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Abstract.
Several applicationshave beenenvisionedfor multihop wirelessnetworks that require

differentqualitiesof servicefrom thenetwork. In orderto supportsuchapplications,thenet-
work mustcontroltheadmissionof �o ws.To make anadmissiondecisionfor anew �o w, the
expectedbandwidthconsumptionof the�o w mustbecorrectlydetermined.Dueto theshared
natureof the wirelessmedium,nodesalonga multihoppathcontendamongthemselvesfor
accessto themedium.This leadsto intra-�ow contention;contentionbetweenpacketsof the
same�o w forwardedby differenthopsalongamultihoppath,resultingin anincreasein theac-
tualbandwidthconsumptionof the�o w to amultipleof its singlehopbandwidthrequirement.
Determiningthe amountof intra-�ow contentionis non-trivial sinceinterferingnodesmay
notbeableto communicatedirectly if they areoutsideeachother's transmissionrange.In this
paperwe examinemethodsto determinethe extent of intra-�ow contentionalongmultihop
pathsin both reactive andproactive routing environments.The highlight of the solutionsis
that carrier-sensingdatais usedto deduceinformationaboutcarrier-sensingneighbors,and
no high power transmissionsarenecessary. Analytical andsimulationresultsshow that our
methodsestimateintra-�ow contentionwith low error, while signi�cantly reducingoverhead,
energy consumptionandlatency ascomparedto previousapproaches.

1. Introduction

Theeasyavailability, increasingcapabilitiesanddecreasingcostsof wireless
computingdevices,togetherwith the advancementof wirelesscommunica-
tion technology, have madewirelessmultihop networks possibleandprac-
tical. Thesenetworkshave signi�cant advantagesover traditionalwired and
infrastructuredwirelessnetworks,suchasquick andeasydeployment,self-
con�guration, self-management,andno requirementfor establishedinfras-
tructure.Theseadvantagesmakewirelessmultihopnetworkshighlydesirable
in many deploymentscenarios.

Several multimediaapplicationsthat have beenenvisionedfor wireless
multihopnetworksinvolve thestreamingof real-timedata.Suchapplications
are typically sensitive to end-to-enddelay and jitter and requireeither re-
sourceguaranteesor priority servicefrom thenetwork. This is differentfrom
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traditionalapplications,suchasbulk datatransfer, thatrequireonlystore-and-
forwardcapabilities.In orderto effectively supportthesediverseapplications,
thenetwork mustbecapableof offering differentqualitiesof service(QoS)
basedon theneedsof theapplication.

It is not possibleto guaranteeservicequality andresourceavailability to
application¯ows in wirelessnetworks without controlling traf�c admission
into the network. To control wirelesscontention,the network must ensure
thatsuf�cient resourcesareavailablefor anew ¯ow beforethe¯ow is admit-
ted.Further, the new ¯ow shouldnot adverselyaffect theservicequality of
otherongoing¯ows.Admissioncontrolis thusanimportantcomponentof a
network QoSsolution.

In order to make an admissioncontrol decision,the network must �rst
accuratelyestimatetheresourcesthata ¯ow will consumeif admitted.Since
bandwidthis an importantresourcefor severalmultimediaapplications,we
focus on estimationof bandwidthconsumptionof a ¯ow in this paper. In
wired networks,this problemis trivial; thebandwidthconsumedby the¯ow
is simply equalto thatoriginally requestedby theapplication.For example,
if anapplicationrequests16 kbpsbandwidthfrom thenetwork, theresulting
¯ow will consume16kbpsateveryhopalongtheroute.

Theproblemis signi�cantly morecomplicatedin wirelessmultihopnet-
works dueto the sharednatureof the wirelessmedium.A wirelessnode's
transmissionsconsumebandwidthsharedwith other nodesin its vicinity
sincethesenodescannotsimultaneouslyaccessthe sharedmedium.More
speci�cally, wirelesstransmissionsconsumebandwidthat all nodeswithin
the carrier-sensingdistanceof the transmittingnode.This carrier-sensing
rangeis explainedin detail in Section2.1. Further, multiple nodesalonga
multihoppathmaybe locatedwithin carrier-sensingdistanceof eachother.
This causesnodesto contendfor mediumaccessandpreventssimultaneous
transmissions.This in turn leadsto intra-¯ow contention,i.e.,contentionbe-
tweenpacketsbelongingto asingle¯ow thatareforwardedat differenthops
alongamultihoppath.

To calculatethe intra-¯ow contentionof nodesalongthe path, it is im-
portantto know the contentioncount of eachnode.The contentioncount
(CC) at a nodeis thenumberof nodeson themultihoppaththatarelocated
within carrier-sensingrangeof the given node.In otherwords,the CC at a
nodecan be de�ned as the intersectionof the set of nodesthat lie on the
multihoppathwith thesetof nodesthatlie within carrier-sensingrange.Intra-
¯ow contentionhasa signi�cant impacton thebandwidthconsumedby the
¯ow. The effective bandwidthconsumedby a ¯ow at eachnodeis the CC
times the single hop ¯ow bandwidthrequestedby the application.Hence,
determinationof the CC is importantto accuratelyestimatethe bandwidth
consumptionof a ¯ow, andtherebymake a correctadmissioncontrol deci-
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sion1. Unfortunately, calculationof theCCis dif�cult sincethereis nosimple
wayfor anodeto determineits carrier-sensingneighbors,i.e. thesetof nodes
that are locatedwithin carrier-sensingrange.As explainedin Section2.1,
a nodecannotdirectly communicatewith nodesthat arelocatedoutsideits
transmissionrange.

Earlyattemptsatadmissioncontrolin wirelessmultihopnetworksignored
the effect of intra-¯ow contention.To the bestof our knowledge,only one
solutionhasbeenpreviouslyproposedthatcorrectlycomputestheCC(Yang
andKravets,2003).Thissolutionuseshighpower transmissionssothateach
nodecanreachits carrier-sensingneighbors,learntheir identitiesandthereby
calculatetheCC. Unfortunately, high power transmissionsrequirea capable
radio and are expensive in termsof both energy and the numberof nodes
impactedby thesetransmissions.

In this paper, we examinetwo approachesto determinetheCC. The�rst
approachremovesall highpowertransmissions.Thesecondapproachfurther
increasesperformanceby removal of all additionalcontrolmessagesanduses
onlyexistingroutingcontrolmessages.Throughsimulation-basedevaluation,
weshow thatbothproposedmethodsoutperformprevioussolutionsin terms
of overhead,power anddelay, while computingtheCCwith low error.

The remainderof this paperis organizedasfollows. Section2 provides
backgroundinformationon wirelesstransmissions,on-demandrouting pro-
tocols, intra-¯ow contentionand previous work. In Section3 we describe
approachesto determinethe CC. In Sections4 and5 we evaluatethe per-
formanceof the different techniquesfor calculatationof the CC. Finally,
Section6 concludesthepaper.

2. Background

In thissectionwediscussbackgroundinformationthatis necessaryto under-
standandanalyzethesolutionspresentedin thispaper. Section2.1describes
thenotabledistancesfor wirelesscommunication.In Section2.2,we brie¯y
describethe routediscovery procedureusedby several popularon-demand
routing protocols,suchasAODV (Perkinset al., 2003)andDSR (Johnson
et al., 2003).Our proposedmethodsfor calculatingtheintra-¯ow contention
areintegratedwith theon-demandroutediscoveryprocedure.Section2.3ex-
plainstheconceptof intra-¯ow contentionin detail,andSection2.4 reviews
previouslyproposedapproachesfor determiningtheCC.

