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7.3 CodeTime Division Multiple Access

by Jurg Ruprecht (SwissTelecomPTT), Urs Loher, Gerhard Kr amer
(ETH Zentrum, Switzerland)

7.3.1 DesignsRationale

Themostpopularmultiple accessingechniquegor cellularsystemsTime Di-
visionMultiple Acces{TDMA) andCodeDivisionMultiple AccesYCDMA),
have their own advantageshut alsosomedisadwantages.In TDMA, thereis
nointracellinterusetinterferencebut the high peak—to—aeragepower andthe
necessarjrequeng planningor dynamicchannehllocationbetweeradjacent
cellsdetractfrom the utility of this schemeOntheotherhand,CDMA excels
in justtheseareas:a constant—earelopesignalis transmittedanda clustersize
of onecanbeused.However, alimiting factorin CDMA is intracellinteruser
interference.To combinethe advantageof CDMA andTDMA, Masseg (un-
published)proposeda widebandcommunicationsystemfor indoor cellular
applicationscalled Code Time Division Multiple Access(CTDMA) [31]. In
particular CTDMA canyield a peak—to—aerage power ratio of one and a
clustersizeof one.Moreover, interuseiinterferencas resohedusingthesame
techniquesstheresolvingof intersymbolinterferencen TDMA.

7.3.2 SystemDescription

CodeTime Division Multiple Acces{CTDMA) incorporatevoth CDMA and
TDMA aspects:.whereaghe signalsentover the air interfaceis spreadin a
CDMA fashion,the processingat the recever is similar to that of a TDMA

recever. Hereafterwe describets discrete-timebasebandepresentatiorcf.

Figuresl and?2) thatwill beusedthroughouthis section.

The binary informationsequencd|:] of userk, 0 = k < K, is encodedand
mappedto the complex sequence|:] which hasa symbolrateRx. The se-
guencex]'] is oversampledor “expanded”)anddelayedby Oy chipsto yield

asymbol-le@el TDMA sequencel[]. Thesequencel[] is thensentthrough
alinearfilter s[-] of lengthL which is commonto all usersin onecell. Thus,
in effect, di['] hasbeen“spreadin time” by g[], or alternatvely xi[:] hasbeen
spreadn a DS-CDMA fashionby a spreadingsequence]:] andthendelayed
by © chips. The spreadsequencey|] passeshrougha userspecificmul-

tipath channelwith impulseresponséy[:] andis distortedby additve white
Gaussiamoisewith zeromeanandvarianceo?= &, where®y is the noise
power density Therecever thenseeghe sequence|].

In orderto separateahe users,the recever of userk passeghe incoming se-
quencerg['] throughthe aperiodicinversefilter v[:] [30] of the spreadingse-
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Figure1l: CTDMA examplefor K= 3 users: The modulated/mappeuthfor-

mationsequences['] (for clarity, we have only used‘+1"-symbols), TDMA

separatioron a symbol level (dy[:]) and spreadingin time by the common
spreadingequencég+1. —1. -1, —1] of lengthL=4 (qy['])-

qguences]:]. A perfectimplementatiorof the inversefilter v[] completelyre-
verseghe spreadingand,if the durationsof theimpulseresponsesy|[:] of the
multipath channelsdo not exceedthe TDMA guardtime, perfectly separates
the userssuchthatthereis no intracell interuserinterferencethat usually ap-
pearsin CDMA.

To assurea constant-evelopetransmittedsignalfor eachuser we shall here-
afterassumehat [x[i]|=1 (all i) and|gn]|=1 (all 0 & n < L), which yields
a peak-to-geragepower ratio of onein the transmittedsequences|[:]. The
TDMA guardtime is definedby the relative user offsetsAy, which are the
transmissiontime differencegin chips)of the two adjacentusersk andk—1,
andwhich may be dynamicallyallocated. The absoluteuseroffsetsarethen
givenby Ox= X _,4; (in chips).

Theaperiodicinversefilter v[] is definedby

o0 L1 if N=
we9l= 5 wisn-i= S vi-lidl={ § oo, @

wherewe have usedthe factthatgn|=0 for n«<.0 andn L. In theory the
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Figure2: Block diagramof a CTDMA system.

inversefilter completelyeliminatesthe sidelobeghatappeaiin matchedilter
processing@ndthatis thereasorwhy thematchedilter is notrecommendeth
a CTDMA recever. Thedravbackof theinversefilter is its poorernoiseper
formancewhencomparedo the matchedfilter, which is known to maximize
the signal-to-noiseatio SNRat thefilter output. However, thereexist suitable
binary(£1)-sequencewsherethelossin SNRcomparedo the matchedilter is
lessthan0.5dB [30, 31, 33]. Thislossis referredto astheinversefilter noise
enhancementactor ¢&¢, which in turn definesthe inversefilter processing
gainGl'¥ =L felv3. Anotherdravbackof the aperiodicinversefilter is thatit
hasnon-zerocoeficientsv[n] in theentirerange—oo « n < o0 [30]. Therefore,
it mustbe implementedby a finite lengthapproximationvy[-] [30]. Usually
alengthof N=3L in wy[:] suppressethe sidelobesn ] =[] well belov
40dB, whichis sufiicient for practicalapplications.
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CTDMA Recever Design

