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Abstract

Wireless mesh networks o�er many advantages in terms of connectivity and reliabil-

ity. They provide multiple paths between nodes and are self healing. Traditionally,

wireless mesh networks were used with nodes equipped with a single radio. There are

however, limitations in single radio wireless mesh networks, such as lower through-

put and its limited use of the available wireless channels. This report focuses on the

Channel Allocation scheme which e�ciently utilizes multiple wireless interfaces to

achieve better throughput thereby increasing the network capacity considering the

presence of co-located wireless networks. We introduce and evaluate di�erent meth-

ods to improve the network throughput in a multi radio wireless mesh network. We

present some channel assignment protocols which utilize multiple radio interfaces to

improve the throughput and minimize the radio interference of the wireless network.
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Chapter 1

Introduction

Traditionally in wireless networks, nodes were operating with a single radio , due to

the cost associated with having multiple radios on a node, which was high. Several

methods were proposed which aimed to improve the network throughput, for single-

radio wireless mesh networks. However, with lowering costs, it has become possible

to equip a node with multiple radios. Having multiple radios on a node opens several

possibilities and options as to how these radios can be utilized to improve some of the

important characteristics of the nodes and the performance of the network. Several

interesting studies have been performed on multi-radio nodes and have concluded

that in some cases, having multiple radios can considerably improve the throughput

and network performance. In this thesis, we use the concept of a multi-radio mesh

node to analyze the performance of wireless mesh networks in di�erent conditions

with di�erent channel assignment schemes. We look at new ways to try and improve

the network throughput in wireless mesh networks.
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Overview of IEEE 802.11 and WMN

In this section, we describe the actual state of art related to channel assignment in

wireless mesh networks. At the beginning, a brief description of the IEEE 802.11

standard is resented with a particular focus on channels supported. In the second

section Wireless Mesh Networks are presented considering their characteristics and

applications. Finally several channel assignment schemes are analyzed looking for

advantages and disadvantages.

1.1 IEEE 802.11 Standard

IEEE 802.11 is a set of standards for wireless local area network (WLAN) computer

communication, developed by the IEEE LAN/MAN Standards Committee (IEEE

802) in the 5 GHz and 2.4 GHz public spectrum bands. The 802.11 comes in sev-

eral di�erent versions, the most popular being a/b/g. The chief di�erence between

them is that 'b/g ' versions operate on the 2.4GHz spectrum and 'a' operates on

the 5.8GHz spectrum. The various versions 802.11 standard di�er in the physical

characteristics that determine a nodes operation in a wireless local area network

or LAN. The 802.11 standard de�nes speci�cations such as the channel character-

istics including the frequency of operation and the channel bandwidth, modulation

scheme, the transmission power which determines the transmission range of a node,

etc. An 802.11 LAN is based on a cellular architecture where the system is sub-

divided into cells, where each cell (called Basic Service Set or BSS, in the 802.11

nomenclature) is controlled by a Base Station (called Access Point, or in short AP).

Even though that a wireless LAN may be formed by a single cell, with a single

Access Point, most installations will be formed by several cells, where the Access

Points are connected through some kind of backbone (called Distribution System or

DS), typically Ethernet, and in some cases wireless itself. The whole interconnected

Wireless LAN including the di�erent cells, their respective Access Points and the

Distribution System, is seen to the upper layers of the OSI model, as a single 802

network, and is called in the Standard as Extended Service Set (ESS).
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The 802.11 family includes over-the-air modulation techniques that use the same

basic protocol. The most popular are those de�ned by the 802.11b and 802.11g pro-

tocols, and are amendments to the original standard. 802.11a was the �rst wireless

networking standard, but 802.11b was the �rst widely accepted one, followed by

802.11g and 802.11n. Security was originally purposefully weak due to export re-

quirements of some governments, and was later enhanced via the 802.11 i amendment

after governmental and legislative changes. 802.11n is a new multi-streaming mod-

ulation technique that is still under draft development, but products based on its

proprietary pre-draft versions are being sold. Other standards in the family (c�f, h,

j ) are service amendments and extensions or corrections to previous speci�cations.

