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ABSTRACT
Clockgatingis aneffectivemeansfor reducingaveragepowercon-
sumption.However, clock gatingcanexacerbate maximumcycle-
to-cycle currentswings,or the step-power (Ldi/dt) problem. We
presentamicroarchitecture-level step-powersimulatoranddemon-
strateits usein exploring how designalternatives impact relative
step-power levels. We show how the tool canbe usedto identify
major sourcesof high microprocessorstep-power events. Our ex-
perimentsindicatethatbranchmispredictionsarea majorcauseof
high step-power occurrences. We alsoshow that high step-power
eventsare infrequentwhich suggest that architecturaltechniques
maylimit step-power at potentiallylow performancecost.

Categoriesand Subject Descriptors
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IMPLEMENTATIONMicrocomputers;I.6.5[Computing Method-
ology]: SIMULATION AND MODELINGModel Development

GeneralTerms
Reliability Design

Keywords
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1. INTRODUCTION
Higher transistordensities,and higher frequencieshave led to

ever-increasinglevelsof microprocessorspowerconsumption.De-
spiteattemptsto limit power consumption via loweringthesupply
voltage,microprocessor power consumption hascontinuedto in-
crease.This leadsto rapidly increasinglevelsof chip-level current
consumption.

High frequenciesdemandacomplex powerdeliverynetwork and
resultinghigh inductance interconnect. Thesetwo characteristics
of high performance microprocessors,high levels of currentcon-
sumption,andhigh inductance in the power delivery network and
I/O pads,leadsto reliability concerns dueto inductive noise, also
referredto asground bounce, the Ldi/dt, or the step-power prob-
lem. This issueincreasesthe complexity of the power delivery
network, and requiresmore on chip decouplingcapacitance[5].
In recentyears,significanteffort hasbeenexpendedto augment
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microarchitecture-level performancesimulatorswith powerestima-
tion capability . Amongtherecentlypublishedpower-performance
simulatorsareWattch[2], SimplePower[9], theCai-Limmodel[4],
andPowerTimer [1]. However, thesepower simulatorsdo not ad-
dressthe inductive noiseproblemin detail. With inductive noise
increasingto prohibitive levels, it is essentialto have a tool that
accounts for chip-level inductive noise.

Very little researchhasaddressedtheinductive noiseproblemat
thearchitecturallevel in microprocessor design.Pantetal. propose
gradualactivation/deactivationof functionalunitsby the introduc-
tion of waking up, anddeactivation time parametersto the clock
gatingscheme[8]. Thesmoother currenttransitionof this scheme
comesat the costof both lower performanceandhigher average
power.

Zhanyu etal. [7] modifiedthetechniqueprovidedin [8] to reduce
theperformancelossintroducedby gradualclock gatingdeactiva-
tion. Theideais to predictwhenaninstructionis to beissuedto the
functionalunit, andstartgradual wake-up prior to theissue,thereby
eliminatingthewake-updelay. Althoughtheperformancedegrada-
tion is lower, thepower overheadwasincreasedwhencomparedto
Pantetal.

Theabove two techniqueswork at theunit-level, notat thechip-
level. In a more recentpaper[6], Grochowski et al. proposeto
reducegroundbouncevia a global feedback controlsystem.Gro-
chowski createsanRLC modelfor thepowerdeliverynetwork, and
modelsthesystemasanLTI (LinearTimeInvarient) system,whose
input is the currentconsumption on the processor, and output is
the power distribution voltage. However, the authors’methodol-
ogy doesnot provide insight as to the sourcesof groundbounce
at themicroarchitecturelevel. Suchinsight is crucialto effectively
solvingtheproblem.

In thispaper, wepresentamicroarchitecture-level framework for
studyingthe step-power problemwithin the commonlyusedSim-
pleScalarandWattchsimulators.Our model,althoughnot asde-
tailedas[6] in modelingthepower distribution network, provides
insight as to the causesof high step-power within a dynamic su-
perscalarprocessor. We thenusethemodelto identify suchevents
usingseveralof theSPEC2000 benchmarks.

