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Abstract in the development of closed form models for inverters and then

This paper derives a methodology for developing accurate conMaPPIng other gates to an equivalent inverter [5, 6]. An alternative
vex delay models to be used for transistor sizing. A new rich C|a5§ppr0ach uses, a Iook-qp table cqnstru_cted us_lng_experlmentally de-
of convex functions to model gate delay is presented and the Chr_lved delay data for various configurations, with intermediate data
cuit delay under such a model is shown to be equivalent to a convelRe!nts being derlved_ by interpolation mEthOds' as in the delay model
function. The richness of these functions is exploited to accuratelyf! [7]: However, this approach requires storage of large number
model gate delay for modern designs. The delay model is incorpo-f data points to guarantee accuracy_and hence is very expensive
rated into a transistor sizing algorithm based on TILOS. The modeld" t€rms of rﬂemor%/ reqtl)JllrelmeEts. Nell';h?r the clﬂszd_-form _moldell-
were characterized by using a set of grid points and then validated"d approach nor the table-look-up modeling method is particularly
using a disjoint data set. The models were found to be within abouf'€!l suited for optimization since the modeling functions typically
10% of SPICE for nearly all of the gate types considered. Also pred0 NOt possess any convexity properties and cannot be used in the

sented are the experimental results of sizing various test circuits. CONtext of a formal optimization algorithm that is guaranteed o find
the global minimum in a reasonable time. Moreover, it is not neces-

1 Introduction sarily true that these models will hz_;lve_continuous derivatives, or, in
) o ) ] o ) the case of look-up tables, any derivative at all. Therefore, there is a
Transistor sizing, an important problem in designing high per-need for new models that permit accurate delay computations, while
formance circuits, has traditionally been formally defined as [1]:  maintaining convexity properties suited for optimization. This work
. derives a methodology for developing such models.
minimize  Areaor Power The theoretical underpinning of this approach is a result that de-
subjectto Delay < Tspeo (2) fines a new class of functions that are shown to work well for mod-
eling circuit delays. These functions are provably convex under a
There have been many significant attempts to solve this problem, forariable transformation that is explained in next section. The set
example, [1,2]. Most published approaches use the EImore delayf functions from which these functions are chosen includes the set
model [3] for timing calculations, and a breakthrough observationof posynomials as a proper subset, and therefore, we refer to these
in [1] was that the circuit delay under this model is a posynomialfunctions agieneralized posynomial$his work uses a curve-fitting
function (to be defined later) of the transistor sizes. The advantagapproach to find a least-squares fit from the delay function, com-
of this functional form is that under a simple variable transforma-puted by SPICE over a grid, to a generalized posynomial in order to
tion, the problem can be transformed into a convex optimizatiorprovide guarantees on accuracy of the delay model.
problem for which it is guaranteed that any local minimum is also a
global minimum. 2 Background
It is generally accepted that the use of the ElImore delay modeé L
at the transistor level is very inaccurate for modern designs. Thi€-1 ~Convex optimization
inaccuracy can be attributed to its failure to accurately consider im- A convex programming problem, also referred to as a convex
portant factors such as input transition times, position of the switchoptimization problem, involves the minimization of a convex func-
ing transistor, sizes of fighting complementary transistors, temporaion over a convex set. A problem of the type
relation between inputs and transistor nonlinearities. As a result, o
exact optimization under this model may lead to a wrong solution minimize f(x) 2
to the sizing problem since the timing model has a bad correlation suchthat gj(x) <0,1<i<m
with reality. More precisely, the solution may be suboptimal in that x€R"
it meets the timing specification without minimizing the cost func-

tion, or entirely inaccurate, in the sense that it may not meet thes 5 convex programming problemi{x) andg;(x),1 < i < m, are

. . . ) — — 1

timing constraints at all. o _ convex functions. In the context of transistor sizing, this requires
Several approaches for accurate timing modeling have been prone gerivation of convex closed-form expressions for the path delay;

posed in the past. For example, one could model gate delays bys 5 result, this will satisfy the requirement of relation (2) that each
developing closed form expressions [4]. Much work has been do”ﬁming constraint is of the forng;(x) < 0. All of these statements

