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ABSTRACT

In this paperanalyticalmodelsfor predictinginterconnectequire-
mentsin field-programmablgate arrays(FPGAs)are presented,
andopportunitiesfor 3-D implementatiorof FPGAsareexamined.
The analyticalmodelsfor 2-D FPGAsare calibratedby routing

andplacemenexperimentswith benchmarlcircuits andextended
to 3-D FPGAs.Basedon system-lgel modeling,we find thatin

FPGAswith 20K 4-inputlook-up tables,the reductionin channel
width, interconnectlelay and power dissipationcanbe over 50%

by 3-D implementation.

Keywords
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1. INTRODUCTION

Thereareseveral optionsfor implementinga digital integratedcir-

cuitin silicon. In oneendof the spectrumpnecanusefull-custom
designghatrequiretime-intensie designverification,andoptimi-

zationto achieve maximal performanceOn the otherend of the
spectrumfield-programmablgatearray(FPGA)basedlesigncan
beused.In FPGA-basedmplementationa designis mappedonto
an arrayof reconfigurabldogic blocksthat are connectedy pro-

grammablénterconnection§3, 18] . Thefine-grainarchitecturen

FPGAsis suitablefor bit- and byte-level computation[3]. They

can also be usedasflexible logic resourcedor encryption,error
corrections,addressgenerations,etc.  Though FPGA- based
implementationrequires fewer design iterations and has the
adwantageof shortertime-to-marlet, the systemperformanceand
logic densityin FPGA-basedmplementations not ashigh asfull-

customdesignsdueto the areaand performanceoverheadof pro-
grammable interconnects.

In somerecentstudies,it hasbeenfound that in SRAM-based
FPGAs40%-80%of overall designdelay and 90% of chip area
are attributed to programmabldnterconnectq3, 8]. Recently it

hasalsobeenfoundthatin SRAM-based~PGAs more than 80%
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of total power is dissipatedn interconnectsand clock networks
[12]. Consideringhe area,delay and power dissipationoverhead,
the programmablénterconnecis a key designelementin FPGA-
based implementation.

Recently therehave beenrenaved interestsin three-dimensional
ICs to reduce interconnecidelay andto increasegate densityin
future VLSI applications[10, 14,15,16,17]. Three-dimensional
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Figure 1. Crosssectionfo a 3-D IC basedon low-temperature
wafer bonding.

integratedcircuits areformedby monolithic verticalintegration of
multiple stratausingwafer bonding,selectve epitaxialgronth, or
recrystallization,where a stratumconsistsof a device layer and
several interconnectievels. Crosssectionof a 3-D IC basedon
wafer bonding is shwn in Figure 1.

By 3-D integration, significantreductionin wire-lengthand wir-
ing-limited chip areacanbe achieved[15]. Consideringhe over-
head on delay and chip area due to the programmable
interconnectsFPGA seemsto be an ideal candidatethat could
benefitsignificantlyby 3-D integration.In this paper opportunities
for 3-D implementatiorof FPGAsare exploredbasedon system-
level modelingandanalysis.First, analyticalmodelsfor predict-
ing channelwidth in 2-D FPGAsare developedand verified, and
thenthesemodelsareextendedo 3-D FPGAs. Someof therecent
studieson 3-D FPGAwerefocusedmainly onthe FPGAarchitec-
ture [1, 4, 13]. In this paper system-lgel issuesas well asthe
impactof 3-D FPGAarchitectureon key performancenetricssuch
as chip area, delagower dissipation, etc. are discussed.

2. SRAM-BASED FIELD-PR OGRAMMA-
BLE GATE ARRAYS
2.1 Backgound

The implementatiorof FPGAsin silicon falls into threegroups:
SRAM-programmed, antifuse-programmed,and EPROM-pro-



grammed[18]. The configurablelogic blocksin differentimple-
mentationsare very similar. The primary differencein various
implementationss in the programmableouting architectureand
theway it is configured.Due to its immensepopularity SRAM-
based=PGAswill beconsideredn the paper However, themodel-
ing frameawork presentedn this papercan be extendedeasily to
other approaches to FPGA design.

