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ABSTRACT

Clock gatingis aneffective meandor reducingaveragepower con-
sumption.However, clock gatingcanexacerbse maximumcycle-
to-cycle currentswings, or the step-paver (Ldi/dt) problem. We
presentmicroarchitecture-hel step-paver simulatoranddemon-
strateits usein exploring how designalternatvesimpactrelative
step-paver levels. We shawv how the tool canbe usedto identify
major sourcesof high micropro@ssorstep-paver events. Our ex-
perimentdndicatethatbranchmispredictionsarea major causeof
high step-paver occurrence. We alsoshawv that high step-pever
eventsare infrequentwhich suggest that architecturaltechniqles
may limit step-paver at potentiallylow performane cost.
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1. INTRODUCTION

Higher transistordensities,and higher frequencieshave led to
everincreasingevelsof microprocesorspower consumption. De-
spiteattemptgo limit power consunption via loweringthe supply
voltage, microprocessopower consumpion hascontinuedto in-
creaseThisleadsto rapidly increasindevels of chip-level current
consunption.

High frequertiesdemandacomplex power delivery network and
resultinghigh inductarce interconnet. Thesetwo characteristics
of high performane microprocessorshigh levels of currentcon-
sumption,andhigh inductarce in the power delivery network and
1/0 pads,leadsto reliability concerrs dueto inductive noise, also
referredto asground bounce, the Ldi/dt, or the step-power prob-
lem. This issueincreaseghe compleity of the power delivery
network, and requiresmore on chip decouplingcapacitancg5].

In recentyears,significanteffort hasbeenexperdedto augment
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microarchitecture-kel performanceimulatorswith power estima-
tion capalility. Among the recentlypublishedpower-performance
simulatorsareWattch[2], SimplePaver[9], theCai-Lim model[4],
andPowerTimer [1]. However, thesepower simulatorsdo not ad-
dressthe inductive noiseproblemin detail. With inductive noise
increasingto prohihitive levels, it is essentiato have a tool that
accouns for chip-level inductive noise.

Very little researchhasaddressetheinductive noiseproblemat
thearchitecturalevel in microprocessodesign.Pantetal. propose
gradualactivation/deactiation of functionalunits by the introduc-
tion of waking up, and deactvation time parametergo the clock
gatingschemd8]. Thesmoothe currenttransitionof this scheme
comesat the costof both lower performanceand higher average
power.

Zharyu etal. [7] modifiedthetechniqwe providedin [8] to reduce
the performancdossintroducedby gradualclock gatingdeactva-
tion. Theideais to predictwhenaninstructionis to beissuedo the
functionalunit, andstartgradudwake-up prior to theissue thereby
eliminatingthewake-updelay Althoughtheperformancelegrad-
tion is lower, the power overheadwvasincreasedvhencomparedo
Pantetal.

Theabove two technique work atthe unit-level, notat the chip-
level. In a morerecentpaper[6], Grochavski et al. proposeto
reducegroundbourcevia a globalfeedba& control system.Gro-
chawski createanRLC modelfor thepower delivery network, and
modelsthesystemasanLTI (LinearTime Invariern) systemwhose
input is the currentconsumpion on the processg and outputis
the power distribution voltage. However, the authors’methodl-
ogy doesnot provide insight asto the sourcesof groundbounce
atthe microarchitecturdevel. Suchinsightis crucialto effectively
solvingthe problem.

In this paperwe presentamicroarchitecture-keel framework for
studyingthe step-paver problemwithin the commonlyusedSim-
pleScalarand Wattch simulators. Our model, althoughnot asde-
tailed as[6] in modelingthe power distribution network, provides
insight asto the causef high step-paver within a dynanic su-
perscalaprocessa We thenusethe modelto identify suchevents
usingseveral of the SPEQ000 benchmark.

