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Abstract

This paperpresentsa highly accumte yet efiicient crosstalknoise
model,the 2-m model,and appliesit to interconnectoptimizations
for noisereduction. Compaed to previous crosstalknoise mod-
elswith similar compleity, our 2-= modeltakesinto consideation
manykey parametes, sud as couplinglocations(neardriver or
nearreceiverlandthecoarsedistributedRCcharacteristicsfor the
victimnet. Thus,it is veryaccuiate (lessthan 6% error on average
compaed with HSPICE simulations). Moreover, our modelpro-
videssimpleclosed-formexpressiongor bothpeaknoiseamplitude
and noisewidth. It is therefore very usefulto guide noise-awae
layout optimizations. In particular, we demonstate its effective-
nessn two applications: (i) optimizationrule geneation for noise
reductionusing various interconnectoptimizationtechniques; (ii)
simultaneouswire spacingto multiple netsfor noise constained
areaminimization.

1 Intr oduction

In deepsub-micron(DSM) circuit designs,the coupling capaci-
tancebetweeradjacenhetshasbecomea dominantcomponents
taller andnarraver wires arenow placedcloserto eachother[1].
Thecouplingcapacitancaot only leadsto excessie signaldelays,
but also causegotentiallogic malfunctions. The latter problem
is especiallyseriousfor designswith high clock frequencies|ow
supply voltages,and usageof dynamiclogic sincethey have low
noisemagin. To make sureafinal layoutto be noiseimmune,ac-
curateyet efficient noisemodelsare neededo guideinterconnect
optimizationsatvariousstages.

In recentyears, a number of researchershave worked on
crosstalknoisemodelingfor layoutoptimizations.In [2], a simple
peaknoiseformulawasobtainedby modelingeachaggressoand
victim netby anL-type RC circuit, underthestepinputassumption
for aggressonets. Later, [3, 4, 5] extended[2] to considera sat-
uratedrampinput, or a Pi-typelumpedRC circuit. Most of these
models,however, did not considerdistributed RC network, which
is neededn DSM designs. In [6], an elegantElmore-delaylike
peaknoisemodelwasobtainedfor generaRCtreesandit guaran-
teesto be an upperbound. However, [6] assumedninfinite (i.e.,
non-satuated rampinput. Thus,it maysignificantlyover-estimate
thepeaknoise,especiallyfor largevictim netsandsmallaggressor
transitiontimes (very likely in DSM). In fact, the peaknoiseob-
tainedfrom [6] mayevenbelargerthanthe supplyvoltage.Recent
work in [5] canhandledistributedRC network andsaturatedamp
input. But it canbe shavn that[5] hasupto 100%over estimation
comparedo themodelin [6] whenthe aggressotransitiontime is
muchlargerthanthe victim netdelay (seemoredetailedexplana-
tion in Section2).

In this paper we develop a much improved crosstalknoise
model, calledthe 2-# model It overcomesmajor dravbacksof
existing modelsby takinginto consideratioimary key parameters,
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suchastheaggressoslew atthecouplinglocation,thecouplinglo-
cationatthevictim net(neardriver or nearrecever),andthecoarse
distributedRC characteristicfor victim net. Our modelis very ac-
curatewith lessthan5% erroron averagecomparedvith HSPICE
simulations. Moreover, it enjoys simple closed-formexpressions
for both peaknoiseandnoisewidth andprovidesvery clearphysi-
cal meaningfor key noisecontritution terms. All thesecharacter
istics of our 2-m modelmale it ideal to guide noise-avare layout
optimizationsexplicitly.

Therestof this paperis organizedasfollows. Section2 presents
the 2-r model, its analytical solutions, and the validation by
HSPICEsimulations. Then, we demonstratehe effectivenessof
our2-m modelin noiseconstrainednterconnecbptimizationsfol-
lowedby the conclusionsn Section4. Dueto the spacdimitation,
we leave somedetailsof this paperin [7] which interestedeaders
canreferto.

2 The 2-r CrosstalkNoiseModel

In this section,we first presentthe 2-m model and the analytical
solutionsof its two key noisemetrics(i.e., peaknoiseandnoise
width). We thenextendthe 2-m modelto handlegeneralRC trees,
andshav experimentakesultsto validatethe model.

