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Abstract—We describe enhancementsto the IEEE 802.11
DCF MAC Protocol which enable nodesto identify themsehes
as exposednodes and to opportunistically schedule concurrent
transmissions whenever possible, thereby improving 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 shaw, using simulations in GloMoSim, that
it provides signi cant improvementin throughput.

|. INTRODUCTION

The IEEE 802.11Distributed CoordinationFunction(DCF)
MAC protocol [1] continuesto suffer from the hidden and
exposednodeproblemswhich characterize&C SMA-basedro-
tocols [2], [3]. The RTS/CTS exchangepartially solves the
hiddennode problem|[4], [5] but the exposednode problem
remainsunaddressed.

The 4-way handsha& of the RTS/CTS/DATA/ACK ex-
changeof the IEEE 802.11 DCF protocol requiresthat the
roles of senderand recever are interchangedseveral times
betweerpairsof communicatinghodes so neighbourf 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 edin eitherthe RTS or CTS paclets
they hear

In Figure 1, exposednodesE1l, E2 and E3 can hearonly
the RTS and DATA paclets sent out from node A to node
B. They cannotinitiate their own transmissiondespitebeing
out of rangeof the recever B. Similarly, nodesR1, R2, and
R3 can only hear CTS and ACK transmissionsfrom B but
they mustnot receie ary paclets(respondo ary RTS). This
resultsis an unnecessaryeductionin channelutilization and
throughput. The suggestionthat exposednodessuch as E1
oughtto be ableto transmithasbeenmadeseveral timesin
literature[3], [6], but the methodologyto implementit within
the Distributed CoordinationFunctionof IEEE 802.11hasso
far not beenavailable.

We proposeminimal changeso thelEEE 802.11DCFMAC
protocol to enableexposednodesto transmit as and when
the opportunity presentdtself. Nodesidentify themseles as
exposedon the basis of the sequenceof paclets that they
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heare.g.,a nodethat hearsan RTS followed by DATA from
the same node, within the specied time intenal, can be
certainthatit is an exposednode.Sucha nodecaninitiate a
paralleltransmissiorby simply aligningits DATA transmission
with the ongoingtransmissionwithout invoking the RTS/CTS
exchangeDetailsof thealgorithmaredescribedn Sectionlll.
We shaw usingsimulationsin GloMoSim,thatour enhance-
mentsprovide signi cant improvementsn throughputDetails
of the simulationsandthe resultsare presentedn SectionlV.

Il. RELATED WORK

In a recentpaper[{, the authorsproposea more complex
solution,the MACA-P protocol,to addresghe exposednode
problem. In this sectionwe describethe salient featuresof
this protocolwhich ervisagesextensie revisionsto the IEEE
802.11DCF It proposesseveral additionsto the RTS/CTS
frameformatsandalsointroducesa new type of controlpaclet
calledRTS".

The key featureof MACA-P is thatit introducesa control
gap betweenthe 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 the DATA andACK pacletsof the rst
pair.

In order to achiese this alignment,the RTS/CTS paclets
mustbeextendedo containtwo new timeintervalsthe



andthe which schedulethe proposedstarttime of the
DATA andACK pacletsrespectiely. The RTS paclet is also
enhancedo carryabit calledthein e xible bit, which indicates
whetherthe proposedtransmissionschedulecan be changed
by the nodethat recevesthe RTS.

When a nodereceves an RTS in which the in e xible bit
in not set it may changethe proposedscheduleby modifying
the and and sendthe modi ed valuesback
in the CTS paclet. Thesemodi cations mustbe redistrituted
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 receving a CTS. It
containsupdated and values.The RTS' paclet
also enablesnodesto free the channelthrough cancellation
messagetherre nementsto MACA-P aredescribedn the

paper[7].
I1l. PROPOSED SOLUTION

We suggest morelocal andopportunisticapproachWhen-
everthereis adatatransmissionn progresgcalledthe primary
transmissionn therestof the paper),an exposednodecantry
to squeezen a parallel or secondantransmissiorfor better
overall throughput.As shovn in Figure 2(a), oncethe DATA
transferfrom B to A begins, node D can commenceDATA
transmisssiorto node C directly, without making use of the
RTS/CTSexchange.

