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Abstract— We conduct a comparative experimental analysis of
three well known media accessprotocols: 802.11, CSMA, and
MA CA for wirelessradio networks. Only static ad-hoc networks
are considered. The experimental analysiswas carried out using
GloMoSim : atool 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 performance of the media accesssublayer protocols. The
performance of the protocolswas measured w.r.t. four important
parameters: (i) number of received packets, (ii) averagelatency of
eachpacket, (iii) long term fairnessand (iv) throughput. The fol-
lowing general qualitati ve conclusionswere obtained; someof the
conclusionsreinforcethe earlier claims by other reseachers.

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

In generalwhile the performance of 802.11was better than
CSMA at lower injection rates, the performance of 802.11
is worse than that of CSMA at higher injection rate, on the
other hand, CSMA assigndnequitable amount of resources;
in this regard 802.11performs quite well.

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

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

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

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

2)

3)

4)

|. INTRODUCTION AND MOTIVATION

Designof MAC layerprotocolsfor wirelessmobilenetworks
hasbecomeanimportantareaof researchn recentyears(See
[7], [10] andthereferencesherein).An extremeform of wire-
lessmobile networks arethe ad-hocnetworks — networks that
do notrely on ary fixedinfrastructureg.g.,basestations.The
upsugein a variety of mobile computingdevicessuchaslap-
tops, PDAs, and otherportableshascausedan unprecedented
interestin this form of communicationEarly progresson mul-
tihop radionetworkswasfundedby DARPA. Thisincludesthe
PRNET (Packet RadioNetwork) [9], andSURAN (Survivable
Adaptive Networks) [31] projects.Interestin ad-hocnetworks
for mobilecommunicationhasalsoresultedin a specialinter-
estgroupfor Mobile, Ad-hoc Networking within the Internet
EngineeringraskForce(IETF) [18].

Thework is supportedy the Departmenbf Enegy underContractwW-7405-
ENG-36.
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andApplied SimulationScienceGroupat Los AlamosNationallaboratory Af-
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Network protocolsn generaheedto fulfill amultitudeof de-
signandfunctionalrequirementsincluding, (i) High through-
put; (ii) Low average latency; (iii) Hetelogeneoudraffic (e.g.
data, voice andvideo); (iv) Preservationof padet 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-
quirementsdbecomesll the more difficult. Many MAC layer
protocolshave beenproposedanddesignedo meetone/mary
of thesecriteria;theresearctareacontinuego bevery active.

A commonlyknown group of MAC protocolsis basedon
the carriersensemultiple acces{CSMA) paradigm.The idea
behindthis paradigmis to resenre transmissiorchannelat the
originator (source)by carrier sensing. Until recently CSMA
basedprotocolssupportecnly singlechannelcommunication,
recently multiple channelextensionshave beenproposed19].
Many protocolshave beenproposedto avoid the hiddenter-
minal problems. Two notableexamplesare the MACA [10]
and MACAW [7] protocols. MACA introduceda resenation
systemachieved with exchangeof an RTS/CTS (RequestTo
Send/Cleailo Send)pairof controlpackets.MACAW alsorec-
ognizestheimportanceof congestionandexchangeof knowl-
edge about congestionlevel among entities participating in
communication. An advancedback-of mechanismwas pro-
posedto spreadinformation aboutcongestion. Furthermore,
the basicRTS/CTS/DATA resenation schemahasbecomean
RTS/CTS/DS/IATA/ACK schemawith significantlyimproved
performanceln theseprotocolsmessageriginatorsresenere-
ceptionareaat the sink by exchangeof RTS/CTScontrolmes-
sagesThisisin contrasto CSMA whereresenationwasdone
at originators. This powerful methodhasa drawbackof intro-
ducingsmall control pacletsinto the network thatlater collide
with otherdata,control,or routingpaclets.IEEE 802.11IMAC
standard22] wasdesignedvith aresenationsystensimilarto
MACA or MACAW in mind. 802.11hasalsoimprovedfairness
characteristicshowever, in [16] authorspoint out deficiencies
in thefairneswof this protocol,aswell.