2.1 2-r Model and its Analytical Solutions

For simplicity, we first explain our 2-# modelfor the casewhere
the victim netis an RC line. We will extendthe 2-x modelto a
generaRCtreein Section2.2. For avictim netwith someaggressor
nearby asshawvn in Figurel (a), let the aggressovoltagepulseat
thecouplinglocationbe a saturatedampinputwith transitiontime
(i.e., slew) beingt,, andthe interconnectength of the victim net
beforethe coupling, at the couplingand after the couplingbe L,
L. andL., respectiely.

The2-r typereducedRC modelis generateéisshavn in Figure
1 (b) to computethe crosstalknoiseattherecever. It is called2-r
modelbecauséhe victim netis modeledas2-r type RC circuits,
one beforethe coupling and one after the coupling. The victim
driveris modeledby effective resistancer,;. OtherRC parameters
Cz, C1, Rs, C2, R, and C, are computedfrom the geometric
informationfrom Figure 1 (a) in the following manner The cou-
pling node(node?) is setto bethecenterof the couplingportionof
thevictim net,i.e., L, + L./2 from thesource.Let the upstream
anddownstreaminterconnectesistance/capacitana¢Node 2 be
R,/Cs andR./C., respectiely. Thencapacitancealuesaresetto
beC: = C,/2,Cy = (Cs + Ce)/2 andCr, = C./2 + C;. Com-
paredwith [2, 3] whichonly usedonelumpedRCfor thevictim net,
it is obvious that our 2-m modelcanmodelthe coarse distributed
RC characteristics.

Sincewe consideronly thosekey parametersthe resulting2-r
model can be solved analytically (see[7] for details). Thenus-
ing the dominant-poleapproximationsimilar to [8, 4, 9], we have
thefollowing voltagewaveform (in the s-domain)at the victim net
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Figurel: (a) Thelayoutof avictim netandanaggressoabove it.
(b) The2-r crosstalknoisemodel.

sink (for a saturatechggressomputwith transitiontime ¢,., whose
1—e~5tr

Laplacetransformations Vg4 (s) = ~—5—):

sty _ta(l—e7%r)
Vout(s) = pr Vagg(s) = st (st 1) 1
wherethe coeficientsare
tm = (Rd + Rs)cm (2)
tv = (Ri+Rs)(Cp+Ca+CL)+ (RCrL + RisC1).(3)

It is interestingto obsere thatt, is in factthe RC delay by the
upstreanresistancef the couplingelementimesthe couplingca-
pacitancewhile t,, is the EImoredelayof thevictim net.

Computingthe inverseLaplacetransformof (1), we canobtain
thefollowing simpletime domainwaveform

0<t<t,

t >t “)

Lo (1 - et

Vout(t) = %(e—(t—tr)/tv _ e—t/tv)

It is easyto verify thatin theabove noiseexpressionp,.: mono-

tonically increasest0 < t < t,, andmonotonicallydecreaseat
t > t,. Thus,thepeaknoisewill beatt = t,, andits valueis

te —
Umas = (L= /™), ®)

T
Theabove peaknoiseformulafrom the 2-r modelcanbe degener
atedto somespecialcasedo encapsulat@oisemodelsderived in
previousworks. Ast, — 0 (i.e., astepinput), vimez — z—: which
is in the sameform asin [2] (without interconnectesistanceand
[5] (with interconnectesistance)ln thecaseof t, >> ¢, (actually
t, > 3t, isenough)vmaz — i—: whichis in thesameform as[6].

It is alsointerestingto comparewith the recentwork by [5],
wherethe peaknoisewith saturatedampinput canbe written as
A tmf—fr/z Although obtainedfrom a totally differentap-

proach,,... from[5] is indeeda first-orderapproximatiorof our
Umaz IN (B), SiNCE
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However, suchapproximations only valid whent, < t,. It will be
muchoff whent, >> t,, sinceit throws away largerterms. This
explainswhy vy,,,,, in [5] givestwice peaknoiseof thatin [6] when

t, >> ty, i.e., 100%over estimation. It alsoexplainsthe results
in Tablell of [5] thatast, getslarger (from 100psto 500ps),the
averageerror of peaknoiseexpressionfrom [5] getslarger (from
6%to 10%).

Peaknoiseamplitudev,,. is nottheonly metricto characterize
noise.Undersomecircumstanceeventhe peaknoiseexceedscer
tain thresholdvoltage,a recever may still be noiseimmune. This
canbe characterizedy somenoiseamplitudeversuswidth plots.
Thenoisewidth is definedasfollows.

