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Abstract

Oneof theattractivefeaturesof directionalantennas
is their higher channelreuse:by transmittingthe sig-
nal only in one direction, an antennaavoids interfer-
ing with communicationgoingon in theotherdirections
andfocusesmore of thepowerin theprimary direction.
In existingdirectionalMAC protocolsa singlequeueis
usedat theMAC layer; this is inheritedfromomnidirec-
tional implementations.However, while there is a single
channelstatein omnidrectionaltransmission(eitherthe
channelis busyor not), the stateof the channelvaries
with thedesireddirectionof transmissionin directional
antennas.Thus,existing implementationswhich usea
single FIFO queuepotentially leads to Head of Line
blocking if the mediumis busy in the direction of the
packetat thetopof thequeuebut is availablein otherdi-
rections.We proposea new queuingorganizationwhich
couldtakeadvantageof thechannelmoreeffectivelyus-
ing theunderlyingantennasystemby eliminatingHead
of Line Blocking. We also identify a problemwith the
directionalvirtual carrier senseimplementationdueto
side-lobesand provide a solution to it. Our resultsin-
dicatethat by usinga greedyapproach to schedulethe
packet which hastheleastwait timeincreasestheover-
all throughputand reducesend-to-enddelayconsider-
ably, especiallyunderheavyloads.

1. Intr oduction

Omni-directional Antennas(OAs) – antennasthat
spreadthe transmissionpower in all directionsaway
from theantenna– arethemostcommontypeof antenna
used in wirelessnetworks, including Mobile Ad hoc
Networks (MANETs). While theseantennasare inex-
pensiveandwell supported,they causesigni�cant chan-

nel underutilization: mostof the transmittedpower is
not directedtowardsthe receiver andendsup blocking
other potential transmissions.As a result, researchers
havebegunto exploreanalternative technology, namely
DirectionalAntennas(DAs) [10].

In DAs, thetransmissionenergy canbeformedinto a
beamataparticularangle.Thus,thetransmissionenergy
is focusedtowardstheusefulcommunicationdirection,
allowing other neighboringnodesto have concurrent
transmissionsin different directions,and signi�cantly
increasingthe channelcapacity. Anotherdesirablefea-
ture of DAs is the extendedrangeof the transmission
becausethe transmissionenergy is focusedmore nar-
rowly. Accordingly, the DAs appearto hold signi�cant
promiseof improving thecapacityof MANETs.

DAs presentuniquetechnicalchallengesthatarenot
presentin OA operation.As aresult,severalresearchers
have explored alternative Directional MAC (DMAC)
protocols[7, 1, 6,2, 8,3]. In addition,problemsin direc-
tionalantennaslikedeafness[4] androuting[1, 5, 2, 10]
have beenstudiedandsolutionshavebeenproposed.

In this paper, we identify anadditionalproblemthat
arisesin DAs: Head of Line (HoL) Blocking. More
speci�cally, MAC level useprioritizedFIFO queuesfor
packetsto be senton the medium.While this is �ne in
mostsharedmedia,includingOAs, it givesrise to HoL
blocking in directionalantennas.This effect occursbe-
causeit is possiblefor themediumto befreein somedi-
rectionsbut notothers.If apacketat thetopof thequeue
is blocked,it preventsotherpacketsfrombeingtransmit-
tedevenif their directionis free.

Considerthescenarioin Figure1 wherea nodeA is
communicatingwith nodesB, C and D. Let nodeA's
queuehavepacketsto nodeB,CandD waitingfor trans-
mission.NodesB andE areengagedin communication.
NodeA hasto wait till thecommunicationbetweennode
B andE is complete.This is logical if the packetsare
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Figure 1. Head of Line bloc king

being sent in omni-directionalmode.If nodeA starts
sendingpackets,thenit caninterferewith the ongoing
communicationbetweennodesB andE.However, in the
caseof directionalmode,thisdoesnotalwayshold true.
In theaboveexample,nodeA couldschedulethepacket
for nodeC insteadof waiting on nodeB. Accordingto
thebestof our knowledge,thereis no existing work on
discussingthe queuingpolicy to take advantageof the
directionalnatureof the transmission.This paperchar-
acterizesthis problemandproposesandevaluatesa so-
lution to it.

