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Abstract
In this paper, weconsidercontinuouswire-sizingoptimizationfor
delayminimizationandringing control. Theoptimizationis based
ona fastandaccuratedelayestimationmethodundera finiteramp
input, where an analytical expressionis also derivedto estimate
overshoot/undershootvoltage. In this paper, we specifythewire
shapeto beof theform

���������
	���
����
, sincepreviousstudiesun-

der the Elmore delaymodelsuggest that exponentialwire shape
is effectivefor delayminimization.Therelevant transmissionline
equationsare solvedby usingPicard-Carsonmethod. Thetran-
sientresponsein thetimedomainis derivedasa functionof

	
and�

. Thecoefficients
	

and
�

are thendeterminedsuch that either
the actual delay( ����� delay) is minimized,or the wiring area is
minimizedsubjectto a delaybound. At the sametime, the over-
shoot/undershoot voltage is boundedto prevent false switching.
Our methodfor delayestimationis veryefficient. In all theexperi-
mentsweperformed,it is far moreaccuratethantheElmoredelay
modeland the estimateddelayvaluesare very closeto SPICE’s
results.We alsofind that in determiningtheoptimalshapewhich
minimizesdelay, theElmore delaymodelperformsasgoodasthe
our methodin termsof theminimumactualdelayit achieves,i.e.
theElmoredelaymodelhashighfidelity. However, in determining
theoptimalshapewhich minimizesareasubjectto a delaybound,
the Elmore delaymodelperformsmuch worse than our method.
We also find that the constraint for overshoot/undershootcontrol
doesaffectoptimizationresultsfor bothdelayandareaminimiza-
tion objectives.

1. Introduction
As the featuresizeof VLSI circuits is graduallyscaleddown

to deepsub-micron,interconnectdelaybecomesthebottleneckin
designinghigh performancemicroprocessors[17]. On the other
hand,while the operatingfrequency approachesor even beyond
Giga Hertz, not only the delay due to inductanceis significant,
but also the transmissionline effects (e.g. reflectionanddisper-
sion) areno longernegligible. Wire-sizinghasbeenfound to be
an effective way to reducethe interconnectdelay, andoneof the
approachesis continuouswire-sizing.Previousstudieson contin-
uouswire-sizingmake useof theElmoredelaymodel[4] because
of its simple algebraicform. It is found that the optimal shape
functionis exponential[2, 5] or near-exponential[3, 7]. However,
it is well known that the Elmoredelay is only a roughestimate
of theactualdelay. Thedelayvalueestimatedby theElmorede-
lay modelmaydeviatefrom actualdelayby ������������� , andthe
situationbecomesevenworsewheninductanceis taken into con-
sideration.Furthermore,theElmoredelaymodelcannot provide
enoughtransientinformationof the response,which becomesas
importantasdelayestimationin deepsub-microndesign.Only re-
cently, [8] solvesthecontinuouswire-sizingproblemanalytically
for non-uniformwires undertransmissionline model. The trans-
missionequationsaresolvedin termsof �! #"%$ and &('��!$ hyperbolic
functions. The transientresponsein the time domaincanthusbe
solvedanalyticallyusingresiduetheorem.Unfortunately, fringing

capacitanceandinductancearenot includedin [8].
In this paper, we considercontinuouswire-sizing optimiza-

tion for non-uniform wires by taking fringing capacitanceand
inductanceinto consideration. The optimization is basedon a
fast and accuratedelay estimationmethodunder a finite ramp
input. We alsoderive an analyticalexpressionto estimateover-
shoot/undershootvoltage.In thispaper, wespecifythewire shape
to be of the form

