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AdvancedRadio Interface Techniques

and Performance

H. Rohling, TechnicalUniversity of Braunschweig,Germany

This chaptersummarisesthe resultsof the technicalactivities performedmainly by
theWorkingGroup1 (WG 1) membersof COST231.WG 1 focusedongeneralradio
systemaspectsbut in this chapterthedesriptionof transmissiontechniquesandtheir
performanceis given priority. A large numberof technicaldocumentsand reports
werewritten in recentyearsby the WG 1 membersgiving detailedinformationand
analysisof radiointerfacetechniquesfor 3rd generationmobileradiosystems.These
reportswhich areavailablein the openliteraturearereferencedin this chapter. The
different technicalsubjectsin which WG 1 memberswere involved are coveredin
separatesubsectionsandthenamesof all authorsresponsiblefor eachsubsectionare
given at the beginning of that subsection.Readersare invited to contactindividual
authors.
Chapter6 is organizedasfollows: Thefirst subsectiondealswith linear(QAM, PSK)
andnonlinear(MSK, GMSK, QMSK, MAQMSK, multi-h CPM) modulationtech-
niqueswhich are analysedandoptimisedfor variousradio propagationconditions.
Furtheron,transmitterlinearisationmethodsarediscussedin conjunctionwith linear
modulationtechniques.
Subsection2 dealswith advancedequalisationtechniquesandequalisationin com-
binationwith diversity. In addition,theconvergencepropertiesof theclassicalalgo-
rithmsto performadaptiveequalisationaredesribed.
Subsection3 discussesthecapacityof a cellularTDMA systemwhich canbegreatly
increasedif enhancedtechniquessuchas adaptive modulation,adaptive coding or
dynamicchannelallocationareapplied.Theperformanceof suchanenhancedTDMA
systemis comparedwith differentCDMA systemsin termsof spectralefficiency and
capacity.
Thefourthsubsectionin thischapterdealswith CDMA whichwasextensively studied
in WG 1. Resultsrelatingto theperformanceof DS-CDMA, FH-CDMA andhybrid
systemsarepresented.
Subsection5 describesa specialdata detectionmethodin CDMA systemscalled
Multiuser-Detection,which usesthea-priori knowledgeaboutthecodesequencesof
otherusersin conjunctionwith thechannelstateinformation. Threedifferentdetec-
tion algorithmswereanalysed:Joint DetectionCDMA, Joint ParameterEstimation
with DataDetectionandInterferenceCancellation.
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A furtherenhancementof thesystemcapacitycanbeobtainedby combiningthead-
vantagesof both TDMA andCDMA andsuchHybrid TDMA/CDMA systemsare
discussedin subsection6.
Multicarrier systemsareanalysedin subsection7 which concentrateson OFDM and
combinationsof OFDM with CDMA in the frequency andtime domains.The final
subsectiondealswith MAC protocolsfor radiodatatransmission.
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6.1 Modulation and ChannelCoding

L. Delaunay-Ledter, France Telecom/CNET, France (6.1.1,6.1.4)
E. Casadevall, UPC, Spain (6.1.1)

A. Rodrigues,Instituto Superior TécnicoLisboa, Portugal (6.1.2)
A.F. Molisch, TU Wien, Austria (6.1.3)

J. Fuhl, TU Wien, Austria (6.1.3)

6.1.1 Linear Modulation

M-PSK and M-QAM Modulations

To provide high dataratesrequiredin third generationmobile systems,the useof
bandwidthefficient linearmodulationcouldbecomenecessaryevenif linearamplifier
or linearisationtechniqueshaveto beadded.
Theperformanceof binaryphaseshift keying (BPSK)with convolutionalcodingand
antennadiversity wasanalysed.It wasshown that partial interleaving stronglyde-
gradestheperformancein a Rayleighchannelwith low Dopplershift in comparison
with ideal interleaving, assumingperfectdecorrelationof the fading. As an illustra-
tion, theITU-T recommendationG.173[1] haslimited themeanone-waypropagation
time of public landmobilenetworks(PLMN) to 40 msandasa consequenceof this,
theinterleaving depthmightbereducedto 10ms.Codinggainsobtainedfor arate1/2
convolutionalcodeof constraintlength5 with a 10 ms partial block interleaver and
differentialBPSKaregivenin Tab. 6.1.

no diversity 2nd-order 4th-order
diversity diversity

fd � Ts
� 10� 4 no no no

fd � Ts
� 10

� 3 no 0.8dB no
fd � Ts

� 10� 2 12dB 6.8dB 3.2dB
(idealinterleaver) (17dB) (8.2dB) (3.8dB)

Table6.1: Codinggainsfor rate1/2 convolutional codingwith 10 ms partial block
interleaving in dependenceon differentnormalisedDoppler frequenciesfd � Ts and
diversity-orders;transmissionrateRb

� 32 kbit/s (BPSK);carrierfrequency 1.8GHz

Simulationswerealsocarriedout with slow frequency hoppingusinga 1/3 rateReed
Solomon(6,2)codeor a repetitioncodewith interleaving andcoherentdemodulation
in an indoor channelenvironment,(the power delayprofile is modelledasa double
Poissonprocess,[2]). In hoppingover 6 frequencies,a normalisedfrequency sepa-
rationSf τrms (τrms for root-mean-squaredelayspread)largerthan0.1 and0.2 for the
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ReedSolomoncodeandtherepetitioncoderespectively doesnot improvetheperfor-
mancesignificantly. On the otherhand,for Sf τrms larger than0.05,ReedSolomon
codesaremoreefficient thanrepetitioncodes.
Moreover, thecellularmobileradioimpairments,(multi-pathfading,shadowing, large-
scalepath loss, [3], and interferersignals),have beenconsideredwith a coherent
BPSKreceiver. For micro (Riceanchannel),andmacro(Rayleigh)cellularnetworks,
it wasshown thatat high signal–to–interferenceratios(C/I

�
20 dB), shadowing af-

fectsthebit errorrate(BER) lessthantheRiceanfactorwithin theusualrangeof these
parameters(lessthan12dBof shadowingandRiceanfactorbetween0 and1000).The
averagebit errorrateis givenin [4].
Assuminga small frequency selectivity, theapproximateirreduciblebit errorratefor
multi-level PSK modulationwasanalysedin [5] with the result that 4-PSKis most
robust in Rayleighchannels. In addition, the performanceof multi-level quadratur
amplitudemodulation(M-QAM) in an indoor environmentwasstudiedbasedon a
channelmodelthat wasdeterminedby a ray-tracingtechnique.A rectangularpulse
shapeof lengthtwice the bit periodwasused,independentof the modulationlevel.
Consideringa normalisedsignal–to–noise(SNR) ratio of 21 dB (irreducibleerror
floor of 10� 8), the dataratemay be increasedfrom about10 Mbit/s for 4–QAM, to
23 Mbit/s for 16–QAM, and29 Mbit/s for 64–QAM with thesamebandwidthbeing
occupied.
Furtherwork wasdoneonπ� 4–QPSKwhichis atrade-off betweenlinearandconstant
envelopemodulation.

Transmitter Linearisation

In order to decreasethe power spectrumspreadingof a linear modulationpassed
througha classAB, B or C power amplifier, several classicallinearisingtechniques
for poweramplifiershavebeenproposedin theliteraturecategorizedas:feedforward,
feedback,predistortionandLINC (LinearAmplificationwith NonlinearComponents)
transmitter. Amongthem,thetwo mostpromisinghavebeenanalysed:thepredistor-
tion andtheLINC transmitters.
In thepredistortiontechnique,theoriginalbasebandsignalis first predistortedto com-
pensatetheamplifiernonlinearityby usinga look-uptablewhichcouldbeupdatedby
feedbackinformation.Oneway to configurethelook-uptableis to mapbothinphase
andquadratureinto anoutputsignalvector. It is alsopossibleto useonly onedimen-
sionaltablessincethedistortionin thepower amplifier is essentiallycausedby input
amplitudevariations.Thepredistortionusingonedimensionallook-uptableshasap-
pearedmoresuitablefor low dataratesystemsbecauseof its fasterconvergence.
The basicprinciple of the LINC transmitteris to representany arbitrary bandpass
signal,which mayhave bothamplitudeandphasevariation,by meansof two signals
which areof constantamplitudeandonly have phasevariations[6]. Thesetwo angle
modulatedsignalscanbe amplifiedseperatelyby usingclassC,D,E or S amplifiers
thatprovide enoughpower. Finally, the amplifiedsignalsarepassively combinedto
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produceanamplitudemodulatedsignal.

Even using the highly non-linearclassesC, D, E or S power amplifiers, if perfect
balancebetweenbothRF branchesis assumed,thesystemis ableto obtaina perfor-
manceasgoodasthatobtainedwith anideal linearamplifier. However, in a practical
LINC transmitterthereareseveralmechanismsthatdegradetheoverallperformance,
e.g. the power gainanddelay(or phase)imbalancesbetweenthe two RF pathsthat
causeimperfectgenerationof theconstantamplitudephasemodulatedsignalcompo-
nent.Sometheoretical[6] andpractical[7] workshavebeenaddressedto characterise
the impactof thesecircuit malfunctionson the systemperformanceandsoanupper
boundon the adjacentchannelrejectionUr (ratio betweenthe power in the useful
channelwith respectto thepower in theadjacentchannel)hasbeenderivedfrom the
gainimbalance∆G (in dB), thephaseimbalance∆ f (in degrees),andthenormalised
guardbandbetweenadjacentchannels(∆BgT), seeTab. 6.2

4–QAM Ur � dB� � 32	 5 
 19	 2log10� ∆G�  5� ∆BgT �
Ur � dB� � 48	 0 
 20	 5log10� ∆ f �  5� ∆BgT �

16–QAM Ur � dB� � 32	 0 
 19	 0log10� ∆G�  7� ∆BgT �
Ur � dB� � 45	 4 
 20	 75log10� ∆ f �  7� ∆BgT �

64–QAM Ur � dB� � 28	 5 
 19	 0log10� ∆G�  7� ∆BgT �
Ur � dB� � 44	 5 
 21	 2log10� ∆ f �  7� ∆BgT �

Table6.2: Upperboundof thechannelrejectionwith a maximumerrorof 3dB

Theeffectsof theseimbalanceson thebit errorprobability have beenanalysed,too.
In orderto emphasisethe influenceof the imbalances,a systemfree of intersymbol
interferencehasbeenassumed.Whereas4–QAM and16–QAM modulationsremain
moreor lessinsensitive to imbalanceeffects,the64–QAM andhigherordermodula-
tionsareverysensitiveandcarefulimplementationsof theRFpartarerequestedwhen
realLINC transmittersareassumed.

In orderto evaluatethedegradationin termsof BER inducedby gainandphaseim-
balancesin arealisticsystem,thedependenceof theBERonthesignal–to–noiseratio
is shown in Fig. 6.1and6.2 for a typical urbanenvironmentusinga classAB ampli-
fier. A bit rateof 500kbit/sanda16–QAMmodulationschemehavebeenconsidered.
As shown in Fig. 6.1, the gain imbalancehasto be lower than0.5 dB to assureno
significantperformancedegradation.

Therefore,althoughthe applicationof the LINC transmitteris very promisingwhen
linearpoweramplificationis required,animperfectimplementationcausesanimpor-
tantdegradationof thesystemperformancethatcancompletelyinvalidatethesystem
design,andcorrectiontechniqueshave to beadded.
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Figure6.1: Effectof gainimbalances

Figure6.2: Effectof phaseimbalances
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6.1.2 ContinuousPhaseModulation

MSK and GMSK

Constantenvelopephasemodulationsarecurrentlychosenin mobileradiosystemsfor
their ability to supportnon-linearitiesin thepropagationchannelaswell asfor their
goodspectralefficienciesanderrorperformances.
TheGaussianminimum-shiftkeying (GMSK) signalcanbeefficiently receivedusing
asimpleMSK-typelinearcoherentreceiverwith anappropriatephasedetectorfor the
adaptationof a decisiondirectedphase-lockedloop. Simulationswereperformedfor
differentvaluesof phaseoffset(0 to 15 degrees)andshowedthat theperformanceof
coherentGMSK with a time–bandwidthproductBT � 0� 5 is almostidentical (less
than1 dB degradation)to thatof coherentMSK in anadditive white Gaussiannoise
(AWGN) channel[8].
Althoughthe index value0.5 is neededfor coherentdemodulation,this choiceis not
optimum for a limiter discriminatordetection. A joint optimisationof modulation
index, filters andcarrierspacingwasdonein theAWGN andtheminimumbit error
rate was achieved for a modulationindex of the order of 0.6, with corresponding
optimisedfilters for a C/I ratio equalto 25 dB. Performancein a flat Rayleighfading
channelwith or without interferencewasalsoevaluatedfor themodulationindex 0.5
anda normalisedGaussianfilter bandwidthof 0.3and0.5. Usinga pre-discriminator
filter in the receiver, the requiredC/I ratio at BER=10� 3 is 27 dB for BT � 0� 5 and
27.5dB for BT � 0� 3, respectively.
Thestudyof rate1/2convolutionallyencodedtamedfrequency modulation(TFM) [9]
with RSSE(ReducedStateSequenceEstimation[10]) receptionwasperformedin [11]
assuminganAWGN channel.Thesystemoptimisationproblemwasreformulatedin
orderto includethe hardwarecomplexity of the receiver, introducingthe conceptof
the “optimum transmitter”undera given receiver complexity constraint.The result
show that with an appropriatelyselectedsuboptimalreceiver an additionalcoding
gainin theorderof 0.6-1.2dB canbeachievedcomparedto uncodedTFM detection.

QMSK and MAQMSK

In order to obtain a betterspectralcompactnessthan that obtainedwith MSK and
GMSK, quadraturminimum-shiftkeying (QMSK) modulation[14] canbe used. In
comparisonwith MSK this schemeincreasesthe signaldimensionsby a factorof 4
which allows a betterspectralefficiency especiallyif the schemeis combinedwith
multi–amplitudeinput signals. Thesemulti–amplitudesignalsare called MAMSK
andMAQMSK respectively andtheirphasediagramsaredepictedin Fig. 6.3.
A simplemethodof calculatingthe power spectraldensitypermitsthe comparison
of differentmodulationschemes.Among the differentmodulationschemesconsid-
ered,MSK is shown to havebetterspectralperformancethanQPSKor QMSK which
performedalike. Whenconsideringmulti–amplitudeschemesMAMSK hasthemost
compactperformancein comparisonwith MAQMSK andMSK schemes[15].
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Figure6.3: MAMSK andMAQMSK signalconstellationdiagrams

The performanceof the QMSK signal was investigatedin additive white Gaussian
noiseandin fastRayleighfadingchannelsalsoconsideringDopplerfrequency shifts
andco-channelinterferencebut without consideringthe existenceof multipath. In a
AWGN channelandin Rayleighfadingchannelswith co–channelinterferenceQMSK
performsbetterthanGMSK andπ� 4–QPSKshowing thatit is amoreresistantscheme
in a co-channelinterferencelimited environment(seeFig. 6.4).
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channelwith cochannelinterference
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However, when Doppler shifts are consideredthe QMSK schemeshows a greater
sensitivity to theseshiftsthanGMSK or π� 4–QPSK[15].

Multi-h CPM

As analternative to theuseof singlemodulationindex schemeslikeMSK or GMSK,
multi modulationindex schemes(multi-h) [16] were also considered. For a two–
pathchannelmodel(statictwo–path)with AWGN, thesignatureareasof a 2-h CPM
schemewerecomputedasafunctionof therelativedelayof thesecondpathandthese
werecomparedwith thatobtainedfor 16–,64– and256–QAM modulation.Results
presentedin Fig. 6.5 show theCPM schemeto be lesssensitive to interferencethan
the QAM schemesfor the samesourcebit rateandfor constantchannelbandwidth
even when the differentbandwidthefficienciesof the CPM andQAM schemesare
considered. All the schemespresenta maximumof sensitivity for a value of the
relativedelaybetween0.05and0.6timesthesymbolperiod[17].
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Figure6.5: Comparisonof thesignatureareasfor constantbandwidthasa functionof
τ� Tsymbolcompensatedfor thedifferentbandwidthefficiencies

Multi-h CPM modulationschemesaremorespectralefficient thanGMSK. An anal-
ysisof the performanceof 2-h CPM wasperformedfor both typical urbanandhilly
terrainCOST207 channelmodels[18]. The useof a post-detectiondiversity (PD)
schemeimplementedby meansof two Viterbi receiverswasalsoconsideredallowing
furtherperformanceimprovements.
Also acombinationof amulti-h CPMmodulationwith adirectsequencespreadspec-
trum systemand its performancein several indoor environmentswas 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, respectively [19].
Resultsaregivenfor two differentmulti-h codesconsideringacoherentreceiverstruc-
tureandtwo typesof diversity: selectiondiversity(SD) andpost-detectiondiversity.
Resultsin Fig. 6.6 indicatethat multi-h spreadspectrumsystemscanachieve good
performancesin indoor environmentsfor relatively high datarates(1 Mchip/s) but
the useof diversity is essentialto achieve an acceptableBER with realisticEb� N0,
speciallyin largebuildings[20, 21].

