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Abstract—Multihop cellular networks (MCNs) enhance the capacity and coverage and alleviate the dead-spot and hot-spot problems
of cellular networks. They also allow faster and cheaper deployment of cellular networks. A fundamental issue of these networks is
packet delay because multihop relaying for signals is involved. An effective channel assignment is the key to reducing delay. In this
paper, we propose an optimal and a heuristic channel assignment scheme, called OCA and minimum slot waiting first (MSWF),
respectively, for a time division duplex (TDD) wideband code division multiple access (W-CDMA) MCN. OCA provides an optimal
solution in minimizing packet delay and can be used as an unbiased or benchmark tool for comparison among different network
conditions or networking schemes. However, OCA is computationally expensive and, thus, inefficient for large real-time channel
assignment problem. In this case, MSWF is more appropriate. Simulation results show that MSWF achieves on average 95 percent of
the delay performance of OCA and is effective in achieving high throughput and low packet delay in conditions of different cell sizes.
Index Terms—Multihop, TDD, CDMA, multihop, cellular networks, optimal, heuristic, channel assignment, QoS.
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INTRODUCTION

recent years, contributed by the advancements in
cellular technology, high-quality voice communications
and high-speed multimedia data services have become
affordable. The number of mobile subscribers continues to
grow and more cellular capacity is needed to fulfill the
expected high demands in near future. However, frequency
spectrum is limited. Therefore, utilization of radio resource
is of utmost important.
A simple way to increase the utilization of the radio
resource or enhance the cellular capacity is to divide large
cells into many small cells. Each cell reuses the channel
(frequency, time-slot, code). In a code division multiple
access (CDMA) cellular system, such as second generation
(2G) CDMA or third generation (3G) wideband code
division multiple access (W-CDMA) system, a small cell
size allows a high interference margin [7] to encounter
higher noise level and, thus, a high data rate (or capacity) can
be achieved. The trade-off is that more base stations (BSs) are
needed to be deployed to provide a large coverage.
Obviously, this solution is costly in terms of infrastructure and administration cost. In addition, the solution does
not guarantee network access in areas known as dead spots
where there is strong shadowing. To provide coverage in
these areas, extra BSs or relay stations may be needed. This
again increases the infrastructure and operating cost. In
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addition, if the traffic demand is not high or the number of
users is small in these areas, installing extra BSs or relay
stations is not cost-effective. Furthermore, in a 3G system,
various classes of services with a wide range of data rates
are provided. Traffic patterns in these networks could be
highly dynamic and congested areas, known as hot spots,
may surface anytime, anywhere. This further reduces the
cost-effectiveness of installing more BSs.
Several recent proposals [1], [2], [5], [8], [16], and [19] look
at multihop cellular networks (MCNs), which are designed
based on the idea of using mobile and/or fixed terminals to
relay signals from source nodes to BSs or destination nodes.
In this way, a small cell size or shorter transmission range
can be used to enhance the cell or system capacity [15], and
relaying nodes maintain or even extend the coverage.
Opportunity driven multiple access (ODMA) [2], a predecessor of the current MCN proposal for the 3G Universal
Mobile Telecommunications System (UMTS) [7], is designed
based on this idea. In ODMA, a long-range transmission is
divided into multiple short-range transmissions, which are
relayed through intermediate relaying nodes to reduce the
interference and, thus, enhance the capacity. Dead-spot and
hot-spot problems can also be alleviated by relaying signals
from dead spots to the BS and from hot spots to neighboring
noncongested cells. In addition, no additional BSs are
required. These networks allow fast deployment at low cost.
A discussion on the economic considerations on the
deployment of MCNs can be found in [11]. Although MCNs
have many advantages, they also bring along a number of
challenges. The most prominent of which is increased packet
delay due to multihop relaying and the need for efficient
routing protocols.
In this paper, we propose channel assignment schemes
for MCNs with objective of minimizing packet delay. To
this end, we devise an optimal channel assignment scheme,
called OCA, and a heuristic channel assignment scheme,
Published by the IEEE CS, CASS, ComSoc, IES, & SPS
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called minimum slot waiting first (MSWF) to minimize the
packet delay in a time division duplex (TDD) W-CDMA
MCN. OCA provides an optimal channel assignment which
guarantees minimum delay in the networks and can be
used as an unbiased or benchmark tool to study the
performance of different network conditions and networking schemes. However, like most optimal schemes, OCA,
though an essential benchmark, is computationally expensive and may be inefficient for a large real-time problem. In
this case, MSWF, an efficient and effective heuristic scheme,
is a better alternative. Simulation results show that MSWF
achieves on average 95 percent of the delay performance of
the optimal solution obtained by using OCA and is effective
at different cell sizes, achieving high throughout and low
packet delay.
The paper is organized as follows: In the next section, we
discuss some related work in channel assignment. In
Section 3, we examine the channel assignment and delay
components for TDD W-CDMA MCN. We discuss the design
goals of a good channel assignment scheme and the ways to
achieve these goals. In Section 4, we present the OCA and
MSWF schemes. In Section 5, a simulation model for studying
the performance of MSWF with respect to OCA and a singlehop case is presented. The simulation results are discussed.

