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Abstract

With semiconductotechnologyadwancingtoward deepsubmicron Jeakageenegy is of increasingconcernespe-
cially for large on-chip array structuressuchas cachesand branchpredictors. Recentwork hassuggestedhat even
largerbranchpredictorscanandshouldbe usedin orderto improve microprocessoperformanceA furtherconsidera-
tion is thatmoreaggressie branchpredictors especiallymultiportedpredictorsfor multiple branchprediction,maybe
thermalhot spots thusfurtherincreasingts leakage Moreover, asthe branchpredictorholdsstatethatis transientand
predictve, elementxanbe discardedvithout adverseeffect. For thesereasonsit is naturalto considerapplyingdecay
techniqgues—alreadshavn to reducdeakageeneny for caches—tdranch-predictiorstructures.

Dueto thestructuraldifferencebetweercachesandbranchpredictors applyingdecaytechniqueso branchpredic-
torsis notstraightforvard. This paperexploresthe stratgiesfor exploiting spatialandtemporallocality to make decay
effective for bimodal, gshare,and hybrid predictors,aswell asthe branchtarget buffer. Furthermorethe predictive
behaior of branchpredictorssteershemtowardsdecaybasednot on state-preservingstatic storagecells, but rather
quasi-static,dynamicstoragecells. This paperwill examinethe resultsof implementingdecayingbranchpredictor
structureswith dynamic—appropriatelylecaying-cellsratherthanthe standardstaticSRAM cell.

Overall, this paperdemonstratethatdecaytechniquesanapplyto morethanjust cacheswith the branchpredictor
andBTB asan example. We shawv decaycan either be implementedat the architecturallevel, or with a wholesale
replacemenof staticstoragecellswith quasi-staticstoragecells which naturallyimplementdecay More importantly
decaytechniquesanbe appliedandshouldbe appliedto othersuchtransientand/orpredictive structures.

I. INTRODUCTION

As microprocessorbave matured power andenegy concernspnceonly consideredn low-power embeddednd
mobile devices,have becomea majorconcernin general-purposandhigh-performanc@rocessorsDynamicpower
dissipationdue to switching actiity hasreceved a greatdeal of attentionas circuit designersand architectshave
developedwaysto reduceswitchingactivity andcapacitve loads.In idealdevices,dynamicpower is the only source
of dissipation,ascurrentonly flows during switching. Yet real devicesalsodissipatestatic or leakage power dueto
currentghatflow regardles®f actiity, especiallysubthesholdeakagecurrentd25] thatflow evenwhenthetransistor
is nominally off.
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As progressn fabricationprocesse$asled to steadyreductionsin supplyvoltages thresholdvoltagesare being
loweredto the pointwhereleakagehasbecomeanimportantandgrowing fraction of total power dissipationin high-
performanceCMOS CPUs.If it is not addressethroughfabricationor circuit-level changessomeforecastgredict
asmuchasa five-fold increasdn leakageenegy pertechnologygeneratio{1]. At suchrates,the currentleakage
componentroughly 5% of total chip power now, would balloonto 50%or morein justafew generations.

In respons¢o thistrend,researcherBave proposeaircuit- andarchitecture-leel mechanismgr managindeakage
enegy [20], [24], [42]. In particular prior work by Kaxirasetal. on cachedecaytechnique$24] shavedthatturning
cachelines off if they have not beenusedin a long time can be effective in reducingleakageenegy with little
performanceémpact.

After cachesbranchpredictorsareamongthelargestandmostpower-consumingarraystructuresn currentCPUSs.
Currentpredictorsaare4—8Kbytesin size,alreadythesizeof asmallcache They dissipateaboutl 0%of theprocessos
total dynamicpower dissipation[33]. Cycle-time,power-dissipation,andthermalconcerngendto keeppredictors
from growing larger.

However, Jiménezet al. [21] pointedout that two-level predictorscanavoid cycle-timeconstraintsandthat large
second-lgel predictorscangive substantiaincreasesn predictionaccurag, resultingin predictorsthat could be as
large and have the samesubstantialeakageasfirst-level caches.Futhermore Skadronet al. [36] foundthata very
aggressie branchpredictorsmaybethermalhotspot,asit is typically accesseeverycycle. Thisindicatesghatbranch
predictorsmay expendmuch more leakageenegy thantheir sizeswould suggestpecausdeakagepower increases
exponentiallywith temperatureFurthermoreastheratio of staticto dynamicpower continuedo increaseregulating
leakagebecomesnoreimportantasa stratejy to regulateoperatingiemperatures.

Applying decaytechniquegdo cacheshasproven effective, so applying decaytechniquego branchpredictorsis
anobvious next step. Unfortunately several factorscomplicatethis task, for it is muchlessobviouswhena branch
predictorentry maybe considereddead” andcanthereforebe turnedoff with little performancempact. First, mary
branchesnay mapto the samepredictorentry. Sincethis sharingis sometimeseneficial,notionsof cacheconflicts
andeviction do not translatedirectly into the branchpredictionworld. Seconda branchpredictorentryis not simply
valid or invalid, asin a cache.A branchpredictorentry may have reachedhe “strongly not taken” statedueto the
effects of several differentbranchesand may be usefulto the next branchthat accesseg, evenif this branchhas
never beenexecutedbefore. Third, branchpredictorentriesare too small to deactvate individually, so one must
considersomelarger collection,suchasa row of predictorentriesin the squarearrayin which the predictoris likely
implementedThechallengehereis thatunlike the groupingof datainto a cachdine, thegroupingof branchpredictor
entriesin a row is not somethingfor which applicationprogrammersand systemsbuilders have a senseof spatial
locality. This paperevaluatesiesignoptionsrelatedto thesequestions.

Furtherinterestingguestionsarisewhenmoving from simplebimodalbranchpredictorg37], which keeponetwo-
bit counterper predictorentry; to multi-table predictorslik e hybrid predictors[31], which operateseveral prediction
structuresn parallel. For example,hybrid predictorsmay encounteinstancesvhenoneof the predictorcomponents
hasbeendeactvatedbut the otherhasnot. The choosemight be designedo pick the still active componentn such
situations.For otherbranchesthe choosemay exhibit a strongbiasfor onepredictorcomponenbver the other In
this case predictorentriesthatarenot beingselectednight bedeactvated.

Traditionally, statepreservingstructureave beendesignedvith 6T SRAM cells; unlike DRAM cells,SRAM cells



retaintheir valuewhile chaged. By doing so, cachemeednot have built in circuitry to refreshthe cells asseenin

mainmemory With thisin mind, decayandsimilar techniquegsocuson somehaev shuttingdown thesecells; onesuch
techniguenvolvesgatingeitherthe sourceor drainvoltagesto a signalthatis enabledvhenever the cell needso be
turnedoff. By attachingdecaycounterdo eachcell, onecandetectf thecell hasgonelong”enough”without activity.

If thisis the casethecell is assumedo be unusedandcanbe deactvated.

Traditionaltechnique®f deactvatingcellsinvolvedattachinga gatetransistorto the supplyvoltageV,,; whenthe
cellis to be deactvated the gatetransistordisconnectshe supplyto therestof the cell andthusthe cell is effectively
turnedoff [42]. GatedV;,; basedcachedecaytechniquedhave afew problemshowever. Firstis thearearequirement.
Attachinga gatetransistorto eachcacheline might have anadverseimpacton the pitch of the cacheline, increasing
theoverall sizeof thecache Furthermorethe countergshemselesconsumalynamicandstaticpower, which mustbe
takeninto accountaswell. Moreover, therealitiesinvolving gatingthe sourceor drainvoltagehave beenpreviously
implied but not fully understoodOnecannotassumehatpoweringup or poweringdown atransistorcomesfor free;
instead thereis somedynamiccostto the procesgoughly of the sameorderasa cacheline access.

An alternatve to traditionaldecayis to usea quasi-static4-transistormemorycell referredto asthe 4T cell. 4T
cellsareasfastas6T SRAM cells, but do not have connectiondo the sourcevoltage(V,4). Ratherthe4T is chaged
uponeachaccesswhetherreador write, andslowly leaksthe chageovertime. Whenthe chagein the cell hasbeen
depletedthe valuestoredis lost. Thus,they may be referredto asquasi-staticjike corventionalDRAM, they leak
their chage,but arenot subjectto afull read-write-refresleycle.

4T cellsoriginally have beenbuilt into embeddegbrocessorsyherelow-power consumptioris the mostimportant
aspect.They have beenlargely overlookedin general-purposprocessorbecauseasmentionedabove, they arenot
truly static. Rather they require periodic refresh. However, in decaytechniqueswherethe goal is to exploit the
transientnatureof shorttermstorageby turningthemon andoff dependingon usagepnecanactuallytake advantage
of 4T cells’ dynamicnature.Decayinga 6 T cell seemsomavhatlike squashingts greatestidvantage- thatit retains
its value for hawever long it is poweredup. Implementingdecaywith 4T cells is thereforeobvious; asit decays
naturallyovertime if notaccessedhis distinctive behaior fits perfectlywith thetransientbehavior of elementsn a
cacheor branchpredictor

Decaywith quasi-staticellsis advantageouto corventionaldecayin severalrespectsFirst, by virtue of two fewer
transistorsaandby eliminatingthe needto run powerrails lengthwisethroughouthearray a 4T basedcaches smaller
thana 6T cache Furthermoreas4T cellsdecayandrevive naturallythroughthe read-writeprocesssomeof the costs
behindactivatingdecayedellsareeliminated.

