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Abstract 
Applying particle swarm optimization (PSO) algorithm has become a widespread heuristic technique in many fields of 

engineering. In this paper, we apply PSO algorithm in additive white Gaussian noise (AWGN) and multipath fading 

channels. In the proposed method, PSO algorithm was applied to solve joint multiuser and inter-symbol interference (ISI) 

suppression problems in the code-division multiple-access (CDMA) systems over multipath Rayleigh fading channel and 

consequently, to reduce the computational complexity. At the first stage, to initialize the POS algorithm, conventional 

detector (CD) was employed. Then, time-varying acceleration coefficients (TVAC) were used in the PSO algorithm. The 

simulation results indicated that the performance of PSO-based multiuser detection (MUD) with TVAC is promising and 

it is outperforming the CD. 
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1. Introduction 

In direct sequence code-division multiple-access 

(CDMA) systems, different users transmit signals in the 

same time and frequency band. Users employ unique 

spreading codes to be distinguished. Some advantages of 

utilizing CDMA are: increased capacity, frequency reuse, 

soft handoff, no need to frequency management or 

assignment, no guard time, and multipath combating [1]. 

Direct sequence CDMA (DS-CDMA) is a popular CDMA 

technique in the wireless communications. The DS-

CDMA transmitter multiplies each user’s signal by a 

spreading code. One of the most important problems that 

limit the capacity of the DS-CDMA systems is the 

multiple access interference (MAI) that directly relies on 

the cross-correlations between the spreading codes of all 

active users. The other problem nominated near-far 

occurs when the power level of certain users is 

significantly higher than the others. The near-far problem 

is an important factor that influences the user capacity and 

performance of CDMA systems. To obviate this problem, 

the multiuser detection (MUD) has been introduced as an 

important method in CDMA systems [2]. In multipath 

channels, the received signal at the receiver is the 

combination of delayed versions of the original signal 

leading to another problem called inter-symbol 

interference (ISI). The optimum multiuser detector 

minimizes the probability of error and evaluates a log-

likelihood function over the set of all possible users' 

information sequences. Thus, employing the optimum 

multiuser detection (OMD) to suppression of MAI (and 

ISI) in the CDMA systems [3] is an NP-hard problem that 

increases the computational complexity exponentially 

with the number of all active users. High computational 

complexity of OMD leads to considerable efforts in the 

development of suboptimum detectors with low 

complexity. 

The conventional detector (CD) is one of the 

suboptimum detectors that are used in CDMA systems. It 

is to pass the received signal through a bank of filters 

matched to the users’ spreading codes and detects the 

signal of a user treating the other users’ signals as noise. 

In multipath Rayleigh fading channel, the conventional 

single user detector is the Rake receiver that combines the 

outputs of the matched filters that uses the maximum ratio 

combining (MRC) technique [4]. 

To solve the NP-hard multiuser detection problems, 

various optimization algorithms that reduce the 

complexity of the optimum detector are employed. 

Particle swarm optimization (PSO) algorithm is one of the 

optimization algorithms that are applied as an 

optimization tool in various fields of engineering. 

Kennedy and Eberhart [5] in 1995 proposed PSO 

algorithm that is based on the observations of social 

behavioral models of bird flocking, fish schooling and 

swarming. It requires the process of initialization to 

produce the population of random particles. A particle is 

allocated to a random velocity. Particles fly through the 
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solution space and a fitness criterion evaluates each of 

them. Particles accelerate toward those particles that have 

better fitness values in the swarm. PSO algorithm 

contains a very simple concept and can be implemented 

by a few lines of computer code that require only 

primitive mathematical operators. It is computationally 

inexpensive in terms of memory and speed as well [6]. At 

first, PSO was developed for optimization of a continuous 

variable. Then a discrete binary version of the PSO 

algorithm was proposed in [7]. 

