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Abstract— Hybrid Wireless Mesh Networks (WMN) are gen-
erally employed to establish communication during disaster
recovery operations. The Hybrid WMN network is formed
in a spontaneous manner when wireless nodes belonging to
different agencies are operated in the disaster area. These
wireless nodes generally have heterogeneous configurations in
terms of number of transceivers, computational power, battery
resources and mobility pattern. Internet Protocol (IP) acts as the
common platform for integrating these heterogeneous devices.
Routing protocols are engaged to determine paths between sets
of wireless nodes. A number of routing metrics have been
developed to achieve performance gains in multi-radio, multi-hop
WMNs. However, most of these metrics need access to external
information like link quality statistics, channel numbers, etc on a
regular basis. This frequent information exchange coupledwith
the incessant variation in mobility and traffic load conditions
causes degraded performance of these metrics in Hybrid WMNs.
In this paper, we present a routing metric named ALARM
specifically designed for Hybrid WMNs. ALARM is computed
using the number of packets queued per wireless interface.
This computed value offers an accurate representation of the
traffic load, link quality, interference and noise levels. With the
help of extensive simulations, we show that our routing metric
outperforms well-know routing metrics like ETT and WCETT
under varying mobility and traffic load conditions in Hybrid
WMNs. We further show the practicality of the metric through
a prototype implementation and provide performance results
obtained from a small-scale testbed deployment.1.
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I. I NTRODUCTION

Wireless Mesh Networks (WMNs) are essentially modified
Wireless Local Area Networks (WLANs) with the key differ-
ence being that the Access Points (APs) are interconnected
wirelessly rather than with wires. In a typical WLAN the
APs are responsible for providing connectivity to the mobile
clients. In a WMN the Mesh Routers (MR) provide service to
the mobile clients. A MR is generally equipped with multiple
radios and access to either mains power or batteries offer-
ing long battery life. MRs wirelessly establish connections
between each other (referred to as the back-haul) which makes
WMN deployment easier and cost effective. The mobile clients
in a WMN, referred to as Mesh Clients (MC), are single-radio
wireless nodes with limited battery power.

1This paper extends upon our previous ‘work in progress’ paper published
in Mobiquitous 2007 [1]
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Fig. 1. A Hybrid Wireless Mesh Network

Based upon their deployment pattern, WMN can be cat-
egorised into three types: Infrastructure, Client and Hybrid
[2]. In infrastructure WMNs, the MCs only communicate with
each other via the MRs i.e. all communication flows via
the back-haul. A client WMN is a network devoid of MRs
and, hence, all communication takes place between the MCs
in a purely ad-hoc manner [3] with MCs acting as packet
forwarders. A hybrid WMN combines the functionality of
both the infrastructure and client WMNs to form a network
where the MCs can communicate with each other directly or
via the back-haul. The prime advantage of a hybrid WMN
is its support for a high level of network connectivity. As
both MRs and MCs are able to service MCs, hence, network
segregation is minimal in such networks. An illustration ofan
hybrid WMN is shown in Fig. 1.

All three WMNs encounter a number of challenges when
it comes to actual deployment. First and foremost is the
interference in the radio spectrum used by IEEE 802.11. This
interference occurs due to a number of factors including:
co-channel and inter-channel interference, and noise in the
ISM bands [4]. Mobility is another complex issue faced by
WMNs. Special protocols have to be engaged, which permit
seamless roaming in the network. Route discovery is another
challenging task especially in hybrid WMNs where three
different types of communication modes occur:inter- MR,



inter-MC and between MRs and MCs.
In order to overcome the stated problems, current routing

protocols for WMNs use a variety of techniques to minimise
the affects of interference, and to support mobility and dis-
parate communication modes. Such routing protocols enable
the establishment of routes in a dynamic topology while doing
so also seeking to minimize the affects of interference. Routing
protocols used in WMNs can be proactive, reactive or a
combination of both [5]. In proactive routing protocols the
routes are periodically discovered or updated between node
pairs using distance vectors or link state packets. While in
reactive routing protocols routes are only discovered when
required. Hence, these protocols are also known as on-demand
routing protocols. Proactive routing protocols reduce route
establishment delays at the cost of periodically disseminated
control packets. While reactive routing protocols reduce the
control packet overhead to save battery power at the cost of
higher route establishment delays.

Routing protocols that are employed in WMNs use special
metrics to improve upon their routing performance. These
routing metrics essentially help in selecting an optimal path
in the network based upon certain criteria. These criteria can
vary from protocol to protocol and can be based upon hop-
count, air-time, link quality, channel diversity, noise factor etc.
All routing metrics have their individual merits and demerits.
Some metrics are simple to implement but have minimal
performance boost, while others may be complex but offer
increased performance gains.

Most of the contemporary routing metrics require regular
exchange of link quality statistics in order to determine the
optimal paths. However under highly dynamic topologies,
these metrics do not converge fast enough and discrepancies
occur between the time the link statistics are gathered and
are computed [6]. In addition, the link quality statistics,
used by contemporary routing metrics, are computed in a
distributed manner and are disseminated in the network. This
process incurs additional packet overhead in the network and
aggravates the prevailing interference levels.