*This work is supported in part by a gift from Intel Corporation, by the NSF under constitute well-known facts [1, 2]~
contract CCR-9800992 and the SRC under contract 99-TJ-692. We would like to thanQ 2 posynomia| de|ay modeling
Dr. Priyadarsan Patra from Intel. '

The delay characteristics of the output waveform at a gate may
be represented by two numbers:
(1) thedelay; i.e., the difference in the time when the output wave-
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In much of the previous work on transistorsizing, the circuit
delayhasbeenexpressedn theform of a classof functionsknowvn
asposynomialsA posynomiais afunction p of apositive variable
x € R" thathastheform

p(x) = zvq% (3)

wherethe exponentsa;; € R andthe coeficientsy; € R*. In the
positive orthantin thex spaceposynomiafunctionshave theuseful
propertythatthey canbemappedntoa corvex functionthroughan
elementaryariabletransformation(x;) = (€).

The EImoredelaymodelused,for example,in TILOS [1] and
iCONTRAST [2], usedthe following form of expressiondor the
pathdelay
n Xi n bl
D(x) = qj—+

) i,,z=1 4%

+K (4)

wherea;j, by, K € RT areconstantsind,x =[xy, - - -, Xn] is thevector

of transistorsizes. Notice thatthe EImore delay expressionsarea

subsef the setof posynomialsspecificallythey are posynomials
whoseexponentselongto theset{-1,0,1}.

3 Modeling using generalizedposynomials

3.1 Generalizedposynomials

Posynomialsand convex functionsarea rich classof functions
andthe basicmotivation for this work is thatbetterdelayestimates
canbeobtainedby fully exploiting thisrichness.

A generalizegosynomiafunction Gy (x),x € R", wherek > 0
is calledthe orderof thefunction,is definedrecursvely asfollows:

1. A generalizecposynomialof order0Q, Gy, is the posynomial
form definedearlier:

zvq% (5)

wheretheexponentsyjj € R andthecoeficientsyj € R*.

2. A generalizegposynomiabf orderk > 1 is definedas
X) =3 Vi rl [Gr-1,i(x)]™ (6)
I =

wherethe exponentsa;; € Rt andthe coeficientsy; € R,
andGy_ 1 j(x) is ageneralizegposynomiabf orderk — 1.

Specifically the generalizegosynomialof first order is given
by

f(x) = n(guﬂl%ﬂm (7)

whereeachBj; € R™, eacha;js € R, eachy; € R™, andeachuwj €
R*. Stripping Equation(7) of its complicatednotation,one may
obsere thatthetermin the innermostbraclet represents posyn-
omial function. Thereforea generalizegosynomialof first order
is similar to a posynomial exceptthatthe placeof the x; variables
in Equation(3) is taken by a posynomial. Similarly, a generalized
posynomiabf orderk usesa generalizegpposynomiabf orderk — 1
in placeof thex; variablesn Equation(3).

Thefollowing theorenparallelsherelationshipbetweerposyn-
omialsandcorvex functions.

Theorem 1. If therangeof interestof x is restrictedto the positive
orthantwhereeachx; > 0, thenunderthe variabletransformation
from the spacex € R" to the spacez € R" givenby x; = €4, the
generalizecposynomialfunction f of equation(6) is mappedto a
corvex functionin thez domain.
Proof: It is well known that a generalizedposynomialof order
0, Go(x), is transformedo a corvex function, Gg(z) in the z do-
main[8]. Sincethe functionalform of the functionsGy(x),k > 0,
is differentfrom that of Gg(x) dueto the additionalnonngativity
constrainonthea;; variablesthey aretreatedseparately

The proof of Theoreml proceeddy consideringGy(z) for k >
1; to proveits corvexity, it is enoughto prove the corvexity of

