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ABSTRACT

Delay dueto capacitve couplingof interconnectdiasbecomean
importantreliability issuein the designof nanometecircuits. In
this paperwe presenta probabilisticapproachtowardsanalyzing
theimpactof capacitve couplingnoiseon signaldelay Thevaria-
tion in thedelayis dueto thevariationin therelative arrival times
of theaggressorandthevictim. We derive expressiongor themo-
mentsof thevictim voltagein the presencef noise.Fromthesewe
computeestimatef the earliestandlatestpossiblearrival times
of thevictim. We comparethe analyticalresultswith Monte Carlo
simulationsusing SPICE.Even thoughthe analyticalcalculations
are 200 timesfasterthanthe Monte Carlo simulations the differ-
encesin the estimatesf the meanand standarddeviation of the
arrival timeis nomorethan2.8%.In addition,thewidth of thetim-
ing intenalsusingthe proposedpproachs reducedby asmuchas
48% with a confidencdevel of 0.984. Thatis 98.4%of the Monte
Carlo simulationsresultin an arrival time thatfalls within the de-
rivedinterval whichis 48%shorter

1. Introduction

The reductionin spacingbetweeninterconnectsn nanometer
scalecircuits hascausedhe crosscouplingcapacitancéo become
the dominantcomponentf the total interconnectapacitanc¢20,
22]. Similar trendsarealsoseenwith inductive couplingprimarily
dueto higherclock frequencied5, 11]. The term delaynoiseis
usedto describethe situationwhenswitchingon a net (aggressor)
resultsin achangen thetiming characteristicef theneighbouring
net (victim). Delay noisecanresultin the victim gettingdelayed
andthusresultingin a timing violation. The timing violation can
be a hold time or setuptime violation dependingon the relative
switchingdirectionsof thevictim andaggressor

Interconnectouplingnoisehasbecomea major concernin the
designof nanometescalecircuits. As aresult,noisesimulatord13,
20] have becomean indispensabléool in their design. Detailed
simulationof distributed RC modelsof anindustrial circuit using
noisesimulatorsis computationallyprohibitive asthey often have
hundredof thousandsf nets.Consequentlyaccuray is sacrificed
for speedby usinglinear modelsof the gatesthatdrive the victim
andaggressonets[13, 21], emplgying reducedordermodels[14,
15] in the solutionof the network equationsandusingsuperposi-
tion to processnultiple aggressors.

A key issuein noise simulationis the alignmentof aggressor
waveforms(3, 6, 13, 20, 21]. Associatedwith eachnetis anin-
tenal specifyingtheearliest(EAT) andlatestarrival time (LAT) of
thatsignal. The variationsin gateandinterconnectelaysaswell
asthevariationin lengthsof differentpathsall contrikuteto theun-
certaintyof the arrival time within this interval. Noisesimulators
assumeheworstcasescenaridy fixing thearrival timesof theag-
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gressorsothatthepeaksf thenoisewaveformsarealigned[3, 13,
20, 21]. Theworstcasealignmentresultsin the maximumdelayin
the arrival time of the victim [6]. Even thoughthe likelihood of
realizinga worst-case&eompositenoiseis relatively small, this pes-
simistic approactcanresultin a significantreductionin the clock
frequeng.

Much work hasbeendonetoward analyzingsignaldelayin the
presencef coupling. The main objectve is to determinethe new
timing intenal (earliestandlatestsignalarrival times)in the pres-
enceof couplingnoisefor usein statictiming analysi(STA). The
problemis complicatedbecausethe coupling capacitanceas not
constangsthevictim andaggressoswitch[8, 17], andbecausef
theinterdependencef the aggressoandvictim arrival times[17].
An iterative approachis neededto computethe timing intenal.
This is doneby startingwith aninitial windon andthenexpand-
ing or contractingit until the solution corverges[2, 4, 24]. The
windows thusobtainedcanbe usedfor STA [18].

Logic and timing correlations[7, 12] can also be usedto re-
ducethe pessimismin noiseanalysis. The setof aggressorgor
a givenvictim canbereducedbasedon functionalanalysisof the
signals[10]. However the computationatompleity of determin-
ing logic andtiming correlationds very high, andof limited ben-
efit sincephysicalproximity of signalsandfunctionaldependence
amongthemmightbe unrelated.

