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Abstract

Power management is a critical issue in wireless ad hoc
networks where the energy supply is limited. In this pa-
per, we investigate a routing paradigm, Message Ferrying
(MF), to save energy while trading off data delivery de-
lay. In MF, special nodes called ferries move around the
deployment area to deliver messages for nodes. The re-
liance on the movement of ferries to deliver data increases
the delivery delay. However, nodes can save energy by dis-
abling their radios when ferries are far away. To exploit
this feature, we present a power management framework, in
which nodes switch their power management modes based
on the knowledge of ferry location. We evaluate the perfor-
mance of our scheme using ns-2 simulations and compare
it with Dynamic Source Routing (DSR). Our simulation re-
sults show that MF achieves energy savings as high as 95 �
compared to DSR without power management and still de-
livers more than 98 � of data. In contrast, power-managed
DSR delivers much less data than MF to achieve similar en-
ergy savings. In the scenario of heavy traffic load, power-
managed DSR delivers less than 20 � of data. MF also
shows robust performance for highly mobile nodes, while
the performance of DSR suffers significantly. Thus, delay
tolerant applications should use MF rather than a multihop
routing protocol to save energy efficiently when both routing
approaches are available.

1 Introduction

Mobile ad hoc networks (MANETs) consist of wireless
nodes that relay data for one another to form a connected
network. These networks provide rapid deployment and self
configuration capabilities and have applications in a variety
of environments such as battlefields, disaster recovery and
environmental monitoring. Nodes in MANETs often have
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limited energy supplies. Thus, to increase the network life-
time, a node should optimize its energy usage. In the sys-
tem, the wireless interface is one of the largest consumers
of energy [10]. The wireless interface consumes energy not
only during active communication but also during passive
listening, when it is idle. Studies in [4, 16] show that en-
ergy consumption while listening to data is only slightly
less than it is while actually receiving data. Thus, in the
case of moderate traffic load, idle time is the dominating
factor in energy consumption and nodes can save consider-
able energy by “sleeping,” i.e., turning off or disabling their
radios, if not used.

In sleeping nodes, data are stored until the nodes wake
up. Such nodes can, therefore, achieve energy savings while
trading off data delivery latency. For many applications, la-
tency is not a critical issue. For example, when habitat mon-
itoring nodes collect information periodically and send it to
a central node, delivering data ten minutes later does not
make much difference. Thus, for these delay-tolerant ap-
plications, nodes can save more energy by sleeping longer,
while increasing latency. For MANETs using a multihop
routing approach [7, 11, 12, 13], energy saving techniques
that end up trading off latency have been proposed in the
literature [1, 3, 14, 15, 17, 18, 19, 21]. However, there are
a number of unresolved problems in techniques that aim to
achieve energy savings this way. First of all, sleeping nodes
can cause a network to become disconnected, in which data
cannot be delivered even if the network is densely deployed.
Secondly, if nodes are mobile, the network topology might
change during sleeping periods, obsoleting earlier routing
information. Reconstructing routing tables or paths would
consume additional energy. Finally, accumulating data for
a long time and sending them out together increases con-
tention in the network, which results in data loss or addi-
tional energy consumption due to retransmission.

In this paper, we consider an alternative routing ap-
proach, Message Ferrying (MF) [20], and study how it
achieves energy savings by trading off latency. In the MF
approach, special nodes, called ferries, move around the
area in which the network is deployed. Similar routing ap-
proaches have been proposed for many applications, e.g.,



ZebraNet [8] to track wild life, DakNet [5] to provide high
bandwidth Internet service in rural area, and DataMule [6]
to collect data from stationary sensors. The MF approach
increases the data delivery delay significantly due to the
physical movement of ferries. However, it has important
features that enable the network to save energy compared
to multihop routing approaches. First, utilizing the knowl-
edge of ferry location, nodes can sleep without degrading
performance when ferries are out of communication range.
Second, ferries are in charge of data delivery, so nodes do
not need to wake up to form a connected network because
the ferry mobility eventually connects the network. Also,
topology changes in MF do not require any overhead to re-
construct routing tables. Finally, the movement of ferries
allows nodes to transmit data at different time according
to their locations and decreases contention among nodes.
However, these features have not been realized. Zhao et al.
in [20] consider that MF is more energy efficient than mul-
tihop routing protocols only because it requires less hops to
deliver messages.