L=RU@FMW&ZQ 8)

sinceasumof corvex functionsis corvex. ThegradieniandHessian
of thisfunctionare,respectiely, givenby

vt P'zi{ (j_D#(le,j)Bi) Bi(le’i)BilVle’i}

_ LZLBIZK Iilll ©)
) ) mRvGe .
VL = L{ ( BB ZkG';_l") ( PV Sy Zki_l"> + (0

ZL Gk y (kal,i V2 G 1i— VG« 1 V GLl,i) }
I

We will prove thatL is a corvex function by sh(wmg thatthe ma-
trix /2L is positive semidefinite Sincethe first termis easnlyseen
to be positive semidefinite the function L is corvex if (Gy_y V2
G_1j— VGk_1i V kal’l) is positive semidefinite.We will now
shaw thisby proving thefollowing result,by inductionandtheproof
of Theorem1 follows as an immediateconsequenceThe matrix
(Gk V2 Gk — VG v G} ) is positive semidefinitefor all k > 0.
BasiscaseConsideazerothordergeneralizeghosynomiabivenby

Go = S o [ etit = ph'
O—i;(ﬂi]l:ll _i; i)

whereh; = I‘I?zleaijzj_ It is easyto seethatthe valueof eachhj
is positive for all z; this obsenrationis usedlaterin the proof.

Now considerthe matrix H = (Go 72 Go— vGo v Gj). The
(g, termof this matrix is givenby

p p p p
Hy = hi hiaigay | — hig hig;
ql (I; |) (I; i qan) (I; i q) (I; |a|l>
P P
= 5 > [hihj(ag—ajq)-a]
i=1j=1,J#i
p P
= 3 3 [hy(Ea—a0) (@ - )]
i=1j=1+1
Thereforewe canwrite
H ; phh(a, a)-(&-a)"
= ‘le=|z+1 iM] j i
whered; = [g1, a2, - ] ThereforeH is positive definitesince

eachh; > 0.



Induction hypothesis For a generalizedoosynomialGy_,(z) of
ordark— 1, wherek > 1,

Gk 1(2) V? Gy 1(2) —

is positive semidefinite.
For theinductive step,we write

Gk = i;'—k,i = i;F’u ]]:L(kau,j) b

sothateachLy is of the form of the function L definedin Equa-
tion (8). We may usethe expressiondor the gradientandHessian
of L in Equationq9) and(10) to write

VG 12 VG 1(2)T

(11

Gy V2 Gk — VG« v Gy

(£) ) () ()

IZ Z (LkIV Lkg— VLklekq)

If we set
0 Bjv Gk 1,|,]

21 Gk 1i,j (12)

thisn aybe rewritten as
(kalqi V Gkflqi
>0 >0,

r r
1 (Lico{ Tt +
22 (bl Zle 1,0,

VGk-14,i V Ci_14i)}) — Licj LiqTi UG
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whichis positive semidefiniteby theinductionhypothesisQED.
3.2 Delayestimation

3.2.1 Outline of the delay modelingapproach

Our characterizatioapproachusessizesof transistordelongingto

the gatealongwith the traditionalcell characterizatioparameters,

namelyinputtransitiontime andloadcapacitanceWe referto these
input parameterascharacterizationariables.

We begin with an explanationof the timing modelfor an in-
verter suchastheoneshavn in Figure1; this modelis generalized
to complex gatesin subsequensections.The aim is to be ableto
estimatadelayasafunctionof thepmosandnmostransistowidths,
wp andwy, theinput transitiontime t, andthe outputload capac-
itance,C_. Therefore for aninverter wp, Wy, T, andC, form the
setof characterizatiotvariables. Thesevariablesreflectthe setof
variablesthat are generallyconsideredo be importantin defining
thedelayof a gatein mostmodels.

We attemptedhe useof severaltypesof functionsto achieve the
desiredevelsof accurag. Thegeneraform of expressiorthatpro-
vided consistentlygoodresultsfor differentgatetypesis asfollows

Delay= z P, |‘l O +cij)Pi+C (13)
=1 i=

Figurel: Invertercwcun

Here,the x;'s arecharacterizatiowariables,andthe ¢j’s, Bj;’s, C,
andPj’s arereal constantsteferredto collectively ascharacteriza-
tion constants The parametel is setto either-1 or 1, depending
onthevariable,aswill soonbe explained. The problemof charac-
terizationis that of determiningappropriatevaluesfor the charac-
terizationconstants We will shav in Section4 thatthe useof this
form of functionimpliesthatthecircuit delaycanbeexpressedsa
generalizegposynomiafunctionof thetransistomwidths.

