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Abgiract— The thronghput maximization problem of wireless
mesh aceess networks is addressed. For the case of cooperative
access poinis, we preseni a negotiation-based throughput maxi-
mization algorithm which adjusis the operating frequency and
power level among access points antonomonsly, from a game-
theovetical perspective. We show that this algorithm converges
{0 the oplimal frequency and power assigninent which yields ihe
maximum overall throughpat with arbitrarily high probability,
Moreover, we anaivie the scenario where aecess points belong lo
different regulation entities and hence non-cooperative. The long-
term bhehavior and corresponding performance are investigated
and fhe analviical resuits are verified by simulations.

I INTRODUCTION

Mefropolitan wireless mesh networks gain enormous popu-
larity recently [1]. The deplovment of wireless mesh networks
not only facilitates the data communication by removing
cumbrous wires and cables, but also provides a means of
Internet access scheme, which is a further step towards the
goal of “communicaling anywhere anytime”. No matter where
the Jocation is or the purpose that the wireless mesh access
network is deployed, the same conceptual layered architectre
is ulilized Figure 1 illuslrales the hierarchical struclure of
wireless mesh access networks. The peripheral nodes are the
access points (AP) which provide wireless access for the end
users, or cfients. Each AP is attached! to a mesh router, which
is capable of communicating with any other mesh routers.
The center node is a galeway mesh router which funclions
ag an information exchange between the wireless mesh access
network and other networks such as Internet. Both the rounting
algorithmic design and channel assigniment for backbone mesh
routers are interesting issues and atfract tremendous attention
from the communily [5}-[10].

In this paper, we invesligale another iimportant issue which
needs to be solved in wireless mesh access networks. As in
Figure 1, the AP and ifs associated clients formm a regular
WLAN cell, which operates with the de facte IEEE 802.11
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P AP and the associated mesh ronter can be manufactured in a single deviee
with two separate functional radios [2] [3], or stinply counected with Elhernet
cables [4].
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Hierarchical structuwre of wircless mesh access networks.

Fig. 1.

standards. The throughput of one cell depends on the signal-
to-interference-plus-noise ratio (SINR) experienced at the re-
ceiver where the miberference maimly comes from the other
operating cells. For example, if each of the cell operates with
THEH 802.11h standard, we can untilize a different frequency
band such as [EBE 802.11a or WIMAX [11], for the inter-
cell communication among mesh routers and hence causes
no interference to intra-cell transmissions. However, the co-
chamnel nterference from other operating cells 18 inevitable
due o the limitation of available transmission channels, e.g.,
3 non-overlapping channels in our example. Most current
off-the-shelf APs are capable of adjusting the transmission
rate according to the measured chamnel condition which is
indicated by transmission bil error rate (BER). Given a par-
tienlar modulation scheme, BER is uniquely determined by
the SINR experienced by the receiver of the link. Generally
speaking, higher SINR value yields lower BER and higher
data rate. Therefore, the mutual interference dramatically
degrades the iransmission rate of each cell and the aggregaled
throughput of the whole netwark [12]. Each AP attempts
to tune the physical parameters such as operating frequency
and fransinission power in order o maximize the SINR and
hence the throughput. In our work, we investigate the issue
of maximizing the overall throughput of the network, defined
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as the summation of throughpul of all cells, by finding the
oplitnal frequency and ranstnission power allocation sirategy.
Also, due to the concern of scalability and computational com-
plexity, we prefer a decentralized solufion to the throughput
maximization problem.

Unfortunately, the throughput maximization problem is
challenging. For example, if the APs belong to different
regulation entities, the non-cooperative APs may only want
to maximize their own cell’s throughput rather than the over-
all one. As shown in the literature, eg., [13] , the selfish
behaviors of independent decision makers vsually jeopardise
the overall performance from the social-welfare point of view.
The performance gap 18 named the price of anarchy and is
discussed inn different contexts [14]. Another difficulty which
makes the throughpul maximization problem more challenging
is the Interdependency among all APs. The frequency and
power selected by one AP affects the SINR of other APs, and
vice versa. Therefore, the throughput maximization problem
becomes coupled and finding the optimum solution is not
straightforward.

