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Abstract 
  

At millimeter wave (mmWave) frequencies, distributed massive multiple-input multiple-output (MIMO) efficiently 
manages data transfer across several antennas and base stations (BSs) situated at different locations by combining analog 
and digital precoding. This method enhances spectral efficiency despite having less complexity and cost compared fully 
digital systems. This paper presents a fully connected hybrid precoding design for a downlink mmWave distributed 
massive multi-user MIMO. The objective function for the optimization problem is the spectral efficiency of the proposed 
system, subject to constraints on analog radio frequency (RF) precoding and power budget. The main aim is to maximize 
spectral efficiency. Due to the nonconvex nature of the problem, a two-stage iterative algorithm is proposed to determine 
the optimal analog and digital beamforming matrices and sum rate. The first stage obtains the optimal digital matrix 
assuming the analog RF precoder matrix is known, followed by acquiring the optimal analog RF precoder matrix in the 
next step. The Lagrange multipliers and Karush–Kuhn–Tucker (KKT) conditions for each maximization problem are 
computed and examined to derive the solving algorithms for each stage. The problem is then simplified, and the proposed 
algorithms are formulated. The simulation results demonstrate that the proposed design outperforms current methods in 
sum rate and approaches the performance of fully digital systems with reduced complexity compared to other 
alternatives. 
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1. Introduction 
 
MmWave is also known as millimeter wave, is perfectly 
suited for massive MIMO systems. Within the realm of 
massive MIMO systems, mmWave technology provides 
numerous advantages [1]. The wide bandwidth offered by 
mmWave frequencies enables the transmission of large 
volumes of data at high speeds [2-4]. This characteristic is 
crucial in a massive MIMO system as it supports many 
antennas. Additionally, mmWave signals have shorter 
wavelengths, allowing for more antennas to be 
accommodated in a smaller space. Consequently, this 
enables enhanced spatial multiplexing, facilitating the 
simultaneous transmission of multiple data streams across 
different channels. MmWave signals possess strong 
directional properties, making them well-suited for 
beamforming techniques in massive MIMO systems. Since 
the strong directional nature of mmWave signals, 
interference between adjacent cells or users can be 
minimized, thereby improving network capacity and 
reliability. 
 As we transition to mmWave frequencies, the 
propagation characteristics change significantly because of 
higher path attenuation. These challenges necessitate 
advanced approaches to maintain the performance gains 
provided by massive MIMO systems. The use of hybrid 
precoding has gained attention as a promising solution to 
address these issues, allowing for efficient resource 

allocation in mmWave systems while reducing hardware [5]. 
This technique combines analog and digital precoding 
methods, allowing for efficient resource allocation while 
minimizing hardware complexity by leveraging both 
domains. hybrid precoding can effectively manage the trade-
offs between performance and cost, making it particularly 
suitable for mmWave distributed multi-user (MU) massive 
MIMO systems. In mmWave systems, the use of hybrid 
precoding can significantly enhance the system's ability to 
serve multiple users simultaneously. Analog precoding 
utilizes phase shifters to manipulate signals before 
transmission, while digital precoding optimizes signal 
processing at the baseband level [6]. This dual approach is 
crucial in maximizing spatial diversity and improving 
overall system performance. 
 In traditional massive MIMO systems, a single BS is 
equipped with a large number of antennas. In distributed 
massive MIMO, multiple BSs are deployed over a larger 
area, each has a less quantity of antennas. This distribution 
allows for better coverage and capacity. The base stations in 
a distributed system can coordinate their operations to 
manage interference and optimize performance. This 
coordination can be achieved through techniques like joint 
processing, where signals from different base stations are 
processed collectively. Each base station can focus on 
serving users in its vicinity, leading to improved signal 
quality and reduced latency. This is particularly beneficial in 
densely populated areas where user demand is high. By 
having base stations spread out, the system can exploit 
spatial diversity more effectively [7]. This helps mitigate 
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fading and improves overall reliability. Coordinated 
transmission among distributed BSs can minimize inter-cell 
interference, leading to higher data rates and improved 
Quality of Service (QoS) [8]. Distributed BSs can assist in 
load balancing by dynamically allocating resources based on 
user demand and channel conditions, ensuring efficient use 
of network resources. The base stations need reliable 
backhaul connections to communicate with a central 
controller or network core. This connectivity is crucial for 
coordinating operations and managing data traffic and 
usually fiber optical is used. 
 There are difficulties with integrating hybrid precoding 
in distributed systems that need to be resolved. Hardware 
limitations and channel state information (CSI) must be 
taken into account when designing efficient precoding 
methods [9]. In order to maximize performance, the hybrid 
precoding matrix must also be optimized by striking a 
balance between analog and digital components. When 
assessing hybrid precoding in mmWave distributed MU 
large MIMO systems, performance indicators are essential. 
When evaluating the overall efficacy of a system, metrics 
such as energy efficiency, spectrum efficiency, and user 
fairness are crucial. Gaining a greater understanding of how 
these metrics interact will help with system design and 
optimization tactics. 
 Recent revisions have focused on developing robust 
algorithms for hybrid precoding that can adopt to varying 
channel conditions and user distributions. Techniques such 
as alternating optimization and deep learning (DL) [10] have 
shown promise in improving algorithm efficiency. [11] 
presents effective alternating minimization (AltMin) 
techniques for two distinct hybrid precoding configurations: 
fully connected and partially connected. To emulate the 
performance of fully digital precoding, an AltMin algorithm 
utilizing manifold optimization is recommended for the fully 
connected framework. AltMin algorithm is subsequently 
applied. Additionally, for partially connected, the mentioned 
method with the aid of semidefinite relaxation is applied. 
These AltMin algorithms are then adopted for practical 
implementation in wideband scenarios. The phased zero 
forcing (PZF) is a hybrid precoding method presented in 
[12], which aims to achieve nearly optimal performance in 
massive MIMO systems. PZF manages only the phase at the 
radio frequency domain. Since the power limitation and cost, 
fully digital beamforming approaches face challenges in 
large-scale antenna arrays, as explored in [13]. To address 
this, a hybrid beamforming (HBF) architecture that 
combines digital and analog components is proposed to 
achieve similar performance with fewer RF chains. The 
study shows that with twice the number of RF chains as data 
streams, the hybrid structure can achieve the same level of 
performance as a fully digital beamformer. Furthermore, the 
mentioned paper discusses design challenges for specific 
scenarios and suggests heuristic solutions. Lastly, the 
proposed algorithms are adjusted to enable practical 
implementation. The research paper [14] introduces HBF 
algorithms designed to maximize spectral efficiency in 
wideband scenarios in mmWave massive MIMO using a 
partially connected scheme. The introduced system makes 
tradeoff between the problem of maximizing spectral 
efficiency and a Weighted MMSE problem approach. The 
paper breaks down the equivalent WMMSE problem, 
suggests solutions for optimal digital precoding and 
combining, and puts forward algorithms for the more 
complex analog precoder and combiner. The HBF 
algorithms have been demonstrated to enhance spectral 

