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Mathematical model of the functioning of a mobile
radio communication system built on software-defined means

Abstract. The purpose of the study was to develop a generalised mathematical model of the functioning of multi-
antenna radio communication systems under the influence of random and intentional interference and to analytically
describe the influence of interference-noise and non-stationary factors on the security and reliability of information
transmission. The work used a matrix channel model, space-time block coding, orthonormal representation of signals in
a common signal space and statistical modelling of noise and interference in the coordinates of the basis. The results of
the study showed that under quasi-stationarity of the channel on the interval of block transmission and orthogonality
of the space-time structure, an inverse channel operator was formed. Under such conditions, linear recovery of the
transmitted symbol vector and coherent summation of the useful component were ensured with statistical independence
of noise components at the decoder output. The desired signal, fluctuating noise, and intentional interference had a
consistent coordinate structure in the same orthonormal signal space. As a result, the quality of each antenna channel
was determined by the energy balance between the desired energy and the spectral parameters of noise and interference,
which determined the distance of signal points from the regions of false decision. The constellation degradation was
described by the composition of geometric transformations (rotation, scaling, quadrature deformation) and stochastic
perturbations (phase jitter, interference, additive noise), and the parameters of these distortions were identified by
the mathematical expectation, dispersion, and covariance of the coordinates of the received symbols. The temporal
nonstationarity of the channel was determined by the Doppler shift and the correlation structure of the transmission
coefficient, and the elliptical geometric scattering model related the delays of multipath components to the spatial
configuration of the scatterers. The practical significance of the results lay in the possibility of using the proposed
model for analysis and optimisation of multi-antenna radio systems on software-defined devices in conditions of noise,
interference and non-stationary channel. Its application contributed to the justification of modulation and coding
parameters, as well as to increasing the reliability and interference immunity of radio communications
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INTRODUCTION

Mathematical modelling of a radio channel in multi-anten-  radio engineering and telecommunications, since it is aimed
na communication systems occupies a key place in modern  not so much at describing individual implementations
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of the signal as at establishing the structural properties of
the channel, its statistical stability, sensitivity to parame-
ters, correctness of channel state estimation and prediction
of reception errors in real electromagnetic conditions. Un-
like simplified models focused on idealised conditions, the
applied approach for mobile Software-Defined Radio (SDR)
systems requires simultaneous consideration of spatial
correlation between antennas, non-stationarity due to the
movement of the transmitter and receiver, Doppler shift,
multipath propagation, intersymbol interference, phase
shifts and phase jitter, as well as intentional interference
of various types, which directly determine noise immunity
and Multiple Input Multiple Output (MIMO).

In modern research, more and more attention is paid
to models and methods that combine a realistic descrip-
tion of spatially correlated MIMO channels with mecha-
nisms for channel estimation, interference detection, and
decision support for software-defined radio systems. In
particular, the work of H. Khudov et al. (2023) showed the
practical value of SDR receivers for the tasks of determin-
ing the coordinates of low-visibility aerial objects. Accord-
ing to the conclusions, the accuracy of signal processing
in such systems significantly depends on an adequate de-
scription of the radio channel and its coordination with
signal processing algorithms under conditions of signal
degradation. In the next work, H. Khudov et al. (2021) pro-
posed a method for determining the coordinates of aerial
objects using Automatic Dependent Surveillance-Broad-
cast (ADS-B) receivers. Such hybrid surveillance systems
increase the requirements for mathematical models of
the radio channel, which must correctly take into account
the influence of noise, interference, and uncertainties in
the signal propagation environment. The influence of the
interference environment on the efficiency of signal pro-
cessing has also been confirmed by experimental studies of
radar systems. V.P. Riabukha et al. (2022) compared adap-
tive and non-adaptive Moving Target Indication (MTI)
systems in pulsed radar stations of various applications
and ranges, showing the dependence of signal processing
efficiency on the characteristics of the interference and
channel environment.

Similar problems arise in modern communication
systems with massive MIMO. In particular, the tasks of
detecting intentional jamming and channel estimation
have become significant precisely for spatially correlat-
ed configurations. P. Du et al. (2026) considered the joint
formulation of jamming detection and channel estimation
for beamspace massive MIMO, thereby fixing the need for
models that include interference as an integral element of
the channel state, rather than as an external “superstruc-
ture”. Similarly, J. Amadid et al. (2022) investigated the
features of channel parameter estimation and spectral effi-
ciency in cell-free massive MIMO with multichannel access
points taking into account spatial correlation. The authors
showed that the channel correlation structure can limit the
gain from multi-antenna, so it must be explicitly taken into
account in the mathematical model.

The universality of the spatial correlation problem is
also confirmed by studies in other multichannel commu-
nication technologies. For example, L. Zhao et al. (2024)
demonstrated the criticality of correlation for visible light
massive MIMO systems with “antenna” selection based on
the Pearson coefficient. Further development of resource
management methods in massive MIMO for spatially
correlated channels is reflected in the study of A. de la
Fuente et al. (2022), where user subgrouping and power
control for multicast are directly related to the channel
correlation structure and its impact on the coherence of
spatial multiplexing.

A separate line of modern work is formed by approach-
es using Reconfigurable Intelligent Surfaces (RIS), in which
the channel model must take into account not only prop-
agation statistics, but also controlled reflection as an el-
ement of the system architecture. In particular, E. Shi et
al. (2022) analysed cell-free massive MIMO systems with
RIS support in spatially correlated channels, showing that
correlation determines both the efficiency of signal match-
ing and the limits of gain from additional reflective degrees
of freedom. In the work of Z. Sui et al. (2025), RIS-assisted
cell-free massive MIMO with modulation of reflection pat-
terns is considered, where the controlled reflective contour
actually changes the structure of the effective channel and
requires models that can correctly describe the “switch-
ing” of reflective configurations in space and time. Further,
A. Papazafeiropoulos et al. (2024) investigated the achiev-
able speed in massive MIMO Simultaneously Transmitting
and Reflecting Reconfigurable Intelligent Surface (STAR-
RIS) for spatially correlated channels, emphasising that the
correctness of the throughput prediction depends on the
consistent consideration of correlation and parameters of
the guided wave transmission/reflection.

Despite the presence of a significant number of studies
devoted to the modelling of MIMO systems, in the modern
scientific literature there is a need to develop a general-
ised mathematical model capable of simultaneously taking
into account spatial correlation, transmitter and receiver
motion, Doppler non-stationarity, noise effects, intention-
al interference and other signal degradation factors with
moderate computational complexity. Existing approaches
are mainly focused on individual aspects of channel oper-
ation and do not provide a holistic description of the in-
teraction of destabilising factors within a single analytical
scheme. This necessitates the development of a model that
would allow for a more adequate description of the oper-
ating conditions of multi-antenna radio communication
systems and create a basis for further analysis of the inter-
ference immunity and reliability.

The purpose of the study was to develop a consistent
analytical scheme for the operation of multi-antenna radio
communication systems under the influence of random and
intentional interference, as well as to establish the influence
of interference-noise and non-stationary factors on the se-
curity and reliability of information transmission. To achieve
the goal of the study, the following tasks were set: to form a
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generalised model of the channel state of a multi-antenna
radio communication system taking into account spatial
correlation, transmitter and receiver motion, and Doppler
non-stationarity; to formalise a model of interference-noise
influence, which includes additive white Gaussian noise, in-
tentional interference, intersymbol interference, phase dis-
tortions, and other signal degradation factors.

MATERIALS AND METHODS

The study was of a theoretical-analytical nature and was
based on analytical-statistical modelling of multi-antenna
radio communication systems. The work used matrix re-
lations for the MIMO channel, stochastic noise and inter-
ference models, statistical fading models (Rayleigh, Rice,
Nakagami, Rice-Nakagami), as well as parameterised mod-
els of non-stationary multipath propagation, suitable for
consistent consideration of the motion of the transmitter
and receiver and changes in the correlation structure of the
channel in time.

The basic relationship between the transmitted and re-
ceived signals was given by the matrix model of the MIMO
channel in the form:

X(®=H(@®)A@®)+n(t) +j(), M

where A(t) - the vector (or matrix) of transmitted complex
symbols at time t; X(t) — the vector (or matrix) of received
complex symbols; H(t) — the channel matrix (complex ma-
trix of transmission coefficients); n(t) — the additive noise
(in particular, the thermal noise of the receiver); j(t) — the
intentional interference; t — the time.

