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Abstract— This paper presents a power model for global
interconnects. The power is divided into two parts, capacitive
power and buffer power. The capacitive power for a net is
estimatedbasedonthetile structure, which representsthe physical
hierarchy for the interconnect planning. The buffer power is
estimatedbasedon the fact that the total short-circuit power is
not sensitiveto the buffer location. Experimental results show
that our capacitance model is accurate even for a coarse tile
structure. We have also studied the correlation betweenpower
consumption and total wire length at the interconnect planning
stageusing this power model.

I. INTRODUCTION

In deep sub-microndesigns, interconnectsdominate the
performanceof the LSI chip. As a result, the interconnect-
centric design[1] is required. In the interconnect-centric
design,the conventionaldesignparadigm,which is basedon
thelogical hierarchyis replacedby the new designparadigm
basedn the physicalhierarchyasshownin Fig.1.

The physicalhierarchyis represente@dsa seriesof thetile
structures,eachof which representsa level of the physical
hierarchy At eachlevel of the physicalhierarchythelocation
of acellis specifiecby thetile containingt, andthetopologyof
anetis specifiedby a setof tiles thatcontainghe routing path
of the net(cf. Fig.2(a)). Thefiner thetile structurebecomes,
the moreaccuratehe cell locationandnet topology become.
The processof generatinga sequenceof rough placement
androuting is calledthe interconnect planning process in the
interconnect-centridesignflow. In theinterconnecplanning
process,area, delay and power must be estimatedfor an
optimalfinal layoutresult.

This paperproposesaninterconnecpowermodelfor each
level of the physicalhierarchy Sincethe modelmay be used
repeatedlyin the interconnectplanningprocessjt shouldbe
simpleaswell asaccurate.The mostimportantfeatureof our
modelisthatit canaccuratelyestimatehecouplingcapacitance
asit takesa largeportion of the total wire capacitancen the
deepsub-microndesign. Our modelalsoconsiderghe power
dueto buffersasbufferinsertionis atechniguecommonlyused
to reducetheinterconnectlelay

The paperis organizedas follows. Sectionll presents
our interconnecipowerestimationmodelfor the interconnect
planningprocess.Sectionlll discusseshe applicationof our
power model at the interconnectplanninglevel. SectionlV
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Fig. 1. Paradigrshift from thelogical hierarchyto the physicalhierarchy In
thelogical hierarchythe chip is composedf a setof logical moduleswhich
is denotedoy boxesin thefigure. Ontheotherhand,thechipis dividedinto a
setof tiles at eachlevel of the physicalhierarchy Thelevel of afinetile
structureis lower thanthatof a coarseone. In thefigure,2 x 2tile structure
isthetoplevel,4 x 4tile structures the nextlevel,andsoon.
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Fig. 2. (a) Eachlayeris dividedinto tiles. Theroughlocationof acell is
representedy atile which containsthe cell. Theroughtopologyof a netis
representedy a setof tiles (shownin shadedareas)vhich containthe net.
(b) Distribution of wirescrossingaboundaryof atile. A shadedox
representan effectivewire with effectivewidth w + s,,:». Theshaded
boxeson thetop andbottomboundariesirewiresin theadjacentiles.

providesexperimentalresults, and SectionV concludesthe
paper

Il. OUR POWER ESTIMATION MODEL

In this section,we presentour interconnectpower model,
andshowhow to calculatethe modelparameterbasedon the
roughlayoutdata,whichis illustratedin Fig.2(a).

Let P, denotethepowerconsumptiorof net:. P; is divided

into thefollowing two parts:
P =P + PP, (1)

where P¢ denoteghe powerdueto charginganddischarging



of the load capacitanceof neti, and P? denotesthe power
dueto the buffersto be insertedinto neti. P¢ and PP are
calledcapacitive power andbuffer power, respectivelyfor net
i. Theyareexpresseasfollows:

PP = %fiCiVDZDa (2)
and
N;
PP =) "E, 3
b=1

where f; is the switching frequency of neti, C; is the load
capacitancef neti, Vpp is the supplyvoltage,b represents
thelabelof a buffer, V; is the numberof buffersto beinserted
into nets (cf. AppendixB), and E; is the internal energyof
buffer b. E, is the energycauseddy a signaltransition,and
is consideredhsthe sumof the energydueto the short-circuit
current,and that of chargingand dischargingof the internal
capacitance.