In [8], [9] PSO algorithm have been employed to 

solve the MUD problems in DS-CDMA systems in order 

to reduce the computational complexity. In [10] binary 

PSO (BPSO) version was applied to solve the MUD 

problems. In [11] the de-correlating detector (DD) or 

linear minimum mean square error (LMMSE) detector 

was used to initialize the PSO-based MUD. Then, by 

optimizing an objective function that incorporates the 

linear system of the DD or LMMSE detector, the PSO 

algorithm was applied to detect the received data bit in 

the receiver. However, in these papers ISI problem was 

not considered. Applying the theory of MUD and 

evolutionary computation, [12] proposed a hybrid genetic 

engine, which is suitable for detection of CDMA signals 

in presence of MAI and ISI. [13] proposed the multiuser 

detection that uses simulated annealing-genetic algorithm. 

In [14] a multiuser detector based on tabu simulated 

annealing genetic algorithm was proposed. In [15] and 

[16] multiuser detection using quantum clone genetic 

algorithm and immune clone selection Algorithm were 

proposed, respectively. Neural network-based CDMA 

interference cancellation techniques were proposed in 

[17]. Multiuser detection using hyper differential 

evolution (H-DE) algorithm was proposed in [18]. In [19] 

a multiuser detection technique for the DS-CDMA system 

over a single-path Nakagami-m fading channel is 

proposed. 

In this paper, we considered a DS-CDMA system over 

additive white Gaussian noise (AWGN) and multipath 

fading channels. We proposed to apply PSO algorithm to 

the multiuser detection over multipath Rayleigh fading 

channel. The conventional detector (CD) is used as the 

first stage to initialize the PSO algorithm and time-

varying acceleration coefficients (TVAC) were used in 

PSO algorithm. The rest of this paper is structured as 

follows. In section 2, we introduce our CDMA system 

model over AWGN and multipath Rayleigh-fading 

channels, as well as the overview of the CD, DD and 

optimum multiuser detector. In section 3, the PSO 

algorithm in AWGN channel and proposed PSO 

algorithm and its application to CDMA system over 

multipath channel are given. In section 4, the computation 

complexity analysis is presented. The simulation results 

are presented in section 5, and finally conclusions are 

drawn in section 6. 

 

2. The Model of DS-CDMA systems 

We consider binary phase shift keying (BPSK) 

transmission through a common AWGN and multipath 

Rayleigh fading channels shared by K simultaneous users 

employing a DS-CDMA system. Each user is assigned a 

normalized spreading code sk(t) of duration T, where T is 

the symbol duration. A normalized spreading code can be 

expressed as: 

  ( )  ∑   
 ( ) (     )

   

   

 (1) 

∫  
 ( )     

 

 

 (2) 

Where [   
 ( )  *      +         -  is the 

spreading sequence,  ( )  is the spreading chip whose 

duration is       . Spreading codes are assumed to be 

zero outside the interval [0,T]. We describe the model of 

a CDMA communication system in AWGN and multipath 

Rayleigh fading channels. 

2.1 AWGN channel 

We consider a baseband DS-CDMA system over a 

common AWGN channel, which adds a white random 

process  ( ) to the delayed transmitted signal, with K active 

users. The baseband received signal r(t) can be written as 

 ( )  ∑√    ( )  ( )   ( )

 

   

 (3) 

Where n(t) is white Gaussian noise with power 

spectral density (PSD)   . 

The problem is to observe r(t) and to detect the 

transmitted bits such that the error probability is 

minimum. The first step is to reduce r(t) to a set of vector 

forming a sufficient statistics for b. A sufficient statistic 

of r(t) is the sampled output of the matched filter (MF) of 

all the users. Each filter matched to spreading code of a 

different user. The MF output is then given by 

   ∫ ( )  ( )      

 

 

         (4) 

Conventional Detector (CD)  

CD is to pass the received signal through a bank of 

filters matched to the users’ spreading codes and then to 

decide on the information bits based on the output 

 ̂      , -      ,     - (5) 

Where b,z,y denote, the data, noise vector and output of K 

matched filter, respectively.  ,  ,  ,   and R defined as 
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Where R is a normalized cross-correlation matrix. The 

elements of the     matrix R are given by 

    ∫   ( )  ( )  
 

 

 (11) 

Where     is the cross-correlation coefficient between 

the ith user’s spreading code   ( )  and jth user’s 

spreading code   ( ).  

De-correlating detector 

The CD does not use any information about the other 

users in CDMA system and therefore can’t combat MAI. 

The DD applies the inverse of the correlation matrix R to 

the output of the matched filter as shown in Fig. 1.  

