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Abstract.

Several applicationshave beenervisionedfor multihop wirelessnetworks that require
differentqualitiesof servicefrom the network. In orderto supportsuchapplicationsthe net-
work mustcontrolthe admissiornf o ws. To make anadmissiordecisionfor anev o w, the
expectedbandwidthconsumptiorof the o w mustbe correctlydeterminedDueto theshared
natureof the wirelessmedium,nodesalonga multihop pathcontendamongthemselesfor
accesgo themedium.This leadsto intra- ow contentioncontentionbetweerpacletsof the
sameo w forwardedby differenthopsalongamultihoppath,resultingin anincreasen theac-
tualbandwidthconsumptiorof the o w to amultiple of its singlehopbandwidthrequirement.
Determiningthe amountof intra- ow contentionis non-trivial sinceinterferingnodesmay
notbeableto communicatelirectlyif they areoutsideeachotherstransmissiomange.n this
paperwe examinemethodsto determinethe extent of intra- ow contentionalong multinop
pathsin both reactive and proactve routing ervironments.The highlight of the solutionsis
that carriersensingdatais usedto deduceinformationaboutcarriersensingneighborsand
no high power transmissionsre necessaryAnalytical and simulationresultsshav thatour
methodsestimatantra- ow contentiorwith low error, while signi cantly reducingoverhead,
enegy consumptiorandlateny ascomparedo previousapproaches.

1. Introduction

Theeasyavailability, increasingcapabilitiesanddecreasingostsof wireless
computingdevices,togethemwith the advancemenbf wirelesscommunica-
tion technology have madewirelessmultihop networks possibleand prac-
tical. Thesenetworks have signi cant advantageover traditionalwired and

infrastructuredvirelessnetworks, suchas quick andeasydeplg/ment, self-

con guration, self-managemengndno requiremenfor establishednfras-

tructure . Theseadwantagesnalke wirelessmultihopnetworkshighly desirable
in mary deploymentscenarios.

Several multimediaapplicationsthat have beenervisionedfor wireless
multihopnetworksinvolve the streamingof real-timedata.Suchapplications
are typically sensitve to end-to-enddelay and jitter and require either re-
sourceguaranteesr priority servicefrom thenetwork. Thisis differentfrom
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traditionalapplicationssuchasbulk datatransferthatrequireonly store-and-
forwardcapabilitiesIn orderto effectively supporthesealiverseapplications,
the network mustbe capableof offering differentqualitiesof service(QoS)
basedntheneedof theapplication.

It is not possibleto guaranteeservicequality andresourceavailability to
application ows in wirelessnetworks without controllingtrafc admission
into the network. To control wirelesscontention,the network mustensure
thatsufcient resourcesreavailablefor anewv ow beforethe ow is admit-
ted. Further the new “ow shouldnot aderselyaffect the servicequality of
otherongoing ows. Admissioncontrolis thusanimportantcomponenbf a
network QoSsolution.

In orderto make an admissioncontrol decision,the network must rst
accuratelyestimateheresourceshata ow will consumef admitted.Since
bandwidthis animportantresourceor several multimediaapplicationswe
focus on estimationof bandwidthconsumptionof a ow in this paper In
wired networks, this problemis trivial; the bandwidthconsumedy the ow
is simply equalto thatoriginally requestedby the application.For example,
if anapplicationrequestd 6 kbpsbandwidthfrom the network, theresulting
“ow will consumel6 kbpsatevery hopalongtheroute.

The problemis signi cantly morecomplicatedn wirelessmultihop net-
works dueto the sharednatureof the wirelessmedium.A wirelessnodes
transmissionsonsumebandwidthsharedwith other nodesin its vicinity
sincethesenodescannotsimultaneoushaccesghe sharedmedium.More
speci cally, wirelesstransmissiongonsumebandwidthat all nodeswithin
the carriersensingdistanceof the transmittingnode. This carriersensing
rangeis explainedin detailin Section2.1. Further multiple nodesalonga
multihop pathmay be locatedwithin carriersensingdistanceof eachother
This causesodesto contendfor mediumaccessandpreventssimultaneous
transmissionsThisin turnleadsto intra- ov contentionj.e., contentionbe-
tweenpacletsbelongingto asingle ow thatareforwardedat differenthops
alongamultihoppath.

To calculatethe intra- ov contentionof nodesalongthe path, it is im-
portantto know the contentioncount of eachnode. The contentioncount
(CC) ata nodeis the numberof nodeson the multihop paththatarelocated
within carriersensingrangeof the given node.In otherwords,the CC ata
node canbe de ned asthe intersectionof the setof nodesthat lie on the
multihoppathwith thesetof nodeghatlie within carriersensingange Intra-
“ow contentionhasa signi cant impacton the bandwidthconsumedy the
“ow. The effective bandwidthconsumedoy a ow at eachnodeis the CC
times the single hop ow bandwidthrequesteddy the application.Hence,
determinatiorof the CC is importantto accuratelyestimatethe bandwidth
consumptiorof a ow, andtherebymake a correctadmissioncontrol deci-
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siort. Unfortunatelycalculationof the CCis dif cult sincethereis nosimple
way for anodeto determindts carriersensingneighborsj.e.thesetof nodes
that are locatedwithin carriersensingrange.As explainedin Section2.1,

a nodecannotdirectly communicatewith nodesthat arelocatedoutsideits

transmissiomange.

Earlyattemptsaatadmissiorcontrolin wirelessmultihopnetworksignored
the effect of intra- av contention.To the bestof our knowledge,only one
solutionhasbeenpreviously proposedhatcorrectlycomputegshe CC (Yang
andKravets,2003).This solutionuseshigh power transmissionsothateach
nodecanreachits carriersensingneighborslearntheiridentitiesandthereby
calculatethe CC. Unfortunately high power transmissionsequirea capable
radio and are expensve in termsof both enegy andthe numberof nodes
impactedby thesetransmissions.

In this paper we examinetwo approache$o determinghe CC. The rst
approachremaovesall high powertransmissionsl’hesecondapproachurther
increaseperformancdy removal of all additionalcontrolmessageanduses
only existingroutingcontrolmessage§.hroughsimulation-basedvaluation,
we shawv thatboth proposednethodsoutperformprevioussolutionsin terms
of overheadpower anddelay while computingthe CC with low errot

The remainderof this paperis organizedasfollows. Section2 provides
backgroundnformationon wirelesstransmissionspn-demandouting pro-
tocols, intra- av contentionand previous work. In Section3 we describe
approacheso determinethe CC. In Sections4 and5 we evaluatethe per
formanceof the different techniquedfor calculatationof the CC. Finally,
Section6 concludeghe paper

2. Background

In this sectionwe discussackgroundnformationthatis necessaryo under
standandanalyzethe solutionspresentedh this paper Section2.1 describes
the notabledistancegor wirelesscommunicationin Section2.2, we brie 'y
describethe route discorery procedureusedby several popularon-demand
routing protocols,suchas AODV (Perkinset al., 2003)and DSR (Johnson
etal., 2003).0Our proposednethodsor calculatingtheintra- ov contention
areintegratedwith theon-demandoutediscorery procedureSection2.3ex-
plainsthe concepibof intra- ov contentionin detail,andSection2.4 reviews
previously proposedapproachefor determininghe CC.

