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Abstract—Multi-Carrier Code Division Multiple Access (MC-  been proposed for the uplink case. Traditionally, adaptive
CDMA) is an attractive choice for high speed wireless commu- filtering in communications has been developed based on the
nication as it mitigates the problem of Intersymbol Interference Mean Square Error (MSE) criterion [4]. Recently, [5] - [8]

(ISl) and also exploits frequency diversity. The data stream in .
MC-CDMA is spread using a user specific spreading sequence several linear detectors have been suggested for CDMA and

in the frequency domain and every chip travels on a different OFDM based on the principle of Minimum Probability of
sub-carrier. At the receiver, the different sub-carriers have to be Error (MPOE). As these detectors try to minimize the BER
combined properly to form the decision variable. Minimum Mean  and not the MSE, these detectors can achieve a better BER
Square Error (MMSE) detector is a popular choice for this, but

as it tries to minimize the Mean Square Error (MSE) and not the than th.e MMSE detectors. .

Bit Error Rate (BER), the BER it attains is not optimum. In this In this paper we propose a detector for uplink MC-CDMA
paper, we propose a Minimum Probability of Error (MPOE) based on the MPOE criterion. The theoretical and simulation
based linear multiuser detector, which tries to minimize the results for the same have been presented. It can be seen that
probability of error, by exploiting the probability density function  the MPOE detector outperforms the MMSE detector in terms

(pdf) of the filter output. Theoretical and simulation results are : : : : .
presented for the MPOE detector and it can be seen that the of BER albeit at a slightly higher computational complexity

MPOE detector outperforms the MMSE detector. when in weight adaptation mode. Once in the decision directed
Index Terms—MPOE, MMSE, MC-CDMA, Multiuser Detec- mode, both MMSE and MPOE are linear detectors. Ways to
tion reduce the computational complexity of the MPOE detectors

in the weight adaptation mode have also been proposed in
. INTRODUCTION the paper. Also another advantage of the MPOE detector over
Multi-Carrier Code Division Multiple Access (MC-CDMA) MMSE detector is its improved resistance to the Near Far
is a fairly recent multiple access technique that has attractetbblem prevelant in mobile communication.
much research during the past decade. A combination ofThe organization of the paper is as follows. Section I
Orthogonal Frequency Division Multiplexing (OFDM) anddescribes the signal model assumed. Section Il derives the
CDMA [1], MC-CDMA combines the advantages of bothprobability of error for MC-CDMA and arrives at the MPOE
the schemes. Like OFDM, MC-CDMA signals have attracjetector. Simulation results are presented in Section IV. The
tive spectral characteristics. Their spectral energy is confinggnclusions are presented in Section V.
almost to the allocated bandwidth. Owing to this and other
spectral characteristics, MC-CDMA allows for easier system II. SIGNAL MODEL
coexistence. Moreover, by transmitting the same data bit over
different sub-carriers, MC-CDMA exploits frequency diversity In a MC-CDMA system, the incoming data bits are multi-
better than OFDM and also reduces the symbol rate on eactptiéd by the user specific spreading sequence and then each
the sub-carrier. Due to this reduced symbol rate, the effectdfip is transmitted on a different sub-carrier. The sub-carrier
Intersymbol Interference (ISI) on the transmitted signals is alspacing isTﬂb, where F' is an integer greater than or equal
reduced. The residual ISI can be eliminated using sufficieiat one. If F¥ = 1, then the system conserves bandwidth. If
guard interval. The data bits of the different users are spreAd > 1, then the system uses more bandwidth, but at the
using a user specific spreading waveform in the frequensgme time achieves better frequency diversity. The spectra of
domain. the various sub-carriers overlap, but the information carried
This paper focuses on the uplink scenario, where the mobldg the different sub-carriers can still be recovered due to
sets communicate with the base station. The base statiba orthogonality of the sub-carriers. An efficient way of
receives a composite signal from all the users active in thatplementing the modulation digitally is to perform an Inverse
cell. Multiuser detection deals with the problem of the reliablBiscrete Fourier Transform (IDFT) on the incoming symbols
demodulation of the user’'s bits in such a scenario. Varioasd then D/A convert the sequence obtained. The resulting
detectors, such as MRC, ERC and MMSE [2] have alreadyalog waveform can be upconverted and then transmitted.



