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Abstract

Thedoublingof microprocessoperformanceverythreeyears hasbeen
theresultof two factors: more transistos per chip and superlinearscaling
of the processorclock with technolayy geneation. Our resultsshowthat,
dueto both diminishingimprovementsn clod ratesand poor wire scal-
ing as semiconductodevicesshrink,theachievable performancegrowth of
corventionalmicroarchitectues will slow substantially In this paper we
describetechnolayy-driven modelsfor wire capacitance wire delay and
microarchitectual componentlelay Usingtheresultsof thesemodelswe
measue the simulatedperformance—estimatirtgpth clock rateand IPC—
of an aggressiveout-of-oder microarchitectue asit is scaledfroma 250nm
technolayy to a 35nmtecnolayy. We performthis analysisfor threeclod
scalingtargetsandtwo microarchitectue scalingstrategies: pipeline scal-
ing and capacity scaling We nd that no scalingstrategy permitsannual
performancemprovementf betterthan 12.5%, which is far worse than
theannual50-60%to which we havegrownaccustomed.

1 INTRODUCTION

For the pastdecademicroprocessorhave beenimpraoving in over
all performancet arateof approximately50-60%peryear These
substantiaperformancémprovementshave beenminedfrom two
sourcesFirst, designerdiave beenincreasingclock ratesat arapid
rate, both by scalingtechnologyand by reducingthe numberof
levels of logic percycle. Second,designershave beenexploiting
the increasingnumberof transistorson a chip, plusimprovements
in compilertechnology to improve instructionthroughput(IPC).
Although designershave generallyoptedto emphasizeone over
the other both clock ratesand IPC have beenimproving consis-
tently. In Figurel, we shaw thatwhile somedesignerave cho-
sento optimize the designfor fastclocks (CompagAlpha), and
othershave optimizedtheir designfor high instructionthroughput
(HP PA-RISC), the pastdecades performancéncrease$ave been
afunctionof both.

Achieving high performancen future microprocessorsiill be
a tremendoushallenge,as both componentf performancem-
provementarefacingemeging technology-dwren limitations. De-
signerswill soonbeunableto sustainclock speedmpravementsat
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the pastdecades annualizedateof 50%peryear We nd thatthe
rateof clock speedmprovementmustsoondropto scalinglinearly
with minimum gatelength,betweenl2%and17%peryear

Compensatindor the slower clock growth by increasingsus-
tainedIPC proportionallywill be dif cult. Wire delayswill limit
the ability of conventionalmicroarchitectureso improve instruc-
tion throughput. Microprocessorcoreswill soonfacea new con-
straint,onein which they arecommunicatiorboundon the die in-
steadof capacitybound As featuresizesshrink,andwiresbecome
slower relative to logic, the amountof statethatcanbeaccesseth
a singleclock cycle will ceaseto grow, andwill eventually begin
to decline.Increasesn instruction-level parallelismwill belimited
by the amountof statereachablén a cycle, not by the numberof
transistorghatcanbe manufcturedon a chip.

For corventional microarchitecturesmplementedin future
technologiespour resultsshav that, as wire delaysgrow relative
to gate delays,improvementsin clock rate and IPC becomedi-
rectly antagonistic.This factlimits the performancechis/able by
ary corventionalmicroarchitectureln sucha world, designersare
facedwith adif cult choice:increaseheclockrateaggressiely at
the costof reducinglPC, or mitigatethedeclinein IPC by slowing
therateof clock speedgrowth.

In this paperwe explorethescalabilityof microprocessocores
astechnologyshrinksfrom the current250nmfeaturesizesto the
projected35nmin 2014.With detailedwire andcomponenimodels,
we shaw thattoday's designsscalepoorly with technologyimprov-
ing at best12.5%peryearover the next fourteenyears. We shav
that designeramust selectamongdeepermipelines,smallerstruc-
tures,or slower clocks,andthatnoneof thesechoicesnor the best
combinationwill resultin scalableperformance Whetherdesign-
erschoosean aggressie clock and lower IPC, or a slower clock
anda higherIPC, today's designscannotsustainthe performance
improvementwf the pastdecades.

In Section2, we describerendsin transistorswitchingandwire
transmissioniime, aswell asour analyticalwire delaymodel. The
delaymodelis derived from capacitancextractedfrom a 3D eld
solver, usingtechnologyparameterfrom the Semiconductoindus-
try Association(SIA) technologyroadmagd?22]. We usethe model
to estimatemicroarchitecturaliring delaysin futuretechnologies.

In Section3, we describeour microarchitecturecomponent
modelswhicharebasedntheCacticachedelayanalysisgool [30].
Thesemodelscalculateaccesslelayasa function of cacheparam-
etersandtechnologygenerationWe modelmostof themajorcom-
ponentof amicroprocessocore,suchascachesregister les, and
queues.We shav that the inherenttrade-of betweenaccesdime
andcapacitywill forcedesignergo limit or evendecreas¢he size
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Figurel: Processoclock ratesandnormalizedorocessoperformancéSpecint/Clockate),1995-2000.

of the structuredo meetclock rateexpectations.For example,our
modelsshav thatin a 35nmimplementatiorwith a 10GHzclock,
accessingvena4KB level-onecachewill require3 clock cycles.
In Section4, we reportexperimentalresultsthat shav how the
projectedscaling of microarchitecturacomponentsaffects over
all performance.Using the resultsof our analyticalmodelsasin-
putsto SimpleScalabasediming simulation,we trackthe perfor
manceof currentmicroarchitecturesvhen scaledfrom 250nmto
35nmtechnology usingdifferentapproache$or scalingthe clock
andthe microarchitecture.We measurehe effect of threediffer-
ent clock scaling stratgjies on the microarchitecture:settingthe
clock at 16 fanout-of-four(FO4) delays,settingthe clock at 8 FO4
delays,and scalingthe clock accordingto the SIA roadmappro-
jections. We also measuretwo different microarchitecturescal-
ing stratgies: pipeline scaling and capacityscaling In pipeline
scaling,we hold the size of the microarchitecturastructureso be
constanficrossechnologygenerationsandmeasurea deepepipe
causedyy longerdelaysto accessorestructuresin capacityscal-
ing, we reducethe sizesof the microarchitecturastructuresateach
technologygenerationattemptingo limit thedepthof thepipeline.
Our resultsshav that no scalingstratgly permitsmorethana
factor of 7.4 improvementin performanceover a seventeen-year
period,comparedo the 1720-foldimprovementthat would result
from 55%annualperformanceémprovementsoverthesameperiod.
Finally, in Section5, we drav conclusionsfrom our resultsand
describeheimplicationsfor future microprocessodesigns.

2 TECHNOLOGY TRENDS

Microprocessomperformancemprovementshave beendriven by
developmentsin silicon fabricationtechnologythat have caused
transistorsizesto decrease.Reducedeaturesizeshave provided
two bene ts. First, sincetransistoraresmaller morecanbeplaced
on a single die, providing areafor more comple« microarchitec-
tures. Second,technologyscaling reducestransistorgatelength
andhencetransistorswitchingtime. If microprocessocycle times
aredominatedby gatedelay greaterquantitiesof fastertransistors
contributedirectly to higherperformance.

However, fasterclock ratesandslower wireswill limit thenum-

ber of transistorgeachablén a singlecycle to be a small fraction
of thoseavailableon a chip. Reducingthe featuresizeshascaused
wire width andheightto decreasegesultingin largerwire resistance
dueto smallerwire cross-sectionarea.Unfortunatelywire capac-
itancehasnot decreasegroportionally Eventhoughwire surface
areais smaller the spacingbetweerwiresonthe sameéayeris also
being reduced. Consequentlythe decreasegbarallel-platecapac-
itanceis offset by increasedcoupling capacitanceo neighboring
wires. In this sectionwe usesimple rst-order modelsto demon-
stratethe effect of technologyscalingon chip-widecommunication
delaysandclockrateimprovements We usethesemodelsto reason
abouthow future microarchitecturesanexpectto bescaled.