Contributions

Becausébranchpredictorshave behaiior more nuancedhan cachescachedecaymethodscannotbe directly ap-
plied. This papershows thateffective decaytechniguesannevertheles$e devisedfor branchpredictors.The paper
thengoesonto exploretheinteractionof decaypolicieswith someof thewealthof branchpredictordesignparameters.
We show that:

« Decaycanreducenetleakagesnegy in the conditionalbranchpredictorby 40-60%andthe branchtargetbuffer
(BTB) by 90%.

« In hybrid predictorsdecaypoliciescanachiese 50%higherreductionsn leakagesnengy if thedecaypolicy takes
advantageof the hybrid predictororganizatiorto boostdecayopportunities.



« Decayis mosteffective for intervals of 64K cyclesor larger. If decayis appliedtoo aggressiely, extra mispre-
dictionsresultwith significantcostsin both performanceanddynamicpower.

This paperfirst investigateghe useof decayin severaltypesof branchpredictors. We presenthe resultsof im-
plementingdecayin simple branchpredictors,and we suggestand evaluatedifferent policiesin complex branch
predictors We thenintroducethe 4T cell andexamineits usagean simplecachesandbranchpredictors.

Il. RELATED WORK

Much researcthasrecentlybeendonein thefield of staticleakagepothat the architecturalevel andat the device
level. At the architecturallevel, prior work focusedon improving the static leakageperformanceby shutting off
(decaying)unusedportions of large array-like structuresfor example,in caches. Yanget al. [42] describedan
instructioncacheorganizatiorthatdisablesvaysof a set-associate cacheto matchthe capacitycurrentlyneededy
the executingprogram.

Kaxirasetal. [24], Hu etal. [18], andZhouetal. [44] describetechniquedor disablingindividual cachelinesby
inferring thatlineswhich have notbeenusedin alongtime have decayed they probablycontaindatathatis notlikely
to be usedagainbeforereplacementBuilding on the cachedecaywork, Hu et al. [15] extendeddecaytechniquedo
the branchpredictor Most of the above techniqguesassumeechnologiesuchasgated¥/;, to controlwhetheror nota
portionof the structureis enabledor disabled More recently Hansoretal. presente@é comparisorof leakage-control
techniqueg$12], andconcludedhatgated¥,;; maynot bethe bestapproactor controllingstaticpower in large data
arrays. Instead they find that dual-V; techniqueg434] save moreoverall enegy for structureghat shouldhave fast
lookuptimes(lik efirst-level caches).

Takinga differentapproachJuangetal. [22] lookedat eliminating V4 altogetheiin replacingthe standardSRAM
cell with a dynamic,quasi-statidour transistorcell. Using the quasi-statiacell allows for an easilybuilt, naturally
decayingcache. In additionto caches,Hu et al. [16] describedways of saving leakagein branchpredictorsby
implementingthemwith quasi-staticcells. Furthermoreusingadaptve cachedecayasan example,Velusamyet al.
[40] appliedformal feedbackcontrolmechanismso improve leakagesavings by implementingan adaptve controller
which varieddecayintervals dynamically Finally, Hu etal. [19] includedcachedecayasan exampleof improving
power dissipationand performanceby looking at more than just simple time-independenbehaior, suchas event
ordering,andexploiting the generationabehavior of structuresuchasthe cacheandprefetchunit.

Alternately Flautneret al. [9] presentedh techniquein which to improve leakagesasings not by fully decaying
cachdines,but ratherto putthein alow-power”drowsy” state which maintainghe cachestateratherthandiscarding
it asin decaytechniquesAnotherleakagecontroltechniquesaring the cachestatewasdescribecby Heoetal. [13].
Combiningstate-preservingndstate-destrging techniquesl.i etal. [27] demonstrated techniquan whichleakage
enegy wasfurtherreducedy exploiting dataduplicationacrosshe cachehierarchy Lastly, focusinginsteadon the
compiler, Zhangetal. [43] presentedechniquegisingthe compilerto improveinstructioncachdeakage.

I1l. EXPERIMENTAL SETUP

This sectiondescribeour simulationtechniqueandbenchmarksandour methodfor evaluatingenegy savings.



A. SimulationSetup

Simulationsn this paperarebasednthe SimpleScalaB.0toolkit [3]. Our modelprocessohasmicroarchitectural
parametershat resemblein mostrespectghe Intel Plll processof5]. The main processoand memoryhierarchy
parametersare shovn in Tablel. For performanceestimatesand behaioral statistics,we use SimpleScalas sim-
outorder simulator For enegy estimatesye usethe Wattchsimulator[2]. WattchusesSimpleScalas sim-outoder
cycle-accuratenodelandaddscycle-by-gycle tracking of power dissipationby estimatingunit capacitanceandac-
tivity factors. Becausanostprocessorsoday have pipelineslongerthan5 stageshboth our architecturaland power
modelsextendthe sim-outordeipipelineby addingthreeadditionalstagebetweerdecodeandissue.

ProcessoCore
InstructionWindow | 40-RUU, 16-LSQ
Issuewidth 4 instructionspercycle

FunctionalUnits 4 IntALU,1 IntMult/Div,

4 FRALU,1 FPMult/Div,

2 MemPorts

Memory Hierarchy

L1 D-cacheSize 32KB, 1-way, 32B blocks,3-cyclelateng
L1 I-cacheSize 16KB, 4-way, 32B blocks,3-cycle lateng

L2 Unified, 256KB, 8-way LRU,
32B blocks,8-ycle lateny, WB
Memory 100cycles
TLB Size 128-entry 30-cycle misspenalty
TABLE |

CONFIGURATION OF SIMULATED PROCESSOR.

B. Tedhnology Assumptiongnd Circuit Simulations

The resultsof this researchwhile broadly applicable,are evaluatedbasedon particulartechnologyassumptions.
We chosea featuresize of 0.16u, a V4 of 1.5V, anda clock speedof 1 GHz. We use6T and4T cells from cell
libraries;no customdesignsareassumed4T cellsexist in thesdibrariesbecausef their possibleuseasDRAM cells
embeddedntoa primarily-logic chip.

Procesgechnologyprimarily determinedeakagecurrents. With eachsuccessie generation Jeakageincreases
substantiallyIn particular Figurel illustratesthis progressioiy illustratingleakagecurrentgin nA) for four industry
procesgechnologiesurrentlyin useat Agere SystemsAt 2.5V and0.25um,COM1 s largely out of date;we do not
consideiit further COM2is areasonablgurrentCMOS processwith a 1.5V supplyvoltageand0.16umfeaturesize.
COM3andCOM4 areslightly moreforward-lookingCMOS processeSCOM3is a 1.0V, 0.12umprocessandCOM4
isal.0V, 0.lumprocess.

Theleakagecurrentdn thisfigureareshavn for roomtemperaturé25°C). Althoughthis understatethemagnitude
of the leakageseenin operatingchipswherethe temperaturas likely to be muchhigher, our dataagreeswith other
predictiong1] thatleakagds growing exponentiallywith successie technologygenerations.

Our studiesare basedon the currently-in-productiofCOM2 process.We have accurateransistormodelsfor this
processandsomeof our resultsareobtainedvia detailedcircuit simulations.We useCelerity toolsfor very detailed
circuit simulationswith a 25 pico-secondesolution. Although leakagesavings with COM2 aresmall, COM2 is a
procesdor whichwe cangatherverifiablesimulationresults.As suchiit is ausefulvehiclefor detailedcircuit studies



Transistor Leakage Current at 25C

_ 100

g 100

5 10

'E-) 10 3 —

(4]

g 1 —

©

3 0.1

s 01 —

R

(%]

g

= 0.01 T T T 1
comM1i COoM2 COoM3 com4

Technology Node

Fig.1. Leakagecurrentpertransistorfor arangeof technologiesn useatAgere.

of hold timesandtemperatureffects. Leakagecurrentwill be a seriousproblemin subsequengenerationsandthis
papershavs substantiabavingsfor the COM3 andCOM4 processes.
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Fig. 2. Current-\bltagecurvesfor COM2transist0rsatvaryi:g temperatures.