Theinputsandoutputsof our powerestimatorare summa-
rizedin Fig.3.

The switching frequencyinformation f; for eachneti can
be estimatedprior to the interconnecplanningprocesausing
anycommerciallyavailablesimulator suchasVer i | og- XL.

Thecapacitancéook-uptableprovidesthe unit-lengtharea,
fringe, and coupling wire capacitancesunder various wire
widthsandspacings.Thecapacitancéok-uptableis obtained
usingthe 2-D extractomprovidedby the authorsof [2].

Thebufferlook-uptableprovidesthe bufferinternalenergy
consumptionper transition for variousinput slew time and
load capacitance.The buffer look-up tableis obtainedusing
HSPI CE.

Thesdook-uptablesareusedextensivelyin our poweresti-
mationprocesandwill beshownin thefollowing subsections.

A. Estimation of Capacitive Power

Theloadcapacitancef nets, denotedy C; in (2),isdefined

by

Ci=) CF+NiCy+CF+> (Si)CT. (4

P i

wherep is the labelfor the input pins connectedo neti, Cf
is theinput capacitancéor pin p, N; is the numberof buffers,
C, is theinput capacitancef a buffer, C& is the groundwire
capacitance ij is the coupling capacitancéetweennets:
andj, S;; is the switching factor, and {S;;) is its average.
Accordingto AppendixA, we canassumg.S;;) = 1. In this
paperwe shallshowamethodto estimateC;” andy_ ., C;¥ .
Otherparametersanbe easilyobtained.

It is well known that the coupling and fringe capacitance
strongly dependson the distancebetweenadjacentparallel
wires. Hence,thewire distancemustbe carefully considered
in wire capacitancestimation.

1The switching frequencyis the numberof the signaltransitionsper unit
time.
2Thegroundwire capacitancincludestheareaandfringewire capacitance.
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Fig. 3. Inputsandoutputsof our powerestimatorandtherelationwith the
interconnecplanningengine.“swt. freq.” is theswitchingfrequency
informationfor eachnet,“cap. LUT” is thecapacitancéook-uptable,and
“buf. LUT” is thebufferlook-uptable.“power data”includesthe estimated
total power

We assumethat in addition to the rough location of the
cells and nets, the following informationis providedby the
interconnecplanningengine:

e X : thehorizontallengthof atile,

e Y : theverticallengthof atile,

e w : thedefaultwire width for eachlayer,

® snin - theminimumspacingbetweernwires,

e n : thenumberof thewires crossingeachboundary

Sincethe distancebetweenadjacentparallelwires can not
be lessthan s,,;,, it is convenientto considereachwire as
having a width of w + s,,,;,, Which is called effective width
in this paper A virtual wire, whosewidth is broadenedip to
w + Smin, IS calledeffective wire.

To estimatethe wire distance,we have to considerthe
distribution of the wires within a tile. For simplicity, we
concentraten the horizontalwires crossingthe left boundary
of a specifictile on a specific layer as shownin Fig.2(b),
in which the distribution of wires is representedy spacing
parametergy, - --, y, Wherey; (j = 1,---,n) denotesthe
distancebetweenthe (j — 1)-th effective wire and the j-th
effectivewire. Weassumehateffectivewiresexistin adjacent
tiles onthetop andbottomboundariedor laterconvenience.

Let p(y1, -+, ¥ ) denotethe probability densityof the dis-
tribution y41,--+,%,. Since the total probability is 1, the
integrationoverall possibledistributionsmustbe 1:

Y'—y1

YI
/ dy,
0 0 0

Yl_yl_"'_yn—l
dy, p(y,,yn) =1,

dyz--- (5)
whereY' =Y — n(w + Smin)-

The previousworks, suchas[4], assume&hat the average
value of the coupling capacitancés representedy the value



e===Evenly Spaced ====Equal Weight ‘

-

0.06
0.05

_——

0 20 40 60 80
number of wires crossing boundary

unit—length wire capacitance
/u
(=]
S

100

Fig. 4. Comparisorof the unit-lengthcapacitancestimatiormethodgor
100rm technology Thecapacitancebtainedby “Evenly Spaced’methodis
estimatedisingalook-uptablec(y) with y = Y’ /(n + 1) (wire distancefor
evenlyspacedtase)."Equal Weight” meansour methodbasedn the
principleof equalweight. Thehorizontalaxisrepresentthe numberof the
wirescrossinghe boundarywhere100is the maximumallowablenumberof
thewireswhich cancrosstheboundary Thevertical axisrepresentthe
unit-lengthwire capacitancéground+ coupling)atthetoplayer.

whenthe wires are evenly distributedin a tile. This means
n=y=-=y, =Y'/(n+1)inFig.2(b). However this
assumptiotis notrealisticsincethelocationsof thewireswithin
atile arenotdeterminedttheinterconnecplanninglevel,and
thereis noreasorio assuméeheevenlyspacedlistribution. On
the contrary we would like to emphasizehatany distribution
of the wires cantake placeat equalprobability This means,
for examplethedistributiony; = 92 = - -- = ¥, = 0 cantake
placeatthe sameprobabilityasthe evenlyspacedlistribution.
According to this principle of equal weight, p(y1,- -, Yn)
is constantfor any distribution ¢, -- -, ,, andis equalto
p=n!/(Y")" sincetheleft handsideof (5)is (Y')" /n!p.

The probability distribution for y,, which is denotedby
p(y1), is obtainedby integratingoverall possibledistributions
for yo, - - -, y, asfollows:

n—1

Y/ —y1 Y'— iz Vi
p(y1) = / dyz--- f dyn p
0 0
_ ﬁ _ﬂ n—1
= w-7) ©

Theprobability distributionfor y,, - - - , 4, hasthesameform.
Using(6), the averageaunit-lengthcapacitancatthe bound-
aryis obtainedby

o= | "y et - / Tl (1= 2 . @)

wherec(y) denoteghe unit-lengthcapacitancasa functionof
thedistancey betweeradjaceneffectivewires. Thisintegralis
performedhumericallyusingc(y) providedby the capacitance
look-uptable.

Fig.4 showsthe differencebetweenevenlyspacedassump-
tion and equal weight assumption. The differenceis most
obviouswhenthe numberof the wires crossingthe boundary
is about20-70%of the capacityof theboundary

AppendixC describeshow to calculateC{ and ", C¥
basedn the unit-lengthcapacitancgivenby (7).

B. Estimation of Buffer Power

Theinternalenergyof a bufferis dueto:

1. charging/dischargingf theinternalcapacitance,
2. staticcurrent,

3. short-circuitenergy

Of them, only the short-circuitenergycan dependon buffer
locationsinceit is proportionalto the input slewtime, which
is alsoproportionalto the EImoredelayfrom the outputof the
previousbuffer. Hence the averageshort-circuitenergyfor a
bufferin neti is proportionalto

1<
deln
tp=1

whered, is the EImore delayfrom the outputof the previous
buffer to the input of buffer 5. Accordingto [3], the sumof
the EImoredelaysis not sensitiveto the bufferlocations. This

alsomeans
L
— E

is not sensitiveto the buffer location asillustratedin Fig.5,
whereE? is theaveragebuffer internalenergyper switching.

The above argumentmeanswe can assumeany buffer
location to estimateZ?. This observationis an important
contributionof thispaper Sinceanybufferlocationis available
to estimateF2? , we assumesachbuffer is locatedto drive the
equalloadcapacitanc€’ = C;/N,, andto havetheequalinput
slewtime s = RC, where

1
¥, 2 rL)

(8)

EB

(9)

R

(10)

is the averageload resistancefor a buffer, and (¢) is the
unit-lengthresistanceon tier® ¢. In this case,F; is equalto
E(s, C), whereE(s, C) istheinternalenergyof abufferfor the
input slewtime s andload capacitanc€’. F(s, C) is obtained
from the bufferlook-uptable.