Becausef the limited bandwidthof wirelesschannelanes-
sagecompleity of bothMAC layerandnetwork layer(routing)
protocolsneeddo be keptlow. Informally speakingwe define
the messageompleity of a protocolasthe ratio of the num-
berof datapacletssuccessfullyfransmittedo thetotal number
of pacletsactually sent(including control paclets, duplicates
etc.). Lateng is definedto be the averagetime it takesfor a
pacletto reachits destination.Note thatasdefined the defini-
tion doesnot distinguishbetweerthe type of pacletsreceved.
Thusit is concevablethat a connectionmight be deemedto
have good lateng but might not deliver too mary new pack-



ets. Thusa goodprotocolshouldhave thefollowing character
istics: (i) high throughputasmeasuredy the total numberof
goodpacletsreceivedin aunittime and(ii) fairnessintuitively
speakinghighthroughpuimplieslow messageomplexity and
low lateng.

Theinterplaybetweermessageomplexity andlateng with
dynamicallychangingnetwork connectvity, andtraffic loadis
the mainfocusof the studydescribedn this document.Addi-
tionally, we studythe effect of (i) spatiallocationsof sources
andsinks, (ii) injection intervals of paclets, and (iii) type of
network on quality of service. We chosethe following MAC
layer protocolsto test: 802.11,CSMA, andMACA. All simu-
lationsweredonein GloMoSim, a tool specializedn wireless
networkssimulation.

Dueto lack of spacewe referthereaderto [1], [7], [26] for
moredetailson the threeprotocolsconsideredn this paper

Il. SUMMARY OF RESULTS AND IMPLICATIONS

Building on the earlierwork of [7], [17], [33], we experi-
mentally evaluatethe performanceof threewell known MAC
protocolsin wirelessradio networks. The goal is to seehow
(i) the network topology; (ii) thetraffic injectioninterval, (iii)
thespatiallocationof the sourcedestinatiorpairs,all affectthe
performancef the protocols.Moreover, we wantto do thisin
settingswheretheresultsareinterpretable henceto the extent
possible,we have chosenvery simple instancedo effectively
argueaboutanissue.

A. ScenarioSpecifidResults

For now, view a scenarioas a combinationof the injection
rate, spatial connectionlocationsand network topology We
have consideredhreebasicscenarios- eachscenarioconsists
of anumberof sub-scenariosAlternatively, eachscenariccan
be viewed asan experimentaldesignsetup to verify/testa cer
tain hypothesis.The experimentaldesignsarediscussedn de-
tail in Sectionlll. We first discusgheseresults.

1) The first scenario was createdto verify performance
of MAC layer protocols under hidden terminal situa-
tions. For this we designedthe basic hiddenterminal
sub-scenariaswell asextensionf thisideato the case
of multi-hop networks. Resultsshov that CSMA in-
equitablyassignedesourceso thetwo connectionover
individual runs. On the other hand CSMA performed
quitewell in termsof lateng andin facthadthelowestla-
tengy amongall the threeprotocolsfor this case MACA
had a very high lateng aswell asinequitableresource
assignment.802.11had worselatengy than CSMA but
was betterthan MACA. On the other hand, it allowed
the mostequitableaccesgo the mediaand hadthe best
throughput.SeeSectionlV-A for moredetalils.

The secondscenariowasto testbehaior underlow and
high connectvity. We can seethat the protocolsfail to
performin extremesituations.Herewe have acasewhere
communicatiordepend®nafew isolatednodeghatcon-
vey paclets betweenclustersof nodes. CSMA domi-
natesin this scenario.802.11failed in both the lateng
andpacletsreceved. MACA's performances quite poor

2)

underhigh injectionrate. It shawvs up that exchangeof
RTS/CTS pair is not very efficient in negotiating data
pacletstransfer

The third scenariowasto convey resultson the effect
of grid width andsparsity CSMA shavs dominationin
termsof latengy. MACA shaows low lateng but only for
low injection rates. The reasonis the overheadcaused
by exchangeof RTS/CTSpairs.802.11performswell in
termsof pacletsreceivedbut at extremelyhigh injection
ratesthe protocolperformancelummets.CSMA on the
otherhandshaws improved performancewith increased
injectionrate.

All theprotocolsdoaninequitableassignmenof channel
resourcesor low injectioninterval. We have deliberately
refrainedfrom calling this unfair: what doesit meanto
befair is not obviousandhasbeensubjectof a extensive
researchn the pastin EconomicsandSocialScience.
For highinjectioninterval 802.11assignedesource®q-
uitably. OntheotherhandCSMA andMACA hadawide
variation.

