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Millimeter wave (mmWave) communication, which utilizes massive multiple 
input multiple output (MIMO) techniques, is one of the key enabling technologies 
for high capacity 5G cellular networks. However, the hardware complexity and the 
high power consumption in massive-MIMO array hinder its integration. Hybrid 
precoding technique, which combines large-dimensional analog preprocessing 
with low-dimensional digital processing can be used to reduce both hardware costs 
and power consumption in massive MIMO systems, as a potential method. In this 
paper, we introduce a hybrid precoding structure design in both narrowband and 
wideband massive MIMO inspired by the effective alternating minimization 
(AltMin) algorithm with the Least Squares Amendment (LSA). To be specific, in 
the proposed design, the analog Radio Frequency (RF) precoder structure employs 
the Discrete Fourier Transform (DFT) processing which in turn affects the 
performance of the system. In addition, the proposed design relies on Space-Time 
Block Coding (STBC) to attain diversity and further enhances the system 
reliability. We evaluate bit error rate (BER) performance of proposed massive 
MIMO system using various hybrid precoding techniques. Numerical simulations 
(Monte Carlo) are performed to check the precision of proposed BER analytical 
expression. Our simulation results demonstrate significant performance gains of 
the proposed STBC-based hybrid precoding with DFT processing over existing 
hybrid precoding algorithms. 
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1. INTRODUCTION 
 

1.1. Background 
    Millimeter wave (mmWave) multiple input multiple 
output (MIMO) systems, utilizing hybrid analog and 
digital precoding, represent one of the most promising 
techniques for future communication networks. In 
mmWave MIMO systems, the use of small wavelengths 
allows for the placement of many antennas in a compact 
space. However, employing large antenna arrays 
increases the number of Radio Frequency (RF) chains, 
leading to higher costs and power consumption [1]. The 
hybrid precoding scheme leverages the limited 
scattering property inherent in mmWave systems to 
minimize the number of required RF chains [2]. 
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Hybrid Massive MIMO employs a two-step processing 
scheme (baseband and RF) which is illustrated in Fig. 1. 
This approach requires fewer RF chains compared to 
fully digital processing structures. The hybrid analog-
digital architecture (that utilize switches, phase shifters, 
and RF lenses) offers wireless system designers a 
flexible mechanism to effectively balance performance 
with hardware complexity [3].  

1.2.  Related Works 
Reference [4] has focused on the development of a 
multi-user massive MIMO hybrid beamforming system 
by comparing the effects of changing variables, such as 
the number of antennas and the type of modulation, to 
achieve higher data rates that approach those of a fully 
digital system with low complexity. They have designed 
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analog and digital beamformers separately at the 
transmitter and receiver to maximize the total sum rate 
by utilizing the Minimum Mean Square Error (MMSE) 
technique. In addition, to enhance the performance of a 
fully digital massive MIMO structure, they jointly 
designed RF and baseband filters using orthogonal 
matching pursuit (OMP). Reference [5] proposes an 
alternating algorithm that applies a penalty method 
based on a partially-connected structure.  The work 
indicates that the proposed system exhibits low 
computational complexity while delivering significant 
performance gains. Research findings on narrowband 
massive MIMO suggest that the performance of the 
hybrid structure is close to the optimal performance of a 

fully digital structure [6]. The design problem of hybrid 
precoders can be framed as minimizing the Euclidean 
distance between the unconstrained optimal solution and 
the hybrid precoders. In [6], three alternating 
optimization algorithms based on different principles 
are proposed to design the hybrid precoding matrix, with 
the goal of finding a precoding vector that minimizes 
this Euclidean distance. The factorization problem is 
divided into two unrelated optimization subproblems: 
non-convex quadratically constrained quadratic 
programming (QCQP) and unit-modulus least squares 
(ULS). Although their proposed algorithms outperform 
previously suggested methods, they also exhibit very 
high complexity.

