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Abstract. A key challenge in wireless ad hoc networks is to achieve maximum lifetime for
battery-powered mobile devices with dynamic energy eÆcient algorithms. Recent study in bat-
tery technology reveals that the behavior of battery discharging is more complex than we used
to think. Battery powered devices might waste a huge amount of energy if we do not care-
fully schedule and budget their discharging. In this paper, we introduce a novel energy model
for batteries and study the e�ect of battery behavior on routing in wireless ad hoc networks.
Based on this model, we also propose a battery-aware routing protocol. The paper consists of
two parts. In Part I of the paper, we propose an on-line computable discrete time analytical
model to mathematically model battery discharging behavior. The model has low computational
complexity and does not require large look-up tables. It is suitable for on-line battery capacity
computation in ad hoc network routing. We use the data collected from actual nickel-cadmium
battery to evaluate the performance of our model and the results show that it can accurately
capture the behavior of battery discharging. In Part II of the paper [1], a battery-aware routing
protocol (BAR) is proposed based on the new battery model. By dynamically choosing the nodes
with well recovered batteries as routers, and leaving the \fatigue" nodes for recovery, the BAR
protocol can e�ectively recover the node's battery capacity and achieve higher energy eÆciency.
Our simulation results show that the BAR protocol can increase network lifetime and total data
throughput by up to 28% and 24%, respectively, compared with previous routing protocols. As
far as we know, this is the �rst work considering battery-awareness with an accurate on-line
computable battery model in ad hoc network routing. We believe our battery model can be used
to explore other energy eÆcient schemes for wireless networks as well.
Keywords: Wireless ad hoc networks, energy eÆciency, battery models, battery-awareness,
routing protocols.

1 Introduction

Battery has emerged as a key component for energy eÆciency in wireless ad hoc networks [3,
4, 12]. With battery technology lagging behind, nowadays the batteries on laptops, handheld
PCs and cellular phones can only last a few hours for work. Although battery capacity has been
increased by 10% to 15% per year, it still does not keep up with the increasing power demands
from power-intensive applications on wireless devices [12]. Applications, such as multimedia
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transmission service, video conference, IP telephony and interactive games, require the network
to support high data throughput and long lifetime at faster processors and higher-resolution
devices [2]. Battery life, therefore can greatly a�ect the overall network performance. Carefully
scheduling and budgeting battery power in ad hoc networks has become an urgent and critical
issue in network protocol design.

Recent study in battery technology helps us better understand the battery behavior. Unlike
what we used to believe, the energy consumed from a battery is not equivalent to the energy
dissipated in the device [3, 11]. When discharging, batteries tend to consume more power than
needed, and can reimburse the over-consumed power later if they have suÆcient recovery, where
\recovery" means the battery is disconnected from its load. The process of the reimbursement is
often referred to as battery recovery. The over-consumed power is referred to as discharging loss.
A \fatigue" battery is a battery with high discharging loss, while a \well-recovered" battery
is a battery with low discharging loss. Experiments on two commonly used portable device
batteries, nickel-cadmium battery and lithium-ion battery, show that the discharging loss might
take up to 30% of the total battery capacity [11]. Hence, precisely capturing and predicting
battery behavior is essential for optimizing system performance and designing more sensitive
battery-aware routing protocols in ad hoc networks.

Several analytical models for battery discharging have been developed [6, 7, 11]. Although
these models are computational approaches and independent of battery chemistry, they are not
quite suitable for implementation in ad hoc networks. The main drawback is that they are
o�-line models with high computational complexity, and the battery parameters have to be pre-
computed. Large lookup tables and many parameters make these models not implementable for
on-line battery-aware computation. Also, these models are based on continuous time, which is
not necessary for a packetized network where the time can be split into �xed length discrete
slots. Thus, a discrete time battery model with simpli�ed on-line computation is more desirable
for ad hoc network routing.

