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Abstract

In this paper we considercontinuouswire-sizingoptimizationfor
delayminimizationandringing contml. Theoptimizationis based
onafastandaccumtedelayestimatiormethodundera finiteramp
input, whee an analytical expressionis also derivedto estimate
overshoot/undershootvoltage. In this paper we specifythe wire

shapeto be of theform f(z) = ae~%?, sincepreviousstudiesun-
der the EImore delay modelsuggestthat exponentialwire shape
is effectivefor delayminimization.Therelevanttransmissiodine

equationsare solvedby using Picard-Carson method. Thetran-
sientresponsén thetimedomainis derivedasa functionof a and
b. Thecoeficientsa and b are thendeterminedsud that either
the actual delay (50% delay)is minimized,or the wiring area is

minimizedsubjectto a delaybound. At the sametime the over

shoot/undeshoot voltage is boundedto prevent false switching.

Our methodor delayestimationis veryeficient. In all theexperi-
mentswe performedit is far more accumatethanthe Elmore delay
modeland the estimateddelay valuesare very closeto SPICES
results.We alsofind thatin determiningthe optimal shapewhich

minimizegdelay the ElImore delaymodelperformsasgoodasthe
our methodin termsof the minimumactual delayit achieves,i.e.

the ElImore delaymodelhashighfidelity. However, in determining
the optimal shapewhich minimizesarea subjectto a delaybound,
the ElImore delay modelperformsmud worse than our method.
We also find that the constaint for overshoot/undeshootcontmol

doesaffectoptimizationresultsfor both delayand areaminimiza-
tion objectives.

1. Introduction

As the featuresize of VLSI circuitsis graduallyscaleddovn
to deepsub-micron nterconnectielaybecomeghe bottleneckin
designinghigh performancemicroprocessor§l7]. On the other
hand,while the operatingfrequeng approachesr even beyond
Giga Hertz, not only the delay due to inductanceis significant,
but alsothe transmissiorline effects (e.g. reflectionand disper
sion) are no longernggligible. Wire-sizinghasbeenfound to be
an effective way to reducethe interconnecdelay andoneof the
approachegs continuouswire-sizing. Previous studieson contin-
uouswire-sizingmale useof the EImoredelaymodel[4] because
of its simple algebraicform. It is found that the optimal shape
functionis exponential[2, 5] or nearexponential[3, 7]. However,
it is well known that the EImore delayis only a rough estimate
of theactualdelay The delayvalue estimatedy the EImorede-
lay modelmay deviate from actualdelayby 30% — 40%, andthe
situationbecomesvenworsewheninductances takeninto con-
sideration.Furthermorethe EImoredelaymodelcannot provide
enoughtransientinformation of the responsewhich becomesas
importantasdelayestimationin deepsub-microndesign.Only re-
cently, [8] solvesthe continuouswire-sizingproblemanalytically
for non-uniformwires undertransmissiorine model. The trans-
missionequationsaresolvedin termsof sinh andcosh hyperbolic
functions. The transientresponseén the time domaincanthusbe
solvedanalyticallyusingresiduetheorem.Unfortunately fringing

capacitanc@andinductancearenotincludedin [8].

In this paper we considercontinuouswire-sizing optimiza-
tion for non-uniform wires by taking fringing capacitanceand
inductanceinto consideration. The optimizationis basedon a
fast and accuratedelay estimationmethodunder a finite ramp
input. We also derive an analyticalexpressionto estimateover
shoot/undershoaioltage.In this paper we specifythewire shape

to be of the form f(z) = ae®®, sinceprevious studiesunder
the Elmore delay model suggestthat exponentialwire shapeis

effective for delay minimization. The relevant transmissiorline

equationsare solved by using Picard-Carsommethod. The tran-
sientresponsén thetime domainis derivedasafunctionof a and
b. The coeficientsa andb arethendeterminedsuchthat either
the actualdelay (50% delay)is minimized, or the wiring areais

minimized subjectto a delaybound. At the sametime, the over

shoot/undershootoltageis boundedto prevent false switching.
Ourmethodfor delayestimationis very efficient. In all the experi-

mentswe performedijt is far moreaccuratehanthe Eimoredelay
model andthe estimateddelay valuesare very closeto SPICES
results.We alsofind thatin determiningthe optimal shapewhich

minimizesdelay the EImoredelaymodelperformsasgoodasthe
our methodin termsof the minimum actualdelayit achieves,i.e.

