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Abstract— Different wir eless systems sharing the same fre-
guency band and operating in the same ervironment are lik ely
to interfere with each other and experiencea severe decreasein
throughput. In this paper, we consider IEEE 802.11 WLANSs
and Bluetooth-basedWPANSs, which operatein the 2.4 GHz ISM
bands. We proposetwo coexistencemechanismsbhasedon traf-
fic schedulingtechniques,which mitigate interfer encebetweenthe
two technologies. The proposedalgorithms can be applied either
when 802.11and Bluetooth are able to exchangeinformation as
well aswhen they operate independently of one another. Results
show that through the proposedcoexistencemechanismsthe in-
terferencebetween802.11and Bluetooth can be reducedand the
throughput of the two systemsis significantly impr oved at the ex-
penseof a small additional delayin the transfer of data traffic.

|. INTRODUCTION

N the next few years,penasive deploymentof smartwire-

lessdevicesis expected. To make this vision a reality, de-
vicesmustbe ableto sharethe samefrequeny bandandmove
betweendifferentwirelesssystemsawithout the needof ary li-
censingprocedurdl]. However, althoughtheuseof unlicensed
banddacilitatesspectrunsharingandallowsfor anopenaccess
to thewirelessmedium,it alsoraisesseriouschallengesuchas
mutualinterferencebetweendifferentradio systemsand spec-
trum utilization inefficiency.

In this paper we dealwith the problemof mutualinterfer
encebetweentwo emeging wirelesstechnologies: WLANSs
(WirelessLocal Area Networks) and WPANs (WirelessPer
sonalAreaNetworks). In particular we considedEEE 802.11
WLANS [2], [3] and short-rangeradio systemsbasedon the
Bluetooth (BT) specification[4], [5], or equvalently, IEEE
802.15WPANSs [6]. Thesesystemswill operatein the2.4 GHz
ISM (Industrial, Medical and Scientific)frequeng bands,i.e.,
theunlicensedspectrumBT usesa FHSSschemewhile IEEE
802.11 can either use a FHSS (Frequeng Hopping Spread
SpectrumpraDSSS(Direct Sequenc&preadSpectrum}ech-
nigue. WLANs and WPANs are complementaryatherthan
competingtechnologies,and mary application models have
beenervisionedwhereit is necessarjor Bluetoothand802.11
to operatesimultaneoushandin closeproximity [7]. In these
conditions,interferencebetween802.11andBT occurswhen-
ever theinterferencesnepy is sufficient to causea decreas®f
the signalto interferenceratio at the recever andthe two sys-
temstransmissiongverlapbothin frequeny andin time.
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Accordingto the IEEE 802.15Working Group,interference
betweerB02.11andBT causes severedeggradationof the sys-
tems’throughputwhenthedistancebetweerinterferingdevices
is lessthan2 m; a slightly lesssignificantdegradationis ob-
senedwhenthe distancerangesetweer? and4 m [8]. In or-
derto mitigatesuchaneffect, the [IEEE 802.15Working Group
hascreatedhe TaskGroup2 (TG2),whichis devotedto thede-
velopmentof coexistencemetanismg6], i.e., techniqueghat
allow 802.11andBT to operatein a sharedervironmentwith-
outsignificantlyimpactingthe performancef eachother[9].

Two classe®f coexistencemechanism$ave beendefined:
collaboratve and non-collaboratie techniquegd6]. With col-
laboratize techniquest is possiblefor the BT network andthe
WLAN to exchangenformationto reducethe mutualinterfer
ence;however, they canbeimplementednly whentheBT and
the 802.11devicesare collocatedin the sameterminal. With
non-collaboratie techniqueghereis no way to exchangein-
formationbetweenthe two systemsandthey operateindepen-
dently Examplesof collaboratie coexistencemechanismsgre
theschedulingschemeso-calledVETA (MAC Enhancedem-
poralAlgorithm) [10], andthe TDMA (Time Division Multiple
Access)schemepresentedn [11]. META involvesthe useof
a centralizedcontroller that monitorsthe BT andthe 802.11
traffic andallows exchangeof informationbetweerthetwo ra-
dio systemsThecontrollerworksatthe MAC layerandallows
precisetiming of paclet traffic, thusavoiding interferencebe-
tweenthe two collocateddevices. A similar approachs used
in [11], wherea TDMA schemds adoptedio make transmis-
sionsof two collocatedBT and 802.11devices never overlap
in time. This algorithmhowever cannot be appliedin the case
of BT voicetraffic, andboth theseschemesreunableto mit-
igate interferencecoming from non-collocateddevices unless
very restrictve assumptionsiremadeon the network scenario
[10], [11]. Also, sincethey totally orthogonalizéransmissions
of technologieghat sharethe sameradio spectrum,the sys-
tems’ throughputwill be significantly decreaseas the num-
ber of wirelesstechnologieoperatingin the unlicensecbands
grows. An exampleof non-collaboratie coexistencemecha-
nismis the Adaptive Frequeng Hoppingtechnique12], [13].
Accordingto this schemefrequeny channelsareclassifiedas
‘good’ or ‘bad’ andhopsareadaptvely selectedrom the pool
of ‘good’ channelsHowever, sincethe majority of currentBT
implementationgerform the hop selectionin hardware, this
techniquewould imply anew releaseof BT devices.

