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Abstract 

Multi-input Multi-output (MIMO) systems are of the most promising ones in the field of wireless 

communications as they provide high data rates and reduce the bit error rate (BER) using spatial multiplexing 

(SM) and diversity gain techniques, respectively. The deep review of MIMO systems shows that most of them 

are based on the utilization of uniform linear antennas (ULA) arrays. For further performance enhancement, a 

new digital array beamforming technique for linear antenna arrays optimization is introduced for both single-

user and multi-user MIMO systems to achieve maximum gain. In our proposed technique, the antenna arrays are 

implemented for a higher gain by adjusting the feeding and the distance between the antenna elements. The 

modified mathematical model for our proposed digital array beamforming MIMO system has been derived and 

merged to the current linear detection techniques such as Maximum Likelihood (ML), Zero Forcing (ZF), and 

Minimum Mean Square Error (MMSE). The simulation results demonstrated the superiority of our proposed 

technique over the traditional MIMO systems in terms of BER and spectral efficiency (SE).  
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1. Introduction  

MIMO wireless systems employ multiple transmit and receive antennas to increase the transmission data rate 

through spatial multiplexing or to improve system reliability in terms of bit error rate (BER) performance using 

space-time codes (STCs) for diversity maximization. MIMO systems exploit multipath propagation to achieve 

these benefits, without the expense of additional bandwidth [1]. More recent MIMO techniques such as the 

geometric mean decomposition (GMD) aim at combining the diversity and data rate maximization aspects of 

MIMO systems in an optimal manner [2]. These advantages make MIMO technology a very attractive and 

promising option for future mobile communication systems especially when combined with the benefits of 

orthogonal frequency-division multiplexing (OFDM). Many efforts attempting to improve the BER performance 

of MIMO systems are exerted. The research in BER enhancement can be confined in the following aspects: 

selecting the appropriate modulation scheme, using efficient decoding techniques, signal to noise ratio (SNR) 

boosting techniques, utilization of hybrid detection techniques, and utilization of analog or digital beamforming. 

A summary of the state-of-the-art for these techniques can be found in [3-11] and described in detail as follows. 

Modulation scheme can play an important role in optimizing the throughput/BER performance of MIMO and 

other wireless communication systems [3]. Based on the modulation scheme selection, the BER performance of 

MIMO-OFDM system is evaluated for various modulation schemes in [4]. The MIMO-OFDM system 

performance is analyzed over additive white gaussian noise (AWGN) channel using binary phase-shift keying 

(BPSK), quadrature phase-shift keying (QPSK), and quadrature amplitude modulation (QAM) modulation 

techniques. The simulation results showed that 16-QAM has better BER performance compared to BPSK and 

QPSK but at the expense of complexity. Also, 16-QAM provided better performance compared to 64-QAM and 

256-QAM [4].  The deployment of conventional turbo codes provides higher performance in conventional 

MIMO systems. However, significant performance degradation occurs in the case of overloaded MIMO when 

the number of transmit antennas is greater than the number of receive antennas. To overcome this problem, joint 

turbo decoding [5] is introduced for MIMO systems. It provides significant reduction in BER at low SNR 

regime. However, its main drawback lies in its high computational complexity [6]. SNR is a main factor that 

affects the BER performance of any communication system. In this context, Maximum Likelihood (ML), Zero 

Forcing (ZF), and Minimum Mean Square Error (MMSE) based wavelet de-noising detectors are introduced in 

[7]. The received signal at each receiving antenna is firstly de-noised to boost the SNR of each branch before the 

application of the dedicated detector. However, utilization of de-noising filters rises up the computational 

complexity of the detection process. For optimum detection, the ML has the highest BER performance. 

