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Abstract

Oneof theattractivefeatuesof directionalantennas
is their higher channelreuse:by transmittingthe sig-
nal only in one direction, an antennaavoidsinterfer-
ing with communicatiorgoingonin the otherdirections
andfocusesnore of the powerin the primary direction.
In existing directional MAC protocolsa singlequeueis
usedat the MAC layer; thisis inheritedfromomnidirec-
tional implementationddowever, whilethereis a single
channelstatein omnidectionaltransmissior{eitherthe
channelis busyor not), the stateof the channelvaries
with the desied directionof transmissiorin directional
antennas.Thus, existing implementationsvhich usea
single FIFO queuepotentially leadsto Head of Line
blocking if the mediumis busy in the direction of the
padketatthetop of thequeuebutis availablein otherdi-
rections.We proposea new queuingorganizationwhich
couldtake advantae of thechannelmore effectivelyus-
ing the underlyingantennasysternby eliminatingHead
of Line Blocking. We also identify a problemwith the
directionalvirtual carrier senseémplementatiordueto
side-lobesand provide a solutionto it. Our resultsin-
dicatethat by usinga greedyapproadc to schedulethe
padet which hastheleastwait timeincreaseshe over-
all throughputand reducesend-to-enddelay consider
ably, especiallyjunderheavyloads.

1. Intr oduction

Omni-directional Antennas(OAs) — antennasthat
spreadthe transmissionpower in all directionsaway
fromtheantenna-arethemostcommontypeof antenna
usedin wireless networks, including Mobile Ad hoc
Networks (MANETS). While theseantennasare inex-
pensve andwell supportedthey causesigni cant chan-

nel underutilization: mostof the transmittedpower is
not directedtowardsthe recever and endsup blocking
other potential transmissionsAs a result, researchers
have begunto exploreanalternatve technologynamely
DirectionalAntennagDAs) [10].

In DAs, thetransmissiorenegy canbeformedinto a
beamataparticularangle . Thus,thetransmissiorenegy
is focusedtowardsthe usefulcommunicatiordirection,
allowing other neighboringnodesto have concurrent
transmissionsn different directions,and signi cantly
increasingthe channelcapacity Anotherdesirablefea-
ture of DAs is the extendedrangeof the transmission
becausehe transmissiorenegy is focusedmore nar
rowly. Accordingly, the DAs appearto hold signi cant
promiseof improving the capacityof MANETS.

DAs presenuniquetechnicalchallengeghatarenot
presenin OA operation As aresult,severalresearchers
have explored alternatve Directional MAC (DMAC)
protocolg7, 1, 6,2, 8, 3]. In addition,problemsn direc-
tional antennadik e deafness[#androuting[1, 5, 2, 10]
have beenstudiedandsolutionshave beenproposed.

In this paper we identify an additionalproblemthat
arisesin DAs: Head of Line (HolL) Blocking. More
speci cally, MAC level useprioritized FIFO queuedor
pacletsto be senton the medium.While thisis ne in
mostsharedmedia,including OAs, it givesriseto HoL
blockingin directionalantennasThis effect occursbe-
causdt is possiblefor themediumto befreein somedi-
rectionsbut nototherslf apacletatthetop of thequeue
is blocked, it preventsotherpacletsfrom beingtransmit-
tedevenif theirdirectionis free.

Considerthe scenarian Figure1l wherea nodeA is
communicatingwith nodesB, C andD. Let nodeA's
gueuehave pacletsto nodeB,C andD waiting for trans-
mission.NodesB andE areengagedin communication.
NodeA hasto waittill thecommunicatiorbetweemode
B andE is complete.This is logical if the pacletsare



Figure 1. Head of Line blocking

being sentin omni-directionalmode.If nodeA starts
sendingpaclets, thenit caninterferewith the ongoing
communicatiorbetweemodesB andE. However, in the
caseof directionalmode this doesnotalwaysholdtrue.
In theabove example,nodeA couldschedulghepaclet
for nodeC insteadof waiting on nodeB. Accordingto
the bestof our knowledge,thereis no existing work on
discussinghe queuingpolicy to take advantageof the
directionalnatureof the transmissionThis paperchar
acterizeghis problemandproposesaindevaluatesa so-
lutiontoit.

