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Abstract—A noncohetent limiter -discrminator recever is
often consideredfor the Bluetooth systembecauseof its sim-
plicity and low cost. While its performance is more than
adequatefor somechannels,the resultsare significantly de-
graded in either an interfer ence-limited ervironment or a
frequencyselective channel. In this paper, we compare the
performanceof the traditional limiter -discriminator with in-
tegrate and dump filter to a more sophisticatedViterbi re-
ceiver. We find that the Bluetooth accesscodeis sufficient
to be usedfor channelestimation in the Viterbi receiver. A
comparisonis carried out in a Rayleigh fading channeland
in the presenceof interfer enceeither from another Blue-
tooth piconet or an IEEE 802.11bwirelesslocal area net-
work. Performance metrics include bit error rate, packet
lossrate, and residualerrors in a packet.

|. INTRODUCTION

Bluetoothworksin the 2.4 GHz unlicensedSM band,
which is alsosharedby othercommunicatiorsystemsn-
cluding 802.11wirelesslocal areanetworks (WLANS).
The primary rangeof operationis 10 meters,but it can
be extendedup to 100 meters. In typical indoor appli-
cationswherethe channelexhibits low delay spreadand
thereis astrongsignalpathbetweerthetransmitterandthe
recever, the non-coherenlimiter-discriminatorwith inte-
grateand dumpfilter (LDI) recever achievesreasonable
performancgl]. However, it would be usefulto make the
radio systemmorerobustsoasto maximizethe quality of
servicein outdoorandlargeindoorapplications.

Someexperimentshave beenconducted?], [3], [4] to
evaluatethe power delayprofile of indoorchannelsat 2.4
GHz. The channelis roughly catgorizedinto two major
classes{(1.) channelswith aline-of-sight(LOS) pathand
(2.) channelswith anobscuregath. For aLOS path,Kim
etal. [2] find thatit canbe reasonablyapproximatedy a
Rician distribution with K = 5, whereK is the ratio of
the power of the dominantpathto the power of the scat-
teredpaths. For a pathwith obstructionsthe probability
densityfunction (pdf) of the amplitudeof the fadingsig-
nalis Ricianwith K = 2, whichis closeto the Rayleigh
distribution. The root-mean-squaréms) averageof the
delay spreadvaries between75 nsecto 90 nsec. Zhang
andHwang[4] reportanrmsdelayspreadaslarge as217

nsec.Wilkinson[5] studiedthechannefor the DECT sys-
temandconsideredworstcasermsdelayof 200and300
nsedor indoorandoutdoorchannelsyespectrely. Alsoin

thisreport,a Rayleighfadingdistribution wasconsidered.

Another challengingissuefor the Bluetoothsystemis
the coexistencewith otherBluetoothpiconetsand/orwith
IEEE 802.11WLANSs. Theinterferenceemittedby these
radiosmay severely degradethe operationof a Bluetooth
radio. The Viterbi receier may alsobe a promisingsub-
stitutionfor the LDI receverin this case.

This papers main contrilution is to evaluatethe Blue-
toothperformancen hostileervironments.Two scenarios
areconsidered(1.) a multipathRayleighfadingchannel,
and(2.) an interference-limitedervironment. We shav
thebit errorrateperformancen thesescenarioaswell as
systemlayerperformancdor Bluetoothvoice paclets.

Il. BLUETOOTH

Bluetooth operates at a channel bit rate of 1
Mbit/sec[6]. The modulationis Gaussiarfrequeng shift
keying (GFSK)with anominalmodulationindex of hy =
0.33 anda normalizedbandwidthof BT = 0.5, where
B, is the 3 dB Bandwidth of the transmitters Gaussian
low pasdilter, andT is thebit period. The Bluetoothradio
emplgys a frequeng hoppingschemen orderto mitigate
the effect of interferenceandfading. Therearea total of
79 hoppingchannelsgachseparatedy 1 MHz, andthe
hoppingfrequenyg is changedn a paclet by paclet basis.

A. TheGFSKsignal
The GFSKsignalcanberepresentety [7]

s(t,a) = Acos(2rfct + ¢(t,a)), 1)
where A = % Ey is the enegy per databit, f. is

the carrier frequeng, anda is the randominput stream,
comprisedof the databits «;; ¢(t,a) is the outputphase
deviation, givenby [7]
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The secondsum is the accumulatedohaseof all previ-
ous symbols,and it is called the phasestate. ¢(t)
ffoo g(7)dr,whereg(t) is theimpulseresponsef aGaus-
sianfilter, andL is the lengthof g(t) in bit periods. For
Bluetoothwith BT = 0.5, we have L = 2.

