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Abstract

Sincebatterylife directlyimpactsthe extentand duration of
mobility, oneof the key consideationsin the designof a mo-
bile embeddedystenshouldbe to maximizethe enegy de-
liveredbythebattery andhencethebatterylifetime To facil-
itate exploration of alternativeimplementationgor a mobile
embeddedystemjn this paperwe addressthe issueof de-
velopinga fastand accurate batterymodel,and providing a
framavork for batterylife estimationof Hardware/Softwae
(HW/SWembeddedystems.

We introducea stodastic modelof a battery which can
simultaneouslynodeltwo key phenomenaffectingthe bat-
tery life and the amountof enegy that can be deliveed by
the battery: the Rate Capacity effect and the Recwery ef-
fect. We modelthe batterybehaviormathematicallyn terms
of parametes that can be relatedto physicalcharacteristics
of the electo-chemicalcell. We showhowthis modelcanbe
usedfor batterylife estimationof a HW/SWembeddedys-
tem,by calculatingbatterydischarge demandvaveformais-
ing a powerco-estimatioriechnique Basedonthedischarge
demandthe battery modelestimateghe battery lifetime as
well asthe deliveied enegy. Applicationof the batterylife
estimationmethodolgy to three systemimplementation®f
anexampleT CP/IPnetworkinterfacesubsysterdemonstate
that different systemarchitecturescanhavesignificantlydif-
ferentdeliveledenegy andbatterylifetimes.

1 Intr oduction

As the needfor mobile computationand communication
increasesthere is a strong demandfor designof Hard-
ware/Softvare (HW/SW) Embeddedystemdor mobile ap-
plications.Maximizing the amountof enegy thatcanbe de-
liveredby thebattery andhencethebatterylife, is oneof the
mostimportantdesignconsiderationfor amobileembedded
systemsinceit directlyimpactsheextentanddurationof the
systemsmobility. To enablesxplorationof alternatveimple-
mentationgor a mobile systemiit is critical to developfast
andaccuratéatterylife estimationtechniquegor embedded
systemslIn this paperwe focuson developingsuchabattery
model,andprovide aframawvork for battery-lifeestimatiorof
HW/SW embeddedystems.

Previousresearchon low power designtechniquesl1, 2],
tries to minimize averagepower consumptioreither by re-
ducing the averagecurrentdravn by a circuit keepingthe
supply voltagefixed or by scalingthe supply voltage stati-
cally or dynamically However, asshowvn in this paper de-
signing to minimize averagepower consumptiondoesnot
necessariljleadto optimum batterylifetime. Additionally,
theabove techniqguesssumehatthe batterysubsystenis an
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idealsourceof enegy whichstoresor deliversafixedamount
of enegy ataconstanbutputvoltage.In reality, it maynotbe
possibleto extractthe enegy storedin the batteryto thefull
extentastheenepgy deliveredby abatterygreatlydepend®n
the currentdischage profile. Hence,accuratebatterymod-
els are neededo specificallytarget the batterylife andthe
amountof enegy that can be deliveredby a batteryin the
designof a mobilesystem.

The lifetime of a battery and the enegy deliveredby a
battery for a givenembeddedystemstronglydepencon the
currentdischage profile. If a currentof magnitudegreater
thanthe ratedcurrentof the batteryis dischaged,thenthe
efficiency of thebattery(ratio of thedeliveredenegy andthe
enegy storedin the battery)decreasesn otherwords, the
batterylifetime decreasef3, 10]. Thiseffectis termedasthe
RateCapacityEffect Additionally, if a batteryis dischaged
for shorttime intervals followed by idle periods,significant
improvementsn thedeliveredenegy seenpossiblg11, 13].
Duringtheidle periodsalsocalledRelaxatiorilimes thebat-
tery can partially recover the capacitylost in previous dis-
chages.We call this effectasthe RecweryEffect

An accurate battery model, representingfine-grained
electro-chemicgbhenomenorof cell dischageusingPartial
Differential Equations(PDE), was presentedn [14]. How-
ever, it takesprohibitively long (days)to estimatethe battery
lifetime for a given dischage demandof a system. Hence,
thePDEmodelscannotbe usedfor designspaceaxploration.
SomeSPICElevel modelsof batteryhave beendeveloped
[6, 7], which arefasterthanthe PDE model. However, the
SPICEmodelscantake into accountthe effect of RateCa-
pacity only. Basedon the Rate Capacityeffect, a system-
level batteryestimatiormethodologywasproposedn [4, 5].
Recently a Discrete-Tme battery model was proposedfor
high-level power estimation[8]. Thoughit is fasterthanthe
previousmodels,it doesnot considetthe Recweryeffect.

