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1Iterative Multiuser Interference Reduction:Turbo CDMAPaul D. Alexander, Member, IEEE, Mark C. Reed, Member, IEEE, John A. Asenstorfer, Member,IEEE, and Christian B. Schlegel, Member, IEEEAbstract| We view the asynchronous random{code{division multiple{access channel as a time{varying convo-lutional code. We study the case where the users encodetheir data and therefore the single user transmitters and theCDMA channel appear as the concatenation of two codingsystems. At the receiver we employ serial Turbo decodingstrategies. Unlike conventional Turbo codes where both theinner and outer code may be selected, in our case the in-ner code is due to the CDMA channel which we assume tobe random. Nevertheless, the decoding system resemblesthe decoder of a serial Turbo code and single user perfor-mance is obtained even for numbers of users approachingthe spreading code length.Keywords: Code{Division Multiple{Access, IterativeMethods, Random Codes, Turbo CodesI. IntroductionThe output of a Code{Division Multiple{Access(CDMA) channel is a linear transformation of the input. Inthe case where the channel output noise is whitened, usingthe noise whitening matched �lter [1], [2], the transformedsignal has some special properties. These properties en-able us to view the CDMA channel as a convolutional codewith the number of states being exponential in the num-ber of users. Due to the complexity of this code, decodingschemes such as the decorrelator [3] or matched �lter re-ceivers [4] are often employed.When the users �rst encode their information sequencesvia single-user convolutional codes, the resulting systemcan be viewed as a concatenated coding system. Proposalsthat have a linear pre{processing �lter to decode the innerCDMA code have been presented [5], [6]. The performanceof these systems for the case where the number of users ap-proaches the spreading code length is several dB away fromthe single-user case. This loss is due to the linear decodingof the CDMA channel which is a convolutional code in itsown right. Convolutional codes are typically decoded us-ing non-linear techniques such as the Viterbi algorithm [7].When the number of users is small compared to the spread-ing code length a linear method is an appropriate decoderPaul Alexander was with Institute for Telecommunications Re-search, University of South Australia,WarrendiRoad, Mawson Lakes,South Australia 5095, and is now with Centre for Wireless Commu-nications, National University of Singapore, 20 Science Park Road,#02-34/37 Teletech Park, Singapore 117674. Mark Reed was withInstitute for Telecommunications Research, University of South Aus-tralia, Warrendi Road, Mawson Lakes, South Australia 5095, and isnow with ASCOM Systec AG, Technology Unit, Gewerbepark, Mae-genwil, Switzerland, CH-5506. John Asenstorfer is with Institute forTelecommunications Research, University of South Australia, War-rendi Road, Mawson Lakes, South Australia 5095. Christian Schlegelis with Departmentof Electrical Engineering 50 S Campus Drive Uni-versity of Utah Salt Lake City, UT 84112.

