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Wireless Mesh Networks (WMNSs)

Lin Chen

Abstract

Wireless Mesh Networks (WMNSs) have been expected to belthmeate solution for the next decade
wireless networking. The attractions\WiMINs include easy setip on the fly, offthe-shelf cost, flexible
interoperability with other networks, and highly reliable connectivity. Becafiigese advantages over
other wireless networks, WMNs are undergoing rajeelelopment. However, research problems still
exist. This paper providesamprehensive survey of current-going research, academic and industrial
activities for WMNSs, such as cuttingdge technologies used in deploying WMIdkyorithms designed

to improve the performance of WMNs. WMNSs protocols gamdducts are also presented to offer rea

a broad view of WMNSs.
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1.0 Introduction

Wireless Mesh Networks (WMNsgre comprised of two types of nodes, mesh routers and mesh clients.
Mesh routergorm the infrastructure backbone for clients. WMNSs are ralatip AdHoc wireless

networks. Compared to conventional Althc wireless networks, WMNSs contaimreless nodes, which

can be either mobile or fixed. Communication in WMbkstween two nodes in WMNs mostly relies on
infrastructure. The majority of theaffic is userto-gateway oriented, whereas in conventionatiAalc
networks traffic is mostly usetto-user oriented. Through multiop communication, theame coverage
area is achieved by mesh routers but with lower transmigsiover.

The communication between devices in WMNSs is Name-of-Sight (NLOS). Therefore, it is
anticipated to provide a wide range of coverage. disénctive characteristics of WMNSs is the dynar
topology, which enables WMN® be dynamically sel€onfiguring and sethealing. In the case when
one patffails, a new path will take over to maintain the network connectivity. TheraviNs are
highly reliable. Nodes (mesh routers and mesh clients) insidegwogy will be able to connect and
communicate with each other. Moreover, gageway/bridge functionalities of mesh routers makes it
possible for WMNSs to bable to interoperate with current existing networks, such asWwViMax,
Cellular Networks, and Wireless Sensor Networks (WSNs). All of these feajive$VMNs many
irresistible attractions, such as automatic network maintenfbowestablishment cost, robust and
reliable service coverage.

WMNs will provide services in many areas, such as enterprise, campus, hospital spuidiance,

etc. Numerous applications can be developed using WMN technditeyyy companies have already

put mesh products on the market. Many WMBployments are under construction in several cities. For
example, a metrscaleWi-Fi mesh network using Tropos Networks' MetroMesh architecture is being
deployed in the City of Chaska, Minnesota. WMNs are expected to be onelayttiechnologies for
wireless networking in the next generation.

WMNs are expected to solve the current networks' limitations and improveettiermance of Wi,
WPANSs, WiMax, WSNs. WMNs have been undergoing wide ramgearch and rapid development.
However many problems still remain unsolved. Fstance, the protocols at MAC and routing layers
are not scalable; securityssill a major issue in WMNSs. Researchers are proposing modifications to
existingprotocols or designing completely new protocols. Working groups, such as8BEHR1, IEEE
802.15, IEEE 802.16 and IEEE 802.20 are working activelyneenting new protocols for WMNs.

The aim of this paper is to providesairvey of the statef-the-art of WMNs as a promising future
networkingsolution. This paper first presents the Advantageous aspects of WMNs. Thetyfres®f
system architecture are illustrated, followed by examples ofweald applications. Research work that
has been done to realize or enhancegdgormance of WMNSs are investigated, such as cuttidge
radio technology othe PHY layer, novel scheduling and routing algorithms on MAC/IP layer. And
someresearch problems are also mentioned. Avid activities on IEEE 802.16 WiMAKxglered.
Current statef-the-art of WMNs protocols is then presented. Lasigme academic WMN testeds
and industrial products are briefly introduc
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2.0 WMNSs Architecture

WMN:Ss are different fronother wireless networks. Usually WMNSs consist of two kinds of nodes. Based
onthe composition of the WMN, the WMN architecture will be classified into thypes.

2.1 Types of nodes in WMNSs
There are two types afodes in WMNs Akyildiz05], namely mesh routers andesh clients.

Examples of mesh routers based on embedded system irfetwaderPC, or Advanced Risc Machine
(ARM). These routers are very compact. Meghters can also be built upon usual computers such as
laptop or home desk P®esides the common functionality that a wired router possesses, mesh router
hasits own special routing functions to support mesh networking. Mesh routersrhaliple wireless
interfaces, which can be built on either the same or diffen@r@iess access technologies. With the
built-in gateway/bridge functionalitie)esh routers can incorporate with other types of networks.

Examples ofmesh clients include laptop, Radio Frequency Identification (RFID) reader. Miests
have two roles: being an end client and being a router in the netiWorkever mesh clients can only
take on the minimum routing functions. Hostance, gateway/bridge functions are not applicable on
mesh clientsConsequently, mesh clients only have one wireless interface.