theElmoredelaymodelhashighfidelity. However, in determining
the optimal shapewvhich minimizesareasubjectto a delaybound,
the Elmore delay model performsmuchworsethan our method.
We alsofind that the constraintfor overshoot/undershoaontrol
doesaffect optimizationresultsfor bothdelayandareaminimiza-
tion objecties.

We would like to point out thata continuouswire shapeis not
expensve to fabricate. It is not necessaryo ultra-accuratelye-
producethe continuousshapeonthesilicon, becauseoundingthe
continuousshapeto the nearesavailablelitho width will give vir-
tually no degradationin thewire delay Thestaircaseshapecanbe
stampedutjust aseasilyasary othermaskshape.

2. Capacitance and Inductance Models

Considera wire segmentof width W andthicknessT’, Saku-
rai's formula[16] is agoodapproximatiorfor calculatingthe unit
lengthcapacitanceTheformulacanbesimplifiedas

Ctot = coW + ¢5 1)

whereco = 1.15€,z /Ty, iS theunit lengthareacapacitance;y =

2.80€0 (T /T, )% 222 is the unit lengthfringing capacitanceand
€0z IS thedielectricconstanof aninsulator

In this paper we only considerself inductanceof a wire. The
unit lengthinductancecanbe calculatedoy [19]
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wherepo = 4m x 10~° [H/cm] is the magneticpermeabilityof
thewire, andT;,; is the distancebetweenmetalline andground
plane. Usually T},; is muchlargerthan W especiallyfor upper
layer metallines. The secondterm in (2) is thus much smaller



thanthefirst one. For our purposeof wire-sizing,we neglectthe
seconderm. Thereforegheunit lengthinductancés approximated
by

Lself ~2In 8Tos

[nH/cm)]. (3)
3. Voltage Responsein s-Domain
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Figure 1. A non-uniformwire andits correspondingascadedwo-port
networks.

Considera non-uniformwire shawvn in Fig.1(a), the driving
voltagesourceis Vp andthe voltageresponset load endis Vz.
Zp andY7y, aredriverimpedancendloadadmittanceespectiely.
In s-domain,Zp = Rp andYr = sCr. As it is shovn in
Fig.1(b), the whole systemcanbe representedby threecascaded
two-port networks. The relationshipbetweenVz and Vp in s-
domaincanbederived as[8]:

1
VD sRpCr — BsCz —CRp + D “)

where the ABCD parametersdescribe the relation between
(Wi, I1) and (Vi, I1). Theseparametersely on solving trans-
missionline equationgor the non-uniformwire. To describethe
voltageandcurrentbehaior onthenon-uniformtransmissiotine,
we have thewell known Telegraphs equations:

Vi =

W = —Z(z,8)I(s,2) )
dIElsg;m) = —Y(z,8)V(s,z) (6)

whereZ(s, z) = r(z) + I(z)s, Y(s,z) = c(z)s. r(z), I(z) and
¢(z) areunit lengthresistanceinductanceandcapacitancat po-
sition z respectrely. For auniformwire, r(z), [(z) ande(z) are
positionindependenandthusare constants However, for anon-
uniformwire, r(z), I(z) ande(z) arefunctionsof z. Sinceprevi-
ousstudiesbasedon the EImoredelaymodelhave found that ex-
ponentialwire shapds effective for delayminimization[2, 5], we

restrictthe wire shapefunctionto be of the form f(z) = ae®®.
Usingequationg1) and(3), ¢(z) andl(z) canbecalculatedas,

e(x) = cf+coae™ ™ (7)
STtot bz
l(z) = 21n(Te ) =1lo + 2l1bz (8)
Theunitlengthresistance(z) is simply:
To bz
= — 9
r(z) 2 © )

