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Abstract

Ef cient usage of available capacityin wirelessmesh
networksis critical. Capacity is wasteddue to the ex-
posedterminal problem.In this paper we proposea solu-
tion to mitigatetheexposederminalproblemin staticlEEE
802.11-basedneshnetworks,thereby improving the spa-
tial reuseof the mediumand increasingnetworkthrough-
put. Our solutionis complementaryo previously-poposed
solutionsthat adjustthe carrier-senserange for improved

spatialreuse Theproposedsolutionconsistof two phases.

Inthe r stphaseexposedinksin themeshopologyare de-
tectedthroughan of ine training process Coordination of
simultaneousransmissiongver exposedinks is thendone
in the secondphasethroughthe use of Request-®-Send-

SimultaneouslyRTSS)andClearTo-Send-Simultaneously

(CTSS) messges, which are addedto the MAC proto-
col. Our solution preservesthe distributed nature of the
MAC protocol and doesnot require time syndironization
betweemodes.We presenta simulation-basedvaluation
that demonstatesthat the proposedsolutioneffectivelyim-
provescapacityusage and networkthroughputin represen-
tativetopolaogiesandtraf ¢ scenarios.

1. Intr oduction

The capacityof wirelessmeshnetworksis severelycon-
strainedas comparedo wireline networks dueto the lim-
ited wirelessbandwidth,the sharednatureof the medium,
and the contentionamongnodeslocated along multihop
paths[6]. Ef cient usageof available capacityis therefore
critical, which in turn requiresef cient spatialreuseof the
wirelessmedium.For betterspatialreuse asmary nodesas
possibleshould obtain simultaneousnediumaccesspro-
videdtheirtransmissionglo not mutuallyinterfere.

Accessto the mediumis regulatedby the Medium Ac-
cess Control (MAC) protocol. IEEE 802.11 [7], which
is currently the most popular MAC protocol for wireless
meshnetworks, employs the Carrier SenseMultiple Ac-
cess(CSMA) strateyy for mediumaccessontrol. CSMA
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Figure 1. Hidden and exposed terminals.

permitsa nodeto transmitif andonly if the detectedcar
rier signalis lower thanthe carriersense(CS) threshold;
this occurswhen no other node within CS rangeis cur-
rently transmitting.

Two well-known artifactsof the CSMA strateyy arethe
hidden terminal and exposedterminal problems,both of
which resultin wastedcapacity The hiddenterminalprob-
lem occurswhen the simultaneougransmissionf two
transmitterghatlie outsideCS rangecauseinterferenceat
oneor bothreceversandpreventsuccessfuteception An
exampleis shawvn in Figure 1(a)t, wherenodesP andR
are hidden terminals. The exposedterminal problem, on
the otherhand,occurswhentwo transmitterdie within CS
rangeand are preventedfrom transmittingsimultaneously
even thoughtheir transmissionslo not mutually interfere.
Thisis illustratedin Figure1(b),wherenodeswW andY are
mutually exposederminals.

Hidden and exposedterminalswaste capacitythrough
failedtransmissionandmissedransmissioropportunities,
respectiely. Addressingheseproblemss thereforecritical
to improve capacityutilization. The prevalenceof hidden
and exposedterminalsin a given network dependson the
topologyandontheCSrange A large CSrangeis likely to
reducghenumberof hiddenterminals put createsnoreex-
posedterminals,while a smallerCS rangeresultsin fewer
exposederminalsbut morehiddenterminals.Thereis thus

1 InFigurel,theCSrangess representedsacirclefor simplicity. In re-
ality, it is notaperfectcircle; wirelesssignalpropagations in uenced
by mary factors,including multipathinterferencepbstaclesanden-
vironmentaleffects.



aninherenttrade-of; hiddenandexposedterminalscannot
bothbeeliminatedby adjustingthe CSrangealone.

Severalsolutionshave previously beenproposedhatad-
justthe CSrangeto eithereliminatehiddenterminals[4, 5,
13, 17] or achiese a balancebetweenhiddenand exposed
terminals[16, 18]. However, noneof thesesolutionselim-
inatesexposedterminalsfrom the network. In this paper
we proposea solutionthat mitigatesthe exposedterminal
problem.Our solutionis complementaryo the previously-
proposedsolutionsthatadjustthe CSrangeandis intended
for staticnetwork topologiesit consistof two phasesThe
rst phaseis anof ine training phasethat empirically de-
tectsexposedink pairsin agivennetwork.

The secondphaseof our solutionconsistsof coordina-
tion of simultaneougransmissionsver exposedlinks. By
de nition, theexposedransmitterdie within CSrangeand
arethereforepreventedrrom transmittingsimultaneouslypy
the MAC protocol. To enablesimultaneougransmissions,
we introducea Clear-To-Send-Simultaneous{ TSS)mes-
sageto the MAC protocol. Considerthe examplein Fig-
ure 1(b), where nodesW and Y are mutually exposed.
WhennodeW obtainsaccesdo the mediumandis about
to transmita pacletto nodeX , it signalsnodeY to trans-
mit simultaneouslyto nodeZ by sendingnodeY a CTSS
messageOn receving the CTSSmessagenodeY imme-
diately transmitsa paclet to node Z if oneis available,
overriding thecarriersenseanechanismin thismannerthe
CTSSmessagenablesimultaneousransmissionsverex-
posedinks.

To reduceoverheadijt is desirableto invoke this mech-
anismonly whennecessaryFor this purposewe introduce
the Request-3-Send-Simultanemsly (RTSSmessageThe
RTSSmessagés broadcasby a nodewhenit identi es a
needfor additionalopportunitiedo transmitto oneor more
neighborshasedntheexperiencedraf ¢ load. Thereafter
nodesthat receve the RTSS messagend are exposedto
the speci ed links with respecto their own receverssend
a CTSSmessagdo the requestenodeat every transmis-
sionopportunityfor somedurationof time. RTSSmessages
areperiodicallybroadcasby the requestenodeuntil it no
longerrequiresadditionaltransmissioropportunities.