2.2 WMNs architecture

The architecture of WMNsan be grouped into three categori@gyildiz04]: Client Architecture,
Infrastructure/Backbone Architecture, and HybAicthitecture.

Client Architecture only contains client nodes, as shawiig. 1. These client nodes play double roles
of network routers and netwodndusers. No mesh routers are used in this type of networks. Client
mesharchitecture provides pe&r-peer communications among all the nodes inrteéevork. This type
of network is more like a conventional Aidoc network sincenly one radio technology is usually
involved. Special requirements suchsaftware/hardware installation are needed for client nodes in
WMNs, since thes nodes have to perform the routing functic

file://X:\www-docs\cse574-06\ftp\wireless mesh\index.html 5/9/2006



Wireless Mesh Networks (WMNSs) Page 4 of 20
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Fig. 1: Client Architecture

Infrastructure/Backbon&rchitecture contains both mesh routers and mesh clients nodes, as shown in
Fig.2. Mesh routers form the infrastructure backbone for clients and loongectivity to them. Mesh
routers perform functions such as routing, as webB@sconfiguring and selhealing. Moreover,

various radio technologies, suchl&&E 802.11, IEEE 802.16, can be used with this type of meshing
architectureHence, with the builin gateway/bridge functionality of mesh routersrastructure

meshing architecture provides an interface for integragixigting wireless networks. Multiple wireless
interfaces are enabled in arfrastructure/Backbone architecture. Conventional clients that have
Etherneinterface can be connected to mesh routers through the Ethernet intertaeecdhventional

client uses the same radio, then it can directly communigdtemesh routers. Otherwise, the
conventional client has to communicate witith Base Station (BS) that is connected to mesh routers via

Ethernet interfac

file://X:\www-docs\cse574-06\ftp\wireless mesh\index.html 5/9/2006



Wireless Mesh Networks (WMNSs)

Page 5 of 20
Wireless Mesh R
-
i
""" —
',-"_ A el R ade T g e e e
1 i Wirelezs Router
! Wirelezs Router P T ! s it L ,
v With Gateway/Bridge e -~ :; With Gateway/Bridge Wired Clignt
\ i Wirelezs Router i
5

With Gateway

Wirelezs Boude
i ateway/Bridge

Ll

i L) o E

i o 1
-5!« Sink Mode i

\\. = |

~—===" Sensor

Sensor
Metworks

% Base Station
Wi-Fi

Metworks WilMAX
Metworks

Cellular
Metwaorks

Wired Link

Wireless Link

Fig. 2: Infrastructure/Backbone Architecture

Hybrid Architecture, as the name suggested, combines the above two types of mashitgcture, as
shown in Fig. 3. In this type of architecture, client nodesnmunicate with each other via mesh routers,
or via peefto-peer among clienthemselves. At the same time, the infrastructure backbone makes the

connectivitypossible to other existing wireless networks, such ags=iWViMax, WPAN andWSNSs.
This architecture is the model for the future generation networ
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3.0 Reatworld WMNs applications
A variety ofapplications based on WMNSs are emerging and some are being deployed.

Oneof them is broadband home networking. Current broadband home networlkinglé&nented

through IEEE 802.11 WLANSs. The difficulties include dead zen#hout coverage and expensive
multiple APs installation. Moreover, two nodgem different access points (APs) cannot communicate
with each other directly}gommunication between them has to be done by tracing back all the way to
eachother's hub. With WMNSs, these issues can be solved by replacing APswréless mesh routers
and deploying more of these routers in the dead zone.

WMNs can be used to provide services for metropolitan area. Theseweeal advantages for
metropolitan area networking. First of all, ttransmission rate at PHY layer is much higher than any
other current cellulanetworks. It can be a big competition with 2.5G and 3G systems. Secondly, it is
cheaper to use WMNSs for broadband WiMan, comparing to wired networks of cabjeical. Lastly,
larger service area can be provisioned by WMNs through NLOSwaultple hops among the nodes.

WMNs can also be used to solve the pulkkdety issues. T-date, several WMNSs are used to provide
public safet applications. For example, the San Matteo Police Department in the San Fri Bay
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Area equipped all patrol cars with laptops and patrol motorcycles with Pishsg IEEE 802.11b/g
wireless cards as means for communications. The outdmomunications are realized by Tropos
networks. Over 30 Tropos Whi APs aredeployed throughout downtown to achieve the absolutely
range coverage.

WMNSs are ideal for building control applications. In a buildirdgctronics devices like power, lights,
elevators, air conditioner, etc., azerrently controlled by wired networks. Wired networks are
expensive irdeployment and maintenance. With WMN technology, deployment becomes easier to
handle because of the mesh connectivity among mesh routers. And the costmilchdower too.