In (7)-(9), co is unitlengthareacapacitancez; is unitlengthfring-
ing capacitancelo = 21In #Ztet, J; = 107"3 [H/cm], andro is
unit squareesistanceSubstitute(7)-(9) into Z (s, ) andY (s, z),
we get

Z(s,z) = %Oebm + s(lo + 211 bz) (10)

Y(s,z) = (c5+ coae °®)s (12)

If we cansolve equations(5) and (6), the solutionswould look
like,in termsof the ABCD parameters,
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Letz = L, andnoticethatVi = V(s,0), I = I(s,0), Vi1 =
V (s, L) andI;; = I(s,l). Thematrix thusdescribesherelation
between(Vi, I1) and(Vir, Iu).

4. Solvingthe ABCD Parameters

Unfortunately with fringing capacitanceandinductancdaken
into considerationjt is very difficult to get analytical solutions
to the transmissiorline equationg5) and (6), althoughthe right
handsidesareanalyticalfunctions.Thisis differentfrom previous
work in [8], wherethe ABCD parameterganbe solved asana-
Iytical functionsdependingon circuit parametersin this section,
we shav how to usea successie approximationmethod,Picard-
Carsonmethod[10, 15] to solve equationg(5) and (6). Picard-
Carsonmethodis a powverful methodin gettinga power seriesso-
lution for the distributednetwork. In fact, we preferpower series
solutionfor the distributednetwork becausét is easyto calculate
polesandzeros.

Picard-Carsomethodsolvesordinarydifferentialequationdy
aniterative sequencelt startswith acrudeguessasanapproxima-
tion to the solution,thenit refinesthe solutionby successie iter-
ations[15]. To solve equationg5) and(6), Picard-Carsomethod
introduceghefollowing iterative sequences:

Ve = VI—/ ZI, 1de (13)
0

In = [1—/ YVn_ldiL' (14)
0

Sincethe termsinside the integrals are continuousand bounded,
thesequencewill convergeto thetruesolutions[15], i.e.

V(s,z) = ILm Va(z) (15)
I(s,z) = 1i_>m I,(z) (16)

To starttheiteration,we canchooséV; = Vi andI; = I7 asinitial
guessesAlthough they satisfythe boundaryconditions,they do
not have correctslopes.In applying Picard-Carsomethod,usu-
ally themorenearlycorrecta particularapproximationthe better
will beits successoin practice wefind theiterationcanbeaccel-
eratedby choosingthefollowing improvedinitial approximations,

Vi = Vi—(ro/a+ls)zh=WVi—oailr (17
I; It — (¢5 + coa)szVi = I — B1V1 (18)
wherewe definea: = (ro/a + los)z andf1 = (cf + coa)sz.
(17) and (18) are chosenby taking slopesinto consideration.By

substituting(17) and (18) into (13) and (14), we canexpandthe
iterative sequencesneby one.By introducingiterative sequences

=1
C1 = fO (poZd:U

po=1_
Y1 = fO C()Ydm

(19)
(n = foz Yn—1Zdx n = f: (n—1Ydz
and
a; = (rg/a +los)z 1= (cl + coa)sz
Otz.: fo G1Zdz .ﬂz‘: fo a1Ydz (20)

op = foz Brn-1Zdz  [Bn = foz an_1Ydz
thesolutionsat the nth iterationcanberewritten as
e 272

Vo =01 Z Cor — It Z Cokr1 + Ve (=) "an (21)
k=0 k=0

12341

P r=521

P —Vi Y i+ L(=1)"8.  (22)
k=0 k=0

I.=1



whereV, and I, arecorrectionterms,andif n is even, V., = V4,
I. = Ii; otherwise,V, = I, I. = V4. It is easyto shaw that
V. and I, are generatecbecausene start with improved initial
approximationsln otherwords,if we startwith V1 and; asinitial
approximationsthefinal solutionssimilarto thosein (21) and(22)
will notcontainsuchcorrectionterms.Accordingto equation(12),
the ABCD parametersanbecollectedas

