
LA-UR-01-6217
Approved for public release; distribution is unlimited

A Comparative Experimental Study of Media

Access Protocols for Wireless Radio Networks

CHRISTOPHER L. BARRETT MARTIN DROZDA MADHAV V. MARATHE

LOS ALAMOS
N A T I O N A L L A B O R A T O R Y
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of Cal-
ifornia for the U.S. Department of Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher
recognizes that the U.S. Government retains a non-exclusive, royalty-free license to publish or reproduce the published
form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory
requests that the publisher identify this article as work performed under the auspices of the U.S. Department of En-
ergy. The Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish;
as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical
correctness.



Thispageis blank



A ComparativeExperimental Study of Media AccessProtocols
for Wir elessRadio Networks

CHRISTOPHER L. BARRETT
�

MARTIN DROZDA
��� �

MADHAV V. MARATHE
�

Abstract

Weconductacomparativeexperimentalanalysisof threewell knownmediaaccessprotocols:802.11,
CSMA, andMACA for wirelessradionetworks. Both fixedandad-hocnetworksareconsidered.The
experimentalanalysiswascarriedout usingGloMoSim : a tool for simulatingwirelessnetworks. The
mainfocusof experimentswasto studyhow (i) thesizeof thenetwork,(ii) numberof openconnections,
(iii) thespatial locationof individual connections,(iv) speedwith which individual nodesmoveand(v)
protocolshigherup in theprotocolstack (e.g. routinglayer) affect theperformanceof themediaaccess
sublayerprotocols.Theperformanceof theprotocolswasmeasuredw.r.t. four importantparameters:(i)
numberof receivedpackets,(ii) average latencyof each packet,(iii) long termfairnessand(iv) through-
put. Thefollowing generalqualitativeconclusionswereobtained;someof theconclusionsreinforcethe
earlierclaimsby otherresearchers.Our resultsprovide in many casesa plausibleexplanationof these
results.

1. Typically, all protocolsdegradesignificantlyat higherpacket injectionrate. Moreover, thedegra-
dationoftenhappensrathersharply.

2. In generalwhile the performanceof 802.11wasbetterthanCSMA at lower injection rates,the
performanceof 802.11is worsethan that of CSMA at higher injection rate, on the other hand,
CSMA assignsinequitableamountof resources;in this regard802.11performsquitewell.

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

4. Protocolsin thehigherlevel of theprotocolstackaffect theMAC layerperformance.

Themaingeneralimplicationsof our work is thatNo singleprotocoldominatedtheotherprotocols
acrossvariousmeasuresof efficiency. In otherwords the performanceof protocolsdependson all of
the parametersmentionedabove. This motivatesthe designof a new classof parameterizedprotocols
that adaptto changesin the network connectivity and loads. We refer to theseclassof protocolsas
parameterizeddynamicallyadaptiveefficientprotocolsandasafirst stepsuggestkey designrequirements
for suchaclassof protocols.
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1 Intr oduction and motivation

Designof MAC layerprotocolsfor wirelessmobilenetworks hasbecomean importantareaof researchin

recentyears(See[BD+94, Ka90] andthereferencestherein).An extremeform of wirelessmobilenetworks

are the ad-hocnetworks – networks that do not rely on any fixed infrastructure,e.g., basestations. The

upsurge in a varietyof mobilecomputingdevicessuchaslaptops,PDAs, andotherportableshascausedan

unprecedentedinterestin this form of communication.Early progresson multi-hopradionetworksincludes

thePRNET (Packet RadioNetwork) [JT87], andSURAN (SurvivableAdaptive Networks) [SW] projects.

Interestin ad-hocnetworks for mobile communicationshasalso resultedin a specialinterestgroup for

Mobile, Ad-hocNetworking within theInternetEngineeringTaskForce(IETF) [MC].

Network protocolsin generalneedto fulfill amultitudeof designandfunctionalrequirements,including,

(i) High throughput;(ii) Low average latency;(iii) Heterogeneoustraffic (e.g. data,voice, andvideo); (iv)

Preservationof packet order; and(v) Supportfor priority traffic. (See [Sa95, RS96,Ra96, Pa97a, Ba98].)

As ad-hocnetworkslackfixedinfrastructurein theform of basestations,fulfilling theabovestatedfunctional

requirementsbecomesall themoredifficult. Many MAC layerprotocolshave beenproposedanddesigned

to meetone/many of thesecriteria;theresearchareacontinuesto bevery active.

Becauseof thelimited bandwidthof wirelesschannelsmessagecomplexity of bothMAC layerandnet-

work layer(routing)protocolsneedsto bekeptlow. Informally speaking,wedefinethemessagecomplexity

of aprotocolastheratioof thenumberof datapacketssuccessfullytransmittedto thetotalnumberof packets

actuallysent(includingcontrolpackets,duplicatesetc.). Latency is definedto betheaveragetime it takes

for a packet to reachits destination.Note that asdefined,the definition doesnot distinguishbetweenthe

typeof packetsreceived.Thusit is conceivablethataconnectionmight bedeemedto have goodlatency but

might notdeliver toomany new packets.Thusagoodprotocolshouldhave thefollowing characteristics:(i)

highthroughputasmeasuredby thetotalnumberof goodpacketsreceivedin aunit timeand(ii) fairness.In-

tuitively speaking,high throughputimplieslow messagecomplexity andlow latency. Theinterplaybetween

messagecomplexity and latency with dynamicallychangingnetwork connectivity, and traffic load is the

mainfocusof thestudydescribedin this document.Additionally, we studytheeffect of (i) spatiallocations

of sourcesandsinks,(ii) injection intervals of packets,and(iii) typeof network on quality of service.We

have alsostudiedthe impactof mobility on performanceof MAC layerprotocols.We chosethe following

MAC layerprotocolsto test: 802.11,CSMA, andMACA. All simulationsweredonein GloMoSim,a tool

specializedfor simulatingwirelesscommunicationnetworks.

Therestof thereportis organizedasfollows. In Section2 we give anoverview of thethreeMAC layer

protocols– 802.11,CSMA, andMACA protocolsusedin oursimulations.Section3 summarizesour results

andoffersqualitative explanations.In Section4, we describetheexperimentalsetup.Section5 reportsthe

specificresultsfor eachscenarioandprovidesa qualitative analysis.In particularSection5.1considersthe

generalizedhiddenterminalscenario,Section5.2studiestheeffectof connectivity andSection5.3theeffect

of sparsity. Section6 briefly discussestwo extensions(i) theperformancewhenthenumberof connections

is varied(Section6.1)and(ii) theeffectof mobility (Section6.2). Finally concludingremarksarepresented

in Section7.
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2 MAC layer protocols: Issuesand Description

Therearetwo basicissuesthatdistinguishtraditionalLANs with WirelessLANs w.r.t. mediaaccesscontrol

protocols. The first is the well known hiddenterminal problem. In this situationtwo datatransmission

sourcestry to communicatewith a commonnode. Moreover, assumethat thesourcesarenot within radio

rangeof eachother. As a result,eithersourceis obliviousof thefactthattheotheris trying to transmitdata

to thecommonnode.This resultsin packet collisionsor oneof thesourcesbacking-off aftersensinga busy

carrier. Despiteclever back-off mechanismsthesituationeitherendsup with a lot of collisionsandhence

poor throughputor inequitableresourceallocationto oneof the connections,leaving theotherconnection

starved. A relatedproblemis theexposedterminalproblem. Hereatransceiver
�

wantsto sendamessageto

transceiver � . Following theprotocol,it first checksto find andfindsthatthemediumis busy. It thusbacks

off andrefrainsfrom sendingany packets.But it is quitepossiblethatthestation� to which it wantsto send

thesignalis far away from thecurrentlytransmittingstation � andthuscan � canreceive packetsfrom
�

withoutmuchinterference.Additionally, � which is receiving messagesfrom � is alsofar from
�

andthus

receives the signalwithout muchnoise. The secondbasicissueis that while transmitting,the transceiver

cannotsimultaneouslylistenandhencemakescollision detectionandavoidancemuchmoredifficult. This

hasbeenreferredto as the mute-deaf-timeproblem;mostprotocolsdo not addressthe exposedterminal

problematall andhenceareinherentlyinefficient from theresourceutilizationstandpoint.