Both transmissiongan succeedrovided 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
transmissiorfrom B. This ensureghatwhensender® andD,
which arewithin the transmissiorrangeof eachother, switch
rolesto receve their respectie ACKs, they cando so without
interferencefrom eachother

As mentionedearlier (Sectionl), a node recognisesdtself
as an exposednode on the basisof the sequenceof paclets
that it hearsi.e., the RTS paclet followed by the start of
the DATA paclet. Therefore, the size of the paclet that
can be sentin the secondarytransmisssiormust be smaller
than the size of the paclet currently being transmitted.The
maximum size of such a paclet is determinedby the fact
that the end of transmissionmust coincide with the end of
transmissiorof the primary paclet. An explicit calculationis
presentedn the following section.Thus,an exposednodecan
potentially scheduleparallel transmissionof a smaller sized
paclet contrilbuting to the increasein channelutilization.

The proposedsolution makes use of the following two
obsenationsand known facts:

Trafc statistics shav that approximately
pacletson the Internetaresmall pacletsbelon
in size[8].

Several studieshave shown that it is inefcient to use
RTS/CTS for very small packets and that an optimum
thresholdis somavherebetween bytes[6], [9],
[10]. Many simulationstudiesare donewith an optimal
value of bytes.

The Internettraf ¢ statistics[8] refer to the wired Internet.
The statisticsfor the wirelesslinternetcanbe expectedio shav
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a similar spreadin paclet sizes.The detaileddistribution of
paclet sizesis not of much consequencéom the point of
view of this work. It sufces thattherewill belarge numbers
of small pacletsthatdo not needto useRTS/CTS.Thesecan
potentially be sentin parallel transmissiondy the exposed
nodes.

In this approach,an exposednode can make use of a
"transmit opportunity” only if thereis a small enoughpaclet
at the front of the queue.The IEEE 802.11usesonly a single
gueueand FIFO scheduling With multiple queuesasin IEEE
802.11e,0r with schedulingdisciplinesotherthan FIFO, this
algorithm will perform better since small paclets can be
picked out more easily for paralleltransmissions.

A. Descriptionof the Algorithm

As per the IEEE 802.11standard[1], a node which over
hearsan RTS andsetsits NAV from the Duration eld in the
RTS paclet alsosetsa timer, which we call the RESET_MV
timer, for the durationof _

_ . The _ is calculatedfrom
the length of the CTS frame and the rate at which the RTS
frame, usedfor the recentNAV update,was receved. The
noderesetsits NAV unlessit overhearsDATA from the RTS
senderbeforethis timer expires. We make useof this timer to
initiate secondaryjransmissions.

The RESET_MV timer duration is the maximum delay
with which DATA transmissioratthe RTS sendeicanbe heard
at this node.So if the timer expires,theneitherthe CTS was
not heardby the RTS senderor the CTS was not transmitted,
andnodesneighbouringthe RTS senderarefree to resettheir
NAV. If DATA transmissiordoesbegin, we allow the nodein
guestionto concludethatit is an exposednodeand schedule
its own transmission.

Fora Mbpsradio,thevalueof the RESET_MV timeris

. Within this time eithera DATA pacletwill startor the
primary sendemwill bacloff for resendingts RTS.

The algorithm doesnot try to schedulesecondarytrans-
missions when there are multiple transmissionsalready in
progresslf the nodehearsa paclet (RTS/CTSor DATA) from
ary othernodeduring this period, the timer is cancelledand
a secondantransmissionis not scheduled.

B. Implementation

In practice the implementationof the above algorithm
in GloMoSim [11] proceedsslightly differently. As per the
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standardpncethe physlayer hascompletedthe CRC check,
it assembleshe received datainto octetsand deliversthemto
the MAC layer one octet at a time. In GloMoSim this does
not happenDatais handedover to the MAC just once,when
receptionis complete.This implies that a potential exposed
nodecannotcheckwhetherit hasstartedrecevving DATA from
the RTS sender Instead,it hasto wait for the RESET_MV
timerto expirein orderto schedulats secondantransmission.