This paper consists of two parts. In Part I of the paper, we study the mathematical modeling
of battery discharge/recovery behaviors. We divide the time into �xed length durations to �t
into the packetized network, and introduce an on-line function for battery capacity computation.
We also develop an approach to simplifying the computation of the recoverable battery capacity
in the model. Actual nickel-cadmium battery data are used to evaluate the performance of the
new model. The results show that our model can accurately describe the behavior of battery
discharging. Based on this model, a battery-aware routing protocol (BAR) is proposed in Part
II [1] to dynamically schedule the routing in ad hoc networks. During routing, nodes in an
ad hoc network have di�erent battery status. In our protocol, a routing path always choose
the nodes with well recovered batteries as routers, and leave the \fatigue" nodes for recovery.
By dynamically scheduling routing paths, the BAR protocol can eÆciently recover the node
battery capacity and achieve higher energy eÆciency. We evaluate the performances of the
BAR protocol using the actual battery data from various mobile devices. The results show that
the BAR protocol performs well and can save a signi�cant amount of energy. Compared with
previous protocols, BAR increases the network lifetime and data throughput by up to 28% and
24%, respectively.

The rest of Part I is organized as follows. In Section 2 we discuss some background and
related work to place our work in context. We briey review the previous o�-line battery models
in Section 3.1 and propose an on-line function for battery capacity computation in Section 3.2.
The new battery model is presented in Section 3.3 along with its performance analysis. Finally
we give concluding remarks in Section 4.
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2 Modeling Battery Discharging Behavior

The most commonly used batteries in wireless devices are nickel-cadmium and lithium-ion bat-
teries [8, 10]. They are widely used in laptops, cellular phones, PDAs, tablet PCs and other
portable computing and communication devices. In general, a battery consists of cells arranged
in series, parallel, or a combination of both [9, 11]. Two electrodes: an anode and a cathode, sep-
arated by an electrolyte, constitute the active material of each cell. When the cell is connected
to a load, a reduction-oxidation reaction transfers electrons from the anode to the cathode. To
illustrate this phenomenon, Fig. 1 shows a simpli�ed symmetric electrochemical cell. In a fully
charged cell (Fig. 1(a)), the electrode surface contains the maximum concentration of active
species. When the cell is connected to a load, an electrical current ows through the external
circuit. Active species are consumed at the electrode surface and replenished by di�usion from
the bulk of the electrolyte. However, this di�usion process cannot keep up with the consump-
tion, and a concentration gradient builds up across the electrolyte (Fig. 1(b)). A higher load
electrical current I results in a higher concentration gradient and thus a lower concentration
of active species at the electrode surface [5]. When this concentration falls the battery voltage
drops. When this voltage falls below a certain cuto� threshold, the electrochemical reaction
can no longer be sustained at the electrode surface, and the battery stops working (Fig. 1(e)).
The electro active species that have not yet reached at the electrode are not used. We refer to
the unused charge as discharging loss. However, the discharging loss is not physically \lost,"
but simply unavailable due to the lag between the reaction and the di�usion rates. Before the
battery dies, if the battery current I is reduced to zero or a very small value (Fig. 1(c)), the
concentration gradient attens out after a suÆciently long time, reaching equilibrium again. The
concentration of active species near the electrode surface following this recovery period makes
unused charge available again for extraction (Fig. 1(d)). E�ectively recovering the battery can
reduce the concentration gradient and recover discharging loss, hence prolong the lifetime of the
battery (Fig. 1(f)). Experiments on nickel-cadmium battery and lithium-ion battery show that
the discharging loss might take up to 30% of the total battery capacity [11]. Hence, precisely
modeling battery behavior is essential for optimizing system performance in networks.

Mathematical models that can capture the battery discharging behaviors have been devel-
oped [6, 11]. These models are independent of battery chemistry. [6] provided an abstract model
to represent battery recovery behavior. This model treats discharge and recovery as a decreas-
ing exponential function and represents discharge and recovery as a transient stochastic process.
However, as pointed out in [13], this method adopts large lookup tables that require consider-
able e�ort to con�gure, and its accuracy and computational complexity are barely acceptable.
Therefore, it has limited utility for implementation in power sensitive wireless networks. [11]
proposed an analytical battery model which can accurately estimate the battery behavior. This
model combines a high-level representation of the battery and analytical expressions based on
physical laws. The high-level representation is determined by experimental data. This model
can e�ectively capture the e�ect of battery discharge and recovery. However, it also requires
long computing time and large pre-computed lookup tables. All these battery models are o�-
line computed models that need to take considerable e�ort to calculate mathematical models or
large lookup tables o�-line. In order to implement battery-awareness for wireless devices, which
have limited memory and computing ability, in the next section we will provide a discrete time
battery model with on-line computable functions. This model splits the time into discrete slots
with a �xed slot length and is suitable for packetized ad hoc networks.
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Electrolyte

Fig. 1. Battery operation at di�erent states.

