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ABSTRACT
In embeddedsystems,off-chip busesand memory(i.e., L2 mem-
ory asopposedto theL1 memorywhich is usuallyon-chip cache)
consumesignificantpower, oftenmore thantheprocessoritself. In
this paper, for the caseof an embeddedsystemwith oneproces-
sor chip andonememorychip, weproposefrequencyandvoltage
scalingof theoff-chip busesandthememorychip andusea known
micro-architectural enhancementcalleda storebuffer to reducethe
resultingimpacton executiontime. Our benchmarksshowa sys-
tem(processor+ off-chip bus+ off-chip memory)powersavingsof
28%to 36%,an energy savingsof 13%to 35%,all while increas-
ing theexecutiontime in the range of 1% to 29%. Previouswork
in power-aware computinghasfocusedon frequencyand voltage
scaling of the processors or selectivepower-down of sub-setsof
off-chip memorychips. This paper quantitativelyexplores volt-
age/frequencyscaling of off-chip busesand memoryas a means
of tradingoff performancefor power/energy at thesystemlevel in
embeddedsystems.

Categoriesand SubjectDescriptors
B.6.3 [DesignAids]: Automaticsynthesis,Optimization,Simula-
tion.

GeneralTerms
Performance,Design,Experimentation.

Keywords
Voltage/frequency scaling,power-performancetrade-offs, embed-
dedsystems,designspace.
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1. INTRODUCTION
A typical embeddedsystemconsistsof at leastthreemaincom-

ponents:a processor(often with L1 cache),an off-chip memory
(calledL2 memory)andan off-chip busconnectingtheprocessor
andmemory. The off-chip components,beinghighly capacitive,
mayconsumeasmuchor morepower thantheprocessor. Thissug-
geststhat we cangain significantreductionsin power andenergy
by reducingthe off-chip voltageandfrequency. However, power
reductionfrom voltage(and correspondingfrequency) reduction
could be compromisedby an increasein executiontime, thusre-
sulting in overall increasein energy dissipation(note that the in-
creasein executiontime is dueto increasedmemoryaccesstime
andis afunctionof thecachemisses).Wedemonstratehow theper-
formanceimpactof voltageandfrequency scalingcanbereduced
by implementinga known micro-architecturaltechniquecalled a
storebuffer. While ourapproachcanapplyto dynamicvoltagescal-
ing, this paperonly shows the tradeoffs betweenstaticallysetting
theoff-chip busandmemoryvoltageat 3.3Volts andfrequency at
100MHz versus2 Voltsand50MHz. As is evidentfrom theabove
description,it is necessaryto have an integratedframework in or-
der to quantitatively explore the power-performancedesignspace
at thesystemlevel. Specifically, thecontributionof thispaperis as
follows.

We have combinedthe techniquesof frequency/voltagescaling
of off-chip busesandmemory(circuit level technique)with astore
buffer (architecturaltechnique)to realizereductionsin bothsystem
power andsystemenergy dissipationwith a negligible impacton
theexecutiontime.

Therestof thepaperis organizedasfollows: Section2 discusses
the motivation for this work. Section3 givesan overview of the
previouswork. Section4 describestheexperimentalinfrastructure.
Section5 discussesthemethodology. Section6 presentstheresults
andSection7 concludesthepaper.

2. MOTIVATION
In embeddedsystems,especiallymobile applications,battery

life is a significantconcern.It hasbeenestablishedthatthebattery
drainsfasterwhenpower is drawn atahigherrate[1]. For example,
a batterywhich lastsfor 1000hourswhendrawing 10 milliamps
at 1.5 Volts will only last for 80 hourswhen drawing 100 mil-
liamps at the samevoltage[1]. Also, an old batterydischarges
fasterthana new one. Currently, few hooksexist to trade-off per-
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Figure1: Experimental Infrastructur e