In this paper, we propose a power management frame-
work for both stationary and mobile nodes. In our frame-
work, nodes switch among different power management
modes according to the knowledge of ferry location. We
evaluate our schemes using ns-2 simulations and compare
them with Dynamic Source Routing (DSR) [7] with and
without an idealized power management. Our simulation
results show that MF can achieve significant energy savings
by trading off latency and still deliver most of the messages.
In contrast, power-managed DSR reduces energy consump-
tion at the price of significantly lower delivery rate. For ex-
ample, MF achieves energy savings up to 95 � compared
with DSR without power management and delivers over
98 � of messages under all traffic loads. However, power-
managed DSR delivers as low as 20 � of the messages to
achieve similar energy savings. In addition, MF shows ro-
bust performance for mobile nodes, while the performance
of DSR suffers significantly.

The remainder of this paper is structured as follows. In
section 2, we describe the network model used in our study.
Section 3 presents the power management mechanisms for
MF. In Section 4, we show our simulation results. We con-
clude the paper in Section 5.

2 Network Model

We consider networks consisting of stationary or mobile
nodes in a deployment area. Nodes communicate with each
other via wireless interfaces. We assume that nodes are
identical and are limited in resources. That is, nodes are
equipped with the same radios and have the same buffer
size and energy supply. In addition, nodes have knowledge
of their location and time, e.g., through global positioning
system (GPS) or other localization mechanism.

2.1 Energy Consumption
In this paper, we consider only communication energy

consumption and do not account for energy consumption of
other sources such as computation. The energy consump-
tion of a wireless interface depends on its activities. Nodes
are in one of the five power consumption states, transmis-
sion state when transmitting, reception state when receiv-
ing, idle state when listening to the wireless medium with-
out transmitting or receiving, doze state where the wireless
interface is inactive, and off state when the wireless inter-
face is turned off and consumes no energy. The amount of
energy consumption in each state is assumed based on the
studies in [4]. In the doze state, a node consumes an order of
magnitude less energy than in the idle state, while a node in
the idle state consumes energy at the same order of magni-
tude as the reception or transmission states. In addition, we
consider the transition overhead to turn on the radio, from
the off state to the idle state, because it consumes consider-
able energy.

2.2 Message Delivery
We consider two approaches for data delivery in the

networks, namely multihop routing and message ferrying
(MF). In the multihop routing approach, nodes relay mes-
sages for one another such that messages can be forwarded
from the source to the destination via intermediate nodes.
In the MF approach [20], special nodes, called ferries move
around the deployment area and are responsible for deliv-
ering messages for nodes. By carrying messages from the
source to the destination, ferries are able to provide com-
munication service to nodes.

In the MF scenario, we consider a network consisting of
multiple nodes and a single ferry. We assume that the ferry
has ample resources such as large storage and sufficient
power supply. To initiate message exchange with nodes,
the ferry broadcasts Hello messages, called beacons, peri-
odically and nodes in the radio range of the ferry respond to
the ferry if they desire to exchange messages. Thus, nodes
do not need to form a connected network. Instead, they are
required to detect ferry arrival in their neighborhood by lis-
tening for beacons and then to exchange messages with the
ferry.

