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Abstract: This paper presents a novel method of three Dimensional (3D) channel design for 

multipolarized ULA-mMIMO (Uniform-Linear-Array-massive-Multiple-Input-Multiple-Output) 

systems using Spherical Wave (SW). Further, the proposed channel is estimated in UpLink (UL) 

transmission using Least Squares (LS).The main purpose of the paper is to reduce the channel 

orthogonality of the proposed method and ameliorate the system performance. In the same way the 

effect of Azimuth Angle of Arrival (AAoA), Elevation Angle of Arrival (EAoA), antenna spacing and 

cross-polarization discrimination (XPD) on the channel orthogonality are analyzed for the proposed 

method and compared with multipolarized ULA-mMIMO systems using Plane Wave (PW). The 

results demonstrate that the proposed multipolarized ULA-mMIMO systems using SWenhances the 

performance compared to multipolarized ULA-mMIMO using PW. The proposed method performs 

best under the analyzed parameters; while it’s a best choice to realize a new configuration and improve 

the performance of massive-MIMO systems. 

Keywords: Massive-MIMO, ULA, Multipolarized, unipolarized, channel orthogonality. 

1 Introduction 

Massive-MIMO system is a technology promising for the next generation 5G wireless 

communications. Nowadays, in a world of great mobility, the speed and capacity of communication 

systems are essential elements in order to keep people from all over the world in communication. 

Increasing the number of antennas at the Base Station (BS) and combined with OFDM (Orthogonal 

Frequency Division Multiplexing), massive MIMO can support very high throughput and/or 

performance of the links as well as spectral efficiency [1-38]. 

In other words, the channel orthogonality in massive-MIMO system is a term used to describe 

the favorable propagation between various terminals [2, 3, 4, 5]; further, to serve a various terminals 

with a feeble cross communication, the channel orthogonality must be low [6]; Thus it is 

advantageous for system performance. In a large antenna array, several works have appeared in recent 

years, investigate that the SW is considered, when the distance between the transceiver is shorter than 

Rayleigh distance, and the unipolarized ULA-mMIMO systems is used [7], [8] .  
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Otherwise, when the distance is high than Rayleigh distance the PW is satisfied [7], [8]; both 

the Azimuth Angle Spread/Elevation Angle Spread (AAS/EAS), some uniform distribution of 

AAS/EAS have been considered to characterize the AAoA/EAoA. Although, in massive-MIMO 

system the deployment of large antenna array in a narrow area leads to a high degree of risk (i.e., 

performance deterioration); thanks to a large spatial correlation between antennas [9]. So far, related 

to the literature, several work have been focused to investigate a real massive-MIMO system in a 

ULA configuration, with a same antenna spacing [10-12].Furthermore, in this paper our contributions 

are recapitulated as follows: 

 a geometrical design is established for multipolarized ULA-mMIMO systems using 

SW; 

 a 3-D channel is modeled basing on XPD, antenna spacing, AAoA and EAoA; 

 a channel orthogonality is computed for our proposed method and compared with 

related work reference using PW. 

This paper is organized as follows. In section  , we illustrate the model of massive-MIMO system 

using higher order modulation 64-QAM and OFDM technique, in which the received signal is 

contaminated by an additive white gaussian noise (AWGN). In section  , we introduce the LS channel 

estimation for a massive-MIMO array. Further, after getting the estimated channel, section   

describes its behavior under various parameters. Moreover, in section  , linear detector (i.e., Zero 

Forcing (ZF)) is discussed to illustrate the system performance. Section   presents the simulation 

results. Finally, we conclude this work in section  . 

2 Massive-MIMO system model 

In this paper, we consider a massive-MIMO system in UL transmission from    terminals with single 

antenna to a single BS with    antennas. The considered system is presented in figure (1). It is a 

massive-MIMO-OFDM system with    and    receive and transmit antennas respectively. The 

length of sub-carriers and the cyclic prefix (CP) are defined by K and ν respectively. The CP is 

inserted on each terminal antenna to achieve a full OFDM symbol. In this paper, the CP is superior to 

the utmost multi-path delay [13-14-36]. 

