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A Comparative Experimental Study of Media AccessProtocols
for Wir elessRadio Networks

CHRISTOPHER L. BARRETT!  MARTIN DROZDA'  MADHAV V. MARATHE!

Abstract

We conductacomparatre experimentabnalysisof threewell known mediaaccesgrotocols:802.11,
CSMA, andMACA for wirelessradio networks. Both fixed andad-hocnetworks are considered.The
experimentalanalysiswas carriedout using GloMoSim : a tool for simulatingwirelessnetworks. The
mainfocusof experimentavasto studyhow (i) thesizeof the network,(ii) numberof openconnections,
(i) the spatiallocation of individual connections(iv) speedwith which individual nodesmove and (v)
protocolshigherup in the protocol stad (e.g. routing layer) affect the performancenf the mediaaccess
sublayerprotocols.The performancenf the protocolswasmeasuredv.r.t. four importantparametersfi)
numberof receivedpadkets,(ii) averge latencyof eat padket, (iii) longtermfairnessand(iv) through-
put Thefollowing generalqualitative conclusionsvereobtained;someof the conclusiongeinforcethe
earlierclaimsby otherresearchersOur resultsprovide in mary casesa plausibleexplanationof these
results.

1. Typically, all protocolsdegradesignificantlyat higherpacletinjectionrate. Moreover, the degra-
dationoftenhappensathersharply

2. In generalwhile the performanceof 802.11was betterthan CSMA at lower injection rates,the
performanceof 802.11is worsethanthat of CSMA at higherinjection rate, on the other hand,
CSMA assignsnequitableamountof resourcesin this regard802.11performsquite well.

3. MACA typically was dominatedeither by CSMA or by 802.11w.r.t. ary of the performance
measures.

4. Protocolsin thehigherlevel of the protocolstackaffectthe MAC layerperformance.

The maingeneralimplicationsof our work is that No single protocol dominatedthe other protocols
acrossvarious measues of efficiency In otherwordsthe performanceof protocolsdependson all of
the parametersnentionedabove. This motivatesthe designof a new classof parameterizeghrotocols
that adaptto changesn the network connectity andloads. We refer to theseclassof protocolsas
parameterizedlynamicallyadaptiveeficientprotocolsandasafirst stepsuggeskey designrequirements
for suchaclassof protocols.
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supportedy the Departmenbf Enegy underContractW-7405-ENG-36 Email: barr et t , dr ozda, mar at he@ anl . gov.
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1 Intr oduction and motivation

Designof MAC layer protocolsfor wirelessmobile networks hasbecomean importantareaof researchn
recentyears(See[BD+94, Ka9( andthereferencesherein).An extremeform of wirelessmobile networks
are the ad-hocnetworks — networks that do not rely on ary fixed infrastructure,e.g., basestations. The
upsugein avariety of mobile computingdevicessuchaslaptops,PDAs, andotherportableshascausedan
unprecedenteshterestin this form of communicationEarly progreson multi-hopradionetworksincludes
the PRNET (Packet RadioNetwork) [JT87], andSURAN (Survivable Adaptive Networks) [SW] projects.
Interestin ad-hocnetworks for mobile communicationshas also resultedin a specialinterestgroup for
Mobile, Ad-hoc Networking within the InternetEngineeringraskForce (IETF) [MC].

Network protocolsin generaheedto fulfill amultitudeof designandfunctionalrequirementsincluding,
(i) High throughput;(ii) Low average latency;(iii) Heteiogeneoudraffic (e.g. data,voice andvideo); (iv)
Preservatiorof padet order; and (v) Supportfor priority traffic. (See [Sa95 RS96,Ra96 Pa97a Ba9g.)
As ad-hocetworkslackfixedinfrastructuran theform of basestationsfulfilling theabove statedunctional
requirementbecomesll the moredifficult. Many MAC layer protocolshave beenproposedanddesigned
to meetone/maw of thesecriteria;theresearchareacontinuedo bevery actie.

Becausef thelimited bandwidthof wirelesschannelsnessageomplity of bothMAC layerandnet-
work layer (routing) protocolsneeddo bekeptlow. Informally speakingwe definethe messageompleity
of aprotocolastheratio of thenumberof datapacletssuccessfullfransmittedo thetotal numberof paclets
actuallysent(including control paclets, duplicatesetc.). Lateny is definedto be the averagetime it takes
for a paclet to reachits destination. Note that as defined,the definition doesnot distinguishbetweenthe
typeof pacletsreceved. Thusit is concevablethata connectiomrmightbe deemedo have goodlateny but
might notdeliver too mary new paclets. Thusa goodprotocolshouldhave thefollowing characteristicsi)
highthroughputasmeasuredby thetotal numberof goodpacletsrecevedin aunittime and(ii) fairnessin-
tuitively speakinghighthroughpuimplieslow messageompl«ity andlow lateng. Theinterplaybetween
messageomplity andlateny with dynamicallychangingnetwork connectiity, andtraffic load is the
mainfocusof the studydescribedn this documentAdditionally, we studythe effect of (i) spatiallocations
of sourcesandsinks, (ii) injectionintervals of paclets,and(iii) type of network on quality of service.We
have alsostudiedthe impactof mobility on performanceof MAC layer protocols. We chosethe following
MAC layer protocolsto test: 802.11,CSMA, andMACA. All simulationsweredonein GloMoSim, atool
specializedor simulatingwirelesscommunicatiometworks.

Therestof thereportis organizedasfollows. In Section2 we give anoverviev of thethreeMAC layer
protocols-802.11,CSMA, andMA CA protocolsusedin our simulations.Section3 summarizesur results
andoffers qualitatve explanations.In Section4, we describehe experimentalsetup. Section5 reportsthe
specificresultsfor eachscenaricandprovidesa qualitatve analysis.In particularSection5.1 considerghe
generalizedhiddenterminalscenarioSection 5.2 studiegheeffect of connectiity andSections.3theeffect
of sparsity Section6 briefly discusse$wo extensiong(i) the performancevhenthe numberof connections
is varied(Section6.1) and(ii) theeffect of mobility (Section6.2). Finally concludingremarksarepresented
in Section?.



2 MAC layer protocols: Issuesand Description

Therearetwo basicissueghatdistinguishtraditionalLANs with WirelessLANs w.r.t. mediaaccessontrol
protocols. Thefirst is the well knowvn hiddenterminal problem In this situationtwo datatransmission
sourcedry to communicatevith a commonnode. Moreover, assumehat the sourcesare not within radio
rangeof eachother As aresult,eithersourcess oblivious of the factthatthe otheris trying to transmitdata
to thecommonnode.This resultsin paclet collisionsor oneof the sourcesacking-of aftersensinga busy
carrier Despiteclever back-of mechanismshe situationeitherendsup with alot of collisionsandhence
poorthroughputor inequitableresourceallocationto one of the connectionsleaving the otherconnection
starved A relatedproblemis theexposederminalproblem Hereatransceier A wantsto sendamessagéo
transceter C'. Following the protocol,it first checkso find andfindsthatthe mediumis busy: It thusbacks
off andrefrainsfrom sendingary paclets.Butit is quite possiblehatthestationC' to whichit wantsto send
the signalis far away from the currentlytransmittingstation B andthuscanC' canreceve pacletsfrom A
without muchinterference Additionally, D whichis receving messagesom B is alsofarfrom A andthus
recevesthe signalwithout muchnoise. The secondbasicissueis that while transmitting,the transceier
cannotsimultaneouslyisten andhencemakescollision detectionandavoidancemuchmoredifficult. This
hasbeenreferredto asthe mute-deaf-timeproblem; most protocolsdo not addresghe exposedterminal
problematall andhenceareinherentlyinefficient from theresourceutilization standpoint.