efficiency and exhibit convergence. Furthermore, the paper 
also introduces modified algorithms with reduced 
complexity and proposes the use of finite-resolution phase 
shifters.[15] addresses the difficulties associated with 
channel estimation and beamforming within a MU massive 
MIMO framework, presenting a DL-based Hybrid 
Beamformer as a solution tailored for 5G communication 
systems. This innovative design emphasizes precise channel 
estimation through machine learning techniques and the 
design of a hybrid beamformer using Neural networks. It 
tackles the challenges posed by low signal-to-noise ratio 
(SNR) conditions via the Improved Proximal Policy 
Optimization (IPPO) algorithm. 
 This manuscript proposes a hybrid precoding scheme for 
a distributed millimeter-wave multi-user massive MIMO 
system from the transmitter's perspective. Our focus is on a 
fully structured and distributed BS setup, where the BS is 
partitioned into multiple small-cell BSs (SBSs), each 
equipped with various antennas. We employ a two-stage 
iterative algorithm to maximize spectral efficiency. In the 
first stage, we obtain the optimal digital precoder matrix 
under the assumption of knowing the radio frequency (RF) 
precoder matrix. Subsequently, we derive the optimal RF 
precoder matrix using the obtained optimal digital precoder 
matrix. In conclusion, the primary contributions of this study 
are outlined as follows: 
 
• We are examining a distributed system with mmWave 

multi-user massive MIMO, as a distributed structure has 
shown better performance compared to a collocated one 
[15]. Our focus is on a distributed BS scheme, 
comprising several SBSs, serving multiple users with 
numerous antennas in a fully connected configuration. 
To our knowledge, only a few hybrid precoding efforts 
have been undertaken for distributed schemes. 

• we form a uniform linear array (ULA) for the 
configuration of antennas and develop the corresponding 
system model within the context of mmWave wireless 
communication channels. Additionally, we demonstrate 
that a notable rise in the quantity of transmitter antennas 
leads to the complete elimination of inter-user 
interference. Consequently, in our calculations of 
spectral efficiency, we exclude the term associated with 
inter-user interference. 

• We develop a two-stage iterative algorithm to address the 
optimization problem. The main objective is to enhance 
spectral efficiency while adhering to constraints imposed 
by the RF precoder matrix and total power limits. In the 
initial phase, we assume the RF precoder is 
predetermined, allowing us to derive the optimal digital 
precoder matrix through the optimization framework. In 
the subsequent phase, we determine the optimal RF 
precoder. To adopt the iterative algorithm in both phases, 
we establish the Lagrange multipliers for each 
optimization scenario and apply the Karush-Kuhn-
Tucker (KKT) conditions, subsequently calculating the 
desired optimal matrix. Finally, we execute the iterative 
algorithm for each phase. 

• In the simulation section, we initially compare the 
spectral efficiency performance of distributed massive 
MIMO with the collocated system. As expected, the 
distributed scheme demonstrates superior performance. 
We also evaluate the proposed algorithm across various 
scenarios, including different SNRs, numbers of data 
streams, users, and SBS antennas. Our findings indicate 
that the proposed algorithm exhibits better spectral 
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efficiency performance compared to other existing 
hybrid beamforming algorithms such as analog 
beamforming, orthogonal matching pursuit (OMP) [22-
23], and PE- AltMin [11]. It is important to note that the 
proposed algorithm performs exceptionally well, 
particularly when the number of RF chains is double the 
number of data streams. Furthermore, we conduct tests to 
confirm the convergence of the proposed algorithm, 
which demonstrates that the algorithm converges after a 
few iterations. When compared to other algorithms, the 
proposed scheme has lower complexity, making it a 
suitable low-complexity algorithm. 