B. LDI Receiver

Thisrecever consistf a pre-detectiorbandpaséilter,
a limiter-discriminatoy and an integrate and dump filter
asshawn in Fig. 1. Detailson the designof the recever,
includingparametechoicesaregivenin [1].

The bandpasdilter hasa Gaus2siarshapeNith impulse
responseh, (t) \/%Br e~ (ZD)(B D In an AWGN
channelthe optimumvaluefor B;r = 2B, is chosenas
1.1 MHz [8],where B, is the 3 dB bandwidth. The inte-
grateand dumpfilter hasa rectangulaimpulseresponse
with alengthof T. The appropriatesamplingtime is cho-
senatthe maximumeye opening.
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Fig. 1. Limiter-Discriminator

C. \iterbi ReceiveMith Equalizer

The Viterbi recever takesadwantageof the phaserellis
createdby thetransmitter For GFSKwith modulationin-
dex hy = 2k, p2L—1 statesarerequiredfor the Viterbi re-
cever[7]. Givenhy = 1/3 andL = 2, thetotal numberof
phasestatess p = 6, whichincludes{0, T, 2%, 7, 4T 57},
Consequentlythe total numberof statedor the Bluetooth
Viterbi receveris 6 x 2 = 12. This recever may betoo
comple for low costimplementationsinceit requiresa
lot of signal processinghardware. One way to simplify
therecever is to remove the effect of the additionalphase
statesin the decodingtrellis. This actioncanbe doneby
not only passingthe cumulatve metricsfrom a nodeto
all its successonodesbut alsoby passingheinformation
aboutthephasestate.In thisway, afterselectinghemetric
with minimumvalue,the phasestateof thatmetricis also
recordedat the new trellis node. This architecturechange
requiresaddingallittle compleity to branchmetriccalcu-

lations,but it reduceghetotalnumberof trellis statedrom
12to 2. We do notaddary additionalstatego accountfor
channemultipathdelay

Becauseno equalizationis intendedin Bluetooth, no
trainingsequencés explicitly definedin the standardWe
foundthatthe 64 bits accesodes which aresentin ev-
ery paclet, shav good correlationproperties,and so can
be usedfor the estimationof the channel. This estima-
tion is thenusedto compensatéor theeffect of fadingand
phaseotationin thereceved signal. Also, the correlation
function can be usedfor the purposeof synchronization.
In orderto have a fair comparisorwith the LDI recever,
the Viterbi recever front end containsthe sameGaussian
filter to rejectout of bandinterferenceandnoise. Results
for thisrecever appeain SectionlV.

I11. CHANNEL AND INTERFERENCE

Our channelmodelis a simpleRayleighfadingtwo ray
model,with variabledelaybetweerthetwo equalaverage
power paths.If thetime delaybetweerthepathss equatlto
71, therms of thedelayspreads, o = 0.57;. This model
is a good approximationfor indoor channels,especially
for low rms delayspreadsr < 100 nsec,but the results
for higherdelay spreadsr > 200 nsecare optimisticin
comparisonto more accuratemodels[5]. The fadingis
assumedo be staticfor the durationof the paclet length
andthechannekoeficientsaresampledatthe pacletrate.
Thisis aweakassumptionsincethecoherencdandwidth
of theindoorchannelss usuallygreatethanthefrequenyg
separatiof thehopg[2], [9], andthefadingstatisticanay
notvary for severalconsecutie paclets.

For the secondscenario,we considerthe performance
of Bluetoothin the presencef interference.The channel
is AWGN in this caseandtheinterferencenaybeanother
Bluetooth piconetor an 802.11bsystem. The 802.11b
WLAN can use either direct sequencespreadspectrum
(DSSS)at 1 or 2 Mbits/sec,or it canusecomplementary
codekeying (CCK) [10] at5.5 or 11 Mbits/sec.Here,we
considerl Mbit/secDSSSand11 Mbits/sCCK. In thefor-
mer, databits are spreadby a Barker codewith 11 chips
per bit, which leadsto arateof 11 Mchips/sec.The mod-
ulationis differential BPSK (DBPSK). The CCK modula-
tion canbe consideredasa block codeover the comple
field, alsowith asymbolrateof 11 x 108 persecondIn ei-
thercaseapulseshapindilter maybeemplg/edto reduce
the out of bandemissionstherebygiving aninterference
bandwidthof 22 MHz.