1 Note that the CC calculationis only one of the componentsrequiredfor a complete
admissioncontrol solutionfor multihopwirelessnetworks. In additionto this, anadmission
controlsolutionmustdeterminebandwidthavailability andaddressissuessuchasinter-�o w
contention.
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Figure1. Notablerangesof IEEE802.11wirelesscommunication.Nodeswithin
receptionrangearecalledneighbors(N), while thosewithin carrier-sensingrangearecalled
carrier-sensingneighbors(CSN).

2.1. IMPACTED AREA

In thissection,wedescribethenotablerangesof IEEE802.11wirelesscom-
munication.Knowledgeof theserangesis necessaryto understandthe con-
ceptsof intra-¯ow contentionandcontentioncount.

Within ashortrange,wirelessnodesarecapableof directcommunication.
Themaximumseparationbetweenasenderandreceiver for successfulpacket
receptionis calledthereceptionrange(RxR),asshown in Figure12. Nodes
within RxR of a particularsendercandirectly communicatewith thesender
andareconsideredits neighbors(N).

The maximumdistanceat which a nodecan detectan ongoingpacket
transmission(carriersignal) is calledthe carrier-sensingrange(CSR).This
rangeis typically muchlargerthanthereceptionrange.Nodesthatarewithin
the CSRof a senderarecalled its carrier-sensingneighbors(CSN). These
nodesdetecta transmissionbut may not be able to decodethe packet if
they areoutsideRxR. In wirelessMAC protocolsbasedon CSMA, suchas
IEEE 802.11,all CSNof thesenderareunableto initiate a packet transmis-
sionwhile thesenderis transmittingbecausethey sensethechannelis busy.
This helpsavoid collisionsat receivers.The larger the CSR,the fewer the
collisions,at thecostof reducedspatialreuse.

2.2. ON-DEMAND ROUTE DISCOVERY

Whenusingon-demandroutingprotocols,datasessionsin multihopwireless
networks aretypically precededby routediscovery to �nd a routebetween
the sourceanddestinationnodes.Sinceadmissioncontrol needsto be per-
formedbeforea sessioncommences,admissioncontrolproceduresareoften
integratedwith routediscovery3. CCdeterminationis requiredfor admission

2 While werepresentthetransmissionandcarrier-sensingrangesascirclesin thispaper, in
reality they arenot perfectcircles.Wirelesssignalpropagationis in�uencedby many factors,
includingmultipathinterference,obstacles,andotherphenomena.

3 Oneconcernhereis that the routediscovery �ood may itself affect the servicequality
of ongoingsessions.This canbe handledby the MAC layer by reservinga portion of the
bandwidthfor controltraf�c andrestrictingthecontroltraf�c to this limit.
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Figure2. On-demandroutingprotocolroutediscovery.

control. We thereforeintegrateour solutionsfor determiningthe CC with
theon-demandroutediscovery procedure.Note thatour proposedsolutions
areconceptuallyindependentof routing,andcanalsobe appliedto proac-
tive routing environmentswith appropriatemodi�cations, as describedin
Sections3.4and3.5.

Most reactive routing protocols,suchas AODV (Perkinset al., 2003)
andDSR (Johnsonet al., 2003),have similar routediscovery mechanisms.
Figure2 shows a simplenetwork topology. NodeS, the source,wishesto
communicatewith nodeX, the destination.NodeS startsthe routediscov-
ery procedureby broadcastinga RouteRequest(RREQ)packet. Every node
that receivesthe requestre-broadcastsit until it reachesthe destination4. In
the �gure, the requestis broadcastby nodesR and V, and �nally reaches
nodeX. The destinationnodethenunicastsa RouteReply (RREP)backto
thesource,nodeS.Thereplytravelsbackonthesameroutethatwasfollowed
by the request,and�nally reachesthe source,therebycompletingthe route
discovery.

In AODV, intermediatenodessetup a reverserouteto the sourcewhen
they receive the requestand a forward route to the destinationwhen they
receive the reply. Thus,nodesareonly awareof the next hop on the route
anddo not know the identity of othernodesthat lie on the path. In DSR,
on the other hand,eachnodeappendsits addressto the RREQ beforere-
broadcastingit further. Each instanceof the requestthus accumulatesthe
addressof eachnodeit hastraversed.Whenthe requestreachesthe desti-
nation,thedestinationcopiesthelist of addressesto thereplyandunicastsit
alongtheaccumulatedpathusingsourcerouting.This addressaccumulation
may be bene�cial for routecachingor, aswe discusslater, calculatingthe
CC.

4 This is a generalization.In somereactive routing protocols,intermediatenodeswith
routesto thedestinationcanalsoreply. However, if admissioncontrolis integratedwith route
discovery, it is oftendesirablethattheRREQpacket travelsto thedestinationsothatresource
availability maybecheckedalongtheentireroute.
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Figure3. Exampleof intra-�ow contention.For thispath,theCCatnodesA, B andC is three.

2.3. CALCULATING THE CONTENTION COUNT

As statedin Section1, theCCatanodeis de�nedastheintersectionof theset
of nodesthatlie onthemultihoppathwith thesetof carrier-sensingneighbors
(CSN).Therefore,to calculatetheCCataparticularnode,thelist of CSNand
theidentity of thenodeson thepath(NoP)mustbeknown. Giventhese,the
CCfor node� is: ��� ����� ���
	 ��� 	�
�� ����� (1)

The�rst termis thenumberof competingCSN,andoneis addedto account
for the impactof node � itself. As anexample,nodeA in Figure3 commu-
nicateswith nodeD via nodesB andC. Eachpacket transmittedby nodeA
mustbe forwardedby nodesB andC in order to reachnodeD. However,
nodesA, B, andC lie within carrier-sensingrangeof eachother, andsoonly
oneof thesenodescantransmitatany giventime.TheCCateachnodein this
exampleis thereforethree.Note that the valuefor the CC maybe different
at eachnodealonga multihoppath,sinceit dependson the topologyof the
route.

Calculationof theCC is dif�cult, primarily becausea nodehasno direct
methodfor communicationwith other nodesthat are outsideof its trans-
missionrangebut within its carrier-sensingrange.Consequently, thereis no
straightforwardmethodto determinethesetof carrier-sensingneighbors.One
solutionis to usehighpowertransmissions(YangandKravets,2003),but this
methodhasseveraldrawbacks,suchasconsumptionof additionalenergy and
anincreasein collisions.In this paper, weexaminemechanismsto detectthe
CSNthatlie onamultihoppathwithout theuseof highpower transmissions.

2.4. RELATED WORK

QoSin wirelessmultihopnetworksis a popularareaof research,andseveral
QoSroutingandadmissioncontrolsolutionshavebeenproposed(Ahn etal.,
2002)(Leeet al., 2000)(Perkinsand Belding-Royer, 2001).Many of these
solutionscompletelyignoretheeffectof intra-¯ow contention.To thebestof
our knowledge,two approachesto determinethe CC have previously been
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Figure4. Contentioncountcalculationwith CACP.

developed.In the following, eachof thesealgorithmsis describedandtheir
drawbacksarementioned.
Ad hoc QoS On-demand Routing (AQOR): In AQOR (Xue and Ganz,
2002),theauthorscorrectlyconsiderthatasinglewirelessnodecannottrans-
mit andreceive messagessimultaneously. However, they ignorecontention
betweenmultiplenodesthatarelocatedwithin carrier-sensingrange.As are-
sult,giventheper-hop¯ow bandwidth( ����� ) andassumingabi-directional
traf�c ¯ow, the ¯ow bandwidthrequirementat eachnode on the path is��� ����� sinceeachnodemustbothreceive andsendpacketsfor each¯ow.
This simple formula doesnot work in the generalcasewhen the carrier-
sensingrangeis larger thanthe receptionrange.For example,in Figure3,
theCCat eachnodeis three,but AQORcomputesit to betwo.
Contention-aware Admission Control Protocol (CACP): CACP(Yangand
Kravets,2003) is an admissioncontrol solution for wirelessmultihop net-
worksthattakesintra-¯ow contentioninto consideration.Sincedatasessions
aretypically precededby routediscovery whenusingreactive routing pro-
tocols,admissioncontrol is integratedwith the routediscovery mechanism.
In this paper, we focusonly on CACP's mechanismfor calculatingtheCC,
anddonotconsiderthebandwidthavailability determinationor theadmission
controlportionof theprotocol.