An importantfactor affecting leakageis temperature.Figure 3 shaws transistorleakagecurrentsastemperature
is variedfor 1.5V 0.16uCOM2 transistors.The further exponentialrelation of leakageto temperaturés evidentin
thesedfigure. Variationsin temperatureesultin largevariationsin leakageandthesewill impactdesigntradeofs. Our
designgargetanoperationatemperaturef 85 C (appropriatdor examplefor high-performancer mobileprocessors)
but we also simulatedvery high temperaturg125 C) operation(appropriatein hardto control environmentslike
automobiles).
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C. Bendimarks

We evaluateour resultsusingbenchmarkg$rom the SPECCPU2000suite[39]. Thebenchmarksrecompiledand
staticallylinkedfor the Alphainstructionsetusingthe CompagAlpha compilerwith SPECpeaksettingsandinclude
all linked libraries. For eachprogram,we skip the first 1 billion instructionsto avoid unrepresentate behaior at
thebeginningof the programs execution.We thensimulate200M (committed)instructionsusingthe referencaenput
set.Simulationis conductedisingSimpleScalas EIO tracego ensuraeproduciblaesultsfor eachbenchmarlacross
multiple simulations Tablell summarizeshebenchmarksisedandtheir predictionaccuraciesvith severalpredictors.

DynamicConditional | PredictionRate | PredictionRate PredictionRate
BranchFrequeng | w/Bimod4K | w/ Gsharel6K | w/ Hybrid 21264-style
gzip 9.40% 87.58% 90.67% 92.40%
vpr 11.08% 90.00% 97.68% 97.03%
gcc 2.56% 99.61% 99.74% 99.75%
mcf 19.40% 98.42% 99.27% 98.94%
crafty 11.13% 91.76% 93.33% 94.38%
parser 15.60% 91.25% 94.31% 94.89%
eon 11.08% 81.03% 89.71% 91.76%
perlbmk 12.43% 95.15% 97.29% 97.60%
gap 6.62% 90.10% 96.50% 96.96%
vortex 16.00% 97.85% 97.61% 97.87%
bzip2 12.13% 94.06% 94.05% 94.12%
twolf 12.24% 86.44% 88.53% 88.48%
wupwise 10.50% 92.05% 97.54% 96.66%
swim 1.35% 99.36% 99.54% 99.55%
mgrid 0.33% 92.57% 97.77% 97.95%
applu 0.28% 93.07% 98.70% 98.21%
mesa 8.73% 94.09% 96.98% 96.31%
galgel 6.09% 99.13% 99.27% 99.29%
art 11.29% 92.99% 99.02% 96.40%
equale 17.13% 98.04% 99.39% 99.28%
facerec 3.49% 97.92% 99.04% 99.21%
ammp 21.67% 98.77% 99.27% 99.23%
lucas 8.67%% 90.84% 98.70% 98.84%
fma3d 18.09% 95.93% 98.39% 97.68%
sixtrack 8.08% 89.58% 99.72% 99.78%
apsi 3.51% 86.22% 96.52% 97.12%
TABLE I

BENCHMARK SUMMARY.
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Fig.4. Gsharepredictorin the SunUItraSRARC-III (Left) and21264-stylehybrid predictor(Right).

D. Enegy Evaluation

An evaluationof the netenepgy savingsfrom branchpredictordecaymustaccountfor two oppositeeffectsresulting
from decay Ontheonehand turningoff V4 in idle countersor rows canpreventthemfrom leaking;ontheotherhand,
decayingthe counterscausegshemto losehistory information storedwith them, possiblydegradingthe performance
of thebranchpredictorandhencepossiblyresultingin moreenegy spenton mis-speculatiorandlongerruntime.

We useWattch[2] to measurehe total processodynamicenegy with andwithout applyingdecay and subtract
themto obtainthedynamicenegy overheadspeedf 1 GHz. For leakagepower, Yangetal. [42] estimatehatwith a
110°C operatingtemperaturea 1GHz operatingfrequeng, a supplyvoltageof 1.0V anda thresholdvoltageof 0.2V,
aSRAM cell consumesbout1740 = 102 nJleakageenegy percycle. Thisis roughlyin line with industrydatathat
Agerehasfoundwith their COM3 andCOM4 procesgeneration$s].

Basedon the above data,we estimatethatthe 4K-entry bimodalpredictor the 16K-entrygsharepredictor andthe
21264style hybrid predictorconsumeabout0.014nJ0.056nJand0.030nJdeakageenegy eachcycle, respectiely. In
generaltheoverallleakageenegy for thebranchpredictorcanbecalculatedasleakage enegy perbit percycle* #bits
* #cycles Theleakageenepy of the extra statusbits canbe calculatedsimilarly. Sincethesestatusbits only switch
infrequently(at mostonceevery decayinterval, e.g. every 64K cycles),we ignoretheir dynamicenegy overheadn

our calculation.

E. Brand Predictors Studied

Althoughawealthof dynamicbranchpredictorshave beenproposedwe focusontheeffectsof decayfor thegshare
andhybrid predictorspecauséhey presenthe mostinterestingradeofs.

Thegsharepredictor shavn in theleft-handportion of Figure4, triesto detectandpredictsequencesf correlated
branchedy trackinga global history (the global branchhistory registeror GBHR) of the outcomesf the N most
recentbrancheslin gsharetheglobalbranchhistoryandthe branchaddressare XOR’'d to reducealiasing.This paper
modelsa 16 K-entry gsharepredictorin which 12 bits of historyare XOR'd with 14 bits of branchaddressThisis the
configurationthatappearsn the SunUltraSRARC-111 [38].

Insteadof usingglobal history; a two-level predictorcantrack local branchhistory on a perbranchbasis. Local
history is effective at exposingpatternsin the behaior of individual branches.Becausenostprogramshave some



brancheghat perform betterwith global history and othersthat perform betterwith local history, a hybrid predic-
tor [4], [31] combineghetwo. It operateswo independenbranchpredictorcomponentsn parallelandusesa third
predictor—the selectoror chooser—to learnfor eachbranchwhich of the componentss moreaccurateandchooses
its prediction.This papemodelsa hybrid predictorwith a 4K-entry selectorthatonly usesl2 bits of globalhistoryto
index its PHT; a global-historycomponenpredictorof the sameconfiguration;anda local history predictorwith a1
K-entry, 10-bitwide BHT anda 1 K-entry PHT. This configurationappearsn the Alpha 21264[10] andis depictedn
theright-handportionof Figure4.

Logically, branchpredictorsarearraysof counterghataretypically justtwo bitswide. Physically however, branch
predictorsare, like caches,implementedas squareor nearly-squarearray structures. This helpsto minimize the
compleity of therow andcolumndecodersandbalancewordline andbitline lengthanddelay The predictorarrayis
thussimilarto acachearray exceptthatit needsotags.For example the 16K-entrygsharepredictordiscussedbove
canbelaid outasa 128 x 128 arrayof 2-bit counters.Alternatively, it canbe divided into 4 banks,eacha 64 x 64

counterarray We referto thesetwo organizationss“unbanked” and“banked” respectiely.

IV. DECAY WITH BASIC BRANCH PREDICTORS

A. Overviav of Proposedmplementations

Sincebranchcountersareonly 2 bitsin size,a cost-efective choicefor turningoff thesecounterss atthegranularity
of rowsin thearraystructureratherthanindividual entries.This requiresonly two bits of stateperrow (thereference
bit andthe active bit) and hencea total overheadof 2 x v/entries bits. Our techniqueshave the following general
structure. At regular intervals, all rows of predictorentriesnot beenusedduring the interval are assumedo have
decayedindarethereforedeactivated Theinterval, calledthe decayinterval, is measuredh processocyclesandis a
critical parametefor theseschemesTheshortertheinterval, the moreopportunitiedor rowsto be deactvatedbut the
morelikely it is to deactvate rows prematurelyandinduceextra mispredictions.Intervalslong enoughto minimize
extramispredictionspn the otherhand,resultin the deactvationof fewer entries.

chosen
bitlines

row
decoder
asserted
wordline

. b/2
PHT index

b/2

column
decoder

two-bit counter

Fig.5. A schematiof a squarifiedbranchpredictortableof two-bit countergthe PHT).

Figure5 shaws a pictureof atypical branchpredictorarrangedasa squarenemoryarray A groupof entries then,
is arow of the squarememoryarray Onebit perrow, the refelencebit, indicateswhetherarny predictorentryin that
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row hasbeenaccessedvithin the last decayinterval. All referencebits are clearedat the end of eachinterval. A

seconcdbit for eachrow, the activebit, indicateswhetherthatrow is currentlyactive (i.e., not decayed)If a predictor
lookup triesto accessa decayedow, the predictorsignalsthat a predictioncannotbe made;the row is re-activated
andpossiblyinitialized to somedesiredstartingstate;in the meantimea default predictionis made.Uponactivation,
our experimentsusea default of not taken andinitialize all the countersto 01. Thus,subsequenbranchesisingthe
re-actvatedline startin theweakly-not-talenstate.

The active ratio in a particularexperimentis the averagepercentagef predictorrows found to be active (not
decayed)it is aproxyfor theactualleakageenegy consumedy the predictor Of courseshorterdecayintervalsyield
smalleractive ratios (andlarger leakageenepgy savings), but performancemay suffer, sinceuseful predictorentries
aresometimesleactvated.Exploringthis power-performancearadeof is a key objective of this paper

Logically, branchpredictorstructureshave mary entriesbut eachentryis typically just two bits wide. Whenfirst
consideringapplyingdecaytechniquego branchpredictors,it might be temptingto considerdeactvatingindividual
predictorentries.Thisis untenablehowever, becaus@urmethodsequiretwo bits of stateperindependently-actated
unit; suchoverheadvould be excessveif appliedto individual two-bit predictorentries.