�����)�*�+	%� 
,�-�
, sinceprevious studiesunder

the Elmore delay model suggestthat exponentialwire shapeis
effective for delayminimization. The relevant transmissionline
equationsaresolved by usingPicard-Carsonmethod. The tran-
sientresponsein thetime domainis derivedasa functionof

	
and�

. The coefficients
	

and
�

are thendeterminedsuchthat either
the actualdelay( ����� delay) is minimized,or the wiring areais
minimizedsubjectto a delaybound. At the sametime, theover-
shoot/undershootvoltage is boundedto prevent falseswitching.
Ourmethodfor delayestimationis veryefficient. In all theexperi-
mentsweperformed,it is farmoreaccuratethantheElmoredelay
modeland the estimateddelayvaluesarevery closeto SPICE’s
results.We alsofind that in determiningtheoptimalshapewhich
minimizesdelay, theElmoredelaymodelperformsasgoodasthe
our methodin termsof theminimumactualdelayit achieves,i.e.
theElmoredelaymodelhashighfidelity. However, in determining
theoptimalshapewhich minimizesareasubjectto a delaybound,
the Elmoredelaymodelperformsmuchworsethanour method.
We alsofind that the constraintfor overshoot/undershootcontrol
doesaffect optimizationresultsfor bothdelayandareaminimiza-
tion objectives.

We would like to point out thata continuouswire shapeis not
expensive to fabricate. It is not necessaryto ultra-accuratelyre-
producethecontinuousshapeonthesilicon,becauseroundingthe
continuousshapeto thenearestavailablelitho width will give vir-
tually nodegradationin thewire delay. Thestaircaseshapecanbe
stampedout just aseasilyasany othermaskshape.

2. Capacitance and Inductance Models
Considera wire segmentof width . andthickness/ , Saku-

rai’s formula[16] is a goodapproximationfor calculatingtheunit
lengthcapacitance.Theformulacanbesimplifiedas02143516�87:9 .<; 7(= (1)

where
7 9 �?>�@A> ��B 3 �DC / 3 � is theunit lengthareacapacitance,

7 = �E @ F ��B 3 � � / C / 3 � � 95G H!H!H is theunit lengthfringing capacitance,andB 3 � is thedielectricconstantof aninsulator.
In this paper, we only considerself inductanceof a wire. The

unit lengthinductancecanbecalculatedby [19]IKJML-N = �PO 9E�Q*RA" � F / 14351. ; .��/ 14351 � (2)

where O 9 � � QTS > � 
VU [H/cm] is the magneticpermeabilityof
the wire, and / 14351 is the distancebetweenmetal line andground
plane. Usually / 14351 is muchlarger than . especiallyfor upper
layer metal lines. The secondterm in (2) is thus much smaller



thanthefirst one. For our purposeof wire-sizing,we neglect the
secondterm.Thereforetheunit lengthinductanceis approximated
by I�JML�N =XW E RA" F / 14351. Y "%Z C &([]\ @ (3)

3. Voltage Response in ^ -Domain
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Figure 1. A non-uniformwire andits correspondingcascadedtwo-port
networks.

Considera non-uniformwire shown in Fig.1(a), the driving
voltagesourceis b�c andthe voltageresponseat load endis b�d .e c and f d aredriver impedanceandloadadmittancerespectively.
In g -domain,

e c �ih c and f d � g 0 d . As it is shown in
Fig.1(b), the whole systemcanbe representedby threecascaded
two-port networks. The relationshipbetweenb d and b c in g -
domaincanbederivedas[8]:b d � b c >j g h c 0 d �lkmg 0 d �on h c ;qp (4)

where the
j kKn)p parametersdescribe the relation between� b�rMsut(r � and
� b�rvrMsut(rvr � . Theseparametersrely on solving trans-

missionline equationsfor thenon-uniformwire. To describethe
voltageandcurrentbehavior onthenon-uniformtransmissionline,
we have thewell known Telegraph’s equations:w b � g�s ���w � � � e ��� s5g � t � g�s ��� (5)w t � g�s ���w � � �xf ��� sug � b � g�s ��� (6)

where
e � g�s �����zy%���)� ;T{ ����� g , f � g�s �����z7������ g . y������ , { ����� and7������

areunit lengthresistance,inductanceandcapacitanceat po-
sition

�
respectively. For a uniform wire,

y%�����
, { ����� and

7����)�
are

positionindependentandthusareconstants.However, for a non-
uniform wire,

y%���)�
, { ���)� and

7������
arefunctionsof

�
. Sinceprevi-

ousstudiesbasedon theElmoredelaymodelhave foundthatex-
ponentialwire shapeis effective for delayminimization[2, 5], we
restrictthewire shapefunction to beof the form

�������|��	���
����
.