However, it is time consuming and has very high complexity which increases exponentially with the number of 

transmit antennas and the size of constellation points.  To enhance the BER performance of the low complexity 

Quasi-ML detectors such as Zero Forcing, and Minimum Mean Square Error, a hybrid combination between 

ML and low complexity Quasi-ML detectors was introduced in [8]. This technique is based on dividing the 

transmitted symbols vector and the channel matrix into two equal-size subsets. The Maximum Likelihood is 

used for the first subset in order to provide more accurate estimation of the received symbols, while the Quasi-

ML detectors are used to estimate the second subset. This technique has improved the BER performance of 

Quasi-ML detectors, but does not exceed the performance of ML detector. On the other hand, analog 

beamforming, digital beamforming, and hybrid analog-digital beamforming are introduced for MIMO systems 
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to minimize the estimation error in the transmitted data using a fewer number of expensive radio frequency (RF) 

chains [9-12]. These methods achieve good performance but suffer from high complexity in the optimization of 

the weighted approximation gap between the optimal beamformer and the hybrid ones. In the same context, 

many researches attempted to synthesize large antennas arrays using a reduced number of antenna elements as 

introduced in [13-20]. A non-iterative algorithm based on the matrix pencil method (MPM) was introduced in 

[13-15]. In [19], a hybrid technique based on the combination of the method of moments (MOM) and the 

genetic algorithm (GA), namely MOM/GA, was introduced for arbitrarily shaped patterns synthesis using a 

reduced number of antenna elements.  Moreover, new evolutionary algorithms based on the advanced 

optimization techniques are used successfully to solve the problem of complicated radiation pattern synthesis as 

in [20-23]. To obtain a higher gain for efficient power handling, a larger number of antennas and RF front end 

chains are required at the transmitting and receiving sides. In practice, low-cost and low-energy consuming 

RF/digital components are required to be deployed for practical MIMO systems. In this paper, a new MIMO 

signal model based on antenna arrays beamforming at both the transmitting and receiving sides is introduced for 

BER and capacity/SE enhancement. This proposed beamforming method improves the SNR of the received 

MIMO signal via increasing the transmitting and receiving antenna gains. For a fixed number of data streams or 

for a given         MIMO system, where    and    are the number of antenna elements at the transmitter 

and receiver, respectively, the existing antenna arrays are beamformed to synthesize an antenna array with a 

larger size to provide higher gains without using additional antenna elements. Several beamforming and 

simulation scenarios are performed to verify the effectiveness of the proposed beamforming-based signal model 

on the performance of the traditional MIMO detection techniques such as Maximum Likelihood (ML) and Zero 

Forcing (ZF). The remaining part of this paper is organized as follows. The problem is mathematically 

formulated in Section 2. Our proposed beamforming-based MIMO signal model is introduced in Section 3. The 

merge of our proposed method into traditional MIMO detection techniques is introduced in Section 4. The 

capacity of the proposed beamforming scheme is analyzed in Section 5. Simulation setup, results and discussion 

are provided in Section 6. The paper is finally concluded in Section 7. 

2. Problem formulation  

Consider the traditional       MIMO system model shown in Figure 1, where    and    are the number of 

transmitting and receiving antennas, respectively. The antenna elements are uniformly fed and linearly aligned 

with uniform spacing     ⁄ , where   is the corresponding wavelength, constructing a uniform linear antenna 

array (ULA). The received signal   is given by [24]: 

  √
  

  
                                                   (1) 

where         is the baseband signal vector transmitted during each symbol period formed by the antenna 

elements and    is the power of the transmitted signal. It is assumed that the average power constraint across all 

transmit antennas is equal to   , such that   ,   -   ,| | -    . In this case,     ⁄  is the input power 

assigned for each antenna.          denotes the received symbol vector where      .         is a zero-

mean circular symmetric complex Gaussian (ZMCSCG) noise vector with variance   .          is the 
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channel matrix which represents the scattering effects of the channel. For simplicity, the channel matrix   is 

considered to be known at the receiver. In traditional MIMO systems, the utilization of limited gain ULAs at the 

transmitting and receiving sides largely affects the SNR performance. In order to enhance the SNR by 

increasing the antenna arrays gains, each array size should be increased. Consequently, the number of RF 

chains, number of data streams, system complexity, and cost are increased. For this purpose, the beamforming is 

considered as the key solution for these problems. 