Even after pruning the nets,the worst caseassumptionsncor
poratedinto noise simulatorsoften resultin a very large number
of timing violations beingreported. Oneway to reducethis pes-
simismis to performa suficiently large numberof Monte Carlo
simulations,varying the arrival timesof the victim andaggressor
signalsover their respectre timing windows. Suchan approach
will yield afairly accurateestimate®f thearrival timesin thepres-
enceof noise, but requiresan enormousamountof computation
time. Whatis neededs an analyticalmethodthatwill yield esti-
matesof the arrival time of a signalin the presencef noise,while
takinginto accounthevariationsin thearrival timesof theaggres-
sor signals. This requiresmodelingthe victim waveform aswell
asthe noisewaveform dueto eachaggressoto constructa com-
positevictim waveform. Thenthe delayof thevictim asafunction
of relative signalarrival timesof the victim andaggressorsanbe
computed19]. In [8] the delayuncertaintyof a victim netresult-
ing from varying the slew rate of a singleaggressoanda victim
arestudied.

In this work we presentanapproachhatreduceghe pessimism
in obtainingthe earliestarrival time (EAT) andlatestarrival time
(LAT) of assignalin presenceof noiseby takinginto accountthe
variability of the arrival timesin absencef noise. The proposed
methodwill help designerdo accuratelypredictthe timing win-
dow of a signalwithout having to performtime consumingMonte
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Figure 1: Victim and Noise waveforms.

Carlo simulations. Similar work hasbeendonein [23] for func-
tional noise. Our methodpermitsmaking a tradeof betweenthe
uncertaintyin the estimateand the length of the timing window.

We compareour resultswith Monte Carlo simulationson netsex-

tractedfrom a high performancéndustrial processar The results
shav thatthe approacheadsto asmuchas50% reductionin the
width of thetiming window with only a 3% decreasén the proba-
bility associateavith thetiming window.

The organizationof restof the paperis asfollows: Section2
containsa descriptionof the noiseandthe victim models. It also
shavs a way to obtainthe EAT and LAT using the momentsof
the victim in presencef noise. A discussiorof the assumptions
is givenin Section3. The expressiondor the kth momentof the
victim andaggressowaveformsarederivedin Section4. Finally,
in Section5 we present comparisorof the theoreticakesultsand
Monte Carlo simulationsusing nets extractedfrom an industrial
processorircuit.

2. TheVictim and Noise M odels

A victim with a setof n aggressorss referredto asa clusterof
sizen. Sincewe are examining delay noise,we assumehat the
victim is switchingin from logic 0 to logic 1 andthe aggressois
switchingfrom logic 1 to logic 0.

The victim andthe aggressonetsare modeledasa RC ladder
network. Sinceall theelementsn our circuit arelinear, we canuse
the principle of superpositiorto modelthe voltageat a given net
by addingthe voltagesof the victim in absencef noise,denoted
by X(t), andthenoisewaveformresultingfrom theith aggressois
denotedby Z;(t). Thegeneraform of the noisewaveformseenon
thevictim dueto aggressoswitchingis a sumof weighteddecay-
ing exponentials We modelthevictim andthe noisewaveformsas
givenin [19].

Thevictim is assumedo be arising exponentialwith arisetime
of T;, maximumvoltageVyy and switchingtime tx. Figure (1)
shavs thevictim andthe noisewaveforms.The switchingtimes,T;
andty, areconsideredo be randomvariableswith triangulardis-
tributionsover[n; — a;, Ni + &] and[nx — ax, Nx+ ax] respectiely.
Hereni — g andn; + & representhe EarliestSwitching Time EST
andtheLatestSwitcing Time, LSTrespectiely. Alson; andny de-
notethe meanof the switchingtimes. The lengthof the switching
time windows is givenby 2a; and2ay. The correspondinglensity
functionof switchingtime for theith aggressois

