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Abstract— Differ ent wir eless systems sharing the same fr e-
quency band and operating in the sameenvir onment are lik ely
to interfer e with eachother and experiencea severe decreasein
thr oughput. In this paper, we consider IEEE 802.11 WLANs
and Bluetooth-basedWPANs, which operate in the 2.4 GHz ISM
bands. We proposetwo coexistencemechanismsbasedon 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 as when they operate independently of one another. Results
show that thr ough the proposedcoexistencemechanismsthe in-
terferencebetween802.11and Bluetooth can be reducedand the
thr oughput of the two systemsis significantly impr oved at the ex-
penseof a small additional delay in the transfer of data traffic.

I . INTRODUCTION

I N the next few years,pervasive deploymentof smartwire-
lessdevicesis expected.To make this vision a reality, de-

vicesmustbeableto sharethesamefrequency bandandmove
betweendifferentwirelesssystemswithout theneedof any li-
censingprocedure[1]. However, althoughtheuseof unlicensed
bandsfacilitatesspectrumsharingandallowsfor anopenaccess
to thewirelessmedium,it alsoraisesseriouschallengessuchas
mutualinterferencebetweendifferentradiosystemsandspec-
trum utilization inefficiency.

In this paper, we dealwith the problemof mutual interfer-
encebetweentwo emerging wirelesstechnologies:WLANs
(WirelessLocal Area Networks) and WPANs (WirelessPer-
sonalAreaNetworks). In particular, we considerIEEE 802.11
WLANs [2], [3] and short-rangeradio systemsbasedon the
Bluetooth (BT) specification[4], [5], or equivalently, IEEE
802.15WPANs [6]. Thesesystemswill operatein the2.4GHz
ISM (Industrial,MedicalandScientific)frequency bands,i.e.,
theunlicensedspectrum.BT usesaFHSSscheme,while IEEE
802.11 can either use a FHSS (Frequency Hopping Spread
Spectrum)or aDSSS(DirectSequenceSpreadSpectrum)tech-
nique. WLANs and WPANs are complementaryrather than
competingtechnologies,and many applicationmodelshave
beenenvisionedwhereit is necessaryfor Bluetoothand802.11
to operatesimultaneouslyandin closeproximity [7]. In these
conditions,interferencebetween802.11andBT occurswhen-
ever theinterferenceenergy is sufficient to causea decreaseof
thesignalto interferenceratio at the receiver andthe two sys-
temstransmissionsoverlapbothin frequency andin time.
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Accordingto theIEEE 802.15Working Group,interference
between802.11andBT causesaseveredegradationof thesys-
tems’throughputwhenthedistancebetweeninterferingdevices
is lessthan2 m; a slightly lesssignificantdegradationis ob-
servedwhenthedistancerangesbetween2 and4 m [8]. In or-
derto mitigatesuchaneffect, theIEEE802.15WorkingGroup
hascreatedtheTaskGroup2 (TG2),whichis devotedto thede-
velopmentof coexistencemechanisms[6], i.e., techniquesthat
allow 802.11andBT to operatein a sharedenvironmentwith-
out significantlyimpactingtheperformanceof eachother[9].

Two classesof coexistencemechanismshave beendefined:
collaborative andnon-collaborative techniques[6]. With col-
laborative techniquesit is possiblefor theBT network andthe
WLAN to exchangeinformationto reducethemutualinterfer-
ence;however, they canbeimplementedonly whentheBT and
the 802.11devicesarecollocatedin the sameterminal. With
non-collaborative techniquesthereis no way to exchangein-
formationbetweenthe two systemsandthey operateindepen-
dently. Examplesof collaborative coexistencemechanismsare
theschedulingscheme,so-calledMETA (MAC EnhancedTem-
poralAlgorithm) [10], andtheTDMA (TimeDivisionMultiple
Access)schemepresentedin [11]. META involvesthe useof
a centralizedcontroller, that monitorsthe BT and the 802.11
traffic andallows exchangeof informationbetweenthetwo ra-
dio systems.Thecontrollerworksat theMAC layerandallows
precisetiming of packet traffic, thusavoiding interferencebe-
tweenthe two collocateddevices. A similar approachis used
in [11], wherea TDMA schemeis adoptedto make transmis-
sionsof two collocatedBT and802.11devicesnever overlap
in time. This algorithmhowever cannot beappliedin thecase
of BT voice traffic, andboth theseschemesareunableto mit-
igate interferencecoming from non-collocateddevicesunless
very restrictive assumptionsaremadeon thenetwork scenario
[10], [11]. Also, sincethey totally orthogonalizetransmissions
of technologiesthat sharethe sameradio spectrum,the sys-
tems’ throughputwill be significantly decreasedas the num-
berof wirelesstechnologiesoperatingin theunlicensedbands
grows. An exampleof non-collaborative coexistencemecha-
nismis theAdaptive Frequency Hoppingtechnique[12], [13].
Accordingto this scheme,frequency channelsareclassifiedas
‘good’ or ‘bad’ andhopsareadaptively selectedfrom thepool
of ‘good’ channels.However, sincethemajority of currentBT
implementationsperform the hop selectionin hardware, this
techniquewould imply anew releaseof BT devices.