Using EP, the buffer poweris obtainedby the following
equation:

PP = fiN;EP. (11

I11. APPLICATION OF OUR MODEL AT INTERCONNECT
PLANNING

In a deepsub-microninterconnectcentric designflow, it
is importantto designthe global interconnectdn the early
designstagesto guarantegperformanceand designclosure.
It is preferablefor an interconnecplanningengineto design
and optimize the global interconnectsince such an engine

3A tier is a pair of layers,on eachof which either horizontalor vertical
wiresarerouted.
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Fig. 5. Relationbetweerenergyandbufferlocationin 100nm technology
obtainedby HSPI CE. “Averageenergy”is the averagesnergyof three
buffers,andis notsensitiveto the locationof B1.
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can break down the logical hierarchyand generatea more
reasonablghysicalhierarchy

Sinceour powermodelonly requiresglobal placemenand
congestioninformation, it can be usedin combinationwith
aninterconneciplanningtool. It canbe usedin interconnect
planningin two ways: (1) It can provide accuratepower
estimationfor an interconnectplanning solution so that any
power problemin an interconnectplanning solution can be
discoveredn the early designstageswithout going through
any detailed placementand routing. (2) The interconnect
planningtools can usethe power estimationmodelto guide
the optimizationengineto generatglanningwith low power
consumptions.

The advantageof using our power model for the power
evaluationis quite clear as long as the model is accurate
enough— it canprovideafastandaccurategpowerestimation
withouttakingalongtime for detailedplacemenaindrouting.
We shall showthe accuracyof the modelin the experimental
resultsectionto validatethis claim.

Theapplicationof thepowermodelto guidetheinterconnect
planningmaydeservesomefurtherdiscussionlt is well known
thatinterconnectapacitancenay havesignificantcorrelation
with thetotal wire length. Therefore beforewe usethe power
modelto guide the interconnectplanningtools directly, we
shouldfirst find out how strongthe correlationbetweentotal
interconnecpowerandtotal wire lengthis. If the correlation
betweerthetotal wire lengthandthe total poweris strong,we
cansimply usethe total wire lengthto guidethe interconnect
planningengineandonly apply the powermodelwhenexact
andaccuratgpowerestimationis requiredto be calculatedfor
exampleto ensurethatthe constraintsn powerconsumption
aresatisfied).If thecorrelationis weak,we mayneedto tightly
integratethe power estimationto the interconnectplanning
engine. In the next section,we haveadditionaldetaileddata
showingthe correlationbetweerthe total powerandthetotal
wire length.

(#row)x (#column) average maximum total
2x 2 52.7 154.9 -42.0
4x 4 21.8 155.8 -5.0
8x 8 12.9 96.4 2.3
16 x 16 6.5 86.7 2.8
32x 32 3.8 36.0 2.2
64 x 64 2.1 18.4 11
128x 128 11 11.1 0.3
TABLE |

LoAD CAPACITANCE ESTIMATION ERROR. THE FIRST COLUMN
((#ROW) X (#COLUMN)) INDICATES THE NUMBER OF THE ROWS AND COLUMNS
OF THE TILE STRUCTURE. THE SECOND COLUMN (AVERAGE) SHOWS THE
AVERAGE LOAD CAPACITANCE ESTIMATION ERROR (%) FOR EACH NET,
WHERE THE AVERAGING IS DONE FOR THE ABSOLUTE VALUE OF THE ERROR.
THE THIRD COLUMN (MAXIMUM) SHOWS THE MAXIMUM LOAD CAPACITANCE
ESTIMATION ERROR (%) FOR EACH NET, WHERE THE ERROR IS THE ABSOLUTE
VALUE. THE FORTH COLUMN (TOTAL) SHOWS THE TOTAL LOAD CAPACITANCE
ESTIMATION ERROR (%0).

IV. EXPERIMENTAL RESULTS

A. Validation of Our Mode/

In this section,we will discussthe validationof the power
estimationmodel. We used 180nm technology in which
Vpbp = 1.8V. For simplicity, we assumef; = 0.12G'H = for
eachnet.