Other applications include transportation system, headthmedical systems, and public Internet acc
It is clear that WMNSs are ablk® provide its advantageous service over other networks on many aspects.

Back to Table of Contents

4.0 Activities on WMNs

Much work has been done tealize and enhance WMNSs over the past a few years. Many advance
beenachieved. However critical issues of WMNs still exist. Researchers are wdrkiagn order to
overcome these difficulties. Such topics include capacitysmatability issues in mesh networks,
homogeneous/heterogeneous mesh netaarkitectures, network autmnfiguration and planning
solutions, inteiworking between mesh networks, cresyer design, MAC schemes, error control
mechanisms, routing at IP layer, QoS support, security issues, use of adeateech, and

broadcasting and multicasting. In order to solve these challenggngs, researchers have been making
a great deal of effort to propose adésign new algorithms at different layers.

4.1 Radio Technologies

Radios from currenwireless networks can be used in WMNSs. In recently years, many cutting edge
approaches have been proposed and put into use. These wirelesschdmogies combine different
modulation and coding rates to support multipnsmission rates, such as Time Division Duplex
(TDD), Frequency Divisiouplex (FDD) or Quadrature Phase Shift Keying (QPSK). 2.5G Enhanced
Data Ratesor GSM Evolution (EDGE) system uses Gaussian Minimum Shift Keying (GMSK)
modulation providing 3bits/Hz.

Various enhanced radio technologies haeen invented. For instance, Orthogonal Frequency Division
Multiple Acces§OFDM) has greatly increased the speed. IEEE 802.16a has adopted this tecliaology
provide Broadband Wireless Access (BWA) service. According to Nydiisbrem, higher frequency
increases the channel capacity. Ultra Wide Band (UWBgd in Wireless Personal Area Network
(WPAN), can reach even higher data rdet it is only for limited range of 410m. Further data rate
enhancement caalso be achieved with the aids of antennas. Popular technologies include smart
antennas, directional or omdirectional antennas, multiple input multipp@tput (MIMO) systems and
spacetime coding (STC).

Newly emerging radi technologies are frequency agile/cognitive radios, reconfigurable radios, and
software radios (programmable radios). A high performance network designwailve all the layers
from PHY to Application. Protocols from each layer shoattbperate with each to deliver the specified
Qos of the network. So these v be the future PHY technology for wireless networks because the
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bedynamically manipulated by higher layer protocols. However, protocols Etyais will have to be
changed in order to handle these new radios.

4.2 Scheduling

Protocols at WMNs MAC layeshould be modified due to the special characteristics of WMNS. There
are threalifferences for protocols at MAC between WMNs and other wireless netwbiist, WMN

MAC protocol should handle communications of multiple hops. Seoduel fo the mesh topology,

MAC protocols of WMNSs is distributed. Last, WMHBalancing is needed between the neighboring
nodes and nodes in mutiopdistances.

Research at MAC layer is focusing on designing new stratbgynel management and assignment. In
WMNSs, a single frequency channelmultiple channels can be used.

Most WMNs use multichannel ananulti-radio to further enhance network capacity and to improve
networkperformance. New proposals and algorithms have been developed and tested feweydars
[Acharya04 proposed a Request Teend/Clear To Send (RTS/CTS) based MAC protocol, named
MACA -P that enablesimultaneous transmission and can be used in current PHY without
modifications.However, there is a performance drawback due to MAE#&attempts at parallel
transmissions Adya04 proposed a new protocol for IEEE2.11. It is called Multiradio Unification
Protocol (MUP). Local spectrumsage is optimized via intelligent channel selection. MUP works with
IEEE 802.11hardware and does not require changes to applications layers. MUP also sdypartsc
traffic patterns. It achieves 70% increase in throughput and &&@ease in delay.

Besides proposing new protocols, novel charassignment algorithms have been explorédspki04
hasdesigned a channel assignment strategy subject to the degre€lofioneinterference. Das0%
proposed an interfereno@ncerneadthannel assignment scheme with the goal of maximizing the
number ofsimultaneously active bidirectional links. However, since the experimeatgsgned in static
WMN, it is restricted to finding a fixed channel assignmeather than a dynamic assignment. Their
experiment shows that throughput can@roved by designing crodayer protocols, such as taking
into account botlthannel assigning and routingl[cherry05.

In the case of single frequency channel, changes can be madedifying existing MAC protocols,
such as adjusting contention window si2gother approach is to propose new MAC protocols.
[Zzhao0] proposed a protocol named Wireless Charorégnted Adhoc Multi-hop BroadbandW -
CHAMB). It is based on Time Division Medium Access/Time Division Dup(@0MA/TDD) in a fully
distributed manner on a single frequency channelCHAMB is a candidate link layer solution for
IEEE 802.11.

