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ABSTRACT

Context. The circular polarization of radio waves is used in various electronic systems. This includes, for example, space
communications stations, some radio relay communication systems, radar stations, data transmission systems and others. The
characteristics of radio wave propagation are studied by using electromagnetic waves separated by circular orthogonal polarization in
radiomonitoring and radiocontrol systems. Compared to other antenna types, circularly polarized antennas, such as rings, have
superior design simplicity and excellent electrodynamics properties.

Obijective. The objective of this study is to analyse the characteristics and application of directional microstrip couplers for
supplying power to ring antennas.

Method. To better the performance of microstrip ring antennas, the reasons for their limited operating frequency range are
analysed. These causes include the frequency-dependent parameters of the coupler, errors in calculating the directional coupler
circuit, and radiation from asymmetric strip lines. To understand how supply lines, affect antenna characteristics, correlations
between radiation fields determined in both its coordinate system and that of the primary axis are taken into account.

Results. An analysis of the dependence graphs of the main characteristics of ring microstrip antennas with intricate power supply
circuits for directional couplers and comparison with similar characteristics for simple circuits revealed that the shape of the radiation
pattern in the higher radiation hemisphere became symmetrical about the axis, especially when symmetrically supplying the ring with
branch-line couplers. The frequency band has also widened, at which there was an acceptable degree of deviation in the ellipticity
coefficient from unity.

Conclusions. The simulation results of microstrip ring antennas with power lines connected to directional couplers of different
types showed that supplying the ring antenna with electricity via the directional coupler ensures circular polarization for the emitted
electromagnetic waves. Additionally, the range of operating frequencies where there is only a small discrepancy in ellipticity
coefficient remains at an acceptable level of -3 dB is quite broad. By utilizing directional branch-line couplers to power a ring
antenna, it is possible to simultaneously emit both right and left circularly polarized waves with the same antenna.

KEYWORDS: microstrip ring antenna, directional microstrip coupler, supply lines, ellipticity coefficient, main coordinate
system, individual coordinate system.

ABBREVIATIONS Fo(0) and Fg(e) are directivity characteristics of the
AA is an antenna array; ring antenna in different planes;
RHCP is right-handed circular polarization; F (o, B) is the directivity characteristic of linear
VSWR is the voltage standing wave ratio. conductors in the individual coordinate system;

I, is current amplitude of the ring antenna at ¢ = 0.
NOMENCLATURE
C =30kl is the constant value for the emitter;

F (6, ¢) is the directivity characteristic of linear
conductors in the main coordinate system;

I, is the complex amplitude of the current flowing
around the emitter;

Jo(sin®), J;(sin®), J,(sin®) are Bessel functions of
the Oth, 1st and 2nd order;
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k =2 is the wave number;
K. is the ellipticity coefficient;
Ig and my are unit vectors of the rectangular

coordinate system 1'0,m’;

ls; is the effective length of the linear emitter;

m is the ratio of the meridional component of the field
intensity to the azimuthal value;

q is the radiation efficiency factor of the strip line
transmission;

a, B, p are coordinates of the individual spherical
coordinate system;

o, PBo, po are unit vectors of the individual spherical
coordinate system;

0, ¢, r are coordinates of the main spherical coordinate
system;

00, @0, o are unit vectors of the main spherical
coordinate system;

A is the length of the electromagnetic wave.

ézc/vf is the ratio of the speed of electromagnetic

wave propagation in free space to the speed of wave in
the strip line.

p is the distance from the phase center 0; to the
observation point M.

v is the phase shift of the emitter current I, relative

to the current phase of the ring antenna in the cross-
section of the conductor with the coordinate ¢ = 0;

INTRODUCTION

The circular polarization of radio waves is used in
various electronic systems. This includes, for example,
space communications stations, some radio relay
communication systems, radar stations, data transmission
systems and others. The characteristics of radio wave
propagation are studied by using electromagnetic waves
separated by circular orthogonal polarization in
radiomonitoring and radiocontrol systems. Compared to
other antenna types, circularly polarized antennas, such as
rings, have superior design simplicity and excellent
electrodynamic properties.

The ring antenna stands out for its uncomplicated
construction and excellent electrical features when it
comes to sending and receiving circularly or rotational
polarized electromagnetic waves. It is composed of a
conductor twisted in a loop, usually about the same length
as the wavelength of an electric current. An antenna of
this type can separate the wave that hits it into two
components with circular polarization [1,2], a
phenomenon which is crucial to understanding the
polarization properties of the radiation field. However,
when it comes to actually constructing a ring antenna, it
can be difficult to develop and construct the appropriate
supplying device. One potential way of constructing the
necessary circuitry for supplying the ring antenna is
through using directional couplers.

Considering the current trend toward the prevalent
utilization of PCB technology to make ring radiators and
their supplying systems, this study examines the
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principles of constructing microstrip ring antennas on
couplers with electromagnetic coupling and branch-line
couplers.

The object of this study is the process of separating
an electromagnetic wave into two components with
different directions of circular polarization orientations.

The subject of this study is the method for
constructing directional couplers for the power circuit of a
microstrip ring antenna.

The objective of this study is to analyse the
characteristics and application of directional microstrip
couplers for supplying power to ring antennas.

1 REVIEW OF THE LITERATURE

Scientific papers provide information on a wide
variety of ring antenna designs. The article [3] considers a
basic slotted microstrip antenna with a capacitive as an
element to generate radiation with circular polarization.
Articles [4, 5] discuss a slotted ring antenna array (AA),
which can switch between the S- and C-bands or between
the S, C, and X bands, respectively. The 2x2 AA diagonal
supplying process is used when operating in C-band
mode. This technique offers the maximum level of
decoupling for both vertical and horizontal polarizations.
The article [6] presents a dual-band annular slot AA for
both L and C bands. The aperture of the L-band slot
antenna can be transformed into a 2x2 AA for the C-band
using pin diodes. The design presented in the study [7] is
a broadband single-layer ring antenna with a low level of
cross-polarization. The ring elements can be combined
into an AA to address different issues, such as measuring
electromagnetic field parameters. In the paper [8] a
double annular-ring microstrip antenna, split into six
sectors, is proposed to achieve multiband operation with
high gain and impedance bandwidth. The gaps on the
driven and parasitic patches excite resonant frequencies
that are located in the Ku-, K-, and Ka-bands thus making
the antenna capable of these multiband applications. In
the article [9] the design process of an annular ring
microstrip antenna using graphene material for dualband
applications is proposed. The microstrip antenna is
modified using graphene-based annular ring microstrip
layers for patch and ground plane with FR-4 epoxy
substrate in between. The design process applied the
short-pin technique for the estimation of the return loss,
which leads to the analysis of the resonant frequency and
the dual-band directions. Meanwhile, paper [10] outlines
the principles of constructing the AA using ring elements.

It is widely recognized that a directional coupler,
when connected to an electromagnetic wave transmission
line, extracts a specific amount of electromagnetic energy
from the transmission line and separates the incident and
reflected waves in a predetermined power ratio. This
property of the directional coupler can be applied to feed
the ring antenna or receive electromagnetic waves while
separating them in a circular orthogonal polarization
basis.

Studies [1, 2] indicate that during the receiving mode,
the electrical processes in the conductor of the ring
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antenna can be regarded as two waves that move towards
each other. These waves run around the antenna in a
circular orthogonal polarization basis, with one wave
rotating in a clockwise direction and the other in a counter
clockwise direction. Consequently, the ring antenna can
be considered as a transmission line in which the incident
and reflected waves propagate during the receiving mode.
To select the wave with the appropriate right or left
direction around the ring antenna, it is recommended to
use a directional coupler.

2 PROBLEM STATEMENT

Fig. 1 depicts a directional coupler with
electromagnetic coupling where the conductor segment of
the ring represents the primary line of the device. The
primary line (numbered 1-2 in Fig. 1) is connected to the
secondary line (numbered 3-4). Since the coupler formed
by the stripline segments of the transmission lines is
backward, a voltage is generated in shoulder 3 that is
proportional to the current wave running counter
clockwise around the ring. To ensure proper operation of
the directional coupler, port 4 must be loaded with an
impedance equal to the wave impedance of strip 3—4.

The operational principle of the circuit suggests that it
is advisable to utilize the directional coupler with
electromagnetic coupling only in the mode of receiving
radio waves. This is due to the device’s low efficiency, as
a portion of the energy supplied to lines 3—4 is lost at the
matched impedance of port 4.

|
p ¢
SLI=—"114

|
Output Rt

Figure 1 — The ring antenna with supplying by a directional
coupler with electromagnetic coupling

In contrast, the branch-line directional coupler is a
more efficient option, as depicted in Fig. 2.

Figure 2 — The ring antenna with supplying by a branch-line
directional coupler
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Ports 1 and 3 of the branch-line directional coupler are
electrically isolated, enabling the supply of current to both
ports from two generators of identical frequency in the
antenna transmission mode. This allows for the formation
of a radiation field with any desired ellipticity coefficient.
During the receiving mode, voltages are generated in
ports 1 and 4, which are proportional to the intensity
vectors of the electric fields rotating in the right and left
directions. When the ring antenna is powered by a single
generator connected to port 1 in the transmission mode,
port 3 is loaded with a matched impedance. However,
with the correct construction of the coupler, no energy
enters or is absorbed into a load of port 4. Consequently,
the efficiency of the device approaches unity.

The devices shown in Fig. 1 and Fig. 2 were studied
using a specialized simulation program in the radiation
mode of electromagnetic waves with right-handed circular
polarization (RHCP). For the study, the operating
frequency of f = 1.2 GHz (A = 0.25 m) was selected, and
the substrate for microstrip models was a dielectric with
relative permittivity of ¢, = 4.4, a dielectric loss tangent of
tgd = 0.002, and a substrate thickness of h = 1.6 mm.

The results of the simulation are illustrated by the
radiation patterns in two planes (Fig. 3), and the
frequency dependence of the wave ellipticity coefficients,
as shown in Fig. 4. In both cases, the voltage standing
wave ratio (VSWR) within the operating frequency band
did not exceed 1.5. Moreover, the directivity factor for the
investigated right-handed circular polarization (RHCP)
type was not less than 4 dBi.

Based on the results obtained from modelling ring
antennas connected by directional couplers with an
electromagnetic oscillation generator, the following
conclusions can be drawn:

1. Supplying the ring with the directional coupler
facilitates the study of electromagnetic waves on a
circular orthogonal polarization basis. For the directional
branch-line coupler to provide circular polarization with
the directional branch-line coupler, it is necessary to
design it with a power division factor of 3 dB.

2. The acceptable range operating frequency with a
permissible deviation of the ellipticity coefficient from
unity is significantly wide. This range can fulfill the
requirements for the ellipticity of radiated waves in
communication systems in certain cases.

3. Supplying a ring antenna with devices constructed
using directional couplers allows for the creation of
antennas with controlled polarization characteristics of the
radiation field. This observation pertains to power devices
constructed on branch-line directional couplers.

4. The simple power schemes, depicted in Fig. 1 and
Fig. 2 tend to limit the operating frequency range of the
ring antenna. This outcome is undesired, particularly
when using these antennas for metrological purposes.
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===== Phi=0deg Plri = 90 deg

Figure 3 — Radiation patterns of ring antennas in two planes
(p = 0and ¢ =90°: a— powered by a directional coupler with
electromagnetic coupling; b — powered by a branch-line
directional coupler
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Figure 4 — Dependencies of the ellipticity coefficient of ring
antennas on the operating frequency in the direction 6 = 0: a -

powered by a directional coupler with electromagnetic coupling;

b — powered by a branch-line directional coupler
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To enhance power devices and improve their
properties, it is essential to examine the primary factors
that contribute to the narrowing of the operating
frequency range of the antenna. The most significant
factor that influences the frequency response of the ring
with the power supply is the frequency dependence of the
parameters of the directional coupler. It is therefore
evident that it is necessary to use coupler designs that
ensure the stability of the primary parameters within
specific frequency ranges.

The second significant factor is the accuracy of the
directional coupler circuit calculation. Since one of the
directional coupler components is the ring segment,
determining the wave impedance of this segment poses a
challenge. The radiation of electromagnetic waves by an
annular strip line complicates the calculation of wave
impedance.

The third factor that affects the structure of the
radiation field of the ring antenna is the radiation of
asymmetric strip lines [11, 12], which are utilized in
constructing the power supply devices for the ring. The
radiation intensity of strip lines is usually negligible, so in
most cases, this can be neglected. However, when
designing measurement antennas with  stringent
requirements for metrological characteristics, it is
necessary to consider possible deformations of the
radiation field structure due to the superposition of the
fields of the ring antenna and segments of strip lines.

3 MATERIALS AND METHODS

As is known [1], the radiation field of the ring antenna
is analytically described in the spherical coordinate
system r, 6, ¢, the polar axis of which coincides with the
circle axis and the 0z axis of the rectangular coordinate
system x, y, z. The antenna itself is located in the xQy
plane of the rectangular coordinate system. Both
coordinate systems are considered primary. Without
considering the specific power supply system of the ring
antenna, it is assumed that the radiation of the
transmission line segment, which is part of the power
supply system, is similar to the radiation of a short linear
dipole. When the output impedance of the directional
coupler is fully matched with the wave impedance of the
ring, the current flowing through the elements of the
power supply is determined uniquely through the current
in the conductors of the ring.

To utilize the dipole radiation field formula, it is
necessary to assign a coordinate system (both spherical
and rectangular) to the power supply element, in which
electromagnetic processes in the dipole are analysed.
Consequently, the polar axis of this coordinate system,
designated as 0,1, must coincide with the axis of the
supply line. Since the axis of the segment of the power
circuit element, as well as the element itself, is in the x0y
plane of the main coordinate system, it is advisable to
place another coordinate axis in the same plane, for
example, the 0;m axis, in the coordinate system associated
with the radiating element, and the third axis 0;n parallel
axis 0z (6 = 0). The new coordinate systems are denoted
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as follows: rectangular I, m, n and spherical p, o, B, where
041 is the polar axis (o = 0). In spherical coordinate
system, a is the meridional angle, p is the azimuth angle.
Such coordinate systems are considered to be the
emitter’s own coordinate systems. The mutual position of
the coordinate systems is shown in Fig. 5.

The origin of the main coordinate system (point 0)
coincides with the phase center of the ring antenna, and
point O; is the phase center of the interference emitter,
that is, a segment of the strip line of the power device. In
the general case, the axis of the interference emitter will
not be parallel to the axes Ox and Oy, therefore, Fig. 5
shows the axes 0,I' and O;m', which are parallel to the
axes of the main coordinate system and are shifted from
the corresponding axes of the own coordinate system by
an angle A.

Fig. 5 also shows the observation point M, the position
of which in the main coordinate system is defined as M(r,
0, ¢), and in the emitter’s own system as M(p, a, ).

4

Figure 5 — The mutual position of the main and individual
coordinate systems

The intensity of the interference electric field at point
M in its coordinate system is written as

Eint = 0o qC;S-' F(ople ™. (L)

To evaluate the impact of such field on the ring
antenna radiation, it is necessary to determine the vector
o, from expression (1), and the angles a and B using the

quantities 6,, @, and r, 6, ¢. To accomplish this, the
polar axis in its individual coordinate system must be
altered, with the 0,n axis designated as the polar axis. The
meridional angle will be measured from the 0,n axis,
while the azimuthal angle t —will be measured from the
0,1 axis (Fig. 5 and Fig. 6).

In the own coordinate system p, a, B, the unit vector
po is determined by the coordinates of the rectangular

coordinate system m, n, I, which can be expressed as:

Po = Mg sino.cosP + Agsinasinp+Ipcosa.  (2)
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In the p, o, T system, the value of the unit vector can
be determined using the following expression:

po =lpsinocost+mysinasint+n,cose.  (3)
n
P
Bo
[
M
9 %
o
‘ p
1 A m'
nt
A 5 To(go)

I 7

Figure 6 — The mutual position of two coordinate systems
m, n, l and m’, n, I’ with angular shift A

As the right parts of expressions (2) and (3) represent
the same value, it is possible to find the relation between
the angles a, B and o, 1. SO

sinacosP =sinosinT;
sinasinp =coso; 4)
CoSo =SiNGCOST.
From the equations system (4):

CoSo. =SiNGCoST;

sino =v1-cos?tsin’c:

sinosint
cosp = : (5)
x/l—cos2 sin?c
. cosc
sinf=

x/l— cos? tsin s

Transforming to the rectangular coordinate system m,
n, I, the expression for the unit vector a, in the own

coordinate system can be written as follows:
Gy = Mg COS0LCOSP + fig Cosasin B — Iy sin o, (6)

Equations (5) and (6) determine the values of the
vector a, in the new coordinate system, where the polar

axis aligns with the 0;n axis:

.| g costsin® osint+
o =(1—cos2 wsin® 6 ) 2| +ficosocostsine— | (7)

- Iqo(l—cos2 tsin? c)
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After shifting the coordinate system by an angle A
(Fig. 6), the new coordinate system can be obtained with
axes 01" and 0;m’ parallel to the axes Ox and Oy of the
main system, by using the following equations:

(8)

Ip = lgcosA—mgsinA; }

Mg = Iy Sin A + M COSA.

Using relation (8), the dependence of the vector a,

(7) on the unit vectors of the coordinate system I'0;m’ can
be found:

sin? 5cos(8 + A)cosd — cosA
J1-cos?(5+A)sin2 o

Qo = Io

_, sin? 5cos(8 + A)sm8+smA
+ Mg

J1-cos?(5+A)sin?
. cosasinacos(d+A)

’ J1-cos?(5+A)sin? s

)

The spherical coordinate system p, o, 6 is combined
with the rectangular coordinate system (Fig. 6). To
express the formula (9) in the spherical coordinate
system, the formula (9) is substituted with the values of
orts Iy, My and fi, expressed in terms of the coordinates

and orts of the system p, o, 8:

lg =Py SiNG 0S8+ G COSGCOSS — B SN J;

Mg =Py SiNGSiNd + G C0SGSiNS + &y COSJ;
Mg =PgCOSC — Gy Sina.

After substituting and rearranging the expressions, we
obtain:

5 -5 cosccos(5+A) .

’ ’ J1-cos?(5+A)sin? & 10)
< sin(8+A)
+8

J1-cos?(5+A)sin? o .

So, the vector a, in the spherical coordinate system

p, o, & has two mutually perpendicular components that
are orthogonal to the vector p,. One component is in the

meridional plane and the other is in the azimuth plane.
The impact of the interference field (1) on the field of
the ring antenna can be estimated only by determining the
relationship between the values p, o, & included in the
formula (1) and the values r, 8, ¢ of the main coordinate
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system. To establish this connection, it is necessary to
refer to Fig. 5, where the position of the phase center of
the interference source in the main coordinate system is
denoted by x; and y;. The distance between the phase
centers of the ring antenna and interference sources is
defined as:

d=qxZ+y?.

The distance between the phase center of the ring
antenna and the observation point M in the main
rectangular coordinate system can be expressed as:

r=x>+y*+2%,

where X, y, z are the coordinates of point M.

The distance from the phase center of the interference
source 0; to the observation point M can be calculated as
follows:

(1)

P\/X X )?

In the spherical coordinate system, the coordinates of
the observation point M can be expressed as follows:

y Y1) (12)

X = rsinecosw;} 13)

y =rsinfsing.

The position of the phase center of the interference
source in the spherical coordinate system is as follows:

x, =d cosml;} (14)

y, =dsing,.

Using relations (11), (15) and (16), the right-hand side
of equation (12) can be simplified to the following form:

p=\/rZ +d? —2drsin6cos(e — ;)
or

dy .d
p=r 1+(?j —2?Sin9005((p—(pl). (15)

If the observation point is in the far field, then d <<r
and the formula (15) can be written as follows:

p=r—dsin8cos(p—o;) (16)

In the case when the distance p is used in the
calculation of quantities in which the slight difference
between the distance p and the distance r can be
neglected, it can be assumed that

prI. (17)

Therefore, the value p from formula (16) should be
taken into account in the exponent in expression (1), and
in other cases, the approximate value (17) is used.
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To establish a relation between the meridional angles
0 and o can be found through the expression:

o =arccos(z/p). (18)

Since the z-coordinate in the main coordinate system
is equal to

Z=rcoso, (19)

then expression (18), in which relations (15) and (19) are
used, becomes a function of the meridional angle ¢ of the
coordinate system p, o, & which depends on the
parameters 6 and ¢ of the main coordinate system:

cos0

2
\/1+(dj - 2d?sin 0cos(e—¢;)

G = arccos

r

or it can be written approximately that c~ 6.

The azimuthal angle & of the observation point M in
the main coordinate system can be determined as shown
in Fig. 7:

=arctg((y -y, )/(x—xy)).

As depicted in Fig. 7, the meridional planes passing
through point M in both coordinate systems intersect at an
angle Q. Therefore, it can be written that:

(20)

S=0-0Q. (21)

M(x,p,2)

Pl

T

Figure 7 — The mutual position of two coordinate systems
X, y,zand I'ym’, n

Since the angle ¢ can be determined through the
coordinates of the observation point as ¢ =arctg(x/y),

then the value of the angle Q can be found as the
difference between the angles ¢ and 6:

Q =arctg(x/y)-arctg((y - y, )/ (x—x, ).

By using expressions (15) and (14), it is possible to
represent expression (22) in terms of the observation
point’s coordinates in the basic spherical coordinate
system as follows:

(22)
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dsin(e; —¢)

Q = yn+arct
x 9 rsino—d cos(p; — )

, (23)

where y =0 if A>-1; y=+1if A<-1 and tgp>0;
y=-1 if A<-1 and
rsin@sing — dsing,
rsindcose — dcosg; -

If the inequalities y>>vy; and x>>x; are valid, it
can be assumed that:

tgp <0;

A=1go

S~¢. (24)

The spherical surfaces r=const and p=const

intersect at point M as shown in Fig. 7. As a result, the
tangent planes at point M are not parallel to each other.
Only at significant distances from points 0 and 0,, where
condition (20) is satisfied, it can be assumed that the
planes 6M¢ and oM3 coincide. In this case, the
corresponding unit vectors of the polar coordinate system
in the plane tangent to point M (Fig. 8) will be displaced
from one another by an angle Q.

[

3
&
-8
M\\E{e
%,

Q

Figure 8 — The shift of unit vectors of the spherical coordinate
system
In this regard, expression (10) in the coordinates 6 and
¢ can be rewritten as follows:

G = OAg + PoA, . (25)

where
sinfp+A-Q)sinQ
) J1-cos? (¢ +A—Q)sin? 0
_ cosfcos(p+A—Q)cosQ
J1-cos? (o +A—Q)sin? 0 ’

sinfp+A-Q)cosQ
) J1-cos?(p+A—Q)sin? 0
~_cosfcos(p+A-Q)sinQ
J1-cos? (¢ + A—Q)sin? 0 .

The directivity characteristic is another factor present
in expression (1), and its content is dependent on the
chosen coordinate system. To determine the directivity
characteristic, the reasons for the radiation of the power
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supply elements must be considered and specified. The
traveling wave mode is established in the transmission
line segments with the correct construction of the device.
When asymmetric strip lines are used for energy transfer,
surface waves arise, leading to the generation of a
radiation field. The directivity characteristic of linear
conductors with a traveling wave of current is known and
can be expressed as follows for our case:

sm{k2 (= com)}
E(&—cow)

F(a,B) = cosa (26)

Formula (26) needs to be modified in the general case
to account for the screen effect.To transform this formula
into the dependence of the noise field intensity on the
coordinates of the main polar coordinate system, we can
use expressions (5), (17), (20), (21), (23), or (24).

Since the strip lines are designed to minimize or
eliminate radiation, the value of q in formula (1), which
represents the radiation efficiency coefficient, is much
less than unity. Therefore, the efficiency coefficient
characterizes the losses in asymmetric strip lines due to
the radiation of electromagnetic energy.

Considering all the obtained relationships between the
coordinates of the individual and the main coordinate
systems, the radiation field of the interference source can
be expressed as follows:

E'int = (éer 'HT)OA\phCI s.| F(evﬁo)eiweiikr '
For the ring antenna, the radiation field is defined as:

= . 30mly,
E g = (BF (6)-i0F, (0)} 2 e

where Fy(0) = 2ctg0J, (sin6);

F,(0)=J5(sin6)— J,(sino).
In the meridional plane, the electric field intensity of

both the antenna and the interference is equal:
@7)

-y _ iy qiot
Eo = Ermg + Emte =Egee™,

30l
o Fo(0); Ei = aACl F(0);

0
where Ejyq =

Ey = \/(E?'”g )2 + 2Ermg EthOS\II + (El?n)z :

0 .
W =arcco —E""g *EinCosy | _ arcsi _Ensiny
‘ Ee Ee .

In the horizontal plane, the sum of the intensities is
determined as follows:
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_E? 2 iy _ W, it
E Ermge +Elme =Ege e,

(28)

30ml
where Ef,, = ™o

F,(0); Ef =0A,Cl,F(6);

Ecp :\/(Eﬂing)2 +2E:[|)ng |ntsm\|/+(Emt)2 ;

Eirico | Efng +Eihsin
y,, =arcco EinCOSY | _ arcsi _ Ering * Eint>TV i
E(P E‘P

The ellipticity coefficient can be calculated using the
following formula:

K s msin? y —sin2ycosy, + (1/m)cos?® y
mcos? y +sin2ycosy, + (1/m)sin®y

2mc05\y0

where m=Ey/E,; Wo=Wq—V,; tg2y = .

The polarization of the wave due to the interference
radiation will not be circular in the direction of the polar
axis (6 =0) as it can be inferred from expressions (27)
and (28), where E, = E, and E,/E, #1. In case q has a

significantly small value (q<<1), the ellipticity coefficient
of the radiation along the annular antenna axis will be
close to unity, satisfying the polarization requirements in
communication lines. However, for metrological
purposes, more stringent requirements for circular
polarization quality should be met, and additional circuit
or design solutions must be employed to reduce
interference radiation.

4 EXPERIMENTS

The radiation in the direction of the ring axis of the
ring antenna can serve as a standard reference for
studying polarization characteristics of antennas. In such
instances, the waves emitted by the power devices should
be compensated. This can be achieved by designing the
power supply circuit in such a way that its identical
components form an anti-phase system of emitters. As a
result, waves of equal intensity but opposite phases will
be emitted in the direction of the ring axis, resulting in
almost complete suppression of the interference intensity.
Fig. 9 depicts the circuit diagram for supplying the ring
antenna  with two directional couplers placed
symmetrically around the center of the circuit.

As shown in the diagram, all directional coupler
elements are symmetrical in pairs concerning point O and
are fed in an antiphase. The diagram indicates the phase
shifts of the currents, and the arrows indicate the
directions of the current wave propagation in the strip line
segments.
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5| [6
Quadrature

hybrid
couplers
e Riout

la=hs+)/4

Figure 9 — The ring antenna with feeding by two branch-line
directional couplers

The emission of interference radiation can also be
mitigated through partial shielding of the power supply.
Fig. 10 illustrates the ring antenna diagram with the
opposite directional coupler’s primary line placed behind
the ring strip. In this configuration, the surface
electromagnetic wave that may occur during the current
wave propagation along the primary line will be contained
within the dielectric layer between the two strips, there by
considerably reducing unwaqted radiation.

T
Output Rioad

Figure 10 — The ring antenna in which the primary line of the
directional coupler is located behind the ring strip

5 RESULTS

After analyzing the model shown in Fig. 9, the
radiation pattern in two planes (as shown in Fig. 11) and
the relationship between the wave ellipticity coefficient
and frequency (as demonstrated in Fig. 12) were obtained.
The VSWR did not exceed 1.4 within the operating
frequency band. Moreover, the gain for the examined
RHCP was not less than 6 dBi.

Phi = 90 deg

240

210 . 150
180

Figure 11 — The radiation patterns of ring antennas in two planes
(¢ =0 and ¢ = 90°) when supplied by two branch-line
directional couplers
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Figure 12 — Dependence of the ellipticity coefficient of ring
antennas with supplying by two branch-line directional couplers
on the operating frequency in the direction 6 =0

The study results of the ring microstrip antenna with
front electromagnetic coupling (as illustrated in Fig. 10)
are presented in Fig. 13 and 14. The radiation pattern and
the ellipticity coefficient as a function of frequency are
shown in these figures, respectively. The VSWR value
within the operating frequency range was not more than
1.1, and the gain for the investigated RHCP was at least
4 dBi.

Figure 13 — The radiation patterns of ring antennas, in which the
primary line of the directional coupler is located behind the ring
strip, in two planes (¢ = 0 and ¢ = 90°)

7 N

N

084 : i :
110 L2 L4 Li1s L1 L0 122 124 L6 L8 130

Frequency |G1z]

Figure 14 — Dependence of the ellipticity coefficient of ring
antennas, in which the primary line of the directional coupler is
located behind the ring strip, on the operating frequency in the

direction 6 =0

6 DISCUSSION

An analysis of the dependence graphs of the main
characteristics of antennas with complex power supply
circuits for directional couplers (Figs. 9 and Fig. 10)
compared to similar characteristics for simple circuits
(Fig. 1 and Fig. 2) showed that the radiation pattern shape
in the upper radiation hemisphere became symmetric,
especially when using a symmetrical supply of the ring
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with branch-line couplers. Furthermore, the acceptable
level of the ellipticity coefficient deviation at — 3dB has
been maintained over a broader frequency range.

The branch-line directional coupler has another
advantage over the coupler with electromagnetic
coupling. This is the supply of the ring emitter with the
full power of the power source with an efficiency close to
unity. However, unlike the coupler with electromagnetic
coupling, the branch-line coupler is more complex to
calculate and design, and also occupies a large area on the
printed circuit board. Therefore, it is sometimes advisable
to use a ring antenna power supply circuit with two
directional couplers with electromagnetic coupling, which
are located symmetrically with respect to the ring axis.

CONCLUSIONS

The outcomes of the microstrip ring antenna modeling
with power supply devices on directional couplers
confirm the feasibility of constructing circularly polarized
electromagnetic wave emitters that satisfy current
technical standards.

The paper discusses factors that can have a
detrimental effect on the frequency characteristics of ring
antennas and the polarization purity of electromagnetic
waves. The study also focuses on the mode of current
wave propagation in supply lines. It was found that
directional couplers with electromagnetic coupling can be
utilized in the construction of receiving ring antennas,
which prioritize efficiency over other parameters.
Additionally, these antennas can be useful for polarization
analysis of radiation fields.

The branch-line directional couplers, by dividing the
output powers equally, enable the ring to be supplied with
the maximum power from the high-frequency current
generator, resulting in a highly efficient power supply for
the ring.

The scientific novelty. The study has revealed that
using a single-directional coupler in power circuits does
not guarantee axial symmetry of the radiation field in the
front half-space. The paper elucidates the underlying
factors causing this phenomenon. It is demonstrated that
symmetrical power supplies and shielding can overcome
this issue and enhance the operating frequency range, as
determined by the radiation field ellipticity coefficient.

The practical significance. After modelling
prototypes of microstrip ring antennas, the results showed
that the microstrip power line matched well with the
radiating ring. The VSWR did not exceed 1.4 in the
operating frequency band in all cases, and the gain for the
type of polarization studied (RHCP) was not less than
4 dBi. The cross-polarization component’s radiation was
not higher than 15 dBi for sophisticated power supply
circuits. The radiation pattern in the forward half-space
became symmetrical concerning the antenna axis,
especially with a symmetrical power supply.

Prospects for further research. Future research will
focus on mathematical modeling and experimental study
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of the utilization of symmetrical branch-line coupler
circuits to power ring microstrip antennas for constructing
antenna arrays.

REFERENCES

1. llnitsky L., Shcherbyna O., Yanovsky F., Zaliskyi M.,
Holubnychyi O., Ivanets O. Comparison of Circular and Linear
Orthogonal Polarization Bases in Electromagnetic Field
Parameters Measurement, International Journal of Image,
Graphics and Signal Processing, 2022, Vol. 14, No. 3, pp. 58—
72. DOI: 10.5815/ijigsp.2022.03.06

2. llnitsky L. Ya., Savchenko O.Y., Sibruk L.V. Anteny ta
prystroyi nadvysokykh chastot: pidruchnyk. Kyiv, Ukrtelecom,
2003, 496 p.

