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Abstract: Channel assignment has been extensively researched for multi-radio wireless mesh
networks, but it is still very challenging when it comes to its implementation. In this paper
we propose a semi-dynamic and distributed channel assignment mechanism called SICA (Semi-
dynamic Interference aware Channel Assignment) based on game theory formulation. SICA is
an interference aware, distributed channel assignment which preserves the network connectivity
without relying on a common channel nor central node for coordination between mesh routers. SICA
applies a real time learner algorithm which assumes that nodes do not have perfect information
about the network topology. To the best of our knowledge this is the first game formulation of
channel assignment which takes the co-channel interference into account. We have simulated SICA
and compared against other channel assignment mechanisms proposed in the literature. Simulation
results show that SICA outperforms other mechanisms.
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1 Introduction

Wireless Mesh Networks (WMNs) are supposed to be the
next Internet back-haul providing network connectivity for
end users through multi-hop forwarding. However due to
the increasing number of devices sharing the same spectrum
brand, interference is one of the important factors that can
degrade the performance of the mesh networks (Gupta &
Kumar 2000). Interferences can be grouped in two types:
external and internal. The external interference appears when
two or more coexisting wireless networks work in the same
frequency channel (Fig. 1). Although it can be eliminated
by using different non-overlapping channels offered in
IEEE 802.11 (IEEE-SA 2007), it requires that the different
networks agree on the channel distribution. Additionally,
as the number of non-overlapping channels is reduced, the
scenario where the external interference can be completely
avoided is unrealistic. By internal interference we refer to
the time overlapping transmissions by nodes of the same
network which can result in collisions or transmissions errors.
Both external and internal interferences limit the system
performance (Si et al. 2010, Ramachandran et al. 2006).

Multi-radio technologies are well known to offer a
significant improvement in capacity through the use of
multiple channels offered by IEEE 802.11 standards (Draves
et al. 2004). The network capacity can be further enhanced if
the network employs an intelligent channel assignment which
seeks a proper mapping between the available channels and
the radios at every node (Raniwala & Chiueh 2005, Raniwala
et al. 2004, Marina et al. 2010).

Channel assignment (CA), was extensively researched but
still challenging since many formulations of the problem turn
to be NP-hard (Marina et al. 2010, Ramachandran et al.
2006, Si et al. 2010). Considering the time duration between
consecutive runs of channel assignment algorithm, many
channel assignment approaches fall under the static category,
where mesh nodes tune an antenna to a specific channel
permanently (see e.g., (Raniwala et al. 2004, Marina et al.
2010, Avallone & Akyildiz 2008, Amiri Nezhad & Cerdà-
Alabern 2010) and references therein). Static approaches
provide low complexity and low feedback overheads and
can achieve performance improvements through minimizing
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Figure 1: Wireless Mesh Network suffering from
interference caused by external sources. If there are only

three available channels (A, B and C), to avoid the external
interference the mesh network has to be able to find the most

suitable channel at each hop.

the internal interference. However due to the variable nature
of the wireless medium, the channel assignment mechanism
must be flexible enough to adapt to the arbitrary traffic
and both external and internal interference patterns (Wu &
Mohapatra 2010).

Dynamic channel assignments (Gong et al. 2009, Bahl
& Chandra 2004), on the other hand, enforce nodes to
switch their interface dynamically from one channel to
another between successive data transmissions. Therefore
they require tight synchronizations among nodes. Dynamic
approaches are only applied for single radio nodes working
over multiple frequencies, since they can not exploit the
advantages of multi-radio networks (Crichigno et al. 2008).

Copyright c© 2009 Inderscience Enterprises Ltd.
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Static CAs can easily be extended to semi-dynamic
by refreshing the channel assignment at regular time
intervals in response to changes in traffic pattern or
co-channel interference from both external and internal
sources (Ramachandran et al. 2006, Wu et al. 2006, Alicherry
et al. 2006, Mohsenian-Rad & Wong 2007, Raniwala &
Chiueh 2005, Kyasanur & Vaidya 2006, Wooseong Kim &
Gerla 2010, Kim & Suh 2008, Felegyhazi et al. 2007, Fu &
Agrawal 2008).

In this work we propose SICA, an interference aware
channel assignment algorithm for IEEE 802.11 based
WMNs. We estimate the amount of interference over
channels, induced by any external wireless device, based
on IEEE 802.11k standard (IEEE-SA 2008). We then
use game theory to formulate the semi-dynamic channel
assignation problem. Unlike previous game formulation in
the literature (Felegyhazi et al. 2007, Gao et al. 2008, Chen
& Zhong 2009, Shah et al. 2010, Gao & Wang 2008) we
assume a more realistic scenario by explicitly considering the
presence of external interferences from other networks and,
we assume that nodes do not have perfect information about
others’ strategies. Then we apply a real-time learning method
to design a distributed algorithm which assigns channels
to radios while avoiding the ripple and channel oscillation
effects (Si et al. 2010). The nodes continuously refine their
decision accounting the changes in the wireless environment.
The main contributions that sets our work apart from others
are the following ones:

• A novel game theory formulation of the channel
assignment problem, considering external and internal
interferences.

• A decision making strategy assuming imperfect
information at each mesh router that allows a
fast network adaption to the changing wireless
environment.

• A fully distributed channel assignment algorithm
which preserves the network connectivity and supports
any routing protocol.

• A new protocol which applies channel load estimation,
interface switching, control message exchange and
data delivery mechanisms in addition to channel
assignment.