In this paper we describea stochastidatterymodel, tak-
ing into accountboth the Recwery effect andthe RateCa-
pacity effect. The proposedmodelis fastasit is basedon
stochasticsimulation. Also, by incorporatingboth Reco-
ery and RateCapacityeffects, it representphysicalbattery
phenomenamore accuratelythan the previous fastmodels.
We also shov how this model can be usedfor estimating
the batterylifetime andthe enegy deliveredby the battery
for a HW/SW system,by calculatingbatterydischage de-
mandwaveformsusinga power co-estimationtechniqu€9].
Basedon thedischage demandthe batterymodelestimates
the batterylifetime aswell asthe deliveredenegy. Finally,
we demonstratéow this framewvork canbe usedfor system
level explorationusinga TCP/IP network interface subsys-
tem. The resultsindicatethat the enegy deliveredby the
batteryandthelifetime of the batterycanbesignificantlyin-



creasedhrougharchitecturakxplorations.

The rest of the paperis organizedas follows. Section
2 motivatesthe needfor an accuratebatterylife estimation
methodologyby illustrating that the batterylife andthe en-
ergy deliveredby the batterycanbe affectedsignificantlyby
tradeofs atthe systemlevel. Section 3 providesbackground
onthe physicalphenomenansidea battery which affectthe
the batterylifetime aswell asthe deliveredenepgy. The pro-
posedbatterymodelis describedn section 4. The method-
ology usedto calculatecurrentwaveformsis describedin
section 5. In section 6, we demonstratdhow the battery
life estimatiormethodologycanbeusedto evaluatealternate
implementationsn the designof Battery Efficient Systems.
Section 7 concludeghe paperandexploresfutureresearch.

2 Motivation : Exploration For Bat-

tery Efficient Ar chitectures

In this section,we presenthe effect of systemarchitectures
onthedeliveredenegy andthelifetime of battery Ourinves-
tigationsmotivatethe needfor fastandaccuratebatterylife
estimationtechniqueghat canusedfor systemlevel explo-
ration.

We analyzethe performanceof an example TCP/IP net-
work inteface subsystenwith respectto the delivered en-
ergy and the lifetime of the battery The subsystenmcon-
sistsof the partof the TCP/IP protocolstackperformingthe
checksuncomputationFigurel). Creae_Packet recevesa
paclet, storesit in a sharedmemory andenqueueds start-
ing address.| P_Chk periodicallydequeuegaclet informa-
tion, erasesspecificbits of the packetin memory andcoor
dinateswith Chksumto verify the checksunvalue. Figurel
shavs a candidatearchitecturdor the TCP/IPsystenmwhere
Creae_Padket andPadcket_Queuearesoftwaretasksmapped
to a SFARC processarwhile |P_.Chk andChksumare each
mappedto dedicatechardware. Packet bits are storedin a
single sharedmemoryaccessedhrougha commonsystem
bus.

——— CREATE PACKET P
<——PACKET = QUEUE CHECK - CHECKSUM
SPARC ‘IP CHK | [cHKSUM
(SwW) (HW) (HW)
[CAbWF | [ AbIF Arb I/F
Arbiter Single Port
(HW) memory

Figurel: Architectureof TCP/IPNetwork Subsystem

We studythe effect of alternatevaysof paclet processing
by thesystenonthebatterylifetime aswell astheenegy de-
liveredby the battery In the first implementation(SysA),
the paclets are processedequentiallyas shavn in Figure
2(a). To estimatethe batterylifetime andthe enegy deliv-
eredby thebatteryof theimplementationthecurrentprofiles
of eachcomponenbf the systemneedto be calculated Fig-
ures2(b)and(c) shav thecurrentdemandgin mA) for some
of the componentsf the systenmfor SysA plottedovertime

(in ms), calculatedusingthe methodologydescribedn Sec-
tion 5. The cumulatie currentprofile for SysA is shovn in
Figure 2(d).
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Figure2: SysA : Schedulingof Packets and CurrentDis-
chageDemands

Figure 3(a)shavs anothemway of schedulinghe paclets.
In thisimplementatiorfSys B), insteacbf sequentiaprocess-
ing of pacletsasin SysA, thefirst two pacletsareprocessed
in a pipelinedmanner;for example,while Chksumis pro-
cessinghefirst paclet, Create Packet startswriting the next
pacletto memory The cumulatize currentprofile for SysB
is shavnin Figure 3(b).

