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Abstract— Routers equipped with multiple 802.11radios can
alleviate capacity problemsin wir elessmesh networks. However,
a practical, complete system architecture that can realize the
bene ts of multiple radios doesnot exist. The focusof our work is
to offer suchan architecture. Our architecture provides solutions
to challengesin three key areas. The rst is the construction
of a Split Wireless Router that enables modular wir elessmesh
routers to be constructed from commodity hardware. A split
wir elessrouter alleviatesthe interfer encethat can occur between
commodity radios within a single piece of hardware. The second
is the designof a channel assignmentserer responsiblefor col-
lecting information about the meshtopology and the interfer ence
relationship betweenthe meshlinks, executinga channelselection
algorithm that selectschannelswhich result in high-thr oughput
frequency-diversi ed routes, and disseminating channel assign-
ments to meshrouters. Third is the designand implementation
of several communication protocols, protocolsthat are necessary
to make our architecture operational. Our systemis deployed,
testedand evaluated on a 20-nodemulti-radio wir elesstestbedwe
constructed using the split-radio arachitecture. Our evaluation
focuseson multiple aspectsof our architecture, including its
performance in the presenceof different traf ¢ patterns, and
the impact of short-term variations in link characteristics on
system performance. Results demonstrate that our architecture
makesfeasiblethe deploymentof multi-radio meshnetworks built
entirely with commaodity hardware. An 802.11adual-radio router
in our deploymentis able to forward aggregate TCP traf c over
15 Mbps while atraditional router construction is able to operate
at only 2 Mbps. In addition, we showv that our architecture
offers TCP thr oughputimpr ovementof 30—100%  over two other
channel assignmentsolutions.

|. INTRODUCTION

Static multi-hop wireless networks, or “mesh” networks,
are gaining in popularity In US cities and countiesalone,
thereare 146 working wirelessmeshdeploymentsthatprovide
metro-scalewirelessconnectvity [8]. Meshnetworks arealso
ervisioned as accesssolutions in enterprise settings [18],
rural and mountainousareas[15], [3], andin disasterrescue
situations[7], [9].

A capacityproblemexistsin thesenetworksbecaus&02.11
radios, when in each other's carriersenserange, interfere
whensimultaneouslyransmitting[20]. This problemis severe
enoughto prevent meshnetworks from effectively handling
a large number of usersand covering large geographicar
eas. Fortunately the IEEE 802.11 PHY speci cation makes
available multiple orthogonal channels. For example, the
802.11b/gstandardprovides three such channelswhile the
802.11astandardsallows up to twelve non-overlappingchan-
nels. By deploying multi-radio routersin meshnetworks and
assigningthe radiosto non-overlappingchannelsthe routers

can communicatesimultaneouslywith minimal interference.

Therefore the capacityof a meshnetwork canbe signi cantly
increased.

A number of proposalsaiming to alleviate the capacity
problemadoptthe above outlined approach.Thesesolutions,
summarizedin SectionVI, proposeto equip a meshrouter
with either a radio that operateson multiple channelssimul-
taneouslyor multiple radiostunedto orthogonalchannels.

While each of the multi-radio proposalshas merit, we
argue that they do not offer a practical and completesystem
architecturethat can make feasible the capacity gains in
multi-radio wirelessmeshnetworks. In this paper we design,
implementand evaluatesuchan architecture.

Our top-level goals are two-fold. First, we must be able
to design modular wireless mesh routers that can be used
to constructeasily-etensible wireless mesh networks. This
goal is inspiredby the state-of-the-artn router hardware for
wired networks wherea single router unit can supportdiffer-
ent line card technologiessuch as ber, Ethernet,or ATM.
Modularity enableswireless mesh routers to be equipped
with heterogeneousvireless technologies,such as 802.11
and WIMAX, that can be mixed in various con gurations.
Furthermorea modulardesignallows additionalradiosto be
easilyaddedto existing routerswhenit becomesecessaryo
scalenetwork capacity Old radioscanbe easilyreplacedwith
newer technologieswithout changingthe entire router unit.
This e xibility cansigni cantly reducehardware costs.

Second,we must achieve signi cant capacity gains as
comparedo a single-radiomeshnetwork. For this, we must
identify a setof channelassignmentshatreducesnterference
betweenthe mesh links in order to provision for higher
capacity This taskis signi cantly morecomple thanit seems
becausét requiresthatthe meshnetwork connectity be rst
discovered, then interpreted,and nally intelligently altered
via channelassignmentso that high-throughput,frequeng-
diversi ed routesare availablein the network. An intelligent
changeto the network connectity is critical, otherwisepoor
routesresultingfrom anunplannedalterationcansigni cantly
degradethe meshcapacity

In this paper we describeour work to createa rigorous
design,implementationandevaluationof a e xible, modular
multi-radiowirelessmeshnetwork architecturewhich we call
Topolagy and Interferenceaware Channelassignmentrchi-
tectue (TIC), that meetsthe above goals.Insteadof focusing
on only asinglepieceof theoverall architectureye attemptto

1Ccommercialmeshrouterssold by popularwireless meshvendors,such
as TroposNetworks and Strix Systems typically sell for upwards of $2000
each.



build a completesolution. Our work, therefore,is predicated
rst on developing solutionsto meetthe above challenges;
integrating a set of existing pieces (e.g. the mesh routing
protocol); andidentifying the additionalnetwork components
that are neededfor an operationalmulti-radio network. After
integrating all of the requisite pieces,we are then able to
demonstratend evaluatethe entire, integratedsystem.

The core of this paper then, revolves aroundthe descrip-
tion of our respectie solutions.Our solution to the goal of
designinga modular multi-radio router systemis called a
Split WrelessRouter A split wirelessrouteris composedf
multiple physically-separateprocessinghodes gachequipped
with a radio. Our split router architecturealso alleviates
the detrimental self-interferenceproblems of board cross-
talk, near eld effect, and radiation leakagethat can occur
betweencommodity radios [15], [17], [33]. This is because
physicalseparatiorof radios,thatis possiblein a split router
architecture permitsthe radiosto operatewith reducedinter-
radio interference.

With our split router and accompaying software architec-
ture in place, the next challengeis how to bestaccomplish
channelassignmentWe decomposehis monolithic function
into three steps: collecting information about the network
topology and interferencebetweenthe meshlinks; executing
a channelselectionalgorithm that evaluatesthe impact of a
particularalterationin network connectvity on network routes;
and disseminatingchannelassignmentso meshrouters.Our
goal in solving this particular problem is to minimize the
impact of each of these stepson the network, e.g. avoid
disruptingactive o ws, andavoid network partitioningduring
channelassignment.

The third areaon which we focus derivesfrom our desire
to build a multi-radio meshnetwork. Not only do we needto
build our multi-radio split routersand implementa channel
assignmensener, but we needto design,implement,andrun
se/eral communicatiorprotocols.Theseprotocolsprovide the
functionality to discover the meshtopology, identify interfer
encebetweenmeshlinks, and assignchannels.

Once steps one through three are completed,the result
is a systemthat can be evaluated.For our evaluation, we
constructeda 20-nodemulti-radio meshtestbedconsistingof
46 802.11a/tradios.Our testbedspans ve oors of atypical
of ce building. Our evaluation focuseson multiple aspects
of the TIC architecturesuchasits performancegainsin the
presenceof differenttraf c patterns,andthe impactof short-
termvariationsin link characteristicon systemperformance.

Our evaluation results indicate that the TIC architecture
males feasiblethe deployment of modular multi-radio mesh
routersbuilt entirely usingcommodityhardware.An 802.11a
dual-radiosplit routeris ableto forward aggreyateTCP traf ¢
over 15 Mbps. In contrast,a single-unitmulti-radio router is
able to operateat only 2 Mbps becauseof interradio inter-
ference Comparedo two channelassignmenschemesTIC's
channelselectiontechniquedelivers an averageperformance
improvementin the 30—-100%range.

The remainderof this paperis organizedas follows. Sec-

tion Il describeghe designgoalsfor the TIC architectureln
Sectionlll, we presentthe key componentf the TIC archi-
tecture.We brie y describeour implementatiorin SectionlV.
Results from our evaluation are presentedin Section V.
Finally, we describerelatedwork in SectionVl andsummarize
our conclusionsn SectionVII.

