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ABSTRACT

In thispapemwe describeanapproacHor generatinggeometrically-
parameterizedntegrated-circuitinterconnecimodelsthat are effi-
cient enoughfor usein interconnectsynthesis. The model gen-
erationapproachpresenteds automatic,andis basedon a multi-
parametemodel-reductiorlgorithm. Theeffectivenes®f thetech-
nique is testedusing a multi-line bus example, where both wire

spacingand wire width are consideredas geometricparameters.

Experimentakresultsdemonstratéhat the generatednodelsaccu-
ratelypredictbothdelayandcross-talkeffectsover awide rangeof
spacingandwidth variation.

1. INTRODUCTION

Developersof routingtools for mixed signalapplicationscould
male productive useof moreaccurateperformancemodelsfor in-
terconnectbut thecostof extractingevenamodestlyaccuratenodel
for acandidateouteis far beyondthe computationabudgetof the
innerloop of arouter If it werepossibleto extractgeometrically
parameterizethodelsof interconnecperformancethensuchmod-
elscouldbeusedfor detailednterconnecsynthesisn performance
critical digital or analogapplications. In this paperwe presenta
schemefor automaticallyconstructingparameterizednodelsfor
interconnectand demonstratéhe schemes effectivenessusing a
width andspacingparameterizedhulti-line bus.

Theideaof generatingparameterizeteduced-ordeinterconnect
modelsis not new, recentapproachesiave beendevelopedthat
focuson statisticalperformanceevaluation[1, 2] andclock skew
minimization[3]. Ourwork differsfrom thecitedeffortsin two im-
portantways. First, the target application,interconnecsynthesis,
requiresparameterizethodelsvalid over awide geometricrange.
Secondthetechniquedescribedelow is a multi-parameteexten-
sion of the projection-subspackasedmomentmatchingmethods
thathave proved so effective in interconnecmodeling[12, 13, 10,
9,8,7,11].
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In the following sectionwe presentthe basic backgroundon
multi-parametemodel-ordereductionfor a two-parametercase,
andthenin sectionthreewe describethe generalizatiorto an ar
bitrary numberof parametersin sectionfour, we demonstrat¢he
effectivenes®of themethodon awire-spacingrarameterizedhulti-
line busexample andconsidebothdelayandcross-talkeffects.In
sectionfive we usethe generalizednulti-parametemodelreduc-
tion approachto re-examinethe multi-line bus example, but now
allow bothwire width andwire spacingto be parametersConclu-
sionsaregivenin sectionsix.

2. BACKGROUND

Onerecentlydevelopedtechniqueor generatingimplegeomet-
rically parameterizeanodelsof physicalsystemds basedon first
using a very detailedrepresentationsuchas a discretizedpartial
differential equation,and thenreducingthat representationvhile
preservingthe variation dueto changingparameterg5]. There-
ductionapproactusedfor handlinggeometricparametewrariation
in thesephysical systemclosely parallelsthe techniquesor dy-
namicalsystenmodelreduction a situationthatfollows from con-
sideringthe Laplacetransformdescriptionof a dynamicalsystem
and then allowing the frequeng variable to substitutefor a ge-
ometric parameter This close parallelismhasallowed for some
cross-fertilization,for example a subspace-projectiohasedmo-
mentmatchingmethodwasborroved from the dynamicalsystem
model-reductiorrontext andusedo automaticallygeneratspacing-
parameterizedhodelsof wire capacitancefs).

The obseration that geometricparametersind frequeng vari-
ablesareinterchangeableat leastin a restrictedsetting,suggests
thattheproblemof generatinggeometricallyparameterizededuced-
ordermodelsof interconnectanbeformulatedasamulti-parameter
model-ordereductionproblem.In addition,it is possibleto exploit
the recently developed connectionbetweenprojection subspaces
andmulti-parametemoment-matchingg] to generateneffective
algorithm.Below, we malke thisideamoreprecise.

Considetthelinearsystem

[s1E1+9E2—Alx = Bu @)

y = Cx 2

wheres; ands, arescalarparametersx is a statevectorof dimen-
sionn; u andy arem-dimensionainputandoutputvectors;Ez, E

andA aren x n matricesandB andC aren x mandm x n matrices
which definehow theinputsandoutputsrelateto the statevectorx.



If oneof theparameterss; or s, areassociateavith frequeny,
andtheotherassociateavith ageometricvariation,then(1) would
be a dynamicalsystemandE(sy,s) = $1E1 + SSE2 — A would be
its descriptomatrix.

