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Abstract—The benefit of using dir ectional antennasin ad
hoc networking hasreceved increasingattention. By trans-
mitting towards a desired direction, a node may be able
to reducewir elessinterfer ence. Signal to Interference Ra-
tio (SIR) may alsoimprove if the recever selectvely beam-
forms in the dir ection of the Signal of Interest, thereby sup-
pressinginterfer enceghat arri ve from unwanteddir ections.
However, selective beamforming intr oducesnewproblemsin
wir elessmedium accessontrol (MAC). Onesuchproblemis
deafness, causedwhen a node, C, is unable to communicate
with another node, A, becauseA is beamformed in a direc-
tion away from C. Node C may misclassifythe absenceof a
reply from node A asa sign of network congestion.Misclas-
sification may affect the performance of MAC and, poten-
tially, higher layer protocols. This paper evaluatesthe im-
pact of deafness on wir elessmedium accessontrol. We pro-
posea tone-baseddir ectional MAC protocol (ToneDMAC)
to addressthis problem. Simulation results shav that our
protocolperforms better than existingdir ectional MAC pro-
tocols.

|. INTRODUCTION

Advancesin beamformingtechnologyhave motivated
currentresearcho revisit someof the problemsin wire-
lessnetworking. Greaterspatialreuseandlongercommu-
nicationrangearepotentialbenefitsof utilizing directional
antennasHowever, tradeofs exist. New kinds of hidden
terminalproblemsarise,thatareabsenwhenusingomni-
directionalantennagl]. Anotherproblem,termeddeaf-
ness alsoarises.Briefly, deafnesss causedvhenanode,
C, attemptdo initiate dialogwith anode A, while A is en-
gagedin communicationwith anothemode,B, asshavn
in Figurel. NodeA failsto receve signalsfrom C sinceA

This work is supportedin part by National Science Foundation
(NSF).

remainsbeamformedowardsB over the durationof com-
munication.NodeC interpretgheabsencef areply from
A asindicative of a collision at A?, and retransmitsthe
paclet. This canrepeatmultiple times,until nodeA has
finishedthe dialogwith B

2. As we seelater, deafnesganbecomea seriousissue
whennodeB hasmultiple pacletsto transmitto A. In such
casesnodeC may repeatedlyretransmitwith alow prob-
ability of successandfinally dropthe paclet.

Severalexisting protocolsattemptto maximizetheben-
efits of beamformingantennasand suffer from the prob-
lem of deafnessisatradeof. ThispapemproposedoneD-
MAC to addresghis tradeof. ToneDMAC usesmultiple
tonesto implicitly inform anodes neighborhooaf its ac-
tivity. As detailedlater, tonescanreducethe overheadas-
sociatedwith transmittingexplicit control paclets, while
serving as a natification signal to thosethat experience
deafness.Unlike other proposalsthat use “busy tones”,
ToneDMAC doesnotrequiresimultaneousransmissiorof
tonesanddatapaclets. We usetheterm*“tones”toimply a
form of controlchannekignaling.Our protocolassumes
singletransceter, having the capabilityto transmitor re-
ceive over multiple channels.

Therestof this papetis organizedasfollows. In Section
I, we discusgelatedwork alongwith a brief overview of

'IEEE 802.11and mary other CSMA/CA protocolsare designed
basednthis assumption.

2Deafnessnayappearvenwhendirectionalantennasrenotin use.
For example reconfigurablentennasnayform differentradiationpat-
terns,which may not necessarilyhave narrav beamformgfor exam-
ple, omnidirectionalpatternsin differentplanes). Deafnessanoccur
in this casef ahostcancommunicatevith differentsetsof hostsusing
thedifferentradiationpatterns.



the IEEE 802.11standard.Sectionlll introducesprelim-
inarieson antennamodelsandrelevant terminologyused
in the restof the paper SectionlV describesan existing
directionalMAC protocol, DMAC, andshaws the impact
of deafnessn detail. Motivatedby the obserationsfrom
SectionlV, we proposeatone-basedirectionalMAC pro-
tocol, ToneDMAC, in SectionV. We evaluatethe perfor
manceof ToneDMAC in SectionVI. SectionVIl con-
cludesthe paperwith abrief discussion.
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Fig.1. A scenaridllustratingthe problemof deafness

Il. RELATED WORK

The use of directional or beamformingantennashas
beenextensvely studiedin the context of broadbandand
cellular networks [2],[3],[4],[5]. Recently attentionhas
beenfocusedon the possibility of using directionalan-
tennasfor mediumaccessontrol in multi-hop networks
[6],[71,[8].[9],[10],[11],[12][13][14]. In principle, mary
of theproposegrotocolsaresimilarto IEEE802.11 care-
fully adaptedor useoverdirectionalantennasWe present
a brief overviev of IEEE 802.11,followed by a discus-
sion of the existing protocolsfor directionalmediumac-
cesscontrol.

A. IEEE 802.11DistributedCoodinatedFunction(DCF)

In the|[EEE 802.11MAC protocol[15], anexchangeof
requestto send(R'S)/clearto send(CTS)precedeDATA

communication.Both RTS and CTS paclets containthe
proposeddurationof transmission.Nodeslocatedin the
vicinity of communicatingiodeswhich overheareitherof
thesecontrol paclets,mustthemselesdefertransmission
for the proposedduration. This is called Virtual Carrier
Sensingandis implementedhrougha mechanisntalled
the NetworkAllocation Vector (NAV). A nodeupdateghe
value of the NAV with the durationfield specifiedin the
RTS or CTS. Thusthe areacoveredby the transmission
rangeof the senderandrecever is resered for datatrans-
fer, to overcomethe hiddenterminalproblem[16].

IEEE 802.11is a CSMA/CA protocol that performs
physicalcarrier senseeforeinitiating transmissionOnce
the channelis sensedasidle for a DIFS (DCF interframe
spacing)duration, 802.11invokes a bacloff mechanism
for contentionresolution. A node S choosesa random
badoff interval from arange[0, CW], whereCW is called
the ContentionWindow. CW is initialized to the value of
CWhin. NodeSthendecrementthebacloff counteronce
every idle “slot time”. Whenthe bacloff counterreaches
0, node S transmitsthe RTS paclet. If the transmission
from S collides with some other transmission(collision
is detectedby the absenceof a CTS), S doublesits CW,
countsdown anewly choserbacloff intenal, andattempts
retransmission. The ContentionWindow is doubledon
eachcollisionuntil it reaches maximumthresholdgcalled
CWimaz- While in the bacloff stage,if anodesenseshe
channelashbusy, it freezesits bacloff counter Whenthe
channelis onceagainidle for a durationcalledDIFS, the
nodecontinuescountingdown from its previous (frozen)
value.