In a multipathervironment,the transmittedsignal propagatesia a multipath
channelwith impulseresponsdt], anexampleof whichis illustratedin Fig-
ure 3. In ervironmentsfor which the excessdelayis small,i.e., within a few
chips,Ax maybemadelarge enoughto eliminateinteruserinterferece. More
preciselythereis nointeruserinterfeene in a multipathervironmentif

maxTe]

whereT; is the chip duration. Sinceone may usethe samefrequeng band
in all cells, allowing a small increasein Ax causesno capacitydegradation
with respectto the classicalschemedDMA and TDMA that usedifferent
frequeng bandsin adjacentells. E.g.,Ac="7 providesthe samecapacityasa
classicakchemawith aclustersizeof 7.

As soonasthe excessdelay exceedsthe relative usershift, however, suchas
in hilly terrainwheretg is typically larger than 5us interuserinterferace
occurse.g.,for chipratesof 1.25MChips/sandAx=6chips

To combatthis interferencepnecould simply shift the usersfurtherapart. At
somepoint, however, the spectralkefficiency would betoo severelydiminished
sothatwe mustallow someinteruselinterferencen therecevedsignal,i.e.,an
equalizeris neededFor example,onemaywantto usea Viterbi Algorithm to
resole theinterferencebut thenoneis throwving out“soft” informationwhich
is usefulfor thedecodef26]. A betterchoicefor theequalizeris the Forward-
Backward Algorithm [29], or somevariantof this algorithm(see.e.g.,[23] or
the morerecent[24]). A disadwantageof this maximuma posteriori equal-
izer is certainlythatits compleity grows exponentiallywith the numberof
overlappingusers but becausef therelative usershifts, the numberof over
lappingusersin a CTDMA systemis relatively smallevenfor long multipath
channelsFor instancejn anoutdoorervironment,wherea maximumexcess
delayof 1e=20psis notunusualandarelative usershift of A=4.8usis used
(which correspondgo 6 chipsat 1.25MH2) thereare only four overlapping
userswhichis still manageableMoreover, this recever conceptis applicable
to boththe downlink andthe uplink.
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Figure3: Exampleof a multipathchanneimpulseresponsd(t] with absolute
delaytp andexcessdelayte.
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Figure4: CTDMA transmitternoisymultipathchannelandCTDMA recever.

Figure4 shawvs the correspondingC TDMA transmitternoisy multipathchan-
nel andrecever: the encodedand mappeddatasequence|] of userk is
oversampledvith a factorof L, shiftedby © chipsandspreadwith s[:] in a
CDMA fashion. The multipathchannelh[:] andthe additve white Gaussian
noisesequence[] distortthis transmittedsignal. Therecever despreadshe
signalwith theinversefilter V[:] of 5[], passe# throughtheequalizeranddec-
imatesthis sequencdy afactorof L in orderto getthe soft decisionestimate
%i['] for x[1].
Thenecessargynchronizatiorandchannekestimationinformationcanbe ob-
tainedin aneasymannerby usinga pilot signalin boththe downlink andthe
uplink. In thedownlink oneof theuserslotsis reseredfor asymbolratepilot,
andin theuplink a pilot symbolis sentintermittently

Cellular CTDMA

The considerationgibove arevalid for a CTDMA systemwith onecell. An
extensionto seweral cellswithin the samefrequeng bandis possibleby using
differentspreadingsequenceandallowing intercellinteruselinterference.
For good systemperformancewe mustrequirethatall spreadingsequences
have alow inversefilter noiseenhancemerfactoret'$ (which limits the noise
influence) thatthe spreadingactorL is large enoughfor the signalbandwidth
to beatleastin theorderof thecoherencéandwidth(yielding adiversitygain)
andthatary particularcell's sequenceausesslittle interferenceaspossible
atthe outputsof theinversefilters of all the othercells.

Giventhe basicbinary spreadingsequencey:] of lengthL with inversefilter
noiseenhancemerfactorelVs andcorrespondingnversefilter processingain
GV4, the“frequeng—shifted” sequences

SMin] = gnel ", m=0,1,....M—1, alln, )

whereM is the sequenceluster size are all constantenvelop comple se-
quenceswith the sameparameters., etV%, andG¥. The“frequeng” offset
guaranteesairly good crosscorrelatiorpropertiesbetweensi™[:] and vi[.]
for m# n, whereVi®[] is the inversefilter for the n-th sequence™[:]. For
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realization,s™™[] canbe implementedass]] with a carrierfrequeng offset

mf,, where
1 1

(whereTc andTg denotethechip andbit durationsrespecirely), i.e.,

fo

S{m}[n] — qn] ej2nmnf0Tc :

suchthat only one sequencegeneratorand oneinversefilter implementation
areneededor all cells. Notethat,in [22], thisapproachasbeenproposedor
intracelluserseparatiofin CodeFrequeng DivisionMultiple Acces§CFDMA).

