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Abstract - This paper intr oducesa stochasticmodelof bat-
tery behavior, that emulates electrochemical mechanisms
that arekey to battery performanceunder pulseddischarge
conditions. A pulseddischargeallows chargerecovery dur-
ing the idle periods. Recovery dependson the stateof charge
of the battery and on the duration of the rest time period.
Using the postulatedmodel, we derive the impr ovement to
battery lifetime that results fr om pulsed curr ent discharge
dri ven by bursty stochastictransmissions. The resultsem-
phasizethe role of traffic shaping in the quest to enhance
battery behavior.

I . INTRODUCTION

Oneof thechallengingissuesin wirelesscommunicationsis
energy consumptionmanagement.In orderto supportusersmo-
bility, it is necessaryto makeavailablelight andreliablebattery-
poweredapparatus.Sincethe advancesin batterytechnology
aremuchslower thanthe market evolution, effective solutions
to extendbatterylifetime at reasonablecostarestill needed.

Two findingssuggestthat therecanbe roomto dramatically
improve the performanceof communicationdevices. On one
hand,severalpapers[1], [2], [3], [4], [5] haveshown thatbattery
efficiency canbeimprovedby usinga pulsedcurrentdischarge
insteadof a constantcurrentdischargedueto thechargerecov-
ery processthat takesplacein the batteryduring the idle time
periods,calledrest time. On theotherhand,themajoramount
of currentdrainedfrom the batteryis consumedto supply the
power amplifierduringpacket transmissions.Our ideais to ex-
ploit thebenefitsof thepulseddischargein conjunctionwith the
burstinessthatoftencharacterizesthetraffic sources.

In [6] asummaryof themajorresultsregardingthebatteryca-
pacity andthe electrochemicalmechanismsthat effect the dis-
charge processis presented.Batteriesstorechemicallyactive
materialsanddeliverenergy throughelectrochemicalreactions.
Whenacurrentis drawnoff thebattery, two concurrentphenom-
enaoccur: i) the concentrationof the active materialsaround�
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the electrodedrops(polarization effect); ii) the active materi-
alsmovetowardthedepletionregiondueto thediffusion mech-
anismandreducethe concentrationsgradient. As the current
is drained,thepolarizationeffect overcomesthediffusionpro-
cessleadingto thebatterydischargebeforetheactive materials
areexhausted.Thisbatterydischargeis fasterwhenthedrained
currentis high. However, if the currentis interrupted,the po-
larizationeffect canbe overcomeandthe batterymay recover
someof its charge. Fig. 1 shows thevoltagebehavior of a lead
acid batterywhen impulsesof currentare drawn off [1]. As
it canbe clearly seen,the batteryis able to recover the initial
valueof voltageduring theresttime periods.However, there-
covery processdependson the idle time durationand on the
stateof chargeof thebattery;in particular, asthebatteryis dis-
charged,therecovery effect decreasesuntil all theactive mate-
rialsareconsumed,i.e., thetheoretical capacity of thebatteryis
exhausted.In theexperimentshown in Fig. 1, aslight reduction
of thebatteryvoltagecanbealreadyobservedafterfour current
impulsesweredrained.In [6] is proposedasimplemodelof the
batterybehavior duringthedischargeprocess,thatconsidersthe
recoverymechanismdependingon theresttimedurationonly.

Here,a moreaccuratebatterymodelis developedtakinginto
accountthedegradationof therecoverycapabilityof thebattery
asthebatterystateof chargedecreases.Theadvantagesof the
pulseddischargewith respectto theconstantdischargearede-
rivedthroughtheanalysisof thepresentedmodel.Then,a sim-
ple traffic shapingtechniqueis appliedshowing that discharge
shapingcanbea determinantof thebatteryefficiency.

I I . THE BATTERY MODEL

Weconsiderthetheoreticalcapacityof thebatteryasthemax-
imum numberof packetsthatthebatteryis ableto deliver for a
given valueof current. Assumingthat the amountof capacity
necessaryto transmitapacket is onecharge unit, wesetthethe-
oreticalcapacityequalto � chargeunits andwe set the initial
valueof chargeof thebatteryto � chargeunits. � is alsoas-
sumedto bethenumberof chargeunitsthatcanbedrainedfrom
thebatteryunderconstantdischarge.