We evaluate SICA through simulations using ns-3 (ns-
3 development team 2011) and compare it with other channel
assignment mechanisms that have been proposed in the
literature (Wooseong Kim & Gerla 2010, Ramachandran et al.
2006, Gao et al. 2008). Results demonstrate the effectiveness
of SICA in exploiting channel diversity, hence reducing the
interference over wireless links and improving the system
performance in terms of capacity and supported nodes and
networks.

The paper is organized as follows. We first describe
the related work in Section 2. Then, in Sections 3–6 we
explain SICA architecture, channel assignment algorithm and
simulation details. The performance evaluation is done in

Section 7, and Section 8 ends the paper with the concluding
remarks.

2 Related Work

The channel assignment problem has been studied in deep
during last years (Crichigno et al. 2008, Si et al. 2010)
and many semi-dynamic solutions have been addressed
in previous proposals (Ramachandran et al. 2006, Wu
et al. 2006, Alicherry et al. 2006, Mohsenian-Rad &
Wong 2007, Raniwala & Chiueh 2005, Kyasanur & Vaidya
2006, Wooseong Kim & Gerla 2010, Kim & Suh 2008,
Felegyhazi et al. 2007), but few proposals consider the
effect of the external interference (Ramachandran et al. 2006,
Wooseong Kim & Gerla 2010).

A simple semi-dynamic approach is proposed
in (Kyasanur & Vaidya 2006) for a mesh network with two
radio interfaces per node. Although the authors introduce
a new path metric which takes into account the interface
switching cost in addition to the expected transmission
time (Draves et al. 2004), the proposed mechanism considers
only the internal interference.

Breath first search channel assignment
(BFSCA) (Ramachandran et al. 2006) is the first interference
aware CA mechanism. In BFSCA each node estimates the
external interference through monitoring the wireless media
and coordinates with a central node through a common
channel. The central coordinator then assigns channels to
links considering the distance of each link to the coordinator
and the quality of the link in terms of transmission delay. The
main drawbacks of BFSCA are: it needs tight synchronization
between nodes and, the channel assignment algorithm is very
slow and time consuming since it does an exhaustive search
over all interfering links to find the best channel for each link.

Urban-X is another adaptive and semi-dynamic channel
assignment (Wooseong Kim & Gerla 2010). Urban-X is
proposed for a network where each node must have at
least three radios. One radio of all nodes is tuned to a
common channel and is used for control traffic. The channel
assignment considers the external interference in addition to
the number of flows at each node, to make decisions. The
best channel is occupied by the receiving radio of a node
which has more traffic to send, although it may not receive
any traffic.

Channel assignment algorithms using game theory
models have been studied recently in some works (Felegyhazi
et al. 2007, Gao et al. 2008, Chen & Zhong 2009, Shah
et al. 2010). None of the proposed algorithms considers the
effect of co-channel interference. All approaches consider
that nodes or players have information about all strategies and
payoffs, it means that all nodes make decisions based on a
global payoff table. However, in a scenario having external
interference, it is difficult to have a perfect knowledge of the
channel use, before making decisions.

Felegyhazi et al. (2007), formulate the channel
assignment problem as a game where traffic flows compete
for shared channels in a conflict situation. Although the
algorithm converges to a stable Nash Equilibrium, their work
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is limited to a single hop single collision domain network,
where each node participate in only one traffic flow. Further
extensions of this work for multi hop networks but limited to
one collision domain are presented in (Gao et al. 2008, Chen
& Zhong 2009, Kim et al. 2009), where nodes are limited
to communicate with devices in their transmission range.
However, although it may be an unrealistic assumption, the
authors assume that each node knows about the existence of
all other nodes in the network and the channel they use.

Kim et al. (2009) did not put any constraints for the
number of radios per node. The proposed game should be
played sequentially and channels should be reallocated for
any changes in the traffic profile. The approach proposed
in (Gao et al. 2008) formulates the channel assignment
as a cooperative game where nodes are cooperating with
each other to improve the network throughput. The channel
reallocation is necessary for any changes in traffic pattern.
Shah et al. (2010) formulate the game for multiple collision
domains, but they use a static game which is limited to find a
Nash Equilibrium for competing flows.

Unlike all previous game models for channel assignment,
SICA consider co-channel interference while assuming
that nodes have imperfect information and the solution is
independent from the traffic profile.

This paper is a revised and expanded version of the
workshop paper (Nezhad & Cerdà-Alabern 2011). A new
game theory model that handles better the internal and
external interference is presented here. The new game theory
model is based on a set of control parameters that improve the
system adaptability to the changing environment conditions.
Using the new game theory model, SICA achieves a gain
equal to 11% compared with the former protocol (Nezhad
& Cerdà-Alabern 2011). Finally, a new random topology
is introduced to evaluate SICA, as well as we extend the
protocols to which it is compared (see Section 7.1), showing
that SICA outperforms all of them.

3 SICA Architecture

We present a multi-radio multi-channel mechanism which
mitigates the impact of the interference, and improves the
performance of the wireless mesh networks by driving
the benefits of non-overlapping channels. The distributed
multi-channel architecture considers the channel selection
mechanism, describes the switching process of the antennas
and controls data buffering and transmitting. Nodes use a
distributed algorithm to occupy the best channel based on
the information gathered during the channel sensing periods.
Channel assignment is viewed as a lower layer mechanism
which does not consider the traffic load and, therefore any
routing protocol can be applied to the network.

