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Abstract—In this work, a modelfor battery behavior taking into account
the recovery effect is presented.The recovery capability of the battery is
representedasan exponential function of both the stateof charge and the
dischargedcapacity of the battery. Using the proposedmodel, the benefits
of the pulsedbattery dischargerelative to the constantdischargeareshown.

Then, we intr oducea new battery managementtechnique,that, exploit-
ing the traffic shapingalgorithm leaky bucket, allows us to optimize the gain
obtained fr om the pulsed discharge and maximize the capacity obtained
fr om the battery. Results presentingthe effect of the proposedsolution
on the systemperformance are presentedfor different packet arri val pro-
cesses.

I . INTRODUCTION

As portableequipmentsenjoy agreatdealof popularity, ama-
jor challengeis to providebattery-powereduserswith light and
reliablesystems.However, this is atoughtasksinceadvancesin
batterytechnologyarequiteslow comparedto thegrowing rate
of thewirelessmarket.

Our work aimsat extendingthe lifetime of theexisting sys-
temsby introducinglow-cost batterymanagementtechniques
rather than developing a new batterydesign. We considera
portablecommunicationsystemwhere,exploiting theburstyna-
tureof traffic sources,a pulseddischargeof the batteryis per-
formed.

Severalworks[1], [2], [3], [4], [5], [6], [7] show thatabattery
pulseddischarge may significantlyoutperforma constantcur-
rentdischarge.Whencurrentis drainedfrom a cell1, activema-
terialsareconsumedat theelectrode/electrolyteinterfaceby the
electrochemicalreactionsandreplacedby theactivespeciesthat
movefromtheelectrolytesolutionto theelectrodedueto thedif-
fusion mechanism[8]. As theintensityof thecurrentdrawn off
the cell increases,the depletionof active materialsat the elec-
trode/electrolyteinterfacebecomessignificantandthe stateof
chargeof theelectrodedecreases.Dueto thesephenomenathe
cell is completelydischargedbeforeits theoreticalcapacityis
exhausted.However, if impulsesof currentare followed by a
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A cell is thebasicelectrochemicalenergy storagedevice. In this paper, the

wordscell andbattery areusedin aninterchangeableway.

resttime period,thecell is ableto recover its chargeduringthe
idle timethanksto thediffusionmechanism,andthetotalcapac-
ity deliveredby thecell greatlyincreases[1]. Moreover, in cells
characterizedby a low conductivity, e.g., lithium-polymerand
zinc-aircells,apulseddischargeallowsamuchhigherpowerto
bedrawn off thecell [1]. For thesereasonsrecovery comesup
asa key issuein batterydischarge.

In [9] the authorssummarizedthe behavior of an electro-
chemicalcell and presenteda model for the batterybehavior
assumingthat therecovery probabilityremainsconstantduring
thedischargeprocess.

In this paper, we developa moreaccuratemodelof the cell
behavior. The recovery effect is representedas an exponen-
tial functionthatdecreasesasthedischargedcapacityincreases
andthe stateof chargedecreases.The improvementsresulting
from a pulsedcurrentdischarge, relative to a constantcurrent
discharge, aremeasuredby computingthe averagenumberof
packets transmittedunderboth the operationalconditionsand
undervarioustraffic arrival processes.

Then,to maximizethedeliveredbatterycapacityfor any kind
of cell andarrivalprocess,weapplyto thecell dischargethewell
known traffic shapingalgorithm,calledleaky bucket [10]. Using
smartbatterypackages[11], thestateof chargeof thebatterycan
be monitored. Whenever the cell stateof charge dropsbelow
a certainthreshold,we let the batteryrest by interruptingthe
packetstransmissionattheterminaluser. Theproposedsolution
forcesalow ratepulseddischargeandguaranteesthatthebattery
haschanceto recover;in thisway, thewholetheoreticalcapacity
of thecell canbeexploited.

Theimpactof theproposeddischargetechniqueonthepacket
delay and throughputis studied in the presenceof different
packetarrival processes.

