
A ComparativeExperimental Study of Media Access

Protocolsfor Wir elessRadio Networks

ChristopherL. Barrett Martin Drozda Madhav V. Marathe
Los AlamosNationalLaboratory, POBOX 1663,MS M997,LosAlamos,NM 87545

Abstract— We conduct a comparative experimental analysisof
thr ee well known media accessprotocols: 802.11, CSMA, and
MACA for wir elessradio networks. Only static ad-hoc networks
are considered. The experimental analysiswas carried out using
GloMoSim : a tool for simulating wir elessnetworks. The main fo-
cusof experimentswasto study how (i) the sizeof the network, (ii)
number of openconnections,(iii) the spatial location of individual
connections,(iv) speedwith which individual nodesmove and (v)
protocolshigher up in the protocol stack (e.g. routing layer) af-
fect the performanceof the media accesssublayer protocols. The
performanceof the protocolswasmeasured w.r.t. four important
parameters: (i) number of receivedpackets,(ii) averagelatencyof
eachpacket, (iii) long term fair nessand (iv) thr oughput. The fol-
lowing generalqualitati ve conclusionswere obtained; someof the
conclusionsreinforcethe earlier claimsby other researchers.

1) Typically, all protocols degrade significantly at higher
packet injection rate. Mor eover, the degradationoften hap-
pensrather sharply.

2) In generalwhile the performanceof 802.11wasbetter than
CSMA at lower injection rates, the performance of 802.11
is worsethan that of CSMA at higher injection rate, on the
other hand,CSMA assignsinequitable amount of resources;
in this regard802.11performs quite well.

3) MACA typically was dominated either by CSMA or by
802.11w.r.t. any of the performancemeasures.

4) Protocolsin the higher level of the protocol stack affect the
MAC layer performance.

The main generalimplications of our work is that No singlepro-
tocol dominated the other protocolsacrossvarious measuresof ef-
ficiency. In other words the performanceof protocolsdependson
all of the parametersmentionedabove.

Index Terms—MAC Layer Protocol,802.11,MACA, CSMA.

I . INTRODUCTION AND MOTIVATION

Designof MAC layerprotocolsfor wirelessmobilenetworks
hasbecomean importantareaof researchin recentyears(See
[7], [10] andthereferencestherein).An extremeform of wire-
lessmobile networksarethe ad-hocnetworks– networks that
do not rely on any fixedinfrastructure,e.g.,basestations.The
upsurgein a varietyof mobilecomputingdevicessuchaslap-
tops,PDAs, andotherportableshascausedan unprecedented
interestin this form of communication.Early progresson mul-
tihop radionetworkswasfundedby DARPA. This includesthe
PRNET (PacketRadioNetwork) [9], andSURAN (Survivable
Adaptive Networks) [31] projects.Interestin ad-hocnetworks
for mobilecommunicationshasalsoresultedin a specialinter-
estgroupfor Mobile, Ad-hoc Networking within the Internet
EngineeringTaskForce(IETF) [18].
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Network protocolsin generalneedto fulfill amultitudeof de-
signandfunctionalrequirements,including, (i) High through-
put; (ii) Low average latency; (iii) Heterogeneoustraffic (e.g.
data,voice, andvideo); (iv) Preservationof packet order; and
(v) Supportfor priority traffic. (See [3], [12], [24], [25], [26],
[30].) Sincead-hocnetworks lack fixed infrastructurein the
form of basestations,fulfilling the above statedfunctionalre-
quirementsbecomesall the moredifficult. Many MAC layer
protocolshave beenproposedanddesignedto meetone/many
of thesecriteria;theresearchareacontinuesto beveryactive.