In CACP, nodesusehigh power transmissionsto communicatedirectly
with their carrier-sensingneighbors.Theexamplein Figure4 illustrateshow
CACPdeterminestheCC.In the�gure, a list of theknown CSNof eachnode
is shown below thenodeduringeachstepof theprotocoloperation.NodeA,
the source,needsa route to nodeD, the destination.NodeA broadcastsa
RREQ in step(II) of the �gure. NodesB and C re-broadcastthe request,
appendingtheirnodeID prior to transmission,asseenin steps(III) and(IV).
WhennodeD receivestherequest,it startsthereply phase.At this point all
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Figure5. HPBM packet format.Theshadedregion is variablein size.

nodesknow their direct neighborsthroughthe broadcastRREQmessages,
but donotyetknow theirCSN.

In thereply phase,thedestinationsendsa High PoweredBroadcastMes-
sage(HPBM) at a power high enoughthatall CSNcansuccessfullyreceive
themessage5. This is illustratedin step(V) of the �gure. TheHPBM is re-
ceivedby all CSNof nodeD andcontainstheNoPlist (thelist of nodesthe
RREQtraversed,includingthesourceanddestination,thatwasaccumulated
in the packet), asshown in Figure5. Upon receptionof the HPBM, nodes
calculatetheirCCusingtheirknown CSNandtheNoPlist. However, theCC
calculationmaynot becorrectat this time, sinceall nodesdo not yet know
their CSN. For example,on receptionof the HPBM from nodeD, nodeC
calculatestheCCusingEquation(1). In thiscase:���

� � ��� ������� ���
	 � ���
�
����� � � � � ��� ������� ��� � ��� (2)

After sendingthe HPBM, the destinationtransmitsthe RREPmessagethat
containstheNoPlist to thenext hoptowardthesource,asshown in step(VI).
This transmissionoccursat theregularpower level. Eachintermediatenode,
aswell asthesource,repeatsthisprocedure.Eachtimea HPBM is received,
nodesonthepathhave theopportunityto learnof anew CSNandrecalculate
their CC. Oncethesourcesendsthe HPBM, all nodesknow their CSNand
areableto calculatethecorrectCC.For exampleon receptionof theHPBM
from nodeA, nodeC calculatesits CCusingEquation(1):� �

� � ���
	 � ������� ���
	 � ���
�
���
� � � � �����
	 � ������� ��� � ��� (3)

Although CACP's approachcalculatesthe CC correctly, it hasseveral
drawbacks.First, CACP requiresthe useof high power messagesat every
nodealongapathto communicatewith theirCSN.High powertransmissions
requireacapableradio.They arealsoveryexpensive in termsof energy since
transmissionpower increaseshyperbolicallywith increasingdistance.This
is a major drawbackin wirelessnetworks, wheremostdevicesarebattery-
poweredandenergy is a scarceresource.Second,high power transmissions

5 CACP assumesthat the carrier-sensingrangeis doublethe transmissionrange.This is
not necessarilytrue.The carrier-sensingrangedependson the transmissionpower, receiver
sensitivity andpropagationcharacteristicsof thewirelessmedium.
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impact a large areaof the network. This reducesthe spatial reuseof the
mediumandmayincreasecollisions.Third, nodeson thepathneedto recal-
culatetheirCCeachtimeaHPBM is receivedfrom anothernodeonthepath.
In otherwords,if theCCof anodeis

	
, thenodeperformstheCCcalculation	

times.This is inef�cient. Fourth,nodesdo not know thecorrectCC when
they processthe RREPmessage,as illustratedin the exampleearlier. As a
result,a nodecannotmake anadmissioncontroldecisionwhenthe reply is
processed.ThecorrectCC is known only whentheHPBM is received from
eachCSN on the path.The admissioncontrol decisionis thereforedelayed
until that time6. This additionaldelaydependson the topologyof the path,
andin theworstcaseis proportionalto thelengthof thepath.Fifth, theRREP
messageneedsto be delayedat eachintermediatenodein order to ensure
thatthenode's HPBM is sentbeforetheRREP. SinceHPBMsarebroadcast
messages,their transmissionis delayedat eachnodeby a smallrandomtime
(jitter) in orderto reducecollisions.If theRREPis not delayedcorrespond-
ingly, it may reachthe sourcenodebeforeall the HPBMs have beensent
andreceived,andthesourcemay incorrectlyadmit the¯ow. Finally, CACP
requiresnodeIDs to beaccumulatedon routingpackets,which increasesthe
packet sizeandtheroutingloadon thenetwork andmakesthepacketsmore
proneto collisions.

In thefollowing section,we describetwo approachesfor determiningthe
CC. Our proposedschemesdo not requirehigh power transmissionsand
addressmany of CACP'sotherdrawbacks.

3. Proposed Solutions for Determination of the Contention Count

In this section,we describeapproachesfor determiningthe intra-¯ow con-
tentioncount.Thefundamentalideabehindour approachesis to usecarrier-
sensinginformationto infer the CSN of eachnode.Throughchannelmea-
surementsandcontrol packet information,nodescaninfer their CSN from
regular-poweredtransmissionsanddonotneedto increasetheir transmission
power. In Section3.1,we �rst describehow carriersensingis performedand
how we can useit to infer the neededinformation.Then, in Sections3.2
and3.3,wedescribeourtwoapproaches.LikeCACP, ourproposedapproaches
are integratedwith the route discovery procedureof reactive routing pro-
tocols.However, the basicidea is independentof routing and can also be
applied to proactive routing environmentswith appropriatemodi�cations.
This is brie¯ydescribedin sections3.4and3.5.

6 The CC must be known in order to estimatethe bandwidthconsumptionof the new
�o w, asdescribedin Section1. To controladmission,thenodethencomparestheestimated
bandwidthconsumptionwith its availablebandwidthto decidewhetherthenew �o w canbe
admitted.
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determinethelengthof packetstransmittedby nodeswithin carrier-sensingrange.

3.1. CARRIER SENSING AND PACKET SIZE MEASUREMENT

Whena nodetransmitsa packet, all nodeswithin carrier-sensingrangecan
detectits carriersignal,thoughthey maynot beableto decodethecontents
of thepacket if they areoutsidereceptionrangeof thesender. Theability of a
packet to bedecodeddependsuponits receivedsignalstrength,whichvaries
at eachreceiver and is affectedby the distancefrom the senderand other
factors.We assumethat thevalueof thereceivedsignalstrengthis provided
by thehardware.

