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Abstract: In this paper, various detection techniques in the synchronous case of a multi-
user MC-CDMA system operating in frequency selective Rayleigh channel are
compared with respect to the achievable spectral efficiency. It is shown that a
parallel interference cancellation MMSE scheme with two stages could be a
good compromise between performance and complexity.

1. Introduction

Since 1993, many researchers have investigated the suitability of the Multi-
Carrier Code Division Multiple Access (MC-CDMA) for cellular systems
[1], [2]. This promising multiple access scheme with high bandwidth eff i-
ciency is based on a serial concatenation of Direct Sequence (DS) spreading
with Multi-Carrier (MC) modulation. The MC-CDMA transmitter spreads
the original data stream over different subcarriers using a given spreading
code in the frequency domain. For a synchronous system as the downlink
mobile radio communication channel, the application of orthogonal codes
such as Walsh-Hadamard codes guarantees the absence of Multiple Access
Interference (MAI) in an ideal channel. However, through a frequency se-
lective fading channel, all the subcarriers have different amplitude levels and
different phase shifts, which results in a loss of the orthogonality among
users and then generates MAI. So, after direct FFT and frequency desinter-
leaving, the received sequence must be "equalized" by employing a bank of
adaptive one tap equalizers to combat the phase and amplitude distorsions
caused by the mobile radio channel on the subcarriers. The channel estima-
tion is usually derived from the FFT of the channel impulse response which
can be estimated using pilot inserted between the data.

To combat the MAI, one may use various Single-user Detection (SD) tech-
niques which do not take into account any information about this MAI.
When the receiver does not know either the number of users or the received
SNR, conventional and simple detection methods are Maximum Ratio Com-
bining (MRC), Equal Gain Combining (EGC) or Orthogonal Restoring
Combining (ORC). For more sophisticated receivers structures, the Mini-
mum Mean Square Error (MMSE) algorithm [3] can provide performance
improvements.

In order to improve the performance of the receiver stil l further, Multi-user
Detection (MD) techniques can be processed. Multi-user detection is based
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on the important assumption that the codes of the different users are known
to the receiver a priori. Most of the proposed multi-user detectors can be
classified in one of the two categories: Maximum Likelihood (ML) detectors
and Interference Cancellation (IC) detectors.

In this paper, various equalization strategies are studied in the case of a
downlink transmission, i.e., from the base station to the mobiles. First of all ,
the promising potential of MC-CDMA receivers with SD based on minimum
mean square error (MMSE) detection is confirmed for full load and non full
load systems. Then a comparison of the performance of various interference
cancellation receivers with two stages and even three stages is presented.

2. System description

The block diagram of the considered MC-CDMA transmitter and receiver is
depicted in figure 1. Each data symbol xn

j assigned to user j, j = 1,...,Nu and
transmitted during the symbol interval n is multiplied bit-synchronously with
its user specific Walsh-Hadamard spreading code Cj = [ cj

1,cj
2,...,cj

Lc] T of
length LC, where [ .] T denotes matrix transposition. LC corresponds to the
bandwidth expansion factor and is equal to the maximum number of simul-
taneously active users. The vector of the data symbols transmitted during the
nth OFDM symbol by all the users can be written Xn = [xn

1,x
n
2,...,x

n
j,...,x

n
Lc]

T

with xn
j = 0 when user j is inactive. The code matrix C is defined to be:
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where the j th column vector of C corresponds to the spreading code Cj of the
user j.

Since we consider the synchronous downlink of an MC-CDMA system, the
different data modulated spreading codes of the Nu

 users can be added before
Serial-to-Parallel (S/P) conversion. Furthermore, the Nu user signals are sup-
posed to be transmitted with the same power. The number Np of subcarriers
which are 4PSK modulated is chosen equal to the spreading code length LC.
Thus, each of the Np subcarrier In phase and Quadrature waveforms is
modulated by a single chip belonging to a spreading Walsh-Hadamard code.
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Figure 1. MC-CDMA transmitter and receiver.