Research has showtinat new protocols or algorithms can somewhat improve the WMN performance.
Yet, problems are still await to be solved, such as MAC scalability, MAC/Rifdéslayer design and
interoperability with other networks at MAC layer.

4.3 Routing

WMNs routing, like other networkselies on routing metrics. Existing routing protocols use minimum
hop counts aa performance metric when selecting routing path. Given the difference betigidis

and conventional AdHoc networks, modification to the existing routipgotocols or invention of
completely new routing protocols are imperative.
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[Draves04 proposed a new metric called Weigh@dmulative Expected Transmission Time (WCET
which aims at higtthroughpupath between a source and destination. WCETT is a path metric that is
constructed by combining individual link metrics. WCETT takes into accountlbdtiyuality and
minimum hop counts. It is incorporated into a MuRadioLink-Quality Source Routing (MRQS)
protocol. Significant benefits have alredalyen shown, but they are limited on longer path, or heavily
loaded networks.

In the search for the optimal route that simultaneously satisfies thareone QoS parameters in
WMNSs, heuristics like random search are commaurdgd, but they are not effective.ii05] proposed i
novelmulti-constrained routing method named Mean Field Annealing (MF#). Resultshow MFA
RS is comparable but faster than conventional simulated anneaétigpds.

Mesh routers play double roles of forming network backboneelkas forwarding packets. Routing
layer should be aware of the local issueshaf underlying layers. Thus crofsyer metrics approaches
are explored byesearcherslgnnone04 proposed a new metric whidakes three primitive physical
layer parameters: Interference, Packet Sudgess, and Data Rate. The Routing algorithm aims at
finding the path with lowevels of generated interference, reliability in terms of Packet Success Rate,
and highest possible transmission rate.

Another crosdayer protocolBandwidthAware Routing (BAR) is proposed byrhng0%. BAR

problem is formulated over dynamic traffic in the conjunction of the mininitarference Survivable
Topology Control (INSTC). Given a network topology, BAReks routes for QoS connection requests
with bandwidth requirements. INST&2eks a channel assignment for the given network such that the
induced networkopology is interferenceninimum among all Kconnected topologies. Comparing to
the simple common channel assignment and shortest path routing approaafesiiésrshow
improvement by 57% on average in terms of connection blockatig.

Some novel approaches, such as cooperative IP header compteshinique for parallel channels
[FitzekQ] is invented.It is reported to have achieved both robustness and efficiency for a widesfnge
errors.

Much work has been done, yet more work needs to be doWWMiNs routing protocols to solve the
persistent problems, especially scalabilapd optimal performance metrics.

4.4 WMNs over WIMAX

IEEE 802.16 standard (WiMAXis designed intentionally for BWA at very low cost while providing

high speedeasy installation and large coverage. It is ideal for metropolitan or muban area. The
amended IEEE 802.16a defines WMN specification, which expth@sontrol mechanism and
management messages to set up connections in WMIBEHE 802.16a mesh (multipokto-multipoint)
mode, traffic can be routed througther Subscriber Stations (SSs) and can occur directly between SSs,
whereas irthe early version IEEE 802.16, MAC layer only supports poamultipoint (PMP)

topology, on which traffic only occurs between BSs and SSs. IEEE 802Lzorts two types of data
transmission scheduling schemes: centralizeddéstdbuted scheduling. Distributed scheduling is m
suitable for the mesimode.

The first research work ever done that theoretically investigaEg 802.16 mesh mode scheduling
performance is carried out bZpo09, where the simulation is not treated as PMP topoldgytheir
experiment, a distributed scheduler at MAC layer is used. Results tat\a good reservation scheme
is needed to guarantee the bandwidth alloca@mess and to improve the channel utilization. A
combination scheduler of bc centralized and distributed manners alongside with a band\
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allocation isused to achieve high traffic throughp@hen0%. Resultsshow higher concurrence rate,
and reduction in nearly 50% centralized time stben FIFO serving mode.

In order to increase the utilization of WiMAXrosslayer protocols at MAC/IP are being studied.

[Wei05] proposed an interfereneavare cros¢ayer design to increase the throughputioé WMN,

where routing is a trebased framework, along with amterferenceaware scheduler. Results show
significant increase in thilaroughput. Another approach takes into account the degree of spatial reuse in
WMN [Fu0§, where a cros$ayer algorithm of scheduling anmduting is adopted. The maximum

spatial reuse is achieved since the schedulawere of interference in the network. Researchers have
been looking int@roviding endto-end QoS over IEEE 802.165Shetiya0% considers providing entb-

end QoS to different flows in the network. Routindiist handled by reducing it to a tree, then a

scalable centralized scheduliagorithm is used to provide per flow QoS.

