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Abstract
This paperpresentsa highly accurate yet efficient crosstalknoise
model,the2-� model,andappliesit to interconnectoptimizations
for noisereduction. Compared to previous crosstalknoisemod-
elswith similar complexity, our 2-� modeltakesinto consideration
manykey parameters, such as coupling locations(near-driver or
near-receiver)andthecoarsedistributedRCcharacteristicsfor the
victimnet.Thus,it is veryaccurate(lessthan6%error onaverage
compared with HSPICEsimulations). Moreover, our modelpro-
videssimpleclosed-formexpressionsfor bothpeaknoiseamplitude
and noisewidth. It is therefore very usefulto guidenoise-aware
layout optimizations. In particular, we demonstrate its effective-
nessin twoapplications:(i) optimizationrule generation for noise
reductionusingvariousinterconnectoptimizationtechniques;(ii)
simultaneouswire spacingto multiple netsfor noiseconstrained
areaminimization.

1 Intr oduction
In deepsub-micron(DSM) circuit designs,the coupling capaci-
tancebetweenadjacentnetshasbecomea dominantcomponentas
taller andnarrower wires arenow placedcloserto eachother[1].
Thecouplingcapacitancenotonly leadsto excessive signaldelays,
but also causespotential logic malfunctions. The latter problem
is especiallyseriousfor designswith high clock frequencies,low
supplyvoltages,andusageof dynamiclogic sincethey have low
noisemargin. To make surea final layoutto benoiseimmune,ac-
curateyet efficient noisemodelsareneededto guideinterconnect
optimizationsatvariousstages.

In recent years, a number of researchershave worked on
crosstalknoisemodelingfor layoutoptimizations.In [2], a simple
peaknoiseformulawasobtainedby modelingeachaggressorand
victim netby anL-typeRCcircuit, underthestepinputassumption
for aggressornets. Later, [3, 4, 5] extended[2] to considera sat-
uratedramp input, or a Pi-typelumpedRC circuit. Most of these
models,however, did not considerdistributedRC network, which
is neededin DSM designs. In [6], an elegantElmore-delaylike
peaknoisemodelwasobtainedfor generalRCtrees,andit guaran-
teesto be an upperbound. However, [6] assumedan infinite (i.e.,
non-saturated) rampinput. Thus,it maysignificantlyover-estimate
thepeaknoise,especiallyfor largevictim netsandsmallaggressor
transitiontimes(very likely in DSM). In fact, the peaknoiseob-
tainedfrom [6] mayevenbelargerthanthesupplyvoltage.Recent
work in [5] canhandledistributedRC network andsaturatedramp
input. But it canbeshown that[5] hasup to 100%over estimation
comparedto themodelin [6] whentheaggressortransitiontime is
muchlarger thanthevictim netdelay(seemoredetailedexplana-
tion in Section2).

In this paper, we develop a much improved crosstalknoise
model, called the 2-� model. It overcomesmajor drawbacksof
existingmodelsby takinginto considerationmany key parameters,�
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suchastheaggressorslew at thecouplinglocation,thecouplinglo-
cationatthevictim net(near-driverornear-receiver),andthecoarse
distributedRCcharacteristicsfor victim net.Ourmodelis very ac-
curate,with lessthan5% erroron averagecomparedwith HSPICE
simulations. Moreover, it enjoys simpleclosed-formexpressions
for bothpeaknoiseandnoisewidth andprovidesvery clearphysi-
cal meaningfor key noisecontribution terms.All thesecharacter-
istics of our 2-� modelmake it ideal to guidenoise-aware layout
optimizationsexplicitly.

Therestof thispaperis organizedasfollows. Section2 presents
the 2-� model, its analytical solutions, and the validation by
HSPICEsimulations. Then,we demonstratethe effectivenessof
our2-� modelin noiseconstrainedinterconnectoptimizations,fol-
lowedby theconclusionsin Section4. Dueto thespacelimitation,
we leave somedetailsof this paperin [7] which interestedreaders
canreferto.