B. MAC usingDirectionalAntennas

Thedesignof IEEE 802.11implicitly assumesanomni-
directionalantennaatthephysicallayer Although802.11
may operatecorrectly when using directional antennas,
performancemay get affected. Recently several MAC
protocolshave beenproposedhat suitably adapt802.11
for beamformingantennas.Ko et al. [6] have proposed
to transmitan RTS directionally only if the RTS doesnot
collide with otherongoingcommunications.Nasipuriet
al. [17] proposedo reducethe interferencen the wire-
less channelby communicatingdirectionally However,
their proposalsequirethe transmissiorof an omnidirec-
tional CTS to inform the recever’s neighborhoodabout
theimminentdialog. This offsetsspatialreuse— a key ad-
vantageof using directionalantennas.In [10], Elbatt et
al. proposeaninterestingidea—they useRTS/CTSto in-
form the neighborhoodboutthe beamindicesto be used



for the imminentcommunication.Basedon this informa-
tion, neighborsof the communicatingrodesdecidewhich
beamsmay be usedfor initiating their own RTS paclets.
Bandyopadhyagtal. [18] presentanothemMAC protocol
thatinforms neighborhoochodesaboutongoingcommu-
nicationghroughadditionalcontrolmessagedn addition,
the protocolassumeg&nowledgeof network traffic.
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Fig. 2. Theantennaadiationpatternof nodeA — insetshowvs
nodeA beamformedn thedirectionof N4.

Takai et al. have describedthe DVCS mechanismin
[19], where a node performsdirectional virtual carrier
sensing.This is an useful optimizationthat increaseshe
spatialreuseof the channel. Roy Choudhuryet al. [1]
have proposedrotocolsthataim to maximizethe benefits
of beamforming.They identify severalnewv problemsthat
ariseasatradeof. Many of theseproblemshave notbeen
addresseth [1].

Someexisting proposalshave utilized “busy tones”for
omnidirectional,and more recently for directional an-
tennas. In [20], Deng et al. have proposedDBTMA,
thatusesomnidirectionatransmitandreceve busytones
to avoid hiddenterminal problems. Huanget al. [12]
have extendedthis ideato the caseof directionalanten-
nas. The protocolassumesnultiple transcerers, capable
of transmittingdatapaclets aswell asbusy tonesdirec-
tionally. Moreover, the protocolsufiers from the problem
of deafnessSimilarto DBTMA, andthe protocolin [12],
ToneDMAC usesanadditionalcontrolchannefor signal-
ing. However, ToneDMAC requiresa single transceier.
Tonesare assignedn the control channel,and neednot
be transmittedin parallel with datapaclets. In this re-
spect,tonesaredifferentfrom “busy tones”that aretypi-
cally transmittedvhenatoneis “busy” with ongoingtrans-

mission/receptionKorakiset al. [11] attemptto address
the problemsarisingfrom directionalantennasincluding

deafness.To inform neighborsof a communicatinghode

pair, the authorsproposeto transmitdirectionalRTS/CTS
paclets on every beam. Transmittingmultiple RTS/CTS
pacletsfor eachtransmitteddatapaclet candrasticallyde-

gradeperformance.

As detailedlater, the problemof deafnesgloesnot ap-
pearwhen communicatingnodesmanageto inform their
surroundingneighborsaboutthe imminent communica-
tion. For example,in Figurel, C may not attemptcom-
municationto A, if C was aware of the ongoingdialog
betweerB andA. However, we laterdiscusswvhy inform-
ing the neighborhoodcan be expensve, especiallyunder
heavry traffic. We arguethatnot informing neighborsex-
plicitly of animminentcommunicationcanfavor perfor
mancemprovement.This motivatesthe designof ToneD-
MAC.

I1l. PRELIMINARIES
A. AntennaModel

We assumea switchedbeamantennasystem. The as-
sumedantennamodelis comprisedof NV beampatterns
(N = 4 in Figure 2), sometimeseferredto as radiation
patterns.An exampleradiationpatternis shavn in Figure
2 — a high gain main lobe pointstowardsa certaindirec-
tion, andlow gainsidelobesspreadover otherdirections.

The antennasystemoffers two modesof operation:
Omni and Directional We assumethat a node can op-
erateonly in onemodeat a giventime, but cantogglebe-
tweenmodeswith ngligible lateng. In Omnimode,after
a signalis detectedthe antennadetermineghe beamon
which thereceved signalpower is maximum. Therestof
thepacletis thenrecevedby usingthis beam.We assume
thatin omnimode,signalsarerecevedwith againG°. An
idle nodestaysin the Omnimode.In Directionalmode,a
nodecanselectonly oneof its beamsandbeamformwith
a main lobe gain of G¢, G > G°. The expressionthat
relatesthe mainlobe transmitandreceve gains(Gr and
GR), to thetransmitandreceve powvers(P; and Pg) is as
follows [21]:

— PrGrG
Py = £554Cn

— (4dmry\2
Ly =(5F)

Theterm L, is anadditionalpathlossfactorto account
for atmospheri@bsorptionphmiclossesetc. L,,, is called
thefreespaceoss causedlueto spreadingf transmitted
waves. \ is the wavelengthof the transmittedsignalsand



r is the physicaldistancebetweerthe transmitterandthe
recever. Notethat Gy andGg aretransmitandreceve
gainsalongthestraightline joining the transmitterandre-
cewer.

The physicaldistanceover which two nodescancom-
municates proportionalo the productof thetransmission
andthereceptiorgain. As aresult,directionalantennasf-
fer the capability of rangeextension. Put differently two
nodesin omni modemay be out of communicatiorrange
becausehe productof their omnidirectionaltransmitand
receve gains,(G° x G°), is notlargeenough However, if
oneof the nodesbeamformsn the directionof the other
the new product,(G? x G°), may be suficiently large to
enabledirectcommunication.