The matrix of the multipath channel was given in the
form of formula:

hi1(®)  hi2(0) hyy(®)
H(t) = h21:(t) hzz:(t) h2]:(t) ’ @)
hi(®)  hpp(t) hy ()

where h;(t) - the complex transmission coefficient between
the i-th transmitting antenna and the j-th receiving anten-
na; I — the number of transmitting antennas; J — the num-
ber of receiving antennas. The random nature of the ampli-
tude-phase relations in h,(t) was interpreted through typical
scenarios of the absence or presence of a pronounced direct
component corresponding to a Rayleigh or Rician channel.

For a consistent description of signals in a multichan-
nel structure, the representation of each of the v-signals as
a projection onto an orthonormal basis of functions on the
time interval T was used:

Xm(t) = Zﬁ=1men wpp(t)
Xym (8) = zgz:lxvmn wyn (1), 3

where m - the signal (symbol) index; L — the number of ba-
sic functions; v — the number of channels (antenna branch-
es); w,, (t) — the orthonormal basis functions; x;,,, — the co-
efficients of the orthonormal decomposition (projection).
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This representation corresponded to the standard pro-
cedure for transitioning from a continuous signal to com-
plex symbols after matched filtering and discretisation. In
this case, the elements of the vectors A(t) and X(t) in mod-
el (1) were interpreted as the coefficients of the orthonor-
mal decomposition of the signal.

The decomposition coefficients were defined as formula:

Ximn = foT Xim (t) (‘)Ln(t) de, ...,
Xomn = [} Xom () @pn (8) dt, (4)

where T - the duration of the transmission interval of an
elementary unit of information.

The energy limit for the L-th channel was given by the
relation:

Jo X3m (O dt = E,, L =1, (5)

where E, - the signal energy in the L-th channel (antenna
branch) for the interval T.

The stochastic noise component was modelled as fluc-
tuation noise in the basis representation:

n, () =3N_ np, 0, () 5o, NO=2N_1 1, (D), (6)

where n;, - random noise coefficients; N — number of basis
components taken into account; v - number of channels.
The coefficients n,, were assumed to be Gaussian with zero
mean and variance G,,/2, and the probability densities
were given as formulas:

wilnn) = 6,(0%) = e (-225), ()

Gio

ep (-228), ()

Gyo

GV
wy, (M) =&y (0170) = E=o
where G,, - the parameter characterising the spectral ener-
gy of noise in the L-th channel.
Intentional interference was uniformly modelled as
additive white Gaussian noise (AWGN) in the basis rep-
resentation:

Ji®O =2k i @) seees JO = XL iy @,,(D), )

where j;, — independent random noise coefficients with zero
mean; the variances were equal to G,,/2. The corresponding
probability densities were represented via formulas:

wy(n) =1L (0’ Géz) = \/%Lzexp (— %), (10)
Woliom) =10 (0%) = Z—exp (= 22), (1)

where G,, — a parameter that characterised the spectral en-
ergy of intentional interference in the L-th channel.

The integral energy characteristic of the interference
was given as formula:

Jy J7 (®) dt = Gy, (12)
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where J,(t) — the implementation of the interference signal
in the L-th channel.
The reception quality in each L-th channel was deter-
mined by the signal-to-noise ratio (SNR):
SNR, = 2L = o

Go  PLo’

(13)

where E, — energy of the useful signal; G,, - spectral energy
of noise; P, — effective radiated power in the L-th channel;
P,, — noise power in the L-th channel.

The signal-to-noise ratio SIR at the demodulator out-
put was given as formula:

SIR, = fr - P
L PLz GLz’

(14)

where P,, — the power of intentional interference in the L-th
channel; G,, — the parameter of the spectral energy of the in-
terference (in the accepted definition of the comparison scale).

Multipath propagation was described by a dis-
crete-path model in the form formula:

ux(t) = 2;21 C(l_a_r) LP(T*C*Z) u(t - Tl) +

+n(t),0 < t < 4o, (15)

where u,(t) — the signal at the receiver input after pass-
ing through the channel; £ - the number of propagation
paths; | — the path index; t, - the delayof the [-th path;
u(t —t) — a time-shifted copy of the transmitted signal;
Cy,s,, — the complex coefficient (amplitude and phase) of
the signal-code structure for the I-th path in the d-th sym-
bol of the r-th frame; ¥, _, - the generalised component of
the channel model that integrated destabilising factors (in
particular, correlation, non-stationary and interference);
n(t) - additive noise; t — time. The research area covered
the time axis t € (0, +e) and space of complex channel coef-
ficients and signals in each antenna branch, as well as the
procedures for transitioning from channel parameters to
reception error estimates for phase-shift keying M (FM-M),
quadrature amplitude modulation M (QAM- M), and hierar-
chical quadrature amplitude modulation M (IQAM-M) un-
der fading and intentional interference conditions.

The methodological logic of the study was based on
a combination of matrix modelling of the MIMO channel
with independent modelling of antenna branches and sub-
sequent aggregation into complex indicators of reception
quality, as well as on statistical identification of distortion
parameters by momentary characteristics of received sym-
bols. Procedurally, the model was built as a sequence of
channel symbol transformations in each channel, with the
separation of deterministic geometric transformations of
the constellation and random processes that determined
signal degradation.

At the first stage, the reception process was formalised
as a superposition of the useful signal and noise-interfer-
ence components in the form:

2(t)=z(t) +n(t), (16)

where z(t) - the observed input signal of the receiver; z(t) -
the useful component after passing through the channel;
n(t) - additive noise; t — time.

The transition from a “pure” channel symbol to an
observed one was described by adding interference in the
symbol and the channel:

C(a,l) = C(a,l) + naly 17)
where C, , — complex channel symbol for symbol in the
[-th channel; Q‘,, , — observed channel symbol; n, , — distur-
bance (a combination of noise, interference and/or clutter)
in the corresponding symbol and channel; d — symbol in-
dex; [ — channel index (antenna branch).

The channel symbol was given as a matrix of real and
imaginary parts:

R{C R{C
{ (a.l)}],A [ { (a.l)}]’ as)

‘@h= [S{C(a'l)} 0D |5t a0)

where R{-} and 3{-} - the real and imaginary parts of a
complex quantity. This allowed describing the set of dis-
tortions as a composition of controlled constellation trans-
formations and random processes.

The phase shift was formalised by rotating the constel-
lation by an angle ¢:

cos @
sing

—sin ¢
coso |

Sl = R@) ¢y R@) = (19)

The amplitude mismatch between the real and imagi-
nary branches was given by different gain coefficients:

6(6_1) =G C(a'l), (20)
k, 0
6=[g i) @y

where k; and k, - amplification factors for I- and Q-com-
ponents.

The quadrature error was described by the mutual ro-
tation of the quadrature components:

€1y = R(010) caty (22)

where 6,, - quadrature error parameter (angle of mutual
displacement of axes 1/Q).

The influence of intersymbol interference and additive

noise was specified through the decomposition of interfer-
ence into components:

1ST) (AWGN)

a0) +n(all) ) (23)

Tl(a,l) = TlE
where — component caused by the overlap of neighbouring
symbols (intersymbol interference); — additive component
with uniform spectral distribution.

Phase jitter was considered as a dynamic random pro-
cess of random rotation of the constellation, for which the
angle 6, obeyed the normal law:
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0,~N(0, 02), (24)
where 02— phase jitter dispersion; N(-) — normal distribution.

Generalisation of transformations formula (20)-(24)
led to an integral representation of the observed symbol as
a composition of deterministic matrix transformations and
random perturbations:

Co.0= T, Con Mo, 1y Lo, =R(@®) GR(O,0) R(6), (25)
where T, , - the effective constellation transformation
matrix in the (9, I)-position; R(6,) — the random rotation
matrix induced by phase jitter.

Next, a statistical procedure for estimating model pa-
rameters based on the moments of received symbols was
applied. Assuming small phase fluctuations (or small an-
gular parameters), a linearised approximation of the math-
ematical expectations of the components of the observed
symbol was performed:

E [#{Cop}] = E [a{con) - a:3{con}].

E [S(C o0} = E[ashiCan) - wSCan}],  26)
where a,, a,, a;, a, — generalised coefficients that accumu-
lated the influence of amplification, mutual transformation
of quadratures and components of the interference circuit;
E[-] - mathematical expectation operator.

The phase jitter variance was estimated through the
covariance of the real and imaginary parts of the observed
symbol (27):

cov (#{Can} 3 {Can)) = —xot @ (cop) @D

where Cov (-, -) — covariance; k — generalised scale constant
(depended on the transformation structure T, ,; @ (C, ;) —
a function that depended on the coordinates of the “pure”
symbol and the parameters of static transformations.