 
 
2. System Model 
 
Take into account the downlink distributed massive multi-
user (MU) MIMO system as shown in Fig. 1. Where the BS 
is divided into 𝑁 SBSs. Each SBS has 𝑀 antennas and 𝑁!" 
RF chains. These SBSs simultaneously serve𝐾 users, each of 
which has 𝑃 antennas. Furthermore, it is assumed that all 
SBSs are connected to a central processing unit.  
 This paper aims to develop a hybrid precoding for the 
specified system model at the transmitter side, as depicted in 
Fig.2. The symbol 𝒔# represents a 𝑞 × 1 column-vector of 
symbols intended for the 𝑘th user, where 𝑘 ranges from 1 to 
𝐾. The vector 𝒔 ≜ [𝒔$% , 𝒔&% , … . , 𝒔'% ]% denotes the transmitted 
symbols of length 𝑁()* ≜ 𝐾𝑞. In the illustration in Fig.2, 

each SBS uses an 𝑁!" ×𝑁()* digital baseband precoding 
matrix, denoted by 𝑭++! = 2𝑭++!,# , 𝑭++!,$ , … , 𝑭++!,%3, 0 ≤ 𝑖 ≤
𝑁, to precode the symbols vector. The resulting streams are 
then upconverted to the radio frequency in the 𝑁!" RF 
chains. These analog signals are subsequently phase-shifted 
using an 𝑀 ×𝑁!"analog RF precoder denoted by 𝑭!"! 
before being transmitted to the users using the SBS’s 𝑀 
antennas. 

 
Fig. 1.The considered downlink distributed massive MU-MIMO system 
model 

 
 

 
Fig. 2.The downlink distributed massive MU-MIMO system with fully connected hybrid precoding at transmitter (SBS) side 

 
 The signal transmitted in each SBS can be represented as 
follows: 
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 In the above equation, it is assumed that 𝒔$, 𝒔&, … , 𝒔' are 
orthogonal, and 𝑖 shows the number of SBSs. Additionally, 
the signal received by user 𝑘 can be represented as: 
 
𝒚,,# = 𝑯,,#𝑭!"!𝑭++!,&𝒔# + ∑ 𝑯,,#./# 𝑭!"!𝑭++!,'𝒔. + 𝒛#    (2) 
 
𝒚# = ∑ (𝑯,,#𝑭!"!𝑭++!,#𝒔# +∑ 𝑯,,#./# 𝑭!"!𝑭++!,$𝒔.) + 𝒛#

0
,1$ (3) 

 
 Where 𝑯,,#is the 𝑃 ×𝑀is channel matrix from the 
transmit antennas of each SBS to the 𝑘th user and 
𝒛#~𝐶𝑁(𝟎, 𝜎&𝐈2) represents the additive white Gaussian 
noise. 
 
 
3. Channel Model 
 
The channel between the 𝑖-th SBS and 𝑘-th user is 
characterized by 𝐇,,# = E𝛽,,#𝐇̇,,#. The term E𝛽,,# denotes 
the large-scale fading, while 𝐇̇,,# represents the fast fading. 
In this context, we are considering the mmWave channel 
with limited scattering and a finite number of propagation 
paths, denoted as𝐿#, where 𝑘 = {1,2, … , 𝐾}. This is defined 
[5]: 
 

𝐇̇,,# = L34
5&
∑ 𝛼,,#,.
5&
.1$ 𝒂!O𝜃,,#,.Q𝒂%6(𝜙,,#,.)     (4) 

 
 The notation 𝛼,,#,.denotes the path fading coefficient 
associated with the 𝑙 -th path for the 𝑘-th user within the 𝑖-th 
SBS. This coefficient is characterized by a complex 
Gaussian distribution, exhibiting a mean of zero and a 
variance of one. Within the context of the 𝑖-th SBS, the 
angles of arrival and departure (AoA/AoD) for the 𝑙-th path 
corresponding to the 𝑘-th user are represented by 𝜃,,#,.and 
𝜙,,#,., respectively. Additionally, the receive and transmit 
array response vectors at these specified azimuth angles are 
denoted as𝒂!O𝜃,,#,.Qand 𝒂%(𝜙,,#,.). It is assumed that all the 
values of 𝜃,,#,. and 𝜙,,#,. are uniformly distributed on the 
interval [0,2π), and the antennas in each user have a uniform 
linear array (ULA) arrangement. The formulations for 
𝒂!O𝜃,,#,.Qand 𝒂%(𝜙,,#,.) are as follows: 
 

𝒂!O𝜃,,#,.Q =
$
√3
T1, 𝑒8

($)*
+ 9:;	(>!,&,'), … , 𝑒8

($)(-.#)*
+ 9:;	(>!,&,')V

%
	 (5) 

 

𝒂%(𝜙,,#,.) =
$
√4
T1, 𝑒8

($)*
+ 9:;	(@!,&,'), … , 𝑒8

($)(0.#)*
+ 9:;	(@!,&,')V

%
(6) 

 
Where,  
 
𝜆 is the carrier wavelength and 𝑑 denotes the spacing 
between two neighbor antennas. In this paper, we assume 
𝜆/2for 𝑑. 
 
