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Abstract

Interconnecthasbecomethedominatingfactor in determiningcir-
cuit performanceand reliability in deepsubmicron designs.In this
embeddedtutorial, we first discussthe trendsand challengesof in-
terconnectdesignasthetechnology featuresizerapidlydecreasesto-
wardsbelow0.1 micron. Then,wepresentcommonlyusedintercon-
nectmodelsand a setof interconnectdesignand optimizationtech-
niquesfor improving interconnectperformanceand reliability. Fi-
nally, wepresentcomparisonsof differentoptimizationtechniquesin
termsof their efficiencyandoptimizationresults,andshowtheimpact
of theseoptimizationtechniquesoninterconnectperformancein each
technology generation fromthe 0.35��� to 0.07��� projectedin the
NationalTechnology Roadmapfor Semiconductors.

I . INTERCONNECT TRENDS AND CHALLENGES

Thedriving forcebehindtheimpressive advancementof theVLSI
circuit technologyhasbeentherapidscalingof thefeaturesize,i.e.,
the minimum dimensionof the transistor. It decreasedfrom ��� m
in 1985 to �
	 ���� m in 1996. According to the National Technol-
ogyRoadmapfor Semiconductors(NTRS)[1], it will furtherdecrease
at the rateof 0.7� per generation(consistentwith Moore’s Law) to
reach��	 ����� m by 2010.TableI lists themaincharacteristicsof each
technologygenerationin theNTRS.Suchrapidscalinghastwo pro-
found impacts.First, it enablesmuchhigherdegreeof on-chipinte-
gration.Thenumberof transistorsperchipwill increaseby morethan
2 � pergenerationto reach800millions in the ��	 ����� m technology.
Second,it implies that the circuit performancewill be increasingly
determinedby the interconnectperformance.The interconnectde-
signwill play the mostcritical role in achieving the projectedclock
frequenciesin the NTRS. This paperpresentsthe trendsand chal-
lengesof interconnectdesignin currentandfuture technologiesand
discussestheavailablesolutions.

In orderto betterunderstandthesignificanceof interconnectdesign
in the future technologygenerations,we performeda numberof ex-
perimentsbasedontheinterconnectparametersprovidedin theNTRS
asshown in thebold facein TableII. SincetheNTRSparametersare
for the first metal(M1) layer only, which is usuallynot suitablefor

Tech.( � m) 0.35 0.25 0.18 0.13 0.10 0.07

Year 1995 1998 2001 2004 2007 2010
# transistors 12M 28M 64M 150M 350M 800M���������

(MHz) 300 450 600 800 1000 1100
Area(mm� ) 250 300 360 430 520 620
Wiring levels 4-5 5 5-6 6 6-7 7-8

TABLE I Summaryof NTRS[1] 
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Tech. 0.35 0.25 0.18 0.13 0.10 0.07

Metal1 Interconnect"
0.40 0.30 0.22 0.15 0.11 0.08#
0.60 0.45 0.33 0.25 0.16 0.12$
0.15 0.19 0.29 0.82 1.34 1.34�
0.17 0.19 0.21 0.24 0.27 0.27% $'&
1.5:1 2:1 2.5:1 3:1 3.5:1 4:1% $)(
2.5:1 3:1 3.5:1 4.2:1 5.2:1 6.2:1

Metal4 Interconnect"
1.00 0.76 0.56 0.38 0.28 0.20#
1.50 1.125 0.825 0.625 0.40 0.30$
0.04 0.050 0.076 0.22 0.35 0.36

Metal4 with min. spacingandwidth�+*
0.031 0.025 0.021 0.018 0.018 0.017�-,
0.046 0.042 0.040 0.040 0.042 0.037�/.
0.056 0.072 0.086 0.090 0.107 0.119

Metal4 with 0�1 min. spacingand 0�1 min. width� *
0.061 0.051 0.044 0.038 0.041 0.035� ,
0.066 0.060 0.055 0.054 0.054 0.051�/.
0.020 0.031 0.041 0.045 0.056 0.063

TABLE II Interconnectparameters.
"
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aretheminimumwidth and
spacingin � m, respectively.
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capacitancein 2435� m and 687435� m, respectively.
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arethe
aspectratiosof themetalandvia, respectively.
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and
�/.

arethearea,
fringeandcouplingcapacitancesperunit lengthin fF/ � m, respectively.

Tech. 0.35 0.25 0.18 0.13 0.10 0.079):
0.225 0.158 0.097 0.050 0.031 0.016;�<
18.7 22.8 23.8 29.4 31.1 28.3= .
0.113 0.084 0.057 0.031 0.020 0.011

TABLE III Device parameters.
� :

and
$ <

aretheinputcapacitancein fF
andoutputresistancein k 2 of anunit-sizedgate,respectively. > . is the
intrinsicdelayof agatein ns.

global interconnects,we alsoderivedtheinterconnectparametersfor
the M4 layer, ? which arealsoshown in Table II. Furthermore,we
deriveda setof device parametersasshown in TableIII basedon the
dataonprocessesanddevice in theNTRS.Usingthesesetsof param-
eters,wecarriedoutextensivesimulationsusingHSPICEto quantita-
tively measurethe interconnectperformanceandreliability in future
technologygenerationsandobtainedthefollowing results:

(1) Interconnectdelayis clearlythedominatingfactorin determin-? Weassumethattheminimumwidth andspacingof M4 is 2.5timesthose
of M1. The aspectratios

% $ &
and

% $)(
areusedto determinethe metal

thicknessandthe dielectricthicknessfor all layers. For M1, we assumethat
thesubstrateandM2 arethegroundplanes;andfor M4, we assumethatM3
andM5 arethe groundplanes.The total capacitance,including the areaca-
pacitance,fringing capacitance,andcouplingcapacitancecomponents,areob-
tainedusingthe3D field solver FastCap[2]. Basedon theseassumptions,our
capacitancevaluesfor M1 closelymatchthosegivenin theNTRS.
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Fig. 1 Globalandlocal interconnectdelaysversusgatedelays.
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Fig. 2. Ratioof couplingcapacitanceto totalcapacitanceof M4 interconnect
with theminimumwidth andspacing( B1 ) andtwo timestheminimumwidth
andspacing( 0�1 ).

ing thecircuit performance.As shown in Fig. 1, aswe advancefrom
the0.35 � m technologyto the0.07 � m technology, theintrinsic gate
delaydecreasesfrom over 100psto around10 ps, thedelayof a lo-
cal interconnect(1 mm) decreasesfrom over 150psto around50 ps,
while thedelayof aglobalinterconnect(2 cm) increasesfrom around
1 ns to over 6 ns� . Clearly, aggressive interconnectoptimizationis
neededin orderto achieve theclock frequenciesprojectedin TableI.
In SectionIV, we shallshow how variousexisting interconnectopti-
mizationtechniqueswill limit thegrowth of interconnectdelays.