In thispaper, weproposetwo novel coexistencemechanisms,
so-calledOLA (OverLapAvoidance)schemes,whicharebased



on simple traffic schedulingtechniques.The first mechanism
is to be� performedat the IEEE 802.11in the presenceof a
BT voice link, the secondmechanismat the BT systemin the
caseof a BT datalink. Theproposedalgorithmshave the fol-
lowing advantages:1) they do not needa centralizedtraffic
scheduler;2) they canbeimplementedin collaborative or non-
collaborative 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 theBluetoothspecification.Both theschemesare
basedon the assumptionthat 802.11andBT candetectinter-
ferencedue to other technologiessharingthe sameenviron-
ment. This assumptionis trivially true in a collaborative set-
ting, whereinformationrelatedto traffic transmissionscanbe
directly exchangedbetweenthe interferingsystems.In a non-
collaborative setting,this informationcanbeacquiredthrough
channelsensingandassessmentof thereceivedsignalstrength
andof thepacket lossrate.This is furtherdiscussedin Section
III.

By applyingtheOLA mechanisms,in thecaseof aBT voice
link weobtainanimprovementof about20%bothin the802.11
andtheBT goodput,with anadditionaldelayin the802.11data
transferof theorderof tensof milliseconds.In thecaseof aBT
datalink, thegoodputimprovementsareup to 50%for 802.11
andup to 24%for BT nodes,with a negligible increasein the
BT datatransferdelay.

Theremainderof thepaperis organizedasfollows. In Sec-
tion II, we briefly describethe IEEE 802.11andthe BT tech-
nology, and introducethe modeladoptedto evaluatethe mu-
tual interferencebetweenthetwo network systems.SectionIII
presentstheproposedcoexistencemechanisms;SectionIV de-
scribestheconsideredsimulationscenario.Resultsshowing the
obtainedimprovementin performancearepresentedin Section
V. Finally, SectionVI concludesthepaper.

I I . SYSTEM BACKGROUND

IEEE802.11WLANs covera rangeof approximately100m
andcanoperateat bit-ratesashigh as11 Mb/s. We focuson
systemsthatusetheDSSS(DirectSequenceSpreadSpectrum)
schemeand considertheir bandwidthto be roughly equal to
22 MHz [2], [14]. The fundamentalbuilding block of thenet-
work is the so-calledBasicServiceSet(BSS),which is com-
posedof several wirelessstationsusing the samespreading
sequenceand MAC function. Wirelessstationscan directly
communicatewith eachother forming an ad-hocnetwork, or
througha centralizedaccesspoint, which alsoprovidesa con-
nectionto the wired network [2]. The two fundamentalMAC
schemesdefinedin theIEEE802.11standardaretheDCF(Dis-
tributedCoordinationFunction)andthePCF(PointCoordina-
tion Function).Theformeris basedontheCarrierSenseMulti-
pleAccesswith CollisionAvoidance(CSMA/CA) protocoland
allowsfor anasynchronousdatatransport;thelatteris basedon
polling controlledby the accesspoint and is able to support
real-timetraffic [3]. In thispaper, only theDCFschemeis con-
sidered.

Bluetoothprovides interconnectionof devices in the user’s
vicinity; its typicaluseis in a rangeof roughly10m. Thebasic
architecturalunit in BT systemsis thepiconet,composedof a

masterdeviceandsevenactiveslavedevicesatmost,whichare
allowed to communicatewith the masteronly [4], [5]. Blue-
toothcansupportup to threesynchronousconnection-oriented
(SCO) links, for real-timeservicessuchas voice traffic, and
asynchronousconnection-less(ACL) links for nonreal-timeap-
plications,suchasdatatraffic. Themaximumthroughputthat
canbeprovidedis equalto 721Kb/s. A FHSSschemeis usedat
thephysicallevel with hoprateequalto 1600hops/s;eachmas-
ter choosesa differenthoppingsequenceso that piconetscan
operatein the sameareawithout interfering with eachother.
Hoppingfrequenciesrangeover 79 frequency channelsin the
ISM band,eachof thechannelsbeing1 MHz wide. Thenomi-
nalhopdwell timeis equalto 625 � s. A TDD techniqueis used
to transmitandreceive datain a piconet:eachpacket transmit-
ted in a slot occupies366 � s; slotsarecentrallyallocatedby
the masterandalternatelyusedfor masterandslave transmis-
sions.Mastertransmissionsalwaysbegin atevenslots(namely,
in slots ��� with ������	
��	���� ), slavestransmissionsatoddslots
(namely, in slots ������� with ������	
��	���� ). Fig. 1 shows the
FH/TDD channel.TheBT specificationalsoallows for multi-
slot datatransmissions,i.e., for packetsthatoccupy morethan
oneslot (namely, threeor five slots). In this case,packetsare
sentby usinga singlefrequency hop, which is the hop corre-
spondingto theslotatwhich thepacket started.

In order to definemechanismsfor the coexistenceof IEEE
802.11andBT devicesoperatingin acommonarea,it is imper-
ative to developanappropriatemodelfor their mutualinterfer-
ence.

f2n f2n+1 f2n+2

Master
t
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time slot
t

Fig. 1. TheFH/TDD channelin Bluetooth.

A. InterferenceModel

InterferencebetweenIEEE 802.11andBT ariseswhenever
the interferingpower from a BT (802.11)transmittercausesa
significantdecreaseof thecarrierto interferencepower margin
at the802.11(BT) receiver[15], [16], [17], [18], [19]. By using
the methodpresentedin [17], [18], [19], the numberof inter-
fering devicesandtheassociatedcarrierto interferencepower
margin canbe derived from the following systemparameters:
(i) distancebetweentransmittersandreceivers;(ii) averageden-
sity of thetransmittersin theconsideredspatialarea;(iii) trans-
missionpowerof theinterferingsystems;(iv) signalattenuation
factordueto propagation.

