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Abstract
This paper presentsa much improved, highly accurate yet effi-
cientcrosstalknoisemodel,the2-� model,andappliesit to noise-
constrained interconnectoptimizations. Compared with previous
crosstalknoisemodelsof similar complexity, our 2-� modeltakes
intoconsiderationmanykey parameters,such ascouplinglocations
(near-driver or near-receiver),andthecoarsedistributedRCchar-
acteristicsfor victim net. Thus,it is very accurate (lessthan 6%
error on average compared with HSPICEsimulations).Moreover,
our modelprovidessimpleclosed-formexpressionsfor both peak
noiseamplitudeandnoisewidth,soit is veryusefulfor noise-aware
layout optimizations. In particular, we demonstrate its effective-
nessin twoapplications:(i) Optimizationrule generation for noise
reductionusingvariousinterconnectoptimizationtechniques;(ii)
Simultaneouswire spacingto multiple netsfor noiseconstrained
interconnectminimization.

1 Intr oduction
In deepsub-micron(DSM) circuit designs,the coupling capaci-
tancebetweenadjacentnetshasbecomea dominantcomponent
as taller and narrower wires are now placedcloserto eachother
[1]. The couplingcapacitancenot only leadsto excessive signal
delays,but alsocausespotentiallogic malfunctions(see[2] for a
tutorial). The latterproblemis especiallyseriousfor designswith
higherclock frequencies,lower supplyvoltages,andusageof dy-
namic logic sincethey have lower noisemargin. To make surea
final layoutto benoiseimmune,accurateyetefficientnoisemodels
areneededto guideinterconnectoptimizationsat variousstages.

Recently, a numberof simplecrosstalknoisemodelswerepro-
posed.By solvingtelegraphequationsdirectly, [3, 4] obtainedaset
of analyticalformulaefor peaknoiseof capacitively coupledbus
lines. But their approacheshandleonly fully coupledbus struc-
tures,not partially coupledlinesor generalRC trees.Thework in
[5] modeledeachaggressorandvictim net by an L-type RC cir-
cuit andobtainedclosed-formexpressionfor bothpeaknoiseupper
boundandnoise-over-time integral. It showedmuchimprovement
on the purecharge sharingmodel,but it assumeda stepinput for
aggressor. Extensionsto [5] weremadeby [6, 7, 8], to consider
a saturatedrampinput, or a Pi-type lumpedRC circuit. Most of
thesemodels,however, did not considerthe distributednatureof
an RC network, which is neededin DSM designs.In [9], an ele-
gantElmore-delaylike peaknoisemodelwasobtainedfor general
RC trees,and it guaranteesto be an upperbound. However, [9]
assumedan infinite (non-saturated)rampinput. Thus,it may sig-
nificantly over-estimatethepeaknoise,especiallyfor largevictim
nets,andsmall aggressorslews (very likely in DSM). In fact, the
peaknoiseobtainedfrom [9] may even be larger thanthe supply
voltage.Recentwork in [8] canhandledistributedRCnetwork and
saturatedrampinput. But it canbeshown thatthemodelin [8] has
up to 100%overestimationcomparedto themodelin [9] whenthe�

This work is partially supportedby SemiconductorResearchCorpora-
tion underContract98-DJ-605andIBM ResearchFellowship. Part of the
work wasperformedwhile David PanworkedasasummerinternatMagma
DesignAutomation,Inc., in 1999. The currentaddressof David Pan is:
IBM T. J.WatsonResearchCenter, Yorktown Heights,NY 10598.

aggressortransitiontime is muchlarger thanthe victim net delay
(seeSection2).

In this paper, we develop a much improved crosstalknoise
model, called the 2-� model. It overcomesmajor drawbacksof
existingmodelsby takinginto considerationmany key parameters,
suchastheaggressorslew at thecouplinglocation,thecouplinglo-
cationatthevictim net(near-driverornear-receiver),andthecoarse
distributedRCcharacteristicsfor victim net.Ourmodelis very ac-
curate,with lessthan6% erroron averagecomparedwith HSPICE
simulations. Moreover, it hassimpleclosed-formexpressionsfor
both peaknoiseandnoisewidth andprovidesvery clearphysical
meaningfor key noisecontribution terms.All thesecharacteristics
of our 2-� modelmake it ideal to guidenoise-aware layout opti-
mizationsexplicitly.

