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Abstract— IEEE has recently standardized the 802.11 protocol for
WirelessLocal Ar ea Networks. The primary Medium AccessControl
(MAC) technique of 802.11 is called Distributed Coordination Function
(DCF). DCF is a Carrier SenseMultiple Accesswith Collision Avoidance
(CSMA/CA) schemewith binary slotted exponential backoff. This paper
providesa simple,but neverthelessextremelyaccurate,analytical model to
computethe 802.11DCF thr oughput, in the assumptionof finite number of
terminals and ideal channel conditions. The proposedanalysisapplies to
both the packet transmissionschemesemployed by DCF, namely the Basic
Accessand the RTS/CTS accessmechanisms. In addition, it applies also
to a combination of the two schemes,in which packets longer than a given
thr esholdaretransmitted accordingto the RTS/CTSmechanism.By means
of the proposedmodel, in this paper we provide an extensive thr oughput
performanceevaluation of both accessmechanismsof the 802.11protocol.

I . INTRODUCTION

In recentyears,much interesthasbeeninvolved in the de-
signof wirelessnetworksfor localareacommunication[1], [2].
Studygroup802.11wasformedunderIEEE project802to rec-
ommendaninternationalstandardfor WirelessLocalAreaNet-
works(WLANs). Thefinal versionof thestandardhasrecently
appeared[3], and provides detailedMedium AccessControl
(MAC) andPhysicallayer(PHY) specificationfor WLANs.

In the802.11protocol,thefundamentalmechanismto access
themediumis calledDistributedCoordinationFunction(DCF).
This is a randomaccessscheme,basedon the Carrier Sense
Multiple Accesswith Collision Avoidance(CSMA/CA) proto-
col. Retransmissionof collided packetsis managedaccording
to binary exponentialbackoff rules. The standardalsodefines
anoptionalPoint CoordinationFunction(PCF),which is acen-
tralizedMAC protocol able to supportcollision free and time
boundedservices.In this paperwe limit our investigationto the
DCFscheme.

DCFdescribestwo techniquesto employ for packettransmis-
sion. The default schemeis a two-way handshakingtechnique
calledBasicAccessmechanism.This mechanismis character-
izedby the immediatetransmissionof a positive acknowledge-
ment(ACK) by the destinationstation,uponsuccessfulrecep-
tion of apacket transmittedby thesenderstation.Explicit trans-
missionof anACK is requiredsince,in thewirelessmedium,a
transmittercannotdetermineif apacket is successfullyreceived
by listeningto its own transmission.

In additionto the BasicAccess,an optionalfour way hand-
shakingtechnique,known as Request-To-Send/Clear-To-Send
(RTS/CTS)mechanismhasbeenstandardized.Before trans-
mitting a packet, a station operatingin RTS/CTS mode “re-
serves” thechannelby sendinga specialRequest-To-Sendshort
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frame. The destinationstationacknowledgesthe receiptof an
RTS frameby sendingbackaClear-To-Sendframe,afterwhich
normal packet transmissionand ACK responseoccurs. Since
collision may occuronly on the RTS frame,andit is detected
by the lack of CTS response,the RTS/CTSmechanismallows
to increasethesystemperformanceby reducingthedurationof
a collision whenlong messagesaretransmitted.As an impor-
tant side effect, the RTS/CTSschemedesignedin the 802.11
protocol is suitedto combatthe so called problemof Hidden
Terminals[4], whichoccurswhenpairsof mobilestationsresult
to beunableto heareachother. This problemhasbeenspecifi-
cally consideredin [5] andin [6], which, in addition,studiesthe
phenomenonof packetcapture.

In thispaperweconcentrateontheperformanceevaluationof
theDCF scheme,in theassumptionof idealchannelconditions
andfinite numberof terminals. In the literature,performance
evaluationof 802.11hasbeencarriedout either by meansof
simulation[7], [8] or by meansof analyticalmodelswith sim-
plified backoff rule assumptions.In particular, constantor geo-
metricallydistributedbackoff window hasbeenusedin [5], [9],
[10], while [11] hasconsideredanexponentialbackoff limited to
two stages(maximumwindow sizeequalto twice theminimum
size)by employing a two dimensionalMarkov chainanalysis.

In thispaper, whichrevisesandsubstantiallyextends[12], we
succeedin providing an extremelysimplemodelthat accounts
for all the exponentialbackoff protocol details,and allows to
computethesaturation(asymptotic)throughputperformanceof
DCFfor bothstandardizedaccessmechanisms(andalsofor any
combinationof the two methods).Thekey approximationthat
enablesour model is the assumptionof constantand indepen-
dentcollisionprobabilityof apackettransmittedbyeachstation,
regardlessof thenumberof retransmissionsalreadysuffered.As
provenby comparisonwith simulation,thisassumptionleadsto
extremelyaccurate(practicallyexact) results,especiallywhen
the numberof stationsin the wirelessLAN is fairly large (say
greaterthan10).

Thepaperis outlinedasfollows. In sectionII we briefly re-
view bothBasicAccessandRTS/CTSmechanismsof theDCF.
In sectionIII we definethe conceptof SaturationThroughput,
and in sectionIV we provide an analyticaltechniqueto com-
putethis performancefigure. SectionV validatesthe accuracy
of the modelby comparingthe analyticalresultswith that ob-
tainedby meansof simulation.Additionalconsiderationsonthe
maximumthroughputtheoreticallyachievablearecarriedout in
sectionVI. Finally, theperformanceevaluationof bothDCFac-
cessschemesis carriedout in sectionVII. Concludingremarks
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PHY Slot Time( � )
������� � ���	��
��

FHSS 50  s 16 1024
DSSS 20  s 32 1024
IR 8  s 64 1024

TABLE I

Slot Time, minimum,andmaximumcontentionwindowvaluesfor thethree

PHYspecifiedby the802.11standard: FrequencyHoppingSpreadSpectrum

(FHSS),DirectSequenceSpreadSpectrum(DSSS),Infrared(IR)

aregivenin SectionVIII.

I I . 802.11 DISTRIBUTED COORDINATION FUNCTION

Thissectionbriefly summarizestheDistributedCoordination
Function(DCF) as standardizedby the 802.11protocol. For
a morecompleteanddetailedpresentation,refer to the 802.11
standard[3].

A stationwith a new packet to transmitmonitorsthechannel
activity. If thechannelis idle for aperiodof timeequalto aDis-
tributedInterFrameSpace(DIFS), thestationtransmits.Other-
wise,if thechannelis sensedbusy(eitherimmediatelyor during
theDIFS), thestationpersiststo monitor thechanneluntil it is
measuredidle for a DIFS. At this point, thestationgeneratesa
randombackoff intervalbeforetransmitting(thisis theCollision
Avoidancefeatureof theprotocol),to minimize theprobability
of collision with packetsbeingtransmittedby otherstations.In
addition, to avoid channelcapture,a stationmust wait a ran-
dom backoff time betweentwo consecutive new packet trans-
missions,evenif themediumis sensedidle in theDIFS time1.

For efficiency reasons,DCF employs a discrete-timebackoff
scale.The time immediatelyfollowing an idle DIFS is slotted,
andastationis allowedto transmitonly at thebeginningof each
SlotTime. TheSlotTimesize, � , is setequalto thetimeneeded
at any stationto detectthe transmissionof a packet from any
otherstation. As shown in table I, it dependson the physical
layer, and it accountsfor the propagationdelay, for the time
neededto switch from the receiving to the transmittingstate
(RX TX TurnaroundTime), and for the time to signal to the
MAC layerthestateof thechannel(BusyDetectTime).

