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Abstract— We describe enhancements to the IEEE 802.11
DCF MAC Protocol which enable nodes to identify themselves
as exposednodes and to opportunistically scheduleconcurrent
transmissions whenever possible, thereby impr oving utilization
and mitigating the exposednode problem. The algorithm makes
minimal changesto the IEEE 802.11MAC protocol. It doesnot
require making changesto frame formats or the intr oduction of
new frame types.We show, using simulations in GloMoSim, that
it provides signi�cant impr ovement in thr oughput.

I . INTRODUCTION

The IEEE 802.11DistributedCoordinationFunction(DCF)
MAC protocol [1] continuesto suffer from the hidden and
exposednodeproblemswhich characterizeCSMA-basedpro-
tocols [2], [3]. The RTS/CTS exchangepartially solves the
hiddennodeproblem[4], [5] but the exposednodeproblem
remainsunaddressed.

The 4-way handshake of the RTS/CTS/DATA/ACK ex-
changeof the IEEE 802.11 DCF protocol requiresthat the
roles of senderand receiver are interchangedseveral times
betweenpairsof communicatingnodes,soneighboursof both
thesenodesmust remain silent during the entire exchange.
This is achieved by invoking the virtual carrier sensemech-
anism of IEEE 802.11 [1] i.e., by having the neighbouring
nodessettheir Network Allocation Vector(NAV) valuesfrom
the Duration�eld speci�ed in either the RTS or CTS packets
they hear.

In Figure 1, exposednodesE1, E2 and E3 can hearonly
the RTS and DATA packets sent out from node A to node
B. They cannotinitiate their own transmissiondespitebeing
out of rangeof the receiver B. Similarly, nodesR1, R2, and
R3 can only hear CTS and ACK transmissionsfrom B but
they mustnot receive any packets(respondto any RTS). This
resultsis an unnecessaryreductionin channelutilization and
throughput.The suggestionthat exposednodessuch as E1
ought to be able to transmithasbeenmadeseveral times in
literature[3], [6], but themethodologyto implementit within
the DistributedCoordinationFunctionof IEEE 802.11hasso
far not beenavailable.

Weproposeminimalchangesto theIEEE802.11DCFMAC
protocol to enableexposednodesto transmit as and when
the opportunitypresentsitself. Nodesidentify themselves as
exposedon the basis of the sequenceof packets that they

Fig. 1. ExposednodesE1-E3andR1-R3

heare.g.,a nodethat hearsan RTS followed by DATA from
the same node, within the speci�ed time interval, can be
certainthat it is an exposednode.Sucha nodecan initiate a
paralleltransmissionby simplyaligningits DATA transmission
with theongoingtransmission,without invoking theRTS/CTS
exchange.Detailsof thealgorithmaredescribedin SectionIII.

We show usingsimulationsin GloMoSim,thatour enhance-
mentsprovide signi�cant improvementsin throughput.Details
of thesimulationsandthe resultsarepresentedin SectionIV.

I I . RELATED WORK

In a recentpaper[7], the authorsproposea more complex
solution, the MACA-P protocol, to addressthe exposednode
problem. In this sectionwe describethe salient featuresof
this protocolwhich envisagesextensive revisionsto the IEEE
802.11 DCF. It proposesseveral additions to the RTS/CTS
frameformatsandalsointroducesa new typeof controlpacket
calledRTS'.

The key featureof MACA-P is that it introducesa control
gap between the RTS/CTS exchange and the subsequent
DATA/ACK exchange of the �rst pair of communicating
nodes.This control gap is then exploited by other pairs of
nodesto completetheir own RTS/CTSexchangeandto align
their datatransferwith theDATA andACK packetsof the�rst
pair.

In order to achieve this alignment,the RTS/CTS packets
mustbeextendedto containtwo new time intervalsthe
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which schedulethe proposedstart time of the
DATA andACK packetsrespectively. The RTS packet is also
enhancedto carrya bit calledthein�exiblebit, which indicates
whetherthe proposedtransmissionschedulecan be changed
by the nodethat receivesthe RTS.

