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Abstract

Ef�cient usage of available capacity in wirelessmesh
networks is critical. Capacity is wasteddue to the ex-
posedterminal problem.In this paper, we proposea solu-
tion to mitigatetheexposedterminalproblemin staticIEEE
802.11-basedmeshnetworks,thereby improving the spa-
tial reuseof the mediumand increasingnetworkthrough-
put.Our solutionis complementaryto previously-proposed
solutionsthat adjust the carrier-senserange for improved
spatialreuse. Theproposedsolutionconsistsof twophases.
In the�r stphase, exposedlinksin themeshtopologyarede-
tectedthroughan of�ine training process.Coordinationof
simultaneoustransmissionsoverexposedlinks is thendone
in the secondphasethrough the useof Request-To-Send-
Simultaneously(RTSS)andClear-To-Send-Simultaneously
(CTSS) messages, which are added to the MAC proto-
col. Our solution preservesthe distributed nature of the
MAC protocol and doesnot require time synchronization
betweennodes.We presenta simulation-basedevaluation
thatdemonstratesthat theproposedsolutioneffectivelyim-
provescapacityusageandnetworkthroughputin represen-
tativetopologiesandtraf�c scenarios.

1. Intr oduction
Thecapacityof wirelessmeshnetworksis severelycon-

strainedascomparedto wireline networks dueto the lim-
ited wirelessbandwidth,the sharednatureof the medium,
and the contentionamongnodeslocatedalong multihop
paths[6]. Ef�cient usageof availablecapacityis therefore
critical, which in turn requiresef�cient spatialreuseof the
wirelessmedium.For betterspatialreuse,asmany nodesas
possibleshouldobtain simultaneousmediumaccess,pro-
videdtheir transmissionsdonotmutuallyinterfere.

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

permitsa nodeto transmitif andonly if the detectedcar-
rier signal is lower than the carrier-sense(CS) threshold;
this occurswhen no other nodewithin CS rangeis cur-
rently transmitting.

Two well-known artifactsof theCSMA strategy arethe
hidden terminal and exposedterminal problems,both of
which resultin wastedcapacity. Thehiddenterminalprob-
lem occurswhen the simultaneoustransmissionsof two
transmittersthat lie outsideCS rangecauseinterferenceat
oneor both receiversandpreventsuccessfulreception.An
exampleis shown in Figure 1(a)1, wherenodesP and R
are hidden terminals.The exposedterminal problem,on
theotherhand,occurswhentwo transmitterslie within CS
rangeandarepreventedfrom transmittingsimultaneously,
even thoughtheir transmissionsdo not mutually interfere.
This is illustratedin Figure1(b),wherenodesW andY are
mutuallyexposedterminals.

Hidden and exposedterminalswastecapacitythrough
failedtransmissionsandmissedtransmissionopportunities,
respectively. Addressingtheseproblemsis thereforecritical
to improve capacityutilization. The prevalenceof hidden
andexposedterminalsin a given network dependson the
topologyandon theCSrange.A largeCSrangeis likely to
reducethenumberof hiddenterminals,but createsmoreex-
posedterminals,while a smallerCS rangeresultsin fewer
exposedterminalsbut morehiddenterminals.Thereis thus

1 In Figure1, theCSrangeis representedasacirclefor simplicity. In re-
ality, it is notaperfectcircle;wirelesssignalpropagationis in�uenced
by many factors,includingmultipathinterference,obstacles,anden-
vironmentaleffects.



aninherenttrade-off; hiddenandexposedterminalscannot
bothbeeliminatedby adjustingtheCSrangealone.

Severalsolutionshavepreviouslybeenproposedthatad-
just theCSrangeto eithereliminatehiddenterminals[4, 5,
13, 17] or achieve a balancebetweenhiddenandexposed
terminals[16, 18]. However, noneof thesesolutionselim-
inatesexposedterminalsfrom the network. In this paper,
we proposea solutionthat mitigatesthe exposedterminal
problem.Our solutionis complementaryto thepreviously-
proposedsolutionsthatadjusttheCSrangeandis intended
for staticnetwork topologies.It consistsof two phases.The
�rst phaseis an of�ine training phasethat empirically de-
tectsexposedlink pairsin a givennetwork.

The secondphaseof our solutionconsistsof coordina-
tion of simultaneoustransmissionsover exposedlinks. By
de�nition, theexposedtransmitterslie within CSrangeand
arethereforepreventedfromtransmittingsimultaneouslyby
the MAC protocol.To enablesimultaneoustransmissions,
we introduceaClear-To-Send-Simultaneously(CTSS)mes-
sageto the MAC protocol.Considerthe examplein Fig-
ure 1(b), where nodesW and Y are mutually exposed.
WhennodeW obtainsaccessto the mediumandis about
to transmita packet to nodeX , it signalsnodeY to trans-
mit simultaneouslyto nodeZ by sendingnodeY a CTSS
message.On receiving the CTSSmessage,nodeY imme-
diately transmitsa packet to node Z if one is available,
over-riding thecarrier-sensemechanism.In thismanner, the
CTSSmessageenablessimultaneoustransmissionsoverex-
posedlinks.

To reduceoverhead,it is desirableto invoke this mech-
anismonly whennecessary. For this purpose,we introduce
the Request-To-Send-Simultaneously(RTSS)message.The
RTSSmessageis broadcastby a nodewhenit identi�es a
needfor additionalopportunitiesto transmitto oneor more
neighborsbasedon theexperiencedtraf�c load.Thereafter,
nodesthat receive the RTSS messageand are exposedto
thespeci�ed links with respectto their own receiverssend
a CTSSmessageto the requesternodeat every transmis-
sionopportunityfor somedurationof time.RTSSmessages
areperiodicallybroadcastby therequesternodeuntil it no
longerrequiresadditionaltransmissionopportunities.