DCF adoptsan exponentialbackoff scheme.At eachpacket
transmission,thebackoff time is uniformly chosenin therange�������������

. The value
�

is called ContentionWindow, and
dependson the numberof transmissionsfailed for the packet.
At the first transmissionattempt,

�
is set equal to a value��� ��� �

called minimum contentionwindow. After eachun-
successfultransmission,

�
is doubled,up to a maximumvalue���	��
�������� ���	��� �

. The values
���	��� �

and
������
!�

re-
portedin the final versionof the standard[3] arePHY-specific
andaresummarizedin tableI.

Thebackoff timecounteris decrementedaslongasthechan-
nel is sensedidle, “frozen” whena transmissionis detectedon
the channel,and reactivatedwhen the channelis sensedidle"

As an exceptionto this rule, the protocolprovidesa fragmentationmecha-
nism,whichallowstheMAC tosplit anMSDU (thepacketdeliveredto theMAC
by thehigherlayers)into moreMPDUs (packetsdeliveredby theMAC to the
PHY layer),if theMSDU sizeexceedsthemaximumMPDU payloadsize.The
differentfragmentsarethentransmittedin sequence,with only a SIFSbetween
them,sothatonly thefirst fragmentmustcontendfor thechannelaccess.
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Fig. 2. RTS/CTSAccessMechanism

again for more than a DIFS. The station transmitswhen the
backoff time reaches0.

Figure1 illustratesthisoperation.Two stationsA andB share
the samewirelesschannel.At the endof the packet transmis-
sion,stationB waitsfor aDIFSandthenchoosesabackoff time
equalto 8, beforetransmittingthenext packet. We assumethat
thefirst packetof stationA arrivesat thetime indicatedwith an
arrow in thefigure.After aDIFS,thepacketis transmitted.Note
thatthetransmissionof packetA occursin themiddleof theSlot
Timecorrespondingto abackoff value,for stationB, equalto 5.
As a consequenceof thechannelsensedbusy, thebackoff time
is frozento its value5,andthebackoff counterdecrementsagain
only whenthechannelis sensedidle for a DIFS.

SincetheCSMA/CA doesnotrely onthecapabilityof thesta-
tions to detecta collision by hearingtheir own transmission,a
positiveacknowledgement(ACK) is transmittedby thedestina-
tion stationto signalthesuccessfulpacket reception.TheACK
is immediatelytransmittedat the endof the packet, after a pe-
riod of time calledShortInterFrameSpace(SIFS).As theSIFS
(plusthepropagationdelay)is shorterthanaDIFS,noothersta-
tion is ableto detectthechannelidle for aDIFS until theendof
the ACK. If the transmittingstationdoesnot receive the ACK
within a specifiedACK Timeout,or it detectsthe transmission
of a differentpacket on the channel,it reschedulesthe packet
transmissionaccordingto thegivenbackoff rules.

Theabovedescribedtwo-way handshakingtechniquefor the
packet transmissionis called Basic Accessmechanism.DCF
definesanadditionalfour-wayhandshakingtechniqueto beop-
tionally usedfor apackettransmission.Thismechanism,known



3

0.0 100.0# 200.0# 300.0# 400.0#
time (seconds)$0.60

0.65

0.70

0.75

0.80

0.85

0.90

m
ea

su
re

d 
th

ro
ug

hp
ut

 a
nd

 o
ffe

re
d 

lo
ad

%
Ideal Offered Load Growth
Offered Load
Throughput

20 stations, CWmin=32, CWmax=256

Fig. 3. MeasuredThroughputwith slowlyincreasingofferedload

with the nameRTS/CTS,is shown in figure 2. A stationthat
wantsto transmitapacket,waitsuntil thechannelis sensedidle
for aDIFS,followsthebackoff rulesexplainedabove,andthen,
insteadof the packet, preliminarily transmitsa specialshort
framecalledRequestTo Send(RTS).Whenthereceiving station
detectsanRTS frame,it responds,aftera SIFS,with a Clear To
Send(CTS)frame.Thetransmittingstationis allowedto trans-
mit its packetonly if theCTSframeis correctlyreceived.

TheframesRTS andCTScarrytheinformationof thelength
of the packet to be transmitted.This informationcanbe read
by any listeningstation,which is thenableto updatea Network
Allocation Vector (NAV) containingthe informationof the pe-
riod of time in which thechannelwill remainbusy. Therefore,
whena stationis hiddenfrom eitherthe transmittingor the re-
ceiving station,by detectingjust oneframeamongtheRTS and
CTSframes,it cansuitablydelayfurthertransmission,andthus
avoid collision.

TheRTS/CTSmechanismis veryeffectivein termsof system
performance,especiallywhenlargepacketsareconsidered,asit
reducesthelengthof theframesinvolvedin thecontentionpro-
cess.In fact,in theassumptionof perfectchannelsensingby ev-
ery station,collision mayoccuronly whentwo (or more)pack-
etsaretransmittedwithin thesameslottime. If bothtransmitting
stationsemploy theRTS/CTSmechanism,collisionoccursonly
on the RTS frames,andit is earlydetectedby the transmitting
stationsby the lack of CTS responses.A quantitative analysis
will becarriedout in sectionVII.

I I I . MAXIMUM AND SATURATION THROUGHPUT

PERFORMANCE

In thispaperwe concentrateon the“SaturationThroughput”.
This is a fundamentalperformancefigure definedas the limit
reachedby thesystemthroughputastheofferedloadincreases,
andrepresentsthe maximumload that the systemcancarry in
stableconditions.

It is well known thatseveral randomaccessschemesexhibit
anunstablebehavior. In particular, astheofferedloadincreases,
the throughputgrows up to a maximumvalue, referredto as
“Maximum Throughput”.However, further increasesof theof-

feredload leadto aneventuallysignificantdecreasein thesys-
temthroughput.This resultsin thepracticalimpossibilityto op-
eratetherandomaccessschemeat its maximumthroughputfor
a “long” periodof time, andthus in the practicalmeaningless
of the maximumthroughputasperformancefigure for the ac-
cessscheme.The mathematicalformulationandinterpretation
of this instability problemis the objectof a wide andgeneral
discussionin [13].

Indeed,the 802.11protocolis known to exhibits someform
of instability (seefor example[5], [11]. To visualizethe un-
stablebehaviour of 802.11,in figure3 we have run simulations
in which theofferedloadlinearly increaseswith thesimulation
time. The generalsimulationmodelandparametersemployed
aresummarizedin sectionV. Theresultsreportedin thefigure
areobtainedwith 20 stations. The straightline representsthe
idealofferedload,normalizedwith respectof thechannelcapac-
ity. Thesimulatedofferedloadhasbeengeneratedaccordingto
a Poissonarrival processof fixedsizepackets(payloadequalto
8184bits),wherethearrival ratehasbeenvariedthroughoutthe
simulationto matchthe ideal offeredload. The figure reports
bothofferedloadandsystemthroughputmeasuredover20 sec-
ondstime intervals,andnormalizedwith respectto thechannel
rate.

Fromthefigure,weseethatthemeasuredthroughputfollows
closely the measuredoffered load for the first 260 secondsof
simulation,while it asynptoticallydropsto thevalue0.68in the
secondpart of the simulationrun. This asymptoticthroughput
valueis referredto, in thispaper, asSaturationThroughput,and
representsthe systemthroughputin overloadconditions. Note
than, during the simulationrun, the instantaneousthroughput
temporarilyincreasesoverthesaturationvalue(upto 0.74in the
exampleconsidered),but ultimately it decreasesandstabilizes
to the saturationvalue. Queuebuild-up is observed in sucha
condition.

