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Abstract

Thispapercomparestheeffectivenessof state-preservingand
non-state-preservingtechniquesfor leakage control in cachesby
comparingdrowsy cacheand gated-V��� for data caches using
70nmtechnology parameters. To performthecomparison,weuse
“HotLeakage”, a new architectural modelfor subthresholdand
gateleakage thatexplicitly modelstheeffectsof temperature, volt-
age, andparametervariations,andhasthe ability to recalculate
leakage currentsdynamicallyas temperature andvoltage change
at runtimedueto operatingconditions,DVStechniques,etc.

By comparingdrowsy-cacheandgated-V
��� at differentL2 la-

tencies,weareableto identifya rangeof operatingparameters at
which gated-V��� is more energy ef�cient thandrowsy-cache, even
thoughgated-V

���
doesnot preservedata in cachelinesthat have

beendeactivated.We are alsoableto showpotentialfurther ben-
e�ts of gated-V��� if aneffectivedynamicadaptationtechniquecan
befound.

Thispaperduplicatessomeof the�ndings of boththedrowsy-
cache and “cache-decay” papers, but also debunks a fairly
widespreadbelief that state-preservingtechniquesare inherently
superiorto non-state-preservingtechniques.

1 Intr oduction

Power is rapidlybecomeadesignconstraintnotonly in thedo-
mainof mobiledevicesbut alsoin high performanceprocessors.
Althoughdynamicpower —causedby switchingactivity—is the
major sourceof total power dissipationin today's processgen-
eration,staticpower—causedby leakagecurrenteven whencir-
cuitsarenot switching—isgainingin importancefor CMOS de-
signsdueto technologyscaling.The2001InternationalTechnol-
ogyRoadmapfor Semiconductors(ITRS)[27] predictsthatby the
70nmgeneration,leakagemayconstituteasmuchas50%of total
power dissipation.This makesefforts at leakagecontrolessential
to maintaincontrolof powerdissipationin bothhigh-performance
andmobile/embeddedprocessors.

Recently, agreatdealof researchwork in thearchitecturecom-
munity hasfocusedon reducingleakagepower in thecaches[11,
14,15,19, 25, 31, 33], branchpredictor[16, 17], register�le [2],
issuequeues[7, 8, 12, 24], andtheALUs [10]. Leakagecontrol
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at the architecturelevel is attractive, becausearchitecturaltech-
niquescancontrollargegroupsof circuits(e.g. cachelines,banks,
or theentirecache)at once.Leakagecontrol for cacheshasbeen
anespeciallyactive areaof studybecausecachescomprisesucha
largeportionof chiparea.Recentwork [11,14] hassuggestedthat
state-preservingtechniquesarethebestchoicefor leakagecontrol
in the�rst-level (L1) caches,becausethey do not incur costlyac-
cessesto the second-level (L2) cachewhenreadingdatathathas
beenplacedin low-leakageor “standby”mode.

This paper shows that when the L2 cache offers a suf�-
ciently fastaccesstime (e.g., whenthe L2 is on chip), non-state-
preservingtechniquescanbesuperior. And even whentheL2 is
notespeciallyfast,non-state-preservingtechniquescanstill besu-
periorif runtimeadaptivity canidentify theproperdecayinterval.

To performthis study, we useHotLeakage [32], a new archi-
tecturalmodel for subthresholdand gate leakagethat hasbeen
publicly releasedon the web. HotLeakageexplicitly modelsthe
effectsof temperature,voltage,andparametervariations,andhas
theability to recalculateleakagecurrentsdynamicallyastemper-
atureandvoltagechangeat runtimedueto operatingconditions,
DVS techniques,etc.

Thenext sectionof thispaperdescribesthetwo leakage-control
techniquesthatwestudyandthetiming andperformanceassump-
tionsthatwemake in oursimulations,andthenSection3 provides
an overview of the HotLeakagemodel. Section4 describesthe
restof oursimulationsetupandthebenchmarksweuse,Section5
presentsthe resultsof our comparisonstudy, andSection6 con-
cludesthepaper.

2 LeakageControl for Caches

The designspacefor low-leakagecachesis daunting,encom-
passingthechoiceof sizeandthresholdvoltagefor eachtransistor,
therow andbitline length,andmany moreparameterstoo numer-
ous to mention. Herewe focus on just onedimensionthat can
betreatedwithin thescopeof asinglepaper, namelythechoiceof
state-preservingversusnon-state-preservingarchitecturalleakage-
controltechniquesin theL1 datacache.

Recentliteraturehassuggestedthatstate-preservingtechniques
arepreferablefor leakagecontrol in L1 D-caches,becausethey
do not losedatavaluesandhencedo not unnecessarilyincur the
extra delayandenergy associatedwith reloadingthat datafrom
theL2 cache.In contrast,our resultssuggestthatthis is oftennot
so, that the extra costof accessingL2 with non-state-preserving
techniquesis offsetby otherimportantfactors.



Hanson et al. [14] found that for L1 caches, reverse
bodybias (RBB) or auto-backgate-controlledMTCMOS (ABB-
MTCMOS) [23]—a state-preservingtechniquethat manipulates
thresholdvoltages—outperformedgated-V��� , primarily because
they usedlong decayintervals that minimizedopportunitiesfor
saving energy, andbecausethey did not decaythecachetags[13]
(thusavoidingtimewastedto wakenandreadthetagson misses).
We have chosennot to study RBB here, both becauseRBB
presentssomemanufacturingchallengesand, more importantly,
becauserecentwork by Intel suggeststhatits effectivenessis lim-
ited at future technologynodesby gate-induceddrain leakage
(GIDL).