A commonlyknown group of MAC protocolsis basedon
thecarriersensemultiple access(CSMA) paradigm.The idea
behindthis paradigmis to reserve transmissionchannelat the
originator (source)by carrier sensing. Until recentlyCSMA
basedprotocolssupportedonly singlechannelcommunication,
recently, multiple channelextensionshave beenproposed[19].
Many protocolshave beenproposedto avoid the hiddenter-
minal problems. Two notableexamplesare the MACA [10]
andMACAW [7] protocols. MACA introduceda reservation
systemachieved with exchangeof an RTS/CTS(RequestTo
Send/ClearTo Send)pairof controlpackets.MACAW alsorec-
ognizestheimportanceof congestion,andexchangeof knowl-
edge about congestionlevel among entities participating in
communication. An advancedback-off mechanismwas pro-
posedto spreadinformation aboutcongestion. Furthermore,
the basicRTS/CTS/DATA reservation schemahasbecomean
RTS/CTS/DS/DATA/ACK schemawith significantlyimproved
performance.In theseprotocolsmessageoriginatorsreservere-
ceptionareaat thesink by exchangeof RTS/CTScontrolmes-
sages.This is in contrastto CSMA wherereservationwasdone
at originators.This powerful methodhasa drawbackof intro-
ducingsmallcontrolpacketsinto thenetwork that latercollide
with otherdata,control,or routingpackets.IEEE802.11MAC
standard[22] wasdesignedwith areservationsystemsimilar to
MACA or MACAW in mind. 802.11hasalsoimprovedfairness
characteristics,however, in [16] authorspoint out deficiencies
in thefairnessof this protocol,aswell.

Becauseof the limited bandwidthof wirelesschannelsmes-
sagecomplexity of bothMAClayerandnetwork layer(routing)
protocolsneedsto bekeptlow. Informally speaking,we define
the messagecomplexity of a protocolasthe ratio of the num-
berof datapacketssuccessfullytransmittedto thetotalnumber
of packetsactuallysent(including control packets,duplicates
etc.). Latency is definedto be the averagetime it takes for a
packet to reachits destination.Notethatasdefined,thedefini-
tion doesnot distinguishbetweenthetypeof packetsreceived.
Thus it is conceivable that a connectionmight be deemedto
have good latency but might not deliver too many new pack-



ets.Thusa goodprotocolshouldhave thefollowing character-
istics: (i)

�
high throughputasmeasuredby the total numberof

goodpacketsreceivedin aunit timeand(ii) fairness.Intuitively
speaking,highthroughputimplieslow messagecomplexity and
low latency.

Theinterplaybetweenmessagecomplexity andlatency with
dynamicallychangingnetwork connectivity, andtraffic load is
themain focusof thestudydescribedin this document.Addi-
tionally, we studythe effect of (i) spatiallocationsof sources
andsinks, (ii) injection intervals of packets,and (iii) type of
network on quality of service. We chosethe following MAC
layerprotocolsto test: 802.11,CSMA, andMACA. All simu-
lationsweredonein GloMoSim,a tool specializedin wireless
networkssimulation.

Due to lack of spacewe refer the readerto [1], [7], [26] for
moredetailson thethreeprotocolsconsideredin this paper.

I I . SUMMARY OF RESULTS AND IMPLICATIONS

Building on the earlier work of [7], [17], [33], we experi-
mentallyevaluatethe performanceof threewell known MAC
protocolsin wirelessradio networks. The goal is to seehow
(i) the network topology, (ii) the traffic injection interval, (iii)
thespatiallocationof thesourcedestinationpairs,all affect the
performanceof theprotocols.Moreover, we want to do this in
settingswheretheresultsareinterpretable; henceto theextent
possible,we have chosenvery simple instancesto effectively
argueaboutanissue.

A. ScenarioSpecificResults

For now, view a scenarioasa combinationof the injection
rate, spatialconnectionlocationsand network topology. We
have consideredthreebasicscenarios– eachscenarioconsists
of a numberof sub-scenarios.Alternatively, eachscenariocan
beviewedasanexperimentaldesignsetup to verify/testa cer-
tain hypothesis.Theexperimentaldesignsarediscussedin de-
tail in SectionIII. We first discusstheseresults.