Il. DESIGN GOALS
A. Modular NetworkArchitectue

Our goal of incorporatingmodularity and e xibility in the
constructiorof wirelessmeshnetworksis inspiredby the state-
of-the-artin wired networks. Commercialwired routersfrom
routervendors,suchas Cisco Systemsand JuniperNetworks,
ship with a modular line card architecture.The interaction
betweenthe routing fabric andthe line cardsis standardized.
Suchanarchitectureprovidesthe e xibility to deploy arouter
that supportsdifferentphysical/MAC layer technologiessuch
asATM, Fiber, andEthernetThe modularityallows line cards
to be removed or replacedwithout the needto replacethe
entire router unit.

We want the ability to build wireless meshroutersfrom
commodityhardware that can offer similar modularity and
e xibility. For example,we might want to deploy a wireless
mesh router that uses heterogeneousechnologies,such as
WIMAX and802.11njn the meshbackhaulandBluetoothfor
client accessThe motivation for this is obvious: the growing
user demandand expanding coveragecoupledwith the im-
pressie paceof innovationin wirelesstechnologiesnakesold
technologieobsoletevery quickly andnecessitatesever and
bettertechnologiedo be integratedinto existing deployments.
By making available a modular mesh network architecture
from the “get-go”, considerabléhardware expenditurecan be
avoided.

Our emphasidgs on building multi-radio routersfrom com-
modity hardware. This will enablewireless mesh networks
to be deployed in developing countries[3], [15] and also by
researchinstitutionssuchasours.

B. High-CapacityProvisioning

In orderto take advantageof multiple channelstheradiosin
a meshrouterneedto be con gured to operateon orthogonal
frequencieskFor this taskto be achieved, threeobjectvesmust
be satis ed. First, for a link to exist in the network, the two
end-pointradioson thelink mustbetunedto the samechannel.
Currently available radioscannotswitch betweenchannelson
micro-secondtiimescales.This inability precludesperpaclet
channelswitching. Therefore,a link is con gured to operate
on a particularchannelfor a period of a time on the order of
several minutesor hours.

Secondary two meshlinks in carriersensingangeof each
othershouldbe tunedto orthogonalchannelsso thatthey can
transmitsimultaneouslywith minimal interference.

Our third objective hasto do with the changein network
connectvity becausef channelassignmenandtheimpactthis
modi cation hason the quality of network routes.To motivate
this point further, considerthe simple network illustratedin
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Fig. 1. Connectiity with differentchannelassignments.

Figure 1. Here, nodesG and B are dual-radiorouters,and
A is a single-radiorouter The numberof radiosis indicated
as a subscriptwith the router name.G is the gatevay, and
A and B are APs. Assumethat eachlink in this topology
has unit cost. Figure 1(a) illustrates the connectvity when
all radios are tuned to channelone. Figures 1(b) and 1(c)
illustratestwo alternatechannelassignmentsEachresultsin
a different network connectvity. In Figure 1(b), the network
resultsin a highercostrouteto G from A whereaghe network
in Figure 1(c) optimizesthe routesto both APs.

A work-aroundto this problemis to plan the network
connectvity manually However, this task is quite compli-
catedbecauseone will have to accountfor the interference
relationship betweenthe mesh links so that they can be
tunedto orthogonalchannelsandsimultaneouslyconsiderthe
optimality of routesbetweerthe accespointsto the gatavays.
Furthermoremanualplanningis cumbersomdecausét needs
to be frequently performedto cope with changesin link
characteristics.

Our secondgoal, therefore,is to design a solution that
intelligently assignschannelsto the mesh radios such that
high throughput,frequeng diversi ed routesare availablein
the network. Our solution should decide channelsbasedon
information available from the network, such as the number
of radios per router, the quality of links in the network, and
the interferencerelationshipbetweenthe meshlinks. Because
thetrafc patternis skewed from the APsto the gatevay, our
solution should optimize channelassignment®n the AP-to-
gatevay routes.

C. Avoiding ServiceDisruption During ChannelAssignment

Channeltuningin commaodityradiosis not aninstantaneous
operation.Thetaskof tuningto a new frequeng requiresthat
a software application rst sets appropriateradio hardware
registers; then the base-bandorocessoris tunedto the nen
frequeng; and nally a seriesof MAC-layer control-paclet
exchangeseedto be exchangedn orderto re-associatevith
the mesh network. For example,in 802.11,the MAC layer
exchangesmessagesn order to join a BSSID cell. Any
paclets scheduledfor transmissionshould be queuedduring
the channeltuning operationin order to avoid unnecessary
paclet loss.

The actual processof notifying radiosof their channelas-
signmentsandthenschedulingthe task of switchingchannels
is actually quite comple. The frequeng switch must occur
in a well-coordinated time-synchronizednanner Otherwise,
randomizedswitchingcanresultin routersbecomingunreach-
able andthe network servicebecomingdisrupted.

Consideralso that the routing protocol statemaintainedat
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Fig. 2. TIC Network Architecture.

the meshroutersbecomesstale after channelswitching. This
is becausethe neighborsetis likely to be different on the
new channel. Therefore, existing routes may no longer be
valid after channelassignmentThe routing protocolneedsto
handlesuch casesappropriatelyin orderto minimize service
disruption.

Our third goal, therefore,is to incorporatetechniquesin
our solution that minimize the disruption of network service
during channelassignment.

I1l. TIC DESIGN

The conceptualdesignof TIC is shavn in Figure 2. TIC
is comprisedof three main componentsithe Split Wreless
Router the ChannelAssignmenserver(CAS) andthe Chan-
nel AssignmentaGent (CAG). Each mesh node is a Split
WirelessRoutercontainingmultiple RadiosUnits (RUs). The
CAG is a softwaremoduleinstalledon eachrouter The CAS
exists on a managemensener externalto the meshnetwork.
The CAS co-ordinateswith the CAGs to perform channel
selectionand assignmentln the following sub-sectionswe
describeeachof thesecomponentsn more detail.

A. Split WirelessRouter

1) Hardware Architecture: The hardware architectureof a
split wirelessrouter is simple. Each Radio Unit (RU) exists
on a separateprocessingnodeasillustratedin Figure 3. The
nodesare connectedo eachothervia a backhaulnetwork that
cansustainthe aggrejateof eachradio's maximumachiezable
datarate.A pacletthatneedgo be sentby anadjoiningRU is
sentover the backhauto that RU, which thentransmitsit over
the wirelessmedium.In the gure, the RUs areconnectedria
an Ultra Wide Band (UWB) backhaul.Split wirelessrouters
in our testbedusea 100 Mbps switchedbackhualnetwork to
connectthe RUs.

The above describedarchitecturdendsitself to modularity
New radioscan be easily addedand old onesremoved. PCB
redesigncostsare considerablysased. This architecturealso
has the e xibility of mixing and matding a heterogeneous
collectionof radios,suchasWIMAX, Bluetooth,and802.11.

The split wirelessrouter architectureoffers one more sig-
ni cant adwantage:it alleviatesthe self-interferenceproblem
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Fig. 3. Split WirelessRouter Hardware Architecture.The ®gure illustrates
a 802.11routerwith three Radio Units (RUs) whereeachRU is tunedto an
orthogonalchannel.UWB forms the RU backhaul.

in commodity802.11radios[17], [33] andthereforepermits
multi-radio routersto be constructedrom commodity802.11
radios. This peculiar problem preventsthe constructionof a
multi-radio router constructedrom a single processingunit.
For example, we empirically obsered that with commodity
802.11radiosinstalled on a single processingunit and one
inch distanceseparationwhich is typical in single unit multi-
radio routers, the throughput obtained as a percentageof
the expectedthroughputis only 49% with a 40 MHz band
separatiorbetweenthe channelsand lessthan 75% with the
maximumbandseparatiorof 625 MHz.

The self-interferenceproblem arises becausecommodity
radiosin close proximity to eachother interfere extensiely
in spite of being tuned to orthogonal channelswithin a
band. Several studies also report this behaior [15], [17],
[33]. The reasonis that commodity radios are susceptible
to the near eld effect [15], inter-radio board cross-talk,and
radiationleakagd33]. Thenear eld effectis becausef radio
propagatiorcharacteristic§l5]. Theremainingcausesaredue
to hardwareimperfection$.