2 The 2-� CrosstalkNoiseModel

In this section,we first presentthe 2-� modeland the analytical
solutionsof its two key noisemetrics(i.e., peaknoiseandnoise
width). We thenextendthe2-� modelto handlegeneralRC trees,
andshow experimentalresultsto validatethemodel.

2.1 2-� Model and its Analytical Solutions

For simplicity, we first explain our 2-� model for the casewhere
the victim net is an RC line. We will extendthe 2-� model to a
generalRCtreein Section2.2.Foravictim netwith someaggressor
nearby, asshown in Figure1 (a), let theaggressorvoltagepulseat
thecouplinglocationbeasaturatedrampinputwith transitiontime
(i.e., slew) being ��� , andthe interconnectlengthof the victim net
beforethe coupling,at the couplingandafter the couplingbe 	�
 ,	� and 	�� , respectively.

The2-� typereducedRCmodelis generatedasshown in Figure
1 (b) to computethecrosstalknoiseat thereceiver. It is called2-�
modelbecausethe victim net is modeledas2-� typeRC circuits,
one beforethe coupling and one after the coupling. The victim
driver is modeledby effective resistance��� . OtherRC parameters���

,
���

, � 
 , ��� , ��� , and
���

are computedfrom the geometric
informationfrom Figure1 (a) in the following manner. The cou-
pling node(node2) is setto bethecenterof thecouplingportionof
thevictim net, i.e., 	 
�� 	����� from thesource.Let theupstream
anddownstreaminterconnectresistance/capacitanceat Node2 be� 
 / � 
 and ��� / � � , respectively. Thencapacitancevaluesaresetto
be
� �� � 
!�"� , � �# %$ � 
 � � �!& ��� and

� �' � � �"� � ��( . Com-
paredwith [2, 3] whichonlyusedonelumpedRCfor thevictim net,
it is obvious that our 2-� modelcanmodelthe coarsedistributed
RCcharacteristics.

Sincewe consideronly thosekey parameters,the resulting2-�
model can be solved analytically (see[7] for details). Then us-
ing thedominant-poleapproximationsimilar to [8, 4, 9], we have
thefollowing voltagewaveform(in the ) -domain)at thevictim net
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Figure1: (a) Thelayoutof a victim netandanaggressorabove it.
(b) The2-� crosstalknoisemodel.

sink (for a saturatedaggressorinput with transitiontime � � , whose
Laplacetransformationis *,+!-.- $ ) &  �0/ �.1325476
98�: 6 ):

*,;=<>: $ ) &  )!� �)!��? �A@CB * +!-=- $ ) &  � � $ @�DFE / 
�: 6 &)��0� $ )��0? �G@ & (1)

wherethecoefficientsare� �H $ �#� � ��
 & � � (2)��?  $ �#� � � 
 & $ ��� � ��� � ��� & � $ ��� ��� � ��� ��� &.I (3)

It is interestingto observe that � � is in fact the RC delay by the
upstreamresistanceof thecouplingelementtimesthecouplingca-
pacitance,while � ? is theElmoredelayof thevictim net.

Computingthe inverseLaplacetransformof (1), we canobtain
thefollowing simpletimedomainwaveformJ ;=<>: $ � &  K :ML: 6 $ @�DFE / :ON=:OP & QSR � R �0�:ML: 6 $ E /UT : / : �=V N=:7P DFE / :ON=:OP & ��WX� � (4)

It is easyto verify thatin theabovenoiseexpression,J ;=<>: mono-
tonically increasesat Q'R � R � � , andmonotonicallydecreasesat��WX� � . Thus,thepeaknoisewill beat �  � � , andits valueisJ"Y + �Z � �� � $ @#D[E / : 6 N\:OP &.I (5)

Theabove peaknoiseformulafrom the2-� modelcanbedegener-
atedto somespecialcasesto encapsulatenoisemodelsderived in
previousworks. As � �^]_Q (i.e.,a stepinput), J�Y + � ] : L:OP , which
is in thesameform asin [2] (without interconnectresistance)and
[5] (with interconnectresistance).In thecaseof � � W`Wa� ? (actually� � Wcb>� ? is enough),J"Y + � ] : L: 6 , which is in thesameform as[6].

