
GENERALIZED MULTI-CARRIER CDMAFOR MUI/ISI-RESILIENT UPLINKTRANSMISSIONS IRRESPECTIVE OFFREQUENCY-SELECTIVE MULTIPATHGeorgios Giannakis, Paul A. Anghel, Zhengdao Wang, Anna ScaglioneDept. of ECE, Univ. of Minnesota, 200 Union Street., Minneapolis, MN 55455, U.S.A.Abstract Relying on symbol blocking and judicious design of user codes, this paperdevelops a Generalized Multicarrier (GMC) quasi-synchronous CDMAsystem capable of multiuser interference (MUI) elimination and inter-symbol interference (ISI) suppression, irrespective of the wireless fre-quency selective channels encountered in the uplink. As the term re-veals, GMC-CDMA provides a unifying framework for multicarrier (MC)CDMA systems and as this paper shows, it o�ers exibility in full load(maximum number of users allowed by the available bandwidth) and inreduced load settings. A blind channel estimation algorithm is also de-rived. Analytic evaluation and simulations illustrate that GMC-CDMAoutperforms competing MC-CDMA alternatives especially in the pres-ence of uplink multipath channels.1. INTRODUCTIONMitigation of frequency selective multipath and elimination of multiuser in-terference have received considerable attention as they constitute the mainlimiting performance factors in wireless CDMA systems. Multicarrier (MC)CDMA systems have been introduced to mitigate both MUI and ISI caused byfrequency selective channel e�ects, but they do not guarantee (blind or not)recovery of the transmitted symbols in the uplink without imposing constraintson the unknown multipath channel nulls [1, 6, 9]. In [7, 8] a spread-spectrummulticarrier multiple access scheme was developed and shown to achieve MUI
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Figure 1 (a) Baseband transceiver model (b) Discrete-time equivalent channel model.elimination irrespective of the frequency selective uplink channels. Relative to[7, 8], the generalized multicarrier (GMC) CDMA system designed in this paper,o�ers the following distinct features: (i) it quanti�es the minimum redundancyneeded for uplink bandwidth e�cient transmissions; (ii) without channel codingand symbol interleaving, it establishes conditions that guarantee FIR-channel-irrespective symbol recovery with FIR linear equalizers; (iii) it o�ers capabil-ities for blind channel estimation by exploiting the redundant GMC-precodedtransmission; (iv) it has low (linear) complexity and does not trade-o� band-width e�ciency in order to lower the exponential complexity of MLSE receivers.Features i)-iv) are present also in the so called AMOUR system of [4, 5, 10],which however, was designed for fully loaded systems. GMC-CDMA retainsAMOUR's low complexity and bandwidth e�ciency while at the same com-bines spread-spectrum with multicarrier features to improve performance whenthe system is not fully loaded.2. SYSTEM MODELThe baseband equivalent transmitter and receiver model for the mth user isdepicted in Fig. 1(a), where m 2 [0;Ma � 1] and Ma is the number of activeusers out of a maximum M users that can be accommodated by the availablebandwidth. The information stream sm(k) with symbol rate 1=Ts is �rst serial-to-parallel (S/P) converted to blocks1 sm(n) of length K�1 with the kth entryof the nth block denoted as: sm;k(n) := sm(k+nK), k 2 [0;K� 1]. The sm(n)blocks are multiplied by a J �K (J > K) tall matrix �m, which introducesredundancy and spreads the K symbols in sm(n) by J-long codes. Precoder�m will facilitate ISI suppression, while the subsequent redundant precoderdescribed by the tall P � J matrix Fm will accomplish MUI elimination. Theprecoded P�1 output vector um(n) is �rst parallel to serial (P/S) and then dig-ital to analog converted using a chip waveform �(t) of duration Tc with Nyquistcharacteristics, before being transmitted through the frequency selective chan-nel hm(t). Although we focus on the uplink, the downlink scenario is subsumedby our model (it corresponds to having hm(t) = h(t) 8m). The resulting aggre-gate signal x(t) from all active users is �ltered with a receive-�lter ��(t) matchedto �(t) and then sampled at the chip rate 1=Tc. Next, the sampled signal x(n)is serial to parallel converted and processed by the digital multichannel receiver.1Throughout this paper, k is the symbol index and n will be used to index blocks-of-symbols.



