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This chaptersummariseshe resultsof the technicalactivities performedmainly by
theWorking Groupl (WG 1) memberof COST231. WG 1 focusedongeneratradio
systemaspectsut in this chapterthe desriptionof transmissiortechniquesndtheir
performancds given priority. A large numberof technicaldocumentsand reports
werewritten in recentyearsby the WG 1 memberggiving detailedinformationand
analysisof radiointerfacetechniquedor 3rd generatiormobileradio systemsThese
reportswhich areavailablein the openliteraturearereferencedn this chapter The
differenttechnicalsubjectsin which WG 1 memberswereinvolved are coveredin
separatsubsectionsindthe namesof all authorsresponsibldor eachsubsectiorare
given at the beginning of that subsection.Readersareinvited to contactindividual
authors.

Chaptel6 is organizedasfollows: Thefirst subsectiordealswith linear(QAM, PSK)
and nonlinear(MSK, GMSK, QMSK, MAQMSK, multi-h CPM) modulationtech-
nigueswhich are analysedand optimisedfor variousradio propagationconditions.
Furtheron transmitterdinearisationmethodsare discussedn conjunctionwith linear
modulationtechniques.

Subsectior? dealswith advancedequalisationtechniquesand equalisationn com-
binationwith diversity. In addition,the corvergencepropertiesof the classicalalgo-
rithmsto performadaptve equalisatioraredesribed.

Subsectior8 discusseshe capacityof a cellular TDMA systermwhich canbe greatly
increasedf enhancedechniquessuchas adaptve modulation,adaptve coding or
dynamicchannehllocationareapplied. Theperformancef suchanenhanced DMA
systemis comparedvith differentCDMA systemsn termsof spectralkefficiengy and
capacity

Thefourth subsectiorin this chapteidealswith CDMA which wasextensively studied
in WG 1. Resultsrelatingto the performanceof DS-CDMA, FH-CDMA andhybrid
systemsrepresented.

Subsections describesa specialdata detectionmethodin CDMA systemscalled
Multiuser-Detection,which usesthe a-priori knowledgeaboutthe codesequencesf
otherusersin conjunctionwith the channelstateinformation. Threedifferentdetec-
tion algorithmswere analysed:Joint DetectionCDMA, Joint ParametelEstimation
with DataDetectionandInterferenceCancellation.
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A furtherenhancementf the systemcapacitycanbe obtainedby combiningthe ad-
vantagef both TDMA and CDMA and suchHybrid TDMA/CDMA systemsare
discussedn subsectior®.

Multicarrier systemsareanalysedn subsectiory which concentratesn OFDM and
combinationsof OFDM with CDMA in the frequeng andtime domains. The final
subsectiordealswith MA C protocolsfor radiodatatransmission.
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6.1 Modulation and ChannelCoding
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6.1.1 Linear Modulation
M-PSK and M-QAM Modulations

To provide high dataratesrequiredin third generationmobile systems the use of

bandwidthefficientlinearmodulationcouldbecomenecessargvenif linearamplifier
or linearisationtechnique$ave to beadded.

The performancef binary phaseshift keying (BPSK)with corvolutionalcodingand

antennadiversity was analysed. It was shavn that partial interleaving strongly de-

gradeghe performanceén a Rayleighchannelwith low Dopplershift in comparison
with idealinterleaving, assumingperfectdecorrelatiorof the fading. As anillustra-

tion, thelTU-T recommendatiofs.173[1] haslimited themeanone-way propagation
time of public land mobile networks (PLMN) to 40 msandasa consequencef this,

theinterleaving depthmightbereducedo 10 ms. Codinggainsobtainedfor aratel/2

convolutional codeof constraintiength5 with a 10 ms partial block interlearer and

differentialBPSKaregivenin Tah 6.1.

nodiversity | 2nd-order| 4th-order
diversity | diversity
fq-Ts= 102 no no no
fy-Te= 1073 no 0.8dB no
fq-Ts= 102 12dB 6.8dB 3.2dB
(idealinterleaver) (17dB) (8.2dB) | (3.8dB)

Table6.1: Codinggainsfor rate 1/2 corvolutional codingwith 10 ms partial block
interleaving in dependencen differentnormalisedDoppler frequenciesfy - Ts and
diversity-orderstransmissiomate R, = 32 kbit/s (BPSK); carrierfrequeny 1.8 GHz

Simulationswerealsocarriedout with slow frequeng hoppingusinga 1/3 rateReed
Solomon(6,2) codeor arepetitioncodewith interleaving andcoherendemodulation
in anindoor channelenvironment,(the power delay profile is modelledasa double
Poissonprocess|2]). In hoppingover 6 frequenciesa normalisedfrequeny sepa-
ration S; Tyms (Trms for root-mean-squardelay spread)argerthan0.1 and0.2 for the
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ReedSolomoncodeandtherepetitioncoderespectiely doesnotimprove the perfor
mancesignificantly On the otherhand,for S;t,ns largerthan0.05, ReedSolomon
codesaremoreefficientthanrepetitioncodes.

Moreover, thecellularmobileradioimpairments(multi-pathfading,shadeving, large-
scalepath loss, [3], and interferersignals),have beenconsideredwith a coherent
BPSKrecever. For micro (Riceanchannel)andmacro(Rayleigh)cellular networks,
it wasshavn thatat high sighal—to—interferencetios(C/I = 20 dB), shadaving af-
fectsthebit errorrate(BER) lessthanthe Riceanfactorwithin theusualrangeof these
parameterflessthan12 dB of shadeving andRiceanfactorbetweerD and1000). The
averagebit errorrateis givenin [4].

Assuminga smallfrequeng selectvity, the approximatédrreduciblebit error ratefor
multi-level PSK modulationwas analysedn [5] with the resultthat 4-PSKis most
robustin Rayleighchannels.In addition, the performanceof multi-level quadratur
amplitudemodulation(M-QAM) in anindoor ervironmentwas studiedbasedon a
channelmodelthatwas determinedby a ray-tracingtechnique.A rectangulaipulse
shapeof lengthtwice the bit periodwasused,independenbf the modulationlevel.
Consideringa normalisedsignal-to—noisg¢ SNR) ratio of 21 dB (irreducible error
floor of 10-8), the datarate may be increasedrom about10 Mbit/s for 4—QAM, to
23 Mbit/s for 16—QAM, and29 Mbit/s for 64—QAM with the samebandwidthbeing
occupied.

Furtherwork wasdoneon if4-QPSKwhichis atrade-of betweerlinearandconstant
ervelopemodulation.

Transmitter Linearisation

In orderto decreasdahe power spectrumspreadingof a linear modulationpassed
througha classAB, B or C power amplifier, several classicallinearisingtechniques
for poweramplifiershave beenproposedn theliteraturecateyorizedas: feedforward,
feedbackpredistortiorandLINC (Linear Amplificationwith NonlinearComponents)
transmitter Amongthem,thetwo mostpromisinghave beenanalysedthe predistor
tion andthe LINC transmitters.

In thepredistortiortechniquetheoriginal basebandignalis first predistortedo com-
pensatehe amplifiernonlinearityby usingalook-uptablewhich couldbe updatedy
feedbacknformation. Oneway to configurethe look-uptableis to mapbothinphase
andquadraturento anoutputsignalvector It is alsopossibleto useonly onedimen-
sionaltablessincethe distortionin the power amplifieris essentiallycausedy input
amplitudevariations.The predistortionusingonedimensionalook-up tableshasap-
pearedmoresuitablefor low dataratesystemsecausef its fastercorvergence.

The basicprinciple of the LINC transmitteris to represenfary arbitrary bandpass
signal,which may have bothamplitudeandphasevariation,by meansof two signals
which areof constanamplitudeandonly have phasevariations[6]. Thesetwo angle
modulatedsignalscan be amplified seperatelyby using classC,D,E or S amplifiers
that provide enoughpower. Finally, the amplifiedsignalsare passvely combinedto
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produceanamplitudemodulatedsignal.

Even using the highly non-linearclassesC, D, E or S power amplifiers, if perfect
balancebetweerboth RF branchess assumedthe systemis ableto obtaina perfor
manceasgoodasthatobtainedwith anideallinearamplifier However, in a practical
LINC transmitterthereareseveralmechanismshatdegradethe overall performance,
e.g. the power gainanddelay (or phase)mbalancesetweerthe two RF pathsthat
causamperfectgeneratiorof the constanamplitudephasemodulatedsignalcompo-
nent. Sometheoretical6] andpractical[7] workshave beenaddressetb characterise
theimpactof thesecircuit malfunctionson the systemperformanceandso anupper
boundon the adjacentchannelrejectionU; (ratio betweenthe power in the useful
channeblith respecto the power in the adjacenthannel)hasbeenderivedfrom the
gainimbalanceAG (in dB), the phasambalanceAf (in degrees)andthe normalised
guardbandbetweeradjacenthannelAByT), seeTah 6.2

4-QAM | U/[dB] 2 325— 19.210g;o[AG]+ 5[ABgT]
Uy [dB) 2 48.0 — 20.510g;o[Af )4 5[ABGT)
16-QAM | U/[dB] z 320~ 19.0l0g;,[AG]+ 7[AByT]
Ur [dB)  45.4 — 20.75l0g;o[Af) + 7[ABgT]
64—-QAM | Uy [dB] z 28.5—19.010g;o[AG] + 7[ABgT]
Uy [dB] 2 44.5— 21.2l0g, (A ] 4+ 7(ABgT]

Table6.2: Upperboundof thechannekejectionwith a maximumerrorof 3dB

The effectsof theseimbalancesn the bit error probability have beenanalysedtoo.
In orderto emphasiséhe influenceof the imbalancesa systemfree of intersymbol
interferencehasbeenassumedWhereasti—-QAM and 16—QAM modulationgemain
moreor lessinsensitve to imbalanceeffects,the 64—-QAM andhigherordermodula-
tionsarevery sensitve andcarefulimplementationsf the RF partarerequestedvhen
realLINC transmitterareassumed.

In orderto evaluatethe degradationin termsof BER inducedby gainandphasem-
balancesn arealisticsystemthedependencef theBER onthesignal-to—noiseatio
is shovn in Fig. 6.1and6.2for atypical urbanenvironmentusinga classAB ampli-
fier. A bit rateof 500kbit/s anda 16—QAM modulationscheménave beenconsidered.
As shown in Fig. 6.1, the gainimbalancehasto be lower than0.5 dB to assureno
significantperformancelegradation.

Therefore althoughthe applicationof the LINC transmitteris very promisingwhen
linearpower amplificationis required animperfectimplementatiorcausesanimpor-

tantdegradationof the systemperformancehatcancompletelyinvalidatethe system
design,andcorrectiontechniquedave to beadded.
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6.1.2 Continuous PhaseModulation
MSK and GMSK

Constanenvelopephasemodulationsarecurrentlychoserin mobileradiosystemdor
their ability to supportnon-linearitiesin the propagatiorchannelaswell asfor their
goodspectrakfficienciesanderrorperformances.

The Gaussiaminimum-shiftkeying (GMSK) signalcanbeefficiently recevedusing
asimpleMSK-typelinearcoherenteceierwith anappropriatgphasedetectoifor the
adaptatiorof a decisiondirectedphase-lockdloop. Simulationswereperformedfor
differentvaluesof phaseoffset (0 to 15 degrees)andshavedthatthe performanceof
coherentGMSK with a time—bandwidthproductBT = 0.5 is almostidentical (less
thanl dB degradation)to that of coherentMSK in anadditive white Gaussiamoise
(AWGN) channel8].

Althoughtheindex value0.5is neededor coherendemodulationthis choiceis not
optimumfor a limiter discriminatordetection. A joint optimisationof modulation
index, filters andcarrierspacingwasdonein the AWGN andthe minimum bit error
rate was achieved for a modulationindex of the order of 0.6, with corresponding
optimisedfilters for a C/I ratio equalto 25 dB. Performancén aflat Rayleighfading
channeblith or without interferencavasalsoevaluatedfor the modulationindex 0.5
andanormalisedGaussiarfilter bandwidthof 0.3and0.5. Usinga pre-discriminator
filter in the recever, the requiredC/I ratio at BER=10-2 is 27 dB for BT = 0.5 and
27.5dB for BT = 0.3, respectiely.

Thestudyof rate1/2 convolutionallyencodedamedfrequeng modulation(TFM) [9]
with RSSE(ReducedtateSequencé&stimation10]) receptionwasperformedn [11]
assumingan AWGN channel.The systemoptimisationproblemwasreformulatedn
orderto includethe hardware complexity of the recever, introducingthe conceptof
the “optimum transmitter’undera givenrecevver compleity constraint. The result
shav that with an appropriatelyselectedsuboptimalrecever an additional coding
gainin theorderof 0.6-1.2dB canbe achiezed comparedo uncodedl' FM detection.

QMSK and MAQMSK

In orderto obtain a betterspectralcompactnesshan that obtainedwith MSK and
GMSK, quadratuminimum-shiftkeying (QMSK) modulation[14] canbe used. In
comparisorwith MSK this scheméancreasegshe signaldimensionsby a factorof 4
which allows a betterspectralefficiency especiallyif the schemes combinedwith
multi-amplitudeinput signals. Thesemulti—-amplitudesignalsare called MAMSK
andMAQMSK respectrely andtheir phasediagramsaredepictedin Fig. 6.3.

A simple methodof calculatingthe power spectraldensity permitsthe comparison
of differentmodulationschemes.Among the differentmodulationschemesonsid-
ered,MSK is shavn to have betterspectraperformancehanQPSKor QMSK which
performedalike. Whenconsideringmulti—-amplitudeschemed/AMSK hasthe most
compactperformancen comparisorwith MAQMSK andMSK scheme$15].
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-1.5

Figure6.3: MAMSK andMAQMSK signalconstellatiordiagrams

The performanceof the QMSK signalwas investigatedn additve white Gaussian
noiseandin fastRayleighfadingchannelsalsoconsideringDopplerfrequeng shifts
andco-channeinterferencebut without consideringthe existenceof multipath. In a
AWGN channebndin Rayleighfadingchannelsvith co—channeinterferenceQMSK
performsbetterthanGMSK andrmf4-QPSKshawing thatit is amoreresistanscheme
in aco-channelnterferencdimited ervironment(seeFig. 6.4).
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Figure6.4: Performancef QMSK, GMSK andmf4-QPSKsignalin Rayleighfading
channelwith cochanneinterference
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However, when Doppler shifts are consideredhe QMSK schemeshows a greater
sensitvity to theseshiftsthanGMSK or 1if4-QPSK[15].

Multi-h CPM

As analternatie to the useof singlemodulationindex schemedike MSK or GMSK,

multi modulationindex schemegmulti-h) [16] were also considered. For a two—
pathchanneimodel(statictwo—path)with AWGN, the signatureareasof a 2-h CPM

schemaverecomputedasafunctionof therelative delayof the secondpathandthese
were comparedwith that obtainedfor 16—, 64—and256—-QAM modulation. Results
presentedn Fig. 6.5shav the CPM schemedo belesssensitve to interferencehan
the QAM schemedor the samesourcebit rate andfor constantchannelbandwidth
even whenthe differentbandwidthefficienciesof the CPM and QAM schemesre
considered. All the schemegresenta maximumof sensitvity for a value of the
relative delaybetweerD.05and0.6timesthe symbolperiod[17].
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Figure6.5: Comparisorof the signatureareador constanbandwidthasa function of
T/ TsymboiCOMpensatetbr the differentbandwidthefficiencies

Multi-h CPM modulationschemesre more spectralefficientthanGMSK. An anal-
ysis of the performanceof 2-h CPM wasperformedfor both typical urbanandhilly
terrain COST 207 channelmodels[18]. The useof a post-detectiordiversity (PD)
schemémplementedy meansof two Viterbi receverswasalsoconsidereallowing
furtherperformanceémprovements.

Also acombinationof a multi-h CPM modulationwith adirectsequencepreadspec-
trum systemand its performancean several indoor ervironmentswas investigated.
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Three different channelswere analysed: line-of-sight, non line-of-sight and large
buildings with maximumdelay spreadsof 100, 200 and 400 ns, respectiely [19].
Resultsaregivenfor two differentmulti-h codesconsideringacoherenteceverstruc-
ture andtwo typesof diversity: selectiondiversity (SD) and post-detectioriversity.
Resultsin Fig. 6.6 indicatethat multi-h spreadspectrumsystemscanachiere good
performancesn indoor environmentsfor relatively high datarates(1 Mchip/s) but
the useof diversity is essentiato achieve an acceptableBER with realistic E,fNo,
speciallyin largebuildings[20, 21].

o No div.

