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Abstract

Theavailallity of low powershortrange wirelesstecdhndogies,
sud as Bluetodh, is enalling commact hancheld devicesto be conneted to
informatian networksfor mobileand ubiquitous compting. Theusage model
assumeds that mobiledevicesconrectto nearbyaccesoints which in turn
are conrectedto an external network. This modelprovidesan alternativeto
the expensive3G mobilenetworksand berefitsthe userthroughhigher band
widths,lower costsandotherlocationspecificservicemot feasibleover 3G. A
key issueshereis providing mobility. Themobilemaymove out of therange of
oneaccesgointinto that of anaher anda handff would berequired. In this
paper, we first survey the variousoptionsfor implementinghandff. We then
adapt Cellular IP for usein a Bluetodh basedaccesmetworkand proposea
new handff protocolwhich exploits the specificfeatuesof the Bluetath link
layer Simulatiomsrevealthat our proposedschemereduceghe handff delay
by more than an order of magnitude and has enharced datarate capablities
compaed to pure Cellular IP. The numberof mobile hardheldssupprted at
theaccesgoinsis alsoincreased

Keywords: Bluetooth,wirelessaccessmobility, handof, ubig-
uitouscomputing

1. Intr oduction

Bluetoothis a shortrangelow power wirelesstechnolog designedespeciallyfor compacthand-
helddevices. Amongvariousotherapplicationghatareenabledhroughthis shortrangeconnec-
tivity, animportantoneis the possiblity for handheldgo connecto a network accesgoint. This
accesgoint may provide locationspecificservices suchasairline informationat an airport, en-
abletransactionst kiosks,or actasa gatevay to the Internetor otherlocal networks. The basic
usagamnodelis thatmobilehandheldenterpublic placessuchassupermarkts,airports, museums
or cafeteriasandconnecto accespointsinstalledat theseplacesusingBluetooth.



Bluetoothallows adhocconnectiongo be setup betweendeviceswithout the usershaving to
know the device addressesr configurations.However, Bluetoothdoesnot provide for seamless
handof whena mobile handheldnoves from therangeof oneaccespointto another

Mobility is anessentiafeaturein public accesspacesThe accessituatonsmay be divided
into two cateyories- thosewith low usermobility andthosewith highusermobiity. Low mobility
situatins are thosein which the useris seatedmost of the time, suchas inside a train or an
airplane,a waiting loungeor a cafeteria. Examplesof high mobility scenariosnclude accessat
supermarkts,museurs, airportsor train stations.In high usermobility areasautomatt handof
is essentiato provide anacceptabléevel of usersatisactionfor mostapplicatiors.

The methodsusedfor handof shouldbe optimizedfor the Bluetoothphysicaland Medium
AccessControl (MAC) layersto reducehandof delay In this paper we proposenen methodgo
adaptexisting moblity mechanism$or usewith Bluetooth.

The paperis organizedasfollows. The next sectiondescribesomeof the existing methods
usedfor handof and mobility. Next, the connectionestablishrent processin Bluetoothis de-
scribedandthe importantfeaturesto be consideredor the handof protocolare mentioned.Our
proposedmethod,namelythe mobile Bluetooth Public Access(mBPAC) protocol,is described
in section4. A sumnary of the performancestudyof this protocolis presentedn section5 and
section6 concludes.

2. Existing methods

The methodsusedto supportmobility in paclet networks andin cellulartelephory networks are
recapitulatedelow.

2.1. Mobile IP

Mobile InternetProtocol(Mobile IP) [1], wasdesignedo allow mobile nodesto connectat loca-
tionsotherthanthoseto whichthey usuallyconnect Assumirg thatboththeold andnew locations
supportmobilelP, aforeignagentis setup atthenew locationanda homeagentatthe usualloca-
tion. Whena pacletaddressetb the permanentP addres®f a mobile device arrivesatthehome
agent,it is forwarded,or “tunneled; asper Mobile IP terminology to the correspondindoreign
agent.Theforeignagentthenforwardsthetraffic to thetemporarylP addresallottedto themobile
nodeatthenew location.

