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Abstract: A channel assignment algorithm with awareness of link
traffic is proposed in multi-radio multi-channel wireless mesh
networks. First, the physical interference model based on the
signal-to-interference-plus-noise ratio and successful transmission
condition is described. The model is more suitable for a wireless
communication environment than other existing models.
Secondly, a pure integer quadratic programming ( PIQP) model
is used to solve the channel assignment problem and improve the
capacity of wireless mesh networks. Consequently, a traffic-
aware static channel assignment algorithm( TASC) is designed.
The algorithm adopts some network parameters, including the
network connectivity, the limitation of the number of radios and
the  successful  transmission  conditions in  wireless
communications. The TASC algorithm can diminish network
interference and increase the efficiency of channel assignment
while keeping the connectivity of the network. Finally, the
feasibility and effectivity of the channel assignment solution are
illustrated by the simulation results. Compared with similar
algorithms, the proposed algorithm can increase the capacity of
WMNSs.
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ireless mesh network ( WMN) is a kind of network,

which is composed of nodes with mesh distribution.
The WMN can implement the interconnectivity among mesh
nodes (routers and end users) through automatic discovery,
network topology self-maintenance and multi-hop routing.
The WMN can improve the coverage and flexibility of the
network through multi-hop routing mechanisms. Thus,
WMN networks provide a new technology scheme for
broadband Internet access, wireless local area network
coverage and the low-cost network connection of static and
mobile user terminals.

In the WMN environment with a shortage of
communication resources and frequent conflicts, it is very
important to rationally schedule and utilize the limited
channel resources. Traditional WMNs mainly adopt the
single radio and single channel technology. There exists
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interference between two neighbor nodes, which decreases
the capacity of the whole network. Currently, more
researches have focused on the multi-radio and multi-
channel technology "’ which is more suitable for WMNs.
However, most existing channel assignment algorithms
implicitly suppose that the traffic of every link is uniformly
distributed. All links are active. Actually, the traffic is
aggregated near the gateway nodes. In this paper, a
centralized traffic-aware static channel assignment algorithm
(TASC) which is based on the traffic measurement and
predictions on WMN links is provided.

1 Related Work

The research of channel assignment technology refers to
connectivity, interference, topology, load, cost of switch-
ing channels, control methods and so on. Nowadays, exist-
ing channel assignments include the following solutions.
With the design of effective channel utilization, Leung et
al. "' provided a heuristic algorithm using 0-1 programming
to represent the problem of channel assignment in WMNs
based on 802. 11 protocols. However, the high complexity
of effective channel utilization computing increases system
cost. Subramanian et al. ™' proposed a centralized channel
assignment algorithm, MICA, based on the heuristic algo-
rithm with the target to minimize network interference. But,
without common channel assistance, the MICA algorithm
brings a large additional cost for controlling. The RCL algo-
rithm'" describes a channel assignment scheme that maximi-
zes the overall network throughput by considering the fair-
ness constraints on the allocation of the scarce wireless ca-
pacity among mobile clients. However, the RCL algorithm
is suitable for the backbone network of WMNs and does not
take moving nodes (routers/clients) into account. In Ref.
[5], the channel interference is divided into coordinated and
non-coordinated interference. The comparison of the trans-
mission loss rate and channel assignment fairness between
the coordinated and the non-coordinated interference is pres-
ented. The CCAS algorithm is a cluster-based channel as-
signment scheme that minimizes both the non-coordinated
interference and the coordinated interference'®. Whereas, it
is hard for the CCAS algorithm to rapidly reflect the changes
of backbone network topology.

Furthermore, some researchers have tried to use linear
programming to solve the channel assignment problem in
multi-radio multi-channel WMNs. Nasser et al. ' proposed
an integer linear optimization model, which minimizes the
competition and the interference by reducing the number of
the competition and the interference links. But the
application scenario is affected by its simple interference
model. The objective in Ref. [8] is to find a static channel
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assignment method, which maximizes the number of links
that can be activated simultaneously with interference
constraints. Zhou et al.'"” proposed an integer quadratic
programming (IQP) model to minimize the average network
interference. Nevertheless, the local severe interference,
which may cause damage to wireless communications, is
ignored. Sridhar et al. """ provided an ILP formulation for
channel assignment and presented a Lagrangian heuristic
algorithm to find the near-optimal feasible solution.
However, the protocol interference model is too simple to
be adopted.

