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Abstract

In this paperwe investigatehe performancesf commoncapture
modelsin termsof thefairnesgropertieshey reflectacroscon-
tenting hiddenconnections.We proposea new capturemodel,
MessageRetraining,as a meansof providing an accuratede-
scription of experimentaldata. Using two fairnessindiceswe

undertale a quantitatve study of the accurag with which each
capturemodelis ableto reflectexperimentadata.Standardtap-
turemodelsareshownn to be unableto accuratelyreflectthe fair-

nesspropertiesof the experimentaldata. The MessageRetrain-
ing capturemodelis shown to provide a goodestimateof actual
systemperformanceén varyingsignalstrengthconditions.

1

The IEEE 802.11wirelessPhysicalLayer (PHYS)andMedium
AccessControl (MAC) protocolshave lead to the widespread
adoptionof local wirelessareanetworking over recentyears.
However, recentexperiment[1] hasindicatedthatin mary con-
ditions,the potentialexistsfor significantunfairnessatthe MAC
layer. In this paper we investigatethe ability of capturemodels
presentedn literature[2, 3, 4] to provide a realisticrepresenta-
tion of an IEEE 802.11radio modem. We considerthe fairness
propertieof simulationtracesgeneratedisingthe network sim-
ulatorns, comparedigainsthe experimentaldata[1].

Ourresultsllustratethedifficulty in developingaccuratenod-
els which describethe behaiour of real IEEE 802.11modems.
An intuitive definition of fairness is employed in this paper
Hosts should be able to achieve relatively equal transmission
rates,andno hostshouldbe ableto preventothersfrom gaining
accesdo the channeffor a sustainegeriod. In this context, fair-
nesss animportantparametefor awirelessMAC protocol. The
ability to provide fairnessover the shortestpossibletime scale
is necessaryo preventjitter in TCP acknavledgementrrivals,
known to have a significantimpacton TCP performancég5].

UsingbothTCPandUDPtracedata weillustratethatthestan-
dardcapturemodelsareunableto accuratelyreflectthe fairness
propertiesvidentin eachtrace. A new capturemodelbasedon
the physicaloperationof an IEEE 802.11radio modem[6] is
presentedtermedMessage Retraining. This modelis derived
from work investigatingthe impact of multiple accessnterfer
ence7, 8] andparallelreceverstructure49]. Weinvestigatehe
fairnesgpropertief tracesgeneratedisingthis model.

The network modelconsidereds oneinvolving hiddentermi-
nalsover a semi-slottedB02.11MAC/PHY Slayer, illustratedin
Figurel. All nodesemploy a commonspreadingcodewith no
power control. The ns packagecontainsan802.11PHYS/MAC
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layer model,aswell asproviding excellentimplementationf

higherlayerprotocolssuchTCP/IR UDP, FTP etc. Thechannel
modelemployedis an Additive White GaussiarNoise (AWGN)

Two-Ray Ground model. Two fairnessindices are employed,
Jains fairnessndex, anda new index first proposedn [10], the
Kullback-Leiblerindex.

Theremainderof this paperis organisedasfollows: Section2
presentdetailsof currentcapturemodels. Section3 presents
detailsof the MessageRetrainingReceptionmodel. Section4
presentsan investigationof the fairnesspropertiesof the trace
data,while Section5 concludeghe paper

2 CaptureModels

The developmentof modelsdescribingthe initial captureof a
frameby a radio modemrepresents significantbody of litera-
ture[2, 3, 4]. Thecommongoal of eachmodelis to determine
the probabilitywith which a givenframemaybe capturedoy the
recever, asafunctionof the numberof active stations.
Therearetwo significantstagesn thesuccessfuteceptiorof a
frameby aradio modem.Initially, the framemustbe successful
detectedand subsequentlgapturedby the recever. Following
this, the frame mustthen be successfullyrecevedin the pres-
enceof interferencepothfrom othertransmissionandexternal
noisesourcesMostliterature[2, 3] hasconsideredhe probabil-
ity with which successfutletectionandcaptureof aframeat the
startof a transmissiorslot occurs. The secondaspectrequires
anunderstandin@f theimpactmultiple accessnterferencewill
have on the capturedirame[7, 8, 11] anddependsignificantly
onthemodulationtechniqueandspreadingcodesemployed.
Capturemodelsare often usedwhen simulating the perfor
manceof wirelessnetworks. Experimentadatapresentedn [1]
however, suggesia morecomplex capturebehaiour resultingin
the significantunfairnessevidentin thetraces.Further in cases
wherehiddennodesare likely (e.g. a mobile ad hoc network)
thereis astrongpossibilityof latestartingtransmissionsolliding
with othersignalsat the commonrecever. In a scenariovhere
all nodesareableto sensearrier slotboundariegreeasilyiden-
tified anddefined therebyreducingsignificantlythe probability
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of anew transmissiorinterferingwith anongoingtransmission.