 ̂     (    )     (       ) (12) 

It is optimum for near-far resistance but it is not 

optimum in the sense of minimum bit error rate (BER) 

[Error! Bookmark not defined.]. 

 

Fig. 1 Decorrelating detector for AWGN channel. 

Optimum Multiuser Detection (OMD)  

The optimum multiuser detector selects the data 

sequence b that maximizes the likelihood function that 

results in the following detection [Error! Bookmark not 

defined.]: 

      {    
  *    + 

,             -} (13) 

The OMD rule searches over the    possible 

combinations of the components  . 

2.2 Multipath Fading Channel 

We consider BPSK transmission over multipath 

Rayleigh-fading channels shared by K users employing DS-

CDMA, as illustrated in Fig. 2. 

The transmitted frame consisting of 2P+1 number of 

bits for each user is assumed to be propagating over L 

independent Rayleigh-fading paths to the base station’s 

receiver.  

The impulse response of channel for kth user is 

  ( )  ∑     
        (      )

 

   

 (14) 

Where      ,       and      are the lth path gain, 

propagation delay and phase for kth user, respectively.  

In the Rayleigh-fading channels, the channel gain is a 

zero-mean complex Gaussian random variable, where the 

amplitude      is Rayleigh distributed and the phase      is 

uniformly distributed between,    ). Both      and      

are independent for different k and l. The received signal 

can be written as 

 ( )  ∑ ∑√
  

  

   ( )  (    )    ( )

 

   

 

    

  ( ) 

(15) 

Where the symbol * denotes convolution,   ( ) and 

  ( ) are the power, the ith transmitted information bit of 

the kth user, respectively;   ( )  *     +  is 

independent equal probability random variable. 

  ( ) is the normalized spreading code of kth user and 

consists of bipolar rectangular pulses of period with     , 

where    is the chip period, N is the length of code, such 

that      ⁄  , and T is the data bit period. AWGN, 

resulting from receiver thermal noise (  ( ) ), is also 

considered in this system with PSD   . 

The output of the filter matched to the lth path of k at 

time iT is obtained as 

    ( )  ∫  ( )  (         )  

 

  

 (16) 

Via matrix notation, the outputs of matched filter can 

be rewritten as 

         (17) 

 

 

Fig. 2 System model for asynchronous PSO-based multiuser CDMA 

Where 

{

  ( (  )    ( )    ( ))

 ( )  (  ( )     ( ))

  ( )  (    ( )       ( ))

 (18) 

 

{
  , (  )    ( )-        

 ( )  ,  ( )       ( )  -
 (19) 

 

Here   (     )  is an L dimensional vector with all  

elements equal to 1.   is the matrix of received signal 

coefficients for all K users defined as 
 

{
      ( (  )    ( ))                                      

 ( )  (    ( )       ( )       ( )       ( ))
 (20) 

 

{
 

 
      ( (  )    ( ))

 ( )      (√
  

  

    )
 (21) 

Here     is an LK-by-LK identity matrix. 

Where           
       and   is the correlation 

matrix, 

Matched Filter 

User 1 

Matched Filter 

User 2 

Matched Filter 

User K 

r(t) 

y2(t) 

yK(t) 

y1(t) b1(t) 

b2(t) 

bK(t) 
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Where 

 
   ́

( )
 (

    ́(     )      ́(     )

   
    ́(     )      ́(     )

) (23) 

R represents the cross-correlation functions between 

the spreading codes of users.     ́(   ́  ) is   ́th element 

is obtained as 

    ́(   ́  )  ∫   (      

 

  

)   ́(    ́  ́    ) (24) 

    ́(   ́  ) represents the correlation between the kth 

user’s lth multipath component and the  ́ th user’s  ́ th 

multipath component.  

  is Gaussian noise vector ,    - where 

    ( )  ∫  ( )  (         )  

 

  

 (25) 

The conventional detector is the Rake receiver for 

each user, which combines the outputs of matched filters 

using the maximum ratio combining (MRC) method.   