(2) Thecouplingcapacitancebetweenadjacentlineswill bea ma-
jor componentin the total capacitancedue to the increaseof wire
aspectratio and the decreaseof the line spacing. But its value is
very sensitive to spacing. As shown in Fig. 2, the ratio of the cou-
pling capacitanceto the total capacitancefor a wire on M4 with the
minimum spacingto its two neighborsincreasesfrom around40%
to around70% when the technologyprogressesfrom 0.35 � m to
0.07 � m. Whenwe increasethespacingto two timestheminimum,
thesameratiobecomesfrom around15%to around40%for different
technologygenerations.Therefore,properspacingis very important
in deepsubmicroninterconnectdesigns.

(3) Thecouplingnoisebetweenadjacentwireswill becomea im-
portantfactorin deepsubmicrondesignsdueto the increaseof cou-
pling capacitance.Our experimentalresultsin Fig. 3 shows that if
we restrictthepeaknoisevalueto be CD�FE�GIH8H , themaximumallow-
ablelengthon M4 usingthe minimum spacingdecreasesfrom over
4000 � m to almost500 � m when the technologyprogressesfrom
0.35 � m to 0.07 � m. The samefigure alsoshows the wire length� Bothsetsof interconnectdelaysarebasedon theassumptionof themini-
mumwire width andtwo timesminimumspacingon M4 with optimaldriver
sizing.
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Fig. 3. Maximumallowablelength(in log scale)for parallelM4 lineswith
theminimumwidth andspacing(1 1 ) andtwo timestheminimumwidth and
spacing(2 1 ) whenthepeakcouplednoiseis limited to 10%and15%of the
supplyvoltage.

limits undertwo timestheminimumspacingandwith CJ�E�GKH8H peak
noisetolerance.

Sincemostexistingworkshave beenon interconnectperformance
optimization,this tutorial coversonly themodelingandoptimization
techniquesfor interconnectdelayminimization.Theremainderof this
paperis organizedasfollows: SectionII discussescommonlyusedin-
terconnectandgatedelaymodelsfor layoutoptimization.SectionsIII
presentsthe techniquesfor interconnectlayoutdesignandoptimiza-
tion. SectionIV comparesa numberof interconnectoptimization
techniquesin termsof theirefficiency andsolutionqualityandshows
their impacton interconnectdelayreductionin eachtechnologygen-
erationprojectedin theNTRS.Dueto thepagelimitation, theauthors
areableto presentonly a small subsetof resultson the topicscov-
eredin thispaper. A morecomprehensive survey andbibliographyis
availablein [3].

I I . DELAY MODELING

A. InterconnectModeling

In order to considerboth wire resistanceand capacitanceand
model the distributive natureof the interconnects,a routing tree is
usuallymodeledasanRC treeby dividing eachlong wire into a se-
quenceof wire segmentsandmodelingeachwire segmentasan L-
type or L -type of RC circuit. The numberof R, C elementscanbe
largewhenthelengthof eachsegmentis chosento besmallfor abet-
ter approximationof the distributednatureof the interconnectsor a
greaterdegreeof flexibility in wiresizingoptimization. Therefore,a
reduced-orderRC modelis oftencomputedto approximatethe large
RC treeusingthemomentmatchingtechnique.

Let M+NPORQ betheimpulseresponseatanodeof aRCtree.Thetrans-
fer function STNVUDQ of the circuit, which is the LaplacetransformofM+NPORQ , canberepresentedasSTNVUDQXW Y[Z\ M+NPORQ^]�_a`^bVH�OcW Zd egf \ N^hiCDQ

e
jRklU e Y[Z\ O e M+NPORQmH�O5	 (1)

The
j
-momentof the transferfunction � e is definedto be the un-

signedcoefficientof the
j
-th power of U in Eqn.(1)� e W CjRk Y[Z\ O e M+NPORQmH�O5	 (2)

Momentsof an RC treecanbe computedefficiently usingrecursive
methods(see[3] for details).

Thefirst moment� ? Won Z\ O4pJM+NPO�QmH�O , alsocalledtheElmore de-
lay model[4], is mostcommonlyusedfor delayestimationin anRC
tree.In essence,theElmoredelaymodelusesthemeanof theimpulse



responseM+NPORQ to approximatethe50%delayof thestepresponse(un-
der the stepinput), which correspondsto the medianof the impulse
response.It wasshown thattheElmoredelayfrom sourceU \ to nodej

in anRCtreecanbecomputedby thefollowing simpleequation[5]:O�NVU \Fq j QrW dsut8v * bxwyz`m{D| e~} ; s p 9��D� N���Q q (3)

where � � O^M+NVU \uq j Q is the uniquepath from source U \ to node
j

in
an RC tree,

; s is the resistanceat node � , and
9��u� N���Q is the total

capacitanceof the subtreerootedat node � . In general,the Elmore
delayof asink in anRC treegivesanupperboundon theactual50%
delayof thesinkunderthestepinput [6].