Mean BER

o 5 10 15 20 25
Eb/No (dB)

Figure 6.6: Error performanceof coherentmulti-h CPM (hy = 2f4;h, = 3/4) in a
an urbanarea(large buildings) without diversity, with selectiondiv. (SD) andpost-
detectiondiv. (PD)

A comparisorbetweemmulti-h CPM and CPFSK(continuousphasefrequeng shift

keying) wasalsomadefor AWGN channelsisingthe concepbf equivalentminimum

distancefor non-coherentletection. Multi-h signalsmaintaintheir superiorityover

CPFSKin the caseof non-coherentdetectionwith gainsup to 2.28 dB. The perfor-

manceof thenon-coherentecever canbeasgoodasthe coherenbnefor certainval-

uesof the modulationindex andfor long obsenationintervalsin therecever (greater
than100symbolperiods)[22].

6.1.3 Performanceof MSK in time dispersive channels

Thetime dispersiorof the mobileradiochannekausesntersymbolinterferenceISI)
thatresultsin anirreducibleBER usuallycallederrorfloor. Theerrorfloor constitutes
theperformancdimit for agivenchannebndamodulation/detectioachemedwithout
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equalisation) For cordlesgphonesthe costandsystemcompleity mustbe keptlow
sothey usuallyhave no equalisersFurthermorethe SNRin indoorscenarioss high,
so the error floor is a quite good performancemeasure.In Chapter5 (DECT), the
resultsandpracticalapplicationsaredescribedln this section,we concentrat@n the
basicmathematicamethods.For the caseof differentially detectedoure MSK with
fixed samplingand delay spreadghat are small comparedo the bit length, various
computatiormethodshave beendeveloped:

The group delay method[23, 24] — Thedifferentialdetectordecideghata“1” was
transmittedf thephasealifferencebetweertwo adjacensamplediesbetweerd andrr,
anda“-1" wastransmittedf thephasealifferencdies betweentand2m. Withouttime
dispersionthe phasddifferences 12 or 31/ 2, respectiely. Thedifferentialdetector
thusmakesanerrorif the phaseerrorintroducedby the (instantaneousyroupdelay
lies betweenmyf2 and31f2. Averagingover the statisticsof the groupdelay[25] we
getanapproximateequationfor the BER: BER= [1f2)(SfT}%. Here,Sis themean
delayspreadandT is the bit length. Closerinspectionof the errormechanismshov
thatgroupdelayburstsoccurwhentheamplitudeof therecevedsignalbecomewsery
small,i.e. in deepfades.

The error region method [26, 27] — This methodis describedn Chapter5, since
it is alsosuitablefor adaptve sampling,and thus can be readily appliedto DECT
systems.

The echomethod [28] — For the echomethod,we interpretthe (general)impulse
responseasasequencef echoeswhereeachechohasits amplitudeA; andphasep.
Usingthe GaussianlWSSUSmodelandthe assumptiorof a slowly varying channel,
the A; are (known) constantswhile the ¢ are uniformly distributed statisticalvari-
ables.We canthencomputethetotal phaseor a certaininputsequencanddetermine
for which ¢ errorsoccur Averagingover the statisticsof the @, we finally arrive at
theerrorprobability.

All threemethodshave somerestrictionsthegroupdelaymethodgivesonly approxi-
materesultsandis only applicablef thedelayspreads muchsmallerthanthesymbol
length,samplingis doneontheaveragemeandelay andwe have no LOS component.
The errorregion methodis essentiallyrestrictedto the two—delaychannelbut works

alsofor LOS, larger delay spreadsand arbitrary samplingtime. The echomethod
requiresthat we have no LOS componentsandthat S« T, but works for general
impulseresponsesnd arbitrary samplingtimes. In noneof thesemethodsnoiseis

included.



296 Chapter6

101

< SNR=10dB
T T 11
[T TTT1
102 |=SNR=20dB Z

AN

103 =SNR=30dB

104 | SNR=400dB

bit error probability

[ pd
| SNR=60dB
” SNR=wdB
L
1073 1072 101 10°

normalized mean delay spread

Figure6.7: Error probabilityof MSK in a 10—pathfadingchannel

The correlation matrix method [29] — A fourth method the so—called'correlation
matrix method”, lifts theserestrictions. It canbe shovn thatthe realandimaginary
partsof the recevedsignalat two subsequerdamplesare Gaussiarvariableswhose
correlationmatrix can be determinedfrom the averagechannelparametersand the
modulationformat. The BER is thenthe probability that a certaincombinationof

thesesampledulfills an error condition. Several methodsfor the evaluationof this

probability exist; directnumericalevaluation,approximatiormethodsfor smallerror
probabilities,and constructionof an “equivalent” two—pathmodelthathasthe same
correlationmatrix, andthusthe sameerror probability.

Theseconccaseof interestareoutdoorscenariosespeciallyin the context with GSM
(seeChapters). For typical delaypower profiles,the durationof theimpulseresponse
is larger than the bit length. In that case,the approximateBER can be computed
for samplingat the shortestexcessdelay The meanpower of the currentbit is B, =
j'OT P[t]dt andthe power of theinterferingbitsis P, = J Pjt]dt. It wasshavn [30]
thattheaverageBERis approximatehBER= [2[1+ 2Pr]]—1, whereP; = P, /P, This
equations alsovalid in indoorscenariogor very high datarates.Suchhigh datarates
arepossiblef astrongLOS components presentge.g.for a10dB LOS and2-PSK,
20 Mbit/s arepossible.For non—-LOS the BER with fixed samplingand100nsdelay
spreads in theorderof 10~ for bit ratesof 1 Mbit/s.
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6.1.4 Trellis CodedModulation (TCM)

TCM representanattractve solutionto improve performancdor mobileradiotrans-
missionwithout extra bandwidthrequirementsTwo differentconceptof TCM exist,
onebasedon the Ungerboecknethod[31] with onecornvolutional code,otherbased
on the Imai method[32] wherethe partition levels are encodedwith several binary
codes.

A new criterionfor designinghelmai codefor a Rayleighchannelwasproposedde-
rivedfrom the Sundbeg’sapproach[33]. The maindifferencewasto usesub—codes
with unequaHammingdistanceschoserto optimisethe codinggainat a specifichbit
errorrate. The optimisedsolutionsfor a 10-2 bit errorratein a Rayleighchannelare
givenin Tah 6.3,[34].

rate(bit/symbol) | Modulation code required
EpfNo (dB)

0.5 4-PSK 1/4 35

1 1/2 5.1
15 3/4 9.2

2 8—-PSK 3/8,3/4,7/8 115
2.667 16-PSK 1/4,2/3,5/6,11/12 13.1
3.167 1/2,4/5,11/12,11/11 16.7

Table6.3: Summaryof coderatesandrequiredEy, fNo for BER=10-3 (Rayleighfading
channel)

However, whatever the accesgechniquemaybe, partialinterleaving hasaninfluence
on codingefficiency andthereforeon TCM performanceA modifiedChernof bound
takinginto accountheeffectof correlatedadingscanbefoundin [35]. Thispointhas
beenillustratedfor coded8-PSKwith coderate2/3. The simulationresultsreported
in Tah 6.4referto a 64 kbit/s dataratein a Rayleighchannelconsideringpedestrian
andvehiclespeediy a 10 msinterleaver delay

BER perfect v=190km/h | v=40km/h | v=4km/h
interleaving
10-? 6dB 4.6dB 2.1dB 0.5dB
10-3 12.5dB 10.6dB 7.3dB 4.6dB

Table 6.4: Coding gains of trellis coded 8-PSK comparedto uncoded QPSK;
R,=64 kbit/s; 32210 blockinterlearer; fp.=1800MHz

Frequeng hoppingtechniquesanprovide the way to make the interleaving process
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moreeffective. In particular the effect of frequeng hoppingwasanalysedor eight-
statestrellis coded8—DPSKtaking into accountthe correlationamongthe different
frequeng channelsnvolved. In eachchannelflat fadingwasassumedvith a max-
imum Dopplerfrequeng of 5 Hz. The correlationof the complex channeltransfer
functionHc[f,t] versusthefrequeny separatiorss wasassumedo be

1
1+ j21StTrms

resultingfrom anexponentiallydecreasingpower delayprofile with rmsdelayspread
Trms A block interleaver of orderN_ = Nc wasconsideredandthe N, formedslots
were modulatedaccordingto N_ assignedhoppingfrequencies. As shovn in Fig.

6.8 for S;tyms smallerthan0.15,the degradationof performancewith respecto the

uncorrelateccasebecomesignificant. The uncorrelatedesultscanbefoundin [9].
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Figure 6.8: Bit error ratefor FH-TCM-8DPSKwith normalisedfrequeng hopping
separatiorasparameter

The two—branchpost—detectiomliversity solutionto combatthe Rayleighfadinghas
beenalsoinvestigatedvith perfectinterleaving assumptionAt a BER of 103, post-
detectiorselectiongqualgaincombining(EGC)andmaximalratiocombining(MRC)
diversity techniqueshave offered a relative coding gain over the eight-statedrellis
coded8-DPSK(rate 2/3) without diversity of approximately5.9,6.2 and6.6 dB re-
spectvely. Additional resultshave alsopointedout that TCM with diversity is more
robustthanTCM without diversityregardingthe effectsof co-channeinterference.
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The primary interestof TCM for a mobile systemis its bandwidthefficiengy. As
describedn [36], thespectrunefficiency n of acellularmobilesystemdepend®nthe
Cl/l ratio, on modulationparametersandon propagatiorcharacteristicascell radius
andpropagatiordossfactora. As shovn in Tah 6.5,the systemefficiency in amacro
cellularenvironmentcanbe greatlyimprovedby usinga coded16—QAM modulation

(16 state?2/4 codebuilt from two one—dimensional CM schemesinsteadf uncoded
4-QAM.

nn4-(§/§/|l\/l 561 | 3.15 | 2.37
r]nlsT-g\/ﬂ 63 | 27 | 177

Table6.5: Spectrumefficiency in a cellularnetwork
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6.2 Equalization

G. Kandus, Institute JozefStefan, Slovenia (6.2.1)
L. Delaunay-Ledter, France Telecom/CNET, France (6.2.2)
E. Casadeall, UPC, Spain (6.2.3)

Equalisatiortechniquesvith or without anadaptve componentanbeaddedo com-
bat the degradingeffects of multipath propagatioron widebandsingle carriertrans-
missionsystems.

6.2.1 Convergenceof classicaladaptive algorithms

The corvergencepropertiesof adaptve algorithmssuchas the gradient,conjugate
gradient(CG), leastmeansquare(LMS) andrecursve leastsquare(RLS), and the
conditionsfor their stability have beenstudied.It wasshown thatboththegradiental-
gorithmsandtheLMS algorithmcorvergeslowly, requiringmary iterations.TheRLS
algorithmgivesa betterperformancehanthe LMS algorithmatthe costof increased
computationatomplexity. The RLS algorithmrequiresN? iterations(N=numberof
filter coeficients)or N2 in amodifiedform whereaghe CG algorithmrequiresonly N
iterations.Noneof thesdfirst ordermethodscouldcomparewith theoptimumKalman
filtering method.Finally, the implementatiorof parallelalgorithmswassuggestedo
improvetherateof corvergence.

Thefastadaptve, zeroorderconjugatealgorithm,usedto find the optimalweightsfor
anadaptvefiltering proces$y minimisingthe sumof square®f non-linearfunctions,
hasalso beenstudiedin detail. The methodcould be appliedto personalmobile
systemsf the numberof adaptiefilter coeficientsis lessthan12.

6.2.2 AdvancedEqualiser Techniques

Thefirstinvestigation®nequalisetechniquesoncentratednreducingthecomple-
ity of thewell known Viterbi equaliser The sub-optimaldecision-feedbackequence
estimation(DFSE)algorithmallows a highertransmissiorratewith only asmallper
formancedeggradation[37]. In mostcasesprefilteringprior to the DFSEleadsto an
additionalperformancegain[38]. Numericalresultswith COST207multipathchan-
nelsaregivenin subsectiorb.2.3[39].
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Figure 6.9: Structureof a vector decision-feedbackqualiserfor M-ary orthogonal
signals

Whentransmittingover fastfadingchannelstheinformationsymbolsareusuallyar
rangedn blocksseparatetty known symbolsasin theGSMsystem.Thezero-forcing
decision-feedbackqualisei(ZF-DFE) hasbeenadaptedo sucha schemdeadingto
thezero-forcingblock-decision-feedbackqualise(ZF-BDFE).

In addition, the vector decision-feedbackqualise(VDFE) known from multi—user
detectiontechniquesasbeenappliedto a singleusersystenwith M—ary orthogonal
modulation,[40], seeFig. 6.9. Comparedo a corventionalrecever for orthogonal
modulation the selectiondevice hasbeenreplacedy the VDFE wheretheinput and
outputsignalsarevectors.ConsequentlythefeedfornardandfeedbacKilters arema-
trix FIR filters. As shavn in Fig. 6.10,in atwo-pathchannekignificantperformance
gainshave beenobtainedusingthe VDFE. Although the VDFE hasbeendesigned
for a single usersystemwith M-ary orthogonalmodulation,it canbe usedasa first
stageof a multi-stagemulti-userdetector eachuserusing a differentcodesete.g.
Walsh-Hadamardodedik e in the QualcommCDMA system(IS-95).

Finally, the neuralnetwork equaliserconcepthasbeenevaluatedfor anindoor radio
channeland comparedo the traditional linear trans\ersalequaliserstructure. The
performancehasbeenevaluatedfor the Multilayer PerceptronMLP) with 2— and
4—-PSKmodulation. But the performancegain obtainedby the MLP is too smallto
justify its additionalcomplexity.

6.2.3 Joint diversity and equalisation Techniques

The diversity conceptcanbe includedin the equalisationprocedureto improve the
systenperformanceTwo majorequalisatioechniquefiave beenstudied Maximum
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Figure6.10: Performancef vectordecision-feedbackqualisatiorusinga two path
channemodel

LikelihoodSequencé&stimation(MLSE) andDecisionFeedbaclkEstimation(DFE).

Maximum Lik elihood SequenceEstimation

Two solutionsappliedto theDFSEalgorithmhave beersuggestedcombining/selection
atsampldevel, i.e. thesignalsrecevedin differentdiversitychannel$ave to becom-
binedbeforeequalisatiorandcombining/selectiomt the metriclevel, i.e. the metrics
usedin the Viterbi algorithm have to be modified (in the combiningtechnique the
partialmetric on the Viterbi algorithmtrellis is calculatedasthe sumof metricsfrom
eachdiversity channel,andin the selectiontechnique,the channelwith the higher
power level is selected).

Fig. 6.11 shows the simulationresultsobtainedfor variousrecever structuresfor
a transmissiorover the HT50 COST207channel. GMSK modulationand a 4—state
trellis with metricsevaluatedasproposedn [41], [42] wereused.

Of thereceverstested,the DFSE operatingwith combiningat the metric level pro-
videsthe bestperformance However, the structurewith selectionat the samplelevel
seemgo be moresuitablebecausef its lower compleity for only 2dB loss.

DecisionFeedbackEqualiser

Theperformancef thejoint diversityandDFE equalisatiortechniquesvasanalysed
for the 4—QAM modulationandthe variationof the BER with the normaliseddelay
spreadt,msRy, WhereR, denoteghe bit rate,wasconsideredAs shavn in Fig. 6.12,
theBER valueswith diversitycanbedecreasetly anorderof magnitudef thechannel
introducedow distortion.Whenequalisatioris addedo copewith thelSl, thesystem
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Figure6.11: Performancef DFSEwith diversityin the HT50 channel

is ableto maintaina similar performanceor high valuesof 1,msRy whencompared
to the performancenbtainedin frequeng-non-selectie channel.On the otherhand,
with joint diversity and equalisationtechniquesthe systemperformanceamproves
approximatelyby two ordersof magnitudewhencomparedo the useof equalisation
alone. No adwantagein termsof maximumtransmitdatarate hasbeenfound with
16—QAM modulation[43].

Theinfluenceof theimpulseresponseorrelatiorbetweerbothdiversitybranchesvas
analysedtoo. If the correlationbetweenthesetwo branchesn a Rayleighchannel
with normaliseddelay spreadt;mdRy = 1 is lower than 0.5 the systemperformance
shavs no moreimprovements.

Finally, the useof a micro-diversity techniquefor the mobile and portablesetcould
substantiallyimprove the systemperformancewith no prohibitive increasein com-
plexity.
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6.3 EnhancedTDMA

A. Burr, University of York, United Kingdom

6.3.1 TDMA enhancements

Consideratiorof possibleenhancementto TDMA systemsneccessarilynvolvesa
numberof conceptghataredealtwith in muchmoredetail elsavherein this report.
The objectof this sectionis to describehow theseconceptamay enhancehe perfor
manceof TDMA systems.Thereforeto avoid excessve overlapwe will cover here
only theinfluenceof theseareason TDMA performancespecifically

Coding and codedmodulation

The developmenbf enhancedodingandcodedmodulationtechniquesandtheir ap-
plicationto mobile and personatommunicatiorsystemshasbeenconsideredn sec-
tion 6. However, it hasbeenshawn that the applicationof FEC codingand coded
modulationcanenhancéhe capacityof acellularsystensignificantly In TDMA sys-
tems, it allows muchreducedre—usedistancesand henceincreasede—usefactors.
Secondgenerationdigital systemssuchas GSM and 1S-54in generalmake useof
codingonly for specialpurposessuchasto protectclassl speechbits. Hencethere
are enhancementpossiblein an advancedthird generationTDMA systemby this
means.