Therestof thispaperis organizedasfollows. Section2 presents
the 2-� modelandits analyticalsolutionsfor time-domainwave-
form, peaknoiseandnoisewidth, togetherwith themodelvalida-
tion by HSPICEsimulations.In thenext two sections,we demon-
stratetwo applicationsof our 2-� model. Section3 providesa set
of interconnectoptimizationrulesto guideeffectivenoisereduction
andSection4 usesthe 2-� modelin a simultaneouswire spacing
problemfor noise-constrainedareaminimizationto multiple nets.
Theconclusionfollows in Section5.

2 An Impr oved2-� CrosstalkNoiseModel
In this section,we first presentthe 2-� modelandderive its ana-
lytical time-domainwaveform. Thenwe focuson two key metrics
for the2-� model,i.e.,peaknoise(amplitude)andnoisewidth,and
derive simpleclosed-formexpressionsfor them. We thenextend
the 2-� model to handlegeneralRC trees,followed by extensive
validationof themodel.

2.1 2-� Model and its Analytical Waveform
Forsimplicity, wefirst explainour2-� modelfor thecasewherethe
victim netis anRCline. Wewill extendthe2-� modelto ageneral
RCtreein Section2.3.Foravictim netwith someaggressornearby,
asshown in Fig.1 (a),let theaggressorvoltagepulseatthecoupling
locationbe a saturatedrampinput with transitiontime (i.e., slew)
being ��� ,1 andthe interconnectlengthof thevictim netbeforethe
coupling,at thecouplingandafterthecouplingbe 	�
 , 	� and 	�� ,
respectively.

The2-� typereducedRC modelis generatedasshown in Fig. 1
(b) to computethe crosstalknoiseat the receiver. It is called2-�
modelbecausethevictim netis modeledastwo � -typeRCcircuits,
one beforethe coupling and one after the coupling. The victim
driver is modeledby effective resistance��� . OtherRC parameters���

,
���

, ��
 , ��� , ��� , and
���

are computedfrom the geometric
information from Fig. 1 (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

1TheaggressornetRCcharacteristicsandits driver/loadinformationare
incorporatedinto the slew !"� at thecouplinglocation. It canbeestimated
from simpleslew modelsor timing analysistools.
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Fig. 1: (a)Thelayoutof avictim netandanaggressorabove it. (b)
The2-� crosstalknoisemodel.
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 / � 
 and � � / � � , respectively. Thencapacitancevaluesaresetto
be

���$#%� 
&�'� , ���(#*)+� 
�� � ��,-� � and
���.#%� �&� �(� ��/

. Com-
paredwith [5, 6] whichonlyusedonelumpedRCfor thevictim net,
it is obvious that our 2-� modelcanmodelthe coarsedistributed
RC characteristics.In addition,sincewe consideronly thosekey
parameters,theresulting2-� modelcanbesolvedanalytically.

FromFig. 1 (b), wehave theimpedanceat node1, 0 � satisfying
thefollowing 10 � # 1�(� �32 � �
Thenat node2, wehave10 � # 1) 0 � �4��
5, �32 ��� � 1����� �
-687
Denotethe 2 -domainvoltageat node2 by 9 � ) 2:, , then9 � ) 2:, # 0 �0 � � �
-68; < 9>=&?@? ) 2A,CB
Theoutputvoltage9>DCEAF in the 2 -domainis9 D@E'F ) 2:, # 9 � ) 2A, < �
-687���� �
�687 B (1)

Substituting0 � , 0 � and 9 � into 9>D@EAF ) 2:, , wehave9>D@EAF ) 2:, # 0 �0 � � ) �
-6 ; , < 1 � 2 ������� 1 �'2 ��� < 9>=&?@? ) 2A,# G � 2 � � G � 225H��4I � 2 � �JI � 2��4I�K < 9>=&?@? ) 2A, (2)

wherethecoefficientsareG �L# MN� � MO�G � # ) � � �4� 
 , � � � M �I �L# )-)+��� � ��� , < ) ��� ���P) �����3��
&,Q�3�(�A��
 ��� ,� ���'� � � � � � � � � ���A� 
 � � ,-� M �I �R# )-) �����3��
5, )+��� � ��� � ��� ,S� ) ��� ��� �4��� ��� ,-,-� MO�I&K # 1 � M �MN�R# ��� �(�'��
 ���MO�L# ���'��
 ���@��� ��� )+��� � ��� ,
Writing thetransformfunction T ) 2:, into thepole/residueform:T ) 2:, # G � 2 � � G � 2�� G K2 H �UI � 2 � �4I � 2V�UI&KXW Y �2$ZU2 � � Y �2$ZU2 � � Y H2�ZU2 H B