Flautneret al. [11] did not directly comparetheir proposed
drowsy-cacheschemeagainstgated-V��� , but suggestedthat its
state-preservingnatureis amajoradvantage.

2.1 Lowering the QuiescentV ��� (Gated­V��� )

Leakagecurrentsdecreaseas the supply voltage (V ��� ) is
lowered. The gated-V��� structurewas introducedas a micro-
architecturetechniqueby Powell et al. in [25] asa way to reduce
leakagepowerby usingahighthreshold“header”transistorto dis-
connecta cell, row, or way in the cachefrom V ��� . This high-
thresholdtransistordrasticallyreducesthe leakageof the circuit
becauseit breakstheconnectionto thepower supply. While this
techniqueis ef�cient in saving leakage,thereis thedisadvantage
thatthecell losesits state(information).Thismeansthattherewill
besomeperformancepenaltywhenthedatain thecell is accessed
andneedsto be fetchedfrom a fartherlevel of thecache.This is
harmlessif the next accessto that line would have beenan evic-
tion anyway (truemiss); but if usefuldatawasdiscarded,thenext
accesswill beaninducedmiss.Thishasimportantconsequences.
First andforemostit causesdynamicpower dissipationdueto an
extraL2 access.Second,aninducedmissmightcausetheprogram
to runlongerandhenceincreasetotalenergy consumption.Gated-
V ��� wasproposedin [19] for shuttingdown individual lines in a
cacheto save leakagewhena line is idle. Becausethesleeptran-
sistoris moreeffectiveasa“footer” ontheconnectiontoground–it
is easierto preventbitline leakagethisway–thistechniqueis better
calledgated-V��� .

2.2 DrowsyCaches

An alternative method,proposedby Flautneret al. in [11],
achievessigni�cant leakagereductionby puttingacacheline into
alow-powerdrowsymode.In drowsymode,theinformationin the
cacheline is preserved by switchingits

�

��� to a separatepower
supply that is only about1.5 times the thresholdvoltage. This
reducesleakagecurrentdramaticallydueto short-channeleffects
andpreservesthe valuethat is stored,makingthis anotherstate-
preservingtechnique.LikeMTCMOS,thereis still someoverhead
becauseV ��� mustbereturnedto theproperlevel beforethevalue
canbesafelyread.Drowsy cachesdonot reduceleakageasmuch
asgated-V� � , becausethecellsarenot fully disconnectedfrom the
power supply. Theadvantageof drowsy cacheis the low penalty
of accessinga drowsy line in standby:inducedmissesdo not re-
quirean L2 accessbut only 1-2 cyclesto restorethe full voltage
for that line. Inducedmissesfor drowsy cachesmight therefore
betterbecalledslowhits.

2.3 Modeling of CacheLeakageControl

Wehave implementedagenericabstractionfor modelingleak-
age control techniquesbasedon putting individual lines into
standbymode,allowingustostudytechniqueslikegated-V� � [19],
drowsy cache[11], andreverse-body-bias[23].

Most dynamicleakage-controltechniquespartitiona structure
into activeandpassive portions.Thiscanbedoneatvariousgran-
ularities;mostrecentwork hasdonethisat thegranularityof rows
in theSRAM array, whichcorrespondto cachelines.

Theseleakagecontroltechniquesalsorequiresomeextrahard-
warethataddsto theareaof thestructure.Hence,thesemethods
have thefollowing costs:

1. Dynamicpower dueto theextrahardware

2. Leakagepowerdueto theextrahardware

3. Dynamicpower dueto modetransitions(active to standby
andvice-versa)

4. Dynamicpower dueto extra executiontime,resultingeither
from extra latency in accessingthestructureor extra latency
in fetchingdatafrom theL2 cache.

Theenergy bene�t of thetechniqueswehavedescribedis theleak-
agepowersavedin thelinesthatarein standbymode.Thissaving
is proportionalto theaveragepercentareathat is kept in standby
mode(the turnoff ratio). Our experimentscomputea net energy
savings that subtractsfrom this grossbene�t the costsitemized
above: Wattch automaticallycapaturesthe extra energy due to
longer runtime (item #4 above); this is comparedto the energy
from abaselinesimulationwith no leakagecontrol,andtheresult-
ing costis addedto theothercostsitemizedabove (#1–3).These
arethensubtractedfrom thegrossleakagesavings.

For bothtechniques,we usea globalcounterthatcountsfrom
zeroup to one-fourththe decayinterval ( de�ned asupdatewin-
dow sizein [11]) andthenstartsover. Following [19], eachline
usesa local two-bit counter;whenthe global counterreachesits
maximumvalue, all two bit countersare incremented.Whena
two-bit counterreachesits maximum,the line hasbeenidle for
thefull decayinterval, it is assumedthat theline's usefulnesshas
decayed,andtheline is deactivated.In theoriginal drowsy-cache
paper, thiscorrespondsto thenoaccesspolicy. Drowsycachealso
proposesthesimplepolicy, which usesno per-line accesshistory
but ratherautomaticallyturnsoff all lines every � cycles. The
simplepolicy losesout in performancecomparedto thenoaccess
policy, but savesmoreleakagepower. Thedifferenceseemsmod-
est for drowsy due to the fairly low costof any extra slow hits:
thereis someincreasein performanceloss,but alsomoreenergy
savings. To be fair to both gated-

�

���
and drowsy, we usedthe

samepolicy involving counters,namelynoaccess.
For bothtechniques,we decaythetagstoo (de�ned asdrowsy

tagsin [11]). Accessto a drowsy line in sucha casetakesat least
threecyclesdueto the needto wake up tagsbeforethey canbe
checked.For gated-V��� , ontheotherhand,a line in standbymode
hasno usefulinformation,andtagsneednot (cannot)bechecked.
This meansthat on a true miss to L2 when tagsare in standby,
gated-V��� is actuallyfaster. Hansonetal. alsokeptthetagsawake
in theirstudy[13, 14].