To avoid theoverheadof an additionalcontrol message
precedingeverydatatransmission,weimplementtheCTSS
as a headeron the datapacket, which is placedbetween
thePhysicalLayerConvergenceProtocol(PLCP)andMAC
headers.This signi�cantly reducestheoverheadassociated
with CTSSmessages.As aresult,oursolutionprovidessig-
ni�cant throughputbene�ts whentopologyandtraf�c per-
mits, but negligible overheadotherwise.The drawbackof
this designis that it requiresmodi�cation to the Physical
(PHY) layer, andthereforecannotbe implementedon cur-
rentlyavailablewirelesshardware.Webelievethattheben-
e�ts providedby this solutionmotivatetheinclusionof this
mechanismin next-generationwirelessdevices.

The remainderof this paper is organizedas follows.
Section2 reviews relatedwork. Section3 presentssimula-
tion resultsindicatingtheprevalenceof hiddenandexposed
links in a representative topology. Our proposedsolutionis
describedin Section4. Section5 presentsour simulation-
basedevaluationandSection6 concludesthepaper.

2. RelatedWork

A commonapproachto improvespatialreusein wireless
networks is to tunetheCSthreshold[4, 5, 13, 16, 17, 18].
Mostof theproposedsolutionsrely onoverly simplisticas-
sumptionsrelating inter-nodedistanceto signal strength.
Further, the resultingCS rangesare asymmetricin some
cases,which can lead to unfairness.Another approachis
to controlthetransmissionpowerfor betterspatialreuse[3,
10]. However, hiddenandexposedterminalscannotbothbe
eliminatedby eitheradjustingtheCSthresholdor control-
ling thetransmissionpower. Notethatour solutionis com-
plementaryto theseapproaches.

The RTS/CTS mechanism,which is part of the IEEE
802.11standard[7], attemptsto addressthehiddenterminal
problem,but hasshortcomingswhen appliedto multihop
networks[15]. Further, it doesnot addresstheexposedter-
minalproblem.MACA-P[2] enhancestheRTS/CTSmech-
anismto increaseconcurrency. TheRTS/CTSexchangebe-
tweena pair of nodesis followed by a control gapduring
which anotherpair of nodescan also exchangeRTS/CTS
messagesand synchronizeits data transmissionwith the
�rst nodepair. Althoughthis solutionis conceptuallysimi-
lar to theoneproposedin this paper, it suffers from all the
weaknessesof the RTS/CTSmechanism[15]. Further, the
RTS/CTSmessagesandcontrol gapsigni�cantly increase
the overheadper data transmission.Our solution, on the
otherhand,hasnegligible overhead.

OtherresearchershaveproposedTDMA-styleMACpro-
tocolsto maximizespatialreusein staticmultihopwireless
networks[12]. Unlike this approach,our solutionpreserves
thedistributednatureof theMAC protocolanddoesnot re-
quiretimesynchronizationbetweennodes.

3. Prevalenceof Hidden and Exposed
Terminals

The prevalenceof hidden and exposedterminalsin a
given network dependson the network topology, the CS
range,andthecapture capability, i.e. thecapabilityto suc-
cessfullyreceivethestrongertransmissionin acollision[9],
of thewirelesshardware.Thecapturecapabilitydependson
the datarate; the lower the datarate, the lower the min-
imum Signal-to-Interference-and-Noise-Ratio(SINR) re-
quiredfor capture[8].

In thissection,weusesimulationto examinethenumber
of hiddenandexposedterminalsthatoccurin a representa-



CSthreshold(dBm) -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 rangesanddatarates.The ob-
jectivesof this studyare(1) to getasenseof theprevalence
of theseeffectsin a representative topology;(2) to demon-
stratehow theseeffectsaretradedatdifferentCSrangesand
datarates;and(3) to motivatethatthereis signi�cant scope
to improve spatialreuse,andtherebyincreasethroughput,
in typicalmeshnetworksthroughmitigationof theexposed
terminalproblem.

The QualNetsimulatorversion3.9 [1] is usedfor our
simulations.Weextendthesimulatorto implementthecap-
ture effect [9]. Our representative topologyconsistsof 25
nodesarrangedin a 5x5 grid with a distanceof 150mbe-
tweenadjacentnodes.We usethe IEEE 802.11bprotocol
with the data rate �x ed at 2 Mbps and 11 Mbps in dif-
ferent tests.Retransmissionsandthe RTS/CTShandshake
aredisabled.Thetransmitpower is setto thedefault value
of 15 dBm, which resultsin a transmissionrangeof 283m
and370mfor the11 Mbpsand2 Mbps datarates,respec-
tively. Note that transmissionscanstill bereceivedbeyond
thetransmissionrange;however, theprobabilityof success-
ful receptiondecreaseswith increasingdistance.We vary
the CS thresholdfrom -99 dBm to -89 dBm in different
tests.TheresultingCSrangesareindicatedin Table1. The
defaultCSthresholdvaluein QualNetis -93dBm.All other
simulationparametersaresetto their default values.

The procedurefor determininghiddenandexposedter-
minalsis asfollows.For eachdatarate,we �rst identify all
the links thathave a delivery probabilityof 95%or higher
in the absenceof interference.Theseare the strong links
thatarelikely to beusedby aroutingprotocol.(Thethresh-
old valueof 95%is pickedarbitrarily; a differentvaluere-
sultsin differentabsolutenumbersbut similartrends.)Next,
thestronglinks areconsideredpairwise.Eachpairtransmits
a setof packetssimultaneously. Note that, in orderto cor-
rectlydetectexposedterminals,it is critical thatthecarrier-
sensefunctionbe disabledduring the simultaneoustrans-
missions;otherwise,carrier-sensepreventsexposednodes
from transmittingsimultaneously.

