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Abstract
Thedoublingof microprocessorperformanceeverythreeyearshasbeen

theresultof two factors: more transistors per chip andsuperlinearscaling
of the processorclock with technology generation. Our resultsshowthat,
due to both diminishingimprovementsin clock ratesand poor wire scal-
ing assemiconductordevicesshrink,theachievableperformancegrowthof
conventionalmicroarchitectures will slow substantially. In this paper, we
describetechnology-driven modelsfor wire capacitance, wire delay, and
microarchitectural componentdelay. Usingtheresultsof thesemodels,we
measure thesimulatedperformance—estimatingbothclock rateandIPC—
of anaggressiveout-of-ordermicroarchitecture asit is scaledfroma 250nm
technology to a 35nmtechnology. We performthis analysisfor threeclock
scalingtargetsandtwo microarchitecture scalingstrategies: pipeline scal-
ing andcapacity scaling. We �nd that no scalingstrategy permitsannual
performanceimprovementsof better than 12.5%,which is far worsethan
theannual50-60%to which wehavegrownaccustomed.
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For thepastdecade,microprocessorshave beenimproving in over-
all performanceat a rateof approximately50–60%peryear. These
substantialperformanceimprovementshave beenminedfrom two
sources.First,designershave beenincreasingclock ratesat a rapid
rate, both by scalingtechnologyand by reducingthe numberof
levels of logic per cycle. Second,designershave beenexploiting
the increasingnumberof transistorson a chip, plus improvements
in compiler technology, to improve instructionthroughput(IPC).
Although designershave generallyopted to emphasizeone over
the other, both clock ratesand IPC have beenimproving consis-
tently. In Figure1, we show that while somedesignershave cho-
sento optimize the designfor fast clocks (CompaqAlpha), and
othershave optimizedtheir designfor high instructionthroughput
(HP PA-RISC), thepastdecade's performanceincreaseshave been
a functionof both.

Achieving high performancein future microprocessorswill be
a tremendouschallenge,asboth componentsof performanceim-
provementarefacingemerging technology-driven limitations. De-
signerswill soonbeunableto sustainclock speedimprovementsat
thepastdecade's annualizedrateof 50%peryear. We �nd thatthe
rateof clockspeedimprovementmustsoondropto scalinglinearly
with minimumgatelength,between12%and17%peryear.

Compensatingfor the slower clock growth by increasingsus-
tainedIPC proportionallywill be dif�cult. Wire delayswill limit
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the ability of conventionalmicroarchitecturesto improve instruc-
tion throughput. Microprocessorcoreswill soonfacea new con-
straint,onein which they arecommunicationboundon thedie in-
steadof capacitybound. As featuresizesshrink,andwiresbecome
slower relative to logic, theamountof statethatcanbeaccessedin
a singleclock cycle will ceaseto grow, andwill eventuallybegin
to decline.Increasesin instruction-level parallelismwill belimited
by the amountof statereachablein a cycle, not by the numberof
transistorsthatcanbemanufacturedona chip.

Forconventionalmicroarchitecturesimplementedin futuretech-
nologies,our resultsshow that,aswire delaysgrow relative to gate
delays,improvementsin clock rateandIPCbecomedirectlyantag-
onistic.This factlimits theperformanceachievableby any conven-
tional microarchitecture.In sucha world, designersarefacedwith
a dif�cult choice:increasetheclock rateaggressively at thecostof
reducingIPC,or mitigatethedeclinein IPC by slowing therateof
clock speedgrowth.

In thispaper, weexplorethescalabilityof microprocessorcores
astechnologyshrinksfrom thecurrent250nmfeaturesizesto the
projected35nmin 2014.With detailedwireandcomponentmodels,
weshow thattoday'sdesignsscalepoorlywith technology, improv-
ing at best12.5%peryearover thenext fourteenyears.We show
that designersmustselectamongdeeperpipelines,smallerstruc-
tures,or slower clocks,andthatnoneof thesechoices,nor thebest
combination,will resultin scalableperformance.Whetherdesign-
erschoosean aggressive clock and lower IPC, or a slower clock
anda higherIPC, today's designscannotsustainthe performance
improvementsof thepastdecades.

In Section2, wedescribetrendsin transistorswitchingandwire
transmissiontime, aswell asour analyticalwire delaymodel.The
delaymodelis derived from capacitanceextractedfrom a 3D �eld
solver, usingtechnologyparametersfromtheSemiconductorIndus-
try Association(SIA) technologyroadmap[22]. We usethemodel
to estimatemicroarchitecturalwiring delaysin futuretechnologies.

In Section3,wedescribeourmicroarchitecturecomponentmod-
els, which are basedon the Cacti cachedelayanalysistool [30].
Thesemodelscalculateaccessdelayasa functionof cacheparam-
etersandtechnologygeneration.Wemodelmostof themajorcom-
ponentsof amicroprocessorcore,suchascaches,register�les, and
queues.We show that the inherenttrade-off betweenaccesstime
andcapacitywill forcedesignersto limit or evendecreasethesize
of thestructuresto meetclock rateexpectations.For example,our
modelsshow that in a 35nmimplementationwith a 10GHzclock,
accessingevena 4KB level-onecachewill require3 clock cycles.

In Section4, we reportexperimentalresultsthat show how the
projectedscalingof microarchitecturalcomponentsaffects over-
all performance.Using the resultsof our analyticalmodelsasin-
putsto SimpleScalar-basedtiming simulation,we tracktheperfor-
manceof currentmicroarchitectureswhenscaledfrom 250nmto
35nmtechnology, usingdifferentapproachesfor scalingtheclock
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Figure1: Processorclock ratesandnormalizedprocessorperformance(SpecInt/Clockrate),1995-2000.

and the microarchitecture.We measurethe effect of threediffer-
ent clock scalingstrategies on the microarchitecture:setting the
clock at 16 fanout-of-four(FO4)delays,settingtheclock at 8 FO4
delays,andscalingthe clock accordingto the SIA roadmappro-
jections. We also measuretwo different microarchitecturescal-
ing strategies: pipelinescalingandcapacityscaling. In pipeline
scaling,we hold thesizeof themicroarchitecturalstructuresto be
constantacrosstechnologygenerations,andmeasurea deeperpipe
causedby longerdelaysto accesscorestructures.In capacityscal-
ing, we reducethesizesof themicroarchitecturalstructuresateach
technologygeneration,attemptingto limit thedepthof thepipeline.

Our resultsshow that no scalingstrategy permitsmorethana
factor of 7.4 improvementin performanceover a seventeen-year
period,comparedto the 1720-foldimprovementthat would result
from 55%annualperformanceimprovementsover thesameperiod.
Finally, in Section5, we draw conclusionsfrom our resultsand
describetheimplicationsfor futuremicroprocessordesigns.

�����	��� � ��� �
	���� 
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Microprocessorperformanceimprovementshave beendriven by
developmentsin silicon fabricationtechnologythat have caused
transistorsizesto decrease.Reducedfeaturesizeshave provided
two bene�ts.First,sincetransistorsaresmaller, morecanbeplaced
on a single die, providing areafor more complex microarchitec-
tures. Second,technologyscaling reducestransistorgate length
andhencetransistorswitchingtime. If microprocessorcycle times
aredominatedby gatedelay, greaterquantitiesof fastertransistors
contributedirectly to higherperformance.

However, fasterclockratesandslowerwireswill limit thenum-
berof transistorsreachablein a singlecycle to bea small fraction
of thoseavailableon a chip. Reducingthefeaturesizeshascaused
wire width andheightto decrease,resultingin largerwire resistance
dueto smallerwire cross-sectionalarea.Unfortunately, wire capac-
itancehasnot decreasedproportionally. Eventhoughwire surface
areais smaller, thespacingbetweenwireson thesamelayeris also
beingreduced. Consequently, the decreasedparallel-platecapac-
itanceis offset by increasedcoupling capacitanceto neighboring
wires. In this sectionwe usesimple�rst-order modelsto demon-
stratetheeffectof technologyscalingonchip-widecommunication
delaysandclockrateimprovements.Weusethesemodelsto reason
abouthow futuremicroarchitecturescanexpectto bescaled.