Definition 1 NoiseWidth: Givencertainthresholdvoltage level

vt, the noisewidth for a noisepulseis definedto be the length of
timeintervalthat noisespike voltage v is larger or equalto v;.
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Figure2: lllustrationof the noisewidth.

From Egn. (4), we cancomputet; andtsz, andthusthe noise

width
(te — trvg) (et — 1)]

8)

In this paper we setthe thresholdvoltagev; to be half of the peak
noisevoltage,vs = vmaz/2. Then,the noisewidth of (8) is sim-
plified into

t2 — t1 = tuln |:
tTUt

9)

1 — o= 2tr/tu
twidth = t2 —t1 = tr + tyln [

1 —e—tr/to

Notethatt, is cancelledoutin (9). Onecaneasilyverify the fol-
lowing propertyfor the noisewidth.

Lemmal The noisewidth ¢,;4:» IS @ monotonicallyincreasing
functionoft, andt,, i.e., Otyidtn /O, > 0 anddtyign /0ty > 0,
andit isboundedyt, < twigth < tr + tyln2.

2.2 Extensionto RC Trees

Our 2-m modelcanbe easily extendedto a victim netin general
RC treestructuresTo computethe crosstalknoiseat a certainsink
(recever) S;, we build the correspondin@-r modelasshawvn in

Figure 3. It is similar to that shavn in Figure 1, with the same
upstreamand downstreanresistancesThe only differenceis that
we now incorporatethe lumpedcapacitancat eachbranchon the
pathfrom sourceto sink S;, i.e., Cp1, ... Cy;. We will addthese
Cpi’sinto Cq, Cy or Cr, in thefollowing weightedmanner:

e If abranchB; is betweerthe sourceandthe couplingcenter
letits distancdo thesourcébea(Ls+Lc /2). Then(1—a)Cy;
goesto C; andaCy; goesto Cs.

e If abranchB; is betweerthe sink andthe couplingcenterlet
its distanceto the sink be 3(L. + L./2). Then(1 — 3)Cy;
goesto Cr, andBCh; goesto Cs.



Figure3: Extensionof the 2-m modelfor generaRC trees.

Actually, it caneasilybeshavn thatin theresulting2-= modelof
multiple-pinnets t, isthesameasthatin 2-pinnetswhile ¢,, is still
the EImoredelayfrom the sourceto sink S;, but now with branch-
ing capacitancesThe analyticalsolutionsof the 2-m modelremain
the same. Note that for a couplingelement(e.g.,C;) not on the
pathfrom thesourceto sink S; (i.e., couplingwith somebranching
elements)the computationof ¢, only takes C;’s upstreanresis-
tancecommonto the pathfrom the sourceto sink S; (in thesame
principleasthe EImoredelaycomputation).

As for thetime compleity, givena 2-r model,it only takescon-
stanttime to computethe peaknoiseandthe noisewidth aswe we
have the closed-formexpressiongor them. To reducea distributed
RC circuit to the 2-m model, we only needa linear traversal of
the victim net (to computeupstream/danstreaminterconnecte-
sistance/capacitane¢the couplingnodeandsoonfor ¢, andt,),
which canbedonein lineartime aswell, the sameasin [2, 6]. It is
ohviousto bethelower boundof the computationatompleity for
ary reasonabl@oisemodel.

2.3 Validation of the 2-r Model

The2-r modelandits analyticalpeaknoiseaswell asnoisewidth
expressionshave beentestedextensiely and shavn to work re-
markablywell comparedo HSPICEsimulations. To obtainhigh
fidelity andto detecthecornerscenarioswerunour2-r modeland
the modelsin [6] and[5] versusthe HSPICEsimulationson 1000
randomlygeneratedircuitswith realisticparameterén a 0.18um
technology(extractedbasecon NTRS’97[1]). For thetestcircuits,
the driver resistanceR,; is from 20 to 200012, the loadingcapac-
itance(; is from 4 to 50 fF, the lengthparameterd s, L., and
L, arefrom 1 to 2000 um, the wire width/spacingis either 1x
or 2x minimum width/spacingandthe aggressoslew is from 10
to 500 ps. Our experimentsshav thatthe averageerrorsfor peak
noiseestimationusing[6], [5] andour 2-m modelare 589%,9%,
andlessthan4%, respectiely. Table1l summarizeshepercentage
of netsthatfall into certainerrorrangesusingthe 2-r modelwith
closed-formpeaknoiseandnoisewidth expressiongrom (5) and
(9) comparedwith thosefrom running HSPICE simulations. We
canseethatusingour model,both peaknoiseandnoisewidth are
within 4% error on average,and almost95% netshave lessthan
10%errors.