Whencarriercannotbe sensecanda nodehasno knowledge
of an ongoinghiddentransmissionan interferingtransmission
may arrive ata commonrecever at ary time duringa slot. This
is dueto differencesn theslottime boundarie®bsenedby both
hiddennodes.As illustratedin Figure2, Host3 hascommenced
a datatransferprior to Host 1 (beinghiddenfrom Host3) com-
mencinga channelsense. On sensinga clear channel,Host 1
defersfor a DIFS period(Distributedco-ordinatefunction Inter-
FrameSpace}hentransmitsanRTS messageThis collideswith
the dataframe from Host 3, illustrating the potentialfor a late
startingtransmissiorto interferewith anongoingtransmission.

This is further complicatedby the semi-slottednature of
802.11. Rigid slot boundariesare not maintained,requiring
nodedo infer slotboundariegrom the beginningandendof sur
roundingtransmissions.Datatransmissionsare ableto occupy
multiple ‘slot times’. Guardtimesareinsertedbetweersensing
anidle channelandtransmitting(the DIFS), or returningman-
agemenframes(the ShortInter-FrameSpace SIFS)to maintain
the semi-slottedchannel. The lack of carrierfrom an opposing
hiddennodehowever, allowsthatnodeto transmitatwhatappear
randomtimesto thecommonnode.

In thefollowing sectionswe briefly review the significantcap-
turemodelsconsideredn literature with theMessagéretraining
receptiormodeloutlinedin Section3.

2.1 Delay Capture

Delaycaptureoriginally describedy Davis andGronemeger|[3],

enableghe captureof a framein a giventimeslot, provided no
otherframearriveswithin a given capturetime, 7, of theinitial

frame. Only the initial frameis ableto be receved. Framear-

rivals areassumediniformly distributedon the interval [0, T,].

Theinitial framearrivesattime 77, andmay be capturecby the
receverprovidedthatT; > Ty + T,, whereT; is thearrival time
of theith frame. This modelis chiefly controlledby the param-
eterT,, governingthelengthof time the recever requiresto de-
tect,correlatewith, andlock ontotherecevvedsignal. Thelarger
the T../T, ratio, the lesseffective the modemis at capturinga
frame.

2.2 Power Capture

Power capture,originally describedwith Rayleighfading, and
constantransmitterpower [4], is describedy the following in-
equalityovertheinterval [0, T¢]:

N
Pmaz > Z H (1)
i=1

Themodelallowsaframeto becapturedprovidedthereceved
power of the framewith the largestpower, P,,,. is greaterthan
the sumof the power of all otherrecevedframes,P;, timesthe
captureratio, y. Therecevedsignalsareassumedo have phase
terms varying quickly enoughto allow the summationof the
power of eachreceivedframe. This modelis themostcommonly
employedin simulationof radiomodemsallowing thefirst arriv-
ing framein aslotto berecevvedprovidedno otherframearrives
within the capturetime, T, having a power violating (1). In the
casewhere(1) is violated,no frameis captured.

2.3 Hybrid Capture

The hybrid modelwas originally proposedoy Cheunand Kim
[2]. The power captureeffect is usedto increasethe capture
probability of the first arriving framein a giventimeslot, even
thoughthedelaymodelwould otherwiseindicatecapturehasnot
occurred.Captureoccurswhenthefollowing inequalityholds:

N
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The total accumulatedenegy mustbe lessthanthe enepgy re-
ceived from the first paclet, P, over the captureinterval. This
modelresultsin a greatercaptureprobability, reflectingthe abil-
ity of a direct sequencespreadspectrumrecever to correlate
with the initially detectedrame and rejectothertransmissions
asnoise.

