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Abstract— In this paper, we propose and analyze the perfor-
mance of a dual-battery scheme which exploits the relaxation phe-
nomenon in batteries (under pulsed discharge conditions) to in-
crease the number of packets served during the life time of a bat-
tery in wireless mobile terminals. We first adopt a queueing the-
ory based approach to model and analyze a dual-battery scheme.
The batteries serve the packets based on random scheduling, i.e.,
a packet gets served by either the first or the second battery with
probabilities � and ����� ��� , respectively. We present an approxi-
mate analysis to derive the expression for the expected number of
packets served in the dual-battery scheme. We then study the per-
formance of the proposed dual-battery scheme using the Lithium-
ion battery simulation program from UC, Berkeley. We show
that the dual-battery scheme achieves increased number of pack-
ets served compared to a single battery scheme with intentional va-
cations, without compromising on the packet delay performance.
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I. INTRODUCTION

A challenging aspect in wireless mobile communications is
exploring different ways by which the ‘talk-time’ in wireless
mobile terminals can be maximized. In addition to develop-
ing low-power circuits/devices, efficient batteries and fuel cells,
other means of energy savings (for example, through design of
energy conscious protocols) in wireless networks have drawn
significant research attention. Another promising approach to
improving energy efficiency in mobile terminals is to exploit the
relaxation phenomenon in batteries [1]. Several studies charac-
terizing battery discharge behavior have shown that a battery
can deliver more if it is discharged in a pulsed mode rather than
in a continuous mode [2]. This is because of the relaxation
phenomenon in batteries by which a battery can recover its po-
tential if left idle after a discharge [1],[2].

The ability of a battery to recover its potential when left idle
following a discharge has motivated several studies to exploit
this phenomenon to increase battery life in wireless mobile ter-
minals [3]-[6]. The bursty nature of many data traffic sources
suggests that data transmission in communication devices may
provide natural opportunities (idle periods) for such recovery.
Single battery schemes which allow intentional vacations to the
battery in order to exploit the relaxation phenomenon have been
proposed and analyzed in [6], where it has been shown that al-
lowing intentional vacations can increase the number of pack-
ets served. However, such battery life gains came at the cost

This work was supported in part by the Swarnajayanti Fellowship, Depart-
ment of Science and Technology, New Delhi, Government of India, under
Project Ref: No.6/3/2002-S.F.

increased delay performance of the packets because packets are
buffered and not sent during the intentional vacations.

Our focus in this paper is to investigate multiple battery
architectures with a motivation to exploit the relaxation phe-
nomenon, but without compromising on the packet delay per-
formance. In multiple battery schemes, when one battery serves
a packet other batteries remain idle (during which the idle bat-
teries can recover). Therefore, multiple battery schemes natu-
rally allow recovery periods even without intentional vacations,
which can avoid the penalty of increased packet delay due to
intentional vacations. The key contribution in this paper is the
proposal and analysis of a dual-battery scheme, in which the
batteries serve the packets based on random scheduling, i.e.,
a packet gets served by either the first or the second battery
with probabilities � and 	�

����� , respectively. We evaluate the
performance of the proposed dual-battery scheme through ���
a queueing theory based analysis, and ��� simulations using the
Lithium-ion battery simulation program from UC, Berkeley [7].
We show that the dual-battery scheme achieves increased num-
ber of packets served compared to a single battery scheme with
intentional vacations, without loosing on the packet delay per-
formance.

