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a b s t r a c t

Due to the limited lifetime of the nodes in ad hoc network, energy efficiency needs to be an
important design consideration in any routing algorithm for ad hoc and sensor networks. In
most of the existing position-based routing algorithms the nodes use the maximum trans-
mission power to discover neighbors, which may cause excessive power consumption. This
paper presents several localized power-aware 3D position-based routing algorithms that
increase the lifetime of a network by maximizing the average lifetime of its nodes. New
algorithms are semi-beaconless, using for neighbor discovery an optimal transmission
range (OR) for control packets, and, if needed, maximal transmission range (MR) during
routing process, and using adjusted transmission radius for message transmission. PAGR
algorithm selects neighbor closest to destination among those within OR if any exists pro-
viding progress, or otherwise among those within MR. If greedy progress is not possible,
PAGR:CFace(1) variant resorts to face routing on projected network in coordinate plane
until recovery is possible, at which point PAGR algorithm resumes. We evaluate our algo-
rithms and compare their power savings with the current power-aware routing algorithms.
The simulation results show a significant improvement in the overall network lifetime.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

A wireless sensor or (mobile) ad hoc network (MANET)
consists of wireless hosts that communicate with each
other in the absence of a fixed infrastructure. For each or-
dered pair of nodes (u,v), there is an associated transmis-
sion power threshold, denoted by P(u,v), which indicates
the transmission power needed by u so that its signal can
be received by v. The transmission power threshold for a
pair of nodes depends on a number of factors including
the distance between the transceivers, interference, noise,
environment, etc. [33]. A node in a network can communi-
cate directly only with its neighbors (the nodes within its

transmission range). To communicate with nodes outside
its maximum transmission range, multi-hop routing is
used utilizing intermediate communicating nodes.

A crucial problem in multi-hop routing is to find an
efficient and correct route between a source and a destina-
tion; however for many networks, a more important prob-
lem is providing an energy efficient routing protocol
because of the limited battery life of the wireless nodes.
Transmission power management which selects the opti-
mized power level of nodes is one of the primary means
of increasing the lifetime of the nodes. The power con-
sumption at each node in an ad hoc network can be di-
vided into three phases, according to functionality [4]:
the power consumed for transmitting the message, the
power consumed during message reception, and the
power consumed while the node is idle.

The design of power efficient position-based routing
algorithms in wireless ad hoc networks is difficult for the
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following reasons. First, the nodes may not have a fixed
location, thus the wireless links on the network may not
be known in advance. Next, interference and noise affect
the signal reception power which determines the number
of neighbors. Finally, global information is not available
to the nodes.

In previous work [34,39,41,42], two main metrics have
been used to optimize power routing for a sequence of
messages. The first metric, called the power metric, tries
to minimize the energy consumed for each message. If
the transmission range is fixed for all the nodes then the
number of nodes in the route path is used as the energy re-
quired for the routing task. This metric can be optimized if
the nodes can adjust their transmission range. Then the
constant metric can be replaced by a power metric that de-
pends on the distances between nodes. In formal terms
[20], let em be the energy required by the packet m to tra-
verse a sequence of nodes n1;n2; . . . ;nk, where n1 is the
source and nk is the destination. If pðni;niþ1Þ is the power
needed to forward m over one hop from ni to niþ1, then
the aim of the power metric is to minimize
em ¼

Pk�1
i¼1 pðni;niþ1Þ. A drawback of the power metric is

that some nodes may be repeatedly chosen over many
routes, which quickly leads to their failure. In many cases
this may result in the loss of network connectivity.

The second metric, called network survivability [36,11],
or cost (reluctance) metric [39], tries to maximize the life-
time of the nodes. Given alternative routing paths, select
the one that will contribute to the longest network opera-
tion time. One way of optimizing this metric is by choosing
the nodes with plenty of energy as relaying nodes. We will
focus on this metric for our routing algorithms.

Mauve et al. [30] classified the routing algorithms in
MANETs as being of two basic types: topology-based
[37,35,34,6,9] and position-based [30,5,19]. Topology-
based routing algorithms use the information about the
links in the network to perform packet forwarding. It can
be classified as proactive or reactive. In proactive protocol,
i.e. DSDV [31] or OLSR [13], a routing table is used at each
node which has to be updated when any node moves. The
main drawback of these approaches is the unacceptable
overhead when data traffic is lower than the mobility rate.
In reactive approach, i.e. DSR [23] or AODV [32], the nodes
maintain only the routes that are currently in use. In this
strategy, the current node holding a packet issues a destina-
tion search request, if the route is not available. The destina-
tion search is performed by flooding a short control
message. Although reactive protocols discover the routes
only when they are needed, they may still generate a huge
amount of traffic when the network changes frequently
[12]. Topology-based routing can usually find the optimal
power path. However, they consume a lot of power for the
nodes which are not part of the route which makes these
algorithms the worst in terms of network survivability.

Position-based routing algorithms use position infor-
mation to forward the packet in the geographical direction
of the destination. In this type of routing, the node for-
wards the message based on the position of the node itself,
the position of the destination and the position of the
nodes to which it can communicate directly. Position-
based routing is scalable to a large number of network

nodes. Since there is no flooding it is the best choice to in-
crease the network lifetime. Recent research in position-
based routing usually addresses such routing algorithms
in two-dimensional space (2D) [30,28,38,39]. However, in
real applications, nodes may be distributed in 3D space
such as city landscape, hilly terrain and airborne.