2

RELATED WORK

Given a limited number of channels, the goal of channel
assignment is to reuse the channels to maximize the
utilization of radio resources. In the literature, the
objectives of channel assignment in different contexts are
slightly different.
In reference [6], the goal of channel assignment is to
maximize channel (frequency) reuse among cells in a cellular
system. Channels or frequencies can be reused among cells
as long as the distance among those cells is sufficiently large
such that the signal interference level does not exceed the
required level. The task is to assign a minimum number of
channels to every requested call such that interference
constraints are satisfied. This is a classical channel assignment problem (CAP) [6] which is NP-Complete. The authors
provide a genetic algorithm to solve this problem.
In reference [13], the channel assignment problem is a
switching point problem. A switching point is a position in
a transmission frame at which the transmission direction
reverses. For example, an uplink transmission direction is
changed to a downlink transmission direction and vice
versa. In an asymmetrical transmission TDD-CDMA system, improper switching point assignment may cause
interference which degrades the uplink and/or downlink
capacity. Three channel allocation schemes, fixed channel
allocation (FCA), dynamic channel allocation (DCA), and
DCA with adaptive switching point (DCA-ASP), are
discussed. Both FCA and DCA consider only a single
switching point in a transmission frame only. The switching
point is set and fixed when the system is initialized. FCA
assigns channels randomly to each connection without
considering the channel quality. DCA assigns channels to
each connection based on the channel quality. DCA-ASP
[13] supports the movement of multiple switching points to
dynamically adjust the bandwidth to suit the traffic for
uplink and downlink.
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In MCN, the channel assignment problem is more
challenging as source nodes may communicate with the
BS directly or indirectly through other intermediate
relaying nodes. These relaying nodes can also be source
nodes. Each node can be considered as a tiny cell
providing coverage for their neighbors and may also be
under the coverage of its neighbors. Channel assignment
in these networks involves assigning channels to the tiny
cells and the big cell. The tiny cells interact and interfere
with each other.
To avoid handling the channel assignment issue, some
MCN proposals, such as MCN-p [8], use contention-based
medium access scheme, such as 802.11 Medium Access
Control (MAC) protocol. In this case, channel assignment
for individual node is not necessary as all mobile nodes
contend the transmission medium for signal transmissions.
Although channel assignment is not needed, the overhead
of the scheme due to medium contention increases and the
quality of service in terms of packet delay and data rate is
difficult to be assured.
Recently, several channel assignment schemes were
proposed for some MCN architectures in which contention-free medium access schemes are used. Although a
contention-free access scheme provides a better assurance
of quality of service, improper channel assignment would
greatly reduce system performance in terms of throughput
and packet delay.
In reference [21], two dynamic multihop time-slot
allocation schemes, dynamic switching point with multihop
(DSPM) and maximum interference first (MIF), for a TDDCDMA system are proposed. DSPM assigns time-slots to
mobile nodes in a first-come-first-service basis whereas MIF
assigns time-slots to the mobile nodes based on the energy
bit to noise ratio (Eb =N0 ) requirements with maximum date
rate. The multihop network architecture consists of six
relaying stations located equally apart from each other at a
distance surrounding the BS. Results show that DSPM
increases the data rate for a single user whereas MIF
increases the overall system throughput.
In reference [9], a clustered MCN (cMCN) with a fixed
channel assignment is proposed. In cMCN, a macrocell is
divided into seven microcells, one center microcell, and six
virtual microcells around the center microcell. Each microcell is allocated a fixed set of channels. Each virtual
microcell has a wireless dedicated information port (DIP)
to assign channel and select relaying path and relay stations
for mobile nodes. As the fixed channel assignment cannot
cope with temporal changes in the traffic pattern, the
authors proposed the multihop dynamic channel assignment (MDCA) [10]. MDCA assigns channels to mobile
nodes based on the interference condition of the channels in
a cell with respect to the other interfering cells. The idea is
to maximize the channel availability of the system. Results
show that MDCA performs better than the fixed channel
assignment in terms of system capacity.
In reference [16], the Ad hoc cellular (A-Cell) relay
architecture was proposed for 3G W-CDMA. In A-Cell,
directional antennas are used to increase spatial reuse and
reduce interference and power consumption, and Global
Positioning System (GPS) is used to facilitate routing [20].
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Very few channel assignment schemes were designed for
A-Cell except the A-Cell Channel Assignment (ACA) [17],
Delay-Sensitive Slot Assignment (DSSA) [3], and random
slot assignment (RSA) [3]. ACA [17] is formulated as a
linear optimization problem to optimize the channel reuse
in A-Cell. However, it does not address the packet delay
issue. DSSA is a heuristic channel assignment scheme
designed based on ACA to take into account packet delay.
However, it applies only to an omnidirectional antennas
environment, but not to a directional antennas environment. RSA is similar to DSSA except that channels or timeslots are assigned randomly. Obviously, RSA cannot
guarantee minimum delay. In fact, simulation results show
that RSA has a lower performance than that of DSSA in
terms of throughput and packet delay [3].
The aforementioned schemes are diverse in terms of
network architecture, channel assignment models, medium
access technologies, and/or the issues to address. In this
paper, we focus on the channel reuse and delay issues in
TDD CDMA MCNs, where nodes are equipped with
directional antennas.

3

CHANNEL ASSIGNMENT MODEL

In this section, we present a model for the channel
assignment in a TDD W-CDMA MCN environment. We
begin with the discussion of the channel assignment and
channel conflicts in these networks. Then, we describe the
main delay component, relaying delay. Finally, we discuss
the design goals of a good channel assignment scheme.
Note that this model is applicable to TDD CDMA or TDD
TDMA MCN as they are special cases of TDD W-CDMA
MCN system.

3.1 Channel Assignment Model
Fig. 1 illustrates a typical scenario of channel assignment in
a TDD W-CDMA MCN environment in which directional
antennas are used. A channel ch is represented by the pair
(time-slot t, code c). When a source node makes a call
request, a relaying path is set up to relay signals for the call.
A call can be considered as a connection, traffic flow, or
session. Each node on the path is assigned a channel for the
connection. To model an initiation point of a connection in a
source node, we define a virtual point, called source point s.
A source node may have several source points, each point
for a different connection. For example, in Fig. 1, source
node F has two source point s5 and s6 . Each connection is
relayed by a relay point r on each relaying node on a
relaying path. A relaying node may have several relaying
points; each relaying point relays a connection. A relaying
node can be a source node itself. For example, source
node A is also a relaying node. A mobile node may choose
to relay or not to relay signals for other nodes. For example,
node B chooses not to relay signals for node C. Thus, node C
has to send its signals to the BS directly. As the transmission
range of the BS could be larger than the relaying range of
mobile nodes, single-hop long-range communications and
multihop short-range communications may coexist inside a
cell. This model is applicable to omnidirectional antennas
cases by changing the angular transmission zones of the
mobile nodes to circular transmission zones.

Fig. 1. Topology and channel assignment in an MCN environment with
directional antennas.

3.2 Channel Conflicts
When assigning a channel to a connection of a mobile node,
channel conflicts need to be avoided. We define two types
of channel conflicts in this environment:
.

Cochannel conflict.
Case 1: When a relaying node receives signals
from more than one transmitting node, the channels
of the transmitting nodes must be different; otherwise, signal collisions occur. For example, in Fig. 1,
node G is receiving signals from node F and I. Then,
channels (ch8 and ch10 ) that are assigned to node F
have to be different from channels (ch12 and ch15 )
that are assigned to node I.
Case 2: When a receiving node is within the
transmission zone of another transmitting node, the
receiving channels of the receiving node have to
be different from the transmitting channels of the
transmitting node; otherwise, signal collisions occur.
For example, node A is in the transmission zone of
node I. Then, channel ch3 that is assigned to node B
for receiving node A and channels (ch12 and ch15 )
that are assigned to node I must be different.
Case 3: A source node or relay node may serve
several connections simultaneously. Each connection
must be assigned a different channel. For example,
channels (ch8 and ch10 ) that are assigned to node F
have to be different from each other. Also, channels
(ch7 , ch9 , ch11 , and ch14 ) of node G must be different.
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2.