I I . PERFORMANCE OF CELLS UNDER PULSED DISCHARGE

In this section,we analyzethe stochasticevolution of a cell
from thefully chargedto thecompletelydischargedstate.Dis-
chargesoccurat stochasticinstantsdeterminedby thetraffic ar-
rival processandrecoverymayoccurwhenever thereis no dis-



charge.
To carry out our analysis, the following assumptionsare

made:
i) A singlecell of the batterysystemis considered;however,
the resultscan be easily extendedto the caseof several cells
connectedin seriesor in parallel;
ii) A discretetimesystemwith timeunit equalto oneslotdura-
tion is considered;
iii) For thesake of simplicity thebackgroundcurrent,i.e., the
valueof currentthatmustbeconstantlysuppliedto theportable
equipment[1], is neglected;only theamountof capacityneces-
saryto transmita packet is consideredanddefinedasa charge
unit;
iv) Eachfully chargedcell hasatheoreticalcapacityequalto � ,
andan initial stateof chargeequalto � charge units. Both �
and � aretakenasvariableparameters;
v) Therecovery effect is representedasa decreasingexponen-
tial functionof thecell stateof chargeanddischargedcapacity.
Sucha modelwasusedin [12], wherethebehavior of thestate
of chargeof lead-acidcellswasstudied.We definethreerecov-
eryvalues,��� , �	� , ��
 , suchthatwhile thecell is discharged,the
slopeof theexponentialfunctionrangesover thesevalues.This
approachallowsamoreaccuratemodelof therealcell behavior
[13];
vi) A multiple pulsed discharge is considered:ateachtimeslot�

chargeunitsarelost if
�

packetsarriveandhaveto betransmit-
ted,otherwisethebatterymayrecoveronechargeunit or remain
in thesamestate.However, therecoveryprocessendsoncethe
theoreticalcapacityis exhausted.

A. Multiple pulsed discharge

Thecell behavior is modeledasa transientprocessthatstarts
from thestateof full charge( 
���
���� ), denotedby � , andter-
minateswhenthestate� (correspondingto acompletedischarge
of thecell) is reached,or the theoreticalcapacityis exhausted.
We assumethat, dueto the limited theoreticalcapacityof the
cell, atmost � packetscanbetransmitted.

We considerarrivalsof burstsof packetsanddefine ��� asthe
probabilitythata burstof

�
packetsarrivesin onetime slot,and������������ �"! � � � . Thus,in eachtime slot thecell hasproba-

bility ��� to move from state# to #$� � , with �&%'#&()� , where
thepositionscorrespondingto #$� � %*� addto theprobability
to moveto 0.

As alreadymentioned,therecoveryprobabilityis modeledas
an exponentialfunction of the stateof charge and of the dis-
chargedcapacityof thecell. Therecoveryprobabilityat state+
after , packetshavebeentransmittedis asfollows

-�.0/ ,�12�
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(1)

where��Q =� , and R = and R � areparametersthatdependon the
recoverycapabilityof thebattery. In particular, we assumethat
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Fig. 1. Markov chainrepresentingthecell behavior.
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R = is aconstant,whereasR � is apiecewiseconstantfunctionof
thenumberof packetsalreadytransmitted,thatchangesvaluein
correspondencewith ��K ( P =1, 2, 3). Theprobability to remain
in thesamestateof chargeis

V . / ,W1?�'���L� - . / ,W1 + =1, DEDED , �����V = / ,W1?�'���XD (2)

Fig. 1 shows a graphicalrepresentationof the process.Notice
that in [9] - . / ,�1 and V . / ,W1 wereassumedto be constantY	+:Z[,
sinceit wasnonconsideredthedependenceon thecell stateof
chargeanddischargedcapacity.

Let usdenoteby \&] theaveragenumberof packet transmis-
sionsmadeduringthedischargeprocessstartingfrom state� .
Theratio of themeannumberof transmittedpacketsto thethe-
oreticalcapacityis takenasa measureof thecell performance.
In caseof pulseddischarge,wehave

^ ] � \ ]� (3)

where \_] canbecomputedfrom theMarkov modelpresented
in Fig. 1.