A commonlyknown groupof MAC protocolsis basedon the carrier sensemultiple access(CSMA)

paradigm.Theideabehindthisparadigmis to reserve transmissionchannelat theoriginator(source)by car-

rier sensing.Until recentlyCSMA basedprotocolssupportedonly singlechannelcommunication,recently,

multiplechannelextensionshavebeenproposed[NZD99]. Many protocolshavebeenproposedto avoid the

hiddenterminalproblems.Two notableexamplesaretheMACA [Ka90] andMACAW [BD+94] protocols.

MACA introduceda reservation systemachieved with exchangeof an RTS/CTS(RequestTo Send/Clear

To Send)pair of controlpackets. MACAW alsorecognizesthe importanceof congestion,andexchangeof

knowledgeaboutcongestionlevel amongentitiesparticipatingin communication.An advancedback-off

mechanismwasproposedto spreadinformationaboutcongestion.Furthermore,thebasicRTS/CTS/DATA

reservation schemahasbecomean RTS/CTS/DS/DATA/ACK schemawith significantly improved perfor-

mance.In theseprotocolsmessageoriginatorsreserve receptionareaat thesink by exchangeof RTS/CTS

control messages.This is in contrastto CSMA wherereservation wasdoneat originators. This powerful

methodhasa drawbackof introducingsmall control packets into the network that later collide with other

data,control, or routing packets. IEEE 802.11MAC standard[OP] wasdesignedwith a reservation sys-

tem similar to MACA or MACAW in mind. 802.11hasalso improved fairnesscharacteristics,however,

in [LNB98] authorspointoutdeficienciesin thefairnessof thisprotocol,aswell.

2.1 CSMA

CSMA is anacronym for CarrierSenseMultiple Access.As thenamesuggests,thisprotocolexploitscapa-

bility of transceiversto listento theon-goingtraffic in theadjacentarea.This informationis usedto decide

whetherto startits own transmission,or whetherto postponethis transmissionuntil the channelgetsidle,

i.e., thereis no carriersensed.By monitoringthecarrierCSMA improvesefficiency by loweringcollisions
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with neighboringtransceivers. However, if CSMA sensescarrier, theprotocolhasa built-in mechanismfor

delayingtransmission.Thesemechanismarereferredto asback-off algorithms.Thesecomein severalfla-

vors– we refer readerto [Ra96] for details.CSMA/CA, whereCA standsfor Collision Avoidanceapplies

similar mechanismto thoseusedin MACA, notably, useof RTS/CTScontrolpackets. Unlike CSMA/CD,

whereCD standsfor Collision Detection,in CSMA transceiversdo notmonitorthecarrierduringtheir own

transmission.CSMA/CD usuallyimplementsthis featureby interruptingthetransmission(singlechannel),

or transceiversneedto have listen-while-talkcapability.

2.2 MACA

MACA usesa different approachfor channelreservation than CSMA. Unlike CSMA, MACA doesnot

reserve thechannelat theoriginatorof a transmissionbut ratherat thedestinationfor thetransmission.This

is doneby exchangeof anRTS/CTSpair of controlpackets.To starta transmissionto achosendestination,

originatorof the transmissionsendsanRTS (Ready-To-Send)controlpacket to thedestination.In casethe

channelat thedestinationis idle, aCTS(Clear-To-Send)controlpacket is returned,andthetransmissioncan

start.Shouldthatnotbethecase,binaryexponentialback-off algorithmis applied.Thisalgorithmpostpones

thenext RTSrequest,andthedelayperiodfor thisgrowswith thenumberof unsuccessfulRTSrequests.The

motivationbehindMACA wasobservation thatcongestionmostlyoccurredat thedestinationratherthanat

theorigin of transmission.MACA hasbeenconsiderablyimprovedin MACAW, see[BD+94].

2.3 802.11

The802.11standardsconsistsof notonebut threebasicspecifications:(i) thephysicallayer, (ii) themedium

accesslayer control specificationand(iii) the power saving functionality that operateson both layers. An

802.11WLAN hastwo basicworking modes:ad hoc modethat allows only peerto peercommunication

andan infrastructuremodewherea control infrastructuresuchasthe basestationbe accessedfor control

purposes.802.11allows two control/accessschemesthatareallowed.

Thefirst schemeis thecentralizedschemecalledthePoint control scheme(PCF) in 802.11wherein a

basestationlike control entity controlsthe accessto the medium. Informally speaking,whenever mobile

nodewantsto transmit,it requestsaccessto themediumuntil thebasestationgivesit explicit signalto doso.

Centralizedschemesneedextensive informationto bestoredat thebasestation(or acontrolnodein general)

andthusarenot robustto singlepoint failures.

The secondschemeis a distributed schemeand is calledthe distributed coordinationfunction (DCF)

in 802.11. Underthis scheme,eachtransceiver wishing to transmitthe informationdoeslocal polling and

communicationto obtainaccessto themedium. Being inherentlydistributedtheprotocoldoesnot require

largeamountsof informationaboutthemediumsuchascurrentlyassignedfrequenciesetc. to bestored.On

theotherhand,theschemedoesnot, in general,provide QoSguarantees.

Our experimentsusedDCF accessschemedueto its suitability for ad-hocnetworks. This schemeis

basedonavariantof theCSMA/CA (Collisionavoidance)protocolcalledtheDFWMAC (DistributedFoun-

dationWirelessMAC). Roughlyspeakingin this protocol, the stationthat intendsto transmitandsenses

that thechannelis busywaits for theendof theongoingtransmission,thenwaits for a time periodof DIFS
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length(DCFInterframespaces)andthenrandomlyselectsatimeslotwithin theback-off window. Thebasic

accessmechanismcanoptionallybeextendedto theRTS/CTSmessageexchangemechanismfollowed by

datadelivery. To justify theadditionaloverheadcausedby thecontrolpackets,their usagedependson the

sizeof thepacket to betransmitted.More informationon 802.11canbefoundin [802.11].

3 Summary of Resultsand Implications

Weexperimentallyevaluatetheperformanceof threewell known MAC protocolsin wirelessradionetworks.

Both staticandad-hocradionetworksareconsidered.Thegoal is to seehow (i) thenetwork topology, (ii)

thetraffic injectioninterval, (iii) thespatiallocationof thesourcedestinationpairs,(iv) theeffectof mobility

(in caseof ad hoc networks), all affect the performanceof the protocols. Moreover, we want to do this

in settingswhere the resultsare interpretable; henceto the extent possible, we havechosenvery simple

instancesto effectivelyargueaboutan issue.

3.1 ScenarioSpecificResults

For now, view a scenarioasa combinationof, the injection rate,spatialconnectionlocationsandnetwork

topology. We have consideredthreebasicscenarios– eachscenarioconsistsof a numberof sub-scenarios.