To evaluatethe net effectivenesf decayfor reducingleakageenegy, we combinethe reducedvalue of leakage
enegy thatwasobsenedwith decay andthe overheadcenegy associateavith the decaytechnique We thencompare
this to theoriginal valuefor leakageeneny. For eachof the predictortypeswe study we presenplotsof normalized
leakage enegy for differentdecayintervals,wherethe basisfor normalizationis the original valuefor leakagesnegy.
This approactor measuringhe netreductionin leakagesnegy is similar to thetechniquesisedby Kaxirasetal. in
theirwork on cachedecay[24].

B. Spatial/Empoal Locality in Branch Predictors

Thefirst questionin exploring decayfor branchpredictords to determinenow oftenanentirerow of branchpredic-
tor entriesis likely to lie idle long enoughfor decaytechniquedo be effective. In today’s machinesbranchpredictor
rows typically include 32-256counterentries. Fortunately programbranchesre clusteredratherthanrandom,and
acrossall the predictororganizationswe examine, our experimentsconsistentlyshov that somerows have heary
activity while othersareidle andcanbedeactvated.

Clearly, programsexhibit spatiallocality in the instructioncache.Over a shortperiod of time, only oneor a few
smallcontiguougegionsof theprogramarelikely to be active, sobranchinstructionsarelik ely to be closein termsof
their PC. This alsotranslatesnto spatiallocality in branch-predictoaccesses-or branchpredictors spatiallocality
meanghatat ary pointin the program,active rows arelikely to have mary countersactive andidle rows arelikely
to beentirelyidle. This is mosttrue for the bimodalpredictor which is indexed only by PC. Indeed the probability
thattwo successie conditionalbranchedall into the samerow in a4 K-entry bimodalpredictoris greaterthan40%
for all our benchmarksandgreaterthan50% for all but five. If the brancheswvere uniformly distributed, we would
expectratescloseto 1/rows(about24 K-entry predictorarray). For gshareor hybrid predictors spatiallocality is not
aspronouncedsfor bimodal, sincetheseother predictorsare indexed by the branchhistory. Neverthelessin half
of the benchmarkshe probability of hitting the samerow asthe previousbranchis above 10%. This is muchhigher
thana randomdistribution (about1% for the large, 16 K-entry gshare) so thesepredictorsalsoexhibit somespatial
locality.
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1K cycles 10Kc 100Kc 1Mc Overall
gzip 24 32 45 103 281
vpr 31 45 58 65 742
gcc 2 9 79 193 512
mcf 65 83 92 116 565
crafty 104 305 592 855 1701
parser 53 90 157 294 2265
eon 81 289 357 415 652
perlbmk | 90 453 631 1112 1541
gap 62 281 325 576 745
vortex 124 502 1227 1642 1996
bzip2 22 33 45 56 460
twolf 48 210 300 334 351
wupwise | 42 52 53 55 193
swim 3 6 11 15 687
mgrid 3 6 9 25 500
applu 1 2 4 7 579
mesa 83 114 139 267 697
galgel 2 6 8 10 508
art 2 2 5 18 109
equale 167 192 193 202 226
facerec | 7 24 25 39 144
ammp 11 26 105 230 794
lucas 3 3 3 4 242
fma3d 80 450 452 465 499
sixtrack | 39 49 55 99 734
apsi 14 85 117 125 342
geomean| 20 46 70 109 529
max 167 (equale) | 502 (vortex) | 1227(vortex) | 1642(vortex) | 2265(parser)
min 1 (applu) 2 (applu) 3 (lucas) 4 (lucas) 109(art)

TABLE Il

AVERAGE NUMBER OF STATIC BRANCHES TOUCHED EVERY SAMPLE INTERVAL FOR SPEC2000. THE RIGHTMOST COLUMN LABELED
‘OVERALL' GIVES THE STATIC BRANCH FOOTPRINT FOR THE WHOLE SIMULATION PERIOD.

Yetthisis notusefulif theactive rows changerapidly, sotemporallocality is alsonecessaryOneimmediatefactor
that createsemporallocality is the fact that mary benchmarkshave small static branchfootprints (the numberof
unique branchinstructionsitesthat are executed),as seenin Tablelll. Decaywill thereforeclearly help bimodal
predictors becauseachstaticbranchtouchesonly one predictorentry andwe know from the datain Tablelll that
they areclustered.

Otherpredictorstructureshowever, may notdo aswell. With gsharethe branchaddresss XOR’d with theglobal
branchhistory, sothatonebranchcantouchmary PHT entries. We evaluatedecayfor gsharepredictorsin section
IV-D. Hybrid predictorsuseglobal- andlocal-historypredictorsas componentswhich bringsmoredesignchoices.
We explorethedesignspacefor hybrid predictorsin sectionlV-E.

C. Decaywith BimodalPredictors

Figure 6 shaws the active ratio and direction predictionaccurag for 4K-entry bimodal branchpredictorswith
differentdecayintervals. We seefrom the active ratio graphthat decayis very effective at shuttingoff idle counters
in bimodal predictors. The geometricmeanactive ratio, which is the percentagef predictorentriespoweredon
(sosmallervaluesarebetter),is 37%, 28%, 22% and 18% for decayintervals of 4096K,512K, 64K and8K cycles
respectiely. This meanghatdecaytechniquesave the potentialto reducebranchpredictorleakageby 2X or more.
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Sincebimodalpredictorsareindexedby PC,benchmarksvith large staticbranchfootprintstendto have higheractive
ratios,asshavn in crafty, perlomk,gapandvortex. Otherbenchmarksypically leave morethanhalf of their counters
deactvateddueto their smallfootprints.

Furthermore the predictionrate graph shows that shutting off theseidle counterscomeswith minimal lossin
performancexceptfor the apparentlytoo-aggressie decayinterval of 8K cycles. With a 64K cycle decayinterval,
theoveralllossin predictionaccuray is about0.14%,with only onebenchmarkmgrid) over 1%.

Interestingly in somebenchmarkgwupwiseandfacelec) we actually obsenedtiny improvementsin prediction
accurag. We attribute this to the effect of remaoving somedestructve interference.Interferenceoccurswhentwo
differentbranchesnapto the samecounter Theinterferences destructve whenthe branchesarebiasedn opposite
directions,for example,whenone of the conflicting brancheds stronglytaken andthe otheris strongly not taken.
Deactvation resetsthe counterto the neutral,weakly not taken value,which effectively isolatesthe two conflicting
branches.

Figure 7 compareghe leakageenepgy beforeand after applying decay When decayis enabled,we addto the
leakageenepy the extra leakageenegy from the decaystatusbits aswell asany dynamic-enagy overheaddueto
extra mispredictionsor longerrun time. We shov the geometricmeanreductionin leakageenegy for SPEC2000
benchmarks.The figure demonstrateshe trade-of betweensavings in leakageenegy andthe overheadincurred.
With a small decayinterval suchas8K cyclesor less,branchpredictionrate degradesenoughso that the dynamic
enegy overheaddominateghe savingsin leakageenegy. Whenthe decayinterval is longer, few mispredictionsare
induced,the extra dynamicenegy incurredbecomesninimal, and over 60% of the original leakageenegy canbe
saved.

D. DecayWith the Gshae Predictor

To understanavhetherdecayis effective for agsharepredictor it is helpfulto measurefor variousinterval lengths,
how mary rows stayactive for the durationof theinterval. Thisis exactly measuredby theactiveratio. Smalleractive
ratiosare betterfor decay Figure 8 shavs the geometricmeanof the active ratios acrossthe benchmarkgor both
banlkedandunbanled 16K-entrygsharepredictorsand,asa referencethe 4K-entry bimodalpredictor As expected,
theactiveratiosarequitesmall(i.e., goodfrom adecaypoint of view) for thebimodalpredictor For gsharegoredictors,
the active ratiosarelarger. Yet significantnumbersof rows remainuntouched.This indicatesthatevenfor predictor
structureslesignedo smeatbranchaddressesver mary entries decay-basetkchniquestill show significantpromise
for addressindgeakageconcerns.

We include datain Figure8 for a banled versionof gshare.Breakingthe predictorinto banksmalkesthe active
ratiosmaller(betterfor decay)by reducingthegranularityoverwhich actiity is measuredindeed theactive ratiofor
gshards 15-35%smallerif it is brokeninto four banksof 4K entrieseach.Overall, theseactive ratiosyield leakage
enegy savings of 40%for unbanlkedgshareandabout50% for bankedgshare Evengreatersavings canbe achiered
for structuredirectly indexedby PC:about65%for bimodalpredictorsand90%for the BTB. For moredetails,refer
to[17].

