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Abstract — Space Division Multiple Access (SDMA) aided Or-
thogonal Frequency Division Multiplexing (OFDM) systems as-
sisted by efficient Multi-User Detection (MUD) techniques have
recently attracted intensive research interests. The Maximum
Likelihood Detection (MLD) arrangement was found to attain
the best performance, although this was achieved at the cost of
a computational complexity, which increases exponentially both
with the number of users and with the number of bits per sym-
bol transmitted by higher-order modulation schemes. By con-
trast, the Minimum Mean-Square Error (MMSE) SDMA-MUD
exhibits a lower complexity at the cost of a performance loss.
Forward Error Correction (FEC) schemes such as Turbo Trellis
Coded Modulation (TTCM) may be efficiently amalgamated with
SDMA-OFDM systems for the sake of improving the achievable
performance. Genetic Algorithm (GA) based multiuser detection
techniques have been shown to provide a good performance in
MUD-aided Code Division Multiple Access (CDMA) systems. In
this contribution a GA-aided MMSE MUD is proposed for em-
ployment in a TTCM-assisted SDMA-OFDM system, which is ca-
pable of achieving a similar performance to that attained by its
MLD-aided counterpart at a significantly lower complexity, espe-
cially at high user loads.

1. INTRODUCTION

Space Division Multiple Access (SDMA) based Orthogonal Frequency
Division Multiplexing (OFDM) [1] communication invoking Multi-
User Detection (MUD) techniques has recently attracted intensive re-
search interests. In SDMA Multi-Input-Multi-Output (MIMO) sys-
tems the transmitted signals of L simultaneous uplink mobile users
- each equipped with a single transmit antenna - are received by the
P different receiver antennas of the Base Station (BS). At the BS the
individual users’ signals are separated with the aid of their unique,
user-specific spatial signature constituted by their channel transfer
functions or, equivalently, Channel Impulse Responses (CIRs). A va-
riety of MUD schemes, such as the Least-Squares (LS) [2, 3] and
Minimum Mean-Square Error (MMSE) [2—4] detectors, or Succes-
sive Interference Cancellation (SIC) [2—4], Parallel Interference Can-
cellation (PIC) [2] and Maximum Likelihood Detection (MLD) [2, 4]
schemes may be invoked for the sake of separating the different users
at the BS on a per-subcarrier basis. Among these schemes, the ML
detection arrangement was found to give the best performance, al-
though this was achieved at the cost of a dramatically increased com-
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putational complexity, especially in the context of a high number of
users and higher-order modulation schemes, such as 16QAM. By con-
trast, MMSE combining exhibits the lowest complexity in this set of
detectors, while suffering from a performance loss [1].

Furthermore, the achievable performance can be significantly im-
proved, if Forward Error Correction (FEC) schemes, such as for ex-
ample Turbo Convolutional (TC) codes [5] are incorporated into the
SDMA system. Various Coded Modulation (CM) schemes such as
for example Trellis Coded Modulation (TCM) [5, 6], Turbo TCM
(TTCM) [5, 7], Bit-Interleaved Coded Modulation (BICM) [5, 8] and
Iteratively Decoded BICM (BICM-ID) [5, 9] have also attracted in-
tensive research interests, since they are capable of achieving a sub-
stantial coding gain without bandwidth expansion. It was demon-
strated in [10] that TTCM generally provides the best performance
in the family of CM schemes in the specific context of the SDMA-
OFDM system investigated. Hence in this paper we will adopt TTCM
as the FEC scheme for our SDMA-OFDM system.

Genetic Algorithms (GAs) [11] have been applied to a number
of problems, such as machine learning and modelling adaptive pro-
cesses. Moreover, GA-aided transceiver research has been documented
in the context of Code Division Multiple Access (CDMA) systems
in [12, 13]. However, most of the GA-aided transceiver research men-
tioned above was conducted in the context of Code Division Multiple
Access (CDMA) systems. In this contribution, we combine the GA
with an MMSE-MUD assisted TTCM-aided SDMA-OFDM system.
Our simulation results show that the proposed MMSE-GA assisted
TTCM-SDMA-OFDM system is capable of achieving a similar per-
formance to that attained by its optimum Maximum Likelihood (ML)
MUD assisted counterpart at a significantly lower computational com-
plexity, especially at high user loads.

The structure of this paper is as follows. The SDMA MIMO
channel model is described in Section 2.1, while the overview of the
GA-assisted TTCM-aided MMSE-SDMA-OFDM system is given in
Section 2.2, followed by the introduction of the basic principles of
the concatenated MMSE-GA MUD of Section 2.3. Our simulation
results are provided in Section 3, while the associated complexity is-
sues are discussed in Section 4. Our final conclusions are summarized
in Section 5.