Fig. 2. Time-slot waiting time (relaying delay) at relaying nodes in a TDD
MCN environment.

.

Co-time-slot conflict. A node cannot physically receive
and transmit data on the same time-slot using the
same frequency. Assigning a channel to the current
node with the same time-slot as that of the channel of
the next-hop node would cause packet loss because
the next-hop node is simply not able to receive the
packet. For example, in Fig. 1, the time-slots of
the channels (ch7 , ch9 , ch11 , and ch14 ) that are assigned
to node G have to be different from the time-slots of
the channels (ch8 , ch10 , ch12 , and ch15 ) that are
assigned to node F and node I; otherwise, node G
cannot receive the signals from node F and I.

3.3 Relaying Delay
One fundamental issue in MCN is packet delay because
multihop relaying increases delay. In a TDD MCN
environment, the packet delay consists of four components:
packet delay and time-slot waiting time at the source node,
packet transmission time, packet propagation time, and
time-slot waiting time at relaying nodes (see Fig. 2). Among
them, the time-slot waiting time of a packet at the relaying
nodes, which we call relaying delay, significantly affects the
packet delay. When a packet arrives at a relaying node, it
has to wait for its time-slot allocated for transmission. The
delay at each hop is accumulated along the path. Thus,
improper time-slot assignment significantly increases the
delay especially when the number of hops of a path is large.
Thus, an effective channel assignment scheme is important
to reduce or minimize the delay.
3.4 Design Goals of Channel Assignment
Before presenting our channel assignment schemes, we
examine the design goals of a good channel assignment
scheme for these networks and suggest ways to achieve
them. The design goals are:
1.

High throughput. As we mentioned in the previous
section, cochannel and/or co-time-slot conflicts
normally exist in these networks. These conflicts
need to be avoided; otherwise, signal collisions or

3.

4
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packet losses would occur and throughput would be
degraded. The throughput also depends on the
degree of channel reusability. By using some rules
and channel checking methods, the cochannel and
co-time-slot conflicts can be avoided and high
channel reusability can be achieved. These rules
and channel checking methods would be the major
components of a good channel assignment scheme.
Low packet delay. Multihopping induces the relaying delay on each hop on a route. A simple and
effective way to minimize the relaying delay is to
assign an immediate (consecutive) time-slot at the
relaying node for a packet that just arrives at that
node. This situation is similar to a perfectly
pipelined condition with the assumption that the
packet size is set such that the transmission and
propagation time is within one time-slot. For
example, in Fig. 2, the source node is assigned with
time-slot 4 and the next-hop relaying node is
assigned with time-slot 5. In this case, there is no
time-slot waiting time for the arrived packet at
relaying node a. The relaying delay is minimized
between these two nodes. However, in practice,
source nodes and relaying nodes interact or interfere
with each other. A perfectly pipelined condition for
all relaying paths may not be possible. An effective
channel assignment scheme helps achieve the best
pipelined condition and, thus, minimizes the delay.
Resilience to signal collision. Existing channel
assignment scheme, such as DSSA [3], uses neighborhood information of mobile nodes to check if
there are cochannel conflicts when assigning a
channel to a node. This strategy is applicable to
omnidirectional antennas MCN environment. When
directional antennas are used, this strategy is no
longer adequate in providing resilience to signal
collisions in these networks. A better and more
precise way of conflicting channel checking should
be based on the transmission zones of mobile nodes.
In fact, this strategy is applicable to both omnidirectional and directional antennas MCN environments.

CHANNEL ASSIGNMENT SCHEME

In this section, we present our optimal channel assignment
scheme, called OCA, and a heuristic scheme, called MSWF
for a TDD W-CDMA MCN. Both schemes are designed
based on the design goals described in the previous section.
The schemes reside and are executed in a network
controller, such as the radio network control (RNC) in the
3G UMTS [7]. Each network controller connects a number of
BSs. We assume RNC has the global information of the
position, data rate, route, and channel assignment of all
mobile nodes involved in communications.

4.1 Optimal Channel Assignment
Given a set of relaying paths, the task is to find a channel
assignment to minimize the total packet relaying delay
and to ensure that no signal collision, channel conflict, or
co-time-slot conflict occurs.
To solve this problem, we formulate the OCA scheme as
an Integer Linear Program as follows:
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Fig. 3. Virtual points for the relaying paths correspond to the topology in
Fig. 1.

An integer program for OCA. We start with the set of
relaying paths from source nodes to the BS found by the
routing algorithm deployed in the system. Let V be the set
of (virtual) points that determine the relaying paths such
that no two paths intersect except at the BS. Let S be the set
of source points, and R the set of relaying points such that
S [ R ¼ V , and let jSj ¼ n and jRj ¼ m. Several points from
set V may correspond to the same physical node. For
example, in Fig. 1, node A contains the source point s1 and
the relaying point r1 . Fig. 3 illustrates the relaying paths and
virtual points corresponding to the traffic flows in Fig. 1.
We consider the time-slot t and code c of a channel (t, c)
to be positive integers. Let T and C be the maximum
number of time-slots and codes that can be used by a
network node (BS or a mobile node) in the system. For
example, in the TDD mode of UMTS (WCDMA) [7], T ¼ 15
and C ¼ 16. To describe a channel assignment for the points
in V , we define two binary {0, 1} variables:

1; if u 2 V is assigned time-slot t;
xðu; tÞ ¼
0; otherwise;

yðu; cÞ ¼

1; if u 2 V is assigned code c;
0; otherwise:

To model the cochannel conflict phenomenon, we define
the collision graph G ¼ (V , E) whose vertex set is the set of
all source points and relaying points of mobile nodes that a
network controller manages. An edge in this graph exists
between two vertices u and v if and only if assigning the
same channel for transmission to both u and v leads to a
signal collision at some node a in the network (e.g., node G
in Fig. 1) or to cochannel conflict if u and v are virtual points
of the same node (e.g., node F in Fig. 1). Fig. 4 is a collision
graph corresponding to the scenario in Fig. 1. In Fig. 4, an
edge exists between s5 and r5 , s5 and r7 , s6 and r5 , s6 and r7 ,
s5 and s6 , and r5 and r7 , because of cochannel conflicts.
Similarly, we can model the co-time-slot conflict by using a
consecutive graph Gc ¼ (V , Ec ). The receiving time-slots of a
mobile node (i.e., the transmitting time-slots of a sender node
of this receiving node) have to be different from its
transmitting time-slots. An edge in this graph exists between
two vertices which are in two consecutive nodes, respectively, along a path (e.g., node F and G in Fig. 1). Fig. 5 is the