We describe SICA in the specific case where nodes are
equipped with two radio interfaces, each one being able to use
a set C (with cardinality |C|> 1) of non overlapping channels.
However, SICA could be easily extended to a network where
nodes are equipped with a number of radios larger than two.
The radios will be referred to as the receiving radio and the
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Figure 2: Sensing a channel by gathering samples

transmitting radio, and denoted by R and T, respectively (Fu
& Agrawal 2008).

The distributed channel assignment mechanism selects
and assigns the best channel to the R radio of each node.
Then, nodes switch the T radio accordingly. For example, if
a generic node A tunes its R radio over channel c ∈ C, each
neighboring node, which aims to send traffic to A, will switch
its T radio to channel c before start transmission. The T radio
remains on channel c until all packets, which are addressed to
node A, have been sent, or until a maximum period of time,
called Tmax.

In the following sections we explain the details of SICA.
We explain the channel sensing mechanism and CA algorithm
in sections 3.1, 3.2 and 3.4, respectively. The synchronization
and switching of R and T radios are explained in sections 4, 5
and 6.

3.1 External interference estimation

To estimate the amount of external interference, mesh
nodes use the clear channel assessment (CCA) mechanism
for spectrum sensing (Kleinrock & Tobagi 1975). CCA is
based on energy detection during a specific period of time.
Since CCA is used to estimate the wireless interference of
external devices, to exclude the interference of the nodes
from the same network, at a given time all nodes on
the same channel stop transmission and start sensing the
channel. The required time synchronization for the common
sensing period is achieved through sending messages (see
Section 4). Since all nodes working on the same channel must
remain silent during channel state assessment, a big sensing
period will degrade the network throughput. However, a
long enough sensing period is necessary to have a precise
estimation (Wooseong Kim & Gerla 2010, IEEE-SA 2008,
Nguyen et al. 2011). In SICA, each node senses only one
channel at each sensing period (the channel of its receiving
radio). Then, at the end of each sensing period, each node
exchanges the channel state information with its neighbors.

As shown in Fig 2, during the sensing period (TSS) every
node monitors the channel by taking samples at the sense rate
(TSRate). TCA is the period of time between consecutive runs
of channel assignment algorithm.

The channel status would be monitored as either idle or
busy. Define Ti,busy(c) as the time that channel is sensed busy
during the sensing period and Ti,idle(c) as the amount of time
that the channel is sensed idle.
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IEEE 802.11k standard for radio resources
measurement (IEEE-SA 2008) proposes a simple formulation
to compute the channel load as the percentage of time that the
node senses the medium as busy. At the end of the sensing
period, node i estimates the normalized bandwidth (or duty
cycle) consumed by external networks over a channel c, as:

Bi,neig(c) =
Ti,busy(c)

Ti,busy(c)+Ti,idle(c)
(1)

The mesh node then uses the channel load to make
decision in channel assignment algorithm (see Section 3.2).

3.2 Game Theory Based Channel Assignment Model

We use a game theory model for the distributed channel
assignment in SICA, which is adaptive to the external
interference.

In our model each node is a rational player which tries
to occupy the best channel for its R radio. The best channel
is a channel which suffers less external interference and it is
not shared by many neighboring nodes in the same network.
From this point forward, we use the terms node and player
interchangeably.

Let N be the number of nodes of the network, and fi,c the
number of R radios of player i using channel c ( fi,c ∈ {0,1}).
Define the strategy of player i, si, as its channel allocation
vector, given by:

si = ( fi,1, fi,2, . . . , fi,|C|), i = 1, . . . ,N (2)

A player strategy describes whether it has a radio over a
specific channel or not. Note that the total number of R radios
employed by player i is given by

fi =
|C|

∑
k=1

fi,k (3)

In a dual radio network with one R radio for each node,
fi = 1.

We define the strategy matrix (strategy profile), S, as the
strategy vector of all players at a given time:

S =


s1
s2
. . .
sN

 (4)

By S−i we refer to the strategy matrix consisting of all
nodes’ strategies except player i. Note that, node i may not
know S−i completely.

We formulate a game theory model where each player i
chooses a channel c trying to minimize a loss function. Each
mesh router uses two separate costs for selecting a channel.
The first cost is according to the channel load estimated in
Section 3.1 (Equation (1)). The second cost is according
to internal interference induced from neighboring nodes. To
estimate the internal interference over a channel, mesh routers
compute how congested is the channel in the neighborhood.
Let Ni be the number of nodes in the interference range of
node i (two-hops neighbors based on the interference protocol
model presented by Gupta & Kumar (2000)). We represent by

Ri(c) the number of nodes in the set Ni that have tuned their
R radio to channel c at a given time:

Ri(c) = ∑
k∈Ni

fk,c (5)

We define the density of interfering nodes over channel c
by

Ri(c)
Ni

(6)

The mesh router then merges the costs by taking the
weighted average of the individual cost as a bandwidth loss
function:

Mi,B(c,S−i) = α ·Bi,neig(c)+(1−α)
Ri(c)

Ni
(7)

where α ∈ [0,1] is the control parameter.
However, the cost of one node’s decision depends not

only on the available bandwidth of the selected channel, but
also on the switching delay penalty if a node’s radio switches
frequently (Yang et al. 2011). According to Wooseong Kim
& Gerla (2010), Murray et al. (2007) current 802.11
commodities suffer a considerable switching delay (Ds), that
ranges from 80 µs to 22 ms. We consider the magnitude of the
switching delay related to the Hello interval, TH (explained in
Section 5).

