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Abstract— In this paper, we analyze the blocking performance
of a channel assignment scheme in a multi-channel wireless
line network. We assume that the existing calls in the network
may be rearranged on different channels to accommodate an
incoming call. The analysis is limited to single-hop calls with
different transmission ranges. Through extensive simulations,
we demonstrate that the developed analytical model closely
approximates the values obtained through simulations.

I. INTRODUCTION

A wireless mesh network (WMN) is a densely deployed
multi-hop wireless network [1]. All nodes in the network
have routing capabilities and are connected to each other
(via multiple hops if destination node is not present in the
communication range of the source node). These nodes are
generally not mobile and therefore topology changes are not
frequent. Due to the high connectivity and static nature,
WMNs offer a resilient and flexible wireless infrastructure.
WMNs have a wide area of applications, including PORTAL,
public internet access, video streaming, and underground min-
ing [1], [2], [3], [4]. These networks are self-organizing in
nature and can reconfigure themselves in case of a failure of a
node. WMNs provide low-cost scalable networks and support
broadband data. Recently, WMNs have gained attention due
to advancements in the field of smart antennas and software-
controlled radio transceivers.

The scarcity of wireless bandwidth is a major motivation to
achieve efficient bandwidth utilization. To improve throughput
of a WMN, nodes may be equipped with multiple wireless
interface cards to allow simultaneous transmission/reception
over orthogonal channels. Such networks are referred to as
multi-channel wireless mesh networks (MC-WMNs). The op-
eration of such MC-WMNs typically involves identifying a
free channel for a call from a given source to destination.
The channel utilization in the network may be improved
by employing efficient channel assignment strategies. The
major factor that affects channel utilization is the interference
constraint — i.e., a node may not receive on the same channel
from two different nodes; and a node may not transmit and
receive on the same channel at any time.

Various channel assignment schemes have been proposed in
the literature for WMNs employing omnidirectional antennas.
For a given set of calls and traffic load information, the
channel assignment problem may be mapped to the Distance-2

coloring! problem [5], [6], [7], [8], [9], [10], [11] with a con-
straint on the number of transceivers at each node. Distance-2
coloring problem is a well known NP-hard problem. Various
approximation algorithms and heuristics have been developed
for the channel assignment in above networks with differ-
ent objectives, such as minimizing interference, maximizing
throughput, and minimizing the number of channels required.
In [12], the authors adopt an approach based on balanced
incomplete block design to assign channels for each interface
card such that the communication network is 2-edge-connected
and the interference is minimum. In [13], the authors develop
a heuristic based on random channel assignment policy for
channel assignment in a distributed manner while maintaining
connectivity of the network.

The capacity of the network can be improved further by
employing directional antennas [14], [15], [16]. Directional
antenna provides spatial separation between transmissions and
increases spatial reuse. In [17], [18], the authors map the prob-
lem of channel assignment/link scheduling with directional
antenna to the edge-coloring problem, i.e., the problem to color
the edges of a graph such that no two adjacent edges share
the same color.

In this paper, we consider the rearrangement channel as-
signment scheme in MC-WMNs. Rearrangement channel as-
signment scheme accepts a call if resources are available, even
if it requires rearrangement of channels for existing calls. It
was first proposed in [19] in the context of cellular networks
as maximum packing scheme. In [20], Zafer et. al. analyze
the rearrangement scheme for a single channel wireless line
network employing omnidirectional antennas. They develop an
analytical model to evaluate blocking probability and study the
impact of transmission range and hop length. However, their
model is restricted to a single-channel network.

In this paper, we develop an analytical model for channel
assignment with rearrangement in multi-channel wireless line
networks. We model the effect of both directional and om-
nidirectional antennas for multiple channels. We evaluate the
effectiveness of the developed analytical model by comparing
the results to those obtained using simulations. The rest of the
paper is organized as follows. In Section II, we explain the
network model and interference constraints when employing

IThe problem of coloring the vertices/edges of a graph such that no two
vertices/edges of at most two hops away from each other share the same color.



omnidirectional and directional antennas. In Section III, we
explain the rearrangement channel assignment scheme and de-
velop the necessary and sufficient condition that guarantees a
valid channel assignment under this scheme for a line network.
In Section IV, we analyze the blocking probability of a call
in multi-channel line networks employing omnidirectional and
directional antennas. Section V demonstrates the effectiveness
of the developed analytical model. We conclude the paper in
Section VI.

