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Abstract The optimal and distributed provisioning of high
throughput in mesh networks is known as a fundamental but
hard problem. The situation is exacerbated in a wireless setting
due to the interference among local wireless transmissions. In
this paper, we propose a cross-layer optimization framework for
throughput maximization in wireless mesh networks, in which
the data routing problem and the wireless medium contention
problem are jointly optimized for multihop multicast. We show
that the throughput maximization problem can be decomposed
into two subproblems: a data routing subproblem at the network
layer, and a power control subproblem at the physical layer with a
set of Lagrangian dual variables coordinating interlayer coupling.
Various effective solutions are discussed for each subproblem. We
emphasize the network coding technique for multicast routing
and a game theoretic method for interference management,
for which ef cient and distributed solutions are derived and
illustrated. Finally, we show that the proposed framework can be
extended to take into account physical-layer wireless multicast
in mesh networks.

Index Terms  Convex optimization, dual decomposition, mesh
network, multicast routing, network coding, power allocation,
game theory.

I. INTRODUCTION

Wireless mesh networks have emerged as a practical so-
lution for the broadband wireless Internet. In a wireless
mesh network, nodes at different locations communicate with
each other by relaying information over wireless links. An
important consideration in the design of a mesh network is
the network’s ability to ef ciently support high-throughput
multicast applications (e.g., video streaming broadcast) over
wireless links. This paper addresses architectural and network
optimization issues for such applications in a wireless mesh
network.

The design of wireless mesh networks for high-throughput
multicast involves at least two sets of technical challenges.
The rst set of challenges involves multicast routing (i.e., the
ability for a single source node to send information to multiple
destinations at the same time'.) Recently, a technique called
network coding was proposed [2] to implement multicast by
information encoding at the relay nodes. Network coding has

Manuscript submitted to IEEE Journal on Selected Areas in Communi-
cations, Special Issue on Multihop Wireless Mesh Networks on October 1,
2005, revised on May 1, 2006. This work was presented in part at the First
International Conference of Wireless Internet (WICON), Budapest, Hungary,
July 2005. J. Yuan, W. Yu and B. Li are with the Department of Electrical
and Computer Engineering, University of Toronto, Toronto, Ontario, Canada,
email: fsteveyuan@comm, weiyu@comm, bli@eecgg.utoronto.ca. Z. Li is
with the Department of Computer Science, University of Calgary, Calgary,
Albert, Canada, email: zongpeng@cpsc.ucalgary.ca.

1Since unicast and broadcast may be viewed as special cases of multicast
[1], multicast routing represents a general problem at the network layer.

proven to be effective in increasing the multicast throughput
[1] [2] [3]. Network optimization with the use of network
coding is one of the main emphases of this paper.

The second set of challenges arises due to the shared
nature of the wireless medium. Since geographically nearby
transmissions often interfere with each other, the traditional
‘bit-pipe’ assumption on link capacity no longer holds. It is
possible to tradeoff the capacity of one link with the capacity
of another by power adaptation. This necessitates the use of
power control techniques for interference mitigation at the
physical layer.

This paper addresses both sets of challenges together by
considering a joint optimization of multicast routing and power
control for a wireless mesh network. We focus on achieving
maximum multicast throughput and propose a cross-layer
optimization framework to model and to solve the optimal
throughput problem in an ef cient and distributed manner.

In our framework, the utility of the overall throughput is
maximized subject to three groups of constraints: (1) the
dependence of overall throughput on per-link data ow rates,
(2) the dependence of per-link ow rates on link capacities,
and (3) the dependence of link capacities on radio power
levels. Our main contribution is that the joint optimization
problem can be decomposed into two subproblems: a mul-
ticast routing subproblem at the network layer and a power
control subproblem at the physical layer. We present a gen-
eral primal-dual algorithm that iteratively solves these two
disjoint subproblems and globally converges to the optimal
solution of the throughput maximization problem. We further
illustrate how each subproblem can be solved ef ciently with
different techniques. More speci cally, at the network layer,
we discuss the multicast routing subproblem with or without
network coding; at the physical layer, we discuss geometric
programming method as well as game theoretic approach.
The primal-dual algorithm and the effective solutions for
each subproblem together constitute an integrated modelling
and solution framework for optimal multicast in wireless
mesh networks. The optimization framework proposed in this
paper represents a cross-layer strategy, which strikes a balance
between the demand of link bandwidth at the network layer
and the supply of link capacity at the physical layer.

