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Abstract

In this paper, we will analyze the application of
Wiener filtering to the detection of Mulii-Carrier Code
Division Multiple Access (MC-CDMA) signals. Simulation
results are included to test the validity and accuracy of the
analytical results.

1. Introduction

In an earlier paper, the authors discussed the utiliza-
tion of MC-CDMA as a digital modulation and multiple
access technique in an indoor wireless cnvironment [1].
Due to its special signal structurec, MC-CDMA signals will
experience little linear distortion in fading channcls where
the symbol duration, 7,, is much larger than the delay
spread, T ,.

With MC-CDMA [2], cach data symbol is simulta-
neously transmitted at N binary phase shift-keying (BPSK)
narrowband subcarriers, each seperatcd by F£/7, Hz
where F is an integer. As shown in the transmitier model
of Fig. 1, each of the N subcarrier waveforms is modulated
(multiplied) by a single chip of a spreading code of length
N. Different users transmit at same sct of subcarricrs but
with a different spreading code. Duc to its narrowband
composition, MC-CDMA signals are not significantly
affected by delay spreads as much as Dircct-Scquence
CDMA (or other wideband) signals. This modulation tech-
nique should not be confused with transmitling multiple
DS-CDMA signals at different frequencics as donc so by
Milstein [3].
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Fig. 1 Transmitter mode! of the mth user

While the general shape of the each individual subcar-
rier will not be experience significant linear distortion after
transmission, the flat fading that cach subcarrier will expe-
rience results in an amplitude scaling. Unequal scalings at
different subcarricrs will distort the orthogonality between
uscrs. While the conventional detection methods of equal
gain combining (EGC) and maximal ratio combining
(MRC) may be sufficicnt in an additive white guassian
noise {AWGN) channel, these detection methods do not
dircctly address the issucs of orthogonality and of interfer-
ence cancellation. Conscquently, these detection methods
do not perform as well in interference limited channels.

In this paper, we will apply Wicner filtering to the
detection of MC-CDMA signals. Wiener filtering is opti-
mal in a mean-squarcd crror sense with respect to both the
noise and the interference, In most fading channels, the
determination of the Wiener coefficients is performed
adaptivcly. In this paper, we are concerned primarily with
the theoretical limits and not the implementational aspects.
Thus, it is assumed that accurate estimates of the complete
channel statc information (i.e., the fading at the subcarri-
ers) is available and that adaptive structures are not neces-
sary. Under this assumption, the implementation of this
delection method can be performed with low complexity
multiplications.

2. Channel Model
Denote the vector of the data symbols by

av-]' (1)

where a,, € {—1,1} corresponds to the data symbol of
the mth user. I user m is inactive, then a,, = 0. Define the
code matrix C to be
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C = CN—I[l] (2)

coIN=1] ¢, IN=1] ... cy_,[N=1]

where the mth column vector of C corresponds to the
spreading code, {c, lil}i=0,1,...,N- 1}, of the mth
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user. Using the vector and matrix notation described
above, an equivalent discrete vector representation of the
transmitted signal described in Fig. 1 is

S = [so 5 . sN_]T = CA @)

where s; represents the signal componcents of all users at
the ith subcarrier. The actual continuous-time signal trans-
mitted by the mth user is

N-1

Su(0) =a, Y c,li cos{21t(fc+,1£.i)l}. @

i=0 b

In this paper, we will focus on downlink transmis-
sions, i.e., from the base station to the mobiles. Assuming
that the delay spread is much smaller than the symbol
duration, the effect of the channel at the ith subcarricr may
be approximated by a amplitude scaling, p,, and a phase
offset, 8,. Applying the reccived signal to the receiver
model shown in Fig. 2, the equivalent discrete representa-
tion of the received signal is

,
Y = [yoy o yuy] = HCA+N, (5)

where y; represents the component of the received signal
at the ith subcarrier, the channel matrix // is defined to be
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and N, = [no n, - nN_J is a vector containing the
corresponding AWGN tcrms with 7, representing the
noise term at the ith subcarricr with power Ny/T,. Obvi-
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Fig. 2 Receiver Model

ously, the discrete representation of the demodulated sig-
nal given in Eq.(5) is an approximation. However, under
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the condition T, » T,, cach subcarrier faces a relatively
flat channel and Eq.(5) provides a reasonable representa-
tion.