When a node receives an RTS in which the in�e xible bit
in not set, it may changethe proposedscheduleby modifying
the
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and send the modi�ed valuesback
in the CTS packet. Thesemodi�cations mustbe redistributed
to neighboursof the senderwho can only hearan RTS. For
this MACA-P introducesa new frame, the RTS', which is
always sent by the RTS senderafter receiving a CTS. It
containsupdated
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values.The RTS' packet
also enablesnodesto free the channelthrough cancellation
messages.Otherre�nementsto MACA-P aredescribedin the
paper[7].

I I I . PROPOSED SOLUTION

We suggesta morelocal andopportunisticapproach:When-
ever thereis adatatransmissionin progress(calledtheprimary
transmissionin therestof thepaper),anexposednodecantry
to squeezein a parallel or secondarytransmissionfor better
overall throughput.As shown in Figure2(a), oncethe DATA
transferfrom B to A begins, node D can commenceDATA
transmisssionto nodeC directly, without making useof the
RTS/CTSexchange.

Both transmissionscansucceedprovided the ACKs return-
ing to nodesB and D are synchronized(Figure 2(b)). For
this, the start time of the secondarytransmissionfrom D
must be adjustedso that it �nishes at the sametime as the
transmissionfrom B. This ensuresthatwhensendersB andD,
which arewithin the transmissionrangeof eachother, switch
rolesto receive their respective ACKs, they cando sowithout
interferencefrom eachother.

As mentionedearlier (SectionI), a node recognisesitself
as an exposednodeon the basisof the sequenceof packets
that it hears i.e., the RTS packet followed by the start of
the DATA packet. Therefore, the size of the packet that
can be sent in the secondarytransmisssionmust be smaller
than the size of the packet currently being transmitted.The
maximum size of such a packet is determinedby the fact
that the end of transmissionmust coincide with the end of
transmissionof the primary packet. An explicit calculationis
presentedin the following section.Thus,anexposednodecan
potentially scheduleparallel transmissionof a smaller sized
packet contributing to the increasein channelutilization.

The proposedsolution makes use of the following two
observationsandknown facts:

� Traf�c statistics show that approximately 
���� of all
packetson theInternetaresmallpacketsbelow ����� bytes
in size [8].

� Several studieshave shown that it is inef�cient to use
RTS/CTS for very small packets and that an optimum
thresholdis somewherebetween��������
���� bytes[6], [9],
[10]. Many simulationstudiesare donewith an optimal
valueof ��
�� bytes.

The Internettraf�c statistics[8] refer to the wired Internet.
Thestatisticsfor thewirelessInternetcanbeexpectedto show
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Fig. 2. Secondarytransmissions

a similar spreadin packet sizes.The detaileddistribution of
packet sizes is not of much consequencefrom the point of
view of this work. It suf�ces that therewill be large numbers
of small packetsthat do not needto useRTS/CTS.Thesecan
potentially be sent in parallel transmissionsby the exposed
nodes.

In this approach,an exposed node can make use of a
"transmitopportunity"only if thereis a small enoughpacket
at the front of the queue.The IEEE 802.11usesonly a single
queueandFIFO scheduling.With multiple queuesasin IEEE
802.11e,or with schedulingdisciplinesother thanFIFO, this
algorithm will perform better, since small packets can be
picked out moreeasily for parallel transmissions.

A. Descriptionof the Algorithm

As per the IEEE 802.11standard[1], a nodewhich over-
hearsan RTS andsetsits NAV from the Duration�eld in the
RTS packet alsosetsa timer, which we call theRESET_NAV
timer, for thedurationof �
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is calculatedfrom
the length of the CTS frame and the rate at which the RTS
frame, used for the recent NAV update,was received. The
noderesetsits NAV unlessit overhearsDATA from the RTS
senderbeforethis timer expires.We make useof this timer to
initiate secondarytransmissions.

