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Abstract

This paper presentsa mud improved, highly accumate yet effi-

cientcrosstalknoisemodel,the 2-r model,andappliesit to noise-
constained interconnectoptimizations. Compaed with previous
crosstalknoisemodelsof similar compleity, our 2-r modeltakes
into consideation manykey parametes, sud ascouplinglocations
(neardriver or nearreceiver)andthecoarsedistributedRCchar-

acteristicsfor victim net. Thus,it is very accumate (lessthan 6%
error on avelage compaed with HSPICEsimulations).Moreover,

our modelprovidessimpleclosed-formexpressiongor both peak
noiseamplitudeandnoisewidth, soit is veryusefulfor noise-awag
layout optimizations. In particular, we demonstate its effective-
nessn two applications:(i) Optimizationrule generation for noise
reductionusing various interconnectoptimizationtechniques; (ii)

Simultaneousvire spacingto multiple netsfor noiseconstained
interconnectminimization.

1 Intr oduction

In deepsub-micron(DSM) circuit designs,the coupling capaci-
tancebetweenadjacentnets has becomea dominantcomponent
astaller and narraver wires are now placedcloserto eachother
[1]. The coupling capacitancenot only leadsto excessie signal
delays,but alsocausegotentiallogic malfunctions(see[2] for a
tutorial). The latter problemis especiallyseriousfor designswith
higherclock frequencieslower supplyvoltagesand usageof dy-
namiclogic sincethey have lower noisemamgin. To make surea
final layoutto benoiseimmune,accurateyet efficientnoisemodels
areneededo guideinterconnecbptimizationsat variousstages.

Recently a numberof simple crosstalknoisemodelswere pro-
posed By solvingtelegraphequationglirectly, [3, 4] obtainedaset
of analyticalformulaefor peaknoiseof capacitvely coupledbus
lines. But their approache$iandleonly fully coupledbus struc-
tures,not partially coupledlines or generalRC trees. Thework in
[5] modeledeachaggressoandvictim net by an L-type RC cir-
cuitandobtainedclosed-formexpressiorfor both peaknoiseupper
boundandnoise-wertime integral. It shaved muchimprovement
on the purechage sharingmodel, but it assumeda stepinput for
aggressor Extensiongo [5] weremadeby [6, 7, 8], to consider
a saturatedampinput, or a Pi-type lumpedRC circuit. Most of
thesemodels,however, did not considerthe distributed natureof
an RC network, which is neededn DSM designs.In [9], anele-
gantElmore-delaylik e peaknoisemodelwasobtainedfor general
RC trees,andit guarantee$o be an upperbound. However, [9]
assumean infinite (non-saturatedjampinput. Thus,it may sig-
nificantly over-estimatethe peaknoise,especiallyfor large victim
nets,andsmall aggressoslews (very likely in DSM). In fact, the
peaknoiseobtainedfrom [9] may even be larger thanthe supply
voltage.Recentwork in [8] canhandledistributedRC network and
saturatedampinput. But it canbe shavn thatthe modelin [8] has
upto 100%over estimationcomparedo the modelin [9] whenthe
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aggressotransitiontime is muchlargerthanthe victim netdelay
(seeSection2).

In this paper we develop a much improved crosstalknoise
model, calledthe 2-# model It overcomesmajor dravbacksof
existing modelsby takinginto consideratiormary key parameters,
suchastheaggressoslew atthecouplinglocation,thecouplinglo-
cationatthevictim net(neardriver or nearrecever),andthecoarse
distributedRC characteristicfor victim net. Our modelis very ac-
curatewith lessthan6% erroron averagecomparedvith HSPICE
simulations. Moreover, it hassimple closed-formexpressiongor
both peaknoiseand noisewidth and provides very clear physical
meaningfor key noisecontributionterms.All thesecharacteristics
of our 2-m modelmale it ideal to guide noise-avare layout opti-
mizationsexplicitly.

