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Abstract

In this paperwe investigatetheperformanceof commoncapture
modelsin termsof thefairnesspropertiesthey reflectacrosscon-
tentinghiddenconnections.We proposea new capturemodel,
MessageRetraining,as a meansof providing an accuratede-
scription of experimentaldata. Using two fairnessindiceswe
undertake a quantitative studyof the accuracy with which each
capturemodelis ableto reflectexperimentaldata.Standardcap-
turemodelsareshown to beunableto accuratelyreflectthefair-
nesspropertiesof theexperimentaldata. TheMessageRetrain-
ing capturemodelis shown to provide a goodestimateof actual
systemperformancein varyingsignalstrengthconditions.

1 Introduction

TheIEEE 802.11wirelessPhysicalLayer(PHYS)andMedium
AccessControl (MAC) protocolshave lead to the widespread
adoptionof local wirelessareanetworking over recentyears.
However, recentexperiment[1] hasindicatedthat in many con-
ditions,thepotentialexistsfor significantunfairnessat theMAC
layer. In this paper, we investigatetheability of capturemodels
presentedin literature[2, 3, 4] to provide a realisticrepresenta-
tion of an IEEE 802.11radiomodem.We considerthe fairness
propertiesof simulationtraces,generatedusingthenetwork sim-
ulatorns, comparedagainsttheexperimentaldata[1].

Ourresultsillustratethedifficulty in developingaccuratemod-
els which describethe behaviour 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 hostshouldbeableto preventothersfrom gaining
accessto thechannelfor a sustainedperiod.In this context, fair-
nessis animportantparameterfor awirelessMAC protocol.The
ability to provide fairnessover the shortestpossibletime scale
is necessaryto prevent jitter in TCP acknowledgementarrivals,
known to havea significantimpacton TCPperformance[5].

UsingbothTCPandUDPtracedata,weillustratethatthestan-
dardcapturemodelsareunableto accuratelyreflectthefairness
propertiesevident in eachtrace.A new capturemodelbasedon
the physicaloperationof an IEEE 802.11radio modem[6] is
presented,termedMessage Retraining. This model is derived
from work investigatingthe impactof multiple accessinterfer-
ence[7, 8] andparallelreceiverstructures[9]. We investigatethe
fairnesspropertiesof tracesgeneratedusingthis model.

Thenetwork modelconsideredis oneinvolving hiddentermi-
nalsover a semi-slotted802.11MAC/PHYSlayer, illustratedin
Figure1. All nodesemploy a commonspreadingcodewith no
power control. Thens packagecontainsan802.11PHYS/MAC

layer model,aswell asproviding excellent implementationsof
higherlayerprotocolssuchTCP/IP, UDP, FTPetc. Thechannel
modelemployedis anAdditive White GaussianNoise(AWGN)
Two-Ray Groundmodel. Two fairnessindicesare employed,
Jain’s fairnessindex, anda new index first proposedin [10], the
Kullback-LeiblerIndex.

Theremainderof thispaperis organisedasfollows: Section2
presentsdetailsof currentcapturemodels. Section3 presents
detailsof the MessageRetrainingReceptionmodel. Section4
presentsan investigationof the fairnesspropertiesof the trace
data,while Section5 concludesthepaper.

2 Capture Models

The developmentof modelsdescribingthe initial captureof a
frameby a radiomodemrepresentsa significantbody of litera-
ture [2, 3, 4]. The commongoal of eachmodelis to determine
theprobabilitywith whichagivenframemaybecapturedby the
receiver, asa functionof thenumberof activestations.

Therearetwo significantstagesin thesuccessfulreceptionof a
frameby a radiomodem.Initially, theframemustbesuccessful
detectedandsubsequentlycapturedby the receiver. Following
this, the frame must thenbe successfullyreceived in the pres-
enceof interference,bothfrom othertransmissionsandexternal
noisesources.Most literature[2, 3] hasconsideredtheprobabil-
ity with which successfuldetectionandcaptureof a frameat the
startof a transmissionslot occurs. The secondaspectrequires
anunderstandingof the impactmultiple accessinterferencewill
have on the capturedframe[7, 8, 11] anddependssignificantly
on themodulationtechniqueandspreadingcodesemployed.