The RESET_NAV timer duration is the maximum delay
with whichDATA transmissionat theRTS sendercanbeheard
at this node.So if the timer expires,theneither the CTS was
not heardby the RTS senderor the CTS wasnot transmitted,
andnodesneighbouringthe RTS senderarefree to resettheir
NAV. If DATA transmissiondoesbegin, we allow the nodein
questionto concludethat it is an exposednodeandschedule
its own transmission.

For a � Mbps radio, the valueof the RESET_NAV timer is
.

��/�0�1 . Within this time eithera DATA packet will startor the
primary senderwill backoff for resendingits RTS.

The algorithm does not try to schedulesecondarytrans-
missions when there are multiple transmissionsalready in
progress.If thenodehearsa packet (RTS/CTSor DATA) from
any other nodeduring this period, the timer is cancelledand
a secondarytransmissionis not scheduled.

B. Implementation

In practice the implementationof the above algorithm
in GloMoSim [11] proceedsslightly differently. As per the



3

N ST E

Timer ExpiredRTS

N		: Initial State
ST : Set Timer
E : Exposed Node

RTS / CTS

Cancel
Timer

ACK

Secondary 
Tx success ACK Timed Out

Increment
FAILED_COUNTER
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standard,oncethe phys layer hascompletedthe CRC check,
it assemblesthe receiveddatainto octetsanddeliversthemto
the MAC layer one octet at a time. In GloMoSim this does
not happen.Datais handedover to the MAC just once,when
receptionis complete.This implies that a potential exposed
nodecannotcheckwhetherit hasstartedreceiving DATA from
the RTS sender. Instead,it hasto wait for the RESET_NAV
timer to expire in orderto scheduleits secondarytransmission.

Thestatediagramfor sucha nodein GloMoSimis shown in
Figure3. On reception,of anRTS framea nodein thenormal
stateN setsits RESET_NAV Timer and transitionsinto the
stateST. While in the ST state,if it receivesRTS/CTS/DATA
from any other node during this time, it cancelsthe timer
and returnsto normal mode. If, on the other hand, the RE-
SET_NAV timer expiresit identi�es itself asan exposednode
E, schedulesa transmissionandawaitsan ACK. If anACK is
received then the secondarytransmissionis successful.If an
ACK is not received, then the attemptto make a secondary
transmissionhas failed and the node must return to normal
andsendthe dataasper standard.

For implementationof thealgorithmandthesimulationswe
havealsouseda separatetimer calledtheCHECK_EXPOSED
timer which has the samevalue as the RESET_NAV timer.
This is doneso asto make minimum changesto the standard
implementationof the 802.11MAC protocol in GloMoSim.
The algorithm, as implementedin GloMoSim, is presented
alongside.

This algorithmis an optimistic enhancement,so theremay
be situationswhen the secondarytransmissionfails. If this
happenstheexposednodewill not modify its backoff counter.
It will pretendthat the transmissionnever took place (roll
back) and return the DATA packet for nornal handling as
per the standard.Eachnodealsomaintainsa counternamely,
the EXPOSED_FAILED_ COUNTERwhich keepscountof
the numberof secondarytransmissionsthat failed.Whenthis
exceedsa particularvalue(MAX_ FAILURE), the nodestops
attemptingto sendsecondarytransmissions.Theusageof this
counteris alsodiscussedin SectionIV.

C. Comparisonwith MACA-P

Apart from the differencesin the complexity levels of
the two approaches,it is relevant to note that the storage
requirementsof MACA-P are large.Eachnodeis requiredto
maintain the stateof its neighbouringnodes,by overhearing
theRTS/CTSexchangesfrom its neighbours.ThesingleNAV

Algorithm 1 ExposedNodeAlgorithm
CASE : RTS HEARD FROM RADIO

if ANY of the following conditionsaresatisi�ed
2 Packet belongsto THIS node
2 Thereareno DATA packets to send
2 Nodestatusis "ExposedTimer SET"
2 Nodestatusis "Waiting for SecondaryACK"
243658769;:�3�< _=6>,?�@