2.1 Wire Scaling

Our sourcefor future technologyparametergertinentto wire de-
lay is the1999InternationallechnologyRoadmagor Semiconduc-
tors[22]. Althoughtheroadmaputlinesthetargetsfor futuretech-
nologiestheparameterdescribedvithin arenotassuredNonethe-
less,we assumehat the roadmaps aggressie technologyscaling
predictions(particularly thosefor conductorresistvity and di-
electricpermittivity ) canbemet. We alsousetheroadmaps con-
ventionof subdviding the wiring layersinto threecateyories: (1)
local for connectionawithin a cell, (2) intermediate or mid-level,
for connectionsacrossa module,and(3) global, or top-level, for
chip-widecommunication.To reducecommunicatiordelay wires
arebothwider andtaller in the mid-level andtop-level metallay-
ers.In our studyof wire delay we focuson mid-level andtop-level
wires, andusethe the wire width, height,andspacingprojectedin
theroadmap.

Sincethe delayof awire is directly proportionalto the product
of its resistanceand capacitancewe developedmodelsfor these
parametersicrossall of the technologygeneration®f interest. To
computewire resistanceper unit length, ( ) we usethe sim-
ple equation, —, where is wire resistance, is wire
width,and iswire height. Computingcapacitanceerunitlength
( ) is morecomplex; we usea modelbasedn empiricalre-
sultsobtainedrom Space3Dathree-dimensionakld solver[28].
Wire capacitancéncludescomponentgor conductorsn lower and
highermetallayersaswell ascouplingcapacitancéo neighboring



Gate Mid-Level Metal Top-Level Metal

Length | Dielectric Metal Width  Aspect Width  Aspect

(nm) Constant ¢ - )| (nm) Rato ( [/ ) ( [ ) (nm) Rato ( [/ ) ( I )
250 3.9 3.3 500 14 107 0.215 700 2.0 34 0.265
180 2.7 2.2 320 2.0 107 0.253 530 2.2 36 0.270
130 2.7 2.2 230 2.2 188 0.263 380 25 61 0.285
100 1.6 2.2 170 2.4 316 0.273 280 2.7 103 0.296
70 1.5 1.8 120 2.5 500 0.278 200 2.8 164 0.296
50 1.5 1.8 80 2.7 1020 0.294 140 29 321 0.301
35 1.5 1.8 60 29 1760 0.300 90 3.0 714 0.317

Tablel: Projectedfabricationtechnologyparameters.

wiresin the samelayer. For eachfabricationtechnology we pro-
vided Space3Dwith thegeometryfor a givenwire with otherwires
running parallelto it on the samelayer and perpendiculaion the
layersabove andbelav. We vary wire height,width, and spacing
in the Space3Dnputgeometriesanduseleast-mean-squaredirne
tting to derive thecoefcients for themodel.By assuminghatall
conductorotherthanthemodelledwire aregroundedandthusnot
accountingfor Miller-effect couplingcapacitancegur capacitance
modelis optimisticcomparedo the ervironmentof awire in areal

system.
In Tablel, we displaythewire parameterfrom 250nmto 35nm
technologies.Our derived wire resistanceger unit length ( )

and capacitanceper unit length ( ) are shawn for both mid-
level andtop-level metallayers. increasegnormouslyacross
thetechnologyparametersyith notablediscontinuitiesat thetran-
sition to 180nm,dueto copperwires,and 70nm, dueto an antici-
pateddropin resistvity from materialsimprovementsprojectedin
theSIA roadmapHowever, to keeppacewith shrinkingwire width,
wire aspectatio (ratio of wire heightto wire width) is predictedo
increaseup to a maximumof three. Larger aspectratiosincrease
the coupling capacitanceomponenbdf , Wwhich is somavhat
mitigated by reductionsin the dielectric constantof the insulator
betweerthe wires. Evenwith the advantagesf improved materi-
als,theintrinsic delayof awire, , iIs increasingwith
every new technologygenerationTheseresultsaresimilar to those
foundin otherstudiesby Horowitz [11] andSylvesterf27].

The derived valuesfor and form the core of our
wire delaymodel. Given the fabricationtechnology andthe wire
length,width, andspacingpurmodelcomputesheend-to-endvire
transmissiordelay For theloadontheremoteendof thewire, we
assumea minimum-sizeinverter which hasa small gate capaci-
tancerelative to the wire capacitanceWe assumeptimalrepeater
placemenin our modelto reducethe delay's dependencen wire
lengthfrom quadraticto linear Eachrepeatelis aninverterwith
PFETandNFET sizeschoserto minimize overall wire delay We
usea circuit to modeleachwire segmentin a repeatedvire, as
describedn [3], andcalculateheoveralldelayasafunctionof wire
length usingEquationl.

- — M

is the on-resistancef the repeater s the gatecapaci-
tanceof therepeater is the length of a wire sggmentbetween
repeaters, is theintrinsicdelayof arepeaterand and  are

theresistancandcapacitancef thewire sggmentbetweertwo re-

peatersUsingthis equationthe transmissiorelayfor a5mmtop-

level wire morethandoublesdrom 170psto 390psovertherangeof

250nmto 35nmtechnologiesWhenpossible increasinghe wire

width is an attractive stratey for reducingwire delay Increasing
the wire width and spacingby a factorof four for top level metal
reduceghedelayfor a 5mmwire to 210psin a 35nmprocessata
costof four timesthe wire tracksfor eachsignal. In this study we

assumehewire widthsshavn in Tablel.

2.2 Clock Scaling

While wires have slowed down, transistorshave beengettingdra-

maticallyfaster To rst order transistorswitchingtime, andthere-
fore gatedelay is directly proportionalto the gatelength. In this

paperwe usethe fanout-of-four(FO4) delaymetricto estimatecir-

cuit speeddndependentf processtechnologytechnologieq11].

The FO4 delayis the time for aninverterto drive four copiesof

itself. Thus,a given circuit limited by transistorswitching speed
hasthe samedelay measuredn numberof FO4 delays, regard-
lessof technology Reasonablenodelsshav that undertypical

conditions,the FO4 delay measuredn picosecondgps) is equal
to , Where is the minimum gatelengthfor a
technology measuredn microns. Using this approximation,the
FO4delaydecreasegom 90psin a250nmtechnologyto 12.6psin

35nmtechnologyresultingin circuit speedsmproving by afactor
of seven,just dueto technologyscaling.

The FO4 delay metric is importantasit providesa fair means
to measureprocessoclock speedscrossechnologies.The num-
berof FO4delaysperclock periodis anindicatorof the numberof
levels of logic betweeron-chiplatches.Microprocessorshathave
a small numberof FO4 delaysper clock period are more deeply
pipelinedthanthosewith more FO4 delaysper clock period. As
shavn by Kunkel and Smith [14], pipelining to arbitrary depthin
hopesof increasinghe clock ratedoesnot resultin higherperfor
mance.Overheador the latchesbetweerpipelinestagesecomes
signi cant whenthe numberof levels of logic within a stagede-
crease$oo much.Pipeliningin amicroprocessais alsolimited by
dependenciebetweeninstructionsin differentpipelinestages.To
executetwo dependeninstructionsin consecutie clock cycles,the

rst instructionmustcomputeits resultin a singlecycle. This re-
quirementcanbe viewed asa lower boundon the amountof work
thatcanbe performedin a usefulpipelinestage andcould be rep-
resentedasthe computationof an additioninstruction. Underthis
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Gate | ChipArea | 16FO4CIk | 8FOA4CIk SIA Clk
(nm) ( ) (GHz) (GHz) (GHz)
250 400 0.69 1.35 0.75
180 450 0.97 1.93 1.25
130 567 1.34 2.67 2.10
100 622 1.74 3.47 3.50

70 713 2.48 4.96 6.00

50 817 3.47 6.94 10.00
35 937 4.96 9.92 13.50

Table2: Projectecchip areaandclockrate.

assumptionastrictlower boundontheclock cycletimeis 5.5FO04
delays,which is the minimal computationtime of a highly opti-

mized64-bitadder asdescribedy Naffziger [17]. Whenaccount-
ing for latchoverheadandthetime to bypasgheoutputof theadder
backto theinput for the next instruction,reducingthe clock period
to eightFO4 delayswill bedif cult. Fewerthaneightmaybeim-

possibleto implement.

