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Abstract— Overheads incurred by routing protocols diminish
the capacity available for relaying useful data over a mobile
wireless ad hoc network. Discovering and understanding the
lower bounds on the amount of protocol overhead incurred for
routing data packets is important for development of efficient
routing protocols, and for understanding the actual (effective)
capacity available for network users. In this paper we use an
information-theoretic approach for characterizing the minimum
routing overheads of geographic routing in a mobile network. We
formulate the minimum overhead problem as a rate-distortion
problem. The formulation may be applied to networks with
arbitrary traffic arrival and location service schemes. We evaluate
lower bounds on the minimum overheads incurred for maintain-
ing the location of destination nodes and consistent neighborhood
information in terms of node mobility and packet arrival process.
We also characterize the deficit caused by the routing overheads
in the overall transport capacity of a mobile network.

I. INTRODUCTION

Mobile ad hoc networks are characterized by dynamically
changing network topology which makes routing packets in an
ad hoc network a very challenging problem. Routing protocols
either fail to cope with the changing topology and yield
low packet delivery rate or incur very high overhead. It is
important to understand the lower limits of overhead incurred
for routing packets with certain level of reliability. Knowledge
of such a fundamental overhead limit would not only allow the
researchers to know how much a protocol deviates from the
optimal but also inspire the development of routing protocols
that achieve the limit.

The primary goal of a routing protocol is to gather and
disseminate state information such that a node may take
packet forwarding decisions that satisfy certain performance
criteria. The state information may comprise link states, node
locations, velocity and direction of nodes, queue lengths, etc.
The performance criteria could be minimum delay, maximum
throughput, maximum lifetime, delivering certain fraction of
packets or simply best effort delivery of packets. Information
theory provides us with the lower bounds on minimum number
of bits required to encode a source. Thus, it is reasonable to
expect that information theory would be a suitable tool for
developing lower bounds on the amount of overhead incurred
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by routing protocols for disseminating and gathering state
information in a mobile ad hoc network.

In this paper we present an analytical information-theoretic
framework for characterizing the minimum overhead incurred
by geographical routing protocols. The performance criterion
considered is high packet delivery ratio. In geographic routing
each node maintains its location information at one or more
location servers (e.g. see [9]). When a source wants to
forward a packet to a destination, it queries an appropriate
location server for the location of the destination. The location
server replies to the source node with the available location
information. Thereafter, the source and intermediate nodes
forward the packet according to the location of the destination.
It is pointed out in [11] that the fraction of packets delivered
by geographical routing varies inversely with the average error
in location information stored at the location servers. Thus,
maintaining packet delivery ratio above a given threshold
corresponds to maintaining location errors below a certain
threshold.

We categorize geographic routing overheads into two cate-
gories: (i) Location update overhead: The overhead incurred
in updating the location servers such that the location errors
in the reply to location queries is less than ε, and (ii) Beacon
overhead: The overhead incurred in beacon transmission such
that the probability that a node has consistent neighborhood
information when it needs to forward a packet is greater than
1 − δ. We formulate the problems of finding the minimum
values of the above-mentioned overheads as rate-distortion
problems (Please see [4] for an introduction to rate-distortion
theory). For location update overheads, the distortion measure
used is squared error in the location information stored at
the location servers (squared error distortion measure). For
beacon overheads, the distortion measure is the probability
that a perceived neighbor is not an actual neighbor (Hamming
distortion measure). Using a rate-distortion formulation, we
present lower bounds for the minimum geographic routing
overhead incurred in terms of node mobility, packet arrival
process, and reliability criteria ε and δ. First, we consider
one-dimensional network case and then extend the results to
two-dimensional networks.

We compare the minimum geographic routing overhead
with the transport capacity of multihop wireless networks
evaluated in [8]. It is observed that when the node mobility
is high and the average packet inter-arrival time is sufficiently
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small, the complete transport capacity of an ad hoc network
may be consumed by routing overheads. We derive an upper
bound on the critical network size above which all the transport
capacity of the network would be consumed by the routing
overheads and no useful communication would be possible.
In this paper we only consider the scenario where the routing
protocol initiates the forwarding process as soon as a packet
arrives at the source. Thus the capacity improvement due to
node mobility (achieved at the cost of delay associated with
waiting for the destination to move to a nearby location)
pointed out in [7], [12] is not applicable to our work.