Therestof this paperis organizedasfollows. Section2 presents
the 2-7 modelandits analyticalsolutionsfor time-domainwave-
form, peaknoiseandnoisewidth, togetherwith the modelvalida-
tion by HSPICEsimulations.In the next two sectionsye demon-
stratetwo applicationsof our 2-r model. Section3 providesa set
of interconnecbptimizationrulesto guideeffective noisereduction
and Section4 usesthe 2-m modelin a simultaneousvire spacing
problemfor noise-constrainedreaminimizationto multiple nets.
Theconclusiorfollows in Section5.

2 An Improved 2-r CrosstalkNoiseModel

In this section,we first presenthe 2-r modeland derive its ana-
lytical time-domainwaveform. Thenwe focuson two key metrics
for the2-m model,i.e., peaknoise(amplitude)andnoisewidth, and
derive simple closed-formexpressiongor them. We thenextend
the 2-7 modelto handlegeneralRC trees,followed by extensive
validationof themodel.

2.1 2-7 Model and its Analytical Waveform

For simplicity, wefirst explainour2-r modelfor thecasewherethe
victim netis anRCline. We will extendthe2-r modelto ageneral
RCtreein Sectior2.3. For avictim netwith someaggressonearby
asshavnin Fig. 1 (a),lettheaggressovoltagepulseatthecoupling
locationbe a saturatedampinput with transitiontime (i.e., slew)

beingtr,l andthe interconnectengthof the victim netbeforethe
coupling,atthe couplingandafterthe couplingbe L, L. and L.,

respectiely.

The2-r typereducedRC modelis generatedsshavn in Fig. 1
(b) to computethe crosstalknoiseat the recever. It is called2-r
modelbecaus¢hevictim netis modeledastwo w-typeRC 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 Fig. 1 (a) in the following manner The cou-
pling node(node?) is setto bethecenterof the couplingportionof
thevictim net,i.e., Ls + L./2 from the source.Let the upstream
anddownstreaminterconnectesistance/capacitana¢Node 2 be

1TheaggressonetRC characteristicandits driver/loadinformationare
incorporatednto the slew ¢, atthecouplinglocation. It canbe estimated
from simpleslev modelsor timing analysigools.
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Fig. 1: (a) Thelayoutof avictim netandanaggressoabove it. (b)
The2-r crosstalknoisemodel.

R,/Cs andR./C., respectiely. Thencapacitancealuesaresetto
beCy = Cs/2,Cy = (Cs + Cc)/2 andCL = Cc/2 + C;. Com-
paredwith [5, 6] whichonly usedonelumpedRCfor thevictim net,
it is obvious that our 2-r modelcan modelthe coarse distributed
RC characteristicsIn addition, sincewe consideronly thosekey
parametergheresulting2-r modelcanbe solved analytically

FromFig. 1 (b), we have theimpedanceatnodel, Z; satisfying
thefollowing

1 1
= C
7 R, + sC1
Thenatnode2, we have
1 1 1
= +sCo+ ——
Zo  (Zi+Ry) TRt D

sCp,

Denotethe s-domainvoltageat node2 by V- (s), then
* Vagg(s).

TheoutputvoltageVs,.: in the s-domainis

1

Vour(s) = Va(s) - =75 @)
€ sCr,

SubstitutingZ1, Z> andVz into V. (s), we have

Zy 1/sCL
T = gy Rerapser el
ass? +ais
: : Vagg () 2

$3 + 0282 +b15 + bo
wherethecoeficientsare

ax = Ki/K»
a1 = (Ra+ R:)C:/K>
b = ((C2+C:)-(ReCL(Rq+ Rs) + R4RsCh)
+ R4R.C:Cr + CLRdR301)/K2
bi = ((Re+ Rs)(Co+C2+4+CL)+ (RCrL + RyCh1))/K>
by = 1/K2
K1 = Cy R4R;C:
Ky = R4R;CiCLR.(Cs+ C2)

Writing thetransformfunction H(s) into thepole/residudorm:

a8’ +ais+ao _ ki ko ks

H = =
(5) $3 + bas? + bi1s+bo s — 81 +

§$—8y S—S3

Thethreepolessi, s2, andss arethethreerootsof s®+bas2+b1 s+
bo = 0, which canbe obtainedanalyticallyusingstandardnathe-
maticaltechniquegdetailsomitted dueto pagelimitation). After
eachpole/residugair is obtained,its correspondindime domain
functionisjust f;(t) = kie*i* (i = 1,2, 3).