A commonlyknownn group of MAC protocolsis basedon the carrier sensemultiple accesYCSMA)
paradigm.Theideabehindthis paradigmis to resere transmissiorthannehlttheoriginator(source )y car
rier sensing.Until recentlyCSMA basedprotocolssupportednly singlechannelcommunicationrecently
multiple channelextensionshave beenproposedNZD99]. Many protocolshave beenproposedo avoid the
hiddenterminalproblems.Two notableexamplesarethe MACA [Ka90] andMACAW [BD+94] protocols.
MACA introduceda resenration systemachiared with exchangeof an RTS/CTS (Requesflo Send/Clear
To Send)pair of control paclets. MACAW alsorecognizeshe importanceof congestionandexchangeof
knowledgeaboutcongestiorlevel amongentitiesparticipatingin communication. An adwancedback-of
mechanisnwasproposedo spreadnformationaboutcongestion Furthermorethe basicRTS/CTS/DATA
resenation schemahasbecomean RTS/CTS/DS/IATA/ACK schemawith significantlyimproved perfor
mance.In theseprotocolsmessag@riginatorsresere receptionareaat the sink by exchangeof RTS/CTS
control messagesThis is in contrastto CSMA wherereseration wasdoneat originators. This powerful
methodhasa dravback of introducingsmall control pacletsinto the network that later collide with other
data,control, or routing paclets. IEEE 802.11MAC standardOP] was designedwith a resenation sys-
tem similar to MACA or MACAW in mind. 802.11hasalsoimproved fairnesscharacteristicshowever,
in [LNB98] authorspoint out deficienciesn thefairnessof this protocol,aswell.

2.1 CSMA

CSMA is anacrorym for CarrierSenseéMultiple Access.As thenamesuggeststhis protocolexploits capa-
bility of transcetersto listento the on-goingtraffic in theadjacentrea.Thisinformationis usedto decide
whetherto startits own transmissionpr whetherto postponehis transmissioruntil the channelgetsidle,
i.e.,thereis no carriersensedBy monitoringthe carrierCSMA improvesefficiency by lowering collisions



with neighboringtranscerers. However, if CSMA sensegarrier the protocolhasa built-in mechanisnior

delayingtransmission.Thesemechanisnarereferredto asbadk-off algorithms.Thesecomein severalfla-

vors— we referreaderto [Ra9q for details. CSMA/CA, whereCA standsfor Collision Avoidanceapplies
similar mechanismto thoseusedin MACA, notably useof RTS/CTScontrol paclets. Unlike CSMA/CD,

whereCD standdor Collision Detection,in CSMA transcerersdo not monitorthe carrierduringtheir own

transmissionCSMA/CD usuallyimplementghis featureby interruptingthe transmissior(singlechannel),
or transcerersneedto have listen-while-talkcapability

2.2 MACA

MACA usesa differentapproachfor channelresenation than CSMA. Unlike CSMA, MACA doesnot
resene thechannekttheoriginatorof atransmissiorbut ratherat the destinatiorfor thetransmissionThis
is doneby exchangeof anRTS/CTSpair of control paclets. To startatransmissiorio achoserndestination,
originatorof thetransmissiorsendsan RTS (Ready-D-Send)control paclet to the destination.In casethe
channehtthedestinations idle, aCTS(ClearTo-Send)ontrolpacletis returned andthetransmissiorcan
start. Shouldthatnotbethe casebinaryexponentiaback-of algorithmis applied.Thisalgorithmpostpones
thenext RTSrequestandthedelayperiodfor this grows with thenumberof unsuccessfuRTSrequestsThe
motivation behindMA CA wasobsenrationthatcongestiormostly occurredat the destinatiorratherthanat
theorigin of transmissionMACA hasbeenconsiderablymprovedin MACAW, see[BD+94].

2.3 802.11

The802.11standardsonsistof notonebut threebasicspecifications(i) the physicallayer, (i) themedium
accesdayer control specificationand (iii) the power saving functionality that operateson both layers. An
802.11WLAN hastwo basicworking modes:ad hoc modethatallows only peerto peercommunication
and aninfrastructuremodewherea control infrastructuresuchasthe basestationbe accessedor control
purposes802.11allows two control/accesschemeshatareallowed.

Thefirst schemes the centralizedschemecalledthe Point contiol scheme(PCF) in 802.11wherein a
basestationlike control entity controlsthe accesgo the medium. Informally speakingwheneer mobile
nodewantsto transmit,it requestaccesso themediumuntil the basestationgivesit explicit signalto do so.
Centralizedschemeseedextensve informationto bestoredatthebasestation(or acontrolnodein general)
andthusarenot robustto singlepointfailures.

The secondschemaeis a distributed schemeandis calledthe distributed coordinationfunction (DCF)
in 802.11. Underthis schemegachtranscerer wishing to transmitthe informationdoeslocal polling and
communicatiorto obtainaccesgo the medium. Beinginherentlydistributed the protocoldoesnot require
large amountof informationaboutthe mediumsuchascurrentlyassignedrequencietc. to be stored.On
the otherhand,theschemeadoesnot, in generalprovide QoSguarantees.

Our experimentsusedDCF accessschemedueto its suitability for ad-hocnetworks. This schemes
basednavariantof the CSMA/CA (Collision avoidance)protocolcalledthe DFWMAC (Distributed Foun-
dation WirelessMAC). Roughly speakingin this protocol, the stationthat intendsto transmitand senses
thatthe channelis busywaitsfor the endof the ongoingtransmissionthenwaits for atime periodof DIFS



length(DCF Interframespacesandthenrandomlyselectsatime slotwithin theback-of window. Thebasic
accessnechanisntanoptionally be extendedto the RTS/CTSmessagexchangemechanisnfollowed by
datadelivery. To justify the additionaloverheadcausedy the control paclets,their usagedependn the
sizeof the pacletto betransmitted More informationon 802.11canbefoundin [802.11.

3 Summary of Resultsand Implications

We experimentallyevaluatethe performancef threewell knovn MAC protocolsin wirelessradionetworks.
Both staticandad-hocradio networks areconsidered.The goalis to seehow (i) the network topology (ii)

thetraffic injectioninterval, (iii) thespatiallocationof thesourcedestinatiorpairs,(iv) the effect of mobility
(in caseof ad hoc networks), all affect the performanceof the protocols. Moreover, we wantto do this
in settingswhele the resultsare interpretable; henceto the extent possible we havechosenvery simple
instancego effectivelyargueaboutanissue

3.1 ScenarioSpecificResults

For now, view a scenaricasa combinationof, the injection rate, spatialconnectionlocationsand network
topology We have consideredhreebasicscenarios- eachscenarioconsistsof a numberof sub-scenarios.
Alternatively, eachscenaricanbeviewedasanexperimentallesignsetupto verify/testacertainhypothesis.
Theexperimentaldesignsarediscussedn detailin Sectiond. We first discusgheseresults.

1. Thefirst scenariowascreatedto verify performanceof MAC layer protocolsunderhiddenterminal
situations. For this we designedhe basichiddenterminal sub-scenari@aswell asextensionsof this
ideato the caseof multi-hop networks. Resultsshav that CSMA inequitablyassignedesourcego
thetwo connectionver individual runs. Onthe otherhandCSMA performedquite well in termsof
lateny andin fact hadthe lowestlateny amongall the threeprotocolsfor this case. MACA hada
very high lateng aswell asinequitableresourceassignment802.11hadworselateny thanCSMA
but wasbetterthanMACA. Onthe otherhand,it allowedthe mostequitableaccesgo the mediaand
hadthe bestthroughput.SeeSection5.1 for moredetails.