7.3.3 SystemPerformance

As thebasict1 spreadingequenceye shallusethelength-32sequencevith
a hex representatiof 00F2N533 that providesthe smallestnoiseenhance-
mentof all sequencesf the samelength[32, 33]. Its inversefilter noiseen-
hancementactoris only €= 0.74dB, andit yieldsaninversefilter process-
ing gainof GV¥=14.3dB.
Insteadof the true inversefilter V[ .], which is of infinite length, a truncated
versionvy[.] of lengthN= 134 chipsis used which hasa peak/of-peakratio
(POP-ratio)
ot ltwxsIO]

max| (v * S1[m]

of pi*¥ — 400B.

Simulationresultsfor this CTDMA systemin afadingervironmentareshavn
in Figure5. Thesesimulationswereperformedfor a singlecell in whichthere
were8 users(Ax =4) sendingtheir dataat 40kSymb/swhich resultsin a chip
rate of 1.28MChips/sandin a grosssymbolrate of 320kSymb/s Thus, the
efficiengy is only 25% (= 1A= 1#4) for this singlecell. We note,however,
thatthe efficiengy will improve if oneconsiderghecellular ervironmentwith
frequeng reusepr if onemakesAy smaller

The channelmodel usedin the simulationswas the COST207 Rural Area
modelat a carrierfrequeng of 900MHz anda velocity of 100km/h We put
4th-orderButterworth filters with basebandandwidthsof 625kHz at the out-
put and input of the transmitterand recever, respectiely. The channelre-
sponsewas estimatedusing a symbolrate pilot for the downlink anda pilot
sentevery four symbolsfor the uplink (notethatthis impliesthattheinforma-
tion ratefor theuplinkis reducedy 25%). As thechannelesponséengthwas
short,amatchedilter with 3 fingerswasusedto provide thedecodemwith soft
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inputs. The codeusedwasthe maximumdsee rate—¥2 binary convolutional
codewith constrainlength6 [25] decodedwith the Viterbi Algorithm, anda
4 » 2.5msinterleaver wasusedto mitigatethe effectsof fading. Perfectchip
synchronizatiorwas assumedor all simulations. In Figure5, the reference
curve labelled“AWGN?” is the error performancegor an uncodedsignal sent

over theadditive white Gaussiamoisechannel.

The simulationsindicatethat onelosesaboutl to 2dB on the uplink dueto
poorerchannekstimation.Thislosscouldbereducedpf courseby sendinga

pilot symbolmoreoften.
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Figure 5: CTDMA error performancefor the COST207 RA100 channel

model.
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7.3.4 Sewice Provision

In this sectionwe considertheimplementatiorof several services:By means
of orthogonalWalsh-Hadamardayers, orthogonaluser families with sym-
bol ratherthan chip level interfamily synchronizatiorrequirementsare in-

troduced.This approachs thenappliedto accommodatenultiple andvariable
bit rates,andto separate&onnection-orienté and connectionlessaswell as,
in adifferentcell separatiorscenariofo provide a dynamicmixed-cellarchi-
tecture. Note that, for sale of simplicity, no additionalprotocolinformation
is consideredn thedescribedscenariosthesehave to beaddedandthecorre-
spondingrateshave to be changedaccordinglyfor areal-world system.
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Figure6: Ratesoverview of ageneralizedCTDMA system.

RatesOverview

Figure 6 shaws the variousratesin a generalizedCTDMA system. The rate
adaptersare usedto generatea large variety of datarates. The CTDMA en-

codercorvertstheinformationbit rateRg into theencodednformationbit rate
Re = rcRg, whererc is theinverseencodingrate of arater—lc errorcorrecting
code.Theadaptiorto theencodedymbolrateRs= ry Re is doneviathemod-
ulationalphabetateadaptomwith factorry, wherery = 1flog,[Al andwhere
Aisthemodulationalphabesize(in thecaseof BPSK,A= 2 andry =1, and
for QPSK,A= 4 andry = 1/2). We shallseebelaw thatthesefactorsrc and
rm have to be designedsuchthatthe requirement®on Rs aremet. Thesere-

quirementsarethatonly discretevaluesof Rs areallowed,namelyRs = Rc L,

Rs=kRcfL,orRs=2 KRcfL (k=1,2,3,...].

ThisrateRs is thenadaptedo the (fixed)normalizedsymbolrateR, by means
of a Walsh-HadamardWH) rate adaptor: If Rs= Ry thenthereis no rate
adaptionnecessarandry = 1. If Rs = Ry, multiple time slotsare usedfor

thetransmissiorof this signalandry = k (k=1,2,3,...). If Rs < Ry, aWalsh-
Hadamardcodingtechnique(cf. Section”OrthogonalWalsh-Hadamard. ay-

ers”)increasesherateby factorsof 2K, andwe getry, = 2X. In thislattercase,
2¢ suchuserscansometimede assignedhe sametime slot.