In this paper, we propose several 3D power-aware posi-
tion-based routing algorithms which try to maximize the
delivery rate and maximize the network connectivity time
(the number of messages that can be sent by the whole
network). The new algorithms are based on the idea of
replacing the constant transmission power of the node
with an adjusted transmission power during two stages:
while discovering the neighboring nodes and during the
routing process. Our simulation experiments, using the
model of [21], show that the delivery rates of the new algo-
rithms are very high and there is significant improvement
on the network lifetime, up to twice the lifetime, compared
with its associated power and none power-aware routing
algorithms (Greedy and greedy-cost).

The rest of this paper is organized as follows. Section 2
is devoted to the background material. In Section 3, we
briefly review some related works that are closely related
to our proposed schemes. In Section 4, we give a detailed
description of the new routing algorithms. Experimental
results to demonstrate the much improved performance
of the proposed methods in comparison with existing tech-
niques are presented in Section 5. Finally, Section 6 draws
the conclusions of the paper.

2. Background

2.1. Network model

We assume that the set of n wireless hosts is repre-
sented by a point set V in the 3D space, and all the network
hosts have the same communication range R, which is
represented as a sphere volume of radius R. Let dist(u,v)
be the Euclidean distance between the nodes u and v:

distðu;vÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðux � vxÞ2 þ ðuy � vyÞ2 þ ðuz � vzÞ2

q
. Two nodes

are connected by an edge if the Euclidean distance
between them is at most R. The resulting graph is called a
unit disk graph (UDG). For node u, we denote the set of its
neighbors by N(u). A path from S to D is a sequence of nodes
S ¼ v1;v2; . . . ;vk ¼ D, such that v i and v iþ1 are neighbors.

The Gabriel Graph (GG) [18,24] is a subgraph of a UDG
graph G that can be constructed locally as follows: given
any two adjacent nodes u and v in G, the undirected edge
(u,v) belongs to GG if, and only if, no other node w 2 G is
located in the sphere with diameter uv. It is known that
if UDG is two-dimensional then the Gabriel subgraph is
planar, where the edges intersect only at their common
end-vertices, and that if the UDG is connected, then its
Gabriel subgraph is also connected [8]. It has been proven
that GG is a 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n� 4
p

=3-spanner of G [7].

2.2. Routing problem

Position-based routing protocols assume that any node
knows:
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� The coordinates (x,y,z) of its position, which can be
obtained using a method like a global positioning sys-
tem, or another such mechanism [26,10].

� The location of its neighbors using a periodical exchange
of control messages.

� The location of the destination, e.g., by using a location
service [22,29].

The position-based routing task is to find a path from a
source node to a destination node. It uses the local infor-
mation at each node to determine how to route the packet.
We are interested in the following performance measures
for routing algorithms: the delivery rate, which is the per-
centage of times that the algorithm succeeds in delivering
its packet, and the network survivability, which can be
measured by the remaining power in the maximally used
node during a set of consecutive routing messages.

2.3. Power consumption wireless model

A general wireless model has been proposed in [33] in
which the power consumption between two nodes at dis-
tance d is proportional to uðdÞ ¼ da þ c, where að2 6 a 6 6Þ
is the path loss exponent in the power consumption model
and c is a constant which represents the energy consumed
in computer processing and encoding–decoding at both
transmitter and receiver. It has been proven in [39] that di-
rect transmission is power optimal if d 6 ðc=ð1� 21�aÞ1=a.
Otherwise, the greatest power savings are obtained when
d is divided into n > 1 equal length sub-intervals of size
ðc=ða� 1ÞÞ1=a.

3. Related position-based routing algorithms

In this section, we review some representative position-
based routing algorithms that are closely related to our
proposed approach. We briefly discuss their algorithmic
methodologies as well as their limitations.

Greedy routing [16,24]: the current node X forwards the
packet to the neighboring node A that minimizes the
remaining distance to the destination D. Formally,
gdyðX;NðXÞ;DÞ ¼ A 2 NðXÞ : distðA;DÞ 6 distðW;DÞ for all
W 2 NðXÞ. The same procedure is repeated until the desti-
nation node is reached or no such A exists. This routing
method suffers from the so-called local minimum phenom-
enon, in which a packet may get stuck at a node that does
not have a neighbor that makes a progress to the destina-
tion, even though the source and the destination are con-
nected by a path in the network.

Fin [16] proposes to flood all ‘-hop neighbors (nodes at
distance at most ‘ hops from current node, where ‘ is net-
work dependent parameter) until a node closer to destina-
tion than the current node C is found. Takagi and Kleinrock
[40] propose another way to counter this problem by for-
warding the packet to the least backward (negative) pro-
gress. However, this raises the problem of looping packets.