Thethreepoles2 � , 2 � , and 2 H arethethreerootsof 2 H �[I � 2 � �\I � 2'�I K #^]
, which canbeobtainedanalyticallyusingstandardmathe-

matical techniques(detailsomitteddueto pagelimitation). After
eachpole/residuepair is obtained,its correspondingtime domain
functionis just _A` ) �a, # Y `+b 
dc F ( e # 1'f � f@g ).

For the aggressorwith saturatedramp input with normalized9 �@� # 1
andtransitiontime � � , i.e.,h =&?C? ) �-, #ji �-�:��� ]lk � k �-�1 ��m4� � ,

its Laplacetransformationis9 =&?@? ) 2:, # 1 Znbpo 
 Frq2 � � � (3)

Thenfor eachpole/residuepair, the 2 -domainoutput 9 DCEAF c ) 2:, #s c
 o 
�c < 9 =&?C? ) 2:, , and its inverseLaplaceis just the convolution of_:` ) �-, and t ) �a, ,h D@E'Frc ) �a, # _ ` ) �-,vu�t ) �-, #%w FK _ ` ) �PZyxz,{t ) xz,d|}x# ~ Z s c-� �{� 
�c F��
��c Frq � s c"�-� c+�
��c F�q ]�k � k �-�Z s c+� � c{���"��� q:�
 �c Frq � s c{� � c"�
 �c Frq Z s c
�c ��m4�-� (4)

Therefore,thefinal noisevoltagewaveformis simply thesumma-
tion of thevoltagewaveformfrom eachpole/residuepair.h DCEAF ) �-, # h D@E'F�� ) �-,z� h D@E'F � ) �-,Q� h DCEAFr� ) �a,CB (5)

The 2-� model hasbeentestedextensively and its waveform
from (5) canbeshown to bealmostidenticalcomparedto HSPICE
simulations.Detailedmodelvalidationresultswill bepresentedin
Section2.4.

2.2 Closed-Form NoiseAmplitude and Width
Althoughtheclosed-formnoisewaveformhasbeenderived in the
previoussubsection,thesolutionby itself is still quitecomplicated.
Moreover, it provideslittle intuition aboutsomekey measurements
for crosstalknoise,suchasnoisepeakamplitudeandnoisewidth,
which arevery importantto guidenoisereductionby interconnect
optimizations.Simpleclosed-formexpressionsfor thesemeasure-
mentsarehighlydesired,sincethey providemoreinsightabouthow
various interconnectparametersaffect the crosstalknoiseand to
whatextent. In this subsection,we will furthersimplify theorigi-
nal2-� modelandderiveclosed-formformulaefor noiseamplitude
andnoisewidth.

Usingdominant-poleapproximationmethodin asimilarmanner
like [7, 10,11], wecansimplify (2) into9>DCEAF ) 2A,� G � 2I � 2V�JI&K < 9>=&?@? ) 2:, # � � ) 1 ZUbpo 
 Frq ,2�� � ) 2��-�V� 1 , (6)

wherethecoefficientsare� ��# ) �(�$�J��
5, ��� (7)��� # ) �(�$�J� 
 , )+� � � � � � � � ,Q� ) � � � � �4��� � � , (8)

It is interestingto observe that � � is in facttheRC delaytermfrom
theupstreamresistanceof thecouplingelementtimesthecoupling
capacitance,while � � is thedistributedElmoredelayof victim net.
Wewill furtherdiscusstheir implicationslater.



Computingthe inverseLaplacetransformof (6), we canobtain
thefollo� wing simpletimedomainwaveformh D@EAF ) �-, # i F�;F�q ) 1 ZUb o Fr�@Fr� , ]lk � k � �F�;F q ) b o � F o F � �r�@F � ZUb o Fr�@F � ,���m4��� (9)

It is easyto verify thatin theabovenoiseexpression,h D@EAF mono-
tonically increasesat

].k � k � � , andmonotonicallydecreasesat��m4�-� . Sothepeaknoisewill beat � # �-� , with thevalueofh'� = ��# � ���� ) 1 Zyb o F�q&�aF � ,CB (10)

Theabove expressionof h � = � canbedegeneratedto somespecial
casesto encapsulatenoisemodelsderived in previous works. As�-��� ]

(i.e., a stepinput), h � = � � F ;F � , which is in thesameform
asin [5] (withoutinterconnectresistance)and[8] (with interconnect
resistance).In thecaseof �-�\m\m�� � (actually ���[m g � � is enough),h � = � � F�;F q , which is in thesameform as[9].