Capturemodelsare often usedwhen simulating the perfor-
manceof wirelessnetworks. Experimentaldatapresentedin [1]
however, suggesta morecomplex capturebehaviour resultingin
thesignificantunfairnessevident in thetraces.Further, in cases
wherehiddennodesare likely (e.g. a mobile ad hoc network)
thereis astrongpossibilityof latestartingtransmissionscolliding
with othersignalsat the commonreceiver. In a scenariowhere
all nodesareableto sensecarrier, slotboundariesareeasilyiden-
tified anddefined,therebyreducingsignificantlytheprobability
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Figure1: Topology
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of anew transmissioninterferingwith anongoingtransmission.
Whencarriercannotbesensedanda nodehasno knowledge

of an ongoinghiddentransmission,an interfering transmission
mayarrive at a commonreceiver at any time duringa slot. This
is dueto differencesin theslot timeboundariesobservedby both
hiddennodes.As illustratedin Figure2, Host3 hascommenced
a datatransferprior to Host1 (beinghiddenfrom Host3) com-
mencinga channelsense.On sensinga clear channel,Host 1
defersfor a DIFS period(Distributedco-ordinatefunctionInter-
FrameSpace)thentransmitsanRTSmessage.Thiscollideswith
the dataframefrom Host 3, illustrating the potentialfor a late
startingtransmissionto interferewith anongoingtransmission.

This is further complicatedby the semi-slottednature of
802.11. Rigid slot boundariesare not maintained,requiring
nodesto infer slotboundariesfrom thebeginningandendof sur-
roundingtransmissions.Datatransmissionsareable to occupy
multiple ‘slot times’. Guardtimesareinsertedbetweensensing
an idle channelandtransmitting(the DIFS), or returningman-
agementframes(theShortInter-FrameSpace,SIFS)to maintain
the semi-slottedchannel.The lack of carrier from an opposing
hiddennodehowever, allowsthatnodeto transmitatwhatappear
randomtimesto thecommonnode.

In thefollowing sectionswebriefly review thesignificantcap-
turemodelsconsideredin literature,with theMessageRetraining
receptionmodeloutlinedin Section3.

2.1 Delay Capture

Delaycaptureoriginally describedby DavisandGronemeyer[3],
enablesthe captureof a framein a given timeslot,providedno
otherframearriveswithin a givencapturetime,

���
of the initial

frame. Only the initial frameis ableto be received. Framear-
rivals areassumeduniformly distributedon the interval � ��� ���
	 .
Theinitial framearrivesat time

���
, andmaybecapturedby the

receiverprovidedthat
��
������������

, where
��


is thearrival time
of the ����� frame.This modelis chiefly controlledby theparam-
eter

���
, governingthelengthof time thereceiver requiresto de-

tect,correlatewith, andlock ontothereceivedsignal.Thelarger
the

� ��� � �
ratio, the lesseffective the modemis at capturinga

frame.

2.2 Power Capture

Power capture,originally describedwith Rayleighfading, and
constanttransmitterpower [4], is describedby thefollowing in-
equalityover theinterval � ��� � � 	 :���! #"$�&%(') 
+*�� ��
 (1)

Themodelallowsaframeto becapturedprovidedthereceived
power of theframewith the largestpower,

���, -"
is greaterthan

thesumof thepower of all otherreceivedframes,
��


, timesthe
captureratio,

%
. Thereceivedsignalsareassumedto have phase

terms varying quickly enoughto allow the summationof the
powerof eachreceivedframe.Thismodelis themostcommonly
employedin simulationof radiomodems,allowing thefirst arriv-
ing framein aslot to bereceivedprovidednootherframearrives
within thecapturetime,

���
having a power violating (1). In the

casewhere(1) is violated,no frameis captured.

2.3 Hybrid Capture

The hybrid modelwasoriginally proposedby CheunandKim
[2]. The power captureeffect is usedto increasethe capture
probability of the first arriving frame in a given timeslot, even
thoughthedelaymodelwouldotherwiseindicatecapturehasnot
occurred.Captureoccurswhenthefollowing inequalityholds:%(') 
+*�. ��
 � ����������/0��
1	�23������� (2)

The total accumulatedenergy mustbe lessthan the energy re-
ceived from the first packet,

���
over the captureinterval. This

modelresultsin a greatercaptureprobability, reflectingtheabil-
ity of a direct sequencespreadspectrumreceiver to correlate
with the initially detectedframeand rejectother transmissions
asnoise.

