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Abstract— The transmission range that achieves the
most economical use of energy in wireless ad hoc networks
is studied under homogeneous node distribution. By as-
suming the knowledge of node location, we first proposed
a transmission strategy to ensure the progress of data
packets toward their final destinations. Then the average
packet progress for a transmission range universal for all
nodes is derived, which is accordingly used to determine
the optimal transmission range that gives the maximum
efficiency of energy consumption. Different from some
previous work, our analysis does not make the assumption
of large nodal density in the wireless ad hoc networks
studied. Numerical and simulation results are presented
to examine our analysis for wireless ad hoc networks.

I. INTRODUCTION

The research on wireless ad hoc networks has expe-
rienced a rapid growth over the last few years. Unique
properties of ad hoc networks, such as operation without
pre-existing infrastructure, fast deployment, and self-
configuration, make them suitable for communication
in tactical operations, search and rescue missions, and
home networking. While most studies in this area have
concentrated on the design of routing protocols, medium
access control protocols, and security issues, we inves-
tigate the efficiency of energy consumption of wireless
ad hoc networks in this work.

Due to their portability and their deployment in po-
tentially harsh scenarios, nodes in ad hoc networks are
usually powered by batteries with finite capacity. It is
always desirable to extend the lifetime of ad hoc network
nodes without sacrificing their functionality. Thus, the
study of energy-efficient mechanisms is of significant
importance.

In wireless ad hoc networks, the major energy con-
sumption at each node is due to system operation,
data processing, and wireless transmission and reception.
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While there are studies on increasing battery capacity
and reducing the energy consumption of system opera-
tion and data processing, a study on energy consump-
tion economy of radio transceivers is also necessary to
achieve a more energy-efficient system design [1]. In
some previous work, the radio transmission range of
nodes in wireless networks is optimized, based on their
local neighborhood information, to establish desirable
network topologies and lower transmission interference
[2], [3]. [4], [5], and [6]. In this work, we consider
the radio transmission range as a pre-determined system
parameter, which should be defined a priori during
system design, and used throughout the lifetime of the
wireless ad hoc network.

When two communicating nodes are not in the range
of each other in wireless ad hoc networks, they need to
rely on multi-hop transmissions. Under such conditions,
packet forwarding, or routing, becomes necessary. The
value of the radio transmission range affects network
topology and energy consumption considerably. A larger
transmission range increases the distance progress of
data packets toward their final destinations. This is
unfortunately achieved at the expense of higher energy
consumption per transmission. On the other hand, a
shorter transmission range uses less energy to forward
packets to the next hop, although a larger number of
hops is needed for packets to reach their destinations.

There have been some published studies that have
concentrated on the optimization of the radio transmis-
sion range of wireless networks [7] [8] [9] [10] [11].
Compared with [5], [8], and [9], our study determines
a single optimum transmission range for all the nodes
in the network, and this value can be set in the pre-
deployment phase as long as the expected nodal density
is known. Compared with [10], our study does not make
the assumption that a relaying node that is closest to



the destination can always be found. Thus, the wireless
networks we study do not need to be highly densed.
Compared with [11], our network does not have any
base station or common receiver and does not assume
that the destination is far away from the source. Our
study takes into consideration the node density as well
as the probability of finding an intermediate node to relay
data packets toward their destinations, while nodes are
distributed in the network according to a two-dimension
Poisson distribution.

As in [10] and [11], we do not model the extra energy
consumption due to packet retransmissions. We assume
a light traffic load in the networks we study and a data
packet collision-free Medium Access Control scheme is
utilized [12].

Il. ANALYSIS OF SINGLE-TRANSMISSION
DISTANCE-ENERGY EFFICIENCY

In this section, we analyze and optimize the distance-
energy efficiency for a wireless ad hoc network with
randomly distributed nodes at the time of the first
transmission, even if a multi-hop transmission is sub-
sequently required for the transmitted packet to reach its
ultimate destination. Specifically, the single-transmission
distance-energy efficiency is defined as the ratio of the
average progress of the transmitted packet during the
first transmission and the energy consumption of a single
transmission.