II. SYSTEM MODEL

Consider a multi-channel wireless line network where nodes
are placed along the x-axis on integer coordinates. Assume
that the nodes are numbered using integers corresponding to
its x-coordinate and that there are countably infinite number of
nodes in the network. Let C' denote the number of orthogonal
channels in the network. Every node is assumed to be equipped
with C' transceivers. The transmission and interference range
of every node is assumed to be R units.

We consider two scenarios where all the nodes in the
network employ either: (a) omnidirectional antennas; or (b)
directional antennas. In case of nodes employing omnidirec-
tional antenna with a transmission range of R, the transmission
of node 7 on channel c is received by node j if and only if:
(1) |7 —i]| < R; and (2) no node in the range [j — R, j + R)
(including node j) transmits on channel c. In case of nodes
employing directional antenna with a transmission range of
R, the transmission of node ¢ on channel ¢ directed along
the positive x-axis is received by node j if and only if: (1)
1 <j—1i < R;(2) no node in the range [j — R, j] transmits
on channel c along the positive x-axis; and (3) no node in the
range [j,j + R] transmits on channel ¢ along the negative
x-axis. Similarly, the transmission of node 7 on channel c
directed along the negative x-axis is received by node j if
and only if: (1)1 < i —j < R; (2) no node in the range
[4,7 + R] transmits on channel ¢ along the negative x-axis;
and (3) no node in the range [j — R, j] transmits on channel
c along the positive x-axis.

We assume that the call arrival process at a node follows
a Poisson process with rate A and the holding time follows
an exponential distribution with rate p. Let p = A/u. A call
originating at node ¢ is assumed to be always destined to node
1+ R (single-hop calls). Every call requires one channel worth
of bandwidth. The calls are assumed to be bidirectional and
the source and destination share the channel assigned by the
channel assignment algorithm to communicate with each other.
We assume that there can be multiple calls established between
a source and destination, however they have to be assigned
distinct channels.

III. REARRANGEMENT CHANNEL ASSIGNMENT

Given the network status (the channels assigned to calls
in progress), and a new call request that arrives at node ¢,
the objective is to compute if a channel can be assigned to
the call or not without violating the interference constraints.
In order to improve the efficiency of channel assignment, we

assume that the existing calls may be rearranged (to different
channels) in order to accommodate the new call.

Assume that a new call request arrives at node ¢ at some
time instant. Let X; denote the number of calls originated at
node j that are in progress at that time instant. In the following
sections, we derive the necessary and sufficient conditions on
the network status to accommodate a new call originating at
node ¢ when the nodes employ omnidirectional and directional
antennas.

A. Employing omnidirectional antennas

The call requires a channel to be assigned to enable nodes 4
and 7 + R to communicate with each other. Let V}, denote the
sum of the calls originating from nodes in the range [k, k+2R],
computed as:

k+2R

Vi= > X, )
i=k

We refer to the set of nodes involved in the computation
of Vi as a “V-window” starting at node k. Observe that every
call originating within a V-window must be assigned a unique
channel for the calls to be successful. It may be shown that
a channel for the new call request at node ¢ may be assigned
by rearranging the existing calls if the following condition is
satisfied.

Vi < C, Vke {i—2R,i}, )

The above condition implies that for every V-window that
includes the new call request, total calls originating from nodes
in the V-window should be less than C. For example, when
R =1, the size of a V-window is 3. Therefore, for a new call
originating at node ¢, we require V;_o, V;_1, and V; each to
be less than C.

Note that the above is a necessary condition. However, we
may show that is also sufficient through induction. We observe
that in any V-window, the number of calls originating is always
less than C'. If we consider two consecutive V-windows, say
Vi and Vi1, the channels used by node & may be reused
by node k 4+ 2R + 1. As the total number of calls in any V-
window remains below C, there is always sufficient number
of channels available to assign for calls originating from node
k+ 2R + 1. By applying the above argument over successive
V-windows, it may be shown that the above condition is also
sufficient.