3 The Message Retraining Capture
Model

An enhancedcapturetechniqueis describedin [6] which allows
amodemto successfullyreceiveasignalthatwouldotherwisebe
consideredlost by thepreviousmodels.Themodemimplements
a Message In Message process,whosefunctionis to monitorthe
energy receivedoneitherantennaduringreceptionof a frame.If
anincreasein energybeyondagiventhreshold,

%�465
is observed,

themodemattemptsto synchronisewith anddemodulatethenew
energy asa potentialnew signal. If this is achieveda retraining
processallows the modemto prepareto receive this new frame
oncetheprior transmissionhasfinished.

Thisability impliesthateachof thecapturemodelspreviously
describedwill result in a pessimisticcaptureprobability for a
frameover a given duration. The messageretrainingability of
themodemalsoextendsthe time scaleover which capturemust
be considered. Retrainingmay take placeat any time during
framereception,asopposedto thedelay, power andhybrid cap-
turemodelswhich consideronly ashortdurationat thestartof a
frame.
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Themodelallows themodemto receive a transmissionarriv-
ing randomly throughoutthe receptionof anotherframe, pro-
vided the power of the new transmissionis high enoughto al-
low successfuldetection,synchronisation,anddemodulationof
the framepreamble.Resultspresentedin [7], indicatethat the
energy associatedwith thenew transmissionwill have a signifi-
cantimpacton theBER observedat thecorrelatoroutputfor the
original frame. Theseresultsindicatethe initial frame will be
unintelligibleif thesignalpowerdifferencebetweenthenew and
existing transmissionis greaterthana thresholdof 3-5 dB. The
MessageRetrainingmodelaccountsfor this by droppingtheini-
tial frameif a new frameis detectedwith a signalpower greater
thanthecurrentby theMessageRetrainingthreshold

%�465
. Suc-

cessfulreceptionof a frame, 7�8 will occurprovidedthatover the
durationof this transmission:%�495 ')
:*;�#< 
�=* 8 �;
�2>� 8 (3)

This modelresultsin thesuccessfulreceptionof thestrongest
frametransmittedthroughoutits own duration. i.e. 7 8 will be
successfullyreceived provided no other frame arrivesover the
durationof 7�8 with apowergreaterthan

� 8 �?%�465 (measuredin
dBm).

As thepurposeof this paperis theevaluationof capturemod-
elsvia simulation,amoredetailedanalyticstudyof thismodelin
termsof probabilityof successfulreceptionof a frameis consid-
eredin futurestudies.Theprobabilityof successfulcaptureof a
givenframeis givenby theprobabilitythatnoframearrives(dur-
ing thetransmissiontime of thecapturedframe)with a received
powergreaterthanthecapturedframe.

4 Fairness Study

To make a quantitative comparisonof eachcapturemodelwith
theexperimentaldata,a fairnessmetric is required.In this con-
text werequirethateachnodeis ableto accessthechannelwith-
out sustaineddelay, andthat no nodeis ableto monopolisethe
radiochannelat the expenseof othernodes.This shouldbe in-
dependentof thephysicalnetwork topology.

In [1], experimentscontrollingthesignalpoweroncontending
hiddenconnections(Figure1) illustratethatsignalpoweris asig-
nificant factorin determiningthedistribution of channelaccess.
We considertwo of the experimentsin this analysis. The first
involved a constantsignal power on eachconnectionthrough-
out the datatransfer. ConnectionA hasa Signal to NoiseRa-
tio (SNR) of 25dB,with ConnectionB at 20dB. The second,a
controlledsignalpower experiment,commenceswith the same
signalpower for eachconnection,thenat 5 seconds,the signal
power on ConnectionA is reducedby 8dBm,bringingtheSNR
down to 17dB. Thesetrials areperformedusingboth TCP and
UDP. Examplesof theexperimentaldatafrom thestationarysig-
nal power trials areshown in Figure3 and4. In eachcase,is is
evident that the weaker host is preventedfrom obtaininga fair
shareof theavailablechannelcapacity. Thereaderis referredto
[1] for furtherdetailon eachexperiment.