Metro-scale WMNSs deploymertan be realized with IEEE 802.11 manners as well. For instance,
WMNs in severalirban environments are simulategtijdaharaOpusing IEEE 802.11, Performance
such as coverage, hiate, music streaming aevaluated. And it was found that infrastructure densit
will provide adequate coverage to outdoor nodes, while indoor nodes need muchihfgistructure
densitities to get covered. Unfortunately, it was also foundittiedstructure densitities proposed for
urban mesh networks will not provigeceptable performance.

For years, the wildly successful WiFi wirelds8N technology has been used in BWA applications
along with some proprietatyased solutions. As far as capacity is concerned in terms of bandwidth and
subscribers, range and a host of other issues, then WLAN approach is a gagahtibor but probably

not a great fit for outdoor BWA.

4.5 Topology and architecture

The three systemrchitectures of WMNs enable nodes in the network to selffigure self-organize

and seklheal. Research has been done to investigate how well WdaNgerform in terms of

throughput, QoS, etc. There are two approaches to desigmonstruct a WMN. One is to carefully pre
select the layout for the networ&uch as where to place APs or antennas. The other is called unplanned
network,which is more spontaneous, in the sense that APs are loosely connected wixtamsive

planning or central management. Yet both of these approaches haantbef goal of providing wide
service coverage and as good as possible @$e research has been conducted on planned WMNs
since they are the commapproach in practice.

Implementation inllavda0% is an infrastructurenode WMN. A testbed called iMesh uses IEEE
802.11b baseAccess Points (APs), which also act as mesh routers to provide the wizelssss

routing service. iMesh is designed and evaluated with its goptafiding seamless networking service
to the mobiles both for last mile accemsd peetto-peer access. i.e. Clients are unaware of handoffs
between layeR and layer3. The involved routing issues are solved in the mesh netlvackbone. Tw
different types of routing are applied, one is a mobile IP Bkéution called Transparent Mobile IP and
the other is a "flat"routing schemBesults show the latter one outperforms the first one. The total
latency forboth layers is less than E000ms depending on what technique layer 2 uses.

APs layout design is examined in an infrastructbesed network by dflisao Hsiao03. The problem

is how to position APs in aultiple simultaneously operable WMN environment, where radio
interference isnevitable. One common way is to divide the available radio intochdnnel foreach
network. In Hsiao03, the whole spectrum is sharég all networks with the aid of directional antennas
and by carefully arrangingPs throughout the network. Results show the diagonal placement layout is
optimal under the constraint that each WMN is identic-dimensional W H mest of squares with th:
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edges of each square being of unit length.

MIT Computer Science and Atrtificial Intelligence (CSAI) laboratory has designeéaddated an
unplanned 802.11b WMN with a case study of the Roofnet. To @artyhe experiment, unplanned
nodes are placed in the network; ortiectionalantennas instead of directional antennas are used;
multi-hop routing, rathethan singlehop BSs or APs are deployed to improve coverage and
performance. Thaetwork has grown to 37 nodes during the testing, with little administrative or
installation effort from researchers. And it achieved average throughput dtia/between nodes.
This is a realistic and powerful model in the sense tis&trs usually can spontaneously add nodes as
needed. However, the netwoskalability is not investigated in the experimeiitidket0g

A ring-based WMN using mukchannel iddesigned and evaluated kyjang03%. This design is
intended for outdoor applications. A distarizased rate adaptation scheme aHyY/MAC crosslayer
performance model based on CSMA with RTS/CTS are establishechieve the scalability. The best
number of rings in a mesh and the optimadlius for each ring can be calculated by mietger non
linearprogramming.

A hybrid WMN architecture for rural communication, Meghadf®laji0j is designed. Impact on
multi-hop relaying anatonstrained devices on eta end throughput are studied. It shows that
Meghadoot performs better sometimes comparing to sihgtelast mile networks.

4.6 Capacity and Performance

WMNs have drawmots of attention since it is a rising new broadband internet access technology.
Currently, WMN performance evaluation is done via simulating WMN of a parti@utaritecture
possibly with only one network technology such as |IEER.11.

Researches show that crdager design and optimization camprove the performance. Traffic
balancing can also affect network performafa&i05. Experiments reveal that performance can be
improved dramatically by traffic balancing with correct placement of AR®(T. [ Seo0% simulated
differentscenarios with varying number of gateways, different sizes of the groupes$, and different
transmission and carrier sensing ranges over IEEE 80R.iklshown that network scalability is the
major issue. Throughput for WMNs efach node decreases as O(1h)03, where n is the total
number of nodes in the network. Also constrained nodes will drastically loiomg the performance

[Balaji0y].

However, thessimulations could be over simplified. Innovative analytical engineering schagexbtc
be invented to better evaluate the capacity and performance of a WMN.