2. The secondscenariowasto testbehaior underlow andhigh connectiity. We canseethatthe pro-
tocolsfail to performin extremesituations.Herewe have a casewherecommunicatiordepend®n a
few isolatednodesthatcorvey pacletsbetweerclustersof nodes.CSMA dominatesn this scenario.
802.11failedin boththelateny andpacletsreceved. MACA's performances quite poorunderhigh
injectionrate. It shavs up thatexchangeof RTS/CTSpairis not very efficientin SeeSection5.2 for
moredetails.

3. Thethird scenariavasto corvey resultson the effect of grid width andsparsity CSMA shavs domi-
nationin termsof lateny. MACA shawvs low lateng but only for low injectionrates.Thereasoris the
overheadcausedoy exchangeof RTS/CTSpairs. 802.11performswell in termsof pacletsreceved
but at extremely high injection ratesthe protocol performancelummets. CSMA on the otherhand
shawvs improved performancevith increasednjectionrate. SeeSection5.3 for moredetails.



4. All the protocolsdo an inequitableassignmenbdf channelresourcedor low injectionintenal. We
have deliberatelyrefrainedfrom calling this unfair: whatdoesit meanto befair is notobviousandhas
beensubjectof a extensve researchn thepastin EconomicsandSocialScience.

5. For highinjectioninterval 802.11assignedesourcegquitably OntheotherhandCSMA andMACA
hadawide variation.

6. At leasttwo notionsof equitableresourceallocationscan be formulated: onein which we seehow
the protocoldoesin a particularrun andonein which measuregherelative resourcesssignedo each
connectionsver a given setof runs. Using the othermeasureaCSMA and MACA appearto have a
moreequitableresourceassignment.

7. Marny researcherbave in the pastdesignedspecificalgorithmsandargued(heuristicallyor formally)
aboutthe fairnessof protocols. We believe that the topic deseres more attention. For instance
[VBG99] proposedistributed fair schedulingalgorithm. The essentiaideais to assignresourceso
eachflow in proportionto theamountthatis backloggedor thatparticularflow. In [NK+99], theau-
thorshave discusseghernodeversusperflow fairness We merelypoint out that,eachsuchproposed
mechanisncan have subtleside effects; the goal is merely point out undertakinga more in-depth
study®

3.2 Explanation and conclusions

A qualitative explanationof mary of theresultscanbe given. For instance CSMA haslow overheadsince
it doesnot have the RTS/CTScontrol mechanismthis makescollisionsmorelikely but on the otherhand
allows for lower lateng (at leastfor the connectionghat are given accessyand adequateghroughputfor
the connectionghat are scheduled. 802.11has RTS/CTS mechanism;the overheadthat sucha control
mechanisntausegor smallpacletsis evidentfrom thedegradationof 802.11for smallpacletsizes. MACA
appeargo be probablytheworstoverall: it hashigh lateny andinequitableresourceallocation. The main
conclusionof our studyincludethe following:

1. The network connectrity, spatiallocationof connectionsjnjection rate and paclet size all play a
crucialrole in determiningthe performanceof a mediaaccesgrotocol. While, the effect of lasttwo
parameterbasbeenstudiedearlierto someextent[WS+97, BD+94], theeffect of first two parameters
hasnot beenextensvely studiedto the bestof our knowledge.

2. Mobility deteriorateshe performanceof all the protocols. Although not surprising,the extent of its
effectis certainlyworth noting. Dueto the RTS/CTS/ACK protocolof 802.11 this protocolhassub-
stantiallysuperiormperformanceomparedo the othertwo. SeeSection6.2 for additionalexplanation
of plausiblereasons.

3A verysimpleexamplewill make thepoint. Considerfor instanceanadwersarywhowishesto slow down anetwork withoutary
goalof transmittingusefulinformation. Furthermoreimaginethe adwersaryto have control over the protocolstack. The adwersary
can easily compromisethe network’s good throughputby not implementinga voluntary back off schemeand thusflooding the
intermediatenodes.If perflow fairnesss implementedhis will endup giving unusuallyhigh resourceso this connectionsnaking
the otherconnectionsiave low throughput.



3. In generathefollowing broadconclusionsanbedravn: (i) higherinjectionratesii) smallerpaclets
and(iii) increasedlensityof network affect the protocolperformanceadwersely Section3 discusses
thisin moredetailandprovidesqualitatve reasongor this.

4. No single protocol dominatecdthe other protocolsacrossvarious measues of efficiency This moti-
vatesthe designof a new classof parameterizegrotocolsthatadaptto changesn the network con-
nectvity andloads. We referto theseclassof protocolsasparameterizedadaptiveeficient protocols
(PARADYCE) andasafirst stepsuggeskey designrequirements$or sucha classof protocols.

4 Experimental Setup

The experimentalsetup consistsof a descriptionof (i) the scenariosused,(ii) simulationsetup,(iii) input
andoutputvariables,

4.1 The scenarios.

We studiedthe performanceof the three protocolsunderthree different basic scenarios. Each scenario
consistedof a numberof sub-scenariosEachscenariowas designedo testa distinct hypothesis.Unlike

mostof theearlierstudiespur scenariosveredesignedo understandheperformancef the MAC protocols
atthe“network level” ratherthanat“link level”, i.e. mostof our scenariogonsistedf sourcesink pairsthat
wereat least2 links apart. We briefly describethe scenariodelav; additionaldetailsfor eachscenaricare
givenin thesectiondescribinghe resultsfor thatscenario.

1. Scenario 1. Effect of General Hidden terminal. This scenariois motivated by the well knowvn
hiddenterminal problem. It hasbeenwell documentedhat hiddenterminal configurationcauses
CSMA to assigninequitableresourcego connections. 802.11 overcomesthis problemusing the
RTS/CTS/ACK mechanism.We wantedto seeif the randomdelaysintroducedby the network can
mitigate the hiddenterminalto someextent. We call this the genealized hiddenterminal scenario
Sectionb.1describeshescenaricsetupin moredetail.

2. Scenario2: Effect of Network Connectiity. In thisscenariopur goalwasto investigateheeffect
of network connectiity on MAC layer protocols. We considersuccessiely densemetwork keeping
the set of nodesconstant. Another motivation for this scenariowasto provide insightsinto opti-
mal power settingsfor power aware MAC protocols. Intuitively, increasingthe network densityhas
two conflicting effects. On one hand,increasingthe power rangeimplies that pathsbetweensource
destinationpair tendto be shorter(the paclets make fasterprogressowardstheir destination);this
reduceghe numberof collisionsthat a paclet might participatein. On the otherhand,the network
becomeglense(the nodeand edgeconnectiity); this implies that oneis likely to encountemore
spatialinterferencdrom adjacentadios. The secondssuehasbeenstudiedanalyticallyby a number
of authorsfor CSMA and ALOHA like protocols,mostnotableby Nelson,Kleinrock, Takagiand
Tobagi[NK83, NK84, TK84, KT75, KT75a]. But no suchanalyticalresultsare known for 802.11;



morewer, the analysisin [NK83, NK84, TK84, KT75, KT75a]is doneonly on randomlydistributed
setof points.

3. Scenario3: Effect of Separator sizeand sparsity.  In thefinal scenariowe aimto understandhe
effect of network sparsityandseparatosize on the performanceof MAC protocols. Intuitively, it is
obvious, that smallerseparatormply higherprobability of collisionsandthusreducedperformance.
Again, asmentionedearlier our broadgoal is to look for network level effects as opposedo link
level effects. Theimportanceof separatorbiasbeenwell establishedn the studyof circuit switched
networks.