From the multichannel input-output viewpoint depicted in Fig. 1(b), theK�1 vector um(n) propagates through an equivalent channel described by theP � P lower triangular Toeplitz (convolution) matrix Hm with (i; j)th entryhm(i � j), where hm(l), l 2 [0; L], m 2 [0;Ma � 1] are the taps of the discretechip-rate sampled FIR channels assumed to have maximum order L. In additionto transmit-receive �lters, each channel hm(l), includes user quasi-synchronismin the form of delay factors (in this case L = Ld + Lm, where Ld capturesasynchronism (� P chips) relative to a reference user, and Lm expresses (inchips) the maximum multipath delay spread). To avoid channel-induced inter-block interference (IBI), we pad our transmitted blocks um(n) with L zeros(guard bits). Speci�cally, we design our P � J precoders Fm such that:d1) P =MaJ + L and the L� J lower submatrix of Fm is set to zero.Under d1), the P � 1 data vector x(n) received in AGN w(n) is given by:x(n) = Ma�1Xm=0 HmCmsm(n) +w(n); Cm := Fm�m: (1)Processing the multichannel data x(n) by the mth user's receiver amounts tomultiplying it with the J�P receiver matrixGm that yields ym(n) =Gmx(n).Similar to [4], the precoder/decoder matrices fFm;Gmg will be judiciouslydesigned such that MUI is eliminated from x(n) independent of the channelsHm. Channel status information (CSI) acquired from the channel estimator(see Fig. 1) will be used to specify the linear equalizer �m which removes ISIfrom the MUI-free signals ym(n) to obtain the estimated symbols ŝm(n) =�mGmx(n) that are passed on to the decision device.3. MUI/ISI ELIMINATING CODESWe pursue MUI elimination from x(n) in the Z-domain [4]. Let us de�nevP (z) := [1 z�1 ::: z�P+1]T (T denotes transpose), and Z-transform the entriesof x(n) in (1) to obtain: X(n; z) := vTP (z)x(n). Substituting x(n) from (1), we�nd:X(n; z) = Ma�1Xm=0 Hm(z)[Fm;0(z) ::: Fm;J�1(z)]�msm(n) + vTP (z)w(n); (2)where Hm(z) :=PLl=0 hm(l)z�l and Fm;j(z) is the Z-transform of matrix Fm'sjth column. Note that evaluatingX(n; z) at z = ��;i amounts to using a receivervP (��;i) that performs a simple inner product operation vTP (��;i)x(n). Hence,forming y� := [X(n; ��;0) X(n; ��;1) : : : X(n; ��;J�1)]T requires a receiverG� := [vP (��;0) ::: vP (��;J�1)]T to obtain:y�(n) = G�x(n): (3)The principle behind designing MUI-free precoders Fm is to seek J pointsf��;igJ�1i=0 for every active user � 2 [0;Ma� 1] on which X(n; z = ��;i) containsthe �th user's signal of interest, while MUI from the remaining M � 1 users



is eliminated. If in addition to MUI we also want to cancel the inter-chipinterference from precoder Fm, we must select:Fm;j(��;i) = �(j � i)�(m� �); 8m;� 2 [0;Ma � 1]; 8j; i 2 [0; J � 1]: (4)The minimum degree polynomial Fm;j(z) that satis�es (4) can be uniquelycomputed by Lagrange interpolation through the MaJ points ��;i as follows [4]:Fm;j(z) = Ma�1Y�=0 J�1Yi=0(�;i)6=(m;j) 1� ��;iz�11� ��;i��1m;j : (5)Because manipulation of circulant matrices can be performed with FFT, low-complexity transceivers result if Fm is formed by FFT exponentials, whichcorresponds to choosing f��;igJ�1i=0 in (5) equispaced on the unit circle as: ��;i =exp(j2�(� + iMa)=MaJ) 8�; i. Accounting for the L trailing zeros as per d1),such a choice leads to:F � = ej2��=MaJMaJ �v�MaJ (1) v�MaJ(ej2�=J ) ::: v�MaJ(ej2�(J�1)=J )0L�J � ; (6)where � denotes conjugation. The degree of the mth user's jth code polynomialin (5) is MaJ � 1. Adding the L guard chips to Fm;j(z)'s inverse Z-transform,sets the number of rows for precoder Fm to P =MaJ +L, which explains ourchoice in d1).Next, we substitute (2) into (3) and take account of (4) to obtain the