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Abstract. Broadcast is a fundamental operation for wireless mesh networks. It
plays an important role in the communication protocol design. Many existing
work have studied the NP-hard broadcast problem in multi-hop networks. How-
ever, most of them assume a single-channel and single-radio wireless network
model. We investigate broadcast in multi-channel multi-radio wireless mesh net-
works. In multi-channel multi-radio wireless mesh networks, the wireless inter-
ference due to simultaneous transmissions from the same channel and intra-node
interference render the broadcast problem nontrivial. In this work, we analyze
the performance of a broadcast protocol with MAC-layer scheduling under dif-
ferent networking conditions. We also explore the performance improvement by
incoporating the neighbor elimination scheme with the broadcast protocol. We
analyze the performance improvement of the integrated protocol in environments
of multi-channel multi-radio and multi-rate.

Keywords: Wireless mesh networks, broadcast, multi-channel multi-radio,
performance analysis.

1 Introduction

Wireless mesh networks have received great attentions due to their various applica-
tions, such as broadband home networking, community and neighborhood networking,
and enterprize networking. Several cities and wireless companies around the world have
deployed mesh networks. The United States Armed Forces (USAF) are using wireless
mesh networks to connect their computers, mainly laptops, in field operations as well.
In this application, the mesh networks can enable troops to know the locations and con-
ditions of every soldier or marine, and to coordinate activities without much direction
from central command. Mesh networks have also been used as the last mile solution for
extending the Internet connectivity for mobile wireless nodes. Wireless mesh networks
consist of two types of nodes: mesh routers and mesh clients [1]. Mesh routers form
an infrastructure for mesh clients. A small set of routers also function as gateways con-
necting to the wired network. Single-radio single-channel mesh networks suffer from
a serious capacity degradation [12]. To improve the network capacity, a promising ap-
proach is to provide each node with multi-channel multi-radio (MC-MR) capabilities
and to permit MAC protocols to adjust the transmission rate [7]. In MC-MR wireless
mesh networks, the radios or antennas at each node are independent with each other,
and the channels are also orthogonal to each other.
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In multi-hop MC-MR wireless mesh networks, network-wide broadcast from a dis-
tinguished source node to other nodes is a primitive communication task. For example,
exchanging control information among neighboring nodes, such as channel availability
and routing information, is crucial for the realization of most networking protocols in
ad-hoc networks. The data control information are often sent out as broadcasts. In ad-
dition, some exigent data such as emergency messages and alarm signals are also deliv-
ered as broadcasts. Thus, broadcast becomes a key research topic in network community
and has been extensive studied recently in different scenarios [3, 8, 9, 14, 15, 21–24].

We will consider a MC-MR mesh network model which expands the available spec-
trum and reduces interference. In MC-MR wireless mesh networks, a set of communi-
cations can occur successfully at the same time as long as (1) each radio is involved in at
most one communication, and (2) over each channel, all communications are conflict-
free under the single-radio single-channel setting. Message passing on different chan-
nels result in different groups of neighborhood. Broadcast in MC-MR wireless mesh
networks is known to enjoy the wireless broadcast advantage [5, 18]. In wireless net-
works, as long as an omni-directional antenna is used, the transmission power corre-
sponds to the coverage range in all directions. One transmission is enough to deliver a
message to all devices within the range. In addition, the presence of multi-radio allows a
mesh node to send and receive at the same time; the availability of multi-channel allows
channels to be reused across the network for broadcasting.

In this work, we conduct performance analysis of broadcast under different network-
ing conditions. The performance metrics contain reliability, goodput, delay, redundancy,
overhead, and scalability. We will adopt a comprehensive link and channel quality met-
rics which can quantify the data rate, reliability, and so on. The broadcast protocol
assigns channels and radios for message passing procedure while reduces wireless in-
terference at the same time. We propose to determine the threshold for selecting good
links and channels. Addtitionally, we propose a MAC-layer scheduling heuristic which
relies on spatial reuse to maximize the throughput. We also explore the performance
improvement by employing the neighbor elimination scheme in the broadcast protocol
in environments of MC-MR and multi-rate. In the neighbor elimination scheme, each
node that receives the message for the first time does not broadcast it immediately, but
waits for a given duration, which can be computed or randomly generated. We analyze
the performance improvement of the integrated protocols in the scenario of MC-MR
and multi-rate.