Figure6 is a graphof receivedsignalstrengthover time at a givennode.
If thereareno ongoingtransmissionsand the channelis idle, the received
power is small.Whena transmissionoccursat a nodewithin carrier-sensing
rangeof the receiving node,the received signalstrengthis greaterthanthe
carrier-sensingthreshold(

� ��� ��������� ) andthereceiving nodeis ableto detect
the packet. In the �gure, the received signalstrengthof packet X is above� �	� �
������� , so the nodecan detectthis packet transmission.If the strength
of the receivedsignalis greaterthanthereceptionthreshold(


�� � �
������� ), the
contentsof the packet can be decoded;this happenswhen the receiver is
within receptionrangeof thesender. Referringto the�gure, packet Y canbe
receivedanddecodedby thenodesinceits receivedsignalstrengthexceeds
�� � �
������� .

If a nodeis transmittinga packet, thereceived signalstrengthof its own
transmissionis extremely high and drowns out the received signalsfrom
any simultaneoustransmissionsof other nodes.Therefore,a node cannot
simultaneouslytransmitandreceive packets.

Given the signal strengthmeasurements,a nodecan constructa graph
showing thechannelstateover time,similar to theonein Figure6. Fromthis
graph,it candeterminethe lengthof packets.For example,in Figure6, the
nodemeasuresthedurationof thereceivedsignalcorrespondingto packet X.
Fromthis duration��� , it caninfer thelengthof packet X. Notethatalthough
packet X cannotbedecoded,its lengthcanstill bedetermined.

Whensimultaneoustransmissionsoccur, the received signalstrengthof
thepacketsoverlaps.However, thesignalstrengthof thehighestpowerpacket
dominatesthis measurement.Theability to correctlydecodea packet in the
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Figure7. Contentioncountcalculationwith PRP.

presenceof noiseor othertransmissionsdependson thecapturethresholdof
the wirelesshardware.The capturethreshold(

� � �
������� ) de�nes the required
proportionof signalpower for two differentsignalssuchthat the radio can
properly receive the higherpower signal (Woo et al., 2004).For example,
supposethereceivedsignalstrengthsof two packetsare

�
� and

�
� . A node

cancapturepacket X if
�
� �
�
���

� � �
������� . Similarly, if
�
�
�
�
� �

� � ��������� ,
packet Y canbecaptured.If neitherconditionis true,neitherpacket X norY
arereceivableor decodable.

3.2. PRE-REPLY PROBE

In our�rst approach,calledPre-ReplyProbe(PRP),nodescontinuouslymon-
itor thereceivedsignalstrengthandrecordthedurationsof detectedpackets
asdescribedin theprevioussection.Thepacketdurationinformationis stored
by the nodein a table,which we call the carrier-sensingtable, andis soft-
state,i.e. it is deletedaftersometime interval. Theoperationof PRPcanbe
describedthroughtheexampleillustratedin Figure7. In the�gure, thetable
below eachnodecontainsthe time durationsof packetssensedby thenode.
Packet durationmeasurementsthat arenot importantto the CC calculation
arenot shown. Initially nodeA, thesource,wantsto �nd a routeto nodeD,
thedestination.NodeA generatesaRREQ,asshown in step(I) of the�gure.
Steps(II) and(III) show that the requestis rebroadcastby eachintermedi-
ate nodeas in the route discovery proceduredescribedin Section2.2. No
additionalprocessingis requiredduringthisphase.

WhenthedestinationreceivestheRREQ,it generatesa Pre-ReplyProbe
Message(PRPM)asshown in step(IV). Thecompletepacketformatisshown
in Figure8. Thesizeof thePRPMmessageis randomlyselectedby thedes-
tination.Thissizein turn identi�es auniquetransmissionduration,assuming
all nodesuseacommondatarate.For example,considerthattherandomsize
selectedby thedestinationresultsin a transmissionduration� � . Thedestina-
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tion sendsthe PRPMto thenext hop towardsthe source.This transmission
is sensedby all nodeswithin carrier-sensingrangeof thedestination.These
nodesthenaddthevalue � � to their carrier-sensingtables.Referringto step
(IV) in �gure 7, thePRPMtransmissionby nodeD is sensedby nodesB and
C, andbothnodesrecordtheduration� � in their tables.

Upon receptionof a PRPM,intermediatenodesprocessthe messageby
forwarding it to the next hop toward the sourceasshown in steps(V) and
(VI). The time durationof eachtransmissionof the PRPMis recordedby
all nodeslocatedwithin carrier-sensingrangeof the sender. In step(V) of
Figure7, transmissionof thePRPMby nodeC is sensedandrecordedby all
othernodessincethey all lie within carrier-sensingrangeof C.

When the sourcereceives the PRPM,it locally broadcaststhe message
one�nal time, asshown in step(VII). This broadcastis requiredto indicate
to all nodesalongthe pathwhetherthey are in the source's carrier-sensing
range.Thedurationis sensedandrecordedby the source's CSN.Oncethis
�nal transmissionoccurs,eachnodehasmeasuredthedurationof thePRPM
messagesof all its CSNthatlie on thepath.

After sendingthePRPM,thedestinationwaitsfor asmalltimeinterval and
thensendsaRREPto thesource,asin theregularroutediscovery procedure.
This is shown in step(VIII) of the�gure. TheRREPincludesthesizeof the
PRPMmessagethat wastransmittedpreviously. Upon receiving the RREP,
eachnodeon thepathusesthePRPMsizeto calculateits CC by examining
the durationof packets that werepreviously recorded.For eachpacket de-
tectedthat matchesthe PRPMsizefrom the RREP, the CC is increasedby
one.For example,in step(VIII), nodeC knows that it hearda packet of size
� � transmittedthreetimes,andit alsotransmittedthePRPMonce.Fromthis
information,it determinesits CC to be four. Eachnodealongthe pathcan
accuratelycomputeits CC in thismanner. In steps(IX) and(X), nodesC and
B forward thePRPMto thesourceafterprocessingit anddeterminingtheir
CC.

The PRPapproachalleviatesmany of the drawbacksof CACP. First, it
determinestheCCwithouthighpower transmissions.This resultsin energy-
savings, betterspatialreuseand reducedprobability of collisions.Second,
only thedestinationnodeintroducesa delayin theforwardingof theRREP,

IP header (20 bytes)

PRPM size (2 bytes)

PRPM tail

Figure8. PRPMpacket format.Theshadedregion is variablein size.
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Figure9. Contentioncountcalculationwith RRT.

unlike the per-hop delay introducedby CACP. This reducesthe latency of
determiningtheCC,aswell astherouteacquisitionlatency. Third,eachnode
on thepathknows thecorrectCC whentheRouteReplyis receivedandcan
immediatelymakeanadmissioncontroldecision.Moreover, eachnodeneeds
to calculatetheCC only once.Finally, themethodaddsonly oneadditional
�eld to theRREPanddoesnotrequireaccumulationof nodeIDs ontheroute
discovery messages.

ThePRPmethodstill hasa few drawbacks.It requiresanadditionalmes-
sage(PRPM) to be transmittedduring route discovery. This increasesthe
network overhead.Also, the RREPis delayedat the destinationnode.This
increasestherouteacquisitionlatency, andalsodelaysadmissioncontrolde-
cisions.Finally, countingsensedpacketsof aparticulardurationcanproduce
erroneousresultsin thecaseof retransmissionsorcollisionsattheMAClayer.
Weaddressmany of theseconcernsin oursecondapproach.