Errorrange | maz | twidth
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% |

Table 1: The percentagef netsthatfall into the error rangesfor
peaknoise(vmaqz) andnoisewidth (t,iq:r) from the 2-r model.

We have alsotestedthe 2-r modelon a setof randomlygener
atedmultiple-pinnetswith generatreestructuresOur experimen-
tal resultsshaw thatour 2-m modelstill works surprisinglywell for
generalRC trees. Figure 4 shaws the scatterdiagramcomparing
the 2-m model (y-axis) with HSPICE (x-axis) simulationsfor 20
randomlygeneratedour-pin nets(i.e., with two branches)Theex-
perimentakettingis thesameasthosefor 2-pinnets. Thebranching
wire lengthrangedrom 1 to 2000um. Thebranchingocationcan
be anywherefrom driver to recever. HSPICEsimulationsareper
formedon distributedRC networksby dividing eachlong wire into
every 10um segment. Again, for all testcircuits, the 2-r model
givesvery goodestimation(closeto they = z line in the scatter
diagram). The averageerrorsfor peaknoiseand noisewidth are
just4.3%and5.89%,respectiely.
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Figure4: Comparisorof 2-m modelversusHSPICEsimulationfor
20randomlygeneratedRCtreesfor (a) peaknoise,(b) noisewidth.

3 Applications in NoiseReduction and Noise-
Constrained Inter connectOptimization

Dueto the high accurag yet simpleclosed-formnatureof the 2-r
model, we canuseit in mary differentscenariosfrom noisees-
timation/analysigo noise-avareinterconnecoptimizations. This
sectiondemonstratethe effectivenesof our model.

3.1 SomeOptimization Rulesfor NoiseReduction

Fromthe closed-formformulaeof peaknoiseandnoisewidth, we
can perform parametricstudiesand obtain a set of optimization
rulesto guide effective noisereduction. The derivation andjusti-
ficationof theserulesarein [7]. Thefollowing four rulesareonthe
peaknoise.

Rule 1 (On Driver Sizing) If RsC1 < R.CL, thensizingup the
victim driver strength(i.e., reduceeffective R4) will reducepeak
noise However if R;C1 > R.Cyp andt, << t,, driver sizing
will nothelpto reducepeaknoise In eithersituation,there is cer
tain lower boundfor peaknoisethat canbe achievedby just doing
driver sizing

Rule2 (On Coupling Location) During topolagy genem-
tion/routing of a noise-sensitivevictim net, one shall avoid near
receivercoupling especiallyto its strongaggressos.

Rule 3 (On Shield Insertion) The placement/insertiorof non-
aggressivg(quiet)neighbos arounda victim netwill helpto reduce
the crosstalknoise The preferred positionfor shieldinsertionis
neara noise-sensitivaet'sreceiver

Rule 4 (On Wire Sizingand Spacing)Wre spacingis alwaysan
effectivewayto reducenoise with anareapenalty For a givenarea
constaint, wire spacingis usuallymore effectivethan wire sizing
for crosstalknoisereduction.



Sometimesa recever may still be noise-immuneventhe peak
noiseexceedscertainthresholdvoltage. This canbe characterized
by somenoise amplitudeversuswidth plots, which canthenbe
transformednto an amplitude(A) versusamplitude-width(AW)
product(A-AW plot) [2]. This subsectiomevealssomeinteresting
propertyon the noiseamplitude-widthproduct. From (5) and (9)
the AW productcanbewrittenas

wheref(z) = =2 InS == andz = t, /t,. It canbeverified

that f(z) € [In2, 1]. Thus,we have thefollowing importantrule:

Rule5 (On Noise Amplitude-Width Product) The noise
amplitude-widthproducthasa lower boundof In2(R; + Rs)Ca,
and an upperboundof (R4 + Rs)C,. Otherparametes sud as
C1, Cs, R., Cr, onlyplay a minorrolein it. Theeffectivewaysto
reduceAW are wire spacing driver sizingandwire sizing

3.2 SimultaneousWire Spacingfor Multiple Nets

To furtherdemonstratéheeffectivenesof our2-r model,weapply
it to a simultaneousvire spacingproblemfor multiple nets.