0 5 10 15 20 25

10
-2

10
-1

Eb/No (dB)

M
ea

n 
BE

R

o  No div.

x SD

+ PD

Figure6.6: Error performanceof coherentmulti-h CPM (h1 � 2� 4;h2 � 3� 4) in a
an urbanarea(large buildings) without diversity, with selectiondiv. (SD) andpost-
detectiondiv. (PD)

A comparisonbetweenmulti-h CPM andCPFSK(continuousphasefrequency shift
keying) wasalsomadefor AWGN channelsusingtheconceptof equivalentminimum
distancefor non-coherentdetection. Multi-h signalsmaintaintheir superiorityover
CPFSKin the caseof non-coherentdetectionwith gainsup to 2.28dB. The perfor-
manceof thenon-coherentreceivercanbeasgoodasthecoherentonefor certainval-
uesof themodulationindex andfor longobservationintervalsin thereceiver(greater
than100symbolperiods)[22].

6.1.3 Performanceof MSK in time dispersivechannels

Thetimedispersionof themobileradiochannelcausesintersymbolinterference(ISI)
thatresultsin anirreducibleBERusuallycallederrorfloor. Theerrorfloor constitutes
theperformancelimit for agivenchannelandamodulation/detectionscheme(without
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equalisation).For cordlessphones,thecostandsystemcomplexity mustbekept low
sothey usuallyhaveno equalisers.Furthermore,theSNRin indoorscenariosis high,
so the error floor is a quite goodperformancemeasure.In Chapter5 (DECT), the
resultsandpracticalapplicationsaredescribed.In this section,we concentrateon the
basicmathematicalmethods.For the caseof differentiallydetectedpureMSK with
fixed samplinganddelayspreadsthat aresmall comparedto the bit length,various
computationmethodshavebeendeveloped:

The group delaymethod [23, 24] — Thedifferentialdetectordecidesthata “1” was
transmittedif thephasedifferencebetweentwo adjacentsamplesliesbetween0 andπ,
anda“-1” wastransmittedif thephasedifferenceliesbetweenπand2π. Without time
dispersion,thephasedifferenceis π� 2 or 3π� 2, respectively. Thedifferentialdetector
thusmakesanerror if thephaseerror introducedby the(instantaneous)groupdelay
lies betweenπ� 2 and3π� 2. Averagingover thestatisticsof thegroupdelay[25] we
getanapproximateequationfor theBER: BER � � 1� 2� � S� T � 2. Here,S is themean
delayspreadandT is thebit length.Closerinspectionof theerrormechanismsshow
thatgroupdelayburstsoccurwhentheamplitudeof thereceivedsignalbecomesvery
small,i.e. in deepfades.

The error regionmethod [26, 27] — This methodis describedin Chapter5, since
it is also suitablefor adaptive sampling,and thus can be readily appliedto DECT
systems.

The echomethod [28] — For the echomethod,we interpretthe (general)impulse
response,asasequenceof echoes,whereeachechohasits amplitudeAi andphaseφi .
UsingtheGaussianWSSUSmodelandtheassumptionof a slowly varyingchannel,
the Ai are(known) constants,while the φi areuniformly distributedstatisticalvari-
ables.Wecanthencomputethetotalphasefor acertaininputsequenceanddetermine
for which φi errorsoccur. Averagingover thestatisticsof theφi , we finally arrive at
theerrorprobability.

All threemethodshavesomerestrictions:thegroupdelaymethodgivesonly approxi-
materesultsandis only applicableif thedelayspreadis muchsmallerthanthesymbol
length,samplingis doneontheaveragemeandelay, andwehavenoLOScomponent.
Theerror region methodis essentiallyrestrictedto the two–delaychannelbut works
also for LOS, larger delayspreads,andarbitrarysamplingtime. The echomethod
requiresthat we have no LOS componentsand that S � T, but works for general
impulseresponsesandarbitrarysamplingtimes. In noneof thesemethodsnoiseis
included.
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Figure6.7: Errorprobabilityof MSK in a 10–pathfadingchannel

The correlation matrix method [29] — A fourth method,theso–called“correlation
matrix method”,lifts theserestrictions.It canbe shown that the real andimaginary
partsof thereceivedsignalat two subsequentsamplesareGaussianvariables,whose
correlationmatrix canbe determinedfrom the averagechannelparametersand the
modulationformat. The BER is then the probability that a certaincombinationof
thesesamplesfulfills an error condition. Several methodsfor the evaluationof this
probabilityexist: directnumericalevaluation,approximationmethodsfor smallerror
probabilities,andconstructionof an “equivalent” two–pathmodelthathasthe same
correlationmatrix,andthusthesameerrorprobability.

Thesecondcaseof interestareoutdoorscenarios,especiallyin thecontext with GSM
(seeChapter5). For typicaldelaypowerprofiles,thedurationof theimpulseresponse
is larger than the bit length. In that case,the approximateBER can be computed
for samplingat theshortestexcessdelay. Themeanpower of thecurrentbit is Pb �� T

0 P� t � dt andthepower of the interferingbits is Ph � � ∞
T P� t � dt. It wasshown [30]

thattheaverageBERis approximatelyBER � � 2� 1 � 2Pr �  ! 1, wherePr � Pb " Ph. This
equationis alsovalid in indoorscenariosfor veryhighdatarates.Suchhighdatarates
arepossibleif a strongLOS componentis present;e.g. for a 10 dB LOS and2-PSK,
20 Mbit/s arepossible.For non–LOS,theBER with fixedsamplingand100nsdelay
spreadis in theorderof 10! 2 for bit ratesof 1 Mbit/s.
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6.1.4 Trellis CodedModulation (TCM)

TCM representsanattractivesolutionto improveperformancefor mobileradiotrans-
missionwithoutextrabandwidthrequirements.Two differentconceptsof TCM exist,
onebasedon theUngerboeckmethod[31] with oneconvolutionalcode,otherbased
on the Imai method[32] wherethe partition levels areencodedwith several binary
codes.
A new criterionfor designingtheImai codefor aRayleighchannelwasproposed,de-
rivedfrom theSundberg’sapproach,[33]. Themaindifferencewasto usesub–codes
with unequalHammingdistances,chosento optimisethecodinggainat a specificbit
errorrate.Theoptimisedsolutionsfor a 10# 3 bit errorratein a Rayleighchannelare
givenin Tab. 6.3,[34].

rate(bit/symbol) Modulation code required
Eb $ N0 (dB)

0.5 4–PSK 1/4 3.5
1 1/2 5.1
1.5 3/4 9.2
2 8–PSK 3/8,3/4,7/8 11.5
2.667 16–PSK 1/4,2/3,5/6,11/12 13.1
3.167 1/2,4/5,11/12,11/12 16.7

Table6.3:Summaryof coderatesandrequiredEb $ N0 for BER=10# 3 (Rayleighfading
channel)

However, whatever theaccesstechniquemaybe,partial interleaving hasaninfluence
oncodingefficiency andthereforeonTCM performance.A modifiedChernoff bound
takinginto accounttheeffectof correlatedfadingscanbefoundin [35]. Thispointhas
beenillustratedfor coded8-PSKwith coderate2/3. Thesimulationresultsreported
in Tab. 6.4 refer to a 64 kbit/s dataratein a Rayleighchannelconsideringpedestrian
andvehiclespeedby a 10 msinterleaverdelay.

BER perfect v=190km/h v=40km/h v=4km/h
interleaving

10# 2 6 dB 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 uncodedQPSK;
Rb=64kbit/s;32 % 10block interleaver; f0=1800MHz

Frequency hoppingtechniquescanprovide theway to make the interleaving process
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moreeffective. In particular, theeffect of frequency hoppingwasanalysedfor eight-
statestrellis coded8–DPSKtaking into accountthe correlationamongthe different
frequency channelsinvolved. In eachchannelflat fadingwasassumedwith a max-
imum Doppler frequency of 5 Hz. The correlationof the complex channeltransfer
functionHc & f ' t ( versusthefrequency separationSf wasassumedto be

E ) H *c & f ' t ( Hc& f + Sf ' t ( , - 1
1 + j2πSf τrms

resultingfrom anexponentiallydecreasingpowerdelayprofile with rmsdelayspread
τrms. A block interleaver of orderNL . NC wasconsidered,andthe NL formedslots
were modulatedaccordingto NL assignedhoppingfrequencies.As shown in Fig.
6.8 for Sf τrms smallerthan0.15,the degradationof performancewith respectto the
uncorrelatedcasebecomessignificant.Theuncorrelatedresultscanbefoundin [9].

Figure6.8: Bit error ratefor FH-TCM-8DPSKwith normalisedfrequency hopping
separationasparameter

Thetwo–branchpost–detectiondiversitysolutionto combattheRayleighfadinghas
beenalsoinvestigatedwith perfectinterleaving assumption.At a BER of 10/ 3, post-
detectionselection,equalgaincombining(EGC)andmaximalratiocombining(MRC)
diversity techniqueshave offereda relative coding gain over the eight-statestrellis
coded8–DPSK(rate2/3) without diversityof approximately5.9,6.2 and6.6 dB re-
spectively. Additional resultshave alsopointedout thatTCM with diversity is more
robustthanTCM withoutdiversityregardingtheeffectsof co-channelinterference.
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The primary interestof TCM for a mobile systemis its bandwidthefficiency. As
describedin [36], thespectrumefficiency η of acellularmobilesystemdependsonthe
C/I ratio,on modulationparameters,andon propagationcharacteristicsascell radius
andpropagationlossfactorα. As shown in Tab. 6.5,thesystemefficiency in a macro
cellularenvironmentcanbegreatlyimprovedby usinga coded16–QAMmodulation
(16states2/4codebuilt from two one–dimensionalTCM schemes)insteadof uncoded
4–QAM.

α 0 4 α 0 6 α 0 8

η 1 TCM2
η 1 4-QAM2 5.61 3.15 2.37

η 1 TCM 2
η 1 16-QAM2 6.3 2.7 1.77

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. Casadevall, UPC, Spain (6.2.3)

Equalisationtechniqueswith or withoutanadaptivecomponentcanbeaddedto com-
bat the degradingeffectsof multipathpropagationon widebandsinglecarriertrans-
missionsystems.

6.2.1 Convergenceof classicaladaptivealgorithms

The convergencepropertiesof adaptive algorithmssuchas the gradient,conjugate
gradient(CG), leastmeansquare(LMS) andrecursive leastsquare(RLS), and the
conditionsfor theirstabilityhavebeenstudied.It wasshown thatboththegradiental-
gorithmsandtheLMS algorithmconvergeslowly, requiringmany iterations.TheRLS
algorithmgivesa betterperformancethantheLMS algorithmat thecostof increased
computationalcomplexity. TheRLS algorithmrequiresN3 iterations(N=numberof
filter coefficients)or N2 in amodifiedform whereastheCGalgorithmrequiresonly N
iterations.Noneof thesefirst ordermethodscouldcomparewith theoptimumKalman
filtering method.Finally, theimplementationof parallelalgorithmswassuggestedto
improvetherateof convergence.

Thefastadaptive,zeroorderconjugatealgorithm,usedto find theoptimalweightsfor
anadaptivefiltering processby minimisingthesumof squaresof non-linearfunctions,
hasalso beenstudiedin detail. The methodcould be applied to personalmobile
systemsif thenumberof adaptivefilter coefficientsis lessthan12.

6.2.2 AdvancedEqualiser Techniques

Thefirst investigationsonequalisertechniquesconcentratedonreducingthecomplex-
ity of thewell known Viterbi equaliser. Thesub-optimaldecision-feedbacksequence
estimation(DFSE)algorithmallowsa highertransmissionratewith only a smallper-
formancedegradation[37]. In mostcases,prefilteringprior to theDFSEleadsto an
additionalperformancegain [38]. Numericalresultswith COST207multipathchan-
nelsaregivenin subsection6.2.3[39].
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Figure6.9: Structureof a vectordecision-feedbackequaliserfor M-ary orthogonal
signals

Whentransmittingover fastfadingchannels,theinformationsymbolsareusuallyar-
rangedin blocksseparatedby knownsymbolsasin theGSMsystem.Thezero-forcing
decision-feedbackequaliser(ZF-DFE)hasbeenadaptedto sucha schemeleadingto
thezero-forcingblock-decision-feedbackequaliser(ZF-BDFE).
In addition,the vectordecision-feedbackequaliser(VDFE) known from multi–user
detectiontechniqueshasbeenappliedto a singleusersystemwith M–ary orthogonal
modulation,[40], seeFig. 6.9. Comparedto a conventionalreceiver for orthogonal
modulation,theselectiondevicehasbeenreplacedby theVDFE wheretheinput and
outputsignalsarevectors.Consequently, thefeedforwardandfeedbackfiltersarema-
trix FIR filters. As shown in Fig. 6.10,in a two-pathchannelsignificantperformance
gainshave beenobtainedusing the VDFE. Although the VDFE hasbeendesigned
for a singleusersystemwith M-ary orthogonalmodulation,it canbe usedasa first
stageof a multi-stagemulti-userdetector, eachuserusing a different codeset,e.g.
Walsh-Hadamardcodeslike in theQualcommCDMA system(IS-95).
Finally, theneuralnetwork equaliserconcepthasbeenevaluatedfor an indoor radio
channeland comparedto the traditional linear transversalequaliserstructure. The
performancehasbeenevaluatedfor the Multilayer Perceptron(MLP) with 2– and
4–PSKmodulation. But the performancegain obtainedby the MLP is too small to
justify its additionalcomplexity.

6.2.3 Joint diversity and equalisationTechniques

The diversity conceptcanbe includedin the equalisationprocedureto improve the
systemperformance.Twomajorequalisationtechniqueshavebeenstudied,Maximum
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Figure6.10: Performanceof vectordecision-feedbackequalisationusinga two path
channelmodel

LikelihoodSequenceEstimation(MLSE) andDecisionFeedbackEstimation(DFE).

Maximum Lik elihoodSequenceEstimation

Twosolutionsappliedto theDFSEalgorithmhavebeensuggested:combining/selection
atsamplelevel, i.e. thesignalsreceivedin differentdiversitychannelshaveto becom-
binedbeforeequalisationandcombining/selectionat themetric level, i.e. themetrics
usedin the Viterbi algorithmhave to be modified(in the combiningtechnique,the
partialmetricon theViterbi algorithmtrellis is calculatedasthesumof metricsfrom
eachdiversity channel,and in the selectiontechnique,the channelwith the higher
power level is selected).
Fig. 6.11 shows the simulationresultsobtainedfor variousreceiver structuresfor
a transmissionover the HT50 COST207channel.GMSK modulationanda 4–state
trellis with metricsevaluatedasproposedin [41], [42] wereused.
Of the receiverstested,the DFSEoperatingwith combiningat the metric level pro-
videsthebestperformance.However, thestructurewith selectionat thesamplelevel
seemsto bemoresuitablebecauseof its lowercomplexity for only 2dB loss.

DecisionFeedbackEqualiser

Theperformanceof thejoint diversityandDFEequalisationtechniqueswasanalysed
for the 4–QAM modulationandthe variationof the BER with the normaliseddelay
spreadτrmsRb, whereRb denotesthebit rate,wasconsidered.As shown in Fig. 6.12,
theBERvalueswith diversitycanbedecreasedbyanorderof magnitudeif thechannel
introduceslow distortion.Whenequalisationis addedto copewith theISI, thesystem
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is ableto maintaina similar performancefor high valuesof τrmsRb whencompared
to theperformanceobtainedin frequency-non-selectivechannel.On the otherhand,
with joint diversity and equalisationtechniques,the systemperformanceimproves
approximatelyby two ordersof magnitudewhencomparedto theuseof equalisation
alone. No advantagein termsof maximumtransmitdataratehasbeenfound with
16–QAMmodulation[43].
Theinfluenceof theimpulseresponsecorrelationbetweenbothdiversitybrancheswas
analysed,too. If the correlationbetweenthesetwo branchesin a Rayleighchannel
with normaliseddelayspreadτrmsRb M 1 is lower than0.5 the systemperformance
showsno moreimprovements.
Finally, the useof a micro-diversity techniquefor the mobileandportablesetcould
substantiallyimprove the systemperformancewith no prohibitive increasein com-
plexity.
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Figure6.12:Performanceof joint diversityandDFE equalisationasa functionof the
normalizeddelayspread
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6.3 EnhancedTDMA

A. Burr , University of York, United Kingdom

6.3.1 TDMA enhancements

Considerationof possibleenhancementsto TDMA systemsneccessarilyinvolvesa
numberof conceptsthataredealtwith in muchmoredetail elsewherein this report.
Theobjectof this sectionis to describehow theseconceptsmayenhancetheperfor-
manceof TDMA systems.Thereforeto avoid excessive overlapwe will cover here
only theinfluenceof theseareason TDMA performancespecifically.