 

Figure 1: Traditional MIMO system model with NT transmit antennas and NR receive antennas 

3. Proposed beamforming-based MIMO signal model  

In this section, the proposed beamforming-based MIMO signal model is derived. It is well known that the 

traditional MIMO system employs limited gain ULAs at both the transmitting and receiving sides. However, in 

order to obtain higher antenna arrays gains for efficient power handling, a larger number of antennas is required. 

This problem can be avoided using antenna arrays beamforming. One of the most promising aspects of 

beamforming is the antenna arrays synthesis using a reduced number of antenna elements. The synthesized 

arrays almost have the same radiation characteristics of the arrays with a larger size such as; array gain, half 

power beamwidth (HPBW), and side lobe level (SLL). However, in this case, the reverse beamforming process 

is executed, where, a fewer number of antenna elements are used to synthesize various larger size antenna arrays 

by controlling the elements excitations and spacing. The number of antenna elements of the large-size arrays is 

constrained by the appearance of grating lobes in the synthesized pattern. Consequently, higher antenna gains 

are achieved without using additional antenna elements. As the synthesized excitation coefficients are no longer 

uniform, the beamforming-based MIMO system model can be drawn as shown in Figure 2. 
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Figure 2: Proposed NT × NR MIMO model applying beamforming at both transmitting and receiving sides 

Beamforming will boost the SNR of the received signal proportional to the gain increments of the synthesized 

arrays at each side. Therefore, the MoM/GA array synthesis technique introduced in [17] is used to synthesize 

the radiation pattern of a desired large size antenna array using a fewer number of antenna elements as shown in 

Figure 2. The MoM/GA is a hybrid combination between the Method of Moments (MoM) and the Genetic 

Algorithm (GA). It combines the benefits of both the numerical and optimization solutions represented in MoM 

and GA, respectively. For a given number of antenna elements, the MoM/GA determines the elements 

excitations and spacing required to synthesize the desired pattern either a pencil beam or a shaped beam pattern. 

Applying beamforming at the transmitting side, the synthesized array factor     ( ) should be coincided with 

the desired large size array factor    ( ) which can be expressed as follows: 

    ( )     ( ) 

∑   

    

   

             (  )  ∑   

    

   

           (  )              ( ) 

where    is the number of elements of the desired large size array and    is the number of elements of the 

synthesized array where      .    and    are the excitation coefficients of the desired and synthesized 

arrays, respectively.   and     are the element spacings of the desired and synthesized arrays, respectively. At 

the receiving side, the array factor of the desired large size array    ( ) and the synthesized array factor 

    ( ) should be also coincided as follows: 

    ( )     ( ) 

∑    

    

   

             (  )  ∑   

    

   

           (  )        ( ) 

where    is the number of elements of the desired large size array and    is the number of elements of the 

synthesized array such that      .    and     are the excitation coefficients of the desired and synthesized 
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arrays, respectively and     is the element spacing of the synthesized array. The MoM/GA solves Eq. (2) and 

Eq. (3) to determine the synthesized array parameters (                  ) to construct the beamformed MIMO 

system shown in Figure 2. Based on Eq. (1), the beamforming-based MIMO signal model can be derived as 

follows: 

Step 1: Applying beamforming at the transmitting side only, the received signal at the receiving antenna array 

without beamforming,   , can be written as follows:              

   √
  

  
  (    )                                     (4) 

where ( ) is the element-by-element multiplication and    is the transmitting steering vector. 

Step 2: If the beamforming is applied at both the transmitting and receiving sides, the overall beamforming 

based received signal     will be the element-by-element multiplication of the received signal    and the 

receiving steering vector    which can be expressed as:                                                          

    √
  

  
(  (    )   )                      (5) 

or 

    √
  

  
(  (    ))                       (6) 

where     is the received signal using beamformed/synthesized antenna arrays at both the transmitting and 

receiving sides.    is the transmitting steering vector which is derived from the synthesized array factor     ( ) 

substituting     .    is the receiving steering vector which is derived from the synthesized array factor 

    ( ) substituting     . Consider the case that the transmitting and receiving antenna arrays are aligned 

together in the broadside direction, where the main beam direction is at         with respect to the array line. 

