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Abstract— Designing routing metrics is critical for perfor-
mance in wireless mesh networks. The unique characteristics
of mesh networks, such as static nodes and the shared nature
of the wirelessmedium, invalidate existing solutions from both
wired and wirelessnetworks and impose unique requirements
on designing routing metrics for mesh networks. In this paper,
we focuson identifying theserequirements.We rst analyzethe
possibletypesof routing protocolsthat can be usedand show that
proactive hop-by-hop routing protocolsare the most appropriate
for mesh networks. Then, we examine the requirements for
designingrouting metrics according to the characteristicsof mesh
networks and the type of routing protocols used. Finally, we
study several existing routing metrics, including hop count, ETX,
ETT, WCETT and MIC in terms of their ability to satisfy these
requirements.Our simulation resultsof the performance of these
metrics con rm our analysis of thesemetrics.

I. INTRODUCTION

Mesh networks, motivated by wireless neighborhoodnet-
works [1], [2], are composedof static wireless nodesthat
have ampleenegy supply Eachof thesewirelessnodescan
be equippedwith multiple radios, called a multi-radio/multi-
channelnode andeachof theradioscanbecon guredto adif-
ferentchanneko enhancenetwork capacity All wirelessnodes
cooperatrely route eachothers traf ¢ to the Internetthrough
oneor morelnternetTransitAccessPoints(TAPS), which are
gatevays to the Internet. Nodesmay also communicatewith
eachother directly throughthe meshnetwork without going
throughTAPs.

Supportingcommunicationamong mesh nodesand TAPs
requiresthe use of routing protocolsthat must be combined
with a routing metric to determinewhich route among all
possibleroutes betweena pair of nodeswill be used.The
designof effective routing metrics, however, dependson the
speci ¢ characteristicsof the target network. For example,
the severe enegy constraintsof sensometworks demandthe
designof enegy ef cient routing, while the mobility of nodes
in ad hoc networks demandthe designof protocolsthat can
ef ciently maintain connecwity. The unigue combinationof
static nodeswith the sharednature of the wirelessmedium
in meshnetworks alsoimposesspeci ¢ requirementdor the
design of routing metrics. The focus of this paperis to
investicate the requirementdor designingrouting metricsin
meshnetworks to supporthigh network performancesuchas
high throughputand low paclet delay

An effective analysisof the requirementgor routing metric

Email: wangj@ncsa.uiuc.edu

Email: rhk@cs.uiuc.edu

of two factors:the routing protocolsthat are usedin mesh
networks and the characteristicsof mesh networks. First,
since different routing protocols may impose different costs
in terms of messageoverheadand managementompleity,
it is importantto understandvhich type of routing protocols
are appropriatefor meshnetworks, so that the designof the
routing metricsis compatiblewith effective routing protocols.
Second,the characteristicsof mesh networks, such as the
static natureof nodesand the sharednatureof the wireless
medium, also impose challengesfor the design of routing
metrics.For example,dueto the sharednatureof the wireless
medium, a wirelesslink in a mesh network doesnot have
dedicatedbandwidthsince neighboringnodes' transmissions
may alsocontendfor the samebandwidth.Thereforeto re ect
the quality of a link, an effective routing metric must be
ableto capturethe interferencebetweencompeting o ws. To
malke things more complicated,since current wireless cards
can be con gured to different channels,wirelesslinks that
are con gured to different channelsmay not interfere with
eachotherevenif they arephysically locatedneareachother
Effective routing metricsmustbe ableto considerthe channel
assignmentsf links to understandhe impactof interference
on the performanceof paths.

In an effort to understandhow these challengesimpact
routing metric designin mesh networks, our work makes
the following unique contrikutions. First, we analyze the
performanceof different typesof routing protocolsin mesh
networks and shav that proactive hop-by-hoprouting is the
most suitabletype of routing protocol. Second,with a focus
on proactve hop-by-hoprouting protocols,we identify four
fundamentalrequirementsfor designingrouting metrics for
meshnetworks. Thesefour requirementsare: ensuringroute
stability, good performanceor minimum weight paths,exist-
ing ef cient algorithmsto calculateminimumweightpathsand
ensuringloop-freerouting. Third, we shav how to usethese
four requirementdo analyzethe performanceof ve existing
routing metricsfor meshnetworks: hop count, ETX [3], [4],
ETT [5], WCETT [5] and MIC [6]. Our simulation results
con rm our analyticalresults.

The remainderof the paperis organizedasfollows. Section
Il investicates the possible types of routing protocols and
whetherthey are appropriatefor meshnetworks. Sectionlll
introduceghetheoriesregardingtherequirementsf designing
pathweight functionsfor theseprotocols.SectionlV reviews

designin meshnetworks mustbe basedon an understanding ve existing routing metricsin meshnetworks and analyzes



whetherthey satisfy theserequirementsSectionV compares
the performanceof theserouting metrics using simulations.
SectionVI concludesour work.

