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Abstract

This paperpresentsan efficient approachto perform global interconnectsizing and spacing(GISS) for multiple netsto
minimize interconnecidelayswith consideratiorof coupling capacitancein additionto areaand fringing capacitancesWe
introducetheformulationof symmetri@andasymmetriavire sizingandspacing We prove two importantresultsonthesymmetric
andasymmetriceffective-fringingpropertieswhich leadto a very effective boundcomputatioralgorithmto computethe upper
andlower boundsof the optimalwire sizing and spacingsolutionfor all netsunderconsideration.Our experimentsshav that
the upperandlower boundsoften meetquickly or becomecloseaftera few iterationsfor mostwire sggments.Whenthe lower
andupperboundsdo not meet,we thenapply a bottom-updynamicprogramming-basecefinementalgorithmto computethe
final wire sizing andspacingsolutionfor eachnet. To our knowvledge,this is the first in-depthstudy of global wire sizingand
spacingfor multiple netswith consideratiorof couplingcapacitanceExperimentatesultsshav thatour GISSsolutionsleadto
substantiatielayreductionthanexisting singlenetwire-sizingsolutionswithout consideratiorof couplingcapacitance.

*Thiswork is partially supportedy the NSF YounglnvestigatorAward MIP-9357582anda grantfrom Intel underthe CaliforniaMICRO Program.



1 Intr oduction

Therehave beenextensive studiesn recentyearsontheoptimalwire-sizingproblem.MostearlyworksusedElmoredelaymodel
[1] for interconnectandstudythe discretewire sizing[2, 3, 4] andcontinuouswire shapingor sizing [5, 6]. The wire-sizing
problemis alsostudiedunderhigh-orderdelaymodelin [7, 8]. A comprehensie suney of theseoptimizationtechniquesanbe
foundin [9]. Theseworksshavedthatsignificantdelayreductioncanbe achiezedby optimalwire-sizingin submicrondesigns.
However, noneof themexplicitly consideredhe couplingcapacitance.

As VLSI technologycontinuedo pushtowarddeepsubmicronthe couplingcapacitancéetweeradjacentvireshasbecome
the dominatingcomponentin the total interconnectapacitancedueto the decreasingpacingbetweenadjacentvires andthe
increasingwvire aspectatio for deepsubmicrorprocessefthe minimumspacingor 0.35um it hasreachedL.5in 0.35um logic
processesndwill reach2.5in 0.18um logic processegLQ]).

In orderto understantheimportanceof thecouplingcapacitanceye conductedomeexperimentdasednasetof advanced
procesparametersrom Intel andusethe netsextractedfrom an Intel microprocessochip . We first obtainrouting andwire
sizing solutionsby the simultaneougopology constructionand wiresizingalgorithm[12] with consideratiorof only the area
andthe fringing capacitancesWe thenrun HSPICEsimulationson thesesolutionsunderdifferentspacingassumptionsvith
consideratiorof coupling capacitanceprovided by Intel. Table1 shavs the maximumdelaysof the samerouting and wire
sizing solutionunderfour differentspacingsthe infinite spacingmeanghatall same-layeneighboringwiresto thesenetsare
too far away to have couplingeffect, the 0.5um for layerM1 and1.5um for layer M5 meanthatsame-layeneighboringwires
arealways0.5um or 1.5um away from thesenets,andrandom1 andrandom?2 meanthatsame-layeneighboringwiresareat
randomspacingfrom 0.32um to 2.72um for layer M1, andfrom 1.28um to 4.48 um for layer M5, with stepto be 0.2um)
for eachsggmentof thesenets. The coupling capacitancés determinedaccordingto thesespacingsgexceptthat thereis no
suchcapacitancén theinfinite spacingcase .Both the maximumdelayandthe power dissipatiormayincreasedrasticallywhen
the couplingcapacitancés takeninto account.For example,the maximumdelayfor Net5 on layer M1 at spacingrandom1is
increasedy 38.7%whencomparedvith thatat the infinite spacing;the power dissipationfor Net5on M1 layer at theinfinite
spacings 1.53mW, but becomes.83mW (afactorof 2.5xincreasept 0.5um spacing.Theseresultsshow thatit is unlikely
thatan optimalwiresizingsolutionwhich considersonly the areaandthe fringing capacitancesould remainoptimalwhenthe
couplingcapacitancés considered.

High coupling capacitancen deepsubmicrondesignresultsin both noise (capacitve crosstalk)and additionaldelay In
this paper we studythe global interconnectsizingand spacing(GISS) problemfor delay minimizationwith consideratiorof

the couplingcapacitancen additionto the areaandfringing capacitancedn Section2, we introducethe problemformulation

1Thesenetsaremulti-sourcenetsoriginally usedin [11, 4]. We randomlyassignoneasthe uniquesinglesourcefor eachnetin our experiments.



maximumdelay(ns)underdifferentspacings

All wiresin M1 layer All wiresin M5 layer

spacing| oo 0.5um | randoml| random2| oo 1.5pum | randoml| random2
Netl | 0.1356| 0.3750| 0.2386 | 0.2363 | 0.1617| 0.2890| 0.2496 | 0.2017
Net2 | 0.2542| 0.7143| 0.4494 | 0.3930 | 0.2713| 0.4711| 0.3903 | 0.3544
Net3 | 0.7376| 1.9168| 0.8964 | 0.9613 | 0.5870| 1.0029 | 0.7927 | 0.7502
Net4 | 0.8851| 2.2896 | 1.3343 | 1.4783 | 0.5895| 1.0071| 0.8417 | 0.8038
Net5 | 2.7637| 5.7931| 3.7653 | 3.4119 | 1.7838| 3.6393| 2.8732 | 2.7871

Tablel: Maximumdelays(ns)for Intel netswith neighboringwiresat differentspacinggthedriver resistancés 27012)

for symmetricand asymmetrionire sizing and spacingfor both singleand multiple nets. In Section3, we presenta dynamic
programmingbasedalgorithmfor single net optimization. Thenin Section4, we reveal two effective-fringingpropertiesfor

both symmetricand asymmetricwire-sizing,and proposea very efficient boundcomputationalgorithmto computethe upper
andlower boundsof the optimal wire sizing and spacingsolutionfor all netsunderconsiderationnot just onenet. Whenthe
lower andupperboundsdo not meet,we thenapplyabottom-updynamicprogramming-basekfinementlgorithmto compute
thefinal wire sizingandspacingsolutionfor eachnet. Experimentatesultsin Section5 shov substantialmprovementof GISS
algorithmover previous single-netoptimal wire-sizing algorithmwithout coupling capacitanceonsideration.Discussionand

Futurework will begivenin Section6.

2 ProblemFormulation
2.1 Symmetric and Asymmetric Wir e Sizing

Givenalayoutof n nets,denotedV; for i = 1...n. Net\; consistsof n; + 1 terminals{s},- - -, s%,. } connectedy a routing
tree,denotedl;. s{ is the sourceof V;, andthedriver D; atthe sourcehasan effective outputresistancef R;. Therestof the
terminalsaresinks. Theterminals(sourceandsinks)of T; areat fixedlocations,andT; consistsof m; wire segmentsdenoted
by {Ei,---, Efni }. Thecenterline of awire segmentdividestheoriginal wire segmentevenly. In Figurel(a),for example two
horizontalwire sggmentsFE; and E, areshovn with their centerlines. We assumehatthe centerline for eachwire segmentis
fixedduringwire sizingandspacing.