If the hello interval is large enough the effect of the
switching delay is negligible and nodes are allowed to
switch frequently to other channels. On the other hand
a considerable switching delay should result in a higher
channel switching cost, making nodes to switch between
channels less frequently.

Let ci the channel being used by node i for the R radio, we
assume that a switching delay loss function, for any channel,
is given by:

Mi,D(c,S−i) =

{
Ds
TH

, c 6= ci

0, otherwise
(8)

Finally, we combine bandwidth and switching delay costs
in the loss function given by:

Mi(c,S−i) = γ Mi,B(c,S−i)+(1− γ)Mi,D(c,S−i) (9)

where γ ∈ [0,1] is a tuning parameter. Note that the loss
function codomain is [0,1].

It is not feasible nor necessary for a player to compute
Mi(c,S−i) for all possible values of S−i. Each player
computes the loss value for one strategy profile at a time.
In Section 3.3 we explain how this method solves the game
effectively.

To sum up, we have defined a game with the following
properties:

• Nodes are rational players and try to occupy the most
vacant frequency channels.

• Nodes do not have knowledge about their neighbors
criteria of making decision, beforehand.



6 A Semi-Dynamic, Game Based and Interference Aware Channel Assignment for MR-MC WMNs

• Each channel decision imposes a cost (in the range of
0 to 1) to a node, as a function of switching delay and
available bandwidth on the selected channel.

• The game is played in several rounds, as the external
parameters introduced by the environment may differ
in each round, the environment is unpredictable and can
remain permanently in the transient state.

3.3 Solving the channel assignment game

Due to the changes in the co-channel interference, the game
outlined in the previous section has no deterministic loss
matrix, therefore using common approaches to solve the
game is impossible. Our solution is based on real-time
learning approach proposed by (Freund & Schapire 1996,
1999).

As define before, Mi(c,S−i) is the loss matrix of node i,
i.e. the rows of Mi(c,S−i) are the strategies of node i (the
channels, c ∈ C, it can choose), and the columns are all
possible strategies of the other players, S−i.

Each node assigns non-negative weights (wi(c)) to the
rows of Mi(c,S−i). We assume that, the number of rows in
Mi(c,S−i) is the same for all nodes and equal to the number
of orthogonal channels (|C|).

Initially Mi(c,S−i) is unknown to player i, but this game
can be played repeatedly in a sequence of game rounds
(1, . . . ,T ). To avoid the channel oscillation in each round t
(t ∈ 1, . . . ,T ), the player plays a mixed strategy based on
the weights (wi,t(c)) assigned to the rows of Mi(c,S−i). The
probability of selecting the channel c, is calculated as:

Pi,t(c) =
wi,t(c)

∑c∈C wi,t(c)
(10)

Initially, all weights are set to 1, which means that
the probability of selecting any channel is identical. After
selecting a channel, the node gathers information from its
neighbors and updates the loss that is suffered (equation (9)).
Then, the weights are updated as:

wi,t(c) = wi,t−1(c)β
Mi(c,S−i) (11)

where β∈ [0,1] is the game parameter (Freund & Schapire
1999). The main theorem (Freund & Schapire 1996, 1999)
concerning this algorithm is:

Theorem 1: For any matrix M with n rows and entries in
[0,1], and for any sequence of mixed strategies Q1, . . . ,QT
played by the environment, the sequence of mixed strategies
P1, . . . ,PT produced by the algorithm satisfies

T

∑
t=1

M(Pt ,Qt)≤
ln( 1

β
)

1−β
min

P

T

∑
t=1

M(P,Qt)+
1

1−β
ln n (12)

The proof can be found in (Freund & Schapire 1996,
1999). The theorem simply implies that, the excellency of
the decisions made by the learner using the multiplicative
weights scheme, depends on the value of β. A high β

value introduces minor changes to the weights, and the
learner follows the environment more accurately but slowly.

Therefore it is applicable to a scenario where the environment
changes less frequently. On the contrary, a low β value
imposes big changes in the weights, which introduces a
higher error to the decision but, it is adequate to a scenario
with frequent changes. In our simulations we found that β =
0.2 leads to better results (see Section 7). We use the same
β for all players. Note that the best solution reached by
the learner is not necessarily the Nash Equilibrium. Since it
has been shown that multiplicative weights update learning
algorithm cannot work for Nash Equilibrium in general bi-
matrix games (Daskalakis et al. 2010).

3.4 Channel Assignment Mechanism

Alg. 1 summarizes the channel assignment mechanism
previously described. Recall that the main idea of SICA
is to use all the available information at each node, which
is gathered from its neighbors and sensing the channels,
and selects the best channel by playing a game with mixed
strategies. As explained in Section 3.3, the game is played in
rounds that we refer to as channel assignment periods, and
represent its duration by TCA. Each node i runs Alg. 1 at every
TCA.

Algorithm 1 SICA(Ni)
Input:

Ni: set of one and two-hops neighbors of node i.
1: if this is the first assignment then
2: Set wi,t(c) = 1 ∀c ∈C
3: Assign a random channel ci to the R radio
4: else
5: Compute Pi,t(c) ∀c ∈C (Eq. (10))
6: Compute the Cumulative Distribution Function (CDF) out of

Pi,t(c) ∀c ∈C.
7: Select channel ci using Inverse Transform Sampling.
8: Assign channel ci to the R radio.
9: end if

10: Switch the R radio to channel ci (Alg. 2)
11: Use CCA to estimate Bi,neig(c) (Eq. (1))
12: Inform other neighbors about Bi,neig(c)
13: for c ∈ {channels used by R radio of Ni nodes} do
14: Calculate Mi(c,S−i) (Eq. (9))
15: Update wi,t(c) (Eq. (11))
16: end for

Four main reasons make SICA to be an efficient channel
assignment algorithm:

• Nodes are not required to have the perfect information
about other players’ strategies and loss functions.