Il. ROUTING PROTOCOLS FOR MESH NETWORKS

Different routing protocols may impose different require-
ments on the design of their routing metrics. Hence, it is
necessaryto rst understandwhat routing protocolsbest t
mesh networks to understandthe necessaryproperties of
routing metricsto supporteffective routing in meshnetworks.
Dependingon whenroutesare calculatedthe possiblerouting
protocolsfor mesh networks can be divided into two cate-
gories: on-demandrouting and proactve routing. Basedon
how pacletsareroutedalongthe paths,proactie routing can
further be divided into two subcatgories: sourcerouting and
hop-by-hoprouting. All of thesedifferent routing protocols
have differentcostsin termsof messageverheacandmanage-
ment complity. In this section,we examinethe adwantages
and disadwantagesof using theserouting protocolsin mesh
networks and shav that hop-by-hoprouting is preferable.

A. On-demandRouting

Originally proposedfor ad hoc networks, on-demandor
reactve routing protocols(e.g.,DSR[7], AODV [8], MCR [9],
LBAR [10], and DLAR [11]) only createa route betweena
pair of sourceand destinationnodeswhen the sourcenode
actually needsto sendpaclets to the destination.Network-
wide ooding is usually usedto discover routeswhey they
areneededFor ad hoc networks, sincetherearefrequentlink
breakscausedby the mobility of nodes, ooding-basedroute
discovery provides high network connectvity and relatively
low messageoverheadcomparedto proactve routing proto-
cols. However, in mesh networks, links usually have much
longer expectedlifetimes due to the static nature of nodes.
Since the frequeng of link breaksis much lower than the
frequeng of ow arrivals in meshnetworks, ooding-based
routediscovery is bothredundantindvery expensve in terms
of control messageoverhead.Therefore,on-demandrouting
protocolsare generallynot scalableor appropriatefor mesh
networks.

B. Proactive Routing

In proactve routing protocols,eachnode maintainsone or
moretablescontainingroutinginformationto every othernode
in the network. All nodesupdatethesetablesto maintaina
consistentand up-to-dateview of the network. Whenthe net-
work topology changesthe nodespropa@te updatemessages
throughoutthe network to maintainconsistentand up-to-date
routing information aboutthe whole network. Theserouting
protocolsdiffer in the methodby which pacletsareforwarded
alongroutes.

1) Souce Routing: Source routing, such as LQSR [5],
imposesminimal burden on relaying nodessince the source
nodecalculategheroutefor a o w andputsthe entire pathof
the ow in the paclet headersintermediatenodesonly need
to relay paclets basedon the pathsin the paclet headers.

However, consideringthat the paclet size in meshnetworks
is usually very small to copewith the high bit error rate of
wirelesschannelsputting the entire pathin the paclet header
imposesexpensve messageverhead.

2) Hop-by-hopRouting: In hop-by-hoprouting, every node
maintainsa routing table that indicatesthe next hopsfor the
routesto all othernodesin the network. For a paclet to reach
its destination,it only needsto carry the destinationaddress.
Intermediatenodesforward the paclet along its path based
only on the destinationaddressDue to its simple forward-
ing schemeand low messageoverhead,hop-by-hoprouting
is dominantin wired networks. Similar reasonsalso make
hop-by-hoprouting the most preferablefor mesh networks.
However, despiteits benets, hop-by-hop routing requires
carefuldesignof its routing metricsto ensurdoop-freepaclet
forwarding. In Sectionlll, the detailedrequirementdor de-
signing routing metricsfor differentrouting protocolswill be
discussedDue to the fact that hop-by-hoprouting is most
suitable for mesh networks, the requirementsfor designing
routing metrics for hop-by-hop routing will be especially
emphasized.

I1l. REQUIREMENTS FOR ROUTING METRICS

To ensuregood performanceyouting metrics must satisfy
four requirementsFirst, the routing metrics must not cause
frequentroute changego ensurethe stability of the network.
Second,the routing metrics must capturethe characteristics
of meshnetworks to ensurethat minimum weight pathshave
goodperformanceThird, the routing metricsmustensurethat
minimum weight pathscan be found by ef cient algorithms
with polynomialcompleity. Finally, the routing metricsmust
ensurethat forwardingloopsare not formedby routing proto-
cols. In this section,we introducethe theoriesregardingthese
four requirements.

A. RouteStability

Unstable path weights can be very harmful to the per
formance of ary network. Frequentchangescan create a
high volume of route updatemessageslhey canalsodisrupt
normal network operationssince routing protocols may not
converge underfrequentroute updates.