The steering vectors at the broadside direction can be written as follows: 

        (  
 )                                                                (7) 

   [                     ]
 
                                (8) 

       (  
 )               (9) 

   0                        
1
 

                          (10) 

  ,  ( )     ( )     ( )       
( )-            (11) 
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  ( )  ,  ( )     ( )     ( )       ( )-
        (12) 

  ,  ( )     ( )     ( )       
( )-              (13) 

  ( )  ,  ( )     ( )     ( )      ( )-
        (14) 

    ,  ( )     ( )     ( )        
( )-         (15) 

  ( )  ,  ( )     ( )     ( )       ( )-
  ,     (16) 

where   is the number of samples of the received signal and , -  is the matrix transpose. For simplicity, Eq. (5) 

can be expressed in matrix form as follows: 

    √
  

  
 

[
 
 
 
 

[
 
 
 
           

           

    
              ]

 
 
 

[
 
 
 
 

[

   
   
 

     

]  

[
 
 
 
  ( )

   ( )
 

   
( )]

 
 
 

]
 
 
 
 

 [

  ( )
  ( )
 

   
( )

]

]
 
 
 
 

 [

   
    
 

      

]                              (17) 

Then, 
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]         (18) 

Let       (  ) which is an       matrix whose diagonal is the receiving steering vector such that  

  

[
 
 
 
      

      
    
         ]

 
 
 

                       (19) 

Let       (  ) which is an       matrix whose diagonal is the transmitting steering vector which can be 

written as follows:  

  [

      
      
    
        

]                           (20) 

Substituting Eq. (19) and Eq. (20) in Eq. (18), it can be rewritten as follows: 

    √
  

  
                            (21) 
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Let      , and      is the      weighted noise vector. Then, the general form of the proposed 

beamforming-based MIMO signal model is given by: 

    √
  

  
                        (22) 

4. Application of the proposed signal model to MIMO detection algorithms 

In this section, two beamforming-based MIMO detection algorithms are introduced, where, the proposed signal 

model expressed in Eq. (22) is applied for both Maximum Likelihood (ML) and Zero Forcing (ZF) detectors. 

The detection algorithms are denoted as ML with beamforming (MLWBF) and ZF with beamforming 

(ZFWBF).  

4.1. Beamforming-based ML detector (MLWBF) 

Considering the received signal model given in Eq. (1), the ML detection problem consists of determining the 

transmitted vector  ̂ with the highest posteriori probability or based on the minimum Euclidean distance. The 

squared Euclidean distance of all possible symbols with the received vector in the signal space diagram is 

calculated and then the minimum of all those combinations is selected. This is typically carried out in practice 

by means of solving the following least squares problem: 

 ̂         
    

‖    √
  

  

  ‖

 

                        (  )  

where ‖  ‖ denotes the 2-norm and  ̂ is an      dimensional vector whose entries belong to an M-ary alphabet. 

Eq. (23) is often called the ML detection rule [8]. Using the proposed signal model expressed in Eq. (22), the 

ML expression can be rewritten as follows: 

 ̂         
    

‖     √
  

  

  ‖

 

                    (  )  

4.2. Beamforming-based ZF detector (ZFWBF) 

According to Eq. (1), the traditional ZF detection is a low complexity linear detection algorithm that gives the 

estimate of   as given in [8]. 

 ̂       √
  

  
  (   )       √

  

  
   ̂         (25) 

The detector thus forces the interference to zero. The matrix    nullifying the interference is given by: 

   (   )                                                               (26) 
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where    is the pseudo inverse of the channel matrix  .  Using the proposed signal model expressed in Eq. 

