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_ Abstract _
Interconnects oneof the major concernsn currentandfu-

ture microprocessoidesignsdromboth performanceand power
consumptiorperspective The emegenceof three-dimensional
(3D) chip architectues, with its intrinsic capability to reduce
the wire length, is one of the promising solutionsto mitigate
the interconnectrelatedissues. In this paperwe implementa
few componentf a microprocessorusing customdesignto
showthe potentialperformanceand powerbene tsachievable
through 3D integration underthermalconstaints. We alsoin-
troducea standad cell based3D design ow which leverages
thecommecial 2D designtools. Usingthis design ow we pro-
vide performanceresultsof wide range of arithmetic units in
3D, thusintroducinga fastmethodto analyzethe performance
bene tsof 3D designs.In contrastto prior work, which mostly
investigatessingle component®f a processarour work takes
multiple componentsnto consideation and the experimental
resultsare promisingin termsof delay and powerreductions.
Complexdesignsn 3D that haveequivalentperformancecom-
pared to a simple 2D designsis taken for IPC improvement
analysis. An IPC improvementof 11% shownfor a micropro-
cessolimplementedh 2-strata 3D technolagy.

1 Intr oduction

Interconnectaccountsfor a major portion of power con-
sumptionand communicatiordelay of microprocessorssolu-
tions to mitigate wire-relatedproblemshave beenwidely pro-
posedin recentyears. The useof three-dimensional3D) in-
tegratedtechnology[1, 2, 3, 4, 5] is onetechniquebeingvig-
orouslyresearchedo alleviate the problemsof interconnects.
In 3D technology device layersare processedeparatelyand
stacled vertically with 3D vias [6] providing the vertical con-
nectionbetweerdies. Onekey advantageof 3D chipsovertra-
ditional two-dimensionathipsis the directwire lengthreduc-
tion. This in-turn reducesparasiticsassociatedvith long in-
terconnecteadingto power savings, andlateng improvement
associateavith globalinterconnects.

Recentlytherehasheenquiteanamountof workiin literature
lookinginto theimplementatiorof processocomponentin 3D
technology{4, 7, 8, 9]. Daset. al [1] hasdevelopedtoolsthat
supportscustom3D layouts, placementsand routing. There
arecompanieghatships3D-stacled SRAM andDRAM prod-
ucts[10]. However, thereareonly few works focusingon 3D
micro-architecturastudiesfor high-performancenicroproces-
sors. For instance potentialbene ts of implementinga micro-
processoin 3D technologyweredescribed?] [11], thatdoes
3D explorationat architecturalevel andnot muchinformation
is available on individual componendesigns. RecentlyKiran
etal. [7] [8] [9] have looked into 3D implementationof in-
dividual componentsn microprocessoand provided detailed
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customdesignfor eachcomponents.

Thermalissuess consideredo beapotentialproblemin 3D
layersthatareaway from heatsink. Througha proposedCAD
o w designof circuitsin 3D, performancandpowerbene tsof
3D designsarestudiedunderthermalconstraintg§12]. Increase
in busfrequeny andwidth areprojectedasmajor contributors
to performancencreasevhengoingfrom 2D to 3D [13]. Here,
only the memory (cacheand DRAM) is implementedin 3D
andthe systemfrequeng is keptlow to reducethermalprob-
lems. This lossin systemfrequeng can be recoveredby in-
telligent placementf core componentsn multi layers. Intel
casestudyshavedthatthe worst-casd¢emperatureanbe kept
undercontrolby using3D designto reducethetotal powercon-
sumption,thus achieving a performancebene t of 15% from
3D designs[14

In this paper we explore the customdesignof few impor-
tantmicro-architecturablocksthatincludesinstructionsched-
uler, KoggeStonepre x adder andlogarithmicshifter Com-
parisonsbetweer2D and3D implementation®f thesecompo-
nentsshow favorableresultsfor 3D designin termsof perfor
manceand power underthermalconstraints. Furtherwe pro-
posea standard-celbaseddesign- ow to designcomponents
in 3D andobtainperformancecharacteristicsHowever, dueto
the compleity of micro-architecturethe whole gain of 3D in-
tegrationis muchmoredif cult to determinemorespeci cally,
afull microprocessoimplementatiorfor a speci ¢ technology
is required.Therefore our work demonstratethe potentialad-
vantagesf the3D micro-architecturéo architectsandthushelp
the designerdo make decisionsat an early stageof the design
process.

