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Localized Minimum-Energy Broadcasting
for Wireless Multihop Networks
with Directional Antennas

Julien lguchi-Cartigny, Pedro M. Ruiz, Member, IEEE, David Simplot-Ryl,
Ivan Stojmenovic, Fellow, IEEE, and Carmen M. Yago

Abstract—There are a number of proposals to achieve energy-efficient broadcasting in wireless multihop networks using directional
antennas. However, these proposals are based on centralized algorithms, which require global knowledge of the topology of the
network. Such global protocols are not suitable for ad hoc networks because of the high number of control messages required to gather
such global information. We propose several localized algorithms, where each node needs to know only geographic position of itself
and its neighbors. We also introduce a new energy consumption model for directional antennas, which generalizes models commonly
used. Ouir first protocol is called DRBOP and it follows the one-to-one communication model to reach to all nodes following the relative
neighborhood graph (RNG). RNG preserves connectivity and can be locally computed by each node without any message exchange.
Each node that receives a message for the first time from one of its RNG neighbors will rebroadcast it to each of its remaining RNG
neighbors separately. The transmission power is adjusted for each transmission to the minimal necessary for reaching the particular
neighbor. Since the average degree of RNG is about 2.5, approximately 1.5 rebroadcasts are done by each node to its neighbors.
Next, we describe DLBOP, where RNG is replaced by the local minimum spanning tree (LMST) graph, which is a localized topology
resembling the minimum spanning tree. We then observe that, for very dense networks, it is more energy-efficient to reach more than
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one neighbor at a time. A one-to-many protocol efficient for dense networks is proposed. We then describe an efficient localized
protocol, which adaptively switches (without any threshold) between one-to-one and one-to-many communication models and is
efficient for both sparse and dense networks. Our simulation results show that for different energy models, the adaptive protocol is able
to achieve a competitive performance compared to centralized algorithms while having a fully localized operation.

Index Terms—Distributed networks, power management, directional antenna, broadcasting.

1 INTRODUCTION

N a wireless multihop network, each node relays

messages and participates in networking tasks to provide
full connectivity. Taking into account that wireless com-
munications are the main source of energy expenditure in
these devices, network layer protocols must be designed to
limit the amount of messages being required. The problem
of energy consumption is very significant because nodes are
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energy limited. Many solutions have been proposed to
decrease energy consumption. One solution to reduce
energy consumption is to decrease the range of the radio
beam [1]. Energy consumption can be also reduced by using
directional antennas, which reduce the radio beamwidth to
a particular angle. Indeed, control of emitted transmission
power and beamwidth angle allows one to reduce the
energy consumption and increase the lifetime of the
network. Nodes need to maintain the connectivity of
the network while managing these adjustments.

When a node needs to send a message to neighboring
nodes, it can use several communication models: one-to-
all, one-to-many, and one-to-one models. In the one-to-all
model, nodes use omnidirectional antennas to reach all the
neighbors with a single transmission. The communication
zone is a sphere with the sender node at the center. In the
one-to-many model, a node can target a subset of its
neighbors with one transmission by choosing direction and
width of the beam, using directional antennas. The one-to-
one model is a particular case of the previous one where
terminals use a nonvariable narrow beam whose target is a
single neighbor at a time. Since the communication zone of
the node is a narrow beam from this node to the targeted
zone, directional antennas provide more energy savings,
spatial reuse, and interference reduction.