(22), the ZF detection process applying beamforming can be summarized as follows:  

1. Calculate the transmitting and receiving steering vectors    and   . 

2. Construct both       (  ) and       (  ) matrices. 

3. Construct the matrix      . 

4. Determine the pseudo inverse of the new matrix   which is given by    (   )    . 

5. The estimates of   are determined as  ̂       . 

5. Capacity of the proposed beamforming-based MIMO system 

The capacity of the traditional       MIMO system can be expressed as introduced in [24]. 

         (   
 

  

    

     
 )  (   )    

                        (  )  

where    is the power spectral density of the ZMCSCG noise.    
 is the identity matrix where    

        . 

The noise covariance matrix      *   +       
.     is the covariance matrix of the transmitted signal 

vector   where      *   +. To derive an expression for the capacity of the proposed system, we determine 

the covariance matrix    of the proposed beamforming-based MIMO signal model of Eq.  (22) as follows. 

     *      
 +  

           {(√
  
  

    )  (√
  
  

       )}  

         
  
  

 *(          )+  

        
  

  
  *   +    *   +                                         

        
  

  
    *   +           *   +                      

 
  

  
       

             
                                                                                                               

         
  

  
        

              
                     (28) 

Based on Shannon capacity rule introduced in [24], the achievable capacity     will be expressed in (bps/Hz) 

as:                                                                                                    

           (   
 

  
    

(    
  )

  
       

     )      (  )  (   )    
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The percentage capacity enhancement ratio can be calculated as 

  .
     

 
     /                                                          (30) 

6. Simulation results and discussions  

In this section, many numerical simulations are carried out to analyze the impact of the proposed digital 

beamforming-based signal model on the BER performance and capacity/SE of the MIMO systems. In the 

simulations, the standard    ,      LTE MIMO, and      MIMO systems are taken as the simulation 

objects. The parameters specifications of the standard MIMO systems used in simulations are listed in Table 1. 

Based on these parameters, three beamforming scenarios are introduced to synthesize (      

          ) (                )  and (                   ) antenna arrays for maximum 

gains.  

Table 1: Simulation parameters of the standard LTE MIMO systems 

Parameters Specifications 

   4 or 8 

   4 or 8  

Antenna array type ULA 

Antenna element spacing     ⁄  

Number of samples   1000 

Channel Rayleigh fading  

Noise ZMCSCG 

Modulation technique 4-QAM 

 

 

Figure 3: Comparison between the radiation pattern of the traditional 4×4 LTE MIMO and the synthesized 

arrays patterns for M=5,6 and 7 antenna elements. 
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Figure 4: The synthesized array gain versus number of antenna elements M compared to the ordinary NT=NR=4 

array gain in case of 4×4 LTE MIMO 

6.1. Scenario (1): Beamforming for     LTE MIMO system  

Applying the MOM/GA array synthesis technique introduced in [19], the existing (                ) are 

used to synthesize several desired larger size antenna arrays consisting of              and 7 

elements. Figure 3 shows a comparison between the radiation pattern of the traditional     LTE MIMO array 

and the synthesized arrays patterns for             elements. The synthesized arrays patterns using 

                 are highly coincided with the ordinary     and     elements ULAs patterns. 

They have approximately the same half power beamwidth, directivity, and gain. But, as the number of elements 

increase above    , the side lobe level increases and the grating lobes appear in the synthesized pattern as in 

case of    . The synthesized array gain,    , versus number of antenna elements,    is shown in Figure 4. 

The synthesized array gains for             elements calculated by the numerical integration of the array 

factors are           ,           , and           , respectively. While the array gains of the ordinary 

broadside ULAs,      for                elements are          ,          ,           , and 

         , respectively, which are calculated by Eq. (31) as introduced in [25]. It is clear that, the synthesized 

array for     elements provide the maximum gain which can be expressed as 

         (
   

 
)                                                            (31) 

The gain increment which is defined as the difference between the synthesized large size array gain and the 

ordinary array gain can be written as follows: 

          
                 (32) 

where    
       (

    