packet (T[] [
Arrivals
[ ]
Packet
Processing |:| -
T‘i5n msz

(a) Schedulingof Paclets
(b) Cumulatve Current De-
mand

Figure3: SysB : Schedulingof Packetsandthe Cumulative
Currentbemand

As shawvn in Table 1, theaveragecurrent(andhenceaver
agepower consumed)s very similar for boththe alternatve
systemimplementationsTable 1 shavsthebatterylifetimes
andthe specificenegy deliveredby the battery calculated
using an accuratebatterymodel[14] for both implementa-
tions,SysA andSysB. Thetablealsoreportsthe numberof
pacletsprocessedy eachsystembeforethe batteryusedby



the systemds completelydischaged. Note that, thoughthe
two dischagedemand$iave almostequalaveragecurrentre-
qguirementthe deliveredspecificenegy and lifetime of the
batterydiffer significantly

Tablel: Comparisorof BatteryLifetime andDeliveredEnegy

Dischage Average Battery Del. Spec. Paclets
Demand | Curr (mA) | Life (ms) | Enegy (Wh/Kg) | Processed
SysA 123.8 357053 15.12 119018
SysB 124.2 536484 18.58 178828

Theresultsshav thatthebatterylife of amobileembedded
systemcanbe improved significantlyby systemlevel trade-
offs. For instanceasshawvn in Table 1, SysA canprocess
119018pacletsbeforethe batteryusedfor the systemis dis-
chaged,whereas SysB canprocessl78828pacletsusing
the samebattery The resultsalso shav that the delivered
enegy andthe lifetime of a batterycanbe significantlydif-
ferentfor currentdemandsvith the sameaveragecurrentre-
guirement. Above resultsmotivate us to develop a fastand
accuratéatterymodelthatcanbeusedin designexploration
for batteryoptimal designof mobileembeddedystems.

The next sectionprovidesa brief backgroundn the oper
ation of a battery emphasizinghe physicalphenomenahat
affectthebatterylifetime andtheenegy deliveredby thebat-
tery.

3 Battery Background

A batterycell consistof ananode acathodeandelectrolyte
thatseparatethe two electrodesndallows transferof elec-
tronsasions betweenthem. During dischage, oxidation of

theanode(Li for Lilon battery)produceshagedions(Li*),

whichtravel throughtheelectrolyteandundegoreductionat
thecathode Thereactiorsites(partsof thecathodewherere-

ductionshave occurredpecomeanactive for futuredischage
becaus®f the formationof aninactve compound RateCa-

pacity Effect (dependeng of enegy deliveredby a battery
on magnitudeof dischage current)and Recwery Effect (re-

covery of chagedionsnearcathode)aretwo importantphe-
nomenahataffect the deliveredenegy andthelifetime of a
battery A shortdescriptionof the physicalphenomenae-

sponsibldor theseeffectsfollows.

Thelifetime of acell depend®ntheavailability andreach-
ability of active reactionsitesin the cathode Whendischage
currentis low, the inactive sites(madeinactive by previous
cathodereactions)are distributed uniformly throughoutthe
cathodeBut, at higherdischage current,reductionsccurat
the outersurfaceof the cathodemakingtheinneractive sites
inaccessibleHence theenepgy delivered(or thebatterylife-
time) decreasesincemary active sitesin the cathodeemain
un-utilizedwhenthe batteryis declareddischaged.

Besideswon-availability of active reactionsitesin thecath-
ode during dischage, the non-availability of chagedions
(lithium ionsfor lithium insertioncell) canalsobeafactorde-
terminingtheamountf enegythatcanbedeliveredby abat-
tery [11]. Concentratiorof the active specieqchagedions
i.e. LiT) is uniform at electrode-electrolytiterfaceat zero
current. During dischage, the active speciesare consumed
atthe cathode-electrolytenterface,andreplacedoy new ac-
tive specieshat move from electrolytesolutionto cathode

throughdiffusion. However, astheintensityof thecurrentin-
creasesthe concentratiorof active speciesdecreaseat the
cathodeand increasesat the anodeand the diffusion phe-
nomenonis unableto compensatéor the depletionof active
materialsnearthe cathode.As a result,the concentratiorof
active speciesreducesnearthe cathodedecreasinghe cell
voltage. However, if the cell is allowed to idle in between
dischages,concentratiorgradientdecreasebecausef dif-
fusion,andchagerecovery takesplaceat the electrode.As
aresult,the enegy deliveredby the cell, andhencethe life-
time, increasesSummarizingtheamountof enegy thatcan
bedeliveredfrom a cell andthe lifetime of a cell, dependon
the value of the dischage currentandthe idle timesin the
dischage demand. In the next subsectionwe definesome
notationswhichwill be usedin therestof the paper