Although all routing protocols help in selecting an optimal
path during route discovery; these protocols are rarely used to
subsequently improve upon the quality of the selected paths.
A routing metric essentially provides a snapshot of the optimal
path available in the network at a particular time. Thus a path
initially selected, based upon the routing metric, remainsas it
is till the time the path actually breaks or the flow of traffic
comes to an end. This implies that the paths selected by routing
protocols are also susceptible to the traffic load conditions,
interference and noise levels that occur following the initial
path selection.

In this paper we present an Adaptive Load-Aware Routing
Metric (ALARM). The key benefits of ALARM are that:

• It does not require access to any external information
and uses only localised information to discover the least-
loaded routes through the network.

• ALARM does not require any link statistics to be shared
between nodes and, hence, incurs no additional compu-

tational and packet overhead.
• ALARM uses the interface queue levels to make a

decision concerning the aptness of a particular wireless
interface. In doing so ALARM automatically captures
the combined affects of traffic load, link quality, channel
diversity, interference and noise levels.

• In addition ALARM, being dependent only on localised
information, permits effective route adaptation to variable
traffic load conditions without initiating a new route
discovery.

We have applied ALARM to AODV [7], a reactive routing
protocol, and compared its performance with existing routing
metrics like WCETT and ETT. With the help of results from
an actual testbed implementation and network simulations,we
show that ALARM outperforms other routing metrics by a
significant margin in terms of network performance.

The remainder of the paper is organised as follows. In
Section II, we first discuss related work focusing on routing
metrics for wireless mesh networks. Our proposed metric
ALARM is explained in Section III with its application to the
AODV routing protocol discussed in Section IV. Section V
provides a performance evaluation of ALARM, and presents
and discusses our extensive simulation results. A prototype
implementation of ALARM and its testbed-based evaluation
are presented in Section VI. Finally, Section VII concludesthe
paper.

II. RELATED WORK

A number of routing protocols have been developed for
WMNs in recent years. Most of these protocols are based on
one of the numerous Mobile Ad-hoc Network (MANET) rout-
ing protocols, which have been developed over the past two
decades and have been designed for highly dynamic mobile ad-
hoc networks. As a result, these protocols have excellent self-
healing and self-configuration capabilities. MANET routing
protocols typically use hop count as their routing metric, with
their main focus on maintaining connectivity. It has been
clearly shown that the hop count metric is not able to establish
paths with maximum throughput in hybrid or infrastructure
mesh networks [8]. This is because hop count does not allow
differentiating between high quality and low quality wireless
links, and therefore favours shorter paths consisting of low
quality links over slightly longer paths with higher quality
links. This results in the establishment of paths with non-
optimal throughput characteristics.

The Expected Transmission Count (ETX) metric, proposed
in [8], attempts to address this problem. ETX is a measure
of link quality and it considers the predicted number of times
data packets need to be transmitted and re-transmitted at the
MAC layer to successfully traverse a link. The corresponding
ETX metric for a path is simply the aggregation of the ETX
values of the individual links of that path. ETX is defined as
follows:

ETX =
1

df × dr



The parameterdf is the forward delivery ratio of a link,
i.e. the ratio of data frames successfully traversing the link in
the forward direction. The parameterdr is the corresponding
parameter for the reverse direction of the link. Bothdf anddr

can be interpreted as the probability of successfully transmit-
ting a data frame. In order for a data frame to be successfully
transmitted and acknowledged, a successful transmission in
both the forward and the reverse direction is required, with
the corresponding probability ofdf × dr. If attempts to send
a data frame are considered as a Bernoulli trial, the ETX
value represents the expected number of transmissions, i.e.
the inverse of the success probability of a single transmission.

The ETX metric is generally measured using periodic link
probe packets. The ratio of successfully received probes from a
neighbour provides the reverse link delivery ratiodr. Similarly,
the ratio of successfully received probes by that neighbour
indicates the forward link delivery ratiodf .

The ETX metric has a number of limitations. For example,
the assumption that data packets will experience the same loss
rates as probe packets does not necessarily hold. Probe packets
tend to be very small in size, and since they are sent via link
layer broadcast, they are transmitted at the lowest possible data
rate in IEEE 802.11 radios. This results in a higher probability
of successful transmission and, therefore, a lower ETX value
than for data packets. However, a significant shortcoming of
ETX is that it does not consider the transmission rate of links.
According to ETX, a slow link is considered superior to a
significantly faster link if it has a slightly lower ETX value.
This is a severe limitation in multi-rate networks consisting
of links with varying transmission rates, which is the case for
most wireless mesh networks, due to the auto-rate mechanism
of IEEE 802.11 radios.

The Expected Transmission Time (ETT) metric [9] is an
extension of ETX designed to overcome the problems of ETT
with respect to the transmission rate of links. ETT is a measure
of the expected time required to successfully transmit a fixed-
side data frame on a link. It is defined as follows:

ETT = ETX ×
S

B

S represents the packet size andB represents the bandwidth
or capacity of the link. The corresponding ETT path metric is
simply the sum of the ETT values of the individual links. By
considering the link bandwidth, ETT is able to differentiate
between links with varying capacities but similar ETX values.