The rest of the paper is organized as follows. Section 2 provides the problem formu-
lation. Section 3 provides the details of performance analysis. Section 4 briefly surveys
the related work. The conclusions and future work are given in Section 5.

2 Problem Statement

In a MC-MR wireless mesh network, each node has at least one radio. Each radio is
tuned to one of the available non-overlapping channels. We can use a directed graph
G = (V,E) to model the MC-MR wireless mesh network. Here V is the set of nodes
and E is the set of communication links. Each link is represented by an ordered quintu-
ple containing the transmitter node, the receiver node, the radio at the transmitter node,
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the radio at the receiver node, and the transmitting channel. For simplicity, we also use−→uv to denote a communication link from the node u to v. We assume that the nodes are
placed with a constraint of connectivity.

Two types of wireless interference are considered. The first one is the inter-node in-
terference, which occurs when adjacent nodes are using the same channel. We assume
the protocol interference model [12] and both the communication range and interfer-
ence ranges are uniform. The second type of wireless interference is the intra-node
interference, which occurs when multiple channels are used by the same node. In MC-
MR mesh networks, when a node beacons a packet, not all of its one-hop neighbors can
receive this packet. A node can receive a packet from a neighboring transmitter node
only if the node is tuned to the same wireless channel; otherwise, it cannot receive the
packet. The collision may happen on different channels concurrently. This is different
from single-channel single-radio network where data communication occurs only on a
global common channel.

There is a distinguished source node which broadcasts messages to all the other
nodes in the wireless mesh network. The objective is to analyze the performance of the
broadcast protocol [21] under different networking conditions. The analytical metrics
contain reliability, goodput, broadcasting delay, broadcasting redundancy, overhead,
and scalability. Note that we will consider the tradeoff among different performance
metrics. If there is one metric such as minimize the number of transmissions, the prob-
lem can be easily formulated as an integer Linear Programming (LP) model [24]. The
LP model has been used for the problems of multi-commmodity flow, minimum power
broadcast, maximum lifetime broadcast, and so on.

Another objective is to explore the performance improvement by employing the
neighbor elimination scheme with the broadcast protocol in the MC-MR and multi-
rate scenario. That is, each node that receives the message for the first time does not
broadcast it immediately, but waits for a given duration, which can be computed or ran-
domly generated. In Figure 1, there are three nodes s1, s2, s3 that receive a message for
the first time. Suppose there is only one channel for transmitting. If they broadcast the
message immediately, there will be conflict at the receiver node v3, v4, v5. If we employ
the neighbor elimination scheme, s1 broadcasts in the first time-slot, s3 broadcasts in
second time-slot. Then all the receiver nodes can receive the message without conflict.
In addition, the node s2 does not need to broadcast.

3 Performance Analysis

In this section, we analyze the performance of the channel model and the broadcast
protocol with MAC-layer scheduling under different networking conditions.

3.1 Preliminaries

We briefly summarize the channel model and the broadcast protocol proposed in [21].
In the channel model, the link quality of a communication link

−→
ij with channel c is

quantified as wij,c = Rc · DRij,c. Here Rc is the transmission rate of channel c, and

DRij,c is the packet delivery rate [6, 7] of the communication link
−→
ij with channel c.
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Fig. 1. The illustration of the neighbor elimination scheme

For each node i, the channel quality of a channel c depends on the qualities of all
incident links that use the channel and is defined as

wi,c = Rc ·
∑

j∈Nc(i)

DRij,c/|N(i)|

Here N(i) is the set of nodes within the communication range of node i and Nc(i) is
the set of nodes within the communication range of node i and tuned to channel c for
receiving.

Based on the channel model, the broadcast protocol consists of two phases. The first
phase is constructing local structures. Each node figures out good transmission channels
and good incident links. The second phase is building the broadcasting tree. By using
a control message passing procedure, each node uses its local structure and the ones
from its neighbors to build a local broadcasting branch. The local broadcasting branch
fully exploits the channel diversity and assigns channels and radios for broadcasting to
reduce the wireless interference. The union of these branches results in a broadcasting
tree. The second phase can be represented by a finite state machine.

When constructing the quasi-optimal broadcast protocol, a common channel is used
to exchanging all the control messages. The broadcast protocol can ensure that all nodes
in the network receive the broadcasting messages effectively and efficiently. Addition-
ally, the broadcast protocol satisfies the following principles:

1. Each node has only one receiving channel;
2. There is no need for a node to participate in broadcasting if all of its neighbors are

already covered;
3. For each message, each node may broadcast more than once by using different

channels on different radios;
4. Each node should not use the same channel for both transmission and reception;
5. Adjacent nodes should avoid using the same channel for transmissions.