In Figure 2, we plot microprocessoclock periods(measured
in FO4 delays)from 1992to 2014. The horizontallines represent
the eight FO4 and 16 FO4 clock periods. The clock periodspro-
jectedby the SIA roadmapshrink dramaticallyover the yearsand
reach5.6 FO4delaysat50nm,beforeincreasingslightly to 5.9FO4
delaysat 35nm. The Intel datarepresent ve generation®f x86
processorand shav the reductionin the numberof FO4 delays
per pipelinestagefrom 53 in 1992 (i486DX2) to 15in 2000 (Pen-
tium IIl), indicatingsubstantiallydeepepipelines.Theisolatedcir-
clesrepresendatafrom awider variety of processorpublishedin
theproceeding®f thelnternationalSolid StateCircuitsConference
(ISSCC)from 1994to 2000.Boththelntel andISSCCdatademon-
stratethatclock rateimprovementshave comefrom a combination
of technologyscalingand deeperpipelining, with eachimpraving
approximatelyl5-20% per year While the trend toward deeper
pipelining will continue,reachingeight FO4 delayswill be dif -
cult, andattainingthe SIA projectedclock rateis highly unlikely.

In this paper we examine microprocessoperformancewvhen
scalingthe clock conseratively at 16 FO4 delays( ), aggres-
sively ateightFO4delays( ), andto absolutdimits with the SIA
projections( ). In Table2, we shav the resultingclock rates
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acrosghe spectrunof technologiesve measure.

2.3 WireDelay Impact on Micr oarchitecture

The widening gap betweenthe relative speedf gatesandwires
will have a substantialmpacton microarchitectureswith increas-
ing clock rates, the distancethat a signal can travel in a single
clock cycle decreases.When combinedwith the modestgrowth

in chip areaanticipatedor high-performancenicroprocessorshe
time (measuredh clock periods)to sendasignalacrosonedimen-
sionof thechipwill increasalramatically Our analysisbelov uses
theclock scalingdescribedabore andthe projectedchip areasrom

the SIA Roadmapasshavn in Table2.

Basedonthewire delaymodel,we computethechip areathatis
reachablén asingleclockcycle. Ourunit of chip areais the sizeof
asix-transistoSRAM cell, which shrinksasfeaturesizeis reduced.
To normalizefor differentfeaturesizesacrosghetechnologieswe
measureSRAM cell sizein , which is equalto one-halfthe gate
lengthin eachtechnology We estimatethe SRAM cell areato be

, Which is the mediancell areafrom several recently pub-
lished SRAM paperd4, 23, 31]. Our areametricdoesnotinclude
overheadd$oundin real SRAM arrays suchasthearearequiredfor
decoderspower distribution, and sense-ampli ers. Additionally,
it doesnot re ect the size of a single-gcle accessmemoryarray;
the areametricincludesall bits reachablevithin a one-gcle, one-
way transmissiordelayfrom a x edlocationon the chip, ignoring
parasiticcapacitancérom the SRAM cells.

Figure3 shaws the absolutenumberof bits thatcanbe reached
in a singleclock cycle, which we term span usingtop-level wires
for , ,and clock scaling. The wire width and spacing
is setto the minimum speci ed in the SIA Roadmagor top-level
metalateachtechnologyUsing  clock scalingthespanrst in-
creasesisthenumberof bitsonachipincreasesndtheentirechip
canstill bereachedn asinglecycle. As thechip becomesommu-
nicationboundat 130nm, multiple cyclesarerequiredto transmit
a signal acrossits diameter In this region, decreasein SRAM
cell sizeareoffsetequallyby lower wire transmissiorvelocity, re-
sulting in a constantspan. Finally, the spanbeginsto decreaset
50nm when the wire aspectratio stopsincreasingand resistance
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becomesnoresigni cant. Theresultsfor  aresimilar exceptthat

the plateauoccursat 180nmandthe spanis a factorof four lower

thanthatof . However, in the spandropssteadily after

180nm,becauseheclock rateis scaledsuperlinearlywith decreas-
ing gatelength. Theseresultsdemonstratehat clock scalinghas

a signi cant impacton architecturessit demandsa trade-of be-

tweenthesizeandpartitioningof structuresUsinghigh clockrates
to meetperformanceargetslimits the size of pipeline stagesand

microarchitecturastructureswhile tightly constrainingheirplace-

ment.|f lowerclockratescanbetoleratedthenmicroarchitectgan

give lessconsideratiorto the communicatiordelayto reachlarge

andremotestructures.

Figure 4 shaws the fraction of the total chip areathat canbe
reachedn a singleclock cycle. Using in a 35nmtechnology
lessthan0.4% of the chip areacanbe reachedn onecycle. Even
with  , only 1.4%of thechip canbereachedn onecycle. Similar
resultshave beenobseredin prior work [16]. If microarchitectures
do not changeover time, this phenomenonvould be unimportant,
sincethearearequiredto implementthemwould decreasavith fea-
turesize.However, microarchitecturebave becomemorecomple
becauserchitectsacquiredmoretransistorswith eachnew fabri-
cationtechnology andusedthemto improve overall performance.
In future technologiessubstantiadelay penaltiesmustbe paid to
reachthe stateor logic in a remoteregion of the chip, somicroar
chitectureghatrely on large structuresandglobal communication
will beinfeasible.

2.4 Summary

While transistoispeedsrescalingapproximatelyinearly with fea-
ture size,wiresaregettingslower with eachnew technology Even
assuminglow-resistvity conductors,low-permittivity dielectrics,
andhigheraspectatios,the absolutedelayfor a x ed-lengthwire
in top-level metalwith optimally placedrepeaterss increasingvith
eachgenerationOnly whenthewire width andspacings increased
substantiallycanthewire delaybekeptconstantDueto increasing
clockfrequencieswire delaysareincreasingatanevenhigherrate.
As aresult,chip performancewill no longerbe determinedsolely
by the numberof transistorshat canbe fabricatedon a singlein-
tegratedcircuit (capacitybound),but insteadwill dependuponthe

amountof stateandlogic thatcanbereachedn asufciently small
numberof clock cycles(communicatiorbound).

The agumentmadeby Sylvesterand Keutzer[27] that wire
delayswill not affect future chip performanceholdsonly if wire
lengthsarereducedalongwith gatelengthsin future technologies.
Traditionalmicroprocessomicroarchitecturelave growvn in com-
plexity with eachtechnologygenerationusingall of thesiliconarea
for asinglemonolithiccore. Currenttrendsin microarchiturehave
increasedhe sizesof all of the structuresandaddedmore execu-
tion units. With future wire delays,structuresize will be limited
andthe time to bypassresultsbetweenpipeline stageswill grow.
If clock ratesincreaseat their projectedrates,both of theseeffects
will have substantiaimpactoninstructionthroughput.

