
Optimization of Multicast Routing for Network Lifetime with
Directional Listening

Kerry N. Wood Luiz A. DaSilva
The Bradley Department of Electrical and Computer Engineering, Virginia Tech, Blacksburg, VA

ABSTRACT

Energy and spectrum constrained wireless ad hoc networks
must employ efficient forwarding schemes to conserve
resources. The incorporation of directional antennas allows
for focusing transmitted energy toward a specific node, or
increasing reception gain in a specific direction. This provides
not only a means to conserve power, but also allows for
spatial multiplexing by reducing inter-node interference.
In many cases of interest, it is likely that only a subset
of nodes in a network will be equipped with directional
transmission/reception capabilities. The existing literature
on the impact of directional antennas on the lifetime of
ad hoc networks does not consider node heterogeneity or
model directional listening. In this paper, we develop a
Mixed Integer Linear Program to model directional reception.
The program’s objective is to maximize network lifetime
in multicast applications. We consider cases where some
(but not all) network nodes are equipped with directional
antennas. Our results illustrate the impact of node density and
proportion of nodes with directional capabilities on network
lifetime.

Key terms: directional antennas, power control, maximum
lifetime, multicast routing, cross-layer optimization

INTRODUCTION

Wireless networks increasingly contain resource-constrained
nodes. For instance, sensor nodes will monitor an area only
as long as their finite energy reserves last. Upon depletion of
battery power, a node’s death could lead to network partition,
a gap in intended coverage, or loss of a specific network
function. Numerous works have dealt with the optimization of
lifetime of wireless network nodes, seeking to keep all nodes
functional for a maximum amount of time. Recently, many
researchers have proposed incorporating directional transmis-
sion capabilities into wireless network nodes to increase trans-
mission efficiency. A directional antenna can focus transmitted
radiation more effectively, thereby using less power for node
communication. Conversely, a directional antenna can listen in
a specific direction, or toward a specific node, maximizing gain
and minimizing interference.

This work was supported by a National Science Foundation Integrated
Graduate Education and Research Training (IGERT) grant (award DGE-
9987586)

While the use of directional antennas is of interest for a
variety of reasons, in many cases it is unlikely that all nodes
in a wireless network will have such capabilities. Heteroge-
neous networks are comprised of nodes that have different
capabilities, different hardware, and even different purposes.
It is often assumed that all nodes have identical parameters,
including battery power, antenna type, radio parameters, and
inter-node propagation characteristics. In this paper, we chal-
lenge that assumption by investigating heterogeneous networks.
Additionally, our work differs from previous research in that
we model directional reception. We develop a Mixed Integer
Linear Program, and leverage the MILP’s flexibility to better
understand the impact of directional reception on network
lifetime. The MILP is designed to find optimal routing paths for
multicast delivery in heterogeneous wireless networks, where
some nodes are equipped with steered beam antennas. By
applying it to networks having different numbers of directional
antennas, and in varying configurations, we can analyze how
the antennas affect network lifetime. We start by discussing the
communication and antenna models, followed by a description
of the mixed-integer linear program. We then document our ex-
perimental setup and assumptions, present our results, position
our work with respect to existing literature, and summarize the
conclusions.

COMMUNICATION AND ANTENNA MODEL

Fig. 1. Common Antenna Types

Figure 1 illustrates three types of antenna propagation pat-
terns. We consider only two of the three, Figure 1(a) and
Figure 1(c), representing omni-directional and steered beam an-
tennas respectively. As depicted in Figure 1(a), when in omni-
directional mode, a node sends and receives power equally in
all directions. Switched-beam antennas have a discrete number
of available beam directions, as shown in Figure 1(b). Steered-
beam antennas, as shown in Figure 1(c), can point a single
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Symbol Definition
N Set of network nodes.
R Set of nodes that are receivers.
D Set of nodes equipped with steered-beam antennas.
Bi Set of beams available at node i.
Bi,j Beams at node i covering j. (Bi,j ⊆ Bi)

s Source node.
P t

i Transmission power level at node i
~Gi Gain / path loss vector at node i

Fi,j,b 1 if flow possible from i to j when j using beam b

when j is using beam b.
Mi,j Actual flow from i to j.
Bi,j Beam specification matrix at node i, beams covering j

(i ∈ N , Bi = (|Bi,j |x|N |)).
Bi,j (b, k) Beam gain for node k, node i using beam b covering j

b ∈ Bi,j

Ui,j,b Bound of interference at j when receiving
from i using beam b.