and overall system performance is satisfactory [5], [6], [4].Other low complexity schemes such as a decision{feedbackcanceler have also been employed [8].The maximum likelihood solution for the asynchronousCDMA channel where the users encode their data has beenformalised recently by Giallorenzi and Wilson [9]. Theywere able to achieve near single-user performance for thetwo-user case and �xed spreading codes. The decoder con-sisted of a Viterbi algorithm running over a trellis witha number of states that was exponential in the productof the number of users and the constraint length of theconvolutional codes. Due to this complexity problem theyproposed a suboptimal technique [10]. In this paper, forlarge numbers of users, they were able to get within 2 dBof single-user performance. The system employed single-user decoders and there were multiple passes through eachof these decoders. As we shall see, this structure is similarto the system in this paper. Recent work by Alexanderet al. [11] provided a performance analysis for this systemwhich shows the receiver achieves single user performancefor moderate Eb=No.For the synchronous CDMA case, Hagenauer [12] re-alised that the CDMA channel could be viewed as a blockcode. He proposed a suboptimal scheme for decoding theCDMA channel which provided soft information in an it-erative decoding scheme. A performance comparison withasynchronous schemes was not possible since, in the syn-chronous case, spreading codes may be selected accordingto their correlation properties. In the asynchronous case,where any possible delay pro�le is admitted, such explicitcode design is not feasible.It is not practical to decode the CDMA channel codeusing full complexity decoding techniques due to the largenumber of states. In this paper we propose a sub{optimalmaximuma posteriori (MAP) probability technique for de-coding the CDMA channel code and the single-user codesare decoded using full complexity MAP probability algo-rithms, as described originally by Bahl et al. [13].We make the realisation that the concatenation of twoconvolutional codes may be decoded in a Serial Turbo{Code [14] fashion at the receiver. A feature of our systemis that the convolutional code corresponding to the CDMAchannel has random generator polynomials. We do howeverhave control over the high level statistics of the polynomi-als via the spreading code length and the level of asynchro-nism in the channel. The exploitation of this control is notstudied in this paper.We are encouraged by the result of Jana and Wei [15]
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2which states that the minimum distance of the single-usercodes are not compromised by the process of spreadingand despreading in a multiuser environment. Additionally,Douillard et al. [16] realised that the ISI channel may beviewed as a convolutional code and therefore were able toview a system incorporating FEC as a concatenated convo-lutional code system. We make the same realisation here,but with the CDMA channel substituted for the ISI chan-nel. Indeed, the model of a CDMA channel is equivalentto the model of an ISI channel where the taps of the ISIchannel model are time varying.Random spreading codes are explicitly considered sincethey allow for interferer diversity which is not the casefor �xed spreading codes. Asynchronous transmission ispermitted to move complexity from the mobile terminalinto the base station. We assume a random access system,where the amount of co-ordination between base stationand user is minimised.This paper is organised as follows. In Section II the con-volutional code model for the CDMA channel is describedwhere a noise whitening matched �lter is required. Thedecoder for the serially concatenated convolutional trans-mitter model is discussed in Section III and simulated inSection IV. Conclusions are given in Section V.Throughout this paper scalars are lower case, vectorsare underlined lower case, and matrices are underlined up-per case. Subscripting is dropped when no ambiguitieswill arise. The symbols (�)>; (�)�1 are the transpositionand inversion operators respectively. The delimiter f�gyde�nes a space of dimension y. Vector subscripting canbe of the form [x]j, denoting the component j of vectorx. When x is some constant, then the subscript impliesvector size, i.e., 0m is a column vector of zeros of size m.We shall use a notation for subvectors, whereby the vectorconsisting of elements i through j inclusive of vector x, i.e,(xi; xi+1; � � � ; xj)>, shall