��� ��� � 
���� ����� � ��	

Our sourcefor future technologyparameterspertinentto wire de-
lay is the1999InternationalTechnologyRoadmapfor Semiconduc-
tors[22]. Althoughtheroadmapoutlinesthetargetsfor futuretech-
nologies,theparametersdescribedwithin arenotassured.Nonethe-
less,we assumethat the roadmap's aggressive technologyscaling
predictions(particularly thosefor conductorresistivity � and di-
electricpermittivity � ) canbemet.Wealsousetheroadmap's con-
ventionof subdividing the wiring layersinto threecategories: (1)
local for connectionswithin a cell, (2) intermediate, or mid-level,
for connectionsacrossa module,and(3) global, or top-level, for
chip-widecommunication.To reducecommunicationdelay, wires
areboth wider andtaller in the mid-level andtop-level metal lay-
ers.In ourstudyof wire delay, we focusonmid-level andtop-level
wires,andusethethewire width, height,andspacingprojectedin
theroadmap.

Sincethedelayof a wire is directly proportionalto theproduct
of its resistanceand capacitance,we developedmodelsfor these
parametersacrossall of thetechnologygenerationsof interest.To
computewire resistanceperunit length,( ��� ��! ) we usethesim-
ple equation,"$# %

&('�) , where � is wire resistance,* is wire
width,and + is wire height.Computingcapacitanceperunit length
( ,�-��.�/! ) is morecomplex; we useamodelbasedonempiricalre-
sultsobtainedfrom Space3D,a three-dimensional�eld solver [28].
Wire capacitanceincludescomponentsfor conductorsin lowerand
highermetallayersaswell ascouplingcapacitanceto neighboring
wires in the samelayer. For eachfabricationtechnology, we pro-
videdSpace3Dwith thegeometryfor agivenwire with otherwires
runningparallel to it on the samelayer andperpendicularon the
layersabove andbelow. We vary wire height,width, andspacing
in theSpace3Dinputgeometries,anduseleast-mean-squaredcurve
�tting to derive thecoef�cients for themodel.By assumingthatall
conductorsotherthanthemodelledwire aregrounded,andthusnot
accountingfor Miller-effect couplingcapacitance,our capacitance
modelis optimisticcomparedto theenvironmentof awire in a real
system.

In Table1, wedisplaythewire parametersfrom 250nmto 35nm
technologies.Our derived wire resistanceper unit length( "10325476 )
andcapacitanceper unit length ( 89032:476 ) areshown for both mid-
level andtop-level metallayers. "

032:476 increasesenormouslyacross
thetechnologyparameters,with notablediscontinuitiesat thetran-
sition to 180nm,dueto copperwires,and70nm,dueto anantici-
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Gate Mid-Level Metal Top-Level Metal
Length Dielectric Metal � Width Aspect �

0325476 � 0325476

Width Aspect �

03254 6 � 03254 6

(nm) Constant� ( ��� - �	� ) (nm) Ratio ( �
� / ��� ) ( ��
 / ��� ) (nm) Ratio ( �
� / ��� ) ( ��
 / ��� )
250 3.9 3.3 500 1.4 107 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 2.5 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 2.9 321 0.301
35 1.5 1.8 60 2.9 1760 0.300 90 3.0 714 0.317

Table1: Projectedfabricationtechnologyparameters.

pateddrop in resistivity from materialsimprovementsprojectedin
theSIA roadmap.However, to keeppacewith shrinkingwirewidth,
wire aspectratio (ratio of wire heightto wire width) is predictedto
increaseup to a maximumof three. Larger aspectratiosincrease
thecouplingcapacitancecomponentof 890325476 , which is somewhat
mitigatedby reductionsin the dielectricconstantof the insulator
betweenthewires. Evenwith theadvantagesof improvedmateri-
als,the intrinsic delayof a wire, " 032:476�� 8 0325476 , is increasingwith
everynew technologygeneration.Theseresultsaresimilar to those
foundin otherstudiesby Horowitz [11] andSylvester[27].

The derived valuesfor " 032:476 and 8 032:476 form the coreof our
wire delaymodel. Given the fabricationtechnology, andthe wire
length,width,andspacing,ourmodelcomputestheend-to-endwire
transmissiondelay. For theloadon theremoteendof thewire, we
assumea minimum-sizeinverter, which hasa small gatecapaci-
tancerelative to thewire capacitance.We assumeoptimalrepeater
placementin our modelto reducethedelay's dependenceon wire
length from quadraticto linear. Eachrepeateris an inverterwith
PFETandNFET sizeschosento minimizeoverall wire delay. We
usea � circuit to modeleachwire segmentin a repeatedwire, as
describedin [3], andcalculatetheoveralldelayasafunctionof wire
length � usingEquation1.
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"

�

is the on-resistanceof the repeater, 8

�

is the gatecapaci-
tanceof the repeater, '

�

is the lengthof a wire segmentbetween
repeaters,( is theintrinsic delayof a repeater, and " 0 and 8 0 are
theresistanceandcapacitanceof thewire segmentbetweentwo re-
peaters.Usingthisequation,thetransmissiondelayfor a5mmtop-
level wire morethandoublesfrom 170psto 390psover therangeof
250nmto 35nmtechnologies.Whenpossible,increasingthewire
width is an attractive strategy for reducingwire delay. Increasing
the wire width andspacingby a factorof four for top level metal
reducesthedelayfor a 5mmwire to 210psin a 35nmprocess,at a
costof four timesthewire tracksfor eachsignal. In this study, we
assumethewire widthsshown in Table1.

��� �*) � � �,+�� ����� � ��	

While wires have slowed down, transistorshave beengettingdra-
maticallyfaster. To �rst order, transistorswitchingtime,andthere-
fore gatedelay, is directly proportionalto the gatelength. In this
paperwe usethefanout-of-four(FO4)delaymetricto estimatecir-
cuit speedsindependentof processtechnologytechnologies[11].
The FO4 delay is the time for an inverter to drive four copiesof

itself. Thus,a given circuit limited by transistorswitchingspeed
has the samedelay measuredin numberof FO4 delays,regard-
lessof technology. Reasonablemodelsshow that under typical
conditions,the FO4 delay, measuredin picoseconds(ps) is equal
to -/.,01�2�!3 454.076 , where �!3 454.076 is theminimum gatelengthfor a
technology, measuredin microns. Using this approximation,the
FO4delaydecreasesfrom 90psin a250nmtechnologyto 12.6psin
35nmtechnology, resultingin circuit speedsimproving by a factor
of seven,just dueto technologyscaling.

The FO4 delaymetric is importantasit providesa fair means
to measureprocessorclock speedsacrosstechnologies.Thenum-
berof FO4delaysperclockperiodis anindicatorof thenumberof
levelsof logic betweenon-chiplatches.Microprocessorsthathave
a small numberof FO4 delaysper clock period aremore deeply
pipelinedthanthosewith moreFO4 delaysper clock period. As
shown by Kunkel andSmith [14], pipelining to arbitrarydepthin
hopesof increasingtheclock ratedoesnot resultin higherperfor-
mance.Overheadfor thelatchesbetweenpipelinestagesbecomes
signi�cant whenthe numberof levels of logic within a stagede-
creasestoomuch.Pipeliningin a microprocessoris alsolimited by
dependenciesbetweeninstructionsin differentpipelinestages.To
executetwo dependentinstructionsin consecutive clockcycles,the
�rst instructionmustcomputeits result in a singlecycle. This re-
quirementcanbeviewedasa lower boundon theamountof work
thatcanbeperformedin a usefulpipelinestage,andcouldberep-
resentedasthecomputationof anadditioninstruction. Underthis
assumption,astrict lowerboundontheclockcycle time is 5.5FO4
delays,which is the minimal computationtime of a highly opti-
mized64-bit adder, asdescribedby Naffziger [17]. Whenaccount-
ing for latchoverheadandthetimeto bypasstheoutputof theadder
backto theinput for thenext instruction,reducingtheclock period
to eightFO4delayswill bedif�cult. Fewer thaneightmaybeim-
possibleto implement.