ETT has significant limitations when applied to multi-radio
networks. It is not interference-aware and is not able to
establish channel-diverse paths that exploit the availability of
multiple inter-node links. Hence, it cannot discover maximum
throughput paths.

An example of a WMN routing protocol that employs the
ETT routing metric is AODV-ST [10], which has been specif-
ically designed for infrastructure wireless mesh networks.
The AODV-ST protocol has been designed with the aim of
providing Internet access to Mesh Clients with the help of

one or more gateways. The protocol uses a proactive strategy
to discover routes between Mesh Routers and the gateways,
and a reactive strategy to find routes between Mesh Routers.
AODV-ST has been designed for single-radio networks and,
can therefore not exploit the full potential of multi-radionodes
in the network.

The Weighted Cumulative ETT (WCETT) metric [9] has
been designed to overcome the key limitation of ETT in
the context of multi-radio mesh networks, by specifically
considering channel diversity. The WCETT metric of a path
p is defined as follows:

WCETT = (1 − α) ×
∑

ETT + α × Max Xj

Xj is the sum of the ETT values of links which are on
channelj in a system which hask orthogonal channels. The
first term of the equation simply adds up the individual link
ETTs, and therefore generally favours shorter high quality
paths. The second term of the equation adds up the ETTs of
all links of a given channel, and then takes the maximum over
all channels. A path with a large number of links operating
on the same channel will, therefore, have a high value. As
a result, the second term favours paths with a high level of
channel diversity, and ensures low intra-flow interference. α

is a tuneable parameter within the bounds0 ≤ α ≤ 1,
that enables one to control the preference of path length over
channel diversity.

The main disadvantage of WCETT is that it incorrectly
penalises channel reuse. For example, any path which reuses
a channel on every third hop is considered equivalent to a
path in which the channel is reused in three consecutive hops.
The former path may not introduce any intra-flow interference
because of the spatial separation of the channel reuse, while
the latter path may induce excessive channel interference due
to the proximity of channel reuse. WCETT, like ETX and ETT,
also does not consider inter-flow interference, link load orlink
congestion when establishing paths.

WCETT has been implemented in the Multi-Radio Link
Quality Source Routing (MR-LQSR) protocol developed by
Microsoft Corporation. The protocol identifies all nodes inthe
wireless mesh network and computes ETT for all possible
links. The WCETT is then applied to the Link Cache [11]
scheme of the Dynamic Source Routing (DSR) [12] protocol.
Thus, when the Dijkstra algorithm is executed over the link
cache by a source node, the protocol returns the path with
the least expected transmission time. As MR-LQSR has been
developed for use in static networks only, it cannot be applied
directly to hybrid WMNs. Recently, other metrics for WMNs
have been proposed [13], [14], but all require some form of
information exchange in one form or the other.

A number of load-aware routing protocols have been devel-
oped for MANETs [15]-[22]. Some of these protocols take the
packet losses into account while others look at the overloading
of the interface queues. All protocols have been developed for
homogenous ad-hoc networks where all nodes have a single
radio each. Consequently, no support is offered for current



void DropTail::enque(Packet* p) 
{ 
        q_.enque(p); 
        if (q_.length() >= qlim_) { 
                q_.remove(p); 
                drop(p); 
        } 
} 
 
Packet* DropTail::deque() 
{ 
        return (q_.deque()); 
} 

Fig. 2. Pseudo-code for Droptail IFQ

multi-rate radios, which adapt their data rates in accordance
with the Signal to Noise Ratio (SNR). In addition, as the
network topology is considered extremely fluid in MANETs,
none of the mentioned protocols offers a mechanism for route
adaptation after the initial route development.

III. A DAPTIVE LOAD-AWARE ROUTING METRIC

(ALARM)

ALARM uses the Interface Queue (IFQ) length as an
indication of link load. The IFQ is a drop-tail buffer, imple-
mented at the MAC layer of 802.11 radios, which contains
outbound frames to be transmitted by the physical layer. A
build up of frames in the IFQ indicates congestion, either
due to traffic load or due to low link quality or interference
[23]. The advantage of using IFQ lengths, and hence the
level of link load, is that it subsumes a range of other link
parameters, such as link quality, link capacity, interference,
and noise. Furthermore, the IFQ length is information that is
locally available at the data link layer, and does not require
communication with other nodes or any expensive operations
such as active probing.

The pseudo-code for a standard drop-tail IFQ2 is shown in
Fig. 2. A packet sent from the higher layers is first en-queued
in the Drop-tail IFQ before being passed onto the wireless
medium. In case the current IFQ length (q.length) is less than
the queue size (qlim), the packet is stored in the queue, else
it is simply dropped. Thus by looking at the IFQ length at any
instant in time, we can get an accurate estimate of the load on
that particular link.

In order to make the IFQ lengths comparable between links
with dissimilar data rates, we divide the IFQ length by the
current data rate (BW) of a link to compute the estimated
time required to empty the queue, which we refer to as the
Queue Discharge Interval (QDI).