3;< _A

9�BDCFED3;G has exceeded
H

>

5 _=6>,?�@

BDGI3

then
Cancelall Timers
Cancelall scheduleddatatransmissions,if any
HandleRTS asper standards
{In casea nodehearsmultiple RTS it resetsit statusanddoes
not proceedwith modi�ed Algorithm}

else
:�JLKNMPO�Q Sizeof on going Transmission
:�JLKNMSR)Q Sizeof packet at headof queue

EUT�V O VWQ Time neededto transmitdata
EUX�O VUY OZQ\[�]_^S` ]_a�^cb_deJgfShWijE T�V O V i

>IAIk _]_a ^cb_dlJLfSh�i

:

?�=

:

{hdr.durationis the duration�eld in the RTS by which NAV
is set}
{ E

X_O
VmY

O is theactualtime at which theExposeddatapacket
will be transmitted}
if :&JLKNMSRonp:&JLKNM

O AND E
X_O

VmY
O is positive then

set CHECK_EXPOSED Timer
Set Nodestatusas "ExposedTimer Set"

else
HandleRTS asper standards
{The Dataexceededsize limits }

end if
end if

CASE : TIMER EXPIRED

if CHECK_EXPOSED Timer AND Nodestatusis "ExposedTimer
Set" then

Set Nodestatusas"Waiting for SecondaryACK"
Set ACK_TIMEOUT timer
Schedule<

>

E

> transmissionat E�X_O
VmY

O

end if
if ACK_TIMEOUT Timer AND Node status is "Waiting for
SecondaryACK" then

Incrementthe 36587 _=6>q?�@

3;< _A

9�BDCrE,3;G

{The secondarytransmissionfailed}
Set WAIT_FOR_DIFS Timer
{After DIFS periodthe nodewill attemptto transmitthe data
packet normally.}

else
HandleTimer asper standards

end if

CASE : CTS OR DATA HEARD FROM RADIO

CancelALL Timers
RESETnodestatusasspeci�ed in standards
Handlepacket asper standards

CASE : ACK HEARD FROM RADIO

if Packet belongsto THIS nodeAND nodestatusis "Waiting for
SecondaryACK" then

Reset3658769;:�3;< _=6>q?�@

3;< _A

9�BDCrE,3;G to s

3;GI9

{Secondarytransmissionsuccessful}
end if
CancelALL Timers
RESETnodestatusasspeci�ed in standards
HandleACK asper standards
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Fig. 4. SimulationTopologies

value which normally neededto be storedby eachnode is
now replacedby a table.

Whena nodewantsto senda datapacket, it usesthis table
to checkthatthereis noneighbourin thetablewhich is labeled
a recepient.Similarly if a node receives an RTS it needsto
consult the table to ensurethat none of its neighboursis a
transmitterbeforeit can respondwith a CTS. In addition the
NAV allowsanodeto �nd out if thereis a transmissionalready
scheduledandto align its own transmissionto it.

Throughputimprovementsfrom ouralgorithmarecompared
to thosein MACA-P in SectionIV-A.

IV. SIMULATION AND RESULTS

The proposedchangesin the IEEE 802.11MAC protocol
wereimplementedin Glomosim[11] andsimulationsfor vari-
oustopologiescarriedout. The topologyshown in Figure4(a)
is alsostudiedwith MACA-P. It consistsof an inner ring and
anouterring, with eachnodeon theinnerring sendingpackets
one-hopto its correspondingreceiver on the outer ring.

Traf�c consistsof CBR �o ws of packet size 1024 bytes
betweennodes1 and0 andnodes6 and7, Flows betweenthe
othertwo pairscontainsmallerpacketsof size512bytes.The
packet ratewassuf�ciently high to keepthenetwork saturated.
Default Glomosim parameterswere usedfor the simulation
[12]:

� Frequency (2.4 GHz), PathlossModel (Two-ray) , Noise
Calculation (Cumulative - AccNoise) , Radio Rx Sen-
sitivity (-91.0 dBm), SNR-Threshold(10.0), Radio-RX-
Threshold(-81.0dBm), Transmitpower (-15dBm),Band-
width (2Mbps).