Given: (1) Theinitial layoutof multiple netsandtheir noisecon-
straints;(2) theminimumwire spacingoetweereachcouplingpair.

Minimize: Thetotal areaor equivalently thetotal spacingoetween
all nets.

Subjectto: No noiseviolationfor eachnet.

This problemmay be formulatedinto somenonlinearprogram-
ming problem under simple formula-basedcapacitancemodels.
But in DSM designstable-basedapacitancenodelis usuallyre-
quiredfor adequat@accurag, which makesthe problemdifficult to
solve dueto lack of analyticalexpressiongpossiblenon-cowexity,
etc.). Thus, we proposea simple but effective sensitivity-based
spacingalgorithm(SBSA)to solweit. Thenoisereductionsensitiv-
ity Av;; atsomespacings;; (betweertwo adjacennetsi andy) is
definedto be the total noisereductionfor thosenoise-violatingre-
ceiversin netsi andj, dueto somenominalspacingncreaseo s;;,
sayAs;j. Thealgorithmstartsfrom someinitial layout. As long
asthereis noiseviolation, it checkseachspacingthatis a possible
causeof thenoiseviolation, computets noisereductionsensitvity,
andselectghe onewith themosteffective noisereductiondueto a
nominalspacingincrement. This procedurewill be repeatedintil
thereis no noiseviolation.

We apply our SBSAto a 4-bit fully parallelbusof 1 mm long,
with Ry = 180%2, C; = 23fF, wire width of 0.44um, andt, =
50ps. The noiseconstraintis setto be 0.2 V4. Table?2 lists the
spacingdbetweeradjacenbuslinesusingSBSA. We comparethe
resultingspacinggs:» denoteshespacingetweerthefirstandthe
secondusline, andsoon. T'S denoteghetotal spacing)rom our
metricswith two othermetrics[6] (Devgan)and[5] (Vittal). Welist
resultsundertwo differentAs, 0.33um and0.11um, respectiely.
It canbe seerthatusingDevganandVittal modelsmayleadto too
conserative spacingby as much as 70% and 31%, respectiely,
due to their peak noise over-estimation. It is also interestingto
seethat,comparingwith a straightforvard equalspacingalgorithm
(i.e.,s12 = s23 = s34, With thetotal spacingl’Sg s atthelastrow
of Table2), the SBSAalgorithmwill usemuchlessareawith area
reductionby up to 11% (total spacingof 5.28 um versus5.94 um
for 2-m modelwith As = 0.33um).

spacing(um) As=0.33um As=0.11um
Devgan | Vittal | 2-x | Devgan | Vittal | 27
S$12 2.64 1.98 | 1.65 2.42 1.98 | 1.54
$23 3.63 297 | 1.98 3.52 2.75 | 2.20
834 2.64 198 | 1.65 2.42 1.98 | 1.54
TS 8.91 6.93 | 5.28 8.36 6.71 | 5.28
[ TSgs | 891 | 693 [594] 858 | 6.93 | 5.61 |

Table 2: Spacingfor noisecontrol of a 4-bit bus, using different
noisemetrics.

4 Conclusion

We have developedin this work a much improved, closedform
crosstalknoise model, with on averagelessthan 6% error com-
paredwith HSPICE simulation, for both peaknoisevoltage and
noisewidth estimationsComparedo existing modelswith similar
compleity, our modelhasmuchbetteraccurag andit providesa
unifiedview for them.We thenapplyour modelto developa setof
interconnecbptimizationrulesto guide noise-avare interconnect
optimizationsjncludingdriversizing,topologyconstructionshield
insertionandwire spacingversussizingto reducepeaknoise. We
alsoobtaina very interestingboundon the noiseamplitude-width
productand provide a simple, effective rule to reduceit. We then
applyour modelto a simultaneousvire spacingoroblemandshav
significantareasavzing dueto our moreaccuratenodeling. We ex-
pectthatour 2-m modelwill beusefulin mary otherapplicationsat
variouslevelsto guidenoise-avareDSM circuit designs.
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