The stability of pathweightsis determinedby the type of
path characteristicghat are capturedby the routing metrics,
which can be either load-sensitie or topology-dependent.
Load-sensitivemetrics assigna weight to a route basedon
thetrafc load on the route. Someexamplesof load-sensitie
metricsare Degreeof Nodal Activity [10], InterfaceSwitching
Cost[9] and Numberof CongestedNodes[11]. Underload-
sensitve metrics,the weightof a routemay changefrequently
as ows arrive and depart. On the other hand, topolagy-
dependeninetricsassigna weightto a pathbasedon the topo-
logical propertiesof the path, suchasthe hop countandlink
capacityof the path. Therefore topological-dependemhetrics
aregenerallymorestable especiallyfor staticnetworkswhere
the topology doesnot changefrequently



Load-sensitie and topology-dependentnetrics are best
usedwith different types of routing protocols,since routing
protocols have different levels of toleranceof path weight
instability. On-demandrouting protocols can usually be de-
signedto ignore frequentchangesin path weights.In mary
on-demandouting protocols,suchas DSR [7], the route for
a ow is only searchedor at the ow arrival and doesnot
getupdatedaslong asthe routestill exists. Therefore metric
changesusually do not trigger ows to changetheir routes
and hencethe stability of the network is not affected by
frequently changingrouting metrics. For this reason,load-
sensitve routing metrics are suitable to be used with on-
demandrouting protocolsin meshnetworks.

However, in proactve routing protocolsor on-demandout-
ing protocols that may updatethe route of a ow during
the lifetime of the ow (e.g., AODV [8]), small changesin
routing metricsmay causeroute updatesthat affect the paths
of mary ows. Hence, theseload-sensitie metrics have a
high risk of creatingnetwork instability if trafc variations
on the pathsarelarge andirregular Experimentconductedn
wired networks have alreadydemonstratedguch effects [12],
which have preventedthe deploymentof load-sensitie routing
metricsin wired networks[13]. For meshnetworks,we believe
that this problem may be even worse. Since the Internet
has a very large numberof users,multiplexing smoothsout
traf c variationsand reducesthe numberof route changes.
Mesh networks, howvever, have a much smallerscale.Hence,
link trafc variations may be large and irregular, making
it very dif cult to use load-sensitie routing metrics with
proactive routing protocolswhile maintainingthe stability of

The secondcharacteristids link capacity Unlike a wired
link, whosecapacityis independenbf the physical distance
betweerthelink's end points,the maximumtransmissiorrate
betweertwo neighboringwirelessnodeg(i.e., thelink capacity
betweenthe two nodes)is directly relatedto the physical
distancebetweenthe two nodes.In general,as the distance
betweentwo nodesincreasesthe channelquality degrades.
Sincecurrentwirelesscardscanadapttheir transmissiomrates
accordingto channelquality by changingtheir modulation
schemesthe link capacityis reducedasthe distancebetween
the nodesincreases.Therefore,although the effect of path
length seemsto favor paths with smaller hop count, the
relationship betweendistanceand link capacity counteracts
this effect by favoring pathswith larger hop countbut higher
link capacities.Hence, when designing routing metrics, a
trade-of mustbe found betweenthesetwo trends.

The third characteristids paclet lossratios. Differentwire-
lesslinks may have different paclet loss ratios. A node may
needto retransmita paclket multiple times on a link with a
high paclet lossratio, which affects both the throughputand
the delay of ary ow that goesthrough the link. Hence,a
routing metric must capturethe paclet loss ratios to ensure
good performanceor the minimum weight path.

The fourth characteristicis interference.Different from
wired links that have dedicatedbandwidth,the bandwidthof
a wirelesslink is sharedbetweenneighboringnodes.A ow
through wirelesslinks not only consumeghe bandwidth of
the nodesalongits path, it also contendsfor bandwidthwith
the nodesthat are in the neighboringareaof its path. Such
inter- ow interferencecan resultin bandwidthstanation for

the network. On the other hand, since topology-dependent some nodessince thesenodesmay always experiencebusy

routing metrics are more stable,they can be usedwith both
on-demandand proactve routing protocols.

Sinceload-sensitie routing metricscan only be usedwith
on-demandouting, which hashigh messageverhead,load-
sensitve routing metrics are unsuitablefor mesh networks.
On the other hand, topology-dependentouting metrics can
be usedwith both on-demandandproactie routing protocols,
andso are preferablefor meshnetworks.

B. Good Performancefor Minimum Weight Paths

For all of the routing protocolsdiscussedn Sectionll, the
goal is to route paclets through minimum weight pathsin
termsof certainrouting metrics.To ensurethat the resources
of meshnetworks are utilized ef ciently, the minimumweight
paths selectedby these routing protocols must have good
performancen termsof high throughputandlow pacletdelay
To achieve this, the routing metricsmustbe ableto capturethe
characteristic®f meshnetworks thatimpactthe performance
of paths.

