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ABSTRACT
For crosstalknoisecalculation,computingswitchingwindows of
a net helpsus identify noisesourcesaccurately. Traditional ap-
proachesusea singlecontinuousswitchingwindow for a net. Un-
der this model, signal switching is assumedto happenany time
within thewindow. Althoughconservative andsound,this model
canresultin toomuchpessimismsincein realitytheexacttiming of
signalswitchingis determinedby apathdelayupto thenet,i.e. the
underlyingcircuit structuredoesnotalwaysallow signalswitching
at arbitrarytime within the continuousswitchingwindow. To ad-
dressthis inherentinaccuracy of thecontinuousswitchingwindow,
we proposea refinementof the traditionalapproaches,wheresig-
nal switchingis characterizedby a setof discontinuousswitching
windows insteadof a singlecontinuouswindow. Eachcontinuous
switching window is divided into multiple windows, called time
slots,andthesignalswitchingactivity of eachslot is analyzedsep-
aratelyto calculatethe maximumnoisewith moreaccuracy. By
controlling the size of a time slot we can tradeoff accuracy and
runtime,whichmakesthisapproachhighly scalable.Wehavecon-
firmed by experimentson industrialcircuits thatup to 90%of the
noiseviolationsdetectedby thetraditionalapproachcanbeunreal.

1. INTRODUCTION
As the processtechnologiesadvance,couplingcapacitances

becomedominantfor the total capacitancedue to the changeof
the aspectratio of metalwires in deepsub-microndesigns. The
impactof this trend is that couplingnoiseaffectsgate/netdelays
more significantly, resultingin larger timing variation and lower
yield rateof a chip. Many approacheshave beenproposedto take
theseeffectsinto accountin statictiming analysis(STA)[1, 2, 3, 4,
5, 6, 7, 8].

Crosstalknoiseaffects timing in two ways. If two netsswitch at
aboutthesametime in thesamedirection,thedelaydecreases,and
for theoppositedirections,thedelayincreases.If theadjacentnets

arequiet, thereis no crosstalknoise. Therefore,it is importantto
identify theswitching window(or timing window), a timing inter-
val duringwhich a netor a timing nodecanpossiblymake transi-
tions,so that if thereis no overlapof switchingwindows between
two couplingnodes,we canimmediatelyconcludethat thereis no
timing variation,therebyreducingtheanalysispessimism.Finding
themaximumcrosstalknoiseis thusequivalentto finding a maxi-
mumweightedsumof channeldensityproblem[9].

Typically, theswitchingwindows consideredin theliterature[1,2,
3, 4, 5, 6, 7, 8] arecontinuous(seeFigure1). They area timing
interval from the earliestarrival time to the latestarrival time of
a net. However, the arrival timesaretypically not continuousin-
sidea switchingwindow(seeFigure2), sincethereareonly a fi-
nite numberof pathsto a net. ConsiderFigure1 and2. Figure2
capturesswitchingactivity moreaccuratelyby discontinuouswin-
dows, while Figure1 is an approximationof Figure2 by a con-
tinuouswindow. Supposenet A and net B are aggressorsto be
alignedfor the maximumnoise. As is clear from Figure2, there
is no switchingwindow overlap. If Figure2 is approximatedby
Figure1, however, the two windows have overlap, resultingin a
falsealignmentandapessimisticnoiseestimation.Thegoalof this
paperis to take advantageof discontinuousswitchingwindows to
calculatecrosstalknoisemoreaccurately.
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Figure 1: ContinuousSwitching Windows
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Figure2: DiscontinuousSwitching Windows

Usingafixeddelaymodel,themaximumnumberof discretearrival
timesat a net is equalto thenumberof pathsto thenet. To avoid
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handlingapotentiallyexponentialnumberof discretearrival times,
weuse� atimeslotapproach,whereacontinuousswitchingwindow
is refinedasa setof time slotsof thesamesize.Thesizeof a time
slot is thusaneffective scalingfactorto tradeoff analysisaccuracy
versusspeedandcapacity. As the analysisresolutiongoesfiner,
moremaximumnoisecanbejustifiedprecisely.