Fig. 1. Massive MIMO Architecture 
 
The use of phase shifting networks in analog precoders 
has become challenging due to hardware 
implementation complexity and high power 
consumption. Typically, a single-phase shifter is used to 
connect an RF chain to an antenna, which imposes 
limitations on unit modulus. To overcome this 
algorithmic problem, [7] proposed a new scheme for 
designing hybrid precoders in multi-user OFDM 
mmWave MIMO systems by adopting a dual phase 
shifter (DPS). Their algorithms are developed for two 
structures (fully-connected and partially-connected).  
The authors in [8] proposed a dynamic hybrid precoding 
structure that utilizes a switch network to provide 
flexible connections between phase shifters and 
antennas. The proposed method aims to enhance 
spectral efficiency while reducing power consumption 
compared to traditional fully-connected architectures. 
The study demonstrates that this dynamic approach can 
significantly improve energy efficiency and overall 
system performance in millimeter-wave communication 
scenarios. 
To generate orthogonal beams with low power losses 
and cost, the Butler matrix based on Discrete Fourier 
Transform (DFT) processing was introduced in [9]. The 
Butler networks for implementing the DFT in RF analog 
precoding provide better performance than fully-
connected structure in the hybrid precoding design [10]. 
Results in [11] confirm that the performance of hybrid 
precoding based on DFT is comparable to that of hybrid 
precoding architectures utilizing quantized phase 
shifters. The authors in [12] enhanced the equivalent 

channel gain by extending the dimensions of the analog 
precoding matrix into a square matrix and representing 
the codebook with a DFT matrix. They also employed 
an improved block diagonal scheme for digital 
precoding to reduce complexity and inter-user 
interference.  
A two-step Alternating Minimization (AltMin) 
algorithm, utilizing a codebook for single-user 
narrowband scenarios, is proposed in [13]. This 
approach reduces complexity and outperforms previous 
algorithms. In the first step, a low-complexity 
codebook-based algorithm is employed. Instead of 
initializing the RF analog precoder with random phases, 
orthogonal-based matching pursuit (OBMP) is used to 
select the analog precoder columns from a DFT 
codebook. The second step employs the AltMin 
algorithm to refine the hybrid precoders. Most existing 
research on hybrid massive MIMO has focused on 
narrowband massive MIMO systems [13][14]. 
Limited attention has been paid to wideband hybrid 
precoding systems. The approach proposed in [15] 
formulates the problem of designing hybrid precoding 
for Orthogonal Frequency Division Multiplexing 
(OFDM) systems. This scheme dynamically divides 
users into several groups. The DFT-based user 
clustering hybrid precoding algorithm implemented at 
the base station consists of two parts: a DFT 
beamforming layer that creates orthogonality among 
user groups, and a linear multiuser MIMO precoding 
layer that facilitates spatial multiplexing within these 
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groups. Their algorithm is applicable to both fully-
connected and partially-connected structures. 
A related body of work has considered the spatial 
diversity process, where the same information is 
transmitted across all available multipath propagation 
paths to improve the reliability of the communication 
link. The first Space-Time Block Code (STBC) scheme, 
introduced by Alamouti, is capable of providing 
diversity gain [16]. Space-time codes enhance both the 
data rate and reliability of transmission but may struggle 
to adapt to the increasing density of multiuser massive 
MIMO systems. By utilizing STBC, data is organized in 
the form of a matrix, where the number of columns 
corresponds to the number of transmitter antennas and 
the number of rows corresponds to the time slots 
allocated for data transmission. 
The main challenge in multi-user scenarios is that 
different signals experience distinct unknown space-
time block coding (STBC) signals, propagation delays, 
and channel coefficients. Additionally, the STBC 
identification process is disrupted by multiple access 
interference. An evaluation of an experimental wireless 
communication technique called space-time coded 
massive (STCM) MIMO is presented in [17]. The 
STCM-MIMO system utilizes two massive transmit 
antenna arrays to transfer data to a single-antenna user. 
In [18], the authors introduced a novel multi-user 
scheme with an STBC-MIMO configuration that 
employs OFDM as a transmission framework. The bit 
error rate (BER), throughput error rate (TER), and peak-
to-average power ratio (PAPR) performances of their 
scheme, based on computer simulations, demonstrate 
significantly higher performance compared to 
conventional systems.  
The analyzes simulations of Orthogonal Space-Time 
Block Codes (OSTBC) are discussed in [19]. The results 
demonstrate how STBC improve data rates and can 
effectively reduce bit error rates (BER) by leveraging 
spatial diversity. 
While most literature focuses on the energy 
consumption and complexity of hybrid precoding, 
further improvements are still needed in both the 
performance of hybrid precoding algorithms and their 
complexity. 
 