2. THE STEP-POWER SIMULA TOR
Our simulator models the amount of current switching on a

cycle-by-cycle basis. In a constantsupply voltagecircuit, power
consumption is proportional to thecurrentconsumption. To model
di/dt, we canequivalently model the amount of power switching
per cycle dp/dt, which we call step-power. Although our model
doesnotyetaccuratelycharacterizethemagnitudeof theswitching
noise,it doesserve to identify thecausesof thehigheststep-power
events. It thereforeservesasa microarchitecture-level aid to con-
trolling largeon-chipcurrentswings.Webuilt oursimulatorontop
of theWattch[2] power simulationextensionsto theSimpleScalar
toolset[3]. We usedWattch’s cc3 clock-gatingpower estimation



Table 1: Benchmarks

Bench- Dataset F-Fwd Simulationwindow

mark Inst. Inst. Cycles
gcc scilab 1000 562- 890 500
mcf ref 4000 1625-1738 500
parser ref 250 593- 822 500
gzip program 40 823-1423 500
art ref 2900 494- 565 500
swim ref 250 1267-1364 500
applu ref 500 1003-1634 500
apsi ref 30 378- 395 200

model[2]. Cc3assumeslinearly scaledpower depending on usage
whenaccessed, and10% of basepower whenthe structureis not
accessed.

Wattchdoesnot provide a modelwith no clock gating. We cre-
atedamodel(namedcc0)thatassumesnoclockgatingin processor
structures.Themaindifferencebetweenthecc0andcc3modelsis
the way the clock tree is estimated. While cc3 scalesthe clock
treepower with theamountof clock gatingthattakesplaceon the
processor in any cycle,cc0alwaysassumesthefull clock power is
consumedevery cycle, irrespective of how muchactivity is taking
placeon the processor chip. This is intuitive, sinceno attemptis
madeto shutoff theclock in this model.Anotherdifferenceis that
we assumedanidle factorfor representingtheratio of power con-
sumedin thecombinational logic whenidle. We assumedthe idle
factorin our simulationsto be20%.

We alsomodified the clock power modelby separatingit into
two differentcomponents:local andglobalclock distribution. The
globalclock distribution network is thatpartof theclock distribu-
tion tree that remainsactive when local structuresare turnedoff.
This includesthetrunk of the(H) clock treeandglobalbuffers(re-
peaters)within this tree,andtheclock generator(not simulatedin
Wattch). The local component of the clock treeincludesthe load
capacitance of processorstructuresin all differentstages.Wattch
scalesthewholeclock power with thepower consumedin thepro-
cessorstructure. We modified it in order to scalethe local clock
power componentwith thecurrentcycle activity of all theproces-
sorstructures.

Our simulatoris capableof dynamically trackingthepower and
step-power levels over time. The simulatortracksthe maximum
power, the averagepower, the minimum power, the averagestep-
power, and the maximumstep-power over a specificwindow of
simulation cycles (resolution period). The dynamic power and
step-power curvesprovideavisualmeansto understanding thetime
varying behavior of power andstep-power. In orderto determine
the distribution of power andstep-power levels, we createpower
andstep-power histograms.Thesehistogramsreportthefrequency
of the occurrenceof particularpower andstep-power values. We
settherangesto beat one-Watt slots,but theresolutionof thehis-
togramscanbeeasilyvaried.

3. SIMULA TION METHODOLOGY
Thesimulationrunsto show theuseof this tool wereperformed

usingapplicationsfrom theSPEC2000benchmarksuiteusingthe
referencedatasets. Simulationswere run for a durationof 500
million cyclesfor all thebenchmarksexceptapsiwhich took about
200 million cyclesto run the entireprogram. During the simula-
tions,weskippedtheinitializationpartof eachbenchmark. Table1
specifiesthebenchmarksusedalongwith inputdatasets,numberof
instructionsskipped, andthe simulationwindow in termsof both
number of instructionsandnumberof cyclessimulated.Thenum-
berof simulatedinstructionsin thesimulationwindow variedwith
differentconfigurationsfor the samenumber of simulatedcycles.
Table2 shows thebaselinesimulationparameters.