A. Network Model and Transmission Strategy

Suppose that a source node, S, is located at the center
of a circle of radius =, where z is the largest possible
distance between S and any destination. In other words,
the source node does not send any packet to nodes
outside the circle. The destination node D, to which S
intends to transmit a data packet, is assumed uniformly
distributed over the entire circle.

Due to the limited radio range (or equivalently, limited
transmission energy), the packet from the source node to
the destination node may need to be sequentially routed
by a certain number of intermediate nodes, which are
termed routers. All nodes, including the source node and
the intermediate nodes, employ a common transmission
radius r. Consequently, direct transmission occurs only
when the destination node is within distance r from the
source node. To avoid the trivial case, we assume that
T >T.

Any node within the transmission range of a node is
called its neighbor. We assume that each node knows the

locations of all its neighbors and the location of the des-
tination node. Based on this assumption, a transmission
strategy can be designed as follows:

(i) The source node S transmits a packet to the
destination node D directly, if D is located within
distance r from S.

(i) When the destination node D is outside the trans-
mission range of the source node S, the source
node S sends the packet to a neighbor s.t. (a) the
neighbor is closer in distance to the destination
node D than the source node S, and (b) if multiple
such nodes exist then the neighbor closest to D is
selected.
Since the source node S knows the locations of
all the neighbor nodes and the destination node,
it does not send out the packet when no neighbor
that satisfies the condition in (ii) is available, and
postpones the transmission until such a neighbor
appears due to nodal mobility.

The probability that » nodes appear in an area of size
A is given by (pA)"e?4/nl, where p is the density
parameter for this two-dimensional Poisson point process
[7]. The appearance of nodes in any two non-overlapping
areas are assumed independent.

The energy consumption corresponding to each trans-
mission can be formulated as [10]:

E't(r) = klr“’ + kg,

(iii)

where r is the radio transmission range, w is the path
loss exponent, kq is determined by the characteristic of
the transmitter and the channel, and &5 is the transceiver
energy consumption that is not related to r. Let E.
be the energy consumption of receiving, decoding, and
processing data packets at the receiver. As a result of
the above formulation, the single-transmission consumed
energy is fixed for a given r and is given by E;(r) + E;.

To complete the analysis of the distance-energy effi-
ciency, it remains to determine the average progress of
the transmitted packet in a single hop.

B. Average Single-Transmission Progress

Denote the distance between the source node S and
the destination node D by v. When v < r, direct
transmission to the destination node D can be attained;
hence, the distance progress of the transmitted packet
to the destination node D is v. In the situation that
v > r, the source node has to locate an appropriate
neighbor for subsequent packet routing. Define distance
progress as the difference between the original distance
between the sender and the destination and the distance
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Fig. 1. lllustration of relaying nodes.

between the relaying node and the destination [11]. The
distance progress of the transmitted packet toward the
destination node D is therefore equal to (v — z), where
z is the distance between the first-hop router T' and the
destination node D (cf. Fig. 1).

Denote by P the random variable corresponding to
the distance progress for a single transmission. Let V'
and Z be the random variables corresponding to v and
z discussed above, respectively, i.e., V' represents the
distance between the source and the destination while
Z represents the distance between the first-hop router
T and the destination node D. Define a new random
variable H as:

1, if a neighbor satisfying the condition in
strategy (ii) exists;
0, otherwise.

Note that, according to the strategy described in the
previous subsection, the source node will send the packet
directly to the destination node whenever V' < r without
regard to the value of H.

With the above notations and assumptions, the prob-
lem of finding the average single-transmission progress
is equivalent to the derivation of the expected value of
P under the condition that [(V < r)U((V >r)N(H =
1))]. Note that if (V <r)U((V >r)N(H =1))] is
false, no transmission will take place according to (iii)
of the transmission strategy; hence, no energy will be
consumed (and the progress is certainly zero). We can,
therefore, formulate the relation between P, V, Z, and
H as:

p_ Vv, if V<
T\ V-2, i (V>r)n(H=1),
provided that [(V <r)U((V >r)N(H = 1))] is true.