The shift from onelocationto anotheris slow andinfrequent. The detectionof the loss of
connectiordepend®n thetimeou periodfor routecaches.

Using this methodfor supportig Bluetoothhandof in a local accessareawould meanthat
eachtime a nodemoves its foreign agentchanges.The changewill be affectedwhenthe route
cacheexpires. With eachhandof, a new “tunnel” hasto be setup from the homeagentto the
changingforeign agents.The handof will be very slow. This kind of a solution doesnot allow
mostrunningapplicationgto continueobliviousto the handof. Thus,fastandseamlessandof
cannotbeachievedusingMobile IP alone.



2.2. Cellular Telephony

Mobility is well supporedin cellulartelephory networks andongoirg calls are maintainedeven
asthe mobile stationmovesfrom the rangeof onebasestationto another Thesenetworksdo not
rely on lossof connectionto initiate handof but actively track the link quality to checkwhena
handof mayberequired.Variousparametersuchasbit errorrate (BER), carrierto-interference
ratio (C/1), distance traffic load, signal strengthor combinatons of thesemay be usedfor link
quality evaluation. Thealgorithmsaredifficult to emplgy in Bluetoothbecause:

1. TheBluetoothhardwarewill have to performlink quality measurement3.he standardloes
provide the provision for Receved Signal Strengthindicator (RSSI), but this is anoptional
featureandis currently not supportedoy mostavailable hardware implemenéations. The
RSSilresolutionmaynot be enoughfor mostcellularhandof algorithms

2. Themobile stationis requiredto carryoutlink quality measurementsndassisthe handof
algorithm A large variety of mobile devices are expectedto connectto a public access
network andit would be preferablef the handof protocoldoesnot requireany changeto
the standardBluetoothimplenmentationat the mobile nodes.

2.3. Cellular IP

CellularIP (CIP) [2] is is intendedo provide local mobility insideanaccessetwork.

Thehandof is fasterandmoreefficientthanin Mobile IP, andis basedon a simpler andmore
flexible infrastructurecomparedo that of cellular telephory. The handof is not seamlessand
pacletlossesnayoccurduringor afterthe handof.

The CIP protocol hasbeenusedfor Bluetooth public accessin [3] and [4] for supporting
handof. Thereferencearchitectureusedin [3] is shovnin Fig. 1.

The accessetwork is accessedby the mobie Bluetoothnodesthroughbasestations which
allow accesshroughBluetoothtranscevers. Theaccessietwork is connectedo a public network
like the Internetthroughthe CIP Gatavay. The CIP agentconfiguresthe arriving mobile nodes
andassigngheml|P addresses.

CIP providesfastroute updateso enablemobile nodesto changetheir point of attachment
frequently The CIP protocolnoticesall IP datagramsentby the mobile nodeandmapsits source
IP addresgo the basestationinterfacefrom which the datagramwasreceved. This prepareghe
routelookuptablefor reachinghatmobilenodeon eachCIP router usingwhich thedatareceved
for themobilenodeat the gatavay canbeforwardedto the appropriatébasestation.If the mobile
nodedoesnot have anything to sendfor sometimethenit mustsendcontrol pacletsto refreshthe
routingtables.As theroutesareupdatedrequentlywithin the accessetwork, the nodeis freeto
move from the rangeof onebasestationto another No “tunnel” is requiredto be setup through
a homeagentasin Mobile IP. Thus, CIP solvesthe problemof local mobility within the access
network.

The CIP ideasare goodfor applicationswhich cantoleratecertainhandof delayand paclet
loss.However, the methodsuffersfrom the following drawvbacks:

1. The handof is not seamlessLossof connectionis detectedhroughroute cachetimeout.
The Bluetoothlink supervisiontimer is suggestedor detectinglossof connection. This



CIP Agent Connected ti ﬁublic network

)
CIP Gateway

CIP Router CIP Router

Base Station

Bluetooth
Tranceiver (BT)

Fig. 1. CellularIP for Bluetoothbasedpublic access|3]

timeoutvalueis 20 secondsy default. Thus,pacletlossanddelayoccut

2. After lossof a connectionthe mobile nodehasto searchfor anew accesoint, which will
thenswitchrole from slave to master However, the mobilenodehasno previousknowledge
of accesgpointaddresseandwill thushave to usethetime consumng inquiry procedurgo
obtainthatinformation. Further accesgpoints will periodicallyhave to enterinquiry scan
and pagescanproceduresgxpectingnewn devices, even whenthereis no handof taking
place. Performingscanat accesgpoints reducesthe robustnesf the accessetwork as
analysedn section5.4.