To avoid the overheadof an additionalcontrol message
precedingevery datatransmissionwe implementheCTSS
as a headeron the data paclet, which is placedbetween
thePhysicalLayerCornvergenceProtocol(PLCP)andMAC
headersThis signi cantly reduceghe overheadassociated
with CTSSmessageds aresult,our solutionprovidessig-
ni cant throughputbene ts whentopologyandtrafc per
mits, but negligible overheadotherwise.The dravback of
this designis thatit requiresmodi cation to the Physical
(PHY) layer, andthereforecannotbe implementecdbn cur-
rently availablewirelesshardware.We believe thatthe ben-
e ts providedby this solutionmotivatetheinclusionof this
mechanisnin next-generatiorwirelessdevices.

The remainderof this paperis organizedas follows.
Section2 reviews relatedwork. Section3 presentsimula-
tion resultsindicatingthe prevalenceof hiddenandexposed
links in arepresentatie topology Our proposedsolutionis
describedn Section4. Section5 presentour simulation-
basedevaluationandSection6 concludeghe paper

2. RelatedWork

A commonapproacho improve spatialreusen wireless
networksis to tunethe CSthreshold[4, 5, 13, 16, 17, 18].
Most of the proposedsolutionsrely on overly simplisticas-
sumptionsrelating inter-node distanceto signal strength.
Further the resulting CS rangesare asymmetricin some
caseswhich canleadto unfairness.Another approachis
to controlthetransmissiompower for betterspatialreuseg(3,
10]. However, hiddenandexposederminalscannotbothbe
eliminatedby eitheradjustingthe CS thresholdor control-
ling thetransmissiorpower. Note thatour solutionis com-
plementaryto theseapproaches.

The RTS/CTS mechanismwhich is part of the IEEE
802.11standard7], attemptgo addresshehiddenterminal
problem,but hasshortcomingsvhen appliedto multihop
networks[15]. Further it doesnot addresghe exposedter-
minal problem.MACA-P[2] enhancetheRTS/CTSmech-
anismto increaseconcurreng. The RTS/CTSexchangebe-
tweena pair of nodesis followed by a control gapduring
which anotherpair of nodescan also exchangeRTS/CTS
messagesnd synchronizeits datatransmissionwith the

rst nodepair. Althoughthis solutionis conceptuallysimi-
lar to the oneproposedn this paperit suffersfrom all the
weaknessesf the RTS/CTSmechanisni15]. Further the
RTS/CTSmessagesand control gap signi cantly increase
the overheadper datatransmissionOur solution, on the
otherhand,hasnegligible overhead.

Otherresearchersave proposed DMA-style MAC pro-
tocolsto maximizespatialreusein staticmultihopwireless
networks[12]. Unlike this approachpur solutionpreseres
thedistributednatureof the MA C protocolanddoesnotre-
quiretime synchronizatiorbetweemodes.

3. Prevalenceof Hidden and Exposed
Terminals

The prevalenceof hidden and exposedterminalsin a
given network dependson the network topology the CS
range,andthe capture capability i.e. the capabilityto suc-
cessfullyrecevethestrongetransmissiorin acollision[9],
of thewirelesshardware.The capturecapabilitydepend®sn
the datarate; the lower the datarate, the lower the min-
imum Signal-to-Interference-anNoise-Ratio (SINR) re-
quiredfor captur€d8].

In this sectionwe usesimulationto examinethenumber
of hiddenandexposederminalsthatoccurin arepresenta-



CSthresholddBm) || -99 | -97 | -95 | -93 | -91 | -89
CSrange(m) 712 | 634 | 565 | 504 | 449 | 400

Table 1. CS threshold to CS rang e mapping.

tive topologyat variousCS rangesand datarates.The ob-

jectivesof this studyare(1) to getasenseof the prevalence
of theseeffectsin arepresentatie topology;(2) to demon-
stratehow theseeffectsaretradedatdifferentCSrangesand
datarates;and(3) to motivatethatthereis signi cant scope
to improve spatialreuse,andtherebyincreasethroughput,
in typical meshnetworksthroughmitigationof theexposed
terminalproblem.

The QualNetsimulatorversion3.9 [1] is usedfor our
simulationsWe extendthe simulatorto implementthe cap-
ture effect [9]. Our representatie topology consistsof 25
nodesarrangedn a 5x5 grid with a distanceof 150mbe-
tweenadjacenthodes.We usethe IEEE 802.11bprotocol
with the datarate x ed at 2 Mbps and 11 Mbps in dif-
ferenttests.Retransmissionandthe RTS/CTShandshak
aredisabled.The transmitpower is setto the default value
of 15 dBm, which resultsin a transmissiorrangeof 283m
and370mfor the 11 Mbpsand2 Mbps datarates,respec-
tively. Note thattransmissionganstill be receved beyond
thetransmissiomange however, the probabilityof success-
ful receptiondecreasesvith increasingdistance We vary
the CS thresholdfrom -99 dBm to -89 dBm in different
tests.TheresultingCSrangesareindicatedin Tablel1. The
defaultCSthresholdvaluein QualNetis -93dBm. All other
simulationparametersresetto their default values.

The procedurefor determininghiddenand exposedter-
minalsis asfollows. For eachdatarate,we rst identify all
thelinks thathave a delivery probability of 95% or higher
in the absenceof interference Theseare the strong links
thatarelik ely to beusedby aroutingprotocol.(Thethresh-
old value of 95%is picked arbitrarily; a differentvaluere-
sultsin differentabsolutenumbersut similartrends. Next,
thestronglinks areconsideregbairwise Eachpairtransmits
a setof pacletssimultaneouslyNote that, in orderto cor
rectlydetectexposederminalsit is critical thatthecarrier-
sensefunction be disabledduring the simultaneougrans-
missions;otherwise carriersensepreventsexposednodes
from transmittingsimultaneously

The delivery probabilitieswhentransmittingsimultane-
ously without carriersenseare usedto determinewhether
the links are mutually hidden or exposed.If each link
achieresatleast95%of its original delivery probabilityand
the two transmitterdie within CSrange thelinks aremu-
tually exposed.On the otherhand.,if the delivery probabil-
ity of eitherlink falls belon 5% andthetwo transmittersio
not lie within CSrange the links arehidden.Note that,in
thesimulator thedistancebetweerthetwo transmittersan
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Figure 2. Prevalence of hidden and exposed
links at diff erent CS thresholds.

beusedto determinevhetherthey lie within CSrange.The
link pairsthatachieve between5% and 95% of their orig-
inal delivery probabilitiesare not consideredas either ex-
posedor hiddenby our conserative de nition.