1.3. Contributions 
           In this paper, we investigate the hybrid precoding 
in multiuser mmWave system with ability to provide 
high throughput. Millimetre wave communication is an 
effective approach to satisfy the capacity requirements 
of wireless communication systems and 5G networks. 
Our detailed contributions are summarized as follows: 
 

• This study employs the Alternating 
Minimization (AltMin) algorithm, integrated 
with the Least Squares Amendment (LSA), as 
the primary design principle for hybrid 
precoding. Effective AltMin algorithms 
conceptualize the design of hybrid precoders as 
a matrix factorization problem. Furthermore, 
the digital precoding matrix is enhanced 
through LSA following the iterative results 
obtained from the algorithm. The algorithm 

accepts an optimal unconstrained precoder as 
input and approximates it as a linear 
combination of beam steering vectors, which 
can subsequently be applied to the RF chain. 

• We present a design for multiuser hybrid 
massive MIMO systems utilizing a DFT 
codebook-based analog precoder. Instead of 
random phase initialization, the columns of the 
analog precoder are selected from an 
orthogonal DFT codebook. The complexity of 
the codebook-based algorithm, which derives 
the precoder from a fixed set of orthogonal 
codewords, is generally much lower than that 
of non-codebook-based algorithms. This 
approach results in significantly lower 
complexity compared to non-codebook-based 
algorithms, making the hybrid precoding 
scheme with DFT processing an efficient low-
complexity application. 

• Due to the high bandwidth characteristic of 
mmWave systems, it is essential to consider 
hybrid precoding design when employing 
multi-carrier techniques such as OFDM, 
particularly to mitigate multi-path fading. In 
this work, we extend the proposed algorithm to 
the OFDM-based massive MIMO framework 
for wideband scenarios. Practically, by 
adopting OFDM, we can transform wideband 
frequency-selective fading channels into 
multiple parallel narrowband frequency-flat 
fading channels. 

• We present a novel processing architecture that 
leverages the advantages of the Space-Time 
Block Coding (STBC) scheme in hybrid 
massive MIMO systems. A critical issue that 
requires further investigation in conventional 
massive MIMO systems is their reliability 
under severe fading conditions in wireless 
communication. By transmitting multiple 
versions of a data stream using the STBC 
scheme, the base station (BS) can obtain 
channel state information (CSI) for each user 
in real-time, thereby enhancing the reliability 
of data transmission [20]. This approach 
significantly improves the range and reliability 
of transmitted signals without necessitating 
increased bandwidth. 

• In this paper, we analyze the performance of 
the bit error rate (BER) in the proposed 
massive MIMO system by providing an 
approximate BER formula for q-QAM 
modulation. Additionally, we present Monte 
Carlo simulations to evaluate the analytical 
BER expression. The numerical results 
confirm the validity of our closed-form 
analysis. We offer extensive comparisons to 
provide valuable design insights related to the 
proposed schemes. Our simulation results 
demonstrate that the performance of the 
proposed space-time block coding (STBC) 
hybrid massive MIMO technology approaches 
that of fully digital systems and outperforms 
conventional hybrid architectures. 



                                                     
450                      Citation information: DOI 	10.48308/ijrtei.2025.236514.1055, International Journal of Research and Technology in Electrical 

Industry 
 

IJRTEI., 2024, Vol.3, No. 2, pp. 447-459 
 

Consequently, the proposed design proves to 
be beneficial for practical massive MIMO 
implementations. 

 
 
 

1.4. Organization 
     We organize the rest of this paper as follows: In 
section 2, the mmWave MIMO system model in both 
narrowband and wideband channels is described and the 
optimization model is formulated. Section 3 shows new 
hybrid analog and digital precoder design massive 
MIMO. In this section, a novel algorithm is presented, 
subsequently the developed wideband hybrid precoding 
design will be analysed. In addition, the complexity 
analysis is presented in section 4 and the proposed 
hybrid precoding design are evaluated in section 5. 
Finally, section 6 are considered to the conclusions. 
 