Usingequations(1) and(3),
7����)�

and { ����� canbecalculatedas,7������}� 7 = ; 7 9 	�� 
���� (7){ �����}� E RA" � F / 14351	 � �-� �K� { 9 ; E {�~ � � (8)

Theunit lengthresistance
y������

is simply:y�������� y 9	 � ��� (9)

In (7)-(9),
7(9

is unit lengthareacapacitance,
7�=

is unit lengthfring-
ing capacitance,{ 9 � E RA"��M���v�-�� , {�~ ��> � 
 ~�� [H/cm], and

y 9
is

unit squareresistance.Substitute(7)-(9) into
e � g�s ��� and f � g�s ��� ,

we get e � g�s ����� y 9	 � �-� ;qg � { 9 ; E { ~ � ��� (10)f � g�s ����� ��7�= ; 7(9(	�� 
���� � g (11)

If we can solve equations(5) and (6), the solutionswould look
like, in termsof the

j k�n)p parameters,� b � g�s ���t � g�s ���6� � � j kn p � � b � g�s!� �t � g�su� ��� (12)

Let
�8� I

, andnoticethat b r � b � g�s!� � , t r � t � g�s!� � , b rvr �b � g�s I � and t rvr � t � g�sM{ � . Thematrix thusdescribestherelation
between

� b�rMsut(r � and
� b�rvr-s5t(r4r � .

4. Solving the �����m� Parameters
Unfortunately, with fringing capacitanceandinductancetaken

into consideration,it is very difficult to get analyticalsolutions
to the transmissionline equations(5) and(6), althoughthe right
handsidesareanalyticalfunctions.This is differentfrom previous
work in [8], wherethe

j k�n)p parameterscanbe solved asana-
lytical functionsdependingon circuit parameters.In this section,
we show how to usea successive approximationmethod,Picard-
Carsonmethod[10, 15] to solve equations(5) and (6). Picard-
Carsonmethodis a powerful methodin gettinga power seriesso-
lution for thedistributednetwork. In fact,we preferpower series
solutionfor thedistributednetwork becauseit is easyto calculate
polesandzeros.

Picard-Carsonmethodsolvesordinarydifferentialequationsby
aniterativesequence.It startswith acrudeguessasanapproxima-
tion to thesolution,thenit refinesthesolutionby successive iter-
ations[15]. To solve equations(5) and(6), Picard-Carsonmethod
introducesthefollowing iterativesequences:b�� � b�r���� �9 e t(� 
 ~ w � (13)t(� � t(rV� � �9 f�b�� 
 ~ w � (14)

Sincethe termsinsidethe integralsarecontinuousandbounded,
thesequenceswill convergeto thetruesolutions[15], i.e.b � g�s �)��� RA A[����� b � ����� (15)t � g�s �)��� RA A[����� t(� ����� (16)

To starttheiteration,wecanchooseb�~ � b�r and t�~ � t(r asinitial
guesses.Although they satisfy the boundaryconditions,they do
not have correctslopes.In applyingPicard-Carsonmethod,usu-
ally themorenearlycorrecta particularapproximation,thebetter
will beits successor. In practice,wefind theiterationcanbeaccel-
eratedby choosingthefollowing improvedinitial approximations,b ~ � b r � ��y�9 C 	 ;q{ 9 g ��� t r � b r ��� ~ t r (17)t ~ � t r � ��7 = ; 7(9�	�� g � b r � t r ��� ~ b r (18)

