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Abstract——In this contribution, a Genetic Algorithm (GA) assisted Multiuser De-
tector (MUD) designed for MC-CDMA s i d in the of fr Y
seleetive Rayleigh fading channels. The achievable BER performance of the GA as-
sisted MUD as well as its near-far resistance are investigated for a range of parame-
ter values. Itis shown that the proposed GA assisted MUD is capable of significantly
reducing the complexity in comparison to that of Verdu’s optimum MUD. For exam-
ple. when supporting X' = 20 users, the number of likelihood function evaluations
is reduced by a factor of 1300,

L. INTRODUCTION

Multicarrier CDMA (MC-CDMA) [1-3] is a novel transmission
technique, which combines DS-CDMA and Orthogonal Frequency
Division Multiplexing (OFDM} [4-7]. In MC-CDMA systems, in-
stead of applying spreading sequences in the time domain for spread-
ing each bit, we emplov spreading sequences in the frequency do-
main. Hence, we are capable of achieving frequency diversity gain
at the cost of a reduced spreading gain. Numerous Multiuser Detec-
tion (MUD) schemes have been proposed in the literature {8-10]. The
Minimum Mean Square Error (MMSE) MUD has been described for
example in [3,8], while an Interference Cancellation {IC) based MUD
has been proposed in (3,9].

In [11), the Maximum Likehood (ML) MUD designed for MC-
CDMA has been considered. In this specific MUD, the receiver con-
structs all the possible combinations of the transmitted signals of all
users and employs the estimated channel transfer function for gener-
ating all the possible received signals, in order to find the one, which
has the smallest Euclidean distance from the received signal. Hence,
the ML detection based MUD designed for MC-CDMA is capable of
achieving a near-single-user performance. However, it requires the
caleulation of the 2% number of possible received signal combina-
tions of the K users supported in conjunction with Binary Phase Shift
Keying (BPSK) modulation. In other words, the ML detection based
MUD’s complexity will increase exponentially with the number of
users K. Hence the complexity imposed will become excessive, when
the number of users K’ is high. Therefore, in this treatise we will in-
voke Genetic Algorithms (GA) [12, 13] for reducing the complexity
of the ML detection based MUD employed in MC-CDMA systems.
The GA-based MUD was first proposed by Juntti ez al. [14] for a syn-
chronous DS-CDMA system comimunicating over an Additive White
Gaussian Noise (AWGN) channel. Yen et gl. [3) [15-17] further im-
proved the performance of the GA-based MUD, demonstrating that
the performance of the GA-based MUD approaches the single-user
performance bound at a significantly lower computational complex-
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Fig. 1. The transmitter of a MC-CDMA system

ity, than that of Verdu's optimum MUD [18]. In our investigations
we assume that each subcarrier obeys independent Rayleigh fading.
More explicitly, we will investigate the performance of this specific
GA assisted MUD as a function of the affordable detection complex-
ity.

This contribution is organized as follows. Section 1l describes the
model of the synchronous MC-CDMA system considered. Section III
highlights the operating principle of the GA assisted MUD designed
for a synchronous MC-CDMA system, while Section IV characterises
the achievable performance. Finally, Section V offers our conclu-
sions.

II. TRANSMITTER

Let us consider the bit-synchronous MC-CDMA system illustrated
in Figure 1, which employs both time- and frequency-domain spread-
ing. More explicitly, observe in Figure | that the ith bit b,(:) of the
kth user is spread in the frequency-domain to A parallel subcar-
riers, each conveying an N-chip time-domain spreading sequence
ck,m(t), m=1,..., M spanning the bit-duration (0, T;}. Hence
we have T, /T. = N, where T} and T, are the bit duration and chip
duration, respectively. Each of the M N-chip time-domain spread-
ing sequences is mapped to a different subcarrier. In other words, a
single-carrier system occupying the same bandwidth as the multicar-
rier system considered would use a spreading sequence having N A
chips/bit, and both of these systems have a precessing gain of NA.
Hence, the wransmitted signal of the kth user associated with the mth
subcarrier can be expressed in an equivalent lowpass representation
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skm(t) = 1f Qf;’k Cem (£)5 67, (1
where Eyy is the kth user’s signal energy per bit. Furthermore, bsj) €
(1,-1), k=1,..., K denotes the ith transmitted bit of the kth user,
while the Ath user’s signature waveform is ci,m (£), £ =1,..., K,
m = 1,..., A that is assigned to the mth subcarrier, which again
has a length of IV chips, yielding:

N-1

ckm(t) = cgc'!‘,)np(t —nT.),

=0

m=1,..., M,

where T, is the chip duration, /V is the number of chips per bit asso-
ciated with each subcarrier and we have Tp, /T, = N. Again, the total
processing gain is VA, while p(¢) is the rectangular chip waveform
employed, which can be expressed as:

p(t)={é

Without loss of generality, we assume that the signature waveform
ck,m {t} used for spreading the bits to NV chips in the time-domain and
mapping them to a total of M subcarriers in the frequency-domain for
all the K users has unity energy, which can be written as:

0<t<T,
otherwise.

)

Ty
/ Gnmitydt=1 k=1,...
Q

Each user’s signal s m(¢) wansmitted on the mih subcarrier is as-
sumed to propagate over an independent non-dispersive single-path
Rayleigh fading channel and the fading envelope of each path is statis-
tically independent for all the users. Hence, the single-tap narrowband
Channel Impulse Response (CIR) of the kth user on the mih subcar-
rier can be expressed as: Yg,me’ **™, where the amplitude Yk,m 18
.a Rayleigh distributed random variable, while the phase ¢x ., is uni-
formly distributed between [0, 27).

Having described the transmitter and the channel, the received sig-
nal on the mth subcarrier can be expressed as:

o0 K
[2E , o
rm{t) = Z Z Tbkck,m(t-"th)’m,mbi)e(J mt+ by m)

i=—co k=1
+nit),
(5}
where A is the number of users supported and n(Z) is the Gaussian
noise process with a variance of No/2.

III. GA ASSISTED MUD FOR MC-CDMA

Figure 2 shows the schematic of the GA assisted MUD employed
in a synchronous MC-CDMA system. The first step of the receiver's
operation is the demodulation of all the subcarrier signals. This is
followed by Matched Filtering (MF) for each of the K users and the
ouiputs of the K users” matched filters are input to the GA-based
MUD. It is more convenient to express the associated signals in matrix
and vectorial formats, when the sum of the transmitted signals of all
users can be expressed as:

() = CraWmAb + n, )
0-7803-8255-2/04/$20.00 ©2004 IEEE.
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Fig. 2. Schematic of the GA assisted MUD aided MC-CDMA base station receiver

where we have

Cm = [C1'm(t), e ,CK,m(t)]

Wan = diag['yl,me"“'m,...,'yK,mej‘f’K’m]

A = diag[\/ 2= ., /22K n
b = [by,...,bx|T

n = [ni,...,nk|T.

Based on Equation 6, the output vector Zy, of the bank of matched
filters portrayed in Figure 2 can be formulated as [18):

Zm = [21,my-. -y 2K,m] (8)
= RuWmAb+n
where we have
R = | PP P | )
A S A
{m)

and the elements Pk of the mawix R, are the auto- and cross-
correlation of the spreading code, which can be expressed as:

(m) _

ol = (10)

fTh c;mit) ek m(t)dt.
0

According 1o [15] [18), the optimum multiuser detector of the mth
subcarrier will maximize the following objective function:
Om(b) = 2Re[bTAW, Zin] — bY AW R W[, Ab, (1D
where the superscript * indicates the conjugate complex version of a
matrix. Therefore, combining the contributions of a total of M par-

allel subcarriers, the objective function to be maximized in the con-
text of an optimum multiuser detected MC-CDMA system can be ex-
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Fig. 3. Flowchart of a genetic algorithm assisted MUD in the context of the synchronous
MC-CDMA base station receiver

pressed as:

Q(b)

Z Qm(b)

Ar (12)
Z{QRe[bTAW;.Zm]~

i

m=1
bTAWL R WL AD},

Hence the decision rule for Verdu's optimum CDMA multiyser
detection scheme based on the maxinnuun likelihood criterion is to
choose the specific A-user bit combination b, which maximizes the
metric of Eguation 12. Hence, we have to find:

b =arg {mgx[ﬂ(b)]} .