The rst of thesecharacteristicss pathlength. Sinceeach
hop introducesextra delay and potentiallymore paclet loss,a
longerpathusuallyincreaseshe end-to-enddelayandreduces
the throughputof a o w. Therefore,a routing metric should
increaseheweightof a pathwhenthe path's lengthincreases.

channels.To prevent such stanation, a routing metric must
help routing protocolschoosepathsthat can balancenot only
the trafc load along the path of a ow, but also reduce
the inter o w interferenceimposedin the entire neighboring
area. For instance,in Figure 1, an effective routing metric
should give pathA'! B ! C a lower weight than path
A! D! C,sincepathA! B! C hasmuchlessinter
ow interferencethanpathA! D! C.

Besidesinter- o w interference,nodeson the path of the
same ow may also competewith each other for channel
bandwidth. Such intra- ow interference increaseshe band-
width consumptionof the ow at each of the nodesalong
the path and causesthe throughputof the ow to degrade
sharplyandthe delay at eachhop to increasedramaticallyas
the hop countof the o w increasesTherefore the potentialof
increasedcongestiorlevels dueto suchintra- ow interference
mustbe consideredvhendesigninga routing metric for mesh
networks. For example,asshowvn in Figure 2, aninterference-
aware metric shouldgive pathA'! B ! C a higherweight
thanpathA' ! D ! C, sincethe reuseof channell on
Al B! C createsnuchmoreintra- ow interferencethan
thatin pathA'! D ! C. In summaryto nd minimum
weight paths with good performance routing metrics must
captureboth intra- ow andinter- o w interference.

It is non-trivial to captureinterferenceusingrouting metrics
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Fig. 1. An examplefor inter- o w interference.
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Fig. 2. An examplefor intra- ow interference.CH representghe channel
assignmenbf a link.
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between A and B

sinceboth the channelusedby a link (the channelassignment
of the link) and the capacity of the link are relatedto the

amountof intra- ow andinter- o w interferencethat the link

may impose on its neighborhood.In terms of the impact
of link capacity a paclet that is transmittedover a 1Mbps

link consumesmore channeltime at its neighborsthanif it

is transmittedover a 10Mbps link, henceresultingin more

intra- ow andinter o w interferenceThe channelassignment
may impact the interferencelevel since neighboringnodes
may use different channelsor radio technologiesso that

they do not interfere with each other The IEEE 802.11b/g
standardsand the IEEE 802.11a standard provide 3 and

12 non-overlappedfrequeny channelsrespectrely and the

IEEE 802.11b/gand the IEEE 802.11aoperateon different
frequeng bands(2.4Ghzand5Ghz,respectiely). Hence both

the diversity of channelassignmentsand the link capacity
needto be capturedwhen the routing metrics considersthe

interferenceof a path.

C. Efcient Algorithmsto Calculate Minimum \Weight Paths

All of therouting protocolsessentiallyrely on certainforms
of ef cient algorithms,suchasthe Bellman-Ford or Dijkstra's
algorithms,to computethe minimum weight paths. (Under
the ideal casewhere there is no paclet loss, the ooding-
basedoutediscovery in on-demandoutingis essentiallyalso
a form of the Bellman-Ford algorithm.) Even if a routing
metric ensuresthat its minimum weight paths have good
performancethereis no guaranteehata routing protocolcan
have good performanceif there doesnot exist an efcient
algorithm to calculatethe minimum weight paths basedon
the routing metric. The necessanand sufcient conditionfor
the existenceof suchefcient algorithmsis that the routing
metrics must have a property called isotonicity [14], [15].
If a routing metric is not isotonic, only algorithms with

W(a ¢
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b
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Fig. 3. Exampleof isotonicity

exponentialcompleity can calculateminimum weight paths
basedon this routing metric, which are not tractable even
for networks with moderatesize. Hence, it is importantthat
routing metricsdesignedor meshnetworks mustbe isotonic.
In the reminderof the sectionthe de nition of isotonicityand
its relationshipwith ef cient algorithmsfor minimum weight
pathsare explained.In Sectionlll-D, it is further shovn that
isotonicityis alsovery importantfor ensuringoop-freerouting
in meshnetworks.

Briey speaking,the isotonic property essentiallymeans
that a metric should ensurethat the order of the weights of
two pathsare presered if they are appendecbr pre xed by
a commonthird path. More precisely assumethat for ary
path a, its weightis de ned by a routing metric, which is a
function of a, denotedas W (a). Denotingthe concatenation
of two pathsa andb by a b, the de nition of isotonicity is:

De nition 1: A routing metric W () is isotonicif W (a)

W (b) impliesbothW(a ¢) W(b c¢) andW(c® a)
W (c® D), for all a;b;c;c® (SeeFigure 3).