2. SYSTEM MODEL

2.1. SDMA MIMO Channel Model

Figure 1 shows an SDMA uplink MIMO channel model, where each
of the L simultaneous mobile users employs a single transmit an-
tenna, while the BS’s receiver has P antennas. At the k*" subcar-
rier of the n'” OFDM symbol received by the P-element BS antenna
array we have the received complex signal vector x[n, k|, which is
constituted by the superposition of the independently faded signals
associated with the L mobile users and contaminated by the AWGN
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Figure 1: Schematic of the SDMA uplink MIMO channel model [1],
where each of the L mobile users is equipped with a single trans-
mit antenna and the BS’s receiver is assisted by a P-element antenna
front-end.

noise, expressed as:

x = Hs+n, (1)
where the (P x 1)-dimensional vector x, the (L x 1)-dimensional
vector s and the (P x 1)-dimensional vector n are the received, trans-
mitted and noise signals, respectively. Here we have omitted the in-
dices [n, k] for each vector for the sake of notational convenience.
Specifically, the vectors x, s and n are given by:

X = (56171‘2,...7$P)T7 )
s = (sW,s® )T 3)
n = (nl,ng,...,np)T. ()

The (P x L)-dimensional matrix H, which contains the frequency-
domain channel transfer functions (FD-CHTF) of the L users, is given
by:

H = HY H?Y . HY) )
where H® (I = 1,...,L) is the vector of the FD-CHTFs associ-
ated with the transmission paths spanning the distance between the
I*" user’s transmit antenna and each element of the P-element re-
ceiver antenna array, which is expressed:

H" HD HY  HNYT 1={1,...,L}. (6)
In Equations 1 to 6, we assume that the complex signal s transmit-
ted by the I'" user has zero-mean and a variance of o7. The AWGN
noise signal 7, also exhibits a zero-mean and a variance of o=. The
FD-CHTFs H,gl) of the different receivers or users are independent,
stationary, complex Gaussian distributed processes with zero-mean
and unit variance.

2.2. System Overview

In Figure 2, we present the schematic of the proposed concatenated
MMSE-GA MUD aided SDMA-OFDM uplink system. At the trans-
mitter end, as seen at the top of Figure 2, the information bit se-
quences of the geographically separated L simultaneous mobile users
are forwarded to the TTCM [5] encoders, where they are encoded
into symbols. The encoded signals s”) (I = 1,..., L) are then for-
warded to the OFDM-related Inverse Fast Fourier Transform (IFFT)
based modulator, which converts the frequency-domain signals to the
time-domain modulated OFDM symbols. The OFDM symbols are
then transmitted by the independent Mobile Stations (MSs) to the
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Figure 2: Schematic of the MMSE-GA-concatenated multi-user de-
tected SDMA-OFDM uplink system.

BS over the SDMA MIMO channel. Then each element of the re-
ceiver antenna array shown at the bottom of Figure 2 receives the su-
perposition of the transmitted signals faded and contaminated by the
channel and performs Fast Fourier Transform (FFT) based OFDM
demodulation. The demodulated outputs z, (p = 1,...,P) seen
in Figure 2 are forwarded to the proposed concatenated MMSE-GA
MUD for separating the different users’ signals. The separated signals
3D (1=1,..., L), namely the estimated versions of the transmitted
signals, are then independently decoded by the TTCM decoders of
Figure 2.

2.3. MMSE-GA Multi-User Detector
2.3.1. MMSE MUD

In the MMSE-based MUD the estimates of the different users’ trans-
mitted signals are generated with the aid of the linear MMSE com-
biner. More specifically, the estimated signal vector § € CX*! gen-
erated from the transmitted signal s of the L simultaneous users, as
shown in Figure 2, is obtained by linearly combining the signals re-
ceived by the P different receiver antenna elements with the aid of
the array weight matrix, as follows [1]:
Swvse = WrIA{MSEX7 (@)

where the superscript H denotes the Hermitian transpose, and Wywise €
CP*L is the MMSE-based weight matrix given by [1]:

Wynse = (HI—IH-FO'ZI)ilH7 (8)

while I is the identity matrix and o2 is the AWGN noise variance.

