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Abstract. Simulating performance and energy consumption of embedded sys-
tems using a high-level description is a challenging task in VLSI 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 simulator and a processor Instruction Set Simulator are extended with
energy models that take into account the state of the component.

1 Introduction

Theportablesegmentof digital consumermarketis growingveryfastdueto theexplodingde-
mandfor deviceslikemobiletelephones,laptopsor PDAs. Theseproductsbecomefar more
complex with the introductionof new multimediafunctionalities,e.g. audioor video. They
makeuseof highly integratedcomponents,likeembeddedsystems(System-On-a-Chip)that
have to be optimizedin performance,size,power consumptionandcost. Theseembedded
systemsare a mix of specializedhardware (for performanceandpower) and generalpur-
poseprocessorsor DSP(for flexibility). Autonomyis animportantfeaturebut improvements
on batteriesaresmallerthanthe increaseof processingcomplexity. For this reasonenergy
consumptionis acritical factorin embeddedsystemdesign.

Multimediaapplicationstypically requirevery largedatastorageandtransfercapacities,
which arethemainsourcesof power consumption.To reducethis consumption,exploration
techniquesandoptimizationsfor memorymanagementmustbeperformedatsystemlevel [1].
Onehasto notethatmostof thepowercanbesavedathighestlevels:architectural,systemor
algorithmic. Variousarchitecturescanbeexploredgiving differentperformances,sizesand
power consumption,soperformingtrades-off early in thedesignprocessis very interesting
andtheir applicationis still rathereasy. This early explorationcanalsohelp to anticipate
necessarystructuralchangesin the systemin casethat it is not able to comply with the
specifications.

Thereexistsa lot of CAD toolsableto estimatepower consumptionin circuitsat lower
levels of designdescription,e.g. SPICE,but fewer at higher levels. Typical Systems-On-
a-Chipcomposedof processors,memoriesandcustomhardwarearefirstly modeledat high
level in systemfunctionalsimulators.Theaim of our work is to provide a simulationframe-
work ableto getpowerestimationfor high level descriptionsof embeddedsystemsincluding



new hardwareblocks.Thesimulatorweuseis TSS(Tool for System Simulation) [2], acycle-
accuratesimulatorfor systemleveldescriptionsin C language,developedby Philips,working
with theArmulator [3], anInstructionSetSimulatordevelopedby ARM Ltd.. Armulator is
linked to TSSsimulator. In orderto obtainthe power estimation,we createenergy models
for every hardwareblock andwe introducethesein the TSSsimulatorfunctionalmodels.
Thenwe simulatethesystemwith asetof representative input dataandwe obtainthepower
estimation.We proposean approachto createthe energy modelsfor new hardwareblocks
for whichwedonothaveany gatestructuralinformation.It consistsin estimatingtheenergy
consumptionpercycledependingof theinternalstateof thecomponent.

A brief discussionof theexisting power estimationapproachesof embeddedsystemsis
givenin thesection2. Section3 explainstheapproachwe proposeandintroducesthesimu-
lation toolswe use. In section4 we describethesystemmodeldetailinghow we modelthe
energy for eachcategoryof component.Thelastsectionconcludes,makessomesuggestions
for thevalidationof theapproachandpresentsthefuturework.

2 Related Research

A commonapproachto obtainfairly accuratepowerestimationsof largecircuitswith a con-
ventionalRTL simulator, consistsin first modelingthebasiccellspower consumptionwith
parametersextractedfrom circuit level simulations(SPICE,PowerMill) or from thecharac-
teristicsof the standardcell library [5, 6, 7, 8]. This information is thenembeddedin the
VHDL descriptionof everybasiccell sothatthelogic simulationallows to obtainthepower
consumptionof thecircuit. DIESEL,thepowerestimationtool developedin Philips,usesthis
approach[5]. This tool keepstrackof theinstantaneoussignaltransitionsandcombinesthem
with a library characterization,to determinethepowerfiguresfrom a gatelevel design.This
methodhassomedrawbacks:it takesplacein anadvancedphasein thedesignprocessand
the simulationtime for large circuits becomesvery importantmakingratherimpracticable
powerestimationsusinghardware/softwareco-simulation.

