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1. INTRODUCTION
Wireless communication systems are widely 
used nowadays. The growing transmitted 
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data volumes and the development of  new 
applications led to increased demands for 
modern communication systems: spectral 
and energy efficiency, data rate, noise 
immunity, mitigation of  delays, the ability to 
connect a large number of  subscribers, etc.

Multi-antenna Multiple Input Multiple 
Output (MIMO) systems are one of  the 
key technologies for increasing spectral 
efficiency, and, accordingly, data rate and 
noise immunity of  the transmission. Unlike 
traditional single-antenna Single Input 
Single Output (SISO) systems, MIMO uses 
multiple antennas both on the transmitting 
and receiving sides. Ideally for systems 
with MIMO, the number of  independent 
streams is a multiple of  the number of  
antennas. This is achieved in an uncorrelated 
multipath channel with non-line-of-sight, 
where the receiver is synchronous with 
the transmitter and ideally evaluates the 
frequency response (FR) of  the channel. 
However, in real systems, due to the physical 
proximity of  antenna elements, there is 
a spatial correlation of  signals, and noise 
does not allow for an accurate assessment 
of  the channel frequency response. Some 
scenarios are characterized by the line of  
sight, which also leads to signal correlation. 
These factors significantly affect the MIMO 
performance, impairing the efficiency of  
multiplexing and channel noise immunity.

There are two types of  MIMO: single-
user (SU-MIMO) and multi-user (MU-
MIMO). In multi-user systems, a base 
station with multiple antennas can 
simultaneously transmit a signal to several 
subscriber stations with one or more 
antennas (broadcast channel) [1]. It is also 
possible that many subscribers with one 
or more antennas transmit a signal to one 
base station with several antennas (multiple 
access channel) [1].

Inter-user interference, caused by signals 
intended for other subscribers, should be 
mitigated. Different types of  beamforming 
are used to tackle this issue with MU-MIMO 
systems making it possible to perform this 
procedure in a digital, analog or hybrid 
(digital and analog) form. 

Analog beamforming, which originated 
in the middle of  the 20th century, is directly 
related to phased arrays. In modern systems 
employing analog beamforming, signals 
from the radio frequency (RF) circuit are 
fed to phase shifters before reaching the 
antenna elements, which allows for real-
time adjustments to the antenna pattern [2].

In the case of  digital beamforming, the 
signal from the modulator output arrives at 
a digital preliminary coder (precoder), where 
it is multiplied by the calculated coefficients. 
This operation results in changing both the 
signal amplitude and its phase. There are 
different precoding algorithms, for example, 
Block Diagonalization (BD) [3], Channel 
Inversion (ChI) [4], Dirty-Paper Coding 
(DPC) [5], Tomlinson–Harashima (TH) [6], 
and others [7–8].

Hybrid beamforming combines analog 
beamforming and digital precoding. In 
this case, signal is processed in the time 
and frequency domain. Currently, hybrid 
beamforming is the main technology for 
massive MIMO (mMIMO) systems, as well 
as communication systems in the mmWave 
range [9].

Even though the algorithms used in 
MU-MIMO have been known for a long 
time, the evaluation and comparison of  
various beamforming methods are poorly 
represented in the literature. This article 
addresses the impact of  various distorting 
factors on the signal noise immunity, 
including frequency response estimation 
errors, spatial correlation, and Rice K-factor, 
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when using different beamforming methods. 
It also describes the obtained dependences 
of  the bit error probabilities and the 
ratio of  energy per bit of  information to 
spectral power density of  noise. There are 
conclusions about the effectiveness and 
applicability of  the considered methods 
presented.

2. BEAMFORMING IN MU-MIMO
Fig. 1 shows the structural schemes of  
systems employing different variants 
of  beamforming. For digital and hybrid 
adaptive beamforming on the transmitting 
side, it is required to have the channel state 
information (CSI), which is transmitted via 
the feedback channel. In real systems, the 
presence of  noise often hinders the accurate 
estimation of  the channel parameters. The 
CSI discreteness also affects the performance 
of  MIMO systems, underscoring the need 
to take into account the imperfection 
of  the estimation when considering the 
effectiveness of  beamforming algorithms.

As the problem statement, let us 
consider a mathematical model of  the MU-
MIMO system with digital beamforming 
(precoding). Its block diagram is presented 
in Fig. 2.