Both FEC codingand codedmodulationare usedin the ATDMA adaptve transport
architecture.A “toolkit” consistingof a rangeof both modulationand codingtech-
nigues,includinga codedmodulationschemd44], is availablefor usewherechannel
conditionsandservicerequirementavarrantit. More detailsaregivenin chapter?.

The improvementfrom the useof codedmodulationhasbeenevaluatedat about4

dB, whenusedin conjunctionwith DFE on a Hilly Terrainchannelmodelwith ideal

interleaving. This mayallow areductionin clustersize.

A rangeof FEC codesarealsoavailablein the coding“toolkit”. Theseareconcate-
natedcodesbasedon a 1/2 rate corvolutional inner code and an extendedReed—
Solomonoutercode,which may be puncturedto increaseits rate. A rangeof rates
betweerB8/4and1/4is availableby this means Again, moredetailsaregivenin chap-
ter 7. Specialcareis requiredfor speectservicego remainwithin the delaybudget.
For theseservicesnterleaving depthis restrictedto 4.

It hasbeenshavn by meansof simulationthatin generakthe useof FEC canincrease
capacityby afactorof nearlytwo onan AWGN channelandby morethanfour ona
Rayleighfadingchannel.lt alsoallows 100%re—usegvenin TDMA systemswhich
both increasesapacityand removesthe needfor frequeng planning. The spectral
efficienciesof theseschemesirecomparedn Table6.6.
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Adaptive modulation and coding

Adaptivity hasbeenidentified as the most effective meansof enhancinga TDMA
systemfor thethird generatior{45, 46, 47]. Therearetwo reasondor this: firstly, a
third generatiorsystenmustaccommodata very wide rangeof servicesandchannel
types.from pico- to macrocellularandfor dataratesup to 2 Mbit/s. It is clearthatno
oneair interfacecanbe optimalfor all theseconditions.Secondlyit hasbeenshovn
thatsuchadaptvity canincreasethe averagecapacityof a cellular systemby several
times. Corventional TDMA cellular systemsmustbe designedfor the worst case,
whichwill leadin mostcasego anair interfacewhich is substantiallyoverspecified.
Allowing adaptatiorio theactualchannektonditionscanresultin muchmoreefficient
useof resource®n average.

Thesystenmayadapto arangeof factorsrelatedto boththe channebkndservice.On
themostfundamentalevel a differentair interfaceis likely to berequiredin different
celltypes,andfor differentservicegwhetherspeector data,datarate, BER anddelay
requirements)In addition,it maytake into accountthe currentcharacteristicef the
channel,;suchasfading conditions,delay spread,and co—channeinterference. For
example,the delayspreads likely to limit the maximumsymbolrateused. Adapta-
tion mayapplyto the modulationschemeandsignallingconstellatiorandto the FEC
codingschemeamongothersystemfeatures.

Adaptive modulationandcodingis amajorfeatureof the ATDMA system.Fig. 6.13.
shaws the architectureof the ATDMA adaptve transportinterface,shawving the fea-
turesthat canbe adaptedandthe rangeof measurementsn which the adaptatioris
based.

In addition, the effect of adaptingthe modulation/codingo co—channeinterference
in a non—fadingchannelhasbeenconsidered.Fig. 6.14 shavs how this givesrise
to animprovement. In a corventional TDMA system,the coding mustbe chosen
so that communicatiorat a sufficient quality is provided for the proportionof cases
specifiedby the availability requirement(as shavn). This constrainghe choice of
codeandhencethe spectrakefficiency. In anadaptve system however, the codecan
be choseraccordingo theactualsignal-to—interferenceatio encounteredNote, too,
thatbecausehe spectralefficiency of the codesincreasesnorerapidly thanlinearly
with signalto noiseratio, the efficiency of the adaptve schemas greaterthanthat of
a CDMA schemewhich becausef interfererdiversity operatesat nearthe average
signalto interferenceatio.

PRMA

A form of statisticaimultiplexing is availablein speechransmissiosystemsy taking
adwantageof the voice activity factor, definedasthe proportionof thetime alink in a
full duplex speectconnectionis actuallyoccupiedby a speectsignal,andis usually
taken as about0.4. This effect is widely quotedas an advantageof CDMA over
TDMA, sincein aCDMA systemadwantagecanbetakenof it in aparticularlysimple
way by meansof voice activation. However, a similar advantagecan be obtained
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in TDMA, albeitwith highercomplexity, usingresenation schemesuchas Paclet
ReserationMultiple Accesg(PRMA).

The capacityof a PRMA systemhasbeenevaluatedusing a Markov model of the
channebssignmenproces$48]. It isassumethatonespeecipaclketmaybebuffered
while waitingfor asuccessfulesenationwithoutcausingexcessve delay Pacletsde-
layedary furtherthanthis aredropped.ForaTDMA systemcontaining?0 slots,with
probability of successfutesenation0.4, it wasfoundthat 37 usersmay be accomo-
datedfor apacletdroppingprobabilityof lessthan1%. Giventhevoiceactvity factor
of 0.43assumedhn this work, this correspond$o athroughputof 79%.

A moredetailedsimulationstudy[49] hasevaluatedPRMA in a cellularsystemtak-
ing into accounta numberof systemdesignoptions. A distinctionis madebetween
pacletsdroppeddueto delaysarisingfrom unsuccessfutontentionfor a resenation,
anddueto interferencdrom neighbouringecells. Packet droppingfrom both sources
is to bekeptbelov 1%. The systemoptionsconsideredireasfollows:

& Useof additionalerror protectionin packet headerssothatresenation maybe
heldevenif informationcannotbereceived(describedas“Option 17);

& Useof powercontrol;

& Speechmodelcapableof takinginto account'minigaps”in speectactvity (de-
scribedas“f ast” asopposedo “slow”)

# Clustersize

Theresultsshav that“Option 1” doesnotincreaseapacity sincenormallythepaclet
lossis dominatedby interferenceeffects. It is betterto allow a resenationto belost
andtry again. Powner control doeshelp becausef the reductionin interferenceal-

thoughit preventsthe captureeffectin contention. The “fast” speechmodelin fact
degradescapacitybecausét increasesontention,andthusalsointerference As ex-

pected,capacityper cell increasewith increasingclustersize, but overall spectrum
efficiency is in fact highestwith a clustersize of unity. For clustersize 3 andre-

quired C/I thresholdof 8 dB a capacityof 32 users/cellis attainable(in an urban
area),correspondindo a throughputof 67%. However, the maximumefficiengy in

users/cell/carrieis 12, for clustersizeunity.

A moretheoreticalanalysisof the useof PRMA within an adaptve TDMA system
givesa throughputincreaseof 64% whenvoice actvity is takeninto account. The

overallthroughpuis then66%, but this takesinto accountalsothevariationin system
capacitydueto theuseof adaptve coding.Also thisassumesnly 30 users/celliarger
numberswvould allow greatetthroughputby increasinghe statisticalmultiplexing ef-

fect.

A variantof PRMA calledPRMA++is usedin the ATDMA systen{50], asdescribed
in chapter7. In all caseghebasestationis in controlof theprocessA setof random—
accesshannelds usedfor mobile stations(MS) to requestresources Note that, as
in theanalysisdescribedn the previous paragraphthe PRMA++ systemis alsoused
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with link adaptationto allocatenew resourcesvheneer a changein channelcondi-
tions requiresnew resourcesL ik ewise repeatrequestsaretreatedasa new demand
for resources.

Dynamic channelallocation

Dynamicchannelallocation(DCA) hasbeendescribedcasoneof the mostimportant
meansby which capacitycan be increasedn third generationTDMA systemsal-
lowing themto competewith CDMA. Dynamicchannelassignmenschemesllow
channeldo beallocatedo cellsaccordingto actualtraffic load,ratherthanaccording
to afixedre—useplan (describedasFixed ChannelAssignment- FCA).

SomeDCA scheme®f this sorthave beencomparedvith FCA. Severalschemesre
describedthe simplestassigningary available channelin the cell andits immedi-
atesurroundingcells. More sophisticatedschemesssignthe channelre—usedn the
nearestell site outsidethe surroundingcells. Theresultssuggesthat DCA is supe-
rior to FCA, especiallywhenthetraffic is non—uniformeitherin time or spaceput for
uniformtraffic thedifferenceis notlarge.

A PRMA schemehas beendescribedwhich also effectively functionsas a DCA
schemd49]. Herea channelis assignedo a paclet streamon the basisof theinter
ferencedetectedn thatchannel.Thuschannelssignmentlepend®n channelusage
atthetime of assignmentlt hasbeenshownn thatthe greatestapacityis obtainedin
this systemwith a clustersizeof 1 (i.e. 100%re—use),n which casethe schemes
equivalentto full DCA.

Note that adaptationto co—channeinterferenceevels, mentionedin section6.3.1.
above, alsohasa similar functionto dynamicchannelassignmentsinceit cansimi-
larly take into accountthe actualusageof channelsn the vicinity of a cell. Further
consideratiorof codedTDMA suggestghat the optimum capacityin codedTDMA
systemsmay be obtainedwith 100% frequeng re—use,thus avoiding frequeng—
planningaltogether

6.3.2 Capacity comparisons

A greatdealof researcthascomparedhe performancdin terms,mainly, of capacity
perunit bandwidthpercell) of TDMA andCDMA. A wide varietyof approachebave

beenusedin thiswork, from fundamentatheoreticaboundgo detailedconsideration
of specificsystemsanda wide rangeof conclusionsare reached. The comparison
of specificsystemawill beleft to chapter7. Herewe are concernednorewith ary

inherentdifferencebetweerthe multiple accessechniques.

An analysisof information—theoreticapacityof TDMA andCDMA systemawithin a

singlecell hasbeenperformed51]. Theresultsaregivenin Fig. 6.15. Thisshavsthat

onthecorventionalassumptiorihatotherusersaretreatedasnoise,binary TDMA ca-

pacity (Cgin, K = 1) exceedsCDMA capacity(Con). If, however, otherusersarenot

treatedasnoise,presupposingomeform of interferencecancellatioror joint detec-
tion, thenCDMA capacity(Cgin, K = 10) exceedsinary TDMA. If bothTDMA and
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CDMA signalshave a Gaussiardistribution, (and CDMA is jointly—detected)then
capacityis equal(Cgausy. For CDMA this indicatesthat joint detectionis desirable;
for TDMA thattheavailability of non—binarymodulationschemess important.

C im bit

a 2 4 & E 10 17 14 16 1B 20
10 log I/} in dB

Figure6.15: Informationtheoreticcapacityof single—cellsystems

A genericapproachor multicellular systemshasbeendeveloped[52, 45]. Herean
attempthasbeenmadeto compareTDMA andCDMA on aequitablebasisassuming
that wherever possiblefeaturesof a CDMA systemare alsotaken into accountfor
the TDMA system.Thusinterfererdiversity may beincludedusing SFH (seesection
6.6.1); power control andvoice activation are both includedin the TDMA systems;
and suitableFEC codesand codedmodulationschemesre included, of equivalent
power in both systems.Worst—caseand average—casanalysedhave beenobtained,
but capacitieshave alsobeencalculatedfor 95% and 99% availability. The results
aregivenin Table6.6, in theform of spectrakfficiency in bits/s/Hz/cell-siteln this
table“orthogonal CDMA” refersto CDMA schemesn which true orthogonalityis
achieved, for examplefrequeng—hoppirg with orthogonalpatternsor decorrelation
recevers. “ldeal cancellation"assumegperfectcancellationof all intra—cell inter-
ference. The resultsshav that cornventionalDS—CDMA outperformsTDMA, even
with coding. However, it shouldbe notedthat PRMA is not usedhere,and might
increaseTDMA capacity OrthogonalCDMA givesa smalleradvantagethanmight
be expected,mainly becausdow rate codescannotbe usedin the sameway asin
DS-CDMA. It will, however, be largely immuneto the nearfar effect. CDMA with
ideal interferencecancellationgivesthe bestresults,but is not necessarilyachieve-
able,evenwith maximum-likelihoodmultiuserdetection. Adaptive TDMA, however,
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Scheme AWGN Fastfading
Availability || 95% | 99% | 95% | 99%
UncodedTDMA 0.34| 0.19| 0.11| 0.06

CodedTDMA (clustersize3) || 0.39 | 0.24 | 0.28 | 0.20
CodedTDMA (clustersizel) || 0.60 | 0.46 | 0.49 | 0.39

DS-CDMA 0.72 | 0.67 | 0.67| 0.62
OrthogonalCDMA 1.19| 1.10| 0.54| 0.49
CDMA with idealcancellation|| 1.72 | 1.51 | 1.57 | 1.38
A-TDMA 1.94 1.05

Table6.6: Spectrakfficiencies(bits/s/Hz/cell)of variousmultiple accesschemes

is very closeto it.

6.3.3 Summary

We concludeby notingthattherearetwo mainapproache$ enhancinghe capacity
of aTDMA systemwhich areto alarge extentincompatible aswell asa wide range
of othertechniqueshatcanbeusedto enhancery system.

The first approachis to invoke the interfererdiversity effect, by addingan element
of spectrunmspreading.This is exemplifiedby the hybrid systemsgonsideredn sec-
tion 6.6: TDMA/SFH, JD-CDMA, andCTDMA. Thesesystemsalsomake useof a
TDMA elementand/oradvancedsignalprocessindo eliminatetheintra—cellor self—
interferencevhich degradeghe capacityof conventionalCDMA systemsThe effect
is thateachuserencountersnterferencedueto alarge numberof usersn co—channel
cells,leadingto anaveragingeffect. Thusall usersencounteco—channeinterference
closeto the average,and systemdesigncanbe for the averagecase ratherthanthe
worst—casénterference Note thatthis approaclhalsoreadily benefitsfrom the useof
voiceactivation.

The secondapproach,exemplified by the ATDMA system,is to adaptto the co—
channelinterferenceencounteredThusmore spectrally—eficient modulation/coding
canbe usedwhenthe C/I ratio is high, using fewer resourceswith lessspectrally—
efficient modulationand more powerful codingwhenthe interferencdevel requires
it. Thusa larger averagecapacityis achiezed. In principle this may yield a larger
capacitythan the interfererdiversity approachsincea graphof spectralefficiency
againstC/I is non—linear(Fig. 6.14),suchthatthe averagecapacityfor variableC/I
exceedgshe capacityachievedat averageC/l. Howeverin practiceit maybemoredif-
ficult to implementthe more spectrally—eficient modulationschemesequired. The
approactlalsolendsitself well to theuseof PRMA, whichalsoallows voiceactuvity to
betakenadwvantageof quitereadily. Thisapproachmaybeconsidereastheoretically
andpotentiallymoreefficient, but alsotechnicallymoredifficult.
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6.4 CDMA
P. Hulbert, Roke Manor Reseach Ltd., United Kingdom

This sectioncoversdirectsequenc€DS) andfrequeng hopped(FH) CDMA aswell
assomework on pacletradiotechnologybasedon hybrid DS—FHCDMA.

6.4.1 DS-CDMA

A considerableamountof researchwas conductedon this topic underCOST 231,
reflectingthe high level of internationalinterest. This sub—sectiorhasbeenfurther
sub-dvidedinto six parts. Thefirst four cover designaspectsvhich critically affect
capacityor spectralefficiengy. Thefifth coversdetailedevaluationsof the resulting
capacity Thesixth partcoversakey elementrelatingto efficientimplementation.

Diversity Recever Performancein Multipath Conditions

The subsectiorcoversresearcho evaluatethe performancenf several Rake recever
architecturesvith particularmodulationschemesandvariouschannelmodels. One
exampleof antennaliversity evaluationis alsoincluded. For eachof the evaluations,
the radio channelmodel was basedon a tappeddelay line with discretemultipath
componentsvith randomphaseand amplitude. The relative levels of the meantap
enegiesandthe progressiorof thelevelsandphasewith time differedaccordingto
theresearcheam.

Thework reportedoy Y. Taniketal. of METU, Ankara, Turkey relatedto spreadspec-
trum pulseshapedPSK modulation. The channelmodelwasbasedon the work of
Hashem([53], combiningexperimentabatatakenat 1280MHz with 100nsresolution
andspatialresolutionof 1 m.