802.11-1997 (802.11 legacy)

The original version of the standard IEEE 802.11, released in 1997 and clari�ed in

1999, speci�ed two raw data rates of 1 and 2 megabits per second (Mbit/s) to be

transmitted in Industrial Scienti�c Medical frequency band at 2.4 GHz.

Legacy 802.11 was rapidly supplemented (and popularized) by 802.11b.

802.11a

The 802.11a standard uses the same core protocol as the original standard, operates

in 5 GHz band with a maximum raw data rate of 54 Mbit/s, which yields realistic

net achievable throughput in the mid-20 Mbit/s.

Release Date Op. frequency Data Rate(Typ) Data Rate(Max) Range(Indoor)

October 1999 5 GHz 23 Mbit/s 54 Mbit/s ~35 m

Since the 2.4 GHz band is heavily used to the point of being crowded, using the

relatively un-used 5 GHz band gives 802.11a a signi�cant advantage. However, this

high carrier frequency also brings a slight disadvantage: The e�ective overall range

of 802.11a is slightly less than that of 802.11b/g ; 802.11a signals cannot penetrate

as far as those for 802.11b because they are absorbed more readily by walls and

other solid objects in their path.



802.11b

802.11b has a maximum raw data rate of 11 Mbit/s and uses the same media access

method de�ned in the original standard. 802.11b products appeared on the market

in early 2000, since 802.11b is a direct extension of the modulation technique de�ned

in the original standard. The dramatic increase in throughput of 802.11b (compared

to the original standard) along with simultaneous substantial price reductions led

to the rapid acceptance of 802.11b as the de�nitive wireless LAN technology.

Release Date Op. frequency Data Rate(Typ) Data Rate(Max) Range(Indoor)

October 1999 2.4 GHz 4.5 Mbit/s 11 Mbit/s ~35 m

802.11b devices su�er interference from other products operating in the 2.4 GHz

band. Devices operating in the 2.4 GHz range include: microwave ovens, Bluetooth

devices, baby monitors and cordless telephones.

802.11g

In June 2003, a third modulation standard was rati�ed: 802.11g. This works in

the 2.4 GHz band (like 802.11b) but operates at a maximum raw data rate of 54

Mbit/s, or about 19 Mbit/s net throughput. 802.11g hardware is fully backwards

compatible with 802.11b hardware.

Release Date Op. frequency Data Rate(Typ) Data Rate(Max) Range(Indoor)

June 2003 2.4 GHz 23 Mbit/s 54 Mbit/s ~35 m

The then-proposed 802.11g standard was rapidly adopted by consumers starting

in January 2003, well before rati�cation, due to the desire for higher speeds, and re-

ductions in manufacturing costs. By summer 2003, most dual-band 802.11a/b prod-

ucts became dual-band/tri-mode, supporting a and b/g in a single mobile adapter

card or access point. Details of making b and g work well together occupied much

of the lingering technical process; in an 802.11g network, however, activity by a

802.11b participant will reduce the speed of the overall 802.11g network.

Like 802.11b, 802.11g devices su�er interference from other products operating

in the 2.4 GHz band. Devices operating in the 2.4 GHz range include: microwave

ovens, Bluetooth devices, baby monitors and cordless telephones.



802.11n

Release Date Op. frequency Data Rate(Typ) Data Rate(Max) Range(Indoor)

June 2009 (est.) 5 and/or 2.4 GHz 74 Mbit/s 300 Mbit/s (2 stream) ~70 m

802.11n is a proposed amendment which improves upon the previous 802.11

standards by adding multiple-input multiple-output (MIMO) and many other newer

features. Though there are already many products on the market based on Draft

2.0 of this proposal, the TGn workgroup is not expected to �nalize the amendment

until November 2008.

Channels and international compatibility

802.11 divides each of the above-described bands into channels, analogously to how

radio and TV broadcast bands are carved up but with greater channel width and

overlap. For example the 2.4000-2.4835 GHz band is divided into 13 channels each

of width 22 MHz but spaced only 5 MHz apart, with channel 1 centered on 2412

MHz and 13 on 2472, to which Japan adds a 14th channel 12 MHz above channel

13.