Robinson et al. report that the self-interferencecan be
reducedwith shielding and antennaseparationof approxi-
mately 1 meter [33]. However, in our testbedervironment,
we were unableto reproducetheir nding. The reasoncould
be attributed to antennahardware differences.Nevertheless,
even if this approachwere to work, constructionof a router
equippedwith morethantwo radiosthat operatein the same
band would require long antennacables.Such a setup will
causeserioussignal attenuationon the cables.

A small physical separation(of approximately0.5 meters
or more),thatis easily achiezable with the split router archi-
tecture,effectively alleviatesthe self-interferenceproblemin
802.11radios. This outcomeis becausewith some physical
separation,enegy leaked becauseof board cross-talk and

2Somemeshhardvare vendors,suchas Bel Air networks, claim to have
addressedhe hardware imperfectionsusing specializedhardware. Unfortu-
nately we do not have accesdo their hardware becauseof their prohibitive
cost.Hence we areunableto sayconclusiely aboutthe effectivenessof their
solution.

3This setupwould also be aestheticallyunpleasing.
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radiation leakagebecomestoo weak to causeinterference.
Physical separationalso reducesthe near eld effect prob-
lem [15]. Through empirical measurementsye obsened
that the throughputobtainedwith simultaneouslytransmitting
802.11aradiosthat are separatedby 0.5 metersandat leasta
40 MHz bandseparatioris greaterthan 90% of the expected
throughput.

2) Softwae Architecture: We settwo requirementsn the
designof the split router's software architecture First, each
split routershouldappearasa single-unitrouterequippedwith
multiple interfaces.This abstractionis important; otherwise,
software used network-wide, such as networking protocols
and network managementools, would require modi cation
to recognizethe individually visible RUs as belongingto a
split wirelessrouter Our secondrequirementis to support
the operationof existing software, such as routing protocol
implementationswithout modi cation.

We satisfy our two requirementausing the software archi-
tectureillustrated in Figure 4. One RU of a split wireless
routeris denotedasthe designatedrU. Software,suchasthe
routing protocol and network managementools, are hosted
exclusively on the designatedrU. The Hardware Abstraction
Layer is executedby eachRU in a split wirelessrouter It
operatesin kernel-spacen order to expose the discovered
RUs as local interfacesto ary userspaceapplications.The
discovery of RUs occursdynamically as follows. Each RU
in a split wirelessrouter periodically broadcaststs identity
over the backhaulin order to adwertiseits presenceln our
implementationan adwertisementis broadcastevery minute.
The list of RUs is maintainedas soft-stateand is timed out
every threeminutes.

The hardware abstractionlayer also exposestwo basic
forwarding primitives — for unicastand broadcastransmis-
sions — that are essentialfor software to operatewithout
modi cation on a split wirelessrouter The unicastforwarding
primitive ensureghat pacletsdestinedo a next hoprouterare
correctly forwardedover a split wirelessrouter's backhualto
an adjoining RU, which canthentransmitthe paclet over the
wirelessmediumto the next hop. The decisionof which next
hop to useis decidedby the routing protocol.

To support this forwarding function, all RUs in a split
router periodically exchangetheir obsened neighborsetover
the backhaulnetwork. In our implementation this exchange



occursevery second Eachnodemaintainsthe neighborinfor-

mationassoft-state This stateexpiresafteraneighbortimeout
period, which we setto 3 seconds.The periodic exchange
and soft-statemaintenancesnsuresthat information abouta

neighbor suchasthe link quality to it, is re ected correctly
at eachRU.

The broadcastforwarding primitive handlespaclets that
require mesh-widedisseminationThe RU that receves such
a paclet broadcastét over the backhaulto its adjoining RUs,
who then individually broadcastthe paclet on the medium.
This primitive is critical for protocols,suchas meshrouting
protocols,that require mesh-widebroadcastgor their opera-
tion.

B. ChannelSelectionand Assignment

Channel selectionin the TIC architectureis performed
using our Route and Interference-Avare Channel selection
Algorithm (RICA). As discussedin Section II-B, channel
assignmenmmust alter the network connectvity so that high-
capacity routes are available in the network. For RICA to
selectchannelghatmeetthis goal,informationaboutthe mesh
topology and the interferencerelationshipbetweenthe mesh
links is needed.

The ChannelAssignmenSener (CAS) coordinatesvith the
ChannelAssignmentaGents(CAGs) for topology discovery
and interferencedetection.We de ne topology discovery as
the identi cation, for eachrouterin the meshnetwork, of the
band-speci csetof neighboringrouters andthe measurement
of the quality of the link to each of these neighbors.We
performlink quality measurementsingthe EstimatedTrans-
missionTime (ETT) metric[17]. It is critical thatband-speci ¢
discovery occurbecausehe network topology dependson the
physicallayer band.For example,the topology of a 802.11b
network can be considerablydenserthan the samenetwork
with 802.11aradiossince802.11btypically hasa largerrange
than 802.11a.Interferencedetectioninvolves identifying the
set of meshlinks that interfere with eachother on a band-
speci ¢ basis.

1) Default ChannelCreation: Band-speci ctopology dis-
covery and interferencedetectionrequiresthat the meshra-
dios be recon guredto operateon a commonchannel.This
requirementhowever, resultsin a critical considerationwhat
effect doestopology discovery have on actve ows in the
meshnetwork at the time of invocation?Presumablyactive
o ws can be diverted over a band-speci ccommonchannel
until the topology discorery completes.However, this may
adwerselyin uence the topology discovery resultsin casethe
trafc loadis high.

Therefore,we adopt the following stratgly: we mandate
that each meshrouter designateone of its radio that is of
the samephysicallayer type throughoutthe meshasa default
radio. This default radio is switchedto a defaultchanneljust
beforetopologydiscovery is invoked. This default channelis
orthogonalto the channelon which the topology discovery is
to occur This resultsin a default single-radio mesh Active

o ws are then redirectedover this mesh.Flow redirectionis
stoppedafter channelassignmentompletes.

The default mesh creation occurs through the network-
wide broadcastof a DEFAULT-SWITCH messagethat is
issuedby the CAS. A DEFAULT-SWITCHmessageontains
the default channelnumber which is either selectedby the
network operatoror is randomly chosenby the CAS. When
the Channel Tuner module at a mesh router receves this
messageit rst broadcastshe messagamultiple times (5 in
our implementation)on eachof the router's radios. Multiple
broadcastsare usedfor redundang. The ChannelTuner then
tunesthe router's default radio to the default channel.

2) Topolagy Discovery: Oncethe default meshis created,
it is time for topologydiscovery. Topologydiscovery happens
for each physical layer band in the mesh. So if the mesh
consistsof 802.11band802.11aradios,topologydiscovery is
performedoncefor eachband.For eachphysicallayer band,
the CAS selectsa channelon which to performthe topology
discovery. The channelchosenis orthogonalto the one used
for the default mesh.For example,for a 802.11a/bmesh,the
CAS may chooseto operatethe default mesh on channel
1 and perform 802.11band 802.11atopology discovery on
channelsl1 and 36 respectiely. It is unnecessaryo perform
topology discovery on each supportedchannelbecausethe
frequeng spreador eachphysicallayer bandis smallenough
that radio propagationcharacteristicare similar.

The CAS informs eachmeshrouterto tuneits non-default
radios to the channelon which a bands topology is to be
discovered.If eachmeshroutercontains802.11band802.11a
non-defult radios, then topology discovery can happenon
both bandssimultaneouslylf this is not possible,the CAS
can perform topology discovery one at a time for eachband
by tuning the radiosaccordingly'.

Topology discovery involves neighbordetectionand mea-
suremenbf link quality to eachneighbor Eachrouterissues
periodicbroadcasprobeso aidin neighbordetectionin order
to measurdink quality, we averagethe ETT metric calculated
periodicallyfor alink. ETT is anestimateof thetime to trans-
mit a paclketon alink. It is derived from the link' s bandwidth
and loss-rate.We use paclet pair probing [22] to estimate
bandwidthandthe EstimatedTransmissiorCount(ETX) [16]
for lossrate.SectionlV describeurimplementatiorof ETT
andthe period of estimationin more detail.

Mesh routing protocols, such as MQLSR [17] and
SRCR[14], usebroadcasprobesfor neighbordiscovery and
ETT for pathselection.Thereforejf sucha protocolis utilized
in themeshthe CAG cansimply leveragethealreadyavailable
informationfor topology discovery.