      {∑    
 

 

   

     } (26) 

The optimum multiuser detector selects the data 

sequence that maximizes the log-likelihood function as 

follows [20] 

 (   )  ∑
 

  
(  {   ( )  ( )}

 

    

 ∑    ( ) (    )  (  )  )

 

     

 

(27) 

Where  

         √
  

  

   

  (                            ) 

(28) 

 

And ( ) and ( )  denote the conjugate transpose and 

conjugate, respectively. 

3. PSO Algorithm 

A low-complexity multiuser detector for CDMA 

systems over AWGN and multipath Rayleigh fading 

channel by applying the PSO technique is presented in 

this section. Each solution is represented by a particle in 

the search space. The particles “fly” or “swarm” through 

the search space to find the maximum fitness returned by 

the objective function. 

3.1 Parameters of the PSO Algorithm 

The parameters of PSO algorithm for the CDMA 

systems with K users, and AWGN and L multipath 

channels are briefly stated and defined in the following 

list.  

 Population size NP: It is the total number of 

particles in the PSO algorithm. 

 Particle   
   : It is a candidate solution represented 

by a K dimensional vector for AWGN channel and 

K(2P+1) dimensional vector for multipath channel. 

The dth particle position at the itrth iteration for 

AWGN channel is defined as  
 

  
    ,    

          
   - (29) 

 

Where     
    is the position of the data bit of kth user of 

the dth particle. 

The dth particle position at the itrth iteration for 

multipath channel is defined as  
 

  
    ,       

            
            

   - (30) 
 

Where       
    is the position of the ith data bit of kth 

user of the dth particle. 

 Particle velocity: since each particle moves it has 

a velocity    
   , where is a K and K(2P+1) 

dimensional vector for AWGN and multipath 

channels, respectively. Velocity of particles 

limited by the ,         - . 
 Particle best: each particle remembers its best 

position visited so far denoted as       
   . 

 Global best: each particle knows the best position 

visited so far among the entire swarm denoted as 

        . 

 Acceleration coefficients:    and    represent the 

weighting of the stochastic acceleration terms that 

pull each particle toward pbest and gbest positions. 

In the original PSO algorithm, the acceleration 

coefficients are kept constant for all iterations. It 

was reported in [21] that using time varying 

acceleration coefficients (TVAC) can enhance the 

performance of PSO algorithm. 

   (       )
   

      
     (31) 

 

    (       )
   

      
     (32) 

Where               and     are constants. 

 Objective function: during each iteration of the 

algorithm, each solution is evaluated by an 

objective function to determine its fitness. 

We use the log-likelihood function as fitness function. 

Problem in this paper is to find the particle position to 

maximize the following cost function Eq.(13) and Eq.(27) 

for AWGN and multipath channels, respectively. 
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1) Run the CD/DD

2) Initialize PSO

3) Update itr

4) Evaluate fitness 
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gbest
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7) Update velocity 

and position?

End

Yes

No

 

Fig. 3 Flowchart of PSO algorithm. 

3.2 PSO Algorithm 

The PSO algorithm flowchart is shown in Fig. 3. The 

PSO algorithm has the following steps: 

1) Run the CD/DD. 

2) Initialize the population: a bad initial guess for the 

PSO algorithm can result in poor performance. In 

itr=1, we set     
      to the Rake receiver output 

using MRC method and conventional/de-

correlating detector for multipath fading and 

AWGN channels, respectively, while the rest of 

the initial particles {  
   }

      

     
 are randomly 

generated in the search space.  

Evaluate fitness of each particle and update 

      
    and         . 

3) Update velocity and position: the velocity and 

position of the dth particle in (itr+1)th iteration is 

updated using below equations: 
 

  
        

           ( )                     

 (      
      

   )    
     ( )  (           

   ) 

(33) 

  
        

      
      (34) 

 

In the binary version of PSO algorithm, the particle 

position is not a real value, but it is either the binary 0 or 

1. According to the rule below, we update each 

component of particle position. 
 

 

 

         (  
     )        

           

         (  
     )       

           
(35) 

Where     ( )  and S( ) are a uniform random 

number between 0 and 1 and sigmoid function 

 ( )  
 

      (  )
, respectively [Error! Bookmark not 

defined.]. 

4) Stopping criteria: Loop to Step 3) until iterations 

the maximum number of iteration itrmax is 

reached. 

