
INTERFERENCE CANCELLATION USING ANTENNA ARRAYS �Vafa Ghazi-Moghadam Mostafa KavehDepartment of Electrical Engineering, University of Minnesota Minneapolis, MN 55455ABSTRACTA limiting factor for the performance of the conventionalCDMA receiver is the near-far e�ect. Practical CDMA sys-tems use power control to overcome this problem, whichrequires additional circuitry at the mobile. On the otherhand, optimal and suboptimal multiuser detectors havebeen proposed which are shown to be near-far resistant, andthus increase the capacity of the system signi�cantly. Themajor drawback of these detectors is their computationalcomplexity which makes them less attractive for implemen-tation. This paper describes a simple detector which isa spatio-temporal interference canceller. The receiver em-ploys an array of M antennas, which allows it to discrimi-nate between the users based on their spatial diversity. Thereceived signal goes through a bank ofK beamformers, eachmatched to one user, followed by a bank of matched �l-ters. The K outputs are compared to rank the users in theorder of their strength. Multiple access interference fromeach user is cancelled successively from the received sig-nal based on this order. This detector is compared with asingle antenna interference canceller and also the conven-tional detector and it is shown that using multiple anten-nas improves the performance of the interference cancellerand compensates for nonzero crosscorrelations between theusers' signature waveforms.1. INTRODUCTIONDramatic changes in the nature of mobile communicationsin the recent years have prompted the search for a new sys-tem with increased capacity. One of the techniques whichhas received considerable attention is CDMA, which is be-lieved to o�er greater improvement over other proposedschemes. The conventional (matched �lter) CDMA receiveris susceptible to the near-far e�ect. This is mainly be-cause of nonzero crosscorrelation between the set of signa-ture waveforms (due to bandwidth limitations and di�erentdelays), which prevent the matched �lters from e�ectivelynulling the interference terms. A commercial CDMA cellu-lar system uses strict power control to get around the near-far problem; the mobiles adjust their transmitted power,so that the received power at the base station is the samefor all users [1]. An alternative to the conventional CDMAreceiver, which is an optimum single user demodulator, isa multiuser detector. Optimum and di�erent suboptimummultiuser detectors have been proposed in the literature[2]-[5]. Although these detectors show signi�cant perfor-mance improvement over the conventional detector, this isachieved at the price of excessive computational complex-ity. Most of these receivers attempt to detect all the userssimultaneously, and therefore employ a parallel structure,�THIS WORK WAS SUPPORTED IN PART BY THE NA-TIONAL SCIENCE FOUNDATION UNDER GRANT MIP-9202081.

which contributes to the complexity of the scheme. An al-ternative would be to use a serial scheme, where only oneuser is detected at each stage. Successive cancellation tech-niques discussed in [6]-[8] are of the latter type. The schemeused in [6], which assumes no knowledge of the users' en-ergies shows improvement over the conventional receiver,while maintaining relative simplicity. In this method, afterthe received signal goes through a bank of matched �lters,the strongest user is detected by comparing the correlators'outputs, and is subtracted from the received signal after be-ing encoded again with its signature sequence. This processis repeated until the weakest user is decoded.In this paper, we address the extension of the interfer-ence cancellation scheme described in [6] to a system withmultiple antennas at its receiver. Employing multiple an-tennas enables the system to make use of the spatial diver-sity among di�erent users. This receiver can now discrimi-nate between the users not only by their temporal signaturewaveforms, but also by their spatial signatures. Applicationof antenna arrays in CDMA communication systems wasdiscussed in [9]-[11]. In [8], an adaptive antenna array sys-tem combined with a parallel canceller of interference wasproposed. In that system, only one set of weights was usedto form a beam towards the desired user. In the system pro-posed in this paper, each user is matched both in spatial andtemporal domains at the receiver and this provides a betterestimate of the transmitted data by each user, and thus abetter cancellation