3) Interferenceldenti cation andModeling: Theidenti ca-
tion of the setof interferingmeshlinks canbe performedusing
two approachesThe rst approaclassumeshatarny two mesh
links that either have a commonradio or are separatedy a
one hop distanceinterferewith eachother This approachhas

4Most commodityradiosavailabletodayare multi-bandradios.Suchradios
can be madeto operateat a particular frequeng using a simple software
con®guration.
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beenwidely adoptedn pastwork [29], [32]. The advantageof
this approachis thatit deduceghe relationshipentirely from
neighbor connectvity information. However, this approach
has been shovn to overestimatethe number of links that
interfere[28].

A secondapproachis to use a measurements-baséech-
nigue proposeddy Padhyeet al. [28]. This techniquesaturates
a pair of links using broadcastprobes and measuresthe
fraction of the sumof the link throughputsttainedwhenboth
links operatesimultaneouslyo the sumof thelink throughputs
when eachlink operatesindividually. If this fraction is less
than1, the links in the pair interfere.

TIC supportshoth approached-or the rst approachtopol-
ogy information can be usedto deducethe interfering mesh
links. To supportthe secondrequirement,the default mesh
rst needsto be createdto handleexisting o ws in the mesh.
This stepis critical, otherwiseexisting o ws canget severely
disruptedduring the rapid broadcasprobing.Oncethe default
meshis createdjnterferencedetectioncanbeinvokedfor each
physicallayer bandsupportedn the mesh.

In order to model the interferencerelationship between
meshlinks, we utilize anextendedversionof the basiccon ict
graphmodel,the Multi-radio Con ict Graph(MCG) proposed
by usin anothemwork [29]. The advantageof the MCG model
is that, unlike the conict graph model, the MCG model
capturesthe critical constraintthat the numberof channels
assignableto a multi-radio router is equalto the number of
radioson the router

To createthe multi-radio con ict graph (MCG), F©, of a
multi-radio meshnetwork, G, G is rst transformedinto G°
by representingeachradio of a routerin G as a verte in
GO Edgesin G° are addedsuchthat they connectthe mesh
radiosinsteadof the meshrouters asin G. Eachedgein G°
is then representedising a vertex in F° The edgesbetween
the verticesin F° are createdin the following manner:two
verticesin F© have an edgebetweernthemif the edgesin G°,
representedy thetwo verticesin F , interferewith eachother

As anexampleof aMCG constructionconsidertthe network
shavn in Figure 5(a). The subscriptfor each router name
indicatesthe numberof radiosper router Figure 5(b) shavs
the MCG. In this gure, eachvertex is labeled using the
radiosthatcomprisethe vertex. For example,thevertex A;C,
representshelink betweerthe rst radioon A andthe second
radioon C.

The MCG requirestwo modi cations when a link is as-
signeda channelFirst,thevertex in the MCG thatcorresponds
to the link must be colored (assigned)the channelnumber

givento the link. Second.all uncoloredverticesin the MCG
that contain ary radio from the just-coloredvertex must be
removed. For example,after assigninga color to vertex A;C,
in Figure5(b), all verticescontainingeitherA; or C, should
be removed from the MCG. This modi cation ensureghat a
meshradio is assignednly one channel.

4) ChannelSelection: At rst glance,channelselectionfor
a multi-radio meshnetwork appearsto be a problem of list
coloring the MCG. Given a graph,G = (V;E), and for
every v in V, alist L(v) of colors (channels),list coloring
attemptsto constructa valid vertex coloring of G suchthat
every vertex v receives a color from the list L(v). The list
coloring problemis NP-hard[34]. We thereforeresortto an
approximatealgorithmfor channelselection.

Our algorithm, called the Route and Interference-aare
Channel selection Algorithm (RICA) is executed by the
ChannelSelectormodule in the channelassignmentsener.
RICA usesthe Dijkstra shortest-pathalgorithm to discover
frequeng-diversi ed gatevay-to-AP routes. While discover
ing a routeto an AP, the route quality is evaluatedusingthe
WeightedCumulative Estimatedlransmissiomime (WCETT)
metric [17]. The WCETT of a route is an estimateof the
time a paclet will take to traversethat route. The estimate
is computedusing the bandwidths,reliabilities, and channel
assignmentsf all links on the path.Due to spaceconstraints,
we omit a detaileddescriptionof this metric. Othermulti-radio
routing metrics [?] can be usedinsteadof WCETT. RICA
supportsan alternative metric as long as the alternatve can
gauranteethat it (1) satis es the Dijkstra constraintthat the
cost increaseswith increasinghop count, and (2) discovers
high throughputfrequeng diversi ed routes.

The selectorinvokes RICA, summarizedin Algorithm 1.
The input to the algorithm is a list of APs, the MCG, and
the meshtopology The Dijkstra searchbegins in Line 3 by
consideringthe AP at the headof the list, P. It thenbegins
a neighborsearchfrom the currentrouter underconsideration
(the gatavay in the rst Dijkstra run) to evaluatethe cost of
reachingits neighboringroutersvia one of its radios (Lines
9-30). Whenconsideringa neighbor RICA chooses channel
that canbe assignedo the link leadingto the neighbor This
channelis simply ary channelthatis not alreadyselectedor
a neighboringlink. This determinationcan be madebecause
ary channelconict will be capturedin the MCG, m. If
all channelsare selectedby neighboringlinks, a channelis
randomlyselected.

Upon choosingthe link's channel,RICA evaluatesthe cost
of the path to the neighboringrouter given this link and its
currentchannelchoice (Line 18). If the costof this routeis
lower than any previously discoveredroute, RICA visits the
neighbor(Line 20) and then tentativelysetsthe link leading
to the neighborto the chosenchannel. The channelselections
are not nalized until the leastcost route to the destination
is found. By the sameargument,even the MCG should be
modi ed only if thislink is in the nal pathto the destination.
Therefore the MCG of the currentrouteris cloned(Line 23);
the changego the MCG resultingfrom tentatively settingthe



Algorithm 1 RICA Algorithm

1: INPUT:

P = list of APs;m = MeshMCG; T = NeighborConnectity Graph
2: while notAllAPsFound fPg do
3: d=head(P)
4: n =findGateway( d)
5 nmcg =m;
6:
7
8
9

Let P Q be priority queueusedin Dijkstra searchfrom n to d
while true do

makePermanent (n)

for all rj suchthatr; is aradioof n do

10: for all rj suchthatr; is aneighborof r; do

11: neig h = getRelayContainingRadio (rj)

12: Veur rent = findVertexnMCG  (nimcg , ri, rj)

13: Vn = f neighboringverticesof Veyr rent 2 N:mcg g

14: selectchannelc that doesnot con’ict with verticesin V

15: if ¢ doesnot exist then

16: selectary channelfor vy rent  thatis not assignedo an interfering
link on the route being explored

17: end if

18: cost = computePathCostWithNewLink d,ri,rj,c)

19: if cost < currentCost  (neig h) then

20: visit  (neig h)

21: setPathCost (neig h, cost)

22: setTentativeChannel (Veur rent » C)

23: neig h.mcg = clone (n.mcg)

24: L = fvjv 2neighimcg and v contains either radio from
Veur rent 9

25: removeVerticesInListFromMCG (neig h:meg , L)

26: tentatively assignc to radiosin L thatarenot part of Veyr rent

27: addToPriorityQueue (P Q, neig h)

28: end if

29: end for

30: end for

31: r = findMinimumInPriorityQueue( PQ)

32: if r ==d then

33: finalizeChannelsOnPathTo( d)

34: m =r:mcg

35: break

36: end if

37:  end while

38: end while

39: permanentlyassignchannelgo radiosthat are not assigneca permanenthannel.

choserchanneto thelink aremadeto the clonedMCG (Lines
24-26). The neighboringrouter is then addedto the priority
queue,PQ (Line 27).

Once all the neighborsof the current router are consid-
ered, the Dijkstra searchadvancesthe destinationsearchby
consideringhe leastcostrouter(Line 31). If this routeris the
destinationthe searchor thatdestinationends.This condition
implies that the leastcost recordedpath to this routeris the
best path found by RICA. Therefore,the tentatve channels
assignedto the links on this path are nalized (Line 33).
Becausethe channel assignmentsare nov permanentand
modi cations to the network's MCG have occurred the MCG
for the next Dijkstra searchshouldbe setto the latestMCG
(Line 34). The above describedprocessthen continuesuntil
routesto all APs have beenfound.