It is also interestingto comparewith the recentwork by [5],
wherethe peaknoisewith saturatedrampinput canbe written asJedY + �  :ML:OPgfh: 6 N � . Although obtainedfrom a totally differentap-

proach,J dY + � from [5] is indeeda first-orderapproximationof ourJ"Y + � in (5), since� �� � $ @�DiE / : 6 N=: P &  � �� ?�j @kD @� � �� ? � I!I�I l (6)m � �� ? @@�� �� : 6:OP  � �� ? � � � �"� (7)

However, suchapproximationis only valid when�0�^nX�0? . It will be
muchoff when � � W`Wo� ? , sinceit throws away larger terms.This
explainswhy JedY + � in [5] givestwicepeaknoiseof thatin [6] when

���pW`Wq�0? , i.e., 100%over estimation.It alsoexplainsthe results
in TableII of [5] thatas � � getslarger (from 100psto 500ps),the
averageerror of peaknoiseexpressionfrom [5] getslarger (from
6%to 10%).

PeaknoiseamplitudeJ�Y + � is not theonly metricto characterize
noise.Undersomecircumstance,eventhepeaknoiseexceedscer-
tain thresholdvoltage,a receiver maystill benoiseimmune.This
canbe characterizedby somenoiseamplitudeversuswidth plots.
Thenoisewidth is definedasfollows.

Definition 1 NoiseWidth: Givencertain thresholdvoltage levelJ : , the noisewidth for a noisepulseis definedto be the lengthof
timeinterval thatnoisespikevoltage J is larger or equalto J : .
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Figure2: Illustrationof thenoisewidth.

From Eqn. (4), we cancompute� � and � � , andthus the noise
width � � D � �  ��?"rtsvu $ � � D �0� J : & $ E : 6 N=:7P Dw@ &�0� J : x (8)

In this paper, we setthethresholdvoltage J : to behalf of thepeak
noisevoltage, J :  J Y + � ��� . Then,thenoisewidth of (8) is sim-
plified into

�0y{z � :M|  � � D � �  �0� � ��?"rtsvu @�DiE /{� : 6 N\: P@�DiE / : 6 N\: P x (9)

Note that � � is cancelledout in (9). Onecaneasilyverify the fol-
lowing propertyfor thenoisewidth.

Lemma 1 The noisewidth � y{z � :M| is a monotonicallyincreasing
functionof � � and � ? , i.e., }~� y{z � :M| �g}~� � W Q and }~� y{z � :M| �>}~� ? W Q ,
andit is boundedby � � nc� y{z � :M| nw� � � � ? r7sU� .
2.2 Extensionto RC Trees
Our 2-� modelcanbe easilyextendedto a victim net in general
RC treestructures.To computethecrosstalknoiseat acertainsink
(receiver) �3� , we build the corresponding2-� modelasshown in
Figure 3. It is similar to that shown in Figure1, with the same
upstreamanddownstreamresistances.The only differenceis that
we now incorporatethe lumpedcapacitanceat eachbranchon the
pathfrom sourceto sink � � , i.e.,

��� �
, ...

��� z . We will addthese� � z ’s into
� �

,
� �

or
� �

in thefollowing weightedmanner:� If a branch� z is betweenthesourceandthecouplingcenter,
let itsdistanceto thesourcebe � $ 	�
 � 	 � �"� & . Then

$ @�D � & � � z
goesto

� �
and � � � z goesto

� �
.� If a branch� z is betweenthesinkandthecouplingcenter, let

its distanceto the sink be � $ 	 � � 	 � �"� & . Then
$ @^D � & � � z

goesto
� �

and � � � z goesto
� �

.