3.1 Notationsand Definitions

A batterycell is characterizedy the open-circuitpotential
(Voc), i.e., theinitial potentialof a fully chagedcell under
no-loadconditions,andthe cut-off potential(V¢) at which
the cell is considereddischaged. Two parametersre used
to representhecell capacity:thetheoseticalandthenominal
capacity Theformeris basedntheamountof enegy stored
in the cell andis expressedn termsof ampere-hoursThe
latter representshe enepgy that canbe obtainedfrom a cell
whenit is dischagedata specificconstanturrent(calledthe
ratedcurrent,Craeq). Batterydata-sheetsypically represent
the capacityof thecell in termsof the nominalcapacity

Finally, to measurghecell dischageperformancethefol-
lowing two parameterareconsidered BatteryLifetimeand
Delivered SpecificEnegy. BatteryLifetimeis expressedas
secondselapseduntil a fully chaged cell reacheghe Ve
voltage. Delivered SpecificEnegy is the amountof enegy
deliveredby the cell of unit weight, i.e., expressedaswatt-
hourperkilogram.

In the next section, we describe our basic stochastic
battery-modelhat capturesthe Recwery Effect and a de-
scriptionof anextensionof themodelto incorporatehe Rate
CapacityEffect

4 Battery Models

Thefine-grainecktlectro-chemicgbhenomenanderlyingthe
cell dischage arerepresentetby the accuratemodel, based
on PDE (Partial Differential Equations)14], which involve
alarge numberof parameterslependingon the type of cell.
Thesetof resultsthatcanbederivedthroughthe PDEmodel
is limited sinceasthe dischage currentandthe cut-off po-
tential decreasethe computatiortime becomesexceedingly
large. Hence,the accuratePDE model cannotbe usedfor
system-lgel exploration of a mobile embeddedystem. In
thefollowing sectionwe presenamoretractableparametric
modelthatcaptureghe essencef therecosery mechanism.

4.1 StochasticBattery Model

We modelthe batterybehaior mathematicallyin terms of
parametershat canbe relatedto the physicalcharacteristics
of anelectro-chemicatell [15, 16]. The proposedstochastic
modelfocuseson the Recwery Effectthatis obsernedwhen
RelaxationTimesareallowedin betweerdischages.



Letusconsiderasinglecell andtrackthe stochasti@volu-
tion of the cell from thefully chagedstateto thecompletely
dischagedstate. We definethe smallestamountof capacity
thatmay be dischagedasa charge unit. Eachfully chaged
cell is assumedo have a maximumavailable capacityof T
chageunits,anda nominalcapacityof N chage units. The
nominalcapacity N, is muchlessthanT in practiceandrep-
resentsthe chage that could be extractedusing a constant
dischage profile. Both N and T vary for differentkinds of
cellsandvaluesof dischagecurrent.

We representhe cell behaior asa discretetime transient
stochastiqrocessthat tracksthe cell stateof chage. Fig-
ure 4 shavs a graphicalrepresentatiorof the process. At
eachtime unit, the stateof chage decreasefrom statei to
thestatei — nif n chageunitsaredemandedrom thebattery
Otherwisejf no chageunitsaredemandedthe batterymay
recover from its currentstateof chage (i) to a higherstate
(greaterthani). The stochastiqrocessstartsfrom the state
of full chage(V = Voc), denotedby N, andterminatesvhen
theabsorbingstate0 (V = V) is reachedpr the maximum
available capacityT is exhausted.In caseof constantcur
rentdischage,N successie chageunitsaredrainedandthe
cell stategoesfrom N to 0 in a time periodequalto N time
units. By allowing idle periodsin betweendischages,the
batterycanpatrtially recover its chage duringtheidle times,
andthuswe candraina numberof chage units greaterthan
N beforereachinghe state0.

5() 0
p,(

Figure4: Stochastiprocessepresentinghe cell behaior

In this model, the dischage demandis modeledby a
stochastigrocessLet usdefineq; to bethe probabilitythat

in onetime unit, calledslot, i chage units are demanded.