2D face routing [8]: the routing takes place in a planar
geometric subgraph of a network. The packets are routed
over the faces of planar subgraph which are intersected
by the line between the source S and the destination D,

called SD, using the right hand rule. That is, the boundary
of f is traversed in the counterclockwise direction, until
the current edge crosses SD at an intersection point closer
to the destination than any previously discovered intersec-
tion point. In this case, the algorithm switches to the face
containing destination and continues with the right hand
rule. This algorithm is repeated until the node arrives at
the destination. Face routing algorithm guarantees deliv-
ery only in a 2D planar geometric graph [17].

Face routing may be used in practice in combination
with algorithms that usually find shorter routes, such as
the Greedy algorithm. The idea is to use Greedy routing un-
til a local minimum is reached, whereupon the algorithm
enters into recovery mode by switching to face routing.
When the local minimum is bypassed, the algorithm
switches back to Greedy routing, and so on. This algorithm
is termed GFG (Greedy–Face–Greedy) [8]. In 3D geometric
graphs extracting a straight line planar graph is not
possible since the notions of planarity and routing about
the perimeters of faces do not exist. Recently, Durocher
et al. [14] show that there can be no local position-based
routing algorithm that guarantees delivery in 3D space if
the thickness of one of three dimensions is more than
r=

ffiffiffi
2
p

, where r is the transmission range.
Abdallah et al. [1] proposed CFace(3) (Coordinate Face),

a heuristic using a projective approach to adapt face rout-
ing to 3D graphs, see Fig. 1. The algorithm may be summa-
rized as follows. The 3D nodes are first projected onto the
xy plane. Then face routing is performed on this projected
graph. If the routing fails, i.e., a loop is detected where the
route path is longer than a threshold, the nodes are then
reprojected onto the second plane, the yz plane. Then face
routing is performed again. If the routing again fails, the
nodes are projected onto the third plane, the xz plane. Face
routing is again performed. A simplified version of
CFace(3), called CFace(1), attempts face routing with the

Fig. 1. CFace(3) routing algorithm. The algorithm attempts 2D face
routing, cyclically until success, with the nodes projected onto the xy
plane, the yz plane, and then the xz plane.
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nodes projected once only onto one of the xy, yz, or xz
planes, randomly chosen. A more elaborate version of pro-
jection-based face routing was proposed by Kao et al.
[24,25]. In [1], the authors also proposed a combination be-
tween CFace(3) and randomized progress-based
algorithms.

It is worth to state here that a projected graph is not
UDGs, so any of the planarization algorithms on the pro-
jected graph may not give a planar graph and may not even
give a connected graph [14,1].

4. Existing power-aware routing algorithms

Several power-aware routing algorithms, that try to
minimize the total energy consumed by the packet and
also increase the average network lifetime, have been pro-
posed [28,38,39]. Let the current node be X, A is a neighbor
of X, and the destination is D. Let h ¼ distðX;AÞ; p
¼ distðX;DÞ and q ¼ distðA;DÞ, where q < p. Let the cost of
transmitting a packet between two nodes at distance d
be ada þ c, where a;a; c are constants that depend on the
wireless model. Let �h be the average length of all edges
out from the source S. Let f ðAÞ ¼ 1

gðAÞ, where g(A) is the
remaining lifetime for the node A. Also, �f ðAÞ is the average
value of f(l) for A and all neighbors l of A, �gðAÞ is the average
value of g(l) for A and all neighbors l of A, R is the transmis-
sion radius. The algorithms are summarized as follows
[39]:

Power algorithm: This algorithm tries to minimize the
total energy consumed by the packet in the routing pro-
cess, regardless of the available energy at the nodes. With
the Power algorithm, the current node X chooses as a next
node A which minimizes the expression: PðX;AÞ þ PðA;DÞ,
where QðX;AÞ ¼ aha þ c is the cost to reach A and
QðA;DÞ ¼ qcðaða� 1Þ=cÞ1=a þ qaðaða� 1Þ=cÞð1�aÞ=a, which is
an assumption that the rest of the routing process is cost
optimal.

Cost-i algorithm: This algorithm uses the cost metric. It
tries to maximize the network lifetime by carefully choos-
ing the next node from the set of neighbors with plenty of
energy. In this algorithm the current node chooses a next
node A which minimizes the equation: costðAÞ ¼ f ðAÞ
�t=R, where t ¼ �f ðAÞ.

Cost-ii algorithm: Since the factor t is network depen-
dent, there are different versions of the previous algorithm.
One of those algorithms is called Cost-ii. In this algorithm,
the current node chooses one of its neighbors, say A, which
minimizes the equation: costðAÞ ¼ f ðAÞ � t=R, where
t ¼ 1=�gðAÞ.

There are two ways to combine power and cost metrics
into a single metric, based on the product or sum of the
two metrics.

Power * Cost: In this algorithm, the current node
chooses one of its neighbors, say A, which minimizes the
following equation: Power � CostðAÞ ¼ Power � CostðX;AÞþ
Power � CostðA;DÞ, where Power � CostðX;AÞ ¼ f ðAÞ�
ðaha þ cÞ and Power � CostðA;DÞ ¼ ðqcðaða� 1Þ=cÞ1=a þ qa
ðaða� 1Þ=cÞð1�aÞ=aÞ � �f ðAÞ.

