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7.3 CodeTime Division Multiple Access

by Jürg Ruprecht (SwissTelecomPTT), Urs Loher, Gerhard Kr ämer
(ETH Zentrum, Switzerland)

7.3.1 DesignsRationale

Themostpopularmultipleaccessingtechniquesfor cellularsystems,TimeDi-
visionMultiple Access(TDMA) andCodeDivisionMultiple Access(CDMA),
have their own advantages,but alsosomedisadvantages.In TDMA, thereis
no intracellinteruserinterferencebut thehigh peak–to–averagepower andthe
necessaryfrequency planningor dynamicchannelallocationbetweenadjacent
cellsdetractfrom theutility of this scheme.On theotherhand,CDMA excels
in just theseareas:aconstant–envelopesignalis transmittedandaclustersize
of onecanbeused.However, a limiting factorin CDMA is intracell interuser
interference.To combinetheadvantagesof CDMA andTDMA, Massey (un-
published)proposeda widebandcommunicationssystemfor indoor cellular
applicationscalledCodeTime Division Multiple Access(CTDMA) [31]. In
particular, CTDMA can yield a peak–to–averagepower ratio of one and a
clustersizeof one.Moreover, interuserinterferenceis resolvedusingthesame
techniquesastheresolvingof intersymbolinterferencein TDMA.

7.3.2 SystemDescription

CodeTimeDivision Multiple Access(CTDMA) incorporatesbothCDMA and
TDMA aspects:whereasthe signalsentover the air interfaceis spreadin a
CDMA fashion,the processingat the receiver is similar to that of a TDMA
receiver. Hereafter, we describeits discrete-timebasebandrepresentation(cf.
Figures1 and2) thatwill beusedthroughoutthis section.
The binary informationsequencebk

� � �
of userk, 0 � k � K, is encodedand

mappedto the complex sequencexk
� � �

which hasa symbolrateRX. The se-
quencexk
� � �

is oversampled(or “expanded”)anddelayedby Θk chipsto yield
asymbol–level TDMA sequencedk

� � �
. Thesequencedk

� � �
is thensentthrough

a linearfilter s
� � �

of lengthL which is commonto all usersin onecell. Thus,
in effect, dk
� � �

hasbeen“spreadin time” by s
� � �

, or alternatively xk
� � �

hasbeen
spreadin a DS-CDMA fashionby a spreadingsequences

� � �
andthendelayed

by Θk chips. The spreadsequenceqk
� � �

passesthrougha user–specificmul-
tipath channelwith impulseresponsehk

� � �
andis distortedby additive white

Gaussiannoisewith zeromeanandvarianceσ2
z � � 0, where � 0 is the noise

power density. Thereceiver thenseesthesequencerk
� � �

.
In order to separatethe users,the receiver of userk passesthe incomingse-
quencerk
� � �

throughtheaperiodic inversefilter v
� � �

[30] of thespreadingse-
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Figure1: CTDMA examplefor K � 3 users:The modulated/mappedinfor-
mationsequencesxk � � � (for clarity, we haveonly used“ � 1”-symbols),TDMA
separationon a symbol level (dk � � � ) and spreadingin time by the common
spreadingsequence� � 1 ! 1 ! 1 ! 1" of lengthL � 4 (qk � � � ).
quences� � � . A perfectimplementationof the inversefilter v � � � completelyre-
versesthespreadingand,if thedurationsof theimpulseresponseshk � � � of the
multipathchannelsdo not exceedtheTDMA guardtime, perfectlyseparates
theuserssuchthat thereis no intracell interuserinterferencethatusuallyap-
pearsin CDMA.
To assurea constant-envelopetransmittedsignalfor eachuser, we shallhere-
afterassumethat # xk � i � # � 1 (all i) and # s� n� # � 1 (all 0 $ n % L), which yields
a peak-to-averagepower ratio of onein the transmittedsequencesqk � � � . The
TDMA guardtime is definedby the relative user offsets∆k, which are the
transmissiontime differences(in chips)of the two adjacentusersk andk ! 1,
andwhich may be dynamicallyallocated.The absoluteuseroffsetsarethen
givenby Θk � ∑k

i & 0∆i (in chips).
Theaperiodicinversefilter v � � � is definedby

� v ' s" �n� � ∞

∑
l & ∞

v � l � s� n ! l � � L 1

∑
l & 0 v � n ! l � s� l � � ( 1 if n � 0

0 otherwise,
(1)

wherewe have usedthe fact that s� n� � 0 for n % 0 andn ) L. In theory, the
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Figure2: Block diagramof aCTDMA system.

inversefilter completelyeliminatesthesidelobesthatappearin matchedfilter
processingandthatis thereasonwhy thematchedfilter is notrecommendedin
a CTDMA receiver. Thedrawbackof theinversefilter is its poorernoiseper-
formancewhencomparedto thematchedfilter, which is known to maximize
thesignal-to-noiseratio SNRat thefilter output.However, thereexist suitable
binary( \ 1)-sequenceswherethelossin SNRcomparedto thematchedfilter is
lessthan0] 5dB [30, 31, 33]. This lossis referredto astheinversefilter noise
enhancementfactor ε ^ vs_ , which in turn definesthe inversefilter processing
gainĜ vs_ ` L a ε̂ vs_ . Anotherdrawbackof theaperiodicinversefilter is that it
hasnon-zerocoefficientsv bnc in theentireranged ∞ e n e ∞ [30]. Therefore,
it mustbe implementedby a finite lengthapproximationvN b f c [30]. Usually,
a lengthof N ` 3L in vN b f c suppressesthe sidelobesin sb f c g vN b f c well below
40dB, which is sufficient for practicalapplications.
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CTDMA Receiver Design