3.2 Determining Thresholds for Channel and Link Selection

Recall that the first phase of the broadcast protocol is removing all bad channels and
links whose weights are below the thresholds. After the first phase, we focus on broad-
cast by only using the remaining channels and links instead. In other words, only the
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Fig. 2. The illustration of the partition and coloring scheme

good links and channels of weights at least the link threshold and channel threshold
respectively will participate in broadcasting. Therefore, determining the thresholds be-
comes a critical issue and has never been investigated before.

The thresholds depend on many factors, such as the network environment, and net-
work traffic. In reality, different wireless networks may have different thresholds. We
propose a binary-search-based heuristic to find the channel threshold and link threshold.

Start with initial values big enough for thesholds, each time we check whether the
current values of the channel threshold and link threshold can ensure that the directed
network G is strongly connected. Here, a directed path in which only good links are
included is called a Strongly Connected Path (SCP); a directed network is strongly
connected if there is at least one SCP between any pair of nodes.

If the current values for the channel threshold and link threshold cannot ensure the
strong connectivity of the network, we decrease both values by half and repeat the
checking procedure. We terminate until the channel threshold and link threshold can
ensure the strong connectivity of the network.

We make a note that there must exist values for the channel threshold and link thresh-
old which can ensure the strong connectivity of the network. The reason is that the nodes
are placed with a constraint of connectivity. When the values of the channel threshold
and link threshold decrease, the number of good links and channels increase, When the
values of the channel threshold and link threshold are small enough, there exists a SCP
between any pair of nodes, i.e., the network is strongly connected.

3.3 MAC-Layer Scheduling

We propose the following MAC-layer scheduling heuristic. The heuristic relies on the
spatial reuse and schedules as many links as possible each time.

Let us partition the deployment region into cells and color the cells. The partition and
coloring scheme can ensure that when at most one node for every grid of a monotone
color transmits, the transmissions are interference-free.

Based on the partition and coloring scheme (Figure 2), each time we select a color in
a round-robin manner. For each cell of the selected color, we find all nodes lying inside
this cell which contain data to transmit; we choose the node with the smallest level in
the broadcast tree and find the corresponding link (from this node to its children) in the
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broadcast tree. Note that, one link may connect to multiple nodes. All the found links
form an independent set which can transmit concurrently. We then try to insert links
greedily subject to the wireless interference constraint; We repeat the above procedure
until all data have been broadcasted to each part of the network.

If the number of channels and radios is very large, we allow the fine-grained MAC-
layer scheduling heuristic to degenerate into a simple greedy algorithm.

3.4 Comprehensive Analytical Model

The performance analysis is conducted in terms of reliability, goodput, delay, redun-
dancy, overhead, and scalability. For comparative analysis, the pure flooding algorithm
is considered, in which a channel is chosen to distribute messages to every part of the
network.

Reliability Metric. The reliability of a message is the percentage of the number of
nodes that has received this message. The reliability of the system is the average relia-
bility of all messages.

To prove full reliability, we need to prove that the broadcasting tree obtained from
the broadcast protocol is strongly connected. The argument is based on the concept of
SCP. A directed broadcasting tree is strongly connected if there is at least one SCP
from the distinguished source node to any other node. We can verify that as long as
the original network is strongly connected, the broadcast protocol outputs a strongly
connected broadcasting tree with its depth upper-bounded. Thus, the broadcast protocol
consistently achieves full reliability.

On the other hand, the pure flooding algorithm cannot achieve full reliability due to
serious contentions and wireless interference. Some broadcast messages may be dropped.
At the same time, the wireless interference among nearby nodes causes collisions.

When the message disseminating speed increases, the MAC-layer scheduling can
ensure that all messages are broadcasted to each part of the network without colli-
sions. Thus, the broadcast protocol with the MAC-layer scheduling scheme can achieve
full reliability. On the other hand, the pure flooding algorithm has to handle the new
broadcasting messages while the previous ones still stay in the buffer. Thus, the broad-
cast messages keep being accumulated in each node’s buffer. The broadcasting of the
new messages is interleaved with that of the accumulated messages. To sum up, colli-
sions happen not only in the same broadcast message, but also among the consecutive
messages.