In this paper, we analyze the throughpul maximization
problem for both cooperative and non-cooperative scenarios.
In the cooperative case, we model the interaction among all
APs as an identical interest game and present a decentralized
negotiation-based throughput maximizing algorithm for the
joint frequency and power assignment. We show that this
algorithim converges to the optimal frequency and power
assignent strategy, which maximizes the overall throughputl
of the wireless mesh access network, with arbitrarily high
probability. In the cases of non-cooperative APs, we prove
the cxistence of Nash eguilibria and show that the overall
throughput performance is usually inferior to the cooperative
cases. To bridge the performance gap, we propose a linear
pricing scherne o combal with the selfish behaviors of non-
cooperative APs.

The rest of this paper is organized as follows. Section
I outlines the system model we considered in the paper.
The cooperative wireless mesh access networks and the non-
cooperative counterpart are investigated i Section HI and Sec-
tion IV, respectively. The performance evaluation is discussed
in Section V and Section VI concludes this paper.

1I. 8YSTEM MODEL

In this paper, we consider a wireless mesh access network
illustrated in Figure 1. Hach AP and corresponding clients
form a cell. Without loss ol generality, we assume that all the
cells operate with IEEE 802.11b standard and the interference
exclusively comes from the cells with same frequency. Fur-
thermore, the distance between cells are sufficiently large in
the sense that the accumulated interference experienced at the
receiver only affects the STNR value and not block the whole
transmission. We consider the worst case where all APs are
transimitting under satorated raffic load. In other words, the
APs always have packets o ransmit and can communicale
with each other via the backbone mesh routers with negligible
delay. Also, we assume that the APs are ifransmitters and
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clients are recelvers due to the dominance of downlink traffic,
as agsumed? in {161 {17] 1181 [19] and [20]. We only focus on
the joint frequency and power allocation where the contention
behavior is less relevant and thus omutied. Therefore, we can
simplify our model as that all the APs are transmitting data
to the associated clients consistently. We assume that each AP
is capable of adjusting the operating frequency and power as
well as acquiring the SINR values measured at the client by
short ACK messages.

Let us first consider the simplest case where there is only
one cell in the wireless mesh access network, ie., a single
WLAN, Upon recciving the SINR value® measured by the
client, denoted hy «v, the AP tunes the physical parameters in
order to maximize the throughpui, which is defined as

R () = max Ry < (1= Pe(y, 1)) (1)
g

where Fi; is the raw dala rate specified by the TEEE 802,11
standard and £*, ie., the throughput of this cell, is a non-
decreasing function of received SINR ~. F, is the error
probability of the transmission channel, which is a function of
SINR value providing the transmission rate [21]. Apparently,
il there 15 only one cell in the mesh access network, the AP
will boost the power as much as possible to increase the value
of v and thus the throughputl 15 maximized

We now consider the cases where N cells coexist in the
wireless mesh access network, Let p; and f; dencte the
power and freguency for the 2-th AP, respectively. We use
-+, Fw] to represent the
power and frequency assignment vector for all N APs. There-
{ore, for each cell 4, the value of SINR, te., v, 18 a function
of (p,f). The throughput of one cell depends not only on the
power level and frequency of itsell, but also those of other
APs m the network. Therefore, the throughput maximization
problem is coupled and by no means straightforward.

In the following sections, we will discuss the scenarios
where the APs are cooperalive and non-cooperalive, respec-
tively. The performance evaluation of the two scenarios are
provided by simulations in Section V.

11I. COOPERATIVE ACCESS NETWORKS

I this section, we consider the scenarios where all APs
in the wireless mesh access network are cooperative. The
transinission power of APs are quantized nlo discrete power
levels for simplicity. From the systern point of view, we want
to find a joint frequency and power level assignment such that
the overall throughput in the whole network is maximized.
Our objective function can be written as

N g

{’Y-net'wa-z‘k (pv [} - E R; (’}?’} - L R; (p, f} {2}
i=1 i=1

where RY is defined in (1)

“The dombnance of the downlink taffic is verfied by the experimental
meastrements in [13] as well.

>Although there is o imtesfersnce in this case, we adopt SINE instead of
SNR for notation consistency.
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However, linding the optimal frequency and power assign-
ment which maximizes (2) is non-irivial. The interdependency
makes the problem coupled and difficult to solve by traditional
optimizalion methods [22]. A combination of {p, ) is named
a profile and a naive approach to solve the problem is to inves-
tigate all profiles exhaustively. However, this is impossible in
practice. For example, in a medium-size wireless mesh access
network with 20 APs where each has 3 frequency channels
and 10 power levels, the search space is (3 x 10)%% profiles!
Obviously, the centralized algorithms are not favorable in the
wireless mesh access network due to the scalability concern.
Moreover, the traditional site-planning methods are not feasi-
ble either. For example, the network administrator may want
to add mwore APs when more users are joiming the network or
disable some APs where the associaled users [ail Lo pay the
bill, The network topology is not static, although the change
takes place slowly. Therefore, the demand for adaptability and
light computation burden requires a decentralized solution for
the throughput maximization problem. Next, we will introduce
a deceniralized negotiation-hased throughpuf maximization
algorithm, from a game-theoretical perspective.