In this work, we assumethatthenumberof BT deviceshav-
ing sufficient power to causeinterferenceto 802.11is given,as
well asthenumberof 802.11stationsthatcauseinterferenceto
BT. We computetheaveragenumberof symbols‘hit’ because
of acollisionbetween802.11andBT asfollows.

We denotetheBT time slot by ����� , theactualBT transmis-
siontime perslot by ����� , andthe802.11packet time duration
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Fig. 2. OverlapbetweenIEEE802.11andBluetoothpackets.

by ��� . Let � bethetimeperiodfrom thebeginningof thefirst
overlappingBT slot to the beginning of the 802.11packet (�
rangesin the time interval ����	 �����"! ). Thenumberof BT slots
thatoverlapin time the802.11packetdependson � andcanbe
derivedas[16]

# �$�%!&�
')(')*)+ if �-,������/. ')(')*)+ 0 ���
')(')*)+ �1� else�

(1)

Fig. 2 shows anexamplewith
# �$�%! =5 andpacket lengthequal

to oneslot. Variables��2/�435�6��	����	 # �$�%!7! indicatethe por-
tion of the 3 0 th BT slot thatactuallyinterfereswith the802.11
packet. For thegenerictime slot 38�$39���:	�����	 # �4�%!7! , we have
thatif noneBT transmissionoccursin interval 3 , ��2%��� ; other-
wise[16]

��2%�
;=<?> �$����� 0 �@	
�A! 3 =1

����� i=2,...,
# �4�%! 0 �

;=B4C �4�D�E��� 0 � # �$�%! 0 �?!$�����F	G�����H!I3 = # �4�%!
(2)

Fixed the valueof � , for 3=�J��	����	 # �$�%! we define KL2 asthe
probabilitythatBT traffic is transmittedin slot 3 .

By consideringthatthe802.11stationsusea DSSSscheme,
the probability that BT and 802.11 overlap in frequency is
equal to the probability that BT hops on the WLAN DSSS
band. From the procedureusedto generatethe BT hopping
sequences[5], it follows that the BT hoppingon the WLAN
bandcanbe approximatedby an i.i.d. processwith parameterMON

. Whenno coexistencemechanismis applied,we canwrite
[20]:

M)N �QPLPRLS �T��� �AUWV , where22 MHz and79 MHz arethe
802.11andtheBT bandwidth,respectively.

Theaveragenumberof symbols‘hit’ becauseof a collision
betweenBT and802.11canthereforebewrittenas

X)Y � M)N �[Z]\ ^_ K _ �
` Z

Y
^7a _

2cb P
�[Z]\ ^2 KL2��D�[Z]\ ^` Z

Y
^ K

` Z
Y
^ 	 (3)

wherewe denoteby � Z]\ ^2 the ratio ��2Gde� \ �$35�6��	����	 # �4�%!7! ,
with � \ beingthe symbol time duration. From (3), it is clear
that in order to mitigate the mutual interferencebetweenBT
and 802.11, we needto make either

# �4�%! , MON
or KL2f�43g�

��	����	 # �$�%!7! small. A small
# �4�%! can be obtainedby us-

ing shortWLAN packets,which however increasesthe802.11
transmissionoverhead.A small

M)N
requiresreducingtheprob-

ability that802.11andBT transmissionsoverlap in frequency.

While, a small K 2 implies a low probability of overlap in time
betweenthetwo systems’transmissions.

I I I . THE OLA COEXISTENCE MECHANISMS

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

The first algorithm, denotedby V-OLA (Voice-OverLap
Avoidance),is usedin thecaseof BT voicelinks. This scheme
avoids overlap in time betweenthe BT voice traffic and the
802.11datapacketsby performinga properschedulingof the
traffic transmissionsat the WLAN stations. In a BT network,
eachSCOlink occupiesFH/TDD channelslotsaccordingto a
deterministicpattern. Thus,a 802.11stationshall start trans-
mitting whentheBT channelis idle andadjustthelengthof the
WLAN packet so that it fits betweentwo successive BT trans-
missions. The secondalgorithm, denotedby D-OLA (Data-
OverLap Avoidance),is suitablefor BT data links. As de-
scribedin SectionII, thelengthof theBT packetscanbeequal
to one,threeor five time slots. In thecaseof multi-slot trans-
missions,packets are sent by using a single frequency hop,
which is thehopcorrespondingto theslot at which thepacket
started. The key idea of the D-OLA algorithm, describedin
moredetail below, is to usethe variety of packet lengthsthat
characterizestheBT systemto avoid overlapin frequency be-
tween802.11and BT transmissions.Within eachinterfering
piconet,theD-OLA algorithminducestheBT masterdevice to
scheduledatapacketswith theproperduration(i.e., one,three
or fiveslots)in orderto skip thefrequency locationsof thehop-
ping sequencethat are expectedto drop on the 802.11band.
The two proposedmechanismsare jointly appliedwhenboth
voiceanddatalinks areactive over theBT channel.

Theproposedschemesarebasedontheassumptionthatboth
802.11andBT devicescandetectinterferenceduetoothertech-
nologiessharingthesameenvironmentandusingthesamefre-
quency band.Thisassumptionis trivially truein acollaborative
setting,whereBT and802.11candirectly exchangeinforma-
tion relatedto their traffic transmissions.In anon-collaborative
setting,this informationcanbeacquiredthroughchannelsens-
ing andassessmentof the received signalstrengthandof the
packet lossrate.This issueis furtherdiscussedbelow for each
oneof theproposedschemes.

