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Abstract

Interconnecthasbecomehedominatingfactorin determiningeir-
cuit performanceand reliability in deepsubmicon designs. In this
embeddedutorial, we first discussthe trendsand challenges of in-
terconnecidesignasthetecnolay featue sizerapidly deceasego-
wards below0.1 micron. Then,we presentcommonlyusedintercon-
nectmodelsand a setof interconnectdesignand optimizationtech-
niguesfor improving interconnectperformanceand reliability. Fi-
nally, we presentcomparison®f differentoptimizationtechniquesin
termsof their efficiencyandoptimizatiorresults andshowtheimpact
of theseoptimizationtechniqueson interconnectperformancen eat
technolayy geneation fromthe 0.35um to 0.07um projectedin the
National Technolayy Roadmagor Semiconductat

|. INTERCONNECT TRENDS AND CHALLENGES

Thedriving force behindtheimpressie advancemenbf the VLSI
circuit technologyhasbeenthe rapid scalingof the featuresize,i.e.,
the minimum dimensionof the transistor It decreasedrom 2 pm
in 1985t0 0.35 pm in 1996. Accordingto the National Technol-
ogy Roadmagor Semiconductor@NTRS)[1], it will furtherdecrease
atthe rateof 0.7x per generation(consistentith Moore's Law) to
reach0.07 pm by 2010. Tablel lists the maincharacteristicef each
technologygeneratiorin the NTRS. Suchrapid scalinghastwo pro-
foundimpacts. First, it enablesnmuchhigherdegreeof on-chipinte-
gration. Thenumberof transistorperchipwill increaséoy morethan
2x pergeneratiorto reach800 millions in the 0.07 pm technology
Second,it implies that the circuit performancewill be increasingly
determinedby the interconneciperformance. The interconnectde-
signwill play the mostcritical role in achieving the projectedclock
frequenciesn the NTRS. This paperpresentghe trendsand chal-
lengesof interconnecdesignin currentandfuture technologiesand
discussetheavailablesolutions.

In orderto betterunderstandhesignificanceof interconnectiesign
in the future technologygenerationsye performeda numberof ex-
perimentdasedntheinterconnecparameterprovidedin theNTRS
asshavn in theboldfacein Tablell. SincetheNTRSparametersre
for the first metal(M1) layer only, which is usually not suitablefor

[ Tech.(um) ] 035] 025] 018 0.13 [ 0.10 | 0.07 |
Year 1995 | 1998 | 2001 | 2004 2007 2010
#transistors || 12M | 28M | 64M | 150M | 350M | 800M
Clock (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 | Summaryof NTRS[1]
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[ Tech. ] 035 ] 025 ] 0.18 [ 013 | 0.10 | 0.07 |

Metal 1 Interconnect

w 0.40 0.30 0.22 0.15 0.11 0.08
S 0.60 0.45 0.33 0.25 0.16 0.12
R 0.15 0.19 0.29 0.82 1.34 1.34
C 0.17 0.19 021 0.24 0.27 0.27
ARy 151 2:1 251 31 351 4:1
ARy 25:1 31 351 | 4221 | 521 | 621
Metal 4 Interconnect

w 1.00 | 0.76 | 056 | 0.38 | 0.28 | 0.20
S 1.50 | 1.125| 0.825| 0.625 | 0.40 0.30
R 0.04 | 0.050 | 0.076| 0.22 | 0.35 | 0.36
Metal 4 with min. spacingandwidth

C, 0.031| 0.025| 0.021 | 0.018 | 0.018 | 0.017
Cy 0.046 | 0.042 | 0.040 | 0.040 | 0.042 | 0.037
Cy 0.056 | 0.072 | 0.086 | 0.090 | 0.107 | 0.119
Metal 4 with 2x min. spacingand2x min. width

Cyq 0.061 | 0.051 | 0.044 | 0.038 | 0.041 | 0.035
Cy 0.066 | 0.060 | 0.055| 0.054 | 0.054 | 0.051
Cy 0.020 | 0.031 | 0.041 | 0.045| 0.056 | 0.063

TABLE Il InterconnecparametersiW andS aretheminimumwidth and
spacingn um, respectiely. R andC' aretheunit-lengthresistancandtotal
capacitancén /um and fF'//um, respectiely. ARys andARy arethe
aspectatiosof themetalandvia, respectiely. C,, Cr andC; arethearea,
fringe andcouplingcapacitanceperunit lengthin fF/um, respectiely.

[Tech.] 0.35 [ 0.25 | 0.18 | 0.13 [ 0.10 | 0.07 |

Cy 0.225| 0.158 | 0.097| 0.050| 0.031 | 0.016

Ry 18.7 | 228 | 238 | 294 | 31.1 | 283

Tz 0.113| 0.084 | 0.057 | 0.031| 0.020| 0.011
TABLE Il Device parametersCy and R, aretheinputcapacitancén fF

andoutputresistancén kQ2 of anunit-sizedgate respectiely. T, is the
intrinsic delayof agatein ns.

globalinterconnectsye alsoderivedtheinterconnecparameterfor
the M4 Iayer,1 which arealsoshawvn in Tablell. Furthermorewe
derived asetof device parameterasshavn in Tablelll baseconthe
dataonprocesseanddevice in theNTRS.Usingthesesetsof param-
eterswe carriedout extensve simulationsusingHSPICEto quantita-
tively measurdgheinterconnecperformanceandreliability in future
technologygenerationsindobtainedhefollowing results:

(1) Interconnectlelayis clearlythe dominatingfactorin determin-

1We assumehatthe minimumwidth andspacingof M4 is 2.5timesthose
of M1. The aspectratios AR); and ARy areusedto determinethe metal
thicknessandthe dielectricthicknessfor all layers. For M1, we assumehat
the substrateandM2 arethe groundplanes;andfor M4, we assumehatM3
andM5 arethe groundplanes. The total capacitanceincluding the areaca-
pacitancefringing capacitanceandcouplingcapacitanceomponentsareob-
tainedusingthe 3D field solver FastCaf2]. Basedon theseassumptionspur
capacitancealuesfor M1 closelymatchthosegivenin theNTRS.
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Fig. 1 Globalandlocalinterconnectlelaysversusgatedelays.
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Fig. 2. Ratioof couplingcapacitanco total capacitancef M4 interconnect
with theminimumwidth andspacing(1 x ) andtwo timestheminimumwidth
andspacing(2 x).

ing the circuit performanceAs shavn in Fig. 1, aswe advancefrom
the 0.35um technologyto the 0.07 um technologytheintrinsic gate
delaydecreasefrom over 100 psto around10 ps, the delayof alo-

cal interconnec{1 mm) decreaseffom over 150 psto around50 ps,
while thedelayof aglobalinterconnec{2 cm) increase$rom around
1 nsto over 6 ns’. Clearly aggressie interconnecoptimizationis
neededn orderto achiere the clock frequenciegrojectedn Tablel.

