M-ARY ORTHOGONAL MODULATION FOR MULTI-CARRIER SPREAD-SPECTRUM UPLINK TRANSMISSION

Armin Dekorsy and Karl-Dirk Kammeyer

University of Bremen, FB-1, Department of Telecommunications P.O. Box 33 04 40, D-28334 Bremen, Germany, Fax: +(49)-421/218-3341, e-mail: dekorsy@comm.uni-bremen.de

Abstract: In this paper, we investigate the application of M -ary orthogonal modulation for multicarrier spread spectrum (MC- SS) uplink transmission over a Rayleigh fading indoor channel. Different coherent detection strategies with perfectly known channel coef�cients are analyzed. Furthermore, we present a decision-directed estimation receiver to apply channel phase estimation. With decision-directed estimation no redundancy like training data is required to be transmitted. Simulation results show no performance loss for low Ē_b/N_0 and only a moderate degradation for high Ē_b/N_0 in comparison to ideal phase equalization. Moreover, the results are always contrasted with BPSK performance. Applying M -ary orthogonal modulation reveals to outperfom BPSK with respect to bit error rate and spectral ef�ciency, even if ideal equalization is considered for BPSK and decision-directed estimation for M -ary orthogonal modulation.

The results are generally valid, whereas in this paper, they are based on the European HIPERLAN/2-standardization.

1. INTRODUCTION

As the radio frequency spectrum is a scarce resource, future wireless radio systems need to make ef�cient use of the frequency spectrum. One possible technique offering high spectrum ef�ciency is the multi-carrier-modulation technique orthogonal frequency division multiplexing (OFDM). With OFDM, the fading of each subcarrier can be assumed as frequency nonselective and the frequency selectivity of the channel over all subcarriers can be combatted by a simple one-tap equalizer. But the strong attenuations of some carriers in a multipath environment lead to relatively high bit error rates. To overcome this effect, OFDM can be combined with code division multiple access (CDMA), where the signal is spread over all subcarriers to achieve frequency diversity. This concept was �rst introduced as OFDM-CDMA or also as multi-carrier (MC-)CDMA by [1, 2, 3] and is also called MC-spread spectrum (MC-SS). In the recent few years, most publications dealing with MC- SS have been focused on classical modulation schemes such as BPSK or QPSK. Detection strategies were proposed [4, 5, 6] assuming perfectly known channel coef�cients. Furthermore,

Compressed postscript �les of our publications are also available from our WWW server http://www.comm.uni-bremen.de.

novel channel estimation techniques for MC-SS have been analyzed [7, 8, 9] mainly based on using redundancy like pilotsymbols.

Instead of using classical modulation schemes, SS techniques offer the possibilityto apply M -ary orthogonal modulation. One well-known scheme is the so-called QUALCOMM system (IS- 95) combining direct sequence-SS (DS-SS) with M -ary orthogonal Walsh modulation [10, 11].

As well as for DS-SS, M -ary orthogonal Walsh modulation can also be combined with the MC-SS technique [12]. Since a MC-SS scheme yields a frequency resolution by dividing the available bandwidth into a �nite number of subbands, the idea behind the application of M -ary orthogonal Walsh modulation is to further increase this resolution in order to distinguish transmitted symbols without raising the required bandwidth. Therefore, instead of spreading one data symbol over all subcarriers, e.g. like for BPSK, spreading is achieved in two successive steps. By employing Walsh modulation, we further use orthogonality, which renders good performance in general. Since this orthogonality is extremely sensitive to phase rotation, e.g. caused by the channel, the equalization scheme used should preferably correct these phase deviations. For example, this can be done by pilot-symbol-aided channel estimation. Due to necessary additional information, i.e. training data, pilot-aided channel estimation requires a certain signalling overhead and therefore results in less spectral ef�ciency. To overcome this disadvantage, one can use a phase estimation concept based on the so-called decision-directed (DD) loop technique [13]. For DD parameter estimation the incoming signal is quantized. Conceptually, the decision is assumed to be correct and the decided information symbols have been estimated over a certain observation time-interval. In this case, the phase can be estimated by comparing the incoming signal with the decided information symbol for a given time-instant.

The intention of this paper is to examine the application of the M -ary orthogonal Walsh modulation for MC-SS systems operating in frequency-selective, slowly fading channels in the uplink. First, different detection strategies for the M -ary orthogonal Walsh modulation are analyzed assuming perfectly known channel coef�cients. Furthermore, a receiver structure is presented employing decision-directed estimation of the channel phase. With decision-directed estimation no redundancy like training data is required to be transmitted. The simulation results are also contrasted with BPSK performance. The paper is organized as follows: In Section 2, the MC-SS transmitter with M -ary orthogonal Walsh modulation is presented and important properties of the Walsh modulation are introduced. The coherent receiver assuming perfectly known channel coef�cients as well as the main aspects of the DD receiver are described in Section 3. In Section 4, simulation results are shown for the uplink bit error rate of an indoor Rayleigh fading channel. Finally, Section 5 summarizes the results.