3 COMPONENT MODELS

In additionto reducingthe chip areareachabldn a clock cycle,
both the wideninggapbetweenwire andgatedelaysandsuperlin-
earclock scalinghasa directimpacton the scalingof microarchi-
tecturalstructuresn future microprocessor<lock scalingis more
signi cant thanwire delayfor smallstructuresyhile bothwire de-
lay andclock scalingaresigni cant in larger structures.Thelarge
memory-orientecelements,suchas the caches register les, in-
structionwindows, andreorderbuffers, will be unableto continue
increasingn sizewhile remainingaccessiblavithin oneclock cy-
cle. In this section,we useanalyticalmodelsto examinethe ac-
cesstime of differentstructurefrom 250nmto 35nmtechnologies
basedon the structureorganizationand capacity We demonstrate
thetrade-ofs betweenaccesgime andcapacitythatarenecessary
for thevariousstructuresacrosghetechnologygenerations.

3.1 Analytical Model

To modelthevariousstorage-orientedomponent®f amodernmi-
croprocessowe startedwith ECacti[19], an extendedversionof
the original Cacti cachemodelingtool [30]. Given the capacity
associatiity, numberports, and numberof dataand addresdits,
ECacticonsidersa numberof alternatve cacheorganizationsand
computesthe minimum accesgime. ECacti automaticallysplits
the cacheinto banksand chooseghe numberandlayout of banks
thatincursthelowestdelay Whenmodelinglarge memoryarrays,
ECacti presumesnultiple decoderswith eachdecoderservinga
small numberof banks. For examplewith a 4MB array ECacti
producesl6 banksandfour decodersn a 35nmtechnology Note
thatthismodelis optimistic,becausé doesnotaccounfor driving
theaddresd$rom a centralpointto eachof thedistributeddecoders.
We extendedECactito include technologyscaling, using the
projectedparameterdrom the SIA roadmap. SRAM cell sizes
andtransistomarasiticssuchassourceanddraincapacitancesgre
scaledaccordingto their anticipatedreductionin areafor future
technologies. We assumethat the word-linesare run from a de-
coderacrossts neighboringbanksin mid-level metal,andthatthe
bit-rline in mid-level metaldoesnotincreasehe sizeof the SRAM
cell. Unlike Amrutur and Horowitz [3] we further make the op-
timistic assumptiorthatthe sense-ampli erthresholdvoltagewill
decreasdinearly with technology The accesgimesfrom the an-



alytical modelwereveri ed againstthoseobtainedfrom a SPICE
simulationof thecritical path,andmatchedwithin 15%for all tech-
nologies. This level of accurayg is comparabldo the accurag of
the original CACTI model. A full descriptionof the modelingand
validationcanbefoundin [1].

Apartfrom modelingdirect-mappe@ndsetassociatie caches,
we usedour extendedversionof ECactito explore other microar
chitecturalstructures. For example,a register le is essentiallya
direct mappedcachewith more ports, but fewer addressanddata
bits thanatypical L1 datacache.We usea similar methodologyto
examineissuewindows, reorderbuffers, branchpredictiontables,
andTLBs.

3.2 Cachesand RegisterFiles

Usingour extendedECacti,we measuredhe memorystructureac-
cesstime, while varying cachecapacity block size, associatiity,
numberof ports,andprocessechnology While cacheorganization
characteristicslo affectaccessime, the mostcritical characteristic
is capacity In Figure5, we plot the accessime versuscapacityfor
adual-portedfwo-way setassociatie cache.The maximumcache
capacitiegshatcanbereachedn 3 cyclesforthe , and
clocks are also plotted as “isobars”. Note that the capacityfor a
threecycle accesxachedecreasemoderatelyfor and , but
falls off the graphfor

We comparecbur analyticalmodelto othermodelsandrelated
implementations.In a 250nmtechnology we computethe access
time for a 64KB L1 datacacheto be 2.4ns. This accesdime is
comparableo that of the 700MHz Alpha 21264 L1 datacache.
Furthermore for a 4Mb cachein a 70nm technology our model
predictsan accesgime of 33 FO4 delayswhich matchesthe 33
FO4 accesdime generatedby Amrutur andHorowitz for a similar
cachd3].

For eachtechnologythe accesdime increasessthe cacheca-
pacity increases.Even with substantiabanking,the accesgime
goesup dramaticallyat capacitiegreatethan256KB. For a given
cachecapacity thetransitionto smallerfeaturesizesdecreasethe
cacheaccesdime, but not asfastas projectedincreasesn clock
rates. In a 35nmtechnology a 32KB cachetakes oneto six cy-
clesto accesslependingn theclock frequeng. Onealternatve to
slower clocks or smallercachess to pipeline cacheaccessesand
allow eachaccesgo completein multiple cycles. Dueto the non-
linear scalingof capacitywith accesgime, addinga smallnumber
of cyclesto the cacheaccesdime substantiallyincreaseshe avail-
able cachecapacity For example,increasingthe accesdateny
from four to sevencyclesincreaseshereachableachecapacityby
abouta factorof 16 in a 35nmtechnology The resultsshowvn in
Figure5 applyto all of the cache-lile microarchitecturastructures
that we examinein this study including L1 instructionand data
caches| .2 cachesregister les, branchtamgetbuffers,andbranch
predictiontables.

While ourcachanodelreplicatesurrentdesignmethodologies,
our register le model is more aggressie in design. Although
register les have traditionally beenbuilt using single-endedull
swingbit lines[20], largercapacityregister les will needfasterac-
cessprovidedby differentialbit-linesandlow-voltageswingsense-
ampli ers similar to thosein our model. For our register le mod-
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Figure5: Accesgime for variousL1 datacachecapacities.

eling, thecacheblock sizeis setto theregisterwidth, which in our
caseis eightbytes. For alarge portedregister le, thesizeof each
cell in theregister le increasedinearly in both dimensionswith

thenumberof ports.

Our capacityresultsfor theregister le aresimilarto thoseseen
in caches.The mostsigni cant differencebetweena cacheanda
register le is the numberof ports. Our resultsshov that register
les with mary portswill incur larger accesgimes. For example,
in a 35nmtechnology going from ten portsto 32 portsincreases
the accesgime of a 64-entryregister le from 172psto 274ps.In-
creasephysicalsize and accesgime makes attachingmore exe-
cution units to a singleglobal register le impractical. The alter
nativesof smallerregister les versusmulti-cycle accesgimesare
examinedquantitatvely in Sectiord.

3.3 Content Addressablevlemories

The nal setof componentghat we modelarethosethat require
globaladdressnatchingwithin thestructure suchastheinstruction
window andthe TLB. Thesecomponentsaretypicallyimplemented
ascontentaddressablmemorief CAMs) andcanbe modelledasa
fully associatie cache Ourinitial modelof theinstructionwindow
includesa combinatiorof aneight-bitwide CAM anda40-bitwide
direct mappeddataarrayfor the contentsof eachentry Theissue
window haseightports,which areusedto insertfour instructions,
write backfour results andextractfour instructionssimultaneously
Sincewe assumehatthe eight-portedCAM cell and correspond-
ing eight-porteddataarray cell are port-limited, we computethe
areaof thesecells basedon the width and numberof bit-lines and
word-linesusedto accesshem.Notethatwe modelonly the struc-
ture accesdime anddo not considerthe lateng of the instruction
selectionogic.

Figure6 shavs the accesgime for this con gurationasa func-
tion of the numberof instructionsin thewindow. As with all of the
memory structures the accesdime increaseswith capacity The
increasein accesgime is not as signi cant asin the caseof the
cachesbecausehe capacitiesconsideredare small and all must
pay an almostidentical penaltyfor the fully associatie matchon
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Figure6: Accesstime vs. issuewindow sizeacrosgechnologies.