In SectionlV, we shallshav how variousexisting interconnecbpti-
mizationtechniquewill limit thegrowth of interconnectelays.

(2) Thecouplingcapacitancéetweeradjacentineswill beama-
jor componentin the total capacitancelue to the increaseof wire
aspectratio and the decreasef the line spacing. But its value is
very sensitve to spacing. As shawvn in Fig. 2, the ratio of the cou-
pling capacitancéo the total capacitancéor a wire on M4 with the
minimum spacingto its two neighborsincreasedrom around40%
to around70% when the technologyprogressegrom 0.35 um to
0.07 um. Whenwe increasehe spacingto two timesthe minimum,
thesameratio becomegrom around15%to aroundd0%for different
technologygenerationsTherefore properspacingis very important
in deepsubmicroninterconnectesigns.

(3) The couplingnoisebetweenadjacentvires will becomeaim-
portantfactorin deepsubmicrondesignsdueto the increaseof cou-
pling capacitance.Our experimentalresultsin Fig. 3 shavs that if
we restrictthe peaknoisevalueto be 15%V dd, the maximumallow-
ablelengthon M4 usingthe minimum spacingdecreasefrom over
4000 pm to almost500 pm whenthe technologyprogressedrom
0.35um to 0.07 um. The samefigure also shawvs the wire length

2Both setsof interconnectielaysarebasecn the assumptiorof the mini-
mumwire width andtwo timesminimumspacingon M4 with optimaldriver
sizing.
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Fig. 3. Maximumallowablelength(in log scale)for parallelIM4 lineswith
theminimumwidth andspacing(1x) andtwo timesthe minimumwidth and
spacing(2x) whenthe peakcouplednoiseis limited to 10%and15%of the
supplyvoltage.

limits undertwo timesthe minimumspacingandwith 10%V dd peak
noisetolerance.

Sincemostexisting works have beenon interconnecperformance
optimization,this tutorial coversonly the modelingandoptimization
techniquesor interconnectielayminimization. Theremaindenf this
papelis organizedasfollows: Sectionll discussesommonlyusedn-
terconnecandgatedelaymodelsfor layoutoptimization.Sectiondll
presentghe techniquedor interconnectayoutdesignandoptimiza-
tion. SectionlV comparesa numberof interconnectoptimization
techniquesn termsof their efficiency andsolutionquality andshavs
theirimpacton interconnectlelayreductionin eachtechnologygen-
erationprojectedn theNTRS.Dueto the pagelimitation, theauthors
are ableto presentonly a small subsetof resultson the topics cov-
eredin this paper A morecomprehense surey andbibliographyis
availablein [3].

Il. DELAY MODELING

A. InterconnecModeling

In order to considerboth wire resistanceand capacitanceand
modelthe distributive natureof the interconnectsa routing treeis
usuallymodeledasan RC treeby dividing eachlong wire into a se-
guenceof wire segmentsand modelingeachwire segmentasan L-
type or w-type of RC circuit. The numberof R, C elementsanbe
largewhenthelengthof eachsegmentis choserto besmallfor a bet-
ter approximationof the distributed natureof the interconnect®or a
greaterdegreeof flexibility in wiresizingoptimization. Thereforea
reduced-ordeRC modelis oftencomputedo approximatehe large
RC treeusingthe momentmatchingtechnique.

Let h(t) betheimpulseresponsatanodeof aRCtree.Thetrans-
fer function H(s) of the circuit, which is the Laplacetransformof
h(t), canberepresenteds

(oo}

/oo h(t)e *tdt = Z (_ﬂl)is" /oo th(t)dt. (1)

=0

H(s) =

The :-momentof the transferfunction m; is definedto be the un-
signedcoeficient of thei-th power of s in Eqn. (1)

m; = 11—, / ” t'h(t)dt. 2
“JO

Momentsof an RC tree canbe computedefficiently usingrecursve
methodqse€[3] for details).

Thefirst momentm; = f0°° t - h(t)dt, alsocalledthe EImore de-
lay model[4], is mostcommonlyusedfor delayestimationin anRC
tree.In essenceheElmoredelaymodeluseshemeanof theimpulse



responsé(t) to approximatehe 50%delayof the stepresponséun-
derthe stepinput), which correspondso the medianof theimpulse
responselt wasshavn thatthe ElImoredelayfrom sourcesg to node
17 in anRCtreecanbecomputedy thefollowing simpleequatior[5]:

>

k€Path(sg,i)

t(s0,1) = Ry - Cap(k), ®)

where Path(so, %) is the unique path from sourceso to nodes in
anRC tree, Ry, is theresistancat nodek, and Cap(k) is the total
capacitancef the subtreerootedat nodek. In generalthe EImore
delayof asinkin anRC treegivesanupperboundon theactual50%
delayof thesink underthe stepinput [6].

The ElImoredelayallows usto explicitly expressthe signaldelay
asa simplealgebraidfunction of the geometricparametersf thein-
terconnec{the lengthsandwidths of wires), sothatit canbe easily
usedfor interconnecbptimization.It wasshavn thatthe Elmorede-
lay modeloffersreasonablygoodfidelity for interconnectayoutop-
timization, i.e., an optimal or nearoptimal solution obtainedunder
the Elmoredelaymodelis alsocloseto optimal accordingto actual
(SPICE-computedjelays(se€[3] for details).But theabsolutevalue
of Elmoredelaymay not bevery accurate So, it is not suitableto be
useddirectly for accuratecircuit timing analysis.

