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Abstract—Coexistenceof different wirelesssystemsthat sharethe same
fr equencyband is becomingoneof the most challengingissuedue to the
wide-spreadpopularity of WLANs and to the rapid developmentof short-
rangeradio systems.In this paperweconsiderWLANs basedon the IEEE
802.11standard and a short-rangeradio systembasedon Bluetooth speci-
fications,which operatein the 2.4GHz ISM fr equencyband. Wepresenta
modelof the interferencethat IEEE 802.11WLANs mayexperienceeither
becauseof a voiceor a data Bluetooth link. Wederive resultsshowing that
by applying simple traffic shapingtechniques,interferencecan be signif-
icantly reduced.In the presenceof Bluetooth data traffic, WLAN packet
error probability canbedecreasedby 19% at the expenseof an additional
averagedelayin Bluetooth packet transmissionequal to 10ms,or by 29%
at the expenseof a Bluetooth averagepacket delayequal to 110ms.

I . INTRODUCTION

Wirelesscomputinghas experienceda enormousgrowth
since it allows usersto accessnetwork serviceswithout be-
ing tetheredto a wired infrastructure.The two wirelesssys-
temsthathave experiencedthemostrapidevolution andwide
popularityarethestandarddevelopedby IEEEfor wirelesslo-
cal areanetworks (WLANs), identifiedas IEEE 802.11,and
the Bluetoothtechnology. Both thesesystemsoperatein the
2.4 GHz Industrial,Scientific,andMedical (ISM) band(i.e.,
2.400-2.4835GHz).

IEEE 802.11WLANs are designedto cover areasas vast
as offices or buildings. The fundamentalbuilding block of
the network is the so-calledBasicServiceSet (BSS),which
is composedof severalwirelessstationsandonefixedaccess
point. Theaccesspoint providesconnectionto thewired net-
work [1].

WLANs operateat bit-ratesas high as 11 Mb/s and can
useeithera FHSS(Frequency HoppingSpreadSpectrum)or
aDSSS(DirectSequenceSpreadSpectrum)[1]. In thecaseof
FHSSsystems,hoppingsequencesspanover79channels,each
one1 MHz wide; while, DSSSsystemsusea 11-chipBarker
sequenceandtheirbandwidthis roughlyequalto 20MHz [2].

Bluetooth(BT) provides interconnectionof devices in the
user’s vicinity in a rangeof about10 m, andit couldbecome
anofficial standardif adoptedby IEEE802.15,whichseeksto
developastandardfor personalareanetworks.
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The basicarchitecturalunit in BT systemsis the piconet,
composedof a masterdeviceandsevenactiveslavedevicesat
most,whichareallowedto communicatewith themasteronly
[3].

Bluetoothcanprovide a bit-rateequalto 1 Mb/s. A FHSS
schemeis usedat the physicallevel; eachmasterchoosesa
differenthoppingsequencesothatpiconetscanoperatein the
sameareawithout interferingwith eachother. Hopping fre-
quenciesrangeover 79 frequency channelsin the ISM band,
eachof thechannelbeing1 MHz wide. Thenominalhopdwell
time is equalto 625 � s. Sequencesarecreatedby generating
several sub-sequences,eachcomposedof 32 hops. The first
sub-sequenceis obtainedby taking32hopsat randomoverthe
first 64 MHz of the frequency spectrum;then the successive
32 MHz areskipped,andthe next sub-sequenceis randomly
chosenamongthe following 64 MHz. The procedureis re-
peateduntil the hoppingsequenceis completed[4]. A TDD
techniqueisusedto transmitandreceivedatain apiconet:each
packet transmittedin aslot correspondsto theminimumdwell
time;slotsarecentrallyallocatedby themasterandalternately
usedfor masterand slave transmissions.Fig. 1 shows the
FH/TDD channel.Multislot packetscanalsobe transmitted;
in this casepacketsaresentby usinga singlefrequency hop,
that is the hop correspondingto the slot at which the packet
started.
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Fig. 1. TheFH/TDD channelin Bluetooth.