A. TheV-OLAMechanism

In thecaseof BT voicetraffic, slotsareallocatedaccordingto
a deterministicpattern;for instance,for eachSCOconnection
usinga HV3-type link [5], a single-slotpacket is transmitted
periodicallyin both directionsevery six time slots. Whenever
a BT packet hopsin the 802.11frequency band,a 802.11sta-
tion in receive mode1 sensesthe BT transmissionas colored
noise,i.e., asa signalwith a specificbehavior in time and in
frequency. In a non-collaborative setting,a 802.11stationcan
detectthe time intervals thatareoccupiedby interferingtrans-
missions,by monitoringthechannel.If SCOandACL links areh

802.11andBT arehalf-duplex systems(i.e.,devicescannotsimultaneously
transmitandreceive).



simultaneouslyactiveontheBT channel,theD-OLA schemeis
alsoappliedi and,asexplainedlater, theprobabilitythatanACL
packet hopson the802.11bandbecomesnegligible. This im-
pliesthata 802.11stationis likely to detectinterferencedueto
theBT voicetraffic only. Dueto theperiodicityandtheprede-
finedtime durationof theBT voicepackets,the802.11device
caneasilyestimatetheinterferencepattern.

Whenevera802.11stationis readyto transmit,it actsaccord-
ingly to theinformationacquiredon theinterferencepattern.If
thechannelis idle andnointerferenceis expectedfor atimepe-
riod equalto thenext �43 0 �?! BT slotduration,the802.11station
transmitsadatapacketwith payloadsizeequalto theminimum
of �$3j.�k?�F�A! bytesand1500bytes. The minimum payloadhas
beensetto 500bytesto make thecorresponding802.11packet
transmissiontime comparableto the durationof a single-slot
BT packet. Conversely, if the channelis occupiedby an in-
terferingsignal,theWLAN stationcaneither(i) senda packet
with a 500bytespayload(ShortenedTransmission(ST) mode)
or (ii) refrain from transmitting(PostponedTransmission(PT)
mode).

With theST mode,the802.11transmissiondoesnot neces-
sarily overlapin time with theBT packetsbecausea 1-slotBT
packet lastsjust slightly longer than half the durationof one
time slot. Besides,even in the caseof time overlap, 802.11
andBT packetscollide only if BT packetshop on the WLAN
frequency band.

WhenaWLAN stationrefrainsfrom transmitting,i.e., it acts
in PT mode,the802.11transmissionis postponedby comput-
ing a new backoff time. In this case,two oppositeeffectstake
place:on theonehanda lower overlapprobability is achieved
than in the casewherea short packet is transmitted;on the
otherhandtheWLAN stations’accessdelayincreasesandthe
WLAN channelutilization decreaseswith respectto the case
wheretheSTmodeis applied.

B. TheD-OLAMechanism.

We considera BT datalink andassumethat the BT master
devices are aware of which frequency channelsare occupied
by the interfering802.11stations.Sincea 802.11systemdoes
not typically movesfrom its 22MHz frequency band,in anon-
collaborative setting,a BT device can identify the frequency
channelsthat areoccupiedby the WLAN by usingany of the
following methods[13]. (i) TheBT device graduallyacquires
whichchannelsareoccupiedbasedontheobservedpacket loss.
(ii) TheBT device assessesthereceivedsignalstrength(RSSI)
acrosstheradioenvironmentbeforeit startsoperating.(iii) The
BT device transmits“test” packetsacrossthe frequency spec-
trum, observesthe packet lossrateover the channelsanddis-
coversthebandusedby aninterferingsystem.

Let us focus on the FH/TDD channelof one BT piconet.
Recall that a mastertransmissionalwaysbegins in even slots,
while slaves can start transmittingin odd slots only. For the
sake of simplicity, we assumethat default datapacketsare1-
slot long. Let us denoteby lm the frequency locationof the
hoppingsequenceat thegenerictime slot n andlet thecurrent
time slotbeequalto ��� .

Considerfirst that following l Peo , l Peo:p _ hopson the802.11
band. Notice that l Peo and l PWo:p _ shall correspondto a master

andaslavetransmission,respectively. Accordingto theD-OLA
algorithm,if enoughdataarebufferedat themasterfor the in-
tendedslave, the masterschedulesa multi-slot packet instead
of a single-slotpacket. In this way, frequency hop l Peo:p _ is
skipped;for instance,if a 3-slot packet is sent,the next slave
transmissionwill use l Peo:prq . If not enoughdataareavailable,
themasteractsby default andsendsasingle-slotpacket.

Next, assumethat amongthe frequency locationsfollowing
l Peo , l PWo:p�P hopson the802.11band.Noticethatfrequency lo-
cation l Peo:prP correspondsto amastertransmission.In thiscase,
attimeslot �:� themasteraskstheslave,thatwill transmitin the
next slot,to sendamulti-slotpacketsothat l PWo�prP is skipped.If
theslavehasenoughdatato send,let ussay, a3-slotpacket, the
slavetransmissionextendsfrom slot ���s�t� to slot ���s�vu by us-
ing frequency l Peo:p _ only. Thenext slotallocatedfor themaster
transmissionwill thereforehoponfrequency location l Peo:prw . A
similar mechanismis appliedwhendefault datatransmissions
use3-slotor 5-slotpackets.