wherewe define � ~ ����y�9 C 	 ; { 9 g ��� and � ~ ����7(= ; 7:9(	,� g � .
(17) and(18) arechosenby taking slopesinto consideration.By
substituting(17) and(18) into (13) and(14), we canexpandthe
iterativesequencesoneby one.By introducingiterativesequences¡ 9x�?> ¢69|�£>¡ ~ �
¤ �9 ¢ 9 e w � ¢ ~ �z¤ �9 ¡(9 f w �¥:¥(¥ ¥:¥(¥¡ � �z¤ �9 ¢ � 
 ~ e w � ¢ � �
¤ �9 ¡ � 
 ~ f w � (19)

and � ~ �?��y�9 C 	 ;T{ 9 g ��� � ~ �¦��7 = ; 7:9(	�� g �� H � ¤ �9 ��~ e w � � H � ¤ �9 �m~uf w �¥(¥(¥ ¥�¥(¥� � � ¤ �9 � � 
 ~ e w � � � � ¤ �9 � � 
 ~ f w � (20)

thesolutionsat the § th iterationcanberewritten as

b�� � b�r)¨5©«ª,¬­¯®° ±(² 9 ¡ H ± ��t(r)¨5©Dª ­­¯®° ±�² 9 ¡ H ±�³ ~ ;Tb,´ � � >�� � �6� (21)

t(� � t(r)¨u©Dª,¬­¯®° ±�² 9 ¢ H ± �µb�r)¨u©Dª ­­¶®° ±�² 9 ¢ H ±(³ ~ ;Tt�´ � � >�� � ��� (22)



where b ´ and t ´ arecorrectionterms,andif § is even, b ´ � b r ,t ´ � t r ; otherwise,b ´ � t r , t ´ � b r . It is easyto show thatb,´ and t:´ are generatedbecausewe start with improved initial
approximations.In otherwords,if westartwith b�r and t(r asinitial
approximations,thefinal solutionssimilarto thosein (21)and(22)
will notcontainsuchcorrectionterms.Accordingto equation(12),
the
j kKn)p parameterscanbecollectedasj � · ¨ ©«ª,¬­ ®±�² 9 ¡ H ± ; j]¸k � � · ¨ ©«ª ­­¯®±�² 9 ¡ H ±�³ ~ ;qk ¸n � � · ¨ ©Dª ­­¶®±�² 9 ¢ H ±(³ ~�;µn ¸p � · ¨ ©Dª,¬­¯®±�² 9 ¢ H ± ;�p ¸ (23)

where
j ¸

, k ¸ , n ¸ and p ¸ areothercorrectionterms,andif § is
even,

j ¸X� ��� , p ¸¹� ��� , and k ¸X� n ¸X� � ; otherwise,k ¸X�� � , n ¸ � � � , and
j ¸ � p ¸ � � . Substitutingthese

j k�n)p
parametersinto (4) thusyields thevoltageresponsein g -domain.
Let º L denotethe denominatorin (4), i.e. º L � j g h c 0 d��k2g 0 d*�ln h cq;¶p . At eachiterationshown in (19) and(20),

¡
,¢

, � and � canbeexpressedaspolynomialsin g of somedegree.
Accordingto (23), if we carryout the iterationinfinite times, º L
will thus containinfinite numberof termswhereeachterm is a
productof acoefficientandapowerof g . After wecollecttogether
all thecoefficientsof thesamepowerof g , º L canbewrittenasan
infinite power seriesof g . Let º L �»· �±(² 9 	 ± g ± . Coefficients

	 ±
canbe collectedfrom the

j kKn)p parameters.Thesecoefficients
aredirectly relatedto the momentsof the transferfunction. The
following lemmashowshow to computethesecoefficientsexactly.

Lemma 1 Thecoefficient
	 ±

in º L canbecomputedexactlyin
E�¼

iterations.

5. Fast and Accurate Delay Estimation
We develop a methodto estimatedelay fast and accurately.

The methodmakes useof first threepolesin the voltagetrans-
fer function b�d � b�c C º L . It is differentfrom otherpreviouspole
(or moment)baseddelayestimationmethodsin thepastliterature
(e.g. [13, 18]). Our methodis designedto dealwith non-uniform
wires,andin this paperwe specifythe wire shapefunction to be�������x�½	�� 
����

. Thedelaymodelin [13] only works for uniform
wires,and[18] canonly dealwith lumped

h�0���h I 0��
circuits.