Proposition: 
In the context of multi-user MIMO in a Massive MIMO 
system with a large number of transmitter antennas in a 
ULA configuration, the different user channels exhibit 
orthogonality, leading to the elimination of interference. i.e. 
: 
 
lim
4→B

$
4
𝒉C(𝑢)𝒉D6(𝑣) = 0 								𝑓𝑜𝑟	𝑎 ≠ 𝑏	, 𝑢 ≠ 𝑣    (7) 

 

Where, 𝑎 and 𝑏 shows the different users 
 
Proof: In this section, we are examining interference 
between users and aiming to demonstrate the independence 
of users from each other. As a result, for simplicity and 
without losing any generality, we will omit the index 𝑖 in 
equation (8) and focus on the channel from a specific SBS to 
all users. This approach can be extended to cover all SBSs. 
 If ℎ#(𝑤) denotes the channel vector of 𝑤-th antenna in 
𝑘-th user for mmWave channel, the channel can be 
demonstrated as: 
 

𝒉#(𝑤) = L4
5&
∑ E𝛽#
5&
.1$ 𝛼#,.𝑒8E

(F8$)$)*+ 9:;	(>&,')	𝒂%6(𝜙#,.)   (8) 

 
 By introducing𝐹.1,G = E𝛽C𝛼C,.1𝑒

8E(G8$)$)*+ 9:;	(>2,'1)	and 

𝐹.3,H = E𝛽D𝛼D,.3𝑒
8E(H8$)$)*+ 9:;	(>4,'3)	, we can express: 

 
$
4
𝒉C(𝑢)𝒉D6(𝑣) =

$
I51

∑ 𝐹.1,G𝒂%
6(𝜙C,.1)

51
.11$ ×

$
I53

∑ 𝐹.3,H
∗ 𝒂%(𝜙D,.3)

53
.31$ = L $

5153
∑ ∑ (𝐹.1,G𝐹.3,H

∗ ×53
.H1$

51
.11$

$
4
∑ 𝑒8E(*8$)K

$)*
+ L(9:;M@2,'1N89:;M@4,'3N)4

*1$ )     (9) 
 
 To prove (7), we just need to demonstrate that the mean 
and variance of lim

4→B

$
4
𝒉C(𝑢)𝒉D6(𝑣)are both equal to zero. 

 Before computing the first and second moments of 
lim
4→B

$
4
𝒉C(𝑢)𝒉D6(𝑣), it is important to highlight that the 

expression $
4
𝒉C(𝑢)𝒉D6(𝑣) takes the form of 𝑒±EP(,QR where 

𝛾is a random variable. As per [24], if 𝛾 is uniformly 
distributed between 0 and 2π, then: 
 
𝔼R{𝑒±EP(,QR} =

$
&S ∫ 𝑒±EP(,QR&S

T 𝑑𝛾 = 𝐽T(𝑥)   (10) 
 
 Where 𝐽T(. ) in (10) shows the zero-order Bessel function 
of the first kind. 
 We know that all AoAs and AoDs are uniformly 
distributed between 0 and 2𝜋 and they are independent, 
therefore: 
 
𝔼 p$

4
𝒉C(𝑢)𝒉D6(𝑣)q =

L $
5153

∑ ∑ 𝔼rE𝛽C𝛽D∗𝛼C,.1𝛼D,.3
∗ s ×53

.H1$
51
.11$

𝐽T(𝑥G)𝐽T(𝑥H)
$
4
∑ 𝐽T(𝑥*)&4
*1$     (11) 

 
Where  
 
𝑥G =

&SU
V
(𝑢 − 1), 𝑥H =

&SU
V
(𝑣 − 1), and 𝑥* = &SU

V
(𝑚 − 1). 

 
 Since the magnitude of 𝐽T(𝑧) decays proportional to $

√W
 , 

therefore: 
 
lim
4→B

$
4
∑ 𝐽T(𝑥*)&4
*1$ = 0     (12) 

 
 In result, it can be obtained: 
 
𝔼R p lim4→B

$
4
𝒉C(𝑢)𝒉D6(𝑣)q = 0    (13) 
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 We know that the variance of variable 𝑋is (𝑋) =
𝔼X pO𝑋 − 𝔼(𝑋)Q

&q , therefore according to (7): 
 
𝑉𝑎𝑟 .$4𝒉C(𝑢)𝒉D

6(𝑣)2 = 𝔼. $4% 4𝒉C(𝑢)𝒉D
6(𝑣)4

&
2for 𝑀 → ∞(14) 

 
 In additions, 
 
𝔼 p $

4$ |𝒉C(𝑢)𝒉D
6(𝑣)|&q =

L $
5153

∑ ∑ 𝔼pyE𝛽C𝛽D∗𝛼C,.1𝛼D,.3
∗ y

&
q ×53

.H1$
51
.11$

$
4$∑ ∑ 𝐽TO𝑥*,*YQ

&4
*Y1$

4
*1$ + 𝐶    (15) 

 
 Where 𝑥*,*5 = &SU

V
(𝑚 −𝑚Y) and 𝐶 → 0if 𝑀 → ∞. So, 

by substituting (15) into (14): 
 