ThisrateRy is thenmultiplied by the spreadindgactorL in orderto obtainthe

chiprateRc = LRy.
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Orthogonal Walsh-Hadamard Layers

Given the basicCTDMA systemwith chip rate Rz, spreadingfactor L and
encodedsymbolrate Rs= RcfL, several orthogonalwWalsh-HadamargdwH)
layerscanbeimplementedn CTDMA: Givenasetof Q = 2% orthogonaWH
sequenceg/[] (q=0...Q-1) of lengthQ, theencodedsymbolsof the basic
CTDMA systemcanbe furtherencodedwith thesesequences/y[:]. We then
getQ orthogonaluserfamilies,eachproviding basicsymbolratesof RsfQ.
Note thatthereis a needof aninterfamily synchronizatiorwithin Q symbol
durationQTs (whichis the durationof Q WH symbols)correspondingo chip
numbers0 to QL — 1: All chip numbersn in therangeO = n <« L—1 canbe
usedto allocatetime slots,but nottheonesin L = n < QL—1.

As exampleswe hereaftedepictthe WH codesof lengthsQ= 2 andQ = 4:

N=2: Wo[']=[—|-l:—|-1] N=4: Wo[']=[—|-l:—|-1:—|-l:—|-1]
wi[] = [+1,-1] wi[]=[+1,-1,41,-1]

Wol] = [H1,+1,—1,—1]

W3[']= [+l:—1:—l:+1]

We will seethatthis techniqueof layeringsignalsis very corvenientfor both
multiple and variable bit ratesas well as, in somecases,for the designof
dynamicmixed-cellarchitectures.

Multiple Bit Rates

Multiple informationbit rates,i.e., differentuserbit rates,canbe accommo-
datedvia appropriatadesignof the parametersc, ry andry. Someexamples
aregivenin Table7. If ry = 1, morethanoneusercanbeallocatedo thesame
time slot (asstatedn “RatesOvervien” andin “OrthogonalWalsh-Hadamard
Layers”).

Variable Bit Rates

Variableinformation bit rates,i.e., information bit ratesof one specificuser
thatvary during transmissioncanbe accommodatethe sameway asabove
with multiple bit rates.Here,dueto the statisticalnatureof theinformationbit
ratechangeno additionaluserscanusuallybeallocatedto the sametime slot;
the overall systemhowever still benefitsby a decreasedhtercellinterference.

Connection-Orientedand ConnectionlessService

We proposeto usethe WH codesof lengthQ = 2, i.e., wp[] = [+1.+1] and
wq[] = [+1. —1] to separat&onnection-orientedndconnectionlesservices.
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Thecodeswg['] andw;[] canthenbe assignedo the connection-orienteend
the connectionlesservicesyespectiely (or vice versa).As long asthe inter-
family synchronizatiorrequirementsnentionedin the Section“Orthogonal
Walsh-HadamardLayers” are fulfilled and ideal inversefiltering is applied,
both servicesdo not interferewith eachother A practicalinversefilter re-
alizationwill however causevery little interferencebetweenthe two service

types.

Mixed-Cell Ar chitecture

In “Cellular CTDMA” of Section7.3.2, CFDMA was proposedio separate
adjacentcells. Differentcell typesin a hierarchicalmixed-cell architecture
(wheree.g.umbrellacells cover sereral underlyingmicro cells) canthenbe
separatednly by FDMA, i.e., by allocatingnon-overlappingfrequeng bands
to differentcell hierarchies.However, the cell separatiorwithin the samehi-
erarchiecanstill bedoneby CFDMA. Thisis aratherrigid solutionsincethe
correspondingapacitiecannotbe sharedetweerthelayers.
Anotherpromising,yet not deeplyinvestigatectell separationiechniquejs to
allocatethesamespreadingequenceandcenterfrequencieso all cellsandto
adopta dynamicchannelallocation (DCA) technique(asis donefor instance
in DECT by applyinga TDMA/TDD scheme)o maintainthe requiredlink
quality. If the transmissiorof a useris distortedby stronginterferenceg.g.,
whenthe sametime-slotin anadjacentell is occupiedby a very closeuser
oneof this two usershasto changethetime-slotallocation. Sincein this sce-
nario, eithernoneor only a few usersareinvolved into mutualinterference,
animplementablenterferer sepaation (1S) techniquecouldbe appliedfor ca-
pacityenhancementd.his would bea moredynamicsolutionsincecapacities
cansoftly beallocatedio bothhierarchies.

7.3.5 Chip Rates,SpreadingFactors, Symbol Ratesand Bit Rates

For givenchipratesof 0.2,1, 5 and20MChips/s we have evaluatedthe corre-
spondingsymbolratesfor thecaseof noWH codeapplication(Q= 1), thecase
of length-2WH codeapplication(Q = 2) andthe caseof length-4WH code
application(Q= 4) andlistedthe resultsin Table8. Theseresultsemphasize
thata spreadingactorof L = 2° = 32 ratherthanthe previously considered
caseof L = 169 might be a good choice; Table 9 thereforesummarizeghe
correspondingesultsfor L = 32.