B. Employing directional antennas
Let W} denote the sum of the calls originating from nodes
in the range [k, k + R], computed as:

k+R

Wi=>_ X, 3)
j=k

We refer to the set of nodes involved in the computation of
Wi as a “W-window” starting from node k. Again, observe



that every call originating within a W-window must be as-
signed a unique channel for them to be successful. It may be
shown that a channel for the new call request at node i may
be assigned by rearranging the existing calls if the following
condition is satisfied.

Wi < C, Vke{i—R,i} )

For example, when R = 1, the size of a W-window is 2.
Therefore, for a new call originating at node i, we require
W;_1 and W; each to be less than C.

The proof of the necessity and sufficiency of the above
condition is similar to that of the omnidirectional antenna
scenario with only the size of the window changed from 2R+1
to R+ 1.

IV. BLOCKING PROBABILITY ANALYSIS FOR
REARRANGEMENT CHANNEL ASSIGNMENT

In this section, we develop the analytical model to compute
the blocking probability of a call under channel assignment
policy with rearrangement in a line network employing omni-
directional and directional antennas.

A. Employing omnidirectional antennas

To compute the blocking probability of a call request that
arrives at node ¢ at a time instant, we compute the probability
that the necessary and sufficient condition as specified in
Equation 2 is not satisfied. In order to compute this probability,
we compute several joint and conditional probabilities as
below.

Consider two consecutive V-windows starting from nodes k
and k+ 1. We seek to compute P[Vj41 = vp41|Vi = vi]. Let
Y = Vi, — Xi. The joint distribution of X and Yj, may be
viewed as a 2-dimensional Markov Chain and the steady-state
joint distribution P(X%,Y}) may be obtained as below.

1 p*(2Rp)¥*

(Xk = ok, Yi = i) a. oyl S
where 0 < zp, < C, and 0 < y, < C — z. G, denotes the
normalization constant given by:

C C—xp,

Go=D_ D,

wk:O yk:O

p*(2Rp)¥"
plyg!

(6)

From the above joint probability, P(V}, = vy) is computed as:

Vg

P(Vi=v) = Y P(Xy=ap, Yy =vp—ai) ()

=0
P(X}, = xp) and P(Y}, = y) are computed as:
C—xp
P(Xk:l‘k): Z P(Xk:l‘k,yk:yk) (8)

Y =0
C—yk
P(Yi=yr) = > P(Xp =Y =) 9

:Ek:()

The conditional probability P (Y = yx|Vi = vi) is computed

as:

P(Xy = vk — Yk, Y& = Yr)
PV, = vi)

The conditional probability P(X}, = xx|Yx = yx) is computed

as:

P(Ye = yn|Vi = vx) =

(10)

P(Xy = x5, Y = yi)
P(Yy, = yi)
From the above probabilities, we compute the conditional
probability of the number of calls originating in one condi-
tional window given the number of calls originating in the
previous window as:
P(Vi1 = vp41|Vi = vi) =

P(Xy = 2|V = ) = (11)

Vi

> P(Yi = yilVi = vk) P(Xhport1 = vker — Yk Ve = ur)
ye=0
(12)

Due to the symmetrical nature of the network, it is reason-
able to assume that the distribution of X}, is identical for all
k. Therefore, the above probability may be re-written as:
P(Viy1 = vp1|Vie = vp) =

Vi

> P(Yi = gi|Vi = vk) P(Xy, = o1 — [V = i) (13)

yr=0

From the above conditional probability, we compute the
steady-state distribution of the number of calls in a V-window,
denoted by # = (mg,71,...,7c), where 7. denotes the
steady-state probability that Vi, = ¢,0 < ¢ < C. The
steady-state probability distribution is obtained by solving the
equations TP (Vi1 = vk41|Vk = vg) = 7 and ZS:O Te = 1.