2. THE STEP-PONER SIMULATOR

Our simulator modelsthe amountof current switching on a
cycle-by-gscle basis. In a constantsupply voltagecircuit, power
consunptionis proportioral to the currentconsumgion. To model
di/dt, we canequialently model the amourt of power switching
per cycle dp/dt, which we call step-power. Although our model
doesnotyetaccuratelycharacterizéhe magnitudeof the switching
noise,it doessene to identify the cause®f the higheststep-paver
events. It thereforesenesasa microarchitecture-kel aid to con-
trolling large on-chipcurrentswings.We built our simulatorontop
of the Wattch[2] power simulationextensiongo the SimpleScalar
toolset[3]. We usedWattch’s cc3 clock-gatingpower estimation



Table 1: Benchmarks
Bench-| Dataset| F-Fwd | Simulationwindown
mark Inst. Inst. [ Cycles
gcc scilab 1000 | 562-890 500
mcf ref 4000 | 1625-1B8 | 500
parser ref 250 593- 822 500
gzip program| 40 823-1423 | 500
art ref 2900 | 494-565 500
swim ref 250 | 1267-1%4 | 500
applu ref 500 | 1003-1®4 | 500
apsi ref 30 378- 395 200

model[2]. Cc3assumedinearly scaledpower depenéhg on usage
whenaccessedand 10% of basepower whenthe structureis not
accessed

Wattchdoesnot provide a modelwith no clock gating. We cre-
atedamodel(namedccO)thatassumeso clock gatingin processor
structuresThe maindifferencebetweerthe ccOandcc3modelsis
the way the clock treeis estimated. While cc3 scalesthe clock
treepower with the amountof clock gatingthattakesplaceon the
processoin ary cycle, ccOalwaysassumeshefull clock poweris
consunedevery cycle, irrespectve of how muchactvity is taking
placeon the processo chip. This is intuitive, sinceno attemptis
madeto shutoff theclock in this model. Anotherdifferenceis that
we assumednidle factorfor representingheratio of power con-
sumedin the combinatioral logic whenidle. We assumedheidle
factorin our simulationsto be 20%.

We also modified the clock power modelby separatingt into
two differentcompments:local andglobal clock distribution. The
global clock distribution network is that part of the clock distribu-
tion tree that remainsactive whenlocal structuresare turned off.
Thisincludesthetrunk of the (H) clock treeandglobalbuffers (re-
peaters)within this tree,andthe clock generator(not simulatedin
Wattch). The local comporent of the clock treeincludesthe load
capacitane of processostructuredn all differentstages.Wattch
scaleshewhole clock power with the power consumedin the pro-
cessorstructure. We modifiedit in orderto scalethe local clock
power compaentwith the currentcycle activity of all the proces-
sorstructures.

Our simulatoris capableof dynamically trackingthe powver and
step-paver levels over time. The simulatortracksthe maximum
power, the averagepower, the minimum power, the averagestep-
power, and the maximum step-paver over a specificwindow of
simulation cycles (resolution period). The dynamic power and
step-paver curvespravide avisualmeango understanihg thetime
varying behaiior of pawver andstep-paver. In orderto determine
the distribution of power and step-paver levels, we createpower
andstep-paver histogramsThesehistogramseportthefrequeng
of the occurenceof particularpower and step-paver values. We
settherangesto be at one-Watt slots, but the resolutionof the his-
togramscanbe easilyvaried.

3. SIMULATION METHODOLOGY

Thesimulationrunsto shav the useof this tool were performed
usingapplicationsfrom the SPEC200®enchmarksuite usingthe
referencedatasets. Simulationswere run for a durationof 500
million cyclesfor all the benchmark exceptapsiwhich took about
200 million cyclesto run the entire program During the simula-
tions,we skippedtheinitialization partof eachbenchmarkTablel
specifiesthebenchmark usedalongwith input datasetspumberof
instructionsskipped andthe simulationwindow in termsof both
numker of instructionsandnumberof cyclessimulated.The num-
berof simulatedinstructionsin the simulationwindow variedwith
differentconfigurationdfor the samenumkber of simulatedcycles.
Table2 showvs the baselinesimulationparameters.