Thedelivery probabilitieswhentransmittingsimultane-
ously without carrier-senseareusedto determinewhether
the links are mutually hidden or exposed.If each link
achievesat least95%of its originaldeliveryprobabilityand
the two transmitterslie within CSrange,the links aremu-
tually exposed.On theotherhand,if thedelivery probabil-
ity of eitherlink fallsbelow 5%andthetwo transmittersdo
not lie within CS range,the links arehidden.Note that, in
thesimulator, thedistancebetweenthetwo transmitterscan

CS threshold (dBm)

P
er

ce
nt

ag
e 

of
 li

nk
 p

ai
rs

 

 

-99 -97 -95 -93 -91 -89
0

5

10

15

20

25

30

35

40
Hidden links (11 Mbps)
Exposed links (11 Mbps)
Hidden links (2 Mbps)
Exposed links (2 Mbps)

Figure 2. Prevalence of hid den and exposed
links at diff erent CS thresholds.

beusedto determinewhetherthey lie within CSrange.The
link pairsthatachieve between5% and95% of their orig-
inal delivery probabilitiesarenot consideredaseitherex-
posedor hiddenby ourconservativede�nition.

Figure2 shows theresultsof our simulations.In the�g-
ure,we plot the percentageof link pairs that aremutually
hiddenor exposedin the representative topology at each
dataratefor differentCSthresholds.At thelowerdatarate,
thelargertransmissionrangeresultsin a greaternumberof
stronglinks, which in turn leadsto a signi�cantly greater
numberof link pairs tested.Speci�cally, 8,688 link pairs
weretestedat11Mbps,while 37,476link pairsweretested
at 2 Mbps.Sincethe transmitterandreceiver arelikely to
beseparatedby agreaterdistanceat thelowerdatarate,the
received signal strengthis likely to be lower, resultingin
a lower tolerancefor interference.Therefore,the percent-
ageof hiddenlinks is higherandthepercentageof exposed
links is lower at 2 Mbps for all CS thresholds.Note that,
if a �x edsetof links is consideredat bothdatarates,more
exposedterminalsandfewer hiddenterminalsoccurat the
lower dataratesincetheminimumSINR requiredfor cap-
tureis lower [8].

Figure2 con�rms our expectationthatastheCSthresh-
old increases,the numberof hidden link pairs increases
while the numberof exposedlink pairsdecreases.We ob-
serve that,at mostvaluesof the CS threshold,thereexists
a signi�cant numberof exposedlink pairsin the network.
This indicatesthat thereis signi�cant scopeto improveca-
pacityusageandincreasethroughputin thenetwork by mit-
igatingtheexposedterminalproblem.

It wouldbeinterestingto studytheprevalenceof hidden
andexposedterminalsin awirelessmeshtestbed.However,
suchastudyis extremelychallengingdueto theunavailabil-
ity of a straightforward way to over-ride the carrier-sense
functiononcurrentlyavailable802.11hardware2.

2 Otherresearchershave achieved the effect of disablingcarrier-sense
by disablingrandombackoff [8]. Wewereunableto duplicatethis ef-
fectonour testbeddueto hardwaredifferences.



4. Mitigation of ExposedTerminals

In this section,we presentour solution for the mitiga-
tion of exposedterminalsin staticmeshtopologies.Ourso-
lution consistsof two phases.The �rst phase,describedin
Section4.1,empiricallydetectsexposedlink pairsin agiven
network topology. Coordinationof simultaneoustransmis-
sionsover exposedlinks is thendonein thesecondphase,
asdescribedin Section4.2.

4.1. Detectionof ExposedTerminals
Detectionof exposedlinks in a givennetwork topology

is a non-trivial task.Approachesthat rely on assumptions
relatedto inter-nodedistanceandsignalstrength[4, 5, 13,
17] areoverly simplistic andignoreseveral importantfac-
tors,suchasthespeci�c characteristicsof theenvironment
andthe wirelesshardware.Accuratemodelingof all rele-
vantfactorsis complex andchallenging.

An alternative approachthatautomaticallytakesall rel-
evantfactorsinto considerationis empiricaltesting.We se-
lect this approachfor our solution. Exhaustive testingof
all pairsof links in thenetwork, however, is inef�cient and
time-consuming(O(n4) wheren is thenumberof nodesin
thenetwork). This haspreviouslybeenpointedout by Pad-
hye et al., who proposean ef�cient estimationtechnique
thatusesbroadcasttransmissionsto predictpairwiseunicast
link interference[11]. In their proposedtechnique,nodes
in thenetwork broadcasta setof packets,�rst individually
andthenpairwise.Thereceivedthroughputin eachcaseis
recordedby all nodes.Theinterferenceratio for a link pair
(A; B ), (C; D) is thencalculatedasthe ratio of theaggre-
gatethroughputof the links whennodesA andC transmit
simultaneouslyto theaggregatethroughputwhennodesA
andC transmitindividually. The valueof the interference
ratio lies betweenzeroandone.If the links do not mutu-
ally interfere,theinterferenceratio is closeto one.Further,
a comparisonof the aggregatesendrate of nodesA and
C whentransmittingindividually andsimultaneouslyindi-
cateswhetherthey arewithin CSrangeof eachother;if the
nodesarewithin CSrange,their aggregatesendrateis ap-
proximatelyhalvedduringsimultaneoustransmission.

We extendthis interferenceestimationtechniquefor our
solutionwith afew signi�cant modi�cations.First,to detect
exposedterminals,simultaneoustransmissionsmustbere-
peatedwith thecarrier-sensefunctiondisabledfor all pairs
of transmittersthatlie within CSrange.Then,if theinterfer-
enceratio of a link pair with carrier-sensedisabledis close
to one,thelinks aremutuallyexposed.

Second,sincebroadcasttransmissionsarenot acknowl-
edged,the interferenceestimationtechniquedoesnot ac-
count for collisions involving ACK frames.Padhyeet al.
arguethat ACK framesaresmall (14 bytes)andtherefore
unlikely to collide. This may be true in the caseof ran-
domizedmediumaccessby the interferinglinks. However,

in our proposedsolution, exposedlinks closely synchro-
nizetheir transmissionsusingCTSSmessages,asdescribed
in Section4.2. Collisions involving ACK framesare thus
guaranteedto occurandmustbe accountedfor by the ex-
posedlink detectionprocedure.In otherwords,a link pair
maybeidenti�ed asmutuallyexposedonly if boththedata
frameandACK framecanbecapturedsuccessfullyby each
link. Let B I R(A;B ) ;(C;D ) denotethebroadcastinterference
ratio of links (A; B ), (C; D) with carrier-sensedisabled.
The links are identi�ed as mutually exposedif and only
if B I R(A;B ) ;(C;D ) , B I R(A;B ) ;(D ;C ) , B I R(B ;A ) ;(C;D ) , and
B I R(B ;A ) ;(D ;C ) areeachgreaterthana threshold.Thisen-
suresa high probabilityof successfulcapturein data-data,
data-ACK, ACK-data,andACK-ACK collisions.After the
detectionof exposedterminalsis completed,the informa-
tion is distributedto all meshnodes.