Thus, startingfrom N, at eachtime slot, with probability g
(i > 0), i chageunitsarelost andthe cell statemovesfrom
statezto z—i (seeFigure 4). Onthe otherhand,with prob-
ability go anidle slot occursandthe cell may recoser one
chageunit (i.e., the cell statechangegrom statez to z+ 1)
or remainin thesamestate.

The recovery effect is representecs a decreasingxpo-
nentialfunctionof the stateof chaigeof thebattery To more
accuratelynodelrealcell behaior, theexponentiadecayco-
efficientis assumedo take differentvaluesasa function of
thedischagedcapacity

Duringthedischageprocessdifferentphasesanbeiden-
tified accordingto the recovery capability of the cell. Each
phasef (f=0,...,fmay Startsright afterds chage units have
beendrainedfrom the cell andendswhenthe amountof dis-
chagedcapacityreachesls 1 chageunits. The probability
of recorering one chaige unit in a time slot, conditionedon
beingin statej (j=1,...,N — 1) andphasef is

f=0
f = :I.7 —ey fmax

qoe—gN (N=j)=gc(f)

pi(f) (1)

wheregy andgc areparameterghatdependon therecor-
ery capability of the battery andqq is the probability of an
idle slot. In particular a smallvalueof gy represents high
cell conductvity (i.e.,agreatrecovery capabilityof thecell),
while a large gy correspondgo a high internal resistance,
(i.e., a steepdischage curwe for the cell). The valueof gc
is relatedto the cell potentialdrop duringthe dischage pro-
cessandthereforeto thedischagecurrent.Giventherecor-
ery probability, the probabilityto remainin the samestateof
chagein anidle time while beingin phasef is

ri(f) do— pj(f)
rn(f) do - (2

We assumehatgy is aconstantwhereagyc is apiecavise
constanfunctionof thenumberf chageunitsalreadydravn
off the cell, that changesvaluein correspondencwith d¢
(f =1,..., fmay. We have dp=0 andds,+1 = T, while for
df (f =1,..., fmay propervaluesarechoseraccordingo the
configuratiorof the battery

Onesimulationstepof the batterycell assuminghe input
dischagedemandasBernoulliarrival is shavn in Figure5.

qoe_gN (N=])—gc(f)ds

j=1,...N-1

Simulation
inputs:
Discharge _Rate
outputs: Next _State
begin
GeneratarandomnumberR betweerD and1;
If (R < Dischage Rate)then
Next_State:= CurrentState- 1;
elseif ( R < Recavery_Probability[CurreniState])then
Next_State:= CurrentState+ 1;
endif
end

_Step

Current _State,Recovery  _Probability[],

Figure5: TheBasicSimulationStep

4.2 Validation of the StochasticModel

In this sectionwe presenta comparisorbetweerresultsob-
tainedthroughthe stochastianodelandthosederived from
the PDE modelof a duallithium ion insertioncell. Thedis-
chage demandis assumedo be a Bernoulli processwith
probability g that one chage unit is requiredin atime slot.
Notethatin this dischage procesghe probability of anidle
time (qo) is (1— q) whereasq; (i>1) is equalto zero.

The PDE modelwas numericallysolved by usinga pro-
gramdevelopedby Newmanet al. [17]. Resultsrelateto
the first dischage cycle of the cell; thus, dischage always
startsfrom a value of positive open-circuitpotentialequalto
4.3071V. We considerthat the cut-off potentialis equalto
2.8V andthecurrentimpulsedurationis equalto 0.5ms.

Resultsobtainedrom the stochastienodelarederivedun-
derthefollowing assumptionsfmax= 3, N equalto thenum-
berof impulsesobtainedthroughthe PDE modelundercon-



stantdischage,and T equalto the numberof impulsesob-
tainedthroughthe PDEmodelwhenq = 0.1.

Figure 6 presentshe behaior of the delivered capacity
normalizedio the nominalcapacityversushe dischagerate
(g) at which the currentimpulsesare drainedfor threeval-
uesof currentdensity: 1=90, 100, and 110 A/m2. It canbe
seerthatthecurvesobtainedrom the PDEandthestochastic

modelsmatchclosely
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Comparisorof resultsobtainedby the Stochastidviodel (s) with the
PDEmodel(e)

For thesecaseswe assumeayy=0 andvary the parameters
gc andds (f=1,...,fmay of the stochastienodelaccordingo
theconsideredalueof currentdensity Following this proce-
dure,we obtainamaximumerrorequalto 4% andanaverage
errorequalto 1%.