It is also interestingto comparewith the recentwork by [8],
wherethe peaknoisewith saturatedrampinput canbe written ash}�� = � # F�;Fr� � F q � � . Although obtainedfrom a totally differentap-

proach,h �� = � from [8] is indeeda first-orderapproximationof ourh'� = � in (10),since� ���� ) 1 Znb o F q �@F�� , # � �� ��� 1 Z 1� �-�� � ��B&B�B � (11)� � �� � 11 � �� F qF � # � �� � �U�-�5�'� (12)

However, suchapproximationis only valid when ���N��� � . It will
be muchoff when �-�Um\m � � , sinceit throws away larger terms.
This explainswhy h �� = � in [8] gives twice peaknoiseof Devgan
modelwhen ���[m\m3� � , i.e.,100%over estimation.It alsoexplains
the resultsin TableII of [8] that as � � getslarger (from 100psto
500ps),the averageerror of peaknoiseexpressionfrom [8] gets
larger(from 6% to 10%).

Peaknoiseamplitudeh � = � 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 levelh F , the noisewidth for a noisepulseis definedto be the lengthof
timeinterval thatnoisespikevoltage h is larger or equalto h F .

vt
twidth
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Fig. 2: Illustrationof thenoisewidth.

From Eqn. (9), we cancompute� � and � � , andthus the noise
width � � Z¡� ��# � �'¢�£�¤ ) � � Z¡�-� h F , ) b Frq��@F � Z 1 ,�-� h F ¥ (13)

In this paper, we setthethresholdvoltage h F to behalf of thepeak
noisevoltage,h F # h'� = � �'� . Then,thenoisewidth of (13) is sim-
plified into�-¦ ` � F�§ # � � Z¨� � # � � �J��� ¢©£ª¤ 1 Znb o � F q �aFr�1 Znb o F q �aFr� ¥ (14)

Note that � � is cancelledout in (14). One can easily verify the
following propertyfor thenoisewidth.

Lemma 1 The noisewidth ��¦ ` � F�§ is a monotonicallyincreasing
functionof � � and �-� , i.e., «8�-¦ ` � F�§ �:«8� � m ]

and «8�-¦ ` � F�§ �A«8�-��m ]
,

andit is boundedby ��������¦ ` � F�§ �3�����J� �'¢�£ � .
2.3 Extensionto RC Trees
Our 2-� modelcanbe easilyextendedto a victim net in general
RC treestructures.To computethecrosstalknoiseat acertainsink
(receiver) ¬® , we build the corresponding2-� modelasshown in
Fig. 3. It is similar to thatshown in Fig. 1, with thesameupstream
anddownstreamresistances.The only differenceis that we now
incorporatethelumpedcapacitanceateachbranchonthepathfrom
sourceto sink ¬  , i.e.,

��¯ �
, ...

��¯ ` . We will addthese
��¯ ` ’s into� �

,
� �

or
� �

in thefollowing weightedmanner:° If a branch± ` is betweenthesourceandthecouplingcenter,
let itsdistanceto thesourcebe ² ) 	�
:�\	���'� , . Then

) 1 Z�²³, ��¯ `
goesto

���
and ² ��¯ ` goesto

���
.° If a branch±�` is betweenthesinkandthecouplingcenter, let

its distanceto the sink be ´ ) 	��$��	�5�'� , . Then
) 1 Z4´P, ��¯ `

goesto
� �

and ´ � ¯ ` goesto
� �

.
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Fig. 3: Extensionof the2-� modelfor generalRCtrees.

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
mannerastheElmoredelaycomputation).

As for the time complexity, since we have the closed-form
expressionsfor the poles, residues, and waveform for each
pole/residuepair, the computationtime for transferfunction and
waveformfor a given2-� modelcanbedonein constanttime. To
reducethe original circuit to the 2-� model,we only needa lin-
eartraversal(to computeupstream/downstreaminterconnectresis-
tance/capacitanceatthecouplingnode)of thevictim net,whichcan
bedonein lineartimeaswell asin [5, 9]. It is obviously thelower
boundof the computationalcomplexity for any reasonablenoise
model.