Let s1, …, sK be the modulation symbols 
of  K subscribers. ( ) ( )

TT T1 , , ,k =   
S s s  — the 

transposition operation, V1, …, VK are 

precoding matrices. [ ]1, , ,K=V V V  xk are 
symbol vectors transmitted through Mt 
antennas,

 ( ) ( )
TT T1 , , ,k =   

X x x

 
1 1

.
K K

k k
k

k k= =

= = =∑ ∑X VS x V s

Let yk represent the signal sample vector at 
the input of  the kth receiver, and nk represent 
the sample vector of  noise implementations 
at the input of  the kth receiver; Hk is the 
matrix of  channel coefficients for the kth 
receiver, 
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In each of  the K receivers, the signal is 
postprocessed using matrices Dk, and the 
reconstructed signal for the kth user rk is 
described by the following expressions:

,k k
kr = D y

1,
.

K
k k i k

k k k k i
i i k= ≠
∑r = D (H V s + H Vs + n )
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Fig. 1. Beamforming types.

Fig. 2. Block diagram of  MU-MIMO system with 
precoding.



444

No. 4 | Vol. 15 | 2023 | RENSIT

Thus, k
k k kD H V s  is a desired signal 

intended for the kth subscriber, and 
i

k k i
≠
∑
K

i=1,i k
D H Vs  is an interference component.

The problem of  digital beamforming can 
be formulated as the problem of  mitigating 
the interference component, which is 
equivalent to the expression:

1,
,

K
i

k k i
i i k= ≠

≡∑ D H Vs Θ

where Θ is the zero vector.
Therefore, the problem is reduced 

to finding precoding matrices Vi and 
postprocessing matrices Dk.

Let us examine the precoding types 
mentioned earlier, along with the hybrid 
beamforming.
2.1. BloCk dIagonalIzatIon

To form a precoding matrix for the kth user, 
it is required to have information about the 
status of  channels of  other users, that is, the 
interference matrix, which includes channel 
matrices between the base station and other 
users [3]:

TT T T T
1 1 1

ˆ ˆ ˆ ˆ ˆ, , , , .k k k k− +
 =  H H H H H   (1)

After that, the singular value 
decomposition (SVD) of  the resulting 
matrix is performed and the matrix rank is 
calculated:

( )ˆ ˆrank ,k kL = H
H(1) (0)ˆ ˆ ˆ ˆ ˆ ,k k k k k

 =  H U V VΛ

where Uk are left singular vectors; Λk is a 
diagonal matrix containing the singular 
numbers of  matrix Hk; 

(1)
kV  are the first 

Lk of  the right singular vectors of  matrix 
Vk; 

(0)
kV  are (Ntx –Lk) of  the right singular 

vectors of  matrix Vk; and (0)
kV  forms an 

orthogonal basis for the space of  (1) [3]. 
And in what follows, ( )H

  is the Hermitian 
transpose.

The next step is to perform SVD of  the 
product of  the channel matrix for the kth 
user and (0)ˆ

kV :
( ) H0 (1) (0)ˆ .k k k k =  H V U V VΛ

As a result, the general precoding 
matrix can be represented as: 

( ) ( ) ( ) ( ) ( ) ( )0 1 0 1 0 1
1 1 2 2

ˆ ˆ ˆ, , , .K K
 =  V V V V V V V

The postprocessing matrix can be 
expressed as follows [3]:

H
1

H

...
.

... K

 
 =  
  

U 0
D

0 U
  

2.2. dIrty-PaPer CodIng

The DPC algorithm is based on an LQ 
decomposition of  the channel matrix [1], 
which is, in turn, associated with a QR 
decomposition:

,=H LQ  (2)
where L is a lower triangular matrix (with 
elements above the main diagonal being 
zero), and Q is the orthogonal matrix (QQH 
= QH·Q = I).

,=H QR  (3)
where R is an upper triangular matrix (with 
elements below the main diagonal being 
zero), and Q is the orthogonal matrix.

Let us derive the relation of  the LQ and 
QR decompositions (2) and (3):

H H H H H( ) .= = =QR R Q LQ H  (4)

From equation (4), it follows that the 
QR decomposition of  matrix HH will be the 
Hermitian-transposed LQ decomposition 
of  matrix H.

The precoding matrix is calculated based 
on matrix L. Multiplying the precoded 
signal by QH eliminates the impact of  Q [1]. 
Considering this, the received signal can be 
written as follows [1]:
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where X is the precoded signal and Z is the 
noise.

Let us express the reception conditions 
without interference from (5).

For the first antenna, it is expressed as:

1 1,x x=   (6)
where 1x  is the signal at the precoder input.

