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Abstract- Multicast is an important communication mode
in wireless ad hoc networks. Furthermore, adaptive an-
tenna array with Multiple-Input-Multiple-Output(MIMO)
channel model are more suitable for wireless multipath
environments. In this paper, we study energy efficient
one hop multicast in such environment. The problem is
formulated as a non-linear programming problem and two
heuristic algorithms are proposed to solve the problem.

I. INTRODUCTION

A wireless ad hoc network is comprised of nodes com-
municating with each other without infrastructure support.
Each node can directly communicate only with nodes in its
radio range. To exchange information with nodes beyond its
radio range, a node must rely on other nodes to forward
the information on its behalf. Such networks are becom-
ing commonplace in many applications including battlefield
environments, disaster-relief situations, and hotspot Internet
access.

Multicast is an important communication mode in ad hoc
networks. In a multicast session, a source node sends packets
to a certain set of destination nodes in the network. If the
destination node is not directly reachable by the source node,
intermediate nodes can be used to forward the packet. A
multicast tree which is rooted at the source node and covers all
destination nodes is constructed before any data transmission.
Once the tree is known, a node in the tree will deliver each
multicast packet to all of its one hop children nodes (if it has
any).

In conventional wireless ad hoc networks such as those
based on IEEE 802.11, where all nodes use omni-directional
antennas, multicasting to one hop children nodes is achieved
through omni-directional broadcast. However, due to recent
advances in technology, it is now possible to build nodes with
significantly more capabilities. For instance, one can build
nodes with multiple directional antennas to increase network
throughput [1] and/or to reduce average energy required to
transmit a bit.

A node with directional antennas can adjust its signal lobe
to cover only a part of its neighbor nodes with certain physical
vicinity. As a result, a node can carefully select one or more
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configurations of transmitting antenna (and thus the directions
of the signal lobe) to minimize the total transmit power needed
to deliver a packet to all its children nodes in the multicast
tree.

Unfortunately, directional antennas work only in line of
sight environments. In rich scattering environments such as in
indoor or urban terrain, multiple antennas can be used along
with Multiple-Input-Multiple-Output (MIMO) channel models
to direct transmitted energy towards desired destinations. Al-
though the use of multiple antennas and MIMO channels is
well-studied for point-to-point wireless communications [2],
their use in wireless ad hoc networks is thus far fairly limited.

Prior work on use of multiple antennas in wireless ad
hoc networks are mostly for unicast communication with
directional antennas. For example, Ko [3] and Nasipuri [4]
were among the first to propose medium access control (MAC)
schemes for ad hoc networks using directional antennas. Power
control schemes for unicast communications are proposed
in [5], [6], [7], [8], [9], [10]. In network layer, the use of
directional antennas to reduce overhead of on demand ad hoc
network routing protocols such as AODV was studied in [11].
Energy efficiency issue for unicast routing is proposed in [8].
Energy efficient broadcast/multicast with directional antennas
are considered in [5], [12], [13] and the construction of the
broadcast/multicast tree is addressed in [14], [15]. Since all of
this prior work is on directional antennas, they assume light
of sight environment.

In this paper, we study energy efficient multicast in ad
hoc networks using adaptive antenna arrays in multipath
environments. The goal is to find an antenna configuration(s)
such that the transmit power is minimized while all children
nodes in the multicast tree correctly receive each packet. We
formulate the problem as non-linear programming problem.
Since this problem has to be solved by each node prior to
the transmission of each packet, we propose two computa-
tionally efficient heuristics for solving the problem. We then
compare the energy consumption using these two heuristics
to that obtained from a computationally expensive simulated
annealing based approach. The comparison shows that the
one of these heuristics performs very well in terms of energy
consumption while it requires still more computation than the
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Fig. 1.

MIMO system schematic illustrating the 3-antenna case.

other heuristics.

The rest of the paper is organized as follows. In section II,
problem formulation is described. In section III, two heuristic
algorithms are proposed. Simulation results are shown in
section IV. The conclusions end the paper in section V.

