed at the TT process corner to

give 17%28% cpeedup at the expense of rejcting few chips that

fall in the tail Moreover the fastest 10% of the chips the FF cot-

ncr may be up to 30% faster than TT Microprocessors are com

monly sorted by speed and the fastest ones are sold at premium Worst Typhal Fast
mproved

This is sometimes called binning Over time process improvements
SS TT FF

may yield even faster chips cL Distnbution of chip behavior
ASIC performance is being crippled by the lack of testing at

speed Tigh-perfornsance ASICs car be designed for the TT corner

of fast process rather tfar the SS corner of slower process

some na kets tLey na be binned to deliver some very fast chps

oorph ig fan icr ocr no siy he advantages of custon

nethodologies Ovrall concludes that these factors vhle
rig

car ner ctwlyovcsae it thersigillicanc Ppen gandpo ssvariatonare

equ gr gn iLa ice \V th all ft ese air Cs ra roduic

tclr iesg

o8

0a iy sa ci ecti we exun

cal yo ofCVOS tcs go so ders and the mpact of the fysicl

bcf fo no Fo or rye rLa no

of BI deng ns scr itO2

sa C1 Sgo c.cg gsg oafiJOo
ors below above ngl ow of pMOS trans tons ig ed at common ga on icc-

ions viost simp gates can signed using an unbrouen row octra sistors in whtch

abutting source/drain connections are made This is sometimes called the line of c4ffiucion

ref erring to he fact that ale transistors form line of ifusion intersected by poly

co gate con ections

If we idop th lay ut style cr can use auto nated techniques for dcsign ich

es 8l The CMOS it converted to graph where

he ap are our ald am ectiors

th edg is th grapl are ran sistors gates that onnect particular sour w/arair
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CHAPTER DESIGN METI- ODOLOGY AND TOOLS

Two graphs one for the pulldown network and one for the pull-up network

result Figure 8.49 shows an example of the graph transformation The connection of

edges in the graphs mirrors the seriesparallel connection of the transistors in the rircuits

Each edge is named whh the gate signal name for that particular
transistor For example

the p-graph light lines and circles has four vertices 11 12 and VDD has four edges

representing the four transistors in the pull-up structure Transistor connected to

gate is an edge from the vertex Yto 12 The other transistors are similarly arranged in Fig
ure 8.49b Note that the graphs are duals of each other

VDD
because the pull-up and pull-down networks are the dual

of each other The ngraph dark lines and crosses overlays

GND
the pgraph in Figure 8.49b to illustrate this point If two

edges are adjacent in the or n-graph then they can share

common source/drain connection and can be connected

___________ abutment Furthermore if there exists sequence of

edges containing all edges in both graphs that have iden

A- tical labeling then the gate can be de igncd sth no braks

ii lire ofd ff or pith we as Fe prl/
The main poInts of the algorithm are

.ircuit gxapi
lin all La cc pad cover hc ap

an and n-Lulc idcr cI

lab ig de he tc abc eec
DAC tx

in the mum number of pla to achieve
step

-A seperete ulei pa

The original graph with posable er path shown

g-ur 50a he seaue ace il gite goal abels in the

pat is lb corap etc yo

so os aronged in the oid of he Abc ing ii pa el

ys ci g4

layouts usuaiiy become possible by inspection with bit of

out agw cs ralete tbc you This proc du be

to owed tshen minuaIy iesigning gate lttiough gooa

variatior of he Arne of diffusiar style occurs in cir

practice

GNJ

cults where sra1 is applied to the get of multiple trir

stois th se trns stors can be steel th
Seek diagra -n derived

lcr at appio gral Ft ron of dill sio

style cal cd gate matrix layout IWrng82 Hu9Oj ThF so
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CMOS PKYSCAL DESIGN STYLES

occurs in cascaded gates that cannot be constructed from

single row of transistors good example of this is the corn-

plernentary XNOR gate schematic for this gate is shown

in Fignire 85ia According the style oi lauui tha

have used to date two possible layouts are shown in Figure

8.51b and Figure 8.S1c The layout in Figure 8.51b uses

the single row of n- and p-diffusion with break while that

of Figure 8S1c uses gate matrb layout The selection of

styles would depend on the overall layoutwhether short

fat or long thin cell were needed Note that the gate seg-

ments that are maximally connected to the power and ground /1

rails should be placed adjacent to these signals

itout can consume aix limited amount oi time heuuse

the are ci of Credo ii icc

oppo tun ty to squeeze lambda here or there in generaL

me to mud mo nxport ian ci chi

cx ue cc it mporn tie it mple xx
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Place ditfusnn segm nts lose TND and ffuii scgrrc ts close ac

dictated by con sectsvity requirements

ace cornccti nx to cc rip etc the logic ti in polysilicon for shor connects ns

between gates or mc al Squeeic tiansistois togct xc to mix mixe ffus or between

transistors

ace imP imd subst at Thcts the suppy hem ix -ich cell
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CHAPTER DESIGN METHODOLOGY AND TOOLS

In general metal layers should run perpendicular to

each other to avoid routing oneself into corncn
V00 V00 Exceptions are sometimes made to allow limited use of

metall the wrong direcdon to shorten Lonncctiol

or avoid the need for metal2 within cell Figure 52

shows two styles of standard cell layout for 2input
NOR gates The first uses metal horizontally The sec

ond uses metall vertically Observe that the polysilicon

y$ gates are bent to minimize the diffusion between series

transistors The layouts assume that metaltmetal2 vias

can be stacked on top of polv metal contacts as

common in modern pEr arized processes If his is not

lowed he at tac nust be laced adjacent to each

other ni aetmes ncreasi ig
cell am

Fo standa cc is inpu an out ts must usually

be routed to co tae ca cc er ii current

ci essm op or toa cc IC

co sec th ou La fo ci cc ss

ti

th ispt nd ctt it htner cs

eopo ewt V1 ace etina na

eferred cac SC Ci it cc ru 10 ale ell

fIT sionl as gh es ta ard apacitan Neser tusnr
area of diffuano reg or ull contact

iarg
transis nra to avo series resistar cc

ug difusor oetweei thecoit raidtlcc ge trarssto
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ig ii con or ed tIc of rr tf ely

cdi

cii gI
dons net onal block where density porte

lJpp ill sof et ike dc iw wp Tb efase lds

tog owl nterconrec loss cock nd beg ha psve /grwsd ctvvr

ever they arc scary can rec and mus be carefully allocated

0r be po ts sh ul pla th iv etal aver whe icy vi he act esrble

ng st sec Se

ga rtre ie

an for lo IT It metal it cEnt to fx
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88 CMOS PHYSICAL DESIGN STYLES

Note that the styic of layout discussed involves optimizing the interconnection at the

transistor level rather than the gate level As rule smaller and perhaps faster layouts

result by taking logic blocks with 10- to 100-transistor complexities rather than designing

individual gates snd trying to pece ther togtlie For exurple Figure 53a shows

tra isparent latch schematic Figure 8.53b shows the latch layout built from simple stan

dard cells while Figure 53c shows an optimized layout with 2/3 the area 1his

imprmement in density is due to number of factors including

Better use of routing layersroutes can occur over cells

More merged source/drain connections

More use of white
spacer blank areas with no devices or connections in sparse gates

CLK-ao CLK

CL

LK

H1
Jj

rnp rt
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