Eithera Bluetoothor an802.11btypeinterferencesig-
nal canberepresenteds

SI(ta b) =B COS(27T(fC + fd)t + ¢2(ta b))a (3)
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Fig. 2. Performancén the AWGN channel.

whereb is the randominput datawhich is independent
of a, and ¢o dependson the type of the interferer f; is
the frequeng differencebetweenthe desiredsignal and
theinterferenceThe Bluetoothradiochannelsarel MHz
apart,so f, cantake valuesof 0,1,2--- MHz. Theband-
width of the 802.11bsystemis 22 MHz, so we carried
out simulationsfor f; < 11 MHz. Thereare Ns = 44
samples/bitwhich equals4 samples/chigor the 802.11b
system. This samplingrateis appropriatefor f; upto 22
MHz. A uniformrandomdelayt, € [0 T) andarandom
phasep, € [0 27) areappliedto the interferersignalfor
eachpaclet.

IV. PERFORMANCE RESULTS
A. PhysicalLayerPerformance

As a baselinefor the performancecomparisonf the
two recevers,wefirst considethe AWGN channel Fig. 2
shaws that the Viterbi recever hasa gain of 4 dB over
the LDI recever ata BER of 10~2. Thegainincreaseso
aboutsdB at10 2 andnearly6 dBat10°. Becaus®f the
shortrangesnvolved, evenfor atransmitpowver of 1 mw,
thereceved E, /N, is typically over 30dB. Consequently
if oneconsideronly this channelthereis no needfor the
morecomple Viterbi recever.

Simulationresultsfor the LDI recever in the two ray
channelare presentedn Fig. 3(a). For very low delay
spreadwherethe channelexhibits flat fading,an average
E, /Ny level of 30dBis requiredto achieve aBER closeto
10-3. Thisperformancés notmaintainecaso getshigher
andfor o > 100 nsec,evenfor high valuesof Ey /Ny, the
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Performanceasafunctionof channebtelayspread.

performances poor The Viterbi recever performancen
Fig. 3(b) indicatesthatthis recever cantoleratemorede-
lay spread,andit achizes BER = 1072 for o ~ 300
nsec.Also, thisreceveris insensitve to thesamplingtime
of thesignal.

BER measurement®r aninterference-limiteerviron-
mentarepresentedh Figs.4 and5; in all casesthecarrier
to-noiseratio, CN R = 30 dB. In thesefigures,df is the
absolutedrequenyg offsetbetweerthe carrierof the Blue-
toothsignalandthecarrierof theinterferenceThecarrier
to-interferenceatio, (CIR), is measuredeforethe band-
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Fig. 4. Performancavith Bluetoothinterference.

passfilter. Fig. 4 containsthe resultsfor both Viterbi and
LDI receversexperiencingBluetoothinterference.There
is a 2 dB improvementfor co-channelnterference,and
for theadjacenthannetheimprovements about3 dB for
theViterbirecever. Othernarravbandinterferencesignals
with df > 2 MHz arestronglyattenuatedy the bandpass
filter, andthey do notproduceerrorsfor this rangeof CIR.

For the 802.11binterference,it is appreciatedfrom
Figs.5(a)and(b) thatfor frequeny offsetsupto 10 MHz,
the systemis still interference-limited.This resultstems
from the factthatthe two-sidedbandwidthof the 802.11b
WLAN is 22 MHz, whichis muchwiderthanthatof Blue-
tooth. In thesefigures,the1 Mbit/secDSSSsystems used
astheinterferer;however, the 11 Mbits/secCCK interferer
providesalmostthe sameresults.

The LDI recever needsatleastCIR = 5 dB in order
to get BER < 102 for all frequenciesThe degradation
for df < 4 MHz is the same sincethe 802.11bspectrum
is flat at theseoffsets. In Fig. 5(b), we obsere a dramatic
enhancemernh performancdor the Viterbi recever over
the LDI recever. The minimumrequiredCIR is about-4
dB in this case.Sincethe 802.11binterfereris morelike
uncorrelatecdhoiseattheinputof thisrecever, thislevel for
CIR canalsobe concludedby looking at the performance
of theViterbi receverin the AWGN channelFig. 2). This
recever requiresE, /Ny = 10 dB for BER = 1073. The
bandpaséilter hasabout12 dB out-of-bandrejection.So,
the maximumtolerableCIR at theinput of therecever is
about-2 dB.
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B. SysteniLayerPerformance

While the resultsof the previous sectionstrongly sug-
gestthat the Viterbi recever provides substantiallybet-
ter physicallayer performancethe main questionis how
doesthis adwantagetranslateinto bettersystemlevel per
formance. Four factorsaffect this mapping: (1.) the fre-
queng hoppingpatternof the Bluetooth(BT) system(2.)
theerrordetectiorandcorrectionin theBT mediumaccess
control (MAC) layer, (3.) the BT traffic pattern,and(4.)
the traffic patternof the interferer Theseissuesare dis-
cussedn muchgreaterdetailin [11], whereperformance
resultsare provided for a numberof scenariosall using



theLDI recever.