Algorithm lllustration . We illustrate the operationof our
proposedalgorithmon a simple 5-nodenetwork illustratedin
Figure 6(a). Eachnode hasa subscriptindicating its number
of radios.The gatavay, G, andthe router, A, have two radios
each.B, C, andD are single-radiorouterswith co-located
APs. The link costsare indicatedin the gure. Assumeall
meshlinks interfere with eachother and that the AP list is
C;D;B.

RICA startsthe searchfor C from G by visiting each
neighboringradio of G. G tentatizely choosexhannel36 for
thelinks to B, A, andD becausaét is anunusedchannel This
stepis illustratedin Figure 6(b).

Once all neighboringradios are visited, RICA selectsB

B, (@) 0,Br(c3w) ®) @ Bi(cw) (°)
AN 2 by, 2 I S
S Jo—0 0 , &0 C o °-0
c G, Di |G G y " G2 D, (c36
o o s o w2)
Ay A, (c36,w1) Ay (c36, wl)
Q& (c36,w1)  (d) 0 By (e) O‘B1 (c4d,w1) f)
O, \i\' 2 o I & o O
_____ 0
\\ j’/Gz C1\\1 1 G, D, .&\1 1 G, Dy (C44'
Ci s D1 (c36, N ¢36:40 w2)
(c36:40, @ w2) wi5)
wi.5) Az (c36, w1) A, (c36, w1) A, (c36, wi)
B By (c44,w1
O B © O\\\x( wi) ")
2 1™ 2
e, 1 1
N V6, a1 V6, Di(ctd
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Fig. 6. An example of channelselectionwith RICA. The number next

to eachlink indicatesthe link cost. The selectedchannelsand the estimated
pathcostareindicatedfor eachnodeusingthelabelsc andw, respectiely. A

nodes subscriptindicatesits numberof radios.G is the gatavay, A is adual-
radio router andB, C, andD are single-radiorouterswith co-locatedAPs.
The numbernext to eachlink indicatesthe link cost.Step(a) illustratesthe
original topology The sequenceof steps(b)-(i) corresponddo the channel
selectionstepsin RICA. Step (i) is the predictedtopology after channel
assignmentThe selectedchannelsand the estimatedpath cost are indicated
for eachnodeusingthe labelsc andw, respectiely.

as the least cost node (Figure 6(c)). Hence, the neighboring
radiosof B arenow visited. WhenC is visited, it is assigned
the samechannelas B becauseB is a single radio router,
andit wasalreadyassignedh channelwhenthe searchstarted
from G.

In Figure 6(d), RICA chooseghe dual-radiorouter, A, as
the leastcostnode and exploresall of A's neighbors.In this
processit traversesthe link, AC, and assignsit the unused
channel40.

In Figure6(e), C is theleastcostvisited nodeandits search
to C ends.Now thatit hasfoundtheleastcostpath,it nalizes
thechanneldor thelinks on this pathandmakesmodi cations
to the network's MCG. It theninvokesthe Dijkstra searchfor
eachof theremainingdestinationshatareyetto befound.The
remainingRICA stepsareillustratedin Figures6(f)-6(i). For
destination,D, a one hop pathis found via link GD. RICA
assignsGD channel44 becausehe channels36 and 40 are
alreadyassignedo links in its neighborhoodAt this point,
all of G's radios have been assignedchannels.Hence, the
only optionis to randomlyselectone of the alreadyassigned
channelsto reachthe nal destination,B. In this example,
channel44 is chosen.

Discussion The ordering of APs in the list provided to
RICA doesnot in uence the frequeng diversi cation of the
route to eachAP, i.e., the links on eachAP route have the
sameinterferenceaelationshipbetweenone anotheregardless
of the AP ordering.This propertyis becausdrICA utilizesthe
Dijkstra algorithmto discover routes.Givenanunchanginget



of link weights, Dijkstra's algorithm guaranteegso discover
the sameroute to a destinationregardlessof the order in
which destinationsare considered.Therefore,the frequeny
diversi cation alongan AP routeis not in uenced by the AP
ordering.

Note that although the frequeng diversi cation for an
AP route does not changewith AP ordering, AP ordering
does in uence the channel numbersassignedto links on
routes.This effect is becausehe sequencen which APs are
selectedn uenceswhich links in the meshare given channel
assignmenpriority. Therefore jf multiple APsareexpectedto
transmitdatatowardsthe gateavay simultaneouslyan optimal
AP orderingmay preventthe o ws from interferingwith each
other To illustrate this point further, assumein Figure 6(i)
thatnodesB andD transmitto G simultaneouslyLinks from
B andD to G are assignedhe samechannel44. If the AP
ordergivenasinput to RICA is B; D; C insteadof C;D; B,
the channelassignmentsn thelink BG andD G could be 36
and 40 respectiely. As a result,the ows from B andD to
G will notinterferewith eachother

The above discussiorsuggestshat AP orderingcanreduce
inter- o w interferencein the mesh.As future work, we plan
to explore techniqueghat can exploit AP orderingto further
optimize TIC's performance.

Finally, WCETT when usedwith Dijkstra can sometimes
pick sub-optimakoutes[17]. This behaior is becaus®ijkstra
when used with WCETT does not have the property that
if a whole path hasthe minimum WCETT value then each
subpathalso has the minimum WCETT. However, we note
that this sub-optimalityoccursin only a very small number
of casesln a study[31] of routing stability analysisfor two
static wirelessmeshnetworks, the UCSB MeshNet[11] and
the MIT Roofnet[6], we obsened that less than 5% of all
routes picked were sub-optimal.We expect this resultto be
generallyapplicableto other networks aswell.

5) Channel Assignment: The CAS rst communicates
the selectedchannelsto each mesh router using a unicast
CHANNEL-INFO messagesent over the default mesh.Each
router acknavledgesthis messagend startsa timer setto 3
minutes.The CAS attemptscommunicationup to ve times
in caseof failed acknavledgments.

The CAS then issuesa CHANNEL-SWITCHbroadcast
messagen the network. Eachnode rapidly rebroadcastshe
messagever eachof its radiosa total of ve timesandthen
immediatelydeletedts cachedoutes.lt thentunesits radiosto
the selectedchannelsThis processattemptsto rapidly switch
all radiosin the network to their respectie channelsptherwise
uncoordinatedgwitching can disconnecthe network, causing
active ows to be disrupted.Any routesrequiredfor paclet
delivery arediscoveredusingreactve routediscovery afterthe
switch completeslf the CHANNEL-SWITCHnessagas lost
during the broadcastphase,routersthat did not receve the
messagéeime out and automaticallyswitch their radiosto the
assignecchannels.

The CAS canoptimizethe channelswitch operationby in-
stalling new routesat the APs just beforechannelassignment.

Theseroutes are essentiallythe routesthat should be used
immediately after channelassignmentt By installing these
routes,the routing protocol doesnot needto rediscaoer new
routesto the gatevay. The CAS can computetheseroutes
becauset caninfer the network connectvity that will result
after channelassignment.

IV. IMPLEMENTATION

Our implementationof the split wirelessrouter consistsof
aloadableLinux kernelmoduleand a userspacecomponent.
Our kernel-moduleimplementsthe split router's forwarding
primitives.Neighbortableinformationis exchangedacrossall
of a split router's Radio Units (RUs). Each RU's neighbor
setis broadcastean the split router back-haulevery second.
RUs delete neighbor information state in three secondsif
the information is not refreshedthrough the neighbortable
exchange.

The kernel module redirects o ws over the default mesh
uponnoti cation from theuserspacemodule.Thekernelmod-
ule is informed of the default radio’s identity during module
initialization. The noti cation to start and end redirectionis
provided to the kernel modulevia the Linux proc interface.

The kernel module also supportsETT metric collection.
ETT is calculatedfrom a link's loss-rate and its band-
width [17]. To measurethe loss-rate,a HELLO messageof
size524 bytesis issuedevery secondanda link's d; andd;,
the forward and reverseloss-rategespectiely, are calculated
from the countof deliveredHELLO messagem a 10 second
period. Link bandwidth(bw) is computedby issuing paclet-
pair unicast probesof sizes 134 and 1134 bytes every 10
secondsThe ETT for a byte of datais then computedusing
the formula: 1134/@; * d; * bw). The computedETT value
is reportedevery 10 secondgo the CAS, which is co-located
with the gatevay in our multi-radio network deployment.