In a multipathenvironment,the transmittedsignalpropagatesvia a multipath
channelwith impulseresponsehh t i , anexampleof which is illustratedin Fig-
ure3. In environmentsfor which theexcessdelayis small, i.e., within a few
chips,∆k maybemadelargeenoughto eliminateinteruser–interference. More
precisely, thereis no interuser–interference in amultipathenvironmentif

∆k j maxh τE i
Tc k

whereTc is the chip duration. Sinceonemay usethe samefrequency band
in all cells, allowing a small increasein ∆k causesno capacitydegradation
with respectto the classicalschemesFDMA and TDMA that usedifferent
frequency bandsin adjacentcells.E.g.,∆k l 7 providesthesamecapacityasa
classicalschemewith aclustersizeof 7.
As soonastheexcessdelayexceedsthe relative user–shift, however, suchas
in hilly terrain whereτE is typically larger than 5µs, interuser–interference
occurs,e.g.,for chip ratesof 1m 25MChips/sand∆k l 6chips.
To combatthis interference,onecouldsimply shift theusersfurtherapart.At
somepoint,however, thespectralefficiency wouldbetooseverelydiminished
sothatwemustallow someinteruserinterferencein thereceivedsignal,i.e.,an
equalizeris needed.For example,onemaywantto usea Viterbi Algorithm to
resolve theinterference,but thenoneis throwing out “soft” informationwhich
is usefulfor thedecoder[26]. A betterchoicefor theequalizeris theForward-
BackwardAlgorithm [29], or somevariantof this algorithm(see,e.g.,[23] or
the morerecent[24]). A disadvantageof this maximuma posteriori equal-
izer is certainly that its complexity grows exponentiallywith the numberof
overlappingusers,but becauseof therelative usershifts, thenumberof over-
lappingusersin a CTDMA systemis relatively smallevenfor long multipath
channels.For instance,in anoutdoorenvironment,wherea maximumexcess
delayof τE l 20µsis notunusual,andarelativeuser–shift of ∆ l 4m 8µsis used
(which correspondsto 6 chips at 1m 25MHz) thereareonly four overlapping
users,which is still manageable.Moreover, this receiver conceptis applicable
to boththedownlink andtheuplink.n op q r s t p

su v w o uxv y o
Figure3: Exampleof amultipathchannelimpulseresponsehh t i with absolute
delayτA andexcessdelayτE.
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Figure4: CTDMA transmitter, noisymultipathchannelandCTDMA receiver.

Figure4 shows thecorrespondingCTDMA transmitter, noisymultipathchan-
nel and receiver: the encodedand mappeddatasequencexk ³ ´ µ of userk is
oversampledwith a factorof L, shiftedby Θk chipsandspreadwith s ³ ´ µ in a
CDMA fashion.Themultipathchannelhk ³ ´ µ andtheadditive white Gaussian
noisesequencezk ³ ´ µ distort this transmittedsignal.Thereceiver despreadsthe
signalwith theinversefilter v³ ´ µ of s³ ´ µ , passesit throughtheequalizeranddec-
imatesthis sequenceby a factorof L in orderto getthesoft decisionestimate
x̂k ³ ´ µ for xk ³ ´ µ .
Thenecessarysynchronizationandchannelestimationinformationcanbeob-
tainedin aneasymannerby usinga pilot signalin both thedownlink andthe
uplink. In thedownlink oneof theuserslotsis reservedfor asymbolratepilot,
andin theuplink a pilot symbolis sentintermittently.

Cellular CTDMA

The considerationsabove arevalid for a CTDMA systemwith onecell. An
extensionto severalcellswithin thesamefrequency bandis possibleby using
differentspreadingsequencesandallowing intercellinteruserinterference.
For goodsystemperformance,we mustrequirethat all spreadingsequences
have a low inversefilter noiseenhancementfactorε¶ vs· (which limits thenoise
influence),thatthespreadingfactorL is largeenoughfor thesignalbandwidth
to beat leastin theorderof thecoherencebandwidth(yieldingadiversitygain)
andthatany particularcell’s sequencecausesaslittle interferenceaspossible
at theoutputsof theinversefilters of all theothercells.
Given the basicbinary spreadingsequences³ ´ µ of lengthL with inversefilter
noiseenhancementfactorε¶ vs· andcorrespondinginversefilter processinggain
G¶ vs· , the“frequency–shifted”sequences

s¶ m· ³ nµ ¸ s³ nµ e j 2πmn
L ¹ m ¸ 0¹ 1¹ º º º ¹ M » 1¹ all n¹ (2)

whereM is the sequencecluster size, are all constantenvelop complex se-
quenceswith thesameparametersL, ε¶ vs· , andG¶ vs· . The “frequency” offset
guaranteesfairly good crosscorrelationpropertiesbetweens¶ m· ³ ´ µ and v¶ n· ³ ´ µ
for m ¼¸ n, wherev¶ n· ³ ´ µ is the inversefilter for the n-th sequences¶ n· ³ ´ µ . For
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realization,s½ m¾ ¿ À Á canbe implementedass¿ À Á with a carrier frequency offset
mfo, where

fo Â 1
L À TC
Â 1

TB

(whereTC andTB denotethechip andbit durations,respectively), i.e.,

s½ m¾ ¿ nÁ Â s¿ nÁ e j2πmnfoTC Ã
suchthat only onesequencegeneratorandoneinversefilter implementation
areneededfor all cells.Notethat,in [22], thisapproachhasbeenproposedfor
intracelluserseparationin CodeFrequency DivisionMultiple Access(CFDMA).