Table7 thengivesexamplesfor possiblerate scenariogor L = 32 andRc in
theorderof 0.2,1, 5 and20MChips/s Thefollowing assumptionsveremade
in thistable:
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Figure7: Ratessxamplesf ageneralizedCTDMA system(protocoloverhead
neglected).
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Figure8: CTDMA chipratesRc, spreadindactorsL. andencodedgymbolrates
Rsfor Q= 1, 2 and4 orthogonaWH families(protocoloverheadheglected).
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Figure 9: CTDMA chip ratesRc; and encodedsymbol ratesRs for a fixed
spreadindactorL = 32andQ = 1, 2 and4 orthogonaMWH families(protocol
overheadhgglected).

» Thechipratescorrespondingo thebandwidth®.2,1,5and20MChips/s
areassumedo be0.16,1.28,5.12and 20.481Chips/s This approach
is very convenientsincethereareonly factorsof 2€ betweertheserates,
i.e.,1.28=8x0.16,5.12=41x0.16,20.48= 4 0.16.

» We assumea fixed modulationalphabetof A =4 (QPSKmodulation)
resultingin a modulationalphabetateadaptorof ry = 1¢2. Of course,
rm = 1fl0g,[A] couldalsobevaried,which couldaddeven moreflexi-
bility to thesystem.

» We furtherassumehatthereis only oneservicetype offered,i.e., there
is no additionalWalsh-Hadamarthyerimplementedo distinguishcon-
nection-orientedndconnectionlesservicer to split into severalcell-
hierarchiesasis the casein a mixed-cellarchitectureof the abose men-
tionedDCA cell separatiorscenarioln theseothercasegherateshave
to bechangedaccordingly

Thefollowing obserationscanthenbe madefrom Table7:

= Thefunction of the inverseencodingraterc is, besideits maintaskto
protectthe dataagainsterrors, to translatethe informationrate Rg in
somediscreterealizationsof Rg, sincethe CTDMA-chip rateis fixed.
Sincethe correspondingaluesof Rs mustbe Rs= RcfL, Rs= KRcfL,
orRs=2 KRefL (k=1,23,...] andry is assumedo be 1/2, Re must
thentake onvaluesRe = Rsfry, i.e.,Re= Rcf[LIm], Re =kRcf(Lrm],
orRe =2 *Rcf(Lrv) (k=1,2,3....].

s Therequiredservicequality can,within therequiredvalues still decide
whatorderof inverseencodingraterc shallbeimplementedIn Table7,
it is usually either5¢2 or 5f4 (except, for Rg = 12kBits/s rc = 5/3).
It could, however, alsotake on ary value describedoy 5/4 2 (k=
0.1.2...).
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Note againthatthesefiguresdo not accountor protocoloverhead.

7.3.6 Compatibility with GSM

GSMis basicallyaTDMA systenoffering 8 userdo transmitatapproximately
24kBits/seachwith anoverlayedFDMA channekpacingof 20kHz In order
to reducantercellinterferenceo anacceptabléevel, a(frequeng) clustersize
of around12 mustbeimplemented.

A CTDMA systemwith 20kChipscould be installedwithin these20kHz
channelsIf arelatively shortsequences usedasa spreadingsequencee.g.,
L = 32),asymbolratecloseto 12kSymbols/sorrespondingo 24kBits/s(due
to QPSKmodulationin CTDMA) canbe providedto eachuser With appro-
priatetime shifts,apilot andatleastone(but lessthan8) userscanbeallocated
to the samefrequeny in a specificcell. A frequeng clustersize of aboutl
thenimprovesthe overall Erlangcapacityat leastto the oneof GSM.

After the clustersizeis fixed, multiple adjacentthannelscanbe combinedin
orderto offer larger channelspacingsand higher bit rates(wherever neces-
sary).
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7.4 Joint DetectionCDMA

by P.W. Baier, J.J. Blanz, P. Jung, A. Klein, M.M. Naf3han,A. Steil and B.
Steiner, Reseach Group for RF Communications, University of
Kaiserslautem, Kaiserslautem, Germany

7.4.1 Designsrationale

A key issuein thedevelopmenbf anenv mobileradiosystenconceptgvolving
from secondyenerationrmobileradio, is the organizatiorof themultiple access
(MA). In anew mobileradiosystenconcepttheMA canbebasednthewell-
known basicMA principles[35, 36] codedivision multiple acces{CDMA),
frequeng division multipleaccesgFDMA) andtime divisionmultiple accesss
(TDMA). It is vital for the successfutlevelopmentof a new mobileradiosys-
temconcepto thoroughlyunderstandhe key issuesandhenceheadwantages
anddisadantagef thesethreebasicMA principles.