Alternatively, eachscenariocanbeviewedasanexperimentaldesignsetuptoverify/testacertainhypothesis.

Theexperimentaldesignsarediscussedin detail in Section4. Wefirst discusstheseresults.

1. The first scenariowascreatedto verify performanceof MAC layer protocolsunderhiddenterminal

situations.For this we designedthebasichiddenterminalsub-scenarioaswell asextensionsof this

ideato the caseof multi-hop networks. Resultsshow that CSMA inequitablyassignedresourcesto

thetwo connectionsover individual runs.On theotherhandCSMA performedquitewell in termsof

latency andin fact hadthe lowest latency amongall the threeprotocolsfor this case.MACA hada

very high latency aswell asinequitableresourceassignment.802.11hadworselatency thanCSMA

but wasbetterthanMACA. On theotherhand,it allowedthemostequitableaccessto themediaand

hadthebestthroughput.SeeSection5.1for moredetails.

2. Thesecondscenariowasto testbehavior underlow andhigh connectivity. We canseethat thepro-

tocolsfail to performin extremesituations.Herewe have a casewherecommunicationdependson a

few isolatednodesthatconvey packetsbetweenclustersof nodes.CSMA dominatesin this scenario.

802.11failedin boththelatency andpacketsreceived.MACA’sperformanceis quitepoorunderhigh

injectionrate. It shows up thatexchangeof RTS/CTSpair is not very efficient in SeeSection5.2 for

moredetails.

3. Thethird scenariowasto convey resultson theeffect of grid width andsparsity. CSMA shows domi-

nationin termsof latency. MACA shows low latency but only for low injectionrates.Thereasonis the

overheadcausedby exchangeof RTS/CTSpairs. 802.11performswell in termsof packetsreceived

but at extremelyhigh injection ratesthe protocolperformanceplummets.CSMA on the otherhand

shows improvedperformancewith increasedinjectionrate.SeeSection5.3 for moredetails.
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4. All the protocolsdo an inequitableassignmentof channelresourcesfor low injection interval. We

havedeliberatelyrefrainedfrom callingthisunfair: whatdoesit meanto befair is notobviousandhas

beensubjectof aextensive researchin thepastin EconomicsandSocialScience.

5. For high injectioninterval 802.11assignedresourcesequitably. On theotherhandCSMA andMACA

hadawide variation.

6. At leasttwo notionsof equitableresourceallocationscanbe formulated:onein which we seehow

theprotocoldoesin a particularrunandonein whichmeasuretherelative resourcesassignedto each

connectionsover a given setof runs. Using the othermeasureCSMA andMACA appearto have a

moreequitableresourceassignment.

7. Many researchershave in thepastdesignedspecificalgorithmsandargued(heuristicallyor formally)

about the fairnessof protocols. We believe that the topic deserves more attention. For instance

[VBG99] proposedistributed fair schedulingalgorithm. The essentialideais to assignresourcesto

eachflow in proportionto theamountthatis backloggedfor thatparticularflow. In [NK+99], theau-

thorshave discussedper-nodeversusper-flow fairness.We merelypoint out that,eachsuchproposed

mechanismcanhave subtleside effects; the goal is merely point out undertakinga more in-depth

study.3

3.2 Explanation and conclusions

A qualitative explanationof many of theresultscanbegiven. For instance,CSMA haslow overheadsince

it doesnot have theRTS/CTScontrol mechanism;this makescollisionsmorelikely but on theotherhand

allows for lower latency (at leastfor the connectionsthat aregiven access)and adequatethroughputfor

the connectionsthat are scheduled. 802.11hasRTS/CTSmechanism;the overheadthat sucha control

mechanismcausesfor smallpacketsis evidentfrom thedegradationof 802.11for smallpacketsizes.MACA

appearsto beprobablytheworstoverall: it hashigh latency andinequitableresourceallocation.Themain

conclusionsof ourstudyincludethefollowing:

1. The network connectivity, spatial location of connections,injection rate and packet size all play a

crucial role in determiningtheperformanceof a mediaaccessprotocol. While, theeffect of last two

parametershasbeenstudiedearlierto someextent[WS+97, BD+94], theeffectof first two parameters

hasnotbeenextensively studiedto thebestof ourknowledge.

2. Mobility deterioratestheperformanceof all theprotocols.Althoughnot surprising,theextentof its

effect is certainlyworth noting. Dueto theRTS/CTS/ACK protocolof 802.11,this protocolhassub-

stantiallysuperiorperformancecomparedto theothertwo. SeeSection6.2 for additionalexplanation

of plausiblereasons.
3A verysimpleexamplewill makethepoint. Considerfor instanceanadversary, whowishesto slow down anetwork withoutany

goalof transmittingusefulinformation.Furthermore,imaginetheadversaryto have controlover theprotocolstack.Theadversary
caneasilycompromisethe network’s good throughputby not implementinga voluntarybackoff schemeand thusflooding the
intermediatenodes.If perflow fairnessis implementedthis will endupgiving unusuallyhigh resourcesto thisconnectionsmaking
theotherconnectionshave low throughput.
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3. In generalthefollowing broadconclusionscanbedrawn: (i) higherinjectionrates,(ii) smallerpackets

and(iii) increaseddensityof network affect theprotocolperformanceadversely. Section3 discusses

this in moredetailandprovidesqualitative reasonsfor this.

4. No singleprotocol dominatedthe other protocolsacrossvariousmeasuresof efficiency. This moti-

vatesthedesignof a new classof parameterizedprotocolsthatadaptto changesin thenetwork con-

nectivity andloads.We referto theseclassof protocolsasparameterizedadaptiveefficientprotocols

(PARADYCE) andasafirst stepsuggestkey designrequirementsfor suchaclassof protocols.

4 Experimental Setup

Theexperimentalsetup consistsof a descriptionof (i) thescenariosused,(ii) simulationsetup,(iii) input

andoutputvariables,

4.1 The scenarios.

We studiedthe performanceof the threeprotocolsunderthreedifferent basicscenarios. Eachscenario

consistedof a numberof sub-scenarios.Eachscenariowasdesignedto testa distinct hypothesis.Unlike

mostof theearlierstudies,ourscenariosweredesignedto understandtheperformanceof theMAC protocols

at the“network level” ratherthanat “link level”, i.e. mostof ourscenariosconsistedof sourcesinkpairsthat

wereat least2 links apart.We briefly describethescenariosbelow; additionaldetailsfor eachscenarioare

givenin thesectiondescribingtheresultsfor thatscenario.

1. Scenario1: Effect of General Hidden terminal. This scenariois motivatedby the well known

hiddenterminal problem. It hasbeenwell documentedthat hiddenterminal configurationcauses

CSMA to assigninequitableresourcesto connections. 802.11overcomesthis problemusing the

RTS/CTS/ACK mechanism.We wantedto seeif the randomdelaysintroducedby the network can

mitigatethehiddenterminalto someextent. We call this the generalizedhiddenterminal scenario.

Section5.1describesthescenariosetupin moredetail.