The problem of broadcasting a packet with the minimal
total power used and the problem of broadcasting a message
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with the minimal number of retransmissions are well known
to be both NP-complete [2]. Consequently, several heuristics
have been proposed in the context of omnidirectional
antennas. For instance, Minimum Spanning Tree (MST) [1]
is a globalized algorithm that builds the spanning tree by
choosing in each iteration the shortest link between nodes to
be covered and nodes already in the tree. It does not exploit
the wireless multicast advantage (i.e., it does not consider
that a single transmission can reach multiple neighbors at
the same time). The general case considering wireless
multicast optimization is NP-hard. Another protocol is
the Broadcast Incremental Power (BIP) [1], proposed by
Wieselthier et al. It is a globalized greedy algorithm inspired
by Prim and Dijkstra’s algorithm. However, both protocols
are globalized, meaning either a centralized entity has to
gather knowledge of the full topology and diffuse informa-
tion to organize the network or each node has to know the
total topology of the network to locally compute the
broadcast spanning tree. This approach is not efficient in
ad hoc networks, because of a high communication over-
head and lack of scalability as the size of the network grows.
Several solutions using directional antennas have been
proposed. For instance, a directional version of BIP, called
DBIP [3], uses a one-to-many model. Another solution has
been proposed by Spyropoulos and Raghavendra [4], which
computes flow matrix to approximate a good solution. These
two solutions, which we shall describe in detail in Section 2,
are efficient but suffer from being globalized. Finally, three
different schemes to reduce the broadcast storm problem
with directional antennas are described in [5]. Unfortu-
nately, none of the proposed algorithms can guarantee
delivery to all nodes with an idealized MAC layer without
collisions, which is the primary criterion for this paper.
Unlike centralized schemes, localized solutions, which
require only information about the neighborhood, have been
proposed [6], [7], [8]. They usually build an underlying
topology-preserving subgraph such as the relative neighbor-
hood graph (RNG) [9] and local MST (LMST) [10]. This
subgraph is then used to conduct the broadcast along its
edges. We analyze all localized solutions in detail in Section 3.
In this paper, we introduce a general energy model and
propose several localized algorithms for broadcasting in ad
hoc networks with smart antennas. Each node requires only
the knowledge of the relative position of all neighboring
nodes. This information can be gained from the distance
and direction, by using signal strength or time delay
combined with direction evaluation by smart antennas. The
position of each node can also be extracted with positioning
systems (like GPS). The first presented protocols (DRBOP
and DLBOP) are based on RNG and LMST, respectively,
and they both use one-to-one communication model. The
second algorithm is called the One-to-Many Directed LMST
Broadcast Oriented Protocol (OMDLBOP). It is more
energy efficient in the case of high-density networks.
Finally, the third protocol Adaptive Directed LMST Broad-
cast Oriented Protocol (ADLBOP) adaptively decides which
communication model to use (one-to-one or one-to-many)
depending on the local network conditions at each node.
The remainder of this paper is organized as follows:
Some preliminaries are given in Section 2. We describe the
existing work on energy-saving broadcast in Section 3.
Section 4 describes the protocols. Experimental results and
the comparison with theoretical work and other protocols

are presented in Section 5. Finally, Section 6 concludes this
paper and gives orientation for future works.

2 PRELIMINARIES

We represent a multihop wireless network by a graph
G .. V:E , where V is the set of nodes, and E V2 is the
edge set of available communications between nodes. That
is,anode u 2 V can send message to anode v 2 V if an edge
u;v belongs to E. We assume that all nodes have the same
maximal radius denoted by R. We define d u;v as the
distance between nodes u and v. The set E is defined as
follows:

E.. uv2V?jubv~rduyv R

The graph defined that way is known as the unit disk
graph, with R as its transmission radius. We also define the
neighbor set N u of the vertexuasN u .. fvj u;v 2 Eg.
The degree of a given node u is the number of nodes in
N u . We also denote by n ... jV j the number of nodes in the
ad hoc network.

We assume that each node in the network can adjust its
transmission power. The range of a node u 2V represents
the maximal distance between u and a node that can
receive its transmission and is denoted by r u (with
0 ru R). The graph induced by the range assignment
function r is denoted by G, ... V;E, , where the edge set
E, is defined by

Er.. uyv 2VZjus.v~rduv ru

In one-to-one and one-to-many models, we will assume
that all the nodes have directional antennas. A node sends a
message using a radio beam with certain range, direction,
and width. Nodes can hear messages from every neighbor,
provided that they lie within the area covered by the beam.
That is, we assume that deafness and similar issues are dealt
with at the lower layers. Thus, we do not account for all the
extra overheads of the lower layers because, for comparison
of the different approaches, those issues are equal for all
network-layer solutions. Accordingly, nodes can send
messages to neighbors using unicast communications, just
by aiming the beam to the addressee. In the case of one-to-
many model, the beam can be aimed to reach multiple
neighbors by increasing its range or width appropriately.