Figure9 furtherbreaksdown the dataon aperbenchmarlbasis.It shavs active ratio andbranchmispredictiorrate
for anunbanledgsharepredictor The geometricmeanactive ratio acrosshe 26 benchmarkss 46%for a 64 K-cycle
decayinterval, andthe averagedropin predictoraccuray is negligible. Tenbenchmarkstandout ashaving larger
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Fig.6. Active ratio (Top)andpredictionsuccessate(Bottom)for a4 K-entry bimodalpredictor

activeratioswith decaybut eventhesebenchmarksuffer only nggligible lossin predictionaccurag, sodecaydoesnot
harmtheir performanceBecauseashards designedo spreadbranchstateacrosshe predictorto minimize aliasing,
its decaybenefitsare not aspronouncedasfor a bimodal predictor Neverthelessdecaystill producessubstantial
reductiongn leakagepower with minimal performanceémpact. Figure10 showns thatthereductionin leakageenegy
is 41%for a 64 K-cycle decayinterval.

Furtherenegy savings canberealizedusinga banked organizationwhich givesa reductionin leakageenegy of
51%. Notethat,with thebankedpredictor thereductionin leakagesnegy will besomeavhatlessthanthereductionin
active ratio for two reasonsFirst, because¢he banked organizatiorhassmallerrows andhencethe overheadf more
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decaystatushits. Second pecausehe banked organizationis moreaggressie thanunbanlkedgsharen deactvating

rows for the samedecayinterval. This makesit morelikely that the banked organizationwill deactvatea row that

actuallyharmspredictionaccurag. This extra dynamic-paver overheadhowever, decreasewith increasingdecay
interval becausdor very long intervals,evenabankedrow thatis idle is extremelylik ely to have genuinelydecayed.
Thisis why thedifferencein enegy savingsis largerfor 512K cyclesand4096K cyclesthanfor 64K cycles.

E. Decaywith Hybrid Predictors

With two competingcomponentgthe globalcomponentindthelocal component)hybrid predictorsexhibit mary
interestingdesignchoiceswhenimplementingdecay In this sectionwe will explorethesedesignchoicesaswell as
their effecton decayin an Alpha 21264-stylenybrid predictor

a) SelectionPolicy: The selectionpolicy refersto the policy for choosinga predictionfrom one of the two
componentpredictors. In a non-decaying21264-stylehybrid predictor the choosemakes this decisionusing the
globalhistory; seeFigure4. However, whendecayis enabledjt mayhapperthatonly oneof thetwo componentss
active while the otheris decayed.In this case sincethe decayeccomponentaslost its information, it is intuitively
appealingo usethe predictionfrom the active componentno matterwhatthe chooseisuggestsThis policy is called
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Fig. 9. Active ratio (Top) andmispredictiorrate(Bottom)for unbanled gsharepredictor

“believe the active component”,andis implementedn all our experiments. It may also happenthat both the two

componentsare decayedjn which caseall componentarereactvatedandthe branchis predictedas “weakly not
taken”, asin bimodalandgsharepredictors.

b) Wakeup Policy: The wakeup policy refersto the decisionof whetherto reactvate a decayedrow whenit
is accessedby a branchinstruction. A naive policy would alwayswakeuparny rows that are accessedIn a hybrid
predictor a moreelegantpolicy is possible:the decayeccomponenwill bereactvatedonly if the choosemwantsto
selectit. We referto this policy as“believe the chooser”.

In the situationwhenthe accessedow in the chooseris decayedwe know that the global components also
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decayedn the 21264-stylepredictor This is becausdhe chooserand global predictorare indexed, accesse@and
thusdecayedn exactly the sameway; seeFigure4. In this case the choosethasno usefulinformation. If the local
componenis active, thenwe leave the chooserandthe global componentnactive andreturnthe predictionfrom the
local component.Otherwise(whenthe local componenis alsoinactive), we reactvateall component@&ndreturna
predictionof “weakly nottaken”.
¢) Results: Figurell detailstheactiveratioandbranchmispredictiorratefor nave decaywhichalwayswakeup
ary rows thatareaccessedyith a 21264-stylehybrid predictor We seethateventhoughthe active ratiosarehigher
thanfor bimodal or gsharepredictors,decayhasa neggligible impacton the mispredictionratefor intervals of 64K
cyclesor larger. Notethatin orderto computeactive ratio sensiblyon a multi-table structure we computeit over all
predictionand choosembits in the structure. Overall, as Figure 12 shavs, nave decayrealizesstrongreductionsin
enegy sazings—40%for a 64 K-cycle interval.
We can obtain even betterenegy savings by taking advantageof the “believe the chooser"wakeup policy. As
shavn in Figure 12, this more sophisticategolicy leadsto leakagepower reductionsabout50% betterthanfor the

naive policy.

F. Decaywith the Branch Target Buffer

In additionto the structurefor predictingthe directionof conditionalbranchesa branchtargetbuffer (BTB) [14],
[29] is commonlyusedto storethe targetsof taken branches.The BTB is typically organizedlike a cache,either
direct-mappedr setassociatie, but taggedin orderto identify hits andmisses.Sinceit is solelyindexedby PC, it
hassimilar locality characteristicasinstructioncachesandbimodalpredictors.However, the granularityin the BTB
is singlebranchinstructions,nsteadof instructionblocksasin instructioncaches.This allows evenfiner control for
decay Decayis thereforeespeciallyeffective for BTBs.

We evaluateda 2048-entry4-way associatie BTB, which appearsn theIntel Plll processof5]. Exceptfor vortex,
perlbmkandcrafty, mostbenchmark$iave averylow activeratio, below 20%or evenbelowv 10%. Thisis nosurprise,
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consideringhatthe staticfootprintsof mostbenchmarksn Tablelll arevery smallcomparedo our BTB capacity
With decay thesestatic footprints are automaticallytracked and all otheridle slots are turnedoff to save leakage
enegy. Ontheotherhand,BTB hit ratesobsene only negligible degradationuntil decayinterval dropsto 8 Kcycles
or less.Overall, with decayintenvalsof 64 Kcyclesor more,about90% of the BTB leakageenegy canbe saved.

G. BasicBrandh PredictorDecay: Summary

In this section we have exploredthe applicationof decaytechniquedo reduceleakageenengy in branchpredictor
structuresTheparticularpoliciesthatwe havedeveloped(e.g., “believethechooser”yapplyto all non-state-preserving
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Fig. 13. Activeratio (Top) andaccurag (Bottom)for the BTB with differentdecayintenals.

leakage-contramechanismsThekey contributionsaremoregeneral giving usefulguidanceto any work onleakage
control. In particular ourlocality analysisshaovsthatall predictororganizationsve examinedhave significantnumbers
of rows that are inactive for long periodsof time. This makesleakagecontrol in the branchpredictorand BTB

profitable,regardlesf mechanismAdditionally, prior work by Jiménezetal. [21], Parikh etal. [33], andSkadron
etal. [36] suggestghat branchpredictorsshouldbe larger for both performanceand power-saring considerations,

but thatlocalized-heatingoncernsnay be an obstacle.This makesleakagecontrolin the branchpredictorandBTB
particularlyimportant.

Over all the configurationswe explored, the bestreductionsin leakagepower were achiesed with the bimodal
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predictor but the power savings achievedwith the “believe the chooser"policy for hybrid predictionwerenearlyas
good. Sincehybrid predictionhassuperiorpredictionaccurag and henceperformanceand overall enegy, hybrid
predictionremainsthe bestchoicefrom both a performanceandenegy standpoin{33].

Someof ourinterestingesultswerespecificallydueto thefactthattherearetwo independentomponenpredictors
in a hybrid predictor In the212645 hybrid predictot for example the chooserandglobalcomponentvereorganized
in thesameway. Thislet usdeduceusefulfactsaboutonebasedn statein the other More generallytheinfluenceof
indexing on decaymay suggesthatthe choiceof predictorindex is worth revisiting (yet again).In the past,indexing
functionshave beenchosento minimize aliasing,usuallyby spreadinghe statefrom branchesn the sameworking
setaswidely aspossible.In contrastdecaycanbe moreeffective by clusteringsimilar statesnto rows, with thegoal
of makingasmary countersn arow aspossibleidle or active at ary pointin time. This obsenationthereforesets
up atradeof betweerreducingaliasingandincreasingdecayopportunities Although beyondthe scopeof this paper
seekingindex functionsthat canbalancethe two factorsis aninterestingareafor future work. It may be possibleto
developtractableindex functionsthat clustersimilar stateinto rows with minimal increasen aliasing. In addition,
large predictoran particularmaybe ableto accommodaténdex functionsthatboostrow clustering.

As for the actualdecayintenvals, this paperappliesonly fixed decayintervals. Kaxiraset al. [24] shav that for
cachesgvenbetterdecayratescanbe achiezedwith decayintervalsthatadaptto changingprogrambehavior. While
studyingadaptve branchpredictordecaywasbeyondthe scopeof this paperit remainsworth investigatingsinceour
datashowved that somebenchmarksuffered no performancdoss even with a short, 8 K-cycle decayinterval (and
would getevenmorebenefitfrom decay) while otherssuffer severelywith sucha shortinterval.