Coding and codedmodulation

Thedevelopmentof enhancedcodingandcodedmodulationtechniquesandtheir ap-
plicationto mobileandpersonalcommunicationsystemshasbeenconsideredin sec-
tion 6. However, it hasbeenshown that the applicationof FEC codingandcoded
modulationcanenhancethecapacityof acellularsystemsignificantly. In TDMA sys-
tems,it allows muchreducedre–usedistances,andhenceincreasedre–usefactors.
Secondgenerationdigital systemssuchasGSM andIS–54 in generalmake useof
codingonly for specialpurposes,suchasto protectclassI speechbits. Hencethere
are enhancementspossiblein an advancedthird generationTDMA systemby this
means.

Both FEC codingandcodedmodulationareusedin the ATDMA adaptive transport
architecture.A “toolkit” consistingof a rangeof both modulationandcodingtech-
niques,includinga codedmodulationscheme[44], is availablefor usewherechannel
conditionsandservicerequirementswarrantit. More detailsaregiven in chapter7.
The improvementfrom the useof codedmodulationhasbeenevaluatedat about4
dB, whenusedin conjunctionwith DFE on a Hilly Terrainchannelmodelwith ideal
interleaving. This mayallow areductionin clustersize.

A rangeof FECcodesarealsoavailablein thecoding“toolkit”. Theseareconcate-
natedcodesbasedon a 1/2 rate convolutional inner codeand an extendedReed–
Solomonoutercode,which may be puncturedto increaseits rate. A rangeof rates
between3/4and1/4 is availableby thismeans.Again,moredetailsaregivenin chap-
ter 7. Specialcareis requiredfor speechservicesto remainwithin thedelaybudget.
For theseservicesinterleaving depthis restrictedto 4.

It hasbeenshown by meansof simulationthatin generaltheuseof FECcanincrease
capacityby a factorof nearlytwo on anAWGN channel,andby morethanfour on a
Rayleighfadingchannel.It alsoallows100%re–use,evenin TDMA systems,which
both increasescapacityandremovesthe needfor frequency planning. The spectral
efficienciesof theseschemesarecomparedin Table6.6.
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Adaptivemodulation and coding

Adaptivity hasbeenidentified as the most effective meansof enhancinga TDMA
systemfor thethird generation[45, 46, 47]. Therearetwo reasonsfor this: firstly, a
third generationsystemmustaccommodateaverywiderangeof servicesandchannel
types,from pico- to macrocellular, andfor dataratesup to 2 Mbit/s. It is clearthatno
oneair interfacecanbeoptimalfor all theseconditions.Secondly, it hasbeenshown
thatsuchadaptivity canincreasetheaveragecapacityof a cellularsystemby several
times. ConventionalTDMA cellular systemsmustbe designedfor the worst case,
whichwill leadin mostcasesto anair interfacewhich is substantiallyover–specified.
Allowing adaptationto theactualchannelconditionscanresultin muchmoreefficient
useof resourceson average.
Thesystemmayadaptto arangeof factorsrelatedto boththechannelandservice.On
themostfundamentallevel adifferentair interfaceis likely to berequiredin different
cell types,andfor differentservices(whetherspeechor data,datarate,BERanddelay
requirements).In addition,it maytake into accountthecurrentcharacteristicsof the
channel,suchasfadingconditions,delayspread,andco–channelinterference.For
example,thedelayspreadis likely to limit themaximumsymbolrateused.Adapta-
tion mayapplyto themodulationschemeandsignallingconstellationandto theFEC
codingscheme,amongothersystemfeatures.
Adaptivemodulationandcodingis amajorfeatureof theATDMA system.Fig. 6.13.
shows the architectureof the ATDMA adaptive transportinterface,showing the fea-
turesthat canbe adaptedandthe rangeof measurementson which the adaptationis
based.
In addition,the effect of adaptingthe modulation/codingto co–channelinterference
in a non–fadingchannelhasbeenconsidered.Fig. 6.14 shows how this givesrise
to an improvement. In a conventionalTDMA system,the coding must be chosen
so that communicationat a sufficient quality is provided for the proportionof cases
specifiedby the availability requirement(as shown). This constrainsthe choiceof
codeandhencethespectralefficiency. In anadaptive system,however, thecodecan
bechosenaccordingto theactualsignal–to–interferenceratioencountered.Note,too,
thatbecausethespectralefficiency of thecodesincreasesmorerapidly thanlinearly
with signalto noiseratio, theefficiency of theadaptiveschemeis greaterthanthatof
a CDMA scheme,which becauseof interfererdiversityoperatesat nearthe average
signalto interferenceratio.

PRMA

A formof statisticalmultiplexing is availablein speechtransmissionsystemsby taking
advantageof thevoiceactivity factor, definedastheproportionof thetime a link in a
full duplex speechconnectionis actuallyoccupiedby a speechsignal,andis usually
taken as about0.4. This effect is widely quotedas an advantageof CDMA over
TDMA, sincein aCDMA systemadvantagecanbetakenof it in aparticularlysimple
way by meansof voice activation. However, a similar advantagecan be obtained
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in TDMA, albeit with highercomplexity, usingreservation schemessuchasPacket
ReservationMultiple Access(PRMA).
The capacityof a PRMA systemhasbeenevaluatedusinga Markov model of the
channelassignmentprocess[48]. It is assumedthatonespeechpacketmaybebuffered
while waitingfor asuccessfulreservationwithoutcausingexcessivedelay. Packetsde-
layedany furtherthanthisaredropped.For aTDMA systemcontaining20slots,with
probabilityof successfulreservation0.4, it wasfoundthat37 usersmaybeaccomo-
datedfor apacketdroppingprobabilityof lessthan1%. Giventhevoiceactivity factor
of 0.43assumedin this work, this correspondsto a throughputof 79%.
A moredetailedsimulationstudy[49] hasevaluatedPRMA in a cellularsystem,tak-
ing into accounta numberof systemdesignoptions. A distinctionis madebetween
packetsdroppeddueto delaysarisingfrom unsuccessfulcontentionfor a reservation,
anddueto interferencefrom neighbouringcells. Packet droppingfrom bothsources
is to bekeptbelow 1%. Thesystemoptionsconsideredareasfollows:N Useof additionalerrorprotectionin packetheaders,sothatreservationmaybe

heldevenif informationcannotbereceived(describedas“Option 1”);N Useof powercontrol;N Speechmodelcapableof takinginto account“minigaps” in speechactivity (de-
scribedas“f ast”asopposedto “slow”)N Clustersize

Theresultsshow that“Option 1” doesnot increasecapacity, sincenormallythepacket
lossis dominatedby interferenceeffects. It is betterto allow a reservationto be lost
andtry again. Power control doeshelp becauseof the reductionin interference,al-
thoughit preventsthe captureeffect in contention.The “f ast” speechmodel in fact
degradescapacitybecauseit increasescontention,andthusalsointerference.As ex-
pected,capacityper cell increaseswith increasingclustersize,but overall spectrum
efficiency is in fact highestwith a clustersize of unity. For clustersize 3 and re-
quired C/I thresholdof 8 dB a capacityof 32 users/cellis attainable(in an urban
area),correspondingto a throughputof 67%. However, the maximumefficiency in
users/cell/carrieris 12, for clustersizeunity.
A moretheoreticalanalysisof the useof PRMA within an adaptive TDMA system
givesa throughputincreaseof 64% whenvoice activity is taken into account. The
overall throughputis then66%,but this takesinto accountalsothevariationin system
capacitydueto theuseof adaptivecoding.Also thisassumesonly 30users/cell:larger
numberswould allow greaterthroughputby increasingthestatisticalmultiplexing ef-
fect.
A variantof PRMA calledPRMA++ is usedin theATDMA system[50], asdescribed
in chapter7. In all casesthebasestationis in controlof theprocess.A setof random–
accesschannelsis usedfor mobile stations(MS) to requestresources.Note that,as
in theanalysisdescribedin thepreviousparagraph,thePRMA++ systemis alsoused
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with link adaptation,to allocatenew resourceswhenever a changein channelcondi-
tions requiresnew resources.Likewise repeatrequestsaretreatedasa new demand
for resources.

Dynamic channelallocation

Dynamicchannelallocation(DCA) hasbeendescribedasoneof themostimportant
meansby which capacitycanbe increasedin third generationTDMA systems,al-
lowing themto competewith CDMA. Dynamicchannelassignmentschemesallow
channelsto beallocatedto cellsaccordingto actualtraffic load,ratherthanaccording
to a fixedre–useplan(describedasFixedChannelAssignment– FCA).
SomeDCA schemesof this sorthavebeencomparedwith FCA. Severalschemesare
described,the simplestassigningany availablechannelin the cell and its immedi-
atesurroundingcells. More sophisticatedschemesassignthechannelre–usedin the
nearestcell siteoutsidethesurroundingcells. TheresultssuggestthatDCA is supe-
rior to FCA, especiallywhenthetraffic is non–uniformeitherin timeor space,but for
uniform traffic thedifferenceis not large.
A PRMA schemehas beendescribedwhich also effectively functions as a DCA
scheme[49]. Herea channelis assignedto a packet streamon thebasisof the inter-
ferencedetectedin thatchannel.Thuschannelassignmentdependson channelusage
at thetime of assignment.It hasbeenshown that thegreatestcapacityis obtainedin
this systemwith a clustersizeof 1 (i.e. 100%re–use),in which casethe schemeis
equivalentto full DCA.
Note that adaptationto co–channelinterferencelevels, mentionedin section6.3.1.
above, alsohasa similar function to dynamicchannelassignment,sinceit cansimi-
larly take into accounttheactualusageof channelsin thevicinity of a cell. Further,
considerationof codedTDMA suggeststhat the optimumcapacityin codedTDMA
systemsmay be obtainedwith 100% frequency re–use,thus avoiding frequency–
planningaltogether.

6.3.2 Capacity comparisons

A greatdealof researchhascomparedtheperformance(in terms,mainly, of capacity
perunit bandwidthpercell) of TDMA andCDMA. A widevarietyof approacheshave
beenusedin thiswork, from fundamentaltheoreticalboundsto detailedconsideration
of specificsystems,anda wide rangeof conclusionsarereached.The comparison
of specificsystemswill be left to chapter7. Herewe areconcernedmorewith any
inherentdifferencebetweenthemultiple accesstechniques.
An analysisof information–theoreticcapacityof TDMA andCDMA systemswithin a
singlecell hasbeenperformed[51]. Theresultsaregivenin Fig. 6.15.Thisshowsthat
ontheconventionalassumptionthatotherusersaretreatedasnoise,binaryTDMA ca-
pacity (CBinO K P 1) exceedsCDMA capacity(CON). If, however, otherusersarenot
treatedasnoise,presupposingsomeform of interferencecancellationor joint detec-
tion, thenCDMA capacity(CBin O K P 10) exceedsbinaryTDMA. If bothTDMA and
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CDMA signalshave a Gaussiandistribution, (andCDMA is jointly–detected),then
capacityis equal(CGauss). For CDMA this indicatesthat joint detectionis desirable;
for TDMA thattheavailability of non–binarymodulationschemesis important.
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Figure6.15: Informationtheoreticcapacityof single–cellsystems

A genericapproachfor multicellular systemshasbeendeveloped[52, 45]. Herean
attempthasbeenmadeto compareTDMA andCDMA onaequitablebasis,assuming
that wherever possiblefeaturesof a CDMA systemarealso taken into accountfor
theTDMA system.ThusinterfererdiversitymaybeincludedusingSFH(seesection
6.6.1);power control andvoice activation areboth includedin the TDMA systems;
andsuitableFEC codesandcodedmodulationschemesare included,of equivalent
power in both systems.Worst–caseandaverage–caseanalyseshave beenobtained,
but capacitieshave alsobeencalculatedfor 95% and99% availability. The results
aregivenin Table6.6 , in theform of spectralefficiency in bits/s/Hz/cell–site.In this
table“orthogonalCDMA” refersto CDMA schemesin which true orthogonalityis
achieved, for examplefrequency–hopping with orthogonalpatterns,or decorrelation
receivers. “Ideal cancellation”assumesperfectcancellationof all intra–cell inter-
ference. The resultsshow that conventionalDS–CDMA outperformsTDMA, even
with coding. However, it shouldbe notedthat PRMA is not usedhere,andmight
increaseTDMA capacity. OrthogonalCDMA givesa smalleradvantagethanmight
be expected,mainly becauselow rate codescannotbe usedin the sameway as in
DS–CDMA. It will, however, be largely immuneto thenear–far effect. CDMA with
ideal interferencecancellationgivesthe bestresults,but is not necessarilyachieve-
able,evenwith maximum–likelihoodmultiuserdetection.AdaptiveTDMA, 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 (clustersize1) 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: Spectralefficiencies(bits/s/Hz/cell)of variousmultipleaccessschemes

is verycloseto it.

6.3.3 Summary

We concludeby notingthat therearetwo mainapproachesto enhancingthecapacity
of a TDMA system,which areto a largeextentincompatible,aswell asa wide range
of othertechniquesthatcanbeusedto enhanceany system.
The first approachis to invoke the interfererdiversity effect, by addingan element
of spectrumspreading.This is exemplifiedby thehybrid systems,consideredin sec-
tion 6.6: TDMA/SFH, JD–CDMA, andCTDMA. Thesesystemsalsomake useof a
TDMA elementand/oradvancedsignalprocessingto eliminatetheintra–cellor self–
interferencewhich degradesthecapacityof conventionalCDMA systems.Theeffect
is thateachuserencountersinterferencedueto a largenumberof usersin co–channel
cells,leadingto anaveragingeffect. Thusall usersencounterco–channelinterference
closeto the average,andsystemdesigncanbe for the averagecase,ratherthanthe
worst–caseinterference.Notethat this approachalsoreadilybenefitsfrom theuseof
voiceactivation.
The secondapproach,exemplified by the ATDMA system,is to adaptto the co–
channelinterferenceencountered.Thusmorespectrally–efficient modulation/coding
canbe usedwhenthe C/I ratio is high, usingfewer resources,with lessspectrally–
efficient modulationandmorepowerful codingwhenthe interferencelevel requires
it. Thusa larger averagecapacityis achieved. In principle this may yield a larger
capacitythan the interfererdiversity approach,sincea graphof spectralefficiency
againstC/I is non–linear(Fig. 6.14),suchthat the averagecapacityfor variableC/I
exceedsthecapacityachievedataverageC/I. Howeverin practiceit maybemoredif-
ficult to implementthe morespectrally–efficient modulationschemesrequired.The
approachalsolendsitself well to theuseof PRMA,whichalsoallowsvoiceactivity to
betakenadvantageof quitereadily. Thisapproachmaybeconsideredastheoretically
andpotentiallymoreefficient,but alsotechnicallymoredifficult.
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6.4 CDMA

P. Hulbert, RokeManor Research Ltd., United Kingdom

This sectioncoversdirectsequence(DS) andfrequency hopped(FH) CDMA aswell
assomework on packet radiotechnologybasedonhybridDS–FHCDMA.

6.4.1 DS-CDMA

A considerableamountof researchwas conductedon this topic underCOST 231,
reflectingthe high level of internationalinterest. This sub–sectionhasbeenfurther
sub–dividedinto six parts.Thefirst four cover designaspectswhich critically affect
capacityor spectralefficiency. The fifth coversdetailedevaluationsof the resulting
capacity. Thesixth partcoversa key elementrelatingto efficient implementation.