be denoted xji .II. Channel ModelA well known model for the L{symbol, K{user symbol-asynchronous CDMA channel employing spreading codes oflength N is described presently. In particular, the outputof a �lter matched to the common chip waveform employedby all users is e = AW d + n (1)where A describes the CDMA channel over which each ofthe users transmits and is de�ned in terms of the spreadingcodes employed by each user and the relative delays of theusers' transmissions measured at the receiver.A = (a1; � � � ; aLK) 2 fC; 0g(L+1)N;LKaj = �0>iN+�k ; s>k;i; 0; � � � ; 0�>2 fC; 0g(L+1)N�k 2 f0; 1; � � �; N � 1gwhere C = f� 1pN ;+ 1pN g is the set of possible chip am-plitudes. The channel symbol interval i 2 f1; � � � ; Lg and

user index k 2 f1; � � � ;Kg, are derived from the transmis-sion number j 2 f1; � � � ; LKg as followsi = d(j � 1)=Ke;k = ((j � 1)modK) + 1where dxe is the smallest integer not less than x. Thespreading code, sk;i, is of length N chips and is employedby user k to transmitted bit i. We have restricted consider-ation to the chip synchronous case. The diagonal matrixWcontains, on the diagonal, the received amplitudes of eachuser's waveform. The noise vector n represents the sampledAWGN in the system. It has the property E �nn>	 = �2I ,where �2 is the variance of the noise process.The binary codewords of length n generated by each ofthe K users' encoders appear in the data vector d as followsd = (d1; � � � ; dLK)>2 f�1;+1gLK (2)Considering the fact that the elements of d result from Ksingle-user encoders of rate 1=n we have that bit l 2 (1; n)of symbol ib 2 (1; Lb) transmitted by user k 2 (1;K) iselement j of d. The transmission index j may be formedas where j = (i � 1)K + k= ((ib � 1)n+ l � 1)K + kand L = Lbn is the collective number of channel bits trans-mitted by the users. We shall place the information sym-bols of all users into the vector b. The objective of thereceiver is to determine an estimate for this vector.When the noise whitening matched �lter is applied toe, the resulting CDMA channel may be viewed as a real,time{varying, convolutional code. The encoder does notemploy modulo-2 additions as is conventionally the case,but still possesses properties such as distance spectra andgenerating polynomials. The �lter is the orthogonal basisresulting from the Gram{Schmidt orthogonalisation of A,i.e., A = QFwhere F 2 RLK;LKis lower triangular with bandwidth K,and Q has the same dimensions as A. The number ofmemory elements required in the convolutional encoder isone less than the bandwidth of the encoding matrix [17].Note that an identical model results for the multipathfading channel case [18]. The output of the �lter isy = Q>e= FW d + z (3)= Gd + z (4)The statistics of the noise are preserved due to the orthog-onal nature of the projection Q>. Speci�cally, zj are i.i.d.Gaussian with variance �2, i.e., E �zz>	 = �2I . We maythink of the columns of Q as modi�cations of the conven-tional coded matched �lters A. In fact, Q = AF �1, which
3



3states that the columns of Q are linear combinations of theoriginal spreading codes. Since F is invertible for linearlyindependent columns of A, y is a su�cient statistic. Thetwo key features of y that distinguish it from the conven-tional matched �lter statistic are1. The noise component in y is white.2. The interference results from only K�1 other transmis-sions rather than 2K � 1 in the conventional case.We can view the LK � LK matrix G = F W as anencoding matrix. The convolutional code described by Gproduces one of 2K codewords for each input bit. Thecode is therefore rate 1=K and has K � 1 memory ele-ments. In real time, the input and output symbol ratesare identical, only the cardinality of the input and outputalphabets are di�erent. The generator polynomials, set bythe CDMA channel, are in general, time-varying due to theuse of random spreading codes. The sequence observed bythe receiver is modeled as shown in Fig. 1 where we haveassumed each of the single-user encoders employ convolu-tional codes with � memory elements each.