Back to Table of Contents

5.0 WMNs standards

WMNSs are expected to integratifferent types of wireless networks, such asM/iWiMAX, WPAN,
WSN. In orderto do so, WMNSs have to be able to work with different network technologiesrefore
protocols of WMNSs are proposed and added to IEEE 802.11s feFIWEEE 802.15.1 for WPAN
Bluetooth, IEEE 802.15.4 for WPAN ZigBee, IEEE 802.1f0ball other WPANSs, IEEE 802.16a for
WIMAX, and IEEE 802.20 for Mobil Broadband Wireless Access (MBW,
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5.1 IEEE 802.11s

Working grouplEEE 802.113s to extend current IEEE 802.11 architecture to an extended service set
(ESS)mesh, a network that will be able to self organize, and configure nettepiddogy and
automatically search path. To do so, current IEEE 802.11 MAC lageds to be extended to a wireless
distribution system that supports bdtfoadcast/multicast and unicast delivery via radware metrics
overselftconfiguring multihop topologies.

Currently, several differerdtandards for IEEE 802.11s are engaging a great competition. Two major
competitors are WMesh Alliance (WiMA) and SEEMesh. WiIMAX is led by Nortalong with Accton
Technology, ComNets, InterDigital Communications, NextHeghnologies, Philips, Extreme
Networks, MITRE, Naval Research Laboratc Swisscom Innovations and Thomson. WiMAX
proposed to design WMNSs to work for @aliree major applications of mesh technolegynsumer and
small businessnetropolitan, and military. SEEMesh is backed by Intel, Nokia, Motorola, Texas
Instruments, and NTT DoCoMo. Mesh Portals were introduced by SEEMesh group pditals offer
interoperability to WMNs by allowing older or newer wirelegsindard technology to be recognized
incorporated into the network. Howevéne debate focuses on differesized network conception,
therefore it ishought to be easier to reconcile.

The ultimate goal of standardizatigto form a highly interoperable IEEE 802.11 based standard to
provide highspeed data communication, QoS support, faster and smooth handovers. IEEE &¥k11s
group is developing a new mesh standard, due for completion in 200[705].

5.2 |EEE 802.15

Lately groups have been lookimgto WPAN to incorporate WMNSs. IEEE 802.15 are therefore mod
and amendefbr WMNSs.

5.2.1 IEEE 802.15.3a

Two groups, MultiBand OFDM\lliance (MBOA) and Direct SequenddWB (DS-UWB) have
competed otEEE 802.15.3aa protocol for high throughput for PAN with UWB. Main applications of
UWB arefor home networking with wireless USB extension eventually. UWB networks heargy
advantages such as high speed, low power consumption and affordablEheoshly shortcoming is its
limited service coverage. Therefore, MBOA lasposed and added a new MAC extension protocol to
IEEE 802.15.3a to adopt WMNBIconet structure and decentralized resource handling are used in
MBOA MAC to provide service in a wider range with high speed.

5.2.2 |IEEE 802.15.4

IEEE 802.15.4sfor WPAN ZigBee networks. ZigBee is designed for industrial monitoring and
application control that require small amount of data and turned off most dfhtlee These
requirements can be met by using uliva power and low data rat&igBee operates on three bands
channels at 250 kbps in ISM 2.4 GHz, ditannels at 40 kbps in ISM 915 MHz, and 1 channel at 20
kbps in European 86BIHz. ZigBee supports many topologies such as star, tree and mesh.

Research has been done to investigate wireless mesh ZigBaleyssonOpbsimulated a WMN with its

nodes in ultra lowpower and long range, where network configuration, power management, and
performance are examined. ZigBee Alliance is working on higher level pro that will run over PHY
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and MAC layers that use licengxempt bands. In a meghgBee, a special node, called coordinator is
needed to initiate the netwosletups. Due to this character, mesh ZigBee is perhaps more suitable for
WSNSs.

5.2.3 IEEE 802.15.5

Recently a new workingrouplEEE 802.15.5 the Mesh PAN Alliance (MPA) is developing protocols
that will operate on short range wireless networks of mobile or fixed devices such atoeés,
laptops or PDAs. Standardization aims at protocols at PHY and MAC laystgpport meshing. IEEE
802.15.5 project is to provide easier netwodnfiguration, better power management, extension
communication coverage withe same low transmission power, higher throughput and fewer
retransmission, anenhanced network reliability via alternative paths. Challenges remain on how to
implement a lightweight meshing technology considering WPAN is a smaitetess network with
limited resources. Another issue is how to incorpotBteE 802.15.1 Bluetooth since communicatior
Bluetooth is through a piconé&tpology.