7.3.3 SystemPerformance

As thebasicÄ 1 spreadingsequence,weshallusethelength-32sequencewith
a hex representationof Å Å Æ Ç È É Ê Ê that provides the smallestnoiseenhance-
mentof all sequencesof thesamelength[32, 33]. Its inversefilter noiseen-
hancementfactoris only ε ½ vs¾ Â 0Ë 74dB, andit yieldsaninversefilter process-
ing gainof G½ vs¾ Â 14Ë 3dB.
Insteadof the true inversefilter v¿ Ë Á , which is of infinite length,a truncated
versionvN
¿ Ë Á of lengthN Â 134chipsis used,which hasa peak/off-peakratio

(POP-ratio)

ρ½ vs¾
N ÂÍÌ Î vN Ï sÐ ¿ 0Á Ìmax

mÑÒ 0 Ì Î vN Ï sÐ ¿mÁ Ì
of ρ ½ vs¾

134 Â 40dB.

Simulationresultsfor thisCTDMA systemin a fadingenvironmentareshown
in Figure5. Thesesimulationswereperformedfor asinglecell in which there
were8 users(∆k Â 4) sendingtheir dataat 40kSymb/s, which resultsin a chip
rateof 1.28MChips/sand in a grosssymbol rateof 320kSymb/s. Thus, the
efficiency is only 25%(Â 1Ó ∆k Â 1Ó 4) for this singlecell. We note,however,
thattheefficiency will improve if oneconsidersthecellular environmentwith
frequency reuse,or if onemakes∆k smaller.
The channelmodel usedin the simulationswas the COST–207 Rural Area
modelat a carrierfrequency of 900MHz anda velocity of 100km/h. We put
4th-orderButterworth filters with basebandbandwidthsof 625kHzat theout-
put and input of the transmitterand receiver, respectively. The channelre-
sponsewasestimatedusinga symbolratepilot for the downlink anda pilot
sentevery four symbolsfor theuplink (notethatthis impliesthattheinforma-
tion ratefor theuplink is reducedby 25%).As thechannelresponselengthwas
short,amatchedfilter with 3 fingerswasusedto provide thedecoderwith soft
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inputs. Thecodeusedwasthemaximumdf ree rate–1Ô 2 binaryconvolutional
codewith constraintlength6 [25] decodedwith theViterbi Algorithm, anda
4 Õ 2Ö 5ms interleaver wasusedto mitigatetheeffectsof fading. Perfectchip
synchronizationwasassumedfor all simulations. In Figure5, the reference
curve labelled“AWGN” is the error performancefor an uncodedsignalsent
over theadditive white Gaussiannoisechannel.

The simulationsindicatethat onelosesabout1 to 2dB on the uplink dueto
poorerchannelestimation.This losscouldbereduced,of course,by sendinga
pilot symbolmoreoften.

Figure 5: CTDMA error performancefor the COST–207 RA100 channel
model.
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7.3.4 Service Provision

In this sectionwe considerthe implementationof severalservices:By means
of orthogonalWalsh-Hadamardlayers, orthogonaluser families with sym-
bol rather than chip level inter-family synchronizationrequirementsare in-
troduced.Thisapproachis thenappliedto accommodatemultipleandvariable
bit rates,andto separateconnection-oriented andconnectionless,aswell as,
in a differentcell separationscenario,to provide a dynamicmixed-cellarchi-
tecture. Note that, for sake of simplicity, no additionalprotocol information
is consideredin thedescribedscenarios;thesehave to beaddedandthecorre-
spondingrateshave to bechangedaccordinglyfor a real-world system.
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Figure6: Ratesoverview of ageneralizedCTDMA system.

RatesOverview

Figure6 shows the variousratesin a generalizedCTDMA system.The rate
adaptersareusedto generatea large variety of datarates. The CTDMA en-
coderconvertstheinformationbit rateRB into theencodedinformationbit rate
RE � rCRB, whererC is theinverseencodingrateof a rate-1

rC
errorcorrecting

code.Theadaptionto theencodedsymbolrateRS � rMRE is donevia themod-
ulationalphabetrateadaptorwith factorrM, whererM � 1

�
log2� A� andwhere

A is themodulationalphabetsize(in thecaseof BPSK,A � 2 andrM � 1, and
for QPSK,A � 4 andrM � 1

�
2). We shallseebelow thatthesefactorsrC and

rM have to be designedsuchthat the requirementson RS aremet. Thesere-
quirementsarethatonly discretevaluesof RS areallowed,namelyRS � RC

�
L,

RS � kRC
�
L, or RS � 2 kRC

�
L � k � 1� 2� 3� � � � � .