-b K Conv.Encoders2� states each -d CDMAChannelTime{varying conv. codeG = F W2K�1 states -yFig. 1. Signal at Receiver ModelObserve the concept of an \inner code" and an \outercode" in the model. The outer code pertains to the single-user encoders and the inner code is the CDMA channel.We have not speci�ed the details of the \outer code" sincethere are several possibilities and the details are not impor-tant to our decoding system. The total number of memoryelements in the \outer code" is K�. One can place theinformation symbols from each of the users into a vectorb and construct a generator matrix GSU corresponding toa code with K� memory elements where d = GSUb. Thecritical realisation is that it is correct to model the out-put of the \outer code" as a multiplexing of outputs ofthe single-user encoders according Eqn. 2. In summary, avalid abstraction of an asynchronous CDMA system withindependent single-user encoding is a concatenated codewhere the constituent codes are convolutional codes withgenerators GSU and G. With this realisation in-hand newtechniques for decoding serially concatenated codes may beemployed.Note that there are other �lters that allow the CDMAchannel to be viewed as a convolutional code, i.e., the rawA channel of Eqn. 1 is a convolutional code with vary-ing rate and binary coe�cients. Although the overall rateof the code is still 1=K the number of bits consumed bythe decoder varies according to the number spreading se-quences that overlap in the channel matrix A. The morecolumns of A that overlap, the more bits consumed by theencoder. The rate for the F channel realisation is constantat 1=K. We employ the F channel for reasons that allow

e�ective complexity reduction in the decoder. Note thatthe receiver must derive F which requires knowledge ofA. The matrix A is uniquely de�ned by the set of delaysf�1; � � � ; �Kg and the random spreading codes employed bythe users.A joint decoder for this serially concatenated code wouldrequire a trellis with 2K(�+1)�1 states. Note that this num-ber of states satis�es the following boundary conditions1. Single-user: K = 1, 2K(�+1)�1 = 2� , and2. No coding: � = 0, 2K(�+1)�1 = 2K�1.We shall not attempt to �nd a sub{optimal solution forthe prohibitively large joint trellis. Rather, we focus onthe serially concatenated nature of the encoder. We shallassume that the single-user encoders interleave their outputsequence at the codeword bit level to aid in the decodingprocess. III. DecoderDue to the serially concatenated convolutional codestructure of the transmitter we propose a Turbo{Code styledecoding principle where the inner code creates reliabilityinformation for the outer code, which in turn creates reli-ability for the inner code. The iterative process continuesuntil further iterations yield minimal improvement. Thead-hoc nature of the system is rooted in the ad-hoc na-ture of Turbo-Codes. No criteria has been given for thestability of what amounts to a non-linear recursive �lter.Turbo-codes have acquired notoriety, and we explore theirapplication to our abstraction of the CDMA communica-tions system.The receiver system diagram is shown in Fig. 2 where thepresence of interleaving blocks requires that, in the trans-mitter, the users interleave their encoder output streamsbefore transmission across the CDMA channel. The inter-leaving is employed to spread burst errors that arise in thesingle-user decoders. In Fig. 2 we have shown the inter-leaving blocks as one device although they consist of Kparallel devices. The decoder operates on the sequence d.The soft output of the CDMA MAP decoder isRCDMA = �p �y jdj� : j = 1; � � � ; LK	and is produced as followsp �yjdj� = p �y; dj� =P (dj) (5)where p �y; dj� = Xdj�1j�K+22f�1;+1gK�2 p �y; djj�K+2� (6)andp �y; djj�K+2� = p �yj1; djj�K+2� p �yLKj+1jdjj�K+2� (7)We may think of the summation as averaging out the otherusers' contributions, thus forming a probability for the userof interest. De�ning the state of the CDMA encoder atsymbol interval j � 1 to be dj�1j�K+1 = (dj�K+1; � � � ; dj�1)
4



4we see that the summation in Eqn. 6 is over all stateson the CDMA trellis at symbol interval j � 1. Note thatsince the bandwidth of G is K � 1, the state has K � 1binary elements and therefore there are 2K�1 states. Thestate probability can be computed using Bahl's method offorward and backward recursions [13] as followsp �yj1; djj�K+2� = Xdj�K+1 p �yj jdjj�K+1��P �yj�11 ; dj�1j�K+1�P (dj) (8)p �yLKj+1jdjj�K+2� = Xdj+1 p �yLKj+2jdj+1j�K+2��p �yj+1jdj+1j�K+2�P (dj+1) (9)The probability P (dj) in Eqn. 5 is the apriori informationabout the symbol dj and at the �rst iteration is set tobe 0:5 for both dj = +1 and dj = �1. On subsequentexecutions of the CDMA MAP decoder this probabilitywill be furnished by the single-user MAP decoders. Thelikelihood p �yj jdjj�K+1� is, from Eqn. 4, Gaussian withvariance �2,p �yj jdjj�K+1� = c exp� �12�2 �yj � gjdjj�K+1�2�(10)where gj is the non{zero part of row j of G, i.e.,gj = (Gj;j�K+1; � � � ; Gj;j)and c = 1p2��2 . -y CDMAMAP RCDMA?De-Int.�K single userMAPsRSU6Int. -� ~b Fig. 2. Receiver StructureThe de{interleaver, with knowledge of the K single-userde{interleavers, implements one de-interleaving operationon the soft output of the CDMAMAP decoder. Each user'sMAP decoder produces both a soft output pertaining to itspart of d and an estimate of its information sequence (theoriginal input to its convolutional encoder). For user k, thesoft output information isRk = �P �djjy� : j = iK + k; i = 1; � � � ; L	 (11)