A, Cooperatfive Throughp! Moximization Game

The APs i the wireless mesh access networks are consid-
ered as players, L.e., decision makers of the game. We model
the mteraction among APs as a Cooperafive Throughpu! Muox-
imization Game (CTMG), where each player has an identical
objective function I/, as

N
Ui(p, 1) = Unorwors(p, 1) = > Ri(p,B) Wi (3)
=1

For each player ¢, all possible frequency and power level
pairs formn a sfrafegy space $; which has a size of ox [, where
¢ is the number of frequency channels available and { is the
number of feasible power levels. Define

Q= by X By %o x By @)

5

Then, the IV players antonomously negotiate about the joint
frequency-power profile in £ in order to find the optimal
profile which maximizes (3). However, due to the interde-
pendency among NV players caused by mutual interference,
one guestion of interest is that whether this negotiation will
eventually meet an agreement, ak.a., a Nash equilibrium. The
importance of Nash equilibria lies in thal a possible steady
state of the system is gnaranteed. If the game has no Nash
cquilibrinm, the negotialion process never stops and oscillales
111 an everlasting faslion. In addition, we are concemning about
what the performance of the steady states would be, if exist, in
terms of overall throughput of the whole network. We provide
answers to these questions in the following.

Fepmpmig 1: The CTMG is a polenfial game.

A potential game is defined as a game where there exists a
potential function I’ such that

it

(3)
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where [7; is the utility function for player ¢ and o', a” are two
arbilrary siralegies in $;. In owr case, we have o' = [pf, /]
and o' = [pf, fI']. The notation of a_; denotes the vector
of choices wade by all players ofher fhan 1. Potential games
have been broadly applied in modeling the interactions in
communication networks [23]. The popularity is on account
of the nice properties of potential games, such as
Potential games have al least one Nash equilibrinm.
— All Nash equilibria are the maximizers of the potential
function, cither locally or glohally.
There are several leamning schemes available which are
guaranteed fo converge to a Nash equilibrium, such as
better response and best respongse [24] [25].
For detailed description about potential games, readers are
referred to [24] and [26], which investigates the potential game
theory in engineering context.

We observe that in the cooperative case, each player has the
same utility funclion as in (3), which is the overall throughput
of the netwaork. Apparently, one potential function of the game
is the common utility function itself, i.e.,

o= Uy, ©)

In fact, the games where all players share the same ufility
function are called identical inferest games [27], which is a
special case of polential games and hence all the properties of
potential games can be applied directly.

In the literature, both best response and better response
are popular learning mechanisms that have been ufilized in
potential games [281-{30]. AL each step of the best response
approach, one of the players investigates its strategy space and
chooses the one with maximum utility value. This updating
procedure is carried out sequentially, The primary drawback
of the best response is the computational complexity, which
grows linearly with the cardinality of the strategy space.
An improvement of the best response is the so-called better
response, where ab each step, the player updates as long as the
radomly selected strategy vields a better performance, The
dramatically reduced computation is the radeoff with the con-
vergence speed. Both the best response and the betler response
dynamics are guaranteed to converge to a Nash equilibrivm
in potential games [23]. However, there may be multiple
Nash equilibria in a potential game and the performance of
different equilibria may vary dramatically. Therefore, although
the best response and the betler response could guarantee the
convergence, they may reach an undesirable Nash equilibrium
with inferior performance.

Let us congider an illustrative example in Figure 2. There
are four labeled APs in the network. A and B are close to
each other, and so are ' and [}, Without loss of generality,
we assume fhat the APs have the same power and only adjust
the operating frequencies manorder of 4 — B — ) — D
to avoid the interference. The adaptation continues with the
best response mechanistn uniil a Nash equilibrium is reached.
Suppose there are two frequency channels available, say 1 and
2. First, A randomly selects one channel, say 1. B will pick 2.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on November 13, 2008 at 16:14 from IEEE Xplore. Restrictions apply.



Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on November 13, 2008 at 16:14 from IEEE Xplore. Restrictions apply.





