The intensity of the interference component was charac-
terised by the index A, which was determined through a com-
bination of dispersions and high-order central moments (28):

A=F (Var %1 ma (m{c‘(a,l)})), (28)
where Var[-] - dispersion; m, (-)— central moment of the
fourth order; F (-) — the interference intensity function de-
fined in the model.

After that, the characteristics of intentional interfer-
ence and noise were related to the variances of the compo-
nents of the received symbol (formula (29)):

Var [ER {é(a'l)}] = Gg(0?, A) + Var [R{n}],

Var [S {C(a,l)}] =G/(c%,A) +Var [3{n}],  (29)

where n, - the additive noise-interference component
in I-th channel; G, (-) and G, (-) — the model distribution

Radzivilov & Pavliuk

functions of the dispersion contribution of phase fluc-
tuations and interference in the corresponding quadra-
tures. Thus, the method provided separation of the con-
tributions of phase fluctuations, interference and additive
noise/interference by statistically observed quantities in
each antenna branch.

At the second stage, correlation-frequency character-
istics within the Jakes model were used to model nonsta-
tionarity and Doppler structure, where the autocorrelation
function and spectral distribution over Doppler frequen-
cies were given as:

R(@) =Jo, @fo0), P(F) = ——=ss, | f I< fi, (30)

where R(1) — autocorrelation function; P (f) — spectral pow-
er density at Doppler frequencies; t — time shift; f - Dop-
pler frequency; f, — maximum Doppler shift; /,(-) - zero-or-
der Bessel function.

For complex urban scenarios, an elliptical approach
with two scattering ellipses was used, in which the param-
eters of the outer and inner contours were determined by
time delays and motion geometry. The formalisation of the
delays was carried out by the relation:

Tm =7, €2))

where t,, — the largest signal delay (for the limiting propa-
gation route); D,, — appropriate length of the route; ¢ - the
speed of propagation of an electromagnetic wave.

The conditions for the formation of the reflected com-
ponent and the correct consideration of the geometry of
the antenna placement were set by the criterion:

4h.h,
d ==

(32)
where d - the distance between the transmitter and the re-
ceiver; h, and h, - antenna heights; A - wavelength.

The Doppler shift for motion along an arbitrary path
was defined as formulas:

fo =%cos , (33)

Bf(8) =P cos B(D), (34)
where v or v(t) — the relative speed of movement; 8 or B(t) -
the angle between the velocity vector and the direction of
wave arrival.

The generalised instantaneous transfer characteristic
of the channel was formed in:

h(®)=3N_, & exp (QRrAf, t+6,+¢) u(t-t), (35)

where h(t) — complex transfer characteristic; N — number
of propagation paths; g; — weighting factor (energy ratio
of the i-th path); Af; - Doppler shift for the i-th path; 6, -
phase shift; ¢, — arbitrary initial phase; u(-) - step function;
t. — delay of the i-th path; j — imaginary unit.
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At the third stage, an analytical assessment of noise
immunity was carried out through the bit error rate (BER)
for phase shift keying M-arn (FM-M), quadrature amplitude
shift keying M-arn (QAM-M) and hierarchical quadrature
amplitude shift keying M-arn (IQAM-M) in channels with
fading and intentional interference. For FM-M in frequen-
cy-selective channels with additive noise and coherent re-
ception, the bit error probabilities were given by the relation:

P, ,=F,(SNR,M, i), i=1,...,B. (36)
where P, ; - the probability of a bit i error; M - the constel-
lation dimension; B - the number of bits in the block; Fy(-) -
the function given by the analytical formulas of the model.

In this case, for the first two bits, separate partial cases
of this dependence were used, while for bits with numbers,
i=3,..., B a generalised notation was used, taking into ac-
count the bit position number.

The auxiliary functions and angular parameters in-
cluded in F,(-) were given as formulas:

T, ()=TC), (37

Y, =P M, m), (38)
where T(-) and P(-) - analytical expressions were defined in
the model that ensured correct consideration of constella-
tion geometry and bit mapping.
The average error probability in a B-bit block was de-
termined by averaging (formula (39)):
1 B
Ps == Pois (39)
For KAM-M and IKAM-M generalised relations were
used, these relations took into account the parameters of
the constellation, fading, and hierarchical structure: the
basic form was given as:

P, 1.5,=G(SNR, M, a, 1), (40)
with auxiliary quantities:
§=GM,a,"), (41)
and the extension for all bits of the block:
P, ,=G.(SNR, M, ar, 12, i), i=3, B, (42)

after which the total error probability was aggregated as:

B
Py =H({Py}; ), (43)
and in exact form was written as formula:
P,=H,,.(SNR, M, a, 12). (44)

In these relations a — the hierarchy parameter (for
classical QAM « = 1, for hierarchical - a > 1); A2 — the

parameter characterising the ratio of regular and fluc-
tuation components in Rician scenarios; G (*), G, (+), H("),
H,. (-) — analytical expressions of the model that take
into account the minimum Euclidean distances and the
priority of subflows.

The bit weight coefficients {a,, _,}, which parameter-
ised the contribution of critical transitions in the constel-
lation, were given as:

;= a5 (M), (45)
where j — the coefficient index, and the specific values
a, _, (M) - determined by the selected mapping of bits to
the constellation and the adopted variant of analytical
formalisation.

The final aggregation of the error for the multichannel
structure was carried out by averaging over the L antenna
channels in the form:

Pp1tPpat+Pp

@ _
P = z ,

(46)
where P,® — the average bit error probability for the multi-
channel structure; P , - the average fraction of bits received
with error in the 1-th antenna branch, taking into account
selective fading, Doppler non-stationarity, intersymbol in-
terference, phase jitter, and intentional interference.

As a result, the applied methodological approach pro-
vided a formalised combination of a matrix description
of the MIMO channel, stochastic modelling of noise and
intentional interference, a non-stationary geometric de-
scription of the moving environment, and a statistical esti-
mation of distortion parameters based on the momentary
characteristics of received symbols, which created the basis
for a consistent analytical estimation of the bit error rate
in spatially correlated channels in line-of-sight (LoS) and
non-line-of-sight (NLoS) modes with controllable compu-
tational complexity.

RESULTS
Structure of signal transmission in MIMO system
and conditions for spatial symbol recovery
Analysis of the structure of signal transmission in a mul-
ti-antenna system was performed for the matrix model of the
channel under conditions of multi-path signal propagation,
when the interaction between the transmitting and receiv-
ing antennas is described by the channel operator given by
the relations formulas (1), (2). In this formulation, the trans-
mitted symbol vector was considered as an element of the
signal space, which under the action of the channel operator
is mapped into the vector of received signals. The structure
of the channel matrix in this case determines the geometry
of the interaction of the antenna branches and sets the na-
ture of the spatial mixing of signals at the receiver.

It was established that if the conditions of quasi-sta-
tionarity of the channel during the transmission interval
of a block pair of symbols and if the conditions of orthogo-
nality of the space-time structure of the signal are met, the
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channel operator acquires the property of reversibility. This
means that the system formulas (1), (2) allows a fundamen-
tal linear transformation of the received signal, which al-
lows recovering the transmitted symbol vector without loss
of information. In the signal space, a mapping is formed
for which the received vector is a scaled projection of the
initial information vector. In other words, the action of the
channel operator is reduced to a linear transformation that
changes the scale and orientation of the signal in the an-
tenna coordinate space, but does not violate the possibility
of its recovery under the condition of linear independence
of the columns of the channel matrix. Thus, signal decod-
ing can be implemented through the corresponding linear
transformation of the received signal, which actually per-
forms the role of a space-time decoder.

The interpretation of this result is related to the ge-
ometric structure of signals in the multidimensional space
of antenna channels. Orthogonal space-time coding forms
a signal system in which individual information symbols
are transmitted along mutually orthogonal directions of the

Radzivilov & Pavliuk

signal space. As a result, coherent summation of the use-
ful signal components occurs on the receiving side, while
the noise components remain statistically independent.
This property leads to an increase in the effective signal-
to-noise ratio and ensures the stability of the information
recovery process even in the presence of random fluctua-
tions in the channel parameters. Analysis of the obtained
relations showed that the geometry of the channel matrix
determines the structure of the signal space of the trans-
mission system. If the columns of this matrix remain lin-
early independent, each information symbol corresponds
to its own direction in the space of antenna channels, and
the mutual influence of information flows remains limited.
Under these conditions, the spatial modes of the signal re-
tain the identifiability, and the decoding process is reduced
to restoring the corresponding coordinates in the signal
space. To generalise the obtained result, the parameters of
the signal transmission model that determine the channel
geometry can be presented in the form of a systematised
set of characteristics given in Table 1.