QDI =
IFQ

BW

The QDI represents the minimum time a packet has to
remain in the IFQ before being transmitted on to the physical
medium. By normalizing the QDI we ensure that the QDI
of different nodes with varying channel bandwidths are made
comparable.

2http://www.isi.edu/nsnam/ns/doc/node68.html

The Cumulative QDI (CQDI) of a path consisting ofn links
is the sum of the QDI’s of all links forming that particular path.

CQDI =
n∑

i=1

QDIi =
n∑

i=1

IFQi

BWi

Wireless interfaces can be operating at different data rates
at any instant of time. Thus a queue attached to a lower
data rate interface is likely to get saturated earlier than an
equal sized queue attached to a higher data rate interface. QDI
thus makes queues and interfaces of different sizes and data
rates comparable. As most of the contemporary wireless cards
support auto-rate data transmission with wireless card drivers
supporting Auto-Rate Fallback (ARF) it is essential that the
IFQ length and current data rate be monitored simultaneously.
This monitoring can be done in an instantaneous manner or
may be averaged over an interval. The window size of the
monitoring interval is dependent primarily on the network
traffic pattern. A smaller window captures the affects of
burst traffic, while a larger window captures long term traffic
patterns.

Some other factors that influence the IFQ length are conges-
tion, interference and noise. As the Mesh Clients in Hybrid
WMN are constantly on the move, it is very likely that a
number of simultaneous flows will be traversing some of the
nodes. As the wireless medium is shared, contention takes
place when multiple nodes try to access it. This contention
causes congestion in the IFQs of contending nodes. The
congestion causes building up of the IFQ lengths. Intra-flow
and inter-flow interference also induces the same affect on
IFQ. This impact is directly related to the incoming and
outgoing rate of wireless frames and causes the IFQ to grow
and shrink accordingly. Similarly, if there is extensive noise in
the wireless medium, the transmitted data packets may need to
be retransmitted a number of times (due to checksum errors)
before being successfully acknowledged by the recipient node.
A low SNR also causes elongation of the IFQs.

IV. EXTENSION OFALARM TO AODV

A. AODV

The Ad-hoc On Demand Distance Vector (AODV) routing
protocol is a reactive distance vector routing protocol that
has been optimised for mobile ad-hoc wireless networks [24].
AODV borrows basic route establishment and maintenance
mechanisms from the Dynamic Source Routing (DSR) [12]
protocol, and hop-to-hop routing vectors from the Destination-
Sequenced Distance-Vector (DSDV) routing protocol [25]. To
avoid the problem of routing loops, AODV makes extensive
use of sequence numbers in control packets.

When a source node intends to communicate with a desti-
nation node whose route is not known, it broadcasts a Route
Request packet. Each Route Request packet contains an ID;
source and the destination node IP addresses and sequence
numbers together with a hop-count and control flags.



The ID field uniquely identifies the Route Request packet.
The sequence numbers indicate the freshness of control pack-
ets, and the hop-count maintains the number of nodes between
the source and the destination. Each recipient of the Route
Request packet that has not seen the Source IP and Route
Request packet ID pair, or does not maintain a fresher (with
larger sequence number) route to the destination, rebroadcasts
the same packet after incrementing the hop-count. Such inter-
mediate nodes also create a Reverse Route to the source node
for a certain interval of time.

When the Route Request packet reaches the destination
node, or any node that has a fresher route to the destination,
a Route Reply packet is generated and unicast back to the
source of the Route Request packet. Each Route Reply packet
contains the destination sequence number, the source and the
destination IP addresses, route lifetime together with a hop-
count and control flags. Each intermediate node that receives
the Route Reply packet, increments the hop-count, establishes
a Forward Route to the source of the packet and transmits the
packet on the Reverse Route.

To detect link breakages, AODV supports both link and net-
work layer notifications. In the former a link layer notification
is sent to the network stack when a sent data packet cannot be
acknowledged after a number of retries. In the latter, periodic
Hello packets are used to covey connectivity information to
nodes. Both mechanisms have their individual merits and
demerits. The link layer notifications provide a fast way of
discovering broken links using the missing acknowledgements
of data packets, however, it has no way of pro-actively
detecting a broken link if the data flow is intermittent. Network
layer notifications can detect link breaks in both cases with
the maximum detection window equal to the Hello interval.
The downside is the additional routing overhead due to the
transmission and reception of periodic Hello packets. With
both modes of notifications, if a link break is detected for
a next hop of an active route, a Route Error packet is sent
to its active neighbours that were using that particular route.
In this paper, we have used AODV with Hello packets for
two reasons. First we want to use Hello packets to discover
multiple links to adjacent nodes and secondly we use the Hello
packets to compute the ETT and WCETT routing metrics.