A genericSRAM-based-PGAarchitectures depictedn Figure2.
It consistsof atwo-dimensionabrrayof logic blocksandhorizon-
tal and vertical routing channels.The configurablelogic blocks
(CLBs)or look-uptables(LUTs) canbeprogrammedo performa
variety of functionsfor a setof input variables. The numberof
uniqueinputs,K, to aLUT canrangearywherefrom 2 to ashigh
asl6. It hasbeenfound thatfor the mostarea-eficient designthe
optimum \alue of K is approximately 3-4 [3].
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Figure 2. A generic SRAM-based field-programmable gate
array.

The programmablénterconnectionsn SRAM-based=PGA con-
sistof routingswitchesconnectiorswitchesandinterconnecteg-
ments. In Figure 3, schematicsof corventional routing and
connectionswitchesare shovn. The routing switch is generally
implementedby passtransistorsor tri-statebuffers. The flexibility
of arouting switchis determinedby the maximumallowable fan-
out, Fg, provided to an incoming wiring segmentby the routing
switch.A popular2-D routing switchallows eachincomingwiring
segmentto connectto wiring sggmentson threeothersidesof the
routing switch box, resultingin Fg = 3 [20]. An extensionof this
routing switchtopologyto 3-D will resultin Fg= 5. Theconnec-
tion switchesare usedto establishinput or output connections
betweerprogrammabléogic blocksandwire segments.Theflexi-
bility of a connectionswitch is determinedby the number of
tracks,F, eachlogic block pin canconnecto. By routinga setof
benchmarlcircuits, it hasbeenfoundthatfor completeroutability
it is suficient to have 0.7W < F_<W, whereW is the channel

width.

In early FPGAs,wiring tracksconsistednostly of shortwire sey-
mentsthat spannedne LUT or one unit. Longerwires could be
formed by connectingshort wire-s@mentsusing passtransistor
routing switches.Though one unit long wire sggmentsprovide
good wiring utilization, they degrade the performanceof long

interconnectionsThis is becauséong interconnectionareformed
by connectingmary passtransistorswhich add significantseries
resistanceand capacitanceTo reducethe numberof passtransis-
torsin long interconnectionsyire segmentsof variouslengthsare
usedin high-performanc&PGAs[20]. Thoughan assortmenof
wire sggmentsreducessignaldelayin long interconnectionst can
result in underutilization of mary long wire sgmentsand an
increase in channel width and chip area.
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Figure 3. Programmable routing and connection switchesin
SRAM-based FPGAs

2.2 Rerformance Metrics
Someof the key performancemetricsfor SRAM-basedFPGAs
are:

Logic Density

Routability

Speed

Logic densityin FPGA-baseddesignis generally expressedin

termsof gatecountsperchip or unit area.lt is theequivalentnum-
ber of 2-input NAND gatesthat would be requiredto implement
the samefunctionality However, FPGAsdon't consistof 2-input
NAND gates.They have logic componentsuchasLUTs, multi-

plexers,flip-flops, etc. A moreaccuratemethodologyfor measur-
ing logic densityis basedon the conceptof equivalentlogic cells
[20]. A logic cell canbe definedasthe combinationof a 4-input
LUT and dedicated ggsters.

Routabilitydescribeshe effectivenessn utilizing the programma-
ble routing resource Routability of a designin FPGAsdepends
strongly on the configurationof wire segmentsaswell ason the
valuesof W, Fg, andF.. Theseparametersre determinecheuristi-

cally by the wiring need of representatibenchmark designs.

The speedor performancein FPGAsis limited by interconnect
delay andit canaccountor 40%-80%of overall designdelay[8].
The wiring netsin FPGAsare moreresistive andcapacitve com-
paredto wiring netsof similar lengthin customdesigns.This is
dueto the higherresistanceand capacitancef passtransistorsin
programmable interconnections.

