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Abstract—A challenging aspect of mobile communications consists in
exploring ways in which the available run time of the terminals can be T
maximized. In this paper we investigate battery management techniques i
that can dramatically improve the energy efficiency of radio communi- |
cation devices. We consider an array of electrochemicatells connected 3

in parallel. Through simple scheduling algorithms the discharge from

each cell is properly shaped to optimize the charge recovery mechanism,
without introducing any additional delay in supplying the required power. del ol ed
Then, a traffic management scheme, that exploits the knowledge of the Iver
cells state of charge, is implemented to achieve a further improvement in

the battery performances. In this case, the discharge demand may be de- %
layed. Results indicate that the proposed battery management techniques N = .
improve system performance no matter which parameters values are cho- <

sen to characterize the cells behavior.

|. INTRODUCTION

As the popularity of radio communications equipments in-
creases, the reliability and energy capacity of batteries be-
comes a critical issue. Indeed, a greater battery capacity means N T
a anger run tl.me of the terminals, and therefore itis a d.etermll—'-i . 1. Margin of improvement for the capacity delivered by an arraf=
nating factor in the success of a product. Due to the disparity” cejis.
in the rate of technological advance in batteries and in portable
communications equipments markets, software/hardware solu- )
tions have to be found to improve the battery performance. Nidues. We consider a battery packageLotells' that can

As shown by experimental tests [1], [2], [3] and analyticape selectively schedgled. Concern.s about the _increase of the
results [4], [5], a greater battery capacity can be obtained rtable equipment size due to the mplementauon of the cells
using a pulsed current discharge instead of a constant curr&i2y: May be solved by considering lithium-polymer cells [8],
discharge. In fact, under a pulsed discharge profile the charger These cells can be shaped as needed and even made as
recovery mechanism inherent to many secondary storage b t as a credit card. Examples of systems that switch between

teries can be exploited. During the interruptions of the draine erent battery cells aIreedy exist, but at times su_ch cells are
current, so calledest time periodsthe battery is able to re- net connected in parallel since they are used to switch between
cover charge thanks to thdiffusion proces$4]. Longer rest different values of "0_“"?‘96 [10]. .

times translate into a greater capacity delivered by the battery -t US denote the initial charge of a cell By, and its max-

[6]. An application of the pulsed discharge technique and it§"um amount of available capacity . Fig. 1 illustrates the
benefits can be observed in GSM and other TDMA based syt2S€ forL=2. A capacity equal t&v can be drained from each
tems, where a high current is needed from the battery just d@€!l Py means of a constant current discharge. However, by
ing the packet transmission time (e.g., 587in GSM), other- using a proper pulsed Q|scharge technique, t.he region of deliv-
wise a value of current about 10 times lower is drained [7]. Fcﬁred capacity can be mcreased. Our goal s to find methods
a summary of the behavior of real batteries, please refer to [4f €xtend the region of delivered capacity up to the maximum

In this paper, we explore ways in which the energy efficiencl it. Indeed, in the presence of bursty data traffic, we may

. ) L X}e able to adjust traffic arrivals and battery discharge profile so
of mobile wireless communications can be enhanced throu . .
%at the recovery mechanism can be fully exploited.

the use of improved energy-efficient battery management tec "We apply simple scheduling techniques to efficiently dis-

[
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tribute the discharge demand among the cells. Indlay-
free approach the power supply is provided as soon as re-
quired. By using the battery model presented in [5], we show
that a significant improvement in battery capacity is achieved.
When scheduling algorithms are used in conjunction with traf-
fic shaping, the battery is always able to deliver its maximum
available capacity even for high traffic arrival rates. In this case
the price to pay is a small additional delay. This approach is
namedo-delay-free

The discharge policies proposed may not be the optimal
since our objective here is to show that energy efficiency can
be enhanced by exploiting battery characteristics in innovative
ways. In any case, the search for optimality must also be bal- @
anced against the need to accurately model batteries and to
keep the overall system as simple as possible.