B. AODV-ALARM

When using AODV on a node with multiple radios, each
Route Request packet is broadcast on all the node’s interfaces
[26]. Intermediate nodes with one or more interfaces operating
on a common channel, receive the Route Request packet and
create a Reverse Route that points towards the source node. If
the Route Request packet is a duplicate, it is simply discarded.
If we want to use the QDI metric with AODV, this approach
does not work, since it does not allow selecting the path with
the lowest QDI value. We therefore modified the forwarding
behaviour of intermediate nodes. In our version of the protocol,
which we refer to as AODV-ALARM, intermediate nodes
forward the initial Route Request packet, and establish the
corresponding Reverse Route. However, in AODV-ALARM,

A EC DBQA1

QB1
QB2

QB3

QC1
QC2

QC3

QD1

Fig. 3. AODV-ALARM Route Discovery

nodes also forward any subsequently received Route Request
packets, if they have a lower CQDI value, and update the
Reverse Route accordingly.

We further modified the format of the Route Request header
to include a field for the CQDI, which is updated at each hop
by adding the link QDI value. The CQDI value is also retained
in the routing tables as the cost of the Reverse Route to the
source of the route discovery. This value is compared with the
QDI value of subsequently received Route Request packets
and is updated in case a Route Request with a lower value is
received.

When the Route Request reaches the destination, or an
intermediary node with a route to the destination, a Route
Reply is sent back to the originator of the Route Request. The
Route Reply header has also been modified to include a field
for the CQDI. This field is initialised to the QDI value of the
destination node, and is updated at the intermediate nodes.
This gives intermediate nodes information about the path cost
to the destination node. Forward Routes are only updated as
a result of receiving a new Route Reply, if the corresponding
CQDI value is lower than for the current Forward Route, which
prevents the problem of route flapping [27]. This is no different
from the behaviour of standard AODV, with the only exception
that the hop count routing metric is replaced with QDI.

The complete route discovery process of AODV-ALARM is
illustrated in the example shown in Fig. 3, where two single-
radio Mesh Clients (A & E) are connected via a string of three
Mesh Routers (B, C & D) equipped with three radios each.
The QDI of a wireless interface is represented byQNi. Where
N is the node ID andi is the interface number.

When NodeA wants to establish a route to NodeE, it
broadcasts a Route Request with CQDI set toQA1. Lets
assume that NodeB receives this Route Request on all three
of its wireless interfaces. NodeB now creates a Reverse Route
to NodeA; adds the QDI value of each of its interfaces to the
CQDI value in the Route Request header; and broadcasts the
Route Request on all three wireless interfaces. Thus the three
Route Requests sent by NodeB have a CQDI value ofQA1 +
QB1, QA1 + QB2 and QA1 + QB3 respectively. NodeC can
now receive one or more Route Request packets from NodeB.
NodeC accepts a duplicate Route Request from NodeB only
if the CQDI of the received Route Request is lesser than the
last seen CQDI value. The accepted Route Request is used to
create or update the Reverse Route to NodeB. NodeC adds
the respective QDI values of each of its interfaces to the Route
Request and broadcasts the Route Request on all interfaces.

This process continues till the time the Route Request is
received by NodeE or any node having a prior route to Node
E. Lets assume that NodeE receives the Route Request packet.
It sends a Route Reply to NodeD on the previously created
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Fig. 4. Structure of the Mesh Network

Reverse Route with the CQDI equal toQE1. Node D adds
its own QDI value (QD1) to the received Route Reply and
forwards it. Eventually, the Route Reply reaches NodeA via
a path where the nodes have least saturated interfaces. Thus
at the culmination of the route discovery process, a least-
loaded Forward and Reverse Route is established between
the source and destination nodes in a manner similar to that
of standard AODV. The overhead of the route discovery in
AODV-ALARM is slightly higher than in standard AODV
due to the fact that multiple copies of the Route Request
packet are forwarded during route discoveries. However, as
our simulation results show, the benefits gained by doing so
far outweigh the increased overhead.

C. Route Adaptation

When the network is static with no node mobility and
no change in traffic patterns, the mechanisms discussed so
far are able to establish high quality routes. However, this
is rarely the case in Hybrid WMNs. The selection of links
comprising a route might be optimal at the time of route
establishment, but this might change drastically during the
lifetime of a route, either due a change in traffic load, link
quality, or interference levels. We therefore need a mechanism
that continually maintains and optimises a route.

The route adaptation mechanism of AODV-ALARM does
exactly that. The mechanism is implemented locally at each
node, and does not incur any routing overhead. What it does
is to periodically check if the QDI of any active link is beyond
a given threshold. If this is the case, the node will switch to
a less loaded link that is shared with the next hop, if such
a link is available. This can be done very rapidly and at
virtually no cost. To avoid instabilities and constant switching
of links, a hysteresis function is applied. In our simulation, this
adaptation process is invoked with a frequency of 1/s. Should
a link break occur, the route adaptation mechanism is invoked
to locally repair the route by switching to an alternative link.
The route adaptation mechanism should not be confused with
AODV’s local repair feature, which allows a route discovery
mechanism to be initiated by an intermediary node in case of
a link failure close to the destination node.

