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a b s t r a c t

This paper studies three of the most important optimization algorithms belonging to Natural Computa-
tion (NC): genetic algorithm (GA), tabu search (TS) and simulated quenching (SQ). A concise overview of
these methods, including their fundamentals, drawbacks and comparison, is described in the first half
of the paper. Our work is particularized and focused on a specific application: joint channel estimation
and symbol detection in a Direct-Sequence/Code-Division Multiple-Access (DS/CDMA) multiuser com-
munications scenario; therefore, its channel model is described and the three methods are explained
and particularized for solving this. Important issues such as suboptimal convergence, cycling search or
control of the population diversity have deserved special attention. Several numerical simulations ana-
lyze the performance of these three methods, showing, as well, comparative results with well-known
classical algorithms such as the Minimum Mean Square Error estimator (MMSE), the Matched Filter (MF)
or Radial Basis Function (RBF)-based detection schemes. As a consequence, the three proposed methods
would allow transmission at higher data rates over channels under more severe fading and interfer-

ence conditions. Simulations show that our proposals require less computational load in most cases. For
instance, the proposed GA saves about 73% of time with respect to the standard GA. Besides, when the
number of active users doubles from 10 to 20, the complexity of the proposed GA increases by a factor
of 8.33, in contrast to 32 for the optimum maximum likelihood detector. The load of TS and SQ is around
15–25% higher than that of the proposed GA.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Natural Computation-based methods (NCMs, in the following)
ave been extensively studied during last decades. Since the semi-
ar work of Holland [1], many scientists have studied conceptually,
euristically and quantitatively a wide range of algorithms. Nowa-
ays, there exist many families or branches of NCMs. Frequently,
any methods cannot be uniquely assigned to a single class of
CM since they gather interesting properties proper of several dif-

erent procedures. On the other hand, many applications of these
ethods have been described in technical literature: communica-

ions, control, image processing or electronics, just to name a few.
heoretical descriptions of these algorithms, and even the compar-

tive study and the application of one (most often) or a couple of
hem to a specific problem, have been studied in many articles (see
2] for instance). Our main aim focuses on comparatively describe

∗ Corresponding author.
E-mail addresses: lsanjose@tel.uva.es (L.M. San-José-Revuelta),

arribas@tel.uva.es (J.I. Arribas).

ttp://dx.doi.org/10.1016/j.asoc.2016.08.034
568-4946/© 2016 Elsevier B.V. All rights reserved.
the application of three different NCMs in fair terms: Genetic algo-
rithm (GA), Tabu search (TS) and Simulated Quenching (SQ) when
applied to a key communications problem, multiuser detection
(MUD) in a digital communication channel, where a mobile digi-
tal radio channel is shared by U users who simultaneously transmit
digital symbols belonging to an M-ary symbol source alphabet.

The task of choosing the different methods to be compared is
an open issue, since there exist many possibilities as previously
mentioned. We have chosen three classical and well-known meth-
ods (GAs, TS and SQ) so that comparisons with other papers can be
made easier.

Let us briefly describe these methods. SQ belongs to the branch
of Simulated Annealing (SA) related methods. SA is a common
algorithm for approaching complex optimization tasks. It was first
proposed in [3] and [4], and it has been successfully used for solving
several technical problems. The original SA scheme is a generaliza-
tion of the local search algorithm, where in each iteration of the

algorithm a neighbour of each current solution is selected ran-
domly. The new potential solution will replace the current one
if cost remains equal or decreases. Its main drawbacks are: (i)
possibility of convergence to suboptimal solutions, and (ii) large

dx.doi.org/10.1016/j.asoc.2016.08.034
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.08.034&domain=pdf
mailto:lsanjose@tel.uva.es
mailto:jarribas@tel.uva.es
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rocessing time that leads to too slow implementations. SQ reduces
omputational load by decreasing a parameter called system tem-
erature, though, in the process, the convergence to the global
ptimum is notably limited [5]. Besides, the proposed SQ method,
electively allows some jumps to potential solutions with a higher
ost in accordance to the Metropolis rule [6]. However, [7] points
ut that the main handicap they found was to avoid local min-
ma  (by a misplaced transition). This problem can be efficiently
ddressed with another NCM: GAs. These strategies constitute an
fficient alternative for solving highly nonlinear optimization prob-
ems since they successfully use exploitative and explorative search
n order to avoid local convergence. The particularities of the GA
resented in this work are, principally: a reduced computational

oad, the ability of convergence to quasi-optimal solutions, and
he on-line fine-tuning of the genetic operators depending on the
iversity of the population, which is quantified using the Shannon
ntropy. This strategy leads to a robust and flexible algorithm in
ccordance to the philosophy of GAs.

We have chosen the multiuser detector in DS/CDMA commu-
ications as our problem of interest since it is a well-known and
idely studied problem, making easier the comparisons with other

tandard and deterministic receivers. In fact, DS/CDMA is used in
ommunications systems such as IS-95, CDMA2000, FOMA, UMTS,
TE (4G) and is expected to be used also in 5G at least in combina-
ion with other techniques, in WiFi data transmission and in some
PS systems.