1r rN-1
rN

0 1 N-1.  .  .

p

q Nq q q

1 p pN-1N-2

Fig. 2. Markov chainrepresentingthebatterybehavior.

Fig. 1. Performanceof a bipolar lead-acidbatterysubjectedto six currentim-
pulses.Pulselength=3ms,restperiod=22ms.

We representthebatterybehavior asa discretetime Markov
processwith initial stateequalto � and one absorbingstate,�
, correspondingto completedischarge(seeFig. 2). In caseof

constantcurrentdischarge the batterytransmits � successive
packetsandgoesfrom � to

�
in � time units. Usinga pulsed

discharge,thebatterycanpartially recover its chargeduringthe
idle time,andthustransmita numberof packetsgreaterthan �
beforereachingstate

�
.

Let usassumea Bernoulli packet arrival processwith arrival
probability � . Startingfrom � , ateachtimeunit, calledslot,one
chargeunit is lost if a packet arrivesandhasto be transmitted,

otherwisethebatterymayrecover onechargeunit or remainin
thesamestate.Therecoveryeffect is representedasa decreas-
ing exponentialfunction of the stateof charge of the battery.
Suchamodelwasusedin [7], wherethebehavior of thestateof
chargeof lead-acidbatterieswasstudied.

Therecoveryprobabilityatstate� is asfollows�	��
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where % is a parameterthatdependson thebatterytechnology
characteristics:assmaller % , asgreaterthe recovery capability
is. Thevalueof % hasto bechosenaccordinglyto the internal
batteryresistanceandthevalueof currentdrawn off thebattery.
Notethatin [6], �	� is consideredaconstantvaluefor all � , thatis
thedegradationof thebatteryrecoverycapabilityis neglected.

Theprobabilityto remainin thesamestateof chargeis& � 
���� � �'� � � 
(�)�" ! " #� � �*�& � 
���� �  (2)

As a measureof thebatteryefficiency, we considerthe ratio
of themeannumberof packets, +-, , transmittedduringthedis-
chargeprocess,to thetheoreticalcapacityof thebattery. In or-
derto calculate+ , , wenoticethatin thechainshown in Fig. 2,
a packet transmissioncorrespondsto a left transition,while a
chargerecovery correspondsto a right transition. Denotingby. the numberof time units to reachstate

�
startingfrom state� , andby / thenumberof right transitions,wefind that.0� �2143�/-5 (3)

moreover, thenumberof left andstationarytransitionsareequal
to /768� and .'� � � 3)/ , respectively.

Sincethe probability of makinga right transitionanda sta-
tionary transitionare statedependent,the joint probability to
reach

�
in . timeunitsmaking / right transitionsresultsas9 � / �:. � 
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wherethe indices
O"a

(for b 
c�)�! " ! #� � � 3 ) correspondto the
numberof right transitionsmadefrom stateb to statebd6 � , while
the indices � a (for b 
e���! ! " #� � �
� ) denotethe numberof
transitionsfrom a stateb to itself.

Now, we recognizethesecondpartof (4) astheconvolution
among� sequencesthathave thefollowing formNgf 6\++ Sih<j  (5)

Then,wecomputethesumof
9 � / �A. � over . by calculatingthek

transformof (4) respectto . at l 

� . Sincethe
k

transform
of the convolution of � sequencesis equalto the productof
the

k
transformof the � sequencesandthe

k
transformof the

sequencein (5) resultsasm>j B#C
N f 6n++ Sih	j 
 ����o� h � j ; P (6)

weobtain9 � /�� 
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Dueto thelimited theoreticalcapacityof thebattery, at most� packetscanbetransmitted;thus,theratioof themeannumber
of transmittedpacketsto thetheoreticalcapacityisu7v 
 + ,�
xwzy �<W= BMC � /768�{� 9 � /���6n� w m= B y �<W|; P 9 � /���  (8)

Noticethatit holds: �-}U��~ u v ~ � , andasgreater
u v

is asthe
pulseddischargeoutperformstheconstantcurrentdischarge.