Sincea large fraction of the chip areain FPGAsis dedicated to
programmablénterconnectsit is not surprisingthat mostof the
power in FPGAs is dissipatedin reconfigurableinterconnects.
Recently a detailed analysisof power consumptionin Xilinx



XC4003Arevealedthat 80% of total power dissipatiorwasdueto
driving interconnects and clock nedrk capacitance [12].

In the next sections,a system-lgel modelingframeavork will be
presentedo estimatesomeof theseperformancemetricsfor con-
ventional (2-D) SRAM-basedFPGAs. By extendingthe models
for 2-D FPGAsto three-dimensiorkey advantagedor 3-D imple-
mentation of FPGAs will also bexamined.

3. STOCHASTIC MODELS FOR PREDICT-
ING ROUTABILITY IN FPGAs

The implementationof a designusing FPGA consistsof several
steps.First, a high-level descriptionof a circuit/systemis con-
vertedto a setof booleanequations.Theseequationsare opti-
mizedto minimize the numberof logic gatesandthenmappedo a
programmabldogic array architecture After the logic mapping,
placementand routing are conductedto determinethe valuesof

configuration memory bits for connection and routing switches.

The routability of a design in FPGA-basedimplementation
dependson the configurationof the LUTs and routing resource.
Typically, they are determinedby placementand routing experi-
mentswith benchmarkcircuits. In this section,we addresshe
routability of adesignin FPGAs,beforeplace-and-routehasedn
analyticalmodels.Thesemodelsare usefulfor providing an early
feedbackor variousdesigntrade-ofs without having to go though
mary iterationsof time consumingand laboriousplacementand
routing process.

3.1 Earlier Work

A popular analytical model for predicting routability in gate
arrays is basedn atwo-dimensionastochastianodelfor channel
width by Gamal[11]. His analysissuggestshatthe channewidth,
W, in array basedFPGAs follows Poissondistribution, and the
averagechannelwidth, W, is givenby W = V%‘ , whereL is the
averagewire-lengthandy is the averagenumberof wiresemanat-
ing from eachlogic block[11]. An enhancemerdf Gamals model
hasalsobeenproposedhattakesinto accountmulti-terminalnets
for predictingchannelwidth [5]. Recently it hasbeenfound that
routability is bestpredictedby estimatingthetotal wire-lengthin a
circuit, not by the mean wire-length times pins per cell as
describedn Gamals model[6]. We alsofind this to be consistent
with our routing and placemenexperimentswith benchmarkcir-
cuits. In [6], randomnet lists were generatechasedon a set of
input parametersuchaspins per LUT, Rents parametersetc. In
deriving our modelfor predictingchannelwidth, a similar method-
ology hasbeenfollowed. However, the total wire-lengthis esti-
mated based on the stochastic wire-length digidh [7, 15].

3.2 Proposed Model

We usethe stochastiavire-lengthdistribution model[7, 15] to esti-
matethe wiring compleity in gatearrays.In aK-input LUT table
basedFPGA, Rents constant,k< K + 1, and a typical value of
Rents exponent,p, is in the rangeof 0.7-0.8[5]. In 2-D FPGAs
with one unit long wire ggments, channel width is\gin by

2/N-2
Z 1 (1, k, p)xfpga+ I

w=— 2Ne, @

wherel is thewire-length,f(l, k, p) is the wire-lengthdistribution,

Xfpga is a point-to-pointto net-lengthcornversionfactor I, is the

additionallengthof occupiedwiring tracksdueto non-idealloca-
tions of input/outputterminalsin the LUT (seeFigure4), ande; is
the utilization factor of wiring tracks.The derivation of Eq. 1 is
basedon the assumptiorthat for a design,the available length of
wiring tracks, W2Ng, is equalto the requiredtotal wire-length,

2J/N-2
z If(l, k, p))(fpga+lr . The valuesof Xfpga ande canbe
1

estimatedand calibratedby placementand routing of benchmark
circuits in FPGA architecture.