Fig. 4. Collision graph corresponds to the cochannel conflicting points in
Fig. 1.

consecutive graph for the network topology in Fig. 1. In Fig. 5,
an edge exists between s5 and r3 , s5 and r4 , s5 and r6 , and s5
and r8 . This is because the time-slot of the transmitting
channel ch8 of source point s5 of node F has to be different
from the time-slots of the transmitting channels ch7 , ch9 , ch11 ,
and ch14 of relaying point r3 , r4 , r6 , and r8 , respectively, of
node G (see Fig. 1).
We can now describe the linear constraints on variables
x(u, t) and y(u, c) used in our Integer Linear Programming
(ILP) formulation.
First, we enforce that exactly one channel (t, c) is
assigned to every source point or relaying point of a mobile
node represented by a vertex u in V :
X
X
xðu; tÞ ¼ 1;
yðu; cÞ ¼ 1; 8u 2 V :
ð1Þ
1tT

1cC

Given an edge (u, v) 2 E from the collision graph, we
have a valid channel assignment only if the vertices u and v
are not assigned the same channel. For all possible channels,
we can write,
xðu; tÞ þ xðv; tÞ þ yðu; cÞ þ yðv; cÞ  3;
8ðu; vÞ 2 E; 1  t  T ; 1  c  C:

ð2Þ

Fig. 5. Consecutive graph corresponds to the co-time-slot conflicting
points in Fig. 1.
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Given an edge (u, v) 2 Ec from the consecutive graph, we
have a valid channel assignment only if the vertices u and v
are not assigned the same time-slot. For all possible timeslots t, we can write,
xðu; tÞ þ xðv; tÞ  1; 8ðu; vÞ 2 Ec ;

1  t  T:

ð3Þ

Any assignment of {0, 1} values to variables x and y that
satisfies constraints (1)-(3) defines a valid channel assignment. However, we are interested in a channel assignment
that minimizes total packet relaying delay. The objective
function that models this delay is more difficult to express.
For two consecutive vertices u and v on a relaying path P ,
the delay incurred if distinct time-slots tu and tv are
assigned, is ðtv  tu Þ mod T . For example, in Fig. 2, the total
packet relaying delay = ðt5  t4 Þ mod 6 þ ðt3  t5 Þ mod 6 ¼
1 mod 6 þ ð2Þ mod 6 ¼ 1 þ 4 ¼ 5. Therefore, the packet
relaying delay ðu; vÞ from point u to v can be written as a
quadratic expression,
X
xðu; tu Þ  xðv; tv Þ  ½ðtv  tu Þmod T :
ðu; vÞ ¼
1tu ;tv T
tu 6¼tv

P
P
The objective function is F ¼ P 2W u;v2P ðu; vÞ, where W
is the set of paths. Function F is quadratic, but it can be
linearized at the expense of increasing the problem size to
make the formulation suitable for linear programming
solvers. We define a new set of non-negative variables for
every pair of consecutive vertices u, v on a path and every
pair of time-slots tu and tv . Our goal is to make z (u, v, tu , tv )
equal to the product of variables xðu; tu Þ  xðv; tv Þ. We can
achieve this goal with the following three constraints:
zðu; v; tu ; tv Þ  xðu; tu Þ;

and

zðu; v; tu ; tv Þ  xðv; tv Þ;
zðu; v; tu ; tv Þ  xðu; tu Þ þ xðv; tv Þ  1:

ð4Þ

ð5Þ

For example, if either one of xðu; tu Þ or xðv; tv Þ is zero, the
non-negative variable zðu; v; tu ; tv Þ has to be zero, and when
both xðv; tu Þ and xðu; tv Þ are one, zðu; v; tu ; tv Þ is one because
of constraint (5). The ILP formulation of OCA is
X X X
min
Zðu; v; tu ; tv Þ  ½ðtv  tu Þmod T ;
P 2W u;v2P

¼ min

1tu ;tv T
tu 6¼tv

X

Zðu; v; tu ; tv Þ  ½ðtv  tu Þmod T ;

u;v2V
1tu ;tv T ;tu 6¼tv

subject to constraints (1)-(5) and xðu; tu Þ, yðu; cu Þ, xðv; tv Þ,
yðv; cv Þ 2 f0; 1g, 8u, v 2 V , 1  tu  T , 1  cu  C, 1  tv  T ,
1  cv  C; zðu; v; tu ; tv Þ  0.
In [18], some preliminary results of OCA show that OCA
can be used as an unbiased tool to compare the performance
of different network topologies and densities. In the paper,
four different topologies, each with different nodal density
in terms of number of relaying nodes, are simulated. The
four cases are:
1.
2.
3.
4.

general case,
wide stream of mobile users,
hot spot, and
narrow stream of mobile users.
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The general case represents uniformly distributed mobile
users under a circular coverage centered at the BS. The wide
stream case models a stream of mobile users moving away
from office buildings in hush hours after work. The hot-spot
case represents a crowd of mobile users located on the northeast sector of the BS. The narrow stream case is similar to the
large stream case except that the stream is narrower and at a
distance from the BS. Simulation results show that the
narrow stream case has best performance in terms of delay
throughput and OCA managed to effectively assign channels such that all these cases have similar low packet delay.
Although OCA guarantees optimal solution in terms of
minimum delay and can be used as an unbiased tool or
benchmark tool for performance evaluation of different
network conditions and network schemes, like most
optimization program, OCA is computationally expensive
and inefficient for large real-time channel assignment
problems. A heuristic scheme is more suitable in this case.

4.2 Minimum Slot Waiting First (MSWF)
We, herein, propose a heuristic channel assignment scheme,
called MSWF, which provides a good approximation to the
optimal solution offered by OCA. The problem for MSWF is
an online version of the problem of OCA as follows:
Given a relaying path, the task is to find a channel
assignment for the path to minimize the packet relaying
delay (time-slot waiting time) and ensure that no signal
collision, channel conflict, or co-time-slot conflict occurs.
Unlike OCA, which solves an offline global optimization
problem of minimizing the delay of the system, MSWF is a
greedy algorithm providing a locally optimal solution,
focusing on minimizing delay for the packets on the path of
a new call. The information about other nodes, which do
not interact or interfere with the nodes on the new path,
does not need to be processed. The channel assignments of
existing paths are not affected.
The design of MSWF is based on two principles:
1.
2.

eliminate conflicting channels and
select channels which contribute minimum relaying
delay (time-slot waiting time).