3.3. ROUTE REQUEST TAIL

Oursecondapproach,RouteRequestTail (RRT), removestheadditionalmes-
saginganddelayfrom thePRPapproach.As in thepreviousapproach,nodes
recordthe sensedpacket durations.However, insteadof introducinga new
packet, a tail is attachedto RREQpackets in the RRT approach.This tail
hasa uniquesizeat eachnode.In otherwords,at eachnode,the lengthof a
RREQpacket is increasedby anamountuniqueto thatparticularnode.This
increasein packet sizeserves to uniquelyidentify the RREQtransmission.
The tail sizecanbe randomlyselectedby eachnode.Alternatively, it could
bederivedfrom thenodeID.

To describethe detailsof the RRT approachwe provide the following
example.In Figure9, the tablebelow eachnodelists the lengthof packets
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it hasdetected(packet length is inferred from the transmissionduration).
Duringroutediscovery thesource,nodeA, createsaRREQ.It appendsa tail
of uniquelengthto thepacket. In additionto the tail, a �eld is insertedinto
theRREQmessage.This �eld containsthesize,

���
, of thepacket including

thetail. Thecompletepacket format is shown in Figure10. Thesourcethen
broadcaststheRREQasshown in step(I) of Figure9. NodesB andC, which
lie within nodeA'scarrier-sensingrange,recordthesizeof theRREQpacket.

Uponreceiving theRREQ,eachintermediatenoderemovesthetail added
by the previous nodeandattachesa new tail of a differentsize to identify
itself. It alsorecordsthenew packet sizein theRREQby appendingit to the
sizesrecordedby previousnodeson thepath.Thus,a list of randompacket
sizesis accumulatedin the RREQpacket. In step(II) of Figure9, nodeB
rebroadcaststheRREQafterreplacingthetail, suchthat thenew sizeof the
packet is

�
� . Eachof nodeB's CSN(nodesA, C andD) recordsthepacket

of length
�
� in its carrier-sensingtable.The sameprocedureis repeatedat

nodeC in step(III).
When the destinationreceives the RREQ, it repeatsthe procedurefol-

lowedby theintermediatenodesandrebroadcaststheRREQonemoretime
asshown in step(IV). This is requiredto indicateto othernodeson thepath
whetherthey arewithin thedestination's carrier-sensingrange.Notethatthis
is not necessaryif the ¯ow is uni-directional,i.e., if the destinationis only
goingto receive datapackets.Next, thedestinationgeneratesa RREP. In the
RREP, it includestheaccumulatedlist of RREQpacket sizes,includingthat
of itself. In the example,the destination,nodeD, placesthe list of packet
sizes(

���
�
�
� �
�
� �
�
� ) in theRREPmessage.NodeD thenunicaststheRREP

to nodeC asseenin step(V).
Whenan intermediatenodereceivesa RREP, it calculatesits CC for the

¯ow by examiningits carrier-sensingtableandlooking for packetsof sizes
thatmatchthoseindicatedin theRREP. For eachpacket thatmatchesapacket
sizefromtheRREP, theCCof thenodeincreasesbyone.Forexample,in step
(VI) of Figure9,nodeB hasseenpacketsof size

� �
,
�
� ,
�
� and

�
� . Therefore,

IP header (20 bytes)

Accumulated list of RREQ sizes

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

....

RREQ information (32 bytes)

Tail appended by last node

Figure10. RREQpacket formatin RRT. Theshadedregion is variablein size.
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it calculatesits CC to befour. NodeB thenforwardstheRREPto nodeA as
shown in step(VII).

TheRRT approachretainsmostof thebene�tsof thePRPapproach.It re-
movestheextramessagesneededby thePRPapproachandinsteadincreases
the sizeof the RREQ.Transmissionof a few extra bytesis lessexpensive
thantransmissionof additionalpackets.The RREQpacket accumulatesthe
variouspacket sizesgeneratedby nodeson the path.Eachpacket sizecan
berepresentedin oneor two bytes.This is lessexpensive thanaccumulating
nodeIDs (4 bytes),particularly if the 16 byte nodeIDs in IPv6 are used.
Finally, theRREPis not delayed.This resultsin quick routeacquisitionand
admissiondecisionpropagation.

The drawback of the RRT approachis that larger packets have longer
transmissiondurations,and are thereforemore likely to suffer from colli-
sionswhenthemediumis heavily loaded.Collisionsaffect thepacket dura-
tion measurementsmadeby carrier-sensingneighbors,asexplainedin Sec-
tion 3.1.This impactstheaccuracy of theCCcalculation.

3.4. EXTENSION TO PROACTIVE ROUTING ENVIRONMENTS

The approachesdescribedin the previous sections,PRPand RRT, are in-
tegratedwith the route discovery procedureof a reactive routing protocol.
However, asmentionedearlier, thebasicideaof usingcarrier-sensinginfor-
mationtodetectcarrier-sensingneighborsanddeterminethecontentioncount
is independentof theroutingmechanism.In this section,we brie¯ydescribe
how theideamaybeappliedto aproactive routingenvironment.

Proactiveroutingprotocolsdiscoverandmaintainroutestoall destinations
in the network at all times, irrespective of whethera route to a particular
destinationis currentlyrequired.In thisrespect,they aresimilarto traditional
routingprotocolsfor wired networks.Popularproative routingprotocolsfor
multihopwirelessnetworks,suchasOptimizedLink StateRouting(OLSR)
(Clausenet al., 2001)andTopologyBroadcastbasedon Reverse-Path For-
warding(TBRPF)(Bellur andOgier, 1999),arebasedon thelink-staterout-
ing methodology. We describehow our idea may be appliedto a generic
link-stateroutingprotocolfor multihopwirelessnetworks.

In link-staterouting protocols,eachnodedeterminesits reachabilityto
one-hopneighbors.Thisis calledthenode's link state. Thelink statetypically
includesthelist of directly reachableneighborsandthecostof reachingeach
neighbor. Thelink stateof every nodeis thenreliablydisseminatedthrough-
out the network. The aggregation of link stateinformation from all nodes
in the network enableseachnodeto constructa mapof the entirenetwork.
The nodecan then use this map to determinethe shortestroute to every
destination.Sincelink stateinformationis distributed in a reliablefashion,
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all nodesareguaranteedto synchronizeto an identicalview of thenetwork,
therebypreventingroutingloops.

Theideaof usingcarrier-sensinginformationto determinethecontention
countcanbeappliedto proactive link-stateroutingprotocolsin thefollowing
manner. As in PRPandRRT, eachnodemeasuresthedurationsandrecords
thelengthsof sensedpacketsin its carrier-sensingtable.Beforebroadcasting
its own link stateinformationto its neighbors,eachnodeaf�x esa random-
sizedtail to the link statepacket. This resultsin a uniquepacket lengthfor
thatnode.Theuniquelengthis includedwith thelink stateinformation,and
therebydisseminatedto theentirenetwork. Notethattherandom-sizedtail is
attachedonly whena nodebroadcastsits own link stateinformation.When
broadcastingthe link stateinformationof othernodesfor distribution in the
network, the nodeensuresthat the tail is removed. Information about the
originaluniquelength,however, is retainedin thepacket.

On receiving link stateinformationfrom all nodesin the network, each
nodeknows theuniquepacket lengthassociatedwith everyothernode.It can
thendetermineits carrier-sensingneighborsby looking in its carrier-sensing
tableto determinewhich of the uniquepacket lengthsit wasableto sense.
Then,todeterminethecontentioncountfor aroute,thenodesimplycompares
its list of carrier-sensingneighborsto the list of nodeson the route(it can
determinethis list from the network map).The intersectionof the two lists
givesthesetof contendingnodes.Thenumberof suchnodesis thecontention
count.

In thenext section,we brie¯ydescribehow our ideacanbeappliedwith-
outusingtheroutingprotocol.