2.4 Validation of the 2-� Model

The 2-� modelandits analyticalformulaefor peaknoise(10) as
well asnoisewidth (14)havebeentestedextensively andshown to
work remarkablywell comparedto HSPICEsimulations. To ob-
tainhighfidelity andto detectthecornerscenarios,we run our2-�
model,Devganmodel[9], Vittal model [8], andHSPICEsimula-
tionson1000randomlygeneratedcircuitswith realisticparameters
in a0.18µQ¶ technology(extractedbasedonNTRS[1]). For thetest
circuits,thedriver resistance��� is from 20 to 2000 · , theloading
capacitance

��/
is from 4 to 50 _8¸ , the lengthparameters	 
 , 	 � ,

and 	�� arefrom 1 to 2000 µS¶ , thewire width/spacingis either1x
or 2x minimumwidth/spacing,andtheaggressorslew is from 10to
500ps.Ourexperimentsshow thattheaverageerrorsfor peaknoise
estimationusingDevgan,Vittal andour 2-� modelare589%,9%,
andlessthan4%, respectively. Table1 summarizesthepercentage
of netsthat fall into certainerror rangesusingthe2-� modelwith
closed-formpeaknoiseandnoisewidth expressionsfrom (10) and
(14) comparedwith thosefrom runningHSPICEsimulations.We
canseethatusingour model,bothpeaknoiseandnoisewidth are
on averagewithin 4% error, andalmost95% netshave lessthan
10%errors.

Table1: The percentageof netsthat fall into the error rangesfor
peaknoise( h � = � ) andnoisewidth ( �-¦ ` � Fr§ ) from the2-� model.

Error range h'� = � �-¦ ` � F�§
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%

Wehavealsotestedthe2-� modelonasetof randomlygenerated
multiple-pinnetswith generalRC treestructures.Our experimen-
tal resultsshow thatour2-� modelstill workssurprisinglywell for
generalRC trees.Fig. 4 shows thescatterdiagramcomparingthe
2-� model(y-axis) with HSPICE(x-axis) simulationsfor 20 ran-
domlygeneratedfour-pin nets(i.e.,with two branches).Theexper-
imentalsettingis thesameasthosefor 2-pin nets. Thebranching
wire lengthrangesfrom 1 to 2000 µS¶ . Thebranchinglocationcan
beanywherefrom driver to receiver. HSPICEsimulationsareper-
formedondistributedRCnetworksby dividing eachlongwire into
every 10µQ¶ segment. Again, for all test circuits, the 2-� model
givesvery goodestimation(closeto the ¹ #»º

line in the scatter
diagram). The averageerrorsfor peaknoiseandnoisewidth are
just4.3%and5.89%,respectively.
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Fig. 4: Comparisonof 2-� modelversusHSPICEsimulationfor 20
randomlygeneratedRC treesfor (a)peaknoise,(b) noisewidth.

3 Application I: Optimization Rulesfor Noise
Reduction

In thissection,weperformsomein-depthparametricstudiesinside
the2-� modelandprovide a setof optimizationrulesfor noisere-
duction.Sinceit is well understoodthatbuffer insertioncanhelpto
reducecrosstalknoise[12, 13] andour modelcanalsobeusedas
aninternalnoiseevaluatorto guidebuffer insertion,wewill not in-
cludeit here.Rather, wewill focusonadirect-connectednet.Since
noisepulsebelow certainthresholdvoltage( 9 F�§ ) will not causea
receiver to malfunction,we will mainly focus on the peaknoiseh'� = � reduction.However, we will considerthenoisewidth when
thepeaknoiseexceedsthethresholdvoltage(Section3.5).