Diversity Receiver Performancein Multipath Conditions

Thesubsectioncoversresearchto evaluatethe performanceof severalRake receiver
architectureswith particularmodulationschemesandvariouschannelmodels. One
exampleof antennadiversityevaluationis alsoincluded.For eachof theevaluations,
the radio channelmodel was basedon a tappeddelay line with discretemultipath
componentswith randomphaseandamplitude. The relative levels of the meantap
energiesandtheprogressionof thelevelsandphaseswith time differedaccordingto
theresearchteam.
Thework reportedby Y. Taniketal. of METU, Ankara,Turkey relatedto spreadspec-
trum pulseshapedBPSKmodulation.Thechannelmodelwasbasedon thework of
Hashemi[53], combiningexperimentaldatatakenat1280MHz with 100nsresolution
andspatialresolutionof 1 m.
In the Rake receiver the matched–filteredinput signalwasquadrature–demodulated
andsampledat thechip rate.This complex valuedsequencewasthenpassedthrough
atappeddelayline whoseoutputswerede–spreadandweightedby theestimatedmul-
tipathgainsof thechannelto form amaximalratiocombiner. Thepathestimateswere
obtainedthrougha decisionfeedbackmechanism:Thedespreaderoutputsweremul-
tiplied by thedetectedbitsandlow–passfiltered.Thecutoff frequency of thelowpass
filter (LPF) wasassumedto passDopplercomponentsof themultipathprocesses.
The BER performancewasevaluatedbothanalyticallyandby simulationproducing
detailedresults.In bothcasesaGaussianapproximationwasmadefor otheruserinter-
ference.A typical resultwasaBERof 0.02for Eb � N0 = 6.7dB, for aspreadingfactor
of 100. The filtering methodof channelestimationwasfound to producenegligible
increasein BER.
Anothersignificantresultwas that the numberof tapscould be reducedbelow that
necessaryto cover thecompletedelayspreadof the channelwithout significantper-
formancepenalty. In factcoverageof aslittle as3 - 4 µswasfoundto giveacceptable
performance.But althoughthe input SNR was assumedto be a constant(through
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powercontrol)theaverageBERwasobservedto vary in arangeupto adecadedueto
fading.
The team at CSELT, Torino, Italy (Palestini, Levi, et al) examinedfiltered (Root
RaisedCosine)spreadspectrumDBPSK modulationprocessedby a Rake receiver
which maximalratio combinedthemultipathcomponentsafterdifferentialdecoding.
TheRake fingerswerealignedon a 1 chip “grid”. Thechannelmodelwasbasedon
theCOST207typicalurbanchannel.TheBERperformancewasevaluatedasa func-
tion of the numberof Rake fingersfor 1 andfor 5 Mchips/s. It wasshown that the
optimumnumberof Rake fingersrosefrom 6 to 10 in moving to thehigherchip rate
asmoremultipathcomponentswereresolved.
The sameteamalsoextendedthe evaluationto cover antennadiversity. Essentially,
theabove modelwasextendedto multiple antennaswith varioustypesof combining
of theRake receiver (onefor eachantenna)outputs.Equalgaincombininggave the
bestperformance.
The diversitygain is significantlynotable;for example,by consideringuncorrelated
fading andno channelcoding in the one userscenario,at BER=10� 3 a 6 dB gain
wasobtainedwith secondorderdiversityanda further2.5 dB gainwasachievedby
addinga third antenna.Whenchannelcodingand interleaving weresimulated,the
gainbecame3.5and5 dB with 2 and3 antennas,respectively.
With correlatedfading,acertaindegradationwasintroduced,but in comparisonto the
casewherenoantennadiversityis applied,againwasstill presentdueto uncorrelated
thermalnoise.
The last two topicspresentedconsidereddifferentaspectsof the performanceof the
IS-95uplink anddownlink respectively.
Benthinet al. from theUniversityof Hamburg–Harburg, Germany, evaluateda chip
time alignedRake receiver for modulationsimilar to the IS-95 uplink. The channel
modelwasbasedontheCOST207badurbanmodelwith Rayleighfading.A compar-
ison betweencoherentmaximalratio combiningandnoncoherentcombiningof the
multipathcomponentswaspresented.For thelattercase,two strategieswereadopted
for limiting thenumberof pathsselected:eitherrestrictto 5 or thresholdat20%of the
largest.Both of thesestrategiesgave similar performancebut thedifferencebetween
performancefor thecoherentandthenoncoherentreceiverwasvery significant,cor-
respondingto a capacityratioof about2.5:1at 4%BER.
Finally, Beck et al (University of Ulm, Germany) presentedsimulationresultsfor
modulationsimilar to the downlink of IS-95. The COST207 typical urbanchannel
alongwith measurementsin FrankfurtandDarmstadtwasusedin theevaluation.The
motivationof this work wasto examinethe effectsof increasingmultipathdiversity
which,ontheonehandincreasesimmunity to multipathfadingbut, ontheotherhand,
destroys the inherentorthogonalityof the Walsh function basedsignal. The most
interestingresultsareshown in Fig. 6.16:
The “1 User” resultsindicatetheperformancewithout referenceto CDMA orthogo-
nality. HereChannel1 is muchbetterthanChannel2. However, with multiple users,
thehigherintra–userinterferencefor Channel1 resultedin performancesignificantly



314 Chapter6

Figure6.16: SimulationResultsfor IS-95Downlink with Channel1 (Frankfurtmea-
surements)andChannel2 (Darmstadtmeasurements)

worsethanfor Channel2 underthesameconditions.

Power Control

Theuplink of a CDMA mobile radiosystemwasshown to beheavily influencedby
the nearfar effect unlesspower control is applied. Furtherwork, by R. Prasadet al
(Delft University of Technology, Delft, Netherlands)explored the influenceon ca-
pacityof powercontrol imperfections,expressedin termsof numbersof usersversus
powercontrolerrorstandarddeviation. Fig. 6.17showstheresults.It shouldobserved
that the protectionratio figure of 7 dB usedin the analysiswasobtainedfrom [54].
This referenceobtainedthe protectionratio figure in the presenceof power control
imperfectionsdueto fading. Thusthepower control variationspecifiedin Fig. 6.17
wouldbedueto someadditionalphenomenon.
In evaluatingthedownlink of suchasystem,asharpdistinctionismadebetweensingle
andmultiple cell systems.It wasshown thatpower control is unnecessary(from the
viewpointof capacity)for asinglecell systemssinceall usersreceivetheinterference
over the samepathas the signalandthereforeat the samerelative level. However,
for themultiple cell case,it wasshown thatmobilesneartheedgeof thecell receive
significantlymoreinterferencefrom otherbasestations.By controllingC/I ateachof
themobilesasignificantimprovementin capacitywasshown.
Two researchgroupsexaminedthe overall power control strategy and its effect on
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capacity. Nadalet al (Barcelona,Spain)comparedtwo power control strategies: a
simpleapproachin which theSIR valuesareequalisedwithin eachcell but not from
cell to cell anda centralisedapproachin which theSIR valuesareequalisedover the
entiredeployment. It wasshown that the latter approachled to significantlyhigher
capacitiesthan the former, particularly in the caseof a non uniform distribution of
mobiles.
At 1% blockingwith α = 4 (power law) thecapacityincreaseis of theorderof 20%
in the uniform traffic case.In the specificcaseof nonuniform traffic evaluated,the
increasewas about25%. Theseresultswere corroboratedby G. Falciaseccaet al
(Universitadi Bologna,Italy) whousedasimilarapproachandalsoshowedacapacity
increaseof around20%,this time at5% blocking.

Modulation and Bandwidth Limitation for CDMA Transmission

Thissubsectionconsiderstheissueof modulationandbandwidthlimitation for CDMA
transmissionsandrelatesto work performedby Aldis & Barton(Universityof Brad-
ford, UK). The first work reportedwas a simulationof Butterworth filtered QPSK
received using a fully matchedcorrelator(oversampledwith filtered correlatorse-
quence).Thesimulationresultwastheeffectiveprocessinggainbasedoninterference
consistingof like–modulatedusers,bothsynchronisedandunsynchronisedto thetar-
get signal. It was shown, for synchronisedinterferersthat the effective processing
gainroselinearly with filter bandwidthup to thepoint wherethe(doublesided)filter
bandwidthwasequalto thechip rate(Fig. 6.18).
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Figure6.18:Performanceof Low PassFilteredDS–CDMA,64chipsperbit

If the spreadingfactorweredefinedasthe ratio of the signalbandwidth(asdefined
by thefilter bandwidth)to thedatasymbolrate,thenwe would seethat theprocess-
ing gain is approximatelyequalto this spreadingfactor for all filter bandwidthsup
to thechip rate. Beyond this point, the relative processinggain falls. Thusthe opti-
mumbandwidthis equalto thechip rate.For unsynchronisedsignals,theprocessing
gaincontinuesto risewith increasingfilter bandwidthbut in spiteof this, therelative
processinggainfalls sincethefilter bandwidthrisesmorerapidly thantheprocessing
gain.

The secondactivity examinedthe useof GMSK for spreadingmodulationandex-
ploredtheprocessinggainasafunctionof thebandwidthof thepre–modulationGaus-
sianfilter. Again, the interferencewaslike modulatedsignalsratherthanAWGN. In
thiscase,two receiver typeswereevaluated,one(complex) basedon thefull matched
filter, the other(simple)involving multiplicationby the samepseudorandombit se-
quenceasthatusedin the transmitfilter at the instantsof maximum”eye opening”.
Theresultsareshown in Fig. 6.19.Thecurvesareplottedagainstthetime–bandwidth
productof theGaussianfilter.

Whenthetime bandwidthproductis small,thesimplereceiver is inferior to thecom-
plex receiverasexpectedbecauseof thehighISI undertheseconditions.Synchronous
andasynchronousinterferencebehavessimilarly. At highbandwidthsunsynchronised
interferersleadto significantly larger processinggains. Surprisingly, the simplere-
ceiversignificantlyoutperformsthecomplex receiverunderthis condition.
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Figure6.19:EffectiveProcessingGainof DS–CDMAsystemsusingGMSK

Theoverallconclusionis thatGMSK leadsto slightlypoorerperformancethanfiltered
QPSKwhentheactualoccupiedbandwidthsareusedto definethespreadingfactors
althoughthedifferencewill dependuponthedefinitionof occupiedbandwidth.

CodeSetSelectionfor SynchronousCDMA (S-CDMA)

Thissectioncoverswork doneby Tanik et al. (Electric.Electron.Eng.Dept,METU,
Ankara,Turkey) to find optimumcodesetsfor CDMA systemin which all spreading
sequencesaresynchronisedto afractionof achip(intracell andintercell, bothuplink
anddownlink). This is referredto asSynchronousCDMA (S–CDMA).
ThesysteminvestigatedhadN (N=31 or 32) mobileuserspercell, a spreadingratio
of Np � Np � N� anda codereusepatternof 4. Thebasestationsandthemobileunits
transmittedTDD burstssynchronously. Sincethesystemwasdesignedmainly for in-
doorusethecellularstructureemployspicocellsandthusthecommunicationmedium
couldbeaflat fadingRayleighchannel.Consequently, timedelaysdueto propagation
remainedin onechip interval. Powercontrolwasemployedin theuplink pathwithin
a cell, soall signalsfrom the usersof thesamecell werereceivedwith equalpower
by thebasestation.However, thesignalcomingfrom any mobileof theneighbouring
cells experienceda path loss factordenotedby α, a randomvariabledependingon
thecommunicationmediumandtherelativepositionof themobilewith respectto the
basestationof concern.In theanalyticalstudy, anaverageα wasusedfor all mobile
usersof neighbouringcells.Communicationwasmaintainedvia two orthogonalchan-
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nels(inphaseandquadrature)andconvolutionalFECof rate1/2 wasusedto provide
a BER of 10� 3 which is sufficient for reliablecommunications.Spreadingwasper-
formedonasinglecodedbit in eachchannel.For theuplink, thetotalmultipleaccess
interferenceaffectingany useris directlyproportionalto themutualcross–correlations
betweenthatuserandtheotherusersof thesystem.Thusspreadingcodeswith low
correlationparametersare required. Conventionally, maximal–lengthshift register
sequences(m–sequences)havebeenusedbecauseof theirappealingcorrelationprop-
erties.However, m–sequencesarestill abovethetheoreticalWelchbound.Thestudy
aimedto find spreadingcodesequenceswith betterperformancethanm–sequences.
Theproblemof designinga low correlationcodebookwhich contains4N bipolarse-
quencesof lengthN wasformulatedasaconstrainedoptimisationproblem.Thecode-
wordswerearrangedasrowsof a 4N � N codebookmatrix. Theoptimisationcriteria
wasto minimisethemaximumof thetotal interferenceencounteredby all theusersof
thesystem.
Two stochasticglobaloptimisationtechniqueswereapplied:GeneticAlgorithmsand
SimulatedAnnealing,but theresultsobtainedarenotpromising.Thiswasbelievedto
bebecauseof thehigh dimensionalityandthediscretenatureof theproblem.Given
this,morecomputingpowerwouldberequired.
The additionalproblemof distributing a given codeset amongcells was also ad-
dressed.Whenthecodesetof concernis thesetof m–sequences,it wasprovedthat
theoptimumdistribution is theconventionalonewhereall phasesof anm–sequence
areassignedto a cell. Whenthecodeis thelargeclassof Gold Sequences,theprob-
lem of selectingcodesmustalsobesolvedtogetherwith theproblemof distributing
them.Theexhaustivesolutionof this combinedproblemrequiresheavy computation.
Therefore,anotherGeneticAlgorithm wasimplementedto solve it andan improve-
mentoverm–sequenceswasobtained.
Finally, an iterative searchtechnique,which performedsmall perturbationson the
existing codebooksuchasswap/toggletwo bits or setto � 1, wasapplied.Theinitial
codebookwasobtainedby placingthe32 � 32 perfectlyorthogonalHadamardsetin
all thecells. It wasobservedthattheperformancecriteriabecameconsiderablyworse
whentheslightestperturbationwasmadeon theHadamardcodebook.Furthermore,
the Hademardcodebookwasfound to have slightly betterperformancethanthe m–
sequences.Althoughit would not bepracticalto usetheHadamardsetin all thecells
of thesystem,it couldbeeffectively usedif thecodesof theusersweredynamically
assignedaccordingto their relativepositions.This problemof dynamicallyassigning
codesis anew topic for furtherstudy.

SystemCapacity

Thissubsectioncoversoverallsystemcapacityevaluations.Hulbertetal (RokeManor
Research,Romsey, UK) performedanoverall evaluationof CDMA basedon theIS-
95Uplink. Thisevaluationcoveredsimulationof re–useefficiency, andvoiceactivity
detectiontakingaccountof statisticalfluctuationsandusingthe99 percentilein both
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cases,leadingto very conservative figures.In this evaluation,anabsoluteworstcase
re–useefficiency of 0.48wasderived. This wasbasedon log normalshadowing at
8 dB standarddeviationanda gradedrangelaw, becomingfourth law beyondthecell
boundary. Thevoiceactivity factorof theIS-95variablebit ratecoderoperation,de-
rivedusingaMarkov model,was63%at the99percentile(themeanfigurewas45%).
The uplink Eb � N0 requirementfor 10� 3 BER wasderived by simulationas5.1 and
6.5 dB for 10 and30 mphrespectively. A comparisonwith half rateGSM indicated
higherspectralefficiency for CDMA whenbothsystemsusedsectoredantennas.

An Italian collaborationamongthe Universityof Bologona,FondazioneU. Bordoni
andCSELT performeda detailedtheoreticalstudyof theeffect of propagationchar-
acteristicson spectralefficiency. As propagationmodela path lossproportionalto
rγ � 10ξ � 10 wasassumed,wherer is thetransmitter–to–receiverdistance,γ is theprop-
agationfactorandξ is arandom,normallydistributedvariable,simulatingtheshadow
fadingandcharacterisedby zeromeanandstandarddeviation σ (in dB). Ordinarily,
analyticevaluationsof CDMA with shadowing areprecludedbecauseof theneed,on
occasions,to alter the mobile affiliation accordingto the shadow depth. This work
analyticallygeneratedanupperboundon re–useefficiency by limiting, for every in-
terferer, the ratio of shadow depthto the nearestcell to the shadow depthto the cell
of interestwhenever the cell of interestwould otherwisebecomethe preferredcell
for affiliation. Fig. 6.20 illustratesthe performanceresultsfor a particularcase. It
shows, for examplethat,with 8 dB shadow standarddeviation, thecapacityincreases
by about57%whentherangelaw changesfrom 3 to 5.
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Figure6.20: Numberof Usersagainstpropagationfactor, α with outageprobability
1%andvariouspropagationstandarddeviation factors,σ
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Gaiani& Palestini (CSELT, Torino, Italy) have evaluatedsystemcapacityin a mul-
ticell systemwith at leasttwo tiers of interferingcells aroundthe referenceoneand
a uniform distribution of staticuserswithin the overall area. The samepropagation
modelasdescribedabovewasused.Themostimportantdifferencesbetweenthetwo
links arerelatedto thepower controlmethodology:In theuplink a sortof idealopen
loop(basedonthepathlossestimationonthebase–to–mobilelink) wasapplied,while
in thedownlink aC/I drivencontrolwasadopted.

Fig. 6.21shows that theapplicationof a C/I–drivenpower control improvestheC/I
ratio by about4 dB in thedownlink, at anoutageprobabilityof 10%,with respectto
thecaseof no power control. Theperformanceis similar, althoughslightly lower, to
thatobtainedfor theuplink usingidealopenloopcontrol.Theperformancedifference
in thetwo directionswasdueto thefact that,in thesimulatedmodel,theexternalin-
terferencewasslightly greaterthanin theuplink in theaverageof thecases.However,
it wasverifiedthat,at anoutageprobabilityof 1%,theuplink is morecritical.

In both links the performanceis betterfor an urbanarea(heresimulatedthrougha
propagationfactorγ=5 andastandarddeviationof theshadowing σ=10dB) thanfor a
ruralarea(γ=3,σ=6 dB) by a factorequalto 54%in termsof capacity, (seeFig. 6.22)
if Eb Ù N0 ratioequalto 7 dB andaprocessinggainG Ú 128areassumed(for instance
16,17 users/sitein urbanareaand10,11 users/sitein rural area).

Figure6.21: C/I ratio vs the numberof user
per cell computed(for both links) at an out-
age probability of 10%, for both a single
anda multicell systemwith thebasestations
equippedwith omnidirectionalantennas,in a
rural areaandin an urbanarea,whenpower
controlis appliedandwhenit is not applied.

Figure 6.22: Maximum numberof
usersper site vs the processinggain
computed(for both links) for a mul-
ticell systemequippedwith omnidi-
rectionalantennas(curves 1), 120–
degree (curves 2) and 60 degree
(curves3) sectorantennas,in a ru-
ral areaandin an urbanarea,when
powercontrolis applied
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Figure6.23: Maximumnumberof users
persitevs theprocessinggaincomputed
(for both links) for a multicell system
equippedwith 120-degreesectoranten-
nas in a rural areawith power control
andwithout applicationof VAD (curves
1), and with VAD underthe hypothesis
thatthetransmissionrateis equalto 0.29
timesthenormalrate(curves2) or equal
to 0 (curves3) if thereis nospeech.