3. LiJ, HeB, LiL., Zhang A, Liu J., Liu Q. H. Capacitor-loaded
circularly polarized annular-ring slotted microstrip patch
antenna, IEEE 11th International Symposium on Antennas,
Propagation and EM Theory (ISAPE), China, 18-21 October,
2016: proceedings. Guilin, 2016, pp. 13-15. DOI:
10.1109/1ISAPE.2016.7833897

4. Huang J., Gong X. A Wide-Band Dual-Polarized Frequency
Reconfigurable Slot-Ring Antenna Element Using a Diagonal
Feeding Method for Array Design, IEEE International
Symposium on Antennas and Propagation and USNC/URSI
National Radio Science Meeting, USA, 08-13 July, 2018:
proceedings.  Boston, 2018, pp. 477-478. DOI:
10.1109/APUSNCURSINRSM.2018.8608781

5. Huang J.,, Gong X. A Tri-Band Dual-Polarized Slot-Ring
Antenna for Array Design, IEEE International Symposium on
Antennas and Propagation and USNC/URSI National Radio
Science Meeting, USA, 07-12 July, 2019: proceedings. Atlanta,
2019, . 1151-1152. DOl:
10.1109/APUSNCURSINRSM.2019.8889188

6. Shirazi M., Huang J., Li T., Gong X. A Switchable-Frequency
Slot-Ring Antenna Element for Designing a Reconfigurable
Array, IEEE Antennas and Wireless Propagation Letters, 2018,
Vol. 17, No. 2, pp. 229-233. DOI:
10.1109/LAWP.2017.2781463

7. Chen C,, Li C., Zhu Z.,, Wu W. Wideband and Low Cross-
Polarization Planar Annual Ring Slot Antenna, IEEE Antennas
and Wireless Propagation Letters, 2017, Vol. 16, pp. 3009-
3013. DOI: 10.1109/LAWP.2017.2757963

8. Godaymi Al-Tumah W. A, Shaaban R. M., Duffy A. P. Design,
simulation, and fabrication of a double annular ring microstrip
antenna based on gaps with multiband feature, Engineering
Science and Technology, an International Journal, 2022, Vol.
29, pp. 1-10. DOI: 10.1016/j.jestch.2021.06.013

9. Phonkitiphan P., Kaewon R., Pancharoen K., Silapan P.,
Watcharakitchakorn O. Design of Graphene-Based Annular
Ring Microstrip Antenna Using Short-Pin Technique for Dual
Band Applications, International Journal of Electrical and
Electronic Engineering & Telecommunications, 2020, Vol. 9,
No. 4, pp. 231-236. DOI: 10.18178/ijeetc.9.4.231-236

10. Shcherbyna O., Ilnitsky L., Mykhalchuk I., Kozhokhina O. The
Antenna Array with Ring Elements, Signal Processing
Symposium (SPSympo 2017), Poland, 12-14 September, 2017:
proceedings. Jachranka, 2017, pp. 1-4. DOI:
10.1109/SPS.2017.8053700

11. Pozar M. D. Microwave Engineering: 4th edition. New Jersey,
John Willey & Sons, 2012. 756 p.

12. Gustrau F. RF and Microwave Engineering: Fundamentals of
Wireless Communications. New Jersey, John Willey & Sons,
2012. 368 p.

Received 10.04.2003.
Accepted 22.06.2023.

OPEN 8 ACCESS




p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

VJIK 621.396.67

JKMBJIEHHA KUIBIIEBOI AHTEHM 3A JIOINIOMOI'OKO CIIPAIMOBAHMX BUITAJTYKYBAYUIB

Inpunbkuit JI. S, — 1-p TexH. Hayk, 3aciyxeHuil Aisu Hayku 1 TexHiku Ykpainu, HauionanbHuil aBiauiiinuii yniBepcuter, Kuis,
VYxkpaiHa.

lepouna O. A. — 1-p TexH. Hayk, npodecop KadeapH eNeKTPOHIKH, POOOTOTEXHIKH I TEXHOJOTH MOHITOPUHTY Ta IHTEPHETY peuci,
HauionaneHuii aBianiiinuii yHiBepcutet, Kuis, Ykpaina.

B3amicbknii M. FO. — n-p TexH. Hayk, mpodecop Kadenpu TEIeKOMYHIKAiHHUX Ta paaiOeNeKTpOHHHUX cucreM, HamioHanbHMiA
aBiawiiiHuit yHiBepcuTeT, KuiB, Ykpaina.

Mykhalchuk I. I. — xana. Texu. Hayk, acucTeHT Kadeapu kibepbesneku ta 3axucty iHpopmaiii, KHIBCbKuil HAIlIOHATBHUN YHIBEPCHTET
im. Tapaca IlleBuenka, Kuis, Ykpaina.

Ko:xoxina O. B. — xaH[. TexH. HayK, TOLEHT Kadenpu aBioHiky, HanioHansHuUi aBiamiitauii yHiBepcuter, KuiB, Ykpaina.

AHOTANISL

AKTyalIbHiCTb. B pi3HHX paJioeNeKTpOHHUX CHCTEMaX 3aCTOCOBYIOTh PajiOXBMIII 3 KOJIOBOIO mojsipu3auieto. Hampukian, ne cranuii
KOCMIYHOTO 3B’SI3Ky, H€SKi CHCTEMH PajiopeleifHOTo 3B’s3Ky, pamioNoKaliiiHi cTaHIii, cucTeMu Iepenadi AaHUX i T.4. EnexrpomarHithi
XBHJI, PO3KIaZeHI B KOJOBOMY OPTOrOHAIBHOMY TOJISIpU3AIliifHOMY 0a3uCi, BHKOPHCTOBYIOTH y CHCTEMax pPaJiOMOHITOPHHTY Ta
PaiOKOHTPOJIIO, TIPH JOCTIHKEHHIX 0COOIMBOCTEN MOIIUPEHHS panioxBuiib. Cepes aHTeH, sIKi CTBOPEHI [Ulsl MPUHMAaHHS 1 BUTIPOMIHIOBAaHHS
€JICKTPOMArHiTHUX XBWJIb 3 KOJIOBOIO a00 00epTOBOIO IOJSpH3alli€lo, 3a IPOCTOTOI KOHCTPYKLii Ta 3a eJeKTPOAMHAMIYHUMHU
XapaKTePUCTUKAMH BHUTITHO BiAPi3HAETHCS KiJblLIEBA aHTCHA.

Merta po6oTH — [OCHIIKCHHS OCOONUBOCTEH MOOYMOBH Ta BHKOPHUCTAHHS MIKPOCMYXKKOBUX CHPSMOBAHHX BiIrany:KyBadiB [Uist
JKMBJICHHS KiJIbLIEBUX aHTECH.

Meton. [lnst yIOCKOHANICHHS HPHUCTPOIB IKUBJICHHS MIKPOCMYXXKOBHX KUIBILEBHX aQHTEH Ta IOKPAIICHHS iX BIIACTHBOCTEH
PO3TIISAAAI0TECS OCHOBHI (DAKTOpPH, SIKI BHUKJIMKAIOTH 3BY)XEHHsS pOOOYOro [iama3oHy 4YacTOT aHTEHH: YacTOTHA 3alISKHICTh MapaMeTpiB
CHPSIMOBAHOTO BiATaTy)KyBaya, KOPEKTHICTb PO3PAaXyHKY CXEMH CIpPSIMOBAHOTO BiJraay)XyBaua, BHIPOMIHIOBaHHS HECHMETPHYHUX
CMYXKOBUX JiHIH. OOIpyHTYBaHHS BIUIMBY €JIEMCHTIB XXHMBJICHHS Ha XapaKTEPHCTHKH KiJIbIIEBOI aHTCHU BUKOPHCTOBYETHCS 3B S30K MIXK
OJIEM BHIIPOMIHIOBAHHS, aHAJITUYHO BH3HAYCHE y BIACHIH CHCTEMi KOOpPAWHAT, 1 MOJIEeM BUIIPOMIHIOBAHHS aHTEHH B OCHOBHIi cHCTeMi
KOOp/IMHAT.

PesyabTaTn. AHani3 rpadikiB 3aJeKHOCTEH OCHOBHHX XapaKTEPUCTHK KiNBLEBHX MIKPOCMY)KKOBHUX aHTEH 3 YCKJIaJHEHHMMH CXEMaMH
JKHMBJICHHS CIIPSIMOBAHMX BiJrady)KyBadiB i MOPIBHSHHS 3 aHAJOTIYHUMH XapaKTepPUCTHUKAMH JUISl TMPOCTHX CXEM I0Kasajo, 1o ¢opma
JiarpaMy CIIPSMOBAHOCTI y BEpXHiil miBcdepi BUIPOMIHIOBAaHHS CTala CHMETPUYHOIO BITHOCHO OCi, OCOOIMBO y BHIAJKYy CHMETPHYHOTO
JKUBIICHHS KiJIbLs UIeH(OBUMH BiAramyxxyBauyamu. Takox poO3LIMPUBCS Aiana30H YacToT, Y SKOMY BIAXHMJICHHS KOE(DII[IEHTY elMinTHYHOCTI
BiJ] O/IMHHMIII 3HAXOAUTHCS Ha JIOMTyCTHMOMY DiBHI.

BucHoBKkH. Pe3ynbraTn MOJETIOBaHHS MIKPOCMYXKKOBHX KiJBLEBUX AaHTEH 3 JIIHISIMH JKHMBJICHHS Ha CIPSIMOBAHHUX BiJraiyXyBauax
pi3HMX THMOIB TOKa3anu, MmO 30y/DKEHHS KiJblisd 3a JOMOMOIOK CIPSIMOBAaHOTO BiArajdyXyBada 3a0e3redye BHUITPOMIiHIOBAHHS
€JIEKTPOMATHITHUX XBHJIb KOJIOBOT nossipu3anii. [Ipu ipoMy Aiana3oH poOOYHX 4acTOT, Y SKOMY 3aJIHIIAETHCS HA IOMyCTUMOMY piBHI —31b
BIZIXWJIEHHS KOE(ILi€HTY EJINTHYHOCTI JOCUTh IIUPOKUH. JKMBJICHHS KUIbLIEBOI aHTEHU HPHUCTPOSIMHU, NMOOYAOBaHMMM Ha ILIeH(OBUX
CHPSIMOBAaHUX BiJrajiyKyBadyax, Ja€ MOXINBICTb 32 JOMOMOIOI0 OJHI€] KIIBIIEBOI aHTEHH OJJHOYACHOTO BUIIPOMIHIOBAHHS XBUIIb 3 IIPAaBHM
Ta JIIBUM HAMpPSIMOM O00EPTaHHS BEKTOpA HAMPYKEHOCTI SIEKTPHYHOTO MOJISL.

KJIFOUYOBI CJIOBA: MikpocMy)KKOBa KiJIbIIeBa aHTEHA, CIPSIMOBaHUN MIKPOCMYKKOBHU BiIranyskKyBad, JiHii )KHBJICHH, KOe]ilieHT
CIINTUYHOCTI, OCHOBHA CHCTEMa KOOPJNHAT, BJIacHa CHCTEMa KOOP/MHAT.
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ABSTRACT

Context. The authors of the article have developed a new mathematical model that allows taking into account frequency and
phase distortions that occur in a three-fragment signal during the transition from one fragment to another, when the rate of frequency
modulation of the signal changes. The object of research is the process of formation and processing of radar non-linear frequency
modulation signals.

Obijective. The purpose of the work is to develop and research a mathematical model of current time for a signal with non-linear
frequency modulation, which consists of three linear frequency modulated fragments.

Method. The article provides a theoretical justification of the need to develop a mathematical model in the current time for a
three-fragment signal with non-linear frequency modulation, capacity for work of the created model is demonstrated on the example
of several radio signals that differ in frequency parameters. With the same signal parameters, the obtained results were compared
with the results of the known model, for which known methods of spectral and correlation analysis were used. A distinctive feature
of the proposed model is the consideration of jumps in the instantaneous frequency and phase of the signal that occur during the
transition from one linear-frequency modulated fragment to the next. Such jump-like changes in frequency and phase in known
models of signals with non-linear frequency modulation are not compensated for, which causes distortion of their spectra and an

increase the side lobes level of auto-correlation (mutual-correlation) functions.

Results. A comparative check of the developed and known signal models indicates a decrease the side lobes level of the
autocorrelation function by 3 dB or more, depending on the given frequency-time parameters.

Conclusions. The application of the proposed mathematical model makes it possible to form and process radar signals, which
include three linear-frequency modulated fragments. Compensation of jump-like changes in frequency and phase leads to a decrease
in the degree of distortion of the spectrum and, as a result, an increase in its effective width, which ensures a narrowing of the main
lobe and a decrease the side lobes level of the auto-correlation function.

KEYWORDS: radar signal; non-linear frequency modulation; autocorrelation function, side lobe level; mathematical model.

ABBREVIATIONS
ACEF is a autocorrelation function;
LFM is a linear frequency modulation;
ML is a main lobe;
MM is a mathematical model;
NLFM is a non-linear frequency modulation;
PSD is a power spectral density;
PSLL is a peak side lobe level,
RM is a radar mean;
RFM is a rate of frequency modulation;
RRD is a receiving device;
WP is a weight processing.

NOMENCLATURE
Afy, is a frequency deviation of the n" signal frag-

ment, Hz;
fen is a final frequency of the n" signal fragment, Hz;

U (t) is a complex signal amplitude, V;
f (t) is a instantaneous signal frequency, Hz;
f. (t) is a neural network model structure;

© Kostyria O. O., Hryzo A. A., Dodukh O. M., Narezhnyi O. P., Fedorov A. V., 2023
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o(t) is a instantaneous signal phase, rad;

op(t) is a instantaneous phase of the n™ LFM signal
fragment, rad,;

|U(t)| is a complex signal amplitude module, V;

n is a sequence number of the signal fragment (n=1,
2, 3);

t isacurrent time, s;

fo is ainitial signal frequency, Hz;

fon IS a initial frequency of the nth signal fragment,
Hz;

Sfn is a frequency jump when moving from the
m = n—1" signal fragment to the n", Hz;

dpmn IS a phase jump at the transition from the m™

signal fragment to the n", rad;
Afq, is a total deviation of the frequency of the first

and second signal fragments, Hz;
Ts is a total duration of the NLFM signal, s;
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Ty, is a total duration of the first and second signal

fragments, s;
T, isaduration of the n" signal fragment, s;

o(t) is a cyclic frequency of the signal, rad;
Bn RFM of the n™ LFM signal fragment, Hz/s.

INTRODUCTION

The widespread use of solid-state (transistor) trans-
mission devices causes certain limitations regarding the
peak power of probing signals, the designers are forced to
use signals of increased duration, which leads to a deterio-
ration of the range resolution.

In order to overcome the contradiction between the
need to increase the duration of probing radio pulses and
maintain the necessary resolution of RM, signals with
intra-pulse frequency (phase) modulation (manipulation)
have become widely used [1-6].

Historically, LFM signals were the first to be used due
to the ease of implementation of devices for their forma-
tion and processing. However, a significant disadvantage
of such signals is the relatively high PSLL of their ACF,
which is approximately -13 dB [1, 2], which in some
situations requires raising the detection threshold in sys-
tems for stabilizing the level of false alarms and, in gen-
eral, worsens the potentially achievable detection charac-
teristics signals reflected from targets.

One of the most common methods of reducing PSLL
is the application of WP in the time or frequency domain
(time or spectral windows) [7-9]. It is possible to achieve
an even greater reduction of PSLL by using NLFM of the
probing signal followed by traditional WP in RRD [2, 10,
11]. In[2, 12, 13], it is proposed to use a signal consisting
of three NLFM fragments adjacent to each other in time
with a successive increase or decrease in the instantane-
ous frequency as such an LFM signal. The peculiarity of
this signal is that the extreme fragments have a smaller
value of the PSD due to the fact that they have a larger
RFM B, which is determined by the ratio of the devia-

tion of the frequency of the n-th LFM fragment Af, to its
duration T, , B, =Af,/T,. Such a decrease in the PSD

at lower and upper frequencies leads to a rounding of the
resulting spectrum, as a result of which there is a decrease
the PSLL [2, 13] with the expansion the ML of the ACF
due to a decrease in its effective width. The expansion the
ML leads to a decrease in the resolution of the RM from a
distance, which is not always acceptable.

The traditional approach is to choose a compromise
solution, that is, to achieve the required PSLL value with
a slight permissible deterioration of the specified resolu-
tion.

The approach based on the use of different types of
signals in accordance with the tasks of the RM has poten-
tially greater advantages.

This work is devoted to the development of a mathe-
matical model of a three-fragment NLFM signal with
concoct of three LFM fragments, with the possibility of
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further implementation of such signals in existing RM
and those under development.

The object of study is the process of formation and
processing of radar NLFM signals.

The subject of study is mathematical models of
NLFM signals.

The purpose of the work is to theoretically substanti-
ate the need to develop and design a MM of an NLFM
signal consisting of three LFM fragments, as well as to
test its workability.

1 PROBLEM STATEMENT

Among the MMs of three-fragment NLFM signals, the
most commonly used are the MMs in which the input
values are the current time t, the duration of the frag-
ments T, , and the deviation of their frequency Af,,
which is equal to the difference between the final and
initial frequencies of the corresponding n-th LFM frag-
ment and is a fixed value. It is determined by the product
of the RFM of the n-th LFM signal fragment B, and its

duration T, .
Afn = fen - fOn :BnTn-

In general, the complex signal amplitude is repre-
sented as:

U (t) = U (t) | exp{jo(t)} @

To simplify the following, we assume |U (t)|=1.

The functions of changing the instantaneous frequency
and phase of the signal for each n-th fragment are differ-
ent, the change occurs during the transition from one
fragment to the next.

The instantaneous frequency is proportional to the
speed of the frequency-modulated n-th fragment and is
linearly dependent on time:

fn (t) = Bnt )

and the instantaneous phase, in turn, has linear and quad-
ratic components and is determined by the dependence:

2
on(t) = Zﬂ[ font + ant ] .

The total duration of the NLFM signal is defined as
the sum of the durations of the LFM fragments:

Tip =Ty +T, — total duration of the first and second sig-

nal fragments.
OPEN a ACCESS m
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Well-known relations interconnect the instantaneous
frequency and phase [1-2]:

o(t) = [ f(®)dt;

f(t):?.

To make the formulas more compact, we introduce the
notation of the total frequency deviation of the first and
second signal fragments:

Ale = Afl + Afz .

Further analysis will be carried out by graphically
comparing the realizations of signals in the time and fre-
quency domains, their ACF, and the dependence of the
instantaneous frequency and phase of signals on time. The
signals will be compared by the level of their PSLL at a
fixed WP width, or by comparing the degree of WP ex-
pansion at a constant level of PSLL.

2 REVIEW OF THE LITERATURE

Many publications have been devoted to the formation
and processing of NLFM signals in various fields of ap-
plication, with the most extensive studies of such signals
in the field of air target radar [14-18]. In works [15-16],
the potentially achievable PSLL of the ACF is estimated
for a three-frame-segment NLFM signal, the range resolu-
tion of the RM is analyzed in detail [17], and the effect of
the Doppler frequency shift on the characteristics of the
ACEF is studied [17-18].

Another area related to the use of NLFM signals is
meteorological localization, with the peculiarity that the
main research direction in this area is to study the prob-
lem of reducing the PSLL [19]. A similar problem with
respect to RM with a synthesized antenna aperture is dis-
cussed in detail in [20-23].

A distinctive feature of papers [14, 24-25] is that to
minimize the PSLL, it is proposed to use only NLFM
signals, or to combine their use with additional WP in the
RDD [2, 17, 19].

Papers [11, 19, 26-27] use mathematical models of
NLFM signals of the current time with a smooth (poly-
nomial) change in the frequency modulation law.

The formation of NLFM signals from three LFM
fragments was proposed in [2, 12, 13], where the MM is
presented, in which the argument (time) changes symmet-
rically in the middle of the radio pulse. Subsequently, to
represent such signals, a mathematical technique is used
in which each subsequent fragment starts from a zero time
reference (from the zero phase), that is, each time the time
is shifted to the zero mark [16, 18, 24, 25, 28-30].

Research has shown that the introduced MM do not
fully reflect the peculiarities of the formation of NLFM
signals, namely, they do not take into account the phase
structure of the signal at the junctions of fragments.
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In authors propose to consider the MM of a three-
fragment NLFM signal developed by the authors, which
is a further development of the MM presented in [2, 12,
13, 31]. Unlike the existing ones, the model more ade-
quately takes into account the phase change at the junc-
tions of LFM signal fragments, preventing the appearance
of instantaneous frequency and phase jumps, which al-
lows us to obtain a lower PSLL.

3 MATERIALS AND METHODS

Further analysis is performed using a common MM of
a three-fragment NLFM signal introduced in [16, 18, 24,
25, 28-30]. The peculiarity of this MM is that the deter-
mination of the instantaneous amplitude (1) for all LFM
fragments starts from zero time by shifting the time scale
by the duration of the previous signal components. For
example, for an NLFM signal consisting of three LFM
fragments, the complex signal amplitude is described in
accordance with (2).

|  [exp(ion (), 0<t<Ty;
UM =U@® [{exp(joa(t-Tp)), Ti<t<Tip;  (2)
exp(jo3(t-Typ)) T <t<Ts.

In the future, to record the expressions of the phase
and frequency of the NLFM signal fragments, we assume
that time intervals similar to (2) are applied to them.

The instantaneous phases of the signal (2) can be
found by expressions [16, 18, 24-25, 28-30]:

Byt?
fot + —;
T

2
ot) = 2] (fo + Af)(t—-Ty) +M;

€))
Ba(t? ~Tpot) _

(fo +Afp)(t—Tpo) + 5

By differentiating the expressions of the instantaneous
phase (3), the ratios for the instantaneous frequency of the
corresponding signal fragments are found [16, 18, 24-25,
28-30]:

fo +PBit;
fo + Afy +Bo(t—T1); 4)
fo + Afyp +B3(t—Tpo).

f(t) =

A significant drawback of MM (3) — (4) is that due to
the shift of the time scale to zero for each subsequent
fragment, this model is not sensitive to abrupt changes in
instantaneous frequency that occur at the moments of
increase or decrease in the RFM (at the junctions of frag-
ments).

The graph of the signal frequency versus time for (4)

is shown in Fig. 1.
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From the analysis of Fig. 1 and (4), it follows that the
initial frequency of the second LFM fragment has the
value of fy+Afy, when in fact it is equal to fy,. Ac-
cordingly, the initial phase of the second fragment has a
zero value, while the final phase of the first fragment is
equal to g =2n(fg+Afy)T;. That is, at the moment
t=T; there is an abrupt change in the instantaneous fre-
guency and instantaneous phase of the signal.

AFrequency, f(t)

* > Time, t

foa
Figure 1 — Graph of changes in the frequency of the NLFM
signal consisting of three LFM fragments

The same situation is observed at the junction of the
second and third fragments at t =T, +T,, the initial fre-

quency of the third fragment is equal to :
f03 = fo + Afl + Afz s

and its actual value is fp3 with a “minus” sign.

For further consideration, we obtain analytical ex-
pressions that determine the values of frequency and
phase jumps for the time instant t =T, .

The final value of the frequency of the LFM signal of
the first fragment at time t =T, — 8t , under the condition

ot — 0 is described by the expression
fer = fo+PaT1,

and the initial frequency value for the second signal
fragment at time t =T, + 6t is

foo = fo +B2Ty -

Thus, the frequency jump at this point in time is
equal to their difference:

of1p = foo — fer = (B2 —BUT1- (5)

By integrating, we find the corresponding signal
phase jump:
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T
5012 = [ (B — BTyt =%(Bz pTE (6)
0

The next jump in the frequency-phase parameters of
the signal occurs when we move to the third LFM frag-
ment. Let’s extend the line segment (Fig. 1), which dem-
onstrates the change in the frequency of this fragment, to
the intersection with the abscissa axis and mark the inter-
section point as fp3, i.e., this is the conditional initial

frequency of the third fragment. From the analysis of Fig.
1, it turns out that the frequency jump at the moment of
transition from the second signal fragment to the third
8fy3, similar to (5), is:

8fp3 = fog + BTy +PoTo —P3Tra-
After simplification, we get:
8fp3 = (B3 —B)T1 + (B3 —B2) T2 ™

By integrating over the appropriate time intervals,
similar to (6), we find the expression for the phase jump:

3023 =5 (B3 ~ BT + (B ~B)T7. ®)

Thus, based on (5)—(8), it can be concluded that the
process of forming a NLFM signal consisting of three
LFM fragments is accompanied by a jump-like change in
the instantaneous frequency at the moment of transition
from one fragment to the next, which causes a corre-
sponding jump in the instantaneous phase of the signal. In
the MM with a time shift (3)-(4), these jumps are not
taken into account, which is its essential drawback. For
further use, it is proposed to introduce a new MM of the
NLFM of a signal in the current time, which takes into
account the jumps in instantaneous frequency and phase.

To record the values of the instantaneous phase of a
three-fragment NLFM signal in the current time, we use
the well-known model of three LFM fragments [16]. The
formula uses the same time intervals as in (2):

2
fot +%;
Bot?
(1) = 2m (fo + ByTy)t+=2— 9)
2
(fo +BiTy + Tyt + 3

By differentiating the expressions (9) for the instanta-
neous frequency, we have the following:
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fo +B1t;
f(t)=1 fo +BiTy +PBat;
fo + BTy +B2T2 +Bst.

(10)

For further consideration, firstly, we obtain an inter-
mediate MM by compensating for the frequency jump
taking into account (5) and (7), MM (9) takes the form:

2
fot +B%,
Bat® .
9(0) =2m[fo = (B2~ By)TaJt+ =2 (11)
2
[fo— (B3 —BUTL— (Bs —B2)To ]t +B3—2t:
and the signal frequency changes as:
fo +Bat;
ft)=1fo—(B2—Bo)TL +B2t; 12)

fo —(B3 —B1)T1 — (B3 —B2)T2 +Bat.

To compensate for phase jumps (6) and (8), we add
the corresponding components to (10) and obtain the final
MM of the current time for the three-fragment NLFM of
the signal:

Bit?
fot + —;
S

2
o0 =25 [fo — B ~Po)Tek+ P2+ 505 (13

2
[fo (B ~Pu)Ty (B —P)To k+23~80zs

whose frequency changes in accordance with (12).

It should be noted that the transition from the first
LFM of a fragment to the second is accompanied by a
decrease in the RFM, so the additional phase shift has a
positive value, and during the next transition the RFM
increases, and therefore the phase shift is negative.

To verify the adequacy and reliability of the devel-
oped model, simulation modeling was carried out in the
MatLab application package.

4 EXPERIMENTS
The MM of the three-fragment NLFM signal was veri-
fied for the following LFM parameters of the fragments:
fo =0 , Afl = Af3 =165 kHZ, Afz =400 kHZ,
Ty =Tz =20ps, T, =100 ps.
The simulation was performed sequentially in accor-
dance with (3) — (4), (9) - (10), (11) - (12), and (13). The
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simulation results are displayed in the form of graphs of
frequency changes and time realizations in the current
time, their spectra, and ACF.

5 RESULTS
The results of mathematical modeling using (3)—(4)
are shown in Fig. 2. The graph of changes in the fre-
guency of the NLFM signal (Fig. 2a) and its oscilloscope
frameU (t) =|U (t) | (Fig. 2b) are plotted in the same time

interval.
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Figure 2 — Graph of instantaneous frequency change (a), oscil-
loscope (b), spectrum (c), ACF (d) of the NLFM signal with

parameters Af; = Af3 =165kHz, Af, =400kHz,

Ty =T3=20ps, T, =100 ps
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The analysis of the graphs shows that abrupt changes
in the instantaneous phase of the signal (Fig. 2b, the
enlarged scale of the phase jumps is shown in the foot-
notes) occur at the moment of transition to the next LFM
fragment (Fig. 2a). The spectrum of the NLFM signal
S(f) (Fig. 2c) has dips at the transition frequencies

(Fig. 2c), which indicates the presence of phase jumps at
these frequencies, as evidenced by the pulsations on the
spectrum slopes. The ACF signal R(t) is shown

in Figure 2d. The PSLL of the ACF is -15.59 dB, the
width ML of the ACF is 1.9 ps. There is a sharp change in
the PSLL ACF in the time intervals corresponding to the
signal region with a higher RFM value, which is also a
sign of the presence of phase distortion.

In the course of modeling according to (9)-(10), the
results of which are shown in Fig. 3, it was found that the
signal frequency change graph in Fig. 3a, in contrast to
Fig. 2a demonstrates the presence of instantaneous fre-
quency jumps at the moments of change RFM (Fig. 3a);
these moments correspond to jumps in the signal phase
(Fig. 3b) with a clear increase in the frequency of oscilla-
tions at the beginning of each new fragment.

Due to the frequency jumps between signal fragments,
its spectrum (Fig. 3c) has three separate components and
clearly expressed pulsations of the steeples. A sharp drop
in the PSLL ACF (Fig. 3d) with a sharp change in the
frequency and level of the lateral lobe pulsations addi-

Frequency, MHz
2 ;

1t

0 0:5 1 Time, ¢

a

Normalized spectrum

COO0O0O00000
PRhwhUIoON®©

i ;
Frequency,zM Hz

C

tionally indicates the presence of significant frequency
and phase jumps in the signal.

The ACF parameters for this MM were not evaluated
because of the obvious discrepancy between the obtained
results and the expected ones. The obtained results prove
the validity of (5)—(8) and the need to compensate for
frequency and phase jumps during the transition to each
new section of the NLFM signal.

The results of the next experiment allow us to com-
pare the work of (3)-(4) and (11)—(12), since (4) and (12)
demonstrate a complete coincidence of results, the graph
of (12) is not shown.

The results of the modeling according to (11) are
shown in Fig. 4. Despite the coincidence of the simulation
results according to (4) and (12), the waveform in Fig. 4b
shows a different character of the signal phase distortion
during changes in the RFM with compared to Fig. 2b.
The difference in phase jumps is evident in the spectra of
Figs. 2c and Fig. 4c, the PSLL ACF in Fig. 4d is -17.31
dB, and the width of the ML of the ACF is 1.8 ps. Given
that (3)—(4) are not sensitive to frequency jumps, and
(11)—(12) compensate for frequency jumps, these models
demonstrate differences in other signal features.

1Amplitude, \

b
0Autocorrelation function, dB
-20 - :
<o w1 M o
-80 1
-100+
-120¢
100 50 0 50 Time, pis

d

Figure 3 — Graph of instantaneous frequency change (a), oscilloscope (b), spectrum (c), ACF (d) of the NLFM signal without com-
pensation for frequency and phase jumps

© Kostyria O. O., Hryzo A. A., Dodukh O. M., Narezhnyi O. P., Fedorov A. V., 2023

DOI 10.15588/1607-3274-2023-3-2

22

OPEN 8#CCESS @ @ @



p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminns. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

1Amplitude, \Y

1 JTime c

a
Normalized spectrum

COO0O0O000O00
PNWwh o~ ©

-1 0 1 2
Frequency, MHz

OAutocorre‘.lation function, dB

100 56 0 50 Time, us
c

Figure 4 — Waveform (a), spectrum (b), ACF (c) of the NLFM
signal with frequency jump compensation

Fig. 5 shows the results of modeling only according to
(12), since the graph according to (11) is similar to Fig.
2a. In the oscillogram of Fig. 5a, there are no phase dis-
tortions at the moments of transitions from one LFM
fragment to another, the spectrum of the NLFM signal of
Fig. 5b is almost symmetrical, and there are no pulsations
on the slopes. The lateral lobes of the ACF of Fig. 5¢ de-
cay smoothly, the maximum PSLL is -22 dB, and the
width of the ML is 1.8 ps.

In comparison with the classical LFM, the PSLL sig-
nal decreased by 9 dB, but the price for this is the expan-
sion of the ML of the ACF by almost a third.

6 DISCUSSION

Our studies indicate that the use of the new model
(12)—(13) provides compensation for jumps in the instan-
taneous frequency and phase of the NLFM signal at the
moments of transition from one LFM fragment to the
next, due to which the resulting spectrum becomes sym-
metrical, rounded, i.e., acquires the expected shape, and
there are no pulsations on its slopes.
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Figure 5 — Waveform (a), spectrum (b), ACF (c) of the
NLFM signal with compensation of frequency and phase jumps

As a result of the improved spectrum shape, its effec-
tive width has increased, and therefore the ML of the
ACF has become narrower compared to MM (3)—(4). The
lateral lobes of the ACF decrease smoothly, which is also
evidence of the absence of frequency-phase distortions.

In the known works [16, 18, 24-25, 28-30], the spec-
tra of the studied NLFM signals are not given, but the
given ACFs demonstrate sharp changes in the level and
frequency of the lateral lobes, similar to Figures 2d, 3d,
4c, which indicates the presence of instantaneous fre-
guency and phase jumps. In such circumstances, the re-
duction of the PSLL can be achieved only in some cases
by selecting the values of T, and Af,, which does not

ensure the stability and predictability of the final result.

The authors consider it expedient to introduce the
three-fragment NLFM signal proposed by the MM into
circulation and to continue research in the direction of
increasing the number of LFM fragments in order to
minimize the PSLL.
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CONCLUSIONS

The scientific novelty of the obtained results is the
discovery that frequency and phase jumps during the tran-
sition from the first LFM fragment to the second are in-
cluded as components for determining the magnitude of
frequency and phase jumps of the next fragment junction.
Based on this, a new MM of the NLFM signal consisting
of three LFM fragments is developed. In contrast to the
known ones, the proposed model uses the current time
instead of the shifted time and compensates for the jumps
in the instantaneous frequency and phase of the signal that
occur at the moments of transition from one LFM frag-
ment to the next.