1. N2 < .
fr, (1) = ;_z(a'—lT—rM) r].—a,_r<r].+.a. 1)
0 othemwise

SinceT; is a randomvariable, Z;(t) is a randomvariablefor a
fixedvalueof t. Let S(t) representhe resultingwaveformon a
givenvictim netin a clusterof sizen. As statedearlier usingthe
principleof superpositionwe canrepreseng,(t) asthesumof the
victim in absencef noiseandthe noisedueto eachaggressoiWe
assumethatthe randomvariablesz;(t),i = 1,2,...,n, areindepen-
dent. Thuswe have

Sh(t) = X(t) +Z1(t) + Zo(t) +-- - + Zn (). 2)

Thearrival time of a signalis definedasthetime afterwhichthe
signalvalueis morethanthethresholdvoltage. In the presencef
noisethe resultingvictim waveform can crossthe thresholdvolt-
agemultiple times. In sucha casewe areinterestedn finding the
last crossingof the waveform. S,(t) beinga continuousand non-
stationaryprocess,obtainingthe statisticsof the arrival time for
this processs notpossibleanalytically Thenext bestthingwe can
do is to accuratelyestimatethe arrival time window within some
confidencdimit. This is doneby first deriving the expressiorfor
the kth momentof the victim in presenceof couplingnoise. Let
Hy(t) ando, ) representhemeanandthe standardieviation of the
victim waveformin presencef noise.Thatis, ) = E[Sh(t)] and

Oy(t) = 1/ El(S(t) — Wyp))?] (seeEquationd). Similarly let p; and

ot representhe meanandthe standarddeviation of the victim ar
rival times. The time at which the meanof the victim waveform
crosseghe thresholdvoltageis an estimateof the meanof the ar
rival times(l) of thevictim in presencef noise.To find thetiming
window we definethetwo voltagewaveformsasfollows:

Vi O = W) — Koy
Vi ®) = myy Koy 3
Herek is definedasthe Reliability Factor. Increasinghe valueof

k increaseshe size of thetiming window aswell asthereliability
of thecircuit. Thuswe definethearrival time window asfollows

DEFINITION 2.1. Lett, denotehelatesttimet sudthatV, " (t)
Vgd/2. Similarly, lett,” denotethe latesttimet sud thatV, " (t) =

Vid/2. Then,tk+ andt,” denotetheupperandthelower limit of the
arrival timewindowrespectively

Both tlj andt,~ areobtainedby solving W) + koy) = Vad/2 and
Hy(t) — kcv(? = Vyq/2, for t, respectiely. We computethevoltage
waveformsfor differentvaluesof k, andfind the correspondingr-
rival times. Thesearrival timesform the EAT andthe LAT of the
victim in presenceof noise. Note that the intervals [EAT, LAT]
have a probability assignedo them. Therefore,it is indeedpos-
sible that a realizationof the circuit may resultin the arrival time
falling outsidethisinterval. Clearly, in statisticalbaseddesignwe
mustdeterminesuchaninterval ataprescribedevel of confidence.
We outlinetheentireproceduref computingthefinal arrival times
window for asignalin Figure(2).

3. Discussion of Assumptions
Our approachs basedn thefollowing assumptions:

1. the switchingtimesof the aggressorandthe victim have a
triangulardistribution,

2. the noisewaveform during theinitial part(rising or falling)
is linear, and

3. theindividual aggressoandthe victim signalsareindepen-
dent
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Figure 2: Flowchart for computing the Timing Windows

A triangulardistribution for the signal switchingtime is reason-
ablesinceit is finite andunimodal. The alternatve of a uniform
distribution is unrealistic. The resultspresentedn this paperare
easilymodifiedto accomodataon-symmetridriangulardistribu-
tions. The secondassumptionis also not too severe a restriction
sincethe inital part of the noisewaveform dueto eachaggressor
follows the steepfalling or rising transitionof theaggressont was
includedto simplify thealgebra.lt hasno significantimpactonthe
accuray. Theassumptiorthattheaggressorareindependenis an
orthogonalissue.Underazerodelaymodel,determinatiorof logic
correlationds doneseparatelyThiswouldidentify thesetof "real”
aggressorfor agivenvictim. Theapproachpresentedh this paper
would still bevalid. Temporalcorrelationsarefar moredifficult to
model. At presentwe cannotaccountfor suchdependencies.

