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Abstract - This paper intr oducesa stochasticmodel of bat-
tery behavior, that emulates electrochemical mechanisms
that are keyto battery performanceunder pulseddischarge
conditions. A pulseddischarge allows chargerecovery dur-
ing theidle periods. Recovery dependson the stateof charge
of the battery and on the duration of the resttime period.
Using the postulated model, we derive the improvementto
battery lifetime that resultsfrom pulsed curr ent discharge
driven by bursty stochastictransmissions. The resultsem-
phasizethe role of traffic shapingin the questto enhance
battery behavior.

|. INTRODUCTION

Oneof the challengingissuesn wirelesscommunicationss
enegy consumptionmanagementn orderto supportusersmo-
bility, it is necessaryo make availablelight andreliablebattery-
poweredapparatus.Sincethe adwvancesin batterytechnology
aremuchslower thanthe market evolution, effective solutions
to extendbatterylifetime atreasonableostarestill needed.

Two findingssuggesthattherecanbe roomto dramatically
improve the performanceof communicationdevices. On one
hand severalpaperd1], [2], [3], [4], [5] have shonnthatbattery
efficiengy canbeimprovedby usinga pulsedcurrentdischage
insteadof a constanturrentdischage dueto the chagerecov-
ery procesghattakesplacein the batteryduring the idle time
periods,calledrest time. On the otherhand,the majoramount
of currentdrainedfrom the batteryis consumedo supplythe
power amplifierduring packet transmissionsOur ideais to ex-
ploit thebenefitsof the pulseddischagein conjunctionwith the
burstinesghatoftencharacterizethetraffic sources.

In [6] asummaryof themajorresultsregardingthebatteryca-
pacity andthe electrochemicamechanismshat effect the dis-
chage processs presented.Batteriesstorechemicallyactive
materialsanddeliver enegy throughelectrochemicaleactions.
Whenacurrentis dravn off thebattery two concurrenphenom-
enaoccur: i) the concentratiorof the active materialsaround
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the electrodedrops(polarization effect); ii) the active materi-
alsmove towardthedepletionregion dueto the diffusion mech-
anismand reducethe concentrationgradient. As the current
is drained,the polarizationeffect overcomeshe diffusion pro-
cesdeadingto the batterydischage beforethe active materials
areexhaustedThis batterydischageis fasterwhenthedrained
currentis high. However, if the currentis interrupted the po-
larization effect can be overcomeandthe batterymay recover
someof its chage. Fig. 1 shawvs the voltagebehaior of alead
acid batterywhenimpulsesof currentare drawvn off [1]. As
it canbe clearly seen,the batteryis ableto recover the initial
valueof voltageduringtheresttime periods. However, there-
covery processdependson the idle time durationand on the
stateof chageof the battery;in particular asthe batteryis dis-
chaged,therecovery effect decreaseantil all the active mate-
rialsareconsumedi.e., thetheoretical capacity of thebatteryis
exhaustedIn theexperimentshovnin Fig. 1, aslightreduction
of thebatteryvoltagecanbealreadyobsenedafterfour current
impulseswveredrained.In [6] is proposeda simplemodelof the
batterybehaior duringthedischageprocessthatconsiderghe
recovery mechanisndependingn theresttime durationonly.

Here,a moreaccurateébatterymodelis developedtakinginto
accounthedegradatiorof therecovery capabilityof the battery
asthe batterystateof chage decreasesThe advantage®f the
pulseddischage with respecto the constandischage arede-
rivedthroughthe analysisof the presenteanodel. Then,a sim-
ple traffic shapingtechniqueis appliedshoving thatdischage
shapingcanbe a determinanof the batteryefficiency.