The contributions of this paperare: (1) We investi-
gate the performanceof an existing Directional MAC
(DMAC) layerandanalyzetheeffect of theHoL block-
ing; (2) Basedon our observations,we proposemodi-
�cations to theexisting DMAC andevaluateits perfor-
manceunderarangeof scenarios;(3)Wediscoveredand
correctedaninef�ciency in theneighbordiscovery pro-
cessof DMACthatcouldleaddestructivebehavior. Sim-
ulationresultsindicatethattheimprovedDMAC outper-
forms the existing DMAC in termsof throughputand
end-to-enddelay.

The remainderof this paperis organizedasfollows.
Section2 provides an overview of the directionalan-
tennamodelandtheMAC layerthatareassumedin this
paper. In Section3, the designand implementationof
the proposedprotocol are described.Experimentalre-
sults evaluatingthe improved implementationare pre-
sentedin Section4. Finally, Section5 presentsconclu-
sionandfuturework.

2. Background

This sectionbrie�y overviews somebackgroundin-
formationregardingdirectionalantennas(DAs) andthe
directionalMAC protocol.Therearetwo main typesof
DAs: (1) SwitchedBeam;and(2) Steerable.In switched
beamantennas,spaceis divided into a �x ed number
of equallydivided sectors.Figure2 shows an 8 sector
switchedbeamantenna.A beamis transmittedin one
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Figure 2. Switc hed beam antenna

sectorat a time. The coveragepatternof the beamin
a particularsectorwill consistof a main lobe andside
lobesasshown in the Figure2. If the nodeknows the
sectorin which the next hop node is situated,then it
will transmitthe signal in that particularsector. In this
paper, we focuson theSwitchedBeamAntennamodel
sincethey aresimplerandcheaperthansteerableanten-
nas.However, theproblemalsoexistsin steerableanten-
nasandtheproposedsolutioncanbeappliedto them.

2.1. Overview of DMAC

To enabletheuseof DAs at thephysical layer, a di-
rectional MAC protocol which exploits their features
is needed.We usea directionalMAC protocol called
DMAC which usesan RTS-CTShandshake similar to
the 802.11protocol.The remainderof this sectionde-
scribesthemainfeaturesof DMAC.

2.1.1. AoA cache: To enabledirectionalcommunica-
tion, the DMAC tracksthe directionin which a node's
neighborsarelocated(trackedasa hnode;anglei pair).
Thesevaluesare maintainedin an “Angle of Arrival”
Cache(AoA cache).This cacheis populatedand up-
datedwith every transmissionheardby anode.

Whensendinga packet, theAoA cacheis queriedto
gettheanglerecordedfor thenext hopdestinationnode.
If thecachedoesnothaveamatchingentry, thepacket is
transmittedin anomni-directionalmode.Otherwise,the
packet is transmittedin the sectormatchingthe angle
fetchedfrom the cache.The transmissionis attempted
in the directional mode for a �x ed numberof times;
if this retransmissionlimit is reached,the cacheden-
try is purgedandpacket transmissionis attemptedomni-
directionally.