Sincethecapturecapabilityof wirelesshardwareis dif-
ferentat differentdatarates[8], if multiple dataratesare
usedin the network, the detectionof exposedlinks must
berepeatedfor eachdatarate.This implies that thebroad-
casttransmissionsusedfor theBIR calculationmustusethe
speci�eddatarate,andnotresortto thelowestdatarateasis
doneby somewirelesshardware.Notethattestingall com-
binationsof dataratesbetweena pair of links is unneces-
sary. Theability of link (A; B ) to capturea transmissionin
thepresenceof interferencefrom link (C; D) dependsonly
on the datarateof link (A; B ) and the transmitpower of
nodeC; thedatarateof link (C; D) is immaterial.

Although our procedurefor detectingexposedlinks is
moreef�cient than the exhaustive testingof all link pairs
(O(n2) asopposedto O(n4)), it is still signi�cantly time-
consuming.Further, no other traf�c can be permittedon
the meshnetwork while the testingis in progress.Due to
thesereasons,it may not be possibleor desirableto exe-
cutetheexposedterminaldetectionphasefrequently. Since
themeshtopologyis static,interferencepatternsarelikely
to remainfairly constant(interferencepatternsin a mesh
testbedhave beenfoundto not varysigni�cantly overa pe-
riod of several days [11]). However, this may not be the
casein all meshdeployments.To handlevariationsin inter-
ferencepatterns,it is necessaryto extendoursolutionto dy-
namicallylearnandadaptto thecurrentsetof exposedlinks
in thenetwork, preferablywithout requiringthehalt of on-
goingtraf�c. This is interestingfuturework.

4.2. The RTSS/CTSSMechanism

Coordination of simultaneoustransmissionsover ex-
posed links is accomplishedin the second phase of
our solution. For this purpose, two new control mes-
sages, the Request-To-Send-Simultaneously(RTSS) and
the Clear-To-Send-Simultaneously(CTSS), are intro-
ducedto theMAC protocol.
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The CTSS message:We �rst describethe useof the
CTSSmessage.Considerthe examplenetwork from Fig-
ure 1(b), wherelinks (W; X ) and(Y; Z ) aremutually ex-
posed.When nodeW obtainsaccessto the mediumand
is aboutto transmita packet to nodeX , it signalsnodeY
to simultaneouslytransmitto nodeZ by sendingnodeY
a CTSSmessage.On receiving theCTSS,nodeY immedi-
atelytransmitsapacketto nodeZ by over-riding thecarrier-
sensemechanism,providedapacketis availableandcertain
criteria describedfurther aremet. In this manner, the two
exposedlinks areableto transmitsimultaneously.

TheCTSSmessagemustidentify thelink for which it is
intended.Links maybe identi�ed by their sourceanddes-
tination addresses(6 byteseach).Alternatively, identi�ers
maybeassignedto exposedlinks in the�rst phaseof theso-
lution anddistributedto themeshnodesalongwith theex-
posedlink pair information.In this case,a 2-byteidenti�er
is suf�cient for a network consistingof up to 256 nodes.
The CTSSmessagealsocontainsa 2-byteFrameControl
�eld, which is commonto all 802.11messagesandidenti-
�es thetypeof message,anda 2-byteCRCfor detectionof
transmissionerrors.ThetotalCTSSsizeis thus6 bytes.

Eventhoughthesizeof theCTSSmessageis small,pre-
cedingeverydatapacketwith a separateCTSSpacket gen-
eratessigni�cant overhead(note that every 802.11packet
carriesthePLCPpreambleandheader, which aretransmit-
tedat the lowestdatarateandconsume192 microseconds
of mediumtime in 802.11b).To reducethis overhead,we
implementthe CTSSmessageas an additionalheaderon
the datapacket. This headeris placedbetweenthe PLCP
andMAC headers.This implementationresultsin negligi-
bleoverheadgeneratedby theuseof CTSSmessages.Note
that,for theremainderof thepaper, thetermsCTSS,CTSS
message,andCTSSheaderareusedinterchangeably.

The CTSSheadercontainsits own CRC andcanthere-
fore be processedindependentlyassoonas it is received,
without waiting for the following MAC headerand pay-
load. In our example,when nodeY processesthe CTSS
from nodeW anddecidesto transmitsimultaneously, it im-
mediatelyswitchesits wirelessinterfaceto transmitmode
andsendsa packet to nodeZ . Figure3 illustratesthis pro-
cessin detail.Notethat thetime to switchfrom thereceive

to thetransmitmodeis of theorderof 10microsecondsfor
DSSS-basedradios[14] andthereforenegligible compared
to thetransmissiondurationof thepacket.

Dependingon thesizeof thedatapacket transmittedby
eachnode,thedatatransmissionsby nodesW andY may
overlapin timewith theACK transmissionsby nodesZ and
X , respectively. Thetwo ACK transmissionsmayalsoover-
lap with eachother. Therefore,when identifying exposed
links in phaseone,it is importantto ensuresuccessfulcap-
tureof bothdataandACK framesin data-data,data-ACK,
ACK-data,andACK-ACK collisionsbetweenthetwo links.

Causesof lost/unusedCTSS messages:SomeCTSS
messagesmaybelost dueto collisions,othersdueto trans-
missionerrors.Further, from amongthe CTSSmessages
that are received correctly, not all can be followed by a
simultaneousdatatransmission.It is possiblethat whena
nodereceivesa CTSSmessagefor a particularlink, it has
nodatapacket to transmiton thatlink at thatinstant.