3.5. CONTENTION COUNT DETERMINATION INDEPENDENT OF

ROUTING

The approachesproposedin this paper, PRPand RRT, are integratedwith
theroutediscovery procedureof reactive routingprotocols.As statedearlier,
thismakessensesinceadatasessionis typically precededby routediscovery
in a reactive routingenvironment.However, this is not guaranteedto be the
case.It is possiblethat a nodealreadypossessesa route to the destination
of interest.Nevertheless,the new datasessionstill needsto be subjectedto
admissioncontrol,andso the contentioncountmustbe determined.In this
section,webrie¯ydescribehow our ideamaybeappliedto suchasituation.

The proposedsolution for this situationis similar to the PRPapproach
describedin Section3.2. Onceagain,nodesmeasureandrecordlengthsof
sensedpacketsin their carrier-sensingtables.Beforeadmittingthenew ses-
sion,thesourcenodegeneratesarandom-sizedmessage,similarto thePRPM,
andsendsit to the destinationalongthe multihop path.Intermediatenodes
forward the messagewithout any modi�cation. On receiving this message,
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TableI. Contentioncountcalculationoverhead.

Approach RREQ RREP Othercontrol RREQ RREP Othercontrol Delay CC
sent sent packetsent size size packetsize calcs

CACP N M M (High power) Q + M*I P+ M*I M*I 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
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thedestinationsendsareplybackto thesource.Thereplycontainstheunique
lengthof thepreviousmessage.Whenforwardingthereply, eachintermediate
nodeexaminesits carrier-sensingtableto determinehow many messagesof
thegivenlengthit wasableto sense.Thisnumbergivesthenode'scontention
countfor thatroute.Thecontentioncountis thenusedby eachnodeto make
anadmissioncontroldecision.

We have thusdescribedhow our mechanismto determinethecontention
countcanbeappliedin differentroutingscenarios.In thefollowing sections,
we presentanalyticalandsimulation-basedcomparisonsof CACP, PRPand
RRT.

4. Analytical Comparison

In this section,wepresenta simpleanalyticalcomparisonof thethreeproto-
cols:CACP, PRPandRRT. Wecomparetheprotocolsonthenumberandsize
of controlpacketstransmitted,thenumberof CCcalculationsperformedand
theadditionaldelayincurredin determiningthecorrectCCvalueandthereby
completingroutediscovery. Note that this performanceis for a singleroute
discovery. TableI presentsthecomparison.

As seenin TableI, all threeprotocolstransmitthesamenumberof RREQ
packets;thisis equalto thenumberof nodesin thenetwork (N) in mostcases.
Thenumberof RREPpacketsis alsothesamefor thethreeapproachesandis
equalto lengthof thepath(M). Additionally, CACPtransmitsM extra high
powerpackets(HPBMs),oneateachnodealongtheselectedpath,while PRP
requiresM extratransmissionsatregulartransmitpower(PRPMs).RRT does
not transmitany extramessages.

In CACP, theRREQpacketsaccumulatetheIDsof thenodesthey traverse,
sothesizeof thepacketsincreasesby M*I, whereI is thesizeof thenodeID.
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Similarly, RREQpacketsin RRT accumulatethelengthsof thetailsappended
by nodesonthepath.Thiscausesthepacket sizeto increaseby M*J, whereJ
is thesizeof ashortinteger(J � I). Additionally, theRREQpacketcarriesthe
tail appendedby thelastnodetraversed,whichcausesa furtherincreaseof T
in thepacket size.RREQsin PRPdonotcarryany additionalinformation,so
thereis noincreasein size.A correspondingincreasein theRREPsizeoccurs
for CACPandRRT. TheRREPin PRPmustcontainthelengthof theprobe
thatwassentby thedestination,andhencethesizeincreasesby J.

Next, we look at the size of additionalcontrol messagesusedby each
protocol.CACPHPBMscontainthe list of nodeIDs on thepath,andhence
their sizeis M*I. PRPMshave a randomsizeof S. RRT hasno additional
controlmessages.

The extra delay incurredin the CC calculationand route acquisitionis
proportionalto the lengthof the pathin CACP sincethe forwardingof the
RREPis delayedateachintermediatenodeby aconstanttime(D1). In PRP, a
constantextradelay(D2) occurssincetheRREPis delayedby thisvalueonly
at thedestinationnode.RRT requiresno additionaldelayover that incurred
by regular routediscovery. Finally, in CACP, eachnodecalculatesthe CC
K times,whereK is the �nal CC value,sincethe CC calculationmustbe
repeatedeachtime an HPBM is received from a CSN on the path.In both
PRPandRRT, theCCis calculatedjustonceat eachnodewhentheRREPis
processed.

SincebothCACPandPRPintroduceadditionalcontrolpackets,weexpect
their routingloadto beincreased.This increaseshouldbegreaterfor CACP
dueto its largercontrolpacket. Also, bothCACPandRRT increasethesize
of the RREQ packet. We expect that the effect of this increasein size on
theroutingloadwill dominatethatof theadditionalcontrolpacketsin large
networkssinceRREQpacketsare¯oodedthroughoutthenetwork while the
additionalcontrol packets areunicastonly alongthe route.Further, CACP
is likely to have the largestrouteacquisitionlatency sinceit introducesan
additionaldelayproportionalto thelengthof thepath,while RRT's routeac-
quisitionlatency is likely to bethesmallest.Oursimulationresults,presented
in thenext section,justify ourexpectations.

5. Simulation-based Evaluation

We comparetheaccuracy andoverheadof thethreeprotocolsusingsimula-
tion. TheNS-2simulator(Fall andVaradhan,1999)is usedfor this purpose.
We implementthe threemechanismsby making appropriateextensionsto
the AODV-UU NS-2 implementation(NordstromandWiberg, 2004)of the
AODV routing protocol.AODV pathaccumulation(Gwalani et al., 2003),
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TableII. Default simulationparameters.

Parameter Value

Simulator NS-2

Propagationmodel Two rayground

MAC protocol IEEE802.11

Receptionrange(RxR) 250meters

Capturethreshold 10.0

Receiver interferencedistance(RID) 440meters

Carrier-sensingrange(CSR) 690meters

Regulartransmissionpower 0.2818W

High transmissionpower (for CACP) 16.6035W

DelaybetweenHPBM andRREPfor CACP 20 ms

DelaybetweenPRPMandRREPfor PRP 30 ms

Maximumsizeof PRPM 20 bytes

Traf�c type CBR

CBR packet size 512bytes

wheretheIDsof intermediatenodesareaccumulatedonAODV routingpack-
ets,is usedto enableCACPto discover theidentitiesof all nodesonapath.

In additionto thethreeprotocols,we alsoimplementa fourthmechanism
thatcalculatestheCCfrom aglobalview of thenetwork.Thismethod,which
wecall theIdealmethod,alwayscomputestheCCaccuratelythroughglobal
knowledgeandprovidesuswith a referencefor determiningtheaccuracy of
theotherprotocols.We notethatsucha methodcannotbeimplementedin a
realnetwork becauseof theimpracticalityof globalknowledge.

In thefollowing sections,we describeour simulationparametersandde-
�ne theperformancemetricsusedto comparetheprotocols.This is followed
by a descriptionof thesimulationscenariosandtheperformanceresultsob-
tained.