For mary interconnecproblems the numberof inputsandout-
puts, m, is typically much smallerthan n, the numberof states
neededo accuratelyrepresenthe electricalbehaior of the inter-
connect.In orderto generatea representationf the input-output
behaior givenby (1) usingmary fewer statespnecanuseaprojec-
tion approacH7]. In the projectionapproachpnefirst constructs
ann x g projectionmatrixV whereq < n, andthenonegenerates
the reducedmodelfrom the matricesof the original systemusing
congruencéransformation$10]. Specifically the reducedsystem
is givenby

[sVTEIV+5VTEV —VTA/R = VTBu 3)
y = CVX 4

werethereducedstatevectorX is of dimensiorg andis representing
the projectionof thelarge original statevectorx = VX.

The columnsof V aretypically chosenin sucha way that the
final respons®f thereducedsystemmatches) termsin the Taylor
seriesexpansionin s, ands, of the original response For a non-
singularA we canwrite (1) as

[l - (siM1+sMp)]x = Bmu
y = Cx
where
M, = -AlgF
My, = —-AlE
Bu = —-A!B.

We canthenderive an expressionfor the statevectorx which we
cancorvenientlyexpandin Taylor series

I = (s1M1 4 $:M2)] 'Bw

00

> [stM1+5:Mz] "By u

m=0

f E FM(M1,M2)By u fKss

m=0k=0

X =

The coeficients of the seriesF"(M1,M>) can be calculatedus-
ing [4]

R(Mg,M2) =

0 if kg {0,1,... ,m}
= | ifm=0

M1F™ (Mg, M2) +MoF™ 1 (M1, M) otherwise

In [4] it is alsoshawvn thatfor asingleinputsystem(By = b) if the
columnsof V areconstructedo spanthe Krylov subspace

V = colspar{b, M1b, Mab, M2b, (M{M,+MyM1)b, M2b, ...},

or equialently,
Ng m
V= colspan{ U (U ka(Ml,Mz)b) },
m=0 \k=0

thenthereducednodelmatcheshefirstq=ng(ng+1)/2 moments
of the Taylor seriesexpansionin s; ands;.

3. P-PARAMETERS MODEL ORDER RE-
DUCTION

In this Sectionwe considerthe extensionof the previous results

to alinearsystem
[SlE1+...+SpEp—A]X = BU (5)
y = Cx (6)
wherethe descriptormatrix E(sy,...,Sp) = s1E1+... +SpEp— A
dependsn p parametersy, ..., Sp. Thereducednodelcanstill be
generatedisinga congruencéransformation
[SIVIEV +...+5VTEV —VTA/R = VTBu
y = CVX

andonceagain,in orderto calculatethe columnspanof theprojec-
tion matrixV it is corvenientto write the system(5) as

[l - (stM1+...+5pMp)]x = Bmu
y Cx
where
M = —AlE for i=12...,p
Bu = -A1B
andexpandingin Taylor series
X = [I=(stMi+...4+5Mp)] *Bum u
= Y [sMi+... +5Mp|"Bm u
m=0
w M—(Kg+...tkp)
B m=0 kzzzo
mleom k; K, K,
o Y S [RE. kM, ,Mp)Bu U grlet-tolde  do
kp-1=0 kp=0

The coeficients of the seriesR ! | (My,...,Mp) canbe calcu-
latedusing:

0 ifk¢{01,....m i=2...,p

Fl(T,...,kp(Ml""’Mp): 0 |f k2+.+kp¢{0,l,.,m}

I ifm=0
andfor all othercases
A ko (M1, ,Mp) = MleT:..l,kp(ML - sMp) + (7
+M2Fij,...,kp(Ml’ - sMp)+...

AMpRI Y (M, Mp)

[ER)

For a singleinput system(By; = b) the columnsof VV canbe con-
structedto spantheKrylov subspace

V = colspafb,Mib,Mzb,... ,Mpb,MZb,(MiMz +MaMy)b,...
cee s (M1Mp 4+ MpMy)b,M2Zb, (MaM3 4 MaMg)b, ... 3,
or equvalently
ng  m—(kp+...+k3) m-kp  m
V = colspal U U URL. kM. ;Mp)b
m=0 ko=0 kp—1=0 kp=0



Figure 1. Sketch of the modeled16 parallel wir esinterconnect
bus.