• Nodes are supposed to be selfish players trying to
occupy the best channels.

• It is not necessary for a node to estimate the
external interference over all channels. Each node only
estimates the interference over the channel of its R
radio.

• The proposed channel assignment eliminates the
Channel Oscillation problem. This problem happens
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when some nodes find a channel empty and try to
occupy it simultaneously. In such situation, the nodes
will switch back as they will find it busy by the
others that have switched to that channel too. Playing a
mixed strategy, as previously described, avoids channel
oscillation since each node selects the destination
channel randomly with a predefined probability.

Table 1 summarizes the parameters of the channel
assignment mechanism and the default value for each one of
them.

4 Mesh nodes synchronization mechanism

Unlike most CAs proposed in the literature (see Section 2),
in SICA there is not a common control channel shared by
all nodes. In SICA, the synchronization is achieved through
exchanging messages over the data channels. Since each node
can assign a different channel to its receiving (R) radio, nodes
must be aware of the channels used by their neighbors’ R
radios. In SICA, a node broadcasts Hello messages to report
the channel of its R radio to its neighbors.

It is not necessary to send Hello messages over all
available channels, except when a new node joins the network
or when a node stops receiving Hello messages from any
neighbor. Once a node knows the channels used by the R radio
of its one-hop neighbors, the node switches the T radio to
those channels and sends Hello messages every TH seconds.

We refer to the period between Hello messages as TH . This
period must be long enough to minimize the overhead caused
by the switching time of the T radio, and small enough to
keep the information updated for all nodes.

A Hello packet contains the following information,
besides a sequence number:

1. Channel and MAC address of the R radio,

2. Channels of the R radios of the node’s one-hop
neighbors,

3. Spectrum sensing information,

4. Channel switching attempt information.

Additionally, each node has to broadcast the the channel
used by the R radios of its one-hop neighbors in the Hello
messages. Therefore the neighbors are able to keep the
information of two-hops nodes.

Spectrum sensing information contains: i) the estimated
consumed bandwidth by external interferences over the
receiving channel; and ii) the time units remaining before
the start of the next sensing period. Neighboring nodes need
information about the upcoming sensing period to avoid
initiating any transmission over the channel that is going to be
sensed. Nodes broadcast the remaining time units before their
next sensing event periodically, therefore neighboring nodes
are informed even though some of the messages get lost.
We assume that re-sending the sensing information, which
is done frequently via hello messages, reduces the error of
miscalculating the sensing time for neighbors.

Channel switching attempt information is the expected
time units before the moment that a node will switch its R
radio to a new channel (See Section 6). Note that there is no
need to have a tight synchronizations between nodes since
nodes are aware of changes through Hello messages.

5 Data delivery mechanism

After gathering information from the neighbors, a node may
start transmitting data. One node may have packets to deliver
to different neighbors which have their R radio on different
channels. In our model each channel is associated with a
sequential first-in first-out (FIFO) queue. Packets are added to
the corresponding queue according to the receiving channel
of the neighbors. When the T radio switches to each channel,
it sends all or some of the packets in the associated queue. We
use a different queue for Hello messages, which has higher
priority than data packets’ queue.

A mesh node uses a Round Robin approach to visit all
the channels for which it has data to sent, defined as the
subset Ci⊂C. To avoid starvation, after switching, the T radio
will stay in one channel for at most a specific period of time
(Tmax). We assume that the switching delay of the T radio is
constant and equal to Ds. Therefore if a node has to send data
over Ci ⊂ C channels, it will take |Ci| Tmax +(|Ci|− 1)Ds to
visit them. In order to have the same opportunities to transmit
over Ci channels, the node computes Tmax as:

Tmax =
TH − (|Ci|−1)Ds

|Ci|
−Dt (13)

where TH is the period between Hello messages and Dt is the
delay before the T radio starts the transmission. Note that Ci
is given by the number of different channels used by node’s
neighbors.

Fig. 3 shows an example describing the whole process. In
the example the node has |Ci|= 2 channels over which it has
data to send. Every TH a Hello packet is pushed at the front
of the Ci queues. We show Hello and Data packets with black
and shaded boxes, respectively. Tmax shows the maximum
duration of time that a node may remain in each channel (see
Equation (13)). In detail, Fig. 3-a shows the node status before
TH starts. The mechanism starts from channel one (Fig. 3-b)
and, after Tmax it switches to channel two, where it is able to
transmit only three packets before to switch again to channel
one.

After switching the T radio to a channel, to avoid collision
with any ongoing transmission on the channel, a node must
wait at least for Dt units of time before it starts transmitting,
(see Section 6.2). After Dt , the node sends packets during at
most Tmax, then it switches the T radio to channel two and the
transmission process is repeated for this channel (Fig. 3-b).
While there are packets in the queues, the node will round
robin among them until the end of TH (Fig. 3-c).