Cl

tr

LcLs Le

Cb1 Cbi

Sj

Figure3: Extensionof the2-� modelfor generalRC trees.

Actually, it caneasilybeshown thatin theresulting2-� modelof
multiple-pinnets,� � is thesameasthatin 2-pinnetswhile � ? is still
theElmoredelayfrom thesourceto sink � � , but now with branch-
ing capacitances.Theanalyticalsolutionsof the2-� modelremain
the same. Note that for a couplingelement(e.g.,

� �
) not on the

pathfrom thesourceto sink � � (i.e.,couplingwith somebranching
elements),the computationof � � only takes

� �
’s upstreamresis-

tancecommonto thepathfrom thesourceto sink � � (in thesame
principleastheElmoredelaycomputation).

As for thetimecomplexity, givena2-� model,it only takescon-
stanttime to computethepeaknoiseandthenoisewidth aswe we
have theclosed-formexpressionsfor them.To reducea distributed
RC circuit to the 2-� model, we only needa linear traversalof
the victim net (to computeupstream/downstreaminterconnectre-
sistance/capacitanceat thecouplingnodeandsoon for � � and ��? ),
whichcanbedonein lineartimeaswell, thesameasin [2, 6]. It is
obviousto bethelowerboundof thecomputationalcomplexity for
any reasonablenoisemodel.

2.3 Validation of the 2-� Model
The2-� modelandits analyticalpeaknoiseaswell asnoisewidth
expressionshave beentestedextensively and shown to work re-
markablywell comparedto HSPICEsimulations. To obtainhigh
fidelity andto detectthecornerscenarios,werunour2-� modeland
themodelsin [6] and[5] versustheHSPICEsimulationson 1000
randomlygeneratedcircuitswith realisticparametersin a 0.18���
technology(extractedbasedonNTRS’97[1]). For thetestcircuits,
the driver resistance��� is from 20 to 2000 � , the loadingcapac-
itance

��(
is from 4 to 50 �~� , the lengthparameters	�
 , 	 � , and	 � are from 1 to 2000 �U� , the wire width/spacingis either 1x

or 2x minimum width/spacing,andthe aggressorslew is from 10
to 500ps. Our experimentsshow that the averageerrorsfor peak
noiseestimationusing[6], [5] andour 2-� modelare589%,9%,
andlessthan4%, respectively. Table1 summarizesthepercentage
of netsthat fall into certainerror rangesusingthe2-� modelwith
closed-formpeaknoiseandnoisewidth expressionsfrom (5) and
(9) comparedwith thosefrom runningHSPICEsimulations. We
canseethatusingour model,bothpeaknoiseandnoisewidth are
within 4% error on average,andalmost95% netshave lessthan
10%errors.

Error range J Y + � � y{z � :M|
within +/- 20% 99.9% 98.8%
within +/- 15% 95.8% 96.8%
within +/- 10% 93.5% 94.6%
within +/- 5% 83.1% 84.7%
Averageerror 3.7% 3.6%

Table1: The percentageof netsthat fall into the error rangesfor
peaknoise( J Y + � ) andnoisewidth ( � y{z � :O| ) from the2-� model.

We have alsotestedthe 2-� modelon a setof randomlygener-
atedmultiple-pinnetswith generaltreestructures.Ourexperimen-
tal resultsshow thatour2-� modelstill workssurprisinglywell for
generalRC trees. Figure4 shows the scatterdiagramcomparing
the 2-� model (y-axis) with HSPICE(x-axis) simulationsfor 20
randomlygeneratedfour-pin nets(i.e.,with two branches).Theex-
perimentalsettingis thesameasthosefor 2-pinnets.Thebranching
wire lengthrangesfrom 1 to 2000 ��� . Thebranchinglocationcan
beanywherefrom driver to receiver. HSPICEsimulationsareper-
formedondistributedRCnetworksby dividing eachlongwire into
every 10��� segment. Again, for all test circuits, the 2-� model
givesvery goodestimation(closeto the �  ��

line in the scatter
diagram). The averageerrorsfor peaknoiseandnoisewidth are
just4.3%and5.89%,respectively.
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Figure4: Comparisonof 2-� modelversusHSPICEsimulationfor
20randomlygeneratedRCtreesfor (a)peaknoise,(b) noisewidth.