1) The first scenario was createdto verify performance
of MAC layer protocols under hidden terminal situa-
tions. For this we designedthe basichidden terminal
sub-scenarioaswell asextensionsof this ideato thecase
of multi-hop networks. Resultsshow that CSMA in-
equitablyassignedresourcesto thetwo connectionsover
individual runs. On the other handCSMA performed
quitewell in termsof latency andin facthadthelowestla-
tency amongall thethreeprotocolsfor this case.MACA
hada very high latency aswell as inequitableresource
assignment.802.11hadworselatency thanCSMA but
was better than MACA. On the other hand, it allowed
the mostequitableaccessto the mediaandhadthe best
throughput.SeeSectionIV-A for moredetails.

2) Thesecondscenariowasto testbehavior underlow and
high connectivity. We canseethat the protocolsfail to
performin extremesituations.Herewehaveacasewhere
communicationdependsonafew isolatednodesthatcon-
vey packets betweenclustersof nodes. CSMA domi-
natesin this scenario.802.11failed in both the latency
andpacketsreceived.MACA’sperformanceis quitepoor

underhigh injection rate. It shows up that exchangeof
RTS/CTS pair is not very efficient in negotiating data
packetstransfer.

3) The third scenariowas to convey resultson the effect
of grid width andsparsity. CSMA shows dominationin
termsof latency. MACA shows low latency but only for
low injection rates. The reasonis the overheadcaused
by exchangeof RTS/CTSpairs.802.11performswell in
termsof packetsreceivedbut at extremelyhigh injection
ratestheprotocolperformanceplummets.CSMA on the
otherhandshows improvedperformancewith increased
injectionrate.

4) All theprotocolsdoaninequitableassignmentof channel
resourcesfor low injectioninterval. Wehavedeliberately
refrainedfrom calling this unfair: what doesit meanto
befair is not obviousandhasbeensubjectof a extensive
researchin thepastin EconomicsandSocialScience.

5) For high injectioninterval 802.11assignedresourceseq-
uitably. OntheotherhandCSMA andMACA hadawide
variation.

6) At leasttwo notionsof equitableresourceallocationscan
be formulated: one in which we seehow the protocol
doesin aparticularrunandonein whichmeasuretherel-
ativeresourcesassignedto eachconnectionsoveragiven
setof runs. UsingtheothermeasureCSMA andMACA
appearto haveamoreequitableresourceassignment.

7) Many researchershave in the pastdesignedspecifical-
gorithmsandargued(heuristicallyor formally) aboutthe
fairnessof protocols.We believe that the topic deserves
moreattention.For instancein [32] theauthorspropose
distributedfair schedulingalgorithm. Theessentialidea
is to assignresourcesto eachflow in proportionto the
amountthat is backloggedfor that particular flow. In
[17], theauthorshavediscussedper-nodeversusper-flow
fairness.We point out that eachsuchproposedmecha-
nismcanhavesubtlesideeffects;thegoalis merelypoint
out undertakinga morein-depthstudy1.

B. Explanationandconclusions

A qualitativeexplanationof many of theresultscanbegiven.
For instance,CSMA haslow overheadsinceit doesnot have
the RTS/CTScontrol mechanism;this makescollisionsmore
likely but ontheotherhandallowsfor lowerlatency (at leastfor
theconnectionsthataregivenaccess)andadequatethroughput
for the connectionsthat arescheduled.802.11hasRTS/CTS
mechanism;theoverheadthatsuchacontrolmechanismcauses
for smallpacketsis evidentfrom thedegradationof 802.11for
small packet sizes. MACA appearsto be probablythe worst
overall: it hashigh latency andinequitableresourceallocation.
Themainconclusionsof ourstudyincludethefollowing:

�
A very simpleexamplewill make the point. Considerfor instancean ad-

versary, who wishesto slow down a network without any goalof transmitting
useful information. Furthermore,imaginethe adversaryto have control over
the protocolstack. The adversarycaneasilycompromisethe network’s good
throughputby not implementingavoluntarybackoff schemeandthusflooding
theintermediatenodes.If perflow fairnessis implementedthiswill endupgiv-
ing unusuallyhigh resourcesto this connectionsmakingtheotherconnections
have low throughput.