We need to evaluate the energy consumption for each
node. We propose the following formula to quantify the
energy consumption for sending a message:

5 r C, Cy; if r6. 0;
0; otherwise:

This model is flexible and generalizes several energy
consumption models proposed in the literature such as [11].
The parameter gives the power loss, is the angle of the
beam (bounded by the minimal value ), and r is the range
of transmission of the sender. The constant C; associates a
cost of operation to the angle beam. The constant C; is a
constant overhead for each sending, representing the
minimum needed energy for signal processing and MAC
control mechanism.
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For constants .2 and C; .. C, .. 0, the model is a
generalization of the one commonly used. We consider a
directional version of a specific model proposed by
Rodoplu and Meng [11]. This model uses the following
constants ... 4, Cy ... 8:10, C; ... 2:10.

3 LITERATURE REVIEW

Several papers considered directional antennas for energy
savings in ad hoc networks. A centralized algorithm,
proposed by Spyropoulos and Raghavendra [4], organizes
the network to route the traffic from each node to every
node using the minimum amount of energy. The algorithm
consists of four steps. First, the shortest cost routing for each
pair of nodes is computed, with the hypothesis that nodes
have omnidirectional antennas. Two different metrics
(minimizing energy consumed per packet and the max-
imizing network lifetime) are used. Next, a link flow matrix
is calculated from the previous step. It defines the average
rate of traffic generated per time unit from a source node to
a destination node. Further, an update of the topology is
done since only one link by node can be established,
considering the directional antennas model. That is, a node
cannot be transmitting two different messages on two
different links at the same time. Finally, a scheduling is
established for each individual link in a way to minimize
the total time it takes to “serve” all links. This last operation
is done by using edge-coloring algorithms.

The BIP [1] protocol for omnidirectional propagation
proposed by Wieselthier et al. constructs a spanning tree
with respect to the energy consumption. More precisely, the
algorithm starts from one set that contains only the source
node. A new node, with the minimum additional power
necessary to reach it, is added to the set. Hence, for each
step, the algorithm decides if the best solution is to create a
new transmission from a neighboring node or to increase
the range of an existing link. The same authors [3] proposed
two broadcast protocols for directional antennas model,
based on BIP. Reduced Beam BIP (RB-BIP) uses a one-to-
one communication model (with minimal angle) to join
neighbors in the BIP tree. In Directional BIP (D-BIP), each
node can send only one message, thus they have to adjust
the angle of the beam or increase the radio range to join
more neighbors. Hence, the tree construction is different
from RB-BIP, because the protocol has to decide, at each
step, if it is better to extend the beam and/or the range of a
node, or to add a new communication beam for a
neighboring node (with respect to the energy consumption).
Hence, the natural tendencies of D-BIP, when constants C;
and C, are high, are to favor transmissions with large radii
and beam angles, to avoid retransmissions by every node.
Lin and Noubir [12] have proposed another version of BIP
for sectored antennas, i.e., a directional antenna with the
radio range decomposed into multiple fixed nonoverlap-
ping sectors (three or six).

The protocols described so far are globalized; each node
requires the knowledge of the whole network topology.
Cartigny et al. proposed RNG Broadcast Oriented Protocol
(RBOP) [6], a localized broadcast protocol for reducing
energy consumption, using omnidirectional antennas. It
uses RNG [9], defined as follows. An edge u;v isin RNG if
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and only if it is not the longest edge in any triangle uvw
composed of three nodes from the network, i.e.,

Emg G ..Tuv 2Ej ®w2V;duw <duvg:

The RNG has several advantages. First, each node needs
to know only the position of itself and its neighbors. Thus,
the required information can be gathered in a localized
manner. Second, the average number of RNG neighbors of a
node is approximately 2.5. Finally, the most important
property of RNG is that it preserves connectivity.

RBOP consists of a neighbor elimination scheme (NES)
[13], [14] limited to RNG neighbors where a transmitting
node adjusts its communication range to reach all non-
covered RNG neighbors. Regularly, each node constructs an
RNG subgraph from its neighboring graph. When a node
has to rebroadcast the message, it waits a certain amount of
time before sending the message. During that time, each
node eliminates from its list of neighboring nodes to cover
those nodes that can be assumed to have received the
packet in one of the previous retransmissions. If some of its
RNG neighbors did not receive the broadcast message after
this time, the node retransmits.