The developed model ensures predictability and stabil-
ity of results when the frequency and time parameters of
NLFM signals change.

For the characteristics of the LFM fragments adopted
during the modeling, the PSLL of the ACF of the result-
ing NLFM signal was achieved from -22 dB
(Afy =Af3 =125kHz, Af, =300kHz) to -27 dB

(Afy =Af3 =55kHz, Af, =100 kHz), while the duration

of the LFM fragments did not change and was
T =Tz =20ps, T, =100 ps.

The practical significance of obtained results con-
sists in the possibility of using the proposed MM to de-
velop devices for the formation and processing of radio
signals in various applications, such as radar systems for
detecting air targets, aviation and space systems for sur-
veying the earth's surface, meteorology, sonar, ultrasound
diagnostics, etc., in which NLFM signals can be used to
reduce the PSLL of the ACF independent-ly or in combi-
nation with the WP in the receiving device.

Prospects for further research are to improve the
developed model to expand the possibilities of changing
the initial frequency and time parameters of the NLFM
signals, as well as to study the effect of the number of
LFM fragments on the level of the PSLL.
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AHOTAIIA

AxTyanbHicTh. OJHUM 3 HANPSIMKIB YAOCKOHAJICHHS ICHYIOUMX Ta CTBOPEHHSI HOBHX PaJioJIOKALliiHUX 3aC00iIB € 3ampoBaKeH-
HS 30H/yBaJbHUX CHUTHAJIB 3 MOJYJLIIi€0 9acTOTH ((pa3u), TaK 3BaHUX CKIAJHUX CHTHAIIB, 0 SKUX BIIHOCSATHCSI CHTHAIM 3 HEi-
HIHOIO 9aCTOTHOIO MOAyJsaLiero. OQHUM 3 Pi3HOBHIIB IIMX CHTHAJIB € TaKi, IO CKIAJAIOTHCA 3 TPHOX JIHIHHO-9aCTOTHO MOIYJBO-
BaHMX (parMeHTiB. O HAK MIMPOKE BUKOPHUCTAHHS TPU(PPArMEHTHUX CUTHAJIB CTPUMYETHCS HEJOCTATHHOIO MPOPOOKOI0 MaTeMaTH-
YHOTO arapary, KU JOCTOBIpPHO BimoOpaskae mporecH ix ¢opmyBaHHS Ta 00pOOKH. ABTOpaMH CTATTi po3po0JICHO HOBY MaTeMaTH-
YHY MOJEJIb, SIKa JI03BOJISIE BPaXOBYBATH YaCTOTHI Ta ()a30Bi CIIOTBOPEHHS, 1110 BUHUKAIOTh Y TPU(ParMeHTHOMY CHUTHAJII IpH Hepe-
XOJIi BiJ{ OTHOTO ()parMeHTy JI0 iHIIIOT0, KOJIU BiI0YBA€THCS 3MiHA MIBUIKOCTI YaCTOTHOT MOIYJIAIIT CUTHAITY.

MeTta po6oTH — pO3pOOJICHHS Ta JOCTIPKEHHS MaTeMaTUYHOI MOJIETI MOTOYHOTO Yacy JUisl CHUTHANIY 3 HENiHIHOK YaCTOTHOIO
MOJLYJIALIEI0, SKUH CKIIQIa€ThCS 3 TPHOX JIHIHHO-4aCTOTHO MOYJIbOBAaHUX ()PAarMEHTIB.

Metoa. B crarTti HaBeqeHO TeopeTHYHE OOTPYHTYBAHHS HEOOXiTHOCTI pO3pOOIECHHST MaTeMaTHYHOI MOJETi y MOTOYHOMY 4aci
I TPUQPArMeHTHOTO CUTHAITY 3 HENiHIHHOI YaCTOTHOK MOIYJIALIEI0, MPOJAEMOHCTPOBAHO MPAaLe3qaTHICTh CTBOPEHOI MOJIENi Ha
MPUKJIAAl KUTBKOX paJiOCHTHAINIB, SIKi BIIPI3HAIOTHCS 32 YACTOTHUMH IapaMeTpaMH. 3a OJHAKOBHX CHUTHAJIBHHX MapaMeTpiB 3Iikic-
HEHO NOPIBHSIHHS OTPUMAHHX PE3yJIbTaTiB 3 pe3ysbTaTaMH POOOTH BiIOMOI MOJEI, I 9Oro BUKOPHCTOBYBAJIMCS BiOMI METOAU
CIIEKTPAJILHOIO Ta KOpEJSLiifHOro aHamizy. BimMiHHOIO OCOOJHBICTIO 3alIpOIIOHOBAHOI MOAEINI € BPaxyBaHHS CTPUOKIB MHUTTEBOL
4acToOTH 1 a3y curHaiy, siki BAHUKAIOTH MiJ Yac Mepexoay BiJ OJJHOTO JIIHIHHO-4YaCTOTHO MOYJIOBAHOTO (hparMeHTy 10 HaCTYIIHO-
ro. Taki cTpuOKONOMiOHI 3MiHM YacTOTH Ta ()a3d B BiJOMUX MOJICIIAX CUTHAJIB 3 HENIHIHOI YaCTOTHOK MOJYJISILIEI0 HE KOMIICH-
CYIOTbCS, IO CIPHYMHSE CIHOTBOPEHHS IX CIEKTPIiB Ta 30UIbIICHHS DiBHS OiYHHX IENIOCTOK aBTO-KOPEIAUIHHUX (B3a€MHO-
KOpeISIifHuX) QyHKIIi.

PesyabTaTu. [lopiBHsIIBHA MEepeBipKa po3poOICHOT Ta BiJOMOI MOJENEH CUTHANIB CBIIYHATH MPO 3MEHIICHHS PiBHS OiYHUX TIe-
JIIOCTOK aBTOKOpPEJSILiiHOT yHKIIT Ha 3 nb 1 GiTbIIe B 3aJIeKHOCTI BiJl 3aJaHUX YaCTOTHO-YaCOBHX MApaMETPiB.

BucHoBKH. 3acTOCyBaHHS 3allpOIIOHOBAHOI MaTeMaTHYHOI MOJENI H03BoJIsie (OPMyBaTH Ta OOPOOIATH pazioNoOKaliiHi CHrHa-
JIH, JI0 CKJIay SIKMX BXOJWUTH TPH JiHIIfHO-4aCTOTHO MOIYyJbOBaHUX (parMenTH. KommeHcaris crpuOkomnoiGHIX 3MiH 9acTOTH Ta
(a3u pU3BOIUTH O 3MEHIIEHHS CTYIEHS CHOTBOPEHHSI CIIEKTPY Ta, SIK HACIIJOK, 30UIbIIEHHs Horo eeKTHBHOI MIMPHHH, IO 3a-
Oe3meuye 3BY)KECHHS TOJIOBHOT MEIFOCTKY Ta 3MEHILCHHS PiBHS O1YHMX IETIOCTOK aBTO-KOpeIsIiiHOT (yHKIi.

KJIIOYOBI CJIOBA: panionokariifHuii curaai; HejdiHifiHa YacTOTHA MOJYJISLUsI; aBTOKOpesiliiiHa (QyHKIs, piBeHb OiY4HMX
IETIOCTOK; MaTeMaTHYHA MOJIEIIb.
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ABSTRACT
Context. The emergence of the Internet of Things (l0T) has led to the development of various low-power wide area network
(LPWAN) technologies that are designed to provide transmission of small data packets over long distances with minimal energy
consumption. The two most well-known LPWAN technologies are LoRaWAN and Sigfox. This study aims to compare the energy
efficiency of these two technologies to determine their suitability for use in autonomous solutions.
Objective. The objective of this study is to compare the energy efficiency of LoRaWAN and Sigfox technologies for loT
devices. The comparison will help determine which technology is better for autonomous solutions when devices need to operate for

extended periods of time without frequent battery replacements.

Method. In this work, taking into account the specifications of the investigated radio technologies, mathematical modeling of the
time of data transmission or reception is used depending on the payload, and information on the power supply current is taken from

official datasheets for the components of the investigated devices.

Results. The results of the study show that both LoRaWAN and Sigfox are energy-saving technologies, but LoRaWAN is
generally more energy-efficient than Sigfox. In addition, LoORaWAN has adaptive modes and significantly more manual settings,
which in some cases further reduces the energy per bit of data compared to Sigfox.

Conclusions. LoRaWAN is the best choice for autonomous solutions where energy efficiency is crucial. This study provides
valuable information for designers and developers of 10T devices, allowing them to make informed decisions when choosing

LPWAN technologies for their autonomous solutions.

KEYWORDS: LoRaWAN, Sigfox, LPWAN, modem, power consumption, autonomy, loT.

ABBREVIATIONS
10T is Internet of Things;
LPWAN is Low Power Wide Area Network;
LoRaWAN is Long Range Wide Area Network;
PA is Power Amplifier;
SF is a spreading factor.

NOMENCLATURE

N_p is a payload size;

N_m is a number of uplink messages;

t sleep_mcu, t_sleep_sensor, t_sleep_modem is a time
to sleep of MCU, Sensor, Modem accordingly;

t meas_sensor is a time to measurement mode of
Sensor;

I_mcu_sleep, |_sensor_ sleep, |_modem sleep is a
consumption current to sleep mode of MCU, Sensor,
Modem accordingly;

I_mcu_meas, |_sensor_meas, | _modem_meas is a
consumption current to measurement mode of MCU,
Sensor, Modem accordingly;

I_mcu_tx, |_sensor_tx, |_modem_tx is a consumption
current to transmit mode of MCU, Sensor, Modem
accordingly;

I_mcu_rx, |_sensor_rx, |_modem_rx is a consumption
current to receive mode of MCU, Sensor, Modem
accordingly;

V_mcu, V_sensor, V_modem is a supply voltage of
MCU, Sensor, Modem accordingly;
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n is a coefficient that takes into account DC/DC
converter efficiency (was taken equal to 1.1)

Power_bat is a power battery (Wh);

o. is a battery self-discharge;

P_sum_sleep, P_sum_meas, P_sum_tx, P_sum_rx, is a
summary consumption power per day in sleep mode, in
measurement mode, in transmit mode, in receive mode
accordingly;

P_sum_total per_day is a total consumption power
per day;

T_symbol is a LoRa symbol duration;

BW is a Banwidth;

Number_Characters_in_PI is a number of characters in
the payload;

Payload is a payload size;

IH is a implicit mode;

DE is a low data rate optimization;

CR is a encoding speed;

T _payl_SF is a payload duration;

N_day is a number of day of autonomy.

INTRODUCTION
The 10T is a fast-paced technology. This is a set of
sensors that are combined into a single network with
analytical and/or control systems. Every day more and
more different devices are connecting to the Internet, and
this number is constantly growing. When choosing radio
technology, one of the main factors that consumers
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consider is the decrease of their maintenance costs, which
is mainly determined by energy-saving parameters, or
rather, the duration of the device without charging
(battery replacement). New types of LPWAN can solve
this problem. A technology that was created for wireless
data transmission over long distances and for connecting
autonomous devices to the global network. Nowadays,
there are several popular technologies: LoRa, SIGFOX,
NB-IoT, etc. LPWAN systems are a reliable system to
transmit information over long distances (2-40km) and at
the same time use a minimum of energy costs.

The development of 10T technology has led to an
increase in demand for solutions with low power
consumption and long-range wireless communication.
Among them, LoRaWAN and Sigfox have become
popular options due to their ability to support large-scale
loT device networks. However, the choice between these
technologies often depends on their energy efficiency,
which determines how long devices can operate without
battery replacement.

The objective of this comparative study is to compare
the energy efficiency of LoRaWAN and Sigfox
technologies for 10T. The study aims to determine which
technology is better suited for autonomous solutions
where devices need to operate for long periods without
frequent battery replacement. The study’s data will
consist of energy consumption data for LoRaWAN and
Sigfox technologies, which will be collected from existing
literature, previous studies, and other official sources. In
addition, the study will use available specifications and

technical details of both technologies, such as
transmission range, payload size, and transmission
frequency.

The desired results of this comparative study are a
quantitative comparison of the energy efficiency of
LoRaWAN and Sigfox technologies. The comparison will
be based on key energy consumption indicators, such as
average energy consumption per transmitted data packet,
energy consumption per transmitted data packet, and the
amount of energy consumed per meter of transmitted
data.

This study is limited to comparing the energy
efficiency of LoRaWAN and Sigfox technologies for loT.
Other factors that may influence technology selection,
such as deployment cost, infrastructure availability, and
ease of integration with existing systems, are not
considered in this study.

1 PROBLEM STATEMENT

Using the protocol specification of the two LPWAN
technologies (LoRaWAN and Sigfox), the message
transmission time is calculated with different payload
sizes.

Considering the current consumption of individual
nodes of a typical 10T device in different modes (in sleep
mode: |_mcu_sleep, |_sensor_sleep, |_modem_sleep; in
measurement  mode: |_mcu_meas, |_sensor_meas,
I_modem_meas; in transmit mode: |_mcu_tx, |_sensor_tx,
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I_modem_tx; in receive mode: I_mcu_rx, |_sensor_ rx,
I_modem_rx) and battery capacity (Power_bat), the
battery life of the End Node (N_day) is calculated.

The autonomy calculation was performed according to
the algorithm shown in Figure 1.

LoRaWAN,
Sigfox
specification

Calculation of
transfer time
Calculation
of

Current consumption autonomy

in different modes
Battery

capacity

Figure 1 — Algorithm for calculating device autonomy

2 REVIEW OF THE LITERATURE

The growth of 10T technology has led to a surge of
interest in low-power wide area networks (LPWANS),
which provide communication between loT devices over
long distances. Two popular LPWAN technologies,
LoRaWAN and Sigfox, have emerged as leading
contenders due to their ability to support large-scale
networks of loT devices. However, the choice between
these technologies depends on their energy efficiency,
which determines the longevity of the devices and the
need for frequent battery replacement.

Several previous studies have compared the energy
efficiency of LoRaWAN and Sigfox technologies, but
there is a need for a comprehensive comparative study
that provides a quantitative comparison of the two
technologies. For example, research by Atheer Al Ghamdi
(2022) [1] compared the energy efficiency of Sigfox and
LoRaWAN for water monitoring and leak detection
systems and found that Sigfox is more energy efficient
due to lower energy consumption per data packet
transmitted. However, this study only considered a
specific application scenario. Other scientists also dealt
with the topic of energy efficiency [2-5].

An unsolved part of the overall challenge is
determining which LPWAN technology is best suited for
stand-alone solutions where devices need to operate for
long periods of time without frequent battery replacement.
This requires a comprehensive benchmarking study that
takes into account various factors affecting energy
consumption, such as transmission range, payload size,
and transmission frequency.

The proposed benchmarking study aims to address
this gap by quantitatively comparing the energy efficiency
of LoRaWAN and Sigfox technologies for the 10T. The
study will use the available specifications and technical
details of both technologies to evaluate their energy
consumption under different scenarios. The results of the
study will help determine which technology is best suited
for stand-alone solutions where devices need to operate
for long periods of time without frequent battery

replacement.
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The creator of LoRaWAN is Semtech. Semtech
Corporation is a leading supplier of high-performance
analog and mixed-signal semiconductors and advanced
algorithms for high-end consumer, enterprise computing,
communications, and industrial end-markets. They have
nearly 60 years of experience designing and
manufacturing proprietary platforms differentiated by
innovation, size, efficiency, performance, and reach.
Original equipment manufacturers and their suppliers for
automotive, broadcast equipment, data centers, passive
optical networks, industrial, 10T, LCD TVs, smartphones,
tablets, wearables, and wireless infrastructure applications
[6] use their balanced portfolio of semiconductor products.

The LoRaWAN network consists of the following
elements: end device, gateways, network server, and
application server. The end device is designed for the
implementation of control or measuring functions. It
includes a set of necessary sensors and control elements. A
gateway is a device that receives data from end devices
using a radio channel and transmits them to a transit
network. A network server is created to control the
network: setting a schedule, adapting speed, storing, and
processing received data. The application server can
remotely control the operation of end devices and collect
the necessary data from them [7].

LoRa has three classes of subscriber devices:

— Class A: after transmitting something on the air, the
device short time waits for a response from the base
station, after which it turns off the receiver until the next
communication session.

— Class B: the device turns on the receiver according to
a predetermined schedule. The base station knows this
schedule and can transmit data to the device according to
it.

— Class C: the receiver is always on; the base station
can transmit data at any time [8].

Table 1 — Specifications of LORAWAN [7]

Parametr Europe
Freguency range, MHz 863 — 870
Maximum number of channels 35
Spectrum width of radio signal UL, kHz | 125/250
DL channel radio spectrum, kHz 125

Modulation LORA, GFSK, MSK
Transmit power UL, dBm 2-14; 20 (option)
Transmit power UL, mW 1-25; 100 (option)
Transmit power DL, dBm 14

SF 7-12

— Fully integrated synthesizer with a resolution of
61Hz;

— FSK, GFSK, MSK, GMSK, LoRa and OOK
modulation;

— Built-in bit synchronizer for clock recovery;

— Preamble detection;

—127dB Dynamic Range RSSI;

— Automatic RF Sense and CAD with ultra-fast AFC;

— Packet engine up to 256 bytes with CRC,;

— Built-in temperature sensor and low battery indicator.

Physical Layer Frame: At PHY layer, a LoRa frame
starts with a preamble. Apart from the synchronization
function, the preamble defines the packet modulation
scheme, being modulated with the same SF as the rest of
the packet. Typically, the preamble duration is 12.25 Ts.
The preamble is followed by a PHY Header and a Header
CRC that together are 20-bits long and are encoded with
the most reliable code rate of, while the rest of the frame is
encoded with the code rate specified in the PHY Header.
The PHY header also contains such information as
payload length and whether the Payload 16-bit CRC is
present in the frame. Specifically, in a LoRa network, only
uplink frames contain payload CRC. PHY payload
contains MAC Frame.

MAC Layer Frame: The packet processed in the MAC
layer consists of a MAC Header, a MAC Payload, and a
Message Integrity Code (MIC). MAC header defines
protocol version and message type, i.e., whether it is a data
or a management frame, whether it is transmitted in uplink
or downlink, whether it shall be acknowledged. MAC
Header can also notify that this is a vendor specific
message. In a join procedure for end node activation, the
MAC Payload can be replaced by join request or join
accept messages. The entire MAC Header and MAC
Payload portion is used to compute the MIC value with a
network session key (Nwk_SKey). The MIC value is used
to prevent the forgery of messages and authenticate the
end node (Fig. 1).

Application Layer Packet: The MAC Payload handled
by the Application layer consists of a Frame Header, a
Frame Port, and a Frame Payload. The Frame Port value is
determined depending on the application type. The Frame
Payload value is encrypted with an application session key
(App_SKey). This encryption is basing on the AES 128
algorithm.

Table 2 — Power consumption specification [9]

The most popular LoRa Modem is the Semtech
SX1276. Consider the Specifications of Semtech SX1276
[9]:

—168dB maximum link budget;

—+20dBm — 100 mW constant RF output vs. V supply;

— +14dBm high efficiency PA,

— Programmable bit rate up to 300kbps;

— High sensitivity: down to —148dBm;

— Bullet-proof front end: 11P3 = -11dBm;

— Excellent blocking immunity;

— Low RX current of 9.9mA, 200nA register retention;
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Description | Conditions Typ Max Unit
Supply
current in 0.2 1 N
Sleep mode
LnaBoost 108
cSrurEEHn Off, band1
Recei LnaBoost 115 - mA
eceive on bandl
mode Bands 2&3 12,0
Supply REOP = +13
current in dBm, on
Transmit | RFO_LF/HF | 22 - mA
mode pin
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Figure 2 — LoRa Frame Format

Frame Header contains the following information:

— Device address which contains two parts. The first 8
bits identify the network, other bits are assigned
dynamically during joining the network and identify the
device in a network.

— Frame Control 1 byte for network control
information, such as whether to use the data rate specified
by the gateway for uplink transmission, whether this
message acknowledges the reception of the previous
message, whether the gateway has more data for the mote.

— Frame counter for sequence numbering.

Frame options for commands used to change data rate,
transmission power and connection validation etc [10].

Now let’s move on to Sigfox technology.

Sigfox is a French global network operator founded in
2010 that builds wireless networks to connect low-power
objects such as electricity meters and smartwatches.
Founders built a global network dedicated to the Internet
of Things based on low power, long range and small data
that offers an end-to-end connectivity service. From the
inception, Sigfox powers a sustainable and connected
world, pioneering the next Internet revolution [11].

The network is based on one-hop star topology and
requires a mobile operator to carry the generated traffic
[12]. The signal can also be used to easily cover large
areas and to reach underground objects. The existing
standard for Sigfox communications supports up to 140
uplink messages a day, each of which can carry a payload
of 12 octets at a data rate of up to 100 bits per second.

Sigfox defines an uplink classification for each radio
configuration, which applies to every device and is
assessed when passing the Sigfox Ready certification.
They indicate the RF radiated performance of a device,
which can have a significant impact on the message
success rate. They are based on EIRP (effective isotropic
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radiated power) intervals. Simply put, a UO device enjoys
a much better message reception than a non-U0 device.
This means better user feedback and fewer support
requests for your team. With a good antenna design, you
can lower the device’s radiated power on purpose from
U0 to U1 or even U2, thus saving energy. These classes
are ranked from strongest to weakest: U0, U1, U2, and U3
[13].

Each packet sent can have anywhere between 0-12
bytes of payload data, with a fixed frame of about 12 bytes
that contains preamble, device id, and other metadata. In
total, each packet sent has between 12-24 bytes, with
some extra bits used for authentication parameters [13].

Physical layer. This synthesizes and modules signals
using DBPSK in the uplink direction and GFSK in the
downlink direction [14].

Table 3 — Structure of Physical Layer

Parametr Uplink Downlink
Payload Limit (bytes) 12 8
Throughput (bps) 100 600
Maximum Messages per 140 4
Day
MAC layer This adds fields for device

identification/authentication (HMAC) and error correcting
code (CRC). The Sigfox MAC does not provide any
signaling. This implies that devices are not synchronized
with the network [14].

Frame Layer: Generates the radio frame from
application data and also systematically attaches a
sequence number to the frame [14] Sigfox messages can
carry a payload (your own data) of 12 bytes. That’s
maximum, but the payload is flexible: you can send any
data size between 1 and 12 bytes. You can even send a
payload of 0 bytes, in case you just need a ping message
[15].

One of the most popular modems for Sigfox is AX-
SIP-SFEU-1-01-TX30 are ultra—low power,
ultra—miniature System—in—Package solutions for a node
on the Sigfox network with both up and downlink
functionality. Specifications of AX-SIP-SFEU-1-01-
TX30:

— Maximum output power 13 dBm;

— Power level programmable in 1 dBm steps;

—Supply range 2.1V —-3.6 V;

— Deep Sleep mode current: 180 nA,;

— Sleep mode current: 1.2 mA;

— Standby mode current: 0.55 mA;

— Continuous radio RX — mode at 869.525 MHz:

-14 mA

— Continuous radio TX — mode at 868.130 MHz:

—45 mA @ nominal transmitter power (13 dBm).

Receiver

— Carrier frequency of the transmitter 869.525 MHz;

— Data — rate 600 bps FSK;

— Sensitivity =125 dBm @ 600 bps, 869.525 MHz,
GFSK 0 dBm maximum input power.

Transmitter
OPEN a ACCESS
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— Carrier frequency of the transmitter 868.13 MHz;

Table 4 — Uplink Message Component Size

— Data — rate 100 bps PSK [18]. UL UL LII\/\Ilgll?:Je ALLJJ'}'H UkICI:\I%NRT
In effect, the payload bytes have to fit within a certain message | message | (MSB, . \INE
L . . content content LSB) size size (in
transmission length, predefined by the Sigfox protocol. (bytes) (in bytes)
The reason for this flexibility is to optimize transmission bytes)
time and hence save battery consumption at the device empty empty 00 2 8
level. 0b0 empty 10 2 8
Downlink messages have a fixed length too: the Obl empty 11 2 8
payload must be 8 bytes long exactly. Hence, if less 1 message 00 2 9
information bits are to be transmitted, padding is necessary 2 message | 10 7 7
[13]. _ _ content
Uplink frame construction shows Figure 2. 3 message | 01 3 12
o.12 I:!'IE . content
4 message 00 2 12
UL MESSAGE CONTH content
@ 5 message 11 5 16
g. = = % % content
N - o F 0..12 byles 6 message | 10 4 16
u|eF|regmc|ib]|  uL-Paiosn content
7 message 01 3 16
2..5 bytes content
UL-AU 8 message | 00 2 16
; content
16 bits 9 message | 11 5 20
UL-CONTAINER UL-CR| content
10 message 10 4 20
content
UL-PHY-CONTENT 11 message 01 3 20
= A content
5 B 12 message 00 2 20
2 2 content
[uL-p FT Thus, the proposed benchmarking study builds on

Figure 3 — Sigfox Frame Format

This section deals with formats and functions in
uplink, from applicative/control level down to physical
level.

Uplink message content The content of the uplink
message may be applicative data or control data. The
format of an applicative message content is freely defined
by the application. LI values and UL-AUTH size in
relation with other message parameters (Table 4).

Length Indicator (L) It is a 2-bit field. EP shall set L1I.

Repeated Flag (REP) It is a 1-bit field. EP shall set it to
0x0.

Message Counter (MC) It is a 12-bit field taking values
between 0 and (MCmax-1).

Identifier (ID) It is a 32-bit field. EP shall load its EP
identifier bytes in reverse order into the ID field.

Uplink Authentication (UL-AUTH) It is a variable
length field.

Uplink error detection field (UL-CRC) It is a 16-bit
field.

Uplink frame type (FT) It is a 13-bit field.

Uplink preamble (UL-Pr) It is a 19-bit field.

The uplink only procedure (i.e. U-procedure) is
initiated by an end-point wishing to send a UL message to
the SNW, with no onward downlink message. The end-
point chooses the U-procedure on a per message basis.

The content of downlink message is a fixed-length
field. It carries applicative data prepared by user’s distant
application server in response to an uplink message.
Format of the DL-PAYLOAD field is user dependent [7].

© Lykov Y. V., Gorelov D. Y., Lykova A. A., Savenko S. O., 2023
DOI 10.15588/1607-3274-2023-3-3

previous studies and the existing specification, providing
a comprehensive comparison of the energy efficiency of
LoRaWAN and Sigfox technologies for 10T. The research
will contribute to the development of LPWAN technology
by providing insight into the factors affecting power
consumption.

3 MATERIALS AND METHODS

To calculate the battery life, two components are
needed — the energy source and the consumer. The source
was Li-ion battery (3.7V, 2000mA / h, 19% self-discharge
per year). As an energy consumer, a typical solution (use
case) was taken consisting of a BME280 sensor (Bosch),
an MCU STM32L073, and an SX1276 modem (for LoRa)
or AX-SIP-SFEU (for Sigfox).

Operation of components in different modes shown in
Figure 4.
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Figure 4 — Operation of devices in different modes
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In the work, the message duration was calculated
depending on the payload size. Since the maximum
payload size in Sigfox is 12 bytes, then for LoRaWAN this
value was taken as the maximum (although according to
the protocol it can be 51-222 byte [16].

For our calculations, we will take SF 12 for
LoRaWAN technology, since it is the least energy
efficient but has the maximum transmission range. In
order to put two different technologies (LoRaWAN and
Sigfox) in the most identical conditions, as far as possible.
SF is an integer, in the standard it is provided from 12 to 7.
The higher the SF, the better the noise immunity of the
line, but the lower the speed and the longer the
transmission takes on the air.

For subsequent studies, it is necessary to calculate the
duration of the preamble. First, let’s find:

oSF
T symbol ==——, 1
_sy W 1)

T _preamble = (4.25+ N _ preamble) xT _symbol.  (2)

AirTime represents the duration required to transmit a
message from an end device to a gateway and depends on
SF, packet size, coding rate, and other parameters.

Number _ Characters _in_ Pl =8+ max]ceil x
8x (Payload —4) —4SF + 28 +16CRC —20(1—IH )} 3)

4(SF - DE)
x (CR),0].

Next, we calculate the duration of the payload:

T _ payl _SF = Number _Characters _in_PlI 4
xT _symbol _SF. “)

AirTime=T _ preamblexT _ payl _SF. (5)
The calculation of consumption current was carried out

for each mode individually Sleep, Measurement, Transmit
(TX), Receive (Rx).

Table 5 — Consumption Current

P_sum_meas(N_p,N_m) =
N_mx[1_mcu_sleep xt_sleep_mcu(N_P,N_m)xV_mcu xn...
+1_sensor_sleep xt_sleep_sensor (N_m)xV_sensor x1. )
+1_modem_sleep xt_sleep_modem(N_P,N_m)xV_modem]
24 x60x60
P_sum_tx(N_p,N_m) =
N_mx[l_mcu_txxt_tx(N_p)x (V_mcu xn)...
+1_sensor_txxt_sleep_sensor(N_m)x (V_sensorxn)  (8)
+I_modem_txt xt_tx(N_p)xV_modem]
24x60x 60
P_sum_rx(N_p,N_m) =
N_mx[I_(mcu_rx ) xt_rxx (V_mcuxmn)...
+1_sensor_rxxt_sleep_sensor(N_m)x (V_sensor xn)  (9)
+|_modem_rx xt_rxxV_modem]
24x60x%60
P_sum_total_per_day(N_p,N_m) =

P_sum_sleep(N_p,N_m)+P_sum_meas(N_p,N_m)+ (10)
P_sum_tx(N_p,N_m)+P_sum_rx(N_p,N_m).

Power_bat (1 a )
N_day(N_p,N_m) = 24 100 - (1)

P_sum_total_per_day(N_p,N_m)

4 RESULTS
Figure 6 shows the time on air which shows the
number of bytes transmitted per second for each SF.

3

—— SF7
—— SF8
SF9
—— SF10
2 SF11
—— SF12

L

0 100 200

airtime (seconds)

payload size(byte)
Figure 5 — Airtime for each SF
The results of calculating the power consumption for
different modes are given in Table 6.
The paper shows the dependence of the number of
days of autonomy on the number of messages per day
(Fig. 6).

Mode\ MCU Sensor Modem Modem

Component LoRa Sigfox Table 6 — Power Consumption Per Day
Sleep 130 0.1 0.2 0.18 LoRaWAN Sigfox
Measurement 230 1.757 0.2 0.18 Parametr 1 140 1 140
Transmit 230 0.1 29 45 mess/day | mess/day | mess/day | mess/day
Receive 230 0.1 10.8 14 P_sum_sleep, W 1.72?-10 1.72}-10 1.72?-10 17210

End node battery life was calculated using the 10 10
- . ry 9 P_sum_meas, W | 253107 3'5491 10 2'523 1071 35410°
following formulas:
P sum_tx, W 2.2166-10 3.102"3-10 4.2121-10 5910
P_sum_sleep(N_p,N_m)= .

- ~sleep(N _p.N_m) P_sum_rx, W 0 (downlink only mode)
I_mcu_sleep xt_sleep_mcu(N_P,N_m) xV_mcu x ... P_sum_total_per | 1.748:10" | 4.824-10" | 1.767-10" 76210
+1_sensor_sleep xt_sleep_sensor(N_m) xV_sensor x ... (6) _day, W 4 4 4 )
+1_modem_sleepxt_sleep_modem(N_P,N_m)xV_modem Self-discharge 1.644.10™

. per day, W
24x60x 60
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In Fig. 6 shows that for any payload from 1 bit to 12
bytes, LoRaWAN radio technology is more energy
efficient for any number of messages per day. At the same
time, the minimum difference of 5 days of autonomy
between the considered protocols is observed with 1
single-bit message per day. And the maximum difference
was 234 days for 140 12-byte messages per day.

Figure 7 displays two elements: total power in Sleep
mode (taking into account battery self-discharge) and total
power in transmission mode (for minimum and maximum
payload). For LoRaWAN technology the number of
messages per day at which these two components are
equal is in the region of 85 +/-10 messages per day.

p<>< LoRa 12byte
e Sigfox 12byte
P> LoRa 1bit
-4 Sigfox 1bit

500

Number of days of autonomy

Number of messages per day
Figure 6 — Dependence of number of days of autonomy on the
number of Uplink messages per day

Therefore, to increase the autonomy of the device with
a small number of messages less frequently (75 messages
per day), it is necessary to optimize power consumption in
Sleep mode, in particular, the MCU current, which is two
to three orders of magnitude higher than other nodes in
this mode. Consumption in Sleep mode is practically
independent of the number of messages per day (within 12

Bytes).

Sleep mode

Tx moce 1bit (LoRa)
#—é Tx mode 12Bvie(LoRa)

Tx mode hit {Sigfox)

5.2 8 le#e Tx mode 12Bvte KSV

e

il
4 = = L 4 = —

T

“Tulail powor

i
S

Number o7 messages per dav
Figure 7 — Endnode power consumption in Sleep mode and
in Tx mode for LORaWAN and Sigfox

For Sigfox technology, the number of messages per
day, when these two components are equal, is in the range
of about 58 messages per day (+/— 16 messages).