The reminder of the paper is organized as follows: Sect. Il
describes the delay-free battery management techniques;
Sect. Ill introduces the postulated cell model, presents the
analysis carried out to derive the battery performance when
delay-free schemes are implemented, and shows some results;
Sect. IV illustrates the proposed no-delay-free technique and
obtained improvements; finally, Sect. V concludes the paper.
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Il. DELAY-FREEBATTERY MANAGEMENT TECHNIQUES

We consider that the battery package is composed of an array
of L cells. The battery discharge demand is driven by Poisson (b)
distributed traffic arrivals. We assume a discrete time systegy. 2. scheduling algorithms applied to the cells discharge: (a) random (RD):
with time slot length equal to 1 and we defingh arrival as (b) round robin (RR).
the event that one or more packets arrive in a time slot. Thus,
considering a Poisson process with rBteat each time slot the

probability thati packets arrive is to drain the required current supply is always equal to one time

slot.
Rie— R The first technique that we consider is a random scheme, in-
a; = i>0. (1) dicated by RD, such that a job arrival is directed to each of the

it L cells with probability equal ta / L, regardless of the number
Denoting the job inter-arrival time by, the probability that of packets constituting the job. The packet arrival process at
the inter-arrival time is equal tb time slots is geometrically each cell is still Poisson but with rate equalRg_L. A graphi-
distributed cal representation of the RD scheme is given in the upper pic-
ture of Fig. 2.
P{r =k} = e B=U(1 — ¢~ F) 2) The second technique is the round robin scheduling shown
in the lower picture of Fig. 2. The job arrivals are directed to
The usual method to drain power from cells connected ithe cells by switching from a cell to the next one. In this case,
parallel is to draw off the same amount of current from all thehe distribution of the job inter-arrival times is derived by con-

cells whenever a power supply is required. Thus, we consideslving L probability functions, whose expression is written in
that as soon as a job arrives, all theells are discharged for (2). ForL = 2, we have
a time duration equal to one slot and the drained current for

each packet is equal ty L the required supply. Note that the P{r =k} = (k—1)e k=2 (1 —e7F)2. )
packet arrival process at each cell is Poisson with Ratnd

the distribution of the inter-arrival time is as in (2). We refer to 1. D ELAY-FREE APPROACHPERFORMANCE

this scheme as the joint technique (JN). In order to derive the battery performance when the schedul-

Here, we apply to the cells array two different schedulingng algorithms described in the previous section are applied to
techniques and we compare their performances with those dke discharge process, we adopt the cell model presented in [5].
rived by using the JN method. We point out that both the folHere, we just give a succinct description of the model to let the
lowing scheduling algorithms are independent of the cells stateader understand the following analysis; more details can be
of charge and assume that at each job arrival the time necessfynd in [5].



being in phas¢ is

ri(f) = ao—p;(f) j=1,...N—-1 (5
TN(f) = Qo - (6)

It is worth mentioning that a good agreement was found be-
tween the results predicted by the postulated stochastic model
Fig. 3. Stochastic process representing the cell behavior. and those obtained from a numerical code that solves the
partial differential equations that model the underlying fine-
grained electrochemical phenomenon. This code was devel-
A. The Cell Model oped independently by Newman and others in the Department
t?cr Chemical Engineering at UC Berkeley. The program was
modified to let the discharge of the cell be driven by a stochas-
éid:cprocess representing the data packets generation [11].

The transient model, shown in Fig. 3, tracks the stochas
evolution of a single cell from the fully charged stafé)(to the
completely discharged state (0). Discharges occur at stocha
instants determined by the discharge pattern and recovery Mgy performance Analysis
occur whenever there is no discharge. Each fully charged cell ) . ) o
is assumed to have an initial charge equaMaharge units 1 n€ time period between the end of a job transmission and
and a maximum available capacity equaltoharge units. The the arrival of the next job at the cell is the cell rest time. When

amount of capacity necessary to transmit a packet is considefdyarrival occurs, the required charge units are drained in atime
equal toc, charge units slot duration. We define the cell rest time and the following
P

Let us definey; to be the probability that charge units are time slot, where the arrival takes place, asyale time Then,

required in one time slot, i.e., the probability thit, pack- we model the discharge process of the single cell by consid-

ets arrive. During the discharge process, different phases &g Just the time instants corresponding to the end of cycle

identifi i h ility of the cell'™eS . " -
EZéﬂe;rtl!:; ?}fﬁgrd'gg to) tstzrtgcrci) gﬁ{ﬁggg?b&gg e tur?itge In each of the discharge phases the transition probabilities

have been drained from the cell and ends when the amountpdff) andri(f) (¢ = 1,..,N; f ~ 0, B fm‘”’.) are constant
discharged capacity reachés, ; charge units. The probabil- values, thus we start our analysis deallng.\./wth the four phases
ity of recovering one charge unit in a time slot, conditioned O@?;Z;agl)s/.tg/t\s de??f:’%@ (CJZ tgﬁgr%%igmifg?oﬁgg:

ing i j h [ . . o e
being in statg and phas is units, and conditioned at being in phage Similarly, w?j(f)
is defined as the probability to remain in the same state