Without any provisions, IEEE 802.11WLANs and Blue-
toothsystemsoperatingin thesameenvironmentwill interfere
with eachother. Several IEEE andBluetoothdocuments[5],
[6], [7], [8] have alreadyaddressedthis issue. However, the
analysispresentedin thesedocumentsis basedon coarseas-
sumptionsandtheproposedinterferencemodelsarenot suit-



ablefor a thoroughstudyof thesystemdynamics.
In thispaper, wefirst developanaccurateandflexible model

to evaluateperformanceof a IEEE 802.11WLAN in thepres-
enceof eithera voice or a dataBluetoothlink. We usethis
modelto deriveresultsin termsof packeterrorprobabilityex-
periencedin theWLAN system.Then,we apply traffic shap-
ing techniquesto theBluetoothpacketflow andweshow thata
significantreductionof the interferencebetweenWLANs and
Bluetoothcan be achieved. Although simpleshapingmech-
anismsareconsideredhere,useful insightsareobtained.We
believe that the developmentof appropriatetraffic control al-
gorithmsis oneof thekey pointsto reduceinterferenceamong
wirelesssystemsimplementedaccordingto differentspecifica-
tions.

I I . COEXISTENCE MODEL

We considera IEEE 802.11WLAN usinga DSSSscheme
andhaving a bandwidthequalto 20 MHz. Our referencesce-
narioinvolvesa BSSanda largenumberof BT piconetsoper-
atingin acommonarea.

A BT transmitterinterfereswith the WLAN receiver be-
causethe interferingpower from BT causesa decreaseof the
carrierto interferencepower margin, denotedby � . Basedon
the resultspresentedin [7], [8], the numberof BT piconets
that interferewith theBSSandtheassociatedcarrierto inter-
ferencepower margin canbe determinedfrom the following
systemparameters:� distancebetweenaWLAN stationandtheassociatedaccess
point;� interferencerangeof theBT piconets;� averagedensityof BT piconetsin theconsideredarea;� transmissionpowerusedin boththesystems;� signalattenuationfactordueto propagation.
Given � , the bit error probability at the WLAN receiver, de-
notedby ��� , can be computed. For instance,in the caseof
a WLAN systemusinga BPSK modulationandan uncoded
DSSSsignal,wehave [9]�����	� 
�� 
�� � ������� (1)

where
� �

is thenumberof chipsperinformationbit.
In ourreferencescenario,weassumethat � BT piconetsare

in therangeof interferenceof theWLAN, eachof themasso-
ciatedwith a bit error probability equalto �������� ( � =1,..,� ). In
orderto derive theprobabilitythatBT piconetsactuallyinter-
ferewith theWLAN system,wemustcomputetheprobability,
denotedby ��� , thata BT packet hopson theDSSSband.We
approximatethe numberof BT channelsto 80 (eachchannel
correspondsto 1 MHz) anddivide theBT frequency spectrum
into four bands20MHz wide,asshown in Fig. 2. For thesake
of simplicity, we considerthat theDSSSbandcorrespondsto
the first 20 MHz. Consideringthe procedureusedto gener-
atethe BT hoppingsequences[4], we noticethat by starting
with a32-hopssub-sequencetakenat randomfrom thefirst 64

channels,the same64 channelswill be usedagainafter five
sub-sequenceshave beenselected. Throughsimple calcula-
tions, it follows that the first time a sub-sequenceis selected,
the64 channelsincludeall theDSSSfrequency band;for the
secondsub-sequence4 DSSSchannelsareused,for the third
one16 channels,andfor the fourth andfifth sub-sequenceall
theDSSSbandis included.Therefore,wehave��� �"!# ��$ 
&%'&(*) ('&(+) ! ''&(*) 
&%'&(,) 
-%'-(�. � %0/1
 # / (2)

We noticethatby applyingthis method,� � canbecalculated
for any position of the DSSSbandin the BT spectrumfre-
quency.
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Fig. 2. BluetoothandWLAN DSSSfrequency bandwidth.

I I I . PERFORMANCE ANALYSIS

In this sectionwe computethe packet error probability of
a WLAN systemdueto Bluetoothinterference;the impactof
bothavoiceanda dataBT link is investigated.

We denotethe BT packet time interval (alsocalledslot in-
terval) by 24365 , theactualBT transmissiontime perpacket by24367 , andthe WLAN packet time durationby 298 . Let : be
thetime from thebeginningof thefirst overlappingBT packet
interval to thebeginningof theWLAN packet; : is a random
variableuniformly distributedbetween0 and 2;365 .