IV. THROUGHPUT ANALYSIS

Thecorecontributionof thispaperis theanalyticalevaluation
of thesaturationthroughput,in theassumptionof idealchannel
conditions(i.e. no hiddenterminalsand capture[6]). In the
analysis,we assumea fixed numberof stations,eachalways
having a packet availablefor transmission.In otherwords,we
operatein saturation conditions,i.e. thetransmissionqueueof
eachstationis assumedto bealwaysnon-empty.

Theanalysisis dividedinto two distinctparts.First,westudy
the behavior of a singlestationwith a Markov model,andwe
obtain the stationaryprobability & that the stationtransmitsa
packet in a generic(i.e. randomlychosen)slot time. This prob-
ability doesnot dependon theaccessmechanism(i.e. Basicor
RTS/CTS)employed.Then,by studyingtheeventsthatcanoc-
curwithin agenericslot time,weexpressthethroughputof both
BasicandRTS/CTSaccessmethods(aswell asof acombination
of thetwo) asfunctionof thecomputedvalue & .
A. Packet TransmissionProbability

Considera fixednumber' of contendingstations.In satura-
tion conditions,eachstationhasimmediatelya packetavailable
for transmission,after thecompletionof eachsuccessfultrans-
mission.Moreover, beingall packets“consecutive”, eachpacket
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needsto wait for a randombackoff time beforetransmitting.
Let ( �*)�� be the stochasticprocessrepresentingthe backoff

time counterfor a given station. A discreteand integer time
scaleis adopted:

)
and

),+-�
correspondto thebeginningof two

consecutiveslot times,andthebackoff timecounterof eachsta-
tion decrementsatthebeginningof eachslot time. Notethatthis
discretetime scaledoesnot directly relatesto thesystemtime.
In fact, as illustratedin figure 1, the backoff time decrement
is stoppedwhenthe channelis sensedbusy, andthusthe time
interval betweentwo consecutive slot time beginningsmay be
muchlongerthantheslot timesize � , asit mayincludeapacket
transmission.In what follows, unlessambiguity occurs,with
thetermslot time we will referto eitherthe(constant)value � ,
andthe(variable)timeintervalbetweentwo consecutivebackoff
time counterdecrements.

Sincethevalueof thebackoff counterof eachstationdepends
also on its transmissionhistory (e.g. how many retransmis-
sion the head-of-linepacket hassuffered), the stochasticpro-
cess ( �*)�� is non markovian. However, definefor convenience� �.���	��� �

. Let / , “maximum backoff stage”, be the
value suchthat

��� ��
�� �0�1�2�
, and let us adoptthe nota-

tion
�	34�5� 3 �

, where 687 �9�:� / � is called“backoff stage”.
Let ; �*)�� bethestochasticprocessrepresentingthebackoff stage�����=<><=<=� / � of thestationat time

)
.

Thekey approximationin ourmodelis that,ateachtransmis-
sion attempt,and regardlessof the numberof retransmissions
suffered, eachpacket collides with constantand independent
probability ? . It is intuitive that this assumptionresultsmore
accurateaslong as

�
and ' get larger. ? will bereferredto as

conditionalcollision probability, meaningthat this is theprob-
ability of a collision seenby a packet beingtransmittedon the
channel.

Once independenceis assumed,and ? is supposedto be a
constantvalue,it is possibleto modelthebidimensionalprocess@ ; ��)��A� ( �*)��CB with thediscrete-timeMarkov chaindepictedin fig-
ure4. In thisMarkov chain,theonly nonnull one-steptransition
probabilitiesare2:DEEF EEG H @ 6 �CIKJ 6 �CIK+L��B � � I 7 ����� � 3 � � � 6M7 ����� / �H @��:�NIOJ 6 �!�:B � �P�Q� ? �NR �	S I 7 ����� �	S �T��� 6M7 ����� / �H @ 6 �CIKJ 6 �T�U�!�:B � ? R �V3 I 7 ����� �V3 �T�W� 6M7 �P�U� / �H @ / �CIKJ / �!�:B � ? R � � I 7 ����� � � �T�W�

(1)
The first equationin (1) accountfor the fact that,at the begin-
ning of eachslot time, the backoff time is decremented.The
secondequationaccountsfor thefact thata new packet follow-
ing a successfulpacket transmissionstartswith backoff stage0,
andthusthe backoff is initially uniformly chosenin the range����� �	S �X���

. Theothercasesmodelthesystemafteranunsuc-
cessfultransmission. In particular, as consideredin the third
equationof (1), when an unsuccessfultransmissionoccursat
backoff stage6 �V� , thebackoff stageincreases,andthenew ini-
tial backoff valueis uniformly chosenin therange

���:� � 3 �
. Fi-

nally, thefourthcasemodelsthefactthatoncethebackoff stage
reachesthe value / , it is not increasedin subsequentpacket
transmissions.Y

weadopttheshortnotation:ZM[!\ "A]9^_"a` \cb ]9^ bAdfegZM[ChaikjmlLn!opeL\ "A]9q ikjrlLn!ope ^�"=` hAisj�o�eL\cb ]9q ikj�o,e ^ bad .
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Fig. 4. Markov Chainmodelfor thebackoff windowsize

Let ( 3*t u �wvsxsy4z�{}| H @ ; �*)�� � 6 � ( �*)�� � I~B
, 6�7 �9�:� / � ,I 7 �9�:� � 3 ����� bethestationarydistribution of thechain.We

now show thatit is easyto obtainaclosed-formsolutionfor this
Markov chain.First,notethat( 3*�K�Ct S < ? � ( 3�t S � ( 3*t S�� ? 3 ( S t S �4� 6 � /( � �K�Ct S < ? � ����� ? � ( � t S�� ( � t S2���=��A� � ( S t S

(2)
Owing to thechainregularities,for each

I 7 ���1� �V3 ���W� , it is:

( 3�t u�� �V3 ��I� 3 < DF G �P��� ? �p� ��!� S ( � t S 6 � �? < ( 3*�K�Ct S ��� 6 � /? <U� ( � ���At S + ( � t S � 6 � / (3)

By meansof relations (2), and making use of the fact that� �3 � S ( 3*t S2� ( S t S R:�P��� ? � , equation3 rewritesas:( 3�t u � � 3 ��I� 3 ( 3*t S 6�7 �9�:� / �A�CI 7 �9�:� �	3 ���W� (4)

Thus,by relations(2) and(4), all thevalues( 3�t u areexpressedas
functionof thevalue ( S t S andof theconditionalcollisionproba-
bility ? . ( S t S is finally determinedby imposingthenormalization
condition,thatsimplifiesasfollows:� � �� 3 � S��Q� �K��u � S ( 3�t u � �� 3 � S ( 3�t S ��� �K��u � S � 3 ��I�V3 � �� 3 � S ( 3�t S � 3 +X�� �

� ( S t S��� ��� � �K�� 3 � S � � ? � 3 + � � ? � ���� ?T� + ���� ?�� (5)

from which:( S t S2� � ����� � ? �a����� ? ��P��� � ? �a� � +��W�K+ ? � ������� � ? � � � (6)

We cannow expresstheprobability & thata stationtransmits
in a randomlychosenslot time. As any transmissionoccurs
whenthe backoff time counteris equalto 0, regardlessof the
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backoff stage,it is:& � �� 3 � S ( 3*t S � ( S t S��� ? � � ����� � ? ��P�p� � ? �=� � +L�W�K+ ? � ������� � ? � � �
(7)

As a sidenote,it is interestingto highlight that,when / ��
, i.e. no exponentialbackoff is considered,the probability &

resultsto be independentof ? , and equation(7) becomesthe
muchsimplerone independentlyfound in [9] for the constant
backoff window problem:& � �� +�� (8)