A few othersimulationdetailsareworthmentioning.Thetime
taken for a line to go to a low-leakagemodefrom high-leaknor-
mal mode(settling time) and vice versawas found from circuit
simulationand is given in Table1. Also, for both leakagesav-
ing techniquesweusethesamevaluesof thresholdvoltagefor all

2



Drowsy Gated-V���

Low leakmodeto high 3 3
High leakto low 3 30

Table 1. Settling Time.

the transistorsof the sametype for a memorycell. In contrast,
drowsy useshigh-V� for the accesstransistors.Modeling this is
easywith HotLeakage.But for makingfair comparison,we use
thesamethresholdvoltages(for 70nmwe use0.190V for N-type
and0.213V for P-typetransistor). It is true that high-V� access
transistorshelpdrowsymorethangated-V��� . High-V � accesstran-
sistorsonly helpgated-V��� whenlinesareawake,while they help
drowsy in both situations. But sincethe bulk of the leakageis
whenawake,we felt thatusingthesameV � wasthebestsolution.
Finally, HotLeakagemodelsinter-die variation. We usethe fol-
lowing three-sigmavaluesfor 70nmtechnology. Thevalueswere
obtainedfrom [22].

� Lengthof thetransistor:47%
� Thicknessof thegateoxide:16%
� Supplyvoltage:10%
� ThresholdVoltage:13%

Thesimulatorcurrentlymodelsleakagecontrolin cachesusing
theabove costsandbene�ts. Thedynamicpower calculationsare
performedusingWattchroutines—seeSection4 for details. The
leakagepower is calculatedusingour modelascon�guredby the
commandline options—seeSection3 for details.

3 An Accurate LeakageModel for Architects

Although architecturalcontrol of leakageenergy hasbeenan
active areaof researchin recentyears,many of thesestudiesuse
only abstractmodelsof leakagethat do not fully accountfor all
effects that may impact leakage,like supply voltage and tem-
perature;and other studiesusecircuit-extractedparametersthat
are not easily incorporatedinto other researchers'models. Un-
like for dynamicpower, wherewidely-available simulatorslike
Wattch[5] haveenabledawidespreadbodyof research,thereis no
widely availablemodel for leakagepower. This inhibits leakage
researchand leadsto approximateexperiments.Although Butts
andSohi [6] proposea simplemodelfor useat the architecture-
simulationlevel of abstraction,nocorrespondingsoftwareis avail-
able. Most importantly, their modelcannoteasilymodelleakage
whentemperature,supplyvoltage,or thresholdvoltagevary dy-
namically: a new “normalizedleakage”and

�

���

�����
	

mustbecal-
culatedfor every possiblevalue. This is inconvenientalthough
feasiblefor leakage-controlschemeslike drowsy cachethat uses
two supplyvoltages,but intractablefor any leakagestudiesthat
accountfor dynamicallyvarying temperatureor involve dynamic
voltagescaling. Unlike the Butts andSohi model,we �nd that

�

�
�

�����
	
doesin factvarywith temperature,supplyvoltage,thresh-

old voltage, and channellength. Detailed plots can be found
in [32].

Wehavedevelopedandreleasedasoftwaremodelof leakage—
basedon BSIM3 [3] technologydata and the Butts and Sohi
abstractions—thatis computationallyvery simple,caneasilybe
integratedintopopularpower-performancesimulatorslikeWattch,
caneasilybeextendedto accommodateothertechnologymodels,

andcaneasilybeusedto modelleakagein a varietyof structures
(not just caches,which arethe focusof this paper). We call our
modelHotLeakage,becauseit includestheexponentialeffectsof
temperatureon leakage. Temperatureeffects are important,be-
causeleakagecurrentdependsexponentiallyon temperature,and
future operatingtemperaturesmay exceed ��
�
�� C [27]. In fact,
HotLeakagealsoincludestheheretoforeunmodeledeffectsof sup-
ply voltage,gateleakage,andparametervariations.

HotLeakagehashighaccuracy becauseparametersarederived
from transistor-level simulation(Cadencetools).YetliketheButts
andSohi model,simplicity is maintainedby deriving the neces-
sarycircuit-level modelfor individual cells, like memorycellsor
decodercircuits, and then taking advantageof the regularity of
majorstructuresto expresseleakagein simpleformulassimilar to
theButts-Sohimodel. All necessarycomponentsof this formula
areencapsulatedin lookuptables.

Wehopethatthisnew leakagemodelandits publicavailability
will facilitategreaterresearchon techniquesfor controllingleak-
agepower at thearchitecturelevel. HotLeakageis publicly avail-
able for download at http://lava.cs.virginia.edu/
HotLeakage . It is a separatelibrary with minimal dependence
on thedetailsof SimpleScalarandWattch,soportingHotLeakage
for usewith othersimulatorsshouldbe straightforward. We en-
couragenot only suchports,but alsoany othermodi�cations or
extensionsusersmightwish to add.

3.1 SubthresholdLeakage

Leakagecurrentis in�uencedby thethresholdvoltage,channel
physicaldimensions,channel/surfacedopingpro�le, drain/source
junctiondepth,gate-oxidethickness,V ��� , temperature,andvaria-
tions in all theseparameters.For long-channeldevices,the leak-
agecurrentis dominatedby leakagefrom thedrain-wellandwell-
substratereverse-biaspn junctions.For short-channeltransistors,
becauseof the low thresholdvoltage, sub-thresholdleakageis
much higher. As gateoxidescontinueto scale,gateleakageis
alsobecomingimportant.Keshavarzi, Roy, andHawkins give an
overview of thesedifferentleakagemechanismsin [20].