3 The Message Retraining Capture
M odel

An enhancedapturetechniques describedn [6] which allows
amodemto successfullyeceve asignalthatwould otherwisebe
consideredost by the previousmodels.Themodemimplements
a Message |n Message processwhosefunctionis to monitorthe
enegy recevedon eitherantennaluring receptionof aframe. If
anincreasen enegy beyondagiventhreshold;y,, g is obsened,
themodemattemptdo synchronisavith anddemodulatehenew
enegy asa potentialnew signal. If thisis achievedaretraining
processallows the modemto prepareto receve this new frame
oncethe prior transmissiorasfinished.

This ability impliesthateachof the capturemodelspreviously
describedwill resultin a pessimisticcaptureprobability for a
frame over a given duration. The messageetrainingability of
the modemalsoextendsthe time scaleover which capturemust
be considered. Retrainingmay take place at ary time during
framereceptionasopposedo the delay power andhybrid cap-
turemodelswhich consideronly a shortdurationat the startof a
frame.



The modelallows the modemto receie a transmissiorarriv-
ing randomly throughoutthe receptionof anotherframe, pro-
vided the power of the new transmissioris high enoughto al-
low successfutletection,synchronisationand demodulatiorof
the frame preamble. Resultspresentedn [7], indicatethat the
enegy associatedavith the new transmissiorwill have a signifi-
cantimpacton the BER obsenedat the correlatoroutputfor the
original frame. Theseresultsindicatethe initial frame will be
unintelligibleif the signalpower differencebetweerthenewx and
existing transmissioris greaterthana thresholdof 3-5 dB. The
MessagedRetrainingmodelaccountdor this by droppingtheini-
tial frameif anew frameis detectedwith a signalpower greater
thanthe currentby the MessagdRetrainingthresholdyy g. Suc-
cessfulreceptiorof aframe,F}; will occurprovidedthatoverthe
durationof this transmission:

N
YMR Z P, < P;
i=1,i#j

®3)

This modelresultsin the successfuteceptionof the strongest
frame transmittedthroughoutits own duration. i.e. F; will be
successfullyreceved provided no other frame arrives over the
durationof F; with apowergreatethanP; + yar (Mmeasuredhn
dBm).

As the purposeof this paperis the evaluationof capturemod-
elsvia simulation,a moredetailedanalyticstudyof thismodelin
termsof probability of successfuteceptiornof aframeis consid-
eredin future studies.The probability of successfutaptureof a
givenframeis givenby theprobabilitythatno framearrives(dur-
ing thetransmissiortime of the capturedrame)with areceved
power greatetthanthe capturedrame.

4 Fairness Study

To make a quantitatve comparisorof eachcapturemodelwith
the experimentaldata,a fairnessmetricis required. In this con-
text we requirethateachnodeis ableto accesshe channebwith-
out sustaineddelay andthat no nodeis ableto monopolisethe
radio channelat the expenseof othernodes. This shouldbein-
dependentf the physicalnetwork topology

In [1], experimentontrollingthesignalpoweron contending
hiddenconnectiongFigurel) illustratethatsignalpoweris asig-
nificantfactorin determiningthe distribution of channelaccess.
We considertwo of the experimentsin this analysis. The first
involved a constantsignal power on eachconnectionthrough-
out the datatransfer ConnectionA hasa Signalto Noise Ra-
tio (SNR) of 25dB, with ConnectionB at 20dB. The seconda
controlledsignal power experiment,commencewith the same
signal power for eachconnectionthenat 5 secondsthe signal
power on ConnectiorA is reducedby 8dBm, bringingthe SNR
down to 17dB. Thesetrials are performedusingboth TCP and
UDP. Examplesof the experimentaddatafrom the stationarysig-
nal power trials areshown in Figure3 and4. In eachcasejs is
evident that the wealer hostis preventedfrom obtaininga fair
shareof the availablechannelcapacity Thereaderis referredto
[1] for further detailon eachexperiment.

Following [10], we employ two fairnessindices: Jain's Fair-
nessindex, and a new index proposedin [10], the Kullback-
Leibler Fairnesdndex. In eachcaseaslidingwindow methodis
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usedto calculatethe fairnessover a specifiedhorizon. The win-
dow slidesalongthe paclet sequencéndicatingwhich nodehas
successfullyainedaccesso thechannelcalculatinganinstanta-
neousvaluefor eachindex. Theaveragevalueis thencalculated
acrosgheentiretrace.We presenturvesillustratingthefairness
asafunctionof window size.

