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In wireless ad hoc networks, energy utilization is perhaps the most important issue, since it
corresponds directly to the operational network lifetime. Topology Control (TC) is a well-
known energy saving technique which tries to assign transmission ranges of nodes to opti-
mize their energy utilization while keeping the network connected. In current TC schemes,
the transmission range of each node is mostly accounted as the exclusive estimator for its
energy consumption, while ignoring the amount of data it forwards. Especially when such
schemes are coupled with the popular shortest path routing, they usually create a highly-
loaded area at the center of the network in which nodes deplete their battery very quickly.
In this paper, we introduce efficient strategies that take both load and range into account to
handle this problem. We first consider the simple strategy in which a proper transmission
range is computed for all nodes of the network to optimize their energy utilization under
the presence of the shortest path routing. Inspiring from the results of this strategy, we
then propose our combined strategy and argue that a combination of circular paths and
shortest paths could result in a much better solution. We also provide detailed analytical
models to measure the forwarding load and interference of nodes and then corroborate
them with simulation results. Using the combined strategy, the achieved improvement
in terms of traffic load, interference, and maximum energy consumption is about 50%, as
compared with the simple strategy.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Wireless ad hoc networks consist of resource-con-
strained wireless devices which can communicate with
each other in the absence of any specific infrastructure. En-
ergy conservation is one of the most important concerns in
ad hoc networks, since battery replacement or power
recharging is usually difficult. This issue becomes even
more vital in some special-purposed ad hoc networks, such
. All rights reserved.
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as wireless sensor networks (WSN) where nodes are de-
ployed in disastrous or military environments.

Thus far, various techniques have been suggested to
optimize the network’s energy consumption at different
layers of the network protocol stack [1], ranging from effi-
cient hardware design [2], to efficient placing of communi-
cating codes in the network [3]. Topology control (TC), as
one of the most well-known solutions for this problem, is
based on construction of an efficient network topology
for the network in which the energy consumption is opti-
mized while essential properties of the topology such as
connectivity are preserved [4]. One of the simplest, yet
realistic, TC problems (known as Range Assignment prob-
lem) is ‘‘how to find a minimum transmission range for
each network node so that the topology remains
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connected” [5]. The main intuition behind the range
assignment problem is the fact that amount of communi-
cation energy that each node consumes is highly propor-
tional to its transmission range. Hence, as much as we
reduce the range of nodes, their power is expected to drain
more slowly.

However, we believe there is a shortcoming in most of
the existing TC approaches; as a matter of fact, current
solutions often neglect the impact of traffic load on the en-
ergy utilization of nodes. For instance, in the existing con-
ventional range assignment problem, the goal of
optimization is solely about minimizing the transmission
range of wireless devices, while in practice both the range
and the traffic load of each device determine its energy
consumption rate. Particularly, the problem appears more
acute when the shortest path (SP) routing method is used
to establish multihop communications between nodes
[6]. In this situation, it is observed that nodes near the cen-
ter of the network have to forward data for a large number
of other nodes. As a consequence, these centric nodes de-
plete their energy much faster than peripheral ones, which
may eventually result in the early partitioning of network
topology.

In brief, the intention of this paper is to overcome the
aforementioned deficiency by taking both traffic load and
transmission range of nodes into account when optimizing
nodes’ energy utilization. In particular, we define a new
problem, called Single-range Energy Conservation (SEC)
problem, whose objective is finding a single transmission
range for all nodes to minimize their maximum energy uti-
lization. After presenting a general description for this
problem, we introduce two separate strategies to solve it.
First, we explain the simple strategy in which the routing
method is fixed to the well-known shortest path routing.
Besides, we present separate analytical models to capture
characteristics of nodes with respect to the traffic load
and interference parameters. The results of these models
clearly indicate that this strategy fails to distribute the load
appropriately among nodes and still creates a hot spot re-
gion at the center of the network. Inspiring from these re-
sults, we then propose the combined strategy to further
elongate network lifetime. The basic idea is to use the
redundant energy capacity of peripheral nodes to reduce
the load of hot spots, by using a proper combination of
shortest paths and circular paths. For each strategy, we
present an analytical method to calculate the optimal val-
ues of configuration parameters, like transmission range.
In fact, the true purpose of our mathematical models is
to find the optimal configuration point of each strategy
for any given network setting, without running simulation.
Finally, we perform simulations to validate our modeling
and also to compare the results of different strategies with
each other.

The rest of the paper is organized as follows: in the
next section, we review the previous works on energy
conserving techniques in wireless ad hoc networks. In
Section 3, we present the motivation behind our work,
the exact description of the assumed network model
and the SEC problem. Section 4 analyzes the problem
for the simple strategy where the shortest path method
is applied to route traffic. Section 5 is devoted to the
explanation of our combined strategy. Simulation results
are provided in Section 6 and finally, we conclude the pa-
per in Section 7.

2. Related work

Thus far, different techniques have been proposed to re-
duce the amount of energy required for communications
between nodes in wireless ad hoc networks. A challenging
relevant problem is how to choose the transmission range
(or the transmission power) of wireless nodes in a way that
their energy utilization is minimized, while some essential
properties, like connectivity, are preserved in the resulted
network. In [4], the authors provide a general formulation
for this problem (known as Topology Control problem)
along with some efficient algorithms to solve it. In their
graph-based model, this problem is represented by a triple
hM,P,Oi where M is the corresponding model of the graph,
i.e., directed or undirected, P represents the network prop-
erties that are important to preserve, such as connectivity
or strong connectivity, and finally O denotes the optimiza-
tion objective like the maximum or the total power con-
sumption. Categorizing different versions of the topology
control problem according to this model, they present
valuable results, including polynomial algorithms for some
and proof of NP-hardness for others.

In addition, there are many other works that consider
the problem from a more practical perspective. As one of
the initial papers, [7] suggests two centralized algorithms
along with two heuristic distributed methods. In addition,
Wattenhofer et al. in [8] propose an elegant distributed
algorithm which works locally. The idea is to adjust trans-
mission range of every node such that it has at least one
neighbor on each a angle. Surprisingly, they proved that
the global connectivity will be conserved if a is not bigger
than 2p/3. Another worth noting work is [5], in which the
authors attempt to find an equal and small range value for
all nodes to get a strongly connected graph structure. They
apply a probabilistic method rather than deterministic
algorithms (as the typical approach in other proposals) to
attain such property.

Other practical approaches are COMPOW [9] and CLUS-
TERPOW [10], which are implemented in the network
layer. Both of these works rely on the idea that if each node
uses the smallest common power required to maintain
connectivity, then the capacity of the entire network with
respect to carrying traffic is maximized, the battery life is
extended, and the MAC-level contention is mitigated. The
major drawback of these two approaches is their signifi-
cant message overhead, since each node has to run multi-
ple daemons, each of which should exchange state
information with their counterparts at other nodes. In
[11], the authors propose an efficient topology control
algorithm that adjusts nodes’ power, such that all nodes
together form a topology which is energy efficient simulta-
neously for both unicast and broadcast communications.

One of the challenging issues in realizing topology con-
trol protocols is reducing the computational and message
overhead of running such protocols in such a way that
they can react to the topological changes in the network
quickly and efficiently. In response to this issue, recently



2 According to (3), the selection of smaller ranges seems to reduce the
consumed energy. But, it may eventually worsen the story, because the

1814 S. Zarifzadeh et al. / Computer Networks 53 (2009) 1812–1829
several algorithms have been introduced which construct
the topology in a localized manner [12–14]. The localized
topology control technique lets each wireless node adjust
its transmission power using only the local information
(i.e., the topological information of nodes within a con-
stant number of intermediate hops), while it maintains a
decent global structure to support energy efficient com-
munication. In addition, several algorithms have been sug-
gested that try to form a simple unit disk graph1 between
nodes to minimize their energy consumption [15–18]. Most
of these works try to find either analytically or experimen-
tally a single minimum transmission range for all nodes,
called Critical Transmission Range, such that there is at least
one path between every pair of nodes in the resulted
topology.