Li et al. [10] proposed a sparser topological structure than
RNG, called LMST. To obtain the LMST subgraph, each node
computes the MST of its local topology (the list of neighbors
and links between them) and keeps only links originating in
itself. Messages with neighboring nodes are exchanged to
discover edges that belong to the computed MST of both
nodes, and only these edges are preserved in the LMST.
RNG, on the other hand, requires no message exchanges
after learning one-hop neighbors. LMST is a subgraph of
RNG. Experimentally, the degree of LMST is approximately
2.04, which is closer to the BIP degree (1.99) than RNG (2.5).
Li and Hou also proposed BLMST, an energy-saving
protocol using LMST [7]. Cartigny et al. proposed a similar
LBOP [15], an LMST-based broadcast protocol that mini-
mizes the energy consumption. It differs from RBOP in using
LMST instead of RNG to construct the subgraph.

Ingelrest et al. [8] demonstrate the existence of an optimal
transmission radius, computed with a hexagonal tiling of the
network area, which minimizes the total power consumption
for a broadcasting task. This theoretically computed value is
experimentally confirmed. They propose two localized
broadcasting protocols, based on derived “target” radius,
which remain competitive when they are compared against
globalized algorithms for all network densities. The first one,
TR-LBOP, computes the minimal radius needed for con-
nectivity and increases it up to the target one after having
applied an NES on a reduced subset of direct neighbors. In
the second one, TRDS, each node first considers only
neighbors whose distance is no greater than the target radius
(which depends on the power consumption model being
used) and neighbors in a localized connected topological
structure such as RNG or LMST. Then, a connected
dominating set is constructed using this subgraph. Nodes
not selected for inclusion in the set may be sent to sleep
mode. Nodes in the selected dominating set apply TR-LBOP.

The contributions we present in this paper are inspired
on the same idea of using underlying topology-preserving
graphs (e.g., RNG and LMST), as well as an optimal
transmission radius. However, our proposed solutions are
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designed to work with directional antennas, which pose
additional challenges to some basic operations such as NES.

4 BROADCASTING WITH DIRECTIONAL ANTENNAS

In this section, we describe our proposed schemes for
energy-efficient broadcasting with directional antennas.
First, we introduce DRBOP and describe DLBOP. They are
broadcast protocols using RNG and LMST with one-to-one
communication model, respectively. Second, we present
OM-DLBOP, a protocol using one-to-many communica-
tions, which is shown to be efficient for dense networks.
Finally, we propose a hybrid protocol, called ADLBOP,
where each retransmitting node chooses between DLBOP
and OM-DLBOP, depending on the local topology. It is an
adaptive protocol that is shown to be efficient for both
sparse and dense networks.

4.1 One-to-One Protocols: DLBOP and DRBOP

The directed RBOP (DRBOP) and the directed LMST
Broadcast Oriented Protocol (DLBOP) are two variants of,
respectively, RBOP and LBOP, which are the two energy-
saving broadcast protocols described above. They use one-
to-one communication model, i.e., each node u sends one
message to each of its RNG/LMST neighbors v (except the
one from which u received the message) with minimal
beam and range d u;v . NESs are not applicable for the
two protocols since packets sent to a neighbor by a narrow
beam are normally not received by other nodes. Hence, they
cannot realize whether a particular neighbor is already
covered or not.

The scheme DLBOP is more efficient than DRBOP,
because the average degree of LMST (2.04) is lower than
the one of RNG (2.5). Thus, each node has to send
approximately one message for LMST and one and a half
message for RNG, since each node only covers LMST/RNG
neighbors, which have not received the broadcast message.
The energy consumption of both protocols can be derived by
summing the power expenditures of one-to-one messages
from each node. Let n be the number of nodes. If dimst is the
average distance between LMST neighbors, then the energy
consumption of the DLBOP protocol is approximately

Epeor N € ;dimst: 2

If ding is the average distance between RNG neighbors,
then the energy consumption of DRBOP is approximately

Epreor 15 n e ;dmg . 3

Equations (2) and (3) do not follow from our general
model. They are approximations based on rounded average
degrees in LMST and RNG. We made such simplifications
to produce simple theoretical estimates and then verify
them by experiments. To evaluate the energy consumption
of DLBOP and DRBORP, it is necessary to know the average
distance between LMST neighbors, with respect to the area
S (the simulation surface) and the number of nodes n in the
network. As shown in Fig. 2, we approximate average LMST
distance by the length of the edge of regular hexagonal mesh
of n nodes covering the area S. We observe that a node is
located at the intersection of three hexagons, and thus two
nodes are needed per hexagon. So, the hexagonal tiling

represents the case in which nodes are regularly deployed.
While in practice nodes are not regularly deployed, the size
of a hexagon side can be considered a very good approx-
imation of the average distance between LMST neighbors.
We verify this experimentally below.