2.1.2. Virtual carrier sensing In 802.11,Virtual Car-
rier sensingis carriedout by maintaininga “Network
Allocation Vector” (NAV) that tracksthe time until the
channelwill becomeavailable. In the caseof DMAC,
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virtual carriersensingneedsto bealteredto take advan-
tageof thespatialreuseprovidedby thedirectionalan-
tennaby trackingtheavailability of eachsectorindividu-
ally. If anodehearsanongoingtransmissionin apartic-
ular anglethenan appropriatespaceof channelaround
that angleshouldbe marked as busy. This is doneby
maintaininga“DirectionalNAV” (DNAV) table.Thean-
glesaroundthenodethat is markedbusy is determined
accordingto a constant“DNAV deltaangle”(±dnav ). If
the angleof arrival is aoa, then the spacemarked as
busyfor thedurationof thetransmissionis (aoa¡ ±dnav )
(calledlower-boundangleor lb) to (aoa+ ±dnav ) (called
upper-boundangleor ub).

Let at be the anglein which the packet needsto be
transmitted.Let DN AVj , lbj andubj bethej th DNAV
entry and its associatedlower-boundand upper-bound
anglesrespectively. Esel is de�ned as the entriesse-
lectedin DNAV for a givenat andis determinedasfol-
lows.

Esel = f DN AVj j 8 j such that
(( lbj < = at ) ^ (ubj > = at ))g (1)

Let wi bethewait time for the i th entry in thesetEsel

andn bethenumberof entriesin theEsel asgivenEqua-
tion 1. Let Wmax bethemaximumwait time for agiven
at . It is givenby theequation2.

Wmax = max(wi ) where i 2 1::n (2)

Thequeuingpolicy implementedin DMAC is asfol-
lows. Each packet is assigneda priority. The routing
layer maintainsa FIFO queuefor eachpriority. The
DMAC layer then acquiresa packet from the routing
queuesandthentransmitsit with appropriatehandshake.
DMAC usesStrictpriority scheduling: eachpacketis as-
signeda priority andpacketsaretransmittedstrictly in
priority order.

3. Designand Implementation

Theproblemof Headof Line (HoL) blockingwasex-
plainedin Section1. In orderto addressHoL, wemodify
thequeuingdisciplineto enablethe transmissionof the
packet that hasthe minimum waiting time �rst. Sens-
ing the channelevery time for eachpacket can be in-
effective. We now describethe mechanismby which a
packet is selectedfor transmissionbasedon the infor-
mationpresentin theDNAV.

3.1. UsingDNAV for scheduling

Eachnodemaintainsa directionalNAV (DNAV) ta-
bleasexplainedin Section2.Thepacketqueueis exam-
ined to determinethe packet with the leastwait time.
This wait time can be determinedby examining the
DNAV tableandcheckingthewait time for thepacket's
angleof transmission.The maximumwait time canbe
found out by using Equation2 if the direction for the
packet is known.

Y ZXW

Figure 3. Effect of Deafness

TheDNAV doesnotalwaysre�ect theactualstateof
thechannel.ConsidernodesW, X, Y andZ in Figure3.
Let nodesX andY bewithin transmissionrangeof node
W. Whenthe nodeW is communicatingwith nodeX,
nodeY shouldideally markits DNAV appropriatelyin-
dicatingthewait timein thedirectionof nodeW. If node
Y is busycommunicatingwith nodeZ, thennodeY will
be“deaf” to nodeW. This inhibits theDNAV updateat
nodeY. Sincethe stateof DNAV doesnot re�ect the
channelstatein thedirectionof nodeW, all calculations
usingtheDNAV entriesmaynotalwaysbecorrect.This
paperdoesnot try to solve thedeafnessproblem.Deaf-
nesscausesunderperformanceof our protocol. In the
presenceof a reasonablemechanismto reducethedeaf-
ness,theproposedprotocolshouldperformevenbetter.
We now describetheapproachtakento measurethean-
gleof transmissionandthescanningof packetsfor least
wait time.