Il. THE BATTERY MODEL

We considethetheoreticatapacityof thebatteryasthemax-
imum numberof pacletsthatthe batteryis ableto deliver for a
givenvalueof current. Assumingthat the amountof capacity
necessaryo transmita packetis onecharge unit, we setthethe-
oretical capacityequalto T' chage units andwe setthe initial
valueof chage of the batteryto N chageunits. N is alsoas-
sumedo bethenumberof chageunitsthatcanbedrainedfrom
thebatteryunderconstantischage.



Fig. 2. Markov chainrepresentinghe batterybehaior.
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Fig. 1. Performancef a bipolarlead-acidbatterysubjectedo six currentim-
pulses.Pulselength=3ms, restperiod=22ms.

We representhe batterybehaior asa discretetime Markov
processwith initial stateequalto N and one absorbingstate,
, correspondingo completedischage (seeFig. 2). In caseof
constantcurrentdischage the batterytransmits N successie
pacletsandgoesfrom N to in N time units. Usinga pulsed
dischage,the batterycanpartially recoverits chageduringthe
idle time, andthustransmita numberof pacletsgreatetthan N
beforereachingstate .

Let usassumea Bernoulli paclket arrival processwith arrival
probability . Startingfrom N, ateachtime unit, calledslot,one
chageunitis lostif a paclet arrivesandhasto be transmitted,

otherwisethe batterymay recoser onechage unit or remainin
the samestate. Therecovery effectis representedsa decreas-
ing exponentialfunction of the stateof chage of the battery
Suchamodelwasusedin [7], wherethebehaior of the stateof
chageof lead-acidbatteriesvasstudied.

Therecovery probabilityatstate is asfollows

N (1)

where is a parametethatdependsn the batterytechnology
characteristicsassmaller , asgreaterthe recovery capability
is. Thevalueof hasto be choseraccordinglyto the internal
batteryresistancandthevalueof currentdravn off the battery
Notethatin [6], isconsideredconstantaluefor all , thatis
thedegradationof the batteryrecovery capabilityis neglected.

The probabilityto remainin the samestateof chageis

N
()

As a measuref the batteryefficiengy, we considerthe ratio
of themeannumberof paclets,— , transmittecduringthe dis-
chage processto the theoreticalcapacityof the battery In or-
derto calculate— , we noticethatin thechainshavnin Fig. 2,
a paclet transmissiorcorrespondgo a left transition,while a
chagerecovery correspondso a right transition. Denotingby

the numberof time unitsto reachstate startingfrom state
N, andby thenumberof right transitionswe find that

N ®3)

moreover, the numberof left andstationarytransitionsareequal
to N and N , respectiely.

Sincethe probability of makinga right transitionand a sta-
tionary transitionare statedependentthe joint probability to
reach in timeunitsmaking righttransitiongesultsas



N (4)
wheretheindices (for N ) correspondo the
numberof righttransitionsnadefrom state tostate  , while
the indices  (for N ) denotethe numberof
transitiondfrom a state to itself.

Now, we recognizethe secondpart of (4) asthe corvolution
amongN sequencethathave thefollowing form

(5)

Then,we computethe sumof over by calculatingthe

transformof (4) respecto at . Sincethe transform
of the corvolution of N sequencess equalto the productof
the transformof the N sequenceandthe transformof the
sequencén (5) resultsas

(6)

we obtain

(7)

Dueto thelimited theoreticakapacityof the battery at most
T pacletscanbetransmittedthus,theratio of themeannumber
of transmittecpacletsto thetheoreticakapacityis

T

N T (8)

T

Noticethatit holds: N T' ,andasgreater isasthe
pulseddischageoutperformghe constanturrentdischage.

I1l. RESULTS

Performancesbtainedor T in thecaseof bothpulsed
and constantdischage conditionsas functionsof the average
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paclet arrival rate are plotted in Figs. 3 and4. The curves
markedwith “PD” and“CD” arerelative to the pulsedandcon-
stantdischage,respectiely.