StructureName
L1 cache

64K (2 ports) 7 5 3
Integerregister le
64 entry (10 ports) 3 2 1
Integerissuewindowv
20entry (8 ports) 3 2 1
Reorderbuffer
64 entry (8 ports) 3 2 1

Table3: Projectedaccesdime (cycles)at 35nm.

thetagbits. Thus,in this structure pncetheinitial tagmatchdelay
hasbeencomputedthe delayfor the restof the arraydoesnotin-
creasesigni cantly with capacity A 128-entryeight-port,eight-hit
taginstructionwindow hasanaccesgime of 227psin a35nmpro-
cesswhile al2-bittagraisesheaccessime of asamesizewindow
to 229ps.A 128-entry 32-port,eight-bittaginstructionwindow (as
might be requiredby a 16-issueprocessorhasan accesgime of
259psin a 35nmtechnology Note thatall of theseresultsignore
theincreasdan compl«ity of the selectionlogic aswe increasdghe
issuewindow sizeandthe port countin theissuewindow. We an-
ticipatethatthe capacityandport countof theregister le andthe
compleity of theselectionlogic will ultimatelyplacealimit onthe
issuewidth of superscalamicroarchitecturefl 8].

3.4 Summary

Becauseof increasingwire delaysandfastertransistorsmemory-
orientedmicroarchitecturastructuresare not scalingwith technol-
ogy. To accessachesregister les, branchpredictiontables,and
instructionwindows in a single cycle will requirethe capacityof
thesestructuredo decreaseasclock ratesincrease.n Table3, we
shav thenumberof cyclesneededo accesshe structuredrom the
CompagAlpha 21264, scaledto a 35nm processfor eachof the
threemethodof clock scaling. With constanstructurecapacities,
the L1 cachewill take up to seven cyclesto accessdependingon
how aggressiely theclockis scaled.

Anotherfactornot exploredin our analysisis the communica-

tion delaybetweenexecutionunitsin wider-issuesuperscalapro-

cessorslf the numberof executionunitsis increasedthe distance
betweerthe extremeunitswill alsoincreaseConsequentlytheby-

passlogic compleity andbypassdatatransmissiordelaywill be
substantiabarriersto improved performancg18, 20].

4 PERFORMANCE ANALYSIS

As communicatiordelaysincreaserelative to computationdelays,
superlinearclock ratescalingandtoday's techniquedor exploiting

ILP work againstoneanother Aggressiely scalingthe clock re-

ducegheamountof statethatcanbe usedto exploit ILP for a x ed
pipelinedepth. The designelis facedwith two interactingchoices:
how aggressiely to pushthe clock rate by reducingthe number
of levels of logic percycle, andhow to scalethe sizeandpipeline
depthof differentmicroarchitecturastructures.For a given target
frequeng, we de ne two approachefor scalingthemicroarchitec-
tureto smallertechnologies:

Capacity scaling Shrink the microarchitecturalstructures
sufciently sothattheir accesgenaltiesare constantacross
technologiesWe de ne accesgpenaltyasthe accessime for
astructuremeasuredn clockcycles.

Pipelinescaling Hold thecapacityof astructureconstanaind
increasehepipelinedepthasnecessaryo covertheincreased
latengy acrosgechnologies.

While thesetrade-ofs of clock versusstructuresize scaling
manifestthemselesin every designprocesstheir importancewill
grow as communicationdelay createsmore interferencebetween
clock speedandILP optimizations.

In this section,we explore the effect of capacityand pipeline
scalingstratgiesuponlPC andoverall performanceFor eachscal-
ing stratgy, andat threedifferentclock scalingrates( , , and

projections)we measuréPC for ourtargetmicroarchitecture
at technologiesangingfrom 250nmto 35nm. The methodology
usesmicroarchitecturabimulationthat incorporateshe resultsof
our technologyandstructuremodelsdescribedn Sections2 and3.
Ourgoalisto nd thebalanceamongcapacity pipeline,andclock
ratescalingthatachievesthe bestoverall performance.

4.1 Experimental Methodology

We performour microarchitecturatiming simulationswith an ex-
tendedversionof the SimpleScalatool set[6], version3.0. We also
usethe SimpleScalamemoryhierarchyextensionswhich simulate
a one-level pagetable, hardware TLB miss handling, nite miss
statusholding registers(MSHRs)[13], andsimulationof bus con-
tentionatall levels[7].

4.1.1 TargetMicroprocessor

The SimpleScalatools usea RegisterUpdateUnit (RUU) [24] to
track out-of-orderissueof instructions.The RUU actsasa uni ed
reorderbuffer, issuewindow, andphysicalregister le. Becausef



thelarge numberof portsrequiredfor the RUU in a four-wide ma-
chine,implementingt is notfeasibleathigh clock frequenciesWe
thereforesplit the structuredogically in SimpleScalareffectively
simulating a separatereorderbuffer, issuewindow, and physical
register le.

We alsomodi ed SimpleScalagstargetprocessocoreto model
a four-wide superscalapipeline organizationroughly comparable
to the CompacAlpha21264[12]. Ourtametis intendecto modela
microarchitectureypical of thosefoundin current-generatiopro-
cessors;it is not intendedto model the 21264 microarchitecture
itself. However, we choseasmary parameteraspossibleto resem-
ble the 21264 ,including the pipelineorganizationandmicroarchi-
tecturalstructurecapacitiesOurtargetprocessousesase/en-stage
pipelinefor integeroperationsn our simulatedbasecase with the
following stagesfetch,decodemap,queueregisterread,execute,
andwriteback.As in the21264 reordetbuffer accessesccuroff of
the critical path, physicalregistersarereadafter instructionissue,
andinstructionsareloadedinto theissuequeuesn programorder

Ourtametdiffersfrom the 21264in thefollowing respectsWe
assumehat the branchtarget buffer is a distinct structure,as op-
posedto a line predictorembeddedn the instructioncache. We
simulatea two-level gsharepredictorinsteadof the 212645 local
history, global history andchoicepredictors. We remove instruc-
tionsfrom theissuequeuemmediatelyafterthey areissuedrather
thanimplementingoad-usespeculatiorandwaiting two cyclesfor
its resolution. We simulatea combined oating-point andinteger
issuequeue(they aresplit in the 21264),but modelthem from a
timing perspectie asif they weresplit. We do notimplementthe
functionalunit andregister le clusteringfoundin the 21264. In-
steadof thesix instructiongpercycle thatthe21264canissue(four
integerandtwo oating-point), we permittedonly four. We usethe
default SimpleScalaissueprioritizationpolicy, which issuegeady
loadswith highestpriority, followed by the oldestreadyinstruc-
tions. The 21264alwaysissuegheoldestreadyinstructionregard-
lessof its type. Finally, we do not simulatethe 21264victim cache,
which containsaneight-entryvictim buffer.

4.1.2 SimulationParametes

Our baselineprocessoparametersnclude the following: a four-
way issuesuperscalaprocessowith a 40-entryissuewindow for
both integer and oating point operations,a 64-entry load/store
gqueue commitbandwidthof eightinstructionspercycle, aneight-
entryreturnaddresstack,andabranchmispredictrollbacklatengy
equalto thereorderuffer accesslelayplusthreecycles. We setthe
numberanddelaysof theexecutionunitsto thoseof the21264[12].
We shav the default sizesof theremainingstructuresn Table4.

In ourbaselinenemorysystemwe useseparat®4KB, two-way
setassociatie level-oneinstructionand datacacheswith a 2MB,
four-way set-associate, uni ed level-two cache. The L1 caches
have 64-bytelines,andthelL2 cachehas128-bytelines. TheL1/L2
cachebusis 128 bits wide, requiresone cycle for arbitration,and
runsatthe samespeedasthe processingore. Eachcachecontains
eightMSHRswith four combiningtargetsper MSHR.