Availability of channels is regulated by country, constrained in part by how each

country allocates radio spectrum to various services. At one extreme Japan permits

the use of all 14 channels (with the exclusion of 802.11g/n from channel 14), while

at the other Spain allowed only channels 10 and 11 (later all of the 14 channels have

been allowed ), to which France adds 12 and 13. Most other European countries are

almost as liberal as Japan, disallowing only channel 14, while North America and

some Central and South American countries further disallow 12 and 13.

Channels Supported

802.11b/g (Frequency range 2.400 - 2.483GHz)

� US/Canada: 11 (1 - 11)

� Major European country: 13 (1 - 13)

� France: 4 (10 - 13)

� Japan: 11b: 14 (1-13 or 14th), 11g: 13 (1 - 13)

� China: 13 (1 - 13)

802.11a



� US/Canada:12 non-overlapping channels (5.15 - 5.35GHz, 5.725 - 5.825GHz)

� Europe: 19 non-overlapping channel (5.15 - 5.35GHz, 5.47 - 5.725GHz)

� Japan: 4 non-overlapping channels (5.15 - 5.25GHz)

� China : 5 non-overlapping channels (5.725 - 5.85GHz)

Modulation Technique

� 802.11b/g : DSSS (DBPSK, DQPSK, CCK), OFDM (BPSK,QPSK, 16-QAM,

64-QAM)

� 802.11a: OFDM (BPSK,QPSK, 16-QAM, 64-QAM)

Besides specifying the center frequency of each channel, 802.11 also speci�es (in

Clause 17) a spectral mask de�ning the permitted distribution of power across each

channel. The mask requires that the signal be attenuated by at least 30 dB from its

peak energy at ± 11 MHz from the center frequency, the sense in which channels

are e�ectively 22 MHz wide. One consequence is that stations can only use every

fourth or �fth channel without overlap, typically 1, 6 and 11 in the Americas, 1-13

in Europe.

Since the spectral mask only de�nes power output restrictions up to ± 22 MHz

from the center frequency to be attenuated by 50 dB, it is often assumed that the

energy of the channel extends no further than these limits. It is more correct to say

that, given the separation between channels 1, 6, and 11, the signal on any channel

should be su�ciently attenuated to minimally interfere with a transmitter on any

other channel. Due to the near-far problem a transmitter can impact a receiver on

a "non-overlapping" channel, but only if it is close to the victim receiver (within a

meter) or operating above allowed power levels.



1.2 Wireless Mesh Networks

Wireless Mesh Networks (WMNs) are built on a mix of �xed and mobile nodes in-

terconnected via wireless links to form a multi-hop ad hoc network. Wireless mesh

networks consist of mesh routers and mesh clients, where mesh routers have min-

imal mobility and form the backbone of WMNs. They provide network access for

both mesh and conventional clients. The integration of WMNs with other networks

such as the Internet, cellular, IEEE 802.11, IEEE 802.15, IEEE 802.16, sensor net-

works, etc., can be accomplished through the gateway and bridging functions in

the mesh routers. Mesh clients can be either stationary or mobile, and can form

a client mesh network among themselves and with mesh routers. WMNs are an-

ticipated to resolve the limitations and to signi�cantly improve the performance

of ad hoc networks, wireless local area networks (WLANs), wireless personal area

networks (WPANs), and wireless metropolitan area networks (WMANs). They are

undergoing rapid progress and inspiring numerous deployments. WMNs will deliver

wireless services for a large variety of applications in personal, local, campus, and

metropolitan areas. Despite recent advances in wireless mesh networking, many

research challenges remain in all protocol layers. This section presents a detailed

study on recent advances and open research issues in WMNs. System architectures

and applications of WMNs are described, followed by discussing the critical factors

in�uencing protocol design. Theoretical network capacity and the state-of-the-art

protocols for WMNs are explored with an objective to point out a number of open

research issues. �nally, testbeds, industrial practice, and current standard activities

related to WMNs are highlighted.