Note that the T radio can not switch to a channel and
initiate any transmission when the channel is being sensed by
any of the neighboring nodes. Moreover nodes must consider
the switching attempt of the R radio which is announced to
the neighbors before it starts. The switching mechanisms of T
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Parameter Name Description Possible Value Default

TH Hello interval 10 ms - 100 ms 20 ms
TCA Channel assignment interval TH � TCA 10 s
TSS Channel sense interval TH < TSS < TCA 5 s
TSRate Channel sense rate TSRate� TSS 1 ms
α Bandwidth loss function tuning parameter 0≤ α≤ 1 1
β Channel weight parameter 0 < β < 1 0.2
γ Loss function tuning parameter 0≤ γ≤ 1 0.8
|C| Number of available orthogonal channels 1 < |C| 8
Ds Switching delay of the radio 80 µs - 20 ms 300 µs

Table 1 Channel Assignment Parameters

Ds

TH

C1

C2 (a)

Dt

Dt

Dt

Dt

Dt Dt

(c)

(b)

TMax TMax

Figure 3: Channel queues and data delivery mechanism

and R radios are explained with more details in the following
section.

6 Channel Switching Mechanism

The switching mechanism consists of two different protocols
for switching T and R radios, respectively.

6.1 Switching the R radio

When a node decides to switch the R radio to any channel,
it must announce the switching attempt through Hello
messages. The switching attempt information in a Hello
message, consists the following fields:

1. The destination channel to which the R radio will
switch,

2. The time to switch (TS).

The switching time (TS) contains the remaining time in the
current channel until the R radio switches to the new channel.
This time must be longer than the Hello interval to make
sure that all neighbors are informed. Therefore the neighbors
will consider the new channel for upcoming transmissions. A
node follows the steps in Alg. 2 to tune the R radio to the
defined channel.

If a node misses any information about a switching
attempt of a neighbor, the node would fail to send packets
to it. The algorithm tries to prevent this by selecting a

Algorithm 2 Switch The R Radio (c)
Input:

c: The target channel for switching
1: if there is any transmission on R radio then
2: Wait until the end of transmission
3: else
4: TS← Random(2TH : 3TH)
5: Set the timer delay to TS
6: while the timer is running do
7: Update the switching attempt information in Hello

messages
8: end while
9: Switch the R radio to channel c

10: end if

sufficiently large TS (see Table1). Moreover the node always
gets information about a lost neighbor from other common
neighbors, thus, updating its information.

6.2 Switching The T Radio

The T radio switches channels more often than R. Alg. 3
describes the switching mechanism for the T radio. Here each
node checks all queues sequentially (Round Robin) and if
there is any data waiting for transmission, it switches the T
radio to the corresponding channel and starts sending data
after Dt units of time.

When a node switches to a new channel it may fail to hear
an on-going transmission between any other nodes on the
same channel, so it could be a hidden terminal for the ongoing
transmission and must avoid transmitting immediately to
prevent the collision. Consequently after switching, a node
may wait for Dt before starting any transmission.

The node remains on the target channel until the end of the
transmission or at most for Tmax. Then it proceeds to check
the other queues.

7 Performance Evaluation

In this section, we study the performance of the proposed
channel assignment algorithm using ns-3 simulator (ns-
3 development team 2011) for 802.11-based multi-radio
mesh networks. We use a network where the mesh routers
initialize their routing tables using Shortest Path First (SPF),
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Algorithm 3 Switch The T Radio (QCi ,Ci)

Input:
Qc: The packet queue associated with the channel c
Ci: Channels of R radios of one-hop neighbors

1: for c ∈Ci do
2: Set the timer delay to Tmax
3: if |Qc|> 0 then
4: Switch the T radio to channel c
5: Wait for Dt period of time
6: while the timer is running AND |Qc|> 0 do
7: P← Pop one packet from Qc
8: Send P
9: end while

10: end if
11: end for

minimizing the number of hops. We assume a two ray ground
propagation model with a radio range of 250 m. Wireless
nodes can tune their radio to any channel among 8 non-
overlapping channels (according to IEEE 802.11a standard).
RTS/CTS mechanism is disabled.

We compare SICA with three relevant channel assignment
mechanisms proposed in the literature: the Centralized
Breath First Channel Assignment (BFSCA) (Ramachandran
et al. 2006); the semi-dynamic interference aware channel
assignment (Urban-X) (Wooseong Kim & Gerla 2010); and
the Nash Equilibrium Channel Assignment (NEMCA) (Kim
et al. 2009). A baseline single radio network working over
one channel is also introduced for completeness.

7.1 Description of BFSCA, Urban-X and NEMCA

Breath First Search Channel Assignment
(BFSCA) (Ramachandran et al. 2006) is a centralized
mechanism that considers one node in the WMN as a
coordinator, which is responsible for assigning channels to
all nodes’ radios in the network. It also considers that one
radio at each node is tuned to a common channel for control
messages. Each node estimates the external interference
through monitoring the wireless media, sending the results of
such action to the central node through the common channel.
The coordinator then assigns channels to links and informs
nodes. Nodes redirect the traffic to the common channel
before switching to a new channel and, therefore, they need to
be tightly synchronized as, otherwise the channel switching
mechanism would interrupt the traffic transmission. Channel
assignment in BFSCA uses a graph theory based interference
model to find the interfering links (Gupta & Kumar 2000). It
sorts all links based on their distance to the central node and
then tries to assign different channels to the interfering links
but if such a channel is not found it assigns a random channel
to the link.