In this paperwe proposewo novel coexistencemechanisms,
so-calledOLA (OverLapAvoidance)schemesyhicharebased



on simpletraffic schedulingtechniques.The first mechanism
is to be performedat the IEEE 802.11in the presenceof a
BT voicelink, the secondmechanismat the BT systemin the
caseof a BT datalink. The proposedalgorithmshave the fol-
lowing adwantages:1) they do not needa centralizedtraffic
scheduler?) they canbeimplementedn collaboratve or non-
collaboratve mode; 3) they are able to mitigate interference
betweencollocatedand non-collocatedBT and IEEE 802.11
devices; 4) they have minor impacton the IEEE 802.11stan-
dardandon the Bluetoothspecification.Both the schemesre
basedon the assumptiorthat 802.11and BT candetectinter
ferencedue to other technologiessharingthe sameerviron-
ment. This assumptioris trivially true in a collaboratve set-
ting, whereinformationrelatedto traffic transmissionganbe
directly exchangedetweenthe interferingsystems.In a non-
collaboratve setting,this informationcanbe acquiredthrough
channekensingandassessmertf the receved signalstrength
andof the pacletlossrate. Thisis furtherdiscussedn Section
1.

By applyingthe OLA mechanismsn thecaseof aBT voice
link we obtainanimprovementof about20%bothin the802.11
andtheBT goodputwith anadditionaldelayin the802.11data
transferof theorderof tensof milliseconds.In thecaseof aBT
datalink, the goodputimprovementsareup to 50%for 802.11
andup to 24%for BT nodes,with a negligible increasdn the
BT datatransferdelay

Theremainderof the paperis organizedasfollows. In Sec-
tion Il, we briefly describethe IEEE 802.11andthe BT tech-
nology, andintroducethe modeladoptedto evaluatethe mu-
tualinterferencébetweerthe two network systems Sectionlll
presentghe proposecdoeistencemechanismsSectionlV de-
scribegheconsideresgimulationscenarioResultsshowving the
obtainedmprovementin performancearepresentedn Section
V. Finally, SectionVI concludegshe paper

Il. SYSTEM BACKGROUND

IEEE802.11WLANS coverarangeof approximatelyl00m
and canoperateat bit-ratesashigh as11 Mb/s. We focuson
systemghatusethe DSSS(Direct Sequenc&preadSpectrum)
schemeand considertheir bandwidthto be roughly equalto
22 MHz [2], [14]. Thefundamentabuilding block of the net-
work is the so-calledBasic ServiceSet (BSS), which is com-
posedof several wireless stationsusing the samespreading
sequenceand MAC function. Wirelessstationscan directly
communicatewith eachotherforming an ad-hocnetwork, or
througha centralizedaccesgoint, which alsoprovidesa con-
nectionto the wired network [2]. The two fundamentaMAC
schemeslefinedin the|[EEE 802.11standardairethe DCF (Dis-
tributed CoordinationFunction)andthe PCF (Point Coordina-
tion Function).Theformeris basednthe CarrierSenseMulti-
ple Accesswith Collision Avoidance(CSMA/CA) protocoland
allowsfor anasynchronoudatatransportthelatteris basedn
polling controlledby the accesspoint andis ableto support
real-timetraffic [3]. In this paperonly the DCF schemas con-
sidered.

Bluetoothprovidesinterconnectiorof devicesin the users
vicinity; its typical useis in arangeof roughly10m. Thebasic
architecturalunit in BT systemsds the piconet,composef a

masterdevice andsevenactive slavedevicesatmost,which are
allowed to communicatewith the masteronly [4], [5]. Blue-
tooth cansupportup to threesynchronougonnection-oriented
(SCO) links, for real-time servicessuchas voice traffic, and
asynchronousonnection-lesACL) links for nonreal-timeap-
plications,suchasdatatraffic. The maximumthroughputthat
canbeprovidedis equalto 721Kb/s. A FHSSschemes usedat
thephysicallevel with hoprateequalto 1600hops/sgeachmas-
ter chooses differenthoppingsequenceso that piconetscan
operatein the sameareawithout interfering with eachother
Hoppingfrequenciegangeover 79 frequeng channeldn the
ISM band,eachof the channeldeingl MHz wide. The nomi-
nalhopdwell timeis equalto 625 u:s. A TDD techniquds used
to transmitandreceve datain a piconet:eachpaclet transmit-
tedin a slot occupies366 us; slotsare centrally allocatedby
the masterandalternatelyusedfor masterandslave transmis-
sions.Mastertransmissionalwaysbegin atevenslots(namely
in slots2n with n = 1,2, .. .), slavestransmissionst oddslots
(namely in slots2n + 1 withn = 1,2,...). Fig. 1 shavs the
FH/TDD channel. The BT specificatioralsoallows for multi-
slot datatransmissionsi.e., for pacletsthatoccugy morethan
oneslot (namely threeor five slots). In this case pacletsare
sentby usinga singlefrequeng hop, which is the hop corre-
spondingo theslotatwhich the paclet started.