B : D

Figurel: Thefigureschematicallyllustratestheconnectiity of thegraph.For clarity only theedgesncident
onthenode(0, 0) areshavn. Thedottedarcshavs thetranscerer’s radiorange.

4.2 Simulation Setup Characteristics
We now describethe detailsof the parametersised.
1. Network Characteristics: In eachscenariove have keptthefollowing parameteconstant:

¢ Network Topology: Althoughspecificscenariosisespecificnetwork topologiesoneparticular
topologyis usedfrequently We call it the grid-squaed topology It consistsof 7 x 7 node
grids with the radio radiusof 2.5 grid units (1 grid unit = 100m). The namecomesfrom the
factthatit canbe viewed asconstructingG?(Vi, E1), whereG(V, E) denoteshe grid. In the
graphG?, thereis an edgebetweenu andv iff w andv wereno morethana distance2 apart.
A verticalconnectionj.e. sourcebeing(z,0) anddestination(z, 6) requiredat leastthreehops
for a paclet to reachits destinationwhereador a diagonalconnectionat leastfour hopswere
required.By verticalconnectionwe meanthoserunningup-davn (A—B, C-D), andby diagonal
connectiorwe meanthoserunningfrom upperright cornerto lower left corner(C—B), or from
upperleft cornerto lower right corner(A-D) asit is shavn in Figure 1. Finding outthe number
of hopsrequiredto reacha destinatiorfrom a sourceis aneasytaskandis omitted. Most of our
topologiesarederivedfrom this basicstructure.

¢ Number of connections: We usedtwo connectionsgxceptfor the experimentin which we
studiedinfluenceof numberof connectioron quality of service.



e Routing protocol: AODV.

2. Mobility Parameters. Therewasno movementof nodesexceptfor the lastexperimentin which
we studiedinfluenceof mobility on quality of service.

3. Traffic Characteristics.

e Theinitial paclet sizewas512 bytes,the initial numberof pacletswas 1,000,andthe initial
injectionintenval was0.1 second We reducedhe paclet sizeby a factorof 2 andincreasedhe
numberof pacletsby a factorof 2 every time theinjectionintenval wasreducedby a factor of
2. For example,if theinjectioninterval washalvedto 0.05secondhenthe new paclet sizewas
256 bytesandthe new numberof pacletswas2,000. This allowed us to keepthe injection at
input nodesconstanin termsof bits persecond.

¢ Thebandwidthfor eachchannelwassetto 1Mbit. Thepropagatiorpath-losanodelwastwo-ray

e Otherradio propagatiormodeldetailsareasfollows: (i) Propagatiorpath-lossmodel: two ray
(i) Channebandwidth:1 Mb (iii) Channelfrequeng: 2.4 GHz (iv) Topography:Line-of-sight
(v) Radiotype: Accnoise(vi) Network protocol:IP (vii) Connectiortype: TCP.

4. Simulation Characteristics.

¢ To keepthe simulationtime 100 secondsandthe total size of pacletsin traffic constantwe
halvedthessizeof pacletswith eachdoublingof pacletinjectionintenal.

¢ Unlessotherwisestated,we usedtwo connectiongsourcedestinationpairs) perrun. For each
protocolandeachvalueof injectionintenal 30 independentunsusinga nen randomseedwere
carriedout for eachsub-scenarioln afew caseghe numberof runswerereducedo 10; butin
all suchcaseghebasictrendis evident.

e Hardware usedin all caseswasa Linux PC with 512MB of RAM memory and Pentiumlll
500MHz microprocessor

4.3 Input Variablesand Measured Quantities

The MAC layer protocolsstudiedare802.11,CSMA and MACA. The independenfinput) variablesfor a
givenscenariovere:thenetwork topologyandtheinjectioninterval for paclets. Thefollowing threepieces
of informationwerecollected:(i) Lateng: Averagesndto enddelayfor eachpacletasmeasuredh seconds,
(ii) Total numberof pacletsreceved, (i) Throughput:numberof in bits/secondeceved. Note thatwhile
calculatinglateng, we only considemacletsthatweresuccessfullyeceved.

Apartfrom lateny andpacletsrecevedthatareplottedfor eachconnectior(recallfor mostpartwe deal
with two connections)we alsoreportthe averagebehaior of the protocols.We briefly describethe method
usedto calculatetheseparametersAveragethroughputand averagelateny is simply the averageover 60
runs of eachprotocolover the two connectiong30 for eachconnection). An exampleof a plot shaving
averagefairnesqdiscussedbelow), throughputandlateng is seenin Figure6.



Measuring and Plotting Fairness. Informally speaking.a fair assignmenbf resourcesneansthat all
the agentsparticipatingin the game/procesgetequalaccesso the resourcesThis informal notioncanbe
extendedin several ways andindeedformalizing the conceptis beyond the scopeof this paper Hereas
discusseaarlier we only considedongtermfairnessof protocolsasopposedo shorttermfairness.

To measurdong termfairnesslet r = p; /p2 denotetheratio of pacletsrecevedfor a givenrun of the
protocolfor thetwo connections.Thenr denoteshe fairnessindex of the protocol. Note thatin caseof
perfectlyequitableallocationthe fairnessndex is 1. Averagefairnesss % Zij"o max{r;, Tl} wherer; is
the above statedratio for the it run of the protocof. Oneway to seethe behaior of a protocolw.r.t. its
fairnesscharacteristicss to plot thefairnesdndex for eachrun. For exampleconsiderary oneof the 6 plots
in Figure5. The X-axis hasthe run numberandthe Y-axis displaysthe fairnessindex of the protocolfor
eachrun. Thesepointsareconnectedy a straightline sothatdifferencesn the heightof the pointsis better
reflected.Additionally, in orderto depictsmallerchangesall ratiosabove 10 arescaleddown to 10. Thus
the maximumy-valueis always 10; the maximumz-valueis 30 denotingthe numberof independentuns.
Note that the runsarejust independeninvocationsof the simulatorwith exactly the sameparameterdut
with a differentrandomseed.The dottedline is a horizontalline with y-valueequalto 1. This denoteghe
expectedbehaior of aperfectprotocolthatassignsquitableresourcesAny deviation of the curve above or
below thisline impliesthatthe protocolwasnot fair. Also notethatafairnessndex suchas.2 is in essence
thesameas5 — in bothcaseneconnectiorgot 5 timesmoreresourceshatthe otherconnection.

5 Resultsand Analysis

We now summarizethe experimentalresults. The resultsare summarizedn form of graphs. The graphs
shawv the dataasafunctionof varyinginjectioninterval. The dependencef (i) lateny and(ii) the number
of pacletsreceved areplottedagainstheinjectioninterval®.

5.1 Scenariol: GeneralizedHidden Terminal Effect

We now discussthe experimentalsetupfor the first experiment: effect of the generalizechiddenterminal.
Theexperimentaldesignconsistof threesub-scenarioandis depictedn Figure2(a—c).Figure2(a)depicts
the basecase;the classicalhiddenterminal setting. We have two connections:onefrom A to B andthe
otherfrom C to B. The settingis suchthat B canhearboth A andC' but A andC cannotheareachother
Figure 2(b) depictsthe first form of generalizechiddenterminalsetting. We have a grid-squarechetwork
andtwo connectionshavn by arravs from sourceto the destination.The arrovs representhe roughflight
pathof paclets: the pathis notdeterministian general As in the hiddenterminalscenariothe connections
have the samedestinatiorbut differentsourcesMoreover, in contrasto the classicalscenariosthe shortest
pathfrom sourceto destinatiorfor both connectionss 4. This is the only difference. The rationaleis the
following: althoughthe destinationsarethe same the pacletsarelikely to encounterandomdelaysasthey
traversethe network andhenceit is likely thatthe inequitableresourceassignmenproblemfor CSMA is
mitigatedto somedegree. Figure 2(c) considersanothervariant. Here the destinationsare not the same

“Thisis donesothatall the summedjuantitiesareat least1.
>Notethatwe have usediog-scalefor y axisin all graphs.