B. DeafZone

The coverageregion, C;, of a beam,b;, is the region
over which a nodecan communicateusingbeams;. We
defineanodes neighborhoodegion, R, astheunionof the
coverageregions,over all v beams.Thedeafzonecorre-
spondingto beamb; is definedas® — C;. In otherwords,
the portionof the neighborhoodegion from which anode
doesnotreceve signals while beamformedisingbeam;,
is the deafzoneassociateavith beams;. From Figure2,
nodedN1, N2, andN3 arelocatedn thedeafzoneof beam
bs of nodeA. NodeNS5 lies outsidethe neighborhoode-
gion, andthereforeoutsidethe deafzone.

IV. PROBLEM OF DEAFNESS

This sectiondescribeghe problemof deafnessprigi-
nally identified (but not further investigated)in [1]. We
choosean existing directionalMAC protocol,DMAC [1],
andshav how deafnesganadwerselyaffect protocolper
formance. We proposesimple solutionsto deafnessand
exposehow new problemscanariseasaconsequencedur
obserationsmotivatethe designof ToneDMAC.

A. DirectionalMAC (DMAC) protocol

In principle, DMAC is similarto IEEE 802.11,adapted
for useover directionalantennas.In describingDMAC,
we referto asendemnodeasS andtherecever nodeasR.

« PhysicalCarrier Sensingand Badoff

When using DMAC, physicalcarriersenseis performed
in the directionalmode, using the samebeamthat must
be usedfor the immediatecommunication.If the carrier
is senseddle for a DIFS duration, DMAC requiresthe
nodeto choosea bacloff intenal, in a fashionsimilar to
802.11. The sendemustremainin the directionalmode

while countingdown its bacloff counter— this will bere-
ferredasdirectionalbacloff. If the carrieris sensedusy
during the count-devn, the node deferstransmissiorfor

later and switchesback to the omnidirectionalmode. If

the carrierremainsidle, the sendemodeinitiateschannel
reseration.

« ChannelReservation

Channelreseration in DMAC is performed using an
RTS/CTShandsha, bothbeingtransmitteddirectionally
SenderS transmitsa directional RTS (DRTS) meantfor
therecever R. An idle nodelistensto the channelomni-
directionally Whenit receves a signal arriving from a
particulardirection,it lockson to thatsignalandreceves
it. AssumingthatR wasidle, it recevesthe DRTS from
S.Usingasuitablebeamto reply to S, nodeR transmitsa
directionalCTS(DCTS)3

NodesotherthanS andR, thatoverheathe RTS and/or
CTS, rememberthe directionsfrom which the resera-
tion messagearrived. Thesenodesdefertheir own trans-
missionsin thesedirections, for the proposedduration
of transmissionbetweenS and R. This is called direc-
tional Virtual Carrier Sensing19],[1]. Directional NAV
(DNAV) tablesmaintainthe virtual carrier sensinginfor-
mation. To ensurethat a nev communicationis not ini-
tiatedin the directionof an ongoingcommunicationthe
transmittermustfirst consultthe DNAV table. Only if the
DNAV checkis successfulyill thenodeproceedo phys-
ical carriersensdn thatdirection.

o DATA/ACK exchange

Theexchangeof DATA/ACK pacletsis similarto 802.11,
exceptthatthey aretransmitteddirectionally After trans-
mitting the RTS, the sendelS waitsfor the CTS, usingthe
beamthatit hadusedto transmitthe RTS. If the CTS ar-

riveswithin aCTS-timeoutluration,Stransmitshe DATA

paclet directionally R acknavledgessuccessfutiatare-

ceptionwith a directional ACK. If the CTS doesnot ar-

rive within thespecifiedimeoutduration,S chooses new

bacloff valuefrom a doubledContentionWindow, counts
down this bacloff value,andretransmitsthe RTS (simi-

lar to 802.11).Oncethe exchangeof DATA/ACK paclets
areover, both S andR switch backto the omnidirectional
mode.

B. Deafnessn DMAC

To shawv theimpactof deafneson DMAC, let us con-
siderFigure3. Assumethatall nodesareidle andthatB

3DMAC [1] assumethata higherlayeris responsibléor directional
neighbordiscovery.



intendsto transmita datapacletto A. DMAC requiresB
to beamformin thedirectionof A, anddetecif thechannel
is idle for a DIFS duration.If the channelis foundidle, B
proceeddo the bacloff phaseandcountsdowvn the back-
off counterwhile still beamformediowards A. Obsere
that while B is countingdown its bacloff counter node
X may intendto communicatavith B. If X completests
own bacloff beforeB andtransmitsanRTSto B, B would
not receve the RTS. In the absencef areply from B, X
would repeatedipacloff andretransmitheRTS, until the
dialogbetweerB andA is over. Unproductve retransmis-
sionsis anoutcomeof deafness.

Now considerthe casewhereB hasmultiple pacletsto
transmitto A. OnceB hasfinishedtransmittingthe first
paclet, it immediatelyprepareso transmitthenext paclet
by beamformingn the directionof A, andthenrepeating
the sequenc®f DMAC operationspnamely carriersense,
bacloff, DRTS, DCTS, etc. Note thatunlessB is in the
omnimode,X would not be ableto communicatewvith B.
WhenusingDMAC, B would notswitchto theomnimode
until it hasfinishedtransmittingall its queuedpacletsfor
A. If B remainsbackloggedor a long time, X may end
up droppingthe paclets meantfor B. A scenariois pos-
siblewherenodeY intendsto communicatevith nodeX.
If X hasmultiple paclets queuedfor B, it would remain
engageckitherin directionalbacloff or in transmittinga
directionalRTS. Y would experienceprolongeddeafness,
until X hasdroppedall its paclets. A chainis possible
in which noneof the nodescommunicatesuccessfully- a
“deadlock”. This is a seriousproblem,causedvhenthe
intendedrecever of anodeis itself atransmitter

Fig. 3. An examplescenaridn multi-hopadhocnetworks.