1.5.  Notations 
    The lower-case and upper-case bold letters are used 
for vectors and matrices, respectively. The operations

,  and  signify the complex conjugate, the 

transpose and the Hermitian transpose.  is the 

 identity matrix.  denotes the Euclidean 
norm. 
2. SYSTEM DESCRIPTION 

 Both narrowband and wideband transmission models of 
hybrid precoding massive MIMO system are described 
in the following. 
 

2.1. System Model: Narrowband Transmission  
       In the following, we describe a system model for the 
downlink hybrid precoding system. We assume that the 
BS is equipped with  antennas to transmit data to 

 users and there are  RF chains at the 
transmitter. The channel coefficients between users and 
BS are independent and identically distributed (i.i.d.) 
Rayleigh fading. The channel vector of  user is 
denoted as  whose entries 

are i.i.d.  where  represents large scale 
fading. To model favourable propagation, these channel 
vectors should be pair-wisely orthogonal. The downlink 
channel from BS to all users is defined as 

. 
 In the hybrid precoding structure, 

 is the analog 

RF precoder and 

 is the digital 
precoder. 
Let , where  is the signal vector 
transmitted by the BS antenna array and  is a complex 
Gaussian noise signal with zero mean and unit variance. 
The sampled baseband signal received by all users is 
given by: 

                                                       (1) 

The signal which is received by user  is expressed as 
follows: 

                                               (2) 

where  is the additive noise at the  user. 
Assuming that the transmitted signals of different users 
and noise signals are mutually independent, the received 
signal at the  user is: 

         (3) 
Hence, the downlink Signal-to-Interference-plus-Noise-
Ratio (SINR) at the  user can be represented as: 

                      (4) 

In this paper, we assume that both the transmitter and 
receiver have perfect knowledge of the channel state 
information (CSI). The achievable average transmission 
rate of the system can be written as: 

                           (5) 

 
2.2. System Model: Wideband Transmission  

The transmission model will extended to a hybrid 
precoding massive MIMO-OFDM system with  
subcarriers, in this section. In the OFDM-based hybrid 
precoding structure, 

 
is the digital precoder performing in the frequency 
domain on a per-subcarrier foundation. The processed 
signal is then converted to the time domain by applying 

-point Inverse Fast Fourier Transforms (IFFTs). 

 is the analog 

RF precoder that is performed in the time domain. 
 The received signal vector on  subcarrier of an 
OFDM symbol after processing is given by: 

                        (6) 

where the channel matrix for the  subcarrier 
 illustrates physical channel. We 

suppose that  is additive white complex Gaussian 

noise for  subcarrier, where 
. 

The signal, which is received by user is expressed as 
follows: 
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                   (7) 

The channel vector from the  user is denoted as 
 whose entries are i.i.d.  

where  represents large scale fading. The downlink 
channel from BS to the all users in terms of user channel 
vectors is 

. 
To model favourable propagation, these channel vectors 
should be pair-wisely orthogonal. Hence, the downlink 
SINR at the  user served on the  subcarrier can 
be represented as: 

       (8) 
Then the achievable downlink average transmission rate 
of the system is: 

                       (9) 

2.3. Structure of Clustered Millimeter Wave 
Channel Model 

      We consider a clustered mmWave channel model to 
characterize the sparse scattering features [21]. The 
narrow mmWave channel matrix can be depicted as: 

                                          (10) 

Where  is a normalization factor. 

, denotes the number of clusters and each cluster 

contains  propagation paths and  represents 

the complex gain of the  ray in the  cluster, 
which is assumed to be a zero mean and unit variance 
complex Gaussian random variable. The azimuth angle 
of departure  and azimuth angle of arrival 

 are of a truncated Laplacian distribution. 

The vectors and 

 are, respectively, the transmit 
and receive antenna array response vectors of an 
uniform planar array (UPA) [22]. The array response 
vector for an UPA with  antenna elements 
is given by: 

    (11)  

where d and  are the antenna spacing and the signal 

wavelength, and  ,  are 
the antenna indices in the 2D plane. 
The frequency domain wideband channel matrix  

for the  subcarrier can be described as: 

                       (12) 

 
3. HYBRID PRECODING DESIGN  

In this section we discuss hybrid precoding algorithm 
and we introduce a novel hybrid precoder structure, to 
achieve a better performance. 
 

