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Abstract- In this paper, the BER performance of the downlink multi-user multiple-input-multiple-output (MU- MISO) system for the perfect channel state 
information (CSI) is investigated. Rather than compensating or eliminating the effect of the mutual coupling among antenna elements, an optimization 
process is used by the aid of an analog-digital (AD) precoder. In this precoder, a conventional linear scheme is used in the digital domain, while a 
standard optimization technique is applied in the analog domain to manipulate the values of the load impedance and adjust the source of the antenna 
impairment which is the mutual coupling (MC) leading to the optimum values. The results are compared with the ideal case, where there is no mutual 
coupling, from one hand and with the conventional case, where there is mutual coupling. Although the results from the ideal case are much better than 
the results from the conventional one, the superior results can be achieved using the AD precoder.  

Index Terms— MIMO, BER, precoding, mutual coupling, analog digital precoding, perfect CSI, optimization.  

——————————      —————————— 
 

  

1 INTRODUCTION 
IN wireless communication systems, the applications of 
multiple-input multiple-output (MIMO) have resulted in 
performance gains over the conventional single-input single-
output (SISO) systems. The precoding techniques associated 
with MIMO can transfer the computational complexity from 
the user side to the base station is more suitable for such 
studies and have been 

 extensively studied [1].  For example, the capacity for 
achieving dirty paper coding (DPC) has been proposed to pre-
subtract the interference before transmission [2]. However, due 
to the DPC’s impractical assumption and high computational 
complexity, this technique is difficult to implement [2]. On the 
other hand, suboptimal non-linear technique such as 
Tomlinson-Harshima precoding (THP) and vector 
perturbation (VP) have also been proposed [3]- [5]. However, 
the most common precoding approaches are the linear 
precoding which has been receiving increasing research 
attention due to its low computational complexity. Besides, the 
zero-forcing (ZF) precoding is a simple and effective technique 
with tolerable sub-optimal performance with a significant 
computational complexity reduction [6], [7]. C. B. Peel et al. in 
[8] developed a regularized form of ZF (RZF), by introducing a 
regularization factor, which improved performance, especially 
at low signal-to-noise ratios (SNRs).  On the other hand, a 
correlation rotation linear scheme (also known as phase 
alignment) was proposed in [9], [10], where the interference 

has been exploited to further benefit the system performance. 
It was also shown that as the number of antennas increases, 
the computational complexity and cost for the non-linear 
approaches could be very high although they can provide rate 
benefits for the MIMO system [11-13]. Therefore, due to the 
complexity benefits of linear approaches over non- linear ones, 
the focus of this work will be on linear precoding schemes.  

Existing studies on the precoding scheme of MIMO systems 
usually assume an uncorrelated Rayleigh flat fading channel, 
which means there is no spatial correlation or mutual coupling 
impact among antenna elements. However, in practice when 
the antenna spacing is small, the spatial correlation and 
mutual coupling effects cannot be neglected [12], [13], [18- 21]. 
Therefore, many experimental studies have been conducted to 
investigate the correlation and mutual coupling. The effect of 
spatial correlation and mutual coupling is examined when a 
large number of antenna elements are fitted within a fixed 
physical space [18], [19].  