Moreover, a number of routing protocols have been pro-
posed to establish multihop communication in ad hoc net-
works [19–22]. Traditionally, these protocols are evaluated
in terms of packet loss ratio, routing message overhead,
and route length [23,24]. However, since wireless net-
works are often composed of battery-powered devices, en-
ergy consumption is also an important metric [24]. So far,
there have been several works for energy efficient routing
in wireless ad hoc and sensor networks, such as [25,26].
Five important metrics for energy efficient routing are
studied in [26], like minimizing energy consumed per
packet, minimizing variance in node power levels, mini-
mizing cost per packet, and so on. As the choice of topology
can greatly influence the performance of the employed
routing method, some works have considered both topol-
ogy control and routing simultaneously to provide energy
efficient communication in ad hoc networks [27,28].

One fundamental shortcoming which has appeared in
almost all of these proposals is that they neglect the impact
of traffic load on the energy utilization rate of nodes. How-
ever, as we will show in this work, energy consumption in
each wireless device is considerably affected by the vol-
ume of traffic it relays. As a result, often some negative
phenomena happen in the process of data forwarding in
ad hoc networks. For example, one negative phenomenon
which is frequently observed in such environments is the
appearance of a highly-loaded and early-depleted area in
the centric part of the network [6,30]. This deficiency is
emerged, since in hop-by-hop communications usually
most of packets should pass over this small area on their
way to the destinations.

3. Motivation and modeling

Energy consumption in wireless ad hoc networks is
usually traced to either communication or processing ef-
forts of the system. However, in many cases like sensor
networks, the amount of energy that nodes use for mes-
sage passing is an order of magnitude higher than what
they consume for processing. Thus, in many proposals in
this field, optimizing the communication’s energy con-
sumption is considered as the ultimate objective.
1 An undirected graph in which there is a link between any pair of nodes
whose distance is smaller than unit (or a fixed value r).
3.1. Basics of wireless communication

Communication’s energy consumption is itself caused
by either transmitting or receiving packets. Here, we have
used the well-known modeling, also used by Jones et al. [1]
and Pan et al. [29]. In this model, the required energy for
transmitting a bit-stream at rate r over the Euclidian dis-
tance of l is assessed by

Etðr; lÞ ¼ rðcþ alnÞ; ð1Þ

where c is the distance-independent term (i.e., the energy
utilized in the transmitter circuit) and a captures the dis-
tance-dependent one [29]. Moreover, n is a real value
which is often 2 6 n 6 4 for the free-space and short-to-
medium range communication. Likewise, the amount of
energy required to receive a bit-stream again at rate r is

ErecðrÞ ¼ rb; ð2Þ

where b is a constant value. Since Et� Erec [1], we here re-
strict our attention to that portion of energy used for trans-
mitting data. Therefore, when a node sends data by rate r
over distance l, it consumes E(r, l) units of energy per time
where E(r, l) is computed according to the following
formula:

Eðr; lÞ ¼ Etðr; lÞ ¼ rðcþ alnÞ: ð3Þ
3.2. Motivation

The above relation apparently shows that the amount of
energy consumed in a wireless device not only depends on
its transmission range but also on the volume of the traffic
it relays. In other words, if all nodes have roughly the same
range, nodes with a higher forwarding load lose their en-
ergy much faster than those which forward a limited num-
ber of packets. Consequently, it seems quite rational to
exploit the energy capacity of lightly-loaded nodes to re-
duce the energy consumption of hot spots. Unfortunately,
due to the dual role2 of transmission range in energy
utilization function, handling this problem is not
straightforward.

Indeed, the intention of this paper is to prolong the net-
work lifetime3 through an efficient combination of both
range assignment and load balancing approaches. Notice
that while managing the topology in this manner can result
in a longer network lifetime, it may increase the total energy
consumption of nodes. Yet, most of works in this field try to
increase the lifetime of the network rather than its total en-
ergy consumption [7]. One simple reason is that when a
wireless network gets partitioned, the amount of energy re-
mained in the still alive nodes may be not of much
importance.
forwarding load increases drastically as ranges get very small.
3 In this context, the network lifetime is the time elapses from the

network start-up time till the first node of the network stops working. So,
the goal is to maximize the minimum lifetime value in the set of all nodes.
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3.3. Network model and problem statement

Our network model is very similar to the ones used in
[6,30]. We assume an ad hoc network which consists of a
set of wireless nodes that are uniformly distributed with
density d within a circle COR of center O and radius R. Each
node sends messages to any other node with an average
uniform rate k per flow. The transmission range of all
nodes is the same and also configurable to a real value T.
An arbitrary node A can directly communicate with any
other node within the distance of its transmission range.
The transmission range T along with the geographical posi-
tions of nodes in the network represents the topology as an
undirected graph in which there is a link between any pair
of nodes which can communicate directly. Since both node
distribution and traffic rate are uniform, the traffic model
used in this paper is supposed to be symmetric in the sense
that all nodes of the same distance from the center are sim-
ilar. In other words, the forwarding load of nodes, which
are of an equal distance from the center, is the same.

Now, let us define some important concepts before
specifying our problem. The load of node A is the average
rate of traffic that A either sends or relays. We use L(d) to
denote the load of a node placed at distance d from the
center O. L(d), itself, is composed of two major parts: (i)
Sending load Ls(d) (i.e., the load on the node due to sending
its own traffic), and (ii) Forwarding load Lf(d), (i.e., the load
on the node due to forwarding traffic of other nodes).
Based on this network model, we have

LsðdÞ ¼ ðpR2d� 1Þk � pR2dk: ð4Þ

However, as we will show later, the computation of Lf(d) is
not an easy task; in fact, it requires some sort of modeling
about the characteristics of routing paths in the network.
We also use E(d) to refer to the average rate of energy con-
sumed by a node at distance d from the center. Based on
(3), we can compute E(d) by

EðdÞ ¼ LðdÞ � ðcþ aTnÞ; ð5Þ

where T is the value of the transmission range. We call all
nodes inside the transmission disk4 of a node A as the cov-
erage set of A. The interference of a node A is defined as the
number of paths that go through at least one node in the
coverage set of A. The intuition behind this definition is that
when node A sends data, it definitely collides with all the
traffic flows passing over the nodes in the coverage set of
A. According to our uniform traffic rate assumption, it is ex-
pected that the node of maximum interference yields the
maximum actual interference in practice too, even though
its real occurrence depends on the actual traffic pattern of
flows.

We define the notion of network lifetime as the time
interval from the network deployment till the first node
failure in the network [31,32]. In order to elucidate the
relationship between energy utilization and network life-
time, we provide our definition of energy efficiency: A pro-
tocol is called energy efficient, if it minimizes the maximum
4 Transmission disk of a node v is a disk centered at v with a radius equal
to the transmission range of v.
energy consumption of nodes for fulfilling its task. The
objective of minimizing the maximum energy utilization
rather than the total over all nodes is because battery life
is a local resource so the collective minimization has a little
practical value [1]. Assuming that all nodes have the same
initial power, it is not difficult to understand that an en-
ergy efficient protocol necessarily maximizes the network
lifetime too. Hence, our problem of maximizing the net-
work lifetime converts to the following min–max problem,
called Single-range Energy Conservation (SEC) problem:

Given: A wireless network field deployed within COR,
with node density d, an average traffic rate k between
every pair of nodes, and a certain routing strategy.
Optimization goal: Minimize max{E(d)j0 < d < R}.
Variables: Transmission range T, and routing parame-
ters of the given strategy.
Constraints: Routing constraints of the given strategy.