Eachwire segmenthasa setof discretechoicesof wire widths {W; = Wp,in, Wa,---,W,}. We usewg to denotethe
width of thewire sgmentE. All previousworksimplicitly assumedymmetriavire-sizing which widensor narrovs eachwire
segmentin a symmetricway above andbelow the centetline of the original wire segment,i.e, eachwire sggmenthasonepiece
wirewidth. An exampleof symmetricwire-sizingof thetwo wire sggmentsE; and E, with aneighboringnetis shavnin Figure

1(b).
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However, symmetricwire-sizingmay betoo restrictive for interconnecsizingandspacing especiallywhencouplingcapac-
itanceis consideredln this paper we proposean asymmetriavire-sizingschemen which we maywidenor narrov above and
belov the centetline of theoriginal wire segmentasymmetricallyi.e, eachwire sgmenthastwo piecesof wirewidth. Usingthe
sameexampleasin Figurel(b), we would like F; to befartheraway from its neighboringwire. As aresult,we grow only the
bottomhalf pieceof thewire sggment,keepingthetop half intact,asshavn in Figurel1(c). Let wg (wg) representhewidth of
thewire below (above)ahorizontalline sggment. Thenew wire width is definedaswg = w% + wg An asymmetriavire-sizing
solutionis valid if w}, > Winin/2 andwl, > Winin/2. Notethatfor symmetricwire-sizing,w}, = wl, = wg/2. To avoid

introducingadditionalnotation,we also usewg and wTE to denotethe asymmetriowire widths for the left andright partsof a

verticalwire sgment,respectiely.

2.2 InterconnectSizing and Spacingfor Single Net

Givenalayoutof n routingtreesT;’s, theinterconnecsizingandspacingproblemfor asinglenetis to find a symmetricwire as-
signmendV = {wp;, -, wp; }oranasymmetriovire assignmenty = {w; = (wgi’w;{)’ g = (wéznj ’wTEi;L].)}
for aroutingtreeof interestsayT}, in orderto optimizethefollowing weighteddelayobjective (asusedin [2]) with consideration

of thearea,fringing andcouplingcapacitances:

tr; (W) = > X -tr;(sh, W), @)
k=1



where)!, is thecriticality of sink s, in net\;, andtr, (s}, W) is thedelayfrom sources} to sink s} in theroutingtreeT; with
wire-sizingsolutionW.

We modeltheroutingtreeof eachnetby anRCtreeandusethedistributedElmoredelaymodel[1] to measur¢heinterconnect
delaysfor performanceptimization.Theformulationsusedin this sectionaresimilarto thosein [2]. For clarity of presentation,
we assumehat a uniform grid structureis superimpose@n the routing plane,and eachwire seggmentin the routing planeis
dividedinto asequencef wiresof unitlength.Nonethelessheresultspresentedh this papercanbeextendedeasilyto thecase
wherethewire sgmentsareof non-uniformlengthsin thesameway asin [2].

Assumethatthe sheetresistancés r, the unit wire areacapacitanceoeficientc,, the unit wire fringing capacitanceoefi-
cientcy, andthe unit wire lateralcapacitance,,;, thenthe wire resistance g andwire capacitanceg for ary grid edgeE can

bewritten asfollows:

=" and ¢ = ¢, - Lot
rp = " and cg = ¢, -wg +¢p + co(wE, s}, 5)
E

Notethatc,; (wg, sg, sTE) depends)nthespacingszsg andsE betweenE andits lowerandupper(or left andright) neighboring
wire sggmentsyespectiely, whereas:, ande; areassumeadonstantslependingonly thetechnology?.

We now definefor eachgrid edgeF, the effective-fringingcapacitancecoeficientc. s (E) = ¢f + cq(wg, s%, sg) which
incorporateghe lateralcouplingcapacitancelt shallbe clearlateron thatthis setof effective-fringing capacitanceoeficients
for all edgesallows usto captureboththefringing capacitancandthelateralcouplingcapacitanceffectively.

Givenagrid edgeFE, we useDes(E) to denotethe setof grid edgesn the subtreerootedat E (excluding E), and Ans(E)
to denotethe setof grid edges{ E'|E € Des(E')} (again,excluding E). Also, we usesink(E) to denotethe setof sinksin the
subtregootedat E, andCg to denotethetotal capacitancén the subtreerootedat £ (includingboththewire capacitanceand
thesink capacitances):

Co= Y ot Y, (Cawm+ce(E))
s, Esink(E) F'€Des(E)
Furthermoresink(T;) denoteshesetof sinks, Py, (u,v) denotesheuniquepathfrom v to v for ary grid pointsu, v in T, and

R; denoteghedriverresistancef theroutingtreeT; of interest.ThedistributedElmoredelayfor si from thesources}, is given

by:

tr; (sfc,W) =R;- Z cE + Z cs, | + Z TE - (C—E +CEg) 2

o 2
E€T; sk Esink(T;) EePr; (s,s%)

2In fact,in deepsub-microndesignsc, and cs areno longerconstants.Their valuesdependon the width andspacings.A more generalnotationshould
becq(we, siE, sg) andcy(wg, siE, sTE). Our GISSalgorithmfor single-netoptimization(Section3) is ableto handlethis generalcapacitancenodel. The
optimality of our boundcomputatioralgorithmfor multiple nets(Section4), however, assumeshatbothc, andcy areconstantslts extensionfor moregeneral
2D capacitancenodelis discussedh Sectiord.3.



Let \J > 0 bethecriticality of sink s, in Tj. Let A(s}) = 3, X andA(E) = 3 coini(m) Mo the performance

i esink(T;)

measurér; (W) of T; canbere-writtenas:

1 C
tTj(W) = Z )\?c R;- Z Cg + Z Cyi + Z TE(7E+CE)
s{cesink(Tj) E€T; siEsink(Tj) EePr, (sé,s{c)
= As)) -R; - Z (ca-wE + cef(E)) +
EcT;
S AE) - {ca'wE;'Cef(E) N
EET; we
Yoocit Y (corwp +ce(EY) @3)

s €sink(E) E'€Des(E)

Notethatif we treatA(so) - R asthe effective driverresistancand\(E) - .=~ asthe effective wire resistancef edgeE, then
Eqn.(3) is very similarto Eqgn. (2).

Notethatwe focuson the objective of minimizing the weightedsumof sink delaysasin [2]. A previouswork [13] shoved
thatby assigningappropriatecriticality/weight of eachsink basedon Lagrangiarrelaxation the weighted-sunformulationcan

beusediteratively to meettherequiredarrival times.