3.1. Analog RF Precoder Design  
            The analog part of the hybrid structure is 
equipped with analog phase shifters and analog adders. 
The conventional configuration in analog precoding 
utilizes a fully-connected structure.  
  In OFDM-based hybrid massive MIMO, a post-IFFT 
processing , namely the analog RF precoder, remains 
constant across all subcarriers [14]. The analog domain 
is implemented using orthogonal columns selected from 
a DFT matrix.  In contrast the previous works that 
employed ideal phase shifters in the analog precoding 
design [14], this paper considers an analog RF precoder 
architecture based on DFT processing, utilizing an 
orthogonal precoding codebook.  

 
(13) 
 That way, the analog processing can be designed by a 
Butler matrix integrated as described in [10] that phase 
shifters are implemented by an integrated circuit. 

where . The DFT is a special case of 
quantized candidate precoding matrix. With the 
orthogonality of DFT codebook that match with the 
statistical distribution of the optimal precoding weight 
vectors, makes the DFT-based codebook more efficient 
in spatially correlated channels [23]. It can reduce the 
complexity of calculating matrix inverse in hybrid 
precoding algorithm and most important of all it is more 
hardware feasible. 
 

3.1.1 Narrowband Transmission 
       By applying the singular value decomposition 
(SVD) method on channel matrix [24], the columns of 
analog precoding matrix  are designed by selecting 

from the  DFT matrix which represents 
maximum correlation with the columns of right singular 
matrix of the channel where the SVD of  is 

. So it can be written as: 
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(14) 
where  is the right singular matrix of the channel. 
 

3.1.2 Wideband Transmission 
       Similar to the narrowband, the DFT matrix which 
represents maximum correlation with the columns of the 
right singular value decomposition (SVD) matrix of the 
channel where the SVD of  is 

, can be given as: 

   (15) 

where  is the right singular matrix of the channel. 
 

3.2. Proposed Space-Time Coded Hybrid Massive 
MIMO System Model  

           This section introduces a STBC hybrid precoding 
with DFT processing downlink multiuser mmWave 
MIMO systems. By combining the STBC technique 
with new hybrid precoding algorithm, the proposed 
system presents the advantages of both technologies. 
 

3.2.1 Narrowband Transmission 
        The purpose of this subsection is to introduce the 

proposed system model for the downlink multi-
user  

Fig. 2. DFT-based Hybrid structure of Space-Time Coded in Narrowband Massive MIMO 
 

STBC hybrid massive MIMO system as shown in 
Fig. 2. We assume that the BS is equipped with two 
arrays of  transmit antennas that transfer data to 

 users and there are  RF chains at the 
transmitter. 
The STBC signal  is transferred from 

 antennas with a time interval of  to all the 
users. 
The high-dimensional STBC signal is expressed as, 

                                                                    (16) 

where  is an equivalent 

precoding matrix, and  is a low-
dimensional STBC. 
The received signal follows: 

                                                         (17) 
By using the completed  virtual channel 
matrix as discussed in [25], we will have: 

                                                        (18) 

Where  is the transmitted signal 

vector in virtual channel and  is  the 
received signal matrix. 

 

(19) 
The estimated received symbol vector  is obtained 
as: 
 

                              (20) 

 Where the noise terms are obtained , so 
each estimated symbol can be expressed as: 

 (21) 
where . 
  We can now derive the symbol error rate of quadrature 
amplitude modulation (QAM) under additive white 
Gaussian noise, which encode the information in both 
amplitude and phase. The probability of error  for q-
QAM can be approximated as [26]: 
 

                     (22) 
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                                         (23) 

where  is the Gaussian error 

function and  is noise-power, where . 
To derive the average BER by using the SNR, we will 
have: 

                                    (24) 

where  is the bit error probability conditioned 

on the SNR and  is the probability density 
function (PDF) of the SNR. 