3.1 Dri ver Sizing
Intuitively, driver sizingcanhelpto reducethepeakcrosstalknoise
sincea strongerdriver hasmorecapabilityto sustainanoisespike.
Althoughthis is true in mostcases,our modeldoesindicatesome
situationunderwhich increasingdriver size(i.e., reduce� � ) may
nothelpto reducethepeaknoise.Consider« h � = �«z�(� # � ����½¼ 1 Z 1 � ��¾Q¿ � ¾ � � �À6 � � 6 � � 6 ; � 687 �F � < FrqF �b F�q��aF � B Á
If

) ������� 
 , )+� � � � � � � � � � � , k �-� (i.e., � 
 � � �Â� � � �
aftersubstituting� � ), then Ã �aÄ�ÅC;Ã ¾ ¿ m ]

andsizingup a driver will
reducenoise.However, if

) �(���J� 
 , )+� � � � � � � � � � � ,Vm4�-�
(i.e., ��
 ��� m���� ��� ), and ���O�\�%� � , onemayhave thesituation
that Ã � Ä�Å@;Ã ¾ ¿ kÆ]

. 2 Considertheextremecaseof �-�[� ]
, thenthe

peaknoiseis � � < �����4� 
 � �)+� � � � � � � � � � � , < � � �3� 
 )+� � � � � � � � ,Q�4� � � � B
Let

Y � # 6 ;6 � � 68; � 6 � � 687 and
Y � # ¾ � 6 ;¾ � �À68; � 6 � � 687 � � ¾zÇC6>7 . It is

easyto verify that if
Y � m Y �

(i.e., ��
 ��� �%��� ��� ), Ã � Ä�ÅC;Ã ¾z¿ m ]
,

while if
Y � � Y �

, Ã �aÄ�Å@;Ã ¾ ¿ � ]
. It is also interestingto seethath � = � in factboundedby

Y �
and

Y �
, i.e., ¶Ne £ ) Y � f Y � , k h � = � k¶ G ºv) Y � f Y � , . That is to say, no matterhow oneoptimally sizesa

driver, thereis still somenoiselower bound,andjust doingdriver
sizingmaynothelpto reducethepeaknoisebelow thedesiredlevel.
To summarize,wehave thefollowing rule.

Rule 1 If � 
 � � ��� � � � , thensizingup thevictimdriver strength
(i.e., reduceeffective ��� ) will reducepeak noise. However, if� 
 � � mj� � � � and � � �\�*�-� , driver sizingwill not help to re-
ducepeaknoise. In either situation,there is certain lower bound
for peaknoisethatcanbeachievedby justdoingdriver sizing.

3.2 Near-Dri ver versusNear-Receiver Coupling
This subsectioninvestigatesthe effectsof differentcouplingloca-
tionson peaknoise.From h � = � # �À¾ ¿ � ¾ � � 68;F q ) 1 ZJb}o Frq&�aF � , , we
know that as the couplingelementmove toward the receiver, ��

increases.Meanwhile,theElmoredelay � � increasesbecausemore
“lumped” capacitanceis now nearthereceiver, but theincreaserate
shallbemuchlessthanthatof ��
 andtheoveralleffect to thepeak
noiseis determinedby theincreaseof � 
 . This propositionis val-
idatedby extensive simulations.As anexample,Fig. 5 shows thath'� = � increasesmonotonically(almostlinear)by 40%asanaggres-
sor movesfrom near-driver ( 	 
 #½]

) to near-receiver ( 	 � #½]
),

meanwhile� � only increasesby 9%. This leadsto the following
interconnectoptimizationrule for noisereduction.

2Intuitively, it correspondsto the situationof a very strongaggressor
couplingat anear-receiver locationto thevictim net.



Rule 2 During topology generation/routing of a noise-sensitive
victimÈ net,oneshall avoidnear-receivercoupling, especiallyto its
strongaggressors.
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Fig. 5: Variationsof h'� = � and � � to differentcoupling locations
( 	 
 from 0 to 1¶É¶ ) for a victim netof 2¶N¶ long, 	 � # 1 ¶N¶ ,
couplingspacingof 0.33µQ¶ , wire width of 0.22µQ¶ , �(� # g ] ] · ,��/z# 1 ] _8¸ , 	 � # 1 ¶N¶ , � � #ÆÊA]CË 2 .

It shallbepointedout since[5, 6] only have onelumpedRC for
the victim net, they do not differentiatebetweennear-sourceand
near-sink coupling. The model in [9] also discouragesnear-sink
couplingandconfirmsRule1, but it usuallygivestoo conservative
peaknoise.

3.3 Shield Insertion
Section3.2 suggeststhat we shouldavoid near-receiver coupling,
so we shall insertshielding(non-aggressive) wirescloseto noise-
sensitive receiver. Anotheraspectfor a shieldingwire to reduce
peaknoiseis by increasing“lumped” capacitanceof thevictim net.

