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Abstract— As mobile computinggains popularity, the needfor ad hoc rout-

ing protocolswill continueto grow. Therehave beennumeroussimulations
comparingthe performanceof theseprotocolsundervarying conditionsand
constraints.One questionthat arisesis whetherthe choice of MAC protocol
affectsthe relative performanceof the routing protocolsbeingstudied. This
paperinvestigateghe answer to that questionby simulating the performance
of threead hoc routing protocolswhenrun over different MAC protocols.It

is determinedthat the choice of MAC layer protocoldoes,in fact, affectthe
relative performanceof the routing protocols.

[. INTRODUCTIONAND MOTIVATION

Thenumberandvarietyof wirelessdevicesandapplications
hasdramaticallyincreasedvithin the pastfew years.As these
productsbegin to permeatehe marketplace the needto pro-
vide communicatiorbetweenthemis becomingincreasingly
important.In aneffort to establishandmaintainrouting paths
in thesead hoc mobile networks, numerousunicastand mul-
ticastrouting protocolshave beendesigned.To determinethe
relative meritsof the protocols therehave recentlybeeninves-
tigationscomparingthe performanceof theseprotocolsunder
variousconditionsandconstraintg§2], [4], [7], [10].

Therehasbeensomediscussiorasto the correctMedium
AccessControl(MAC), or link layer (level-2 of the OSl refer
encemodel),protocolto usefor channekhccessvhenperform-
ing thesesimulations.Many earlyprotocolsimulationautilized
theCarrierSenseMultiple Acces{CSMA) protocol[9]. Since
theadwentof theIEEE 802.11protocol[5], however, mostpro-
tocol evaluationshave electedto run over this channelaccess
protocol,sinceit providesbothpreventionanddetectiorof the
hiddenterminalproblem[16].

It is theintent of this paperto comparethe performanceof
differentadhocroutingprotocolsto determinewvhetherthe se-
lectionof the MAC layeraffectstherelative performancef ad
hocrouting protocols. It is likely thatthe performanceof the
protocolswill be bestwhenrun over IEEE 802.11,dueto its
channelacquisitioncharacteristics.However, the questionis
whetherprotocolsdegradeproportionatelyto eachotherwhen
runovertheotherMAC layerprotocols.To determinavhether
theselectiorof MAC protocolis afactorwhencomparingout-
ing protocols this paperexploresthe behavior of differentuni-
castroutingprotocolswhenrun overvarying MAC protocols.

The remainderof this paperis organizedasfollows. Sec-
tion Il providesan overview of eachof the routing protocols
usedin thestudy Sectionlll thenin turn describegachof the

MAC protocolsto be utilized. The simulationervironmentis
describedn SectionlV-A, andthentheresultsarepresentedh
SectionlV-B. Finally, SectionV concludeghepaper

II. ROUTING PROTOCOLS

To analyzethe effectsof MAC protocolsthreead hocrout-
ing protocolsare selectedor study The rst is the Wireless
RoutingProtocol[11], which is a distancevectortable-driven
protocol. Table-drivenprotocolsperiodicallyexchangeouting
tableinformationin anattemptto maintainanup-to-dateroute
from eachnodeto every othernodein the network atall times.

The secondprotocol studiedis the Fishg/e StateRouting
protocol[12]. This protocolis a variation on the basiclink
statetable-driven algorithm, wherebyupdatemessagentries
areexchangedetweemodesat differentfrequenciesgdepend-
ing ontheir distancdrom eachother Routinginformationfor
anodesimmediateneighborhoods keptthe mostup-to-date,
while thatfor nodedfurtheraway is lessaccurateThis method
helpsreducethe table size in routing table exchangeswhile
still maintainingroutesto eachnetwork node.

Finally, the Ad hoc On-DemandDistanceVector Routing
protocol[13], [14] is includedasanexampleof anon-demand
protocol. On-demandprotocolsonly establishrouteswhen
they are neededby a sourcenode, and only maintainthese
routesaslong asthe sourcenoderequireshem.