In theexamplefrom Figure1(b),whennodeW sendsa
CTSSto nodeY, it is possiblethat thereis anothertrans-
missionin progressby anodeP within nodeY 'sCSrange,
which nodeW cannotsense.NodeY may still be ableto
successfullycapturetheCTSS.However, if it follows with
a transmissionto nodeZ , nodeZ maynot be ableto cap-
ture the transmissionin the presenceof the cumulative in-
terferencefrom nodesW andP. Moreover, thecumulative
interferencemayalsocorrupttheongoingtransmissionsof
nodesW andP. To avoid this situation,a nodeis permit-
ted to transmitimmediatelyafter receiving a CTSSonly if
thesensedinterferencejustprior to receiving theCTSSwas
lower thana speci�edthreshold.

To summarize,CTSSmessagesmay be lost or wasted
due to collisions, transmissionerrors, unavailability of
packets to transmit, and sensed interference exceed-
ing a threshold.However, dueto our implementationof the
CTSSasa headeron thedatapacket,theoverheadof send-
ing CTSSmessagesis negligible, andsoeven if a fraction
of the CTSSmessagessuccessfullyresult in a simultane-
oustransmission,an overall improvementin throughputis
obtained.We validatethis expectationin Section5.

The RTSSmessage:A link maybeexposedto multiple
other links in the network. Among these,somelinks may



beheavily loaded,while othershave no ongoingdatatraf-
�c. To aid in selectionof an appropriatelink asthe CTSS
destinationin suchsituations,we introducetheRTSSmes-
sage.The RTSS messageis broadcastby a nodewhen it
identi�es a needfor additionalopportunitiesto transmitto
oneor moreneighborsbasedontheobservedtraf�c. A good
metric for this is thesizeof the interfacequeueat a node;
a queuethat is almostfull indicatesbacked-uptraf�c and
theneedfor moretransmissionopportunities.Thecontents
of the RTSS messageinclude the FrameControl �eld (2
bytes),thedestinationaddress(Broadcast,6 bytes),a �eld
indicatingthenumberof links for which thenoderequires
additionaltransmissionopportunities(2 bytes)anda list of
thecorrespondinglink identi�ers (2 byteseach).

A nodemaysendCTSSmessagesto a neighboronly if
it haspreviously receivedanRTSSfrom thatneighborand
is exposedto one or more of the speci�ed links with re-
spectto its own receiver. ThereceivedRTSSremainsvalid
for a certaindurationof time, beyond which CTSSmes-
sagesto theneighborareceasedunlessanotherRTSSis re-
ceived.A nodeperiodicallybroadcastsRTSSmessagesun-
til its interfacequeueis no longerbacked-up.

The RTSSmessageenablesCTSSmessagesto be sent
only whennecessary, avoiding theadditionaloverheadoth-
erwise.It alsohelpsnodesto selectthe appropriateCTSS
destinationwhena link is exposedto multipleotherlinks.

CTSSdestinationselection:A nodemayreceiveRTSS
messagesrequestingadditionaltransmissionopportunities
for multiple exposedlinks. All such links are candidates
for a CTSS message,from amongwhich the node must
selecta CTSS destinationwhen it obtainsaccessto the
medium.The policy for selectionof the CTSSdestination
is a key componentof our solution,whichcansigni�cantly
affect thefractionof CTSSmessagessuccessfullyusedand
therebyin�uence thethroughputgainobtained.

With thegoalof reducingthenumberof CTSSmessages
wasteddueto collisions,transmissionerrors,andsensedin-
terference,we usethe following policy to selecta CTSS
destination.WhenanodereceivesanRTSSmessagefrom a
neighbor, it recordsthereceivedsignalstrengthof themes-
sage.The candidatewhosereceived signal strengthis the
highestis thenselectedastheCTSSdestination.This can-
didateis likely to be nearestto thenode,therebyreducing
the probability of the CTSSbeing lost due to a collision
or transmissionerror. Further, thenearertheCTSSdestina-
tion, thelower thelikelihoodthatit sensesinterferencethat
the CTSSsendercannotsense;this reducesthe probabil-
ity of theCTSSbeingwasteddueto sensedinterference.

Our policy is effective and simple to implement.We
evaluatetheeffectivenessandanalyzethedrawbacksof this
policy in Section5.4. More sophisticatedcriteria may be
addedto this policy to further improve theperformanceof
thissolution.For example,preferencemaybegivento links
that lie closer to the meshgateway, sincetheselinks are

likely to be the bottleneckfor the meshtraf�c. Additional
information may be includedin RTSS messages,suchas
thesizeof the interfacequeueor the traf�c priority, to aid
in CTSSdestinationselection.

RTSS/CTSSdata rate: RTSSandCTSSmessagesmust
be transmittedat the samedatarateso that they reachthe
samerangeandcanbe successfullyexchangedbetweena
pair of nodes.Thereis a tradeoff involved in selectingthe
datarateat which the messagesshouldbe transmitted.At
a lower datarate,themessagescanbereceivedat a greater
distanceandcanthereforereachmoreexposedlinks. How-
ever, the transmissiondurationof the messagesincreases,
therebyincreasingthe overheadrelative to the datatrans-
missions.We evaluatethis tradeoff in Section5.5.

If theCTSSheaderissentatadataratedifferentfrom the
oneusedfor theMAC headerandpayload,thePHY layer
mustbe informedof this dataratein orderthat it correctly
interpretstheincomingsignal.Oneoptionis to �x thedata
ratefor theRTSS/CTSSmessagesto a singlevalue.Alter-
natively, thePLCPheader, which currentlycontainsinfor-
mationaboutthepayloaddatarate,maybemodi�ed to in-
cludeinformationabouttheCTSSdatarateaswell.