2. Scenario2: Effect of Network Connectivity. In thisscenario,ourgoalwasto investigatetheeffect

of network connectivity on MAC layerprotocols.We considersuccessively densernetwork keeping

the set of nodesconstant. Another motivation for this scenariowas to provide insights into opti-

mal power settingsfor power awareMAC protocols. Intuitively, increasingthenetwork densityhas

two conflicting effects. On onehand,increasingthepower rangeimplies thatpathsbetweensource

destinationpair tendto be shorter(the packets make fasterprogresstowardstheir destination);this

reducesthe numberof collisionsthat a packet might participatein. On the otherhand,the network

becomesdense(the nodeandedgeconnectivity); this implies that one is likely to encountermore

spatialinterferencefrom adjacentradios.Thesecondissuehasbeenstudiedanalyticallyby anumber

of authorsfor CSMA andALOHA like protocols,mostnotableby Nelson,Kleinrock, Takagiand

Tobagi[NK83, NK84, TK84, KT75, KT75a]. But no suchanalyticalresultsareknown for 802.11;
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moreover, theanalysisin [NK83, NK84, TK84, KT75, KT75a] is doneonly on randomlydistributed

setof points.

3. Scenario3: Effect of Separator sizeand sparsity. In thefinal scenario,we aim to understandthe

effect of network sparsityandseparatorsizeon theperformanceof MAC protocols.Intuitively, it is

obvious, thatsmallerseparatorimply higherprobabilityof collisionsandthusreducedperformance.

Again, asmentionedearlier, our broadgoal is to look for network level effectsasopposedto link

level effects. Theimportanceof separatorshasbeenwell establishedin thestudyof circuit switched

networks.

D

A

B

C

Figure1: Thefigureschematicallyillustratestheconnectivity of thegraph.Forclarityonly theedgesincident
on thenode �
	��
	�� areshown. Thedottedarcshows thetransceiver’s radiorange.

4.2 Simulation SetupCharacteristics

Wenow describethedetailsof theparametersused.

1. Network Characteristics: In eachscenariowe have keptthefollowing parameterconstant:

� Network Topology: Althoughspecificscenariosusespecificnetwork topologies,oneparticular

topology is usedfrequently. We call it the grid-squared topology. It consistsof ����� node

grids with the radio radiusof 2.5 grid units (1 grid unit = 100m). The namecomesfrom the

fact that it canbe viewed asconstructing� � ��� � �
� � � , where �������
��� denotesthe grid. In the

graph � � , thereis an edgebetween� and � if f � and � wereno morethana distance2 apart.

A verticalconnection,i.e. sourcebeing ��� �
	�� anddestination��� �"!#� requiredat leastthreehops

for a packet to reachits destination,whereasfor a diagonalconnectionat leastfour hopswere

required.By verticalconnectionwe meanthoserunningup-down (A–B, C–D),andby diagonal

connectionwe meanthoserunningfrom upperright cornerto lower left corner(C–B), or from

upperleft cornerto lower right corner(A–D) asit is shown in Figure1. Findingout thenumber

of hopsrequiredto reacha destinationfrom a sourceis aneasytaskandis omitted.Most of our

topologiesarederivedfrom thisbasicstructure.

� Number of connections: We usedtwo connections,except for the experimentin which we

studiedinfluenceof numberof connectiononquality of service.
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� Routing protocol : AODV.

2. Mobility Parameters. Therewasno movementof nodesexceptfor the lastexperimentin which

we studiedinfluenceof mobility onquality of service.

3. Traffic Characteristics.

� The initial packet sizewas512 bytes,the initial numberof packetswas1,000,andthe initial

injectioninterval was0.1second.We reducedthepacket sizeby a factorof 2 andincreasedthe

numberof packetsby a factorof 2 every time the injection interval wasreducedby a factorof

2. For example,if theinjectioninterval washalvedto 0.05secondthenthenew packet sizewas

256 bytesandthe new numberof packetswas2,000. This allowed us to keepthe injection at

input nodesconstantin termsof bitspersecond.

� Thebandwidthfor eachchannelwassetto 1Mbit. Thepropagationpath-lossmodelwastwo-ray.
� Otherradiopropagationmodeldetailsareasfollows: (i) Propagationpath-lossmodel: two ray

(ii) Channelbandwidth:1 Mb (iii) Channelfrequency: 2.4GHz (iv) Topography:Line-of-sight

(v) Radiotype: Accnoise(vi) Network protocol:IP (vii) Connectiontype: TCP.

4. Simulation Characteristics.

� To keepthe simulationtime 100 seconds,and the total sizeof packets in traffic constant,we

halvedthesizeof packetswith eachdoublingof packet injectioninterval.

� Unlessotherwisestated,we usedtwo connections(sourcedestinationpairs)per run. For each

protocolandeachvalueof injectioninterval 30 independentrunsusinganew randomseedwere

carriedout for eachsub-scenario.In a few casesthenumberof runswerereducedto 10; but in

all suchcasesthebasictrendis evident.

� Hardware usedin all caseswas a Linux PC with 512MB of RAM memory, and PentiumIII

500MHzmicroprocessor.

4.3 Input Variablesand Measured Quantities

TheMAC layerprotocolsstudiedare802.11,CSMA andMACA. The independent(input) variablesfor a

givenscenariowere:thenetwork topologyandtheinjectioninterval for packets.Thefollowing threepieces

of informationwerecollected:(i) Latency: Averageendto enddelayfor eachpacketasmeasuredin seconds,

(ii) Total numberof packetsreceived,(iii) Throughput:numberof in bits/secondreceived. Notethatwhile

calculatinglatency, we only considerpacketsthatweresuccessfullyreceived.

Apart from latency andpacketsreceivedthatareplottedfor eachconnection(recallfor mostpartwedeal

with two connections),we alsoreporttheaveragebehavior of theprotocols.Webriefly describethemethod

usedto calculatetheseparameters.Averagethroughputandaveragelatency is simply theaverageover 60

runsof eachprotocolover the two connections(30 for eachconnection).An exampleof a plot showing

averagefairness(discussedbelow), throughputandlatency is seenin Figure6.
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Measuring and Plotting Fairness. Informally speaking,a fair assignmentof resourcesmeansthat all

theagentsparticipatingin thegame/processgetequalaccessto theresources.This informal notioncanbe

extendedin several waysand indeedformalizing the conceptis beyond the scopeof this paper. Hereas

discussedearlier, we only considerlong termfairnessof protocolsasopposedto shorttermfairness.

To measurelong termfairness,let $&%(' �") ' � denotetheratio of packetsreceivedfor a givenrun of the

protocol for the two connections.Then $ denotesthe fairnessindex of the protocol. Note that in caseof

perfectlyequitableallocationthefairnessindex is 1. Averagefairnessis
�*�+-,/.10 *�+.10 �/2436587 $ . �

�9;:=< , where $ . is

theabove statedratio for the >�?A@ run of the protocol4. Oneway to seethebehavior of a protocolw.r.t. its

fairnesscharacteristicsis to plot thefairnessindex for eachrun. For exampleconsiderany oneof the6 plots

in Figure5. The X-axis hasthe run numberandthe Y-axis displaysthe fairnessindex of the protocolfor

eachrun. Thesepointsareconnectedby astraightline sothatdifferencesin theheightof thepointsis better

reflected.Additionally, in orderto depictsmallerchanges,all ratiosabove 10 arescaleddown to 10. Thus

themaximum B -valueis always10; themaximum � -valueis 30 denotingthenumberof independentruns.

Note that the runsarejust independentinvocationsof the simulatorwith exactly the sameparametersbut

with a differentrandomseed.Thedottedline is a horizontalline with y-valueequalto 1. This denotesthe

expectedbehavior of aperfectprotocolthatassignsequitableresources.Any deviationof thecurveaboveor

below this line impliesthattheprotocolwasnot fair. Also notethata fairnessindex suchas CED is in essence

thesameas F – in bothcasesoneconnectiongot F timesmoreresourcesthattheotherconnection.