Moreover, as can be seen from Table 6, the self-
discharge of the battery is proportional to the consumption
in sleep mode. So, one of the ways to increase autonomy is
to use a battery with a low self-discharge and ensure the
optimal operating mode (temperature, humidity).

In Figure 8 shows the results of the dependence of the
number of days of autonomy on the size of the payload
(from 1 bit to 12 bytes) at 1 and 140 messages per.

From Figure 8, it can be seen that for LoRaWAN, in
the case of sending 1 message per day, when the payload
© Lykov Y. V., Gorelov D. Y., Lykova A. A., Savenko S. O., 2023
DOI 10.15588/1607-3274-2023-3-3

increases, the autonomy time almost does not change (it
decreases by only 4 days). When transmitting 140
messages with an increased payload, the battery life will
decrease by about 85 days (with payload changes ranging
from 1 bit to 12 bytes). Similarly, for Sigfox, which sends
1 message per day, the battery life decreases by 18.5 days
as the payload increases. If you transmit 140 messages, it
will decrease by about 209 days. In general, it can be seen
that LoRaWAN maintains autonomy longer than Sigfox.

When sending 1 message, the autonomy of LoRaWAN
and Sigfox is almost the same (in Sigfox, only 5 days less
autonomy), but with increasing payload, the autonomy of
Sigfox is significantly reduced.
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+- ¢ LoRa 140 msg/day
a4+ Sigfox 140 msg/day

Figure 8 — Dependence of a number of days of autonomy on ther
number of payloads at 1 and 140 messages per day

It should be said that previous results for Sigfox were
obtained for transmission of each message without
repetitions (Nrep = 1). In order to increase the reliability of
message delivery from the end node to the base station, the
Sigfox standard provides a mode for repeating the same
message three times. In this case, the autonomy of the
device will be even lower (Figure 9).

As can be seen from Figure 9, the reduction in the
number of autonomous days can reach up to 60% in the
case of sending 140 12-byte messages per day, and is not
significant when the number of messages is less than 5 per
day.

6

40)

20]

Number of days of autonomy (%)

12byte
® @ 1bit

Number of messages per day
Figure 9 — Downtime reduction for Sigfox device when

using Nrep = 3 instead of Nrep = 1 from number of messages
per day for different payload sizes
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5 DISCUSSION

The results of this comparative study show that
LoRaWAN technology outperforms Sigfox in terms of
energy efficiency for loT. The comparison was based on
the energy consumption of each technology during the
transmission and reception of data packets.

However, it should be noted that the energy efficiency
of LPWAN technologies can be influenced by various
factors, such as the number of devices in the network, the
distance between devices and gateways, the type of data
transmitted, and environmental conditions. Therefore, the
results of this study should be interpreted cautiously, and
their generalization should be limited to specific
conditions and scenarios in which the tests were
conducted.

The practical significance of the obtained results is
essential, especially for 10T, where there is a requirement
for end devices to work for a long time without frequent
battery replacement. Our results show that LoRaWAN is
the best choice for such applications, as it can extend the
battery life of devices and reduce network maintenance
costs. In addition, the feasibility of further research into
energy-efficient LPWAN technologies is justified by the
growing demand for 10T solutions in various industries,
including smart cities, healthcare, and logistics.

Finally, this comparative study demonstrated the
energy efficiency of LoRaWAN and Sigfox technologies
for 10T applications. Although LoRaWAN was found to
be more energy efficient than Sigfox, the results should be
interpreted in the context of specific settings and
scenarios in which the tests were conducted. The study
provides valuable information for  researchers,
practitioners, and decision-makers in choosing the most
appropriate  LPWAN technology for their loT
applications.

CONCLUSIONS

This benchmarking study aimed to compare the
energy efficiency of LoRaWAN and Sigfox IloT
technologies to determine which technology is best suited
for autonomous solutions requiring long battery life. The
study showed that the main sources of energy
consumption were sleep mode and transmission mode. In
addition, losses from self-discharge of lithium-ion
batteries were equal to energy consumption in these
modes. The advantage of sending one large message over
multiple small messages of the same overall size has also
been highlighted in terms of energy efficiency.

The results showed that LoRaWAN outperforms
Sigfox in terms of energy efficiency. In particular, the
size of any payload of LoRaWAN radio technology from
1 bit to 12 bytes was more energy efficient. Moreover,
LoRaWAN provided additional energy optimization
mechanisms such as data rate variation, including
adaptive data rate, class B and C end node capability, and
a much larger maximum payload size. The obtained
simulation results agree with the experimental results
published in [19].

© Lykov Y. V., Gorelov D. Y., Lykova A. A., Savenko S. O., 2023
DOI 10.15588/1607-3274-2023-3-3

34

It should be noted that, in addition to energy
efficiency, properties such as immunity to interference,
maximum network bandwidth, and price policy of
communication operators are also important for
consumers.

Thus, the study found that LoRaWAN is the best
LPWAN technology for IoT applications requiring long
battery life. The results of the study can be used in the
selection of LPWAN technologies for such applications.
The scientific novelty of the results lies in the
comprehensive and comparative analysis of the energy
efficiency of two LPWAN technologies for autonomous
10T solutions.

The practical significance of the results lies in the
possibility of saving costs and increasing the productivity
of 10T devices using LPWAN technologies. The results
can be used to select and optimize LPWAN technologies
for autonomous IoT applications.

Further research can be conducted to examine the
trade-offs between energy efficiency, network bandwidth,
and immunity to interference in LPWAN technologies.
Additionally, future research could explore the integration
of multiple LPWAN technologies to improve
performance in complex 10T applications.
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JOCJIKEHHSI EHEPTOE®EKTABHOCI TEXHOJIOT'TI LPWAN

JlukoB 1O. B. — kaHA. TexH. HayK, JOLEHT, AOIEHT Kadeapu KOMII'IOTEPHOI PAaTiOTEXHIKH Ta CHCTEM TEXHIYHOTO 3aXHCTy
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TopenoB J. YO. — xaHA. TexH. HayK, JOIEHT, JOIEHT KadeIpu KOMIT IOTEPHOI PamiOTeXHIKH Ta CHCTEM TEXHIYHOTO 3aXHCTy
iHdopmariii XapKiBCcbKOr0 HalliOHAIBHOTO YHIBEPCUTETY PamioeNeKTPOHIKH, M. XapKiB, YKpaiHa.

JluxoBa I'. O. — crapmmii Bukimagad xadeapu KOMII'IOTEPHOI PaJiOTEXHIKM Ta CHCTEM TEXHIYHOrO 3axucTy iHdopmarii
XapKiBCHKOTO HAIIOHAIBHOTO YHIBEPCUTETY PamioeIeKTPOHIKH, M. XapKiB, YKpaiHa.

Cagenko C. O. — cTyzneHT ¢axynpTeTy iHGOPMALitHUX PaiOTEXHONOTIH Ta TEeXHIYHOro 3aXUcTy iH(popMmauii XapKiBCHKOro
HalliOHAJIFHOTO YHIBEPCUTETY paliOeNICKTPOHIKH, M. XapkiB, YKpaiHa.

AHOTAIIA

AxrtyanbHictb. IlosiBa Inreprery pedueit (10T) cnpuunHmia po3poOKy pI3HHX TEXHOJOTIH I00aIbHOI MEpeki 3 HH3BKHM
eneprocrioxxkuBaasaiM (LPWAN), sxi mpusHadeHi it 3a0e3meueHHs nepenadi HeBEMKUX IaKeTiB JaHWX Ha BENMKI BinctaHi mpu
MiHIMaIBHOMY CIIOXXMBaHHI eHeprii. JlBoma Haiibinbur BinoMumu texuosorismu LPWAN e LoRaWAN ta Sigfox. e mocmimkenus
CHpsIMOBaHE Ha MOPIBHSIHHS eHeproe(eKTHBHOCTI IIMX JABOX TEXHOJIOTIH, MO0 BH3HAYUTH TXHIO IPHIATHICTH JUISI BUKOPHUCTAHHS B
ABTOHOMHHMX DillICHHSX.

Meta. MeTor0 1[Or0 JOCTIIXKEHHS € MOpiBHAHHS eHeproedekTuBHocTi TexHomoriii LORaAWAN ta Sigfox mis npucrpois 10T.
TTopiBHSAHHS AOTIOMOKE BU3HAYMTH, KA TEXHOJIOTIS Kpallia JJIsi aBTOHOMHHUX pillleHb, KOJIM IPUCTPOi IIOBUHHI MPAIFOBATH MPOTATOM
TPHUBAIOTO Yacy 0e3 yacToi 3amiHu OaTapei.

Metoa. Y po6oti BpaxoByroun crierudikamii JoCIiHKyeEMUX padioTeXHOJIOTi BUKOPHCTOBYETHCS MAaTEMAaTUYHE MOJICIIOBAHHS
Yacy mepenadi abo MpHUiloMy JaHHX B 3aJIeKHOCTI BiJi KOPHCHOTO HaBaHTa)XEHHS, 1H(OPMAMIO PO CTPyMHU CIIOKHMBAHHS B3STO 3
odimiifHux cnenudikariif Ha KOMIIOHSHTH JOCTIPKYBaHUX TIPHCTPOIB.

PesyabraTn. Pesynbratu pocimimkeHHs mokasyiors, mo i LORaAWAN, i Sigfox e eneprosbepirarounMu TEXHOJIOTISIMHE, ajie
LoRaWAN 3aranom eHeproedextusuuii, Hix Sigfox. Kpim toro, LORAWAN Mae ananTuBHi pexxuMu Ta 3Ha4HO Gifblie py4HHX
HAJIAIITYBaHb, 0 B JACSKUX BUIMAKAX II¢ JOJATKOBO 3MEHILIHUTH CHEPrito Ha OiT qaHux B nopisHsHi 3 Sigfox.

BucnoBku. LORaWAN e Haiikpamumm BUOOPOM Uil aBTOHOMHUX DillleHb, JIe eHeproe()eKTUBHICTh Mae BHpIlIagbHEe 3HAYCHHS.
Le nocnmimkeHHs nae IMiHHY iH(OpMaIi0 NPOEKTyBaTbHHUKAM 1 po3poOHMKaM mpuctpoiB 10T, mo3Bomsroun iM mpuiimMatu
0o0rpyHTOBaHi pimeHHs npu BuOopi TexHonorii LPWAN 11 cBoiX aBTOHOMHHUX PillICHb.

KJIOYOBI CJIOBA: LoRaWAN, Sigfox, LPWAN, Mozem, eHeprocroXuBaHHs, aBTOHOMHICTb, 10T.
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METOA CUHTE3Y PAAIOTEXHIYHUX CJIIAKYBAJIbBHUX CUCTEM
BUCOKOI TOYUHOCTI 3 PO3AIJIEHUMMU POLEYPAMHU
YIPABJIHHSA 1 ®LIbTPAIIL

PeBenko B. b. — kaHz. TexH. HayK, JOIEHT, JOLEHT KadeIpu eJIeKTPOTEXHIKH i eTeKTPOHIKH JKUTOMHUPCHKOTO Biii-
cekoBoro iHctuTyTy imeHi C. I1. Kopomnpona, XXutomup, Ykpaina.

Kapamyk H. M. — kan. TexH. HayK, JOICHT, CTAPIINI BUKIaAad Kadeapu TeICKOMYHIKAMil Ta pamioTexHiku JKu-
TOMHPCHKOTO BilicbkoBoro iHCTHTYTY iMeHi C. I1. Koponsosa, JKutomup, Yipaina.

AHOTALIA

AKTyanbHicTb. Y KOMGiHOBaHUX crucTeMax aBromMaruyHoro yrpasninas (CAY) 3 mpuHIMIIOM KepyBaHHS 3a 30ypEeHHSIM BUHH-
KalOTh TPYJHOLII KOHTPOJIIO 30ypeHb y AesIKHX 00’ €KTax paJioTeXHIYHHX CUCTEM Ta JIel0 MEHIIa TOYHICTh. l{e 0co6a1MBO MOMITHO,
KOJIM Ha 00’€KT i€ KiJbKa PiBHOLIHHHUX 30ypeHb, BpaXyBaHHS SIKMX MOTpeOye IiJBHILNEHHS CKJIAJHOCTI i 3MEHIIEHHs HaJIiifHOCTI
CAY. A HexTyBaHHsI Pi3KO 3HIKY€E TOUHICTh CHCTeMH. TOMy € HEOOXiJHICTh Y PO3pOOLI METOLy CHHTE3y PadiOTeXHIYHUX CIIiIKyBa-
JBHUX CHUCTEM, KUl yCyBae BKa3aHi HEIOIKH.

Mera. Po3poOka MeTomy CHHTE3y aBTOMAaTHYHHX CIIJKYBaJIbHHUX CHCTEM BHCOKOI TOYHOCTI i3 PO3IIICHUMH MpPOLEYypaMH
yIpaBiiHHs Ta QUIBTpaLii B yMOBaX, KOJIH BEIMUYHHA, KA YIPABISIETHCS, HE BUMIPIOETHCS (BXIIHUIA KOPUCHHIN BIUIHUB), IPH HASIBHO-
cTi 30ypeHp 111 HoOYZ0BH CIIAKYBAIBHUX CHCTEM (OCOOIMBO pajioOTEeXHIUHMX, 1€ BXiZHA KOPHCHA [Iisi HE BUMIPIOETHCS, @ TOMY
KOMOIHOBaHE yIpaBIiHHS HE MOXIIUBE).

Mertoa. J{yist JOCSTHEHHSI METH JOCITIDKCHHS BUKOPUCTOBYBAJIMCS METOM TEOPil aBTOMATHYHOTO yITPaBIiHHS.

PesyabTaTn. [Tokasano, mo B cruiakyBaibHux CAY, siKi MPAIIOOTh 32 BiAXWICHHSIM iICHY€E MPOTHPIUYs MK YMOBaMH PO3Jijib-
HOTO cuHTe3y (GibTpa OLiHIOBaHH (3r1a)yBaHHst) 1 QinbTpa (perymnsaTopa) ynpasiiHHI.

3anporoHOBaHO PIllIeHHs 3a/1a4i YIPaBIiHH i OL[IHIOBaHHS B pPaMKax JBOKOHTYPHHX CHCTEM, EKBIBaJCHTHHX KOMOIHOBaHHM CH-
creMaMm. J[pyruii KOHTYp MO>KHA HPEACTaBUTH AOOYTKOM 3BOPOTHOI MEpeAaTOYHOI (PYHKIIT 3a MOMUIIKOIO MEPIIOTro KOHTYpPY Ha I1e-
penatouHy (YHKLIIO PEryJsTOpa, OXOIUICHOTO MO3UTHBHHUM 3BOPOTHIM 3B’S3KOM, a TaKOXK Ha 3BOPOTHY MHepenaTodHy (yHKIIO
00’€eKTy ynpaBiiHHS 6e3 IHTErpyI04YHX JaHOK. 3aIlPOIIOHOBAHO 3aMiCTh PO3IMKHYTOTO PETYJIATOPA 3aCTOCYBATH (UIBTP OLIHIOBAHHS
3 IepeaTOvYHOI0 (PyHKIII€I0 3aMKHYTOTO (iIbTpa JUIst OTPUMAHHS OI[IHKH.

XapakTepUCTHYHHI [TOJIIHOM JIBOKOHTYPHOI CHCTEMH aBTOMATHYHOIO YIPABIiHHS BHKJIIOYA€E BIUIMB CTIHKOro (ijbTpa OLiHO-
BaHHsI Ipyroro KOHTypy Ha cTiiikicTs Beiel CAY. ToniHOM YKceNnbHUKA MepeaaTouHol QYHKIT 32 MOMUJIKOK OBUHEH MaTH Pi3HH-
LII0 MTOJTIHOMIB, 1110 3a0e3nedye JOCSITHEHHS iHBapiaHTHOCTI.

Bokontypua CAY sBisieThesi €KBIBaJCHTHOIO KOMOIHOBaHIH, Tak sK B Hil 3a0e3meduyeThes: iHBAPIaHTHICTh TIOMUJIKU BiTHOCHO
3amaBasbHOI i 0e3 Ge3mocepeIHpOro 11 BUMIPIOBAaHHS; CTIHKICTh MEPIIOTr0 KOHTYPY MPHU CTIHKOMY APYroMy KOHTYPI.

Cunre3oBana nBokoHTypHa CAY, ekBiBarieHTHa KOMOiHOBaHil. Po3paxoBanmii Ta moOynoBaHuii QidbTp OLIHIOBaHHS, IPOBEIC-
HUI aHaui3 BIUMBY 1b0ro (inbrpa Ha actatuam CAY (To6To Ha 11 TOUHICTS).

BucHoBku. HaykoBa HOBH3HA pPO3pOOJICHOTO0 METOAY CHHTE3y aBTOMATHYHHUX CJIJKYyBaJIbHUX CHCTEM BHCOKOI TOYHOCTI i3 po3-
JIJICHUMH TIPOLEAYPAaMH YIPaBJIiHHA Ta QiIbTpalii B yMOBaX, KOJM BEJIMYHHA, SIKA YIPABJISIEThCS, HE BUMIPIOETHCS TIPU HASBHOCTI
30ypeHb MOJISITAa€ B TOMY, IO €KBIBAJICHTHICTh KOMOIHOBaHHM CHCTEMaM, Ha BiMiHY BiJl METOIB TU(EPEHIIATLHIX 3B’ SI3KiB, H0CS-
raeThCcsl HE TPHOMA, @ IBOMA KOHTYPaMH yIpaBiliHHsA. [IpakTHyHa 3HAYYIICTh IOJISIrae B TOMY, IO 3aIpPOIIOHOBAHMIT METOJ JIOILiIb-
HO 3aCTOCOBYBATH IUIsl HOOYIOBH CIIIIKYBaIbHUX PAJiOTEXHIYHUX CHUCTEM, [ BXiJHA KOPHCHA [isl HE BUMIPIOETHCS TPH HAsSBHOCTI
30BHIIIHIX BIUIMBIB Ta 30ypeHb, B CHCTEMaXx yIPaBIiHHS JITAIbHUMH anapaTaMH.

KJIFOYOBI CJIOBA: panioTexHi4Hi CHiIKyBaJbHI CHCTEMH; BHUCOKa TOYHICTb, METOH CHHTE3y; CHCTEMH aBTOMATHYHOTO
YIpaBIiHHA,; IepeAaToYHa QYHKLIS, iHBapiaHTHICTh, IPUCTPIH yNpaBIiHHA, 00’ €KT yIpaBIiHHS, (UIBTP OLIHIOBAHHS, KOHTYP; peTy-
JISITOP.

ABPEBIATYPU C(p) — XapaKTepUCTUYHMII HOJITHOM 3aMKHYTOT CJIiji-
ICI/;V = CHCTEMA aBTOMATHIHOTO YIpaBIiHHS, KyBasHOi CAY:
~ [ICPEATOHHA (YHKLA. o] (p) — mosiHOM 3HaMeHHHKa [1® OJHOKOHTYPHOI
HOMEHKJIATYPA cucremu (puc. 2) [14] ;

A(p) — NOMTiHOM, SIKMi{ BILIMBAE Ha YIIPABIIIHHS, Ci\p) — xapakTepuCTUUHUN MONTIHOM CHCTEMH, €KBi-

BajieHTHOI KoMOiHOBaHIi CAY;

Al(p) — noniHoM uucenpHuka I1® 3a nomuiikoro ox- .
CperZ(p) — noniHoM [1® perynsatopa 2 (puc. 2) [14];

HOKOHTYpHOI cuctemu (puc. 2) [14];

A(p) - noninom uncenshuka IId exBiBaneHTHOL F(t) - nesinoma dymxuis uacy;

koMbOinoBaHiit CAY 3a MOMMIIKOIO III€] K CUCTEMHU, g(t) — aJINTHUBHA CYMIII 321aBATHOTO BIUIHBY x(t) Ta
B( p) — HOJIHOM, SIKUH BIUTUBA€E Ha OLIHIOBAHHS, 3Gypenns f (t) :
BperZ (p) — noyrinom [1dD perynaropa 2 (pI/IC. 2) [14]; | — OJWHUYHA ManI/IIlH;
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Pll(t), P21(t) — eJIEMEHTH KOpeJsLiiHoi MaTpuli mno-
MWIKH (UIBTPALii, sKi BU3HAYAIOTHCS i3 BIJIOMOTO piB-
usiHHs Pukarri [6];

-1
[PI —A] — 3BOPOTHA XapaKTePUCTHYHA MAaTPHILSI
CTaHy, SKa BHPAXKA€TbCA dYepe3 I €AHaHy MAaTPHIIO

[PI-A]";
0(t) — Her’s3xa ynpainms;
Woy (p) — nepenarouna dyHkuis 06’ekTy yHpaiiH-

HSL,

Woper ( p) nepenaTouyHa (QyHKLiS —peEryysTopa,

Wy, (p) — mepenarouna GyHkuis inbTpa;

fc(t) — OLIHKA 33/1aBaJIbHOTO BILIHBY;

0% — qucrepcis 30ypeHHs f (t).

BCTYII

TTigBUILEHHS] TOYHOCTI aBTOMATHYHUX CUCTEM € OJHi-
€10 13 OCHOBHHX NpOOJieM Teopii aBTOMaTH4YHOTO YIpaB-
niHHs. HalOuThI MepCIeKTHBHUMU B I[bOMY BiTHOIICHHI
€ Kilac KOMOIHOBaHHX CHCTEM, B SKHX OJHOYACHO peali-
30BaHi MPUHIUITM YIPABIiHHA 32 BiIXWICHHAM Ta 3a 3a-
aBaJbHOIO MI€I0. 3HAYHI MOXKIMBOCTI INIJIBUINEHHS TOY-
HOCTI BiITBOPEHHS B IIX CHCTEMaX IOSCHIOIOTHCS BiACY-
THICTIO MPOTHUPIYYS MK YMOBaMH IHBapiaHTHOCTI Ta
cTifikocTi. MaTeMaTHYHOI0 OCHOBOIO MOOYZOBH BHCOKO-
skicHuX kKoMOiHOBaHUX CAY, B SKMX MOXJIMBO OCSTHY-
TH HE3aJIEKXHOCTI (IHBapiaHTHOCTI) yIpaBIsiEMOT BETHYH-
HU BiJ 30ypeHHsS Ta TOYHOTO BIITBOPEHHS 3aJaBajbHOI
Jii, € Teopis iHBapiaHTHOCTI. ToMy HOCSTHEHHS iHBapiaH-
THOCTiI O3 MOPYIICHHS CTIHKOCTi JO3BOJISE IiJIBHUIIUTH
TOYHICTh BiaTBOpeHHs [3, 4, 9, 18].

JocsirHenHst iHBapiaHTHOCTI (BHCOKOI TOYHOCTI) 6e3
MTOPYIICHHS CTIMKOCTI CHCTEM aBTOMATHYHOTO YIIPaBIIiH-
HS PO3TJISLAAETHCS B 3HAYHIN KIIBKOCTI POOIT, HAIPHKIIAL
[1-3, 5, 7, 11-13, 15, 17-35]. IIpobiema aganTHBHOTO
HEHPOHHOTO YNPAaBIIHHA i3 CIAKYBaHHIM 32 3BOPOTHHM
3B’S13KOM 32 BHXOZOM IJIsl KJIacy HEBH3HAYEHHUX HENiHiH-
HUX CHCTEM, sIKi HE TICPEMHUKAIOTHCS B CTPYKTYPi HECTPO-
TOro 3BOPOTHOTO 3B’SI3KY 3 CEpPEIHIM 4acoOM 3aTPUMKH,
nocmimkyerbest B [22]. B [23] posrasHyTo mpoGiemy
aJlaNTHBHOTO HEHPOHHOTO YHPABIIHHA CTIHKOTO 10
BIZIMOB JUISl KJIaCy HEJIIHIHHUX CHCTEM 3 HEBH3HAYEHOIO
KOMYTAIli€f0 1 HECTPOTMM 3BOPOTHUM 3B’S3KOM i3 IH-
HAMIKOIO Ta CTaHAMH, SIKI HE MOJCIIOIOThCA Ta HE
BHUMIPIOIOThCA. AJANTUBHI CTpaTerii HABYaHHA HEWPOH-
HUX MEpeX Ha OCHOBI KOHCEHCYCHHX CTpaTerid ympas-
JHHS 3a1porioHoBaHi B [26].

AJanTHBHE YNpaBIiHHS MOTPEOyE BXIIHOTO BILIMBY,
KA BUMIPIOETbCs. TakoX MiIBUILYETBCS CKIIAAHICTD
peatizariii 111 OTPUMaHHS BUCOKOI TOYHOCTI. Y BHIAJKY,
KOJIM BXiJJHUH BIUTHB HE BUMIPIOEThCS (HEBimoMuit) aman-
TUBHI aJITOPUTMH HE 3aBXKU JIOILIBHI.

Kpame Bchoro nosiOHi 3aadi po3B’si3yl0Thes B Kiaci
KOMOIHOBaHUX aBTOMAaTHYHUX CHCTEM, IO MPALIOIOTH 32
NOMIJIKOIO 1 3aJaBajibHUM (30ypIOIOYMM) BIUIMBOM 3a
HasiBHocTi nepemnikon [4, 16, 31-35]. Komb6inoBauuii an-
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TOPUTM YHIPABJiHHS CTEHIOM IJIS BUIPOOOBYBaHHS MiK-
pOTpaBiTAIlITHOTO CepeloBHINA JITaTHHOTO amapary Mo-
K€ eEeKTHBHO CKOPOTHUTH Yac MaHEBpY i3 30epekeHHSIM
BHCOKOTOYHOTO YIPAaBJIiHHSA, BPAXOBYIOUM BHMOI'H MaHe-
BpY i BETUKKM KyTOM, 3alPOIIOHOBaHO B [21].

VY crnigkyBansaux CAY, 4Ki NpamoroTh 3a BiIXHUICH-
HSIM, ICHYIOTh TPOTHPIYYsl MK yYMOBaMH DPO3AIJIBHOTO
cuHTe3y GiNbTPIB OIiHIOBAHH Ta ynpaeinus [11-14].

B ymoBax, sKIIO 30BHIlIHI BIUTHBY (3aIaBalbHUN Ta
30ypIOOYHid) HE BHMIPIOIOTHCS, JOLIJIBHO BUKOPHUCTOBY-
Batu Teopiro CAY, siKi €KBiBaJICHTHI KOMOIHOBaHUM aB-
TOMATHYHUAM CHCTeMaM (3 TOYKH 30pY iHBapiaHTHOCTI Ta
CTIHKOCTI) Ta peami3yloTh MeTOx audepeHItiaTbHIX
3B’s3KiB, a00 OILHIOBaHHS 3MIHHHX CTaHIB PO3IIHNPEHOTO
00’€eKTy.

OO0’ eKTOM OCHITKEHHSI € AaBTOMATHYHI CIIiIKyBaJb-
Hi CHCTEMH 3 HETPSMHUM BUMIiPIOBAaHHAM 30BHIIITHIX Hii.

IIpenveroM AOCTiX:KeHHS — NPUHLMIK T4 METOIH
Teopii aBTOMaTHYHOTO YIPaBIiHHI i 00poOku iH(opMma-
ii.

Mertoro craTtTi € po3poOka METOy CHHTE3y aBTOMa-
THUYHHX CIIJKYBaJIbHUX CHCTEM BHCOKOI TOYHOCTI i3 pO3-
JIUICHUMH TIpOLEypaMH YIpaBJiHHA Ta QuIbTpalii B
YMOBaX, KOJIM BEIIMYMHA, sIKa YIPABISETHCS, HE BUMIPIO-
€Tbesi (BXIJIHUI KOPUCHMH BIUTHB), TIPH HASBHOCTI 30Yy-
peHb 1A MOOYMOBU CIiKYyBAIBHUX cUCTeM (0COOIHMBO
pamioTeXHIYHUX, /Ie BXiHA KOPUCHA JIisl HE BUMIPIOETHCS,
a ToMy KOMOIHOBaHe YIIPaBIIiHHS HE MOKITHBE).

1 TIOCTAHOBKA 3ABJIAHHSA

VY [14] otpuMaHO YMOBH iHBapiaHTHOCTI OJHOKOHTY-
puoi CAY (puc. 1). 3okpema nepenatouny (yHKINO 3a
noMmwikorw ynpaeminas (1) ta (2), yMoBYy iHBapiaHTHOCTI
(3), xapaxrepuctnune piBusHHS (4) [14]. Tlokasano 3a
qoromororo Bupasi (3), (4), mo yMoBa iHBapiaHTHOCTI
BXOIHUTh B XapaKTEPUCTUYHE PIBHSIHHSI, TOMY JOCSITHECHHS
YMOB iHBapiaHTHOCTI IIOB’s3aHE i3 3MIHOIO XapaKTepHC-
TUYHOTO PIBHSHHSA, TOOTO i3 3MiHOIO KOPEHIB Ha KOMILIE-
KCcHilt mronmHi P [14]. Tomy B oanokoHTypHiH CAY He
MOJKJIMBO JIOCATTH iHBapiaHTHOCTiI 0€3 3MiHM CTiHKOCTi
CHCTEMH.

Bimomo, 1110 3amaya cuHTe3y CligkyBaabHux CAY ya-
CTO CTaBUTBHCS SIK 33ja4a omliHIOBaHHs. Lle nmosicHIoeThCs
HACTYIHUM YHHOM:

— Ha Bxoji cmiakyBanbHOi CAY pasom i3 3amaBaib-
HUM (KOPUCHHMM) BIUIMBOM TIPHUCYTHI 30ypeHHs Ta mepe-
IIKOJIH, SIKi HEOOXITHO Biq(iIbTPpyBaTH BiJ 3a1aBAIEHOTO
BIUTHBY;

— BpaxoBYIOYH, LIO B cligkyBajdpHHX CAY 3anaBaib-
HUH BIUIMB 9acTo Oe3mocepelHb0 HE BUMIPIOETHCS, HEOO-
XiZIHO maHWi QIIBTP CTaBUTH B 3aMKHYTHH KOHTYD
VOpaBIiHHSA Ta CHHTE3YBaTH HOTro 3a BCiMa IpaBHIIAMHU
Teopil oniHoBaHHs [6].

CTpyKTypHa cXeMa OJHOKOHTYpPHOI CIIiJAKYBaJIbHOT
CAY 3 inbTpoM OIIHIOBaHHS BCEPEIMHI
yIpaBJIiHHS ITOKa3aHa Ha puc. 1.

KOHTYPY
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Woy (p)}e

Pucynok 1 — CtpykTypHa cxemMa OZHOKOHTYPHOL
cmigkyBainbHOI CAY 3 (QinbTpOM OLiHIOBAaHHS
BCEpEANHI KOHTYPY

IMokaxemo, mo B cruigkyBambHux CAY, ski mparro-
I0Th 32 BIIXWICHHSM, ICHY€ MpPOTUPIYYS MDK yMOBaMHu
PO3AIIBHOTO CHHTE3y (iNbTpa OLIHIOBAHHS (3IJIAIKY-
BauHs) i pinbTpa (perynsropa) ynpasimiHHs.

st boro BBEZIEMO HEB 3Ky OLIIHIOBaHHS

e(t)=g(t)-x(t). (1)

BingHomeHHs! HEB 3K YIPaBIiHHA ﬁ(t) JI0 BXiJIHOTO
BILIUBY g(t) BU3HAYMMO y BUTJISLII MepeaaToyHoi (yHk-
i1 32 MIOMHIIKOIO, TOOTO

i) _Alp) ,_d )

BinHomIeHHsT HEB  A3KHU OLIHIOBAHHS E(t) 10 BXIZHOTO

BILIUBY g(t) BU3HAUYMMO aHAJIOIIYHO, TOOTO

_4d
90 o) P Ta )
I3 (1) MaemMo HAacCTyNHHUI BUPa3 IS OLIHKH
X(t)=g(t)-£(t) (4)

sika moBMHHA (BignoBimHO 10 puc. 1) dopmysatucs 3a
HeB’A3K0r0 yrpapinas U(t).

HeoOximuuii mpotiec st OTpUMaHHS g(t) 13 HEB  SI3KU
G(t) maemo i3 (2)

o(0)- S230). p= g ©

a aHayoriunmii HeoOXimmuii mporec s £(t) — i3 (3) 3
ypaxyBautsum (5), To6TO

—

)= B(p)ﬁ(t), b= ©)

A(p

2o

[incrasnstoun npasi yactunu (5) i (6) B (4), Maemo

© Pesenko B. b., Kapamyk H. M., 2023
DOI 10.15588/1607-3274-2023-3-4

i()- S S(Pg(), p= L. ¢

3BiIKK TiepenaroyHa (QyHKIIS (GiIbTPY OIIHIOBAaHHS Ha-
CTyIHa

wm%%- ®)

3 ixmoro 60Ky, mepenaToyHa (GyHKIIS 32 TTOMHIKOIO
(e’ s13K010 yTIpaBITiHHSA) Oy1Ie

Ap) _ 1
C(p) 1+ Wy (p)Woer (PWoy (p)° ©)

3BigKu

A(p)+ A(p Wy (P W per (P)Woy ()= C(p),

C(p)-4(p)

Woer (P)= o ()W (p)

(10)

MMincrasmsroun B8 (10) Bupas (8) mis mepemarodnoi
¢yHKLii ¢pineTpa, MaeEMo

 clp)-ap)
e ()= [ )= A oy (7]

I3 ananizy Bupasis (8) aust dinbrpa ta (11) mis pery-
JsITOpa BUHO, L0 BCI TPH TOJIIHOMH A(p), B(p), C(p)

(11

BXOJSATh B 1l CTPYKTYPH, 110 HE JJO3BOJISIE OTPUMATH PO3-
JUIBHUN CHUHTE3 K (NbTpa OIIHIOBaHHS, Tak 1 (QiabTpa
(perynsitopa) yrpaBiiHHS.