N
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Figure 4. (a) An ideal scenariowhere connectionsto input/out-
put terminals of a LUT do not require additional wire-seg-
ments. (b) A non-ideal scenariothat requires utilization of 2
additional wir e segmentdor making input/output connections.

3.3 \alidation and Calibration

To examinethewiring compleity in SRAM-based-PGAs,we use
a setof benchmarlcircuitsand a place-and-routéool, SEGment
Allocator (SEGA),developedat University of Toronto[19]. SEGA
performs routing and placementto optimize for speed-perfor-
mance. It is assumedhatall routing channelshave equalnumber
of tracks,W. For simplicity, we alsoassumeall wire sggmentsare
oneunit long, F. = W, andFg = 3. The logic functionsfor the
benchmarkcircuits are mappedto 4-input LUT basedFPGAs.
Using SEGA, we estimatethe minimum value of W that would
resultin 100% routability for the benchmarkeircuits. One of the
outputsof the routing tool is the numberof sharedwire-segments
usedby netswith fan-outmorethanone.We find thatonly 5% -
10% of wire-s@gmentsare shared resultingin Xtpga = .90-.95.

Basedon the placementand routing of benchmarkcircuits in
SEGA, we find thag, = .40-.50.

In Figure 5, the numberof graphsor point-to-pointinterconnects
for benchmaricircuitsandthe projectionsbasedn Rentsrule are
shavn. By hierarchically partitioning a logic graph,it can be
shown that the total numberof point-to-pointinterconnectsn an
IC is given by [9]
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Figure 5. Number of point-to-point interconnectsin bench-
mark cir cuits that are mapped to 4-input LUT based FPGAs.

We find thatthe analyticalmodel,basedn Donaths methodology
[9], for estimatingtotal numberof interconnectagreesvery well
with routing and placementresultsfrom benchmarkcircuits. For
this analysis,it hasbeenassumedhatk = 5 andp = .75. Even
thoughindividual circuits may have differentRents parameters,
interconnectiorcompleity asa function of numberof LUTS can
be predictedquite accuratelyby assumingk = K+ 1= 5andp =
.75
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Figure 6. Channel width for the benchmark circuits, imple-

mented in 4-input LUT based FPGAs, basedon routing and

placementexperimentsusing SEGA [19] and analytical mod-

els.

Next, the channelwidth, W, is estimatedusing Eqg. 1. Basedon
obsenationfrom routingandplacemenbf benchmarlcircuits, we
assume50% input/outputterminalsin LUTs could be locatedon
the undesirablesides, and they contritute to additional wire-
length of |, = 50Xkgal’, wherel” = 1. We also assume

xfpga:.95 ande; = 40% In Figure6, estimatedraluesof channel

width for the benchmarkcircuits are comparedwith the results
from SEGA and Gamals analytical model for averagechannel
width. The agreementbetweenour analytical models and the
actual channel width is generally quite reasonable.

4. OPPPORTUTNITIES FOR 3-D IMPLE-
MENTATION OF FPGAS

In the earlier section, it has beenshovn that channelwidth in
array-basedPGAsis proportionalto the total wire-length.Three-
dimensional integration can resultin a significantreductionin
total-wire length. As a result, the channelwidth in FPGA canbe
reducedby 3-D integration which may lead to reductionin chip
areaandimprovementsn systemperformanceln thepast,various
approachedor implementing3-D FPGAs have beenconsidered
[4]. They includeFPGAsbasedn 3-D routing switcheswith elec-
trical or opticalinter-stratuminterconnectiongl] or partitioningof
memoryandroutingfunctionsin differentstrata[13]. Theseearlier
workswerefocusedon eitherrouting architecture®r FPGAtech-
nologies.In this section,both routability and technologyrelated
issues in 3-D FPGAs will bexamined.