Table I shows the results of the experimentto confirm
the accuracyof our load capacitanceestimation. In this
experimentwe usea testcasemccl which is obtainedfrom
[7]. Accordingto [7], themccltestcaseis generatedby using
the global routing in [6], pseudopin assignmenin [7] and
detailedroutingin [8]. It has802globalinterconnectaindwas
scaledo 0.18um technology

To compareour model with this exact result, we di-
vided the chip into an » x n tile structure, where n =
2,4, 8,16, 32,64, 128, and countedthe numberof netscross-
ing eachboundary Basedon this congestiorinformation,we
estimatedthe load capacitancesf eachnet and comparedt
with the exactvalue computedbasedon the detailedrouting
solution.

Accordingto Tablel, ourmodelis accuratevenfor acoarse
tile structuresuchas16 x 16 decomposition.The estimation
error is mainly due to the following reasons. The detailed
routing is not as simple as first estimatedin our planning
stage.Theactualcouplingcapacitancéor eachnetcannot be
accuratelydeterminedvithout knowing the actualwire length
andwire spacingcalculatedrom detailedrouting, which may
not bethe samefor differentnets. Therefore someestimation
errorswill beintroducedn thecouplingcapacitancestimation
in our model. Furthermoresomewires may alsotake detour
routeswithin atile. Thesedetourscannot be seenatthe high
level of physicalhierarchysincewe only know the congestion
information at the tile boundaries. Thesedetour routeswill
contributemoreestimationerrorsto our model.

The error of the total load capacitances smallerthanthe
averageor maximumone,andcanbe explainedasfollows:
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Fig. 6. Relationbetweerload capacitancestimationerrorandwire length
for 16 x 16tile structure.The horizontalaxisrepresentshetotal wire length
of eachnet. Theverticalaxisrepresentshe estimatiorerrorof theload
capacitanceEachdatapointrepresents net. A few datapointsareout of the
rangeof this graph.

1. The estimationerror of the load capacitancefor each
net can be minus as well as plus. Hencethe error
can be cancelledout each other when we sum up the
load capacitancefor eachnet to obtain the total load
capacitance.

2. Our capacitancenodel is especiallyaccuratefor longer
interconnectsyhich dominatethetotal load capacitance.
This is becauseur probabilisticassumptiorworks well
sincetheycrossmanyboundaries.

Theseobservationgsiresupportedy Fig.6.

B. Correlation between Total Wire L ength and Power

We usea setof MCNC standaracell benchmarksor theex-
perimentson the correlationbetweertotal globalinterconnect
wire length andtotal interconnectpower consumption. The
testcasesare: $9234,85378,513207 515850538417 538584,
bigkeyandclma®. Tablell showsthe circuit's characteristics
of thesetestcases.

We usetheinterconnecplanningtool thatis currentlyunder
developmenat UCLA [1] to generat@ninterconnecplanning
solution. Ourinterconnecplanningtool placesall thecellson
thetiles and performsa global routingon it. We canrestrict
global routing to useonly 1, 2, or 3 tiers, which resultin
differentroutingcongestions.

Our interconnectplanning tool usessimulatedannealing
basedplacementalgorithm. Therefore,it is capableof gen-
eratingmultiple solutionsfor the sametest case. For each

4Thetestcaseghatwe obtainedonly containnetlists without cell library

information. The cell geometryand pin locationsusedin placementare
generatedby using a Mississippi State University 0.8um StandardCell

Library. We then shrunk them to approximatethe cells in the 0.18um

technology Wealsoprunedoutsomenetsanddanglinggatesn orderto getan
irredundansignalnetwork. Thereforethe numbersof gatesandnetsreported
in Table Il may be different from thoseother publications. We assumehe
clockfrequencyF' = 0.1G H z. Becausave do not haveswitchingfrequency
for the nets,we randomlyassignthemto be between0.1 to 0.3 of the clock
frequency

name #GATE #Pl #PO #NET
$9234 1448 28 37 1476
s5378 1653 35 45 1688
s$13207 3713 59 146 3772
$15850 4393 76 148 4469
s38417 11281 28 106 11309
s38584 14695 38 284 14733
bigkey 8831 228 197 9059

clma 30565 61 66 30626

TABLE Il

BENCHMARK CIRCUITS CHARACTERISTICS.