Spatial correlation can be interpreted as a correlation 
between the received average signal gain and the spatial 
direction of the signal. Many experimental studies have been 
conducted on the spatial correlation effect [20], [22], [23]. The 
impact of the spatial correlation on the system performance of 
MIMO has also been investigated earlier [24-28]. The designs 
of the robust precoding scheme in spatially correlated channel 
were also studied [29-31]. The effect of mutual coupling 
induced by two real-world antennas has been analyzed. Matrix 
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derivation of the mutual coupling based on a   2 × 2  MIMO 
system and its effect on the MIMO capacity is also investigated 
[32]. Many studies have investigated the effect of the mutual 
coupling on the system performance and shown that the 
existence of mutual coupling can degrade the detection 
performance [33-36].  The impact of mutual coupling between 
antenna elements on the outage capacity of a   2 × 2     MIMO 
system in flat fading channels is studied. The effect of mutual 
coupling between antenna elements of adaptive array and its 
performance is studied in [37]. The performance of the 
adaptive arrays is affected by the mutual coupling even for 
large interelement spacing and this effect increases when the 
inter-spacing between antenna elements decreases. In [36], 
both the positive and negative effects of mutual coupling is 
studied for MIMO systems at high SNR. In order to alleviate 
this performance loss, many compensation techniques for the 
effects of mutual coupling have been proposed [ 38-40], which 
are essentially based on the derivation of the compensation 
matrix. A compensation technique for mutual coupling in a 
small antenna array was developed and verified 
experimentally by Steyskal and Herd [38]. In this work, the 
compensation is realized by forming a matrix, which is 
multiplied by the received signal vector and the effectiveness 
of this scheme is also validated [ibid]. Corcoles and et. al.  [39] 
further introduced a flexible method to compensate the mutual 
coupling effects that degrades the field pattern of a real 
antenna array is proposed. Here, the mutual coupling 
compensation matrix is derived and calculated from the 
generalized scattering matrix of the antenna array and the 
spherical mode expansion of its radiate field. The introduction 
of a general method to obtain the compensation matrix of 
mutual coupling effects in transmitting arrays for the total 
field in all direction is discussed by Rubio et. al [40]. It was also 
found that there is a simple relationship between the 
compensation matrices of the transmitting and the receiving 
arrays. In literature, many novel structures have been 
proposed to eliminate the mutual coupling effects [41-43]. The 
concept of the mantle cloaking method to reduce the mutual 
coupling effect between strip dipole antennas at low- terahertz 
(THz) frequencies is proposed in [41]. Here, it was shown that 
the electromagnetic interaction between the antennas can be 
suppressed by covering each antenna with an elliptically 
shaped graphene monolayer. A novel structure suppressing 
the mutual coupling is also proposed by Farsi et.al. in [42]. To 
reduce the effect of mutual coupling between antenna 
elements, a simple U- shaped microstrip is composed [ibid]. Li 
et. al. in [43] further introduces the use of parasitic elements to 
reduce the mutual coupling effect is studied. By adding 
parasitic elements, a double- coupling path is introduced and 
it can create a reverse coupling to reduce the mutual coupling 
effect of MIMO antennas.  Other techniques that target at the 
mutual coupling compensation are found in [44- 46].  Most of 
the above cited researches, however, are not from the signal 
processing perspective. In this work, we construct an analog-
digital (AD) precoding scheme that can exploit the mutual 
coupling effect in order to further improve the system 
performance. The problem is formulated into convex 

optimization to obtain the optimal beamforming vectors and 
load impedance value for each antenna array. In the proposed 
scheme, by equipping each antenna element with tunable load 
impedance, the mutual coupling effect can be controlled by 
tuning the value for each load impedance. Here, the 
conventional linear precoding is applied in the digital domain, 
while convex optimization is applied in the analog domain. In 
addition, the optimization problem is formulated as a standard 
least square problem with convex constraints which can be 
solved by existing methods and algorithms such as primal-
dual interior-point method [ 47]. Moreover, simulation results 
for both systems, the one with the existing mutual coupling 
and the other with the proposed scheme, are compared to the 
ideal case, that is, a system with no mutual coupling. As a 
result of our approach, an improved detection performance 
can be expected by using various optimization methods and 
algorithms.  