2.3.2. Optimization Metric for the GA MUD

The optimum ML MUD [1] uses an exhaustive search, which requires
2™L evaluations of the decision metric of Equation 9 for finding the
most likely transmitted L-user symbol vector Sy :

§ML:arg{ m/\i/?L \|x—H§||§}, )
se

where the set of M% number of trial-vectors is given by [1]:

3

HOM

ME={s= L8P e M.y, (10)
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and where M. denotes the set containing the 2" number of legitimate
complex constellation points associated with the specific modulation
scheme employed, while m denotes the number of bits per symbol.
Furthermore, the optimum ML-based decision metric of Equa-
tion 9 may also be used in the GA MUD for the sake of detecting
the estimated transmitted symbol vector Ss4, where the decision met-
ric required for the p'” receiver antenna, namely the antenna-specific
objective function is defined by:
Qp(s) = |zp —Hpsl’, (1n
and z,, is the received symbol at the input of the p'" receiver at a
specific OFDM subcarrier, while H,, is the p** row of the (P x L)-
dimensional channel transfer function matrix H. Therefore the deci-
sion rule for the optimum multiuser detector associated with the p*"
antenna is to choose the specific L-symbol vector s, which minimizes
the metric given in Equation 11. Thus, the estimated transmitted sym-
bol vector of the L users based on the knowledge of the received sig-
nal at the p*" receiver antenna and a specific subcarrier is given by:
S, = arg {min[2, (8)]}. (12)
It transpires from the above derivation that we will have PP metrics
in total for the P receiver antennas. Since the CIRs of each of the
P antennas are statistically independent, the L-symbol vector that is
considered optimum at antenna 1 may not be considered optimum at
antenna 2, etc. In other words, this implies that a decision conflict is
encountered, which may be expressed as:

arg {msln [ (s)]} = 8aa; 7 8aa, = arg {msln 197 (s)}} , (13)

where V4,5 € {1,...,P}, i # j. This decision conflict therefore
leads to a so-called multi-objective optimization problem, since the
optimization of the PP metrics may result in more than one possible
L-symbol solutions. In order to resolve this problem, we may amal-
gamate the P number of antenna-specific L-symbol metrics into a
’joint’ metric as follows:

Q) = Y (s (14)

Hence, the decision rule is to find the specific estimated transmitted L-
symbol vector 8, that minimizes €2 (s) in Equation 14 for the OFDM
subcarrier considered.

2.3.3. Concatenated MMSE-GA Multi-User Detection

In order to avoid an inefficient, entirely random search, it is bene-
ficial to supply the GA MUD with a good initial guess of the esti-
mated transmitted L-symbol vectors to be detected. A low-cost de-
sign option may include the simple MMSE-based OFDM MUD’s L-
user output vector in the GA’s initial population, which imposes a
fairly low complexity compared to the interference-cancellation based
schemes of [1]. More specifically, the GA invoked in the SDMA-
OFDM system commences its search for the optimum L-symbol so-
lution at the initial generation with the aid of the MMSE combiner.
In other words, using GA parlance, the so-called individuals of the
y = 0t generation having a population size of X are created from
the estimated length-L transmitted symbol vector provided by the

MMSE combiner, where the i*" individual is expressed as §§y> =

[ggf’f, 5%)7 ce 55’2}, and we have 557’1) € M., le{1,...,L}. Hence,
a complex symbol representation based on the binary encoding of
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the individuals is employed. Then the GA-based optimization selects
some of the L-symbol candidates from a total of X legitimate indi-
viduals in order to create a so-called mating pool of T' number of
L-symbol parent vectors [12]. Two L-symbol parent vectors are then
combined using specific GA operations for the sake of creating two
L-symbol offspring [12] and this "genetic evolution-like’ process of
generating new L-symbol offspring continues over Y number of con-
secutive generations, so that the optimum L-symbol solution may be
found.

The selection of the L-symbol individuals for creating the mating
pool containing 7" number of L-symbol parents is vital in determin-
ing the GA’s achievable performance. In our research the individual-
selection strategy based on the concept of the so-called Pareto Opti-
mality [11] was employed. This strategy favours the so-called non-
dominated individuals and ignores the so-called dominated individu-
als [12]. More specifically, the uth L-symbol individual is considered
to be dominated by the v'" individual, if we have:

Vie{l,...,L}: Q (gf}ﬁ) < (59))