3.2. Transmissionanglecalculation method:

When a node receives a packet from the physical
layer, the antennais ableto determinethe approximate
angleof arrival of thesignal.In thecourseof this study,
we discovereda situationthatcauseserroneousupdates
of the AoA cache.Considerthe casewherenodeX is
locked to sector1 and is about to communicatewith
nodeY (Figure2). A packet sentby Z may still be re-
ceivedatY with thesidelobes.Sincethemaximumgain
is foundin themainlobeof thecoveragepattern,thean-
gle of arrival for the packet transmittedfrom nodeZ is
markedasthemain lobeof sector1 insteadof sector7.
Even thoughnodeZ could listen to a packet transmit-
ted from sector1 of nodeX throughthe side lobe ef-
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fect, this would beaninef�cient useof thetransmission
power; a packet shouldalwaysbetransmittedalongthe
mainlobepointingtowardthedirectionof therecipient.
ErroneousDNAV alsoleadsto ineffectivevirtual carrier
sense.For example,whennodeX wantsto sendapacket
to nodeZ andthechannelalongsector1 is busy:X will
wait until sector1 is idle even if thechannelalongsec-
tor 7 is idle. Further, if 7 is idle but 1 is not, transmis-
sionwill proceedeven thoughY will not beableto re-
ceive.

In order to addressthis problem,DMAC wasmod-
i�ed to overcomesuchfalseupdates.If the antennais
locked toward a sector, then the DNAV is not updated
with the angleof arrival. It is updatedonly when the
antennais in omni-directionalmode.This modi�cation
doesnot leadto missingmany trueupdatessincenodes
areonly receiving directionallywhenthey areactively
receiving packets.Whenpassively listening,nodesare
in omni-directionalmode.This modi�cation improves
the correctnessof DNAV entriesandhasleadto an in-
creasein thethroughputfor thestudiedscenarios.

3.3. MAC layer Buffers

The routing layer insertsthe packet to be transmit-
tedby theMAC layer into a queuewhich is referredas
“Interlinking queue”(IQ) in this paper. Thereis anad-
ditional queuemaintainedin our implementationcalled
asthe “MAC Queue” (MQ). TheMAC layerdequeues
thepacketsfrom IQ andbuffersthemin MQ. TheMAC
layeralwaysdequeuesthepacketwith theleastwait time
from MQ for transmission.

Thenumberof packetsto beexaminedeachtimecan
beadjustedby settingtheappropriatebuffer sizefor the
MQ. The packets in MQ canbe scannedonly whena
new packet needsto be transmitted.This reducesthe
computationat the nodeconsiderablywhile preserving
theability to examinevariouspackets.

In the proposedsolution, MQ is implementedas a
linked list. Each entry has a pointer to the packet as
well as a recordof information relatedto it (next hop
id, angleof Transmission,priority of thepacket andthe
timeatwhich theNAV expires).In theremainderof this
section,someof the designissuesencounteredarede-
scribed.

3.3.1. Packet Priority The IQ in DMAC is imple-
mentedasa setof FIFO queues,onefor eachpriority.
The priorities are enforcedwhen packets are buffered
into MQ. If therearetwo or morepacketswith thesame
priority andno otherpacketswith higherpriority, then

Parameter Value
Omni-directionalrange 250m

Directionalrange 450m
Directionalantennamodel Switchedbeam

Mobility none
PropagationChannelFrequency 9.14* 108 Hz

PathlossModel Two Ray
Transmissionpower 24.5dBm
Receiver sensitivity -68.1dBm

Directionalgain 10.0dB
AntennaModel SwitchedBeam

DirectionalNAV DeltaAngle 22.5degrees

Table 1. Simulation Parameter s

the one with the leastwait time is scheduledfor next
transmission.