From (5), the condition for the 2nd 
antenna can be expressed as:

21
2 2 1

22

,lx x x
l

= −  (7)

from equations (6) and (7), the condition 
for the ith antenna is represented as:

1

( 1) .
i

ik
i i k

k=1 ii

lx x x
l

−

= + −∑

Therefore, the precoding matrix can be 
described using the following expression [1]:
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 (8)

The precoded signal can be expressed 
using the following formula:

1 diag( ) ,−=X L L X  (9)
where L is the matrix resulting from the LQ 
decomposition of  matrix H, X  is the signal 
from the output of  the modulator, and diag 
are the elements of  the main diagonal.

The postprocessing for this algorithm is 
expressed as follows [1]:

1
11

12

0 0
0 0ˆ ,

0 0 mm

l
l

l

−
 
 
 =
 
 
 

X Y





   



 (10)

where X̂  is the reconstructed signal.
DPC is a non-linear algorithm enabling 

the maximum possible bandwidth in 
MIMO systems. However, this algorithm 
is of  limited practical utility, due to its 
high computational complexity and the 
associated increase in transmission power 
caused by the algorithm peculiarities.
2.3. tomlInson-HarasHIma

The TH algorithm can be considered as a 
variant of  DPC with a symmetric modulo 
operation. Initially, TH was introduced 
to diminish peak or average power in 
the Decision Feedback Equalizer (DFE). 
The concept behind applying TH in DFE 
is to mitigate the impact of  postcursor 
intersymbol interference (ISI) [10] on the 
transmitting side, where the transmitted 
symbols are known a priori [11,12].

Let us denote the signal precoded by the 
DPC algorithm (9) as C.

The symmetric modulo operation for a 
signal can be expressed as follows:

( )2 ,
2
A jA

A
A

+ + 
= −  

 

C
X C  (11)

where A = ,M  M is the modulation order, 
X is the precoded signal, and     is the 
operation of  rounding down to the nearest 
integer.

Expression 11 can be transformed as 
follows:

( ) ( )Re Im
2 ,

2 2
A A

A j
A A

 + +   
= − +         

C C
X C  (12)
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where Re is the real part of  the number, Im 
is the imaginary part of  the number, and j 
denotes the imaginary unit.

The postprocessing problem is simplified 
to expression 10 from DPC and the 
subsequent modulo operation (12).
2.4. CHannel InversIon

Precoding that uses the ChI algorithm for 
MU-MIMO systems essentially amounts to 
a pre-equalization operation [13] used in 
SU-MIMO systems, which is based on the 
same expressions.

In the case of  zero-forcing (ZF), the 
precoding matrix is expressed as follows:

1,ZF β −=W H  (13)

where H is the channel matrix, β is the 
coefficient used to limit the total transmitted 
power after pre-equalization.

Coefficient β is calculated using the 
formula:

( )( )1 1
,

Tr
TX

H

Nβ
− −

=
H H

where NTX is the number of  transmitting 
antennas, H is the channel matrix, and Tr is 
the matrix trace, that is, the sum of  elements 
on the main diagonal.

This coefficient allows for normalizing 
the output power to 1 watt.

Postprocessing is simplified to dividing 
the received signal by β:

ˆ ,
β

=
YX

where Y is the received signal and X̂  is the 
reconstructed signal.

By definition, β is the gain factor for an 
automatic gain control (AGC) system.

In the case of  the Minimum Mean 
Squared Error (MMSE) equalizer, equation 
(13) takes the following form:

1

1010 ,
2

SNR

H H TXNβ

−− 
 
 

 
⋅ = + 

 
 

W H HH I

where I is the identity matrix with ones on 
the main diagonal, and SNR is the signal-to-
noise ratio measured in dB.
2.5. HyBrId BeamformIng

Hybrid beamforming is a combined method 
that employs analog beamforming while 
using phase shifters. In numeric simulation, 
the analog beamforming matrix contains 
shift coefficients for each RF circuit. The 
digital precoding matrix, in turn, contains 
specific weights for signal processing in 
the frequency domain. This method allows 
combining the advantages of  digital and 
analog beamforming to achieve the best 
performance with minimal complexity of  
equipment and energy consumption [14].

To calculate the precoding and 
postprocessing matrices, approximation is 
used, involving the decomposition of  a signal 
into basic functions from a predefined set 
(codebook), where these functions are called 
atoms. Sparse approximation, in turn, aims 
to approximate the signal using the smallest 
number of  elements, while maintaining the 
number of  errors lower than a specified 
threshold level, i.e.