Figure6.24: Maximumnumberof users
persitevs theprocessinggaincomputed
(for both links) for a multicell system
equippedwith 120–degreesectoranten-
nasin an urbanareawith power control
andwithout applicationof VAD (curves
1), and with VAD underthe hypothesis
thatthetransmissionrateis equalto 0.29
timesthenormalrate(curves2) or equal
to 0 (curves3) if thereis nospeech.

If thebasestationsareequippedwith directionalantennasthecapacitygainfactordue
to cell sectorizationis about2.6 in thecaseof 120–degreesectorizationandabout4.6
in thecaseof 60–degreesectorantennas.Thesevalueshavebeenfoundfor bothlinks
andfor bothurbanandruralarea.
Theapplicationof VAD (voiceactivity detection)wasshown to causeanimprovement
of thecapacity(in bothdirections,for bothrural andurbanareas)of about1.8, if, in
thecaseof no speech,thesignalis assumedto betransmittedat a reducedrateequal
to 0.29timesthe normalrate. The resultsareshown in Fig. 6.23and6.24for rural
andurbanareasrespectively.
TheVAD gainbecomesabout2.6 if no signalis transmittedwhenthereis no speech.
Thereforeit wasconcludedthata DS–CDMA systemcould increaseits capacityby
a factor roughly equalto 4.5 if, for instance,three–cellsectorizationandVAD are
applied.Undertheseconditions,thenumberof users/sitewasequalto 50 for a rural
areaand75for anurbanarea.Theabovedescribedgainswerefoundtobeindependent
of theprocessinggain,at leastin therangeup to 300.
A simulationof hot spotconditionswasperformed,for which the resultwerefound
to be similar for both directions. For example,with a fixed numberof usersin the
wholesimulatedarea,if thenumberof usersin thehot spotdoubled,while maintain-
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ing a uniform distribution of terminalsin theothercells, thedegradationof C/I ratio
evaluatedin the hot spotcell at an outageprobabilityof 10%wasabout1.5 dB in a
rural areaandabout2 dB in anurbanarea,asa consequenceof theincreasedinternal
interferencewhichhasagreatereffect thanthereductionof theexternalcontributions.

Acquisition of DS CodePhase

Beforeany of the DS–CDMA systemsdescribedearlier in this sectioncanoperate,
a local versionof the spreadingcodeclock in the receiver mustbe synchronisedto
the receivedcode. Synchronisationis achievedby correlatingall possiblephasesof
thelocalcodeagainstthereceivedsignaluntil aparticularphaseleadsto acorrelation
outputconclusively indicatingcorrectde–spreadingof thesignal.Thedifferentphases
maybehandledserially, in parallelor any combinationof thetwo. Moreover, a num-
berof successive correlationson the samesearchphase(dwells) maybe performed,
to advantage,aspartof thesearchstrategy.
A simpleserialsynchroniserwould despreadthe signaloncefor eachcodephasein
turn, comparingthe resultantenergy againsta threshold.This thresholdwould need
to besethigh enoughalmostto eliminatefalsealarms(to avoid considerableincrease
of synchronisationtime dueto falsesynchronisation).This high thresholdwould in
turn leadto a low probabilityof detection,requiringmany searchcyclesto detectthe
signal. In a multiple dwell strategy, a low thresholdis set for the initial dwell on
eachcodephase(resultingin significantinitial detectionrates).Variousstrategiesof
subsequentdwellsarethenusedto determinewhetherthecurrentphaseis thecorrect
one.
ProfessorSimsaet al (Inst of RadioEng& Electronics,Academyof Sciencesof the
CzechRepublic,Praha)examinedmultiple dwell serialsearchstrategiesfor signals
with low signal–to–noiseratio (typically -6 dB) following de-spreading.Operating
at theselow signal–to–noiseratiospermitsshortintegrationperiods,therebyallowing
synchronisationin thepresenceof significantfrequency uncertainty.
Many differentmultipledwell algorithmscouldbeconsidered.Two of thoseevaluated
werethe ”up–down counter”(UDC) andthe ”two steprejection” (TSR) algorithms.
Both involvedan initial correlationfollowedby a sequenceof I verificationcorrela-
tions. In thecaseof theUDC, a failureat the i–th correlationleadsto a repeatat theÛ
i Ü 1Ý –th stage(exceptfor the1st stagewhich leadsto an immediatereject). In the

caseof TSR,a failureat any stageis followedby a secondobservation. Failurehere
leadsto immediaterejection.Successresetstheverificationbackto thebeginning.
Someof theresultsgeneratedby adetailedtheoreticalanalysisof theAWGN caseare
illustratedin Fig. 6.25and6.26. Where: Ta is the acquisitiontime in bits; L is the
codelength;q is numberof searchcells(Þ twice codelengthfor 1/2 chip steps);ϑ is
the penalty(in bits) of falsedetection;δ1 andδ2 arethe thresholdduring initial and
verificationcorrelationsrespectively; I is thenumberof verificationsteps;M1 andM2

arethe initial andverificationcorrelationtimes in bits respectively. δ2 is optimised
individually for eachvalueof I . It is seenthat theUCD performssignificantlybetter
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Figure6.25: Ta versusδ1 for UDC with
M1 ß 1à M2 ß 5

Figure6.26: Ta versusδ1 for TSR with
M1 ß 1à M2 ß 5

thantheTSR.

YuanWu at CNET, alsoanalysedserialandparallelsearchstrategieswith matched
filter detection.Fig. 6.27illustratesthecorrelationsignaldetectionpartof thesystem.
The input signalsare digital samplesat complex baseband.Like most acquisition
systems,thesystem(examinedwith serialor parallelsearchstrategy) works in either
searchmode(Smode) or verificationmode(Vmode) It startsin theSmodeandmay
go into the Vmode. In Smode, eachsampleof the correlationsignalCs represents
oneof thepossiblecells(PN-sequencealignments).In Vmode, all thesamplesof Cs
correspondto onespecificcell. The PN-sequencegeneratingdevice givesthe local
PN-sequenceandensuresthattheswitchingof theoperationmodesis doneasrapidly
aspossible.

Non Coherent 
matched filter

PN Sequence 
Generating Device

M stage shift 
register

m accumulations
Correlation

Cs

zero reset 
every m M samples

I

Q
(Nmf bits, M samples)

Figure6.27:Thecorrelationsignaldetectionscheme



324 Chapter6

For the serialsearchstrategy, the Smodeconsistsin the comparisonof the samples
of Cs with a thresholdβ until the systemfinds a samplegreaterthanβ, thenat the
correspondingcell, the VmodetestsA independentsamples:if thereareat leastB
samplesgreaterthanβ, the acquisitionis declared,if not, the systemgoesbackinto
Smode. The parallelsearchstrategy works asthe serialexceptin the Smodewhere
it searchesthe maximumCs sampleamongall the samplesof thepossiblecells and
switchesthesystemin Vmodefor thecorrespondingcell.
Thesystemperformance,givenby themeanacquisitiontime, Ta, would normallybe
calculatedusing the probability densityfunction (pdf) of the correlationsignalCs.
Becausedeterminationof theexactpdf expressionwould takeconsiderablecomputer
time, a simplified pdf expressionwasgenerated,basedon the following model: the
auto-correlationnoisewasartificially divided into two zeromean,independentand
equalvariancenoisecomponents,onein-phasewith the auto-correlationsignal; the
otherin quadrature.The sumof their varianceswasmadeequalto thatof the auto-
correlationnoise. The numericalresultsshowed that the approximatevaluesof Ta

obtainedby useof thesimplifiedpdf expressionwasverycloseto theexactvalue,for
bothsearchstrategies.
TheNyquistpulseshapewasfoundto bebetterthantherectangularpulseshapebe-
causeit givesa smallsensitivity to theoffsetof thelocal chip clock whenthenumber
of samplesperchipis morethanone.Two samplesperchipwerefoundto besufficient
to giveacceptabledegradationin Ta.
Thetwo searchstrategieswerecomparedin differentsituations.In general,it wascon-
cludedthatit is betterto usetheparallelstrategy whentheNmf is largeandmsmall. In
thecaseof Nmf smallandm large,theserialstrategy appearedmoreinteresting.When
the PN-sequencelengthis small, the parallelstrategy is better;but whenit is larger,
theserialstrategy becomesthebetter. Theinfluenceof a nonoptimumthresholdwas
alsostudiedandtheparallelstrategy appearedmorerobustthantheserialstrategy.

Tracking of DS CodePhase

In a CDMA systema DLL (Delay Locked Loop) canbe usedto keepfine tracking
of the received codephase. In a narrow-bandsystem,wherethe receiver can not
resolvethedifferentpropagationpaths,deepsignalfadingsarelikely to happendueto
multipath.As theDLL parameters(closedloopgain,noisebandwidth,etc)dependon
thereceivedsignalpower, its performancecanbeseverelydegradedwith respectto the
staticchannelsituation[55]. In thissituationtheDLL will frequentlyloselock dueto
noise.In orderto measuretheDLL performance,onekey parameteris themeantime
betweentwo consecutiveslostsof lock (MTLL). Assumingawide-bandtransmission
system,thereceivermayhaveenoughbandwidthto resolvemorethanonepropagation
path. In this casewe canmake useof thefact that thesignalsarriving from different
pathshave beenindependentlyfadedand usea modified DLL schemethat, like a
diversitysystem,takesadvantadgeof multipath. Fig. 6.28is a block diagramof the
proposedDLL assumingthatwe canresolve a secondpropagationpathwith a delay
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Figure6.28:Block diagramof theproposedDLL

of TC seconds(onechip interval) with respectto thefirst one.In Fig. 6.28wecansee
how the errorsignalof the loop is obtainedby addingthe weightedcontributionsof
two independentdelaydetectorsworkingwith localPNcodesequencesthatarephase
shiftedby TC seconds.As shown in [55], theweightsA1 andA2 shouldbeproportional
to thesignalto noiseratio in eachpath.
In order to assessthe performanceof the proposedscheme,computersimulations
havebeencarriedout. Theresultsshow aremarkableimprovementwith respectto the
conventional(singledelaydetector)DLL. Tab. 6.7showsthelogarithmof theobtained
MTLL normalizedto B, thebandwidthof thedatasignal.TheproductMTLL á B can
be interpretedas the MTLL expressedin bit periods. In Tab. 6.7 σ is the doppler
spreadof the channeland γ2 is the meansignal to noiseratio in the secondpath.

γ2(dB) σâ B ã 0ä 001 σâ B ã 0ä 01
log(MTTL á B) log(MTTL á 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: Meantimebetweentwo consecutiveslostsof lock (MTLL) underdifferent
channelconditionsusingtheDLL shown in Fig. 6.28
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Thesignalto noiseratio in thefirst pathis constantandequalto 5 dB. Thesituation
γ2 å æ 15 dB is almostequivalentto a narrow bandsystem,sincethe weight of the
secondpathis very small. It canbe verified that two pathswith the samesignal to
noiseratio (5 dB) give a MTLL å 48 minuteswith 100 Hz of dopplerspreadand
B å 104Hz.
A differentapproachto the above DLL basedschemeshasbeenalsoconsideredto
improve the performanceof a tracking schemeof DS code phase. In particular,
theseschemesareoptimumfor a AWGN channelbut not for operationin frequency-
selective fadingchannels,like thoseencounteredin mobilecommunications.
A first attemptto introducespecificsynchronizersfor operationin thoseenvironments
waspresentedin [56], wherean ExtendedKalmanFilter structurewasproposedto
jointly estimatethePNcodedelayin trackingandthechannelimpulseresponse.Nev-
ertheless,this approachfails in thepresenceof high-interferenceenvironments,usual
in mobilecommunicationsystems.PilarDíazandRaḿonAgust́i from UPCproposed
andanalyseda schemebasedon theEKF approach,but convenientlymodifiedin or-
derto improveits performancein termsof MTLL (MeanTime to LoseLock) andthe
meanroot squareestimation(jitter) error whenoperatingunderrealistic conditions
(i.e.,signal-to-interferenceinput ratiosfrom -20dB to 0 dB). Theperformanceof this
schemewas assessedby meansof computersimulationsfor band-limitedNyquist-
filtering receivers(see[57]).
In [56] it is shown that the EKF is capableof estimatingthe channeldelay in the
trackingphasefrom the received samplesandmaintainingsynchronizationbetween
thereceivedcodeandthelocal code.However, this delayestimatoronly workswhith
largesignal-to-interferingratiosat thereceiver input. Sincethis is not theusualcon-
dition in a CDMA cellular system,somesignalprocessingbeforeestimationis re-
quired.For thesake of improving this signal-to-interferingpower ratio, theproposed
delayestimatorconsistsof two blocks:afirst blockknown as”pre-filter”, responsible
for processingthereceivedsignalandimproving thesignal-to-interferingpowerratio,
andasecondblock,which is theEKF, now capableof estimatingthechanneldelayin
aCDMA environment.
As anexampleof theestimatorperformance,Fig. 6.29showsthenormalisedjitter for
rectangularandNyquistpulses.Thevaluesobtainedshow that thermsjitter is lower
thanthe10%of thechip interval, Tc, evenfor SIR å æ 20 dB.

6.4.2 FH-CDMA

Conventionally, CDMA systemsusedirectsequencespreadspectrum(DSSS).How-
ever, frequency hopping(FH) is equallyapplicable. Slow FH hasthe advantageof
allowing orthogonaltransmissionfor both the downlink andthe uplink, whilst pre-
servingthe benefitsof multipathandinterfererdiversity. A combinationof TDMA
with slow frequency hopping is coveredin Section6.6. It is also possibleto use
slow frequency hoppingwithout a TDMA elementandre–usethe samecontiguous
frequency bandin all cellsin thesameway asfor DS–CDMA.
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Figure6.29:Normalisedjitter for rectangularandNyquistpulsesin termsof SIR

Livneh,Ritz, Silbershatz(Rafael) & Meidan(Motorola) evaluateda slow frequency
hoppingsolutionwith thefollowing parameters:500hopspersecondover12.5MHz;
intracell hoppingorthogonal- with accurateuplink sychronisation;intercell- minimal
crosscorrelation;interleaving over 20 hops(for multipathand interfererdiversity);
frequency spacingof 16 kHz; modulationπ/4–QPSK;datarate12 kbit/s overallwith
8 kbit/sdedicatedto codedvoice;half rateconvolutionalcoding– constraintlength9;
voiceactivity detectionandmodestperformancepowercontrolapplied.
Simulationresultsprojected2295active usersper3 sectoredcell, correspondingto a
capacity35 timesgreaterthanAMPS.Theoneway interleaverdelaywas40 ms.

6.4.3 Hybrid DS/SFHCDMA

This subsectionpresentswork performedby R. Prasad(Delft University of Tech-
nology, Delft, Netherlands)on throughputanddelayanalysisof a packet–switched
CDMA network. Theperformanceof thenetwork wasinvestigatedwith threeCDMA
techniques,viz. Direct Sequence(DS), Slow Frequency Hopping(SFH) andhybrid
DS/SFH,wherebothananalyticalchannelmodelandmeasuredchannelcharacteris-
tics wereused.Furthermoretheeffectsof modulationtechniques,selectiondiversity
andForwardErrorCorrection(FEC)codeson theperformancewereevaluated.

Network description

Thenetwork,whichconsistedof C usersall communicatingwith thesamebasestation,
hadthefollowing characteristics:i) Datatransmittedin packetsof Np bits; ii) Slotted;
iii) Time slot equal to packet duration; iv) Positive acknowledgementscheme. In
orderto beableto give somecloseexpressionsfor thethroughput,thefollowing five
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assumptionsweremade:i) all usersidenticalfrom astatisticalpointof view, thesame
holding for the transceivers at the basestation, ii) the averagedreceived power at
thebasestationcommonto all users,iii) acknowledgementsalmostcostfree from a
capacitypoint of view, fully reliableandinstantaneous,iv) channelmemorylessand
v) systemin astablestate.

Analytical and measuredchannelmodels

In caseof theanalyticalchannelthefollowing assumptionsweremadeconcerningthe
channelparameters:i) Rician distributedpathgains,βkl ; ii) delays,τkl , uniformly
distributed randomvariablesover [0,T]; iii) phases,γkl , uniformly distributedover
[0,2π]. The channelwas assumedto be slow fading, leadingto randomvariables
whichdid notchangeconsiderablyfor thedurationof onepacket. TheRiceparameter
R is definedastheratio of thepower associatedwith thespecularsignalcomponent
A2/2 andthepowerassociatedwith thescatteredcomponentsσ [53, 58]. Thisparam-
eter incorporatesthe radio characteristicsof the environment. In the measuredpico
cellular channelmodelthe true measuredvaluesof the pathgainswereusedfor the
calculations[59].