Figure2 shavstheresultsof our simulationsin the g-
ure,we plot the percentagef link pairsthatare mutually
hiddenor exposedin the representatie topology at each
dataratefor differentCSthresholdsAt thelower datarate,
thelargertransmissiomangeresultsin a greatemumberof
stronglinks, which in turn leadsto a signi cantly greater
numberof link pairstested.Speci cally, 8,688link pairs
weretestedat 11 Mbps,while 37,476link pairsweretested
at 2 Mbps. Sincethe transmitterandrecever arelikely to
beseparatety a greatedistanceatthelower datarate,the
receved signal strengthis likely to be lower, resultingin
a lower tolerancefor interference Therefore the percent-
ageof hiddenlinks is higherandthe percentagef exposed
links is lower at 2 Mbps for all CS thresholdsNote that,
if a x edsetof links is consideredat both datarates,more
exposedterminalsandfewer hiddenterminalsoccurat the
lower datarate sincethe minimum SINR requiredfor cap-
tureis lower|[8].

Figure2 con rms our expectationthatasthe CSthresh-
old increasesthe numberof hiddenlink pairs increases
while the numberof exposedlink pairsdecreasesie ob-
sene that, at mostvaluesof the CS threshold thereexists
a signi cant numberof exposedlink pairsin the network.
This indicatesthatthereis signi cant scopeto improve ca-
pacityusageandincreasehroughpuin the network by mit-
igatingthe exposederminalproblem.

It would beinterestingto studythe prevalenceof hidden
andexposederminalsin awirelessmeshtestbedHowever,
suchastudyis extremelychallengingdueto theunavailabil-
ity of a straightforward way to over-ride the carriersense
functionon currentlyavailable802.11hardware’.

2 Otherresearcherhave achied the effect of disablingcarriersense
by disablingrandombacloff [8]. We wereunableto duplicatethis ef-
fectonourtestbeddueto hardwaredifferences.



4. Mitigation of ExposedTerminals

In this section,we presentour solution for the mitiga-
tion of exposederminalsin staticmeshtopologies Our so-
lution consistsof two phasesThe rst phasedescribedn
Sectiornd.1,empiricallydetectsxposedink pairsin agiven
network topology Coordinationof simultaneoudransmis-
sionsover exposedlinks is thendonein the secondohase,
asdescribedn Sectior4.2.

4.1. Detectionof ExposedTerminals

Detectionof exposedinks in a givennetwork topology
is a non-trivial task. Approacheghatrely on assumptions
relatedto internodedistanceandsignalstrength[4, 5, 13,
17] areoverly simplisticandignore severalimportantfac-
tors, suchasthe speci ¢ characteristicef the ervironment
andthe wirelesshardware. Accuratemodelingof all rele-
vantfactorsis comple< andchallenging.

An alternatve approachthat automaticallytakesall rel-
evantfactorsinto consideratioris empiricaltesting.We se-
lect this approachfor our solution. Exhaustve testing of
all pairsof links in the network, hawever, is inef cient and
time-consumingdO(n*) wheren is the numberof nodesin
thenetwork). This haspreviously beenpointedout by Pad-
hye et al., who proposean ef cient estimationtechnique
thatusesbroadcastransmission$o predictpairwiseunicast
link interference[11]. In their proposedtechnique,nodes
in the network broadcast setof paclets, rst individually
andthenpairwise.Therecevedthroughputin eachcaseis
recordedoy all nodesTheinterferenceatio for alink pair
(A; B), (C; D) is thencalculatedasthe ratio of the aggre-
gatethroughputof the links whennodesA andC transmit
simultaneouslyto the aggrgatethroughputwhennodesA
andC transmitindividually. The value of the interference
ratio lies betweenzeroandone.If the links do not mutu-
ally interfere theinterferenceatio is closeto one.Further
a comparisonof the aggrejatesendrate of nodesA and
C whentransmittingindividually and simultaneouslyndi-
cateswhetherthey arewithin CSrangeof eachother;if the
nodesarewithin CSrange their aggreyatesendrateis ap-
proximatelyhalvedduring simultaneougransmission.

We extendthis interferenceestimationtechniquefor our
solutionwith afew signi cant modi cations.First, to detect
exposedterminals,simultaneousransmissionsnustbe re-
peatedwith the carriersensdunctiondisabledfor all pairs
of transmitterghatlie within CSrange Then,if theinterfer
enceratio of alink pairwith carriersensealisabledis close
to one,thelinks aremutually exposed.

Secondgsincebroadcastransmissionsire not acknavl-
edged,the interferenceestimationtechniqguedoesnot ac-
countfor collisionsinvolving ACK frames.Padhyeet al.
arguethat ACK framesare small (14 bytes)andtherefore
unlikely to collide. This may be true in the caseof ran-
domizedmediumaccessy the interferinglinks. However,

in our proposedsolution, exposedlinks closely synchro-
nizetheirtransmissionssingCTSSmessagessdescribed
in Section4.2. Collisionsinvolving ACK framesare thus
guaranteedo occurand mustbe accountedor by the ex-

posedlink detectionprocedureln otherwords,a link pair

maybeidenti ed asmutually exposedonly if boththedata
frameandACK framecanbecapturedsuccessfulljpy each
link. LetBI R(as );(c.0 ) denotethebroadcasinterference
ratio of links (A; B), (C; D) with carriersensedisabled.
The links are identi ed as mutually exposedif and only

if BIR(ag );(cp): BIRaB ):(p:c), BIR(®:A);(cD), @and
BI R :a);(p;c) areeachgreaterthanathreshold.Thisen-

suresa high probability of successfutapturein data-data,
data-ACK, ACK-data,andACK-ACK collisions.After the

detectionof exposedterminalsis completedthe informa-

tion is distributedto all meshnodes.