Each router learns of a route to the gatevay via peri-
odic sequence-numbereathertisementsproadcastevery 10
secondsby the gatevay. An adwertisementaccumulatedink
ETT andchannelinformationfor eachlink it traversesEach
meshrouterusesthis accumulatednformationto estimatethe
path's quality with the WCETT metric[17]. The parameter
in WCETT is setto 0:5. This setting gives equal weight
to a path's channel diversi cation and its paclet delivery
delay[17]. Whenthe kernelmoduleat a meshrouterreceves
theadwertisementit checkswhetherthe messagevasreceved
on the best reverse route to the gatevay. If so, the router
rebroadcastthe adwertisementin the eventthata meshrouter
doesnot know arouteto a gatevay, it oods aroute-discoery
messagethroughout the network to discover the gatevay.
The above summarizedprotocol operationis similar to the
SRCR[14] and MS-LQSR|[17] protocols.

All datapacletsare source-routedvithin the mesh.A data
paclet is encapsulateavith a customsource-routeneaderof
size 50 bytes before transmission At eachhop, this source-
route is examined to determinethe appropriatenext hop

5The CAS-installedroutes will not be used before channel assignment
becausef redirectionof all “ows over the default mesh



Fig. 7. Layout of the our testbedconsistingof 20 multi-radio routers.

for the paclet. A bug in our kernel module implementation
preventsthe defragmentatiorof pacletsabove the MTU. For
the purposesof our evaluation, Iperf [4], the applicationwe
usefor traf c generationgnsureghat eachpaclet is limited
in sizeto the link MTU minus 50 bytes.

Topologydiscovery on eachbandis performedfor a period
of ve minutes. The sener disregardsthe rst minute of
topologyinformationin orderto give the meshrouterstime to
bootstraptheir link quality estimationWe nd thatestimation
over afour minute periodis sufcient to capturealink's long-
term performancecharacteristics.

For RICA to operate,the WCETT parameteris setto
0:5. The ChannelAssignmentaGents(CAGSs) on the mesh
routersinvoke Linux wirelessutilities to switch their radios
to the newly selectecchannelsCommunicatiorfailure during
channelassignmentcan disconnectthe mesh. Reconnecting
the meshrequiresthat the meshroutersscanthe channelsand
join a channelon which it can nd a routeto the CAS. One
such schemefor self-healinga meshnetwork in [30]. Once
this route is discovered,the router, in coordinationwith the
CAS, can attemptrecon guration of the router's radios. Our
currentimplementationrdoesnot supportthis failure handling
routine.

V. EVALUATION

Our evaluationgoalis to provide empiricalresultsthatshov
the TIC architecturecanrealizesigni cant capacitybene tsin
multi-radio meshnetworks. We satisfy our goal by investigat-
ing the following three aspectsof the TIC architectureon a
20-nodemulti-radio 802.11 a/b network testbedconstructed
usingthe split wirelessrouterarchitecture.

First, we characterizéhe time taken by our channelassign-
mentprotocolto con gure the meshradiosin our testbed We
measurehis time in loadedand unloadednetwork scenarios.

Second,we examine the effectivenessof TIC's channel
selectiondy investigatingend-to-endhroughputperformance
in the presenceof single and multiple TCP ows in our
network testbed.

Third, we investigatethe impact of TIC's channel re-
selectionperiod on its ability to adaptto short-termvaria-
tions in link characteristicslf TIC re-selectschannelsover
small intervals, such as every 10 minutes, TIC will needto

rediscover the network topology as describedin Sectionlll-
B.2, over shorttime intervals. During eachtopologydiscovery
phase the meshcapacityis reducedbecause single-channel
meshis usedto deliver paclets. Therefore, TIC operatesdest
in network deploymentswherere-selectiorof channelds only
requiredover long time intervals (possibly hours). However,
such a re-selectionstratgyy essentiallyprevents TIC from
beingadaptve to short-termvariations.Therefore we useour
testbedas a casestudyto investigatethis tradeof.

A. TestbedDescription

Our 802.11a/htestbedconsistsof 20 routersdistributed on
ve oors of a typical of ce building. These20 routersare

constructedrom 20 PCs,6 laptops,and 46 802.11PCMCIA
radios. The 802.11bradios use the Prism 2.5 chipset,while
the 802.11aradiosusethe AtherosAR5112chipset.EachPC-
router is equippedwith one 802.11aradio and one 802.11b
radio. In this combinationthe radiosdo not interferein close
proximity. Five of thesePCs are also split wirelessrouters.
Four are 3-radio split wirelessrouters,eachprovisionedwith
an extra laptop equippedwith an 802.11aradio. A fth PC,
which acts as the gatevay, is a 4-radio split wirelessrouter
connectedo two laptops.Eachof the two laptopscontainan
802.11aadio. Theradiounitsin a split routerareconnectedo
a 100 Mbps Ethernetswitch, which formsthe routerbackhaul.

All nodesin our testbedrun Linux. We use the HostAP
andthe MAD WiFi driversfor the 802.11band802.11aradios,
respectiely. All radiosoperatan “ad-hocdemo”mode.In this
mode,802.11managemerframesarenot transmitted We use
this modeto preventour network from becomingdisconnected
due to a driver bug relatedto the handling of management
frames[5]. The radiosuse auto-rateadaptation RTS/CTS s
disabled.

The testbed layout is shavn in Figure 7. The legend
identi es the numbersof radiosper router The large number
for eachrouterindicatesthe routernumber The subscriptfor
eachrouterindicatesthe oor on which the routeris placed.
G is the gatavay and is a 4-radio router R1;, R2;, R3g,
R6, are 3-radiorouters.The router placementn our testbed
is well-plannedin orderto provide goodconnectvity between
our 802.11aradios.
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Fig. 8. A simpletwo “ow scenariodepictingTIC's operation.

B. A SimpleScenario

Before describingresultsfrom our set of evaluations,we
rst describeresultsfrom a simple scenarioconsistingof two
o ws to demonstratehe correctoperationof our implemen-
tation.

Two routers,R6 and R8, simultaneouslysend 1500 byte
pacletsasrapidly aspossibletowardsthe gatevay throughout
the experiment.At the startof the experimentwe setthemesh
to operateon the default channel.In our testbed,we choose
the 802.11bradiosto act asthe default radios. Therefore the
default meshis an 802.11bnetwork. All actve mesh o ws
are redirectedover the default meshin order to reach the
gatavays. Once ow redirection starts, topology discovery
is initiated on the non-defult radios. Figure 9 shows the
numberof pacletsreceved by the gatavay for thetwo o ws.
The rst channelassignmenbccursat 350 secondsBefore
350 secondsthe numberof pacletsreceved by the gatavay
persecondor ows R6 andR8 is approximately250 paclets
and 175 paclets, respectiely. After channelassignmentthe
numberof pacletsdeliveredfor thetwo o wsincreasesNote
the periodjust after 350 secondsvhenthe numberof paclets
delivered for the two o ws dropsto zero. This outcomeis
becausgheroutecachesttheroutersare ushed immediately
after channelassignment(as explained in Section IlI-B.5).
Thereis a momentarydrop in paclets until the new routes
arediscoveredby the routing protocol.

We invoke channelassignmengagainat time 1130seconds.

The default meshis createdandthe o ws areredirectedover
the default mesh.Consequentlythe numberof packetsreach-
ing the gatavay drops becauseof single-channeloperation
on the 802.11bband. Note here that the numberof paclets
deliverednever reacheszero. This is becausen this particular
experimentthe active o ws do nottraverseary 802.11blinks
to reachthe gatevay. Therefore,the default meshis created
without ary disruptionto o ws. When the CAS noti es all
routersto beingtopologydiscovery, the default meshis already
in placefor ow redirection.As a result, we experienceno
paclet drops.