Table 1. Logic diagram for obtaining spatial symbol recovery conditions in a MIMO system

Analysis stage

Formalisation of the signal transmission model

Ratios used

Result obtained

A matrix relationship is established between the
transmitted and received signals

Multipath channel structure

The geometry of the interaction of the transmitting
and receiving antennas is determined

Space-time block coding

The condition for linear recovery of the vector of
transmitted symbols is obtained

Source: compiled by the authors

The key element of the signal transmission struc-
ture in a multi-antenna system is the coordination of the
channel matrix model with the spatiotemporal organisa-
tion of signals. Relation (1) specifies the general operator
form of signal transformation during passage through the
channel and determines the linear nature of the interac-
tion between the transmitted and received signals. At the
same time, the structure of the channel matrix, described
by relation (2), reflects the multipath nature of signal prop-
agation and specifies the geometry of the signal space in
which information is transmitted. Further analysis showed
that the use of space-time block coding, described by rela-
tion (3), leads to the formation of a special block structure
of the channel operator. This structure ensures linear in-
dependence of signal components and creates conditions
for the correct recovery of the transmitted symbol vector
on the receiving side. Thus, the system of formulas (1), (2)
allows for the existence of a linear transformation, which
allows decoding the signal by projecting the received vec-
tor onto the corresponding basis of the signal space.

The obtained result means that a set of spatially sep-
arated signal modes is formed in the antenna coordinate
space. Each such mode corresponds to a separate informa-
tion flow and is characterised by its own energy weight,
which is determined by the coefficients of the channel ma-
trix. In this case, the action of the channel leads to scaling

and rotation of the signal vector in the antenna coordinate
space, but does not violate the structure of the spatial sepa-
ration of the flows, provided that the linear independence of
the columns of the channel matrix is preserved. Collectively,
this means that space-time coding provides a geometric de-
composition of the signal space into independent directions
along which information is transmitted. As a result, coher-
ent summation of the useful signal components occurs on
the receiving side, while the noise components remain sta-
tistically independent. It is this property that determines the
possibility of effective signal recovery even in the presence
of random changes in the channel parameters. Thus, the
established structure of the system formulas (1), (2) deter-
mines the fundamental geometry of signal transmission in a
multi-antenna system. It forms the basis for further analysis
of the impact of random factors of the propagation environ-
ment, noise and intentional interference on the stability of
the radio communication system and on the accuracy of the
recovery of transmitted information.

Signal energy structure and statistical model

of noise and intentional interference

in a multi-antenna system

The analysis of the energy structure of the signal was
performed for a mathematical model of a multi-antenna
transmission system, in which the signal realisations are
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considered in the functional space of orthonormal basis
functions. The conditions for such a representation are
determined by the relations formulas (3)-(5), which spec-
ify the decomposition of the transmitted signals in the
coordinates of the signal space and impose restrictions
on the energy parameters of the transmission. The use of
an orthonormal basis allows representing each signal of
a multi-antenna system as a vector of coordinates in the
L-dimensional channel space. The coefficients of the or-
thonormal decomposition of the signal determine the en-
ergy contribution of the corresponding basis functions to
the formation of the transmitted signal realisation. Thus,
the signal energy is distributed between the coordinates
of the signal space, and the structure of this distribution
determines the geometry of the signal constellation in the
multidimensional channel space.

Further analysis showed that the fluctuation noise in
each antenna channel can also be represented in the same
functional basis. According to the formulas (6)-(8), the
noise components are described by random decomposi-
tion coefficients, which have a Gaussian distribution with

zero mathematical expectation and given variances. This
means that the noise effect manifests itself in the form of
random fluctuations of the coordinates of the signal vec-
tor in the signal space. A similar structure was established
for intentional interference. According to the formulas
(9)-(12), interference signals can be represented by de-
composition in the same orthonormal basis of functions.
In this case, the difference between noise and interference
is determined by the statistical characteristics of the de-
composition coefficients, in particular the variances and
spectral power densities.

The obtained result showed that the signal, fluctua-
tion noise and intentional interference have a consistent
coordinate structure in a single signal space of a multi-an-
tenna system. In this interpretation, the information trans-
mission process can be represented as a superposition of a
deterministic signal component and random disturbances
that cause random shifts of the signal vector relative to its
ideal position in the signal space. A generalisation of the
structure of the mathematical model of signal, noise, and
interference in a multi-antenna system is given in Table 2.

Table 2. Structure of the energy model of signal, noise, and interference in a multi-antenna system

System component Mathematical representation

Orthonormal distribution

Basic parameters Physical interpretation

Distribution of signal energy

Useful signal of signals in the basis of functions xLmn, EL between coordinates of the
formulas (3)-(5) L-dimensional signal space
Fluctuating noise Statistical model of noise GLO Random fluctuations of the signal
§ distribution formulas (6)-(8) vector coordinates
Intentional interference Noise signal model GLs Energy disturbances caused

formulas (9)-(12)

by external interference

Signal-to-noise ratio and signal-

Reception quality to-interference formulas (13)-(14)

Integral characteristic

(hL02), (PL/PLO) of transmission channel stability

Source: compiled by the authors

The generalisation of the results presented in Table 2
shows that the useful signal x,,(t), the fluctuation noise
n,(t) and the intentional interference j,(t) have a consist-
ent coordinate structure in the orthonormal signal space
formed by the basis functions w,,(t). In this space, each
signal realisation is described by a set of orthonormal de-
composition coefficients x,,,, which determine the signal
projections onto the corresponding basis functions and
characterise the energy contribution of each coordinate to
the signal formation.

Similarly, the noise and interference components are
given by the coefficients n,, and j,,, the statistical proper-
ties of which are given by the dispersions G,,/2 and G,, /2,
respectively. Such a structure means that the action of the
fluctuation noise and intentional interference manifested
itself in the form of random perturbations of the signal
vector coordinates in the multidimensional channel space.
In this representation, the transmitted signal in the L-th
channel was characterised by the energy parameter E,
which was determined by the transmission energy limita-
tion condition (6), while the noise and interference inten-
sity were described by the spectral parameters G,, and G,,.

Thus, the information transmission process in a multi-an-
tenna system was interpreted as the energy interaction of
the signal vector coordinates {x,,,} with random perturba-
tions {n,,} and {j,,} arising in the signal propagation medi-
um. In the geometric interpretation, this corresponded to a
random displacement of signal points in the L-dimensional
signal space relative to the ideal positions.

The efficiency of information transmission in each
channel of the multi-antenna system was determined by
the energy balance between the useful signal power P,
and the noise powers P,; and interference P,,. This bal-
ance was formalised by integral indicators of reception
quality — the signal/noise ratios SNR, = GETLO = :TLO and signal/
interference SIR,=P,/P,,=P,/G,,, determined by the for-
mulas (14)-(15). The value SNR, of and the correspond-
ing interference parameters determined the level of noise
immunity of each antenna channel and characterised the
degree of remoteness of the signal vector from the area of
false reception. Thus, the obtained result showed that the
consistent representation of the signal, noise and inten-
tional interference in the common orthonormal signal
space allows describing the process of functioning of a
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multi-antenna system through the energy characteristics
of the signal vector coordinates. It is these characteris-
tics that determine the potential noise immunity of the
system and create a mathematical basis for further ana-
lytical study of the probability of a bit error in the trans-
mission channels.

Analysis of signal distortions and statistical
evaluation of constellation degradation parameters
Analysis of the signal distortion structure was performed
for the reception model, in which the observed signal was
formed as a superposition of the useful component and
noise-interference disturbances according to the rela-
tion (16). At the level of an individual channel symbol, this
transition from the “pure” to the observed state was spec-
ified by the relation (17), where the disturbances included
noise, interference and intentional interference within the
corresponding antenna branch. It was this representation
that created the initial analytical basis for the further de-
scription of the degradation of the signal constellation as
a result of geometric transformations and stochastic per-
turbations of the signal vector coordinates. The initial con-
ditions for such a description were given by the relations
(18)-(20), which established the connection between the
ideal channel symbol C; , and the observed symbol C, ;. In
this representation, each transmitted symbol was charac-
terised by a complex quantity.