( age—9n(—)—9c(f) ” :
=1 N1 and z} ;(f) as the probability to move to statet i. Since
?‘ _0 ’ each packet transmission implies the consumptief) charge
pi(f) = - (4) units, i.e. ¢, backward steps in the chain shown in Fig. 3, while
! age—IN(N—=i)—gc()d; each recovered charge unit corresponds to one forward step, we
j=1,...N —1 canwriteforl = 1,...,.N — 1
\ f=1 fmas vij(f) = P{arrival of j packets} -
whereg, andg. are parameters that depend on the recovery . P {Tec‘?very :.j cp—ilLf} (")
capability of the battery. In particular, a small valueyqfrep- w;(f) = P{arrival of j packets} -
resents a high cell conductivity, while a large corresponds P {recovery = je, |1, f} (8)
to a high internal resistance, i.e., a steep discharge curve for Zij(f) = P{arrival of j packets} -

the cell. The value oj. is related to the cell voltage drop dur-

ing the discharge process, and therefore, to the discharge cur-
rent. We assume that, is a constant, whereas is a piece- where
wise constant function of the number of charge units already

P {recovery = je, +i |1, f} (9)

drawn off the cell, that changes value in correspondence with P{arrival of j packets} = a; . (10)
dy (f =1, ..., fmaz)- . Since the cell state of charge cannot exc@gdstarting from
We havedy=0 anddy,,,.+1 = T, while ford; (f = statel acell can recoveN — charge units at most in a rest time

1, ..., fmaz) @nd the corresponding. proper values are cho- period. The probability to recoven (0 < m < N — [) charge
sen in order to match the discharge of the cell to experimentghits during a rest time period can be easily derived looking at
results. The values taken by these parameters greatly vary @&y, 3,

pending on the considered battery technology as well as the

o0
current level drgwn off the-ce.zll. . P{recovery =01, f} = ZP{T = k+ 1}k (11)
The probability to remain in the same state of charge while 0



P{recovery =m > 0|1, f} = Z P{r=k+1}

Di(f) - prem 1 (O () + o+ e (O]

substituting (2) in (12), we have

P{recovery =m |1, f} = (1 —e ) Bm.

e(f) - prym—1(f)]

{1—e )+ .. +rem(H}

Let us defineu,(f;)(h,n) as the probability to reach state
(0 < e < N) starting from staté (1 < [ < N) in n cycle
times, consuming charge units, and conditioned at being in L

(12)

For instance, in the case of Poisson traffic and> 0, by

(13)

the phase of discharge Forn = 1 andh > 1, we can write

Z;’;[L] aj fore=0andh=N
ull(h, 1) = ’ (14)
an fore>0andh =N —e¢
P{recovery =h—1|1, f}-
E;’;[L] aj fore =0
vl (f) for0 <e<l
uD(h,1)=4 0w
wlCL (f) fore=1
zé_li(f) fore > 1
\ " ep
1<1< N.(15)

j=1
L%J N—I
Zgyj (f)ul(—{—)z,e(h - jcp, n— ]-)
Jj=1 i=1
1<I<N (17)
[ ]
W) = 37 wh(al)h=jep,n—1) +
j=1
%J N—1
Zil,j(f)ugi)i,e(h —jep,m—1). (18)

1 =1

J
Egs. (16)-(18) can be solved iteratively for each possible value
of handn (n < (dy41 —dy)/cp) with the boundary conditions

ul(f) (h,n) =0

,€

forn>1,h <c,andvi,e. (29)

The probability that the discharge process passes from ghase
to phasef + 1 at the end of. cycle times and having consumed

h charge units, is equal to the probability to drair: h charge
units inn — 1 cycle times without leaving phagé multipled

by the probability to spend — k& charge units during the last
cycle time. Clearly, this can be easily computed once we solve
(14)-(18).

At this point, we can derive the average number of charge
units, A.,, drained from a cell during the discharge process.
For the sake of simplicity let us consider just two phases of
discharge (=0, 1). Three different events may occr) the
discharge process ends in the state 0 afteycle times while

Forn > 1, two different cases have to be considered. If thgging in phas¢ = 0 and having consumed (h < T) charge
number of charge units consumed during phAseless than its:(ii) the discharge process ends in the state 0 aftyrcle

or equal to(ds4+1 — dy), the process will still be in phasgat

times while being in phas¢ = 1 and having consumet

the end of: cycle times. Instead, if the amount of charge unit%h < T) charge units(iii) T charge units are consumed after

drained while being in phasgis greater thatid;+1 —dy), the

process will enter phasg+ 1 at the end of thex-th cycle.