 

Figure.  1. System model. 

In the same way, at the receiver the CP is removed on each BS antenna, taking for example the     

BS antenna, the received signal vector       is     and expressed as follow:  

                                           
  
       

   
              (1) 
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From the equation    , the circulant matrix     
   

 has a first column defined by       
          

 , in 

addition to that   is the length of the channel impulse response and      present     vector 

dimension. The OFDM vector that is transmitted on each terminal is defined by       with     

dimension,   and   are index of the number of terminal and time respectively,  and       is an 

additive Gaussian noise at Time Index (TI)  , with zero mean and variance of   
 . Moreover, the 

unitary DFT matrix with dimension     is presented by  ; from the eigenvalue decomposition of 

the circulant matrix     
   

, it becomes                 
          

    [14-37]. Finally, the FFT of 

the received signal       is given as follows         
  

        
  

      :  

         
  
                 

          
               (2) 

 

where             . 

3 Massive-MIMO Channel Estimation 

Based on the same system presented in figure ( ), the Least Square Channel Estimation (LSCE) 

scheme is presented. Then, the equation ( ) can be written as: 

                                     
  
                          (3) 

From the equation ( ),   is      of  , where   is the     column of  . noting      
     

           . Hence, the equation ( ) becomes:  

           
        

                (4) 

Furthermore, in this work the training of all OFDM symbols is done at maximum value   and the TI 

is             , we consider the data model: 

           (5) 

where        
         

       ,        
         

        

   

 
 
 
 
 
     

           
      

  
     

             
        

 
 
 
 
 

 (6) 

and          
         

  . Basing on the cost function (equation  ); the LSCE technique 

minimizes the noise defined in equation ( ) to finally obtain the estimated channel noted by     

                     (7) 

                      

     
      

         
         

       

In the next taking the derivation of the equation ( ) relative to     variable, 
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                              (8) 

Finally, we have             and the solution of the LSCE is given by the following expression: 

          (9) 

where    is the pseudo-inverse that equals to           if       . Because         

           , the necessary and sufficient condition to have unique LSCE is       . This LS 

method presents a low complexity and a high simplicity, in addition to that also taking the information 

about the channel and the noise are not necessary [14-34-35].  

4 Channel modeling of Massive-MIMO system 

In this paper, a new architecture is proposed as shown in figure (2), referring to a previous work [2], 

[7]. Moreover, in the case where the distance between the terminals and the BS antennas completely 

spaced (i.e., lengthy than the Rayleigh Distance (RD)), the PW is employed. While the distance 

between the terminals and BS antennas is smaller than RD, the SW is employed to characterize the 

channel. Based on the approach presented in section 3, the estimated channel           is noted by:  

    

 
 
 
 
 
 
            

  
            

  
              

 
 
 
 
 
 

                          
 (10) 

Moreover the channel orthogonality (i.e., favorable propagation) between different terminals can be 

noted by [4], [17]:  

                         
      

     

               
 (11) 

where       signify the Euclidean norm and                     
 
  ,         is a channel vector of 

the     terminal and       is the path from the    terminal tothe first antenna of the BS. Furthermore, 

the purpose of this paper is to consider the 3D multipolarized ULA-mMIMO systems (figure(2)), all 

pair antennas are vertically polarized and all odd antennas are horizontally polarized, in addition to 

that the SW is considered and the paths arrive from   with randomly angles for all antennas with 

AAoA   and EAoA  ,    is the projection of   on x-  -y and   is the height of  . Although,    and 

   are the projection of the    on x axis and y axis respectively. The neighboring antenna distance is 

noted by d. From the figure (2), theright triangles       , …,       
have a right angle   . Basing on 

Pythagorean theorem. The distances between the source   and each antenna element are defined as 

follows:  