It is worth mentioning that most of the existing ap-
proaches, when specifying the problem and devising a
solution, do not take either transmission range or routing
constraints into account. In this paper, we aim to show
how a joint consideration of the range assignment and
routing algorithms can yield a much better solution.
4. The simple strategy

In this section, we study the SEC problem in the simple
strategy where the method of routing is fixed to the typical
shortest path (SP) routing. We first analyze the distribution
of load and interference in this strategy and then present
mathematical relations to obtain the optimal transmission
range.

4.1. Load distribution analysis

In [30], Pham and Perreau introduce a simple model
(known as rectangle model) for determining the load distri-
bution on ad hoc networks that use single-path routing. In
[6], the authors extend this model to the case of multipath
routing. In both works, the analysis shows that the load
gets maximized at the center of the network and as a re-
sult, when all nodes are of the same power, nodes at the
center form a bottleneck that affects the throughput of
the whole system. However, these models do not pay any
attention to the transmission range, while this factor
seems to significantly impact the amount of forwarding
load on nodes. Below, we introduce a new model for find-
ing the load distribution of nodes in a network that uses
the SP routing. To simplify our modeling, we here assume
an ideal load balanced SP routing protocol; we refer the
reader to [33] for a profile of such protocols. These proto-
cols can greatly help to balance the load, while preserving
the SP paradigm in principle.

Let T be the value of the transmission range chosen
for all network nodes. In order to provide strong connec-
tivity between nodes, there should be a lower bound on
T. This lower bound (referred to by Critical Transmission
Range or Tmin) is mainly governed by the node density



Fig. 1. The rectangle model.
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d and can be estimated through analytical methods or
experiments [15–18]. Now, consider two nodes B and P
in the network. If the network is relatively dense, the
shortest path between these two nodes will be very close
to the line segment connecting two nodes together
[6,30]. However, we can generally expect that the routing
path lies inside a rectangle, formed between B and P,
whose length is the same as the distance between B
and P and its width is 2W, as depicted in Fig. 1. In the
case that the SP routing is used, the average value of
W (which is used to model all routes) is determined by
the node density d and the network radius R, and is sup-
posed to be independent of T5 [6]. It is remarkable that,
since W is related to d, the rectangle model remains valid
even for the case of sparse networks; namely, a wider
rectangle is used for a network with a lower density. As
this model is just like the one proposed by Ganjali and
Keshavarzian [6] to model paths in multipath routing,
we first sketch their analytical modeling.

Let A and P be two fixed points (or two nodes) inside
COR and dAP denote the geographical distance between
these nodes. Also, assume that P is the center of an infin-
itesimal area that measures dx � dy. According to the
above discussion, the set of nodes used by a routing path
between any two nodes lies inside a rectangle of width
2W. Ganjali and Keshavarzian suggest that if dAP > W,
the locus of a node B whose path towards P goes through
A, should meet two constraints: (1) the distance from
point A to the line segment BP should be less than W,
and (2) the projection of point A on BP should lie between
B and P. The locus of B which is derived from these two
constraints is illustrated by the area S2 in Fig. 2a. On
the other hand, they conclude that, when dAP 6W, the lo-
cus of B is the intersection of COR with a half plane whose
boundary goes over A and is perpendicular with AP. This
section is demonstrated by the combination of S1 and S2

in Fig. 2b.
Intuitively, the average forwarding load on node A for

transferring traffic towards node P is proportional to S2/
S1. The intuition is that all the traffic from nodes inside
S2 towards P should pass over nodes of S1. Since we have
assumed a load balanced routing, this load would be
5 Our simulation results confirm that the average value of W is
independent of T, unless T is so large that most of nodes can communicate
directly to each other. The approach we use in this paper to determine the
value of W (with respect to a specific density and radius) is its approxi-
mation through averaging among all the paths in the sample graph formed
with the critical transmission range Tmin. For example, we get W = 1 for the
case that d = 2 and R = 10.
shared among the nodes in S1; therefore, the load on
node A which is produced by forwarding traffic of S2 to-
wards P is proportional to S2/S1. Following the model
introduced in [6], it is also reasonable to assume that
nodes within distance T of P share the load of the whole
traffic sent from nodes inside the shaded segment in
Fig. 2b (i.e., the area S1 and S2). To compute the total
traffic which pass through A, we are to consider all dif-
ferent positions of point P, and sum up the load on A,
for each possible position of P. However, calculation of
the load distribution in this manner results in a very
complex integral, which can only be computed through
numerical methods and hence can not provide us enough
insight into the system performance. Instead, through
extending the approach used in [34] to compute the load
of nodes in a sensor network, we could simplify the
model to get a closed form expression for Lf(d).

Consider the area S3 which is a sector centered around
AP with an angle h (Fig. 3). Now, let us assume a new model
where node A which is at distance d from O has the duty of
forwarding the traffic from nodes in S3 towards P. Clearly,
this model is equivalent to the previous one, if jS2j = jS3j
(we use jSj to refer to the area of S). Given two points A
and P, since jS2j decreases with increasing dAP (if dAP > W),
then both jS3j and h are decreasing functions of dAP. If we
can find a sector S3 with angle �h that is equivalent to S2

on average and is decoupled from dAP, our estimation
(i.e., jS2j = jS3j) would be justified for every position of A
and P.

Obviously, finding a value of �h that satisfies jS2j = jS3j on
average for every pair of points A and P is very difficult.
However, it is observed that the area S3 is mostly depen-
dent on its height, i.e., dAD, rather than h, because
j S3 j� d2

ADh=2. Hence, we can compute �h when A is placed
at the center and then apply this value as an estimation
for every node A. In Appendix I, we use this simplification
to estimate �h. As an instance, we get �h ¼ 0:7 for the case
that d = 2 and R = 10. Moreover, Appendix I presents a
way to get a closed form expression for calculation of
Lf(d). In brief, we have

Lf ðdÞ �
ðR2 � d2Þ2

T2
�hdk: ð6Þ
4.2. Interference distribution analysis

In Section 3, we introduced our definition of interfer-
ence as the number of paths which go through at least
one node in the coverage set of node. Clearly, to com-
pute the interference, we should know the exact position
of all nodes in the network and this unfortunately makes
our modeling untractable. Instead, we here define a
weaker definition which is much easier to compute,
while estimating the original interference well. Formally,
a path intersects with a disk, if at least one of its links
crosses (or lies inside) the circumference of the disk.
We define the virtual interference of a node A as the num-
ber of all paths intersecting with the transmission disk of
A. It is not difficult to realize from this definition that as
much as the virtual interference of a node becomes high-
er, the likelihood of the actual interference caused by
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this node increases, as well. However, unlike the original
interference, the virtual interference of a node can be
estimated without the need to know which nodes are
exactly in its coverage set. This is due to the fact that
by replacing coverage set with transmission disk in the
new definition, we can apply geometric methods to
approximate the number of paths that intersect with
the disk. Let VI(d) be the amount of virtual interference
of a node placed at distance d from the center. Now,
we show how to measure VI(d) based on the characteris-
tics of paths in the simple strategy. But, before continu-
ation of the paper, we should describe an elementary
definition which is frequently referred to in the rest of
the paper. Consider two fixed points A and P where point
A is within COR while P can be everywhere. As shown in
Fig. 4, we define ST,R(A,P) as the area which is formed be-
tween two circles COR and CAT

6 and surrounded by two
tangent lines drawn from P to the circle CAT. To compute
ST,R(A,P), a mathematical method similar to the one intro-
duced in [6] can be used.