10



but very closelylocatedspatially Again, onewould expectthe inequitableresourceassignmenproblemis
mitigatedto a degree.

ol

A e o o C

t

Figure2: Distinct sources(a) Three-nodéhiddenterminal, B canhearA andC, but A andC cannothear
eachother;(b) Identicalsinks;(c) Closelypositionedsinks. Minimum connectity for (b) and(c) is 8, and
maximumconnectiity is 21. Thefour quartercirclesdenoteheradiorangeof thecornerradios.Eachradio
hasthe samerange.Thebasicconnectiity is the sameasin agrid-squaredjyraph.
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Figure3: Distinct sourcesidenticalsinks. Thetwo leftmostfiguresrepresentatafor lateng (connectionl
and?2) andtheothertwo shav datafor pacletsreceved (connectiorl and2). Thegraphsshavs dependengc
of theseparametergninjectioninterval. Theseresultscorrespondo scenarian Figure2(b).

Broad Conclusiondor Experimentl: Resultsareshovn in Figures3, 4, 5, 6, andin Table 2. Theplotted
valuesareaveragedover 30 runswith differentrandomseedior eachrun of the simulator

1. Looking at the numbersin Table 2 (resultsfor Figure 2(a)), we seethat CSMA essentiallydid not
assignary resourcesvhentheconnectionstartedatthe sametime. In contrastwhentheconnections
were started1l millisecondapart,resourcesvere assignecequitably 802.11did very well for both
connectionsvith andwithout ary delays;in factits performancewnas essentiallyindistinguishable.
MACA's performancavassomevherein betweenthe performanceof CSMA and802.11. The poor
performanceof CSMA is notobviousby looking at Figure3 sincethe plotsareobtainedby averaging
over 30independentuns.

2. Resultsfor the generalizechiddenterminal scenario(Figure 3 and 4 for scenariosshavn in Fig-
ures2(b),(c))shav thatlateng is low for all protocolsat low injectionrates.However at high injec-
tion rates both802.11andMACA exhibit muchhigherlateng. Ontheotherhandnumberof paclets
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Protocol 802.11 802.11 CSMA CSMA MACA MACA

Case a b a b a b

Connectionl
Injectionintenal [s]

0.1 0.0097 0.0105 0.0037 0.0083 0.0258 0.0095
0.05 0.0067 0.0065 0.0028 0.0042 0.0218 0.0055
0.025 0.0051 0.0043 0.0024 0.0022 0.0200 0.0035
0.0125 0.0032 0.0032 0.0020 0.0011 0.0610 0.0610

Connection2
Injectionintenal [s]

0.1 0.0097 0.0055 0.0019 0.0046 0.0262 0.0057
0.05 0.0067 0.0034 0.0016 0.0026 0.0217 0.0035
0.025 0.0051 0.0025 0.0015 0.0016 0.0200 0.0025
0.0125 0.0021 0.0021 0.0016 0.0010 0.0578 0.0578

Tablel: Three-noddéhiddenterminal— lateng. Case(a) The connectionstartedat the sametime. Case(b)
Theconnectionstartedwith a differenceof 1ms.Resultscorrespondo Figure2(a).

Protocol 802.11 802.11 CSMA CSMA MACA MACA

Case a b a b a b

Connection1
Injectionintenal [s]

0.1 999 999 0 998 494 998

0.05 1998 1998 1 1998 998 1998
0.025 3997 3997 1 3997 1973 3996
0.0125 7995 7995 2 7995 7188 7188

Connection2
Injectionintenal [s]

0.1 999 999 0 999 506 998

0.05 1998 1998 1 1998 1001 1997
0.025 3997 3997 1 3997 1969 3996
0.0125 7995 7995 2 7995 7184 7184

Table2: Three-noddiddenterminal— pacletsreceved. Case(a) The connectionstartedat the sametime.
Casg(b) Theconnectionstartedwith a differenceof 1ms. Resultscorrespondo Figure2(a).
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Figure 4. Distinct sourcesclosely positionedsinks. The two leftmostfiguresrepresentatafor latengy
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Figure5: Fairnessover a setof 30 runsfor the threeprotocols. The z-axis shavs 30 runswith different
simulationseeds.The y-axis shaws the fairnessasa ratio of pacletsreceved for connectionl to paclets
receved for connection2. The dottedline shavs a ratio of 1; for fair protocolsplot shouldcoincidewith
thisline. Case(a) - low injectionrateareshavn in theleft column,Case(b) - high injectionrateareshavn
in theright column. SeeSection4.3 for more detail on the fairnessmeasure.Theseresultscorrespondo

Figure2(b).
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Figure6: Average(Un)Fairnessthroughputandlateng of the threeMAC protocolsunderlow and high
injection rates. Note that at high injection rate we have correspondinglyeducedthe paclet sizes. These
resultscorrespondo Figure2(b).

recevedfalls steeplyfor 802.11asoneincreasesheinjectionrates.Onthe otherhandCSMA shavs
asteadyincrease.

3. The resultsfor the two variant hiddenterminal scenariogFigure 3 and 4 for scenariosshavn in
Figures2(b),(c)) exhibit similar performancecharacteristics.In particular as expectedthe random
delaysintroducedby the network improvedthefairnesscharacteristicef CSMA considerablyover its
performancdor scenarid-igure2(a).

4. Figure5 shavsthebehaior of thethreeprotocolsw.r.t. fairnesgatio discussedn theearlierSection.
It shaws thatalmostevery run of the CSMA andMA CA protocol produceinequitableassignmenof
resourceso thetwo connections CSMA assignsgnequitableresourcesnorefrequentlythanMACA
but MACA hasmuchhighlevelsof inequitableresourceassignmenivhenthey aresoassigned802.11
behaesquitewell acrosdow aswell ashighinjectionrates.

5. Figure6 shavs thatno singleprotocoldominateghe otherprotocolsacrosghethreedifferentperfor
mancemetrics(fairnessthroughpuandlateng) andoverrangeof injectionrates.Thisis animportant
conclusionandwill bereinforcedaswe alterthe scenarios.