A higherlevel embeddedhardware/softwaresystemco-simulationis proposedby Li [9].
It consistsof a framework thatsimultaneouslyevaluatesthetradeoffs of energy consumption
of softwareandhardware.Thegoalis to optimizethesoftwarein awayto reduceenergy con-
sumptionin memoryaccessesunderperformanceconstraints.A processorsimulatorrunning
togetherwith a memorytracermodelgivesthenumberof memoryaccessesfor a particular
applicationprogram.At the endof the simulationthis numberis combinedwith processor
andmemorypowermodelsgiving thetotalpowerconsumptionof thesystem.Thedrawback
of thismethodis thatthepowermodelsdonotdependontheinternalstatesof thecomponents
andthereforelackaccuracy.

A moreaccurateapproachis developedby Simunic[4]. It consistsof a methodologyfor
power estimationsat higher level usingan instruction-level cycle-accuratesimulator. It is
extendedwith energy modelsfor processor, busandmemories.Thegoal is to find an opti-
mal memorysizeandhierarchy, for minimal energy consumption.Power modelscompute
the energy consumedat every cycle for every hardwareelementof the system.They have
beencompletelyinferredfrom data-sheetinformation. This is possiblein systemsbasedon
componentsthat have beenalreadybuilt, e.g. memoriesandprocessors,like in Simunic’s
example.Unfortunatelythemethodologydoesnotcover thecaseof systemscontainingnew
hardwareblocks. In this case,a simulatorof theglobalsystemhasto beusedandit should
beextendedwith powermodelsfor all blocks.



Powerconsumptionestimationsof new designsathigherlevels,i.e. behavioral C models,
arevery difficult. Modelingphysicalparametersinto C functionsneedsknowledgeon how
thesefunctionswill beimplementedin hardware.Neverthelessat this level of thedesignthe
gatestructureof thedesignis notyetdefined.A solutioncouldbeto analyzeall theoperations
(additions,multiplications,etc)in thenew block,andto estimateanenergy consumptionfor
eachtype.During thefunctionalsimulation,thecorrespondingenergy couldbeaccumulated
every timeweuseanoperation.Theproblemis too thatwestill donotknow how operations
will be implementedin hardwareso we cannot associateit to an energy estimation. The
solutionweproposeis to analyzethebasicfunctionalstatesof theblock,estimatinganenergy
consumptionfor eachoneandaccumulatethisstateenergy everycycleduringthesimulation.
Next paragraphswill presentthis approachandthesimulationtoolsweuseto implementit.

3 Proposed Approach

Embeddedsystemdesignstartswith thepartitioningof theapplication.Somepartswill be
implementedin hardwareandothersin software. Building highly complex singlechip sys-
temsrequiresmodelsof theusedhardwarebuilding blockswhicharemoreabstractthanRTL
or gate-level. Thesemodelsareusedto develop the systemarchitectureandto supportthe
softwaredevelopmentof low level drivers,becausebillions of simulationcyclesarerequired.

TSSis a cycle-accurateC-basedsimulationframework developedto simulatecomplex
hardware/softwarearchitectures[2]. TSSalsoenablessimulationswith othertools,allowing
to integrateInstructionSetSimulators(ISS),VHDL/VerilogandTSSmodels.

We take an examplesystemincluding a processor, memoriesandcustomhardware. In
thecurrentset-upweuse:
- An InstructionSetSimulator(Armulator),giving informationabouttheprocessorbehavior.
- A simulationof TSShardwareblocksdescriptionsandtheinterconnect.

TheTSSsimulatoris normallyusedfor cycle-accuratefunctionalsimulation.In thispaper
we presenthow theTSSsimulationmodelscanbeenrichedwith energy modelsallowing to
get power estimationsby simulation. The simulationprovides the energy consumptionof
eachelementandthe total. This is not a completelyaccurateestimationbut it is sufficient
to find the bestHW architecturescenarioin termsof power consumption.The energy per
cycle of eachelementis calculatedfrom anenergy model,accordingto thecurrentstateof
theelement.Thememoryandprocessorenergy modelsarebuilt usinganapproachsimilar to
Simunic’swork [4], basedon data-sheetinformation.For thenew targethardwarewedefine
energy modelsthattake into accounttheestimatednumberof gatesin RTL implementation,
thegate’sactivity andtheimplementationtechnology. For theinterconnect,themodelneeds
anestimationof thewire lengthandthecapacitanceperunit length.