Thefollowing sectiongprovide overviews of the protocols.
A. WirelessRoutingProtocol

The WirelessRouting Protocol(WRP)[11] maintainsrout-
ing information throughthe exchangeof triggeredand peri-
odic updates. When a node noticesa link breakwith one
of its neighbors,it broadcast@n updatemessageontaining
the distanceand second-to-lashop informationfor eachdes-
tination for which the routing information haschanged.The
second-to-lagdtopinformationis usedto reduceroutingloops.
A neighboringnodereceving an updatemessagenodi es its
distancetable entriesand checksfor new pathsthroughother
nodes.Any new pathsarerelayedbackto the original nodeso
thatrouting consisteng is maintainedhroughouthe network.
Furthermorea nodesuccessfullyeceving anupdatemessage
transmitsanacknavliedgmenbackto thesendeyindicatingthe
link is still viable.



In the eventthata nodehasnot transmittedanything within
a speci ed period of time, it musttransmita Hello message
(insteacbf exchangingheentireroutetable)to ensureconnec-
tivity. Otherwise the lack of messagefrom a nodeindicates
thefailure of thatlink. WhenanoderecevesaHello message
from a new node, it sendsthat neighbora copy of its routing
tableinformation.

B. Fisheye StateRouting

Fishere StateRouting(FSR)[12] is a variationof link state
table-drivenrouting which maintainsa topology map at each
node. To reducethe overheadincurredby control paclets,
FSR modi es the link statealgorithmin threeways. First,
link statepacletsarenot ooded; only neighboringnodesex-
changdink stateinformation. Secondthelink stateexchange
is time-triggerednot event-triggeredFinally, insteadof trans-
mitting all routingtableinformationateachiteration,FSRuses
differentexchangeintervals for differententriesin the table.
More precisely entriescorrespondingo nodesthatarenearby
(within a prede nedscop¢ arepropagatedo neighboramore
frequentlythanentriesof nodesthatarefar away. Thesemod-
i cations reducethe control paclet sizeandthe frequeng of
transmissionsAs a result, FSRscaleswell to large networks
sincelink stateexchangeoverheadis keptlow. As mobility
increasesroutinginformationfor remotedestinationgnay be-
comelessaccuratehowever, asa paclet travels nearerto its
destination,it is forwardedby nodeswith increasinglymore
accurateoutinginformation.

C. AdhocOn-DemandDistanceVectorRouting

The Ad hoc On-DemandDistanceVector(AODV) Routing
protocol[13], [14] is anon-demandoutingprotocolwhich uti-
lizesaroutediscovery cycle for theestablishmendf routes.A
nodedesiringa routeto somedestinationbroadcasts Route
Reques{RREQ) paclet acrossthe network. Wheneitherthe
destinatioror anintermediatenodewith a currentrouteto the
destinatiorrecevestheRREQ),it respond$y unicastingo the
sourcenodea RouteReply(RREP).Oncethe sourcenodere-
ceivesthe RRER it canbegin usingthe route for datapaclet
transmissions.

Routemaintenancéen AODV takesthe form of RouteEr-
ror (RERR) messagesWhena link breakin an activeroute
occurs,the nodeupstreamof the breaksendsa RERRto ary
upstreamneighborswhich were using that link to reachthe
destination. The RERR messagdists eachdestinationwhich
is now unreachablelueto the lossof thelink. Whena source
noderecevesa RERRmessage&t mayre-initiateroutediscov-
eryif it still requiresheroute.

. MACPROTOCOLS

The MAC protocolsselectedor this studyrepresent pro-
gressionin protocoldevelopment. Eachone builds uponthe

TABLE |
SUMMARY OF MAC PrROTOCOLS
| Protocol I Mechanism |
CSMA CSMA
MACA PSMA/RTS/CTS
FAMA CSMA/RTS/CTS
IEEE 802.11DCF || CSMA/CA/RTS/CTS/ACK

previousonethroughtheadditionof eithercontroloverheacbr
carriersensingn orderto mitigatethe effectsof thehiddenter
minal problemandachiese betternetwork throughput.Tablel
summarizeshemechanisnof eachMAC protocolincludedin
thestudy Packet sensing PSMA) impliesthatcarriersensing
is not performedbeforepaclet transmissions.The following
sectionsdescribeeachof the MAC protocolsutilized in this
evaluation.