C(a,l) = m{C(a,l)} + iS{C(a,l)}, (47)
where 0 — symbol index in the signal block, [ - antenna
channel number. Using the formulae (18)-(20), the received
signal was presented in the form of a vector model:

Radzivilov & Pavliuk
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which was associated with the ideal symbol vector:
R{Canh

This form of description allowed interpreting the sig-
nal passage through the channel as a transformation of the
coordinates of the signal vector in a two-dimensional sig-
nal space. Further analysis showed that the deformations
of the signal constellation could be interpreted as a compo-
sition of geometric transformations of the coordinates of
the signal vector. According to the relation (19), the phase
shift of the channel led to a rotation of the signal constel-
lation by an angle ¢, which changed the orientation of the
coordinates (49) in the signal space. According to the rela-
tion (20), the amplitude mismatch between the quadrature
channels was described by different gain coefficients for
the I- and Q-components, which caused the scaling of the
coordinates of the signal vector along the corresponding
axes. An additional geometric transformation arose due to
the quadrature error of the receiving path, which was de-
scribed by the relation (22) and led to a mutual rotation
of the quadrature components by an angle 6,,. Taking into
account interference components and additive noise led
to a generalised description of signal vector perturbations
through the decomposition of interference into compo-
nents according to (23). For a visual representation of the
described signal vector transformations, it is advisable to
use a graphical visualisation of the influence on the signal
constellation configuration in the I-Q plane (Fig. 1).
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Figure 1. Geometric transformations of the signal constellation in the I-Q plane

Source: compiled by the authors

As shown in Figure 1, the phase shift, amplitude mis-
match, and quadrature error change the spatial configuration

of the signal constellation, while noise and interference
perturbations additionally cause a random scattering of
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signal points relative to the ideal positions. This creates a
basis for further statistical estimation of the degradation
parameters from the characteristics of the received sym-
bols. According to the relation (23), the interference-noise
component in the symbol and channel was given by a vector.

Rinaury}

Sty (50)

ol =

which characterised the overlap of adjacent symbols (IST)
and additive oscillations (AWGN) and, in a parameterised
description, could be characterised by the intensity A and
the phase parameter ¢ (in the accepted definition of the
model). An additional factor of signal constellation degra-
dation was phase jitter, which was considered as a random
process of rotation of signal points with a phase deviation
6.~ N(0, 02) according to (24), and its inclusion in the ma-
trix contour of transformations was formalised by the re-
lation (25). The generalisation of these transformations
led to an integral representation of the observed symbol
as a composition of geometric and stochastic changes in
the coordinates of the signal vector, which was given by the
relation (25), where the effective matrix T, , accumulated
static transformations (rotation, mismatched gain, quad-
rature error) and random rotation induced by phase jitter.
In this representation, the degradation of the sig-
nal constellation was determined by the gain parameters
k, and k,, the angular parameters ¢, 6,,, the dispersion of
phase fluctuations o2 and the interference intensity A.

A further mathematical result was obtained by statistical
analysis of the received symbols CA(B, »- Using the moment
characteristics of the signal, in particular the mathematical
expectation E [], the dispersion Var[-] and the covariance
Cov[-], the estimation of the degradation parameters of the
signal constellation was performed. According to relations
(26)-(27), the phase jitter was estimated through the covar-
iance between the real and imaginary components of the
received symbol:

cov (R(C au)h SCau)}) (51)
which allowed identifying o2 within the accepted param-
eterisation xk®(C, ;) in formula (27). The intensity of the
interference component was determined through the sta-
tistical characteristics of the deviation of the signal vector
coordinates from the average values, namely through the
combination of the dispersion and the fourth-order central
moment m,(-) according to formula (28). Further analysis
of the dispersions of the real and imaginary components
of the received symbol provided an assessment of the con-
tributions of noise and intentional interference according
to (29), where the model functions G,(-) and G,(-) separated
the dispersion contributions of phase fluctuations and in-
terference in quadratures, and the residual term referred to
the additive noise-interference component n,. To general-
ise the obtained results, the structure of the signal constel-
lation distortions and the corresponding parameters of the
statistical assessment are given in Table 3.

Table 3. Structure of signal constellation distortions and parameters of the statistical evaluation

Distortion type Model parameter Mathematical description Statistical evaluation method
. . . . Estimation
Phase shift @ Signal constellation rotation (19) through coordinate covariance
Amplitude mismatch kE Coordinate scaling (20-21) Variance analysis of coordinates
Quadrature error 6comp Matrix rotation (22) Evaluation by moment characteristics
Phase jitter oi2 Random rotation of points (24-25) C_ovarl.ance of real
and imaginary parts (27)
Interference A Breakdown of obstacles into Fourth-order central moments (28)
components (23)
Additive noise Din] Noise component variance (29) Variance estimates (29)

Source: compiled by the authors

As can be seen from Table 3, the signal constellation dis-
tortions in a multi-antenna system have a clearly structured
nature and can be represented as a set of deterministic and
stochastic transformations of the signal vector coordinates
in the complex signal space. The deterministic distortion
components are related to the channel and receiver path
parameters and become manifested in the form of signal
constellation rotation, coordinate scaling, and quadrature
deformation, which are described by the parameters ¢, kE
and 6comp, respectively. The stochastic signal degradation
components are formed by random processes in the trans-
mission channel and include phase jitter, interference, and
additive noise, the statistical characteristics of which are

determined by the parameters oi?, A and D [nl]. The gener-
alisation of the obtained results shows that the signal con-
stellation degradation can be formalised through a system
of statistical estimates based on the momentary character-
istics of the received symbols. The use of covariance and
dispersion analysis of signal vector coordinates allows sep-
arating the contribution of different types of disturbances
to the overall structure of signal distortions. This approach
provides the ability to identify the parameters of phase fluc-
tuations, interference components and noise components
of the channel, which creates the basis for further analysis
of the probability of bit errors and assessment of the noise
immunity of a multi-antenna radio communication system.
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Dynamic channel structure and the influence

of non-stationarity of signal propagation

The dynamic structure of a multi-antenna communication
channel is investigated taking into account the non-sta-
tionarity of propagation due to multipath and relative mo-
tion of the transmitter and receiver, and the time structure
of the multipath signal is formalised by the discrete-path
model (15). Under these conditions, the channel transmis-
sion coefficient h; is a random time-dependent quantity,
and fluctuations in its amplitude and phase determine
the statistical variability of the received signal. The initial
conditions of the description are given by a class of fading
models in which the amplitude statistics h; are consistent
with the absence/presence of a dominant regular compo-
nent: in the case of a predominance of scattered compo-
nents, the Rayleigh mode is used, in the presence of a di-
rect beam, the Rice mode, and for a generalised description
of different degrees of “regularity-fluctuation” the Nakag-
ami and Rice-Nakagami models are used.

The mathematical result of this step is the introduc-
tion of parameters that quantitatively record the contri-
bution of the regular and random components to the av-
erage channel power: the ratio between hi(st) and h(RI),
as well as the parameter ¢, which specifies the ratio of the
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average powers, allow formalising the boundary transitions
between the Rayleigh (¢— 0) and static (¢— «) regimes and
thereby specifying a single fading classification scale with-
in the framework of a consistent statistical model (tran-
sition formulas are given in the methodology). The next
step of the analysis is aimed at the temporal variability of
the channel. Within the Jakes model, the correlation struc-
ture of the transmission coefficient is determined by the
autocorrelation function and the corresponding Doppler
spectrum, and the key parameter is the maximum Doppler
shift f,,, proportional to the relative velocity of the receiver;
the compact form of the autocorrelation record is given by
relation (41). Interpretatively, this means that the “update
rate” of the channel is given by the geometry of the mul-
ti-beam field and the kinematics of the subscriber motion:
with increasing v, f;, increases, the decorrelation hy(t) in
time accelerates, and the effect of interference of waves
arriving by different paths with different Doppler shifts
is enhanced. The generalisation of the spatio-temporal
structure of the channel is carried out in the geometric el-
liptical scattering model (Fig. 2), where the transmitter and
receiver are considered as foci of a system of ellipses, and
the scatterers are considered as points evenly distributed
within the outer and inner ellipses.

Scatterers

adm

Receiver

S

Scattering area

Figure 2. Taking into account the dynamic characteristics of the transmitter
and receiver in the model in a multi-antenna system
Note: D - the length of the signal propagation path; g; — the angle of reflection from the outer surface of the ellipse; a; -
the angle of reflection from the scatterer of the inner surface of the ellipse; v, — the rate of change of the transmitter posi-
tion; v, — the rate of change of the receiver position; a,, — the semi-major axis of the outer ellipse; b,, — the semi-minor

axis of the outer ellipse
Source: compiled by the authors

The model presented in Figure 2 is built on the basis of
the elliptical approach to modelling a multibeam radio sig-
nal propagation channel. This approach is used to describe
the operation of the channel in the uplink direction - from
the mobile subscriber to the base station in microcell con-
ditions, when the base station is located at a relatively low
altitude and a line of sight (LoS) is possible between the
transmitter and the receiver. Similar conditions are typical
for urban wireless networks and tactical radio communi-
cation systems. Within the model, the transmitter, and re-
ceiver are considered as foci of a system of ellipses in which
the signal scattering objects are located. It is assumed that

the scatterers are evenly distributed within two ellipses:
external and internal. The parameters of the external el-
lipse a,, and b,, are determined based on the maximum sig-
nal propagation delay according to the relation (42), while
the internal ellipse is given by the geometric characteristics
of the mobile subscriber’s movement. The model assumes
a minimum signal delay in the presence of direct visibility
between the transmitter and receiver. An increase in the
signal delay corresponds to the appearance of additional
multipath components that arise as a result of reflection
or diffraction of the signal on environmental objects. Thus,
the elliptical geometric model allows linking the spatial
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structure of the signal propagation environment with the
time characteristics of the communication channel.