Effect of auto rate selection: Mesh nodesare com-
monly con�gured to automaticallyvary the datarate of a
link basedon the observed link characteristics.Sincethe
capturecapability is differentat differentdatarates[8], a
nodeW maysenda CTSSto anodeY only if it is exposed
to nodeY at its currentdatarate(recallthatexposedtermi-
nalsat eachdataratearedetectedin phaseone).Onreceiv-
ing the CTSS,nodeY determinesthe highestdatarateat
which it cansuccessfullytransmitin parallelwith nodeW .
It thenusesthe minimum of this datarateand its current
link dataratefor thesimultaneousdatatransmission.

5. Evaluation
We evaluateour proposedsolution using the QualNet

simulator version 3.9 [1]. The objectives of our evalua-
tion are(1) to demonstratetheeffectivenessof thesolution,
gaininsightinto its operation,andidentify thetradeoffs in-
volved; (2) to analyzethe effectivenessanddrawbacksof
the CTSSdestinationselectionpolicy; and(3) to examine
the effect of datarateon the performanceof the solution.
Notethata testbedevaluationof thesolutionis currentlyin-
feasibledueto thechangesrequiredatthePHY layer, which
arenot supportedby currentlyavailable802.11hardware.

5.1. Simulation Environment
We implement our solution by extending the IEEE

802.11implementationin QualNet.In our experiments,the
CSthresholdis setto thedefaultvalueof -93dBm.Thenet-
work topologiesusedaredescribedin Sections5.3and5.4.
Sinceour solutionis intendedfor statictopologies,no mo-
bility is simulated.Static routes are pre-con�gured; no
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Figure 4. Parallel lines topology .

routing protocol is used. All other simulation parame-
tersarecon�guredasdescribedin Section3.

We useCBR traf�c for our experiments.Thenumberof
CBR�o wsis variedin differenttests.All �o wsbeginsimul-
taneouslyandare10secondsin duration.EachCBRsource
generates512-bytepacketsat the rateof 1000packetsper
second.Thistraf�c con�gurationresultsin aheavily-loaded
network, which is thetargetscenariofor our solution.

Parametersspeci�c to our solutionaresetasfollows.A
nodebroadcastsanRTSSmessagewhenits interfacequeue
is over10%utilized.RTSSmessagesarerebroadcastevery
second.The RTSStimeoutparameteris setto 20 seconds,
whichexceedsthesimulationduration.Thethresholdvalue
for thesensedinterferenceis setto -86 dBm.Theseparam-
etervalueswereempirically foundto bepreferablefor our
simulatedscenarios;theresultsof thecorrespondingexper-
imentsareomitteddueto spaceconstraints.

The preferableparametervalues may vary for other
topologiesand traf�c patterns.For example, if the traf-
�c patternis highly dynamic,it may be bene�cial to use
a highervalue for the queuethresholdthat triggersRTSS
messagesanda lower RTSStimeoutperiodin orderto re-
ducewastageof CTSSmessagesdueto dataunavailability.
Also, if thelinks in thetopologyareweaker, a lower thresh-
oldvaluefor thesensedinterferencemaybeusedto increase
theprobabilityof successfulparalleltransmissions.

5.2. PerformanceMetrics

Thefollowing performancemetricsareusedto evaluate
oursolutionandgaininsightinto its performance:
Thr oughput impr ovement: This metricmeasurestheper-
centageof aggregatethroughputimprovementobtainedby
our solutionascomparedto regular 802.11,and indicates
how well oursolutionmeetsits primaryobjective.Wemea-
sureboththehop-by-hop throughputimprovement,which
considersall transmissionssuccessfullyreceived by net-
work nodesin the throughputcalculation,and the end-
to-end throughputimprovement,which only considersthe
packets received by the CBR destinations.While hop-by-
hopimprovementindicatestheraw bene�t of our solution,
its relationshipwith end-to-endimprovementdependson
the topologyandthe CTSSdestinationselectionpolicy; a
higherend-to-endimprovementis obtainedif throughputis
improvedat bottlenecklinks on paths.Our goal is to maxi-
mizethevalueof bothmetrics.

Percentageof data packets that carry a CTSS header:
This metric indicateshow frequentlyour solution comes
into play in differenttopologiesandtraf�c scenarios.
Percentage of CTSS messagesreceived, used, and
wasted: We measurethe fraction of CTSS messages
sent that are successfullyreceived. The remainingmes-
sagesare lost due to collisions.From amongthe received
CTSSmessages,someareused,i.e. followedby a simulta-
neoustransmission,while the remainingarewasteddueto
eitherdataunavailability, transmissionerrors,or sensedin-
terference that exceeds the con�gured threshold. We
measureeachof thesefractions in order to betterunder-
standthebehavior of thesolutionandidentify weaknesses
thatcanbeimproved.

5.3. SimpleTopologies
We �rst evaluateour solution in two simple network

topologiesto establisha baselinefor our evaluation.The
�rst topologyis thatrepresentedin Figure1(b).This topol-
ogy helpsusquantify theperformancebene�tsobtainedin
theabsenceof interferenceandmultiplehops.Thedistance
betweennodesW andX andnodesY andZ is setto 100m,
while thedistancebetweennodesW andY is setto 300m.
CBR �o ws aresetup from nodeW to nodeX , andfrom
nodeY to nodeZ .

Our secondtopologyconsistsof 10 nodesplacedin two
parallel lines, as indicatedin Figure4. Adjacentnodesin
eachline are separatedby a distanceof 100m,while the
distancebetweenthe two lines is 300m.In this topology,
eachlink in a givenline is exposedto all links in theother
line.Thetopologythusofferssigni�cant scopefor oursolu-
tion to increasethenetwork throughput.CBR �o ws areset
up from nodeA to nodeE, andfrom nodeF to nodeJ . In
bothtopologies,thedatarateoneachlink is setto 11Mbps
andtheCTSSheaderis transmittedat 2 Mbps.

Table 2 shows the results,which areaveragedover 10
runs with different seeds.As seenin the table, our solu-
tion resultsin a59.7%throughputimprovementin thetwo-
links scenario.Ideally, if thetransmissionsof thetwo links
wereperfectlysynchronizedandeverysingle-linktransmis-
sioncouldbereplacedby simultaneoustransmissions,one
mightexpecta100%throughputimprovement.However, in
reality, this is not thecasedueto thefollowing reasons.