To specify the movement scenarios, we assume that the
ferry is an existing entity such as a shuttle bus. Thus, the
movement of the ferry is assumed to be not controllable to
assist communication and the ferry does not consume addi-
tional energy to move because its movement is required for
other purposes. To investigate ideal and practical movement
of the ferry, we assume that the ferry moves on a fixed route
with either a strict schedule or a loose schedule and nodes
know the route. With a strict schedule, the ferry arrives at
each location as it is scheduled. Thus, nodes can estimate
when to meet the ferry precisely. With a loose schedule, the
ferry is allowed to slow down or pause, which makes it hard
to predict the ferry arrival at each location.



3 Power Management In Message Ferrying

3.1 Power Management Framework

In this section, we describe the framework of our adap-
tive power saving mechanism. In the mechanism, a node is
in one of three power management modes: sleeping, search-
ing, and communicating. In the sleeping mode, a node
sleeps because the ferry is out of the communication range.
In the searching mode, a node periodically wakes up to lis-
ten for a beacon because of insufficient information about
ferry movement. Finally, in the communicating mode, a
node wakes up frequently to communicate with the ferry
in its radio range. To describe the wake-up behavior of a
node in each mode, we define three time periods: wake-up
interval, beacon period, and active window. A wake-up in-
terval is the time between consecutive wake-up events at a
node. A beacon period is the time between consecutive bea-
con generations by the ferry. Finally, an active window is a
fraction of a beacon period, starting from the beginning of
a wake-up interval.

These periods are used in the searching or communicat-
ing modes as follows. A node wakes up every wake-up in-
terval, which is a multiple of a beacon period. If it does not
receive a beacon within an active window, it goes to sleep
until the beginning of the next wake-up interval. When a
node receives a beacon, if it has any messages to send or to
receive, it stays awake for a beacon period. Otherwise, it
goes to sleep again until the beginning of the next wake-up
interval.

Transitions among the power management modes are
triggered by timers or beacon receptions and are shown in
Figure 1. Initially, a node estimates the shortest time after
which it can communicate with the ferry, called sleeping
time. Then, it enters the sleeping mode and sets a timer to
expire after the sleeping time. When the timer expires, the
node estimates its sleeping time, if needed. If it is posi-
tive, the node remains in the sleeping mode. Otherwise, the
node switches to the searching mode to listen for a beacon.
After receiving the first beacon, it switches to the commu-
nicating mode. Finally, if the node does not receive a given
number of beacons consecutively, it switches to the sleep-
ing mode. Depending on the movement scenarios, the tran-
sition among the modes could be optimized. For example,
if the ferry moves on a strict schedule and nodes are sta-
tionary, a node can estimate the exact time to communicate
with the ferry. Thus, the node may alternate only between
the sleeping and communicating modes based on its esti-
mation, without passing through the searching mode. More
complicated scenarios are discussed in a more detailed tech-
nical report [9].

Figure 2 shows an example scenario in which a node
switches its power management mode according to the lo-
cation of the ferry. A node is in the sleeping mode when
the ferry is out of radio range. When it expects to meet the
ferry in the near future, it switches to the searching mode
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Figure 1. Transition among power manage-
ment modes

and wakes up periodically to listen for a beacon. After re-
ceiving the first beacon, it switches to the communicating
mode and frequently wakes up to communicate with the
ferry. Finally, when the ferry leaves the radio range, the
node switches to the sleeping mode again.

SleepingCommunicatingSearching
active windowbeacon periodwake−up interval

Ferry location in terms of the radio range of a node

In OutOut
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Figure 2. Power management mode of a node
depending on the ferry location