QualitativeExplanationdor Experimentl: We provide plausiblequalitative explanationfor the abore con-
clusions. First considerthe relative behaior of 802.11and CSMA. The RTS/CTS/ACK mechanismin

conjunctionwith IFS (Interframespaces)f 802.11reducesthe probability of collisions. On the other
hand, it sometimes(unnecessarilyyeseres media spacethus disalloving other transmittersto usethe
spaceevenif they could have probablyusedit without causingcollisions. Additionally the control pack-
ets (RTS/CTS/ACK) imply additionaloverheadon the systemwhich increasedateny and decreaseshe
goodthroughput(alsoknown asgoodput). Theseopposingaspectsf the control pacletsusedin 802.11
makesthe analysisof 802.11complicated.Neverthelessotethe following: at high injectionrateswe use
smallerpacletsandthustherelative overheacdbf the control pacletsin 802.11exceedshe gainobtainedby
decreasinghe numberof collisions. Furthermorethe pathsusedby the two connectionsareby andlarge
distinct (exceptnearthe destination).Thusthe collisionswe areavoiding areprimarily thosethatoccurbe-
tweenpacletsbelongingto the sameconnectioncollisionsthatoccurwhile transmittingpacletsover three
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consecutie links of a routing path). At low injection rates,the numberof control pacletsaresignificantly
smallerandwe have larger paclet sizes:thusimplying a higherbandwidthutilization. Moreover, although
thecollision probabilityis low, recoveringfrom collisionsatlink level asdonein 802.11usingthe ACK part
helpsits overall performanceThus802.11doesquitewell atlow injectionratesbut deterioratesubstantially
at higherinjectionrates. It appearghatthe time for a paclet to travel over onelink togethemwith thetime
it takesto move the paclet from input buffer to the outputbuffer is lessthanthe time it takesto generate
the next paclet at the source.Thuspacletstransmittedusing CSMA do not typically experiencecollisions
in this case.CSMA on the otherhanddoesnot assignequitableresourcedo the connections.This factis
cleareroninspectingFigureb, ratherthanFigure 3 thatreportsthe averageover 30 runs. Thereasorfor this
is clear: onceoneconnectiorgetsaccesso the channeljt preventsthe otherconnectiorfrom acquiringary
resourcesMore surprisingly MACA in spiteof usingRTS/CTScontrol paclets, alsoexhibits inequitable
resourceassignmentThusit appearghatthe randomdelaysusedin 802.11play animportantrole in im-
proving the fairnesscharacteristicef 802.11. CSMA and MACA on the otherhandrely on the transport
layerto recover from collisionsandthuspayahigh pricewhencollisionsdo occur Thequalitatve difference
betweerB02.11andMACA athighinjectionratesis dueto the ACK andIFS mechanisnpresenin 802.11.

5.2 Scenario2: Effects of Connectiity

We now discusghe setup for the secondexperiment.It aimsto understandhe effect of graphconnectvity
on the performanceof the MAC protocols. As in the caseof first experimentwe have threesub-scenarios.
The first scenarioconsistsof a grid graph. The secondandthird scenariosare obtainedby progressiely
increasinghe radiorangeof all transcerers. More formally: (i) first we settheradiorangeof transceiers
to onegrid unit, (ii) in the secondcasethe radio rangewassetto 2.5 grid units, and (iii) in the last case
theradiorangewassetto 5 grid units. This gave usincreasingminimum andmaximumconnectyity. The
minimum nodedegreeswere 3, 8, and 26 respecirely, for cornernodes,andthe maximumnodedegrees
wereb, 21, and49, respectiely, for centrally positionednodes.The edgeconnectiity of the graphis 2, 7
and26 respectiely® Thetopologyof theseexperimentss shovn in Figure?.

Broad Conclusiondor Experimen: Theresultsaredepictedin Figures8, 9, 10,11, 12,13,and14. The
graphsareagainaveragedover 30 runswith differentrandomseeddor eachrun.

1. Firstnotethatincreasingconnectiity hasamild effectonlateny andpacletsrecevedfor both802.11
andCSMA. In particularthe numberof pacletsreceved droppedsomeavhatat high connectiity and
athighinjectionrate. Althoughthelatengy shavs aslightdrop,thisis dueto thefactthatit is reported
only for goodpaclets. The performanceof MACA droppedconsiderablyat higherinjectionrates.As
in experimentl thiswasmainly dueto increasedaontrol paclets.

2. Comparingtheresultsfor low connectiity Figure8 with resultsfor scenaridn Figure2(b)(shaevn in
Figure3) we seethatall the protocolsin generaldo better Thisis becaus¢hetwo connectionglo not
interferewith eachotheratall in Figure7. Thusthelateng for eachprotocolin this cases lowerthan

5Theedgeconnectiity « is the minimumnumberof edgedisjoint pathsbetweerary two pair of vertices.
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Figure7: Two parallelconnectionsdensegrid network with low, medium,andhigh connectiity. Circles
shav theradiorange— (A) rangeis 1 grid unit: low connectiity, minimumandmaximumdegreeis 2 and5
respectrely. (B) rangeis 2.5grid unit: mediumconnectyity, minimumandmaximumnodedegreeis 7 and
20 respecitiely. (C) rangeequals grid units: high connectiity, minimumandmaximumdegreeis 25 and

48 respectiely.
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tion 1 and2) andthe othertwo shav datafor paclets receved (connectionl and2). The graphsshaws
dependengc of theseparameter®n injectionintenal. The plots correspondo scenariodescribedn Fig-
ure7(B).

16



10 — 100 T 100 T ——
802.11 —— 802.11 —— 802.11 ——
MACA ™ MACA - MACA -
10 E: 80 ‘
1t .
o
2
o} ¥ 3 60
> g
01 5 E
S g w0
&
—_— 8
001 T —_—
001 T 2
0.001 - 0.001 -

Injection Interval [s]

L L L L L L L
01 009 008 007 006 005 004 003 002

L L L L L L L
01 009 008 007 006 005 004 003 002

Injection Interval [s]

0 L L L L L L L L
01 009 008 007 006 005 004 003 002

Injection Interval [s]

9% Packets received

100

80

80211 ——

MACA -

Injection Interval [s]

0 L L L L L L L L
01 009 008 007 006 005 004 003 002

Figurel0: Grid network, high connectiity. Thetwo leftmostfiguresrepresentiatafor lateng (connectiorl
and?2) andthe othertwo shav datafor pacletsreceived (connectiornl and2). Thegraphsshavs dependenc
of theseparametersninjectioninterval. The plotscorrespondo scenaridan Figure7(C).

Fairness: Low and High Injection Rates, Low Density

Throughput: Low and High Injection Rates, Low Density

Latency: Low and High Injection Rates, Low Density

8 <
BOZITHigh g g
¢ S 8 802.18:high  camanfiiCANigh o MACA:high|
@
E 0
o g 592
§ £8 g3
£qo 8 5
ke g g
5 £ °
® 5 °
5 e a9
3 g
g« 3 s
2 §¢ H .
o = Py 802.11:high
2 ) g
g g 3
EE] 2 28
S S |802.11:10w
g
g . Csmatow  MACATow
& 2
o [B02.1100w  C§MAlow  MACAdow CSMAhighACA high) 802.11low  CSMAlow  MACAdow CSMAhigh
1 5 2 ! °
3
1 2 3 4 5 6 1 2 3 4 6 1 2 3 4 5 6

Different Protocols

Different Protocols

Different Protocols

Figurell: Averagd-airnessthroughputindlateng of thethreeMA C protocolsundedow andhighinjection
rate,andlow density Correspond$o the scenariadescribedn Figure7(A).

Faimess: Low Density, Low Injection Rate

Faimess: High Density, Low Injection Rate

El El
o o
8o 8o
H H
g” gv
I3 3
3N 33N
° °
0 5 10 15 2 2% Y 0 10 5 2 2% E
Run Number Run Number
El El
<® <®
= =
o o
Co Go
3 3
g g
8 8
s s
Y Y
° °
0 5 10 15 2 25 30 0 10 15 2 25 30
Run Number Run Number
E E
< <
) )
< <
So So
3 3
g g«
g g
2 2
T T
° °
0 5 10 15 2 25 30 0 10 15 2 2% 30
Run Number Run Number

Figure12: Fairnessover a setof 30 runsfor the threeprotocols. The z-axis shavs 30 runswith different
simulationseeds They-axisshavs thefairnessasaratio of pacletsrecevedfor connectionl. and2. Case
(a) - low densityandlow injection rate (left), Case(b) - high densityandlow injection rate (right). See
Section4.3for moredetailonthefairnessmeasureTheseresultscorrespondo Figure7(A andC).