( ) ( )
1

0

0

,     

min,   min,

N

m m N
m

N

f t a g t
−

=

= +

→ →

∑ r

r a

where am is the decomposition coefficient; 
gm(t) is the codebook atom D; N is the 
number of  decomposition elements; rN is 
the approximation error;   —the norm; 
and 0

  is pseudonorm L–0, equal to the 
number of  non–zero elements of  the vector.

The problem of  determining digital 
(Fbb) and analog (Frf) precoding matrices 
can be formulated as maximizing mutual 
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information,  
( )

( )( )arg max , ,
rf bb

rf bbΙ
F ,F

F F  expressed by the 
following formula:

( )
H H H

2 2

,

log det .

rf bb

rf bb bb rf
sN
ρ
σ

Ι =
  

= +     

F F

I HF F F F H
 (14)

At the same time, by using SVD and 
its properties [15], equation (14) can be 
transformed as follows:

( )
2 H H H

2 2

,

log det ,

rf bb

rf bb bb rf
sN
ρ
σ

Ι =
  

= +     

F F

I V F F F F V∑
 (15)

where V and Σ are the matrices from the 
singular decomposition of  matrix H; ρ  is 
the average power of  the transmitter; NS is 
the number of  digital streams; and σ2 is the 
noise variance.

In addition, V = [V1V2]. Through 
mathematical substitutions in (15), as 
elaborated in [16], the optimal precoding 
matrix is represented as Fopt = V1. Furthermore, 
based on these transformations, the problem 
of  determining precoding matrices can be 
reformulated as follows:

( )
( )F,

, arg min ,
bb rf

bb rf opt rf bb  = − 
F F

F F F F F  (16)

where F
  is the Frobenius norm.

The mathematical apparatus of  sparse 
approximation is well-developed and highly 
suitable for calculating precoding and 
postprocessing matrices in the context of  
hybrid beamforming. In particular, equation 
(16) can be solved using the Orthogonal 
Matching Pursuit (OMP) algorithm [17]. 
Although there are other algorithms, for 
example, manifold optimization-based 
AltMin (MO-AltMin) [18], OMP offers 
significantly lower computational complexity 
with a slight decrease in spectral efficiency 
gain [19]. For this reason, this algorithm was 
used in the simulation.

The signal at the input of  the receiving 
antenna can be recorded as follows:

.rf bb= +y HF F x n
The postprocessing problem is to 

minimize the Mean Squared Error (MSE) 
between the signal from the modulator 
output and the received signal after 
processing 

( )
{ }( )2H H

2,
arg min E ,

rf bb

bb rf−
W W

x W W y  hereafter, 
E{...} is the averaging operator.

Consequently, the optimal postprocessing 
matrix is the MMSE equalization matrix, 
which in this case can be expressed as 
follows:

{ } { } 1H H H

12
H H H H H H

E E

1 .

MMSE

s
bb rf rf bb bb rf

Nσ
ρρ

−

−

= =

 
= + 

 

W sy yy

F F H HF F I F F H
 (17)

Taking into account (17) and using 
transformations, the determination of  digital   
and analog   postprocessing matrices can be 
simplified to the following expression:

( )
{ } ( )

1
H 2

, F

,

arg min E .
rf bb

rf bb

MMSE rf bb

  = 
 

= −  
 W W

W W

yy W W W

The OMP algorithm [17] can also used 
to solve this problem.

The reconstructed signal can be written 
as follows:
ˆ .bb rf=x W W y

3. SIMULATION RESULTS
To assess the noise immunity ensured by 
using different types of  beamforming, a 
mathematical model of  a broadcast MU-
MIMO communication system has been 
developed. Table 1 contains the main 
simulation parameters.

The simulation has been carried out 
under different scenarios. The results are 
the dependences of  BER on E0/N0.

In the first scenario, the channel 
coefficients obey the Rayleigh distribution. 
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The simulation in this scenario has been 
carried out for the BD, ChI, DPC, TH 
algorithms with perfect and imperfect CSI 
estimation.

Perfect estimation assumes that the 
transmitter knows the instantaneous values 
of  the channel matrix. It is important to 
note that the channel is stationary, and CSI 
perfectly aligns with the channel matrix. 
Imperfect estimation implies the presence 
of  noise due to which the receiver cannot 
accurately estimate both the channel and the 
temporary non-stationarity of  the channel 
frequency response.