In Figure 2, we plot microprocessorclock periods(measured
in FO4delays)from 1992to 2014. Thehorizontallines represent
the eight FO4 and16 FO4 clock periods. The clock periodspro-
jectedby theSIA roadmapshrinkdramaticallyover theyearsand
reach5.6FO4delaysat50nm,beforeincreasingslightly to 5.9FO4
delaysat 35nm. The Intel datarepresent� ve generationsof x86
processorsand show the reductionin the numberof FO4 delays
perpipelinestagefrom 53 in 1992(i486DX2) to 15 in 2000(Pen-
tium III), indicatingsubstantiallydeeperpipelines.Theisolatedcir-
clesrepresentdatafrom a wider varietyof processorspublishedin
theproceedingsof theInternationalSolidStateCircuitsConference
(ISSCC)from 1994to 2000.BoththeIntel andISSCCdatademon-
stratethatclock rateimprovementshave comefrom a combination
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Figure2: Clock scalingmeasuredin FO4 inverterdelays.Theag-
gressive (8 FO4) and conservative (16 FO4) clocks are constant
acrosstechnologies,but theSIA roadmapprojectslessthan6 FO4
delaysat50nmandbelow.

Gate ChipArea 16FO4Clk 8FO4Clk 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: Projectedchipareaandclock rate.

of technologyscalinganddeeperpipelining,with eachimproving
approximately15-20%per year. While the trend toward deeper
pipelining will continue,reachingeight FO4 delayswill be dif�-
cult, andattainingtheSIA projectedclock rateis highly unlikely.

In this paper, we examinemicroprocessorperformancewhen
scalingthe clock conservatively at 16 FO4 delays( ,

��� ), aggres-
sively ateightFO4delays( ,

� ), andto absolutelimits with theSIA
projections( ,

�
	�� ). In Table2, we show the resultingclock rates
acrossthespectrumof technologieswe measure.

����
 � � 

��� �
� ��� ������� ��� � ��� � � 

��� 
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�

The wideninggapbetweenthe relative speedsof gatesandwires
will have a substantialimpacton microarchitectures.With increas-
ing clock rates,the distancethat a signal can travel in a single
clock cycle decreases.When combinedwith the modestgrowth
in chip areaanticipatedfor high-performancemicroprocessors,the
time(measuredin clockperiods)to sendasignalacrossonedimen-
sionof thechipwill increasedramatically. Ouranalysisbelow uses
theclockscalingdescribedaboveandtheprojectedchipareasfrom
theSIA Roadmap,asshown in Table2.

Basedonthewire delaymodel,wecomputethechipareathatis
reachablein asingleclockcycle. Ourunit of chipareais thesizeof
asix-transistorSRAM cell,whichshrinksasfeaturesizeis reduced.
To normalizefor differentfeaturesizesacrossthetechnologies,we
measureSRAM cell sizein � , which is equalto one-halfthegate
lengthin eachtechnology. We estimatetheSRAM cell areato be

�

0,0��

�

, which is the mediancell areafrom several recentlypub-
lishedSRAM papers[4, 23, 31]. Our areametricdoesnot include
overheadsfoundin realSRAM arrays,suchasthearearequiredfor
decoders,power distribution, and sense-ampli�ers.Additionally,
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Figure3: Reachablechipareain top-level metal,whereareais mea-
suredin six-transistorSRAM cells.

it doesnot re�ect the sizeof a single-cycle accessmemoryarray;
theareametric includesall bits reachablewithin a one-cycle, one-
way transmissiondelayfrom a �x edlocationon thechip, ignoring
parasiticcapacitancefrom theSRAM cells.

Figure3 shows theabsolutenumberof bits thatcanbereached
in a singleclock cycle, which we termspan, usingtop-level wires
for ,

��� , ,
� , and ,

�
	�� clock scaling. The wire width andspacing
is setto the minimum speci�ed in the SIA Roadmapfor top-level
metalateachtechnology. Using ,

��� clockscaling,thespan�rst in-
creasesasthenumberof bitsonachip increasesandtheentirechip
canstill bereachedin a singlecycle. As thechipbecomescommu-
nicationboundat 130nm,multiple cyclesarerequiredto transmit
a signal acrossits diameter. In this region, decreasesin SRAM
cell sizeareoffsetequallyby lower wire transmissionvelocity, re-
sulting in a constantspan. Finally, the spanbegins to decreaseat
50nm when the wire aspectratio stopsincreasingand resistance
becomesmoresigni�cant. Theresultsfor ,

� aresimilarexceptthat
theplateauoccursat 180nmandthespanis a factorof four lower
than that of ,

��� . However, in ,

�
	�� the spandropssteadilyafter
180nm,becausetheclock rateis scaledsuperlinearlywith decreas-
ing gatelength. Theseresultsdemonstratethat clock scalinghas
a signi�cant impacton architecturesasit demandsa trade-off be-
tweenthesizeandpartitioningof structures.Usinghighclockrates
to meetperformancetargetslimits the sizeof pipelinestagesand
microarchitecturalstructures,while tightly constrainingtheirplace-
ment.If lowerclockratescanbetolerated,thenmicroarchitectscan
give lessconsiderationto the communicationdelayto reachlarge
andremotestructures.

Figure 4 shows the fraction of the total chip areathat can be
reachedin a singleclock cycle. Using ,

� in a 35nmtechnology,
lessthan0.4%of thechip areacanbereachedin onecycle. Even
with ,

��� , only 1.4%of thechipcanbereachedin onecycle. Similar
resultshavebeenobservedin prior work [16]. If microarchitectures
do not changeover time, this phenomenonwould beunimportant,
sincethearearequiredto implementthemwoulddecreasewith fea-
turesize.However, microarchitectureshavebecomemorecomplex
becausearchitectsacquiredmoretransistorswith eachnew fabri-
cationtechnology, andusedthemto improve overall performance.
In future technologies,substantialdelaypenaltiesmustbe paid to
reachthestateor logic in a remoteregion of thechip, somicroar-
chitecturesthat rely on largestructuresandglobalcommunication
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Figure4: Fractionof total chipareareachablein onecycle.

will beinfeasible.
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While transistorspeedsarescalingapproximatelylinearlywith fea-
turesize,wiresaregettingslower with eachnew technology. Even
assuminglow-resistivity conductors,low-permittivity dielectrics,
andhigheraspectratios,theabsolutedelayfor a �x ed-lengthwire
in top-level metalwith optimallyplacedrepeatersis increasingwith
eachgeneration.Onlywhenthewire width andspacingis increased
substantiallycanthewire delaybekeptconstant.Dueto increasing
clock frequencies,wire delaysareincreasingatanevenhigherrate.
As a result,chip performancewill no longerbedeterminedsolely
by the numberof transistorsthat canbe fabricatedon a singlein-
tegratedcircuit (capacitybound),but insteadwill dependuponthe
amountof stateandlogic thatcanbereachedin asuf�ciently small
numberof clockcycles(communicationbound).