For the aggressomith saturatedramp input with normalized
Vaqa = 1 andtransitiontimet,., i.e.,

t/t, 0<t<t
Vagg(t) = { 1/ Tt
its Laplacetransformations
1—e 5t
Vagg(s) = o 3)

Thenfor eachpole/residugair, the s-domainoutputVsy:; (s) =
£ . V,44(s), andits inverseLaplaceis just the corvolution of

fi(t) andg(t),

t
vours(t) = fi(t) xg(t) = / £i(t — wg(w)du
0
ki (1+s;t) kiefit
—halpet) | kgt 0<t<t,
= kiesi(t—tr) kiesit ks (4)
- s?tr s?tr,. - S_i t> tT

Therefore the final noisevoltagewaveformis simply the summa-
tion of thevoltagewaveformfrom eachpole/residugair.

Vout (t) = Voutq (t) + Voutg (t) + Vouty (t) (5)

The 2-m model has beentestedextensiely and its waveform
from (5) canbe shavn to be almostidenticalcomparedo HSPICE
simulations.Detailedmodelvalidationresultswill be presentedn
Section2.4.

2.2 Closed-Form NoiseAmplitude and Width

Althoughthe closed-formnoisewaveform hasbeenderivedin the
previoussubsectionthe solutionby itself is still quitecomplicated.
Moreover, it provideslittle intuition aboutsomekey measurements
for crosstalknoise,suchasnoisepeakamplitudeandnoisewidth,
which arevery importantto guidenoisereductionby interconnect
optimizations.Simpleclosed-formexpressiondor thesemeasure-
mentsarehighly desiredsincethey provide moreinsightabouthow
various interconnectparametersaffect the crosstalknoiseand to
whatextent. In this subsectionye will further simplify the origi-
nal 2-m modelandderive closed-fornformulaefor noiseamplitude
andnoisewidth.

Usingdominant-polepproximatiormethodin a similar manner
like[7, 10,11], we cansimplify (2) into

W18 _ta(1—e""")
Vout(s) = bis + bo Vagg(s) = str(sty, + 1) ()
wherethecoeficientsare
tv = (Ri+Rs)(Co+Ca+CL)+ (RCL+ RsC1) (8)

It is interestingo obsere thatt,, is in factthe RC delaytermfrom
theupstreanresistancef the couplingelementimesthe coupling
capacitancewhile t, is thedistributedElImoredelayof victim net.
We will furtherdiscusgheirimplicationslater



Computingthe inverseLaplacetransformof (6), we canobtain
thefollowing simpletime domainwaveform

0<t<Lt,

t >t ©)

te (1 _ g—t/tv
_ £, e
Vout(t) = { i_:(e—(t—tr)/tu _emt/ty)
It is easyto verify thatin theabove noiseexpressiony,,: mono-

tonically increasest0 < t < t,, andmonotonicallydecreaseat
t > t.. Sothepeaknoisewill beatt = t,, with thevalueof

Umaz = t—z(l — e_t”/t”). (10)
tr
The above expressionof v, canbe degeneratedo somespecial
casedo encapsulatmoisemodelsderived in previous works. As

t, — 0 (i.e.,astepinput), vimez — j—: whichis in thesameform

asin [5] (withoutinterconnectesistanceand[8] (with interconnect
resistance)ln thecaseof ¢, >> t, (actuallyt, > 3t, is enough),
VUmaz — i—: whichis in the sameform as[9].