Thr oughput and delayanalysis

The throughputS is definedhereas the expectednumberof successfullyreceived
packetspertimeslot,givenby [58]:

S ç C

∑
kè 1

k é pk é Pêk ë kì
wherepk is theprobabilitydensityfunctionof thecompositearrivalsin a giventime
slot. For identical,independentanda finite numberof users,this PDFwasshown to
bea binomialdistributiongivenby:

pk ç í C
k î é í G

C î k é í 1 ï G
C î C ð k

wheretheofferedtraffic G is definedastheaveragenumberof transmissions(new plus
retransmittedpackets)per time slot by C users.P is the packet successprobability,
which incorporatestheeffectsof fading,modulation,FECcodinganddiversity. The
averagenormaliseddelayD of the systemis definedasthe averagenumberof time
slotsbetweenthe generationandthe successfulreceptionof a packet. Accordingto
[4] thenormaliseddelayis givenby:

D ç 1ñ 5 ò í G
S

ï 1î é ë ó δ ò 1ô ò 1ì
whereë Gõ Sï 1ì representstheaveragenumberof retransmissionsneededfor apacket
to bereceivedsuccessfullyandδ denotesthe meanof the retransmissiondelay. The
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roundtrip propagationdelaycanbe neglectedin a pico cellular environment. Tab.
6.8 presentsthe throughputS normalisedon the offered traffic G for Q–, B– and
DPSKmodulationwith theorderof selectiondiversityM asa parameter, whereL is
thenumberof resolvablepathsandNd andNb arethespreadingcodelengthsfor D–
andBPSK respectively andq is the numberof hoppingfrequencies.QPSKyields
relatively thelargestthroughputandDPSKrelatively thepoorest.Selectiondiversity
enhancestheperformancein comparisonwith nondiversity(M ö 1).

Orderof diversity S for QPSK S for BPSK S for DPSK

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

Table6.8: Comparisonof themaximumthroughputSnormalisedontheofferedtraffic
Gof thehybridDS/SFHsystemwith Q–,B–andD–PSKfor M ö 1÷ 2and3. Nq ö 255;
Nb ö Nd ö 127;q ö 10; L ö 3 at fixedbandwidth.

In Fig. 6.30 the throughputof hybrid DS/SFHis comparedwith the throughputof
pureDS andSFHfor B– andQ–PSKmodulationusingFECcodingantheanalytical
channelmodelandfor a fixedbandwidth.Thecomparisonis doneaccordingto [60]
whereNq ö 2Nb.

b

a

c

d

e

f

BPSK

QPSK - - - - -

G [packets/slot]

S [packets/slot]

Figure6.30: Hybrid DS/SFH,DS andSFH with (23,12)Golay coding. a)
hybrid: L ö 3, q ö 10, N ö 63 b) hybrid: L ö 3, q ö 10, N ö 127 c) DS:
L ö 21, N ö 630d) DS: L ö 21, N ö 1270e) SFH:q ö 630,L ö 1 f) SFH:
q ö 1270,L ö 1
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K= 400
Bandwidth= 200 MHz
SNR= 20 dB
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MPD, Rb=250 kbit/s, N=127

MPD, Rb=125 kbit/s, N=255

IID, Rb=250 kbit/s, N=127 IID, Rb=125 kbit/s, N=255

Figure6.31: Delayperformanceof hybrid DS/SFHwith BPSKmodulation,
usingameasuredandanalyticalchannelmodel

It is seenthat the hybrid DS/SFHtechniquehasthe highestthroughput. Moreover,
themaximumthroughputvaluesfor bothSFHandDS arealmostequal,althoughthe
throughputfor SFH doesn’t vary muchover the large rangeof G. In Fig. 6.31 the
delayof hybrid DS/SFH,usingthemeasuredchannelmodelhasbeencomparedwith
the performanceusingthe analyticalmodel. The rms delayspreadis taken equalto
10 ns.
It is seenthat thedelayobtainedusingtheMPD channelmodelis lower thanin case
of theanalyticalIID channelmodel. For higherbit ratesthedelayis higherthanfor
lowerbit rates.
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6.5 CDMA with multi-user detection

P.W. Baier, University of Kaiserslautern, Germany (6.5.1)
A. Klein, University of Kaiserslautern, Germany (6.5.1)

D. Dahlhaus,SwissFederal Inst. of Technology, Switzerland (6.5.2)
A. Radović, SwissFederal Inst. of Technology, Switzerland (6.5.2)

G. Romano,CSELT, Italy (6.5.3)
T. Frey, University of Ulm, Germany (6.5.3)

6.5.1 Joint detectionCDMA

In CDMA mobileradiosystems,anumberK of independentusersaresimultaneously
active in thesamefrequency band,only discernibleby differentuser–specificspread-
ing codes. Eachdatasymbolof the datasymbolsequenced ø kù transmittedby user
k is multiplied by the user–specificspreadingcode. The resultingsignalof userk is
transmittedover the time–variantmultipathmobile radiochannel.In the uplink, the
mobile radio channelsof all K usersarein generaldifferent. At the receiver of the
basestation,thesuperpositionof thecontributionsof all K usersappears.At the re-
ceiver, transmissionover the time–variantmultipathmobile radiochannelsresultsin
bothintersymbolinterference(ISI) betweenthedatasymbolsof oneandthesameuser
andmultipleaccessinterference(MAI) betweendatasymbolsof differentusers.MAI
is alsotermedinter–userinterference(IUI). Thesuperpositionsignalis alsodisturbed
by a sequencen representingintercell interferenceandthermalnoise. The received
sequencee containingsamplesat thechip ratehasto beprocessedat the receiver by

a datadetectionalgorithmto determineestimateŝdø k ù
of the datasymbolsequences

d ø kù , k=1 . . .K, of all K users.
The conventionalsuboptimumsingle–userreceiver is implementedas a bank of K
matchedfilters or K RAKE receivers,which considereachuserasif it weretheonly
onepresent.This is inefficientsinceMAI is treatedasnoise.In mobileradiosystems
usingsingle–userreceivers,measuresasaccuratepowercontrolcombatingfastfading,
voice activity monitoring,antennasectorisationandsoft handover arenecessaryto
obtainanacceptableperformance.Thesemeasuresaswell assynchronisationat the
chip level canbeavoidedwhenapplyingmulti–userreceivers,whichexploit a–priori–
knowledgeaboutbothISI andMAI. In addition,however, whenapplyingmulti–user
receivers,theabove–mentionedmeasurescanbebeneficiallyemployed.Theoptimum
multi–userreceiver is toocomplex to beimplementedin third generationmobileradio
systems.Therefore,suboptimummulti–userreceiver techniqueswereproposedand
investigatedin COST231.ConcerningJD techniques,thefour equalisersú zeroforcing block linearequaliser(ZF–BLE),ú minimummeansquareerrorblock linearequaliser(MMSE–BLE),ú zeroforcing blockdecisionfeedbackequaliser(ZF–BDFE),ú minimummeansquareerrorblockdecisionfeedbackequaliser(MMSE–BDFE)
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weredevelopedandextensively investigated.Thesefour equalisers,which perform
JD,aredesignedforû multipathchannelsandû bursttransmission.

Thetransmissioncanbedescribedmathematicallyby thematrix–vector–expression

e ü A d ý n (6.1)

with the received vectore, which is a function of the combineddatavectord, the
systemmatrix A, andthe interferenceandnoisevectorn. Thecombineddatavector
d containsall transmitteddatasymbolsequencesd þ kÿ , k=1...K, of all K users. The
systemmatrix A is determinedby thespreadingcodesof all K usersandthe mobile
radio channelimpulseresponsesof all K users.The mathematicaldescription(6.1)
is valid for the uplink aswell as for the downlink, andfor the caseof onereceiver
antennaaswell asfor thecaseof morethanonereceiver antenna.Thederivationof
(6.1)andtheexactdefinitionsof e, A, d andn canbefoundin [61, 62] for thecaseof
onereceiverantennaandin [63] for thecaseof morethanonereceiverantenna.

(6.1) representsa systemof linear equations.At the receiver, this system,which is
time–variant,hasto besolved in orderto determinean estimated̂ of d. For solving
this systemof linear equations,it is assumedthat,besidesthe receivedvectore, the
spreadingcodesof all K usersand the mobile radio channelimpulseresponsesof
all K usersand thus the systemmatrix A are known at the receiver. When using
trainingsequences,theK mobileradiochannelimpulseresponsescanbeestimatedat
thereceiverby analgorithmfor joint channelestimationwhichwasdevelopedwithin
COST231.A detaileddescriptionof this algorithmcanbefoundin [64]. Thesystem
of linearequations(6.1) canbe solvedaccordingto the criteria zeroforcing (ZF) or
minimum meansquareerror (MMSE), which lead to two different approachesfor
jointly determiningan estimated̂ of d. Assumingadditive white Gaussiannoiseof
varianceσ2 anduncorrelateddata,theZF–BLEyieldstheestimate

d̂ZF ü � A� TA� � 1A� Te (6.2)

andtheMMSE–BLEgivestheestimate

d̂MMSE ü � A� TA ý σ2I � � 1A� Te. (6.3)

The symbol � � � � T denotescomplex conjugationandtranspositionand I is the iden-
tity matrix. Equations(6.2) and (6.3) have the samestructure. In the caseof the
MMSE–BLE, thevarianceσ2 of thenoiseis taken into account,which requiresthat
σ2 is estimatedat thereceiver. TheZF–BLEfor JDleadingto (6.2)is ageneralization
of the single–userZF equaliserpresentedin section6.2. Also in the caseof more
thanonereceiver antennaandcoherentreceiver antennadiversity(CRAD), (6.2)and
(6.3) remainvalid, as is explainedin [63]. Insteadof the inversionof the matrices
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A� TA	 and
�
A� TA+σ2I ) in (6.2) and(6.3), respectively, Cholesky decompositionof

thesematricescanbeapplied,whichconsiderablyreducescomputationalcomplexity.
Furthermore,whenapplyingCholesky decomposition,decisionfeedback(DF) canbe
introducedto improveperformancewithout increasingthecomputationalcomplexity.
IntroducingDF in (6.2)and(6.3)leadsto theZF–BDFEor theMMSE–BDFE,respec-
tively. To avoid the impairing effect of error propagationwhenusingDF, a method
termedchannelsortinghasbeenproposed.Detailson the applicationsof Cholesky
decomposition,DF including channelsortingandthe extensionof the equalisersto
the caseof non–whitenoisearegiven in [65] and[63] for the casesof oneor more
receiverantennas,respectively.

Concerningthe computationalcomplexity of the ZF–BLE,MMSE–BLE,ZF–BDFE
andMMSE–BDFEfor JD, themostimportantresultsare:
 All four equalisersrequireessentiallythesamecomputationalcomplexity.
 The computationalcomplexity requiredis independentof the sizeof the data

symbolalphabet.

The computationalcomplexity requiredfor JD is larger than that requiredby con-
ventionalsuboptimumsingle–userdetectors.However, consideringthe potentialof
modernmicroelectronics,thecomputationalcomplexity requiredfor JDis feasibleal-
readytoday. Especiallyin systemsasproposedin section7.4,whichincludeaTDMA
componentleadingto a reductionof thenumberK of simultaneouslyactiveusers,the
computationalcomplexity requiredfor JDseemsto beaffordable.

TheZF–BLE,MMSE–BLE, ZF–BDFEandMMSE–BDFEhave beenappliedto the
JD–CDMA systemproposaldescribedin section7.4. The performancein termsof
simulatedbit error rate (BER) Pb versussignal–to–noiseratio Eb � N0 per bit of the
ZF–BLE, MMSE–BLE, ZF–BDFEandMMSE–BDFEfor oneandfor two antenna
receiversin the uplink is given in Fig. 6.32. Convolutional forwarderror correction
coding(FEC)with rate1/2 andconstraintlength5 is considered.Thesystemparam-
etersusedin thesimulationsaregivenin section7.4. TheRayleighfadingmultipath
mobile radio channelshave beenmodelledaccordingto the COST 207 model bad
urban(BU) areachannelwith a mobile speedof 30 km/h. 8 mobilestationsareas-
sumedto beactive simultaneously. To obtainthe resultsin Fig. 6.32,channelshave
beenestimatedaccordingto [64], so that the effect of imperfectchannelestimation
is included. More detailsaboutthe simulationsandsimulationresultscanbe found
for thecaseswithout FECin [66] andwith FECin [67]. Detailsabouttheachievable
cellularspectrumefficiency canbefoundin [68]. Themostimportantresultsare:
 The two equalisersZF–BDFEandMMSE–BDFEwith DF show a betterper-

formancethanthetwo equalisersZF–BLEandMMSE–BLE withoutDF.
 The two MMSE equalisersMMSE–BLE andMMSE–BDFEperformslightly
betterthanthetwo ZF equalisersZF–BLEandZF–BDFE,respectively.
 Coherentreceiverantennadiversitywith two receiverantennasallowsEb � N0 to
bereducedby about6 dB to 11dB dependingonthetypeof terrainascompared
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with the caseof onereceiver antenna.3 dB of this improvementis dueto an
energy gain,theadditionalimprovementis dueto diversity.� Whenapplyingcoherentreceiverantennadiversitywith two receiverantennas,
theperformancedifferenceof the four equalisersis smallerthanin thecaseof
onereceiverantenna.� WhenapplyingFEC,theperformancedifferenceof thefour equalisersissmaller
thanin thecasewhereno FECis applied.� Theachievablecellularspectrumefficiency is of theorderof 0 2 bit/(s� Hz) per
basestationin theuplink [68] and0 39 bit/(s� Hz) perbasestationin thedown-
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

Theuplink of a CDMA systemis consideredwhereK userssimultaneouslytransmit
datapacketsoverK multipathtime-invariantchannelsusingbinaryphase-shiftkeying
direct sequencespreadspectrum(BPSK/DSSS)modulation.Thebasebandcomplex
impulseresponseof the k–th userchannelis assumedto consistof L paths,eachof
which is characterisedby a complex coefficient gk , anda delayτk, . Thesechannel
parameterstogetherwith the transmittedenergiesof all usersarearrangedin a pa-
rametervectorΘ which is assumedto be unknown at the receiver. The transmitted
symbolsof all usersin acertaindatapacketarerepresentedby thematrix - . With the
above definitions,the receivedsignaly. t / canbewritten asy. t / 0 1 . t; - 2 Θ/ 3 n. t / ,



AdvancedRadioInterfaceTechniquesandPerformance 335

where4 5 t; 6 7 Θ 8 is thesuperpositionof K 9 L signalscontributedby theincidentwaves
andcorruptedby zero–meanadditivewhitecomplex Gaussianchannelnoisen5 t 8 with
E : n5 t ; t08 n< 5 t 8 = > N0 δ5 t08 . An algorithmhasbeenproposedwhich jointly estimates
thechannelparametersandthedatabitsof all users [70]. Maximumlikelihood(ML)
solutionsof theproblemaregivenbyvalues5 6 7 Θ8 whichmaximisethelog-likelihood
functionΛ 5 6 7 Θ;y5 t 8 8 > 2 ? T0 Re@ y5 t 8 4 < 5 t; 6 7 Θ8 A dt B ? T0 C 4 5 t; 6 7 Θ8 C 2dt. Sincethe
maximisationof Λ 5 6 7 Θ;y5 t 8 8 is computationallytoo intensive, we rely on iterative
algorithmsto separatethe taskinto several separateoptimisationproblems.The ex-
pectationmaximisation(EM) algorithmis usedto estimateΘ while thedatasymbols
aredetectedby meansof a multistagedetection(MS) algorithm.Both algorithmsare
combinedwithin a Gauss-Seidelscheme.Monte-Carlosimulationshavebeencarried
out,wherethesymbolenergies D k of all usersat thereceiver remainconstantduring
differentsimulationruns,althoughthedelaysandamplitudesvary in a randomman-
ner. Fig. 6.33depictstheuncodedbit errorprobabilityPbE 1 of thefirst userin asystem
with K > 6 andL > 3. In comparisonto the RAKE receiver with perfectestimates
of the channelparameters,the proposediterative schemeachievesa substantialim-
provementin performance.Theresultingbit errorprobability is very closeto thatof
a single-userdetector, asdenotedby thedottedline (BPSK).Fig. 6.34shows thebit
error probability PbE 1 for a constantγ1 > 8 dB asa function of symbolenergies D k,
k > 2 F F F 6, of theinterferingusersrelative to D 1. Additionalsimulationresults[70] of
a two-usersystemwith adatarateof 128kbit/susingmacrocellularchannelmeasure-
mentsat carrierfrequency 1980MHz show thecapabilityof theproposedschemeto
eliminatethenear–fareffectevenin realisticenvironments.