     
    

    
     (12) 

     
            

     (13) 
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     (14) 

   

     
                  

     (15) 

In the same way, for the different angles∠y   
 is   and∠S   

 is  ,            ,   and   can be 

denoted by:  

                      (16) 

                      
    

  (17) 

 From our proposed schema (figure (2)), the AAS and EAS are used to characterize the AAOA and 

EAOA distributions. Hence, based on the uniform distribution presented in [2], the Power Azimuth 

Spread (PAS) of AAS/EAS is described as follows [2], [18]: 

      
 

   
                     (18) 

  

 

 

Figure.  2. 3D multipolarized uniform linear array massive-MIMO 

In the same way, the    presents the AAS/EAS, where the    is the mean of AAoA/EAoA. 

According to previous equations (12, 13,…, 15) and respecting antenna    as a reference antenna of 

the system. Two estimated paths is defined at antennas   and    by the following expressions:  

    
        

         
    

       
 (19) 
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 (20) 

Where   is a wavelength, and   is uniform random phase component Independent and Identically 

Distributed (IID) on       . In the same way    and    are horizontally and vertically polarized 

power [2], [19]. Accordingly, the channel vectors at terminal location   with single horizontally 

polarized antenna and   with single vertically polarized antenna can be written by: 
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  (22) 

For visual representation of the horizontally and vertically polarized phenomena in real environment; 

the horizontal or vertical polarization at terminal ordinary location can be changed at BS antennas by 

vertical or horizontal polarization, naturally due to multipath phenomena (i.e., diffusions, reflections, 

refractions and diffractions, ...). Hence, to model these phenomena is to establish the cross-

polarization discrimination (XPD) [2], [20]: 

    
         

         
 

         

         
 

   

 
  (23) 

From the equation (23),     illustrates the expectation operator, the     and     are the co-polarized 

channels both vertically and horizontally polarized antenna respectively, the cross-polarized channels 

are given by     and     for vertically/horizontally and horizontally/vertically polarized antennas 

respectively. In the same way,   is the power escaped from horizontal to vertical polarization and 

inversely [2], [21-24]. Moreover, in the case there is no escape   equals to 0. Whereas, there is escape 

  is      . Hence, one estimated path channel of multipolarized ULA-mMIMO comprising XPD 

phenomenon can be writing as: 

    
                 

         
    

       
 (24) 

    
                 

                      
       

 (25) 
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In this way, at receive antenna the XPD has an impact on the receiving power, when the polarization 

is the same both the transceiver, the power is modeled by        ,        . Otherwise, when the 

polarization is differently both the transceiver, the power is modeled by    ,         [2], [25].In 

this paper, we compare our proposed architecture with the 3-D multipolarized ULA-mMIMO systems 

as defined in [1]. From this work the channel orthogonality can be defined by the same equation (11) 

for the two estimated channel vectors expressed by [2]:  
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  (29) 

 

5 Linear Detector  

In this section, the ZF detector is presented, after getting the channel estimation in the UL 

transmission for    single antenna terminals defining as  

      1
             

             
              

        (30) 

for multipolarized ULA-mMIMO systems. In this paper and in related references [2], [26], it was 

supposed that the number of terminals with vertically polarized antenna are equal to the number of 

terminals with horizontally polarized antenna due to arbitrary location. In order to detect the data, we 

proceed to the technique defined in [27]. Hence, the linear MIMO detectors are based on a linear 

transformation of the received signal vector y (Figure 3):  

       (31) 

Where   is the linear transformation matrix designed using various criteria [27], [33-34] and   

                . A conceptual illustration of MIMO linear detector is given in Figure  3 . The 

data detected after passing through the 64-QAM demodulator is given by   . 
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Figure.  3. Conceptual illustration of linear MIMO detectors.  