All of the secondgeneratiormobile radio systemsare basedon hybrid MA
schemesThe mostcommonhybrid MA schemds F/ TDMA alreadyapplied
in GSM[37] andalsoproposedor theRACE Il conceptATDMA [38]. Hence,
it is reasonabléo assumehatthird generatiommobile radio systemssuchas
UMTS (UniversalMobile Telecommunicatiobystem)andFPLMTS (Future
PublicLandMobile TelecommunicationSystem)whichis alsotermedIMT-
2000 (InternationalMobile Telecommunication2000),arealsogoingto use
hybrid MA schemesln this sectionthedesigngationale,.e. the selectionof
thehybrid MA schemefor ajoint detectionCDMA (JD-CDMA) mobileradio
systemconceptdevelopedwithin COST231shallbe explained.

It is beyond questionthat UMTS and FPLMTS, providing global coverage,
mustuseFDMA, consequentlenablingfrequeng planningandreuse flexi-
ble frequenyg allocationaswell asintercellinterferencecontrol[36]. Further
more,theimplementatiorof overlay conceptss easedy usingFDMA. Now,
it is the questionwhetherFDMA shall be combinedwith only CDMA such
asdescribedn [39], only TDMA suchasin [38] or a combinationof both
CDMA and TDMA, cf. e.g. [40]. The prosof TDMA are capacityadwan-
tageover CDMA, becauséntracellinterferences avoided,andhigh degreeof
acceptancehecausehe mostsuccessfusecondgeneratiormobile radio sys-
temGSM [37] usesTDMA. Themaindisadantagef TDMA areincreased
intersymbolinterferencehereforerequiringthe applicationof adaptve equal-
izers, high momentarypeaktransmissiorpowersleadingto EMC problems,
mutual synchronizatiorof the usersandlack of flexibility [36]. The pros of
CDMA arefrequeng diversity, interfererdiversity anda flexibility adwantage
over TDMA becausaisersignalscanbe switchedon and off independently
anddataratescanbechoserindividually [36, 39]. Theconsof CDMA areoc-
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curenceof intracellinterferenceandits novelty to mobileradio andtherefore
lack of acceptanc36, 39.

Sincenoneof the MA scheme<DMA and TDMA seemdo incorporatethe
ultimate adwantage;t is a temptingideato inherit the capacityadwantageof
TDMA on the onehandandthe flexibility adwantageof CDMA on the other
handto a hybrid MA schemecomprisinga propercombinationof FDMA,
TDMA and CDMA andthereforetermedF/T/CDMA. F/T/CDMA may en-
joy broadacceptancdy being basedon known standardsaindis thereforea
promisingcandidatdor UMTS andFPLMTS.

The benefitsof F/T/CDMA shall be discussedn this paragraph.Figure 10
shavs two hybrid MA schemesA total of 24 userdss consideredn the exam-
plesof Figurel0. In FigurelOathecornventionalhybridMA schemd-/TDMA,
e.g. beingusedin GSM [37] wherethe time slotshave duration/At equalto
576.9us andthefrequeng slotshave width Af equalto 200kHz, andin AT-
DMA [38] with At equalto e.g. 277.8ps andAf equalto 276.9kHz, is de-
picted. Eachof the rectanglesn Figure 10arepresent®ne userburst. An
optional CDMA components introducedinto the F/ TDMA MA schemeof
Figure10a,by poolingthe narrawv frequeng slots,having width Af, of spec-
trally adjacentusersge.g. of usersfive to eightin thefirst time slotto a wider
frequeng slot, andby occupying this wider frequeng slot commonlyby user
signalsfive to eightin suchaway thattheseusersignalsarespectrallyspread
by userspecificCDMA codesto this wider frequeng slot. This approachs
schematicallydepictedin Figure 10h The larger the numberof pooledfre-
gueng slots,themoredistinctthe CDMA componentIn thesecondime slot
of Figure10b,eightoriginalnarrav frequeng slotsof width Af arepooledand
in thethird time slot of Figure10bno poolingatall occursand,consequently
no CDMA components appliedin this third

time slot. As demonstratedh Figure10ba CDMA componentanbeintro-
ducedveryflexibly wheneerit payswith respecto bothcapacityandflexibil-
ity. A dynamicallyreconfigurablehybrid MA andchannelallocationscheme
is thusobtained.
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Figure10: Hybrid multiple accesschemes
a) F/I TDMA multiple accessschemeusedin GSM [37] and

ATDMA [38] _ o
b) adaptve flexible multiple access scheme combining

FDMA andTDMA with CDMA

7.4.2 Systemdescription
Uplink

In this section,the moreelaborateuplink of the JD-CDMA mobileradiosys-
tem conceptshall be describedn detail [40, 41]. Figurell shaws theuplink
frame structurewhich is, as mentionedabove, similar to GSM [37] and AT-
DMA [38]. Tablel containsan overvienv over the main systemparameters
[40, 41]. A maximumof K equalto 8 mobilesaresimultaneouslyransmitting
signalsof bandwidthB equalto 1.6 MHz in the samefrequeng bandof width
B equalto 1.6 MHz. The abore-mentionedusersignalscanbe distinguished
by their differentuserspecificCDMA codes.Thetransmissiomccursby using
a singletransmitterantenngper mobile. In the consideredD-CDMA mobile
radiosystemtheusersignalsarerecevedover K, equalto oneor two recever
antennastthebasestations.Thus,eitherno or dualrecever antennaliversity
areconsidered41, 42].