1) The network connectivity, spatial location of connec-
tions,� injectionrateandpacketsizeall play a crucialrole
in determiningthe performanceof a mediaaccesspro-
tocol. While, the effect of last two parametershasbeen
studiedearlierto someextent[7], [33], theeffect of first
two parametershasnot beenextensively studiedto the
bestof our knowledge.

2) In generalthefollowing broadconclusionscanbedrawn:
(i) higher injection rates, (ii) smaller packets and (iii)
increaseddensityof network affect the protocolperfor-
manceadversely. SectionII discussesthis in moredetail
andprovidesqualitativereasonsfor this.

3) No singleprotocoldominatedtheotherprotocolsacross
variousmeasuresof efficiency. This motivatesthedesign
of a new classof parameterizedprotocolsthat adaptto
changesin thenetwork connectivity andloads.We refer
to theseclassof protocolsasparameterizedadaptiveeffi-
cientprotocols(PARADYCE) andasa first stepsuggest
key designrequirementsfor suchaclassof protocols.

I I I . EXPERIMENTAL SETUP

The experimentalsetup consistsof a descriptionof (i) the
scenariosused,(ii) simulationsetup,(iii) inputandoutputvari-
ables.

A. Thescenarios

We studied the performanceof the three protocolsunder
three different basic scenarios. Each scenarioconsistedof
a numberof sub-scenarios.Each scenariowas designedto
test a distinct hypothesis.Unlike most of the earlier studies,
our scenariosweredesignedto understandtheperformanceof
the MAC protocolsat the “network level” ratherthanat “link
level”, i.e. mostof our scenariosconsistedof sourcesink pairs
thatwereat least2 links apart.We briefly describethescenar-
ios below; additionaldetailsfor eachscenarioaregivenin the
sectiondescribingtheresultsfor thatscenario.

1) Scenario1: Effect of GeneralHidden terminal. This
scenariois motivatedby thewell known hiddenterminal
problem. It hasbeenwell documentedthat hiddenter-
minal configurationcausesCSMA to assigninequitable
resourcesto connections.802.11overcomesthis prob-
lem usingtheRTS/CTS/ACK mechanism.We wantedto
seeif the randomdelaysintroducedby the network can
mitigatethehiddenterminalto someextent. We call this
the generalizedhiddenterminal scenario. SectionIV-A
describesthescenariosetupin moredetail.

2) Scenario2: Effect of Network Connectivity. In this
scenario,ourgoalwasto investigatetheeffectof network
connectivity on MAC layerprotocols.We considersuc-
cessively densernetwork keepingthe setof nodescon-
stant. Anothermotivation for this scenariowas to pro-
videinsightsinto optimalpowersettingsfor poweraware
MAC protocols.Intuitively, increasingthenetwork den-
sity hastwo conflictingeffects. On onehand,increasing
the power rangeimplies that pathsbetweensourcedes-
tination pair tendto be shorter(the packetsmake faster

progresstowardstheirdestination);thisreducesthenum-
ber of collisions that a packet might participatein. On
theotherhand,thenetwork becomesdense(thenodeand
edgeconnectivity); this implies that oneis likely to en-
countermore spatial interferencefrom adjacentradios.
Thesecondissuehasbeenstudiedanalyticallyby anum-
ber of authorsfor CSMA and ALOHA like protocols,
most notableby Nelson,Kleinrock, Takagi andTobagi
[11], [13], [20], [21], [27]. But no suchanalyticalresults
are known for 802.11; moreover, the analysisin [11],
[13], [20], [21], [27] is doneonly onrandomlydistributed
setof points.

3) Scenario3: Effect of Separatorsizeand sparsity. In
thefinal scenario,we aim to understandtheeffectof net-
work sparsityandseparatorsizeon the performanceof
MAC protocols. Intuitively, it is obvious, that smaller
separatorimplieshigherprobabilityof collisionsandthus
reducedperformance.Again, asmentionedearlier, our
broadgoalis to look for network level effectsasopposed
to link level effects. The importanceof separatorshas
beenwell establishedin thestudyof circuit switchednet-
works.