As interesting previous approaches of NCMs to solve the MUD
roblem, we can cite the following: a multiuser detector based on

 GA was presented in [8]. The scenario is a synchronous DS/CDMA
cheme and the algorithm demands good initial estimates of the
ransmitted data symbols. The asynchronous case was  studied in
9], where the interference of the surrounding bits of the remaining
sers is considered. This GA estimates both the desired bits as
ell as the edge bits. In 2000, [10] used an algorithm of local

earch before executing the GA; the performance was  close to the
ingle-user limit. The work by Ergun et al. incorporates a multistage
etector as a segment of the GA-based detector for improving the
onvergence rate [11]. More recent approaches include [12,13], that
onsider a GA-based MUD  in frequency selective Rayleigh fading
hannels, and the method proposed in [14], that studies the prop-
rties of a multiuser detector in terms of probability of error and
ear-far effect resistance. On the other hand, the channel response
stimation is specifically addressed in [15], and more computation-
lly efficient algorithms are proposed, for instance, in [16], where a
edundancy saving strategy is suggested. Other interesting recent
pproaches for multiuser detection with GAs include [17–23]. Sev-
ral earlier references are cited in [24]. In the last decade, tabu
earch methods for MUD  problems have been proposed in [25–27]
r in [28], which proposes a user selection scheme for MIMO-CDMA
ystems. Relevant SQ-SA strategies for MUD  have been proposed in
27,29–31], the later is an GA-SA hybrid proposal, while in [30] an
A algorithm is proposed for solving the MUD  problem in CDMA,
onsidering both the synchronous and asynchronous cases.

The remaining of the paper is structured as follows:

Section 2 is devoted to the description of the application prob-
lem: joint channel estimation and symbol detection in digital
synchronous multiuser communications. Since this is a crucial
and well-known problem, it allows to analyze the performance
of the proposed NCMs, not only in a comparative analysis among
them, but also in contrast to several traditional methods.
Section 3 presents the basic principles of the NCMs, mainly GA,

TS and SQ. In order to facilitate comparison, concise comments
to simulated annealing (SA) are outlined, as well. For the sake
of brevity, and in order to make the paper more readable, TS
and SQ will be explained more concisely, only detailing the main
 Soft Computing 49 (2016) 561–569

differences with respect to the GA case. Each subsection also
shows the specific implementations for the multiuser detection
application.

• Finally, Section 4 describes the numerical results, underlining
the comparison between GA, TS and SQ in fair terms: their
drawbacks and advantages are here explained. For the sake of
comparison, some traditional detectors – matched filter, cor-
relator, Radial Basis Function (RBF) networks – have also been
included here since these methods have been frequently used in
papers approaching this problem, thus allowing an easy compar-
ison with many existing MUD  methods.

2. Multiuser detection for DS/CDMA communications

2.1. Problem description

During the last two decades, wireless communications have
shown large growth rates per year in several countries. DS/CDMA
has been widely studied as telecommunication companies wish
to exploit to the maximum the available frequency bands
[32,33]. Since DS/CDMA offers high transmission rates, intersymbol
interference (ISI) effects become notable and, considered simulta-
neously with multi-access interference (MAI), they constitute the
two most important handicaps to system specifications [32]. If
these interferences are not properly controlled, they can lead to
drastic degradation of reception quality. Several strategies have
been analyzed in order to minimize these interferences, such as
power control and optimization of the users’ codewords. Tra-
ditional schemes relying on a bank of matched filters lead to
good performance only when all received codewords are ortho-
gonal. However, real systems rarely present this property and their
behaviour is degraded. This degradation becomes more significant
if the scenario presents near-far effects. Verdú showed that this
drawback was solved if all the users data sequences were jointly-
extracted [33]. However, the complexity of this optimum detector
based on the maximum likelihood criterion increases exponentially
with the number of active users. As a consequence, suboptimal
detectors have been widely developed. A considerable amount of
these procedures uses Natural Computation methods as previously
mentioned in Section 1.

2.2. Description of the DS/CDMA scenario

The following discrete-time signal and channel model has been
considered: a BPSK (Binary Phase Shift Keying) communication
system with U active users, each of them using a normalized mod-
ulation codeword from set {si(t)}Ui=1, and transmitting through a
flat-fading frequency-nonselective Rayleigh channel, with a zero-
mean white Gaussian noise. Perfect synchronization of all signals
is assumed. Suppose that the ith user of the system transmits
a sequence di(n) of F (frame duration) statistically-independent
symbols that modulates waveform si(t), with the result that the
spectrum width is spread by a factor N (known as processing gain).
Consequently, the signal transmitted by user i is

xi(t) =
F−1∑
n=0

di(n)si(t − nT)  (1)

where T is the data symbol period, di(n) are the users’ data symbols,
and the codewords waveforms are generated as

N−1∑

si(t) =

�=0

si,� (t − �Tc) (2)

where si = (si,0, . . .,  si,N−1)T represents the codeword of the ith
user, Tc = T/N is the chip period and  (t) denotes a chip pulse of
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ormalized energy. Since synchronous transmission is assumed,
he signal at the input antenna of the receiver is