A= Ek%ﬂcmA*
27
Eka
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D= £%1¢2k+'D*

(art1 + B* (23)

whereA*, B*, C* andD* areothercorrectionterms,andif n is
even,A* = a,, D* = B,, andB* = C* = 0; otherwise B* =
an, C* = Bn, and A* = D* = 0. Substitutingthese ABCD
parameteranto (4) thusyieldsthe voltageresponseén s-domain.
Let D, denotethe denominatoiin (4), i.e. D, = AsRpCr —
BsCr — CRp + D. At eachiterationshavn in (19) and(20), ¢,
¢, @ and 3 canbe expressedispolynomialsin s of somedegree.
Accordingto (23), if we carry out theiterationinfinite times, D,
will thus containinfinite numberof termswhereeachtermis a
productof acoeficientandapower of s. After we collecttogether
all thecoeficientsof thesamepower of s, D, canbewrittenasan
infinite power seriesof s. Let D, = Ez":o axs*. Coeficientsay,
canbe collectedfrom the ABCD parametersThesecoeficients
aredirectly relatedto the momentsof the transferfunction. The
following lemmashaws how to computethesecoeficientsexactly.

Lemma 1l Thecoeficientay in D. canbecomputedxactlyin 2k
iterations.

5. Fast and Accurate Delay Estimation

We develop a methodto estimatedelay fast and accurately
The methodmales use of first three polesin the voltagetrans-
ferfunctionVz, = Vp/D.. It is differentfrom otherprevious pole
(or moment)baseddelayestimationmethodsn the pastliterature
(e.g.[13, 18]). Our methodis designedo dealwith non-uniform
wires, andin this paperwe specifythe wire shapefunctionto be

f(z) = ae™®. Thedelaymodelin [13] only works for uniform
wires,and[18] canonly dealwith lumpedRC (RLC) circuits.

Sincewe only make use of first three poles, the voltage re-
sponsas approximatedy

1 1

Vi VDDe ~ VD1—|—als+azs2 + azs3 (24)
wherecoeficients a1, a2 andas are collectedfrom the ABCD
parametersLemmal tells usthata, a2 andas canbe computed
exactlyin 6 iterations.In practice we obsere thatusingimproved
initial approximationsonly needs5 iterations. We use Maple to
carryouttheiterationsandcollectcoeficientsai, a2 andas. All
thesecoeficientsarefunctionsof circuit parameterssuchasRp,
C'1. etc. Furthermoreg; is olviously the ElImoredelaycalculated
for theexponentialwire shapef (z) = ae™**.

Sincea finite rampinputis morereasonabléo modelthedriv-
ing signalthan a stepinput, we derive the transientresponsen
time domainundera finite rampinput insteadof a stepinput. As
in [8], for afinite rampinput, Vp(s) = ?21T_R(1 — e *TR), where
Tr is therisingtime. To getthe voltageresponsén time-domain,
we first getthe voltageresponsdor aninfinite rampinput. Sup-
poseit is u(t), thenthevoltageresponsén thetime domainunder
afinite rampinputis

fort < Tgr

fort > Tr (25)

v (t) = { Z(i) —u(t — Tr)

We usethe usual50% delay asthe delay metric anddefineit as
thetime whenvr reached.5 for thefirst time. Thedelaycanbe

calculatedfrom the transientresponseén the time domainshavn
in (25). Sincethedelaydepend®n a andb, symbolicallywe can
write it asTsgo(a, b).

6. Overshoot/Undershoot Voltage Estimation

Since we have taken inductanceinto our consideration the
voltageresponsén time-domaincould have someamountof ring-
ing (underdamped). It is advantageoughat a small amountof
ringing could help to decreasalelay But it is alsovery danger
if theresponsevoltagedropsbackbelon thresholdvoltagewhich
will causédalseswitching.A goodwire-sizingoptimizationwhich
canutilize ringing is to minimize delay andboundthe overshoot-
ing/undershootoltageatthe sametime.