4 System and Components Models

Thepower, i.e. energy consumption,for executinga task,canbeobservedat several levels.
We will analyzethesefrom higher to lower level. At the first level we can considerthe
total energy consumptionin onesecondor for the whole task. If � is the numberof total
processingcyclespersecond(frequency), or by task,thetotalenergy consumptionis obtained
by accumulatingenergiesof all processingcyclesandis writtenasin (1).
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At asecondlevel wecanconsiderthetotal energy consumptionpercycle. This is theen-
ergy consumedduringaspecificprocessingcycle,obtainedby addingtheenergiesconsumed
duringthis cycleby the � hardwarecomponentsof thesystem,representedin (2).
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Sincea hardware componenthasdifferentstatesor waysof working, the energy con-
sumptionpercycle is differentdependingon thestateof thecomponent:active,idle, refresh,
sleep,etc. At this third level, we distinguishbetweenthe energy for eachinternalstatein
every hardwarecomponentof thesystem.TheTSSfunctionalmodelof eachelementmust
be accurateenoughto associatea stateto eachcycle. The model is describedlike a state
machine,separatingstateswith significantlydifferentpower consumption.During thesimu-
lation, thecurrentstateis known every cycle andthereforethecorrespondingenergy canbe
addedto the total energy accordingto theEquation(2). Thesetof energiesper cycle for a
componentwith % differentstatesis calledtheenergy modelof thecomponentandis given
in (3). ����� #&$ �(' ����� #�$*) + �	�,�	� �.- ����� #&$*) + �	���	��/ - ��� � #&$*) + �	�,�	��0 -2131413- ����� #�$*) + �	�,�	�65.7 (3)

Theenergy associatedto eachstateof acomponent,
����� #�$*) + �	�,�	� , correspondsto thelowest

level of our model.
The approachis testedon a typical exampleof em-
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Figure 1: Architectureof the sys-
tem.

beddedsystemfor portableapplication: a codecvideo
MPEG-4[10], implementingthesimpleprofile. A prelim-
inary HW/SW partitioninghasbeenalreadymade. The
systemconsistof aprocessorwith I+D caches,memories,
hardwareacceleratorsandinterconnect.

In afirst stepwewill consideronlyapartof thesystem
includingtheprocessor, memoryandtheVariableLength
Decoder(VLD) [11] hardware accelerator(seeFig. 1).
Thearchitectureis usedto validatethemethodologypro-
posedfor power estimation,before including the other
hardware blocks. In this casethe
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Next subsectionsexplain in detail thoseenergy mod-
elsandtheenergy valueperstateof eachelement.

4.1 VLD Energy Model

Theenergy consumptionin adigital CMOScircuit canbeexpressedasin (5).�E�GFIHKJML��,�	� + HK��L��,�	�
(5)

where
F

is thecircuit activity (thepercentageof thenumberof switchinggatesover thetotal
numberof gates),

JML��,�	� + the total numberof gatesin the circuit and
��L����	�

the energy con-
sumptionperswitchinggatefor aparticulartechnology. Thesearetheparametersintroduced



into theVLD TSSenergy model. Obviously, thenumberof gatesandtheir activity arenot
known a priori if anRTL descriptionof thecircuit is not available.But estimationsof these
valuescanbesufficient to build anenergy modelfor architectureexploration.

In thecaseof theVLD, weknow thatthearchitecturewill consistof threeparts:interface,
barrel-shifterandLook-Up-Table(LUT). Theinterfaceandthebarrel-shifterwill alwaysbe
usedin active cycles. The LUT will be composedof six tables: threefor DC coefficients
and the other threefor AC coefficients. In every active cycle only one tablewill be used
thereforeonly part of gatesareactive. ThecompleteVLD will bearound4000gates.The
gatesestimationperpart is 1000gatesfor theinterface,1300gatesfor thebarrel-shifterand
1700gatesfor theLUT tables.