Given this de nition of isotonicity, the following relation-
ship exists betweertheisotonicity propertyandthe optimality
of the Bellman-Ford and Dijkstra's algorithmsas shavn by
the work of Sobrinho[14], [15]:

Theoem1: Isotonicity is a sufcient and necessargondi-

tion for boththe Bellman-Ford andDijkstra's algorithmto nd
minimum weight paths.
Theorem1 implies that if a routing metric is not isotonic,
routing protocols basedon the Bellman-Ford or Dijkstra's
algorithmmaynot nd the minimumweightpathbetweertwo
nodes.The resultingsub-optimalpathsmay degradenetwork
performance.Therefore,routing metrics must be either iso-
tonic or be ableto transferto someisotonicforms (seeSection
IV-E for an example)to ensuregood network performance.

D. Loop-free Routing

Not only does isotonicity determine whether minimum
weight paths can be calculatedefciently, it may also be
neededto ensureloop-freerouting. As shavn by Sobrinhos
work [14], a metric mustbeisotonicto ensurethat no routing
loops can be formed when hop-by-hoprouting is combined
with Dijkstra's algorithm:

Theoem2: If Dijkstra's algorithm is usedin hop-by-hop
routing, isotonicity is a sufcient and necessargondition for
loop-freeforwarding.

Theorem?2 revealsthe importanceof isotonicity for loop-
free routing since non-isotonicrouting metricsare not usable



for link-state routing, which is a widely used hop-by-hop
routing protocol basedon Dkijkstra's algorithm. This implies
that either on-demandrouting, source routing or distance-
vectorrouting mustbe usedfor non-isotonicrouting metrics,
since these routing protocols do not require isotonicity to

ensureloop-freerouting. In sourcerouting, since the source
nodeshave completecontrol over the path of ows, using
eitherthe Bellman-Ford or Dijkstra's algorithmresultsin loop-

free paths. For on-demandrouting and hop-by-hoprouting

basedon the Bellman-Ford algorithm,suchasdistance-ector
routing, routing loops also cannotbe createdeven if routing

metricsare not isotonic.

However, as discussedin Section ll, on-demandrouting
and sourcerouting have too high a messageoverheadto be
usedin meshnetworks. Therefore the only remainingchoice
is distance-ector routing. Unfortunately due to the lack of
central managementof mesh networks and the unreliable
natureof wirelesslinks, it is expectedthatlink breaksor link
guality changesn meshnetworks will not be rare events.In
such ervironments, distance-ector routing converges much
slower than link-state routing and can potentially degrade
network stability. Hence,it is a non-trvial dravbackthatnon-
isotonic routing metrics cannotbe usedin link-state routing.
Therefore,isotonic routing metrics should be usedin mesh
networks.

IV. ROUTING METRICS FOR MESH NETWORKS

To satisfythefour requirement®f routingmetricsdiscussed
in Sectionlll, routing metrics must be isotonic, topology-
dependentand must capturethe characteristicof meshnet-
works.In this sectionwe discuss ve routingmetricsthathave
beenproposedor meshnetworks andwhetherthey satisfythe
threerequiredproperties.These ve routing metricsare: hop
count, ETX [3], [4], ETT [5], WCETT [5] andMIC [6]. All

ve routing metricsare topology-dependerand eachrouting
metricwasproposedsanimpravementover the previousone.

A. Hop Count

Hop count is the most commonly used routing metric
in existing routing protocols such as DSR [7], AODV [8],
DSDV [16] andGSR[17]. It re ects the effectsof pathlengths
on the performanceof ows. Since a hop count metric is
isotonic, ef cient algorithms can nd loop-free paths with
minimum hop count. However, hop count doesnot consider
the differencesf the transmissiomratesandpaclet lossratios
betweendifferent wireless links, or the interferencein the
network. Hence,using a hop count metric may not resultin
good performance.

B. ExpectedlransmissionCount(ETX)

ETX, proposedy De Coutoet al. [3], [4], is de ned asthe
expectednumberof MAC layer transmissionghat is needed
for successfullydelivering a paclet through a wirelesslink.
The weight of a path is de ned as the summationof the
ETX's of all links alongthe path. Sinceboth long pathsand
lossy pathshave large weights under ETX, the ETX metric

captureghe effectsof both paclet lossratiosandpathlength.
In addition, ETX is also an isotonic routing metric, which

guaranteesasy calculation of minimum weight paths and
loop-free routing under all routing protocols. However, the

dravbacksof ETX is thatit doesnot considerinterferenceor

the fact that different links may have different transmission
rates.