4.2.1 The Algorithm of MSWF
MSWF mainly consists of two phases: the Proposing phase
and the Checking phase. When assigning a channel to a
node (virtual point) on a relaying path, a channel which
contributes minimum relaying delay (time-slot waiting
time) is proposed for the node. We call the node the current
node and the selected channel the proposed channel. The
channel is checked for channel conflicts based on four rules:
a, b, c, and d. Rules a and b are used for checking co-timeslot conflicts whereas Rules c and d are used for checking
cochannel channels. If no rules are violated, the proposed
channel is accepted (selected); otherwise, the channel is
eliminated. The following are the two phases:
Proposing phase:
A channel that contributes the lowest relaying delay
is proposed to the current node on the path.
Checking phase:
.

.

Rule a. The current node itself is not receiving on the
time-slot of the proposed channel.
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Fig. 6. The MSWF Algorithm.

Rule b. The next-hop node is not transmitting on or
temporary assigned with the time-slot of the
proposed channel.
. Rule c. Nodes on the other routes, having their
transmission zones in which the next-hop node falls,
are not transmitting on the proposed channel.
. Rule d. Nodes that are in the transmitting zone of the
current node are not receiving on the proposed
channel.
A next-hop node is a relaying node that is one hop closer to
the BS than the current node on the relaying path. For
example, in Fig. 1, if the current node is I, the next-hop node
is G. A transmission zone is the region covered by the antenna.
Steps of the algorithm. Fig. 6 illustrates six major steps of
MSWF. Channels are proposed (assigned) starting from the
last-hop node of the path all the way back to the source node. A
last-hop node is the node closest to the BS on a path.
In Step 1, an input path is supplied by a routing
algorithm in response to a new call request.
.
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In Step 2, the last-hop node becomes the current node
G
I
J (or BS
(Ndcurr ). For example, in Fig. 1, BS
r8
r7
s8 in terms of virtual points) is a path where
node G is the last-hop node which is also the current node.
In Step 3, a channel is proposed to the current node, i.e.,
the last-hop node. An available channel (a time-slot t and
code c pair) in which the time-slot has the largest index is
proposed to the current node. The proposed channel is
checked by using Rules a and d. If Rule a is violated, all the
channels in time-slot t are eliminated. If only Rule d is
violated, the channel is eliminated. In either case, the
channel assignment fails. MSWF continues to search for a
not-tried available channel, in which the time-slot has the
largest index, for the current node. If the channel satisfies
the rules, the channel is temporarily assigned to the current
node and the channel assignment is a success and the
channel assignment process continues with Step 4; otherwise, the channel assignment is a failure and the channel
assignment process is terminated.
In Step 4, the current node becomes the next-hop node
whereas the successor of current node becomes the current
node. For example, node I becomes the current node
whereas node G becomes the next-hop node.
In Step 5, MSWF starts to assign a channel to the current
node. An available channel, having a time-slot (index) which
is successive and the closest to the time-slot (index) of the
channel assigned to the next-hop node, is proposed to
the current node. The aim is to minimize the relaying delay.
The proposed channel is then tested by using Rules a, b, c,
and d. If no rules are violated, the channel is temporarily
assigned to the current node. If Rule a or b is violated, all the
channels in the time-slot of the proposed channel are
eliminated. If only Rule c or d is violated, the proposed
channel is eliminated. In both cases, the channel assignment
fails, MSWF continues to search a not-tried available
channel for the current node. If all the not-tried available
channels do not satisfy the rules and the channel assignment
still fails, the channel assignment process is finished. If
channel assignment is a success, Steps 4 and 5 are repeated
for channel assignment for the next current node. This
iterative process continues until the source node (source
point) is assigned a channel or a channel assignment fails.
In Step 6, if channel assignment is a success, i.e., each
node on the path is temporarily assigned a channel, the call
(connection) is accepted and the channel information table
of the nodes and the BS are updated; otherwise, the
temporary assignments are removed.
Note that the reason of choosing the last-hop node as the
starting point of channel assignment is that the node is
closest to the BS which has the largest number of incident
(receiving) channels, i.e., a large number of cochannel
conflicts. As a relaying node on the path is farther away
from the BS, the number of incident channels at the relaying
node is smaller. Thus, there are fewer cochannel conflicts
and more available channels for selection. This helps
increase the chance of a successful channel assignment.
Dsatur algorithm [4] is a well-known heuristic for coloring
of a graph. The algorithm performs color assignment
starting with a vertex with the highest degree (the largest
number of adjacent vertices) in a graph. That is, the vertex is
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precedes time-slot 3 of the channel (3, 3) assigned to r8 of
the next-hop node G. This channel contributes minimum
delay for packets sent from node I and arrived and left
node G. This channel also satisfies Rules a, b, c, and d. Thus,
this channel is accepted and temporary assigned to node I.
Channel assignment continues for s8 of node J. Node J
becomes the current node whereas node I becomes the
next-hop node. Channel (1, 2) is chosen for s8 of node J for
minimizing the relaying delay of this hop. The channel
satisfies all the rules. The channel is accepted and
temporary assigned to node J. Since node J is the source
node, no more nodes need to be assigned a channel. All the
nodes on the relaying path are temporarily assigned a
channel such that the delay on the path is also minimized.
The call (connection) is accepted and the channel information tables on the nodes and the BS are updated with the
results of the channel assignment.
When the call is finished or dropped, the channel of each
node on the path for the call is deallocated.

Fig. 7. Channel assignment for the virtual points corresponds to the
scenario in Fig. 1.

also the most constrained one. The idea behind MSWF is
similar to that of Dsatur.