Based on this, we can then compute the size of the hexagon
using basic algebra. We just compute the total area S as the
nLtgmer of hexagons n=2 times the area of each hexagon

3" 3r?=2 . Then, we just solve the equation for r obtaining

s

48: 4

Mhex ... 3P3

dImst

This assumption can be verified experimentally. Fig. 2
presents the average distance between LMST neighbors and
RNG neighbors from the experimental point of view and
the theoretical side length of a regular hexagon, as
described by (4). The parameters of the simulation are
S ..2,000 2;000 m and R ... 250 m. They have the same
behavior, with the experimental lengths lower than the
theoretical length because of the border effect. The
difference between RNG and LMST comes from LMST
being a subset of RNG and edges in RNG not belonging to
LMST being longer than average.

Finally, the following total energy consumption equa-
tions can be rewritten, using (4):

1 L]
E n H T o 5
DLBOP - 2 37 3n 1 2
L L
4S 2
Epreop ... 15 n 2— gp% C:. C, : 6

Since the experimental data say that dimst
model, we can also write that Eprgop

drng in our
1:;5 Episor.

4.2 One-to-Many Directed LMST Broadcast Oriented
Protocol OM-DLBOP

DRBOP and DLBOP have high energy consumptions
(especially in the case of high density and when C; and C,
are not null). This is because protocols use one message for
each RNG/LMST neighbor. Hence, it can be beneficial to
reach several neighbors with the same beam, which is the one-
to-many communication model. The algorithm OM-DLBOP
consists of sending a single variable angle beam instead of
several narrow beams. A node that decides to retransmit the
message—because of LMST NES—uses a single beam withan
appropriate angle that allows one to reach noncovered LMST
neighbors. To increase energy savings, it can be useful to
extend the range in order to avoid excessive retransmissions
that can be expensive if constant C; or C; is not null.

The one-to-many algorithm, called OM-DLBOP, sends
beams with angle 4 =3. This angle minimizes the overlap
communication zone and provides a good coverage of the
neighborhood, as illustrated in Fig. 3 (note that the beam can
be wider than 4 =3 as explained below). The beam range
depends on the energy consumption model. We apply an
approximation to deduce the best range assignment decision.
To do that, let us consider broadcast with fixed beams of
angle 2% ;2 andrange R. For a given angle , we look
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TABLE 1
Behavior of the Function Egreq 1

Ci=Cy=0 01#0\/02750
a < 2 | monotone decreasing monotone decreasing
Ropt ('Y) =R Ropt ('Y) =R
a=2 constant monotone decreasing
No Ropt(7) Ropt(v) = R
monotone minimal at
4mCo
o201 +722
a>2 increasing r(y) = la727
Ropt(7) =0 Ropt(y) = min(r(7), R)

for an optimal radius Royx , Which minimizes the total
energy consumption.

If a node wants to cover the circular area around itself, it
has to send d2 = e beams with an energy cost of e ;r for
each beam. Suppose that the full area S with n nodes is
ideally covered with such beams (this is obviously im-
possible but nevertheless leads to useful conclusions). The

energy consumption, denoted by Egpeq I, is then

S 2

Earea I' ... ?*e r

S 2

2 Cor 2
N s

Cll' 2

ForagivenS,n,and ,thebehavior of the function Egpeq 1
(and hence, the energy consumption) depends on , C,, and
C, constants. Table 1 summarizes it. Of course, the case for

< 2 has been only considered for analytical purposes, as
long as it makes no sense in real world. The optimal radius is
obtained by the standard calculus method of finding the root
of the first derivative over r. Interestingly, the optimal radius
does not depend on the node density or average node
degrees. However, it is valid only for reasonably dense
networks since otherwise sparse networks may have large
portions of empty zones that do not need coverage.

Now, we give the complete OM-DLBOP algorithm. As we
mentioned before, the angle of 4 =3 represents the ideal case
of maximum extended coverage with lower overlapping and
we use it to determine the transmission range. The angle
used by v is positioned symmetrically with respect to the line
uv, as shown in Fig. 3. By definition of RNG, two outgoing
edges of the same node can only belong to RNG if they are
separated at least =6. So, given that LMST RNG, the
angle between any two LMST neighbors is also at least =6.