(t) =
U∑
i=1

ri(t) + g(t) 0 ≤ t ≤ Tf (3)

ith

i(t) =
√
Ei

F−1∑
n=0

bi(n)di(n)si(t − nT)  (4)

here Tf stands for the duration of the frame, g(t) denotes a
ero-mean complex, additive, white and Gaussian (AWG) noise
ncorrelated with data symbols di(n), Ei stands for the bit energy
f user i, and bi(n) is the complex channel impulse response (CIR)
oefficient for user i. We  have considered a time-variant channel,
hose model is defined in [18], where channel coefficients bi(n)

ary depending on a predefined Doppler frequency, fd, as

i(n + 1) = a · bi(n) + � (5)

ith a = exp(−2�fdT) and � being a zero-mean white Gaussian vari-
ble. The parameters to be estimated in Eq. (4) are the users’ data
ymbols as well as the CIR coefficients of user i. At the receiver, a
rst block consisting in a bank of filters that are matched to the
sers’ codewords samples the signal every T seconds (see Fig. 1).

The multiuser detector must estimate the transmitted data vec-
or d(n) = [d1(n), . . .,  dU(n)]T, which contains the U transmitted
ymbols in current period. Following ideas in [18] this task can be
een as a maximization problem, where the matched filters’ output
s obtained as

(n) = [z1(n), . . .,  zU(n)]T = RB(n)Ed(n) + g (6)

here R is the U × U user codeword cross-correlation
atrix, B(n) = diag(b1(n), . . .,  bU(n)), E = diag(

√
E1, . . .,

√
EU),

(n) = [d1(n), . . .,  dU(n)] and g = [g1(n), . . .,  gU(n)].
Considering vector z, it is not difficult to show that the log-

ikelihood pdf conditioned on both the channel impulse response
atrix B(n) and the transmitted symbols vector d(n), is [34]

(B(n), d(n))

= 2R
{

d(n)TE[B(n)]∗z(n)
}

− d(n)TEB(n)R[B(n)]∗Ed(n) (7)

here “*” stands for the complex conjugate operator. Therefore,
he optimal estimates of the matrix of channel gains and the vector
f data symbols are obtained as

ˆB(n), ˆd(n)) = arg max
B(n),d(n)

{
L (B(n), d(n))

}
(8)

ubject to the specific time variation model of the channel impulse
esponse coefficients B. The channel fading will be considered to
e independent between users, as well as to have a sufficiently low
ime variation that allows to consider the channel impulse response
oefficients to be constant during each symbol period.

In Section 3, three different multiuser detectors based on the
A/TS/SQ algorithms are described.

. NCMs for multiuser detection

Since most readers of this journal are familiarized with NCMs,
he description of these methods is concise and only the particular
pecific characteristics of our proposals are next described.

.1. Genetic algorithms
.1.1. Basic concepts, genetic operators and elitism
Genetic algorithms are inspired by the Evolution Theory of Dar-

in. Potential solutions to the problem being solved are encoded
 Soft Computing 49 (2016) 561–569 563

on a data structure (known as individual or chromosome) and a set of
genetic operators is applied to a selected group of chromosomes in
order to preserve critical information. Members of the new popula-
tion will probably be better solution estimates than the individuals
of the previous generation (the Schema Theory explains how the
overall fitness of the population increases along iterations [35]).
Those individuals selected to form new chromosomes are stochas-
tically selected according to their fitness (or aptitude).

The description of the standard GA is quite general and can be
found in many references (see [36] for instance). First, an initial
population must be generated. Then, every individual is evaluated
according to its fitness and the genetic operators, mainly crossover
and mutation, are applied to those chromosomes selected with an
aptitude-based stochastic selection scheme. Thus, the probability
of selecting individual i (which has fitness �i) at iteration k is, Pi(k) =
�i(k)/

∑np
j=1�i(k). This concept can be easily implemented using the

roulette wheel selection method [36]. The basic genetic operators
(mutation and crossover) are next applied to selected individuals.

In our application, mutation is applied with an initial probability
of pm(0) ∈ [0.02 − 0.05], a value that has proven to be a nice trade-
off between explorative and exploitative search [37,38].

The proposed GA also implements an elitism strategy, which
means that the fittest individuals are directly selected, in order to
improve performance. In our simulations, the elite is mutated with
probability pm,e = 0.25pm, and the crossover operator is not applied.
The algorithm is repeated a fixed number of generations. When the
GA finishes, the chromosome with the highest fitness represents
the problem solution. In our case, the estimate of both the channel
coefficients B, and the symbols vector d.

3.1.2. Diversity control using entropy dependant genetic
operators

An important particularity of the proposed GA is the introduc-
tion of schemes to fine-tune the genetic operators for achieving
and maintaining diversity within the population. Standard genetic
algorithms tend to converge to suboptimal solutions, mainly due
to a selection strongly dependent on fitness [39]. When this sit-
uation occurs the population is filled with the best individuals,
resulting in suboptimal estimates. On the other hand, the most
important drawback of standard GAs is their large computational
burden, mainly due to selection, mutation and crossover applica-
tion, as well as fitness evaluation. Standard population sizes np are
normally about 1–5 hundreds. For instance, [39] uses populations
sizes in the order of 400 individuals. Following the ideas shown in
[24] the method used in this work requires a much smaller popu-
lation size (10–25 individuals). As already developed in [24,40] the
mutation and crossover operators depend on the Shannon entropy
of the population fitness, which is obtained as

H(P[k]) = −
np∑
i=1

�∗
i (k) log �∗

i (k) (9)

with �∗
i
(k) being the normalized fitness of individual ui, i.e.,

�∗
i (k) = �i(k)∑np

i=1�i(k)
(10)

The purpose of this is to on-line adapt the sense of the search
(explorative vs exploitative) by making use of the diversity of the
population found at each phase of the convergence cycle.