Notations:  Throughout this paper, a, a, and A denote scaler, 
vector, and matrix respectively. E{∙}, (∙)𝑇𝑇, (∙)𝐻𝐻, (∙)−1, and 𝑡𝑡𝑡𝑡(∙) 
denote expectation, transpose, conjugate transpose, inverse, 
and trace of a matrix respectively. ‖∙‖ denotes the Frobenius 
norm and I is the identity matrix. The conversion of a vector 
into a diagonal matrix, the vector values on its main diagonal 
is represented by  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(∙). 𝐶𝐶𝑛𝑛×𝑛𝑛  represents  𝑛𝑛 × 𝑛𝑛 matrix in the 
complex set. Finally, ℜ(∙) and ℑ(∙) denote the real part and 
imaginary part of a complex number, respectively.  
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2.  SYSTEM MODEL  
We consider the model of a MU- MISO downlink system 
where a base station (BS) equipped with  𝑁𝑁𝑡𝑡  antennas are 
designed to communicate with K users simultaneously, as 
shown in Fig. 1 below, where ≤ 𝑁𝑁𝑡𝑡 . 

 
Fig. 1 BS Transmit Structure 
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The transmit symbol vector is processed with the precoding 
matrix F at the BS, and the received signal vector can be 
obtained from equation (1) below 

       𝐲𝐲 = 𝐇𝐇𝐇𝐇 + 𝐧𝐧 =   𝐇𝐇𝐇𝐇𝐇𝐇 + 𝐧𝐧                                              (1)                 (1) 

 

where  𝒙𝒙 ∈  𝐶𝐶𝐾𝐾×1  and   𝒚𝒚 ∈  𝐶𝐶𝑁𝑁𝑡𝑡×1  are the transmit and receive 
signal vectors respectively,  𝐇𝐇 ∈  𝐶𝐶𝐾𝐾×𝑁𝑁𝑡𝑡   is the channel matrix, 
and   𝒏𝒏 ∈  𝐶𝐶𝐾𝐾×1  is the noise vector whose elements are 
assumed to be the additive white gaussian  noise (AWGN) 
with zero mean and variance  𝜎𝜎2 . Indeed, by linearly 
precoding the data symbol vector   𝒔𝒔 ∈  𝐶𝐶𝐾𝐾×1  , and with the 
assumption that  E {𝐬𝐬𝐬𝐬𝐻𝐻} = 𝐈𝐈  , with the precoding matrix  𝐅𝐅 ∈
 𝐶𝐶𝑁𝑁𝑡𝑡×𝐾𝐾  results in the precoded transmit signal x. The precoded 
signal is then given by  𝒙𝒙 =  1

𝑓𝑓
 .𝐅𝐅𝐅𝐅  and it includes the noise 

amplification factor f, and thereby guaranteeing that the 
average transmit power is not change after transmission. Here, 
𝐙𝐙  is the mutual coupling matrix at the transmit side whose 
details will be given in the section that follow. 

2.1 Spatially Correlated Channel Model 
We shall next consider the model of a MU- MISO downlink 
system in designing the precoder. As stated earlier, ideal 
antenna arrays are assumed in most existing works, which 
suggest that no spatial correlation among antenna elements is 
considered [48], [49]. However, in practice when the antenna 
spacing is small, the effect of spatial correlation must be taken 
into account in the channel model. Therefore, a semi- 
correlated geometric non- line of sight (NLOS) Rayleigh flat 
fading channel is applied, where the spatial correlation is 
considered at the transmitter side (BS) [11], [21]. We shall 
model the channel as 

              𝐇𝐇 =  [𝐡𝐡1𝑇𝑇,𝐡𝐡2𝑇𝑇  , … . . ,𝐡𝐡𝐾𝐾𝑇𝑇  ]𝑇𝑇                (2) 

 

Where,  𝐡𝐡𝐾𝐾 ∈ 𝒞𝒞1×𝑁𝑁𝑡𝑡  is the channel vector for user k, and can be 
expressed through equation (3) below, based on [47], [11], [21].  