3. The Cellular IP protocolmustrun on the mobile nodesaswell. This is not preferablefor
public accessas mary differentmobile devices may have to be sened. The mobile node
shouldbe transparento the implementationof CIP in the accessetwork, including its
choiceof cachetimeoutvaluesandotherparametershoserto suitthe network load.

Betterhandof performancenaybeobtainedf thespecificfeaturef Bluetoothareexploited.
Thenumberof mobilessuppored by anaccespointwill alsoincreasef lessbandwidh is wasted
in handof relatedoperations. In the next sectionwe describecertainissueswhich needto be
consideredn designinganefficienthandof protocol.
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3. Bluetooth Specificlssues

3.1. ConnectionEstablishment

Connectiorestablishrantin Bluetooth[5] consiss of two phases:

Inquiry: This phasds requiredif theaddres®f a device to which a connections requiredis
notknown. This maytake upto10.24secondsn anerrorfree ervironment.

Paging: This phaseis requiredto synchronizethe frequeny hop sequencesf the devices
amongwhich the connections beingsetup. If the clocksof thetwo devicesaresynchronizedo
within —8 x 1.28sto 7 x 1.28s, thenthe pageprocedurewill succeedvithin Npye x 16 slots(one
slotis 625 usin Bluetoothstandard) Npage is 1 for pagescanmodeR0 and128for scanmodeR1,
leadingto pagingtimesupto 0.01sfor RO and1.28sfor R1. Whenthe synchronizations worse
thanmentionecdabove, it maytake uptoNpae x 32 slots,or doublethetimesabove.

Thepagingprocedureannoteeliminatedirom theconnectiorestablishrentphaseasthehop
sequencebave to synchronizedor any communicaton to take place. Data,exceptvoice,cannot
be sentwhile adevice is pagingothers.

The inquiry procedurehowever may be eliminatedif the addressnformatioan canbe known
throughothermeans.

3.2. Channel Sharing

A single device canpageand connectupto 7 active devicesto itself. The device to whosehop
sequencall otherdevicesare synchronizedafter connectionestablishrentis called the master
The groupof the synchronizedlevicesis calleda piconet. The wirelesschannelis time division
duplex andfurther time sharedamongdevices connectedo one master The channelaccesss
controlledby the masterin eachpiconet. Alternateslotsare usedfor sendingandreceving. A
slave cantransmi only after it recevesa paclet from the master The mastersendsout paclets
in alternateslots and usesthe intermedate slot to listen for a paclet from the slave to which it
transmited (Fig. 2).



3.3. Who Should be Master

Whena piconetis beingestablisked betweenthe mobile nodesand the accesgoint cateringto

them, the issuewhetherthe accesspoint shouldbe masteror the mobie nodes,needscareful

consideration. Typically the device which pagesbecomeghe masterand the scanningdevice

becomegheslave. Theaccesgoint shouldpreferablybethe mastelin the piconetto allow better
channekharingamongthe mobile nodeswhich aremadeslaves. If the mobie nodesaremasters,
theaccesgpointwill have to involve itself in multiple piconets reducingits bandwidthcapacity

Sincetherewill beno coordinatiorbetweermobile devicesthiswill alsomake theimplemenation

of channekharingandhandof difficult.

Thus,a handof protocolmustspecify:

e thepagescanandinquiry scanmodes,
e thepollingschemdo beused,and

¢ who shouldbe mastemwithin the piconets.