Oncethedirectionalbacloff phasehasbeencompleted,
DMAC requiresB and A to exchangethe DRTS/DCTS
paclets. From Figure 3, obsere thatnodesX and C (in
the neighborhoodegion of B andA, respectiely) do not
receve eitherof thesepaclets,andremainunavareof the
ongoingcommunication. Deafnessrisesif C intendsto
initiate communicationwith A. Notice that the intended
recever of C (i.e., A), is itself arecever of anothercom-
munication. C may attemptmultiple transmissionsvhile
A is engagedn receving DATA pacletsfrom B. Because

of thelongertransmission-durationf DATA paclets,the
possibility of deafnesss proportionallyhigher Repeated
failure to communicateo A, cause<’s contentionwin-
dow to grow exponentially

Now considera point of time whenthe dialog between
B and A is over. Due to the exponentialgronth of C's
contentionwindow, it is likely that nodeC haschosena
large bacloff value. C continuesto countdown its back-
off duration, althoughnode A hasswitchedbackto the
omnidirectionalmode,andis no longerdeafto C. In the
meantimejf B hasmorepacletsqueuedor A, it chooses
a bacloff durationfrom the minimum bacloff interal,
[0, CWin]. With a high probability this choserbacloff
would belessthanC’sremainingbacloff duration.There-
fore, B countsdown its bacloff durationfirst, andinitiates
successfutommunicatioronceagain. Later, whenC re-
transmitsthe DRTS, it onceagainrecevesno reply from
A. Retransmissionsay continueseveraltimesuntil C has
reachedts RTS-retry-limit. At this time, C is forcedto
dropthe DATA paclet. If C hasmore pacletsto sendto
A, it choosesa new (andpotentiallysmaller)bacloff du-
ration from the intenal [0, CW,,,;,,] and begins counting
down. However, choosinga small bacloff doesnot en-
surechannelaccess.Obsere thatif B is communicating
with A while C hascounteddown the small bacloff, the
entireprocessnayrepeat.Simulationsshav thatin asim-
ple 3 nodescenarioC may drop seseral pacletsbeforeit
successfullytransmitsa pacletto A. Interestingly onceC
succeed$n communicatingwith A, the problemof deaf-
nessappearsatB. B is now locatedin the deafzoneof A.
B dropsmultiple pacletsbeforeit getsfortunateenougho
stealchannehcces®ackfrom C. Multiple pacletdropsat
the sourcenode,without actualcongestioror link failure,
canadwerselyaffect performanceHigherlayer protocols,
that usepaclet dropsasindicatorsof the network condi-
tion, may be misled. End-to-endthroughputand lateng
candeggrade .We quantifytheseimpactsin SectionViIl.

Unfairnesds alsoan outcomeof deafnessWhenmul-
tiple nodes(say C andF in Figure 3) attemptto commu-
nicatewith nodeA, the nodethatwins channelcontention
retainsthe privilege to accesghe channefor along time.
Althoughthereceverremainsousyalmostall thetime, the
transmittemodesexperienceshort-termunfairness As we
shaw later, the varianceof the end-to-enddelayincreases,
whichin turn affectsthroughput.

C. AddressingDeafness

A rathersimplestratgy to alleviate (or avoid) deafness
couldbeto transmitthe RTS/CTSomnidirectionally Om-



nidirectionalneighborof thecommunicatinghodesvould
be informed of the ongoingdialog, andtherefore,would
refrainfrom initiating communicationConsideranexam-
ple scenarioin Figure4. NodesX, F, andC receve the
omni-RTS and/orCTS pacletsfrom B and A, and defer
their own transmissionsowardsB andA for the proposed
duration.Deafnessloesnot appear

Fig. 4. A scenariao illustratethe problemswhenusingomni-
directionalmodefor DMAC protocols.

However, severaltradeofs arise.
1. UsingomnidirectionaRTS/CT Slimits therangeexten-
sion capability of directionalantennas.Node B may no
longercommunicatedirectly with nodeY, otherwisepos-
sible when using DRTS/DCTS.Networks may get parti-
tioned. Routesmay grow longerbecausef shorterlinks,
affectingthroughputanddelay
2. Evenif rangeextensionis sacrificedby transmitting
omnidirectionalRTS/CTS, problemsstill remain. Con-
siderthe casewherenodeC recevesan omni-CTSfrom
A, andrecordghedirectiontowardswhich it mustnotini-
tiate communication.Now, if C intendsto communicate
to nodeD, it musttransmitan omni-RTS itself. DNAV
restrictionsat C inhibits ary transmissiontowards A —
thereforean omnidirectionaltransmissiormustbe inhib-
ited. Thisleavestwo choiceso nodeC — (i) to defertrans-
missionuntil the dialog betweenB and A is over, or (ii)
to transmitadirectionalRT S towardsD in orderto respect
the DNAV restrictions. The first option sacrificesspatial
reuseakey advantageof directionalantennasCommuni-
cationsthatarepossiblesimultaneouslygetserializedover
time —awasteof network capacity Thesecondptionsuf-
fersfrom deafnesgagain.Obsenre thatnodeF doesnotre-
ceivetheDRTStransmissiorirom Cto D, andthus,canat-
temptcommunicationio C. SinceC wouldbebeamformed
towardsD, it would fail to receve F’'s RTS. F would con-
tinue reattemptingvithout successDeafnessemainsun-
resohed.

V. TONEDMAC — ProTOCOL DESCRIPTION

The key contrikution of ToneDMAC lies in the useof
multiple tonesto alleviate deafness. We obsenred that
deafnes®ccursprimarily becausatransmittelis unavare
of the actiities of its intendedrecever. The main idea
of our protocolis to inform a nodes neighborhoodf its
actvity, throughomnidirectionaltone-notification.Nodes
that experiencedeafnesanay use thesenotificationsto
suitably scheduletransmissiondo its intendedrecever.
Previous proposalsin directional MAC have used“busy
tones”to replaceRTS/CTS,or to alleviate hiddentermi-
nal problems[12],[22],[23]. We usetonesfor a different
purpose. We detail the ToneDMAC protocolin this sec-
tion. Thescenarian Figure5 hasbeenusedfor protocol
description.

In ToneDMAC, the commonchannelis split into two
subchannels:a datachannelanda narrav control chan-
nel. RTS, CTS, DATA, andACK pacletsaretransmitted
on thedatachannel.The tones(essentiallysinusoidswith
suflicient spectralseparationre assignedn the control
channel.We assumehatanidle transceter is capableof
tuningto ary tone/signathatarriveseitheron the control
or datachannel.

A. Carrier Sensingand Badoff

ConsiderFigure5b. If nodeB intendsto initiate a trans-
missionto nodeA, it beamformsn thedirectionof A and
performsdirectionalphysicalcarriersensing.If thechan-
nelis idle, B selectsa bacloff duration,uniformly chosen
from anintenal of [0,CW,,;»]. Unlike DMAC, ToneD-
MA C requiresanodeto switchbackto theomnidirectional
mode while performingthe bacloff countdevn. While
backingoff in theomnidirectionamode,anodesenseshe
channelasbusy only if a signalarrivesfrom the direction
in which the nodeintendsto transmit. However, if aRTS
or CTSarrivesfrom otherdirections,a nodewill becapa-
ble of recevving them. This mitigatesthe“deadlock”prob-
lem arisingfrom directionalbacloff, discussedh detailin
the previous section.Whenthe bacloff countsuccessfully
reachezero,B proceeds$o channekesenation.