It is alsointerestingto comparewith the recentwork by [8],
wherethe peaknoisewith saturatedampinput canbe written as
Vhaw = tu-ﬁ—fr/z Although obtainedfrom a totally differentap-

proach,v,,.. from[8] is indeeda first-orderapproximatiorof our
Umaz IN (10),since
125

21— —tr/ty
b (1ol

ter. 1t
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gt (11)
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Q

(12)

However, suchapproximations only valid whent, < t,. It will

be muchoff whent, >> t,, sinceit throws away larger terms.
This explainswhy v}, in [8] givestwice peaknoiseof Devgan
modelwhent, >> t,, i.e.,100%over estimation.It alsoexplains
the resultsin Tablell of [8] thatast, getslarger (from 100psto
500ps),the averageerror of peaknoiseexpressionfrom [8] gets
larger (from 6%to 10%).

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

Definition 1 NoiseWidth: Given certain thresholdvoltage level
v¢, the noisewidth for a noisepulseis definedto be the length of
timeinterval that noisespike voltage v is larger or equalto v;.

noi se

Vmax f-----
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twidth

time

Fig. 2: lllustrationof the noisewidth.

From Egn. (9), we cancomputet; andt», andthusthe noise
width
(ts — trvg)(et/t — 1)

tM}g

t2 — t1 = tvln (13)

In this paper we setthe thresholdvoltagev: to be half of the peak
noisevoltage,v; = vmaz/2. Then,the noisewidth of (13)is sim-
plified into

1— e=2tr/ts
twidth = t2 —t1 = t, +tyln [m] (14)

Note that ¢, is cancelledout in (14). One can easily verify the
following propertyfor the noisewidth.

Lemmal The noisewidth ¢,;q4:n IS @ monotonicallyincreasing
functionoft, andt,, i.e., Otwiqtn /Otr > 0 andotyiqen /Oty > 0,
andit isboundedyt, < twiath < tr + tyln2.

2.3 Extensionto RC Trees

Our 2-m model can be easily extendedto a victim netin general
RC treestructuresTo computethe crosstalknoiseat a certainsink

(recever) S;, we build the correspondin@-r modelasshavn in

Fig. 3. It is similarto thatshavn in Fig. 1, with the sameupstream
and downstreamresistances.The only differenceis that we now

incorporatehelumpedcapacitancateachbranchonthepathfrom

sourceto sink S;, i.e., Cp1, ... Cbi. We will addtheseCy;’s into

C1, C, or Cy, 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 (L. + L./2). Then(1 — B8)Cy;
goesto Cr, andBCy; goesto Cs.
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Fig. 3: Extensionof the2-m modelfor generaRCtrees.

Actually, it caneasilybeshavn thatin theresulting2-= modelof
multiple-pinnets ¢, is thesameasthatin 2-pinnetswhile t,, is still
the ElImoredelayfrom the sourceto sink S;, but now with branch-
ing capacitancesTheanalyticalsolutionsof the 2-w 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 the same
mannerasthe EImoredelaycomputation).

As for the time compleity, since we have the closed-form
expressionsfor the poles, residues, and waveform for each
pole/residuepair, the computationtime for transferfunction and
waveformfor a given 2-m modelcanbe donein constantime. To
reducethe original circuit to the 2-m model, we only needa lin-
eartraversal(to computeupstream/denstreamnterconnectesis-
tance/capacitanathecouplingnode)of thevictim net,whichcan
bedonein lineartime aswell asin [5, 9]. It is obviously thelower
boundof the computationakompleity for ary reasonablaoise
model.