Even without the neighbor elimination scheme, the broadcast protocol can achieve
full reliability as the broadcasting tree is strongly connected. After integrating the neigh-
bor elimination scheme, the pure flooding algorithm’s reliability increases. The reason
is that the neighbor elimination scheme can resolve the heavy contention problem.

Goodput Metric. The goodput of a node is the number of useful information bits
delivered by the source node to this node, per unit of times. The goodput of the system
is the average goodput of all nodes across the network. For simplicity, we can assume
the packet length is fixed.
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Each non-redundant received message contributes to the goodput. The goodput of
a node far away from the source node is small since the delivery of useful messages
costs a lot of time. When the number of nodes increases, the average distance from the
source node increases accordingly; the average goodputs of the broadcast protocol and
the pure flooding algorithm decrease. There exists a limit for the goodput of the system
when the number of nodes increases.

After integrating the neighbor elimination scheme, the broadcast protocol’s good-
put decreases since the lapesed time for delivering a message from the source node
to each node increases. The pure flooding algorithm’s goodput increases as the neigh-
bor elimination scheme can resolve the heavy contention problem and help the useful
information delivery.

Delay Metric. The worst case delay of a message is the lapsed time from the time
when the source node starts beaconning the message to the time when the last node
receives this message. The average worst case delay is the average worst case delay of
all messages.

The broadcast protocol can ensure interference-freeness. When the number of nodes
increases, the average worst case delay of the broadcast protocol is only increased
slightly. The reason is that the length of the longest path from the source node is in-
creased sub-linearly. On the other hand, the pure flooding algorithm has a large wost
case delay due to receiving redundancies, serious collisions, and wireless interference.
When the number of nodes increases, the average worst case delays of both the broad-
cast protocol and the pure flooding algorithm increase. Generally, the average worst
case delay varies inversely with the goodput.

After integrating the neighbor elimination scheme, we conjecture that the average
worst case delay of the broadcast protocol increases while the average worst case delay
of the pure flooding algorithm decreases.

Redundancy Metric. If any message is received by a node for more than once, this
message is perceived as a duplicate message for this node. The receiving redundancy
of a node is the total number of duplicate messages across all messages. The average
receiving redundancy is the average of the receiving redundancy of each node across
the network.

The broadcast protocol significantly reduces the receiving redundancy. This is be-
cause only the nodes included in the broadcast tree relay the broadcast messages and
only the nodes that tune to the same channel as the transmitter nodes receive the broad-
cast messages. On the other hand, the number of neighboring nodes increases as the
number of nodes increases. Thus, the average receiving redundancy of the pure flood-
ing algorithm increases linearly as the number of nodes increases.

The neighbor elimination scheme can reduce the number of receiving neighbors each
time. Thus, the neighbor elimination scheme can reduce the average receiving redun-
dancy promisingly.

The Transmission Redundancy: The transmission redundancy of a message is the
percentage of the number of nodes participating in broadcasting this message. The av-
erage transmission redundancy is the average of the transmission redundancy over all
messages.
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The transmission redundancy of the broadcast protocol only depends on the percent-
age of non-leaf nodes in the broadcasting tree. The pure flooding algorithm has a trans-
mission redundancy close to one since every node participats in broadcasting messages
if the message is not dropped. When the number of nodes is increased, the transmis-
sion redundancy of the broadcast protocol remains the same approximately while the
transmission redundancy of the pure flooding algorithm decreases. This is due to the
fact that the reliability of the pure flooding algorithm decreases, and thus fewer nodes
participate in the broadcasting.

After integrating the neighbor elimination scheme, the transmission redundancy of
the broadcast protocol remains the same. The transmission redundancy of the pure
flooding algorithm increases as the reliability increases.

Message Overhead. The message complexity is defined as
∑N

i=1

∑M
j=1 Xi,j , where

Xi,j is the total number of the j-th packet (including duplicates) received by node i.
The message complexity is related to the receiving redundancy metric. The broadcast
protocol significantly reduces the message complexity.

The number of control messages to construct the broadcast tree increases linearly
with the total number of communication links.