For this study, frequency non-selective fading per subcarrier and time invari-
ance during one OFDM symbol are assumed. Furthermore, the absence of
Intersymbol Interference and Intercarrier Interference is guaranteed by the
use of a guard interval longer than the maximum excess delay of the impulse
response of the channel. Under theses assumptions and considering an ideal
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interleaving, the channel can be modelised in the frequency domain as repre-
sented in grey lines in figure 1. The complex channel fading coefficients are
considered as independent for each subcarrier and constant during each
OFDM symbol. Using this assumption, the temporel index n can be sup-
pressed and the channel response can be estimated for the subcarrier k by
hk = ρk e

iθ k. Due to the absence of ICI, the channel matrix is diagonal and
equal to:
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N = [n1,n2,...,nNp]
T is the vector containing the AWGN terms with nk repre-

senting the noise term at the subcarrier k with variance given by
σN

2 = E{|nk|
2}, k = 1,...,Np. The received vector is:

R = [r 1,r2,...,rNp]
T = H.C.X + N      (3)

The NpxNp matrix G represents the complex equalization coefficients ob-
tained from the channel estimation which can be based on known transmitted
pilot symbols inserted between the data carriers.

3. Single-user detection

3.1 Basic detection techniques

The complex channel coefficients hk are supposed to be estimated by the
receiver and are consequently treated as deterministic constants. Various
detection techniques can be carried out [1], [5]. For those well known basic
techniques, the assigned equalization coefficient is equal to:

*
kk hg = Maximum ratio combining (MRC) (4)

kkk hhg /*= Equal Gain Combining (EGC) (5)

kk hg /1= Orthogonali ty Restoring Combining (ORC) (6)

3.2 MM SE equalization

The MMSE equalization minimises the mean square error between the
transmitted symbol and the estimated one. This equalization technique is the
application of Wiener filtering. Let Wj = [wj

0,wj
1,...,wj

Np] be the weighting
optimal vector. The estimated symbol of the j th user can be written:
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According to the Wiener filtering, the optimal weighting vector is equal to:
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where ΓΓR,R is the autocorrelation matrix of the received vector R and ΓΓR,xj is
the cross-correlation vector between the desired symbol, xj and the received
signal vector, R. Those quantities are equal to:
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where (.)* denotes complex conjugation. Then, the optimal weighting vector
can be written:

{ } { } { }( ) 1−
+= *T*T*T*T*T

j
T
j N.N.H.CX.XH.C..H.C.XW EExE (10)

The subcarrier noises have the same variance and are independent. Thus,
E{ N.N*T}  = σN

2.I where I is the identity matrix. Since the user signals have
the same power (E{xj

2}  = Es) and are independant, we can write
E{ X.X*T}  = Es.A, where A = { aij}  is a diagonal matrix with the term ajj = 1 if
the user j is active and ajj = 0 if the user j is inactive. Then, the equalization
coefficient matrix can be expressed as:
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In the full load case (Nu = Lc), the quantity C.A.CT is equal to the identity
matrix and the equalization coefficients matrix G is a diagonal matrix with
the kth subcarrier equalization coefficient equal to [6]:
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where γC is the subcarrier signal to noise ratio which is in this case equal to
γX the signal to noise ratio of the received data symbol x.

In the non full l oad case, the equalization coefficient matrix is not diagonal.
Then, to avoid matrix inversion, a suboptimal solution obtained when the
wiener filter is optimised independently on each carrier, is to choose the kth

subcarrier equalization coefficient equal to [6]:
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4. Multi-user detection.

Based on the exploitation of the maximum likelihood criterion, the ML de-
tector is the optimum detector. Theoretically, this method is applicable to
both uplink and downlink channels. However, since its complexity grows
exponentially with the number of users and with the code length, this method
appears to be applicable only when the spreading sequences of all users are
relatively short.