To evaluate the probability density function (PDF) of 

, we know  is 

exponential distribution with , where 

. Since  are same and independent 

random variables, so  is convolution of 

exponential distributions PDFs . By applying 
the Laplace transform we will have: 

        (25) 
 

Fig. 3. DFT-based Hybrid Structure of Space-Time Coded in Wideband Massive MIMO 
 
where  is the Laplace transform of . So: 

                                    (26) 

        (27) 
Assuming a large number of antennas,  can be 
approximated based on a Gaussian distribution and can be 
simplified as follows: 

                         (28) 

                        (29) 

                                 (30) 

So we have: 

                 (31) 

Using (27),(31) and  for 64-QAM, the average 
BER is given by: 

(32) 
3.2.1 Wideband Transmission 
      Similar to the previous subsection, we will 
extend the proposed system model for the downlink 
multi-user space-time block coded to wideband 
hybrid massive MIMO system with  subcarriers 
as shown in Fig.3. 
The STBC signal  is transferred from 
the  antennas with a time interval of  to all the 
users. The high-dimensional STBC signal is 
expressed as, 

                                                 (33) 
where  is an equivalent 

precoding matrix, and  is a low-
dimensional STBC. The received signal follows: 
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                                 (34) 
where 

 

is the received signal matrix and  is a  
noise matrix. We can reduce the complexity of 
decoupling the space-time transmitted data streams 
at the receiver side, by applying an equivalent virtual 
channel matrix. This plan only estimates the  
original transmitted signals that received at the 
mobile station. 
 By using the completed  virtual channel 
matrix as discussed in [25], we will have: 

                               (35) 

where  is the 
transmitted signal vector in virtual channel and 

 is  the 
received signal matrix. 
The estimated transmitted signal vector  is 
obtained as: 

 
(36) 
Each estimated signal vector can be expressed as: 

 
(37) 
where  and  is the noise term. 
As explained in the narrowband transmission to 
calculate the average BER by using the SNR over 

 subcarriers, we act as follows: 

                                   (38) 

                                                (39) 

                         (40) 

where  is the bit error probability 

conditioned on the SNR and  is the 
probability density function (PDF) of the SNR. 
 
To evaluate the probability density function (PDF) 

of , we know 

 is exponential 

distribution with , where . Since 

 are same and independent random variables, so 

 is convolution of exponential 

distributions PDFs . By applying the 
Laplace transform we will have: 

         

(41) 
where  is the Laplace transform of 

. So: 

                       

(42) 

(43) 
Assuming a large number of antennas,  
can be approximated based on a Gaussian 
distribution and can be simplified as follows: 

(44) 

  

(45) 

                          

(46) 
So we have: 

(47) 

Using (43),(47) and , the average BER is given 
by: 

(48) 
As mentioned before, we consider a SVD hybrid massive 
MIMO transmission. 
So to estimate the low-dimensional STBC signal vector 

, the virtual channel matrix can be decomposed by 
using SVD method as follows: 

                          (49) 

                                        (50) 

                                          (51) 

(52) 
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where  and  are semi-
unitary matrices containing the first  columns of 

unitary matrices  and , respectively. 

 is a  non-negative diagonal matrix. We 
consider Maximum Eigen Beamforming (MEB) which is 
the optimal scheme in terms of the SNR. Thus, by using 
this kind of decomposition, (35) is written as: 

             (53) 

Multiply by  from left: 

  (54) 

Let the equivalent precoding matrix , 
with fully-digital SVD-based precoding, we will have: 

    (55) 
The estimation procedure can be developed by the hybrid 
precoder optimization problem as is introduced in the next 
section. 
 
3.3. Proposed Hybrid Precoding Algorithm 
          An effective hybrid algorithm in wideband will be 
proposed to optimize the digital and analog precoders. 
The proposed hybrid precoding algorithm represented in 
Algorithm 1, uses analog precoding based on the DFT 
processing that reduces hardware complexity compared to 
the fully-connected structure. 
We provide an algorithmic hybrid precoding solution 
inspired from the AltMin algorithm which is updated by 
the LSA. The corresponding problem is equivalent to 
minimize the Euclidean distance between the optimal 
fully-digital precoder and the hybrid precoders 
(maximizes the spectral efficiency expression).  
The hybrid precoder optimization problem can be stated 
as follows: 

(56)

where  stands for the optimal fully digital 

precoder and it is comprised of the first  columns of 
 which is a unitary matrix derived from the 

channel SVD in the proposed system.  
respectively, are the analog and digital precoders to be 
optimized.  
 
Algorithm 1. Proposed Algorithm. 

DFT-Based Alternating Minimization with the Least 
Squares Amendment 

Require  
1. Construct an initial point for  according to 
DFT-Based Matrix (13). 
2. Repeat 

3. For  do 
4. Fix  solving  using the SVD: 

5.  