TheElmoredelayallows us to explicitly expressthe signaldelay
asa simplealgebraicfunctionof thegeometricparametersof thein-
terconnect(the lengthsandwidthsof wires),so that it canbe easily
usedfor interconnectoptimization.It wasshown thattheElmorede-
lay modeloffers reasonablygoodfidelity for interconnectlayoutop-
timization, i.e., an optimal or near-optimal solutionobtainedunder
the Elmoredelaymodelis alsocloseto optimal accordingto actual
(SPICE-computed)delays(see[3] for details).But theabsolutevalue
of Elmoredelaymaynot bevery accurate.So,it is not suitableto be
useddirectly for accuratecircuit timing analysis.

Higher order momentscan be usedfor more accuratereduced-
order RC models. The AsymptoticWaveformEvaluation (AWE)
method[7] basedon Pad́e approximationuseshigherordermoments
to constructsa � -poletransferfunction �S�NVUDQ , calledthereduced-order� -polemodel, �S�NVUDQrW��d e~f ? � eU�h � e q (4)

to approximatetheactualtransferfunction STNVUDQ , where
� e

arepoles
and � e are residues,all of which can be determineduniquely by
matchingtheinitial boundaryconditionsandthefirst �u�-hXC moments
of STNVUDQ to thoseof �S�NVUDQ [7]. The responsewaveform in the time
domainunderthestepinput is givenby

�M/NPO�QrW��d e~f ? �
e ]5���Vb�	 (5)

Thechoiceof order � dependsontheaccuracy requiredbut is usually
muchlessthanthe orderof the circuit. In practice, ����� is often
used. It is difficult, however, to representthe polesandresiduesin�STNVUDQ explicitly in termsof designparametersof theinterconnectin a
closed-formexpression,which makesthemoment-matchingmethod
difficult to usefor interconnectoptimizationdirectly� . Somedelay
metricsbasedon higherordermoments,suchasthecentralmoments
andtheexplicit RC delayusingthefirst threemoments,aresumma-
rized in [3]. Note that except for the Elmore delay model, which
is definedfor a monotonicresponseonly, the techniquespresented
above still holdswheninterconnectsaremodeledasRLC trees.

Recentprogresseson reduced-ordermodelsincludetheuseof the
PVL (Pad́e Via Lanczos)methodfor Pad́e approximationwithoutdi-
rect momentcomputation[8, 9], the congruencetransformationsto
createreducedRC networks which areguaranteedto be stableand
passive [10], andthe coordinate-transformedArnoldi algorithmthat
canbeappliedtogeneralRLCnetwork [11]. Theobjectiveof theseal-
gorithmsis to overcomethenumericalinstabilityof theAWEmethod.� Sensitivity-basedmethodshave beenproposedto usehigherordermo-
mentsfor fasttiming analysisto greedilyguidetheoptimizationprocessto a
localoptima.
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Fig. 4. (a)An inverterdriving anRC interconnect.(b) Thesameinverter
driving thetotal capacitanceof thenetin (a). (c) A � -modelof thedriving
pointadmittancefor thenetin (a). (d) Thesameinverterdriving theeffective
capacitanceof thenetin (a). Theinputsignalhasa transitiontimeof � b .
B. DriverModeling

In thissubsection,wecollectively referto gates,buffers,or transis-
torsasdrivers.We presenttwo commonlyusedapproachesto model
the drivers for delaycomputationwith interconnects.The first ap-
proachis a switch-resistormodelcomprisedof aneffective linearre-
sistor driven by a voltagesource(usuallyassuminga stepinput or
rampedinput). The effective resistanceof a driver usuallydepends
onthetransitiontimeof theinputsignal,theloadingcapacitance,and
the sizeof the driver. For example,onecanusea resistorof fixed
value

;�� ,D,
to modela driverby selectinganappropriatecapacitance

load
9

andmatchingthe50%delayof thedriverdriving theloadwith
thatof theequivalentRC circuit ( ��	 � ;�� ,D, 9 ) underthestep-input.A
moreaccuratemodel,calledtheslopemodel, usesaone-dimensional
tableto computetheeffective driver resistancebasedon theconcept
of rise-timeratio [12]. It first usestheoutputloadandtransistorsize
to computethe intrinsic rise-timeof thedriver, which is therise-time
at the outputunderthe stepinput. The input rise-timeof the driver
is thendividedby the intrinsic rise-timeof thedriver to producethe
rise-timeratio of thedriver. Theeffective resistanceis representedas
apiece-wiselinearfunctionof therise-timeratioandstoredin aone-
dimensionaltable. Given a driver, one first computesits rise-time
ratio and then calculatesits effective resistance

;�� ,D,
by interpola-

tion accordingto its rise-timeratio from the one-dimensionaltable.
Multi-dimensionaltablescanalsobeusedfor computingandstoring
the effective driver resistanceasa function of the input slope,out-
put load, etc. The switch-resistormodelhasthe advantagethat the
couplingwith the interconnectcanbe easilymodeledby including
the effective driver resistancein the interconnectRC tree for delay
and/orwaveform computation.But it may be difficult to model the
non-linearbehavior of thedriver.

Thesecondapproachfor driver modelingcharacterizesthebehav-
ior of adriver (suchasthedriverdelayandtheoutputtransitiontime)
usingall relevantparametersof theinputsignal(s)andtheoutputload.
Thisallows for veryaccuratemodeling,but thegatedelayandthein-
terconnectdelaymustbecomputedseparately. For example,onecan
pre-characterize,the delay ( O < ) and output transitiontimes ( O , andOR� ) of a driver in termsof the input transitiontime O b andthe total
loadcapacitance

9��
usingaccuratecircuit simulationsuchasSPICE.

Thecharacterizedresultscanthenbestoredin a look-uptablewhere
eachentry is in the form: �JO b q 9 � q NPO < q O , q O^�DQ�� . Sucha modelcan
be very accurateif onecanafford the time andspaceto generatea
detailedmulti-dimensionaltablefor eachgate.Alternatively, onecan
storethe characterizationdatamuchmorecompactlyin the form of� -factorequations[13,14], suchas:O < W N�� ?+� � � p 9 � Q/p�O b � � � p 9 �� � �8��p 9 � � �
� (6)O , W N��� ? � �
 � p 9 � Q/p�O b � �
 � p 9 �� � �
 � p 9 � � �
 � (7)

where � ?R¡ ¡ ¡ � and �   ?R¡ ¡ ¡ � aredeterminedbasedon linear regressionor
leastsquarefits on thecharacterizationdata.