The power management at each mode is designed to save
energy based on the characteristics of each mode. Specially,
when a node sleeps, it decides whether to sleep in the doze
or off state based on the duration of sleeping. If the energy
consumption of dozing for the duration is greater than the
transition overhead to turn on the radio, a node sleeps in
the off state. Otherwise, it sleeps in the doze state. In the
sleeping mode, sleeping time is often long because of the
physical movement of the ferry. So, a node turns off its ra-
dio. The estimation mechanisms of the sleeping time will
be described in Section 3.2. In the searching mode, a node
periodically wakes up to listen for a beacon and sleeps if it
does not receive a beacon within an active window. The set-
ting of this wake-up interval reflects the trade-off between
energy savings and the delivery delay of messages. A longer
wake-up interval conserves more energy, but leads to longer
delay. Finally, in the communicating mode, a node commu-
nicates with the ferry, which is within its radio range. That
is, a node wakes up every beacon period to see if it needs
to exchange messages with the ferry. In this way, when
the ferry receives messages from other nodes destined to
this node during the time, the messages can be delivered
quickly.

3.2 Estimation of Sleeping Time

In this section, we explain how to estimate the sleeping
time of stationary nodes as well as mobile nodes. To assist
the explanation, we use the following notation: A ferry lo-
cation and a node location at time � are represented as �������



and � � ��� , respectively. The maximum speed of the ferry
and nodes are ��� and ��� . A beacon period is � and the ra-
dio radius of nodes and the ferry is � . Finally, the current
time is �	� . Here, we assume �
� as a multiple of � without
loss of generality.

3.2.1 Stationary Nodes

When the ferry moves on a strictly scheduled route, a sta-
tionary node can estimate its sleeping time easily by finding
when the ferry arrives and leaves its radio range.

When the ferry moves on a loosely scheduled ferry route,
a stationary node estimates the minimum amount of time
that the ferry takes to enter its radio range again. In fact,
the ferry may take longer to enter the intersection because
it may slow down or pause in the middle. Thus, a node as-
sumes that the ferry moves at its maximum speed and sleeps
only for the minimum amount of time that the ferry takes to
enter the next intersection. After sleeping, a node switches
to the searching mode and wakes up periodically to listen
for a beacon.

3.2.2 Mobile Nodes

In this section, we explain how to estimate the sleeping
time of mobile nodes assuming no knowledge of the future
movement of the nodes.1 In the scenario where the ferry
moves on a strictly scheduled route, a mobile node can es-
timate its sleeping time by finding the earliest possible time
that it can meet the ferry. To calculate this time, a node as-
sumes that it will move directly toward the future location
of the ferry at its maximum speed � � . At time � , if the dis-
tance between the future locations of the ferry and the node
is greater than � , it is not feasible for the node to be in the
radio range of the ferry at � . Thus, the earliest possible time
for a node to meet the ferry is the earliest time when the dis-
tance between the future locations of the ferry and the node
becomes less than � . That is, when time is incremented by
� , if there exists a minimum non-negative integer � that sat-
isfies

� ����� ��
 ����� ����� � � � � � ��� � �����
������� (1)

the node will not meet the ferry for a period of ������� ��� .
Thus, the node can sleep for ��� �!� ��� . After sleeping, the
node determines � from Equation 1 again based on its cur-
rent location. If � is greater than one, it sleeps again. If � is
less than or equal to one, the node switches to the searching
mode. In the searching mode, a node calculates � periodi-
cally to check whether it has left the radio range of the ferry
so that it avoids waiting for a long time in case of losing
beacons. If it has departed the radio range, it switches back
to the sleeping mode. Otherwise, it stays in the searching
mode.

1If a node knows its future movement "$#&%(' , the sleeping time can be
estimated as if the node were stationary, on the origin of the coordinate,
while the ferry moves on )�#&%('+*�",#-%(' .

Figure 3 illustrates the above procedure. Currently, a
node is located at � ���
� � . As time is incremented by units of
� , the future locations of the ferry are as follows: ����� �.
 � � ,
�����	� 
0/ � � , and so on. Assuming the node moves toward
the future location of the ferry, the distance between the fu-
ture locations is the distance between ������� and the tip of an
arrow, where the length of the arrow represents the distance
that a node can move at its maximum speed. Therefore, if
the tip of the arrow lies outside of the radio range of the
ferry, the node cannot enter the radio range of the ferry by
that time. Thus, a node finds the earliest time for the tip of
the arrow to enter the radio range of the ferry at its future
location and sleeps until right before that time.
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Figure 3. Sleeping time estimation when a
node movement is not known in advance

In the scenario where the ferry moves on a loosely sched-
uled route, mobile nodes estimate its sleeping time by find-
ing the earliest possible time to meet the ferry. This is dis-
cussed in the more detailed technical report [9].