The statediagramfor sucha nodein GloMoSimis shavnin
Figure3. Onreceptionof an RTS framea nodein the normal
stateN setsits RESET_MV Timer and transitionsinto the
stateST. While in the ST state,if it recevesRTS/CTS/DATA
from ary other node during this time, it cancelsthe timer
and returnsto normal mode. If, on the other hand, the RE-
SET_MAV timer expiresit identi es itself asan exposednode
E, schedules transmissiorand awaitsan ACK. If anACK is
receved then the secondantransmissionis successfullf an
ACK is not receved, then the attemptto make a secondary
transmissionhas failed and the node must return to normal
and sendthe dataas per standard.

For implementatiorof the algorithmandthe simulationswe
have alsouseda separateimer calledthe CHECK_EXPOSED
timer which hasthe samevalue as the RESET_MV timer.
This is doneso asto make minimum changeso the standard
implementationof the 802.11 MAC protocol in GloMoSim.
The algorithm, as implementedin GloMoSim, is presented
alongside.

This algorithmis an optimistic enhancemenso theremay
be situationswhen the secondarytransmissionfails. If this
happenghe exposednodewill not modify its bacloff counter
It will pretendthat the transmissionnever took place (roll
back) and return the DATA paclket for nornal handling as
per the standard Eachnodealso maintainsa counternamely
the EXPOSED_FAILED_ COUNTER which keepscount of
the numberof secondarytransmissionshat failed. Whenthis
exceedsa particularvalue (MAX_ FAILURE), the nodestops
attemptingto sendsecondaryransmissionsThe usageof this
counteris alsodiscussedn SectionlV.

C. Comparisonwith MACA-P

Apart from the differencesin the compleity levels of
the two approachesit is relevant to note that the storage
requirementof MACA-P arelarge. Eachnodeis requiredto
maintainthe stateof its neighbouringnodes,by overhearing
the RTS/CTSexchangedrom its neighboursThe single NAV

Algorithm 1 ExposedNode Algorithm
CASE : RTSHEARD FROM RADIO
if ANY of the following conditionsare satisi ed
Paclet belongsto THIS node
Thereareno DATA pacletsto send
Node statusis "ExposedTimer SET"

Node statusis "Waiting for SecondaryACK"
has exceeded

then
Cancelall Timers
Cancelall schedulediatatransmissionsif any
HandleRTS as per standards
{In casea nodehearsmultiple RTS it resetst statusanddoes
not proceedwith modi ed Algorithm}
else
Size of on going Transmission
Size of paclet at headof queue
Time neededo transmitdata

{hdr.durationis the duration eld in the RTS by which NAV

is set}

{ is the actualtime at which the Exposeddatapaclet
will be transmitted}

if AND is positive then

set CHECK _EXPOSED Timer
Set Node statusas "ExposedTimer Set"
else
HandleRTS as per standards
{The Dataexceededsize limits }
end if
end if

CASE : TIMER EXPIRED
if CHECK_ExXPOSED Timer AND Nodestatusis "ExposedTimer
Set"then
Set Node statusas "Waiting for SecondanACK"
Set ACK_TIMEOUT timer
Schedule transmissiorat
end if
if ACK_TIMEOUT Timer AND Node statusis "Waiting for
SecondaryACK" then
Incrementthe _ _
{The secondantransmissiorfailed}
SetWAIT_FOR_DIFS Timer
{After DIFS periodthe nodewill attemptto transmitthe data
paclet normally}
else
Handle Timer as per standards
end if

CASE : CTSOR DATA HEARD FROM RADIO
CancelALL Timers
RESETnodestatusas speci ed in standards
Handle paclet as per standards

CASE : ACK HEARD FROM RADIO

if Packet belongsto THIS nodeAND nodestatusis "Waiting for
SecondaryACK" then
Reset _ _
{Secondarytransmissiorsuccessful}
end if
CancelALL Timers
RESETnodestatusas speci ed in standards
Handle ACK asper standards

to
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value which normally neededto be storedby eachnodeis
now replacedby a table.