V. SIMULATION RESULTS

A. Simulation Environment

We have evaluated the efficiency of ALARM through ex-
tensive simulations in NS-2 [28], using the Extended Network

Simulator (ENS) extensions [29]. The simulated network
topology, as shown in Fig. 4, consists of 25 static Mesh
Routers (Nodes 51 - 75) placed as a regular 5x5 grid in a
1000m x 1000m area. The connectivity between Mesh Routers
is indicated via dashed lines. The network further consists
of 50 mobile Mesh Clients (Nodes 1 - 50), initially placed
uniformly randomly in the simulation area. Each Mesh Client
is equipped with one and each Mesh Router is equipped with
three radios respectively.

Concurrent Constant Bit Rate (CBR) flows using the UDP
protocol are established between uniformly randomly selected
source and destination Mesh Client pairs. The performance
metrics are obtained by averaging the results from 50 test
runs. A total of three simulations were carried out. The
default simulation parameters used in all simulations, if not
specifically mentioned otherwise, are listed in Table I.

TABLE I

TABLE 1: SIMULATION PARAMETERS

Examined Protocol AODV, AODV-WCETT, AODV-ETT
and AODV-ALARM

Simulation time 900 seconds
Simulation area 1000 x 1000 m
Propagation Model Two-ray Ground Reflection
Mobility model for Mesh
Clients

Random waypoint

Traffic Type CBR (UDP)
Flow Rate 128 kbps
Packet size 512 bytes
Transmission range 250 m
RTS/CTS OFF
Physical Data Rate 11 Mbps
QDI Window Interval 100ms

B. Performance Metrics

In each simulation, the following three performance metrics
are considered:

a) Packet Delivery Ratio: The ratio between the number
of data packets successfully received by destination nodesand
the total number of data packets sent by source nodes.

b) Routing Packet Overhead: The ratio of control pack-
ets generated to the number of successfully received data
packets.

c) Latency: The mean time (in seconds) taken by data
packets to reach their respective destinations.

C. Assumptions

The following assumptions have been made in the simula-
tions:

• All radios are statically tuned to a channel.
• All Mesh Clients and Mesh Routers have a radio tuned

to a common 802.11b channel.
• The remaining radios on the Mesh Routers are tuned to

orthogonal 802.11b channels.
• The transmission and reception ranges of the wireless

transceivers are equal.
• All antennas are omni-directional.
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Fig. 5. Packet Drop due to Congestion and Route Unavailability

D. Mobility Model

We use the random way point mobility model for the Mesh
Clients in our simulation. Mesh Clients first wait for the
pause interval of 10 seconds, then move to a randomly chosen
position with a velocity chosen randomly between 1 m/s and
the maximum speed, wait there for 10 seconds, and then move
on to the next random position. A positive minimum speed of
1 m/s has been set as the random waypoint mobility model
fails to reach a steady state in terms of instantaneous average
node speeds when the minimum speed is set to zero [30].

E. Communication Model

The IEEE 802.11 Distributed Coordination Function (DCF)
[31] is used at the MAC layer. All packets are transmitted
using the un-slotted Carrier Sense Multiple Access protocol
with Collision Avoidance (CSMA/CA) as used by Lucent
Technologies WaveLAN-I. In CSMA/CA each broadcasting
node waits for a vacant channel by sensing the medium. If
the channel is vacant, it makes the transmission. In case of a
collision, the colliding stations wait using the Ethernet binary
exponential back off algorithm [32]. Virtual Carrier Sensing
(RTS/CTS) is disabled during the simulations.

F. Results and Analysis

1) Measuring Packet Drop Ratio under High Load Con-
ditions: In Simulation 1, we injected a high traffic load
into the network to measure the packet drop ratio under
load conditions. A total of fifty 128kbps CBR flows between
random Mesh Client pairs are maintained while varying the
maximum speed of the Mesh Clients from 0 m/s to 20 m/s.
The results of the simulation are shown in Fig. 5.

During this simulation two types of packet drops were
monitored: IFQ and CBK. Packet drops can occur in the
network primarily due to two reasons. The first being if a route
is available but the interface queue (IFQ) is saturated owing to
congestion, and the second being when no route is available
and a MAC Call-back (CBK) function is invoked3. The results
indicate that under high load conditions and variable speeds,
AODV-ALARM is able minimise packet losses. As the routes

3A link is considered down after seven unsuccessful retries at the IEEE
802.11b data link layer.

created by ALARM traverse interfaces that are the least-
loaded, hence, we observe that the overall packet drop due to
IFQ saturation is minimal. Similarly, these routes are alsoleast
affected by the contention for the physical medium and hence
route breaking is minimal. This in turn lowers the number of
packets dropped owing to link failures. The route adaptation
process assists in selecting the least loaded links after the
initial route discovery and consistently lowers the packetdrop
ratio until the route times-out.

AODV-ETT and AODV-WCETT look at the link qualities
using the ETT metric. Although, the ETT metric has a lower
IFQ packet drop ratio it has a higher CBK packet drop ratio
in comparison to the hop-count metric of the standard AODV
routing protocol. This occurrence takes place owing to the fact
that the ETT metric selects good quality links only during the
route discovery, but once the traffic starts flowing, the quality
of the links in the route degrades due to intra- and inter-flow
interference. This degradation causes link severing resulting
in a higher number of packets being dropped due to MAC
call-back. AODV on the other hand does not take the link
quality into account while creating routes. Thus the number
of packets dropped due to IFQ saturation is very high. This
in turn reduces the load on the links resulting in lower packet
drops owing to link failures.