The argumentmadeby Sylvesterand Keutzer[27] that wire
delayswill not affect future chip performanceholdsonly if wire
lengthsarereducedalongwith gatelengthsin futuretechnologies.
Traditionalmicroprocessormicroarchitectureshave grown in com-
plexity with eachtechnologygeneration,using all of the silicon
areafor asinglemonolithiccore.Currenttrendsin microarchitures
have increasedthesizesof all of thestructures,andaddedmoreex-
ecutionunits.With futurewire delays,structuresizewill belimited
and the time to bypassresultsbetweenpipelinestageswill grow.
If clock ratesincreaseat their projectedrates,bothof theseeffects
will have substantialimpacton instructionthroughput.


 ) � � � ���
� �	� � � ���
� �

In addition to reducingthe chip areareachablein a clock cycle,
both thewideninggapbetweenwire andgatedelaysandsuperlin-
earclock scalinghasa direct impacton thescalingof microarchi-
tecturalstructuresin futuremicroprocessors.Clockscalingis more
signi�cant thanwire delayfor smallstructures,while bothwire de-
lay andclock scalingaresigni�cant in largerstructures.Thelarge
memory-orientedelements,suchas the caches,register �les, in-
structionwindows, andreorderbuffers,will beunableto continue
increasingin sizewhile remainingaccessiblewithin oneclock cy-
cle. In this section,we useanalyticalmodelsto examinethe ac-
cesstime of differentstructuresfrom 250nmto 35nmtechnologies
basedon thestructureorganizationandcapacity. We demonstrate

the trade-offs betweenaccesstime andcapacitythatarenecessary
for thevariousstructuresacrossthetechnologygenerations.


�� ��� ���
� � ��� � ��� � ��� ���

To modelthevariousstorage-orientedcomponentsof amodernmi-
croprocessor, we startedwith ECacti [19], an extendedversionof
the original Cacti cachemodelingtool [30]. Given the capacity,
associativity, numberports,andnumberof dataandaddressbits,
ECacticonsidersa numberof alternative cacheorganizationsand
computesthe minimum accesstime. ECacti automaticallysplits
thecacheinto banksandchoosesthenumberandlayoutof banks
that incursthelowestdelay. Whenmodelinglargememoryarrays,
ECacti presumesmultiple decoders,with eachdecoderservinga
small numberof banks. For examplewith a 4MB array, ECacti
produces16 banksandfour decodersin a 35nmtechnology. Note
thatthismodelis optimistic,becauseit doesnotaccountfor driving
theaddressfrom acentralpoint to eachof thedistributeddecoders.

We extendedECacti to include technologyscaling,using the
projectedparametersfrom the SIA roadmap. SRAM cell sizes
andtransistorparasitics,suchassourceanddraincapacitances,are
scaledaccordingto their anticipatedreductionin areafor future
technologies.We assumethat the word-linesare run from a de-
coderacrossits neighboringbanksin mid-level metal,andthat the
bit-rline in mid-level metaldoesnot increasethesizeof theSRAM
cell. Unlike Amrutur andHorowitz [3] we further make the op-
timistic assumptionthat the sense-ampli�erthresholdvoltagewill
decreaselinearly with technology. The accesstimesfrom the an-
alytical modelwereveri�ed againstthoseobtainedfrom a SPICE
simulationof thecritical path,andmatchedwithin 15%for all tech-
nologies. This level of accuracy is comparableto the accuracy of
theoriginal CACTI model. A full descriptionof themodelingand
validationcanbefoundin [1].

Apart from modelingdirect-mappedandsetassociative caches,
we usedour extendedversionof ECactito explore othermicroar-
chitecturalstructures.For example,a register �le is essentiallya
direct mappedcachewith moreports,but fewer addressanddata
bits thana typical L1 datacache.We usea similar methodologyto
examineissuewindows, reorderbuffers, branchpredictiontables,
andTLBs.
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UsingourextendedECacti,we measuredthememorystructureac-
cesstime, while varying cachecapacity, block size,associativity,
numberof ports,andprocesstechnology. While cacheorganization
characteristicsdoaffectaccesstime, themostcritical characteristic
is capacity. In Figure5, we plot theaccesstimeversuscapacityfor
a dual-ported,two-way setassociative cache.Themaximumcache
capacitiesthatcanbereachedin 3 cyclesfor the ,

��� , ,

� and ,

�
	��

clocksarealsoplottedas “isobars”. Note that the capacityfor a
threecycle accesscachedecreasesmoderatelyfor ,

��� and ,
� , but

falls off thegraphfor ,

�
	 � .
We comparedour analyticalmodelto othermodelsandrelated

implementations.In a 250nmtechnology, we computethe access
time for a 64KB L1 datacacheto be 2.4ns. This accesstime is
comparableto that of the 700MHz Alpha 21264L1 datacache.
Furthermore,for a 4Mb cachein a 70nm technology, our model
predictsan accesstime of 33 FO4 delayswhich matchesthe 33
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Figure5: Accesstime for variousL1 datacachecapacities.

FO4accesstime generatedby Amrutur andHorowitz for a similar
cache[3].

For eachtechnology, theaccesstime increasesasthecacheca-
pacity increases.Even with substantialbanking,the accesstime
goesup dramaticallyat capacitiesgreaterthan256KB.For a given
cachecapacity, thetransitionto smallerfeaturesizesdecreasesthe
cacheaccesstime, but not as fastasprojectedincreasesin clock
rates. In a 35nm technology, a 32KB cachetakesone to six cy-
clesto accessdependingon theclock frequency. Onealternative to
slower clocksor smallercachesis to pipelinecacheaccessesand
allow eachaccessto completein multiple cycles. Dueto thenon-
linearscalingof capacitywith accesstime, addinga smallnumber
of cyclesto thecacheaccesstime substantiallyincreasestheavail-
able cachecapacity. For example, increasingthe accesslatency
from four to sevencyclesincreasesthereachablecachecapacityby
abouta factorof 16 in a 35nmtechnology. The resultsshown in
Figure5 applyto all of thecache-like microarchitecturalstructures
that we examinein this study, including L1 instructionand data
caches,L2 caches,register�les, branchtargetbuffers,andbranch
predictiontables.

While ourcachemodelreplicatescurrentdesignmethodologies,
our register �le model is more aggressive in design. Although
register �les have traditionally beenbuilt using single-endedfull
swingbit lines[20], largercapacityregister�les will needfasterac-
cessprovidedby differentialbit-linesandlow-voltageswingsense-
ampli�ers similar to thosein our model. For our register�le mod-
eling, thecacheblock sizeis setto theregisterwidth, which in our
caseis eightbytes.For a largeportedregister�le, thesizeof each
cell in the register �le increaseslinearly in both dimensionswith
thenumberof ports.

Ourcapacityresultsfor theregister�le aresimilar to thoseseen
in caches.The mostsigni�cant differencebetweena cacheanda
register�le is the numberof ports. Our resultsshow that register
�les with many portswill incur largeraccesstimes. For example,
in a 35nmtechnology, going from ten ports to 32 ports increases
theaccesstime of a 64-entryregister�le from 172psto 274ps.In-
creasedphysicalsizeandaccesstime makes attachingmoreexe-
cution units to a singleglobal register �le impractical. The alter-
nativesof smallerregister�les versusmulti-cycle accesstimesare
examinedquantitatively in Section4.
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Figure6: Accesstime vs. issuewindow sizeacrosstechnologies.
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The �nal setof componentsthat we modelare thosethat require
global addressmatchingwithin the structure,suchas the instruc-
tion window and the TLB. Thesecomponentsare typically im-
plementedas contentaddressablememories(CAMs) and can be
modelledasa fully associative cache.Our initial modelof the in-
structionwindow includesacombinationof aneight-bitwideCAM
anda 40-bitwidedirectmappeddataarrayfor thecontentsof each
entry. The issuewindow haseight ports,which areusedto insert
four instructions,write backfour results,andextract four instruc-
tionssimultaneously. Sincewe assumethat theeight-portedCAM
cell andcorrespondingeight-porteddataarraycell areport-limited,
we computetheareaof thesecellsbasedon thewidth andnumber
of bit-linesandword-linesusedto accessthem.Notethatwemodel
only thestructureaccesstimeanddonotconsiderthelatency of the
instructionselectionlogic.