We assumea DRAM systemthatis aggressie by today's stan-
dards.The L2/memorybusis 64 bits wide, requiresonebus cycle
for arbitration,andrunsathalfthe processocorespeedThatspeed

| | Capacity(bits) | #entries| Bits/entry | Ports |

Branchpred. 32K 16K 2 1
BTB 48K 512 96 1
Reorderuffer 8K 64 128 8
Issuewindow 800/160 20 40 8
Integer RF 5K 80 64 10
FPRF 5K 80 64 10
L1 I-Cache 512K 1K 512 1
L1 D-Cache 512K 1K 512 2
L2 Cache 16M 16K 1024 2
I-TLB 14K 128 112 2
D-TLB 14K 128 112 2

Table4: Capacitieof structuresusedin delaycalculations

ratio, assuminaa tightly coupledelectricalinterfaceto memory is
similar to modernRamlus memorychannelsWe assumedhatthe
baseDRAM accesgime is 50ns, plus a somevhat arbitrary 20ns
for the memorycontroller Thataccesgime of 70nsis typical for
whatwasavailablein 1997.For eachyearbeyond 1997,we reduce
the DRAM accessime by 10%, usingthatdelayandtheclockrate
for a givenyearto computethe DRAM accesgenalty in cycles,
for theyearin question.We modelaccesgime andbus contention
to the DRAM array but do not modelpagehits, prechaging over-
head,refreshcycles,or bankcontention. The benchmarksve use
exhibit low missratesfrom thelargeL2 cachesn our simulations.

We simulateeachof the SPEC9%henchmark$26] for 500 mil-
lion instructions We usethestd inputset;acombinatiorof differ-
entSPECinputsthatrun for lesstime thanthe referencelatasets,
but have equivalentdatasetsandarenotdominatedy initialization
codefor runsof thislength[5].

4.1.3 ModelingDeeperPipelines

To simulatepipeline scalingin SimpleScalarwe addedthe capa-
bility to simulatevariable-lengttpipelinesby specifyingtheaccess
latengy for eachmajor structureasa command-lingparameterWe
assumethat all structuresare perfectly pipelined, and can begin
accessesvery cycle, where is the numberof ports. We do
not accountfor ary pipelining overheadsdue to latchesor clock
skew [14]. Furthermorewe assumehatan -cycle accesso a
structurewill causean cycle pipelinestallasspeci ed below.
We performthe following accountingfor accesslelaysin which

I-Cache pipeline stalls affect performanceonly when a
branchis predictedtaken. We assumethat fetcheswith no
changesn control o w canbe pipelined.

Issuewindow additionalcyclesto accesghe issuewindow
causedelayswheninstructionsare removed from the queue
(wakeup and select), not when instructionsare written into
theissuewindow.

Reoder buffer. asin the 21264, writesto the reorderbuffer
andcommitsoccuroff the critical path. We thereforeaddre-



orderbuffer delaysonly to therollbacklateng, whichin turn
is incurredonly uponabranchmisprediction.

Physicalregister le : registeraccesgenaltiesare paid only
on non-bypassedegister le reads. Register le writes are
queuedandbypassedo dependeninstructionsdirectly.

Brandh predictor and BTB: multi-cycle predictor accesses
createpipelinebubblesonly whena predictionmustbemade.
Multi-cycle BTB accessesausethe pipeline to stall only
whena branchis predictedtaken. We assumehat the two
structuresare accessedn parallel, so that pipeline bubbles
will bethe maximum,ratherthanthe sum,of thetwo delays.

4.2 PipelineversusCapacity Scaling

We usethesimulatedmicroarchitectureescribedibose to measure
IPC acrossthe benchmarksuite. The accesdatenciesfor the mi-
croarchitecturastructuresarederivedfrom themodelsdescribedn
Section3. Fromtheaccessdatenciesywe computethe accespenal-
tiesfor eachof thethreeclock scalingrates( , ,and ).

In Table4, we shav both the numberof bits perentry andthe
numberof portsfor eachof the baselinestructures.Theseparam-
etersare usedto computethe delay asa function of capacityand
technologyaswell asthe capacityasa function of accespenalty
andtechnology In the issuewindow entry we shav two bit ca-
pacities,onefor theinstructionqueueandonefor thetag-matching
CAM.

In the third columnof Table4, we shav the baselinestructure
sizesthatwe usefor our pipelinescalingexperiments.In Table5,
we shav the actualaccesgpenalty of the structuresfor the x ed
baselinecapacities Note thatasthe featuresizedecreaseghe ac-
cesspenaltyto the x edsizestructuresncreasesandis dependent
ontheclock rate. Consequentlydeeperpipelinesarerequiredasa
x ed-capacitymicroarchitecturés scaledto smallertechnologies.

In Table6, we shav the parametersor the capacityscalingex-
periments. Becausehe accesgenaltiesare held nearly constant,
the capacitiesof the structuresdecreasedramaticallyas smaller
technologiesand higherclock ratesareused. For eachtechnology
generationwe seteachstructureto be the maximumsizepossible
while ensuringhatit remainsaccessiblén the samenumberof cy-
clesasour basecase(onecycle for mostof the structuresandten
cyclesfor theL2 cache).

In futuretechnologiessomeof the structuredoecometoo small
to be useful at their target accesenalty In suchcaseswe in-
creasdheaccespenaltyslightly, permittingastructurethatis large
enoughto be useful. The accesgpenaltiesare shawvn in the sub-
scriptsin Table6. Notethatfor technologiesmallerthan130nm,
no structurecanbe accesseth lessthantwo cyclesfor the and

frequeng scales.Notethatall of theL2 cacheaccespenal-
tiesaretencyclesexceptfor and , for which we increased
theaccespenaltyto 15 cyclesat50nmand35nm.

4.3 Performance Measurements

Table 7 shaws the geometricmeanof the measuredPC values
acrossall 18 of the SPEC9%henchmarksTheresultsincludeboth

pipeline scaling and capacity scaling experimentsat eachof the
threeclock scalingtargets.

In generalthe IPC decreaseasthe technologyis scaledfrom
250nmto 35nm. For linearclock scaling(  and ), this effect
is causedy longerstructureaccespenaltiedueto sublinearscal-
ing of thewires. For , the superlineareductionin cycle time
causes largerincreasean accesgpenaltythan  or |, resulting
in asharpedropin IPC.

Thereare several casesin which IPC increasesvhen moving
from alargertechnologyto asmallerone. Thesesmallincreasesire
causedby discretizationlimitations in our model: if the structure
capacityat a given technologybecomegoo smallto be useful,we
increaseheaccespenaltyby onecycle. Thisincreaseccasionally
resultsin alargerstructurethanin the previoustechnologycausing
a smallincreasein IPC. One exampleof this effect is evident for
capacityscalingat clock rateswhenmaving from 130nmto
100nm. In Table 6, the branchpredictor L1 I-Cache,andL1 D-
Cacheall becomenoticeablylargerbut onecycle slower. A similar
effectoccursfor capacityscalingatthetransitionfrom 70nm
to 50nm.

With the slower clockrates(  and ), thelPCsat250nm
for capacityscalingareconsiderablyhigherthanthosefor pipeline
scaling. While the capacityscalingmethodologypermitsstructure
sizedargerthanchipsof thatgeneratiorcouldcontain thepipeline
scalingmethodologysetsthe sizesto be roughly equivalentto the
21264.Thecapacityscalingresultsat250nmand180nmthusshav
the IPCsif the chip was not limited by area. As the wires grow
slowerin thesmallertechnologiesandthecorebecomegsommuni-
cationboundratherthancapacitybound,the capacityscalingstrat-
egy losesits adwantage. The pipeline scaling shavs higher IPC
than capacityscalingfor fastclocks at the smallesttechnologies.
ThehighestIPC at 35nm,unsurprisinglyis for capacityscalingat
the slowestclock available—thapointis theoneat 35nmfor which
themicroarchitecturastructuresarethelargest.Evenwith capacity
scalingatthe clock scale however, IPC decreaseby 20%from
250nmto 35nm.