𝑉𝑎𝑟 p$

4
𝒉C(𝑢)𝒉D6(𝑣)q = 𝑂 ~$

4
�    (16) 

 
 Where 𝑂(𝑥) shows that the value is proportional to 
𝑥. Therefore: 

 
𝑉𝑎𝑟 p lim

4→B

$
4
𝒉C(𝑢)𝒉D6(𝑣)q = 0    (17) 

 
 
4. Spectral Efficiency 
 
This section assesses the spectral efficiency of the proposed 
framework. As demonstrated in the previous part, the 
interference among users is proven to be zero. Therefore, the 
total spectral efficiency of the user 𝑘 in the distributed 
system proposed is given by: 
 

𝑅# = log& �𝑰3 +
∑ 𝑯!,&𝑭67!𝑭88!𝑭88!

9 𝑭67!
9 𝑯!,&

9:
!;#

]$
�   (18) 

 
 The total spectral efficiency for all users from all SBSs 
in the suggested system, denoted as 𝑅^_^C., is calculated by 
adding up the spectral efficiencies of individual users from 
all SBSs in the system. 
 

𝑅^_^C. = ∑ log& �𝑰3 +
∑ 𝑯!,&𝑭67!𝑭88!𝑭88!

9 𝑭67!
9 𝑯!,&

9:
!;#

]$
�'

#1$   (19) 
 
 The noise variance, denoted as 𝜎&, is assumed to be 
constant in all paths, and the entity matrix is represented by 
𝐼3. 
 
5. Spectral Efficiency Optimization Problem Definition 
 
This study seeks to enhance the total spectral efficiency 
while adhering to analog RF precoding and total power 
constraints. Our goal is to derive the best hybrid precoding 
(analog RF and digital) matrices at SBSs by solving the 
specified optimization problem: 
 
maximize
𝑭88! ,𝑭67!

𝑅^_^C.                  (20a) 

 
𝑠. 𝑡		𝑇𝑟O𝑭!"!𝑭++!𝑭++!

6 𝑭!"!
6 Q ≤ 𝑃%                (20b) 

 
𝑭!"!𝑭!"!

6 = 𝑰4                  (20c) 
 

 Where, 𝑃%is the total power budget and 𝑰4and 𝑰3 are 
entity matrices. The system transmit power limitations are 
represented by the first constraint, while the second 
constraint is satisfied through the precoding sections. 
 
 
6. Solving the Problem 
 
The optimization problem in the previous section (20) deals 
with hybrid precoders at the transmitter. However, 
addressing this design problem for analog/digital matrices is 
extremely challenging [4]. Furthermore, the nonconvex 
constraint (20b) complicates the problem by making it non-
convex. As a result, we propose a new two-stage approach to 
tackle this issue. First, we consider the analog RF precoding 
matrix to be identified and concentrate on finding the 
optimal digital precoding matrix. Subsequently, we use the 
optimal digital precoding matrix to obtain the optimal RF 
precoding matrix. This procedure is illustrated in Figure 3. 
 We assume that the analog RF precoder,𝑭!"!, is known 
and then compute the digital precoder,𝑭++!. By considering 
this assumption, we can say that 𝑯,,#

` = 𝑯,,#𝑭!"!and also the 
problem (20) is changed as: 
 

maximize
𝑭88!

∑ log& �𝑰3 +
∑ 𝑯!,&

< 𝑭88!𝑭88!
9 M𝑯!,&

< N9:
!;#

]$
�'

#1$           (21a) 

 
𝑠𝑢𝑏𝑗𝑒𝑐𝑡	𝑡𝑜:						𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q ≤ 𝑃%               (21b) 
 
 In above equations, we define 𝑾, = 𝑭!"!

6 𝑭!"! to 
simplify the problem (20).  
 For solving the above problem, we utilize the Lagrange 
multiplier method [26].  
 

ℒO𝑭++, , 𝜆Q = ∑ log& �𝑰3 +
∑ 𝑯!,&

< 𝑭88!𝑭88!
9 M𝑯!,&

< N
9:

!;#

]$
�'

#1$ +

𝜆(	𝑇𝑟O𝑾,𝑭++!𝑭++!
6 Q − 𝑃%)     (22) 

 
 According KKT conditions, we have: 
 
aℒM𝑭88!,VN
a𝑭88!

= 0      (23) 
 
aℒM𝑭88!,VN

aV
= 0      (24) 

 
 Therefore, the (23) can be calculated as: 
 

aℒM𝑭88!,VN
a𝑭88!

=
a(∑ cde$f𝑰-h

∑ 𝑯!,&
< 𝑭88!𝑭88!

9 @𝑯!,&
< A

9:
!;#

B$
f%

&;# )

a𝑭88!

���������������������
i

+
aV(	%jK𝑾!𝑭88!𝑭88!

9 L83C))

a𝑭88!���������������
ii

= 0     (25) 

 
 Therefore, we can compute (I) in (25) as: 
 

I = ∑ a
a𝑭88!

log& �𝑰3 +
∑ 𝑯!,&

< 𝑭88!𝑭88!
9 M𝑯!,&

< N
9:

!;#

]$
�'

#1$ =

∑ a
a𝑭88!

log& ~
$
]$
� +	 a

a𝑭88!
log& �𝜎&𝑰3 +'

#1$
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∑ 𝑯,,#
` 𝑭++!𝑭++!