The schedulingalgorithm could also let the master(slave)
refrain from transmittingin the time slot correspondingto a
frequency thathopson the802.11bandwhenever therearenot
enoughdatain thebuffer at themaster(slave) to senda multi-
slot packet. In this case,thecollision probability is further re-
ducedbut theBT throughputdecreasesaswell.

C. Remarks

The OLA schemesdo not require a centralizedcontroller
since they do not perform a precisetime schedulingof the
802.11andBT packet traffic. They caneitheroperateascol-
laborative or non-collaborative coexistencemechanismsand,
hence,areableto reduceinterferencebothin thecaseof collo-
catedandnon-collocateddevices. If interferingsystemsother
than BT and 802.11are present,the beneficialeffects of the
OLA mechanismsstill hold aslong as802.11canestimatethe
interferencepatternwith sufficientaccuracy.

The proposedalgorithmshave minor impacton the 802.11
standardandon theBT specification.Accordingto the802.11
standard,astationshalldeferits transmissionif it detectsabusy
channelduring the Clear ChannelAssessment(CCA) proce-
dure.TherearethreedifferentCCA modes[3]: (i) abusychan-
nel is reportedupon detectionof any energy above a certain
threshold;(ii) abusychannelis reportedonly upondetectionof
a DSSSsignal,which canbeeitherabove or below theenergy
threshold;(iii) a busychannelis reportedupona DSSSsignal
with energy above the threshold. Thus, in the V-OLA mech-
anism,both the PT andthe ST modesarecompliantwith the
802.11standard,andcanbe implementedby usingthe appro-
priateCCA mode.

ThecurrentBluetoothspecificationinvolvesthatBT devices
dynamicallyadapttheir hoppingsequenceto the interference
conditions,by schedulingACL packets with different length.
Thus, the D-OLA schemeexploits a behavior of the BT de-
vicesalreadyexisting in thespecification,andwe do not need
to changethe procedureof hop selectionthat is performedin
thehardware.In aBT piconet,however, themastercanonly in-
dicateto theslavesthemaximumnumberof slotsto use;while,
accordingto the D-OLA mechanism,a slave shouldinterpret
theindicationfrom themasterasthesuggestedpacket length.
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IV. SIMULATION SCENARIO

We consideran IEEE 802.11ad-hocnetwork providing an
instantaneousrateequalto 11 Mb/s andusingthe DCF MAC
scheme.Thenumberof active stationsis assumedto beequal
to 10. All the stationsoperateas a self-containedBSS and
areable to directly communicatewith eachother; all stations
areassumedto beasynchronousdatauserswith a finite trans-
missionbuffer. The arrival of framesfrom a station’s higher
layerprotocolto theMAC sublayeris modeledwith exponen-
tial inter-arrival timesandatruncatedgeometricdistributionfor
the framelengths[22]. The meanvalueof the truncatedgeo-
metric distribution is set to 1500 bytes,while the maximum
framelengthis setto themaximumlengthof theMAC Service
Data Unit (MSDU) establishedby the IEEE 802.11standard
(i.e., 2304bytes). The parameterof the exponentialdistribu-
tion is fixed in sucha way that theaverage802.11traffic load
normalizedto the channelcapacityis equalto xOy , a varying
parameterin thesimulations.

In order to reducethe complexity of the simulationmodel,
the following further assumptionshave beenintroduced: (i)
possiblevaluesfor the WLAN packet length,if not otherwise
specifiedin the following, have beenlimited to 500,1000and
1500bytes;(ii) theRTS/CTSmechanismis consideredalways
active; (iii) no interferenceis consideredfrom nearbyBSSsus-
ing thesameDSSSspreadingsequence;(iv) propagationdelay
is neglected,which is a reasonableassumptiondueto thesmall
distancebetweenstations;(v) atwo-stateMarkov modelis used
to representthebit errorprocessdueto theeffect of fading;in
stategood the bit error rate is equalto 10a _�z

, in statebad is
equalto 10aO{ [22]; thetransitionprobabilityfrom goodto bad
is equalto 0.01,from badto goodis equalto 0.1.

A 802.11transmissionis consideredto be successfulif no
collisionoccurson theRTSframeandboththedatapacketand
thecorrespondingacknowledgmentsentby thereceiverarecor-
rectly received. Fig. 3 shows the 802.11traffic timing in the
caseof successfulpacket transmission.If a packet is not cor-
rectly received,retransmissionwill take placeaccordingto the
backoff proceduredefinedby the IEEE 802.11standard.The
numberof retransmissionsbeforethepacket is discardedfrom
the stationbuffer is limited and set to the Long Retry Limit.
Thevaluesof the IEEE 802.11parametersusedin thesimula-
tion modelarelistedin Tab. I.

For theBluetoothsystem,weconsiderasinglepiconetwhere
devicesarepolledby themasteron thebasisof a round-robin
scheme.Eachdevice hasa finite transmissionbuffer; assump-
tion (iv), introducedabove for the IEEE 802.11 simulation
model,holdsalso for the BT network. The packet error pro-
cessover thewirelesschannelis assumedto beBernoulli, and
theaveragepacket errorprobability is setto �e� a q . We assume
that BT voice traffic is transmittedby usinga HV3-type link,
which is expectedto bethemostpopularlink typefor SCOser-
vices[8]. With theHV3-typelink for eachactive connectiona

TABLE I
PARAMETERS USED IN THE SIMULATION OF THE IEEE 802.11 SYSTEM .

Parameter AssignedValue

Long Retry Limit 10

PhysicalHeader 144bits

MAC Header 272bits

Slot Time 20 | s

SIFS 10 | s

DIFS 50 | s

TABLE II
PARAMETERS OF THE BLUETOOTH SYSTEM .