Our techniquesfor modelinggateleakageandparametervari-
ationsaredescribedin Sections3.2 and3.3. Our techniquefor
modelingsub-thresholdleakageand its dependenceon tempera-
ture,etc. is to extendthehigh-level modelof sub-thresholdleak-
ageproposedby ButtsandSohi[6]. Theirmodelneatlycompart-
mentalizessomedifferent issuesaffecting staticpower in a way
that makes it easyto reasonaboutleakageeffects at the micro-
architecturelevel. Leakageis givenby thefollowing equation:

�

�
�����

�����

�������

�

�

�

�
�

������	

��� �� 

�
��!

(1)

This formula mustbe computedfor eachcircuit or block of
interest,e.g. thedataarrayor a cacheor thecache's “edgelogic”
(decodersandsenseampli�ers).

�"�#�

is thesupplyvoltage,and �

is thenumberof transistorsin thecircuit,whichcouldbeestimated
by comparingit with a circuit of known functionality. k ���

�$���
	

is
a factordeterminedby thespeci�c circuit topologyandaccounts
for effectsliketransistorsizing,transistorstackingandthenumber
andrelationshipof NMOSandPMOStransistorsin acircuit.

�
�

 

�
��!

isanormalizedleakagevaluefor asingletransistor, whichwerefer
to asunit leakage.

Usingthismodel,it is easyto seetherelationshipsof somema-
jor factorsthataprocessordesignercancontrolfor leakage-power
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Figure 1. Comparisons of the proposed HotLeaka ge model against cir cuit­le vel simulation results.

savings:givenaunit leakage
�

�
 

�
��! , leakagepower is proportional

to operatingvoltageandthe numberof transistorsin the unit of
interest.For example,DVS affectsleakageby reducing

�"�#�

, and
“turning off ” someunit (a cachebankor part of an issuequeue)
by disconnectingits power supplyeffectively reduces� .

In theButtsandSohiformulation,theunit leakage
��� 

�
��!

is cal-
culatedonceandassumes�x edvaluesfor thresholdvoltage(

���

),
operatingtemperature,etc. Since recentwork in low-leakage
cachedesign[11, 14, 23,26] aswell asbroaderprocessor-design
issueslike thermalmanagement[4, 18, 28, 29] manipulateparam-
eterslike

���

andtemperaturethatarehiddenin
�

���

�$���
	

or
�

�
 

�
��! ,

computingone�x edvaluefor
�

�
�

������	

and
��� 

�
��!

is notwell-suited
for actualsimulationwork (see[32] for moredetails).

To develop a portablesimulationmodule for usewith vari-

ousarchitecture-level simulators,we retainthenotionsof
�

�
�

������	

andunit leakagebut computethe unit leakagedynamicallydur-
ing thesimulationusingtheBSIM3 [3] leakage-currentequation.
Thisletsusexplicitly accountfor temperature,supplyvoltage,and
thresholdvoltageaskey parameters,and includesthe important
DIBL effectwhich is sensitive to supplyvoltage.Wealsousetwo
separate

�

���

�$���
	
's for P-andN-type.

3.1.1 Unit Leakage

Basedon theBSIM3 v3.2 [3] equationfor leakagein a MOSFET
transistor, our leakagemodelof a singletransistoris givenby the
following equation:

4



�� 

� ��!
� �

� � ���

������� �
	 � �
�������
�����
�
�������#�����

�

���

�! 

�#"�$

�%�

&('*)

���

"
+

&

'-,

+ "�$/.(0/0

132 &(' (2)

Low-level parametersare derived using transistor-level simula-
tions: 4 � is the zero bias mobility,

�!���

is gateoxide capac-
itanceper unit area, 	65

�

is the aspectratio of the transistor,
�

����� ��� �
� ���(� �

is the DIBL factor derived from the curve �tting
method,V ���

�

is the default supplyvoltagefor eachtechnology
(V ���

�

=2.0for 180nm,V ���

�

=1.5for 130nm,V ���

�

=1.2for 100nm
andV ���

�
=1.0 for 70nm),

�

�

�

��7

5�8 is thethermalvoltage,V �-9

is thresholdvoltagewhich is alsoa functionof temperature,: is
thesubthresholdswingcoef�cient, andV ;�<
< is anempiricallyde-
terminedBSIM3 parameterwhich is alsoa functionof threshold
voltage. In theseparameters,4 � ,

���=�

, 	65

�

andV ���

�

arestati-
cally de�ned parameters;the DIBL factor > , subthresholdswing
coef�cient : and V ;�<
< are derived from curve �tting basedon
transistor-level simulations;V ��� , V

�-9
and

�

�
�

��7

5�8 arecalcu-
lateddynamicallyin thesimulations.

Theabove equationis basedon two assumptions:

1. V � � =0 — we only considerthe leakagecurrentwhen the
transistoris off.

2. V �

�

=V ��� — we only considera single transistorhere; the
stackeffect and the interactionamongmultiple transistors
aretaken into accountwhenwe modelthecell usingEqua-
tion 3.

Figure1 shows the comparisonof leakagecurrentcalculated
by our model to the transistor-level simulation. From Figure1a,
1b,and1c,wecanseethatfor theratio 	65

�

, supplyvoltageV ���

andtemperature
7

, our resultsperfectlymatchthesimulationre-
sults. Figure 1d shows that after thresholdvoltageincreasesto
somevalue,the modeledleakagecurrentdoesnot decreaseany-
more. This is due to the simplicity of our model, which only
considersthe subthresholdleakageand DIBL effect. It is only
of concernif thresholdvoltageis beyondthenormalvalue.