4.3 EnhancementFor Deterministic Discharge
Profile

To beableto usethemodelfor battery-lifeestimatiorof SoC

designswe enhancedhe modelto acceptary deterministic

dischage demand]ik e the onesshawvn in Figures 2 and 3,

insteadof a stochastiaischageprofile.

At eachstepof the simulation,we look at the input dis-
chage demandand drav an appropriatenumberof chage
units (or changethe stateof the battery). Sincea battery
cannotrespondo instantaneoushangesn current,we have
calculatedaveragecurrentover a time periodof t, which is
basednthetime constanthatcharacterizetheelectrochem-
ical phenomenaGiven ary currentdemandwvaveforms,we
calculatethe averagecurrentdrawvn over eachtime period
andcorvertit to anappropriateaumberof chage unitsto be
drawn in the batterymodel. We usedatime constant = 0.5
msfor our experimentsn this paper

4.4 Incorporation of Rate Capacity Effect
As we have describeckarlier the efficiency of thebatteryde-
creasesvhenthedischagecurrentis morethantheratedcur
rent(or Cateq )- If theefficiency of thebatteryis i, (0 < u<
1), for currentl, we canclaimthattheactualcurrentdravnis
I /unotl. For example,if thereis ademandf 2 chageunits
andthe efficiengy of the batteryis 60% at that currentlevel,
thenwe would draw 3 chageunitsinsteadof 2.

To incorporatethis Rate Capacity effect, we changethe
numberof chage units to be actually dischaged. We cal-
culatetheactualnumberof chage particlesto bedischaged

by looking up a table,which storesthe relationshipbetween
the demandedchage units and actual chage units to be
dischaged, calculatedbasedon the simulationof the PDE
model. The basicstepof the simulation,incorporatingthe
RateCapacityeffectfor ary deterministiddischagedemand,
is describedn Figure?7.

Simulation
inputs:
Recovery _Probability[],Efficiency
outputs: Next _State
variables: Actual _Demand
begin
GeneratarandomnumberR betweerD and1;
Actual Demand= Efficieng/_Table[CurrentDemand];
If (CurrentDemand> 0) then
Next_State:= CurrentState- ActualL Demand;
elseif ( R < Recavery_Probability[CurreniState])then
Next_State:= CurrentState+ 1;
endif
end

_Step
Current _State,Current _Demand,

_Table[]

Figure7: The SimulationStepmodelingRateCapacityeffect

We presentesultsto validateour enhanceanodelin Sec-
tion 6. For estimatingthe batterylifetime andthe enegy de-
liveredby the batteryof SoC designswe needcurrentde-
mandwaveformsfor the system.The next sectiondescribes
themethodologysedto calculatecycle-accurateurrentde-
mandwaveformsfor HW/SW mobile systems.

5 Generating System Current Dis-

charge Profiles

In this section,we briefly describethe techniqueghat we
used to generatesystem-lgel current dischage profiles.
Pleasenotethat, while thefocusof this paperis accurateand
efficientestimatiorof thelifetime anddeliveredenengy of the
battery systemcurrentdischage profilesarerequiredasin-
putsto thebatterymodelspresente@arlier hencewveinclude
adescriptionof how they canbegenerated.

We adaptedhe system-lgel pawer estimationframenork
presentedn [9] for our purpose. It consistsof a discrete-
event co-simulationervironment,powver modelsfor various
systemcomponentgincluding processorssynthesizedhard-
ware,system-leel busesandmemories)andspeedugech-
niguesthat enableefficient power estimationfor complex
systems. As shavn in [9], co-simulation(of the various
systemcomponents)s necessaryn order to obtain accu-
rate power estimates. This is especiallyimportantin the
contt of batterylife estimation,since we needaccurayg
in the current(hence,power) waveforms, not just the av-
eragepower or total enegy. To estimatethe power dissi-
pationin a programmablgrocessocomponentwe usean
instruction-sesimulatorenhancedvith an instruction-level
powermodel[18]. For application-specifibardware,we use
fast-synthesiandpowersimulationof thesynthesizeaetlist.
For system-lgel buses,we estimatethe switchedcapacitve
power consumedn the bus by usingbus line capacitances
(calculatedfrom bus length and width parametersgrovided
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Figure8: SchedulingviechanismandCurrentProfilesof Examplelmplementations

by thedesigner)andswitchingactiity (derivedfrom thebus
traceprovidedby theco-simulatiortool). For memorycores,
we usetheaccesandidle power specificationgrom the core
provider'sdatasheets.