Urban-X (Wooseong Kim & Gerla 2010) uses three radios
for each node: one R and one T radio, as in SICA, and a third
radio which is tuned to a common channel for all nodes. The
common channel stays unchanged through the life time of the
network. Channel assignment in Urban-X is distributed and
takes into account the amount of flows a node has to send,
and the estimated external interference over the channels.

Nodes need to have information about the number of flows
their neighbors have. Then Urban-X assigns a priority to
each node based on the number of active flows it has. Nodes
having higher priority have more chances to occupy the
best channels. Nodes broadcast control messages over the
common channel up to two-hops neighbors. After switching
to a channel, the T radio remains there for a predefined period
of time (40 ms).

Nash Equilibrium Channel Assignment (NEMCA) (Kim
et al. 2009) is a game theory based channel assignment
which only considers the internal interference. NEMCA is
distributed and played by rational nodes. Nodes consider
the internal interference over channels without keeping any
memory. Each node selects a list of channels which are better
than the current channel it has, from where it selects the next
channel to use using a uniform random probability.

7.2 Simulation Parameters and Performance Metrics

We have evaluated the performance of the protocols for
different number of nodes for two different node placement
topologies: grid and random, and with different number
of traffic flows. The traffic is generated by 100 kbps
CBR flows with packet size of L = 8000 bits sent over
vertical and horizontal directions in the grid topology and
between random nodes in the random topology. Data queues
are simulated in a way that they drop the old packets
automatically to avoid saturation. We assume that the
maximum time duration that a packet can remain in a queue
is 1 s for data and 20 ms (TH ) for Hello messages.

The channels receiving interference from external
networks, are chosen randomly. In the simulations, we
consider that, at each time 50% of channels are busy due to
the external interference. A channel with external interference
is modeled as an on-off process, such that the channel is
sensed busy and idle during the on and off states, respectively.
Note that as the channel is detected busy due the external
interference, nodes are not allowed to transmit during that
state. The duration of the busy state has been fixed to a
constant value, while the duration of the idle state is chosen
exponentially distributed. The duration of the busy and idle
periods have been varied to produce different interference
loads.

The SICA parameters have been set using the values of
Table 1. The specific parameters of other protocols are set
according to the values given in (Ramachandran et al. 2006,
Wooseong Kim & Gerla 2010, Kim et al. 2009).

We consider three network performance measures:

• Data delivery ratio: ratio of the total amount of data
which is correctly received by the destinations, to the
total amount of data packets transmitted by the sources.

• Average end to end delay: mean delay of the packets to
reach the destination.

• Control overhead: ratio of the total number of control
messages sent between nodes, to the total number of
correctly received packets.
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7.3 Results

7.3.1 Grid Topology

Figures 4-6 show the network performance for different
number of nodes and two CBR traffic flows of 100 kbps.
Every 50 s, external interference is introduced over 4 channels
chosen randomly.

In these simulations the duration of the busy state of
the external interference is fixed to 10 ms, while the mean
duration of the idle state is 8 ms. The results have been
obtained averaging over 10 runs of 1000 s simulation time
with different seeds. The error bars in the figures show 95%
confidence intervals.

Fig. 4 shows that the delivery ratio is 20% higher in
SICA and BFSCA than in Urban-X or NEMCA. This is
a significant improvement, since Urban-X and BFSCA use
3 radios and SICA uses only 2. This result shows that
the game theory approach used in the channel assignment
of SICA outperforms the optimized centralized algorithm
used in BFSCA for large networks. The bigger error bars
in NEMCA and the single-channel network shows that
they suffer more unexpected external interference which is
avoided by adaptive schemes. Moreover, NEMCA, as a non
adaptive channel assignment, performs worse than a single
channel network because of the radio switching penalty
and channel assignment overheads for making inefficient
decisions without considering the external interference.

In Fig. 5 we can see that the average end to end delay is
lower in SICA and BFSCA than the other protocols. SICA
leads to a lower delay thanks to the fast switching mechanism
of the T radio over all channels (see Section 5) and because
it avoids the channels which suffer external interference. The
average delay in Urban-X is much higher than others because
it keeps the T radio in each channel for a predefined period
of time, regardless of having data to send, therefore forcing a
considerable delay for data waiting in the queues of the other
channels.

Fig. 6 shows that SICA and BFSCA have similar control
overhead. BFSCA uses a common channel for control packets
which should be forwarded until the coordinator node, in
SICA on the other hand a node broadcasts control messages
only over all channels which are used by its neighbors. The
control overhead in NEMCA is much higher than others since
it broadcasts many control messages for channel assignment
but has a low data delivery ratio. The control messages of the
single channel network consist of Hello messages that nodes
send every TH seconds to their neighbors to announce their
presence.

7.3.2 Random Topology

Fig. 7- 9, show the packet delivery ratio, average end to end
delay and control overhead for different number of nodes
which are randomly distributed over a 1000× 1000 m2 area.
We check the network topology to be connected using R
numerical tool (r development core team 2008). Each point
in the figures shows the average over 50 runs. The error bars
in the figures show 95% confidence intervals. Fig. 7 shows
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Figure 4: Data delivery ratio vs. number of nodes (Grid
topology)
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Figure 5: Average end to end delay vs. number of nodes
(Grid topology)
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Figure 6: Control overhead vs. number of nodes (Grid
topology)

that the delivery ratio in SICA is higher than other protocols
and it does not drop a lot as the number of nodes increases.
For BFSCA and Urban-x on the other hand, the delivery
ratio drops fast as the number of nodes increases. NEMCA
performs the same as a single channel network following the
reasons explained for Fig. 4.