formancefor power to prolong the battery life of an embedded
system. For example,when the user is executinga time-critical
applicationlike real-timevideo-conferencing,he might decideto
operateat peakperformanceandhigh power. Or hemight opt for
low performanceandvery low power whenexecutinglow priority
applicationslikecheckinge-mail.Or hemightchoseanintermedi-
atepower-performancepointbasedontheexistingbatterycapacity.
Note that turning off memorychipsmay not be possiblebecause,
for example,video datamight be storedin the memoryandmay
needto be used. Also note that, as presentedin this paper, this
is a static techniqueandhappensat the beginning of the program
execution. We currentlydo not addressdynamic(run-time)scal-
ing of voltage/frequency of off-chip memory. This paperpresents
an approachthat canallow thecompilerand/orthe userto decide
at which power-performancepoint to operate,e.g., basedon the
knowledgeof batterycapacityandbatterydischargepattern.

3. PREVIOUS WORK
Therehasbeensignificantwork in the field of voltageandfre-

quency scaling.Voltagescalingtechniqueshave beeninvestigated
atalmostall levelsof thedesignhierarchyfrom thesystemlevel to
thedevice level dueto thequadraticeffect on theswitchingpower
dissipation.However, asthesupplyvoltagebecomeslower, thecir-
cuit delayincreasesandtheperformancedegrades[2]. Techniques
to improve performancefall into threemain categories: reducing
the thresholdvoltageto improve circuit speeds,introducingparal-
lelism into thearchitecturewhile usingslower device speeds,and
usingmultiplesupplyvoltagesto choosethelowestsupplyvoltage
for differentcircuit componentsthatstill satisfiesthespeedrequire-
ments.Our approachfalls into thethird category.

At thesystem/architecturelevel, a numberof memoryoptimiza-
tion schemesfor low power have beendeveloped[3, 5]. Briefly,
thoseapproachescanbe categorizedas follows: cacheoptimiza-
tion, memoryaccessreduction(especiallyfor off-chip memory),
memorysizing/structuringandmemory-intensive voltagescaling.
Our work falls in the category of memoryintensive voltagescal-
ing.

Therehasalsobeena lot of work on systemlevel power anal-
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Figure2: BusPower DissipationPattern

ysis for softwarepower dissipation. In [6], profiling hardware is
usedto identify tightly coupledregionsof codeanddynamically
optimize the configurationof the microprocessorso as to mini-
mize performancepenalty. Our work is similar to this approach
in thesensethatwe settheperformanceparameters,namely, volt-
ageand frequency basedon the requirementsof the application.
However, notethatoursis a statictechniqueratherthana dynamic
technique. Also, therehasbeenwork on dynamicallyadjusting
thespeeds(i.e.,eitherlower thefrequency or shutdown theunused
modules),whichever givesthe bestresults[7]. At the technology
level, varioustechniqueshave beenresearchedsuchasgatingthe
supplyvoltageto cachememories[14].

A similar framework to ourpowermeasurementinfrastructureis
introducedin SimplePower [4]. SimplePower is basedon a subset
of the SimplescalarInstructionSetArchitecture. Currently, Sim-
plepower doesnotcapturetheenergy consumedby thecontrolunit
of the processornor the clock generationnor the distribution net-
work [13]. On the other hand,our work more accuratelymod-
els thespecificRISCprocessorasthemeasurementsarebasedon
cycle-accuratefunctionalsimulationsandRegisterTransferLevel
hardwaremodelsusedalongwith anactualtechnologylibrary. An
additionalaspectof our work is theinclusionof power modelsfor
bothoff-chip memory[19] andthePrintedCircuit Boardbus.

4. EXPERIMENT AL INFRASTRUCTURE
We consideran embeddedsystemwhich consistsof a classic

five stagepipeline RISC processorcore with 4 kilobytes of in-
structioncache,4 kilobytes of datacache,a single off-chip syn-
chronousSRAM memoryof size0.5Megabytesorganizedas128K
X 4 bytes,anda bus interfaceconsistingof a 32 bit addressbus,
32 bit databusandtheread/writecontrolsignalsbetweenthepro-
cessorcoreandtheSRAM memory.