II. PROBLEM FORMULATION

We assume that the multicast tree is known and focus
only one-hop multicast in a wireless ad hoc network. We
consider a typical node (henceforth, called the transmitter) in
the multicast tree and assume that it has K children nodes
(henceforth called receivers) in the multicast tree. Let R
denote this set of receivers. We further assume that all nodes
have N antennas and the nodes are operating in multipath
environment.

Fig. 1 illustrates the adaptive antenna array and the multiple
input multiple output Multiple Input Multiple Output (MIMO)
channel for the case where N = 3 antennas are used at both
the transmitter and receiver. The modulated signal s(¢) to be
transmitted is passed through a transmit beamformer, which
sends a weighted version of s(¢) through each antenna. The
received signals at each antenna are weighted and summed
to produce the receive beamformer output 7(¢) which is then
demodulated by the receiver to extract the bit stream. The
channel between the transmitter and the receiver ¢ can be
represented by an N x N matrix H;, in which element H; ,,,,,
is the channel gain between the transmitter’s mt antenna
and the receiver i’s n'' antenna. We assume that the channel
condition between each pair of antennas can be estimated
prior the transmission of a packet. Furthermore, there is an
underlying protocol so that both transmitter and receivers
know this estimated channel condition. We also assume that
the medium access protocol is similar to IEEE 802.11 in the
sense that when a packet is being transmitted all nodes in the
interference range of the receivers are idle.

The weights of the transmitter and receivers antenna arrays
are N x 1 vectors and are denoted as W, and W,.; respectively.
The modulated data signal s(t) is first weighted and then

receiver 7, the received signal can be written as

Z Wim H, iomn T 1 71( ) (D

m=1

where n; ., (t) is the Additive White Gaussian Noise (AWGN)
noise picked up by the n antenna of receiver 7. Let n; =

xin(t) = s(t

[ni1(t),ni2(t),...,ni n(t)]T, then the final received signal
at node 7 is
N
n=1
N N
- Z Z z mn rz ns(t)
- Z Wi i (1) 3)
= s(OW{H;W,; +n] W, )

If ||[W,;]? is always forced to be 1, then for normalized
signal s(t), the Signal to Noise Ratio (SNR) of the received
signal is 7; = 2 ||[W7H;W,||?, where 0% denotes the noise
power.

Given channel matrix H;, W, and W,.; should be chosen so
that a desired SNR is achieved at all receivers. Let ¢; = ;02
be the minimum required received power at the receiver 1.
Then the SNR constraint at receiver ¢ is

||W?H1Wm||2 > ¢ )

The problem then is to minimize the total energy consumption
to deliver a multicast packet to all receivers in the receiving
set R. This problem can be formulated as follows.

Minimize: P =W/IW,
Subject to: |[WIH,W,;||>>¢; and
W, |?=1 V ieR

The above formulation is a non-linear optimization problem
with N x (K 4 1) variables. The following lemma shows that
the above problem is equivalent to another formulation. The
proof of the lemma is similar to that in [12] and is not included
here due to page length restrictions.

Lemma 1: The optimization problem is equivalent to

W' = arg min WHW, (6)
st. W/HHIW, >¢, VieR (7)

and for the given W7 ! each receiver is a Maximum Ratio
Combiner (MRC) receiver:
opt H H Wopt* )
s 411 opEr VieR )
[H WP ,
Lemma 1 converts the joint optlmlzatlon problem into two
separate problems. First,the transmitter’s antenna weight is

chosen by solving the optimization problem in equation (6).
Second, given the weight of transmitter antenna, the weights

sent through the transmitter antennas. At the nth antenna of  of receivers’ antenna can be calculated by equation (8).
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Unfortunately, the optimization problem in (6) is still hard to
solve. Generally, this problem can be categorized as nonconvex
quadratically constrained quadratic programming (QQP) prob-
lem. As pointed out in [16], the problem of finding a feasible
solution is NP-hard. Generally, to find a finite and exact
algorithm that solves large QQP’s is probably out of reach.
Many methods have been proposed for the QQP problems,
these include linearization of quadratic functions, generalized
Bender decomposition, reformulated as bilinear programming
problem and so on. However, the proposed algorithms are still
slow in time and not suitable for real time communication
where an optimization problem need to be solved for each
packet transmission. In the next section, we propose heuristic
algorithms that are simple and fast but still give acceptable
performance.