However, in general,& dependson the conditionalcollision
probability ? , which is still unknown. To find the value of ?
it is sufficient to note that the probability ? that a transmitted
packet encountersa collision, is the probability that, in a time
slot, at leastoneof the ' ��� remainingstationstransmit. The
fundamentalindependenceassumptiongivenaboveimpliesthat
eachtransmission”sees” the systemin the samestate,i.e. in
steadystate.At steadystate,eachremainingstationtransmitsa
packetwith probability & . This yields:? � ���-�P��� & �P� �K� (9)

Equations(7) and(9) representanonlinearsystemin thetwo
unknowns & and ? , which canbesolvedusingnumericaltech-
niques.It is easyto provethatthissystemhasauniquesolution.
In fact, inverting (9), we obtain &p� � ? � � ��� �P�¡� ? � ��¢=£ � �K�P¤ .
This is a continuousandmonotoneincreasingfunction in the
range?¥7 ���:�>�W� , that startsfrom &p� �9�U� � �

andgrows up to&p� �P��� � �
. Equation& � ? � definedby (7) is alsocontinuousin

the range?�7 �����=�W� : continuity in correspondenceof thecriti-
cal value ? � �_R �

is simply provenby noting that & � ? � canbe
alternatively writtenas:& � ? � � ���+ � + ? � � � ���3 � S � � ? � 3
andtherefore& ����R � � ��� R¦�P�~+ � + / � R � � . Moreover, & � ? � is
trivially shown to bea monotonedecreasingfunctionthatstarts
from & ���U� �0� R¦� � +§�W�

and reducesup to & �P��� �¨� R¦�P��+��� � �
. Uniquenessof the solution is now proven noting that& ���m��© &p� �9�U� and & �P����� &p� �P��� .

B. Throughput

Let ª be the normalizedsystemthroughput,definedas the
fractionof timethechannelis usedto successfullytransmitpay-
load bits. To computeª , let us analyzewhat canhappenin a
randomlychosenslot time. Let

H z*«
betheprobabilitythatthere

is at leastonetransmissionin theconsideredslot time. Since '
stationscontendon thechannel,andeachtransmitswith proba-
bility & , H z*« � ��������� & � � (10)

Theprobability
Hf¬

thata transmissionoccurringon thechannel
is successfulis givenby theprobability thatexactly onestation

RTS DIFS

T collision RTS/CTS

SIFS ACK DIFS

T success basic access

PHY
hdr

PAYLOADMAC
hdr

PHY
hdr

PAYLOADMAC
hdr DIFS

T collision basic access

SIFS SIFS SIFS ACK DIFSRTS CTS PHY
hdr

PAYLOADMAC
hdr

T success RTS/CTS

Fig. 5. U® and U¯ for BasicAccessandRTS/CTSmechanisms

transmitsonthechannel,conditionedonthefactthatat leastone
stationtransmits,i.e.:H°¬ � '�& ���Q� & � � �K�H z*« � '�& ����� & � � ������-�P�Q� & � � (11)

We arenow ableto expressª astheratio:ª ��±X² ³p´�µ vs¶ ´U· xk¸:¹*¶1ºNy ´�» xs¶1¸ » º ´ ¸�¼!y4x »�»N½>· xk¸ ´ ¼!vk¶ »¾» xky ½a¿±X² v ½ ¸�À »!Á ¶�¹ ´ ¼!vk¶ »¾» xky ½a¿
(12)

Being ±�² H ¿ theaveragepacketpayloadsize,theaverageamount
of payloadinformationsuccessfullytransmittedin a slot time
is
H z*« H°¬ ±8² H ¿ , sincea successfultransmissionoccursin a slot

timewith probability
H z*« Hf¬

. Theaveragelengthof aslot timeis
readilyobtainedconsideringthat,with probability

�Â� H z*«
, the

slot time is empty;with probability
H z*« H ¬

it containsasuccess-
ful transmission,andwith probability

H z*« �P�Â� Hf¬ �
it containsa

collision. Hence,(12)becomes:ª � H ¬ H z*« ±�² H ¿����� H z*« � � + H z*« Hf¬NÃK¬ + H z*« �P��� Hf¬ � ÃKÄ (13)

Here,
Ã ¬

is the averagetime the channelis sensedbusy (i.e.
theslot time lasts)becauseof a successfultransmission,and

Ã Ä
is the averagetime the channelis sensedbusy by eachstation
duringa collision. � is the durationof an emptyslot time. Of
course,thevalues±�² H ¿ , Ã ¬ , Ã Ä , and � mustbeexpressedwith
thesameunit.

Note that the throughputexpression(13) hasbeenobtained
without the needto specify the accessmechanismemployed.
To specificallycomputethethroughputfor a givenDCF access
mechanismit is now necessaryonly to specifythecorrespond-
ing values

Ã�¬
and

Ã�Ä
.

Let us first considera systemcompletelymanagedvia the
Basic Accessmechanism.Let Å �¨ÆMÇ�È�É=Ê>Ë +�Ì�ÍÂÎ É=Ê>Ë

be
thepacket header, and Ï bethepropagationdelay. As shown in
figure5, in theBasicAccesscaseweobtain:DF G Ã2ÐÒÑ ¬¬ � Å + ±�² H ¿ +ÔÓ¦ÕPÖfÓ¡+ Ï +×ÍÂÎÙØX+×Ú2ÕPÖ�Ó¡+ ÏÃ2ÐÒÑ ¬Ä � Å + ±�² H � ¿ +ÔÚ2ÕPÖfÓ¡+ Ï

(14)
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where±�² H � ¿ is thetheaveragelengthof thelongestpacketpay-
loadinvolvedin a collision.

In the caseall packets have the samefixed size, ±�² H � ¿ �±�² H ¿ � H . In thegeneralcase,thepayloadsizeof eachcollided
packetis anindependentrandomvariable

H 3
. It is thusnecessary

to assumea suitableprobability distribution function Û �PÜÝ� for
the packet’s payloadsize. Let

H � ÑaÞ be the maximumpayload
size. Taking the conditionalexpectationon the number

I
of

colliding packets, ±�² H � ¿ writesasfollows:±�² H � ¿ � ±X² ±X² y ´�ß � H � �=<><=<=� H u �=J I ¿k¿ �
� � � u �Oà}á ' IQâ & u �P��� & � � �~uäãfå �Oæ�çS �P��� Û �*è,� u ��é1è���-�P�Q� & � � � '�& �P�Q� & � � �K� (15)

Whenthe probability of threeor morepacketssimultaneously
colliding is neglected,expression(15)simplifiesto:±�² H � ¿ ��ê å �Oæ�çS �P��� Û �*è,� à �PéUè (16)Ã Ä

is the periodof time during which the channelis sensed
busyby thenoncolliding stations. We neglect thefact that the
two or morecolliding stations,beforesensingthechannelagain,
needto wait anACK Timeout,andthusthe

Ã Ä
for thesecollid-

ing stationsis greaterthan that consideredhere(the sameap-
proximationholdsin thefollowing RTS/CTScase,with a CTS
Timeoutinsteadof theACK timeout).

Let usnow considera systemin which eachpacket is trans-
mitted by meansof the RTS/CTSAccessmechanism.As, in
sucha case,collision canoccuronly on RTS frames,it is (see
figure5):DEEF EEG Ã «�z ¬¬ � ëfì Ó¡+�ÓrÕPÖ�Ó¡+ Ï +�Î ì Ó¡+�ÓrÕPÖ�Ó¡+ Ï + Å ++ ±�² H ¿ +�ÓrÕPÖ�Ó¡+ Ï +ÔÍÂÎÙØ-+ÔÚ2ÕPÖfÓ¡+ ÏÃ «�z ¬Ä � ëfì Ó¡+ÔÚÂÕPÖ�Ó¡+ Ï

(17)
andthethroughputexpressiondependson thepacketsizedistri-
butiononly throughits mean.