We derive an analytical expression for estimating over
shoot/undershoailtage.We areinterestedn the casewheretwo
rootsof algebraicequationD, = 0 areimaginary becauseéf all
threerootsarereal,therewill benoringing occurs.Supposehree
rootsarea + Bi andy. We canwrite an expressionfor over
shoot/undershoatoltageby subtractingl from (25), becausave
assumea unit sourceinput. Let §v be the overshoot/undershoot
voltage,sodv is afunctiondependingnt.

v = — et e
Tras(a® +B%)B8 V/C:
) e"t(l — e—’YTR)
X Sln(ﬂt+n+C+§)+W (26)
where
Ci = 1—2e%TRcos BTy +e TR 27
C: = (a=7)+p (28)
tany = (o —B%)/208 (29)
tan¢( = e “"RsinBTr/(1 —e *"®cosBTr) (30)
tan¢ = (a—7)8 (31)

Underafinite rampinput, theinputsignalreachests maximum
attimet = Tg. As aresult,theovershoobon outputsignalcannot
occuruntil ¢ > Tr (morestrictly speakingit ist > Delay, where
Delay is the 90% delay). To find whenovershoot/undershoafc-
curs,we couldtake derivative on (26) with respecto ¢t andletit be
zero. Therootsof suchnonlinearequationcorrespondo thetime
whenovershoot/undershoatccurs. However, solving the nonlin-
earequationis not an efficient way. We canactuallygeta good
approximation. We startfrom (26), andtake the derivative with

respecto t asusual.Let d“g—t(t) =0,i.e.

\/— at e"t(l _ e—’YTR)
Sln Bt+n+(+é+¢)=—F7+—=
B+y/a® + WC2
* (32)
where

tan¢ = B/

In practice we find the right handsideof (32) is notimportantin
determiningthe time whenovershootoccurs. Our approximation
is to simply let theright handsidebe zeroandsolve for ¢. Thust
is approximatedy

t=(nmr—n—(-£—9)/B,

Note that (26) is valid only whent > Delay, sothe maximum
overshootoccursat the first ¢t whent > Delay. Let toyer and
tunder denotethe timeswhenfirst overshootandundershoobc-
cur respectiely, and obviously tynder = tover + /3. Substi-
tuting tover aNdt,nder backinto (26), we cangetexpressiongor
estimatingovershootandundershoovoltages.

n=0,1,2,3---  (33)



7. Wire-sizing Optimization

We considertwo different optimization objectves. The first
objective is to find the optimal wire shapein termsof a andb
suchthatdelayis minimized. Sinceringing couldhelpto decrease
delay it is possiblethata minimum delaywire shapecould have
someamountof ringing which causedalseswitching. Therefore
we addoneconstraintto control overshoot/undershoot he opti-
mizationproblemis statedasfollows:

Minimize Ts0%(a,b)
Subjectto dv(a,b) < wp

wheredv(a, b) is overshoot/undershoobltageshavnin (26),and
vy is predefinedroltagebound.

Oursecondbjectveis to minimizethewiring areasubjecto a
targetdelaybound.For thewire shapdunction consideredn this

paperi.e. f(z) = ae *®, theareais fOL f(z)de = § (1~ e %),
whichis ananalyticalfunctiondependingna andb. We canstate
this optimizationproblemformally asfollows:

Minimize 41— etk
Subjectto Tso%(a,b) < T
dv(a,b) < wp

whereT's is thedelaybound,andthesecondonstrainis to bound
overshoot/undershoebltage.

In our experimentswe obsere thatTq0, iS asmoothfunction
in all experimentswe have performed,althoughTsq0;, doesnot
have an analyticalform. In practice,we useConjugateGradient
method[1] to solve thesetwo optimizationproblems.