Figure6.33:Bit errorprobabilityPbE 15 γ18
of user1 asa function of the signal–to–
noiseratioγ1 > D 1G N0 in thepresenceof
5 interferinguserswith γk > D k G N0, k >
2 F F F 6

Figure6.34:Bit errorprobabilityPbE 15 γ18
of user 1 for constantγ1 > 8 dB and
various interferencelevels γk > D kG N0,
k > 2 F F F 6
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6.5.3 CDMA with Interfer enceCancellation

Performancein termsof BERfor theuplink of aDS–CDMAcommunicationssystem
usingtheInterferenceCancellation(IC) technique[71, 72] andnoncoherentreception
hasbeenpresentedin Riceanfadingenvironments. Theseinvestigationshave been
carriedout by L. Levi andG. Romanofrom CSELT, Torino, Italy. The considered
propagationchannelis affectedby Riceanfading,characterisedby a ratio ρ between
the line of sight andthe multipathcomponents;the fadingphenomenaareassumed
independentfor the different users. For sake of simplicity, synchronousreception
wasassumedin thesimulations,althoughthetechniquecanbeusedalsoin theasyn-
chronouscase[71]. TheIC techniqueconsideredis basedon orthogonalmodulation
(i.e. Walsh–Hadamardencoding)andonthesignaldemodulationfrom thestrongestto
theweakestoneaccordingto apowerlist. Userassignedpseudonoise(PN)sequences
areusedto distinguishthedifferentsignalsbut donot introduceany spreading.In this
way the first signal to be demodulatedis the onethat presentsthe highestsignal to
interferenceratio (C H I ) andthusit is lessimpairedby interference.Thesignalis then
cancelledandsotheoverallCH I ratio increasesandalsotheweakersignalscanreach
theCH I neededfor therequiredperformance.Consideringthatthebasestationhasto
demodulateall thereceivedsignalsandthat it knowsall theuser–assignedPN codes,
it startsthe demodulationof the strongestsignalon the basisof the received signal
power list. Thebasestationperformsthedescramblingof thereceivedsignalwith the
PNcodeassociatedwith thestrongestuserandthentheHadamarddecodingby apply-
ing a Walsh–HadamardTransform(WHT) to both the inphaseandquadraturesignal
components.Thechosencodeword,which is theonewith largestmodulovalueafter
WHT, is cancelledandtheresultingsignalis subjectto inverseWHT andscrambled
with the samePN sequence.The procedureis then iteratedwith the secondsignal
in the power list. The power list canbe obtainedin an adaptive way at time Ti by
analysingthedemodulatedsignalsat time Ti I 1, whereT is thetime durationof each
Hadamardcodeword. Thesignalpower is relatedto its maximalco–ordinatesafter
WHT, thusthepowerlist canbeobtainedby orderingthemaximalco–ordinatesof all
the demodulatedsignals.The initial conditionscanbe achievedeitherby the power
controlalgorithmor by randominitialisation.

A scenarioin which 10 active usersaresimulatedhasbeenconsidered.Eachuser’s
signal is encodedwith a Hadamardblock codeHJ 128K 7L , scrambledwith the user–
assignedPN codeand then BPSK modulated;the overall processinggain is Pg M
128H 7 (12.62dB).The transmittedsignals,affectedby independentRiceanfading,
aresummedup at the receiver side to obtain the overall received signal. From the
simulatedresults,it was found that the IC techniqueallows a greatercapacitythan
the of conventionalCDMA, even with a relatively low processinggain. Increasing
thenumberof cancelledinterferersimprovesperformancebut, on theotherhand,the
receiver is morecomplex, anda tradeoff betweencomplexity andperformancehas
to be found. Performancedependson the Riceanfactorρ, which characterisesthe
propagationchannel,and, especiallyfor low factors,the curves with all the inter-
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fererscancelledapproachthe oneusercase.The bestperformanceis obtainedwith
ρ N 10 dB, while with ρ N 100dB thealgorithmcannotwork at its bestfor thefirst
signalsto bedemodulatedandcancelledbecausethereceivedsignalspresentalmost
the somepower andthusit is not possibleto find the strongestone. For ρ N O 100,
0 and 100 dB, simulationswith the computedpower list give performanceswhich
approachthat obtainedwith the ideal list, while for ρ N 10 dB (whereerrorsin the
demodulationorderarenot negligible with respectto theeffectsof fading)thereis a
lossof about1.5dB in theEb P N0 ratio at BER N 10Q 2. Simulationresultsalsoshow
thattheadoptedinterferencecancellationtechniqueis lesssensitivethanconventional
CDMA to nonperfectpowercontrolandchip synchronisation.

A specialkind of IC technique,suitablefor the synchronousdownlink of CDMA
systems,hasbeendevelopedby M. Bossertand T. Frey, University of Ulm, Ulm,
Germany. A lesscomplex receiver implementationis achievedby exploiting the re-
strictionof synchronismwith suitablespreadingcodes.

The conventionalapproachesin JD and IC deal with the generalcaseof a mobile
radiolink. Theasynchronousuplink hasdifferentchannelimpulseresponsesfor each
user. Thedownlink is treatedasa specialcasehaving somesimplifications(because
of synchronismandacommonimpulseresponse)but is neverthelessa computionally
expensive task,especiallyconsideringthat it hasto beperformedin themobilewith
restrictionson sizeandpower consumptions.For the JD/IC algorithmthereareno
principalrestrictionsto thespreadingsequencesusedandquasiorthogonalGoldcodes
arewidely usedbecauseof their goodcorrelationpropertiesat a sufficient largecode
setsize.

The inherentsynchronismof the downlink allows the useof orthogonalspreading
codes.An exampleis theQualcomm-Systemwhich usesspreadingsequencesbased
on scrambledHadamardcodes.Thesesequencesdeliver an ideal userseparationin
AWGN channelsbecausetheorthogonalityavoidsinter–userinterference(IUI). With
increasingtime dispersionof thechanneltheorthogonalitydiminishesandturnsinto
aquasiorthogonality, which resultsin theoccurrenceof IUI.
TheIUI is proportionalto theinterferenceparameter

Ih :N ∑
kRS 0 T ϕhhU kV T 2 (6.4)

of thetimediscreteequivalentchannelhU kV .
Themainideaof this IC techniqueis to restorethelostorthogonalitydueto themulti-
pathpropagationby applyinganequaliserworking on theinput signal(on chip level)
beforedespreading.Due to the fact, that the equaliserhasno knowledgeof the de-
spreadeddata,only alineartypeequaliseris applicable.AlthoughtheMMSE criterion
is usedfor coefficient calculation,the resultingnoiseenhancementlimits theperfor-
manceof IC. Applying a time-invariant (no fading) channelwith 3 pathsof equal
powerona fully loadedsystem(numberof users= spreadinglength)thelossis about
4dB at a bit error rateof 10Q 3 comparedto the singleuserbound(ideal BPSK). In
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termsof the interferenceparameterIh, which determinesthe link performance,the
3-pathchannelusedis worse(Ih W 0X 667)thantheCOST207channelmodels,where
Ih W 0X 28 is derivedfrom thedelaypowerprofileof thetypical urbanchannel.

In order to overcomethe penaltyof noiseenhancementthis methodwascombined
with interferenceestimationandsubtracting,cf. Fig. 6.35. The input signalis now

DEM

TB

TC

TECMF +

TB

DEM
-

L-1

L-1

pre-equalizer

Eq. Ch.

REMOD
+

interference estimation

Figure6.35:Receiverstructure

only weaklyequalisedin orderto keepthenoiseenhancementsmall.Thenthesignals
of the other userswerepredemodulated,decided,remodulatedandconvolved with
the equivalentchannel,which deliversan estimatefor the IUI. In order to keepthe
effect of error propagationsmall, the reliability of eachdecisionis consideredby a
nonlinearcharacteristic.Theestimationof theIUI is subtractedfrom theinputsignal.
For further detailssee[73]. This schemeshows that even in the fully loadedcase
only aslightdegradationof approximately1 dB comparedto theoptimumsingleuser
bound(cf. Fig. 6.36)andthuspromisesagoodperformanceonmobileradiochannels.
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Figure6.36:Performancecomparisonof thedifferentreceiver types
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6.6 Hybrid TDMA/CDMA

A. Burr , University of York, United Kingdom

A numberof schemeshave beenproposedwhich arehybridsof TDMA andCDMA.
Theobjective of theseis to avoid theshortcomingsof bothTDMA andCDMA, and
thusto obtainenhancedcapacity. Someof the schemesarealsoconsideredin more
detail elsewherein this chapter: the objective hereis to show how the inclusionof
elementsof oneschememayenhancethecapacity(or otherperformanceobjective)of
theother.

6.6.1 TDMA/SFH

Theuseof slow frequency-hoppinghasbeenconsideredtogetherwith codedmodu-
lation. The effect of SFH in this context is to enhancethe effect of the diversity of
thecodewithoutrequiringlongdelaysdueto interleaving. To avoid self–interference,
zero–coincidencehoppingpatternssynchronisedamongall userswould have to be
employedin a cellularsystem.Theeffect of correlationbetweenthefrequency chan-
nelsis considered,andit is shown that for a separationbetweenhoppingfrequencies
greaterthan0.15/(delayspread),thedegradationof thesystemis negligible. It is also
shown thatperformancewithin 1 dB of idealis achievedwith nomorethan5 hopping
frequencies.

6.6.2 JD-CDMA

A TDMA element(aswell asFDMA) is includedin theJointDetection(JD-CDMA)
systemdevelopedat theUniversityof Kaiserslautern[74], in asystemwhich is based
on DS-CDMA. This systemis reviewed in moredetail in section6.5 andin chapter
7. Herewe will considerthe extent to which the inclusionof FDMA andCDMA
elementsprovideadvantagesovera pureTDMA or CDMA system.
Firstly, theavailability of all threeformsof multiple accessprovidesflexibility , since
the systemis able to switch betweenthem. This is importantin a third generation
system,sinceit allowsoperationin arangeof operatingenvironments,for avarietyof
servicetypes,andsupportsa rangeof terminaltypes.It wouldalsoprovide interoper-
ability betweenmobilesandbasestationsusingdifferenttypesof air interface.
Secondly, it allows the systemto take advantageof a wide rangeof differentforms
of diversity. Diversity hasbeenidentifiedasessentialin overcomingthe degrading
effectsof the mobile radio channel,by reducingthe randomvariationof the signal
to interferenceratio dueto fading,etc. Fig. 6.37summarisesthe typesof diversity
availablein any mobileradiosystem.All theseformsareavailablein theJD–CDMA
systembecauseof theavailability of CDMA andTDMA. For example,frequency di-
versityis providedby theCDMA spreading,timediversityby codingandinterleaving
onaTDMA basis,andinterfererdiversitythroughCDMA (which impliesthatanum-
ber of userssharethe samechannel). Variousforms of antennadiversity have also
beeninvestigated,andoffer furtherimprovements.
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Figure6.37:Diversityapproachesin cellularsystems

6.6.3 CTDMA

CodedTime-DivisionMultiple Access(CTDMA) is alsoproposed[75]. This is based
on TDMA, but the signalis spreadin the frequency domainusinga pseudo-random
code,asin CDMA. Theprincipleis describedin chapter7. Eachuser’s signalis con-
vertedto a symbol-by-symbolTDMA waveform. This is convolvedwith a pseudo–
randomsequencecommonto all userswithin asinglecell. At thereceiverthesignalis
passedthroughtheaperiodicinversefilter of thespreadingsequence,which in effect
reversestheconvolution andregeneratestheTDMA signal. Hencetheusersmaybe
perfectlyseparated.Sincethe aperiodicinversefilter is not a matchedfilter the per-
formanceis degradedrelativeto matchedfilter reception.However, it hasbeenshown
that spreadingsequencesexist for which this degradationis very small, Y 0Z 4 dB.
Thesesequencesarebinary with chip values[ 1, so that the resultingsignalis con-
stantenvelope.
Theabove descriptionneglectstheeffect of multipath,which will causeinterference
betweenusersoccupying adjacentslots. This can be overcomein two ways. For
smalldelay–spreadsaguardtimemaybeintroducedbetweenusers.Fordelay–spreads
significantlygreaterthanthe chip period(greaterthan5 µs), this would excessively
degradethe spectralefficiency. Hencean equalisermustbe usedin the receiver. It
is proposedto usethe Maximum-a-posteriori(MAP) equaliser, which hasoptimum
performance,andwhosecomplexity is keptwithin boundsbecauseonly a few users
will overlapat any onetime.
In acellularsystemCTDMA woulduseadifferentspreadingsequencein eachof one
clusterof cells. In this caseinter-cellular interferencewould appearasuncorrelated
noise,asit doesin aCDMA system,andtherefore100%frequency re–useis possible
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dueto the interfererdiversityeffect. It hasbeenshown thatmultiple sequenceswith
goodinterferencerejectionpropertiesexist.
Theadvantagesof CTDMA overaconventionalTDMA systemcanbesummarisedas
follows:\ Thepeak–to–meanpower ratioof thesignalis reducedto unity, giving electro-

magneticcompataibility(EMC) advantages\ In a cellularsystem100%frequency reuseis possible,asin CDMA systems\ Theinherentfrequency diversityof DS–CDMA is alsoavailableto CTDMA\ Inter–cellularinterferencereductiontechniquessuchasvoiceactivity detection
applyequallyto CTDMA asto CDMA\ Sincethereceiveraftertheinversefilter is TDMA, thesystemhasahighdegree
of compatibilitywith TDMA.

Themaindisadvantageis theadditionalcomplexity of a linearfilter of lengthN in the
transmitter, andanotherof length3N in thereceiver.
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6.7 Multicarrier techniques

L. Vandendorpe,UniversiteCatholique deLouvain, Belgium

Multicarrier techniqueshave beenrecentlyconsideredfor transmissionover fading
channels.Thesetechniquesusemorethanonecarrierto transmittheinformationas-
sociatedwith a particularuser. OFDM (Orthogonalfrequency division multiplexing)
which is a particularcaseof multicarriermodulationis currently usedin the DAB
(Digital audiobroadcasting)systemandis aseriouscandidatefor DVB (Digital video
broadcasting)over terrestrialnetworks. Also OFDM hasbeenseriouslyinvestigated
for high bit ratetransmissionover telephonelines. OFDM canbe seenasa parallel
transmission:theinput symbolstreamis dividedinto parallelstreamswhich areused
to modulatecarrierswhich areorthogonalon thesymbolduration.Hencethesymbol
durationis increasedandthesignalshouldbemoreresistantto largedelayspreads.To
stateit in thefrequency domainthenumberof carriersshouldbesuchthat theband-
width of eachof thesecarriersbecomessufficiently narrow to considerthechannelas
frequency non–selective. Usingthis modulationtechniquethetimediscretetransmis-
sionsignalcanbecalculatedin a costeffective way by anIFFT (inversefastFourier
transform),andan FFT canbe usedin the receiver. OFDM transmitterandreceiver
aredepictedin Fig. 6.38.

6.7.1 OFDM with guard time

A very elegantway to remove the problemof ISI is to usethe techniqueof guard
interval of lengthTg. If thechannelimpulseresponseis aboutTg theOFDM symbols
of lengthTu canbe periodicallyextendedto build a symbolof lengthTg ] Tu. After
transmissionthefirst Tg secondsof eachOFDM symbolwill becorruptedbecauseof
thechannelimpulseresponse.If thedetectorusesthelastTu secondsof eachsymbol
thispartis notcorruptedby thepreviousOFDM symbolandthesubcarrierskeeptheir
orthogonality. The signal at the qth output of the FFT device and associatedwith
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symboln (In
q) is givenby

yn
ĝ q _ ` 2P

Nt
In
q Ca 2πqb T c T d νn

ĝ q (6.5)

whereCa 2πqb T c is the Fourier transformationof the channelimpulseresponseca t c
for frequency 2πqb T andνn

ĝ q is theeffectof theadditiveGaussiannoise.Orthogonal-
ity betweenthetonesis maintainedandISI is avoided.However thesymbolaffecting
the i-th carrierin theOFDM multiplex is affectedby thevalueof the channeltrans-
mittanceat thatfrequency. Assumingthatcomplex gaincanbeestimatedthesymbol
canbecorrectedby the receiver. Theprice to bepaid to useguardtimesis a lossof
Tg b Tg d Tu in usefulpoweror anequivalentincreaseof thebandwidth.How absolute
anddifferential(de)modulationscouldbeperformedwith OFDM hasalsobeeninves-
tigated[76]. Differentialdetectionis veryattractive,becausewhenthechannelcanbe
consideredasconstantbetweentwo successivesymbols,its affect is compensatedfor
by thedifferentialdetector. Fig.6.39showsthesensitivity of OFDM to timevariations
of thechannel.ThechannelwastheBadUrbandefinedin COST207.

Figure6.39:Performanceof OFDM in theBadUrbanchannelfor variousspeeds

OFDM might beusedalsoin anFH (frequency hopping)scenario.In orderto avoid
a userbeingallocatedto a fadingfrequency, its frequency is modifiedaccordingto a
specificpattern.Thefrequenciesin thehoppingsetmaybeselectedsuchthatthey are
orthogonalandhencethis schemeis implementedvery easilyby meansof (I)FFTs.
OFDM wasalsoinvestigatedfor a radiolink at 34 Mbits/s in a bandwidthof 8 MHz.
Absoluteanddifferentialmodulationschemeswerecomparedfor AWGN andmul-
tipathpropagation[77]. A drawbackof OFDM signalsis the nonconstantenvelope
whichhasa largedynamic.Thereforea power losshasto beacceptedin thepresence
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of a nonlineardevicesuchasa high poweramplifier. Theseaspectswereanalytically
investigatedaswell.