ThisrateRS is thenadaptedto the(fixed)normalizedsymbolrateRW by means
of a Walsh-Hadamard(WH) rate adaptor: If RS � RW then thereis no rate
adaptionnecessaryandrW � 1. If RS 	 RW, multiple time slotsareusedfor
thetransmissionof thissignalandrW � k (k=1,2,3,. . . ). If RS 
 RW, aWalsh-
Hadamardcodingtechnique(cf. Section”OrthogonalWalsh-HadamardLay-
ers”) increasestherateby factorsof 2k, andwegetrW � 2k. In this lattercase,
2k suchuserscansometimesbeassignedthesametime slot.
This rateRW is thenmultiplied by thespreadingfactorL in orderto obtainthe
chip rateRC � LRW.
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Orthogonal Walsh-HadamardLayers

Given the basicCTDMA systemwith chip rate RC, spreadingfactor L and
encodedsymbolrateRS � RC� L, several orthogonalWalsh-Hadamard(WH)
layerscanbeimplementedin CTDMA: Givenasetof Q � 2k orthogonalWH
sequenceswq  � � (q � 0 � � � Q� 1) of lengthQ, theencodedsymbolsof thebasic
CTDMA systemcanbefurtherencodedwith thesesequenceswq  � � . We then
getQ orthogonaluserfamilies,eachproviding basicsymbolratesof RS� Q.
Note that thereis a needof an inter-family synchronizationwithin Q symbol
durationQTS (which is thedurationof Q WH symbols)correspondingto chip
numbers0 to QL � 1: All chip numbersn in the range0 � n � L � 1 canbe
usedto allocatetime slots,but not theonesin L � n � QL � 1.
As examples,we hereafterdepicttheWH codesof lengthsQ � 2 andQ � 4:

N � 2 : w0  � � �  � 1� � 1� N � 4 : w0  � � �  � 1� � 1� � 1� � 1�
w1  � � �  � 1� � 1� w1  � � �  � 1� � 1� � 1� � 1�

w2  � � �  � 1� � 1� � 1� � 1�
w3  � � �  � 1� � 1� � 1� � 1�

We will seethat this techniqueof layeringsignalsis very convenientfor both
multiple and variablebit ratesas well as, in somecases,for the designof
dynamicmixed-cellarchitectures.

Multiple Bit Rates

Multiple informationbit rates,i.e., differentuserbit rates,canbe accommo-
datedvia appropriatedesignof theparametersrC, rM andrW. Someexamples
aregivenin Table7. If rW � 1,morethanoneusercanbeallocatedto thesame
timeslot (asstatedin “RatesOverview” andin “OrthogonalWalsh-Hadamard
Layers”).

Variable Bit Rates

Variableinformationbit rates,i.e., informationbit ratesof onespecificuser
that vary during transmission,canbe accommodatedthe sameway asabove
with multiplebit rates.Here,dueto thestatisticalnatureof theinformationbit
ratechange,noadditionaluserscanusuallybeallocatedto thesametimeslot;
theoverall systemhoweverstill benefitsby adecreasedintercell interference.

Connection-Orientedand ConnectionlessService

We proposeto usetheWH codesof lengthQ � 2, i.e., w0  � � �  � 1� � 1� and
w1  � � �  � 1� � 1� to separateconnection-orientedandconnectionlessservices.
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Thecodesw0 � � � andw1 � � � canthenbeassignedto theconnection-orientedand
theconnectionlessservices,respectively (or vice versa).As long asthe inter-
family synchronizationrequirementsmentionedin 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 proposedto separate
adjacentcells. Different cell typesin a hierarchicalmixed-cell architecture
(wheree.g.umbrellacells cover several underlyingmicro cells) canthenbe
separatedonly by FDMA, i.e.,by allocatingnon-overlappingfrequency bands
to differentcell hierarchies.However, thecell separationwithin thesamehi-
erarchiecanstill bedoneby CFDMA. This is a ratherrigid solutionsincethe
correspondingcapacitiescannotbesharedbetweenthelayers.
Anotherpromising,yet notdeeplyinvestigatedcell separationtechnique,is to
allocatethesamespreadingsequencesandcenterfrequenciesto all cellsandto
adopta dynamicchannelallocation(DCA) technique(asis donefor instance
in DECT by applyinga TDMA/TDD scheme)to maintainthe requiredlink
quality. If the transmissionof a useris distortedby stronginterference,e.g.,
whenthesametime-slotin anadjacentcell is occupiedby a very closeuser,
oneof this two usershasto changethetime-slotallocation.Sincein this sce-
nario, eithernoneor only a few usersare involved into mutual interference,
animplementableinterferer separation (IS) techniquecouldbeappliedfor ca-
pacityenhancements.Thiswouldbeamoredynamicsolutionsincecapacities
cansoftly beallocatedto bothhierarchies.

7.3.5 Chip Rates,SpreadingFactors,SymbolRatesand Bit Rates

For givenchip ratesof 0.2,1, 5 and20MChips/s, wehave evaluatedthecorre-
spondingsymbolratesfor thecaseof noWH codeapplication(Q � 1), thecase
of length-2WH codeapplication(Q � 2) andthecaseof length-4WH code
application(Q � 4) andlistedtheresultsin Table8. Theseresultsemphasize
that a spreadingfactorof L � 25 � 32 ratherthanthe previously considered
caseof L � 169 might be a goodchoice;Table9 thereforesummarizesthe
correspondingresultsfor L � 32.
Table7 thengivesexamplesfor possibleratescenariosfor L � 32 andRC in
theorderof 0.2,1, 5 and20MChips/s. Thefollowing assumptionsweremade
in this table:
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neglected).
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Figure8: CTDMA chipratesRC, spreadingfactorsL andencodedsymbolrates
RS for Q � 1, 2 and4 orthogonalWH families(protocoloverheadneglected).
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Figure 9: CTDMA chip ratesRC and encodedsymbol ratesRS for a fixed
spreadingfactorL Ñ 32andQ Ñ 1, 2 and4 orthogonalWH families(protocol
overheadneglected).