Thenumberof BT packet intervalsthatoverlaptheWLAN
packetdependson : andcanbederivedas[6]<>= :�?@�BACD CE

F0G-HGJILK&M if :ONP2 365 �QFRG-HGJILK&MTS 2 8F0G-HGJILK&M ) ! else
/ (3)

Fig. 3 shows an example with
<>= :�? =5; variables 2 �( � =1,..,

<U= :4? ) indicatethe portion of the � S th BT packet that
actuallyinterfereswith theWLAN packet.Observethatduring
the secondpacket interval, noneBT transmissiontakesplace
andtherefore24V is equalto 0. For thegenericpacket interval �= � =1,..,

<>= :�?�? , we have that if noneBT transmissionoccursin
interval � , 2 � � % ; otherwise[6]2 � � AD E

WYX : = 2;3Q7 S :�Z % ? � =124367 i=2,...,
<U= :4? S !W �\[ = : ) 2�8 S =]<U= :4? S ! ?^2;365-Z�24367@?_� = <U= :�? /

(4)
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Fig. 3. Overlapof WLAN andBluetoothpackets.

In thefollowing wewill denoteby 2`�bac�� theratio 2 �cd 2 a , where2 a is thebit timeduration.

A. BluetoothVoiceTraffic

In a Bluetooth voice link, eachphonecall occupiesthe
FH/TDD channelslot intervals accordingto a deterministic
pattern.

Let us considera fixed valuefor the offset : ; given : , the
numberof BT packet intervals overlappinga WLAN packet,<U= :4? , canbecomputedfrom (3). For e =1,...,

<>= :�? , wedefinefhg = eL? asf�g = eL?i�kj ! if a BT voicepacket is transmittedin slot e%
else

/
(5)

Therefore,themeannumberof bitsperWLAN packet ‘hit’ by
BT voicetraffic, conditionedon thevalueof : , canbewritten
aslnm o �	� �qpr 2 �bac�s fhg = ! ? ) 2 �bac�367ut �

o
�^v swx�y V f�g = eL? ) 2 �bac�t fhg =z<U= :�?�?^{| /

(6)
By consideringthe‘hit’ bits, thatareactuallyin error, asi.i.d.,
theprobabilityto correctlyreceivea WLAN packet is approx-
imatedby}T~��������J�����

WLAN� X �h�R���9� :���� = ! S �4��?��L� ��Z (7)

where�4� is thebit errorprobabilityassociatedto theinterfering
BT piconet. By deconditioningwith respectto : , the packet
errorprobabilityis� � ! S }T~��������J����� WLAN� X �h�R��� ���! SU� GJILK� = ! S ����? �L� � � !2;3Q5�� : / (8)

B. BluetoothDataTraffic

In thecaseof aBT datalink, weassumethatthetraffic gen-
eratedby eachof the � interfering piconetsis Poissondis-
tributed with rate � � ( � =1,...,� ). Thus, the aggregatedtraf-
fic generationprocessis Poissondistributed with rate ������ 3� y s � � , and the probability that � packetsare transmitted
overa timeperiodequalto

<
BT packet intervals,is equalto}6� � = � � < ? � � v4��� t d �>� / (9)

Theaveragebit errorprobabilityat the WLAN receiver, con-
ditionedona BT packet interferingwith theWLAN, is� � � � 3� y s � ���b�� � �� 3� y s � � /

(10)

Let usnow considera fixedvaluefor theoffset : . By con-
ditioning on having � BT transmissionsover the

<U= :4? BT
packet periods,theprobability thatall � transmissionsoccur
in any of the

<U= :�? slotsotherthanthefirst andthelastone,is

��� v4���-  = :�?�� $ <U= :4? S 
� .$ <U= :�?� . ¡ (11)

theprobability thatamong� transmissionsoneoccurseither
in thefirst or in the

<U= :4? S th BT packet interval is

� s v �
o
  = :4?i� $ <U= :4? S !� S ! .$ <U= :�?� . ¡ (12)

finally, theprobabilitythatof � transmissionsonetakesplace
in thefirst overlappingtime interval andonein the