C. DelayComputation

In general,¢ we are interestedto computethe total delayfrom the
input of a driver to oneof the sinks (an input to a gatein the next
stage)in its outputnet, called the stage delay. Whenthe intercon-
nect is modeledasa lump capacitance(Fig. 4(b)) with no intercon-
nectresistance,thecomputationof thestagedelayis straightforward.
Using the switched-resistordriver model, the stagedelay is simply;�< p8N 9 � � 9�£ Q (for astepvoltagesource)where

9 �
and

9�£
arethe

loadcapacitanceandinterconnectcapacitance,respectively. Usinga
pre-characterizeddrivermodel,thestagedelaycanbeobtainedby ta-
blelook-upandinterpolationorcomputedfromthe � -factorequations
directly.

WhenadistributedRCinterconnectmodelis usedin junctionwith
a switch-resistordriver model, the stagedelay can be easily com-
putedby first constructinga new RC network that combinesthe in-
terconnectmodelwith thedriver’s effective resistanceandthencom-
putethedelaythroughanRCnetwork usingthemethodsdiscussedin
SectionII.A. This shows theadvantageof the switch-resistordriver
modelwherethe interactionbetweenthedriver andthe interconnect
canbeeasilymodeled.

WhenadistributedRCinterconnectmodelis usedin junctionwith
apre-characterizeddrivermodel,thedriverdelayandtheinterconnect
delayneedto be computedseparatelyandaddedup togetherto ob-
tain thestagedelay. Moreover, theinteractionbetweenthedriverand
the interconnectmodelshouldbe consideredduring the driver pre-
characterization.Sincea distributedRC interconnecthasmany pa-
rameters,theinformationusuallyneedto be”compressed”for driver
pre-characterization.For example,the L -model[15] wasproposedto
approximatethedrivingpoint(i.e,theoutputof thedriver)admittance
asshown in Fig. 4(c). Thevaluesof

9 ? , 9 � and
;

in a L -model(see
Fig. 4(c)) canbecomputedby9 ? W¥¤ ��F¦ ¤ � q 9 � W§¤ ? h¨Nx¤ ��u¦ ¤ � Q q ; WohINx¤ �� ¦ ¤ �� Q©	 (8)

where ¤ ? , ¤ � and ¤ � arethefirst threemomentsof thedriving point
admittance,which canbecomputedrecursively in a bottom-upfash-
ion, startingfrom thesinksof the interconnecttree. In this case,the
driver can be characterizedusing

9 ? , 9 � and
;

in addition to the
input transitiontime,etc. for driver delaycomputation.

Sinceavery largelook-uptableor complex � -factorequationsand
veryextensivesimulationsareneededto accountfor all possiblecom-
binationsof

9 ? , 9 � and
;

in a L -model, the effectivecapacitance
model[14] wasproposedto allow driversto bestill pre-characterized
in termsof a single load capacitance,even whenusedto drive dis-
tributedRCinterconnects.Theeffectivecapacitancemodelfirst com-
putesa L -modelto approximatethedrivingpointadmittance,andthen
computeiteratively an “effective capacitance,” denoted

9 � ,u,
as in

Fig. 4(d),usingthefollowing expression:9 � ,D, W 9 � � 9 ? p)ª^C�h ; p 9 ?O�«Th¬O . ¦ � �N ; p 9 ? Q �O . NPO « hO . ¦ �Q pJ]/®�¯±°P²�®�°P³´µ·¶ ¸�¹ p8N^C�h�] ®�° ³µ·¶ ¸�¹ Q»º (9)

whereOR«¼W¨O < � O b ¦ � andO . W¨O�«½hIO , ¦ � , andO < andO , areobtained
from the � -factorequationsin termsof theeffective capacitanceand
the input transition O b . The iterationstartswith usingthe total inter-
connectandsinkcapacitanceastheloadingcapacitance

9 �
to getan

estimateof OR« and O . throughthe � -factorequations.A new valueof
theeffective capacitanceis computedusingEqn. (9) andit is usedas
theloadingcapacitancefor thenext iterationof computation.Thepro-
cessstopswhenthevalueof

9 � ,u,
doesnot changein two successive

iterations.At the endof the iterative process,we alsoobtain O < and

O , at thegateoutput.Theeffectivecapacitance,which is smallerthan9 bg¾¿b *JÀ in Fig. 4(b),capturesthefactthatnotall thecapacitanceof the
routingtreeandthesinksis seenby thedriver dueto theeffectof in-
terconnectresistanceshielding, especiallyin deepsubmicrondesign
with fastlogic gatesof lowerdriver resistance.A so-calledresistance
model(R-model) wasalsoproposedin [14] to betterapproximatethe
slow decayingtail portionof theresponsewaveformwhenthedriver
is behaving likearesistanceto ground.Themodelcanbeusedto fur-
theraccountfor the interactionbetweentheRC interconnectandthe
driver whencomputingthe interconnectdelay[16]. Thesemethods
illustratethecomplicationof theinteractionbetweenthedrivermodel
andtheinterconnectmodelin thedeepsubmicrondesign.

I I I . INTERCONNECT LAYOUT OPTIMIZATION

Giventhegrowing importanceof interconnects,interconnectopti-
mizationneedsto beconsideredin everystepof thelayoutdesignpro-
cess.We proposea performance-driven layoutdesignflow asshown
in Fig. 5, in whichplanningandoptimizationfor globalinterconnects
arecarriedoutduringthefloorplanstageandfurtherinterconnectop-
timizationis performedduringglobalrouting. In thissection,wedis-
cussvariousoptimizationtechniquesthatcanbeappliedin this flow
for interconnectdelayminimization,includingwirelengthminimiza-
tion, device sizing, interconnecttopologyoptimization,buffer inser-
tion, optimal wiresizing,and simultaneousdevice and interconnect
optimization.