B. ChannelReservationData Communication

To exploit rangeextension,ToneDMAC requiresnode
B to transmita DRTS, to which A replieswith a DCTS.
The channelreseration and datacommunicationphases
are similar to DMAC. DATA and ACK paclets are ex-
changeddirectionally Nodeslike F, that overhearthe
DRTS and/orDCTS, updatetheir DNAV tablessuitably
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Obsere that nodeslike X and C, locatedaway from the
beamformedlirectionof B andA respectrely, do notre-
ceve eitherof DRTS or DCTS paclets, and remainun-
aware of the communicatiorbetweenB andA. Oncedi-
rectional DATA/ACK exchangeis accomplishedpoth B
andA switchbackto the omnidirectionaimode.

C. ToneTransmission

After exchangingthe DATA/ACK, andswitchingback
to the omnidirectionalmode,nodesB andA initiate tone
transmission.Tonessere asindicatorsthat nodesB and
A wererecentlyengagedn communication.A neighbor
ing node,C, unableto communicatevith A in the mean-
while, canutilize thetonefrom A, asanindicationof re-
centdeafnessRealizingdeafnessC cansuitably modify
its retransmissiostratgy. The motivation of usingtones
(insteadof explicit control paclets) is asfollows. Con-
trol paclets,however small,areprependedvith a physical
layer PLCP preambleand headerfor recever demodula-
tion. Togetherthe preambleandthe headelconsumenul-
tiple time slotsfor every transmittedpaclet. This leadsto
excessve wastagen channebandwidth.Tonesovercome
this problem. However, a tradeof arises. Sincetonesdo
notcontaininformation,anodemaynotbeableto identify
thesendef atone.However, to determinavhetherits in-
tendedrecever is deaf,a nodeneedgo correctlyidentify
this sender As an example,C mustignore tonestrans-

mitted by D, andreactto tonesthatarrive only from A%,
Clearly correctidentificationmaynot be possiblef asin-
gle toneis usedby all the nodes. Ambiguitiesmay arise,
leadingto misclassification.

In ToneDMAC, we usea group of tonesand different
transmission-duratian to reducethe probability of mis-
classification. A node: choosesa tone 7; from a set of
K tones,and an integer time durationt; from an inter
val [1,T]. Thetuple(r;,t;) senesasthesignatureof node
1. Thevaluesof 7; and¢; arestatichashfunctionsof the
nodes identifier We assumehat a higherlayeris capa-
ble of assigningconsecutie identifier’s to nodes,so that
thetuple(;,t;) canbeuniformly distributedoverthenode
identifier space.A simplehashfunctionis usedto assign
(74,t;) to anodei.

=@ mod K)+1
t;=@modT)+1

NodesB andA now transmittheir correspondingones
in the omnidirectionalmode. To cover the neighborhood
region, the transmitpower of the tonesare suitably in-
creased NodeB transmitsrg for ¢t slots,nodeA trans-
mits 74 for t4 slots. Obsenre that DNAV restrictionsare
notappliedto thecontrolchannel.

“Obsere thatnodesD andA might be engagedn distinctdialogs—
D to E andA to B. Tonestransmittecby boththesenodeswould arrive
atC.
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Fig. 6. A finite statemachinefor ToneDMAC.

D. ToneChek

On receving a tone, a backloggednode needsto
checkwhetherthe tone originatedfrom its intendedre-
ceiver. Basedon thetonefrequeng andthetransmission-
durationsjt mightbepossibleo deducehenodeidentifier
of thesource with reasonabl@ccurag. Falsealarmsmay
occurwhen(i) two or moreneighborsof anodearehashed
toidenticalsignaturegr,t), or (ii) two neighborswith sig-
naturediffering only in thevaluesof ¢, transmittonesthat
overlapin time. ToneDMAC utilizes antennacapabilities
to reducefalsealarms.In Figure5, assumehattheiden-
tifiers of nodesA and D mapto identicalvaluesof (r,t),
say (14.t,). Also assumefor this example,thatA is the
sendeof thetone.Onreceving toner, for ¢, slots,C first
determineshebeamonwhichtherecevedsignalstrength
is maximum- the beamfacingnorth-eastn this case.As-
sumingthatnodeC is awareof its neighborooneachbeam,
it canimmediatelyeliminateD, asthe potentialsenderof
thetone. Of course,if both A andD werelocatedon the
samebeam,accurateclassificatiorwould not be possible.
Simulationresultshave shavn thatunderreasonabl@ode
density with K = = 3, and beamwidth = 60°,
probability of misclassificatioris small.

OnceC infersthatthe toneis from nodeA, it realizes
that A wasdeafin therecentpast. If C doesnotintendto
communicatavith A, it ignoresthetonecompletely Oth-
erwise,C entershe ReselecBadoff phase.

E. ReselecBadoff

Once a backloggednode infers that a overheardtone
originatedfrom its intendedrecever, it preemptsts cur
rentbacloff countdevn, resetsts contentionwindow toits
minimumvalue, CW,,.;,,, andselectsa new bacloff from
theintenal [0,CW,,;»]. Thenodenow entersthe carrier
sense/baakf phaseasshawvn in thetimelinein Figure5.

Clearly basedon thetonenotificationfrom nodeA, node
C now hasa fair chanceto win channelcontention— as-
sumingB hasmore pacletsto sendto A, bothB andC

choosebacloff valuesfrom the samecontentionwindown

[0, CWin]. Obsere in Figure5 the “ProjectedBacloff

Duration” of nodeC. The “ProjectedBacloff Duration”
shaws the duration over which C would have continued
backingoff in the absencef thetones.As aresult,node
B would have won channelcontentionyet again. Clearly,

ToneDMAC ensuresa higher degree of fairness. More-
over, paclet-lossprobabilityreduceghroughexplicit tone-
basedatificationsfrom deafnodes.Figure6 shavs apar

tial finite statemachine summarizingrloneDMAC.