Network architecture

WMNs consist of two types of nodes: mesh routers and mesh clients. Other than

the routing capability for gateway/repeater functions as in a conventional wireless

router, a wireless mesh router contains additional routing functions to support mesh

networking. To further improve the �exibility of mesh networking, a mesh router

is usually equipped with multiple wireless interfaces built on either the same or

di�erent wireless access technologies. Compared with a conventional wireless router,

a wireless mesh router can achieve the same coverage with much lower transmission

power through multi-hop communications. Optionally, the medium access control

(MAC) protocol in a mesh router is enhanced with better scalability in a multi-hop

mesh environment. In spite of all these di�erences, mesh and conventional wireless

routers are usually built based on a similar hardware platform. Mesh routers can



be built based on dedicated computer systems (e.g., embedded systems) and look

compact. They can also be built based on general-purpose computer systems (e.g.,

laptop/desktop PC). Mesh clients also have necessary functions for mesh networking,

and thus, can also work as a router. However, gateway or bridge functions do

not exist in these nodes. In addition, mesh clients usually have only one wireless

interface. As a consequence, the hardware platform and the software for mesh clients

can be much simpler than those for mesh routers. Mesh clients have a higher variety

of devices compared to mesh routers. They can be a laptop/desktop PC, pocket PC,

PDA, IP phone, RfID reader, BACnet (building automation and control networks)

controller, and many other devices.

The architecture of WMNs can be classi�ed into three main groups based on the

functionality of the nodes:

� Infrastructure/Backbone WMNs. The architecture, where dash and solid lines

indicate wireless and wired links, respectively. This type of WMNs includes

mesh routers forming an infrastructure for clients that connect to them. The

WMN infrastructure/backbone can be built using various types of radio tech-

nologies, in addition to the mostly used IEEE 802.11 technologies. The mesh

routers form a mesh of self-con�guring, self-healing links among themselves.

With gateway functionality, mesh routers can be connected to the Internet.

This approach, also referred to as infrastructure meshing, provides backbone

for conventional clients and enables integration of WMNs with existing wire-

less networks, through gateway/bridge functionalities in mesh routers. Con-

ventional clients with Ethernet interface can be connected to mesh routers via

Ethernet links. for conventional clients with the same radio technologies as

mesh routers, they can directly communicate with mesh routers. If di�erent ra-

dio technologies are used, clients must communicate with the base stations that

have Ethernet connections to mesh routers. Infrastructure/Backbone WMNs

are the most commonly used type. for example, community and neighbor-

hood networks can be built using infrastructure meshing. The mesh routers

are placed on the roof of houses in a neighborhood, which serve as access

points for users inside the homes and along the roads. Typically, two types

of radios are used in the routers, i.e., for backbone communication and for

user communication, respectively. The mesh backbone communication can be

established using long-range communication techniques including directional

antennas.



Figure 1.1: Infrastructure/Backbone WMNs [1]

� Client WMNs. Client meshing provides peer-to-peer networks among client

devices. In this type of architecture, client nodes constitute the actual net-

work to perform routing and con�guration functionalities as well as providing

end-user applications to customers. Hence, a mesh router is not required for

these types of networks. In Client WMNs, a packet destined to a node in

the network hops through multiple nodes to reach the destination. Client

WMNs are usually formed using one type of radios on devices. Moreover, the

requirements on end-user devices is increased when compared to infrastruc-

ture meshing, since, in Client WMNs, the end-users must perform additional

functions such as routing and self-con�guration.

� Hybrid WMNs. This architecture is the combination of infrastructure and

client meshing. Mesh clients can access the network through mesh routers

as well as directly meshing with other mesh clients. While the infrastructure

provides connectivity to other networks such as the Internet, Wi-Fi, WiMAX,

cellular, and sensor networks; the routing capabilities of clients provide im-

proved connectivity and coverage inside the WMN. The hybrid architecture

will be the most applicable case in our opinion.