The contritutions of this paperare: (1) We investi-
gate the performanceof an existing Directional MAC
(DMAC) layerandanalyzethe effect of the HoL block-
ing; (2) Basedon our obsenations,we proposemodi-
cations to the existing DMAC andevaluateits perfor
manceunderarangeof scenarios{3) We discoveredand
correctedaninef ciency in the neighbordiscovery pro-
cesf DMAC thatcouldleaddestructve behaior. Sim-
ulationresultsindicatethattheimprovedDMAC outper
forms the existing DMAC in termsof throughputand
end-to-endielay

The remainderof this paperis organizedasfollows.
Section2 provides an overview of the directionalan-
tennamodelandthe MAC layerthatareassumedh this
paper In Section3, the designand implementationof
the proposedprotocol are described Experimentalre-
sults evaluatingthe improved implementationare pre-
sentedn Section4. Finally, Section5 presentsonclu-
sionandfuturework.

2. Background

This sectionbrie y overviens somebackgroundn-
formationregardingdirectionalantennagDAs) andthe
directionalMAC protocol. Therearetwo maintypesof
DAs: (1) SwitchedBeam;and(2) Steerableln switched
beamantennasspaceis divided into a x ed number
of equally divided sectors Figure 2 shaovs an 8 sector
switchedbeamantennaA beamis transmittedin one
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Figure 2. Switc hed beam antenna

sectorat a time. The coveragepatternof the beamin

a particularsectorwill consistof a mainlobe andside
lobesas shawvn in the Figure 2. If the nodeknows the
sectorin which the next hop nodeis situated,then it

will transmitthe signalin that particularsector In this
paper we focuson the SwitchedBeamAntennamodel
sincethey aresimplerandcheapethansteerablenten-
nas.However, theproblemalsoexistsin steerabl@anten-
nasandthe proposedolutioncanbe appliedto them.

2.1. Overview of DMAC

To enablethe useof DAs at the physical layer, a di-
rectional MAC protocol which exploits their features
is neededWe usea directional MAC protocol called
DMAC which usesan RTS-CTShandshak similar to
the 802.11protocol. The remainderof this sectionde-
scribeghemainfeaturesof DMAC.

2.1.1. AoA cache: To enabledirectionalcommunica-
tion, the DMAC tracksthe directionin which a nodes
neighborsarelocated(tracked asa mode;anglei pair).
Thesevaluesare maintainedin an “Angle of Arrival”
Cache(AoA cache).This cacheis populatedand up-
datedwith every transmissiorheardby anode.

Whensendinga paclet, the AOA cacheis queriedto
gettheanglerecordedor thenext hopdestinatiomode.
If thecachedoesnothave amatchingentry, thepacletis
transmittedn anomni-directionaimode.Otherwisethe
paclet is transmittedin the sectormatchingthe angle
fetchedfrom the cache.The transmissioris attempted
in the directionalmode for a x ed numberof times;
if this retransmissiorimit is reachedthe cacheden-
try is pumgedandpaclettransmissioris attemptedmni-
directionally

2.1.2. Virtual carrier sensingIn 802.11Virtual Car
rier sensingis carried out by maintaininga “Network
Allocation Vector” (NAV) thattracksthe time until the
channelwill becomeavailable.In the caseof DMAC,



virtual carriersensingneeddo bealteredto take adwan-
tageof the spatialreuseprovided by the directionalan-
tennaby trackingtheavailability of eachsectoiindividu-
ally. If anodehearsanongoingtransmissiorin a partic-
ular anglethenan appropriatespaceof channelaround
that angle shouldbe marked as busy This is doneby
maintaininga“DirectionalNAV” (DNAV) table.Thean-
glesaroundthe nodethatis marked busy is determined
accordingto a constant'DNAV deltaangle”gnay )- If
the angle of arrival is aoa, then the spacemarked as
busyfor thedurationof thetransmissiofis (a0aj gnay )
(calledlower-boundangleor Ib) to (aoat +4nay ) (called
upperboundangleor ub).

Let a; bethe anglein which the paclet needsto be
transmittedLet DN AV;, I anduly bethej™ DNAV
entry andits associatedower-boundand upperbound
anglesrespectiely. E4 is de ned as the entriesse-
lectedin DNAV for agivena; andis determinedasfol-
lows.

Eset = TDNAV; j 8] suchthat
((Ih <= a) " (uh >= a))g (1)

Letw; bethewait time for thei™ entryin the setE g
andn bethenumberof entriesin theE ¢ asgivenEqua-
tion 1. Let Wnax bethemaximumwait time for agiven
a; . It is givenby theequation?.