4. The mBPAC Handoff Protocol for Mobility Support

Themobie BluetoothPublicAccesymBPAC) protocolfor supportinghandof of amobilemoving

from the rangeof oneaccesgoint to thatof anotheris describedhere. The accessetwork uses
CIP. The CIP routersandgatevay arenot changedasall Bluetoothspecificfunctionalty is taken
care at the basestations. The CIP basestatios are however modified to implementmBPAC,

which adaptshemto the specialfeaturesof Bluetooth. The basestatiors presenthemseles as
standardCIP basestationsto the CIP accessetwork. At the sametime mBPAC alsomake the
CIP implementationin the accessetwork transparento the mobile nodes. Additional mBPAC

communcationis requiredbetweerthe neighboringoasestations

4.1. mBPAC Handoff Protocol

ThemBPAC handof protocolis aimedat achiezing a fastandseamlessiandof with low handof

delaysandgoodperformancen termsof userbandwidthdn theaccessetwork.
First,thedesirabldraitsof anidealhandof algorithmarementioned Thenahandof algorithm

thatcloselymatchegheidealcharacteristicss proposed.

4.1.1. Desirabe Traits

1. Thehandof shouldtake placeveryfast.Dataapplicatiors andhigherlayerprotocolssuchas
the TCP shouldnotbeaffectedby ahandof occurringatthewirelessphyscallayer. It would
beexcellentif realtime interactve voice or multimediaapplicationamay be supporéd.

2. ldeally, thereshouldbe no pacletlossin the handof.

3. Thehandof protocolshouldnot consumea significantbandwidthof thewirelesschannel.



4. Thehandof protocolshouldnot requirechangego the standardmplementatioron the mo-
bile nodes.In a public accessetwork, it is desirablef the protocolcanfunctionthrough
modificationsto only the acces$oints andno change$erequiredin the Bluetoothimple-
mentatiois on thewide variety of mobile nodesthatareexpectedo be present.

5. For portability, the protocolshouldbe basedn only the mandatoryBluetoothfeatures.

6. The protocolshouldnotrequireexcessve coordinatioramongaccesgointsThisis to save
bandwidthin the network connectingheaccespointsasthey maythemselesbeconnected
wirelesslyfor easeof deployment.

4.1.2. Operation of mBFAC Handof Protocol

ThemBPAC enabledasestationsareorganizednto two cateories:

1. Entry Points: Thesearelocatedat the boundarie®f the network or otherplaceswherethe
accesqetwork provider wantsto allow mobie nodesto enterthe public accessnetwork.
Theirresourcesrededicatedo discovering new devicesthroughinquiry.

2. AccessPoints: Thesespantheentireaccessegion andprovide thedataor otherapplication
servicedo the mobie nodesconnectedo them. They acceptdevicesthroughhandof from
entrypoints or otheraccesgoints

Theaccespointsandtheentrypointsareconnecteaver a high speedocal areanetwork. The
operationof the protocolconsiss of two actities:

Entry: An entry point constantlycarriesout inquiry. Whenever it detectsa new device it es-
tablishesa connectionwith it, obtainingits addressandclock information. The entry point
may at this point performdevice registrationandauthenticationasksasrequiredby the ac-
cessnetwork provider for monitaing network accesr billing. The entry point closesthe
connectionand passeshe addressand clock informatian receved from the newly arrived
mobile nodeto the nearesticcespoint. The accesgointrecevesa neighbormessagdor
handof requesin its neighbormessagegueueandwill processt asin caseof handof from
ary otherneighboringaccespoint. Theconnectiorwill startwith thenewly enterednobile
oncethehandof is complete.

Handoff: Handof consistf two steps:

Detectinglossof connection: The methodfor detectinglossof connections basedon the
polling schemen the piconet. Polling schemespecifiedfor mBPAC is roundrobin,
in which the masterpolls eachslave one after the other Datarequirementsnay be
differentfor differentslavesandthe paclet durationmay be adjustedfor this, using
singleslot pacletsfor slaveswith low dataraterequirementsand multislot paclets of
length3 or 5 for higherdataratesDatapacletsthemseles actaspoll paclets. A slave
is requiredto acknavledgeevery paclet it recevesfrom the masterasper Bluetooth
specificationlf no poll replyoccursl‘orthetimeoutperiod,TpoIIre Iytimeou” connection
is assumedroken. At the mobie, too a similar procedurds followed to detectloss



of connection.At boththe accesgoint (master)andthe mobiles(slaves)the timeout
value, T, epiytimeoy- IS SPECIfiedo beequalto themaximumnumberof slotsthatmay
passhetweertwo successie poll turns.