Fig. 8 shows that the average end to end delay of all
protocols is much lower compared to Urban-X due to the
same reason explained for Fig. 5.

Fig. 9 confirms the reason explained for Fig. 6, showing
that control overhead for NEMCA is higher than other
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Figure 7: Data delivery ratio vs. number of nodes (Random
topology)
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Figure 8: Average end to end delay vs. number of nodes
(Random topology)
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Figure 9: Control overhead vs. number of nodes (Random
topology)

protocols, while SICA and BFSCA lead to lower control
overhead.

7.3.3 Increasing the number of traffic sources

Fig. 10-12 are obtained using a 8×8 grid network while other
parameters are the same as the parameters considered for the
grid scenario.

Fig. 10 shows that the delivery ratio of SICA is higher
than others in presence of high traffic load. The delivery ratio
of BFSCA drops fast increasing the number of traffic flows,

since any channel switching interrupts the data transmission
and nodes are forced to deliver data packets through common
channel which offers a high load over the common channel
(Section 7.1).

Urban-X performs better in presence of high load traffic
compared to BFSCA since it considers the traffic load for
making decision, but it results in a considerable high end to
end delay (Fig. 11).

Fig. 12 shows that the control overhead of SICA and
BFSCA is almost better than others.
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Figure 10: Data delivery ratio vs. number of CBR traffics
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Figure 11: Average end to end delay vs. number of CBR
traffics
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Figure 12: Control overhead vs. number of CBR traffics
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7.3.4 Changing the interference load

Fig. 13 is obtained using a 8× 8 grid network while other
parameters are the same as the parameters considered for the
grid scenario.

Fig. 13 compares the delivery probability obtained with
all protocols, varying the load of the interference. The x-axis
of these figures shows the amount of the external interference,
which is varied by changing the duration of the busy state
of the interference process between 5 ms and 20 ms, and
maintaining the mean duration of the idle state equal to 8 ms.
We introduced interference over 4 channels. Fig. 13 shows
that, even with a high interference load, the delivery ratio in
SICA and BFSCA does not change, when the interference
is increased. On the other hand, delivery ratio in Urban-
X and NEMCA drops fast. The result confirms that, SICA
and BFSCA are much more robust and less sensitive to the
external interference than Urban-X.
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Figure 13: Data delivery ratio vs. Busy duration of external
interference

7.3.5 Data delivery ratio: temporal evolution

In order to have a more detailed view of the protocol’s
behavior, Fig. 14 shows the time evolution of the delivery
ratio obtained with different channel assignment protocols
using a 8× 8 grid network. Other parameters are the same
as the parameters considered for the grid scenario. The
values shown in the figure have been obtained repeating the
simulation for 20 different random seeds and averaging the
delivery ratio over 5 s periods.

Figure shows that in SICA the delivery ratio is kept
more stable than in others. BFSCA is also able to offer a
high packet delivery ratio with a few variations. Urban-x
shows high variations in delivery probability and NEMCA is
incapable to avoid the interference over channels.

7.3.6 SICA performance as function of α, γ and β

Finally, we investigate the sensitivity of SICA to the α, γ

and β tuning parameters that characterize the response of the
game theory model (see Section 3.2). Fig. 15-17 are obtained
using a 8× 8 grid network while other parameters are the
same as the parameters considered for the grid scenario.
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Figure 14: Data delivery ratio over time (zoomed in at the
end of the graph in order to make it easier to see which line

corresponds to each protocol)

Recall that α is the weight which controls the related
magnitude of external and internal interference and γ is
the weight between the bandwidth and switching delay loss
functions, while β is used to update the mixed probabilities of
the game. Fig. 15- 17 show the delivery ratio obtained with
SICA varying α, γ and β, respectively. The figures show the
values obtained for a grid network with different number of
nodes (depicted with different line types), and using other
parameters the same as the parameters considered for the grid
scenario.

Fig. 15 shows that SICA performs better for the high
values of α. This comes from the fact that in our simulation
scenario, nodes are prevented from communicating during
the time that a channel is occupied by external interference,
which has a higher impact than the internal interference on
the system performance.

Fig. 16 shows that the performance of SICA is not
sensitive to γ but values of γ in the range of [0.4,1] give
better results, which implies that it is more important to give
a higher weight to the bandwidth loss functions rather than
switching delay loss function. This comes from the fact that
we have chosen a Hello interval (TH = 20 ms) significantly
larger than the switching delay (Ds = 300 µs).

Regarding β, Fig. 17 shows that the best results are
obtained with β < 0.4. Recall that choosing a lower value
for β makes the algorithm to adapt faster to the changes of
external interference.
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Figure 15: Data delivery ratio vs. α
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Figure 16: Data delivery ratio vs. γ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SICA-N= 25
SICA-N= 49
SICA-N= 81

β

A
ve

ra
ge

de
liv

er
y

ra
tio

Figure 17: Data delivery ratio vs. β

8 Conclusions

In this paper we have investigated the channel assignment
problem in multi-radio wireless mesh networks. We have
proposed a new semi-dynamic channel assignment protocol
called SICA. We presented a novel formulation for channel
assignment problem using game theory and have solved
the game using a real time learning mechanism. SICA is a
distributed channel assignment and assumes that nodes do
not have perfect knowledge about other’s nodes strategies.
We have done a performance evaluation comparing SICA
with other channel assignments mechanisms proposed in the
literature. Simulation results show the efficiency of SICA

in assigning proper channels to radios by avoiding external
interference.
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