5 Resultsand Analysis

We now summarizethe experimentalresults. The resultsaresummarizedin form of graphs. The graphs

show thedataasa functionof varyinginjectioninterval. Thedependenceof (i) latency and(ii) thenumber

of packetsreceivedareplottedagainsttheinjectioninterval5.

5.1 Scenario1: GeneralizedHidden Terminal Effect

We now discusstheexperimentalsetupfor thefirst experiment:effect of thegeneralizedhiddenterminal.

Theexperimentaldesignconsistsof threesub-scenariosandis depictedin Figure2(a–c).Figure2(a)depicts

the basecase;the classicalhiddenterminalsetting. We have two connections:onefrom
�

to � andthe

otherfrom � to � . Thesettingis suchthat � canhearboth
�

and � but
�

and � cannotheareachother.

Figure2(b) depictsthe first form of generalizedhiddenterminalsetting. We have a grid-squarednetwork

andtwo connectionsshown by arrows from sourceto thedestination.Thearrows representtheroughflight

pathof packets: thepathis notdeterministicin general.As in thehiddenterminalscenario,theconnections

have thesamedestinationbut differentsources.Moreover, in contrastto theclassicalscenarios,theshortest

pathfrom sourceto destinationfor both connectionsis 4. This is theonly difference.The rationaleis the

following: althoughthedestinationsarethesame,thepacketsarelikely to encounterrandomdelaysasthey

traversethe network andhenceit is likely that the inequitableresourceassignmentproblemfor CSMA is

mitigatedto somedegree. Figure2(c) considersanothervariant. Here the destinationsarenot the same
4This is donesothatall thesummedquantitiesareat least1.
5Notethatwe have usedlog-scalefor y axisin all graphs.
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but very closelylocatedspatially. Again, onewould expecttheinequitableresourceassignmentproblemis

mitigatedto adegree.

B CA

A
B

C

ss1 2

t

s

t

1 s2

t

1

2

Figure2: Distinct sources.(a) Three-nodehiddenterminal, � canhear
�

and � , but
�

and � cannothear
eachother;(b) Identicalsinks;(c) Closelypositionedsinks.Minimum connectivity for (b) and(c) is 8, and
maximumconnectivity is 21. Thefour quartercirclesdenotetheradiorangeof thecornerradios.Eachradio
hasthesamerange.Thebasicconnectivity is thesameasin agrid-squaredgraph.
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Figure3: Distinct sources,identicalsinks.Thetwo leftmostfiguresrepresentdatafor latency (connection1
and2) andtheothertwo show datafor packetsreceived(connection1 and2). Thegraphsshowsdependency
of theseparameterson injectioninterval. Theseresultscorrespondto scenarioin Figure2(b).

BroadConclusionsfor Experiment1: Resultsareshown in Figures3, 4, 5, 6, andin Table 2. Theplotted

valuesareaveragedover 30 runswith differentrandomseedfor eachrunof thesimulator.

1. Looking at the numbersin Table2 (resultsfor Figure2(a)), we seethat CSMA essentiallydid not

assignany resourceswhentheconnectionsstartedat thesametime. In contrast,whentheconnections

werestarted1 millisecondapart,resourceswereassignedequitably. 802.11did very well for both

connectionswith andwithout any delays;in fact its performancewasessentiallyindistinguishable.

MACA’s performancewassomewherein betweentheperformanceof CSMA and802.11.Thepoor

performanceof CSMA is notobviousby lookingatFigure3 sincetheplotsareobtainedby averaging

over 30 independentruns.

2. Resultsfor the generalizedhiddenterminal scenario(Figure 3 and 4 for scenariosshown in Fig-

ures2(b),(c))show that latency is low for all protocolsat low injectionrates.However at high injec-

tion rates,both802.11andMACA exhibit muchhigherlatency. On theotherhandnumberof packets
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Protocol 802.11 802.11 CSMA CSMA MACA MACA

Case a b a b a b

Connection1
Injectioninterval [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
Injectioninterval [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

Table1: Three-nodehiddenterminal– latency. Case(a) Theconnectionsstartedat thesametime. Case(b)
Theconnectionsstartedwith adifferenceof 1ms.Resultscorrespondto Figure2(a).

Protocol 802.11 802.11 CSMA CSMA MACA MACA

Case a b a b a b

Connection1
Injectioninterval [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
Injectioninterval [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-nodehiddenterminal– packetsreceived. Case(a) Theconnectionsstartedat thesametime.
Case(b) Theconnectionsstartedwith adifferenceof 1ms.Resultscorrespondto Figure2(a).
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Figure4: Distinct sources,closelypositionedsinks. The two leftmost figuresrepresentdatafor latency
(connection1 and2) andthe other two show datafor packets received (connection1 and2). The graphs
shows dependency of theseparameterson injectioninterval. Theseresultscorrespondto Figure2(c).
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Figure5: Fairnessover a setof 30 runsfor the threeprotocols. The � -axis shows 30 runswith different
simulationseeds.The B -axis shows the fairnessasa ratio of packetsreceived for connection1 to packets
received for connection2. The dottedline shows a ratio of 1; for fair protocolsplot shouldcoincidewith
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in the right column. SeeSection4.3 for moredetail on the fairnessmeasure.Theseresultscorrespondto
Figure2(b).
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injection rates. Note that at high injection ratewe have correspondinglyreducedthe packet sizes. These
resultscorrespondto Figure2(b).

receivedfalls steeplyfor 802.11asoneincreasestheinjectionrates.On theotherhandCSMA shows

asteadyincrease.

3. The resultsfor the two variant hiddenterminal scenarios(Figure 3 and 4 for scenariosshown in

Figures2(b),(c)) exhibit similar performancecharacteristics.In particular, asexpectedthe random

delaysintroducedby thenetwork improvedthefairnesscharacteristicsof CSMA considerablyover its

performancefor scenarioFigure2(a).

4. Figure5 shows thebehavior of thethreeprotocolsw.r.t. fairnessratiodiscussedin theearlierSection.

It shows thatalmostevery run of theCSMA andMACA protocolproduceinequitableassignmentof

resourcesto thetwo connections.CSMA assignsinequitableresourcesmorefrequentlythanMACA

but MACA hasmuchhighlevelsof inequitableresourceassignmentwhenthey aresoassigned.802.11

behavesquitewell acrosslow aswell ashigh injectionrates.

5. Figure6 shows thatno singleprotocoldominatestheotherprotocolsacrossthethreedifferentperfor-

mancemetrics(fairness,throughputandlatency) andoverrangeof injectionrates.Thisis animportant

conclusionandwill bereinforcedaswe alterthescenarios.