Power + Cost: In this algorithm the current node chooses
one of its neighbors A which minimizes the equation:

PowerþCostðAÞ¼ðPower þ CostðX;AÞÞþðPower þ CostðA;DÞÞ,
where PowerþCostðX;AÞ¼½�f ðSÞ � ðahaþcÞ�þ½f ðAÞ � ða�ha þcÞ�
and Power þ CostðA;DÞ ¼ qcðaða� 1Þ=cÞ1=a þ qaðaða� 1Þ
=cÞð1�aÞ=aÞ � �f ðAÞ.

Kuruvila et al. [28] proposed another set of power and
cost-aware routing algorithms that choose the next node
so to guarantee progress to the destination, if such a node
exists. Power Progress algorithm: The current node forwards
the packet to one of its neighboring nodes that is closer to
the destination than itself and minimizes ðha þ cÞ=ðp� qÞ.
Similarly, in Cost Progress algorithm, the next node is the
one that is closer to the destination than the forwarding
node and minimizes f ðAÞ=ðp� qÞ.

Since all the above algorithms are deterministic algo-
rithms which suffer from the local minimum problem, they
do not guarantee the delivery of the message in a con-
nected graph. Stojmenovic et al. [38] propose guaranteed
delivery algorithms in 2D space, which combine Power
(P), Cost (C), and Power * Cost (PC) algorithms with Face
routing algorithm, similar to the way Greedy algorithm is
combined with Face to define the GFG algorithm. Those
algorithms start with P, C, or PC forwarding decisions.
Once a packet reaches a local minimum, the face routing
starts. If the message arrives to a node closer to the desti-
nation than the local minimum node, the algorithm
switches back to P, C, or PC forwarding again. These algo-
rithms have been called PFP, CFC, and PCFPC, respectively;
clearly these combined algorithms are not applicable in the
3D environment.

In [15], the authors proposed a power-aware routing
protocol (MACRO) for sensors network which does not
use periodic control messages but instead it uses an elec-
tion algorithm to choose the next relay node on the fly.
The protocol requires that each node knows its own posi-
tion and the position of the destination, when a data packet
arrives; it sends a message with a specific transmission
power asking for neighbors. Each neighbor A within that
transmission range computes its weight progress factor
ðWPAÞ according to the following formula: WPA ¼
dðC;DÞ�dðA;DÞ

P , where P is the transmission range, C is the cur-
rent node. The neighbors answer with their weight pro-
gress. The current node increases its transmission power
and repeats this process. The algorithm terminates when
a timeout elapses or the probability of finding a better re-
lay node is lower than a predefined threshold.

5. New power-aware position-based routing algorithms

Most of the routing algorithms without power-aware-
ness use a fixed transmission range for all the nodes, so
the nodes may waste power by transmitting more than is
needed for correct reception. The above power-aware algo-
rithms use an adaptive transmission range to transmit the
data messages during the routing process, but they still use
a fixed (maximum) transmission range for the control mes-
sages (periodic hellos) to tell neighboring nodes about
their location. Our new power-aware routing algorithms
are based on adjustments of the node transmission power
at two stages: (i) while discovering the neighboring nodes,
and (ii) during the routing process.
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5.1. Power adjusted greedy algorithm with half transmission
range (PAGH)

In PAGH (this algorithm has been proposed in a preli-
minary conference version of this paper in [2]) all nodes
use a transmission range (HR) equal to half of the maxi-
mum transmission range, to discover their neighbors. This
process is done periodically. Greedy routing is used be-
tween the source and the destination. If the packet reaches
a local minimum (packet stuck at a node that does not
have a neighbor that makes progress to the destination)
at HR level, then the current node increases its transmis-
sion range to its maximum (MR) and runs neighbor nodes
discovery step again. Fig. 2 gives an example of this point:
when the message arrives to the node B that does not have
any neighbor that makes a progress to the destination, B
will increase its transmission range to MR to find new
neighbors. Each node can adjust its transmission range just
once while routing a single packet. If the node does not dis-
cover a new neighbor that makes progress to the destina-
tion, then the algorithm fails, otherwise greedy routing
continues.

5.2. Power adjusted greedy algorithm with optimal
transmission range (PAGO)

This algorithm is very similar to PAGH; the main differ-
ence is the value of transmission range for the periodic
control messages. In PAGO we use the optimal transmis-
sion range ðOR ¼ ðc=ða� 1ÞÞ1=aÞ instead of the HR. The de-
tails of the algorithm are given in Algorithm 1.