In orderto definemechanismgor the coexistenceof IEEE
802.11andBT devicesoperatingn acommonareajt is imper
ative to develop anappropriatanodelfor their mutualinterfer
ence.

f2n f2n+l f2n+2

Master . .

R
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Fig.1. TheFH/TDD channein Bluetooth.

A. InterfeenceModel

InterferencebetweenlEEE 802.11andBT ariseswhenever
theinterferingpower from a BT (802.11)transmittercauses
significantdecreasef the carrierto interferencgpower maigin
atthe802.11(BT) recever[15], [16], [17], [18], [19]. By using
the methodpresentedn [17], [18], [19], the numberof inter-
fering devicesandthe associatedarrierto interferencepower
maugin canbe derived from the following systemparameters:
(i) distanceébetweertransmitterandrecevers;(ii) averageden-
sity of thetransmittersn theconsideredpatialareajiii) trans-
missionpower of theinterferingsystems(iv) signalattenuation
factordueto propagtion.

In this work, we assumehatthe numberof BT deviceshav-
ing sufficient power to causanterferenceo 802.11is given,as
well asthe numberof 802.11stationshatcausenterferenceo
BT. We computethe averagenumberof symbols'hit’ because
of acollision betweer802.11andBT asfollows.

We denotethe BT time slotby Tg;, theactualBT transmis-
siontime perslotby T p, andthe 802.11paclet time duration
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Fig.2. OverlapbetweenEEE 802.11andBluetoothpaclets.

by Tw . Let z bethetime periodfrom the beginning of thefirst
overlappingBT slot to the beginning of the 802.11paclet (=
rangesin thetime intenal (0, Tsr)). The numberof BT slots
thatoverlapin time the802.11pacletdepend®n x andcanbe
derivedas[16]

if 2 < Ty - HTWW — Tw o

else

Fig. 2 shavs anexamplewith N (z)=5 andpacletlengthequal
to oneslot. VariablesT; (i = 1,..., N(z)) indicatethe por-
tion of thei—th BT slotthatactuallyinterfereswith the802.11
paclet. For thegenerictimessloti (i = 1,..., N(z)), we have
thatif noneBT transmissioroccursin interval ¢, 7; = 0; other
wise[16]

max(Tgp — x,0) =1
7, ={ Tsp i=2,....N(z) — 1
min(z + Tw — (N(z) — 1)Tr,Tep) i=N(z)
()
Fixedthevalueof z, for i = 1,..., N(z) we defined; asthe

probabilitythatBT traffic is transmittedn slot:.

By consideringhatthe 802.11stationsusea DSSSscheme,
the probability that BT and 802.11 overlap in frequeng is
equalto the probability that BT hopson the WLAN DSSS
band. From the procedureusedto generatethe BT hopping
sequence$s], it follows thatthe BT hoppingon the WLAN
bandcanbe approximateddy ani.i.d. processwith parameter
hy. Whenno coeistencemechanisnis applied,we canwrite
[20]: hy = 2 = 0.278, where22 MHz and79 MHz arethe
802.11andthe BT bandwidth respectiely.

The averagenumberof symbols‘hit’ becausef a collision
betweerBT and802.11canthereforebewritten as

N(z)—1
=2

wherewe denoteby 7\*) theratio 7} /T, (i = 1,...,N(xz)),
with T beingthe symboltime duration. From (3), it is clear
thatin orderto mitigate the mutual interferencebetweenBT
and 802.11, we needto make either N(x), hy or §; (i =
1,...,N(z)) small. A small N(z) can be obtainedby us-
ing shortWLAN paclets,which however increaseshe 802.11
transmissioroverhead A small .y requiresreducingthe prob-
ability that802.11andBT transmissionsverlapin frequency

While, a small §; implies a low probability of overlapin time
betweerthetwo systemstransmissions.

I1l. THE OLA COEXISTENCE MECHANISMS

Basedon the previousfindings,we develop two coexistence
algorithms,so-calledOLA (OverLapAvoidance)mechanisms,
which use simple traffic schedulingtechniquesat the MAC
layer.