4 Performance Evaluation

In this section, we demonstrate the trade-off between en-
ergy consumption and latency provided by the MF power-
management scheme described in Section 3.2 To that end,
we use simulations to compare the energy consumption
and latency performance of a MANET deploying the MF
scheme with one using multihop routing based on Dynamic
Source Routing (DSR) [7]. We choose Dynamic Source
Routing (DSR) because it was determined to be the most
efficient multihop routing protocol in [2].3 In order to pro-
vide a fair comparison we consider using DSR in MANETs
along with an ideal power management scheme that, while
not realizable, provides a bound on the best possible perfor-
mance of such networks.

The choice of proper power management depends on
network topology and the capability of nodes [1, 3, 14,
15, 17, 18, 21]. Assuming minimal spatial redundancy and
no secondary low-power channel, synchronous and asyn-
chronous wake-up mechanisms are the basic wake-up ap-
proaches to use.4 Between them, the asynchronous ap-

2Additional simulation results can be found in [9].
3Other routing protocols, not compared in [2] but used to design power

saving mechanisms, tend to have more overhead than DSR in general en-
vironments: e.g., geographic routing in [3].

4The power management of MF can also be extended to utilize the
spatial redundancy or secondary low-power channel, if they exist. So, we
consider basic wake-up mechanisms only as an initial step.



proach is considered to consume more energy than the
synchronous approach because nodes usually have to stay
awake for a longer time to overlap their awake time with
those of their neighbors [21]. Because we are only in-
terested in bounding the performance of MANETs using
DSR, we use an idealized synchronous power management
scheme. We define three time periods: wake-up interval,
awake period, and active window. The wake-up interval
is the time between consecutive wake-up events at a node.
The awake period is similar to a beacon period in MF and
is the time unit for a node to stay awake for message ex-
change. The active window is a fraction of an awake pe-
riod, starting from the beginning of a wake-up interval. A
node wakes up at the start of a wake-up interval and sends
out data or route probing messages, if any. If a node sends
or receives any messages within an active window, it stays
awake for an awake period to participate in the upcoming
communication. Otherwise, it sleeps until the beginning
of the next wake-up interval. If it receives any messages
during an awake period, it stays awake for another awake
period.

4.1 Simulation Methodology

We use ns-2 simulations to compare the performance of
MF and DSR with power management. We also compare
them with DSR without power management, called Contin-
uous Aware Mode (CAM). We consider the following three
metrics: (1) delivery delay is defined as an average delay
per delivered message, (2) delivery rate is defined as the
ratio of successfully delivered messages to the total num-
ber of generated messages, and (3) energy cost is defined as
the average energy consumption to deliver a unit message,
which is the total energy consumption divided by the num-
ber of delivered messages. The detailed simulation settings
are described in the technical report [9].

4.2 Impact of Traffic Load

In this section, we evaluate the performance of MF and
DSR under different traffic loads. To vary the traffic load,
we use message generation intervals of 300, 30, 20, 15, 12,
and 10 seconds. In Figure 4, we use DSR- � to represent
the case of DSR with power management whose wake-up
interval is � seconds, where � is 2, 50, and 200 seconds.
DSR:CAM represents the case of DSR without power man-
agement. We also use MF-strict to represent the case of MF
with power management where the ferry moves on a strict
schedule and MF-loose to represent the case where the ferry
moves on a loose schedule.