4.2.2 Illustration of MSWF Scheme
To further illustrate the MSWF scheme, a channel assignment setting based on the scenario in Fig. 1 is used (see
Fig. 7). Assume there are five time-slots per transmission
frame and five codes per each slot for BS uplink
transmission. Assume all the connections or paths are
already set up with channels assigned by MSWF except the
connection along the path BS
G
I
J (or BS
r8
r7
s8 in terms of virtual points).
MSWF starts assigning a channel at the last-hop node G
(the current node) for the virtual point r8 on the path.
Channel (4, 1), which is an available channel having timeslot 4 which is the largest index among the time-slot indexes
of the available channels in the BS, is proposed for r8 of
node G. Since node G is receiving on time-slot 4 using
channel (4, 1) for the source point s5 , Rule a is violated.
Thus, all the available channels in time-slot 4 are eliminated. The next not-tried available channel with the largest
time-slot (index) 3 is (3, 3). Since neither node G is receiving
on time-slot 3 nor the nodes inside the transmission zone of
node G are receiving on this channel, Rules a and d are
satisfied. The channel is temporary assigned to r8 and
channel assignment is a success. Note that there is no need
to check Rules b and c since the next-hop node is the base
station instead of a relaying node.
MSWF continues to assign a channel for r7 of node I,
which is a successive node of node G on the path. Node I
becomes the current node whereas node G becomes the
next-hop node. Channel (2, 3) is an available channel of
node I with time-slot 2 which is the closest time-slot to and

4.3 Delay Bounds
Different network topologies, network densities, hop count
limits, number of available channels, and routing schemes
give different channel interference patterns in terms of
cochannel and co-time-slot conflicts. These conflicts in turn
affect the result of channel assignment. Thus, it is difficult to
find a delay performance function for a channel assignment
scheme with respect to the problem size or the number of
network nodes. Instead, a lower and an upper bound perhop packet relaying delay are relatively easy to be obtained.
The per-hop packet delay is equal to the transmission time
at the current node plus the time-slot waiting time at the
next-hop relaying node. The time-slot waiting time at the
source node, which could be high depending on the rate of
packet generation rather than on the channel assignment
scheme, is not included in the per-hop delay.
The per-hop lower bound of packet delay can be
achieved when there is no or little channel conflict such
that a perfectly pipelined condition is achieved. In this case,
the time-slot waiting time for an arrived packet at a
relaying node is zero, i.e., a packet arrived at a relaying
node can be sent out immediately. Assume the transmission
time of a packet is within one time-slot, the per-hop lower
bound packet delay is one time-slot, i.e., the transmission
time of a packet.
The per-hop upper bound of packet delay is one timeslot for packet transmission plus the longest time-slot
waiting time for a packet arrives and waits at a relaying
node. Thus, the delay is equal to the number of time-slots of
a transmission frame minus 1. For example, in Fig. 2, if
time-slot t4 instead of t3 is assigned to relaying node b for
sending the packet which arrives at node a, then the packet
relaying delay is 5, i.e., the number of time-slots per a
transmission frame, which is 6, minus 1.
4.4 Implementations
As mentioned earlier, the channel assignment schemes,
OCA are MSWF, are located at the RNC, which is connected
to a number of BSs. To implement the channel assignment
schemes, two more components are required—routing and
admission control. The routing mechanism provides a
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relaying path for the mobile node whereas the admission
control determines whether there is enough capacity on the
chosen path to admit the call of the mobile node.
A new mobile node registers itself using its location
information to the closest BS through a dedicated control
channel. To facilitate the start-up registration and information collection, the BS may use a larger cell size (long-range
transmission) to communicate with the mobile node. For
mobile nodes which are outside a cell, an ad hoc routing
protocol is needed to relay the signals of the mobile node to
a relaying node inside the cell. The BS then passes the
information to the RNC in which the location and channel
information of current active mobile nodes are kept. Thus,
the RNC has the information of all the current active mobile
nodes in the cells or near the cells.
When a mobile node initiates a call request, the request is
sent to the BS through a control channel in a similar way of
the start-up process. The BS then passes the request to the
call admission control mechanism at the RNC. If the BS has
enough capacity, the RNC calls the routing mechanism to
find a relaying path for the mobile node; otherwise, the
admission control function sends a signal to the mobile
node to deny the call request. If the BS has enough capacity
for the call, the path information is passed to the channel
assignment scheme for computing the channels for each
node on the path. For OCA, all existing relaying paths are
required for the computation, whereas for MSWF, only the
relaying path pertaining to the source node is required. If
channel assignment succeeds, the path and channel assignment information are passed to the BS, which in turn sends
the information to the mobile nodes on the path through a
control channel. Then, the source node and relaying nodes
use the assigned channels to send or relay the signals.
The RNC continues to monitor the network conditions.
If a route is broken or the link quality of a route is below
the required level, new route discovery is triggered. If a
new route is found, the channel assignment functions are
activated to compute the new channel assignment for the
mobile nodes. Note that other means for channel assignment are also possible as long as the input (relaying path)
is available.

5

PERFORMANCE EVALUATION

In this section, we will study the performance of MSWF
with respect to OCA and the single-hop case at different
conditions in terms of number of time-slots, number of hop
counts, nodal densities, and cell sizes.

5.1 Simulation Model and Parameters
Our simulation model is a single cell (see Fig. 8). The number
of relaying nodes varies from 0 to 160 in increments of 40. We
separate the role of source node and relaying node so that
the case in which no mobile nodes are willing to relay signals
can be captured. The different number of relaying nodes is
used to model different network densities and traffic
patterns. All the nodes are uniformly distributed in a
circular region with a radius of 1,100 m centered at the BS.
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Fig. 8. A single-cell model.

5.1.1 Scenario 1 (Small Number of Available Channels)
In this scenario, the transmission range of the BS and mobile
nodes is 250 m with cell capacity of 1,035 kbps. Each TDD
data transmission frame is 3.33 milliseconds long and has
five time-slots. This frame size is 1/3 of the standard data
transmission frame size, which is 10 ms and 15 time-slots, in
the WCDMA standard [7]. All five time-slots are assigned
for the BS uplink transmission. Each time-slot can be
assigned maximum five codes. Thus, there are 25 channels
(time-slot code pairs). Each code corresponds to a data rate
of 44.4 kbps, which is three times 13.8 kbps (the data rate of
one code with spreading factor 16 in the WCDMA standard
[7]). Each call uses one code at a constant bit rate. The
maximum number of hops is set to 4 to avoid excessive
delay. The number of source nodes is 45 which is larger
than 25. Note that a relatively large number of source nodes
are used because a small hop count is used. Thus, even
though the network density is high, there are source nodes
not able to reach the base stations to use the available
channels. In this setting, there is enough demand reaching
the BS to establish a congested condition to test the
effectiveness of the schemes. A small hop count is used
because it helps reduce the number of constraints for the
input for OCA and, thus, to reduce the computation time.
Each source generates call requests at an average rate of
0.5 calls per minute following a Poisson distribution. The
average duration of each call is 1 minute with an
exponential distribution. Each mobile node is equipped
with a directional antenna with a 45 degree beam angle.
Table 1 shows the simulation parameters.
In this scenario, a relatively large number of source
nodes is used as compared to the number of available
channels is because the limit of hop count is small which
reduces the reachability of distant source nodes even if the
network is dense. In other words, many nodes cannot reach
the BS to use up all the available channels and a high
channel competition situation is not created to study the
effectiveness of the channel assignment schemes. This
scenario is mainly used to study the performance of MSWF
with respect to the optimal solution provided by OCA. A
small number of channels is used to avoid long computation time of OCA.
Note that the capacities corresponding to the ranges are
obtained by using a capacity function U(R) which is a
continuous function over the range. The function is
approximated by using curve fitting based on the sample
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TABLE 1
Simulations Parameters