Moreover, weassumethatthechargeunitsdrainedfromacell
underaconstantdischargecanbefully utilizedby accumulating
chargein acapacitorwheneverit needs.Thus,thegainobtained
underconstantcurrentdischarge,resultsas

^ K � � � D (4)

Notice that:
^ K ( ^ ] (`� . Pulseddischargeoutperformsthe

constantcurrentdischargeto theextentthat
^ ] approaches1.

B. Results

Resultsshowing the benefitof the batterypulseddischarge
werealreadypresentedin [9] undertheassumptionsof constant
recovery probabilityandcell dischargedrivenby Bernoulli ar-
rivals.Here,thecell performancesarederivedby simulatingthe
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Fig. 3. bdc vs. e in caseof Bernoulliarrivals. U =100,200, f and T = varying.
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Fig. 4. bdc vs. e in caseof Poissonarrivals. U =100,200, f and T = varying.

Markov chainshown in Fig. 1 driven by differentarrival pro-
cesses.

We considerthat the valueof the thresholds� K ( P =1, 2, 3)
and the valuestaken by Rg� dependon � (seeFig. 2). These
parametersarechosensuchthatthebehavior of thecell stateof
chargeduringthedischargeprocesspresentsa realisticprofile.

First,letsusassumeaBernoulliarrivalprocesswith probabil-
ity � � = h thatonepacketarrivesin a time slot and � � �i�j�k� � .
Fig. 3 shows

^ ] versush for � equalto 100and200,as R = and� vary. As expected,given � (namely � =25, 50) theperfor-
manceimprovesastherecoverycapabilityof thecell increases,
i.e., R = decreases.In addition,for afixed R = , smallervaluesof^ ] areobtainedasthegapbetween� and � becomeslarger.

More interestingly, Fig. 3 shows that for any R = ,
^ ] ap-

proachesits lowestvalueas h increases,no matterwhat � is
used. This finding revealsthat traffic shapingmay be a more
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Fig.5. Markov chainrepresentingthecell dischargedrivenby Bernoulliarrivals
whentheleaky bucket techniqueis implemented.

significantdeterminantof batterylife than � , the initial charge
storedin the cell, and R = , the recovery capabilitycoefficient.
Whenwedealwith amoreburstytraffic, viz., thePoissonarrival
process,highervaluesof

^ ] areobtainedasshown in Fig. 4.
Here,weassumeaPoissonarrival processwith rateequalto h ,
� � � h � 7:9<l�nm (5)

wherethetimeslotdurationhasbeentakenequalto 1.

I I I . LEAKY BUCKET TECHNIQUE APPLIED TO CELL

DISCHARGE

Wenow applyto thecell dischargetheleaky bucket technique
[10] in orderto obtain

^ ] equalto 1 for any valueof � , R = , and
traffic load. Our ideais to interruptthedrainedcurrentandlet
thecell recoverwhenever thecell stateof chargedropsbelow a
certainthreshold.In thisway, themaximumnumberof packets,
correspondingto thevalueof thetheoreticalcapacity, couldbe
moreclearlyapproached.

Let us denotethe stateof charge chosenasthresholdby o .
Then,thequantity pq�i�r�Mo correspondsto thesizeof the
token buffer in the leaky bucket algorithm. Whenever the cell
reachesstateo , thepacket transmissionis stoppedandpackets
arriving at thesystemarequeuedin adatabuffer. Wedenotethe
databuffer sizeby s andassumethat s is largeenoughto guar-
anteeapacketlossprobabilityequalto zero.As soonasarecov-
ery takesplace,the cell gainsa chargeunit; then,if the queue
is not empty, a packet is transmitted.Thus,whenever thereare
queuedpackets,thecell chargecanbeat mostequalto o�t*� .
We considerasstatevariablesthesumof thenumberof tokens
(i.e., the charge units available in the cell) and the numberof
queuedpackets[10]. ThemodifiedMarkov chainrepresenting
thecell dischargeis shown in Fig.5 in caseof Bernoulliarrivals.
For , =0, D8DED , � wehave

uVwvg/ ,W12� V v / ,�1x���-<vy/ ,�1dt Vwvz/ ,�1|{ V~}v / ,�1��
V v / ,�1x�	�-�vg/ ,�1dt Vwvz/ ,W1

u- v / ,W1?� -�vg/ ,W1�� �-<vy/ ,�1dt Vwvg/ ,W1 { -B}v / ,�1?�
-�vg/ ,�1x� �-�vg/ ,W1dt V�vg/ ,�1