2. MC-SS TRANSMITTER WITH M -ARY ORTHOGONAL WALSH MODULATION

With SS systems, the multiple access interference (MAI) is mainly determined by the codes implemented. For MC-SS transmission over a downlink channel, where we have a synchronous situation, optimized codes like Walsh codes can be used. Since every user-speci�c codeword is affected by the same channel transfer function, the deterioration of the correlation properties can be restored by using suitable equalization schemes. For an uplink transmission scenario, which is considered in this paper, every user-speci�c codeword is affected by different channel transfer functions. This fact leads to an asynchronous situation involving the use of PN-sequences, which results in higher MAI. Such a MC-SS transmitter (mobile station) applying Walsh modulation is illustrated in �g. 1. For simplicity, one of J active users is taken into account (subscripts are omitted). The

Figure 1: MC-SS transmitter with M-ary Walsh modulation

data bits, b ∈ {0, 1} each of duration T_b, are serial-to-parallel converted to groups of log_2(M ) data bits each. The Walsh modulation maps the log_2(M ) data bits to one corresponding Walsh symbol w^m = [w^m_0 , w^m_1 , . . . , w^m_M�_1]^T , m ∈ {0, . . ., M −1} including M Walsh chips w^m_μ ∈ {±1}, μ = 0 . . . M − 1. Each of the M parallel Walsh chips has a symbol duration of T = log_2(M ) T_b. This modulation can also be interpreted as frequency spreading of value M/ log_2(M ). The set of M orthogonal Walsh symbols represents an orthogonal basis which can be evaluated recursively by applying

W_{2M} = ( W_M W_M W_M −W_M ) , W_1 = (1) , (1)

where W_M is the M × M Hadamard-Matrix [10, 13]. The Euclidian distance is identical for all possible pairs of symbols and equals ε = M�1_∑ μ=0 |w^m_μ − w^n_μ|^2 = 2M ∀ m ≠ n. (2)

To �nally obtain the transmitted symbols, the Walsh chips are replicated into N_p parallel copies where each branch of the parallel stream is multiplied with one chip of the user speci�c PN-code c_i ∈ {±1/ √ N_M }, i = 0 . . . N_M −1. Since each bandwidth of the M parallel subchannels decreases for larger values of M , the number of subcarriers N_M increases for the same available bandwidth B. In case of Walsh modulation, the number of subcarriers is determined by

N_M = N_2 · log_2(M ) = M · N_p, (3)

where N_2 is the number of subcarriers used for 2-ary Walsh modulation or BPSK, respectively^1. For the j^{th} user, this yields the transmission vector s^{m,j} before the OFDM modulation s^{m,j} = [s^{m,j}_0 , . . . , s^{m,j}_{NM} �_1]^T , s^{m,j}_i = w̃^{m,j}_i · c^j_i (4) with w̃^{m,j}_i = w^{m,j}_μ , ∀ μ = ⌊i/N_p⌋, m, j. OFDM modulation includes the IFFT (IDFT) and inserts the guard interval between adjacent OFDM symbols. To prevent intersymbol interference (ISI), the guard time T_g is chosen such that T_g ≥ τ_{max}, where τ_{max} is the maximum delay spread of the channel. Since we focus on an indoor scenario, the channel can be regarded as slowly fading for the considered values M . Hence, T ≪ 1/f_{d,max} holds and f_{d,max} indicates the maximum Doppler frequency. Due to the insertion of the guard interval, every subcarrier is affected by one single channel transfer coef�cient. For the uplink transmission scenario assumed here, the i^{th} coef�cient for every user j is given by h^j_i = ρ^j_i · exp(ϕ^j_i ), where ρ^j_i and ϕ^j_i are the random amplitude and phase. Hence, the channel can be described for every user by an N_M × N_M diagonal matrix H^j.