Analytical assessment of interference immunity
and bit error probability in a multi-antenna system
As a result of the analysis, the sequence of formation of
indicators of reliability of information transmission in a
multi-antenna system was determined: the signal/noise
and signal/interference ratios, given by formulas (13), (14),
determined the effective energy parameter of the channel
h2; this parameter was included in the bit-dependent es-
timates of the error probability P, ,, obtained in formu-
las (31)-(35) and (36)-(40); further generalisation of sin-
gle-channel estimates led to the system error indicator P",
determined by averaging over antenna channels according
to (47). It is shown that the quality of the L-th antenna
channel was formalised through the energy parameters E|,
G,, and G, introduced in the energy-statistical description
of the signal, fluctuation noise and intentional interference
in the common orthonormal signal space formulas (3)-(12).
In particular, E;, characterised the energy of the useful
component in the L-th branch, while G,;, and G,; specified
the intensity of the noise and interference components
through the spectral (dispersion) parameters in the same
coordinates. Based on these quantities, integral metrics of
reception quality were obtained by the formulas (13-14),
which recorded the effective scale of signal degradation in
each channel and subsequently directly determined the pa-
rameterisation of analytical error estimates.

The modulation structure was given by the signal
constellation parameters M = 28, where B denoted the

number of information bits per symbol, which allowed
moving from the constellation geometry to the bit error
probabilities. It was the dependence on B that was used in
the bit-dependent estimates P, , for the phase manipula-
tion of the FM-M type in the relations formulas (36)-(39),
where the expressions for the first bits of the symbol were
given separately and the estimates for all bit positions
were generalised. For the quadrature amplitude manipu-
lation KAM-M and hierarchical quadrature amplitude ma-
nipulation, a similar transition from the constellation ge-
ometry to the bit error was implemented in the relations
formulas (40)-(45), which allowed taking into account the
configuration of the signal constellation and the differ-
ences between individual classes of erroneous transitions.
For hierarchical quadrature amplitude manipulation, the
parameter @ was additionally taken into account, which
changed the geometry of the constellation and affected
the distribution of error probabilities between bit posi-
tions. As a result, it was found that varying this parameter
provides differentiated reliability of bit streams by chang-
ing the decision-making boundaries in the signal space.
After determining the single-channel estimates P ,, the
analytical results were reduced to the integral character-
istic of MIMO through averaging over antenna channels
according to (46), which provided a transition from the
quality of a separate branch to a generalised assessment
of the reliability of data transmission in the system. To
clearly display the sequence of transition from channel
energy parameters and modulation structure to integral
assessment of bit error, it is advisable to use the block di-
agram of the analytical BER model (Fig. 3).

Modulation type

Channel Signal constellation
parameéﬁ_\cs I SNR, FM_IAIgAl\lle_';\/I[M' parameters M, B, a
|
\V

Bit-dependent
estimates Py,

Averaging within a
symbol Py

Aggregation by
antenna channels PB(,L)

[

V

Integral BER estimate
for a MIMO system.

Figure 3. Analytical chain of BER formation in a multi-antenna communication system

Source: compiled by the authors

As shown in Figure 3, the formation of BER in a mul-
ti-antenna system is determined by the sequential inter-
action of the channel energy parameters, the characteris-
tics of the interference environment, the structure of the
signal constellation and the procedures for aggregating the
error across the antenna branches. After determining the
bit-dependent error estimates for individual positions in

the signal block, the total error probability was aggregated
within the symbol according to the formulas (43), (44). This
allowed moving from partial estimates P, , to a generalised
indicator P,, which took into account the configuration of
the signal constellation, the hierarchy parameter « and
the ratio of the regular and fluctuating components in the
channel. Additionally, the bit weight coefficients given by
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the relation (45) parameterised the contribution of critical
transitions between the constellation points and thereby
specified the structure of the formation of the average bit
error. The final step was the final aggregation of the error
for the multichannel structure by averaging over the anten-
na branches according to (46). As a result, the single-chan-
nel estimates P , were reduced to the integral indicator
P", which characterised the average bit error probability
for the entire multi-antenna system, taking into account
selective fading, Doppler non-stationarity, intersymbol in-
terference, phase jitter and intentional interference.

It was established that the channel energy balance,
determined by the relations (formulas (13), (14)), set the
effective margin of separation of the signal constellation
points relative to noise fluctuations. Within the analyt-
ical model, this margin was included in the expressions
for the bit error probability through the parameter hZ and
the channel characteristics associated with it. As a result,
a direct causal relationship was established between the
channel energy parameters and the geometry of the sig-
nal space, which determined the analytical estimates P,
for individual bit positions. For phase manipulation in the
coherent reception mode, an exact analytical expression of
the error probability for the first two bits (31) was obtained,
while for the remaining bits i=3, B a generalised analyti-
cal notation (32) was used, in which the auxiliary functions
formulas (formulas (33), (34)) reflected the geometry of the
decision-making areas in the signal constellation. The av-
erage bit error within one symbol was determined by aver-
aging over all bit positions according to (35), which allowed
moving from local estimates of P, to an integral charac-
teristic of the transmission quality for a given value of M.
For quadrature amplitude manipulation and hierarchical
quadrature amplitude manipulation, a generalised expres-
sion for the error of the first two bits (36) was obtained.

Further analysis led to an accurate analytical record of
the average error over all bit positions formulas (37)-(39).
Weighting coefficients (40) determined the contribution of
different classes of transitions between points of the signal
constellation and thereby formalised the influence of the
geometry of the decision boundaries on the structure of bit
errors. It was found that, even with the same energy pa-
rameters of the channel M and hg, the error probability de-
pended on the bit number i. This dependence is explained
by the geometric structure of the signal constellation, since
different bit positions correspond to different partitions of
the set of signal points into the decision-making areas. As
aresult, the minimum distances to the decision boundaries
turned out to be different, which caused an uneven distri-
bution of errors between bits. It is shown that the param-
eter a, which is used in hierarchical quadrature amplitude
manipulation, directly affects the minimum Euclidean dis-
tances between subsets of signal constellation points. For
the value a =1, the constellation structure corresponds to
symmetric quadrature amplitude manipulation, in which
all bits have close discrimination conditions. With increas-
ing a, part of the decision boundaries is removed, which
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leads to a decrease in the probability of error for priority
bits and, accordingly, to the redistribution of errors be-
tween bit streams. After determining the values of Py,
for each antenna channel, a system error indicator of the
multi-antenna structure was obtained. The generalisation
was performed by averaging over all antenna channels ac-
cording to the relation (46), which allowed moving from a
single-channel assessment to an integral characteristic of
the reliability of the entire MIMO system.

The results obtained formed a consistent analytical
scheme for assessing the noise immunity of multi-antenna
radio communication systems. The energy metrics of recep-
tion quality determined the scale of signal degradation in
the channel, the geometry of the signal constellation formed
a bit-dependent error distribution for different modulation
schemes, and the aggregation of the results over antenna
channels allowed obtaining an integral error indicator of
the system. Taken together, this provided a formalised tran-
sition from the parameters of the noise-interference envi-
ronment and fading modes to a quantitative assessment of
the bit error probability for both a separate channel and the
entire multi-antenna radio communication system.