Algorithm 1. PAGO

1: Input source node S, the destination node D.
2: Output: True if the packet arrives to D, and False otherwise.
3: for each node do
4: ifðMR < ðc=ða� 1ÞÞ1=aÞ then
5: OR MR
6: else
7: OR ðc=ða� 1ÞÞ1=a

8: end if
9: end for

10: Each node uses OR for the periodic neighbors discovery
11: while(the packet does not arrive to D)
12: if(the current node does not have a neighbor that makes a

progress to D)
13: if(the current node uses OR)then
14: The node uses MR to send a control message asking for

neighbors.
15: The nodes that make a progress to D inside the new sphere

(Radius) send back a control message telling about their positions.
16: if(there is a new neighbor that makes a progress to D)
17: The current node sends the packet to the node that makes

the greatest progress to D
18: else
19: return (False)
20: end if
21: else
22: return (False)
23: end if
24: else
25: The current node sends the packet to neighbor node that makes

greatest progress to D.
26: end if
27: end while
28: return true

5.3. Power adjusted greedy algorithm with optimal
transmission range and threshold (PAGR)

This is another variation of the previous two algorithms,
In PAGR; the nodes use the optimal transmission range
(OR), if possible, for periodic discovery control messages.
Whenever the degree of the node drops below a predefined
threshold DR, it instead uses the maximum transmission
range for the next periodic discovery control message,
and then it goes back to use the optimal transmission
range. If the degree is < DR, it continues using the maxi-
mum transmission range in the next two intervals and so
on.

Table 1 gives an example of how a node changes its
transmission range of the periodic discovery control mes-
sages depending on the node degree. In this example let
DR ¼ 4. Since the degree at time 0 is greater than 4, the
node uses the optimal transmission range at the next time
slot. At time 2 the node finds that the degree is dropped to
less than 4 so it uses the maximum transmission range in
the next time interval (3). At time interval (4) it tests the
optimal transmission range again, and finds that the de-
gree still less than DR, so it uses MR for the next two times
intervals (5 and 6). At time interval (7), it test again the de-
gree, because the degree is greater than DR, and uses OR for
the next time interval (8) and resets the MR counter.

Similar to PAGH, and PAGO, Greedy routing is used for
routing between the source and destination. If the packet
reaches a local minimum at the low transmission level,
then the current node increases its transmission range to
its maximum and runs the neighbor nodes discovery step
again. If a node does not discover a new neighbor that
makes progress to the destination, then the algorithm fails,
otherwise Greedy routing continues. The details of the
algorithm are given in Algorithm 2.

Fig. 2. PAGH algorithm, The packet arrives to the node B which is local
minimum, so it increases the transmission range to the maximum.

Table 1
An example of how the node changes the transmission range of the periodic
discovery control messages depending on the node degree, DR=4.

Time 0 1 2 3 4 5 6 7 8

Transmission range OR OR OR MR OR MR MR OR OR
Node degree 5 6 3 7 3 8 7 5 4

A.E. Abdallah et al. / Ad Hoc Networks 8 (2010) 15–29 19



Author's personal copy

Algorithm 2. PAGR

1: Input source node S, the destination node D and degree threshold DR.
2: Output: True if the packet arrives to D, and False otherwise.
3: for each node do
4: ifðMR < ðc=ða� 1ÞÞ1=aÞ then
5: OR  MR.
6: else
7: OR  ðc=ða� 1ÞÞ1=a

8: end if
9: end for

CountMR  0
10: if(the node W uses OR, and has enough neighbors, greater than RD

at time t)
then

11: W uses OR for discovering neighbors in the next time interval.
12: CountMR  0
13: else
14: CountMR  CountMR þ 1
15: W uses MR for discovering neighbors in the next CountMR time

intervals.
16: end if
17: while(the packet does not arrive to D)
18: if(the current node does not have a neighbor that makes a

progress to D)
then

19: if(the current node does not use MR)
20: The node uses the MR to send a control message asking for

neighbors.
21: The nodes that make a progress to D inside the new sphere

(Radius) send back a control message telling about their positions.
22: if(there is a new neighbor that makes a progress to D)
23: The current node sends the packet to the node that makes

the greatest progress to D
24: else
25: return (False)
26: end if
27: else
28: return (False)
29: end if
30: else
31: The current node sends the packet to neighbor node that

makes greatest progress to D.
32: end if
33: end while
34: return (True).

There are two main differences between PAGR and the
non-power-aware Greedy algorithm. First, during the
neighbor discovery phase, in PAGR all the nodes exchange
periodic control messages with the optimal transmission
range if possible. In Greedy, all the nodes exchange infor-
mation by transmitting and receiving using the maximum
transmission range. Also, during the routing phase (data
packet routing process), in PAGR the current node X for-
wards the message with a power cost equal to aha þ c,
where h is the distance between X and the next node A,
while Greedy forwards the message with power cost equal
to aRa þ c, where R is the maximum transmission range.

5.4. Power-aware greedy-cost (PAGRC)

This algorithm is similar to PAGR algorithm, but the
main difference is in the greedy part. It uses the Cost Pro-
gress idea from [28] as follows. When the packet arrives at
some node X, instead of choosing the closest neighbor to
the destination as a second node, PAGRC chooses the neigh-
bor that makes progress to the destination and has the

maximum remaining energy, where the power level of
the neighbors can be obtained from the periodic control
messages.

5.5. PAGR:CFace(1):PAGR

The previous algorithms PAGH, PAGO, PAGR, PAGRC and
their associated fixed power Greedy algorithm have a great
advantage in terms of power saving. In our simulations,
though, they suffer from low delivery rates if the network
is very sparse. Our solution is to use CFace routing if the
PAGR algorithm fails to deliver the message. The combina-
tion is called PAGR:CFace(1):PAGR.