The structureof the burststransmittedoy eachof the 8 mobilesis depictedin
Figurel12. EachbursthasdurationTy, equalto 500 ys. Theradiochannelkan
be regardedastime invariantduring that time period Ty, which is favourable
with respectto the recever complity. Accordingto Figure 12 eachburst
consistof two datablockscontainingN equalto 24 quaternandatasymbols,
eachblock having a durationof 168 s, a userspecificmidambleof duration
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Figurell: Uplink frame structureof the JD-CDMA mobile radio system
concept

134 ps containingL, equalto 268 binary midamblechipsof durationT. equal
to 0.5 ps which is usedfor channelestimation[43], and a guardintenal of
durationTy equalto 30 ps. Eachquaternandatasymbolhasa periodTs equal
to 7 usandis spready auserspecificCDMA codeof Q equalto 14 chipswith
achipdurationT; equalto 0.5pus. With respecto the TDMA componenbf the
JD-CDMA mobile radio system,the eight different mobiles simultaneously
transmitburstsin a time slot of durationT,, equalto 500 ps. Twelve such
time slotsmalke up one TDMA frameof durationDy, equalto 6 ms. Taking
into accountboth CDMA andTDMA componentstespectiely, 96 different
mobile userscanbeaccomodategerfrequeng bandof bandwidthB equalto
1.6 MHz [40]. By allocatingmorethanonetime slotaswell asmorethanone
userspecificCDMA codeto a particularmobile, serviceswith differentgross
bit ratesbetweenl6 kbit/s and1536kbit/s canbe provided. Dueto the useof
channelcodingwith coderateR. equalto 1/2, the userbit rate canbe varied
betweer8 kbit/s and768kbit/s dependingon therequiredservice.

The block structureof an uplink transmitteris shavn in Figure 7.4.2. This
uplink transmittel{40, 41] consistsof

« adatasource,

» achannekncoderwhichis eithera corventionalconvolutionalencoder
with coderate R; equalto 1/2, constraintiength’5 andoctal generators
23,35, or the Turbo-Codel C-BL of [44],

» a4x96 blockinterleaer,
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Figure 13: Block structureof an uplink transmitterof the JD-
CDMA mobileradiosystemconcept
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general:
numberof recever antennas Ka=1,2
userbandwith B=1.6 MHz
durationof TDMA frame Dy =6ms
numberof time slots
perTDMA frame 12
numberof simultaneously
active usergpertime slot K=8
datarateperuser 8 kbit/s = R = 768kbit/s
JD datadetector ZF-BLE, MMSE-BLE, ZF-BDFE,
MMSE-BDFE
filters:

analogudransmittefilter
analogueeceverfilter

digital receverfilter

Butterworth filter, order4,
cutoff frequeny 1.6 MHz
Butterworth filter, order10,
cutoff frequeny 1.2 MHz
e ideallow pasdilter,

cutoff frequeny 1MHz

burststructure:

burstduration Tou= 0.5ms

midamblechips Lm= 268

guardinterval Tg=30ps

datasymbolsperdatablock N=24

symbolduration Ts=7us

datamodulationscheme 4PSK

chipspersymbol Q=14

chip duration Tc=05ps

spreadingnodulationscheme linearizedGMSK,

time-bandwith-producd.3

channekencoder:
NSC
constrainiength Ke=5
rate Re=1f2
generatorsn octal 23,35
RSCfor Turbo-CoderC-BL
constrainiength Ke=5
rate Re=1f2
generatorsn octal 37,21
blockinterleaver:
interleaving matrix 42x96
interleaving depth Ip =4 bursts

Tablel: Importantsystemparametersf theuplink
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Figure 14: Basestationrecever of the JD-CDMA mobile radio
systemconcept

« adatato symbolmapper

& auserspecificspreader

+ aburstgeneratar

+ adigital modulator

» aD/A converter

& atransmitteffilter andanamplifieraswell as
= atransmitterantenna.

The datasourcegeneratespeechframescontaining192 bits. Eachspeech
frameis encodedy thechannekencoderThe 384 codeddatabits arethenin-
terleaved by applyingablock interlearer with aninterlearer matrix of 4 rows
an 96 columns.The 384 codedandinterleared databits arethenmappednto
1924PSKdatasymbols.Each4PSKdatasymbolis spready theuserspecific
CDMA codeallocatedo mobilek. Then,lp equalto 4 burstsasshavn in Fig-
ure 12 aregeneratedbasedn the 192 spreaddPSKdatasymbolsandtheuser
specificmidambled43, 41]. After linearmodulationby usingalinearizedver
sionof Gaussiamminimum shift keying (GMSK) with time-bandwith-product
0.3andD/A corversion,the signalis passedhrougha Butterworth low pass
filter of order4 andcutof frequeng 1.6 MHz. Finally, this signalis amplified
[41].