Parameter Value}r~��
625 | s} ~A�

(1-slotpacket) 366 | s} ~A�
(� -slot packet) 625 | s in slot �@�E�T���

366 | s in slot �@�E�

packet is transmittedin bothdirectionsevery six time slots. In
thecaseof datatraffic, aDH1-typelink is assumedto bethede-
fault operatingmode,andthereforesingle-slotdatapacketsare
used. When the D-OLA schemeis applied,we considerthat
1-slotand3-slotpacketsareused;in thecaseof 3-slotpackets,
aDH-3 typelink is adopted.Noticethatin theHV3-, DH1- and
DH3-typelink, informationin thepayloadis not FECencoded
[5]. Thevaluesof theBluetoothsystemparametersarereported
in Tab. II.

The arrival of datato a BT device’s MAC sublayeris mod-
eledwith exponentialinter-arrival timesanda truncatedgeo-
metricdistribution for thedataunit length. Themeanvalueof
thetruncatedgeometricdistribution is setto 1500bytes,while
themaximumdataunit lengthis setto 2800bytes,whichcorre-
spondsto thethetotal informationcarriedby 100DH1 packets.
Theparameterof theexponentialdistribution is determinedin
suchawaythattheaverageBluetoothtraffic loadnormalizedto
thechannelcapacityis equalto xO� , a varyingparameterin the
simulations.Packetsthatarenot correctlyreceivedareretrans-
mittedaccordingto thefast-ARQscheme[4], wherethesender
is notifiedof thetransmissionoutcomein thefirst possibleslot
following thepacket transmission.

We model the mutual interferencebetween802.11andBT
as describedin SectionII-A, and assumea non-collaborative
setting.

V. PERFORMANCE RESULTS

Resultsshowing the performanceof the OLA mechanisms
arederived by using the simulationscenariodescribedin the
previous section. While presentingthe performanceof the V-
OLA scheme,weessentiallyconsidera802.11BSSinterfering
with oneBT piconetonly. This assumptionis motivatedby the
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Fig.4. IEEE802.11goodputwhenBT supportsoneSCOlink (upperplot) and
two SCOlinks (lowerplot). PerformanceobtainedthroughtheV-OLA scheme
andwhennocoexistencemechanismis applied(N-CM) arecompared.

fact thatonly BT devices,whosedistancefrom the802.11re-
ceiver is lessthan2 m, causeaseveredegradationof the802.11
throughput.

Fig.4 presentsthe802.11goodputasafunctionof the802.11
traffic loadin thecasewheretheBT channelsupportsoneSCO
link (upperplot) andtwo SCOlinks (lower plot). Performance
of the V-OLA schemein PostponedTransmissionmodeand
in ShortenedTransmissionmodearecomparedwith theresults
obtainedin the absenceof any coexistencemechanism(indi-
catedin the figure by label N-CM). Goodputis definedasthe
fraction of transmittedinformation that is successfullytrans-
ferred over the radio channel. As expected,the behavior of
the 802.11goodputslightly variesas the WLAN traffic load
increases;while, by comparingthe two plots in Fig. 4, we ob-
serve a significantreductionin the 802.11goodputwhen we
passfrom oneto two SCOlinks. However, in the caseof one
SCO link, by applying the V-OLA PT schemewe obtain an
improvementof 10%with respectto thecasewhereno coexis-
tencemechanismis implemented;in thecaseof two SCOlinks
theimprovementis equalto 23%.WhentheV-OLA STscheme
is used,slightly worseperformancethanin the caseof the V-
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Fig. 5. BT goodputversustheIEEE802.11traffic loadwhenBT supportsone
SCOlink (upperplot) andtwo SCOlinks (lower plot). Performanceobtained
throughthe V-OLA schemeand when no coexistencemechanismis applied
(N-CM) arecompared.

OLA PT schemeis achieved. In fact, in ST modethe 802.11
stationsdo not stoptransmittingduring theBT busyslotsand,
thus,theprobabilityto overlapBT voicepacketsis higher.

Fig. 5 showstheBT goodputasafunctionof the802.11traf-
fic loadfor thetwo V-OLA schemesandin theabsenceof any
coexistencemechanism.The upperand the lower plots refer
to thecasewhereBT supportsoneandtwo SCOlinks, respec-
tively. Clearly, as xOy grows, theBT goodputdecreasesdueto
thegreaterinterferencelevel. Theimprovementachievedby us-
ing theV-OLA PT schemecanbeup to 15%in thecaseof one
BT voicecall andup to 20%in thecaseof two SCOlinks. In
theseplots,thegapbetweentheperformanceobtainedthrough
the PT modeandthe ST modeis muchgreaterthanin Fig. 4,
dueto the interferencecausedby unsuccessfulRTS andCTS
frames.This effect becomesmoreevidentasthe802.11traffic
loadgrows andthenumberof BT idle slotsdecreases,i.e., the
collisionprobabilitybetweenWLAN stationsincreases.

