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Abstiact—Coexistenceof differ ent wir elesssystemghat sharethe same
frequencyband is becomingone of the most challengingissuedue to the
wide-spread popularity of WLANs and to the rapid developmentof short-
rangeradio systems.n this paperweconsiderWLANs basedonthe IEEE
802.11standard and a short-rangeradio systembasedon Bluetooth speci-
fications,which operatein the 2.4GHz ISM frequencyband. Wepresenta
modelof the interferencethat IEEE 802.11WLANs may experienceeither
becauseof avoiceor a data Bluetooth link. We derive resultsshawing that
by applying simple traffic shapingtechniques,interferencecan be signif-
icantly reduced.In the presenceof Bluetooth data traffic, WLAN packet
error probability canbe decreasedby 19% at the expenseof an additional
averagedelayin Bluetooth packet transmissionequalto 10 ms, or by 29%
at the expenseof a Bluetooth averagepacket delay equalto 110ms.

I. INTRODUCTION

Wireless computing has experienceda enormousgrowth
sinceit allows usersto accessetwork serviceswithout be-
ing tetheredto a wired infrastructure. The two wirelesssys-
temsthathave experiencedhe mostrapid evolution andwide
popularityarethe standardievelopedby IEEE for wirelesslo-
cal areanetworks (WLANS), identifiedas IEEE 802.11,and
the Bluetoothtechnology Both thesesystemsoperatein the
2.4 GHz Industrial, Scientific,and Medical (ISM) band(i.e.,
2.400-2.483%5Hz).

IEEE 802.11WLANSs are designedto cover areasas vast
as offices or buildings. The fundamentalbuilding block of
the network is the so-calledBasic ServiceSet (BSS), which
is composef several wirelessstationsandonefixed access
point. The accesgoint providesconnectiorto the wired net-
work [1].

WLANS operateat bit-ratesas high as 11 Mb/s and can
useeithera FHSS(Frequeng Hopping SpreadSpectrum)or
aDSSS(Direct Sequenc&preadSpectrum]1]. In thecaseof
FHSSsystemshoppingsequencespanover 79 channelsgach
onel MHz wide; while, DSSSsystemsausea 11-chipBarker
sequencandtheir bandwidthis roughlyequalto 20 MHz [2].

Bluetooth (BT) providesinterconnectiorof devicesin the
users vicinity in a rangeof about10 m, andit could become
anofficial standardf adoptedy IEEE 802.15 which seekgo
developa standardor personabreanetworks.
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The basicarchitecturalunit in BT systemss the piconet,
composedf a masterdevice andsesenactie slavedevicesat
most,which areallowedto communicatavith the masteronly
(3]

Bluetoothcan provide a bit-rateequalto 1 Mb/s. A FHSS
schemeis usedat the physicallevel; eachmasterchoosesa
differenthoppingsequencesothatpiconetscanoperatdan the
sameareawithout interferingwith eachother Hopping fre-
quenciegangeover 79 frequeng channeldn the ISM band,
eachof thechannebeingl MHz wide. Thenominalhopdwell
time is equalto 625 us. Sequencearecreatedby generating
several sub-sequencegachcomposedf 32 hops. The first
sub-sequends obtainedby taking32 hopsatrandomoverthe
first 64 MHz of the frequeny spectrum;thenthe successie
32 MHz are skipped,andthe next sub-sequencis randomly
chosenamongthe following 64 MHz. The procedures re-
peateduntil the hoppingsequencés completed4]. A TDD
techniquéds usedto transmitandrecevedatain apiconet.each
paclettransmittedn aslot correspond$o theminimumdwell
time; slotsarecentrallyallocatedby the masterandalternately
usedfor masterand slave transmissions. Fig. 1 shavs the
FH/TDD channel. Multislot pacletscanalsobe transmitted,;
in this casepacletsaresentby usinga singlefrequeng hop,
thatis the hop correspondindo the slot at which the paclet
started.
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Fig. 1. TheFH/TDD channein Bluetooth.

Without ary provisions, IEEE 802.11WLANs and Blue-
toothsystemsperatingn thesameervironmentwill interfere
with eachother Several IEEE andBluetoothdocumentg5],
[6], [7], [8] have alreadyaddressedhis issue. However, the
analysispresentedn thesedocumentds basedon coarseas-
sumptionsandthe proposednterferencanodelsare not suit-



ablefor athoroughstudyof the systemdynamics.