QualitativeExplanationsfor Experiment1: Weprovide plausiblequalitative explanationfor theabove con-

clusions. First considerthe relative behavior of 802.11and CSMA. The RTS/CTS/ACK mechanismin

conjunctionwith IFS (Interframespaces)of 802.11reducesthe probability of collisions. On the other

hand, it sometimes(unnecessarily)reserves media spacethus disallowing other transmittersto use the

spaceeven if they could have probablyusedit without causingcollisions. Additionally the control pack-

ets (RTS/CTS/ACK) imply additionaloverheadon the systemwhich increaseslatency anddecreasesthe

goodthroughput(alsoknown asgoodput). Theseopposingaspectsof the control packetsusedin 802.11

makestheanalysisof 802.11complicated.Neverthelessnotethe following: at high injection rateswe use

smallerpacketsandthustherelative overheadof thecontrolpacketsin 802.11exceedsthegainobtainedby

decreasingthenumberof collisions. Furthermore,thepathsusedby the two connectionsareby andlarge

distinct(exceptnearthedestination).Thusthecollisionswe areavoiding areprimarily thosethatoccurbe-

tweenpacketsbelongingto thesameconnection(collisionsthatoccurwhile transmittingpacketsover three
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consecutive links of a routingpath). At low injection rates,thenumberof controlpacketsaresignificantly

smallerandwe have largerpacket sizes:thusimplying a higherbandwidthutilization. Moreover, although

thecollisionprobabilityis low, recoveringfrom collisionsat link level asdonein 802.11usingtheACK part

helpsits overallperformance.Thus802.11doesquitewell at low injectionratesbut deterioratesubstantially

at higherinjection rates.It appearsthat the time for a packet to travel over onelink togetherwith thetime

it takesto move the packet from input buffer to the outputbuffer is lessthanthe time it takesto generate

thenext packet at thesource.ThuspacketstransmittedusingCSMA do not typically experiencecollisions

in this case.CSMA on theotherhanddoesnot assignequitableresourcesto theconnections.This fact is

cleareron inspectingFigure5, ratherthanFigure3 thatreportstheaverageover30 runs.Thereasonfor this

is clear:onceoneconnectiongetsaccessto thechannel,it preventstheotherconnectionfrom acquiringany

resources.More surprisingly, MACA in spiteof usingRTS/CTScontrolpackets,alsoexhibits inequitable

resourceassignment.Thusit appearsthat the randomdelaysusedin 802.11play an importantrole in im-

proving the fairnesscharacteristicsof 802.11. CSMA andMACA on the otherhandrely on the transport

layerto recover from collisionsandthuspayahighpricewhencollisionsdooccur. Thequalitativedifference

between802.11andMACA athigh injectionratesis dueto theACK andIFSmechanismpresentin 802.11.

5.2 Scenario2: Effectsof Connectivity

We now discussthesetup for thesecondexperiment.It aimsto understandtheeffect of graphconnectivity

on theperformanceof theMAC protocols.As in thecaseof first experimentwe have threesub-scenarios.

The first scenarioconsistsof a grid graph. The secondandthird scenariosareobtainedby progressively

increasingtheradiorangeof all transceivers. More formally: (i) first we settheradiorangeof transceivers

to onegrid unit, (ii) in the secondcasethe radio rangewasset to 2.5 grid units, and(iii) in the last case

theradiorangewassetto 5 grid units. This gave us increasingminimumandmaximumconnectivity. The

minimum nodedegreeswere3, 8, and26 respectively, for cornernodes,andthe maximumnodedegrees

were5, 21, and49, respectively, for centrallypositionednodes.Theedgeconnectivity of thegraphis 2, 7

and26 respectively6 Thetopologyof theseexperimentsis shown in Figure7.

BroadConclusionsfor Experiment2: Theresultsaredepictedin Figures8, 9, 10, 11, 12, 13, and14. The

graphsareagainaveragedover30 runswith differentrandomseedsfor eachrun.

1. Firstnotethatincreasingconnectivity hasamild effectonlatency andpacketsreceivedfor both802.11

andCSMA. In particularthenumberof packetsreceiveddroppedsomewhatat high connectivity and

athigh injectionrate.Althoughthelatency showsaslightdrop,this is dueto thefactthatit is reported

only for goodpackets.Theperformanceof MACA droppedconsiderablyathigherinjectionrates.As

in experiment1 thiswasmainlydueto increasedcontrolpackets.

2. Comparingtheresultsfor low connectivity Figure8 with resultsfor scenarioin Figure2(b)(shown in

Figure3) weseethatall theprotocolsin generaldobetter. This is becausethetwo connectionsdonot

interferewith eachotheratall in Figure7. Thusthelatency for eachprotocolin thiscaseis lower than
6Theedgeconnectivity O is theminimumnumberof edgedisjoint pathsbetweenany two pair of vertices.
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CBA

Figure7: Two parallelconnections,densegrid network with low, medium,andhigh connectivity. Circles
show theradiorange– (A) rangeis 1 grid unit: low connectivity, minimumandmaximumdegreeis D and F
respectively. (B) rangeis 2.5grid unit : mediumconnectivity, minimumandmaximumnodedegreeis � and
D 	 respectively. (C) rangeequalsF grid units: high connectivity, minimumandmaximumdegreeis DPF andQ�R

respectively.
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Figure8: Grid network, low connectivity. Thetwo leftmostfiguresrepresentdatafor latency (connection1
and2) andtheothertwo show datafor packetsreceived(connection1 and2). Thegraphsshowsdependency
of theseparameterson injectioninterval. Theplotscorrespondto Figure7(A).
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Figure9: Grid network, mediumconnectivity. Thetwo leftmostfiguresrepresentdatafor latency (connec-
tion 1 and2) and the other two show datafor packets received (connection1 and2). The graphsshows
dependency of theseparameterson injection interval. The plots correspondto scenariodescribedin Fig-
ure7(B).
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Figure10: Grid network, highconnectivity. Thetwo leftmostfiguresrepresentdatafor latency (connection1
and2) andtheothertwo show datafor packetsreceived(connection1 and2). Thegraphsshowsdependency
of theseparameterson injectioninterval. Theplotscorrespondto scenarioin Figure7(C).
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Figure11: AverageFairness,throughputandlatency of thethreeMACprotocolsunderlow andhighinjection
rate,andlow density. Correspondsto thescenariodescribedin Figure7(A).
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Figure12: Fairnessover a setof 30 runsfor the threeprotocols.The � -axis shows 30 runswith different
simulationseeds.The B -axisshows thefairnessasa ratio of packetsreceivedfor connection1. and2. Case
(a) - low densityandlow injection rate(left), Case(b) - high densityand low injection rate(right). See
Section4.3 for moredetailon thefairnessmeasure.Theseresultscorrespondto Figure7(A andC).
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Figure13: Fairnessover a setof 30 runsfor the threeprotocols.The � -axis shows 30 runswith different
simulationseeds.The B -axisshows thefairnessasa ratio of packetsreceivedfor connection1. and2. Case
(a) - low densityandhigh injection rate(left), Case(b) - high densityandhigh injection rate(right). See
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the latency experiencedin Figure2(b). Thenumberof packetsreceivedarealsosubstantiallyhigher

in thisexperiment.

3. The fairnesscharacteristicsalsoexhibit an intuitively expectedbehavior. At high connectivity both

CSMA and MACA perform poorly; interestinglythe performancewas poor even at low injection

rates.This canbeseenby inspectingtheright sideof Figures12 and 13. In contrast,comparingthe

resultsin theleft columnin thesamefigure(for low connectivity) with theresultsin Figure5, we see

that theprotocolsexhibit muchbetterfairnessbehavior. Themain reasonis simple– thereis hardly

any integrationbetweenthetwo connectionsin thiscase(Figure7 (A)).

In averagefor thethreelevelsof connectivity 802.11performsvery well, but CSMA dominatesin case

of lower connectivity. MACA’sperformancedecreaseswith increasingconnectivity.

QualitativeExplanationsfor Experiment2: Weprovide plausiblequalitative explanationfor theabove con-

clusions.As wehaveobserved802.11andCSMA hadafairly uniformperformanceatall connectivity levels.