At leasttwo notionsof equitableresourceallocationscan
be formulated: one in which we seehow the protocol
doesin aparticularrunandonein which measureherel-
ativeresourcesissignedo eachconnection®veragiven
setof runs. Usingthe othermeasureCSMA andMACA
appearo have amoreequitableresourceassignment.
Many researchertave in the pastdesignedspecifical-
gorithmsandargued(heuristicallyor formally) aboutthe
fairnessof protocols. We believe thatthe topic deseres
moreattention. For instancein [32] the authorspropose
distributedfair schedulingalgorithm. The essentiaidea
is to assignresourcego eachflow in proportionto the
amountthat is backloggedfor that particular flow. In
[17], theauthorshave discussegernodeversusperflow
fairness. We point out that eachsuchproposedmecha-
nismcanhave subtlesideeffects;thegoalis merelypoint
outundertakinga morein-depthstudy?.

3)

4)

5)

6)
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B. Explanationandconclusions

A qualitatve explanationof mary of theresultscanbegiven.
For instance,CSMA haslow overheadsinceit doesnot have
the RTS/CTS control mechanismthis makes collisions more
likely but ontheotherhandallowsfor lowerlateng (atleastfor
theconnectionghataregivenaccessandadequatehroughput
for the connectionghat are scheduled.802.11hasRTS/CTS
mechanismtheoverheadhatsuchacontrolmechanisntauses
for small pacletsis evidentfrom the degradationof 802.11for
small paclet sizes. MACA appeardo be probablythe worst
overall: it hashigh latengy andinequitableresourceallocation.
Themainconclusionf our studyincludethe following:

LA very simple examplewill male the point. Considerfor instancean ad-
versary who wishesto slow down a network without ary goal of transmitting
usefulinformation. Furthermorejmaginethe adwersaryto have control over
the protocolstack. The adwersarycan easily compromisethe network’s good
throughputby notimplementinga voluntarybackoff schemeandthusflooding
theintermediatenodes.f perflow fairnesss implementedhiswill endup giv-
ing unusuallyhigh resourceso this connectionsnakingthe otherconnections
have low throughput.



1) The network connectvity, spatial location of connec-
tions,injectionrateandpaclet sizeall play a crucialrole
in determiningthe performanceof a mediaaccessro-
tocol. While, the effect of lasttwo parameterfiasbeen
studiedearlierto someextent[7], [33], the effect of first
two parameterdiasnot beenextensiely studiedto the
bestof our knowledge.

2) In generathefollowing broadconclusionganbedravn:
(i) higher injection rates, (ii) smaller paclets and (iii)
increaseddensityof network affect the protocol perfor
manceadwersely Sectionll discusseshisin moredetalil
andprovidesqualitative reasongor this.

3) Nosingleprotocol dominatedthe other protocolsacross
variousmeasuesof efficiency This motivatesthedesign
of a new classof parameterizegrotocolsthat adaptto
changesn the network connectvity andloads. We refer
to theseclassof protocolsasparameterizeddaptiveeffi-
cientprotocols(PARADYCE) andasa first stepsuggest
key designrequirementgor sucha classof protocols.

I1l. EXPERIMENTAL SETUP

The experimentalsetup consistsof a descriptionof (i) the
scenariosised (i) simulationsetup (iii) inputandoutputvari-
ables.

A. Thescenarios

We studiedthe performanceof the three protocolsunder
three different basic scenarios. Each scenarioconsistedof
a numberof sub-scenarios.Each scenariowas designedto
testa distinct hypothesis. Unlike mostof the earlier studies,
our scenariosveredesignedo understandhe performanceof
the MAC protocolsat the “network level” ratherthanat “link
level”, i.e. mostof our scenariosonsistedf sourcesink pairs
thatwereatleast? links apart. We briefly describethe scenar
ios below; additionaldetailsfor eachscenaricaregivenin the
sectiondescribingtheresultsfor thatscenario.