As expectedgivenT', performancegmproveasN increases.
Moreover, by comparingthe two plots, it is evident that for a
given N (namely N=10, 50), a highergain is obtainedunder
pulseddischage whenthe recovery capability of the batteryis
greater More interestingly Figs. 3 and4 shawv that  stays
closeto its lowestvaluewhenthe averagepacletarrival ratebe-
comesgreaterthan0.5, no matterwhat N or  areused. This
finding revealsthatan efficient dischage profile canbe a more



1.2 T T T T T T T
PD - N=10 —+—
CD - N=10 —-x---
PD - N=50 - |
CD - N=50 &

e}
R - e e e N
0.2 | e -
O | | | I | | |
0.1 02 03 04 05 06 07 08 09
average packet arrival rate
Fig. 5. behaior asa simpledischage shapingis applied. =100, =0.1,
and varying.
40 T T ! T T ! !
N=10 —— : : : :
35
- 30
5
[
- 25
s
S 20
()
g
5 15
>
®©
10
5

01 02 03 04 05 06 07 08 09
average packet arrival rate

Fig. 6. Averagepaclet delay dueto the applieddischage shapingtechnique.
=100, =0.1,and varying.

significantdeterminanbdf batterylife than vV, theinitial chage
storedin the battery and , the recovery capability of the bat-
tery.

Figs.5 andé illustratethe resultsfor T=100and =0.10b-
tainedwhena simpledischage shapings adopted.The paclet
arrival procesds assumedo be Bernoulli asbefore,but after
eachpaclet transmissionthe batteryis let recover for at least
onetime slot; if needs,paclets are buffered and transmitted
later From Fig. 5, it canbe seenthat a significantimprove-
mentis achievedthanksto the shapingtechniqueappliedto the
dischageprocessin thiscase, is alwaysgreatethanN T
even for high valuesof the paclet arrival rate. However, the
price to pay is the delaythat we introducein the paclet trans-
mission.Thebehaior of theaveragepacletdelay computedy

averagingover the pacletsthatareactuallytransmittedjs pre-
sentedasa functionof thepacletarrival ratein Fig.6. Fromthe
presenteglotsit is clearthatholding 7' constantandincreas-
ing NV, highervaluesof = areobtainedbut alsolargerdelays
areintroducedvhenthepacletarrival ratebecomegreatethan
0.4.

Batterysystemswill be moreefficientif they cancarryvery
high recorery capabilityor if theinitial valueof chageis high.
However, our resultssuggesthat performanceanbe enhanced
significantlyfor ary kind of batteryby usingdischage profiles
thatallow the batteryto properlyrecover. We concludethatin
orderto provide efficient batterysystemsat a low cost, efforts
shouldbe focusedon defininga smarttraffic shapingpolicy to
beusedin conjunctionwith pulseddischageratherthanon bat-
tery designalone.lt is evidentthatthe tradeof hereis between
batteryefficiency andpacletsdelay

IV. CONCLUSIONS AND FUTURE WORK

In this papera model of the batterytaking into accountthe
dynamicbehaior of the recorery mechanismwas presented.
An analysisof the postulatednodelwas carriedout to derive
the batteryperformancaunderpulseddischage asratio of the
averagetransmittedpacletsto the maximumavailable battery
capacity Resultssuggesthat greatbenefitsare obtainedfrom
the pulseddischage methodif the batteryis let recoser prop-
erly. A simpledischageshapingechniquavasappliedshaving
that performanceanbe greatlyincreasedf a properdischage
profile is adopted. Furtherinvestigationof dischage shaping
methodss requiredto find the optimaltradeof betweerbattery
efficiency andpaclet delay Also, animportantstepin the fu-
turework will be the validationof the proposednodelthrough
experimentaltrials usingdifferentbatterytechnologies.

It is worth to noticethatalthoughin this paperthe batterydis-
chage processvasrelatedto paclet transmissionghe shoved
adwantagedold for ary battery-peveredapparatusupporting
applicationghatallow pulseddischage.
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