The rest of the paperis organizedas follows. Section2
brie y reviews the 3D technology Section3 investigateghe
possibilitiesof implementinghecomponentsf amicroproces-
sorin 3D. Sectiond presentanddiscussesxperimentatesults.
We concludethis paperin thelastsection.

2 Background of 3D Technology

There are numerousnovel 3D integratedtechnologiesun-
derdevelopmen{15]. Oneof the mostpromisingstylesof 3D
technologiess waferbondingtechnology[6], in which 3D inte-
gratedcircuitsareformedby verticalstackingof multiple strata.
Eachstratumis anactive devicelayerandis processethdepen-
dently; and 3D vias provide die-to-dieconnections.Thereare
two typesof bondingtechniquestace-to-ceandface-to-back,
thatareshown in Figure 1. In face-to-acebonding[2, 5], the
3D vias areprocesse@nddepositecon top of metallayersas
the traditional metal etchingtechnologies. Although this ap-
proachcanprovide highervia density dueto the similarity of
synthesizingheregularon-dieinterconnectst allows only two



active layersin a 3D stack.For face-to-baclbonding[1, 4], on

the otherhand,any numberof diescanbe staclked. However,

viasin this con guration mustbe etchedthroughthe backside
of a die andlessvia densityis possibledueto the lessresolu-
tion of the etchingprocescomparedo its counterpart.In our
approachwe assume face-to-backbondingtechnology
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Figure 1. (a) Face-to-face bonding. (b) Face-to-bac k

bonding.

Thedistancébetweertwo topmetallayersis abouttheheight
of 5 mto20 mandthedimensiorof die-to-dieviasvaryfrom
1 m-by-1 mto 10 m-by-10 m dependingon the technology
[4,5, 6]. Therelatively largesizeof via makestheinterconnect
delay going throughwafer to be relatively muchsmaller As
reportedin [5], the communicatiordelayof a die-to-dievia is
muchlessthana FO4delayin the 70nmtechnology

3 ProcessoModulesin Exploration

In this sectionwe rst analyzethe customdesignof individ-
ual componentdik e instructionschedulerKogge Stoneadder
andLogarithmicshifterin 3D. Thenwe describea standaratell
based3D design o w which leverageshe commercial2D de-
signtool.

Theinstructionscheduleconsistof two majorcomponents,
wake-upandselectionlogic. Thewake-uplogic is responsible
for awakeninginstructionsand the selectionlogic determines
whichinstructionsto beissuedup to the maximumissuewidth
of aprocessarDueto its compleity, it consumeslot of enegy
andis alsopredictedto be a clock speedimiter [16] asfeature
sizescales.

The architecturalevel structureof both wake-uplogic and
selectionlogic areshavn in Figure2. Ourimplementation®f
thesecomponentsadoptedthe architecturaldesignsproposed
in [16]. The delay of the wake-uplogic canbe expressedas

, Where
representshetime takenby buffersto drive tagbits,
representthetime for acomparisorcell implementecasCAM
structureto pull down the matchline, and represents
thetime neededo OR individual matchline. Thedelayof the
selectionlogic is composedf the propagatiortime for request
signalsto getto therootarbitercell, thetime for therootarbiter
cell to generatehe grantsignal,andthe time to propagatehe
grantsignalto the selectednstructionfor startingexecution.

The delay of the wake-up logic is affected by both issue
width andwindow size, whereashe selectiondelayis mostly
in uenced by the sizeof theinstructionwindow. More specif-
ically, the is the mostin uential onein decidingthe
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Figure 2. (a) Wake-up logic. (b) Selection logic.

overall delay of the issuelogic basedon HSPICE simulations
resultsshavn in Figures3(a), 3(b),and3(c). Figure3(d) shavs

the power consumptionincreasewith window size dueto big

cumulative capacitanceandwith issuewidth dueto morewires
thatneededetweerfunctionalunitsandcomparisorcells.
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Figure 3. Wake-up logic delay breakdo wn and power
with diff erent issue widths and diff erent windo w size.