        𝐡𝐡𝐾𝐾 = g𝐾𝐾𝐀𝐀𝐾𝐾𝐙𝐙                                                                     (3) 

Here each element in  𝑔𝑔𝐾𝐾~𝒞𝒞𝒞𝒞(0,1)   forms the Rayleigh 
component and follows the standard complex Gaussian 
distribution. The transmit- side steering matrix  𝐴𝐴𝐾𝐾  ∈ 𝒞𝒞𝑀𝑀×𝑁𝑁𝑡𝑡 
contains M steering vectors of transmit antenna arrays, where 
M represents the number of direction of departure (DoDs). 
Assuming uniform linear arrays (ULAs) in this work,  𝐴𝐴𝐾𝐾  can 
then be expressed as 

 

𝐀𝐀𝐾𝐾 =  1
√𝑀𝑀

  �𝐚𝐚𝑇𝑇�𝜙𝜙𝑘𝑘,1�, 𝐚𝐚𝑇𝑇�𝜙𝜙𝑘𝑘,2�, … . . , 𝐚𝐚𝑇𝑇(𝜙𝜙𝑘𝑘,𝑀𝑀)  �𝑇𝑇               (4) 

 

where 𝐚𝐚�𝜙𝜙𝑘𝑘,𝑖𝑖� ∈ 𝒞𝒞1×𝑁𝑁𝑡𝑡      is given by 

 

𝐚𝐚�𝜙𝜙𝑘𝑘,𝑖𝑖� =  [1, 𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜙𝜙𝑘𝑘,𝑖𝑖 , … . . , 𝑒𝑒𝑗𝑗2𝜋𝜋(𝑁𝑁𝑡𝑡−1)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜙𝜙𝑘𝑘,𝑖𝑖  ]            (5) 

 

where d in equation (5) is the spacing between each antenna 
element normalized by the carrier wavelength, and  ∅𝑘𝑘,𝑖𝑖   
denotes the angles of departure (AoDs) which is assumed to be 
randomly and independently distributed in [−Φ, Φ] with a 
uniform distribution. 

 
2.2 Modeling the Mutual Coupling Effect 
Based on [11], [32], the mutual coupling matrix with tunable 
load impedance can be derived as in [ 48], [49]: Where Z, can 
be represented as 

    𝚭𝚭 =  [𝑧𝑧𝐴𝐴. 𝐈𝐈 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝐿𝐿)][𝚪𝚪 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝐿𝐿)]−1                       (6) 

 

where 𝑧𝑧𝐴𝐴  is the antenna impedance that is assumed constant 

and  𝐳𝐳𝐿𝐿 =  �𝓏𝓏𝐿𝐿1 ,𝓏𝓏𝐿𝐿2, … . . 𝓏𝓏𝐿𝐿𝑁𝑁𝑡𝑡 , �
𝑇𝑇
 , is the load impedance vector 

we are going to optimize.  𝚪𝚪   , is the mutual impedance matrix 
that is defined as follows  

 

 

   𝚪𝚪 =  

⎣
⎢
⎢
⎢
⎢
⎡

𝑧𝑧𝐴𝐴 𝑧𝑧𝑚𝑚1 𝑧𝑧𝑚𝑚2 ⋯ 𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1

𝑧𝑧𝑚𝑚1 𝑧𝑧𝐴𝐴 𝑧𝑧𝑚𝑚1 ⋱ ⋮
𝑧𝑧𝑚𝑚2 𝑧𝑧𝑚𝑚1 ⋱ ⋱ 𝑧𝑧𝑚𝑚2
⋮ ⋮ ⋱ ⋱ 𝑧𝑧𝑚𝑚1

𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1
… 𝑧𝑧𝑚𝑚1 𝑧𝑧𝑚𝑚1 𝑧𝑧𝐴𝐴 ⎦

⎥
⎥
⎥
⎥
⎤

                               (7) 

 

 

where 𝑧𝑧𝑚𝑚𝑘𝑘 is the mutual impedance of two antenna elements 
with a distance of k.d. Based on Chapter 8 of [34], the value of  
𝑧𝑧𝐴𝐴  and 𝑧𝑧𝑚𝑚𝑘𝑘 can be found by the electromagnetic- field (EMF) 
method based on a transmit antenna spacing of d. 