3 Applications in NoiseReduction and Noise-
ConstrainedInterconnectOptimization

Dueto thehigh accuracy yet simpleclosed-formnatureof the2-�
model,we canuseit in many differentscenarios,from noisees-
timation/analysisto noise-aware interconnectoptimizations. This
sectiondemonstratestheeffectivenessof ourmodel.

3.1 SomeOptimization Rulesfor NoiseReduction
Fromtheclosed-formformulaeof peaknoiseandnoisewidth, we
can perform parametricstudiesand obtain a set of optimization
rulesto guideeffective noisereduction. The derivation andjusti-
ficationof theserulesarein [7]. Thefollowing four rulesareonthe
peaknoise.

Rule 1 (On Dri ver Sizing) If ��
 � � nq� � � � , thensizingup the
victim driver strength(i.e., reduceeffective � � ) will reducepeak
noise. However, if ��
 � � W�� � � � and � � n`n�� ? , driver sizing
will not helpto reducepeaknoise. In eithersituation,there is cer-
tain lower boundfor peaknoisethat canbeachievedby just doing
driver sizing.

Rule 2 (On Coupling Location) During topology genera-
tion/routing of a noise-sensitivevictim net, oneshall avoid near-
receivercoupling, especiallyto its strongaggressors.

Rule 3 (On Shield Insertion) The placement/insertionof non-
aggressive(quiet)neighborsarounda victimnetwill helpto reduce
the crosstalknoise. Thepreferred position for shield insertion is
neara noise-sensitivenet’s receiver.

Rule 4 (On Wir eSizing and Spacing)Wire spacingis alwaysan
effectivewayto reducenoise, withanareapenalty. For a givenarea
constraint, wire spacingis usuallymore effectivethan wire sizing
for crosstalknoisereduction.



Sometimes,a receiver maystill benoise-immuneeventhepeak
noise� exceedscertainthresholdvoltage.This canbecharacterized
by somenoiseamplitudeversuswidth plots, which can then be
transformedinto an amplitude(A) versusamplitude-width(AW)
product(A-AW plot) [2]. This subsectionrevealssomeinteresting
propertyon the noiseamplitude-widthproduct. From (5) and(9)
theAW productcanbewrittenas���  $ ��� � ��
 & � � B � $M� & (10)

where� $M� &  � L / �.1 L�0/ � 1 L r7s � L / �.1 L�0/ � 1 L and
�� ���g�g��? . It canbeverified

that � $M� &�� j r7sU�e� @ l . Thus,wehave thefollowing importantrule:

Rule 5 (On Noise Amplitude-W idth Product) The noise
amplitude-widthproducthasa lower boundof r7sU� $ ��� � ��
 & � � ,
andan upperboundof

$ ��� � � 
 & ��� . Otherparameters such as� �
,
� �

, � � , � � only play a minor role in it. Theeffectivewaysto
reduceAWarewirespacing, driver sizingandwiresizing.

3.2 SimultaneousWire Spacingfor Multiple Nets

To furtherdemonstratetheeffectivenessof our2-� model,weapply
it to asimultaneouswire spacingproblemfor multiplenets.

Given: (1) The initial layoutof multiple netsandtheir noisecon-
straints;(2) theminimumwire spacingbetweeneachcouplingpair.

Minimize: Thetotalareaor equivalently, thetotalspacingbetween
all nets.

Subject to: No noiseviolation for eachnet.

