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Abstract— Broadband wireless infrastructure networks are
increasingly becoming common in metro areas. To improve
spatial bandwidth usage, the nodes in such networks employ
directional transmissions over multiple orthogonal channels. In
this paper, we study the benefits of sharing channel bandwidth
across multiple flows. Every connection is assumed to require
a bandwidth that is half of the channel bandwidth. We model
the routing and channel assignment problem in two different
ways to account for the presence and absence of inter-flow
bandwidth sharing. Through simulations, we demonstrate that
supporting inter-flow bandwidth sharing through simple time-
sharing mechanism results in improved network throughput.

I. INTRODUCTION

Multi-channel wireless networks are increasingly being em-
ployed as infrastructure networks in metro areas [1]. In order
to increase the bandwidth in these networks, nodes employ
multiple wireless transceivers (interface cards) to achieve
simultaneous transmission/reception over multiple orthogonal
channels. The capacity of multi-channel wireless infrastructure
networks (MC-WINs) may be further improved by increasing
spatial reuse by employing directional antennas [2].

The major factor that limits the achievable throughput in a
wireless network is the wireless interference constraints, which
may be divided into two categories: inter-flow and intra-flow.
The inter-flow interference refers to the scenario where two
links belonging to different flows cannot be active (on the
same channel) at the same time as one receiver will experience
interference due to the other transmission. The intra-flow
interference refers to the scenario where two links belonging
to the same flow cannot be active (on the same channel) at the
same time. The problem of routing and channel assignment in
MC-WINs refers to computing paths and channel assignment
on the paths such that there are no inter-flow and intra-flow
interferences.

II. SYSTEM MODEL

Consider an MC-WIN with a set of orthogonal channels
C, each channel with bandwidth B. Let C = |C|. Let N
denote the set of nodes each equipped with multiple wireless
interface cards, capable of directional transmission, that may
be tuned to any of the orthogonal channels. We refer to
two nodes as neighbors if they are in the transmission range
of each other. Let G(N,L,C, B) denote the connectivity
graph, where £ denote the set of links. A link connects two

neighboring nodes. We assume that the list of channels that
a node can transmit/receive on is known at all times. The
channels available on a link between neighboring nodes u and
v are simply the set of common channels at the two nodes.
We assume that calls are bidirectional and the same channel
will be shared in both directions on a link.

A node z is said to be collinear with a transmission from
node z to y if node z cannot receive on the same channel as
that used by the transmission from x to y. The interference at
node z due to the transmission from z to y results in signal-
to-noise ratio that is lower than the threshold for decoding
the received signal. The collinearity constraint results in the
dependence on channel assignment between links that are
not adjacent to each other. While the collinearity constraint
is inherent in networks employing omnidirectional antennas,
it can be eliminated completely when directional antennas
are employed through careful placement of nodes. In such
carefully planned wireless infrastructure networks, there are
only two interference constraints: (1) a node may not receive
on a channel from more than one node at the same time;
and (2) a node may not transmit and receive on a channel at
the same time. These two constraints may lead to intra-flow
interference, however it is limited to only two adjacent links.

III. ROUTING AND CHANNEL ASSIGNMENT

The end-to-end throughput on a path will be B if all the
links in the path can be active simultaneously. To have all the
links in the path active simultaneously, no two consecutive
links in the path may be assigned the same channel. Given
a request between source s and destination d for a path of
bandwidth B, the goal of routing and channel assignment
is to compute a simple path! from s to d such that no two
consecutive links along the path are assigned the same channel.
We refer to such a path as Channel Discontinuity Constrained
(CDC) path. In our earlier work [3], we develop a polynomial
time algorithm for computing the minimum-cost CDC-path
between a given source-destination pair by transforming the
given problem to the minimum-cost perfect matching problem.