2.3 Global InterconnectSizing and Spacingfor Multiple Nets

In theglobalinterconnecsizingandspacingoroblemfor multiple nets,again,we assumehataninitial layoutof n routingtrees

T;'sis given. With consideratiorof the area,fringing andcouplingcapacitanceghe GISSproblemfor multiple netsis to find

a symmetricwire assignmenty = {’LUEll,"',’U)E%”,"',wElﬂ,"',wE;Ln } or anasymmetriavire assignmenty = {wE% =
U — ik + — 1 — (b 1 ,
(wEPwE%),..., wg, = (wEEnl’wE,lnl)""wE? - (wElmel"),...,wE%n = (szn’wET"n")} for all T;'s suchthat, the

summatiorof theweightedperformanceneasuref all nets,i.e.,

tW) = > §itr,(W) 4)

is minimized,whered; indicatesthecriticality of net;j. This delayformulationis similar to [16].

2.4 2D CapacitanceModel

A table-base@.5D capacitancenodelsuitablefor layoutoptimizationwaspresentedn [14] recently wherethelumpedcapaci-
tancefor awire containghefollowing componentsareaandfringing capacitancedateralcouplingcapacitanceandcross-oer
and cross-undecapacitancesBasedon this model,we consideronly area,fringing andlateral coupling capacitances this
paper sincethey arethe major partof thelumpedcapacitanceThatis, we usea 2D capacitancenodelsimplifiedfrom the orig-

inal 2.5D model. We first use3D field solver to build tablesfor area,fringing andlateralcouplingcapacitanceanderdifferent



width andspacingcombinations During layoutoptimization,we generaterea fringing andlateralcouplingcapacitancefom

pre-huilt tables.Detailsandjustificationof this methodcanbefoundin [14].

3 Optimal Sizingand Spacingfor SingleNet

The optimal wire sizing andspacingproblemfor a singlenetwith fixed surroundingwire sggmentscanbe solved by adapting
thebottom-updynamicprogramming(DP)-basdaliffer insertionandwire-sizingalgorithmproposedy [3]. Notethatin [3], the

objective functionis to minimizethe maximumdelayor to meetarrival time requirementsyhile our objective is to minimizethe

weightedsumof all sink delays,whichis similarto thatin [15]. Themajordifferenceof the bottom-updynamicprogramming
partbetweerthis paperand[15] are: (1) weincludelateralcouplingcapacitancbetweemeighboringwviresfor delaycalculation;
(2) for the moregenerabsymmetriovire sizingandspacingformulation,we keeptwo—piece(wg andwg) informationfor each
grid edgewhile performingbottom-upaccumulatiorandtop-davn pruning. A simpleflow of thealgorithmis givenasfollows.

Otherdetailsaboutthe DP-basedlgorithmcanbefoundin [3] and[15].

EachedgeF in our optimalbottom-upwire sizingandspacingalgorithmfor singlenetis associateavith a setof (¢, t) pairs,
calledoptions Let Tk denotethe subtreerootedat the upstreamend-pointof E. Each(c,t) pair of E corresponds$o a wire
sizingandspacingsolutionfor T, with ¢ beingthe total capacitancef Tg, andt the performanceneasurdi.e., theweighted
sumof sink delaysfrom the upstreanend-pointof E) of Tg. Similarly, eachnodev is alsoassociatedvith a setof (¢, t) pairs
definedin asimilar mannerfor the subtreerootedatv.

The algorithmperformsoptimalwire sizingandspacingfor a singlenetin a bottom-upfashion,startingfrom the sinks. At
the beginning, eachsink is assignedvith a (¢, t), with ¢ beingits loadingcapacitanceand¢ = 0. We considerthe sizing of an
edgeFE = uv asfollows: Let (¢’,t") beanoptionof thesubtreaootedat nodev, thedownstreanend-pointof E. For aparticular

candidatewire width W of E, we cancomputethe correspondin@ption(c, t) of E asfollows:
c=cg+c

tZA(E)-rE-(%E+c’)+t'

Notethatrg andcg arewire resistancendthetotal capacitancéincludinglateralcouplingcapacitancewire areaandfringing
capacitances)f E for a wire width T, respectrely. In the GISS problemfor single net, only the wire widths of the net of
interestis changeableandthelayoutof othernetsis fixed. Thereforegivena particularcandidatevidth W for edgeFE (possibly
symmetricandasymmetric)pnecancalculatethespacingdetweeredgeFE andits neighborseasily Thewire width andspacing
informationis thenpassedo the 2D capacitancenodelto calculatethetotal wire capacitanceSupposer hasr candidatevidths

(symmetricor asymmetric)andnodev hask options,we computein totalr x k optionsfor E. Onthe otherhand,if we have



oneoption(c',t') of edgeE = wv andandthe otheroption (¢, ¢"") of edgeE’ = uw, thenthe correspondingption (¢, t) of

nodeu is simply calculatedasfollows:
c=c +c"
t=t"+1¢"

Similarly, if E hasI optionsandE’ hasJ options,thenu will have I x J options.

Asin [15], it is obseredthatfor two options(c, t) and(c,t') ata particularnodeor edge,if ¢ < ¢’ andt’ > ¢, then(c',t')
is sub-optimal. In otherwords,the wire sizing and spacingsolutioncorrespondingdo (¢, t') is redundantandcanbe pruned
from the setof optionsof the nodeor edge.We applythe pruningrule aswe enumeratall irredundantvire sizingandspacing
solutionsfor the netin the bottom-upcomputation.

At theendof the bottom-upcomputatiorof (¢, t) pairs,theroot have a setof irredundansolutions. The optimal solutionis
achieved by choosingthe (c, t) pair with the smallest: at the root, andtracingbackfrom the optimal (c, ) pair, we obtainthe
correspondingptimalwire sizingandspacingsolutionthatleadsto this optimaloptionfor thenet.

Note that in the caseof single net optimization,we do not have to assumeconstantwire areacapacitancend fringing
capacitanceoeficients.In otherwords,thesingle-nebottom-updynamicprogramming-basedire sizingandspacingalgorithm
is still optimalunderthe moregenerakapacitancenodel.

The single netwire-sizingand spacingcanbe usedfor the post-layoutoptimizationfor a singlecritical net. However, this
optimizationwill largelydependnthepreviouslayoutof otherneighboringnets.And alsosincemary critical netsmaysharethe
limited routing resourcejust optimizingonenetmayindeedsacrificethe performancef othercritical nets.In the next section,

we will look into thegloballayoutoptimizationfor multiple nets.

4 Global Inter connectSizing and Spacingfor Multiple Nets

The difficulty of the GISS problemfor multiple netsarisesfrom the fact that the lateral coupling capacitanceoeficient for
eachwire sggmentchangeswith thewidth andspacings.Moreover, thereis no closedform representatioffor lateralcoupling
capacitanceThekey to solvingthemultiple-netwire sizingandspacingproblemis the effective-fringingpropertyof wire-sizing
solutionsunderdifferentspacingconditions. The beautyof this propertyis thatwe areableto reducethe GISS problemwith
variablelateral coupling capacitancéo an optimal wire-sizing problemwith consideratiorof only constantareacapacitance
coeficient and differenteffective-fringing capacitanceoeficientsfor differentwire segments. Sucha reductionallows usto
computeglobal upperandlower boundsof the optimalwire sizing andspacingsolutionfor all nets. In the following, we first

statethesymmetricandasymmetrieffective-fringingpropertiesanddiscusgheirimplications. Then,wewill describehebound



computationalgorithm, followed by a refinementalgorithmto obtainthe final global interconnecsizing and spacingsolution
whenthelower andupperboundscomputedasabore do not meet. Extensiongo moregeneralD capacitancenodelswill then

bediscussed.