The single-user MAP decoders operate identically to themethod proposed by Benedetto and Montorsi [14] for sec-ond stage decoders in a serial Turbo{decoder. This methodis equivalent to the MAP algorithmof Bahl et al. [13] whichgenerates the a posteriori probabilities of the states andstate transitions at each time interval for a �nite-state ma-chine, based on noisy observations.Here we take the perspective that the input to the MAPdecoder is a sequence of a-priori likelihoods, say �j, forthe symbols on the trellis transitions dj. In this way thetransition probabilities of Bahl et al. are
ib (m0;m) = 12 Yj2Tk;ib �j (12)where Tk;ib is the set of integers specifying the channelsymbols generated by the transition from state m to statem0 in symbol interval ib of user k's encoder.Tk;ib = f(i � 1)K + k : i = (ib � 1)n + 1; � � � ; ibn� 1gIn our development we provide the a-priori likelihoods forthe symbols on the trellis transitions as�j = p �yjdj� (13)The algorithm of Bahl et al. is used to compute the stateprobabilities at each trellis interval. These are then em-ployed in the construction of information symbol and chan-nel symbol a-posteriori likelihoods. The MAX operation ofthe MAP algorithm is then applied to make a decision onthe information symbols by selecting the symbol with thehighest a-posteriori likelihood. Central to the execution ofour iterative algorithm is the collection of the a-posteriorichannel symbol likelihoods in to the reliability informationRk. These are then collected across users as followsRSU = fRk : k = 1; � � � ;KgThis information is interleaved for use in the next passthrough the CDMA MAP decoder. The interleavingamounts to a permutation, according to the interleaver ofuser k, of the i index in Eqn. 11. The reliability informa-tion RSU is employed by the following assignmentP (dj) = P �dj jy�which is a-priori information in Eqn. 5. This process isidentical to the operation of a decoder for serial Turbo{Codes [14].A. Approximate SolutionThe trellis over which the CDMA MAP decoder oper-ates has 2K�1 states which is too large for even moder-ate numbers of users. We shall employ a method pro-posed by Mehlan and Meyr for the ISI channel [19] whichwas adapted to the CDMA case1 by Alexander and Ras-mussen [20]. This previous work neglected the option of it-erating which has been realised in this paper. Two approx-imations result in an approximate solution that is O(K),1The CDMA channel is a time varying ISI channel.
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5instead of O(2K�1) as for the full MAP decoder for theCDMA channel.The �rst approximation is justi�ed by an observationmade by Wei and Schlegel [21]. Their results imply thatan M algorithm applied to the forward recursion in Eqn. 8will return, at time j,M of the largest p �yj1; djj�K+2� withvery high probability. The application of the M algorithmto the F channel of Eqn. 3 is pivotal. The sum of Eqn. 6 isover all 2K�1 states in the CDMA trellis. We shall replacethis with a sum over states that are surviving paths inthe M algorithm for the forward recursion and assume theother states have a negligible contribution.p �y; dj� � Xdj�1j�K+12Mj p �y; djj�K+1� (14)where Mj � f�1;+1gK�1 is the set of M states survivingat time j. This approximation impacts on the backward re-cursion. Speci�cally, we only require the p �yLKj+1jdjj�K+2�that grow from the states in Mj.The second approximation involves the backward recur-sion of Eqn. 9. Again following the development in [19] and[20] we cut the length LK recursion into LK recursions ofdepth 2. There is little point reducing the complexity of theforward recursion if we still require a full computation ofthe backward recursion in order to compute the state prob-abilities. We could allow the forward recursion to executethen compute the required probabilities from the backwardrecursion. Given that we would like to use state probabil-ities to steer the forward recursion we require results fromboth backward