8. Experimental Results

In this section,we presentsome experimentalresults. Our
experimentsare performedon some single interconnectwires,
wherewe selectcircuit parameterin thefollowing rangesRp ~
20 — 30,000Q, Cr ~ 0.01 — 0.2pF, ro ~ 0.03 — 0.1Q/0,
co ~ 0.03 — 0.13fF/um?, ¢; ~ 0.08 — 0.2fF/um, lo ~
0.1 — 10pH/pm andL ~ 4 — 40mm. Thesecircuit parameters
are consistenwith thosein [17]. All circuit parametersaswell
asrisingtimesarelistedin Tablel. Eachparametehasthe same
unitasshavn in theranges.They aredividedinto 8 testexamples
labeledfrom T1 to T8. We will usetheseparametershroughout
our experimentsandin addition,we boundtheundershootoltage
to bewithin 5%. Our experimentsconsistof four parts.In Exper
iment1, we useSPICEto verify our delayestimationmethod.In
Experiment2, we find a andb suchthatdelayis minimized. In
Experiment3, we find a andb suchthat areais minimized sub-
jectto a delaybound. For comparisongxperiments2 and 3 are
performedwithout the undershootoltageconstraint.Only in Ex-
periment4, we addthe constraintand explore how it affectsthe
wire-sizingoptimizationresultsin two optimizationobjectives.In

all experimentsyve list b asb’, whereb' = b x 1074,

Test Rp Cr, 0 < cf Iy L TR
T1 28.3 0.016 0.072 0.032 0.0877 0.1 40 1ns
T2 283 0.016 0.072 0.032 0.0877 0.1 40 3ns
T3 2830 0.016 0.072 0.032 0.0877 0.1 40 10ns
T4 283 0.16 0.072 0.032 0.0877 0.1 20 50ps
T5 283 0.16 0.072 0.032 0.0877 1.0 4 0.2ns
T6 283 0.16 0.032 0.072 0.1777 1.0 4 0.2ns
T7 183 0.016 0.032 0.042 0.1377 1.0 20 0.1ns
T8 283 0.16 0.032 0.072 0.1777 1.0 40 1ns

Table 1. Circuit parametersisedin all experiments.

Experiment 1: First, by comparingheresultswith SPICE we
investigatehow good our methodfor delay estimationis. Since
SPICEcannot dealwith non-uniformwires directly, we approx-
imate eachwire by a large numberof uniform width segments

whosewidths arecalculatedby f(z) = ae™®®. Thereforeanon-
uniform wire is approximatedoy a large numberof RLC sgy-
ments.As the numberof RLC seggmentsapproachefinity, the
SPICE-computegoltageresponsavill beexact[12]. In all exper
iments,we divide eachwire into 5,000segments. In additionto

delayscalculatedby usingour methodandSPICE,we alsocalcu-

late delaysusingthe EImoredelaymodel(i.e. one-poleapproxi-

mation). The EImoredelayunderrampinput canbe approximated
byTp = Tep + %TR [11], whereTsp is the EImoredelayunder
stepinputandTk is therising time. We carry out the experiments
for eachsetof parameterérom T1 to T8 in Tablel. Theresults
are summarizedn Table2. In Table 2, columns2-3 list some
choicesof a andb. Columns4-6 list delayscalculatedby using

the ElImoredelaymodel,our delayestimationmethodandSPICE
respectiely. In all experimentave have done,our methods found

far moreaccuratehanthe Eimoredelaymodelandits delayvalue

is very closeto SPICES result. However, SPICEis computation-
ally expensve. For comparisonit takeslessthanlms to calculate
adelayvaluein usingour method.Onthecontrary it takesSPICE
about10-60minutesto calculateonedelayvalue.All thetimesare

measuredn SUN Ultra Sparcl machines.

Example a b’ Elmore Ourmethod SPICE

T1 40.35 1.303 3.126ns 2.881ns 2.745ns
T2 8.103 1.010 7.942ns 6.951ns 6.878ns
T3 1.987 0.823 28.66ns 23.70ns 23.69ns
T4 5.447 1.097 1.928ns 1.505ns 1.495ns
T5 2.389 2.526 376.5ps 339.7ps 328.2ps
T6 1.329 3.001 505.4ps 412.5ps 406.4ps
T7 4.430 1.734 1.738ns 1.589ns 1.600ns
T8 4.699 0.733 8.250ns 6.859ns 6.654ns

Table 2. Results for Experiment 1. Delayscalculatedby usingthe El-
moredelay model,our methodand SPICEbasedon circuit parametersn
Tablel.