testcasewe generatanultiple interconnecplanningsolutions
with globalrouting restrictecto differentnumberof tiers. For
eachsolution,we calculatethetotal boundingbox wire length
and estimatethe power consumptionusing our model. For
eachcircuit, we calculatenormalizedwire lengthsby comput-
ing the averagewire lengthanddividing all the wire lengths
by this averagdengthto getthe normalizedwire length. We
do the samenormalizationfor powers. We thencalculatethe
normalizedpowerto normalizewire lengthratio for eachtest
case.After theratio for eachrun of eachcircuit is calculated,
we will calculatedthe averageratio and standarddeviation.
Theresultsfor usingonly 1, 2 and3 tiersof routinglayersare
shownin Tablelll, TablelV, andTableV, respectively

From left to right in thesetables,the columnsshow the
test casename, the numberof runs, the averagetotal wire
length,the averageotal power, the averagemaximumrouting
congestionthedeviationof maximumcongestion theaverage
ratio of thenormalizedotal powerto thenormalizedtotal wire
length,andthedeviationof ratios. A plot of all thenormalized
total wire lengthsvs. all the normalizedtotal powersarealso
shownin Fig.7.

Wecanseethattheresultsn Tablelll arethemostcongested
andconsumedhemostpower, while theresultsin TableV are
the leastcongestedind consumedhe leastamountof power
However if we look at theaveragenormalizedpowerto wire
length ratio, all the ratios are consistentlycloseto 1 in all
tables. It is alsoshownin Fig.7 thatall the pointsarecloseto
theliney = «.

This showsthat the interconnectpower hasa very strong
correlationto the total boundingbox wire length. Therefore,
using boundingbox wire length should be good enoughfor
guiding the minimization of interconnectpower during the
interconnectplanning. It also suggestghat the total power
of any planningsolution with total wire lengthTW can be
estimatedy Py x TW/TW,, wherePy andTW, arethetotal
powerandthetotal wire lengthof theinitial planningsolution,
respectively

V. CONCLUSIONS

In this paper we presentech powermodelfor globalinter-
connectdasedon thetile structureof the physicalhierarchy
In our model,the load capacitancef a netis estimatedbased



example #of avg. avg. avg. std.dev avg std.dev
Runs Wire(mm) Power(mW) MaxCg MaxCg Ratio Ratio

s9234 20 70.97 0.39 0.96 0.08 1.0001 0.0132
s5378 20 93.66 0.51 1.03 0.12 0.9997 0.0147
s15850 20 310.21 1.69 1.08 0.16 0.9998 0.0135
s13207 20 256.18 1.40 1.24 0.26 1.0001 0.0260
s38417 20 1241.03 9.81 1.36 0.12 1.0009 0.0574
s38584 24 3923.20 29.86 131 0.19 0.9976 0.0504
bigkey 20 424.25 3.81 1.06 0.28 1.0000 0.0402

clma 13 4564.47 58.98 1.28 0.21 0.9986 0.0354

TABLE llI

CORRELATION BETWEEN TOTAL INTERCONNECT POWER AND TOTAL WIRE LENGTH (l TIER ROUTING)

example # of avg. avg. avg. std.dev avg std.dev
Runs Wire(mm) Power(mW) MaxCg MaxCg Ratio Ratio
s9234 20 71.15 0.37 0.81 0.09 0.9998 0.0121
s5378 20 93.80 0.49 0.86 0.11 0.9998 0.0138
s15850 20 313.46 1.62 0.89 0.09 0.9999 0.0203
s13207 20 257.16 1.36 0.94 0.16 0.9999 0.0154
s38417 20 1224.48 8.63 0.96 0.11 0.9986 0.0430
s38584 24 3905.19 25.68 0.92 0.16 0.9992 0.0420
bigkey 20 427.55 3.16 0.83 0.13 0.9997 0.0382
clma 13 4560.03 48.13 0.85 0.10 0.9995 0.0356
TABLE IV