Table 2: Simulated ProcessorConfiguration

BranchMispredct Penalty 7
DecodeWidth 4
IssueWidth 6
RetireWidth 11
MemoryPorts 2

L1 DataCache
L1 InstructionCache
L2 Unified Cache

64-KB, 2-way setassociatie
64-KB, 2-way setassociatie
1-MB directmappel

L1 CachelLateny 1cycle

L2 CachelLateny 12 cycles

Integer ALUs 4

FloatingPointALUs 2

Load/StoreQueueSize 64 entries

RUU Size 80 entries
4. RESULTS

Figurel1 depictsthe dynamicvaluesof power consumpion and
step-paver over time for four of the benchmarks. For eachappli-
cation,four graphsarepresentedTheuppergraphspresenthedy-
namic power consumption, while the lower onespresentdynamic
step-paver values. The graphsto the left shav the resultswith no
clock gating (cc0), while the graphsto the right shav the clock
gatingresults(cc3).

Eachpointin eachgraphrepresentshe power valueover a sim-
ulation window of a million cycles. In eachof thesesimulation
windows, the maximum,average,and minimum valuesare calcu-
lated. We do not plot theminimumvalueof step-paver asit is zero
for all intenals.

We draw several conclusiors from thesegraphs First, although
clockgatingachiezesconsideableaveragepower savingsacrossll
applicationsit haslittl e effect on the maximumpower consump
tion. Figure2 depictsthe percentagesavingsin averageand maxi-
mumpower for the eightsimulatecbendimarks.While theaverage
power savingsis in therangeof 24%(applu)to 52%(mcf), with the
exceptionof apsi,in whichthesaringsis 29%,themaximumpower
sasingsis only in therangeof 1% to 6%. The reasorfor this dis-
parity is thatwhile the averagepower savingsreflectsthe common
caseof clock gatingidle structuresthe maximumpower reflects
the worst casescenarioin which mostof the processosstructures
arebusy, with no opportunityto clock gatethem.Apsi hasaregular
periodic patternof power consunption acrossall processostruc-
turesdueto its smallbasicblockloops. Theapplicatiorfits into the
instructionanddatacacheswith almostno missesandnearperfect
branchprediction. This regularity makesthe worst casevery simi-
lar to the averagecasein which consideablepower sazings canbe
achieved by clock gating.

Second becaus clock gatinghaslittle effect on the maximum
power, but alarge effect on the averageand minimum power, it in-
creaseshelikelihoodof high step-paever events.Figure3 presents
the relative increasein averageand maximumstep-paver dueto
clock gating. As expected thereis a considerale increasen the
step-paver dueto clock gating. On averagea 35% increasdn av-
eragestep-paver and a 37% increasein maximumstep-paver is
incurredwith clock gating.

Step-paver histogramsarepresentedn Figure4. In this figure,
the x-axis representshe step-paver value,andthe y-axis the nor
malized cumulatize frequeng of occurrerce. The curves clearly
indicatethatthe higheststep-paver valuesrarely occur For exam-
ple,while gzip hasmaximumstep-paver valuesof 102Wand73W
for cc3 and ccO, respectiely, the step-paver is larger than 42W
(31W) for cc3 (ccO) for only 1% of the simulatedtime. In other
words,the step-paver doesnot exceed42% of the maximumstep-
power for gzip for 99% of the executioncycles. The graphsalso
shaw thatin 90% of the caseghe step-paver is lessthan23W and
16W for cc3andccO,respectiely. As shavn in thefigure,therest
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Figure 1: Dynamic Power and Step-Fower Profilesfor Four of the Simulated Benchmarks

of applicatiors shav similartrends.This indicateshe potentialfor
microarchitecturatechnique that can eliminate high step-paver
eventspotentiallywith little performarce penalty