MUI-free:y�(n) =DH���s�(n) + ��(n) ) ŝ�(n) = �zf� y�(n) :=�y�DyH�y�(n);(7)where DH� := diag[H�(��;0) ::: H�(��;J�1)] is a J � J diagonal matrix withentries H�(��;j), ��(n) := G�w(n), and y denotes pseudoinverse. With CKdenoting the vector space of complex K-tuples, suppose we design �� in (7) tosatisfy:d2) J � K + L and any J � L rows of �� span the CK row vector space;Notice that d2) can always be checked and enforced at the transmitter. Un-der d2), DH��� in (7) will always be full rank, because the added redundancy(� L) can a�ord even L diagonal entries of DH� to be zero (recall that H�(z)has maximum order L and thus at most L nulls). Therefore, identi�ability ofs�(n) can be guaranteed irrespective of the multipath channel H�(z). Possiblechoices for�� that are exible enough for our design include: (a)the J�K Van-dermonde matrix�� := [v(��;0;K) ::: v(��;J�1;K)]T used in the AMOUR sys-tem [4], which for ��;i = exp(j2�(�+ iMa)=(MaJ)) becomes exp(j2��=(MaJ))times a truncated J �K FFT matrix; (b)a truncated J �K Walsh-Hadamard(WH) matrix; (c)a J �K matrix with equiprobable �1 random entries.Channel estimation, blind or pilot-based, is needed to build a ZF-equalizer�zf� in (7), which will guarantee ISI-free detection (MMSE equalizers are also



possible). For ��'s selected as in (a), a blind channel estimation method wasdeveloped in [4]. In the sequel, we will establish the identi�ability conditionsand derive a more general blind channel estimation algorithm allowing spread-spectrum precoders �� to be chosen as in (b) or (c).4. BLIND CHANNEL ESTIMATIONWe will suppose here that instead of d2), we design �� such that:d20) J � K + L and any K rows of �� span the CK row vector space.Note that when J = K+L, d20) is equivalent to d2). To estimate H�(z) underd20) in the noiseless case, user � collects N blocks of y�(n) in a J �N matrixY � := [y�(0) � � �y� (N�1)] and forms Y �Y H� =DH���S�SH��H�DHH� , whereS� := [s�(0) � � � s�(N � 1)]K�N . User � also chooses:d3) N large enough so that S�SH� is of full rank K.Under d20) and d3), we have rank(Y �Y H� ) = K and range space R(Y �Y H� ) =R(DH���). Thus, the nullity of Y �Y H� is �(Y �Y H� ) = J �K. Further, theeigen-decompositionY �Y H� = [U ~UUU ] � �K�K 0K�(J�K)0(J�K)�K 0(J�K)�(J�K)� "UH~UUUH# (8)yields the J� (J�K) matrix ~UUU whose columns span the null space N (Y �Y H� ).Because the latter is orthogonal to R(Y �Y H� ) = R(DH���), it follows that~uuuHl DH��� = 0H1�K , l 2 [1; J � K], where ~uuul denotes the lth column of~UUU . With Dul denoting the diagonal matrix Dul := diag[~uuuHl ] and dTH� :=[H(��;0); : : : ; H(��;J�1)], we can write ~uuuHl DH� = dTH�Dul . It can be easilyveri�ed that with hT� := [h�(0); : : : ; h�(L)] and with V � being a (L + 1) � Jmatrix whose (l + 1; j + 1)st entry is ��l�;j , one can write dTH� = hT�V �. Thisyields hT�V �[Du0��... � � � ...DuJ�K��] = 0T1�K(J�K); (9)from which one can solve for h�. We have established uniqueness (within ascale) in solving for h�, but we omit the proof due to lack of space. In the noisycase, if the covariance matrix of �� is known, we can prewhiten Y � before SVD,and a similar blind channel algorithm can be devised. We summarize our resultsin the following:Theorem: i) Design a GMC-CDMA system according to d1) and d2), andsuppose that CSI is available at the receiver using pilot symbols. User symbolss�(n) can then be always recovered with linear processing as in (7), irrespectiveof frequency selective multipath channels up to order L. ii) A GMC-CDMAsystem designed according to d1), d20), and d3) guarantees blind identi�ability(within a scale) of channels h�(l) with maximum order L, and the channelestimate is found by solving (9) for the null eigenvector.