II. BATTERY DISCHARGE/RECHARGE MODEL

As in [6], we model the discharge and recharge behavior
of the battery as shown in Fig. 1. While serving packets in
busy periods, the battery is assumed to loose charge linearly
at a constant slope of unity. During idle periods, the battery
is assumed to recharge linearly with varying slopes depending
on the battery level at the beginning of the idle period. Al-
though the discharge/recharge behavior in batteries are nonlin-
ear, the linear model considered here is an approximate, yet
useful, model which allows mathematical analysis of the perfor-
mance of various schemes that can exploit the relaxation phe-
nomenon to achieve increased battery life. The recharge model
is more clearly explained as follows. We divide the range of
charge from � to � using � threshold values, �����������! " ! !���"# .
The recharge slope is taken to be $%�%�&$'���" ! ! !�&$(#!)*� , respec-
tively, when the battery level at the beginning of the idle pe-
riod is in the range ��� to � , �+� to �%� ,. . . , � to �"# . By choosing
$ �-, $ �.,  " ! , $ #!)*� , the model ensures that the ability to
recharge reduces with decreasing battery level, as in real bat-
teries. Thus, the parameters �����%/ ’s, and $"/ ’s characterize the
recharge behavior.
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Fig. 1. Battery discharge/recharge model.
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Fig. 2. Dual-battery scheme with random scheduling.

III. DUAL-BATTERY SCHEME

The proposed dual-battery scheme is shown in Fig. 2. Two
batteries each with � charge units are considered. We model
the batteries as servers with finite capacities and packets as cus-
tomers to serve. We assume that the packet arrival process at
the mobile terminal is Poisson with rate F , and the service time
distribution is exponential with parameter G . A packet can be
served either by the first or by the second battery with proba-
bilities � and ( 

�.� ), respectively. When one battery serves a
packet, the other battery remains idle (i.e., takes a natural va-
cation). The batteries are assumed to discharge (during packet
transmissions) and recharge (during idle periods) as per the dis-
charge/recharge model described in Sec. II.

A. Performance Analysis

We are interested in analyzing the performance of the dual-
battery scheme, in terms of mean number of packets served and
mean packet delay. We define a cycle as shown in Fig. 3. In
order to find the expected number of packets served by the sys-
tem, we find ��� the expected number of packets served by both
the batteries till one of the battery expires (i.e., battery charge
goes to zero), and ��� the expected number of packets served by
the remaining live battery till it expires. To do that, we carry
out the following analytical steps:

1) obtain the distribution of the amount of charge left in each
battery at the end of its first busy period

2) obtain the expected number of cycles after the first busy
period of each battery till its charge goes to zero

3) obtain the expected number of packets served in each cy-

first busy period cycle

busy periodinherent idle period

Remaining
Work

Server1

Server2

time

time

time

first busy period of server1 cycle

first busy period of server2
cycle

Fig. 3. Definition of a cycle in the dual-battery scheme.

cle in each battery till any one battery expires
4) after any one battery expires, using the charge left in the

remaining live battery, evaluate the expected number of
packets served by it till it expires, by considering the sys-
tem as a single battery system without vacations.

Consider the busy period of a HJIKHJI 
 queue. Let L be a
r.v denoting the number of packets served in a HJIKHJI 
 busy
period. Let LNMPO packets are served in this busy period. LetQ

,
Q M 
 ��R��" ! " (��O , be the number of packets served by the first

battery during a HJI(HJI 
 busy period. Then 	SO � Q � packets
will be served by the second battery in the same busy period.
We use the following notations:TVU

,
T / : r.v’s denoting busy & idle periods of HJI(HJI 
 queueT � U , T � / : r.v’s denoting busy & idle periods of 1st batteryT � U , T � / : r.v’s denoting busy & idle periods of 2nd batteryW / : exponentially distributed r.v with parameter G .

We are interested in obtaining the distribution of the busy pe-
riods of the two batteries. Exact pdf expressions for these busy
periods are difficult to obtain. Hence, in order to facilitate the
analysis, we assume that the first battery serves the

Q
out of O

packets in a HJI(HJI 
 busy period continuously, and likewise
the second battery serves the remaining O � Q

packets continu-
ously. Note that in the actual system, the service of

Q
packets in

a HJIKHJI 
 busy period by the first battery can be discontinuous
(i.e., service of packets can alternate randomly between the two
batteries depending on the scheduling probability, � ). Hence
this assumption is expected to give approximate results. Later,
we will compare the results obtained through this approximate
analysis with exact simulation results.