Sincewe only make useof first threepoles, the voltagere-
sponseis approximatedbyb�d � b�c >º L W b�c >> ; 	 ~ gm; 	%H g H ; 	 � g � (24)

wherecoefficients
	 ~ , 	 H and

	 � are collectedfrom the
j k�n)p

parameters.Lemma1 tells usthat
	 ~ , 	 H and

	 � canbecomputed
exactly in 6 iterations.In practice,weobserve thatusingimproved
initial approximationsonly needs5 iterations. We useMaple to
carryout the iterationsandcollectcoefficients

	 ~ , 	%H and
	 � . All

thesecoefficientsarefunctionsof circuit parameters,suchas
h c ,0 d etc. Furthermore,

	 ~ is obviously theElmoredelaycalculated
for theexponentialwire shape

�����)���8	�� 
����
.

Sincea finite rampinput is morereasonableto modelthedriv-
ing signal than a stepinput, we derive the transientresponsein
time domainundera finite rampinput insteadof a stepinput. As
in [8], for a finite rampinput, b�c � g ��� ~J ­ ��¾ �M> � � 
 J � ¾ � , where/)¿ is therising time. To getthevoltageresponsein time-domain,
we first get thevoltageresponsefor an infinite rampinput. Sup-
poseit is À ��Á!� , thenthevoltageresponsein thetimedomainunder
a finite rampinput isÂ d ��Áu���½Ã À ��Áu� for

ÁmÄ /)¿À ��Áu� ��À ��Á �l/ ¿ � for
ÁmÅ / ¿ (25)

We usethe usual ����� delayasthe delaymetric anddefineit as
thetime when Â d reaches� @ � for thefirst time. Thedelaycanbe

calculatedfrom the transientresponsein the time domainshown
in (25). Sincethedelaydependson

	
and

�
, symbolicallywe can

write it as /�Æ 9uÇ ��	 s � � .
6. Overshoot/Undershoot Voltage Estimation

Since we have taken inductanceinto our consideration,the
voltageresponsein time-domaincouldhavesomeamountof ring-
ing (under-damped). It is advantageousthat a small amountof
ringing could help to decreasedelay. But it is alsovery danger
if theresponsevoltagedropsbackbelow thresholdvoltagewhich
will causefalseswitching.A goodwire-sizingoptimizationwhich
canutilize ringing is to minimizedelay, andboundtheovershoot-
ing/undershootvoltageat thesametime.

We derive an analytical expression for estimating over-
shoot/undershootvoltage.Weareinterestedin thecasewheretwo
rootsof algebraicequationº L � � areimaginary, becauseif all
threerootsarereal,therewill beno ringing occurs.Supposethree
roots are �qÈ»��É and Ê . We can write an expressionfor over-
shoot/undershootvoltageby subtracting

>
from (25), becausewe

assumea unit sourceinput. Let Ë Â be the overshoot/undershoot
voltage,so Ë Â is a functiondependingon

Á
.Ë Â � � ��Ì 1/ ¿ 	 � � � H ;l� H � �ÎÍ 0 ~Í 0 HS �! A" � � Á ;�Ï�; ¡ ;lÐ � ; �(Ñ 1 �M> � � 
 Ñ ��¾ �/)¿ 	 ��Ê H 0 H (26)

where 0 ~ � > � E � 
�Ì ��¾ &('�����/)¿Ò; � 
 H Ì ��¾ (27)0 H � � �Î��Ê � H ;µ� H (28)Ó5Ô "xÏ � � � H ��� H � C E ��� (29)Ó5Ô " ¡ � � 
�Ì ��¾ �! A"Õ��/)¿ C �M> � � 
�Ì ��¾ &('��,��/)¿ � (30)Ó5Ô "2Ð � � �Î��Ê � � (31)

Underafinite rampinput,theinputsignalreachesits maximum
at time

Á�� /)¿ . As aresult,theovershootonoutputsignalcannot
occuruntil

ÁmÅ /)¿ (morestrictly speaking,it is
ÁmÅ º � { 	DÖ , whereº � { 	�Ö is the ×���� delay).To find whenovershoot/undershootoc-

curs,wecouldtakederivativeon(26)with respectto
Á

andlet it be
zero.Therootsof suchnonlinearequationcorrespondto thetime
whenovershoot/undershootoccurs.However, solvingthenonlin-
earequationis not an efficient way. We canactuallyget a good
approximation.We start from (26), and take the derivative with
respectto

Á
asusual.Let Ø�Ù�Ú)Û 1�ÜØ 1 � � , i.e.

