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Abstract. Smulating performance and energy consumption of embedded sys-
tems using a high-level description is a challenging task in VLS CAD. However
such simulations are needed to select the best hardware architecture and software
organization for a particular application. In this paper, we present an approach
for cycle-accurate hardware/software co-simulations of energy consumption in
embedded systems. The aim of our work is to provide a simulation framework
enabling power estimations for high level descriptions (behavioral C models) of
embedded systems that include new hardware components. A System-level cycle-
accurate ssmulator and a processor Instruction Set Smulator are extended with
energy models that take into account the state of the component.

1 Introduction

Theportablesegmentof digital consumemarketis growing veryfastdueto theexplodingde-
mandfor deviceslike mobiletelephonesaptopsor PDAs. Theseproductsbecomefar more
complec with theintroductionof new multimediafunctionalities,e.g. audioor video. They
make useof highly integratedcomponentsljk e embeddeadystemqSystem-On-a-Chipgthat
have to be optimizedin performancesize, power consumptiorand cost. Theseembedded
systemsare a mix of specializedhardware (for performanceand power) and generalpur-
poseprocessorsr DSP(for flexibility). Autonomyis animportantfeaturebutimprovements
on batteriesare smallerthanthe increaseof processingcompleity. For this reasonenegy
consumptions acritical factorin embeddedystemdesign.

Multimediaapplicationgypically requirevery large datastorageandtransfercapacities,
which arethe mainsourcesof power consumption.To reducethis consumptiongxploration
techniquesindoptimizationdor memorymanagemennustbeperformedatsystemevel [1].
Onehasto notethatmostof the power canbe savedat highestievels: architecturalsystenor
algorithmic. Variousarchitecturesanbe exploredgiving differentperformancessizesand
power consumptionso performingtrades-off early in the designprocesss very interesting
andtheir applicationis still rathereasy This early explorationcanalso help to anticipate
necessarnstructuralchangesn the systemin casethat it is not able to comply with the
specifications.

Thereexistsalot of CAD tools ableto estimatepower consumptiorin circuits at lower
levels of designdescription,e.g. SPICE,but fewer at higherlevels. Typical Systems-On-
a-Chipcomposef processorsmemoriesandcustomhardwarearefirstly modeledat high
level in systemfunctionalsimulators.The aim of our work is to provide a simulationframe-
work ableto getpower estimatiorfor highlevel description®©f embeddedystemsncluding



new hardwareblocks. Thesimulatorwe useis TSS(Tool for System Smulation) [2], acycle-

accuratesimulatorfor systenlevel descriptionsn C languagedevelopedby Philips,working

with the Armulator[3], anInstructionSetSimulatordevelopedby ARM Ltd.. Armulatoris

linkedto TSSsimulator In orderto obtainthe power estimation,we createenegy models
for every hardware block and we introducethesein the TSS simulatorfunctionalmodels.
Thenwe simulatethe systemwith a setof representatie input dataandwe obtainthe power
estimation. We proposean approactto createthe enegy modelsfor new hardware blocks
for whichwe do nothave arny gatestructuralinformation. It consistdn estimatingheenepy

consumptiorpercycle dependingf theinternalstateof the component.

A brief discussiorof the existing power estimationapproachesf embeddedystemss
givenin the section2. Section3 explainsthe approachwe proposeandintroduceshe simu-
lation tools we use. In section4 we describethe systemmodeldetailinghow we modelthe
enegy for eachcateyory of componentThelastsectionconcludesmakessomesuggestions
for thevalidationof the approacrandpresentshe future work.

2 Related Research

A commonapproacho obtainfairly accuratgpower estimationof large circuits with acon-
ventionalRTL simulator consistan first modelingthe basiccells power consumptiorwith
parametergxtractedfrom circuit level simulations(SPICE,PowerMill) or from the charac-
teristicsof the standardcell library [5, 6, 7, 8]. This informationis thenembeddedn the
VHDL descriptionof every basiccell sothatthelogic simulationallows to obtainthe power
consumptiorof thecircuit. DIESEL,thepowerestimatiortool developedn Philips,useshis
approach5]. Thistool keepgsrackof theinstantaneousignaltransitionsandcombinegshem
with alibrary characterizationto determinehe power figuresfrom a gatelevel design.This
methodhassomedravbacks:it takesplacein anadwancedphasen the designprocessand
the simulationtime for large circuits becomesrery importantmaking ratherimpracticable
power estimationsusinghardware/softvareco-simulation.