With the above assumption, the cdf of the busy period of the
first battery can be written asX �3Y[Z$\^]`_ �ba Pr c
d packets are served in egf�egf%� busy period,

and h out of d packets are served by 1st battery,

and

ij k l ZVm
k ]n_(o�p (1)



The probability of having O packets served in the HJI(HJI�
 busy
period is given by [8]���������
	��
������ ��� ���� ��������� Z � ��� � 	 Z ��� ��! (2)

where " M F I+G . Eqn. (1) can then be written as#%$'&�(*),+�-/.10 2j 3 0 ( 3j 4 0 ( Pr 5 4j 6 0 (�7 6 +�-*8 9:0 3<; 4 packets are served by 1st battery => #%$?9:0 3 . > Pr
$ 4

out of 3 packets are served by the first battery
.0 2j 3 0 ( 3j 4 0 ( Pr @ 4j 6 0 (A7 6 +�-CB (3 �*D 3FE D3GE ( ��H 3<E ( $ (JI H . ( E D 3> � 3 4 ��K 4 $ ( E K . 3�E 4ML (3)

Since
W / ’s are NPORQ%S 	SG � , W MUTWV/CX � W / has Erlang distribu-

tion. The pdf of the busy period of the first battery can then be
obtained from (3), asY &�(*) $?-/.<0 2j 3 0 ( 3j 4 0 ( (3 � D 3FE D3FE ( � H 3�E ( $ (JI H . ( E D 3� 3 4 � K 4 $ ( E K . 3<E 4 Y 7 $?-/. (4)

where ZJ[ is given by the Erlang distribution, ZJ[ 	]\&� M^`_�^ba]c 4 E (Jd e�f _]g�^ba]c_ V g � c*h  Similarly, the cdf and pdf of the busy period
of the second battery can be obtained as#`$i& D )�+�-/.�0 2j 3 0 ( 3j 4 0 ( Pr j 3<E 4j 6 0 ( 7 6 +k-il (3 �*D 3FE D3GE ( � H 3<E ( $ (JI H . ( E D 3> � 33GE 4 ��K 4 $ ( E K . 3<E 4 ; (5)

Y & D ) $?-/.10 2j 3 0 ( 3j 4 0 ( (3 ��D 3GE D3GE ( � � 33GE 4 � @,m Ionm B @ H $ ( E K .$ (pI H . D B 3
@ K( E K B 4 > @ n $ n -C. 3<E 4 E (�qsrut $ E n -/.$ 3FE 4 E ( .sv B L

(6)

Next, we are interested in the distribution of the idle peri-
ods of the two batteries. The idle period of the first battery in
a cycle consists of two components, namely, the inherent idle
period in a HJI(HJI�
 queue and the busy period of the second
battery. Hence, the pdf of the idle period of the first battery can
be written as wRx ( 6 �3_ �ba wRx D ) �3_ �`y w�x 6

�3_ �{z (7)

where | denotes convolution operation, and ZJ} 6 	~\&� M F�� g,��a
.

Eqn. (7), in transform domain, can be written asw�x ( 6 �~� �ba w�x D ) �~� � p wRx 6 �~� �{z (8)

where Z } 6 	���� and Z } D ) 	*��� are given by [9]� x 6 �/��	�� ��s� ��� 	 ! (9)Y & D ) $i�*.10 2j 3 0 ( 3j 4 0 ( (3 � D 3GE D3GE ( � � 33GE 4 � @ m I�nm B @ H $ ( E K .$ (JI H . D B 3
> @ K( E K B 4 @ n� Ion B 3<E 4 L

(10)