Whena nodewantsto senda datapaclet, it usesthis table
to checkthatthereis no neighboutin thetablewhichis labeled
a recepient.Similarly if a noderecevesan RTS it needsto
consultthe table to ensurethat none of its neighboursis a
transmitterbeforeit canrespondwith a CTS. In additionthe
NAV allowsanodeto nd outif thereis atransmissioralready
scheduledcandto align its own transmissiorto it.

Throughputimprovementgrom our algorithmarecompared
to thosein MACA-P in SectionlV-A.

IV. SIMULATION AND RESULTS

The proposedchangesin the IEEE 802.11 MAC protocol
wereimplementedn Glomosim[11] andsimulationsfor vari-
oustopologiescarriedout. The topologyshavn in Figure4(a)
is alsostudiedwith MACA-P. It consistsof aninnerring and
anouterring, with eachnodeon theinnerring sendingpaclets
one-hopto its correspondingecever on the outerring.

Trafc consistsof CBR ows of paclet size 1024 bytes
betweemodesl and0 andnodes6 and7, Flows betweerthe
othertwo pairscontainsmallerpacletsof size512 bytes.The
pacletratewassufciently highto keepthe network saturated.
Default Glomosim parametersvere usedfor the simulation
[12]:

Frequenyg (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.@Bm), Transmitpower (-15dBm),Band-
width (2Mbps).

With theseparametershe transmissiorrangeis 376 meters
andinterference@ange637 meters Thedistancegrom nodel to
eachof its two neighbourdn theinnerring, nodes2 and4, as
well asto node0 ontheouterring is 350m.Thuswhennodel
sendgdatato node0, nodes2 and4 arewithin its transmission
rangeandarethereforeexposedAs perour algorithmthey can
sendsmallerpacletsto their respectie outernodesin parallel.
Whenthe numberof nodesin the simulationwasvaried,care
wastakento ensurethatroughly half the o ws hadpacletsof
eachsize,to aid the comparison.

The resultsfor averagethroughputis comparedwith IEEE
802.11in Figure5(a). The improvementin throughputis pre-
sentedas a percentagencreasein Figure 5(b). The improve-
ment ( increase)comparesfavourably with the
increasereportedin MACA-P using NS-2 [13], (discussed
further in Section IV-A). The latter graph also shavs the
contribution to increasein throughputfrom paclets of each
size.As expectedtheincreasen throughputis dueto a much
larger number of smaller sized paclets getting through in
parallel transmissions.

For larger numbersof inner nodesthe percentagef large
pacletsthataredelivered(1024bytes)reducedrastically This
is dueto the fact that GloMoSim implementsthe cumulative
noisemodelandpower capture[12]. Both factorscontributeto
reductionin throughputAs moresecondaryransmissionsake
place,the backgroundnoiseincreasesubstantiallyhindering
paclet reception.The power capturebehaiour of GloMoSim
is such that a strongersignal is capturedany time during
the receptionof a paclet. So it appearghat some1024 byte
paclets are lost when strongersecondarytransmissionsare
startedin the neighbourhood.

Similar studieswere done for the string topology of Fig-
ure4(b). Thetrafc o w is multihop,from nodeO to nodeN-
1 andfrom nodeN to nodel in an N+1 nodestring. Packet
sizesfor the ows in one direction is 1024 bytes and 512
bytesfor o wsin thereversedirection.Thealgorithmprovides
sizeablemprovement( increaseYor astring lengthof 4
Nodes.The drop in improvementfor larger numberof nodes
canbe attributedto a coupleof reasonsThe throughputitself
dropsdrasticallywith string length[14] and thereis alsothe
interferencefrom mary more paralleltransmissions.

Since our algorithm is opportunistic,the improvementit
providesdependdargely on two factorsthe opportunitieghat
exposednodesreceive and the interferencethat is generated
due to the parallel transmissionsTo get a avour for the
contributions of thesetwo factorsin random networks, we
have simulateda network consistingof different numbersof
nodesmoving in a 2000mx 1500marea.Roughly a third of
the nodesare sourcesTrafc o ws are CBR, with each ow
having different paclet rates selectedrandomly between10
paclets/secondo 200 paclets/secondThe routing protocolis
AODV.