Ò Thechipratescorrespondingto thebandwidths0.2,1,5and20MChips/s
areassumedto be 0.16,1.28,5.12and20.48MChips/s. This approach
is veryconvenientsincethereareonly factorsof 2k betweentheserates,
i.e.,1Ó 28 Ñ 8 Ô 0Ó 16,5Ó 12 Ñ 4 Ô 0Ó 16,20Ó 48 Ñ 4 Ô 0Ó 16.Ò We assumea fixed modulationalphabetof A Ñ 4 (QPSKmodulation)
resultingin a modulationalphabetrateadaptorof rM Ñ 1Õ 2. Of course,
rM Ñ 1Õ log2 Ö A× couldalsobevaried,whichcouldaddevenmoreflexi-
bility to thesystem.Ò We furtherassumethat thereis only oneservicetypeoffered,i.e., there
is noadditionalWalsh-Hadamardlayerimplementedto distinguishcon-
nection-orientedandconnectionlessservicesor to split into severalcell-
hierarchiesasis thecasein a mixed-cellarchitectureof theabove men-
tionedDCA cell separationscenario.In theseothercasestherateshave
to bechangedaccordingly.

Thefollowing observationscanthenbemadefrom Table7:Ò The functionof the inverseencodingraterC is, besideits main taskto
protect the dataagainsterrors,to translatethe information rate RB in
somediscreterealizationsof RE, sincethe CTDMA-chip rateis fixed.
Sincethecorrespondingvaluesof RS mustbeRS Ñ RCÕ L, RS Ñ kRC Õ L,
or RS Ñ 2 kRC Õ L Ö k Ñ 1Ø 2Ø 3Ø Ó Ó Ó × andrM is assumedto be1/2,RE must
thentakeonvaluesRE Ñ RSÕ rM , i.e.,RE Ñ RCÕ Ö LrM × , RE Ñ kRCÕ Ö LrM × ,
or RE Ñ 2 kRC Õ Ö LrM × Ö k Ñ 1Ø 2Ø 3Ø Ó Ó Ó × .Ò Therequiredservicequality can,within therequiredvalues,still decide
whatorderof inverseencodingraterC shallbeimplemented.In Table7,
it is usuallyeither5Õ 2 or 5Õ 4 (except, for RB Ñ 12kBits/s, rC Ñ 5Õ 3).
It could, however, also take on any valuedescribedby 5Õ 4 Ô 2k (k Ñ
0Ø 1Ø 2Ø Ó Ó Ó ).
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Noteagainthatthesefiguresdonotaccountfor protocoloverhead.

7.3.6 Compatibility with GSM

GSMisbasicallyaTDMA systemoffering8usersto transmitatapproximately
24kBits/seachwith anoverlayedFDMA channelspacingof 200kHz. In order
to reduceintercellinterferenceto anacceptablelevel, a(frequency) clustersize
of around12mustbeimplemented.
A CTDMA systemwith 200kChipscould be installedwithin these200kHz-
channels.If a relatively shortsequenceis usedasa spreadingsequence(e.g.,
L Ù 32),a symbolratecloseto 12kSymbols/scorrespondingto 24kBits/s(due
to QPSKmodulationin CTDMA) canbeprovided to eachuser. With appro-
priatetimeshifts,apilot andat leastone(but lessthan8) userscanbeallocated
to the samefrequency in a specificcell. A frequency clustersizeof about1
thenimprovestheoverallErlangcapacityat leastto theoneof GSM.
After theclustersizeis fixed,multiple adjacentchannelscanbecombinedin
order to offer larger channelspacingsand higherbit rates(wherever neces-
sary).



400 Chapter7

7.4 Joint DetectionCDMA

by P.W. Baier, J.J. Blanz, P. Jung, A. Klein, M.M. Naßhan,A. Steil and B.
Steiner, Research Group for RF Communications,University of