A higherlevel embeddedhardware/softvare systemco-simulationis proposeddy Li [9].
It consistof aframenork thatsimultaneouslyvaluateghetradeofs of enegy consumption
of softwareandhardware. Thegoalis to optimizethe softwarein awayto reducesnegy con-
sumptionin memoryaccesseanderperformanceonstraintsA processosimulatorrunning
togethemnwith a memorytracermodelgivesthe numberof memoryaccessefor a particular
applicationprogram. At the endof the simulationthis numberis combinedwith processor
andmemorypower modelsgiving thetotal powver consumptiorof thesystem.Thedravback
of thismethods thatthe powermodelsdo notdependntheinternalstateof thecomponents
andthereforelack accurag.

A moreaccurateapproachs developedby Simunic[4]. It consistof a methodologyfor
power estimationsat higherlevel using an instruction-level cycle-accuratesimulator It is
extendedwith enegy modelsfor processqrbus andmemories.The goalis to find an opti-
mal memorysize and hierarchy for minimal enegy consumption.Pover modelscompute
the enegy consumecdht every cycle for every hardware elementof the system. They have
beencompletelyinferredfrom data-sheeinformation. This is possiblein systemsasedon
componentghat have beenalreadybuilt, e.g. memoriesand processorslike in Simunic's
example.Unfortunatelythe methodologydoesnot cover the caseof systemsontainingnew
hardwareblocks. In this case a simulatorof the global systemhasto be usedandit should
be extendedwith power modelsfor all blocks.



Pawver consumptiorestimation®f new designsathigherlevels,i.e. behaioral C models,
arevery difficult. Modeling physicalparameternto C functionsneedsknowledgeon how
thesefunctionswill beimplementedn hardware. Neverthelesst this level of the designthe
gatestructureof thedesignis notyetdefined.A solutioncouldbeto analyzeall theoperations
(additionsmultiplications,etc)in the new block, andto estimateanenegy consumptiorfor
eachtype. During the functionalsimulation,the correspondingnegy couldbeaccumulated
every time we useanoperation.The problemis too thatwe still do notknow how operations
will be implementedn hardware so we cannot associatet to an enegy estimation. The
solutionwe proposés to analyzehebasicfunctionalstatesof theblock, estimatinganenegy
consumptiorfor eachoneandaccumulatehis stateenegy every cycle duringthesimulation.
Next paragraphsvill presenthis approachandthe simulationtoolswe useto implementit.

3 Proposed Approach

Embeddedsystemdesignstartswith the partitioningof the application. Somepartswill be
implementedn hardwareandothersin software. Building highly comple< singlechip sys-
temsrequiresmodelsof theusedhardwarebuilding blockswhich aremoreabstracthanRTL
or gate-level. Thesemodelsareusedto develop the systemarchitectureandto supportthe
softwaredevelopmenbf low level drivers,becausddillions of simulationcyclesarerequired.

TSSis a cycle-accurateC-basedsimulationframenork developedto simulatecomplex
hardware/softvarearchitecture$2]. TSSalsoenablesimulationswith othertools,allowing
to integratelnstructionSetSimulators(ISS), VHDL/VerilogandTSSmodels.

We take an examplesystemincluding a processqrmemoriesand customhardware. In
thecurrentset-upwe use:
- An InstructionSetSimulator(Armulator), giving informationaboutthe processobehavior.
- A simulationof TSShardwareblocksdescriptionsandtheinterconnect.

TheTSSsimulatoris normallyusedor cycle-accuratéunctionalsimulation.In thispaper
we presenthow the TSSsimulationmodelscanbe enrichedwith enegy modelsallowing to
get power estimationsby simulation. The simulationprovidesthe enegy consumptionof
eachelementandthe total. Thisis not a completelyaccurateestimationbut it is sufficient
to find the bestHW architecturescenarioin termsof power consumption.The enegy per
cycle of eachelementis calculatedrom an enegy model,accordingto the currentstateof
theelement.Thememoryandprocessoenegy modelsarebuilt usinganapproactsimilarto
Simunic’s work [4], basedon data-sheeinformation. For the new targethardwarewe define
enegy modelsthattake into accountthe estimatechumberof gatesin RTL implementation,
the gates actvity andtheimplementatiortechnology For theinterconnectthe modelneeds
anestimationof thewire lengthandthe capacitanc@erunit length.