Si SINR ratio required at node i.
Er

i,j Signal power received at node j from node i.
Ri Energy remaining (battery) available at node i.

Pmax Maximum power setting for omni-directional nodes.
θmin Minimum beamwidth for a node.

TABLE I

NOTATION.

main lobe in any direction. The antenna may also vary its
beamwidth, widening the pattern at the expense of decreasing
gain. We assume that the steered-beam has infinitely granular
beam width (θ ∈ [θmin, 360o]).

Beam gain G is directly proportional to beamwidth as
modeled in [1], where G ∝ 360o

θ
. It is also assumed that

gain within the beam is constant, and that any sidelobes
can be approximated as a uniform circle outside the beam.
Sidelobe modeling is necessary when accounting for inter-node
interference, as will be illustrated later in the paper.

MATHEMATICAL PROGRAM

• Modeling SINR Requirement for Flow
Our mathematical program is based on an SINR modeling

scheme that is more flexible, powerful, and extensible than
methods proposed in previous research. This section will briefly
discuss the important modeling construct imperative to our
implementation, and the extension to directional listening. Most
previous optimization techniques [2][3][4] overlay a routing
tree on a directed graph representing possible network links.
Our formulation, however, tracks transmitted radiation through-
out the network. By doing so, we can model inter-session inter-
ference and account for it with increased power. To decouple
the effects of the wireless medium from the actual flow routing,
a SINR sufficiency requirement is used to allow for flow only
when received power is sufficient for data reception. A simple
signal-to-noise requirement for feasibility of communication
from node i to node j is expressed in Inequality 1. Throughout
the paper, we adopt the notation summarized in Table I.

Er
i,j

∑

∀k 6=j,i Er
k,j + Nthermal

≥ Sj (1)

Because of the non-negative denominator, Inequality 1 can
be manipulated into a single-line format in Inequality 2.

E
r
i,j

|{z}

A

−S
j

0

@
X

∀k 6=j,i

E
r
k,j + Nthermal

1

A

| {z }

B

≥ 0 (2)

Inequality 2 is not feasible when interference (B) exceeds
received transmitted power (A). However, by placing the max-
imum amount by which Inequality 2 can be violated (U ) on
the right hand side, feasibility is guaranteed. This is shown in
general terms in Equation 3 and Inequality 4.

U = | min
∀A,B

{A − B}| = max{B} (3)

A − B ≥ −U (4)

Although Inequality 4 is consistently feasible, the introduc-
tion of the maximum violation means it is not equivalent to
Inequality 2. Therefore, the model cannot determine if the
original constraint was met. We introduce a binary variable
I to rectify this in Inequality 5.

A − B ≥ U · I − U (5)

I ∈ {0, 1} (6)

When I = 1, Inequality 5 reduces to the original form of
Inequality 2, or standard “Big-M” notation [5] . Thereby, only
when I = 1 is the signal-to-noise ratio is sufficient for com-
munication. In our model, inter-node path loss, antenna gain
characteristics, and Pmax are assumed known. It follows that
we may compute the maximum possible non-i, j interference
(Ui,j,b) for an i, j transmission. Note that a sufficiently large
value may also be “guessed.” However, it is well known that
tightening the constraints of a mixed-integer linear program can
reduce solve times.

Figure 2 shows the SINR model translated into the MILP
notation in Table I. The first constraint represents the SINR
condition shown generally in Inequality 5. Binary flow indi-
cator variables Fi,j,b are only allowed to 1 when the SINR
condition is satisfied, allowing us to have semi-independent real
flow variables M . At least one flow variable Fi,j,b is required to
be 1 for j ∈ R, enforcing data delivery to receivers, as shown
in the second constraint. One-hop loops are prevented with
the third constraint, effectively limiting the possible number
of non-zero flow indicators and reducing solve times. The
M variables track the actual flow into and out of a node,
preventing subtours much more intuitively than the methods
described in [6]. Flow is conserved by all nodes, and one unit
is consumed by receivers. Finally, an auxiliary variable T is
introduced into power equations to return max-min lifetime. T
is minimized by the program, and actual max-min lifetime is
equivalent to 1

T
. The remaining constraints mandate integrality

for flow indicators, bound power levels by Pmax, and enforce
non-negativity for continuous variables.
• Directional Reception
A node with a steered-beam directional antenna may point
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min T

s.t.