3.1.2 Leakageper Cell

ButtsandSohipointout thattheirsingle
�

���

�$���
	

modelis suitable
only for caseswherethe parametersof N and P transistorsare
very close,andotherwisetwo

�

�
�

������	

's areneeded.We indeed
found [32] that the parametersof N and P transistorsdiffer too
much,so HotLeakageappliesdifferent

�

���

�$���
	
factorsto the N

andPtransistors,
�

	 and
�
?

.
This meansthatfor a speci�c cell, theleakagecurrentis given

by thefollowing equation:
�

�

�

   

�
��!��

�

�
�
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	BA
:

?
��@

?
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(3)

:�C and :�D arethenumberof NMOSandPMOStransistorsin the
cell, and

�

C and
�

D arethecalculatedleakagecurrentof NMOS
andPMOSaccordingto Equation2; whenaspectratio 	65

�

�
�

we call themunit leakage.
�

�
�

������	
is thena scalingfactordeter-

minedfor eachtypeof cell to accountfor thetransistorstackeffect
andtheaspectratios E

	65

�GF

of thedifferenttransistors.(Thestack
effect refersto theadditionalreductionin leakagewhenmultiple
series-connectedtransistorsareoff; for example,sleeptransistors

take advantageof this.) This meansthat theexpressionfor static
poweranalogousto Equation1 is:

�
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�
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�
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�
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�
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(4)
�

	 and
� ?

, the designfactorsof N andP transistors,canbe
derived by a similar methodasin the single-

�

�
�

�����
	

model. For
a given cell, we divide all possibleinputs into two groups: one
groupinputswill turn off thepull-down network composedof N
transistors.Theothergroupwill turnoff thepull-upnetwork com-
posedof P transistors.Thustheleakagecurrentsarealsodivided
into two groups
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is the leakagecurrentwhenthe pull-down network is turnedoff,
while

�

!

?

is theleakagecurrentwhenthepull-upnetwork is turned
off.
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	 and
� ?

aregivenby thefollowing equation:
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(6)

� is thenumberof all possiblecombinations.For example,Fig-
ure 2 is the diagramof a two-input NAND gate. Therearetwo

Vdd

X

Y

Pull-up

Pull-down

Figure 2. Two­input NAND gate .

inputsX andY, which make four possiblecombinations.There
arethreecombinations:EON

�

QP�R

�



F

, EON
�


�P(R
�

�

F

and
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�SP(R
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which turn off thepull-down network.
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	 ,
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and
��T

	 arethe leakagecurrentscorrespondingto thesethreein-
puts. The only combinationthat turnsoff the pull-up network is
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�SP�R
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and
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is thecorrespondingleakagecurrent.
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Here � equals4.
Thedouble-

�

���

�����
	

modelhastheimportantpropertythatit is
ableto handlethedifferentialscalingof N andPtransistorsthatis
widely usedin contemporarytechnologies.Again, detailedplots
canbe found in [32]. We �nd that

�

	 and
�

?

areindependentof
thresholdvoltageandhave a linear relationshipwith temperature
andsupplyvoltage.Weincorporatethesefeaturesinto ourleakage
modeland

�

	 ,
�

?

arecalculateddynamicallywith respectto dif-
ferenttemperaturesandsupplyvoltages.Thesevaluesarederived
for differenttechnologynodesvia simulations.
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3.2 GateLeakageand GIDL Effect

In orderto improve device performance,gate-oxidethickness
is projectedto scaleaggressively for futuretechnologynodes[27].
Theresultis thatgateleakagethroughthegateoxideincreasessig-
ni�cantly dueto thedirect tunnelingcurrent.Our modelincludes
gateleakagefor 70nmtechnology, wheregateleakagebecomes
dominant. To get an explicit equationfor gate-leakagecalcula-
tions is very dif�cult and also unnecessaryfor an architectural-
level model.WeuseAIM-spice[1] asthecircuit simulator, which
includesBSIM4 amongthe supportedmodelsfor gateleakage.
Gatecurrentparametershave beenadjustedto target 40nA/um
gateleakagein 70nm technologyat 1.2nmoxide thicknessand
0.9V supply voltage at room temperature(300K) as predicted
in [27]. Gateleakageisstronglydependentonthegateoxidethick-
ness� ;�� andsupplyvoltage. It is weakly dependenton the tem-
perature.From the transistor-level simulations,we derived these
factorswith curve-�tting andincorporatedit into our models.

GIDL effect occursat low gatevoltageandhigh drainvoltage
bias. This effect will raisethe leakagecurrentwhen gatevolt-
agegoesnegative. It becomesworsewhenbiasingthe substrate
to negative voltagefor N transistorsandto positive voltagefor P
transistors.This will limit the reversebody-biasing(RBB) tech-
nique.

3.3 Parameter Variations

Deviceparametervariationscanbedividedinto two categories:
inter-die (die-to-die)variationandintra-die(within-die)variation.

Inter-die variationis the differencein the valueof a parame-
ter acrossnominallyidenticaldiesandis typically accountedasa
shift in themeanof someparametervalueequallyacrossall device
or structureson any onechip. For purposesof circuit design,it is
usuallysuf�cient to lumpall thecontributionsin theinter-dievari-
ationinto asinglevariationcomponentwith ameanandvariance.