First, the simultaneoustransmissionsare not perfectly
overlapped;asshown in Figure3, thesecondtransmission
startslater thanthe�rst, andsothetotal durationof thesi-
multaneoustransmissionsis signi�cantly largerthanthatof
asingletransmission.Second,followingasuccessfulsimul-
taneoustransmission,both nodesreinitialize their random
backoff counters.While this is essentialfor fair mediumac-
cess,it resultsin non-optimalmediumusagewhenonly two
transmittersarepresent.Third,sincetheRTSS/CTSSmech-
anismdoesnotcomeinto playuntil theinterfacequeuesize



Metric (%) Two-links Parallellines
topology topology

End-to-endimprovement 59.7 50.8
Hop-by-hopimprovement 59.7 47.4
DatapacketscarryingCTSS 98.9 97.8
CTSSreceived 96.0 88.0
CTSSwasted(dataunavailable) 0.0 3.9
CTSSwasted(transmissionerror) 0.0 0.1
CTSSwasted(sensedinterference) 0.0 6.7
CTSSused 96.0 77.2

Table 2. Results from simple topologies.

exceedsthe10%threshold,theearlydatatransmissionsdo
not carryCTSSheadersandthereforedo not invite simul-
taneoustransmissions.As seenin Table 2, 98.9%of data
packetscarryCTSSheadersin this scenario.Finally, from
amongtheCTSSmessagessent,only 96%arereceivedcor-
rectly in this scenario;the remainingarelost in collisions
thatoccurwhenthebackoff countersof the two nodesex-
piresimultaneously.

The table shows that all received CTSSmessagesare
usedfor simultaneoustransmissionsin the two-links sce-
nario.No CTSSmessagesarewasteddueto dataunavail-
ability (sinceboth transmittersare sourcesof CBR �o ws
thatsaturatethelinks), transmissionerrors(sincethetrans-
mittersarewell within transmissionrangeat 2 Mbps), or
sensedinterference(sincetherearenoothertransmitters).

Table 2 also shows the resultsfrom the parallel lines
topology. In this topology, the end-to-endandhop-by-hop
throughputimprovementobtainedis 50.8%and47.4%,re-
spectively, which is lessthan the two-links topology, but
still signi�cant. Sincethis topologyhasmoretransmitters,
severalCTSSmessagesarelost dueto collisionsandonly
88% are correctly received. From those received, 3.9%
are wasteddue to dataunavailability; sinceCBR sources
are locatedonly on nodesA andF in this topology, data
availability at all othertransmittersdependson packetsre-
ceived from the previous link on the path. An additional
6.7%of CTSSmessagesarelost dueto sensedinterference
thatexceedsthecon�guredthreshold;this occurswhenan-
othernearbytransmitteris accessingthemedium.Simulta-
neoustransmissionsresult from 77.2%of the CTSSmes-
sagessent.In this scenario,theend-to-endandhop-by-hop
throughputimprovementsareof similarmagnitudesinceall
links on themultihoppathsareequallylikely to avail of si-
multaneoustransmissionopportunities.

5.4. Impact of CTSSDestinationSelectionPolicy

Wenow examinetheimpactof ourCTSSdestinationse-
lection policy, which is basedon received signal strength
(RSS).For ourexperimentsin thisandsubsequentsections,
we usethe grid topologyfrom Section3. As illustratedin
Figure5, thenodesat thecornersof thegrid (i.e. nodesA,
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Figure 5. Grid topology .

E , U, and Y ) are selectedas the meshgateways. Static
routesarecon�gured from eachnodeto a meshgateway,
suchthat the numberof hopsis minimizedandnodesare
evenly distributedamonggateways.Only thoselinks that
lie alongtheverticalandhorizontalgrid axesareused.

For this evaluation,we usetwo sampletraf�c scenarios.
CBR sourcesarecon�gured on nodesH , L , N , andR in
scenarioI, andonnodesC, K , O, andW in scenarioII, as
indicatedin Figure5. The destinationfor each�o w is the
correspondinggateway.

To demonstratethe effectivenessof our RSS-based
CTSSdestinationselectionpolicy, we compareits perfor-
mancewith a policy that randomlyselectsa CTSSdesti-
nation from amongvalid candidates.Figure 6 shows the
resultsof oursimulations,averagedover10runs.In the�g-
ure,we plot thepercentageof CTSSmessagesthatarere-
ceived, used, and wasted for each traf�c scenariowith
both policies.Recall that the goal of the RSS-basedpol-
icy is to reducewastageof CTSSmessages.

As seenin Figure6, 78% and62% of CTSSmessages
arereceivedwith theRSS-basedandrandompolicy, respec-
tively, in ScenarioI. TheRSS-basedpolicy reducestheloss
of CTSSmessagesdueto collisionssincethegreaterRSSof
theCTSSmessagesresultsin a highercaptureprobability.
In scenarioII, 83% and76% CTSSmessagesarereceived
with the RSS-basedandrandompolicy, respectively. Loss
due to collisions is lower in this scenariosincethe CBR
�o ws have a greaterspatialseparation,resultingin greater
SINRvaluesanda highercaptureprobability.

Figure6 alsoindicatesthe compositionof the received
CTSSmessages.In scenarioI, fewer CTSSmessagesare
wasteddueto dataunavailability with the RSS-basedpol-
icy thantherandompolicy. In scenarioII, ontheotherhand,
the reverseeffect is observed.The RSS-basedpolicy does
not considerthe traf�c availability at links andalwaysse-
lects the nearestcandidatelink. In scenarioI, this policy
tendsto selectheavily-loaded�rst-hop links, while in sce-
narioII, thesecond-hoplinks getselectedmorefrequently.
Thelossof CTSSmessagesdueto dataunavailability could
befurtherreducedby consideringdataavailability asamet-
ric in theCTSSdestinationselectionpolicy.
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Figure 6. Fraction of CTSS received, used,
and wasted in sample traf�c scenarios with
RSS-based and random policies.