3.3.2. Handling omni-dir ectional packets: While
dequeuingpacketsfrom IQ, it mayhappenthatthehead
of IQ is abroadcastpacketor apacketwhosenext hopis
notfoundin theAoA cache.Suchpacketsaresentomni-
directionally. Omni-directionalpacketshave the largest
wait time of all theotherpacketsthatneedto be trans-
mitteddirectionallysinceit mustwait for all thesectors
to beclear. Hence,we chosenot to buffer suchpackets
in MQ. Omni-directionalpacket is scheduledfor trans-
missiononly after all the packets in the MQ aretrans-
mitted;however, no morepacketsareinsertedinto MQ
while an omni-directionalpacket is pending.Oncethe
MQ is empty, the omni-directionalpacket is sched-
uled for transmission.Buffering mechanismis re-
sumedafter the transmissionof this omni-directional
packet. However, in the caseof high priority pack-
ets and omni-directionalpackets a form of HoL still
remains.Morespeci�cally, wedonotallow a lowerpri-
ority packet (or a directional packet) can be sent
completelybefore the wait time on the higher prior-
ity packet (or omni-directionalpacket)expires.This is a
designdecisionthatwewill reexamineaspartof our fu-
ture work. The details are described in Algorithm
1.

4. PerformanceEvaluation

The QualNet3.6 simulator[9] is usedin this study.
Table1 liststherelevantsimulationparameters.Weused
Strict priority schedulingfor thepacketswith thenum-
berof priority valuessetto three.Hencethereare3FIFO
queues.
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Algorithm 1 Algorithm to pick up thepacket from the
Interlinkingqueue

while InterlinkingQueueis notemptyandnumberof
pkt 2 MAC-Queue< QUEUESIZEdo

f Check the packet at the head of Interlinking
queue.Do notdequeueit.g
P= Packet at theheadof Interlinkingqueue
if P is apacket thatis to besentdirectionallythen

P = Dequeuethe packet from the Interlinking
queue.
InsertP to theMAC Queue

else
f It is anomni-directionalpacketg
breaktheloop

end if
if MAC Queueis notemptythen

PktTransmit= Selectthe packet which hasthe
leastwait time respectingtheprioritiesfrom the
MAC Queue;

else
if Interlinkingqueueis notemptythen

PktTransmit = Fetch from the Interlinking
queue

else
f Thereis nopacket to betransmitted.g
return

end if
returnPktTransmit

end if
endwhile

To ensurethat the improvementsarenot simply due
to increasein theoverallqueuesizebecauseof theaddi-
tion of MQ, wedecidedto keeptheoverallqueuecapac-
ity in our implementationthesameasthat in theorigi-
nal implementation.More speci�cally, thelengthof the
M Q + I Q is equalto thelengthof theoriginal I Q. The
lengthof I Q is setto 50000bytesfor theoriginal imple-
mentation.Static routeswere usedfor the simple sce-
narioandthegrid topology.

In theremainderof this sectionwe �rst presentsim-
ulationresultswith anillustrativehand-craftedtopology
followed by more complex grid topologies.In caseof
ConstantBit Rate(CBR) connections,packetsaresent
at �x ed time intervals calledsendinginterval (sending
rate is the inverseof sendinginterval). Of course,the
problemof HoL occurswhennodeshave to forwardor
originatepacketsfor differentdestinationswhichcanbe
reachedby differentsectors.Having suchnodescreates
hotspotsin thescenario.

40 ms

10 ms

1 ms
3 2 4

5

1

Figure 4. Simple Topology

4.1. SimpleTopology:

Figure 4 shows an illustrative scenariothat isolates
theHoL problemusingCBRconnections.Thearrowsin-
dicatethe directionof �o w of traf�c. The packet send-
ing interval (in milliseconds)is alsoshown. Node4 is
within the transmissionrangefrom nodes1. Node4 is
thesourceof two CBRconnectionsasshown in theFig-
ure4. A CBR connectionfrom node1 to 2 is calledthe
“Throttling connection”that is in line with theconnec-
tion from 4 to 3 connectionbut runningin theopposite
direction.

As shown if Figure5(b),wenow systematicallyvary
thesendingrateof theconnection4-3 andstudytheef-
fect of HoL blocking on connection4-5 with the pro-
posedqueuingpolicy. Figure 5(b) indicatesthat if the
interval of the connection4-3 is low, then a large im-
provementin 4-5 is observed.Whentheinterval of con-
nection4-3 is higher, thenthepercentageimprovement
goeslow.