The main reasonis that even at highestconnectivity, therewasonepathfor eachconnectionthat wasnot

affectedat all by theotherconnection.Thesepathsarethesequenceof nodeson the left andright edgeof

thegraph.Thusif thispathwasindeedusedthenonewouldnot expectany performancedrop.On theother

handif a slightly differentpathwasusedby eitherconnection,we have aninteraction.Theinteractioncan

causea performancedropif theinjectionratewashigh enough.Thereasonis simple:aswe have discussed

in Experiment1, evenat high injectionrates,theprobabilityof interactionbetweenpacketson consecutive

links wassmallif theconnectionsdid not interact.This is no longertrueif theconnectionsinteract.

We notethat althoughthe routing pathsneednot have commonnodes,they might be closeenoughso

asto causeMAC layer interaction.In particular, considerthefollowing settingillustratedin Figure15. We

have shown threepathsfrom [ to D andsimilarly \ pathsfrom \ to
Q
. Thepaths[^] ! ]_D and \`]aFb] Q are

completelynon-interfering.Paths[�] � ]cD and \d] � ] Q sharethenode� andthusclearlyinterfere.Thepaths

[e]&Bf]4D and \g]�hi] Q areinteresting.Thesepathsdonotsharenodesbut influenceeachotherin that B and h
cannotsimultaneouslytransmit.This is becausealthoughthey donotsharenodesthesepathsinfluenceeach

other. Thisholdssinceundertheradiopropagationmodel,nodesB and h cannot simultaneouslytransmit.

5.3 Scenario3: Effectsof SeparatorSizeand Sparsity

We discussthe final experimentfor staticconfiguration.The experimentsaim to understandthe effect of

sparsityandminimum cut in the network on the performanceof MAC layer protocols. Like the first two

cases,we have threesubscenarios.In the first scenario,we have our usualgrid-squared graph andtwo

connectionsthataregoingdiagonallyacross.In thesecondscenariothe grid sizeis \ � [jF nodes,andin

the third experimentwe usea sparsenear-grid of 53 nodes.The topologiesaredepictedin Figures16, 17,

and18, respectively. Thebasicqualitative differencebetweenthesub-scenariosis obvious. In thefirst case,

theminimumcutof thegraphis roughly k ��l m � wherem is thenumberof nodes.Theminimumpathlength

is
Q

for bothconnections.Thesituationis closeto thegeneralizedhiddenterminalscenarioconsideredin

Experiment1. Thedifferenceis thatthepathsfor thetwo connectionsmaynot intersectatall. In thesecond

case,theminimumcut is a constantandthusindependentof thesizeof thegraph.The lengthof thepaths
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Figure15: Figureillustratingthattheroutingpathsneednot intersectto beinterfering.

on theotherhandare k ��mg� , where m againis thenumberof nodesin thegraph. Thesecondtopologycan

be thoughtof as“stretching” thefirst topologyin onedirection. As a result,althoughthe“vertical” cut in

the � -direction is small the horizontalcut is k ��mg� . The third topology is somewhat different. Hereboth

thehorizontalandverticalcutsaresmall (a constant)ascomparedto graphsize.7 As a result,thesituation

portrayedcanbeviewedasastudyof thetradeoff betweenconnectivity (andthusmultiplepaths)ononehand

andthe increasedinteractionat theMAC layer. Anotherrationalefor this studywasto studytheexposed

andhiddenterminalproblemswhenthenodesbeingaffectedarenot theendpointsbut intermediatenodes.

Figure16: Grid-squaredgraph. Quarter-circle show the radio rangeof cornertransceivers. The complete
circle shows therangeof transceiver that is at thecanterof thegrid. Minimum degreeof thegraphis 7 and
themaximumdegreeis 20.

BroadConclusionsfor Experiment3: Theresultsaredepictedin Figures19,20,and21,respectively.

CSMA againperformedquitewell w.r.t. latency andpacketsreceived,especiallyat high injectionrates.

But its fairnessdroppedsignificantlyat high injectionrates.Interestingly, theperformanceof theprotocols

onscenariosgivenin Figures17and 18is qualitativelysimilar. In bothcases,802.11andMACA hadadrop

in performanceathigh injectionrate.In generaltheperformanceof theprotocolsfor scenariosin Figures17

and 18 is worsethantheir respective performancefor scenariois Figure16.
7Althoughall thegridsaresmallasusedin theexperiments,it is easyto seehow aninfinite family of suchgridscanbecreated.
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Figure19: Grid-Squaredgraph.Thetwo leftmostfiguresrepresentdatafor latency (connection1 and2) and
theothertwo show datafor packetsreceived (connection1 and2). Thegraphsshows dependency of these
parameterson injectioninterval. Theplotscorrespondto scenarioin Figure16.
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Figure20: Long densegrid. The two leftmostfiguresrepresentdatafor latency (connection1 and2) and
theothertwo show datafor packetsreceived (connection1 and2). Thegraphsshows dependency of these
parameterson injectioninterval. Theplotscorrespondto scenariodescribedin Figure17.
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Figure21: Long sparsenear-grid. Thetwo leftmostfiguresrepresentdatafor latency (connection1 and2)
andthe othertwo show datafor packetsreceived (connection1 and2). The graphsshows dependency of
theseparameterson injectioninterval. Theplotscorrespondto scenarioin Figure18.
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Figure22: Resultsfor scenarioin Figure16. Fairnessover a setof 10 runsfor the threeprotocols. The
� -axis shows 10 runswith differentsimulationseeds.The B -axis shows the fairnessasa ratio of packets
received for connection1. and2. Case(a) - low injection rate(left), Case(b) - high injection rate(right).
SeeSection4.3 for moredetailon thefairnessmeasure.
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Figure23: Average(Un)Fairness,throughputandlatency of the threeMAC protocolsunderlow andhigh
injectionrate,andhigh density. Notethatat high injectionratewe have correspondinglyreducedthepacket
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Figure24: Fairnessover a setof 10 runsfor the threeprotocols.The � -axis shows 10 runswith different
simulationseeds.The B -axisshows thefairnessasa ratio of packetsreceivedfor connection1. and2. Case
(a) - low injection rate(left), Case(b) - high injection rate(right). SeeSection4.3 for moredetail on the
fairnessmeasure.Theseresultscorrespondto Figure17 (LongDenseGrid).

•

•
•

•

•

•

Fairness: Low and High Injection Rates
S

Different Protocols

A
ve

ra
ge

 M
ea

su
re

 o
f F

ai
rn

es
s

1 2 3 4 5 6

0
20

0
40

0
60

0
80

0
10

00
12

00

802.11:low

CSMA:low
MACA:low

802.11:high

CSMA:high

MACA:high

•

•

•

•

•

•

Throughput: Low and High Injection Rates
T

Different Protocols

A
ve

ra
ge

 M
ea

su
re

 o
f T

hr
ou

gh
pu

t

1 2 3 4 5 6

50
0

10
00

15
00

20
00

802.11:low

CSMA:low

MACA:low

802.11:high

CSMA:high

MACA:high

•

•
•

•

•

•

Latency: Low and High Injection Rates
U

Different Protocols

A
ve

ra
ge

 M
ea

su
re

 o
f L

at
en

cy

1 2 3 4 5 6

1
2

3
4

5

802.11:low

CSMA:low
MACA:low

802.11:high

CSMA:high

MACA:high

Figure25: Resultsfor long densegrid. Average(Un)Fairness,throughputandlatency of the threeMAC
protocolsunder low and high injection rate, and high density. Note that at high injection rate we have
correspondinglyreducedthepacket sizes.Theseresultscorrespondto Figure17.
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It is instructive to comparetheresultsfor thisscenariowith theresultsfor thepreviousscenario(scenario

shown in Figure 7 and resultsshown Figures8, 9, 10). First note that the mediumconnectivity casein

Figure7 is essentiallythesameasthegrid-squaredgraphshown in Figure16. Themaindifferenceis that

in onecasetheconnectionshave crossingpathswhile in theothercasetheconnectionsdonothave crossing

paths.As expectedthecrossingpathsscenariohasaslightly worseperformance.