The restof this paperis organizedas follows. In Section2. we
introducetheformulationandalgorithmicaspectsof ourapproach,
anddiscussthetheorybehindit. Section3 addressestheresolution
issues.Experimentalresultsareshown in Section4. In Section5,
weinvestigatearefinementof proposedmethod,whereslew effects
on themaximumnoisearemodeledmoreaccurately. Our conclu-
sionis givenin Section6.

2. FORMULA TION AND ALGORITHM
A victim is anetthatsuffersfrom anoiseeffect,andanaggres-

sor is anetthatcontributesnoise.Therolesmaychangedepending
on the context. An index set denotesa collectionof net indices,
representinga subsetof all nets.Let dki bethe interconnectdelay
of netk targetingnet i, Ai beanindex setof aggressornetsof net i,
Di beanindex setof faninnetsof neti’sdriving gate,andδki bethe
gatedelayfrom afanoutendof netk to neti. Let xi andyi represent

kid δki
kla ija

net 
net

k
i

Figure3:

the latestandtheearliestarrival timesof net i, respectively. They
canbewrittenas:

xi � max
k � Di

�
xk � dki � δki � (1)

and

yi � min
k � Di

�
yk � dki � δki ��� (2)

respectively. Traditionalcontinuousswitchingwindow modelde-
finestheswitchingwindow from timeyi to time xi .

Let s be the size of the time slot and ai j ��� 0 � 1� be a Boolean
variabledefinedasfollows:� ! ai j � 1 � if net i hasany arrival time t

suchthat js " t # � j � 1� s.
ai j � 0 � otherwise.

It canberecursively computedas:

ai j �%$
k � Di

akl � (3)

where & is a logical ”OR” operatorandl � j ')( dki
� δki
s * . Strictly

speaking,we mayneedto checktwo timeslots:

( j ' dki � δki

s * " l "+( j � 1 ' dki � δki

s *-,
Thenetsarevisited in thesameorderasin thecontinuousswitch-
ing window calculationor longestpath calculation: a depth-first

traversalof thedirectacyclic graph(DAG). Assumingthataggres-
sorsin the sametime slot canalign to createthe maximumnoise
onthevictim net i, wecancalculatethemaximumnoiseatnet i as:

max
0 . j .0/ L

s 1 ∑
k � Ai

φkiak j � (4)

whereL is the longestpathdelayor the maximumarrival time of
thecircuit andφki � R is thenoiseeffect from theaggressornetk
to thevictim net i. Althoughtheslew rateof netk maynot bethe
samefor all the time slots,φki is calculatedusingthe fastestslew
availableon netk to ensurea pessimisticanalysis.We canfurther

reducethesearchrangedown to theinterval 23( ymin
Ai
s * � ( xmax

Ai
s *54 , where

ymin
Ai

is theminimumarrival time of all theaggressorsof net i, and
xmax

Ai
is themaximumarrival timeof all theaggressorsof neti. That

is to say, Eq. 4 becomes:

max/ ymin
Ai
s 1 . j .0/ xmax

Ai
s 1 ∑

k � Ai

φkiak j ,
2.1 Arri val Time Uncertainty in Inter connect
Dueto asignaltransitionthroughaninterconnect,arrival timescan
bequitedifferentbetweenthedriverandthereceiversof anet.This
interconnectdelaycanbecapturedasuncertaintyof thearrival time
for thenet.Theswitchingwindow of a netthusneedsto bespread
out to cover theuncertaintyin interconnectsignalpropagation.For
example,supposethearrival time is 1000psat thedriverof anet,if
theinterconnectcantakeupto themaximumof 200psto propagate
to a receiver of thenet,we needto markthearrival time slotsfrom
1000psto 1200nsin theswitchingwindow of thenet. During this
time interval, thevictims of this netmayhave crosstalkeffects.

Let dmax
k is themaximuminterconnectdelayon netk. We needto

spreadout thearrival timeas:6
a
�
im � 1 � if ai j � 1 and j " m " j � ( dmax

k
s * �

a
�
im � 0 � otherwise,

wherea
�
im is the modifiedarrival time slot m for net i. Themaxi-

mumnoiseis thusrevisedas:

max
0 . j .0/ L

s 1 ∑
k � Ai

φkia
�
k j , (5)

Eq. 1 needsto berevisedas:

x
�
i � dmax

i � max
k � Di

�
xk � dki � δki � ,

Note thatxk is still unchanged,andthe earliestarrival time is not
affected.