of the multiple access interference.The remainder of the paper is organized as follows. Sec-tion 2. gives a description of the signal model. In Section 3.,we explain the combined spatio-temporal interference can-celler and analyze the performance of this system. Simula-tions and results are described in Section 4., with a compari-son between this system and the single antenna interferencecanceller. The conclusion is given in Section 5..2. SIGNAL MODELConsider a synchronous CDMA system, where K userstransmit simultaneously over a passband channel. Thechannel bandwidth is assumed to be large enough, so thatintersymbol interference can be ignored. The receiver con-sists of an antenna with M elements. The received signalsare narrowband, i.e. the demodulated outputs of the ar-ray are the same except for a complex gain. Assuming theknowledge of phase of the received signal at each antenna el-ement (i.e. coherent demodulation), the lowpass equivalentof the received signal can be modelled as :r(t) = KXk=1 akekck(t)bk(t) + n(t) (1)where r(t) = [r1(t) � � � rM (t)]T



is the vector of the received signals,ak = [a1k � � �aMk]Tis the array response vector for user k, with amk being thecomplex gain from user k to the mth antenna element; e2k isthe energy of the kth user which is assumed to be unknownto the receiver; ck(t) is the normalized signature waveformfor the kth user (R T0 ck(t)2dt = 1), which is restricted to asymbol interval of duration T ; bk 2 f�1;+1g is the trans-mitted bit by user k and n(t) is the vector of the additivewhite Gaussian noise at the antenna elements which areassumed to be independent, i.e. Efn(t)nH(t)g = �2I.The optimum demodulator for user l computes the fol-lowing decision variable:Zl = Re�Z T0 aHljjaljjr(t)cl(t)dt�= jjaljjelbl + KXk=1k 6=l �ckl�akl jjak jj ekbk + n0l (2)where �ckl = Z T0 cl(t)ck(t)dtis the cross-correlation between the signature waveforms,and �akl = Re[aHl ak ]jjakjj jjaljjis the correlation between the array response vectors of usersl and k and n0l is a zero mean Gaussian random variablewith variance �22 . To perform matched �ltering, we assumethe array response vectors are known to the receiver, but inreality only estimates are available. It can be shown thatthe set of fZl; l = 1; � � � ;Kg form a set of su�cient statisticsfor the detection of the corresponding transmitted bits.3. INTERFERENCE CANCELLATION FORMULTIELEMENT RECEIVERSIn this section, we develop a simple demodulation schemewhich employs successive interference cancellation, whileexploiting the spatial diversity among the users. The blockdiagram of the �rst stage of such a system is shown in Fig. 1.The idea is to detect the strongest user and cancel the in-terference caused by this user from the received signal. Thestrongest user is obtained by comparing the decision vari-ables for all K users. These correlation values are also usedto �nd the order of cancellation for the di�erent users. Thedetected bit is respread with the user's signature waveformand multiplied by its array response vector, and the resultis subtracted from the received signal vector. The sameprocedure is repeated K times until all the users are de-tected. For the case of M = 1, the system reduces to theone proposed in [6].Without loss of generality, we assume that the users areordered by the strength of their received amplitude, withuser 1 being the strongest. The decision variable for user 1is: Z1 = jja1jj e1b1 + I1 (3)where I1 = KXk=2 �c1k�a1k jjak jj ekbk + n01
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K KFigure 1: Block diagram of a Multielement interference can-cellerCancelling the e�ect of user 1, we getr1 = r� Z1 a1jja1jjc1 = KXk=2 akekckbk + n� I1 a1jja1jjc1 (4)For the second strongest user, the same procedure is re-peated. Now, r1 is used to compute the decision variable,Z2 = jja2jj e2b2 + I2 (5)where I2 = KXk=3 �c2k�a2k jjak jj ekbk + n02 � I1�c12�a12Similarly, for the (j � 1)th cancellation,rj = rj�1 � Zj ajjjajjjcj (6)and Zj is given by Zj = jjaj jj ejbj + IjwhereIj = KXk=j+1 �cjk�ajk jjakjj ekbk + n0j � j�1Xi=1 Ii�cij�aijIt can be seen that while at each stage the multiple accessinterference from the strongest user is cancelled, a residualterm is added to the total interference in that stage. Thisis due to nonzero correlations between the signature wave-forms as well as array response vectors. It will be shownlater that this term is very small compared to the remainingmultiple access interference. The transmitted bit by the jthuser is detected using the decision variable in (2),b̂j = sgn(Zj) (7)The variance of the interference term Ij, conditioned on ek,is �j = Var [Ijjek] = KXk=j+1 e2k jjakjj2Var [�cjk�ajk]+Var[n0j ] + j�1Xi=1 �iVar[�cij�aij] (8)