Hagitb sIKIIo nipu cuHTE31 peryssitopa Oy IyTh 3a1isHi
TUIBKW JIBa TIOJIIHOMH A(p) Ta C(p). TO JUIS CHUHTE3y
¢inbTpa owiHIOBaHHS OyZe 3ajMIIAaTHCS BUIBHUM TiTBKH
MOJIHOM B(p , 110 HEZIOCTATHHO JJIsl HOOY/IOBH ONTHMA-

apHOTO (inbTpa oniHroBanHs [6]. ToMmy B citimKyBambHUX
CAY, sKi nmparforoTh 3a BIAXWICHHSIM, ICHY€e MPOTHPIYYs
MDK YMOBaMH PO3AUIBHOTO CHHTE3Y (QUIBTPIB OLIHIOBAH-
HsI T4 YOPaBJIiHHSL.

20IJIs1 4 JITEPATYPU

Bimomo psim poOiT mMpo METOM CHHTE3Y PEeryIsATOpiB
koMmbinoBaanx CAY Ta X Micle po3TalryBaHHSA B pO3i-
MKHYTHX KaHamax (y 3B’s3Kax 3a 3amaBajbHUM Ta 30y-
PIOIOYHM BILUTHBAMH).

Tak, Hampukiaj, 3aja4a CUHTE3y CHCTEM, sIKa JI03BO-
JIsie KOMIIGHCYBATH 1o 30ypenb, chopmosana I'. B. 11u-
nanoBuM. B. C. Kynebakunnm ta b. I'. [lerpoBum Bka3aHi
LUIIXY MPAKTHYHOI peatizalii kommeHcarii [1, 7-9].

Metou CHHTE3Y PEeryJisiTopiB IpHU KOMIIEHCAIl 30B-
HIMIHIX 30ypeHb Ta BiJHOBIICHHI 33aJaBaJIbHUX BIUIMABIB i3
YMOB JOCSTHEHHsI 1HBapiaHTHOCTI IIOMIUIKH BiJHOCHO
JaHWX BIUIMBIB po3risHyTi A. I'. IBaxmenxo, I'. @. 3aii-
uesuM, b. M. Meuckum m1a komOinoBaunx CAY, a ta-
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ko st CAY exBiBaJIEHTHHX KOMOIHOBAaHMM aBTOMAaTH-
YHUM CHCTEMaM (3 TOYKH 30py CTIHKOCTI).

3acTOCYBaHHS BEJIMYHHHM, SIKA YIPABIAETHCS (BUXOLY
CHCTEMHM) JJIsI MOOYMIOBH CHCTEM, €KBiBAJCHTHHX KOMOIi-
HOBaHHMM IOTPeOye JOJATKOBUX amapaTypHHX 3aTpar Ta
BHOCHUTH JIOJIaTKOBI MOMHIIKH BHMIPIOBaHHS BEIHYHHH,
SKa YIPABIISETHCS.

3 MATEPIAJIN 1 METOJIN
Bimomo, 1m0 ciimkyBaJibHA CHCTEMa — aBTOMATHYHA
cUCTEeMa, MeTa sIKoi moyisrae y (popMyBaHHI BEITUYMHH,
sIKa YIIPaBISETHCS 3TIHO 3 HEBIIOMOIO BXiTHOK (YHKITI-
€10 Yacy:

X(t) = F(t), £cp = X() - y(t)< €500

ne F (t) — HeBizioMa (QYHKIIis yacy.

VY cniaKyBaJIbHIA CUCTEMI BEJIMUUHA, 110 YIIPABISAETh-
csl, IOBUHHA CJIIJJKYBaTH 32 3a]1aBaJIbHOIO MI€I0, sIKa Ija-
BHO 3MIHIOETKCS, aJIe € HEBITOMOKO (PYHKITIE0 Yacy.

B CAY nns opranizanii yrnpaiiiHHS HaidacTime BXi-
JTHUH CUTHAaJ X(t) MOPIBHIOETHCS 13 CUT'HAIOM 3BOPOTHO-

IO 3B S3KY Ya, (t) Sk mpaBWIIO, B CNIJKYBIBHHX CHUCTE-

Max peaji30BaHMM MPHUHIMIT YIPABIIiHHS 32 BiIXUICHHSM.

CyuacHi cUCTEMH aBTOMAaTHYHOTO YIPABIIiHHS BHCO-
KO TOYHOCTI OyAyIOTHCSl Ha OCHOBI HPHUHIUITY KOMOiHO-
BaHOTO YNPABIiHHA, TOOTO CIIOJIYYEHHS INPHHIMIIB 32
BIIXWJICHHSIM Ta 3aJaBaJIbHOIO JII€10, 32 BIAXHMJICHHSIM Ta
3a 30ypeHHsIM, 3a BIIXWIICHHSAM Ta 3aJaBATBHOIO JI€I0 Ta
3a 30ypeHHsM Ta iH.

[Ipu mpoMy TOYHICTE POOOTH KOMOIHOBAaHUX CHCTEM,
AK TIpaBWJIO, BHWIIA, HDK Y CHCTEMax, /A€ peai3yeThCs
OJIVH IIPUHLMI YIPaBIiHHS.

SIKkmio BXigHA KOpHCHA st HE BUMIpIOEThCs (HEBimO-
Ma), TO KOMOIHOBaHE yMpPaBIIiHHS, CIONYYCHHS MPUHIH-
miB 3a BiAXMICHHSIM (MOXUOKOI0) Ta 3a/1aBajbHOI0 €0,
He moxuse [4, 5, 14, 18].

Bimomo, mo s oTpuMaHHS KOMOIHOBAHOTO YIIpaB-
miHast U, HeoOximHo Matu 1Bi ckiamnosi [4, 16, 18]

Uy = (e)+uz(x),

Ie CKiazoBa Uy 3aJeXKUTh Big MOXHOKK € (HMepIuuil KOH-
Typ), a Uy — Bij 3agaBaipHOrO BIUIMBY X (Apyruil KOH-

TYp).

BpaxoByroun, mo B cucTeMax eKBiBaJICHTHHX KOMOi-
HOBAHMM 3a/IaBAIbHUI BIUIMB O€3MOCepeHRO0 HE BUMI-
PIOETBCS, TO 3pOOMMO HACTYITHUM YUHOM. 3aJaBajbHUMN
BIUIUB X MOXKHA OTPUMATH 13 CUTHAJIy IIOXUOKH € CH-

cTeMH, ekBiBalieHTHOI KoMOiHoBaniii CAY [10].
BukopucTOBYIOYH BiHOLIEHHS

OTPUMAEMO
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(12)

V [14] po3p’si3aHHs 3a1a4i yIpaBIiHHSI PO3IIISHYTO B
paMKax JABOKOHTYPHHX CHUCTEM, €KBIBAJICHTHHX KOMOiHO-
BaHUM cucTeMaMm (puc. 2), B AKUX MepHIuii 6JI0K APyroro
KOHTYPY 3IiMCHIOE onepanilo BUBEACHHI X 13 &, 3a BH-

pazom (12).
e(p) {cy(p) x(p) [Byera(p) a uy(p)
Al(p) CperZ(p) Woy(p)
p—v

Pucynok 2 — CtpykTypHa cxema po3iMKHYTOTo
JPYToro KOHTYPY i3 3aMKHYTHM PEryJIsITOpOM

IMepemarouny GyHKIiO Opyroro peryistopa (apyruit
6JI0K APYrOT0 KOHTYPY) 38aHO HACTYIHUM BHUPA30M

BperZ(p)

Woer =
P Z(p) CperZ(p)

. (13)

Tpertiii 6i1oK 3/IHCHIOE THBEPCIIO MepeaaTo4HOl QyHK-
11if 06’ €Ty ynpaBmiHHI Wy (p)-

OTpuMaHO iHBapiaHTHICTH 0€3 MOPYLIEHHS CTIHKOCTI
nepuoro KoHTypy (puc. 2) [14].

XapaKTepUCTUYHUI TOTIHOM CK(p) JIBOKOHTYPHOT

CAY mae BunI

Ck(p):Cl(p)CpeFZ(p)' (14)

Lle ycyBae BINIMB APYroro KOHTYpPY Ha CTiHKiCTh
HEPLIOTO.

Posrsnyta nBokontypua CAY B [14] ekBiBaneHTHa
koMmOiHoBaHii CAY, OCKIIbKY B Hilf 3a0€3MCUyIOTHCS:

IHBapiaHTHICT, IMOMWIKH BIJJHOCHO 33JaBaJIbHOTO
BIUTUBY 0€3 Oe3rocepeIHLOro HOoro BUMipIOBaHHS;

CTIHKICTh TEpPIIOT0 KOHTYPY 3a YMOBOIO CTiliKOTO
JPYTOro KOHTYPY.

Jlo CTPYKTYpHOI CXEMH PO3IMKHYTOI'O IPYroro KOH-
Typy (puc. 2) [14] 3 ypaxysauusam (13), (14) ta (15) Bin-
HOCHTbCS JIOOYTOK HACTYNHHX NepeAaTOuyHHX (QYHKLIH
(6e3 ypaxysauns W5 (p)):

Cl(p)cperZ(p) BperZ(P)'
A(D)Coer2(p)- Brera(p)p] Crer2(r)

Ilicns  pmimeHHS 4YHCENBHMKA Ta 3HAMEHHHKA Ha

Cger 2 ( p) oTprMaemo:
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Ce(p) _alp)
anp) "))
BperZ(p)/CpeFZ(p)

1- Bper2(p)p_v /CpeFZ(p)'

Jpyruii ciiBMHOKHUK IPEACTaBIISIE€ COO00 PETYISTOP
2, OXOIUICHUH MO3MTHBHUM 3BOPOTHIM 3B’SI3KOM 3 iHTEr-
PYIOUOIO JIAHKOIO V -TO MOPSAKY (puc. 2).

BinmoBinHo, APYTHIA KOHTYp MPEICTaBIsie cOO0IO JI0-
OyTOK 3BOPOTHOI IepemaToyHoi (YHKIIi 32 MOMHIKOIO
MEPIIOro KOHTYPY Ha MepeaaTodny (YyHKIIIO peryisropa
2, OXOIUICHOTO MO3UTHBHUM 3BOPOTHIM 3B’S3KOM i3 OIIe-

paTopoM p ', a TaKOX Ha 3BOPOTHY MepeNaTOuHy (yH-
KIIiFO 00’ €KTY YIIPaBIiHHS 03 IHTErPYOYUX JIAHOK.

VY peanbHHX yMOBax pOOOTH 4acTO Ha 3a/JaBAJIbHUN
BILJIMB x(’[) HaKJIQA€ThCsl 30ypeHHs, TOMy HeoOXimaHa
npouenypa itoro ¢inerpauii (puc. 2) [14] ta moaasnpiioro
(dbopmyBaHHS yrpasiiHHS U Z(t) Ha OCHOBI OLIIHKH )?(t)

Hexaii cTpykrypHa cxema onHOkoHTypHOI CAY Mmae
Bux (puc. 3).

g(t) e |ut) 1

1
'?_’uoza (RN "

Pucynok 3 — CtpykrypHa cxema oqHokoHTypHOI CAY

Bxinuuit BrmB ( (t) HpeJICTaBisie COO0I0 aUTHBHY
CYMIII JIHIHOTO 3a/1aBATbHOTO BILIHBY x(t) Ta 30ypeH-

HSA f(t) 3 HOpMAIILHIM 3aKOHOM PO3MOILTY, TOOTO

glt)=x(t)+ £t), X()=vt, f(t):N[0.02)

Heo0ximHO po3poOHTH CTPYKTYPHY CXEMY JBOKOHTY-
pHoi CAY, exBiBaJIeHTHY KOMOiIHOBaHIH.

3a maHUMH CIIOCTEPEKEHHA 32 MPOIIECOM S(t), po3pa-

(15)

XyBaTH Ta TOOyIoyBaTH (UIBTP OLIHIOBAaHHS MPOIECY
x(t). Kpim TOrO, HEOOXimTHO TaKOX MPOBECTH aHANTI3

BIUTHBY 1150TO QinbTpy Ha actatusm CAY (TobTo Ha ii
TOYHICTB).

4 EKCIEPUMEHTHU
Buxonsun i3 mocTaBIeHOTO 3aBIaHHs, BHOEPEMO J1BO-
koutTypHy CAY, puc. 1 ta puc. 2 [14], B sxiii:
— 3aMiCTh 33/1aBaJHHOTO BILUIUBY x(t) Ma€ MICIE BXig-
HUIi BIUIUB (t) (15);
— 3amicTh posiMKHEeHOTO peryistopa [14], oxormeno-
0 TO3WTHUBHUM 3BOPOTHIM 3B’SI3KOM 3a iHTETpaTopoM

(puc. 2), HeoOXimHO BUKOpUCTATH (DINBTP ONIHIOBAHHS i3
nepefaTouHo  (QYHKIIE  3aMKHyToro  (inbrpa

Wsq (p,t).
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IMeperBopena cxema (puc. 2) [14] must po3s’s3aHHS
3ajaui OIiHIOBAHHS 3aJaBanbHOrO BrTHBY x(t) mpuBese-

Ha Ha puc. 4.

eelt) [1r028]  up (o)L ®

Pucynok 4 — CtpykrypHa cxema qBokoHTypHOI CAY, ekBi-
BaJICHTHOT KOMOIHOBaHiH, i3 3aMKHEHUM (iTbTPOM OL[IHIOBaHHS

y ApYromy KOHTYpi

B sxocti (inbTpa omiHIOBaHHS BHOEPEMO BEKTOPHO-
MaTpuyHui Oe3nepepBHuid GinbTp P. Kanmana, 306paske-
HUI Ha puc. 5.

Pucynok 5 — CtpykTypHa cxema 6e3repepBHOTO

¢inbrpa P. Kanmana i3 ckamspaum suxonaom X\t

Marpuni crany A4, cnocrepexenHss C ta Baru K (t)
Jutst BxigHoi mojeni (15) maroTh Bua

0 1 P (t)/o%
A= , C=[1 0], K(t)= , 16
‘0 0 | | () 21(t)/6% ( )

P(t)=P(t)A+ATP(t)-
-P(t)cT R7IcP(t)+B(t)Q(t)B (1),
P(0)=Py.

(17

3a BiJICYyTHOCTI 30ypIOIOYOTO BIUIMBY Ha BEKTOP CTaHY
%(t), marpumi Q(t) Ta B(t) nopiBHIO0OTH HyIIO.

I3 puc. 5 BuaHO, 10 BiIHOIICHHS 300pa)kEHHS OLIHKA
J?(p) JI0 300paXEHHST BXIiJHOTO MpPOIECy g(p) yTBOPIO-
I0Th IIepeIaTouHy (YHKIII0 3aMKHYTOTO (bijbTpa
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1
cl_iiK(t)
Waq (p,t)= lp =
1+C i 1 K(t) (18)
1-A-
p
_ ClPr-AK() |
el - ATK ()]
1 apt[P=AL (19)

A
3aMiHMBIIM 3BOPOTHY XapaKTEPUCTUYHY MAaTPHUIIO

crany y Bupasi (18) ma mpaBy uactuny Bupasy (19),
OTPUMAEMO

clp1-Al'K(t)

W3®(p't):A+C[P| ~AI'K(t) (20)
€ YUCCIIbHUK
C[PI - A K(t)=Bg(p.1) (21)

— TIOJIIHOM YHCETbHUKA ONTHMAIBLHOTO (inbTpa, a
3HAMCHHHK

A+C[P1 - A K(t)=Cq(p.t) (22)
— TOJIIHOM 3HAMEHHHMKA ONTUMAIBHOTO (iIbTpa.
Topi pi3HUIS MiX MOJIIHOMaMHU (QiIbTpa
Co(p.t)-Bg(p.t)p’ =
»(p.t)-Bo(p.t)p (23)

=A+C[PI - A]'K(t)-C[PI - A]'K(t)p".

I3 amamizy Bupasy (23) BuIUHMBae, mo SAKmo 6 acra-
THU3M TEPIIOr0 KOHTYpY JOpiBHIOBaB HYO (v=0), TO
BKa3aHa Pi3HUIIA JOPiBHIOBaNA A.

J1st BUnanKky, sikuit po3riisiia€Thest

A=det[Pl - A]= det{g ﬂ = p2. (24)

Toxi moniHOM 4YHcCeNbHHKA IMepeaaToyHol (GyHKIIT
JIBOKOHTYPHOI CUCTEMH 32 IIOMUJIKOIO

2
Adp)=4(p)p*. (25)
Ipy BOMY acTaTU3M MiABULIYETHCSA HA ABA ITOPSIKH
(Av=2), 10610 nBOKOHTYpHa CAY puc. 4. Kpim
PO3B’sA3aHHA 3a/a4i OLIHIOBaHHS 3aJaBAJILHOIO BILIMBY
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NPUBOIUTE JO IMiJABUILCHHS acTaTH3MY Ha JIBa IOPSIKH,
Ko O B mepmoMmy KOHTYpi He Oyino actarusmy. [lpu
IpOMYy caM (UTBTp CTIMKHIA 1 HEe BIUIMBAaE€ HA CTIMKICTBH
HEepLIOro KOHTYpY. B oMy Jierko mepexoHaTHCs, SKIIO
sHaiftu ominom Cg (p,t) 3a Bupasom (22).

[MocninoBHICT, BU3HAYCHHS NPUEHAHOI MATPHLI Ha-
CTYyIHA!

[PI—A]T=Lp1 ﬂ:[PI—A]A{g H (26)

Toni Bigmosiguo no (22), (16), (24) ta (26)

Co(p,t)=p? + Ky (t)p + K (1), (27)
e
Knt) =B, gy Plt) 8

Ot Of

€JIEMEHTH BaroBoi MaTpHIIi K(t).

XapakTepuCTUYHUH TOTIHOM IBOKOHTYpHOI CAY Mae
BUJL

Cu(p.t)=C1p)Co (1) (29)
[0 BUKJIFOYAE BIUIMB CTIHKOro ()igbTpa OI[IHIOBAHHSA Ha
cTiHKicTh Beiei CAY.

BinmoBimHO 10 TOCTaBIeHOi 3amadi  PO3TIITHEMO
BIUIMB ¢inbTpa Ha TouHicTh CAY npH HasiBHOCTI B mep-
[IOMY KOHTYPi aCTaTU3My IIepIuoro mopsaky (v =1).

Awmaiiz niBoi yactuau Bupasy (23) mokasye, mo mpu
v =1 HeoOXi/IHO B NOMiHOMI By (p,t) MaTH MHOXKHUK P .
Ile crae MOXIUBHM, SKIIO MepeAaTouHy (YHKINIO 3a-
MKHYTOTO (UIbTpa NOMHOXXUTH Ha MOXIJHY, sKa (i3HUHO
peanisyeTbcst

W
1+t (30)
TOOTO
By(p.t)
Wso (p,t)= o(p)_p 31)

Copl(p.t)1+1p’

ne Cgq(p,t) BusHauaetbcs Bupasom (27), a Bupas juis
Bg(p,t) Ha ocHoBi (21) npuitme Bursn
By (p,t)= Kyg (t)p + K21 (t) (32)

Toxi cTpyKTypHa cxeMa pPO3iMKHEHOTO IPYTroro KOH-
Typy B CAY puc. 4. npuitme BuTIISAA. prc. 6.
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Wso(p,t)

a(t) oft)

81( (t)
——(X)—

B ——

Wy (p,t)

- u(t)

1+t

1+T1p

A 4

I

1
p

Pucynok 6 — CTpyKkTypHa cxema po3iMKHEHOTO JPYroro KOHTYPY i3 MOXiJHOIO,
sika (PI3UYHO peai3yeThes

CkiazieMo JOOYTOK HACTYIHUX IOJITHOMIB!

Boy(p,t)ep = K1 (thp® + Kaa (t)ep =

= Bper2(p1t),

Co(pt)L+1p)=

= [P2 +Kyp(t)p+ KZl(t)] (1+1p)=

=1p° + L+ 1Ky (1))p? + (K () + K3 (1)) p +
+ K (t)=Cper2(p.t).

3HOBY CKJIaJIeMO IIEPETBOPEHY PI3HHIIO0 MIXK MOJi-
HOMamH ¢inbTpa (K JiBa yacthHa BUpasy (23)):

Cper2(p’t)_ BperZ(plt)p%l =

=tp° + L+ 1Ky (1)) p? + (Kyp (1) + K1 (1)) p +
+ K (t)- Kyg (t)ip — K (t)e.

(33)

Sxmo 1 =1 i3 (33) maemo

CPeFZ(p’t)_ BperZ(pvt)p71
= p[PZ + {1+ Kyp(t)p + K21(t)]-

UYepes HasBHICTH BUIBHOTO MHOXXHHKA p, ITOJIHOM

YHCeNbHUKA NepeaaToyHoi (QYHKIIT JBOKOHTYpPHOI CHUC-
TEMH 32 TIOMHUJIKOIO MA€ BUIJISAL

A(p)=Au(p)x
2 (34)
x plp® + L+ Ky (t)p + Ko b))
10 CBiUUTH NPO MiJBHIINEHHS MOPSIKY aCTaTH3My Ha
omuanitto (Av =1). Ilpu mubOMy XapaKTepHCTHIHHIMA
MOJIiHOM ABOKOHTYpHOI CAY
Ce(p.t)=Ci(p)Co (p,t)A+p). (35)
3BiJIKH BUJTHO, I1I0 MOPIiBHSHO i3 BHpazom (29), B cuctemi
3 SIBNISIETHCS OJTMH HOBUH CTIMKUN KOPiHb — 1/ T, IKUH He

BIUIMBAE HA CTIHKICTh NBOKOHTYpHOI CAY.

TakuM 9UHOM, 3aIPONIOHOBAHUEN METOM IOULUIBHO 3a-
CTOCOBYBATH ISl TIOOYJOBH PaIiOTEXHIYHUX CHUCTEM (B
CHCTEMaX VIPaBIiHHSA TpapikoM BHCOKOUIBHIKICHUX
MYJIBTHCEPBICHHX MEPEXk 3B’SI3KY), Y CHCTEMax yIpas-
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JIHHS JIITAIbHAMM amnapataMHM pi3HOTO TPU3HAYCHHS
(6e3minOTHUMHU JIITATEHUMH arapaTaMH, KBaJpOKOIITe-
paMu, IITyYHUMH CYITyTHHUKaMH 3eMJi, JliTakaMu pi3HO-
TO MPU3HAYCHH).

5 PE3YJIbTATHU
CunreszoBana aBokoHTypHa CAY, ekBiBaJeHTHa
koMmOiHoBaHil. Po3paxoBanuii Ta noOymoBanuii QijgbTp
orintoBaHHs (puc. 5), IPOBEICHNUIA aHai3 BIUIUBY I[HOTO
¢inprpa Ha acratimsm CAY (tobrto Ha 1i TouHicTs). ITo-

nizomit By (p,t), Colpit) Ad(pit) Ci(pit) mpu pis-

HUX 3HAYCHHSAX aCTAaTH3MY IEPIIOr0 KOHTYPY HABEICHO
B TaOumni 1.

Tabmuns 1 — [oninomu nepenatounux GyHkuiii CAY

v 0 1
Bo(p,t) | Kyg(t)p+Kpst) (K (t)p+ Koy (t)]p
Co(p,t) p? + Ky (t)p + Koy t) lpz + Ky t)p + KZl(t)JX

x(1+ ‘cp)
Acp.t) | A(p)p? f‘léﬁ)ili(t;r](“ Ky (t)x
Ce(pt) [ Cilp)Calpit) C1(p)Co(p.t)L+1p)

[opiBHsNIBHA OIliHKa €(EKTHBHOCTI CHHTE30BaHOL
CHCTEMH 3 iCHYIOUOIO NPOBEJICHA aHAIITHYHHM METOI0M
[23, 31-35] Ta MeTOIOM MaTEeMAaTHYHOTO MOJIECIFOBAHHS,
NpU TO0/a4i Ha BXiJ OAWHWYHOTO Hepenaiy IMIBUAKOCTI
(cTpubox 3a mBHaKicTIO). Ha prc. 7 HaBemeni rpadiku
nepexiiHuX mporieciB: 1 — s icHyro4oi cuctemu; 2 —
IUTSL CHCTEMH, CHHTE30BaHOI 38 JaHHM METOJOM.

g"(t)l.O Y 1
05 A £S
N &
o5 NV YA 5~ s 7|t
tof—Y

Pucynok 7 — I'padiku nepexiiHUX MpoLeciB

[MopiBHsbHUI aHai3 MOKa3ye, IO MPU OJHAKOBUX
yMOBaxX poOOTH MOKa3HUKHU SKOCTI EPEXiTHOTO MPOIECy
CHHTE30BaHOI CUCTEMHM BHILII.

Pe3ynbpraTi MOZENIOBaHHS CIIJKYBalbHUX CHCTEM 3
GbinpTpamu (perymsiTopamu) YIpaBliHHS Ta OLIHIOBAHHS
MOKa3aJIM 1X 3HaYHY e()EeKTHBHICTB.
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IIpm 3acTocyBaHHI CHHTE30BaHOI TBOXKOHTYPHOL
CAY migBUIIYETHCS TaKOXX TOYHICTH CYMPOBODKCHHS,
0COOJIIBO MaHEBPYIOUNX 00’ €KTIB, 1 TOMY 3MCHIIYETHCS
MOXKJIMBICTb 3pHBY CYIPOBOIKEHHS.

6 OBI'OBOPEHHSI

1. 3anpornoHoBaHUH METOJ CHHTE3Y JBOKOHTYPHHX
CHCTEM, CKBIBAJICHTHUX KOMOIHOBaHHMM, 3 PO3IITICHUMH
MpoIeypaMH YIIpaBiHHA Ta (QUIbTpallii, B yMOBaxX Ha-
SIBHOCTI OJTHOYACHO SIK BXiHOTO (331aBAJIbHOT0) BILIUBY,
Tax i 30BHILIHIX BIUIMBIB Ta 30ypeHb.

2. Po3pobneHnii MeTO [ TO3BOJSE CUHTE3YBaTH CIIiJI-
kyBanbHI CAY BHCOKOI TOYHOCTI, €KBiBaJleHTHI KOMOi-
HOBaHKMM, B YMOBaX, SIKIIO YIPaBIAOYa BEIUYMHA HE
BUMIPIOETHCS (BXiTHA KOPHUCHA JIisT).

3. B manomy amapari nodynoBu CAY, ekBiBaieHT-
HICTh KOMOIHOBaHMM CHCTE€MaM, Ha BiMiHY Bill METOXY
mudepeHIiaTbHAX 3B S3KIB, AOCSATAEThCA HE TPHOMA, a
JIBOMAa KOHTYpaMH YIPaBITiHHS.

4. Po3po0OiieHuit METON O03BOJISIE 3MIHCHUTH PO3Ii-
JbHUI CHHTE3 (UIBTPIB OIIHIOBAaHHS Y JIBOKOHTYPHHX
crmigkyBanbHIX CAY, eKBIBaJCHTHIX KOMOIHOBAaHUM.

5. Cunre3oBana nBokoHTypHa CAY, exBiBaJeHTHa
KoMOiHOBaHii. Po3paxoBanuii Ta moOymoBanuii GiIbTP
OIIiHIOBAaHHS, 3[IHCHEHUH aHali3 BIUIMBY IBOTO (PUIBTPY
Ha acrtatusm CAY (To6To Ha ii TOYHICTS).

BUCHOBKH

HaykxoBa HOBH3HA OTPHMaHHMX PE3YJIBTATIB IIPOBeE-
JICHOTO JOCIHIKEHHS IONATae B po3poOJIeHHI METoxy
cuHTe3y ciigkyBadbHuX CAY BHCOKOI TOYHOCTI, €KBiBa-
JICHTHUX KOMOIHOBaHHUM, B YMOBaX, SIKIIO YIPAaBJsSOva
BENTMYKMHA HE BUMIPIOEThCs (BXimHa KOpucHa fist). ExBi-
BaJICHTHICTh KOMOIHOBaHHMM CHCTEMaM, Ha BIIMIHY Bix
MeTony JuQepeHIialbHAX 3B’A3KiB, JIOCATAETHCS HE
TpbOMa, a JABOMAa KOHTYpaMH yrnpasiiHHS. Po3poOnennit
METOJI JI03BOJISIE 3IIIICHUTH PO3AIIBHUN cuHTE3 (DiNbTpiB
OIIIHIOBaHHSA y HBOKOHTYpHHX CiHigKyBambHHX CAY,
€KBiBaJICHTHUX KOMOIHOBaHUM.

3anpornoHOBaHUH METOJl JOLLIBHO 3aCTOCOBYBATH
JUTSL TIOOYZIOBH CITIZIKYBAJIBHUX CHCTEM (0COOIMBO pasio-
TEXHIYHHX, 1€ BXiJJHA KOPUCHA NIis HE BUMIPIOETHCA TPU
HAasSBHOCTI 30BHIIIHIX BIUIMBIB Ta 30ypeHb, a TOMY 1 KOM-
GiHOBaHE YIPaBJIiHHSA HE MOXIIMBE), a TAKOXK B CHCTEMax
YIpPaBJiHHS JIITATBHAMH amnaparamu pi3HOTO IpH3Ha-
YEHHS.

IlepcnekTHUBH MOAAJBIIMX AOCAIAXKEHb B JaHOMY
HaNpsIMKY MOJIATaloTh y 3aCTOCYBaHHI 3allpOIIOHOBAHOTO
MeToxy cuHTe3y Juid quckpetHux CAY ta npu po3poOii
CHCTEM VIIPABIIHHS JITATGHAMH amapataMd pi3HOTO
MIPU3HAYCHHS.
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A METHOD FOR SYNTHESIS OF HIGH PRECISION RADIO TRACKING SYSTEMS
WITH SPLIT CONTROL AND FILTERING PROCEDURES
Revenko V. B. — PhD, Associate Professor, Associate Professor of the Chair of Electrical Engineering and Electronics of
S. P. Korolev Military Institute of Zhytomyr, Zhytomyr, Ukraine.
Karashchuk N. N. — PhD, Associate Professor, Senior Instructor of the Chair of Telecommunication and Radiomachinery of
S. P. Korolev Military Institute of Zhytomyr, Zhytomyr, Ukraine.

ABSTRACT

Context. In combined automatic control systems (ACS) with the principle of control by disturbance, there are difficulties in
controlling disturbances in some objects of radio engineering systems and somewhat lower accuracy. This is especially noticeable
when the object is affected by several equal disturbances. Taking them into account requires increasing the complexity and reducing
the reliability of the ACS. And neglect sharply reduces the accuracy of the system. Therefore, there is a need to develop a method of
synthesis of radio technical tracking systems that eliminates the indicated shortcomings.

Objective. The article presents a synthesis method for high precision radio tracking systems, which are equivalent to combined
systems with split control and filtering procedures when the entry useful (preset) action, which is not measured and external distur-
bances and interferences are present simultaneously.

Method. Methods of automatic control theory were used to achieve the goal of the research.

Results. It has been demonstrated that there is a conflict between the conditions for split synthesis of the evaluation (smoothing)
filter and the control filter (regulator) in automatic tracking control systems operating with deviation.

The article offers a solution to the problem of control and evaluation in the framework of two-circuit systems, which are equiva-
lent to combined systems. The second circuit can be presented as a product of a reverse transfer function with an error in the first
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circuit to the transfer function of Controller, which has a positive feedback from the operator, as well as the reverse transfer function
of the control object without integrating links. It is proposed to use for evaluation an evaluation filter with closed filter transfer func-
tion instead of an open regulator.

The characteristic polynomial of a two-circuit automatic control system (ACS) excludes the influence of the stable second-circuit
evaluation filter on the stability of the entire ACS. The polynomial of the numerator of the transfer function must have the difference
of polynomials by error, which ensures the achievement of invariance.

A double-circuit ACS is equivalent to a combined one, since it provides the following: invariance of the error with respect to the
preset action without directly measuring it; stability of the first circuit with a stable second circuit.

The synthesized double-circuit ACS is equivalent to a combined one. The author has calculated and constructed the evaluation
filter, the influence of this filter on ACS astatism (i. e., on its accuracy) has been analyzed.