1 Note that the CC calculationis only one of the componentsequiredfor a complete
admissioncontrol solutionfor multihop wirelessnetworks. In additionto this, anadmission
controlsolutionmustdeterminebandwidthavailability andaddressssuessuchasinter o w
contention.
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Figure 1. Notablerangesf IEEE 802.11wirelesscommunicationNodeswithin
receptionrangearecalledneighborgN), while thosewithin carriersensingangearecalled
carriersensingieighborgCSN).

2.1. IMPACTED AREA

In this sectionwe describehe notablerangesof IEEE 802.11wirelesscom-
munication.Knowledgeof theserangess necessaryo understandhe con-
ceptsof intra- av contentiomandcontentioncount.

Within a shortrange wirelessnodesarecapableof directcommunication.
Themaximumseparatiometweerasendeandrecever for successfupaclet
receptionis calledthe receptionrange(RxR), asshavn in Figure12. Nodes
within RxR of a particularsendercandirectly communicatevith the sender
andareconsideredts neighborgN).

The maximumdistanceat which a node can detectan ongoing paclet
transmissior(carriersignal)is calledthe carriersensingrange(CSR). This
rangeis typically muchlargerthanthereceptiorrange Nodesthatarewithin
the CSR of a senderare calledits carriersensingneighbors(CSN). These
nodesdetecta transmissiorbut may not be able to decodethe paclet if
they areoutsideRxR. In wirelessMAC protocolsbasedon CSMA, suchas
IEEE 802.11 ,all CSN of the sendetareunableto initiate a paclet transmis-
sionwhile the sendeiis transmittingbecausehey sensehe channeis busy
This helpsavoid collisions at recevers. The larger the CSR, the fewer the
collisions,atthe costof reducedspatialreuse.

2.2. ON-DEMAND ROUTE DISCOVERY

Whenusingon-demandouting protocols datasession& multihopwireless
networks aretypically precededy routediscorery to nd aroutebetween
the sourceand destinationnodes.Sinceadmissioncontrol needsto be per
formedbeforea sessiorcommencesadmissiorcontrolproceduregreoften
integratedwith routediscovery®. CC determinatioris requiredfor admission

2 While we representhetransmissiomndcarriersensingangesascirclesin this paperin
reality they arenot perfectcircles.Wirelesssignalpropagations in uenced by mary factors,
including multipathinterferencepbstaclesandotherphenomena.

3 Oneconcernhereis thatthe routediscorery ood may itself affect the servicequality
of ongoingsessionsThis canbe handledby the MAC layer by reservinga portion of the
bandwidthfor controltraf c andrestrictingthe controltraf c to thislimit.
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Figure 2. On-demandoutingprotocolroutediscovery.

control. We thereforeintegrate our solutionsfor determiningthe CC with
the on-demandoutediscovery procedureNote that our proposedsolutions
are conceptuallyindependenbf routing, and canalsobe appliedto proac-
tive routing ervironmentswith appropriatemodi cations, as describedin
Sections3.4and3.5.

Most reactie routing protocols,suchas AODV (Perkinset al., 2003)
and DSR (Johnsoret al., 2003), have similar route discorery mechanisms.
Figure 2 shavs a simple network topology Node S, the source wishesto
communicatevith node X, the destinationNode S startsthe route discor-
ery procedureby broadcasting RouteReques{RREQ)paclet. Every node
thatrecevesthe requestre-broadcasti until it reacheghe destinatiofl. In
the gure, the requestis broadcasby nodesR andV, and nally reaches
nodeX. The destinatiornodethenunicastsa RouteReply (RREP)backto
thesourcenodeS. Thereplytravelsbackonthesameoutethatwasfollowed
by the requestand nally reacheghe source therebycompletingthe route
discovery.

In AODV, intermediatenodessetup a reverserouteto the sourcewhen
they receve the requestand a forward route to the destinationwhen they
receve the reply. Thus, nodesare only aware of the next hop on the route
and do not know the identity of other nodesthat lie on the path.In DSR,
on the other hand,eachnode appendsts addresgo the RREQ beforere-
broadcastingt further Eachinstanceof the requestthus accumulateshe
addresof eachnodeit hastraversed.Whenthe requestreacheghe desti-
nation,the destinatiorcopiesthelist of addresset thereply andunicastst
alongtheaccumulategbathusingsourcerouting. This addresaccumulation
may be bene cial for route cachingor, aswe discusslater, calculatingthe
CC.

4 This is a generalizationln somereactie routing protocols,intermediatenodeswith
routesto thedestinatiorcanalsoreply. However, if admissiorcontrolis integratedwith route
discovery, it is oftendesirableghatthe RREQpaclet travelsto the destinatiorsothatresource
availability maybe checledalongtheentireroute.
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Figure 3. Exampleof intra- ow contentionFor thispath,theCCatnodesA, B andCis three.

2.3. CALCULATING THE CONTENTION COUNT

As statedn Sectionl, theCCatanodeis de ned astheintersectiorof theset
of nodeghatlie onthemultihoppathwith thesetof carriersensingieighbors
(CSN).Thereforeto calculatehe CC ataparticulamode thelist of CSNand

theidentity of the nodeson the path(NoP) mustbe known. Giventhese the

CCfor node is:

(1)

The rst termis thenumberof competingCSN,andoneis addedto account
for theimpactof node itself. As anexample,nodeA in Figure3 commu-
nicateswith nodeD via nodesB andC. Eachpaclet transmittedby nodeA
mustbe forwardedby nodesB and C in orderto reachnodeD. However,
nodesA, B, andC lie within carriersensingangeof eachother andsoonly
oneof thesenodescantransmitatary giventime. The CCateachnodein this
exampleis thereforethree.Note that the valuefor the CC may be different
at eachnodealonga multihop path,sinceit depend®n the topologyof the
route.

Calculationof the CCis dif cult, primarily because nodehasno direct
methodfor communicationwith other nodesthat are outsideof its trans-
missionrangebut within its carriersensingrange.Consequent/ythereis no
straightforvardmethodo determinghesetof carriersensingieighborsOne
solutionis to usehigh powvertransmissiong§YangandKravets,2003),but this
methodhasseveraldravbacks suchasconsumptiorof additionalenegy and
anincreaseén collisions.In this papeywe examinemechanismso detectthe
CSNthatlie onamultihoppathwithoutthe useof high powertransmissions.

2.4. RELATED WORK

QoSin wirelessmultihopnetworksis a popularareaof researchandseveral
QoSroutingandadmissiorcontrolsolutionshave beenproposedAhn etal.,
2002)(Leeet al., 2000)(Perkinsand Belding-Rger, 2001). Marny of these
solutionscompletelyignorethe effect of intra- av contentionTo the bestof
our knowledge,two approacheso determinethe CC have previously been
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Figure 4. Contentioncountcalculationwith CACP.

developed.In the following, eachof thesealgorithmsis describecandtheir
dravbacksarementioned.
Ad hoc QoS On-demand Routing (AQOR): In AQOR (Xue and Ganz,
2002),theauthorscorrectlyconsidethata singlewirelessnodecannotrans-
mit and receve messagesimultaneouslyHowever, they ignore contention
betweemmultiple nodeghatarelocatedwithin carriersensingange As are-
sult, giventhe perhop ow bandwidth( ) andassuminga bi-directional
trafc “ow, the ow bandwidthrequirementat eachnode on the path is
sinceeachnodemustbothreceve andsendpacletsfor each ow.
This simple formula doesnot work in the generalcasewhen the carrier
sensingrangeis larger thanthe receptionrange.For example,in Figure 3,
the CC at eachnodeis three but AQOR computest to betwo.
Contention-aware Admission Control Protocol (CACP): CACP(Yangand
Kravets, 2003) is an admissioncontrol solution for wirelessmultihop net-
worksthattakesintra- av contentioninto considerationSincedatasessions
aretypically precededy route discorery whenusing reactve routing pro-
tocols,admissioncontrolis integratedwith the routediscavery mechanism.
In this paper we focusonly on CACP's mechanisnfor calculatingthe CC,
anddonotconsidethebandwidthavailability determinatioror theadmission
controlportionof the protocol.