The ZF is a linear detection scheme which forces the interference to zero. However, it can result in an 

increase in the noise level [1], [27-28] and [33-34]. According to equation (30) the linear 

transformation matrix is given by:  

       
 

 (32) 

 where   
 

    
 

    1  
 

, the matrix    satisfies       and a complete column rank of   . 

6 Simulation Results 

In this section, we present a collection of performance results; firstly the channel orthogonality for 

multipolarized/unipolarized massive-MIMO system with various parameters. Secondly after getting 

the channel estimation we use the linear detector ZF to elaborate the performance of 

multiplarized/unipolarized ULA-mMIMO for PW and SW, in which we evaluate their performances 

in terms of Bit Error Rate(BER). In this part, we assume channels with L=1 taps. These taps are 

simulated as IID. The length of OFDM subcarriers (i.e., OFDM symbol), that is transmitted from each 

terminal antenna equals to   512 and the CP of length   12 , the pilot tones dedicated for 

training of length 
 

2
 are equipowered and equispaced. This on the one hand, on the other hand the 

length of sequence data is also equals to 
 

2
. Hence, using the Monte Carlo simulation to generate 

10000 realizations of channel and   1   consecutive OFDM symbols. 

Figure (4) presents different curves of channel orthogonality both multipolarized/unipolarized ULA-

mMIMO with SW/PW, the antenna spacing is equal   5 , mostly used in massive-MIMO systems 

[6], [29-31], the power is normalized and the XPD=8 dB according to [2], [32]; in the same way the 

mean of AAoA/EAoA is set to be   . Furthermore, when the number of antennas increases the 

channel orthogonality decreases. Both a poor scattering (i.e.,     3 ) and a large scattering (i.e., 

    3  ) the channel orthogonality decreases when the BS antennas increase. In the case when 

the number of antennas equals 20 and the     3  the channel orthogonality is nearly  0.36 for 

multipolarized PW, while it is nearly 0.13 for multipolarized SW. In addition to that the channel 

orthogonality using multiploarized PW is smaller than unipolarized SW when the AAS equals to 3   

and performs like multipolarized SW with a poor AAS. Accordingly, from the table 1, in a poor 

scatteringand a high BS antenna (i.e.,    200) the proposed multipolarized ULA-mMIMOdecreses 

more the channel orthogonality at a value equals 0.04, compared to multipolarized ULA-mMIMO 

using PW with value equals 0.12. From this results with a small AAS, the multipolarized ULA-

mMIMO using SW can reduce the demand of rich scattering compared with ULA-mMIMO using PW 

anda classical MIMO, that on the one hand.  
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Figure. 4. Channel orthogonality vs number of antennas for different AAS.  

Table 1. Comparative results of channel orthogonality both SW and PW for multipolarized antennas 

       3       3    

            SW                PW 

    Multipolarized  Multipolarized  

 20 0.13
  

0.36
 

 100 0.06
  

0.17
 

 200 0.04
  

0.12
 

 

In the other hand, figure (5) shows the channel orthogonality curves for various antenna spacing, AAS 

is equal to 3  and EAS is equal to 3  . These results describe for the first time an increasing of 

channel orthogonality over the range of BS antennas. When the BS antennas is set to be 20 the 

channel orthogonality are nearly  0.5 and 0.22 for unipolarized PW with an antenna spacing 

equals  2  and 2  respectively; in addition to that the channel orthogonality is closely  0.2 for 

unipolarized SW with   2 ; for multipolarized antennas array, with an antenna spacing equals2  

the channel orthogonality are closely  0.16 and 0.13 for PW and SW respectively (Table 2). Hence, 

with a few BS antennas the spacious antenna spacing has important benefit; in the same way 

multipolarized ULA-mMIMO using SW has a high advantage to decline the channel orthogonality to 

a lower value, compared to multipolarized ULA-mMIMO using PW (Table 2). Moreover, with a large 

antennas array (i.e.,       ) the channel orthogonality decreases more and is closely to 0.04 

despite the antenna spacing is set to be 2  with multipolarized antenna array using SW. Furthermore 

with an antenna spacing equals to   5  (figure (4) and Table 2) the channel orthogonality is closely to 

0.04 with a large BS antennas (i.e.,       ) ; while the channel orthogonality of multipolarized 
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using PW nearly 0.05 with d=2  and 0.1 with d=  5  (Table 2). Hence, multipolarized SW with a 

large antenna array can reduce the demand for spacious antenna spacing under a poor scattering; and 

declines more the channel orthogonality (i.e., favorable propagation) compared to multipolarized 

ULA-mMIMO using PW. 