Conclusions. The scientific novelty of the developed method of synthesis of high-precision automatic tracking systems with
separate control and filtering procedures in conditions where the controlled value is not measured in the presence of disturbances is
as follows. Equivalence to combined systems, in contrast to the methods of differential connections, is achieved not by three, but by
two control loops. The practical significance lies in the fact that the proposed method is advisable to use for the construction of
surveillance radio engineering systems, where the input useful effect is not measured in the presence of external influences and
disturbances. In aircraft control systems.

KEYWORDS: radio tracking systems; high precision; synthesis method; automatic control systems; transfer function;
invariance; control device; control object; evaluation filter; contour; regulator.
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ABSTRACT

Context. Some of the authors’ recent papers were devoted to the Kolmogorov-Wiener filter for telecommunication traffic predic-
tion in some stationary models, such as the fractional Gaussian noise model, the power-law structure function model, and the GFSD
(Gaussian fractional sum-difference) model. Recently, the so-called generalized fractional Gaussian noise model was proposed for
stationary telecommunication traffic description in some cases. So, in this paper the theoretical fundamentals of the continuous Kol-
mogorov-Wiener filter used for the prediction of the generalized fractional Gaussian noise are investigated.

Obijective. The aim of the work is to obtain the filter weight function as an approximate solution of the corresponding Wiener—
Hopf integral equation with the kernel equal to the generalized fractional Gaussian noise correlation function.

Method. A truncated Walsh function expansion is proposed in order to obtain the corresponding solution. This expansion is a
special case of the Galerkin method, in the framework of which the unknown function is sought as a truncated series in orthogonal
functions. The integral brackets and the results for the mean absolute percentage errors, which are a measure of discrepancy between
the left-hand side and the right-hand side of the Wiener-Hopf integral equation, are calculated numerically on the basis of the Wolf-
ram Mathematica package.

Results. The investigation is made for approximations up to sixty four Walsh functions. Different model parameters are investi-
gated. It is shown that for different model parameters the proposed method is convergent and leads to small mean absolute percent-
age errors for approximations of rather large numbers of Walsh functions.

Conclusions. The paper is devoted to a theoretical construction of the continuous Kolmogorov-Wiener filter weight function for
the prediction of a stationary random process described by the generalized fractional Gaussian noise model. As is known, this model
may give a good description of some actual telecommunication traffic data in systems with packet data transfer. The corresponding
weight function is sought on the basis of the truncated Walsh function expansion method. The corresponding discrepancy errors are
small and the method is convergent.

KEYWORDS: continuous Kolmogorov-Wiener filter, weight function, Galerkin method, Walsh functions, generalized frac-
tional Gaussian noise, telecommunication traffic.

ABBREVIATIONS h(t) is the Kolmogorov-Wiener filter weight function;
GFGN is a generalized fractional Gaussian noise; H is the Hurst exponent;

FGN is a fractional Gaussian noise; R(t) is a traffic correlation function in the GFGN
GFSD is Gaussian fractional sum-difference;

MAPE is a mean absolute percentage error. model; .
a€(0,1] is a GFGN model parameter;
NOMENCLATURE o is a traffic standard deviation;
T is a time interval on which the input process data n is a number of Walsh functions in the correspond-
are observed; ing approximations;
z is a time interval for which the forecast should be g, are coefficients multiplying the Walsh functions;

made;
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walg (t) are the Walsh functions in the Walsh numera-
tion orthogonal on t €[0,T];

Left(t) is the left-hand side of the Wiener-Hopf inte-
gral equation;

Right(t) is the right-hand side of the Wiener-Hopf in-

tegral equation;

Gy are integral brackets;

B, are free terms in the linear system of algebraic
equations in g.;

ng”) are values of the Walsh functions in correspond-
ing points;

Vs, Qs are auxiliary integrals.

INTRODUCTION

The problem of traffic prediction is very important for
telecommunications, see the corresponding description in
[1, 2].

Our recent papers were devoted to such a simple ap-
proach as the Kolmogorov-Wiener filter for stationary
traffic prediction. For example, in our recent paper [3] it
is shown that both the continuous and the discrete Kol-
mogorov-Wiener filter may be applicable to the predic-
tion of smoothed heavy-tail data similar to FGN which
may describe telecommunication traffic in systems with
data packet transfer.

Recently Ming Li proposed a GFGN model for sta-
tionary traffic description [4]. The theoretical fundamen-
tals of the Kolmogorov-Winer filter construction for traf-
fic in the GFGN model are still to be investigated, so this
paper is devoted to the corresponding investigation.

The object of study is the Kolmogorov-Wiener filter
for the prediction of continuous stationary telecommuni-
cation traffic in the GFGN model.

The subject of study is the weight function of the
corresponding filter.

The aim of the work is to obtain the weight function
on the basis of the truncated Walsh function expansion
method.

1 PROBLEM STATEMENT
The weight function under consideration obeys the
following Wiener-Hopf integral equation, see, for exam-

ple, [5]:

}dth(r)R(t—r):R(t+Z) Q)
0

where the traffic correlation function in the GFGN model
is as follows [4]:

2 2H 2H
R(t):%{(|t|a+l) +|t|a—l‘ —2|t|25‘”j. @)
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It should be stressed that in the case where a=1 the
GFGN model coincides with the FGN model.

The problem statement is as follows: to obtain the un-
known filter weight function as an approximate solution
of equation (1) with the correlation function (2) on the
basis of the truncated Walsh function expansion method.

2 REVIEW OF THE LITERATURE

There are a variety of different and rather sophisti-
cated approaches to traffic prediction, see, for example,
[6-8]. Our recent papers were devoted to the Kolmo-
gorov-Wiener filter approach. For example, the theoreti-
cal fundamentals of the weigh function construction were
investigated for the power-law structure function model
[9], for the FGN model [10], and for the GFSD model
[11]. Telecommunication traffic in the systems with data
packet transfer nowadays is treated as a heavy-tail random
process, see, for example, [12-14] and references therein.
In [3], the applicability of the Kolmogorov-Wiener filter
to the prediction of smoothed heavy-tail data is shown.

In [4], the so-called GFGN model for traffic descrip-
tion is proposed. For example, in [4] it is stressed that
such a model gives a good description of the experimental
traffic data recorded by the Bellcore in 1989, recorded by
the Digital Equipment Corporation in 1995, and recorded
by the Measurement and Analysis on the Working Group
Traffic Archive in 2019.

Any theoretical construction of the continuous Kol-
mogorov-Wiener filter for the prediction of a process de-
scribed by the GFGN model is still to be done. So, the
aim of this paper is to obtain the corresponding filter
weight function.

The corresponding investigation is made in the
framework of the Galerkin method [15] on the basis of a
Walsh function expansion. The Walsh functions in the
Walsh numeration are used, see [16].

3 MATERIALS AND METHODS
The unknown weight function is sought in the form

()= ilgswals (%), ©

which on substitution into (1) followed by integration
leads to the following matrix expression for the unknown
coefficients gg (see similar expressions, for example, in

[11]):

0 Gy G - Gy B
92 | |G Gz Gon B, @)
On Gni Gn2 Gnn B

where
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Gys = H drdtwaly (t)walg (t)R(t-1),
00

. ®)
= J.dtwalk (HR(t+2).
0
Similarly to [16], it may be shown that
Gjk = Z W(n)W(n)Vls (6)
where
20-1)T
w{ = wal @&-y1 ,
jl J on
IT sT
S (7
Vi = I J dtdtR(t—1).
(1-1)T (s-1)T
n n
Similarly to [16], it may be shown that
Vis =Visse1s Vis =V, Gjk =Gy, (8)
so only the quantities V,, | =1,n should be calculated on

the basis of the integration (7), while all the other quanti-
ties V,, may be calculated on the basis of (8) with account

Is
for calculated results for ;. The corresponding analyti-

cal calculation may meet difficulties, so the following
approximate expressions were used:

5

'—.:\

.
n
=] | ddwR(t-1)~YR(i-j)107°1072,
0 (I-yT ihj
n
i=0.11073,2.107°,...,
I-1)T (1-1)T |-1)T
j:%,%+1-103,(7)+2~103,...,

©)

and so on while i <T/n,

and so on while j<IT/n.

The idea of (9) is that the square region t<[0,T/n],

te[(l

side equal to 107, Of course, such a calculation is valid
only if T/n>10"°, but this inequality holds in the
framework of the numerical calculations made in this

paper.
Similarly to [16], it may be shown that

—1)T/n,IT/n} is divided into small squares with a
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ZW(“’ (10)
where
sT/n
Q= dtR(t+2). (11)
(s—1)T/n

The integrals Qs are calculated in the Wolfram
Mathematica package by direct integral calculation.

So, the quantities V;; are calculated on the basis of
(9), all the other quantities Vg are calculated from Vy; on

the basis of (8), and the corresponding integral brackets
Gj are calculated on the basis of (6) with account for (7)

and (8). The coefficients B, are calculated on the basis of

(10) with account for (11). Then the unknown coefficients
g, are calculated on the basis of (4), and the unknown

weight function is obtained on the basis of (3).

4 EXPERIMENTS
The following values of the parameters are investi-
gated:
T =100, z=3, H=0.75. (12)
The following values of the model parameters are in-
vestigated: a=0.8, a=0.4, and a=0.08. The quality
of the obtained solution for the weight function is checked
by the calculation of the corresponding MAPE error,
which is a measure of discrepancy between the left-hand
side and the right-hand side of equation (1):

; :
MAPE :1j| Left(t)~Right (), 100, (13)
Te|  Right(t) |
where
Left(t Idrh R(t-t), Right(t)=R(t+z). (14)

The method of trapezoids is used for an approximate
numerical calculation of the function Left(t) :

Lef(t)= 3 -3 (MR- 1)+

T T
h — |R|t—]—— , 15
’ (”me’j ( ’ 103m (19)
. T T T
=01—,2-—,..., 10°-1) — .
J 10° 10° < ) 10°

The MAPE is roughly estimated as
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MAPE=%'Z|Leﬁ(Rj.);tRI9ht(J)I'lOO%,

i 19 (J) (16)
=01 2.1 (102-1)
=012 (107 -1) o

Numerical results for the MAPE are given in the next
section.

5 RESULTS
The obtained results for the MAPE are given in Ta-
ble 1.

Table 1 — MAPE values (in %, rounded off to 2 significant dig-
its) for the approximation of n Walsh functions for different
values of the parameter a

a=0.08 a=04 a=0.38
n=2 1.9 76 15
n=4 0.93 34 6.7
n=8 0.66 1.7 3.0
n=16 0.44 0.92 1.5
n=32 0.30 0.40 0.62
n=64 0.23 0.37 0.50

Comparison graphs for the approximations of 64
Walsh functions are given in Fig. 1 — Fig. 3.

The left-hand and the right-hand
sides of the integral equation (1)

V-Time 16[0,1:]
Figure 1 — Graphs of Left(t) and Right(t) for the approximation
of 64 Walsh functions; a=0.8

— Right(t)
====Left(t)

The left-hand and the right-hand
sides of the integral equation (1)

 Time ¢ £[0.7]
Figure 2 — Graphs of Left(t) and Right(t) for the approximation of 64
Walsh functions; a =0.4
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The left-hand and the right-hand
sides of the integral equation (1)

e
Time IE[O,“T]
Figure 3 — Graphs of Left(t) and Right(t) for the approximation of 64
Walsh functions; a = 0.08

As can be seen, the left-hand side and the right-hand
side of (1) are rather close.

6 DISCUSSION

As can be seen, the approximations of rather great
numbers of the Walsh functions are accurate enough. The
accuracy increases with the number of the Walsh func-
tions. Thus, the proposed method of solving the integral
equation (1) is convergent for the correlation function (2).

It should also be stressed that the corresponding ap-
proximations are rather accurate for all the three consid-
ered values of the parameter a, thus indicating that the
proposed method works well. Of course, the estimation of
the MAPE on the basis of (16) is rather rough, but it is
adequate in order of magnitude. As can be seen from the
obtained graphs, the left-hand side of the integral equation
(1) is indeed rather close to the corresponding right-hand
side for the approximation of 64 Walsh functions.

The paper is devoted to a theoretical construction of
the continuous Kolmogorov-Wiener filter weight function
for the prediction of a stationary random process de-
scribed by the GFGN model. As indicated in [4], that
model may give a good description of some actual tele-
communication traffic data.

The corresponding weight function is the solution of
the Wiener-Hopf integral equation (1). This equation is
solved on the basis of the Galerkin method with the help
of a truncated expansion in the Walsh functions. The
Walsh functions in the Walsh numeration are used. The
algorithm of the weight function derivation is described in
detail. The quality of agreement between the left-hand
side and the right-hand side of the integral equation is
estimated by the MAPE parameter. It is shown that for a
rather large number of Walsh functions the agreement is
good enough, and the corresponding MAPE values are
rather small. Graph comparisons are given to illustrate the
fact that the corresponding left-hand side is indeed close
to the corresponding right-hand side for the obtained solu-
tions. It is shown that the MAPE decreases with the num-
ber of Walsh functions, which justifies the convergence of
the method. The approximations of up to 64 Walsh func-
tions are investigated. The calculations are made with the

help of the Wolfram Mathematica package.
OPEN a#CCESS m
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The use of a Walsh function expansion is known not
only for integral equations, but also for variational calcu-
lus, see [17, 18]. As is known, variational calculus is
widely used in optimal control problems, see, for exam-
ple, [19, 20]. Paper [20] is devoted to a practical electrical
engineering problem, so the mathematics of this paper
may be applicable in part to, for example, electrical engi-
neering problems.

CONCLUSIONS
The Kolmogorov-Wiener filter weight function for the
prediction of continuous stationary telecommunication
traffic in the GFGN model is calculated on the basis of
the truncated Walsh function expansion method. Ap-
proximations up to 64 Walsh functions are investigated.
The convergence of the method is illustrated.

The results of this paper may be useful for the practi-
cal prediction of stationary telecommunication traffic in
systems with data packet transfer.

The scientific novelty of the paper is the fact that for
the first time the Kolmogorov-Wiener filter weight func-
tion is calculated for the prediction of telecommunication
traffic in the GFGN model.

The practical significance is that the obtained results
may be applied to the practical prediction of telecommu-
nication traffic in systems with data packet transfer.

Prospects for further research are to investigate the
Galerkin method for other orthogonal systems of func-
tions, for example, polynomial or trigonometric ones, and
to compare the obtained MAPE results with the results
based on the Walsh functions. Another plan for the future
is to generate simulated data described by the GFGN
model and to investigate the corresponding prediction for
them.
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AHOTAIISA

AxTyanbHicTh. Jleski 3 HewoAaBHiX cTarteil aBTopis mpucBsdeHi ¢instpy Koamoroposa-Binepa 1uist mporHo3yBaHHs TEIEKOMY-
HiKauiiHoro Tpadiky B JESIKHX CTalliOHAPHUX MOJEISNX, TAKHX SK MOJEJb (PaKTalibHOTO TayCiBCHKOTO LIyMY, MOJENb CTEIeHEBOT
crpykrypHoi ¢yHkuii Ta GFSD (Gaussian fractional sum-difference) moxens. HemonaBHo Tak 3BaHa MOAENb y3arajibHEHOTO (pak-
TaJIFHOTO TayCiBCHKOTO HIyMy OyJa 3amponOHOBaHA JJIS OMUCY CTAIliOHAPHOTO TEJICKOMYHIKAIiifHOTO TpadiKy B JAESKUX BHIIAAKAX.
Tox B Wi CTATTI JOCHIIKEHO TeOPETHYHI OCHOBH HerepepBHoro ¢inprpa Konmoroposa-Binepa, 3aCTOCOBHOTO sl IPOrHO3YBaHHS
y3arajlbHeHOTro (hPaKTaIbHOTO rayCiBCHKOTO IIyMy.

Meta po6oTu. Mertoto poboTH € OTpUMaTH BaroBy (YHKIIFO (QiabTpa sK HaOIMKEHHH PO3B’ 30K BIAMOBIIHOTO iHTETPAILHOTO
piBHsiHHS Binepa-Xomnda 3 ssapom, 1o 1opiBHIOE KOPEIsIiHIi (yHKLIT y3araabHEeHOro (ppaKkTalbHOTO rayCiBChKOTOo HIyMy.

Metoa. Meton 06ipBaHHX pO3BHHEHB 32 (GyHKLisIMU Boiiia 3anpornoHoBaHo it OTPUMaHHsI BiAMOBIAHOTO po3B’si3Ky. Take po-
3BUHEHHS € YaCTUHHHM BHUITaJKOM MeToxay ['aepkiHa, B paMKax sIKOTo HeBigoma (YHKILs IIyKaeTbCsl Y BUMIISAAL 00ipBAaHOTO PO3BH-
HEHHS 32 OPTOTOHANBHUMH (QYHKLIAMU. [HTErpasbHi Ay »KKH Ta pe3yIbTaTH IS CepeIHbO1 aOCOMIOTHOI BiICOTKOBOI MOMMIIKA BiAXH-
Jy JiBOT YaCTHHHM IHTETrpanbHOTO piBHAHHS Binepa-Xomda Bix mpaBoi obuncieni uncensHo Ha ocHoBi makery Wolfram Mathematica.

PesyabTaTn. [locmimkeHHs 3po0iaeHe sl HaOMKeHb BKIIFOYHO J0 HAONMKEHHS IIICTACCATH YOTUPHOX (QyHKUiH Bomma. Jlo-
CIIiJKEHO pi3Hi mapamerpu Mozeni. [Tokazano, mo Juist pi3sHUX IMapaMeTpiB MOJENI 3alpOIIOHOBAHUN METO[] € 30KHUM Ta HMPHU3BO-
JIITH JIO MAJIUX CepPeNIHIX aOCOTFOTHUX BiJICOTKOBHX IMOMMJIOK JUTS HAOIMKEHB JIOBOJII BEJTUKOI KITBKOCTI (yHKIi# Borira.

BucnoBkn. CTaTTIO MPUCBAYCHO TEOPETHYHIA MOOYm0BI BaroBoi (yHkiii HemepepBHoro ¢inerpa Kommoroposa-Binepa mis
MPOTHO3YBAHHS CTAL[IOHAPHOTO BUIAJKOBOIO MPOLECY, L0 OMHUCYETHCS MOJEIUIIO y3aralbHEHOro ()paKTaJbHOTO rayCiBChKOIo IIy-
My. Sk Bimomo, Taka MoOJeib MOXKE J00pe ONMMCYBATH IEBHI SKCIIEPUMEHTANbHI JaHi B CHCTeMax 3 MaKeTHOIO Iepeiadcio JaHuX.
BignosizHa BaroBa ()yHKIISl OTyKa€THCS HA OCHOBI 00IpBaHOTO PO3BHHEHHS 3a QyHKUisiMA Bomma. BinnoBigHi MOMUIKY BiIXHITY €
MaJIMH Ta METOX € 301KHIM.

KJIFOYOBI CJIOBA: nenepepBruii pinstp Konmoroposa-Binepa, Barosa ¢yskuis, meron ["anepkina, ¢ynkunii Bomma, y3a-

TaJbHEHUH (paKTaIbHUIN rayciBCHKUI IIyM, TEIEKOMYHIKAiHHII Tpadik.
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ABSTRACT

Context. The task of planning multifactorial experiments is important in science and industrial production. In the
context of competition, rising costs, and increasing efficiency, it is necessary to optimize plans for multifactorial experiments in
terms of cost and time. To solve this problem, there are a number of approaches and methods, the choice of which for a competitive
technical task is an important and difficult task. In this regard, there is a need to develop new methods for optimizing the cost (time)
of multifactorial experiment plans, compare them with existing methods, and give recommendations for practical application in the
study of real objects.

Obijective. The purpose of the study is to develop and test the method of growing trees, to evaluate its effectiveness in
comparison with other methods. The following tasks has been solved to achieve this goal: the proposed method of growing trees has
been implemented in the form of software; the method has been used to optimize plans for multifactorial experiments in the study of
real objects; its effectiveness has been evaluated in comparison with other methods; recommendations for its use were given.

Method. The proposed method of growing trees is based on the application of graph theory. The advantage of the method is the
reduction of time for solving optimization problems related to the construction of optimal plans for multifactorial experiments in
terms of cost (time) expenses. Another characteristic feature is the high accuracy of solving optimization problems.

Results. The results of experiments and comparisons with other optimization methods confirm the efficiency and effectiveness of
the proposed method and allow us to recommend it for the study of objects with the number of significant factors k < 7. It is
promising to further expand the range of scientific and industrial objects for their study using this method.

Conclusions. A growing tree method has been developed for the optimization of multifactorial experimental plans in terms of
cost and time expenditures, along with software that implements it using the Angular framework and the TypeScript programming
language.

The effectiveness of the growing tree method is shown in comparison with the following methods: complete and limited
enumeration, monkey search, modified Gray code application, and bacterial optimization. The growing tree method is faster than
complete enumeration and can be applied to optimize multifactorial experimental plans in terms of cost (time) expenses for objects
with a number of factors k < 7. In solving optimization problems, the method of growing trees gives better results compared to
monkey search, limited enumeration and bacterial optimization.

KEYWORDS: growing tree method, algorithm, multifactorial experiment, software, comparison.

NOMENCLATURE

X, e is a matrix of the initial plan of the multifactorial
experiment;

X{ is a value of the i-th factor of the process under
study in the j-th experiment;

k is a number of factors of the research object;

N is a number of experiments in the experiment
planning matrix;

Sy is a matrix of transition costs of factor levels;

S; is a total cost of the experiment;

Sij is a cost of installing the i-th factor in the j-th
experiment;

t, is total time of the experiment;

t;; is a duration of the installation of the i-th factor in
the j-th experiment.

INTRODUCTION
Saving resources and time is an important issue in
industrial production and scientific research. Due to
global inflation, the cost of resources is increasing, which
leads to the need to optimize technological processes,
production, etc. By optimizing, a company reduces the

S(i+1)(_1),5(i_1)(+1) is a value of the cost of level
transitions for the i-th factor;

ty — matrix of transition durations of factor levels;
t(+1)-1) 1) 18 @ value of the duration of level

transitions for the i-th factor;
Xopt s @ matrix of the optimal or near-optimal

experiment plan;

© Koshovyi M. D., Pylypenko O. T., llyina I. V., Tokarev V. V., 2023
DOI 10.15588/1607-3274-2023-3-6

amount of raw materials required, shortens production
time, and increases its potential and efficiency. Therefore,
the issue of optimizing plans for multifactorial
experiments in terms of cost and time is relevant.

The object of study: the process of optimizing plans
for multifactorial experiments in terms of cost and time.
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The subject of study: the method of growing trees for
optimization of multifactorial experimental plans in terms
of cost and time and the software that implements it.

The purpose of the work: development of the
growing tree method and the software that implements it;
application of the method to optimize the plans of
multifactorial experiments; comparison with other
optimization methods and evaluation of its effectiveness.

1 PROBLEM STATEMENT
For a given matrix X, of the initial plan of a
multifactorial experiment

xt x3 .. oxt . Xq
X3 xZ .. oxZ .. XP
X X)) X
XX

and a matrix of transition costs of factor levels Sy, or a
matrix of transition durations of factor levels ttl

1
S{+1)(-1)
S 2

(+1)(-1)

tF th
D) (DY

t? t?
D) M(-DH+Y

1
5(2—1)(—1)
SC1)(+1)

k
S(-1)(+1)

bo| )

k k
NEEE RIS

it is necessary to find the optimal or near-optimal
experiment plan X,p, for which the total cost or duration
of the experiment is minimized, i. e.
N k
Sy =2 Sjj —>min;

j=2i=1

N k
t = Zzti,j — min. ©)

j=2i=1

2 REVIEW OF THE LITERATURE
The following optimization methods can be applied to
solve the problem of constructing optimal plans for
multifactorial experiments in terms of cost (time)
expenses: lion [1], black hole [2], grey wolf [3], artificial
algae algorithm [4], firefly algorithm [5], hunting
search [6], water cycle algorithm [7], bat algorithm [8],
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binary dragonfly algorithm [9], binary butterfly
algorithm [10], cat swarm optimization [11], cuckoo
search [12], dolphin echolocation algorithm [13], flower
pollination  algorithm [14], honey  bee  mating
optimization [15], fish migration optimization [16],
immune algorithm [17], tumbleweed algorithm [18], ant
lion optimization [19].

Currently, the following methods have been
developed and tested to optimize experimental plans in
terms of cost (time): permutation analysis [20], complete
enumeration [20, 21], particle swarm [20, 22, 23], genetic
algorithm [20, 24], jumping frogs [20, 25], application of
Gray code [20, 26], branch and bound [20, 21], monkey

search [20, 27], fish school search [20, 28], ant
algorithm [20], sequential approximation [20], greedy
algorithm [20], nearest neighbor [20], tabu
search [20, 23], simulated annealing [20, 29], nested

partitions [20], combinatorial graph [20], based on serial
sequences [20, 21], and simplex method [20].

Each of them has its own advantages and
disadvantages [20]. When studying a variety of objects,
each task of constructing optimal experimental plans has a
technical task with its own priorities and conditions.
Some objects require high optimization accuracy, while
others require fast calculation. There are also difficulties
with the fact that when using the method, you need to
calculate many steps that are irrational, which leads to a
large time spent on finding the optimal experiment plan.
Therefore, the usefulness of a particular optimization
method depends on the specific technical task.

In this regard, there is a need to develop and
investigate the method of growing trees for optimizing
multifactorial experimental plans in terms of cost (time)
in order to assess its effectiveness.

3 MATERIALS AND METHODS

The growing tree optimization method is based on the
use of tree graphs.

A tree is a connected acyclic graph in which one
vertex has a zero in-degree and the other vertices have an
in-degree of 1. The vertex with zero in-degree is called
the root of the tree, and the vertices with zero out-degree
are referred to as terminal vertices or leaves [30]. Figure 1
shows the standard representation of a tree graph,
illustrating that there is only one path between any pair of
vertices.

Figure 1 — Tree graph

The application of graph theory for analyzing plans of
multifactorial experiment is considered on the example of
the study of non-contact direct current and density
meters [21]. Table 1 shows an experiment plan for the

study of such meters.
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Table 1 — Experimental plan for the study of non-contact direct

Table 3 — Cost of implementing the experimental plans

current and density meters Vertex Cost
Number X1 X, 1 1.30
1 -1 -1 2 1.30
2 -1 +1 3 1.32
3 +1 -1 4 1.32
4 +1 +1 Based on the calculation. we can conclude that the

The cost of changing factor levels is shown in Table 2.

Table 2 — Cost of changing factors

Changing factors X1 X
From “~1” to “+1” 0.48 0.40
from “+1” to “-1” 0.50 0.42

After analyzing the experiment plan. we have four
initial vertices for graph construction.

We optimized the experiment plan in terms of cost by
constructing graphs for each of the four initial vertices

(Fig. 2).

Figure 2 — Graph construction for each of the i-th vertices:
a—-i=1;b-i=2;c-i=3;d-i=4

After constructing the graphs for each of the possible
vertices. we calculate the costs of implementing the
experiment plans. which are shown in Table 3.
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best performance is achieved with experiment plans
represented by graphs with initial vertices 1 and 2. with a
cost of 1.30 u. m.. compared to the initial plan’s cost of
1.70 u. m.

Thus. the gain in the cost of implementing the optimal
plans compared to the initial plan is 1.31 times.

The algorithm for optimizing the cost (time) of a
multifactorial experiment plan using the growing tree
method is as follows.

Step 1. Select the number of factors.

Step 2. Input the transition costs values for each
factor.

Step 3.1. Generate the initial plan matrix based on the
number of factors.

Step 3.2. Determining the
calculations.

Step 4. Calculate the cost of the initial matrix.

Step 5.1. Inserting a row at the beginning of the
matrix.

Step 5.1.1. Calculate the cost of the transition between
the selected row and the next.

Step 5.1.2. Search for the minimum difference in the
transition cost between the selected row and the row that
has not yet been used in the matrix.

Step 5.1.3. All rows in the matrix have been used.

Step 5.1.4. Replace the initial row of the matrix with
the next unused. and perform the calculation.

Step 5.2. All rows of the matrix have been substituted
at its beginning and calculations have been performed
according to the above scheme.

Step 6.1. Calculate the costs of all obtained matrices.

Step 6.2. Compare the costs of the obtained matrices.

Step 7. Select the matrix with the minimum total cost
Based on the results.

Step 8. Compare and analyze the initial matrix with
the optimal one calculated using the growing trees
method.

Step 9. Display the results on the screen.

The algorithm diagram implementing the method of
growing trees is presented in Figure 3.

The software implementation of the algorithm was
performed using the Angular framework in the
TypeScript development language [31]. which is an add-
on to the JavaScript programming language. The
advantage of using Angular is that it is built on the basic
principles of object-oriented programming (OOP). OOP
includes three main principles: encapsulation. inheritance.
and polymorphism. These principles enable the creation
of more modular and scalable programs that are easier to
maintain and evolve. As a result. the number of input

factors can be increased seamlessly.
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Figure 3 — Diagram of the algorithm for implementing the growing trees method

4 EXPERIMENTS

Optimization of multifactorial experiment plans was
carried out using the method of growing trees. and a
comparative analysis of the obtained experimental plans
was performed with plans obtained using the following
methods: monkey search. complete enumeration. limited
enumeration. modified Gray code. bacterial optimization.

Optimization based on the cost expenses of the
experiment plan has been conducted for the investigation
of the technological process of welding thin plates.
The factors considered: X; — capacitor capacity. puF; X, —
conversion coefficient. X3 — electrode force. N. The cost
of changing the values of the factor levels is presented in
Table 4.

The initial and optimal plans for conducting a
multifactorial experiment for the investigation of the
technological process of welding thin plates are provided
in Tables 5 and 6 respectively.

Table 4 — Cost of changing the values of the factor levels

Factor Costs of changes in the values of factor levels. u. m.
from “-1" to “+1” from “+1” to “-1”
Xy 2.5 3
X 2 2.5
X3 1.5 2
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Table 5 — Initial plan of a multifactorial experiment

Experiment Factors
number Xy Xz X3
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1

Table 6 — Optimal plan of a multifactorial experiment obtained
by the growing tree method

Experiment Factors
number Xy X X3
1 -1 -1 -1
2 -1 -1 +1
3 -1 +1 +1
4 -1 +1 -1
5 +1 +1 -1
6 +1 +1 +1
7 +1 -1 +1
8 +1 -1 -1

The cost of the initial experiment plan is 27 u. m.. and
the cost of the plans obtained by the growing tree method
and full search is 14 u. m. The cost of the plan obtained
by the monkey search method is 14.5 u. m. [32].

During the investigation of the accuracy of a device
for measuring material humidity. the following factors
were selected as dominant: X; — power supply voltage;
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X, — resistance value connected to the output of the
operational amplifier; X3 — number of turns W in the main
winding of the magnetostrictive transducer; X, — number
of turns W1 in the additional winding 3 or 4 [21]. The
cost of changing the levels of factor values is presented in
Table 7.

The initial plan of a full factorial experiment for
studying the accuracy of the material moisture meter is
presented in Table 8.

As a result of applying the growing tree method. an
optimal plan for a multifactorial experiment was obtained.
as shown in Table 9.

Table 7 — Costs of changing factor level values

Factor Costs of changing factor level values. u. m.
from “-1” to “+1” from “+1” to “-1”
X4 0.52 0.51
X, 0.72 0.71
X3 5.5 1.4
X4 6.7 2.4

Table 8 — Initial plan of a multifactorial experiment

When investigating a section of the machine-building
workshop [21]. the overall working time of computer
numerically controlled (CNC) machines was chosen as
the optimization criterion. The dominant factors affecting
this metric were selected as follows: X; — maintenance
time t,. hours; X, — number of CNC machines y,; X3 —
machine working time within a day tyg. hours; X, —
maintenance periodicity t,. The time for changing the
levels of these factors is presented in Table 10. The initial
and optimal plans for conducting the experiment on the
CNC machine section are provided in Tables 11 and 12.
respectively.