If the bit vector corresponding to the N users is written as
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where theit® column corresponds to the spreading sequence =1 )
of thei* user, then the discrete time transmitted sequence can - 1 Nt 22 ()
be written as Hi=(m—k) =+ > a1 = oln —1)el T rim
n=0
S=1sgs1 ... sn.1 | =F'CA (3) Hicr is the ICI matrix andH;s; is the ISI matrix.S; and

) ) ) S;—1 are theN point DFT of s;[n] and s;_1[n] respectively.
where F~1 is the N point IDFT matrix. The actual analogy is the Gaussian noise vector. In the downlink case that
waveform during thei"* symbol duration that is transmitted\ye are considering, we cannot eliminate this 1SI because we
after upconversion is do not perform a joint demodulation due to computational

constraints in a mobile set. Therefore in order to avoid ICI
N F and ISlI, sufficient cyclic prefix (CP) has to be added. After
sE(t) = Z Cmlt)am[k]cos(2m fot + 2m'?t) (4) the introduction of cyclic prefix of sufficient length, the linear
m=0 i b convolution of equation (5) starts looking like a circular
The effect of the Channe| on the transmitted Signa' can B@nvolution. AlSO a Circulal’ ConVOIUtion in the t|me domain
written as is equivalent to a point wise multiplication of the DFT’s in
the frequency domain. In such a case, the ISI matrix turns out
y[n] = (h+s)[n]+n, 0<n<N-—1 (5) to be azero matrix and ICI matrix is a diagonal matrix with
Hrer(k,k) = DFT{h[l]x}. Thus the effect of the channel
wherehll], 0 <! < L—1 is the discrete time channel impulsds now an independent frequency flat fading for each of the
response ang is the additive white Gaussian noise (AWGN) sub-carrier. The received signal in this case can be written as
Because of the linear convolution of the transmitted signal with
the channel impulse response, the received signal is affected Y=HCA+ N (10)
by ISI and Interchannel Interference (ICI). Equation (5) ca
be written as [3] '
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=1 pis are 1.1.D Rayleigh random variables afig are uniformly

(i—=1) distributed random variables.
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wherey;[n] is the received signal in th&" symbol duration I1l. MINIMUM PROBABILITY OF ERRORDETECTOR
andy* [n] and y(ifl)[n] are the contributions to it from the At the transmitter the different users are separated using
symbBISSi[n] ancljsi_l[n], transmitted in the'® and (i — 1)t  orthogonal Walsh Hadamard codes but due to the independent

duration respectivelyr is the Heaviside function an]y is scaling of each of .the sub-carriers, the code Qrthogonality
n modulo V. It can be seen that due to the multipath, the firf@tween the users is destroyed. After the DFT is performed
L —1 symbols of received signal are distorted by ISI from th@n the received signal, a single tap equalizer has to restore

previous symbol. The received signals after the DFT can HiS orthogonality before forming the decision variable. The
written as MMSE receiver tries to minimize the mean square error

between the transmitted and the estimated symbol. Since the
Y, = HyerSs + Hys1Siq + N @) BER, an'd not the MSE is the deC|d|n.g fac'tor in a .dl'gltlal
communication system, a detector which tries to minimize
where the BER is desired. The probability density function (pdf) of



the output of the linear filter acting o¥i is a mixed sum of Since the2" transmitted bit vectors are independent and
Gaussian and it is seen that a MPOE based detector can bettgriprobable, the probability of error in demodulating the user
exploit this pdf and achieve a lower BER. In the followingcan be written as
sections we will derive the expression for the probability of )
- i i i Aoz
error for MC-CDMA and then use this expression to arrive at P, = % ZQ ( 0 > 1)
VA