Figure6 shows theaccesstime for this con�gurationasa func-
tion of thenumberof instructionsin thewindow. As with all of the
memorystructures,the accesstime increaseswith capacity. The
increasein accesstime is not as signi�cant as in the caseof the
caches,becausethe capacitiesconsideredare small and all must
pay an almostidenticalpenaltyfor the fully associative matchon
thetagbits. Thus,in this structure,oncetheinitial tagmatchdelay
hasbeencomputed,thedelayfor therestof thearraydoesnot in-
creasesigni�cantly with capacity. A 128-entry, eight-port,eight-bit
taginstructionwindow hasanaccesstime of 227psin a 35nmpro-
cess,while a12-bit tagraisestheaccesstimeof asamesizewindow
to 229ps.A 128-entry, 32-port,eight-bittaginstructionwindow (as
might be requiredby a 16-issueprocessor)hasan accesstime of
259psin a 35nmtechnology. Note that all of theseresultsignore
theincreasein complexity of theselectionlogic aswe increasethe
issuewindow sizeandtheport countin the issuewindow. We an-
ticipatethat thecapacityandport countof the register�le andthe
complexity of theselectionlogic will ultimatelyplacealimit onthe
issuewidth of superscalarmicroarchitectures[18].


��

�

� � �����	
��

Becauseof increasingwire delaysandfastertransistors,memory-
orientedmicroarchitecturalstructuresarenot scalingwith technol-
ogy. To accesscaches,register�les, branchpredictiontables,and
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StructureName � �
	 � � � � ���

L1 cache
64K (2 ports) 7 5 3
Integerregister�le
64entry(10ports) 3 2 1
Integerissuewindow
20entry(8 ports) 3 2 1
Reorderbuffer
64entry(8 ports) 3 2 1

Table3: Projectedaccesstime (cycles)at35nm.

instructionwindows in a singlecycle will requirethe capacityof
thesestructuresto decreaseasclock ratesincrease.In Table3, we
show thenumberof cyclesneededto accessthestructuresfrom the
CompaqAlpha 21264,scaledto a 35nm processfor eachof the
threemethodsof clock scaling.With constantstructurecapacities,
theL1 cachewill take up to seven cyclesto access,dependingon
how aggressively theclock is scaled.

Anotherfactornot exploredin our analysisis the communica-
tion delaybetweenexecutionunits in wider-issuesuperscalarpro-
cessors.If thenumberof executionunits is increased,thedistance
betweentheextremeunitswill alsoincrease.Consequently, theby-
passlogic complexity andbypassdatatransmissiondelaywill be
substantialbarriersto improvedperformance[18, 20].

� �

�	
�� ��
 � � � � � � �
��� ��� � �

As communicationdelaysincreaserelative to computationdelays,
superlinearclock ratescalingandtoday's techniquesfor exploiting
ILP work againstoneanother. Aggressively scalingthe clock re-
ducestheamountof statethatcanbeusedto exploit ILP for a �x ed
pipelinedepth.Thedesigneris facedwith two interactingchoices:
how aggressively to pushthe clock rate by reducingthe number
of levels of logic percycle, andhow to scalethesizeandpipeline
depthof differentmicroarchitecturalstructures.For a given target
frequency, wede�ne two approachesfor scalingthemicroarchitec-
tureto smallertechnologies:

� Capacityscaling: Shrinkthemicroarchitecturalstructuressuf-
�ciently sothattheir accesspenaltiesareconstantacrosstech-
nologies. We de�ne accesspenaltyas the accesstime for a
structuremeasuredin clockcycles.

� Pipelinescaling: Hold thecapacityof a structureconstantand
increasethepipelinedepthasnecessaryto cover theincreased
latency acrosstechnologies.

While thesetrade-offs of clockversusstructuresizescalingman-
ifestthemselvesin everydesignprocess,their importancewill grow
ascommunicationdelaycreatesmore interferencebetweenclock
speedandILP optimizations.

In this section,we explore the effect of capacityandpipeline
scalingstrategiesuponIPCandoverallperformance.For eachscal-
ing strategy, andat threedifferentclock scalingrates( ,

��� , ,

� , and
,

� 	�� projections),wemeasureIPCfor our targetmicroarchitecture
at technologiesrangingfrom 250nmto 35nm. The methodology
usesmicroarchitecturalsimulationthat incorporatesthe resultsof
our technologyandstructuremodelsdescribedin Sections2 and3.
Our goalis to �nd thebalanceamongcapacity, pipeline,andclock
ratescalingthatachievesthebestoverall performance.

�

� ����� ��� 
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	��

We performour microarchitecturaltiming simulationswith anex-
tendedversionof theSimpleScalartool set[6], version3.0.Wealso
usetheSimpleScalarmemoryhierarchyextensions,whichsimulate
a one-level pagetable, hardware TLB miss handling, �nite miss
statusholdingregisters(MSHRs)[13], andsimulationof buscon-
tentionat all levels[7].

�

� ����� �/� 
�	 � � � � � 

� � 
 � � � � ����


TheSimpleScalartoolsusea RegisterUpdateUnit (RUU) [24] to
trackout-of-orderissueof instructions.TheRUU actsasa uni�ed
reorderbuffer, issuewindow, andphysicalregister�le. Becauseof
thelargenumberof portsrequiredfor theRUU in a four-wide ma-
chine,implementingit is not feasibleathighclock frequencies.We
thereforesplit the structureslogically in SimpleScalar, effectively
simulatinga separatereorderbuffer, issuewindow, and physical
register�le.

Wealsomodi�ed SimpleScalar's targetprocessorcoreto model
a four-wide superscalarpipelineorganizationroughly comparable
to theCompaqAlpha21264[12]. Our targetis intendedto modela
microarchitecturetypical of thosefoundin current-generationpro-
cessors;it is not intendedto model the 21264microarchitecture
itself. However, wechoseasmany parametersaspossibleto resem-
ble the21264,including thepipelineorganizationandmicroarchi-
tecturalstructurecapacities.Ourtargetprocessorusesaseven-stage
pipelinefor integeroperationsin our simulatedbasecase,with the
following stages:fetch,decode,map,queue,registerread,execute,
andwriteback.As in the21264,reorderbuffer accessesoccuroff of
thecritical path,physicalregistersarereadafter instructionissue,
andinstructionsareloadedinto theissuequeuesin programorder.

Our targetdiffersfrom the21264in thefollowing respects.We
assumethat the branchtarget buffer is a distinct structure,asop-
posedto a line predictorembeddedin the instructioncache. We
simulatea two-level gsharepredictorinsteadof the 21264's local
history, global history, andchoicepredictors.We remove instruc-
tionsfrom theissuequeueimmediatelyafterthey areissued,rather
thanimplementingload-usespeculationandwaiting two cyclesfor
its resolution. We simulatea combined�oating-point andinteger
issuequeue(they aresplit in the 21264),but model themfrom a
timing perspective asif they weresplit. We do not implementthe
functionalunit andregister�le clusteringfound in the21264. In-
steadof thesix instructionspercycle thatthe21264canissue(four
integerandtwo �oating-point), wepermittedonly four. Weusethe
default SimpleScalarissueprioritizationpolicy, which issuesready
loadswith highestpriority, followed by the oldestreadyinstruc-
tions.The21264alwaysissuestheoldestreadyinstructionregard-
lessof its type.Finally, wedonotsimulatethe21264victim cache,
whichcontainsaneight-entryvictim buffer.