PAGR:CFace(1):PAGR starts with PAGR algorithm. Once a
local minimum is reached at low transmission range, the
current node holding the packet adjusts the transmission
range. If it stays in the local minimum situation the algo-
rithm extracts locally the 3D-GG graph from the UDG
and projects it on one plane, which is randomly one of
the yx, yz or xz planes, and then it switches to CFace(1).
CFace(1) traverses that projective plane starting from the
local minimum node as the new source node. When the
packet reaches a node closer to the destination than the lo-
cal minimum, the algorithm switches back to the PAGR
routing algorithm on the UDG, and so on. In this combined
algorithm, we used a threshold to stop any potential loop
that may happen during the CFace phase, because CFace
is not a loop-free algorithm. When the path length during
routing exceeds the threshold, the algorithm is deemed to
have failed.

PAGR:CFace(1):PAGR is summarized in Algorithm 3.
Fig. 3 shows an example of this algorithm: when the
increasing of the transmission range at the local minimum
node B did not give it any new neighbor that makes pro-
gress, the algorithm extracts the 3D-GG and projects it
on the xz plane and switches to CFace(1). If face routing
passes the local minimum, reaching a node closer to the
destination than the local minimum, it switches back to
PAGR.

Algorithm 3. PAGR:CFace(1):PAGR

1: Input source node S, the destination node D and the path threshold ph
2: Output: True if the packet arrives to D, and False otherwise.
3: Let C be the current node holding the packet during the routing

algorithm
4: if (C is a neighbor to D)
5: return (True)
6: end if
7: if(the path length > ph)
8: return (False)
9: enf if

10: call PAGR algorithm.
11: if(C adjusts its transmission range, and after that, it stays in the

local minimum situation) then
12: L C
13: Extract 3D-GG from the UDG
14: Project the 3D-GG on xy, yz or xz plane, which is chosen

randomly,
15: Call Face routing on the projected graph starting from L
16: During Face routing in 14:
17: ifðdistðC;DÞ < distðL;DÞÞ
18: call(PAGR:CFace(1):PAGR) starting from the current node C
19: end if
20: end if
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6. Simulation and results

6.1. Simulation environment

6.1.1. Wireless model
We use in our simulation the wireless model that has

been proposed by Heinzelman et al. [21] which assumes
the radio dissipates Eelec ¼ 50nJ=bit power to run the trans-
mitter or receiver circuitry. Both transmitter and receiver
nodes consume Eelec to transmit one bit. The radio dissipates
Eamp ¼ 100 pJ=bit=m2 to run the transmit amplifier, assum-
ing d2 energy loss due to channel transmission, where d is
the distance between nodes. This implies the sender con-
sumes ðEamp � d2Þ power to transmit one bit. According to
the above wireless model, transmitting a k-bit message at
distance it d the transmitter expends ETxðk; dÞ ¼ Eelec � kþ
Eamp � k � d2. To receive it, the receiver node expends
ERxðkÞ ¼ Eelec � k. From the model above, it is clear that the
final expression to transmit one bit message equal to
d2 þ 2000, hence, c = 2000 and a ¼ 2 which means the opti-
mal transmission range ðc=ða� 1ÞÞ1=a is equal to 44.7.

6.1.2. Simulation setup
The simulator can be described as follows:

1. We define a box of side length equal to 250 units.
2. In each box we generate 200 nodes, positioned ran-

domly, such that node i has the coordinate xi; yi; zi,
where 0:0 6 xi; yi; zi 6 250:0.

3. All nodes start with the same energy level and same
maximum possible transmission range.

4. Using the maximum transmission range, the UDG
graph is calculated for the nodes. If the resulted graph
is connected, we use this set of nodes for routing.
Otherwise, a new set of nodes is randomly generated.

5. The routing algorithms were tested at different max-
imum transmission ranges (different node average
degree). The average node degree is calculated as fol-
lows: For each node u, we calculate the number of
other nodes in the sphere centered at u with radius
r, which gives the node degree for u. Then the average
node degree is equal to

Pn
i¼1 degree of node i

� �
=n.

6. Initially, for the algorithms PAGO and PAGR, the
transmission range for all nodes is set to 44.7 with
the possibility that the node will increase its trans-
mission range to its maximum.

7. For the algorithms with a constant transmission
power, their transmission range is set to the maximum.

8. For each accepted set of nodes, we choose a set of
1000 source–destination pairs. The routing algo-
rithms are then applied on the chosen source–desti-
nation pairs. An algorithm succeeds if a path to the
destination is found. The results of these experi-
ments have 95% confidence intervals.

9. A control message is sent from each node at the
beginning of the routing algorithm between any
(source–destination) pairs.

10. We find the node which has the lowest power after
step 8. In addition, the number of successful packets
from a source to its associated destination is
determined.

11. To compute the average packet delivery rate, and the
average remaining power for the maximum used
node, this process is repeated with 10 random sets
of nodes, and the percentage of successful deliveries
is determined.

12. All the power consumption results are computed
just from the delivered packets. If the packet fails
to arrive to the destination, we roll back the power
level of all nodes to their previous level before that
packet starts its routing process.

13. For these simulations, we used data packets of size
16 bytes and control packets of 6 bytes.

14. We have used different maximum transmission
ranges 55, 60, 65, 70, 75, 80, 90 and 100 to test our
algorithms. In each figure, we show the correspond-
ing average nodes degree.