data of the uplink ranges versus the uplink capacity (data
rates) in a suburban area for W-CDMA networks [7]. The set
of ranges is {1.1, 1.4, 1.75, 2.25, 3.7, 3.1} in km and the
corresponding set of capacities is {2,048, 1,024, 384, 144, 64,
32} in kbps. The curve fitted capacity function is as follows:
UðRÞ ¼ 245:56R4  2;717:13R3 þ 11;245:43R2  20;736:4R
þ 14;511:99:
We scale down the capacity values by a factor of 9.5 to
reduce the number of channels so as to reduce the
simulation time. Based on the capacity function and the
reduction factor, we obtain approximately the capacity of
1,035 kbps for range 250 m, 828 kbps for range 390 m, and
207 kbps for range 1,100 m.

5.1.2 Scenario 2 (Large Number of Available Channels)
In this scenario, for MSWF case, the transmission ranges
(cell size) of the BS are 250 and 390 m with cell capacity of
1,035 and 828 kbps, respectively, whereas the transmission
range of mobile nodes is 250 m. For the single-hop case, the
transmission range of the BS is 1,100 m with cell capacity
of 207 kbps. Each TDD data transmission frame is
10 milliseconds long and has 15 time-slots according to
the WCDMA standard [7]. The number of uplink time-slots
and the number of downlink time-slots are 13 and 2,
respectively. For MSWF-R250 m case, each time-slot can be
assigned five codes. Thus, there are 65 uplink channels. For
MSWF-R390 m case, each time-slot can be assigned with
four codes and there are 52 channels. Each code corresponds to a data rate of 13.8 kbps [7]. For the single-hop
case, each time-slot can be assigned with maximum 1 code.
In both cases, each call uses one code at a constant bit rate.
The maximum number of hops is set to 7 to avoid
excessive delay. The number of source nodes is 70, which
is slightly larger than 65, the number of available channels
in the BS. This ensures that when the network is dense
enough, the reachable demand from the source nodes is
higher than the cell capacity such that a congested
condition for channel assignment can be established to
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test the effectiveness of MSWF. The call request rate, call
holding time, beam angle of directional antenna, and
simulation time are the same as that of Scenario 1. This
scenario is mainly used for studying the performance of
MSWF in using different cell sizes, radii of 250 and 390 m,
and as compared to the single-hop case.
The simulation is implemented using OPNET Modeler 10.0 A [14]. The optimization package is MOSEK
version 4 [12].
For MSWF and the single-hop case, OPNET Modeler is
used for the whole simulation process. For OCA, the
OPNET Modeler is used to generate the network topology.
Then, euclidean shortest paths are used as relaying paths
and the collision and consecutive graphs are computed. The
graphs are translated into an input file for the MOSEK
solver to compute an optimal channel assignment for each
source point and relaying point. The resulting channel
assignment is transferred to OPNET where the simulation
resumes and the throughput and packet delay are obtained.
In this model, our focus is on channel assignment. We
assume there is a routing protocol to provide relaying
paths. We assume nodes to be static (or with limited
mobility) because we focus on studying the performance
of channel assignment schemes. Mobility affects the
performance of routing which could be the future work.
We assume perfect power control, perfect physical
medium, and sufficient battery capacity of mobile nodes
for relaying signals.

5.2 Performance Metrics
We use cell throughput and packet delay as the performance metrics for studying the performance of MSWF with
respect to OCA, different network topologies, densities, and
cell sizes.
Cell throughput. The number of packets that the BS
receives per second. High throughput means high channel
reuse and more nodes being served.
Packet delay. The time required for a packet sent from
the source node to reach the BS.
Per-hop packet delay. The time required for a packet to
be transmitted from one node and to wait in the next-hop
relaying node before it was transmitted again.
Low packet delay or per-hop packet delay indicates the
effectiveness of the channel assignment. Note that our
results will always yield minimum packet delay globally for
OCA and locally for MSWF.
Coefficient of variance (C.O.V.) of per-hop packet delay.
This is the standard deviation of per-hop packet delay
divided by the average per-hop packet delay. This
measures the variation in packet delay among different
relaying nodes or paths. High C.O.V. represents some
nodes or paths having high delay as compared to the
average delay.
5.3 Simulation Results
In this section, we first discuss the simulation results of
MSWF on per-hop packet delay and C.O.V. of per-hop
packet delay with respect to that of OCA and various
parameters. Then, we study the performance of MSWF with
respect to the single-hop case and different cell sizes in
terms of throughput and packet delay. In the figures, the
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Fig. 9. Per-hop packet delay.

Fig. 10. C.O.V. of per-hop packet delay.