A furtherconsideratiornis thatbankedandmulti-tableorganizationgrovide substantiabenefitan reduceddynamic
enepy, by reducingword- andbit-line lengths. Furthermorewhendecayis appliedto multi-table predictors,some
tablescanbe left inactive, asin the “believe the chooser”policy. Anotherexamplearisesin local-historyprediction,
wheretiming issuesmay requirecachingthe predicteddirectionfor eachBHT entryin the BHT. As with “believe the
chooser”,decaymight permitthe PHT updateandlookup in sucha local-historyorganizationto be omittedif that
PHT entryis inactive andthe cachedlirectionwascorrect.Sucha policy mightbe called“believetheBHT”. Notonly
dothese'believe” policiesreducdeakageeneny, they avoid the dynamicpower associateavith accessinghattable.
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Ourwork heredid not modeltheseextra savings, but doing sowould only make decaymorevaluable.

Anotherissuethatwarrantsstudyfurtheris interferencen branchpredictors.In someexperimentsve obsenedmild
but interestingimprovementdn predictionratewith decay This shavs thatdecay(by settingthe two-bit counterso
a weak state)may have the effect of reducingdestructve interference somethingwe planto quantify in our future
work. Lastly, sincemary otherpredictionstructuresuchasvaluepredictorg28] andprefetchaddrespredictorg26]
areorganizedsimilarly to branchpredictors aninterestingfuture effort will beto apply stratgyiesfoundin this paper
to thesestructures.

V. DECAY WITH FOUR TRANSISTOR RAM CELLS: OVERVIEW

Thusfar we have exploredthe useof traditional SRAM cells andtheir usein decay Traditionaldecaytechniques
involve manipulatingthe power supplyto createtheillusion of dynamicbehavior ontop of a cell originally designed
andselectedor its ability to hold its valueindefinitely. Viewedin this light, it seemsaturalto usequasi-staticAT
cellsto implementdecayingbranchpredictors.

A. TheQuasi-StaticAT Cell

Basic four-transistor(4T) DRAM cells are well establishedand describedin introductory VLSI textbooksand
variousarticles[30], [32], [41]. 4T cellsaresimilarto ordinary6T cellsbut lack two transistorconnectedo V4 that
replenishthe chaigethatis lost via leakagg(Figure 15). Using exactly the sametransistorsasanoptimized6T design
the 4T cell requiresapproximately2/3 of the area. Undera 0.18u processan ordinary6T cell occupiesan areaof
5.51um?, whereasa 4T cell would occupy anareaof 3.8um?, i.e.,69%of thearea[6].

Performance-wisthe 4T cell is just asfastasa 6T cell; while our datademonstratea slight speeddisadantage,
the differenceis so small that coupledwith the smalleramountof parasiticinterconnectthe differenceessentially
disappearsMore importantly 4T DRAM cellsnaturallydecayover time (without the needto switchthemoff); once
they losetheir chaigethey leakverylittle sincethereis no connectiorto V4. However, somesecondaryeakagevia
the accesdransistorsstill remainsdueto bit-line prechaging which we do take into accountin our transistotlevel
simulations.

Fig. 15. Circuitdiagramsf the6T SRAM cell (left) andthe 4T quasi-statidRAM cell (right).

In addition,4T cellsareautomaticallyrefreshedrom the prechagedbit lineswheneerthey areaccessedWhena
4T cell is accessedis internalhigh nodeis restoredo high potential,refreshingthe logical valuestoredin it; there
is no needfor aread-writecycle asin 1T DRAM. As the cell decaysandleakschage, the voltagedifferenceof its
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internalnodesdropsto the pointwherethe senseampscannotdistinguishits logical value. Consenatively, thisoccurs
whenthe nodevoltagedifferentialdropsbelow a thresholdof the orderof 100 mV (for 1.5V designs).Below this
thresholdwe have a decayedstate wherereadinga 4T DRAM cell may producea randomvalue—not necessarilya
zero.Over alongtime the cell reaches steadystatewhereboththe high nodeandthe low nodeof the cell “float” at
about30mV (for 1.5V designs).

4T cells possesswo characteristicditting for decay: they arerefresheduponaccessand decayover time if not
accessedln the restof this sectionwe discussextensvely the 4T decaydesign,including decayor dataretention
times,dynamicenegy andotherconsiderations.

B. Hold TimesIn 4T Cells

Thecritical parametefor a 4T designis retentiontime. Whenimplementedn 4T cells,decaytechniquesiave the
cell's retentiontime astheir naturaldecayinterval. We defineretentiontime to bethetime from the lastaccesgo the
time whentheinternaldifferentialvoltageof the cell dropsbelow the detectionthreshold.Hold time depend®n the
leakagecurrentspresenin the4T cell whichin turn dependbn procesdechnologyariationsandtemperature.

To study retentiontimes for the 4T cachedecaywe choseAgeres COM2 0.16u CMOS processfor which we
have accurateransistormodels. We alsouse COM2 for this studybecauset is the mostmodernof the four COM
processethatis availablein-house,in realsilicon, to validateour modelsagainstreal measurementsAlthoughthis
particulartechnologydoesnot suffer excessiely from leakage pur analysisscaleso future generationsSubsequent
sectionswill discusshow to manipulateretentiontimesto matchapplicationneeds so althoughour initial retention
time numbersarefor COM2, we feel they areaccessiblen COM3andCOM4 aswell.

Variationsin the processtechnologysignificantly affect leakagecurrentsand thereforeretentiontimes. In our
studieswe usethreereferencepointsin theprocesgechnology:(i) Nominaltransistor{NOM) representheexpected
behaior andconstitutethe bulk of the production;(ii) Worst CaseFast(WCF) transistorsaretransistorghataresix
standarddeviations(sigma)(>> 99.99%) from the processneanin termsof speed.They arevery fastbut very leaky
transistorsf{iii) WorstCaseSlow (WCS)transistorsaarethe opposite6-sigmapointin the procesdlistribution, where
transistorarequite slow but leakfarless.

TheWCFandWCSareextremecaseghatby definitionrarelyappeain productionithey areessentiallytheoretical
constructausedasbounds. Modestvariationsin procesgechnologyaroundNOM do occur, but usuallyamongdif-
ferentproductionlots; it is rareto seesignificantvariationon the samewaferandeven moreso on the samedie. In
generalfastchipsarelikely to leakmoreandthushave shorterretentiontimes. However, fastchipsarealsoclocked
at higherspeedsvhich meansthat even their shortretentiontimes correspondo mary cycles. It is the cycle count
that matters,not real time, sincedecayis an architecturalphenomenorcharacterizedy cycle countsand largely
independentf cycle duration.

As mentionedpreviously, variationsin temperaturelsoresultin large variationsin retentiontimes. Our designs
targetanoperationatemperaturef 85 C (appropriatdor examplefor mobile processorshut we alsodiscusamecha-
nismsto adjustin very high temperaturg¢125C).

Finally, selecting3.3V I/O transistors—readily availablein COM2 technology— to replacethe 1.5V transistors
while maintainingl.5V signalingin the 4T cells significantlyextendsretentiontimesat the expenseof increaseaell
area.Evenin this casethe 4T cell, areais still lessthanthatof the 6T cell. Building 4T cells out of 3.3V transistors
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while operatingthemat 1.5V is feasiblebecausef the natureof the 4T cell which actsasa placeholdefor chage.
Thesamecannotbedonefor anactive 6T circuit (two cross-couplethverterswhichrequirests transistorgo befully
biasedio work correctly

1.5V 3.3V
RETENTIONTIME RETENTIONTIME
25°C | 85°C | 125° C 25°C | 85°C | 125°C
NOM | 18,000| 1700 560 || 1,040,000{ 57,200| 9400
TABLE IV

HOLD TIMES IN NANOSECONDS FOR 1.5V AND 3.3V VERSIONS OF 4T CELLS AT DIFFERENT OPERATING TEMPERATURES. FOR A 1GHz
(INSCYCLE TIME) PROCESSOR, ONE CAN ALSO CONSIDER THESE RETENTION TIMESAS CYCLE COUNTS.

Basedon theseassumptionsywe determinedretentiontimes for our technologythroughdetailedtransistorlevel
simulations We simulatedanaccesgo a cell, followedby along periodin which thecell wasleft unread.During this
time, leakagecauseghe cell’s internalnodesto lose chage. We definedthe hold time to be the durationbetweenan
accesandthepointatwhichthedifferentialvoltagesof the 4T cellsinternalnodedapsedo avaluelessthan100m\V.
We used100mV asour criteriafor the minimum voltagewe would expectthe senseampsto distinguishthe logical
state.If the4T cellis readafterit hasdecayedeyondthis point, it still operatesafelyanddoesnot raisemetastability
or otherconcernsit just doesnot have the datait hadbefore. Readinga decayedtell producean electricallystable,
thoughlogically random,value. It is essentiathereforeto know well in advancewhendatahave decayedn a 4T
cache. This necessitatedecaycountersnot to turn the branchpredictorrow on andoff asin previouswork but to
just signalthe decayof a branchpredictorrow. TablelV givesthecell retentiontimesin nanosecond®r the COM2
technology Theseretentiontimesarefor a4T cell usingthe samehighly optimized6T cell transistors.