Our experimentalinfrastructure(Figure1) consistsof four main
components:aC Compiler;MARS – obtainedfrom theUniversity
of Michigan– acycle-accurateVerilogModel of aRISCprocessor
capableof runningARM instructions[12]; a power modelfor off-
chipbuses;anda power modelfor memory.

WeusetheGNU-gccARM crosscompilerversionegcs-2.91.66.
For eachbenchmarkweconsider, wecompilethebenchmarkto re-
locatableARM assemblycodeusingGNU-gccARM crosscom-
piler. Thenwe usetheGNU cross-assemblerto generatea binary
executabletargetedtowardsARM architectures.Then we trans-
latethebinaryinto anasciiformatcalledVHX (VerilogHeX) [20]
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Figure3: Memory Power DissipationPattern

which is suitablefor beingsimulatedon MARS usingtheSynop-
sysVCSsimulator[8]. Thesimulationexperimentsarecarriedout
in two modes.In thefirst mode,theCPUcoreandoff-chip buses
andmemoryareall operatingat100MHz, asetupthatis verysim-
ilar to a hardware setupwe have in the Hewlett-Packard"Skiff"
PersonalServer board[17] with a StrongARMSA-110processor
and16megabytesof off-chip memory[18]. (Notethatwemodela
smalleroff-chip memoryof size0.5megabytesin accordancewith
thesmallerapplicationswe consider.) We obtainedthesimulation
modelfor theoff-chip memoryfrom IDT Technologies,Inc. [15].
In thesecondmode,theprocessorcoreincludesa Verilog descrip-
tion of a storebuffer integratedinto thecoreandinterfacedto off-
chip busesandoff-chip L2 memoryoperatingat 50 MHz. In both
cases,usingthesetof benchmarksin Table1, eachbenchmarkis
simulatedandswitchingactivity is collectedfor theprocessorcore,
off-chip busesandoff-chip memorymodels.Theswitchingactivity
is fed to thepower modelsof thecore,off-chip busesandoff-chip
memoryalongwith the technologyparametersof a TSMC 0.25�
CMOStechnologystandardcell library from LedaSystems[9] to
obtainpower andenergy estimates.

4.1 On-chip Datapath Power Estimation
Weuseasynthesisbasedmethodologyfor developingthepower

modelsfor thesubmodulesbelongingto thedatapath(we consider
the datapathto consistof the fetch unit, decodeunit, registerfile,
arithmeticlogic unit, datacacheaccessunit andwritebackunit).
The synthesisinfrastructureconsistsof two software tools from
Synopsys,Inc.: theDesignCompilerandPowerCompiler[8]. De-
signCompilergeneratesthegatelevel netlistfrom thehardwarede-
scriptionof thesubmodules,andPower Compilergeneratespower
estimatesfor eachof thesynthesizednetlists.TheVerilogRTL de-
scriptionis given asinput to theSynopsysDesignCompiler. The
outputnetlistis generatedusingaTSMC0.25� CMOStechnology
standardcell library from LEDA Systems[9]. Thetechnologyde-
tails includefeaturessuchastransistorwidth, transistorlength,gate
capacitance,drain capacitance,transistorrise time and transistor
fall time. The TSMC 0.25� standardcell library is characterized
for leakagepower, thusenablingus to includeboth dynamicand
staticpower andenergy in our analysis.

Thesynthesisprocesswasguidedby fixing themaximumdelay
andmaximumarea.Themaximumdelaywassetto 10 nsandthe
maximumareawasfixed to infinity soasto get the fastestimple-
mentation. In our case,the modulesweresynthesizedto operate
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Figure4: SystemLevel Block Diagram

Benchmark Size(bytes) Explanation

bubble 8131 BubbleSortProgram

factorial 6641 FactorialProgram

fib 6815 FibonacciSequenceCalculation

matmul 8058 Matrix Multiplication

sort_int 7241 IntegerArray Sort

Table 1: Benchmarks

at greaterthanor equalto 100MHz (i.e., at lessthanor equalto a
10nscycle time).