B. SimulationSetupCharacteristics

We now describethedetailsof theparametersused.
1) Network Characteristics: In eachscenariowehavekept

thefollowing parameterconstant:
� Network Topology: Althoughspecificscenariosuse

specificnetwork topologies,oneparticulartopology
is usedfrequently. We call it thegrid-squared topol-
ogy. It consistsof ����� nodegrids with the radio
radiusof 2.5 grid units (1 grid unit = 100m). The
namecomesfrom the fact that it canbe viewed as
constructing�
	������������� , where���������� denotesthe
grid. In the graph �
	 , thereis an edgebetween�
and � if f � and � were no more than a distance2
apart.A verticalconnection,i.e. sourcebeing � �!��"#�
anddestination� �!��$�� requiredat leastthreehopsfor
a packet to reachits destination,whereasfor a di-
agonalconnectionat leastfour hopswererequired.
Finding out the numberof hopsrequiredto reacha
destinationfrom asourceis aneasytaskandis omit-
ted.Mostof our topologiesarederivedfrom this ba-
sic structure.� Number of connections:We usedtwo connections,
exceptfor theexperimentin which we studiedinflu-
enceof numberof connectionon quality of service
(See[5] for moredetailson how thenumberof con-
nectionsinfluencestheperformance.).� Routing protocol : AODV (See[23]).

2) Mobility Parameters. There was no movementof
nodes.

3) Traffic Characteristics.
� Theinitial packetsizewas512bytes,theinitial num-

berof packetswas1,000,andtheinitial injectionin-
terval was0.1 second.We reducedthe packet size
by a factorof 2 andincreasedthe numberof pack-



etsby a factorof 2 every time the injection interval
wasreducedby a factorof 2. For example,if thein-
jection interval washalved to 0.05 secondthen the
new packet sizewas256bytesandthenew number
of packetswas2,000. This allowed us to keepthe
injectionat input nodesconstantin termsof bits per
second.� The bandwidthfor eachchannelwas set to 1Mbit.
Thepropagationpath-lossmodelwastwo-ray.� Otherradiopropagationmodeldetailsareasfollows:
(i) Propagationpath-lossmodel: two ray (ii) Chan-
nel bandwidth: 1 Mb (iii) Channelfrequency: 2.4
GHz (iv) Topography:Line-of-sight(v) Radiotype:
Accnoise(vi) Network protocol:IP (vii) Connection
type: TCP.

4) Simulation Characteristics.
� To keepthesimulationtime100seconds,andtheto-

tal sizeof packetsin traffic constant,we halved the
sizeof packetswith eachdoublingof packet injec-
tion interval.� Unlessotherwisestated,we usedtwo connections
(sourcedestinationpairs)perrun. For eachprotocol
andeachvalueof injection interval 30 independent
runsusinga new randomseedwerecarriedout for
eachsub-scenario.In a few casesthenumberof runs
were reducedto 10; but in all suchcasesthe basic
trendis evident.� Hardware usedin all caseswas a Linux PC with
512MB of RAM memory, andPentiumIII 500MHz
microprocessor.� Simulationtool: GloMoSimv2.0.

C. InputVariablesandMeasuredQuantities

The MAC layer protocolsstudiedare 802.11,CSMA and
MACA. Theindependent(input) variablesfor a givenscenario
were:thenetwork topologyandtheinjectioninterval for pack-
ets. Thefollowing threepiecesof informationwerecollected:
(i) Latency: Averageendto enddelayfor eachpacket asmea-
suredin seconds,(ii) Total numberof packets received, (iii)
Throughput:numberof in bits/secondreceived.Notethatwhile
calculatinglatency, weonly considerpacketsthatweresuccess-
fully received.