Also, we can obtain the following Laplace Transform relationm� I m @ n� Ion B 3<E 4����� E m - n 3<E 4 $ n E m . E $ 3�E 4 .�R$ 3oE 4 .> m $?�R$ 3oE 4 . E ��$ 4 ; $ n E m .i-C.�.�R$ 3FE 4 . ; (11)

where � 	 Q � and � 	 � �{� � are, respectively, the Euler Gamma
function and the incomplete Gamma function, given by � 	 Q � M
	 Q � 
'��� � Q

: integer, and � 	 � �{� � M��o�a X�� \�� g � � g�a�� \ . From the
above, Z } ( 6 	]\&� can be written asY & ( 6 $'-C.�0 2j 3 0 ( 3j 4 0 ( (3 � D 3GE D3GE ( � � 33GE 4 � @ m Ionm B @ H $ ( E K .$ (pI H . D B 3 @ K( E K B 4

> @ � E m - n 3�E 4 $ n E m . E $ 3<E 4 . m $'��$ 3FE 4 . E �R$ 3FE 4 ; $ n E m .i-C.�.�R$ 3FE 4 . B L
(12)

Similarly, since the busy period of the first battery contributes
to the idle period of the second battery, the pdf of the idle period
of the second battery, Z } D 6 	]\&� , can be written asw�x D 6 �3_ � a w�x (*) �3_ �`y w�x 6

�3_ �{z (13)

which can be obtained asY & D 6 $'-C.�0 2j 3 0 ( 3j 4 0 ( (3 � D 3FE D3oE ( � � 3 4 � @ m I�nm B @ H $ ( E K .$ (pI H . D B 3 @ K( E K B 4
> @ � E m - n 4 $ n E m . E 4 m $ �R$ 4 . E �R$ 4 ; $ n E m .i-C.�.�R$ 4 . B L

(14)

We are now interested in obtaining the expected number of cy-
cles after the first busy period of each battery till its charge goes
to zero. Let �'� be a r.v denoting the number of cycles till the
charge of the first battery goes to zero, and let � � be a r.v de-
noting the number of cycles till the charge of the second battery
goes to zero. We first find   	~� � � . Let¡ Z k a£¢ Z k ��¤ Z k z (15)

where ¥ � / is the charge consumed during the busy period of
the first battery in the ¦ a~§ cycle, ¨ � / is the amount of recharge
gained during the idle period in the ¦ a~§ cycle, and © � / is net
charge gained (or lost) in the ¦ a~§ cycle. Let ��� be the r.v which
denotes the charge at the end of the first busy period of the first
battery. We need to findª Z � «/� �­¬ �:® �j k l Z°¯ Z k�± �³² Z�´¶µ (16)

Let  ·� ( 	~� � � denote expected number of cycles given that the
charge after the first busy period is � � . Then we have¸�¹ ( �sº Z � a �A»½¼¿¾ � ¹ (

� ¹ ( ¸À¹ (*(bÁ º Z�Â p Ã�Ä°Å (�( �]Æ Z Z �{z (17)

where ÇFÈ (�( 	*�+� ��� is the cdf of © � � . To obtain the distribution of© � / , we need to obtain the distribution of ¨ � / and ¥ � / . The dis-
tribution of ¨ � / is obtained as follows. Let �
É denote the charge
at the beginning of ¦ a~§ cycle and let

T � / denote the duration of
the idle period of the ¦ a~§ cycle of the first battery. Then ¨ � / =
min 	 $ V T � /���� �£�pÉ � , andÇGÊ ( 6 	]Ë�� M Ì ÇG} ( 6 	]Ë I�$ V � Ë�Í � �£�pÉ


 Ë , � �£�pÉ � (18)



where $ V ,
Q���� 
 ��R��! ! " � ! " ��� 
�� is the rate of recharge (as de-

scribed in Sec. II), which depends on available battery charge at
the start of the ¦ a~§ cycle. The value of