5.3 |IEEE 802.16a

IEEE 802.16as designedo suit broadband wireless access in metropolitan area (also called last mile).
It is added in 2003 to cover frequency bands in the range between 2 GHz &idZ Epecifying a
metropolitan area networking protocol that will enabl@ieeless alternative for cable, DSL and T1 le
services for last milbroadband access, as well as providing backhaul for 802.11 hotspots. Both PHY
and MAC layer protocols are modified for WIMAX. OFDM (to support migathoutdoors with LOS

and NLOS), TDD, FDD, adaptive modulation (to maximize datie), dynamic frequency selection (to
minimize interference), advanced antesgatems, and space time coding are used in PHY layer to
support BWA operationAt MAC layer, TDMA with intelligent scheduling is adopted. Interested
readersnay refer toWiMAX white paperfor details.

IEEE 802.16a requird$LOS, which enables WMNSs to be included in this standard. In mesh topology,
endusers can be directly connected with each other. Communications indineseconnections could

be done by either centralized scheduling or distribsigfteduling. How to use TDMA based MAC
protocol in a mesh network is a questidins quite certain that some modification has to be made to
accommodate that.

Commercial products compliant with IEEE 802.16a are just emerging finemmarket. Many products
currently used in deploying metstale wirelessietworks are actually IEEE 802.11 based, for instance,
Tropos MetroMesh. WiMAXorum is formed to promote and facilitate the development of BWA based
wirelessnetwork Bruno0§.

5.4 |EEE 802.20

IEEE 802.20 groupestablished in 2002, has focus on Mobile Broadband Wireless Access. It operates
on licensed band below 3.5 GHz, and aims at delivering data rate over 1 Mpsvds for

optimization of IP data transport, and therefore it is a competitthr [IEEE 802.16e. The 802.20 proje
also intends to support WMNSs in boithidoor and outdoor environment. A draft 802.20 specification
was balloted andpproved on January 18th, 2006.
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6.0 Academic WMNs testheds

Many academicesearch tedteds have been established and actively tested to furtheetredopment
of WMNSs.

6.1 MIT Roofnet

Roofnetis an experimental mukhop IEEE 802.11b/g mesh teséd providing broadbanidternet
access to Cambridge, MA. There are about 20 active nodes irethvrk. The major feature of Roofr
is that it is norconfiguration andunplanned. The ogoing research includes liFlevel measurements
802.11 finding high-throughput routes in the face of lossy links, adaptive#ieselection, and
developing new protocols which take advantage of radio's urpgugerties.

6.2 Georgia Institute of Technology BWNMesh

BWN-Meshis a mesh tedbed at Broadband and Wireless Netw@BWWN) Lab at Georgia Institute of
Technology. BWNMesh consists of 15 IEE&02.11 b/g mesh routers, some of which are connecte
gateway/bridge to othduture generation tefteds, e.g. wireless sensor networks (WSNs). Other nodes
residing in BWNMesh are laptops and desktops. They are exploring factorsasuauter distance,
backhaul placement, and topology with mobility. They deseloping and evaluating adaptive protoc

at MAC, IP and transport layerAnother goal of BWNMesh is to integrate with other networks, such

as WiFi, WIMAX, Cellular networks, and WSNs. BWiWIlesh is working towards the negeneration
network architecture: heterogeneous network that combines diffigymed of wireless networks with
different protocols.

6.3 State University of New York: Hyacinth

Hyacinthis a testbed at Experimental Computer Systems Lab (ECSL) Lab at State Univef digw

York. In Hyacinth, each node uses multiple IEEE 802.11 radio$dy&winth is a multichannel WMN.
Experiments focus on the design of interfab@annel assignment and packet routing. The idea is that
during the communicatiobetween two nodes, a common channel will be used; when more nodes get
involvedin, using the same channel will cause great interference within the taagefore different
channel should be assigned accordingly. An intelligdrannel assignment employing both centralized
and distributed algorithm igroposed and tested to assign channels dynamically and to route packets.
Hyacinth is intended to be readily built using IEEE 802.11 a/b/g, and 802et&aology.

Another testbed example i€alRadio 1 an€alRadio 2at California Institute for Telecommunications
and Informationrechnology with its goal of developing and providing wireless developmittorms.
There are many other academic #estls being designed and developetth the same goal of solving
difficulties and enhancing performance for curréviviNs.

Back to Table of Contents

7.0 Industrial WMNSs products

Many companiethroughout the world have explored WMNs and have put products intewesd
deploymen
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7.1 U.S. Companies

z

MeshNetworksbought byMotorola, is devoted on mobile broadband internet access, which
provides high speed accdasamobile users. MeshNetworks provides progressive solutions, such
asQuadbDivision Multiple Access (QDMA) radio technology, adaptive transmisgostocol, etc.
SkyPilot Networksprovides broadband internet access using WMNSs. Features include eight
directional antennas, high power radios, dynamic bandwidth scheduling, etc.

Tropos Network$ias beera leader in metrgcale WiFi mesh networking. They strive to bring
high speed, affordable broadband data communication via their trademark MetroMesh
architecture and MetroMesh router. They provide services such as W@lIRyscale network,

with emphasis on throughput, mobility and security. Maities, such as San Francisco, Chaska
in Minnesota, have adopted Tropg@utions.