2.2 Switching Window Density
Comparedwith the traditionalapproachusingcontinuousswitch-
ing windows, thetimeslotapproachcanhelpto reducetheanalysis
pessimism.The effectivenessstronglydependson the switching
windows’ density, which canbedefinedastheratio of thenumber
of non-zerotimeslotsto thetotal numberof time slotsin a switch-
ing window. The traditionalcontinuousswitchingwindows have
density1 by definition.This densitymeasureis a verygoodmetric
of how effective the time slot approachreducesthe pessimismof
noiseanalysis. If the densityis closeto 0, the switchingwindow
tendsto be very sparse,andthe time slot approachcancut down
mostof thepessimismin themaximumcrosstalknoise.



Slot size #Violation S.W. Density
Continuous7 352 1.000

400ps 204 0.891
200ps 162 0.842
100ps 131 0.789
90ps 134 0.779
80ps 132 0.755
70ps 130 0.720
50ps 123 0.720
1ps 94 0.430

Table1: Slot sizeeffecton the number of noiseviolations.

2.3 Input Timing Uncertainty
Typically, thearrival time of an input pin of a chip is givennot as
a constantbut a boundedtiming range.It mayrepresentthetiming
uncertaintydue to the process,voltage,or temperaturevariation.
Let I betheindex setof input nets.For i � I , we have6

ai j � 1 � if ( yi
s * " j "8( xi

s * �
ai j � 0 � otherwise,

whereyi andxi are the earliestarrival time andthe latestarrival
time, respectively. The larger the timing uncertainty, the denser
theswitchingswitchingwindows. Therefore,reducingthe timing
uncertaintyat the inputscanincreasethe effectivenessof our ap-
proach.

2.4 Complexity
Given N netsandtotal M fanoutsof netsin a circuit (similar to a
directacyclic graphwith N verticesandM edges),thecomplexity
of calculatingthearrival time slotsis O

�
N � M ( Ls * � by Eq. 3. The

dominantoperationis actuallythemaximumnoisecalculationby
Eq. 5, which hasthecomplexity O

�
NP ( Ls * � , whereP is themaxi-

mumnumberof aggressorsof a net,or equivalently themaximum
cardinalityof Ai , wherei � 1 ,9,:, N.

2.5 Implementation Consideration
Sinceai j ’s areBooleanvariables,we cancompacttheminto a 32-
bit integer. ai j canbe easilyrepresentedby a bit map. The time

slot rangesfrom ( yi
s * to ( x;is * for a net i. This approachhasvery

efficient memoryusagewith slight speedpenalty.

3. RESOLUTION AND TRUNCATION ER-
RORS

Thesizeof the time slot is animportantfactorfor theanalysisac-
curacy. We test different slot sizeson a small circuit with 8828
netsand7956cell instancesusing0.25µm technology, andcheck
the maximum noisepeak over 20% of power voltage. Table 1
shows the slot sizeeffect, wherethe first column shows the slot
size,thesecondcolumnshows thenumberof noiseviolationsand
the third columnshows the switching window density. The sec-
ond row marked with ”Continuous” is the traditional continuous
switchingwindow method.In general,asmallerslotsizecanresult
in fewer noiseviolations. However, noticethat the slot size90ps
generatemoreviolationsthantheslot size100ps.

Considerthe casein Figure4, wherethe time slot sizesare20ps
and30ps,respectively. Supposethe two aggressors’arrival times
are25psand35ps,respectively. If the time slot size20psis used,
we canalign thesetwo aggressorsby assumption.If the time slot
size30psis used,thesetwo aggressorscannotalign to createthe

0 20ps 40ps 60ps

X

X X

X

30ps

Figure4: Finer slot getsmore noiseviolations

maximumnoise.Therefore,thefiner timeslotdoesnotalwaysim-
ply thefewernoiseviolations.However, if thesizeof acoarsertime
slot is amultipleof afinertimeslot’ssize,thiscanbeavoided.That
is to say, aslongasthetimeslotsizeis continuouslydividedevenly,
asin Table2 (1000ps< 100ps< 10ps),thisproblemdisappears.