P t
i · ~Gi(j) · Bj,i(b, i) − Si ·







∑

k∈N

k 6=i,j

P t
k · Gk,j · Bj,i(b, k)







≥ Fi,j,b · Ui,j,b − Ui,j,b : i, j ∈ N , b ∈ Bj,i, j 6= s, j 6= i

∑

∀b∈Bj,i

∑

∀i

i6=j

Fi,j,b ≥ 1 : ∀j ∈ R

∑

∀b∈Bj,i

Fi,j,b +
∑

∀c∈Bi,j

Fj,i,c ≤ 1 : ∀i, j ∈ N

Mi,j ≤ (|N | − 1) ·
∑

∀b∈Bj,i

Fi,j,b : ∀i, j ∈ N , i 6= j, j 6= s

Mi,j ≤
∑

∀k

k 6=i

Mk,i − (1 if i ∈ R, 0 else) : ∀i ∈ N , i 6= j, j 6= s, i 6= s

T ≥
P t

i

Ri

: ∀i ∈ N

Fi,j ∈ {0, 1} : ∀i, j ∈ N , i 6= j

P t
k ≤ Pmax : ∀i ∈ N

Fi,j,b ≤ 1 : ∀i, j ∈ N , i 6= j, j 6= s, ∀b ∈ Bj,i

T, Mi,j , P
t
k ≥ 0 : ∀i, j ∈ N , i 6= j, ∀k ∈ N

Fig. 2. MILP Formulation for Max-Min Network Lifetime with Inter-Node Interference

the main lobe in any direction. The model utilizes the following
observation: in directional reception, a node will seek to
maximize only the SINR ratio of the intended source. In other
words, while transmitting directionally, a node may wish to
extend its beam to cover multiple potential receivers. However,
while receiving, listening to more than one transmitter only
increases interference. A node may point the antenna lobe at
whatever subset of neighbors leads to the best SINR.

This is illustrated in Figure 3(a). Our assumption that gain
within a beam cone is constant allows us to generate a discrete
number of beam choices corresponding to a receiving node
maximizing SINR to one other node. In the case where θmin is
too large for singleton neighbor sets, the possible configurations
are enumerated. For instance, in Figure 3(b), a node could
cover {S1}, {S1, S2}, {S2, S3}, or {S3} with the main lobe.
The MILP takes this into account with an additional flow
variable corresponding to each possible beam configuration.

(a) No Overlap (b) Overlap

Fig. 3. Directional Listening

It is necessary to include all configurations to allow a receiver
to avoid interference. Referring again to Figure 3(b), suppose
node R wishes to receive from node S2. Because θmin is too
large to cover just S2, R must cover S1 or S3. It will choose
whichever of the two interferes with S2 less. Thus, two flow
variables would exist for a S2 to R session (|BR,S2| = 2).
By varying the transmit powers over a discrete set of known
beam configurations, flow indicators may turn on and off. In
this way, the model determines one or more optimal paths.
• Complexity
Because of the static beamwidth, and possible overlap, the

number of beam configurations can be loosely upper bounded
by (2 · |N |)2. Consequently, the maximum number of flow
variables is also O((2 · |N |)2). For the vast majority of cases
with a reasonably small θmin, however, the number of flow
variables will be close to |N |2. A breakdown of computational
elements is shown in Table II. The complexity of the program
we developed is consistent with its generality, and is reasonable
when compared to the programs presented in [2], [3], and [4].

EXPERIMENTAL SETUP

We use the MILP to determine the effect of heterogeneity
and different network characteristics on network lifetime. For
consistency and to maintain reasonable solve times, eight-node
networks are used for all runs. Nodes are placed randomly in
5x5, 10x10, and 15x15 unit areas, denoted D5, D10, D15. For
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Type Bound Main Contributor
Constraints O((2 · |N |)2) SINR
Binary Var. O((2 · |N |)2) Fi,j,b

Continuous Var. O(|N |2) Mi,j

TABLE II

COMPLEXITY OF MILP FORMULATION

each node placement, 0 − 8 nodes are randomly chosen to be
equipped with a steered-beam directional antenna. The same
node layout is maintained for different numbers of directional
antennas throughout the experiment. This isolates the effects of
antennas from the placement of the nodes. Twenty individual
runs are performed for every combination of |D|, |R|, and
network dimension, for a total of 3780 runs. In all networks,
it is assumed that a node transmits omni-directionally and,
if so equipped, receives directionally. We also leverage the
SINR component of the model to show two sub-cases: one
case ignores inter-node interference and the second case takes
interference into account.