In this paperwefirst developanaccuratendflexible model
to evaluateperformancef a [IEEE 802.11WLAN in the pres-
enceof eithera voice or a dataBluetoothlink. We usethis
modelto derive resultsin termsof paclet error probability ex-
periencedn the WLAN system.Then,we applytraffic shap-
ing techniqueso the Bluetoothpacletflow andwe show thata
significantreductionof the interferencebetweenWLANs and
Bluetoothcan be achieved. Although simple shapingmech-
anismsare considerechere,usefulinsightsare obtained. We
believe thatthe developmentof appropriateraffic control al-
gorithmsis oneof thekey pointsto reducenterferenceamong
wirelesssystemsmplementedaccordingo differentspecifica-
tions.

Il. 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 recever be-
causethe interferingpower from BT causes decreasef the
carrierto interferencegpower mamgin, denotedby . Basedon
the resultspresentedn [7], [8], the numberof BT piconets
thatinterferewith the BSSandthe associatedarrierto inter-
ferencepower mamgin canbe determinedrom the following
systemparameters:

« distancebetweera WLAN stationandtheassociatedccess
point;

« interferencaangeof the BT piconets;

« averagedensityof BT piconetsn the consideredirea;

« transmissiompower usedin boththesystems;

« signalattenuatiorfactordueto propagation.

Given+, the bit error probability at the WLAN recever, de-
notedby p., canbe computed. For instance,in the caseof
a WLAN systemusing a BPSK modulationand an uncoded
DSSSsignal,we have [9]

pezQ(\/2-7-Lc)

whereL, is thenumberof chipsperinformationbit.

In ourreferencescenarioye assuméhat B BT piconetsare
in the rangeof interferenceof the WLAN, eachof themasso-
ciatedwith a bit error probability equalto pe’) (1=1,..,B). In
orderto derive the probabilitythatBT piconetsactuallyinter-
ferewith theWLAN systemwe mustcomputethe probability;
denotedby h¢, thata BT paclet hopson the DSSSband. We
approximatethe numberof BT channelgo 80 (eachchannel
corresponds$o 1 MHz) anddividethe BT frequeng spectrum
into four bands20 MHz wide, asshovnin Fig. 2. For thesale
of simplicity, we considerthatthe DSSSbandcorrespondso
the first 20 MHz. Consideringthe procedureusedto gener
atethe BT hoppingsequencef4], we noticethat by starting
with a 32-hopssub-sequencakenatrandomfrom thefirst 64
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channelsthe same64 channelswill be usedagainafter five
sub-sequencesave beenselected. Throughsimple calcula-
tions, it follows thatthe first time a sub-sequencis selected,
the 64 channeldgncludeall the DSSSfrequeng band;for the
secondsub-sequencé DSSSchannelsareused,for the third
one 16 channelsandfor the fourth andfifth sub-sequencall
the DSSShandis included.Thereforewe have
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We noticethatby applyingthis method,h; canbe calculated
for ary position of the DSSSbandin the BT spectrumfre-

queng.

20 MHz

1

WLAN DSSS
bandwidth

80

BT FHSS bandwidth -80 MHz

Fig. 2. BluetoothandWLAN DSSSfrequeng bandwidth.

I1l. PERFORMANCE ANALYSIS

In this sectionwe computethe packet error probability of
aWLAN systemdueto Bluetoothinterferencetheimpactof
bothavoiceandadataBT link is investigated.

We denotethe BT paclet time interval (alsocalledslot in-
tenal) by Tsy, theactualBT transmissioriime per paclet by
Tsp, andthe WLAN paclet time durationby Ty,. Let z be
thetime from the beginningof thefirst overlappingBT paclet
intenval to the beginning of the WLAN paclet; z is a random
variableuniformly distributedbetweer0 andT's;.

The numberof BT paclketintenalsthatoverlapthe WLAN
pacletdepend®nz andcanbederivedas[6]

T
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Fig. 3 shavs an example with N(z)=5; variables T;
(¢=1,..,N(x)) indicatethe portion of the i—th BT paclet that
actuallyinterfereswith theWLAN paclet. Obsenrethatduring
the secondpaclet interval, noneBT transmissiortakes place
andthereforeTs is equalto 0. For thegenericpaclketinterval i

(1=1,..N(z)), we have thatif noneBT transmissioroccursin
interval ¢, T; = 0; otherwise[6]
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Fig. 3. Overlapof WLAN andBluetoothpaclets.

In thefollowing we will denoteby Tz.(b) theratio T; /Ty, where
Ty is thebit time duration.