The bandwidth of a path will be B/2 if two consecutive
links on the path are assigned the same channel. Let x—y—z
be two successive links on a path such that links z—y and y—=z
are assigned the same channel c. As transmissions from x to y

LA simple path is one which traverses a node only once.



and y to z cannot take place simultaneously, the bandwidth at
node y is shared by the two links, resulting in a path bandwidth
of B/2. We refer to the above sharing of bandwidth as intra-
flow bandwidth sharing. Therefore, given a request between
source s and destination d for a path bandwidth of B/2, the
goal of routing and channel assignment is to compute a simple
path from s to d such that every link on the path is assigned
the same channel. Note that, while paths that have channel
discontinuities may still be used in practice, they will result
in inefficient use of bandwidth.

Consider a connection routed along the path s—v—d, where
channels ¢ and ¢' are assigned for links s—v and v—d, respec-
tively. Each of these channels is used only to 50% at all the
nodes. Hence, the goal of routing and channel assignment
is to compute a path with Minimum Channel Discontinuity
(MCD), referred to as MCD-paths?. The wastage of bandwidth
in a path cannot be completely avoided even if a path with
no channel discontinuity is obtained. For example, consider
a scenario where a connection for bandwidth B/2 is routed
along the path s—v-d and the same channel c is assigned
on both the links. Note that the bandwidth of channel c is
completely utilized at node v as it is either transmitting or
receiving on the channel at any given time. However, node s
is idle whenever node v is transmitting to node d on channel
c. Similarly, node d is idle whenever node s is transmitting to
v on channel c. Therefore, nodes s and d achieve only 50%
utilization on channel c.

Given a path with m discontinuities, i.e., the number of
nodes on the path at which the two channels assigned for the
path at the node are not the same?, the bandwidth wasted by
the path is given by mB/2. In order to improve the utilization
of channel ¢ at source and destination nodes to 100%, the
nodes need to be allowed to transmit and/or receive during
their idle times. Such an improvement may be achieved by
sharing the bandwidth with other flows.

The sharing of bandwidth with other flows, referred to as
inter-flow bandwidth sharing, is typically achieved by time
division multiple access or by employing medium access
protocols. Time sharing of channel bandwidth may be achieved
by simply dividing the channel access into ODD and EVEN
time slots (if connection requests are for B/2 capacity). In
this paper, our goal is to quantify the benefits of employing
bandwidth sharing across multiple flows.

IV. ROUTING AND CHANNEL ASSIGNMENT WITH AND
WITHOUT INTER-FLOW BANDWIDTH SHARING

We study the the network performance with and without
inter-flow bandwidth sharing when all the traffic in the network
request for paths with B/2 bandwidth. To model inter-flow
bandwidth sharing, we assume that every link has 2C' chan-
nels, where the bandwidth of each channel is B/2. Therefore,

2The problem of computing an MCD-path is similar to computing path with
minimum number of wavelength conversions in optical networks, hence graph
expansion algorithms for computing such a path and wavelength assignment
may be employed [4].

3The value m is always assumed to include the source and destination,
hence m > 2.

computing a path with bandwidth of B/2 is equivalent of
computing a CDC-path in the graph G(N, £, 2C, B/2). We
employ the approach developed in [3] to compute the CDC-
path for a connection. Due to space constraints, we do not
provide details of the graph expansion and refer the readers
to [3].

We model the network performance without inter-flow band-
width sharing by considering the network G(N, £, C, B). In
order to minimize the bandwidth wastage, every connection
is assigned a minimum-cost MCD-path. To find a minimum-
cost MCD-path, we employ Dijkstra’s algorithm for finding
minimum-cost path in an expanded graph. The expansion of
graph is motivated by minimum channel discontinuity con-
straint and we refer to it as the MCD-expansion. In the MCD-

(b)

Fig. 1. (a) MCD-expansion of a node. (b) MCD-expansion of nodes « and
y having channels 1 and 3 available over link z—y. Links connecting the
subnodes corresponding to the same channel at node are assigned a weight of
0, while the other internal edges are assigned a weight of 1. Such a weighing
scheme favors channel-continuous path selection.