In CACPR, nodesusehigh power transmissiongo communicatedirectly
with their carriersensingneighborsThe examplein Figure4 illustrateshow
CACPdeterminesheCC.In the gure, alist of theknown CSNof eachnode
is shawvn belav thenodeduringeachstepof the protocoloperationNodeA,
the source,needsa route to nodeD, the destinationNode A broadcasta
RREQin step(Il) of the gure. NodesB and C re-broadcasthe request,
appendingheirnodelD prior to transmissionasseenn stepglll) and(IV).
WhennodeD recevestherequestit startsthe reply phaseAt this point all
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IP header (20 bytes)

ID of node 0 (4 bytes)
ID of node 1 (4 bytes)

Complete NoP list

Figure 5. HPBM paclet format. Theshadedegionis variablein size.

nodesknow their direct neighborsthroughthe broadcasRREQ messages,
but do notyetknow their CSN.

In thereply phasethe destinatiorsendsa High PowveredBroadcasMes-
sage(HPBM) at a pawer high enoughthatall CSN cansuccessfullyeceve
the message This s illustratedin step(V) of the gure. The HPBM is re-
ceivedby all CSNof nodeD andcontainsthe NoP list (thelist of nodesthe
RREQtraversedncludingthe sourceanddestinationthatwasaccumulated
in the paclet), asshavn in Figure 5. Upon receptionof the HPBM, nodes
calculateheir CC usingtheirknovn CSNandtheNoPlist. However, the CC
calculationmay not be correctat this time, sinceall nodesdo not yet know
their CSN. For example,on receptionof the HPBM from nodeD, nodeC
calculateghe CC usingEquation(1). In this case:

)

After sendingthe HPBM, the destinationtransmitsthe RREPmessagé¢hat
containgheNoPlist to thenext hoptowardthesourceasshavn in step(V1).
This transmissioroccursat the regular power level. Eachintermediatenode,
aswell asthe sourceyepeatghis procedureEachtime aHPBM is receved,
nodesonthepathhave the opportunityto learnof anevw CSNandrecalculate
their CC. Oncethe sourcesendshe HPBM, all nodesknow their CSN and
areableto calculatethe correctCC. For exampleon receptionof the HPBM
from nodeA, nodeC calculatests CC usingEquation(1):

®3)

Although CACP's approachcalculatesthe CC correctly it has several
drawvbacks.First, CACP requiresthe useof high pover messagesat every
nodealonga pathto communicatevith their CSN.High powertransmissions
requireacapableaadio.They arealsovery expensie in termsof enegy since
transmissiormpower increasesyperbolicallywith increasingdistance.This
is a major dravbackin wirelessnetworks, wheremostdevices are battery-
poweredandenegy is a scarceresource Secondhigh power transmissions

5 CACP assumeshat the carriersensingrangeis doublethe transmissiomange.This is
not necessarilftrue. The carriersensingrangedependson the transmissiorpower, recever
sensitvity andpropagatiorcharacteristicsf thewirelessmedium.

sanzgiri_nonet.tex; 4/01/2005; 17:14; p.8



9

impact a large areaof the network. This reducesthe spatial reuseof the
mediumandmay increasecollisions.Third, nodeson the pathneedto recal-
culatetheir CC eachtime aHPBM is recevedfrom anothemodeonthepath.
In otherwords,if theCCof anodeis ,thenodeperformsheCC calculation

times.Thisis inef cient. Fourth,nodesdo notknow thecorrectCC when
they processhe RREPmessageasillustratedin the exampleearlier As a
result,a nodecannotmale an admissioncontrol decisionwhenthereply is
processedThe correctCC is known only whenthe HPBM is receved from
eachCSN on the path. The admissioncontrol decisionis thereforedelayed
until thattime®. This additionaldelay dependson the topology of the path,
andin theworstcasds proportionato thelengthof the path.Fifth, theRREP
messagaeedsto be delayedat eachintermediatenodein orderto ensure
thatthe nodes HPBM is sentbeforethe RREP SinceHPBMsarebroadcast
messagesheirtransmissioris delayedat eachnodeby a smallrandomtime
(jitter) in orderto reducecollisions.If the RREPis not delayedcorrespond-
ingly, it may reachthe sourcenodebeforeall the HPBMs have beensent
andreceved, andthe sourcemay incorrectlyadmitthe ow. Finally, CACP
requiresnodelDs to be accumulatedn routing paclets,which increaseshe
paclet sizeandtheroutingload on the network andmakesthe pacletsmore
proneto collisions.

In thefollowing sectionwe describewo approachefor determiningthe
CC. Our proposedschemegdo not require high power transmissionsand
addressnary of CACP's otherdravbacks.

3. Proposed Solutionsfor Determination of the Contention Count

In this section,we describeapproaches$or determiningthe intra- av con-
tentioncount. The fundamentaldeabehindour approachess to usecarrier
sensinginformationto infer the CSN of eachnode.Throughchannelmea-
surementsand control paclet information,nodescaninfer their CSN from
regularpoweredtransmissionanddo notneedto increaseheir transmission
power. In Section3.1,we rst describeéhow carriersensings performedand
hov we canuseit to infer the neededinformation. Then,in Sections3.2
and3.3,wedescribeurtwo approached.ike CACP ourproposedpproaches
are integratedwith the route discorery procedureof reactve routing pro-
tocols. However, the basicideais independenbf routing and can also be
appliedto proactve routing ervironmentswith appropriatemodi cations.
Thisis brie ydescribedn sections3.4and3.5.

® The CC mustbe known in orderto estimatethe bandwidthconsumptionof the new
ow, asdescribedn Sectionl. To controladmissionthe nodethencompareghe estimated
bandwidthconsumptiorwith its availablebandwidthto decidewhetherthenen o w canbe
admitted.
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Figure 6. Diagramof receved signal strengthversustime. Signal strengthis utilized to
determinehelengthof pacletstransmittecby nodeswithin carriersensingange.

3.1. CARRIER SENSING AND PACKET SIZE MEASUREMENT

Whena nodetransmitsa paclet, all nodeswithin carriersensingrangecan
detectits carriersignal,thoughthey may not be ableto decodethe contents
of thepacletif they areoutsidereceptiorrangeof thesenderTheability of a
pacletto bedecodediependsiponits recevedsignalstrengthwhich varies
at eachrecever andis affectedby the distancefrom the senderand other
factors.We assumehatthe value of thereceved signalstrengthis provided
by thehardware.
Figure6 is a graphof receved signalstrengthover time at a given node.
If thereare no ongoingtransmissionsndthe channelis idle, the receved
power is small. Whena transmissioroccursat a nodewithin carriersensing
rangeof the receving node,the receved signal strengthis greaterthanthe
carriersensinghreshold( ) andthereceving nodeis ableto detect
the paclet. In the gure, the receved signal strengthof paclet X is above
, S0 the node can detectthis paclet transmissionlf the strength
of thereceved signalis greaterthanthe receptionthreshold( ), the
contentsof the paclet can be decodedihis happensvhen the recever is
within receptiorrangeof the senderReferringto the gure, pacletY canbe
receved anddecodedby the nodesinceits receved signalstrengthexceeds

If anodeis transmittinga paclet, the receved signalstrengthof its own
transmissionis extremely high and drowvns out the receved signalsfrom
ary simultaneoudransmission®f other nodes.Therefore,a node cannot
simultaneouslyransmitandreceve paclets.