3 Mathematical Battery Discharging/Recovery Model

In this section we study mathematical battery models which are used to describe the battery
discharging and recovery behaviors. A good battery model should be able to accurately compute
the battery residual capacity during its discharging time. We will �rst review the previous o�-
line function for battery capacity computation and show that it is not feasible to be directly
implemented in ad hoc networks. Then we will propose a new on-line function for battery
capacity computation and present our discrete time battery model.

3.1 Previous O�-line Function for Battery Capacity Computation

In this subsection we analyze previous o�-line function for battery capacity computation and
its usage in wireless networks. As discussed earlier, mathematical functions have been proposed
to calculate the battery residual capacity during the battery lifetime. A high-level analytical
function was proposed in [7, 11]. This function models the energy � dissipated by the battery
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during time [tbegin; tend] as:

� = I � F (T; tbegin; tend; �) (1)

where

F (T; tbegin; tend; �) = tend � tbegin + 2
1X

m=1

e��
2m2(T�tend) � e��

2m2(T�tbegin)

�2m2
(2)

This model can be explained as follows. The dissipated energy � in (1) contains two components.
The �rst term, I � (tend � tbegin), is simply the energy consumed in the device during time

[tbegin; tend]. The second term, 2
P
1

m=1
e��

2m2(T�tend)�e
��2m2(T�tbegin)

�2m2 , is the amount of battery

discharging loss in the duration. � (> 0) is a constant, which is an experimental chemical
parameter and may vary from battery to battery. The larger the �, the faster the battery
di�usion rate, hence the less the discharging loss. T is the battery lifetime and I is the battery
discharge current.

Though this model can precisely capture the battery behavior, it is diÆcult to directly use
the model in ad hoc network routing. This is because that �rst in (2) parameters have to be
summed up from m = 1 to 1, which requires long computing time. To solve this problem,
large look up tables have to be pre-computed in implementing this model [11]. Large lookup
tables and many parameters make it not suitable for battery-aware routing in ad hoc networks.
In addition, (1) is a continuous time model. It is applied to the duration [tbegin; tend] with an
arbitrary length, while an ad hoc network has a packetized nature and its time is split into
discrete time slots with a �xed slot length. This makes it possible to model the battery power
consumption in a simpler discrete way with on-line computation ability.

3.2 A New On-line Function for Battery Capacity Computation

In this subsection, we give a new on-line function for We �rst reduce the computation com-
plexity of the summation in the o�-line function. Note that in (2) the term e��

2m2(T�tend) �

e��
2m2(T�tbegin) decreases exponentially. We introduce an approximation function F (T; tbegin; tend; �)

to reduce the computational complexity of F (T; tbegin; tend; �) as follows:

F (T; tbegin; tend; �) = (tend � tbegin) + 2

1X
m=1

e��
2(T�tend) � e��

2(T�tbegin)

�2m2

= (tend � tbegin) + 2� (
1X

m=1

1

�2m2
)�

h
e��

2(T�tend) � e��
2(T�tbegin)

i
(3)

Considering the convergent progression in (3)

1X
m=1

1

�2m2
=

�2

6�2
(4)

the simpli�ed function is

F (T; tbegin; tend; �) = (tend � tbegin) +
�2

3�2

h
e��

2(T�tend) � e��
2(T�tbegin)

i
(5)
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Note that F (T; tbegin; tend; �) does not roll up to1 and can greatly simplify the battery capacity
computation.