expansion of a node, there are 2C' subnodes, one incoming and
one outgoing node corresponding to each available channel at
the node. Let n;. and n,. denote an incoming and outgoing
subnode, respectively, corresponding to channel ¢ for node
n. For every node n, add links (n;.,n.x) Ve, k € C. Assign
weight 0 to links (1., noe) Ve € C and weight 1 to rest
of the links in the expansion of node n. Lower weight to
links (7¢,noc) encourages the assignment of same channel
on adjacent links along the path. Now connect incoming and
outgoing subnodes of neighboring nodes corresponding to the
available channels between them and assign the weight of
corresponding links to these added links. Figures 1 (a) & (b)
show the MCD-expansion of a node n and the MCD-expansion
of two nodes x and y which have channels 1 and 3 available
between them, respectively.

Now on the MCD-expansion graph, we add two virtual
nodes S and D and connect it to all outgoing subnodes
and incoming subnodes of source and destination nodes,
respectively. Dijkstra’s algorithm for node S on such graph
returns the minimum-cost MCD-path.

V. PERFORMANCE EVALUATION

We consider a grid topology of size 6 x 4, and a ring
topology of 25 nodes. The transmission radius of a node is
set as the edge length in the grid network and as the distance
to the immediate neighbor in the ring network. We assume
that all the nodes have sufficient number of transceivers as
necessary, hence there is no blocking of calls due to transceiver
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Fig. 2. Performance of routing over CDC versus MCD-paths in 25-node ring and 6 x4 grid networks.

unavailability. We assume call arrival at a node follows a
Poisson process with rate A. The calls are equally likely to be
destined to any other node in the network. The holding time
of a call is assumed to follow an exponential distribution with
unit mean. All calls are assumed to be bidirectional and the
same channel is reserved for transmissions in both directions.
We also assume that each channel is of unit capacity and each
generated call requires half of the unit capacity.

Blocking probability: Ratio of the number of blocked calls
to the total number of generated calls.

Effective network utilization: Ratio of effective utilized
capacity of the network to the maximum capacity of the
network at any instant of time. For a call routed on a CDC-
path, the effective utilization is computed as the shortest path
length between the source-destination pair. For a call routed
along the MCD-path, the effective utilization is computed as
half of the shortest path length between the source-destination
pair. The normalized effective utilization is then computed
as the ratio of the effective utilization of all calls at any
given instant of time to the maximum possible utilization. The
maximum possible channel utilization in the network is %,
assuming B =1.

Figure 2 (a) shows the blocking performance of routing calls
over CDC and MCD-paths for the ring and grid networks.
While the blocking performance of both the approaches is
similar in the ring network, routing over CDC-paths achieves
an order of magnitude better performance compared to routing
over MCD-paths in the grid network. The reason for such a
behavior is due to the fact that path lengths are longer in
ring network compared to grid network; and the wastage of
bandwidth is mostly at the source and destination. In addition,
as there are multiple choices of paths available in the grid
network, MCD-paths are obtained with channel discontinuity
at intermediate nodes, thus resulting in further wastage. Fig-
ure 2 (b) shows the average number of channel discontinuities
present on a path when MCD-paths are employed. We observe
MCD-paths with more discontinuities are obtained in the grid
network compared to the ring network. Finally, Figure 2 (c)
shows that routing with CDC-paths achieves as much as 25%

increase in effective network utilization compared to routing
with MCD-paths in grid network, while the effective utilization
is similar for both the approaches in the ring network.

VI. CONCLUSION

In this paper, we studied two methods for routing — one
that computes paths with channel discontinuity constraint
that achieve inter-flow bandwidth sharing and the other that
computes minimum channel discontinuity paths that do not
share the channel bandwidth at a node across multiple flows.
We observe that in networks where a large number of paths
between source-destination pairs are available, a significant
amount of bandwidth may be wasted if it is not shared
across multiple flows. We demonstrate that by dividing the
channel bandwidth into smaller units and computing channel
discontinuity constrained paths, the bandwidth of the wireless
network may be efficiently utilized.
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