Higher order momentscan be usedfor more accuratereduced-
order RC models. The AsymptoticWaveform Evaluation (AWE)
method[7] basedon Pace approximatioruseshigherordermoments
to constructsg-poletransfefunction H (s), calledthereduced-order

g-polemode]
N ks
Hs)=3 - —

i=1

(4)

to approximatehe actualtransferfunction H (s), wherep; arepoles
and k; are residues,all of which can be determineduniquely by

matchingtheinitial boundaryconditionsandthefirst 2¢ — 1 moments
of H(s) to thoseof H(s) [7]. Theresponsavaveformin the time

domainunderthe stepinputis givenby

q
h(t) =) kie?.
i=1

Thechoiceof orderg depend®ntheaccurag requiredbut is usually
muchlessthanthe orderof the circuit. In practice,q < 5 is often
used. It is difficult, however, to representhe polesandresiduesn
ﬁ(s) explicitly in termsof designparametersf theinterconnecin a
closed-formexpressionwhich makesthe moment-matchingnethod
difficult to usefor interconnecbptimizationdirectly>. Somedelay
metricsbasedn higherordermomentssuchasthe centralmoments
andthe explicit RC delayusingthefirst threemomentsaresumma-
rized in [3]. Note that exceptfor the Elmore delay model, which
is definedfor a monotonicresponseonly, the techniquegresented
above still holdswheninterconnectsremodeledasRLC trees.
Recentprogressesn reduced-ordemodelsincludethe useof the
PVL (Pack Via Lanczos)methodfor Pade approximatiorwithout di-
rect momentcomputation[8, 9], the congruenceransformationgo
createreducedRC networks which are guaranteedo be stableand
passie [10], andthe coordinate-transformedrnoldi algorithmthat
canbeappliedto generaRLC network [11]. Theobjective of theseal-
gorithmsis to overcomehenumericainstability of the AWE method.

(6)

3Sensitvity-basedmethodshave beenproposedo usehigherorder mo-
mentsfor fasttiming analysisto greedilyguidethe optimizationprocesgo a
local optima.
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Fig. 4. (a) An inverterdriving anRC interconnect(b) Thesamenverter
driving thetotal capacitancef thenetin (a). (c) A 7-modelof thedriving
pointadmittanceor thenetin (a). (d) The sameinverterdriving the effective
capacitancef thenetin (a). Theinputsignalhasatransitiontime of ¢;.

B. Driver Modeling

In thissubsectionwe collectively referto gatespuffers,or transis-
torsasdrivers. We presentwo commonlyusedapproachet model
the driversfor delay computationwith interconnects.The first ap-
proachis a switch-resistomodelcomprisecof aneffective linearre-
sistor driven by a voltage source(usually assuminga stepinput or
rampedinput). The effective resistancef a driver usually depends
onthetransitiontime of theinputsignal,theloadingcapacitanceand
the size of the driver. For example,one canusea resistorof fixed
valueR,. ¢ s to modela driver by selectinganappropriatecapacitance
loadC andmatchingthe50%delayof thedriver driving theloadwith
thatof the equivalentRC circuit (0.7R.  f C') underthe step-input.A
moreaccuratenodel,calledthe slopemode] usesa one-dimensional
tableto computethe effective driver resistancéasedon the concept
of rise-timeratio [12]. It first usesthe outputload andtransistorsize
to computetheintrinsic rise-timeof thedriver, whichis therise-time
at the outputunderthe stepinput. The input rise-timeof the driver
is thendivided by the intrinsic rise-timeof the driver to producethe
rise-timeratio of thedriver. The effective resistancés representeds
apiece-wisdinearfunctionof therise-timeratio andstoredin aone-
dimensionatltable. Given a driver, one first computests rise-time
ratio and then calculatests effective resistanceR.s¢ by interpola-
tion accordingto its rise-timeratio from the one-dimensionatable.
Multi-dimensionaltablescanalsobe usedfor computingandstoring
the effective driver resistanceas a function of the input slope, out-
put load, etc. The switch-resistomodel hasthe adwantagethat the
couplingwith the interconnectcan be easily modeledby including
the effective driver resistancen the interconnectRC treefor delay
and/orwaveform computation. But it may be difficult to modelthe
non-linearbehaior of thedriver.

Thesecondapproactfor driver modelingcharacterizethe beha-
ior of adriver (suchasthedriver delayandthe outputtransitiontime)
usingall relevantparametersf theinputsignal(s)andtheoutputload.
This allows for very accuratanodeling but the gatedelayandthein-
terconnectlelaymustbe computedseparatelyFor example,onecan
pre-characterizethe delay (t4) and outputtransitiontimes (t; and
t») of adriver in termsof the input transitiontime ¢; andthe total
loadcapacitanc€'r, usingaccuratesircuit simulationsuchasSPICE.
The characterizedesultscanthenbe storedin alook-uptablewhere
eachentry is in the form: {t;, Cr, (t4,ts,¢-)}. Sucha modelcan
be very accuratef onecanafford the time and spaceto generatea
detailedmulti-dimensionatablefor eachgate.Alternatively, onecan
storethe characterizatiomatamuchmore compactlyin the form of
k-factorequationg13,14], suchas:

ta (ki+ko-CrL) -ty + ks C? +ka-CL+ks
ty = (k’l+k’2-CL)-tt+kg-C%+k£1-CL+k;—,

©)
@

wherek;...s andkj...; aredeterminedbasedon linear regressionor
leastsquardfits onthe characterizationlata.