TITEILIT

Fig. 1. Example of the hexagonal mesh model.
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Fig. 2. Average distance between RNG and LMST neighbors compared
to the theoretical side length of a regular hexagon.

Therefore, the mentioned beam contains the uncovered
LMST neighbors of v. LMST neighbors that already received
the same message can be determined from the position of the
sender, the positions of the neighbors and the transmission
range, and the beam direction of the sender. The position of
nodes is known by the same periodic beacons employed to
build the LMST subgraph. The rest of the beam information
(i.e., angle and range) is included in the headers of the
messages themselves. Otherwise, nodes do not have enough
information to perform NES. After applying NES restricted
to LMST neighbors, a node u, which decides to retransmit,
computes its transmitting angle and range as follows:

Let A be the set of uncovered neighbors and B A
the set of uncovered LMST neighbors.

The node u computes the set of nodes closer than
Ropt 4 =3:

A V2Ajduv  Rey 4 =3

The “goal” of u is to reach nodes of C ... A’ [ B, i.e.,
nodes closer than Ry, 4 =3 and LMST neighbors. If
C; ... C, ... 0, the optimal radius cannot be evaluated.
In this case, we consider Rgy; 4 =3 ... 0. This implies
that A? ... ; and that the goal of the node is limited to
its LMST neighbors.

The node calculates the angle needed to cover C
and the distance d to the furthest node of C. If <
then set . If C is empty, the retransmission is
canceled.

Fig. 3. Beam coverage with OM-DLBOP broadcast.

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 26, 2008 at 12:28 from IEEE Xplore. Restrictions apply.



IGUCHI-CARTIGNY ET AL.: LOCALIZED MINIMUM-ENERGY BROADCASTING FOR WIRELESS MULTIHOP NETWORKS WITH DIRECTIONAL... 125

If d>Rg , then send -beam with d range.
Otherwise, the node sets the range of -beam
(without modifying the orientation) in order to
reach all nodes of A closer than Ry  (thus, the
selected radius is generally somewhat lower than
Ropt ).

An evaluation of energy consumption of OM-DLBOP
can be obtained if we consider an ideal 4 =3 beam
tessellation. Let us consider an area S with n nodes and
N relaying nodes, which cover the whole surface. We use
the approximation where relaying nodes are placed accord-
ing to a honeycomb mesh to deduce an energy consumption
with Rgpe 4 =3 . Suppose that the area S is divided into
hexagons with side Ryt ... Ropt 4,53 (as in Fig. 1). Then,
N ... 25=Anex, Where Anex .. 3R3, 32 is the surface of a
hexagon. Therefore, the energy consumption is then

Eom-pLeor .. N €4 =3;Rgpt
8s , 45 2 ,
. R -C C, R :
§p§ opt 595 3 1 2 Ropt

A comparison between Eom-pLeop and Earea I gives the
same behavior, as seen in Table 1:

If <2andC;..C,..0, the energy consumption
decreases when range increases, so the best
solution is to maximize the range, and Ry .. R
(regardless of the values of the constants C;, C,,
and Cy). In this case, the energy consumption
Eom-pLeop is

8S
Eom-bLBoP .. §F’§R 2:

When <2, C;6.0,and C; 6. 0, the behavior is the
same as C; ... C, ... 0, so the best solution is again
Ropt ... R and Eom-pLeop Can be described in this

case as
8S 8S 2
Eom- R 2 -C; C, RZ
OM-DLBOP 595 §|9§ 31 2

If ..2 and C;..C;..0, the optimal radius is
not important, as the energy consumption of

OM-DLBORP is
E B
OM-DLBOP - 9F3’
For ..2,C;16.0,and C, 6.0, it is shown in Table 1

that the best solution is to maximize Rgp. This is
confirmed by the value of Eom-pLsop, Which is

equal to
8S 4S 2
Eowm- . P- P- -Ci C; Ry &
OM-DLBOP 9 3 3" 3 3 1 2 opt

Thus, the energy consumption with Ryt ... R is

8S 4S 2
+o- P ;G

C, RZ%
9°3 33 3 2

Eom-pLBoP -

Optimal radius

Fig. 4. Example of the use of Ry to deduce the covering of a node.