2) Varying the Maximum Mesh Client Speeds: In Simula-
tion 2, we varied the maximum speed of the Mesh Clients from
0 m/s to 20 m/s, and maintained thirty 128kbps CBR flows
between random Mesh Client pairs. The results for AODV,
AODV-ETT, AODV-WCETT and AODV-ALARM are shown
in Fig. 6.

The results indicate when the speed of the Mesh Clients
is zero, AODV achieves a 63% Packet Delivery Ratio
(PDR), AODV-ETT 72%, AODV-WCETT 84% while AODV-
ALARM achieves almost 90% PDR. However, the PDR starts
to decline rapidly a soon as the Mesh Client speeds are
increased. The PDR of AODV drops to almost 46% when
the speed is increased to 20m/s. The PDR of AODV-ETT,
AODV-WCETT and AODV-ALARM drop to 60%, 64% and
67% respectively for a similar increase in Mesh Client speeds.

As the network is considerably congested due to the traffic
load as well as the relatively high node density, the routes
created using AODV suffer from significant performance
degradation. The routes created by AODV do not consider
quality of the various links, and therefore establish non optimal
paths. AODV-ETT and AODV-WCETT do take into account
the link qualities by periodically measuring the ETTs of links.
However, at higher speeds the ETT computation of both
protocols becomes significantly skewed owing to intermittent
receipt of Hello packets [6]. This in turn causes a discrepancy
in the time the ETT is computed and the time the route is
actually used. As a result, stale routes are selected leading
to route severing. Additional routing queries are made to fix
the broken routes, augmenting the routing packet overhead.
AODV-WCETT also incurs excessive routing overhead, how-
ever owing to its naive channel diversification it is able to
reduce the routing overhead significantly.
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Fig. 6. Varying the Mesh Client Speeds

AODV-ALARM demonstrates a notable reduction in routing
overhead compared to all three AODV variants. This relative
improvement is maintained over the entire range of maximum
client speeds. The main reason for this is the ability of AODV-
ALARM to select the least loaded links during route discover-
ies and its ability to sustain the ensuing traffic through periodic
route adaptation. This essentially lowers the requirementfor
new route discoveries reducing the overall routing overhead.

When multiple flows are directed through a single radio,
there is extensive contention for the physical medium. This
contention, which occurs at the link layer, causes data packets
to be delayed at each hop. AODV-ETT and AODV-WCETT
minimise these delays by using links which have better quality
and hence offer lower delays. AODV-ALARM lowers these
delays by using the least loaded links during route formation
and their subsequent usage. The results indicate that as the
speed is increased, the latency observed on these routes also
starts to increase. This increase is essentially related tothe
fixed QDI Window Interval that we have used in the simula-
tions, which needs to be dynamically adapted in accordance
with the current network speed. At higher speeds the links
break very frequently causing fluctuation of load on the links.
Thus a shorter QDI Window Interval would capture this effect
and help lower the packet latency.

3) Varying the Number of Flows: In Simulation 3 we vary
the number of simultaneous 128 kbps CBR flows between 10
and 50 and set the maximum speed of the Mesh Clients to 1
m/s. The results of the simulation are shown in Fig. 7.

For a lightly loaded network, with only ten concurrent flows,
AODV-ETT, AODV-WCETT and AODV-ALARM perform
equally well. However, as soon as the load is increased
beyond twenty flows, the improvements of AODV-ALARM
become apparent. AODV-ALARM’s ability to discover and
(once the route is established) to switch flows to links that
are least loaded enables it to support higher bandwidths.
With an aggregate network load of more than 6 Mbps (50
x 128 kbps) AODV-ALARM is still able to maintain a PDR
of almost 65%. However, the PDR of AODV, AODV-ETT
and AODV-WCETT starts to degrade rapidly with increasing
number of active flows. The poor performance of AODV-
ETT and AODV-WCETT is linked directly to the extensive
routing overhead generated at higher traffic loads. The ETT

computation is susceptible to both mobility and load [6],
and hence causes fallacious route breaks in both AODV-ETT
and AODV-WCETT. In addition, the increased contention and
interference caused by the increased load results in severe
congestion and,as a result,decreases the PDR.

The routing overhead of AODV-ETT and AODV-WCETT
increases with the number of flows. This is attributable to
the increased number of links which break owing to their
inability to gain access to the wireless medium due to the high
traffic load. Consequently, AODV-ETT and AODV-WCETT
need to frequently initiate new route discoveries and in doing
so flood the network with control packets. In comparison, the
extensions implemented in AODV-ALARM permit it to keep
the routing overhead very low compared with the basic AODV
routing protocol.

The results indicate that the packet latency of all four AODV
variants increases with the increased load in the network. This
increase is essentially related to the high volume of traffic
injected in the dense network. The latency of AODV-WCETT
and AODV-ALARM remains comparable up to thirty flows.
Beyond thirty flows, the PDR of AODV-WCETT falls abruptly
lowering the traffic load on some parts of the network. This in
turn lowers the overall packet latency as compared to AODV-
ALARM, which maintains a relatively higher PDR.