In this paper, the traffic-aware static channel assignment
model is studied by adopting the physical interference model
in multi-radio multi-channel WMNs. Then, a pure integer
programming method (PIQP) is adopted to achieve channel
assignment for the optimal capacity of WMNs. Finally, the
implementation and simulation of the TASC algorithm are
given.

2 System Model
2.1 Network model

We use G =(V, E) to represent a WMN, where V is a set
with n mesh nodes, n = \V , and E is a set with m
communication links, m = |E|. v( Vv e V) is equipped
with multiple radios. e¢ ( Ve € E) is a bidirectional
communication link. R, represents the number of radios on
node v. K represents the available channels in the WMN,
where K = {k,, k,, ..., k,}. The number of available channels
isN, N=|K

To simplify the process of channel assignment, we
suppose that each node has the same transmitter power P, .
L(u,v) is the signal level which the receiver v detects from
sender u. G, is the signal level gain from the sender u to
the receiver v. Therefore, L(u, v) is proportional to P, and
G,, L(u, v) = aP,G,, where a is a proportionality
constant. G, is related to some characteristics of the WMN,
such as channel frequency, path loss, transmission distance,
etc.

In the multi-radio multi-channel WMN, the network
interfaces on each node may have different modulation
mechanisms and frequency bandwidths. Here, W = {w,,
W,, ..., w,, } is defined as a frequency bandwidth vector to
compute global communication capacity.

2.2 Interference model

Definition 1  (signal to interference plus noise ratio,

SINR)  For link (u,v), SINR,'"" of node v is
SINR,, = Lz, v)
N, + L(x,v)

xeV,—{u}

where N, is the background noise level around receiver v;
L(u,v) represents the signal quality received by v from

sender u. z L(x,v) is the accumulative interference

xe Vi, —{u}
intensity. Node x is one of the neighbors of v and shares the
same channel with v. V/ is the real interference neighbor,

which will be further discussed in section 3. 2.
Definition 2  (successful transmission condition, STC)

According to Definition 1, if and only if SINR,, = A, and
SINR,, = A, are both satisfied, the packets sent by the
sender u will be successfully received by v, and the ACK
packets sent by v can be successfully received by the sender
u, and vice versa. The STC is

SINR,, =A,, SINR,, =),

where A is the minimum signal-to-interference-plus-noise
ratio, which can be determined by the expected link load of
the network according to the Shannon formula.

The STC reflects the essential characteristic of the
physical interference model. In fact, the transmission can
complete when there exists some interference on the wireless
link as long as the existing interference does not affect the
STC. In the STC, the real application situation and the
interference cumulative effect are considered.

For the convenience of discussion, u is regarded as a
potential interference node to v if u is located within the
interference range of V', namely u neighbors v.
Meanwhile, u is a real interference node to v if and only if
the two nodes are neighbors and share the same channel with
each other.

3 Traffic-Aware Channel Assignment Algorithm
3.1 Problem formulation

As we said before, G = (V, E) is used to represent a
multi-radio and multi-channel WMN in which every node is
equipped with a certain number of radios. There are |K |
available orthogonal channels. Channel assignment should
meet the requirements of network connectivity and the
limitation of the number of radios. In other words, any
active link in E is supposed to use one channel among | K |
available orthogonal channels. The number of channels
occupied by one node has to be no more than the number of
radios. In addition, the STC in Definition 2 should also be
satisfied.

There are several channel assignment results which can
meet the above three conditions in multi-radio multi-channel
WMNs. The TASC algorithm assigns channels K to links E
and the objective is to maximize the network capacity.

3.2 Channel assignment matrix model

In this section, the channel assignment model will be
discussed.

Definition 3 An |E| x | K| matrix A™ is a channel
assignment matrix which represents the channel assignment
to links.

A =

)

1 channel k; to link e,
{0 otherwise

As each link is composed of two nodes and the node-link
relationship matrix is also given by network topology, the
corresponding channel assignment matrix to the nodes is
easily obtained from A",

Definition 4 S is an | E| x | V| matrix which indicates
the relationship between nodes and links.