4. Moments of the Coupled Victim

In this sectionwe derive the momentsof the victim in a cluster
of sizen. Since$,(t) canbewrittenasshawvn in (2), the moments
of thevictim in presencef noisecanbewritten as

E[S5(0)] = E[X(®) +Z1(t) + Zo() +---+Zn(1)] (@)

Henceto obtainthe momentsof the coupledvictim, we first need
to derive themomentsof thenoiseandthevictim. For this, we first
derive the momentsof the individual noise waveforms. The kth
momentof theindividual noisewaveformis givenby [1]

E[ZK(1)] = g((l;i)lk)((rlﬁz) [(t—ag)2+
(t—yo)k2 =2t — By)*2-
(K+2){2(By — i) (t— Br)T*—

(o — i+ a)(t— ag)H 4 (5)
(i +a —yo) (t—y0) 3]+

(=Vp) (qgk(tfnwafvp/n)f

ai (1- e kt- n.+a,—vp/rl)/fn)>

the abave expressioris for t € [nj —a; +Vp/ri,Ni +Vp/ri] similar
expressionscan be derived for the rest of the casesaswell. the
valuesof a1,B; andy; for the conditionVp/rj > & aregivenin

Table 2: Parameters of the victim and noise waveforms
Signal | PeakVolt. (V) | Risetime(ns) | Fall time (ns)
Victim 1.35 26.20 NA
Agg. 1 -0.408 26.178 0.962
Agg. 2 -0.515 26.313 2.065
Agg. 3 -0.040 26.193 0.775
Tablel where

t1=ni— ta =i +Vp/ri

to=ni—a+Vp/ri 5 = Nj +a

t3 =n;j te =i +a +Vp/ri

The momentsof the total noise can be computedfrom the in-
dividual noisemomentsusingthe binomial expansionrecursvely.
The producttermsin this expansionaresimply the productsof the
previously computedmomentsof individual noisewaveforms.We
now derive the kth momentof the Victim. Herewe give the kth
momentfor t € (nNx — ax,Nx), Similar expressionsanbe obtained

for restof thecases.
k )
5 () -
=\ J

Vé‘d(t —Nx+a)
ag
k K 12 :
Vdd Z <k> (—1)] Lf(l, e it=nctag/m)
aZ =\ j2
A closedform for the abore summationwas not possible. Sowe
numericallycomputethe momentof thevictim. Thekth moments

of the noiseandthe victim canbe combinedto obtainthe kth mo-
mentof thevictim in presencef noise.

EXX(t)] = 1+
(6)

5. Experimental Results

We usedanRC network modelof a clusterextractedfrom ahigh
performancendustrialprocessorSPICEwasusedfor performing
the Monte Carlo simulationsby varyingthe switchingtimesof the
victim andthe aggressors.The parametergor the noiseandthe
victim waveformswereobtainedafter onesimulationfor eachnet.
The model parameterare shavn in Table2. The parameter®of
the probability distribution were taken to be differentfor all the
nets. The logic thresholdvoltage(voltageabore which the signal
is assumedo be at logic 1) wastakento beVyq/2 (0.675V).The
clustersize (numberof aggressorsyvas3. Thefigures(3) and(4)
shaw both the calculatedand simulatedmeanandthe varianceof
thevictim voltagerespectiely in the presencef noise.We seethat
theerrorin theregion of interest(closeto the Thresholdvoltage)is
lessthan1% for themean.

Thedistributionfunctionof thesimulatedarrival timesof thevic-
tim in presencef noiseandin absencef noisewereconstructed.
Figure (5) shavs the two distribution functions. The distribution
of thevictim in absencef noiseis shiftedto theright by 11.18ns
for bettervisibility. Fromthesecurves,we seethatthe meandelay
on the victim is 11.12ns (or closeto 30%). We alsoseethatthe
shapeof thedistribution functionof thevictim in presencef noise
is considerablydifferentfrom the onein absencef noise. Thisis
becausehe effect of noiseon the victim is equivalentto convolv-
ing the densityfunctionsof the victim andthe aggressorsvhich
will resultin a similar waveform.