A. Carrier SenseMultiple Access

The CarrierSenseMultiple Access(CSMA) [9] protocolis
themostprimitive of the MA C protocolsutilized in this study
The CSMA versionusedis non-persisten€ESMA. In this pro-
tocol, anodesenseshe channefor ongoingtransmissionge-
fore sendinga paclet. If thechannels alreadyin use thenode
setsa randomtimer andthenwaits this period of time before
re-attemptinghetransmissionOnthe otherhand,if thechan-
nelis not currentlyin use thenodebeginstransmission.

B. Multiple Accesswith Collision Avoidance

TheMultiple Accesswith Collision Avoidance(MACA) [8]
protocol improves upon CSMA by taking stepstowards the
avoidanceof the hiddenterminal problem. The protocol de-

nes Request-0-Send(RTS) and ClearTo-Send(CTS) con-

trol pacletsto announcean upcomingtransmission.A node
wishingto senda datapaclet broadcasta RTS messageon-

tainingthe lengthof the dataframethatwill follow. Uponre-

ceving the RTS, therecever respondsy broadcastinga CTS

paclet which also containsthe length of the upcomingdata
frame. Any nodehearingeither of thesetwo control paclets
mustbe silentlong enoughfor the datapaclket to be transmit-
ted. In this way, neighboringnodeswill not transmitduring

the datatransmissionandthe numberof collisionsis reduced.
Fig. 1 illustratesthe basicidea behindthe RTS/CTS control

messagesVhenS broadcastthe RTS messagehothnodesA

andB receve it anddelaytheir transmissiorattempts. Simi-

larly, whennodeD respondwith a CTS, nodesB andC also
recevethe CTSandaresilentduringthedatatransmission.

In the eventthat two nodessendsimultaneousRTS frames
to thesamenode the RTS transmissionsollide andarelost. If
this occurs,the nodeswhich sentthe unsuccessfuRTS pack-
etssetarandomtimer utilizing the binary exponentialbacloff
algorithmfor the next transmissiorattempt.
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Fig. 1. Effectof RTS/CTSControlMessages.

C. Floor AcquisitionMultiple Access

TheFloor AcquisitionMultiple Access(FAMA) variantuti-
lized in this study is FAMA-NTR (Non-persistenfTransmit
Request)6]. FAMA-NTR builds uponthe MACA protocol
by addingnon-persistentarriersensingto the RTS-CTSex-
change.Beforetransmittinga RTS frame,a node rst listens
to the channelto determinef it is alreadyin use. If the chan-
nelis busy, thenodecalculatesarandombacloff periodto wait
beforesensingthe channelagain. The additionof this carrier
senseo the control packet exchangeaidsin the preventionof
controlpaclet collisions.

D. IEEE802.11DCF

ThelEEE 802.11MAC protocolspeci esaDistributedCo-
ordination Function (DCF) [5] which is basedon the same
RTS/CTSmessagexchangefor unicastdatatransmissionsis
the previous MAC protocols. Where802.11differs, however,
is in its useof collision avoidancebeforeRTS transmission,
and its requirementof an acknavledgment(ACK) transmis-
sion by the recever after the successfuteceptionof the data
paclet. Theinclusionof the ACK allows immediateretrans-
missionif necessaryy verifying thatthe datapacletwassuc-
cessfullyreceved. In the caseof nodemobility, the ACK may
alsoaid in the detectionof hidden-terminainterferencethat
wasnhot detectablavhenthe CTS messagevassent.

IV. SIMULATIONS
A. SimulationEnvironment

The simulationswere performedusingthe GloMoSim Net-
work Simulatordevelopedat UCLA [1]. This simulatormod-
elstheOSlserenlayernetwork architecturendincludesmod-
elsof IP andUDP routing. The simulatoralsoallows for net-
work nodemobility, therebyproviding for simulationof mo-
bile adhocnetworks.

Nodemovements modeledby the randomwaypointmobil-
ity model[2]. Nodesmove at a speedbetween) and10m/s.
Whenthe nodearrivesat its randomly chosendestination,jt
restsfor somepausetime. It thenchoosesa new destination

TABLE Il

PARAMETER VALUES
| | Parameter [ Value |
WRP HELLO Interval 1sec
Max AllowedMissedHELLOS 4
UpdateACK Timeoutinterval 1lsec
Retransmissioiimer 1sec
Retransmissio€ounter 4
FSR Scope 2 hops
HELLO interval 5sec
Max AllowedMissedHELLOS 3
INTRASCOPE UPDATE interval 5sec
INTERSCOPE UPDATE interval 15sec
AODV | HELLO Interval 1sec
Max AllowedMissedHELLOS 3
RETRANSMIT TIME 750msec

andbeginsmoving onceagain.The pausdimesarevariedbe-
tween0 and 300 seconds EachMA C protocol/routingproto-
col/pausdime combinationis runfor ve differentinitial net-
work con gurations.