In the Rake receier the matched—filterednput signalwas quadrature—demodulated
andsampledatthe chip rate. This complex valuedsequencevasthenpassedhrough
atappeddelayline whoseoutputswerede—spreadndweightedby theestimatednul-
tipathgainsof thechanneto form amaximalratio combiner The pathestimatesvere
obtainedthrougha decisionfeedbackmechanismThe despreadeoutputsweremul-
tiplied by the detectedits andlow—pasdiltered. The cutoff frequeng of thelowpass
filter (LPF) wasassumedo passDopplercomponent®f the multipathprocesses.
The BER performanceavas evaluatedboth analyticallyand by simulationproducing
detailedresults.In bothcases Gaussiampproximatiorwasmadefor otheruserinter-
ference A typical resultwasaBER of 0.02for E,fNo = 6.7 dB, for aspreadindactor
of 100. Thefiltering methodof channelestimationwasfound to producenegligible
increaseén BER.

Another significantresultwas that the numberof tapscould be reducedbelow that
necessaryo cover the completedelay spreadof the channelwithout significantper
formancepenalty In factcoverageof aslittle as3 - 4 pswasfoundto give acceptable
performance.But althoughthe input SNR was assumedo be a constant(through
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power control)theaverageBER wasobsenedto vary in arangeupto adecadelueto
fading.

The teamat CSELT, Torino, Italy (Palestini, Levi, et al) examinedfiltered (Root
RaisedCosine)spreadspectrumDBPSK modulationprocessedy a Rake recever
which maximalratio combinedthe multipathcomponentsfter differentialdecoding.
The Rale fingerswerealignedon a 1 chip “grid”. The channelmodelwasbasedon
the COST207typical urbanchannel. The BER performancevasevaluatedasa func-
tion of the numberof Rake fingersfor 1 andfor 5 Mchips/s. It wasshavn thatthe
optimumnumberof Rake fingersrosefrom 6 to 10 in moving to the higherchip rate
asmoremultipathcomponentsvereresohed.

The sameteamalso extendedthe evaluationto cover antennadiversity. Essentially
the abore modelwasextendedto multiple antennasvith varioustypesof combining
of the Rake recever (onefor eachantennaputputs. Equalgain combininggave the
bestperformance.

The diversity gainis significantly notable;for example,by consideringuncorrelated
fading and no channelcodingin the one userscenario,at BER=10-2 a 6 dB gain
wasobtainedwith secondorderdiversityanda further 2.5 dB gainwasachieved by
addinga third antenna.When channelcoding and interleasing were simulated,the
gainbecame3.5and5 dB with 2 and3 antennasiespectiely.

With correlatedading,a certaindegradatiorwasintroducedput in comparisono the
casewhereno antennaliversityis applied,againwasstill presentlueto uncorrelated
thermalnoise.

The lasttwo topicspresenteadtonsideredifferentaspectf the performanceof the
IS-95uplink anddownlink respectiely.

Benthinetal. from the University of Hamhurg—Harkurg, Germary, evaluateda chip
time alignedRake recever for modulationsimilar to the IS-95 uplink. The channel
modelwasbasednthe COST207badurbanmodelwith Rayleighfading.A compar
ison betweencoherentmaximalratio combiningand non coherentcombiningof the
multipathcomponentsvaspresentedFor the latter case fwo stratgyieswereadopted
for limiting thenumberof pathsselectedeitherrestrictto 5 or thresholdat 20%of the
largest.Both of thesestratgjiesgave similar performancebut the differencebetween
performancdor the coherentandthe noncoherenteceverwasvery significant,cor-
respondingo a capacityratio of about2.5:1at4% BER.

Finally, Beck et al (University of Ulm, Germaly) presentedsimulationresultsfor
modulationsimilar to the downlink of 1S-95. The COST 207 typical urbanchannel
alongwith measurements FrankfurtandDarmstadivasusedin theevaluation.The
motivation of this work wasto examinethe effectsof increasingmultipathdiversity
which, ontheonehandincreasesmmunity to multipathfadingbut, ontheotherhand,
destrgs the inherentorthogonalityof the Walsh function basedsignal. The most
interestingresultsareshavn in Fig. 6.16:

The“1 User” resultsindicatethe performancewithout referenceéo CDMA orthogo-
nality. HereChannell is muchbetterthanChannel. However, with multiple users,
thehigherintra—useilinterferencdor Channell resultedin performancesignificantly
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Figure6.16: SimulationResultsfor I1S-95 Downlink with Channell (Frankfurtmea-
surementsandChanneR (Darmstadimeasurements)

worsethanfor Channel underthe sameconditions.

Power Control

The uplink of a CDMA mobile radio systemwas shown to be heavily influencedby
the nearfar effect unlesspower controlis applied. Furtherwork, by R. Prasacet al
(Delft University of Technology Delft, Netherlands)explored the influenceon ca-
pacity of power controlimperfectionsgxpressedn termsof numbersof usersversus
power controlerrorstandardieviation. Fig. 6.17shavstheresults.It shouldobsened
thatthe protectionratio figure of 7 dB usedin the analysiswas obtainedfrom [54].
This referenceobtainedthe protectionratio figure in the presenceof power control
imperfectionsdueto fading. Thusthe power control variationspecifiedin Fig. 6.17
would bedueto someadditionalphenomenon.

In evaluatingthedownlink of suchasystemasharpdistinctionis madebetweersingle
andmultiple cell systems.Ilt wasshavn thatpower controlis unnecessar{from the
viewpointof capacity)for asinglecell systemssinceall usersecevetheinterference
over the samepathasthe signalandthereforeat the samerelative level. However,
for the multiple cell case jt wasshavn thatmobilesnearthe edgeof the cell receve
significantlymoreinterferenceérom otherbasestations By controlling C/I at eachof
themobilesa significantimprovementin capacitywasshawn.

Two researchgroupsexaminedthe overall power control strategyy andits effect on
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Figure6.17: Uplink capacityasfunctionof power controlimperfectionfor threeval-
uesof the processinggain G, outagepropability=0.01and voice actiity a= 0.375

capacity Nadalet al (Barcelona,Spain)comparedwo power control stratgies: a
simpleapproachin which the SIR valuesareequalisedvithin eachcell but not from
cell to cell anda centralisedcapproachn which the SIR valuesareequalisecver the
entiredeployment. It wasshavn that the latter approached to significantly higher
capacitieghanthe former, particularlyin the caseof a non uniform distribution of
mobiles.

At 1% blockingwith a = 4 (power law) the capacityincreases of the orderof 20%
in the uniform traffic case.In the specificcaseof non uniform traffic evaluatedthe
increasewas about25%. Theseresultswere corroboratedby G. Falciasecceet al
(Universitadi Bologna,ltaly) who useda similar approactandalsoshaveda capacity
increaseof around20%, this time at 5% blocking.

Modulation and Bandwidth Limitation for CDMA Transmission

Thissubsectiorronsidersheissueof modulationandbandwidthlimitation for CDMA
transmissionsindrelatesto work performedby Aldis & Barton(University of Brad-
ford, UK). The first work reportedwas a simulation of Butterworth filtered QPSK
receved using a fully matchedcorrelator(oversampledwith filtered correlatorse-
guence) Thesimulationresultwasthe effective processingjainbasedninterference
consistingof like—modulatedisers both synchronise@ndunsynchronisetb thetar
getsignal. It was shawn, for synchronisednterferersthat the effective processing
gainroselinearly with filter bandwidthup to the point wherethe (doublesided)filter
bandwidthwasequalto the chip rate(Fig. 6.18).
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Figure6.18: Performancef Low PassFilteredDS—-CDMA, 64 chipsper bit

If the spreadingactorwere definedasthe ratio of the signalbandwidth(asdefined
by thefilter bandwidth)to the datasymbolrate,thenwe would seethatthe process-
ing gain is approximatelyequalto this spreadingfactor for all filter bandwidthsup
to the chip rate. Beyondthis point, the relative processinggain falls. Thusthe opti-
mum bandwidthis equalto the chip rate. For unsynchronisedignals,the processing
gaincontinuego rise with increasindfilter bandwidthbut in spiteof this, therelative
processingyainfalls sincethefilter bandwidthrisesmorerapidly thanthe processing
gain.

The secondactiity examinedthe useof GMSK for spreadingmodulationand ex-
ploredthe processingjainasafunctionof thebandwidthof thepre—modulatiorGaus-
sianfilter. Again, theinterferencevaslike modulatedsignalsratherthan AWGN. In
this casetwo recevertypeswereevaluated pne(comple) basednthefull matched
filter, the other (simple)involving multiplication by the samepseudorandombit se-
guenceasthatusedin the transmitfilter at the instantsof maximum”eye opening”.
Theresultsareshovnin Fig. 6.19. The curvesareplottedagainsthetime—bandwidth
productof the Gaussiarilter.

Whenthetime bandwidthproductis small,the simplereceveris inferior to the com-
plex receverasexpectethecausef thehighISI undertheseconditions.Synchronous
andasynchronousiterferenceoehaessimilarly. At high bandwidthsunsynchronised
interferersleadto significantly larger processinggains. Surprisingly the simplere-
ceiver significantlyoutperformghe complec receverunderthis condition.
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Figure6.19: Effective Processingsainof DS—CDMA systemsusingGMSK

Theoverallconclusionis thatGMSK leadsto slightly poorerperformancehanfiltered
QPSKwhenthe actualoccupiedbandwidthsareusedto definethe spreadingactors
althoughthe differencewill dependuponthe definitionof occupiedbandwidth.

Code SetSelectionfor SynchronousCDMA (S-CDMA)

This sectioncoverswork doneby Tanik etal. (Electric. Electron.Eng. Dept, METU,
Ankara, Turkey) to find optimumcodesetsfor CDMA systemin which all spreading
sequencearesynchronisedo afractionof a chip (intra cell andinter cell, bothuplink
anddownlink). Thisis referredto asSynchronouCDMA (S—CDMA).

The systeminvestigatechadN (N=31 or 32) mobile usersper cell, a spreadingatio
of Np [Np = NJ anda codereusepatternof 4. The basestationsandthe mobile units
transmittedT DD burstssynchronouslySincethe systemwasdesignednainly for in-
doorusethecellularstructureemplgys picocellsandthusthecommunicatiormedium
couldbeaflat fadingRayleighchannel.Consequentlytime delaysdueto propagation
remainedn onechip interval. Paver controlwasemployedin the uplink pathwithin
acell, soall signalsfrom the usersof the samecell wererecevedwith equalpower
by the basestation.However, the signalcomingfrom any mobile of the neighbouring
cells experienceda path lossfactor denotedby a, a randomvariable dependingon
thecommunicatiormediumandtherelative positionof themobile with respecto the
basestationof concern.In the analyticalstudy anaveragea wasusedfor all mobile
userof neighbouringells. Communicatiorwasmaintainedrsia two orthogonakthan-
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nels(inphaseandquadraturepndcorvolutional FEC of rate 1/2 wasusedto provide
aBER of 10~2 which is sufiicient for reliablecommunications Spreadingvas per
formedon asinglecodedbit in eachchannel.For theuplink, thetotal multiple access
interferencaffectingary useris directly proportionako themutualcross—correlations
betweerthatuserandthe otherusersof the system.Thusspreadingcodeswith low
correlationparameterare required. Cornventionally maximal—-lengthshift register
sequencefn—sequencesjave beenusedbecausef theirappealingcorrelationprop-
erties.However, m—sequencearestill above thetheoreticaWelchbound. The study
aimedto find spreadingodesequencewith betterperformancehanm—-sequences.
The problemof designinga low correlationcodebookwhich contains4N bipolar se-
guence®f lengthN wasformulatedasa constraineaptimisationproblem.Thecode-
wordswerearrangedasrows of a4N = N codebookmatrix. The optimisationcriteria
wasto minimisethe maximumof thetotal interferenceencounteredy all the usersof
thesystem.

Two stochastiglobal optimisationtechniquesvereapplied: GeneticAlgorithmsand
SimulatedAnnealing,but the resultsobtainedarenot promising. This wasbelievedto
be becausef the high dimensionalityandthe discretenatureof the problem. Given
this, morecomputingpowerwould berequired.

The additional problem of distributing a given code set amongcells was also ad-
dressed Whenthe codesetof concernis the setof m—sequencedt, wasprovedthat
the optimumdistribution is the corventionalonewhereall phasesf anm-sequence
areassignedo a cell. Whenthe codeis thelarge classof Gold Sequenceshe prob-
lem of selectingcodesmustalsobe solvedtogethemwith the problemof distributing
them. The exhaustie solutionof this combinedproblemrequiresheary computation.
Therefore,anotherGeneticAlgorithm wasimplementedo solve it andan improve-
mentover m—-sequencesasobtained.

Finally, an iterative searchtechnique,which performedsmall perturbationson the
existing codebooksuchasswap/toggletwo bits or setto +1, wasapplied. Theinitial
codebookwasobtainedby placingthe 32x 32 perfectlyorthogonaHadamardsetin
all thecells. It wasobsenedthatthe performanceriteriabecameconsiderablyvorse
whenthe slightestperturbationvas madeon the Hadamardcodebook.Furthermore,
the Hademardcodebookwasfound to have slightly betterperformancahanthe m—
sequencesAlthoughit would not be practicalto usethe Hadamardsetin all thecells
of the systemjjt could be effectively usedif the codesof the usersweredynamically
assignedccordingto their relative positions.This problemof dynamicallyassigning
codesis anew topic for furtherstudy

SystemCapacity

Thissubsectiorcoversoverallsystencapacityevaluations Hulbertetal (Roke Manor
ResearchRomseg, UK) performedan overall evaluationof CDMA basedon the IS-
95 Uplink. This evaluationcoveredsimulationof re—useefficiency, andvoice activity
detectiontaking accountof statisticalfluctuationsandusingthe 99 percentilein both
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casesleadingto very consenative figures. In this evaluation,an absoluteworst case
re—useefficiency of 0.48 wasderived. This wasbasedon log normal shadeving at

8 dB standardieviation anda gradedrangelaw, becomingfourth law beyondthe cell

boundary Thevoice actiity factorof thelS-95variablebit ratecoderoperationde-
rivedusingaMarkov model,was63%atthe 99 percentile(themeanfigurewas45%).
The uplink Ep/No requiremenfor 10-2 BER was derived by simulationas5.1 and
6.5dB for 10 and30 mphrespectiely. A comparisorwith half rate GSM indicated
higherspectrakefficiency for CDMA whenboth systemsisedsectoredantennas.

An ltalian collaborationamongthe University of Bologona,FondazionelJ. Bordoni
andCSELT performeda detailedtheoreticalstudy of the effect of propagatiorchar
acteristicson spectralefficiency. As propagatiormodela pathloss proportionalto
rv. 104710 wasassumedwherer is thetransmitterto—receierdistancey is the prop-
agationfactorandg is arandom,normallydistributedvariable simulatingtheshadev
fadingandcharacterisethy zeromeanandstandarddeviation o (in dB). Ordinarily,
analyticevaluationsof CDMA with shadaeving areprecludedbecaus®f theneed,on
occasionsfo alter the mobile affiliation accordingto the shadev depth. This work
analyticallygeneratedn upperboundon re—useefficiency by limiting, for everyin-
terferer the ratio of shadev depthto the nearestell to the shadev depthto the cell
of interestwheneer the cell of interestwould otherwisebecomethe preferredcell
for affiliation. Fig. 6.20illustratesthe performanceesultsfor a particularcase. It
shaws, for examplethat,with 8 dB shadev standardieviation, the capacityincreases
by about57%whentherangelaw changegrom 3 to 5.

Tt of terd | okl

3.5
propagakon fackor o

Figure6.20: Numberof Usersagainstpropagatiorfactor, a with outageprobability
1% andvariouspropagatiorstandardieviation factors,o



320 Chapter6

Gaiani& Palestini(CSELT, Torino, Italy) have evaluatedsystemcapacityin a mul-
ticell systemwith at leasttwo tiers of interfering cells aroundthe referenceoneand
a uniform distribution of staticuserswithin the overall area. The samepropagation
modelasdescribechbore wasused.The mostimportantdifferencesetweerthe two
links arerelatedto the power controlmethodology:In the uplink a sortof idealopen
loop (basednthepathlossestimatioronthebase—to—mobilénk) wasapplied,while
in thedownlink a C/I drivencontrolwasadopted.

Fig. 6.21shaws thatthe applicationof a C/I-driven power controlimprovesthe C/I
ratio by about4 dB in the downlink, at an outageprobability of 10%, with respecto
the caseof no power control. The performances similar, althoughslightly lower, to
thatobtainedor theuplink usingidealopenloop control. Theperformancalifference
in thetwo directionswasdueto thefactthat,in the simulatedmodel,the externalin-
terferencavasslightly greatetthanin theuplink in theaverageof thecasesHowever,
it wasverifiedthat,at anoutageprobability of 1%, theuplink is morecritical.