4 System and Components M odels

The power, i.e. enegy consumptionfor executinga task,canbe obseredat severallevels.
We will analyzethesefrom higherto lower level. At the first level we can considerthe
total enegy consumptionin one secondor for the whole task. If n is the numberof total
processingyclespersecondfrequeng), or by task,thetotalenegy consumptiors obtained
by accumulatingenepiesof all processingyclesandis written asin (1).

ETotal = Z Ecyclei (1)

i=1



At asecondevel we canconsiderthetotal enegy consumptiorpercycle. Thisis theen-
ergy consumediuringaspecificprocessingycle, obtainedoy addingtheenegiesconsumed
duringthis cycle by them hardwarecomponent®f the systemrepresentedh (2).

m
Ecycle = E Ecomponenti (2)
=1

Sincea hardware componenthasdifferent statesor ways of working, the enegy con-
sumptionpercycleis differentdependingon the stateof the componentactive, idle, refresh,
sleep,etc. At this third level, we distinguishbetweenthe enegy for eachinternal statein
every hardware componenbf the system.The TSSfunctionalmodelof eachelementmust
be accurateenoughto associatea stateto eachcycle. The modelis describedike a state
machine separatingtateswith significantlydifferentpower consumptionDuring the simu-
lation, the currentstateis known every cycle andthereforethe correspondingnegy canbe
addedto the total enegy accordingto the Equation(2). The setof enegiesper cycle for a
componentwith j differentstatess calledthe enegy modelof the componentandis given
in (3).

Ecomp = (Ecomp,statela Ecomp,stateQa Ecomp,state?n teey Ecomp,statej) (3)

Theenepy associatetb eachstateof acomponentE,q,,. state, COrrespondso thelowest
level of our model.

The approachis testedon a typical example of em-

m beddedsystemfor portableapplication: a codecvideo

MPEG-4[10], implementinghesimpleprofile. A prelim-

inary HW/SW patrtitioning hasbeenalreadymade. The

systemconsistof aprocessowith I+D cachesmemories,
hardwareacceleratorandinterconnect.

In afirst stepwewill consideonly apartof thesystem
includingthe processgmemoryandthe VariableLength
Decoder(VLD) [11] hardware accelerator(seeFig. 1).
Thearchitecturas usedto validatethe methodologypro-
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EP posedfor power estimation,before including the other
hardware blocks. In this casethe E, . canbe written
Main (VOP) Memory 1 asin (4)
(external SD-RAM 16MB)

Ecycle = EVLD + Emem + Eproc + Einterc (4)
Figure 1: Architectureof the sys-
tem. Next subsectiongxplain in detailthoseenegy mod-

elsandtheenepy valueperstateof eachelement.
4.1 VLD Energy Model
Theenepgy consumptionn adigital CMOS circuit canbe expressedsin (5).
E = ¥ Ngates * Egate (5)

wherey is thecircuit actvity (the percentagef the numberof switchinggatesover thetotal
numberof gates),N,q.s the total numberof gatesin the circuit and E,,;. the enegy con-
sumptionperswitchinggatefor a particulartechnology Thesearethe parameterstroduced



into the VLD TSSenegy model. Obviously, the numberof gatesandtheir activity arenot
known a priori if anRTL descriptionof the circuit is not available. But estimationf these
valuescanbe sufficient to build anenegy modelfor architecturesxploration.

In thecaseof theVLD, we know thatthearchitecturewill consistof threeparts:interface,
barrel-shifterandLook-Up-Table(LUT). Theinterfaceandthe barrel-shiftewill alwaysbe
usedin active cycles. The LUT will be composedf six tables: threefor DC coeficients
andthe otherthreefor AC coeficients. In every active cycle only onetablewill be used
thereforeonly part of gatesareactive. The completeVLD will be around4000gates.The
gatesestimationper partis 1000gatesfor the interface,1300gatesfor the barrel-shifterand
1700gatesfor the LUT tables.