Floorplanning
Global Int. Planning & Opitimization

Timing Driven Placement
Delay Budgeting

Performance Driven Global Routing
Interconnect Optimization

Detailed Routing
with Variable Width and Spacing

Buffer Insertion

Wiresizing

Device  sizing

Topology
Optimization

Interconnect
Optimizations

Library

Fig. 5 Layoutdesignflow for deepsubmicronICs.

A. WirelengthMinimization

A very effective way to reducethe interconnectdelayis to mini-
mize the wirelengthof timing-critical nets,so that their total capac-
itancesarereduced.Placementhasthe biggestimpacton the wire-
length. Timing-driven placementmethodscanbe classifiedinto the
net-basedapproachesandpath-basedapproaches. For net-basedap-
proaches,a delaybudgetingalgorithmis first appliedon the netlist
to computethe timing slack for eachnet (or two-terminalsubnet)
(e.g. [17]). Theseslacksare then translatedinto wirelengthupper
boundconstraints(e.g. [18]) or the net weightsin the optimization
objective function usedby the placementengine. Path-basedap-
proachesusuallyusemathematicalprogrammingtechniquesandcon-
sider the path-basedtiming constraintsdirectly in the problemfor-
mulation(e.g.[19]). In bothcases,theestimatedwirelengthsof the
timing critical nets(oftenmeasuredin termsof thehalf perimeterof
thenetboundingbox) areminimizedduringtheplacement,possibly
at theexpenseof thewirelengthsof non-timingcritical nets.

Wirelengthminimizationcanalsobecarriedoutduringglobalrout-
ing by constructingan optimal (or near-optimal)Steinertree(OST)



for eachtiming-critical net. Thecommonlyusedmethodsincludeit-
erativeadditionof Steinerpoints,optimalmergingof edgesof amin-
imumspanningtree(MST), or iterative refinementof anMST. These
methodsaresurveyed in [3]. However, whenthe interconnectresis-
tanceneedsto beconsideredaswell, wirelengthminimizationalone
duringglobalroutingmaynot leadto theminimuminterconnectde-
lay. Interconnecttopologyoptimizationneedsto beconsidered.

B. InterconnectTopologyOptimization

It wasshown in [20] thatwhenthe resistanceratio, definedto be
the driver effective resistanceover the unit wire resistance,is small
enough,both the total wirelength(i.e. the total interconnectcapaci-
tance)andinterconnecttopologywill impactthe interconnectdelay.
Thefirst stepin interconnecttopologyoptimizationis to minimizeor
control the path-lengthsfrom the driver to the timing-critical sinks
to reducethe interconnectRC delays.A numberof algorithmshave
beendevelopedto minimizeboththepath-lengthsandthetotalwire-
lengthin a routing tree. For example,the bounded-radiusbounded-
cost (BRBC) algorithm [21] boundsthe radius(i.e. the maximum
path-lengthbetweenthe driver anda sink) in the routing treewhile
minimizingits totalwire-length.It first constructsanMST, thenelim-
inatesthelongpathsby adding‘short-cuts’into theMST andcomput-
ing ashortestpathtreeof theresultinggraph.Otheralgorithmsin this
classincludetheAHHK treeconstructionandthe ‘performanceori-
entedspanningtree’construction,whicharediscussedin [22] and[3].
In particular, it wasshown in [20] thataminimal lengthshortestpath
treein theManhattanplane(calledtheA-tree) canbeconstructedvery
efficiently usingabottom-upmergingheuristicwith sizabledelayre-
ductionyet only a smallwire-lengthoverheadcomparedto theOST.
TheA-treeconstructionmethodhasbeenextendedto signalnetswith
multipledrivers(asin signalbusses)[23].

Furtheroptimizationof interconnecttopologyinvolvesusingmore
accuratedelaymodelsduringroutingtreetopologyconstruction.For
example,theElmoredelaymodelwasusedin [24] andthe2-polede-
lay modelwasusedin [25] to evaluatewhichnodeoredgeto beadded
to the routingtreeduring iterative treeconstruction.Othermethods,
suchasthealphabeticaltreeandP-treeconstructionarealsosumma-
rizedin [3].

C. DeviceSizing

Whenwe have a goodestimateof theinterconnectcapacitive load
of a net, thesizeof its driving gatecanbeoptimizedfor delaymin-
imization. For a heavy capacitive load, a chainof cascadeddrivers
is usuallyused. The driver sizingproblemis to determineboth the
numberof driverstagesandthesizefor eachdriver. Usingthesimple
switch-resistorRC modelandignoring thecapacitanceof the driver
outputandthewire connectingto consecutive drivers,onecanshow
that if the loadingcapacitanceis

9��
andthestagenumberis Á , the

ratio of two consecutive drivers(called the stageratio) shouldbe a
constantNuÂÄÃÂ { Q ?»Å^Æ in orderto achieve the minimumdelay. WhenN
is not fixed, the optimal stageratio Ç¥WÈ] andthe stagenumberisÁÉWËÊ~Ì4NuÂ�ÃÂÄÍ Q . Whenthe moreaccuratedriver delaymodelis used
with considerationof the driver input transitiontime andoutputca-
pacitance,theresultin [26] shows that theoptimalstageratio Ç sat-
isfies ÇÎWo] y±Ï�Ð , } Å , whereÑ is theratio betweentheintrinsic output
capacitanceand the input gatecapacitanceof the inverter. For the
technologyusedin [26], Ñ is about1.35andtheoptimalstageratio is
in therangeof 3–5insteadof ] .