Toolireplytimeos d€PENADN the numberof slavesin the piconetandwhetherthe access
point is involved in paging. Whenno pagingis taking pIace,Tponreplytimeoll may be
a maximumof 80 slots or 50msfor seven slaveswith multislot pacletsof length5.
Whenthe mastelis involvedin paging,for processinghandof messagérom aneigh-
bor, thetimeoutis increasedoth at the masterandthe mobies. A HOLD pacletis
sentto the mobilesjust beforethe masterenterspagingto suspendheir timersfor a
durationequalto Tap pyqe- Thetimeris resumeckitheron expiry of the Typ, gy dura-
tion or if themastersendsaregularpoll messagéeforethat. Typ pye is themaximum
time anaccesgoint spendson pagingfor a slave onreceving a neighbormessageor
128slots(80ms).

The loss of connectionwill be detectedat the first unsuccessfupoll attemptitself
becauseonly the secondppll attemptcan occurwithin .Tpollreplytimeou" No datayvill
belostasthe paclet sentwill beunacknevledgedandwill beretransmittdatthelink

layeritself.

Restoringconnectiorwith new accesgoint: Oncelossof connectiorhasbeendetermined,
new connectionmustbe establiked. We definethe Neighbohood sd of an access
pointA asthesetof all accespointsinto whoserangeamobie nodemayhave ventued
after having beenknown to be presentin the rangeof accesoint A, T, enivtimeou
time unitsago.As soonaslossof connectioris detectedthecurrentaccespointsends
the clock andaddresof the missedmobile nodeto all the accesgointscontainedn
its Neighboihood sé. Thesemessagesvait in the neighbormessagejueueat the
accesgointsto which they aresentuntil theaccespointprocessethem.Eachaccess
pointreceving the neighbomrmessagénishesits poll roundandchecksf theneighbor
messag@ueuehasary pendingmessagesilf thereis a pendingmessagethe access
point sendsa HOLD messagéo all its connectedslavesto suspendheir connection
lossdetectiortimersfor adurationof Typ pyge-

It then pagesthe mobile nodeusingthe clock and addresgeceved from the neigh-
bor. Sincethe pagescanmodeusedat the mobile is RO, eachpagetrain needsto be
attemptedbnly once,which meansbothtrainscanbe tried outin 32 slots. Four page
attemptsare madefor robustnessleadingto Typ by €qualto 128slots, which is 80
millisecond. As avery recentclock recordis used,pagingwill succeedn the first
attempt.

The Neighbohood se will dependuponthe spacein which the accessnetwork is
deployed. Figure 3 shaws the floor plan of an exhibition hall. Considerthe access
point A markedin thefigure. It is clearthata mobile nodewhich wasin the rangeof

A Toolireplytimeos @90C0Uldhave movedto only theaccespointsmarkedP now. Thus,

the cardinality of the Neighbohood sé is expectedto vary between2 and4 in most

casesThisassumpon is usedin simuating the performanceof mBPAC.

The specifiedprotocol hasall the desirablecharacteristicspecifiedin section4.1.1 exceptthe
fourth onesincetheacces$iandof mechanisndoesrequiresomecontrolof thescanandconnec-
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Fig. 3. Samplearrangementf accesgpointsandentry pointsin a Bluetoothaccessetwork run-
ningmBPAC

tion actiity atthemobile. No standardehaior for Bluetoothdevicesregardingwhenthey should
performscannings specifiedn the standarcandhencethis is not percevedasa majorlimitation.

Onedisadwantgeof thisprotocolis thatit produces hardseparatiortbetweerentrypoints and
accesgoints. Hence extra entry pointsneedto beinstalledfor every locationat which entryinto
theaccessetwork is to be provided.