Duringactivecycles,theVLD analyzesabitstreamandextractscoefficients.Thenumber
of switchinggatesis roughly: NPO>O>O ? NPQ>O>O ?R' NTSUO>OWVYX 7�Z\[ X]O>O gates,which corresponds
to 65 % of thegates.At worst,all thesegateswill switcheverycycle. Sinceonly half of the
transitions(0-0,0-1,1-0,1-1) correspondsto a switchactivity, we supposethattheestimate
switchingactivity is X_^>`aV [b� Q>Q_` . In non active cycles(idle or fifo write/readwaiting
cycles),we estimateroughly an activity of 1 %, correspondingto the wake-up logic. The
VLD statemachinehassix states:dc, ac (activesstates)and idle, dc w, ac w andend vld
(nonactivesstates)(seeFig. 2).

With a physical implementationon a 0.18 micron
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ac ac_wdc_w
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vld
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Figure2: VLD statemachine.

technology, the typical energy consumptionper gateis��L��,�	�c� O 1 [Ud O pJ.Takinginto accounttheestimatedac-
tivity valuesandtheexpression(5), weobtainthevalue
of theenergy consumptionpercycle,showedin theTa-
ble 1. Thevaluesaccordingto thecurrentstateareac-
cumulatedin avariableassociatedto theinstanceof the
model.

Table1: VLD energy consumption.

VLD state Energy per cycle (pJ)
idle 9.6
dc 317

dc w 9.6
ac 317

ac w 9.6
endvld 9.6

4.2 Memory Energy Model

Thememoryenergy modelreflectsthefact thattheenergy consumptionpercycle is usually
differentin every operatingmode:standby, RAS cycle, refresh,etc. Somememoriesallow
eventhepowermodesto beexternallycontrolledfrom a powermanagementunit.

Thememoryweuseis aNECSDRAM devicewith severalpowerstates:operating,idle,
powerdown, pre-chargeandrefresh[12]. Besidesthemodesthatareenteredby theintrinsic
behavior of the statemachine,a power down modeexists, that is enteredusingan external
signal,CKE (CK Enable),andcanbethuscontrolledby a power managementunit. A TSS



model that implementsall thesestatesis not yet available. For the momentthe memory
modelimplementsonly thefollowing states:idle, read pend, read, write andwrite pend (see
Fig. 3). Themodelhasanadittionalwait parameterto introducewait states(write pend and
read pend).

The sizeof the usedmemoryis 64 Mbits. The memory

read
pend

read write

Idle

pend
write

Figure 3: Memory state ma-
chine.

is divided into four banksof
[ � /

rows with 256 wordsof 16
bits. Two memoriesin parallelwill be usedto obtain32-bit
accesses.Whena word is not in theoutputmemorybuffer a
new row hasto befetchedfrom thecorrespondingbank(page
miss). A pagemiss addsa latency of 3 cycles. Sincethis
latency is not representedin our model,we introducea scal-
ing factor e that takesinto accounttheaveragepagehit/miss
ratio accordingto the equation: e � ' `gfih_j�k �mlonTn H Q ?
`Wf<h>j�k pql r H N 7�sutvs.w kTn .

For a systemconsistingof
J

memories,simultaneously
runningat the operatingcurrent x , voltage y andfrequencyz

(thesethreelast valuesarespecifiedin thedata-sheet),the
energy consumptionpercycle is givenin (6).

�a� e H x H yz HKJ # � # (6)

Thepagehit/missratio in MPEG-2decodingwasabout3/4 (25%pagesmiss). We con-
sidera similar valuefor MPEG-4.Sotheactive stateshave e � N 1 ^ . Idle statesdo not need
this parameterin theequation( e � N ) andpendingstatesarenotused.

The operatingcurrentof the memoryat 3.3 V and100 MHz is 100 mA, and the idle
currentis 20mA. Introducingthesevaluesin expression(6) leadsto theenergy consumption
percycle listedin theTable2.

Table2: Memoryenergy consumption.

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

4.3 Processor Energy Model

Theprocessorenergy modelcorrespondsto theenergy consumptionpercycleduringtheex-
ecutionof a programin theprocessor. Sinha[13] demonstratedthattheenergy consumption
in ARM processorsvariesonly about8% betweenthe different instructionsof a program.
Thereforewe canconsideranaverageenergy consumptionfor all theinstructionsof our ap-
plication program,depictedin ARM data-sheet.When thereis a cachemissor when the
processoris waiting for the resultfrom theVLD, it doesnot executeinstructions.Thepro-
cessorstallsandexecutesNOPcyclesthatconsumelessenergy. Sowe distinguetwo types
of cycles: active cycles,whentheprocessoris normally runningandNOPcycles,whenthe
processoris waiting for dataor instructions.