It can be derived that the expected value of P under
(VIr)U(V>rnH=1)]Is
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Fig. 2. Distance-energy efficiency (w = 2).

E[P|(V<r)U(V>rnH=1)]

3z%r — 3 — / / ve PA(v— p’w)dvdp
3<x —2/ ve ”ASD(W)dU>

where Agp denotes the area of the overlapping region
of the circle centered at S with radius r and the circle
centered at D with radius v, i.e., the shaded region
in Fig. 1. Agp is split into two regions by the circle
centered at D with radius z. The areas of these two
regions are denoted as A; and As, respectively, as shown
in Fig. 1.

Obviously, the value of Agp is a function of v and r:

2
-1(T 2., -1 r
(%) + v cos (1 - W)

1
—57"\/(21) +7)(2v — 1),

Asp(v,7) = r’cos

Similarly, the value of A, is a function of z, v, and
r. Ai(z,v,7) is:
1 22 402 — 2
vz

2 2 2
r2 cos ! (7‘%—1)72) 2% cos™
2rv
1
—5\/(r+v+z)(v+z—r)(r+v —z)(r+z—v).

The single-transmission distance-energy efficiency
e(r) is then given by:

3z2r —r3 — 6/ / ye—P'Al(v—p,v,T)dvdp
0 Jr

3 (klrw + ko + Er) (1-2 _ 2/ fue—,D'AsD(v,T)drU)
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Fig. 3. Optimum Transmission Range.

I11. NUMERICAL RESULTS

Fig. 2 compares the analytical single-transmission
distance-energy efficiencies for different nodal densities.
The network coverage area is assumed to be a circle
with a radius of 100 meters (i.e., z = 100). The path loss
exponent w is assumed to be 2. Quantities k1 and ko + E,
are assumed to be 6.6319 x 102 and 1.476 x 102,
respectively.> Nodal density varies from 0.005 to 0.08,
which corresponds, on an average, to a range of 157 to
2512 nodes in a circle with radius 100 meters.

It can be observed from Fig. 2 that the single-
transmission distance-energy efficiency improves ini-
tially as r increases, and then degrades after r exceeds
a certain value. Fig. 2 also shows that the distance-
energy efficiency in a network with higher nodal density
is higher. The explanation of this result is that the
probability of finding relaying nodes closer to the final
destination is higher when there are more nodes in the
network. Each hop of transmission in this case makes
more progress toward the final destination, thereby im-
proving the distance-energy efficiency.

In Fig. 3, we compare the optimum transmission range
that maximizes the distance-energy efficiency, e(r), for
different nodal density and path loss exponent. The opti-
mum transmission range for different path loss exponent
approaches certain constants as p increases.

IV. CONCLUSIONS

The radio transmission range as a system parameter
affects the overall energy consumption of wireless ad
hoc networks. On the one hand, a longer transmission
range increases the expected progress of the data packet

1These parameters are chosen to be the same as in [10] for the
purpose of comparison. Other values of parameters may lead to
different but similar results.

toward its final destination at the expense of a higher
energy consumption per transmission. On the other
hand, a shorter transmission range consumes less per-
transmission energy, but it requires a larger number of
hops for the data packet to reach its destination.

Based on the underlying device energy consumption
model and a two-dimensional Poisson node distribution,
we propose an analytical model to investigate the op-
timal value of the radio transmission range. With the
knowledge of node locations, a transmission strategy
is designed to ensure the packet progress toward the
final destination. An optimum transmission range is then
determined. We conclude that the optimum transmission
radius is influenced more by the nodal density than
the network coverage area. Our results can be used
to determine the proper radio transmission power for
wireless ad hoc networks or micro-sensor networks in
the pre-deployment phase.
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