For a spreading gain of N � 1, it is straightforward to showthat �cij is zero mean andVar[�cij] = 1N (9)To analyze the spatial correlation �aij , a model must beadopted for the array response vectors. We assume thatthe propagation between the transmitters and the receiverantenna is plane wave, and that the users are uniformly dis-tributed around the receiver. This is true for the situationswhere the scatterers are distant enough from the receiver sothat the reected waves are contained in a narrow range ofdirections [12]. For a linear array, the array response vectoris modelled as:ak = [1 e�j�k e�j2�k � � � e�j(M�1)�k ]Twhere �k = 2�d sin �k� , �k is the angle of arrival for user k, d isthe spacing between the elements and � is the wavelength.For this model jjak jj = pM , and de�ning ! = 2�d� , wederive the following expressions for the mean and varianceof �aij : Ef�aijg = 1M M�1Xk=0 J20 (!k) (10)Varf�aijg = 1M2 M�1Xk=0 M�1Xl=0 �12 �J20 (!(k+ l)) + J20 (!(k� l))��J20 (!k)J20 (!l)� (11)where J0 is the zeroth order Bessel function of the �rst kind.Using (9)-(11),Var ��cij�aij� = 1NM2 M�1Xk=0 M�1Xl=0 �12�J20 (!(k + l))+J20 (!(k� l))�� = 1N E [(�aij)2] (12)For simplicity we de�nev(M) = E [(�aij)2]So, �j can be written as:�j = MN v(M) KXk=j+1 e2k + �2 + 1N v(M) j�1Xi=1 �i (13)and the signal-to-noise ratio is given by:j = Me2j�j (14)Assuming Gaussian distribution, the Probability of errorcan be calculated as: Pje = Q(pj) (15)
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Figure 2: SNR of each user after cancellation, for M =1; 2; 4 and 8 antennas
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.−.−  M=2 (Analysis)Figure 3: Average probability of error vs number of users4. SIMULATIONS AND RESULTSIn Fig. 2, using (14), we compare the signal-to-noise ratioof each user after cancellation, for systems with M = 1; 2; 4and 8 antennas. As can be seen, at each stage of cancella-tion, the signal-to-noise ratio becomes larger as the numberof antennas are increased. In this case, there are 8 usersunder ideal power control. The chip SNR is 6 dB and thespreading gain is N = 31.In Fig. 3, the average probability of error is shown as afunction of number of active users. The probability of errorfor the conventional detector is also shown for comparison.We can see that the probability of error decreases substan-tially as one antenna is added to the original successiveinterference canceller. We have also performed simulationsof the multiple antenna system to compare with the anal-ysis. Fig. 3 shows the simulation results match well withthe theoretical results. Results in Fig. 3 are also for a sys-tem with ideal power control. Next we consider a worstcase scenario, where all the users have the same energy ex-cept one, which is weaker than the others. Fig. 4 shows theprobability of error for the weak user as a function of itssignal-to-noise ratio. Again a multiple antenna interferencecanceller is compared with a single antenna system and the
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Figure 5: Probability of error vs processing gainconventional detector. The power of the weak user is 4:5 dBless than the other users and N = 31. Simulation resultsare also shown.Fig. 5 shows the probability of error as a function of pro-cessing gain of the CDMA system, with M the variableparameter. It is known that for a system with bandwidthB, the maximum number of orthogonal waveforms that canbe transmitted simultaneously and are time limited to Tis equal to 2BT [13], and by allowing some crosscorrela-tion between the signature waveforms, the number of nownon-orthogonal waveforms can be increased. So increasingthe processing gain in a system with constant bandwidthwill limit the maximum number of users, and to accom-modate larger number of users, the processing gain has tobe reduced, which aggravates the near-far problem. FromFig. 5, we can see that as the processing gain is reduced,the performance of the single antenna interference cancellerdrops and even becomes worse than the conventional de-tector. The multiple antenna interference canceller is moreimmune to this problem, because it tries to spatially decor-relate the signals received from di�erent users and compen-sate for the poor characteristic of the temporal correlation.