Í 0 ~ � Ì 1�2Ý � H ;µ� H �! A" � � Á ;µÏ�; ¡ ;�Ðx;TÞ ��� � Ñ 1 �M> � ��
 Ñ ��¾ �Ê Í 0 H (32)
where Ó5Ô "|Þ � � C �
In practice,we find theright handsideof (32) is not importantin
determiningthe time whenovershootoccurs.Our approximation
is to simply let theright handsidebezeroandsolve for

Á
. Thus

Á
is approximatedbyÁ W � § Q ��ÏX� ¡ �oÐß�lÞ � C �Ks+" � �Ds > s E s5� ¥:¥(¥ (33)

Note that (26) is valid only when
ÁàÅ º � { 	DÖ , so the maximum

overshootoccursat the first
Á

when
ÁÒÅ º � { 	�Ö . Let

Á 3 Ù LMá andÁMâ � Ø LMá denotethe timeswhenfirst overshootandundershootoc-
cur respectively, andobviously

ÁMâ � Ø LMá �ãÁ 3 Ù LMá ; Q C � . Substi-
tuting

Á 3 Ù LMá and
Á-â � Ø LMá backinto (26),we cangetexpressionsfor

estimatingovershootandundershootvoltages.



7. Wire-sizing Optimization
We considertwo different optimizationobjectives. The first

objective is to find the optimal wire shapein termsof
	

and
�

suchthatdelayis minimized.Sinceringingcouldhelpto decrease
delay, it is possiblethata minimum delaywire shapecouldhave
someamountof ringing which causesfalseswitching. Therefore
we addoneconstraintto controlovershoot/undershoot.Theopti-
mizationproblemis statedasfollows:

Minimize / Æ 9uÇ ��	 s � �
Subjectto Ë Â ��	 s � ��ä Â �

whereË Â ��	 s � � is overshoot/undershootvoltageshown in (26),andÂ � is predefinedvoltagebound.
Oursecondobjective is to minimizethewiring areasubjectto a

targetdelaybound.For thewire shapefunctionconsideredin this
paper, i.e.

���������8	���
����
, theareais

¤ d9 �����)� w �à� 	 � �M> � ��
,� d � ,
whichis ananalyticalfunctiondependingon

	
and

�
. Wecanstate

this optimizationproblemformally asfollows:

Minimize
	 � �M> � � 
,� d �

Subjectto / Æ 9uÇ ��	 s � �mä /)åË Â ��	 s � ��ä Â �
where/)å is thedelaybound,andthesecondconstraintis to bound
overshoot/undershootvoltage.

In our experiments,we observe that /�Æ 9uÇ is a smoothfunction
in all experimentswe have performed,although /�Æ 9uÇ doesnot
have an analyticalform. In practice,we useConjugateGradient
method[1] to solve thesetwo optimizationproblems.

8. Experimental Results
In this section,we presentsomeexperimentalresults. Our

experimentsare performedon somesingle interconnectwires,
wherewe selectcircuit parametersin thefollowing ranges,

h c¯æE �à�
����s5������ç ,
0 dèæé� @ � > �z� @ EuêVë ,

y�9 æé� @ �����z� @A> ç C«ì ,7(9 æí� @ ���*�
� @#> � � ë C O�î H , 7 = æï� @ � F �»� @ E � ë C O�î , { 9 æ� @A> � > � êVð C O�î and
I æ£���µ��� îÒî . Thesecircuit parameters