2.4 Validation of the 2-7 Model

The 2-r modelandits analyticalformulaefor peaknoise(10) as
well asnoisewidth (14) have beentestedextensiely andshavn to
work remarkablywell comparedo HSPICEsimulations. To ob-
tain high fidelity andto detectthe cornerscenarioswe run our 2-r
model, Devganmodel[9], Vittal model[8], andHSPICEsimula-
tionson 1000randomlygeneratedircuitswith realisticparameters
in a0.18:m technologyextractedbasednNTRS[1]). Forthetest
circuits, thedriver resistanceR, is from 20to 2000¢2, theloading
capacitance’; is from 4 to 50 fF, thelengthparameterds, L.,
and L. arefrom 1 to 2000um, thewire width/spacings eitherlx
or 2x minimumwidth/spacingandtheaggressoslew is from 10to
500ps. Ourexperimentshaw thattheaverageerrorsfor peaknoise
estimationusingDevgan, Vittal andour 2-r modelare589%,9%,
andlessthan4%, respectiely. Table1l summarizeshe percentage
of netsthatfall into certainerrorrangesusingthe 2-r modelwith
closed-formpeaknoiseandnoisewidth expressiondgrom (10) and
(14) comparedvith thosefrom runningHSPICEsimulations.We
canseethatusingour model,both peaknoiseandnoisewidth are
on averagewithin 4% error, and almost95% netshave lessthan
10%errors.

Table1: The percentag®f netsthatfall into the error rangesfor
peaknoise(vmq. ) andnoisewidth (t;q:r) from the 2-r model.

Errorrange | Umaz | 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% |

Wehave alsotestedhe2-r modelonasetof randomlygenerated
multiple-pinnetswith generalRC treestructures.Our experimen-
tal resultsshav thatour 2-m modelstill works surprisinglywell for
generalRC trees.Fig. 4 shavs the scatterdiagramcomparingthe
2-m model(y-axis) with HSPICE (x-axis) simulationsfor 20 ran-
domly generatediour-pin nets(i.e., with two branches)Theexper
imentalsettingis the sameasthosefor 2-pin nets. The branching
wire lengthrangesrom 1 to 2000pum. Thebranchingocationcan
be anywherefrom driver to recever. HSPICEsimulationsareper
formedondistributedRC networks by dividing eachlong wire into
every 10um segment. Again, for all testcircuits, the 2-r model
givesvery good estimation(closeto they = «z line in the scatter
diagram). The averageerrorsfor peaknoiseand noisewidth are
just4.3%and5.89%, respectiely.
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Fig. 4. Comparisorof 2-r modelversusHSPICEsimulationfor 20
randomlygeneratedRC treesfor (a) peaknoise,(b) noisewidth.

3 Application I: Optimization Rulesfor Noise
Reduction

In this sectionwe performsomein-depthparametricstudiesnside
the 2-m modelandprovide a setof optimizationrulesfor noisere-
duction.Sinceit is well understoodhatbuffer insertioncanhelpto
reducecrosstalknoise[12, 13] andour modelcanalsobe usedas
aninternalnoiseevaluatorto guidebuffer insertion,we will notin-
cludeit here.Ratherwewill focusonadirect-connectedet. Since
noisepulsebelown certainthresholdvoltage(V;p) will not causea
recever to malfunction,we will mainly focus on the peaknoise
Umae reduction. However, we will considerthe noisewidth when
thepeaknoiseexceedshethresholdvoltage(Section3.5).

3.1 Driver Sizing

Intuitively, driver sizingcanhelpto reducethe peakcrosstalknoise
sincea strongerdriver hasmorecapabilityto sustaina noisespike.
Althoughthis is truein mostcasespur modeldoesindicatesome
situationunderwhich increasingdriver size(i.e., reduceR;) may
nothelpto reducethe peaknoise.Consider

14 (RatRs )(cl+cg+cm+cL)
to tu
1- etr/to :