In both links the performances betterfor an urbanarea(heresimulatedthrougha

propagatiorfactory=5 anda standardleviation of the shadeving 0=10dB) thanfor a

rural area(y=3, 6=6 dB) by afactorequalto 54%in termsof capacity (seeFig. 6.22)

if EpNp ratio equalto 7 dB anda processingainG = 128areassumedfor instance
16,17 users/siten urbanareaand10, 11 users/sitén rural area).
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Figure6.21: C/I ratio vs the numberof user Figure 6.22: Maximum number of
per cell computed(for bothlinks) at anout-  usersper site vs the processinggain
age probability of 10%, for both a single computedfor bothlinks) for a mul-
anda multicell systemwith the basestations ticell systemequippedwith omnidi-
equippedwith omnidirectionalantennasin a  rectionalantennaqcurves 1), 120-
rural areaandin anurbanarea,whenpower degree (curves 2) and 60 degree
controlis appliedandwhenit is notapplied.  (curves 3) sectorantennasjn a ru-
ral areaandin an urbanarea,when
power controlis applied
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Figure 6.23: Maximum numberof users Figure6.24: Maximum numberof users

per site vs the processingyain computed
(for both links) for a multicell system
equippedwith 120-degreesectoranten-
nasin a rural areawith power control
andwithout applicationof VAD (curves
1), andwith VAD underthe hypothesis
thatthetransmissiomateis equalto 0.29
timesthe normalrate(curves2) or equal
to 0 (curves3) if thereis no speech.

per site vs the processinggain computed
(for both links) for a multicell system
equippedwith 120—dgreesectoranten-
nasin an urbanareawith power control
andwithout applicationof VAD (curves
1), andwith VAD underthe hypothesis
thatthetransmissiomateis equalto 0.29
timesthe normalrate(curves2) or equal
to 0 (curves3) if thereis no speech.

If thebasestationsareequippedvith directionalantennashecapacitygainfactordue
to cell sectorizations about2.6in the caseof 120—dgreesectorizatiorandabout4.6
in the caseof 60—dayreesectorantennasThesevalueshave beenfoundfor bothlinks
andfor bothurbanandrural area.

Theapplicationof VAD (voiceactivity detectionwasshavn to causeanimprovement
of the capacity(in both directions for bothrural andurbanareas)f about1.8, if, in
the caseof no speechthe signalis assumedo be transmittecat a reducedrate equal
to 0.29timesthe normalrate. Theresultsareshavn in Fig. 6.23and6.24for rural
andurbanareagespectiely.

The VAD gainbecomesbout2.6if no signalis transmittedvhenthereis no speech.
Thereforeit wasconcludedthata DS—CDMA systemcouldincreasdts capacityby
a factorroughly equalto 4.5 if, for instance three—cellsectorizationand VAD are
applied. Undertheseconditions the numberof users/sitavasequalto 50 for a rural
areaand75for anurbanarea.Theabove describedjainswerefoundto beindependent
of the processingyain, atleastin therangeup to 300.

A simulationof hot spotconditionswas performed for which the resultwere found
to be similar for both directions. For example,with a fixed numberof usersin the
wholesimulatedarea,if the numberof usersin the hot spotdoubled while maintain-
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ing a uniform distribution of terminalsin the othercells, the degradationof C/I ratio
evaluatedin the hot spotcell at an outageprobability of 10% wasabout1.5dB in a
rural areaandabout2 dB in anurbanarea,asa consequencef theincreasednternal
interferencavhich hasa greatereffectthanthereductionof the externalcontributions.

Acquisition of DS CodePhase

Beforeary of the DS—CDMA systemsdescribecdearlierin this sectioncanoperate,
a local versionof the spreadingcodeclock in the recever mustbe synchronisedo
thereceved code. Synchronisatioris achieved by correlatingall possiblephaseof
thelocal codeagainstherecevedsignaluntil a particularphasdeadsto a correlation
outputconclusvelyindicatingcorrectde—spreadingf thesignal. Thedifferentphases
may be handledserially, in parallelor any combinationof thetwo. Moreover, anum-
ber of successie correlationson the samesearchphase(dwells) may be performed,
to advantageaspartof the searchstratayy.

A simpleserial synchronisewould despreadhe signaloncefor eachcodephasen
turn, comparingthe resultantenegy againsta threshold. This thresholdwould need
to be sethigh enoughalmostto eliminatefalsealarms(to avoid considerabléncrease
of synchronisatiorime dueto falsesynchronisation).This high thresholdwould in
turnleadto alow probability of detection requiringmary searctcyclesto detectthe
signal. In a multiple dwell strateyy, a low thresholdis setfor the initial dwell on
eachcodephasg(resultingin significantinitial detectionrates).Variousstratayiesof
subsequerdwellsarethenusedto determinenvhetherthe currentphasds the correct
one.

ProfessoiSimsaet al (Inst of RadioEng & Electronics, Academyof Sciencef the
CzechRepublic,Praha)examinedmultiple dwell serial searchstratgyiesfor signals
with low signal-to—noiseatio (typically -6 dB) following de-spreading.Operating
atthesdow signal-to—noiseatiospermitsshortintegrationperiods therebyallowing
synchronisatiofin the presencef significantfrequeny uncertainty

Many differentmultiple dwell algorithmscouldbeconsideredTwo of thoseevaluated
werethe "up—downn counter”(UDC) andthe "two steprejection” (TSR) algorithms.
Both involved aninitial correlationfollowed by a sequencef | verificationcorrela-
tions. In the caseof the UDC, afailure atthei—th correlationleadsto a repeatat the
[i — 1)-th stage(exceptfor the 1ststagewhich leadsto animmediatereject). In the
caseof TSR, afailure at ary stageis followed by a secondobsenation. Failure here
leadsto immediaterejection.Successesetgheverificationbackto the beginning.
Someof theresultsgeneratedy a detailedtheoreticabnalysisof the AWGN caseare
illustratedin Fig. 6.25and6.26. Where: T, is the acquisitiontime in bits; L is the
codelength;q is numberof searclcells (£ twice codelengthfor 1/2 chip steps)d is
the penalty(in bits) of falsedetection;d; ando, arethe thresholdduring initial and
verificationcorrelationgespectiely; | is thenumberof verificationsteps;M; andMa
aretheinitial andverificationcorrelationtimesin bits respectiely. &, is optimised
individually for eachvalueof I. It is seenthatthe UCD performssignificantlybetter



AdvancedRadiolnterfaceTechniquesandPerformance

Ta (s)

L=255, q=5

I= o 1

uDncC
10, SNR=-6dB, ¥ = 1000

R 3 4 5

100000

10000

Ta

1000

100
1.00

Figure6.25: Ty
M;i=1,My=5

5.50 10.00

1

versuso; for UDC with

323

Ta (5,) TSR
L=255, q=510, SNR=-6dB, » = 1000

I= 0 1 R 3 4 5
100000

Ta
/
%
.
l
S
=

10000 F T
N

5.50 10.00

1

Figure 6.26: T, versusd; for TSR with
M;=1,My=5
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YuanWu at CNET, alsoanalysedserial and parallel searchstratgieswith matched
filter detection Fig. 6.27illustratesthe correlationsignaldetectiornpartof thesystem.
The input signalsare digital samplesat complex baseband.Like mostacquisition
systemsthe system(examinedwith serialor parallelsearchstrateyy) worksin either
searchmode(Sy,gge or verificationmode(Vpoge It Startsin the Sypggeandmay
gointo the Vimode N Smode €achsampleof the correlationsignalCs represents
oneof the possiblecells (PN-sequencalignments).In V p,q4e all thesamplesof Cs
correspondo onespecificcell. The PN-sequencgeneratingdevice givesthe local
PN-sequencandensureghatthe switchingof theoperationrmodess doneasrapidly
aspossible.

| Non Coherent m accumulations

matched filter ~ Correlatloi
—> (Nmf bits, M samples i Cs
Q (R Pleg) K M stage shlﬁ(J
/ register
/

PN Sequence
Generating Device

zero reset
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Figure6.27: Thecorrelationsignaldetectionscheme
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For the serial searchstrat@y, the S;,oge cONnsistsin the comparisorof the samples
of Cs with a thresholdf3 until the systemfinds a samplegreaterthan 3, thenat the
correspondingeell, the V 1, qe testsA independensamples:if thereare at leastB
samplegreaterthan 3, the acquisitionis declaredjf not, the systemgoesbackinto
Smode The parallelsearchstratgy works asthe serialexceptin the Sy,oge Where
it searcheshe maximumCs sampleamongall the sample<of the possiblecells and
switchesthesystemin V ;o gefor the correspondingell.

The systemperformancegiven by the meanacquisitiontime, T,, would normally be
calculatedusing the probability density function (pdf) of the correlationsignalCs.
Becausaleterminatiorof the exact pdf expressiorwould take considerableomputer
time, a simplified pdf expressiorwas generatedbasedon the following model: the
auto-correlatiomoisewas artificially divided into two zero mean,independenand
equalvariancenoisecomponentspnein-phasewith the auto-correlatiorsignal; the
otherin quadrature.The sumof their variancesvas madeequalto that of the auto-
correlationnoise. The numericalresultsshaoved that the approximatevaluesof T,
obtainedby useof the simplified pdf expressiorwasvery closeto the exactvalue,for
bothsearctstratgies.

The Nyquist pulseshapewasfoundto be betterthanthe rectangulapulseshapebe-
causdt givesa smallsensitvity to theoffsetof thelocal chip clock whenthe number
of samplegperchipis morethanone.Two sampleperchipwerefoundto besuficient
to give acceptabl@egradationn T,.

Thetwo searchstrat@ieswerecomparedn differentsituations.In generaljt wascon-
cludedthatit is betterto usetheparallelstratgy whentheNps is largeandmsmall. In
thecaseof Nyys smallandmlarge,theserialstrat@y appearednoreinteresting.When
the PN-sequencéengthis small, the parallelstrateyy is better;but whenit is larger,
the serialstratgly becomeghe better Theinfluenceof a nonoptimumthresholdwas
alsostudiedandthe parallelstrateyy appeareanorerobustthanthe serialstratayy.

Tracking of DS CodePhase

In a CDMA systema DLL (Delay Locked Loop) canbe usedto keepfine tracking
of the receved code phase. In a narrov-bandsystem,wherethe recever can not
resolethedifferentpropagatiorpaths deepsignalfadingsarelik ely to happerdueto
multipath.As theDLL parametergclosedioop gain,noisebandwidthetc)depencbn
therecevedsignalpower, its performance&anbeseverelydegradedwith respecto the
staticchannekituation[55]. In thissituationthe DLL will frequentlyloselock dueto
noise.In orderto measurghe DLL performancepnekey parameteis the meantime
betweertwo consecutieslostsof lock (MTLL). Assumingawide-bandransmission
systemtherecevermayhave enoughbandwidthto resole morethanonepropagation
path. In this casewe canmake useof the factthatthe signalsarriving from different
pathshave beenindependentlyfadedand usea modified DLL schemethat, like a
diversity system takesadvantadgeof multipath. Fig. 6.28is a block diagramof the
proposeddLL assuminghatwe canresole a secondpropagatiorpathwith a delay
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of Tc secondgonechipinterval) with respecto thefirst one.In Fig. 6.28we cansee
how the error signalof the loop is obtainedby addingthe weightedcontributionsof

two independentlelaydetectorsvorking with local PN codesequencethatarephase
shiftedby Tc secondsAs shavnin [55], theweightsA; andA; shouldbeproportional
to thesignalto noiseratioin eachpath.
In orderto assesghe performanceof the proposedscheme,computersimulations
have beencarriedout. Theresultsshav aremarkablémprovementwith respecto the
corventional(singledelaydetectorDLL. Tah 6.7shavsthelogarithmof theobtained
MTLL normalizedto B, the bandwidthof the datasignal. The productMTLL - B can
be interpretedasthe MTLL expressedn bit periods. In Tah 6.7 ¢ is the doppler
spreadof the channelandy, is the meansignal to noiseratio in the secondpath.

y2(dB) || ofB=0.001 o/B=0.01
log(MTTL -B) | log(MTTL .B)
-15 4.55 4.48
-10 4.66 4.58
-5 5.27 5.34
0 6.3 6.45
5 7.33 7.5

Table6.7: Meantime betweertwo consecutieslostsof lock (MTLL) underdifferent
channekonditionsusingthe DLL shavnin Fig. 6.28
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The signalto noiseratio in the first pathis constantandequalto 5 dB. The situation
y2 = —15 dB is almostequialentto a narrav bandsystem,sincethe weight of the
secondpathis very small. It canbe verified thattwo pathswith the samesignalto
noiseratio (5 dB) give a MTLL = 48 minuteswith 100 Hz of dopplerspreadand
B= 104Hz.

A differentapproachto the abose DLL basedschemesasbeenalso consideredo
improve the performanceof a tracking schemeof DS code phase. In particulay
theseschemesareoptimumfor a AWGN channelbut not for operationin frequeng-
selectve fadingchannelslik e thoseencounteredh mobile communications.

A first attemptto introducespecificsynchronizergor operationin thoseervironments
was presentedn [56], wherean ExtendedKalman Filter structurewas proposedo
jointly estimatehePN codedelayin trackingandthechanneimpulseresponseNev-
erthelessthis approacHfailsin the presencef high-interferencenvironmentsusual
in mobllecommumcatlorsystemsPnarD|az andRam)nAgusu from UPCproposed
andanalysed schemebasedon the EKF approachput corvenientlymodifiedin or-
derto improveits performancen termsof MTLL (MeanTimeto LoselLock) andthe
meanroot squareestimation(jitter) error when operatingunderrealistic conditions
(i.e.,signal-to-interferencputratiosfrom -20 dB to 0 dB). Theperformancef this
schemewas assessetly meansof computersimulationsfor band-limitedNyquist-
filtering recevers(see[57]).

In [56] it is shavn that the EKF is capableof estimatingthe channeldelayin the
tracking phasefrom the receved samplesand maintainingsynchronizatiorbetween
therecevedcodeandthelocal code.However, this delayestimatoronly workswhith
large signal-to-interferingatiosat the recever input. Sincethisis notthe usualcon-
dition in a CDMA cellular system,somesignal processingoefore estimationis re-
quired. For the sale of improving this signal-to-interferingpower ratio, the proposed
delayestimatorconsistsof two blocks: afirst block known as”pre-filter”, responsible
for processingherecevedsignalandimproving the signal-to-interferingpower ratio,
andasecondlock, whichis the EKF, now capableof estimatingthe channedelayin
aCDMA ervironment.

As anexampleof the estimatomperformancefig. 6.29shaovsthenormaliseditter for
rectangulaandNyquist pulses.The valuesobtainedshow thatthe rmsijitter is lower
thanthe 10%of thechipinterval, T, evenfor SR= —20dB.

6.4.2 FH-CDMA

Corventionally CDMA systemsausedirectsequencepreadspectrum(DSSS).How-

ever, frequeny hopping(FH) is equallyapplicable. Slow FH hasthe advantageof

allowing orthogonaltransmissiorfor both the downlink andthe uplink, whilst pre-
servingthe benefitsof multipathandinterfererdiversity A combinationof TDMA

with slow frequeng hoppingis coveredin Section6.6. It is also possibleto use
slow frequeng hoppingwithout a TDMA elementand re—usethe samecontiguous
frequeng bandin all cellsin thesameway asfor DS—CDMA.
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Figure6.29: Normalisedjitter for rectangulaandNyquist pulsesn termsof SIR

Livneh,Ritz, SilbershatRafael) & Meidan(Motorola) evaluateda slow frequeng
hoppingsolutionwith thefollowing parameters500hopspersecondver 12.5MHz;
intracell hoppingorthogonal with accurateuplink sychronisationintercell- minimal
crosscorrelation;interleaving over 20 hops(for multipath and interfererdiversity);
frequeng spacingof 16 kHz; modulationr/4—QPSK;datarate 12 kbit/s overall with
8 kbit/s dedicatedo codedvoice; half ratecorvolutionalcoding— constrainiength9;
voiceactvity detectionandmodestperformanceower controlapplied.
Simulationresultsprojected2295active usersper 3 sectorectell, correspondingo a
capacity35timesgreatethanAMPS. Theoneway interleaver delaywas40 ms.

6.4.3 Hybrid DS/SFHCDMA

This subsectiorpresentswork performedby R. Prasad(Delft University of Tech-
nology, Delft, Netherlands)n throughputand delay analysisof a paclet—switched
CDMA network. Theperformancef the network wasinvestigatedvith threeCDMA
techniquesyiz. Direct SequencéDS), Slow Frequeng Hopping (SFH) andhybrid
DS/SFH,whereboth an analyticalchannelmodelandmeasured¢hannelcharacteris-
tics wereused.Furthermorehe effectsof modulationtechniquesselectiondiversity
andForwardError Correction(FEC) codeson the performancevereevaluated.

Network description

Thenetwork, which consistedf C usersall communicatingvith thesamebasestation,
hadthefollowing characteristicsi) Datatransmittedn pacletsof Ny, bits; ii) Slotted,
iii) Time slot equalto packet duration; iv) Positve acknavledgementscheme. In
orderto beableto give somecloseexpressiondor the throughputthe following five
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assumptionsveremade:i) all userdgdenticalfrom astatisticalpoint of view, thesame
holding for the transceiers at the basestation, ii) the averagedreceved power at
the basestationcommonto all usersiiii) acknavledgementslmostcostfree from a
capacitypoint of view, fully reliableandinstantaneousy) channelmemorylessand
V) systemin a stablestate.