Sincethe capturecapability of wirelesshardwareis dif-
ferentat differentdatarates[8], if multiple dataratesare
usedin the network, the detectionof exposedlinks must
berepeatedor eachdatarate.This impliesthatthe broad-
casttransmissionsisedfor the BIR calculationmustusethe
speci eddatarate,andnotresortto thelowestdatarateasis
doneby somewirelesshardware.Notethattestingall com-
binationsof dataratesbetweena pair of links is unneces-
sary Theability of link (A; B) to capturea transmissiorin
the presencef interferencdrom link (C; D) depend®nly
on the datarate of link (A; B) andthe transmitpower of
nodeC; thedatarateof link (C; D) isimmaterial.

Although our procedurefor detectingexposedlinks is
more ef cient thanthe exhaustve testingof all link pairs
(O(n?) asopposedo O(n%)), it is still signi cantly time-
consuming.Further no othertrafc can be permittedon
the meshnetwork while the testingis in progressDue to
thesereasonsjt may not be possibleor desirableto exe-
cutethe exposederminaldetectionphaserequently Since
the meshtopologyis static,interferencepatternsarelik ely
to remainfairly constant(interferencepatternsin a mesh
testbechave beenfoundto not vary signi cantly overape-
riod of several days[11]). However, this may not be the
casein all meshdeployments.To handlevariationsin inter-
ferencepatternsit is necessaryo extendour solutionto dy-
namicallylearnandadaptto thecurrentsetof exposedinks
in the network, preferablywithout requiringthe halt of on-
goingtrafc. Thisis interestingfuturework.

4.2. The RTSS/CTSSMechanism

Coordination of simultaneoustransmissionsover ex-
posed links is accomplishedin the second phase of
our solution. For this purpose,two nen control mes-
sages, the Request-3-Send-Simultaneousl{RTSS) and
the ClearTo-Send-Simultaneously(CTSS) are intro-
ducedto the MAC protocol.
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The CTSS messageWe rst describethe use of the
CTSSmessageConsiderthe example network from Fig-
ure 1(b), wherelinks (W; X) and (Y; Z) are mutually ex-
posed.When nodeW obtainsaccesgo the mediumand
is aboutto transmita packet to nodeX , it signalsnodeY
to simultaneoushtransmitto nodeZ by sendingnodeY
aCTSSmessageOnreceving the CTSS,nodeY immedi-
atelytransmitsapacletto nodeZ by overridingthecarrier
sensemechanismprovideda pacletis availableandcertain
criteria describedfurther are met. In this manney the two
exposedinks areableto transmitsimultaneously

The CTSSmessagenustidentify thelink for whichit is
intended Links may beidenti ed by their sourceanddes-
tination addresse$6 byteseach).Alternatively, identi ers
maybeassignedo exposedinks in the rst phaseof theso-
lution anddistributedto the meshnodesalongwith the ex-
posedink pairinformation.In this case a 2-byteidenti er
is sufcient for a network consistingof up to 256 nodes.
The CTSSmessagelso containsa 2-byte FrameControl
eld, whichis commonto all 802.11messageandidenti-
es thetype of messageanda 2-byte CRCfor detectionof
transmissiorerrors.Thetotal CTSSsizeis thus6 bytes.

Eventhoughthesizeof the CTSSmessagés small,pre-
cedingevery datapacletwith a separateCTSSpacletgen-
eratessigni cant overhead(note that every 802.11packet
carriesthe PLCPpreambleandheaderwhich aretransmit-
ted at the lowestdatarate and consumel92 microseconds
of mediumtime in 802.11b).To reducethis overheadwe
implementthe CTSS messageas an additionalheaderon
the datapaclet. This headeris placedbetweenthe PLCP
andMAC headersThis implementatiorresultsin negligi-
ble overheadyeneratedby theuseof CTSSmessages\ote
that,for theremaindeiof the paperthetermsCTSS,CTSS
messageandCTSSheadeiareusedinterchangeably

The CTSSheadercontainsits own CRC andcanthere-
fore be processedndependenthas soonasit is receved,
without waiting for the following MAC headerand pay-
load. In our example,whennodeY processeshe CTSS
fromnodeW anddecidego transmitsimultaneouslyit im-
mediatelyswitchesits wirelessinterfaceto transmitmode
andsendsa pacletto nodeZ . Figure3 illustratesthis pro-
cessin detail. Note thatthetime to switchfrom thereceve

to thetransmitmodeis of the orderof 10 microsecond$or
DSSS-basedhdios[14] andthereforenegligible compared
to thetransmissiordurationof the paclet.

Dependingon the size of the datapacket transmittecby
eachnode,the datatransmissiondy nodesW andY may
overlapin timewith the ACK transmissionpy nodesZ and
X, respectiely. Thetwo ACK transmissionsayalsoover-
lap with eachother Therefore,when identifying exposed
links in phaseone,it is importantto ensuresuccessfutap-
ture of both dataandACK framesin data-datadata-ACK,
ACK-data,andACK-ACK collisionsbetweerthetwo links.

Causesof lost/lunused CTSS messagesSomeCTSS
messagemay belostdueto collisions,othersdueto trans-
missionerrors. Further from amongthe CTSS messages
that are receved correctly not all can be followed by a
simultaneougiatatransmissionlt is possiblethat whena
noderecevesa CTSSmessagdor a particularlink, it has
no datapacletto transmiton thatlink atthatinstant.

