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1. Introduction
MIMO (Multiple Input Multiple Output) technology has found practical application in 

many modern telecommunication systems. MIMO technology is used in wireless local area 

A B S T R A C T

The necessity of developing a mathematical model for the functioning of multi-antenna 
radio communication facilities with spectrally effective signals under the influence of 
destabilizing factors has been substantiated. The results of the study of the influence of 
destabilizing factors on the multi-antenna systems with spectrally effective signals are 
presented. New analytical dependences have been obtained, which make it possible to 
calculate the effect of destabilizing factors on the efficiency of multi-antenna system 
with spectrally effective signals.
Object of research: development of a mathematical model of the functioning of 
multi-antenna radio communication facilities with spectrally effective signals under the 
influence of destabilizing factors.
Investigated problem: taking into account additional destabilizing factors on the 
multi-antenna of a radio communication facility with spectrally effective signals.
Main scientific results: when transmitting information in multi-antenna radio communi-
cation systems with spectrally effective signals, the following are taken into account: Type 
of parameters of deliberate interference, type and parameters of deliberate fading, type 
and parameters of security code structures, phase jitter, slope of the constellation matrix, 
Intersymbol interference, high mobility of objects (transmitter and receiver), the number 
of receiving and transmitting antennas, the number of subcarriers in the antenna channel. 
It has been established that taking into account all the parameters in the system makes it 
possible to assess the state of the channel, to develop measures to reduce the negative influ-
ence of destabilizing factors on the noise immunity of multi-antenna systems.
A review of the practical use of research results: radio communication facilities with 
programmable architecture.
Innovative technologies product: technology for substantiating the architecture of 
transceivers, software for programmable radio equipment, which can increase the noise 
immunity of radio communications, taking into account additional destabilizing factors 
and software for radio monitoring equipment.
Overview of an innovative technological product: programmable radios, software for 
radio communications.
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networks of the IEEE 802.11x standard, as well as in wireless mobile networks WIMAX and 
LTE, etc. [1, 2].

Analysis of recent local conflicts has shown that they most often occur in cities. This leads 
to an increase in the requirements for the stability of radio communications, which is associated 
with the high density of buildings and high mobility of subscribers.

As an alternative to the Orthogonal Frequency Division Multiplexing (OFDM) tech-
nology [3, 4], in order to increase the frequency efficiency of the channels, it is proposed to use 
Spectrally Efficient Frequency Division Multiplexing (SEFDM) signals [5, 6].

An increase in the spectral efficiency of SEFDM signal designs is achieved by moving to 
non-orthogonal frequency division multiplexing of subcarriers.

However, the analysis of SEFDM-signaling structures revealed the following disad-
vantages [3, 4]: high level of intersymbol interference in the channel; exactingness to the syn-
chronization system; high peak-factor; high computational complexity (depending on the number 
of subcarriers and on the volume of the channel alphabet of subcarriers) and low noise immunity.

The above stipulates the search for new scientific approaches to increase the energy and fre-
quency efficiency of multi-antenna systems using hybrid information technology MIMO-SEFDM.

All this confirms the relevance of the chosen research direction.

1. 1. The object of research
The object of research is the MIMO-SEFDM radio communication systems operating in 

conditions of interference and signal fading.

1. 2. Problem description
In work [4] the development of a geometric model of the state of the system channel by. The 

proposed model was developed to take into account the movement of vehicles when transferring 
information through the channels of the system. However, the proposed model is based only on one 
ring of scatterers and does not take into account the influence of deliberate interference and other 
destabilizing factors.

The work [7] is devoted to the development of a complex model for describing the state of 
the channel of multi-antenna systems. However, the specified model does not take into account the 
influence of intentional interference, and the mathematical model is also indicated does not work 
at a low signal-to-noise ratio.

In the known publications, there is no analysis of the noise immunity of SEFDM signal 
structures, however, in the articles [5, 6], separate curves of the potential noise immunity of receiv-
ing SEFDM signals without noise-immune coding with coherent reception, optimal according to 
the criterion of the minimum average error probability per SEFDM-symbol, are given.

Also in [6, 7], the assessment of potential noise immunity was carried out by one or two 
values of the number of subcarriers and only at two values of their frequency spacing, without the 
influence of deliberate interference.

In [8] and [9], the comparison of the noise immunity of receiving SEFDM signals at was 
carried out with the potential noise immunity of single-frequency signals, which is incorrect.

In this case, in all the considered sources, the noise immunity of reception was considered 
for low-position phase-shift keyed (PK) signals under the influence of additive white Gaussian 
noise (AWGN).