The first algorithm, denotedby V-OLA (Voice-OwerlLap
Avoidance)js usedin the caseof BT voicelinks. Thisscheme
avoids overlap in time betweenthe BT voice traffic and the
802.11datapacletsby performinga properschedulingof the
traffic transmissionst the WLAN stations.In a BT network,
eachSCOlink occupies=H/TDD channelslotsaccordingto a
deterministicpattern. Thus, a 802.11stationshall starttrans-
mitting whenthe BT channels idle andadjustthelengthof the
WLAN paclet sothatit fits betweerntwo successie BT trans-
missions. The secondalgorithm, denotedby D-OLA (Data-
OverLap Avoidance),is suitablefor BT datalinks. As de-
scribedin Sectionll, thelengthof the BT pacletscanbeequal
to one,threeor five time slots. In the caseof multi-slot trans-
missions, paclets are sentby using a single frequeng hop,
which is the hop correspondindo the slot at which the paclet
started. The key idea of the D-OLA algorithm, describedin
more detail below, is to usethe variety of paclet lengthsthat
characterizethe BT systemto avoid overlapin frequeng be-
tween802.11and BT transmissions.Within eachinterfering
piconet,the D-OLA algorithminduceshe BT masterevice to
scheduledatapacletswith the properduration(i.e., one,three
or five slots)in orderto skipthefrequeng locationsof thehop-
ping sequencdhat are expectedto drop on the 802.11band.
The two proposedmechanismsrejointly appliedwhenboth
voiceanddatalinks areactive overthe BT channel.

Theproposedchemesirebasedntheassumptiorthatboth
802.11andBT devicescandetectinterferencelueto othertech-
nologiessharingthe sameenvironmentandusingthe samefre-
gqueng band.Thisassumptions trivially truein acollaboratve
setting,whereBT and802.11candirectly exchangeinforma-
tion relatedto their traffic transmissionsln anon-collaboratie
setting,this informationcanbe acquiredthroughchannekens-
ing and assessmentif the receved signal strengthand of the
pacletlossrate. This issueis furtherdiscussedelow for each
oneof the proposedschemes.

A. TheV-OLA Medhanism

In thecaseof BT voicetraffic, slotsareallocatedaccordingo
a deterministicpattern;for instance for eachSCOconnection
usinga HV3-type link [5], a single-slotpaclet is transmitted
periodicallyin both directionsevery six time slots. Wheneer
a BT paclet hopsin the 802.11frequeng band,a 802.11sta-
tion in receve modé senseghe BT transmissioras colored
noise,i.e., asa signalwith a specificbehaior in time andin
frequeng. In a non-collaboratie setting,a 802.11stationcan
detectthe time intervals thatare occupiedby interferingtrans-
missionspy monitoringthechannellf SCOandACL links are

1802.11andBT arehalf-duplex systemgi.e., devicescannotsimultaneously
transmitandreceve).



simultaneoushactive ontheBT channeltheD-OLA schemas

alsoappliedand,asexplainedlater, the probabilitythatan ACL

paclket hopson the 802.11bandbecomesayligible. Thisim-

pliesthata 802.11stationis likely to detectinterferencedueto

the BT voicetraffic only. Dueto the periodicity andthe prede-
finedtime durationof the BT voice paclets,the 802.11device
caneasilyestimatetheinterferencepattern.

Wheneera802.11stationis readyto transmit,it actsaccord-
ingly to theinformationacquiredon theinterferencepattern.If
thechannels idle andnointerferencas expectedor atime pe-
riod equalto thenext (i—1) BT slotduration the802.11station
transmitsa datapacletwith payloadsizeequalto the minimum
of (i - 500) bytesand 1500bytes. The minimum payloadhas
beensetto 500 bytesto make the corresponding@02.11paclet
transmissiortime comparableo the durationof a single-slot
BT paclet. Corversely if the channelis occupiedby an in-
terferingsignal,the WLAN stationcaneither(i) senda paclet
with a 500 bytespayload(Shortenediransmissior{ST) mode)
or (ii) refrainfrom transmitting(Postponedransmissior(PT)
mode).

With the ST mode,the 802.11transmissiordoesnot neces-
sarily overlapin time with the BT pacletsbecausea 1-slotBT
paclet lastsjust slightly longerthan half the durationof one
time slot. Besides,evenin the caseof time overlap, 802.11
andBT pacletscollide only if BT pacletshop onthe WLAN
frequeng band.

WhenaWLAN stationrefrainsfrom transmitting,.e., it acts
in PT mode,the 802.11transmissions postponedy comput-
ing a new bacloff time. In this case two oppositeeffectstake
place: on the onehanda lower overlap probability is achiezed
thanin the casewherea short paclet is transmitted;on the
otherhandthe WLAN stations’accesglelayincreasesandthe
WLAN channelutilization decreasesvith respectto the case
wherethe ST modeis applied.