VI. PERFORMANCE EVALUATION

We use the Qualnetsimulator [24], version 3.1, for
simulatingToneDMAC. We compareour protocolmainly
with DMAC [1], andquantify someof the key impactsof
deafnes®n mediumaccessontrol. The transmitpower
is assignedn a way suchthat the communicatiorrange
of directionaltransmissionss approximately300 meters.
The assumediatarateis 11 Mbps. We have usedboth
UDP and TCP traffic in our experiments.Sourcesareal-
waysbackloggedinlessmentionedotherwise.We do not
considemobility.

o ® N

Scenario (i) Scenario (ii)

Fig. 7. Scenariosffectedby deafness.

A. SimulationResults

Deafnessnayarisein two typesof scenariogFigure?)
— (i) whenmultiple sendersntendto transmitsimultane-
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Fig. 8. Behavior of thebacloff valuesagainstime, for scenarid(i). Successfupackettransmissionfiave alsobeenmarked.

ously toacommorrecever, and(ii) whentheintendede-
ceiver of atransmissions itself busytransmittingin some
other direction. The arraws in Figure 7 indicate single
hop flows. We comparethe performanceof DMAC and
ToneDMAC for thesesimplescenariosandthenshawv the
overall effectsin larger multi-hop networks.

As discussedpreviously, ToneDMAC differs from
DMAC primarily in two ways— (i) OmnidirectionaBack-
off and(ii) ToneFeedbacksTo understandheindividual
benefitsof eachof thesefactors,we simulateda protocol
called ZeroToneDMAC. As explainedlater, ZeroToneD-
MAC is identicalto ToneDMAC, exceptthatit doesnot
usetones.Putdifferently ZeroToneDMAC canbeviewed
asDMA C with omnidirectionabacloff.

We begin evaluationof ToneDMAC, with ananalysisof
scenariq(i). Laterwe will discussscenariq(ii), andpoint
outimportantdifferencesn performance.

» Scenaridi)

WhenusingDMAC, Figure8 shavs thevariationof back-
off valuesagainsttime, for nodesl and3. (Pleasenote
thatthe graphsin Figure 8 are plottedusing a stepfunc-
tion. For example,if bacloff valuesB1 andB2 arecho-

senat timest; andt,, thena horizontalline at a height
of B1 extendsfrom time ¢; to ¢, followed by ajumpto a
heightB2, at time ¢5). Evidentfrom Figure8, the back-
off valueof oneof the nodesremainssmallfor alongin-
tenal of time, while that of the other continuesto grow.
Thenodewith smallerbacloff communicatesuccessfully
to the commonrecever, while the othernodeexperiences
prolongeddeafness After multiple paclet transmissions,
the situationreverses. Figure 8 captureshis behaior of
DMAC. Obsenre thatnode3 loseschannekcontentionini-
tially, andis forcedto choosencreasinglylarger bacloffs.
Nodel repeatedlywins channekontentionandtransmits
paclets backto back— shavn by the sequencef “cross”
markson the graph. Later, node3 getsfortunateenough
to completecountingdown earlierthannodel, andsteals
channelccessNodel now suffersfrom agrowing back-
off, while node3 transmitsmultiple pacletsin sequence
(shavn by “plus” markson the graph). The alternation
continues A trendis visible wherebyeachnodetransmits
multiple pacletsonceit grabsthe channel.Clearly short-
termunfairnesss an outcomeof DMAC. Figure8 shavs
thevariationof bacloff valueswhenToneDMAC is used.
As evident, bacloff valuesremainlow andchanneklccess
is performedwith reasonabléairness.Also, asdiscussed
belawv, paclet dropsarefewerwhenusingToneDMAC.
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ToneDMAC: Sequence of packet drops for 3 transmitters and common receiver
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(b) Pacletdropswith ToneDMAC

Fig. 9. Packetdropdueto deafnessn DMAC andToneDMAC for scenariq(i), usingUDP traffic

Theimpactof deafnesss accentuatedhenmorethantwo

transmitterantendto transmitto a commonrecever. In

suchscenariopacletdropsincreaséecausatransmitter
mustattemptmary moretimesbeforeit canwin channel
contention Putdifferently anodemustbeluckier thanall

its contenderdo be ableto successfullyinitiate transmis-
sion. We measuregaclet dropsfor a scenaricsimilar to

scenariq(i), but with 3 transmittergransmittingto a com-
monrecever. Theresultsarepresentedn Figure9. Asin

IEEE 802.11,we usedC'W,,,;, = 31, CWpae = 1023,

andRTS-Retry-Limit= 7. ToneDMAC dropsfewer pack-
etsin comparisonto DMAC. When using equalsending
ratesfor all the flows, we obsered approximately2.5%
paclet dropsin DMAC, comparedto 0.25% in ToneD-
MAC. Whendifferentsendingratesare assignedperfor

mancedegradedurther If oneof thetransmitterss always
backloggedndanotheiis not, paclet dropratefor thelat-

ter increasesignificantlyin DMAC. Whenusing ToneD-
MAC, thedegradationis negligible.

We now evaluatethroughput. Figure 10(a) shaws the re-
sultsof simulatingUDP traffic for scenarid(i). The send-
ing ratesare equalfor both transmitters.With all the ad-
verseeffectsof deafnesdDMA C achievescomparablger
formancewith ToneDMAC®. This happendecausef the
following reason Over areasonablyong intenal of time,
the aggr@atethroughputis determinedby the fraction of
time the “commonrecever” remainsbusy Obsere that
for both DMAC and ToneDMAC, the recever receves
pacletsatsimilarrates.Thedifferencdiesin thesequence
in which channeis accessedndtherateat which paclets

SDMAC andZetoToneDMAC performsalmostidentically because
the advantageof omnidirectionalbacloff is not exploited in scenario

Q).

aredropped. UDP traffic simulationsdo not reflectthese
effects.