5.1. SIMULATION PARAMETERS

Table II presentsthe simulationparametersand their default values.To
prevent collisions of received packets, the carrier-sensingrangeshouldbe
setto (RxR + RID) (ChakeresandBelding-Royer, 2004),whereRxR is the
receptionrangeand RID (receiver interferencedistance)is the minimum
separationbetweenareceiverandanothersendersuchthatthesender's trans-
missionsdo not affect the receiver's ability to receive packets from its own
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sender. With our settingsfor receptionthreshold,capturethresholdandreg-
ular transmissionpower, RID turns out to be 440m. We thereforeset the
carrier-sensingrangeto (250+ 440)= 690m.

CACP's HPBMs needto be sentat a suf�ciently high power suchthat
they maybereceivedby all nodeswithin carrier-sensingdistance.Thepower
requiredfor reachinga distanceof 690min NS-2is 16.6035W, ascompared
to 0.2818Wfor reachingtheregularreceptionrangeof 250m.Thesigni�cant
increaseis dueto thefactthattransmissionpower grows hyperbolicallywith
increasingdistance.

The valuesfor HPBM and PRPM delays,as well as PRPM size,were
obtainedexperimentally. Weomit thedetailsof theseexperimentsdueto lack
of space.

CBR is usedasthetraf�c application,with thedatapacket sizesetto 512
bytes.Thebandwidthanddurationof thedatasessionsis variedin different
experiments.Furtherdetailsareprovided in Section5.3.Sinceour datases-
sionsareuni-directional,we do not includethe destinationnodein the CC
calculation.

5.2. PERFORMANCE METRICS

Wecomparetheprotocolsbasedon thefollowing performancemetrics:

� CC error: Thisis theaveragedifferencebetweentheCCobtainedby the
protocolbeingtestedandthat obtainedby the Ideal methoddescribed
in Section5. This metric indicatesthe accuracy of eachprotocol in
computingtheCC.Thelower theerror, themoreaccuratetheprotocol.

� CC latency: This is the averagedelay incurredin calculatingthe CC
from thestartof theroutediscoveryprocedure.A quickdeterminationof
CCis importantfor atimely admissioncontroldecision.A highvalueof
CClatency increasesthedelayexperiencedby application̄ owswaiting
for admissioninto thenetwork.

� Number of CC calculations: This is theaveragenumberof CC calcu-
lationsperformedby eachnodebeforethe �nal CC is obtained.Fewer
CCcalculationsarepreferredfor simplicity andef�ciency.

� Number of control packets transmitted: Thisis ameasureof theover-
headimposedon the network by the protocol.Eachtransmissionof a
controlpacket by an intermediatenodeis countedasonetransmission.
The size of the control packets is ignored in this metric. It is desir-
able to reducethe numberof control packet transmissionssincethey
costenergy andconsumenetwork bandwidth.Thelower thenumberof
transmissions,the lower the overheadandgreaterthe ef�ciency of the
protocol.
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� Number of control bytes transmitted: This is anothermetricfor mea-
suringthenetwork overheadimposedby theprotocol.It is similar to the
previousmetric,exceptthatherewe measurecontrolbytestransmitted
ratherthancontrolpackets,i.e. thesizeof controlpacketsis taken into
account.Again,a low valuefor thismetricis desirable.

� Number of control packets processed per node: Thismetricindicates
theef�ciency of theprotocol.Receptionandprocessingof controlpack-
etscostsenergy. It is thereforedesirablefor nodesto receiveandprocess
asmallnumberof controlpackets.

� Route acquisition latency: This is the time interval betweenthe initi-
ation of routediscovery by a sourceand the correspondingreceiptof
a routereply. A lower routeacquisitionlatency correspondsto a faster
responsetime to theapplication.

� Data packet delivery fraction: This is thefractionof datapacketssent
by a sourcenodethatreachthedestination.If theoverheadimposedby
a protocolis too high, it interfereswith thenetwork's ability to deliver
packetsto their destinations.This metricis thusa measureof theeffec-
tivenessof the protocol in enablingsuccessfuldatapacket delivery. A
highvaluefor thismetricis desirable.

5.3. SIMULATION SCENARIOS

Weusetwo simulationscenariosto testtheprotocols.In the�rst scenario,ten
nodesarearrangedin a simpletopologyin orderto observe theperformance
of theprotocolsin a simpledeterministicenvironment.Thesecondscenario
consistsof 50nodesplacedin randomtopologies.

Wedonotconsidernodemobility in ourexperiments.On-demandrouting
protocolsassumethatthetopologyof anetwork is fairly staticfor theduration
of theroutediscoveryprocedure.SincetheCCdeterminationis apartof route
discovery, wecanmake thesameassumption.Underthisassumption,mobil-
ity doesnot signi�cantly affect CC determination.Therefore,for simplicity,
we only simulatestatic topologiesin this paper. Note that mobility could
causetheCC of a ¯ow to changeafter the ¯ow hasbeenadmitted,andthis
couldimpacttheQoSof the¯ow. Hence,it maybebene�cial to continuously
monitortheQoSandre-evaluatetheadmissiondecision,whennecessary, in
amobileenvironment.
Line topology: Our �rst simulationscenariois illustratedin Figure11 and
consistsof tennodesplacedin two parallellines.Thedistancebetweenthe
linesis greaterthanthereceptionrangeof thenodes,sonodesfrom oneline
cannotcommunicatewith thosefrom theother. However, thenodesfrom the
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Figure11. Line topology.

two lines arewithin carrier-sensingrangeof eachother, andthereforethey
contendfor mediumaccess.

Two CBR datasessionsarecreatedin this experiment.TheCC determi-
nationprotocolcomesinto play duringtheroutediscovery performedat the
startof eachdatasession.The �rst session,betweennodes5 and9, actsas
the backgroundsession;its purposeis to generateload in the network. We
vary thebandwidthof this sessionfrom 20 to 100Kbps in orderto observe
the performanceof the protocolsunderdifferentamountsof network load.
Theseconddatasession,betweennodes0 and4, startsafterthe�rst session
hasdiscovereda routeandcommenceddatapacket transmissions.The CC
determinationprotocolsareevaluatedduringthestartof thesecondsession.
Sincethe two sessionscontendfor mediumaccess,the performanceof the
CCprotocolsis impactedby theloadcreatedby thebackgroundsession.
Random topology: Thesecondsimulationscenarioconsistsof 50nodesran-
domlyplacedin a1500mx 650marea.Resultsareaveragedovertendifferent
randomtopologies.Oneto � vebackgrounddatasessionsof 20Kbpseachare
createdin eachsimulation.Consequently, the network load varieswith the
numberof sessions.After all thebackgroundsessionshave beenestablished,
a new datasessionis started.Theperformanceof theCC protocolsis evalu-
atedat thestartof this lastdatasession.Sincethebackgroundsessionsarein
progresswhile thelastsessionis established,theCCprotocolperformanceis
impactedby thelevel of network loadcreatedby thebackgroundsessions.

5.4. SIMULATION RESULTS

Figure12showstheresultsfromthe�rst simulationscenario.Eachdatapoint
isaveragedover10simulationrunswith therandomnumbergeneratorseeded
differently in eachrun. We do not plot the datapacket delivery fraction for
thisscenariosinceit is 100%for all theprotocols.

As seenin Figure12.a,CACPperformsanaccurateCCcalculationin this
simplescenario.BothPRPandRRT have non-zeroerrorasthenetwork load
increases.Thecorrectoperationof theseprotocolsdependsontheability of a
nodeto correctlysensethedurationof transmissionsfrom its carrier-sensing
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Figure12. Performanceresultsfor line topology.
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neighbors.If multiple transmissionscollide at a node,the nodemay not be
ableto distinguishbetweenthem,resultingin anerroneousmeasurement.As
network loadincreases,collisionsoccurmorefrequentlyandsotheaccuracy
of PRPandRRT diminishes.However, themaximumerroris lessthan0.7in
thisscenario.