Analytical and measured channelmodels

In caseof theanalyticalchannethefollowing assumptionsveremadeconcerninghe
channelparametersi) Rician distributed pathgains,By ; ii) delays,ty, uniformly
distributed randomvariablesover [0, T]; iii) phasesyy, uniformly distributed over
[0,2r]. The channelwas assumedo be slow fading, leadingto randomvariables
whichdid notchangeconsiderablyor thedurationof onepaclet. The Rice parameter
R is definedasthe ratio of the power associatedvith the specularsignalcomponent
A?/2 andthe power associateavith the scattereccomponents [53, 58. This param-
eterincorporateshe radio characteristic®f the ervironment. In the measureagico
cellular channelmodelthe true measured/aluesof the pathgainswere usedfor the
calculationgd59].

Throughput and delay analysis

The throughputS is definedhere as the expectednumberof successfullyreceved
pacletspertime slot, givenby [58]:

C
S= Z K- pi - PLIK)
Kel
where py is the probability densityfunction of the compositearrivalsin a giventime
slot. For identical,independenanda finite numberof usersthis PDFwasshowvn to
be abinomialdistribution givenby:

- ()9 (-9)”

wheretheofferedtraffic G is definedastheaveragenumberof transmissiongnew plus
retransmittecpaclets) per time slot by C users. P is the paclet succesgprobability,
whichincorporateghe effectsof fading,modulation,FEC codinganddiversity. The
averagenormaliseddelay D of the systemis definedasthe averagenumberof time
slotsbetweenthe generatiorandthe successfuteceptionof a packet. Accordingto
[4] thenormaliseddelayis givenby:

D= 15+ (% - ) (15+1[+1)

where[G/fS— 1] representtheaveragenumberof retransmissionseededor apaclet
to bereceved successfullyandd denoteghe meanof the retransmissiordelay The
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roundtrip propagationdelay canbe neglectedin a pico cellular ervironment. Tah
6.8 presentghe throughputS normalisedon the offered traffic G for Q—, B— and
DPSK modulationwith the orderof selectiondiversity M asa parametgrwherelL is
the numberof resohablepathsandNy andN, arethe spreadingcodelengthsfor D—
and BPSK respectiely and g is the numberof hoppingfrequencies. QPSKyields
relatively the largestthroughputandDPSKrelatively the poorest.Selectiondiversity
enhancesgheperformancen comparisorwith nondversity (M = 1).

| Orderof diversity | Sfor QPSK | Sfor BPSK | Sfor DPSK |

M=1 51,8% 48,1% 32,9%
M=2 63,8% 60,0% 44,1%
M=3 69,0% 65,9% 50,0%

Table6.8: Comparisorof themaximumthroughputS normalisecn theofferedtraffic
G of thehybrid DS/SFHsystenwith Q—,B—andD-PSKfor M =1, 2and3. Ng = 255;
Np = Ng = 127;g= 10; L = 3 atfixedbandwidth.

In Fig. 6.30the throughputof hybrid DS/SFHis comparedwith the throughputof
pureDS andSFH for B— andQ—-PSKmodulationusingFEC codinganthe analytical
channelmodelandfor a fixed bandwidth. The comparisoris doneaccordingto [60]

whereNg = 2N,

S [packets/slot]

BPSK

250+ e
QPSK----- ;
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Figure 6.30: Hybrid DS/SFH,DS and SFH with (23,12) Golay coding. a)
hybrid: L = 3, q= 10, N =63 b) hybrid: L= 3, q= 10, N= 127c) DS:
L=21,N=630d) DS:L=21,N=1270e) SFH:q= 630,L = 1f) SFH:
g=1270,L=1
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Figure6.31: Delay performanceof hybrid DS/SFHwith BPSK modulation,
usingameasure@ndanalyticalchanneimodel

It is seenthat the hybrid DS/SFHtechniquehasthe highestthroughput. Moreover,
the maximumthroughputvaluesfor both SFHandDS arealmostequal,althoughthe
throughputfor SFH doesnt vary muchover the large rangeof G. In Fig. 6.31the
delayof hybrid DS/SFH,usingthe measured¢hanneimodelhasbeencomparedvith
the performanceusingthe analyticalmodel. The rms delayspreads taken equalto

10ns.

It is seenthatthe delayobtainedusingthe MPD channelmodelis lower thanin case
of the analyticalllD channelmodel. For higherbit ratesthe delayis higherthanfor
lower bit rates.
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6.5 CDMA with multi-user detection

P.W. Baier, University of Kaiserslautern, Germany (6.

A. Klein, University of Kaiserslautern, Germany (6.

D. Dahlhaus, SwissFederal Inst. of TechnologySW|tzerIand (6.
A. Radovi€, SwissFederallnst. of Technology Switzerland (6.
G. Romano,CSELT, Italy (6.

T. Frey, University of Ulm Germany (6.

6.5.1 Joint detectionCDMA

In CDMA mobileradiosystemsanumberK of independentisersaresimultaneously
active in the samefrequeny band,only discernibleby differentuserspecificspread-
ing codes. Eachdatasymbol of the datasymbolsequencej{k] transmittedby user
k is multiplied by the userspecificspreadingcode. The resultingsignalof userk is
transmittedover the time—ariantmultipathmobile radio channel.In the uplink, the
mobile radio channelsof all K usersarein generaldifferent. At the recever of the
basestation,the superpositiorof the contritutionsof all K usersappears At there-
ceiver, transmissiorover the time—ariantmultipathmobile radio channelgesultsin
bothintersymbointerferencélSl) betweerthedatasymbolsof oneandthesameuser
andmultiple accessnterferenc MAI) betweerdatasymbolsof differentusers MAI
is alsotermedinteruserinterferencglUl). Thesuperpositiorsignalis alsodisturbed
by a sequencen representingntercell interferenceandthermalnoise. The receved
sequence containingsamplesat the chip ratehasto be processedt the recever by

a datadetectionalgorithmto determineestimatesﬂ{k] of the datasymbolsequences
d¥ k=1...K, of all K users.

The corventionalsuboptimumsingle—userecever is implementedas a bank of K
matchedilters or K RAKE recevers,which considereachuserasif it werethe only
onepresentThisis inefficientsinceMAI is treatedasnoise.In mobileradio systems
usingsingle—userecevers,measureasaccuratgowercontrolcombatingastfading,
voice activity monitoring, antennasectorisatiorand soft handwer are necessaryo
obtainan acceptablg@erformance Thesemeasuresswell assynchronisatiorat the
chiplevel canbeavoidedwhenapplyingmulti—userrecevers,which exploit a—priori—
knowledgeaboutbothISI andMAL. In addition,however, whenapplyingmulti-user
recevers,theabose—mentionedneasuresanbebeneficiallyemployed. Theoptimum
multi—usermreceveris too complex to beimplementedn third generatiormobileradio
systems.Therefore,suboptimummulti-userrecever techniquesvere proposedand
investigatedn COST231. ConcerninglD techniquesthefour equalisers

& zeroforcing block linearequalise(ZF-BLE),

& minimummeansquareerrorblock linearequalise(MMSE—-BLE),

& zeroforcing block decisionfeedbackequalise(ZF-BDFE),

& minimummeansquareerrorblock decisionfeedbaclequalise(MMSE—-BDFE)
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were developedand extensiely investigated.Thesefour equaliserswhich perform
JD, aredesignedor

& multipathchannelsand
& bursttransmission.

Thetransmissiortanbe describednathematicallyby the matrix—vectorexpression
e=Ad+n (6.1)

with the received vector e, which is a function of the combineddatavectord, the
systemmatrix A, andthe interferenceandnoisevectorn. The combineddatavector
d containsall transmitteddatasymbolsequenced{k], k=1..K, of all K users.The
systemmatrix A is determinedoy the spreadingcodesof all K usersandthe mobile
radio channelimpulseresponsesf all K users. The mathematicatlescription(6.1)
is valid for the uplink aswell asfor the downlink, andfor the caseof onerecever
antennaaswell asfor the caseof morethanonerecever antenna.The derivation of
(6.1) andthe exactdefinitionsof e, A, d andn canbefoundin [61, 62] for the caseof
onerecever antennandin [63] for the caseof morethanonereceverantenna.

(6.1) represents systemof linear equations.At the recever, this system,which is
time—variant,hasto be solvedin orderto determinean estimated of d. For solving
this systemof linear equationsijt is assumedhat, besideghe recevedvectore, the
spreadingcodesof all K usersand the mobile radio channelimpulse response®f

all K usersand thus the systemmatrix A are known at the recever. When using
trainingsequencegheK mobileradiochanneimpulseresponsesanbeestimatedat
therecever by analgorithmfor joint channekestimatiorwhich wasdevelopedwithin

COST231. A detaileddescriptionof this algorithmcanbe foundin [64]. Thesystem
of linear equationg6.1) canbe solved accordingto the criteria zeroforcing (ZF) or
minimum meansquareerror (MMSE), which lead to two differentapproachegor

jointly determiningan estimated of d. Assumingadditive white Gaussiamoiseof

varianceo? anduncorrelatediata,the ZF-BLE yieldsthe estimate

dze= {ATA ATe (6.2)
andthe MMSE-BLE givestheestimate
aMMSE = {A‘TA+ O—ZI:I_lA‘Te. (63)

The symbol [-]“T denotescomplex conjugationandtranspositionand| is the iden-
tity matrix. Equations(6.2) and (6.3) have the samestructure. In the caseof the
MMSE-BLE, the variancea? of the noiseis taken into accountwhich requiresthat
o0? is estimatechttherecever. TheZF-BLE for JD leadingto (6.2)is ageneralization
of the single—useiZF equalisempresentedn section6.2. Also in the caseof more
thanonerecever antennandcoherenteceier antennaliversity (CRAD), (6.2) and
(6.3) remainvalid, asis explainedin [63]. Insteadof the inversionof the matrices
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[A*TA) and [A*TA+02l) in (6.2) and (6.3), respectiely, Cholesly decompositiorof

thesematricescanbe applied,which considerablyeducesomputationatomplexity.

FurthermorewhenapplyingCholesk decompositiongecisionfeedback DF) canbe

introducedo improve performanceavithoutincreasinghe computationatomplexity.

IntroducingDF in (6.2)and(6.3)leadsto theZF-BDFEor the MMSE—BDFE respec-
tively. To avoid the impairing effect of error propagationvhenusing DF, a method
termedchannelsorting hasbeenproposed.Details on the applicationsof Cholesky

decompositionDF including channelsorting and the extensionof the equaliserdo

the caseof non—whitenoisearegivenin [65] and[63] for the casesof oneor more
receverantennasiespectiely.

Concerningthe computationacomplexity of the ZF-BLE,MMSE-BLE,ZF-BDFE
andMMSE-BDFEfor JD,the mostimportantresultsare:

& All four equalisersequireessentialljthe samecomputationatomplexity.
& The computationatompleity requiredis independenbf the size of the data
symbolalphabet.

The computationalcompleity requiredfor JD is larger than that requiredby con-
ventionalsuboptimumsingle—usedetectors. However, consideringthe potential of
modernmicroelectronicsthe computationatomplexity requiredfor JDis feasibleal-
readytoday Especiallyin systemsasproposedn section7.4,whichincludea TDMA
componenteadingto areductionof thenumberK of simultaneouslhactive usersthe
computationatompleity requiredfor JD seemgo beaffordable.

The ZF-BLE, MMSE-BLE, ZF-BDFEandMMSE-BDFE have beenappliedto the

JD-CDMA systemproposaldescribedn section7.4. The performancen termsof

simulatedbit error rate (BER) P, versussignal-to—noiseatio EpfNy per bit of the

ZF-BLE, MMSE-BLE, ZF-BDFE and MMSE-BDFE for one andfor two antenna
receversin the uplink is givenin Fig. 6.32. Convolutional forward error correction
coding(FEC)with rate1/2 andconstrainiength5 is considered The systemparam-
etersusedin the simulationsaregivenin section7.4. The Rayleighfadingmultipath

mobile radio channelshave beenmodelledaccordingto the COST 207 model bad

urban(BU) areachannelwith a mobile speedof 30 km/h. 8 mobile stationsare as-
sumedto be active simultaneously To obtainthe resultsin Fig. 6.32, channelshave

beenestimatedaccordingto [64], sothatthe effect of imperfectchannelestimation
is included. More detailsaboutthe simulationsand simulationresultscanbe found

for the caseswithout FECin [66] andwith FECin [67]. Detailsaboutthe achiesable
cellularspectrumefficiency canbefoundin [68]. The mostimportantresultsare:

& Thetwo equaliserZ F—-BDFE and MMSE-BDFEwith DF shav a betterper
formancethanthe two equaliserZ F-BLE andMMSE—-BLE without DF.

& Thetwo MMSE equalisersMMSE-BLE and MMSE—-BDFE performsslightly
betterthanthetwo ZF equaliser& FBLE andZF-BDFE,respectiely.

& Coherenteceverantennaliversitywith two receverantennasllows Ey, ,-’No to
bereducedy about6 dB to 11 dB dependingnthetypeof terrainascompared
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with the caseof onerecever antenna.3 dB of this improvementis dueto an
enegy gain,theadditionalimprovements dueto diversity.

& Whenapplyingcoherenteceverantennaliversitywith two recever antennas,
the performancalifferenceof the four equaliserss smallerthanin the caseof
onereceverantenna.

& WhenapplyingFEC,theperformancelifferenceof thefour equaliserss smaller
thanin the casewhereno FECis applied.

# Theachievablecellular spectrunmefficiency is of the orderof 0.2 bit/(sHz) per
basestationin the uplink [68] and0.39 bit/(s-Hz) perbasestationin the down-
link [69].
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Figure 6.32: BER performanceof the ZF-BLE, MMSE-BLE, ZF-BDFE and
MMSE-BDFE

6.5.2 Joint Parameter Estimation and Data Detection

The uplink of a CDMA systemis consideredvhereK userssimultaneouslyransmit
datapacletsover K multipathtime-invariantchannelsisingbinary phase-shifkeying
directsequencepreadspectrum(BPSK/DSSS)modulation. The basebandomplex
impulseresponsef the k-th userchannelis assumedo consistof L paths,eachof
which is characterisedy a complex coeficient gxs anda delay 1. Thesechannel
parametersogetherwith the transmittedenegies of all usersare arrangedn a pa-
rametervector© which is assumedo be unknown at the receiver. The transmitted
symbolsof all usersin acertaindatapacletarerepresentetly thematrix &. With the
above definitions, the receved signaly(t] canbe written asy(t] = 5(t; %,0)+ n[t],
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wherez[t; &, O] is thesuperpositiomf K - L signalscontributedby theincidentwaves
andcorruptedoy zero—meamdditive white complex Gaussiarchannehoisen(t} with
E[nit +to] n* (t1]= Nod[to]. An algorithmhasbeenproposedvhichjointly estimates
thechannelparametes andthedatabits of all uses[70]. Maximumlikelihood(ML)
solutionsof theproblemaregivenby valueq %, ©] whichmaximisethelog-likelihood
function A[%, ©;y(t1] = 2 Ji Re{y[t].5*[t; %, O} dt — J |5(t; #,0]|°dt. Sincethe
maximisationof A[,0;y(t]] is computationallytoo intensie, we rely on iterative
algorithmsto separatehe taskinto several separat@ptimisationproblems. The ex-
pectationmaximisation(EM) algorithmis usedto estimate® while the datasymbols
aredetectey meansf a multistagedetection(MS) algorithm. Both algorithmsare
combinedwithin a Gauss-SeidedchemeMonte-Carlosimulationshave beencarried
out, wherethe symbolenegies €y of all usersat the recever remainconstanuring
differentsimulationruns,althoughthe delaysandamplitudesvary in arandomman-
ner. Fig. 6.33depictstheuncodedbit errorprobability P, 1 of thefirst userin asystem
with K = 6 andL = 3. In comparisorto the RAKE recever with perfectestimates
of the channelparametersthe proposedterative schemeachiezesa substantiaim-
provementin performanceTheresultingbit error probabilityis very closeto that of
a single-usedetector asdenotedby the dottedline (BPSK). Fig. 6.34 shaws the bit
error probability P, 1 for a constanty; = 8 dB asa function of symbolenegies &y,
k= 2...6, of theinterferinguserselative to ;. Additional simulationresults[70] of
atwo-usersystemwith adatarateof 128kbit/s usingmacrocellulachanneimeasure-
mentsat carrierfrequengy 1980MHz shav the capabilityof the proposedschemeo
eliminatethe nearfar effectevenin realisticervironments.
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Figure6.33:Bit errorprobabilityPy1[y1] ~ Figure6.34:Bit errorprobability Py, 1[y1)
of userl asa function of the signal-to— of user1 for constanty; = 8 dB and
noiseratioy; = "1 No in thepresencef variousinterferencelevels yx = Ex,/No,
5 interferinguserswith yx = ENo, k= k=2...6

2...6
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6.5.3 CDMA with Interfer enceCancellation

Performancén termsof BER for the uplink of a DS—CDMA communicationsystem
usingthelnterferenceCancellatior(IC) techniqug71, 72] andnoncoherenteception
hasbeenpresentedn Riceanfading ervironments. Theseinvestigationshave been
carriedout by L. Levi andG. Romanofrom CSELT, Torino, Italy. The considered
propagatiorchannelis affectedby Riceanfading,characterisedy aratio p between
the line of sight andthe multipathcomponentsthe fadingphenomenare assumed
independenfor the differentusers. For sale of simplicity, synchronougeception
wasassumedn the simulationsalthoughthetechniquecanbe usedalsoin the asyn-
chronouscaseg[71]. ThelC techniqueconsidereds basedon orthogonaimodulation
(i.e. Walsh—Hadamardncodingandonthesignaldemodulatiorirom thestrongesto
thewealestoneaccordingo apowerlist. Userassignegseudmoise(PN)sequences
areusedto distinguishthe differentsignalsbut do notintroduceany spreadingln this
way the first signalto be demodulateds the onethat presentghe highestsignalto
interferenceatio (C/1) andthusit is lessimpairedby interference The signalis then
cancellecandsotheoverallC/1 ratio increasesndalsothe wealer signalscanreach
theC/1 neededor therequiredperformanceConsideringhatthe basestationhasto
demodulatell therecevedsignalsandthatit knows all the userassignedPN codes,
it startsthe demodulatiorof the strongessignal on the basisof the receved signal
power list. The basestationperformsthedescramblingf therecevedsignalwith the
PN codeassociateavith the strongestiserandthenthe Hadamardiecodingoy apply-
ing a Walsh—-Hadamardransform(WHT) to both the inphaseandquadraturesignal
componentsThe chosercodeword, whichis theonewith largestmodulovalueafter
WHT, is cancelledandthe resultingsignalis subjectto inverseWHT andscrambled
with the samePN sequence.The procedureis theniteratedwith the secondsignal
in the power list. The power list can be obtainedin an adaptve way at time T; by
analysingthe demodulategignalsat time Ti_1, whereT is thetime durationof each
Hadamardcodeword. The signalpower is relatedto its maximal co—ordinatesfter
WHT, thusthe power list canbe obtainedby orderingthe maximalco—ordinatesf all
the demodulatedssignals. Theinitial conditionscanbe achieved eitherby the power
controlalgorithmor by randominitialisation.