4.1 Channel Wdth in 3-D FPGAs

We considera 3-D implementatiorof FPGAarchitecturewith 3-D
routing switches,asshavn in Figure7 andalsodiscussedn [1].
We assumeF; = W andFg = 5, whereeachincoming wire-sey-
mentcan connectto otherwire-segmentson five sidesof a cubic
switch box. We also assumethe wiring track utilization in 3-D
FPGA is comparablao that of 2-D implementation. One of the
dravbacksin implementing3-D routing switch is that it would
requiremore passtransistorsand SRAM cells per routing switch
box perchannelHowever, if the channelwidth canbereducedby
3-D integration, it will be possibleto reducethe total numberof
routing switches and configurable memory bits.

3-D Routing Switch Inter-Stratum
CLB/LUT Interconnects
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Figure 7. A 3-D implementation of FPGAs with 3-D routing
switches.

Similar to Eq. 1, channel density in 3-D FPGAs is estimated by
2, /N/N,—2+(N,-1) [,
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wheref3p(L,k,p,N) is the 3-D wire-lengthdistribution, N, is the

numberof stratat, is the stratalpitch, andall otherparametersire
definedthe sameway asin Eq. 1. The highervalueof the denomi-
nator reflectsthe availability of more wiring tracksdue to inter

stratumwire segments. Consideringour proposed-D IC technol-
ogy[10], it hasbeenassumedhatthelengthof inter-stratumwire-

segmentbetweeradjacenLUTs on neighboringstratais compara-
ble to wire-length betweenadjacentLUTs on the samestratum.
The wire-length distribution in 3-D configurationof gate arrays
canbe derived by extendingthe methodologyusedfor estimating
wire-lengthdistribution of 2-D ICs [7, 15]. In Figure8, estimated
valuesof channelwidth areshowvn for 2-D and3-D implementa-
tions of FPGAsasa function of numberof LUTS. As morestrata
are integrated,the averageand total wire-lengthbecomeshorter

resulting in a significant reduction in channel width.
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Figure 8. Channel width in 2-D and 3-D 4-input LUT based
FPGAsasa function of number of LUTs. The routing resource
consistsof one unit long wir e segments. It has beenassumed
that Rent’s parametersk = 5 and p=0.75, averagefan-out = 3.5,

Xfpga = 0-95, and & = 0.4. DL standsfor number of device lay-

ers or strata.

4.2 Logic Density

In SRAM-based=-PGAs,chip areais primarily limited by the area
dedicatedto programmableinterconnectsand the configurable
memorybits. In [8], by empirical obsenation, it hasbeenfound
that 80%-90%of the areain FPGA is dedicatedto switchesand
wires making up the reconfigurableinterconnect. The LUTs
accountfor only a few percentof the total area.Due to the pro-
grammablénterconnecbverheadthereis roughlya 20X-50Xden-

follow the methodologypresentedn [2] to estimatethe chip area.
In somerecentworks, dependenciesf chip areaandperformance
on transistorsizing have beeninvestigated [2]. Basedon these
studiesaswell asour own HSPICE-basednalysiswe find thatto
minimizedelayor power-delayproduct,theoptimumvalueof pass
transistorsizein switchesandbuffersis roughly 10X-15Xthe min-
imum-width transistos size.

To estimatethe improvementsin logic density measuredby the
numberof LUTs per unit areaper stratum,we considerFPGAs
implementedvith 4-inputLUTs. The LUT consistof a passtran-
sistor multiplexer, a register and a set/resetogic block [2]. We
estimatetheareaof inputandoutputconnectiorswitchesandrout-
ing switchesusingthe switch configurationshavn in Figure3. We
assumethe buffer and passtransistorhaze 10X minimum drive
strength.The 3-D routing switch box requiresF{(Fs + 1)/2= 15

passtransistorgper channelcomparedo 6 transistorger channel
in 2-D implementationThe areamodelsfor variouscomponents
in SRAM-basedFPGAs, measuredn units of minimum width
NMOS area, hee been adopted from [2].