6 O𝑯,,#
` Q

60
,1$ � = 	∑ a

a𝑭88!
log& �𝜎&𝑰3 +'

#1$

∑ 𝑯,,#
` 𝑭++!𝑭++!

6 O𝑯,,#
` Q

60
,1$ �     (26) 

 
 By knowing Log&(𝑥) =

.Q(P)
.Q&

, the (26) is changed as: 
 
a

a𝑭88!
∑ log& |𝜎&𝐈2 +∑ 𝑯,,#

` 𝑭++!𝑭++!
6 O𝑯,,#

` Q
60

,1$ |'
#1$ =

$
.Q&
∑ a

a𝑭88!
(𝑙𝑛 |𝜎&𝐈2 +∑ 𝑯,,#

` 𝑭++!𝑭++!
6 O𝑯,,#

` Q
60

,1$ |'
#1$ )  (27) 

 
 We know that (lnO𝑓(𝑥)Q)

Y = l5(P)
l(P)

 : 
 
a

a𝑭88!
(𝑙𝑛 |𝜎&𝐈2 +∑ 𝑯,,#

` 𝑭++!𝑭++!
6 O𝑯,,#

` Q
60

,1$ |)= 
D

D𝑭88!
|]$𝐈Eh∑ 𝑯!,&

< 𝑭88!𝑭88!
9 M𝑯!,&

< N
9:

!;# |

|]$𝐈Eh∑ 𝑯!,&
< 𝑭88!𝑭88!

9 K𝑯!,&
< L

9:
!;# |

=

o]$𝐈Eh∑ 𝑯!,&
< 𝑭88!𝑭88!

9 M𝑯!,&
< N

9:
!;# o	&∑ M𝐇!,&

< N9𝐇!,&
< 𝑭88!

:
!;#

|]$𝐈Eh∑ 𝑯!,&
< 𝑭88!𝑭88!

9 K𝑯!,&
< L

9:
!;# |

=

2∑ O𝐇,,#
` Q

6𝐇,,#
`0

,1$ 𝑭++!     (28) 
 
 Therefore: 
 
$
.Q&
∑ a

a𝑭88!
(𝑙𝑛 |𝜎&𝐈2 +∑ 𝑯,,#

` 𝑭++!𝑭++!
6 O𝑯,,#

` Q
60

,1$ |)'
#1$ =

&
.Q&
∑ ∑ O𝐇,,#

` Q
6𝐇,,#

` 𝑭++!
0
,1$

'
#1$     (29) 

 
 According to 
 
 a
a𝑿
𝑇𝑟(𝑩𝑿𝑿%) = (𝑩 + 𝑩%)𝑿[27],  

 
the second part in (25), II, is calculated as: 

 

II =
aV(	%jK𝑾!𝑭88!𝑭88!

9 L83C))

a𝑭88!
= 𝜆(𝑾, +𝑾,

6)𝑭++!  (30) 

 
 So, according to KKT conditions and (29) and (30): 
 
𝜕ℒ(𝑭++! , 𝜆)
𝜕𝑭++!

= 0 ⇒ 
aℒ(𝑭88! ,V)

a𝑭88!
= &
.Q&
∑ ∑ O𝐇,,#

` Q
6𝐇,,#

` 𝑭++!
0
,1$

'
#1$ +𝜆(𝑾, +

𝑾,
6)𝑭++! = 0      (31) 

 
 According to (30), we can conclude that : 
 
𝑭++!
∗ = 8&

V	.Q&
(𝑾, +𝑾,

6)8$(∑ ∑ O𝐇,,#
` Q

6𝐇,,#
`0

,1$
'
#1$ 𝑭++!)  (32) 

 
 And also, based on KKT conditions: 
 
𝜕ℒ(𝑭++! , 𝜆)

𝜕𝜆 = 0 ⇒ 
aℒ(𝑭88! ,V)

aV
=𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q − 𝑃% = 0 ⇒
	𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q = 𝑃%     (33) 
 
 Now, we should investigate the conditions and choose 
the suitable case for the parameter: 
 

𝑖𝑓	𝜆O𝑇𝑟O𝑾,𝑭++!𝑭++!
6 Q − 𝑃%Q = 0 ⇒

¤
𝜆 = 0							𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q < 𝑃%					(𝐴)
𝜆 > 0							𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q = 𝑃%			(𝐵)
   (34) 

 
 In (32), the 𝜆 could not be zero, because if 𝜆 = 0	, 
𝑭++!
∗ = ∞. So, the condition (B) in (34), >
0				𝑇𝑟O𝑾,𝑭++!𝑭++!

6 Q = 𝑃% , is satisfied. 
 In result, our optimization problem is changed as: 
 

8
𝑭++!
∗ = 8&

V	.Q& 9𝑾, +𝑾,
6;

8$(∑ ∑ 9𝐇,,#` ;
6𝐇,,#`0

,1$
'
#1$ 𝑭++!)

𝑇𝑟9𝑾,𝑭++!𝑭++!
6 ; = 𝑃%

 (35) 

 
 For solving the problem (35), we use the proposed 
iterative algorithm I as follows. Note that 𝑭++!