Figure4(a)shavsthedelaybreakdavn of thewake-uplogic
with differentissuewidthsanda x edinstructionwindow size
of 64. It canbe obsenedthatthe time of is only af-
fectedby theissuewidth, albeitslightly. Thisis becaus¢hede-
lay of anOR gateis mainly decidedby thenumberof input pins
it has,which correspond$o theissuewidth. Ontheotherhand,
window size hasgreaterimpacton the delaythanissuewidth
becauseghe wire delayis moreeminentin advancedtechnolo-
gies. Notethat, neitherthewindow sizenor theissuewidth af-
fectsthetime of tag-matctsincethecomparisorcell is designed
basedn CAM structureandits delayis solelydependenvnthe
timefor dischagingthematchline. Figure4(b)shavsthedelay
breakdavn of the selectionlogic for differentwindow sizesand
issuewidth of 8. As canbe obsened, the delay of the arbiter
is independensdf thewindow sizeandtheincreasean delayfor
forwardandbackwardpathsarenot 100%for window size8 to
16 andwindow size 32 to 64 dueto the structure[16] of
the selectionogic.

As currentandfuture micro-architecturatiesignshave ten-
denciesof adoptingwider instructionissuewidth and larger
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Figure 4. (a) Wake-up logic delay breakdo wn. (b) Se-
lection logic delay breakdo wn.

window size,thelonglateng of will only exacerbate.
Onesolutionto tacklethewire-inducedproblemss themoveto
3D technologyandthusimplementingthis logic in 3D to miti-
gatethederivative issuesof . Fromthis point of view,
two possiblepartitioningapproachesanbe appliedto thelong
tag-drive lines. The rst oneis referredto ashorizontalparti-
tioning (shavn in Figure5a), which cutsthe tag-drive linesin
half horizontallyandplaceone-halflengthof tag-drivelineson
the rst layerandthatof the otheronthesecondayerassuming
two active device strataareused.In otherwords,we duplicate
thetag-drive lineswith only half-longlengthof tag-drive lines
onto eachlayer andthusloweredwire capacitanceanbe ac-
quired.We referthe secondapproactto asvertical partitioning
(shavnin Figure5b), which separatethetag-drive linesverti-
cally into two halves.Thatis, we canassumeag[0:3]is on one
stratumwhile tag[4:7]is on anotherstratum.
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Figure 5. (a) Horizontal partitioning of tag-drive . (b)
Vertical partitioning of tag-drive .

In this section,we look at 3D arithmeticunit designs.Ac-
cordingto [3], highly parallelcircuitsbene t morefrom thein-
creasedchumberof neighboringgatesin 3D systemghanthose
highly serialcircuits. Thereforewe only investigatesomearith-
metic function units that can have potentialimprovementon
critical pathswhile implementecn 3D.

3.2.1 KoggeStoneadder

The Kogge Stone(KS) adder[17] is oneof the fastestadders
in CMOS design. Sincethe interconnectengthin the critical

pathincreasedinearly with the numberof inputs, wire delay
dominatests performancen the currentdeepsub-microntech-
nologies[18].

Figure6(a) shawvs the 2D placemenbf the 16-bitKS adder
andFigure 6(b) shows the correspondingchematic3D place-
mentof this adderin 4 strata. For the sale of clarity only the
bottom3 strataareshavn. The 3D strataareshowvn in different
colorsin orderto matchthecorrespondin@D design.Notethat,
3D via contactsnotshown in the gure, areneededor signals
to travel acrossstrata.Thecritical pathin 2D koggestoneadder
spandrom top-rightcornerto the bottom-leftcorner[18]. The
critical path (highlightedin bold line) asidenti ed by circuit
simulationin the 2D adderspansacrossl 2 cellsagainst3 cells
in 3D. It is visible from the 3D placementhat the cell place-
mentwrapsaroundfor every 4 cell, which givesa maximumof
4x wire lengthreductionin 3D alongthecritical paths.
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Figure 6. 16-bit KS adder[18] in 2D (a) and 3D (b), crit-
ical path is shown in bold line.

3.2.2 Logarithmic shifter

Anotherdesignwhich haswire delayimpactson performance
is the logarithmicshifter[17]. The 2D layout of the 8-bit log
shifterin Figure7(a)shavsthelineardependencef wire length
on the numberof inputs. The metric usedhereto calculatethe
wire lengthis the numberof cells crossedoy the wire before
reachingthe destination(i.e., wire lengthis calculatedn num-
berof cell units).