In general,transistorsizingcanbeusedto determinethe optimal
width for eachtransistorto optimizetheoverall circuit performance.
Thistechniqueis oftenusedin cell generationandfull-customlayout.
It is usuallyassumedthat thetransistorcanbeassigneda continuous
width. The early work TILOS [27] usedthe simpleswitch-resistor

model for transistors,formulatedthe transistorsizing problemasa
posynomialprogram,andapplieda greedysensitivity basedmethod.
Thesensitivity of a transistoris definedto bethedelayreductiondue
to a unit incrementof its size.Thealgorithmstartswith a minimum-
sizedsolution,andtiming analysisis applied.Thetransistorwith the
largestsensitivity is increasedby auserdefinedfactorandthentiming
analysisis appliedagain.This procedureterminateswhenthetiming
specificationissatisfiedorall sensitivitiesarezeroornegative. Recent
advancesin transistorsizingincludetheuseof moreaccuratetransis-
tor delaymodelwith considerationof theinput waveformslope,and
the useof linear programming,convex programming,or othernon-
linearprogrammingtechniquesfor computinga globaloptimalsolu-
tion. Similar techniqueshave alsobeenusedfor discretegatesizing
(also calledcell sizing) in ASIC designs,which assumesthat each
gatehasadiscretesetof pre-designedimplementations(cells)from a
given cell library. The gatesizing algorithmchoosesan appropriate
cell for eachgatefor performanceoptimization.Thesetechniquesare
summarizedin [3].

D. Buffer Insertion

Buffer insertion(alsocalledrepeaterinsertion) is anothercommon
andeffective techniqueto useactive device areasto tradefor reduc-
tion of interconnectdelays. Sincethe Elmoredelayof a long wire
grows quadraticallyin termsof the wirelength,buffer insertioncan
reduceinterconnectdelaysignificantly.

A polynomial-time dynamic programmingalgorithm was pre-
sentedin [28] to find theoptimalbuffer placementandsizingfor RC
treesunderthe Elmoredelaymodel. The formulationassumesthat
the possiblebuffer positions(calledlegal positions),possiblebuffer
sizes,andtherequiredarrival timesatsinksaregiven,andmaximizes
the requiredarrival time at the source.The algorithmincludesboth
bottom-upsynthesisof possiblebuffer assignmentsolutionsat each
nodeandtop-down selectionof theoptimalsolution. In thebottom-
up synthesisprocedure,for eachlegal position

j
for buffer insertion,

a setof possiblebuffer assignments,calledoptions, in thesubtree
= e

rootedat
j

is computed. For a node � which is the parentof two
subtrees

= e
and

=�Ò
, the list of optionsfor

= s is generatedfrom the
optionlists of

= e
and

=�Ò
basedon a merging rule anda pruningrule,

so that thenumberof optionsfor
= s is no morethanthesumof the

numbersof optionsfor
= e

and
= Ò

plusthenumberof possiblebuffer
assignmentsin theedgecomingto � . As a result,if thetotal number
of legal positionsis Á andthereis onetypeof buffer, thetotal num-
ber of optionsat the root of the entirerouting treeis no larger thanÁ � C eventhoughthenumberof possiblebuffer assignmentsis � Æ .
After the bottom-upsynthesisprocedure,the optimal option which
maximizesthe requiredarrival time at the sourceis selected.Then,
a top-down back-tracingprocedureis carriedout to selectthebuffer
assignmentsolutionthatled to theoptimaloptionat thesource.

E. WiresizingOptimization

It wasfirst shown in [20,29] that whenwire resistancebecomes
significant,asin the deepsubmicrondesign,properwire-sizingcan
effectively reducethe interconnectdelay. Assumingeachwire has
a setof discretewire widths, their work presentedan optimal wire-
sizingalgorithmfor asingle-sourceRCinterconnecttreeto minimize
the sumof weighteddelaysfrom the sourceto timing-critical sinks
undertheElmoredelaymodel.They showedthatanoptimalwiresiz-
ing solutionsatisfiesthemonotoneproperty, theseparability, andthe
dominanceproperty. Basedon thedominanceproperty, thelower (or
upper)boundsof theoptimalwire widthscanbecomputedefficiently
by iterative local refinement,startingfrom aminimum-widthsolution
(or maximum-widthsolutionfor computingupperbounds).Eachlo-
cal refinementoperationrefinesthe width of an edgein the routing



treeassumingall otheredgewidths arefixed. The lower andupper
boundsusuallymeet,which leadsto anoptimalwiresizingsolution.
Otherwise,adynamicprogrammingbasedmethodis usedto compute
theoptimalsolutionwithin thelowerandupperbounds.Thismethod
is veryefficient,capableof handlinglargeinterconnectstructures,and
leadsto substantialdelayreduction.It hasbeenextendedto optimize
the routing treeswith multiple drivers,routing treeswithout a priori
segmentationof long wires,andto meetthe targetdelaysusingLa-
grangianrelaxation.Thereadermayreferto [3] for moredetails.

An alternative approachto wiresizing optimizationcomputesan
optimal wiresizingsolutionusingbottom-upmerging andtop-down
selection[30] in a very similar way asthebuffer insertionalgorithm
presentedin theprecedingsubsection.At eachnode Ó , a setof irre-
dundantwiresizingsolutionsof thesubtreerootedat Ó is generatedby
merging andpruningtheirredundantwiresizingsolutionsof thesub-
treesrootedatthechildrennodesof Ó . Eventually, asetof irredundant
wiresizingsolutionsis formedat thedriver for theentireroutingtree,
andanoptimalwiresizingsolutionis chosenby a top-down selection
process.Theapproachhastheadvantagesthattheoptimizationis tar-
getedatmeetingtherequiredsignalarrival timesatsinksdirectly, and
it canbeeasilyextendedto becombinedwith routing treeconstruc-
tion andbuffer insertionasshown in thenext section.

Furtherstudieson wiresizingoptimizationincludeusingmoreac-
curatedelaymodels,suchashigher-orderRC delaymodels[31] and
lossy transmissionline models[32], andunderstandingthe optimal
wire shapeunderthe assumptionthatnon-uniformcontinuouswire-
sizing is allowed to eachwire segment[33]. Theseresultsaredis-
cussedin moredetailsin [3]. All thesealgorithms,however, optimize
the wire widths of a singlenet andignorethe couplingcapacitance
betweenadjacentnets,which canbe significantin deepsubmicron
designs.Recently, an efficient algorithmnamedGISS(global inter-
connectsizingandspacing)wasdevelopedto optimizethewidthsand
spacingsfor multiplenetssimultaneouslywith considerationcoupling
capacitancefor delayminimization[34]. It reportedsubstantialfur-
therdelayreductioncomparedto thesinglenetwiresizingalgorithms.