C. Sensédmplifier Consideations

Oneimplication of the 4T cell is thatit becomegrogressiely more expensve to readasit decays.As the cell
decayghesenseampmustwork harderto detectandamplify the differentialsignalonthebit lines. Besideghesense
ampenengy thereis alsoenegy expendedo refreshthe cell aswe readit. We have studiedboth of theseeffectsfor all
thetypesof 4T cells (with 1.5V and3.3V devices)andfor variousstagesf decay TableV givesthereadenengy for
the4T cell atvariousinternalvoltages.

Internal 4T 6T
Internal || ReadEnegy (fJ) || ReadEnegy (fJ)
voltage || 1.5V 3.3V 1.5V
15V na 149 156
1.0V 166 151 na
0.7V 171 153 na
0.5V 175 155 na
0.1V 219 199 na
TABLE V

READ ENERGIES IN FJFOR NOMINAL 1.5V AND 3.3V 4T CELLS AT 85° C FOR DIFFERENT STATES OF DECAY (i.e., DIFFERENT INTERNAL
VOLTAGES). VALUES INCLUDE ENERGY DISSIPATED IN THE SENSE AMPLIFIER. THE 3.3V 4T CELLS ARE OPERATED AT 1.5V. AN
INTERNAL VOLTAGE OF 1.5V ISNOT AVAILABLE IN THE 1.5V 4T BECAUSE THE 4T CELL INTERNAL NODE VOLTAGES ARE CONSTRAINED
BY THE CUT-OFF REGION OF THE MOSFETSUSED AS ACCESS TRANSISTORS.
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D. Locality Consideations

Granularityis alsorelevantin the4T designbut hereit stemsrom theway 4T cellsarerefreshedBranchpredictors
aretypically laid outasasquarewith eachrow having multiple neighboringpredictors.In apredictorasnearlysquare
aspossible(’squarified’,asin Figure5), readingarow refreshesll thecellsin arow because¢hewordlineis asserted.
(Segmentedvordlineswould allow moreselectve refreshbut thesedesignsareoutsidethe scopeof this paper)

Retentiortime selectionandlocality granularitygo togetheecausdargerow granularitieamake theapparentate
of refreshmuchhigher Cellsthatwould have decayedf left alonegetrefreshedoincidentallyby nearbyactive cells.
Thus4T cellswith shortretentiontimesmay notlosedataasquickly if therow sizeis long enough.

In contrast,n a designwith very fine row granularity onewould opt for 4T cellswith very long retentiontimes.
Fine granularityleadsto a very gooddecayratio but the importantcells mustremainalive on their own (without the
benefitof accidentatefreshesjor considerablgime.

E. Resultdor 4T-BasedBranch Predictors

To illustratethe effectsof theincreasan the mispredictionratedueto decay we canlook at a processobuilt with
4T structureslt is importantto first realizethatthe two majorbranchpredictorcomponents- directionpredictorand
BTB — arebuilt somevhatdifferently Direction predictorcounterswhensquarified,tendto have muchlower row
granularitythanBTB targetsandthusexhibit differentlocality characteristics.

Forthispaperwe simulatedundertheworstcasescenarioi.e. smallstaticleakageenegy in comparisorio dynamic
enepgy. This correlatecloselywith the COM2 processandwill show thatin future technologiespur branchdecay
techniquewill only improve. Thus,we useslow-decaying3.3V 4T cellsin our design,bothin the BTB andin the
direction predictor As for the overall configuration,we againusethe samel6K-entry gshareconfigurationasin
Tablel. We againtargetan operationatemperaturef 85 C; this leavesus a decayinterval of 57,200cyclesfor the
directionpredictorsanda decayinterval of 57,200cyclesfor the BTB. It is importantto notethatthesevaluescanbe
adjustedfor example,if 57,200cyclesis deemedoo long, we canextendtheretentiontimesof 1.5V 4T cellsto select
amoreaggressie decayinterval.

Figure 16 (left) shows the executiontime (in percentages)f variousbenchmarksising standardnon-decaying)
branchpredictorsand4T basedoranchpredictors.Fromthe graph,we seethatexecutiontimeis virtually unchanged.
In fact,a few benchmarksactuallyimprove 2-3% dueto the randomeffectsof readingdecayedvalues.On average,
however, the effect, whetherbeneficialor detrimental,is negligible. Furthermore predictionaccurag (figure 16,
right) was also virtually unchanged.Over all the benchmarksthe overall predictionaccurag wasdown lessthan
0.5%. Figure17 showns the active ratio of the directioncountersundervariousSPECbenchmarksOn average we see
a28.2%actieratio, whichdirectly translatesnto over 70%savingson leakagepoweroveratraditional,non-decaying
predictor

The savingsis not without cost,however; additionalreadenenpy is requiredevery time a nearlydecayedr com-
pletely decayedtounteris read.Underour currentprocessthis penaltyis anadditional27.5%of thereadenegy of a
non-decayedounter

Moreover, this penaltyis appliedalsowhennearlydecayedounteronthesamerow arerefreshedaccidentallydue
to a nearbyread;fully decayedcounterson the samerow, though,areleft decayedandthereforenot refreshed.We
implementthis by detectingthe voltagedifferentialon the bitlines; if this voltageswingis closeto zero,we cantie
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Fig. 16. Normalizedexecutiontime (Top) and mispredictionrate (Bottom) of standardand 4T predictors. 4T predictorsproduceminimal
performancéosses.

the signalinto therefreshlinesandavoid refreshinganunusedcell. The sumtotalis thatwe retainthe effective long
decayinterval of low row granularitybut achieve muchhigheractive ratios.

Finally, thenormaldynamicenegy overheadf additionalmispredictionsnustbeincludedin ourresults.Figure18
shavs the 4T basedbranchpredictorin comparisorwith the previous 6T designs.While the 4T decayinterval is set
at57.2k,atequivalentprocesseshe 4T usuallyoutperformghe6T. For instancea 6T basedecayingpredictoron a

COMS3 procesavould actuallyconsumeamoreenegy thana standardnon-decayingredictor whereaghe 4T version
of thesamepredictor with a shorterdecayinterval, doesbetter

In addition,thedataalsoshavsthatit is possiblewith 4T cellsto usevery aggressie decayintenalsin thedirection
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Fig.18. Normalizedleakageenegy for the4T branchpredictorat57.2kand8k cycles.

countertables.Underthe COM4 processye seeleakagepower savings evenwhenthe decayinterval is 8000cycles.

As mentionedabove, we areseeingthe effectsof the lower active ratiosat the samerow granularitythatthe 4T cells
allow.

Examiningthe BTB decayrevealssimilar obsenations. BecauseeachBTB targetis muchlargerthanthe two-bit
counterwe canafford to attachcounterso eachBTB targetandthusachiere the optimumgranularity;thosecounters
that are usedarerefreshedandthosethat decayare not accidentallyrefreshed.As a result, the active ratios of the

6T BTB areidenticalto the 4T BTB. Our sarings in the BTB comemainly from lower leakage4T cells and the
eliminationof thedecaycounters.

We see then,thatusingquasi-statigd T cellsallows usto build naturallydecayingbranchpredictorswith minimal
impacton performanceFurthermorepredictorsouilt using4T cellsoffer additionalbenefitsoverthosealreadyshavn
with predictorsconfiguredwith 6T cells.

F. 4T Decay: Discussiorand Summary

This sectionexpandson somekey additionalissuesregardingdecaybasedon 4T cells, andthensummarizeour
results.
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1) Contolling RetentionTimes: Thesucces®f a4T decaydesigndepend®n matchingretentiontimesto access
(i.e.,“refresh”)intervals. Thus,theability to controlretentiontimescouldgive usanew degreeof freedomin designing
4T decaystructures.

A wayto affectretentiontimesis to adddevicessuchasresistoror capacitorgo thebasicAT cell [7]. Suchdevices
canbe usedto slowly replenishthelost chage. If the rateof replenishmenis lessthanthe leakagethe cell will still
decayalbeitmuchmoreslowly, thusretentiontime canbe extendedsignificantly

2) Metastability: Anotherkey issueregarding4T structuress thefactthatmetastabilityproblemsarea possibility
whenthe cell's internaldifferentialvoltageis too small. To avoid metastabilityit is temptingto userefresh,but this
would obviate the savings of our approach.Instead,one candetectthe small differentialvoltagesandavoid relying
on array dataat thesepoints. As an exampleof the latter, we proposethat one could avoid metastabilityin a 4T
branchpredictorby addinga referencecolumnwhosesolepurposés to detectiow differentialvoltageandto prevent
the senseampoutputfrom propagatingurtherinto the circuit. In this column,insteadof a senseamplifier we have
a voltagecomparatar Whenthe voltagedifferenceis too small, the comparatooutputforcesthe referencecell to
readasalogical zero(otherwiseit readsasa logical one). The outputof the comparatoiqualifiesthe result. A small
differentialis thereforepreventedfrom inducingmetastabilityin the subsequertircuit.