4.1 Effective-Fringing Property: Theoremsand Implications

First, we considerthe caseof symmetricGISS.We definethe dominanceelationbetweersymmetricwire-sizingsolutionsof a

routingtreein thesameway asin [2]:

Definition 1 Symmetric DominanceRelation: Giventwo wire width assignment¥) andW', let wg bethewidth assignment

ofedee E in W andw’; bethewirewidthof E in W’. Then,W dominateshV’ )V > W) if for anysementE, wg > w',.

In thefollowing, we consideranoptimizationproblemcalledoptimalwire-sizingundervariableeffective-fringingcoeficients
(OWS-EF) While we still assumea constanareacapacitanceoeficientc,, we now definefor eachwire sggmentE theeffective-
fringing capacitancecoeficientc. ¢ (E) = ¢f + ¢ (wg, sg, sE) whichincorporatesghe lateralcouplingcapacitancelt shallbe
clearlater on that this setof effective-fringing capacitanceoeficientsfor all edgesallows us to capturethe lateral coupling
capacitanceffectively. The performanceneasurghatwe aim at optimizing for OWS-EF problemis the sameasin Eqn. (1)
exceptthatcy is replacedby c.¢(E) andc,; disappearsLet C.; denotethe setof effective-fringing capacitanceoeficients
ces(E)'sfor all edgesn T. We defineCey > C,; if c.;(E) > c,;(E) for every E in T. Thenthe symmetriceffective-fringing

propertycanbe statedasfollows:

Theorem1 Symmetric Effective-Fringing Property: For the sameroutingtreeT and a constante,, let W(ca,cef) be an
optimal wire-sizingsolutionto the OWS-EFproblemundera setof variable effective-fringingcapacitancecoeficientsC.; =
{cef(E) | E € T}, and W(ca,Céf) be an optimal sizingsolutionundera differentsetof C,, = {c,;(E) | E € T}. Thenif

Cey > Céf, there exist optimal solutionssuc thatW(Ca,Cef) dominateé/i/(ca,Céf).

Theproofof thistheoremcanbefoundattheappendix.Thetheoremcanbeusedvery effectively to determinghe upperand
lower boundsof the original optimal GISSproblem.SupposéV* denotesheglobaloptimalwire-sizingsolutionoptimizingtr.
Let S+ andS™ denotethespacingobtainedbasedn W*, ande,; (w, s%*, sg") bethelateralcouplingcapacitanceoeficient
for eachedgeF basebn W*, S+*, andS™™. Let WU andW'U beupperboundsof WH* andW'™, andS*~ andS™ belower
boundsof S** andS™, respectiely. Thenc, (wY, sk, sk) > cq(wh, sk, sk ), asthelateralcouplingcapacitanceoeficient
decreasewhenthewidth of E decreaseandthe spacingdbetweenFE andits neighbordncreases.

Now considertwo instanceof the OWS-EF problem. In the first instance the effective-fringing capacitanceoeficient of

edgeE is c.;(E) = ¢; + cu(wY, sk, sk). In the secondnstance the effective-fringing capacitanceoeficient of edge E



isc,;(E) = cf + cu(w, s¢E*, sTE*). Clearly Ccy > C; ;. Fromthe symmetriceffective-fringing property the optimalsolution

W(ca,Ces) dominateghe optimal solution(c,, o) Note that W (c,, ef) = W™ Therefore W(ca, Ce) is alsoanupper
boundof the optimal solutionW*. This procedurecanbe appliedto computewire width upperbounds(equialently, spacing
lower bounds)or all nets.

Similarly, supposeve aregivenalower boundof the optimalwire-sizingsolution,denotedV’. FromW*, we cancalculate
a spacingupperboundSY. Now, applyingthe optimizationprocessfor the OWS-EF problemasin the above discussion,
W(Ca,cef) will bedominatecby W(ca, éf) = W*, sinceC.y < C;f. In otherwords,we have computeda lower boundof the
optimalsolution.

For asymmetridISS,we candefine

Definition 2 Asymmetric DominanceRelation:
Giventwowire widthassignment) = (W, W) andW' = (W W), letwg = (wh, wl,) bethewidthassignmenof edge
EinW andwy = (wﬁjl,wgl) be the wire width of E in W'. Then,W dominates/" if for any sgmentE, wy}, > wﬁjl and

wg > wgl for anyedge E, respectively
Then,theasymmetrigffective-fringingpropertycanbe statedasfollows:

Theorem?2 Asymmetric Effective-Fringing Property:® For the sameroutingtreeanda constantc,, let WT(ca,Cef, WH) be
an optimal asymmetriavire-sizingsolutionto the OWS-EFproblemwith a fixedW+ and a setof effective-fringingcapacitance
coeficientsC.,, andWT(ca,Céf, W+') bean optimalsizingsolutionunderanotherfixedW*' anda differentsetof Ces- Thenif

W+ < W andc,; > €L, there existoptimalsolutionsW1(c,, Cey, W*) dominatesht (c,, CL,, WH).

Proof of Theorem 2: Considertwo OWS-EF problemsunderthe samec,, but differentC, s andCéf with Cey > Céf. From
Theoreml, we concludethatthereexist two optimalsolutionsW andW" for themrespectrely, suchthat)} dominatesh”, i.e.,
wt +wt > w' +w' for eachwire segmentif we view eachwire segmentastwo pieces Now considethetwo optimalsolutions
underthe two-piecewidth formulationwith sameC, ; andC!, asabove, sincewe have W*' dominatesh*, i.e.,w' > w* for
eachwire sggment,combinedwith w 4+ w™ > wt' + w!', we obtainw’ > w'' for eachwire segment,andthereforeconclude
thatthereexist two optimalsolutionssuchthatW' (¢4, C. 7, W*) dominatesh'' (c,, Clss W), i
We can also apply the asymmetriceffective-fringing propertyto computeglobal upperand lower boundsof the optimal
wire sizing andspacingsolutionby solving asymmetridOWS-EF problem. From an upperbound(W*+V W1Y) we canagain

computelower boundspacingsS* andS'Z, andsetof lateralcoupling capacitanceoeficientscy (wi , wl ), sk, sb-)’s.

3Thisis the correctedversionof whathasbeenpresentean the Proceedingf IEEE/ACM 1997 InternationalConferenceon ComputerAided Design,Nov.
9-13,SanJoseCA.



Similarly, we cancomputeanothersetof lateralcoupling capacitanceoeficients,cw,((w%* , wTE*), s¢E*, sg‘)’s from an optimal
wire-sizingsolutionW* = (W+* W) .

We denotec.;(E) = ¢; + cu((wy ,wl’), st sL") and c,;(BE) = cf + ca(wiy,wh), st*, s1*) asbefore. By the
asymmetriceffective-fringing property WT(ca,Cef,W““) dominatesWT(ca,Céf,Wi*) = W', andtherefore,it is still an
upperboundof WT*, the optimal wire-sizingfor the top or right portion of eachedge. Similar agumentappliesfor the lower

boundsandfor the bottom(or left) portionof eachedge.