After 300 secondsof topology discovery, channelassign-
ment occurs again. This time, however, we con gured the
CAS to invoke the route-installationoptimizationdescribedn

Sectionlll-B.5. Beforethe CAS noti es the routersto switch
their radiosto the newly selectedchannelsthe CAS noti es
eachmeshrouterof a routeto the gatavay. The gatevay route
is installed at each meshrouter When the channelswitch
operationis invoked, the routersskip the taskof clearingtheir
route caches.Thereis a momentarydrop in the number of
paclets delivered becauseof buffer over ows at the router's
gueuesecausof thedelayin switchingchannelsThis is less
likely to be an issueduring normal operationwhen sources
rarely transmitpacletsto drive links to saturation.

C. Performanceof ChannelAssignmen®rotocol

We performedseveral experimentsto characterizehe time
takenby our channelssignmenprotocolto recon gureall the
radiosin our testbed.The experimentswere conductedn two
scenariospnewherethe testbedvasunloadedandthe second
in aloadedervironmentwhereeachrouterinitiateda 5 Mbps
UDP streamto the gatavay. For both scenarioswe nd that
our testbedradioscanberecon guredwithin 150 milliseconds
afterthe CAS initiatesthe rst CHANNEL-SWITCHnessage.
In the unloadedscenarioeachrouterin our testbedswitched
channelsafterreceving the rst CHANNEL-SWITCHnessage
transmittedby a neighboringrouter For the loadedscenario,
the routersin our testbedtypically switched on the third
messagéransmittedby a neighbor

D. End-to-endPerformance

In this section,we evaluate TIC's channelselectiondeci-
sion on the end-to-endthroughputin the presenceof single
and multiple ows. To establisha baseline,we compare
the throughput offered by TIC againstredundantchannel
assignmenandthe BreadthFirst Seach ChannelAssignment
scheme(BFS-CA), the latter of which was proposedby usin
an earlierwork [29]. The redundanthannelselectionscheme
is asfollows: all the 802.11bradiosare tunedto channell.
The rst 802.11aadioon eachmeshrouteris tunedto channel
36. The routerswith remainingunassignedadiostune their
second802.11aradio to channel44. The third 802.11aradio
on the gatevay is disabledin the redundantscheme.

Like RICA, BFS-CA is also a centralizedchannelselec-
tion algorithm. BFS-CA usesa breadth rst searchto select
channelsfor the meshradios. The searchbegins with links
emanatingfrom the gatavay node.As links fanningoutward
towardsthe edgeof the network are progressiely searched,
they are assignedchannelsThe multi-radio con ict graphis
usedto preventinterferingmeshlinks from beingassignedhe
samechannel.The rationale behind the use of breadth rst
searchis to give channelassignmenpriority to links closerto
the gatevay becausehey are likely to carry more load than
links at the periphery

With TIC and BFS-CA, the CAS selectschannelsfor the
meshlinks basedon the network topologydiscoveredjust be-
fore the startof experimentgor the single o w scenariosThe
channelselectionoccursagainbeforethe startof experiments
for the multiple o w scenarios.
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1) ThroughputGain in SingleFlow Scenario: To measure
the throughputgain offered by TIC in the presenceof single

o ws, threesetsof TCP transfersare performedin sequence.

These sets constituteone experimentrun. For the rst set,
the channelsselectedhy TIC areassignedo the meshradios.
All routersthen initiate a 30 secondTCP transfer one at a
time, to the gatevay. Before a TCP transferis established,
the route tableson the senderand the gatavay are ushed
anda ve secondping sessionis initiated so that the sender
gatevay pair candiscover a routeto eachotherusingreactive
routediscovery. The TCP sessionis thenstarted.Oncea TCP
sessiorends,thereis a ten secondgapbeforethe next session
is initiated. The secondandthird setof transfersis performed
for redundantchannelassignmentand BFS-CA respectiely.
The above run is repeated total of six times.

The medianthroughputof the TCP transfersis shovn in
Figure 9. The barsin the gure are groupedby the hop
distance of the routers from the gatevay. We de ne the
hop distancefor a router as the shortestnumberof 802.11a
hopsto reachthe router from the gatevay. The hop distance
is determinedfrom neighbor connectity information. The
min-max barsdepictthe minimum and maximumthroughput
attained.

We malke threeobsenationsfrom this gure. First, in gen-
eral, TIC outperformghe redundanschemeAs an averageof
themedianthroughpuf thesingleAP o ws, TIC offersabout
12% improvementover the redundanschemeFor the longer
distance®f threeor four hops,TIC providesanapproximately
49% throughputimprovement.

Second,TIC offers little throughputimprovementfor the
nodes one or two hops from the gatevay. This result is
not surprising becausethe redundantschemehas the same
opportunity as TIC to choosefrequeng diversied paths
in our testbeddeployment. TIC begins to outperform the
redundantschemeat distancesof 3 and 4 hops from the
gatevay. Speci cally, for hop distances3 and4, TIC provides
improvementof approximately50% and 44%, respectiely.
This result suggeststhat TIC becomesmore useful when
networks grow larger and pathsbecomelonger The channel
diversity offered by TIC on the longer pathsis considerably
greater
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Fig. 10. ChannelDiversity Extentin the single 'ow scenario.

We con rm this hypothesisto be true by computingthe
ChannelDiversity Extent (CDE) of pathswith TIC and the
redundanschemesThe CDE of a pathis de ned asthe ratio
of the numberof channelausedin the pathto its hop-countA
pathwith a high CDE is generallypreferredover a pathwith a
low CDE. Figure 10 plotsthe medianof the CDEsfor all o ws
from routersgroupedby their hop distancefrom the gatevay.
The min-maxbarsindicatethe minimum and maximumCDE
for TIC andtheredundanschemeClearly, the o wswith TIC
have a higherCDE valuethanwith the redundanschemeThe
CDE increasesvith increasinghop countbecauseIC is able
to channeldiversify pathsin our testbed.

We obsene thatthereis considerablevariationin minimum
andmaximumCDE valuesin the redundanschemecompared
to TIC. The longerbarsin the redundantschemeare dueto
variationsin link characteristicsesultingin the discovery of
several different pathsfor the TCP transfers.The numberof
alternatepathsavailable with the redundantschemeis much
greaterthan with TIC becauseof the increasedconnectvity
betweernroutersdueto redundanthannelassignmentOn the
other hand, with TIC, the TCP transfersare constrainedin
most casesto the pathsselectedby the CAS. The resultis a
lower variationin the CDE in TIC. This resultis alsoevident
in Figure 9 where the throughputvariation, as indicated by
the min-maxbars,is smallerwith TIC.

Our nal obsenation is the performanceof TIC's RICA
channekelectiomalgorithmcomparedo BFS-CA.In Figure9,
BFS-CAmatchesTIC's performanceén almostall casesxcept
the threeindicatedby the line-arravs in the gure. BFS-CA



performspoorly in thesethreecaseshecausehe breadth rst
searchdoes not accountfor the optimality of pathsduring
channel selection. TIC, on the other hand is designedto
pick those channelsthat result in high-capacity frequeng-
diversi ed routes.

However, the factthat BFS-CA closely matchesTIC's per
formancein therestof the caseds worthy of discussionThis
outcomeis an artifact of 802.11as propagatiorcharacteristics
within an indoor ervironment such as ours. In most cases,
802.11aradiosin our network establishconnectionsonly with
radios that are placed in adjacentof ces. Becauseof this
reasonwe carefully placedour multi-radio routersin orderto
provision for high-throughpuipathsbetweenthe gatevay and
the restof the routersin the network. However, sparsenesm
802.11alinks resultsin RICA and BFS-CA picking the same
links for channelassignmenin a majority of the cases.We
veri ed this to be the caseby performingan off-line analysis
not summarizedherebecaus®f spaceconstraintsAs aresult,
BFS-CA matchesTIC's performance.

In order to better characterizescenariosin which TIC
performsbetterthan BFS-CA, we use simulatedscenariogo
further comparetheir performance.

2) TIC VersusBFS-CAin SimulatedNetwork Scenarios:
For our simulations,we usethe network topology discovered
by TIC in our single- ow experiments.However, insteadof
using the gatevay position depictedin Figure 7, we vary
the location of the gatevay by co-locatingthe gatevay with
ten randomly chosenroutersto createten different network
scenarios.The motivation behind this effort is to simulate
networks that are not carefully plannedas is the casewith
our multi-radio testbeddeployment.