AFje{l,...,L}: Q (g,(,y)) < (55;”). (15)
If an individual is not dominated in the sense of Equation 15 by any
other individuals in the population, then it is considered to be non-
dominated. All the non-dominated individuals are then selected and
placed in the mating pool, which will have a size of 2 < T" < X [12].
Two of the 7" number of L-symbol individuals in the mating pool are
then selected as parents based on their corresponding diversity-based
fitness values calculated with the aid of Equation 14 according to the
so-called fitness-proportionate selection scheme [12]. The so-called
windowing-mapping [14] technique is invoked in order to get the fit-

ness value fi(y) associated with the 7*" individual, which is given by:

il o~ (3) +e, (16)
where
QY =  max {Q <§(y)>} (17)
T te{1,...,T} ¢

is the maximum objective score' achieved by evaluating the 7' num-
ber of individuals in the mating pool at the yt" generation, and ¢ is
a small positive constant, which is used for the sake of ensuring the
positiveness of f;w. Then the fitness-proportionate probability of se-
lection p; of the 4*" individual can be formulated as:

f(y)
T ()’
= i’

The selection of L-symbol parents from the mating pool is repeated,
which is followed by the uniform cross-over, mutation and elitism
operations [12], until a new population of offspring is created. Fur-
thermore, the so-called incest prevention [12] technique was invoked
during the selection process, which only allows different individuals
to be selected for the cross-over operation. Finally, the GA terminates
after (Y — 1) number of generations and thus the L-symbol individual
having the highest diversity-based fitness value will be considered as
the detected L-user transmitted symbol vector corresponding to the
specific OFDM subcarrier considered.

pi = (18)

'Note that the individual having the maximum objective score out of the
pool of the T" candidates is considered as the worst solution in the context of
the current mating pool, since the GA searches for the optimum solution which
minimizes Equation 14.

1956



3. SIMULATION RESULTS

Population initialization method
Mating Pool Creation Strategy
Selection method

Cross-over operation

Mutation operation

Output of the MMSE MUD
Pareto-Optimality
Fitness-Proportionate
Uniform cross-over

M -ary mutation

Elitism Enabled
Incest prevention Enabled
Population size X Varied
Number of generations Y Varied
Mutation probability py, 0.1

Table 1: The various techniques and parameters used in the GA MUD.

In this section, we characterize the achievable performance of
the proposed TTCM-assisted concatenated MMSE-GA multi-user de-
tected SDMA-OFDM system. The various techniques and parame-
ters used in the GA MUD are summarized in Table 1. The channel
is assumed to be ’OFDM symbol-invariant’, implying that the taps
of the impulse response are assumed to be constant for the duration
of one OFDM symbol, but they are faded at the beginning of each
OFDM symbol [1]. The simulation results were obtained using a
4QAM scheme communicating over a channel characterized by the
3-path Short Wireless Asynchronous Transfer Mode (SWATM) CIR
given on page 78 of [1], assuming that the channels’ transfer func-
tions are perfectly known. Each of the paths experiences independent
Rayleigh fading having the same normalized Doppler frequencies of
fi, = 1.235 x 107°. The specific channel parameters are given in
Table 2.

Channel
SWATM

Trmas fh n| K | cp
489ns | 1.235 x 107° | 3 | 512 | 64

Table 2: Maximum path delay 7y,q2, normalized Doppler frequency
f4, number of paths n, FFT length K and cyclic prefix length cp of
the SWATM [1] channel.

For the iterative TTCM scheme [5] employed, the code memory
v is fixed to 3, while the number of iterations is set to 4. Hence the to-
tal number of trellis states is 22 -4 -2 = 64, since there are two 8-state
trellis decoders which are invoked in four iterations. The generator
polynomial expressed in octal format for the TTCM scheme consid-
ered is (13 6), while the TTCM codeword length N and channel
interleaver depth are fixed to 1024.

The Bit Error Rate (BER) performance of the TTCM-assisted
MMSE-GA-SDMA-OFDM system employing a 4QAM scheme for
transmission over the SWATM channel is portrayed in Figure 3, where
six users are supported with the aid of six receiver antenna elements.
The performance of the TTCM-aided MMSE-detected SDMA-OFDM
system, the TTCM-assisted optimum ML-detected system, and the
uncoded single-user scheme employing either a single receiver or
invoking Maximum Ratio Combining (MRC) when communicating
over an AWGN channel are also provided for reference, respectively.
It is observed from Figure 3 that the BER performance of the TTCM-
assisted MMSE-SDMA-OFDM system was significantly improved
with the aid of the GA having a sufficiently large population size
X and/or a larger number of generations Y. This improvement was
achieved, since a larger population may contain a higher variety of L-
symbol individuals. Similarly, a larger number of generations implies
that again, a more diverse set of individuals may be evaluated, thus
extending the GA’s search space, which may be expected to increase
the chance of finding a lower-BER solution. On the other hand, it may
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Figure 3: BER versus Fj /Ny performance of the TTCM-assisted
MMSE-GA-SDMA-OFDM system employing a 4QAM scheme for
transmission over the SWATM channel, where six users (L. = 6) are
supported with the aid of six receiver antenna elements (P = 6). The
GA-related system configuration is given in Table 1.