{1 link e, is incident on node v,
i

0 otherwise
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It is easily known that the sum of each row in matrix S
equals two because each link consists of two nodes,
namely,

< |E|

Definition 5 | V| x | K| matrix A™* is a channel
assignment matrix which represents the channel assignment
to nodes.

A node __

{1 channl k; is assigned to node v,
ij

0 otherwise

Note that one node may belong to more than one link.
Hence, several channels may be assigned to one node.

Proposition 1 Through A"™ and S, we can obtain A
IEI|

IfY S, xA" =
h=1

nodu

d . s
1, A?,.” = 1, otherwise A,."].” =0.

Proof 1) Sufficient condition If A""Gle =1,
Je, € E satisfying S,, =1 and A, =1; namely, there is at

least one link incident on node v, and the link works on
IE|

channel k,. So we have 2 S ,”A“"k =

there exists

2) Necessary condition If A;’,”de =0, there exists Ve, e

E satisfying §,, =1 and A:i"k =0; namely, any link incident
1E|

on node v; does not occupy channel k;. So we have z S, %
=1

A =0<1.
Definition 6 |V| x |V| matrix P represents
potential interference nodes, namely neighbor matrix.

node

Pnude _

{1 v, and v, are neighbors
y

0 otherwise

When data are transmitted from node u to node v on channel
k, we should know v’s neighbors which work on channel k
simultaneously. Thus, the real interference node matrix is
defined.

Definition 7 The set of the real interference nodes of
node v is defined as V' , which interferes with the data

uv?

transmission on link (u, v) using channel k;.
Vi, ={v, e VIPY* =1 NAY* =1}

Definition 8 L is a | V| x | V| matrix and L(u, v)
represents the signal level received by node v from u.

Obviously, each link should be assigned no more than
one channel. Therefore, here comes the connectivity
constraints. We assign no channel to a few links in order to
avoid severe local interference, but our objective is to
guarantee connectivity as far as possible.

1K

link .
YAr<s1l 1sis
i=1

Our second constraint is a radio constraint which assures
the number of different channels assigned to any node is no
more than the number of radios equipped in that node.
According to A™* in Definition 5, we can formulate radio
constraints. Suppose that v, is equipped with R, radios, the
constraints can be expressed as

|E|

1K1

ZA:ljode < Ri 1 $‘]
j=1

Our final constraint is the STC in Definition 2. A packet
sent along link e, = (u, v) (in either direction) is correctly
received if and only if

< |K|

SINR, =A,, SINR, =), Ve =(u,v) eEkekA™=1

There are many feasible channel assignments to satisfy the
above conditions. We select one of them according to our
criteria. In this paper, our objective is to maximize the

network capacity. Finally, with the above definitions and

conditions, the static channel assignment model is proposed
as follows:
i L(u,v
max Y wig[1+ =LY M
~ N, + Y L(x,v)
" . xeV,—{u}
5. t. YA <1l 1<i< |E|
¥
Y AP <R, 1<j< |K]| (2)
j=1
Ai}“k=00rl l<i< |El;1<j< |K|
(2
link
» 1 ; SAL =1
Aij = 1E| (3)
0 z SMA]mk _
SINR,, = A, SINR‘,, A,
Ve, = (u,v) € E; k, € K; Aj;“k =1 (4)

Based on the above traffic-aware channel assignment
model, the implementation of the TASC algorithm is
discussed in next section.

3.3 Implementation of TASC algorithm

Algorithm 1 TASC
Input: Vis a set of all nodes; E is a set of all links; K is
a set of all channels; E’ is a set of current links; K’ is a set
of current channels; S is a matrix indicating the relationship
between nodes and links; A is the minimum signal-to-
interference-plus-noise ratio of each node; max is the
current maximum of the objective value; A, is the channel
assignment when the objective value is maximum; A, is
the current channel assignment matrix.
Output: A"™is the final channel assignment matrix.
//When all links are assigned channel
If (E'==()
//1If constraint conditions are satisfied,
value is calculated
If (Eq. (2) = =TRUE &% Eq. (3) = = TRUE && Eq.
(4) = =TRUE)
//Current maximum target value is larger than max,
then update max and A
If (MAX(Eq. (1)) > max)
Ay = A s max = MAX(Eg. (1))
End if;
End if
End if
e =next link in E’

then the target
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If (K'==0)

//Finish channel assignment on current link and start
on next link.