In the examplefrom Figure1(b), whennodeW sendsa
CTSSto nodeY, it is possiblethatthereis anothertrans-
missionin progressy anodeP within nodeY'sCSrange,
which nodeW cannotsenseNodeY may still be ableto
successfullycapturethe CTSS.However, if it follows with
atransmissiorio nodeZ, nodeZ may not be ableto cap-
ture the transmissiorin the presencef the cumulative in-
terferencérom nodesw andP. Moreover, the cumulatve
interferencamay alsocorruptthe ongoingtransmissionsf
nodesW andP. To avoid this situation,a nodeis permit-
tedto transmitimmediatelyafter receving a CTSSonly if
thesensednterferencgust prior to recevving the CTSSwas
lowerthana speci edthreshold.

To summarize CTSS messagesnay be lost or wasted
due to collisions, transmissionerrors, unavailability of
paclets to transmit, and sensed interference exceed-
ing athreshold However, dueto ourimplementatiorof the
CTSSasaheadeonthedatapaclet, the overheadf send-
ing CTSSmessagess ngjligible, andsoevenif afraction
of the CTSS messagesuccessfullyresultin a simultane-
oustransmissionan overall improvementin throughputis
obtained We validatethis expectationn Section5.

The RTSSmessageA link maybe exposedo multiple
otherlinks in the network. Among these,somelinks may



be heaily loaded,while othershave no ongoingdatatraf-
c. To aid in selectionof an appropriatdink asthe CTSS
destinationin suchsituationswe introducethe RTSSmes-
sage.The RTSS messagés broadcasby a nodewhenit
identi es a needfor additionalopportunitiesto transmitto
oneor moreneighbordasedntheobsenedtrafc. A good
metric for this is the size of the interfacequeueat a node;
a queuethatis almostfull indicatesbaclked-uptrafc and
the needfor moretransmissioropportunities The contents
of the RTSS messageanclude the FrameControl eld (2
bytes),the destinationaddres{Broadcastf bytes),a eld
indicatingthe numberof links for which the noderequires
additionaltransmissioropportunitieg2 bytes)anda list of
thecorrespondindink identi ers (2 byteseach).

A nodemay sendCTSSmessageto a neighboronly if
it haspreviously recevedan RTSSfrom that neighborand
is exposedto one or more of the speci ed links with re-
spectto its own recever. Thereceved RTSSremainsvalid
for a certaindurationof time, beyond which CTSS mes-
sagedo the neighborareceasedinlessanotheRTSSis re-
ceived.A nodeperiodicallybroadcast®TSSmessagean-
til its interfacequeueis nolongerbacked-up.

The RTSS messagenablesCTSSmessage$o be sent
only whennecessaravoiding the additionaloverheadth-
erwise.lt alsohelpsnodesto selectthe appropriateCTSS
destinationwhenalink is exposedo multiple otherlinks.

CTSSdestination selection:A nodemayreceive RTSS
messagesequestingadditionaltransmissioropportunities
for multiple exposedlinks. All suchlinks are candidates
for a CTSS messagefrom amongwhich the node must
selecta CTSS destinationwhen it obtainsaccessto the
medium.The policy for selectionof the CTSSdestination
is a key componenbf our solution,which cansigni cantly
affectthefractionof CTSSmessagesuccessfullyusedand
therebyin uence thethroughpuigainobtained.

With thegoalof reducingthenumberof CTSSmessages
wasteddueto collisions,transmissiorerrors,andsensedn-
terferencewe usethe following policy to selecta CTSS
destinationWhenanoderecevesanRTSSmessagérom a
neighborit recordsherecevedsignalstrengthof the mes-
sage.The candidatewhosereceved signal strengthis the
highestis thenselectecasthe CTSSdestinationThis can-
didateis likely to be nearesto the node,therebyreducing
the probability of the CTSSbeinglost dueto a collision
or transmissiorerror. Further the nearetthe CTSSdestina-
tion, thelowerthelikelihoodthatit senseénterferencehat
the CTSS sendercannotsenseihis reducesthe probabil-
ity of the CTSSbheingwasteddueto sensednterference.

Our policy is effective and simple to implement. We
evaluatethe effectivenesandanalyzethe dravbacksof this
policy in Section5.4. More sophisticatectriteria may be
addedto this policy to furtherimprove the performanceof
this solution.For example preferencenaybegivento links
that lie closerto the meshgatevay, sincetheselinks are

likely to be the bottleneckfor the meshtraf c. Additional
information may be includedin RTSS messagessuchas
the size of theinterfacequeueor thetrafc priority, to aid
in CTSSdestinatiorselection.

RTSS/CTSSdatarate: RTSSandCTSSmessagesiust
be transmittedat the samedatarate so that they reachthe
samerangeand canbe successfullyexchangedetweena
pair of nodes.Thereis a tradeof involvedin selectingthe
datarate at which the messageshouldbe transmitted At
alower datarate,the messagesanberecevvedat a greater
distanceandcanthereforereachmoreexposedinks. How-
ever, the transmissiordurationof the messagefcreases,
therebyincreasingthe overheadrelative to the datatrans-
missionsWe evaluatethis tradeof in Section5.5.

If theCTSSheadeis sentatadataratedifferentfromthe
oneusedfor the MAC headerandpayload,the PHY layer
mustbe informedof this dataratein orderthatit correctly
interpretstheincomingsignal.Oneoptionisto x thedata
ratefor the RTSS/CTSSmessageto a singlevalue.Alter-
natively, the PLCP headerwhich currently containsinfor-
mationaboutthe payloaddatarate,may be modi ed to in-
cludeinformationaboutthe CTSSdatarateaswell.

Effect of auto rate selection: Mesh nodesare com-
monly con gured to automaticallyvary the datarate of a
link basedon the obsened link characteristicsSincethe
capturecapabilityis differentat differentdatarates[8], a
nodeW maysenda CTSSto anodeY onlyif it is exposed
tonodeY atits currentdatarate (recallthatexposedermi-
nalsateachdataratearedetectedn phaseone).Onrecev-
ing the CTSS,nodeY determineghe highestdatarate at
whichit cansuccessfullytransmitin parallelwith nodeW .
It thenusesthe minimum of this datarate andits current
link dataratefor the simultaneouslatatransmission.