F. SimultaneousDeviceandInterconnectOptimization

Themosteffectiveapproachto performanceoptimizationis to con-
sidertheinteractionbetweendevicesandinterconnects,andoptimize
bothof themat thesametime. Two approachesarediscussedin this
subsection.

F.1.SimultaneousDeviceandWire Sizing

The simultaneousdriver and wire sizing (SDWS) problem was
studiedin [35] andlatergeneralizedto simultaneousbuffer andwire
sizing (SBWS) in a buffered routing tree [36]. In both cases,the
switch-resistormodel is usedfor the driver and the Elmore delay
model is usedfor the interconnectsmodeledasRC trees. The ob-
jective function is to minimize thesumof weighteddelaysfrom the
first stageof thecascadeddriversthroughthebufferedroutingtreeto
timing-critical sinks. It wasshown that thedominancepropertystill
holdsfor SDWSandSBWSproblemsandthelocal refinementoper-
ation,asusedfor wiresizing,canbeusediteratively to computetight
lower andupperboundsof theoptimalwidthsof thedriver, buffers,
andwires efficiently, which often leadsto an optimal solution. Dy-
namicprogrammingor boundedenumerationcanbeusedto compute
the optimal solutionwithin the lower andupperboundswhen they
do not meet. This approachhasbeenshown to be very effective for
optimizingvery largebufferedtrees,yieldingsubstantialreductionon
bothdelayandpowerdissipationcomparedto manualdesigns.

In fact, it was recentlyshown in [37] that the dominanceprop-
erty holdsfor a largeclassof objective functionscalledgeneral CH-
posynomials. Basedon this generalresult, the work in [37] is able
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Fig. 6. Delaysof 1 mmand2 cmM4 linesunderdriver sizingonly (DS),
buffer insertionandsizing(BIS) andbuffer insertionandsizingand
wiresizing(BISWS).

to performsimultaneoustransistorandwire sizing efficiently given
a generalnetlist (not limited to bufferedtrees).A significantadvan-
tageof the CH-posynomialformulation is that it can handlemore
accuratetransistormodels,including both simpleanalyticalmodels
or moreaccuratetable-lookupbasedmodelsobtainedfrom detailed
simulationto considertheeffect of thewaveformslope,which leads
to betteroptimizationresults. Otherstudieson simultaneousdevice
andwire sizing includeusinghigherorderRC delaymodelsfor the
interconnectby eithermatchingto the target momentsor usinga q-
pole transferfunction for sensitivity analysis.The readermay refer
to [3] for moredetails.

F.2.SimultaneousTopology Constructionwith Buffer and
Wire Sizing

ThewiresizedbufferedA-tree(WBA-tree)algorithmwasproposed
[38] for simultaneousrouting treetopologyconstruction,buffer in-
sertionandwiresizing. It naturallycombinestheA-treeconstruction
algorithm[20] andthe simultaneousbuffer insertionandwiresizing
algorithm[30], asbothusebottom-upconstructiontechniques.The
WBA algorithmincludesabottom-upsynthesisprocedureanda top-
down selectionprocedure.Duringthebottom-upsynthesisprocedure,
it selectstwo subtreesfor merging with considerationof both mini-
mizationof wirelengthandmaximizationof theestimatedarrival time
at thesource.As aresult,it is ableto achieve bothcritical pathisola-
tion anda balancedload decomposition, asoftenusedfor fanoutop-
timizationin logic synthesis.TheWBA algorithmhasbeenextended
recentlyto explore multiple interconnecttopologiesat eachsubtree
andusehigh-orderRLC delaymodelsbasedon efficient incremental
momentcomputationin partiallyconstructedroutingtrees[39].

Othermethodshavealsobeenproposedfor simultaneoustopology
constructionandwire sizing,includingagreedydynamicwire sizing
duringiterativeroutingtreeconstructionanduseof link insertionwith
dynamicwire sizingto createnon-treetopologies.Thesealgorithms
aresummarizedin [3].

IV. OPTIMIZATION RESULTS AND COMPARATIVE STUDIES

A. Impactof InterconnectOptimizationonFutureTechnology
Generations

We appliedthreeinterconnectoptimizationtechniquesfor inter-
connectdelayminimizationof a2 cmglobalinterconnectanda1 mm
local interconnectfor eachtechnologygenerationin NTRS.Thethree
optimizationalgorithmsinclude(i) optimaldriversizing(DS),(ii) op-
timal buffer insertionand sizing (BIS), and (iii) optimal buffer in-
sertion,sizingandwiresizing(BISWS).Thedelaysof theoptimized
interconnectstructuresin eachtechnologygenerationare shown in
Fig. 6, anddetaileddescriptionof theoptimizationresultsby BISWS
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areshown in TableIV. Wehave severalobservationsfrom this setof
results.

1. The impactof buffer insertionandbuffer/wire sizing for local
interconnectsis minimal afterproperdriver sizing,evenfor the
technologiesbelow ��	zC)� m.

2. Buffer insertion/sizingandwire sizinghaveverysignificantim-
pactfor global interconnects,especiallyasthe technologypro-
gressesto very deepsubmicrondesigns.In the �
	 ��K� m tech-
nology, BIS reducesthe interconnectdelayby almosta factor
of 10. Whenwiresizingis allowed,BISWSfurtherreducesthe
interconnectdelayby 40%to 50%.

3. Interconnectdesignwill behighly complex in deepsubmicron
technologies.For example,theoptimizationresultof the2 cm
global interconnectby BISWScontains11 bufferswith 99.8%
wiresbeingsizedabove theminimumwidth. Clearly, a global
interconnectis no longerasimplemetalline. It becomesacom-
plex circuitry with optimizeddevicesandwires in deepsubmi-
cron designs! Consideringthe fact that therewill be over 800
million transistorsand7-8routinglayers,with anestimatedtotal
wire lengthover10kilometersperchip in the ��	 ���� m technol-
ogy, weneedhighlyefficientandscalablelayoutsystemsto sup-
port thevariousinterconnectoptimizationtechniquesdiscussed
in thispaper.