Eachrun is executedfor 300 secondsof simulationtime
andmodelsa network of 100 nodesin a1500m 1500marea.
Eachnodehasa transmissiorradiusof 250m. The propaga-
tion modelis the free spacemodel[15] with thresholdcutoff.
This modelhasa power signalattenuatiorof , Where is
the distancebetweemodes.Theradiomodelalsohascapture
capability wherebya nodemay successfullyreceve a paclet
evenin the presencef noise. Thereare 20 datasessionde-
tweenrandomlyselectedsourcesanddestinations.The band-
width is 2 Mb/s, the datapaclet sizeis 512 bytes,andpaclets
aresentatarateof four persecondy eachsource.

Tablell shavstheparametevaluesusedfor theroutingpro-
tocolsin theexperiments Themajority of theparametevalues
for WRPweretakenfrom thosesuggestedby the designerof
theprotocolandspeci edin [11]; however, afew of thevalues
weremodi ed to maximizeWRP's performancén thesimula-
tion ervironment.Thetimer valuesweresetsoasto sendmore
frequentconnectvity updatesdut lessfrequentretransmissions
thansuggestedThe formermodi cation is needeecausef
thehighmobility speedn theexperimentsandthelatteris due
to thefactthatwith theMAC protocolsselectedretransmitting
attwicetheroundtrip timewould ood theMAC buffer, in ad-
dition to causingunnecessargollisionswith crosgtraf ¢ in the
channel.

Usingthe FSRprotocol,a nodeincludesin its routeupdate
messageentriesfor nodesoutsideits scopeevery Interscope
updatenterval. Entriesfor nodesnsidethescopeareincluded
in every updatemessagéransmissionNotethattheinterscope
updateinterval is muchlargerthanthatof intrascopeipdate.



WhenAODV is run over IEEE 802.11,Hello messageso
notneedto beuseddueto theMAC layerfeedbaclof unreach-
ablenext hops.Whencombinedwith theotherMAC protocaols,
however, Hello messageareneededincesuchfeedbacks not
available. WhenHello messageare used,a nodetransmitsa
Hello onceeachsecondaslong asthe nodehasnot broadcast
ary othercontrol messagesluring the previous second. Ad-
ditionally, promiscuoudistening modeis enabledfor AODV
whene&er Hello messagesre utilized. This allows AODV
to determinemore quickly whenlink breakshave occurred.
The RETRANSMIT TIME valuein Tablell is the maximumal-
lowabletime betweerpromiscuouseceptionof datapaclets
from neighborson active paths.

B. Results

To determinewhetherthe selectionof MAC protocolsaf-
fectstherelative performancef the protocols threeresultsare
examined:the numberof datapacletsrecevedby their desti-
nationsthe controlpaclet overheadandthe normalizedrout-
ing load. Thecontrolpacletoverheads computedy counting
thenumberof hop-wisecontrolpaclettransmissionsThenor-
malizedrouting load is calculatedby taking the total number
of perhop control paclet transmissionsand dividing this by
thenumberof datapacletssuccessfullydeliveredto their des-
tinations.

Fig. 2 illustratesthenumberof datapacletsdeliveredto des-
tinationsin eachof thenetworks. Therelative performancesf
WRP and FSR remainsfairly constantwhile that of AODV
tendsto vary by the MAC protocol used. When run over
CSMA, WRP performsbestfor the highermobility scenarios;
however, while using IEEE 802.11,A0ODV outperformsthe
otherprotocols.Theprotocolsachiese nearlythesamenumber
of delivereddatapacketswhencombinedwith the MACA and
FAMA protocolswith AODV performingslightly betterusing
the FAMA MAC protocol. The protocolshave betteroverall
performanceusing CSMA than using MACA or FAMA be-
causeof theRTS/CTSmessageMACA sourcegransmitRTS
pacletswheneverthey have a datapacletto sendwithout rst
sensingthe channel. This resultsin anincreasen paclet col-
lisions andhencedecreasedhroughput. The collision avoid-
ancemechanismncorporatednto IEEE 802.11for thetrans-
missionof RTS pacletsaidsin the reductionof the numberof
collisions. Consequentlymore datapacletsreachtheir desti-
nations.Furtheranalysisof theMAC protocolsunderUDP can
befoundin [3].