In the TCPtrial, the tracerecordssuccessfullyacknavledged
data. Thereforetheseresultsgive an indication of the fairness
associateavith the datatransferat the transportayer, including
effectsfromthe MAC andPHY Slayers.We calculatefairnessn
thismannerasTCPis themostcommontransporprotocolin use
today andany wirelessPHYS/MAC protocolmustbe expected
to supportcompetingT CP streamswithout imposingadditional
fairnesscharacteristics.

4.1 Jain’sFairness|ndex

This index hasbeenusedwidely in the literatureto describethe
fairnesscharacteristicin bothcongestiorcontrol[12] andwire-
lessMAC protocols[10]. An ideal fair distribution of channel
accesvould resultin avalueof 1 for this index, thoughvalues
above 0.95 aretypically consideredo indicateexcellentfairness



propertiesTheindex is definedin (4).

N 2
()
i=1
N
NZ pi2
=1

wherep; is the fractionalshareachiezed by the ith connection,
andXN is thenumberof active connectionsA valueof 0.7 would
imply that30% of nodesweresuffering significantunfairness.

4.2 Kullback-Leibler Fairness|ndex

The Kullback-LeiblerFairnesdndex wasfirst proposedn [10].
The technigueconsidersthe distribution of channelaccesdor

eachnodeasa probabilitydistribution, T". The Kullback-Leibler
distanceD (F| \f‘) , anentropy measuref the‘distance’between
two probability distributions, is calculatedbetweenthe desired
distribution I, andthe measuredlistribution, I'. This measure
providesanindicationof the fairnessin the system.A value of

0 correspondso a perfectlyfair systemwith valuesbelow 0.05
typically indicatinga systemwith excellentfairnesgroperties.

D (lovpaeeesnll |55 ] ) ©

N
= (Z pilog, Pz’) +logy N (6)

i=1

D (r||f)

again, N is the numberof nodes,and p; the fractional share
achievedby theith node.

4.3 Results

Simulationtrials of the stationaryand controlled signal power
experimentswere undertalen, and both fairnessindices calcu-
lated asa function of the sliding window size. Figures5, 6, 7,
and 8 presentboth indicesfor eachcapturemodel, the experi-
mentaldata,and a simulationtrial emplagying no capture. The
window sizein eachcasedoesnot extendbeyond 1000frames,
asthis representsalf the numberof framestransferrecbn each
connection As expectedthefairnessmprovesasthe horizonis
increased.

The stationarysignal power trials, Figures5 and®6, illustrate
how the Delay, Powver, and Hybrid modelssignificantly overes-
timate the fairnessperformanceachiezed in eachtrial. The ex-
perimentaldataexhibits significantlyworseunfairnesgshaneach
of thesemodelsindicate.In Figure5 with TCP, the Messagdre-
trainingalternatedetweerunderandover estimationof thefair-
nessvidentin thetrace.This canbeattributedto alargetimeout
in the experimentdata[1] which did not occurin the Message
Retrainingtrace.Theexperimentaldatareaches ‘f airnespeak’
at a window of 500 frameswhich may be relatedto the time-
out eventin the tracedata. Figure 6 with UDP alsoillustrates
the significantdifferencebetweerthe capturemodelsandexper
iment. The MessageRetrainingmodelprovidesa pessimistidn-
dicationfairnessaccordingto bothindices.In the stationarysig-
nal strengthexperimentthe MessageRetrainingmodelfollows

Average Jain's Index

Average Kullback-Leibler Index

Average Jain's Index

Average Kullback-Leibler Index

Message Retraining ~ +
Hybrid
Power  x
Delay

No Capture =
Trﬁce Dala‘ °

L
0 100

1 1 1 1 1
200 300 400 500 600 700 800 900 1000
‘Window (frames)

09| &

0.8
5

T T T
Message Retraining ~ +
Hybrid  x

Power  x

Delay ®

No Capture =

Trace Data  ©

0.9

L L L T T T T T
200 300 400 500 600 700 800 900 1000

Window (frames)

Figure5: StationaryTCP

0.85 -

Message Retraining ~ +
Hybrid

Power

Trace Data o

. . .
400 500 600 700 800 900 1000
Window (frames)

0.9

08

0.1

T T T

Message Retraining ~ +
Hybrid

Power

Delay o

No Capture =

Trace Data o

L L L 1
200 300 400 500 600 700 800 900 1000

Window (frames)