DISCUSSION
The obtained analytical results allow interpreting the
mechanism of bit error formation in multi-antenna radio
systems as a consequence of the interaction of channel en-
ergy parameters, signal constellation structure, and statis-
tical characteristics of noise and interference disturbances.
In this representation, the channel energy balance deter-
mines the scale of fluctuations in the coordinates of signal
points, while the constellation geometry sets the config-
uration of decision-making regions in the signal space,
through which these fluctuations are transformed into bit
errors. This interpretation is consistent with the approach
of Y. Ma et al. (2018), who proposed a geometrically con-
ditioned non-stationary MIMO model for vehicular com-
munications and showed that temporal changes in chan-
nel parameters have a physically interpreted relationship
with the motion of the transmitter and receiver. The re-
sults of the study are also consistent with the conclusions
of G.N. Kamga et al. (2017), which show that the charac-
teristics of multi-antenna systems significantly depend on
the comprehensive consideration of channel effects, rather
than on the isolated analysis of individual factors. A simi-
lar result is also found in the work of M. Yang et al. (2017),
where it is shown that the correlation characteristics of the
channel can significantly change the spatial separation of
signals and affect the reception error. This is consistent
with the conclusions that the preservation of linear inde-
pendence of spatial modes, the energy balance of antenna
branches and the statistical structure of distortions direct-
ly determine the possibility of correct recovery of transmit-
ted symbols. A similar logic of spatial analysis of communi-
cation channels was presented in the study of L. Ribeiro et
al. (2022), where the concept of channel charting was used
to display the geometric structure of the channel space in

Machinery & Energetics. Vol. 17, No. 1

N



Mathematical model of the functioning of a mobile radio communication system...

massive MIMO systems. In the current study, this principle
was manifested in the representation of the degradation of
the signal constellation as a geometric transformation of
the coordinates of the signal vector, which allowed linking
the statistics of noise and interference with the geometry
of decision-making.

In the review study of M. Ahmed et al. (2023), the
authors showed that the use of STAR-RIS allows active-
ly changing the structure of the multipath environment
and thereby influencing the energy characteristics of the
channel. Such an interpretation of the propagation en-
vironment as a geometric configuration of scatterers is
consistent with the results of the analysis of the dynamic
structure of the channel, where temporal fluctuations in
the transmission coefficient were explained by changes in
the multipath propagation trajectories and Doppler effects
that arose during the movement of subscribers. Further
development of this idea was demonstrated in the work of
J. Xiao et al. (2024), where multitask learning was used to
estimate the channel parameters in the near and far zones
for networks with reconfigurable surfaces.

From a methodological point of view, the obtained re-
sults are also consistent with modern approaches to chan-
nel modelling in new generation systems. In the work of
M.P. Kumar et al. (2025), it was shown that the accuracy of
wireless channel modelling significantly depends on tak-
ing into account the real parameters of the propagation
environment and measurement data obtained in field ex-
periments. A similar logic is also observed in the current
analysis, where the structure of channel non-stationarity
is explained through the geometric scattering model and
the correlation-Doppler properties of the signal. In the
study of Y. Singh (2026), the possibilities of using the Na-
tional Instruments — Universal Software Radio Peripheral
(NI-USRP) platform for real-time monitoring and analysis
of wireless signals were demonstrated, which confirmed
the relevance of experimental verification of channel mod-
els. In this context, the results obtained on the statistical
evaluation of the constellation degradation parameters
can be used as a tool for interpreting the measured signal
characteristics, since the instantaneous characteristics of
the received symbols are directly related to the statistics of
channel disturbances.

Machine learning methods used for channel parame-
ter estimation and signal detection have also made a sig-
nificant contribution to modern wireless systems analysis,
for example, A. Singh & S. Saha (2022) showed that deep
learning algorithms can effectively compensate for the ef-
fects of various types of channel distortions in Orthogonal
Frequency Division Multiplexing (OFDM) systems. A sim-
ilar trend was continued in the study of A.S. Algahtani et
al. (2024), where generative models with self-attention
mechanisms were used to improve channel estimation in
MIMO-OFDM systems. In the presented study, a similar re-
sult was obtained analytically by introducing constellation
degradation parameters that described the effects of noise,
interference, and phase fluctuations. Further development

of intelligent signal processing methods in massive mul-
ti-antenna systems was demonstrated in the work of A. Ku-
mar & A. Nanthaamornphong (2025), where deep neural
networks were applied to the problem of detecting signals
in Multiple Input Multiple Output — Orthogonal Time Fre-
quency Space (MIMO-OTFS). In turn, R. Shankar (2023)
used a bidirectional Long Short-Term Memory (LSTM)
architecture for channel estimation in 5G massive MI-
MO-OFDM systems. The results obtained are consistent
with this trend, since the analysis of the dynamic structure
of the channel showed that the non-stationarity of signal
propagation is directly related to the correlation properties
of the channel and Doppler broadening of the spectrum. In
the work of M.M.E. Kotb et al. (2025), a comparative analy-
sis of algorithms for estimating the carrier frequency shift
in OFDM and MIMO-OFDM systems was carried out. The
results obtained in the current study showed that even mi-
nor phase and frequency deviations can significantly affect
the accuracy of signal recovery.

In the broader context of the evolution of wireless
networks, the presented results correspond to the gener-
al trend of development of multi-antenna technologies. In
the work of M. Pande et al. (2025), it was shown that MIMO
systems have become a key element of the architecture of
mobile networks of the third, fourth and fifth generations,
since spatial diversity allows simultaneously increasing the
throughput and reliability of data transmission. In the cur-
rent study, this property was manifested in the formation
of a systematic error estimate through the aggregation of
bit errors over antenna channels, which allowed interpret-
ing the MIMO system as a set of parallel error modes with
different statistical characteristics. Further comparison of
the results with modern studies showed that increasing the
reliability of information transmission in multi-antenna
systems is increasingly associated with a combination of
analytical channel models and intelligent signal process-
ing algorithms. In the work of M. Islam et al. (2025), the
authors demonstrated the use of deep neural networks to
optimise the parameters of the receive-transmit path in 5G
MIMO systems. In the analysis conducted, a similar prob-
lem was solved analytically through the formalisation of
the signal constellation degradation parameters and the
statistical evaluation based on the moment characteristics
of the received symbols. A similar approach was observed
in the work of L.S.S.P.K. Chodisetti et al. (2023), where a
soft detection algorithm based on coordinate descent was
proposed for massive MU-MIMO-OFDM systems.

Another direction of modern research is related to the
compensation of nonlinear distortions and optimisation of
signal transmission parameters. In the work of G.K. Reddy
& G.M. Sheeba (2024), the use of hybrid equalisers Mini-
mum Mean Square Error - Maximum Likelihood Sequence
Estimation (MMSE-MLSE) to reduce the peak signal values
in MIMO-OFDM systems was considered. The results were
consistent with the results of the analysis of signal constel-
lation distortions, where phase perturbations, quadrature
errors and interference components led to deformation
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of the coordinates of signal points and, accordingly, to a
change in the structure of decision-making areas. New
principles of multiple access also play a significant role in
the development of modern communication systems. The
work of H. Iklodiya & M.S. Bhanwar (2025) considered the
application of Non-Orthogonal Multiple Access (NOMA)
technology in combination with OFDM and machine learn-
ing methods to improve the efficiency of spectrum use. In
this context, the results of the analysis of bit errors acquire
special importance, since the uneven distribution of errors
between bit positions in the signal constellation can be
used for differentiated protection of information flows of
different priorities.

A separate area of research concerns the optimisation
of data transmission in satellite and hybrid networks. In
the work of K. Balamurugan & N. Janakiraman (2025), a
cascade coding scheme was proposed for the optimisation
of satellite channels of the Digital Video Broadcasting —
Return Channel via Satellite, 2rd generation (DVB-RCS2)
standard in MIMO-OFDM systems. The authors showed
that the combination of coding methods and spatial di-
versity allows reducing the probability of data transmis-
sion errors in channels with a high level of noise. A sim-
ilar logic is also observed in the obtained results, where
the system error estimate was formed by aggregating bit
errors over antenna channels, which allowed interpreting
the MIMO system as a set of parallel channels with differ-
ent statistical characteristics.

An important contribution was made by the study of
L. Ge et al. (2022), where a classification-weighted neural
network model was proposed to compensate for channel
distortions in massive MIMO-OFDM systems. The results
obtained showed that the use of deep models allows for ef-
fective signal structure reconstruction even under difficult
channel conditions. In the study by H. Harkat et al. (2022),
it was shown that MIMO-OFDM technology has become a
key element of modern communication networks due to
its ability to simultaneously increase bandwidth and relia-
bility of signal transmission. This conclusion is consistent
with the results of the study, in which the multi-antenna
structure is also considered as a systemic basis for increas-
ing interference immunity and transmission stability. A
similar conclusion was supported in the work of N. Ye et
al. (2021), which analysed modern approaches to the use
of deep learning in NOMA systems. The study also focuses
on an analytical description of signal degradation mecha-
nisms, in particular, the influence of intentional interfer-
ence, phase distortion, intersymbol interference, and Dop-
pler non-stationarity on the probability of a bit error. The
final link in the comparison was formed by the results of
the study by M.A. Abdallah et al. (2023), devoted to increas-
ing the accuracy of data transmission in MU-MIMO-OFDM
systems through the use of efficient coding schemes. This
conclusion is consistent with the obtained analytical re-
sults, where the bit error probability was considered as an
integral characteristic formed under the influence of the
energy parameters of the channel, the structure of the

Radzivilov & Pavliuk

signal constellation and the statistical characteristics of
noise and interference.

