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Abstract: The application of Wiener filtering to the detection of Multi-Carrier Code Division Mult i-
ple Access (MC-CDMA) signals is analyzed. An analytical model is developed to evaluate an MC-
CDMA system with avery large number of subcarriers. This model is compared with smulations for
8 and 64 subcarriers. Simulation results are also presented on the effect of correlated fading (in the
frequency domain) at the subcarriers.

I. Introduction

In an earlier paper, the authors discussed the utilization of MC-CDMA as a digital modulation
and multiple access technique in an indoor wireless environmen t [1]. Due to its specia signal stru c-
ture, MC-CDMA signals will not experience significant linear distortion in fading channels where
the symbol duration, T,, is much larger than the delay spread, T,.

With orthogona MC-CDM A [2], each data symbol is simultaneoudly transmitted at N binary
phase shift-keying (BPSK) narrowband subcarriers, each separated by F/TpHz where F is an integer.
As shown in the transmitter model of Fig. 1, each of the N subcarrier waveforms is modulated (mu |-
tiplied) by a single (time constant) chip belonging to a spreading code of length N. Different users
transmit at the same set of subcarriers but with a different spreading code in the frequency domain. In
contrast to Direct-Sequence CDM A [3] (or other wideband) signals, MC-CDMA signalsarenot s g-
nificantly affected by delay spreads due to their narrowband composition. This modulation technique
should not be confused with transmitting multiple DS-CDMA signals at different frequencies as done
so in[4]. Note that the signal structure of MC-CDMA is similar to that of Orthogona Frequency
Division Multiplexing (OFDM ) [5] but the manner in which the signals are used is very different .

While the general shape of each individua subcarrier will not experience significant linear disto r-
tion after transmission, the flat fading that each subcarrier with experience results in an amplitude
scaling. Unequal scaling a different subcarriers distorts the orthogonality between users. While the
conventiona detection methods of equal gain combining (EGC) and maximal ratio combining
(MRC) may be sufficient in an additive white Gaussian noise (AWGN) channel, these detection
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Fig. 1 Transmitter Model of the mth user



methods do not directly address the issues of orthogonality and of interference cancellation. Cons e
quently, these detection methods do not perform aswell in interference limited channels .

In this paper, we will apply Wiener filtering to the detection of MC-CDMA signals. Wiener fi |-
tering isoptimal in amean-squared error sense with respect to both the noise and the interference. In
most fading channels, the determination of the Wiener coefficients is performed adaptively. In this
paper, we are primarily concerned with the theoretical limits and not the implementation aspects of
how to track the channel fluctuation s[6]. Thus, it is assumed that accurate estimates of the complete
channel state information (i.e., the fading at the subcarriers) are available and that the Wiener coeff i-
cients are chosen accordingly .

II. Channel Model
Denote the vector of the datasymbolsby

A= [k & (K % ay_, (K] M

where a_[K] T {-1,1} corresponds to the data symbol of the mth user. If user mis inactive, then
a.[Kl = 0. Definethe code matrix C to be

cy[0] c,[0] Y% cy_,I10]
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where the mth column vector of C correspondsto the spreading code, {c,[i]|i =0, 1,%, N-1} , of the
mth user. Using the vector and matrix notation described above, an equivalent discrete vector repr e
sentation of the transmitted signal described inFig. 1i s

S =[50k 51K % s,_;[K] =ca ®

where 5[ K] represents the signal components of all usersat the ith subcarrier for the kth symbol inter-
val. The actual continuous-time transmitted signal corresponding the kth data symbol of the mth user,

anlKl, is

s (1) =a_[K Q c,[i] cos{2p&, + beigt}
i=0
" pr, (t—KTy)
where f, isthe carrier frequency and p- (t) isaunit pulsethat isnon-zerofor t1 [0, T) and zero oth-
erwise. Note that in a distortionless channel, that data symbol of the mth user can be recovered using
the orthogonality of the codes as indicated by the following operatio n
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where - denotesthe inner product between two vectorsan d
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Fig. 2 Receiver Model
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isavector containing the spreading code of the mth user.

In this paper, we will focus on downlink transmissions, 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 subcarrier may be approximated by a constant amplitude scaling, pj[k], and a constant phase
offset, q.[k], over the symbol duration. Using this assumption, the index k will be suppressed
throughout the rest of this paper. Applying the received signal to the receiver model shown in Fig. 2,
the equivalent discrete representation of the received signal i s

T
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where y. represents the component of the received signal at the ith subcarrier, the channel matrix H is
defined to be

ro% 0 O
Yar, % O
H = ) (8)
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and N, = [ho h, ¥4 hy_ JT Is a vector containing the corresponding AWGN terms with h. represent-
ing the noise term at the ith subcarrier with power N, =T,. Obvioudly, the discrete representation of
the demodulated signal given i n Eq.(7) is an approximation. However, under the condition T, » T,
each subcarrier faces arelatively flat channel an d Eq.(7) provides a reasonable representation .

The application of Wiener filtering to this received signa involves linearly combining the diffe r-
ent subcarrier diversity components to yield the decision variabl e

ng=D-Y C)

where the vector D = [d, d, % d,_,| represents the optimal weighting coefficients. These coeff -
cients can also be viewed as an amplitude equalization to compensate for the fading at the subcarr i-
ers. Arbitrarily choosing m= 0 asthe desired signal, the optimal choice of the equalization vector D
in the mean-squared sense can be determinedto b e

—1
D = RyjuRaviH (10)

where
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represents the autocorrelation matrix of the received vector Y and R, ,,, representsthe cross-correl &
tion vector between the desired symbol, ag and the received sgnal vector, Y. In the formulation of
this method, it is assumed that estimates of the channel amplitudes, {r;|i =0,1,%,N-1} , are avail-
able and are consequently treated as deterministic constants .