Dueto thecurve-fitting natureof the characterizatioprocedure
it is notpossibleto ascribedirectphysicalmeaninggo eachof these
terms. However, it canbe seenthatthe fall delayincreaseasC,
wp andt areincreasedanddecreaseaswy is increasedimplying
thatanappropriatehoicefor theparameten for thefirst threevari-
ablesis 1, andthatfor wy, is -1. Notethatthisis not asrestrictve as
the Elmoreform since,amongotherthings,the 3;;’s andc;;’s pro-
vide an additionaldegreeof freedomthatwasnot availablefor the
Elmoredelayform. A similar agumentmay be madefor the rise
delaycase.

3.2.2  Circuit simulationsand curve-fitting
A two-stepmethodologyis adoptedto completethe characteriza-

tion. In thefirst step,a numberof circuit simulationsareperformed
to generatgointsonagrid. In thesecondaleast-squaregrocedure
is usedto fit thedatato a functionof thetypein Equation(13).

A seriesof simulationss performedo collectthe experimental
datausingthe HSPICEcircuit simulator Thetotal numberof data
points, N, increasesxponentiallywith the numberof characteri-
zationvariables. For the invertercircuit with four characterization
variablesandd datapointsfor eachvariableto cover the rangeof
interest thetotal numberof datapoints,N would bed?. Therefore,
it is importantto choosethe datapointscarefully;in particular it is
not necessaryo chooseanevengrid for thetransistowidthsanda
smallergranularityof pointscanbe choserfor largerwy,’sin caseof
thefall transition.

Thedeterminatiorof thecharacterizationonstantsvasperform
ed by solving the following nonlinearprogramthat minimizesthe
sumof the square®f the percentagerrorsover all datapoints.

L Desim(i) — Daguai(i) 2
minimize IZO[ Doz (1)

whereN is the numberof datapoints, Degim(i) andDagual(i), re-
spectvely, representhevaluesglven by Equation(13), andthe cor
respondingneasuredalueat theit datapoint. This nonlinearpro-
grammingproblemis solved usingthe MINOS optimizationpack-
age[9] to determinghevaluesof characterizatioconstants.

3.3 Characterization of a setof primiti ves

For alibrary-basedlesignafull characterizationf all cellsis a
viablealternatve andits compleity is comparabléo characterizing
thelibrary usingary othermeans.For generalffull customdesigns,
thenumberof SPICEdatapointsto begeneratedor the curvefit in-
creasegxponentiallywith thenumberof characterizatiomariables.
It is computationallyexpensve to performsucha large numberof
simulationsandhenceanalternatve stratgy is suggested.

An alternatve strat@y is to precharacteriza setof logic struc-
turessuchthat ary gatecanbe mappedto one of the elementsof

(14)



this setwith someacceptabldoss of accurag. It is importantto

notethat even underthis procedurethe transistorsizing approach
will sizeeachtransistorindividually, andthis methodis only used
for delayestimation.

One straightforvard techniquethat may be usedis to mapall
of the gatesto an “equivalentinverter” [5, 6], and usethe inverter
characterizatiotto estimatedelays;the sizesof the pull-dovn nmos
transistorandthe pull-up pmostransistorof this inverterreflectthe
real pull-dowvn or pull-up pathin the gate. The widths of these
new transistorsaarereferredto asthe equivalentwidths. The equi-
alentwidth calculationis basedn modelingthe“on” transistorsas
conductancegndthe equialentwidth correspondso the effective
conductancef the original structure. Accordingly if two transis-
tors of widthsw; andws, areconnectedn parallel,the equivalent
width is definedasw; + w, andif the transistorsare connectedn

seriesthe equivalentwidth is definedas [w; * +w, ! -

However, suchareductionhasshortcomingsConsidethenand
gatein Figure2(a),whoseequialentinverterapproximations illus-
tratedin Figure2(b). Thenodecapacitanceat nodesotherthanthe
outputarenot accountedor in this approximation.Also, the same
mappingwill beusedrrespectve of whetherinputA or B is switch-
ing, whereasn reality, thesetwo casegorrespondo differentdelay
values.Thisissueis addresseth thesection3.3.1.