VI. PROTOTYPE IMPLEMENTATION AND EVALUATION

A. Prototype Implementation

We implemented a prototype of ALARM using AODV-UU
(version 0.9.5). Some of the key changes to the code that were
required to implement our extensions were:

• Contrary to claims, the current version of AODV-UU
(0.9.5) does not correctly support multiple network in-
terfaces per node. We made a number of changes to the
original AODV-UU code to fix this problem.

• We added a mechanism to keep track of multiple links to
neighbours. This was achieved by extending AODV-UU’s
routing table.

• We extended the AODV-UU header to include the addi-
tional information required by ALARM.

B. Testbed Set-up

To evaluate the practical feasibility of ALARM, we imple-
mented it with its complete set of features as discussed pre-
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Fig. 7. Varying the Number of Flows

viously. We further carried out performance measurements on
a small-scale testbed comprised of seven wireless mesh nodes
as shown in Fig. 8. The hardware and software configuration
are explained in the following sub-sections.

1) Hardware: The testbed was comprised of three multi-
radio mesh routers and two single-radio mesh clients. A client
and a server were also present. These nodes served as a traffic
source and sink, respectively. All seven of the nodes in the
testbed were conventional PCs with a VIA C7 1GHz processor
and 512MB of RAM. All machines ran Linux kernel version
2.6.20 and used the 0.9.3.3 version of the open source Madwifi
driver (SVN version r1639). We patched the standard Madwifi
driver to provide access to the current IFQ length, requiredby
ALARM. In our testbed setup, each of the seven machines
had one wireless interface tuned to 802.11a Channel 36. The
three additional wireless interfaces on the client, serverand
the mesh routers were tuned to 802.11a Channels 48, 64 and
157, respectively.

2) Software: For our tests, we used the Iperf utility to
measure throughput, and ICMP Ping to measure latency. As all
nodes were within one-hop range of one another in our lab, we
implemented virtual topology control via MAC layer filtering
using Iptables. This allowed us to establish two possible paths
between the client and the server: a short three hop path via
three mesh clients and a longer four hop path via the mesh
routers.

In our evaluation the client sent CBR UDP traffic to the
server at rates of 1Mbps, 5Mbps, 10Mbps, 15Mbps and
20Mbps. These tests were first performed with all seven
nodes in the testbed running our multi-interface version of
the AODV-UU code. The same tests were then repeated using
the ALARM implementation. The Ping utility was also used to

AODV-UU Route Mesh Client Mesh Client

Mesh Router Mesh RouterMesh Router

Client Server

AODV-ALARM Route

Fig. 8. Hybrid Mesh Network Testbed

generate traffic on Channel 36 across each hop in the topology.
This background traffic caused congestion and increased the
transmit queues of all wireless interfaces operating on Channel
36. This particularly affected the mesh clients, which onlyhad
one interface (which was tuned to Channel 36).

C. Results

Fig. 9 plots the client transmission rate versus the achieved
goodput and observed latency. The results show that AODV-
ALARM is able to sustain a much higher goodput than AODV-
UU. As AODV-UU uses the hop count metric, it selects
the shorter route through the mesh clients in our scenario.
Since all hops along the route use the same channel, there
is considerable co-channel interference as well as increased
levels of congestion. On the other hand AODV-ALARM, being
inherently load-aware, creates a least congested route viathe
longer path consisting of mesh routers. This considerably
reduces co-channel interference, resulting in increased end-to-
end goodput and reduced latency. The route adaptation process
further assists AODV-ALARM in selecting the least loaded
links after the initial route discovery and consistently improves
the goodput and latency for the route lifetime. Even though
these performance evaluations were done on a small scale, the
results confirm the viability of the proposed metric.

VII. C ONCLUSIONS

Hybrid Wireless Mesh Networks present the most versatile
form of mesh technology, enabling mobile Mesh Clients to
connect to a high speed wireless back-haul network formed
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using static Mesh Routers. A major advantage of the Hy-
brid Mesh Network is its ability to support the back-haul
using Mesh Clients in addition to the Mesh Routers. A
common problem observed in this network is the performance
degradation over multiple wireless hops. This occurs because
of problems associated with variable traffic loads, mobility,
interference and noise. A number of routing metrics have
been developed to overcome these problems. However, most
of these metrics require access to external information like
link quality statistics, channel numbers and noise levels.This
dependence on foreign information, in a dynamic network
topology, causes inaccuracies in the metric computation re-
sulting in degraded routing performance. In this paper, we
have proposed a routing metric which uses the local interface
queue lengths to make a decision concerning the aptness
of a particular wireless interface. In doing so the metric
automatically captures the combined affects of traffic load,
link quality, channel diversity, interference and noise levels.
In addition the metric also permits effective post-routingroute
adaptation to cater for variable traffic load conditions. The
simulation results indicate that our routing metric outperforms
well know routing metrics under varying mobility and traffic
load conditions in Hybrid WMNs. Our implementation and
small scale testbed evaluation confirms the practical feasibility
of the proposed routing metric.
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