Finally, formula (13) can be also adoptedto expressthe
throughputof an“Hybrid” systemin which,assuggestedin the
standard[3], packetsaretransmittedby meansof theRTS/CTS
mechanismonly if they exceeda given predeterminedthresh-
old íH on the packet’s payloadsize. More specifically, being,
again, Û �PÜÝ� the probability distribution function of the packet
size, Û � íH � is theprobabilitythatapacket is transmittedaccord-
ing to theBasicAccessmechanism(i.e. thepacketsizeis lower
than íH ), while

�¾� Û � íH � is theprobabilitythatapacket is trans-
mitted via the RTS/CTSmechanism.For convenience,let us
indicatewithî2«!z ¬ � Ã «!z ¬¬ � Ã ÐÒÑ ¬¬ ��ëfì ÓO+4ÓrÕPÖ�ÓO+ Ï +�Î ì Ó�+4ÓrÕPÖ�ÓO+ Ï (18)

theRTS/CTSoverheadfor a successfulpacket transmission.It
is easyto recognizethat,for thedescribedhybridaccessscheme,
it is: Ã ¬ � Ã ¬ � íH � � Ã ÐÒÑ ¬¬ Û � íH �O+ Ã «�z ¬¬ ����� Û � íH ��� �

� Ã ÐïÑ ¬¬ + îÂ«!z ¬ ����� Û � íH ��� (19)

To compute
Ã Ä � Ã Ä � íH � in the caseof the Hybrid Access

scheme,we rely on the simplifying assumptionthat theproba-
bility of a collision of morethantwo packetsin the sameslot
time is negligible. Hence,threepossiblecollision casesmay
occur: (i) collision betweentwo RTS frames,with probabil-
ity
�P�Q� Û � íH ��� à ; (ii) collision betweentwo packetstransmitted

via BasicAccess,with probability Û � íH � à , and(iii) collisionbe-
tweena basicaccesspacket andanRTS frame.Hence,indicat-
ing with

Ã «�z ¬ ¢ «!z ¬Ä
,
Ã ÐïÑ ¬ ¢ ÐïÑ ¬Ä

and
Ã ÐÒÑ ¬ ¢ «�z ¬Ä

therespective average
collision durations,we obtain:ÃKÄ � íH � � �P��� Û � íH �!� à Ã «!z ¬ ¢ «�z ¬Ä ++ � Û � íH �a���Q� Û � íH ��� Ã «!z ¬ ¢ ÐïÑ ¬Ä + Û à � íH � Ã ÐÒÑ ¬ ¢ ÐÒÑ ¬Ä

(20)

Theaveragecollision durationsadoptedin equation(20) de-
tail asfollows. Let

î2ðV� � Ã�ÐïÑ ¬Ä � H � Ã «�z ¬Ä � � � Å � ëfì Ó��
betheextra lengthof thepacketheaderwith respectof theRTS
frame,andlet ñ � Å +VÚ2ÕPÖfÓ2+ Ï . Thevalue

Ã «!z ¬ ¢ «�z ¬Ä
hasbeen

alreadycomputedin thecase
Ã «!z ¬Ä

of (17), andcanberewritten
with new notationas:Ã «!z ¬ ¢ «�z ¬Ä ��ëfì Ó�+×Ú2ÕPÖ�Ó¡+ Ï � ñ � î ð (21)

To computethe averagelengthof a collision betweenan RTS
frameanda BasicAccesspacket, let usnotethat,accordingto
thenumericalvaluesprovidedby thestandard[3], thelengthof
an RTS frameis alwayslower thanthe packet headersize,or,
in otherwords,the value

î2ð
definedabove is strictly positive.

Thustheaveragelengthof sucha collision is givenby theaver-
ageamountof timethechannelis keptbusyby theunsuccessful
transmissionof the Basic AccessPacket. Since Û �*è~�!R Û � íH � ,è 7 ����� íH � is the conditionalprobability distribution function
of the payloadsizeof the packetstransmittedaccordingto the
BasicAccessmechanism,wereadilyobtain:Ã «!z ¬ ¢ ÐïÑ ¬Ä � ñ + êóòåS á ��� Û �*è,�Û � íH � â é1è (22)

Finally, noting that in the caseof collision betweentwo Ba-
sic Accesspackets,the probability distribution function of the
lengthof the longestpacket payloadinvolved in a collision is
thesquareof theconditionalprobabilitydistribution functionof
thepacketsizedistribution,Ã ÐÒÑ ¬ ¢ ÐÒÑ ¬Ä � ñ + ê òåS á ��� Û à �*è~�Û à � íH � â éUè (23)

By substituting(21),(22)and(23) in equation(20),wefinally
obtain: Ã Ä � íH � � ñ �-�P��� Û � íH �!� à î ð ++ � Û � íH �=�P�Q� Û � íH �!� êóòåS á �Ù� Û �*è~�Û � íH � â éUè~++ Û à � íH � ê�òåS á ��� Û à ��è,�Û à � íH � â é1è (24)

For simplicity, in therestof thispaper, werestrictournumer-
ical investigationto thecaseof fixedpacket size,andtherefore
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packetpayload 8184bits
MAC header 272bits
PHY header 128bits
ACK 112bits + PHY header
RTS 160bits + PHY header
CTS 112bits + PHY header
ChannelBit Rate 1 Mbit/s
PropagationDelay 1  s
Slot Time 50  s
SIFS 28  s
DIFS 128  s
ACK Timeout 300  s
CTS Timeout 300  s

TABLE II

FHSSsystemparameters andadditionalparameters usedto obtainnumerical

results

we will evaluatethe performanceof systemsin which all sta-
tions operateeitheraccordingto the BasicAccessMechanism
or accordingto the RTS/CTSmechanism(i.e. never operating
in thehybridmode3).

V. MODEL VALIDATION

To validatethemodel,wehavecomparedits resultswith that
obtainedwith the 802.11DCF simulatorusedin [9]. Ours is
anevent-drivencustomsimulationprogram,written in theC++
programminglanguage,thatcloselyfollows all the802.11pro-
tocoldetailsfor eachindependentlytransmittingstation.In par-
ticular, thesimulationprogramattemptsto emulateascloselyas
possiblethe real operationof eachstation,including propaga-
tion times,turnaroundtimes,etc.

Thevaluesof theparametersusedto obtainnumericalresults,
for both theanalyticalmodelandthesimulationruns,aresum-
marizedin tableII. Thesystemvaluesarethosespecifiedfor the
FHSS(Frequency Hopping SpreadSpectrum)PHY layer [3].
The channelbit ratehasbeenassumedequalto 1 Mbit/s. The
framesizesarethosedefinedby the802.11MAC specifications,
andthePHY headeris thatdefinedfor theFHSSPHY. Theval-
uesof theACK TimeoutandCTS Timeoutreportedin tableII,
andusedin the simulationrunsonly (our analysisneglectsthe
effect of thesetimeouts)arenot specifiedin the standard,and
they have beensetequalto 300  s. This numericalvaluehas
beenchosenasit is sufficiently longto containaSIFS,theACK
transmissionanda roundtrip delay.

Unlessotherwisespecified,we have usedin the simulation
runsa constantpacketpayloadsizeof 8184bits,which is about
onefourth of themaximumMPDU sizespecifiedfor theFHSS
PHY, while it is themaximumMPDU sizefor theDSSSPHY.