OVmaz _ &
ORs

If (Rg+ Rs)(C1+C2+Cy+Cr) <ty (i.e.,, R:C:1 < R.CL
after substitutingt,,), then% > 0 andsizing up a driver will
reducenoise.However, if (Rg + Rs)(C1 +C2+ Cp + CL) >ty
(.e., R,C1 > R.Cp), andt, << t,, onemay have the situation
thatag%:m < 0. 2 Considerthe extremecaseof t, — 0, thenthe

peaknoiseis

Cy-Rqg+ R,C,
(Ci+Ce+C2+CL)  Ri+ Rs(Ce + C2+ CL) + RCr”
RsCg Cltis

_ Ce _
Letk: = orevoror Ak = e o, o TRCE
easyto verify thatif k1 > k» (i.e., RsC1 < ReCr), Zze= > 0,
while if k1 < k2, af;’;;;” <0 Itis alsomterestlngto seethat
Umae IN factboundeddy k1 andks, i.e., min(k1, k2) < Vmaz <
max(k1, k2). Thatis to say no matterhow oneoptimally sizesa
driver, thereis still somenoiselower bound,andjust doing driver
sizingmaynothelpto reducehepeaknoisebelon thedesiredevel.
To summarizewe have thefollowing rule.

Rule 1l If R;C:1 < R.Cr,thensizingupthevictimdriver strength
(i.e., reduceeffective R;) will reducepeak noise However, if
R,C1 > R.Cr andt, << t,, driver sizingwill not helpto re-
ducepeaknoise In either situation,there is certain lower bound
for peaknoisethat canbeachievedby justdoingdriver sizing

3.2 Near-Driver versusNear-Recever Coupling

This subsectionnvestigateghe effects of differentcouplingloca-
tions on peaknoise. From v, = Hathalle (1 _ o=tr/tv) e
know that asthe coupling elementmove ‘toward the recever, R,
increasesMeanwhile the EImoredelayt, increase®ecausenore
“lumped” capacitancé now neartherecever, buttheincreaseate
shallbemuchlessthanthatof R, andtheoverall effectto thepeak
noiseis determineddy theincreasef R,. This propositionis val-
idatedby extensve simulations.As anexample,Fig. 5 shavs that
Umaz INCreasesonotonically(almostiinear)by 40%asanaggres-
sor moves from neardriver (Ls = 0) to nearrecever (L. = 0),
meanwhilet, only increasedy 9%. This leadsto the following
interconnecbptimizationrule for noisereduction.

2|ntuitively, it correspondso the situationof a very strongaggressor
couplingatanearrecever locationto thevictim net.



Rule 2 During topolayy geneation/routing of a noise-sensitive
victim net,oneshall avoid nearreceivercoupling especiallyto its
strongaggressos.

0 200 400 600 800 1000

Fig. 5: Variationsof vm.. andt, to differentcouplinglocations
(Ls from 0 to 1mm) for avictim netof 2mm long, L, = 1mm,
couplingspacingof 0.33um, wire width of 0.22um, R4 = 30012,
C; =10fF, L. = 1lmm, t, = 50ps.

It shallbe pointedout since[5, 6] only have onelumpedRC for
the victim net, they do not differentiatebetweennearsourceand
nearsink coupling. The modelin [9] also discouragesearsink
couplingandconfirmsRule 1, but it usuallygivestoo conserative
peaknoise.

3.3 ShieldInsertion

Section3.2 suggestshat we shouldavoid nearrecever coupling,
sowe shallinsertshielding(hon-aggresse) wires closeto noise-
sensitve recever. Anotheraspectfor a shieldingwire to reduce
peaknoiseis by increasinglumped” capacitancef thevictim net.

Lemma?2 Thepeaknoisemonotonicallydeceasesas C1, C2, or
C, increases.For the sameamountof capacitancencrease it is
mosteffectiveat C, andleasteffectiveat C1, i.e.,

OVmaz OVmaz OVmax

ac. < a0, < ac; <°

From Lemma 2, the following layout guidancerule to reduce
crosstalknoise®

Rule 3 The placement/insertiorof non-aygressive(quiet) neigh-
bors around a victim netwill help to reducethe crosstalknoise
Thepreferred positionfor shieldinsertionis neara noise-sensitive
net'sreceiver

3.4 Wire SpacingversusSizing

Lemma3 The peak noise monotonically increasesas C, in-
creasesi.e., Ovmaz /0Cz > 0

Definition 2 Monotone CapacitanceModel: For a wire segment
with fixedwidth, its couplingcapacitancenonotonicallyincreases
while its groundcapacitancenonotonicallydeceasesasits spac-
ing to neighboringwire deceases.