 
) is the array gain of ordinary array consisting of    antenna elements. The ordinary 

arrays parameters such as half power beamwidth (HPBW), side lobe level (SLL), and gain    compared to the 

synthesized arrays parameters such as synthesized (     ), synthesized (    ), synthesized gain (   ), and 

gain increments    (  ) are listed in Table 2. It is clear that, as the number of antenna elements of the large 
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size array to be synthesized increases, the gain increment increases. The maximum achievable gain increment 

occurs at    . But, as the number of elements increases above    , the gain increment decreases due to 

the appearance of grating lobes. This increase in the synthesized arrays gains at transmitting and receiving sides 

will boost the received signal to noise ratio of the traditional MIMO system (    ) by the value of array gain 

increment   . Hence, for      , the signal to noise ratio of the beamformed MIMO system       can be 

calculated by:  

      (       )            (33) 

That is because the signal power is increased in proportional to the gain increments of both synthesized antenna 

arrays at transmitting and receiving sides. While, the noise power is enhanced only by the gain increment of the 

synthesized array at receiving side as given in Eq. (21). From this point of view, the significant effect of the 

beamforming appears in increasing the signal to noise ratio of the MIMO system which consequently improves 

its BER performance and capacity without the need for array size extension or utilization of de-noising 

techniques. 

 

Figure 5: Comparison between the radiation pattern of the traditional 8×8 LTE MIMO and the synthesized 

arrays patterns for M=9,10,11,and 12 antenna elements 

 

Figure 6: Comparison between the radiation pattern of the traditional 8×8 LTE MIMO and the synthesized 

arrays patterns for M=13,14,15,and 16 antenna elements 

6.2. Scenario (2): Beamforming for     LTE MIMO system 
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Based on the previous discussion, a more complicated situation to verify the effectiveness of the proposed 

algorithm is taken into account. Consider the aforementioned     MIMO system whose parameters are listed 

in Table 1.  

Table 2: The parameters of the synthesized antenna arrays using NT=NR=4 elements for M=5,6,and 7 elements 

antenna arrays compared to the parameters of ordinary antenna arrays 

Synthesized arrays parameters using MoM/GA [19] for 

        elements and           

  5 6 7 

                        

   1.1349 1.3933 1.2988 

   1.3479 1.4797 1.1385 

   1.3479 1.4797 1.1385 

   1.1349 1.3933 1.2988 

HPBW (degrees)                    

      (degrees)                    

    (  )                   

     (  )                  

   (  )             

    (  )             

          (  )               

Table 3: The parameters of the synthesized antenna arrays using NT=NR =8 elements for M=9 to M=12 

elements antenna arrays 

Synthesized array parameters using MoM/GA [19] for 

          elements and and           

  9 10 11 12 

                              

   1.089

2 

1.1930 1.2061 1.3415 

   1.144 1.2673 1.3920 1.4908 

   1.119

6 

1.2494 1.4952 1.5509 

   1.130

7 

1.2518 1.3518 1.479 

   1.130

7 

1.2518 1.3518 1.479 

   1.119

6 

1.2494 1.4952 1.5509 

   1.144 1.2673 1.3920 1.4908 

   1.089

2 

1.1930 1.2061 1.3415 

   (  )     10  10.4  10.8  

    (  ) 9.5 10 10.4 10.7  

    (      ) 0.5 0.9 1.3 1.7 

Applying the array synthesis algorithm presented in [19], the dedicated         elements are used to 

synthesize different larger size antenna arrays from     to      as shown in Figure 5 and Figure 6. The 
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synthesized array gain,    , versus number of antenna elements,    is plotted in Figure 7. It is clear that as   

increases, the synthesized array gain increases until      elements. For     , the grating lobes appear 

significantly and the synthesized gain decreases. The synthesized array parameters, excitation coefficients, and 

gain increments are listed in Table 3 and Table 4. 