ScenarioI ScenarioII
RSS Random RSS Random

End-to-endimpr (%) 36.8 27.0 8.0 6.0
Hop-by-hopimpr (%) 39.6 27.5 16.7 18.0

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

Figure6 showsthatfewerCTSSmessagesarelostdueto
transmissionerrorswith theRSS-basedpolicy in bothsce-
nariosdue to the higherRSSof the CTSSmessages.The
fraction of CTSSmessageswasteddueto sensedinterfer-
enceis signi�cantly higher with the RSS-basedpolicy in
scenarioI. With therandompolicy, mostof thesemessages
arenot evencaptureddueto lower SINR; correspondingly,
the fraction lost due to collisions is high. In scenarioII,
sensedinterferenceis generallyweaker dueto greaterspa-
tial separation,andso the fraction of CTSSmessageslost
dueto sensedinterferenceis low with bothpolicies.

Thethroughputimprovementobtainedwith thetwo poli-
cies in eachscenariois shown in Table 3. Fewer wasted
CTSSmessagesresult in a signi�cantly higher improve-
ment (39.6%) with the RSS-basedpolicy in scenarioI.
In scenarioII, the fraction of CTSSmessagesused,and
thereforethe throughput improvement, is approximately
thesamewith bothpolicies.The signi�cant differencebe-
tweenhop-by-hopandend-to-endthroughputimprovement
in scenarioII is due to unequaltransmissionopportuni-
tiesfor links alongmultihoppaths.Thus,themagnitudeof
improvementandthe relationshipbetweenend-to-endand
hop-by-hopimprovementaretopology/traf�c dependent.

5.5. Impact of CTSSData Rate
As explainedin Section4.2,theCTSSdataratepresents

a tradeoff; thelower thedatarate,thegreaterthenumberof
exposedlinks thatcanbereached,but thehighertheover-

head.In this section,we validatethis tradeoff throughsim-
ulationandidentify theoptimalCTSSdataratefor our rep-
resentative topologyandtraf�c scenarios.

The grid topology from Figure 5 is used.The number
of CBR �o ws is variedfrom 2 to 8. CBR sourcesarese-
lectedrandomlywith theconstraintthatthey areevenlydis-
tributedamongthegateways.Resultsareaveragedover 20
randomtraf�c scenarios.Thedatarateis �x edat 11 Mbps,
while theCTSSdatarateis variedin differenttests.

Figures7(a) and7(b) show the averageend-to-endand
hop-by-hopthroughputimprovementsobtainedwith each
CTSSdatarate.WhenCTSSmessagesaresentat11Mbps,
they reacha smallerrange.Further, a signi�cant fractionof
messagesis lost dueto collisionsandtransmissionerrors.
Therefore,theimprovementis low at this CTSSdatarate.

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

We observe in Figures7(a)and7(b) that themagnitude
of improvementdoesnot changesigni�cantly with an in-
creasein thenumberof �o ws.Whentherearefewer �o ws,
more CTSSmessagesare lost due to transmissionerrors,
but lessdueto sensedinterferenceandcollisions.The ef-
fectsreverseasthenumberof �o wsincreases,andtheover-
all improvementremainsfairly unchanged.A comparison
of the �gures shows that the averageend-to-endimprove-
mentis somewhatlower thanthehop-by-hopimprovement,
sincenot all links alongthemultihoppathscanavail of an
equalnumberof simultaneoustransmissionopportunities.

5.6. Impact of Data Rate
In this section,we examinethe impactof the datarate

usedfor thedatatransmissions.Thesametopologyandtraf-
�c patternis usedasin Section5.5.TheCTSSdatarateis
�x ed at 1 Mbps. We vary the datarate usedfor the data
transmissionsin different tests.Figure 7(c) shows the re-
sults.As seenin the�gure, thethroughputimprovementat2
Mbpsis signi�cantly higherthanat 11 Mbps.Fromamong
the �x ed setof active links, moreexposedlink pairsexist
at2 Mbps,resultingin moresimultaneoustransmissionop-
portunitiesthatoursolutioncanexploit.
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Summary:Our evaluation shows that our solution effec-
tively improvesthe aggregatethroughputin representative
topologiesandtraf�c scenarios.Themagnitudeof improve-
ment variesin different scenariosfrom 12% to 60%. We
analyzethe impactof the CTSSdestinationselectionpol-
icy and�nd thatit effectively reducesthewastageof CTSS
messages.Ourexaminationof theCTSSdataratehighlights
thetradeoff betweentherangeandreceptionprobabilityof
CTSSmessages,andthe overheaddueto consumptionof
mediumtime. Finally, the lower the datarateof the links,
thegreaterthebene�t obtainedthroughoursolution.

6. Conclusion

In this paper, we proposeda solutionthat improvesspa-
tial reuseandincreasesthroughputin staticwirelessmesh
networksthroughmitigationof theexposedterminalprob-
lem. Exposedlinks in thenetwork aredetectedthroughan
of�ine trainingphase.Simultaneoustransmissionsoverex-
posedlinks are then coordinatedusing RTSS and CTSS
messages.Simulationresultsdemonstratedthe bene�ts of
theproposedsolutionandhighlightedvarioustradeoffs.

Our solutionmaintainsthedistributedcontention-based
natureof theMAC protocolanddoesnot requirecomplex
timesynchronizationamongnodes.Theoverheadof theso-
lution is negligible. The drawback is the modi�cation re-
quired to the PHY layer, which increasescomplexity and
preventsimplementationon currently available hardware.
We believe that thebene�ts of thesolutionmotivateits in-
clusionin next generationwirelessdevices.

The solutioncanbe further improvedalongvariousdi-
rections. The CTSS destinationselectionpolicy can be
modi�ed to considerothercriteria,suchastraf�c availabil-
ity, in additionto receivedsignalstrengthin orderto further
increaseeffectiveness.Variableinterferencepatternscanbe
handledby designinga mechanismto dynamically learn
andadaptto thecurrentsetof exposedlinks in thenetwork.
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