The e\{olut'ior) of the process far > 1 andh §uch .that' the the beginning of the discharge process, the probabilities of the
process is still in phasg at the end of: cycle times is given  ihree events are

by the following equations

us\f,)e(h, n) =

]

| mingiep,n-1)

S|

(f)
AUy ;e
1

[
Il
~.
Il
—

(f
ul,e

]

N2

(h‘, n) =

| mingiep,i-1)

Z ’Ué,j (f)ul(f)ze

=

S =

<.
Il
-

(h—jep,n—1)

(16)

n cycle times without having the process reached state 0.
Since the cell is assumed to be in phésend stateN at

ul%(h,n)

fh<diorn=1

P{(i) | h,n}= R (20)
Z:ll Zs:l us\?,)s(k’ n— 1)
uly(h =k, 1)
if h >d, andn > 1
P{(ii) | h,n} =



N
. . N=25, g\,=0.05
3 ul(jym — 1l (k — §,1) - N
s=1 k=d; j=1 14
0.9
uilg h—k,n— m)] (21) 0.8
0.7
P{(iii) | n} = 0.6
N N di—1 0.5
Z {Z ug\?)s(k,n 1)ug?e (T -k, 1)+
e=1 \s=1 k=1 O 0.4
= 0) (1
>3 [ulh i myu (T = diyn —m)+ 03
m t=1
N T-1 dlfl
0 . 0 .
3 ulh (G m — Dl (k — 4,1) 02 b
s=1 k=d; j=1
(1) T _kon— 22 0.15
ute (T =k, m)” (22) 01 02 03 04 05 06 07 08 09

Thus, we have average packet arrival rate

T N=25, g,=0.001
Acuzz<2h-P{(i)|h,n}+ 14
n h=1 0.9
T 0.8
> h-P{(ii) | hyn} + T - P{(iii) | n}> . (23) 0.7
h=d;+1 0.6
The mean number of packets actually transmittég, re- 0.5
sults as the ratio of the total average number of charge unit§D 04
drained from the array of cells to the number of charge units '
consumed per packet,
0.3
Apy=L-Ac/cp . (24)
If we consider as a performance index the ratiodgfto the 0.2
maximum number of packets that can be transmitted by the ‘ ‘ ‘ ‘
cells array, we have 0.15 [ SN S H T E
01 02 03 04 05 06 07 08 09
G=(Ap-cp) /(T L)=Ac/T . (25) average packet arrival rate

Therefore, knowmgélcu IS suff|C|ent' to derive .the system per- Fig. 4. Gain obtained applying different discharge techniquesieR5,
formance, and, once we characterize the arrival process at eacgnpzzoo, andgn varying. CJ=joint discharge; RD=random; RR=round
cell, we can just analyze the behavior of the single cell. robin.

C. Results
The behavior of the performance indéx is derived for case of the RR and RD schemes, the cell rest time period is

delay-free schemes as a function of the average packet arrif@itger. Thus, even if the current drained per packet from each
rate R. We assumé'=200, ¢,=L=2, andf,.. = 3. While cell doubles, the chance to recover becomes greater, in partic-
the value assumed fgf,... is based on experimental resultsular for high values of the mean packet arrival rate. Moreover,
[12], the value taken fof is much smaller than the maximum since the rest time duration under the RR technique is always
available capacity in real cells. This choice is due to the contWwice that experienced under the JN method, round robin is the
plexity in solving the analytical model for greater valuegof best scheme. Finally, for all the considered cases the gain that
however, simulations run for more realistic valuegofuali- ~We obtain increases gs, decreases, i.e., as the charge recov-
tatively give the same performance. ery capability of the cells improve.
Fig. 4 shows results fav=25 andyg, varying. Clearly, both Fig. 5 shows similar results faN=50. Here, the initial

the round robin (RR) and the random (RD) algorithms outpercharge of the cells is larger, therefore the number of charge
form the joint (JN) scheme. This is due to the fact that, in thanits the cells are able to deliver is higher. Notice that in the



Fig. 5.

case of the RR scheme apd=0.001, the delivered capacity
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Gain obtained applying different discharge techniquesiNe60, . .
T=200, andgy varying. CJ=joint discharge; RD=random; RR=round COmMputed as the ratio of the number of transmitted packets to

robin.

with respect to the results presented here for the RR method.

IV. ANO-DELAY-FREE APPROACH

In this section, we consider a battery management technique
that involves a coordination among the cells of the array and
drains current from the cells according to their state of charge.

Thanks to smart battery packages [13], it is possible to track
the discharged capacity of the cells. Our goal is to monitor
the cells status and make them recover as much as they need
to obtain the maximum available capacity from the discharge
process.