Table 4: The parameters of the synthesized antenna arrays using NT=NR =8 elements for M=13 to M=16 

elements antenna arrays 

Synthesized array parameters using MoM/GA [19] for 

          elements and and           

  9 10 11 12 

                              

   1.089

2 

1.1930 1.2061 1.3415 

   1.144 1.2673 1.3920 1.4908 

   1.119

6 

1.2494 1.4952 1.5509 

   1.130

7 

1.2518 1.3518 1.479 

   1.130

7 

1.2518 1.3518 1.479 

   1.119

6 

1.2494 1.4952 1.5509 

   1.144 1.2673 1.3920 1.4908 

   1.089

2 

1.1930 1.2061 1.3415 

   (  )     10  10.4  10.8  

    (  ) 9.5 10 10.4 10.7  

   (      ) 

 

0.5 0.9 1.3 1.7 

 

Figure 7: The synthesized array gain versus number of antenna elements M compared to the ordinary NT=NR=8 

array gain in case of 8×8 LTE MIMO 
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Figure 8: Synthesized array pattern using 12 elements for large array size consisting of MR=20 elements 

compared to the ordinary NR =12 elements array pattern 

6.3. Scenario (3): Beamforming for      MIMO system 

Overloaded MIMO refers to MIMO system having      . In this case, the      MIMO is taken as a 

simulation target. Form scenario (1), the      elements can be used to synthesize large antenna array of size 

     elements for maximum gain which equals       . While for       elements, the maximum 

synthesized array gain is achieved at       elements as shown in Figure 8. For      , the grating lobes 

appear in the synthesized pattern. The synthesized array gain for       elements using only 12 elements 

equals         which is        greater than the gain of the traditional       elements array which equals 

       . The synthesized excitations for                      are listed in Table 5. 

Table 5: Synthesized array parameters using NR=12 elements for MR=20 elements large size array 

Synthesized array parameters using MoM/GA [19] for 

                          

    1.383 

    1.528 

    1.716 

    1.762 

    1.683 

    1.593 

    1.593 

    1.683 

    1.762 

    1.716 

     1.528 

     1.383 
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6.4. Test case 1: ML detector using beamforming for     LTE MIMO system 

Considering the LTE MIMO system whose parameters are listed in Table 1, the BER performances of the 

traditional ML detector and the beamforming-based ML detector are analyzed. Based on the beamforming 

results introduced in scenario (1) for     LTE MIMO, the BERs versus the SNR for MLWBF compared to 

the traditional ML detector are plotted as shown in Figure 9. The simulation results revealed that as the number 

of antenna elements increases from     to   , the BER performance is improved. For example, at     

    , the estimated BER is reduced from           for conventional ML to          and          

for MLWBF using     and     elements, respectively. On the other hand, as the number of elements 

increases above    ,  i.e.    , the BER is highly degraded due to the appearance of grating lobes and the 

increase in side lobe level as previously declared in scenario (1). 

6.5. Test case 2: ZF detector using beamforming for     LTE MIMO system 

In this case, the BERs versus SNR for ZFWBF compared to the traditional ZF detector are plotted as shown in 

Figure 10. The simulation results revealed that as the number of antenna elements increases from     to 

   , the BER is reduced. At         , the estimated BER is reduced from           for conventional 

ZF to           and           for ZFWBF using    and     elements, respectively. However, as 

the number of elements increases above      i.e.,    , the BER is highly degraded. 

 

6.6. Test case 3: ZF Detector using Beamforming for     LTE MIMO System 

Replacing the 8-elements ULA by the 8-elements synthesized antenna arrays, it is found that the BER 

performance is significantly enhanced as the number of elements increase from     to      as shown in 

Figure 11. But, for      and     , the appearance of grating lobes highly degrades the BER performance 

as shown in Figure 12. The simulation results revealed that (         ) system provides the best BER  

 

Figure 9: The BER versus SNR for MLWBF compared to 

the traditional ML detector for 4×4 LTE MIMO 

 

 

Figure 10: The BER versus SNR for ZF detector with 

beamforming (ZFWBF) compared to the traditional ZF 

detector for 4×4 LTE MIMO 
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performance. For example, at         , the estimated BER is reduced from          for conventional ZF 

to          for ZFWBF using      elements. 