1) Scenariol: Effect of GeneralHidden terminal. This
scenarias motivatedby thewell known hiddenterminal
problem. It hasbeenwell documentedhat hiddenter-
minal configurationcausesSCSMA to assigninequitable
resourcego connections.802.11overcomeshis prob-
lem usingthe RTS/CTS/ACK mechanismWe wantedto
seeif the randomdelaysintroducedby the network can
mitigatethe hiddenterminalto someextent. We call this
the geneamlizedhiddenterminal scenario SectionlV-A
describeghe scenaricsetupin moredetail.

2) Scenario2: Effect of Network Connectivity. In this
scenariopurgoalwasto investigateheeffectof network
connectvity on MAC layer protocols. We considersuc-
cessively densemetwork keepingthe setof nodescon-
stant. Another motivation for this scenariowasto pro-
vide insightsinto optimalpower settingsfor power aware
MAC protocols. Intuitively, increasinghe network den-
sity hastwo conflicting effects. On onehand,increasing
the power rangeimplies that pathsbetweensourcedes-
tination pair tendto be shorter(the paclets make faster

progressowardstheir destination)thisreduceghenum-
ber of collisionsthat a packet might participatein. On
theotherhand,the network becomeslensgthenodeand
edgeconnectvity); this impliesthatoneis likely to en-
countermore spatial interferencefrom adjacentradios.
Thesecondssuehasbeenstudiedanalyticallyby a num-
ber of authorsfor CSMA and ALOHA like protocols,
most notableby Nelson, Kleinrock, Takagiand Tobagi
[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 scenariowe aimto understandhe effect of net-
work sparsityand separatossize on the performanceof
MAC protocols. Intuitively, it is obvious, that smaller
separatoimplieshigherprobabilityof collisionsandthus
reducedperformance.Again, as mentionedearlier our
broadgoalis to look for network level effectsasopposed
to link level effects. The importanceof separatordas
beenwell establishedh thestudyof circuit switchednet-
works.

B. SimulationSetupCharacteristics

We now describehedetailsof the parametersised.
1) Network Characteristics: In eachscenariove have kept
thefollowing parameteconstant:

« Network Topology: Althoughspecificscenariosise
specificnetwork topologies,one particulartopology
is usedfrequently We call it the grid-squaedtopol-
ogy. It consistsof 7 x 7 nodegrids with the radio
radiusof 2.5 grid units (1 grid unit = 100m). The
namecomesfrom the fact thatit canbe viewed as
constructing=?(V1, E1 ), whereG(V, E) denoteshe
grid. In the graphG?, thereis an edgebetweenu
andv iff u and v were no more than a distance?
apart.A verticalconnectionj.e. sourcebeing(z, 0)
anddestination(z, 6) requiredatleastthreehopsfor
a paclet to reachits destination,whereasfor a di-
agonalconnectionat leastfour hopswererequired.
Finding out the numberof hopsrequiredto reacha
destinatiorfrom a sources aneasytaskandis omit-
ted. Most of ourtopologiesarederivedfrom this ba-
sic structure.

« Number of connections:We usedtwo connections,
exceptfor the experimentin which we studiedinflu-
enceof numberof connectionon quality of service
(Seg[5] for moredetailson how the numberof con-
nectionsnfluenceghe performance.).

« Routing protocol: AODV (Seeg[23]).

2) Mobility Parameters.  There was no movementof
nodes.
3) Traffic Characteristics.

« Theinitial pacletsizewas512bytes theinitial num-
berof pacletswas1,000,andtheinitial injectionin-
terval was 0.1 second. We reducedthe paclet size
by a factorof 2 andincreasedhe numberof pack-



etshy afactorof 2 every time the injectioninterval

wasreducedoy afactorof 2. For example,if thein-

jection interval was halved to 0.05 secondthenthe
new paclet sizewas 256 bytesandthe nev number
of pacletswas 2,000. This allowed us to keepthe
injectionatinput nodesconstanin termsof bits per
second.

« The bandwidthfor eachchannelwas setto 1Mbit.
The propagatiorpath-losamodelwastwo-ray.

« Otherradiopropagatiormodeldetailsareasfollows:
(i) Propagatiorpath-lossmodel: two ray (ii) Chan-
nel bandwidth: 1 Mb (iii) Channelfrequeng: 2.4
GHz (iv) Topography:Line-of-sight(v) Radiotype:
Accnoise(vi) Network protocol: IP (vii) Connection
type: TCP

4) Simulation Characteristics.