Thecellsin the 8-bit log shifterare2-1 muxeswhich getsit
selectsignalfrom s0,s1,ands2. Figure7(b) shavs the place-
mentof the shiftercellsin 2 strata. The 2D implementatiorof
log shifterhasacritical pathhighlightedin boldline of 10 cells,
while asthe correspondingpathin 3D spansonly 4 cellsand2
viasasshowvnin the gures.

Customdesigntakeshugeamountof time for designingand
testing.Hencedesigningargercomponentsiecessitatea stan-
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Figure 7. Log shifter[18] in 2D (a) and 3D (b), critical
path is shown in bold line.

dardcell baseddesign o w to automate3D design.Recentef-
forts have focusedon developingtoolsfor supporting3D phys-
ical design[1]. Many studyhaslookedin to the physicaldesign
frameawork for 3D IC whichincludes oor -planning placement
androutingissued19, 20, 21].

We proposeaneasy-to-adop3D design o w (shovn in Fig-
ure 8) thataugmentshe commercialD design o w to do per
formanceexplorationof 3D design. This tool-setprovidesca-
pability for fastexplorationof 3D designspaceatanearlystage
of designwith accurag. We synthesizedariousdesignausing
SynopsiDesignCompiler Thenplaced androutedthedesigns
usingCadencesiliconensemblg22]. MIT PR3D[23, 1] which
is a 3D partition tool, wasusedto partition the 2D designinto
variouslayers. SynopsisPrimeTime [24] wasusedfor timing
analysis. Timing datafor the 3D designwas extractedusing
our in-house3D net-list extractionandtiming datageneration
scripts,which insert3D inter-wafervia timing informationinto
thenet-list,to generat8D timing data.

4 Experimental Results

The processos componentsnentionedin Section3.1 and
3.2wereall modeledn 70nmtechnologyBSIM transistoimod-
els[25]. The implementationof thesecustomdesignswere
basedonaMIT tool, 3D Magic[1], whichis alayouttool cus-
tomizedfor 3D designs.Thelateng andpower of all compo-
nentsin 2D and 3D were acquiredthrougha combinationof
circuit-level HSPICE simulations. To modelthe performance
anddelayimpactsof the 3D via moreaccuratelythe RC delay
of 3D via is addedto the circuits to re ect its in uence. The
resistancef 3D viais estimatedobe10 ohm-cm basedn
actualresistanceneasuremer|6], andthe capacitancés es-
timatedasthe capacitancef a1l m-by-1 m contactusingthe
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Figure 8. 3D-CAD design o w.

top metallayerandthe heightof the interlayervia is assumed
tobe2 m. Basedonthebene tsof transferringo 3D, we eval-
uatedthe performancempactof 3D microprocessowith some
applicationdrom SPEC200enchmarlsuite.

Figure 9a shavs the lateng bene ts for tag-drive by using
differentnumbersof strata. For the horizontalpartitioning,we
obsenedthe lateny improvementof 44% whenmoving from
2Dto 2-strataBD implementations22%from two to threestrata
andanadditionall6%improvementwith the move from two to
four strata.For theverticalpartitioning,we only show theresult
of 4%improvementor 2 stratabecausaddingmoredevicelay-
ershaslittle bene t. Therefore pnly the horizontalpartitioning
will beconsideredn thefollowing experiments.
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Figure 9. (a)Tag drive latencies, (b)Single loop delay
of issue logic, and (c)Power consumption under dif-
ferent stratum con gurations.

Basedon Figure9athe delayof thetag-drive scaledinearly
asthe numberof window sizesincreasedor two strata. How-
ever,we canobsenesomeat performancérendsfor boththree
andfour strata. This is becauséhe numberof window entries
locatedon differentstrataarethe samein somecasesandthus
resultsin the sametag-drive lateng. For example,window size
40 haspartitionsof 3, 3, and4 sectionsof window entriesand
eachof thesectionhasfour window entries(dueto theselection



logic structure)Sothe window size40 have thetag-drive delay
of traveling 4 sectionof window entriesandreachingdown the
tagcomparisorcells.

we have evaluatedhesingleloop delay(wake-upandselect)
reductionobtainedfrom 3D integrationandthe resultis shavn
in Figure9b. Theaveragedelayreductionis 23%acrossall ve
window sizeswhencomparing2D and 2-strata3D implemen-
tations. Additional reductions 6% and 10%, canbe obsenred
whenimplementediponthreeandfour strata.Notethat,the se-
lectionlogic is pitch-matchedo thewake-uplogic and3D vias
areaddedasneededThedelaytime of theselectiorlogic is not
changedsigni cantly in 3D dueto its structure.Figure9c
shaws the power comparisorbetweer2D and3D implementa-
tions. The averagepower reductionis 16%for all ve window
sizeswith two strata,andadditionalreductions$% and8% are
obtainablewith threeandfour strataimplementationsBasedon
the precedingesults,we obsene thatthe issuelogic is a wire-
boundstructure. Thus,the move from 2D to 3D is essentially
helpfulin relieving thewire-relatedmpacts.