<U= :�? S th
timeperiodis

��V v �
o
  = :4?i� $ <U= :4? S 
� S 
 .$ <U= :�?� . /

(13)

Themeannumberof bits perWLAN packet ‘hit’ by Blue-
tooth, conditionedon the valueof : andon � transmissions
over the

<U= :�? intervals,canbewrittenasl@m o-¢ � � ���¤£b2 �bac�367 � � � �4� v��b�J  = :4? )
�� 2 �bac�367 = � S ! ?¥� s v �
o
  = :�? ) 
 2 �¦a]�s ) 2 �bac�t � � s v �

o
  = :�? )2`�bac�3Q7 = � S 
 ?§� V v �

o
  = :�? ) 
 2`�bac�s ) 2`�¦a]�t � � V v �

o
  = :4?\¨ / (14)

By deconditioningwith respectto � , wehavel@m o � t �
o
�w� y �
lnm o-¢ � = ��© <U= :�?�? � � v4��ª t �

o
��U� /

(15)

Similarly to the caseof a BT voice link, we can write the
WLAN packeterrorprobabilityas� � ! SU� G ILK� = ! S � � ? �L� � � !2 3Q5 � : / (16)

In thenext section,weusetheinterferencemodeldescribed
aboveto deriveperformancein termsof theWLAN packeter-
ror probabilityasthesystemparametersvary.



IV. RESULTS

We considera WLAN systemusing a DSSSschemeand
providing aninstantaneousrateequalto 11 Mb/s. We assume
that eachWLAN packet is followed by an acknowledgment
andinformationis streamedin a continuousmanner;alsowe
assumethatdataexchangeis asymmetric,i.e.,eithertheaccess
pointis sendingdatapacketsandthewirelessstationis sending
acknowledgmentsor vice versa[10]. Fig. 4 shows theWLAN
traffic timing in thecaseof payloadequalto 1500bytes.

Thevalueof �4� at theWLAN receiver is setequalto ! % v�«for any interferingBT piconets.We assumethatthetransmis-
sionof aWLAN packet failseitherwheneverthepacketor the
correspondingacknowledgmentarenotcorrectlyreceived.

For the Bluetooth system, we set 2;3Q5 =625 � s and2 367 =366 � s. In the caseof voice traffic, we considerHV3-
typelink, i.e.,for eachactivephonecall avoicepacketis trans-
mittedin bothdirectionseverysix timeslots.In thecaseof data
traffic, a DH1-typelink is assumed,andthereforetheshortest
datapacket (366 � s long) is used.

Fig. 5 shows thebehavior of theWLAN packet errorprob-
ability in thepresenceof an interferingBT voice link; curves
areplottedfor differentvaluesof the WLAN packet payload
andfor two differentvaluesof theBT traffic load.TheWLAN
packet errorprobability is quitehigh andincreasesasa larger
payloadis considered.However, we believe thata significant
improvementin performancecanbeachievedif a traffic con-
trol algorithmis introducedin the WLAN system.As an ex-
ample,weappliedthefollowing controlmechanism:thetrans-
missionof a WLAN packet is delayedby a time periodequal
to 2;365 wheneverthepreviouspackettransmissionfails. In this
case,weobservedareductionin theWLAN packeterrorprob-
ability equalto 10%.

Fig. 6 presentsthe WLAN packet error probability in the
caseof BT datatraffic, astheWLAN payloadandtheBT ag-
gregatedtraffic generationrate, ��� , vary. As expected,the
packet error probability increasesas � � grows and a larger
payloadis considered.Again, in order to get betterperfor-
mance,we introduceda traffic shapingmechanismsuchthata
BT transmittercannotsendsinglepacketsoverthechannelbut
mustalwaystransmitburstof ¬ packets.