Figure12.bdepictsthe averagelatency of the CC determination.CACP
hasthe highestlatency sinceit involves a delay at eachhop betweenthe
broadcastof theHPBM andtheretransmissionof theRREP. Also, in CACP,
thecorrectCCis notnecessarilyknown whentheRREPis processedandcan
changeasHPBMsarereceived from nodesfurtheralongthepath.RRT has
the lowest latency sinceit involves no extra delaysfor the CC calculation.
Also, the �nal CC is known when the RREPis processed.The latency of
PRPis a little higherthanRRT dueto theextra delayinjectedby thedesti-
nationbetweenthetransmissionof thePRPMandtheRREP. Thelatency is
signi�cantly lower thanthat of CACP. The routeacquisitionlatency of the
protocols,asshown in Figure12.c,is affectedby similarreasons.Thelatency
is lowestfor RRT andhighestfor CACP.

The numberof CC calculationsperformedby eachnodeis presentedin
Figure12.d.Both PRPandRRT computetheCC only whenprocessingthe
RREP. CACP, on theotherhand,mustrecalculatetheCC aftereachHPBM
is received,andsotheaveragenumberof calculationsis equalto theCC.

Figures12.e and 12.f indicate the network overheadimposedby each
protocol.As seenin Figure12.e,CACP andPRPtransmita highernumber
of control packets thanRRT; this is due to the transmissionof the HPBM
andPRPM,respectively, at eachhop alongthe path.We notethat HPBMs
aresentat a highertransmitpower andthereforeconsumemoreenergy than
the PRPMs.RRT transmitsthe lowestnumberof control packets sinceno
additionalpacketsaregeneratedother thanthoserequiredby regular route
discovery. Figure12.f shows the byte overhead.SinceCACP haspathac-
cumulationon theAODV packets,plusextra controlpacketscontainingthe
identitiesof all thenodeson theroute,its byteoverheadis highest.Thebyte
overheadof RRT isnext, sinceeachRREQpacket is extendedwith atail. PRP
hasthelowestbyteoverheadsincetheRREQ/RREPpacketsdonotcarryany
extra information.In PRP, thereis an additionalcontrol message;however,
this messageis fairly small in sizeandis only transmittedalongtheselected
path.This is unlike theRREQsthataretransmittedthroughoutthenetwork.

In Figure12.g, we observe the averagenumberof control packets pro-
cessedby eachnodefor asingleroutediscovery. Thisnumberis signi�cantly
higherfor CACPsincetheHPBMsarereceivedandprocessedby all nodes
within carrier-sensingrange.PRPandRRT arefar moreef�cient in this re-
gard.Thenumberof controlpacketsprocessedis slightly higherfor PRPthan
for RRT becauseof theextraPRPMtransmissions.
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Figure13. Performanceresultsfor randomtopology.
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Figure13 presentstheresultsfrom therandomtopologysimulations.As
seenin Figure13.a,CACPshowsnon-zeroerrorin theCCcalculationin this
scenariodueto theoccasionalcollisionof HPBMswith otherpackets.Theer-
ror is still higherfor PRPandRRT sincethesemethodsrelyoncarrier-sensing
informationandarethereforeaffectedmoresigni�cantly by collisions.The
maximumerror, however, is only aboutone.

Figures13.b,13.cand13.dshow theaverageCClatency, routeacquisition
latency andnumberof CCcalculations,respectively. Thesegraphsall follow
thesametrendsastheprevious simulationscenariofor thesamereasonsas
describedearlier.

Thenetwork loadof theprotocolsis shown in Figures13.e, 13.fand13.g,
respectively. In this larger topology, thenumberof controlbytestransmitted
by RRT is higher than CACP, asseenin Figure13.f. With more nodesin
the network, thereare moreRREQ transmissions,and so the effect of the
RREQtail exceedsthatof theadditionalcontrolmessagesin CACPandPRP.
CACP'soverheadis still higherthanthatof PRPdueto thelargersizeof the
HPBM messages.Thenumberof controlpacketstransmittedandprocessed
by eachnode,asseenin Figures13.eand13.g,respectively, increaseswith
the increasingnumberof backgroundsessionsdue to the greaternumber
of routediscoveriesperformed.The relative trendsof the threeprotocolsin
these�gures arethesameasin theprevioussimulationscenariofor thesame
reasons.

Finally, in Figure13.hwe observe that the datapacket delivery fraction
is slightly lower when using CACP comparedto the otherprotocols.This
is becauseCACP's high power messagesimpact other transmissionsin a
larger areaand increasethe numberof collisions.As routediscoveriesare
performedmorefrequently, thiseffectbecomesmorepronouncedandcauses
higherpacket lossin thenetwork.

5.5. OBSERVATIONS

The simulation resultspresentedin the previous sectionindicate that the
main strengthsof the proposedprotocols,PRPand RRT, are low network
overheadandreducedresourceconsumptionascomparedto CACP. These
approachesalsofacilitatea quick admissioncontroldecisionby requiringa
lower latency to determinethecontentioncount.Theirweakness,however, is
that thecontentioncountis not alwaysdeterminedaccurately(althoughthe
erroris low). An errorin determinationof contentioncountleadsto anerror
in estimationof the bandwidthconsumptionof the ¯ow, which in turn can
causeanincorrectadmissioncontroldecision.

From thesecharacteristics,it is clearthat PRPandRRT aremostappli-
cable in scenarioswherean occasionalerror in admissioncontrol can be
toleratedin orderto reduceresourceconsumptionandimproveresponsetime.
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This is likely to bethecasefor a largepercentageof networks;many appli-
cationsarenotmission-criticalandcantolerateoccasionalerrors,while most
wirelessnetworksareresourceconstrainedandlow resourceconsumptionis
highly desirable.For mission-criticalapplicationswhereno error in admis-
sioncontrolcanbetolerated,CACPmaybemoreapplicable,althoughit too
producessmallerrorsin largernetworks.Thedisadvantagesof usingCACP
arehigherenergy consumption,greateroverheadandslower responsetime.

6. Conclusion

Nodeson a multihop pathcontendwith eachotherfor accessto the shared
wirelessmedium.This leadsto intra-¯ow contention,i.e contentionamong
packetsthatbelongto asingle¯ow alongamultihoppath.Thebandwidthre-
quirementsof the¯ow correspondinglyincrease.Determinationof thenum-
berof contendingnodesis importantin orderto properlyestimatetheband-
width requirementsof a ¯ow andmake a correctadmissioncontroldecision.
In this paper, we proposetwo new approachesto determinethe numberof
othernodesonamultihoppaththatcontendwith agivennodefor mediumac-
cess.This numberis calledthecontentioncount.Our approaches,Pre-Reply
Probe(PRP)andRouteRequestTail (RRT), arebasedon the fundamental
idea that carrier-sensinginformation,suchas the durationof sensedtrans-
missions,canbeusedto gatherinformationaboutcarrier-sensingneighbors.
Thisideais thecentralcontributionof thispaper. Wecompareourapproaches
with theContentionAwareAdmissionControlProtocol(CACP),whichuses
highpower transmissionsto enablenodesto communicatewith their carrier-
sensingneighbors.The resultsof our simulationsshow that althoughPRP
andRRT areslightly lessaccuratethanCACPin determiningthecontention
count, the small error is heavily outweighedby bene�ts suchas reduced
network load,lower energy consumptionandfasterresponsetime.
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