Following [10], we employ two fairnessindices: Jain’s Fair-
nessIndex, and a new index proposedin [10], the Kullback-
LeiblerFairnessIndex. In eachcase,aslidingwindow methodis
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Figure3: StationarySignalPowerUDP TraceData
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Figure4: StationarySignalPowerTDP TraceData

usedto calculatethefairnessovera specifiedhorizon. Thewin-
dow slidesalongthepacketsequenceindicatingwhich nodehas
successfullygainedaccessto thechannel,calculatinganinstanta-
neousvaluefor eachindex. Theaveragevalueis thencalculated
acrosstheentiretrace.Wepresentcurvesillustratingthefairness
asa functionof window size.

In theTCPtrial, the tracerecordssuccessfullyacknowledged
data. Thereforetheseresultsgive an indicationof the fairness
associatedwith thedatatransferat thetransportlayer, including
effectsfrom theMAC andPHYSlayers.Wecalculatefairnessin
thismanner, asTCPis themostcommontransportprotocolin use
today, andany wirelessPHYS/MAC protocolmustbeexpected
to supportcompetingTCP streamswithout imposingadditional
fairnesscharacteristics.

4.1 Jain’s Fairness Index

This index hasbeenusedwidely in the literatureto describethe
fairnesscharacteristicsin bothcongestioncontrol[12] andwire-
lessMAC protocols[10]. An ideal fair distribution of channel
accesswould resultin a valueof @ for this index, thoughvalues
above ��A BDC aretypically consideredto indicateexcellentfairness
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properties.Theindex is definedin (4).

7�8FE
G ') 
:*;��H 
JI .KL') 
+*���H 
 . (4)

where H 
 is the fractionalshareachievedby the ����� connection,
and

K
is thenumberof activeconnections.A valueof 0.7would

imply that30%of nodesweresufferingsignificantunfairness.

4.2 Kullback-Leibler Fairness Index

TheKullback-LeiblerFairnessIndex wasfirst proposedin [10].
The techniqueconsidersthe distribution of channelaccessfor
eachnodeasa probabilitydistribution, MN . TheKullback-Leibler

distanceOQP NSR+R MN�T , anentropy measureof the‘distance’between

two probability distributions, is calculatedbetweenthe desired
distribution

N
, andthe measureddistribution, MN . This measure

providesan indicationof the fairnessin thesystem.A valueof� correspondsto a perfectlyfair system,with valuesbelow ��A �DC
typically indicatinga systemwith excellentfairnessproperties.

O P NUR:R MN T E O G � H � � H . AVAWA HYX 	YR:R�Z @K[� @K\AWAVA @K^] I (5)

E _ ') 
:*;� H 
a`+bDc . H 
Jde�&`:bfc . K (6)

again,
K

is the numberof nodes,and H 
 the fractional share
achievedby the ����� node.

4.3 Results

Simulationtrials of the stationaryand controlledsignal power
experimentswere undertaken, and both fairnessindicescalcu-
latedasa function of the sliding window size. Figures5, 6, 7,
and8 presentboth indicesfor eachcapturemodel, the experi-
mentaldata,anda simulationtrial employing no capture. The
window sizein eachcasedoesnot extendbeyond1000frames,
asthis representshalf thenumberof framestransferredon each
connection.As expected,thefairnessimprovesasthehorizonis
increased.

The stationarysignalpower trials, Figures5 and6, illustrate
how the Delay, Power, andHybrid modelssignificantlyoveres-
timatethe fairnessperformanceachieved in eachtrial. The ex-
perimentaldataexhibitssignificantlyworseunfairnessthaneach
of thesemodelsindicate.In Figure5 with TCP, theMessageRe-
trainingalternatesbetweenunderandoverestimationof thefair-
nessevidentin thetrace.Thiscanbeattributedto alargetimeout
in the experimentdata[1] which did not occur in the Message
Retrainingtrace.Theexperimentaldatareachesa‘f airnesspeak’
at a window of 500 frameswhich may be relatedto the time-
out event in the tracedata. Figure6 with UDP also illustrates
thesignificantdifferencebetweenthecapturemodelsandexper-
iment.TheMessageRetrainingmodelprovidesapessimisticin-
dicationfairnessaccordingto bothindices.In thestationarysig-
nal strengthexperimentthe MessageRetrainingmodel follows