Apart from latency andpacketsreceivedthatareplottedfor
eachconnection(recall for most part we deal with two con-
nections),we alsoreporttheaveragebehavior of theprotocols.
We briefly describethemethodusedto calculatetheseparam-
eters. Averagethroughputand averagelatency is simply the
averageover60 runsof eachprotocolover thetwo connections
(30 for eachconnection).An exampleof a plot showing aver-
agefairness(discussedbelow), throughputandlatency is seen
in Figure5.
Measuring and Plotting Fairness. Informally speaking,a
fair assignmentof resourcesmeansthat all the agentspartic-
ipating in the game/processget equalaccessto the resources.
This informal notion canbe extendedin several waysandin-
deedformalizingtheconceptis beyondthescopeof this paper.
Hereasdiscussedearlier, we only considerlong term fairness
of protocolsasopposedto shorttermfairness.

To measurelongtermfairness,let %'&)( ��* ( 	 denotetheratio
of packetsreceivedfor a givenrun of the protocolfor the two
connections.Then % denotesthefairnessindex of theprotocol.
Note that in caseof perfectlyequitableallocationthe fairness
index is 1. Averagefairnessis �+-,/.1032 +�,

032 �54�687:9 % 0 �
�;=<?> , where

% 0 is theabovestatedratio for the @BADC run of theprotocol2. One
way to seethebehavior of a protocolw.r.t. its fairnesscharac-
teristicsis to plot thefairnessindex for eachrun. For example
considerany oneof the6 plots in Figure4. TheX-axishasthe
run numberand the Y-axis displaysthe fairnessindex of the
protocolfor eachrun. Thesepointsareconnectedby a straight
line so that differencesin the heightof the pointsis betterre-
flected. Additionally, in order to depict smallerchanges,all
ratiosabove 10 arescaleddown to 10. Thusthemaximum E -
value is always 10; the maximum � -value is 30 denotingthe
numberof independentruns. Note that the runs are just in-
dependentinvocationsof the simulatorwith exactly the same
parametersbut with a differentrandomseed. The dottedline
is a horizontalline with y-valueequalto 1. This denotesthe
expectedbehavior of a perfectprotocol that assignsequitable
resources.Any deviation of thecurve above or below this line
impliesthat theprotocolwasnot fair. Also notethata fairness
index suchas FHG is in essencethesameas I – in bothcasesone
connectiongot I timesmoreresourcesthanthe otherconnec-
tion.

IV. RESULTS AND ANALYSIS

We have summarizedtheresultsof theexperimentsin form
of graphs.The graphsshow the dataasa function of varying
injectioninterval. We draw dependenceof latency andnumber
of packetsreceivedto injectioninterval 3.

Becauseof lack of spacewe provide detailedanalysisand
resultsfor onescenarioonly. A comprehensiveanalysiswhich
includesall scenarioscanbefoundin [5]. Moreanalysisfor ad-
hocnetworks andinteractionbetweenMAC layerandrouting
layerprotocolscanbefoundin [6].

A. Scenario1: GeneralizedHiddenTerminalEffect

We now discussthe experimentalsetupfor the first experi-
ment: effect of the generalizedhiddenterminal. The experi-
mentaldesignconsistsof threesub-scenariosand is depicted
in Figure1(A–C). Figure1(A) depictsthebasecase;the clas-
sical hiddenterminalsetting. We have two connections:one
from J to K andthe other from L to K . The settingis such
that K canhearboth J and L but J and L cannotheareach
other. Figure 1(B) depictsthe first form of generalizedhid-
denterminalsetting.We have a grid-squarednetwork andtwo
connectionsshown by arrows from sourceto the destination.
Thearrows representtheroughflight pathof packets: thepath
is not deterministicin general.As in the hiddenterminalsce-
nario, the connectionshave the samedestinationbut different
sources.The rationaleis the following: althoughthe destina-
tionsarethesame,thepacketsarelikely to encounterrandom
delaysasthey traversethe network andhenceit is likely that

M
This is donesothatall thesummedquantitiesareat least1.N
Notethatwehave usedlogscalefor y axisin all graphs.



theinequitableresourceassignmentproblemfor CSMA is mit-
igatedto

O
somedegree. Figure1(C) considersanothervariant.