3. MC-SS RECEIVER FOR M -ARY ORTHOGONAL WALSH MODULATION

3.1. Ideal coherent receiver

The MC-SS receiver for M -ary orthogonal Walsh modulation assuming perfectly known channel coef�cients, called ideal coherent receiver, is presented in �g. 2. Paying attention to J

Figure 2: Ideal coherent MC-SS receiver for M-ary Walsh modulation

active users, the received signal after OFDM demodulation can be written as a sum of vectors r^{m,j} r = J�1_∑ j=0 r^{m,j} + n = J�1_∑ j=0 H^js^{m,j} + n (5)

1 I.e. the system design is based on 2-ary modulation for comparison.

with elements r^{m,j}_i = s^{m,j}_i · h^j_i , i = 0 . . . N_M − 1 and m ∈ {0, . . . , M − 1}. The vector n represents AWGN. After multiplication with the user speci�c code and equalization, the �rst part of despreading is obtained by subcorrelating N_p subcarriers. Reception for the user j = 0 is assumed (subscripts are omitted). The components of v are given by

v_μ = (μ+1)Np�1 ∑ i=μNp Re c_ie_ir^{m,0}_i + J�1_∑ j=1 c_ie_ir^{m,j}_i + c_ie_in_i ,

μ, m ∈ {0, . . ., M − 1} (6) where e_i indicates the equalization coef�cient of the i^{th} subcarrier. For our purpose, we take into account the well-known equalization schemes equal gain combining (EGC) and maximum ratio combining (MRC) [5]. If perfectly known channel coef�cients are assumed, then e_i = h�_i /|h_i| for EGC and e_i = h�_i for MRC. To obtain maximum likelihood detection (MLD), the signal is correlated with all possible Walsh symbols w^m, m ∈ {0, . . ., M −1}. The MLD can be realized by the Discrete Hadamard Transform (DHT) [11], using the Hadamard matrix (1) according to q = W_M · v. (7)

Vector q includes M decision variables where the choice of the maximum value results in a symbol decision. Decoding of the decided symbol to log_2(M ) data bits and parallel-to-serial conversion �nally leads to the estimated data stream with bits b̂. Furthermore, it should be mentioned that using a guard interval results in mismatching S N = E_s N_0 · (1 − T_g T ) with T_g T = B T_g N_M + B T_g , (8)

where E_s is the symbol energy, N_0/2 indicates the Gaussian noise spectral density and S/N the signal-to-noiseratio used for MLD. The amount of mismatching is determined by the ratio T_g /T of the guard time T_g to the overall symbol duration T . With (3) and (8) it can be seen, that mismatching is reduced by raising M if the product B T_g is assumed to be constant.

3.2. Decision Directed (DD) receiver

As already mentioned, one can estimate the channel coef�cients by pilot-symbol techniques with the drawback of signalling overhead. Applying M -ary orthogonal Walsh modulation, the deterioration of the orthogonalityis mainly determined by phase rotation. Therefore, the estimation of the phase should be focused on, which leads to consider a phase-decision-directed estimation technique. Using this technique, the phase is estimated by comparing the received signal with the decided and fed back symbols under the assumption of correct decisions^2. Fig. 3 illustrates the DD receiver for M -ary orthogonal Walsh modulation. In contrast to the ideal receiver shown in �g. 2, the

2Due to the fact that no additional information has to be transmitted, this method can also be interpreted as noncoherent reception.

Figure 3: MC-SS DD receiver for M-ary Walsh modulation

equalization block is expanded by the phase-estimation and an additional feedback with modulation and spreading (see transmitter, �g. 1) of the decided group of log_2(M ) bits is employed. Hence, (6) still holds whereas the equalization coef�cient is here given by e_i = exp(−jϕ̂_i), i = 0 . . . N_M − 1, where ϕ̂_i indicates the estimated phase for the i^{th} subcarrier. In the following, we focus on the phase-estimation and equalization block. For simplicity, one subcarrier at one time-instant is considered (subscripts are omitted) and all interferences are taken into account as AWGN. Such a subsystem for one subcarrier of this block is shown in �g. 4. The received signal x and

Figure 4: Phase-estimation and equalization subsystem the output signal y are given by y = x · e = |y| · e^{jΔϕ}, x = d · h + n (9) where d∈{±1} represents the transmitted information symbol, h = ρ · exp(ϕ) the subchannel coef�cient and n the AWGN with variance σ^2_n. The received signal is phase corrected by the multiplication with e = exp(−jϕ̂), and ϕ̂ denotes the estimated phase. The comparator performs the operation ϕ̃ = Im { d̂ · y } . According to the assumption of correct estimation (d̂ = d), the comparator output signal can be written as

ϕ̃ = Im { d̂ · y } | |_{d̂=d} = ρ · sin(Δϕ) + ϕn, (10)

with Δϕ = ϕ − ϕ̂ as the phase of the output signal y and ϕ_n = Im {d · e · n} as phase noise. In case of proper phase tracking, Δϕ is small and, hence, sin(Δϕ) ≈ Δϕ, which results to the comparator output signal