With theseparameters,thetransmissionrangeis 376meters
andinterferencerange637meters.Thedistancefrom node1 to
eachof its two neighboursin the inner ring, nodes2 and4, as
well asto node0 on theouterring is 350m.Thuswhennode1
sendsdatato node0, nodes2 and4 arewithin its transmission
rangeandarethereforeexposed.As perouralgorithmthey can
sendsmallerpacketsto their respectiveouternodesin parallel.
Whenthe numberof nodesin the simulationwasvaried,care
wastaken to ensurethat roughlyhalf the �o ws hadpacketsof
eachsize,to aid the comparison.

The resultsfor averagethroughputis comparedwith IEEE
802.11in Figure5(a).The improvementin throughputis pre-
sentedasa percentageincreasein Figure5(b). The improve-
ment ( ��
���� increase)comparesfavourably with the ����� �

increasereported in MACA-P using NS-2 [13], (discussed
further in Section IV-A). The latter graph also shows the
contribution to increasein throughputfrom packets of each
size.As expected,the increasein throughputis dueto a much
larger number of smaller sized packets getting through in
parallel transmissions.

For larger numbersof inner nodesthe percentageof large
packetsthataredelivered(1024bytes)reducesdrastically. This
is due to the fact that GloMoSim implementsthe cumulative
noisemodelandpowercapture[12]. Both factorscontributeto
reductionin throughput.As moresecondarytransmissionstake
place,the backgroundnoiseincreasessubstantiallyhindering
packet reception.The power capturebehaviour of GloMoSim
is such that a strongersignal is capturedany time during
the receptionof a packet. So it appearsthat some1024 byte
packets are lost when strongersecondarytransmissionsare
startedin the neighbourhood.

Similar studieswere done for the string topology of Fig-
ure4(b). The traf�c �o w is multihop, from node0 to nodeN-
1 and from nodeN to node1 in an N+1 nodestring. Packet
sizes for the �o ws in one direction is 1024 bytes and 512
bytesfor �o ws in thereversedirection.Thealgorithmprovides
sizeableimprovement( �Nt�u�� increase)for a string lengthof 4
Nodes.The drop in improvementfor larger numberof nodes
canbe attributedto a coupleof reasons.The throughputitself
dropsdrasticallywith string length [14] and thereis also the
interferencefrom many moreparallel transmissions.

Since our algorithm is opportunistic,the improvement it
providesdependslargely on two factors,theopportunitiesthat
exposednodesreceive and the interferencethat is generated
due to the parallel transmissions.To get a �a vour for the
contributions of thesetwo factors in random networks, we
have simulateda network consistingof different numbersof
nodesmoving in a 2000mx 1500marea.Roughlya third of
the nodesaresources.Traf�c �o ws areCBR, with each�o w
having different packet ratesselectedrandomly between10
packets/secondto 200packets/second.Theroutingprotocolis
AODV.

Thepacketsizesfor each�o w is alsodifferent,takingvalues
from among256,512,768and1024bytesrespectively. About
half the �o ws consistedof large-sizedpackets. The results
for the improvementin throughputis shown in Figure 7 for
20, 40 and 60 nodesrespectively, for different pausetimes.
Nodesmove accordingto the Random-Waypoint [15] model
with speedsrangingfrom 1 m/s to 5 m/s. The simulatin time
is 400s.

Two trendsare visible in the results.The improvementin-
creaseswith reducingmobility. It alsoincreaseswith increase
in the numberof nodesre�ected in thesesimulationsas an
increasein "transmit opportunities".More simulationswill
have to be doneto understandthe balancebetweenincreased
opportunity and increasedinterferencein this topology. The
overall improvement in throughput is about ��� � in this
simulation.
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Fig. 5. AverageThroughputand its breakupwith respectto packet sizes