C. Delay Computation

In general,we areinterestedo computethe total delay from the
input of a driver to one of the sinks (an input to a gatein the next
stage)in its outputnet, calledthe stage delay Whenthe intercon-
nectis modeledasa lump capacitancéFig. 4(b)) with no intercon-
nectresistancethe computatiorof the stagedelayis straightforvard.
Using the switched-resistodriver model, the stagedelay is simply
R4 - (Cr + Ci) (for astepvoltagesource)whereCy, andC’ arethe
load capacitancendinterconnectapacitanceiespectiely. Usinga
pre-characterizedriver model,the stagedelaycanbeobtainecdby ta-
blelook-upandinterpolationor computedrom thek-factorequations
directly.

WhenadistributedRC interconnectnodelis usedin junctionwith
a switch-resistordriver model, the stagedelay can be easily com-
putedby first constructinga nev RC network that combinesthe in-
terconnectmodelwith the driver’s effective resistancandthencom-
putethedelaythroughanRC network usingthe methoddliscussedh
Sectionll.A. This shavs the advantageof the switch-resistodriver
modelwherethe interactionbetweerthe driver andthe interconnect
canbeeasilymodeled.

WhenadistributedRC interconnectnodelis usedin junctionwith
apre-characterizedriver model thedriver delayandtheinterconnect
delay needto be computedseparatelyand addedup togetherto ob-
tainthe stagedelay Moreover, theinteractionbetweerthedriver and
the interconnecimodel shouldbe consideredduring the driver pre-
characterization Sincea distributed RC interconnechasmary pa-
rametersthe informationusuallyneedto be "compressedfor driver
pre-characterizatior-or example the r-model[15] wasproposedo
approximatehedriving point(i.e, theoutputof thedriver) admittance
asshawvn in Fig. 4(c). Thevaluesof C1, C> andR in aw-model(see
Fig. 4(c)) canbecomputeddy

Cr=1v/ys, Ca=y1— (y3/ys), R=—(y3/y3)- (8)

wherey:, y2 andys arethefirst threemomentsof the driving point
admittancewhich canbe computedecursvely in a bottom-upfash-
ion, startingfrom the sinksof theinterconnectree. In this case the
driver can be characterizedising C1, C2> and R in additionto the
inputtransitiontime, etc. for driver delaycomputation.

Sinceavery largelook-uptableor comple k-factorequationgnd
very extensve simulationsareneededo accounfor all possiblecom-
binationsof C;, C> and R in a w-model, the effectivecapacitance

model[14] wasproposedo allow driversto bestill pre-characterized

in termsof a single load capacitanceeven when usedto drive dis-
tributedRCinterconnectsThe effective capacitancenodelfirst com-
putesaw-modelto approximatehedriving pointadmittanceandthen
computeiteratively an “effective capacitance,denotedC.s; asin
Fig. 4(d), usingthefollowing expression:

R-C:
3 = N L B
Cff Cy+Cy tD—t$/2
2 —(tp—ta —ty
(R-C1) 6(1%1?701)-(1—31%-_01) (9)

to(tp —t2/2)

wheretp = tq+t:/2 andt, = tp —ty/2, andty andt; areobtained
from the k-factorequationsn termsof the effective capacitanceand
theinput transitiont;. Theiterationstartswith usingthe total inter-
connectandsink capacitancastheloadingcapacitanc€’r, to getan
estimateof tp andt, throughthe k-factorequationsA new valueof
the effective capacitancés computedusingEqn. (9) andit is usedas
theloadingcapacitancéor thenext iterationof computationThepro-
cessstopswhenthevalueof Ce ¢y doesnotchangen two successie
iterations. At the endof the iterative processwe alsoobtainty and

t ¢ atthegateoutput. The effective capacitancewhichis smallerthan
Ctotar In Fig. 4(b), captureghefactthatnotall thecapacitancef the
routingtreeandthe sinksis seenby thedriver dueto the effect of in-
terconnectesistanceshielding especiallyin deepsubmicrondesign
with fastlogic gatesof lower driver resistanceA so-calledresistance
model(R-mode) wasalsoproposedn [14] to betterapproximatehe
slow decayingtail portion of theresponsavaveformwhenthe driver
is behaing like aresistancéo ground.Themodelcanbeusedto fur-
theraccountfor the interactionbetweerthe RC interconnecandthe
driver when computingthe interconnectlelay[16]. Thesemethods
illustratethe complicationof theinteractionbetweerthedriver model
andtheinterconnectnodelin thedeepsubmicrondesign.

I1l. INTERCONNECT LAYOUT OPTIMIZATION

Giventhe growing importanceof interconnectsinterconnecbpti-
mizationneedgo beconsideredh every stepof thelayoutdesignpro-
cess.We proposea performance-dvien layout designflow asshavn
in Fig. 5, in which planningandoptimizationfor globalinterconnects
arecarriedout duringthefloorplanstageandfurtherinterconnecop-
timizationis performedduringglobalrouting. In this sectionwe dis-
cussvariousoptimizationtechniqueghatcanbe appliedin this flow
for interconnectelayminimization,including wirelengthminimiza-
tion, device sizing, interconnectopologyoptimization,buffer inser
tion, optimal wiresizing, and simultaneougevice and interconnect
optimization.

Floorplanning
Global Int. Planning & Opitimization

~E—
* \ Topology

Optimization

Timing Driven Placement
Delay Budgeting

Buffer Insertion

* Device sizing
Wiresizing
Performance Driven Global Routing " oo
Interconnect Optimization
' Interconnect
Detailed Routing Optimizations
with Variable Width and Spacing Library

Fig. 5 Layoutdesignflow for deepsubmicronCs.

A. WirelengthMinimization

A very effective way to reducethe interconnectdelayis to mini-
mize the wirelengthof timing-critical nets,so that their total capac-
itancesare reduced. Placemenhasthe biggestimpacton the wire-
length. Timing-driven placemenmethodscanbe classifiedinto the
net-basedpproadesandpath-basedpproadces For net-base@p-
proachesa delay budgetingalgorithmis first appliedon the netlist
to computethe timing slack for eachnet (or two-terminal subnet)
(e.g.[17]). Theseslacksarethentranslatedinto wirelengthupper
boundconstraintg(e.g.[18]) or the net weightsin the optimization
objective function usedby the placementengine. Path-basedap-
proachesisuallyusemathematicabrogrammingechniquesndcon-
sider the path-basediming constraintsdirectly in the problemfor-
mulation(e.g.[19]). In both casesthe estimatedwirelengthsof the
timing critical nets(often measuredn termsof the half perimeterof
the netboundingbox) areminimizedduring the placementpossibly
atthe expenseof thewirelengthsof non-timingcritical nets.

