Maximum-Likelihood-Decodierung von hĺoherstu^g orthogonal modulierten Signalen fĺur OFDM-CDMA Systeme

ŰMaximum Likelihood Decoding of M-ary Orthogonal Modulated Signals for OFDM-CDMA SystemsŰ

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

1. INTRODUCTION

In the recent few years, most publications dealing with OFDM- CDMA [1, 2, 3] have been focused on standard modulation schemes such as M-PSK, and in combination with forward error correction (FEC) several maximum likelihood (ML) decoding strategies were proposed [4]. Instead of using standard modulation schemes, CDMA techniques offer the possibility to apply M-ary orthogonal modulation [5, 6]. With this modulation, the inner spreading of the OFDM-CDMA system is optimized by spreading in two successive steps: (i ) spreading by the modulation itself and (ii ) additional simple replication of the transmitted information into parallel subcarriers to perform CDMA. Investigations without FEC [7] indicate a performance gain by applying M-ary orthogonal Walsh modulation in contrast to BPSK.

If we employ FEC, the combination of the channel code, e.g. a convolutional code, with M-ary orthogonal Walsh modulation describes a concatenated coding scheme. The channel code represents the outer one and the M-ary Walsh modulation can be interpreted as an inner (block-) code [6, 8].

The intention of this paper is to examine the concatenation of ML detected M-ary orthogonal modulated signals with ML Viterbi channel decoding for an OFDM-CDMA transmission. We evaluate the (bit speci�c) log-likelihood ratio of the outer decoding scheme and discuss the trade-off between channel coding, M-ary orthogonal modulation and simple spreading based on Monte-Carlo simulations in case of suf�cient and insuf�cient frequency interleaving, respectively. Moreover, the results are always contrasted with BPSK performance. The system operates in a frequency-selective and slowly Rayleigh fading indoor channel in the uplink, and all simulations are related to the European Hiperlan/2 standardization whereas the results are generally valid.

2. TRANSMISSION SYSTEM

2.1. Transmitter For CDMA systems, the spreading codes implemented mainly determine the multiple access interference (MAI). For an uplink transmission scenario, every user-speci�c codeword is affected by different channel transfer functions. This fact leads to an asynchronous situation of the received user signals. To avoid high synchronization complexity, we suggest to apply Pseudo-Noise (PN)-codes for CDMA spreading. The drawback of this choice is the inherently high MAI.

An OFDM-CDMA transmitter with FEC and Walsh modulation is illustrated in Fig. 1. For simplicity, one of J active users is shown (subscripts are omitted).

The data bits d ∈ {0, 1}, each of duration T_d, are convolutionally encoded with code rate R_c = K/N. The input of the encoder is a sequence d of K subsequent data bits and the output is the encoded bit sequence b̃ of N bits, each with duration T_b = R_c T_d. After block interleaving (Π_t) the encoded bits are serial/parallel converted to collect log_2(M) bits to one group. The Walsh modulation maps the group to one corresponding Walsh symbol (vector) 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 duration of T = log_2(M) T_b. This modulation can also be interpreted as a (linear-) block code with rate log_2(M)/M and Hamming distance M/2. The set of M orthogonal Walsh symbols describes the M × M Hadamard-Matrix [6, 8], and 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. (1)

Furthermore, it is easily veri�ed that the symbol energy is the same for all symbols. Hence, the latter property together with the raising Euclidian distance leads to a favorable signal space and makes plain the idea to apply this modulation scheme as an optimization of the inner spreading for a CDMA system. To 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 the bandwidth for each of the M parallel subchannels decreases for larger values of M (T = log_2(M) T_b), the number of subcarriers N_M = M · N_p increases for an unchanged overall bandwidth. For the j-th user, this yields the vector s^{m,j} s^{m,j} = [s^{m,j}_0 , . . . , s^{m,j}_{NM} �_1]^T , s^{m,j}_i = w̃^{m,j}_i · c^j_i (2) with w̃^{m,j}_i = w^{m,j}_μ , ∀ μ = ⌊i/N_p⌋, m, j in front of the frequency interleaver (Π_f ). The interleaver scrambles the outputs and passes them onto the OFDM modulator. Finally, OFDM modulation includes the IDFT and inserts the guard interval between adjacent OFDM symbols.

For an OFDM-CDMA uplink transmission scenario, one can

Figure 1: OFDM-CDMA transmitter with FEC and M-ary orthogonal Walsh modulation

Figure 2: Ideal coherent OFDM-CDMA receiver for encoded M-ary orthogonal modulated signals

describe the channel for each user by an N_M × N_M diagonal matrix H^j , where the diagonal elements H^j_i represent Rayleigh fading [4].