be observed that when we have the same total number of (X x Y)
correlation metric evaluations according to Equation 11, the perfor-
mance improvement achieved by increasing the population size X
was more substantial than that upon increasing the number of gener-
ations Y. For example, when we have (X x Y) = 100, the GA-
assisted scheme employing a population size of X =20andY =5
number of generations achieved about 1.5dB E}, /Ny gain over its cor-
responding counterpart that has X = 10 and Y = 10, as evidenced
by Figure 3. However, when the affordable complexity increases, the
improvement achieved by a larger-population GA at a certain value
of (X x Y') becomes modest, since most of the achievable perfor-
mance gain of the system is likely to have been attained. This may
suggest that in the TTCM-assisted MMSE-SDMA-OFDM system in-
vestigated, the GA’s convergence speed tends to be faster, when we
have a larger population size X instead of a higher number of gener-
ations Y, since we tend to invoke a low-complexity GA and rely on
the TTCM scheme to remove the residual errors.

Furthermore, it can be seen in Figure 3 that the MMSE-GA-aided
TTCM-SDMA-OFDM system was slightly outperformed by its op-
timum ML-detected counterpart, since the GAs are unable to guar-
antee that the optimum ML solution would be found [12]. How-
ever, the MMSE-aided TTCM-SDMA-OFDM system was capable of
achieving a performance close to that of the ML-aided system with
the beneficial assistance of the GA at a significantly lower computa-
tional complexity than that imposed by the ML-aided system, as it
will be demonstrated in Section 4.

4. COMPLEXITY ANALYSIS

For the sake of simplicity, we only compare the GA MUD’s complex-
ity to that of the optimum ML MUD, since the simple MMSE MUD is
used for providing a single initial solution and imposes a significantly
lower complexity than that of its concatenated GA-aided counterpart.
More specifically, since the proposed GA-aided MUD optimizes the
metric of Equation 11 %, we will quantify the complexity imposed

2Similarly, the ML-aided MUD optimizes the metric of Equation 9, from
which Equation 11 is derived.
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in terms of the number of GA metric computations required by the
optimization process.

As mentioned in Section 2.3.2, for the ML MUD, 2% number
of metric computations have to be carried out for finding the optimum
solution [1], namely the most likely transmitted L-user vector, where
m denotes the number of bits per symbol. By contrast, our proposed
GA MUD requires a maximum of (X x Y') metric evaluations, since
X number of L-symbol vectors are evaluated during each of the Y
number of generations, as shown in round brackets in the legends of
Figure 3. Furthermore, the number of such metric evaluations may
readily be reduced by avoiding repeated evaluations of identical indi-
viduals, either within the same generation or across the entire iterative
process, provided that the receiver has the necessary memory for stor-
ing the corresponding evaluation history.

Complexity Versus Number of Users, 4QAM, SWATM

10° : compevs o po_tem_dqam_swatmle_Sat May 15 2004 17:5408
* MLMUD |
5| O GAMUD |
2
10°
5
k=)
R 2
2
E- 10
o 5
@)
2
10°
5
2
1
10
2 3 7 8

5
Number of Users

Figure 4: Comparison of the MUD complexity in terms of the number
of metric evaluations, versus the number of users performance of the
4QAM TTCM-MMSE-GA-SDMA-OFDM and TTCM-ML-SDMA-
OFDM systems. The number of receiver antenna elements employed
is equivalent to the number of users supported, i.e. L = P.

In Figure 4, we compare both the ML- and the GA-aided schemes
in terms of their complexity, i.e. the number of metric computations.
At a specific user load, we always select an appropriate GA-aided
scheme for comparison, which suffers from less than 1dB Ej /Ny loss
at the BER of 10~5 compared to the ML-aided system. As shown in
Figure 4, the ML-aided system imposes an exponentially increasing
complexity on the order of O(2™%), when the number of users in-
creases, while the complexity of the GA-aided system required for
maintaining a near-optimum performance increases only slowly.

5. CONCLUSIONS

From the investigations conducted, we conclude that the GA-assisted
TTCM-aided MMSE-SDMA-OFDM system is capable of achieving
a similar performance to that of the optimum ML-assisted TTCM-
SDMA-OFDM system. Furthermore, this is attained at a signifi-
cantly lower computational complexity than that imposed by the ML-
assisted system, especially when the number of users is high. For
example, a complexity reduction in excess of a factor of 100 can be
achieved by the proposed system for L = P = 8, as evidenced by
Figure 4.
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