WeusePowerCompilerfrom Synopsysto estimatethepowerof
on-chipcomponents.The Power Compilerobtainsthe switching
activity of thevariousfunctionalmodulesbasedon thesimulation
of benchmarkson MARS. Then, Power Compiler annotatesthis
switchingactivity ontothesynthesisenvironmentandobtainsesti-
matesof thedynamicandstaticpowerdissipationfor theparticular
technologychosen(in ourcase,TSMC0.25� CMOStechnology).

4.2 Off-chip BusPower Analysis
WeuseSpectresimulationto obtainthepowerfor off-chipbuses.

Thedriver componentis modeledby a seriesof inverters(buffers)
of increasingsizeand the model is designedusingTSMC 0.25�
CMOSprocesstechnologyparameters.Theparametersof TSMC
0.25� processtechnologyareavailablethroughMOSIS[11]. The
bus line capacitancevaluesareobtainedfrom actualmeasurement
on a PCB boardusingthe Intel StrongARMprocessor[18]. The
detailsof themeasurementprocedurehasbeenexplainedin [20].

Thegraphin Figure2 describesthedependenceof thepowerdis-
sipationon theswitchingfrequency of thebusandalsothepower
supply voltage �	�
� . The power dissipationis found to decrease
as the switchingfrequency andthe supplyvoltagearedecreased.
(Switchingfrequency is how often a signalactuallyswitchesval-
ues. Clearly, switching frequency of a signal is data-or profile-
dependent,i.e.,dependentonaparticularbenchmarkanddata.)As
thesupplyvoltagedecreases,theaveragepowerdissipationreduces
quadratically. As the switchingfrequency decreases,the average
power dissipationdecreasesalmostlinearly. Notethatthesimulta-
neoushalving of both voltageandfrequency resultsin cubic sav-
ings.

4.3 Memory Power Analysis
We usean analyticalSRAM model [19] for the off-chip mem-

ory andcachepower dissipation.For the off-chip memorypower
model,weupdatedtheanalyticalmodel[19] usingtheTSMC0.25�
processtechnologyparameters.Weusetheswitchingactivity from
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simulationsto obtainestimatesfor SRAM memorypower dissipa-
tion. The variationof power for the memorywith supplyvoltage
�	�
� andtheswitchingfrequency is thusfound.

Thegraphin Figure3 describesthedependenceof thepowerdis-
sipationof thememorywith thepower supplyvoltage �	�
� andthe
switchingfrequency for a memorysizeof 0.5megabytes(notethat
switchingactivity periodis thereciprocalof switchingfrequency).
As thesupplyvoltageis decreased,theaveragepowerdissipationis
foundto decreasequadratically. Also thememorydelaywasfound
to doubleaswe reducedthevoltagefrom 3.3 Volts to 2 Volts, re-
ducingthemaximumclocking frequency possiblefrom 100MHz
at 3.3Volts to 50MHz at 2 Volts.

For theon-chipcachepower dissipationmodel,weusethesame
SRAM model[19]. The model is combinedwith the capacitance
valuesobtainedfrom theTSMC 0.25� CMOStechnologyparam-
eters.Note that themaindifferencebetweentheoff-chip memory
modelandon-chipcachemodelis thattheoff-chip modelhassig-
nificantly highercapacitancevalues(dueto size)thantheon-chip
model.

4.4 SystemLevel Power/Energy Model
We definethesumtotal of theprocessorcorepower, buspower

andthememoryhierarchypower asthesystempower �
����� .
� ������� �����������
� � � ���
����� (1)

� ����� is thepower dissipatedby theprocessorcore,
��� � � is thepower dissipatedby theoff-chip buses,
� � ��� is thepower dissipatedby thememory.

Also, we calculatethesystemenergy !������ for eachbenchmark
by multiplying theexecutiontime collectedby simulationandthe
correspondingsysempower ������� .