A scenaridn which 10 active usersare simulatedhasbeenconsidered . Eachusers
signalis encodedwith a Hadamardblock codeH[128, 7], scrambledwith the user

assignedPN code and then BPSK modulated;the overall processinggain is Py =

1287 (12.62dB).The transmittedsignals, affected by independenRiceanfading,
are summedup at the recever side to obtainthe overall receved signal. From the
simulatedresults,it wasfound thatthe IC techniqueallows a greatercapacitythan
the of corventional CDMA, evenwith a relatively low processinggain. Increasing
thenumberof cancellednterferersimprovesperformanceout, on the otherhand,the
recever is morecomple, anda tradeoff betweencompleity and performancehas
to be found. Performancelependson the Riceanfactor p, which characterisethe
propagationchannel,and, especiallyfor low factors,the curveswith all the inter-
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fererscancelledapproachthe one usercase. The bestperformances obtainedwith

p = 10dB, while with p = 100dB the algorithmcannotwork at its bestfor thefirst
signalsto be demodulatedind cancelledbecausehe receved signalspresentalmost
the somepower andthusit is not possibleto find the strongesbne. For p = —100,
0 and 100 dB, simulationswith the computedpower list give performancesvhich
approachthat obtainedwith the ideal list, while for p= 10 dB (whereerrorsin the
demodulatiororderarenot negligible with respecto the effectsof fading)thereis a
lossof about1.5dB in the Ep/No ratio at BER = 10-2. Simulationresultsalsoshaw

thattheadoptednterferencecancellatiortechniques lesssensitve thancorventional
CDMA to nonperfectpower controlandchip synchronisation.

A specialkind of IC technique,suitablefor the synchronousgdownlink of CDMA
systems hasbeendevelopedby M. Bossertand T. Frey, University of Ulm, Ulm,
Germary. A lesscomplex recever implementatioris achiezed by exploiting the re-
strictionof synchronisnwith suitablespreadingodes.

The corventionalapproachesn JD and IC dealwith the generalcaseof a mobile
radiolink. Theasynchronousiplink hasdifferentchanneimpulseresponsefor each
user Thedownlink is treatedasa specialcasehaving somesimplifications(because
of synchronismanda commonimpulseresponsebput is neverthelessa computionally
expensve task, especiallyconsideringthatit hasto be performedin the mobile with
restrictionson size and power consumptions.For the JD/IC algorithmthereare no
principalrestrictiongo thespreadingequenceasedandquasiorthogonabold codes
arewidely usedbecaus®f their goodcorrelationpropertiesat a sufficient large code
setsize.

The inherentsynchronismof the downlink allows the use of orthogonalspreading
codes.An exampleis the Qualcomm-Systerwhich usesspreadingsequencebased
on scrambledHadamardcodes. Thesesequencesdeliver anideal userseparatiorin
AWGN channeldbecause¢he orthogonalityavoidsinter-userinterferencglUl). With
increasingime dispersionof the channelthe orthogonalitydiminishesandturnsinto
aquasiorthogonalitywhich resultsin theoccurrencef IUL.

ThelUl is proportionalto theinterferencgparameter

Iy = K% 6.4
h k;lq)hh[ 1| (6.4)

of thetime discreteequivalentchannehfk].

Themainideaof this IC techniqués to restorethelost orthogonalitydueto the multi-
pathpropagatiorby applyinganequalisemworking on theinput signal(on chip level)
beforedespreadingDue to the fact, that the equalisethasno knowledgeof the de-
spreadedata,only alineartypeequalisers applicable Althoughthe MMSE criterion
is usedfor coeficient calculation,the resultingnoiseenhancemeritmits the perfor
manceof IC. Applying a time-invariant(no fading) channelwith 3 pathsof equal
poweronafully loadedsystem(numberof users= spreadindength)thelossis about
4dB at a bit errorrate of 10~2 comparedo the single userbound (ideal BPSK). In



338 Chapter6
termsof the interferenceparametedy, which determineghe link performancethe
3-pathchannelusedis worse(l = 0.667)thanthe COST207channeimodels,where
Ih = 0.28is derivedfrom the delaypower profile of thetypical urbanchannel.

In orderto overcomethe penaltyof noiseenhancementhis methodwas combined
with interferenceestimationand subtractingcf. Fig. 6.35. The input signalis now

—>— CMF i~ TE

DEM [——

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure6.35: Recever structure

only weaklyequalisedn orderto keepthe noiseenhancemergmall. Thenthesignals
of the otheruserswere predemodulateddecided,remodulatedand corvolved with

the equivalentchannel,which deliversan estimatefor the IUI. In orderto keepthe
effect of error propagatiorsmall, the reliability of eachdecisionis considerecby a
nonlinearcharacteristicTheestimationof the Ul is subtractedrom theinputsignal.
For further detailssee[73]. This schemeshavs that evenin the fully loadedcase
only aslightdegradationof approximatelyl dB comparedo the optimumsingleuser
bound(cf. Fig. 6.36)andthuspromisesagoodperformancenmobileradiochannels.
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6.6 Hybrid TDMA/CDMA

A. Burr, University of York, United Kingdom

A numberof schemedave beenproposedvhich arehybridsof TDMA andCDMA.
The objective of theseis to avoid the shortcomingf both TDMA andCDMA, and
thusto obtainenhancedapacity Someof the schemesrealsoconsideredn more
detail elsavherein this chapter:the objective hereis to shov how the inclusion of
elementof oneschemanayenhancehe capacity(or otherperformancebjective) of
theother

6.6.1 TDMA/SFH

The useof slow frequeng-hoppinghasbeenconsideredogetherwith codedmodu-
lation. The effect of SFH in this context is to enhancehe effect of the diversity of
thecodewithoutrequiringlong delaysdueto interleaving. To avoid self—interference,
zero—coincidencéopping patternssynchronisecamongall userswould have to be
employedin acellularsystem.The effect of correlationbetweerthe frequeng chan-
nelsis consideredandit is shavn thatfor a separatiorbetweerhoppingfrequencies
greaterthan0.15/(delayspread)the degradationof the systemis negligible. It is also
shawvn thatperformancavithin 1 dB of idealis achiezedwith nomorethan5 hopping
frequencies.

6.6.2 JD-CDMA

A TDMA elementlaswell asFDMA) is includedin the JointDetection(JD-CDMA)
systemdevelopedat the University of Kaiserslauterii74], in asystemwhichis based
on DS-CDMA. This systemis reviewedin moredetail in section6.5 andin chapter
7. Herewe will considerthe extentto which the inclusion of FDMA and CDMA
elementgprovide advantage®verapureTDMA or CDMA system.

Firstly, the availability of all threeforms of multiple accesprovidesflexibility, since
the systemis ableto switch betweenthem. This is importantin a third generation
systemsinceit allows operationin arangeof operatingervironmentsfor avariety of
servicetypes,andsupportsarangeof terminaltypes.It would alsoprovide interoper
ability betweermobilesandbasestationsusingdifferenttypesof air interface.
Secondlyit allows the systemto take advantageof a wide rangeof differentforms
of diversity. Diversity hasbeenidentifiedas essentiain overcomingthe degrading
effects of the mobile radio channel,by reducingthe randomvariation of the signal
to interferenceratio dueto fading, etc. Fig. 6.37 summariseshe typesof diversity
availablein any mobileradiosystem.All theseformsareavailablein the JID-CDMA
systembecausef the availability of CDMA and TDMA. For example,frequeng di-
versityis providedby the CDMA spreadingtime diversityby codingandinterleaving
onaTDMA basis,andinterfererdiversitythroughCDMA (whichimpliesthatanum-
ber of userssharethe samechannel). Variousforms of antennadiversity have also
beeninvestigatedandoffer furtherimprovements.
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Figure6.37: Diversityapproachem cellularsystems

6.6.3 CTDMA

CodedTime-Division Multiple AccesCTDMA) is alsoproposed75]. Thisis based
on TDMA, but the signalis spreadn the frequeny domainusinga pseudo-random
code,asin CDMA. Theprincipleis describedn chapter7. Eachusers signalis con-
vertedto a symbol-by-symbolT DMA waveform. This is cornvolvedwith a pseudo—
randomsequenceommonto all userswithin asinglecell. At thereceverthesignalis
passedhroughthe aperiodicinversefilter of the spreadingsequencewhichin effect
reverseshe cornvolution andregenerateshe TDMA signal. Hencethe usersmay be
perfectly separated Sincethe aperiodicinversefilter is not a matchedfilter the per
formanceis degradedrelative to matchedilter reception However, it hasbeenshown
that spreadingsequencesgxist for which this degradationis very small, =a 0.4 dB.
Thesesequencearebinary with chip valuest1, sothatthe resultingsignalis con-
stantervelope.

The above descriptionneglectsthe effect of multipath,which will causenterference
betweenusersoccupying adjacentslots. This can be overcomein two ways. For
smalldelay—spreadsguardtime maybeintroducedetweerusers For delay—spreads
significantly greaterthanthe chip period (greaterthan5 ps), this would excessvely
degradethe spectralefficiency. Hencean equalisemustbe usedin the recever. It
is proposedo usethe Maximum-a-posterior{MAP) equaliserwhich hasoptimum
performanceandwhosecompleity is keptwithin boundsbecausenly a few users
will overlapatarny onetime.

In acellularsystemCTDMA would useadifferentspreadingequencén eachof one
clusterof cells. In this caseinter-cellularinterferencewvould appearasuncorrelated
noise,asit doesin aCDMA systemandthereforel00%frequeng re—usds possible
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dueto theinterfererdiversity effect. It hasbeenshavn that multiple sequencewiith
goodinterferenceejectionpropertiesexist.

Theadwantage®f CTDMA overacorventionalTDMA systemcanbesummarise@s
follows:

& Thepeak-to—meapower ratio of the signalis reducedo unity, giving electro-
magneticcompataibility(EMC) advantages

& In acellularsysteml00%frequeng reuseis possible asin CDMA systems
& Theinherentfrequengy diversityof DS—CDMA is alsoavailableto CTDMA

& Inter—cellularinterferencaeductiontechniquesuchasvoiceactiity detection
applyequallyto CTDMA asto CDMA

& Sincethereceveraftertheinversefilter is TDMA, thesystemhasahighdegree
of compatibilitywith TDMA.

Themaindisadwantagéds theadditionalcompleity of alinearfilter of lengthN in the
transmitterandanotherof length3N in therecever.
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6.7 Multicarrier techniques
L. Vandendorme, Universite Catholique de Louvain, Belgium

Multicarrier techniqueshave beenrecently consideredor transmissiorover fading
channelsThesetechniquesisemorethanonecarrierto transmittheinformationas-
sociatedwith a particularuser OFDM (Orthogonalfrequeng division multiplexing)
which is a particularcaseof multicarrier modulationis currently usedin the DAB
(Digital audiobroadcastingyystemandis a seriouscandidatdor DVB (Digital video
broadcastingpver terrestrialnetworks. Also OFDM hasbeenseriouslyinvestigated
for high bit ratetransmissiorover telephondines. OFDM canbe seenasa parallel
transmissiontheinput symbolstreamis dividedinto parallelstreamsvhich areused
to modulatecarrierswhich areorthogonalon the symbolduration.Hencethe symbol
durationis increase@ndthesignalshouldbemoreresistanto largedelayspreadsTo
stateit in the frequeny domainthe numberof carriersshouldbe suchthatthe band-
width of eachof thesecarriersbecomesuficiently narrov to considerthechannels
frequeng non—selectie. Usingthis modulationtechniquethe time discretetransmis-
sionsignalcanbe calculatedn a costeffective way by an IFFT (inversefastFourier
transform),andan FFT canbe usedin the recever. OFDM transmitterandrecever
aredepictedn Fig. 6.38.

6.7.1 OFDM with guard time

A very eleggantway to remove the problemof ISl is to usethe techniqueof guard
interval of lengthTy. If thechanneimpulseresponsés aboutTg the OFDM symbols
of length T, canbe periodically extendedto build a symbolof length Ty + Ty. After
transmissiorthefirst Ty secondof eachOFDM symbolwill be corruptedoecausef
thechanneimpulseresponself thedetectorusesthelast T, secondof eachsymbol
this partis not corruptedby the previousOFDM symbolandthesubcarrierkeeptheir
orthogonality The signal at the qth output of the FFT device and associatedvith
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Figure6.38: OFDM transmitterandrecever
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symboln (1g) is givenby

V= yf e 130T T+ Vg 63

whereC[2mgf T] is the Fourier transformatiorof the channelimpulseresponsee[t]
for frequeny 2mgf T andvg,q is theeffectof theadditive Gaussiamoise.Orthogonal-
ity betweerthetonesis maintainedandISl is avoided. However the symbolaffecting
thei-th carrierin the OFDM multiplex is affectedby the value of the channeltrans-
mittanceat thatfrequeng. Assumingthatcomplex gaincanbe estimatedhe symbol
canbe correctedby therecever. Thepriceto be paidto useguardtimesis a lossof
Tof Tg+ Tu in usefulpower or anequivalentincreaseof the bandwidth.How absolute
anddifferential(de)modulationgouldbe performedwvith OFDM hasalsobeeninves-
tigated[76]. Differentialdetectionis very attractve,becausevhenthechannekanbe
consideredisconstanbetweerntwo successie symbols,its affectis compensatetbr
by thedifferentialdetector Fig. 6.39shavsthesensitvity of OFDM to time variations
of thechannel. Thechannelwasthe Bad Urbandefinedin COST207.
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Figure6.39: Performancef OFDM in the Bad Urbanchannefor variousspeeds

OFDM might beusedalsoin anFH (frequeng hopping)scenario.ln orderto avoid
auserbeingallocatedto afadingfrequeng, its frequeng is modifiedaccordingto a
specificpattern.Thefrequenciesn thehoppingsetmaybeselectedsuchthatthey are
orthogonaland hencethis schemds implementedvery easilyby meansof (I)FFTs.
OFDM wasalsoinvestigatedor aradiolink at 34 Mbits/sin a bandwidthof 8 MHz.
Absoluteand differentialmodulationschemesvere comparedor AWGN and mul-
tipath propagatiori77]. A drawbackof OFDM signalsis the non constantenvelope
which hasalargedynamic.Thereforea powerlosshasto beacceptedn the presence
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of anonlineardevice suchasa high power amplifier Theseaspectsereanalytically
investigatedaswell.