For either scalingstrat@y, of course,IPC decreasess clock
ratesareincreasedor smallertechnologiesHowever, performance
estimatesmust include the clock as well. In Table 8, we shav
thegeometrioneanperformancef the SPEC9%enchmarksmnea-
suredin billions of instructionsper secondBIPS), for eachof the
microarchitecturadndclock scales Most striking abouttheresults
is thesimilarity in performancemprovementsacrossheboard,es-
pecially giventhe differentclock ratesandscalingmethodologies.
Also remarkablearethe smallmagnitude®f the speedups;anging
from ve to sevenfor 35nm (for all our normalizednumbers the
basecaseis pipelinescalingperformanceat  and250nm).

For all technologieghrough50nmandfor both scalingstrate-
gies,fasterclocksresultin uniformly greatemperformanceFor ca-
pacity scalingat 35nm,however, the fasterclocksshav worseper
formance: hasthehighestBIPS, issecondand hasthe
lowestperformance This inversionis causednainly by the mem-
ory system,sincethe 35nmcachehierarchyhasconsiderablyless
capacityfor thefasterclocks.

For pipeline scaling, the cachesall remainapproximatelythe
samesize regardlessof clock scaling, and the bene t of faster
clocks overcomethe setbackof higheraccesgpenalties. Thusat



250nm 180nm 130nm 100nm 70nm 50nm 35nm
Structure /o / /o /o /o / /
Branchpred. 17212 21312 2/3/2 2/3/3 2/313 2/3/4 2/3/4
BTB 1/2/1 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3 1/2/3
Reorderbuffer 1/2/1 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3 1/2/3
Issuewindow 1/2/1 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3 1/2/3
IntegerRF 1/2/1 1/2/2 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3
FPRF 1/2/1 1/212 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3
L1 I-Cache 2/312 2/312 2/3/3 2/3/3 2/3/4 2/4/5 2/4/5
L1 D-Cache 2/412 2/413 2/413 2/414 2/415 3/517 3/517
L2 Cache 11/21/11 10/19/12 11/21/17 11/23/23 12/24/29 17/34/149 19/38/52
I-TLB 2/3/2 2/312 2/3/3 2/313 2/3/4 2/3/4 2/3/4
D-TLB 2/3/2 21312 2/3/3 2/313 2/3/4 2/3/4 2/314
Table5: Accesgtimes(in cycles)usingpipelinescalingwith , , and clock scaling.
250nm 180nm 130nm 100nm 70nm 50nm 35nm
‘ Structure Il Il /] Il /] I I
BPred 8K /8K /8K 8K /8K /1K 4K /8K /256 4K /4K /4K 4K /4K 2K 4K /4K /256 4K /4K /512
BTB 1K /1K /512 512 /512 /4K 512 /512 /2K 512 /512 /512 512 /512 /128 256 /256 /512 256 /256 /512
ROB 256 /512 /128 128 /128 /8K 128 /128 /2K 128 /128 /128 128 /128 /2K 64 /64 /256 64 /64 /256
w 512 /512 /128 64 /64 /8K 64 /64 /2K 64 /64 /64 64 /64 12K 64 /64 /128 64 /64 /256
Int. RF 256 /256 /128 256 /256 /35 128 /128 /512 128 /128 /128 128 /128 /64 128 /128 /128 128 /128 /128
FPRF 256 /256 /128 256 /256 /35 128 /128 /512 128 /128 /128 128 /128 /64 128 /128 /128 128 /128 /128
L11$ 256K /64K /256K 256K /64K /64K 256K /64K /16K 256K /64K /64K 128K /64K /16K 128K /32K /32K 128K /32K /32K
L1D$ 64K /32K /64K 64K /16K /32K 64K /16K /2K 64K /16K /16K 64K /16K /4K 32K /8K /4K 32K /8K /8K
L2 2M/256K/1M 2M/256K/1M 1M/256K/1M 1M/256K/256K 1M/256K/128K 512K/256K /128K 512K/256K /128K
I-TLB 32K /512 /32K 32K /512 /4K 32K /512 /4K 16K /512 /2K 16K /512 /4K 16K /256 /1K 16K /256 /1K
D-TLB 32K /512 /32K 32K /512 /4K 32K /512 /4K 16K /512 /2K 16K /512 /4K 16K /256 /1K 16K /256 /1K

Table6: Structuresizesandaccessimes(in subscriptsusingcapacityscalingwith

, ,and

clock scaling.

Table8: Geometriaomeanof performancebillions of instructionspersecondfor eachtechnologyacrosshe SPEC9%enchmarks.

| Scaling | Clock Rate] 250nm[ 180nm[ 130nm[ 100nm][ 70nm| 50nm|[ 35nm|

f 125 | 116 | 115 | 1.15 | 1.17| 1.08| 1.06
Pipeline f 0.77 | 073 | 0.72 | 0.72 | 0.71| 0.64 | 0.63
f 118 | 0.89 | 083 | 0.73 | 0.62 | 0.49| 0.48
f 163 | 155 | 148 | 148 | 1.46| 1.30| 1.30
Capacity| f 089 | 082 | 081 | 0.81 | 0.80| 0.68| 0.63
f 152 | 1.03 | 0.69 | 0.86 | 0.49 | 0.50 | 0.45

Table7: Geometriomeanof IPC for eachtechnologyacrosgshe SPEC9%henchmarks.

| Scaling | Clock Rate] 250nm| 180nm| 130nm| 100nm[ 70nm| 50nm] 35nm| Speedup

f 087 | 111 | 154 | 201 | 290| 3.73| 5.25| 6.04

Pipeline f 1.07 | 141 | 193 | 249 | 3.54| 444 | 6.23| 7.16
f 089 | 111 | 1.74 | 258 | 3.70| 4.85| 6.49 | 7.46

f 112 | 149 | 198 | 258 | 3.63 | 450 | 6.42| 7.38

Capacity| f 124 | 158 | 218 | 2.81 | 399 | 471 | 6.28| 7.21
f 114 | 1.28 | 144 | 3.02 | 292 | 497 | 6.04| 6.95
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Figure7: Performancéncreasedor differentscalingstratgies.
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« )

Figure7 graphstotal performancescalingwith advancingtech-
nology Thesix linesrepresenpipelineor capacityscalingfor each
of thethreeclock scalingrates.All performancewumbergepresent
the geometricmeanof the SPEC95benchmarksandare normal-
izedto our baseline.

Although the variousscalingstratgies perform differently for
the intermediatetechnologiesthe overall performanceat 35nmis
remarkablyconsistentacrossall experiments. Capacityscalingat

shaws a high variance;this effect is due to the oscillating
sizeof the L1 instructioncache causedy the discretizationssue
describedearlier The pipelinescalingat is the only stratgy
that performsqualitatively worsethanthe others. The and
clocksdiffer by nearlya factorof threeat 35nm, andyet the
overall performancdor both clocksat both scalingmethodologies
is nearlyidentical. Themaximalperformancéncreases afactorof
7.4, which correspondso a 12.5%annualimprovementover that
17-yearspan.

While carefulselectionof the clock rate,speci ¢ structuresize,
and accesspenalty would resultin small performanceimprove-
mentsabore what we have shawvn here, the consisteng of these
resultsindicateghatthey would notbe qualitatively superior For a
qualitativeimprovementin performancerowth, microarchitectures
signi cantly differentthanthosewe measuredvill be needed.