4. Computation Complexity Analysis 

It is well known that the computational complexity of 

the optimum detector in synchronous systems is 

exponential with the number of active users and in 

asynchronous systems is exponential with the number of 

active users and the length of the frame. In synchronous 

system with K active users and the computation Eq.(13) 

needs    operations containing multiplication and 

addition operations. The computational complexity of the 

OMD is QOMD=2
K
.QG operations. In asynchronous system, 

suppose that there are K active users and each user 

transmits 2P+1 bits and the computation Eq.(27) needs 

   operations containing multiplication and addition 

operations. The computational complexity of the OMD is 

QOMD=2
K(2P+1)

.QG operations. 

With the number of particles NP and the maximum 

number of iterations itrmax, the computational 

complexity of our PSO-based MUD is QPSO-

basedMUD=itrmax.NP.QG operations. Computational 

complexities of NP and itrmax have a linear relationship 

with the dimensionality of the problem of the number of 

active users K and the length of the frame 2P+1. 

The relationship between the computational amounts 

of two algorithms is  

                   (36) 

5. Simulation Results 

In this section, simulations are presented to evaluate 

the BER performance results. 

5.1 AWGN Channel 

We present simulation results to compare the BER 

performance of the CD, DD and PSO-based MUD. It is 

assumed that CDMA system supports users’ transmission 

over an AWGN channel with K=6 and 7 bits gold 

sequence has been used as the spreading codes. 

In Fig. 4, we compare the BER performance of 

different population size NP for c1=c2=2, and 

Vmax=Vmin=4.  

As can be observed, the BER of PSO-based  MUD is 

improved with NP. 

In Fig. 5, The CD and DD output is used as     
      

(PSO-C and PSO-D in Fig. 5) for initializing of PSO 

algorithm, respectively. Also, we compare the BER 
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performance of DD, CD and PSO-based MUD that all of 

the particles randomly initialized (PSO in Fig. 5).  

It is shown that CD and DD have a poor performance. 

The C-PSO and D-PSO MUD achieve a better 

performance.  

 

Fig. 4 BER for different population size. 

 

Fig. 5 BER of CD, DD and detection using PSO algorithms. 

5.2 Multipath Fading Channel 

We consider two users CDMA system to evaluate the 

BER performance. Assume that the channel has two paths 

and 7 bits gold sequence has been used as the spreading 

codes.  

1) In the simulation system, K=2, L=2, 

                               .  

Under the different SNR, the performance of Rake 

detector and PSO-based MUD has been shown in the 

Fig. 6.  

As can be observed, the BER of PSO-based MUD is 

lower than BER of Rake detector. 

In [22] c1 and c2 are selected as follows: 

 

Fig. 6 BER of CD and detection using PSO algorithms. 

   (       )
   

      
     (37) 

   (       )
   

      
     (38) 

Under the different SNR, the performance of PSO-

based MUD for         and PSO-based MUD for 

Eq.(37), Eq.(38) has been shown in the Fig. 6. 

As can observed, the BER of PSO-based MUD for 

Eq.(37), Eq.(38) is lower than BER of PSO-based MUD 

for        . 

2) In Fig. 7, we compare the average BER 

performance against the number of active users K, 

given SNR = 8 dB for the asynchronous CDMA 

system. It can be observed that PSO-based 

detector has a better BER performance than the 

Rake detector at the same K. 

3) Fig. 8, plots the BER performance of PSO-based 

and Rake detector against the Ei/E1 (i=2) from 0 

to 9 dB, given the number of active user K=2 for 

the asynchronous CDMA system. 

 

Fig. 7 BER against the number of active users K, given  

SNR = 8 dB for the asynchronous CDMA system. 
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Fig. 8 BER performance against the Ei/E1 (i=2). 

6. Conclusions 

In this paper, we exploited PSO algorithm in MUD 

over AWGN and multipath channels. PSO algorithm 

offered a much lower computational complexity than the 

OMD algorithm. In the proposed method for joint 

multiuser and inter-symbol interference suppression in 

multipath channel, output of the CD was applied as the 

first stage to initialize the position of a particle. The 

simulation results showed that the PSO-based MUD has 

better capability against bit error than CD and using the 

TVAC can enhance the performance of PSO algorithm. 
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