vdd
H
W2
:
W3 I CL
. L
B[waT

- Figure2: Mappingof anandgate

We attemptto reducethe errors causedbecauseof theseap-
proximationsin our mappingprocedureby defininga setof basic
primitivesandmappingarbitrarycomplex gatesto theseprimitives.
We have developedprimitivesfor threedistincttypesof logic struc-
turesnamelysimplegates,comple gatesand sequentiakelements
for bothfall andrisetransition.

vdd

W1+W2

Weq I CL

—

Weq=W3*W4/(W3+W4)

3.3.1 Simplegates

For simplegateswe have developedoneinput, two inputandthree
input primitives. Singleinput primitive is basicallyaninverter We
referto aninverterasa primitive becausef the factthat mapping
procedurealongwith invertersalsomapsNOR gatesfor fall transi-
tion and NAND gatesfor rise transitionon aninverter Sincethis
primitive is identicalto theinverterdescribedn Section3.2.1,it is
notdiscusseary further

Herewe emphasiz¢hatann-input primitive doesnot meanthat
it is a primitive only for the n-input gates. Any gatehaving equal
to or morethann inputswould be mappedto an n-input primitive
dependinguiponthe positionof the switchingtransistor

Thesetof two input primitivesfor fall transitionatthe outputis
shavn in Figure 3 (the presencef aload capacitancat the output
is implicit andis notshavn). Timing analysisprocedurén our tool
assume®nly singleinput transitions,and hencetherecanonly be
onepair of pmosandnmostransistorswitchingatatime.

Considerthetwo-inputnandgateshavn in Figure3(a). For the
fall delay if the input transitionoccursatinput A, thenthe gateis
mappedto Figure 3(b). Note that sincethe outputis beingpulled
down in the caseof a fall delay calculation,the pull-down is re-
tainedwhile the pull-up is replacedby a singletransistor andthe
characterizatiorequationsof Figure 3(b) are usedto estimatethe
delay In asimilarfashionwhentheinputtransitionoccursatinput

PrimFallA PrimFallB

Vdd

E -fﬁ
out N out
ICL
—C T

(@ (6) ©

out

o lo &>

Figure3: 2-inputprimitivesfor fall transition

B of Figure3(a),thegateis mappedo Figure3(c). A similarproce-
dureis appliedfor risedelays,.e., thepull-up partis retainedwhile
the pull-down partis replacedby an equivalentnmostransistor If
we assumssingleinputtransitionspnly oneof the pmostransistors
will beonduringtheriseoutputtransition.Thepmostransistotthat
is off contritutesonly asa loadingcapacitanceandhencefor rise
delaycalculation the nandgateis mappedo aninverter Similarly,
2-inputprimitives,containingtwo pmostransistorsn serieswith an
nmostransistor namelyPrimRiseAand PrimRiseB,aredeveloped
thatcanaccuratelynodelNOR gatesandNOR gate-like structures.

For simplegateswith morethantwo inputsandcomplex gates,
anexpandedsetof primitivesis necessaryT hesetof primitivesused
to approximatesuchgatesis shavn in Figure4. It shouldbe noted
thatthesearenottheonly primitiveson which gateswith morethan
threeinputswill be mapped. For example,considera threeinput
NAND gateandthe casewherethe latestarriving input is the one
connectedo thetopmosttransistorin the nmoschain. In this case,
theNAND gatewill bemappedo thetwo inputprimitive PrimFallA
shavn in Figure 3(a); the two nmostransistorsat the bottomare
collapsednto onetransistorf equivalentwidth.