B. TheD-OLA Medanism.

We considera BT datalink andassumehatthe BT master
devices are aware of which frequeng channelsare occupied
by theinterfering802.11stations.Sincea 802.11systemdoes
nottypically movesfrom its 22 MHz frequeng band,in anon-
collaboratve setting,a BT device canidentify the frequengy
channelghatare occupiedby the WLAN by usingary of the
following methodq13]. (i) The BT device graduallyacquires
whichchannelareoccupiedbasedntheobsenedpaclketloss.
(i) TheBT device assessetherecevedsignalstrength(RSSI)
acrosgheradioervironmentbeforeit startsoperating.(iii) The
BT device transmits‘test” pacletsacrossthe frequeng spec-
trum, obseresthe paclet lossrate over the channelsand dis-
coversthe bandusedby aninterferingsystem.

Let us focus on the FH/TDD channelof one BT piconet.
Recallthat a mastertransmissioralways begins in even slots,
while slaves can starttransmittingin odd slotsonly. For the
sale of simplicity, we assumehat default datapacletsare 1-
slot long. Let usdenoteby f,, the frequeng location of the
hoppingsequencatthe generictime slotm andlet thecurrent
time slotbe equalto 2n.

Consideffirst thatfollowing f2,,, f2rn+1 hopsonthe802.11
band. Noticethat f5,, and f2,,11 shall correspondo a master

andaslavetransmissionrespectiely. AccordingtotheD-OLA

algorithm,if enoughdataarebufferedat the masterfor thein-

tendedslave, the masterschedulesa multi-slot paclet instead
of a single-slotpaclet. In this way, frequeng hop fa,11 is

skipped;for instancejf a 3-slot paclet is sent,the next slave

transmissionwill use fs2,,43. If not enoughdataareavailable,
themasteractsby defaultandsendsa single-slotpaclet.

Next, assumdhatamongthe frequeng locationsfollowing
fon,s fant2 hopsonthe802.11band. Notice thatfrequeng lo-
cation f2,,1 2 correspondso amastettransmissionin this case,
attime slot2n themastemskstheslave, thatwill transmitin the
next slot,to sendamulti-slotpacletsothat fo,, 1 » is skipped.|f
theslave hasenoughdatato send et ussay a 3-slotpaclet, the
slave transmissiomextendsfrom slot2n 41 to slot2n + 3 by us-
ing frequeny f»,1 only. Thenext slotallocatedor themaster
transmissiomwill thereforenoponfrequeny location fa,, 4. A
similar mechanisnis appliedwhendefault datatransmissions
use3-slotor 5-slotpaclets.

The schedulingalgorithm could also let the master(slave)
refrain from transmittingin the time slot correspondingo a
frequengy thathopson the 802.11bandwhenever therearenot
enoughdatain the buffer at the master(slave) to senda multi-
slot paclet. In this case the collision probability is further re-
ducedbut the BT throughputdecreaseaswell.

C. Remarks

The OLA schemeddo not require a centralizedcontroller
since they do not perform a precisetime schedulingof the
802.11andBT paclet traffic. They caneitheroperateascol-
laboratve or non-collaboratie coexistencemechanismsand,
henceareableto reduceinterferencebothin the caseof collo-
catedandnon-collocatedlevices. If interferingsystemsother
than BT and 802.11are present,the beneficialeffects of the
OLA mechanismstill hold aslong as802.11canestimatethe
interferencepatternwith sufiicientaccurag.

The proposedalgorithmshave minor impacton the 802.11
standarcandonthe BT specification.Accordingto the 802.11
standardastationshalldeferits transmissioiif it detectsabusy
channelduring the Clear ChannelAssessmen{CCA) proce-
dure.TherearethreedifferentCCA moded3]: (i) abusychan-
nel is reportedupon detectionof ary enegy above a certain
threshold{ii) abusychanneis reportedonly upondetectionof
a DSSSsignal,which canbe eitherabove or belov the enegy
threshold;(iii) a busy channelis reportedupona DSSSsignal
with enegy above the threshold. Thus, in the V-OLA mech-
anism,both the PT andthe ST modesare compliantwith the
802.11standardand canbe implementeddy usingthe appro-
priateCCA mode.

ThecurrentBluetoothspecificatiorinvolvesthatBT devices
dynamicallyadapttheir hoppingsequencdo the interference
conditions,by schedulingACL pacletswith differentlength.
Thus, the D-OLA schemeexploits a behaior of the BT de-
vicesalreadyexisting in the specificationandwe do not need
to changethe procedureof hop selectionthatis performedin
thehardware.ln aBT piconet,however, themastercanonly in-
dicateto the slavesthe maximumnumberof slotsto use;while,
accordingto the D-OLA mechanisma slave shouldinterpret
theindicationfrom the masterasthe suggestegaclet length.
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Fig. 3. Timing of asuccessfulEEE 802.11paclettransmission.