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



for eachtiming-critical net. The commonlyusedmethodsncludeit-
eratve additionof Steinemoints,optimalmeiging of edgesof amin-
imum spanningree(MST), or iterative refinemenbf anMST. These
methodsaresuneyedin [3]. However, whenthe interconnectesis-
tanceneedgo be consideredswell, wirelengthminimizationalone
during globalrouting may not leadto the minimuminterconnectle-
lay. Interconnectopologyoptimizationneedgo beconsidered.

B. InterconnecifopologyOptimization

It wasshawn in [20] thatwhenthe resistanceatio, definedto be
the driver effective resistancever the unit wire resistanceis small
enough both the total wirelength(i.e. the total interconnectapaci-
tance)andinterconnectopologywill impactthe interconnectielay
Thefirst stepin interconnectopologyoptimizationis to minimize or
control the path-lengthdrom the driver to the timing-critical sinks
to reducetheinterconnecRC delays. A numberof algorithmshave
beendevelopedto minimize boththe path-lengthsndthetotal wire-
lengthin aroutingtree. For example,the bounded-adius bounded-
cost (BRBC) algorithm[21] boundsthe radius(i.e. the maximum
path-lengthbetweenthe driver anda sink) in the routing tree while
minimizingits totalwire-length.It first construct@anMST, thenelim-
inatesthelongpathsby adding'short-cuts’into theMST andcomput-
ing ashortespathtreeof theresultinggraph.Otheralgorithmsin this
classincludethe AHHK treeconstructiorandthe ‘performanceori-
entedspanningree’ constructionyhicharediscusseéh [22] and[3].
In particular it wasshawn in [20] thata minimallengthshortespath
treein theManhattarplane(calledthe A-tre€ canbeconstructedery
efficiently usinga bottom-upmerging heuristicwith sizabledelayre-
ductionyet only a smallwire-lengthoverheadcomparedo the OST.
TheA-treeconstructiormethodhasbeenextendedo signalnetswith
multiple drivers(asin signalbusses}23].

Furtheroptimizationof interconnectopologyinvolvesusingmore
accuratedelaymodelsduringroutingtreetopologyconstruction For
example theElmoredelaymodelwasusedin [24] andthe 2-polede-
lay modelwasusedn [25] to evaluatewhichnodeor edgeto beadded
to theroutingtreeduringiterative tree construction.Othermethods,
suchasthe alphabeticatreeandP-treeconstructiorarealsosumma-
rizedin [3].

C. Device Sizing

Whenwe have a goodestimateof theinterconnectapacitve load
of a net, the sizeof its driving gatecanbe optimizedfor delay min-
imization. For a heary capacitve load, a chain of cascadedirivers
is usuallyused. The driver sizing problemis to determineboth the
numberof driver stagesandthe sizefor eachdriver. Usingthesimple
switch-resistolRC modelandignoring the capacitancef the driver
outputandthe wire connectingo consecutie drivers,onecanshav
thatif theloadingcapacitancés Cr andthe stagenumberis N, the
ratio of two consecutie drivers (called the stageratio) shouldbe a
constan(g—g)l/N in orderto achieve the minimumdelay WhenN
is not fixed, the optimal stageratio f = e andthe stagenumberis
N = ln(g—Z). Whenthe more accuratedriver delay modelis used
with consideratiorof the driver input transitiontime and outputca-
pacitancetheresultin [26] shavs thatthe optimal stageratio f sat-
isfies f = e(“+/)/f wherea is theratio betweertheintrinsic output
capacitancend the input gate capacitanceof the inverter For the
technologyusedin [26], a is aboutl.35andthe optimalstageratiois
in therangeof 3-5insteadof e.

In general transistorsizingcanbe usedto determinethe optimal
width for eachtransistorto optimizethe overall circuit performance.
Thistechniquas oftenusedn cell generatiorandfull-customlayout.
It is usuallyassumedhatthetransistorcanbe assigned continuous
width. The early work TILOS [27] usedthe simple switch-resistor

modelfor transistorsformulatedthe transistorsizing problemas a
posynomialprogram,andapplieda greedysensitvity basedmethod.
Thesensitvity of atransistoris definedto bethe delayreductiondue
to aunitincrementof its size. Thealgorithmstartswith a minimum-
sizedsolution,andtiming analysisis applied. Thetransistomwith the
largestsensitvity is increasedby auserdefinedfactorandthentiming
analysids appliedagain. This procedurdgerminatesvhenthetiming
specifications satisfiedbr all sensitvitiesarezeroor negative. Recent
adwancesn transistorsizingincludethe useof moreaccuratdransis-
tor delaymodelwith consideratiorof the input waveformslope,and
the useof linear programming.convex programming.or othernon-
linear programmingechniquedor computinga global optimal solu-
tion. Similar techniquesave alsobeenusedfor discrete gatesizing
(also called cell sizing in ASIC designs,which assumeshat each
gatehasadiscretesetof pre-designeimplementationgcells)from a
givencell library. The gatesizing algorithmchoosesan appropriate
cell for eachgatefor performanceptimization. Thesetechniquesre
summarizedn [3].