A closed form solution of Eq.(10) isdifficult to obtain except for the case of afull load, i.e., when
all N usersare active. The corresponding equalization coefficient at the ith subcarrier for afull load i s

r.
o = Nr 2+ ll\lo DT;CO[i] . *

As expected, Eq.(12) indicates that the linear combination of the subcarrier components should
include the inner product of the desired user’s spreading code vector with the received signal vector.
For small r., the equalization coefficient should be small to avoid excessive amplification of the
noise. For large r, the correction factor should be proportiona to taking the inverse of the channel,
1or ., inorder to restore the orthogonality between users .

For sufficiently large values of N, the average bit error rate (BER) for the case of afull load may
be approximated using Eq.(9) and the Central Limit Theorem by
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caly distri buted ( If)) fadl ng at the subcarriers was assumed .

To study the effect of correlated fading through ssimulations, the following agorithm for genera t-
ing correlated Rayleigh r.v.s was used. The correlation between two frequencies separated by
Dw = 2pF (n-1) oT, radiansin acomplex gaussian fading channel is given by Jake s[7] to be

. In obtaining this expression, independent and ident i-

2pF (n-1) _
R (Dw) = aéZDF (n—I)o N . (14)
IZI

where j = /~1 and p,, is the local-mean power of the mth user. Defining H as a vector of dimension
N whose elements, hjfori =0, 1, ..., N-1, are the complex correlated gaussian fading variables at the
different subcarriers, the autocorrelation matrix of H, R. = EHH" (with H* meaning the conjugate
transpose of H), can be determined using Eq.(14). The vector H can be generated by taking linear
combinations of 11D unit normal gaussianr.v.s :

H = AG (15)

where G is avector of dimension N containing [1D unit normal r.v.s. A possible choice of the N° N
transformation matrix Ais

A= —ELl"2 (16)
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where Eisan N” N matrix with the eigenvectorsof R asitscolumn vectorsand LT A isadiag-
onal matrix with the eigenvalues of R asits entries. The relationship between the fading variables
of Eq.(8) and H is

ri = [h. 17

I1l. Simulation and Numerical Results

Dueto the lengthy time consumption of the smulations, results for only spreading factorsof N =
8 and N = 64 were obtained. Shown in Fig. 3isaplot of the average BER versus the signal-to-noise
ratio (SNR) in a Rayleigh fading channel for afull load with N = 8. [ID fading at the subcarriersis
assumed. It is also assumed that al users are received with equal power. Note that the analytical
results for Wiener filtering differ significantly from the simulation results for large SNR. Thisdi s
crepancy is due to the application of the Central Limit Theorem to small spreading factors. Shownin
Fig. 4 aretheresultsfor N = 64. Examining Fig. 3 and 4, it can be seen tha t Eq.(13) 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 asingle narro  w-
band transmission due to frequency diversity even with afully loaded system .

The average BER versus the SNR for correlated fading was aso examined for thecaseof N =8
(see Fig. 5). The degree of correlation was measured interms o f

a = be (18)

Small a’s correspond to highly correlated fading at th e subcarrierswhile large a’s correspond to 11D
fading. Idedly, the larger the value of a, the higher the degree of frequency diversity. In a DS
CDMA system, the number of resolvable pathsisequal t 0

L=|Na]+1. (19)

Note that for a = 0.125 (L = 2) most of the benefits in performance from frequency diversity have
already been achieved.
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Fig. 3 Average BER vs SNR with Rayleigh fading and a
full load for Wiener Filtering: (1) analytical, N -> INF,
(2) smulation, N = 8, (3) analytical, N =1 (single
narrowband), and (4) analytical, N = 1 with linear time
invariant AWGN channel.
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Fig. 4 Average BER vs SNR with Rayleigh fading and a
full load for Wiener Filtering: (1) analytical, N -> INF,
(2) simulation, N = 64, (3) analytical, N = 1 (single
narrowband), and (4) analytical, N = 1 with linear time
invariant AWGN channel.

Shown in Fig. 6isaplot of the smulation resultsfor the average BER versus the number of inte r-
feres. The SNR was chosen to be 10dB. Because of the time consuming nature of the smulator, are |-
atively small spreading factor of N = 8 was used. Besides the curves for Wiener filtering, the
simulation results of conventional EGC and MRC detection are aso include d[1]. As expected,

Wiener filtering outperforms EGC and MRC substantially in combating interference .

IV. 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-
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Fig. 5 Average BER vs SNR with Rayleigh fading and a
full load for Wiener Filtering: (1) analytical, N = 1,
(single subcarrier), (2) analytical, N = 1 with linear time
invariant AWGN channel, (3) simulation, N = 8, with
1D fading (a = INF), (4) simulation, N = 8, correlated
fadingwith a = 0.001 (L = 1) and (5) a =0.125 (L = 2).
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Fig. 6 Average BER vs# of interferers for spreading
factor N = 8 with Rayleigh fading and SNR=10dB.
Simulation results for (1) Maxima Ratio Combining
(2) Equal Gain Combining (3) Wiener filtering.

CDMA with Wiener filtering outperforms single narrowband transmissions in a Rayleigh fading
channel. It was also shown that Wiener filtering outperforms conventional detection methods su b-
stantialy. Analytical approximationsfor N® ¥ appeared reasonably accurate for SNRs up to 12dB
and for N = 64 subcarriers. As the number of subcarriersis increased, the accuracy of the analytical
results improves.. It was aso shown that most of the benefits of frequency diversity can be achieved
even in a channel with asignificant degree of correlated fading at the subcarriers .
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