s15 h7 represents 15 time-slots per frame and seven hop
count limits, respectively.
Considering Fig. 9, the per-hop packet delay of OCA is
equal to one time-slot which is the same as the lower bound
of per-hop packet delay mentioned in Section 4. This shows
the optimality characteristic of OCA. For MSWF cases, the
number of relaying nodes has more influence on the per-hop
packet delay. When the network is sparse to medium, most
source nodes cannot reach the BS to use the available
channels. More channels are available for selection and fewer
paths are set for relaying signals. Thus, fewer cochannel
conflicts occur and it is relatively easier to resolve the channel
conflicts to achieve perfectly pipelined condition of time-slot
assignment along the input paths. Thus, the per-hop packet
delay is equal to or close to the lower bound, one. Among the
MSWF cases, the larger the number of time-slots per frame
and the number of hops, the higher the per-hop packet delay.
Although the per-hop packet delay increases as the
number of relaying nodes increases, the delay is still close
to the per-hop packet delay lower bound (1 time-slot) and
far away from the per-hop packet delay upper bounds,
4 time-slots for 5 time-slots (MSWF-s5 h4 R250 m) case, and
14 time-slots for 15 time-slots (MSWF-s15 h7 R250 m) case.
On average, the per-hop packet delay of MSWF and
OCA are 1.057 time-slots and 1 time-slot, respectively. Thus,
MSWF achieves approximately 95 percent of the delay
performance of OCA. We define the delay performance as
1/per-hop packet delay. If only high node density, i.e.,
when the number of relaying nodes is 160, is considered,
the average per-hop packet delay of MSWF is 1.143 timeslots which is still close to the lower bound. Thus, MSWF is
a good approximation solution with respect to OCA and
with respect to the delay bounds.
In Fig. 10, the C.O.V. of per-hop packet delay of MSWF
increases when the number of relaying nodes increases.
Among the MSWF case, MSWF-s5-h4 has the lowest C.O.V.
because it has a smaller hop count limit than that of the
MSWF-s15-h7 cases. The hop count limits the range of
variation of packet delay. The trade-off is that the network
reachability of the MSWF-s5-h4 case is lower. This means
that fewer distant nodes can reach the BS. MSWF-s15-h7
R250 has a lower C.O.V. than that of MSWF-s15-h7 because
the former has a smaller cell size. For a small size case,
when the network density is low, very few distant source

nodes require relaying paths to reach the BS. Thus, there are
fewer connections/paths that can be set up and most paths
are short (low hop count). There are fewer channel conflicts
to resolve and a better channel assignment in terms of perhop delay can be obtained. Thus, the C.O.V. of per-hop
packet delay is lower. When the cell size is large, more
distant source nodes require a longer relaying path to reach
the BS. More channel conflicts need to be resolved and a
channel assignment with a higher variation of per-hop
packet delay is obtained. Thus, the C.O.V. of per-hop packet
delay is higher.
In Figs. 11 and 12, we can generally observe that when
the number of relaying nodes is zero, the network condition
is reduced to a single-hop case. Thus, the average delay of
the two MSWF cases and the single-hop case is almost the
same. The delay reflects the average time-slot waiting time
of a packet in a source. The throughput of the MSWF cases
is lower than that of the single-hop case because MSWF has
a smaller cell size than that of the single-hop case. In fact,
the single-hop case has the largest coverage (network
reachability) such that all the source nodes can reach the
BS and all the available channels (although the number of
channels is small) are used.
For MSWF cases, when the number of relaying nodes is
small, i.e., when the nodal density is low, many source
nodes still cannot reach the BS due to the lack of relaying
paths. Thus, the increase in throughput and delay of MSWF

Fig. 11. Packet delay.
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Fig. 12. Cell throughput.

Fig. 13. Packet delay versus cell throughput.

is little. The MSWF case with cell radius of 390 m has a
higher throughput than the case with cell radius of 250 m
because the former has a larger coverage, and hence more
source nodes can reach the BS.
When the number of relaying nodes increases, the
throughput of MSWF increases because more source nodes,
especially the distant source nodes, have paths to reach the
BS. The delay also increases as the number of hops on each
path increases.
When the number of relaying nodes further increases,
the throughput increases until all the available channels are
used. At this stage, the throughput value is the highest. The
MSWF case with cell radius of 250 m has a higher
throughput than that of the MSWF case with cell radius
of 390 m because the former has a larger capacity (more
channels) and more demands can be served. The delay also
increases and reaches the maximum value as most relaying
paths reach the hop count limit.
In Fig. 12, there is a point at which the two throughput
curves cross. This is because, at low node density, the
throughput of the case of cell radius of 390 m is higher than
that of the case of cell radius of 250 m. At high node density,
the throughput of the case of cell radius 390 m is lower than
that of the case of cell radius 250 m. Note that throughput
depends on network reachability, cell capacity, and effectiveness of the channel assignment schemes, whereas delay
depends on the effectiveness of the channel assignment
scheme. When the node density is low, a large cell size
(although the cell capacity is low) is more preferable for
throughput as network reachability is low. When the node
density is high, a small cell size (cell capacity is high) is more
preferable for throughput as network reachability is high and
most source nodes can reach the BS through relaying.
Although network reachability and cell size are important
for throughput, without an effective channel assignment,
connections cannot be set up. Thus, channel assignment also
affects the throughput. Ineffective channel assignment
would also increase packet delay.
The results of the MSWF-s5 h4 R250 m case of scenario 1
are not included in Figs. 11 and 12 because the settings are
quite different from that of Scenario 2. A comparison among
them is not fair and may cause confusion.
Although MSWF has a higher delay than that of the
single-hop case, with the consideration of the fact that

MSWF has more number of hops, MSWF still achieve a
good performance in terms of minimizing delay. In fact,
the delay difference between the MSWF cases and the
single-hop case is approximately equal to the average
number of hops per path times the per-hop packet delay
lower bound. This demonstrates the effectiveness of MSWF
in minimizing delay.
Fig. 13 illustrates the delay-throughput characteristics of
MSWF. The MSWF case with a larger cell size (R ¼ 390 m) has
slightly better delay-throughput performance than the
MSWF case with small cell size (R ¼ 250 m). In both cases,
the delay reaches the maximum value and the curves appear
to merge when the throughput is beyond 1,000 packets per
second. This is because most relaying paths reach the hop
count limit. Nevertheless, the observed low delay at
relatively high throughput is achievable due to the fact that
MSWF minimizes the packet relaying delay.

6

CONCLUSIONS AND FUTURE WORK

In this paper, we propose an optimal channel assignment
scheme, called OCA, and a heuristic channel assignment
scheme, called MSWF, to minimize the delay in a TDD
W-CDMA MCN or any TDD MCN. OCA provides an
optimal channel assignment solution in terms of minimum
packet relaying delay and can also be used as an unbiased
or benchmark tool for performance comparison of different
network conditions and networking schemes. However,
OCA is computationally expensive and may be inefficient
for large-scale real-time channel assignment problems.
MSWF is a good approximation solution to OCA in terms
delay and processing time. Simulation results also show
that MSWF achieves (on average) 95 percent of the delay
performance of OCA. MSWF has a low per-hop packet
delay which is close to the per-hop lower bound of packet
delay. It achieves high throughput and low delay as
compared to the single-hop case and is applicable to
different cell sizes.
Channel assignment is only one of the components
needed to realize the implementation of MCNs. Other
functions such as mobility management, routing, power
control, power efficiency, quality of service management,
and security still need to be addressed. These are interesting
topics for future research.
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