Computational requirements of this GA are considerably lower
than those of the standard GA since the crossover operator is

scarcely applied and the diversity control mechanism allows to
operate efficiently with reduced population sizes.

Notice that entropy defined in Eq. (9) will have a large value in
two situations: (i) during the initial iterations of the GA, since all
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Fig. 1. Multiuser DS/CDMA s

he individuals represent poor estimates of the real values, and (ii)
uring the last iterations of the GA, since most of the individuals are
upposed to be close to the optimum solution (of course, if the GA
as converged properly). In order to discriminate between these
wo situations, the mean aptitude of the population is evaluated
long 5 iterations and this parameter is monitored during the GA
xecution.

.1.3. Coding and fitness computation
In the proposed algorithm, the fitness of each individual is

btained using the log-likelihood pdf L defined in Eq. (7), since
oth users data and channel coefficients are encoded into ui as:

i = [Bi(n, k), di(n, k)]

= [(bi,1(n, k), bi,2(n, k), . . ., bi,U (n, k)), (di,1(n, k), di,2(n, k), . . ., di,U (n, k))] (11)

here parameters n, i, k and U denote the nth symbol period, the
th individual of the population, the kth GA iteration and the num-
er of system users U, respectively. On the right-most part of the
IR (channel impulse response) coding, vector di(n, k) contains the
ymbols transmitted by the U users. On the other hand, each chan-
el impulse response coefficient is binary encoded into a vector of
2 bits whose encoding is as follows: both the real and the imagi-
ary part of each coefficient bi(n, k) are represented with a vector
f 1 + 10 bits. The first bit determines the sign of the coefficient and
he other 10 bits encode the magnitude. Since 10 bits represent
umbers from 0 to 1023, a mapping to the interval [0,1] is required
normalization step). On the other hand, mutation is applied over

 + 1 randomly generated positions: one mutation within the 22
its of each coefficient bi,j(n, k), 1 ≤ j ≤ U, in Eq. (10), and another
ne within the users’ symbols estimate di(n, k) in Eq. (10). Note that
ne GA is run per symbol interval. Therefore, the impulse response
f the channel estimate is kept from one symbol period to the next.
his is in accordance to the assumption of low fading channel,
here minor variations of the CIR coefficients are experimented
ithin each symbol period. The part corresponding to di(n, k) of ui

n Eq. (11) is randomly initialized at k = 0, while Bi(n, k) is initialized
sing the final estimates from previous iteration since the assump-
ion of low fading allows to consider the CIR to be almost constant
etween consecutive symbol periods.

.2. Tabu search
.2.1. Introduction
Tabu search was first developed and studied in [41], although

he main concepts were simultaneously outlined in [42], as well.
 model with U active users.

Important posterior formalization tasks can be found in [43,44]. TS
was originally proposed to provide an intelligent search so as to
avoid the frequently too slow and complex existing metaheuris-
tic algorithms. We  will just briefly describe its main concepts and
properties, so that the reader can appreciate the differences with
respect to GAs. Detailed descriptions can be found in [45,46], for
instance.

TS is quite similar to descent methods, since it selects the best
solution estimate at each iteration, but TS also allows jumps to a
near solution even when its cost is higher. TS performs a system-
atic and intelligent search, that is specially guided under difficult
situations by making use of memory structures that allow to effi-
ciently use the past information of the search. TS restrictions can
be relaxed under specific circumstances (this is known as aspiration
criteria).

Memory works as follows: suppose that the TS algorithm keeps
in memory a selective history H of previously visited points of the
solutions space. TS substitutes the classical neighborhood struc-
ture N(s) with a modified one denoted as N(H, s). This way, history
determines the set of solutions that can be reached from current
position. Besides, when the fitness evaluation is complex, or when
N(s) has a huge number of points, it is important to select the most
interesting subset of N(s), which will depend on history H, as well.

Frequently, TS uses a memory that is based on attributes.  An
attribute is associated to a move and can be related to any parame-
ter that changes as a consequence of that move. A single move can
have several attributes associated to it. Sometimes, attributes cor-
responding to points in memory are used to set Tabu restrictions that
avoid moves that could destroy recent changes that are represented
by those attributes, avoiding, this way, revisiting solutions.

At a specific solution candidate, an attribute can be either active
or inactive, and the condition to be verified for the attribute is
known as Tabu state. A certain move can be forbidden –Tabu– due
to a restriction defined over any set of its attributes (of course,
whenever these attributes are active).