Vwv�� ��/ ,�1�� V�vg/ ,�1- v / ,�1dt V v / ,W1|{ -<v�� ��/ ,�1?�
-<vy/ ,�1- v / ,�1dt V v / ,�1 D (6)
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Fig. 6. Bernoulli arrivals: Cell performanceas function of e for T = =0.05,U =100,and � varying.

Resultsare derived by simulation in terms of throughput,
meanpacket delay conditionedto being actually transmitted,
andaveragenumberof thequeuedpacketsthatwill notbetrans-
mitted.Resultsshow thatby properlyselectingp , performance
canbeoptimizedasthecharacteristicparametersof thecell and
thepacketarrival processchange.

Plots obtainedin caseof Bernoulli arrivals and � =100 are
presentedin Figs.6 and7 as R = and p vary. FromFig. 6 it can
beseenthatfor R = =0.05betterresultsareobtainedfor low val-
uesof p , while Fig. 7 showsthatfor smallervaluesof R = , per-
formanceimprovesas p increases.Indeed,when R = assumes
significantvalues,therecoveryprobabilitygreatlyreducesasthe
cell statusof chargedecreases;thus,if thethresholdp is taken
closeto � the recovery is morelikely to occur. From Figs.6
and7 it canbealsoseenthat for boththevaluesof R = andfor
any valueof p , theaveragepacket delayincreaseswhenhigh
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Fig. 7. Bernoulli arrivals: Cell performanceas function of e for T = =0.001,U =100,and � varying.

valuesof the meanpacket arrival rateareconsidered.In fact,
in orderto let thebatteryrecoverproperly, thedelayintroduced
betweenthearrival of a packetandthetime instantof its trans-
missionhasto begreater. Moreover, whenhighvaluesof p are
considered,the throughputdecreasesas h accrues.This is due
to the fact that assoonasthe dischargeprocessstarts,the cell
statusof chargequickly reachesthethresholdo . At this point,
therecoveryprobabilityis low andthetimeto wait beforebeing
ableto resumethepacket transmissionbecomeslarge;thus,the
time periodneededto drain from the batterythe total number
of availablechargeunits increases.As expectedfrom whatwe
observedbefore,thedegradationof thethroughputis moreevi-
dentfor greatervaluesof R = . Finally, it is intuitively clearthat
theaveragenumberof queuedpacketsgrowsasthemeanpacket
arrival rateandthedischargeprocessdurationincrease.

Similarcurvesareobtainedin caseof Poissonarrivals.Fig. 8
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Fig. 8. Poissonarrivals: Cell performanceas function of e for T = =0.001,U =100,and � varying.

shows resultsfor R = =0.001and � equalto 100. Resultsim-
prove as p increases;however, it mustbe p�%�� andlarger
valuesof p imply greatervaluesof theinitial charge � . Com-
paringFig. 7 to Fig. 8, it canbe seenthat for large valuesofp (namely: 20, 30) the cell performanceimprovesin caseof
Poissonarrivalssincethearrival processis morebursty. Indeed,
for a given valueof the averagepacket arrival rate, a greater
burstinessallows thecell to benefitof a longerresttime period
betweentwo successivearrivalsandthediffusionmechanismis
betterexploited.

IV. CONCLUSIONS

Thepaperpresentedamodelof thesinglecell takinginto ac-
count the recovery effect. Resultsderived usingthe proposed
modelshow the actualbenefitsof the pulseddischarge. Then,
the leaky bucket techniquewas appliedto the discharge pro-

cessto take themostof thebenefitderiving from thecell recov-
ery. The deliveredbatterycapacitywasmaximizedat the cost
of introducinga delayin thepacket transmission.It wasshown
that thesystemperformancecanbeoptimizedby selectingthe
propersizefor the tokenbucket accordingto the cell recovery
characteristics.
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