ϕ̃ ≈ ρ · Δϕ + ϕ_n. (11)

Assuming statistical independence between the data symbols and the noise, the variance of the phase noise ϕ_n is given by σ^2_{ϕn} = 0.5σ^2_n. Finally, the phase-correction is carried out after �ltering ϕ̃ by a �rst order loop (IIR-�lter)

G(z) = a_0 z�1 1 − z�^1

, (12)

with gain parameter a_0. It is shown in [14] that the tracking performance and the noise interference of the system is mainly determined by a_0 (i.e. depending on the channel transmission conditions, one has to �nd a compromise between tracking performance and noise reduction ensuring system stability).

4. SIMULATION RESULTS

4.1. System Descriptions

Based on the European HIPERLAN/2 standardization, the following results are given for an indoor Rayleigh fading channel. Assuming an exponential delay pro�le with a root mean square (RMS) delay of τ_{RMS} = 150 ns and neglecting echoes less than 10% of the maximum power yield a maximum delay spread of τ_{max} ≈ 350 ns. The bandwidth is chosen to be B = 25 MHz in the 5.2 GHz range. A velocity of v_0 = 0.5 m/s results in a very low maximum Doppler frequency f_{d,max} of about 9 Hz. Hence, long symbol durations T are possible. Assuming a constant guard time T_g, higher values of M lead to less mismatching and better spectral ef�ciency, see (8). For example, if for BPSK N_2 = 64 subcarriers and T_g /T = 0.2 are considered (T_g = 640 ns > τ_{max}), mismatching will be reduced from 1 dB to 0.2 dB and the bit rate will be increased from 312 kbit/s to 372 kbit/s by raising M from 2 to 32.

In case of DD reception, the gain parameter is chosen to be a_0 = 1.5. This choice leads to a good compromise between tracking performance and phase noise reduction for the given indoor transmission conditions ensuring system stability. Furthermore, for DD reception steady state is considered. In all cases, J = 8 active users and N_2 = 64 subcarriers are taken into account.

4.2. System Comparisons

Fig. 5 presents the bit error rate (BER) of the 32-ary Walsh modulation and BPSK for MRC and EGC equalization assuming perfectly known channel coef�cients. As can be seen, MRC outperforms EGC for BPSK because of less MAI. This is also true for Walsh modulation, although MRC leads to a higher deterioration of the orthogonality due to magnitude in�uence. This in�uence causes (self-) interference by all possible symbols applying MLD. Comparison of both modulation schemes results in a better performance for the 32-ary Walsh modulation, even in case where Walsh modulation is applied with EGC and

Figure 5: Comparison of ideal MRC and ideal EGC for 32-ary Walsh modulation and BPSK with J = 8 active users and N2 = 64 subcarriers

BPSK with MRC. This means that only phase equalization combined with Walsh modulation is more powerful than complete channel equalization with BPSK.

Figure 6: Comparison of DD and ideal EGC for 32-ary Walsh modulation with gain parameter a0 = 1.5, J = 8 active users and N2 = 64 subcarriers

If we now focus on the DD reception, �g. 6 shows the bit error rate compared to EGC (applying MRC requires the knowledge of the magnitudes and phases) with perfectly known phases for 16-ary and 32-ary Walsh modulation. For approximately Ē_b/N_0 < 8 dB there is no loss in performance for the DD phase estimation. Due to the fact of MAI, there exists a moderate degradation for high ratios Ē_b/N_0, i.e. the BER is not even doubled in these cases. Different values of M are considered for the Walsh modulation with DD reception in �g. 7. The results show that the BER is reduced for larger values M , which can be explained by the increasing Euclidian distance, see (2). Since more subcarriers are used (N_M = 64 · log_2(M )), the MAI is also reduced. Furthermore, the results indicate that tracking is ensured independent of M .

For comparison, the BER of BPSK combined with the more powerful equalization technique MRC (BPSK-MRC) assuming perfectly known channel coef�cients is also presented in �g. 7. It should be emphasized that M -ary orthogonal Walsh modulation with DD reception, and, therefore with not ideal phase equalization, outperforms the ideal BPSK-MRC scheme for values M ≥ 32. The performance gain is even higher if channel estimation is considered for BPSK, e.g. pilot-symbol techniques. Furthermore, there is no redundancy required for

Figure 7: BER of M-ary Walsh modulation with DD reception for gain parameter a0 = 1.5, J = 8 active users and N2 = 64 subcarriers

the DD phase estimation which offers an additional coding gain in case of channel coding.