QualitativeExplanationsfor Experiment3: Themainreasonsfor theobservedbehavior of theprotocolsis

againrelatedto (i) thecontrolpackets,(ii) thecutsin thegraphandtheensuingprobabilityof collision. As

canbeobserved802.11sacrificesthepacketsreceivedto geta betterperrun fair behavior. CSMA’sperfor-

manceappearsquitegoodontheaveragebut is quitepoorwhenonenotestheperrunfairnesscharacteristics

asdepictedin Figure22and 24.

Thereasonfor poorerperformanceof theprotocolsfor scenariosgivenin Figures17and 18ascompared

to theirperformancefor scenariois Figure16is quitesimple:sparseconnectivity andlongpaths.Boththese

factorsincreasethespatialcontentionfor themedia.

Wefinally discussour resultsin light of thetheoreticalresultsby Nelson,Kleinrock,TakagiandTobagi

[NK83, NK84, TK84, KT75, KT75a]. Theauthorsobtainanalyticalboundson the “bestpossibledegree”

of a nodewhena greedyrouting algorithmis usedalongwith a CSMA/ALOHA classof MAC protocol.

Theresultsareobtainedfor a randomsetof pointsdistributedaccordingto aPoissonpointprocesssuchthat

expectednumberof transceiversperunit areais s . Theauthorsalsousethenotionof capture for theradio

propagationmodel.Specifically, theauthorsposethequestionof calculatingtheoptimalpower transmission

for maximizingtheexpectedprogressof a packet towardsits destination.Thegeneralconclusionis thatthe

expectednumberof transceiversthatshouldbein theneighborhoodof agiventransceivershouldbebetween

F and
R
. All the topologiesconsideredin Experiments2 and3 usefairly uniform graphs(exceptingthe

boundarynodes).Our experimentalresultsshow that indeedfor caseswith low constantdegreenetworks,

the performanceof protocolsis quite goodwhile in caseswhenthe degreeof the network is high ( t ��mg� )
the performancefalls significantly. Obtainingexact numericalboundson the vertex degreesis not very

meaningfuluntil we cansimulatevery largesystems.Thusour experimentsprovide additionalinsightsinto

thework of [NK83, NK84, TK84, KT75, KT75a]. As statedearlier, analyticalresultsfor 802.11have not

beencarriedout to ourknowledge.

6 Extensions

We considertwo importantextensionsof our basicstudy. Thefirst is to studytheperformanceof theMAC

protocolswhenwe increasethenumberof connections.Thesecondstudyto evaluatetheir performancein

ad-hocnetworks.

6.1 Incr easingNumber of Connectionsand Quality of Service

In this experiment,we studiedinfluenceof increasingnumberof connectionson quality of service.Quality

of servicewascapturedin termsof latency andnumberof packetsreceived. Numberof connectionswas2,

4, and6. First, we ran theexperimentwith two baseconnectionsandgatheredinformationon these.Then
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we addedtwo otherconnections,but we gatheredinformationonly on the baseconnections.At the end,

we addedagaintwo connections,bringingthenumberof connectionsto six, we rantheexperimentandwe

gatheredinformationon thetwo baseconnections.Resultsaredepictedin Figure26.
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Figure26: Effectof numberof connectionsonQualityof Service.Twobasicparametersareplotted:Latency
andPacketsreceived.The � -axisdenotesthenumberof connectionsandthe B -axisshowsthelatency/packets
received.

6.2 Effect of Mobility on Performanceof MAC layer protocols

In this experimentwe tried to obtainsomeknowledgeon dependencebetweenthespeedwith which nodes

aremoving andperformanceof MAC layerprotocols.Wehaveuniformly increasedthespeedfrom 0 m/sto

40m/s. In thebeginningof eachsimulationwepositionednodesontoagrid of 10 � 10 nodes.Thenweused

therandom-waypointmovementprotocolto simulatemobility8. We have testedthis scenariowith 802.11,

CSMA andMACA. Interval of packet injectionwas0.1second,packet sizewas512bytes,thereweretwo

connectionsactive at eachtime, numberof packets injectedby eachconnectionwas1,000. The physical

sizeof theunderlyingareawas1,000� 1,000meters.TheroutingprotocolusedwasAODV. Theresultsare

shown in Figure27. We canseethat802.11doesvery well in termsof both latency andpacketsreceived.

MACA doesslightly betterthanCSMA, however, in bothcasestheperformanceis notgood.
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Figure27: Effect of Mobility. Latency (first two figures)andPacketsreceived,connection1 and2. All the
graphsplot thechangew.r.t. to speed;thefirst two graphsplot latency while thethird andfourthplot packets
received.

8Randomwaypointin GloMoSimimplementsmovementontrajectories.A randomdestinationis produced,mobilenodemoves
to thedestinationwith a presetspeed,staystherepresetamountof time,andthennew randomdestinationis produced.
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7 Conclusions

We experimentallyanalyzedthe performanceof threeMAC layer protocols: (i) CSMA/CA, (ii) MACA

and(iii) 802.11. The performanceof the protocolswasmeasuredin termsof (i) latency, (ii) throughput,

(iii) numberof datapacketsreceived and(iv) equitableresourceassignment.Thestudywascarriedout by

varying(i) therateat which packetswereinjectedin thenetwork, (ii) thenetwork topology, (iii) thespatial

layoutof theconnections.Themainconclusionsaretwo folds:

1. No protocoldominatedtheotherprotocolsover all theperformancemeasureseven for a givencom-

bination of all the input parameters(injection rate, topology and spatial location of connections).

Although, the conclusionin itself is not surprising,the frequency of its occurrenceand the varia-

tion displayedby the protocolswascertainlysurprising. The conclusionis importantwhenservice

providersarelikely to guaranteeagivenlevel of qualityof service.

2. MACA wasby and large dominatedover the entire rangeof combinationsby eitherCSMA/CA or

802.11. Interestingly, it appearsthatCSMA/CA might indeedbe a goodprotocolfor lightly loaded

systems(in termsof numberof connections).It is alsoseenfrom our experimentsthat the routing

layercanaffect theperformanceof theunderlyingMAC protocols.

As discussedearlier, this motivatesa new classof protocolswe refer to as PARADYCE. Although

designingsuchprotocolsis non-trivial, the resultsdo suggestkey designrequirements.They include: (i)

ability to shutof theRTS/CTS/ACK mechanismwhenthetraffic streamsarenon-interfering,(ii) useadaptive

back off mechanismsthat changewith traffic conditions. Both thesechangesare likely to improve the

performanceof 802.11significantly. MACAW designershave alsosuggestedper-channelpriority queues.

Althoughthisis possible,its overalleffectonthenetwork throughputremainsto beunderstood.Additionally,

thenext generationradiounitscanlikely controltheirpower. Thiswill giveriseto interestingquestionsabout

simultaneouslyadjustingpower levelsfor routingandMAC layerfor thebestutilizationof resources.
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