Given the signal strengthmeasurementsy node can constructa graph
shawing the channektateovertime, similarto theonein Figure6. Fromthis
graph,it candeterminethe lengthof paclets. For example,in Figure6, the
nodemeasureghedurationof therecevedsignalcorrespondingo paclet X.
Fromthisduration , it caninfer thelengthof paclet X. Notethatalthough
paclet X cannotbe decodedits lengthcanstill bedetermined.

When simultaneougransmission®ccur the receved signal strengthof
thepacletsoverlaps However, thesignalstrengthof thehighestpower paclet
dominateghis measuremenihe ability to correctlydecodea pacletin the
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presencef noiseor othertransmissionslepend®n the capturethresholdof

the wirelesshardware. The capturethreshold( ) de nestherequired
proportionof signalpower for two differentsignalssuchthatthe radio can
properly receve the higher power signal (Woo et al., 2004). For example,
supposehereceved signalstrengthsf two pacletsare and . A node
cancapturepaclet X if . Similarly, if

pacletY canbecaptured!f neitherconditionis true,neitherpaclet X norY

arerecevableor decodable.

3.2. PRE-REPLY PROBE

Inour rst approachc¢alledPre-ReplyProbe(PRP) hodesontinuouslymon-
itor thereceved signalstrengthandrecordthe durationsof detectecpaclets
asdescribedn theprevioussectionThepacletdurationinformationis stored
by the nodein atable,which we call the carrier-sensingtable andis soft-
state,i.e. it is deletedafter sometime intenal. The operationof PRPcanbe
describeahroughthe exampleillustratedin Figure?. In the gure, thetable
belav eachnodecontainsthe time durationsof pacletssensedy the node.
Paclet durationmeasurementthat are not importantto the CC calculation
arenotshawn. Initially nodeA, the sourcewantsto nd arouteto nodeD,

thedestinationNodeA generatea RREQ,asshavn in step(l) of the gure.

Steps(Il) and(lll) shav thatthe requestis rebroadcasby eachintermedi-
atenodeasin the route discovery proceduredescribedn Section2.2. No
additionalprocessings requiredduringthis phase.

Whenthe destinatiorrecevesthe RREQ),it generates Pre-ReplyProbe
Messag€PRPM)asshavnin step(lV). Thecompletgpacletformatis shawvn
in Figure8. The sizeof the PRPMmessagés randomlyselectedy the des-
tination. Thissizein turnidenti es auniquetransmissiomuration,assuming
all nodesuseacommondatarate.For example considetthattherandomsize
selectedy the destinatiorresultsin atransmissiorduration . Thedestina-
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tion sendshe PRPMto the next hop towardsthe source.This transmission
is sensedy all nodeswithin carriersensingrangeof the destinationThese
nodesthenaddthevalue to their carriersensingables.Referringto step

(IV) in gure 7,the PRPMtransmissioroy nodeD is sensedy nodesB and

C, andbothnodesecordtheduration in theirtables.

Upon receptionof a PRPM,intermediatenodesprocesshe messagdy
forwardingit to the next hop toward the sourceas shavn in steps(V) and
(VI). Thetime durationof eachtransmissiorof the PRPMis recordedby
all nodeslocatedwithin carriersensingrangeof the senderin step(V) of
Figure7, transmissiorof the PRPMby nodeC is sensedndrecordecby all
othernodessincethey all lie within carriersensingangeof C.

Whenthe sourcereceves the PRPM, it locally broadcastshe message
one nal time, asshavn in step(VII). This broadcasis requiredto indicate
to all nodesalongthe pathwhetherthey arein the sources carriersensing
range.The durationis sensedandrecordedby the sources CSN. Oncethis

nal transmissiormccurs,eachnodehasmeasuredhedurationof the PRPM
messagesf all its CSNthatlie onthepath.

After sendinghePRPM thedestinatiorwaitsfor asmalltimeintenal and
thensendsa RREPto thesourceasin theregularroutediscovery procedure.
Thisis shavn in step(VIIl) of the gure. The RREPincludesthe sizeof the
PRPMmessage¢hat wastransmittedpreviously. Uponreceving the RRER
eachnodeon the pathusesthe PRPMsizeto calculateits CC by examining
the durationof paclets that were previously recorded For eachpaclet de-
tectedthat matchegshe PRPMsizefrom the RRER the CC is increasedy
one.For example,in step(VIIl), nodeC knows thatit hearda paclet of size

transmittedhreetimes,andit alsotransmittedhe PRPMonce.Fromthis
information,it determinests CC to be four. Eachnodealongthe pathcan
accuratelycomputeits CCin this mannerin stepq1X) and(X), nodesC and
B forward the PRPMto the sourceafter processingt anddeterminingtheir
CC.

The PRPapproachalleviatesmary of the dravbacksof CACP First, it
determineshe CC without high power transmissionsT his resultsin enegy-
savings, betterspatialreuseand reducedprobability of collisions. Second,
only the destinatiomodeintroducesa delayin the forwardingof the RRER

IP header (20 bytes)
PRPM size (2 bytes)

PRPM tall

Figure 8. PRPMpacletformat. Theshadedegionis variablein size.
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Figure9. Contentioncountcalculationwith RRT.

unlike the perhop delay introducedby CACP This reduceshe lateny of

determininghe CC,aswell astherouteacquisitionateng. Third, eachnode
onthe pathknows the correctCC whenthe RouteReplyis receved andcan
immediatelymale anadmissiorcontroldecision Moreover, eachnodeneeds
to calculatethe CC only once.Finally, the methodaddsonly oneadditional
eld totheRREPanddoesnotrequireaccumulatiorof nodelDs ontheroute
discovery messages.

The PRPmethodstill hasafew dravbacks.lt requiresanadditionalmes-
sage(PRPM)to be transmittedduring route discovery. This increaseghe
network overhead Also, the RREPIs delayedat the destinatiomnode. This
increasesherouteacquisitionlateng, andalsodelaysadmissiorcontrolde-
cisions.Finally, countingsensegacletsof a particulardurationcanproduce
erroneousesultdan thecaseof retransmissionar collisionsattheMAC layet
We addressnary of theseconcernsn our secondapproach.

3.3. ROUTE REQUEST TAIL

OursecondapproachRouteRequestail (RRT), remorestheadditionalmes-
saginganddelayfrom the PRPapproachAs in the previousapproachnodes
recordthe sensecpaclet durations.However, insteadof introducinga nev
paclet, a tail is attachedto RREQ pacletsin the RRT approachThis tail
hasa uniquesizeat eachnode.In otherwords,at eachnode,thelengthof a
RREQpacletis increasedy anamountuniqueto that particularnode.This
increasan paclet size senesto uniquelyidentify the RREQ transmission.
Thetail sizecanberandomlyselectedoy eachnode.Alternatively, it could
bederivedfrom thenodelD.