For amulti-input systenthe columnsof VV canthenbeconstructed
to spanthe Krylov subspaceproducedy the columnsof By

V= colspah{

4. EXAMPLE: A BUS MODEL PARAME-
TRIZED IN THE WIRES’ SPACING

Onedesignconsideratioror interconnecbussess thetrade-of
between:

n m—(kp+...k:
U Un 0" UB R\ (Ma,... ,Mp)Buls, ...

n m—(kp+...k:
Uno U o™ .UB R (Ma,...,Mp)[Bul;

}

e wider spacingto reducepropagatiordelaysandcrosstalk
e narraver spacingto reduceareaandthereforecost.

In this examplewe have useda multi-parametemodel orderre-
duction approachto constructa low-order model of an intercon-
nectbus,parametrizedby thewire spacing.The modelcanbe effi-
ciently constructedon the fly” duringthe designandcanaccount
for thetopologyof the surroundingnterconnectlreadypresenin
the design.Onceproducedthe modelcanbe simply evaluatedfor
differentvaluesof the main parameterthe wire spacing,in order
to determinepropagatiordelay crosstalkor even detailedstepre-
sponses.

Our exampleproblemis thebusin Fig. 1 which consistsof N =
16 parallelwires, with thicknessh = 1.2um, andwidth w= 1um.
Thetotallengthof eachwire is| = 1mm. Above andbelown our bus
we assumedh randomcollectionof interconnectt several layout
levels ranging from a distanceof 1um to 5um. We have subdi-
vided eachwire into 20 equalsectionsdelimitedby n = 21 nodes.
Eachsectionhasbeenmodeledwith a resistor Eachnodehasa
“groundedcapacitor’representinghe interactionwith upperand
lower interconnectevels. In addition,eachnodehastwo coupling
capacitorgo theadjacentviresonthebus. Thevalueof thecapaci-
torswasdeterminedisingsimpleparallelplateformulas.Standard
frequeny domainnodalanalysiseadsto a systemof equationsf
theform

BVin(S)

s (Cg + %) Vv(s) +Gv(s) (8)
Vou (S) )

wheresis theLaplaceTransformvariable d is thespacingoetween
wires, G is then x n nodalconductancenatrix, Then x n matrixCy
is the diagonalnodalmatrix associateavith the groundedcapaci-
tors,andCs is the sparsenodalmatrix associatedvith the adjacent
couplingcapacitorsB is then x m matrixrelatingminputvoltages
Vin to the n internalnodepotentialsv, C is amx n matrix relating
nodepotentialsv to the m outputvoltagesvoy. For simplicity in
this examplewe assumedall wiresaredrivenby sourceiaving the

Cv(s),

sameimpedancey = 1/gq. In generalhengy is smallcompared
to thewire conductanceall the capacitorsn the differentsections
of eachwire appearaslumped,andthe detailedmodelpresented
hereis not necessary A more interestingcaseis obsered when
insteadgy is large. In suchcasethe wires chage up slowly from
theinput sideof the busandcontinueto chageup alongthelength
of thebus. In orderto obsere thismoreinterestingeffectwe chose
dq = g whereg is the conductancef eachof the 20 sectionsin
eachwire. All thewiresareleft openontheotherside.

4.1 Crosstalkfrom oneinput to all outputs

To determinethe crosstalkgeneratedn all the outputsfrom a
transitionon a singleinput, theinput matrix becomes unit vector

B=b =[0...0gq0...0]",
andthe outputmatrix becomes setof munit vectors

..010...
..010...

.01

The systemin (8) canbereducedn the form (1) shavn aborve in
Section2 by defining

Sl

2

oln v

The problemis betterparameterizedisingthe changeof variables
y=1/d andthenusinga Taylor seriesexpansiorarounda nominal
spacingvaluedy

1

Y=Yo y_do—l—Ad_

d
sothat(8) becomes

s[Cg+Cs(Yo+Ay)| v+ Gv= b
or

[S(Cg + CsYo) + SAYCs + GJv = bvin
which canbereoganizedo theformin (1) using

Er = Cy+GCsyo
E2 = G

A = -G

s = S

S = sy

The original systemfor this examplehasorder 336 (16 wires x
21 nodeseach).We performeda modelorderreductionprocedure
asdescribedn Section2 andobtaineda smallmodelcapturingthe
transferfunctionsfrom oneinputto all outputs.