Using the modelsfor chip area,improvementsin LUT density
have beencalculatedandthe simulationresultsareshaovn in Fig-
ure9. In 3-D FPGAs,asthe numberof LUTs is increasedhigher
reduction in channelwidth can be achieved. As a result, the
improvementin LUT densityincreasesas more LUTs are inte-
grated.Basedon our analysis,jn FPGAswith 70K logic cells,the
improvementin LUT densitycan be 25%-60%in 3-D implemen-
tation with2-4 strata.
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sity disadantage in FPGAs compared to a full-custom design [8]. Figure 9. Improvementin logic density as function of number

The number of switches and programmablememory bits in
FPGAsis roughly proportionalto the channelwidth. In Section
4.1, it has been stk that by 3-D intgration significant reduction
in channewidth canbe achiezed which could leadto smallerchip
areaand higher logic density In this section, logic density in
FPGAswill beestimatedy modelingtheareadedicatedo LUTS,
connectionswitches routing switchesmultiplexers, SRAMs, and
buffers. The areamodelis basedon countingthe numberof mini-
mum-widthtransistorareagequiredfor implementingFPGAs.We

of LUTs and number of strata.

4.3 Interconnect Delay

In this section,interconnectelayof averagelengthandchip-edge
lengthinterconnectsn 2-D and 3-D FPGAswill estimatedbased
onHSPICEsimulation.We estimatethe LUT areaandwire-length
assumingall wire sgmentsareoneunit long andusingthe models
for LUT andchip areapresentedn [2]. Wire segmentsof various
lengths areoftenusedin FPGAsto reducedelayfor longintercon-
nectionsg(seeFigure10). Whenlong wire sggmentsareaused,asa



resultof underutilization of mary wiring tracks,thechip areamay
increase[2]. In our analysisfor estimatinginterconnectdelay in
long wire segments,for simplicity and illustration purposesthe
increasan chip areadueto the underutilization of long wire seg-
ments is not tadn into account.

We considera 4-input LUT basedFPGAswith 20K LUTs and
implementedn .25 umtechnology The estimatedareaperstratum
for 2-D implementatiorand 3-D implementatiorwith 2, 3, and4

strataare7.84cn?, 3.1cn?, 1.77cn?, and1.21cn?, respectiely.

The correspondingraluesof channeldensityare 41, 24, 20, and
18, and the averagewire-lengths,roundedto the nearestinteger
values,are8, 6, 5, and5. It is assumedhat M3 andM4 intercon-
nectlevels are usedfor routing programmablénterconnectsthe
wiring pitch is 8\, whereA is half of the minimum featuresize.
Theestimatedviring capacitancandresistancere2.8 pF/cmand
540 Q/cm, respectiely. ThoughFPGAsimplementedin .25 um

technologygenerationare consideredin this study the system-
level modelscanbe extendedeasilyto scaledtechnologiesUsing
the monolithic 3-D integration technology[10], very high inter-

stratuminterconnect/vialensitycanbeachieredin scaledtechnol-
ogieswhich shouldbe sufiicient for meetingthe inter-stratumcon-
nectvity requirements for 3-D FPGAs.

CLB/
LUT
Two units One unit
long wire long wire
°o ¥ o y
(@] (@] o (@]
Four units
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Figure 10. Alter native routing choices using various length
wire segmentdn an SRAM-basedFPGA. Wir e-lengthis mea-
sured in units of LUT pitch, the average separation between
neighboring LUTs.