The application of Wiener filtering to this received
signal involves lincarly combining the different subcarrier
diversity components 0 yicld the decision variable

vo=DeY ™

where o denotesthe inner product hetween two vectors
and the vector D = |d, d, ... dN_J represents the opti-
mal weighting coefficients. These coefficients may also be
viewed as an amplitude cqualization to compensate for the
fading at the subcarricrs. Arbitrarily chosing m = 0 as the
desired signal, the optimal choice of the equalization vec-
tor D in the mean-squarcd error sense can be determined to
be

D =R}'R,y ®

where
T Ty T Ny
Ry =LE{YY'} =IICE(AA)CH+TI (9)
b

represents the autocorrelation matrix of the received vector
Y and R%Y represents the cross-correlation vector between
the desired symbol, a,, and the received signal vector, Y.
In the formulation of this method, it is assumed that esti-
mates of the channel amplitudes,
{p‘.f i=0,1,...,N=1}, arc available and arc treated as
deterministic constants.

A closed form solution of Eq.(8) is difficult to obtain
except for the case of a full load, i.e., the case when ail
users are active. The corresponding equalization coeffi-
cient at the ith subcarricr for a full foad is

d; = —se——cy [i]. (10)
Np2+Ny/T,

As expected, Eq.(10) indicates that the linear combination
of the subcarrier components should include the inner
product of the desired user’s spreading code vector with
the reccived signal vector. For small p,, the equalization
coefficient will be small 1o avoid excessive amplification
of the noise. For large p,, the correction factor will be pro-
portional o taking the inverse of the channel, 1/p,, inor-
der to restore orthogonality between users.

For sufficiently large values of N, the average bit error
rate (BER) for the casc of a full load may be approximated
using the Central Limit Theorem by
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BER = ierfc - (1)
Nzcsi_ + N,I—,(’Evl.2
i b
P;2 P;
where w; = and v, =
NpX+Ny/T, Np2+Ny/T,

Simulation and Numerical Results

Due to the lengthy time consumption of the simula-
tions, results for only spreading factors of N = 8 and
N = 64 were obtained. Shown in Fig. 3 is a plot of the
average BER versus the signal-to-noise ratio (SNR) in a
Rayleigh fading channel for a full load with N = 8. Inde-
pendent fading at the subcarriers is assumed. It is also
assumed that all users are received with cqual power. Note
that the analytical results for Wicner filtering differ signifi-
cantly from the simulation results for large SNR. This dis-
crepancy is due to the application of the Central Limit
Theorem for small spreading factors. Shown in Fig. 4 arc
the results for N = 64. Examining Fig. 3 and 4, it can bc
seen that Eq.(11) is more accurate for large N. Also
included in Fig. 3 are the curves for a single narrowband
subcarrier with AWGN and with and without fading. Note
that the performance of MC-CDMA is better than a single
narrowband transmission duc to frequency diversity even
with co-channel interference.

Shown in Fig. 5 is a plot of the simulation results for
the average BER versus the number of interferers. The
SNR was chosen to be 10dB. Because of the time consum-
ing nature of the simulator, a relatively small spreading
factor of N=8 was used. Besides the curves for Wicner fil-
tering, the simulation results of conventional EGC and
MRC detection are also included [1]. As expected, Wiener
filtering outperforms EGC and MRC substantially in com-
bating interference.

Conclusion

In this paper, the application of Wiener filtering was
applied to the detection process of MC-CDMA. In contrast
to conventional diversity combining techniques, this
detection technique directly addresses the effects of the
interference on the BER. It was shown that even with a full
load, MC-CDMA with Wiener filtcring outperforms single
narrowband transmissions in a Raylcigh fading channel. It
was also shown that Wiener filtering outperforms conven-
tional dectection methods substantially.
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Fig. 3 Average BER vs SNR for N = 8 with Rayleigh
fading and a full load for Wiener Filtering: (1) analytical
and (2) simulation and single narrowband: (3) with noise
only and (4) with noise and fading.
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Fig. 4 Average BER vs SNR for N = 64 with Rayleigh
fading and a full load for Wiener Filtering: (1) analytical
and (2) simulation and single narrowband: (3) with noise
only and (4) with noisc and fading,
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Fig. 5 Average BER vs # of interferers for spreading
factor N = 8 with Rayleigh fading and SNR=10dB.
Simulation results for (1) Maximal Ratio Combining
(2) Equal Gain Combining (3) Wicner filtcring.
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