[| —S(My; + 8Nz )0 = bun (10)
Vou = CV, (11)
where
Mir = VMV =VTAEV = VTG }(Cy+Csyo)V
Mg, VIMV =VTATIEV = VTG icy
b = viA™b
¢ = vC
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Figure 2. Responsesat the end of wire 4 when a stepis ap-

plied at the beginning of the samewire. Continuous lines are

the responseof the original system(order 336). Small crosses
are the responseof the reducedmodel, order 3 on the left, and

order 6 on the right. The model was constructedusing a nom-

inal wir e spacingdy = lumand responsesre showvn here eval-

uating it at spacings(from the lowest curves to the highest)

d =dp+Ad = 0.5um 1pm 10um

The stepresponseat the output at the end of the input wire is
shavn in Fig 2.acomparingthe stepresponsesf the original sys-
tem (continuoudines) and a reducedmodel of orderthree(small
crosseswhenthe spacingdistanceassumeghe valuesd = dy +
Ad = 0.5um 1um 10um. Themodelwasconstructedisinganomi-
nalspacingdp = 1um, hencetheerroris smallesfor d ~ dy = 1um.
Figure2.bshavs the samecomparisorwith areducednodelof or-
dersix. Onecannoticethatthe reducedmodelcanbe easilyand
accuratelyusedto evaluatethe stepresponsendpropagatiordelay
for ary valueof parameted by simply calculating

1 1

d dy

andthenplugginginto the reducedmodel(10). Fromthereduced
model (10) we have readily available not only stepresponsesn

the samewire, but alsocrosstalkstepresponsefrom onewire to

all theotherwires. Fig. 3.ashaws for instancestepresponsefrom

theinput of wire 4 to the outputof wires4, 5,6 and7. In thisfigure
we compareagainthe responseof the original systemorder 336
(continuescurves)with the responsef a reducedmodelorder10

(smallcrossesgonstructedit nominalspacingdy = 1um, but eval-

uatedin this particularfigure at spacingd = 0.5um. Notethatthe

modelproducedy our procedurés parametrizedn thewire spac-
ing, henceany of suchcrosstalkresponsesanbe evaluatedat any
spacing.For instancave shaw in Fig. 3.btheresponsattheoutput
of wire 5 whena stepwaveformis appliedattheinput of wire 4 for

differentspacingvalues,d = dg + Ad = 0.5um 1um 10um
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Figure 3: On the left: responsest the end of wir es(from high-
estto lowestcurve) 4, 5, 6 and 7 when a stepis applied at the
beginning of wire 4. Continuous lines are the responseof the
original system(order 336). Small crossesare the responseof
the reducedmodel (order 10). The model was constructed us-
ing a nominal wir e spacingdy = lumand responsesre shavn
here evaluating it at spacingd = 0.5pm On theright: crosstalk
responsest the end of wir e 5 when a stepis applied at the be-
ginning of wire 4, for differ ent valuesof spacing(fr om highest
to lowestcurve)d = dp+ Ad = 0.5um 1pm 10um

4.2 Exploiting the adjoint methodfor crosstalk
from all inputs to one output

It is possibleto constructwith the sameamountof calculationa
modelthat provides the susceptibilityof one outputto all inputs.
In orderto do this we canusean adjointmethodandstartfrom an
original systemwhich swapspositionsof C andB andtransposes
all systemmatrices

Il

[| — (sMT +MI)] v
\/ou =

In this casethe columnsof the projectionoperato will spanthe
Krylov subspace

v, (12)
BV, (13)

V! =colspaf c', M{cT, MIcT, MIM]cT,
(MIMJ +MM{)cT, MIMzcT, ...}

or generally

nq m
V= colspar{ U <U ka(MI,ME)cT> }
m=0 \k=0

In Fig. 4 we shav the responsesit the end of wire 4 whena step
is appliedat the beginning of wires 4, 5, 6 and7. The modelwas
constructedisinga nominalwire spacingdp = lum Responsem
Fig. 4.aarefor d = 0.25um Responsem Fig. 4.barefor d = 2um
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Figure 4: Responsest the end of wir e 4 when a stepis applied
at the beginning of wires4, 5, 6 and 7 (from highestto lowest
curve). Continuous lines are the responseof the original sys-
tem (order 336). Small crossesare the responseof the reduced
model (order 10). The model was constructed using dp = 1um
Response®n the left are for d = 0.25um and on the right for
d =2um