Figure6 shows that the analyticalmodel is extremelyaccu-
rate:analyticalresults(lines)practicallycoincidewith thesim-
ulation results(symbols),in both BasicAccessandRTS/CTSô

A detailedperformanceanalysisof thehybrid moderequiresto assumeone
or moresuitableprobabilitydistribution functionsfor thepacket’s payloadsize,
andalso to determinethe sensitivity of the throughputon the assumeddistri-
butions. Sucha straightforward, but lengthy, study is out of the scopesof the
presentwork.
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Fig. 6. Saturation Throughput:analysisversussimulation

analysis simulation
n=2,BAS 0.8473 0.846 ö 0.001
n=2,RTS 0.8198 0.817 ö 0.001
n=3,BAS 0.8368 0.835 ö 0.001
n=3,RTS 0.8279 0.823 ö 0.001

TABLE III

Analysisversussimulation:comparisonfor a verylow numberof stations-÷�egøAù
, ú eûø

cases.All simulationresultsin theplot areobtainedwith a95%
confidenceinterval lower than

��Ü �U� �
. Negligible differences,

well below 1%, arenotedonly for a small numberof stations
(resultsfor the extremecaseof as low as2 and3 stationsare
tabulatedin tableIII).

VI . MAXIMUM SATURATION THROUGHPUT

The analyticalmodelgiven above is very convenientto de-
terminethemaximumachievablesaturationthroughput.Let us
rearrange(13) to obtain:ª � ±�² H ¿ÃK¬ � ÃKÄ +ýü £þ�A� å1ÿ�� ¤�¢ å1ÿ��������å ¬ (25)

As
Ã�¬

,
Ã�Ä

, ±�² H ¿ , and � , areconstants,thethroughputª is max-
imizedwhenthefollowing expressionis maximized:H ;�P��� H z*« �!R H z*« + Ã�Ä R � � '�& ����� & � � ���Ã �Ä �-�P��� & � � � Ã �Ä ���W� (26)

where
Ã �Ä � ÃKÄ R � is thedurationof acollisionmeasuredin slot

timeunits � . Takingthederivativeof (26)with respectto & , and
imposingit equalto 0, weobtain,aftersomesimplifications,the
following equation:�P��� & � � � Ã �Ä @ '�& � ² ���-�P��� & � � ¿ B � � (27)

Underthecondition & ��� � ,����� & � �	� ��� '�& + ' � ' ���W�� & à
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BASIC ACCESS
n Max Throughput Max ThroughputApprox.


0.832827( & =0.022869) 0.832662( & =0.021426)�>�
0.828279( & =0.010848) 0.828272( & =0.010713)� �
0.826111( & =0.005294) 0.826105( & =0.005357)
 �
0.824841( & =0.002089) 0.824814( & =0.002143)� 0.823957

RTS/CTSACCESS
n Max Throughput Max ThroughputApprox.


0.838511( & =0.090399) 0.838436( & =0.097940)�>�
0.837281( & =0.043712) 0.837129( & =0.048970)� �
0.836686( & =0.021520) 0.836490( & =0.024485)
 �
0.836335( & =0.008532) 0.836110( & =0.009794)� 0.835859

TABLE IV

Comparisonbetweenmaximumthroughputandthroghputresultingfrom

approximatesolution(28) - thecase� e� is obtainedfromequation(31)

holds,andyieldsthefollowing approximatesolution:& � � ² ' + � � ' �����a� Ã �Ä ����� ¿ R ' ���� ' ���W�=� Ã �Ä ����� � �' � Ã �Ä R � (28)

Equation(27)andits approximatesolution(28)areof funda-
mentaltheoreticalimportance.In fact, they allow to explicitly
computethe optimal transmissionprobability & that eachsta-
tion shouldadoptin orderto achievemaximumthroughputper-
formancewithin a considerednetwork scenario(i.e. numberof
stations' ). In otherwords,they show that (within a PHY and
an accessmechanism,which determinethe constantvalue

Ã �Ä )
maximumperformancecanbe, in principle,achievedfor every
network scenario,througha suitablesizingof the transmission
probability & in relationto thenetwork size.

However, equations(7) and(9) show that & dependsonly on
the network sizeandon the systemparameters/ and

�
. As' is nota directlycontrollablevariable,theonly way to achieve

optimal performanceis to employ adaptive techniquesto tune
the values / and

�
(andconsequently& ) on the basisof the

estimatedvalueof ' .
This problemhasbeenspecificallyconsideredin [9] for the

caseof fixed backoff window size (i.e. / � �
). In sucha

case,& is given by (8), andthereforethe backoff window that
maximizesthesystemthroughputis readilyfoundas������� � ' � � Ã �Ä
Referto [9] for a largediscussionrelatedto theproblemof esti-
matingthevalue ' .

Unfortunately, in the 802.11standard,the values
�

and /
arehardwiredin thePHY layerdetails(seetableI for thestan-
dardizedvalues),and thus they cannotbe madedependenton' . As a consequenceof this lack of flexibility , the throughput
in somenetwork scenarioscanbe significantly lower than the
maximumachievable.

Figures7 and8 show themaximumthroughputtheoretically
achievableby theDCF protocolin both the casesof BasicAc-
cessandRTS/CTSmechanisms.The valuesreportedin these
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Fig.8. Throughputversusthetransmissionprobability � for theRTS/CTSmech-
anism

figureshave beenobtainedassumingthesystemparametersre-
portedin tableII. Thefigurereportsalsothedifferentthrough-
put valuesobtainedin the caseof exactandapproximatesolu-
tion for & . As the maximumis very smooth,even a non neg-
ligible differencein the estimateof the optimal value & leads
to similar throughputvalues. The accuracy of the throughput
obtainedby the approximatesolution is bettertestifiedby the
numericalvaluesreportedin tableIV. Note that theagreement
is greaterin theBasicAccesscase,as

Ã Ä
is greater.

A surprisingresult is that the maximumthroughputachiev-
ableby theBasicAccessmechanismis verycloseto thatachiev-
able by the RTS/CTS mechanism. Moreover, the maximum
throughput is practically independentof the number of sta-
tions in the wirelessnetwork. This is easily justified by not-
ing that the throughputformula can be approximatedas fol-
lows. Let � � � Ã �Ä R � , andlet ususetheapproximatesolution& � �_R¦� '�� � . For ' sufficiently large,H z*« � ���-�P��� & � � � ��� á ��� �'�� â � � ����� �K��¢�� (29)
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bits or  s slot timeunits( � =50  s)
Pack etPayload 8184 163.68Ã�ÐïÑ ¬¬

8982 179.64Ã�ÐïÑ ¬Ä
8713 174.26Ã «�z ¬¬
9568 191.36Ã «�z ¬Ä
417 8.34

TABLE V

Values ® and  ¯ measuredin bits andin 50 ! s slot timeunits,for the

consideredsystemparameters, for bothBasicandRTS/CTSaccessmethods

H ¬ � '�& �P��� & � � ���H z*« � '� '�� ���W�=�"� ��¢�� ����� � �� �"� ��¢�� �����
(30)

Themaximumachievablethroughputª � ÑAÞ canthusbeapprox-
imatedas:ª � ÑAÞ � ±8² H ¿Ã ¬ + � � + Ã Ä$# � �"� �!¢�� �����f���&% (31)

which resultsto be independentof ' . Usingthenumericalval-
uesof tableV, weobtain � �(' Ü )*)*+

for theBasicAccessmech-
anism,and � � � Ü �,+ �

for the RTS/CTSmechanism.The re-
sultingmaximumthroughputapproximationvaluesarereported
in tableIV underthelabel ' � � .