5. Evaluation

We evaluateour proposedsolution using the QualNet
simulator version 3.9 [1]. The objectives of our evalua-
tion are(1) to demonstrat¢he effectivenesof the solution,
gaininsightinto its operation andidentify thetradeofs in-
volved; (2) to analyzethe effectivenessand dravbacksof
the CTSSdestinationselectionpolicy; and (3) to examine
the effect of datarate on the performanceof the solution.
Notethatatestbedsvaluationof thesolutionis currentlyin-
feasibledueto thechangesequiredatthePHY layer, which
arenot supportedy currentlyavailable802.11hardware.

5.1. Simulation Environment

We implement our solution by extending the IEEE
802.11implementatiorin QualNet.In our experimentsthe
CSthresholds setto thedefaultvalueof -93dBm. Thenet-
work topologiesusedaredescribedn Sectionsb.3and5.4.
Sinceour solutionis intendedfor statictopologiesno mo-
bility is simulated. Static routes are pre-con gured; no
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routing protocol is used. All other simulation parame-
tersarecon guredasdescribedn Section3.

We useCBR traf ¢ for our experimentsThe numberof
CBR o wsisvariedin differenttests All o wsbeginsimul-
taneoushandare10secondsn duration.EachCBR source
generate$12-bytepaclketsat the rate of 1000 paclketsper
secondThistrafc con gurationresultsin aheavily-loaded
network, which is thetargetscenaridor our solution.

Parameterspeci ¢ to our solutionaresetasfollows. A
nodebroadcastanRTSSmessagevhenits interfacequeue
is over 10% utilized. RTSSmessagearerebroadcastvery
second.The RTSStimeoutparameters setto 20 seconds,
which exceedghe simulationduration. Thethresholdvalue
for thesensednterferences setto -86 dBm. Theseparam-
etervalueswereempirically foundto be preferablefor our
simulatedscenariostheresultsof the correspondingxper
imentsareomitteddueto spaceconstraints.

The preferableparametervalues may vary for other
topologiesand trafc patterns.For example, if the traf-

¢ patternis highly dynamic,it may be bene cial to use
a highervaluefor the queuethresholdthat triggersRTSS
messageanda lower RTSStimeoutperiodin orderto re-
ducewastageof CTSSmessagedueto dataunavailability.
Also, if thelinks in thetopologyarewealer, alowerthresh-
oldvaluefor thesensednterferencenaybeusedo increase
theprobability of successfuparalleltransmissions.

5.2. Performance Metrics

Thefollowing performancemetricsareusedto evaluate
our solutionandgaininsightinto its performance:
Throughput impr ovement: This metric measureshe per
centageof aggreyatethroughputimprovementobtainedby
our solutionas comparedo regular 802.11,and indicates
how well our solutionmeetsts primaryobjective. We mea-
sureboththe hop-by-hop throughputimprovementwhich
considersall transmissionssuccessfullyreceived by net-
work nodesin the throughputcalculation,and the end-
to-end throughputimprovement,which only considershe
pacletsreceved by the CBR destinationsWhile hop-by-
hopimprovementindicatesthe raw bene t of our solution,
its relationshipwith end-to-endimprovementdependson
the topology andthe CTSSdestinationselectionpolicy; a
higherend-to-endmprovements obtainedf throughputs
improvedat bottleneckinks on paths.Our goalis to maxi-
mizethevalueof bothmetrics.

Percentageof data packetsthat carry a CTSS header:
This metric indicateshow frequently our solution comes
into play in differenttopologiesandtrafc scenarios.
Percentage of CTSS messagesreceived, used, and
wasted: We measurethe fraction of CTSS messages
sentthat are successfullyreceved. The remaining mes-
sagesarelost dueto collisions. From amongthe received
CTSSmessagesomeareused,.e. followedby a simulta-
neoustransmissionyhile the remainingarewasteddueto
eitherdataunavailability, transmissiorerrors,or sensedn-
terference that exceeds the con gured threshold. We
measureeachof thesefractionsin orderto betterunder
standthe behaior of the solutionandidentify weaknesses
thatcanbeimproved.

5.3. Simple Topologies

We rst evaluateour solutionin two simple network
topologiesto establisha baselinefor our evaluation.The
rst topologyis thatrepresenteth Figurel(b). Thistopol-
ogy helpsus quantify the performancéene ts obtainedin
theabsencef interferenceandmultiple hops.Thedistance
betweemodesW andX andnodesy andZ is setto 100m,
while the distancebetweemodesW andY is setto 300m.
CBR ows aresetup from nodeW to nodeX , andfrom
nodeY to nodeZ.

Our secondopologyconsistsof 10 nodesplacedin two
parallellines, asindicatedin Figure4. Adjacentnodesin
eachline are separatedy a distanceof 100m, while the
distancebetweenthe two lines is 300m. In this topology,
eachlink in a givenline is exposedto all links in the other
line. Thetopologythusofferssigni cant scop&or our solu-
tion to increasethe network throughput CBR o ws areset
up from nodeA to nodeE, andfrom nodeF to nodeJ. In
bothtopologiesthedatarateon eachlink is setto 11 Mbps
andthe CTSSheadeiis transmittecat 2 Mbps.

Table 2 shaws the results,which are averagedover 10
runs with different seedsAs seenin the table, our solu-
tion resultsin a59.7%throughputimprovementn the two-
links scenarioldeally, if the transmissionsf thetwo links
wereperfectlysynchronize@ndevery single-linktransmis-
sion could be replacedby simultaneougransmissionspne
mightexpecta100%throughpuimprovementHowever, in
reality, thisis notthe casedueto thefollowing reasons.