The Parallel Interference Cancellation (PIC) detector estimates the interfe-
rence due to the simultaneous other users in order to remove this multiple
user interference component from the received signal. Interference Cancel-
lation can be carried out iteratively in multiple detection stages. To cope
with the MAI, various combinations of single detection techniques have
been studied, as for example EGC in all stages [4] which appears to be less
efficient than a solution with MMSE in all stages presented in [5] and [6].
An other combination with ORC (or Zero Forcing) or ORC with threshold at
the first stage followed by MRC is presented in [7], [8] and [9]. In this case,
the multiuser interference is eliminated using the orthogonality restoring
detection and then the user detects its own information applying the maxi-
mum ratio combining method. The block diagram of the considered MC-
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CDMA receiver with parallel interference cancellation is il lustrated in figu-
re 2.

Nu -1

Equalizer
    G1

Despreader
    

  Symbol
Demapper

Decision
    

  Symbol
  mapper

Spreader
    

Np
Nu -1

Np

R -

+

Cj

P / S
Equalizer
    G2

Np
jx̂

 Channel
coeff icients
      H
      

Figure 2. Parallel interference cancellation MC-CDMA receiver with two stages.

In the initial detection stage, the data symbols of all Nu -1 active users are
detected in parallel by the first SD equalizer with a gain G1. After the
despreading and the demapping, the decisions of this initial stage are used to
reconstruct the interfering contribution in the received signal R. The resul-
ting interference is then subtracted from the received signal and the data
detection is performed again on the signal with reduced MAI. Thus, the
second and further detection stages work iteratively by using the decisions of
the previous stage which yields the estimated data symbols at the mth itera-
tion:
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where Mit is the total number of iterations.

5. Simulation results.

The simulation results are presented without channel coding for various de-
tection techniques and for various numbers Nu of active users and number Np

of subcarriers. Each of the independent subcarriers is QPSK modulated at
the transmitter side and then multiplied by a decorrelated Rayleigh fading.
The diversity ND offered by the channel is then equal to the number Np of
subcarriers. Furthermore, it is assumed that accurate estimates of the fre-
quency channel response for each subcarrier is available and that all the sig-
nals are received with equal power.
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Figure 3. Single user detection performance for Nu = Lc = Np = 64 with various re-
ceiver techniques: MRC (1), EGC (2), ORC (3), MMSE (4), MF bound (5).

The single detection based on minimum mean square error (MMSE) equali-
zation offers the best results (figure 3) with full load systems as it has al-
ready been demonstrated in [5] and [6]. In figure 3, the number (Nu = 64) of
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active users is equal to the length (LC = 64) of the Walsh-Hadamard code.
The Matched Fil ter (MF) bound is given as reference (curve 5). The MF
bound for an uncoded MC-CDMA system corresponds to the BER obtained
in the case of data transmissions over Np statistically independent Rayleigh
fading channels with MRC detection and without MAI. The MMSE (curve
4) outperforms the other techniques avoiding an excessive noise amplifica-
tion for low signal to noise ratios while restoring the orthogonality among
users for large signal to noise ratios.
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Figure 4. Spectral efficiency for various receiver techniques for BER=10-3 and
Np = 64: matrix-MMSE (a), MMSE (b), EGC (c), MRC (d).

In figure 4, the performance of various single detection systems with
Lc = Np = 64 are compared, taking into account the resulting spectral effi-
ciency in terms of the necessary Eb/N0 to achieve a bit error probability of
Pb = 10-3. The maximum achievable spectral efficiency is 2 bit/s/Hz, corres-
ponding to full l oad system (Nu = Lc = Np), because the loss due to the guard
interval, the synchronisation and the channel estimation is not taken into
account. In any cases, MRC and EGC perform poorly. The curves (b) gives
suboptimal MMSE system performance with the equalization coefficients
optimised independently on each subcarrier and equal to the expression (13).
The curve (a) corresponds to MMSE system performance according to ma-
trix approach with the equalization coefficient matrix G equal to the expres-
sion (11). For full l oad systems (Nu = 64), the performance of the two
MMSE approaches are the same. On the other hand, comparing them for non
full load systems shows a gain of more than 2 dB in the matrix MMSE case
with Nu = 32 or 16, which corresponds to a rough spectral efficiency respec-
tively equal to 1 or 0.5 bit/s/Hz.
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Figure 5. Spectral efficiency of QPSK matrix-MMSE SD MC-CDMA systems for
various lengths of the spreading code for BER=10-3: Np = 64 (a), Np = 32 (b),