Again, assume that A is a point at distance d from the
center and P is a fixed point inside COR. We want to find
the set of all points B such that the shortest path between
P and B intersects with the transmission disk of A. In order
6 CAT is a circle with radius T centered at point A
to compute the locus of point B, we have to consider two
separate cases:

(i) if dAP > T, then point B should satisfy two constraints:
(1) the distance from A to the line segment PB should
be less than T, and (2) the projection of point A on
line PB should lie between P and B. The above two
constraints lead us to the area ST,R(A,P) and CAT as
the locus of all points B, which is illustrated by the
grayed area in Fig. 5a. Notice that for the sake of sim-
plicity, we here ignore the impact of W on the virtual
interference of nodes.

(ii) if dAP 6 T, then the locus of all points B is the area of
the whole network region COR (Fig. 5b). This is
because every path towards P intersects with the
transmission disk of A.

Let VI(A,P) be the area of the region which is the locus of
point B, as described above in cases (i) and (ii). It is appar-
ent that if we multiply VI(A,P) by the node density d, then
we get the number of nodes that have the property that
their paths towards P potentially intersect with the trans-
mission disk of A. Thus, to compute the total virtual inter-
ference of A, we need to consider all possible positions of
point P, and sum up d � VI(A,P) for each position of P. Con-
sidering (x,y) as the coordinates of point P, we can mathe-
matically express VI(d) as
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VIðdÞ ¼
Z Z

8P2COR

d � VIðA; PÞddxdy

¼
Z Z

8P2COR�CAT

d � ðST;RðA; PÞ þ pT2Þddxdy

þ dpR2 � dpT2; ð7Þ

where the first and the second term in above sum formu-
lize VI(A,P) for the cases (i) and (ii), respectively. In some
communication environments, the interference range of
wireless devices turns out to be larger than their transmis-
sion range. In this case, the interference range should be
replaced by T in (7).

4.3. Calculating the optimal transmission range

Now, we show how to find the optimal range value for
all nodes of the network to minimize the maximum energy
consumption among them and then analyze the solution
with respect to the forwarding load and interference
parameters.

From (6), we can immediately conclude that as much as
a node is nearer to the center (i.e., d is smaller), it will have
a higher rate of forwarding load. Combining (4)–(6), we get
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EðdÞ ¼ ðLf ðdÞ þ LsðdÞÞ � ðcþ aTnÞ

� dk
ðR2 � d2Þ2

T2
�hþ pR2

 !
� ðcþ aTnÞ: ð8Þ

Since all nodes have the same transmission range, we can
infer that similar to the forwarding load, the energy con-
sumption rate reaches its pick at the center of the field,
where d = 0. This maximum energy is

Eð0Þ � dk
R4

T2
�hþ pR2

 !
� ðcþ aTnÞ

¼ dkR2 R2

T2
�hþ p

 !
� ðcþ aTnÞ: ð9Þ

Our goal is to find the optimal T that minimizes E(0). Tak-
ing derivative from E(0) with respect to T and setting it to
zero, the following equation is obtained (after some simpli-
fications) where its root determines the best value of T:

npaTnþ2 þ ðn� 2ÞR2�haTn � 2R2�hc ¼ 0: ð10Þ

Fig. 6 demonstrates the analytical results of E(0) with re-
spect to T in a network with d ¼ 2; R ¼ 10; W ¼ 1;
�h ¼ 0:7; a ¼ 1; c ¼ 1; k ¼ 1, and n = 3. The minimum
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value of E(0) is achieved at T � 1.2. Interestingly, as we can
see from the diagram, minimizing T does not necessarily re-
duce the maximum energy utilization of the network. This
is mainly because of the fact that the forwarding load of
nodes near the center increases drastically as the transmis-
sion range decreases too much. Another point to mention is
that although the node density seems to have no effect on
the selection of the optimal T, but it implicitly influences
the solution through altering the value of W and �h.

Through analyzing the interference function in (7), we
can derive that, as much as the transmission range in-
creases, more paths are likely to intersect with transmis-
sion disks of nodes and thus the amount of virtual
interference increases too. Also, just like Lf(d), VI(d) rises
as d tends to zero. In fact, the virtual interference calcu-
lated in case (i) (explained in Section 4.2) reaches its sum-
mit at the center, and in case (ii), it remains equal for all
points of the circle. This can reduce the actual lifetime of
the network even more, since as a result of a high interfer-
ence at the center, more packet loss and hence more packet
retransmissions is likely to be triggered, which further de-
pletes the power of hot spots. It is worthy to mention that
the emergence of such high load and interference at the
centric part of the network mainly roots in the pure usage
of shortest paths between nodes, because most of these
paths should pass over this small area to reach their desti-
nations. As an example, our analysis shows that about 2/3
of all shortest paths intersect with transmission disk of the
center. Therefore, by selecting a better routing, the net-
work lifetime will be improved undoubtedly.

The average forwarding load and virtual interference
acquired in the optimal simple strategy (with T = 1.2) are
plotted in Fig. 7. With a brief look at this figure, we can ob-
serve that both the load and the interference become se-
verely high at the center. The results indicate that even
using the optimal transmission range cannot yield a good
load distribution over the network and still creates a hot
spot region with a high interference potential at the center.
In Section 6, we also provide simulation results for these
two cases which corroborate our analysis.

5. The combined strategy

In the previous section, we argued briefly that the rout-
ing is a promising tactic to improve network lifetime. In
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Fig. 7. Forwarding load and virtual interference distribution in the sim
this section, we try to find a better solution to the SEC
problem, through devising a more efficient routing meth-
od. A traditional way of solving this problem is linear pro-
gramming, in which the constraints are topology and
routing constraints which are actually flow conservation.
However, this approach is applicable only in small net-
works, because the size of the problem space increases
dramatically as the number of nodes grows. Therefore,
we rely on heuristics to achieve a better solution.

5.1. Combined shortest path routing and circular routing

Through investigating the distribution of forwarding
load in the former strategy, we found out that the periph-
eral nodes of the network always take a much lighter load
than nodes near the center. As a first conclusion, a better
strategy should exploit the energy capacity of these nodes
to compensate the energy consumption of hot spots.

Our new strategy is schematically depicted in Fig. 8. As
the figure shows, the field is divided into two segments: a
segment with a concentric circle of radius Ri (Ri < R) which
we refer to as the inner circle (or CORi

) and an annulus seg-
ment between the inner circle and periphery of the net-
work, illustrated by the grayed annulus in Fig. 8. The
routing method of the new strategy is devised as follows:
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ple strategy. We assume R = 10, W = 1, k = 1, d = 2, and T = 1.2.
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1. Nodes within CORi
still take the shortest paths when

transmitting data towards other nodes of CORi
, e.g., the

path between A and B in Fig. 8.
2. Also, nodes within CORi

use the shortest paths for trans-
mitting data towards nodes of the annulus segment,
and vice versa, e.g., the path between A and C in Fig. 8.

3. Nodes in the annulus perform a two-step routing to
transmit data to other nodes of the annulus. Suppose
node D in Fig. 8 wants to communicate with node F.
The path from D to F first circles around the center until
reaches a node, e.g., node E, whose distance to line OF is
less than the transmission range T. We call this step cir-
cular routing and also node E as turning node along the
path from D to F. Then, it follows the shortest path from
the turning node to the destination (we call this path as
turning path). The direction of the circular routing
depends on the location of source with respect to the
destination node: clockwise if node D is laid on one side
of line OF and counterclockwise on the other side.

Overall, the rationale behind this combined strategy is
that it tries to reduce the number of paths that go over
the network’s hot spot by confining the network section
that applies the SP routing. Based on the rectangle model
introduced in Section 4.1, we assume that the shortest
paths between nodes (constructed in case 1 and 2 of the
above routing) lie inside a rectangle with width of 2WSP.
Also, the circular path used in case 3 can be imagined to
be positioned within an annulus with width of 2WC formed
around an arc which connects two nodes together (Fig. 8).
Just like WSP, the average value of WC is governed by the
node density d and network radius R and is supposed to
be independent of T. We use an approach similar to the
one introduced in Section 4.1 to approximate WC for a gi-
ven value of d and R (e.g., we get WC = 1.2, when d = 2
and R = 10). Like the simple strategy, the transmission
range of all nodes (whether they are in the inner circle or
in the annulus segment) is configured to the same value
T in the new strategy too.