Fig. 3 shows the obtained dependences 
of  the BER estimation on the ratio of  the 
energy per bit of  information to the noise 
power spectral density Eb/N0 for different 
root-mean-square error (MSE) estimates.

The second scenario considers the 
influence of  the line of  sight on the noise 
immunity. The presence of  line of  sight 
impairs the performance of  multi-antenna 

systems because it leads to a decrease in the 
channel matrix rank. Channel coefficients 
obey the Rice distribution. In this scenario, 
the channel matrix can be described by the 
following formula:

1 ,
1 1LoS NLoS

K
K K

= +
+ +

H H H

where HLoS is the line-of-sight component, 
HNLoS is a random component of  the channel 
matrix, and K is the Rice factor (the ratio 
of  the direct ray power to the power of  the 
other rays).

The line-of-sight component can be 
represented as follows:

( ) ( )( )T
,LoS rx rx tx txθ θ=H a a

where arx(θrx) and atx(θtx) are the responses of  
the receiving and transmitting antenna arrays, 
respectively; θrx and θtx are the receiving and 
transmitting angles, respectively.

Fig. 4 shows the obtained dependences 
of  BER on Eb/N0 at different values of  the 
Rice coefficient K.

The K = 2 coefficient indicates a weak 
line of  sight, K = 100 implies a weakly 
expressed multipath nature, K = 10 suggests 
the presence of  both multipath and line-of-
sight components.

The simulation for the third scenario has 
been performed in a correlated Rayleigh 
channel. In this scenario, the channel 
coefficients follow the Rayleigh distribution, 

INFORMATION TECHNOLOGIES

Fig. 4. Dependences of  BER on Eb/N0 in the Rice channel 
with different values of  coefficient K.

Table 1
Simulation parameters

Modulation QPSK

Transmitting antennas number 16

Number of users 4

Number of receiving antennas per 
user

4

Message size 320 bits per user

Signal-to-noise ratio range [0-30]

Iterations number 1000

Fig. 3. Dependences of  BER on Eb/N0 in the Rayleigh 
channel with different estimation errors
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but it is characterized by spatial correlation 
on both the receiving and transmitting sides 
caused by the physical proximity of  antenna 
elements and the limited diversity of  the 
propagation medium. Considering this, the 
channel matrix can be written as follows [1]:

1 1
2 2 ,rx txω=H R H R

where Rrx, Rtx are the correlation matrices 
on the receiving and transmitting sides, 
respectively, and Hω is the uncorrelated 
channel matrix.

Correlation matrices take the following 
form:

2

2

2

2

4 ( 1)

4 4

( 1) 4

4 ( 1)

4 4

( 1) 4

1

2

1
1

1 ,

1

1
1

1 ,

1

0 0
0 0

0 0

N
tx tx tx

tx tx

tx tx tx tx

tx

N
tx tx tx

N
rx rx rx

rx rx
k
rx rx rx rx

rx

N
rx rx rx

rx

rx
rx

r

ρ ρ ρ
ρ ρ
ρ ρ ρ

ρ

ρ ρ ρ
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where k
rxR   is the correlation matrix for the 

kth user, while txρ  and rxρ  are the correlation 
coefficients on the transmitting and 
receiving sides. Fig. 5 shows the obtained 
dependences.

The selection of  these correlation 
coefficient values is justified as follows: when 

0.5ρ =  is true, the correlation introduces 
minimal distortions, whereas when 0.8ρ =  
holds true, the correlation already has a 
strong impact.

The last scenario considers hybrid 
beamforming and takes into account the 
spatial separation of  subscribers. Number 
of  digital streams Ns = 4, the architecture is 
fully connected. Users are evenly distributed 
around the base station. The distance 
between BS and UEs is in the range of  
200–4000 wavelengths, which corresponds 
to a distance of  up to 570 meters at 1800 
MHz and up to 200 meters at 6 GHz. Such 
coverage areas are common for small cells 
where MIMO technology is actively used. 
Fig. 6 illustrates the obtained dependences 
for a different number of  RF circuits (NTRF) 
on the transmitting side, considering both 
perfect and imperfect estimation of  the 
channel matrix.

Figs 3–6 demonstrate that imperfect 
estimation, the presence of  a line of  sight, 
and the correlation contribute to a significant 
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Fig. 5. Dependences of  BER on Eb/N0 in the Rayleigh 
channel for various spatial correlation coefficient values

Fig. 6. Dependences of  BER on Eb/N0 – for hybrid 
beamforming with varying estimation errors and different 

number of  RF circuits.
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decrease in the noise immunity of  MIMO 
systems. 