areconsistentwith thosein [17]. All circuit parametersaswell
asrising timesarelistedin Table1. Eachparameterhasthesame
unit asshown in theranges.They aredividedinto 8 testexamples
labeledfrom T1 to T8. We will usetheseparametersthroughout
ourexperiments,andin addition,weboundtheundershootvoltage
to bewithin ��� . Our experimentsconsistof four parts.In Exper-
iment1, we useSPICEto verify our delayestimationmethod.In
Experiment2, we find

	
and

�
suchthat delay is minimized. In

Experiment3, we find
	

and
�

suchthat areais minimizedsub-
ject to a delaybound. For comparison,experiments2 and3 are
performedwithout theundershootvoltageconstraint.Only in Ex-
periment4, we addthe constraintandexplore how it affects the
wire-sizingoptimizationresultsin two optimizationobjectives.In
all experiments,we list

�
as
��ñ

, where
��ñ � � S > � 
�ò .

Test ¾,ó ô Ú õ�ö ÷�ö ÷�ø ù ¬ Ú ú ¾T1 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 parametersusedin all experiments.

Experiment 1: First,by comparingtheresultswith SPICE,we
investigatehow goodour methodfor delayestimationis. Since
SPICEcannot dealwith non-uniformwires directly, we approx-
imate eachwire by a large numberof uniform width segments
whosewidthsarecalculatedby

�������Õ�?	%��
,�-�
. Thereforea non-

uniform wire is approximatedby a large numberof
h I 0

seg-
ments.As thenumberof

h I 0
segmentsapproachesinfinity, the

SPICE-computedvoltageresponsewill beexact[12]. In all exper-
iments,we divide eachwire into 5,000segments. In additionto

delayscalculatedby usingour methodandSPICE,we alsocalcu-
late delaysusingthe Elmoredelaymodel(i.e. one-poleapproxi-
mation).TheElmoredelayunderrampinputcanbeapproximated
by / c � /)û c ; ~H /)¿ [11], where/)û c is theElmoredelayunder
stepinputand / ¿ is therising time. We carryout theexperiments
for eachsetof parametersfrom T1 to T8 in Table1. The results
are summarizedin Table 2. In Table 2, columns2-3 list some
choicesof

	
and

�
. Columns4-6 list delayscalculatedby using

theElmoredelaymodel,our delayestimationmethodandSPICE
respectively. In all experimentswehavedone,ourmethodis found
far moreaccuratethantheElmoredelaymodelandits delayvalue
is very closeto SPICE’s result. However, SPICEis computation-
ally expensive. For comparison,it takeslessthan

> î g to calculate
adelayvaluein usingourmethod.Onthecontrary, it takesSPICE
about10-60minutesto calculateonedelayvalue.All thetimesare
measuredin SUNUltra SparcI machines.

Example ü ý�þ 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 usingtheEl-
moredelaymodel,our methodandSPICEbasedon circuit parametersin
Table1.

Experiment 2: To solve the first optimizationobjective, we
will find the optimal

	
and

�
suchthat /�Æ 9uÇ is minimized. The

optimal
	

and
�

by usingour methodaresummarizedin Table3.
For comparison,we alsolist theseoptimal

	
and

�
foundby using

the Elmore delay model. In Table 3, columns2-4 list the opti-
mal

	
and

�
andminimumdelayvaluesby usingtheElmoredelay

model. Columns5-7 list similar resultsby usingour method,and
columns8-9 list SPICE-computeddelaysfor eachoptimalshape.
We use“E-Shape”and“Our-Shape”to denotetheoptimalshapes
determinedby the Elmore delay model and our methodrespec-
tively. By usingConjugateGradientmethod,theoptimal

	
and

�
canbe found within 10-20 iterations,and the total running time
is lessthan 0.1 second. Table 3 clearly shows somedifference
betweentwo kinds of optimal shapesdeterminedby the Elmore
delaymodelandour method.Althoughtheoptimalshapesdeter-
minedby theElmoredelaymodeldiffer from thesedeterminedby
ourmethodandtheElmoredelayvaluesarenotaccurateatall, the
wire quality in termsof minimum actualdelay is asgoodas the
onedeterminedby our method. Thereforedespiteits inaccuracy
in estimatingthe actualdelay, the Elmoredelaymodelhashigh
fidelity for thedelayminimizationobjective.