CORRELATION BETWEEN TOTAL INTERCONNECT POWER AND TOTAL WIRE LENGTH (2 TIERS ROUTING)

example # of avg. avg. avg. std.dev avg std.dev
Runs Wire(mm) Power(mW) MaxCg MaxCg Ratio Ratio
s9234 20 70.75 0.37 0.77 0.11 0.9998 0.0155
s5378 20 93.16 0.49 0.87 0.12 0.9998 0.0146
s15850 20 313.92 1.64 0.85 0.15 0.9998 0.0170
s13207 20 256.43 1.34 0.89 0.14 0.9999 0.0171
s38417 20 1204.66 8.29 0.83 0.10 1.0018 0.0636
s38584 24 3887.59 25.26 0.82 0.15 0.9982 0.0502
bigkey 20 427.66 3.00 0.74 0.10 0.9999 0.0218
clma 13 4576.86 49.12 0.69 0.09 1.0011 0.0508
TABLE V

CORRELATION BETWEEN TOTAL INTERCONNECT POWER AND TOTAL WIRE LENGTH (3 TIERS ROUTING)
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Fig. 7. Normalizedpowervs. normalizedwire lengthplot

on the principle of equalweight for the wire distribution at
thetile boundaries. The buffer poweris estimatedbasedon
the fact that the averagebuffer poweris not sensitiveto the
bufferlocation. We alsostudiedthecorrelationbetweerpower
consumptiorandtotal wire lengthattheinterconnecplanning
stageusingthis powermodel.
Experimentakesultsshowedthat our capacitancenodelis
accurateenoughevenfor a coarsdile structure.

APPENDIX
A. ESTIMATION OF SWITCHING FACTOR

It is well knownthat.S;; = 0O if the signalson net: and j
switch in the samedirection, and .S;; = 2 if they switch in
the oppositedirection. Whenone of themis quiet, S;; = 1.
The numberof the switchingsin the samedirectionis almost
equalto that of the switchingsin the oppositedirectionwhen
the signalson net: andj are mutually independent.In this
case,(S;;) = 3(0+2) = 1. The rigorous proof of this
observatiorcanbe foundin [9]. Sincemostof the signalsare
consideredmutually independentn the real design,we can
assumes;;) = 1in (4).

B. ESTIMATION OF THE NUMBER OF BUFFERS

N, is estimatedusingl PEM[5] asfollows. We assume

L(t)
Lcm't (t) '

N, =
t

(12)

whereL(t) is the wire lengthof the neton tier ¢, and L.+ (¢)
is the critical wire lengthfor bufferinsertionontier¢. L.,.;;(t)
is obtainedusingan API functionof | PEM To estimateL(t),
we can employ the samemethodas STEP 2 and STEP 3
in AppendixC by replacingbothe; ande; with 1.

NN Y

(a)

Fig. 8. (a) A wire goesthroughatile. (b) A wire comesfrom theleft and
endsinsideatile. (c) A wire startsinsideatile andgoesto theright. (d) A
wire startsandendsinsideatile.

C. ESTIMATION OF CAPACITANCE

In thefollowing, C, denoteitherC¢ ory iy C;’J‘ andthe
word “capacitance’tepresentgithergroundwire capacitance
or couplingwire capacitanceThe estimationof C, is divided

into thefollowing threesteps.
STEP1: Estimationof unit-lengthcapacitance,
STEP2: Estimationof capacitancinsideatile,

STEPS: Estimationof C,.

STEP1: Estimation of Unit-Length CapacitanceTheunit-
lengthcapacitancateachboundaryis calculatedby using(7).

STEP2: Estimation of Capacitanceinside a Tile
Using interpolation, the unit-length capacitancenside the
tile is approximateds
T\ — [ —
cz) = (l - }) ca+ ~ 2
where z is the distancefrom the left boundary and ¢; (¢2)
is the unit-lengthload capacitancet theleft (right) boundary
calculatedby (7).

Thecapacitancef awire segmeninsidethetile is calculated
for eachcaseshownin Fig.8.

(13

Case (a): C(0, X) denotesthe capacitanceof the wire
segment. It is obtainedby integrating c(z) along the wire
segmengsfollows:

X
coOX)= [ dadte) = F@+a. (14

Case (b):
segment,where z is the location of the end point.
integratinge(x) alongthewire segmentye obtain

C(0,2) = /O " o' dla).