Taken together, the comparison showed that the re-
sults of the study are consistent with the main directions
of development of modern wireless technologies, where
the spatial properties of the channel, the statistical struc-
ture of the signal and adaptive processing algorithms play
a central role. At the same time, the obtained analytical
dependencies allowed forming a consistent scheme for as-
sessing the reliability of information transmission in mul-
ti-antenna systems, in which the energy characteristics of
the channel, the geometry of the signal constellation and
the statistical parameters of interference are integrated
into a single model for analysing data transmission errors.

CONCLUSIONS

The study analysed the features of the functioning of mul-
ti-antenna radio systems built on software-defined means
in conditions of fluctuating noise, intentional interference
and channel non-stationarity. The analysis showed that for
a correct description of the information transmission pro-
cess in MIMO systems, a coordinated representation of the
useful signal, noise, and interference in a common signal
space is necessary. This approach allowed considering the
degradation of the received signal not as a set of isolated
effects, but as a single process in which the spatio-tempo-
ral structure of the transmission, the energy characteris-
tics of the channel and the statistics of disturbances form a
general picture of the error. As a result of the study, it was
established that with quasi-stationarity of the channel at
the block transmission interval and with orthogonal spa-
tio-temporal organisation of signals, the possibility of cor-
rect recovery of the transmitted spatial symbols is ensured.
This means that the multi-antenna structure can maintain
resistance to random channel changes, provided that the
channel operator agrees with the spatio-temporal trans-
mission scheme. It is shown that the decoding efficiency
in these conditions is determined not only by the very fact
of the presence of several antenna branches, but also by
the preservation of linear independence of spatial modes,
which ensures the separation of information flows on the
receiving side. It was also established that the distortions
of the signal constellation are complex in nature and are
formed under the influence of both deterministic geomet-
ric transformations and random perturbations. This made
it possible to present the signal degradation as a result of
the combined action of phase, amplitude, interference, and
noise factors and proceed to the statistically interpreted
evaluation by the characteristics of the received symbols.
The results obtained confirmed that the reception error
is determined by the combined action of the channel ener-
gy balance, the structure of the signal constellation and the
intensity of the interference environment, and not by a sep-
arate factor in itself. A separate block of results concerned
the influence of channel non-stationarity on the stability
of information transmission. It is shown that the temporal
changes in the transmission coefficients are associated with
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the correlation properties of the channel and Doppler varia-
bility, which complicates the process of signal recovery with
increasing mobility of the transmitter and receiver. This
made it possible to link the channel dynamics with the con-
ditions for the formation of fading and take this effect into
account in the general analytical scheme for assessing the

the parameters of modulation, coding, and signal process-
ing in order to increase the reliability and immunity to in-
terference of radio communications. Prospects for further
research are related to applied verification of the model us-
ing experimental data and its adaptation to more complex
scenarios of spatial correlation and multipath propagation.

reliability of transmission. As a result, the bit error was in-

terpreted as an integral indicator that reflects the coordinat- ACKNOWLEDGEMENTS
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MaTteMaTnyHa mogenb ¢yHKLIOHYBaHHSl pyXOMOi CUCTEMM Pafio3B'A3KY
nobypoBaHOi Ha NPOrpaMHO KepoBaHMX 3acobax

AHoTauia. MeToo fociakeHHsT 6ylo po3po06JeHHs y3arajbHeHOI MaTeMaTU4HOI Mozesi GyHKIIiOHYBaHHS
6araToaHTEHHMX CUCTEM Pajlio3B’I3Ky B YMOBaX [Iii BUIIaJKOBMX Ta HABMMUCHMX 3aBaj i aHAJITUUHE OMMCAHHS BIUIUBY
3aBaIOBO-IIYMOBMX Ta HECTAL[iOHAPHMX YMHHUKIB Ha 3axXUIIEeHiCTh i HafiliHicTh mepenaBaHHs iHbopMaliii. Y poborTi
3aCTOCOBAHO MAaTPUUHY MOZETb KaHaTy, TPOCTOPOBO-YacoBe 6JI0KOBE KOIYBaHHS, OPTOHOPMaJIbHE TTOAAHHSI CUTHAJTIB
Y CHiJIbHOMY CUTHAJIbHOMY ITPOCTOPi Ta CTATUCTUYHE MOJIE/IOBAHHS IITYMY i 3aBaji y KoopauHaTax 6asucy. PesynbraTu
IOCTiI>KeHHS TOKa3aJin, 10 3a KBa3icTallioHapHOCTiI KaHaTy Ha iHTepBasi 6JIOKOBOI Mepesayi Ta OPTOroHaJIbHOCTI
MMPOCTOPOBO-YaCOBOI CTPYKTYPU (POPMYETHCSI 060POTHMIT KAaHAJIbHUI OMepaTop. 3a TaKMX YMOB 3a6e3I1euyeThCs JTiHiliHe
BilHOBJIEHHS TlepeaHOr0 BeKTOpa CMMBOJIiB i KOTepeHTHe MiICyMOBYBaHHS KOPMCHOI CKJIaA0BOi IPM CTAaTUCTUYHI
He3aJIeXKHOCTI IITYyMOBYMX KOMITOHEHT Ha BUXO[i nekoaepa. KopucHuit curian, GaykTyamiiiHmii IyM i HaBMMCHI 3aBagu
MaloTh Y3roAykKeHy KOOPAMHATHY CTPYKTYPY B OAHOMY OPTOHOPMa/IbHOMY CUTHQJIbHOMY ITPOCTOPi. YHAC/IiAOK I[OTO
SIKiCTb KOSKHOTO aHTEHHOT'O KaHA/Ty BU3HAYAETHCSI eHEPTeTUUHMM 6aJIaHCOM MiXK KOPMCHOIO €HEPTi€lo Ta CIIeKTPaIbHUMU
rapaMeTpamu IyMy i 3aBaji, 110 3a/1a€ BifgaJeHiCTb CUTHAIbHMX TOUOK Bif] 06/1aCTei MOMMUIKOBOTO pillleHHS. [lerpaaaniist
KOHCTEJISIIiT ONMUCYEThCSI KOMITO3UIIi€I0 TEOMETPUUHMX ePETBOPeHb (06epTaHHs, MaciiTabyBaHHS, KBaJpaTypHa
medopmariis) i croxactuuyHux 30ypeHsb (ha3oBe TpeMTiHHS, iHTepdepeHIis, aAUTUBHUI ITyM), a TapaMeTpy UX
CIIOTBOPEHD iIeHTUDIKYIOTbCS 32 MAaTEMAaTUYHMUM CITOAiBaHHSIM, JUCIIEPCi€l0 Ta KOBapiallielo KOOPAMHAT MPUITHITUX
cuMBOJiB. YacoBa HeCTalliOHAPHICTh KaHAMy BU3HAUAETHCS NOIIEPiBCHKMM 3CYBOM i KOPessiiiiHOI0 CTPYKTYpPOIO
KoedQilieHTa mepenadvi, a elinTuyHa reoMeTpUYHaA MOZE/Ib PO3CiIOBAHHS MOB’SI3y€ 3aTPUMKM 6araTorpoMeHeBUX
KOMITOHEHTIB i3 ITPOCTOPOBOIO KOH(Dirypaliiero poscitoBauis. [[pakTMYHA 3HAUYIIiCTb PE3YJIbTATIB ITOJISITA€ Y MOK/IMBOCTI
BUKOPMCTAHHS 3alpOIMIOHOBAHOI MOIesIi IJIs1 aHauTi3y i1 onTMMisallii 6araToaHTEHHUX PafioCuCTeM Ha MPOrpaMHO
KepOBaHMX 3ac06ax B YMOBAax IIYMiB, 3aBaji i HecTalioHapHOro KaHajy. Ii 3acTOCyBaHHS CIIpUse OOIPYHTYBAHHIO
rnmapaMeTpiB MOIYJ/SIil Ta KOAYBaHHS, @ TAKOX MiABUIEHHIO HaAiliHOCTI i1 3aBaJ03aXUINEHOCTI pajlio3B’I3Ky

Knio4yoBi cnoBa  mpocTOPOBO-4acoBe KOAYBAHHS; aqUTUBHUI IIyM; HaBMuCHe BTpydaHHs; MIMO; mporpamMHO
BMU3HaueHe pazio; edexr Joriepa
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