4.2 Algorithm for Upper and Lower Bound Computation

The effective-fringing propertiesboth symmetricandasymmetricjeadto very effective algorithmsto computethe upperand
lower boundsof the optimalwire sizingandspacingsolutionfor all netsunderconsideration.

For the symmetricwire sizing and spacing,an upperand lower bound computationalgorithm basedon the symmetric
effective-fringing propertyis givenin Figure2. Notice thatfor the symmetriccase,eachwire sggmentjust hasone pieceof

wire width.

Upper and Lower Bound Computation (Symmetric wir e-sizing)

140
Wy(i) < Initialize Wre Wdth Upper Bound
Wr(i) < Initialize Wre Wdth Lower Bound
do
/* Upper bound conputation */
Cl(i) + Conpute Lateral Coefficient (Wuy(i))
CZ (i) + Conput e Effective-Fringing Coefficient(CJ(i)
Wu(i+1) « DPWCT (i) /* for all nets */
/* Lower bound conputation */
CL (i) « Conpute Lateral Coefficient(Wc(i))
CL (i) « Conput e Effective-Fringing Coefficient (Ch(i)
Wr(i+1) < DPWCL (i) / * for all nets */
t—1+1
while Wy (i) # Wy (i — 1) ORWL (§) £ Wi (i — 1))

Figure2: Algorithm to computeupperandlower boundsof the globaloptimalsymmetricwire-sizingsolutionfor multiple nets.

For theasymmetriavire sizingandspacinganiterative upperandlower boundcomputatioralgorithmbasedon the asym-
metric effective-fringingpropertyis givenin Figure3. Noticethatwe have a two-piecewidth for eachwire segment. Sincethe
overall flow for boundcomputatiorof symmetricandasymmetriccaseds similar, we will explain the asymmetriccase(which
is morecomplicated)jn detailin the following. The algorithmstartsat theiterationi = 0. Firstwe initialize upperandlower

boundsof all wire widthsspecifiedby thelayoutconstraintsA samplenitializationis shovnin Figure4. Let E; andE,, betwo
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parallelhorizontaledgeswith E; belowv E,,. Let W,,.;, betheminimumwire width, andsS,,;,, betheminimumspacingoetween
two parallelwires from the layout constraints.If the distancebetweenthe centerlines of E; and E,, is d, thenthe maximum

width (i.e., theinitial upperbound)for wEl (thesidecloserto E,,) andw}zu (thesidecloserto E;) isd — Winin/2 — Smin.-

Upper and Lower Bound Computation (Asymmetric wir e-sizing)
10

(WS (), W (i) < I nitialize Wre Wdth Upper Bound
(Wi (),Wl(i)) < Initialize Wre Wdth Lower Bound

do

/* Upper bound conputation */

cl(i) «+ Conpute Lateral Coefficient (W}, (i), W) ()

cZ (i) + Conput e Effective-Fringing Coefficient(C5(i)
W (i + 1) «+ ComputeUpperBoundLumpedWidth DPV\(CeUf(i))
WHGE+1) W (i + 1) — Wi (4)

WG +1) « Wy (i +1) — W)

/* Lower bound conputation */

CL (i) « Conpute Lateral Coefficient (W (i), W!(i))

CL (i) «+ Conput e Effective-Fringing Coefficient (CL @)
Wr(i + 1) + ComputeLower-BoundLumpedWidth DPV\(CeLf(i))

Wi (i 4+ 1) & maz(Winin, Wr(i + 1) — W), (6 + 1))

Wi (i + 1)  maz(Wmin, WL(i + 1) — W5 (5 + 1))

i i+1
while (W (8), W], () # (Wi (i = 1), W (i — 1) OR (WL (i), WL (@) # (Wi (i — 1), W] (i — 1))

Figure3: Algorithm to computeupperandlower boundsof the globaloptimalasymmetriavire-sizingsolutionfor multiple nets.

Fromthe upperbound(W,J;, W,D), we computethe upperboundeffective-fringingcapacitanceoeficients. Again, consider
E, and E,, which areof distanced. Letw], bethewidth of E; in W}, andwy, thewidth of E, in Wy, If d — w} —wy <
Smin, then, the upperboundwire widths overlap and we assignthe lower boundspacingbetweenE; and E,, to be S,,;,,

tLo_ L _

e, sht = b i

Smin. Otherwise,the lower boundspacing&%’; and SEI; ared — wg, — wyg,. Similarly, for E; and
its lower neighborwe computesﬁ. From sTEf and sgj we can computecwl((wifl],wgf),sﬁ,sg). Let Y} denotesuch
setof lateral coupling capacitanceoeficients obtainedfrom (W#], W;D). We thencomputethe effective-fringing coeficient
cef(Er) = cp + ca((wg ,wl) ), 55, sk ). Similarly we cancalculatethe upperboundc. s (E.,). We referto the setof upper
bounde, s (E) for all edgesbasecdn Cl; asCy}.

We thenperformthefollowing iterative procesgo updatethewire width upperbounds Firstwe computeWy (i + 1) by using
the bottom-updynamicprogramming-basedire-sizing (DPW) algorithmoutlinedin Section3 to eachnetwith fixed Cgc (@),

withoutexplicitly dealingwith lateralcouplingcapacitanceThenwe deducthelower boundWIt () fromtheaboreupperbound

lumpedwidth for eachwire segmentandgetW#](z' + 1). Similarly, we cangetwg(i +1).

11
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Figure4: Initialization of upperboundwire widths.

For the lower bound computation,the processis similar. We usethe lower boundwire width for eachwire segment
(W}J(i),wz(i)), andcomputeCZ (i), a setof lower boundlateral capacitanceoeficients. Subsequentl)CeLf(z') is computed
from CL (i). We thenapplythe DPW with fixedcjf andobtainthe new lower boundlumpedwidth Wy, (i 4+ 1). Deductfrom it
theupperboundW,T](i +1), wegetWs (i + 1). Similarly, we cangetW (i + 1).

Thisinterlearedupperandlowerboundcomputatioris iterateduntil (W#J(i), W,T](i)) isidenticalto (Wf](z' +1), W,Tj(i +1)),
and(Wj (i), W} (i)) isidenticalto (Wj (i+1), W] (i+1)), i.e.,wecannoigetfurtherimprovementrom theboundcomputations.
Our experimentsshav that the upperandlower boundwidths often meetor becomeclosefor mostwire sggmentsin a few
iterations. Sowe will getnearoptimal GISS solutionfrom the boundcomputations.We notethat a brute-forcelower bound
computatiormayleadto adjacentvire overlappingf thelowerboundwidthsbetweerthesewiresoverlap.To avoid thisscenario,
we needto add someconstraintsuchthat the boundcomputationwill always give valid lower and upperbounds. This is an
inherentproblemfor somemultiple netswhenthey competentensiely for very limited routingresources.

Whenthe upperandlower boundsdo not meet,we will usethefollowing refinementlgorithmto obtainthefinal wire sizing
andspacingsolutionfor eachnet: We first take the lower boundof eachsidefor eachwire segmentasour initial layout. Then
we will iteratively performsingle net wire sizing and spacingoptimizationmethodpresentedn Section3 to obtainthe final
GISSsolutionfollowing the orderof eachnet’s priority. We call the overall boundcomputationsandfinal refinementlgorithm

GISS/RAF, whereFAF denoteghefixedareaandfringing capacitanceoeficients.