6.  

7.    For do 
8.      For  do 

9.       
10.     End For 
11.   End For 
12. End For 
13. Until a stopping criterion triggers. 
14. Update by Least Squares Amendment (LSA): 

15. For  do 

16.  
17. End For 
18. For the digital precoder at the transmit end,      

normalize  

19. Return  
Algorithm 1 presents a step-by-step summary of the 
proposed algorithm. The algorithm simplifies the problem 
by optimizing one of  while fixing the other. The 

iterations continue until  
drops below the specified convergence threshold. In the 
first step, by providing an initial version for  using a 
low-complexity codebook-based algorithm, we select the 
columns of  from the DFT codebook whose columns 
contain orthogonal beamforming vectors. After the 
initialization of , the digital precoder  can be 
determined by using the least square solution. In the next 
alternating step,  is fixed and update  by deciding: 

      (57) 
The final digital baseband precoding matrix improves 
with LSA. The proposed narrowband algorithm can 
be provided similar to wideband algorithm. 
 

4. COMPUTATIONAL COMPLEXITY  
  The computational complexity analysis of hybrid 
precoding methods, particularly in the context of 
mmWave massive MIMO systems, reveals 
significant insights into their efficiency and 
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performance. Here’s a summary based on the 
provided search results:    
* The DFT codebook-based hybrid precoding 
method leverages an orthogonal codebook for beam 
selection, which allows for efficient analog 
precoding [27].  
* The AltMin method operates by iteratively 
minimizing a cost function with respect to different 
sets of variables (e.g., analog and digital precoders). 
The overall complexity can be expressed as: O(I⋅f(n)) 
where I is the number of iterations to                             
convergence and f(n) is the complexity of each          
minimization step [14]. 
In conclusion, while the AltMin method provides a 
flexible framework for optimizing hybrid precoding 
in massive MIMO systems, its computational 
complexity can be significant depending on the 
number of iterations required for convergence and 
the specific minimization steps involved. The 
proposed method employs an iterative algorithm that 
simplifies matrix operations, leading to faster 
convergence and lower overall computation time 
compared to conventional approaches. For instance, 
our iterative approach significantly reduces the need 
for matrix inversion, which is often a computational 
bottleneck in massive MIMO systems. 
Compared to DFT-based approaches AltMin can 
offer competitive performance but may incur higher 
computational costs in certain scenarios. 
 

     Table 1. Computational Complexity 
Algorithm Median operation 
Fully-digital  

 
DFT-based Hybrid 
Precoding  
AltMin  
Proposed Algorithm 

 
 

5. SIMULATION RESULTS 
    The performance analysis of the proposed structure by 
simulation results is presented in this section. In the 
clustered channel model, we assume  clusters and 

 rays, and the simulation results are averaged 
over 1000 channel realizations.  
In our study, we assume that the CSI is obtained through 
a standard estimation process, which typically involves 
pilot signaling and feedback mechanisms. With perfect 
CSI, the BER is minimized since the transmitter can  

 
a) Narrowband 

 
b) Wideband 

Fig. 4. Average rate vs. numbers of users for SNR= 5dB 
 
precisely adjust its transmission parameters (such as  
power and modulation schemes) to match the channel  
conditions. As a result, the system achieves its theoretical 
limits for BER. We demonstrate the average rate 
performance and BER performance by using the proposed 
structure for downlink multiuser transmission scenario 
when ,  and we assume that the number 
of subcarriers is . The number of RF chains is 
the same as the number of users . 

5.1. Spectral Efficiency Evaluation  
            Firstly, we illustrate the spectral efficiency 
achieved by different algorithms when the number of RF 
chains is equal to that of the data streams, i.e., 

. 