5. EXAMPLE: BUSMODEL PARAMETRI-
ZED IN BOTH WIRE WIDTH AND SEP-
ARATION

Often when designingan interconnectbus, one would like to
quickly evaluatedesigntrade-ofs originatingnot only from differ-
entwire spacingshut alsofor differentwire widths. Wider wires
have lower resistancedut usemore areaand have highercapaci-
tance.The highercapacitanceéo groundhowever helpsimproving
crosstalkimmunity. We shawv herea procedurehatproducesmall
modelsthatcanbeeasilyevaluatedwith respecto propagatiorde-
lays andcrosstalkperformancéor differentvaluesof the two pa-
rameterswire spacingd = 1/y, andwire width W. As in thecase
of wire spacing,we constructednodelsfor a given nominalwire
width Wy, andthenwe parametrizedh termsof perturbationW.
Consideringhe samebus examplewith N parallelwiresdescribed
in Sectiond, we canwrite theequationdor the original largepara-
metrizedlinearsystem

S[Cq(Wo -+AW) +Cs(Yo +Ay) v+ G' (Wo + AW)v Bvin
Vou = Cv
WhereCé =Cy/Wp, G’ = G/Wp, andCy andG areasdescribedn
Section4. After somealgebraicmanipulationone canrecognize

a parametrizedinear systemasin (5) with p = 4 parameterdy
defining

E1 = CyWo +CsYo SEE

Ex=Cs S = sy
Es=C, s3= AW
Es=CG s =AW

A= —G'Wp.

Onecanthenfollow the proceduren Section3 andconstructa
projectionoperatolV. Finally theproducededucedrdermodelis

[I —S(My, +AyMp; +AWN3) —AWNLY = by, (14)
Vou = CU, (15)
where
5 T _yTa-1 — _vTicgw) 1
My, VMV =V ARV = -V (GWh) ~(Cy\Wo +CsYo)V
Myr = VTMV=VTAIEV = VvT(Gw)lcv
Mgy = VTMaV=VTAEV =-VT(GW) 'Cpv
. [
Mgy = VIMeV=VTAIE)V = VT (GWy) 1GV = %

b = VIA b=V (GW) b
¢ = vC

In Fig. 5 we comparethe stepandcrosstalkresponsesf the orig-
inal systemcomparedo the reducedand parametrizednodelob-
tainedusingaKrylov subspacef orderq= 15 (ng = 2). Themodel
was constructedusing a nominal spacingdp = 1um andnominal
wire width Wo = 1um. The key point is that this parameterized
modelcanbe rapidly evaluatedfor ary value of spacingandwire
width, for instancefor a fastand accuratetrade-of designopti-
mizationprocedure.

6. CONCLUSIONS

In this paperwe describedcan approactor generatinggeomet-
rically - parameterizedéhtegrated-circuitinterconnecmodelsthat
areefficient enoughfor usein interconnecsynthesis.The model
generatiorapproacipresenteds automaticandis basednamulti-
parametemodel-reductiomlgorithm. Theeffectivenes®f thetech-
niguewastestedusinga multi-line bus example,whereboth wire
spacingand wire width are consideredas geometricparameters.
Experimentakesultsdemonstratéhat the generatednodelsaccu-
ratelypredictbothdelayandcross-talkeffectsover awide rangeof
spacingandwidth variation,evenwhena very low ordermodelis
used.

Therearemary issuesstill left to addressThe multi-parameter
methodwastestedusingonly resistorcapacitorinterconnecmod-
els,andaccurayg issuesnayarisewheninductances included.We
alsodid notinvestigateusingmultipoint moment-matchingwhich
seemdike a naturalchoicegiven the rangeof the parameterss
often known a-priori. In addition, the multi-parametereduction
methodcan becomequite expensve whenthe modelhasa large
numberof parameterssothemethodwould notgenerate very ef-
ficientmodelif eachwire pair spacingn a 16 wire buswastreated
individually. Finally, therearesomeinterestingerrorboundsn [5],
andtheseresultscouldbeappliedto automaticallyselecthereduc-
tion order
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Figure 5: Original system(continuous curves)versus 15" or-
der reducedmodel (small crossesysingboth spacingand width
parameters. The nominal wir e spacingwas dg = 1ym and the
nominal wire width wasW = 1um. Responsesat the end of
wire 4 due to a step at the beginning of the same wire are
show in a) for differ ent widths (from highestto lowest curve)
W = .25um, 2um, 4um, 8um and for spacingd = .25um. In b)
we shaw the sameresponse$ut for spacingd = 2um. In ¢c) we
show the crosstalk responseat the end of wire 5 due to a step
at the beginning of wir e 4. Curvescorrespondto widths (from
highestcurveto lowest)W = .25um, 2um, 4um, 8um and spacing
isd =.25um. In d) we shaw the samecrosstalk responsedut

for spacingd = 2um.
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