This protocolalwayssenddost mobileinformationto all membersof the Neighbohood sd.
It may be possilte for certainaccesdocationsthat usermobility pattersfollow a certaintrend
andmoblity typically takesplacebetweensomeknown accesgpoints Sophistcatedalgorithms
to learnthe mobility pattersand exploit thoseto reducethe numberof accesspoints to which
neighborhandof messagearesentwould helpto reducethe wastageof dataslotson falsepaging
attempts Someattemptsat pathpredictionfor mobile deviceshave beenmadein [6].

4.2. Robustness

It is importantto evaluatethe robustnes of the accessetwork in casea mobile nodewhich does
notfollow themBPAC protocolcomesnto therangeof themBPAC accessetwork.

Intrud ing Devices: As the entry pointsandaccesgointsnever go into inquiry scanor page
scanthedevice cannotinquireor pagethecomponers of theaccessietwork andconnecto them
on its own. Hencethe mobile nodemustconnectto the accessetwork throughthe entry point
whichwill authenticatét. Theaccessetwork is thusrobustto unwantedintrudingdevices.

Malicious Devices: After thedevice hasbeenacceptednto thenetwork, it maystopfollowing
the mBPAC protocol. Whenthe device is in connectionstate,it can either carry on with data
communcation, be putin HOLD stateto suspendts connectiontimeou timer, or may have to
enterpagescanon detectinglossof connection.In caseit doesnot follow the protocol, it will
either stop transferringdata, or not suspendts connectiontimeouttimer or not detectloss of
connectionto enterpagescan. In either of thesecasesall what can happenis that the mobile
device losesconnectiorandis unableto conneciagain.Theonly effectonthe network will bethat
somefalsepageattemptswill take place. They will staylimitedto oneNeighbohoodsé asthe
device cannotconnectrepeatedlyandcauseoo mary pageattemptsatthataccespointleadingto
ary performancealegradation.The device canre-enteronly throughthe entry point. Also, sinceit



hasenteredhroughan entry point, whereits device propertiescanbe recordedthe network can
keepa recordof which device malfunctionedr stoppedfollowing the protocolfor ary reason.
Hencetheaccessietwork is fairly robustto mobiledevicesnotfollowingthemBPAC protocol.

5. Simulation Results

A simdator hasbeenbuilt to evaluatethe behaior of the accessetwork with differentnumbers
of stationaryandmobile nodes. The simulabr is designedo captureall the relevant featuresof
the Bluetoothdatalink layerwhich affecttheperformancef mBPAC. It implementdhecomplete
frequeng hoppingschemespecifiedto studythe effect of pagingandinquiry procedure®n con-
nectionestablismentandthe handof protocol. The simulata implementsthe correctBluetooth
addressin@ndtiming asperthe standard.

This sectionsummarizeshe simulationscarriedout to evaluatethe performanceof the pro-
posedmBPAC accesschemes.

5.1. Handoff Delay

Thehandof delayconsistf two components:

1. Thetimeto detectlossof connectionwhich depend®n:

(a) Thenumberof devicesconnectedo the AP asthis affectsthe durationof a poll round
in eachpiconet.

(b) Whetherthe mobile leavesin connectionstateor whenthe accesgoint wasin page
state.

2. Thetimeto resumeanew connectioratthenewv AP into whoserangethemobilehasmoved
in afterlossof connection.This depend®nthe pagingdelayfor startingthe connectiorand
thenumkler of neighbomrmessagewaiting in the queue.

To evaluatethe effect of the above factors,simulationsare performedfor caseswith varying
numberof mobile nodesalreadyconnectedo AP whenthe new mobie, with which a connection
isto beresumedarrives.For eachof theabove casesthesimulationis tried with differentnumtlers
of neighbormessagewaiting in queuethat have to be processedbeforethe the new mobie can
be handled. As the numberof neighborsfor a given accesgoint is expectedto be four in most
casesatary given instant messageom not morethanthreeneighborscanbewaiting whenthe
neighbomessagéor thenew mobie arrives.

Let the numberof devicesalreadyconnectedo the accesgoint whenthe mobile arrivesbe
s andthe numberof neighbormessageto be processedeforethe pagingattemptfor the mobile
canbemadebek.