 

  

3 PROPOSED ANALOG- DIGITAL PRECODING SCHEME 
We introduce the proposed scheme based on the linear ZF 
precoder. In this scheme the mutual coupling effect can be 
controlled by equipping each antenna element with a varactor 
as load impedance. Indeed, by optimizing the value of each 
load impedance will lead to minimizing the noise 
amplification factor of the proposed precoder [ 49]. To further 
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exploit the mutual coupling effect, we first rewrite the channel 
matrix as = 𝐖𝐖𝐖𝐖 , where W is given by  

           𝐖𝐖 =  [𝐰𝐰1
𝑇𝑇,𝐰𝐰2

𝑇𝑇  , … . . ,𝐰𝐰𝐾𝐾
𝑇𝑇  ]𝑇𝑇                                              (8) 

and   𝐰𝐰𝐾𝐾 = 𝐠𝐠𝐾𝐾𝐀𝐀𝐾𝐾 . Then (1) can be rewritten as  

           𝐲𝐲 = 𝐖𝐖𝐖𝐖𝐖𝐖𝐖𝐖 + 𝐧𝐧                                                                 (9) 

Based on (9) we construct the proposed precoder F as    

  

             𝐅𝐅 = 1
𝑓𝑓

 .𝐙𝐙−1𝐆𝐆                                                                  (10) 

where following the formulation of closed-form beamformers  
𝑓𝑓 =  ‖𝐙𝐙−1𝐆𝐆‖ is the scaling factor that ensures the signal power 
is not changing during the beamforming, and (9) is further 
transformed into  

                          𝐲𝐲 =  1
𝑓𝑓

 .𝐖𝐖𝐖𝐖𝐖𝐖 + 𝐧𝐧                                             (11) 

 

As can be noticed from (11), with this precoding structure the 
mutual coupling impact can be fully eliminated in the channel, 
while it still has an impact on the system performance, which 
is characterized by the resulting scaling factor  𝑓𝑓 .  

Based on the concept of the ZF and to fully eliminate the multi-
user interference we reconstruct the beamformer     𝐆𝐆 =
 𝐖𝐖𝐻𝐻(𝐖𝐖𝐖𝐖𝐻𝐻)−1 . Then the precoded signal vector x can be 
obtained as  

 

             𝐱𝐱 = 1
𝑓𝑓

 .𝐅𝐅𝐅𝐅 = 1
𝑓𝑓

  𝐙𝐙−1𝐆𝐆𝐆𝐆                                                    (12) 

The received signal vector can be obtained at the user side, by 
substituting (12) into (1), is  

             𝐲𝐲 =  1
𝑓𝑓

 𝐖𝐖𝐖𝐖 𝐙𝐙−1𝐆𝐆s + 𝒏𝒏 =   1
𝑓𝑓

 ∙  𝐬𝐬 + 𝒏𝒏                              (13) 

Then, the received signal vector needs to be scaled back before 
demodulation to eliminate the scaling factor  𝑓𝑓 to be 𝐫𝐫 = 𝑓𝑓. 𝐲𝐲 =
𝐬𝐬 + 𝑓𝑓.𝒏𝒏 as a new rescaled vector.  

Although the mutual coupling effect is fully eliminated with 
this precoder [49], it still has an effect on the precoding matrix 
and consequently on the noise amplification factor, 𝑓𝑓. 
therefore, we shall pursue the following optimization problem 
and a better system performance can be achieved by 
minimizing the noise amplification factor. This can be fulfilled 
by optimizing the value of each load impedance. This 
optimization problem can be expressed as  

 

           P_0 ∶  min
𝑧𝑧𝐿𝐿
‖𝐙𝐙−1𝐆𝐆‖2                                                             (14) 

Before proceeding our work, we shall study the inverse of the 
mutual coupling matrix. Based on (6),  𝐙𝐙−1 can be derived as 
follows [48], [49]: 

       
𝐙𝐙−1 =  {[𝑧𝑧𝐴𝐴. 𝐈𝐈 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝐿𝐿)][𝚪𝚪 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝐿𝐿)]−1 }−1         