We estimateinterconnectelayfrom an outputterminalof a LUT
to aninput terminalof anotherLUT, using HSPICE,for average
lengthandchip-edgdengthwires. We assumeverageengthcon-
nectionsare implementedusing one unit long wire segments.In
addition, in 3-D implementation,2-D routing switch boxes are
replacedby 3-D routing switches The buffersandpasstransistors
have 10Xminimumdrive strengthanda gatevoltageof Vyg+Vyis
appliedin passtransistorso eliminatea V; drop acrossdrain-to-
source HSPICE-basedimulationresultsof interconnectdelay of
average-lengttwire in 2-D and 3-D FPGAsare shavn in Figure
11.Wefind thatthedrainjunctioncapacitanc¢at the outputtermi-
nalsof a LUT androuting switches)andinterconnectapacitance
are comparablefor short interconnections.Both shorter wire
lengthandreductionin channeldensity W, resultin lower capaci-
tancefor shortinterconnectionén 3-D FPGAs,andsubsequently
the reduction in interconnect delay

Similarly, we have alsoexaminedinterconnectdelayof chip-edge
lengthwires, asshavn in  Figure 11. We assume&hesewires are
routedin 1/4 chip-edgdengthwire segments.Two casesarecon-
sidered:in the first casethereis no buffer driving the routing

switchesandin thesecondtaselOXbuffersareinsertecto drive 2-

D and 3-D routing switches. We find that delay in chip-edge
length connectionis limited by interconnect RC delay The sig-

nificantreductionin chip-edgdengthinterconnectiordelayin 3-D

FPGAsis primarily dueto the lower wiring capacitancandresis-
tance.Thoughthe capacitve loadingdueto 3-D routing switches
is highercomparedo thatof 2-D routing switchesthey (3-D rout-

ing switches)do not seemto have a significantimpacton overall

delay
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Figure 11.Inter connectdelay asa function of number of strata
in 2-D and 3-D FPGAs. The average-lengthwires are imple-
mented by connecting one unit long wire segments,and the
chip-edgelength wir esare implemented by connectingfour 1/4
of chip-edge length wie segments.

4.4 Power Dissipation

We have also estimatedthe power dissipationin 2-D and 3-D
FPGAs,basedon system-lgel modelingand analysis,by taking
into accountpower dissipationin LUTS, clock network, and pro-
grammableénterconnections.In atypical 4-inputLUT based?-D
FPGA, implementedin .25 um technologynode, we find that
power dissipationin programmablénterconnectss 50%-60%and
in clock network 37%-45%of total power dissipation.The restof
total power dissipationis in LUTs. Within the programmablénter-
connectionthetotal power dissipationassociatedvith connection
switches,routing switches,and buffers is comparableto that of
signal interconnects.

In Figure 12, estimatedvaluesof total power dissipationare pre-
sentedfor 2-D and3-D FPGAswith 20K LUTs asa function of
numberof strata.We assumehe FPGAIis implementedn .25 um
technologywith 2.5V supply voltage;the clock frequeng is 10
MHz whichis typical for FPGAssuchasXC4000XV with compa-
rable numberof equivalent logic cells [20]. By 3-D integration
with 2-4 strataandthe sameclock frequeny as2-D FPGAs,the
reduction in pwer dissipation i85%-55%
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5. SUMMARY

In this papermodelsfor predictingchannelwidth in 2-D and3-D
FPGAs, basedon stochasticwire-length distribution, have been
presentedand opportunitiesfor 3-D implementationof FPGAs
have beendiscussedin 3-D FPGAswith 20K LUTs and 2-4
strata, 20%-40%improvementin LUT densitycan be achieved.
The reductionin interconnectelay by 3-D integrationcanbe as
much as 45% for shortinterconnectsand 60% for long intercon-
nects.Similar reductionin total power dissipationis alsofeasible
for comparablesystemperformance. Though simulationresults
arepresentedor .25umtechnologygenerationsimilar studiescan
be performedfor technology generationswith smaller feature
sizes. The modelingwork presentechere can also be extended
easilyto examinetheimpactof variousseggmentedwiring architec-
ture on chip area and system performance.

ACKNOWLEDGEMENT

This paper acknavledge support from the MARCO Focused
ResearciCenteron Interconnectswhich is fundedat the Massa-
chusettsinstitute of Technology througha subcontracfrom the
Geongia Institute of Echnology

REFERENCES

[1] Alexander M. J., Cohoon,J. P, Colflesh,J. L., andKarro J.,
“Three-DimensionaField Programmablé&sate Arrays”, Proceed-
ings of Eigth Annual IEEE InternationalASIC Conferenceand
Exhibit, pages 253-256, 1195.