Thetimestaken to resumeconnectiorafter neighborAP hassentthe messagdor pagingthe
mobilearegivenin Tablel for all possibles andk. Thetimestakento detectlossof connection
arelistedin Table2. Theeffect of the AP beinginvolved in processing neighbormessagéefore
detectingconnectiorlossis reportedn Table3.

All valuesgivenareaveragedover 100runs. Thedelayvaluesarein numberof slots



Table 1. Handof Delays:Time to resumeconnectiorafterneighbomessageecevedfor varying
k ands. (Delayvaluesin slots)

S k=0 k=1 k=2 k=3

1 25.50 150.28 292.00 408.78
2 23.72 157.76 290.42 431.78
3 23.44 164.62 311.34 437.52
4 24.64 169.16 314.30 455.86
5 33.06 177.32 327.24 478.86
6 32.94 186.18 334.98 491.36

The pagingdelay dependson when exactly the pagingstartsafter the neighbormessages
receved. Whenthereis no neighbormessagén queuethe pagingcanstartafter onepoll round
getsoverandthe AP checksf its neighbormessageueues notempty Thetimeto detectiossof
connectioralsodepend®n wherein the poll roundtheturn for polling the moved device comes.
Dueto this, the detectionof connectionoss may not alwaystake longerwhenmoredevicesare
connected.

Table 2. Handof Delays: Time to detectlossof connectiorafter mobile movesout of rangefor
varyingk ands (Delayvaluesin slots).

S k=0 k=1 k=2 k=3
1 1.00 2.04 1.24 1.62
2 2.18 3.00 2.67 4.18
3 3.56 3.94 3.86 2.36
4 4.16 4.16 5.40 6.26
5 4.84 5.04 5.00 7.22
6 6.21 6.79 7.64 7.32

It is apparenthatthetime to detectlossof connectionis negligible unlessthe mobile moves
away whenthe AP is paginganothemobile.

Fromtheabove threetables,it canbe seenthatthe delayfor resumingconnectiorvariesfrom
25 slotsto about500slots. The time takento detectlossof connections a maximumof 161.48
slots. Combining theabove informationthe handof delayshave beenplottedin Figure4.

5.2. Datarates

To studythedataratgerformancet is assumedhats stationarydevicesareconnectedo anAP and
Sm mobiledevicesaremoving in andoutof its range.Also, thecardinalityof the NeighbohoodSet



Table 3. Handof Delays:Timeto detectossof connectionf themobilemoves outof rangewhen
AP is paginganothemobilefor varyings.

S 1 2 3 4 5 6 7
Delay(slots)| 133.00| 138.54| 142.56| 148.98| 151.90| 157.06| 161.48
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Fig. 4. Aggregatehandof delayfor varyings andk.

is assumedo be N. This meanghateachhandof would produceN — 1 falseneighbormessages
leadingto wastedpagingattempts.As the maximum numberof mobilesthat may connectto an
AP is 7, s andsy, vary betweenl and7 underthe constrainthats+ s, < 7. Theserangescover
variouspossibldoadconditiors andnumberof mobilesthatmaybe presentn theaccessetwork.

Thenumberof dataslotsobtainedby amobie node within adurationof 20 secondgor varying
sandsy atN = 4 arepresentedn Table4 andin Table5 for N = 2.

Theabore measurements termsof slotsmay be convertedto actualdatarateachievzedbased
on which paclet typeis usedfor datatransferby the mobies andaccesgoints. The maximum
datarates achieved when multislot paclets of length5 are usedwithout any forward error cor-
rection,thatis DH5 paclets. The datarateachieved by one mobile device for the caseN = 4 is
plottedin Figure5. All datarateshavn in the plotsaresymnetric dataratesthatis, samedatarate
is availablefrom the AP to mobile andfrom the mobile to the AP.

It is apparentfrom the figure that the maximumdatarateachiered is 215.43kbpswhile the



Table 4. Dataslotsallottedto a mobile nodein a durationof 20sfor varyings ands,, (N = 4).