To describethe details of the RRT approachwe provide the following
example.In Figure9, the table belav eachnodelists the length of paclets
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it hasdetected(paclet lengthis inferred from the transmissiorduration).
Duringroutediscoery thesource nodeA, createsa RREQ.It appends tail
of uniquelengthto the paclet. In additionto thetail, a eld is insertedinto
theRREQmessageThis eld containsthesize, , of the pacletincluding
thetail. The completepaclet formatis shawvn in Figure10. The sourcethen
broadcasttheRREQasshawn in step(l) of Figure9. NodesB andC, which
lie within nodeA's carriersensingange recordthesizeof theRREQpaclet.

Uponreceving theRREQ,eachintermediatenoderemovesthetail added
by the previous nodeand attachesa new tail of a differentsize to identify
itself. It alsorecordsthe new paclet sizein the RREQby appendingt to the
sizesrecordedby previous nodeson the path.Thus,a list of randompaclet
sizesis accumulatedn the RREQ paclet. In step(ll) of Figure9, nodeB
rebroadcastthe RREQafterreplacingthetail, suchthatthe new sizeof the
pacletis . Eachof nodeB's CSN (nodesA, C andD) recordsthe paclet
of length  in its carriersensingtable. The sameprocedurds repeatecdat
nodeC in step(lll).

When the destinationreceves the RREQ, it repeatsthe procedurefol-
lowed by theintermediatenodesandrebroadcastthhe RREQonemoretime
asshawn in step(lV). Thisis requiredto indicateto othernodeson the path
whetherthey arewithin the destinatiors carriersensingange Notethatthis
is not necessaryf the ow is uni-directional,i.e., if the destinationis only
goingto receve datapaclets.Next, the destinatiorgenerates RREPR In the
RRERit includesthe accumulatedist of RREQpaclet sizes,includingthat
of itself. In the example,the destinationhodeD, placesthe list of paclet
sizes( ) in the RREPmessageNodeD thenunicastshe RREP
to nodeC asseenin step(V).

Whenanintermediatenoderecevesa RRER it calculatests CC for the
“ow by examiningits carriersensingtableandlooking for paclets of sizes
thatmatchthoseindicatedn theRREPR For eachpacletthatmatches paclet
sizefromtheRRERthe CC of thenodeincreasedy one.For example,in step
(VI) of Figure9, nodeB hasseerpacletsofsize , , and .Therefore,

IP header (20 bytes)

RREQ information (32 bytes

RREQ size at node 0 (4 bytes)
RREQ size at node 1 (4 bytes)

Accumulated list of RREQ sizes

Tail appended by last node

Figure 10. RREQpacletformatin RRT. Theshadedegionis variablein size.
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it calculatests CC to befour. NodeB thenforwardsthe RREPto nodeA as
shavnin step(VII).

TheRRT approachetainsmostof thebene tsof thePRPapproachilt re-
movesthe extramessagereededy the PRPapproachandinsteadncreases
the size of the RREQ. Transmissiorof a few extra bytesis lessexpensie
thantransmissiorof additionalpaclets. The RREQ paclet accumulateshe
variouspaclet sizesgeneratedy nodeson the path. Eachpaclet size can
berepresenteth oneor two bytes.Thisis lessexpensive thanaccumulating
nodelDs (4 bytes),particularlyif the 16 byte nodelIDs in IPv6 are used.
Finally, the RREPis not delayed.This resultsin quick routeacquisitionand
admissiordecisionpropagation.

The dravback of the RRT approachis that larger paclets have longer
transmissiordurations,and are thereforemore likely to sufier from colli-
sionswhenthe mediumis heaily loaded.Collisionsaffect the paclet dura-
tion measurementfadeby carriersensingneighborsasexplainedin Sec-
tion 3.1. Thisimpactsthe accurag of the CC calculation.

3.4. EXTENSION TO PROACTIVE ROUTING ENVIRONMENTS

The approacheslescribedn the previous sections,PRPand RRT, arein-
tegratedwith the route discorery procedureof a reactive routing protocol.
However, asmentionecdearlier the basicideaof usingcarriersensingnfor-
mationto detectcarriersensingieighborsanddeterminghecontentiorcount
is independenof the routingmechanismin this sectionwe brie y describe
how theideamaybeappliedto a proactve routingenvironment.

Proactve routingprotocolsdiscorerandmaintainroutesto all destinations
in the network at all times, irrespectie of whethera route to a particular
destinatioris currentlyrequired.n thisrespectthey aresimilarto traditional
routing protocolsfor wired networks. Popularproative routing protocolsfor
multihopwirelessnetworks, suchasOptimizedLink StateRouting(OLSR)
(Clausenret al., 2001) and Topology Broadcasbasedon Reverse-Rth For-
warding(TBRPF)(Bellur andOgier, 1999),arebasedon the link-staterout-
ing methodology We describehown our idea may be appliedto a generic
link-staterouting protocolfor multihopwirelessnetworks.

In link-staterouting protocols,eachnode determinests reachabilityto
one-homeighborsThisis calledthenodes link state Thelink statetypically
includesthelist of directly reachableeighborsandthe costof reachingeach
neighbor Thelink stateof every nodeis thenreliably disseminatedhrough-
out the network. The aggreation of link stateinformationfrom all nodes
in the network enablessachnodeto constructa map of the entire network.
The node can then use this map to determinethe shortestroute to every
destination Sincelink stateinformationis distributedin a reliablefashion,
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all nodesareguaranteedo synchronizeo anidenticalview of the network,
therebypreventingroutingloops.

Theideaof usingcarriersensingnformationto determinethe contention
countcanbeappliedto proactie link-stateroutingprotocolsin thefollowing
mannerAs in PRPandRRT, eachnodemeasureshe durationsandrecords
thelengthsof sensegacletsin its carriersensingable.Beforebroadcasting
its own link stateinformationto its neighborsgachnodeafx esa random-
sizedtail to thelink statepaclet. This resultsin a uniquepaclet lengthfor
thatnode.The uniquelengthis includedwith thelink stateinformation,and
therebydisseminatetb theentirenetwork. Notethattherandom-sizedail is
attachednly whena nodebroadcasti#ts own link stateinformation.When
broadcastinghelink stateinformationof othernodesfor distritution in the
network, the node ensureghat the tail is removed. Information aboutthe
originaluniquelength,however, is retainedn the paclet.

On receving link stateinformationfrom all nodesin the network, each
nodeknows theuniquepacletlengthassociateavith every othernode.It can
thendetermindts carriersensingneighborsby looking in its carriersensing
tableto determinewhich of the uniquepaclet lengthsit wasableto sense.
Then,to determinghecontentiorcountfor aroute thenodesimply compares
its list of carriersensingneighborsto the list of nodeson the route (it can
determinethis list from the network map). The intersectionof the two lists
givesthesetof contendinghodes Thenumberof suchnodeds thecontention
count.

In the next sectionwe brie y describenow ourideacanbe appliedwith-
outusingtheroutingprotocol.