17




Protocol - 802.11

Protocol - CSMA

2

Protocol - MACA

2

Figure 13: Fairnessover a setof 30 runsfor the threeprotocols. The z-axis shavs 30 runswith different
simulationseedsThey-axisshavs thefairnessasaratio of pacletsrecevedfor connectionl. and2. Case
(a) - low densityandhigh injection rate (left), Case(b) - high densityand high injection rate (right). See

10

8

8 10

6

4

o

8 10

6

4

Fairness: Low Density, High Injection Rate

Faimess: High Density, High Injection Rate

s 10

Protocol - 802.11
a6

2

o

5 10 15
Run Number

15 20 2% 30
Run Number

8 10

Protocol - CSMA
4 e

2

o

5 10 15
Run Number

15 2 2 0
Run Number

o

8 10

Protocol - MACA
4 6

2

o

5 10 15
Run Number

15 2 % 0
Run Number

Section4.3for moredetailonthefairnessmeasureTheseresultscorrespondo Figure7(A andC).

Average Measure of Faimess

100

200

o |802.1110w

Fairness: Low and High Injection Rates, High Density

CSMAhigh

CsMATow

MACA:low MACA:high|

802.11:high

1 2 3 4 5 6
Different Protocols

4000 6000 8000

Average Measure of Throughput

2000

Throughput: Low and High Injection Rates, High Density

Latency: Low and High Injection Rates, High Density

802.11:high

CSMAhigh

802.111ow

csmatow  MACATOW

MACA:high|

Average Measure of Latency

2

6

4

MACAhigh

MACA:low
802.1%low  CSMAlow 80p.11high  CSMAhigh

1 2 3 4 5 6
Different Protocols

1 2 3 4 5 6
Different Protocols

Figure 14: Average(Un)Fairnessthroughputandlateny of the threeMAC protocolsunderlow andhigh

injectionrate,andhigh density Notethatat high injection ratewe have correspondinglyeducedhe paclet

sizes.Theseresultscorrespondo Figure7(C).

18




thelateny experiencedn Figure2(b). The numberof pacletsreceved arealsosubstantiallyhigher
in this experiment.

3. Thefairnesscharacteristicalso exhibit anintuitively expectedbehaior. At high connectiity both
CSMA and MACA perform poorly; interestinglythe performancewas poor even at low injection
rates.This canbe seenby inspectingtheright sideof Figures12 and 13. In contrastcomparingthe
resultsin theleft columnin the samefigure (for low connectrity) with theresultsin Figure5, we see
thatthe protocolsexhibit muchbetterfairnessbehaior. The mainreasons simple— thereis hardly
ary integrationbetweerthetwo connectionsn this case(Figure7 (A)).

In averagefor the threelevels of connectiity 802.11performsvery well, but CSMA dominatesn case
of lower connectrity. MACA's performancalecreasewith increasingconnectiity.

QualitativeExplanationgor Experimen®: We provide plausiblequalitatve explanationfor the above con-
clusions.As we have obsened802.11andCSMA hadafairly uniform performanceatall connectiity levels.
The main reasonis that even at highestconnectiity, therewas one pathfor eachconnectionthat wasnot
affectedat all by the otherconnection.Thesepathsarethe sequenc®f nodeson the left andright edgeof
thegraph.Thusif this pathwasindeedusedthenonewould not expectary performancedrop. Ontheother
handif a slightly differentpathwasusedby eitherconnectionwe have aninteraction. The interactioncan
causea performancealropif theinjectionratewashigh enough.Thereasons simple: aswe have discussed
in Experimentl, evenat high injectionrates,the probability of interactionbetweernpacletson consecutie
links wassmallif the connectionglid notinteract.Thisis nolongertrueif the connectionsnteract.

We notethat althoughthe routing pathsneednot have commonnodes,they might be closeenoughso
asto causeMAC layerinteraction.In particular considerthe following settingillustratedin Figure15. We
have shavn threepathsfrom 1 to 2 andsimilarly 3 pathsfrom 3 to 4. Thepathsl — 6 —2 and3 — 5 — 4 are
completelynon-interferingPathsl —x — 2 and3 — x —4 sharghenoder andthusclearlyinterfere. Thepaths
1—y—2and3 — z—4 areinteresting.Thesepathsdo notsharenodesut influenceeachotherin thaty andz
cannotsimultaneouslyransmit. This is becausalthoughthey do not sharenodeshesepathsinfluenceeach
other This holdssinceundertheradiopropagatiormodel,nodesy andz cannot simultaneouslyransmit.

5.3 Scenario3: Effects of Separator Sizeand Sparsity

We discussthe final experimentfor static configuration. The experimentsaim to understandhe effect of
sparsityand minimum cut in the network on the performanceof MAC layer protocols. Like the first two
caseswe have threesub scenarios.In the first scenariowe have our usualgrid-squaed graph and two
connectionghataregoing diagonallyacross.In the secondscenariathe grid sizeis 3 x 15 nodes,andin
the third experimentwe usea sparseneargrid of 53 nodes.The topologiesaredepictedin Figuresl16, 17,
and18, respectiely. The basicqualitative differencebetweerthe sub-scenarios obvious. In thefirst case,
theminimumcut of thegraphis roughly O(1/n) wheren is thenumberof nodes.Theminimumpathlength
is 4 for both connections.The situationis closeto the generalizechiddenterminal scenarioconsideredn
Experimentl. Thedifferenceis thatthe pathsfor thetwo connectiongnaynotintersectatall. In thesecond
casethe minimumcutis a constanandthusindependenof the sizeof the graph. The lengthof the paths
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Figurel5: Figureillustratingthatthe routing pathsneednot intersecto beinterfering.

on the otherhandare O(n), wheren againis the numberof nodesin the graph. The secondopologycan
be thoughtof as“stretching” thefirst topologyin onedirection. As a result,althoughthe “vertical” cutin

the z-directionis small the horizontalcut is O(n). The third topologyis somevhat different. Here both
the horizontalandvertical cutsaresmall (a constantascomparedo graphsize! As aresult,the situation
portrayedcanbeviewedasastudyof thetradeof betweerconnectiity (andthusmultiple paths)ononehand
andthe increasednteractionat the MAC layer Anotherrationalefor this studywasto studythe exposed
andhiddenterminalproblemswhenthe nodesbeingaffectedarenot the endpointsbut intermediatenodes.

Figure 16: Grid-squaredgraph. Quartercircle shav the radio rangeof cornertranscerers. The complete
circle shawvs therangeof transceter thatis at the canterof the grid. Minimum degreeof the graphis 7 and
themaximumdegreeis 20.

Broad Conclusiongor Experimen®B: Theresultsaredepictedn Figuresl9,20,and21, respectiely.

CSMA againperformedquite well w.r.t. lateny andpacletsreceved, especiallyat high injectionrates.
But its fairnessdroppedsignificantlyat high injectionrates.Interestingly the performanceof the protocols
onscenarioglivenin Figuresl7 and 18is qualitativelysimilar. In bothcases802.11andMACA hadadrop
in performancethighinjectionrate.In generathe performancef the protocolsfor scenariosn Figuresl7
and 18is worsethantheir respectre performancdor scenarias Figure16.