Lemma 2 Thepeaknoisemonotonicallydecreasesas
� �

,
� �

, or���
increases.For the sameamountof capacitanceincrease, it is

mosteffectiveat
���

, andleasteffectiveat
���

, i.e.,« h'� = �« ��� � « h'� = �« ��� � « h � = �« ��� � ]
From Lemma 2, the following layout guidancerule to reduce
crosstalknoise.3

Rule 3 The placement/insertionof non-aggressive(quiet) neigh-
bors arounda victim net will help to reducethe crosstalknoise.
Thepreferredpositionfor shieldinsertionis neara noise-sensitive
net’s receiver.

3.4 Wire SpacingversusSizing
Lemma 3 The peak noise monotonically increasesas

���
in-

creases,i.e., « h � = � �A« � � m ]
Definition 2 MonotoneCapacitanceModel: For a wire segment
with fixedwidth, its couplingcapacitancemonotonicallyincreases
while its groundcapacitancemonotonicallydecreasesas its spac-
ing to neighboringwiredecreases.

3[5] alsosuggeststhatshieldinsertion(whichthey call “intentionalover-
lapping”) to reducenoise.However, it doesnot differentiatebetweennear-
driver andnear-receiver shieldinsertion.

Lemma 4 Thepeaknoisemonotonicallydecreasesaswirespacing
increases,underthemonotonecapacitancemodel.

Our extensive capacitanceextractionshows that MonotoneCa-
pacitanceModelusuallyholdsfor DSM designs,thuswire spacing
is alwaysan effective way to reducenoise(especiallywhenother
methodsreachtheir limitations,e.g.,driver sizing). Thepenaltyis
on the areaside. For a given areaconstraint,however, our study
shows that wire spacingis consistentlymore effective than wire
sizingfor noisereduction.Thus,wehave

Rule 4 Wire spacingis alwaysan effectiveway to reducenoise,
with an area penalty. For a givenareaconstraint, wire spacingis
usuallymoreeffectivethanwiresizingfor crosstalknoisereduction.

It shall be noted that previous works (e.g., [14]) showed that
properwire sizingcould significantlyreducedelaywith consider-
ationof couplingcapacitance.It will be interestingto explore the
wire sizing/spacingtradeoff for bothdelayandnoiseconsideration
in thefuture.

3.5 On NoiseAmplitude-Width Product
Sometimes,a receiver may still be noise-immuneeven the peak
noiseexceedscertainthresholdvoltage.This canbecharacterized
by somenoiseamplitudeversuswidth plots, which can then be
transformedinto an amplitude(A) versusamplitude-width(AW)
product(A-AW plot) [5]. This subsectionrevealssomeinteresting
propertyonthenoiseamplitude-widthproduct.From(10)and(14)
theAW productcanbewrittenasÌ�Í # ) �(���4��
5, ��� < _ )�º , (15)

where _ )�º , # � ; o � � ;� o � � ; ¢©£ � ; o � � ;� o � � ; and
ºU# � � �5�-� . It canbe veri-

fied that _ )�º ,�Î � ¢�£ � f:1 � (i.e., [0.69,1]). This importantproperty
suggeststhatAW is essentiallydeterminedby

) �(�(�ª� � , ��� . Al-
thoughtechniqueslike increasing

���
,
���

or
���

(e.g., shield in-
sertion)can reduce

Ì�Í
, they cannotgo below the lower bound¢�£ � < ) �(��.� � , ��� . Themosteffectivewayto reduce

ÌÏÍ
is to re-

duce
� �

(e.g.,by spacing),��� (by driver sizing),and � �
(by wire

sizing).

Rule 5 Thenoiseamplitude-widthproducthasa lower boundof¢�£ � ) ���[����
�, ��� , and an upperboundof
) �(�\����
�, ��� . Other

parameters such as
� �

,
� �

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

4 Application II: SimultaneousWir e Spacing
for Multiple Nets

To demonstratetheeffectivenessof our2-� model,weapplyit to a
simultaneouswire spacingproblemfor multiple nets. It is formu-
latedasfollows.
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.). Instead,we will usea sensitivity-basedspacingalgorithm



(SBSA)to solve it, asillustratedin Fig. 6. Thenoisereductionsen-
sitivityÐ�Ñ h `  at somespacing25`  (betweentwo adjacentnets e andÒ
) is definedto bethetotalnoisereductionfor thosenoise-violating

receivers in nets e and
Ò
, due to somenominal spacingincrease

to 25`  , say ÑÓ25`  . Thealgorithmstartsfrom someminimumspac-
ing as given by the input. As long as thereis noiseviolation, it
will checkeachspacing 25`  that is a possiblecauseof the noise
violation, and computeits noisereductionsensitivity. Given the
samenominalareaincreaseÑ Ì

, we computethespacingincreaseÑÓ25`  # Ñ Ì � ¢ `  , where ¢ `  is thecouplinglengthfor 25`  . We pick
thespacing2 ��Ô thathasthemaximumnoisereductionsensitivity
with thesamenominalareaincrease,andincreaseit by ÑÓ25`  . Then,
we updatethenoiseinformationanditerateuntil thereis no noise
violation.