First, the simultaneougransmissionsare not perfectly
overlappedasshaown in Figure3, the secondransmission
startslaterthanthe rst, andsothetotal durationof the si-
multaneougransmissionss signi cantly largerthanthatof
asingletransmissionSecondfollowing asuccessfusimul-
taneoudransmissionpoth nodesreinitialize their random
bacloff countersWhile thisis essentiafor fair mediumac-
cessijt resultsin non-optimaimediumusagevhenonly two
transmitterarepresentThird, sincetheRTSS/CTSSnech-
anismdoesnotcomeinto play until theinterfacequeuesize



Metric (%) Two-links | Parallellines
topology topology

End-to-endmprovement 59.7 50.8
Hop-by-hopimpravement 59.7 47.4
DatapacletscarryingCTSS 98.9 97.8
CTSSreceved 96.0 88.0
CTSSwasted(dataunavailable) 0.0 3.9
CTSSwasted(transmissiorerror) 0.0 0.1
CTSSwasted(sensednterference) 0.0 6.7
CTSSused 96.0 77.2

Table 2. Results from simple topologies.

exceedghe 10%threshold the early datatransmissionslo
not carry CTSSheadersaandthereforedo not invite simul-
taneoudransmissionsAs seenin Table 2, 98.9% of data
pacletscarry CTSSheadersn this scenarioFinally, from
amongthe CTSSmessagesent,only 96%arerecevedcor
rectly in this scenariojthe remainingarelost in collisions
thatoccurwhenthe bacloff countersof the two nodesex-
pire simultaneously

The table shaws that all receved CTSS messagesre
usedfor simultaneougransmissionsn the two-links sce-
nario. No CTSSmessagearewasteddueto dataunavail-
ability (sinceboth transmittersare sourcesof CBR o ws
thatsaturatehelinks), transmissiorerrors(sincethetrans-
mitters are well within transmissiorrangeat 2 Mbps), or
sensednterferencgsincethereareno othertransmitters).

Table 2 also shavs the resultsfrom the parallel lines
topology In this topology, the end-to-endand hop-by-hop
throughputmprovementobtaineds 50.8%and47.4%,re-
spectvely, which is lessthan the two-links topology but
still signi cant. Sincethis topology hasmoretransmitters,
several CTSSmessagearelost dueto collisionsandonly
88% are correctly receved. From those recevved, 3.9%
are wasteddue to dataunavailability; since CBR sources
arelocatedonly on nodesA andF in this topology data
availability at all othertransmittersdependn pacletsre-
ceived from the previous link on the path. An additional
6.7%of CTSSmessagearelostdueto sensednterference
thatexceedghe con guredthresholdthis occurswhenan-
othernearbytransmitteris accessinghe medium.Simulta-
neoustransmissionsesultfrom 77.2% of the CTSSmes-
sagessent.In this scenariothe end-to-endandhop-by-hop
throughpuimprovementsareof similar magnitudesinceall
links onthe multihop pathsareequallylik ely to avail of si-
multaneougransmissioropportunities.

5.4. Impact of CTSSDestination SelectionPolicy

We now examinetheimpactof our CTSSdestinatiorse-
lection policy, which is basedon receved signal strength
(RSS).For our experimentsn thisandsubsequergections,
we usethe grid topologyfrom Section3. As illustratedin
Figure5, the nodesat the cornersof the grid (i.e. nodesA,
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Figure 5. Grid topology .

E, U, andY) are selectedas the meshgatavays. Static
routesare con gured from eachnodeto a meshgatavay;,
suchthat the numberof hopsis minimized and nodesare
evenly distributed amonggatevays. Only thoselinks that
lie alongtheverticalandhorizontalgrid axesareused.

For this evaluation,we usetwo sampletraf ¢ scenarios.
CBR sourcesarecon guredon nodesH, L, N, andR in
scenarid, andonnodesC, K, O, andW in scenaridl, as
indicatedin Figure5. The destinationfor each o w is the
correspondingatevay.

To demonstratethe effectivenessof our RSS-based
CTSSdestinationselectionpolicy, we compareits perfor
mancewith a policy that randomlyselectsa CTSSdesti-
nation from amongvalid candidatesFigure 6 shows the
resultsof our simulationsaveragedver 10 runs.In the g-
ure,we plot the percentagef CTSSmessagethatarere-
ceived, used, and wastedfor eachtrafc scenariowith
both policies. Recall that the goal of the RSS-basegbol-
icy is to reducewastageof CTSSmessages.

As seenin Figure 6, 78% and 62% of CTSSmessages
arerecevedwith theRSS-basedndrandompolicy, respec-
tively, in Scenarid. The RSS-basegolicy reducegheloss
of CTSSmessagedueto collisionssincethegreateiRS Sof
the CTSSmessagesgesultsin a highercaptureprobability.
In scenaridl, 83% and76% CTSSmessagearereceved
with the RSS-based@ndrandompolicy, respectiely. Loss
dueto collisionsis lower in this scenariosincethe CBR
0 ws have a greaterspatialseparationresultingin greater
SINR valuesanda highercaptureprobability.

Figure 6 alsoindicatesthe compositionof the received
CTSSmessagedn scenariol, fewer CTSSmessagesare
wasteddueto dataunavailability with the RSS-basegol-
icy thantherandompolicy. In scenaridl, ontheotherhand,
the reverseeffect is obsened. The RSS-basegbolicy does
not considerthe traf ¢ availability at links and always se-
lects the nearestcandidatelink. In scenariol, this policy
tendsto selectheavily-loaded rst-hop links, while in sce-
narioll, the second-hopinks getselectednorefrequently
Thelossof CTSSmessagedueto dataunavailability could
befurtherreduceddy consideringlataavailability asamet-
ric in the CTSSdestinatiorselectionpolicy.
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Scenarid Scenaridl
RSS | Random | RSS | Random
End-to-endmpr (%) 36.8 27.0 8.0 6.0
Hop-by-hopimpr (%) || 39.6 275 16.7 18.0

Table 3. Throughput improvement in sample
traf c scenarios with RSS-based and random
policies.

Figure6 shavsthatfewer CTSSmessagearelostdueto
transmissiorerrorswith the RSS-basegolicy in both sce-
nariosdueto the higher RSSof the CTSSmessagesThe
fraction of CTSSmessagesvasteddueto sensednterfer
enceis signi cantly higherwith the RSS-basegbolicy in
scenarid. With therandompolicy, mostof thesemessages
arenot evencaptureddueto lower SINR; correspondingly
the fraction lost due to collisionsis high. In scenarioll,
sensednterferencds generallywealer dueto greaterspa-
tial separationandso the fraction of CTSSmessagetost
dueto sensednterferences low with bothpolicies.