The maximization of Equation 12 is a combinatorial optimisation
problem, which requires an exhaustive search for each of the J = 2K
combinations of b, in order to find the one that maximizes the meiric
of Equation 12. Explicitly, since in case of binary transmisstons there
are J = 2% possible combinations of b, the optimum multiuser de-
tector has a complexity that increases exponentially with the number
of users K.

Hence, we invoked a GA for finding a solution near to the maxi-
mum of the objective function defined by the metric of Equation 12
without an exhaustive search. Again, the legitimate schitions are the

(13}
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Parameters Value

Modulation scheme BPSK

Spreading code WALSH

Number of subcarriers Af 4

N(T/T:) 8

Processing gain M N 32

GA's selection method Fitness-proportionate

GA’s mutation method Binary mutation

Uniform ¢rossover
0.1
GA's crossover probabitity p. | |

GA's crossover method

GA's mutation probability p,,,

Mating pool size T' 5

Elitism Yes

Incest Prevention Yes
TABLE!

THE BASIC SIMULATION PARAMETERS USED BY THE GA ASSISTED MUD AIDED
MC-CDMA SYSTEM

J = 2% number of possible combinations of the K-bit vector b,
During the GA's operation, each individual of the GA [15] will take
the form of a K-bit vector corresponding to the K users’ transmit-
ted bits during a single bit interval, which can be denoted for the
pth individual of the GA as b, (y) = [Bp,1(), - - - » bp i ()], Where
y, ¥ = 1,...,Y denotes the yth generation, andp, p=1,..., P
denotes the pth individual in the GA’s mating pool.

We create the initial biased population with the aid of the Maximum
Ratio Combining (MRC) based matched filter outputs, which are sub-
jected to hard decision, rather than randomly generating the initial
population at the commencement of a GA assisted search. Explic-
itly, according to {1]. the MRC-combined output vector b re of the
matched filter output can be expressed as: BM RrC = [61, MRCy---»
bx arrc]» where we have:

A

. B e
b v = E 2k, mYhom€ ORI,
m=1

(14)

Having generated birre, we adopt a "mutated” version of the hard
decision vector basre for creating each individual in the initial pop-
ulation, where each bit of the vector BM re is toggled according to
the mutation probability used, Hence, the first individual of the pop-
ulation, namely b,,(0), can be written as:

by(0) = MUTATION[bAs el (15

To elaborate a little further, Figure 3 shows the flowchart of the GA
assisted MUD, which follows the philosophy of [3, 16]. We will char-

- acterise the performance of the GA assisted MUD in the following
section.

IV. PERFORMANCE OF GA ASSISTED MUD AIDED
SYNCHRONOUS MC-CDMA

The basic parameters of the GA used in our simulations are listed
in Table 1. Let us first relate the achievable performance of the pro-
posed GA-aided MUD to that of the well-understood AM-algorithm
(MA) in Figure 4, when communicating over a non-dispersive Gaus-
sian channel. More specifically, the system studied employed a ran-
dom spreading code having a length of N = 31 in the context of
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AWGN channel in conjunction with different detection-complexity configurations of _

P-Y = M - K, when supponting &' = 10 users. All the other parameters are
described in Table I,
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Fig. 5. BER performance of the GA assisted MUD designed for a bit-synchronous MC-
CDMA system. using a 32-chip Walsh code. The number of users supporied was
K = 10. The number of generations was ¥ = 10 and the population size was
F = 20, 30and 40. The remaining parameters are specified in Table I. The number
of subcarriers was Af = 4 and each subcarrier experienced uncorrelated narrowband
Rayleigh fading. The complexity reduction factor was 28 /(P -Y).