Fig. 6. Improvementin averagethroughputfor a String of Nodes

Fig. 7. Throughputimprovementfor randomlyplacedmobile nodes

Fig. 8. Averagethroughputin the Ring Toplogy

In densenetworks the interferenceeffect can be expected
to causea drop in throughputaseitherprimary or secondary
transmissionsfail. This effect has alreadybeenseenin the
results in Figure 5(b). We have made a re�nement in the
algorithm, to reduce secondarytransmissionsin such situ-
ations. The EXPOSED_FAILED_COUNTER (discussedin
SectionIII-B) keepscount of the numberof failed secondary
transmissions.If this increasesbeyonda certainpresetnumber
(MAX_FAILURE), thenodestopsfurtherattemptsto transmit
secondarypackets.In effect thealgorithmis not invokedif the
algorithmfails to executesuccessfullyon previous occasions.
In our simulationswe setthe valueof MAX_FAILURE to be
between2 and5.

A. Comparisonwith MACA-P

To try to separatethe effect of interference,we have also
measuredthroughputin the ring topologyof Figure4(a) with
GloMoSim parameterschosento correspond[12] with that
of NS-2 [13]. The latter implementsthe No noise model
which reducesinterferenceand improves throughput,but it
doesnot implementpower capture.The resultsfor throughput
areshown in Figure8. The improvementfor 4 nodesis about

�Nt���� . The authorsof MACA-P also presentsimilar results
using NS-2 in the sametopology. They obtain throughput
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Fig. 9. Interferenceeffect

improvementof over ������� in somecases.Somedetails of
their topologyaredifferent from our simulations.For e.g., in
their ring topology, all the inner nodesareexposedwhenone
of them is transmittingwhereasin our simulationsonly the
immediateneighboursareexposed,so therearefewer parallel
simulations.

The performanceof both MACA-P and our protocol de-
pendsvery strongly on the capturecapability of the radios.
As shown in Figure 9 the location of the destinationof the
secondarytransmissionswill also have an importantbearing
on its success.Destinationsof the type D2' will not receive
their DATA while destinationsof typeD3' will mostlikely do
so.With destinationsof the type D1'it is apriori unclearasto
whethersecondarytransmissionswill succeed.

The interference range (determined by Ra-
dio_Rx_Sensitivity) of these radios is much larger than
the transmissionrange(determinedby Radio_Rx_Threshold).
Nodeswithin this interferencerangeonly sensethechannelto
be busy throughthe physicalcarrier senseand not the NAV.
Thesewill continue to remain exposed.This is a physical
limitation andcannotbe overcome.

B. Limitationsof the algorithm

This algorithm doesnot enablenodesof the type R1, R2,
R3 in Figure1 to receive datain parallel.So thesecontinueto
behave like they would in IEEE 802.11.Figure2(b) illustrates
this well. The primary transmissionin this caseis from node
A to nodeB andnodeD is theexposednode.In this topology
shown in the �gure, nodeC hasno informationabouttiming
synchronizationor the size of primary data transmission.In
sucha casethis algorithmcannot enablenodeD to participate
in concurrenttransmissions.

While it is true that MACA-P is a fairly complex protocol,
it does handle more situations than our protocol. In the
above example,MACA-P can sometimesenablenode D to
participatein secondarytransmissions.If nodeC happensto
sendan RTS to nodeD during the control gapof the A to B
communication,thennodeD canindicatethe revisedtimings
it would like to receive datain soasto align with theprimary
transmission.If that is acceptableto nodeC, thenthe C to D
communicationcan proceedin parallel. In general,if either
nodein the secondarypair hasheardthe RTS/CTSexchange
of the primary pair and the secondarysenderhas initiated
communciationin the control gap, then MACA-P will allow
the transmissionbut our algorithmwill not.

V. CONCLUSION

We have presentedsimple enchancementsto the IEEE
802.11 DCF MAC protocol which allow concurrenttrans-
mission to occur whenever possible, reducing the loss in
throughputdue to the exposednode problem. While it has
long beenrecognizedthat exposednodesshould be free to
transmit,we have presentedan explicit algorithm within the
IEEE 802.11framework. It makesuseof theobservedfactthat
traf�c on theInternethasa largenumberof smallpackets,and
theacceptedfact that it is inef�cient to useRTS/CTSfor such
small packets.