Table 2: SimulatedProcessorConfiguration
BranchMispredict Penalty 7
DecodeWidth 4
IssueWidth 6
RetireWidth 11
MemoryPorts 2
L1 DataCache 64-KB, 2-way setassociative
L1 InstructionCache 64-KB, 2-way setassociative
L2 Unified Cache 1-MB directmapped
L1 CacheLatency 1 cycle
L2 CacheLatency 12 cycles
IntegerALUs 4
FloatingPointALUs 2
Load/StoreQueueSize 64 entries
RUU Size 80 entries

4. RESULTS
Figure1 depictsthedynamicvaluesof power consumption and

step-power over time for four of the benchmarks. For eachappli-
cation,four graphsarepresented.Theuppergraphspresentthedy-
namicpower consumption,while the lower onespresentdynamic
step-power values.Thegraphsto the left show theresultswith no
clock gating (cc0), while the graphsto the right show the clock
gatingresults(cc3).

Eachpoint in eachgraphrepresentsthepower valueover a sim-
ulation window of a million cycles. In eachof thesesimulation
windows, the maximum,average,andminimum valuesarecalcu-
lated.Wedonotplot theminimumvalueof step-powerasit is zero
for all intervals.

We draw severalconclusions from thesegraphs. First,although
clockgatingachievesconsiderableaveragepowersavingsacrossall
applications,it haslittl e effect on the maximumpower consump-
tion. Figure2 depictsthepercentagesavings in averageandmaxi-
mumpower for theeightsimulatedbenchmarks.While theaverage
powersavingsis in therangeof 24%(applu)to 52%(mcf),with the
exceptionof apsi,in whichthesavingsis29%,themaximumpower
savings is only in the rangeof 1% to 6%. Thereasonfor this dis-
parity is thatwhile theaveragepower savingsreflectsthecommon
caseof clock gating idle structures,the maximumpower reflects
the worst casescenarioin which mostof the processorstructures
arebusy, with noopportunityto clockgatethem.Apsi hasaregular
periodicpatternof power consumption acrossall processorstruc-
turesdueto its smallbasicblock loops.Theapplicationfits into the
instructionanddatacacheswith almostnomisses,andnearperfect
branchprediction.This regularity makestheworstcasevery simi-
lar to theaveragecasein which considerablepower savingscanbe
achievedby clock gating.

Second,because clock gatinghaslittle effect on the maximum
power, but a largeeffect on theaverageandminimumpower, it in-
creasesthelikelihoodof high step-power events.Figure3 presents
the relative increasein averageandmaximumstep-power due to
clock gating. As expected,thereis a considerable increasein the
step-power dueto clock gating. On averagea 35%increasein av-
eragestep-power anda 37% increasein maximumstep-power is
incurredwith clock gating.

Step-power histogramsarepresentedin Figure4. In this figure,
thex-axis representsthestep-power value,andthey-axis the nor-
malizedcumulative frequency of occurrence. The curvesclearly
indicatethatthehigheststep-power valuesrarelyoccur. For exam-
ple,while gziphasmaximumstep-powervaluesof 102Wand73W
for cc3 and cc0, respectively, the step-power is larger than 42W
(31W) for cc3 (cc0) for only 1% of the simulatedtime. In other
words,thestep-power doesnot exceed42%of themaximumstep-
power for gzip for 99% of the executioncycles. The graphsalso
show that in 90%of thecasesthestep-power is lessthan23W and
16W for cc3andcc0,respectively. As shown in thefigure,therest
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Figure1: Dynamic Power and Step-Power Profilesfor Four of the SimulatedBenchmarks

of applicationsshow similar trends.This indicatesthepotentialfor
microarchitecturaltechniques that can eliminatehigh step-power
eventspotentiallywith little performancepenalty.