We define a lower threshold for the cell state of charge such
that whenever the state of charge drops to this value, the cell is
considerechot activeand current cannot be drawn off until re-
covery occurs. The event of the cell state of charge dropping to
a certain threshold can be easily revealed by the control appa-
ratus present in smart battery packages; the acquisition of the
information is therefore considered instantaneous.

Among the set of active cells, a round robin scheme is ap-
plied as described in Sect. Il. Whenever the state of charge of
a cell drops to the value of threshold, the cell is removed from
the set of active cells and allowed to recover. If none of the
cells is active, the packets that arrive are buffered and trans-
mitted as soon as a sufficient amount of charge is recovered.
We also assume that if a cell becomes not active while serving
a packet, the remaining necessary charge is drained from the
next active cell.

During the last phase of the discharge process the above
scheme is suspended and cells are just discharged as much as
we can since at this point recovery becomes quite unlikely.

In this scheme, an important parameter for the cell behavior
is the difference between the initial value of charyje and the
charge threshold that is chosen. We denote this quantify by
Of course, for a given threshold high&Tis, largerM can be
taken.

Results obtained by simulation are presented in Figs. 6-9
for ¢,=L=2 and fy,,,=3. We derive the mean packet delay
conditioned to being actually transmitted, and the throughput,

the discharge process duration. Note that here the performance
index(, previously considered, is always equal to 1, that is its
maximum value.

In Figs. 6 and 7 plots are obtained f6=200,¢,=0.05, and

approaches the maximum that can be obtained for almost agy varying. For any value of//, as the mean packet arrival
value of the average packet arrival rate.
We conclude that an efficient way to discharge a battery Ist the cells recover properly, the delay introduced between the
to guarantee to each cell a rest time long enough to recover.afrival of a job and the time instant of its transmission becomes
relevant performance improvement is achieved by adoptinggeeater. However, for small values df better performances
simple round robin technique and this improvement is eviderire obtained, especially for high values of the packet arrival
no matter which values for the cells parameters are consideredte. Note also that when a largé is considered, the through-
The performance of a modified RR algorithm, that operatgsut decreases as the arrival rate increases. This is because, as
taking into account the cell state of charge in the job assigrsoon as the discharge process starts, the cell quickly reaches
ment to the cells, has been derived by simulation. Howevehe value of threshold, that is far away from the initial charge.
no significant differences have been noted in the behavi@r of At this point, the recovery probability is low and the time to

rate grows, the average delay increases. In fact, in this case to
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Fig. 6. Average packet delay introduced when the proposed no-delay-fréég. 7.

Throughput obtained using the proposed no-delay-free technique.
technique is implemented’=200, g5 =0.05, andM varying.

T'=200,gn=0.05, andV/ varying.

wait before being able to resume the packet transmission bsfied to the cells array showed an increase in the battery per-
comes large; thus, the time period needed to drain from thgrmance. Improvement was observed regardless of the values
cell the total number of available charge units increases. WheBsumed for the parameters characterizing the cell behavior.
this effect takes place, we have to reduce the cell load by us-pnaiytical results indicated that performance can be signif-
ing a larger array of cells so that we move to a more favorab|ganly increased without introducing any delay in the packet
region of operation. transmission by implementing a round robin scheme. More-
In Figs. 8 and 9, the curves are presentedfe200 and  gyer, it was shown by simulation that a battery is able to deliver
9~=0.001. Now, the recovery capability of the cells is muchhe maximum available capacity at the expense of a fairly small
superior, thus, the achieved throughput is higher and the aveigditional delay and complexity when a round robin schedul-
age delay is far below 100 time slots even for an average packgg is combined with a simple traffic management technique.
arrival rate equal t0 0.9. Larger valuesidfgive better perfor- ¢ ihar work should address the problem of optimality for
mances since now ce!ls are able to quickly recovereven V\.'h r&ttery management techniques. The goal is to find the scheme
their state of charge is greatly reduced relative to the initig} ¢ gives the most efficient battery discharge performance

value.

We highlight that implementing the proposed battery man-
agement technique, a significant gain in performances is ob-
tained and this can be achieved with a reasonably small addi-
tional delay in the packet transmission for any value of the celll]
parameters. The improvement with respect to a simple round
robin scheme is evident; however, in this case a smart battgpy
package has to be used and a greater complexity is required.
(3]
V. CONCLUSIONS

In this paper, we explored battery management techniqugs
to improve the battery capacity, and therefore the run time of
communications devices. A battery package composed of &h
array of cells was considered. The combination of the char
recovery mechanism with traffic management techniques ap-

without significant additional cost and complexity.
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