C. Expectedlransmissiorlime (ETT)

The ETT routing metric, proposecby Draveset al. [5], im-
provesETX by consideringhedifferencesn link transmission
rates.The ETT of alink | is de ned asthe expectedMAC
layer durationfor a successfutransmissiorof a paclet at link
I. Theweightof apathp is simply thesummatiorof theETT's
of the links on the path. The relationshipbetweenthe ETT of
alink | andETX canbe expressedas:

ETT, = ETX|§; 1)
wherel is the transmissiorrate of link | ands is the paclet
size. Essentially by introducinghb into the weight of a path,
the ETT metric capturesthe impact of link capacityon the
performancef the path.Similarto ETX, ETT is alsoisotonic.
However, the remainingdravbackof ETT is thatit still does
not fully capturethe intra- ow andinter o w interferencein
the network. For example,ETT may choosea path that only
usesone channel,even though a path with more diversi ed
channelshas less intra- ow interferenceand hence higher
throughput.

D. WeightedCumulativeETT (WCETT)

To reduceintra- ow interferenceWWCETT [5] wasproposed
by Draves et al. [5] to reducethe numberof nodeson the
path of a ow thattransmiton the samechannel.For a path
p, WCETT is de ned as:

WCETT(p) = (1 ) ETT + max Xj; (2)

link 12p 1ok

where is atunableparametesubjectto O 1. X; isthe
numberof timeschannelj is usedalong pathp and captures
the intra- ow interference.The max; ; ¢ X; componentn

Equation(2) countsthe maximum numberof times that the

samechannelappearsalong a path. It capturesthe intra- ow

interferenceof a pathsinceit essentiallygiveslow weightsto

pathsthat have more diversi ed channelassignmentsn their

links and hencelower intra- ow interference.

WCETT has two limitations. The rst limitation is that
it doesnot explicitly considerthe effects of inter ow in-
terference,although it does captureintra- ow interference.
Therefore, WCETT may route ows to denseareaswhere
congestionis more likely and may even resultin stanation
of somenodesdueto congestion.

Besidesthe lack of consideratiorof inter- o w interference,
WCETT has anotherunique limitation: thereis no efcient
algorithm that can calculatethe minimum weight path based
on WCETT sinceit is not isotonic. Figure 4 depictsa simple
topologythatshavs thatWCETT is notisotonic.In this gure,



ETT =0.476
CH=2

ETT=0.2
CH=1
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Fig.4. Exampletopology whereDijkstra's algorithmbasecon WCETT does
not nd minimum weight pathsand hop-by hop routing basedon WCETT
createforwarding loops.

two numbersare associatedvith eachlink, the ETT andthe
channelassignmen{CH), respectiely.

Assuming in thede nition of WCETT (seeEquation(2))
is setto 0.5,the minimumweightpathfrom S; to T shouldbe
S;1! B! T. However, dueto the non-isotonicproperty of
WCETT, whennodeS; usesDijkstra's algorithmto calculate
its pathto nodeT, nodeS; incorrectlychoosesS; ! S, !
C! D! T asthe minimum weight path, indicated as
the dottedarrows in Figure 4. This is becausevhen running
Dijkstra's algorithm at node S;, the minimum weight path
from node S; to nodeB is foundto beS; ! A ! B,
sinceS; ! A! B hasthesamemax; ; ¢ X; butasmaller
aggrgatedETT thanthedirectlink S; ! B.S; ! B, hence,
is eliminatedfrom Dijkstra's algorithm’s future consideration,
althoughS; ' A ! B ! T hasa larger weight than
S;! B! T.Thisincorrectearlydiscardof S; ! B causes
Dijkstra's algorithmto fail to nd the minimum weight path
S;! B! T fromnodeS; toT.

If a link-state protocol basedon WCETT is used, this

incorrectminimum weight pathbetweenS; and T cancause
forwarding loops. When node S, calculatesits pathto T,
Dijkstra's algorithmcorrectlyindicatesthatS, ! S;! B!
T is the minimum weight path, depictedas the shadaved
arrovsin Figure4. SinceS; hastheincorrectminimumweight
path,ary pacletsdestinedo T areforwardedby S; t0 S,. S,
immediatelyforwardsthe pacletsbackto S; again. Hence,a
forwardingloop is formed betweenS; andS,.

Similar to Dijkstra's algorithm, routing protocolsbasedon
the Bellman-Ford algorithm(e.g.,distance-ectorrouting) may
not nd optimal pathsbasedon WCETT either Using the
sameexamplein Figure4, sincenodeB's minimum distance
to nodeS; is theweightof B! A! S;, nodeB only tells
its neighborsabout the weight of this path. Hence,node T
doesnot have a chanceto checktheweightof T! B! Sy,
which is the correctminimumweight path. Therefore nodeT
incorrectly setsits distanceto S; astheweightof T! D !
C! S,! S; andforwardsary pacletsfor S; to nodeD.

Becausef WCETT's lack of isotonicity, thereis no ef cient
algorithmwith polynomial compleity to calculateminimum

weight paths. In addition, the non-isotonicity of WCETT
males it unusablefor link-state routing. To ensureloop-free
routing, WCETT can only be usedin on-demandrouting,
sourcerouting suchas LQSR [5] or distance-ector routing.
This limitation is non-trivial sinceon-demandouting, source
routing and distance-ector routing all have signi cant draw-
backscomparedo link-staterouting (SeeSectionlll-D).