It can be inferred from above that the main challenge of
the combined strategy is choosing Ri and T deliberately to
optimize the maximum energy utilization among nodes.
However, to obtain the optimal values of Ri and T, we
should develop analytical models to describe properties
of nodes in the new strategy too.

An analysis, similar to the one brought up in Section 4.1,
can be applied to compute Lf(d) for nodes located within
the inner circle (i.e., when d 6 Ri). Since the radius of this
part has reduced from R to Ri, it is easy to show that the
maximum load of this part, which occurs at the center, is
(Ri/R)2 fraction of the maximum load obtained by the sim-
ple strategy; namely:

Lf ð0Þ ¼
Ri

R

� �2

� R
4

T2
�hidk ¼ RiR

T

� �2
�hidk; ð11Þ

where �hi is the value of �h calculated for the inner circle.
Similar to the case of forwarding load, the virtual interfer-
ence inside CORi

will be reduced, because all circular paths
bypass the central part to reach their destinations. In order
to compute VI(d) for these nodes, we can use the same ap-
proach presented in Section 4.2. Following the relation in
(7), we have

VIðdÞ ¼
Z Z

8P2fCOR�CATg
d � ST;Ri

ðA; PÞddxdyþ dpR2 � dpT2:

ð12Þ

However, for nodes outside CORi
, a different analysis should

be made, because the rectangle model can not be applied
there. If we could characterize the load distribution for this
part of the network, we could choose the best value of Ri

and T in order to disperse the traffic load efficiently be-
tween two segments.

Consider a node A which is at distance d from the center
where d > Ri. Based on the above combined routing, the for-
warding load taken by this node is composed of three ma-
jor parts: (i) L1(d), the load of forwarding traffic along the
circular paths constructed in case 3 of the combined strat-
egy, (ii) L2(d), the load of forwarding traffic along the turn-
ing paths constructed in case 3, and (iii) L3(d), the load of
forwarding traffic along the shortest paths constructed in
case 2. In Appendix II, we present a complete set of rela-
tions to compute Li(d), for i = 1, 2, 3.

Just like the forwarding load, the virtual interference of
node A is composed of three parts: (i) VI1(d), the number
of circular paths that intersect with CAT (i.e., the transmis-
sion disk of A), (ii) VI2(d), the number of turning paths
intersecting with CAT, and eventually (iii) VI3(d), the num-
ber of all shortest paths that intersect with CAT. In Appen-
dix III, we give a detailed explanation about how this
model is built.

5.2. How to choose Ri and T?

As described earlier, the choice of Ri and T can signifi-
cantly influence the performance of the proposed com-
bined strategy. In this section, we present an analytical
way to find the best value of Ri and T and then analyze
the strategy with respect to the forwarding load and inter-
ference parameters.

Since all nodes have the same range, we can simply con-
clude that the energy consumption rate inside CORi

gets
maximum at the center. Using (8) and (11), this maximum
energy can be calculated by

Eð0Þ � k
RiR
T

� �2
�hidþ pR2d

 !
� ðcþ aTnÞ

¼ dkR2 R2
i

T2
�hi þ p

 !
� ðcþ aTnÞ: ð13Þ

Having fixed the value of Ri, we can find the optimal T for
minimizing E(0) through taking derivative from (13), sim-
ilar to the approach we used in Section 4.3. Finally, we get
the following equation where the root determines the best
value of T:

npaTnþ2 þ ðn� 2ÞR2
i
�hiaTn � 2R2�hic ¼ 0: ð14Þ

Unfortunately, as Appendix II shows, the forwarding load
distribution in the annulus segment has such a complex
form that obtaining a simple expression for the optimal
Ri and T is hardly possible. However, since our strategy
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tries to disperse the forwarding load of hot spot evenly
over two segments, we can intuitively argue that the opti-
mal Ri yields the same maximum energy utilization for
both segments. Hence, given a certain Ri (0 6 Ri 6 R), we
first find the best value of T that optimizes E(0) by solving
(14). Then, we compute the maximum energy consump-
tion in two segments under the chosen T, using the analyt-
ical modeling of forwarding load distribution presented in
AppendixII. By varying the value of Ri, we can get the opti-
mal values of Ri and T for a given network setting (i.e., for a
specific node density and network radius). Although the
load and the energy functions have not a closed form,
but they are solely functions of d and R and can be easily
evaluated by mathematical tools or simple numerical
methods, such as the Monte Carlo method. Here, we
emphasize that the computation phase of our strategies
is done only once (e.g., at start-up) for each network set-
ting. So, when T and Ri are determined, wireless nodes
don’t need to compute anything.

Fig. 9 demonstrates the analytical results of the maxi-
mum energy consumption with respect to different values
of Ri in a network with R = 10, WSP = 1, WC = 1.2, a = 1, c = 1,
k = 1, d = 2 and n = 3. The maximum energy is optimized at
Ri � 6. This selection of Ri leads to T = 1 as the best value for
T that minimizes E(0). If we had shown the result of select-
ing different transmission ranges, again it could be ob-
served that the maximum rate of energy utilization does
not necessarily reduce as the transmission range decreases.

Through investigating the virtual interference distribu-
tion, we can deduce that as T decreases, the virtual inter-
ference inside both segments decreases too. In fact, VI(d)
for nodes inside CORi

complies the function in (12) which
is reduced when T decreases. Similarly, for nodes outside
the circle, decreasing T will reduce all three parts of the
virtual interference function. More importantly, due to
the usage of circular paths, the combined strategy is ex-
pected to notably improve VI(d) at the centric part of
the network.

The analytical results of the combined strategy are plot-
ted in Fig. 10. These two diagrams evidently confirm that
both load and interference are spread much better over
the network, comparing with the results of the simple
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Fig. 9. Maximum energy obtained in combine
strategy shown in Fig. 7. Note that characterizing the dis-
tribution of forwarding load and virtual interference in
the annulus [Ri � T,Ri + T] is very hard, because there is
no clear demarcation between two segments that apply
different routings. Instead, we solely rely on simulations
to find the characteristics of nodes in this area.

5.3. Strategy implementation

Now, we provide a brief discussion on implementation
issues of the combined strategy. First, we should mention
that the idea of circular routing is not new and has been
introduced previously in [34] as a useful way to balance
the load of traffic in wireless sensor networks. But, our
adoption of circular routing (in the combined strategy) is
novel in ad hoc networks. In order to implement this rout-
ing, several mechanisms can be used. One way is to use the
trajectory based forwarding, proposed in [35,36], which
provides a way to shape a routing path into a predefined
curve. In our case, the curve is simply an arc parameterized
by a radius and center coordinates. Another simple ap-
proach to realize this routing could be as follows. Each
packet header contains two fields which are filled by the
original source: the distance of the source from the center
(denoted by dsrc) and the direction of the circular path be-
tween the source and the destination, i.e., clockwise or
counterclockwise (denoted by dir). Once a packet arrives
at an intermediate node, it forwards the packet on direc-
tion dir towards a neighbor whose distance from the center
is closest to dsrc among all its neighbors. In both ap-
proaches, the location-awareness is necessary for nodes
that apply such a routing, which certainly results in extra
overhead. However, in the latter one, only the turning node
needs to know the exact location of the destination. The
source and also the intermediate nodes along a circular
path only have to estimate two kinds of information: (1)
whether the destination is inside the inner circle or the
annulus segment, and (2) whether direction of the circular
path towards destination is clockwise or counterclockwise.
This brings some type of localization by which only a small
portion of nodes, which are fortunately very close to the
destination, need accurate information about the position
5 6 7 8 9 10
f the inner circle)

d strategy under different values of Ri.
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Fig. 10. Forwarding load and virtual interference distribution in the combined strategy. We assume R = 10, k = 1, d = 2, Ri = 6, and T = 1.
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of the destination, while other nodes only require to know
a restricted positional information which is much more
stable.