Experiment 2: To solwe the first optimizationobjective, we
will find the optimal a andb suchthat Tsq9 is minimized. The
optimala andb by usingour methodare summarizedn Table 3.
For comparisonyve alsolist theseoptimala andb foundby using
the Elmore delay model. In Table 3, columns2-4 list the opti-
mal a andb andminimumdelayvaluesby usingthe Eimoredelay
model. Columns5-7 list similar resultsby usingour method,and
columns8-9 list SPICE-computedelaysfor eachoptimal shape.
We use“E-Shape”and“Our-Shapeto denotethe optimal shapes
determinedby the Elmore delay model and our methodrespec-
tively. By usingConjugateGradientmethod,the optimal a andb
can be found within 10-20iterations,and the total runningtime
is lessthan 0.1 second. Table 3 clearly shavs somedifference
betweentwo kinds of optimal shapesleterminedby the Elmore
delaymodelandour method.Although the optimal shapegsieter
minedby the EImoredelaymodeldiffer from thesedeterminedy
our methodandthe EImoredelayvaluesarenotaccuratetall, the
wire quality in termsof minimum actualdelayis asgoodasthe
one determinedby our method. Thereforedespiteits inaccurag
in estimatingthe actualdelay the Elmore delay model hashigh
fidelity for thedelayminimizationobjectie.

Test ElmoreDelay Model Our method SPICEDelay
a b7 Delay a b7 Delay E-Shape Our-Shape

T1 48.41 0.867 2.345ns 33.09 0.704 2.192ns 2.059ns 2.068ns
T2 9.796 0.588 6.383ns 9.642 0.519 5.233ns 5.246ns 5.229ns
T3 2171 0.372 24.39ns 2.364 0.368 19.38ns 19.42ns 19.40ns
T4 6.213 0.913 1.876ns 5.447 0.687 1.423ns 1.426ns 1.421ns
T5 2.614 2.524 376.1ps 1.569 0.047 334.5ps 318.8ps 320.1ps
T6 1.393 2572 0.504ns 0.973 0.030 0.411ns 0.408ns 0.426ns
T7 5.261 0.959 1.388ns 3.382 0.497 1.265ns 1.049ns 1.102ns
T8 5.063 0.469 6.983ns 5.063 0.370 5.874ns 5.788ns 5.800ns

Table 3. Resultsfor Experiment 2: Optimala andb thatminimizedelay
usingthe EImoredelaymodelandour method.

Experiment 3: We alsocarry out the experimentdor the sec-
ondoptimizationobjective, thatis to minimizethewiring areasub-
jectto a delaybound. The optimal shapeswvhich aredetermined
basednthe ElImoredelaymodelandour methodaresummarized
in Table4. In Table4, column2 lists the delay boundsfor each
experiment. Columns3-5 list the optimal e andb andminimized
areagdetermineddy usingthe EImoredelaymodel. Columns6-8
list similar resultsdeterminecby usingour method. Columns9-
10list SPICE-computedelayvaluesfor eachoptimalshapelt is
shavn in Table4 thattheoptimalshapesleterminedy theElmore



Test Delay ElmoreDelay Model Ourmethod SPICEDelay
Bound a b’ Area a b’ Area E-Shape Our-Shape

T1 2.5ns 22.85 0.739 293236 11.49 0.576 179528 2.169ns 2.425ns I
T2 6.5ns 5.007 0.457 91903 2517 0.368 52665 5.502ns 6.414ns