Table 1 shaws the power and performanceresultsof both
the KS adderandthelog shifterwhenimplementecon 2D and
3D, usingcustomlayoutdesigns.Theresultsshavn in Tablel
for 16-bit Kogge Stoneadderelicit animprovementin perfor
mance(power saving) from 20.23%(8%) in 2-stratato 32.7%
(22%) in 4-strata3D design. We consideronly a 2-strataim-
plementatiorfor thelog shifterbecaus®nly maminalbene tis
obsenedwhengoingbeyondtwo strata.Theimprovementsre
alsonoticeableor the 16-bit (32-bit) log shifteron 2-strata3D
with 13.4%(28.4%)on performanceand 6.5% (8%) on power
comparedo the 2D implementation.

70nmtechnology
16-bitKS adder Log 16 Log 32
delay(ps) [ power(mw) | delay | power | delay | power
2D 504 0.87 224 0.77 398 2.0
2-strata 402 0.80 194 0.72 285 1.84
[[3-strata 385 0.74
4-strata 339 0.68
Performancemprovementandpower savingsof 3D over 2D design
[ 2-strata | _20.23% 8% 134% | 65% | 284% | 8%
3-strata | 23.6% 15% - - - B
Z-strata | _32.7/% 22%

Table 1. 2D and 3D implementations of adder and

shifter using custom layout designs.

BK-BrentKung,KS-KoggeStone

TSMC 90nmiechnology

Delay (ns) I

BK Adder | KSAdder | BoothMult | Array Mult_|
Fof INputbits (3251 ([32bi) (9bi)) 8bin)
2D 1.35 0.83 3.78 4.09
2-strata 1.22 0.72 3.27 3.56
3-strata 1.08 0.68 2.18 3.31
4-strata 1.08 0.65 2.18 3.18

Performancemprovementof 3D over 2D design
2-strata 9.6% 3% 13.4% 12%
3-strata 20% 18.1% 42.3% 19%
4-strata 20% 21.7% 42.3% 22.2%

Table 2. 2D vs 3D performance comparison of Brent
Kung adder, kogge stone adder, Booth and Array Mul-
tiplier using 3D-CAD desigh o w

Ontheotherhand,we usedour standarctell 3D designo w
to designvariety of arithmeticunits rangingfrom 32-bit pre x
addergo (8 and9 bit) multipliersin 3D. Thesearithmeticunits
weredesignedisingour 3D designo w with TSMC 90nmstan-
dardcell library. Improvementin performancef the3D design

as the numberof device layersincreasess evident from the
resultsshavn in Table 2. Its interestingio obsene thatthe per
formanceof 32-bitBrentKungadderand9-bit Boothmultiplier
in 3D doesnot improve for morethan 3 layersof integration.
Thesetrendsarevery importantto be capturedat a very early
stageof designfor anef cient 3D IC design.In this regardour
proposedool o w aidsquick 3D designanalysis.
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Figure 10. Temperature pro le of (a)lnstruction sched-
uler, (b)Arithmetic units.

Thermalimpactof theproposeatustomdesignsareanalyzed
usinga 3D hot-spottool HS3D [27]. We usea Silicon layer
thicknesof 10 mandaninterlayerthicknesof2 m [28], and
via pitchof 1 mx1 m. Thethermalanalysisassumesnambi-
enttemperaturef 45 C aroundhemodulesastheexperiments
aredonefor individual modules AveragePeak-temperaturia-
creaseof a 4 layer designfrom a 2D designfor 8 wide issue
logic is 10 C for all window sizes(Figure 10a), 16-bit kogge
stoneadder(KS16)is5 C, 16-bitand32-bitLog shifter(Log16
andLog32respectiely) is 20 C (Figure10Db). Signi cant ther
mal impacton Log shifteris dueto its compact3D designand
minimal powerreductionin 3D, comparedo theissudogic and
koggestonedesign.