Test ElmoreDelayModel Our method SPICEDelayü ý þ Delay ü ý þ 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 2.171 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 2.572 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. Results for Experiment 2: Optimal ÿ and � thatminimizedelay
usingtheElmoredelaymodelandour method.

Experiment 3: We alsocarryout theexperimentsfor thesec-
ondoptimizationobjective,thatis to minimizethewiring areasub-
ject to a delaybound. The optimal shapeswhich aredetermined
basedontheElmoredelaymodelandourmethodaresummarized
in Table4. In Table4, column2 lists the delayboundsfor each
experiment.Columns3-5 list theoptimal

	
and

�
andminimized

areasdeterminedby usingtheElmoredelaymodel. Columns6-8
list similar resultsdeterminedby usingour method. Columns9-
10 list SPICE-computeddelayvaluesfor eachoptimalshape.It is
shown in Table4 thattheoptimalshapesdeterminedby theElmore



Test Delay ElmoreDelayModel Our method SPICEDelay
Bound ü ý þ Area ü ý þ Area E-Shape Our-Shape

T1 2.5ns 22.85 0.739 293236 11.49 0.576 179528 2.169ns 2.425ns
T2 6.5ns 5.007 0.457 91903 2.517 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 2.426 1869 0.332 2.132 894 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. Results for Experiment 3: Theoptimalshapeswhichminimizeareasubjectto adelayboundusingtheElmoredelaymodelandourmethod.The
wiring areahasunit ���

H
.

delaymodelhavemuchworseperformancethanthosedetermined
by our method.On theonehand,theseshapeshave muchbigger
area.Ontheotherhand,theactualdelayvaluesarenotcloseto the
delaybounds.Therefore,usingmoreaccuratedelaymodelsuchas
ourmethodis necessaryfor thisoptimizationobjective.

Experiment 4: We carryout similar experimentsasin experi-
ments2 and3, but we addtheundershootvoltageconstraint.We
explorehow theconstraintaffectstheoptimizationresults.For the
delayminimizationobjective, theresultsaresummarizedin Table
5. In Table5, columns6-9list optimalresultsafterconsideringthe
constraint.For comparison,columns2-5list optimalresultsbefore
consideringtheconstraint.They arecopiedfrom columns5-7 in
Table3, Experiment 2. T1 andT7 arenot listedin Table5, since
theold resultsalreadysatisfyundershootvoltageconstraint.

Similarly, Table6 list theresultsfor theareaminimizationob-
jective. Again,columns2-5 list resultsbeforeconsideringtheun-
dershootvoltageconstraint,andlast four columnslist the results
after consideringthe constraint. T1 andT4 arenot listed, since
the undershootvoltagesarewithin the bound. From Table5 and
6, we find that undershootvoltageconstraintdoesaffect the op-
timization results. Notice the differencebetweencolumns5 and
9 in both tablesfor the optimizationsbeforeandafter addingthe
constraint.Without consideringtheconstraint,theoptimalshapes
couldhave undershootvoltageswhich exceedthebound.By tak-
ing theconstraintinto consideration,theoptimalshapesmayhave
a little bit larger delaysor areas,but the undershootvoltagesare
safelybounded.It is thusnecessaryto take theundershootvoltage
constraintinto wire-sizingoptimization.

Test No undershootcontrol undershootcontrolü ý�þ Delay ��� ü ý�þ Delay ���
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 ÿ and � that minimize
delay using our methodbeforeand after addingthe undershootvoltage
constraint.

Test No undershootcontrol undershootcontrolü ý þ Area ��� ü ý þ Area ���
T2 2.517 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 2.132 894 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 ÿ and � that minimize
areasubjectto adelayboundusingourmethodbeforeandafteraddingthe
undershootvoltageconstraint.Thewiring areahasunit ���

H
.
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