T3 26ns 1.168 0.365 24569 0.535 0.295 12557 20.93ns 25.82ns

T4 2ns 3.251 0.768 33215 2.440 1.073 20089 1.560ns 2.000ns

T5 0.45ns 0.873 2.393 2246 0.524 2.263 1380 0.371ns 0.445ns

T6 0.535ns 0.730 2426 1869 0.332 2132 894 0.421ns 0.518ns

T7 1.455ns 3.155 0.852 30290 1.246 0.332 18198 1.075ns 1.401ns

T8 7.5ns 4.848 0.489 85160 2.240 0.514 38005 5.820ns 7.355ns

Table 4. Resultsfor Experiment 3: Theoptimalshapesvhich minimizeareasubjectto a delayboundusingthe ElImoredelaymodelandour method.The

wiring areahasunit um?.

delaymodelhave muchworseperformancehanthosedetermined
by our method. On the onehand,theseshapesave muchbigger
area.Ontheotherhand theactualdelayvaluesarenotcloseto the
delaybounds.Thereforeusingmoreaccuratalelaymodelsuchas
our methodis necessaryor this optimizationobjective.

Experiment 4: We carryout similar experimentsasin experi-
ments2 and3, but we addthe undershootoltageconstraint.We
explorehow the constrain@affectsthe optimizationresults.For the
delayminimizationobjective, theresultsaresummarizedn Table
5. In Table5, columns6-9list optimalresultsafterconsideringhe
constraintFor comparisongolumns2-5list optimalresultsbefore
consideringthe constraint. They arecopiedfrom columns5-7 in
Table3, Experiment 2. T1 andT7 arenotlistedin Table5, since
theold resultsalreadysatisfyundershoovoltageconstraint.

Similarly, Table6 list theresultsfor the areaminimizationob-
jective. Again, columns2-5 list resultsbeforeconsideringhe un-
dershootvoltageconstraint,andlast four columnslist the results
after consideringthe constraint. T1 and T4 are not listed, since
the undershoowoltagesare within the bound. From Table5 and
6, we find that undershoowoltage constraintdoesaffect the op-
timization results. Notice the differencebetweencolumns5 and
9 in bothtablesfor the optimizationsbeforeand after addingthe
constraint.Without consideringhe constraintthe optimal shapes
could have undershoovoltageswhich exceedthe bound. By tak-
ing the constraintinto considerationthe optimal shapesnay have
alittle bit larger delaysor areasbut the undershootoltagesare
safelybounded|t is thusnecessaryo take the undershoovoltage
constraintinto wire-sizingoptimization.

Test No undershootontrol undershootontrol
a b7 Delay Sv a b’ Delay Sv
T2 9.642 0.519 5.233ns 0.078 13.32 0.987 5.909ns 0.05
T3 2.364 0.368 19.38ns 0.157 3.576 0.904 21.67ns 0.05
T4 5.447 0.687 1.423ns 0.098 1.532 1.532 1.595ns 0.05
T5 1.569 0.047 334.5ps 0.057 2.388 1.312 337.0ps 0.04
T6 0.973 0.030 0.411ns 0.121 3.158 8.333 0.470ps 0.05
T8 5.063 0.370 5.874ns 0.136 6.578 0.780 6.529ns 0.05
Table 5. Results for Experiment 4: Optimal @ andb that minimize

delay using our methodbefore and after addingthe undershootvoltage
constraint.

Test No undershootontrol undershootontrol

a B Area sv a b7 Area Sv
T2 2517 0.368 52665 0.053 5.406 0.777 66496 0.05
T3 0.535 0.295 12557 0.102 0.849 0.552 13682 0.05
T5 0.524 2.263 1380 0.118 1.646 6.360 2385 0.05
T6 0.332 2132 894 0.125 1.448 8.108 1716 0.05
T7 1.246 0.332 18198 0.060 1.748 0.723 18487 0.04
T8 2.240 0.514 38005 0.060 2.638 0.592 40376 0.05

Table 6. Results for Experiment 4: Optimal @ andb that minimize
areasubjectto a delayboundusingour methodbeforeandafteraddingthe
undershoovoltageconstraint. Thewiring areahasunit um?2.
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