Whax = max(w;) wherei 2 1::n (2

Thequeuingpolicy implementedn DMAC is asfol-
lows. Each paclet is assigneda priority. The routing
layer maintainsa FIFO queuefor eachpriority. The
DMAC layer then acquiresa paclet from the routing
gueuesndthentransmitgt with appropriatdhandshag.
DMAC usesStrictpriority scheduling eachpacletis as-
signeda priority and pacletsare transmittedstrictly in
priority ordet

3. Designand Implementation

Theproblemof Headof Line (HoL) blockingwasex-
plainedin Sectionl. In orderto addres$loL, we modify
the queuingdisciplineto enablethe transmissiorof the
paclet that hasthe minimum waiting time rst. Sens-
ing the channelevery time for eachpaclket can be in-
effective. We now describethe mechanisimby which a
paclet is selectedfor transmissiorbasedon the infor-
mationpresenin the DNAV.

3.1. Using DNAV for scheduling

Eachnodemaintainsa directionalNAV (DNAV) ta-
ble asexplainedin Section2. Thepacletqueues exam-
ined to determinethe paclet with the leastwait time.
This wait time can be determinedby examining the
DNAV tableandcheckingthewait time for the paclet's
angleof transmissionThe maximumwait time canbe
found out by using Equation? if the directionfor the
pacletis known.
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Figure 3. Effect of Deafness

The DNAV doesnotalwaysre ect the actualstateof
thechannelConsidemodesWw, X, Y andZ in Figure3.
LetnodesX andY bewithin transmissiomangeof node
W. Whenthe nodeW is communicatingwith nodeX,
nodeY shouldideally markits DNAV appropriatelyin-
dicatingthewait timein thedirectionof nodeW. If node
Y is busycommunicatingvith nodez, thennodeY will
be“deaf” to nodeW. This inhibits the DNAV updateat
nodeY. Sincethe stateof DNAV doesnot re ect the
channektatein thedirectionof nodeW, all calculations
usingthe DNAV entriesmaynotalwaysbecorrect.This
paperdoesnot try to solve the deafnesproblem.Deaf-
nesscauseaunderperformanceof our protocol.In the
presencef areasonablenechanisnto reducethe deaf-
nessthe proposedrotocolshouldperformevenbetter
We now describethe approacttakento measurghe an-
gle of transmissiorandthe scanningof pacletsfor least
wait time.

3.2. Transmissionanglecalculation method:

When a node receves a paclet from the physical
layer, the antennas ableto determinethe approximate
angleof arrival of thesignal.In the courseof this study
we discovereda situationthatcause®rroneousipdates
of the AoA cache.Considerthe casewherenodeX is
locked to sectorl andis aboutto communicatewith
nodeY (Figure?2). A paclet sentby Z may still bere-
ceivedatY with thesidelobes.Sincethe maximumgain
is foundin themainlobeof thecoveragepatternthean-
gle of arrival for the paclet transmittedfrom nodeZ is
marked asthe mainlobe of sectorl insteadof sector7.
Even thoughnodeZ could listento a paclet transmit-
ted from sectorl of node X throughthe side lobe ef-



fect, thiswould beaninef cient useof thetransmission
power; a paclket shouldalwaysbe transmittedalongthe
mainlobe pointingtowardthe directionof therecipient.
ErroneoudDNAV alsoleadsto ineffective virtual carrier
senseFor example whennodeX wantsto senda paclet
to nodeZ andthe channellongsectorl is busy: X will
wait until sectorl is idle evenif the channelalongsec-
tor 7 is idle. Further if 7 is idle but 1 is not, transmis-
sionwill proceedeventhoughY will notbeableto re-
ceive.

In orderto addresghis problem,DMAC was mod-
i ed to overcomesuchfalseupdateslif the antennais
locked toward a sectoy thenthe DNAV is not updated
with the angleof arrival. It is updatedonly whenthe
antennas in omni-directionalmode.This modi cation
doesnot leadto missingmary true updatesincenodes
areonly receving directionallywhenthey are actively
receving paclets. When passiely listening, nodesare
in omni-directionalmode. This modi cation improves
the correctnes®f DNAV entriesandhasleadto anin-
creasén thethroughpuffor the studiedscenarios.

3.3. MAC layer Buffers

The routing layer insertsthe paclet to be transmit-
ted by the MAC layerinto a queuewhich is referredas
“Interlinking queue”(1Q) in this paper Thereis anad-
ditional queuemaintainedn our implementatiorcalled
asthe “MA C Queue” (MQ). The MAC layer dequeues
thepacletsfrom IQ andbuffersthemin MQ. TheMAC
layeralwaysdequeuethepacletwith theleastwait time
from MQ for transmission.