Fig. 6 presentsthebehavior of the802.11averagepacketde-
lay, with the packet delaybeing the period from the time in-
stantatwhichapacket is generatedto thetime instantatwhich
the packet is successfullytransmitted. Resultsare presented



1

3

10

30

100

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

IE
E

E
 8

02
.1

1 
A

ve
ra

ge
 P

ac
ke

t D
el

ay
 [m

s]

�

IEEE 802.11 Traffic Load, λw

N-CM
V-OLA PT
V-OLA ST

1

3

10

30

100

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

IE
E

E
 8

02
.1

1 
A

ve
ra

ge
 P

ac
ke

t D
el

ay
 [m

s]

�

IEEE 802.11 Traffic Load, λw

N-CM
V-OLA PT
V-OLA ST

Fig. 6. IEEE 802.11averagepacket delayversustraffic load ��� in thepres-
enceof one SCO link (upperplot) and two SCO links (lower plot). Perfor-
manceobtainedthroughtheV-OLA schemeandin thecasewhereno coexis-
tencemechanismis applied(N-CM) arecompared.

as functionsof the 802.11traffic load for the PT and the ST
schemes,andin theabsenceof any coexistencemechanism.For
verylow valuesof x y , themajordelaycontributionis dueto the
assumptionthat802.11packetsmusthave 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 delayobtainedin
the caseof the ST modeis slightly greaterthanthe delayex-
periencedwhennoneschemeis appliedandremainslow even
whentwo SCOlinks areconsidered.WhenthePT modeis ap-
plied,alow delayis obtainedonly for oneSCOlink and xOy less
than0.6. Whentwo SCOlinks aresupportedandthe number
of BT idle slotsdecreases,for almostany valueof xOy the PT
modegivesa delayoneorderof magnitudehigherthanin the
caseof theST mode.

Figs. 7–9 comparethe performanceof the D-OLA scheme
with the performanceobtainedin the absenceof any coexis-
tencemechanism.Resultsshown in Figs.7 and8 werederived
by settingthepayloadof the802.11packetsto beequalto 1500
bytes. The upperplot in Fig. 7 presentsthe 802.11goodput
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Fig. 7. Goodputof the IEEE 802.11andthe BT systemsin the presenceof
BT datalinks. PerformanceobtainedthroughtheD-OLA schemeandwhenno
coexistencemechanismis applied(N-CM) arecompared.

asa function of the BT traffic load for xOy������ u and0.5. In
the caseof the D-OLA scheme,the 802.11goodputremains
almostconstantas the BT traffic load increases;while, when
noneschemeis implemented,a significantdegradationis ob-
served.Theimprovementin performanceachievedthroughthe
proposedcoexistencealgorithmis ashighas50%for BT traffic
load equalto 0.8. As expected,resultsslightly changeasthe
802.11traffic loadvaries.

Similar considerationshold for the resultspresentedin the
lower plot in Fig. 7, wheretheBT goodputis shown asa func-
tion of xOy andfor differentvaluesof theBT traffic load. In this
case,theimprovementin performanceobtainedthroughtheD-
OLA schemeis equalto 24%for xOy������ V .

Fig. 8 showstheBT averagepacketdelayversustheBT traf-
fic load,for xOy������ u and0.5. For xOy������ k , thedelayexperi-
encedwhentheD-OLA algorithmis appliedis slightly higher
thanthedelayachievedin theabsenceof any coexistencemech-
anism;for xOy������ u , the two curvesoverlap. This shows that
the D-OLA schemegreatly mitigatesthe mutual interference
between802.11andBT without causinga reductionin theBT
throughput.
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Fig. 9. IEEE802.11goodputversusthepacket payloadin thepresenceof BT
datalinks andBT traffic loadequalto 0.4. Performanceobtainedthroughthe
D-OLA schemeandwhenno coexistencemechanismis applied(N-CM) are
comparedfor differentvaluesof theIEEE802.11traffic load.

Fig. 9 presentsthe 802.11goodputas the payloadof the
802.11packet varies,for xOy������ u and0.5. Resultswerede-
rived from simulationswherethe802.11payloadwasfixed to
a constantvalue. Theplot confirmsthe improvementachieved
throughthe D-OLA algorithm. As expected,whenno coexis-
tencemechanismis used,lower valuesof WLAN payloadgive
higher 802.11goodputsincethe packet error probability de-
creases.While, it is interestingto noticethat in thecaseof the
D-OLA schemetheWLAN payloadhasanegligible impacton
theperformance.

VI . CONCLUSIONS AND FUTURE WORK

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

andBluetooth-basedWPANs. Two differentcoexistencemech-
anismsbasedon traffic schedulingtechniqueswereproposed:
theformer(namedV-OLA scheme)to beappliedat theWLAN
stationsto avoid overlapbetween802.11traffic andBluetooth
voicepackets;thelatter(namedD-OLA scheme)to beexecuted
at theBluetoothdevicesto avoid overlapin frequency between
802.11traffic andBluetoothdatapackets.

The main advantagesof the proposedmechanismsare the
following: 1) they do not requirea centralizedtraffic sched-
uler;2) they canbeimplementedeitherwhen802.11andBlue-
tooth are able to exchangeinformation (collaborative coexis-
tencemechanism)or whenthey acquirethis informationby de-
tecting interfering transmissionsover the radio channel(non-
collaborative coexistencemechanism);3) they areableto miti-
gateinterferencebetweencollocatedandnon-collocatedBlue-
tooth and 802.11devices; 4) they have minor impact on the
IEEE802.11standardandtheBluetoothspecification.

Resultsshowing significant reduction in interferencebe-
tween 802.11 and Bluetooth obtainedthrough the proposed
mechanismswerepresented.In thecaseof two Bluetoothvoice
connections,animprovementof about20%both in the802.11
andthe Bluetoothgoodputwasachieved, while the additional
delay introducedin the 802.11datatransferwasof the order
of tensof milliseconds. In the caseof Bluetoothdatatraffic,
the802.11goodputincreasedby 50%for highBluetoothtraffic
load;whereas,for high802.11traffic load,theBluetoothgood-
put improvedof 24%without showing a significantincreasein
thedatatransferdelay.