∗  shows the 
optimal 𝑭++!. 
 In the first step of Algorithm I, we start by setting 
𝜆*,Qand 𝜆*CP, and then calculate 𝜆 as 𝜆 = VF2GhVF!H

&
. Using 

this initial 𝜆, we compute 𝑭++!
∗  for each SBS and user. If 

𝑇𝑟O𝑾,𝑭++!𝑭++!
6 Q = 𝑃% holds true for 𝑭++!

∗ , we update 𝜆*,Q 
to 𝜆 and keep 𝜆*CP as is, then calculate the new 𝜆. If the 
stopping condition abs (𝜆*,Q − 𝜆*CP) > ε is met, the 
algorithm stops and we obtain the optimal digital precoding 
matrix. If not, we repeat the algorithm until the optimal 𝑭++! 
is achieved. 
 
Algorithm I The pseudo-code of the proposed iterative 
algorithm for finding 𝑭𝑩𝑩𝒊 
1.𝝀𝒎𝒊𝒏 = 𝟎 
2. 𝝀𝒎𝒂𝒙 =𝓜 (a large enough number) 
3. 𝛆 is a small number 
4.while (abs (𝝀𝒎𝒊𝒏 − 𝝀𝒎𝒂𝒙) > 𝛆) 
5.𝝀 = 𝝀𝒎𝒂𝒙h𝝀𝒎𝒊𝒏

𝟐
 

6.for	𝒊=1:SBS Number 
7.for	𝒌=1: User Number 
8. compute   

𝑭𝑩𝑩𝒊
∗ =

−𝟐
𝝀	𝒍𝒏𝟐

(𝑾𝒊 +𝑾𝒊
𝑯)8𝟏(±±O𝐇𝒊,𝒌

𝒆 Q
𝑯𝐇𝒊,𝒌

𝒆
𝑵

𝒊1𝟏

𝑲

𝒌1𝟏

𝑭𝑩𝑩𝒊) 

 
9.End for 
10.End for 
 
11.compute  

𝑻𝒓O𝑾𝒊𝑭𝑩𝑩𝒊𝑭𝑩𝑩𝒊
𝑯 Q 

12.if𝑻𝒓O𝑾𝒊𝑭𝑩𝑩𝒊𝑭𝑩𝑩𝒊
𝑯 Q = 𝑷𝑻% 

𝑷𝑻𝒊𝒔	𝒕𝒉𝒆	𝒕𝒐𝒕𝒂𝒍	𝒕𝒓𝒂𝒏𝒔𝒎𝒊𝒕𝒕𝒆𝒅	𝒑𝒐𝒘𝒆𝒓 
13. 𝝀𝒎𝒊𝒏 = 𝝀 
14. 𝝀𝒎𝒂𝒙 = 𝝀𝒎𝒂𝒙 
15. 𝝀 = 𝝀𝒎𝒂𝒙h𝝀𝒎𝒊𝒏

𝟐
 

16. else 
17.𝝀𝒎𝒊𝒏 = 𝝀𝒎𝒊𝒏 
18. 𝝀𝒎𝒂𝒙 = 𝝀 
19. 𝝀 = 𝝀𝒎𝒂𝒙h𝝀𝒎𝒊𝒏

𝟐
 

Endif 
End While 
 
 When determining the complexity of the proposed 
algorithm. It should be emphasized that in the distributed 
case, the complexity is $

0
 of the collocated case, where 𝑁 

represents the number of SBS. This is because the antennas 
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are divided among 𝑁 separate SBSs, making our proposed 
scheme less complex than other collocated schemes. 
However, when comparing with other algorithms without 
considering the BS configurations, we can calculate the 
complexity for one SBS and compare it with other 
algorithms. In this particular scenario, the complexity is 
𝛰	(𝑀 × 𝑁�)* × 𝑃 × 𝐾). Thus, if we set	𝐾 = 1, the 
complexity becomes 𝛰	(𝑀 × 𝑁�)* × 𝑃), which is similar to 
the complexity in [13]. Similarly, if we consider a multi-user 
scenario with 𝑃 = 1, the complexity becomes 𝛰	(𝑀 ×
𝑁�)* × 𝐾), which is also similar to [13]. Assuming all 
parameters have the same range, i.e., 𝑁�_*� , the complexity 
is 𝛰	(𝑁�_*�� ), similar to [13], in both of these scenarios. For 
a multi-user scenario with multiple antennas, similar to our 
scenario, the complexity in [16] is 𝛰	(𝑁�_*�� ), and in [28] is 
𝛰	(𝑁�_*�� ), while in our proposed algorithm, the complexity 
is 𝛰	(𝑁�_*�� ). Thus, in all the investigated cases, the 
proposed iterative algorithm exhibits low complexity. 
 
 
7. Simulation Results 
 
Within this part, we will assess the performance of the 
proposed hybrid precoding algorithm under various 
conditions. We will focus on a ULA configuration with 
antennas spaced at half the wavelength distance. Our 
evaluations will be conducted for a distributed massive 
multi-user MIMO system operating in the mmWave wireless 
communication channel. All simulations are executed by 
MATLAB software, and the results will be based on an 
average of 100 channel realizations. For the mmWave 
channel model, we will set 𝐿# = 3. The AoAs and AoDs 
will follow a uniform distribution within the range [0,2π]. 
We will use 𝜀 = 108�for our proposed algorithm. In most of 
our simulations, we will set 𝑁 = 4, 𝑀 = 64, 𝐾 = 6, 𝑃 =
16, and 𝑁_𝑅𝐹 = 𝑁()*	𝑜𝑟	2 ∗ 𝑁()*. However, we will adjust 
certain parameters for each figure based on the conditions 
and provide details in the figure's description. We will 
assume a noise variance of 𝜎& = 1 for all paths, and SNR 
will be calculated as 3C

]$
. 