Sensitivity-BasedSpacingAlgorithm
1. initialize spacings;
2. while (thereis noiseviolation) Õ
3. Ñ h'� = ��Ö×]

;
4. foreachspacing2 `  betweenany adjacentnetse and

Ò
thateither e or

Ò
hasnoiseviolation Õ

5. Ñl2 `  = Ñ Ì � ¢ `  ;
6. computenoisereductionsensitivity Ñ h `  ;
7. Ñ h � = �[Ö ¶ G ºP) Ñ h `  f Ñ h � = � , ;
8. Ø
9. increase2 ��Ô with Ñ h'� = � by ÑÓ2 ��Ô ;
10. updatenoisefor affectednets;
11. Ø

Fig. 6: A simultaneouswire spacing algorithm for noise-
constrainedareaminimizationfor multiplenets.

Weapplyour sensitivity-basedwire spacingalgorithmto a 4-bit
fully parallelbus of 1 mm long, with �(� # 15Ù ] · ,

��/�# � g _8¸ ,
wire width of

] B Ú ÚAµS¶ , and �-� #�ÊA]CË 2 . Thenoiseconstraintis set
to be0.2 9 �@� . Table2 lists thespacingsbetweenadjacentbuslines
usingSBSA.We comparethe resultingspacings( 2 �{� denotesthe
spacingbetweenthe first andthe secondbus line, andso on. Û�¬
denotesthetotal spacing)from our metricswith two othermetrics
[9] (Devgan)and[8] (Vittal). We list resultsundertwo differentÑÓ2 , 0.33and0.11 µQ¶ , respectively. It canbeseenthatusingDe-
vganand Vittal modelsmay lead to too conservative spacingby
as much as 70% and 31%, respectively, due to their peaknoise
over-estimation. It is also interestingto seethat, comparingwith
a straightforwardequalspacingalgorithm(i.e., 2 �{�Ó# 2 � H # 2 H-Ü ,
with thetotal spacingÛ�¬SÝSÞ at thelastrow of Table2), our SBSA
algorithmwill usemuchlessarea,with areareductionby upto 11%
(total spacingof 5.28 µQ¶ versus5.94 µQ¶ for 2-� modelwith ÑÓ2
= 0.33 µQ¶ ). Soour SBSAis quiteeffective in practice.

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

spacing( ß®à ) á\â = 0.33ß�à á\â = 0.11ß�à
Devgan Vittal 2-ã Devgan Vittal 2-ãâ �{� 2.64 1.98 1.65 2.42 1.98 1.54â � H 3.63 2.97 1.98 3.52 2.75 2.20â H-Ü 2.64 1.98 1.65 2.42 1.98 1.54äVå

8.91 6.93 5.28 8.36 6.71 5.28äVå ÝvÞ 8.91 6.93 5.94 8.58 6.93 5.61

5 Conclusion
We have developedin this work a muchimproved crosstalknoise
model,with lessthan6% erroronaveragecomparedwith HSPICE
simulation,for bothpeaknoisevoltageandnoisewidthestimations.
Comparedto existingmodelswith thesamecomplexity, ourmodel
is muchmoreaccurateandit providesaunifiedview for them.The
modelhasbeenshown to beveryeffective to guidenoise-awarein-
terconnectoptimization.In thispaper, weassumea saturatedramp
input for theaggressornet. We have alsoobtainedtheclosed-form
peaknoiseformula for the 2-� model underthe exponentialag-
gressorinput, andour experimentsshow aboutthe sameaccuracy
asthatunderthesaturatedrampinput usingHSPICEsimulations.
Interestedreadercanreferto [15] for details.Weexpectthatour2-� modelwill beusefulin many otherapplicationsat variouslevels
to guidenoise-awareDSM circuit designs.
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