E. Metric of Interferenceand Channel-swithing (MIC)

The MIC metric, proposedin our previous work [6], im-
provesWCETT by solvingits problemsof non-isotonicityand
theinability to captureinter- o w interferenceThe MIC metric
of a pathp is de ned asfollows:

1 X X
MICP = T minET™ IRU+  CSC
nodei2p
3

where N is the total numberof nodesin the network and
min(ETT) is thesmallestETT in the network, which canbe
estimatedbasedon the lowesttransmissiomrateof the wireless
cards.The two component®f MIC, IRU (Interference-awae
Resouce Usage) and CSC (Channel Switcing Cos), are
de ned as:

link 12 p

IRU = ETT, Ni; 4)
o W1 if CH(prev(i)) # CH (%)

CSCi = Wy if CH(prev(i)) = CH(i), )
0 W< Wy (6)

whereN; is the setof neighborsthatthe transmissioron link
I interfereswith, CH (i) representshe channelassignedor
nodei's transmissiorandprev(i) representshe previous hop
of nodei alongthe pathp.

Essentially the physical meaning of the I RU;, compo-
nent is the aggre@ated channeltime of neighboringnodes
that transmissionn link | consumeslt capturesthe inter-
ow interferencesince it favors a path that consumesless
channeltimes at its neighboring nodes. The CSC part of
MIC representsheintra- ow interferencesinceit gives paths
with consecutie links usingthe samechannelhigherweights
thanpathsthat alternatetheir channelassignmentsgssentially
favoring pathswith more diversi ed channelassignments.

It is worth noting that MIC is not isotonic if it is used
directly asshavn by the examplein Figure5. In the example,
assumingthat link a hasa slightly smallerIRU than link b,
the weights of pathsa and b satisfy: M1 C(a) < M1 C(h).
However, adding link c to path a introducesa higher cost
than adding link ¢ to path b due to the reuseof channell
onpatha c¢( meansconcatenatiorof two paths).Hence,
MIC(a c)> MIC(b c). Thereforebasednthede nition
of isotonicity, MIC is not an isotonic path weight function if
useddirectly in real networks.

However, although MIC itself is not an isotonic metric,
in our technicalreport, we have shawvn that it is possibleto
introducevirtual nodes[6], which are imagesof real nodes,
into the network anddecompos&IC into isotoniclink weight
assignmentsn virtual links betweenthesevirtual nodes.The
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Fig. 5. Non-isotonicityof MIC
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decompositionof MIC is basedon the fact that the non-

isotonicbehaior of MIC is causedy thedifferentincrements
of path weights due to the addition of a link on a path.
Whethera costincrementwill be differentby addinga link

is only relatedto the channelassignmenbf the previous link

on the path. Since the possibleassignment®f channelsfor

the precedentink are limited, by introducing several virtual

nodesto representhesepossiblechannelassignmentsMIC

canbe translatednto isotonicweightassignmentso the links

betweerthesevirtual nodes.Dueto this isotonicform of MIC

on the virtual network, ef cient algorithmsthen canbe used
to nd loop-freeminimum weight pathsbasedon MIC.

For WCETT, however, thereis no known schemethat can
nd a isotonic form for WCETT. This is becauseNCETT's
non-isotonicityis causedby the dependencef its max X
component(Equation (2)) on the channel assignmentsof
multiple links. Essentially the weight incrementof adding
a link ¢ to a path p dependson hov mary times each
channelhasappearedn pathp. As the lengthof p increases,
the combinationof channelassignmentgan becomein nite.
Hence,it is impossibleto introducevirtual nodesto represent
all channelassignmenstates.Therefore, WCETT cannotbe
transformednto isotonicform andno ef cient algorithmscan
beusedto nd loop-freeminimum weight pathsfor WCETT.

V. EVALUATION

Dueto constraintof hardwarecost,in somemeshnetworks,
eachnode may have only oneradio interfaceand theseradio
interfacesmustbecon guredto thesamechanneto ensurehe
connectiity of the network. In othermeshnetworks, however,
it may be affordableto equip eachnodewith multiple radio
interfaces so that theseradio interfaces can be con gured
to differentchannelsto reduceboth intra- ow andinter- ow
interferenceHence to understandhe performancef different
routing metrics under different network con gurations, our
evaluationincludestwo parts.In the rst part, we consider
meshnetworks whereeachnodehasonly oneradio interface
andall theradiointerfacesarecon guredto the samechannel.
Since it is impossibleto use channel switching to reduce
intra- ow interferencein suchnetworks, the routing metrics'
ability to captureother network characteristicssuchasinter
o w interferencejs the major factor that affects the metrics'
performancesn this part of the evaluation. The metricsthat
are comparedin this part include hop count, ETT and MIC.
WCETT is not included since WCETT is aimedto be used
only in multi-channelervironments.In the secondpart of our
evaluation,we considemetworks whereeachnodehave mul-
tiple radio interfacesthat are con gured to differentchannels.