The size of the Tabu list and the time during which an attribute
is Tabu are important parameters of the algorithm. Taillard has
proved that a random size of the Tabu list gives more robust search
schemes than those with a constant size [47]. Later on, Battiti
improved this idea with an intelligent strategy for varying the size
of the list [48]. The goal of this size adjustment is to reinforce the
search in its weakest aspects, i.e., suboptimal solutions, cycling, and
chaotic attractors.
The aspiration criteria parameters are introduced in the TS algo-
rithm for determining when to readmit a move classified as Tabu.
A new solution will be accepted if its aspiration level is better than
a predefined threshold.
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For the comparative simulations carried out in this work, a
tandard Tabu search algorithm was implemented. Every point of
he solutions space is encoded as described in Section 3.1.3 and the
orresponding fitness value is obtained using Eq. (7). When a cost
easure is required, an inversely proportional value is taken.

.3. Simulated quenching

As previously mentioned, SQ is a methodology proposed to
peed up standard SA algorithms when applied to solve complex
ptimization problems. The original SA method pretends to sim-
late the physical annealing process found in nature. To avoid
onvergence to suboptimal solutions, SQ sporadically allows moves
o potential solutions of higher cost using the Metropolis rule
6]. This criterion states that, if ˛1 and ˛2 are the two  solution
andidates to choose from, then the SQ method will select ˛2
ith probability min{l,exp(-[C(˛2)-C(˛1)]/t)}, with t > 0 and t → 0
uring the execution of the algorithm, and C(˛) represents the
ost of the solution estimate ˛. Note that probability decreases as
(˛2) − C(˛1) increases and/or time t decreases, and that transitions
hat imply a reduction of the cost will always be accepted.

The description of the configuration space alone requires an
xponential time, and, in real implementations, simplifications are
equired. The solution is to define a cooling schedule that must
efine the four following algorithm parameters: (i) the start condi-
ion, i.e. temperature at iteration t = 0, (ii) the scheme for decreasing
he temperature, (iii) the condition for equilibrium, and (iv) the
ermination criterion, i.e. the final temperature.

The initial temperature must be set high enough so that most
f the proposed position changes satisfy the Metropolis rule. Thus,
uring the first iterations of the procedure, an explorative search
f the solutions space is performed. Afterwards, the number of
ccepted transitions decreases as temperature tends to 0. When

 ≈ 0, no more transitions will be performed and the algorithm may
nish. The solution of the problem is given by the final configuration
f the algorithm.

For the experiments carried out in next section, the standard
Q algorithm is implemented. Every point of the solutions space is
ncoded as described in Section 3.1.3 and the corresponding fitness
alue is obtained using Eq. (7).

Our numerical experiments worked fine with acceptance ratios
round 0.55–0.65. Temperature decreases with the following
estriction [49,50]: the decrease in the mean cost between two
onsecutive temperatures t1 and t2 should not be larger than the
tandard deviation, � of the cost (on level t1). This rule can be
xpressed as

2 = t1 exp
(

−�t
�

)
(12)

ith � ∈ [0, 1].
Temperature is initially set in order to allow a predefined tran-

itions’ acceptance ratio: First, temperature is set to 0, and then
t is successively increased until the specified acceptance ratio is
chieved.

The same simple strategies for generating the neighbor-
ood used in [7] are used in our work, but with probabilities
djusted/optimized to our problem. These strategies are: (i) sin-
le flip, that mimics the GAs mutation operator, and (ii) flip-flop.
ee [7] for a detailed description.

. Numerical simulations
For the simulations carried out in this section, synchronous
ransmission, AWG  noise, a rectangular chip pulse  (t) – see Eq.
2), Gold-type codewords and a Doppler frequency fd = 1000 rad/s
ave been considered. Simulations are run using BPSK modulation,
Fig. 2. Bit Error Rate performance as a function of the SNR (dB) for several multiuser
detectors. Near-far distortion: Ek/E1 = 4 dB for k ≥ 1.

U=10 active users and a processing gain with N = 31 chips. The GA
implements a binary tournament algorithm for selection, uniform
crossover and elitism. The initial probabilities of the genetic opera-
tors are: pc(0) = 0.05 and pm(0) = 0.1, which have been heuristically
determined. Memory and control of tabu moves are implemented
in the TS algorithm, as well. On the other hand, SQ uses a cool-
ing scheme where the rule for decreasing temperature is given by
Eq. (11), i.e. the criterion developed in [49,50]. In this case, new
points are accepted using the Boltzmann probability distribution
as acceptance function [51]. 50 runs were averaged to obtain the
plots.

4.1. Bit Error Rate vs Signal-to-Noise Ratio (BER vs SNR)

Fig. 2 plots the probability of error performance of user No. 1
(user of interest) versus its signal quality, measured in terms of
SNR= E1/N0, with a near-far effect of 4 dB (i.e. Ek/E1 = 4 dB, 2 ≤ k ≤ U),
for different detection schemes. In this case, the GA uses a popula-
tion size of np = 20 individuals. Table 1 shows mean and standard
deviation (stdev) values corresponding to Fig. 2 plots. In general,
it can be observed how stdev decreases as convergence improves,
i.e., as SNR becomes higher, and, on the other hand, methods with
better convergence – i.e. lower BER for a fixed SNR – show slightly
lower stdev.

Let us have a look first to the comparison of the proposed GA to
the standard GA. Figure plots show how the performance of our GA
is close to the optimum single user detector limit – a lower limit
for the multiuser case is estimated by simulating the bit error rate
of the single user detector without interfering users [32] – while
the standard genetic algorithm saturates at high signal-to-noise
ratios (SNRs) even when both the population size and the number
of iterations are increased – this fact is in accordance to [17].