« To keepthesimulationtime 100secondsandtheto-
tal size of pacletsin traffic constantwe halved the
size of pacletswith eachdoubling of pacletinjec-
tion interval.

« Unlessotherwisestated,we usedtwo connections
(sourcedestinatiorpairs)perrun. For eachprotocol
and eachvalue of injection interval 30 independent
runsusing a new randomseedwere carriedout for
eachsub-scenarioln afew caseshenumberof runs
were reducedto 10; but in all suchcasesthe basic
trendis evident.

« Hardware usedin all caseswas a Linux PC with
512MB of RAM memory andPentiumlll 500MHz
microprocessor

« Simulationtool: GloMoSimv2.0.

C. InputVariablesand Measued Quantities

The MAC layer protocolsstudiedare 802.11, CSMA and
MACA. Theindependenfinput) variablesfor a givenscenario
were:thenetwork topologyandtheinjectioninterval for pack-
ets. The following threepiecesof informationwerecollected:
(i) Lateng: Averageendto enddelayfor eachpaclketasmea-
suredin seconds(ii) Total numberof paclets receved, (iii)
Throughput:numberof in bits/secondeceved. Notethatwhile
calculatingatengy, we only considempacletsthatweresuccess-
fully receved.

Apart from lateng andpacletsrecevedthatare plottedfor
eachconnection(recall for most part we deal with two con-
nections)we alsoreportthe averagebehaior of the protocols.
We briefly describethe methodusedto calculatetheseparam-
eters. Averagethroughputand averagelateng is simply the
averageover 60 runsof eachprotocoloverthetwo connections
(30 for eachconnection).An exampleof a plot shawving aver
agefairnesqdiscussedelaw), throughputandlateng is seen
in Figure5.

Measuring and Plotting Fairness. Informally speakinga
fair assignmentf resourcesneansthat all the agentspartic-
ipating in the game/procesget equalaccesgo the resources.
This informal notion canbe extendedin several waysandin-
deedformalizingthe conceptis beyondthe scopeof this paper
Hereasdiscussecararlier we only considerdong term fairness
of protocolsasopposedo shorttermfairness.

To measurdongtermfairnessletr = p; /p» denotetheratio
of pacletsrecevedfor a givenrun of the protocolfor the two
connectionsThenr denoteghefairnessndex of the protocol.
Note thatin caseof perfectly equitableallocationthe fairness
index is 1. Averagefairnessis & Y"i—{" max{r;, 2}, where
r; is the above statedratio for the4t” run of the protocof. One
way to seethe behavior of a protocolw.r.t. its fairnesscharac-
teristicsis to plot the fairnessndex for eachrun. For example
considerary oneof the 6 plotsin Figure4. The X-axishasthe
run numberand the Y-axis displaysthe fairnessindex of the
protocolfor eachrun. Thesepointsareconnectedy a straight
line sothat differencesn the heightof the pointsis betterre-
flected. Additionally, in orderto depict smallerchangesall
ratiosabove 10 arescaleddown to 10. Thusthe maximumy-
valueis always 10; the maximumz-valueis 30 denotingthe
numberof independentuns. Note that the runs are just in-
dependeninvocationsof the simulatorwith exactly the same
parameterdut with a differentrandomseed. The dottedline
is a horizontalline with y-valueequalto 1. This denoteshe
expectedbehaior of a perfectprotocol that assignsequitable
resourcesAny deviation of the curve above or below thisline
impliesthatthe protocolwasnot fair. Also notethatafairness
index suchas.2 is in essencéhesameas5 — in bothcaseone
connectiongot 5 times moreresourceghanthe otherconnec-
tion.

IV. RESULTS AND ANALYSIS

We have summarizedhe resultsof the experimentsin form
of graphs. The graphsshaw the dataasa function of varying
injectioninterval. We draw dependencef latengy andnumber
of pacletsrecevedto injectioninterval 3.

Becauseof lack of spacewe provide detailedanalysisand
resultsfor onescenariconly. A comprehensie analysiswhich
includesall scenarioganbefoundin [5]. More analysidor ad-
hoc networks andinteractionbetweenMAC layer androuting
layerprotocolscanbefoundin [6].