4. Althoughthebestinterconnectoptimizationtechnique(BISWS)
is able to reducethe global interconnectdelay by up to 20 �
comparedwith theun-optimizeddesignsin thesametechnology
generation,if we comparethe delaysof bestoptimizedglobal
interconnectsin different technologygenerations,it only de-
creasesslightly by about40%from �
	 ����� m to ��	 ����� m. This
clearly indicatesthat suchoptimizationalonewill not achieve
over 3 � performanceincreasefrom the ��	 ����� m to �
	 ��×� m
technologiesasexpectedin TableI. Therefore,innovationsin
systemarchitectures,interconnectarchitectures,and intercon-
nect technologiesare neededto achieve the predictedperfor-
mancetargetsin NTRS.

B. Comparisonsof VariousInterconnectOptimizationAlgo-
rithms
In this subsection,we provide a comparative studyof a numberof

interconnectoptimizationalgorithmspresentedin SectionIII in terms
of theirefficiency andoptimality, sothatonecanmakeproperchoices
for his or heroptimizationneedsin practice.Weusetheinterconnect
optimizationpackagedevelopedin our group at UCLA in the past
five years,namedTRIO (Tree,Repeater, andInterconnectOptimiza-
tion) for this setof experiments.The TRIO packageincludesmany

interconnectoptimizationalgorithmspresentedin SectionIII andalso
offers the capabilityto combinethemin differentwaysto provide a
wide spectrumof interconnectoptimizationsolutions. In particular,
weshallcomparethefollowing four optimizationstrategies:Ø T+B+W: A-treeconstruction(SectionIII.F.2), followedby op-

timal buffer insertion and sizing (SectionIII.F.1) with B=10
buffer sizes,thenfollowedby optimalwiresizingusingbundled
local refinement[40] basedon thedominanceproperty(Section
III.E) with W=18wire widths.Ø TB+SBWS: simultaneoustopology and buffer optimization
(SectionIII.F.2) with B=3 followedby simultaneousbuffer and
wiresizing(SectionIII.F.1) with B=40andW=18.Ø Tbw+SBWS: simultaneoustopology, buffer insertionandsiz-
ing, andwiresizeoptimization(SectionIII.F.2) with very lim-
ited choicesof buffer sizesand wire widths (B=3 and W=3),
followedby simultaneousbuffer andwire sizing(SBWSin Sec-
tion III.F.1) with B=40andW=18.Ø TBW: simultaneoustopologyconstruction,buffer insertionand
sizing, and wiresizeoptimization(SectionIII.F.2) with B=10
andW=8.

Thesealgorithmsareappliedto threesetsof randomlygenerated
multi-terminalnetsof 5, 10 and20 pins,respectively, with pinsuni-
formly distributedwithin a 10 mm by 10 mm area.Eachsetcontains
threeinstances.Theoptimizationresultsareshown in TableV based
on the0.18 � m technology. Wehaveseveralobservations:

1. Simultaneousdevice and interconnectoptimization by TBW
usuallyproducesthe betterresultscomparedto otherseparate
optimizations,with up to 20%additionaldelayreductioncom-
paredto T+B+W.

2. Thebottom-updynamicprogrammingtechniqueusedin TBW
can be very timing consuming(even run in polynomial time)
with large numberof choicesof buffer sizesand wire widths
(up to 6 minuteson theaveragefor 20-pinnets).

3. For buffer or/andwire sizing, local refinementbasedoptimiza-
tion (SBWS)usingthedominancepropertyis muchmoreeffi-
cientthanthebottom-updynamicprogrammingtechniqueused
in TBW. SBWScanhandlea largenumberof buffer sizesand
wire widths in a fraction of a second.Therefore,propercom-
binationof TBW andSBWSprovidesa goodtrade-off of effi-
ciency andoptimality. Our resultsshow that Tbw+SBWShas
less than 1% differencecomparedto TBW in termsof solu-
tion quality, but runs more than 10 times faster. Therefore,
Tbw+SBWSis our recommendedsolution for most intercon-
nectoptimizationapplications.

The UCLA TRIO packagealsoincludesa numberof otherinter-
connectoptimizationroutines,suchsimultaneoustransistorandwire
sizing (STIS), global interconnectsizing and spacing(GISS), etc.
whoseresultsarenotableto beincludedheredueto thespacelimita-
tion. TheTRIO packagecanaccommodatea numberof layoutcon-
straints,suchastheupperandlower boundsof eachwire segments,
allowed buffer locations,etc. It also interfaceswith a 2.5D capaci-
tanceextractorandcanproducetheoptimizationresultsdirectly into
theHSPICEnetlistformatfor detailedtiming simulation.All thede-
lay resultsreportedin thispaperareobtainedby HSPICEsimulations.

V. CONCLUSIONS

In this tutorial, we have shown the trendsand challengesof in-
terconnectdesignasthe technologyfeaturesizedecreasesto below��	zC�� m basedon thedatain NTRS.We presentedasetof commonly
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Ultra2workstationwith 256Mbytesof memory.

usedinterconnectanddriver modelsandpresenteda setof intercon-
nectdesignandoptimizationtechniqueswhichhaveprovento bevery
effective for improving interconnectperformanceandreliability. Our
experimentalresultsshow that theseoptimizationtechniqueshave a
very significant impact on the performanceof the global intercon-
nects,with differentdegreeof efficiency andoptimality.

Theresearchoninterconnectmodelingandoptimizationhavebeen
focusedmainlyoninterconnectdelayminimizationin thepastseveral
years.Giventhegrowing importanceof couplingnoiseasdiscussed
in Section1 andotherconcernson signalreliability, weexpectto see
muchmoreresearchonmodelingandoptimizationon signalreliabil-
ity of interconnectsin thenearfuture.
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