In termsof averageend-to-endielay the performancesf
DMAC and ToneDMAC aresimilar. Again, whenusing
DMAC, paclets that remainqueuedfor a long time due
to deafnessaretransmittedin quick successioroncethe
node wins channelcontention. The lateny getsamor
tized over multiple paclets. The end-to-enddelay aver-
agedover all paclets, is thereforecomparablego that of
ToneDMAC.

o Scenaridii)

We now considerscenario(ii), asshavn in Figure 7(b).
Figure 10(b) shawvs aggregate throughput obtained by
DMAC, ToneDMAC, and ZeroToneDMAC. Unlike sce-
nario (i), ToneDMAC and ZeroToneDMAC outperform
DMAC underheavy traffic. Thereasonfollows from our
previous discussions. Under heavy traffic, transmitters
are always backlogged. Whenusing DMAC, node3 re-
mainsbeamformedowardsits intendedrecever, almost
all the time (recall that carriersense pacloff, and paclet
transmissionsareall performedn thedirectionalmodein
DMAC). As aresult,node?2 repeatediyfails to establish
communicatiorwith node3. Moreover, node?2 alsore-
mainsin thedirectionalmode sinceit is eitherbackingoff
or retransmittinga DRTS. Clearly nodel cannever ini-
tiate successfutommunicatiorto 2. While node3 com-
municatesnodesl and 2 drop large numberof paclets.
If node3 finishestransmittingall the paclets,node2 gets
a chance. Only after node 2 finishestransmittingall its
gueuedpacletsto node3, doesnodel acquirechannekc-
cess.Clearly deafnesgancausedarge numberof paclet
dropsin suchscenarios.Figure 10(c) indicatesthat per
centageof paclet dropsincreasedrasticallywith increase
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Fig. 10. Performanceomparisorfor DMAC andToneDMAC for scenariogi) and(ii), usingUDP traffic

in sendingrate at the sourcenode. Furthermore spatial
reuseof the channelreduces- the 3 flows in scenariq(ii)
areserializedovertime. WhenusingToneDMAC andZe-
roToneDMAC, recallthat nodesremainin the omnidirec-
tional mode during the bacloff stage. As a result, two
communicationsake placesimultaneously- oneinitiated
by node 1l andthe otherby node3. This enhancespa-
tial reuse,andreducegaclet drops. ToneDMAC clearly
outperformsDMAC in termsof aggrgatethroughputand
paclet drop rate. End-to-enddelay is also lower with
ToneDMAC. ZeroToneDMAC performscomparablywith
ToneDMAC becausdhe benefitof tonesis not conspic-
uousin a topology like scenario(ii). Since both Zero-
ToneDMAC and ToneDMAC usesomnidirectionalback-
off, they both alleviate the “deadlock” problemdiscussed
earlier We evaluatelarge multihop networks next, and
shav how the higherimprovementsanbeachieredwhen
usingToneDMAC.

o Multi-hop Networks

Figure 11 shaws protocol performancewhen multi-hop
UDP traffic is simulated,in a network of 30 nodes. The
nodeswere placedrandomlyin a region of 1500 x 1500
m?. Randomsourcedestinationpairs were chosenfor 5
flows, and minimum-hoprouteswere assignedstatically
WeusedK = 4 andT = 3 (i.e., 4 tonesand maximum
3 slots)for ToneDMAC. The simulationresultsare aver
agedover 25 runs. Figure 11 indicatesthat, ToneDMAC
attainshigheraggreatethroughpuicomparedo DMACS.
Thereasonis attributedto the frequentoccurrencef sce-
narios(i) and(ii) in large networks. The resultalsoim-
plies that when using ToneDMAC, tone misclassification
andbandwidthwastaggdueto controlchannelkignaling)
doesnotdegradethe performancef ToneDMAC.

SDMA C outperformdEEE 802.11in similarscenariosshavn in [1].

Aggregate throughput for multihop flows
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Fig. 11. Throughputcomparisorfor multi-hop flows in a ran-
domnetwork.

The improvementof ToneDMAC over DMAC may be
attributed to two main modifications— (1) notification
from tonesand (2) omnidirectionalbacloff. To evalu-
ate the individual benefitsof eachmodification,we sim-
ulated ToneDMAC, without the tones(i.e., K = 0 and
T = 0) — called ZeroToneDMAC. The performanceof
ZeroToneDMAC is indicative of the benefitsderived sim-
ply from omnidirectionalbacloff. The differentialof Ze-
roToneDMAC andToneDMAC is, approximatelyindica-
tive of the gainsdueto implementingtones. Figure 11
shavsthethroughpubof ZeroToneDMAC, whensimulated
in multihop networks. Clearly wherever casedike sce-
nario (ii) appearedn the network topology both Zero-
ToneDMAC andToneDMAC benefittecddueto omnidirec-
tional bacloff. Wheneer casessimilar to scenariq(i) oc-
curred, ToneDMAC outperformedZeroToneDMAC (and
DMAC) dueto the additionaltone feedback. Moreover,
caseswherepaclets were forwardedover multiple hops,
ToneDMAC proved to be beneficialover the other pro-
tocols. To illustrate this, considera casewhere source
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nodesS intendsto communicatewith destinationnodeD,
throughanintermediatenodel. ConsideiZeroToneDMAC
or DMAC in this situation.While nodel forwardspaclets
to nodeD, obsenre thatnodeS would continueto retrans-
mit to I. As explainedearlier nodeS would exponentially
increaseits contentionwindow uponeachfailure. Since
S’s bacloff window canquickly grow to a large value, S
would bacloff evenwhile nodel hasfinishedforwarding
the paclet to D. After acomparatrely longertime (when
countdevn hasfinished)S initiatescommunicatiorwith .
Clearly slots are wastedin unnecessaryacloff. When
usingToneDMAC, Srecevesatonefrom | andtherefore
caninitiate communicationrsooner Consequentlyhigher
throughputcanbe attainedusing tone-notifications.This
is evidentfrom Figure11. Fairnessamongthe flows were
alsoobseredto behigherin ToneDMAC comparedo Ze-
roToneDMAC andDMAC.

The outcomeof mitigating deafnessanay provide addi-
tional adwantagesvhen network layer issuesare consid-
ered. For example,fewer paclet-dropsmay trigger fewer
routeerrors.Suboptimalouteselectioncausediueto un-
heardroute-discwery paclets,affectsend-to-endhrough-
putanddelay[13]. ToneDMAC may alleviate suchprob-
lems. The resultspresentedn this paperdo not reflect
suchpotentialperformancegains. Evaluatingthe impact
of ToneDMAC on the network layeris outsidethe scope
of this paperandis apartof our futurework. Howeverwe
believe thatwhena suitablerouting protocolis executed,
ToneDMAC would outperformDMAC evenfurther

o TCPin singleandmulti-hopnetworks

For thecommonrecever scenariothe averageend-to-end
delayfor ToneDMAC wasobsered to be comparabldo
DMAC. As discussectarlier pacletsthatwerequeuedor
alongtime dueto deafnessweretransmittedn quick suc-