Otherapproachearepossible suchasthe useof decaycounterg24], but the onewe have proposed—theiseof a
singlecomparatoin areferenceolumn—isappealingoecausé preventsmetastabilitywhile requiringminimal extra
areaor power.

3) Reliability, Determinism,and Contmolled Opemation: Another key issueregarding4T structuresis the fact
thatin somecasest is necessaryor 4T memorystructureso appearstatic. As in ary other DRAM, this is done
by periodically refreshingthe dynamiccells. Refreshcanbe accomplishedn a way that is largely transparento
the normal operationof the memoryarray Hanamuraet al. [11] describea refreshmechanisnthat periodically
momentarilystrobesthe addresdines after the bit lines have beenprechaged. Senseampsareidle at this point,
resultingin low power consumption.The shortstrobepulseallows chageto flow from the bit linesto the cellsof the
selectedine andrestoretheir contents.Ordinaryreadsandwrites take precedencever refreshresultingin minimal
performancempact.

Suchrefreshcircuitry (whosearea-cosis negligible) is likely to be includedwith a 4T dataarray In normal
operationthe refreshcircuit is inactive andthe 4T structureoperatesn decay(low-leakage)mode. However, under
specialcircumstancesefreshprovidesindispensabléunctionality Theseinclude: (i) chip testing,(ii) deterministic
operationfor real-timeapplications(iii) possibleoperationbeyondrecommendetemperaturegange.While thefirst
two shouldbeapparentthethird oneariseshecausathightemperaturedeakaganaybesohighthatbranchpredictors
decaytoo quickly. In suchsituationsthe systemwill wantto re-enableaefreshthusrevertto non-decaymode.

4) Improvementsn ProcessTechnolagy: With the adwentof new procesgechnologytransistorleakagewill in-
creaseat a tremendousate, making 6T solutionssomavhat lessattractve dueto power dissipationconcerns.This
sametransistoleakagewill of courselower the dataretentionof 4T cells, however sinceaccesgimeswill alsoim-
prove therewould appeato be somekind of balanceébetweerthe numberof machinecyclesthatthe4T cell canhold
its dataandthe numberof machinesyclesthatthe4T cell is requiredto holdits datain cacheapplications.Therefore,
4T still wins.

As procesgechnologyadwvances:
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« transistorleakageincreasedor all devices, especiallyfor thosetypesof transistorausedin 6T cells, but not so
rapidly for thoselongerchannelkransistorausedin 4T cells

« dataaccesdime decreasem all cases

« dataretentiontime decreasem 4T cells

« alphaparticleimmunity (andsofterrorsin generalwill getworsefor bothtypesof cells.

Thelastpointis akey pointbecaus&T cellsin this erahave shavn softerrorproblemsowing to theirlargersource-
drainarea.lT cells(previously notoriousfor their softerrorsensitvity) arenotgettingasbadasoncethoughtbecause
their source-drairareais so small that the offending particle hasa smallertargetto hit it, andwhenit hits thereis
lessof achageimbalancebecause¢he cross-sectionareaof the depletionregionis sosmall. Onceagainthe4T cell
seemgo beapossiblemiddlegroundbetweer6T and1T.

5) DecaybasednQuasi-StaticdT Cells: ResultsSummary: Thissectionshavsthat4T RAM cellsareasmuchas
one-thirdsmallerin areaandthey arecomparablén termsof readenegy whenaccesseftequently Mostimportantly,
they reducdeakageenegy comparedo 6T cellsandarecomparablén termsof programperformance.

This papers proposako use4T cellsfor predictorstructuress drivenby thefollowing obsenations.

« Branchpredictorentriesexhibit locality. Dataarraysare approximatelysquare and decaytechniquesare most
easilyappliedto rowsin thesearrays.This helps4T structureshecaus@naccesgo anythingalongarow boosts
thevoltagesof all cellsin thatrow. Locality meanghatactive coderegionshave their predictorsrefreshedvhile
inactive regionsdecay Oncedecayedthey leak very little, essentiallycappingthe enegy dissipatedby idle
entries.

« Theretentiontime for 4T cells—theamountof time it takesfor a4T cell to leakenoughchagethatthevalueit
storesds corrupted—idong enoughthat4T cells’ decayingoehavior is ideally suitedto exploiting decayin large
structures it is rarethata valueleaksaway beforeit is neededagain.

« Retentiontimesvarywith designstyle,fabricationtechnologyandtemperatureNonethelessye have discussed
techniqueghatallow oneto modulatethe retentiontimessufficiently to guaranteggood performance We have
alsoshown thatthereexist severaltechniqueghatwill preventsmallvoltagedifferentialsin decayedcellsfrom
inducingmetastability

Thesdnsightssuggesthat4T cellsareinherentlyusefulfor managindeakagen predictive structuresThefactthat
4T cellsdecaynaturallyprovidesleakage-engy savings without eitherthe overheadf gated¥, techniquesr the
overheadbf maintainingdecaycounterbits. Finally, 4T designsaresmaller saving die areaand possiblypermitting
fasteraccessimesfor a givennumberof bits.

V1. CONCLUSIONS

In this paper we examineimplementation®f decay-basetbakagecontrolusingquasi-statianemorycells. Cache
decay first proposedn [23], [24], aimedto turn off unusedportionsof cacheswith long idle timesto reducecache
leakageeneny.

We startby evaluatingdecayimplementationdasecbn coarse-grainedountersappendedo traditional6 T SRAM
arrays. While previously consideredor cachesthis papershavs that suchtechniquescan be effective for branch
predictorsaswell. Inherentin this successs the obsenationthatbranchpredictorsexhibit row-basedspatiallocality
thatallows someof therows to be deactvateddueto longidle times,while otherrows areheavily accessed.
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Thus, we seethat, muchlike caches exploiting this spatialand temporallocality allows us to save significant
amountsof leakagesneny, especiallyin simplerbranchpredictors.In morecomple branchpredictorswe shav that
anintelligentpoliciescansave significantamountf leakageenegy over naive decay

Priorimplementation®f decaywerebasedon gatedV;,; or gatedV;, [42], wherepower andgroundaregatedby
atransistor This implementationhowever, not only leadsto about5% areaoverheacbut alsobringsaboutcomplex
designissuesespeciallyfor turningonadecayedachdine.

A closerexaminationof gated¥,,; baseddecayrevealsanintrinsic conflict betweerthe standards-transistorcell
designandgatedV,,4. Specifically while gatedV/, triesto shutoff cachdines,thetwo loadtransistorsn 6-transistor
cells aremerelywastingchage. To resole this conflict, we proposedusing 4-transistorquasi-statiaomemorycells
to implementcachedecay By removing the two transistorghat connectthe cell to V4, quasi-staticcells naturally
implementghetwo key functionsfor decay:their chaigesloseovertime andarereplenishediuringeachcacheaccess.
Comparedo gated¥;,,; implementationthis methodavoidsthe areaoverheadandthedesignissuegelatedto the gate
transistor

Thus,we alsoexaminethe useof quasi-staticAT cells for implementingbranchpredictordecay Suchcells have
beenproposedto implementon-chip embeddedRAM in a fairly-traditional style with refreshcircuitry. In our
work, we examineusingthe naturaldecayof the 4T cellsto implementdecayfor leakage-contrah branchpredictors.
Becausdranchpredictorsareperformancdiints,notcorrectness-criticalpstentriesdo not causancorrectexecution.
Moreover, we show that4T cells canbe built with sufficient naturalretentiontimesto implementusefuldecay-based
predictorswith negligible impacton predictionrate.

Usingacombinatiorof transistotlevel simulationandinstruction-lezel simulationwe show thata4-transistodecay
implementatiorachiezessignificantsavingsin leakagepower. While 4-transistodecaytypically offersgreateisavings
than6-transistorsolutions therearemary placeswereit maynot be feasibleto implementa 4T branchpredictor 6T
decayis moreflexible in the selectionof retentiontime, aswell asa finer granularityin selectingdynamicretention
times. Furthermorejt may not alwaysbe possible eitherthroughdevice concernsor layout concerngo wholesale
replacea 6T solutionwith a4T solution.

Thus,by presentindothtraditional (6 T) andquasi-statiq4 T) solutions,we shov thatdecaycanbe easilyapplied
eitherarchitecturallyon top of a givendesign,or be anintegral partof the designfrom the beginning. While branch
predictorleakageis perhapsl0% of total CPU leakagewe areableto reduceit by a significantfraction, sometimes
90% or more. This reducesoverall chip leakageby 5-7%. Furthermorewe canreduceleakagewith essentiallyno
performanceostandin generalanareaimprovement.Mostbroadly the papermpromptsarethinkingof how transient
datacanbestbeexploitedin designingoower-efficient processors.
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