Numerical experiments show that, for equivalent BERs, our GA
requires about 12–15% of the population used in the basic algo-
rithm, and a number of generations about 15–20%, for achieving
comparable results, saving, this way, about 73% of time.

This conclusion is similar to that obtained in [17], where the
GA only estimates the vector of transmitted data symbols (see Sec-

tion 3.1.3).

With the aim of comparing the GA with TS and SQ, we have
implemented TS and SQ keeping a similar computational load
(which is measured in terms of basic float operations) to that of the
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Table 1
Mean ± stdev values of the Bit Error Rate as a function of the SNR (dB) for several multiuser detectors. 50 runs. Near-far distortion: Ek/E1 = 4 dB for k ≥ 1. Notation: Xe-Y
=  X × 10−Y .

SNRuser1 (dB)

7 8 9 10 11 12 13 14

Standard GA 0.037 ± 0.013 0.018 ± 0.004 0.011 ± 0.003 0.007 ± 0.002 0.005 ± 0.002 0.0038 ± 0.002 0.003 ± 0.0015 0.0028 ± 0.0010
Decorrelator  RLS 0.028 ± 0.006 0.018 ± 0.003 0.009 ± 0.002 0.005 ± 0.001 0.002 ± 0.0008 0.00085 ± 0.00015 0.00037 ± 0.00011 0.0002 ± 8e − 5
Mahalanobis  RBF 0.020 ± 0.005 0.011 ± 0.002 0.0048 ± 0.0018 0.0018 ± 0.0012 0.0006 ± 0.0002 0.0002 ± 1e − 5 5e − 5 ±1e − 5 2e − 5 ±0.2e − 5
Matched  filter 0.028 ± 0.011 0.023 ± 0.011 0.017 ± 0.008 0.012 ± 0.005 0.011 ± 0.002 0.011 ± 0.0015 0.010 ± 0.0013 0.098 ± 1.2e − 3
MMSE-RLS  0.025 ± 0.011 0.012 ± 0.006 0.006 ± 0.001 0.0026 ± 0.0008 0.0009 ± 0.0002 0.0003 ± 8e − 5 0.0001 ± 7e − 5 6.5e − 5  ±2.1e − 5

 ± 0.0007 2.7e − 4 ±1.0e − 4 7.5e − 5 ±1.5e − 5 1.7e − 5 ±0.9e − 6 4e − 6 ±1e − 6
 0.0008 0.0013 ± 0.0006 0.0002 ± 2e − 5 2.8e − 5 ±2.3e − 6 6.1e − 6  ±1.5e − 6

 ± 0.0007 0.00085 ± 0.0001 0.00012 ± 1.4e − 4 2e − 5 ±8e − 6 5.6e − 6  ±1e − 6
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Table 2
Comparison between the main parameters and capabilities of several GA-based
multiuser detectors (U = 10). Proposed GA implements dynamic genetic operators.

Standard GA by GA by Proposed
GA [17] [18] GA

Population size, np 60–80 25 40 15
No.  generations, ng 130–250 20 10 18–25
Fitness evaluation 5000 520 400 260
Convergence Poor Fair Fair Good

(∼75%) (∼90%) (∼90%) (∼97%)
Channel tracking Poor Poor Poor Good
Comput. load High Moderate Moderate Low

Table 3
Population size (np) and number of generations (ng) required for several values
of parameter U (active users) for the proposed GA, TS and SQ algorithms. Values
corresponding to [18] are included for comparison purposes, as well.

No. of users (U) Population size (np) Generations (ng)

GA GA-H [18] TS-SQ GA GA-H [18] TS-SQ

10 15 40 1 20 10 250
Proposed  GA 0.0105 ± 0.010 0.0056 ± 0.0012 0.00205 ± 0.0008 0.0004
Tabu  search 0.023 ± 0.005 0.020 ± 0.003 0.0098 ± 0.002 0.005 ±
Simulated  quenching 0.032 ± 0.015 0.0175 ± 0.011 0.009 ± 0.0015 0.0038

A. This is achieved basically by means of adjusting the number of
terations of TS and SQ. As a first simple and general rule, it can be
aid that TS and SQ require a number of iterations that is increased
y a factor of np with respect to those required by the simple GA,
ith np being the population size of the GA. Under these conditions,

t can be seen that the behaviours of GA/TS/SQ are similar when the
nergy of user 1 is higher enough than those of the remaining users.
his situation is related to low and medium complexity problems,
nd it can be considered for SNRuser1 > 12 dB. Below this thresh-
ld, the GA is capable of extracting the information concerning the
ser of interest, while both TS and SQ begin to have problems for
atisfactory estimation. This is due to the more efficient search per-
ormed by the GA thanks to the control of the population diversity
sing the fitness entropy described in Section 3.1.2

Error probabilities corresponding to other well-known detec-
ors, such as the Minimum Mean Square Error (MMSE) detector,
he decorrelator [52], the one based on matched filters (MF), and

 Radial Basis Function (RBF) network have been plotted for com-
arison purposes, as well. The RBF-based detector is taken from
53] and has a kernel function implemented with the Mahalanobis
istance (the Euclidean distance was also implemented but led to
lightly worse results). Those experiments carried out with both
he decorrelator and the MMSE  receivers, were obtained with a
hannel impulse response estimation algorithm whose description
an be found in [54]. Specifically, the numerical simulations here
hown use the Recursive Least Squares (RLS) method.