Q
,
Q��	� 
��2R��! " ! ( " ! �
� 
��

is determined by the charge threshold values between which �%É
lies. Since the battery discharge slope is unity, the distribution
of ¥ � / is the same as the distribution of

T � U . Hence, the cdf of�+� � in (17) can be written asÄ Å (�( �]Æ Z Z � a ¼ ���
�������� � ¹ (�(�� Ä�� (*( �]Æ Z Z » _ � w x (~) �3_ � Ã _�p (19)

To obtain  �� � ��� , we average  ­� ( 	]� � � as¸ Á º Z Â a ¼¿¾� ¸ ¾ � ¹ (MÁ º Z�Â Ä x (*) �]Æ Z � p (20)

We can obtain  �� �"� � by following similar steps used to obtain �� ��� � in the above.
Let � M ��¦6O �  �� �!/ � ��¦ M 
���R!� . Then the average number

of packets served by both the batteries till one of the battery
expires is given by

" Z �
� ���$# 	&%� � � � 	 � � ���$# 	:� � %� � � � 	 � � ���$# 	 �� � � � 	 µ (21)

Now, we need to determine the remaining charge available in
the battery which is alive (not expired yet) at the expiry time of
the other battery. Let ��¦ O �  �� �"/ � �{¦ M 
 ��R!� correspond to ¦ M('
and )' denote the complement of ' , i.e., when ' M 
 , )' M R and
vice versa. Then we have

# � ¼ ¾ (
� * ¾ ( � ¹,+-/. ª103254 x +- ) �C²768 	 ! (22)

where � �-� � is the charge left in the live battery at the expiry
time of the other battery. Note that, after one battery expires, the
live battery serves packets like as a single battery system with-
out vacations. Hence, the expected number of cycles elapsed till
� � � � charge units available in the live battery are exhausted
can be obtained as

*
. ª�0 � ¼ ¾ � ¾ (

� * ¾ � ¾ ( � ¹/. ª�034 x ) �/²R	 ! (23)

where Z�} ) 	~� � is the pdf of the busy period in a single battery
scheme. Therefore, the expected number of packets served, 9 � ,
by the live battery can be evaluated as described in [6]. The
expected number of packets served by the system till both the
batteries expire is then given by 9PM:9 � �(9 � .

IV. RESULTS AND DISCUSSION

We computed the expected number of packets served by the
proposed dual-battery scheme. The following system param-
eters are considered: � M 
"� � charge units for each battery,
number of thresholds � M<; , threshold values ��� M>=�?������ M
?%�����/@ M R�? , recharge slope values $%� M �  A �&$"� M �� ;��&$�@ M
�� &R��&$1B M �  
 , and service time parameter G`M 
 . Fig. 4 shows
the expected number of packets served, 9 , as a function " when
the battery scheduling probability � M �� C? , obtained through
the analysis. The results obtained through simulations (simulat-
ing the same analytical system model but without the approx-
imations made in the analysis) are also plotted. It is observed
that the dual-battery scheme offers increased number of pack-
ets served (more than R%� which will be the number of packets
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served if the batteries continuously serve packets without any
idle/vacation periods), particularly at low arrival rates where the
recharge due to idle periods can be more. It is further observed
that the analytical results reasonably match with the simulation
results. The difference between the performances predicted by
analysis and simulations is mainly due to the approximation we
made in deriving the busy period distribution of the batteries.
We essentially approximated the possible pulsed discharge dur-
ing a busy period as continuous discharge. Because of this, the
charge recovery is not fully accounted for, and this is the reason
why the analysis always underestimates the performance com-
pared to the simulations, as observed in Fig. 4. Also, the delay
performance of the dual-battery scheme will be the same as that
of the single battery scheme without vacation (i.e., same as the
delay in a simple HJIKHJI 
 queue [8]).