Although the circular field is the most widely used
shape for modeling the network region (and also a good
one to estimate other shapes), but this question may arise
that ‘‘what if the network field is not circular?”. The com-
bination of the SP routing and trajectory based routing
(shaped based on the periphery of the field) can be specu-
lated as a near optimum solution, as it disperses the traffic
flows well over the network. However, calculating the
optimal T and Ri depends highly on the shape of the net-
work field, but the idea of exploiting the redundant capac-
ity of peripheral nodes always applies. The final point to
mention is that although the value of transmission range
in both strategies are determined by solving (10) and
(14), but they can’t give any guarantee on the connectivity
of nodes in the resulted topology. However, there are sev-
eral analytical methods that approximate the critical trans-
mission range as a function of the network field, node
distribution, and density (e.g. [15–17]). Also, some graph
based methods have been proposed that determine the ex-
act critical range in a fast and efficient manner for a given
placement of nodes (for example, [18]). Since the energy
utilization function is known in both strategies, we are able
to find the best transmission range that preserves connec-
tivity too.

6. Performance evaluation

In this section, we present the results of simulations we
have conducted to evaluate the performance of our strate-
gies. We also compare them with the results of the tradi-
tional approach which uses the popular shortest path
routing and assigns the critical transmission range to all
network nodes.

6.1. Simulation environment

Our experiments were carried out using a customized
high level simulator implemented in C++. The simulation
setups are as follows: The radius of the network field is
set to R = 10 while nodes are uniformly distributed inside
the circle with density d = 2. In each experiment, after gen-
erating a placement of nodes, we first construct the net-
work topology in both strategies and then run the
appropriate routing method (i.e., the shortest path routing
or the combined one) on the resulted network consisting of
those nodes. For each strategy, we measure the forwarding
load, the interference and the energy consumption of
nodes according to their distance from the center. We as-
sume that the rate of energy consumption in each node
is computed according to (5) with a = 1, c = 1, and n = 3.
Also, we fix the average traffic rate k to 1. Note that,
although our strategies have been designed to run in a dis-
tributed manner, our simulations assume a static disci-
pline. That is, given a random placement of nodes, we
run each of strategies statically on the network to find
routing paths between nodes. For each strategy, we per-
form 10 simulations with different node placement.

6.2. The simple strategy

First, we present the results of the experiments we have
done for the simple and traditional strategies. Fig. 11
shows the results of the maximum energy consumption
obtained under different values of T in the simple strategy.
One can easily see the similarity between this plot and that
of Fig. 6. The difference between these two diagrams is
mainly due to the fact that the computation of forwarding
load in Fig. 6 is based on approximation which assumes a
perfect load balanced routing. Despite this error, the over-
all tendency is valid. For example, the maximum energy
consumption is optimized at T � 1.4 which is near to the
one achieved through analysis (i.e., T � 1.2).

Fig. 12 compares the results of the simple strategy with
those of the traditional one. The figure represents the aver-
age forwarding load and interference of nodes versus their
distance from the center. The analytical results are simply
a re-plot of the curves in Fig. 7. As we can see there, simu-
lation results of the simple strategy match analytical ones
very well in terms of the average forwarding load. Note
that when d goes beyond 5, the difference between two re-
sults becomes slightly larger; the reason is that we have
applied the �h estimation of the center for every other node.
In the case of virtual interference, analytical results appear
to be rather pessimistic (about 10% higher, on average).
This is because we have considered the virtual interference
in our analysis while simulations take the actual interfer-
ence into account. Recall that the virtual interference of a
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Fig. 11. Maximum energy obtained in the simple strategy under different values of the transmission range T.

0

5000

10000

15000

20000

25000

0     0.5 1.5    2.5    3.5     4.5    5.5    6.5    7.5    8.5     9.5    10 0     0.5    1.5    2.5    3.5     4.5    5.5    6.5    7.5     8.5     9.5    10
d  (distance from the center)

A
ve

ra
ge

 F
or

w
ar

di
ng

 L
oa

d

Simple strategy (analysis)
Simple strategy (simulation)
Tranditional (simulation)

    

0

10000

20000

30000

40000

50000

60000

70000

d  (distance from the center)

In
te

rf
er

en
ce

Simple strategy (analysis)
Simple strategy (simulation)
Traditional (simulation)

 
(a) Average forwarding load vs. distance from center     (b) Interference vs. distance from center    

Fig. 12. Forwarding load and interference distribution in the simple strategy. We set T = 1.2 and T = 0.8 for simple and traditional strategies, respectively.
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node is computed based on the number of paths that only
intersect with the transmission disk of the node. So, it is
reasonably higher than the actual interference which is
calculated based on the number of paths that pass over
the coverage set. Nonetheless, the analytical results can
properly show the relative interference of the network
nodes.

A simple comparison between the experimental results
of two strategies in Fig. 12 reveals that the simple strategy
yields a much lower forwarding load (50%, on average)
than the traditional one. The reason is that when the trans-
mission range gets smaller, the routing paths should pass
over more hops to get to their destinations, and this evi-
dently increases the load on intermediate nodes. On the
other hand, as a result of selecting a lower range, the tradi-
tional strategy brings a better result with respect to the
interference (around 15%, on average). Bear in mind that
based on (7), interference has a reverse relation with trans-
mission range which is confirmed by the above results, as
well.

6.3. The combined strategy

Now, we provide simulation results for the proposed
combined strategy. Fig. 13 displays the results of the max-
imum energy consumption obtained by this strategy when
Ri varies from 0 to 10. The value of T is selected analytically
in a way that the maximum energy consumption in both
segments [0,Ri] and [Ri,R] is minimized. As the figure
shows, the lowest value of maximum energy is obtained
at Ri = 6, which gives us the best choice of the strategy. This
value is the same as the one obtained through analysis and
hence, it confirms the validity of our model. Also, a simple
comparison between Figs. 11 and 13 shows that the com-
bined strategy has succeeded to reduce the maximum con-
sumed energy by about 50%, in comparison with the
simple strategy.
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Fig. 14. Forwarding load and interference distribution in the combined strategy. We assume Ri = 6, and T = 1.
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At last, Fig. 14 compares the simulation results of com-
bined strategy with the analytical ones for the case that we
have chosen Ri = 6 and T = 1, which are the optimal values
according to our analysis. The figure represents the average
forwarding load and interference of nodes versus their dis-
tance from the center. The analytical results are borrowed
from the curves in Fig. 10. As it can be seen there, the re-
sults of forwarding load obtained through simulation
match the analytical ones well. However, as we expected
beforehand, the difference between two results gets large
when Ri � T 6 d 6 Ri + T, (i.e., inside the annulus [Ri � -
T,Ri + T]). However, the actual interference of nodes ob-
tained by simulation is on average 10% smaller than their
corresponding virtual interference (Fig. 14b).

By evaluating the results of both strategies, shown in
Figs. 12 and 14, we observe that the combined strategy
has significantly reduced the forwarding load and interfer-
ence of the central region by about 50%, in comparison
with the simple counterpart. Indeed, it improves both
parameters in the inner circle, at the cost of an increased
load and interference in the annulus segment. As the first
consequence, the network lifetime in the combined strat-
egy is expected to be at least twice as long as the one ob-
tained in the simple strategy. The maximum load and
interference of two segments become roughly equal when
Ri = 6, and this again confirms our selection of Ri = 6 as the
best choice of the strategy.