 A comparison of spectral efficiency at various SNRs in 
the distributed and collocated massive MIMO setup is 
presented in Fig.3. As indicated in [15], it is evident that the 
distributed massive MIMO exhibits superior spectral 
efficiency, particularly when there are high quantities of 
antennas. In other words, as transmitter and user antenna 
count grow, the spectral efficiency in a distributed scheme 
increases at a steeper rate. 
 In Fig. 4, the ratio of spectral efficiency in the distributed 
scenario compared to the collocated scheme, Distributed SE 
/ Collocated SE, rises with the increasing number of SBSs. 
This comparison is tested at different SNRs, specifically at 
SNR=10 dB, SNR=0dB, and SNR=-5 dB. In all scenarios, 
the ratio increases as the quantities of SBSs increase. 
Additionally, the ratio increases with higher SNR values for 
a specific number of SBSs. This demonstrates that the 
distributed scheme outperforms the collocated structure 
concerning spectral efficiency performance.  
 In Fig. 5, the spectral efficiency is illustrated for various 
SNR values, with different 𝑁()*values being considered. 

The results demonstrate that the spectral efficiency increases 
as the SNR rises in every cases, indicating that the proposed 
scheme closely approaches the performance of a fully digital 
structure. This supports the assertion that the proposed 
hybrid precoding method demonstrates superior performance 
while maintaining reduced complexity in comparison to a 
fully digital system. Furthermore, by increasing the 𝑁()* 
values, the system’s performance is enhanced. We consider 
the 2,4, and 8 for 𝑁()* in this scenario. We see that the 
𝑁()* = 8 has better performance than others. Note that in 
this figure, we assume 𝑁!" = 2 ∗ 𝑁()*, which in [13] shows 
the hybrid precoding scheme can have close performance to 
fully digital. 
 
 

 
Fig. 3. Comparing the Spectral efficiency of Collocated and Distributed 
massive multi-user MIMO. 
 

 
Fig. 4. The ratio of spectral efficiency in distributed massive multi-user 
case vs collocated scheme. 
 
 Fig. 6 analyzes how the quantity of 𝑁!" influences the 
proposed system. The findings indicate that in our proposed 
structure, the spectral efficiency is close for both 𝑁!" = 2 ∗
𝑁()* and 𝑁!" = 𝑁()*, with both approaching the 
performance of the fully digital case. This shows that our 
proposed hybrid precoding design can achieve optimal 
results with reduced complexity. These results hold for 
various 𝑁()* values, consistently yielding favorable 
outcomes. 
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Fig. 5.The spectral efficiency of the proposed hybrid precoding scheme in different SNRs with 𝑁NO = 2 ∗ 𝑁𝑠𝑦𝑚. 
 

 

 
Fig. 6.The comparison of spectral efficiency in the proposed hybrid precoding scheme in two cases:𝑁NO = 2 ∗ 𝑁𝑠𝑦𝑚and 𝑁!" = 𝑁()*. 
 
8. Conclusion 
 
We conducted a study to evaluate the effectiveness of a two-
stage iterative fully connected hybrid precoding technique in 
distributed massive MU MIMO systems with a focus on 
enhancing the spectral efficiency in modern wireless 
communication networks. The incorporation of hybrid 
precoding methods, which leverage analog and digital 
processing, offers a potential remedy to address the 
challenges posed by high-dimensional data and limited 
hardware resources. Our study focuses on a distributed 
massive multi-user MIMO system model with the BS 
divided into multiple SBSs to enhance spatial diversity and 
signal quality, especially in urban environments with 

potential multipath propagation issues. Each SBS is capable 
of serving users within its proximity to minimize 
interference and improve throughput. We specifically apply 
this system model in the mmWave channel and demonstrate 
that with a substantial increase in the number of antennas in 
SBS, interference among users can be eradicated. Our 
primary objective is to maximize spectral efficiency in this 
system model, leading us to formulate an optimization 
problem with the total spectral efficiency as the objective 
function and two constraints on the analog RF precoding 
matrix and the total transmit power budget. Due to the 
nonconvex nature of this problem, we propose a two-stage 
iterative algorithm to solve it. In the first stage, we obtain the 
optimal digital precoder matrix by assuming the known 
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analog RF matrix, followed by achieving the optimal analog 
RF precoding using the optimal digital precoding matrix in 
the next step. Our iterative algorithm design leverages 
Lagrange multipliers and KKT conditions in each stage to 
solve the problem and obtain the desired matrix. 
Additionally, we asses the complexity of this proposed 
algorithm and find that it has less complexity compared to 
other hybrid precoding algorithms that already exist. The 
simulation results validate our theoretical findings, 

demonstrating significant enhancements in spectral 
efficiency.  
 
This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License.  
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