Sincewe do not havetheinformationaboutthe locationof the
endpoint,we assumer is uniformly distributedbetweerD and
X. In this case the averagecapacitancewhich is denotedby
C(0, ), is

C(0,z) denotesthe capacitanceof the wire
By

(15

X
C(0, *) = % /0 dzC(0,z) = %(20_1-1- ). (16)



Case(c): Using the similar methodto obtain (16), the
averageapacitancéor thewire segmentwhichis denotedby
C(x, X), is

X _ —
O, X) = (e +2¢2). (17)
Case(d): C'(z1,x2) denotesthe capacitancef the wire

segmentwherez; andz, arethelocationsof the endpoints.
By integratinge(x) alongthe wire segmentye obtain

o, a2) = / " ' de!).

Z1

(18)

Sincewe do not havethe information aboutthe location of
theendpoints,we assumer1 andz, areuniformly distributed
betweerD and X with theconditionz; < z,. In this casethe
averagecapacitanceyhichis denotedoy C(x, %), is

2 X X
—— d.’t]_ ] d.’tzC(.’t]_ 332)
X2 ~/0 &rq ’

= ~@+a)

C(*, *) =
19)

STEP3: Estimation of C,

C, is the sum of the capacitance$or the wire segments
containedn thetiles, which determinethe roughtopology of
thenet. This means

C, = Z Ci(a‘)7

a€T;

(20)

where T; is the set of the tiles which representthe rough
topologyof the net,and C;(a) is the sumof the capacitances
for thehorizontalandverticalwire segmentsn tile a.

To calculateC; (a), we applycase(a), (b), and(c) of STEP
2 accordingto the roughtopologyof the net. For examplejif
theleft andright boundarief tile a are sharedby the other
tiles in T;, case(a) is applied. Also, if the left and bottom
boundarie®f tile « aresharedoy theothertilesin T;, case(b)
andits verticalcorrespondencareapplied.

Whenthenethaspinsinsidetile a, thewiresconnectinghe
pins to the net, must be also considered. Sincethesewires
arecompletelycontainedn tile a, case(d) of STEP 2 canbe
applied. We assumethe total capacitancdor thesewires is
the sum of the capacitancebtainedby (19) and its vertical
correspondencel his capacitancés alsoincludedinto C;(a).

ACKNOWLEDGMENT

This work is supportedin part by SRC and grantsfrom
Intel and Fujitsu underthe California MICRO program. The
authorswvould like to thankall thesefundingagenciedor their
supports.

REFERENCES

[1] J. Cong, “An Interconnect-Centri®esign Flow for NanometerTech-
nologies,”Proceedings of the |EEE, vol.89, issue4, pp.505-528April
2001.

(2]

(3]

(4]

(5]
(6]

(7]

(8]

El

J. Cong, L. He, A. B. Kahng, D. Noice, N. ShiraliandS. H.-C. Yen,

“Analysis and justification of a simple, practical2 1/2-D capacitance
extractionmethodology’ 34th Design Automation Conference, pp.627—
632,1997.

J.Cong,T.KongandD.Z. Pan,"Buffer Block Planningfor Interconnect-
Driven Floorplanning,” International Conference on Computer-Aided
Design, pp.358-3631999.

C. Changfany.-C.HsuandF.-S. Tsai,“Post-RoutingTiming Optimiza-
tion with Routing Characterization,”Proceedings 1999 International
Symposium on Physical Design, pp.30-35,1999.

http://cadlab.cs.ucla.edu/softwanelease/ipem/htdocs/

J.CongandP.H. Madden,‘Performancalriven multi-layergeneralarea
routing for PCB/MCM designs,”35th Design Automation Conference,
pp.356-3611998.

C.-C.ChangandJ. Cong,“Pseudopin assignmentvith crosstalknoise
control,” Proceedings2000 I nternational Symposiumon Physical Design,
pp.41-472000.

J.Cong,J. FangandK.-Y. Khoo, “DUNE: A multi-layergridlessrouting
systermwith wire planning,”Proceedings 2000 I nternational Symposium
on Physical Design, pp.12—-182000.

T. Uchino and J. Cong, “An InterconnectEnergy Model Considering
Coupling Effects”, 38th Design Automation Conference, pp.555-558,
2001.