We now show that (5) can closely approximate (2) so that we can use F (T; tbegin; tend; �) to
replace F (T; tbegin; tend; �) in (1), that is, (1) can be rewritten as

� = I � F (T; tbegin; tend; �) (6)

Given tbegin and tend, we de�ne the di�erence of two functions as P (�; T ):

P (�; T ) = F (T; tbegin; tend; �)� F (T; tbegin; tend; �)

= 2

1X
m=1

[
1

�2m2
(e��

2(T�tend)(1� e��
2(tend�tbegin))

�e��
2(T�tend)m

2
(1� e��

2(tend�tbegin)m
2
))] (7)

Let

A = e��
2(T�tend)(1� e��

2(tend�tbegin)); B = �2(T � tend); C = �2(T � tbegin)

Then (7) can be re-written as

P (�; T ) = 2
1X

m=1

"
A

�2m2
�
e�Bm

2

�2m2
+
e�Cm

2

�2m2

#
(8)

Since e�Bm
2
< 1 and e�Cm

2
< 1,

P
1

m=1
e�Bm

2

�2m2 and
P
1

m=1
e�Cm

2

�2m2 both are convergent.

At the same time, since
P
1

m=1
A

�2m2 is convergent, (8) is also convergent. Using (4) we obtain

P (�; T ) <
�2(A+ 1)

3�2
(9)

For today's battery, � usually is in the range of [0:4; 1] and the battery lifetime T ranges
from 1=2 to 2 hours [11]. The orders of P (�; T ) and F (T; tbegin; tend; �) are about 10 and 105,
respectively. Considering this, the di�erence of the models is negligible. Fig. 2(a) veri�es our

observation, where we calculate P (�;T )
F (T;tbegin;tend;�)

within � 2 [0:4; 1] and T 2 [40min; 120min]. It

shows that the values of two functions are very close, where the di�erence is at most 4:5%. In
Fig. 2(b) we use the data measured from a nickel-cadmium battery in pocket computers [11].
The discharge current I is 912mA for the �rst 25 min, after that the battery is recovered for
10min. We compare the two models in (1) and (6). As shown in Fig. 2(b), two models achieve
very similar results. Thus, the capacity computation function (5) can accurately capture the
battery behavior, and thus be used to replace (2) for on-line computation.

3.3 On-line Computable Discrete Time Battery Model

We now present a discrete time battery model with our on-line function for battery capacity
computation. Due to the packetized nature of network communications, the battery lifetime can
be divided into a sequence of discrete time slots. The condition of a battery at the nth slot
is measured by its discharging loss at that time. A high discharging loss indicates a \fatigue"
battery which needs some recovery, while a battery with low discharging loss is \well recovered."
Intuitively, an energy eÆcient routing protocol should always choose the nodes with well recov-
ered batteries as routers. To serve this purpose, a battery model should be able to calculate the
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Fig. 2. (a) The comparison of two capacity computation functions (2) and (5). � 2 [0:4; 1] and T 2

[40min; 120min]. Z axis is the ratio of the di�erence of the values computed by the two functions. (b) The
comparison of the models in (1) and (6) for a pocket computer battery discharging process. The current is
I = 912mA in the �rst 25min and the battery gets recovery in the next 10min. Y axis accounts for the battery
residual energy, which increases during battery recovery.

discharging loss at any time slot. Next we show how our model can be used to calculate the
discharging loss slot by slot.

The battery lifetime is divided into time slots with slot length Æ. We use In and �n to denote
the discharge current through the battery and the dissipated battery energy in the nth time slot,
respectively. In the nth time slot the battery is either in discharging (In > 0) or idle (In = 0).
A time slot is called a discharging slot when the battery is in discharging. Without loss of
generality, we assume that the discharge current I is a constant in a discharging slot. Fig. 3(a)
shows an example of the discrete time battery model. Slots 1; 2; 3 and 6 are discharging slots.
The battery is idle during slots 4 and 5. According to (5) and (6), there are two types of power
dissipated in a discharging slot: the energy consumed in the device and the discharging loss. We
de�ne �n as the battery discharging loss consumed in the nth time slot [nÆ; (n + 1)Æ] for n � 1.
That is,

�n = In �
�2

3�2

h
e��

2(T�nÆ) � e��
2(T�(n�1)Æ

i
(10)

where In is the current in the nth time slot.
�n is consumed in the nth slot and recovered step by step in the following n + 1; n + 2; : : :

slots until the battery dies. Clearly, �n decreases as time goes by. Fig. 3(b) shows the decrease
of �1. Furthermore, we de�ne �

�
n as the �n after � following slots (� � 1), that is,

��n = In �
�2

3�2

h
e��

2((n+�)Æ�nÆ) � e��
2((n+�)Æ�(n�1)Æ)

i

= In �
�2

3�2

h
e��

2�Æ � e��
2(�+1)Æ

i
(11)