7. Conclusion

In this paper, we considered a novel energy conserva-
tion problem in wireless ad hoc networks that takes both
transmission range and traffic load of nodes into account
to elongate network lifetime. We first introduced our sim-
ple strategy in which one single transmission range is as-
signed to all nodes of the network so that the maximum
rate of energy utilization becomes optimum under the
assumption of using the shortest path routing. The results
of this strategy showed that nodes located close to the cen-
ter suffer from premature battery depletion, leading to an
early network failure. These results suggested that routing
is indeed a promising tactic that deserves to be considered
when maximizing the network lifetime. In particular, we
proposed using circular paths along with shortest paths
to better exploit the energy capacity of nodes at the
periphery of the network and reduce the load of hot spots.
This combined strategy achieves a nearly 50% improve-
ment in terms of traffic load, interference and energy con-
sumption in hot spots, compared with the simple strategy.
For all these scenarios, we developed analytical models,
corroborated by a set of simulations.

Appendix I. Estimation of forwarding load in simple
strategy

Here, we present an analytical way for calculating the
average forwarding load of the nodes in the simple strat-
egy. Consider Fig. 15. Based on the approach introduced
in Section 4.1, we are going to find a sector S3 with angle
�h that is equivalent to S2 on average and is decoupled from
dAP. Since jS3j is mostly dependent on its height, i.e., dAD,
rather than h (since j S3 j� d2

ADh=2Þ, we compute �h when A
is placed at the center and then apply this value as an esti-
mation for every node A. Let S2(d) be the sum of the values
of jS2j for all points P 2 COR and a point A which is at dis-
tance d from O. Also, assume that S3(d) is the sum over
all values of jS3j. We want S2(d) = S3(d) for d = 0. When A
is placed at the center, we can calculate S3(0) simply by:
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S3ð0Þ ¼
Z 2p

a¼0

Z R

r¼0
j S3 j �r � dr � da

¼
Z 2p

a¼0

Z R

r¼0

1
2

R2�h � r � dr � da ¼ 1
2
pR4�h: ð15Þ

Also, we can use the following relation to compute S2(0):

S2ð0Þ ¼
Z 2p

a¼0

Z R

r¼0
j S2 j �r � dr � da

¼
Z Z

8B2COR�COW

SW ;RðO; BÞ þ
1
2
pW2

� �
� r � dr � da

þ
Z Z

8B2COW

1
2
pR2 � r � dr � da; ð16Þ

where the first and the second term in the above sum for-
mulize jS2j for the cases in which dAP > Wand dAP 6W,
respectively. Let S2(0) = S3(0), and assume that R = 10,
W = 1, and d = 2; thus, we have �h ¼ 0:7. The value of W
has been approximated through experiment by averaging
among all paths in a graph formed by Tmin � 0.8. The aver-
age W remains rather the same for other values of T.

On the other hand, jS1j can be estimated by pT2/2. Con-
sidering the above simplified model, the amount of load on
A for forwarding traffic flows towards P, denoted by Lf(A, P),
will be

Lf ðA; PÞ ¼
j S2 j
j S1 j

dk � j S3 j
j S1 j

dk �
�h � d2

AD

pT2 dk; ð17Þ

where D is the intersection point of line AP and circle COR

within the sector S3.
Let us now compute the total forwarding load of node A.

As shown in Fig. 16, consider that node A is charged with
the forwarding of all traffic flows from S3 toward nodes in-
side a very small sector S4; the areas S3 and S4 are centered
around line AP with an angle of �h and da, respectively, and
D and E are two intersection points of line AP with COR. As
described before, if the value of �h is appropriately chosen,
then this model is roughly equivalent with the original
one, introduced by Ganjali and Keshavarzian [6], for any
position of A. Now, we calculate the total forwarding load
of node A by taking a sum over all values of a. For simpli-
fication, we assume that j S3 j� 1

2 d2
AD

�h and j S4 j� 1
2 d2

AE da.
Considering the fact that dAD � dAE = (R2 � d2), we can
θ

 

y
x

Fig. 16. Estimation of forwarding load Lf(d) in the simple strategy.
derive the following important relation as a closed form
expression for Lf(d):

Lf ðdÞ �
X2p

a¼0

j S3 j
j S3 j

j S4 j dk �
Z 2p

0

1
2 d2

AD
�h

1
2 pT2 �

1
2

d2
AEda � dk

¼
Z 2p

0

d2
AD � d2

AE

2pT2
�hda � dk

¼
Z 2p

0

ðR2 � d2Þ2

2pT2
�hda � dk ¼ ðR

2 � d2Þ2

T2
�hdk: ð18Þ

Recall that based on our simplified model, the value of �h is
the same for all nodes of the network and can be approxi-
mated by solving the equation S2(0) = S3(0).
Appendix II. Computation of forwarding load in
combined strategy

In this section, we present a mathematical method for
computation of forwarding load in the combined strategy
for nodes settled outside CORi

. Let A be a node at distance
d from the center where d > Ri. As we explained in Section
5, the forwarding load of node A has three main parts L1(d),
L2(d), and L3(d).

L1(d) is the load of forwarding traffic along the circular
paths constructed in the first step of circular routing. Let
x(i) be a point on the periphery of the circle COR such that
the angle between line Ox(i) and OA is equal to i. Consider
a tiny sector Sa(da) with a central angle da around the ra-
dius Ox(a), as shown in Fig. 17a. According to the figure, for
every destination node P within Sa(da) that dOP > d, the lo-
cus of a point B whose circular path towards P goes
through A is approximately an annulus formed between
the line OA and Ox(p + a) with width of 2WC, i.e., the area
S2 in Fig. 17a. Similar to the SP routing, we can assume that
the load will be shared among nodes in the one-hop area
S1. Hence, the amount of traffic imposed on A by the usage
of circular paths towards nodes inside Sa(da), denoted by
La

1ðdÞ, can be calculated by

La
1ðdÞ ¼

S2d� SaðdaÞd
S1d

k

¼
ðR2�R2

i Þda
2 � ððdþWC Þ2�ðd�WC Þ2Þðp�aÞ

2

2WCT
kd: ð19Þ

Since the traffic is bi-directional, and is assumed to be the
same in both ways (clockwise and counterclockwise), then
by taking integration for da from 0 to p, the total amount
of L1(d) is

L1ðdÞ ¼ 2�
Z p

0

S2 � SaðdaÞ
S1

¼ 2�
Z p

0

ððdþWC Þ2�ðd�WC Þ2Þðp�aÞ
2 � ðR

2�R2
i Þda

2

2WCT
kd

¼ 2�
1
8 p

2ððdþWCÞ2 � ðd�WCÞ2ÞðR2 � R2
i Þ

2WCT
kd

¼ 4p2WCdðR2 � R2
i Þ

8WCT
kd ¼ dðR2 � R2

i Þ
2T

p2kd: ð20Þ



Fig. 17. Computation of forwarding load distribution for nodes outside the inner circle in the combined strategy.
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Fig. 18. Calculation of Fa(da).
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On the other hand, L2(d) is the load due to forwarding
traffic along the turning paths constructed in the second
step of circular routing. To simplify our analysis, we assume
that the turning path is close to the straight line which con-
nects turning node to destination. Consider a source node B
and a destination node P. If the turning path from B to P
goes through A, then one of the following two cases has
happened: (1) the distance between P and line OA is smaller
than T, dOB > d, and dOP 6 d, or (2) the distance between P
and line OA is smaller than T, dOB 6 d, and dOP > d. These
cases are straightforwardly derived from the definition of
the combined routing presented in Section 5.1 Notice that
we here ignore the impact of WC on load of nodes, because
WC has roughly a symmetric effect on it. As Fig. 17b illus-
trates, case 1 leads us to the area S2 and S3 as the locus of
nodes B and P, respectively. Using a rectangle to approxi-
mate jS3j, we have S2 ¼ p