The numberof hop-wisecontrol paclet transmissionslur-
ing eachsimulationis shavn in Fig. 3. Becausd=SRusespe-
riodic messagingegardlessof the underlyingMAC protocol,
the amountof control overheadgeneratedy this protocolre-
mainsrelatively constanbver the differentsimulations. WRP
hasbothtriggeredandperiodicupdatesandhenceheamount
of controloverheadncreasesismobility increasegi.e., asthe
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pausetime becomesshorter). AODV is the only protocolsig-
ni cantly affectedby the MAC layer. Whenrun over CSMA,
MACA andFAMA, AODV mustutilize Hello messagem or-
derto maintainconnectvity. Henceit is expectedhatthenum-
ber of control messagen thesesimulationsis greaterthan
in the IEEE 802.11simulation. Additionally, the amountof
controloverheadyeneratedy AODV is directly relatedto the
numberof routesit is maintaining.Becauseherearesomary
paclet collisionswhenutilizing the CSMA MAC layer proto-
col, AODV is not ableto maintainasmary routes.Hencethe
control overheads lower for this simulation. As the number
of routesAODV attemptsto maintainincreaseshowever, the
amountof controltrafc generatedimilarly increases.

Thenormalizedroutingload (NRL) is ameasuref aproto-
col's efciency. This measurds importantbecausdink layer
protocolsin adhocnetworksarecontention-basedrhis result
is shavn in Fig. 4. WRP consistentlyhasa greatemNRL than
FSR,andhasgreaterNRL thanAODV in all but a few cases
of CSMA. Theratio of control messagegeneratedy WRP
andFSRremainsapproximatelyconstantegardlesf theun-
derlying MAC protocol. Note the variationin -axis scaling.
The NRL quantitatve measurevariesbecausehe throughput
of WRP andFSRis dependentiponthe MAC protocolsused.
Hence,this metric aidsin the analysisof how ef ciently the
routing protocolsutilize routing pacletsto deliver datapack-
ets. AODV is mostefcient when usedwith IEEE 802.11.
Thisresultis expectedsinceAODV doesnotneedHello paclet
transmissionsvhencombinedwith IEEE 802.11.

V. CONCLUSIONS

This paperhaspresentedh performancecomparisorof the
WRPR FSR,andAODV routing protocolswhencombinedwith
varyingMA C protocols.Therelative performancef the WRP
and FSR protocolsdoesnot shav notablevariationwhenrun
over the different MAC protocols. Neither routing protocol
requiresoperationalchangesdependentipon the underlying
MAC protocol, and the resultsshav that their relative per
formanceremainsapproximatelyconstant. This leadsto the
conclusiorthattable-drivenprotocolsactsimilarly with differ-
entMAC protocols althoughfurtherstudyof additionaltable-
drivenprotocolsis neededo validatethis conclusion.

BecausAODV requireeriodicHello messagingvhenrun
overlink layerprotocolsthatdonotprovidefeedbackvhenthe
next hopis unreachableheamountof controltraf c generated
with theseMA C protocolsis considerablygreatetthanwhenit
isrunover [ EEE802.11DCF. AODV provesto besensitve to
the functionality of the MAC protocol,and henceits relative
performance/ariesdependingiponwhich MAC layeris used.

Table-drivenandon-demangbrotocolsmayreactdifferently
dependingipontheMA C protocolusedhowever, thequestion
of whethertwo differenton-demandad hoc routing protocols

would exhibit the samevariationdueto MAC layer effectsre-
mainsopen. Theresultsshav thatthe MAC protocolselected
for simulationstudyis a key componenbf the performancef
aroutingprotocol,andthis aspecmustbetakeninto consider
ation whendoing comparatie studiesof the performance®f
routing protocols.
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