High step-paver eventsoccurwhena large power consumgion
increase(or decreaspoccursacrossmary processosstructuresn
thesamecycle. By analying theinfrequenthigh step-paver values
throughprogramdumps we found two comma eventsassociated
with high step-paver: datacacheaccessariationandbranchmis-
predictions Althoughbranchmispredictionsandcacheaccesvari-
ation alonedo not necesarilycausehigh step-paver, theseevents
were detectedn mostof the high steppower cycles. Increasing
the numberof portslinearly increaseshe power consumption of
the datacache andalsoincreaseshe step-paver of the cache.For
example,a high step-paver eventwill occurwhenall of the cache
portsareaccesseth onecycleandnoneareusedn thenext (or pre-
vious)cycle. While thebasearchitecturénastwo ports(asshavn in
Table2), we alsoransimulationswith one,four, andsix port. The
results,shavn in Figure5 for gcc, demonstrate clearcorrelation
betweernthe numkbker of memoryportsandthe step-paver. Table3
liststheaveragepower percycle, averagepower percommittedin-
struction,maximumstep-paver, andthe IPC statisticsfor bothccO
and cc3 whenrunninggcc on machineconfigurationswith differ-
entnumbersof memoryports. If we rely on the dataprovided by
Wattch (cc3 averagepower numbers) thenthe six and four ports
configuradions are the bestchoicein termsof performarce, and
power efficiency (power per instruction), respectiely. However,

differentconclusons canbereachedf we considerano clock gat-
ing design,or if we considerinductive noise. In the ccO model,
thebasearchitecturewith two portsis themostpower efficient sys-
tem. Thisis becausén sucha systemthe clock power in the data
cacheandload/storequeuess not savzed whenthe correspoding
structuresareidle. And consideringhe maximumstep-paver, we
find thatincreasinghe numberof memoryportsfrom two to four,
andto six increaseshe step-paver by 14% and31%, respectiely,
while increasingthe IPC by about5.9%for both cases.Reducing
the number of portsto only onelowersthe maximumstep-paver
by 16% with a27%lossof IPC.

Our analysisof the step-paver dumpsindicatesthat the high-

eststep-paver eventsare associatedvith branchmispredictions.

Branchmispredictionshave a dual effect on the step-paver. First,
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it takesa few cyclesto resumefetchinginstructionsfrom the in-
structioncacheafter a mispredict,so this causesa sudde drop in
the instructionfetch unit power. Second the flushing of instruc-
tions from the mispredictedpath causesamary processo units to
suddely becomedle, resultingin alargedropin powver consunp-
tion. In orderto shav thetwo effectsseparatelywe simulatedtwo
configurdions, nolat and perfect. In the nolat configuration,the
processostartsfetchingnew instructionsin the cycle following the
detectionof abranchmisprediction.This limits thebranchmispre-
diction effect to draining instructionsfrom processolueues but
doesnot halttheinstructionfetch unit. Onthe otherhand the per
fect configurationhasa perfectbranchpredictor which eliminates
both instructionsdraining from processorstructuresandinstruc-
tion quete halts.

Figure6 presentgesultsfor the two configuratiors runningthe
gzip application. From this figure we find that the nolat config-
uration reducesmaximum step-paver by 7.8% and 8.3% for ccO
and cc3, respectrely. On the other hand, perfectbranchpredic-
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Figure 5: Effect of Number of Memory Ports on Step-Power

for gcc

Table 3: Power and Performancevs. Number of Memory Ports
for gcc

ccOPowerPer: | Max cc3PowerPer: | Max

Ports IPC
Cycle Inst Step Cycle Inst Step
56.66 5036 | 58 | 1.125 || 36.09 32.08| 82
62.78 40.61| 69 | 1546 | 41.99 27.16| 98
67.57 51.26 | 83 || 1.6377| 42.93 26.21| 112
72.14 4404 | 98 || 1.6382| 43.62 26.63 | 128
tion reduceghe maximumstep-paver by 23.4%and22.2%for ccO
andcc3,respectiely. We conclude thata goodtechniquefor step-
power reductionmusthandlebranchmispredictionsefficiently, so
thatno sudden dropin power occursin asinglecycle.
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Figure 6: Effect of Branch Mispredctions on Step-Power for
gzip
5. CONCLUSIONS AND FUTURE WORK
We presenta microarchitecture-leel step-paver simulatorthat
allows designersto take step-paver into accountwhen making
microarchitecture-kel tradeofs. Experimentsusing our tool in-
dicatethat branchmispredictionsand cacheaccessvariationsare
major sourcesof high step-paver events. Our experimentsalso
shawv thatsucheventsarehighly infrequentwhich suggestshatar
chitecturaltechniqueshave the potentialto reduceinductive noise
atpotentiallylow performanceost. Thedevelopmentof suchtech-
niguesarepartof our future work.
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