An advantageof theRTS/CTSschemeis that thethroughput
is lesssensitiveonthetransmissionprobability & . In fact,wesee
from figures7 and8 (notethedifferentx-axisscale)thatasmall
variationin theoptimalvalueof & leadsto a greaterdecreasein
thethroughputfor theBasicAccesscasethanfor theRTS/CTS
case.Hence,weexpect(seequantitativeresultsin thefollowing
sectionVII) amuchlowerdependenceof theRTS/CTSthrough-
put on the systemengineeringparameterswith respectof the
BasicAccessthroughput.

VI I . PERFORMANCE EVALUATION

Unlessotherwisespecified,the following resultshave been
obtainedassumingthe parametersreportedin table II and, in
particular, assuminga constantpayloadsize

H �(- � - +
bits.

Figure 6 shows that the throughputfor the Basic Access
schemestronglydependson the numberof stationsin the net-
work. In particular, the figure shows that, in most cases,the
greateris thenetwork size,theloweris thethroughput.Theonly
partialexceptionis thecase

� � � �,-
. For suchan initial con-

tentionwindow size,thethroughputis comparablein networks
with 5 to 10 stations,althoughit smoothlydecreasesasthenet-
work size increases.The samefigure shows that performance
impairmentdoesnot occurfor the RTS/CTSmechanismwhen' increases.In fact, the throughputis practicallyconstantfor� � ) �

, andevenincreaseswith thenumberof mobilestations
when

� � � �,-
.

To investigatethedependency of thethroughputfrom theini-
tial contentionwindow size,

�
, we have reportedin figures9

and10thesaturationthroughputversusthevalue
�

for, respec-
tively, theBasicAccessandtheRTS/CTSmechanisms.In both
figures,wehaveassumedanumberof backoff stagesequalto . ,
i.e.

���	��
��8� �*/>�
. Thefiguresreportfour differentnetwork

sizes,i.e. numberof stations' equalto


,
�>�

,
� �

and

 �

.
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Fig. 9. Saturation Throughputversus initial contentionwindow sizefor the
BasicAccessmechanism
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Fig. 10. Saturation Throughputversusinitial contentionwindowsizefor the
RTS/CTSmechanism

Figure9 showsthatthethroughputof theBasicAccessmech-
anismhighly dependson

�
, and the optimal valueof

�
de-

pendson thenumberof terminalsin thenetwork. For example,
anhigh valueof

�
(e.g. 1024)givesexcellentthroughputper-

formancein the caseof 50 contendingstations,while it drasti-
cally penalizesthethroughputin thecaseof smallnumber(e.g.
5) of contendingstations. This behavior is seenalso in figure
10, wherethe RTS/CTSmechanismis employed. Large val-
uesof

�
may, in fact, limit the throughputof a singlestation,

which,whenalonein thechannelis boundedby:±�² H ¿Ã�¬ + � � � ���W�!R � (32)

where ±8² H ¿ and
Ã�¬

aretheaveragepacket payloadandtheav-
eragechannelholding time in caseof successfultransmission.
Equation(32) is directly obtainedfrom equation(13) of section
IV-B by observingthat,asthereareno otherstationswhich can
collide with the consideredone, the probability of success

H°¬
is equalto 1. In addition, the probability

H z*«
that a transmis-

sionoccurson thechannelis equalto theprobability & that the
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stationtransmits.Being the conditionalcollision probability ?
equalto 0,

H z*« � & is givenby formula(8).
Of morepracticalinterestis the caseof small valuesof

�
,

andparticularlyin correspondenceof the values
��� � . , ) � ,

and . + (i.e. thosestandardizedfor thethreePHY - seetableI).
Figures9 and10 show that thetwo accessmechanismsachieve
a significantlydifferentoperation.In thecaseof theBasicAc-
cessmechanism,reportedin figure9, thesystemthroughputin-
creasesaslongas

�
getscloserto 64. Moreover, thethroughput

significantlydecreasesasthenumberof stationsincreases.On
thecontrary, figure10 shows that thethroughputobtainedwith
the RTS/CTS mechanismis almost independentof the value� 3 . + , and, in this range,it is furthermorealmostinsensi-
tiveon thenetwork size.

This surprisingindependenceis quantitatively explainedas
follows. Dividing numeratoranddenominatorof (13)by

H z*« H°¬
,

we obtain:ª � ±�² H ¿�465 ÃK¬ + � �Â� H z*«H ¬ H z*« + ÃKÄ á �H ¬ ��� â87 (33)

The denominatorof formula 33 expressesthe averageamount
of time spenton thechannelin orderto observe thesuccessful
transmissionof a packet payload. This time is further decom-
posedinto threecomponents.Ã ¬

is thetimespentin orderto successfullytransmitapacket.
TableV reportsthe numericalvaluesfor

Ã2ÐÒÑ ¬¬
and

Ã «!z ¬¬
, com-

putedaccordingto equations(14) and(17), in the assumption
of systemand channelparametersof table II. The difference
between

Ã «!z ¬¬
and

Ã2ÐÒÑ ¬¬
(586bits) is theadditionaloverheadin-

troducedby theRTS/CTSmechanism.
Thesecondtermat thedenominatorof (33) doesnot depend

on theaccessmechanismemployed,andrepresentstheamount
of time the channelis idle, persuccessfulpacket transmission.
In fact,

�_R¦� H z*« H ¬ �
is theaveragenumberof slot timesspenton

thechannelin orderto havea successfultransmission.Of those
slottimes,afraction

���r� H z*« �
isempty, andeachemptyslottime

lasts � . Theaveragenumberof idle slot timesperpacket trans-
mission,i.e.

�P�,� H z*« �!R¦� H z*« H ¬ �
, is plottedin figure11versusthe

network size,for threedifferentvaluesof the initial contention
window

�
. We seethat,for

� � � . and
� � . + , theamount

of idle slot timesper packet transmissionis very low, particu-
larly whencomparedwith thevalues

Ã ¬
given in tableV. This

valuebecomessignificantonly when
�

getsgreater(the case����� 
 . is reportedin the figure) andthe numberof stations
in thenetwork is small.

Finally, the third term at the denominatorof (33) represents
the time wastedon the channelbecauseof collisions,per suc-
cessfulpacket transmission.In fact,

��R H°¬ � �
is the average

numberof collidedtransmissionspereachsuccessfultransmis-
sion,whichis multipliedby

Ã Ä
, i.e. theamountof timethechan-

nel is heldby a collision. TableV shows that thetheRTS/CTS
mechanismsignificantlyreducesthe time spentduring a colli-
sion,with respectto theBasicAccessmechanism.This reduc-
tion is extremelyeffective whenthe systemparameter

�
and

thenetwork size ' leadto a largecollisionprobability. This fact
is graphicallyshown in figure 12. This figure reportsthe av-
erageamountof time spentin collisions,persuccessfulpacket
transmission,normalizedwith respectto the value � . It shows
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Fig. 11. Average numberof idle slot timesper successfulpacket transmission
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Fig. 12. Average numberof slot time units wastedon the channelbecauseof
packet collision,persuccessfulpacket transmission

that, for the Basic Accessmechanism,the amountof channel
time wastedin collisions is extremely large for a small value�

anda large numberof stationsin the network. Conversely,
theadditionalamountof time wastedin collisionsis negligible
for theRTS/CTSmechanism,regardlessof thevalues' and

�
.

This explains the surprisingconstantRTS/CTSthroughputin
any practicalsystemandnetwork operationconditions.

Figure13 shows that thedependenceof thethroughputfrom
the maximumnumber / of backoff stagesis marginal. The
figure reports the casesof both Basic and RTS/CTS access
schemes,with

� � ) �
(similarbehaviour is observedfor other

valuesof the parameter
�

) and ' � �W�:� 
 �
. Thepointsin the

box indicatethe throughputachievedwhen / � 

, i.e. in cor-

respondenceof the standardizedengineeringparametersof the
DSSSPHY (tableI). Weseethatthechoiceof / doesnotprac-
tically affect thesystemthroughput,aslongas / is greaterthan
4 or 5. The only casein which the throughputstill grows, for/ relatively large,is theBasicAccessmechanismwith a large
network size.