5. CONCLUSIONIn this paper we proposed a simple detector for a syn-chronous multiuser CDMA system. The detector is an in-terference canceller that exploits the spatial diversity of theusers to decrease the crosscorrelation between the users byemploying multiple antennas at the receiver. It is shownthat the performance of this system is better than a sin-gle antenna interference canceller. Also we show that thisdetector can make use of the spatial distribution of the mo-bile users to overcome the large crosscorrelation betweenthe signature waveforms of di�erent users, when the band-width is limited or the number of users exceeds a certainlimit.This system requires knowledge of the array response vec-tors. Since this may not be fully practical, this work is cur-rently being extended to a noncoherent demodulation wherethe information about the phase of the received signal is notavailable. Further work will consider asynchronous systems,and will also include the e�ects of multipath fading.REFERENCES[1] K.S. Gilhousen, I.M. Jacobs, R. Padovani, A.J. Viterbi,L.A. Weaver and C.E. Wheatley III "On the capacityof a cellular CDMA system," IEEE Trans. Veh. Tech.,vol. 40, May 1991.[2] Sergio Verd�u, "Optimum multi-user asymptotic e�-ciency," IEEE Trans. Comm., vol. 34, Sep. 1986.[3] Ruxandra Lupas and Sergio Verd�u, "Linear multiuserdetectors for synchronous code-division multiple-accesschannels," IEEE Trans. Info. Theory, vol. 35, Jan.1989.[4] M.K. Varanasi and B. Aazhang, "Multistage detectionin asynchronous code-division multiple-access commu-nications," IEEE Trans. Comm., vol. 38, April 1990.[5] A. Duel-Hallen, "Decorrelating decision-feedback mul-tiuser detector for synchronous code-division multiple-access channel," IEEE Trans. Comm., vol. 41, Feb.1993.[6] P. Patel and J.M. Holtzman, "Analysis of a DS/CDMAsuccessive interference cancellation scheme using cor-relations," Proc. GLOBECOM Houston, TX, 1993.[7] P. Dent, B. Gudmundson and M. Ewerbring, "CDMA-IC: A novel code division multiple access scheme basedon interference cancellation," Proc. PIMRC Boston,MA, 1992.[8] R. Kohno, H. Imai, M. Hatori, and S. Paspathy, "Com-bination of an adaptive array antenna and a canceller ofinterference for direct sequence spread spectrum mul-tiple access system," IEEE Journal on Selected Areasin Communications, vol. 8, May 1990.[9] T. Brown and M. Kaveh, "A decorrelating detectorfor use with antenna arrays," Proc. IEEE Int. Conf.Comm. New Orleans, LA, 1994.[10] Soren Anderson, Mille Millnert, Mats Viberg, andBo Wahlberg, "An adaptive array for mobile commu-nications systems," IEEE Trans. Veh. Techn., vol. 40,Feb 1991.[11] Bruno Suard, Ayman F. Naguib, Guangham Xu, andArogyaswami Paulraj, "Performance of CDMA mobilecommunications systems using antenna arrays," Proc.IEEE Intl. Conf. Acoust., Speech, and Signal Process-ing Minneapolis, MN, 1993.[12] William C.Y. Lee, Mobile Communications Engineer-ing, McGraw-Hill, New York, 1982.[13] A.H. Nuttall, "Minimum rms bandwidth of M time-limited signals with speci�ed code or correlation ma-trix," IEEE Trans. Info. Theory, vol. IT-14, Sep. 1968.