The frequeng hoppingimplies that the probability a
BT paclet falls within the interferencebandwidthis ap-
proximately22/79. Even then, the BER will dependon
thefrequeng offsetbetweenthe two receved signalsand
whetherthe interfereris actually transmitting. To quan-
tify the systemperformancewe notethatthe CIR is the
ratio of thereceved signalpower to the receved interfer
encepower beforetherecever’s bandpaséilter; thevalues
usedin the plots belowv correspondo whentheinterferer
is transmitting.

We considertwo-way communicatiorbetweeraBlue-
toothmasterandslave, whereeachis sendings4 Kbits/sec
of HV1 voice paclets. Thesepacletscontainthe BT ac-
cesscode,the paclet headerandthe payload.The access
codeis protectedoy ad = 14 Hammingcode,while both
theheademndpayloadareprotectedoy 1/3 raterepetition
codes. The overall paclet lengthis 366 bits. An uncor
rectederrorin eithertheacceszodeor the headetteadsto
the paclet beingdropped.

Fig. 6(a)shavstheprobabilityof pacletlossversusCIR
for both 1 Mbit/secand11 Mbits/sec802.11hinterference
usingthe LDI recever. Note thatboth curvesfollow the
samepattern,andleadto very little pacletlossasthe CIR
approache® dB. The mainreasorfor the differencede-
tweenthe two curwesis that the traffic distributions are
differentfor the 1 and11 Mbits/sWLANS. In both cases,
we useexponentiallydistributed paclet inter-arrival times
with an offeredload of 30% of the channelcapacity[11].
Becausdhe 11 Mbits/secpacletsareshortey thereis less
overlapin time betweenthe BT paclets andthe WLAN
paclets, leadingto a slightly lower lossrate. Fig. 6(b)
shaws the residualerrorsafter the FEC decoding.A CIR
of about-5 dB is requiredfor goodperformanceTherea-
sonthatthis numberis lower thanthosein Fig. 5(a)is due
to the systemlevel benefitsdiscussedbove.

V. CONCLUSIONS AND PRESENT WORK

We have investigatedhe performanceof the Bluetooth
radio by emplgying two differenttypesof recevers: (1.)
alow costLDI and(2.) a moresophisticatedViterbi re-
cever. Fromthephysicallayersimulationresultswe con-
cludethatthe Viterbi recever is superiorin boththe mul-
tipath Rayleighfading channelandin interference. This
superiorityis particularly considerablan the latter case,
especiallywhenthe interferencecomesfrom an 802.11b
WLAN. We have also shavn systemlevel performance
for Bluetoothvoice pacletsusingthe LDI recever in an
interference-limitecervironment. In thefinal paper simi-
lar resultsfor theViterbireceverwill bepresentediurther
guantifyingits performancexdwantage.

0.09

—8- 1 Mb/sec
—©— 11 Mb/sec

0.08

0.07F

o o o

o o o

= & >
T T T

Pr(Packet Loss)

o

r=3

@
T

0.021

0.011

CIR [dB]

12

—&- 1 Mblsec
—6~ 11 Mblsec

Number of Errors

CIR [dB]

(a)

Fig. 6. @

ence. (a) Probability of paclet loss. (b) Residualerrors.
LDI recever.

Bluetoothvoice paclets with 802.11binterfer

Oneissueof presentoncerrnis thelarge allowed devia-
tion in a Bluetoothtransmitters modulationindex. While
the nominalvalueis 0.33, the rangeis 0.28 to 0.35. For
a Viterbi recever designedo usethis nominalvalue,we
find thatit is robustto variationsof about+0.01. Although
there are methodsthat allow one to estimatethe modu-
lation index [12], the recever architecturejncluding the
numberof stateswould have to be changed. Therefore,
we suggesthat the deviation allowed in the standardbe
reduced.
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