Fig. 3 illustrates that among digital 
algorithms, DPC shows the best noise 
immunity performance, but only with 
perfect estimation. Even a small estimation 
error (MSE = 0.001) results in a sharp 
decrease in noise immunity, with BER > 0.1. 
The TH algorithm is behind the DPC 
algorithm in performance by about 2.5 
dB (with perfect estimation), but it is less 
sensitive to estimation errors. Even with 
a small estimation error, the value of  
BER < 0.1 can be achieved via only TH 
or BD algorithms (BER is 0.02 and 0.06, 
respectively). With MSE = 0.01, none of  the 
precoding algorithms can achieve a bit error 
probability of  0.1. With perfect estimation, 
the ChI algorithm is behind BD by about 
1 dB in terms of  BER = 0.01, but a small 
estimation error also leads to a significant 
decrease in noise immunity, with BER > 0.1.

For Figs 4, 5, the performance 
degradation is considered relative to the 
uncorrelated Rayleigh channel with perfect 
estimation. Fig. 4 shows that even a weak 
line of  sight (K = 2) significantly diminishes 
the system noise immunity. At Eb/N0 = 27 
dB, BER increases by about 3 times for 
all types of  precoding. At K = 10, BER 
increases by about 10 times for the DPC and 
TH algorithms, by about 7 times for BD, 
and by 9 times for ChI (at Eb/N0 = 27 dB). 
The explicit line of  sight (K = 100) increases 
BER by about 90 times for DPC and TH, 
by 21 times for BD, and by 32 times for ChI 
at Eb/N0 = 27 dB. Only the DPC and TH 
algorithms allow achieving BER < 0.1 (0.05 
and 0.08, respectively). Thus, DPC is most 
resistant to the presence of  line of  sight in 
the channel.

Fig. 5 shows that a weak spatial 
correlation has almost no effect on noise 

immunity. Correlation at level 0.5ρ =  leads 
to an increase in BER by about 3–4 times 
at Eb/N0 = 27 dB. At 0.8ρ = and Eb/N0  
= 27 dB, BER increases by 128, 101, 32, 
and 52 times for DPC, TH, BD and ChI, 
respectively. At the same time, DPC and 
TH make it possible to achieve BER < 0.1 
(0.06 and 0.09, respectively), whereas when 
using BD and ChI, BER values are 0.2 and 
0.5. Consequently, DPC is most resistant to 
spatial correlation.

As can be seen from Fig. 6, with perfect 
estimation and NTRF = 8, the noise 
immunity is lower than that achieved with 
the ChI algorithm, and with NTRF = 16, the 
hybrid beamforming approaches the noise 
immunity performance of  DPC, but it is 
slightly inferior to it. At NTRF = 16, a small 
estimation error (MSE = 0.001) leads to a 
significant decrease in noise immunity, BER 
increases by about 40 times; while at NTRF 
= 8, such an error leads to a deterioration in 
noise immunity by about 4 times (at Eb/N0  
=27 dB). At MSE = 0.01, Eb/N0  = 27 dB; 
when NTRF = 16, BER ≈ 0.1; and when 
NTRF = 8, BER exceeds 0.1. With a larger 
estimation error (MSE = 0.1), BER exceeds 
0.1 even when NTRF = 16.

4. CONCLUSIONS
The article considers the influence of  
transmission channel parameters on the 
noise immunity of  MIMO systems. The 
obtained results highlight that MIMO shows 
robust performance with perfect estimation 
and a wide variety of  channels. However, 
real conditions often deviate significantly 
from ideal conditions. The presence of  
noise, partial or complete absence of  
multipathing, physical proximity of  antenna 
elements can lead to a significant decrease 
in the performance of  multi-antenna 
systems. For this reason, the work of  MIMO 
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systems in the light of  new technologies, 
such as machine learning, metamaterials, 
reconfigurable surfaces, is a significant 
research issue. For example, reconfigurable 
surfaces can enhance channel diversity, and 
machine-learning algorithms can improve 
the accuracy of  channel estimation. 
Additionally, there is a need for further 
improvement of  the existing beamforming 
algorithms and the development of  new ones, 
especially in the millimeter and terahertz 
ranges, to mitigate the consequences of  the 
strong signal attenuation. Research in these 
areas has the potential to become the basis 
for enhancements in basic characteristics 
of  forthcoming communication systems. 
In addition, the integration of  MU-
MIMO systems with existing multiple-
access methods, such as [20, 21], will 
further improve the communication system 
performance.
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