15. We set the values of DR in PAGR algorithm to four in
our experiments. A threshold equal to the number of
nodes is used in the hybrid algorithms.

16. We use the wireless model described in the previous
section for transmitting the packets from each
source to its associated destination.

6.2. Observed results

Fig. 4 shows the delivery rate of PAGH, PAGO, PAGR, PAG-
RC, and the other power-aware routing algorithms, the
delivery rate of Greedy algorithm is shown in the same fig-
ure. It is immediately evident from this figure that the
delivery rate of PAGR is higher than the delivery rate of
PAGO and PAGH algorithms, this can be explained by the
periodic discovery messages, PAGR algorithm uses OR to

Fig. 3. PAGR:CFace(1):PAGR algorithm steps.
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sense the degree of the node, so if the node degree drops
below the threshold (DR), it uses MR right away to discover
the neighbors, while PAGO and PAGH do not use MR unless
the packet reaches a local minimum which might be too
late to get out of this local minimum.

As shown in the same figure, Greedy algorithm for the
low nodes degree gives the highest delivery rate, because
Greedy algorithm uses MR all the time which decrease
the chance of encounter a local minimum. At degree 3,
there are 1.5 neighbors on average with forward progress.
Thus in 50% of hops there are two options for forwarding
neighbors. Thus PAGR frequently selects different forward-
ing neighbor from greedy algorithm even in very sparse
networks, leading to 20% lower success in simulations.
MACRO algorithm has a bit higher delivery rate than
PAGR algorithm at low nodes degree, because MACRO keeps
increases the power until it find a power efficient relay
node.

All studied algorithms have a low delivery rate if the
network is very sparse (low average nodes degree) and a
100% delivery rate at high average nodes degree. This can
be explained by the number of neighbors. Fewer neighbors
implies less chance to choose a good route that makes pro-
gress to the destination.

For all delivered packets, we show in Fig. 5 the average
power consumed from the maximum used node, the new
algorithms PAGH and PAGRC decrease the average power
used by the maximum used node by around 40%, com-
pared to those algorithms with a fixed transmission radius.
The other power-aware routing algorithms do not gain
more than a 4% increase in the network lifetime. MACRO
algorithm consumes even more power than Greedy at
low nodes degree.

To have a fair comparison we tried to normalize the two
metrics, delivery rate and power consumption, by dividing
the power consumed from the maximum used node over

the delivery rate. Fig. 6, shows these normalized metrics.
It is clear that our PAGH, PAGRC, and PAGR have better
power saving in both high and low nodes degree. PAGO
and MACOR starts saving power when nodes degree is
higher than 6. As expected greedy has highest power con-
sumption, simply because it uses the maximum transmis-
sion range all the time for both periodic discovery
messages and real packets forwarding.

The performance results for our new algorithms PAGR:
CFace(1):PAGR and Greedy:CFace(1):Greedy are shown in
Figs. 7–9. These algorithms try to increase the delivery rate
for sparse network (low nodes degree). From Fig. 7,
Greedy:CFace(1):Greedy has increased the delivery rate to
around 100% for any nodes degree. PAGR:CFace(1):PAGR
has increased the delivery rate to above 93% for low nodes
degree networks and 100% if the degree is above 6.

As shown in Figs. 8 and 9, the average power consumed
by the most used node at the low degree (less than 6) for
PAGR:CFace(1):PAGR and Greedy:CFace(1):Greedy is higher
than other power-aware routing algorithms, this can be
explained as follows:

First, CFace routing is not a loop-free algorithm, which
makes it very power consuming if it enters a loop (it stops
when the path length is longer than a given threshold).
From Fig. 4, it is clear that the delivery rate of PAGR and
Greedy at the degree less than 6 is very low. We know that
both of PAGR:CFace(1):PAGR and Greedy:CFace(1):Greedy
use CFace routing if PAGR and Greedy fail to deliver the
packet. Thus PAGR:CFace(1):PAGR and Greedy:CFace(1):-
Greedy, have high average energy consumption at these
transmission ranges.

Second, the other reason which makes PAGR:CFace(1):-
PAGR average power consumption for the maximum used
node more than Greedy:CFace(1):Greedy, at low nodes de-
gree, is the adaptive transmission range for the periodic
control messages. When PAGR use the optimal transmis-
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sion range and determines that there are not enough
neighbors, it sends using the maximum transmission range
for a period of time before trying optimal again. Most of the
time, sending using the optimal transmission range would
just increase the overhead and the power consumption if
the average node degree is small, and this is clear at the
nodes degree 2.3 and 3.8 which makes the graphs more
tree-like. If the average nodes degree is greater than 6,

PAGR:CFace(1):PAGR has a longer network lifetime up to
25% more than Greedy:CFace(1):Greedy.

The most important advantage of all our new algo-
rithms is the substantial increase of the network lifetime
while preserving the delivery rates. The same simulations
were done using the Compass routing algorithm [27] in
place of the Greedy algorithm, generating new routing
algorithms, called PACR, and PACR:CFace(1):PACR. The re-
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sults are nearly the same as for the Greedy-based
algorithms.