Og

the MPOE detector.
A. Probability of Error The filter vector that minimizes the probability of error is the
g . MPOE detector.
Let w = [wo w1 ... wy—_1]"" be the filter vector used to

demodulate the bits of the desired user (user O in our case). MPOE Algorithm

The filter outputz can be written as The filter vector that minimizes the probability of error

H given by expression (21) can be found adaptively by two
r=wrY (12) different approaches. The first approach requires computation
r=wlHCA+wiN of the gradient of the function to be minimized. The gradient
{oay be computed analytically or numerically. Algorithms like
conjugate gradient method, variable metric method fall in
this category. The other approach requires function and not
R(z) = R(w" HCA) + R(w" N) (13) gradient evaluation. Algorithms that fall in this approach are
downhill simplex method and Powell’'s method.
Conditioned on the transmitted bit vectdy ?(z) is Gaussian ~We have used the method agfadient descent as the

The real part ofr is sufficient and can be used to demodula
the user’s bit

with mean gradient of (21) can be easily calculated. Starting from an
initial guess, the filter weights are updated iteratively along
e = R(w HCA) (14) the negative gradient of the probability of error surface.
and variance Wi = w — 47 (Pe(w)) (22)

s owl? wherey is a suitably chosen step size. To compute the gradient

e = 79 15 of (21) we note that ifJ(w) is a real valued cost function,
Since the demodulated bit igjn (R(z)) , sgn(x) being the then the gradient;.J is given by [9]
signum function, an error in demodulation occurs whenever oJ
vJ =2 e (23)

R(wlag = —=1) >0 or f(zlao = +1) <0 (16) 2Jis the conjugate derivative of the functiof(w). The

Since®R(z) is Gaussian, with meap, and variances2, the conjugate derivative of (21) is given by
pdf of R(x) is

o OP(w) 1 3 0 (a0
fr(@ia)(uv) = ﬁefﬂp <W) (17) ow* /272N 2 (e ow* ( O )) (24)
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Conditioned onay = +1 the probability of error in demodu- The term=2

(%) can be written as

lation is dur
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oo OV 2T 202 _ % ( 9 H _ H=
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and conditioned omy, = —1, the probability of error in ao e O
demodulation is = o < CA— ]| Dw* <wHw)1/2>
) HzW
Polag = 1) = [ e () 4 - 32 (Hoa- fa)
e 0 0 U'm\/% 20.:% (25)
(19) Using the above, the gradient of (21) can be written as
Using the@ function, the probability of error can be written
as OP(w) 1 -~
=— 203 26
ow* V2m2r ; (aoe ¢> (26)

P.(al4) = Q (0“) (20)

O where¢ is
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IV. SIMULATIONS Edition, 1998.
Two sets of simulations were carried out to test the the-
oretical results. In the first set, the effect of noise on the
performance of the MPOE detector was studied for a full load
system. In the second set, the effect of increasing the load on
the system was studied.

A. Simulation Parameters

The number of sub-carriers in the simulations were 8 and
the number of maximum active users were also 8. Orthogonal
Walsh-Hadamard codes were used to spread the incoming data
stream. All the user’s signals were assumed to be transmitted
with the same power. Flat Rayleigh fading was assumed and
also the fading was assumed to be independent for all the sub-
carriers. Estimate of the channel matfikwas assumed to be
known at the receiver. Also synchronization was assumed.

B. Results

Fig. 1 shows the effect of increasing the noise on the system.
It can be seen that the MPOE detector outperforms the MMSE
detector at all SNR levels.
Fig. 2 shows the effect of increasing the load on the system.
The SNR is10dB. It can be seen that as the load on the
system increases, the MPOE detector performs better than the
MMSE detector.

V. CONCLUSIONS

A MPOE detector has been proposed in this paper for MC-
CDMA. Performance of this detector has been compared with
the MMSE detector. The MPOE detector attains a lower BER
compared to the MMSE detector albeit at a slightly higher
computational complexity. The computational complexity of
the MPOE algorithm can be decreased by using the MCPOE
approach [7] [8].