�

� ��� � � � � ��� � ��� � �

�

�	
�� ��� �7�	

�

Our baselineprocessorparametersinclude the following: a four-
way issuesuperscalarprocessorwith a 40-entryissuewindow for
both integer and �oating point operations,a 64-entry load/store
queue,commitbandwidthof eight instructionspercycle,aneight-
entryreturnaddressstack,andabranchmispredictrollbacklatency
equalto thereorderbuffer accessdelayplusthreecycles.Wesetthe
numberanddelaysof theexecutionunitsto thoseof the21264[12].
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Capacity(bits) # entries Bits/entry Ports

Branchpred. 32K 16K 2 1
BTB 48K 512 96 1

Reorderbuffer 8K 64 128 8
Issuewindow 800/160 20 40 8

IntegerRF 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: Capacitiesof structuresusedin delaycalculations

Weshow thedefault sizesof theremainingstructuresin Table4.
In ourbaselinememorysystem,weuseseparate64KB, two-way

setassociative level-oneinstructionanddatacaches,with a 2MB,
four-way set-associative, uni�ed level-two cache. The L1 caches
have64-bytelines,andtheL2 cachehas128-bytelines.TheL1/L2
cachebus is 128 bits wide, requiresonecycle for arbitration,and
runsat thesamespeedastheprocessingcore.Eachcachecontains
eightMSHRswith four combiningtargetsperMSHR.

We assumea DRAM systemthat is aggressive by today's stan-
dards.TheL2/memorybus is 64 bits wide, requiresonebuscycle
for arbitration,andrunsathalf theprocessorcorespeed.Thatspeed
ratio, assuminga tightly coupledelectricalinterfaceto memory, is
similar to modernRambusmemorychannels.Weassumedthatthe
baseDRAM accesstime is 50ns,plus a somewhat arbitrary20ns
for thememorycontroller. Thataccesstime of 70nsis typical for
whatwasavailablein 1997.For eachyearbeyond1997,we reduce
theDRAM accesstimeby 10%,usingthatdelayandtheclock rate
for a given yearto computethe DRAM accesspenalty, in cycles,
for theyearin question.We modelaccesstime andbuscontention
to theDRAM array, but do not modelpagehits, precharging over-
head,refreshcycles,or bankcontention.Thebenchmarkswe use
exhibit low missratesfrom thelargeL2 cachesin our simulations.

We simulateeachof theSPEC95benchmarks[26] for 500mil-
lion instructions.Weusethestd inputset;acombinationof differ-
entSPECinputsthat run for lesstime thanthereferencedatasets,
but haveequivalentdatasetsandarenotdominatedby initialization
codefor runsof this length[5].

�

� ����
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To simulatepipelinescalingin SimpleScalar, we addedthe capa-
bility to simulatevariable-lengthpipelinesby specifyingtheaccess
latency for eachmajorstructureasa command-lineparameter. We
assumethat all structuresare perfectly pipelined,and can begin

! accessesevery cycle, where ! is the numberof ports. We do
not accountfor any pipelining overheadsdue to latchesor clock
skew [14]. Furthermore,we assumethat an � -cycle accessto a
structurewill causean ����� cyclepipelinestallasspeci�edbelow.
We perform the following accountingfor accessdelaysin which

����� :

� I-Cache: pipelinestallsaffectperformanceonly whenabranch
is predictedtaken. We assumethat fetcheswith no changesin
control�o w canbepipelined.

� Issuewindow: additionalcycles to accessthe issuewindow
causedelayswhen instructionsare removed from the queue
(wakeupandselect),notwheninstructionsarewritten into the
issuewindow.

� Reorder buffer: as in the 21264,writes to the reorderbuffer
andcommitsoccuroff the critical path. We thereforeaddre-
orderbuffer delaysonly to therollback latency, which in turn
is incurredonly upona branchmisprediction.

� Physicalregister�le : registeraccesspenaltiesarepaidonly on
non-bypassedregister�le reads.Register�le writesarequeued
andbypassedto dependentinstructionsdirectly.

� Branch predictorandBTB: multi-cyclepredictoraccessescre-
ate pipeline bubblesonly when a predictionmust be made.
Multi-cycleBTB accessescausethepipelineto stallonly when
a branchis predictedtaken.We assumethatthetwo structures
are accessedin parallel, so that pipeline bubbleswill be the
maximum,ratherthanthesum,of thetwo delays.

�

� �

�

� ����� � �������	

� ��� ) � �
� � � � � � � ��� � ��	

Weusethesimulatedmicroarchitecturedescribedaboveto measure
IPC acrossthe benchmarksuite. The accesslatenciesfor the mi-
croarchitecturalstructuresarederivedfrom themodelsdescribedin
Section3. Fromtheaccesslatencies,wecomputetheaccesspenal-
tiesfor eachof thethreeclockscalingrates( ,

��� , ,
� , and ,

�
	�� ).
In Table4, we show both thenumberof bits per entryandthe

numberof portsfor eachof thebaselinestructures.Theseparam-
etersareusedto computethe delayasa function of capacityand
technologyaswell asthe capacityasa functionof accesspenalty
and technology. In the issuewindow entry, we show two bit ca-
pacities,onefor theinstructionqueueandonefor thetag-matching
CAM.

In the third columnof Table4, we show thebaselinestructure
sizesthatwe usefor our pipelinescalingexperiments.In Table5,
we show the actualaccesspenaltyof the structuresfor the �x ed
baselinecapacities.Notethatasthefeaturesizedecreases,theac-
cesspenaltyto the�x edsizestructuresincreases,andis dependent
on theclock rate.Consequently, deeperpipelinesarerequiredasa
�x ed-capacitymicroarchitectureis scaledto smallertechnologies.

In Table6, we show theparametersfor thecapacityscalingex-
periments.Becausethe accesspenaltiesareheld nearlyconstant,
the capacitiesof the structuresdecreasedramaticallyas smaller
technologiesandhigherclock ratesareused.For eachtechnology
generation,we seteachstructureto bethemaximumsizepossible
while ensuringthatit remainsaccessiblein thesamenumberof cy-
clesasour basecase(onecycle for mostof thestructures,andten
cyclesfor theL2 cache).

In futuretechnologies,someof thestructuresbecometoo small
to be useful at their target accesspenalty. In suchcases,we in-
creasetheaccesspenaltyslightly, permittingastructurethatis large
enoughto be useful. The accesspenaltiesareshown in the sub-
scriptsin Table6. Note that for technologiessmallerthan130nm,
no structurecanbeaccessedin lessthantwo cyclesfor the ,

� and
,

�
	 � frequency scales.Notethatall of theL2 cacheaccesspenal-
tiesaretencyclesexceptfor ,

� and ,

�
	 � , for which we increased
theaccesspenaltyto 15cyclesat50nmand35nm.
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Branchpred. 1/2/2 2/3/2 2/3/2 2/3/3 2/3/3 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 1/2/2 1/2/2 1/2/2 1/2/2 1/2/3 1/2/3

L1 I-Cache 2/3/2 2/3/2 2/3/3 2/3/3 2/3/4 2/4/5 2/4/5
L1 D-Cache 2/4/2 2/4/3 2/4/3 2/4/4 2/4/5 3/5/7 3/5/7
L2 Cache 11/21/11 10/19/12 11/21/17 11/23/23 12/24/29 17/34/49 19/38/52

I-TLB 2/3/2 2/3/2 2/3/3 2/3/3 2/3/4 2/3/4 2/3/4
D-TLB 2/3/2 2/3/2 2/3/3 2/3/3 2/3/4 2/3/4 2/3/4

Table5: Accesstimes(in cycles)usingpipelinescalingwith , ��� , , � , and ,

�
	�� clock scaling.
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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�

IW 512
�

/512� /128
�

64
�

/64� /8K � 64
�

/64� /2K � 64
�

/64� /64� 64
�

/64� /2K � 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�

L1 I$ 256K� /64K� /256K� 256K� /64K� /64K� 256K� /64K� /16K� 256K� /64K� /64K� 128K� /64K� /16K� 128K� /32K� /32K� 128K� /32K� /32K�

L1 D$ 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: Structuresizesandaccesstimes(in subscripts)usingcapacityscalingwith ,
��� , ,

� , and ,

�
	 � clockscaling.
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Table 7 shows the geometricmeanof the measuredIPC values
acrossall 18 of theSPEC95benchmarks.Theresultsincludeboth
pipeline scalingand capacityscalingexperimentsat eachof the
threeclock scalingtargets.