3[5] alsosuggestshatshieldinsertion(whichthey call “intentionalover-
lapping”) to reducenoise.However, it doesnot differentiatebetweemear
driver andnearrecever shieldinsertion.

Lemma4 Thepeaknoisemonotonicallydeceasesswire spacing
increasesynderthe monotonecapacitancanodel.

Our extensvie capacitancextraction shavs that MonotoneCa-
pacitanceModel usuallyholdsfor DSM designsthuswire spacing
is always an effective way to reducenoise(especiallywhenother
methodgeachtheir limitations, e.g.,driver sizing). The penaltyis
on the areaside. For a given areaconstraint,nowever, our study
shaws that wire spacingis consistentlymore effective than wire
sizingfor noisereduction.Thus,we have

Rule 4 Wre spacingis alwaysan effectiveway to reducenoise
with an areapenalty For a givenareaconstaint, wire spacingis
usuallymore effectivethanwire sizingfor crosstalknoisereduction.

It shall be notedthat previous works (e.qg., [14]) shaved that
properwire sizing could significantlyreducedelaywith consider
ation of couplingcapacitancelt will beinterestingto explorethe
wire sizing/spacindgradeof for bothdelayandnoiseconsideration
in thefuture.

3.5 On NoiseAmplitude-Width Product

Sometimesa recever may still be noise-immuneaven the peak
noiseexceedscertainthresholdvoltage. This canbe characterized
by somenoise amplitudeversuswidth plots, which canthenbe
transformednto an amplitude(A) versusamplitude-width(AW)
product(A-AW plot) [5]. This subsectiomevealssomeinteresting
propertyon the noiseamplitude-widthproduct.From(10) and(14)
the AW productcanbewritten as

AW = (Rqa+ Rs)Cy - f(z) (15)

wheref(z) = £=2"In<==" andz = t,/t,. It canbe veri-
fiedthat f(z) € [In2,1] (i.e.,[0.69, 1]). Thisimportantproperty
suggestshat AW is essentiallydetermineddy (R + R;)C,. Al-
thoughtechniquedike increasingC:, C:2 or Cr (e.g.,shieldin-
sertion)canreduceAW, they cannotgo belown the lower bound
In2- (R4 + R,)C,. Themosteffective wayto reduceAW isto re-
duceC; (e.g.,by spacing),R, (by driver sizing),and R, (by wire
sizing).

Rule 5 The noiseamplitude-widthproducthasa lower boundof
In2(Rq + R;)C5, andan upperboundof (R; + R;)C,. Other
parametes sud as C1, C2, Re, Cr. only play a minorrolein it.
Theeffectivewaysto reduceAW are wire spacing driver sizingand
wire sizing

4 Application II: SimultaneousWir e Spacing
for Multiple Nets

To demonstrat¢he effectivenesf our 2-r model,we applyit to a
simultaneousvire spacingproblemfor multiple nets. It is formu-
latedasfollows.