III. PROPOSED SOLUTION

A. Iterative Algorithm

We first propose an iterative algorithm (see Figure 2). There

Random starting point Wy
Scale-phase:
Scale W;o to W,
Compute transmit power P for W,
min_power = P
Fort=1to T
WR-phase:
Compute W,,; Vi € R given W,
WT-phase:
Compute W,y given W,; Vi € R
Scale-phase:
Scale Wy, to W,
Compute transmit power P for W,
if P < min_power
min_power = P
End if
End for

Fig. 2. TIterative algorithm

are three phases in this iterative algorithm. At the beginning,
a random starting point for the weight of the transmit antenna
array Wy is chosen and scaled to a feasible solution of W .
Next in the WR-phase, weights of the receiving antenna array
'W,.; are calculated for the current W;. Then, with the known
W,.;, we solve an quadratic optimization problem to compute
a new weight of the transmit antenna array as Wy, in the
WT-phase. Finally, in the Scale-phase, W,y is scaled to a
minimum-norm feasible W;. Then the algorithm goes back
to the WR-phase with W, as obtained in the Scale-phase. In
fact, the W, obtained in the Scale-phase is a feasible solution
for the original optimization problem. Therefore, the transmit
power computed in this phase and the minimum power is saved
for the current iteration.
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WR-phase: The WR-phase calculates W,; given transmit-
ter’s antenna weight W, by using equation (8).

WT-phase: Here, suppose all receiving antenna’s weights
W,.; are known. With the known channel condition H;, we
denote S; = H;W,,;. Then the constraints of the original
optimization problem in equation (5) becomes |[W!'S;|? > ¢;.
We further relax these constraints as WtTSi > \/¢; and the
optimization problem becomes

P=WHW,
WS, > /& VieR

Minimize:
Subject to:

The above problem is a standard quadratic programming (QP)
problem but the optimal solution of this QP may result in
larger W, than what is needed.

Scale-phase: Suppose that given any arbitrary vector as the
transmit antenna weight W, we can always scale the vector
as W; = Wy, where « is a scalar. This scaling increases or
decreases the vector along the same direction of Wy to obtain
the minimum norm feasible weight as W,. Here, according
to equation (7)

1
Q= max

— 9
S THE W ©

B. The Best of Omnidirectional Transmission

Most current directional antenna systems use an omnidirec-
tional transmission to complete a multicast or broadcast. Usu-
ally, a default antenna is pre-defined for the omnidirectional
transmission. In a power controlled scheme, the weight of that
antenna is set so that the transmit power is the smallest to reach
the receiver who has the worst channel. This is equivalent to
set the antenna weight to [IW,0] when W;; is set to be the
default antenna and W? is the transmit power.

We aconsider omnidirectional transmission, but choose the
antenna which will consume the least power. This is equivalent
to setting the weight of transmit antenna to N vectors:
Fieq, Eses, ..., Exen, and select the vector with the least
power. Here E2 is the power needed for the omnidirectional
transmission using the transmitter’s n’th antenna, and e, =
[0...1...0]T where all elements are O except that the n’th
element is 1. We call this scheme the best of omnidirectional
transmission (BestOMNI) and it is described in figure 3.

Forn=1to N
For i =1 to k;
W, =H{e,/|H[ e, ||
EV? = cif||elH, W, |2
End For
E, = max) F;
End For
W, = min, F,e,
Return

Fig. 3. The best of omnidirectional approach
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There are two loops in the algorithm. The outer loop
compares all N possible values of W, as omnidirectional
transmissions. The single antenna that transmits the packet to
all receiving nodes with the minimum power is selected. The
inner loop is used to determine the transmit power for each
single antenna. The basic idea is to meet the receiver which
requires the most power.