Duringactive cycles,theVLD analyzesbitstreamandextractscoeficients. Thenumber
of switchinggatesis roughly: 1000 + 1300 + (1700 = 6) ~ 2600 gateswhich corresponds
to 65 % of the gates.At worst, all thesegateswill switchevery cycle. Sinceonly half of the
transitions(0-0,0-1, 1-0, 1-1) corresponds$o a switch actvity, we supposdhatthe estimate
switchingactiity is 65% + 2 = 33%. In nonactive cycles(idle or fifo write/readwaiting
cycles), we estimateroughly an actwity of 1 %, correspondingo the wake-uplogic. The
VLD statemachinehassix states:dc, ac (activesstates)andidle, dc_w, ac_.w andend_vid
(nonactivesstates)seeFig. 2).

With a physicalimplementationon a 0.18 micron
technologythe typical enegy consumptiorper gateis
Egqe = 0.240 pJ.Takinginto accountheestimatedic-
tivity valuesandthe expression5), we obtainthe value
of theenegy consumptiorpercycle, shovedin the Ta-
ble 1. Thevaluesaccordingto the currentstateareac-
cumulatedn avariableassociatedo theinstanceof the
model.

_ Figure2: VLD statemachine.
Tablel: VLD enegy consumption.

VLD state | Energy per cycle (pJ)
idle 9.6
dc 317
dcw 9.6
ac 317
acw 9.6
endvld 9.6

4.2 Memory Energy Model

The memoryenegy modelreflectsthe factthatthe enegy consumptiorpercycle is usually
differentin every operatingmode: standby RAS cycle, refresh,etc. Somememoriesallow
eventhe power modesto be externally controlledfrom a power managemeninit.
Thememorywe useis aNEC SDRAM device with severalpower states:operatingjdle,
powerdown, pre-chage andrefresh[12]. Besidegshe modesthatareenteredoy theintrinsic
behaior of the statemachine,a power down modeexists, thatis enteredusingan external
signal, CKE (CK Enable),andcanbethuscontrolledby a pover managemenainit. A TSS



model that implementsall thesestatesis not yet available. For the momentthe memory
modelimplementonly thefollowing statesidle, read_pend, read, write andwrite_pend (see
Fig. 3). Themodelhasanadittionalwait parameteto introducewait stategwrite_pend and
read_pend).

The size of the usedmemoryis 64 Mbits. The memory
is divided into four banksof 2'? rows with 256 wordsof 16
bits. Two memoriesin parallelwill be usedto obtain 32-bit
accessesWhenaword is not in the outputmemorybuffer a
new row hasto befetchedfrom the correspondindpank(page
miss). A pagemiss addsa lateny of 3 cycles. Sincethis
lateng is not representedh our model,we introducea scal-
ing factorr thattakesinto accountthe averagepagehit/miss
ratio accordingto the equation: 7 = (%page_miss * 3 +
%page_hit x 1)cycles.

For a systemconsistingof N memories,simultaneously
Figure 3: Memory state ma- running at the operatingcurrent/, voltageV andfrequeng
chine. f (thesethreelastvaluesare specifiedin the data-sheet)the

enegy consumptiorpercycleis givenin (6).

IxV
f

The pagehit/missratio in MPEG-2decodingwasabout3/4 (25% pagesaniss). We con-
sidera similar valuefor MPEG-4. Sothe active stateshave 7 = 1.5. Idle statesdo not need
this parametem theequation(r = 1) andpendingstatesarenot used.

The operatingcurrentof the memoryat 3.3V and 100 MHz is 100 mA, andthe idle
currentis 20 mA. Introducingthesevaluesin expression6) leadsto theenegy consumption
percyclelistedin the Table2.

EF=71x%

Table2: Memoryenegy consumption.

Memory state | Energy per cycle (pJ)
idle 1320
read 9900
write 9900

4.3 Processor Energy M odel

Theprocessoenegy modelcorrespond$o the enegy consumptiorpercycle duringthe ex-
ecutionof a programin the processarSinha[13] demonstratethatthe enegy consumption
in ARM processoryvariesonly about8% betweenthe differentinstructionsof a program.
Thereforewe canconsideran averageenegy consumptiorfor all the instructionsof our ap-
plication program,depictedin ARM data-sheet.Whenthereis a cachemiss or whenthe
processors waiting for the resultfrom the VLD, it doesnot executeinstructions.The pro-
cessorstallsandexecutesNOP cyclesthat consumdessenegy. Sowe distinguetwo types
of cycles: active cycles,whenthe processois normally runningandNOP cycles,whenthe
processors waiting for dataor instructions.