The algorithmis local andopportunisticandwill therefore
give varying levels of improvement. However in most of
the scenariosstudied,the algorithm gave a suf�ciently good
performance.The algorithm also learnsfrom pastfailuresso
that there is no drastic drop in overall throughputin dense
networks.

REFERENCES

[1] IEEE ComputerSociety LAN MAN StandardsCommittee:. Wireless
LAN MediumAccessControl (MAC) and PhysicalLayer (PHY) Spec-
i�cations. In ANSI/IEEEStd. 802.11,1999 Edition, The Institute of
Electrical and Electronic Engineers, New York, 1999.

[2] L. KleinrockandF.A. Tobagi.Packetswitching in radiochannels:Part II
thehiddenterminalproblemin carrier sensemultiple-accessmodesand
the busy-tonesolution. IEEE Transactionon Communications, COM-
23(12):1417–1433,1975.

[3] V. Bharghavan,A. Demers,S.Shenker, andL. Zhang.MACAW: A media
AccessProtocolfor WirelessLANs. In Proc.ACM SIGCOMM'94, pages
212–215,London,UK,August1994.

[4] P. Karn. MACA - a new channel accessmethod for packet radio.
In ARRL/CRRLAmateurRadio 9th ComputerNetworkingConference,
pages134–140,September1990.

[5] C.L. FullmerandJ.J.Garcia-Luna-Aceves.Solutionsto HiddenTerminal
Problems in Wireless Networks. In SIGCOMM 97, pages 39–49,
September1997.

[6] J. Weinmiller, H. Woesner, and A. Wolisz. Analyzing and tuning
the distributed coordinationfunction in the ieee 802.11dfwmac draft
standard.In Proc.of MASCOT '96, SanJose,California,February1996.

[7] A. Acharya,A. Mishra,andS.Bansal.MACA-P: A MAC for Concurrent
Transmissionsin Multi-hop WirelessNetworks,IBM Research Report
RC22528,July 18, 2002. In Proc. IEEE PerCom, 2003.

[8] K. Claffy, G. Miller, andK. Thompson.Thenature of thebeast:Recent
traf�c measurementsfrom an Internet backbone. In INET98, Geneva,
Switzerland,July 1998.

[9] J. G. Kim B. P. Crow, I. Widjaja andP. T. Sakai. IEEE 802.11wireless
LocalAreaNetworks. IEEE CommunicationsMagazine, pages116–126,
1997.

[10] G. Bianchi.PerformanceAnalysisof theIEEE 802.11DistributedCoor-
dinationFunction. IEEE Journal on SelectedAreasin Communications,
pages535–547,2000.

[11] M. Takai,L. Bajaj, R. Ahuja, R. Bagrodia,andM. Gerla.GloMoSim:A
ScalableNetworkSimulationEnvironment. In Technical Report990027,
UCLA, 1999. http://pcl.cs.ucla.edu/projects/glomosim/.

[12] Mineo Takai, Jay Martin, and Rajive Bagrodia. Effects of Wireless
PhysicalLayer Modeling in Mobile Ad Hoc Networks. In Proc. ACM
Mobihoc'01, Long Beach,California, Oct. 2001.

[13] Kevin Fall and KannanVaradhaneds. NS notesand documentation,
http://www.isi.edu/nsnam/ns/.

[14] Jinyang Li, CharlesBlake, DouglasS. J. De Couto,Hu Imm Lee, and
RobertMorris. Capacityof Ad Hoc wirelessnetworks. In Proc. of ACM
Mobicom'01, pages61–69,Rome,Italy, July 2001.

[15] J. Broch, D.A. Maltz, D. Johnson,Y.-C. Hu, and J. Jetcheva. A Per-
formanceComparisonof Multi-Hop WirelessAd Hoc NetworkRouting
Protocols. In Proc. of ACM Mobicom'98, pages85–97,Dallas,Texas,
Oct. 1998.