High step-power eventsoccurwhena largepower consumption
increase(or decrease) occursacrossmany processorstructuresin
thesamecycle. By analyzing theinfrequenthighstep-power values
throughprogramdumps,we foundtwo common eventsassociated
with high step-power: datacacheaccessvariationandbranchmis-
predictions.Althoughbranchmispredictionsandcacheaccessvari-
ation alonedo not necesarilycausehigh step-power, theseevents
weredetectedin most of the high steppower cycles. Increasing
the numberof ports linearly increasesthe power consumption of
thedatacache,andalsoincreasesthestep-power of thecache.For
example,a high step-power eventwill occurwhenall of thecache
portsareaccessedin onecycleandnoneareusedin thenext (or pre-
vious)cycle. While thebasearchitecturehastwo ports(asshown in
Table2), we alsoransimulationswith one,four, andsix port. The
results,shown in Figure5 for gcc,demonstratea clearcorrelation
betweenthenumber of memoryportsandthestep-power. Table3
lists theaveragepower percycle,averagepower percommittedin-
struction,maximumstep-power, andtheIPCstatisticsfor bothcc0
andcc3 whenrunninggcc on machineconfigurationswith differ-
ent numbersof memoryports. If we rely on the dataprovided by
Wattch(cc3 averagepower numbers),thenthe six and four ports
configurations are the bestchoice in termsof performance, and
power efficiency (power per instruction),respectively. However,

differentconclusionscanbereachedif we considera no clock gat-
ing design,or if we considerinductive noise. In the cc0 model,
thebasearchitecturewith two portsis themostpowerefficientsys-
tem. This is becausein sucha systemthe clock power in thedata
cacheand load/storequeuesis not saved whenthe corresponding
structuresareidle. And consideringthemaximumstep-power, we
find that increasingthenumberof memoryportsfrom two to four,
andto six increasesthestep-power by 14%and31%,respectively,
while increasingthe IPC by about5.9%for both cases.Reducing
the number of ports to only onelowersthe maximumstep-power
by 16%with a 27%lossof IPC.

Our analysisof the step-power dumpsindicatesthat the high-
est step-power eventsare associatedwith branchmispredictions.
Branchmispredictionshave a dualeffect on thestep-power. First,
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Figure2: Power Savings Thr oughClock Gating
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Figure3: Step-Power Incr easeDue to Clock Gating
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Figure4: Step-Power Histograms
it takesa few cycles to resumefetching instructionsfrom the in-
structioncacheaftera mispredict,so this causesa sudden drop in
the instructionfetch unit power. Second,the flushingof instruc-
tions from the mispredictedpath causesmany processor units to
suddenly becomeidle, resultingin a largedropin power consump-
tion. In orderto show thetwo effectsseparately, we simulatedtwo
configurations, nolat and perfect. In the nolat configuration,the
processor startsfetchingnew instructionsin thecycle following the
detectionof abranchmisprediction.This limits thebranchmispre-
diction effect to draining instructionsfrom processorqueues,but
doesnot halt theinstructionfetchunit. On theotherhand, theper-
fect configurationhasa perfectbranchpredictor, which eliminates
both instructionsdraining from processorstructures,and instruc-
tion queuehalts.

Figure6 presentsresultsfor the two configurations runningthe
gzip application. From this figure we find that the nolat config-
uration reducesmaximumstep-power by 7.8% and8.3% for cc0
and cc3, respectively. On the other hand,perfectbranchpredic-
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Figure 5: Effect of Number of Memory Ports on Step-Power
for gcc

Table3: Power and Performancevs. Number of Memory Ports
for gcc

Ports
cc0Power Per: Max

IPC
cc3PowerPer: Max

Cycle Inst Step Cycle Inst Step
1 56.66 50.36 58 1.125 36.09 32.08 82
2 62.78 40.61 69 1.546 41.99 27.16 98
4 67.57 51.26 83 1.6377 42.93 26.21 112
6 72.14 44.04 98 1.6382 43.62 26.63 128

tion reducesthemaximumstep-powerby 23.4%and22.2%for cc0
andcc3,respectively. We concludethata goodtechniquefor step-
power reductionmusthandlebranchmispredictionsefficiently, so
thatno sudden dropin power occursin a singlecycle.
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Figure 6: Effect of Branch Mispr edictions on Step-Power for
gzip

5. CONCLUSIONS AND FUTURE WORK
We presenta microarchitecture-level step-power simulatorthat

allows designersto take step-power into accountwhen making
microarchitecture-level tradeoffs. Experimentsusingour tool in-
dicatethat branchmispredictionsandcacheaccessvariationsare
major sourcesof high step-power events. Our experimentsalso
show thatsucheventsarehighly infrequentwhich suggeststhatar-
chitecturaltechniqueshave thepotentialto reduceinductive noise
atpotentiallylow performancecost.Thedevelopmentof suchtech-
niquesarepartof our futurework.
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