IV. SIMULATION SCENARIO

We consideran IEEE 802.11ad-hocnetwork providing an
instantaneousate equalto 11 Mb/s andusingthe DCF MAC
scheme.The numberof active stationsis assumedo be equal
to 10. All the stationsoperateas a self-containedBSS and
are ableto directly communicatewith eachother; all stations
areassumedo be asynchronouslatauserswith a finite trans-
missionbuffer. The arrival of framesfrom a stations higher
layer protocolto the MAC sublayeris modeledwith exponen-
tial inter-arrival timesandatruncatedyeometriadistribution for
the framelengths[22]. The meanvalue of the truncatedgeo-
metric distribution is setto 1500 bytes, while the maximum
framelengthis setto the maximumlengthof the MAC Service
Data Unit (MSDU) establishedby the IEEE 802.11standard
(i.e., 2304 bytes). The parametef the exponentialdistribu-
tion is fixedin sucha way thatthe average802.11traffic load
normalizedto the channelcapacityis equalto \,,, a varying
parametem the simulations.

In orderto reducethe compleity of the simulationmodel,
the following further assumptiondave beenintroduced: (i)
possiblevaluesfor the WLAN paclet length, if not otherwise
specifiedin the following, have beenlimited to 500, 1000and
1500bytes;(ii) the RTS/CTSmechanisnis consideredglways
active; (iii) nointerferences consideredrom nearbyBSSsus-
ing the sameDSSSspreadingequence(iv) propagtiondelay
is ngglected whichis areasonablassumptiordueto thesmall
distancebetweerstationsyv) atwo-stateMarkov modelis used
to representhebit error processdueto the effect of fading;in
stategood the bit error rateis equalto 10~1°, in statebad is
equalto 10~° [22]; thetransitionprobability from goodto bad
is equalto 0.01,from badto goodis equalto 0.1.

A 802.11transmissions consideredo be successfulf no
collision occursonthe RTS frameandboththe datapacletand
thecorrespondingcknavledgmensentby thereceverarecor
rectly received. Fig. 3 shavs the 802.11traffic timing in the
caseof successfupaclet transmission.If a pacletis not cor
rectly receved, retransmissionvill take placeaccordingto the
bacloff proceduredefinedby the IEEE 802.11standard.The
numberof retransmissionbeforethe pacletis discardedrom
the stationbuffer is limited and setto the Long Retry Limit.
Thevaluesof the IEEE 802.11parametersisedin the simula-
tion modelarelistedin Tah .

For theBluetoothsystemwe consideasinglepiconetwhere
devicesarepolled by the masteron the basisof a round-robin
scheme.Eachdevice hasa finite transmissiorbuffer; assump-
tion (iv), introducedabove for the IEEE 802.11 simulation
model, holds alsofor the BT network. The paclet error pro-
cessover the wirelesschannelis assumedo be Bernoulli, and
the averagepaclet error probabilityis setto 10 3. We assume
that BT voice traffic is transmittedby usinga HV3-type link,
whichis expectedo bethemostpopularlink typefor SCOser
vices[8]. With theHV3-typelink for eachactive connectiora

TABLE |
PARAMETERS USED IN THE SIMULATION OF THE |EEE 802.11 SYSTEM.

Parameter Assignedvalue
Long Retry Limit 10
PhysicalHeader 144bits
MAC Header 272bits
Slot. Time 20 us
SIFS 10 s
DIFS 50 us
TABLE I

PARAMETERS OF THE BLUETOOTH SY STEM.

Parameter Value
Tsr1 625us
Tsp (1-slotpaclet) 366 us

Tsp (m-slotpaclet) | 625usinsloti <m —1

366 usinsloti = m

pacletis transmittedn bothdirectionsevery six time slots. In
thecaseof datatraffic, aDH1-typelink is assumedo bethede-
fault operatingmode,andthereforesingle-slotdatapacletsare
used. Whenthe D-OLA schemes applied,we considerthat
1-slotand3-slotpacletsareused;in the caseof 3-slotpaclets,
aDH-3 typelink is adopted Noticethatin theHV3-, DH1-and
DH3-typelink, informationin the payloadis not FEC encoded
[5]. Thevaluesof the Bluetoothsystenparameterarereported
in Tah II.

Thearrival of datato a BT device’'s MAC sublayeris mod-
eledwith exponentialinter-arrival times and a truncatedgeo-
metric distribution for the dataunit length. The meanvalue of
the truncatedyeometricdistribution is setto 1500bytes,while
themaximumdataunit lengthis setto 2800bytes,which corre-
sponddo thethetotalinformationcarriedby 100DH1 paclets.
The parametepf the exponentialdistribution is determinedn
suchawaythatthe averageBluetoothtraffic loadnormalizedo
the channelcapacityis equalto \,, a varying parametein the
simulations.Packetsthatarenot correctlyrecevedareretrans-
mittedaccordingo thefast-ARQschemd4], wherethesender
is notified of the transmissioroutcomein thefirst possibleslot
following the paclettransmission.

We modelthe mutual interferencebetween802.11and BT
asdescribedn Sectionll-A, and assumea non-collaboratie
setting.