D. Buffer Insertion

Buffer insertion(alsocalledrepeateiinsertior) is anothecommon
andeffective techniqueto useactive device areado tradefor reduc-
tion of interconnecdelays. Sincethe Elmore delay of a long wire
grows quadraticallyin termsof the wirelength,buffer insertioncan
reduceinterconnectelaysignificantly

A polynomial-time dynamic programmingalgorithm was pre-
sentedn [28] to find the optimal buffer placemenandsizingfor RC
treesunderthe ElImore delay model. The formulationassumeshat
the possiblebuffer positions(calledlegal positions),possiblebuffer
sizes,andtherequiredarrival timesat sinksaregiven,andmaximizes
the requiredarrival time at the source. The algorithmincludesboth
bottom-upsynthesisof possiblebuffer assignmensolutionsat each
nodeandtop-davn selectionof the optimal solution. In the bottom-
up synthesigprocedurefor eachlegal positions for buffer insertion,
a setof possiblebuffer assignments;alledoptions in the subtre€eT;
rootedat ¢ is computed. For a node & which is the parentof two
subtreesT; andTj, the list of optionsfor T}, is generatedrom the
optionlists of T3 andT}; basedon a meing rule andapruningrule,
sothatthe numberof optionsfor T}, is no morethanthe sumof the
numbersof optionsfor T; andT; plusthe numberof possiblebuffer
assignments the edgecomingto k. As aresult,if thetotal number
of legal positionsis N andthereis onetype of buffer, thetotal num-
ber of optionsat the root of the entirerouting treeis no larger than
N + 1 eventhoughthe numberof possiblebuffer assignmentis 27 .
After the bottom-upsynthesigorocedure the optimal option which
maximizesthe requiredarrival time at the sourceis selected.Then,
atop-davn back-tracingprocedurds carriedout to selectthe buffer
assignmensolutionthatled to the optimaloptionatthe source.

E. WiresizingOptimization

It wasfirst shawn in [20, 29] that whenwire resistancédoecomes
significant,asin the deepsubmicrondesign,properwire-sizingcan
effectively reducethe interconnecidelay Assumingeachwire has
a setof discretewire widths, their work presentedan optimal wire-
sizingalgorithmfor a single-sourc&C interconnectreeto minimize
the sumof weighteddelaysfrom the sourceto timing-critical sinks
underthe EImoredelaymodel. They shavedthatanoptimalwiresiz-
ing solutionsatisfieghe monotoneproperty the separabilityandthe
dominanceproperty Basedon the dominanceproperty the lower (or
upper)boundsof theoptimalwire widthscanbe computecefficiently
by iterative local refinementstartingfrom aminimum-widthsolution
(or maximum-widthsolutionfor computingupperbounds).Eachlo-
cal refinementoperationrefinesthe width of an edgein the routing



treeassumingall otheredgewidths arefixed. The lower and upper
boundsusuallymeet,which leadsto an optimal wiresizingsolution.
Otherwiseadynamicprogrammingasednethodis usedto compute
theoptimalsolutionwithin thelowerandupperbounds.This method
is very efficient, capableof handlinglargeinterconnecstructuresand
leadsto substantiatielayreduction.lt hasbeenextendedo optimize
the routing treeswith multiple drivers,routing treeswithout a priori

segmentationof long wires, andto meetthe target delaysusingLa-

grangiarrelaxation.Thereademayreferto [3] for moredetails.

An alternatve approachto wiresizing optimizationcomputesan
optimal wiresizing solution using bottom-upmeiging and top-davn
selection30] in a very similar way asthe buffer insertionalgorithm
presentedn the precedingsubsection At eachnodev, a setof irre-
dundantwiresizingsolutionsof thesubtregootedat v is generatedy
meiging andpruningtheirredundanwiresizingsolutionsof the sub-
treesrootedatthechildrennodesof ». Eventually asetof irredundant
wiresizingsolutionsis formedat thedriver for theentireroutingtree,
andanoptimalwiresizingsolutionis choserby atop-davn selection
processTheapproacthastheadwantageshattheoptimizationis tar-
getedatmeetingtherequiredsignalarrival timesat sinksdirectly, and
it canbe easilyextendedto be combinedwith routing treeconstruc-
tion andbuffer insertionasshavn in the next section.

Furtherstudieson wiresizingoptimizationincludeusingmoreac-
curatedelaymodels,suchashigherorderRC delaymodels[31] and
lossytransmissiorline models[32], and understandinghe optimal
wire shapeunderthe assumptiorthat non-uniformcontinuouswire-
sizing is allowed to eachwire sgment[33]. Theseresultsare dis-
cussedn moredetailsin [3]. All thesealgorithmshowever, optimize
the wire widths of a single netandignorethe coupling capacitance
betweenadjacentnets,which can be significantin deepsubmicron
designs.Recently an efficient algorithmnamedGISS (global inter-
connecsizingandspacing)wasdevelopedto optimizethewidthsand
spacinggor multiple netssimultaneouslyvith consideratiorcoupling
capacitancéor delayminimization[34]. It reportedsubstantiafur-
therdelayreductioncomparedo thesinglenetwire sizingalgorithms.

F. Simultaneou®evice andinterconnecOptimization

Themosteffective approacho performanceptimizationis to con-
sidertheinteractionbetweerdevicesandinterconnectsandoptimize
both of themat the sametime. Two approachearediscussedn this
subsection.

F.1. Simultaneou®evice andWire Sizing

The simultaneoudriver and wire sizing (SDWS) problemwas
studiedin [35] andlater generalizedo simultaneousuffer andwire
sizing (SBWS)in a buffered routing tree [36]. In both cases the
switch-resistormodel is usedfor the driver and the Elmore delay
modelis usedfor the interconnectsnodeledas RC trees. The ob-
jective functionis to minimize the sumof weighteddelaysfrom the
first stageof the cascadediriversthroughthe bufferedroutingtreeto
timing-critical sinks. It wasshavn thatthe dominancepropertystill
holdsfor SDWS and SBWSproblemsandthelocal refinemenbper
ation,asusedfor wiresizing,canbe usediteratively to computetight
lower andupperboundsof the optimal widths of the driver, buffers,
andwires efficiently, which often leadsto an optimal solution. Dy-
namicprogrammingpr boundecenumeratiortanbeusedto compute
the optimal solution within the lower and upperboundswhen they
do not meet. This approacthasbeenshavn to be very effective for
optimizingvery largebufferedtreesyielding substantiateductionon
bothdelayandpower dissipationcomparedo manualdesigns.