2 ðR
2 � d2Þ and S3 = (d � Ri)T. The lo-

cus of node B and P in case 2 can be obtained in a similar
manner. Note that the turning paths from S2 to S3 will def-
initely go over the one-hop area S1 where S1 � 2T2. Since we
have assumed that the traffic in both ways is the same, the
total amount of L2(d) is computed by

L2ðdÞ ¼ 2

�
1
2 pðR

2 � d2Þðd� RiÞT2 þ 1
2 pðd

2 � R2
i ÞðR� dÞT

� �
2T2 dk

¼ ðR
2 � d2Þðd� RiÞ þ ðd2 � R2

i ÞðR� dÞ
2T

pdk

¼ ðR� dÞðd� RiÞðRþ Ri þ 2dÞ
2T

pdk:

ð21Þ

Also, L3(d) is the load of forwarding traffic over the shortest
paths constructed between nodes of two segments, namely
the inner circle and the annulus segment. In this case, either
the source or destination has been placed inside CORi

, while
another one in the annulus. Consider a destination node P
inside CORi

. Let y(i) be a point on the edge of the circle COR

such that the angle between the line Ay(i) and the axis OA
is equal to i. Consider Fa(da) as the portion of the disk
formed around Ay(a) inside CORi

with an aperture of da
(Fig. 17c). Our aim is to determine the amount of traffic des-
tined for nodes inside Fa(da) which are going through A. For
every destination node P inside Fa(da), the locus of all points
B whose shortest paths towards P go through A is approxi-
mately an area centered around Ay(p + a) with an aperture
of �h, i.e., the area S2 in Fig. 17c. Hence, the amount of traffic
load imposed on A by the usage of shortest paths towards
nodes inside Fa(da), denoted by La

3ðdÞ, is obtained by

La
3ðdÞ ¼

S2 � FaðdaÞ
S1

dk; ð22Þ

where S1 � p
2 T2 and S2 � �h

2 � d
2
AyðpþaÞ. Let S be the area of the

semi-sector DAD0 in Fig. 17c which is centered around
Ay(a) with an aperture of da. Since da is very small, we
have S � 1

2� d2
AyðaÞ � da. On the other hand, we can model

the semi-sector DAD0 as a right triangle, as depicted in
Fig. 18. Through this simplification, it is easy to show that:

FaðdaÞ ¼
d2

AC

d2
AD

� d2
AB

d2
AD

 !
� S

� 1
2
� d2

AC

d2
AD

� d2
AB

d2
AD

 !
d2

AyðaÞ � da; ð23Þ

where dAD, dAC, and dAB are obtained from the general rela-
tions of crossing a line and a circle, i.e.:

dAD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � d2 sin2ðaÞ

q
þ d cosðaÞ

����
����;

dAC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

i � d2 sin2ðaÞ
q

þ d cosðaÞ
����

����;
dAB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

i � d2 sin2ðaÞ
q

� d cosðaÞ
����

����:
ð24Þ
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Combining (23) and (24), we have

La
3ðdÞ ¼

1
4
� d2

AC

d2
AD

� d2
AB

d2
AD

 !
�
d2

AyðpþaÞd
2
AyðaÞ

0:5pT2 � �hdkda

¼ 1
2
� d2

AC

d2
AD

� d2
AB

d2
AD

 !
� ðR

2 � d2Þ2

pT2 � �hdkda: ð25Þ

Again, assuming that the traffic in two ways (i.e., from
the inner circle to the annulus and vice versa) is the same,
we can compute L2(d) according to the following relation:

L3ðdÞ ¼ 2�
Z sin�1ðRi=dÞ

� sin�1ðRi=dÞ
La

3ðdÞ � da

¼
Z sin�1ðRi=dÞ

� sin�1ðRi=dÞ

d2
AC

d2
AD

� d2
AB

d2
AD

 !
� ðR

2 � d2Þ2

pT2
�hkd � da: ð26Þ

Finally, the total forwarding load on node A is achieved by
summing L1(d), L2(d), and L3(d) together:

Lf ðdÞ ¼ L1ðdÞ þ L2ðdÞ þ L3ðdÞ; d > Ri ð27Þ
Appendix III. Computation of virtual interference in
combined strategy

This section shows how to compute the virtual interfer-
ence in the combined strategy for nodes placed outside the
inner circle. First, we should mention that like the simple
strategy we here ignore the impact of WSP and WC on the
virtual interference of nodes. Let A be a node at distance
d from the center where d > Ri. Similar to the case of for-
warding load, the virtual interference of node A is com-
posed of three major parts VI1(d), VI2(d), and VI3(d).

VI1(d) is the number of circular paths, constructed in the
first step of circular routing, which intersect with CAT (i.e.,
the transmission disk of A). According to Fig. 19a, for every
destination node P inside Sa(da), the locus of all points B
whose circular paths towards P intersect with CAT is
approximately an annulus with width of 2T between the
line OA and Ox(p + a), i.e., the area S1 in Fig. 19a. Following
the approach presented in Appendix II, VI1(d) is computed
by
Fig. 19. Virtual interference distribution for nodes ou
VI1ðdÞ ¼ 2�
Z p

0

ððdþ TÞ2 � ðd� TÞ2Þd
2

� dðR2 � R2
i Þðp� aÞda
2

¼ p2dTðR2 � R2
i Þd

2: ð28Þ

On the other hand, VI2(d) is the number of turning
paths, constructed in the second step of circular routing,
which intersect with CAT. Consider a source node B and a
destination node P. If the turning path from B to P inter-
sects the transmission disk of A, then one of the following
cases has certainly occurred: (1) the distance between P
and the line OA is smaller than T, d � T < dOB 6 R, and
dOP < d � T, or (2) the distance between P and the line OA
is smaller than T, Ri < dOB 6 d + T, and dOP > d + T. As
Fig. 19b shows, case 1 leads to the areas S1 and S2 as the lo-
cus of node B and P, respectively. The locus of A and P in
case 2 can be obtained in a similar manner. For the sake
of simplicity, we assume that all paths from nodes inside
S1 to S2 intersect with the transmission disk of A. This sim-
plification gives us an upper bound on the virtual interfer-
ence of nodes in the combined strategy. As a result, VI2(d)
can be simply estimated by S1 � (S2 + pT2), where S2 itself
can be approximated using the rectangle model. However,
as depicted in Fig. 19, some portion of VI2(d) calculated in
this manner overlaps with VI1(d). After subtracting this
shared area, we have

VI2ðdÞ ¼ pðR2 � ðd� TÞ2Þ � ð2T � ðd� T � RiÞÞd2

þ pððdþ TÞ2 � R2
i Þ � ð2T � ðR� d� TÞÞd2

þ p2T2ðR2 � R2
i Þd

2 � 4pT2dðR� RiÞd2 ð29Þ

Finally, VI3(d) is the number of shortest paths, con-
structed between nodes of two segments, which intersect
with CAT. In this case, one of the source and destination
nodes has been placed inside CORi

while another one in
the annulus segment. Consider a destination node P inside
CORi

. From Fig. 19c, it is apparent that the locus of all points
B whose shortest paths towards P intersect with the trans-
mission disk of A is the combination of ST,R(A,P) and CAT.
tside the inner circle in the combined strategy.
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Considering all points P inside CORi
and assuming that the

shortest paths in two ways (i.e., from the inner circle to
the annulus and vice versa) are the same, we will have

VI3ðdÞ ¼ 2�
Z Z

8P2CORi

d � ST;Ri
ðA; PÞddxdyþ dpR2

i � dpT2

ð30Þ

and we conclude.
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