Intra-die variation is the deviation occurringspatiallywithin
any onedie. It may have a variety of sourcesdependingon the
physicsof themanufacturingsteps.In contrastto inter-die varia-
tion (affectingall deviceson any onechipequally),intra-dievari-
ationcontributesto themismatchbehavior betweenstructureson
thesamechip.

Duetobothinter-dieandintra-dieparametervariations,thereis
signi�cant variationin leakagepower. Thusparametervariations
mustbe taken into accountin the new leakagemodel. Inter-die
variationcanbecharacterizedasaglobalmeanandvariancewhile
intra-dievariationis morecomplicated.In this versionour model
only includestheinter-dievariation.

Therearefour parameterswhichweareinterestedin. They are�

: lengthof thetransistor;�
;�� : thicknessof thegateoxide;

�

��� :
supplyvoltage;and

�

�-9 : thresholdvoltageof the transistor. For
eachparameter, usercangive thespeci�c mean

�
, variance� , and

thenumberof samples� . In theinitializing phaseof thesimula-
tion, � gaussiandistribution samplesaregeneratedandthe leak-
agecurrentsarealsocalculatedaccordingly. The meanof those
leakagecurrentsis usedin the following simulationsin orderto
includetheeffectsof theparametervariations.

3.4 How to Usethe HotLeakageSoftware Within
an Ar chitectureSimulator

The HotLeakagesimulator is a con�gurable module. The
various parametersrelatedto the leakagepower modeling and
the leakagecontrol techniquesarespeci�ed at the commandline
(see[32] for details). To useHotLeakagewith currentsbasedon
BSIM3modelsandourpre-determinedvaluesof

�

�
�

�����
	

, it is only
necessaryto specifythetechnologyparameter;e.g. 70nm. Other
parameterscanalsobecon�gured,but all have reasonabledefault
values.

HotLeakagedynamicallytracksleakagefor eachcell of inter-
est (e.g., an SRAM cell) and this information is then translated
into leakageat the architecturelevel. The functionsthat calcu-
lateleakagefor eachstructureof themicro-architecturearein the
mainleakagemodule,andtheseneedto becalledwheneverany of
theparameters—liketemperature,supplyvoltage,etc.—thataffect
leakageis changed.Thesefunctionswill recalculatethe leakage
currentsusing the HotLeakagemodel. HotLeakageand the ac-
companying simulationinfrastructurecurrentlymodelleakageof
cachesandregister�les; addingmodelsfor othercache-likestruc-
turesis very simple.

The power-performancesimulator, e.g. Wattch, is responsi-
ble for implementingtheleakage-controltechniqueandusingthe
HotLeakagevaluesaccordingly. As mentionedearlier, we have
implementeda genericabstractionfor modelingleakagecontrol
techniquesbasedon putting individual cachelines into standby,
allowing us to study techniqueslike gated-V� � [19], drowsy
cache[11], andreverse-body-bias[23].

4 Simulation Set-Up

4.1 ProcessorModel

All simulationswere performedwith Wattch augmentedby
HotLeakage.Unlessstatedotherwise,this paperusesthe base-
line con�gurationasshown in Table2, which resemblesasmuch
aspossiblethe con�guration of an Alpha 21264[21]. The most
importantdifferencefor this paperis that in the 21264thereis
no separateBTB, becausethe I-cachehasan integratednext-line
predictor[9]. As mostprocessorscurrentlydouseaseparateBTB,
ourwork modelsaseparate,2-wayassociative,1K-entryBTB that
is accessedin parallelwith theI-cacheanddirectionpredictor.

In theoriginal drowsy paper, theL1 datacacheusedis 32 KB
in sizeand4-way setassociative andthe L1 instructioncacheis
32 KB in sizeanddirectmapped.Both cachesuseline sizeof 32
bytesanda hit latency is one. In contrast,we use64 KB, 2-way
cacheswith 64 B linesfor both.

For WattchandHotLeakagetechnologyparametersweusethe
processparametersfor a 70 nm processat

�

��� 0.9V and 5600
MHz. It is important to note that becauseour Wattch model
doesnot include state-of-the-artpower-managementtechniques
thatwould beexpectedin the70nmgeneration,our estimatesfor
dynamicenergy maybepessimistic.

4.2 Benchmarks

In our comparative evaluationof variousleakagecontroltech-
niques,weuse11 integerbenchmarksfrom theSPEcpu2000[30]
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ProcessorCore
InstructionWindow 80-RUU, 40-LSQ
Issuewidth 4 instructionspercycle
FunctionalUnits 4 IntALU,1 IntMult/Div,

2 FPALU,1 FPMult/Div,
2 memports

MemoryHierarchy
L1 D-cache Size64KB, 2-wayLRU, 64B blocks

2-cycle latency
L1 I-cache Size64KB, 2-wayLRU, 64B blocks

1-cycle latency
L2 Uni�ed, 2MB, 2-wayLRU,

64Bblocks,11-cycle latency
Memory 100cycles

BranchPredictor
Branchpredictor Hybrid:

4K bimodand4K/12-bit/GAg
4K bimod-stylechooser

Branchtargetbuffer 1 K-entry, 2-way

Table 2. Con�guration of simulated processor
micr oarchitecture . All caches are write­bac k.

suite.Thebenchmarkswerecompiledfor theAlphaISA andstati-
cally linkedusingtheCompaqAlphacompiler(with peaksettings)
For eachprogram,weskip the�rst two billion committedinstruc-
tionsto avoid unrepresentativestartupbehavior atthebeginningof
theprogram'sexecution,andthensimulate500million committed
instructionsusingthereferenceinputset.