!"����� � �
�#���%$'& (2)

� ����� is thepower dissipatedby thesystem,
& is thetotal executiontimeof thebenchmark.

5. METHODOLOGY
We now explain themethodwe useto explore voltageandfre-

quency scalingasastatictechniquefor designspaceexplorationin
termsof power versusperformancetrade-offs.

5.1 Voltage/FrequencyScaling
In particular, we analyzethe casewherewe reducethe voltage

of theoff-chip memoryandoff-chip busesfrom 3.3Volts to 2 Volts
(notethatour original systemconsistsof theMARS [12] proces-
sorpoweredat2.75Voltswith thememorybusesandmemorychip
poweredat 3.3 Volts). The resultingincreasein memorydelay(it
doubles)is takencareof by reducingtheoff-chip busandoff-chip
memoryfrequency from 100MHz to 50 MHz. Of course,reduc-
ing off-chip busandoff-chip memoryfrequency increasesprogram
executiontime in proportionto cachemisses.We help offset this
effect by addinga storebuffer to the processormodel. The store
buffer helpsto reducecachemisspenaltiesgenerateddueto "store"
instructions(sincethecachemodelfollows a read-writeallocation
policy, cachemissservicingtakesupasignificantamountof time).
Onacachemissonstore,theprocessorstoresthedatainto thestore
buffer. Thestorebuffer assumesthe responsibilityof flushingthe
datainto themainmemory.

We achieve frequency scalingby simulatingthe off-chip com-
ponentsat the lower frequency of 50 MHz. We achieve voltage
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Figure5: Power/Energy Saving Results

scalingby usingthe resultingswitchingactivity with the reduced
voltagevalueof 2 Volts to calculatetheoff-chip busandmemory
power dissipationvalues.

5.2 Store Buffer Technique
Figure4 showsanarchitecturaldescriptionof theembeddedsys-

tem with a storebuffer included. Note that the storebuffer is a
16 entry buffer. Storesto externalmemoryarefirst placedin the
storebuffer andsubsequentlytaken out when the off-chip bus is
available. Thus,we reducecachemiss latency dueto "store" in-
structions.Thestorebuffer maintainssynchronizationwith theon-
chip datacacheaswell aswith the off-chip memory. We usethe
SynopsysPower Compiler to estimatethe additionalpower con-
sumeddueto the additionof storebuffer into the processorcore.
Sincewe have integratedthe descriptionof the storebuffer into
MARS, thenew systemlevel power dissipationincludesthestore
buffer overhead.

5.3 DesignSpaceExploration
In this section,we discussthe designspaceexplorationof the

power-performancespaceusingvoltageandfrequency scaling.The
Verilog model (MARS) is simulatedin two modes. In the first
mode,processor, off-chip busesand off-chip memoryoperateat
100MHz. In thesecondmode,theprocessoroperatesat 100MHz
while theoff-chip busesandoff-chip memoryoperateat 50 MHz.
In both cases,the Power Compilercollectsthe switchingactivity
andusesthecollectedswitchingactivity to give anestimateof dy-
namic andstatic power dissipationof all the moduleswithin the
core.We alsocollecttheswitchingactivity of off-chip memoryel-
ementsandoff-chip busesandfeedthecollectedswitchingactivity
informationto theanalyticalmodelsto obtainthepower estimates
for off-chip busandoff-chip memory. We obtainthesystemlevel
power/energy estimatesasexplainedin Section4.4.