A. Scenariol: GenenlizedHiddenTerminal Effect

We now discussthe experimentalsetupfor the first experi-
ment: effect of the generalizechiddenterminal. The experi-
mentaldesignconsistsof threesub-scenarioandis depicted
in Figure1(A—C). Figure1(A) depictsthe basecase;the clas-
sical hiddenterminal setting. We have two connections:one
from A to B andthe otherfrom C' to B. The settingis such
that B canhearboth A andC but A andC' cannotheareach
other Figure 1(B) depictsthe first form of generalizechid-
denterminalsetting. We have a grid-squaredetwork andtwo
connectionsshowvn by arrows from sourceto the destination.
Thearrows representheroughflight pathof paclets: the path
is not deterministicin general.As in the hiddenterminalsce-
nario, the connectiondhave the samedestinationbut different
sources.The rationaleis the following: althoughthe destina-
tions arethe same the pacletsarelikely to encounterandom
delaysasthey traversethe network andhenceit is likely that

2This is donesothatall thesummedquantitiesareat least1.
3Notethatwe have usedlogscalefor y axisin all graphs.



theinequitableresourceassignmenproblemfor CSMA is mit-

igatedto somedegree. Figure 1(C) considersanothervariant.
Herethe destinationsarenot the samebut very closelylocated
spatially Again, onewould expecttheinequitableresourceas-
signmentproblemis mitigatedto a degree.

5

Fig. 1. Distinct sources. (A) Three-nodehiddenterminal, B canhear A
andC, but A andC cannotheareachother; (B) ldenticalsinks; (C) Closely
positionedsinks. Minimum connectiity for (B) and(C) is 8, and maximum
connectiity is 21. Thefour quartercirclesdenotetheradiorangeof thecorner
radios.Eachradiohasthe samerange.Thebasicconnectiity is the sameasin
agrid-squaredyraph.
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BroadConclusiondor Experimentl: Resultsareshavnin Fig-

ures2, 3, 4, 5,andin Tablesl, Il. The plottedvaluesare

averagedover 30 runswith differentrandomseedfor eachrun

of thesimulator

1) Looking at the numbersin Table Il (results for Fig-

ure 1(A)), we seethat CSMA essentiallydid not assign
ary resourcesvhenthe connectionsstartedat the same
time. In contrast,when the connectionswere started
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Protocol 802.11 802.11 CSMA CSMA MACA MACA Protocol 802.11 802.11 CSMA CSMA MACA MACA

Case A B A B A B Case A B A B A B

Connection1 Connection1

Injectioninterval [s] Injectioninterval [s]

0.1 0.0097 0.0105 0.0037 0.0083 0.0258 0.0095 0.1 999 999 0 998 494 998

0.05 0.0067 0.0065 0.0028 0.0042 0.0218 0.0055 0.05 1998 1998 1 1998 998 1998

0.025 0.0051 0.0043 0.0024 0.0022 0.0200 0.0035 0.025 3997 3997 1 3997 1973 3996

0.0125 0.0032 0.0032 0.0020 0.0011 0.0610 0.0610 0.0125 7995 7995 2 7995 7188 7188

Connection2 Connection2

Injectioninterval [s] Injectioninterval [s]

0.1 0.0097 0.0055 0.0019 0.0046 0.0262 0.0057 0.1 999 999 0 999 506 998

0.05 0.0067 0.0034 0.0016 0.0026 0.0217 0.0035 0.05 1998 1998 1 1998 1001 1997

0.025 0.0051 0.0025 0.0015 0.0016 0.0200 0.0025 0.025 3997 3997 1 3997 1969 3996

0.0125 0.0021 0.0021 0.0016 0.0010 0.0578 0.0578 0.0125 7995 7995 2 7995 7184 7184
TABLE | 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, resourcesvere assignecequitably
802.11did very well for bothconnectionsvith andwith-
out ary delays;in factits performancewas essentially
indistinguishableMACA's performancavassomeavhere
in betweenthe performanceof CSMA and802.11. The
poor performancedf CSMA is not obviousby looking at
Figure2 sincetheplotsareobtainedby averagingover 30
independentuns.