                        =  [𝚪𝚪 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝐿𝐿)] .𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐳𝐳𝑇𝑇)                             (15) 

where 

                 𝐳𝐳𝑇𝑇 =  � 1
𝑧𝑧1

, 1
𝑧𝑧2

, … , 1
𝑧𝑧𝑁𝑁𝑡𝑡

  �
𝑇𝑇
, and 

                  𝑧𝑧𝑖𝑖 =  𝑧𝑧𝐴𝐴 +  𝑧𝑧𝐿𝐿𝑖𝑖                                                              (16) 

Through expanding (15) further, 𝐙𝐙−1 can be expressed as 

            𝐙𝐙−1 =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 1 𝑧𝑧𝑚𝑚1

𝑧𝑧2

𝑧𝑧𝑚𝑚2
𝑧𝑧3

⋯
𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1

𝑧𝑧𝑁𝑁𝑡𝑡
𝑧𝑧𝑚𝑚1
𝑧𝑧1

1 𝑧𝑧𝑚𝑚1
𝑧𝑧3

⋱ ⋮
𝑧𝑧𝑚𝑚2
𝑧𝑧1

𝑧𝑧𝑚𝑚1
𝑧𝑧2

⋱ ⋱ 𝑧𝑧𝑚𝑚2
𝑧𝑧𝑁𝑁𝑡𝑡

⋮ ⋮ ⋱ ⋱ 𝑧𝑧𝑚𝑚1
𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1

𝑧𝑧1
… 𝑧𝑧𝑚𝑚2

𝑧𝑧𝑁𝑁𝑡𝑡−2

𝑧𝑧𝑚𝑚1
𝑧𝑧𝑁𝑁𝑡𝑡−1

1 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

                 (17) 

    And by denoting 𝛅𝛅 as  

                      𝛅𝛅 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �𝑧𝑧𝑚𝑚1
𝑧𝑧1

, 𝑧𝑧𝑚𝑚1
𝑧𝑧2

 , … , 𝑧𝑧𝑚𝑚1
𝑧𝑧𝑁𝑁𝑡𝑡

 � 

                          = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �𝛼𝛼1,𝛼𝛼2, … ,𝛼𝛼𝑁𝑁𝑡𝑡   �                                  (18) 

Resulting in the matrix can be written as  

 

          𝐃𝐃 =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 0 1 𝑧𝑧𝑚𝑚2

𝑧𝑧3
⋯

𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1

𝑧𝑧𝑁𝑁𝑡𝑡
1 0 1 ⋱ ⋮
𝑧𝑧𝑚𝑚2
𝑧𝑧1

1 ⋱ ⋱ 𝑧𝑧𝑚𝑚2
𝑧𝑧𝑁𝑁𝑡𝑡

⋮ ⋮ ⋱ ⋱ 𝑧𝑧𝑚𝑚1
𝑧𝑧𝑚𝑚𝑁𝑁𝑡𝑡−1

𝑧𝑧1
… 𝑧𝑧𝑚𝑚2

𝑧𝑧𝑁𝑁𝑡𝑡−2
1 0 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

                         (19) 

              

 and 𝐙𝐙−1  can be expressed as  

               𝐙𝐙−1 = 𝐃𝐃𝐃𝐃 +  𝐈𝐈                                                            (20) 

 

 

By substituting (20) into (14), this optimization problem can be 
transformed into  

 

   P_I ∶         min
𝛩𝛩
‖𝐃𝐃𝐃𝐃𝐃𝐃 + 𝐆𝐆‖𝐹𝐹2                                            (21)   
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  P_I  is considered a least square problem and our task now is 
how to solve it over the optimization variables. Indeed, this 
problem can be seen as a quadratic program (QP) and has a 
standard analytical solution [47].  In practice, when we 
implement the varactors as load impedance, the real part of the 
varactor should be positive such that the antenna array can 
radiate power [50], [51]. This feature adds to the constraint of 
the optimization problem P-I. Based on (16) and (18) each load 
impedance can be represented as a function of the variable  𝛼𝛼𝑖𝑖  
, which is given by     