Figure6: StationaryUDP



Average Jain's Index

Average Kullback-Leibler Index

Average Jain’s Index

Average Kullback-Leibler Index

Message Retraining ~ +
o Hybrid  x
0.55 s Power %

’ Delay ®©
g No Capture =
o ) T@ce Data L °

. . . .
0 100 200 300 400 500 600 700 800 900 1000
Window (frames)

1 T T T T T T

gl Message Retraining ~ +

% Hybrid  x

09 F & Power =
N Delay ®©

No Capture "

Trace Data o

08 [

o 100 200 300 400 500 600 700 800 900 1000
Window (frames)

Figure7: ControlledTCP

Message Retraining ~ +
Hybrid

- x

055 o Power  x
Delay ©

No Capture =
T[?CE Data L )

. . . . . .
0 100 200 300 400 500 600 700 800 900 1000
Window (frames)

T T T
Message Retraining  +
Hybrid x

09 ¥ Power
s Delay @

Pl No Capture =
08 [ = Trace Data o

0.1

. . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000
Window (frames)

Figure8: ControlledUDP

thesametrendasthetracedata,yet maintainsa consistenbffset.
This maybedueto alack of variationin signalstrengthandthe
modelallowing a strongerconnectiorto capturea channeffor a
longerperiodthanis evidentin thetracedata.

In the controlledsignal power experiments Figures7 and 8,
theMessageetrainingmodelis ableto follow experimentatata,
wherethe othermodelsover estimatethe fairnessvalues. With
TCR thefairnessvasover-estimatedi.e. experimentaldataex-
hibitedworsefairnesgroperties)while with UDP it wasunder
estimated.Whencomparedwith the Delay, Pover, and Hybrid
models,MessageRetrainingis ableto matchthe fairnesstime
scalepresenin the experimentaldataquite closely

Differencesbetweenthe simulationmodelsand protocolim-
plementationamust be consideredwhen interpretingthesere-
sults.While nsis anexcellentsimulationplatform,therearestill
differencesandimplementationssuesvhichmayleadto varying
results.In particular subtledifferencedetweerprotocoltimers
andthosein ns will resultin deviation betweensimulationand
experimentallyobtaineddata.Further channelvariationsnot ac-
countedfor in simulationwill alsohave animpacton the experi-
mentaldata.

Theseguantitatve resultsprovide a positive indicationthatthe
MessageRetrainingcapturemodelis ableto reflect,with reason-
ableaccurag, the fairnesspropertieshat may be obtainedby a
real systemwhenvarying signalstrengthconditionsandhidden
terminalsexist. Furtherinvestigationof the MessageRetraining
modelis requiredhowever, to accountfully for the overestima-
tion in the stationarysignalpower UDP experiment.

5 Conclusions

In this paperwe have investigatedthe performanceof several

capturemodelsin termsof the fairnessthey indicate a system
may provide. We have proposedand investigatedthe fairness
propertiesof a new capturemodel, MessageRetraining,as a

meanf providing anaccuratedescriptionof experimentadata.
Using two fairnessindiceswe undertale a quantitatve study of

theaccurag with which eachcapturemodelis ableto reflectex-

perimentablata. TheMessagéretrainingcapturenodelis shovn

to provide agoodestimateof actualsystemperformancen vary-

ing signalstrengthconditions.

Understanding the fairness horizon associated with a
PHYS/MAC protocol is importantin achieing good perfor
mancefor realtime multimediatraffic flows, andsmoothingthe
flow of TCPacknavledgementsThe MessagdRetrainingmodel
canbe employed in situationswherevarying signal strengthis
expectedto impact on systemperformance. This has specific
relevancewherenodesin a given topology are unableto sense
carrierfrom nearneighbours.

The MessageRetrainingmodel may alsohave applicationin
the developmentof quality of servicemechanismgor the IEEE
802.11wirelessMAC protocols. Achieving a MAC layer free
from unfairnessarisingat the physicallayeris paramountf re-
liable quality of serviceis to be offered by the MAC protocol.
Mechanismgo achieve this requiredevelopment.Furtherdevel-
opmentand analysisof the MessageRetrainingcapturemodel
is necessaryn orderto matchexperimentaldatamore closely
thoughthe currentresultspresentedherearevery encouraging.
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