A. BluetoothVoice Traffic

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

Let us considera fixed valuefor the offsetz; givenz, the
numberof BT paclet intervals overlappinga WLAN paclet,
N(z), canbecomputedrom (3). For j=1,... N (z), we define

dy(j) as
else.

s ={
(5)

Thereforethemeannumberof bits perWLAN paclet‘hit’ by
BT voicetraffic, conditionedon the valueof x, canbewritten
as

if aBT voicepacletis transmittedn slot j

N(z)—1
S, =hy (Tl(b)év(l)+T](gb1)a > () + TN 6 (N (=)
7j=2

(6)
By consideringhe‘hit’ bits, thatareactuallyin error, asi.i.d.,
the probabilityto correctlyreceve a WLAN pacletis approx-
imatedby

P{correct WLANpacket |z} = (1 — p,)°= , @)

wherep, isthebit errorprobabilityassociatetb theinterfering
BT piconet. By deconditioningwith respecto z, the paclet
errorprobabilityis

1 — P{correct WLANpacket} =
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B. BluetoothData Traffic

In thecaseof aBT datalink, we assumehatthetraffic gen-
eratedby eachof the B interfering piconetsis Poissondis-
tributed with rate \; (¢=1,...,B). Thus, the aggreatedtraf-
fic generationprocessis Poissondistributed with rate A, =
Ef’: 1 Ai, andthe probability that K paclets are transmitted
overatime periodequalto N BT pacletintervals,is equalto

Pr = (A N)Ke 2N /K1 9)

The averagebit error probability at the WLAN recever, con-
ditionedona BT pacletinterferingwith theWLAN, is

P, = Zfil pgi)/\i
=&i=2r 1
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Let usnow considera fixed valuefor the offsetz. By con-
ditioning on having K BT transmissionsver the N (z) BT

paclet periods,the probabilitythatall K transmission®ccur
in ary of the N (z) slotsotherthanthefirst andthelastone,is

( N(z) -2 )
K
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K
the probabilitythatamongK transmission®neoccurseither
in thefirstorin the N (z)—th BT pacletintenval is

N(z) -1
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finally, the probabilitythatof K transmissionsnetakesplace
in thefirst overlappingtime interval andonein the N (z)—th

time periodis
N(z)—2
K—-2

P2—eat(T) = ( N(z) )
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The meannumberof bits per WLAN paclet ‘hit’ by Blue-
tooth, conditionedon the valueof z andon K transmissions
overthe N (z) intervals,canbewrittenas

Sex = hy [Tj(sb}a K- pa—ine(2)+
2- Tg’])g(K — l)pl—ewt(-’lf) + (Tl(b) + Tj(\?)) pl_ewt(:c) +
Tg)_l)?(K - 2)p2fezt ('Z') + (T]_(b) + T](\?)) DP2—ext (x)j| (14)

By deconditioningwith respecto K, we have
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Similarly to the caseof a BT voice link, we can write the
WLAN pacleterrorprobabilityas

Ter 1
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In the next sectionwe usetheinterferencenodeldescribed
aboveto derive performancen termsof the WLAN pacleter-
ror probabilityasthe systemparametersary.



IV. RESULTS

We considera WLAN systemusing a DSSSschemeand
providing aninstantaneougateequalto 11 Mb/s. We assume
that eachWLAN paclet is followed by an acknavledgment
andinformationis streamedn a continuousmanner;alsowe
assumehatdataexchangdas asymmetrici.e., eithertheaccess
pointis sendingdatapacletsandthewirelessstationis sending
acknavledgmentor vice versa[10]. Fig. 4 shavsthe WLAN
traffic timing in the caseof payloadequalto 1500bytes.

Thevalueof p, atthe WLAN recever is setequalto 103
for ary interferingBT piconets.We assumeéhatthetransmis-
sionof aWLAN pacletfails eitherwheneerthe pacletor the
correspondingcknavledgmeniarenot correctlyreceved.

For the Bluetooth system, we set Tsr=625 us and
Tpp=366 us. In the caseof voicetraffic, we considerHV3-
typelink, i.e.,for eachactive phonecall avoicepacletis trans-
mittedin bothdirectionsaverysixtimeslots.In thecaseof data
traffic, a DH1-typelink is assumedandthereforethe shortest
datapaclet (366 uslong)is used.

Fig. 5 shavs the behavior of the WLAN paclet error prob-
ability in the presencef aninterferingBT voicelink; curves
areplottedfor differentvaluesof the WLAN paclet payload
andfor two differentvaluesof the BT traffic load. The WLAN
paclet error probabilityis quite high andincreasessa larger
payloadis considered However, we believe thata significant
improvementin performancecanbe achievedif a traffic con-
trol algorithmis introducedin the WLAN system.As an ex-
ample,we appliedthefollowing controlmechanismthetrans-
missionof a WLAN pacletis delayedby a time periodequal
to T's;y Wwhenererthepreviouspaclkettransmissiorails. In this
casewe obsenedareductionin theWLAN pacleterrorprob-
ability equalto 10%.