cessioroncethenodewonchannektontention As aresult,
lateny gotamortized]eadingto comparableverageend-
to-enddelay However, in additionto the “average”,the
“variance”of perpaclet delayis alsoanimportantmetric
that needsto be compared. Figure 12(a) comparesper
pacletend-to-endlelay (Graphdor ZeroToneDMAC has
not beenplottedbecausét is almostidenticalto DMAC).
Theend-to-enddelayis calculatedasthelateny from the
time a paclet is dispatchedat the sourceapplication,till
the time the paclet is receved at the destinationappli-
cation. Figure 12(a) shavs how DMAC'’s delayis char
acterizedby large fluctuations.Whenusing ToneDMAC,
the perpaclet delaysvary within a smallrange—toneno-
tifications schedulenodesto accesshe channelwith in-
creasedegularity. As aresult,thevarianceof ToneDMAC
is smallerin comparisorto DMAC. To emphasizeheim-
portanceof smallervariancein end-to-enddelay we now
comparehetwo protocolsunderTCPtraffic.

Figure12(b)shaws resultswhen3 transmittergransmitto
acommonrecever. ToneDMAC achiereshigherthrough-
put than DMAC, even for the “common recever” case.
Thishappen®ecauséheroundtrip time (RTT) estimation
of TCPdepend®nthevariancen end-to-endransmission
lateny. WhenDMAC is usedattheMAC layer, thehigher
varianceand recurringpaclet dropsdegradesystemper
formance. ZeroToneDMAC, which alsosufers from the
sameproblemsasDMAC, shavs almostidenticalthrough-
put variationasDMAC. Figure12(c) shavs theresultsof
simulationwhenalarger network is used. Thenodeswere
placedrandomlyin a region of 1500 x 1500m?. Ran-
domsourcedestinatiorpairswerechoserfor 4 flows, and
minimum-hoprouteswereassignedtatically Theaggre-
gatethroughputachiered by ToneDMAC is higherthan
ZeroToneDMAC, whichin turnis higherthanDMAC, in-
dicating that the impact of deafnesss acuteunder TCP



traffic. Theimprovementcanbe attributedto frequentoc-
currencef scenariogi) and (i), and ToneDMAC’s ef-
ficagy to alleviate deafnessn both thesescenarios.Also
obsere thatwhenusing multihop flows, the benefitfrom
tonenotificationss evenmorepronouncedRecallthesce-
nario wheresourcenodeS intendsto communicatewith

destinatiomodeD, throughanintermediatenodel. When
usingDMAC or ZeroToneDMAC, while nodel forwards
pacletsto nodeD, nodeS would continueto retransmito
I, andincreaseits contentionwindow upon eachfailure.
SoonS’s contentionwindow grows to alarge value,lead-
ing to large bacloff durations. Therefore,S would con-
tinueto bacloff evenwhile nodel hasfinishedforwarding
the paclet to D. Clearly delay increaseswhich in turn
affectsthe RTT, andthusthe throughput. While we dis-
cussedanidenticalscenaridor UDP flows, the impactis
more pronouncedvhen using TCP. When using ToneD-
MAC, S receves a tone from | and thereforecan initi-

atecommunicatiorsooner As evidentfrom Figure12(c),
performancémprovesover ZeroToneDMAC, andfurther
over DMAC. In otherwords, ToneDMAC evidently out-
performsZeroToneDMAC and DMAC, in multi-hop ad
hocnetworks.

VIl. FUTURE WORK

While proposingthe ToneDMAC protocol, we modi-
fied IEEE 802.11to suit a directionalantennasystemat
the physicallayer However, it is not clear that modi-
fying 802.11is optimal in termsof performance. MAC
protocols,designedspecificallyfor directionalantennas,
may prove to be more efficient. For example, it is un-
clearwhetherCSMA/CA protocolsare appropriatevhen
usingdirectionalantennasTime division multiple access
(TDMA) schemesnight prove to be moreeffective. Even
if CSMA/CA principlesare used,it is unclearwhether
RTS/CTSexchangeqasin 802.11)are necessary- with
narraw beamwidthsbandwidthwastagedueto RTS/CTSs
might exceedthe gainsfrom channelreseration [7]. Di-
rectional carriersenseis anothermechanismthat might
not be meaningfulwhenusingdirectionalantennasCon-
siderascenaridn which nodesA, B, andC aresituatedn
a horizontalline, andB communicatingo C. If A intends
to communicatewith C, and doesnot have a DNAV set
towardsC, it beamformdn the directionof C andcarrier
senses- thisis donein DMAC, ToneDMAC andin mary
existing directionalMAC protocols.Clearly A would not
senseB’s transmissiorto C, and might be led to believe
thatit cantransmitan RTS to C. A collision is likely at
C. Otherscenariosnay exist, wherecarriersensingn the
direction oppositeto the direction of intendedtransmis-
sion,canbeuseful. Furthermorebinaryexponentiaback-
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off (BEB), as performedon paclet collisionsin 802.11,
may not beasuitablepolicy whenusingdirectionalanten-
nas. BEB assumeghat a CTS doesnot arrive from the
intendedrecever becauseof a collision. This is clearly
not true in view of deafnessas discussedn this paper
We planto take theseconsiderationgnto accountandex-

plore MAC protocols specificallydesignedor directional
antennasystemsWe intendto explore the possibilitiesof

usingtonesmoreeffectively, andanalysdaheeffectsof fad-
ing, interferenceetc. Thisis a partof our futurework.

VIIl. CONCLUSION

This paperaddressedeafnessanoutcomeof exploiting
beamformingcapabilitiesof directionalantennasA tone-
baseddirectional MAC protocol (ToneDMAC) hasbeen
proposedThe protocolusesanexplicit notificationmech-
anismto indicatethe endof a dialog. Notificationis im-
plementedby transmittinga carefully chosentone for a
suitablenumberof time slots. Nodes,waiting to trans-
mit, usethe tonesto alleviate the impactsof deafness.
Simulationresultsindicatethatundermulti-hop UDP traf-
fic, ToneDMAC performsbetterthanDMAC. WhenTCP
traffic is used,the performancebenefitsare even greater
Whenchannektontentionis high, ToneDMAC dropsfewer
pacletsin comparisorto DMAC — in additionto enhanc-
ing TCP performancethis might be a desiredmetric for
certainapplications.In summary ToneDMAC retainsthe
benefitsof beamformingwhile mitigating the adwerseef-
fectsof deafnes®n MAC layerperformance.
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