Four differenttestcaseweregeneratedby varyingtheswitching
windows of the nets. The widths of the switchingwindows varies
considerablyover all the cases Figure6 shavs the p) + 1.50,)
and) — 1.50(ty. This figure shavs the calculationof the EAT



Table 1. Valuesof ay, B1 and y1

Ranget | (—oo,ty] | (ty,t2] | (t2,t5] (t3,14] (tg,t5] (ts, te] (ts, )
o1 t t1 t—Vp/ri | t=Vp/ri [ t=Vp/ri | t=Vp/ri | t=Vp/ri
B1 t t t ni t—Vp/ri | t—=Vp/ri | t—Vp/ri
V1 t t t t t ni+a | t—Vp/ri

14

12r

0.8

Time:
Monte-Carlo (2000) : 16837s
Theoretical 119s

Error (near Vm) <1% 7

Theoretical and Simulated Mean of the Victim with noise
o
i

— Theoretical
— Monte-Carlo

time (s) x10"

Figure 3: Means of the Victim waveform.

Table 3: Comparison of the Theo. and Sim. Arrival Times

Case Sim. Theoretical
EAT/LAT EAT/LAT | Prob | Win. sizered.
| 36.92/40.47| 38.18/40.02| 0.962 48.2%
I] 37.3/41.66 | 38.26/40.94| 0.956 38.6%
11 48.21/58.65| 50.02/56.45| 0.97 38.5%
IV | 45.12/56.08| 47.07/52.67| 0.984 48.91%

andtheLAT of thevictim waveformin presencef noise. The EAT
andthelatestarrival timesfor therestof thecasess listedin Table
(3). Thistablealsoshaws the percentagef the simulatedarrival
timesthatfall in thiswindow. The percentageeductionin the size
of thewindow is alsoshavn. We seethat even after reducingthe
sizeof thewindow by asmuchas48%,theprobabilityof thearrival
times falling within this window reducesby only 1.6%. Thatis
98.4%of thetotal arrival timesfall within thiswindow. This result
alsoreflectson theamountof pessimisnassociateavith theworst
caseanalysisandhow to reduceit.

Figure(7) shavs the percentagef signalarrival timesfalling in
the timing window with respecto k. We seefrom the figure that
ask is increasedthe percentagef eventsthatfall in the arrival
time window increasesFor k greaterthan1.5, the percentagdor
all the caseds greaterthan95.6%. Thuschoosinga k greaterthan
1.5 givesa very goodestimateof the arrival time window without
sacrificingtheaccurag.

Sincethe convolution of a large numberof triangulardistribu-
tionstendsto Gaussianyve estimatethe empericallyobtaineddis-
tribution with a Gaussiarand comparethe meanandstandardie-
viation of this with the theoreticallyobtainedmeanand standard
deviation. Table ( 4) shavs the theoreticalvaluesandaswell as
thoseobtainedby Monte Carlo simulation. We seethatthe values
matchwithin a maximumerror of 2.8%. Thuswe canusethese
valuesto give accurateconfidencdimit onthearrival times.

— Theoretical
— - Monte-Carlo

004F | —
0.035

0.03

Time:
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Figure 4: Second Central Moments of the Victim waveform.

Table 4: Simulated vs. Theoretical Mean and Std. dev.

Case Simulated Theoretical Error
p(ns) | o(s)| p(ns) | a(ns)| p(ns) | o(ns)
I 38.7 | 0.606| 39.1 | 0.614| 1% 1.3%
1l 39.41| 0.896| 39.62| 0.887| 2% 1%
1] 53.15| 2.09 | 53.46| 2.14 | 0.6% | 2.8%
IV | 49.83| 1.83 | 50.00| 1.87 2% 2.2%

6. Conclusions

In thispapewe presentednew approacho analyzedelaynoise.
The objective wasto getan estimateof the arrival timesof a vic-
tim in presencef cross-couplingf adjacennetswithoutperform-
ing thetime consumingMonte Carlo simulations.The theorywas
appliedon a clusterextractedfrom a high performancemicropro-
cessorand the resultswere verified by performing Monte Carlo
simulationsusingSPICE.Theresultsshav avery goodagreement
betweenthe theoreticaland simulatedvalueswith the maximum
errorbeing2.8%. The approactreduceghe pessimisminherentin
theworstcaseanalysishy asmuchas48%.
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