5 CONCLUSION

In this study we examinedthe effectsof technologyscalingonwire
delaysand clock speedsand measuredhe expectedperformance
of a modernaggressie microprocessocore in CMOS technolo-
giesdown to 35nm. We found that communicatiordelayswill be-
comesigni cant for globalsignals.Evenunderthebestconditions,
thelateny acrosshe chipin atop-level metalwire will be 12—32
cycles,dependingon clock rate. In advancedtechnologiesthe de-
lay (in cycles)of memoryorientedstructuresncreasesubstantially
dueto increasedvire latenciesandaggressie clock rates. Conse-
quently even a processorcore of today's sizedoesnot scalewell
to futuretechnologiesin Figure8, we compareour bestmeasured
performancever thenext 14 yearswith projectedscalingatrecent
historicalrates(55%peryear).While projectedratesfor 2014shav
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Figure8: Projectedperformancescalingover a 17-yearspanfor a
corventionalmicroarchitecture.

performanceaxceedingone TRIPS, our best-performingnicroar
chitecturelanguishest 6.5 BIPS. To reacha factorof thousandn
performanceémprovementatanaggressie clock of 8 FO4(10GHz
in 35nm),a chip mustsustainan executionrateof 150instructions
percycle.

While ourresultspredictthatexisting microarchitecturedo not
scalewith technologywe have in factbeenquitegenerouso poten-
tial microprocessoscaling. Our wire performanceanodelsconser
vatively assumevery low-permittivity dielectrics resistvity of pure
copperhighaspectatiowires,andoptimally placedrepeatersOur
modelsfor structureaccesgime further assumea hierarchicalde-
compositionof the arrayinto sub-banksword-line routingin mid-
level metalwires, and cell areasthat do not dependon word-line
wire width. In our simulationexperimentsof samplemicoarchi-
tectureswe further assumedhatall structurescould be perfectly
pipelined thatroutingdelaybetweerstructuress insigni cant, and
thatlatchandclock skew overheadsarenggligible.

With theseassumptionsthe bestperformanceve wereableto
obtainwasaspeedupf 7.4from a250nmchipto 35nmchip, which
corresponds$o anannualgainof 12.5%.Over the sameperiod,the
clockimprovesby either12%,17%,or 19%annually dependingn
whetheraclock periodat 35nmis 16, 8, or 5.9 FO4delays respec-
tively. Thatresultmeansthat the performanceof a corventional,
out-of-ordermicroprocessois likely to scaleworsethanthe clock
rate,evenwhengiven aneffectively unlimitedtransistorbudget. If
ary of theoptimisticscalingassumptionsf ourmodelsarenotmet,
actualmicroprocessoscalingwill bepoorerthanwe report.

Ourmodelsshav thatdensestoragestructuresill becomecon-
siderablyslowerrelative to projectecclock rates andwill adversely
affectinstructionthroughput.While structureaccesdime remains
effectively constantwith the clock rateup to 70nmtechnologies,
at 50nm and below, wire delaysbecomesigni cant. If clocks
arescaledsuperlinearlyrelative to decreasem gatelength,access
timesfor thesestructuresncreasesorrespondingly For example,
whendesigninga level-onedatacachein a 35nmtechnology an
engineewill befacedwith severalunattractve choices.First, the
engineemaychooseanaggressie targetclock rate,andattemptto
designa low accesgenaltycache. At the aggressie SIA projec-
tion of 13.5GHz (whichis likely unrealistic),evena single-ported



512 bytecachewill requirethreecyclesto accessSecondthe de-
signermay opt for alargercachewith alongeraccesgime. Given
our conserative assumptionaboutcachedesignsa 64KB L1 data
cachewouldrequireatleastserencyclesto accessttheaggressie
clock rate. Finally, the designemay choosea slower clock but a
lessconstrainecdtache.At 5 GHz (16 FO4 delays),a 32KB cache
canbeaccesseth two cycles.

None of thesechoicesareideal. The rst two alternatvesre-
ducelPC substantiallywhile the third incursa 2.7-fold penaltyin
clockrate. Optimizingfor ary oneof clock rate,pipelinedepth,or
structuresizewill forcesigni cant compromiseén theotherdesign
pointsfor future ultra-smallgate-lengtitechnologies While other
work hasproposedo vary the clock rateandeffective structureca-
pacity dynamically[2], thosetrade-ofs arestill within the context
of a corventional microarchitecturewhich is unscalableno mat-
ter which balancebetweerclock rateandinstructionthroughputs
chosen.

Basedon this study future microprocessorsill be subjectto
muchmoredemandingconstraintghantodayif performances to
improve fasterthantechnologyscalingrates.We draw the follow-
ing four conclusiondrom our results:

Large monolithic cores have no long-term future in deep
submicronfabricationprocessesMicroarchitectureshat re-
quire increasesn the sizesof their components—suclas
register les in wide-issuesuperscalaprocessorsor high-
performanceSMT processors—uwillscaleeven more poorly
thanthe microarchitectureisedin this study

Of the structureswe studied,the on-chip memorysystemis
likely to beamajorbottleneckin future processorsWith ag-
gressve clockratesJevel-onecacheghatarenotsubstantially
smallerthanthoseof todaywill have accessimesof threeto
sevencycles.For level-two cacheswith capacitiesipto 2MB,
accesdlelaysrangedfrom thirty to fty cycleswith aggres-
sive clock rates,even with ideal partitioninginto sub-banks.
For cacheghatusean evenlarger fraction of the die thatthe
areaof a 2MB structurethe accesgpenaltieswill be substan-
tially higher Becausduture workloadswill certainlyhave a
largermemoryfootprintthanSPEC95thedropin IPC dueto
longeraveragememoryaccesgimeswill be largerthanthat
measuredh this study

Technology constraintsfor high-performancemicroproces-
sorswill affect future designsmuch more so than thoseof

today Technology-basednalysiswill becomeanecessityor

all architectureresearch. Distance,area,and delay models
mustbeincorporatednto the high-level performancesimula-

tions thatarecurrentlythe norm. Researchhatfails to con-

siderthesefactorswill grow increasinglyinaccurateastech-

nologyprogresses.

Futuremicroprocessormustbe partitionedinto independent
physicalregions, andthe lateng for communicatingamong
partitionsmustbe exposedto the microarchitecturendpos-
sibly to the ISA. This obseration is not new; a numberof
researcherandproductteamshave proposecr implemented

partitionedarchitecture$8, 9, 10, 12, 15, 21, 25, 29]. How-

ever, mary of thesearchitecturesisecorventionalcommuni-
cationsmechanismsor rely too heaily on softwareto per

form the applicationpartitioning. The bestcombinationof

static and dynamic communicationand partitioning mecha-
nisms, which lend themseles to the high-bandwidth,high-

latengy substratehasyetto bedemonstrated.

Theresultsof this study paint a bleak picture for conventional
microarchitecturesClock scalingwill soonslow precipitouslyto
linear scaling,which will force architectsto usethe large transis-
tor budgetsto compensateWhile it is likely thatresearchnnova-
tionswill allow conventionalmicroarchitecture® scalebetterthan
our resultsshaw, we believe thatthetwin challenges—ofecentdi-
minishingreturnsin ILP andpoorscalingof monolithic coreswith
technology—uwillforce designergo considemoreradicalalterna-
tives.

Onechallengeis to designnew ways of mappingapplications
with varying granularitiesof parallelismonto the partitionedsub-
strate,and to toleratethe variancein both applicationand total
workloadbehaior with ef cient dynamicmechanismsThe other
key challengeis to designcoreswithin eachpartitionthatcansus-
tain high ILP at fastclock rates. Thesecoreswill needstructures
thatmaximizeinformationdensity differentlogical clocksfor dif-
ferentcomponent®f the microarchitectureand a physicallayout
that supportsfast execution of multiple independeninstructions
alongshortwires.
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