Kaiserslautern, Kaiserslautern, Germany

7.4.1 Designsrationale

A key issuein thedevelopmentof anew mobileradiosystemconcept,evolving
from secondgenerationmobileradio,is theorganizationof themultipleaccess
(MA). In anew mobileradiosystemconcept,theMA canbebasedonthewell-
known basicMA principles[35, 36] codedivision multiple access(CDMA),
frequency divisionmultipleaccess(FDMA) andtimedivisionmultipleaccesss
(TDMA). It is vital for thesuccessfuldevelopmentof anew mobileradiosys-
temconceptto thoroughlyunderstandthekey issuesandhencetheadvantages
anddisadvantagesof thesethreebasicMA principles.
All of the secondgenerationmobile radio systemsarebasedon hybrid MA
schemes.Themostcommonhybrid MA schemeis F/TDMA alreadyapplied
in GSM[37] andalsoproposedfor theRACEII conceptATDMA [38]. Hence,
it is reasonableto assumethat third generationmobile radio systemssuchas
UMTS (UniversalMobile TelecommunicationSystem)andFPLMTS(Future
PublicLandMobile TelecommunicationsSystem),which is alsotermedIMT-
2000(InternationalMobile Telecommunications2000),arealsogoing to use
hybridMA schemes.In thissection,thedesignsrationale,i.e. theselectionof
thehybridMA scheme,for a joint detectionCDMA (JD-CDMA) mobileradio
systemconceptdevelopedwithin COST231shallbeexplained.
It is beyond questionthat UMTS andFPLMTS, providing global coverage,
mustuseFDMA, consequentlyenablingfrequency planningandreuse,flexi-
ble frequency allocationaswell asintercell interferencecontrol[36]. Further-
more,theimplementationof overlayconceptsis easedby usingFDMA. Now,
it is the questionwhetherFDMA shall be combinedwith only CDMA such
as describedin [39], only TDMA suchas in [38] or a combinationof both
CDMA andTDMA, cf. e.g. [40]. The prosof TDMA arecapacityadvan-
tageoverCDMA, becauseintracellinterferenceis avoided,andhighdegreeof
acceptance,becausethemostsuccessfulsecondgenerationmobile radiosys-
temGSM [37] usesTDMA. Themaindisadvantagesof TDMA areincreased
intersymbolinterferencethereforerequiringtheapplicationof adaptive equal-
izers,high momentarypeaktransmissionpowers leadingto EMC problems,
mutualsynchronizationof the usersandlack of flexibility [36]. The prosof
CDMA arefrequency diversity, interfererdiversityanda flexibility advantage
over TDMA becauseusersignalscanbe switchedon andoff independently
anddataratescanbechosenindividually [36, 39]. Theconsof CDMA areoc-
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curenceof intracell interferenceandits novelty to mobileradioandtherefore
lackof acceptance[36, 39].
Sincenoneof theMA schemesCDMA andTDMA seemsto incorporatethe
ultimateadvantage,it is a temptingideato inherit the capacityadvantageof
TDMA on theonehandandtheflexibility advantageof CDMA on theother
handto a hybrid MA scheme,comprisinga propercombinationof FDMA,
TDMA andCDMA and thereforetermedF/T/CDMA. F/T/CDMA may en-
joy broadacceptanceby beingbasedon known standardsandis thereforea
promisingcandidatefor UMTS andFPLMTS.
The benefitsof F/T/CDMA shall be discussedin this paragraph.Figure10
shows two hybridMA schemes.A totalof 24 usersis consideredin theexam-
plesof Figure10. In Figure10atheconventionalhybridMA schemeF/TDMA,
e.g. beingusedin GSM [37] wherethe time slotshave duration∆t equalto
576.9µs andthefrequency slotshave width ∆ f equalto 200kHz, andin AT-
DMA [38] with ∆t equalto e.g. 277.8µs and∆ f equalto 276.9kHz, is de-
picted. Eachof the rectanglesin Figure10a representsoneuserburst. An
optionalCDMA componentis introducedinto the F/TDMA MA schemeof
Figure10a,by poolingthenarrow frequency slots,having width ∆ f , of spec-
trally adjacentusers,e.g. of usersfive to eight in thefirst time slot to a wider
frequency slot,andby occupying this wider frequency slot commonlyby user
signalsfive to eight in sucha way that theseusersignalsarespectrallyspread
by userspecificCDMA codesto this wider frequency slot. This approachis
schematicallydepictedin Figure10b. The larger the numberof pooledfre-
quency slots,themoredistincttheCDMA component.In thesecondtimeslot
of Figure10b,eightoriginalnarrow frequency slotsof width ∆ f arepooledand
in thethird time slot of Figure10bno poolingat all occursand,consequently,
no CDMA componentis appliedin this third
time slot. As demonstratedin Figure10ba CDMA componentcanbe intro-
ducedveryflexibly whenever it payswith respectto bothcapacityandflexibil-
ity. A dynamicallyreconfigurablehybrid MA andchannelallocationscheme
is thusobtained.
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Figure10: Hybrid multiple accessschemes
a)F/TDMA multiple accessschemeusedin GSM [37] and

ATDMA [38]
b) adaptive flexible multiple access scheme combining

FDMA andTDMA with CDMA

7.4.2 Systemdescription

Uplink

In this section,themoreelaborateuplink of theJD-CDMA mobileradiosys-
temconceptshallbedescribedin detail [40, 41]. Figure11 shows theuplink
framestructurewhich is, asmentionedabove, similar to GSM [37] andAT-
DMA [38]. Table1 containsan overview over the main systemparameters
[40, 41]. A maximumof K equalto 8 mobilesaresimultaneouslytransmitting
signalsof bandwidthB equalto 1.6MHz in thesamefrequency bandof width
B equalto 1.6 MHz. Theabove-mentionedusersignalscanbedistinguished
by theirdifferentuserspecificCDMA codes.Thetransmissionoccursby using
a singletransmitterantennapermobile. In theconsideredJD-CDMA mobile
radiosystem,theusersignalsarereceivedoverKa equalto oneor two receiver
antennasat thebasestations.Thus,eithernoor dualreceiverantennadiversity
areconsidered[41, 42].
Thestructureof theburststransmittedby eachof the8 mobilesis depictedin
Figure12. EachbursthasdurationTbu equalto 500µs. Theradiochannelcan
beregardedastime invariantduring that time periodTbu which is favourable
with respectto the receiver complexity. According to Figure12 eachburst
consistsof two datablockscontainingN equalto 24quaternarydatasymbols,
eachblock having a durationof 168µs, a userspecificmidambleof duration
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Figure11: Uplink frame structureof the JD-CDMA mobile radio system
concept