Thepacletsizesfor each o w is alsodifferent,takingvalues
from among256,512,768 and 1024 bytesrespectiely. About
half the ows consistedof large-sizedpaclets. The results
for the improvementin throughputis shavn in Figure 7 for
20, 40 and 60 nodesrespectiely, for different pausetimes.
Nodesmove accordingto the Random-Vdypoint[15] model
with speedsangingfrom 1 m/sto 5 m/s. The simulatintime
is 400s.

Two trendsare visible in the results.The improvementin-
creasewith reducingmobility. It alsoincreasewith increase
in the numberof nodesre ected in thesesimulationsas an
increasein "transmit opportunities”.More simulations will
have to be doneto understandhe balancebetweenincreased
opportunity and increasednterferencein this topology The
overall improvement in throughputis about in this
simulation.
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In densenetworks the interferenceeffect can be expected
to causea drop in throughputas either primary or secondary
transmissiondail. This effect has already beenseenin the
resultsin Figure 5(b). We have made a re nement in the
algorithm, to reduce secondarytransmissionsn such situ-
ations. The EXPOSED_RILED _COUNTER (discussedin
Sectionlll-B) keepscount of the numberof failed secondary
transmissiondf thisincrease®eyonda certainpresenumber
(MAX_FAILURE), the nodestopsfurtherattemptgo transmit
secondaryaclets.In effect the algorithmis notinvokedif the
algorithmfails to executesuccessfullyon previous occasions.
In our simulationswe setthe value of MAX_FAILURE to be
between2 and5.

A. Comparisonwith MACA-P

To try to separatahe effect of interferencewe have also
measuredhroughputin the ring topologyof Figure 4(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
areshowvn in Figure8. The improvementfor 4 nodesis about

. The authorsof MACA-P also presentsimilar results
using NS-2 in the sametopology They obtain throughput
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improvementof over in some cases.Some details of
their topology are differentfrom our simulations.For e.g.,in
their ring topology all the inner nodesare exposedwhenone
of them is transmittingwhereasin our simulationsonly the
immediateneighboursare exposed so thereare fewer 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
secondantransmissionswill also have an importantbearing
on its successDestinationsof the type D2' will not receive
their DATA while destinationf type D3' will mostlikely do
so. With destinationf the type D1'it is apriori unclearasto
whethersecondantransmissionsvill succeed.

The interference range (determined by Ra-
dio_Rx_Sensitiity) of these radios is much larger than

the transmissiorrange(determinedby Radio_Rx_Threshold).

Nodeswithin this interferencaangeonly sensehe channelto
be busy throughthe physical carrier senseand not the NAV.
Thesewill continueto remain exposed. This is a physical
limitation and cannotbe overcome.

B. Limitations of the algorithm

This algorithm doesnot enablenodesof the type R1, R2,
R3in Figurel to receve datain parallel.Sothesecontinueto
behave like they would in IEEE 802.11.Figure2(b) illustrates
this well. The primary transmissiorin this caseis from node
A to nodeB andnodeD is the exposednode.In this topology
shawvn in the gure, nodeC hasno information abouttiming
synchronizationor the size of primary datatransmissionlin
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
abore example, MACA-P can sometimesenablenode D to
participatein secondantransmissionslf nodeC happenso
sendan RTS to nodeD during the control gap of the A to B
communicationthennodeD canindicatethe revisedtimings
it would like to receve datain soasto align with the primary
transmissionlf thatis acceptablé¢o nodeC, thenthe C to D
communicationcan proceedin parallel. In general,if either
nodein the secondarnypair hasheardthe RTS/CTSexchange
of the primary pair and the secondarysenderhas initiated
communciationin the control gap,then MACA-P will allow
the transmissiorbut our algorithmwill not.

V. CONCLUSION

We have presentedsimple enchancementso 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 theobsenedfactthat
traf c ontheInternethasalarge numberof small paclets,and
the acceptedactthatit is inef cient to useRTS/CTSfor such
small paclets.

The algorithmis local and opportunisticand will therefore
give varying levels of improvement. However in most of
the scenariosstudied,the algorithm gave a sufciently good
performanceThe algorithm also learnsfrom pastfailuresso
that there is no drastic drop in overall throughputin dense
networks.
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