I I I . RESULTS

Performancesobtainedfor � 
(� ��� in thecaseof bothpulsed
and constantdischarge conditionsas functionsof the average
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Fig. 3. ��� vs. theaveragepacket arrival ratefor � =100, � =0.1,and � varying.
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Fig.4. ��� vs. theaveragepacketarrival ratefor � =100, � =0.01,and � varying.

packet arrival rate are plotted in Figs. 3 and 4. The curves
markedwith “PD” and“CD” arerelative to thepulsedandcon-
stantdischarge,respectively.

As expected,given � , performancesimproveas � increases.
Moreover, by comparingthe two plots, it is evident that for a
given � (namely � =10, 50), a highergain is obtainedunder
pulseddischargewhentherecovery capabilityof thebatteryis
greater. More interestingly, Figs. 3 and4 show that

u v
stays

closeto its lowestvaluewhentheaveragepacketarrival ratebe-
comesgreaterthan0.5, no matterwhat � or % areused.This
finding revealsthatanefficient dischargeprofile canbea more
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Fig. 6. Averagepacket delaydue to the applieddischarge shapingtechnique.� =100, � =0.1,and � varying.

significantdeterminantof batterylife than � , theinitial charge
storedin the battery, and % , the recovery capabilityof thebat-
tery.

Figs.5 and6 illustratethe resultsfor � =100and % =0.1 ob-
tainedwhena simpledischargeshapingis adopted.Thepacket
arrival processis assumedto be Bernoulli asbefore,but after
eachpacket transmission,the batteryis let recover for at least
one time slot; if needs,packets are buffered and transmitted
later. From Fig. 5, it can be seenthat a significantimprove-
mentis achievedthanksto theshapingtechniqueappliedto the
dischargeprocess.In this case,

u v
is alwaysgreaterthan ��}Q�

even for high valuesof the packet arrival rate. However, the
price to pay is the delaythat we introducein the packet trans-
mission.Thebehavior of theaveragepacketdelay, computedby

averagingover thepacketsthatareactuallytransmitted,is pre-
sentedasa functionof thepacketarrival ratein Fig.6. Fromthe
presentedplots it is clearthat holding � constantandincreas-
ing � , highervaluesof

u v
areobtained,but alsolargerdelays

areintroducedwhenthepacketarrival ratebecomesgreaterthan
0.4.

Batterysystemswill bemoreefficient if they cancarryvery
high recoverycapabilityor if theinitial valueof chargeis high.
However, our resultssuggestthatperformancecanbeenhanced
significantlyfor any kind of batteryby usingdischargeprofiles
thatallow thebatteryto properlyrecover. We concludethat in
orderto provide efficient batterysystemsat a low cost,efforts
shouldbe focusedon defininga smarttraffic shapingpolicy to
beusedin conjunctionwith pulseddischargeratherthanonbat-
tery designalone.It is evidentthatthetradeoff hereis between
batteryefficiency andpacketsdelay.

IV. CONCLUSIONS AND FUTURE WORK

In this papera modelof the batterytaking into accountthe
dynamicbehavior of the recovery mechanismwas presented.
An analysisof the postulatedmodelwascarriedout to derive
the batteryperformanceunderpulseddischargeasratio of the
averagetransmittedpackets to the maximumavailablebattery
capacity. Resultssuggestthat greatbenefitsareobtainedfrom
the pulseddischargemethodif the batteryis let recover prop-
erly. A simpledischargeshapingtechniquewasappliedshowing
thatperformancecanbegreatlyincreasedif a properdischarge
profile is adopted. Furtherinvestigationof discharge shaping
methodsis requiredto find theoptimaltradeoff betweenbattery
efficiency andpacket delay. Also, an importantstepin the fu-
turework will bethevalidationof theproposedmodelthrough
experimentaltrialsusingdifferentbatterytechnologies.

It is worth to noticethatalthoughin thispaperthebatterydis-
chargeprocesswasrelatedto packet transmissions,theshowed
advantageshold for any battery-poweredapparatussupporting
applicationsthatallow pulseddischarge.
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