5. CONCLUSION

In this paper, we have investigated the application of M -ary orthogonal Walsh modulation for MC-SS uplink transmission over a Rayleigh fading indoor channel. The equalization techniques EGC and MRC have been analyzed assuming perfectly known channel coeffcients. Simulation results show that MRC outperforms EGC due to less MAI.

Furthermore, we have proposed a reception concept based on decision-directed (DD) phase estimation. Simulation results for the steady state have been presented. Compared to EGC with perfectly known channel phases, the DD reception leads to no loss in bit error rate performance for low Ē_b/N_0. In case of high Ē_b/N_0, there exists a moderate degradation caused by MAI whereat the BER is not even doubled.

The results are also always contrasted to BPSK performance. It was shown that Walsh modulation performs better in terms of bit error rate and spectral ef�ciency, even if ideal equalization is considered for BPSK and DD estimation for M -ary orthogonal Walsh modulation.

The concept of better using the available bandwidth by increasing the frequency resolution, combined with the advantages of raising Euclidian distance, less mismatching and thereby higher spectral ef�ciency for larger values M , appears to be an interesting modulation scheme for indoor mobile communication systems. The possibility to apply DD reception and, hence, to estimate the channel without using redundancy like pilotsymbols, enables a higher coding gain in case of channel coding. Additional analyses have therefore to be done by applying channel coding techniques.

6. REFERENCES

[1] K. Fazel and L. Papke. On the performance of convolutionallycoded CDMA/OFDM for mobile radio communication system. In Proc. IEEE Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC’93), pages D3.2.1ŰD3.2.5, September 1993.

[2] N. Yee, J.-P. Linnartz, and G. Fettweis. Multi-Carrier CDMA in Indoor Wireless Radio Networks. In Proc. IEEE Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC’93), pages D1.3.1ŰD1.3.5, September 1993.

[3] G. Fettweis, K. Anvari, and A. Shaikh Bahai. On Multi-Carrier Code Division Multiple Access (MC-CDMA) Modem Design. In Proc. IEEE Veh. Tech. Conf. (VTC’94), pages 1670Ű1674, Stockholm, June 7Ű11 1994.

[4] K. Fazel, S. Kaiser, and M. Schnell. A Flexible and High Performance Cellular Mobile Communications System Based on Orthogonal Multi-Carrier SSMA. Wireless Personal Communications, 2:121Ű144, 1995.

[5] S. Kaiser. On the Performance of Different Detection Techniques for OFDM-CDMA in Fading Channels. In Proc. IEEE Global Telecommunication Conference (GLOBECOM’95), pages 2059Ű 2063, Singapore, November 13Ű17 1995.

[6] R. Prasad and S. Hara. An Overview of Multi-Carrier CDMA.

In Proc. IEEE Fourth Int. Symposium on Spread Spectrum Techniques & Applications (ISSSTA’96), volume 1, pages 107Ű 114, Mainz, Germany, September 22Ű25 1996.

[7] P. Hoeher, S. Kaiser, and P. Robertson. Pilot-Symbol- Aided Channel Estimation in Time and Frequency. In Proc. International Conference on Acoustics, Speech and Signal Proc. (ICASSP’97), volume 3, pages 1845Ű1848, Munich, April 21-24 1997.

[8] T. Mueller, K. Brueninghaus, and H. Rohling. Performance of coherent OFDM-CDMA for Broadband Mobile Communications. Wireless Personal Communications, 2:295Ű305, 1996.

[9] B. Steiner. Uplink performance of a multicarrier-CDMA mobile radio system concept. In Proc. IEEE Veh. Tech. Conf. (VTC’97), volume 3, pages 1902Ű1906, Phoenix,USA, May 4-7 1997.

[10] A.J. Viterbi. CDMA Ű Principles of Spread Spectrum Communication. AddisonŰWesley, 1995.

[11] K.D. Kammeyer. Nachrichtenĺubertragung. B.G. Teubner, Stuttgart, second edition, 1996.

[12] A. Dekorsy and K.D. Kammeyer. M-ary Orthogonal Modulation for MC-CDMA Systems in Indoor Wireless Radio Networks. In Multi-Carrier Spread-Spectrum, pages 69Ű76., Editors: G.P. Fettweis and K. Fazel. Kluwer Academic, Dordrecht, Netherlands, 1997.

[13] J.G. Proakis. Digital Communications. McGrawŰHill, third edition, 1995.

[14] U. Tuisel and K.D. Kammeyer. Carrier Recovery for Multicarrier Transmission over Mobile Radio Channels. In Proc. International Conference on Acoustics, Speech and Signal Proc. (ICASSP’92), volume 4, pages 677Ű680, March 1992.