We first compare the performance of MF and DSR when
nodes are stationary. In Figure 4(a), we show the average
delivery delay of messages. The delivery delay of MF is
high because of the physical movement of the ferry. In the
simulations, the ferry takes at least 420 seconds to come
back to the same location. In DSR, using large wake-up
interval also increases delivery delay because nodes store

messages until the next wake-up interval before relaying if
they are asleep.

Figure 4(b) shows the delivery rate. MF delivers most
of the messages regardless of ferry movement scenarios.
Meanwhile, DSR delivers fewer messages as the wake-
up interval increases because nodes accumulate more mes-
sages and send them out at the same time, which increases
contention. As the contention level increases, more mes-
sages are dropped. Similarly, as the traffic load increases,
DSR delivers fewer messages due to contention.

Figure 4(c) shows the energy cost on a log scale. MF and
DSR with large wake-up intervals (e.g., 50 or 200 seconds)
significantly outperform DSR:CAM and DSR-2 under all
traffic loads, because nodes sleep for longer time. For exam-
ple, in case of traffic load of 3

���
, MF and DSR-200 con-

sume less than 2 � per delivered message, while DSR-2 and
and DSR:CAM consume more than six times or 15 times
of that energy, respectively. As the traffic load increases,
the energy cost of MF decreases because more messages
are delivered without increasing energy consumption signif-
icantly. In DSR with power management, when the traffic
load is low, energy consumption due to periodic wake-up
dominates the total energy consumption. So, energy cost
per message decreases as the load increases. When the traf-
fic load is high, more messages are lost due to contention,
leading to high energy cost.

Figure 4(d) shows the delivery rate for the case of mobile
nodes. While MF delivers most of the messages under all
traffic loads, the delivery rate of DSR varies significantly. In
DSR, a node detects a route change by the failure of mes-
sage transmission. Thus, it always loses the first message
after a route change. In fact, DSR:CAM and DSR-2 have
lower delivery rate when traffic load is 300 � � than when
it is 3

���
. Since the first message is dropped after a route

change, the former loses a large proportion of messages to
discover the route change than the latter. Thus, it has lower
delivery rate. Beyond 3

���
, the delivery rate decreases

as the traffic load increases due to contention. In case of
DSR-50 and DSR-200, both route change and contention
decrease the delivery rate significantly. In MF, the node mo-
bility decreases the length of communication time when a
node meets the ferry. However, it increases the chance for a
node to meet the ferry. Thus, the total communication time
between a node and the ferry is not affected much by node
mobility, which results in the almost constant delivery rate.

4.3 Impact of Node Mobility

In this section, we evaluate the performance of MF and
DSR as node speeds vary from 5 to 50 ���
	 . Because the
delivery rates of DSR-50 and DSR-200 are too low, we con-
sider only DSR-2 and DSR:CAM, where the message gen-
eration interval is 30 seconds.

Figure 5 shows the delivery rate in DSR decreases as the
speed of nodes increases because each route change causes
the first message to be dropped while detecting the change.
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Figure 4. Impact of traffic loads for stationary and mobile nodes

However, the node speed does not affect the delivery rate of
MF.

10 20 30 40 50
0.5

0.6

0.7

0.8

0.9

1

1.1

Speed of nodes (m/sec)

D
el

iv
er

y 
ra

te

DSR:CAM
DSR−2
MF−strict
MF−loose

Figure 5. Impact of node speeds

5 Conclusions

In this paper, we investigate the use of the Message Fer-
rying routing scheme to save energy while trading off de-
lay. We present a power management framework, in which
nodes switch among different power management modes
according to the knowledge of ferry location. Using ns-2
simulations, we evaluate the performance of MF and com-
pare it with DSR. Our simulation results show that MF can
achieve significant energy savings by trading off latency,
while still delivering most of the messages. In contrast,
power-managed DSR reduces energy consumption at the
price of significantly lower delivery rate. In addition, MF
shows robust performance in the face of node mobility.
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