Thenumberof pacletsto beexaminedeachtime can
be adjustedby settingthe appropriatebuffer sizefor the
MQ. The pacletsin MQ canbe scannecnly whena
new paclet needsto be transmitted.This reducesthe
computationat the nodeconsiderablywhile preserving
theability to examinevariouspaclets.

In the proposedsolution, MQ is implementedas a
linked list. Eachentry hasa pointer to the paclet as
well asa recordof informationrelatedto it (next hop
id, angleof Transmissionpriority of the pacletandthe
time atwhichthe NAV expires).In theremaindeof this
section,someof the designissuesencounteredire de-
scribed.

3.3.1. Packet Priority The IQ in DMAC is imple-
mentedasa setof FIFO queuespnefor eachpriority.
The priorities are enforcedwhen paclets are buffered
into MQ. If therearetwo or morepacletswith thesame
priority andno other pacletswith higher priority, then

Parameter Value
Omni-directionakange 250m
Directionalrange 450m
Directionalantennamodel | Switchedbeam
Mobility none
PropagtionChanneFrequeng | 9.14* 10° Hz
PathlossModel Two Ray
Transmissiorpower 24.5dBm
Recever sensitvity -68.1dBm
Directionalgain 10.0dB
AntennaModel | SwitchedBeam
DirectionalNAV DeltaAngle | 22.5degrees

Table 1. Simulation Parameter s

the one with the leastwait time is scheduledor next
transmission.

3.3.2. Handling omni-directional packets: While

dequeuingacletsfrom 1Q, it mayhapperthatthehead
of IQ is abroadcaspacletor apacletwhosenext hopis

notfoundin the AoA cache Suchpacletsaresentomni-

directionally Omni-directionalpaclets have the largest
wait time of all the otherpacletsthatneedto be trans-
mitted directionallysinceit mustwait for all thesectors
to be clear Hence,we chosenot to buffer suchpaclets
in MQ. Omni-directionalpaclet is scheduledor trans-
missiononly after all the pacletsin the MQ aretrans-
mitted; however, no morepacletsareinsertedinto MQ

while an omni-directionalpaclet is pending.Oncethe
MQ is empty the omni-directional paclet is sched-
uled for transmission.Buffering mechanismis re-

sumedatfter the transmissionof this omni-directional
paclet. However, in the caseof high priority pack-
ets and omni-directionalpaclets a form of HoL still

remainsMore speci cally, we do notallow alower pri-

ority paclet (or a directional paclet) can be sent
completely before the wait time on the higher prior-

ity packet (or omni-directionapaclet) expires.Thisis a
designdecisionthatwe will reexamineaspartof ourfu-

ture work. The details are describedin Algorithm

1.

4. PerformanceEvaluation

The QualNet3.6 simulator[9] is usedin this study
Tablel liststherelevantsimulationparameteraiVe used
Strict priority schedulingfor the pacletswith the num-
berof priority valuessetto three. Hencethereare3 FIFO
gueues.



Algorithm 1 Algorithm to pick up the paclet from the
Interlinking queue
while Interlinking Queueis notemptyandnumberof
pkt2 MAC-Queue< QUEUESIZEdo
f Check the paclet at the head of Interlinking
queueDo notdequeust.g
P = Pacletatthe headof Interlinking queue
if Pis apacletthatis to besentdirectionallythen
P = Dequeuethe paclet from the Interlinking
queue.
InsertP to the MAC Queue
else
f It is anomni-directionabaclety
breaktheloop
endif
if MAC Queues notemptythen
PktTransmit= Selectthe paclet which hasthe
leastwait time respectinghe prioritiesfrom the
MAC Queue;
else
if Interlinking queueis notemptythen
PktTransmit = Fetch from the Interlinking
queue
else
f Thereis no pacletto betransmittedy
return
endif
returnPktTransmit
endif
endwhile

To ensurethatthe improvementsare not simply due
toincreasan theoverall queuesizebecausef the addi-
tion of MQ, we decidedo keeptheoverallqueuecapac-
ity in our implementatiorthe sameasthatin the origi-
nal implementationMore speci cally, thelengthof the
M Q + | Q is equalto thelengthof theoriginal | Q. The
lengthof | Q is setto 50000bytesfor theoriginalimple-
mentation.Static routeswere usedfor the simple sce-
narioandthegrid topology

In the remaindeof this sectionwe rst presentsim-
ulationresultswith anillustrative hand-craftedopology
followed by more complex grid topologies.In caseof
ConstantBit Rate(CBR) connectionspacletsare sent
at x edtime intenals called sendinginterval (sending
rate is the inverseof sendingintenal). Of course,the
problemof HoL occurswhennodeshave to forward or
originatepacletsfor differentdestinationsvhich canbe
reachedy differentsectorsHaving suchnodescreates
hotspotsn the scenario.