Since node 4 has two connectionsgoing out, the
packetsdestinedfor node5 will beblockedif thepacket
at theheadof thequeueis destinedfor node3 andFIFO
policy is observed.The proposedprotocolwill be able
to solve this problem.By observingthat the channelis
idle in thedirectionof node5 andtherearepacketsdes-
tined for node5, node4 picksup thepacket anddeliv-
ersit to the node5 (insteadof blockinguntil the chan-
nel �rst becomesavailabletowards3). Onecanseethat
for highersendingintervalsof connection4-3,theorigi-
nal implementationandourimplementationbehavesim-
ilarly theMQ mainlycontainspacketsdestinedfor node
5. Since,thereare no packets in the MQ destinedfor
node3, theHoL effect is lesserwhich leadsto lesserim-
provement.

We now vary the MQ length from 5 packets to 30
packetskeepingCBRpacketsizeconstant(1536bytes).
The sendinginterval of the throttling connection1-2 is
setas1 packet every 1 ms.Thehigh sendingrateon the
throttling connectionwill keepthe channelon the left
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Figure 6. Grid topology

sideof node4 busymostof thetime.Thesendinginter-
vals of connections4-3 and4-5 areset to 1 packet ev-
ery 10 msand40 msrespectively. As shown in theFig-
ure 5(a) the connection4-5 hashashigher throughput
(55%higherthantheoriginal throughput).

4.2. Grid topology:

This sectionpresentsthe resultswith thegrid topol-
ogyconsistingof 36nodesarrangedin a6£ 6 grid.Each
nodeis placed250 m away from the vertical andhori-
zontalneighbor. The connectionpatternshown in Fig-
ure6 is used.In this scenario,theroutesarecon�gured
staticallyso that the packetsalways�o w either in hor-
izontal straight line or vertical straight line acrossthe
grid. The simulationconsistedof 24 CBR connections
asshown by arrows in Figure6.

4.2.1. Effect of MAC Queue length: The modi�ed
DMAC outperformsthe original protocol as shown in
Figure7(a); an improvementof 21% canbe seen.The
proposedDMAC protocol haslower end-to-enddelay

aswell (Figure7(a));asmuchas20%reductionof aver-
ageend-to-enddelayis achieveddueto thereducedwait
time in thepresenceof HoL blocking.

The proposedsolutionalsoperformsbetterin terms
of jitter (the standarddeviation of delay) as shown in
Table 2. The packet drops when the IQ over�ow are
marginally reduced.Thepacketsdroppeddueto theex-
ceededretransmitlimit aremorein our implementation
thanin theoriginal implementationasshown in theTa-
ble 2. We believe that this is becauseof the ineffective
virtual carriersensingin DMAC. This is anareathatwe
aretargetingfor futurework.

4.2.2. Effect of packet sending interval: The effect
of the sendinginterval on the throughputis shown in
Figure7(c). As the sendinginterval increasesthereare
fewerhotspotscreated.Notethattheeffectivenessof the
proposedqueuingmechanismvariesdirectly with the
numberof hotspotscreated.Tappingthe channelreuse
canbeexploitedonly in suchcasesbecauseof theabil-
ity to pick the right packet from the queue.Otherwise,
the proposedimplementationwill perform as good as
theoriginalone.Thebestcaseimprovementin through-
putwasaround21%higherthantheoriginal implemen-
tationandwasobservedin thecasewhensendinginter-
val wassetto 20msasshown in thegraph7(c).