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

Minimize: Thetotal areaor equivalently, thetotal spacingbetween
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@ccurag, which makesthe problemdifficult to
solve dueto lack of analyticalexpressiongpossiblenon-cowexity,
etc.). Instead,we will usea sensitvity-basedspacingalgorithm



(SBSA)to solweit, asillustratedin Fig. 6. Thenoisereductionsen-
sitivity Awv;; at somespacings;; (betweertwo adjacennetsi and
7) is definedto bethetotal noisereductionfor thosenoise-violating
receversin nets: and j, dueto somenominal spacingincrease
to s;;, sayAs;;. Thealgorithmstartsfrom someminimum spac-
ing asgiven by the input. As long asthereis noiseviolation, it

will checkeachspacings;; thatis a possiblecauseof the noise
violation, and computeits noisereductionsensitvity. Given the

samenominalareaincreaseA A, we computethe spacingincrease
As;; = AA/l;;, wherel;; is the couplinglengthfor s;;. We pick

the spacings.., thathasthe maximumnoisereductionsensitvity

with thesamenominalareaincreaseandincreaseét by As;;. Then,
we updatethe noiseinformationanditerateuntil thereis no noise
violation.

Sensitvity-Based SpacingAlgorithm

1. initialize spacings;

2. while (thereis noiseviolation) {

3. AvVpmae < 0;

4. foreachspacings;; betweerary adjacenhets; andj
thateither: or j hasnoiseviolation {
Asij =AA/lij;
computenoisereductionsensitvity Awv;;;
AVmag ¢ maz(Avij, Avmez);

}

increasesmn With Avpmaz by Aspmn;
0. updatenoisefor affectednets;

1}

Fig. 6: A simultaneouswire spacing algorithm for noise-
constrainedireaminimizationfor multiple nets.

BRO0N O

We apply our sensitvity-basedwire spacingalgorithmto a 4-bit
fully parallelbus of 1 mm long, with Ry = 18092, C; = 23fF,
wire width of 0.44um, andt, = 50ps. The noiseconstraints set
to be0.2V,4. Table2 liststhe spacingdetweeradjacenbuslines
using SBSA. We comparethe resultingspacingqsi2 denoteghe
spacingbetweerthe first andthe secondbusline, andsoon. T'S
denoteghetotal spacing)from our metricswith two othermetrics
[9] (Devgan)and|[8] (Vittal). We list resultsundertwo different
As, 0.33and0.11 um, respectiely. It canbe seenthatusingDe-
vgan and Vittal modelsmay lead to too conserative spacingby
asmuch as 70% and 31%, respectiely, dueto their peaknoise
over-estimation. It is alsointerestingto seethat, comparingwith
a straightforvard equalspacingalgorithm(i.e., s12 = s23 = $34,
with thetotal spacingl’ Sk s atthelastrow of Table2), our SBSA
algorithmwill usemuchlessareawith areareductiorby upto 11%
(total spacingof 5.28 um versus5.94 ym for 2-r modelwith As
= 0.33um). Soour SBSAIs quiteeffective in practice.

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

spacing(um) As=0.33um As=0.11um
Devgan | Vittal | 2-x | Devgan | Vittal | 2-w
$12 2.64 1.98 | 1.65 2.42 198 | 1.54
$23 3.63 297 | 1.98 3.52 2.75 | 2.20
$34 2.64 1.98 | 1.65 2.42 198 | 1.54
TS 8.91 6.93 | 5.28 8.36 6.71 | 5.28
[ TSgs | 891 | 693 [594] 858 | 6.93 ] 561

5 Conclusion

We have developedin this work a muchimproved crosstalknoise
model,with lessthan6% erroron averagecompareavith HSPICE
simulation for bothpeaknoisevoltageandnoisewidth estimations.
Comparedo existing modelswith the samecompleity, our model
is muchmoreaccurateandit providesa unifiedview for them.The
modelhasbeenshavn to bevery effective to guidenoise-avarein-
terconnecbptimization.In this paperwe assume saturatedamp
input for the aggressonet. We have alsoobtainedthe closed-form
peaknoiseformula for the 2-r modelunderthe exponentialag-
gressotinput, andour experimentsshav aboutthe sameaccurayg
asthatunderthe saturatedampinput usingHSPICEsimulations.
Interestedeadercanreferto [15] for details.We expectthatour 2-
7 modelwill beusefulin mary otherapplicationsat variouslevels
to guidenoise-avareDSM circuit designs.
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