3.5. CONTENTION COUNT DETERMINATION INDEPENDENT OF
ROUTING

The approacheproposedn this paper PRPand RRT, are integratedwith
theroutediscorery proceduref reactive routing protocols As statedearlier
this makessensesincea datasessioris typically precededby routediscovery
in areactve routing ervironment.However, this is not guaranteedo bethe
case.lt is possiblethat a nodealreadypossessea route to the destination
of interest.Neverthelessthe new datasessiorstill needsto be subjectedo
admissioncontrol, and so the contentioncountmustbe determinedIn this
sectionwe brie ydescribehow ourideamaybe appliedto suchasituation.
The proposedsolutionfor this situationis similar to the PRPapproach
describedn Section3.2. Onceagain,nodesmeasureandrecordlengthsof
sensegacletsin their carriersensingtables.Beforeadmittingthe new ses-
sion,thesourcenodegeneratearandom-sizethessagesimilartothePRPM,
andsendsit to the destinationalongthe multihop path. Intermediatenodes
forward the messageavithout any modi cation. On receving this message,
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Tablel. Contentioncountcalculationoverhead.

Approach | RREQ RREP Othercontrol RREQ RREP Othercontrol Delay CcC
sent sent packetsent size size packetsize calcs
CACP N M M (High power) Q+ M P+ Ml M* M*D1 K
PRP N M M Q P+J S D2 1
RRT N M 0 Q+M*J+T P+ M*J 0 0 1

Variables:

thedestinatiorsendsareply backto thesourceThereply containgheunique
lengthof thepreviousmessageiNhenforwardingthereply, eachintermediate
nodeexaminesits carriersensingableto determinehonv mary messagesf
thegivenlengthit wasableto senseThisnumbermivesthenodes contention
countfor thatroute. Thecontentioncountis thenusedby eachnodeto make
anadmissiorcontroldecision.

We have thusdescribechow our mechanisnto determinehe contention
countcanbeappliedin differentroutingscenariosln thefollowing sections,
we presentanalyticalandsimulation-basedomparison®f CACR, PRPand
RRT.

4. Analytical Comparison

In this sectionwe presenta simpleanalyticalcomparisorof thethreeproto-
cols:CACP, PRPandRRT. We compardheprotocolsonthenumberandsize
of controlpacletstransmittedthe numberof CC calculationgperformedand
theadditionaldelayincurredin determininghecorrectCC valueandthereby
completingroutediscorery. Note thatthis performancas for a singleroute
discovery. Tablel presentshecomparison.

As seenin Tablel, all threeprotocolstransmitthe samenumberof RREQ
paclets;thisis equalto thenumberof nodesn thenetwork (N) in mostcases.
Thenumberof RREPpacletsis alsothesamefor thethreeapproacheandis
equalto lengthof the path(M). Additionally, CACP transmitsM extra high
power paclets(HPBMs),oneateachnodealongtheselectegath,while PRP
requiresM extratransmissionatregulartransmitpowver (PRPMs)RRT does
nottransmitary extramessages.

In CACP, theRREQpacletsaccumulatéhelDs of thenodeghey traverse,
sothesizeof the pacletsincreaseby M*I, wherel is thesizeof thenodelD.
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Similarly, RREQpacletsin RRT accumulat¢helengthsof thetailsappended
by nodesonthepath.This causeshepaclet sizeto increaseby M*J, whereJ
isthesizeof ashortinteger(J ). Additionally, theRREQpacletcarrieghe
tail appendedy thelastnodetraversed which causes furtherincreaseof T
in thepacletsize.RREQsin PRPdo not carryary additionalinformation,so
thereis noincreasen size.A correspondingncreasen theRREPsizeoccurs
for CACPandRRT. The RREPin PRPmustcontainthelengthof the probe
thatwassentby thedestinationandhencethesizeincreased®y J.

Next, we look at the size of additionalcontrol messagesisedby each
protocol. CACP HPBMs containthelist of nodelDs on the path,andhence
their sizeis M*l. PRPMshave a randomsize of S. RRT hasno additional
controlmessages.

The extra delay incurredin the CC calculationand route acquisitionis
proportionalto the length of the pathin CACP sincethe forwarding of the
RREPIs delayedateachintermediatenodeby aconstantime (D1).In PRRa
constanextradelay(D2) occurssincethe RREPIs delayedy this valueonly
at the destinatiomode.RRT requiresno additionaldelayover thatincurred
by regular route discovery. Finally, in CACP, eachnode calculatesghe CC
K times,whereK is the nal CC value,sincethe CC calculationmustbe
repeateckachtime an HPBM is receved from a CSN on the path.In both
PRPandRRT, the CCis calculatedust onceat eachnodewhenthe RREPis
processed.

SincebothCACPandPRPintroduceadditionalcontrolpaclets,we expect
theirroutingloadto beincreasedThis increaseshouldbe greaterfor CACP
dueto its larger control paclet. Also, both CACP andRRT increasehessize
of the RREQ paclet. We expectthat the effect of this increasein size on
theroutingloadwill dominatethatof the additionalcontrolpacletsin large
networks sinceRREQpacletsare oodedthroughoutthe network while the
additionalcontrol paclets are unicastonly alongthe route. Further CACP
is likely to have the largestroute acquisitionlateny sinceit introducesan
additionaldelayproportionatto thelengthof the path,while RRT's routeac-
quisitionlateng is likely to bethesmallestOur simulationresults presented
in the next section justify our expectations.

5. Simulation-based Evaluation

We comparehe accurag andoverheadf the threeprotocolsusingsimula-
tion. The NS-2 simulator(Fall andVaradhan1999)is usedfor this purpose.
We implementthe three mechanism$y making appropriateextensionsto
the AODV-UU NS-2 implementationNordstromand Wiberg, 2004) of the
AODV routing protocol. AODV path accumulation(Gwalani et al., 2003),
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Tablell. Defaultsimulationparameters.

Parameter Value
Simulator NS-2
Propagatiormodel Two ray ground
MAC protocol IEEE802.11
Receptiorrange(RxR) 250meters
Capturethreshold 10.0
Recever interferencalistancgRID) 440meters
Carriersensingange(CSR) 690meters
Regulartransmissiompower 0.2818W
High transmissiompower (for CACP) 16.6035W
DelaybetweerHPBM andRREPfor CACP 20ms
DelaybetweerPRPMandRREPfor PRP 30ms
Maximumsizeof PRPM 20bytes
Trafc type CBR
CBRpacletsize 512bytes

wherethelDs of intermediatenodesareaccumulatedn AODV routingpack-
ets,is usedto enableCACPto discover theidentitiesof all nodeson a path.

In additionto thethreeprotocols we alsoimplementa fourth mechanism
thatcalculateshe CC from aglobalview of thenetwork. This method which
we call theldeal method alwayscomputeghe CC accuratelythroughglobal
knowledgeandprovidesuswith areferencedor determiningthe accurag of
the otherprotocols.We notethatsucha methodcannotbe implementedn a
realnetwork becausef theimpracticalityof globalknowledge.

In the following sectionswe describeour simulationparameterandde-
ne theperformancenetricsusedto compareheprotocols Thisis followed
by a descriptionof the simulationscenariosandthe performanceesultsob-
tained.

5.1. SIMULATION PARAMETERS

Tablell presentghe simulationparameterandtheir default values.To
prevent collisions of receved paclets, the carriersensingrangeshouldbe
setto (RxR + RID) (ChaleresandBelding-Rger, 2004),whereRxR is the
receptionrangeand RID (recever interferencedistance)is the minimum
separatiobetweerarecever andanothersendesuchthatthe senders trans-
missionsdo not affect the recever's ability to receve pacletsfrom its own
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senderWith our settingsfor receptionthreshold capturethresholdandreg-
ular transmissiorpower, RID turns out to be 440m. We thereforeset the
carriersensingangeto (250+ 440)= 690m.