Applying CDMA technique, the bit-error-rate (BER) performance can be improved by an optimized compound design of channel coding and spreading. Here, the product between the overall bandwidth B and bit duration T_d is given by

B T_d = M log_2(M) · N_p R_c P_G · T T − T_g . (3)

The �rst term of (3) describes the spreading of the Walsh modulation, the second one the ratio of simple spreading (N_p) over the code rate R_c of the channel code, whereas the third term takes into account the guard time T_g. For our comparisons, the product B T_d remains unchanged due to the exploitation of the inherently overall spreading factor^1 P_G. Decreasing the BER can be achieved by sharing P_G between channel coding, M-ary Walsh modulation and simple spreading. The data rate R = 1/T_d relates to binary modulation without channel coding (R_c = 1), and the bandwidth B is generally given.

2.2. Ideal coherent receiver The coherent OFDM-CDMA receiver with perfectly known channel coef�cients, called ideal coherent receiver, for encoded M-ary orthogonal Walsh modulated signals is shown in Fig. 2. Paying attention to J active users, the received signal after OFDM demodulation and deinterleaving (Π�^1_f ) 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^j s^{m,j} + n, (4)

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. Maximum likelihood detection (MLD) of the Walsh

1Being aware of a changed symbol duration T = log2(M)R_cT_d.

symbols results in maximum ratio combining (MRC) equalization [7] (perfectly known channel coef�cients are assumed) and is performed by the Fast Hadamard Transform (FHT) representing a low complexity ML decoding algorithm [5]. For the second decoding stage, i.e. the outer (convolutional) decoding, the application of a soft input Viterbi algorithm (VA) is optimum in the ML sense and requires reliability information. Therefore, the reliability estimator exploits the M decision variables to calculate the assigned (bit speci�c) log-likelihood ratio L which is fed to the Viterbi channel decoder after deinterleaving (Π�^1_t ). Afterwards, we obtain the estimated data stream with bits d̂.

3. ML DECISION DECODING

In the following, we will derive the (bit speci�c) log-likelihood criterion for ML decoding of M-ary orthogonally demodulated signals. We consider coherent OFDM-CDMA demodulation with MRC equalization. The MAI is taken into account as AWGN and independent adjacent fading subcarriers ensured by perfect frequency interleaving (Π_f ) are assumed.

3.1. Antipodal Transmission Let us �rst assume binary antipodal transmission on a single carrier system with b_ν ∈ {−1, +1} denoting the ν-th transmitted encoded bit. Hard decision at the receiver leads to the binary encoded bit z_ν ∈{−1, +1}. For a memoryless discrete binary symmetric channel the likelihood criterion for ML channel decoding is given by [9] Φ^{BSC}_{ML} = ∑ ν b_ν z_ν log_2 P_ν 1 − P_ν Δ= L_ν

!= max , (5)

where P_ν^Δ= P (z_ν = b_ν ) denotes the probability for correct decision. The likelihood criterion can ef�ciently be solved by the Viterbi algorithm (VA) where the log-likelihood ratio L_ν = z_ν L_ν serves as a soft input signal, and, in this context, the absolute value L_ν = log_2^{Pν}_1�_{Pν} of the log-likelihood ratio can be interpreted as a reliability indicator for the hard decided code bit z_ν . In case of OFDM-CDMA with antipodal transmission, several approaches has been given for the downlink [4]. Derivations for the uplink result in approximately the same approaches except of individual channel transfer functions for each speci�c user.

3.2. M-ary orthogonal Walsh modulation Let us now return to the problem of M-ary orthogonal modulation with MRC equalization. Here, it is also possible to describe the reliability estimator based on hard symbol decision. In the following, we summarize the derivation of the bit speci�c reliability estimator; detailed description has been presented in [10] as well as for noncoherent reception in a Direct-Sequence-CDMA system in [11, 12].