Our processois anARM920T (ARM9 with | + D cacheswhoseenegy consumptiorin
active cyclesis 900 pJandin NOP cycles400pJ[3, 4]. Thetype of cycle canbe detected
duringthe simulationby analyzingthe bustransfers.The enegy consumptiorfor eachtype
of cycleis showvn in the Table3.

Table3: Processoenegy consumption.

Processor state | Energy per cycle (pJ)
active 900
NOP 400

4.4 Interconnect Energy Model

Thesystenperformstwo typesof transferspnebetweertheprocessoandthe VLD, andthe
otheronebetweenthe processoandthe memory Thereforetherearetwo kinds of enegy
consumptionfor the interconnectboth using the sameenegy model. If we have Ny, ichn
switchinglines during a cycle, with a capacitance&’;,,. perinterconnectine anda voltage
swingof V4, theenegy usedin themodelis representeth (7).

2
Einterconnect = Nswitch * Cline * Vdd (7)

A 1.1pFon-chipline capacitancés derivedfor CPU-VLD transfersThevoltageis 1.8V
for 0.18microntechnology N.i:.h IS obtainedduringthe simulationby monitoringthewire
activity with aspy module,thatdetectdor every cycle the numberof switchinglinesin data
andaddressuses.

The memorytransfersconsumanorepower thanthe VLD ones,becaus¢he memoryis
off-chip andthe capacitancesvolved are bigget They correspondo the PCB track, pin
anddriver capacitancesThetotal is 10 pF andthe PCBvoltageis 3.3 V. N, IS Obtained
during the simulationby monitoringwith anotherspy module. The resultingenepgies per
switchedline areshown in the Table4.

The total enegy of the systemandtheinstantaneousnegy consumptiorof the current
cycle areavailablethroughsimulationvariables.

Table4: Interconnecenegy consumption.

Transfer | Energy per cycle (pJ)
CPU-VLD 3.5
CPU-Mem 108.9

45 System Simulation

Thetotal enepgy of thesystemandtheinstantaneousnegy consumptiorof the currentcycle
areavailablethroughsimulationvariables. This informationallows to know the systemac-
tivity andconsumptiorevolutionin thetime. Our systemis highly fluctuatingandtheblocks
have very irregular behaiors, so knowing this evolution is a very interestingcharacteristic



to studythe applicationof low powertechniquedik e dynamicpower managemenperform-
ing the dynamiccontrol of power statestransitions,or dynamicvoltage scaling, allowing
dynamicmodificationsof frequeng andvoltage.

5 Conclusions and Future Work

We have presented simulationframavork to estimatethe enegy consumptiorat high de-
scriptionlevel of embeddedystemsontainingnew hardwareblocks.We applythis method-
ologyto a System-leel cycle-accuratsimulatoranda Instruction-SeSimulator They have
beenextendedwith enegy modelsallowing to obtain power estimationsby simulationat
system-lgel. Theenegy modelprovidesthetypical enegy for eachstateof thecomponent.
The blocksandsystempower consumptiorarebeingmeasureavith a lower level power es-
timationtool. Thiswill allow to validatethe approximationandto give informationabout
theerrorinvolved. Thatwill alsohelpto calibratethe enegy modelsandto extendthemfor
differentblocksarchitecturesThesystemwill becompletedvith therestof hardwareblocks
of the codecvideo MPEG-4. This approachallows the applicationof differentsdynamiclow
power techniquesandtheir utility canbe evaluated.This is a very interestingcharacteristic
becausat letsto modelandoptimizethe power consumptionin highly fluctuatingsystems,
composeaf blockswith veryirregularbehaiors, e.g.communicationsietworksor interac-
tivesystemsThismethods intendedo helpdesignerso developcomplec systemsit allows
the explorationof theenegy consumptiorat earlierstagesf thearchitecturelefinition. The
impactof low power techniguesanbe analyzedat systemlevel.
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