Thethroughpuimprovemenbbtainedwith thetwo poli-
ciesin eachscenariois shavn in Table 3. Fewer wasted
CTSSmessagesesultin a signi cantly higherimprove-
ment (39.6%) with the RSS-basedolicy in scenariol.
In scenarioll, the fraction of CTSS messagesised,and
thereforethe throughputimprovement,is approximately
the samewith both policies. The signi cant differencebe-
tweenhop-by-hopandend-to-endhroughpuimprovement
in scenarioll is due to unequaltransmissionopportuni-
tiesfor links alongmultihop paths.Thus,the magnitudeof
improvementand the relationshipbetweenend-to-endand
hop-by-hopmprovementaretopology/trafc dependent.

5.5. Impact of CTSSData Rate

As explainedin Section4.2,the CTSSdataratepresents
atradeof; thelowerthedatarate,thegreatetthe numberof
exposedlinks thatcanbereachedhput the higherthe over

head.In this section,we validatethis tradeof throughsim-
ulationandidentify the optimal CTSSdataratefor our rep-
resentatie topologyandtraf c scenarios.

The grid topology from Figure 5 is used.The number
of CBR owsiis variedfrom 2 to 8. CBR sourcesare se-
lectedrandomlywith theconstrainthatthey areevenlydis-
tributedamongthe gatevays.Resultsareaveragedover 20
randomtraf ¢ scenariosThedatarateis x edat11 Mbps,
while the CTSSdatarateis variedin differenttests.

Figures7(a) and 7(b) shav the averageend-to-endand
hop-by-hopthroughputimprovementsobtainedwith each
CTSSdatarate. WhenCTSSmessagearesentat 11 Mbps,
they reacha smallerrange Further a signi cant fraction of
messagess lost dueto collisionsand transmissiorerrors.
Thereforetheimprovements low atthis CTSSdatarate.

The throughput improvement increaseswhen CTSS
messagesare transmittedat 2 or 1 Mbps. When there
are fewer than 5 ows in the network, active links are
generally separatedby larger distances,and so send-
ing the CTSSat 1 Mbps is bene cial sinceit canreach
a larger range. On the other hand, when the number
of ows is greaterthan 5, active links have less spa-
tial separation,and so the 2 Mbps transmissionrange
is sufcient to exploit all simultaneougransmissionop-
portunities.Using the 1 Mbps datarate in this situation
provides no additionalbene t, but rather increasesover
headdue to longer transmissiontimes. Hence, with less
than 5 ows, a CTSS data rate of 1 Mbps is prefer
able,whereaswith greaterthan5 o ws, a CTSSdatarate
of 2 Mbpsproduceghe maximumbene t.

We obsenre in Figures7(a) and7(b) thatthe magnitude
of improvementdoesnot changesigni cantly with anin-
creasan thenumberof ows. Whentherearefewer o ws,
more CTSS messagesire lost dueto transmissiorerrors,
but lessdueto sensednterferenceand collisions. The ef-
fectsreverseasthenumberof o wsincreasesandtheover
all improvementremainsfairly unchangedA comparison
of the gures shaws that the averageend-to-endmprove-
mentis somavhatlower thanthe hop-by-hogmprovement,
sincenotall links alongthe multihop pathscanavail of an
equalnumberof simultaneousransmissioropportunities.

5.6. Impact of Data Rate

In this section,we examinethe impactof the datarate
usedfor thedatatransmissionsIhesameopologyandtraf-
C patternis usedasin Section5.5. The CTSSdatarateis
x ed at 1 Mbps. We vary the datarate usedfor the data
transmissionsn differenttests.Figure 7(c) shows the re-
sults.As seerin the gure, thethroughpuimprovemenit?2
Mbpsis signi cantly higherthanat 11 Mbps.Fromamong
the x edsetof active links, more exposedlink pairs exist
at2 Mbps,resultingin moresimultaneougransmissiorop-
portunitiesthatour solutioncanexploit.
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Figure 7. Results for grid topology .

Summary:Our evaluation showns that our solution effec-
tively improvesthe aggreyatethroughputin representatie
topologiesandtraf ¢ scenariosThemagnitudeof improve-
mentvariesin differentscenariofrom 12% to 60%. We
analyzethe impactof the CTSSdestinationselectionpol-
icy and nd thatit effectively reduceghewastageof CTSS
message®©urexaminationof the CTSSdataratehighlights
thetradeof betweerthe rangeandreceptionprobability of
CTSSmessagesandthe overheaddue to consumptionof
mediumtime. Finally, the lower the datarate of the links,
thegreaterthe bene t obtainedthroughour solution.

6. Conclusion

In this paper we proposed solutionthatimprovesspa-
tial reuseandincreaseshroughputin staticwirelessmesh
networks throughmitigation of the exposedterminalprob-
lem. Exposedinks in the network aredetectedhroughan
of ine trainingphase Simultaneousgransmissiongver ex-
posedlinks are then coordinatedusing RTSS and CTSS
messagesSimulationresultsdemonstratedhe bene ts of
the proposedsolutionandhighlightedvarioustradeofs.

Our solution maintainsthe distributed contention-based
natureof the MAC protocolanddoesnot requirecomplex
time synchronizatiommongnodesTheoverheadf theso-
lution is negligible. The drawbackis the modi cation re-
quiredto the PHY layer, which increasecompleity and
preventsimplementationon currently available hardware.
We believe thatthe bene ts of the solutionmotivateits in-
clusionin next generatiorwirelessdevices.

The solutioncanbe furtherimproved alongvariousdi-
rections. The CTSS destinationselection policy can be
modi ed to considerthercriteria, suchastraf c availabil-
ity, in additionto receivedsignalstrengthin orderto further
increaseeffectivenessVariableinterferencepatternscanbe
handledby designinga mechanismto dynamicallylearn
andadaptto the currentsetof exposedinks in thenetwork.
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