 

Figure 11: The BER versus SNR for ZFWBF using M=9,10,11,12,13,and 14 elements compared to the 

traditional ZF detector for 8×8 LTE MIMO 

 

Figure 12: The BER performance degradation of ZF detector at  (M≥15,NT=8) for a 8×8 MIMO system 

6.7. Test case 4: ZF detector using beamforming for overloaded MIMO system 

In this case, the      MIMO is taken as a simulation target where the beamforming scenario (3) has been 

utilized. The employment of antenna arrays beamforming at both transmitting and receiving sides significantly 

improves the BER performance as shown in Figure 13. The simulation results showed that ZFWBF detector 

provides much lower BER than the traditional ZF detector. At          , the ZFWBF detector provides 

the same            as the traditional ZF detector at         .  

6.8. Test case 5: ZFWBF detector compared to related work 

Considering the beamformed      MIMO in test case 4, the performance of the proposed ZFWBF detector is 

compared to the wavelet de-noising filter based ZF detector introduced in [7] and the hybrid ZF and ML 

detector introduced in [8] as shown in Figure 14. It is clear that the proposed detector has superior performance 

than these detectors under the same conditions. 
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6.9. Capacity measurement of the proposed MIMO system 

Test case 1: Capacity of proposed     MIMO 

For beamformed     MIMO, the capacities using           elements are calculated and plotted as shown 

in Figure 15. For example, at            the capacity of the traditional     MIMO is     bps/Hz. 

While the capacities of the proposed system using           elements are      bps/Hz and      bps/Hz, 

respectively. The corresponding percentage capacity enhancement ratios   are          and         . 

Test case 2: Capacity of proposed     MIMO 

For beamformed     MIMO, the capacities for                        elements compared to the 

traditional      LTE MIMO are calculated and plotted as shown in Figure 16. At            the 

calculated capacities are      bps/Hz,     bps/Hz,      bps/Hz,      bps/Hz,      bps/Hz, and      bps/Hz for 

                       , respectively while the capacity of the traditional      MIMO is     bps/Hz. 

The corresponding percentage capacity enhancement ratios   are        ,         ,         ,        , 

       , and          respectively. 

 

Figure 13: The BER versus SNR of the proposed ZFWBF detector using MT=6 and MR=20 elements compared 

to the traditional ZF detector 

 

Figure 14: The BER versus SNR of the proposed ZFWBF detector using MT =6 and MR =20 elements 

compared to the 4×12  traditional ZF detector, the wavelet de-noising filter based ZF detector, and the hybrid 

ZF/ML detector 
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Test case 3: Capacity of proposed      MIMO 

Figure 17. Shows the system capacity versus SNR for beamformed     MIMO system compared to the 

traditional       MIMO. At            the capacity is highly increased from      bps/Hz to       

bps/Hz for the traditional and beamformed MIMO systems, respectively. 

 

 

Figure 17: The system capacity versus SNR for beamformed 4×12 MIMO system compared to the traditional 

4×12 MIMO 

7. Conclusion 

In this paper, a digital beamforming-based MIMO system was introduced for BER performance and 

capacity/spectral efficiency enhancement. The beamforming adjusts the elements excitations and spacing to 

synthesize higher gain antenna arrays without using additional antenna elements. The achieved arrays gain 

significantly increased the signal to noise ratio of the received signal. As a result, the BER is significantly 

reduced. The proposed MIMO signal model has been derived in a simple form which can be easily applied for 

state-of-the-art detection techniques. The simulation results proved that the beamforming-based detection 

techniques have superior performance in terms of BER and capacity/spectral efficiency than the traditional 

 

Figure 15: The system capacity versus SNR for the proposed 

4×4 MIMO system using M=5 and 6 elements compared to 

the traditional 4×4 LTE MIMO 

 

 

Figure 16: The system capacity versus SNR for 8×8 MIMO 

system using M=9,10,11,12,13 and 14 elements compared to 

the traditional 8×8 LTE MIMO 
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techniques, wavelet denoising filter based detection techniques, and hybrid detection techniques. 
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