In fact, it was recentlyshavn in [37] that the dominanceprop-
erty holdsfor alarge classof objectie functionscalledgeneal CH-
posynomials Basedon this generalresult, the work in [37] is able
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Fig. 6. Delaysof 1 mmand2 cm M4 linesunderdriver sizingonly (DS),
buffer insertionandsizing (BIS) andbuffer insertionandsizingand
wiresizing(BISWS).

to perform simultaneougransistorand wire sizing efficiently given
a generalnetlist(not limited to bufferedtrees). A significantadvan-
tage of the CH-posynomialformulationis thatit can handlemore
accurateransistormodels,including both simple analyticalmodels
or more accurateable-lookupbasedmodelsobtainedfrom detailed
simulationto considerthe effect of the waveform slope,which leads
to betteroptimizationresults. Otherstudieson simultaneouslevice
andwire sizingincludeusinghigherorderRC delaymodelsfor the
interconnecby eithermatchingto the target momentsor usinga g-
pole transferfunction for sensitvity analysis. The reademmay refer
to [3] for moredetails.

F.2. SimultaneousTopology Constructionwith Buffer and
Wire Sizing

Thewiresizedouffered A-tree (WBA-tree)algorithmwasproposed
[38] for simultaneousouting tree topology construction buffer in-
sertionandwiresizing. It naturallycombineshe A-tree construction
algorithm[20] andthe simultaneousuffer insertionand wiresizing
algorithm[30], asboth usebottom-upconstructiontechniques.The
WBA algorithmincludesa bottom-upsynthesigprocedureanda top-
down selectiorprocedureDuringthebottom-upsynthesigprocedure,
it selectstwo subtreedor meiging with consideratiorof both mini-
mizationof wirelengthandmaximizationof theestimatedrrival time
atthesource As aresult,it is ableto achieve bothcritical pathisola-
tion anda balancedoad decompositionasoften usedfor fanoutop-
timizationin logic synthesisThe WBA algorithmhasbeenextended
recentlyto explore multiple interconnectopologiesat eachsubtree
andusehigh-orderRLC delaymodelsbasedon efficientincremental
momentcomputatiorin partially constructedoutingtrees[39].

Othermethoddshave alsobeenproposedor simultaneousopology
constructiorandwire sizing,includinga greedydynamicwire sizing
duringiterative routingtreeconstructioranduseof link insertionwith
dynamicwire sizingto createnon-treetopologies.Thesealgorithms
aresummarizedn [3].

IV. OPTIMIZATION RESULTS AND COMPARATIVE STUDIES

A. Impactof InterconnecOptimizationon FutureTechnology
Generations

We appliedthreeinterconnectoptimizationtechniquedor inter-
connectdelayminimizationof a2 cmglobalinterconnecandal mm
localinterconnecfor eachtechnologygenerationn NTRS.Thethree
optimizationalgorithmsinclude(i) optimaldriver sizing(DS), (ii) op-
timal buffer insertionand sizing (BIS), and (iii) optimal buffer in-
sertion,sizing andwiresizing(BISWS). The delaysof the optimized
interconnecttructuresin eachtechnologygenerationare shawvn in
Fig. 6, anddetaileddescriptionof the optimizationresultsby BISWS



[ Tech. [0.35] 0.25] 0.18 | 0.13 | 0.10 [ 0.07 |
t4 (NS) 057 ] 057 ] 047 | 053 | 050 | 0.34
o #B 2 3 3 6 9 11
= ABS 565 | 992 | 1370 | 2237 | 3094 | 4535
S | AWS (um) | 6.00 | 583 | 6.03 | 6.10 | 572 | 5.25
%W S 914 | 96.2 | 97.6 | 99.3 | 99.6 | 99.8
tq (NS) 0.17 | 0.15] 0.11 | 0.09 | 0.07 | 0.04
2 #B 1 1 1 1 1 2
s ABS 71 | 91 | 111 | 161 | 231 | 711
€ | AWS(um) | 1.00 | 0.76 | 0.61 | 0.68 | 0.73 | 1.45
- %W S 0 0 17 | 72 | 84 | 9

TABLE IV Resultsof Buffer InsertionandSizingandWiresizing. # B is
thenumberof buffersinserted.A BS is the averagebuffer sizenormalizedo
minimumfeaturesize. AW S is theaveragewire size. %W S is the
percentagef wire segmentswith sizinglargerthanminimumwidth.

areshavn in TablelV. We have several obserationsfrom this setof
results.

1. Theimpactof buffer insertionand buffer/wire sizing for local
interconnectss minimal after properdriver sizing, evenfor the
technologiedelowr 0.1 pm.

2. Bufferinsertion/sizingandwire sizinghave very significantim-
pactfor globalinterconnectsespeciallyasthe technologypro-
gressedo very deepsubmicrondesigns.In the 0.07 pym tech-
nology BIS reduceghe interconnectelay by almosta factor
of 10. Whenwiresizingis allowed, BISWS furtherreduceghe
interconnectlelayby 40%to 50%.

3. Interconnectdesignwill be highly complex in deepsubmicron
technologies For example,the optimizationresultof the 2 cm
globalinterconnecby BISWS containsl1 buffers with 99.8%
wires beingsizedabove the minimumwidth. Clearly, a global
interconnects nolongerasimplemetalline. It becomes com-
plex circuitry with optimizeddevicesandwiresin deepsubmi-
crondesigns! Consideringthe fact that therewill be over 800
million transistorand7-8routinglayers with anestimatedotal
wire lengthover 10 kilometersperchipin the0.07 ym technol-
ogy, we needhighly efficientandscalabldayoutsystemsdo sup-
portthevariousinterconnecbptimizationtechniquesliscussed
in this paper

4. AlthoughthebestinterconnecbptimizationtechniqugBISWS)
is able to reducethe global interconnectdelay by up to 20x
comparedvith theun-optimizeddesignsn thesameechnology
generationjf we comparethe delaysof bestoptimizedglobal
interconnectsn different technologygenerationsijt only de-
creaseslightly by about40%from 0.35 pmto 0.07 pm. This
clearly indicatesthat suchoptimizationalonewill not achieve
over 3x performancencreasefrom the 0.35 pm to 0.07 um
technologiesasexpectedin Tablel. Therefore,innovationsin
systemarchitecturesinterconnectarchitecturesand intercon-
necttechnologiesare neededto achie/e the predictedperfor
mancetargetsin NTRS.