To facilitate the interference study, the antenna model is
slightly changed for each of the aforementioned sub-cases. We
use the common bulb and cone model shown in Figure 4, where
beamwidth (θmin) is fixed at 30o. When modeling interference,

Fig. 4. Antenna Model

we assume that 90% of the transmitted power is confined
to the directed beam, and that 10% is radiated equally in
all non-beam angles. For the non-interference case, 90% of
transmitted power is assumed to be in the beam cone, and 10%
is simply lost, effectively shrinking the “bulb” to 0. Having
identical in-beam power levels in the two cases illustrates the
effects of interference independently of power efficiency. Other
than the aforementioned antenna modeling differences, network
structure and model parameters are identical in each sub-case,
and all 3780 runs are repeated for both.

All nodes have Pmax = 100 units, and identically charged
batteries containing Ri = 300 units. An open-source linear
and integer package, the GNU Linear Program Toolkit [7]
is used to solve all models. Each run is given 15 minutes
of processor time, and preempted if incomplete. Preempted
runs are considered infeasible. Additionally, due to the network
size and Pmax setting, there is the potential that a solution is
impossible. In our experiments, all infeasible runs are in the
15x15 network size. Table III shows the percentage of runs
that were infeasible, out of 140 possible runs per parameter
setting. Infeasible networks are not included in the lifetime
statistics and corresponding graphs. The MILP generates a

single multicast routing tree, and network lifetime is defined
as the time until death of the first network node.

Percent Infeasible
|D| Interference No Interference
0 22.86% 22.86%
1 17.14% 15%
2 9.29% 6.43%
3 1.43% 0.71%
4 1.43% 2.86%
5 0% 0.71%
6 0% 1.43%
7 0% 0%
8 0% 0%

TABLE III

INFEASIBLE RUNS FOR NETWORK SIZE 15X15

RESULTS AND OBSERVATIONS

• Sub-cases vs. Network Parameters
Figure 5(a) shows the average network lifetime versus

network grid size. As we would expect, network lifetime
is severely hampered when nodes are spread over a larger
area, thereby reducing node density. Interestingly, though,
the gap between the interference and non-interference model
grows with increasing network dimension. This is likely due
to the higher power settings required to communicate over
longer distances, which intensifies inter-session interference.
Figure 5(b) plots the average network lifetime over all distances
where |D| ∈ {0, 1, 2, 3, 4, 5, 6, 7, 8}. As |D| grows larger, the
average network lifetime increases in a super-linear fashion.
On the other hand, network lifetime decreases almost linearly
with an increase in |R|, as shown in Figure 5(c). The high
lifetime value for |R| = 1 is likely due to a few networks
having an extremely short distance between source and receiver,
biasing the average. All three graphs of Figure 5 indicate that
interference (as modeled in this paper) plays only a small role
in the determination of overall network lifetime. We must note,
however, that our assumption that 90% of transmitted power is
contained in the main beam is somewhat optimistic.

The remainder of this document is concerned with the effects
of heterogeneity on network lifetime. Therefore, we concentrate
only on the sub-case where interference is considered.
• Interference Sub-Case vs. Network Parameters
Figure 6 shows only the interference sub-case, allowing us to

view the data for each of the three studied network densities.
Increasing |D| clearly prolongs network life, but Figure 6(a)
shows that low network density mitigates those effects. While
low density works against lifetime, directional antennas still
have a substantial impact. Though not immediately obvious,
the average lifetime for D15 increases by nearly a factor of
10 from |D| = 0 to |D| = |N |. For the 5x5 network size,
average lifetime grows extremely quickly with |D|. This is
noteworthy because a higher network density leads to more
frequent beam overlap, and correspondingly, more integral flow
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(a) Lifetime vs. Distance

(b) Lifetime vs. |D|

(c) Lifetime vs |R|

Fig. 5. Lifetime vs. Network Parameters

(a) Lifetime vs. |D|

(b) Lifetime vs. |R|

Fig. 6. Network Lifetime by Distance vs. |D| and |R|

variables. Dense networks show the best lifetime improvement,
but can be significantly more difficult to solve.

Figure 7 further illustrates these trends by isolating an
additional dimension. In Figure 7(a), network lifetime is plotted
against |D| and network grid size. Even with interference,
having a high number of directional antennas operating over a
small area leads to the longest network longevity. Figure 7(b)
enforces our previous conclusions as to the relationship be-
tween |R| and network lifetime. With the exception of |R| = 1,
lifetime decreases almost linearly as the number of receivers
increases. The trend is consistent over all network distances.
Figure 7(c) shows network lifetime versus |D| and |R| while
ignoring distance, and exposes some interesting behavior. In-
creasing the number of directional antennas clearly has the most
significant effect on network lifetime. Even when |R| is large,
lifetime is significantly improved as |D| closely approaches
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|N |.