6.7.2 OFDM without guard time

If OFDM without guardtime is used,thesystemis affectedby ISI. Moreover theor-
thogonalitybetweentonesis lost andhencecross–carrierinterference(CCI) appears.
The efficiency of OFDM transmissionover a specularmultipathfadingchannelhas
beenanalyticallycomputedin [78]. For agivendelayrangeandassumingRiciandis-
tributionsof the pathgains,it is shown that whenthe numberof tonesgoesup the
systemperformanceimproves.However the limiting effect is this scenariowould be
thechannelvariations.It is expectedthatanoptimumnumberof tonescouldbefound.
Also it wasassumedthat thefilters in thereceiverwerematchedto thesymbolshape
only.

6.7.3 OFDM-CDMA

In orderto providethesystemwith amultiple accesscapabilityCDMA canbemixed
with OFDM. Therearetwo waysto combineOFDM with CDMA.

Method 1

A first possiblecombinationwasinvestigatedin [79] for a multiple accessandmul-
tipathscenario.The transmittedsignalis first OFDM modulatedandthenspreading
is put on top of it. Basically this schemeresemblesa CDMA system;the main dif-
ferenceis thatthespreadsignalis a multitonesignal.This combinationbenefitsfrom
thepropertiesof CDMA aswell asfrom its drawbacks.In [78], thetotal interference
wasmodelledasGaussiandistributed.To keepthebandwidthconstantthechip dura-
tion hasto beconstantandhencelongerpseudo–noisecodescanbeusedwith larger
numbersof tones.Consequentlymoreuserscanbeaccommodatedin thesameband-
width. Diversity receptionwasinvestigatedandthe computationalresultsshow the
advantageassociatedwith largernumbersof tonesin combattingboth the multipath
effect and the multiple accessinterference.For this type of combinationthe tech-
niqueof guardinterval is no longerrelevant. HenceMultiple Input–MultipleOutput
(MIMO) equalisationstructureswereinvestigatedfor OFDM–CDMA in [80, 81, 82].
Theequalisationstructureswerederivedfor filtersmatchedto boththechannelandthe
symbolshape.Thesteady–statebehaviour of linear [81] anddecisionfeedback[82]
equaliserswasinvestigated.Adaptive versions[80] have alsobeenproposed.Adap-
tiveRLS(recursive leastsquare)structureswerederivedandpresentedin theform of
aKalmanalgorithm.Simulationresultsobtainedfor a time–varyingchannelmodeled
by meansof a tappeddelayline show theeffectivenessof theequalisation.

For sucha system,Joint Detection(JD) was investigatedaswell. The device pro-
cessesthe outputsof filters matchedto the channelandthe symbolshape. It turns
out that the matchedfilter outputssuffer from ISI (inter Symbol Interference),IBI
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Figure6.40: BER for Nc e Nt f 15e 2, Nu f 3 users,andchannelswith 2 paths(equal
amplitudes)peruserandmatchedfiltering only (MF), interferencecancellationonly
(1 tapfilters,K f 0), andJEICwith (3 tapsfilters,K f 1).

(Inter BandInterference)andMAI (Multiple AccessInterference).The maximum–
likelihoodsequenceestimatorwasderived for sucha system,but is very complex.
Thereforesuboptimumdetectorsbasedon the processingof matchedfilter outputs
wereinvestigated.ThereceivercontainsNu g Nt matchedfilters whereNu andNt are
thenumberof usersandtonesrespectively. It wasfirst assumedthat thechannelin-
formationwasavailableandhencechannelmatched–filteringwasperformed.Thena
solutionwasproposedto performsymbolshapematchedfiltering only.
When designingjoint detectiondevices the main challengeis to obtain structures
whosecomplexity is only linear with the numberof usersand which are near–far
resistant. That makes it possibleto avoid a fine power–control strategy. Different
typesof joint detectiondeviceswereinvestigatedfor multipathchannels.They donot
assumeblock transmission.Thesestructuresare

1. The linear joint detector[83] (T–JEIC,meaningtransversaljoint equaliserand
interferencecanceller),seeFig. 6.40. The MMSE MIMO joint detectoruses
coefficientssuchthattheexpectationof theerrorbetweenthetruesymbolsand
their predictionbuilt from thesampledmatchedfilter outputsis minimum.

2. The decisionfeedbackdetector[84] (DF–JEIC),seeFig. 6.41. Actually two
typesof DF joint deviceshavebeeninvestigated.In thefirst one(DF–JEIC–1),
the estimatesarebuilt from currentmatchedfilter outputs,a few future ones
andprevious decisions.For mathematicaltractability it wasassumedthat the
decisionsarealwayscorrect. In theseconddevice (DF–JEIC–2),theusersare
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Figure 6.41: Bit error rate as a function of Ebh N0 for Nch Nt i 15h 2 and Nu i 3
overone–pathasynchronouschannels.Thesolidcurvesarefor matchedfiltering only
(MF), the starsare for DF–JEIC–1with 3 tap filters and the dottedcurvesare for
DF–JEIC–2with 3 tapfilters.

orderedin decreasingorderof power. Themostpowerful useris detectedwith
thefirst DF strategy. Then,for thesecondmostpowerful user, theestimatesare
built similarly exceptfor thecurrentdecisionof thestrongestuserwhichis used
insteadof thematchedfilter output,andsoon for theotherusers.

3. Thefractionallyspacedlinear joint detector(FSJD).Whenthechannelis time
varying,boththechannelmatchedfilter andthejoint detectorhave to beadap-
tive. Ratherthanperformingchannelmatchedfiltering, symbolshapematched
filtering canbeperformedbut in orderto beableto rendertheeffectof thechan-
nel in theadaptive device thesamplingrateat theoutputof thematchedfilters
hasto be increased.The receiver is thenonly supposedto know the pseudo–
noisecodesof theusers.

All thesedetectorshavebeendesignedfor anMMSE criterion.A zero–forcingdesign
wouldcorrespondtheanMMSE designatinfiniteEb h N0 ratio. Forall thesestructures,
it hasbeenshown how to obtainthe coefficientsof the equalisersin closeform and
how to adaptthemby LMS or RLStechniques.Moreover, from thedecisionvariables
obtainedafter joint detection,assumingBPSKmodulationit hasbeenshown how to
obtaina closeform expressionof theBER.
Thesteady–stateperformanceof all thesejoint detectorshasbeeninvestigatedin asyn-
chronousscenarioswith one–pathor two–pathsperuser. Also the resistanceagainst
a near–fareffect for thesamechannelshasbeendemonstrated,seeFig. 6.42.There-
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Figure6.42: Illustrationof thenear–far resistancefor Ncj Nt k 15j 2 andNu k 3 over
one–pathsasynchronouschannels. Eb j N0 k 7 dB. Matchedfilter detection(MF),
DF–JEIC–1(solid line) andDF–JEIC–2(stars)bothwith 3 taps(K k 1).

sultsarethat,assumingchannelmatchedfiltering, andfor aconstantcomplexity, DF–
JEIC–2is best,thencomesDF–JEIC–1andthenT–JEIC.Decisionfeedbackfraction-
ally spacedjoint detectionhasnotyetbeenstudied,but is certainlythemostpromising
candidate.

Method 2

A secondmethodto combineOFDM with CDMA wasanalysedin [85] for thedown-
link. Here,spreadingis performedon the informationsymbol level prior to multi-
tonemodulation.If Nt subcarriersareavailableevery informationsymbolof a single
OFDM symbolis spreadoveronesubsetof Mt subcarriersusingMt–dimensionalor-
thogonalcodes.Originally this techniquewasregardedasamultipleaccesstechnique
but it canalsobe regardedasa diversity technique.To obtaina maximumdiversity
gain,Nt j Mt l Mt m Nt n codesetswereusedin every OFDM symbolwhich werear-
rangedlike a combthusminimising the correlationamongthe subcarriersallocated
by a singlecodeset. Sincethe orthogonalityof the codesis destroyedby the chan-
nel equalisationis necessaryin the receiver. Threedifferentequalisationalgorithms
wereinvestigatedin [85]: Restoringtheorthogonalityby multiplying thereceivedsig-
nal vectorwith theinversechanneltransferfunction(ORC)shows poorbehaviour in
Rayleigh–Fadingchannelsbecauseweaksubcarrierscauseahighnoiseamplification.
Betterresultswereobtainedif only thosesubcarriersarerestoredwhosepower lies
aboveacertainthreshold(TORC).Thebestperformancewasachievedby aniterative
procedureevaluatingtheLikelihoodfunctionof all symbolsequencesof codelength
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Mt with only onebit differenceto a startingsymbolsequencewhich wasobtainedby
TORC.The mostprobablesequencewasthenusedasthe startingsequencefor the
next iterationstep.Four iterationstepsweresufficient to getanEb o N0 gainof more
than8dB at a BER of 10p 3 in comparsionto a conventionalOFDM system(seeFig.
6.43).
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Figure 6.43: BER as function of the averageEbo N0 for different OFDM–CDMA
equalisationalgorithmsunderRayleigh–Fadingconditions. (4–QAM, uncorrelated
fading,noisychannelstateinformationσ2 r 0s 1N, Mt

r 32)

Theideaof OFDM–CDMA hasalsobeeninvestigatedin [86] for aDECT–likesystem.
Here,spreadingwasperformedonbit levelusingorthogonalWalshcodes.With Walsh
codesof lengthfouradifferentialdetectionstructurecanbemaintainedandnochannel
estimationhasto beperformedat thereceiver.
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6.8 MAC Protocols

C.J. Burkley, University of Limerick, Ir eland

TheMediumAccessControl(MAC) sublayeris locatedbetweentheDataLink Con-
trol (DLC) layer and the Physicallayer in the OSI Model. Functionallyit is a sub
layerof theDLC layerandits purposeis to allocatethemulti–accessmediumamong
severalnodes.
A radiomediumis generallya broadcasttransmissionmediumunlessa specialeffort
is madeto focusthe transmissionin onedirection. The radio interfaceis therefore
analogousto a broadcastsystemratherthanto a dedicatedline for anindividual con-
nection.Thus,amechanismis requiredto ensurethatusersgainaccessto themedium
in a fair mannerandalsothatefficientuseis madeof themedium.
The two main categoriesof randomaccessare ALOHA andcarrier sensemultiple
access(CSMA). In CSMA, which is oneof the mostcommonaccessingtechniques
in usetoday, a nodewishingto transmita packet,first listensto thechannelto deter-
minewhetheranotheruseris currentlyaccessingthechannel.CSMA is lessproneto
instabilityproblemsthanALOHA andits efficiency canbefurtherimprovedby using
collision detection(CD) so that colliding sourcesceaseto transmitwhena collision
hasbeendetectedratherthanwaiting until theendof a packet. However CSMA/CD
is difficult to implementin a radio environmentasit may be difficult for sourcesto
detecta collision in the presenceof severefading. CSMA/CD is alsounsuitablefor
voice traffic becauseof its unboundedpacket delay. Otherpossiblemultiple–access
techniquesarethe token ring andtoken bus,but theseschemesaremoredifficult to
managein thefadingradioenvironment.
Thereis therefore,a needfor a multiple accessprotocol,which would performeffi-
ciently in the hostileradioenvironmentandwhich would be suitablefor integrating
bothvoiceanddatatraffic.
Packetaccessmechanismsfor cellularradiowereconsiderin theRACEMobileTelecom-
municationsProject1043[87]. Theprimaryadvantageof packet transmissionis that
bandwidthmaybeallocatedonademandbasis.Fourdifferenttechniqueswereexam-
ined,TM–BCMA/CD (time–multiplexedbase–controlledmultiple accesswith colli-
siondetection),PRMA (packetreservationmultiplex access),HPS–DB(hybridpacket
systemwith dynamicboundary)andHPS–FB(hybridpacketsystemwith fixedbound-
ary)andit wasconcludedthatthePRMA protocolis anattractivecandidatefor mixed
servicesover a rangeof cell sizesas it canaccommodatefixed channelaccess,re-
servedchannelaccessandrandomchannelaccess.
In the PRMA protocol [88], the channelis divided into slots,which aregroupedin
frames.Within a frameeachslot is recognisedasavailableor reservedon the basis
of a feedbackpacket broadcastin the previousframefrom the basestationto all the
terminals.As in slottedALOHA, terminalswith new informationcontendfor access
to availableslots. At the endof eachslot the basestationbroadcastsa packet that
reportstheresultsof thetransmission.A terminalthatsucceedsin sendingapacket to
thebasestationobtainsanimplicit reservationfor exclusiveuseof thecorresponding
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timeslot in subsequentframes.PRMA requiresall terminalsto listento acknowledge-
mentsin all slots.Framereservationmultipleaccess(FRMA) [89], is avariantof this
schemein which thebasestationbroadcaststheacknowledgementfor all theslotsin a
frameat theendof theframe.This resultsin reducedreceiveractivity andthesystem
canbe further enhancedby usingan adaptive permissionprobabilityscheme,where
thepermissionprobabilityis chosendependingon thenumberof reservedslotsat the
beginningof theframe.
In orderto supportsynchronousandisochronousservices,while guaranteeingaccept-
ablegrade–of–servicesomekind of isochronouscircuit allocationcapabilityhasto be
providedby theMAC sublayeranda SpaceDivision Multiple Access(SDMA) pro-
tocol with reservationdemandassignments(DA) disciplineto provide hybrid packet
andcircuit switchingserviceshasbeenproposed[90]. Thechanneltiming format is
a slottedchannel,eachtime slot correspondingto thepacketsizeof thelowerbit rate
serviceprovidedby the network. Packetscorrespondingto differentservicesarein-
tegermultiplesof slots. Slotsaregroupedontofixedframesandthenumberof slots
in a frameis calculatedsothatthedelaybetweentwo consecutivevoicepacketsdoes
notaffect thequalityof speech.Slotsaredividedinto reservationslotsanddatatrans-
missionslotsandthenumberof slotsfor eachclasscanbemodifiedasa functionof
thecollision rateor thenumberof re transmissions.
Polling canalsobe usedasa techniquefor controlling accessto the mediumanda
numberof differentmultiple accesstechniquesincluding full polling, partialpolling
anda contentionprotocolwithin a polling structurehave beenproposedandinvesti-
gated[91] for theirsuitabilityfor anintegratedvoice/dataindoorradiosystem.Results
showedthat2.5Mbits/suserdatathroughputcanbesupportedwith thepartialpolling
or contentionschemeswith a 20 msframelengthandwith acceptablevoicedelays.
A new transmission/resourcesharingschemewhich usesa pure RTS (Requestto
Send)/CTS(Clear to Send)protocol hasbeenproposed[92] as a resourcesharing
schemefor radioLANs. In this schemetheavailablebandwidthis divided into sub–
bandsandwhenabasestationhasamessageto sendit sendsanRTSoveranprimary
sub–bandthat wasnot busy to the destinationstationwhich wasalsonot busy. The
sourcestationthenlistensto thatsetof sub–bandsfor a CTSfrom thedestination.If
the RTS is received intact at the destinationa CTS is sentto the sourceover the set
of sub–bands.On receiving the CTS, the sourcestationsendsthe dataover the set
of sub–bands.On receiving thedatathedestinationsendsanacknowledgementback
over thesub–bands.
Sincethedeploymentof new personaltelecommunicationsnetworksis likely to occur
simultaneouslywith that of new broadbandnetworks the MAC protocol dataunit
structureshouldbecompatiblewith theATM cell structure,which is basedona fixed
packetsizeincludingavirtual circuit identifier. Theneedfor anadditionalheader(for
synchronisationaddressing)in theair interfacehasbeenidentified[90] aswell asthe
needto handleerrorcontrol for the radiochannel.ATM will offer a flexible transfer
capabilityto all servicessupportedby theradionetwork.
An importantfeatureof the system,relatedto its spectrumefficiency andits quality
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of service,is thechannelassignmentpolicy. For non–uniformtraffic conditions,dy-
namicchannelallocation(DCA) schemes,in whichchannelsareassignedondemand,
out performedfixed channelallocation(FCA) schemes.Hybrid channelallocation
(HCA) schemes,in which only someof the availablechannelsareassignedperma-
nently andthe remainderareshareddynamicallymay be simpler to implementand
their performancewould besomewherein–betweenDCA andFCA.
A MAC protocol for ATM–basedIndoor Radio Networks hasbeenproposed[93]
which usesa request/permitmechanismto control the accessto thesharedmedium.
Eachremotestationdeclaresits requiredcapacityby sendingrequeststo the access
control locatedin thebasestation.Theavailablecapacityis allocatedby meansof a
strategy which approximatesaglobalFIFO queuein suchaway thatthepeakbit rate
is enforcedandfair accessis achieved. The remotestationsareinformedaboutthe
obtainedcapacityby meansof permits,which authorisethe remotestationto senda
cell. TheMAC protocolis thuscell based,meaningthatanissuedpermit initiatesthe
transmissionin asinglecell.
To meetthe requirementsof futuresystemsin the fadingmobileenvironmentanef-
ficient channelmanagementsystemis needed.Thesystemshouldincludea flexible
multiple accesstechniqueanddynamicchannelassignment.To be compatiblewith
futureB–ISDN, theapplicationof ATM is anobviouschoice.However, eventhough
somemediaaccesssystemshavebeensuggestedfurtherwork needsto bedonebefore
auniversalsystemcanbeproposed.
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