and forward recursions. Speci�cally we setP �yLKj+1jdjj�K+2� � Xdj+1 P �yj+1jdj+1j�K+2�P (dj+1) �Xdj+2 14P �yj+2jdj+2j�K+3�P (dj+2)(15)where it is apparent that we have set the initial condi-tion, P �yLKj+3jdj+2j�K+3�, for each of the four recursions to14 . The bits dj+1 and dj+2 are set by the summations andbits dj�K+2 through dj (djj�K+2) are set by the survivingstate from the forward recursion, i.e., an element of Mj.This approximation is equivalent to assuming that the dis-tant future values of p �yLKj+1jdjj�K+2� have minimal e�ecton the current value even though they are involved in therecursion of Eqn. 8. Speci�cally, we have assigned a uni-form distribution to P �yLKj+3jdj+2j�K+3�, of which there arefour candidates due to the possible values of the 2-tuple(dj+1; dj+2).A graphical view of a step in the CDMA trellis is shownin Fig. 3. The binary tree of depth 3 is grown from eachof the surviving paths in the forward recursion at timej � 1. The new transitions pertain to channel symbolsj, j + 1 and j + 2. The extension to symbol j creates2M nodes. For each of these 2M nodes the approximate

backward recursion is computed using symbol intervals j+1 and j + 2. The joint likelihood p �y; djj�K+1� is thencomputed for each of the 2M nodes using Eqn. 7. Eqns.6 and 5 are then implemented for dj = 1 and dj = �1to produce the required likelihoods p �yjdj�. The M of2M node selection process retains the nodes with largestp �y; djj�K+1�.
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p �y; djj�K+2�dj -� dj+1-� dj+2-�Fig. 3. Approximate MU CDMA MAP Decoder StepIn the original work of Mehlan and Meyr [19], the depthof the backward approximation was 1. With this depthlook{ahead, a high level of noise in the look{ahead bit in-terval can steer the M algorithm o� course. In our casewe chose the look{ahead depth to be 2 in order reducethe likelihood of such occurrences. Although higher depthlook{aheads may be employed, the complexity of the sys-tem increases exponentially with the depth. As the com-plexity of the algorithm increases exponentially with thelookahead depth we do not consider depth 3 or more.B. ComplexityAs can be seen from Fig. 3 there are 14 conditional prob-abilities, of the form shown in Eqn. 10, to be computed forthe growth of each of the M surviving nodes. Using thenumber of such probability computations as the measureof complexity we can show that the full complexity MUMAP requires 2K per symbol interval, whereas the pro-posed scheme requires only 14M . As we shall see, it isreasonable to set M = K in order to achieve similar per-formance and hence our algorithm has complexity O(K).
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6IV. SimulationIn this section, we present the performance of the pro-posed system. The ratio of the number of users K to thespreading code length N (or processing gain) is kept highfor good spectral e�ciency. The error control codes em-ployed by the users were simple rate 1=2, 4-state convolu-tional codes with generators G = 58; 78. If a more powerfulcode was employed, the single-user performance would im-prove and it is our expectation that the multiuser receiverproposed here would follow this improvement. We do notterminate the convolutional code trellis.Since the system is aimed at packet radio systems, theusers encode blocks of length Lu = 100. The chips [sk;i]jconstituting each user's binary spreading code are chosenrandomly and independently across user (k), chip number(j) and symbol interval (i).We �rst simulate the K = 5, N = 7 system which allowsexecution of the full complexityMU MAP algorithm. WithK = 5 the MU trellis has 16 states. The performancefor full complexity forward (M = 16) recursion and fullcomplexity backward recursion is shown in Fig. 4 (FC 5/7)along with the approximate reduced complexity methodwith M = 3 (SO 5/7). With K = 5 there are 16 states inthe full trellis. In both cases results are shown for I = 3iterations since no perceivable performance improvementwas obtained by subsequent iteration.Ideally the performance of a multiuser receiver shouldbe independent of the number of users so that quality ofservice can be guaranteed on a per user basis. This is nottrue as can be seen in Fig. 4 where plots for both K = 1(SU) and K = 5 are shown. The e�ect of increasing thenumber of users from 1 to 5 is equivalent to reducing thepower of each user by 0.5 dB. This loss is small comparedwith all other known linear systems that employ randomcodes, or equivalently allow symbol asynchronism.