RELATED WORK

One of the early studies of directional antennas in wireless
multi-hop networks appears in [8]. Wieselthier et al. [1] per-
formed pioneering work relating to network lifetime with the
development of the directional multicast incremental protocol
(D-MIP). D-MIP is a heuristic-based minimum power forward-
ing scheme for networks whose nodes are equipped with direc-
tional antennas. Numerous previous papers have considered the
MAC layer enhancements necessary to utilize directional an-
tennas [9], [10], [11], [12], [13], [14]. Additionally, extensions
to MAC and routing layers have been investigated in [15], [16],
[17], [18]. These methods, however, are generally heuristic in
nature and vary greatly their definition of network utility. Some
exceptions include Sundaresan et al. [19], who use classical
optimization techniques to classify MAC layer functionality,
and Guo et al. [4] [3] who develop a mixed-integer linear
program that generates minimum energy multicast trees. Das
et al. [2] also develop an integer program that generates a
min-power tree for multicast delivery in networks equipped
with only omni-directional nodes. Floreen et al. [20][21] show
that though multicast time maximization in networks with
omni-directional antennas and static power settings can be
solved in polynomial time, dynamic power makes the problem
NP-hard. Therefore, heuristics are created to approximate the
optimal. To our knowledge, Takai et al. [22] is the only
previous research investigating directional reception. The paper
generates a heuristic algorithm to enhance packet delivery and
exploit spatial multiplexing, and does not investigate network
lifetime.

The novelty of our paper is in the mathematical model, and
its generality and extensibility. Contrary to previous research,
we concentrate on the use of directional antennas only for
reception. More importantly, node heterogeneity is supported
throughout the model, allowing us to study a variety of network
parameters.

In this paper, we apply the model to heterogeneous network
setups, and use the results to draw conclusions about how
directional antennas affect max-min network lifetime. However,
the model has numerous additional applications. With superfi-
cial changes to the model structure, we could have as easily
computed min-energy multicast trees or minimized interference
at a specific node.

CONCLUSIONS AND FUTURE WORK

This paper presents a flexible mixed-integer linear program,
designed to determine max-min lifetime optimal routing trees
for delivery of multicast in heterogeneous networks. Through
a signal-to-noise abstraction, our MILP is capable of modeling
nodes which transmit and receive omni-directionally, and also
considers nodes that receive directionally. Additionally, the
program can account for inter-session interference.

Lifetime vs |D| and Network Size with Interference
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Fig. 7. Lifetime vs. Isolated Network Parameters (Interference Sub-Case)
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Although directional transmission has been considered in
previous research, directional reception has received little at-
tention in the literature. Additionally, in real ad hoc network
deployments, it is unlikely that all nodes will have the same
transmission and reception capabilities. It is imperative to
study the effects of heterogeneity on network performance.
We exploit our model’s ability to handle such heterogeneity
by varying the number of steered-beam equipped nodes in a
network. Resulting lifetimes indicate that increasing the number
of directional antennas used for reception can significantly
increase max-min network lifetime. Moreover, the intuitive
observation that a node receiving directionally will seek to
minimize the number of in-beam nodes has desirable hardware
implications. For effective directional transmission, a node
must have a variable beamwidth. Directional reception, on the
other hand, requires static beamwidth, and prefers narrower
patterns.

We note that the cost of solving mixed-integer linear pro-
grams is high, most likely preventing implementation at every
network node for a real-time solution. However, optimization
theory is an invaluable tool to identify the true optimal, against
which the effectiveness of various heuristics can be addressed.

Currently, we are in the process of extending the program
and testing new solver software to solve larger (|N | ≥ 20)
networks. Also, we are using the results to develop and analyze
a computationally inexpensive heuristic. In the future, we plan
to leverage the MILP’s flexibility and our previous work to
perform a study of the antenna model’s effect on lifetime, and
to investigate head-to-head comparison of directional transmis-
sion and reception.

REFERENCES

[1] J. Wieselthier, G. Nguyen, and A. Ephremides, “Energy-limited wireless
network with directional antennas: The case of session-based multicast-
ing,” in Proc. of IEEE INFOCOM, pp. 190–199, 2002.