A. Main Contributions

The main contributions of this paper may be summarized
as follows:

1) We present a new information-theoretic formulation for
evaluating the minimum routing overhead incurred by
geographic routing. The formulation is general so that it
may be applied to any node distribution, packet arrival
processes, and may be extended to any location service
scheme and mobility model.

2) For Brownian mobility model and various packet inter-
arrival time distributions, we evaluate lower bounds for
the minimum rate at which a node must transmit its lo-
cation information and beacons such that the packets are
routed with desired level of reliability. Combining both
overheads, we find a lower bound on the capacity deficit
caused by geographic routing overheads in wireless ad
hoc networks.

3) We characterize the effective transport capacity of an
ad hoc network after taking into account the minimum
routing overheads that must be incurred for reliable
geographic routing.

4) For a given packet arrival process, standard deviation
of Brownian motion and reliability parameters (ε, δ),
we evaluate the upper bound on the number of nodes
the ad hoc network can support such that the complete
transport capacity of the network is not used up by
routing overheads.

B. Paper Outline

The rest of the paper is organized as follows. A brief
overview of related work is presented in Section II. The
network model is presented in Section III. The rate-distortion
formulation and evaluation of a lower bound on the mini-
mum position update and beacon overheads are presented in
Sections IV and V respectively. A discussion of the capacity
deficit caused by routing overheads is presented in Section VI.
We present conclusions and direction of future research in
Section VII.

II. RELATED WORK

So far, we believe information theory has not significantly
influenced the design and understanding of communication
network protocols (an opinion we share with the authors of
[5]). One of the earliest (and most significant) attempts in

using information theory to enhance the understanding of
communication networks was made in [6]. Gallager [6] used
an information-theoretic approach in order to characterize a
lower bound on the amount of protocol information required
to keep track of the sender, receiver and timing of messages
for a simple (stationary) network model. It is found that
although the introduction of message delay decreases the
protocol information, small average message length and high
message arrival rate may lead to prohibitively high protocol
overhead.

A few relatively recent papers have used information the-
ory to understand the effects of node mobility on wireless
networks. An analytical framework, based on entropy of node
location, for characterizing delay and overhead associated with
paging and routing a call to a mobile station in a cellular
environment is provided in [10]. The complexity of tracking
a mobile user in a cellular environment is studied using
a information-theoretic approach and a position update and
paging scheme is proposed in [2]. An entropy based modeling
framework for evaluating and supporting route stability in
mobile ad hoc networks is proposed in [1]. In [13], the
authors propose the entropy of link change as the metric
for mobility models against which performance of wireless
network protocols must be evaluated.

Our work is along the lines of [15] where the authors use an
information-theoretic approach to characterize the minimum
routing overhead and memory requirements of topology-based
(proactive) hierarchical routing protocols for ad hoc networks.
The entropy of ad hoc network topologies as well as the en-
tropy rate are used in [15] to find the above mentioned bounds.
However, here, the family of routing protocols considered is
geographic routing protocols and the performance constraints
are also taken into account. This leads to a new problem
formulation as rate distortion which was not considered in
earlier work and new results on the effect on transport capacity.

III. NETWORK MODEL

The ad hoc network consists of n nodes located within an
m-dimensional space (We consider the cases of m = 1 and
2 in this paper). The nodes perform Brownian motion with
variance σ2. For node i, let Xi(t) = {Xi1(t), . . . , Xim(t)}
and X̂i(t) = {X̂i1(t), . . . , X̂im(t)} denote its actual location
and the location available at its location server at time t
respectively. Initially, the location servers have perfect in-
formation about the locations of the nodes they serve, i.e.,
Xi(0) = X̂i(0) ∀ 1 ≤ i ≤ n.

The jth packet destined to destination i arrives at a node
(source of the jth packet) in the network at time Ti(j)
(j ≥ 1). We define Ti(0) , 0 ∀ 1 ≤ i ≤ n. For all
j ≥ 1, Sj = Ti(j) − Ti(j − 1) (the packet inter-arrival
time) is independently and identically distributed according
to an arbitrary distribution with pdf fS(t). Similarly let τi(k)
denote the time at which the kth packet is forwarded by node
i (τi(0) , 0). The forwarded packets include both the packets
generated by node i and the packets for which the node acts
as an intermediate relaying node. The inter-arrival time of the
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