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Fig. 4. Simulated System Performance for (K = 5; N = 7) and(K = 10;N = 15)The full complexity MU MAP could not be executed for

K = 10 since the trellis has 512 states. As can be seenin Fig. 4 (SO 10/15) the approximate solution of the MUMAP with M = 3 provides performance within 1 dB ofthe performance of the system in the absence of multiuserinterference. The performance improvement of our systemover the case where the MU CDMA trellis is decoded usinga linear method [6] (Linear 10/15) is several dB.V. ConclusionIn this paper, we have proposed a multiuser receiver forthe highly loaded asynchronous CDMA channel where eachuser encodes their data before transmission. The operationof the receiver is equivalent to a serial Turbo decoder in asingle-user scenario. One of the decoders is for the CDMAchannel which we view as a convolutional code and theother is for the single-user encoders. A suboptimal methodwas proposed that achieves performance remarkably closeto single-user performance with complexity that is linearin the number of users. The number of users is set to bea large fraction of the processing gain in order to achievegood spectral e�ciency. The results obtained in this workalso indicate that there is no need to decode all of the usersjointly in one large trellis. It remains to �nd a reduced com-plexity solution for the multiuser trellis that out-performsthe current proposal.It is important to question the impact of spectrally ef-�cient CDMA, where K approaches N , on intercell inter-ference in a cellular CDMA communications network. Forthe IS-95 [4] case, where no attempt is made to removethe impact of inter{cell users, the question had been ad-dressed [22]. In [23], Newson et al. show that for propaga-tion loss exponent 4 and shadowing variance 8 dB half ofthe interference power at the output of a user's correlatorcomes from intra{cell users, and the other half comes fromall other cells in the network. The proposed scheme is stillvalid when the channels are multipath-fading provided themultipath channels can be tracked to su�cient accuracy.Any error in the channel estimates will manifest as a noise
oor in the error rate performance of the system. In thispaper we have described a receiver system that removes theintra{cell half of the interference power. This amounts toa 3 dB improvement, in terms of power control set-point,with respect to conventional CDMA. Equivalently, twiceas many users can now be supported as compared withconventional CDMA.Further improvement can be obtained if the users at thefringe of the nearby cells are incorporated in the detectionprocess in the base station of interest. In this way thepower of the interfering users is removed from the inter-cellinterference power. Note that since these users would be ina soft-handover state for IS-95 the infrastructure requiredis already in place. References[1] A. Duel-Hallen, \A family of multiuser decision{feedback detec-tors for asynchronous code{division multiple{access channels,"IEEE Trans. Commun., vol. 43, pp. 421{434, Feb. 1995.[2] P. D. Alexander and L. K. Rasmussen, \On the windowedCholesky factorisation of the time{varying asynchronousCDMA
7