 

Figure. 5. Channel orthogonality vs number of antennas for different antenna spacing.  

Table 2. Channel orthogonality both SW and PW for multipolarized antennas with a high and low 

antenna spacing 

  SW-Multipolarized  PW- Multipolarized 

    d      d     d    5 d    

      20 0.1342
 

0.1327
  0.3609

 
0.1633

 

 100 0.06077
 

0.05923
 

 0.1753
 

0.07394
 

 200 0.0428
 

0.04267
 

 0.1263
 

0.05175
 

 

Otherwise, figure (6) presents various curves of channel orthogonality with different XPD, in this case 

the     3  and     3  , the channel orthogonality is equally sensitive to XPD for 

multipolarized PW and SW ULA-mMIMO systems, the antenna spacing is set to be   5 . This figure 

shows a decreasing of channel orthogonality both multipolarized PW and SW. For a few antennas 

array as 20 the channel orthogonality are closely  0.7 and 0.18 with a XPD=0 dB both multipolarized 

PW and SW respectively (Table 3), in the same way when the XPD is set to be 15 dB the channel 

orthogonality are closely 0.35 and 0.1 both multipolarized PW and SW respectively. furthermore, 

when the BS antennas array increase (i.e.,       )  the channel orthogonality decreasesto 0.03 and 

0.14 both multipolarized SW and PW respectively. Accordingly, increasing the nomber of antennas at 

the BS, the channel orthogonality both multipolarized ULA-mMIMO using SW and PW decreases; 

while the proposed method using SW performs more than multipolarized ULA-mMIMO usingPW 
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(Table 3). Hence, these results show a great benefit of multipolarized ULA-mMIMO systems using 

SW to decline the channel orthogonality, when a small and higher power leakage is used. 

In the next of this paper, the performance of multipolarized/unipolarized ULA-mMIMOusing PW/SW 

are discussed basing on ZF detector. The XPD is set to be 8 dB and the antenna spacing equals to 

  5 , similarity the     3  and the     3  . From the figure (7), the estimated channels 

using PW and SW are used such as   
  

    1
          

       

          
  and   

  
 

   1
          

       

          
 .In addition to that the number of terminals is equal to 8 and the BS 

antennas array is set to be 200. The BER decreases as the BS antennas array increase, and it seems 

that the BER is the same of channel orthogonality. We note in a range of a small Signal to Noise 

Ratio(SNR) the unipolarized SW performs more than unipolarized PW; similarly multipolarized SW 

performs more than multipolarized PW. Otherwise the same remark with a higher SNR. The gaps 

between the true channel using multipolarized and unipolarized ULA-mMIMO antennas array using 

PW is 7.23 dB, also equals to 5.33 against unipolarized ULA-mMIMOusing SW, in addition to that 

are equal to 3.16 and 0.37 for Multipolarized antennas array using PW and SW respectively, for a 

    21    1  5 .  

Consequently in a poor scattering communication environment, and under the considered method 

(section 4), a significant power leakage between transceiver and antenna spacing is used; the 

multipolarized ULA-mMIMO using SW in our proposed architecture (figure (2)) out performs 

multipolarized ULA-mMIMO systems using PW presented in    . 

 Similarely,  From the table 4 the BER is sensitive to the SNR, a large SNR results in alower BER. 