B. Comparisonf Various InterconnectOptimization Algo-
rithms

In this subsectionye provide a comparatie studyof a numberof
interconnecbptimizationalgorithmspresenteéh Sectionlll in terms
of theirefficiengy andoptimality, sothatonecanmale properchoices
for his or heroptimizationneedsn practice.We usetheinterconnect
optimizationpackagedevelopedin our groupat UCLA in the past
five years,namedTRIO (Tree,RepeaterandinterconnecOptimiza-
tion) for this setof experiments.The TRIO packageancludesmary

interconnecbptimizationalgorithmspresenteéh Sectionlll andalso
offers the capabilityto combinethemin differentwaysto provide a
wide spectrumof interconnecbptimizationsolutions. In particular
we shallcomparehefollowing four optimizationstratgies:

e T+B+W: A-tree constructionSectionlll.F.2), followed by op-
timal buffer insertionand sizing (Sectionlll.F.1) with B=10
buffer sizesthenfollowed by optimalwiresizingusingbundled
local refinemen{40] basedn thedominanceproperty(Section
11I.E) with W=18wire widths.

e TB+SBWS: simultaneoustopology and buffer optimization
(Sectionlll.F.2) with B=3 followed by simultaneousuffer and
wiresizing(Sectionlll.F.1) with B=40andwW=18.

e Thw+SBWS: simultaneougopology buffer insertionand siz-
ing, andwiresizeoptimization(Sectionlll.F.2) with very lim-
ited choicesof buffer sizesandwire widths (B=3 and W=3),
followedby simultaneousuffer andwire sizing(SBWSin Sec-
tion l1l.F.1) with B=40andW=18.

e TBW: simultaneousopologyconstructionpuffer insertionand
sizing, and wiresize optimization (Sectionlll.F.2) with B=10
andW=8.

Thesealgorithmsare appliedto threesetsof randomlygenerated
multi-terminalnetsof 5, 10 and 20 pins, respectrely, with pinsuni-
formly distributedwithin a 10 mm by 10 mm area.Eachsetcontains
threeinstancesThe optimizationresultsareshawvn in TableV based
onthe0.18um technology We have several obserations:

1. Simultaneoudevice and interconnectoptimizationby TBW
usually produceghe betterresultscomparedo other separate
optimizationswith up to 20% additionaldelayreductioncom-
paredto T+B+W.

2. Thebottom-updynamicprogrammingechniqueusedin TBW
can be very timing consuming(even run in polynomialtime)
with large numberof choicesof buffer sizesand wire widths
(upto 6 minutesontheaveragefor 20-pinnets).

3. For buffer or/andwire sizing, local refinementasedoptimiza-
tion (SBWS)usingthe dominancepropertyis muchmore effi-
cientthanthe bottom-updynamicprogrammingechniqueused
in TBW. SBWScanhandlea large numberof buffer sizesand
wire widthsin a fraction of a second. Therefore propercom-
binationof TBW and SBWSprovidesa goodtrade-of of effi-
cieng/ andoptimality. Our resultsshaw that Tow+SBWShas
lessthan 1% differencecomparedto TBW in terms of solu-
tion quality, but runs more than 10 times faster Therefore,
Thw+SBWSis our recommendedolution for mostintercon-
nectoptimizationapplications.

The UCLA TRIO packagealsoincludesa numberof otherinter-
connectoptimizationroutines, suchsimultaneousgransistorandwire
sizing (STIS), global interconnectsizing and spacing(GISS), etc.
whoseresultsarenot ableto beincludedheredueto the spacdimita-
tion. The TRIO packagecanaccommodat@ numberof layoutcon-
straints,suchasthe upperandlower boundsof eachwire sgments,
allowed buffer locations,etc. It alsointerfaceswith a 2.5D capaci-
tanceextractorandcanproducethe optimizationresultsdirectly into
the HSPICEnetlistformatfor detailedtiming simulation.All thede-
lay resultsreportedn this paperareobtainedoy HSPICEsimulations.

V. CONCLUSIONS

In this tutorial, we have shavn the trendsand challengeof in-
terconnectdesignasthe technologyfeaturesize decreaseso belov
0.1 pm basednthedatain NTRS.We presented setof commonly



Algorithms

T+B+W | TB+SBWS | Tbw+SBWS| TBW

0.40 0.39 0.35 0.34

" tq 0.47 0.48 0.38 0.38
£ (ns) 0.42 0.41 0.36 0.35
w | CPU (s) 0.1 0.1 14 15
0.42 0.37 0.34 0.33

@ tq 0.56 0.56 0.44 0.44
z (ns) 0.47 0.45 0.38 0.38
= [ CPUs) 038 1.0 6.4 76
0.45 0.43 0.38 0.39

2 tq 0.54 0.48 0.42 0.41
'g (ns) 0.46 0.43 0.38 0.38
N [CPUGB) 16 4.0 27.6 350

TABLE V Comparisorof Algorithms. ¢4 is theaveragedelaytime for each
net(eachrow is onenet)andC PU is theaveragerunningtime ona Sun
Ultra2 workstationwith 256 Mbytesof memory

usedinterconnecanddriver modelsand presented setof intercon-
nectdesignandoptimizationtechniquesvhichhave provento bevery
effective for improving interconnecperformanceandreliability. Our
experimentalresultsshav thattheseoptimizationtechniquehave a
very significantimpact on the performanceof the global intercon-
nectswith differentdegreeof efficiency andoptimality.
Theresearcloninterconnectnodelingandoptimizationhave been
focusedmainly oninterconnectielayminimizationin thepastseveral

years.Giventhe growving importanceof couplingnoiseasdiscussed

in Sectionl andotherconcernn signalreliability, we expectto see
muchmoreresearcton modelingandoptimizationon signalreliabil-
ity of interconnectén the nearfuture.
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