134µscontainingLm equalto 268binarymidamblechipsof durationTc equal
to 0.5 µs which is usedfor channelestimation[43], anda guardinterval of
durationTg equalto 30 µs. Eachquaternarydatasymbolhasa periodTs equal
to 7 µsandis spreadby auserspecificCDMA codeof Q equalto 14chipswith
achipdurationTc equalto 0.5µs. With respectto theTDMA componentof the
JD-CDMA mobile radio system,the eight different mobilessimultaneously
transmitburstsin a time slot of durationTbu equalto 500 µs. Twelve such
time slotsmake up oneTDMA frameof durationDbu equalto 6 ms. Taking
into accountbothCDMA andTDMA components,respectively, 96 different
mobileuserscanbeaccomodatedperfrequency bandof bandwidthB equalto
1.6MHz [40]. By allocatingmorethanonetimeslotaswell asmorethanone
userspecificCDMA codeto a particularmobile,serviceswith differentgross
bit ratesbetween16 kbit/s and1536kbit/s canbeprovided. Dueto theuseof
channelcodingwith coderateRc equalto 1/2, theuserbit ratecanbevaried
between8 kbit/s and768kbit/s dependingon therequiredservice.
The block structureof an uplink transmitteris shown in Figure7.4.2. This
uplink transmitter[40, 41] consistsofÀ adatasource,À achannelencoder, which is eitheraconventionalconvolutionalencoder

with coderateRc equalto 1/2, constraintlength5 andoctalgenerators
23,35,or theTurbo-CodeTC-BL of [44],À a4 Á 96 block interleaver,



404 Chapter7

Â Ã Ä Å Æ Ç ÂÈÂÃ Ä Å Æ Ç Â
É Ê Ë Ì É Æ Í Î

Í Ï Ð Ï Í Ï Ð ÏÒÑ Ó Ï Ô ÍÄ Õ Í Ï Ä Å Ç Î

Ó Â Î Ô Ö

× Ø Ø ØÙÚÙ ÛÜ× ÙÚÙ Û

× ÛÙ×Ù Ý ÞÙ×
Ø Ø Ø
Ø Ø Ø Ø Ø ØßØ Ø Ø

Ø Ø ØØ Ø Ø
à á á â ãä å æ â ãä ç è â ãéäç è â ã

ê â ãá ë à â ãá ë à â ã

å á â ã

Figure12: Uplink burststructureof theJD-CDMA mobileradiosystemcon-
cept
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Figure 13: Block structureof an uplink transmitterof the JD-
CDMA mobileradiosystemconcept
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general:
numberof receiverantennas Ka � 1� 2
userbandwith B � 1� 6 MHz
durationof TDMA frame Dbu � 6 ms
numberof timeslots

perTDMA frame 12
numberof simultaneously

activeuserspertimeslot K � 8
datarateperuser 8 kbit/s � R � 768kbit/s
JDdatadetector ZF-BLE, MMSE-BLE, ZF-BDFE,

MMSE-BDFE
filters:

analoguetransmitterfilter Butterworth filter, order4,
cutoff frequency 1.6MHz

analoguereceiverfilter Butterworth filter, order10,
cutoff frequency 1.2MHz

digital receiverfilter � ideallow passfilter,
cutoff frequency 1MHz

burststructure:
burstduration Tbu � 0� 5 ms
midamblechips Lm � 268
guardinterval Tg � 30µs
datasymbolsperdatablock N � 24
symbolduration Ts � 7 µs
datamodulationscheme 4PSK
chipspersymbol Q � 14
chip duration Tc � 0� 5 µs
spreadingmodulationscheme linearizedGMSK,

time-bandwith-product0.3
channelencoder:

NSC
constraintlength Kc � 5
rate Rc � 1� 2
generatorsin octal 23,35

RSCfor Turbo-CodeTC-BL
constraintlength Kc � 5
rate Rc � 1� 2
generatorsin octal 37,21

block interleaver:
interleaving matrix 4 � 96
interleaving depth ID � 4 bursts

Table1: Importantsystemparametersof theuplink
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Figure14: Basestationreceiver of theJD-CDMA mobile radio
systemconcept

6 adatato symbolmapper,

6 auserspecificspreader,

6 aburstgenerator,

6 adigital modulator,

6 aD/A converter,

6 a transmitterfilter andanamplifieraswell as

6 a transmitterantenna.

The datasourcegeneratesspeechframescontaining192 bits. Eachspeech
frameis encodedby thechannelencoder. The384codeddatabitsarethenin-
terleavedby applyinga block interleaver with aninterleaver matrix of 4 rows
an96columns.The384codedandinterleaveddatabitsarethenmappedonto
1924PSKdatasymbols.Each4PSKdatasymbolis spreadby theuserspecific
CDMA codeallocatedto mobilek. Then,ID equalto 4 burstsasshown in Fig-
ure12 aregeneratedbasedon the192spread4PSKdatasymbolsandtheuser
specificmidambles[43, 41]. After linearmodulationby usingalinearizedver-
sionof Gaussianminimumshift keying (GMSK) with time-bandwith-product
0.3 andD/A conversion,thesignalis passedthrougha Butterworth low pass
filter of order4 andcutoff frequency 1.6MHz. Finally, this signalis amplified
[41].
Figure7.4.2shows theblock structureof thebasestationreceiver. In thebase
stationreceiver, coherentreceiver antennadiversity (CRAD) [42] is applied.
Thisbasestationreceiver [40, 41] consistsof
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7 Ka receiver antennas,