Execute TASC(V, E, K, E' - {e}, K, S, V,, max,

A Agren)
Else
K' = K; //Reinitialize K’
For ke K
// Assign channel k to link e
A (e, k) =1
// Assign each available channel to current link
Execute TASC(V, E, K, E', K' - {k}, S, V,
max, A, Agren) s
End for
End if

The complexity of the TASC is O( |VI|K] |2 ‘), which
is acceptable since the algorithm is run on the isolated
powerful server, and the result of the channel assignment is
disseminated to every mesh node.

4 Simulation Results

In this section, we present the effect of the TASC on the
capacity growth in WMNs for regular grid topologies and
compare the results with another channel assignment solution
(IQPSCA™ ) under the protocol interference model. In
addition, the relationship between the radio number of nodes
and the network capacity is also presented. We simulate a
backbone network with a 3 x 3 grid topology in the
experiments, which can be extended to more nodes easily.

Experiment 1 Comparison of maximum channel capacity

Fig. 1 shows the IQPSCA channel assignment in a 3 x 3
grid topology, in which each node is equipped with two
radios and there are three available orthogonal channels. As
seen in Fig. 1, links e,, e¢,, e, and e, interfer with each
other. It seems that the four links increase the level of
network connectivity. But in fact, the local severe collision
deteriorates the overall communication and finally none of
them can succeed in decoding signals. In Fig.2, we present
the channel assignment result of the TASC in the same grid
topology under the physical interference model ( Links to
which channels are not assigned are eliminated). The links
(v,,vs) and (vs, v,) are cut off, that is to say, both of
them occupy no channel and traffic flows detour links (v,,
vs) and (vs, v¢). As a result, the interference to node v; is
decreased greatly and the SINR value of vy increases. The
aggregating capacity of Fig. 1 is 145.017 5 Mbit/s, while

that of Fig. 2 is 198.328 1 Mbit/s. The aggregating capacity
of WMNs is increased to 136. 761 4% as a result of the
lower interference.

In addition, in Fig. 3, we comparatively measure the
maximum capacity of a 3 x 3 grid network topology, in
which each mesh node is equipped with three radios.
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The IQPSCA algorithm has a lower performance than the
TASC when there are fewer available channels because its
interference model underestimates accumulative interference.
With the increase in available channels, the IQPSCA catches
up with the TASC due to the decrease in accumulative
interference.

Experiment 2  Study of the numbers of radios

The number of radios is another hot research point in
multi-radio multi-channel WMNSs. It seems better to provide
as many radios for a node as possible to engage more
orthogonal channels. However, it is not the truth. Too
many radios may cause overuse of channels and interference
will be increased. In fact, the number of radios is related to
the number of orthogonal channels. For example, in Fig. 4,
each node is equipped with three radios and there are five

e /ks N e,/ ks
® ©, ®
es/k, e,/ ky es/k,
Nk N ek
® &) O,
eg/ky eg/ ky e/ky

Fig. 1

IQPSCA result
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Fig.4 TASC result with three radios
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available orthogonal channels in the network. Only node v,
and v, make full use of three radios and other nodes only use
two radios. Therefore, we can see that it is enough that
each node is equipped with three radios in this situation.

The maximum capacity vs. the number of radios is shown
in Fig. 5. As |K| =1, one radio per node is sufficient.
When \K \ =2,3,4, two radios per node is enough. When
\ K \ =5,6,7, three radios is needed for each node. And if
| K| =8, each node needs to be equipped with four radios.
Therefore, the waste of radio resources can be avoided by
the TASC algorithm.
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Fig.5 Maximum capacity vs. radios number
5 Conclusion

In this paper, a static channel assignment algorithm for
multi-radio multi-channel WMNSs, which utilizes the integer
linear plan method to improve network capacity, is
proposed. Our simulation results show that the benefits
obtained by considering the radio and connectivity
constraints under the physical interference model are more
practical and more realistic. In the future, we will
concentrate on the reliable static channel assignment
algorithm and the dynamic channel assignment algorithm.
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