S sv=1 Sn=2 Sn=3 Sn=4 Sn=5 Sn=6
1 7897 5345 4088 3342 2851 2501
2 5260 3979 3220 2725 2377

3 3946 3168 2661 2307

4 3153 2630 2269

5 2625 2250

6 2249

Table 5. Dataslotsallottedto a mobile nodein a durationof 20sfor varyings andsp, (N = 2).

S Sv=1 Sn=2 Sn=3 Sn=4 Sn=5 Sn=6
1 7962 5422 4171 3429 2943 2603
2 5307 4034 3287 2797 2455

3 3979 3214 2716 2365

4 3183 2670 2312

5 2652 2284

6 2272

minimum dataratesare above 61 kbpswith the AP loadedto full 7 devices. This gives better
performancethan a typical phonemodembasednetwork access.The performancas far better
than2.5G,EDGE,GPRSor otherhigh datarateservicesavailablefor mobile access.

5.3. Support for Real Time Interacti ve Audio

Thehandof delaysvary betweeril6 to 408 millisecondswith typical handof delaysexpectedat
125 milliseconds.For interactve audio,roundtrip delaysupto 250 ms arerequiredwhile delays
upto 400 ms are consideredolerable. Datalossupto 5% is acceptabld7]. This meansthatthe
handof delayssmallenoughto allow aninteractve audiocorversatio have beenachieved.

The dataratevary from 61 kbpsin full load conditionsto 215 kbpsat low loadswith hand-
off. Thesedataratesreenoughfor supportingan interactve voice call over the accessetwork.
Streamingnediarequiringuptothe dataratesnenticmnedabove canof coursebe supported.

5.4. Comparisonwith pure CIP

CIP performanceavithoutthe mBPAC modificationshasbeenreportedn [3] for handof purposes.
The handof delaysfor mBPAC arebetterby morethananorderof magniude. The total time to
resumeconnectionafter the mobile oncemovesout of rangeis foundto be about25 secondsn



Datarate (Kbps)

Fig. 5. Datarateachievedwith DH5 paclettypeata mobileterminalfor varyingsandsy, (N = 4).

[3].

Thetimeto detectlossof connectionwvascalculatedo be a maximum of 198 msandfoundto
be a maximumof 162 msin the simulationspresentedn Table3 for mBPAC. On the otherhand
thetime takento detectconnectiolosswas20 secondsn the pureCIP usedin [3].

Thetimeto resumeconnectionrangingfrom 25 to 500msasseenn Tablel for variousload
conditiors was5 secondsn [3]. This is becausdhe time consumingnquiry is involved in that
method.

The datarateachiezedin pureCIP would be muchlower asmuchmoretime would be wasted
in connectionre-establishmentThis would alsoreducethe numberof mobile nodesthe access
network cansupport

The pure CIP methodis lessrobust. In that method,the accesgoints performinquiry and
connectas slaves, later performinga masterslave switch to make the mobie nodea slave. A
maliciousmobile nodecanrepeatedlyinquire and establishconnectionwith an accesgpoint and
eachtime refusethe masterslave switch. Thatwould wastesignificant bandwidh at the access
point.

6. Conclusions

The increasingpopulariy of handheldsandthe ability to provide wirelessconnecwity through
Bluetoothhasgenerated strongneedfor public accessietworkswhich acceptBluetoothenabled
devices.An importantissuen thesenetworksis thesupportfor mobility inside theaccessetwork.
This paperdiscussedhe variousavailable optionsfor providing mobiity anddescribedur new
handof protocolwhich promisesrapid andlosskesshandof, achiezing efficient utilization of the
bandwidthatthe MAC layer. The handof is fastenoughto allow interactve audioapplicationgo



run oblivious of handofs at low network loads. The accessnechanisnproposedalsomakesthe
CIP implementaton in the accessietwork transparento theincoming mobile nodesanddoesnot
requireary changeto the standarchardwareimplemenationson mobiles. The proposedschemes
improve the performanceof existing methodssignificantlyin termsof handof delay datarates
availableto mobile nodesandthe numberof mobilessupportedat anaccespoint.
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