Note that unlike [7, 8], even blind channel-irrespective symbol recovery is as-sured by the Theorem, without bandwidth consuming channel coding/interleaving,and with linear receiver processing (as opposed to the exponentially complexMLSE used in [7, 8]).5. UNIFYING FRAMEWORKA number of multiuser multicarrier schemes fall under the model of Fig. 1(a).We outline some of them in this section by describing their baseband discrete-time equivalent models in order to illustrate the generality of GMC-CDMA.Multicarrier CDMA (MC-CDMA), [3, 11]: For this multicarrier scheme,no blocking of data symbols occurs at the receiver and the �rst precoding matrix�m is a Q�1 vector �m (the spreading �lter). The Fm matrix is no longer userdependent, as it is selected to be a Q�Q IFFT matrix augmented either by anL � Q all-zero matrix as in d1), or, by an L � Q cyclic pre�x matrix to yielda (Q + L) � Q matrix corresponding to an OFDM precoder (modulator). Atthe OFDM receiver, the cyclic pre�x is discarded. For MC-CDMA to have thesame bandwidth as GMC-CDMA, Q must be chosen as: Q = bP=Kc �L. Thefrequency selective channel matrix Hm is (Q+ L)� (Q+ L) and for the zero-padded transmissions we have instead of (1): x(n) =PMa�1m=0 HmF�msm(n) +w(n). At the receiver end, the matrixG is selected to be a Q�(Q+L) extendedFFT matrix with entries given by powers of exp(j2�=Q), or, aQ�Q FFT matrixincreased by the L � Q leading zeros to discard the cyclic pre�x used at thetransmitter. Matrix �m becomes now an 1 �Q vector to be chosen accordingto the selected multiuser detection technique. Although simpler than GMC-CDMA, because matrix [H0F 0�0 : : : HMa�1FMa�1�Ma�1] is not guaranteedto be invertible, symbol recovery is not assured in MC-CDMA even when CSIis available.Multicarrier Direct-Sequence CDMA (MC-DS-CDMA), [1, 2]: BothGMC-CDMA and MS-DS-CDMA are multicarrier techniques using a block pre-coder �m, except that for MC-DS-CDMA the precoder is particularized to bea QK �K block diagonal matrix with blocks of size Q� 1. The dimensional-ity of the OFDM transmitter-receiver pair fFm;Gmg is (QK + L)�QK andQK � (QK + L), respectively. Keeping in mind the bandwidth constraint wechoose Q = b(P � L)=Kc. Each user transmits K symbols in parallel, spreadsthem with codes of length Q, and modulates each spread symbol with a speci�cset of Q subcarriers. Same as the �m precoder, �m has a block diagonal struc-ture with K blocks of size 1�Q. If K = 1, then Q = P �L and MC-DS-CDMAreduces to MC-CDMA.Multitone CDMA (MT-CDMA), [9]: This multicarrier technique appliesthe same data mapping as MC-DS-CDMA. However, in contrast with MC-DS-CDMA, MT-CDMA uses a block diagonal precoder �m with K blocks of sizeQQ0�1. TheKQ�KQQ0 precoder is given by: Fm=[v�KQ(1) v�KQ(j2�=(KQQ0)):::v�KQ(j2�(KQQ0�1)=(KQQ0))], while the receiver is: Gm = [0KQ�L vKQ(1)vKQ(j2�=(KQQ0)):::vKQ(j2�(KQQ0�1)=(KQQ0))]T. The system has the ad-vantage of allowing a bigger size �m matrix (longer spreading codes), which



reduces self-interference and MUI at the expense of introducing subcarrier in-terference.