7 Ka amplifiersandreceiver filters,

7 Ka A/D converters,

7 Ka digital low passfilters,

7 Ka channelestimators,

7 aJD datadetectorwith CRAD, cf. Sect6.6and[41, 42],

7 K symbolto datamappers,

7 K 968 4 block deinterleavers,

7 K channeldecodersand

7 K datasinks.

The amplifiedsignalreceived at eachreceiver antennaka, ka 9 1: : : Ka, is the
sum of additive stationarynoiseand the 8 usersignals,associatedwith the
eight simultaneouslyactive mobiles,which aredistortedwith the 8 ; Ka time
varyingandfrequency selective mobile radiochannels.After low passfilter-
ing this amplified signal by using a Butterworth low passfilter of order 10
andcutoff frequency 1.2MHz, A/D conversiontakesplaceat a samplingrate
of 2/Tc [41]. A synchronizationunit at the receiver compensatesfor slightly
differentdelay timesof the Ka received signals. The setof samplesis then
digitally low passfiltered in orderto allow decimationof thesamplingrateto
1/Tc. The particularpartsof the received sequencestemmingfrom the user
specificmidambleareprocessedby the Ka channelestimators.The JD data
detectorwith CRAD which usespredetectionmaximal-ratiocombiningthen
determinescontinuousvaluedestimatesfor the2 ; K ; N equalto 384datasym-
bols. The four suboptimumJD techniquesZF-BLE, MMSE-BLE, ZF-BDFE
andMMSE-BDFEareavailableat theJD datadetectorwith CRAD, cf. Sect.
6.6 and[41, 42]. The 2 ; N equalto 48 complex andcontinuousvaluedesti-
matesof the datasymbolstransmittedby eachmobile k, k 9 1: : : K, arethen
mappedontoa realvalueddatastreamof 96 samples.After four burstswere
processed,the384realvaluedsamplesaredeinterleaved andconvolutionally
decodedby asoft inputdecoder. TheK decodeddatasequencesarethentrans-
ferredto theK datasinks.
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Figure15: Downlink framestructureof the JD-CDMA mobile
radiosystemconcept

Downlink

In this section,the downlink of the JD-CDMA mobile radio systemconcept
is briefly introduced[45]. We only refer to both the frameandburst struc-
tures,respectively. Due to their closerelationshipto the uplink transmitters
andreceivers, the downlink transmittersandreceiversshall not be described
here.
Figure7.4.2shows thedownlink framestructureof theJD-CDMA mobilera-
dio systemconcept.It is obvious from Figure7.4.2that thedownlink is fully
compatiblewith GSM [37]. Nevertheless,compatibility to ATDMA [38] can
easilybeachieved. Like in theuplink, K equalto 8 usersaresimultaneously
active in thesamefrequency bandof bandwithB equalto 1.6MHz andin the
sametime slot of durationTbu equalto 577 µs. Eight suchtime slots form
oneTDMA frameof durationTfr equalto 4.615ms. Thetransmissionoccurs
by usinga singletransmitterantennaperbasestation. In theconsideredJD-

CDMA mobile radio systemconcept,antennadiversity canbe implemented
in thedownlink receiversin a similar fashionto theJapanesePersonalDigital
Cellular[46].
Theminimumnetdatarateperuseris setto be13kbit/s in thedownlink. As it
is thecasein theuplink thedataratecanbevariedwith respectto thedesired
serviceby assigningmore thanonetime slot aswell asmore thanoneuser
specificCDMA codeto a particularuser. The maximumnet bit rate is thus
equalto 832 kbit/s. It is easyto seethat in the downlink only a singleradio
channelmustbe estimatedat the receiver in order to enablecoherentrecep-
tion. Therefore,themidambleusedin thedownlink is shorter, takingonly Tm

equalto 64.5µs, thanthemidamblerequiredfor theuplink channelestimation
which is 134 µs long. The chip periodin the downlink is the sameasin the
uplink, namelyTc equalto 0.5µs. However, thenumberof elementscontained
in a userspecificCDMA codeis 16 in the downlink. In contrastto the up-



PotentialRadioInterfaceSubsystems 409

\ \ \ \ \ \ \ \ \ \ \ \ \] ] ] ] ] ] ] ] ] ] ] ] ] ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^_ _ _ _ _ _ _ _ _ _ _ _ _

` a b c d e `f`a b c d e `

` g h i j k l m n

k j o jpkj o jb l k j b c e i

` i q r i m s i

n r j h kt u u uvxw yzt vxw y

t {vtvt

u u u

u u u
u u u|u u u

u u uu u u} ~ � � � �

� � � � � � � �

� ~ � � �

� � � � � �
� � � � � � � �
t v � t v �

� � � � � �� ~ � � �
� � � � �

Figure 16: Downlink burst structureof the JD-CDMA mobile
radiosystemconcept

link, orthogonalbinaryuserspecificCDMA codesareappliedin thedownlink
which enablesa betterperformancethanin the caseof usingnonorthogonal
userspecificCDMA codes,e.g.randomlychosenuserspecificCDMA codes.

Performance

Theperformanceof theJD-CDMA mobile radiosystemconceptwasstudied
e.g.inSect.6.6and[41, 42, 43].
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