6 Experimental Results& Application

In this sectionwe demonstratbow our proposedatterylife
estimationtechniquecan be usedto evaluatedifferent sys-
temimplementationgndselecta battery-optimalmplemen-
tation. We reportresultsobtainedby applyingthe proposed
batterylife estimationmethodologyon threesystemimple-
mentationsSYS1,SYS2andSYS3,of the TCP/IP network
interfacesubsystemshown in Figure 1. In the first imple-
mentation(SYS1),the incoming pacletsare processedn a
pipelined manner;for example, while Chksumis process-
ing one paclet, Create Padket startswriting the next paclet
to memory Figure 8(a) shavs the arrival and processingf
pacletsover time for SYS1. The cumulatize currentprofile
for this systemis shavn in Figure8(b), with thetotal current
(in mA) plottedovertime (in ms). Alternative waysof pro-
cessinghe pacletsleadto the secondSYS2)andthe third
(SYS3)implementationsasshawn in Figures 8(c)and 8(e)
respectiely. Thecorrespondingurrentprofilesareshovnin
Figures8(d) and 8(f) respectiely.
Table2: Characteristicef ExampleDischage Profiles

System || Max_Cur | Avg_Cur | % SlotsAbove | %]Idle | Lateny
(mA) (mA) RatedCurrent Slots (ms)
SYS1 380 175 100 0 25
SYS2 330 154 60 0 25
SYS3 330 85 30 40 5.0

Table 2 shovsthecharacteristicef thedischageprofiles,
in termsof themaximumcurrent(Max Cur), theaveragecur-
rent (Avg Cur), percentag®f time slotswith currentabove
theratedcurrent(% Sots Above Raed Currert), percentage
of idle slotsin the dischage demand(% Idle Sots) andfi-
nally thelateng of processinghepaclets(Latency). For our
experimentswe useda Li-ion batterywith the following pa-
rameters Voc = 4.3V, Ve = 2.8V, andCiateq = 125mA.Table
2 shawvsthatneitherSYS1norSYS2haveary idle slotsin the
dischagedemandwhereasthe dischage demandor SYS3
has40%idle slots. It canbe noticedthat SYS1violatesthe
ratedcurrentmaximumnumberof timesamongthethreeim-

(d) ®

plementations.

We measuredhe Delivered SpecificEnegy (the enegy
deliveredby a batteryof unit weight) andthe Battery Life-
time for the above implementationsisingthe proposedat-
tery model. The batterymodel,we usedfor our simulation,
hasNominal Capacity(N)= 650,000charge unitsand Theo-
retical Capacity(T)= 1,000,000charge units obtainedfrom
theaccurat®DEmodelof theconsideredLi-ion battery The
re-chaging probabilitiesare appropriatelysetto accurately
modelthe batteryphenomena.

Table 3 shavstheresultsof estimationusingour stochas-
tic batterymodelfor thedischageprofiles.In ourestimation,
we repeatsimulationof ary givendischage demandill the
batteryis dischagedandreportthe deliveredspecificenegy
andbatterylifetime. Eachrow in thetablerepresent®neof
the exampleimplementationglescribedearlier Columns2
and3 reportthe deliveredspecificenegy andthebatterylife-
time whenonly the effect of Rate Capacityis modeled,as
proposedn [5, 6]. Similarly, columns4 and5 show estima-
tion resultswhenonly the effect of Recweryis considered,
like the modelproposedn [16]. Thelastthreecolumnsre-
portresultswvhenboththeRateCapacityandRecweryeffects
aremodeled,asproposedn this paper In this case,in col-
umn7,wealsoreportthenumberof pacletsprocessetiefore
thebatteryis completelydischaged.

It canbe seenfrom Table 3 thatthe differentimplementa-
tionshave significantlydifferentdeliveredenegy andbattery
lifetimes. For example,looking at columns6, 7 and8 in Ta-
ble 3,we seethatSYS1hasl.369Wh/Kg deliveredspecific
enegy and16875msof lifetime, andprocesse20250pack-
etsbeforethe batteryis dischaged. SYS2,whosedischage
profile has40%lessslotsabovetheratedcurrentthanthedis-
chage profile of SYS1(Table2), candrav morethantwice
as much deliveredenepgy from the samebatteryas SYS1,
andshaws four timesincreasean the batterylifetime aswell
asthe numberof pacletsprocessedHowever, SYS3,whose
dischage profile alsohas40%idle slots,enhanceshedeliv-
eredenegy andthe batterylifetime evenmoresignificantly
by afactorof 1.3and2.3overSYS2,respectiely. SYS3also
shavs 15%increasen thenumberof pacletsprocessed.