Np = 16 (c), Np = 8 (d).
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In figure 5, the performance of matrix-MMSE MC-CDMA systems with
various code lengths, are compared taking into account the resulting rough
spectral efficiency in terms of the necessary Eb/N0 to achieve a bit error
probabili ty of Pb = 10-3. As expected, when the channel diversity (equal to
the number Np of independent subcarriers) increases, the results are better.
For example, the matrix-MMSE system with Np = Lc = 64 can handle a full
user capacity (Nu = 64 in this case) at Eb/N0 = 12.4 dB. However, the per-
formance improvement due to the increase of the number of subcarriers (and
then the channel diversity) from 32 to 64, is inferior to 0.3 dB for full l oad
systems.
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Figure 6. Multiuser detection performance for Nu = Np = 8 with various receiver tech-
niques: EGC1/EGC2 (1), ZF1/MRC2 (2), MMSE1/MRC2 (3), EGC1/MMSE2 (4),

MMSE1/EGC2 (5), MMSE1/MMSE2 (6), MMSE1/MMSE2/MMSE3 (7)

A performance comparison of full load multi -stage parallel interference can-
cellation systems with various receiver techniques for the first and the se-
cond stage and, if necessary for the third stage, is presented in figure 6. Ob-
viously, the systems with MMSE equalisation at the first stage (curves 3, 5,
6, 7) outperforms other schemes. The combination with Zero Forcing for the
first stage followed by MRC (curve 2, ZF1/MRC2) requires a 8 dB higher
Eb/N0 to achieve a BER equal to 10-3 compared to a system with MMSE for
the two stages (curve 6, MMSE1/MMSE2). Finally, the performance im-
provement obtained by a third MMSE stage is inferior to 0.1 dB (comparison
of the curves 6 and 7), which does not justify the additional complexity.
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Figure 7. Spectral efficiency of 2 stage IC QPSK matrix-MMSE MC-CDMA systems
for various lengths of the spreading code and for BER = 10-3: Np = 64 (a),

Np = 32 (b), Np = 16(c), Np = 8 (d).

The resulting spectral efficiency in terms of the necessary Eb/N0 to achieve a
bit error probability of Pb = 10-3 is given in figure 7 for 2 stage interference
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cancellation matrix-MMSE systems with various code lengths Lc = 8, 16, 32,
64 equal to the number Np of the subcarriers. The comparison of the curve
(b) of the figure 5 with the curve (b) of the figure 7 shows that the full user
capacity can be obtained with a 2.6 dB lower Eb/N0 with the 2 stage interfer-
ence cancellation 32 subcarrier scheme compared to the SD MMSE 32 sub-
carrier system. Furthermore, it appears that a system which wil l take advan-
tage of a channel diversity equal to 32 will offer rather good performance.

6. Conclusion.

These simulation results have confirmed the potential of MMSE detection
techniques in the synchronous case of a multiuser MC-CDMA system ope-
rating in frequency selective Rayleigh channel. For non full l oad systems,
the novel matrix MMSE approach presented in this paper, offers a gain of
more than 2 dB for a BER equal to 10-3 compared to a system applying the
MMSE algorithm independently on each subcarrier. Besides, it has been
shown that a two stage interference cancellation matrix MMSE scheme
could be a good compromise between performance and complexity.

Remark: Concerning the novel matrix approach, presented in this paper to imple-
ment the MMSE detection technique, a patent application has been filed.
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