Note that the recovery activity of a discharging slot is independent of those of other time
slots. For example, in the 3rd slot in Fig. 3, there are 2 discharging loss, �11 and �02 , being
recovered at the same time. It should be mentioned that discharging loss �n is only a potential
type of energy. In Fig. 3, if the battery dies at t, energy �41 ; �

3
2 and �23 do not have a chance to

be recovered. Thus, the battery permanently loses the energy.
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In order to implement our model in power sensitive wireless devices, we give a method to
further simplify the computation of �n. Assume that the energy for transmitting a single packet
is c. By observing (11), we know that if ��n is less than c, then the recovery of �n after � slots
can be ignored. That is,

In �
�2

3�2

h
e��

2�Æ � e��
2(�+1)Æ

i
< c (12)

From (12) we obtain

� >
1

�2Æ
log

�2(1� e��
2Æ)

3�2c=In
(13)

Therefore, we can truncate recovery slots and only look ahead limited � = d 1
�2Æ

log (1�e��
2Æ)�2In

3�2c
e

time slots to calculate the approximate value of �n, where Æ is the slot length and In is the
discharging current in the nth slot. � is referred to as the recovery length. In the example in Fig.
3(b), the recovery length of slot 1 is from slot 2 to slot 5 (� = 4). The recovery of �1 after slot
6 is ignored.

In addition, (13) also gives a way to compute �n on-line. Given a battery, � is known. Æ is

also pre-determined. Hence we can simply pre-compute 1
�2Æ

log (1�e��
2Æ)�2

3�2c
o�-line and take In

on-line for the computation.
In order to guarantee � � 0 in (13), we let

�2(1� e��
2Æ)

3�2c=In
� 1 (14)

Thus we obtain a lower bound on the length of the time slot Æ

Æ �
1

�2
log

�
1�

3�2c=In
�2

�
�1

(15)
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As long as Æ satis�es its lower bound d 1
�2

log(1� 3�2c
�2In

)�1e, (13) and (15) guarantee that recovery
can be truncated to limited � time slots.

� depends on the battery di�usion parameter �, time slot length Æ and the discharging
current I. We calculated � and Æ for various values of � and I, and the results are shown in
Table 1. As can be seen, the larger the �, the faster di�usion of the battery, and the fewer
e�ective recovery slots �. Also, as the battery current increases, � increases, while as the slot
length Æ increases, � decreases. This can be interpreted as that with higher current, the battery
works less like an ideal battery, therefore needs more time for recovery.

Observing from Table 1, fewer recovery slots are needed if we simply increase the slot length
Æ. For example, the discharging loss in a slot with length 2Æ can be viewed as the combination
of discharging loss in two adjacent slots with length Æ. Generally, if the slot length increases to
nÆ, the recovery length is d�=ne. The results in Table 1 verify this observation.

Table 1. Relationship between battery di�usion �, battery current I, e�ective recovery length � and slot length
Æ (c = 0:3mAhr)

In Æ = 5min Æ = 10min Æ = 15min

300mA � = 2 � = 1 � = 1
� = 0:7 600mA � = 3 � = 2 � = 1

900mA � = 3 � = 2 � = 1

300mA � = 4 � = 2 � = 2
� = 0:5 600mA � = 5 � = 3 � = 2

900mA � = 6 � = 3 � = 2

300mA � = 7 � = 4 � = 3
� = 0:4 600mA � = 8 � = 4 � = 3

900mA � = 9 � = 5 � = 3

4 Conclusions

In Part I of this paper, we have looked into the battery-awareness issue in wireless ad hoc
networks and proposed a discrete time battery model with on-line computation function. Our
model is suitable for packetized networks and reduces the computational complexity of calculat-
ing battery capacity � and discharging loss � at each network node. We have also made on-time
computation of recovery energy � possible by truncating the recovery slots to �. Furthermore,
we gave a lower bound on the length of the time slot. We used the data collected from actual
battery to evaluate the performance of the proposed battery model, and the results show that
the model can accurately capture the battery status. We will use this battery model to explore
energy eÆcient routing in wireless ad hoc networks in Part II [1].
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