4. EXPERIMENT AL RESULTS
We conductedexperimentson several industrialcircuits. Table2
shows theresults.Thefirst columnis thecircuit name.Thesecond
columnis thenumberof netsin thatcircuit. Thethird columnis the
numberof cell instances.The fourth columnis the time slot size,
where”Cont.” representsthetraditionalcontinuousswitchingwin-
dow approach.Thefifth columnis theswitchingwindow density.
Thesixth columnshows thenumberof noiseviolations,wherewe
use40% of VDD asa threshold. The last columnshows the run
time ona Linux machinewith 1.26GHzCPU.

From Table2, the numberof noiseviolation canbe reduceddra-
maticallyby 90%for designWand43%for designA.Therun time
penaltywasjustaslight increase.In fact,thecontinuousswitching
window approachmay take more run time due to the processing
of an excessof noiseviolations. A finer time slot canreducethe
numberof thenoiseviolations. However, theamountof reduction
tendsto decreasesignificantlyaftersomefiner timeslots.

5. CONSIDERATION OF SLEW RATES
The approachproposedabove usesthe fastestslew at net i in the
computationof φki . Wethenassumethatthismaximumnoiseeffect
φki is achievable in any time slot in the entireswitchingwindow.
This is a conservative assumption,but a slew at net i maybemuch
larger thanthe fastestin sometime slots,resultingin pessimism.
We canincorporatethis effect by propagatingandmaintainingthe
fastestslew of eachtime slot andcomputingφki of eachslot based
on the slew there. Let αi j � R be the minimum or fastestslew in
time slot j of net i. Thepropagatedslew modelis thuswritten as:

αi j � min
k � Di

αkl

wherel � j '=( δik
�

dk
s * . Themaximumnoiseis calculatedas:

max
0 . j .0/ Ls 1 ∑

k � Ai

Φki
�
αk j �

whereΦk > i : R < R is a noisepeakfunction of slew rate, repre-
sentingthe noiseeffect from theaggressornetk to thevictim net
i. Notethatthis approachhasheavy speedandspacepenaltysince



Circuit #Nets #Instances Slot size S.W. Density #Violations Runtime
Cont. 1.000 51 16.8s

designA 19.0K 17.5K 1000ps 0.676 41 16.7s
100ps 0.596 29 17.2s
10ps 0.470 29 25.4s

Cont. 1.000 2652 49.8s
designS 25.0K 32.2K 1000ps 0.388 1553 46.1s

100ps 0.257 1526 46.3s
10ps 0.058 1507 47.4s

Cont. 1.000 2815 54.8s
designC 55.8K 50.0K 1000ps 0.785 2210 53.6s

100ps 0.647 1540 51.7s
10ps 0.384 1519 54.7s

Cont. 1.000 7330 176.0s
designB 81.8K 73.0K 1000ps 0.675 4738 176.0s

100ps 0.596 2951 170.0s
10ps 0.415 2430 245.0s

Cont. 1.000 14091 295.0s
designV 273.4K 234.3K 1000ps 0.816 7094 259.0s

100ps 0.614 3942 237.0s
10ps 0.596 2831 266.0s

Cont. 1.000 31782 2118.0s
designW 527.1K 444.7K 1000ps 0.722 10515 1927.0s

100ps 0.512 3164 1832.0s
10ps 0.270 3105 1993.0s

Table2: Comparisonof continuousswitching window and time slot approachon the number of noiseviolations.

thebit patternrepresentationfor ai j cannotbeusedany moreand
weneedto recordslew informationαi j in eachtimeslot. Thenum-
berof computationsof interconnectandgatedelayis proportional
to O

�
NP ( Ls * � . It is not consideredpracticalfor multi million-gate

design.

6. CONCLUSION
Switchingwindows canberefinedby time slotsto improve theac-
curacy. Our experimentsshow that up to 90% of potentialnoise
violations detectedby continuousswitching windows can be ex-
cludedby this approach.Moreover, thesizeof a time slot canbe
controlledto tradeoff accuracy to speedandcapacity, whichmakes
this algorithmhighly scalable.
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