 When , there exists a closely solution to 
the design of the fully-connected hybrid precoding, which 
leads to the same spectral efficiency provided by the 
optimal fully-digital precoding. 
We show in Fig. 4 the average transmission rate per user 
as a function of  for SNR=5dB for the proposed 
algorithm and other structures (fully-digital, Proposed 
Algorithm without STBC , AltMin [14] and ALG [7]). 
The average rate decreases with the number of users. The 
gap between the fully-digital and hybrid precoding cases 
decrease with . 
Fig. 5 depicts the average transmission rate of the 
proposed scheme versus the input SNR in narrowband and 
wideband, respectively. 
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a) Narrowband 

 
b) Wideband 

Fig. 5. Average transmission rate versus SNR with K = 16 
For comparison, we illustrate the average transmission 
rate versus SNR for different structures in conventional 
versions (fully-digital, Proposed Algorithm without 
STBC, AltMin [14] and ALG [7]) and STBC-based 
designs (fully-digital-STBC, Proposed Algorithm-STBC 
and AltMin-STBC). 
As expected the performance gains of fully-digital 
architecture always outperforms the hybrid  
architectures, regardless of ideal phase shifters and DFT 
precessing. 
 

5.2. Received SNR and BER Evaluation  
            The Monte Carlo method is the most popular 
method used to estimate the BER of a communication 
system. This approach involves simulating the 
transmission of data symbols through a model of the 
digital communication system under study. During the 
simulation, we count the number of errors that occur at the 
receiver to derive the BER. The simulation incorporates 
pseudo-random data and various noise sources, alongside 
the signal processing models available within the system. 
By processing a substantial number of symbols through 
this simulation framework, we can accurately estimate the 
performance metrics. Additionally, we will conduct 
experimental validations to complement our simulation 
results, ensuring a comprehensive evaluation of the 
proposed method's effectiveness. 
In Fig. 6, we present the Monte Carlo BER performance 
of the STBC-based hybrid architecture with DFT  

 
a) Narrowband 

 

 
b) Wideband 

Fig. 6. Monte Carlo BER performance (withM = 64, K = 
16) 
 
plotted against the SNR. The results indicate that the BER 
performance and average transmission rate of the STBC-
based hybrid architecture with DFT processing 
outperform those of existing hybrid architectures utilizing 
ideal phase shifters. 
Furthermore, the diversity gains are evident from the 
increased slope observed at high SNR levels, highlighting 
the effectiveness of the proposed architecture in 
enhancing communication reliability under challenging 
conditions. In this section, we utilize Monte Carlo 
simulations as a numerical method to investigate and 
validate our analytical expression for the BER of 64-
QAM modulation. As illustrated in Fig. 7, we compare the 
numerical analysis of the BER performance for 64-QAM 
modulation with the corresponding BER values derived 
from our analytical formula (32). The results demonstrate 
a strong correlation between the analytically obtained 
BER and the values obtained from the Monte Carlo 
simulations, confirming the accuracy of our analytical 
model. This agreement suggests that our analytical 
expression reliably predicts the performance of 64-QAM 
modulation under various conditions. 
Furthermore, the Monte Carlo simulations allow us to 
explore a range of scenarios, including different Signal-
to-Noise Ratios (SNRs) and noise conditions, thereby 
providing a comprehensive understanding of the system's 

!
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performance. Overall, these findings reinforce 

 
a) Narrowband 

 
b) Wideband 

Fig. 7. BER performance comparison (Numerical 
Simulations V.s. Analytical Formula) (with M = 64, K = 
16) 
the validity of our analytical approach while highlighting 
the robustness of 64-QAM modulation in practical 
applications. 
 
6. CONCLUSIONS 

    This paper introduces a space-time coded hybrid 
precoding method with DFT processing for downlink 
multiuser mmWave MIMO systems. 
We propose an effective algorithm for hybrid precoding 
structures that operates efficiently in both narrowband and 
wideband scenarios. Simulation results are presented to 
highlight several valuable design insights derived from 
our approach. In the proposed architecture, the analog 
domain employs DFT processing, which contributes to 
low-cost implementation and high efficiency. The hybrid 
precoder utilizing DFT processing achieves performance 
levels comparable to those of fully digital precoders, 
demonstrating its effectiveness in practical applications. 
Moreover, our design harnesses the advantages of STBCs, 
providing transmit diversity in both narrowband and 
OFDM-based systems. This integration results in superior 
performance compared to conventional structures, 
particularly in terms of average transmission rate and 
error rate. By combining space-time coding techniques 
with a novel hybrid precoding algorithm, our system 
leverages the strengths of both technologies. The results 
clearly indicate that the proposed design not only achieves 
a comparable transmission rate but also realizes near-

optimal performance gains similar to those obtained with 
unconstrained fully digital precoding. 
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