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Performance with ZF Receiver: M=16 Ma=2 K=8 L=3 Q=19
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(c) (d)Figure 2 (a) AMOUR: di�erent number of active users. (b) GMC-CDMA: Theoret-ical WH vs. AMOUR. (c) Theoretical: GMC-CDMA vs. MC-CDMA; (d) SimulationMa = 2: GMC-CDMA vs. MC-CDMA.6. PERFORMANCE ANALYSISThe theoretical BER evaluation for an AMOUR system [4] that uses a ZFequalizer can be extended to a GMC-CDMA system with �zf� as in (7). Perfectknowledge of the channel is assumed. Similar to [4], we choose for simplicity aBPSK constellation to obtain in terms of the Q-function an average bit errorrate (BER) �Pe:�Pe = 1MK Ma�1Xm=0 K�1Xk=0 Q�s 1�gHm;k�gm;kEm;kr2EbN0 !; (10)



where �gHm;k is the kth row of matrix �mGm, Em;k := PP�1i=0 jcm;k(i)j2 is theenergy of the mth user's kth code, and Eb=N0 is the bit SNR.First, we plot (10) for an AMOUR system designed for M = 16 userswith data symbols drawn from a BPSK constellation, each one experiencinga Rayleigh fading channel of order L = 3. The length of the sm(n) blocks isK = 8. To avoid channel dependent performance, we averaged (10) over 100Monte Carlo channel realizations. We decrease gradually the number of activeusers in the system from 16 down to 2 and each time we redesign AMOURto incorporate the available bandwidth. The theoretical BER curves from Fig.2(a) show that under di�erent load conditions there is practically no di�erencein performance. Next, keeping the same set up we compare GMC-CDMA us-ing WH codes versus AMOUR under di�erent load conditions. It is clear fromFig. 2(b) that under 65% load the WH codes outperform the AMOUR codes.In Fig. 2(c) the theoretical performance of GMC-CDMA with WH codes andsame parameters as before is compared with an equivalent MC-CDMA systemusing OFDM transceivers with trailing zeros. GMC-CDMA has a lower BERthan MC-CDMA independent of the number of active users if the WH codesare replaced by AMOUR codes when the system load increases over 65%. Coderedesign/switching has the drawback of requiring knowledge of the system loadat the mobile transmitter. To verify our theoretical claims, we simulated GMC(both with WH and random codes) and MC with maximum number of usersM = 16, of which Ma = 2 were active and used block size K = 8. CSI wasassumed to be perfect (L = 3). The results plotted in Fig. 2(d) show that at12% load (value in our region of interest) both WH and random codes exhibitimproved performance over MC-CDMA.Acknowledgments: The work in this paper was supported by NSF CCR grantno. 98-05350 and the NSF Wireless Initiative grant no. 99-79443. The authorsalso wish to thank prof. S. Barbarossa for discussions on this and related sub-jects.References[1] Q. Chen, E. S. Sousa, and S. Pasupathy, \Performance of acoded multi-carrier DS-CDMA system in multipath fading chan-nels," Wireless Personal Comm., vol. 2, pp. 167{183, 1995.[2] V. M. DaSilva and E. S. Sousa, \Multicarrier orthogonal CDMAsignals for quasi-synchronous communication systems," Journal onSelect. Areas on Comm., pp. 842{852, June 1994.[3] K. Fazel, \Performance of CDMA/OFDM for mobile communica-tion system," in Proceedings IEEE Intern. Conf. on Univ. PersonalComm., Ottawa, Canada, Oct. 1993, pp. 975{979.
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