[2] Betz, V., Rose,J., and Marquardt,A., Architectureand CAD

for Deep-Submicron FPGAS, Kluwer Academic Publishers, 1999.

[3] Brown, S.,Francis,R. J.,Rose J.,andVranesic,Z. G., Field-

Programmable Gate Arrays, Kluwer Academic Publishers, 1992.

[4] Campenhoud.V., Marck,H. V., Depreitere,J.,andDambre J.,
“Optoelectronic FPGAs”, IEEE Journal of SelectedTopics in
Qunatum Electronics, pages 306-315, 1999.

[5] Chan,P. K., Schlag M. D. F, andZien, J. Y., “On Routability
Predictionfor Field Programmablésate Arrays”, Proceeding®f
Design Automation Conference, pages 326-330, 1993.

[6] Darnauerd., and Dai, W. W. M, “A Method for Generating
Random Circuits and Its Application to Routability Measure-
ments”,Proceedingsf InternationalSymposiunof FPGAs,pages
66-72, 1996.

[7] Davis J. A., De, V. K, andMeind|, J. D., “A StochastidNire-
LengthDistribution for Gigascalelntegration(GSI) - Part|: Deri-
vation and Validation”, |IEEE Transactionon Electron Devices,
pages 580-589, 1998.

[8] DeHon,A., “ReconfigurableArchitecturefor GeneralPurpose
Computing”, PhD Thesis, Departmentof Electrical Engineering
and Computer Science, MIT996.

[9] Donath, W. E., “Placementand Average Interconnection
Lengthsof ComputerLogic”, IEEE Transactionon Circuits and
Systems, pages 272-277, 1979.

[10] Fan, A. and Reif, R., “Three-Dimensionalntegration with
CopperWafer Bonding”, to be publishedin Proceeding®f ULSI
Process Inggration || Symposium, March 2001.

[11] Gamal A., “Two-DimensionaModelsfor Interconnectiongn
Master Slice Integrated Circuits”, IEEE Transactionon Circuits
and Systems, pages 127-138, 1981.

[12] KusseE., “Analysisand Circuit Designfor Low Pawer Pro-
grammabld.ogic Module”, M. S. Thesis Departmenbf Electrical
EngineeringandComputerScience,University of California,Ber-
keley, 1997.

[13] LesserM., Meleis,W. M., andVai, M. M., ChiricescuS., Xu,
W., Zavracky, P. M., “Rothko: A Three-DimensionaFPGA",
IEEE Design and 8st of Computers, pages 16-23, 1998.

[14] Pae,S., Su, T., Denton,J. P, andNeudeck,G. W., “Multiple

Layersof Silicon-on-InsulatotslandFabricationby Selectve Epi-
taxial Growth”, IEEE Electron Device Letters, pages194-196,
1999.

[15] RahmanA. andReif, R., “System-Lerel Performance=valu-
ation of Three-DimensionalntegratedCircuits”, to be published
in IEEE Transaction on VLSI, Dec. 2000.

[16] Ramm,P, etal., “Three DimensionalMetallizationfor Verti-
cally Integrated Circuits”, MicroelectronicsEngineering,pages
39-47, 1997.

[17] Subramaniany., Toita, M., Ibrahim,N. R., Souri, S. J., and
Saraswat, K. C., “Low-Leakage Germanium-Seededaterally-
Crystallized Single-Grain100-nm TFTs for Vertical Integration
Applications”, IEEE Electron Device Letters, pages 341-343,
1999.

[18] Timbemer, S. M, editor, Field ProgrammableGate Array
Technology Kluwer Academic Publishers, 1994.

[19] www. eecg.toronto.edu/EECG/RESEARCH/FPGA.html
[20] www. xilinx.com