Analyzing the BER plots shown in Fig. 2, we see that simple
ethods, such as the standard GA or the MF  detector, are not

apable of proper estimation even when SNRuser1 is high. On the
ther hand, nonlinear detectors implemented with RLS estimation
decorrelator, MMSE  and RBF) show an intermediate performance
etween the standard GA or the MF  detectors, and that obtained
ith TS, SQ and the proposed GA.

.2. Comparison with other GA-based strategies

In this section, the characteristics of the proposed GA are
ompared to those of other GA-based methods, specifically, the
lgorithm proposed in [17] – where the channel coefficients are
onsidered to be known, the GA in [18], and the standard GA.
umerical results are summarized in Table 2.

In case the channel response is known, [17] shows that his
ethod requires about 33% of the population size needed by

he standard GA (with an a priori known channel response), but
xtremely fewer generations. In our experiments, the standard
A required about 130–250 generations for proper convergence,
hile our proposed GA uses only 18–25. The number of fitness

valuations depends on both the number of generations and the

opulation size. Considering this parameter it can be seen how the
roposed GA requires only about 5% of the operations required by
he standard GA. On the other hand, the approaches in [17,18] show
ntermediate results.
15  45 75 1 20 10 650
20  125 160 1 20 10 2000

TS and SQ have not been included in this table since they do
not maintain concurrently a population of potential solutions but
a unique solution estimate at each iteration.

4.3. Computational complexity vs number of active users

In this section we  analyze how the number of active system
users U modifies the efficiency of the analyzed detectors. Specif-
ically, the computational load as a function of U is analyzed in
Table 3. The GA developed in [18] is included for comparison
purposes, as well (“GA-H”, hereafter). The two most important
parameters of a GA, i.e. the number of generations, ng, and the pop-
ulation size, np, are shown in the table for three different values of
U (10, 15 and 20 users).

First, notice that a comparable performance is obtained with
our GA and GA-H when the number of generations of GA-H is half
the generations required by the proposed GA, while the number
of individuals in our approach is 37.5%, 64% and 78% the values
required with GA-H, respectively. This fact reveals that similar per-
formance is obtained when the number of generations is doubled
and the number of individuals is reduced about 50%. This result
agrees with previous work where the increment of active users is
solved by setting a larger number of iterations ng and maintaining
constant the population size. This interplay between parameters np

and ng was first studied in [17]. However, it is not obvious to quan-
tify the interplay between both parameters since it notably depends

on other factors such as U, Ek/N0, etc. For instance, in Table 3, the
configuration with U = 20, np = 125 and ng = 20 yields similar results
than the implementation with U = 20, np = 75 and, ng = 40.
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Fig. 3. Bit Error Rate vs number of active users U. Ei = Ej , 1 ≤ i, j ≤ U, i /= j.

Besides, we can compare the computational load with that of
he optimum maximum likelihood detector. For U = 10, the ML-

UD  requires 2U = 210 = 1024 evaluations of the fitness function,
hile our GA is notably less complex, with a requirement of just

p × ng = 15 × 20 = 300 evaluations, showing a performance that is
imilar to that of the optimum ML  detector. This result evidences
hat the GA complexity is not an exponential function of U. In
act, when U = 20 and np = 125 an almost optimal performance is
chieved. This involves a load increment by 125/15=8.33. More-
ver, in contrast to reduced tree-search type methods, the GA does
ot need any storage resources, since all the information regarding
revious iterations can be removed.

Table 3 includes two additional columns for TS-SQ. Values in this
ase are obtained forcing a similar performance than that of the GA.
his is achieved by tuning the ng parameter as already explained
n Section 4.1. Beware that, though the number of iterations in
S-SQ is really higher, the computational load does not increase
roportionally, since TS and SQ execute much less operations per
eneration than the proposed GA. When TS and SQ implement the
haracteristics explained in Section 3 in order to avoid premature
onvergence and cycling, the final load is about 15–25% higher than
hat of the proposed GA. Besides, GA shows better convergence in
ifficult problems due to the implementation of a more efficient
earch scheme.

As a final remark, notice that the increment in complexity of the
hree methods (GA/TS/SQ) is really low in contrast to the complex-
ty of the traditional optimum MUD, whose computational load will
ow be increased by a factor of 32, while the proposed methods’
erformance still remain close to the optimum.

.4. Bit Error Rate vs number of active users

Next, in Fig. 3, the Bit Error Rate for various detection schemes
GA-TS-SQ, RBF, MMSE  and MF)  as a function of the number of active
sers is shown. This experiment uses identical transmitted ener-
ies: Ei = Ej, 1 ≤ i, j ≤ U, i /= j. The MMSE  detector and the Matched
ilter scheme are clearly outperformed by nonlinear RBF and our
etectors. The MF  detector is very sensible to multi-access interfer-
nce while the MMSE  detector is not stable enough for defining a
ood decision boundary. Like in previous section, the Mahalanobis
easure in the RBF kernel function leads to some superiority over

he Euclidean distance due to the asymmetric configuration of the

lusters.