V. PERFORMANCE RESULTS

Resultsshaving the performanceof the OLA mechanisms
are derived by using the simulationscenariodescribedn the
previous section. While presentinghe performanceof the V-
OLA schemeyve essentiallyconsidera 802.11BSSinterfering
with oneBT piconetonly. This assumptions motivatedby the
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Fig.4. |IEEE802.11goodputwhenBT supportoneSCOlink (upperplot) and
two SCOlinks (lower plot). Performancebtainedthroughthe V-OLA scheme
andwhenno coexistencemechanisnis applied(N-CM) arecompared.

factthatonly BT devices,whosedistancefrom the 802.11re-
ceiveris lessthan2 m, causea severedegradatiorof the802.11
throughput.

Fig. 4 presentshe802.11goodputasafunctionof the802.11
traffic loadin thecasewherethe BT channekupportsoneSCO
link (upperplot) andtwo SCOlinks (lower plot). Performance
of the V-OLA schemein Postponedlransmissiormode and
in Shortenedransmissiomodearecomparedvith theresults
obtainedin the absenceof ary coexistencemechanism(indi-
catedin thefigure by label N-CM). Goodputis definedasthe
fraction of transmittedinformationthat is successfullytrans-
ferred over the radio channel. As expected,the behaior of
the 802.11goodputslightly variesasthe WLAN traffic load
increaseswhile, by comparingthe two plotsin Fig. 4, we ob-
sene a significantreductionin the 802.11goodputwhenwe
passfrom oneto two SCOlinks. However, in the caseof one
SCOlink, by applyingthe V-OLA PT schemewe obtain an
improvementof 10%with respecto the casewhereno coexis-
tencemechanisms implementedin the caseof two SCOlinks
theimprovements equalto 23%. WhentheV-OLA ST scheme
is used,slightly worseperformancehanin the caseof the V-

0.95

0.9

0.85

BT Goodput

0.8

0.75

03 04 05 06
IEEE 802.11 Traffic Loadh,,

0.8

0.95

0.9

0.85

BT Goodput

0.8

0.75

ol
0.1 03 04 05 06
IEEE 802.11 Traffic Loadh,,

Fig.5. BT goodputversushelEEE 802.11traffic loadwhenBT supportone
SCOlink (upperplot) andtwo SCOlinks (lower plot). Performancebtained
throughthe V-OLA schemeand when no coexistencemechanisnis applied
(N-CM) arecompared.

OLA PT schemds achieved. In fact,in ST modethe 802.11
stationsdo not stoptransmittingduringthe BT busy slotsand,
thus,the probabilityto overlapBT voice pacletsis highet

Fig. 5 shavstheBT goodputasafunctionof the802.11traf-
fic loadfor thetwo V-OLA schemesndin the absencef ary
coeistencemechanism.The upperand the lower plots refer
to the casewhereBT supportooneandtwo SCOIinks, respec-
tively. Clearly as\,, grows, the BT goodputdecreasedueto
thegreateiinterferencdevel. Theimprovementachiezedby us-
ing theV-OLA PT schemecanbeupto 15%in the caseof one
BT voice call andup to 20%in the caseof two SCOIinks. In
theseplots, the gap betweerthe performancebtainedthrough
the PT modeandthe ST modeis muchgreaterthanin Fig. 4,
dueto the interferencecausedby unsuccessfuRTS andCTS
frames.This effect becomesnoreevidentasthe 802.11traffic
load grows andthe numberof BT idle slotsdecreases,e., the
collision probabilitybetweerWLAN stationsincreases.

Fig. 6 presentshebehaior of the802.11averagepacketde-
lay, with the paclet delay beingthe periodfrom the time in-
stantatwhich a pacletis generatedo thetime instantat which
the paclet is successfullytransmitted. Resultsare presented
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asfunctionsof the 802.11traffic load for the PT andthe ST
schemesandin theabsencef ary coexistencemechanismFor

verylow valuesof \,,, themajordelaycontrikutionis dueto the
assumptiorthat802.11pacletsmusthave a minimumpayload
equalto 500 bytes. For high traffic load, delayis mainly due
to collisions betweenWLAN stationsand, in the caseof the
PT mode,to the lack of BT idle slots. The delay obtainedin

the caseof the ST modeis slightly greaterthanthe delay ex-

periencedvhennoneschemas appliedandremainslow even
whentwo SCOlinks areconsideredWhenthe PT modeis ap-
plied,alow delayis obtainedonly for oneSCOlink and\,, less
than0.6. Whentwo SCOlinks aresupportedandthe number
of BT idle slotsdecreasedpr almostary valueof \,, the PT
modegivesa delayoneorderof magnitudehigherthanin the
caseof the ST mode.

Figs. 7-9 comparethe performanceof the D-OLA scheme
with the performanceobtainedin the absenceof ary coexis-
tencemechanismResultsshavn in Figs.7 and8 werederived
by settingthepayloadof the 802.11pacletsto beequalto 1500
bytes. The upperplot in Fig. 7 presentshe 802.11goodput
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Fig. 7. Goodputof the IEEE 802.11andthe BT systemsn the presencef

BT datalinks. Performancebtainedthroughthe D-OLA schemeandwhenno
coexistencemechanisnis applied(N-CM) arecompared.