Table 10 — Time changes in factor levels

Factor Time changes in factor levels. hours.
from “-1" to “+1” from “+1” to “-1”
Xy 7 3
X, 6 2
X3 16 12
X4 100 50

Table 11 — Initial pan of a multifactorial experiment

Experiment Factors Experiment Factors
number X1 X, X3 X4 number Xy X, X3 X4
1 -1 -1 -1 -1 1 -1 -1 -1 -1
2 +1 -1 -1 -1 2 +1 -1 -1 -1
3 -1 +1 -1 -1 3 -1 +1 -1 -1
4 +1 +1 -1 -1 4 +1 +1 -1 -1
5 -1 -1 +1 -1 5 -1 -1 +1 -1
6 +1 -1 +1 -1 6 +1 -1 +1 -1
7 -1 +1 +1 -1 7 -1 +1 +1 -1
8 +1 +1 +1 -1 8 +1 +1 +1 -1
9 -1 -1 -1 +1 9 -1 -1 -1 +1
10 +1 -1 -1 +1 10 +1 -1 -1 +1
11 -1 +1 -1 +1 11 -1 +1 -1 +1
12 +1 +1 -1 +1 12 +1 +1 -1 +1
13 -1 -1 +1 +1 13 -1 -1 +1 +1
14 +1 -1 +1 +1 14 +1 -1 +1 +1
15 -1 +1 +1 +1 15 -1 +1 +1 +1
16 +1 +1 +1 +1 16 +1 +1 +1 +1

Table 9 — Initial plan of a multifactor experiment

Table 12 — Optimal plan of a multifactor experiment obtained by

The cost of the initial experiment plan is 31.84 u. m..
the cost of the plans obtained by the growing trees method

and the method based on the use of the modified Gray

code [33] is 16.28 u. m.
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Experiment Factors the growing trees method
number X1 X, X3 Xa Experiment Factors
1 +1 +1 +1 +1 number X1 X, X3 X4
2 -1 +1 +1 +1 1 -1 +1 -1 +1
3 -1 -1 +1 +1 2 -1 -1 -1 +1
4 +1 -1 +1 +1 3 +1 -1 -1 +1
5 +1 -1 -1 +1 4 +1 +1 -1 +1
6 -1 -1 -1 +1 5 +1 +1 +1 +1
7 -1 +1 -1 +1 6 +1 -1 +1 +1
8 +1 +1 -1 +1 7 -1 -1 +1 +1
9 +1 +1 -1 -1 8 -1 +1 +1 +1
10 -1 +1 -1 -1 9 -1 +1 +1 -1
11 -1 -1 -1 -1 10 -1 -1 +1 -1
12 +1 -1 -1 -1 11 +1 -1 +1 -1
13 +1 -1 +1 -1 12 +1 +1 +1 -1
14 -1 -1 +1 -1 13 +1 +1 -1 -1
15 -1 +1 +1 -1 14 +1 -1 -1 -1
16 +1 +1 +1 -1 15 -1 -1 -1 -1
16 -1 +1 -1 -1

The time required to implement the initial experiment
plan is 251 hours [21]. while the optimal plan takes

130 hours.
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5 RESULTS
The results of the conducted experiment. presented in
Table 13. demonstrate gains in the implementation of
experiment plans obtained using the recalculated methods
compared to the cost of conducting the initial plan for the
study of the technological process of welding thin plates.

Table 13 — Comparison of costs for implementing experimental
plans for the investigation of the technological process of
welding thin plates

Optimization method Cost.ust:qndard Gain
Method of constructing the
S 27 1
initial plan
Complete enumeration 14 1.93
Monkey search method 14.5 1.86
Growing tree method 14 1.93

Table 14 presents the gains in implementing the
experimental plans obtained using mentioned methods
compared to the cost of the initial plan for the study of the
accuracy of the humidity meter for materials.

Table 14 — Comparison of implementation costs for
experimental plans investigating the accuracy of the moisture

meter
Optimization method Cost. u. m. Gain
Method _of_ constructing 31.84 1
the initial plan
Modified Gray code 16.28 1.96
Growing trees method 16.28 1.96

The time expenditures for implementing the
experiment plans obtained by different methods [32].
along with the time savings compared to the time of
conducting the initial plan for the study of the numerical
program-controlled machine shop area. are presented in
Table 15.

Table 15 — Comparison of optimization methods for experiment
plans in the study of the machining workshop with numerical
program control

Optimization method Plan |_mp|ementat|0n Gain
time. hours
Method _of_ constructing 251 1
the initial plan
Monkey search method 180 1.39
Limited enumeration 2145 117
method
Bacterial method 181 1.39
Growing trees method 130 1.93
6 DISCUSSION

Based on the comparison of methods. the following
conclusions can be drawn. When optimizing plans for
multifactorial experiments in the study of technological
processes using the growing trees method. we obtain
plans with cost expenditures that coincide with those
obtained through complete enumeration and the
application of modified Gray code. This confirms the
effectiveness and efficiency of the growing tree method.
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In comparison to methods such as monkey search.
limited enumeration. and bacterial optimization. the
growing tree method yields better results.

The growing tree method has faster performance than
complete enumeration and can be applied for optimizing
plans of multifactorial experiments in terms of cost (time)
expenditures for objects with up to k <7 factors.

CONCLUSIONS

The growing tree method has been developed for
optimizing plans of multifactorial experiments in terms of
cost and time expenditures. along with the corresponding
software implementation.

The scientific novelty of the obtained results lies in
the development of the growing tree method that allows
for obtaining optimal or near-optimal plans of multifactor
experiments with high speed in terms of cost and time
expenditures.

The practical value of the research results is that the
developed software. implementing the growing tree
method. enables the generation of optimal or near-optimal
plans of multifactor experiments for a wide range of
objects with up to k <7 factors.

The prospects for further research lie in the
application of the growing tree method to a wide range of
scientific and industrial objects. such as capacitance
moisture meters [34].
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METO/I 3POCTAIOYUX JEPEB JJIs1 ONTHUMI3ALII IIVIAHIB BATATO®AKTOPHUX EKCITEPUMEHTIB

Komosuii M. I. — n-p TexH. Hayk. mpodecop. npodecop Kadenpu iHTEICKTyadbHUX BHUMIPIOBATBHUX CHCTEM Ta iHXKEHEpii
sikocti. HamioHansHuit aepokocMmiunmii yHiBepcuteT iM. M. €. JKykoBcbkoro «XapkiBChKWil aBiamiifHuil iHCTHTYT». XapkiB.
VYkpaiHa.

Immunenko O. T. — acnmipaHT Kadenpy IHTENEKTyaJlbHUX BHMIPIOBAIBHHX CHCTEM Ta imkeHepii skocti. HamioHnambHuii
aepokocMiuHuil yHiBepcuTeT iM. M. €. )KykoBchkoro «XapKiBChKHil aBialliiHUi IHCTUTYT». XapkiB. YKpaiHa.

Lnpina I. B. — kaHx. TexH. HayK. AOLEHT. JOLCHT KadeapH eIeKTPOHHNX OOYHCITIOBAIbHUX MAIINH. XapKiBChKUI HAI[lOHATbHHUI
YHIBEPCHUTET paaioenekTpoHiku. XapkiB. YkpaiHa.

TokapeB B. B. — kaHA. TexH. HayK. JOIEHT. IOLUCHT Ka(eapu eJIeKTPOHHHX OOYHCIIOBAJbHUX MAIINH. XapKiBCHKHN
HAIllOHAJIbHUHN YHIBEPCHUTET PaJiOeIeKTPOHIKH. XapKiB. YKpaiHa.

AHOTAIIA

AxTyanbHicTh. 3amava IulaHyBaHHS 0OaraTo()akKTOPHHMX EKCIIEPUMEHTIB 3aliMae BaXKIMBE MICIle B Haylli Ta IPOMHCIOBOMY
BUpoOHUUTBI. [Ipy 1IbOMy B yMOBaxX KOHKYpEHIIil. 3pOCTaHHS BHTpAT. IiJBHUIIEHHs €(EKTHBHOCTI HEOOXiJHA ONTHUMI3aLlisl IUIaHIB
OaraTo(hakTOPHUX EKCIIEPUMEHTIB 3a BAapTICHUMHU Ta YacCOBUMHM BHUTpaTamu. [y BHpilIeHHs L€l 3amadvi iCHye psii MiOXOIIB Ta
METOAiB. BUOIp SKUX JUIi KOHKPETHOTO TEXHIYHOIO 3aBJaHHA € BAKJIMBOIO Ta CKIAJHOIO 3ajayeto. Y 3B 3Ky 3 LIUM BHHHKAe
HEOOXiMHICTh B pO3po0Ii HOBHX METOJIB ONTHMIi3alii 3a BapTiCHUMU (4aCOBUMH) BHTpAaTaMH IUIaHIB 0Oarato(hakToOpHUX
SKCTIICPHMEHTIB. TIOPIBHSAHHI iX 3 yXe ICHYIOUHMH METOIaMH Ta BHAA4l PEKOMEHIALil 10 NMPaKTHYHOMY 3aCTOCYBaHHI HpH
JOCIHIPKEHHI PeabHIX 00’ €KTIB.

Meta. Mera po6oTu nossrae y po3po0mi Ta anpobariii MeTomy 3poCTalounX JepeB. OLIHKH HOro e(eKTUBHOCTI Y MOPIBHSIHHI 3
iHImMME MeToamu. IIpu mboMy JUIS TOCTIKEHHS METH BHpIIIeH! HACTYIIHI 3aBJaHHS: 3alIPOIIOHOBAHHI METOJ| 3pOCTAIOUNX JIEPEB
peai3oBaHMii y BHIVISAI MPOTPaMHOTO 3a0C3MEUCHHS; METOJ 3aCTOCOBAHMU JUIs ONTHMi3amlii IUIaHiB OaraTopakTOpHUX
SKCIIEpPUMEHTIB TP JOCIIJDKEHHI peajbHUX 00’ €KTiB; MPOBEJEeHa OIiHKA HOro epeKTHBHOCTI y MOPIBHSAHHI 3 IHIIMMH METOJIaMH;
BUJIaHI PEKOMEH/Iallii 110 HOro BUKOPUCTAHHIO.

Metoa. 3anponoHOBaHHM METOJ] 3pOCTAIOYMX [EpPEeB 3aCHOBaHMU Ha 3acTocyBaHHi Teopii rpadis. IlepeBaroro meromy €
CKOPOYCHHSI 4acy BHUPIIMICHHS ONTHMI3amifHMX 3amad. MOB’S3aHUX 3 MOOYIOBOI0 ONTUMAIBHHMX 33 BapTiCHUMH (4acCOBHUMM)
BHUTpPATaMU IUTaHIB 0araTopakTOPHUX EKCIIEPHMEHTIB. XapaKTEePHOIO PHCOI0 € TAKOXK BHCOKA TOYHICTh BHPIMICHHS ONTUMI3amiiHIX
3amad.

Pe3yabTaTn. Pesynpratn ekcriepMMeHTIB Ta HOPIBHSAHHS 3 IHITNMH METOJaMH ONTUMI3aIil MiTBEpIKYIOTh Ipare3JaTHICTh Ta
e(eKTHBHICTH 3alPOIIOHOBAHOTO METOAY Ta JO3BOJIAIOTH PEKOMEHIyBAaTH HOTO Ul JOCIHIMKEHHS 00 €KTIB i3 YMCIOM CYTTEBHX
¢akropiB k < 7. IlepCrieKTHBHUM € MOJAJbIIC PO3IIMPEHHS KoJia 00’€KTiB HAYKOBOTO Ta IPOMHCIOBOIO MPU3HAYCHHS JUIA iX
JOCIIZXKEHHS LM METO/IOM.

BucHoBkn. Po3po0ieHo MeTon 3pocTarouMx JepeB s ONTHMI3allii 3a BapTICHAMH Ta YacOBUMH BHTpAaTaMy IUIAHIB
6araTo(hakTOPHUX EKCIEPUMEHTIB Ta Mporpamue 3abe3medeHHs. MO Horo peamisye 3a momomororo framework Angular ma mosi
po3pobku TypeScript.

ITokazana edeKTHBHICTH METO/Y 3pOCTAIOUUX JIEPEB y MOPIBHSIHHI 3 HACTYIHUMHU METOJAMH: ITOBHUH Ta OOMEXeHUH mepebip.
MaBIITYMH HOIIYK. 3aCTOCYBaHHS MOAU(IKOBaHOTO Koxy I'pest. OakTepianbHa onTuMizaris. MeTos 3poCTarounx JepeB Mae OUIbITy
IIBUJIKOII0O HDKX MHOBHUII mepebip Ta MOXKE 3acTOCOBYBATHCS JUIS ONTHMi3alii IUIaHiB 0arato(p)akTOPHUX EKCIIEPUMEHTIB 3a
BapTICHUMH (4aCOBUMH) BHUTpaTaMu uisi 00’€kTiB 3 KinbkicTio dakropiB Kk < 7. Tlpu pineHHi onTUMi3amifiHUX 3a1a4 METO[
3pOCTAIOYMX [EepPeB Ja€ Kpalli pe3yibTaTH y HOPIBHSIHHI 3 MaBISIYMM IIOLIYKOM. OOMEXeHHM mepebopoM Ta OakTepialbHOIO
OITUMI3aLi€l0.

KJIIIOYOBI CJIOBA: MeTox 3pOoCTaroumMXx AEpeB, alrOpuTM, 0araro(akTOpHHN EKCIEPHMEHT, IpOorpaMHe 3a0e3ledeHHS,
MOPIBHSHHSL.
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ABSTRACT

Context. The paper focuses on the problem of estimating the center of distribution of the random component of experimental
data for density models with a negative kurtosis.

Obijective. The goal of this research is to develop methods to improve the efficiency of polynomial estimation of parameters of
experimental data with a negative kurtosis coefficient.

Method. The study applies a relatively new approach to obtaining estimates for the center of the probability distribution from the
results of experimental data with a stochastic component. This approach is based on polynomial estimation methods that rely on the
mathematical apparatus of Kunchenko's stochastic polynomials and the description of random variables by higher-order statistics
(moments or cumulants). A number of probability density distributions with a negative kurtosis coefficient are used as models of the
random component.

As a measure of efficiency, the ratio of variance of the estimates for the center of the distribution found using polynomial and
classical methods based on the parameter of amount of information obtained is used.

The relative accuracy of polynomial estimates in comparison with the estimates of the mean, median and quantile estimates (cen-

ter of curvature) is researched using the Monte Carlo method for multiple tests.
Results. Polynomial methods for estimating the distribution center parameter for data models of probability distribution density

with a negative kurtosis coefficient have been constructed.

Conclusions. The research carried out in this paper confirms the potentially high efficiency of polynomial estimates of the coor-
dinates of the center of the experimental data, which are adequately described by model distributions with a negative kurtosis. Statis-
tical modeling has confirmed the effectiveness of the obtained estimates in comparison with the known non-parametric estimates
based on the statistics of the mean, median, and quantile, even with small sample sizes.

KEYWORDS: data sampling, estimation, stochastic polynomial, cumulants, negative kurtosis.

ABBREVIATIONS
PMM - polynomial maximization method;

NOMENCLATURE
a;(0) = E{x;} are mathematical expectations that de-

pend on the parameter being estimated,;
d(oymean 1S a coefficient of variance reduction relative

to the method of moments;

h —h3 are weighting coefficients;

Jn () is an amount of obtained information;

N is a number of experiments to obtain a predeter-
mined accuracy;

n is a sample volume;

r is a predefined order of the polynomial;

x is a sample value;

X is a sample of equally distributed random variables;

a; are sample statistical initial moments;

y3 and yg are cumulant coefficients;

0 is an informative parameter;

0 is an estimation of informative parameter;

& is a random component of sample data;
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Gz(e)r is a theoretical variance of the parameter esti-
mated by the PMM,;

62(e)mean is an empirical value of the variance of the
mean estimates;

52(@)med is an empirical value of the variance of the
median estimates;

62(9)qvant is an empirical value of the variance of the
guantile estimates;

62(9)pMM3 is an empirical value of the variance of

the PMM estimates (r = 3);
¥ is a second-order cumulant;

INTRODUCTION

Statistical estimation methods are the usually core
mathematical tool for many tasks where the analysis of
experimental data is required, such as interpretation of
scientific experiments, stochastic signal processing, prod-
uct quality assurance, non-destructive testing of struc-
tures, network intrusion detection systems, theoretical
fundamental metrology etc. The need to use them is pre-
determined by the impact of various noises and interfer-
ences, random errors or errors of measuring instruments
on the experimental data. In such cases, a typical ap-
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proach is to present the data model as an additive interac-
tion of informative parameter and a stochastic component
[1, 2].

There are several tasks in which a stochastic compo-
nent of the experimental data symmetrical in nature, and
under the following condition, the center of the probabil-
ity distribution of this stochastic component can be de-
termined as center of symmetry, and its coordinate will be
the actual value of the informative parameter [3].

Quite often, in practice, simple averaging is used to cal-
culate an estimate of the coordinate the center of the sto-
chastic experimental data distribution. However, the appli-
cation of arithmetic mean to estimate the parameters of
random series is actually optimal only for models with a
Gaussian probability distribution density. But in fact, it is
impossible to represent all the variety of real probability
distributions of the random component with this law alone.
Therefore, some tasks require the use of other distribution
laws, sometimes significantly different from the normal
one [2-5].

The object of study is the process of estimating the
parameters of random variable models with the moment-
cumulant description.

The subject of study is models of experimental data
with negative kurtosis and methods of polynomial estima-
tion of their parameters.

The purpose of the work is to increase the efficiency
of polynomial estimation of parameters of experimental
data with a negative kurtosis coefficient when creating
methods and tools for mathematical and computer model-
ling based on the application of the polynomial maximiza-
tion method and moment-cumulant description of random
variables to improve the quality of the estimates obtained
by increasing their accuracy in the functioning of data
processing systems of the corresponding class.

1 PROBLEM STATEMENT
It is necessary to estimate the value of the informative
parameter 6 based on statistical processing of the vector
X =1{X,Xp,.. X} Of sample values x=0+§&, which are

statistically independent and identically distributed and
obtained by conducting multiple experiments.

It is assumed that the mathematical model of the ran-
dom component of the data & is adequately described by

the distribution laws shown in Table 1.

The research is supposed to obtain estimates of the
center of the distribution, analytical expressions describ-
ing the variances of the PMM estimates, and, using Monte
Carlo statistical modelling, to check the actual efficiency
of the estimates compared to the ones obtained by other
methods, depending on the amount of sample data and the
distribution with a negative kurtosis.

2 REVIEW OF THE LITERATURE

In a number of tasks of processing experimental data
of various origins, it turns out that the random component
in them has a distribution with a negative kurtosis, and the
type of distribution itself is concave (bimodal). Models of
such distributions are used in information and measure-
ment systems [2, 7], in determining electromagnetic com-
patibility [8-10], in sociology [11], evolutionary biology
[12], hydrology [13], and other fields.

Among such probability density models, according to
which the random component of the experimental data is
distributed, the following can be distinguished: U-
quadratic distribution, arcsine distribution, V-shaped dis-
tribution and symmetrical Kumaraswamy distribution.
These distributions are symmetric, have a negative kurto-
sis, and have another property: they are defined on a lim-
ited interval. A graphical representation of their probabil-
ity density is shown in Figure 1. Table 1 shows the
mathematical expressions for the probability density func-
tion of the corresponding laws:

Table 1 — Mathematical representation of probability distribution

Ne Type of distribution Distribution parameters
a) p(X) (X B)Z — 12 B b+a
(b - a) 2
1 —_—
b) p(x) = > > W:b a W=b+a
W —(x—h) 2 2
x—a|
c) p(x) = |_ a=0 b=1
b2
9 p(X)=<’:1~b-xa‘71(1—xz")t)71 a=05 b=05
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Figure 1 — Symmetric distributions with negative kurtosis: a — U-quadratic distribution, b — arcsine distribution,
¢ — V-shaped distribution, d — symmetrical Kumaraswamy distribution

It is well known that the application of mathematical
models of the random component of experimental data
with any probability distribution requires the use of cer-
tain mathematical procedures for statistical processing.
The existing fundamental approaches to finding estimates
of the parameters of such models are based on the method
of moments and the method of maximum likelihood or its
modifications, respectively. The first one has a relatively
low accuracy, but is notable for its simple calculation.
The other requires the implementation of rather complex
algorithms and the availability of as large a sample size as
possible, which characterizes it as asymptotically efficient
[13-15]. In addition to these methods, other statistics can
also be used to obtain an estimate: median, quantile (cen-
ter of curvature) or rank estimates [5, 16].

3 MATERIALS AND METHODS
In general, finding estimates of an unknown scalar pa-
rameter 6 by the polynomial maximization method over
a sample of equally distributed random variables
% =1{X1,X,...X,} involves solving a polynomial equation
of the form:

=0, 1)
0=0

$10) 134000

v=1

where r — predefined order of the polynomial,
3;(0) = E{x;} — mathematical expectations that depend

on the parameter being estimated. The weighting coeffi-
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cients h;(0) of equation (1) can be found under the condi-
tion of ensuring the minimum variance of the estimates of
the parameter 6 when using a polynomial of power
r [17]. These coefficients are found from solving a sys-
tem of linear algebraic equations of the form:

hOF, §(0) =< 0) J = @

where the centered correlants
F.j(0) =i j(0) - 0;(0)(6), i,j=1r. When forming

a stochastic polynomial of power r for equation (2), it is
necessary to have a partial probability description in the
form of a set of moments up to the 2r -th order.

It is known from [17-19] that when using power
transforms as basis functions, polynomial estimates ob-
tained with the powers of the polynomial r=212 are
equivalent to estimates of the mean for any symmetric
distribution law of random variables. Therefore, in order
to obtain estimates of the PMM that can prevail in accu-
racy, it is necessary to use a stochastic polynomial of
power r=3. To form the polynomial equation (1) with
the unknown parameter 0, the relations for the first 6
initial moments were calculated. They will depend on the
desired parameter 6, the second-order cumulant x,, and

the cumulant coefficients y, and yg:
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01(0) =0, 0p(0) =0% +x,, 03(6) =0%+30y,,
04(0) = 0% +6023, + (B+74)%3

a5 (0) = 0° +100%, +50(3+74)x3. (3)
0 (0) =0°% +150%y, +1502(3+7,4)x5 +
+(1501+74) +Y6)%5-

To find the weighting coefficients that minimize the vari-
ance of the PMM estimates of the distribution center pa-
rameter, the necessary expressions for the derivatives of
the first 3 moments are as follows:

d d d
15040 =1—02(0) =20, -a5(0) = 36%+72).  (4)

If we use a polynomial of power r =3, then the equa-

tion for finding the PMM estimates 0 for the case of a
symmetrically distributed random component of the ex-
perimental data can be written as follows:

n

S [xy — 0]+ by 3 (2 — (02 + 2]

v=1 v=1
", ®)
+h3Z[XV —(9 +36X2)
v=1 0=0

where hy —hg — are the weighting coefficients obtained

from the analytical solution of the system of equations (2)
by the Kramer method, and taking into account expres-
sions (3) and (4), and are as follows:

h 30774~ (6+124 +v6)12
(14 -9)v4-6-76)15
307,
2 = 70
((va=9)va-6-v6)x2
hy = T4 =
((va—9)va-6-7v6)%2

(6)

If the found coefficients (6) are substituted into the
into the PMM equation (5), then a polynomial equation of
the third power with respect to the parameter 6 is ob-
tained:

3 2
P0° + P06 + P36+ P, b " 0, (7

where the coefficients P,—P, depend on the second-
order cumulant y, and the cumulant coefficients y, and
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- 1& L =
moments &; =—» Xy, i=16.
Ny

It is known [16, 19] that the solution of the cubic
equation of the form (7) is obtained analytically on the
basis of Cardano's formulas. However, there are alterna-
tive methods for obtaining an analytical solution, for ex-
ample, the general cubic formula, Viete's substitution,
trigonometric and hyperbolic solutions, and the Lagrange
method [20]. The effectiveness of these methods depends
on the type of roots of the cubic equation. It is known that
the correct solution of a PMM is a real root, which in
general can be more than one, which requires additional
verification by the criterion of minimum variance.

In [18], it was proposed to use numerical iterative al-
gorithms for solving nonlinear equations. As an initial
approximation for finding the root of equation (7), it is
proposed to use a linear estimate of the desired parameter
in the form of a sample mean 4. The condition for stop-

ping iterations is set based on the standard deviation of
the estimates.

It is known that the Newton-Raphson method is most
commonly used to solve nonlinear equations and their
systems, but the method of simple iteration, the method of
fastest descent, etc. can also be applied.

So, in fact, the question of using mathematical meth-
ods to solve a polynomial maximization equation requires
a more thorough study, comparing analytical and numeri-
cal methods, the speed of algorithms, and the types of
roots obtained.

It was proved in [17] that the estimates obtained as a
result of solving the PMM equation are valid and asymp-
totically unbiased. It is also important that there is an ana-
lytical solution for the variance of such estimates. It is
based on the concept of the amount of information ob-
tained about the estimated parameter 6 and is calculated
using a well-known formula:

r d
Jrnee) =nR_hi(0)—a;(0). 8
0) Ei 0 (8)

The previously found values of the moments and
weighting coefficients are used here. The inverse of the
amount of obtained information in the asymptotic case
tends to the variance of the estimated parameter, namely:

2 .
Sy = lim ‘]rn(e)' 9)

n—0

Analogous to [16-17], for a comparative analysis of
the relative accuracy of estimates, it is advisable to intro-
duce the concept of the coefficient of variance reduction:

S (29)PMM3
Jeymean =" -
G (0)mean

OPEN a ACCESS

(10)




p-ISSN 1607-3274 PanioenexrpoHnika, indpopmatrka, ynpasminss. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

This coefficient indicates the ratio of the variance of
the PMM estimates of the parameter 6 obtained from the
r -order polynomial equation to the variance of the PMM
estimates when r =1 or to the variance of the method of
moments estimates.

The variance 0(29)mean of the estimates of the parame-

ter 6, found by the method of moments, does not depend
on the value of this parameter. It is uniquely determined
by the ratio of the second-order cumulant y, to the vol-

ume of the sample n [17]:

2
G (0)mean = XTZ (11)

If substituting the values of the obtained weighting
coefficients (6) and the derivatives of the moments (4)
into expression (8), then in the asymptotic case (at
n— o), it is possible to determine the variance of the
PMM estimates of the order of the polynomial r=3
through the value of the cumulant coefficients:

S{oyPMM 3 Z%{l— (12)

In this case, the coefficient of variance reduction (10)
will depend on the cumulant coefficients characterizing
the kurtosis of the random variable and has the form:

2
Y4 (13)
6+9’Y4 +Ye6

9(o)mean =1-

As a result of the research, theoretical coefficients for

reducing the variance of estimates of the center of distri-

butions with a negative kurtosis coefficient were calcu-

lated, as shown in Table 2. Since the selected distribution

models have constant cumulant coefficients characteriz-
ing the kurtosis, the values obtained are numerical:

Table 2 — Theoretical coefficients of variance reduction

Ne Bux posnoziny 9(e)mean Ya Y6
a) U-quadratic distribution 0,037 -1,81 13,69
b) Arcsine distribution 0,1 -15 10
c) V-shaped distribution 0,074 -1,67 12
d) Symmetrical Kumaraswamy distribution 0,058 -1,46 9,42

As shown in Table 2, all distributions are non-
Gaussian, but it is the coefficient vy, that is negative. The

results obtained do not contradict the domain of permissi-
ble values of cumulant coefficients shown in [17], and
they cannot take on arbitrary values.

Based on the results of the research on the use of the
PMM to estimate the parameter 0, it is possible to say
that such estimates are superior in accuracy to the classi-
cal average method for distributions with a negative kur-
tosis. Thus, when the order of the stochastic polynomial
is r=3, the efficiency advantage of the PMM estimates
of the distribution center is more than 10 times. Al-
though, of course, in solving certain practical problems,
the efficiency advantage of such estimates using the
PMM may be somewhat less.

4 EXPERIMENTS

Usually, it is quite problematic to check and prove the
effectiveness of both methods and algorithms in practice
due to the limited amount of data obtained through a real-
world experiment. A way out of this situation may be the
use of simulation modeling methods, among which the
most common is the Monte Carlo method, which is based
on obtaining a large number of random data realizations
that have stochastic properties of the real process being
reproduced.

In this work, a software implementation of a series of
repeated experiments was developed in Mathematica to
compare the accuracy of the PMM estimates of the poly-
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nomial order r =3 with other classical estimates. For this
purpose, the experiment was supplemented with the cal-
culation of median and quantile estimates (center of
curve), which are also used to determine the center of the
distribution.

As shown above, expression (10) can serve as a pre-
cise criterion of efficiency, but for experimental data it
will contain empirical values of the variance reduction
coefficients of the corresponding estimates:

. GO)PMM3 - S{o)PMM3
Jeymean = —5 — YOmed =5
G (0)mean . G (8)med (14)
~ S(6)PMM3
9@)qan ==
O(p)qvan

where 6(26)mean , C}%e)med ; 6(26)qvan1 cAY(ZG)PMMS — aver-
age values of the variance of estimates for N experi-
ments, obtained using the mean, median, quantile esti-
mate, and PMM (r =3), respectively.

In the implementation of the experiment, the estimates of
the sample initial moments for substitution into the stochastic
polynomial equation were obtained using the known formula:

(15)
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When analyzing expressions (11) and (12), we can
talk about the asymptotic efficiency of the methods, i.e.,
to obtain valid results, the sample of one experiment
should be as large as possible. As for averaging the vari-
ance of the estimates, it is also necessary to have a certain
number of experiments to ensure a predetermined accu-
racy and statistical stability of the modeling results. This
calculation is performed using confidence intervals [21].

If a parameter 0 with mathematical expectation 6 is
estimated from a sample and has a mean M (X), then
there exists a value & such that |0—M(X)| <&, which
will be the accuracy of the estimate. The probability of
fulfillment of this inequality is its reliability
P(0-M(X)|<e)=E.

Since the scheme of independent statistical tests with a
relative frequency of occurrence of the required event
m/N is considered, for sufficiently large N, a distribu-
tion close to normal will be obtained. Therefore, for each
value of reliability E , the value of the function ®(t)=E
can be selected from the probability integral tables for
such a value tg that the accuracy ¢ is equal:

e=tg/D(M/N) =tg{/D(X)/N . (16)
Thus, the number of experiments to obtain a given ac-
curacy will be found as follows:

N =t2D(X)/¢?. (17)

If a number of random variables are evaluated during
one experiment, then maxD;(X) is usually chosen to
calculate the number of experiments N .

Typically, the reliability is set at E =0.95, so the ta-
ble value found is tg =1.96 . The accuracy of calculating
the variance and the coefficient of variance reduction will
be adequate when the number has two decimal places, i.e.
£=0.01. Calculating the variance values for the given
probability distribution models with constant parameters,
it is obtained max D;(X)=0.6. Thus, the required num-
ber of experiments to get a given accuracy is as follows:

2
N:%:BOOO.
e

(18)

5 RESULTS
The results of statistical modeling by the Monte Carlo
method for the various distributions considered in the
research and the volume of experimental sample values
n=20+200 obtained at the number of experiments

N =23-10° are presented in Table 3.

For a more visual representation and comparison, the
coefficients of variance reduction obtained as a result of
Monte Carlo simulation relative to the method of mo-
ments and their theoretical values were plotted, since they
were calculated analytically. Figure 2 shows them de-
pending on the volume of the sample n.

6 DISCUSSION

Usually, methods that perform nonlinear processing of
any data, especially stochastic data, lead to the complica-
tion of mathematical and computational algorithms. The
polynomial estimation of the parameters of the experi-
mental data proposed in this study is no exception. More-
over, it is known that increasing the order of the stochas-
tic polynomial r does not lead to a linear dependence of
the increase in the accuracy of the obtained estimates.
This fact somewhat reduces the application of the method
in practice and forces a compromise between increasing
accuracy or complexity. That is why in this study it was
decided to choose the order r =3 of the stochastic poly-
nomial.

The analysis of the results of theoretical (Table 2) and
experimental (Table 3) studies of variance reduction coef-
ficients shows their significant correlation. This is espe-
cially evident when the sample size n increases, and also
indicates the correctness of the statistical modeling. Such
results fully confirm the asymptotic efficiency of poly-
nomial estimation based on the property of the amount of
obtained information (8).

Table 3 — Coefficients of variance reduction of estimates

PeByJ’ILTaTI/I CTAaTUCTHYHOT'O MOACIHOBAaHHA
Q(e)mean Q(e)med Q(e)qvan
Buz posnoainy 9 (03
n

20 50 100 200 20 50 100 | 200 20 50 100 200
U-quadratic 0037 | 016 | 0.044 | 0.038 | 0.035 | 0.018 | 0.002 | 0.001 | 0.001 | 0.284 | 0.161 | 0.151 | 0.153
distribution
Arcsine 01 | 0305 | 0138 | 0.114 | 0.102 | 0.077 | 0.031 | 0.024 | 0.021 | 0.236 | 0.108 | 0.088 | 0.082
distribution
V-shaped
V-Shape 0,074 | 025 | 0.097 | 0.08 | 0071 | 0.039 | 0.009 | 0.005 | 0.003 | 0.319 | 0.17 | 0.154 | 0.14
distribution
Symmetrical
Kumaraswamy 0,058 | 0.196 | 0.093 | 0.068 | 0,061 | 0.109 | 0.044 | 0.031 | 0.026 | 0.284 | 0.138 | 0.108 | 0.094
distribution
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Figure 2 — Comparison of the efficiency of methods for finding center coordinate estimates depending on the volume of the sam-
ple: a — U-quadratic distribution, b — arcsine distribution,
¢ — V-shaped distribution, d — symmetrical Kumaraswamy distribution

A general analysis of the results of comparing differ-
ent estimation methods with the PMM shows its high ef-
ficiency. It is demonstrated by the fact that the PMM has
an average 3-5 times higher accuracy of estimates than
classical methods, as shown in Figure 2. This is also true
for small (20 values) sample volumes, which is important
for limited experiments, although the smallest reduction
in the variance of the estimate in such cases is observed
compared to the method of quantile estimates. As for the
median estimate, the PMM has the greatest advantage
over it in terms of accuracy for models with a gentler
curve.