Resultdor thegeneralizedhiddenterminalscenaridFig-
ure 2 and 3 for scenariosshawvn in Figures1(B),(C))
shaw that lateng is low for all protocolsat low injec-
tion rates. However at high injection rates,both 802.11
andMA CA exhibit muchhigherlateng. The numberof
pacletsrecevedfalls steeplyfor 802.11asoneincreases
the injection rates. On the other hand CSMA shows a
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Fig.5. Average(Un)Fairnessthroughputandlateng of the threeMAC pro-
tocolsunderlow andhigh injection rates. Note that at high injection rate we
have correspondinglyreducedthe paclet sizes. Theseresultscorrespondo
Figure1(B).

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.

Theresultsfor the two varianthiddenterminalscenarios
(Figure2 and 3 for scenarioshovnin Figures1(B),(C))
exhibit similar performanceharacteristicsln particulay
asexpectedherandomdelaysintroducedby thenetwork
improvedthe fairnesscharacteristicef CSMA consider
ably overits performancdor scenarid=igure1(A).
Figure4 shavs the behavior of the threeprotocolsw.r.t.
fairnessratio discussedn the earlier Section. It shows
thatalmostevery run of the CSMA andMA CA protocol
produceinequitableassignmenbf resourcego the two
connections.CSMA assignsnequitableresourcesnore
frequentlythanMACA but MACA hasmuchhigh levels
of inequitableresourceassignmentvhenthey aresoas-
signed. 802.11behaesquite well acrosdow aswell as
highinjectionrates.

Figure 5 shavs that no single protocol dominatesthe
other protocols acrossthe three different performance
metrics(fairnessthroughputandlateng) andoverrange
of injection rates. This is an importantconclusionand
will bereinforcedaswe alterthe scenarios.

Qualitative Explanationsfor Experimentl: We provide plau-
sible qualitative explanationfor the above conclusions. First
consider the relatve behaior of 802.11 and CSMA. The
RTS/CTS/ACK mechanismin conjunction with IFS (Inter-
frame spacespf 802.11reduceghe probability of collisions.
On the other hand,it sometimequnnecessarilyjesenesme-
dia spacethusdisallowving othertransmittersto usethe space
evenif they could have probablyusedit without causingcolli-
sions.Additionally the control packets(RTS/CTS/ACK) imply
additionaloverheadn the systenwhich increasesatengy and
decreasethe goodthroughput(alsoknown asgoodput).These
opposingaspectof the control paclketsusedin 802.11makes
the analysisof 802.11complicated.Neverthelessiotethe fol-
lowing: at highinjectionrateswe usesmallerpacletsandthus
the relative overheadof the control pacletsin 802.11exceeds
the gain obtainedby decreasinghe numberof collisions. Fur-
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thermore,the pathsusedby the two connectionsare by and
large distinct (exceptnearthe destination).Thusthe collisions
we areavoiding areprimarily thosethatoccurbetweerpaclets
belongingto the sameconnection(collisionsthat occurwhile

transmittingpackets over threeconsecutie links of a routing
path). At low injection rates,the numberof control paclets
aresignificantlysmallerandwe have larger paclet sizes:thus
implying a higher bandwidthutilization. Moreover, although
the collision probability is low, recovering from collisions at
link level asdonein 802.11usingthe ACK parthelpsits over

all performance.Thus802.11doesquite well at low injection
ratesbut deterioratesubstantiallyat higherinjection rates. It

appearshatthetimefor apacletto travel overonelink together
with thetimeit takesto movethepacletfrom inputbufferto the
outputbuffer is lessthanthe time it takesto generatehe next

pacletatthesource.ThuspaclketstransmittedusingCSMA do

not typically experiencecollisionsin this case. CSMA on the
otherhanddoesnot assignequitableresourcego the connec-
tions. This factis cleareron inspectingFigure 4, ratherthan
Figure 2 that reportsthe averageover 30 runs. Thereasorfor

this is clear: onceone connectiongetsaccesgo the channel,

it preventsthe otherconnectionfrom acquiringary resources.

More surprisingly MACA in spite of using RTS/CTScontrol
paclets, also exhibits inequitableresourceassignment. Thus
it appeardghat the randomdelaysusedin 802.11play anim-

portantrole in improving thefairnesscharacteristicef 802.11.
CSMA andMACA ontheotherhandrely onthetransportayer
to recoverfrom collisionsandthuspaya high pricewhencolli-

sionsdo occur The qualitative differencebetween802.11and
MACA athighinjectionratesis dueto the ACK andIFS mech-
anismpresenin 802.11.
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