Table 3 also shows that both the Rate Capacity effect



Table3: Estimationof BatteryLife andDeliveredEnegy Using Stochastidviodel

RateCapacityEffect Recaoery Effect RateCapacity& Recovery Effect
Delivered Delivered Delivered
System || Spec.Enggy | Life Time Spec.Enegy | Life Time Spec.Enegy | Life Time Paclets
(Wh/Kg) (ms) (Wh/Kg) (ms) (Wh/Kg) (ms) Processed
SYS1 1.369 16875 13.357 163650 1.369 16875 20250
SYS2 3.754 67717 15.553 280543 3.754 67717 81260
SYS3 2.858 88383 32.924 1115616 4.974 153817 92290
Table4: Comparisorwith PDEmodel: SpeedandAccuragy
DeliveredSpec.Enegy Life Time Computation
System (Wh/Kg) (ms) Time
STOC | PDE [ %Err STOC [ PDE [ %Err STOC | PDE
SYS1 1.36 1.33 2.25 16785 17264 2.85 18.62sec | >1Day
SYS2 375 | 379 | 1.06 67717 | 65723 | 2.94 19.52sec | >1Day
SYS3 4.97 507 | 2.01 153817 | 154956 [ 1.00 40.35sec | >2Days

and Recwery effect needto be consideredsimultaneously
to be ableto accuratelymeasurehe significantdifferences.
For example,if only the RateCapacityeffectis considered
(columns2 and3), thedeliveredenegy andbatterylifetimes
obtainedor SYS1landSYS2areaccurateasthecorrespond-
ing dischage profilesdo not have ary idle times. However,
theestimatedor SYS3,which have significantidle times,are
very inaccuratesincethe Recwery effect is not considered.
Notethat,thoughthe fractionof currentabove theratedcur
rentis lessin SYS3thanSYS2(Table 2), the delivereden-
ergy calculatedfor SYS3is lessthanthatfor SYS2. Thisis
becaus¢heamountof offsetfrom theratedcurrentis morein
caseof SYS3thanin SYS2(whichis dueto inaccurag intro-
ducedby calculatingaveragecurrentinsteadof usinginstan-
taneougurrent).Ontheotherhand,whenonly the Recwery
effectis modeled(columns4 and5), we getsignificantim-
provementin deliveredspecificenegy for SYS3. However,
thevaluesof specificenegy deliveredfor all thethreecases
aresignificantlymorethanwhenonly the RateCapacityef-
fect is consideredsincetheseresultsdo not reflectthe di-
minishingbatteryefficiency dueto the RateCapacityeffect.
As notedearlier by consideringboth the effects simultane-
ously, our stochastienodelcanestimatehedeliveredenegy
andlifetimesaccuratelyasshown in thelasttwo columnsof
Table 3.

Finally, we validateour proposednodelby comparingit
with the accuratePDE model. Table 4 shaws the delivered
specificenegy andthe batterylifetimesfor the threeimple-
mentations,and correspondingpercentagesrrors. The last
two columnsshav the CPUtime for thetwo models.

Our experimentalresultsdemonstrateéhat our stochastic
model basedapproachis significantly fasterthan the PDE
model. Sinceit only takestime in the order of seconds,
asopposedo daystaken by the PDE model, our approach
canbeusedfor design-spacexplorationto identify the most
battery-eficientimplementatiorof a mobile embeddedys-
tem,whichis notpossibleto dowith theexisting PDEmaodel.
At the sametime our proposedapproachdoesnot compro-
mise on accurag, by modelingboth the Rate Capacityand
the Recwery effects,asopposedo the existing RateCapac-
ity basedestimationtechniquesg[5, 6].

7 Conclusionand Future Work

We have presented stochastienodelof batteryandaframe-
work for estimatingthe batterylife aswell asthe delivered
enegy for system-lgel designspaceexplorationof battery-

poweredmobile embeddedystems.The modelproposeds
fastenoughto enableterative batterylife estimationfor sys-
temlevel exploration. At the sametime, it is very accurate,
asvalidatedusinganaccurate®?DE model.In future,we will
usethe developedframawork for exploring how systemar-
chitecturescanbe madebattery-eficient and for suggesting
the optimum batteryconfigurationfor any HW/SW embed-
dedsystem.
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