When the SNR is -6 dB and the total number of transferred bits is equal to    , thenumber of bit 

errors are nearly 4763 and 5310 for unipolarized SW and PW respectively; at a SNR equals to 6 dB 

the number of bit errors drop to844 and 1086 for unipolarized SW and PW respectively; and with 

multipolarized ULA-mMIMO systems, the number of bit errors are nearly 3532 and 4763 using SW 

and PW respectively with the total number of transferred bits is equal to    and the SNR becomes -6 

dB; in addition to that the number of bit errors dropped to38 and 244 for SW and PW respectively 

with a SNR equals to 6 dB. Consequently,  we require a noticeable reduction in confidence levelof bit 

errorsfrom92.07% to 2.17%(i.e., increasing the probability of bits without errors from 7.93% to 

97.83%)with true channel, and from97.08% to 3.77% with multipolarized antenna using SW; while 

for multipolarized antenna using PW offers a reduction from 99.15% to 21.69% . Otherwise, for 

unipolarized antenna using SW the confidence level of bit errors is dropped from 99.15% to 

57.0142%; in addition to that the unipolarized antenna using PW offers a reduction from 99.51% to 

66.244%  for a -6 dB ≤  NR ≤ 6dB.Thereby, the proposed method performs best compared to ULA-

mMIMO using PW. 
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Figure.  6. Channel orthogonality vs number of antennas for different cross-polarization 

discrimination.  

Table 3. Channel orthogonality both SW and PW for multipolarizedwithvarious XPD 

  SW-Multipolarized  PW- Multipolarized 

 XPD (dB)                            

 0 0.186
 

0.06609
  0.7195

 
0.2818

 

 5 0.1569
 

0.04884
 

 0.537
 

0.2147
 

 15 0.1033
 

0.03038
 

 0.3525
 

0.1483
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Figure. 7. Bit Error Rate vs Signal to Noise Ratio using Zero Forcing detector.  

Table 4. Bit Error Rate both SW and PW for multipolarized/unipolarized ULA-mMIMO 

                      BER 

 

  

   SW   PW 

 SNR (dB)  

True 

channel Multipolarized Unipolarized Multipolarized Unipolarized 

 -6 2534× 10
-5 

3532× 10
-5 

4763 × 10
-5 

4763 × 10
-5 

5310 × 10
-5 

 0 598 × 10
-5 

875.5 × 10
-5 

2000 × 10
-5 

1570 × 10
-5 

2755 × 10
-5 

 6 21.98 × 10
-5 

38.46 × 10
-5 

844.3 × 10
-5 

244.5 × 10
-5 

1086 × 10
-5 

 

7 Conclusion 

This study has shown a communication system in uplink transmission for an ULA-mMIMO design. 

The PW and SW effect are investigated; from the outcome of our investigation, it is possible to 

conclude that multipolarized antennas array basing on SW has a benefit advantage to decrease the 

channel orthogonality.Moreover, the estimated channel with multipolarized ULA-mMIMO systems 

exhibits a noticeable enhancement of the probability of bits without errors from 2.92% to 96.23%, and 

outperforms the estimated channel of multipolarized antenna using PW with an enhancement from 

0.85% to 78.31%. While the enhancement of the estimated channel with unipolarized ULA-mMIMO  

using SW is from 0.85% to 42.99%, outperforms the estimated channel of unipolarized antenna using 

PW with an enhancement from 0.49% to 33.76%. The results obtained indicate that proposed 

multipolarized ULA-mMIMO   performs approximately like the true channel with an enhancement 

from 7.93% to 97.83%;it also enhances the system performance compared to 
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multipolarized/unipolarized ULA-mMIMOantennas using PW. Summing up the results, it can be 

concluded that our proposed 3-D channel with a large antennas array can take down shorthand a large 

antenna spacing that on the one hand. On the other, the demand of rich scattering and high escaped 

power are declined. Consequently, the proposedmultipolarized ULA-mMIMO method can be readily 

used in practice according to a small scale parameters considered. 
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