In suchnetworks, since channelswitching may reduceintra-
o w interferencethe ability to captureintra- ow interference
affects the performanceof the routing metrics. The metrics
that are comparedin this part include hop count, ETT, MIC
andWCETT.

The performanceof the routing metrics are comparedin
terms of the total network throughput,the average end-to-
endpaclet delayandthe maximumchannelutilization. While
the physical meaningof total network throughputand paclet
delay are obvious, the channelutilization at a node,which is
the fraction of channelbusy time at a the node,indicatesthe
channelcongestionlevel at the node. Hence,the maximum
channelutilization amongall nodesimplies routing metrics'
ability to avoid creatinghot spots.

All of our simulationsare performedin the NS2 simula-
tor [18]. The topologiesof simulationsare randomly gen-
erated. Since we expect that most of the trafc in a real
meshnetwork will be trafc to/from the wired network, in
our simulations,all o ws are destinedto the Internetthrough
one to four TAPs. The sourcesof the ows are randomly
locatedin the meshnetwork. All ows are CBR o ws with
512 Byte paclets. Since WCETT is not isotonic, distance-
vectorroutingis usedto ensurethatthereareno routingloops.
The evaluation of all protocolsis basedon the performance
of the systemafter the routing tables have stabilized. The
transmissiorrangeis 250mwhile the carriersensingrangeis
550m. The transmissiorratesbetweenneighboringnodesare
relatedto the distancebetweenthe nodesas shavn in Table
|. Boththew, in MIC and in WCETT aresetto 0:5.

A. SingleChannelEnvironments

In the rst setof simulations,we randomly generatedsix
1500n  1500m networks with 160 nodes,15 ows and 4
TAPs. Figures6(a), 6(b) and6(c) shov the maximumchannel
utilization among all nodes, the total network throughput
and the average end-to-endpaclet delay respectiely. The
MIC metric has the best performancein terms of the low-
est maximum channelutilization, the highesttotal network
throughputand the smallestaverageend-to-endpaclet delay
since it satis es all of the requirementsof routing metric
design.ETT's performances worsethan MIC sinceit does
not capturethe interferencebetweemodes Hop counthasthe
worst performancesinceit capturesthe fewestcharacteristics
of meshnetworks.

B. Multi-ChannelErnvironment

In the secondsetof simulations,every nodehastwo radios
and eachradio can be con gured to one of three channels.
We randomly generateten 1000n  1000m networks, each
with 100 nodes,20 ows and 1 TAP. Comparedto the rst
set of simulations,the capacity of the network is increased
by having multiple channelsTherefore we usea highernode
density a larger numberof ows and a smaller number of
TAPs to increasenetwork load.

Figures 7(a), 7(b) and 7(c) shov the maximum channel
utilization among nodes, the total network throughputand



TABLE |
DISTANCE/RATE RELATIONSHIPS

Distance(m)| 25| 50 | 75 | 100 | 125 | 150 | 175 | 200 | 225 | 250 | > 250
Rate(Mbps)| 54 |48 [ 36| 24 | 18 | 12 | 9 | 6 | 2 | 1 0
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the averageend-to-endpaclet delay which again con rm that
MIC hasthe bestperformancen termslow maximumchannel
utilization, high throughputand low delay Since WCETT
capturesntra- ow interferenceit hasbetterperformancehan
ETT. Onceagain, hop counthasthe worst performance.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper we have presentech comprehense study on
designingrouting metricsin mesh networks. We systemati-
cally investicate the possiblechoicesof routing protocolsfor
meshnetworks andshaw that hop-by-hoprouting is generally
preferable We describefour requirementshat routing metrics
for mesh networks must satisfy to ensure good network
performanceThen, we analyze ve existing routing metrics
to understandwhetherthey satisfy thesefour requirements.
Finally, we comparethe performanceof theserouting metrics
andshow thatit is necessaryo satisfyall of the requirements
to achieve the bestperformance.

Our future work is to investigate the performanceof all of
the existing metricsin real meshnetworks basedon actual

Per Flow Rate (pkts/second)

(b) Total network throughput

Per Flow Rate (pkts/second)

(c) Averageend-to-endpaclet delay

1000m x 1000m 100 node2-radio/ 3-channelnetworks

hardware measurementd/Ne also want to further investicate
the designof the MIC metric by studying the trade-ofs of
settingthew's in Equation(5) and in Equation(3). We will
investicatetheappropriatev's for realmeshnetworksandhow

affectsthedelayandthroughpubf o wsandtheoverallload
on the network. Finally, we will investigate the performance
of meshnetworks that have both mobile and static nodes.
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