[2] A. Das, R. Marks, M. El-Sharkawi, P. Arabshahi, and A. Gray, “Mini-
mum power broadcast trees for wireless networks; integer programming
formulations,” in Proc. of IEEE INFOCOM, pp. 1001–1010, March 2003.

[3] S. Guo and O. Yang, “Minimum energy multicast routing for wireless
ad-hoc networks with adaptive antennas,” in Proc. of International
Conference on Network Protocols (ICNP), pp. 151–160, October 2004.

[4] S. Guo and O. Yang, “Antenna orentiation optimization for minimum-
energy multicast tree construction in wireless ad hoc networks with
directional antennas,” in Proc. of MobiHoc, pp. 234–243, May 2004.

[5] H. Williams, Model Building in Mathematical Programming. John Wiley
and Sons, 1999.

[6] L. Miller, A. Tucker, and R. Zemlin, “Integer Programming Formulations
of Traveling Salesman Problems,” in J. Assoc. Comput. Mach., vol. 7,
October 1960.

[7] http://www.gnu.org/software/glpk/glpk.html.
[8] J. Zander, “Slotted ALOHA multihop packet radio networks with direc-

tional antennas,” Electronics Letters, vol. 26, no. 25, 1990.
[9] Y.-B. Ko, V. Shankarkumar, and N. H. Vaidya, “Medium access control

protocols using directional antennas in ad hoc networks,” in INFOCOM
(1), pp. 13–21, 2000.

[10] R. R. Choudhury and N. Vaidya, “Deafness: a MAC Problem in Ad Hoc
Networks when Using Directional Antennas,” tech. rep., University of
Illinois at Urbabna-Champaign, 2003.

[11] A. Nasipuri, S. Ye, J. You, and R. Hiromoto, “A MAC Protocol for
Mobile Ad Hoc Networks Using Directional Antennas,” in Proc. of IEEE
WCNC, pp. 1214–1219, 2000.

[12] T. Korakis, G. Jakllari, and L. Tassiulas, “A MAC protocol for full
exploitation of Directional Antennas in Ad-Hoc Wireless Networks,” in
Proc. of ACM MobiHoc, pp. 98–107, 2003.

[13] R. R. Choudhury, X. Yang, R. Ramanathan, and N. Vaidya, “Using
directional antennas for medium access control in ad hoc networks,” in
Proc. of ACM MobiCom, pp. 59–70, 2002.

[14] M. Takai, J. Martin, R. Bagrodia, and A. Ren, “Directional virtual carrier
sensing for directional antennas in mobile ad hoc networks,” in Proc. of
ACM MobiHoc, pp. 39–46, 2002.

[15] A. Nasipuri, J. Mandava, H. Manchala, and R. Hiromoto, “On-demand
routing using direcional antennas in mobile ad-hoc networks,” in Proc.
of the IEEE WCNC, pp. 535–541, 2000.

[16] S. Roy, D. Saha, S. Bandyopadhyay, T. Ueda, and S. Tanaka, “A Network-
Aware MAC and Routing Protocol for Effective Load Balancing in Ad
Hoc Wireless Networks with Directional Antenna,” in Proc. of ACM
MobiHoc, pp. 88–97, 2003.

[17] R. Choudhury and N. Vaidya, “Ad hoc routing using directional anten-
nas,” tech. rep., University of Illinois Urbana Champaign.

[18] R. Choudhury and N. Vaidya, “Mac-layer anycasting in ad hoc networks,”
in Proc. of HotNets, 2003.

[19] K. Sundaresan and R. Sivakumar, “A Unified MAC Layer Framework
for Ad-hoc Networks with Smart Antennas,” in Proc. of ACM MobiHoc,
pp. 244–255, May 2004.

[20] P. Floreen, J. Kohonen, P. Kaski, and P. Orponen, “Multicast time
maximixation in energy constrained wireless networks,” in Proc. of the
2003 Joint Workshop on Foundations of Mobile Computing, pp. 50–58,
September 2003.

[21] P. Floreen, P. Kaski, J. Kohonen, and P. Orponen, “Lifetime maximization
for multicasting in energy-constrained wireless networks,” in IEEE Jour-
nal on Selected Areas in Communications, vol. 23, pp. 117–126, January
2005.

[22] M. Takai, J. Zhou, and R. Bagrodia, “Adaptive range control using
directional antennas in mobile ad hoc networks,” in Proc. of ACM
MSWiM, (San Diego, California, USA), pp. 92–99, Sep. 2003.

537