Now we derive the probability that no call originating in
a V-window is blocked given that no call originating in the
previous window is blocked. It may be written as:

P(Viy1 < ClVip < C)
c-1
= ZP(szvk|Vk<C>P(Vk+1<C‘V}€=Uk)

= P(Vk:vk|Vk<C’)><

P(Vig1 = vp1|Vie = vi)
1-P(Vp,=0C)

P(Vig1 = Vg1 |Vie = vi)

Note that due to the symmetry of the network, we may
assume that all of the above derived probabilities are identical
for any value of k. From the above probabilities, we may
compute the probability that Equation 2, denoted by P, is
satisfied is given by:

(14)

i—1

T(Viear < C) [[ P(Virs <CIVi <)
k=i—2R

= 7(Vi_gr < O)P(Vipr < C|Vi < O)?1

Rso =

5)



The blocking probability for the line networks employing
omnidirectional antennas is given by:

Ppo =1 P, (16)

B. Employing directional antennas

In case of directional antennas, for any given call request
between a source node s and destination node d, it is sufficient
to satisfy Equation 4 for R 4 1 consecutive W-windows. Let
Zy, = Wy, — X},. The steady-state joint distribution P(Xy, Zj)
may be given as below:

1 (Rp)*
Gq

where 0 < xp, < C, and 0 < 2z, < C — 2. G4 denotes the
normalization constant given by:

P(Xk = a:k,Zk = Zk) = (17)

xk'zk'

P (Bp)

(18)
xk'zk'

Along the same line as for the omnidirectional case, the
probability that satisfies Equation 4, denoted by P4, may be
written as:

1—1

TWiir <C) [[ PWii <CWi <C)
k=i—R

= 7(Wi_g < C)P(Wyy1 < C|W,, < C)E

Psd

19)

The blocking probability for the line network employing
directional antennas is given by:

Py =1— Pgy. (20)

V. PERFORMANCE EVALUATION

We evaluate the effectiveness of the developed analytical
model by comparing the blocking probability of a call obtained
using the analytical model with that of simulation. We consider
a 50-node line network and evaluate the blocking performance
by varing the call arrival rate and the transmission range of
the nodes. We assume that the nodes have sufficient number
of transceivers as necessary, hence there is no blocking due to
transceiver unavailability.

For a given call request from node s, we check if conditions
specified in Equations 2 for i € {s — 2R, ....,s} and 4 for
1 € {s—R,...., s} for the networks employing omnidirectional
and directional antennas, respectively. If it is satisfied, the call
is accepted otherwise it is blocked. To remove the end effects
of the line network, we consider only the blocking of calls
originating from nodes 16 to 34 in the network.

Figure 1 shows the blocking probability versus call carrival
rate for the considered line network when C=1 and transmis-
sion range varying from 1 to 3 units. The analytical model
approximates the blocking probability very close to the actual
simulated values for varying transmission ranges. The model
provides efficient approximation even if number of channels

increases. Figure 2 shows the blocking probability for 10
channels and transmission ranges 1, 2, and 3.

As expected, the employment of directional antenna reduces
the blocking probability. The gain in blocking probability due
to directional antenna increases with the number of channels
available in the network. It can be seen in Figure 2 that for
average load of 1, the difference in blocking probability is
more than an order of magnitude.

VI. CONCLUSION

In this paper, we analyze rearrangement channel assignment
policy in a multi-channel wireless line network. We considered
networks employing omnidirectional antennas as well as direc-
tional antennas. We showed through simulations that the ana-
lytical model approximates very well to the simulated blocking
probability for single channel as well as multiple channels. We
also showed that the blocking probability is reduced employing
directional antenna. In addition, the blocking probability of a
call decreases signficantly as the number of channels in the
network increases.

In this paper, we assumed that the interference range is the
same as transmission range. However, in practice, the former
is larger than the latter. In addition, the analysis presented in
this paper is restricted to single-hop calls. In practice, calls
may be routed over multiple hops. In such scenarios, the
channel assignement for calls will have to be distinct over three
and two successive hops for omindirectional and directional
anntenna scenarios, respectively. As part of the future work,
we plan to extend the developed analytical model to account
for the above practical aspects.
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