5 Results

5.1 L2 Latency

Ourresultsroughlyduplicatethosein [11]. They reportslightly
higherleakagesavingsandslightly lower performanceloss. The
formerweattributeto differencesin ourmodels,includingthedif-
ferent choiceof thresholdvoltageand our useof BSIM3 mod-
els.Thelatterweattributeto ourchoiceof shorterdecayintervals
that—forour leakagemodel—wefoundto givebetterenergy sav-
ings.

Figures3 and4 presentthenetcache-leakagesavingsandthe
performancelossfor a systemwith an L2 cachelatency of 5 cy-
cles, as might be seenfor a fast, on-chip L2. Note that, in or-
derto reporta measurethatrepresentstheactual“pro�t” in terms
of energy saved, the net savings subtractsthe extra dynamicen-
ergy expendeddueto the leakagecontrol schemefrom the total
reductionin leakagethat is realizedby deactivating cachelines.
Thedynamicenergy overheadis computedby comparingthe to-
tal dynamicenergy with andwithout the leakage-controlscheme
activated. This accountsfor the contributionsfrom (andoverlap
among)(a)activity in thedecaycounters(gated-V��� ), (b) extraL2
accesses(gated-V

���
), (c) extratagaccesses(drowsy),and(d)extra

runtime.
Figures5 and6 thenpresentthesameresultsfor an8-cycleL2;

Figures8 and9 for an 11-cycle L2; andFigures10 and11 for a
17-cycleL2.

Theseresultsshow that for 5–8 cycle L2 caches,gated-V���

is superiorto drowsy cachein termsof both energy savings and

performanceloss. At 5 cycles,gated-V��� is almostuniformly su-
perior, while at 8 cycles,drowsy is superiorfor a small number
of benchmarks.At 11 cycles,thepictureis lessclear. Gated-V���

is slightly betterin termsof averageenergy savings andslightly
worsein termsof averageperformanceloss. But looking at indi-
vidual benchmarks,drowsy andgated-V��� arebetterfor aboutan
equalnumberof benchmarks.Finally, at 17 cycles,drowsy cache
becomesclearlysuperior.
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Figure 3. Net leakage savings at 110 � and an
L2 latenc y of 5 cycles.
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Figure 4. Performance loss at an L2 latenc y
of 5 cycles.

Most importantly, these results show that contrary to
widespreadbelief, non-state-preservingtechniquesarenot inher-
ently inferior. Thereare� ve reasonsfor this. First, gated-V��� is
ableto almostentirelyeliminateleakage,whereasstate-preserving
techniqueslikedrowsy andRBB still exhibit a non-trivial amount
of leakage.Second,awell-tuneddecayinterval will minimizeso-
called inducedmisses,missesthat resultpurely from premature
deactivation of a line that containsuseful data. Third, induced
missesarenot inherentlybad. Even if dataremains“li ve”, if its
next useis suf�ciently far in the future, it may be worthwhile to
incur a modestperformancelossto save energy that is otherwise
expendedkeepingthedataactive. Fourth,in anaggressive out-of-
ordermachine,modestL2 accesslatenciesfor inducedmissescan
betolerated.Finally, whentagsaredecayed,gated-V� � is actually
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Figure 5. Net leakage savings at 110 � and an
L2 latenc y of 8 cycles.
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Figure 6. Performance loss at an L2 latenc y
of 8 cycles.

fasterontruemisseswhena line is in standby—whichis themore
commontypeof miss. Thedrowsy techniquemust�rst wake up
thetags,thencheckthem,only to �nd thatthedatais not resident
andanL2 accessis required.In contrast,gated-V��� canimmedi-
atelybegin checkingthetagsof active ways,andwaysthatarein
standbyareguaranteedto bemissesandneednot bechecked.

For therangeof L2 accesslatenciesthataretypically observed
for on-chipcaches,it is thereforefalseto automaticallyassume
thatanL2 accessis toocostly. Of course,asL2 latency increases,
theabove factorsthatmitigatefor gated-V��� becomelessandless
helpful. For the longestL2 latency we tested,gated-V��� wasno
longerableto hidea signi�cant portionof L1 misstimes,andthe
state-preservingnatureof drowsy cachebecomesa majoradvan-
tage.

5.2 Temperature

Figures7 and8 illustratetheeffectsof temperaturefor an11-
cycle L2 cacheby comparingenergy savingsat 85� C and110� C.
Becauseleakageis exponentiallydependenton temperature,the
energy savingsis muchhigherfor bothschemes.

We mentionedpreviously thatgated-V
��� is ableto almosten-
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Figure 7. Net leakage savings at 85 � and an
L2 latenc y of 11 cycles.
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Figure 8. Net leakage savings at 110 � and an
L2 latenc y of 11 cycles.
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Figure 9. Performance loss at an L2 latenc y
of 11 cycles.

tirely eliminateleakage,whereasstate-preservingtechniqueslike
drowsy andRBB still exhibit a non-trivial amountof leakage.As
leakageincreaseswith temperature,this advantagefor gated-V���

increasestoo. But this advantageis offset by the fact that the
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Figure 10. Net leakage savings at 110 � and an
L2 latenc y of 17 cycles.
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Figure 11. Performance loss at an L2 latenc y
of 17 cycles.

higher leakageat higher temperaturemakes shorterdecayinter-
vals attractive for both gated-V��� anddrowsy, and gated-V��� is
moresensitive to the smallerdecayinterval. The former factor
bene�ts gated-V��� for programslike gcc andgzip, but the latter
factorpenalizesgated-V��� for gap andtwolf. On average,there-
fore, temperaturehaslittle impacton the relative performanceof
gated-V� � anddrowsy.