Our modelallows to obtainothermeasuresof interest. The
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conditional collision probability ? is the probability, seenby
the station,that its transmittedpacket collides. Owing to the
model’skey assumptionof independenceateachretransmission,
theaveragenumberof transmissionsthateachstationmustper-
form in order to successfullycompletea packet transmission
is given by

��C� � . This valueis reportedin figure 14, obtained
with thesamesystemparametersof figures9 and10. Figure14
shows that thenumberof transmissionsperpacket significantly
increasesasthe initial backoff window

�
reduces,andasthe

network size ' increases.
At a first glance,it might seemthat the throughputperfor-

manceof the802.11protocolstronglydependson theslot time
size� . In particular, theloweris � , thebetteris theexpectedper-
formance.Instead,we notethat,asfar assaturationthroughput
performanceis concerned,its dependenceontheslottimesizeis
only marginal.TableVI reportsresultsfor threedifferentsystem
configurationscorrespondingto thedifferentPHYs.Resultsare
obtainedfor bothBasicAccessandRTS/CTSmechanism,and
for two differentnetwork sizesof 10 and50 stations.Columns
in boldfacetypecorrespondto thestandardizedslot time length

slot timesize(  s)
5 8 20 50 100

FH bas,10 .7105 .7101 .7088 .7055 .7000
rts,10 .8437 .8432 .8413 .8367 .8290

bas,50 .5658 .5657 .5652 .5639 .5618
rts,50 .8318 .8315 .8305 .8278 .8233

DS bas,10 .7659 .7654 .7632 .7577 .7488
rts,10 .8468 .8462 .8435 .8368 .8259

bas,50 .6134 .6133 .6126 .6108 .6079
rts,50 .8363 .8360 .8347 .8314 .8261

IR bas,10 .8171 .8160 .8120 .8021 .7862
rts,10 .8490 .8479 .8436 .8329 .8158

bas,50 .6696 .6693 .6683 .6656 .6613
rts,50 .8408 .8404 .8387 .8345 .8277

TABLE VI

Dependenceof thesaturation throughputon theslot time

for therelatedPHY. Themarginaldependenceof thethroughput
ontheslottimesize � is relatedto thefact,commentedaboveby
meansof equation(33)andfigure11,thatthenumberof idle slot
timesperpacket transmissionis extremelysmall. A changeof� hastheonly effect to multiply by a constantvaluetheamount
of idle channeltime perpacket transmission.However, for any
practicalvalueof � and

�
, theamountof idle channeltime re-

mainsmarginal with respectto the time spentin transmission
andcollision. This result is of fundamentalimportancefor the
futuredevelopmentof higherbit ratephysicallayerrecommen-
dations,astheslot time sizeis difficultly scalable.

Finally, let usaddsomeconsiderationsregardingthe depen-
denceof theaccessmethodonthepacketlength.It is oftenqual-
itatively statedthat the RTS/CTSmechanismis effective when
the packet size increases.This is justified in figure 15. This
figurereportsthesystemthroughputfor bothBasicAccessand
RTS/CTScases,for two differentnetwork sizes( ' � �W�

and' � 
 �
), and for threedifferentconfigurationparameters,re-

ferredto asFH, DS andIR, correspondingto the threePHY’s
referencevalues

��� ��� �
,
��� ��
��

andSlot timesize � reported
in table I. It is no more a surprisethat the RTS/CTSmech-
anismachievesvery similar performancein all the considered
cases.This is dueto the fact that the throughputperformance
marginally dependson theslot time, asshown in tableVI, and
onthefactthattheRTS/CSTschemeis negligibly dependenton
thenetwork sizeandon theminimumcontentionwindow size.

In theassumptionof fixedpacketpayloadsize,it is veryeasy
to quantifythethresholdvaluefor thepacket sizeover which it
is convenientto switchto theRTS/CTSmechanism.In fact,let
us indicatewith ª ÐÒÑ ¬ and ª «!z ¬ thethroughputachievedrespec-
tivelyby theBasicAccessandRTS/CTSmechanismin thesame
systemparametersandnetwork sizeconditions.Fromequation
(33), theinequality ª «!z ¬ © ª ÐÒÑ ¬
impliesthatÃ «!z ¬¬ � Ã ÐÒÑ ¬¬ � # Ã ÐÒÑ ¬Ä � Ã «!z ¬Ä % á �Hf¬ ��� â (34)
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Let now
î «!z ¬ � Ã «�z ¬¬ � Ã ÐÒÑ ¬¬

the overheadintroducedby the
RTS/CTSmechanism,and let

î�ð�� Å �(A Ã ª be the extra
lengthof thepacket headerwith respectof theRTS framesize
(accordingto thevaluesof tableII,

î «!z ¬ � 
 - . bits,and
î ð ��1� �

bits). Indicating the packet payloadwith the variable
H

,
condition(34)yields: H © H°¬ î2«!z ¬��� H ¬ � î�ð (35)

The thresholdvalueover which it is convenientto switch to
theRTS/CTSschemeis plottedversusthenetwork sizein figure
16, for the threepossiblesetsof parametersspecifiedfor the
differentPHYs. This figure shows that the thresholdis highly
dependenton the PHY employed. This is not a consequence
of thedifferentslot time size � , which doesnot affect formula
(35). Instead,it is a direct consequenceof the different initial
contentionwindow sizes

�
adopted(seetableI). Thelower the

value
�

, thegreateris theperformanceimpairmentof theBasic
Accessscheme(seefigure9), andthegreater(andthusfor more
packetsizecases,asshown in figure15) is theadvantageof the

RTS/CTSscheme.
Moreover, figure16 runscounterto the“known” factthatthe

RTS/CTSmechanismshouldbeemployedwhenthepacketsize
exceedsagiven(meaningfixed) threshold.Instead,it showsthat
sucha thresholdstronglydependson thenetwork size,andpar-
ticularly it significantlydecreaseswhenthe numberof stations
in thenetwork increases.For example,in thecaseof 50stations,
the thresholdis equalto about1470bits for the InfraredPHY,
while it is aslow as820bits for the Frequency HoppingPHY.
Thesamethresholdraises,respectively, to about10065bitsand
3160bits whenthenetwork is composedby 5 stationsonly.

VI I I . CONCLUSIONS

In this paper, we havepresenteda simpleanalyticalmodelto
computethe saturationthroughputperformanceof the 802.11
DistributedCoordinationFunction.Our modelassumesa finite
numberof terminalsandideal channelconditions. The model
is suitedfor any accessschemeemployed, i.e. for both Basic
AccessandRTS/CTSAccessmechanisms,aswell asfor acom-
binationof the two. Comparisonwith simulationresultsshows
that the model is extremely accuratein predictingthe system
throughput.

Using the proposedmodel, we have evaluatedthe 802.11
throughputperformance.We have shown that performanceof
the Basic Accessmethodstrongly dependson the systempa-
rameters,mainly minimum contentionwindow andnumberof
stationsin the wirelessnetwork. Conversely, performanceis
only marginally dependenton the systemparameterswhenthe
RTS/CTSmechanismis considered.

TheRTS/CTSmechanismhasprovenits superiorityin most
of thecases.Notableis theadvantageof theRTS/CTSscheme
in largenetwork scenarios,evenwith fairly limited packetsizes.
Whenthecapabilityof theRTS/CTSschemeto copewith hid-
denterminalsis accounted,weconcludethatthisaccessmethod
shouldbeusedin themajorityof thepracticalcases.
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