6.7.2 OFDM without guard time

If OFDM without guardtime is used the systemis affectedby ISI. Moreoverthe or-
thogonalitybetweerntonesis lost andhencecross—carrieinterferencgCClI) appears.
The efficiency of OFDM transmissiorover a speculamultipath fading channelhas
beenanalyticallycomputedn [78]. For agivendelayrangeandassumingRiciandis-
tributions of the pathgains,it is shavn that whenthe numberof tonesgoesup the
systemperformancemproves. However the limiting effectis this scenariovould be
thechannelariations.lt is expectedhatanoptimumnumberof tonescouldbefound.
Also it wasassumedhatthefiltersin therecever werematchedo the symbolshape
only.

6.7.3 OFDM-CDMA

In orderto provide the systemwith a multiple accescapability CDMA canbemixed
with OFDM. Therearetwo waysto combineOFDM with CDMA.

Method 1

A first possiblecombinationwasinvestigatedn [79] for a multiple accesand mul-
tipath scenario.The transmittedsignalis first OFDM modulatedandthenspreading
is put on top of it. Basicallythis schemeresemblesa CDMA system;the main dif-
ferenceis thatthe spreadsignalis a multitonesignal. This combinationbenefitsfrom
the propertiesof CDMA aswell asfrom its drawbacks.In [78], thetotal interference
wasmodelledasGaussiartistributed. To keepthe bandwidthconstanthe chip dura-
tion hasto be constantandhencelongerpseudo—noiseodescanbe usedwith larger
numbersof tones.Consequentlynoreuserscanbe accommodatedh the sameband-
width. Diversity receptionwas investigatedand the computationaresultsshowv the
adwantageassociateavith larger numbersof tonesin combattingboth the multipath
effect and the multiple accesdnterference. For this type of combinationthe tech-
nigueof guardinterval is no longerrelevant. HenceMultiple Input—Multiple Output
(MIMO) equalisatiorstructuresvereinvestigatedor OFDM—-CDMA in [80, 81, 82)].
Theequalisatiorstructuresverederivedfor filters matchedo boththechanneblndthe
symbolshape.The steady—statbehaiour of linear[81] anddecisionfeedback82]
equaliseravasinvestigated Adaptive versiong80] have alsobeenproposed.Adap-
tive RLS (recursve leastsquarestructuresverederivedandpresentedn theform of
aKalmanalgorithm. Simulationresultsobtainedfor atime—aryingchanneimodeled
by meanf atappeddelayline shaw the effectivenesof the equalisation.

For sucha system,Joint Detection(JD) was investigatedas well. The device pro-
cesseghe outputsof filters matchedto the channelandthe symbolshape. It turns
out that the matchedfilter outputssuffer from ISl (inter Symbol Interference) Bl
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Figure6.40: BER for N /N = 152, Ny = 3 users,andchannelswith 2 paths(equal
amplitudes)per userand matchedfiltering only (MF), interferencecancellationonly
(1 tapfilters,K = 0), andJEICwith (3 tapsfiltersK = 1).

(Inter Band Interferenceand MAI (Multiple Accessinterference).The maximum-—
likelihood sequencesstimatorwas derived for sucha system,but is very complex.
Thereforesuboptimumdetectorsbasedon the processingof matchedfilter outputs
wereinvestigated Therecever containsN, = N; matchedilters whereN, andN; are
the numberof usersandtonesrespectiely. It wasfirst assumedhatthe channelin-
formationwasavailableandhencechanneimatched-filteringvasperformed.Thena
solutionwasproposedo performsymbolshapematchediltering only.

When designingjoint detectiondevices the main challengeis to obtain structures
whosecompleity is only linear with the numberof usersand which are nearfar
resistant. That makesit possibleto avoid a fine pawer-control strategyy. Different
typesof joint detectiondeviceswereinvestigatedor multipathchannelsThey donot
assumeblock transmissionThesestructuresare

1. Thelinearjoint detecto{83] (T-JEIC,meaningtrans\ersaljoint equaliserand
interferencecanceller),seeFig. 6.40. The MMSE MIMO joint detectoruses
coeficientssuchthatthe expectationof the errorbetweerthetrue symbolsand
their predictionbuilt from the sampledmatchedilter outputsis minimum.

2. The decisionfeedbackdetector[84] (DF-JEIC),seeFig. 6.41. Actually two
typesof DF joint deviceshave beeninvestigatedin thefirst one(DF-JEIC-1),
the estimatesare built from currentmatchedfilter outputs,a few future ones
and previous decisions.For mathematicatractability it wasassumedhatthe
decisionsarealwayscorrect. In the seconddevice (DF—-JEIC-2) the usersare
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Nu=3 Nc=15 MF DF—-JEIC—-1 and JEIC—-2 with K=1
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Figure 6.41: Bit error rate as a function of EnfNo for Nef/Ny = 1542 and Ny, = 3
overone—pathasynchronoushannelsThesolid curvesarefor matchediltering only
(MF), the starsare for DF—JEIC—1with 3 tap filters and the dotted curves are for
DF-JEIC-2with 3 tapfilters.

orderedin decreasingrderof power. The mostpowerful useris detectedwith

thefirst DF stratayy. Then,for the secondnostpowerful user theestimatesre
built similarly exceptfor the currentdecisionof thestrongestiserwhichis used
insteadof the matchedilter output,andsoon for the otherusers.

3. Thefractionally spacedinearjoint detector(FSJD).Whenthe channelis time
varying, boththe channelmatchedilter andthe joint detectoave to be adap-
tive. Ratherthanperformingchannematchediltering, symbolshapematched
filtering canbeperformedbut in orderto beableto rendertheeffectof thechan-
nelin the adaptive device the samplingrate at the outputof the matchedilters
hasto be increased.Therecever is thenonly supposedo know the pseudo—
noisecodesof theusers.

All thesedetectordrave beendesignedor anMMSE criterion. A zero—forcingdesign
would correspondheanMMSE designatinfinite Ep fNo ratio. For all thesestructures,
it hasbeenshavn how to obtainthe coeficientsof the equalisersn closeform and
how to adaptthemby LMS or RLS techniquesMoreover, from thedecisionvariables
obtainedafterjoint detectionassuming8PSK modulationit hasbeenshavn how to
obtaina closeform expressiorof the BER.

Thesteady—statperformancef all thesgoint detectorhasbeeninvestigatedn asyn-
chronousscenariosvith one—pathor two—pathgper user Also the resistancegainst
anearfar effect for the samechannelhasbeendemonstratedseeFig. 6.42. There-
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Figure6.42: lllustration of the near-far resistancéor NN, = 15,2 andN, = 3 over
one—pathsasynchronoughannels. E,fNo = 7 dB. Matchedfilter detection(MF),
DF-JEIC-1(solid line) andDF-JEIC—-2Z(stars)bothwith 3 taps(K = 1).

sultsarethat,assuminghannematchediltering, andfor a constantompleity, DF—
JEIC-2is best thencomesDF-JEIC-landthenT-JEIC.DecisionfeedbacKkraction-
ally spacedoint detectiorhasnotyetbeenstudied put is certainlythe mostpromising
candidate.

Method 2

A secondnethodto combineOFDM with CDMA wasanalysedn [85] for thedown-
link. Here, spreadings performedon the information symbollevel prior to multi-
tonemodulation.If Ny subcarrierareavailableevery informationsymbolof a single
OFDM symbolis spreadover onesubsebf M; subcarrieraisingM;—dimensionabr-
thogonalcodes.Originally thistechniquenvasregardedasa multiple accessechnique
but it canalsobe regardedasa diversity technique.To obtaina maximumdiversity
gain, Ne /Mt [M; < N;] codesetswereusedin every OFDM symbolwhich werear-
rangedlike a combthus minimising the correlationamongthe subcarriersallocated
by a singlecodeset. Sincethe orthogonalityof the codesis destrged by the chan-
nel equalisatioris necessaryn the recever. Threedifferentequalisatioralgorithms
wereinvestigatedn [85]: Restoringheorthogonalityby multiplying therecevedsig-
nal vectorwith theinversechannelransferfunction (ORC) shows poor behaiour in
Rayleigh—Rdingchanneldecauseveaksubcarriergausea high noiseamplification.
Betterresultswere obtainedif only thosesubcarriersare restoredwhosepower lies
above acertainthreshold TORC). The bestperformancavasachievedby aniterative
procedurevaluatingthe Lik elihoodfunction of all symbolsequencesf codelength
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M; with only onebit differenceto a startingsymbolsequencevhich wasobtainedby
TORC. The most probablesequenceavas then usedasthe startingsequencdor the
next iterationstep. Four iterationstepsweresufficient to getan E, fNo gain of more
than8dB ata BER of 102 in comparsiorto a corventional OFDM system(seeFig.
6.43).
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Figure 6.43: BER as function of the averageEnfNo for different OFDM—CDMA
equalisationalgorithmsunder Rayleigh—fading conditions. (4—QAM, uncorrelated
fading,noisy channektateinformationo? = 0.1N, My = 32)

Theideaof OFDM-CDMA hasalsobeerninvestigatedn [86] for aDECT-like system.
Here spreadingvasperformednbit level usingorthogonaWalshcodes With Walsh
codesof lengthfour adifferentialdetectiorstructurecanbemaintainecandnochannel
estimationhasto be performedattherecever.
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6.8 MAC Protocols
C.J. Burkley, University of Limerick, Ir eland

TheMediumAccessControl(MAC) sublayeris locatedbetweerthe DataLink Con-
trol (DLC) layer andthe Physicallayerin the OSI Model. Functionallyit is a sub
layerof the DLC layerandits purposeis to allocatethe multi—accessnediumamong
severalnodes.

A radiomediumis generallya broadcastransmissiommediumunlessa specialeffort
is madeto focusthe transmissiorin onedirection. The radio interfaceis therefore
analogoudo a broadcassystenratherthanto a dedicatedine for anindividual con-
nection.Thus,amechanisnis requiredto ensurghatusersgainaccesso themedium
in afair mannerandalsothatefficient useis madeof themedium.

The two main catggoriesof randomaccessare ALOHA and carrier sensemultiple
accesgyCSMA). In CSMA, which is oneof the mostcommonaccessindechniques
in usetoday a nodewishingto transmita paclet, first listensto the channeto deter
mine whetheranotheruseris currentlyaccessinghe channel. CSMA is lessproneto
instability problemghanALOHA andits efficiency canbefurtherimprovedby using
collision detection(CD) sothat colliding sourcesceaseo transmitwhena collision
hasbeendetectedratherthanwaiting until the endof a paclet. However CSMA/CD
is difficult to implementin a radio environmentasit may be difficult for sourcego
detecta collision in the presencef severefading. CSMA/CD is alsounsuitablefor
voice traffic becausef its unboundedaclet delay Otherpossiblemultiple—access
techniquesarethe tokenring andtoken bus, but theseschemesre moredifficult to
managen thefadingradio ervironment.

Thereis thereforea needfor a multiple accessrotocol,which would perform effi-
ciently in the hostile radio environmentand which would be suitablefor integrating
bothvoice anddatatraffic.

Packetaccessnechanism$or cellularradiowereconsideiin theRACE Mobile Telecom-
municationsProject1043[87]. The primaryadwantageof paclettransmissions that
bandwidthmaybeallocatedonademandasis.Four differenttechniquesvereexam-
ined, TM—BCMA/CD (time—multiplexed base—controllednultiple accesawith colli-
siondetection) PRMA (pacletresenationmultiplex access)HPS—DB(hybrid paclet
systemwith dynamicboundaryandHPS—FB(hybrid pacletsystermwith fixedbound-
ary) andit wasconcludedhatthe PRMA protocolis anattractve candidatdor mixed
servicesover a rangeof cell sizesasit canaccommodatdixed channelaccessye-
senedchannelccesandrandomchannelccess.

In the PRMA protocol [88], the channelis divided into slots, which aregroupedin
frames. Within a frame eachslot is recognisecasavailable or resened on the basis
of afeedbackpaclet broadcastn the previous framefrom the basestationto all the
terminals.As in slottedALOHA, terminalswith new informationcontendfor access
to available slots. At the end of eachslot the basestationbroadcasts paclet that
reportstheresultsof thetransmissionA terminalthatsucceed sendinga pacletto
the basestationobtainsanimplicit resenationfor exclusive useof the corresponding
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time slotin subsequerframes.PRMA requiresall terminalsto listento acknavledge-
mentsin all slots. Frameresenationmultiple accesgFRMA) [89], is avariantof this
schemen whichthebasestationbroadcasttheacknaviedgementor all theslotsin a
frameatthe endof theframe. This resultsin reducedrecever actiity andthe system
canbe further enhancedy usingan adaptve permissionprobability schemewhere
thepermissiorprobabilityis choserdependingn the numberof resenedslotsatthe
beginningof the frame.

In orderto supportsynchronousindisochronouserviceswhile guaranteeingccept-
ablegrade—of—serviceomekind of isochronougircuit allocationcapabilityhasto be
provided by the MAC sublayeranda SpaceDivision Multiple Access(SDMA) pro-
tocol with resenation demandassignment$¢DA) disciplineto provide hybrid paclet
andcircuit switchingserviceshasbeenproposed90]. The channeltiming formatis
aslottedchannel gachtime slot correspondingo the paclet sizeof the lower bit rate
serviceprovided by the network. Packetscorrespondingdo differentservicesarein-
teger multiplesof slots. Slotsaregroupedonto fixed framesandthe numberof slots
in aframeis calculatedsothatthe delaybetweentwo consecutre voice pacletsdoes
notaffectthequality of speechSlotsaredividedinto resenationslotsanddatatrans-
missionslotsandthe numberof slotsfor eachclasscanbe modifiedasa function of
thecollision rateor the numberof re transmissions.

Polling canalsobe usedasa techniquefor controlling accesgo the mediumanda
numberof differentmultiple accesgechniquesncludingfull polling, partial polling
anda contentionprotocolwithin a polling structurehave beenproposedandinvesti-
gated91] for theirsuitability for anintegratedvoice/datandoorradiosystem Results
shavedthat2.5Mbits/suserdatathroughputtanbe supporteadvith the partialpolling
or contentionschemesvith a 20 msframelengthandwith acceptableoicedelays.
A new transmission/resourcgharingschemewhich usesa pure RTS (Requestto
Send)/CTS(Clearto Send)protocol hasbeenproposed92] asa resourcesharing
scheméor radioLANSs. In this schemehe availablebandwidthis dividedinto sub—
bandsandwhenabasestationhasa messagéo sendit sendsan RTS overanprimary
sub—bandhat wasnot busy to the destinationstationwhich wasalsonot busy. The
sourcestationthenlistensto thatsetof sub—band$or a CTSfrom the destination.If
the RTS is receved intact at the destinationa CTS is sentto the sourceover the set
of sub—bands.On receving the CTS, the sourcestationsendsthe dataover the set
of sub—bandsOn receving the datathe destinationrsendsan acknavliedgemenback
overthesub-bands.

Sincethedeploymentof new personatelecommunicationsetworksis lik ely to occur
simultaneouslywith that of new broadbandnetworks the MAC protocol dataunit
structureshouldbe compatiblewith the ATM cell structure whichis basedon afixed
pacletsizeincludingavirtual circuit identifier Theneedfor anadditionalheadei(for
synchronisatioraddressingin the air interfacehasbeenidentified[90] aswell asthe
needto handleerror control for the radiochannel. ATM will offer aflexible transfer
capabilityto all servicessupportedy the radionetwork.

An importantfeatureof the system relatedto its spectrumefficiency andits quality
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of service,is the channelassignmenpolicy. For non—uniformtraffic conditions,dy-
namicchannehllocation(DCA) schemesin which channelsareassignedn demand,
out performedfixed channelallocation (FCA) schemes.Hybrid channelallocation
(HCA) schemesin which only someof the available channelsare assignederma-
nently andthe remainderare shareddynamicallymay be simplerto implementand
their performancevould be somavherein—betweerDCA andFCA.

A MAC protocol for ATM—basedindoor Radio Networks hasbeenproposed[93]
which usesa request/permimechanisnto controlthe accesgo the sharedmedium.
Eachremotestationdeclarests requiredcapacityby sendingrequestdo the access
controllocatedin the basestation. The available capacityis allocatedby meansof a
stratgly which approximates global FIFO queuein suchaway thatthe peakbit rate
is enforcedandfair accesds achieved. The remotestationsareinformedaboutthe
obtainedcapacityby meansof permits,which authorisethe remotestationto senda
cell. The MAC protocolis thuscell basedmeaningthatanissuedpermitinitiatesthe
transmissiornn asinglecell.

To meetthe requirement®f future systemsdn the fadingmobile ervironmentan ef-
ficient channelmanagemensystemis needed.The systemshouldinclude a flexible
multiple accesgechniqueand dynamicchannelassignment.To be compatiblewith
future B—ISDN, the applicationof ATM is anobviouschoice.However, eventhough
somemediaaccessystemdave beensuggestedurtherwork needso bedonebefore
auniversalsystemcanbe proposed.
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