Our calculationsdo not include the extra overheadof multiple
supplyvoltagegenerationsincewe assumethat theboardalready
hasthemultiple supplyvoltagesneeded.For example,the"Skiff"
PersonnalServer Boardfrom HP/Compaq[18] has2 Volt, 3.3Volt
and5 Volt power supplies.Also, currentlytherearememorychips
from NEC Semiconductorswherethechip componentoperatesat
3.3VoltsandtheI/O buffercomponentcanoperateateither3.3Volts
or 2.5Volts[16]. Forexample,thememorychip � PD4442361Syn-
chronousSRAM canoperateat3.3Volt chipcorevoltageandeither
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benchmark Executablesize(kB) Dynamicinstructioncount Input datasize Datacacheaccesses Datacachemisses Datacachemiss%

bubble 34.852 7503 50 integersarray 1675 107 6.39

factorial 34.634 6033 1 integer 2006 250 12.46

fib 34.651 30602 1 integer 11840 262 2.21

matmul 34.857 21642 0.5kB 7358 4916 66.81

sort_int 34.763 23171 0.5kB 7808 104 1.33

Table2: ExecutionStatisticsfor Various Benchmarks

Off-chip Bus,Memoryat 100MHz, 3.3V Off-chip Bus,Memoryat 50 MHz, 2 V % Improvement

Benchmark cpu+cache(W) bus(mW) L2 memory(mW) Total (W) cpu+cache(W) bus(mW) L2 memory(mW) Total (W)

bubble 1.24 301.64 1276.49 2.817 1.22 96.14 541.08 1.857 34.07

factorial 1.18 444.35 1236.96 2.861 1.15 93.16 797.08 2.040 28.69

fib 1.25 287.68 1228.23 2.766 1.25 92.50 516.06 1.859 32.79

matmul 1.07 637.48 1713.34 3.421 1.04 129.04 1143.51 2.313 32.39

sort_int 1.27 336.78 1485.92 3.093 1.27 111.91 604.11 1.986 35.79

Table3: SystemLevel Power Estimates

3.3 Volt or 2.5 Volt I/O buffer voltage.The � PD4442361is avail-
able in threespeedgradesof 133 MHz, 117 MHz and100 MHz
with thecorrespondingaccesstimesof 6.5ns,7.5nsand8.5ns[16].
Therefore,we think it is reasonableto assumethatour systemwill
have at leastthreesupply voltagesreadily available and that the
systemmemorychips are capableof operatingat dual voltages.
Thechoiceof frequency of off-chip busesandmemoryis currently
assumedto bemadestaticallyby amechanicalor electricalswitch.

6. RESULTS
The benchmarksin Table 1 are chosento be computationally

intensive. Also, the size of the datahasbeensuitably modified
so asto generatea significantnumberof L1 cachemissesascan
be seenfrom Table 2. For example,with matmul we increased
the arraysizesso that the 4KB L1 datacachecould not hold the
working set. Someof thesebenchmarksconstitutethe kernel of
many signal-processingalgorithms.

Table2 shows thedynamicinstructioncount,cacheaccessand
missstatisticsfor the given benchmarks.Note that the final miss
ratesaresmallerthantheaveragemissratesatthebeginning/middle
of theexecutionof theprogramdueto thetemporalandspatiallo-
cality of the cachememories. Also note that the matmulbench-
mark hasa very high missrate. As a direct consequenceof this,
this benchmarkexperienceshigh off-chip traffic. As we will see
later, benchmarkssuch as this, which needhigh off-chip band-
width, show correspondinglylower improvementin termsof en-
ergy by ourtechnique(althoughthey still benefitin termsof power)
asthepower savingsarenullified by thehigh increasesin program
executiontime.

Table3 presentsthe resultsrelatedto systemlevel power. The
first threecolumnsindicatethethreecomponentsof power, namely,
corepower dissipation,off-chip buspowerdissipationandoff-chip
memorypowerdissipationfor thecasewheretheMARS processor
coreoperatesat 2.75Volts and100 MHz andthe off-chip system
operatesat 3.3 Volts and100MHz. Thenext threecolumnsindi-
catethe samethreecomponentsof power for the casewherethe
off-chip bus and memoryoperateat 2 Volts and 50 MHz while
the MARS processorcore still runs at 2.75 Volts and 100 MHz.
Thesystemlevel power estimateis obtainedby addingup thecore
power, buspower andthememorypower asshown in thefifth and
ninth "Total(W)" columnsin Table3. Notethattheproposedtech-
niquehasreducedthepower dissipationby anaverageof 32%on
the five benchmarks.Also note that the averagepower reduction

is almostuniform acrossall benchmarksirrespective of their exe-
cution characteristicslike executiontime anddynamicinstruction
mix. This highlightsthedominanteffect of voltageandfrequency
on thepower dissipation.