In Fig. 3 it can also be seen that both the GA and the Maha-
anobis RBF scheme have similar behaviour. Also, notice that the
BF detector complexity is much higher. This detector uses an
Fig. 4. Bit Error Rate versus SNR (dB) for U = 10 users with Ek/E1 = 0, 5, 10 and 15 dB
for  k = 2, . . .,  U. User No. 1: user of interest. Proposed GA-based detector.

initial supervised period if the channel impulse response is not
known and its computational load grows exponentially with U [53].

According to previous experiments, the performance of TS and
SQ is close to that of the GA and RBF based detectors for a moderate
number of system users. Performance degrades towards that of the
MMSE  detector when the problem complexity increases and multi-
access interference becomes larger.

Quantitatively, the computational load is very similar when the
system has few active users (U ≤ 3) for the three proposed methods.
On the other hand, for higher values of U, the GA MUD  certainly out-
performs the other detection schemes in terms of computational
complexity.

4.5. Near-far resistance

Finally, the near-far properties of the studied detectors as a func-
tion of the bit error rate (BER) of the user of interest (user No. 1) are
analyzed.

The GA used in the simulations was  configured with np = 25 indi-
viduals and ng = 30 iterations. In order to test the near-far effect, the
received energies of users i = 2, 3, . . .,  U, are forced to be 0, 5, 10 and
15 dB higher. In the latter case, we have also shown the BER of
the decorrelator detector implemented with an RLS algorithm for
parameters estimation, so as to allow direct comparisons.

The three metaheuristic detectors jointly estimate the channel
impulse response and the users’ data symbols. Fig. 4 shows the
simulation results for the proposed GA detector. It can be seen that
for Ek/E1 ≤ 10 dB, the detector shows good near-far resistance for
values E1/N0 � 15 dB. For E1/N0 > 15 dB a substantial performance
downfall in terms of the BER is appreciated.

Figs. 5 and 6 show the corresponding BER plots for the TS and
SQ-based multiuser detectors, respectively. In order to make sim-
ulations comparable, the three methods were implemented with
cycling control as well as with the possibility of “high cost jumps” in
TS/SQ so as to prevent from convergence to local minima. In the GA,
this is achieved through diversity monitoring and dynamic genetic
operators. Besides, the number of iterations (in GA/TS/SQ) and the
population size (in the GA) were adjusted to obtain algorithms with
similar computational load.
BER plots in Figs. 4–6 show that GA and SQ offer very similar
near-far resistance values. Both methods are close to the theoretical
limit (“BER-single-user” in the figure) up to 14 dB of near-far effect.
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Fig. 5. Bit Error Rate versus SNR (dB) for U = 10 users with Ek/E1 = 0, 5, 10 and 15 dB
for k = 2, . . .,  U. User No. 1: user of interest. TS-based detector.
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ig. 6. Bit Error Rate versus SNR (dB) for U = 10 users with Ek/E1 = 0, 5, 10 and 15 dB
or k = 2, . . .,  U. User No. 1: user of interest. SQ-based detector.

n contrast, TS shows a bit poorer behaviour, since it remains near-
ar resistant only up to 10 dB.

Notice that, in order to allow direct comparison, in the three
lots shown in this subsection, the Bit Error Rate performance of
he decorrelator detector is shown for Ek/E1 = 10 dB. The decorre-
ator detector shows some performance improvement, but a much
reater computational load, as well.

. Conclusions

This paper shows a comparative description of three impor-
ant optimization methods inspired in the Natural Computation
aradigm. Specifically, we have studied three metaheuristic meth-
ds: genetic algorithms, tabu search and a particular case of
imulated annealing known as simulated quenching. Our work
ummarizes their basic concepts, differences, drawbacks and
dvantages. These methods are developed in order to solve one

f the most common and important problems in digital commu-
ications: the joint channel estimation and symbol detection in

 multiuser environment. Specific aspects such as the coding of

[
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potential solutions or the description of strategies for avoiding local
minima convergence or cycling, have been addressed.

The numerical results section shows several simulations that
compare the proposed GA, TS and SQ in our best knowledge fair
terms, and also includes comparisons with well-known classi-
cal detectors such as the decorrelator, the matched filter or the
RBF-based multiuser detectors. We have seen how these Natu-
ral Computation based methods are efficient tools for solving a
complex optimization problem. The GA offers a notably better per-
formance, specially when scenario conditions become harder (low
SNR of the user of interest, a large number of interfering users, or
the presence of near-far degradation). When these interferences
are low or moderate, both TS and SQ exhibit a similar behaviour,
which is close to the GA and to the optimum receiver. When inter-
ferences are harder or the signal energy of interest is poorer, the
proposed GA shows a better performance due to its powerful search
scheme that controls the population diversity by monitoring the
entropy of the population fitness. Besides, genetic operators are
on-line fine-tuned using this information.

The three proposed methods allow to have a cost-effective oper-
ation of existing channels at higher data rates – even in cases with
more severe fading, more active users and stronger interference
conditions – than previously existing detectors with, in worst case,
limited additional cost increments.
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