Scalability. The scalability of the system is the ability to handle a growing amount of
communication traffics in a capable manner or its ability to be enlarged to accommo-
date that growth. When constructing the broadcast tree, at most two-hop information is
needed. Thus, the distributed broadcast protocol has good scalability. On the other hand,
when the message disseminating speed becomes high, the network traffic becomes high.
If there are too many nodes within a small region, this region becomes a bottleneck in
terms of the network traffic; traffic congestions may occur in this region. Thus, the pure
flooding algorithm cannot scale well.

After integrating the neighbor elimination scheme, the broadcast protocol still has
good scalability if the neighbor elimination scheme is scalable. In the neighbor elimi-
nation scheme, only local information is needed, thus the neighbor elimination scheme
has good scalability.

4 Related Work

4.1 Wireless Broadcasting

The classical broadcast problem in wireless networks have been extensively studied.
Chlamtac and Kutten [4] proved the NP-hardness of finding a minimum makespan
collision-free broadcast scheduling for general graphs, even in the absence of wire-
less interference. Gandhi et al. [9] proved the NP-hardness of the minimum makespan
broadcast scheduling problem for multihop wireless networks with bounded transmis-
sion range and proposed a simple 468-approximation algorithm. Huang et al. [14] im-
proved the approximation ratio to be 16.

Two widely used broadcasting methods are the probabilistic and tree-based approaches.
In the probabilistic broadcasting approach (also called gossip-based approach)
[2, 10, 11, 13, 17], when a node first receives a broadcasting message, it broadcasts
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the message to its neighbors with a probability of p and drops the message with a
probability of 1 − p. The challenges of the probabilistic approach are how to find the
appropriate gossiping parameters and how to guarantee full reliability. In the tree-based
approach [10], a broadcasting tree is constructed first to reduce redundant transmissions
before the broadcasting messages are actually transmitted. The tree-based method in-
volves an overhead to construct the tree.

Most of the broadcasting protocols have been developed primarily with one focus:
reliability, broadcast delay, or redundant transmissions. These performance metrics are
often contradictory goals. In an effort to minimize delay and the number of retrans-
missions, a broadcast schedule is developed for collision free broadcasting [10]. While
the results are promising, the assumption of a single-radio single-channel and single-
rate model limits its usage in MC-MR networks. [20] presented a set of algorithms to
achieve low broadcasting delay in MC-MR and multi-rate mesh networks. The broad-
casting tree is constructed using a set of centralized algorithms with a goal of min-
imizing broadcasting delay. However, the centralized approach results in a nontrivial
overhead to construct and maintain the tree. In addition, these algorithms are evalu-
ated in a 10-node mesh network, thus making it less clear about the scalability of the
proposed algorithms.

The most related work to this paper is [21] where a novel channel model is developed
to assess the channel quality in the presence of interfering networks, and distributed
broadcasting protocols are developed. In-depth theoretical analysis has been conducted
and a simulator has been developed to simulate MC-MR and multi-rate ad hoc mesh
networks. Recently, [22] proposed a Quality-of-Service (QoS)-based broadcast proto-
col for multi-hop cognitive radio ad-hoc networks under blind information. In [23], a
distributed broadcast protocol is proposed in multi-hop cognitive radio ad-hoc networks
without a common control channel.

4.2 Channel Quality Assessment

Interference-aware routing protocols [7] and interference-aware MAC layer protocols
[16] usually assume that either a priori information about the interference is known,
or a 0-1 function is applied to the link, i.e., a link either works or does not work. Few
studies have contributed to defining the measurement of interference. The first excep-
tional study was made in [19] to estimate the link interference in a static single-radio
single-channel experimental wireless network. The way this study calculates the inter-
ference is not practical in real-world mesh networks. Thus, finding a practical wireless
interference-aware metric is crucial. [6] presented a metric termed as Expected Trans-
mission Count (ETX) to find a high throughput path. The ETX of a link is calculated
using the forward and reverse delivery rates of the link. The ETX of a path is then the
sum of the ETX for each link in the path. Although ETX does very well in homogeneous
single-radio environments, it does not perform well in environments with multiple ra-
dios as indicated in [7]. We further argue that ETX does not accurately represent the
quality of the entire path in the context of broadcasting as no acknowledgment exists in
broadcasting.
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5 Conclusion

We have conducted the performance analysis of broadcast in MC-MR wireless mesh
networks. For the future work, we will conduct real-world experiments. Additionally,
we will explore cognitive radio mesh network broadcasting as cognitive radio network
is emerging as a promising paradigm for the future networks to relieve the spectrum
scarcity and hence signicantly improve spectrum utilization.
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