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0 100 200 300 400 500 600 700 800 900 1000

A
ve

ra
ge

 J
ai

n’
s 

In
de

xg

Window (frames) 

Message Retraining
Hybrid
Power
Delay

No Capture
Trace Data

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500 600 700 800 900 1000

A
ve

ra
ge

 K
ul

lb
ac

k-
Le

ib
le

r 
In

de
xh

Window (frames) 

Message Retraining
Hybrid
Power
Delay

No Capture
Trace Data

Figure5: StationaryTCP
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Figure6: StationaryUDP
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Figure7: ControlledTCP
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Figure8: ControlledUDP

thesametrendasthetracedata,yetmaintainsaconsistentoffset.
This maybedueto a lack of variationin signalstrength,andthe
modelallowing a strongerconnectionto capturea channelfor a
longerperiodthanis evidentin thetracedata.

In the controlledsignalpower experiments,Figures7 and8,
theMessageretrainingmodelis ableto follow experimentaldata,
wherethe othermodelsover estimatethe fairnessvalues.With
TCP, thefairnesswasover-estimated(i.e. experimentaldataex-
hibitedworsefairnessproperties),while with UDP it wasunder-
estimated.Whencomparedwith the Delay, Power, andHybrid
models,MessageRetrainingis able to matchthe fairnesstime
scalepresentin theexperimentaldataquiteclosely.

Differencesbetweenthe simulationmodelsandprotocol im-
plementationsmust be consideredwhen interpretingthesere-
sults.While ns is anexcellentsimulationplatform,therearestill
differencesandimplementationissueswhichmayleadto varying
results.In particular, subtledifferencesbetweenprotocoltimers
andthosein ns will result in deviation betweensimulationand
experimentallyobtaineddata.Further, channelvariationsnot ac-
countedfor in simulationwill alsohaveanimpacton theexperi-
mentaldata.

Thesequantitativeresultsprovideapositiveindicationthatthe
MessageRetrainingcapturemodelis ableto reflect,with reason-
ableaccuracy, the fairnesspropertiesthatmaybeobtainedby a
real systemwhenvaryingsignalstrengthconditionsandhidden
terminalsexist. Furtherinvestigationof theMessageRetraining
model is requiredhowever, to accountfully for the overestima-
tion in thestationarysignalpowerUDP experiment.

5 Conclusions

In this paperwe have investigatedthe performanceof several
capturemodelsin termsof the fairnessthey indicatea system
may provide. We have proposedand investigatedthe fairness
propertiesof a new capturemodel, MessageRetraining,as a
meansof providing anaccuratedescriptionof experimentaldata.
Using two fairnessindiceswe undertake a quantitative studyof
theaccuracy with whicheachcapturemodelis ableto reflectex-
perimentaldata.TheMessageRetrainingcapturemodelisshown
to provideagoodestimateof actualsystemperformancein vary-
ing signalstrengthconditions.

Understanding the fairness horizon associated with a
PHYS/MAC protocol is important in achieving good perfor-
mancefor real time multimediatraffic flows,andsmoothingthe
flow of TCPacknowledgements.TheMessageRetrainingmodel
canbe employed in situationswherevarying signal strengthis
expectedto impact on systemperformance. This hasspecific
relevancewherenodesin a given topologyareunableto sense
carrierfrom nearneighbours.

The MessageRetrainingmodelmay alsohave applicationin
thedevelopmentof quality of servicemechanismsfor the IEEE
802.11wirelessMAC protocols. Achieving a MAC layer free
from unfairnessarisingat the physicallayer is paramountif re-
liable quality of serviceis to be offeredby the MAC protocol.
Mechanismsto achievethis requiredevelopment.Furtherdevel-
opmentandanalysisof the MessageRetrainingcapturemodel
is necessaryin order to matchexperimentaldatamoreclosely,
thoughthecurrentresultspresentedhereareveryencouraging.
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