The remainder of this paper is organized as follows. We rst
discuss related work in Section I, then motivate the necessity
of a cross-layer design through a simple example in Section
I11. In Section 1V, we propose the joint optimization framework
and the layering approach, together with an ef cient primal-
dual algorithm to solve the problem. In Section V, we discuss
the modular structure of subproblems, point out several new



techniques at the network and physical layers, and show how
the subproblems are incorporated in the overall framework.
In Section VI, we address the distributed implementation of
wireless mesh networks. Section VII presents simulation re-
sults to illustrate the main concept. In Section VIII, we discuss
possible extensions such as hybrid/hierarchical networks and
the utilization of physical-layer wireless multicast. Finally, we
conclude the paper in Section IX.

Il. RELATED WORK

Recent fundamental work by Ahlswede, Cai, Li and Yeung
[2] and Koetter and Medard [3] showed that coding operations
at relay nodes can improve the overall throughput for multicast
in a directed network. Such coding operations are referred
to as network coding. In addition, Li, Yeung and Cai [4]
showed that linear coding suf ces to achieve the maximum
rate. With the assistance of network coding, the problem of
achieving optimal multicast throughput in undirected networks
has been studied by Li et al. [1][5]. Recently, two groups
have studied the distributed implementation of routing with
network coding. Lun et al. [6] proposed a subgradient-based
distributed algorithm in dual domain, while Wu and Chiang
[7] proposed a subgradient-based distributed method in pri-
mal domain. However, most of existing literature in network
coding assumes xed link capacities, which is not realistic in
multihop wireless networks, where link capacities are subject
to interference from other neighboring transmissions. In this
paper, we propose a framework that takes the physical layer
interference into account when solving the optimal throughput
problem for multihop wireless mesh networks.

The main technique used in this paper is the method of dual
decomposition for convex optimization problems. Our dual
decomposition approach is inspired by the duality analysis
of TCP ow control protocol by Low [8] and Wang et al.
[9], in which network congestion parameters are interpreted as
primal and dual optimization variables and the TCP protocol
is interpreted as a distributed primal-dual algorithm. Our work
is also related to the extension of the above work to multihop
wireless networks by Chiang [10], in which power levels and
TCP window sizes are jointly optimized. In a related work,
Johansson, Xiao, and Boyd [11] carried out a similar convex
optimization approach to jointly perform routing and resource
allocation in wireless code division multiple access systems.
Recently, Lin and Shroff [12] employed a dual decomposition
technique to study the impact of imperfect scheduling on
cross-layer rate control. In our previous work [13], we have
also studied a dual method for the joint source coding, routing,
and power allocation problem for sensor networks, where the
focus is a lossy source coding problem at the application layer.
All of the above work treat the multi-session unicast problem
only. The main idea of the present work is to propose a similar
framework for multicast problems in a network coding context.

For wireless multicast in ad hoc networks, Wu et al. [14][15]
studied the issue of network planning and solved a cost (e.g.,
power consumption or congestion) minimization problem with
centralized control. Both the focus and solution approaches of
our paper are different as compared to [14][15]. We focus on

Fig. 1. Motivating example: (a) A multicast session in a mesh network. Solid
lines represent wireline links, dashed lines represent wireless links. S is the
multicast source, and T1, T2 are multicast destinations. (b) Naive power allo-
cation with equal transmission power at each wireless link: AT1; BD;CTs.
Multicast throughput is bounded by 1:8. (c) Radio power increased for the
middle wireless link BD, and radio power decreased for the side wireless
links AT1;CT,. Multicast throughput becomes 2 with network coding. (d)
Power allocation scheme optimized for multicast routing using a tree.

maximum throughput, which is critical to the provisioning of
high network capacity especially in mesh networks. We target
distributed solutions. We further present a general solution
framework that decomposes the optimization into different
layers with modular structures.

I1l. MOTIVATING EXAMPLE

In this section, we present a simple example to illustrate the
necessity of joint ow routing and power control in a multicast
session. Consider a mesh network with mixed wireline and
wireless communication links as shown in Fig. 1(a). The solid
lines represent wireline links with xed high capacities. The
three dashed vertical lines represent wireless links established
between radios, which have relatively low capacities. Each
wireless link capacity depends not only on its own transmis-
sion power and channel gain, but also on the interference from
nearby links. (A detailed characterization of the interference
model will be treated later) Assume there is a multicast
session with a source S and two destinations T, To.

If we simply let each wireless link of AT1;BD;CT, have
the same power level, then the link BD in the middle will have
a low capacity due to high interference from the two side links.
Assume that equal-power allocation leads to a capacity of
(1:2; 0:6; 1:2) respectively as shown in Fig. 1(b). The multicast
throughput is then upper-bounded by 1:8, due to the existence
of a cut with the same size, isolating receiver T, from the rest
of the networks as shown in Fig. 1(b).