CACP's HPBMs needto be sentat a sufciently high power suchthat
they mayberecevvedby all nodeswithin carriersensinglistanceThepower
requiredfor reachinga distanceof 690min NS-2is 16.6035Wascompared
to 0.2818Wfor reachingheregularreceptiorrangeof 250m.Thesigni cant
increases dueto thefactthattransmissiorpower grows hyperbolicallywith
increasinglistance.

The valuesfor HPBM and PRPM delays,as well as PRPM size, were
obtainedexperimentallyWe omit the detailsof thesesxperimentglueto lack
of space.

CBRis usedasthetrafc applicationwith thedatapaclet sizesetto 512
bytes.The bandwidthanddurationof the datasessionss variedin different
experimentsFurtherdetailsareprovided in Section5.3. Sinceour datases-
sionsare uni-directional,we do not includethe destinationnodein the CC
calculation.

5.2. PERFORMANCE METRICS

We comparehe protocolsbasedn thefollowing performancenetrics:

CCerror: Thisis theaveragdifferencebetweerthe CC obtainedy the
protocolbeingtestedandthat obtainedby the Ideal methoddescribed
in Section5. This metric indicatesthe accurag of eachprotocolin
computingthe CC. Thelower the error, the moreaccuratehe protocol.

CC latency: This is the averagedelayincurredin calculatingthe CC
from thestartof theroutediscovery procedureA quick determinatiorof
CCisimportantfor atimely admissiorcontroldecision A high valueof
CClateny increaseshedelayexperiencedy application ows waiting
for admissiorinto the network.

Number of CC calculations: This is the averagenumberof CC calcu-
lations performedby eachnodebeforethe nal CCis obtained Fewer
CC calculationsarepreferredfor simplicity andef ciency.

Number of control packetstransmitted: Thisis ameasuref theover
headimposedon the network by the protocol. Eachtransmissiorof a
control paclet by anintermediatenodeis countedasonetransmission.
The size of the control paclets is ignoredin this metric. It is desir
able to reducethe numberof control paclet transmissionsincethey
costenegy andconsumenetwork bandwidth.The lower the numberof
transmissionsthe lower the overheadandgreaterthe ef ciency of the
protocol.
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Number of control bytestransmitted: Thisis anothemetricfor mea-
suringthenetwork overheadmposedby the protocol.lt is similarto the
previous metric, exceptthat herewe measurecontrol bytestransmitted
ratherthancontrol paclets,i.e. the sizeof control pacletsis takeninto
accountAgain,alow valuefor this metricis desirable.

Number of control packets processed per node: This metricindicates
theefciency of theprotocol.Receptiorandprocessingf controlpack-
etscostsenegy. It is thereforedesirabldor nodego receve andprocess
asmallnumberof controlpaclets.

Route acquisition latency: Thisis thetime interval betweerthe initi-

ation of route discovery by a sourceand the correspondingeceiptof
aroutereply A lower routeacquisitionlateny correspondso a faster
responseime to theapplication.

Data packet delivery fraction: Thisis thefractionof datapacletssent
by a sourcenodethatreachthe destinationlf the overheadmposedby
a protocolis too high, it interfereswith the network's ability to deliver
pacletsto their destinationsThis metricis thusa measuref the effec-
tivenesof the protocolin enablingsuccessfublatapaclet delivery. A

high valuefor this metricis desirable.

5.3. SIMULATION SCENARIOS

We usetwo simulationscenarioso testthe protocolsin the rst scenarioten
nodesarearrangedn asimpletopologyin orderto obsere the performance
of the protocolsin a simpledeterministicervironment.The secondscenario
consistof 50 nodesplacedin randomtopologies.

We do notconsidemodemobility in our experimentsOn-demandouting
protocolsassumehatthetopologyof anetwork is fairly staticfor theduration
of theroutediscorery procedureSincethe CC determinations apartof route
discovery, we canmale the sameassumptionUnderthis assumptionmobil-
ity doesnot signi cantly affect CC determinationTherefore for simplicity,
we only simulatestatic topologiesin this paper Note that mobility could
causethe CC of a ow to changeafterthe ow hasbeenadmitted,andthis
couldimpacttheQoSof the ow. Hencejt maybebene cialto continuously
monitorthe QoSandre-evaluatethe admissiondecision,whennecessaryjn
amobileervironment.

Line topology: Our rst simulationscenariais illustratedin Figure11 and
consistsof ten nodesplacedin two parallellines. The distancebetweerthe
linesis greaterthanthereceptionrangeof the nodes sonodesfrom oneline
cannotcommunicatevith thosefrom the other However, thenodesrom the
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Session 1 (Backgyund)

® ® @ ® 0

400m _200m
© @ @ ® @

Session 2

Figure 11. Line topology

two lines arewithin carriersensingrangeof eachother andthereforethey
contendfor mediumaccess.

Two CBR datasessionsare createdn this experiment.The CC determi-
nationprotocolcomesinto play duringthe routediscovery performedat the
startof eachdatasessionThe rst sessionpetweemnodes5 and9, actsas
the backgroundsessionijts purposeis to generatdoad in the network. We
vary the bandwidthof this sessiorfrom 20 to 100 Kbpsin orderto obsere
the performanceof the protocolsunderdifferentamountsof network load.
The seconddatasessionbetweemodesO and4, startsafterthe rst session
hasdiscorereda route and commencediatapaclet transmissionsThe CC
determinatiorprotocolsare evaluatedduring the startof the secondsession.
Sincethe two sessiongontendfor mediumaccessthe performanceof the
CC protocolsis impactedby theload createdoy the backgroundsession.
Random topology: Thesecondsimulationscenariaconsistof 50 nodesan-
domlyplacedn a1500mx 650mareaResultsareaveragedvertendifferent
randomtopologiesOneto vebackgroundiatasessionsf 20 Kbpseachare
createdn eachsimulation.Consequentythe network load varieswith the
numberof sessionsAfter all the backgroundessionsiave beenestablished,
anew datasessions started.The performancef the CC protocolsis evalu-
atedatthe startof this lastdatasessionSincethe backgroundsessionsirein
progressvhile thelastsessioris establishedthe CC protocolperformancés
impactedby thelevel of network loadcreateddy the backgroundsessions.

5.4. SIMULATION RESULTS

Figurel2shavstheresultsfromthe rst simulationscenarioEachdatapoint
is averagedver 10 simulationrunswith therandormumbergeneratoseeded
differently in eachrun. We do not plot the datapaclet delivery fraction for
this scenaricsinceit is 100%for all the protocols.

As seenn Figurel2.a,CACPperformsanaccurateCC calculationin this
simplescenarioBoth PRPandRRT have non-zercerrorasthenetwork load
increasesThecorrectoperatiorof theseprotocolsdepend®ntheability of a
nodeto correctlysensehedurationof transmission&rom its carriersensing
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neighborslf multiple transmissiongollide at a node,the nodemay not be
ableto distinguishbetweerthem,resultingin anerroneousneasuremenfs
network loadincreases;ollisionsoccurmorefrequentlyandsotheaccurayg
of PRPandRRT diminishes However, themaximumerroris lessthan0.7in
this scenario.