Theend-to-enddelayis shown in thegraph7(d).Our
protocolprovidesmuch lower end-to-enddelayreduc-
tions. The IFQ dropshassigni�cantly reducedin the
proposedprotocol.Whenthe sendinginterval is set to
100-110ms,we getimprovementashigh as40%in the
IFQdrops.Again,thepacketdropsduetoexceededretry
limit arehigherin theproposedprotocol.
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Figure 7. Grid Topology: Throughput and Average End-to-End delay

MAC Queuelength AverageJitter(ins) IQ Drops Retrylimit drops
Original 0.770165284 41633 1722

10 0.720823299 41175 1905
20 0.653387439 40828 1991
30 0.658129317 41148 1955

Table 2. Jitter and packet drops when MAC queue length is altered

5. Conclusionand Futur ework

Directional Antennas (DAs) have several poten-
tial advantagesover omnidirectionalones: they pro-
vide higher channelreuse,better quality connections,
and/orlower transmissionpower. However, they intro-
duceseveralchallengesthathave thusfar preventedthis
potentialfrom beingfully realizedby higherlevel pro-
tocols. Many of thesechallengesare being addressed

by ongoing researchand some solutions are start-
ing to emerge.

In this paper, we identify anotherproblemthat re-
ducesthe effectivenessof DAs. More speci�cally, we
describea Headof line Blocking problemthat occurs
dueto theFIFO queuingpolicy with theexisting direc-
tional MAC protocol. FIFO queuingis typically used
at the MAC layer becausethe stateof the channelis
boolean:it is eitheravailableor busy. However, in DAs,
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thechannelmaybeavailablein somedirectionsbut not
others: if the top packet is destinedto a busy direc-
tion, it will blockall subsequentpackets,includingthose
thatcanbetransmitted.Theproblemis addressedvia a
new greedyqueuingpolicy anda modi�ed D-NAV up-
datemechanism.Thenew implementationoutperforms
the existing onein almostall casesin termsof overall
throughputandend-to-enddelay.

We used a single MQ implementationthat was
scannedto determinethe smallestwait time packet.
An alternative implementationis to have one queue
for eachhsector; pr ior ity i . This per-sectorqueuede-
sign will be as effective as the current design for
SwitchedBeamAntennas.However, this approachwas
not chosenfor two mainreasons.Firstly, SteerableAn-
tennas,which doesnot have theconceptof sectors,will
be unableto usethe design.While this canbe approx-
imated by quantizingthe angles,it will lead to dif�-
culties in determiningthe leastwait time packet. Sec-
ondly, having multiple queueswill split the available
buffer spacestatically among the transmissiondirec-
tions. Given that most nodesin generaldo not have
active traf�c for all sectors,thiswill leadto lowereffec-
tivebuffer spaceandmorepacket drops.

The information in DNAV may be incompletebe-
causeof the deafness.Recently, Choudhuryet. al [4]
proposeda mechanismto reducethe deafnessproblem
in directionalantennas.We conjecturethatsuchmecha-
nismwill improve theperformanceof ourprotocol.

Whenanomni-directionalpacket is presentin theIQ,
the current designwill block the succeedingpackets.
If suchpackets are not blocked, then omni-directional
packet (which have maximum wait time) will starve.
We would like to investigatethedesignof allowing the
otherpacketsto passthe omni-directionalpacket with-
out letting theomni-directionalpacket to starve to strike
a balancebetweenhigher reuseand fairnessto omni-
directionaltraf�c. Similarmechanismscanbeexamined
for the HoL blocking betweenhigh priority and lower
priority packets.

The severity of HoL dependson the numberof sec-
tors,thetraf�c patternsandthenodesrelative locations.
We did not explicitly studythe effect of the numberof
sectorsor the interactionbetweenthesefactors.With
highernumberof sectors,the chancesof a sectorget-
ting blocked is lower. At thesametime, highernumber
of sectorsimpliesthattherearemoresectorswhichmay
be free. The effectivenessof HoL solution will be an
intricatefunctionof thenumberof sectorsand“DNAV
delta angle”(±dnav ) and the traf�c patterns.We would
like to studytheeffect in future.
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