In general,the IPC decreasesasthe technologyis scaledfrom
250nmto 35nm. For linear clock scaling( ,

��� and ,
� ), this effect

is causedby longerstructureaccesspenaltiesdueto sublinearscal-
ing of thewires. For ,

� 	�� , thesuperlinearreductionin cycle time
causesa larger increasein accesspenaltythan ,

��� or ,
� , resulting

in a sharperdropin IPC.
Thereare several casesin which IPC increaseswhen moving

from alargertechnologyto asmallerone.Thesesmallincreasesare
causedby discretizationlimitations in our model: if the structure
capacityat a giventechnologybecomestoo small to beuseful,we
increasetheaccesspenaltyby onecycle. Thisincreaseoccasionally
resultsin a largerstructurethanin theprevioustechnology, causing
a small increasein IPC. Oneexampleof this effect is evident for
capacityscalingat ,

�
	�� clock rateswhenmoving from 130nmto
100nm. In Table6, the branchpredictor, L1 I-Cache,andL1 D-
Cacheall becomenoticeablylargerbut onecycleslower. A similar
effect occursfor ,

�
	�� capacityscalingat thetransitionfrom 70nm
to 50nm.

With theslower clock rates( ,

��� and ,

�
	�� ), theIPCsat 250nm
for capacityscalingareconsiderablyhigherthanthosefor pipeline
scaling.While thecapacityscalingmethodologypermitsstructure
sizeslargerthanchipsof thatgenerationcouldcontain,thepipeline
scalingmethodologysetsthesizesto be roughlyequivalent to the
21264.Thecapacityscalingresultsat250nmand180nmthusshow
the IPCs if the chip wasnot limited by area. As the wires grow

slowerin thesmallertechnologies,andthecorebecomescommuni-
cationboundratherthancapacitybound,thecapacityscalingstrat-
egy losesits advantage. The pipeline scalingshows higher IPC
thancapacityscalingfor fast clocksat the smallesttechnologies.
ThehighestIPC at 35nm,unsurprisingly, is for capacityscalingat
theslowestclock available–thatpoint is theoneat 35nmfor which
themicroarchitecturalstructuresarethelargest.Evenwith capacity
scalingat the ,

��� clockscale,however, IPCdecreasesby 20%from
250nmto 35nm.

For either scalingstrategy, of course,IPC decreasesas clock
ratesareincreasedfor smallertechnologies.However, performance
estimatesmust include the clock as well. In Table 8, we show
thegeometricmeanperformanceof theSPEC95benchmarks,mea-
suredin billions of instructionspersecond(BIPS),for eachof the
microarchitecturalandclock scales.Moststrikingabouttheresults
is thesimilarity in performanceimprovementsacrosstheboard,es-
peciallygiven thedifferentclock ratesandscalingmethodologies.
Also remarkablearethesmallmagnitudesof thespeedups,ranging
from � ve to seven for 35nm(for all our normalizednumbers,the
basecaseis pipelinescalingperformanceat ,

��� and250nm).
For all technologiesthrough50nmandfor both scalingstrate-

gies,fasterclocksresultin uniformly greaterperformance.For ca-
pacityscalingat 35nm,however, thefasterclocksshow worseper-
formance:,

��� hasthehighestBIPS, ,
� is second,and ,

�
	�� hasthe
lowestperformance.This inversionis causedmainly by themem-
ory system,sincethe 35nmcachehierarchyhasconsiderablyless
capacityfor thefasterclocks.

For pipeline scaling, the cachesall remainapproximatelythe
samesizeregardlessof clockscaling,andthebene�t of fasterclocks
overcomethesetbacksof higheraccesspenalties.Thusat35nm,the
best-performingclock scaleis themostaggressive scale( ,

�
	 � ).
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Scaling ClockRate 250nm 180nm 130nm 100nm 70nm 50nm 35nm

f ��� 1.25 1.16 1.15 1.15 1.17 1.08 1.06
Pipeline f � 0.77 0.73 0.72 0.72 0.71 0.64 0.63

f � 	�� 1.18 0.89 0.83 0.73 0.62 0.49 0.48
f ��� 1.63 1.55 1.48 1.48 1.46 1.30 1.30

Capacity f � 0.89 0.82 0.81 0.81 0.80 0.68 0.63
f � 	�� 1.52 1.03 0.69 0.86 0.49 0.50 0.45

Table7: Geometricmeanof IPC for eachtechnologyacrosstheSPEC95benchmarks.

Scaling ClockRate 250nm 180nm 130nm 100nm 70nm 50nm 35nm Speedup

f ��� 0.87 1.11 1.54 2.01 2.90 3.73 5.25 6.04
Pipeline f � 1.07 1.41 1.93 2.49 3.54 4.44 6.23 7.16

f �
	�� 0.89 1.11 1.74 2.58 3.70 4.85 6.49 7.46
f ��� 1.12 1.49 1.98 2.58 3.63 4.50 6.42 7.38

Capacity f � 1.24 1.58 2.18 2.81 3.99 4.71 6.28 7.21
f �
	�� 1.14 1.28 1.44 3.02 2.92 4.97 6.04 6.95

Table8: Geometricmeanof performance(billions of instructionspersecond)for eachtechnologyacrosstheSPEC95benchmarks.
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Figure7: Performanceincreasesfor differentscalingstrategies.

Figure7 graphstotal performancescalingwith advancingtech-
nology. Thesix linesrepresentpipelineor capacityscalingfor each
of thethreeclockscalingrates.All performancenumbersrepresent
the geometricmeanof the SPEC95benchmarks,andarenormal-
izedto ourbaseline.

Although the variousscalingstrategiesperformdifferently for
the intermediatetechnologies,the overall performanceat 35nmis
remarkablyconsistentacrossall experiments.Capacityscalingat

,

� 	�� shows a high variance;this effect is due to the oscillating
sizeof theL1 instructioncache,causedby thediscretizationissue
describedearlier. The pipelinescalingat ,

��� is the only strategy
that performsqualitatively worsethan the others. The ,

�
	�� and
,

��� clocksdiffer by nearlya factorof threeat 35nm,andyet the
overall performancefor bothclocksat bothscalingmethodologies
is nearly identical. The maximalperformanceincreaseis a factor
of 7.4,whichcorrespondsto a12.5%annualimprovementover that
17-yearspan.

While carefulselectionof theclock rate,speci�c structuresize,
and accesspenalty would result in small performanceimprove-
mentsabove what we have shown here,the consistency of these
resultsindicatesthat they would not bequalitatively superior. For
a qualitative improvementin performancegrowth, microarchitec-
turessigni�cantly differentthanthosewemeasuredwill beneeded.