Figure 12.b depictsthe averagelateny of the CC determinationCACP
hasthe highestlateny sinceit involves a delay at eachhop betweenthe
broadcasbf theHPBM andtheretransmissionf the RREP Also, in CACP,
thecorrectCCis notnecessarilknovn whenthe RREPIs processedndcan
changeasHPBMsarereceved from nodesfurtheralongthe path.RRT has
the lowestlateny sinceit involves no extra delaysfor the CC calculation.
Also, the nal CC is known whenthe RREPis processedThe lateny of
PRPis alittle higherthanRRT dueto the extra delayinjectedby the desti-
nationbetweerthetransmissiorof the PRPMandthe RREP Thelateny is
signi cantly lower thanthat of CACP. The route acquisitionlateng of the
protocolsasshavn in Figurel2.c,is affectedby similarreasonsThelateny
is lowestfor RRT andhighestfor CACP.

The numberof CC calculationsgperformedby eachnodeis presentedn
Figurel12.d.Both PRPandRRT computethe CC only whenprocessinghe
RREPR CACP on the otherhand,mustrecalculatehe CC aftereachHPBM
is receved,andsothe averagenumberof calculationds equalto the CC.

Figures12.e and 12.f indicate the network overheadimposedby each
protocol.As seenin Figure 12.e, CACP and PRPtransmita highernumber
of control pacletsthan RRT; this is dueto the transmissiorof the HPBM
and PRPM, respectiely, at eachhop alongthe path. We notethat HPBMs
aresentat a highertransmitpower andthereforeconsumemoreenegy than
the PRPMs.RRT transmitsthe lowest numberof control paclets sinceno
additionalpaclets are generatedtherthanthoserequiredby regular route
discovery. Figure 12.f shaws the byte overhead.Since CACP haspathac-
cumulationon the AODV paclets, plus extra control paclets containingthe
identitiesof all thenodeson theroute,its byte overheads highest.The byte
overheadf RRT is next, sinceeachRREQpacletis extendedwith atail. PRP
hasthelowestbyteoverheadsincethe RREQ/RREacletsdonotcarryary
extra information.In PRR thereis an additionalcontrol messagehowever,
this messagés fairly smallin sizeandis only transmittedalongthe selected
path.Thisis unlike the RREQsthataretransmittedhroughouthe network.

In Figure 12.g, we obsere the averagenumberof control paclets pro-
cessedby eachnodefor asingleroutediscorery. Thisnumbelis signi cantly
higherfor CACP sincethe HPBMs arereceved andprocessedy all nodes
within carriersensingrange.PRPandRRT arefar moreefcient in thisre-
gard.Thenumberof controlpacletsprocesseds slightly higherfor PRPthan
for RRT becaus®f theextra PRPMtransmissions.
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Figure 13 presentghe resultsfrom the randomtopologysimulations As
seenin Figurel3.a,CACPshavs non-zercerrorin the CC calculationin this
scenarialueto theoccasionatollisionof HPBMswith otherpaclets.Theer
roris still higherfor PRPandRRT sincethesemethodsely oncarriersensing
informationandarethereforeaffectedmoresigni cantly by collisions.The
maximumerror, however, is only aboutone.

Figuresl3.b,13.cand13.dshav theaverageCClateng, routeacquisition
lateny andnumberof CC calculationsrespectiely. Thesegraphsall follow
the sametrendsasthe previous simulationscenaridfor the samereasonsas
describeckarlier

Thenetwork loadof theprotocolss shavnin Figuresl3.e, 13.fand13.g,
respectiely. In this largertopology the numberof control bytestransmitted
by RRT is higherthan CACPR, as seenin Figure 13.f. With more nodesin
the network, thereare more RREQ transmissionsand so the effect of the
RREQtail exceedghatof theadditionalcontrolmessagesm CACPandPRP
CACP's overheads still higherthanthatof PRPdueto thelargersizeof the
HPBM messageslhe numberof control pacletstransmittedand processed
by eachnode,asseenin Figuresl3.eand13.g,respectiely, increasesvith
the increasingnumberof backgroundsessiongdue to the greaternumber
of routediscoveriesperformed.The relative trendsof the threeprotocolsin
thesegures arethesameasin the previoussimulationscenaridor the same
reasons.

Finally, in Figure 13.hwe obsere thatthe datapaclet delivery fraction
is slightly lower when using CACP comparedo the other protocols.This
is becauseCACP's high power messagedmpact other transmissionsn a
larger areaand increasethe numberof collisions. As route discoseriesare
performedmorefrequently this effect becomesnorepronouncedndcauses
higherpacletlossin the network.

5.5. OBSERVATIONS

The simulationresultspresentedn the previous sectionindicate that the
main strengthsof the proposedprotocols,PRPand RRT, are low network
overheadand reducedresourceconsumptioras comparedo CACP. These
approacheslsofacilitate a quick admissioncontrol decisionby requiringa
lower lateng to determinghe contentioncount. Theirweaknesshowever, is
thatthe contentioncountis not alwaysdeterminedaccurately(althoughthe
erroris low). An errorin determinatiorof contentioncountleadsto anerror
in estimationof the bandwidthconsumptiorof the ow, which in turn can
causeanincorrectadmissiorcontroldecision.

Fromthesecharacteristicsit is clearthat PRPand RRT are mostappli-
cablein scenarioswhere an occasionalerror in admissioncontrol can be
toleratedn orderto reduceesourceonsumptiormndimprove responséime.

sanzgiri_nonet.tex; 4/01/2005; 17:14; p.26



27

Thisis likely to bethe casefor a large percentagef networks; mary appli-
cationsarenot mission-criticalandcantolerateoccasionaérrors,while most
wirelessnetworks areresourceconstrainegndlow resourceconsumptions
highly desirable For mission-criticalapplicationswvhereno errorin admis-
sioncontrolcanbetolerated CACP maybe moreapplicable althoughit too
producesmallerrorsin larger networks. The disadwantagesf usingCACP
arehigherenegy consumptiongreateroverheadandslover responsé¢ime.

6. Conclusion

Nodeson a multihop path contendwith eachotherfor accesgo the shared
wirelessmedium.This leadsto intra- ov contention,i.e contentionamong
pacletsthatbelongto asingle ow alonga multihoppath.Thebandwidthre-
quirementof the ow correspondinglyncreaseDeterminatiorof the num-
berof contendinghodesis importantin orderto properlyestimatehe band-
width requirement®f a ow andmale a correctadmissiorcontroldecision.
In this paper we proposetwo nenv approacheso determinethe numberof
othernodesonamultihoppaththatcontendwith agivennodefor mediumac-
cess.This numberis calledthe contentioncount.Our approachesre-Reply
Probe(PRP)and Route RequesfTail (RRT), are basedon the fundamental
ideathat carriersensinginformation, suchasthe durationof sensedrans-
missionscanbe usedto gatherinformationaboutcarriersensingneighbors.
Thisideais thecentralcontritution of this paperWe compareourapproaches
with the ContentionAware AdmissionControl Protocol(CACP),which uses
high powver transmissiongo enablenodesto communicatavith their carrier
sensingneighbors.The resultsof our simulationsshav that althoughPRP
andRRT areslightly lessaccuratehanCACPin determiningthe contention
count, the small error is heaiily outweighedby bene ts suchas reduced
network load,lower enegy consumptiorandfasterresponsd¢ime.
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