From the topology of the network, it is clear that the
wireless link BD in the middle is a critical one that may
potentially serve both receivers. It is also at a disadvantageous



locationwith a high interferencdevel. Therefore,oneway to
improve the all-equalpower allocationschemeis to increase
the radio power at B andto reducethe powersat A and C.
Supposehat by power adaptationjt is possibleto achiee a
capacityof 1 in all threewirelesslinks AT1;BD;CT,. Con-
sequentlya network ow of throughput2 can be established
from S to either T; or T,, and a multicast throughputof 2
is achiezable with network codingtechnique(we will discuss
network codingin detailslater). Note thatan encodedo w of
rate 1 will be transmittedin link BD for both network o ws
asshawn in Fig. 1(c).

While the exampleabore shaws that a good power alloca-
tion schemeis in generalneededo achieze high throughput,
we canfurthershaw thatthe optimal power allocationdepends
on the choiceof routing schemeat the network layer. Fig. 1(c)
shaws the data o w in a meshtopologywith network coding.
If insteada multicast tree is adoptedfor routing as shovn
in Fig. 1(d), then the power allocation schemeneedsto be
adjustedaccordingly to achieve an optimal throughput. In
particular it is not dif cult to seethat the optimal power
allocationschemas to allocatepower alongthe sidelinks only
and to shut off the middle link. As the optimal routing and
power allocationaretightly coupled this examplemotivatesa
cross-layerapproach.

IV. A JOINT OPTIMIZATION FRAMEWORK

We now presenta generalframewvork to modelandto solve
the problemof optimizing multicastthroughputin a multihop
wirelessmeshnetwork. We rst give a system-lgel formu-
lation of the optimization problem,which involves variables
from both the network layer and the physical layer We then
showv that Lagrangerelaxationand subgradientoptimization
canbe appliedto decomposéhe overall optimizationproblem
into a sequencef smallersubproblemsgeachof which only
involvesvariablesrom eitherthe network layeror the physical
layer Interactions betweenthe two subproblemsare then
discussed.

A. The Genenl Framavork of Joint Optimization

The formulation of the throughputmaximization problem
in wireless meshnetworks is basedon the following facts.
First, throughputis realizedby routing o ws from sourceso
destinationsSecondat eachtransmissionink, the aggre@ated
ow rate cannot exceed the link capacity Third, the link
capacityis a function of signal-to-interference-and-noisatio
(SINR), which in turnis determinedby the power levels at all
the transmitters.

LetG = (V; E) bethenetwork topology Let S bethe setof
multiple datasessionsupportedn the network. Letr = frig
be the setof multicastthroughputfor eachsession 2 S. Let
f bea ow ratevectorff g, wherei denoteghe sessiorindex
i 2 S andl denoteghelink index | 2 E. We denoteN asthe
routing region, which is a fundamentatonceptat the network
layer The routing region de nes a setof (r;f) suchthat ow
ratesf cansupportmulticastthroughputr. For example,in a
single-source-single-destinatioetwork, it is well known that
the maximumthroughputis the minimum cut acrosshe o ws
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Fig. 2. Routingregion at the network layer: (r;f) 2 N
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Fig. 3. Capacityregion at the physical layer: (c;p) 2 C

in G. Fig. 2 illustratesthe o w andthroughputvariablesin a
network.

The fundamentalconceptat the physical layer is the ca-
pacity region C. Let p be the setof power consumptionon
eachlink in E, andc be the setof achievablelink capacities.
The capacityregion de nes a setof (c; p) suchthat the link
power p can supportlink capacity c. The capacity region
characterizeghe tradeof betweenlink capacity and power
allocationdueto the sharedhatureof wirelessmeshnetworks.
Fig. 3 illustratespower and capacityvariablesin a network.

The physical layer can supportthe network trafc if and
only if the aggregjated o w of different multicastsessionon
eachlink is lessthanthe link capacity This paperadoptsa
network utility maximizationapproachWe considera concae
utility function of multicastthroughput[16]. We further as-
sumethatthe utility is separableFor the restof this paper we
adoptthe foIIowin)% utility that I)(<aadsto proportionalfairness.

)= U=
i i
The throughputoptimizationproblemcan now be formulated
as:

log(1+ r")

max U(r) Q)
st: (r;f)2N
(gp)2cC
fl q;82E
i2s

wherethe constraint(r;f) 2 N modelsthe interdependence
betweenthe achiazable multicastthroughputr and the data
o w routing schemef. The constraint(c; p) 2 C modelsthe
inter-dependencéetweenthe link capacipyvectorc andthe
link power consumptiorp. Theconstraint ;| ¢ re ects
the fact that the aggrejated o w rate at eachlink is bounded
by the link capacity Herei is the index of datasessionsand
| is the index of links. The detailed characterizatiorof the