12



4.3 Extensionto Variable Areaand Fringing CapacitanceCoefficients

The optimality of bound computationin the above GISS/FAF algorithmis basedon the effective-fringing propertieswhich
assumehe areacapacitanceoeficient ¢, andthefringing capacitanceoeficientc; areconstantsndependenof wire widths
andspacings.However, in deepsubmicrondesignssimilar to the lateralcouplingcapacitance,;, c, andcy aredependenbn
wire widths andspacingge.g.,thereareabout30% variationson ¢, andcy valuesin our 2D capacitanceables).Nevertheless,
the GISSalgorithmcanstill be usedin this casesimply by computingthe areaandfringing capacitancefrom the general2D
modeldirectly duringthe bottomup dynamicprogrammingoptimization. However, the effective-fringing propertiescannotbe
usedto guarante¢hattheoptimalsolutionis alwayswithin the upperandlowerboundscomputedy the GISSalgorithm.We call
thealgorithmusingvariablec, andc;’s asGISS/\AF. Experimentatesultsin Section5.2 shav that GISS/N\AF oftenachieres

betterresultswhencomparedvith GISS/RAF.

5 Experimental Results

We have implementeds1SSusingC++ underthe SunSRARC stationervironment.In this section,we presenthe experimental
results. The parametersisedin our experimentsare basedon the 0.18um technologyspecifiedin the SIA roadmagd10]. The
sheetresistancés 0.0638/0. The minimumwire sizing Wi, is 0.22um andminimumspacingS,,;, betweemeighboring
wiresis 0.33um. Then,pitch spacingdefinedasthe sumof minimumspacingandminimumwire size,is equalto 0.55um. The
allowablewire widthsfor eachsidealongthecenterine arefrom 0.11to 1.1 um, with theincrementabtepto be0.11um. The
area,fringing andlateralcouplingcapacitanceareobtainedby a look-uptableobtainedthroughthe 2D capacitancextraction

model[14]. Thedriver effectiveresistances 119(2. Theinput capacitancéor eachsinkis setto be 12.0fF

5.1 Optimal Sizingand Spacingfor a SingleNet

We performexperimentdor the optimal single-netsizingandspacingalgorithmon 5 netsprovided by Intel. Theroutingtrees
arethesameasusedin [4]. Thesetreesoriginally have multiple sourcesandwe randomlyassignoneastheuniquesinglesource.
We assignequalcriticality for eachsink sothe weighteddelaybecomeshe averagedelay Giventheinitial layoutof thesefive
nets,we randomlyassignsomesurroundingvire sgmentswith spacingrom thenetbeinglto 5 x pitch.

In Table 2, we summarizethe averageand maximumHSPICE delaysfrom different algorithms: minimum wire sizing
(MIN); symmetricoptimal wire-sizing (OWS-S)algorithmwithout consideringhe couplingcapacitanc€but couplingcapaci-
tancethroughthe 2D modelis includedin its final HSPICEsimulation);symmetricGISSalgorithm (GISS-S)andasymmetric
GISSalgorithm(GISS-A).In the parentheseanderOWS-S,GISS-Sand GISS-A, we list the percentag®ef improvementover

MIN. Fromthetable,we canseethatGISS-Aconsistentlyoutperformsll otheralgorithms.In termsof its averagedelay which
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length

Ave

rageDelay (ns)

MaximumDelay (ns)

(mm)

MIN

OWS-S

GISS-S

GISS-A

MIN

OWs-S

GISS-S

GISS-A

Netl
Net2
Net3
Net4
Net5

3.6
6.6
10.07
10.57
31.98

0.08
0.31
0.78
0.54
3.19

0.08(-0.00%)
0.19(-38.7%)
0.71(-9.0%)
0.41(-24.1%)
2.57(-19.4%)

0.08(-0.00%)
0.18(-41.9%)
0.71(-9.0%)
0.39(-27.8%)
2.57(-19.4%)

0.08(-0.00%)
0.15(-51.6%)
0.61(-21.8%)
0.27(-50.0%)
1.73(-45.8%)

0.14
0.34
1.03
0.84
4.92

0.14(-0.00%)
0.22(-35.3%)
0.96(-6.8%)
0.71(-15.5%)
4.26(-13.4%)

0.14(-0.00%)
0.22(-35.3%)
0.95(-7.8%)
0.65(-22.6%)
4.27(-13.2%)

0.14(-0.00%)
0.19(-44.1%)
0.83(-19.4%)
0.44(-47.6%)
3.26(-33.7%)

Table2: Comparisorof the averageandmaximumdelaysusingdifferentalgorithms.

AverageDelay (n.s) Normalizedwire width
centerspacing| MIN OoWs GISS/AF GISSN\AF MIN | OWS | GISS/IAF | GISSN\AF
2 X pitch 151 | 1.26(-16.6%) | 0.81(-46.4%)| 0.80(-47.0%)| 1.00 | 2.90 3.07 3.29
3 X pitch 1.33 | 0.73(-45.1%) | 0.57(-57.1%) | 0.52(-60.9%) || 1.00 | 4.65 4.76 4.70
4 x pitch 1.28 | 0.46(-64.1%) | 0.46(-64.1%) | 0.42(-67.2%) || 1.00 | 6.20 6.11 6.00
5 X pitch 1.25 | 0.38(-69.6%) | 0.39(-68.8%) | 0.37(-70.4%) || 1.00 | 6.90 6.63 7.17
6 X pitch 1.23 | 0.35(-71.5%) | 0.36(-70.7%) | 0.34(-72.4%)|| 1.00 | 6.90 6.73 7.68

Table 3: Comparisorof averagedelaysand normalizedwire widths for a 16-bit parallelbus structureunder5 differentpitch
spacingaisingdifferentalgorithms.

is our objective function, the reductionis up to 51.6%comparedvith the MIN solution(Net2),and34.1%with OWS-S(Net4)
and32.7%with GISS-S(Net5).

Althoughthe averagedelayis our objective, experimentaresultsshav thatthis formulationreduceghe maximumdelaysas
well. Fromthetable,we canseethat GISS-AoutperformMIN, OWS-SandGISS-Shy up to 47.6%,38.0%and32.3%(Net5)
comparedvith MIN, OWS-SandGISS-Srespectiely.

5.2 Optimal Sizingand Spacingfor Multiple Nets

To demonstrat¢he effectivenesof GISSalgorithm,we performexperimentsor global optimalwire sizingandspacingfor
multiple netson a 16-bit parallelbus structureof 10 mm long with the centerdistancebetweeradjacenbusline setto be {2, 3,
4,5, 6} xpitch respectrely. Eachwire segmentis setto be 1000um (we alsotry thewire sggmentof 500 um, the sizingresult
is almostthesame.)

In Table3, we give the averagedelaysfrom HSPICEsimulationsandnormalizedwire widths (ratio of averagewire sizeto
Winin). We still list in the parenthesethe percentagef delayreductionover MIN. In the table,columnOWS usessingle-net
OWS in a netby netmanneycolumnGISS/RAF usesthe GISSalgorithmwith fixedc, andc; (obtainedthroughthe 2D table-

look-upwith 3 - W,,,;,, width and3 - S,,,;, spacing)to guidethe layout optimization,whereasGISS/N\AF directly usesthe 2D
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Figure5: The OWS sizingresultfor theupper4 bits buslinesof the3 x pitch busstructure.

modelwith variableareaandfringing capacitanceoeficientsduring the layout optimization. All thesealgorithmsusethe 2D
modelfor final HSPICEsimulations.The averagerunningtime for theseb bus caseaisingGlSSalgorithmis 102 seconds.