1. 3. Proposed solution to the problem
In order to increase the energy and frequency efficiency of radio communication systems, it 

is proposed to jointly use multi-antenna systems with spectrally efficient signals.
That is why the aim of research is to develop a mathematical model of the functioning of 

multi-antenna radio communication facilities with spectrally effective signals under the influence 
of destabilizing factors.

2. Materials and methods
For a scientific task, the authors used the main provisions of the theory of noise immunity, 

electronic protection and multidimensional optimization.
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3. Research results
The model of a multipath channel with spectrally efficient signals is presented as a model of 

a channel with discrete multi-beam according to [5, 9].

   ( ) ( ) ( )( )
( )( ) ( )

max

min

ln
, , , ,

1 1 1 ln

1
Re ,

1

Ξ

∂
ξ= = =

  − − − τ +
  = × ψ
 + − − − τ +   
∑ ∑ ∑

tH N
c x l

t l r r c l
H n n s x l

k u t s T
z t C

k u t s T n t
 0<t<∞,        (1) 

where ksln, kcln ‒ the random in-phase and quadrature components of the transmission coefficient 
in the l-th beams from the s-th transmitting element, Ξ ‒ the total number of beams in the channel, 
τl ‒ the delay time in the l-th beams, ux ‒ the known realizations of signals at the receiver input, 
x=(0,1,...,M–1) – sequence of information symbols, M-positionality of signal manipulation, Т – du-
ration of the transmission of signal elements, n(t) ‒ additive white Gaussian noise, Cl,𝜕,r ‒ value of 
the point of the signal-code structure for the l-th beam in the frame r  symbol 𝜕;

                 ( ) ( )( ) ( ) ( )for 1
Ø

0 otherwise,
∂ ∂ ∂

∂

 − − Ξ + ≤ ≤ Ξ += 

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t sT T / T    s Nr T t T ,
t

 
 	 (2)

( )max min 2,= − +'l l H H

                                                          ,∂ = +u gT T T  	 (3)

where Hmin and Hmax – the minimum and maximum value of the MIMO-SEFDM channel (lower 
and upper bounds); r – number of the MIMO-SEFDM transmission frame, Tu – duration of the 
useful part of the MIMO-SEFDM frame, ∂T  ‒ duration of the MIMO-SEFDM frame, f – reference 
frequency of the transmitter of the MIMO-SEFDM system.

Let’s consider the process of passing one MIMO-SEFDM element [ ]( )0; ∂∈t NT  [8, 10].
The signal ( )∗z t  at the receiver input has the form

                                                   ( ) ( ) ( ) ,∗ = +z t z t n t  	 (4)

where n(t) ‒ the function describing the noise in the channel, consisting of a useful signal z(t), which 
can be represented as a ratio:

                                                     
*
, , , ,∂ ∂ ∂= +l l lC C n  	  (5)

 
where ,∂ ln  ‒ the component n(t) superimposed on ,l∂C  in the MIMO-SEFDM channel ∂ symbol ∂  
after transformation.

Since ,
∗
∂ lC  is a complex number, its real and imaginary parts in (4) are conveniently repre-

sented as a matrix of channel components:

                                   
{ }
{ }

{ }
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, , ,

, , ,

Re Re Re
.

Im Im Im

∗
∂ ∂ ∂

∗
∂ ∂ ∂

     
= +     

         

l l l

l l l

C C n

C C n
 	 (6)

Since the linear transformation matrix is invertible, its geometric distortions are similar to 
the sequence of reflections, rotations, expansions and shifts. In our case, reflections are impossible, 
since the interference is not capable of causing such a transformation. The other three transforma-
tions correspond to phase shift, amplitude mismatch, and quadrature error. There is also intersym-
bol interference, phase jitter and Gaussian noise in a typical channel.

Let’s consider each of the transformations 

{ } { }( ) { } { }( )T T

, , , ,Re Im Re Im∗ ∗
∂ ∂ ∂ ∂→l l l lC C C C

in the absence of , .∂ ln
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The phase shift is a deterministic phase error, which is the rotation of the constellation dia-
gram around an axis by an angle constθ :

                           
{ }
{ }

{ }
{ }

, ,const const

const const, ,

Re Recos sin
.

sin  cosIm Im

∗
∂ ∂

∗
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   θ − θ 
=      θ θ      

l l

l l

C C

C C
 	 (7)

The amplitude mismatch is realized by introducing a gain coefficient kE for the actual chan-
nel that is different from the corresponding gain of the imaginary channel, that is
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 	 (8)

Quadrature error is the result of matrix multiplication, causing the slope of the constellation 
diagram relative to the reference value
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ks ‒ inclination angle from the orthogonality of the imaginary and real components of the 
channel.