PrimCoRise PrimCoFall

Vdd Vdd

H
‘5
H

I

s
H

@ ®)

Figure4: Primitivesfor mappingof simpleandcomple gates

3.3.2 Complexgates

In caseof simplegateswith only onetransistorchain, theinternal
nodecapacitanceareinherentlytakeninto accounduringthemod-
eling phase Forexample,in thecaseof AOI gateghereis morethan
one parallelchainsof transistors.Henceif AOI gatesare mapped
(exceptwhenall thetransistorsonnectedo the outputandbelong-
ing to the nonconductinghainsareoff) onto the primitivesdevel-
opedfor simplegatesthentheinternalnodecapacitancewould not
be correctlyaccountedor, resultingin inaccuratelelayvalues.We
solwve this problemby developinganothersetof primitives. For AOI
gateswe male useof the obserationthatthe worstcasedelaycor
respondgo oneconductingchainof transistorsetweerthe output
andsupply while all otherchainsare nonconducting.This shavs
thatprimitivesfor AOI gatecanbe developedby additionof anon-
conductingtransistorchainin parallelto the transistorchainin the



simplegateprimitive. A few exampleprimitivesfor AOI gatesare
shawn in the Figure5. Similarly, alimited setof primitivescanbe
developedfor generakomplex gates.

AOI12FALL AOI22FALL

fT
fﬂ o .
oo_ Lol T

Figure5: Exampleof AOI Primitives

3.3.3 Sequentialelements

A staticsequentiablemeninormallyconsistof asetof pasgransis-
torsandafew inverters.An examplesequentiaklemenis shavn in
Figure 6. Sinceaninverterthatdrivesa transmissiorgateformsa
singlechannekonnectedcomponentasshavn in Figure 6, we de-
velopaseparatenodelfor this componentandin conjunctionwith
theinvertermodelexplainedearlier we arenow ableto modelevery
channektonnecte¢omponenin this sequentiatlementAn advan-
tageof theability to developaccuratemodelsfor the sequentiaéle-
mentsis the simplicity in constrainformulationin the across-latch
optimization.

%@ 58

Sequential Element Primitive

Figure6: SequentiaElementandPrimitive
4 Proof of convexity of the delay model

Theensuingliscussiorshavs thatthedelaysof individual paths
satisfythe propertyof corvexity, anduseshisfactto prove thecon-
vexity of the optimizationproblem.lt is to be emphasizedhatthis
discussioris purely for expositorypurposesthe optimizerusedin
this work for sizing doesnot requirethe enumeratiorof all paths,
and performsthe optimization efficiently by checking,througha
timing analysiswhetherthe constraintaresatisfiedor not. For de-
tails, thereaderis referredto [1].

Let the critical path of the circuit be representedy a set of
stageswhereeachstagerepresents gate. Let us first considera
scenariawith fully characterizedatesvhereno primitivesareused,
but the delayis characterizedn termsof the size of eachtransis-
tor. Then,substitutingthe characterizatiowariablesexplicitly into
Equation(13), we seethatthe fall delayof the gatecorresponding
to stagd hasthefollowing form:

De|aM — z PI . (ngl + Cnl)Bnl e (Wﬁn%h + Cnn,h)Banh
I
(Wp1 + Cpn)Pot - (Wpm, + Cpmp)Bp’“" (Tieg+co)Pm(Cy + Cc, )Pe
andtheoutputfall transitiontime of thegatein stagd hastheform?®

T = Q- (Wit + kaa) ™ -+ (Wi, + Ky )™ (Wpg + kg ) Vot -
(Wprm, + Kpmy ) "™ (Ti_1 + ko) ¥ (Cj + ke ) ¥6i

1Therise delayandrisetransitiontime expressionsresimilar, with therolesof wy,
andw,, interchanged.