                 𝓏𝓏𝐿𝐿𝐿𝐿 =  𝓏𝓏𝑚𝑚1
𝛼𝛼𝑖𝑖  

 −  𝓏𝓏𝐴𝐴                                                     (22) 

 

and the real part of each one of the load impedances should be 
positive, as can be represented as  

          ℛ (𝓏𝓏𝐿𝐿𝐿𝐿) ≥ 0 ,      ∀𝑖𝑖  ∈ {1,2, … , N𝑡𝑡}                                  (23) 

 

which is also convex, where we notice that a practical antenna 
has ℛ (𝓏𝓏𝐴𝐴) > 0 [34]. Therefore, by combining (21) and (23) the 
optimization problem can be formulated as 

 

P_IV  ∶          min
𝚯𝚯
‖(𝐃𝐃𝐃𝐃𝐃𝐃 + 𝐆𝐆)‖𝐹𝐹2  

                              s.t. 

                              ℛ (𝓏𝓏𝐿𝐿𝐿𝐿) ≥ 0 ,      ∀𝑖𝑖  ∈ {1,2, … , N𝑡𝑡}             (24) 

                                                                  

Which is again a least square problem with convex constraints 
and can be considered as a QP with convex constraints. 
Following [47], this optimization problem is an inequality 
constrained minimization problem and can be efficiently 
solved by the interior-point methods such as the barrier 
method or the primal-dual interior-point method. indeed, the 
latter method is often more efficient than the former method, 
especially when high accuracy is required.  

In practice, the optimization problem (24) is a standard least 
square problem with convex constraints and can be efficiently 
solved by using convex optimization tools such as CVX. 
Indeed, these software packages include all the techniques and 
algorithms that are applicable to solve the optimization 
problem analytically. in addition, these software tools contain 
numerical methods such as primal-dual interior-pint methods 
that can provide both the optimal primal variable and the 
optimal dual variables, i.e., Lagrange multiplier [47]. One only 
needs to reformulate the optimization problems to be similar 
to the existing standard forms. Then, each load impedance can 
be obtained by (24) and consequently, the resulting optimal 
mutual coupling matrix is obtained based on (20) as 

                    𝐙𝐙∗ =  (𝐃𝐃𝛅𝛅∗ +  𝐈𝐈)−1                                               (25)                 

 

More performance gain can be achieved when the regularized 
zero forcing (RZF) scheme is employed and it is simply done 
by expanding   𝐆𝐆 in the ZF approach to be  𝐆𝐆 =  𝐖𝐖𝐻𝐻 �𝐖𝐖𝐖𝐖𝐻𝐻 +
𝐾𝐾
𝜌𝜌

 ∙ 𝐈𝐈�
−1

 . Moreover, the proposed technique can be applied to 
other precoding approaches by simply substituting 𝐆𝐆  with 
other precoders, and consequently the performance gain can 
still be achieved.  

     So far, we have shown that the optimal precoder can be 
achieved by solving (24) not only theoretically but also 
practically by CVX simulation. However, it should be pointed 
out that  

the adaptation of each load impedance  𝓏𝓏𝐿𝐿𝐿𝐿 , depending on the 
channel variation, is required for the proposed scheme. This 
could be done through adaptive impedance approaches. There 
are many existing varactor technologies which support 
adaptive impedance tuning. Semiconductor-based varactor 
diodes, ferroelectric- based varactors, and 
microelectromechanical system (MEMS) varactors are the main 
categories of the varactor technologies [ 52]. In addition, 
semiconductor- based and ferroelectric- based varactors can 
support up to 1-100 ns tuning speed. Furthermore, adaptive 
matching networks are employed in [52] based on an 
automated impedance tuning unit with ferroelectric varactor 
diodes which are applicable to facilitate the proposed 
approach. Moreover, the electronically steerable parasitic array 
radiators (ESPARs) are applied which can further support the 
implementation of the proposed approach. In fact, the 
radiation pattern of (ESPARs) are formed by changing the 
values of each load impedance on a symbol -by-symbol basis 
[53-57]. Thus, based on practical aspects, the proposed 
precoder can be applied and is mostly suitable for slow or 
quasi-static fading channels as the it they change slowly.   