Herethedestinationsarenot thesamebut very closelylocated
spatially. Again,onewould expecttheinequitableresourceas-
signmentproblemis mitigatedto a degree.

A
B

C

B CA

ss1 2

t

s

t

1 s2

t
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2

Fig. 1. Distinct sources. (A) Three-nodehiddenterminal, P can hear Q
and R , but Q and R cannotheareachother; (B) Identicalsinks; (C) Closely
positionedsinks. Minimum connectivity for (B) and(C) is 8, andmaximum
connectivity is 21. Thefour quartercirclesdenotetheradiorangeof thecorner
radios.Eachradiohasthesamerange.Thebasicconnectivity is thesameasin
agrid-squaredgraph.
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Fig. 2. Distinct sources,identicalsinks. The two upperrow figuresrepre-
sentdatafor latency (connection1 and2) and the two lower row show data
for packets received (connection1 and2). The graphsshows dependency of
theseparameterson injection interval. Theseresultscorrespondto scenarioin
Figure1(B).

BroadConclusionsfor Experiment1: Resultsareshown in Fig-
ures2, 3, 4, 5, and in TablesI, II. The plottedvaluesare
averagedover 30 runswith differentrandomseedfor eachrun
of thesimulator.

1) Looking at the numbersin Table II (results for Fig-
ure 1(A)), we seethat CSMA essentiallydid not assign
any resourceswhenthe connectionsstartedat the same
time. In contrast,when the connectionswere started
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Fig. 3. Distinct sources,closelypositionedsinks. Thetwo upperrow figures
representdatafor latency (connection1 and2) andthetwo lowerrow show data
for packets received (connection1 and2). The graphsshows dependency of
theseparameterson injectioninterval. Theseresultscorrespondto Figure1(C).
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Fig. 4. Fairnessoverasetof 30runsfor thethreeprotocols.The X -axisshows
30runswith differentsimulationseeds.The Y -axisshowsthefairnessasaratio
of packetsreceived for connection1 to packetsreceived for connection2. The
dottedline shows a ratio of 1; for fair protocolsplot shouldcoincidewith this
line. Case(A) - low injectionrateareshown in theleft column,Case(B) - high
injectionrateareshown in theright column.SeeSectionIII-C for moredetail
on thefairnessmeasure.Theseresultscorrespondto Figure1(B).



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

TABLE I
THREE-NODE HIDDEN TERMINAL – LATENCY. CASE (A) THE

CONNECTIONS STARTED AT THE SAME TIME. CASE (B) THE

CONNECTIONS STARTED WITH A DIFFERENCE OF 1MS. RESULTS

CORRESPOND TO FIGURE 1(A).

1 millisecondapart, resourceswere assignedequitably.
802.11did verywell for bothconnectionswith andwith-
out any delays; in fact its performancewas essentially
indistinguishable.MACA’sperformancewassomewhere
in betweenthe performanceof CSMA and802.11. The
poorperformanceof CSMA is not obviousby looking at
Figure2 sincetheplotsareobtainedby averagingover30
independentruns.

2) Resultsfor thegeneralizedhiddenterminalscenario(Fig-
ure 2 and 3 for scenariosshown in Figures1(B),(C))
show that latency is low for all protocolsat low injec-
tion rates. However at high injection rates,both 802.11
andMACA exhibit muchhigherlatency. Thenumberof
packetsreceivedfalls steeplyfor 802.11asoneincreases
the injection rates. On the other handCSMA shows a
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Fig. 5. Average(Un)Fairness,throughputandlatency of thethreeMAC pro-
tocolsunderlow andhigh injection rates. Note that at high injection ratewe
have correspondinglyreducedthe packet sizes. Theseresultscorrespondto
Figure1(B).