Hawaii and California Silicon Valley basdédretideprovidesapplications on indoors and
outdoors Layer 2 connectivity. It offers produetgh 2.4GHz and 5GHz radio technologies, with
Advanced Encryption StandafdES), Wired Equivalent Privacy (WEP) security measures, and
networkmanagement software.

Intelhas been conductingesearch on WMNs since 2002. Their Berkeley Research Lab has been
focused onssues such low power and traffic balancing.

California basediyon make WMNs equipment for indoor networks using IEEE 802.11. Fea
includenetwork management software and enhanced custom routing algorithms.

California basedleshDynamicsprovides variety of products for indoor, outdoor, metro, VOIP,
and video. They use multiple RFs, and dynamic channel assignment is employed.
Microsofthas been focusing on community WMNSs. Their software, called Mesh Connectivity
Layer (MCL) aims at routing and link quality. Modifications are transparewther layers.

Other companies, likelortel, B&#38;B Electronics Manufacturing CompaRacket HopRicochet
Networks, Strix SystemsandSkyPilot Networksalso offerexciting products with cuttingdge

technologies.

7.2 UK Companies

z

z

LamTechformally known as Radiant Networks, focuses on broadband internet adtess.
trademark product, MESHWORK uses Asynchronous Transfer Mode (AWtEhing in
wireless routing, four directional mobile antennas therefoaking links directional. The speed
could be up to 90Mbps, offering Qos Gbnstant Bit Rate (CBR), Variable Bit Rate (VBR).
NOW.co.uk a division of the NOW Wireless group, offers twaesh product lines: Mesh Enab
Architecture (MEA) and MeshLAN. The formene uses MeshNetworks' proprietary QDMA
radio protocol to provide Mobil8roadband solution. The latter one is MuHbpping 802.11b
networkingsolution that uses an industry standard 802.11b radio protocol. Both ofilkem
Direct Sequence Spread Spectrum (DSSS) over ISM 1l 2.4GHz band.

Locust Waorldfocuses orcommunitynetworking featuring MeshAP hardware.

Back to Table of Contents

Summary

Wireless mesh networking is still a fairlyew technology. Its special mesh topology makes it
outstanding from othi existing wireless networks. WMNSs consist of nodes of both mesh router
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meshclients. The three fundamental networking architectures make it possibléMds to be sel
organizing, selconfiguring and sethealing.

WMNs extends conventional AHoc multi-hop wireless network to a new concept. Whiledes inside
WMN can communicate with each other among either mesh routaesh clients, nodes can also
communicate with other nodes in other wirelestworks of different types. This is done via mesh
routers with buikin gateway/bridge functionalities. Advantages of WMNs include low cost, highly
reliable coverage, automatic network maintenance, robustness, and flexibilitil technology
inspires many applications, such as broadband home netwodangnunity networking, metropolitan
networking, public safety, andter-vehicular communication.

Much work has been carried out to fulfile expectation and enhance the performance. However,
research problems stiémain. Among them, scalability and security are of most significant importance.
It is no doubt more and more research will be devoted to solving these proNem&rous companies
throughout the world provide extraordinary meshing produdiese impressive products make it
possible for many undergoing WMNSs deploymemgferent standards for WMNSs are proposed and
drafted to target differemtetwork environment. These standardizations are still on the way. And there
will be some time before these standardizations to be finalized.

Allin one, WMNs will provide flexibility to integrate a variety of wireless radio aadcess technologi
such WiFi, WIMAX, WPAN, and Cellular networks, into onenified environment. WMN is a key
enabling technology for the next generatretworking.
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AES Advanced Encryption Standard

ATM Asynchronous Transfer Mode
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ATM Advanced Encryption Standard

BWA Broadband Wireless Access

BWN Broadband and Wireless Network
CBR Constant Bit Rate

DSSS Direct Sequence Spread Spectrum
DS.UWB Direct Sequencélitra Wide Band
EDGE Enhanced Data Rates for GSM Evolution
FDD Frequency Division Duplex

FIFO First In First Out

GMSK  Gaussian Minimum Shift Keying

GSM Global System for Mobile Communication
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MAC Media Access Control layer

MCL Mesh Connectivity Layer

MIMO  Multiple Input Multiple Output

MBWA  Mobile Broadband Wireless Access
MBOA  MultiBand OFDM Alliance

NLOS Non Line of Sight

OFDM  Orthogonal Frequency Multiple Access
PHY Physical layer
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PMP
QDMA
Qos
QPSK
RFID

Point to Multiple Point
QuadDivision Multiple Access
Quality of service

Quadrature Phase Shift Keying
Radio Frequency ldentification
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STC
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