In order to evaluate the energy consumption while hav-
ing nearly 100% delivery rate for the proposed algorithms,
we use dense networks with average node degrees around
20. This average node degree has been proposed previously
in [28,3]. We use a simulation environment similar to the
environment above with the following differences:

1. A set of 205, 600, 1300, 2450, 4200, 6450 or 9500
random nodes is generated in different boxes of side
length 200, 300, 400, 500, 600, 700 or 800,
respectively.

2. The fixed maximum transmission range is set to 66
units.

In this environment, the success rate for all the algo-
rithms discussed in Sections 3 and 4 is always around
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100%, therefore the success rate will not be a variable in
the measurements. Also, there is no need to test the com-
bined algorithms PAGR:CFace(1):PAGR and Greedy:CFa-
ce(1):Greedy in this environment, since the graphs are so
dense, switching to face routing rarely occurs.

Fig. 10 shows the average power consumed for the max-
imum used node in PAGH, PAGR, PAGO, and other routing
algorithms. It is clear from this figure that the average power
consumed for maximum used node of the new algorithms
PAGO and PAGR is decreased by around 45%, which in turn
increases the network lifetime to around twice that com-
pared to the fixed transmission radius algorithm Greedy.

As expected MACRO algorithm has a Slightly less power
consumption than our proposed algorithms at very dense
network, because this algorithm does not use any periodic
hello messages, which consumes more power in dense net-
work, receiver will receives more messages from all neigh-
bors regularly.

We can explain the little increase of the average
power consumed by the most used node for PAGO and
PAGR routing algorithms when the box size increases,
even though we have approximately the same average
node degree at different box sizes, as follows: Since there
are more nodes in the box and the box size is bigger, to
maintain nearly the same average node degree, longer
paths will be taken by the routing algorithms. This is
especially true for the PAGR and PAGO algorithms because
they use the optimal transmission range. This results in
an increase the average power consumption for the max-
imum used node.

6.2.1. Effect of control message frequency
In order to test the effect of the control messages fre-

quency on our proposed algorithms, we fixed the maxi-

mum transmission range to 75 (7.4 average nodes
degree) and vary the control messages frequency. In this
section, we send a control message from each node at fol-
lowing frequency 10 times during the routing process, 5
times, 2 times, 1 S-D (at the beginning of the routing pro-
cess between each source–destination pairs), 2 S-D (at the
beginning of every second source–destination pairs), 5 S-D,
and 10 S-D.

Because the nodes are static and the network density is
static too, the delivery rate is fixed for each algorithm. Actu-
ally even if the network is mobile, we do not expect it will
affect the delivery rate much because mobility can be re-
ported in advance (speed and direction), so node can know
exactly which nodes are still neighbors. These neighbors
are then used at their revised (exact and correct) positions.

Fig. 11 shows the average power consumption from the
maximum used node, it is expected that PAGR, consumes
more power than PAGO and PAGH, because some nodes
in PAGR uses the maximum transmission range for periodic
hello messages depending on the node degree. Because the
maximum transmission range we have chosen for this sim-
ulation setup is 75, PAGO (uses transmission range equal to
44.7 for the periodic hello messages) consumes more
power than PAGH (uses transmission range equal to 37
for the periodic hello messages).

6.2.2. Effect of sleep-active nodes
Each node in PAGR algorithm changes the transmission

range of the periodic discovery control messages
depending on the node degree; this can be tested by having
nodes sleeps at random paces. In this section, we tested
our proposed algorithms on the following sleeping ratios:
5%, 10%, 15%, 20%, 25%, 30%, and 40%.
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Fig. 12 shows the delivery rate of PAGR, PAGO, and PAGH
algorithms, we can see that these algorithms slightly ef-
fected by the sleeping nodes, this because each node can
tell all neighbors nodes about its coming situation sleep

or active, only the nodes that wakes up who did not send
yet hello messages.

Fig. 13 shows the power consumption from PAGR, PAGO,
and PAGH. We can see that the power consumption is de-
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creased by increasing the number of sleeping nodes, this
can be explained by the number of nodes: less number of
nodes means less path length, thus less power consump-
tion. We can also see that PAGR starts consuming more
power than PAGH when the sleeping percentage is more
than 15%, also this can be explained by the average nodes
degree, while increasing the number of sleeping nodes, we
actually increasing the number of nodes that have degree
less than RD, these nodes uses MR for hello messages, thus
increase the power consumption. Fig. 14 shows the nor-

malization of the two metric delivery rate and power
consumption.

7. Conclusion

This paper describes several localized power-aware rout-
ing algorithms for 3D ad hoc network under two concurrent
constraints: maximize the delivery rate while maximizing
the lifetime of the network by minimizing the energy con-
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sumption by the nodes. Our new algorithms are based on the
idea of replacing the constant transmission power of the
node with an adjusted transmission power. The simulation
results demonstrate that the new routing algorithms PAGR,
PAGO with dense network have a delivery rate near 100%
and increases the network lifetime to around twice that
for the Greedy algorithm. Our algorithm, PAGR:CFace(1):-
PAGR, give a significant increase in the delivery rate for
sparse networks while increasing the network average
lifetime.
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