BPSK modulation. For the sake of comparison, the GA-aided and
the M -algorithm systems concerned were configured for maintaining
a similar complexity. Specifically, the GA-aided MUD evaluates its
objective function seen in Equation 11 (P - Y) number of times. By
contrast, it ¢an be shown that the MA-based MUD requires (K - M}
number of objective function evaluaticns, although we note that its
objective function is different from that of the GA and was not explic-
itly included here for reasons of space economy. As seen in Figure 4
for the specific scenario of K’ = Y, the GA-aided MUD outperforms
the M-algorithm, when we have M = P < oo/which justifies our
GA-based investigations.

From Figures 5 and 6 we observe that the GA assisted MUD's per-
formance improves, when the population size P increases. For ex-
ample, for Ey /Ny values below 14dB a near-single-user performance
can be achieved for K = 10 users, when evaluating the objective
function of Equation 12, which imposes a complexity on the order
of O{P - Y) = O(40 - 10} = O(400), as seen in Fig 5. Further-

0-7803-8255-2/04/$20.00 ©2004 IEEE.
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Fig. 6. BER performance of the GA assisted MUD designed for a bit-synchronous MC-
CDMA system, using a 32-chip Walsh code. The number of users supported was
K = 20. The number of generations was Y™ = 10 and the population size was P =
40, 80, 120, 160 and 200. The remaining parameters are specified in Table I
The number of sebcarriers was Af = 4 and each subcarrier experienced uncorrelated
narrowband Rayleigh fading. The complexity reduction factor was 2% /(P - v).
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Fig. 7. BER performance of the GA assisted MUD designed for a bit-synchronous MC-
CDMA system when the power of the interfering users was varied . The number of
users supporied was K = 10. The number of generations was ¥ = 10 and the
population size was P = 40. The ratio of the reference user to interfering user
power was -E{-t = 0, 6, 10dB, k = 2,..., K, respectively. The remaining
parameters are specified in Table L. The number of subcarriers was Af = 4 and each
subcarrier experienced uncorrelated narrowband Rayleigh fading. The complexity
reduction factor was 2% /(P - ¥).

more, when the number of users K is increased to 20, the GA assisted
MUD has a complexity of O(P - Y} = OQ(160 - 10) = (1600}, as
seen in Fig 6. We can see in Figure 7 that the GA assisted MUD is
also near-far resistant, provided that we perfectly know the channel
parameters, More explicitly, the GA assisted MUD exhibits a high
robustness against power control errors. Figure 8 shows the BER per-
formance as a function of the number of users K. We can infer from
Figure 8 that the GA assisted MUD required a population population
size P in excess of 80 for achieving a near-single-user performance,
when the number of users X is higher than 14. We can observe in
Figure 9 that GA assisted MUD is capable of significantly reducing
the complexity of Verdu's optimum MUD. For example, the complex-
ity was reduced by a factor of 1300, when the number of users was
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Fig. 9. The complexity reduction facior of %‘7 was defined as the ratio of the number
of objective function computations required for app hing the sing] bound at
1 BER of 10~ %, when communicating over a synchronous environment, where P is
the population size, and ¥ is the number of generations, while K is the number of
The ini are specified in Table I.
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V. CONCLUSIONS AND FUTURE WORK

In conclusion, the GA assisted MUD is capable of significantly
reducing the detection complexity in comparison to Verdu's optimum
MUD, especially when the number of users supported is higher than
K = 15. When channel coding techniques are employed, the GA
assisted MUD has the potential of further reducing the complexity
imposed. Our future work will comparatively study the performance
versus complexity rade-offs of GA versus M-Algorithm [19] based
MUDs. Another important area of further study is the employment of
multilevel modulation schemes both with and without various trellis
coded error protection schemes.
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