Figure7.4.2shaws the block structureof the basestationrecever. In thebase
stationrecever, coherentrecever antennadiversity (CRAD) [42] is applied.
This basestationrecever [40, 41] consistsof
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Ka recever antennas,

Ka amplifiersandrecever filters,

a K5 A/D corverters,

Ka digital low pasdfilters,

Ka channelestimators,
« aJD datadetectomwith CRAD, cf. Sect6.6and[41, 42],

K symbolto datamappers,

a K 964 block deinterlegers,
» K channeldecoderand
« K datasinks.

The amplifiedsignalreceved at eachrecever antennaky, ks = 1...Kj, is the
sum of additve stationarynoiseandthe 8 usersignals,associatedvith the
eight simultaneouslyactve mobiles,which are distortedwith the 8: K, time
varying andfrequeng selectve mobile radio channels.After low passfilter-
ing this amplified signal by using a Butterworth low passfilter of order 10
andcutoff frequenyg 1.2 MHz, A/D corversiontakesplaceat a samplingrate
of 2/T. [41]. A synchronizatiorunit at the recever compensatefor slightly
differentdelaytimes of the K, receved signals. The setof sampleds then
digitally low passdfilteredin orderto allow decimationof the samplingrateto
1/T.. The particularpartsof the receved sequencestemmingfrom the user
specificmidambleare processedy the K, channelestimators.The JD data
detectorwith CRAD which usespredetectiormaximal-ratiocombiningthen
determinegontinuoussaluedestimatedor the2:K 'N equalto 384datasym-
bols. The four suboptimumlD technique<ZF-BLE, MMSE-BLE, ZF-BDFE
andMMSE-BDFE areavailableat the JD datadetectorwith CRAD, cf. Sect.
6.6 and[41, 42]. The2: N equalto 48 comple and continuousvaluedesti-
matesof the datasymbolstransmittedby eachmobile k, k= 1...K, arethen
mappedonto a real valueddatastreamof 96 samples.After four burstswere
processedthe 384 real valuedsamplesaredeinterleaed and convolutionally
decodedy asoftinputdecoderTheK decodediatasequencearethentrans-
ferredto theK datasinks.
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Figure 15: Downlink frame structureof the JD-CDMA mobile
radiosystemconcept

Downlink

In this section,the downlink of the JD-CDMA mobile radio systemconcept
is briefly introduced[45]. We only referto both the frame and burst struc-
tures,respectiely. Due to their closerelationshipto the uplink transmitters
andrecevers, the downlink transmittersandrecevers shall not be described
here.

Figure7.4.2shavs the downlink framestructureof the JD-CDMA mobilera-
dio systemconcept.It is obviousfrom Figure7.4.2thatthe downlink is fully
compatiblewith GSM [37]. Neverthelesscompatibilityto ATDMA [38] can
easilybe achieved. Like in theuplink, K equalto 8 usersaresimultaneously
actie in the samefrequeng bandof bandwithB equalto 1.6 MHz andin the
sametime slot of duration Ty, equalto 577 ps. Eight suchtime slotsform
oneTDMA frameof durationT; equalto 4.615ms. The transmissioroccurs
by usinga singletransmitterantenngper basestation. In the consideredD-
CDMA mobile radio systemconcept,antennadiversity can be implemented
in thedownlink receiversin a similar fashionto the Japanes@ersonaDigital
Cellular[48].

Theminimumnetdatarateperuseris setto be 13 kbit/s in thedownlink. Asit
is the casein the uplink the dataratecanbe variedwith respecto the desired
serviceby assigningmore than onetime slot aswell asmore than one user
specificCDMA codeto a particularuser The maximumnet bit rateis thus
equalto 832 kbit/s. It is easyto seethatin the downlink only a singleradio
channelmustbe estimatedat the recever in orderto enablecoherentrecep-
tion. Therefore the midambleusedin the downlink is shortertakingonly Tp,
equalto 64.5ps, thanthe midamblerequiredfor theuplink channekestimation
whichis 134 us long. The chip periodin the downlink is the sameasin the
uplink, namelyT; equalto 0.5 ps. However, thenumberof elementsontained
in a userspecificCDMA codeis 16 in the downlink. In contrastto the up-
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Figure 16: Downlink burst structureof the JD-CDMA mobile
radiosystemconcept

link, orthogonabinaryuserspecificCDMA codesareappliedin thedownlink
which enablesa betterperformancehanin the caseof usingnonorthogonal
userspecificCDMA codesge.g.randomlychoseruserspecificCDMA codes.

Performance

The performanceof the ID-CDMA mobile radio systemconceptwasstudied
e.g.inSect.6.6and[41, 42, 43].
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