"Althoughall thegridsaresmallasusedin the experimentsit is easyto seehow aninfinite family of suchgridscanbecreated.
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Figure18: Long sparsegraph. The figure shavs the radio rangefor oneof the nodes.The nodehasdirect
connectiorto four othernodes.Minimum connectiity is 4, maximumconnectyity is 6.
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correspondinglyeducedhe paclet sizes.Theseresultscorrespondo Figurel7.
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It is instructve to compardheresultsfor this scenariowvith theresultsfor the previousscenariqscenario
shawvn in Figure 7 andresultsshavn Figures8, 9, 10). First note that the mediumconnectiity casein
Figure7 is essentiallythe sameasthe grid-squaredyraphshavn in Figure16. The maindifferenceis that
in onecasethe connection$have crossingpathswhile in the othercasethe connectionglo not have crossing
paths.As expectedthe crossingpathsscenarichasa slightly worseperformance.

Qualitative Explanationsfor Experimen83: The mainreasondor the obsered behaior of the protocolsis
againrelatedto (i) the controlpaclets,(ii) the cutsin the graphandthe ensuingprobability of collision. As
canbeobsered 802.11sacrificeghe pacletsrecevedto getabetterperrunfair behaior. CSMA's perfor
manceappearsjuitegoodon theaveragebut is quite poorwhenonenotestheperrunfairnesharacteristics
asdepictedn Figure22 and 24.

Thereasorfor poorerperformancef theprotocolsfor scenariogivenin Figuresl7 and 18 ascompared
to their performancdor scenarids Figurel16is quitesimple: sparseconnectrity andlong paths.Boththese
factorsincreasehe spatialcontentionfor the media.

Wefinally discussour resultsin light of thetheoreticakesultsby Nelson,Kleinrock, TakagiandTobagi
[NK83, NK84, TK84, KT75, KT754. The authorsobtainanalyticalboundson the “best possibledegree”
of a nodewhena greedyrouting algorithmis usedalongwith a CSMA/ALOHA classof MAC protocol.
Theresultsareobtainedor arandomsetof pointsdistributedaccordingto a Poissomoint processuchthat
expectednumberof transcerersperunit areais A. The authorsalsousethe notion of captue for theradio
propagatiormodel. Specifically the authorgposethe questiornof calculatingthe optimal power transmission
for maximizingthe expectedprogressf a paclet towardsits destination.The generakonclusionis thatthe
expectechumberof transcerersthatshouldbein theneighborhooaf a giventranscerer shouldbebetween
5 and8. All the topologiesconsideredn Experiments2 and 3 usefairly uniform graphs(exceptingthe
boundarynodes).Our experimentalresultsshav thatindeedfor caseswith low constantdegreenetworks,
the performanceof protocolsis quite goodwhile in casesvhenthe degreeof the network is high (©2(n))
the performancefalls significantly Obtainingexact numericalboundson the vertex degreesis not very
meaningfuluntil we cansimulatevery large systems.Thusour experimentgprovide additionalinsightsinto
thework of [NK83, NK84, TK84, KT75, KT754. As statedearlier analyticalresultsfor 802.11have not
beencarriedoutto our knowledge.

6 Extensions

We considertwo importantextensionsof our basicstudy Thefirstis to studythe performanceof the MAC
protocolswhenwe increasehe numberof connections.The secondstudyto evaluatetheir performancen
ad-hocnetworks.

6.1 IncreasingNumber of Connectionsand Quality of Sewice

In this experiment,we studiedinfluenceof increasinghumberof connection®n quality of service.Quality
of servicewascapturedn termsof lateny andnumberof pacletsreceved. Numberof connectionsvas2,
4, and6. First, we ranthe experimentwith two baseconnectionsandgatherednformationon these.Then
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Latency [s]

Latency [s]

we addedtwo otherconnectionsput we gatherednformationonly on the baseconnections.At the end,
we addedagaintwo connectionsbringingthe numberof connectiongo six, we ranthe experimentandwe
gatherednformationon thetwo baseconnectionsResultsaredepictedn Figure26.
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Figure26: Effectof numberof connection®n Quality of Service.Two basicparameterareplotted: Lateng
andPacletsreceved. Thez-axisdenoteshenumberof connectiongndthey-axisshavsthelateng/paclets
receved.

6.2 Effect of Mobility on Performanceof MAC layer protocols

In this experimentwe tried to obtainsomeknowledgeon dependenceetweernthe speedwith which nodes
aremoving andperformancesf MAC layerprotocols.We have uniformly increasedhe speedrom 0 m/sto
40 m/s. In thebeginning of eachsimulationwe positionednodesontoagrid of 10x 10 nodes.Thenwe used
the random-vaypointmovementprotocolto simulatemobility®. We have testedthis scenariowith 802.11,
CSMA andMACA. Intenal of paclet injectionwas0.1 secondpaclet sizewas512bytes,thereweretwo
connectionsactive at eachtime, numberof pacletsinjectedby eachconnectionwas 1,000. The physical
sizeof theunderlyingareawas1,000x 1,000meters.Therouting protocolusedwasAODV. Theresultsare
shavn in Figure27. We canseethat802.11doesvery well in termsof both lateny andpacletsreceved.

MACA doesslightly betterthanCSMA, however, in bothcaseghe performances not good.
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Figure27: Effect of Mobility. Lateng (first two figures)andPacketsreceved, connectionl and2. All the
graphsplot thechangew.r.t. to speedthefirst two graphsplot lateny while thethird andfourth plot paclets
receved.

8Randomwaypointin GloMoSimimplementsnovementontrajectories A randomdestinatioris producedmobilenodemoves
to the destinatiorwith a presetspeedstaystherepresetamountof time, andthennewv randomdestinatioris produced.
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7 Conclusions

We experimentallyanalyzedthe performanceof three MAC layer protocols: (i) CSMA/CA, (i) MACA
and (iii) 802.11. The performanceof the protocolswas measuredn termsof (i) lateng, (ii) throughput,
(i) numberof datapacletsreceved and(iv) equitableresourceassignmentThe studywascarriedout by
varying (i) the rateat which pacletswereinjectedin the network, (ii) the network topology (iii) the spatial
layoutof the connectionsThe mainconclusionsaretwo folds:

1. No protocoldominatedhe otherprotocolsover all the performanceneasuregven for a givencom-
bination of all the input parameterginjection rate, topology and spatial location of connections).
Although, the conclusionin itself is not surprising,the frequeng of its occurrenceand the varia-
tion displayedby the protocolswas certainly surprising. The conclusionis importantwhenservice
providersarelikely to guarantea givenlevel of quality of service.

2. MACA wasby andlarge dominatedover the entire rangeof combinationshy either CSMA/CA or
802.11. Interestingly it appearghat CSMA/CA might indeedbe a good protocolfor lightly loaded
systemg(in termsof numberof connections).lt is also seenfrom our experimentsthat the routing
layercanaffectthe performancef theunderlyingMAC protocols.

As discusseckarlier this motivatesa new classof protocolswe referto as PARADYCE. Although
designingsuchprotocolsis non-triial, the resultsdo suggeskey designrequirements.They include: (i)
ability to shutof the RTS/CTS/ACK mechanisnwhenthetraffic streamsarenon-interfering(ii) useadaptve
back off mechanismghat changewith traffic conditions. Both thesechangesare likely to improve the
performanceof 802.11significantly MACAW designershave alsosuggestegherchannelpriority queues.
Althoughthisis possiblejts overalleffectonthenetwork throughputemaingo beunderstoodAdditionally,
thenext generatiomadiounitscanlikely controltheirpower. Thiswill giveriseto interestingquestionsabout
simultaneoushadjustingpower levelsfor routingandMAC layerfor the bestutilization of resources.
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