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

TABLE II
THREE-NODE HIDDEN TERMINAL – PACKETS RECEIVED. CASE (A) THE

CONNECTIONS STARTED AT THE SAME TIME. CASE (B) THE

CONNECTIONS STARTED WITH A DIFFERENCE OF 1MS. RESULTS

CORRESPOND TO FIGURE 1(A).

steadyincrease.
3) Theresultsfor thetwo varianthiddenterminalscenarios

(Figure2 and 3 for scenariosshown in Figures1(B),(C))
exhibit similar performancecharacteristics.In particular,
asexpectedtherandomdelaysintroducedby thenetwork
improvedthefairnesscharacteristicsof CSMA consider-
ablyover its performancefor scenarioFigure1(A).

4) Figure4 shows the behavior of the threeprotocolsw.r.t.
fairnessratio discussedin the earlierSection. It shows
thatalmostevery run of theCSMA andMACA protocol
produceinequitableassignmentof resourcesto the two
connections.CSMA assignsinequitableresourcesmore
frequentlythanMACA but MACA hasmuchhigh levels
of inequitableresourceassignmentwhenthey aresoas-
signed.802.11behavesquitewell acrosslow aswell as
high injectionrates.

5) Figure 5 shows that no single protocol dominatesthe
other protocolsacrossthe three different performance
metrics(fairness,throughputandlatency) andoverrange
of injection rates. This is an importantconclusionand
will bereinforcedaswealterthescenarios.

QualitativeExplanationsfor Experiment1: We provide plau-
sible qualitative explanationfor the above conclusions. First
consider the relative behavior of 802.11 and CSMA. The
RTS/CTS/ACK mechanismin conjunction with IFS (Inter-
framespaces)of 802.11reducesthe probability of collisions.
On the otherhand,it sometimes(unnecessarily)reservesme-
dia spacethusdisallowing other transmittersto usethe space
evenif they couldhave probablyusedit without causingcolli-
sions.Additionally thecontrolpackets(RTS/CTS/ACK) imply
additionaloverheadon thesystemwhich increaseslatency and
decreasesthegoodthroughput(alsoknown asgoodput).These
opposingaspectsof the control packetsusedin 802.11makes
theanalysisof 802.11complicated.Neverthelessnotethe fol-
lowing: at high injectionrateswe usesmallerpacketsandthus
the relative overheadof the control packetsin 802.11exceeds
thegainobtainedby decreasingthenumberof collisions. Fur-



thermore,the pathsusedby the two connectionsare by and
largedistinctZ (exceptnearthedestination).Thusthecollisions
we areavoidingareprimarily thosethatoccurbetweenpackets
belongingto the sameconnection(collisionsthat occurwhile
transmittingpacketsover threeconsecutive links of a routing
path). At low injection rates,the numberof control packets
aresignificantlysmallerandwe have largerpacket sizes:thus
implying a higherbandwidthutilization. Moreover, although
the collision probability is low, recovering from collisions at
link level asdonein 802.11usingtheACK parthelpsits over-
all performance.Thus802.11doesquite well at low injection
ratesbut deterioratessubstantiallyat higher injection rates. It
appearsthatthetimefor apacketto traveloveronelink together
with thetimeit takesto movethepacketfrom inputbuffer to the
outputbuffer is lessthanthe time it takesto generatethenext
packetat thesource.ThuspacketstransmittedusingCSMA do
not typically experiencecollisionsin this case.CSMA on the
otherhanddoesnot assignequitableresourcesto the connec-
tions. This fact is cleareron inspectingFigure4, ratherthan
Figure2 that reportstheaverageover 30 runs. The reasonfor
this is clear: onceoneconnectiongetsaccessto the channel,
it preventsthe otherconnectionfrom acquiringany resources.
More surprisingly, MACA in spiteof usingRTS/CTScontrol
packets, also exhibits inequitableresourceassignment.Thus
it appearsthat the randomdelaysusedin 802.11play an im-
portantrole in improving thefairnesscharacteristicsof 802.11.
CSMA andMACA ontheotherhandrely onthetransportlayer
to recover from collisionsandthuspayahighpricewhencolli-
sionsdo occur. Thequalitative differencebetween802.11and
MACA athigh injectionratesis dueto theACK andIFSmech-
anismpresentin 802.11.
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