Figs.7, 8, 9, and10 show the WLAN packet error proba-
bility andtheaveragedelayexperiencedby a BT packetwhen
thetraffic shapingmechanismdescribedaboveis implemented.
Theaveragepacketdelaywascalculatedby consideringthede-
lay from thetime instantat which a BT packet is generatedto
thetimeinstantatwhichit is transmittedandby averagingover
thenumberof BT packetsthataretransmittedduringaWLAN
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Fig. 4. Timing onaWLAN systemfor payloadequalto 1500bytes.
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Fig. 5. Coexistenceof a IEEE 802.11WLAN anda BT voice link: Packet
errorprobabilityof WLAN whenoneandtwo BT phonecallsareactive.
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Fig. 6. Coexistenceof a IEEE 802.11WLAN andBT datatraffic: Packet
errorprobabilityof WLAN for differentvaluesof WLAN payloadandBT
traffic generationrate.No BT traffic shapingis implemented.

datastreamof 1000packets.
Theresultspresentedin Figs.7 and8 wereobtainedfor dif-

ferentvaluesof BT traffic rate ��� andof burstsize ¬ . (A burst
sizeequalto 0 correspondsto thecasein which no shapingis
used.) Looking at the plots, it canbeseenthat for � � � %®/ ¯
anda burstsizeequalto 5, thepacketerrorprobabilityis 19%
lessthanin thecasein which no shapingis applied;whereas,
thecorrespondingaveragedelayintroducedin theBT traffic is
equalto 10ms.

The results shown in Figs. 9 and 10 were obtainedfor� � � %0/ ¯ andchangingvaluesof theburstsize ¬ . For a fixed
valueof ¬ , curveswerederived by varying the rate,denoted
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Fig.7. Coexistenceof aIEEE802.11WLAN andBT datatraffic: Packeterror
probabilityof WLAN astheBT traffic generationrate, °J± , varies.Shaping
of BT traffic is implemented;resultsareshown for two differentvaluesof
burstsizeandcomparedwith thecasewhennoshapingis adopted.
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Fig. 8. Coexistenceof a IEEE 802.11WLAN andBT datatraffic: Average
delayof Bluetoothpacketswhentraffic shapingis adoptedastheBT traffic
generationrate, ° ± , variesandfor differentvaluesof burstsize.Burstsize
equalto 0 correspondsto thecasein whichnoshapingis implemented.

by � � , at which traffic is transmittedover theBT channel.We
noticethatagreatimprovementis achievedin termsof WLAN
packet error probability asvaluesof � � smallerthanthe ag-
gregatedtraffic generationrate, ��� , areused;however, in this
casethe delay introducedin the BT packet transmissioncan
be significant. With respectto the casein which shapingis
not implemented,for � � � %0/1
 #

we obtainan improvement
in termsof packet error probability equalto 20% for ¬³� ¯
andequalto 29%for ¬´� # ; thecorrespondentaveragepacket
delayintroducedin BT traffic is equalto 84 ms and110 ms,
respectively.
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Fig.9. Coexistenceof aIEEE802.11WLAN andBT datatraffic: Packeterror
probabilityof WLAN whentheBT traffic generationrate, °J± , is equalto
0.3andthetransmissionrateover theBT channelvaries.
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Fig. 10. Coexistenceof a IEEE 802.11WLAN andBT datatraffic: Average
delayof BT packetsasthetransmissionrateover theBT channelandthe
burstsizevary. TheBT traffic generationrate, °J± , is equalto 0.3.

V. CONCLUSIONS

In thispaper, wepresentedaflexible modelfor thecomputa-
tion of interferencebetweenIEEE 802.11WLANs andBlue-
tooth systems.Both a voice anda dataBluetoothlink were
considered.Resultsshowedthatahighpacketerrorprobability
may be experiencedby a WLAN systemwhenan interfering
Bluetoothpiconetis active.

We appliedsimple traffic shapingtechniquesto the Blue-
toothdataflow andasignificantreductionof theWLAN packet
error probability wasobtained. In particular, by transmitting
Bluetoothdatatraffic in aburstymanner, wecanachievea19%
improvementat theexpenseof anadditionalaveragedelayin



Bluetoothtraffic equalto 10 ms,or a 29%improvementat the
expenseof a Bluetoothaveragepacketdelayequalto 110ms.

This suggeststhatby developingappropriatetraffic control
algorithms,interferenceamongdifferentradiosystemsoperat-
ing in sameenvironmentandsharingsamefrequency bandcan
bedramaticallyreduced.Clearly, controlmechanismsdefined
at a high layerin theprotocolstackhave alsotheadvantageto
avoid modificationsto the standardspecificationsof wireless
systems.
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