We start with the calculation of the conditional probability that ω^n is the transmitted symbol under the observation of q. Furthermore, one time instant is taken into account (subscripts are omitted). Applying Bayes law results in P (ω^n|q) = P (ω^n)p(q) · p(q|ω^n) , (6) and for equiprobable transmitted symbols ω^n, we obtain

P (ω^n) = 1/M. Assuming statistical independence of the

components of q, we can express (6) in the form [12] P (ω^n|q) = 1/Mp(q) M�1_∏ m=0 r(q_m) · R(q_n) r(q_n) , (7)

with n ∈ {0, . . . , M − 1}, r(q_m) = p(q_m|ω^n ≠ ω^m) and R(q_n) = p(q_n|ω^n). In case of the considered coherent MRC equalization, r(q_m) is the probability density function (pdf) of a zero mean Gaussian distribution with variance σ^2_q . Consequently, R(q_n) denotes the pdf of a noncentral Gaussian distribution with same variance, where the mean is given by the expected value of the average channel energy over all subcarriers E_h, [10]. The calculation of R(q_n) r(q_n) = exp ( 2 q_n E_h − E^2_h 2σ^2_q ) (8) requires the knowledge of the noise variance σ^2_q and E_h. These parameters can be estimated by exploiting the multicarrier technique as follows:

(i ) noise variance estimation Assuming that the decision variable with maximum magnitude, denoted by q_l, represents the true hypothesis, we obviously obtain an estimate of the noise power σ̂^2_q by the mean over M − 1 components q_m, m ≠ l, containing the false hypotheses:

σ̂^2_q = 1 M − 1 · M�1_∑ m=0 m6=l q^2_m . (9)

(ii ) average channel energy estimation If we assume statistically independent fading subcarriers and the same average energy on all subcarriers, one can estimate E_h by the mean over all subcarriers:

Ê_h = 1 N_M N_M �1∑

i=0 |H_i|^2. (10)

In order to determine the bit-speci�c reliability information, the symbols ω^n are replaced by their corresponding bit patterns {b_0, . . . , b_{log2(M)}�_1} in antipodal representation. Hence, the soft information of one bit can be calculated by adding all probabilities P (ω^n|q), see (7), belonging to the considered bit. E.g., adding all probabilities belonging to ‘b_0 = +1’ results in

P (b_0 = +1|q) = M�1_∑ n=M/2 P (ω^n|q). This leads to the reliability information for the �rst bit of the Walsh symbol being ‘b_0 = +1’,

L_{b0} = log_2

P (b_0 = +1|q) 1 − P (b_0 = +1|q)

which serves as a soft input for the Viterbi channel decoder. The other bits b_1 . . . b_{log2(M)}�_1 are treated equivalently.

4. SYSTEM COMPARISON

4.1. System description Related to the European HIPERLAN/2 standardization, the following results are given for an indoor Rayleigh fading channel. The bandwidth is 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 providing the application of high level M-ary orthogonal modulation. Furthermore, due to the very low maximum Doppler frequency, the fading on each subcarrier is highly statistically dependent. To avoid bursty errors, suf�cient frequency interleaving (Π_f ) is required. First, the indoor channel is modeled assuming suf�cient frequency interleaving. Subsequently, we take into account an exponential delay pro�le with a maximum delay spread of τ_{max} ≈ 350 ns and a coherent bandwidth of approximately 2.8 MHz. I.e. the number of independent subcarriers is reduced dramatically.

The trade-off between coding and spreading is carried out for an unchanged product B T_d (3) and is based on binary modulation without FEC with N_2 = 64 subcarriers. The guard time is chosen to be T_g = 640 ns. This system design results in a data rate of R = 312.5 kbit/s for all cases of spreading and coding. A block interleaver (Π_t) with 32 rows and 18 columns is used to separate the channel code and the M-ary Walsh modulation. We employed two convolutional codes of rate R_c = 1/2 and R_c = 1/3, both with constraint length 7 [8]. For all cases, random frequency interleaving (Π_f ) is applied, J = 8 users are taken into account, and perfect channel estimation as well as perfect synchronization is assumed for the considered user.

4.2. Simulation Results Fig. 3 shows the BER of the M-ary Walsh modulation for M = 16, 32 by sharing P_G between simple spreading N_p and FEC of rates R_c = 1, 1/2 and R_c = 1/3; see (3). Independent of the M-ary modulation, the results indicate that choosing a higher amount of simple spreading N_p combined with less powerful FEC (R_c = 1/2) outperforms the scheme with lower amount N_p combined with more powerful FEC (R_c = 1/3). Note the gain of approximately 1 dB in Ē_b/N_0 at a BER of

10�3_{for the 32-ary modulation. This fact can be explained}

for R_c = 1/3 by the higher loss due to an unchanged guard

Figure 3: Suf^cient frequency interleaving: Trade-off between channel coding, M-ary Walsh modulation and simple spreading for M = 16, 32 and Rc = 1, 1/2, 1/3.

time T_g, but a shorter symbol duration T , and an additional lower energy of the encoded bit in front of the Viterbi decoder^2. Moreover, less number of subcarriers (N_M = M · N_p) results in higher MAI in case of the used PN-codes. Hence, the more powerful FEC scheme is not able to compensate for the summarized losses.