Fromthe table,we canseethatthe averagedelaysof GISS/RAF outperformthoseof MIN by up to 70.7%,andoutperform
thoseof OWSby upto 35.7%respectiely. AlthoughGISS/\AF cannotguarante®ptimality, ourexperimentsio shaow thatit can
outperformGISS/RAF by upto 8.8%. Thisis dueto that: (i) ¢, andc; arenolongerconstantgor deepsubmicrordesign (i) we
usethe 2D modelwith variablec, andc;’s for bothHSPICEsimulationswhich GISSNAF alsousesduring GISSoptimization.
It actuallysuggestshatour GISSalgorithmmayindeedhave the capabilityto handlemoregenerakapacitancenodels.

The OWS and GISSsizingresultsfor a 4-bit bus structurewith 3 x pitch betweenadjacentines areshown in Fig. 5 and
Fig. 6, respectrely. They aredravn usingthe MAGIC tool. Theverticaldimensionis scaledup by 1000xfor bettervisualeffect.
We canseethat OWS losesglobal optimality for multiple netsasit canonly sizethosenetsoneby one,without consideration
of theneighborhoodtructuresandthe couplingcapacitancetHHowever, GISStakesthosefactorsinto consideratiorandperforms
globaloptimization.Thereforejt leadsto muchbetterperformancein both averagedelayandmaximimudelay

It is alsoobsenedthatfor 5 x pitch and6 x pitch centerspacingtheimprovemeniof GISSN\AF over OWSis very marginal.
This is becauseéhe coupling capacitancdecomedessimportantas spacinggoesup. For example,the averageedgeto edge

spacingfor the6 x pitch is about6 x 0.55 — 7 x 0.22 = 1.76um, but for the2 x pitch is about2 x 0.55 — 3 x 0.22 = 0.44um

6 Discussionsand Futur e Work

Ourstudyhasshavn convincingly thatit is veryimportantto considercouplingcapacitancéto VLSI interconnecbptimization

for deepsubmicrondesignsWe have proposedwo generaformulations symmetricandasymmetricfor theglobalinterconnect
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Figure6: The GISS/N\AF sizingresultfor theupper4 bits buslinesof the3 x pitch busstructure.

sizing and spacingproblemand revealedthe effective-fringing propertiesfor both symmetricand asymmetricscenarios.We

developan effective algorithmto computethe lower andupperboundsfor the global optimal sizingandspacingsolution. Our

experimentsshav that the upperandlower boundwidths often meetor becomeclosein a few iterationsif the lower bounds
betweeradjacentviresdo not overlap,sowe will getnearoptimal GISSsolution. To make surethatthelower boundshetween
adjacentviresdo not overlap,we needto addsomeconstraintsuchthatthe designruleswill not beviolated. Notethatadding
theseconstraintsmay limit the corvergenceof the lower and upperboundcomputation. However, aswe obsere, this is an

inherentproblemfor somemultiple netswhenthey competeantensiely for very limited routingresources.

We prove the effective-fringing propertiesand derive the GISS algorithm underthe assumptiorof fixed ¢, andcg. Our
experimentsndeedshaw thatit is alsovery effective undervariablec, andcy’s. It suggestshatthe GISSalgorithmactually
have the capabilityto handlemoregenerakapacitancenodels.Furthervalidationis plannedasa futurework.

An alternatve for computinglower andupperboundsis to usethe local refinemen{LR) operationssimilar to thoseusedin
[2, 4, 15]. Preliminaryresultsof this approacharebeingreportedn [18]. It shavsthatthe GISSproblemundervariablec, and
¢s’s canbe formulatedasa generalCH-posynomiaprogram,which enableghe applicationof the local refinemenbperations
[16, 18] andleadsto very efficientboundcomputation.

In thefuture,we planto developefficientnoisemodelsandextendbothdynamic-programmingasedalgorithmandLR-based

algorithmfor noisecontrolandminimization.
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Appendix: Proof of Symmetric Effective-Fringing Property

In thefollowing, we prove the symmetriceffective-fringingproperty First, we statetwo previously reportedresultsthatwill be

usedin our proof. [17] shavedthefollowing relationbetweerdriver sizingandwire sizingsolutions.

Lemmal [17] DS/WSRelation: For anytreeT with oneor more critical sinks,let R betheresistancef thedriver driving the
routingtreeand )V bethe correspondingoptimal wire width assignmentLet R’ be theresistanceof anotherdriver and W' be

the correspondingptimalwire width assignmentThen,R < R’ implies)V dominatesV'. m|

The authorsof [15] investigatedthe relation betweenthe loading capacitancesnd wiresizing solutionsand shaved the

following:

Lemma?2 [15] WS/CL Relation: Letc,, betheloadingcapacitancef oneofthesinks,saysy,, of T', and W bethecorrespond-
ing optimalwiresizingsolution. If weincreasetheloading capacitanceof a sinkfrome,, to ¢} , andlet W' bea corresponding

Sk

optimalwire width assignmentThen,thenthere existsan optimalwiresizingsolutionV' thatdominates/\ . O
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For easeof referenceye re-write the performancaneasure for aroutingtreeT” basedon the Eqn(3) (for compactiorof
notationswe dropthe superscripbr subscriptj, sincewe just considerary routingtreeT’):

tr(W) = Aso)-R- Y (ca-wp +ces(E)) +
EET

ZA(E)'%E'{MWL Yoat X (ca-wEf+cef<E'>>} (5)

EeT s€sink(E) E'€Des(E)

RecallthatA(so) = >_,, coink(r) A @NAAE) = 30, cink(e) Ak, Wherey is the criticality of sink s. In this formulation,
we assumea fixed areacapacitance,, but edgesmay have differenteffective fringing capacitanceoeficients. Let the set
of effective fringing capacitanceoeficientsbeC ;. Let W(Ca,cef) be an optimal sizing solutionfor someconstantc, and
agivensetof effective fringing capacitanceoeficientsC, (for easeof presentationywe will abbreviate W(ca, Cey) into W.
Similarly, we define))’ to beanoptimalsizingsolutionfor thesamex,, but underadifferentsetof effectivefringing capacitance
coeficientsC, ;. Letwg bethewidth of E in W and’, bethewidth of E in . In thefollowing, we assumehat\(E) > 0.

First, we introducethefollowing lemmafor a simplescenario Considera particularedgeE. Letc.s(E') = c, ((E") for ary

edgeE’ # E, butc.s(E) > c, ;(E). Then,we shav that)V still dominates/\”.