If >2and C;..C,..0, as presented in Table 1, it
is better to minimize the range. This is confirmed by
rewriting

8S
Eom-pLBoP - gpgRopt

The best solution is to use the minimal range
possible in the graph, so Ryt ... dimst N . Hence, the
energy consumption can be written as

8S
Eom-pLBOP - §p§dlmst n

2n 4SS 7
"3 3' 3an

For >2,C;6.0,and C; 6. 0, the original (7) has the
form aX 2 bX" 2, It can be shown that the
equation has a minima at
s
Ci Co
>

wi|@IN

In DLBOP and OM-DLBOP, full network coverage is
ensured by the connected LMST topology. The coverage
property is not impacted by the way of reaching all LMST
neighbors. It means that we can mix, in the same broad-
casting task, nodes applying DLBOP and nodes applying
OM-DLBOP. Also, each node may apply NES, which may
result in canceling retransmissions. The protocol we
propose in Section 4.3 brings a solution where nodes locally
decide independently between the DLBOP and OM-DLBOP
modes.

With the aim of getting better efficiency in OMDLBOP,
we include the following improvement to the NES process.
The idea is to try to find possible scenarios in which a node
may know that its transmission is not required, even
without being in the range of all the beams that covered all
its neighbors. The proposed scheme is based on the
following observation: when a node receives a message, it
knows from the location and optimal radius of the sender if
another node has already received the message. But,
provided that, in OMDLBOP operation, every node adjusts
the beam to cover all uncovered nodes closer than Rgy, the
node receiving such a beam knows that not only those
nodes in the area of the beam are covered but also all other
nodes at a distance lower than R, from the sender that are
not within the area covered by the beam. Fig. 4 shows an
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example of a case in which NES can be performed due to
this observation. When a node X receives the beam from a
node Y, all nodes in the circle with center Y and radius Rgpt
have already received the message for one of these two
reasons: they have received the message from Y or Y has
heard a beam that reaches them, and therefore, it has taken
them out of its beam. When X receives the message from Y,
it knows that node Z has previously received the message
because it is closer from Y than Rgpy.

4.3 Hybrid ADLBOP

The ADLBOP algorithm is a flooding protocol that mixes
one-to-one and one-to-many communication models. It is
based on the two previously described algorithms: DLBOP
and OMDLBOP. When a node receives the broadcasted
message, it starts an NES limited to LMST neighbors. At the
end of the waiting period, the node makes a choice between
one-to-one and one-to-many communication models, de-
pending on its local topology. For a given node u, the
decision algorithm is given as follows:

Let A be the noncovered neighbor setand B A the
noncovered LMST neighbor set. We denote by A’ the
set of nodes belonging to A closer than Ry 4 =3 .
As previously discussed, if C; ... C; ... 0, we consider
that Roye 4 =3 ... 0. The “goal” of the node u is to
cover the set C ... A' [ B. If the set C is empty, the
retransmission is canceled.

The communication model choice is made from a
comparison of energy consumption needed to
cover C:

One-to-one communication. In a flooding over the
subset C with one-to-one communication mod-
el, each node retransmits the message to its
noncovered LMST neighbors. On average, each
node has only one noncovered LMST neighbor.
Hence, the energy consumption with one-to-one
communication model using -beams can be
evaluated by

Ei 0 1..JCj e ;dimst

The node u ignores the distance djnst, Which
represents the average LMST edge length. It can
simply estimate it with distance between itself
and its LMST neighbors:

1 X

— duyv
iBj

v2B

dImst

One-to-many communication. Let be the angle
needed to cover C (if < , we consider that

) and d the distance between node u and
the furthest node of C. The energy consumption
of a single beam, which covers C, is

Ei to many ..€ ;d:

If Eone-to-one < Eone-to-many, the node u decides to
use one-to-one communication model and sends a
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-beam to each noncovered LMST neighbor
(nodes of B).
Otherwise, the node u decides to use one-to-many
communication model and sends a -beam to cover
nodes of C. If d <Rgy , the range of the beam is
increased in order to reach nodes of A closer than
Ropt

4.4 In Search of a Threshold

Both approaches (one-to-one and one-to-many) are valid.
DLBOP offers a subgraph with a minimal degree for each
node, and OM-DLBOP covers a large group of nodes to
reduce the cost associated with each sending. We now
develop theoretically what will be the energy consumption
to decide which protocol is better according to each energy
consumption model.