Without consideringthe thermalimpact of 3D design,the
performancandpowerimprovementof all the customdesigns
in 3D from their 2D are providedin Section4A and4B. The
performancegpower) improvementof the 3D designover 2D
accountingfor the thermaldelay-dgradation(leakagepower
increase)s still 31.5%(22.6%)for 8 wideissuelogic averaging
overall window sizes29.24%(15.1%)for 4-layer16-bitKogge
Stoneadder 6.64% (0.4%) for 2-layer 16-bit Log shifter and
21.6%(1.2%)for 2-layer32-bit Log shifter.

The performancdpower) improvementaccountingor ther
mal delay-dgradation (leakage power increase)is 21.6%
(15.5%)for 2 layerdesignof 8-wideissuelogic averagingover
all window sizes.Thelayoutfor 16-bitkoggestoneis suchthat
the power densityin 2 and 3 layer designsare not effective in
increasingts temperatureomparedo its 2D designandhence
nosigni cant differencen performancendpowercomparedo
its 2D design. The performancémprovementthusachievable
from 3D evenafterincludingthe thermalimpactis substantial.

we considerthe performancémpactfrom a 2-strataproces-
sor in which we obsenre the largestgain, andwith the reason
that the performanceand costare unjusti ed when going be-
yondtwo stratawith the currentavailabletechnology Fromthe
resultsshowvn in section4.3, we obsene thatthe lateng of the



issuelogic, KS adder shiftercanbereducedy 21.6%,20.23%,
and 21.6%with a 2-strata3D technologyunderthermalcon-
straintscreatedoy 3D placement.Basedon the recentresults
reportedin [4, 5], the cachecanbe clocked 10% 13% faster
whenimplementedupona 2-strata3D architecture.Sincethe
structureof aregister le is similarto thatof cache we assume
similar bene ts. We alsoassumehe Load/Storequeueto have
samdateng reductionasin issuelogic dueto their similarities.

3D bene ts allows for eithera larger and complex design
(suchasalargerwindow size)or afasterdesign(suchasafaster
L2 cache).Instructionscheduledesignedn 3D with twice as
mary entriesis claimedto have samédatenq astheoriginal 2D
implementation[8 we have thus enlaged somestructuresn
orderto exploit moreinstruction-level parallelism,andlowered
latenciesfor somememorycomponents.Table 3 lists the pa-
rameterdor both 2D and 3D processors.Note thatto have a
fair comparisorbetweera 2D anda 3D designwe assumehat
theclockratesareequialent.

We usedanarchitecturalevel simulator Simple-Scalaf29],
with applicationdrom the SPEC200enchmarlsuiteto eval-
uatethe performancempact. Theresultis shovn in Figure11.
As canbeobsenedfrom the gure, theenlagedstructuresand
the lowering latenciesin 3D can effectively extract more IPC
comparedto the corventional 2D implementationof proces-
sors. The averagelPC speedups 11% acrossall ve applica-
tions; however, we believe moreimprovementcanbeachieved
if more3D-optimizedcomponentganbeincorporated.

2D 3D
Issuewidth 8 8

Window size 32 64

ROB Size 128 128
ICT,DLT 32KB,3cycle | 64KB,3cycle

RegisterFile 128 128

LCoad/StoreQueue 16 32
Unied L2 IMB,8 cycle IMB,7 cycle

Table 3. Processor parameter s for 2D and 3D imple-
mentations.

IPC comparison between 2D and 3D
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Figure 11. IPC results for 2D and 3D processor s.

5 Conclusion

The 3D technologycanreducewire length effectively and
thistechniques especiallyprominentor wire-boundfunctional
units in bringing power down from chaging and dischaging
longwires. In this paperwe have exploredthepotentialbene ts
of afew component®f a microprocessowhenimplementedn
3D. From our experimentalresults,we shaved that delay and
power canbe reducedasthe numberof active layersusedin-
creasegonsideringthermalconstraints.Basedon the lateng/
improvementwe evaluatedhe performancémpactthroughar-
chitecturallevel simulatorwith SPEC200@pplicationsandthe

resultshavs an averagespeedumf 11% canbe achiezedcom-
paredto the corventional2D implementationof microproces-
sor. We introduceanautomate®D design o w which helpsin
earlyexplorationof 3D design.Theresultsfrom thedesigno w
shav prospectdor designinghe ALU componentén 3D.
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