We now focus on the trade-off between M-ary Walsh modulation and FEC (N_p remains unchanged due to an unchanged B T_d, see (3)). For example, 32-ary modulated signals with rate of code R_c = 1/2 yield a gain of Ē_b/N_0 ≈ 2 dB in comparison with 16-ary Walsh modulation with R_c = 1/3 at BER=10�^3. This results from an increasing Euclidian distance (1) for higher values M and less MAI (higher number of subcarriers). To be summarized, the quality of the FHT output is decisive for the overall system performance.

Figure 4: Insuf^cient frequency interleaving: Comparison of 32-ary Walsh modulation and BPSK, Rc = 1, 1/2.

The simulation results in Fig. 4 report the BER for the transmission over an indoor channel with coherence bandwidth of approximately 2.8 MHz. BPSK and 32-ary Walsh modulation are considered. In contrast to Fig. 3, there exists a signi�cant loss for the Walsh modulation due to the statistical dependence of the adjacent subcarriers. This degradation is mainly caused by the insuf�cient frequency interleaving. There exists only a slight degradation due to the assumption of independent subcarriers for the derivations of the log-likelihood ratios.

2Ē_b denotes the bit energy at the output of the VA decoder.

Most important, the results shown by Fig. 4 express that BPSK even combined with FEC leads to an unacceptable BER for an OFDM-CDMA uplink transmission over an indoor Rayleigh fading channel. Moderate performance can only be achieved if M-ary orthogonal Walsh modulation is applied.

5. CONCLUSION

In this paper, we have investigated the concatenation of ML detected M-ary orthogonal Walsh modulated signals with ML Viterbi decoding for an OFDM-CDMA uplink transmission over a frequency-selective slowly Rayleigh fading channel. In particular, we have �rst evaluated the bit speci�c log-likelihood ratio for the ML Viterbi decoding exploiting the M hypotheses of the ML detected Walsh symbols. Assuming an unchanged bandwidth and data rate, we further analyzed the trade-off between coding and spreading to optimize the BER. Simulation results indicate to better strengthen the inner spreading consisting of M-ary orthogonal modulation and simple spreading with an inherently less powerful channel code. The results are compared with BPSK and emphasize that for an indoor scenario a moderate BER can only be achieved if the inner spreading is optimized, e.g. by applying M-ary orthogonal Walsh modulation. BPSK even combined with channel coding leads to an unacceptable BER.

6. REFERENCES [1] K. Fazel and L. Papke. On the performance of convolutionallycoded CDMA/OFDM for mobile radio communication systems. 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] T. Mueller, K. Brueninghaus, and H. Rohling. Performance of coherent OFDM-CDMA for Broadband Mobile Communications. Wireless Personal Communications, 2:295Ű305, 1996.

[4] Stefan Kaiser. Multi-Carrier CDMA Mobile Radio Systems Ű Analysis and Optimization of Detection, Decoding and Channel Estimation. PhD thesis, German Aerospace Center, VDI, January 1998.

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

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

[7] A. Dekorsy and K.D. Kammeyer. M-ary Orthogonal Modulation for Multi-Carrier Spread-Spectrum Uplink Transmission. In Proc. IEEE International Conference on Communications (ICC’98), volume 2, pages 1004Ű1008, Atlanta, June 7Ű11, 1998.

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

[9] J. Hagenauer. Viterbi Decoding of Convolutional Codes for Fading- and BurstŰChannels. In Proc. of the 1980 Zurich Seminar on Digital Communications, volume IEEE Catalog No. 80CH1521Ű4 COM, pages G2.1ŰG2.7, 1980.

[10] A. Dekorsy, S. Fischer, and K.D. Kammeyer. Maximum Likelihood Decoding of M-ary Orthogonal Modulated Signals for Multi-Carrier Spread-Spectrum Systems. To appear in Proc. IEEE Int. Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC’98), Boston, September 8Ű11, 1998.

[11] M. Benthin, K.D. Kammeyer, R. Mann-Pelz, and D. Nikolai.

On the Optimisation of a Noncoherent CDMA System Based on M-ary Orthogonal Modulation. European Trans. on Telecomms, 1998. To appear.

[12] Marcus Benthin. Vergleich kohĺarenter und inkohĺarenter Codemultiplex- ĺUbertragungskonzepte fĺur zellulare Mobilfunksysteme. PhD thesis, Technical University of Hamburg- Harburg, VDI, January 1996.