Wherepl > 01 Q > 01 Cni:Cpi :kniukpi:Bni :Bpin Vniqui VI ) ij !CC] v] lkTrcTr
Bc, Yo ,Br.yr arerealconstantsThewy; andwp; values asusual re-
fer to the nmosand pmostransistorsizes,t refersto the transition
time, andtheCj’s correspondo the capacitanceat the gateoutput
andat internalnodes. We will shaw that the delay andtransition
time functionshave theform of generalizeghosynomials.
Thecapacitancateachinternalor gateoutputnodei, C; is mod-

eledby
Ci=3 Kwj+K' (15)
]

wherethek'j andk” valuesarerealconstantsandw;’'srepresenthe
equialenttransistowidthsin thecircuit.

Fromthe Equation(15) we canseethatoutputtransitiontime is
representedly a generalizegposynomial Additionally, theloading
capacitanceaiven by equation(15) hasthe form of a generalized
posynomial. Using Theoreml, it can be seenthat whenthe in-
put transitiontime andloading capacitancexpressionsare substi-
tutedin Equation(15), theresultingexpressions alsoageneralized
posynomial. The objective functionis choserasa weightedsumof
thetransistorisizeswhichis clearlyageneralizegposynomiaform.
Using identicalargumentsto [1, 2], sincethe maximumof corvex
functionsis convex, the problemof areaminimizationunderdelay
constraintdor “template” gatescanbe shavn to be a convex pro-
grammingproblem.For gateshatdonotadherdo thetemplatethe
mappingtechniquesiescribedn Section3.3maybeusedto model
thedelayfunction. We will now shaw thatin sucha casethedelay
function continuesto remainin the generalizecposynomialform.
Let w'l, S ,w',n representransistomwidthsin the primitivesthegates
are mappedto. In the processof mappingthe gates,the transis-
tor widthsin the primitivescanbe expressedn termsof the actual
transistorwidthsin the circuit. Let wy,---, wy representhe actual
transistowidthsin thecircuit. Thenw’s canbe expresseds

W= wgh1<i<m
ge{T-n}

(16)

All occurrence®f value of vvi’*l, which is a basicvariablein the
characterizatiomquation(seethe last paragraptof Section3.2.1),
canbesubstitutecasabore in Equation(15), maintainingthegener
alizedposynomiapropertyof the delayequation.

5 Experimental Results

Tablel shawvs thevalidationresultsof differentprimitives,pro-
posedin Section3.3,with respecto SPICE.The purposeof listing
thesevalidationresultson the primitivesis to emphasizéhattran-
sistornonlinearitiecanbeeffectively modeledby corvex functions
andto testthevalidity of our basicideaof modelingdelayasconvex
functions.Referringto Equation(13), a valueof j = 1 waschosen,
andit wasobsered thatthe useof highervaluesfor | did not of-
fer significantimprovementsn accurag. Thecharacterizatiomvas
performedin a 0.25um technologyby varying transistorwidths to
up to 80um, T from 20 to 300 ps (10%to 90%) andC; up to 800
fF. We emphasizahat accurateits arerequiredonly in the region
wheresizing constraintsare satisfied. For example,if outputtran-
sition time violatesthe specificatiorthenthe optimizerwill ensure
thatits valueis reducedto a point in the feasibleregion, andthe
corvexity of the functionswill force the optimizationto move to
this region aftersomeiterations.

Table2 shavsthevalidationresultsof variousgateswith respect
to SPICE.We stressherethatall the possiblemappingsor a gate
are consideredand the worst caseresultsare shavn in the table.
For example thefall transitionon gateNand3canmaponto either
primitive PrimFallA, PrimFallB or PrimCoRall. It wasfound that
PrimCoRll provided the bestresults,while PrimFallA and Prim-
FallB provided a smallerdegreeof accurag dueto the factthata



Primitive Delay
Mean | Deviation
InvRise 0.31% 2.84%
InvFall 1.29% 2.82%
PrimRallA | -1.28% | 4.74%
PrimFallB 1.07% 2.95%
PrimRiseA | -0.67% | 3.59%
PrimRiseB | 0.13% 0.93%
PrimCoRll | -0.68% | 2.96%
PrimCoRise| -0.35% 1.79%
AOI12Fll | 0.87% 6.27%
Seqfll 7.46% 4.73%