Table 4 presentsthe statisticsfor the architecturaland circuit
level designspaceexplorationwhereexecutiontimerepresentsthe
performanceaxisandsystempowerrepresentsthepoweraxis.Note
that,asexpected,matmulbenchmarkhasa higherpenaltyin terms
of the executiontime dueto high off-chip traffic for loadingand
storingthedataarrays.

Theenergycolumncombinesboththedesignspaceaxes,namely
performanceaxis andthe power axis andservesasa baselinefor
analyzingpower-performancetrade-offs. Thetrade-off shown, for
example,thefactorialbenchmark,shows a performancepenaltyof
11.37%in returnfor a power reductionof 28.69%andan energy
reductionof 20.48%.All benchmarksshow improvementsin both
power andenergy. However, asexpected,the executiontime in-
creases.This shows that our techniquereducesboth power and
energy by virtue of reducingthe fraction of the off-chip bus and
memorypowerconsumed,ata(possiblysmall)penaltyin increased
executiontime.

Figure5 presentsthe overall resultsof the systemlevel power
andsystemlevel energy. Our techniqueof staticvoltage/frequency
scalingcombinedwith thestorebuffer is seento reducebothpower
andenergy at thesystemlevel.

7. CONCLUSION AND FUTURE WORK
In conclusion,we have shown how a simpletrick of cuttingoff-

chip voltagefrom 3.3 Volts to 2 Volts (notethat this alsocutsthe
voltagefor the processorI/O paddriver logic), togetherwith the
enabled(dueto extra latency available)reductionin frequency of
off-chip busesandmemory, reducesboth power andenergy. The
basicpoint is thatboth thecompilerandtheprogrammercantake
advantageof smartarchitecturaland memoryhierarchyfeatures,
whichallow thereductionof powerwith somecorrespondingtrade-
offs in termsof performance.For example,thechoiceof 100MHz
versus50 MHz for off-chip bus frequency couldbemadedynam-
ically programmable(e.g.,by writing to a specialon-chipregister
or a memory-mappedlocation). In this case,then,codecould be
writtenwhichoperatesathighperformanceandhighpower during
critical times,but scalesdown to lowerperformanceandlow power
during non-critical time periods. This paperlays the groundwork
for sucha systemwhereoff-chip busesandmemoryandpossibly
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Off-chip Bus,Memoryat100MHz, 3.3V Off-chip Bus,Memoryat50 MHz, 2 V PercentChange

Benchmark
(

ExecnTime( ) s) Power (W) Energy (mJ) ExecnTime( ) s) Power (W) Energy (mJ) ExecnTime increase(%) Energy decrease(%)

bubble 113.945 2.817 0.321 122.265 1.857 0.227 7.3 29.3

factorial 116.115 2.861 0.332 129.325 2.040 0.264 11.37 20.48

fib 456.795 2.766 1.263 463.245 1.859 0.861 1.4 31.83

matmul 924.735 3.421 3.164 1192.98 2.313 2.759 29.0 12.8

sort_int 296.425 3.093 0.917 300.265 1.986 0.596 1.29 35.0

Table 4: SystemLevel DesignSpaceExploration

moreperipheralshavetheirpowerdissipationsmodulatedeitherby
theuseror by thecompiler.

We will look at further hiding the load-instructionmemoryac-
cesslatency causedby slowing down the off-chip busesandoff-
chip memory. We will explore other configurationsfor off-chip
memoryandalsoothermemorytechnologies(e.g.,SDRAMs).We
will pursuemakingthevoltageandfrequency scalingdynamic.
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