IV. RESULT

In this section, we present simulation results obtained from
MATLAB'. We compare the performance of the following five
schemes.

o Simulated annealing: This method is used to obtain a
close to optimal solution. The method is first tuned using
the 2-antenna 4-receiver case so that the solution found
by the method is within 1% of that obtained through
exhaustive search.

o lterative algorithm: In the iterative algorithm, the number
of iterations 7' affects the speed of the algorithm and
the optimality of the solution. Unfortunately, there is no
guarantee that the algorithm converges. Our experinece
shows that the power does not improve significantly after
25 iterations. Therefore, we set " = 25 in our simulation.

o BestOMNI: The best of omnidirectional transmission
algorithm as described in Section III-B.

o Random Search: With the scaling equation (9), we can
scale any arbitrary N x 1 vector to a feasible solution of
‘W,. This random search sets up random vectors and scale
them to feasible solutions. The minimum power is then
chosen from these solutions. Here, 25 random vectors
are chosen in order to compare the performance of the
iterative algorithm.

o Single antenna: This is the case when nodes only have
a single omnidirectional antenna or they have adaptive
antenna arrays but only use a single pre-defined omnidi-
rectional antenna for the multicast.

In the simulation, we run each scheme for a packet transmis-
sion under the same channel condition. Then we accumulate
the transmission power for 500 packet transmission as our
measure of the performance for each scheme. Furthermore, we
simulate four cases here. They are 2 antennas with 4 receivers,
2 antennas with 8 receivers, 4 antennas with 6 receivers and
4 antenna with 8 receivers respectively.

Figure 4 shows the accumulated power normalized by the
power of single antenna case. Therefore, the accumulated
power for single antenna scheme is 1 and it is not shown in the
figure. From the figure, we see that the multiple antenna based
schemes provide considerable power saving as compared to
the single antenna scheme. In 2-antenna cases, the power is
around 7% of the single antenna case, while the power is less
than 1% in 4-antenna case.

To evaluate the effectiveness of the proposed heuristics, we
normalize the accumulated power again, but with respect to
the result of simulated annealing assuming that it produced

IMATLAB is a registered trademark of The Math Works Inc.
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Fig. 4. Power savings compare to single antenna.

Il Simulated Annealing
Iterative Algorithm

C _ BestOMNI

M8 Random Search

4-atnenna
8-receiver

2-atnenna
4-receiver

2-atnenna
8-receiver

4-atnenna
6-receiver

Fig. 5. Normalized transmit power.

a solution close to the optimal solution. Figure 5 shows the
normalized power. From the figure, we also observe that, the
BestOMNI scheme consumes the largest amount of power
among the these three heuristics schemes. On the other hand,
this algorithm is the simplest. As the channel conditions are
random, the BestOMNI is actually the same as random search,
and it only does /N random searches.

In the simulation, both the iterative algorithm and the
random search obtain the optimal solution from 25 solutions.
The difference is that, the random search get the solution
randomly while the iterative algorithm get the result according
the the previous one. We can see that, for 4-antenna cases, the
power saving is about 30% for the iterative algorithm compare
to the random search. However, for 2-antenna cases, random
search performs almost the same as the iterative algorithm.

V. CONCLUSION

In this paper, we studied multicast transmission in ad hoc
networks using adaptive antenna array on each node. By using
adaptive antenna array, nodes has capability of focusing its
transmission energy on desired directions thus it can save
engergy. Our goal is to select the antenna weights for the
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transmitter and receivers so that the transmit power can be
minimized while all children nodes in the multicast tree can
receive the packet correctly. A salient feature of this work is
that it works in rich scaterring environments. We formulated
the problem as a non-linear programming problem. We then
proposed two computationally efficient heuristics. Simulation
results show that the two heuristics can provide considerable
power saving as compared to the single antenna case. We also
used simulated annealing to solve the non-linear programming
problem and the effectiveness of the proposed schemes. In
future, spatial reuse can also be explored for the multicast
transmission using adaptive antenna arrays. Further research
may also include proposing a suitable medium access control
scheme for the proposed physical layer schemes.
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