5.3 TagDecay

Wehave only hadtheopportunityto comparegated-V
� �

when
tagsarealsoplacedin standbyalongwith the line of datathat is
beingdeactivated. If tagsarenot placedin standby, drowsy no
longersuffers extra penaltiesfor true misses.If onesimply uses
the samedecayintervals but keepsthe tagslive for the drowsy
cache,this will reducetheperformancelossexhibitedby drowsy
but alsosubstantiallyreducetheenergy savings,becausetagsac-
countfor 5–10%of theleakageenergy in caches,andthis leakage
energy canno longerbe reclaimed.For gated-V

� �
, on the other

hand,thereis noadvantageto keepingthetagsliveunlessthey are
usedto facilitateadaptive decayintervals.
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Figure 12. Net leakage savings at 85 � and
an L2 latenc y of 11 cycles for the best per­
benc hmark decay inter val.
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Figure 13. Performance loss at an L2 latenc y
of 11 cycles for the best per­benc hmark decay
inter val.

5.4 Adaptivity

Figures12 and13 show how muchbetterbothschemescould
do if anadaptive schemewereemployedto allow thecache-decay
mechanismto �nd thebestdecayinterval for eachbenchmark.For
bothdrowsyandgated-V� � , weidentify thebestdecayinterval for
eachbenchmark,andthesearetheresultsthatareplotted.Thebest
intervalsareitemizedin Table3.

Adaptivity primarily bene�ts gated-V��� , becausethe bestde-
cay intervals vary so widely. This in turn is a function of data-
usagepatternsandavailableILP thatcanbeusedto hideinduced
misses. ComparingFigures12 and 13 againstFigures7 and 9
showsthatusingthebestper-benchmarkintervalsimprovesenergy
savings for gated-V��� by 20%, from 50% to 60%, anddramati-
cally reducesperformanceloss,from about1.4%to about0.55%.
Energy savings for drowsy cacheonly improve by about4% and
performancelossonly improvesfrom 1.3%to 1.0%.

It is to beexpectedfrom theanalysisin [11] thatadaptivity is
not necessaryfor drowsy cache,becausefor reasonableintervals,
it is fairly insensitive to decayinterval. Gated-V��� doesnot need
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Drowsy Gated-V���

Gcc 1k 2k
Gzip 2k 64k
Parser 4k 16k
Vortex 2k 8k
Gap 16k 16k
Perl 4k 4k
Twolf 2k 4k
Bzip2 4k 16k
Vpr 2k 8k
Mcf 1k 2k
Crafty 4k 32k

Table 3. Best decay inter vals.

adaptivity to give attractive bene�ts for on-chip L2 caches,but
performsmuchbetterwith adaptive decayintervals. It becomes
clearlysuperiorto drowsy for mostbenchmarkswith an11-cycle
L2.

Weareawareof threemethodssofarfor providingadaptivede-
cayintervals:usinganarrayof bitstoselectfrommultiplepossible
decayintervals,proposedby Kaxirasetal. [19]; theadaptivemode
control techniqueproposedby Zhou et al. [33]; and the formal
feedback-controltechniqueproposedin our prior work [31]. The
lattertwo techniquesrequirethetagsto stayawake. Ourfeedback-
controltechniqueis quitesimple,usingthetagsto identify induced
missesandrequiringonly asmallstatemachinetoperiodicallyup-
datethecountercontainingthedecayinterval.

6 Conclusionsand Future Work

HotLeakageprovides the �rst publicly-available microarchi-
tecture-level leakage-modelingsoftware of which we areaware.
Its mostimportantfeaturesarethe explicit inclusionof tempera-
ture, voltage,gateleakage,and parametervariations. HotLeak-
age provides default settings for 180nm through 70nm tech-
nologies(basedupon BSIM3 models)for modeling cacheand
register �les, and provides a simple interface for selecting
alternate parametervalues and for modeling alternative mi-
croarchitecturestructures. HotLeakagealso provides mod-
els for several extant cache leakage-controltechniques,with
an interface for adding further techniques. The HotLeak-
age tool, with all the supporting documents,is available at
http://lava.cs.virginia.edu/HotLeakag e

Using HotLeakage and Wattch, we have compared a
state-preservingtechnique(drowsy cache)againsta non-state-
preservingtechnique(gated-V� � ). Conventional wisdom holds
thatthestate-preservingtechniquemustbesuperior, becauseit in-
curs lessperformancelosson accessto a line that is in standby
mode. In contrast,we have found that at 70nmandfor the par-
ticular rangeof parameterswe studied,the non-state-preserving
techniqueis actuallysuperiorfor a setof fasterL2 cachelaten-
ciesthat might be seenwith on-chipL2s. The main reasonsfor
this arethatgated-V� � reducesleakageby a greateramountthan
drowsycache,thatthelatency to fetchdatafrom L2 whenaccess-
ing a line in standbymodecanbehiddento asigni�cant extentby
ILP, andthat drowsy cacheactually incursa larger performance

penaltythangated-V��� for themorecommoncaseof atrue(rather
thananinduced)miss.In addition,theeffectivenessof gated-V���

canbeexpandedby usingadaptive decayintervals.
The design spacefor power-ef�cient cachesis notoriously

complex, and even the design spacefor just thesetwo tech-
niques is too rich to fully explore in this paper. The proper
choiceof leakage-controltechniquewill dependon a variety of
factors,and we hopethat the comparisonhere illustratessome
important tradeoffs to consider. The main point that we wish
to convey with this work is to debunk the perceptionthat non-
state-preservingtechniquesare inherently inferior. Design of
low-leakagecachesrequiresnon-state-preservingtechniqueslike
gated-V��� to beconsideredaspotentiallythemostenergy-ef�cient
andhighest-performancesolution.
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