Let’s divide the component n𝜕,l into two components, one of which (n∂) is associated with 
intersymbol interference in the symbol 𝜕s, the other (nl) is additive white Gaussian noise in the  
MIMO-SEFDM channel. Considering that the interference is caused by a false signal, which caus-
es a shift of symbols in the constellation diagram, it is modeled by a false signal vector with ampli-
tude A and phase φ, which depends on the moment of measurement and the frequency difference 
of the false and useful signals.

Then the matrix will look like:
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{ }

{ }
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∂
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l l
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Phase jitter, in contrast to phase shift, amplitude mismatch and quadrature error, is a random 
error and causes the constellation diagram to rotate through an angle θi  that is a random variable 
with a Gaussian distribution and zero mean and variance 2 ,σi  that is.

So
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Generalizing (6), taking into account (9)–(13), let’s obtain:
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Approximating relation (12) for random phase angles and the influence of deliberate in-
terference, let’s obtain the following mathematical expectation of the statistical moments of the 
received symbols *

,lС∂

( ) { } ( ) { }, , const ,Re Re Im ,∗
∂ ∂ ∂

  = − − θ  l E l E s lM C M Kk C K k k C  

            ( ) { } ( ) { }, const , const ,Im Re 1 Im .∗
∂ ∂ ∂

  = θ − − θ +  l E l E s lM C M Kk C K k k C 	 (13)
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Phase jitter is determined by sequentially calculating the covariance of the two components 
of the received symbol *

,∂ lC :

       
{ } { } { } { } { }( )22 2

, , , , ,Re , Im Re Im Re .∗ ∗
∂ ∂ ∂ ∂ ∂

   = − σ +   l l E i l l l sCov C C K k C C C k
	

 (14)

4. Discussion of the results on the development of a mathematical model
A complex mathematical model for assessing the state of the channel of multi-antenna radio 

communication systems is proposed. The main advantages of the proposed model are:
– unambiguity of the obtained estimate of the channel state;
– wide scope of use (radio communication and radar systems);
– ability to adapt to the signaling environment in the channel;
– greater accuracy of channel state estimation;
– possibility of synthesizing the optimal structure of a radio communication facility.
The advantages of this model are due to the fact that a greater number of destabilizing 

factors are taken into account than the known ones. The model takes into account in the complex 
intentional interference of an additive and multiplicative nature, destabilizing factors due to the 
mutual movement of transmitters and receivers. The influence of deliberate interference, the slope 
of the channel constellation matrix, intersymbol interference, phase jitter, the type of security code 
structure and the effect of signal fading.

The disadvantages of the proposed complex mathematical model should be considered a 
great computational complexity compared to simpler mathematical models. This is due to the cal-
culation of a larger number of channel state indicators.

The specified mathematical model is advisable to use in radio stations with programmable 
architecture, it functions in conditions of active electronic suppression.

The specified complex mathematical model will allow:
– identify the structure of the interference, its type and the law of setting;
– assess the state of the channel;
– use effective signal-code structures to ensure channel noise immunity;
– ensure efficient use of the radio frequency resource of programmable radio communications;
– increase the speed of evaluation of communication channels;
– develop measures aimed at increasing the noise immunity.
The complex mathematical model proposed in the work is expedient to use in the develop-

ment of software for modules (blocks) for evaluating promising radio communications, based on 
the interfaces of the open architecture of the SCA 2.2 version.

Directions for further research should be aimed at reducing computational costs and taking 
into account the influence of non-Gaussian interference.

5. Conclusions
1 The article deals with the development of a mathematical model of the functioning of 

multi-antenna radio communication facilities with spectrally effective signals under the influence 
of destabilizing factors.

The difference between the proposed mathematical model lies in the establishment of new 
analytical relations, additionally take into account the type and parameters of deliberate inter-
ference, the type and parameters of deliberate fading, the type and parameters of security code 
structures, phase jitter, slope of the constellation matrix, Intersymbol interference, high mobility of 
objects (transmitter and receiver ), the number of receiving and transmitting antennas, the number 
of subcarriers in the antenna channel.

2. The proposed mathematical model of the channel state of multi-antenna radio commu-
nication systems with spectrally effective signals is more accurate than the known ones, due to 
taking into account a larger number of destabilizing factors, which in turn leads to an increase in 
computational complexity.

3. The proposed model is advisable to use when developing software for modern radio sta-
tions and when developing software for radio monitoring tools.
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