Fig. 5 shows the expected number of packets as a function of
the battery scheduling probability, � , for a given " value of 0.4.
It is noted that (as expected in random scheduling) the value of
� that maximizes the expected number of packets is 0.5. The
match between analysis and simulation is very close for � M �
and 
 . This is because when � M � or 1, the system essentially
behaves like a single battery scheme (i.e., one battery will con-
tinue to serve till it expires, and only then the second battery
starts serving). Because of this, only one battery serves during
a given busy period. Hence, the approximation made to obtain
the busy period distribution is not required when � M � or 1.
Fig. 5 also illustrate that the dual-battery scheme ( ��T �UT 
 )
serves increased number of packets compared to an equivalent
single battery scheme (� M � or 1).



Lithium-ion Battery Simulation Results:

We also studied the performance of the proposed dual-
battery scheme using the battery simulation program devel-
oped by the Chemical Engineering Department, UC, Berkeley
[7]. We evaluated the performance for the dual-battery scheme
with random scheduling (DBS-RD scheme) as follows. First,
we implement the packet arrival process, queueing and battery
scheduling algorithm in a separate program. We run this pro-
gram to obtain traces of the busy and idle periods of the two bat-
teries. These busy and idle period traces are then given as inputs
to the Berkeley Lithium-ion battery simulation program which
incorporates the actual (non-linear) discharge/recharge charac-
teristics of the battery. We run this battery simulation program
till both batteries fall below their cut-off voltages. Statistics are
collected during these simulation runs to obtain the expected
number of packets served and the mean packet delay.

Following a similar procedure, for comparison purposes, we
evaluated the performance of two ‘single battery like’ (SBL)
schemes, in which the first battery will continue to serve pack-
ets till it drops below the cutoff voltage and only then the sec-
ond battery starts serving. We consider a SBL scheme with
exhaustive service) (i.e., no intentional vacation), and another
SBL scheme with non-exhaustive service (i.e., allow intentional
vacations). In non-exhaustive service scheme, the battery takes
a exponentially distributed vacation time (with parameter � )
after continuously serving � packets. We compare the per-
formance of � ) DBS-RD scheme, � ) SBL Exhaustive Service
(SBL-ES) scheme, and � ) SBL Non-exhaustive Service (SBL-
NS) scheme. Since the total theoretical capacity is taken to be
same for the SBL and the DBS-RD schemes, the performance
difference between these schemes arise mainly due to the way
in which the batteries are discharged in each scheme.

Figs. 6 and 7 show the performance comparison between the
DBS-RD, SBL-ES and SBL-NS schemes. The following obser-
vations can be made from Figs. 6 and 7. The DBS-RD scheme
performs better than SBL-ES scheme (no intentional vacation)
in terms of expected number of packets served. Their delay
performances, however, are almost the same. The number of
packets served is increased in SBL-NS scheme (compared to
SBL-ES scheme) by allowing intentional vacations once every

� packets served. Even with intentional vacations with � M A ,
the SBL-NS scheme performs poorer than the DBS-RD scheme
in terms of number of packets served. Further, because of inten-
tional vacations, the delay performance of the SBL-NS scheme
is much poorer than the DBS-RD scheme. Thus, the proposed
dual-battery architecture can provide both increased number of
packets served as well as lesser mean delay compared to single
battery schemes with intentional vacations.

V. CONCLUSIONS

We proposed and analyzed the performance of a dual-battery
scheme which exploits the relaxation phenomenon in batter-
ies. Using a queueing theory based approach, we analyzed the
performance of the dual-battery scheme with random schedul-
ing. We also carried out a detailed simulation study of the
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proposed dual-battery scheme using the battery simulation pro-
gram from UC, Berkeley. It was shown that the dual-battery
scheme achieves increased number of packets served compared
to a single battery scheme with intentional vacations, without
loosing on the packet delay performance. Analysis of gener-
alized multiple battery schemes (more than two batteries) and
practical realization of multiple battery architectures are possi-
ble future extensions to this work.
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