This problemmaybe formulatedinto somenonlinearprogram-
ming problem under simple formula-basedcapacitancemodels.
But in DSM designs,table-basedcapacitancemodelis usuallyre-
quiredfor adequateaccuracy, whichmakestheproblemdifficult to
solvedueto lackof analyticalexpressions(possiblenon-convexity,
etc.). Thus, we proposea simple but effective sensitivity-based
spacingalgorithm(SBSA)to solve it. Thenoisereductionsensitiv-
ity � J z � atsomespacing)�z � (betweentwo adjacentnets� and� ) is
definedto bethetotal noisereductionfor thosenoise-violatingre-
ceiversin nets� and� , dueto somenominalspacingincreaseto )gz � ,
say �S) z � . The algorithmstartsfrom someinitial layout. As long
asthereis noiseviolation, it checkseachspacingthat is a possible
causeof thenoiseviolation,computeits noisereductionsensitivity,
andselectstheonewith themosteffectivenoisereductiondueto a
nominalspacingincrement.This procedurewill be repeateduntil
thereis nonoiseviolation.

We apply our SBSAto a 4-bit fully parallelbus of 1 mm long,
with � �  @�� Q � ,

� (  �>b��~� , wire width of Q�I ��� ��� , and �0�    Q=¡ ) . The noiseconstraintis set to be 0.2 *,�=� . Table2 lists the
spacingsbetweenadjacentbuslinesusingSBSA.We comparethe
resultingspacings( ) �¢� denotesthespacingbetweenthefirst andthe
secondbusline, andsoon. £�� denotesthetotal spacing)from our
metricswith two othermetrics[6] (Devgan)and[5] (Vittal). Welist
resultsundertwo different �S) , 0.33�U� and0.11��� , respectively.
It canbeseenthatusingDevganandVittal modelsmayleadto too
conservative spacingby as much as 70% and 31%, respectively,
due to their peaknoiseover-estimation. It is also interestingto
seethat,comparingwith astraightforwardequalspacingalgorithm
(i.e., ) �¢�� ) ��¤� ) ¤0¥ , with thetotal spacing£��U¦U§ at thelastrow
of Table2), theSBSAalgorithmwill usemuchlessarea,with area
reductionby up to 11%(total spacingof 5.28 ��� versus5.94 �U�
for 2-� modelwith �¨) = 0.33 ��� ).

spacing( ©«ª ) ¬` = 0.33©3ª ¬` = 0.11©«ª
Devgan Vittal 2-® Devgan Vittal 2-® �¢� 2.64 1.98 1.65 2.42 1.98 1.54 ��¤ 3.63 2.97 1.98 3.52 2.75 2.20 ¤0¥ 2.64 1.98 1.65 2.42 1.98 1.54¯�°

8.91 6.93 5.28 8.36 6.71 5.28¯�° ¦U§ 8.91 6.93 5.94 8.58 6.93 5.61

Table2: Spacingfor noisecontrol of a 4-bit bus, usingdifferent
noisemetrics.

4 Conclusion
We have developedin this work a much improved, closedform
crosstalknoisemodel, with on averagelessthan 6% error com-
paredwith HSPICEsimulation, for both peaknoisevoltageand
noisewidth estimations.Comparedto existingmodelswith similar
complexity, our modelhasmuchbetteraccuracy andit providesa
unifiedview for them.Wethenapplyourmodelto developasetof
interconnectoptimizationrulesto guidenoise-aware interconnect
optimizations,includingdriversizing,topologyconstruction,shield
insertionandwire spacingversussizingto reducepeaknoise.We
alsoobtaina very interestingboundon thenoiseamplitude-width
productandprovide a simple,effective rule to reduceit. We then
applyourmodelto asimultaneouswire spacingproblemandshow
significantareasaving dueto our moreaccuratemodeling.We ex-
pectthatour2-� modelwill beusefulin many otherapplicationsat
variouslevelsto guidenoise-awareDSM circuit designs.
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