�

) � � ��� �
� � � �

In thisstudy, weexaminedtheeffectsof technologyscalingonwire
delaysandclock speeds,andmeasuredthe expectedperformance
of amodernaggressivemicroprocessorcorein CMOStechnologies
down to 35nm. We foundthatcommunicationdelayswill become
signi�cant for globalsignals.Evenunderthebestconditions,thela-
tency acrossthechip in atop-level metalwire will be12–32cycles,
dependingon clock rate. In advancedtechnologies,the delay(in
cycles)of memoryorientedstructuresincreasessubstantiallydueto
increasedwire latenciesandaggressive clock rates.Consequently,
even a processorcoreof today's sizedoesnot scalewell to future
technologies.In Figure8, we compareour bestmeasuredperfor-
manceover thenext 14 yearswith projectedscalingat recenthis-
torical rates(55% per year). While projectedratesfor 2014show
performanceexceedingoneTRIPS,our best-performingmicroar-
chitecturelanguishesat 6.5 BIPS.To reacha factorof thousandin
performanceimprovementatanaggressive clockof 8 FO4(10GHz
in 35nm),a chip mustsustainanexecutionrateof 150instructions
percycle.

While our resultspredictthatexistingmicroarchitecturesdonot
scalewith technology, wehavein factbeenquitegenerousto poten-
tial microprocessorscaling.Our wire performancemodelsconser-
vatively assumevery low-permittivity dielectrics,resistivity of pure
copper, highaspectratiowires,andoptimallyplacedrepeaters.Our
modelsfor structureaccesstime furtherassumea hierarchicalde-
compositionof thearrayinto sub-banks,word-lineroutingin mid-
level metalwires, andcell areasthat do not dependon word-line
wire width. In our simulationexperimentsof samplemicoarchi-
tectures,we further assumedthat all structurescould be perfectly
pipelined,thatroutingdelaybetweenstructuresis insigni�cant, and
thatlatchandclock skew overheadsarenegligible.

With theseassumptions,thebestperformancewe wereableto
obtainwasaspeedupof 7.4from a250nmchipto 35nmchip,which
correspondsto anannualgainof 12.5%.Over thesameperiod,the
clockimprovesby either12%,17%,or 19%annually, dependingon
whetheraclockperiodat 35nmis 16,8, or 5.9FO4delays,respec-
tively. That resultmeansthat the performanceof a conventional,
out-of-ordermicroprocessoris likely to scaleworsethantheclock
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Figure8: Projectedperformancescalingover a 17-yearspanfor a
conventionalmicroarchitecture.

rate,evenwhengivenaneffectively unlimitedtransistorbudget.If
any of theoptimisticscalingassumptionsof ourmodelsarenotmet,
actualmicroprocessorscalingwill bepoorerthanwe report.

Ourmodelsshow thatdensestoragestructureswill becomecon-
siderablyslowerrelativeto projectedclockrates,andwill adversely
affect instructionthroughput.While structureaccesstime remains
effectively constantwith the clock rateup to 70nmtechnologies,
at 50nmandbelow, wire delaysbecomesigni�cant. If clocksare
scaledsuperlinearlyrelativetodecreasesin gatelength,accesstimes
for thesestructuresincreasescorrespondingly. For example,when
designingalevel-onedatacachein a35nmtechnology, anengineer
will be facedwith several unattractive choices.First, theengineer
may choosean aggressive target clock rate,andattemptto design
a low accesspenaltycache. At the aggressive SIA projectionof
13.5 GHz (which is likely unrealistic),even a single-ported512
bytecachewill requirethreecyclesto access.Second,thedesigner
mayoptfor alargercachewith alongeraccesstime. Givenourcon-
servative assumptionsaboutcachedesigns,a 64KB L1 datacache
wouldrequireat leastsevencyclesto accessat theaggressive clock
rate.Finally, thedesignermaychooseaslowerclockbut alesscon-
strainedcache.At 5 GHz (16 FO4 delays),a 32KB cachecanbe
accessedin two cycles.

Noneof thesechoicesare ideal. The �rst two alternativesre-
duceIPC substantially, while the third incursa 2.7-fold penaltyin
clock rate.Optimizingfor any oneof clock rate,pipelinedepth,or
structuresizewill forcesigni�cant compromisesin theotherdesign
pointsfor futureultra-smallgate-lengthtechnologies.While other
work hasproposedto vary theclock rateandeffective structureca-
pacitydynamically[2], thosetrade-offs arestill within thecontext
of a conventionalmicroarchitecture,which is unscalableno mat-
ter which balancebetweenclock rateandinstructionthroughputis
chosen.

Basedon this study, future microprocessorswill be subjectto
muchmoredemandingconstraintsthantodayif performanceis to
improve fasterthantechnologyscalingrates.We draw the follow-
ing four conclusionsfrom our results:

� Largemonolithiccoreshave no long-termfuture in deepsub-
micron fabricationprocesses.Microarchitecturesthat require
increasesin the sizesof their components—suchas register
�les in wide-issuesuperscalarprocessorsor high-performance
SMT processors—willscaleeven more poorly than the mi-

croarchitectureusedin this study.

� Of the structureswe studied,the on-chip memorysystemis
likely to bea majorbottleneckin futureprocessors.With ag-
gressive clock rates,level-onecachesthatarenotsubstantially
smallerthanthoseof todaywill have accesstimesof threeto
sevencycles.For level-two cacheswith capacitiesup to 2MB,
accessdelaysrangedfrom thirty to �fty cycleswith aggressive
clock rates,even with ideal partitioning into sub-banks.For
cachesthatuseaneven larger fractionof thedie that thearea
of a 2MB structure,the accesspenaltieswill be substantially
higher. Becausefuture workloadswill certainlyhave a larger
memoryfootprint thanSPEC95,thedropin IPCdueto longer
averagememoryaccesstimeswill belargerthanthatmeasured
in thisstudy.

� Technologyconstraintsfor high-performancemicroprocessors
will affect future designsmuchmoreso than thoseof today.
Technology-basedanalysiswill becomea necessityfor all ar-
chitectureresearch.Distance,area,anddelaymodelsmustbe
incorporatedinto the high-level performancesimulationsthat
arecurrently the norm. Researchthat fails to considerthese
factorswill grow increasinglyinaccurateas technologypro-
gresses.

� Futuremicroprocessorsmustbe partitionedinto independent
physical regions, and the latency for communicatingamong
partitionsmustbe exposedto the microarchitectureandpos-
sibly to the ISA. This observation is not new; a numberof
researchersandproductteamshave proposedor implemented
partitionedarchitectures[8, 9,10, 12, 15, 21,25, 29]. However,
many of thesearchitecturesuseconventionalcommunications
mechanisms,or rely too heavily on software to perform the
applicationpartitioning. The bestcombinationof static and
dynamiccommunicationandpartitioningmechanisms,which
lendthemselvesto thehigh-bandwidth,high-latency substrate,
hasyet to bedemonstrated.

The resultsof this studypaint a bleakpicturefor conventional
microarchitectures.Clock scalingwill soonslow precipitouslyto
linear scaling,which will force architectsto usethe large transis-
tor budgetsto compensate.While it is likely that researchinnova-
tionswill allow conventionalmicroarchitecturesto scalebetterthan
our resultsshow, we believe thatthetwin challenges—ofrecentdi-
minishingreturnsin ILP andpoorscalingof monolithiccoreswith
technology—willforcedesignersto considermoreradicalalterna-
tives.

Onechallengeis to designnew waysof mappingapplications
with varying granularitiesof parallelismonto the partitionedsub-
strate,and to toleratethe variancein both applicationand total
workloadbehavior with ef�cient dynamicmechanisms.Theother
key challengeis to designcoreswithin eachpartitionthatcansus-
tain high ILP at fastclock rates. Thesecoreswill needstructures
thatmaximizeinformationdensity, differentlogical clocksfor dif-
ferentcomponentsof the microarchitecture,anda physicallayout
that supportsfast executionof multiple independentinstructions
alongshortwires.
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