Thecapabilityof theproposedmechanismsto copewith in-
terferencecausedby microwave ovensis underinvestigation.
Otheraspectsthatneedto beaddressedin futureresearchareas
follows.

1. Exploring thepossibility to enhancethephysical layerof
unlicenseddevicesso that their ability to detectinterfer-
encegeneratedby othertechnologiesis improved.

2. Performanceevaluationof theproposedtechniqueswhen
differentBluetoothpacket typesareusedandwhen,in the
caseof theV-OLA mechanism,theminimum802.11pay-
loadis largerthan500bytes.

3. CoexistencebetweenBluetoothand 802.11systemsthat
implementthePCFMAC scheme.

4. Performancestudyof theproposedtechniquesthroughex-
perimentalmeasurements.

5. Impactof theD-OLA mechanismon the interferencebe-
tweencoexisting Bluetoothpiconets.

REFERENCES

[1] J.M.Peha,“WirelessCommunicationsandCoexistencefor SmartEnvi-
ronments,” IEEE PersonalCommunicationsMagazine,, pp.66–68,Octo-
ber2000.

[2] B.P.Crow, I. Widjaja, J.G.Kim, P.T. Sakai,“IEEE 802.11WirelessLo-
cal Area Networks,” IEEE CommunicationsMagazine, pp.116–126,
September1997.

[3] ANSI/IEEE Standard802.11,“Local andMetropolitanArea Networks:
WirelessLAN,” 1999Edition.

[4] J.C.Haartsen,“The BluetoothRadioSystem,” IEEE PersonalCommuni-
cationsMagazine, pp.28–36,February2000.

[5] BluetoothCoreSpecification,http://www.bluetooth.com.
[6] http://www.ieee802.org/15/pub/TG2.html.
[7] WiFi (802.11b) and Bluetooth: An Examination of Coex-

istence Approaches, Mobilian White Papers, March 2001.
http://www.mobilian.com/whitepaperframe.htm.



[8] S. Shellhammer, SCORT- An Alternative to the BluetoothSCO Link
for Operation in an InterferenceEnvironment,01/145r1IEEE 802.15-
01/145r1,March2001.
http://www.ieee802.org/15/pub/TG2-Coexistence-Mechanisms.html.

[9] D.Cypher, Coexistence, Interoperability, andOtherTerms,IEEE802.15-
99/134r1,March2000.
http://www.ieee802.org/15/pub/TG2.html.

[10] J.Lansford, MEHTA: A Method for CoexistencebetweenCo-located
802.11bandBluetoothSystems,IEEE802.15-00/360r0,November2000.
http://www.ieee802.org/15/pub/TG2.html.

[11] S.Shellhammer, Collocated Collaborative Coexistence Mechanism:
TDMA of 802.11and Bluetooth,IEEE 802.15-01/025r0,January2001.
http://www.ieee802.org/15/pub/TG2.html.

[12] H.Gan and B. Treister, Adaptive Frequency Hopping Implementa-
tion Proposals for IEEE 802.15.1/2WPAN, IEEE 802.15-00/367r0,
November 2000. http://www.ieee802.org/15/pub/TG2-Coexistence-
Mechanisms.html.

[13] B. Treister, H.B.Gan, K.C.Chen, H.K. Chen, A. Batra, and O.Eliezer,
Componentsof theAFH Mechanism, IEEE 802.15-01/252r0,May 2001.
http://www.ieee802.org/15/pub/TG2-Coexistence-Mechanisms.html.

[14] A. Kamerman,“Spread SpectrumSchemesfor Microwave Frequency
WLANs,” MicrowaveJournal,, vol. 40,no.2, pp.80–90,February1997.

[15] A. Kamerman,CoexistencebetweenBluetoothandIEEE802.11CCKSo-
lutionsto AvoidMutual Interference, IEEE802.11-00/162,July 2000.

[16] S.Shellhammer, PacketError Rateof anIEEE802.11WLANin thePres-
enceof Bluetooth,IEEE802.15-00/133r0,May 2000.

[17] D.C.Johnson,InterferencePotential of WidebandFrequencyHopping
SystemsonPacket DataSystems,IEEE802.11-99/205,September1999.

[18] J.Zyren, “Reliability of IEEE 802.11Hi RateDSSSWLANs in High
DensityBluetoothEnvironment,” Bluetooth’99,June1999.

[19] I. Howitt, “IEEE 802.11andBluetoothCoexistenceAnalysisMethodol-
ogy,” IEEE Vehicular Technology Conference(VTC’01), RodheIsland,
Greece,May 2001.

[20] C.F. Chiasseriniand R.R.Rao, “Performanceof IEEE 802.11WLANs
in a BluetoothEnvironment,”, IEEE WirelessCommunicationsandNet-
workingConference2000(WCNC2000),Chicago,IL, September2000.

[21] FederalCommunicationsCommission,RadioFrequencyDevices, Code
of FederalRegulations,Title 47, Part 15, Sub-Part C, Section247, US
GovernmentPrintingOffice,October2000.

[22] B.P.Crow, I. Widjaja, J.G.Kim, andP.Sakai,“Investigationof the IEEE
802.11Medium AccessControl (MAC) SublayerFunctions,” IEEE IN-
FOCOM’97,pp.126–133,March1997.