Tablel: Primitive Validation

Gate Delay

OutputTransition| Mean | Deviation

Inv Rise 0.31% 2.83%
Fall 1.29% 2.82%

Nor2 Rise 1.82% 2.56%
Fall 11.10% | 5.06%

Nand2 Rise 5.18% 6.17%
Fall -0.46% | 3.58%

Nor3 Rise 0.24% 1.76%
Fall 24.2% 7.64%

Nand3 Rise 9.21% 5.98%
Fall 1.26% 2.29%

AOI3 Rise 5.21% 6.38%
Fall 0.86% 6.27%

Table2: GateValidation

threeinput gatewasmappedo atwo-inputprimitive usingthe con-
ceptof anequivalentwidth of two seriestransistors It is obsered
thatall of theerrorsthatareabove 2% areobtainedvhenann-input
gateis mappedo ak-inputprimitivewherek < n. If somegatetype
givesunacceptableesultsfor someinput transitionwe canfurther
enhancehe accurag by characterizinghe modelfor that specific
scenaricover arangeof parametevalues.

To verify whetherwe get reasonableccurag with our model
we optimizedthe C17 benchmarkrom ISCAS85benchmarlsuite
with anaccurateconvex optimizer andthenran SPICEon the op-
timized circuit. Table3 shaws the validationresults. The unsized
delaycorrespondso the circuit with all transistorsizessetto min-
imum. Thecircuit is optimizedfor thetargetdelaysthatvary from
60%to 90%of theunsizeddelay aslistedin columnone.Columns
two andthreeshav the SPICEdelay of the optimizedcircuit and
worstcaseerrorsin theoutputdelaymeasurethy ourmodelascom-
paredto SPICE.Theareaof thecircuit is shavn in thelastcolumn.

Thedelaymodelsdevelopedn thispapemwereincorporatednto
the TILOS algorithmdescribedn [1] in a C program. Theresults
of runningthe algorithmon varioustestcircuits are shavn in Ta-
ble 4. Thecostfunctionis setto betheareaof thecircuit, estimated
asthe sumof thetransistorsizes.We first measuredinsizeddelays
usingour model. Thecircuitsarethenoptimizedfor targetdelaysof
70%to 95% of the unsizeddelay Theresultsshav thatour convex
model, in additionto beingvery accurateis also computationally
efficientwhenusedin theinnerloop of a TILOS-like iterative tran-
sistorsizingalgorithm.

6 Conclusion

We have presented nev delaymodelfor CMOS gatesthatis
bettersuitedfor moderntechnologieghanthe Elmore model, but
maintainsthe corvexity properties A new classof functionscalled
generalizeghosynomialss proposedandits membersareshavn to
have the samerelationto convex functionsasposynomials Experi-
mentalresultsillustrating the effectivenesf this modelhave been

OutputCapcitances 30fF
Delaywithoutary constraint= 934ps

ModelDelay | SPICEDelay | Error | Area
(ps) (ps)
840 835 0.59% | 6.67
745 752 -0.94% | 7.75
655 670 -2.30% | 10.01
560 594 -6.07% | 14.05
Table3: Comparisorof Model Delayfor C17with SPICE
Circuit Unsized| Unsized | Tspec Sized Execution
Delay(ns) | Area(um) | (ns) | Area(um) Time
C432 2.517 403.5 2.391| 458.09 69s
2.265| 499.39 130s
2.175| 595.06 173s
2.136| 603.08 179s
2.013| 787.57 270s
C880 2.295 721 2.180| 722.63 4s
2.066| 727.74 11s
1.950| 735.34 21s
1.836| 752.94 42s
1.721| 775.31 65s
1.606| 847.84 89s
C499 3.644 1023 3.462| 1023.35 3s
3.279| 1025.68 9s
3.097| 1031.27 18s
2.915| 1048.99 51s
2.733| 1104.73 166s
2.551| 1233.98 384s

Table4: Resultsof sizingvariouscircuits

reported,and the resultsof runningthe sizing algorithmwith the
improved modelhave alsobeenincluded.
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