10 me
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Figure 4. Simple Topology

4.1. Simple Topology:

Figure 4 shaws an illustrative scenariothat isolates
theHoL problemusingCBR connections.Tharrovsin-
dicatethe directionof o w of trafc. The paclet send-
ing intenal (in milliseconds)is alsoshovn. Node 4 is
within the transmissiorrangefrom nodesl. Node4 is
thesourceof two CBR connectiongasshawvn in the Fig-
ure4. A CBR connectiorfrom nodel to 2 is calledthe
“Throttling connection”thatis in line with the connec-
tion from 4 to 3 connectiorbut runningin the opposite
direction.

As shawvn if Figure5(b), we now systematicallywary
the sendingrateof the connectiord-3 andstudythe ef-
fect of HoL blocking on connection4-5 with the pro-
posedqgueuingpolicy. Figure 5(b) indicatesthat if the
interval of the connection4-3 is low, thena large im-
provementin 4-5is obsened.Whentheinterval of con-
nection4-3is higher thenthe percentagémprovement
goeslow.

Since node 4 hastwo connectionsgoing out, the
pacletsdestinedor node5 will beblockedif thepaclet
attheheadof thequeuses destinedor node3 andFIFO
policy is obsened. The proposedbrotocolwill be able
to solwe this problem.By observingthatthe channelis
idle in thedirectionof node5 andtherearepacletsdes-
tined for node5, node4 picks up the paclet anddeliv-
ersit to the node5 (insteadof blocking until the chan-
nel rst becomeswvailabletowards3). Onecanseethat
for highersendingntenalsof connectior-3,theorigi-
nalimplementatiorandourimplementatiorbehae sim-
ilarly theMQ mainly containgpacletsdestinedor node
5. Since,thereare no pacletsin the MQ destinedfor
node3, theHoL effectis lessemwhichleadsto lesseiim-
provement.

We now vary the MQ length from 5 pacletsto 30
pacletskeepingCBR paclet sizeconstan{1536bytes).
The sendinginterval of the throttling connectionl-2 is
setasl pacletevery 1 ms.Thehigh sendingrateon the
throttling connectionwill keepthe channelon the left
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sideof node4 busy mostof thetime. The sendingnter
vals of connectiongl-3 and4-5 aresetto 1 paclet ev-
ery 10 msand40 msrespectiely. As shavn in the Fig-
ure 5(a) the connectiond-5 hashashigherthroughput
(55%higherthanthe original throughput).

4.2. Grid topology:

This sectionpresentghe resultswith the grid topol-
ogy consistingof 36 nodesarrangedn a6£ 6 grid. Each
nodeis placed250 m away from the vertical and hori-
zontalneighbor The connectionpatternshowvn in Fig-
ure 6 is used.In this scenariotheroutesarecon gured
statically so that the pacletsalways o w eitherin hor
izontal straightline or vertical straightline acrossthe
grid. The simulationconsistedof 24 CBR connections
asshowvn by arrowvsin Figure6.

4.2.1. Effect of MAC Queue length: The modi ed
DMAC outperformsthe original protocol as shovn in
Figure 7(a); an improvementof 21% canbe seen.The
proposedDMAC protocol haslower end-to-enddelay

aswell (Figure7(a));asmuchas20%reductionof aver-
ageend-to-endlelayis achieveddueto thereducedvait
timein the presencef HoL blocking.

The proposedsolutionalso performsbetterin terms
of jitter (the standarddeviation of delay)as showvn in
Table 2. The paclet dropswhen the IQ over ow are
mauginally reducedThe pacletsdroppeddueto the ex-
ceededetransmitimit aremorein ourimplementation
thanin the original implementatiorasshown in the Ta-
ble 2. We believe thatthis is becausef the ineffective
virtual carriersensingn DMAC. Thisis anareathatwe
aretargetingfor futurework.