 

4 NUMERICAL RESULTS 
The performance of the proposed AD precoder with the aid of 
Monte Carlo simulation is evaluated. In this work, a 
MU_MISO system operating on a frequency of 𝑓𝑓 = 2.6 GHz  is 
assumed. The transmitter and receiver are designed with 𝑁𝑁𝑡𝑡 =
4, 6  and 𝐾𝐾 = 4   respectively. The distance between each 
antenna element is assumed to be 𝑑𝑑 = 0.25 and the dipole 
length of each element is 𝑙𝑙 = 0.3 . The simulation of the 
channel as a Raleigh flat fading channel with a number of 
steering vectors of  𝑀𝑀 = 50 and angle spread of  Φ =  𝜋𝜋 ∕ 8  is 
considered. Although the performance benefits are extending 
to other receives, our focus in this work will be on the linear 
ZF and RZF receivers.  
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TABLE I 
ABBREVIATION OF DIFFERENT SCHEMES 

Abbreviation  Scheme 
ZF with no 

 
ZF receiver with no mutual coupling 

ZF with MC ZF receiver with fixed mutual 
 RZF with no 

 
RZF receiver with no mutual 

 RZF with MC ZF receiver with fixed mutual 
 ZF with AD  ZF receiver with the proposed AD 
  RZF with AD RZF receiver with the proposed AD 
   

 
In Fig. 2, the bit error rate (BER) performance for the proposed 
precoder using QPSK 

 modulation is simulated with respect to the transmit SNR. In 
this figure, we compare the BER performance with 
conventional ZF technique, where there is no mutual coupling. 
As can be, the ideal ZF case, with no MC, is superior to the 
conventional ZF, with MC, and that the later achieves the 
worst performance. This is indeed due to the fixed mutual 
coupling among antenna elements. Compared to the previous 
two schemes, the proposed AD precoder, outperforms the 
previous schemes with an SNR gain over 4 dB. To elevate the 
system performance RZF is used instead of ZF. In this case 
much better improvements in the BER performance is 
achieved for all the previous schemes.  

 
Fig.2, BER performance for the AD precoder with 𝑁𝑁𝑡𝑡 = 4,𝐾𝐾 = 4, 

 QPSK modulation 

  
 In Fig. 3, The performance gain for all the above precoding 
schemes becomes larger when we increase the number of 
transmit antennas, but still this improvement at the expense of 
larger and more complex transmitter (BS). It can also be 
observed that the precoding schemes with fixed mutual 
coupling are the most effective ones, i.e., larger performance 
gain compared the previous scheme, with 𝑁𝑁𝑡𝑡 = 4. All in all, the 
performance gain is expected to be larger when 𝑁𝑁𝑡𝑡 < 𝐾𝐾. 

 

 
Fig.3, BER performance for the AD precoder with 𝑁𝑁𝑡𝑡 = 6,𝐾𝐾 = 4,  

QPSK modulation 

  

5. CONCLUSION 
In this paper, a joint analog- digital precoding scheme for the 
downlink multi-user multiple-input single-output MU-MISO 
system for the perfect CSI is proposed. Different from the ideal 
scheme, where a linear precoding approach is used, we tend to 
manipulate the case where there is a mutual coupling effect 
(the source of the antenna impairment) among the antenna 
elements. However, this effect cannot be solely eliminated. 
Thus, we tend to optimize this effect rather than compensating 
or eliminating it as have been done before. By reformulating 
the problem into a least square problem with a practical linear 
constraint, we can get a standard convex optimization 
problem, which can used to get the optimal values of the load 
impedances that can lead to the optimum results. This of 
course has been done with the aid of the QPSK modulation. 
Simulation results show that the proposed AD precoder, a 
better BER performance can be achieved compared to the ideal 
or conventional cases.  The future research focus will be on 
investigating the performance for the robust precoder with 
imperfect CSI.   
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