Ourprocessoris anARM920T(ARM9 with I + D caches)whoseenergy consumptionin
active cyclesis 900pJandin NOPcycles400pJ [3, 4]. The typeof cycle canbe detected
duringthesimulationby analyzingthebustransfers.Theenergy consumptionfor eachtype
of cycle is shown in theTable3.

Table3: Processorenergy consumption.

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

4.4 Interconnect Energy Model

Thesystemperformstwo typesof transfers,onebetweentheprocessorandtheVLD, andthe
otheronebetweenthe processorandthememory. Thereforetherearetwo kinds of energy
consumptionfor the interconnect,both using the sameenergy model. If we have

J + {
� �	� |

switchinglines during a cycle, with a capacitance} 
 � � � per interconnectline anda voltage
swingof y<~,~ , theenergy usedin themodelis representedin (7).� �

� �	� B ��� �2� �����&�9J + {
� �	� |�H } 
 � � ��H y /~,~ (7)

A 1.1pFon-chipline capacitanceis derivedfor CPU-VLD transfers.Thevoltageis 1.8V
for 0.18microntechnology.

J +�{
� �	��|

is obtainedduringthesimulationby monitoringthewire
activity with a spy module,thatdetectsfor everycycle thenumberof switchinglinesin data
andaddressbuses.

Thememorytransfersconsumemorepower thantheVLD ones,becausethememoryis
off-chip andthe capacitancesinvolved arebigger. They correspondto the PCB track, pin
anddrivercapacitances.Thetotal is 10 pF andthePCBvoltageis 3.3V.

J +�{
� �	��|

is obtained
during the simulationby monitoringwith anotherspy module. The resultingenergiesper
switchedline areshown in theTable4.

The total energy of thesystemandthe instantaneousenergy consumptionof thecurrent
cycleareavailablethroughsimulationvariables.

Table4: Interconnectenergy consumption.

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

4.5 System Simulation

Thetotalenergy of thesystemandtheinstantaneousenergy consumptionof thecurrentcycle
areavailablethroughsimulationvariables.This informationallows to know thesystemac-
tivity andconsumptionevolution in thetime. Oursystemis highly fluctuatingandtheblocks
have very irregular behaviors, so knowing this evolution is a very interestingcharacteristic



to studytheapplicationof low power techniqueslikedynamicpowermanagement,perform-
ing the dynamiccontrol of power statestransitions,or dynamicvoltagescaling,allowing
dynamicmodificationsof frequency andvoltage.

5 Conclusions and Future Work

We have presenteda simulationframework to estimatethe energy consumptionat high de-
scriptionlevel of embeddedsystemscontainingnew hardwareblocks.Weapplythismethod-
ology to a System-level cycle-accuratesimulatoranda Instruction-SetSimulator. They have
beenextendedwith energy modelsallowing to obtain power estimationsby simulationat
system-level. Theenergy modelprovidesthetypicalenergy for eachstateof thecomponent.
Theblocksandsystempowerconsumptionarebeingmeasuredwith a lower level power es-
timation tool. This will allow to validatethe approximationandto give informationabout
theerror involved. Thatwill alsohelpto calibratetheenergy modelsandto extendthemfor
differentblocksarchitectures.Thesystemwill becompletedwith therestof hardwareblocks
of thecodecvideoMPEG-4.Thisapproachallows theapplicationof differentsdynamiclow
power techniquesandtheir utility canbeevaluated.This is a very interestingcharacteristic
becauseit lets to modelandoptimizethepower consumptionin highly fluctuatingsystems,
composedof blockswith very irregularbehaviors,e.g.communicationsnetworksor interac-
tivesystems.Thismethodis intendedto helpdesignersto developcomplex systems.It allows
theexplorationof theenergy consumptionatearlierstagesof thearchitecturedefinition.The
impactof low power techniquescanbeanalyzedat systemlevel.
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