0.8

asa function of the BT traffic load for A,, = 0.3 and0.5. In

the caseof the D-OLA scheme the 802.11goodputremains
almostconstantasthe BT traffic load increaseswhile, when
noneschemes implementeda significantdegradationis ob-

sened. Theimprovementin performanceachiezedthroughthe
proposedoeistencealgorithmis ashigh as50%for BT traffic

load equalto 0.8. As expected,resultsslightly changeasthe
802.11traffic loadvaries.

Similar consideration$old for the resultspresentedn the
lower plot in Fig. 7, wherethe BT goodputis shavn asa func-
tion of \,, andfor differentvaluesof theBT traffic load. In this
casetheimprovementin performancebtainedthroughthe D-
OLA schemas equalto 24%for A\, = 0.8.

Fig. 8 shavsthe BT averagepacletdelayversusheBT traf-
fic load,for \,, = 0.3 and0.5. For \,, = 0.5, thedelayexperi-
encedwhenthe D-OLA algorithmis appliedis slightly higher
thanthedelayachiezedin theabsencef ary coexistencemech-
anism;for \,, = 0.3, thetwo curvesoverlap. This shavs that
the D-OLA schemegreatly mitigatesthe mutual interference
between802.11andBT without causinga reductionin the BT
throughput.
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Fig. 9 presentsthe 802.11 goodputas the payloadof the
802.11paclet varies,for A\, = 0.3 and0.5. Resultswerede-
rived from simulationswherethe 802.11payloadwasfixedto
a constantvalue. The plot confirmstheimprovementachieved
throughthe D-OLA algorithm. As expected,whenno coexis-
tencemechanisms used Jower valuesof WLAN payloadgive
higher 802.11goodputsince the paclet error probability de-
creasesWhile, it is interestingto noticethatin the caseof the
D-OLA schemeheWLAN payloadhasa negligible impacton
theperformance.

V1. CONCLUSIONS AND FUTURE WORK

In this paper the problemof mutual interferencebetween
different wirelesstechnologiesoperatingin the 2.4 GH ISM
bandswas addressed.We consideredEEE 802.11 WLANs

andBluetooth-basetlVPANs. Two differentcoexistencemech-
anismsbasedon traffic schedulingtechniquesvere proposed:
theformer(namedv-OLA schemejo beappliedatthe WLAN
stationsto avoid overlapbetween802.11traffic andBluetooth
voicepaclets;thelatter(hamedD-OLA schemejo beexecuted
atthe Bluetoothdevicesto avoid overlapin frequeng between
802.11traffic andBluetoothdatapaclets.

The main advantagesof the proposedmechanismare the
following: 1) they do not requirea centralizedtraffic sched-
uler; 2) they canbeimplementeckitherwhen802.11andBlue-
tooth are able to exchangeinformation (collaboratve coexis-
tencemechanismpr whenthey acquirethisinformationby de-
tecting interfering transmission®ver the radio channel(non-
collaboratve coexistencemechanism)3) they areableto miti-
gateinterferencebetweencollocatedandnon-collocatedlue-
tooth and 802.11devices; 4) they have minor impacton the
IEEE 802.11standarcandthe Bluetoothspecification.

Results shaving significant reduction in interferencebe-
tween 802.11 and Bluetooth obtainedthrough the proposed
mechanismsverepresentedin the caseof two Bluetoothvoice
connectionsanimprovementof about20% bothin the 802.11
andthe Bluetoothgoodputwas achieved, while the additional
delayintroducedin the 802.11datatransferwas of the order
of tensof milliseconds. In the caseof Bluetoothdatatraffic,
the802.11goodputincreasedy 50%for high Bluetoothtraffic
load; whereasfor high 802.11traffic load,the Bluetoothgood-
putimproved of 24% without shaving a significantincreasen
thedatatransferdelay

The capabilityof the proposednechanismso copewith in-
terferencecausedoy microwave ovensis underinvestigation.
Otheraspectshatneedto beaddresseah futureresearclareas
follows.

1. Exploringthe possibility to enhancehe physicallayer of
unlicenseddevices so that their ability to detectinterfer
encegeneratedy othertechnologiess improved.

2. Performancevaluationof the proposedechniquesvhen
differentBluetoothpaclettypesareusedandwhen,in the
caseof theV-OLA mechanismthe minimum802.11pay-
loadis largerthan500bytes.

3. CoexistencebetweenBluetoothand 802.11systemsthat
implementhe PCFMAC scheme.

4. Performancestudyof theproposedechniqueshroughex-
perimentaimeasurements.

5. Impactof the D-OLA mechanisnon the interferencebe-
tweencoexisting Bluetoothpiconets.
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