Fig. 6 presentshe WLAN paclet error probability in the
caseof BT datatraffic, asthe WLAN payloadandthe BT ag-
gregatedtraffic generationrate, A,, vary. As expected,the
paclet error probability increasesas A, grows and a larger
payloadis considered. Again, in orderto get better perfor
mancewe introduceda traffic shapingnechanisnsuchthata
BT transmittercannotsendsinglepacletsoverthechannebut
mustalwaystransmitburstof g paclets.

Figs.7, 8, 9, and 10 shav the WLAN paclet error proba-
bility andthe averagedelayexperiencedy aBT pacletwhen

thetraffic shapingnechanisndescribedboveisimplemented.

Theaveragepacletdelaywascalculatedy consideringhede-
lay from thetime instantatwhicha BT pacletis generatedo
thetimeinstantatwhichit is transmittecandby averagingover
thenumberof BT pacletsthataretransmittedduringaWLAN
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Fig. 4. TimingonaWLAN systemfor payloadequalto 1500bytes.
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Fig. 5. Coeistenceof a IEEE 802.11WLAN anda BT voice link: Paclet
errorprobabilityof WLAN whenoneandtwo BT phonecallsareactie.
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Fig. 6. Coeistenceof a IEEE 802.11WLAN andBT datatraffic: Paclet
errorprobabilityof WLAN for differentvaluesof WLAN payloadandBT
traffic generatiorrate.No BT traffic shapings implemented.

datastreamof 1000paclets.

Theresultspresentedh Figs.7 and8 wereobtainedfor dif-
ferentvaluesof BT traffic rate A\, andof burstsizegs. (A burst
sizeequalto O correspondso the casein which no shapingis
used.) Looking at the plots, it canbe seenthatfor A, = 0.3
anda burstsizeequalto 5, the paclket error probabilityis 19%
lessthanin the casein which no shapingis applied;whereas,
thecorrespondingveragedelayintroducedn the BT traffic is
equalto 10ms.

The resultsshavn in Figs. 9 and 10 were obtainedfor
A, = 0.3 andchangingvaluesof the burstsize 3. For afixed
valueof 3, curveswerederived by varying the rate, denoted
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Fig.7. Coeistenceof alEEE802.11WLAN andBT datatraffic: Paclketerror
probabilityof WLAN astheBT traffic generatiomate, )\, varies.Shaping
of BT traffic is implementedresultsareshavn for two differentvaluesof
burstsizeandcomparedvith the casewhenno shapings adopted.
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Fig. 8. Coexistenceof a IEEE 802.11WLAN andBT datatraffic: Average
delayof Bluetoothpacletswhentraffic shapings adoptedastheBT traffic
generatiomate, )\, variesandfor differentvaluesof burstsize.Burstsize
equalto O correspondso the casein which no shapings implemented.

by u,, atwhichtraffic is transmittecoverthe BT channel.We
noticethatagreatimprovements achievedin termsof WLAN

paclet error probability as valuesof u, smallerthanthe ag-
gregatedtraffic generatiorrate, \,, areused;however, in this
casethe delay introducedin the BT paclet transmissiorcan
be significant. With respectto the casein which shapingis
not implementedfor p, = 0.25 we obtainan improvement
in termsof paclet error probability equalto 20%for § = 3

andequalto 29%for 8 = 5; thecorresponderdveragepaclet
delayintroducedin BT traffic is equalto 84 msand110ms,
respectiely.
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Fig.9. Coeistenceof alEEE802.11WLAN andBT datatraffic: Pacleterror
probabilityof WLAN whenthe BT traffic generatiorrate, )., is equalto
0.3andthetransmissiomateoverthe BT channebaries.
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Fig. 10. Coeistenceof alEEE 802.11WLAN andBT datatraffic: Average
delayof BT pacletsasthetransmissiomateoverthe BT channelandthe
burstsizevary. TheBT traffic generatiomate,)\,, is equalto 0.3.

V. CONCLUSIONS

In this paperwe presented flexible modelfor thecomputa-
tion of interferencebetweenEEE 802.11WLANs andBlue-
tooth systems. Both a voice and a dataBluetoothlink were
consideredResultsshavedthatahigh pacleterrorprobability
may be experiencedoy a WLAN systemwhenaninterfering
Bluetoothpiconetis active.

We appliedsimple traffic shapingtechniquego the Blue-
toothdataflow andasignificantreductionof theWLAN paclet
error probability was obtained. In particular by transmitting
Bluetoothdatatraffic in aburstymanneywe canachieszeal9%
improvementat the expenseof anadditionalaveragedelayin



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

This suggestshat by developingappropriatdraffic control
algorithms nterferenceamongdifferentradiosystem®operat-
ing in sameervironmentandsharingsamefrequeng bandcan
bedramaticallyreduced Clearly, controlmechanismslefined
atahigh layerin the protocolstackhave alsothe advantageo
avoid modificationsto the standardspecificationof wireless
systems.
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