7channel," IEEE Trans. Commun., vol. 46, pp. 735{737, June1998.[3] R. Lupas and S. Verd�u, \Linear multiuser detectors for syn-chronous code{division multiple{access channels," IEEE Trans.Inform. Theory, vol. 35, pp. 123{136, Jan. 1989.[4] TIA/EIA IS-95A: Mobile Station-Base Station CompatibilityStandard for Dual-Mode Wideband Spread Spectrum CellularSystem, March 1995.[5] P. Jung and J. Blanz, \Joint detection with coherent receiverantenna diversity in CDMA mobile radio systems," IEEE Trans.Veh. Technol., vol. 44, pp. 76{88, Feb. 1995.[6] P. D. Alexander, L. K. Rasmussen, and C. B. Schlegel, \A linearreceiver for coded multiuser CDMA," IEEE Trans. Commun.,vol. 45, pp. 605{610, May 1997.[7] A. J. Viterbi, \Error bounds for convolutional codes and anasymptotically optimum decoding algorithm," IEEE Trans. In-form. Theory, vol. IT-13, pp. 260{269, Apr. 1967.[8] A. Hafeez and W. E. Stark, \Combined decision{feedback mul-tiuser detection/soft{decision decoding for CDMA channels," inIEEE 46th Vehicular Technology Conference, (Atlanta, USA),pp. 382{386, 1996.[9] T. R. Giallorenzi and S. G. Wilson, \Multiuser ML sequence es-timator for convolutionally coded asynchronous DS-CDMA sys-tems," IEEE Trans. Commun., vol. 44, pp. 997{1008, Aug. 1996.[10] T. R. Giallorenzi and S. G. Wilson, \Suboptimummultiuser re-ceivers for convolutionally coded asynchronous DS-CDMA sys-tems," IEEE Trans. Commun., vol. 44, pp. 1183{1196, Sept.1996.[11] P. D. Alexander, A. J. Grant, and M. C. Reed, \Iterative de-tection in code-division multiple-access with error control cod-ing," European Transactions on Telecommunications Special Is-sue on CDMA Techniques for Wireless Communications Sys-tems, vol. 9, pp. 419{425, Sep{Oct 1998.[12] J. Hagenauer, \Forward error correcting for CDMA systems," inIEEE Int. Symp. on Spread Spectrum Techniques and Applica-tions, (Mainz, Germany), pp. 566{569, Sept. 1996.[13] L. R. Bahl, J. Cocke, F. Jelinek, and J. Raviv, \Optimal de-coding of linear codes for minimising symbol error rate," IEEETrans. Inform. Theory, vol. 20, pp. 284{287, 1974.[14] S. Benedetto and G. Montorsi, \Iterative decoding of seriallyconcatenated convolutional codes," IEE Electron. Lett., vol. 32,pp. 1186{1188, June 1996.[15] R. Jana and L. Wei, \Bounds for minimum euclidean distancefor coded multiuser CDMA systems," in IEEE Int. Symp. onSpread Spectrum Techniques and Applications, (Mainz, Ger-many), Sept. 1996.[16] C. Douillard, C. B. Michel Jezequel, A. Picart, P. Didier, andA. Glavieux, \Iterative correction of intersymbol interference:Turbo-equalisation," European Transactions on Telecommuni-cations, vol. 6, pp. 507{511, Sept. 1995.[17] S. Lin and J. Daniel J. Costello, Error Control Coding: Funda-mentals and Applications. New Jersey: Prentice{Hall, 1983.[18] P. D. Alexander and A. J. Grant, \Multipath channel estimationfor asynchronous random{code{division multiple{access," in47th International Vehicular Technology Conference, (Phoenix,Arizona), pp. 1609{1613, May 1997.[19] R. Mehlan and H. Meyr, \Soft output M-algorithm equalizerand trellis{coded modulation for mobile radio communication,"in IEEE 42nd Vehicular Technology Conference, vol. 2, (Denver,Colorado), pp. 586{591, May 1992.[20] P. D. Alexander and L. K. Rasmussen, \Sub{optimalMAP met-rics for single user decoding in multiuser CDMA," in Int. Symp.Info. Theory and Apps., vol. 2, (Victoria, Canada), pp. 657{660,Sept. 1996.[21] L. Wei and C. Schlegel, \Synchronous DS-SSMA with im-proved decorrelating decision{feedback multiuser detection,"IEEE Trans. Veh. Technol., vol. 43, pp. 767{772, Aug. 1994.Special Issue on Future PCS Technologies.[22] K. S. Gilhousen, I. M. Jacobs, R. Padovani, A. J. Viterbi, L. A.Weaver, and C. E. Wheatley, \On the capacity of a cellularCDMA system," IEEE Trans. Veh. Technol., vol. 40, pp. 303{312, May 1991.[23] P. Newson and M. R. Heath, \The capacity of a spread spectrumCDMA system for cellularmobile radio with considerationof sys-tem imperfections," IEEE J. Selected Areas Commun., vol. 12,pp. 673{684, May 1994.
View publication stats

8

https://www.researchgate.net/publication/3159939