Lemma 3 For two differentsetsof effective-fringingcapacitancesoeficientsC.; andCy ; with cey (E') = ¢, ;(E') for anyedge
E' # E, butcey(E) > c,;(E), wehave

1 1

’LDE‘/ ’UA)IEI

) <0 (6)

M+ X A
E'€Ans(E)

Proofof Lemma 3: In thefollowing, weusetr(c.¢(E), W) to denotetheperformanceneasureorrespondingo thecasewhere
the effective-fringing capacitanceoeficientof E is ¢,z (E) with correspondingptimal wire sizing solutionW. Similarly, we
candenotetr(c, ;(E), W) to bethe performanceneasureinderthec; ;(E) andthe correspondingptimalwire sizingsolution

W!'. Supposeve swapthetwo sizingsolutions. Then,we obtainnew performanceneasuresr(c.s(E), W) andtr(c,;(E), W).

Let A; denotethedifferencetr(c.;(E), W) — tr(c.;(E), W'). Then,from Eqn. (5):

Ay = Mso)-R- D o (b — )

E'eT
W + E' .
oY M) { e tedB) S e S (cardop +cep(BY))
E'€T,E'£E B sk Esink(E") E"€Des(E'),E"+E
r Co - Wy + ey (B .
DR GRS e D DR DR OO Ratt:e)
E'e€T,E'#E B spEsink(E") E'€Des(E'),E"+E
r . r .
Y MBS artpteg(B) = Y ME) (o i+ cop(B))
E'€Ans(E) E E'€Ans(E) E'
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2 D et D (earim e (B

o Co-WE + Cef(E)
sk Esink(E) E'e€Des(E)

- ME)- u:’ ) {M + Z Csy, T Z (ca W + Cef(El))}

sk Esink(E) E’'eDes(E)

wherethefirst line correspondso the termsrelatedwith the driver resistancethe secondandthe third lines correspondo those
edgetermsnotrelatedwith E, thefourthline correspond$o E andits ancestoedgesandthefifth andthesixthlinescorrespond
to E andits downstreansubtrees.

Let A, denotetT(c’ef(E),W’) — tr(c,;(E), ). Theinequalityfor A, < 0 canbesimilarly obtained.SummingA; and

A,, we caneasilycrossthe commontermsout andobtain

AE) -7 (A Ly (et B ()

’lfJE wE 2

Y+ Y AE) (e — =) (g (B) = y(B) < 0
E'€Ans(E)

Sincec,s (E) > ¢, ;(E), theresultfollows. O
Let Ty bethe singlestemsub-treerootedat £ andT,, be the downstreamsubtreerootedat nodewv [2]. Let W(TE) and

W!(Tg) denotethesizingsolutions)y and)V' restrictecto edgesn T only. Thenwe have thefollowing lemma.

Lemma4 For two differentsetsof effective-fringingcapacitancesoeficientsC.; andCy ; with c.;(E') = ¢, ;(E') for anyedge

E'# E,butces(E) > ¢, (E), wehaveW(Ty) dominatesh’ (Tx).

Proof of Lemma 4: Denotethe two endnodesof E beingu andv in T', wherew is theupstreanmodeandv is thedownstream
node.We first arguethat W/ (T;,) dominatesA’ (T, ) whereW (T, ) andW' (T, ) arethewire sizingsolutions)y andV" restricted

to edgesdn T, only. We obsene thatthetotal weightedupstreanresistancef T, for Wis

R(T) = Mso) - RAAE) 7 oo+ 3 AE) 7

w we
2 E'€Ans(E) B

andthetotal upstreanresistancef T, for W'is

1 1
R(T,) = Xso)-R+ \E) -r- 2ol © > )\(E')-r-wb
E'€ Ans(E)

FromLemma3, R(T,) < R'(T,). Applying Lemmal, we canconclude)’(T,) dominatesh’ (T,).
Now, considethe edgeE. We keepthe wire width assignmenof all otheredgesandswap only the wire width assignment

of edgeF in thetwo wire sizingsolutionsiV andW', i.e., Wiwap=WV exceptuis < wh, andW!, . =W' exceptw’, < wp. Let

swap

Ay betr(cor (E), W) = tr(cos (B), Wywap) @0dAs bt (1 (E), W) = t(c, 4 (E), Whyap). Then,

A1 = Xso) R-cy- (g —wy) +
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E'€Ans(E) Wer
ef (B .
A(E)-<U: —wL) Cf—2()+ S ot Y (co-ibm +eo(E))
B E spEsink(E) E'€Des(E)
< 0

ObtainingA, in asimilarfashionandthensummingA; andA, togetherwe obtainthefollowing expression:

orlop—i). Y ME) (- o) +

- —
WE' w
B'€Ans(E) B B

)\(E).(L_L). M+ S (i —ily) | < 0

= ryl
w w 2
B E E'€Des(E)

SinceW(T,) dominatesV'(T,), cer (E) > ¢4 (E), if weassumehatiwg < ', we get

1 1
> ) (5o-a) 20
' B

E'€Ans(E)

Combiningit with Lemma3, we will have U}—E — wl, < 0, whichis acontradictiorto theassumptionhatwg < w}. Therefore,
E

Wg > W, andW(Ty) dominatesh' (T). O

We cannow provethefollowing lemma:

Lemma5 Consideranyedge Ein T If ey (E') = c,;(E') for anyedge E' # E, butc.;(E) > c;(E). Then,h dominates

wr.

Proof of Lemma 5: Now considemodeu, the upstrearmodeof E. Createasink s,, suchthattheloadingcapacitancef s,, is
equivalentto thetotal capacitancef Ty undenNiresizingsqutionW. CreateanothettreeT’ = T — T, andthatatnodeu, it has
sink s,,. Notethatthe optimalwiresizingsolutionof 7" combineswith W (T) is exactly . Similarly, letT" = T — T, and
theatnodeu, it hassink s, which hasa loadingcapacitancequialentto thetotal capacitancef Tr underwiresizingsolution
W'. By Lemmad4, ¢,, > csr . By applyingLemma2, the wiresizingsolutionof 7 dominatesI™. Therefore thelemmaholds.
m|

Thisleadsto Theoreml:

Theorem1l Symmetric Effective-Fringing Property: For afixedareacapacitance:,, IetW(ca, C.s) beanoptimalwiresizing
solutionto optimizethe performanceneasue ¢ undera setof effectivefringing capacitancecoeficientsC.; = {c.¢(E) | E €
T}, and W(ca,Céf) be an optimal sizing solution under a different set of effectivefringing CapacitancecoeficientsCéf =
{c.;(E) | E € T}. Thenif Cey > Cpy,ie., cep(E) > iy (E) for all edges E, we canconcludethat there exist optimalsolutions

suchthat W(c,, Cer) dominatesh(c,,CL,).
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Proof of Theorem 1: By asimpleinductionon all edgesE with c.;(E) > ¢, ;(E) basedbn Lemmab. O
Notethatthe aboseresultsareobtainedundertheassumptiothat \(E) > 0. In thecaseof A(E) = 0, let E' bethelastedge
(in abottom-uporder)in Ans(E) U {E} suchthat \(E') = 0. Notethat E' maybe E. Then,W(Tx:) andW' (T will have
identicalwiresizingsolutions,i.e., all edgesn Ty areassignedhe minimumwidth allowed. However, thetotal capacitancén
W(Tg) is strictly largerthanthatin W' (Tg) sincecy (E) > c,;(E). ThereforeapplyingLemmaz2 again,V still dominates

~

w.
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