For the six energy models, we investigate now the cases
when Eom-pLsop Offer more energy savings than Ep gop.
The inequality is resolved by using (7) and (5) with the

values of , Cq, and C; of the energy models:
For <2 and C;..C;..0, the inequality
Eom-pLeor < EpLpop is true when
r 2 4 R?
d> 1 —R 2-p—; 8
23 33’

where d is the density in number of nodes per
communication area.

For <2and C; 6.0 o0r C, 6. 0, because Eom-pLBoP
is a constant (it does not depend on n and s fixed
to 4 =3), the inequality Eom-pLeor < EpLsop Can be

reduced to
45 7
Eom- <nlz _— —
OM-DLBOP < N 22 §p§ n2C1 C,

9

This inequality has a solution that we find experi-
mentally in Section 5.

For ..2andC; ..C; .. 0, if Eom-pLeor < EpLeoP,
then 4 =3 <
For .2 and C;6.0 or C; 6.0, the inequality

Eom-pLeop < EpLsop is true when

o4 i R SG

C,
33,C G '

For a density higher than this threshold, the best
solution is to use the OM-DLBOP algorithm. Other-
wise, the use of DLBOP is better.

For >2 and C;..0..C,..0, Eom-DLBoP <
EpLeor giVES 4 =3<

For >2and C; 6.0 or C, 6.0, we have the same
form as given by inequality (9). This is a poly-
nomial that has at most two solutions. We are
going to find these values experimentally within
Section 5.

Therefore, based on the thresholds computed above,
each individual node running ADLBOP selects whether to
cover its neighbors using one-to-one or one-to-many
communications.
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Fig. 5. Influence of Ryt ON energy consumption with 500 nodes=km?.

5 EXPERIMENTAL RESULTS

We are now going to discuss the results of the simulations
we have performed. We will first confirm the existence of
the optimal radius shown by the theoretical analysis by
comparing the energy consumption of OM-DLBOP and
ADLBOP as a function of a target radius. We will then
compare the results offered by the protocols presented here
and also the centralized protocol DBIP.

The experiments have been carried out using the ns-2
v2.28 network simulator. This simulator has been extended
with the three protocols presented in this paper (DLBOP,
OM-DLBOP, and ADLBOP) as well as with DBIP that was
used for comparison. We have also implemented the
directional antenna model. This antenna transmits using a
variable transmission range (below a maximal value),
beamwidth, and beam orientation. Therefore, this antenna
allows the sender to transmit every message choosing the
orientation, width, and range of the beam. Of course, nodes
are only able to receive messages when they are within the
area to which the sender aimed the beam.

To carry out the simulations, we have randomly placed
500 static nodes in a 1;000 1;000 m? area. These nodes are
equipped with a directional antenna with maximum
transmission range of R ... 250 m, and minimum beamwidth
of .. =9. We have modified the MAC layer in ns-2 to use
an idealized 802.11 protocol with the absence of collisions.

Due to the fact that the behavior of the three protocols
DLBOP, OM-DLBOP, and ADLBOP depends on the energy

consumption models, we have simulated considering the
different cases described in Table 1. Specifically, the values
of the constants used when they are not null are given as
follows: for ... 2, we have C; ... 8;000 and C; ... 2;000, and
for .4, we have C; ... 8:10” and C, ... 2:107.

5.1 Validation of Optimal Transmission Radius
Existence

OM-DLBOP and ADLBOP use an optimal transmission
radius function Ry, which minimizes the energy consump-
tion when sending a 4 =3-wide beam. This function, which
varies with the energy consumption model (parameters
Ci1, Cy, and C;), has been theoretically studied in Section 4
and results are summarized in Table 1. The goal of the
first experiments is to justify the validity of the theoretical
models. To achieve this, we have tried with a wide
range of optimum radius values. For each of them, we
compute the energy consumption of OM-DLBOP and
ADLBOP.

The experimentation has been performed for target radius
Ropt ranging from 10 m to the maximal range R ... 250 m and
considering a node density of 500 nodes=km?. For this density,
we have tested 10 different scenarios. Due to the fact that
scenarios are randomly generated, the real density in nodes
by communication zone varies from 75.71 to 81.72 (78.11 on
average).

Fig. 5 shows the impact of Rqp On energy consumption
for any of the considered energy models. The graphs show
the experimental results for OM-DLBOP and ADLBOP and
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