4.2.2. Effect of packet sendinginterval: The effect
of the sendingintenal on the throughputis showvn in

Figure7(c). As the sendinginterval increaseghereare
fewer hotspotsreatedNotethattheeffectivenesof the
proposedqueuingmechanismvaries directly with the
numberof hotspotscreated.Tappingthe channelreuse
canbe exploitedonly in suchcasedecausef the abil-

ity to pick theright paclet from the queue.Otherwise,
the proposedmplementationwill perform as good as
theoriginal one.Thebestcaseémprovementin through-
putwasaround21% higherthantheoriginalimplemen-
tationandwasobseredin the casewhensendingnter-

val wassetto 20 msasshown in thegraph7(c).

Theend-to-endielayis shavn in thegraph7(d). Our
protocol provides much lower end-to-enddelay reduc-
tions. The IFQ drops has signi cantly reducedin the
proposedprotocol. When the sendingintenal is setto
100-110ms,we getimprovementashigh as40%in the
IFQ drops.Again,thepacletdropsdueto exceededetry
limit arehigherin the proposedrotocol.
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MAC Queudength | Averagelitter(ins) | 1Q 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 e work

Directional Antennas (DAs) have several poten-
tial adwantagesover omnidirectional ones: they pro-
vide higher channelreuse,better quality connections,
and/orlower transmissiorpowver. However, they intro-
duceseveral challengeghat have thusfr preventedthis
potentialfrom beingfully realizedby higherlevel pro-
tocols. Many of thesechallengesare being addressed

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

In this paper we identify anotherproblemthat re-
ducesthe effectivenessof DAs. More speci cally, we
describea Head of line Blocking problemthat occurs
dueto the FIFO queuingpolicy with the existing direc-
tional MAC protocol. FIFO queuingis typically used
at the MAC layer becausehe stateof the channelis
booleanit is eitheravailableor busy. However, in DASs,



the channeimay be availablein somedirectionsbut not

others:if the top paclet is destinedto a busy direc-

tion, it will blockall subsequemiaclets,includingthose
thatcanbe transmitted The problemis addressedia a

new greedyqueuingpolicy anda modi ed D-NAV up-

datemechanismThe new implementatioroutperforms
the existing onein almostall casesn termsof overall

throughputandend-to-endielay

We used a single MQ implementationthat was
scannedto determinethe smallestwait time paclet.
An alternatve implementationis to have one queue
for eachhsector; priority i . This per-sectorqueuede-
sign will be as effective as the current design for
SwitchedBeamAntennasHowever, this approachwas
not choserfor two mainreasonsFirstly, SteerableAn-
tennaswhich doesnot have the conceptof sectorswill
be unableto usethe design.While this canbe approx-
imated by quantizingthe angles,it will leadto dif -
cultiesin determiningthe leastwait time paclet. Sec-
ondly, having multiple queueswill split the available
buffer spacestatically amongthe transmissiondirec-
tions. Given that most nodesin generaldo not have
activetrafc for all sectorsthiswill leadto lower effec-
tive buffer spaceandmorepacletdrops.

The information in DNAV may be incompletebe-
causeof the deafnessRecently Choudhuryet. al [4]
proposeda mechanisnto reducethe deafnesproblem
in directionalantennasWe conjecturghatsuchmecha-
nismwill improve the performancef our protocol.

Whenanomni-directionapacletis presentn thelQ,
the currentdesignwill block the succeedingpaclets.
If suchpaclets are not blocked, then omni-directional
paclet (which have maximum wait time) will stane.
We would lik e to investigatethe designof allowing the
otherpacletsto passthe omni-directionalpaclket with-
outlettingtheomni-directionapacletto stane to strike
a balancebetweenhigher reuseand fairnessto omni-
directionaltraf c. Similarmechanismsanbeexamined
for the HoL blocking betweenhigh priority and lower
priority paclets.

The severity of HoL dependn the numberof sec-
tors,thetraf ¢ patternsandthe nodesrelative locations.
We did not explicitly studythe effect of the numberof
sectorsor the interactionbetweenthesefactors. With
higher numberof sectorsthe chancesf a sectorget-
ting blockedis lower. At the sametime, highernumber
of sectorampliesthattherearemoresectorsvhich may
be free. The effectivenessof HoL solutionwill be an
intricate function of the numberof sectorsand“DNAV
deltaangle”tqna ) @andthe trafc patterns.We would
like to studytheeffectin future.
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