For eachscenario,we feed the network topology and the
gatevay locationto our RICA and BFS-CA implementations.
Usingthe channelsselectedby the two algorithms,we modify
our network connectvity to obtain connectity graphsthat
would berealizedif the actualchannelassignmenttadtaken
place. We then computethe throughputsobtainableon each
AP-to-gatevay route. The AP-to-gatevay route is the best
WCETT path chosenby executing Dijkstra on the modi ed
connectvity graphs.Assuminga 1500 byte paclet, a route's
throughputis the ratio of the paclet size and the route's
WCETT value.

Figure 11 plots the cumulative fraction of percentagem-
provementin throughput offered by RICA over BFS-CA.
RICA clearly outperformsBSF/CA and is thereforea better
channelselectionalgorithm. Yet it is interestingthat if we
considerthemedianvalue,the percentagéhroughpuimprove-
mentofferedby RICA is approximatelyzero.This is because,
for thesecasesthe routeschosenby RICA and BFS-CA are
the same.The reasonfor this behaior is the sameasthe one
discussedhbove.

We expect RICA to signi cantly outperformBFS-CAin a
network with a denserconcentratiorof links. Sucha situation
is likely to arisein outdoor ervironmentswith line-of-sight
links andin networks that uselong-rangeradio technologies,
suchas802.11n.As future work, we planto evaluateRICA's
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Fig. 11. Percentthroughputimprovementoffered by RICA over BFS/CA.

performancevis-a-vis BFS-CA in suchnetworks.

3) ThroughputGain in Multiple Flows Scenario: Having
understoodRICA's performancerelatve to BFS-CA in the
single- ow scenario,we only resort to comparing RICA's
performanceagainstthe redundantschemefor the multiple
ow scenarios.For our experiments,we choosetriplets of
routers at hop distancesof one, two, and three from the
gatevay. For eachhopdistancewe choose ve randomsetsof
triplets. Eachnodein asingletriplet simultaneouslynitiatesa
ve minute TCP transferto the gatevay. Before the transfers
are initiated, route cachesare clearedanda ve secondping
sessiorto thegatevay is initiated. The aggreyatethroughpuiat
the gatavay is notedafter the TCP transferscomplete.There
is a gap of two minutesbetweeneachtriplet's transmissions.
The above setof experimentsis performedoncefor TIC and
oncefor the redundanschemewhich yields onerun. A total
of threerunsis performed.

Figure 12 shaws the averageof the aggregate throughput
attainedatthe gatevay with TIC for each o w triplet compared
to the redundantschemeTIC clearly outperformsthe redun-
dantschemeOn average,TIC's throughputgainis over 42%.
For hop distancesgreaterthan one, the median throughput
improvementwith TIC is over 100%. Throughputgainsresult
dueto TIC's useof routesthat are more channeldiversi ed
thanthosewith the redundanschemeAs a result, o ws with
TIC interferelesswith eachother and,therefore,cansustain
higheraggreyatethroughputthanwith the redundanscheme.

Note that for the rst triplet, the redundantschemeyields
lessthan 50% of the throughputoffered by TIC. This result
is in contrastto our obsenationsin the single- ow scenario
where TIC offered little throughputimprovementover the
redundantschemeat a one hop distance.The differencein
performancecan be attributedto WCETT, the routing metric
we usein our evaluation. This metric selectsa path based
purely on its frequeng diversi cation. It doesnot consider
the existenceof other active o ws that utilize the channels
assignedto a path. Therefore,even if the routing protocol
discovers an unloadedalternatepath to the samedestination,
albeit of slightly lower quality, WCETT may not selectit.

TIC, on the other hand, alters the network topology by
choosinga singleroute for eachAP thatit thendiversi es by
assigningthe links on the route orthogonalchannelsBecause
of this choice, TIC cannotoffer multiple frequeng-diversi ed
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routesto the samedestination.Therefore the routing protocol
will likely discover routesthat TIC wantsit to discover. Since
thereis typically only one clear route choice (the one TIC
decidesfor the AP), WCETT chooseghat route.

ThefactthatTIC cannotoffer multiple frequeng-diversi ed
routescan sometimesbe detrimentalto its performanceFor
example, with the third triplet, the redundantschemeoffers
anapproximatel\82% improvement.This resultis becausehe
links from the gatavay to the sourcesn this triplet (routers2y,
33, 43) wereassignedhe samechanneldy TIC becausef the
non-availability of radiosduring channelselection.Therefore,
the o ws from thesesourcesdnterferedwith eachother Onthe
other hand,with the redundantschemethe ow from router
2, traverseda link tunedto a channelorthogonalto the one
usedby links from routers3; and4s, thereforeyielding better
performance.

E. Impactof Variationsin Link Characteristics

This sectioninvestigateshe adverseimpactof TIC's inabil-
ity to adaptto short-termvariationsin link characteristicsTo
evaluatethis impact, we collectedETT statisticsover a total
periodof 24 hoursfrom our testbed The datawascollectedon
3 differentdaysin orderto capturedayandnight conditionson
weekdaysandweelends.In our analysiswe considerthreere-
selectionperiods:30 minutes,60 minutes,and90 minutes.For
eachof theseperiods,we perform a static analysiswith our
channelselectionimplementationto evaluatethe throughput
reductionon a route dueto TIC's inability to adaptto short-
termlink quality uctuations.

For eachre-selectionperiod, we rst computethe number
of missedroutesby comparingthe route chosenby TIC for
a destinationat the beginning of the period with all the
routes noted for the same destinationif TIC were to be
always-adaptivei.e., invoked at 5 minute intervals within the
period. When a route ap occurs,i.e., a different route is
obsened, we computethe differencebetweenthe throughput
offered by the two routes.Assuminga 1500 byte paclet, a
route's throughputis the ratio of paclet size and the route's
WCETT value.Figure 13 plotsthe cumulative fractionof route
aps on the y-axis againstthe throughputdifferencesnoted
in our analysis.We obsene that for the three periods we
analyzed,arywhere between33-40% of route aps provide
no throughputimprovement.Theseroute aps correspondo
caseswvhenthe route apped backto the routechoserby TIC
at the beginning of a re-selectionperiod. The medianroute
ap deliverslessthan 0.25 Mbps improvementfor the three
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Fig. 13. ThroughputdeltabetweenTIC andanalways-adaptie TIC scheme.

re-selectionperiods considered For the 90th percentileand
the 60 minute re-selectionperiod, the improvementis less
than 2 Mbps. For this route ap, in our analysis,we note
the throughputwith TIC at the beginning of the interval is
8.70Mbps. If TIC wereto be always-adaptie, the throughput
offeredwould be 10.70Mbps.However, to bealways-adaptie,
TIC would have to discover the network topology every ve
minutes using the technique describedin Section 111-B.2.

Topology discovery requiresthat the meshradios operateon
commonchannelsthroughoutthe mesh. The permanentuse
of common channels,which is essentiallythe sameas the
redundantchannelassignmenschemeusedin our evaluation
of TIC's end-to-endperformance,can result in poor mesh
performanceasindicatedby theresultspresentedh SectionVv-

D.

In conclusion,althoughTIC is unableto adaptto short-
term variationsin link characteristicsit performswell even
if the re-selectionof channelsis done over long intervals.
Although the above resultsare speci ¢ to our testbedsetting,
we believe our analysisis generallyvalid for indoor static
meshdeployments.

VI. RELATED WORK

The conceptof modularroutersis not new. Typical routers
for wireline networks, suchas Cisco Systems'Catalyst6500
Seriesdevices [2], supporta modular line card architecture
in a single chassis.Line cardsfor different physical layer
technologiessuchasATM, Ethernetpor Fiber, canbeinstalled
or removed as is necessaryfor the deployed network. The
Cisco Carrier Routing System[1] is a multiple chassiswired
routerfor forwarding paclketsat multiple Gigabit speedsThis
router is constructedfrom multiple separaterouter units. A
distributed operatingsystemabstractghe multiple units asa
single router to the rest of the network. Our Split Wireless
Routerarchitectures similar in concept.

Click [24] and XORP [19] are modular software router
architecturesBoth enablethe constructionof easily-extensive
software routing platforms.As such,the hardware abstraction
layer in a split wirelessrouter operatesat a layer belov the
software executedby Click and XORP Therefore,Click and
XORP are complementarysystemsto a split wirelessrouter
Hence they canbedeployedon a split wirelessrouterto create
highly-extensibleand modularwirelessrouters.
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