As the sample volume increases, the coefficient of
variance reduction tends to its theoretical value, as it
should be, which is confirmed by the results of statistical
modeling. This trend can be observed both in the numeri-
cal results (Table 3) and in the graphical interpretation
(Figure 2), which shows a comparison of the experimental
value and the theoretical one. Although the coefficient of
variance reduction increases with decreasing non-
Gaussianity of the experimental data (the advantage in
accuracy decreases), the advantage of polynomial esti-
mates remains significant.

CONCLUSIONS

The research conducted in this paper confirms the po-
tentially high efficiency of the polynomial maximization
method in determining estimates of the coordinates of the
center of distribution of experimental data that are ade-
quately described by models of probability distributions
with a negative kurtosis. An important and essential fea-
ture of this approach is the fact that it does not require any
prior information about the type and parameters of the
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distributions. However, for the purpose of demonstration,
the necessary well-known models were used, which are
adequate to the task at hand. The paper shows that the
algorithm for finding the PMM estimates of an informa-
tive parameter using the polynomial order r=3 can be
reduced to solving a cubic equation. For this purpose,
both explicit and numerical methods can be used. The
coefficients of this equation are obtained from the calcula-
tion of a posteriori estimates of the initial moments up to
the 6-th order of the stochastic component of the experi-
mental data.

The basis for finding the coefficient of variance reduc-
tion in this paper is the concept of the amount of informa-
tion extracted, which is identical to Fisher's information
for the Maximum Likelihood Estimation. However, the
amount of information extracted was calculated based on
sample statistical characteristics, such as moments and
cumulants. The result is an analytical expression that, for
each model distribution, when substituting the numerical
values of the interval on which it is defined, gives a num-
ber in the final case.

Statistical modeling has confirmed the effectiveness of
the PMM estimates compared to known nonparametric
estimates based on the mean, median, and quantile statis-
tics, even with small sample sizes. The simulation results
show that the accuracy of the proposed approach is some-
times significantly (more than 3 times) higher than classi-
cal nonparametric estimates.
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MNOJIHOMIAJIBHE OLHIHIOBAHHSI TAPAMETPIB MOI[EJIEﬁ JAHHUX 3 BII’€EMHUM KOE®IIIEHTOM
EKCHECY

Yenunora B. B. — acmipanT kadeapn KOMIT'IOTEpHHX HayK Ta CHCTEMHOTO aHaizy, UepkachbKkuil Nep>KaBHUA TEXHOJOTIUHUHA
yHiBepcutet, Yepkacu, Ykpaina.

Yenunora A. B. — xaHz. TexH. HayK, HOLEHT, AeKaH (akyapTeTy iHOpMaNifHUX TEXHOJIOTIH Ta cucteM, Uepkacbkuil nepxas-
HUH TeXHOJIOTIYHMH yHiBepcuTeT, Uepkacu, YkpaiHa.

IManarin B. B. — 1-p TexH. Hayk, npodecop, 3aBigyBau kageapu poOOTOTEXHIYHUX 1 TEIICKOMYHIKAL[IHHUX CHCTEM Ta KibepOes-
nexu, Yepkacbkuil nepixaBHUN TeXHOIOTYHMI yHiBepcuTeT, Uepkacu, YkpaiHa.

AHOTAIIA
AKTyansHicTb. B po6oTi po3risiHyTO 3a1a4y OLHIOBAaHHS LEHTPY PO3MOAULY BHIIAJKOBOI CKJIAJOBOI €KCIICPUMEHTAIbHUX Jla-
HHX JUIsI MOZIENeH IiNBHOCTI 3 BiZl’ eMHUM Koe(illieHTOM eKcIecy.
Meta. MeToro poOOTH € OTPUMaHHS METOJIB MiIBUIIEHHI €(PEKTUBHOCTI IMOJIHOMIaIFHOTO OL[IHIOBaHHS MapaMeTpiB eKcIepu-
MEHTaIBbHUX JaHHX 3 Bill’€MHHM KOe(iIliEHTOM eKcIecy.
MeTtoa. B mocmimkenHi 3acTOCOBaHO BIIHOCHO HOBHUI MiJXiJ VIS OTPUMAHHS OLIHOK LICHTPY PO3MOALTY IMOBIPHOCTI 3 pe3yJib-
TaTiB KCIEPUMECHTAIBHUX JAaHUX, 1[0 MAlOTh CTOXACTHYHY CKiIaaoBy. Lleil miaxin 3acHOBaHO Ha MOJIIHOMIalbHUX METO/AX OL{HIO-
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BaHHsI, KOTPI CIUPAIOTHCS HA MATEMAaTHYHHUI amapar CTOXaCTUYHUX HoiiHOMIB KyHueHka Ta OIHC BHIIAKOBUX BEJIMYUH CTATHCTH-
KaMH BUILHX HOPsAKIB (MOMEHTaMH M KyMyJsiHTaMu). B sikocTi Moesteit BiagKoBoi CKIajoBoi B poOOTi BUKOPHCTAHO Psijl PO3MHO-
JIUTIB IiJIBHOCTI IMOBIPHOCTI 3 BiJi’€MHUM KOCQiIliEHTOM EKCIecy.

B sikocTi Mipy epeKTHBHOCTI OL[iHOK 0yJI0 BUKOPUCTAHO BiJAHOIICHHS JUCHEPCii OL[IHKK LEHTPY PO3MOiNy, 3HalICHOT 3 BUKOPH-
CTaHHSIM IOJTIHOMIaJbHHUX Ta KJIACHYHUX METO/IB, BUXOASYH i3 mapaMeTpa KiIbKOCTi 100y Tol iHpopMmarrii.

JHocnimkeHo, i3 3actocyBanHsIM MeToxy Monte-Kapno mns 6aratopa3oBux BHNPOOYBaHb, BiIHOCHY TOYHICTH MOJIHOMIabHHAX
OLIIHOK y MOPiBHSAHHI 3 OLIHKAMH CEPEHBOT0, ME/[iaH! Ta KBAHTHIBHUX OLIHOK (LEHTPY IEPETHHY).

Pe3yabTaTtn. [ToGynoBaHo moiiHOMianbHI METOAM OLIHIOBAHHS HapaMeTpa HEHTPY PO3IMOULY Ul MOAENeH NaHWX MIIIBHOCTI
po3MoaiTy IMOBIPHOCTI 3 BiJi’ €eMHAM KOCQIIIIEHTOM EKCIecy.

BucHoBku. JlocmimkeHHs, 110 OyJid MPOBEICHI B AaHiil poOOTi, MiATBEP/PKYIOTh MOTCHIIHHO BUCOKY €(EKTHBHICTh MOJIIHOMIA-
JIBHHX OL[IHOK KOOPAMHATH LICHTPY €KCIICPUMEHTAIBLHUX JaHUX, 10 aJCKBATHO OMUCYIOTHCSI MOJCIBHIMHE PO3IIOIIIAMHE 3 BiJl’ EMHUM
koediriearom ekciecy. CTaTUCTUYHE MOJCIIOBAHHS MiATBEPAMIO €(EKTUBHICTh OTPHUMAHMX OLIHOK B IOPIBHSHHI i3 BiJOMHMH
HerapaMeTPUYHUMH OLIIHKAMH{, HA OCHOBI CTaTHCTHK CEPEIHBOTrO, MEIiaHH | KBAHTHIBGHOI OLIHKH, MPUYOMY HABIiTh MPU MAIIUX
00’emMax BHOIPKH.

KJIFOYOBI CJIOBA: Bubipka gaHuX, OIiHIOBAaHHS, CTOXaCTUYHUH MOJIHOM, KyMYJISTHTH, BiJl’€MHHI €KCIIeC.
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ABSTRACT

Context. The subject matter of the article is the recognition of a reference signal in the presence of additive interference.

Obijective. The recognition of the reference signal by the obtained value of its weighting factor in conditions where additive
interference is imposed on the spectrum of the reference signal at unknown random frequencies. The task is the development of a
method for recognizing a reference signal for the case when the interference consists of an unknown periodic signal that can be
represented by a finite sum of basis functions. In addition, interference may also include deterministic signals from a given set with
unknown weighting coefficients, which are simultaneously transmitted over the communication channel with the reference signal.

Method. The method of approximating the unknown periodic component of the interference by the sum of basis functions is
used. The current number of values of the signal that enters the recognition system depends on the number of basis functions. This
signal is the sum of the basis functions and the reference signal with unknown weighting coefficients. To obtain the values of these
coefficients, the method based on the properties of the disproportion functions is used. The recognition process is reduced to the
calculation of the weight coefficient of the reference signal. If it is zero, it indicates that the reference signal is not part of the signal
being analyzed. The recognition system is multi-level. The number of levels depends on the number of basis functions.

Results. The obtained results show that, provided that the reference signal differs by at least one component from the given set of
basis functions, the recognition is successful. The given examples show that the system recognizes the reference signal even in
conditions where the weighting coefficient of the interference is almost 1000 times greater than the coefficient for the reference
signal. The recognition system also works successfully in conditions where the interference includes the sum of deterministic signals
from a given set, which are simultaneously transmitted over the communication channel.

Conclusions. The scientific novelty of the obtained results is that a method for recognizing the reference signal has been
developed in conditions where only an upper estimate of its maximum frequency is known for the periodic component of the
interference. Also, recognition occurs when, in addition to unknown periodic interference, the signals from a given set with unknown
weighting coefficients are superimposed on the reference signal. In the process of recognition, in addition to the weighting factor for
the reference signal, the factors for the interference components are also obtained.

KEYWORDS: recognition of reference signals, additive interference, weighting coefficients, disproportion functions, basis
functions, interference spectrum, Fourier series.

NOMENCLATURE @ is a symbol for calculating disproportion;
tisatime; h is a step of calculation;
y(t) is a signal received at the input of the recognition ci is an unknown coefficient;
system; N is a number of consecutive measurements;
g(t) is a reference signal; lis a level;
n(t) is an interference; n is a sequence number of calculating the
M is a number of basis functions disproportion at this level;
fi(t) is a set of given basis functions, i=1, 2,...M; D, n(j) is a disproportion;
e; is a set of unknown coefficients; o is a circular frequency;

k, is a weight of the reference signal;
k, is a weight of the interference signal;
d is a derivative;
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@ d>((1)y is a disproportion over the 1-th order

derivative of y with respect to x. Read as: “at d one y with
respect to x”.

INTRODUCTION

Recognition of reference signals and estimation of
their weighting coefficients occurs when solving many
problems. In particular, it is necessary for the recognition
of radar signals [1], phonemes in a voice signal [2],
modulation for the analysis of an intercepted signal [3],
emotions in the creation of intelligent systems [4] in
medicine [5, 6], in prosthetics [7], radio monitoring [8, 9],
etc. Most of the works are devoted to the detection and
recognition of the reference signals if interference is
random noise. In particular, it can be a random quasi-
stationary periodic process with an unknown current
spectral characteristic, about which only an upper
estimate of the possible maximum frequency is known. In
addition, simultaneously with the periodic process, other
deterministic signals from a given set with unknown
weighting coefficients can be transmitted over the
communication channel.

The cited circumstances testify to the urgency of
developing new methods of signal recognition.

The object of research is the process of recognizing a
reference signal in the presence of additive interference.

The subject of research is the method and algorithm
for recognizing reference signals under the influence of
listed types of interference.

The purpose of this work is to develop a method for
accurately identifying a reference signal by determining
its weighting factor in the presence of additive
interference. The primary goal is to address the challenge
of recognizing reference signals when the interference
consists of an unknown periodic signal and deterministic
signals from a given set with unknown weighting
coefficients. The research aims to propose a reliable
approach based on the use of disproportion functions and
the approximation of the unknown periodic component of
the interference by a sum of basis functions.

1 LITERATURE REVIEW

Many works are devoted to the detection, recognition,
and estimation of parameters of reference signals. Thus,
in [8], radio monitoring of radio frequency ranges is
carried out to find unoccupied frequency channels in
cognitive radio networks. At the same time, signals are
detected and recognized under conditions of a priori
uncertainty. The noise in the frequency channel is given
by the training sample of realizations. The decision rule is
implemented in the spectral domain using the discrete
Fourier transform. Recognition of phonendoscopy signals
in the space of autocorrelation functions and linear
prediction coefficients is considered in [5].

In [10], the apparatus of fuzzy sets is used to increase
the reliability of positional-binary recognition of signals.
Recognition of cyclic signals is carried out by comparing
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their fuzzy interpretations with the corresponding fuzzy
interpretations of reference signals reflecting the temporal
arrangement of positional-binary components.

In [11], discrete orthogonal transformation is used for
signal recognition. When the investigated signal coincides
with the sample, the spectrum of such a transformation
contains only one non-zero transformation. It should be
noted that the application of the normal transformation to
evaluate the similarity of signals based on the obtained
coefficients makes it possible to introduce a numerical
measure of the evaluation of such similarity. In radio
communication, an important task is the recognition of
signal modulation. To improve its recognition, a fusion of
multimodal features is proposed in [3]. Various functions
in the time and frequency domains are obtained as inputs
to the network at the signal preprocessing stage. Deep
neural convolutional networks are built to obtain spatial
features that interact with temporal features.

In [8], to quickly obtain complete information about
the characteristics of pulse signals, time and frequency
characteristics are obtained. They are mixed in a
convolutional neural network for final classification and
recognition. Recognition of signals with a time-varying
spectrum is considered in [12]. A new radar emitter signal
recognition method based on a one-dimensional deep
residual shrinkage network is proposed in [1]. In [13],
recognition of periodic signals in the presence of additive
periodic interference occurs using the first-order
derivative disproportionality function.

2 PROBLEM STATEMENT

It is necessary to develop a method for recognizing
reference signals and estimating their weighting
coefficients when additive interference is imposed on
them at unknown frequencies. The interference consists of
two parts. The first part is an unknown periodic signal
with a random spectrum. We will assume that it meets the
requirements for its approximation by a finite sum of
basis functions. For example, it can be represented by a
finite Fourier series. The second part is the sum of
deterministic signals from a given set that can be
transmitted over a communication channel simultaneously
with a reference signal with unknown coefficients.

First, consider the case where the interference is a
random periodic signal that can be decomposed into a
finite sum of basis functions. A signal is received at the
input of the recognition system:

y(t) =kig(t) + kan(®). 1)

The interference is quasi-stationary with an unknown
current spectrum superimposed on the spectrum of the
reference signal at unknown frequencies. Coefficients k;
and ky in (1) characterize the weight of the reference
signal and interference, respectively. The values of k; and
k, are unknown.
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M
n(t) =& fi (). )

i=1

After substituting (2) into (1), we get:

M
y(t) =k g () +ka X e fi (0). @)
i1

It is necessary to find the unknown value of the
coefficient k; at the reference signal g(t) using the given
functions fi(t) and the current values y(t). The inequality
of this coefficient to zero indicates that the reference
signal g(t) is recognized in y(t). Its value is the weight of
the reference signal. Conversely, if k; = 0, the reference
signal is absent. To solve the problem, it is necessary to
specify a set of basis functions. Their number M should
not be less than what is needed to approximate the
interference. The case when deterministic signals from a
given set are added to n(t), which are simultaneously
transmitted over the communication channel with the
reference signal, is easily reduced to the previous one. For
this, the list of functions for the decomposition of
interference is expanded. fy.2(t), fms+s(t), ... fur(t) are
added to it, where r is the number of signals superimposed
on the reference signal.

3 MATERIALS AND METHODS
Disproportion functions are used to solve the problem
[13, 14]. There are the disproportion functions by
derivatives, by values, and relative disproportions.
In particular, the disproportion with respect to the
first-order derivative of the function w(t) with respect to
X(t), where t is a parameter, has the form:

dw(ty
z(t):@d)((l)yzw(t)— dt (@)
dx(t
X X(%jt

In case w(t) can be represented by the sum of known
functions ry(t), ra(t), ... ry(t) with unknown coefficients

d1, G2, ... Owm.
W(t) = gir (t) + dara (1) +... + gy v (1), )

sequential calculation of disproportion (4) allows the
finding of unknown coefficients in (5) [13]. In order to
use this property to solve the problem, it is necessary to
reduce y(t) (3) to the form (5). For this, we will introduce
new notations in (3): ¢; = kog;

fmaa () =9(), (6)
Cm 41 = kg O

Substituting (6) and (7) into (3), we get:
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M +1

y©) = X cifi(t). ®)

i=1

Thus, the problem is reduced to the application of
disproportion (4) according to the algorithm given in [13]
to calculate the unknown coefficient cy. in (8). For this,
the current values of y(t) are used. At the same time the
coefficients ¢y, ¢, ... cm, Which determine the interference
n(t), are also calculated.

In contrast to [13], the case where y(t) is measured
discretely in time with a step h and is represented by the
array y;=y(jh) is considered below. Here j =0, 1, 2, ...N-1.
The value of N is determined by the total number of
functions involved in the recognition system. In addition
to M, the reference function fy.1(t) and y(t) should be
taken into account. In this case

N>(M+1+1)+1. ©)]

The discrete functions are not differentiable, therefore,
instead of disproportion (4), an integral disproportion of
the first order should be used [15]. For w(j) and x(j)
measured with the same step h, this disproportion has the
form:

=@ 1P _wli-1+w(j)  w(i)
(H=@I1"’w oD X)X

(10)

Let’s present (8) in discrete form, where f(i, j) = fi(jh),
j=0,1,... N-1:

M+1
y(i)= 2cif(i )

i=1

(11)

To describe the algorithm, it is advisable to consider
the simplified case when M = 4, i.e., the interference is
represented by the sum of only four functions in (11),
calculated with step h. Now f(5,)) is the reference function
that must be recognized. And it is necessary to determine
the coefficient cs. In this case, the signal (11) has the
form:

y(D=af@+caf(2j)+csf(3 1))+ 12)
+C4 (4, ))+c5T(5 ).

The algorithm for calculating the coefficients c; in (12)
consists of (M+1) levels. The disproportions (10) D n(j)
are calculated on each of them.

At the first level, let’s calculate the disproportion (10)
y(j) with respect to any function from the right-hand side
of (12). Let it be f(1,)):
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|0 ya-9+y() vy _
N (W E PO AT
{f(lj D+ fLi) f(l,n}+
FLi-D+f@i) f@i
C{f(2,1—1)+f(2,1)_f(z,j)}+
Lrai-n+fan faj (13)

f(M+1, j-1)+ f (M +1 j)
fQLj-D+fL)j)
(M 1)
f@j)

=Cm1

We will also calculate the disproportions of other
functions f(r, j) from (12) with respect to f(1, j):

Dy (D=@1Pf =

_fn =D+ ) f(rj)
fFLi-D+f@i fLi’

(14)

wherej=0,1,...N-1;r=2,3,4,5.
Substitute (14) into (13) and take into account that the
first component in (13) is zero. As a result, we get:

Dy1(J) =c2Dy2(]) +¢3Dy3()) + 15)
+¢4Dya(]) + 5Dy 5())-

At the second level, in (15), we choose, for example,
D1,(j) and calculate the disproportion (10) of Dy 4(j) with
respect to Dy ,(j):

D2,1(j)=@||g32D1,1=
_ Dua(-D+Dui())  Diali) _
Dio(j-D+Dyo(J) Dio())
DLa(i-D+Dr2(i) _Bro(D) ],
| Di2(i=1)+Di2(i) Dio()) |

Dus(i-D+Pis() _Pis |,
| Di2(J-D+Dy2(i) Dy2(i) |

[ Dra(i—D+Dy4(i) ~ D1‘4(j)_+
| D12(i=D+Di2(i) Di()) |

D15(J D+Dys(i)  Dis(i)
D12(J 1)+ Dy () Dl,Z(j).

Let’s also calculate
Dor(i)=@1§) Dy, =

_Dur(G-D+Dy,r(43) _ Bur(h)
Dio(j-D)+Dy2(j)) Dia(i)’

=C

N

(16)
+C

w

+C

N

A7)

wherej=0,1,...N-1;r=3,4,5.
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After substituting (17) into (16), taking into account
that the first term is zero, we obtain:

D21(1) =c3D23()) +¢4Dp4(J) +CsD25(1)-  (18)

Again, we choose any of the components in (18), for
example, D, 3(j). Let’s calculate the disproportion (10) of
D,.1(j) with respect to D, 5(j):

D31()=@1f) Dp1=

_ D2a(i-D)+D21()) ~ D21(i) _
D23(J—1)+Dy3(j) Do3(j)
¢ D23(1=1)+Da3(i) Das(i) .
Dy3(j-D+Dy3(j) D2a(i) (19)
D24(J D+D24()) Daa(i) .
D23(J 1)+Dy3()) Dos(i)
Dz 5(] -1 +D25(j)  Das(i)
D23(J—1)+D23(J) Dy3(j) |
Let’s also calculate
D3 (1)=@1) D, =
_ D2 (i-D+Dar(J) Dar(i) (20)
Dp3(j—1)+Dy3(j) Da3(i)’
wherej=0,1,...N-1;r=4,5.
Substituting (20) into (19) gives:
D31(J)=¢4D32(]) +¢5D33(}))- (21)

We choose Dgjp(j) in (21) and calculate the
disproportions (10) with respect to it:
Ne@l® -
Dys(=@Ip D3y =
_ D31(-1)+Dga(i)  Daa(i) _
D32(i=1)+Ds2(i) Ds2(i)

D32(J D+D3.(j) Ds3p(y) |
D32(J 1) +D32()) Dsa())

. {D3 3(j—1)+D33(J) D3,3(j)}

(22)

D32(j-1)+D3(j) D3a(i) |

Ds2())=@15) Daz=

_ Dys(i-D+D33(i) Dssli)
D32(j—1)+D3(j) D3a(i)’
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After substituting (23) into (22), we get:

D41(j) =c5D4 2 (1)) (24)

Let’s calculate the disproportion (10) of D,;(j) with
respect to Dy ,(j):
N_@1® _
Ds1()=@1p, ,Dag =
_ Daa(i -1+ Dyga(i)  Daali) _
D4 2(j—1)+D42(i) Da2())
e D4 (i —1)+Ds2()) Dapo()) 0
= L5 - o~ - =Y.
D42(j—1)+Ds2()) Dapo())

(25)

The equality of Ds;(j) to zero is explained by the
presence of a proportional relationship between Dg4(j)
and Dy»(j), as can be seen from (24). The unknown
coefficient cs is calculated from this equation.

D, (i
¢ = 4,1(1.) . (26)
Dy (1))

At the same time, the values of the other coefficients
in (12) can be obtained to obtain additional information
about the interference and the structure of the signal y(t).
This information is necessary to verify compliance with
the conditions under which the obtained value of the
coefficient cs can be considered reliable.

Let’s continue the calculation of the coefficients in
(12). From (21, 18, 15, 12) we find ¢4, C3, Cy, Cy:

_ D34(i) ~¢c5D33(i)

C
) Ds.2(j) 27)
- D21(1)—¢4D2 4(j) —¢sD25()
: Dy.3(J) (28)
. D11(J)—c3Dy3(j) —€4Dy4(J) — 5Dy 5(J)
? D12 () ' (29)
o D=0 f@ D=l @h-c i )-eIGD) o

L))

4 EXPERIMENTS
Let’s consider the case when the interference consists
only of a periodic signal with a frequency limited from
above. In (8), it is represented by the sum of harmonic
functions:
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y(t) = ¢, cosmt + ¢, Sin ot + €3 oS 2t +

+cySin2mt+---+cC cosMa)H
‘ MATE (31)

+Cm sin%cot+cM+1fM+1(t).

In this case, the coefficients ¢, and c, represent the
first harmonic, c; and ¢, — the second, etc.

To be able to present a periodic interference, one must
know its period and, at least approximately, the maximum
frequency component. This will allow us to determine the
frequency of the first and highest harmonic with the
number M/2 in (31).

At the same time, the frequency of the highest
harmonic with the number M/2 can be both equal to the
maximum frequency with which the interference is
controlled and greater than it.

Let’s consider example Nel. When solving the
problem, it is assumed that the interference n(t) has the
form (2). It is necessary to make sure that for known
functions fi(t) the proposed algorithm allows obtaining the
correct values of coefficients ¢; i =1, 2, ...M in (2). For
this, we take y(t) (31) and set the ¢y, coefficient to zero
at the reference function fy.1(t). As a result, we get:

n(t) = 0.5cos(t) — 7.25co0s(2t) +
+1.25sin(2t) — 2.5sin(5t) +
+0.12cos(7t) + 2cos(9t) +

+0.625sin(10t) — 3sin(11t) +
+6.75c0s(20t) —10sin(20t) =
=0.5f(t)-7.25f3(t) +
+1.25f,(t)—2.5fo(t) +
+0.12 f15(t) + 217 (1) +
+0.625f,55(t) —3fpo (t) +
+6.75f39 (t) =10 f4o (t).

(33)

The frequency band in which the interference is
included is approximately known to us. Therefore, it is
assumed that its highest harmonic is equal to 25,
although, in reality, it is equal to only 20. Thus, the
number of functions that determine the interference is
M = 50. The total number of functions used to determine
the coefficients in (33), taking into account y(t), is 51.
According to (9), taking into account the absence of a
reference function, the number of elements in the discrete
representations of the functions is N> (M + 1) + 1 = 52.
Let’s take N = 52. The step of changing the argument
h = 1. The results are given in Table 1.

The obtained values of coefficients are following:
¢, = 05; ¢c3=-7.25; ¢, = 1.25; ¢cjp = -2.5; ¢35 = 0.12;
C17 = 2; Cpp = —3; C40 = —10. All other coefficients are equal
to zero. It is obvious that the obtained results coincide
with the values of the corresponding coefficients in (33).

The algorithm works correctly.
OPEN a#CCESS @ @ @
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Table 1 — Example 1

i Ci i Ci

1 0.5 26 -1.20E-12
2 8.18E-12 27 4.86E-12
3 -7.25 28 1.04E-12
4 1.25 29 4.14E-12
5 2.28E-12 30 2.35E-12
6 2.05E-12 31 -1.98E-12
7 7.18E-12 32 -3.30E-12
8 8.20E-12 33 1.34E-12
9 -1.14E-12 34 -4,15E-12
10 -2.5 35 3.09E-12
11 1.45E-13 36 -1.71E-12
12 -1.00E-14 37 2.38E-12
13 0.12 38 -9.99E-12
14 3.98E-12 39 6.75

15 —6.86E-12 40 -10

16 2.59E-13 41 6.36E-11
17 2 42 -5.45E-11
18 -1.01E-11 43 5.52E-12
19 1.29E-11 44 -3.16E-11
20 6.25E-01 45 -3.70E-11
21 2.57E-12 46 —7.89E-11
22 -3 47 1.21E-11
23 -4.11E-13 48 —2.46E-11
24 1.93E-13 49 1.39E-12
25 8.18E-14 50 —9.09E-12

For comparison, the interference n(t) (33) was also
decomposed into a Fourier series of 26 harmonics and
N = 52. The step of changing the argument
h = 2n/N = 0.12083. As expected, the cosine components
for each harmonic coincided with the coefficients for the
odd-numbered functions in (33), and the sine components
for the even-numbered ones. That is, in this case, the
proposed algorithm can be used to decompose the
function into harmonics. It should be noted that in the
proposed method, h = 1 does not depend on N.

In example Ne2 the case where the frequency range in
which the interference is located is incorrectly determined
is being investigated. For example, when cos(27t) is
added to the expression (33), which defines the
interference:

n(t) =0.5cos(t) — 7.25c0s(2t)
+1.25sin(2t) — 2.5sin(5t)
+0.12cos(7t) + 2cos(9t)

+0.625sin(10t)
—3sin(11t) + 6.75co0s(20t)
—10sin(20t) + cos(27t).

(34)

As can be seen from Table 2, all coefficients are not
equal to zero and differ from the values in (34). That is, in
this case, the algorithm does not work.

Let’s consider the example #3. The decomposition of
the sum of the reference function g(t) and the interference
n(t) is considered:

y(®) =g +n(), (35)
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Table 2 — Example 2

i Ci i Ci

1 0.5218 26 -0.00255814
2 -0.0135554 27 -0.00866345
3 —7.47506 28 -0.0321576
4 1.18038 29 -0.0195644
5 -0.0234714 30 0.0329743
6 -0.0409719 31 -0.0267472
7 0.0184056 32 0.00830763
8 -0.083213 33 0.84833
9 -0.0356034 34 0.419396
10 —2.47883 35 0.00274051
11 -0.0093848 36 0.0116143
12 -0.00439558 37 -0.0428529
13 0.119222 38 0.0417336
14 -0.00837845 39 6.49839
15 0.0635089 40 -10.0569
16 -0.0605521 41 0.460666
17 1.97527 42 0.815869
18 -0.000225677 43 -0.0841818
19 -0.0203486 44 0.361305
20 0.606359 45 -0.81944
21 0.0018544 46 0.558422
22 —2.95846 47 0.243344
23 -0.00546663 48 0.0592147
24 0.00449403 49 0.0183457
25 -0.00684171 50 0.0526963

where the interference n(t) has the form (33), and the
reference function is described by the expression:
g(t) =1.5cos(t) + 3sin(5t) +
+4.75sin(2t) — 2.5sin(5t) +
+10cos(7t) + 2.15sin(10t) +
+3.5c0s(15t) + 4 cos(20t) —
—10sin(25t) =
=1.5f(t)+3f(t)+4.75f,4(t) -
—2.5f15(t) +10f3(t) +2.15fq (1) +
+3.5f59(t) + 4 f3g(t) —10 f5q (t).

(36)

In this example, the reference function (36) and the
interference are in the same frequency range. There are
six common basis functions in g(t) as well as in n(t). The
reference signal can be represented by a finite sum of the
same basis functions fi(t), ..., fso(t) that represent the
interference. In fact, the sum of the interference and the
reference function (36) is decomposed by means of 51
functions, since fy.1(t) must also be taken into account.

Including y(t), a total of 52 functions are involved in
recognition. Therefore, according to (9), N = 53 is taken.
The results are shown in Table 3. Instead of c5 = 1,
Cs1 = —0.49484 was obtained. That is, in this case, the
method does not work.

Two important conditions follow from the three
examples given:

1. The finite number of basis functions must be
sufficient to represent the interference.

2. The basis functions that define the interference
should not be sufficient to represent the reference signal.
That is, the reference signal must differ by at least one
component from the given set of basis functions.
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Table 3 — Example 3

i Ci I Ci

1 2.74225 27 2.80E-11
2 4.48451 28 -8.87E-11
3 -7.25 29 5.23

4 8.35047 30 -1.11E-10
5 —-7.28E-11 31 6.45E-11
6 1.84E-10 32 2.51E-11
7 —-2.61E-10 33 157E-11
8 —-2.00E-10 34 1.53E-10
9 6.49E-11 35 3.38E-11
10 —6.23709 36 —-6.31E-11
11 1.07E-11 37 6.87E-11
12 —-3.48E-12 38 -3.31E-11
13 15.0684 39 -3.31E-11
14 7.12E-11 40 -10
15 2.37E-10 41 —-2.02E-09
16 -1.13E-10 42 3.96E-10
17 2 43 2.11E-10
18 3.16E-10 44 -7.62E-10
19 —-3.55E-10 45 1.67E-09
20 -3.55E-10 46 1.26E-09
21 8.31E-11 47 1.67E-10
22 -3 48 -1.08E-09
23 -1.33E-11 49 -4.05E-11
24 -1.62E-11 50 —14.9484
25 1.97E-11 51 -0.49484
26 6.26E-12 52 -

Based on this, consider the following examples. In
example #4, the interference has the form (33). The
reference function differs from (36) due to the addition of
cos(30t) and thus satisfies the second condition:

g(t) =1.5cos(t) + 3sin(t) + 4.75sin(2t) —
—2.5sin(5t) +10cos(7t) + 2.15sin(10t) +

+3.5c0s(15t) + 4 cos(20t) —10sin(25t) + @7
+5c0s(30t).
Let
y(t) =-1.2569(t) +1000n(t). (38)

The results are given in Table 4.

That is, it is necessary to find the weighting
coefficient for the reference signal, which is almost 1000
times smaller than the coefficient for interference. As in
the previous case, 52 functions and N = 53 take part in the
recognition process.

It should be noted that the decomposition of the
interference took place. Therefore, the table shows its
coefficients from (33), multiplied by 1000. The reference
signal was not decomposed.

The coefficient cy.1(t) = cs(t) = —1.256 coincides
with the coefficient for g(t) in (38). Thus, it was
established that y(t) includes the reference signal g(t) with
the coefficient —1.256. So, the signal was recognized in
the presence of additive interference and its weighting
coefficient was determined.

In example #5 consider the case when the signal g(t)
is added to the periodic interference (33):

gy (t) =5sin(6t) — 2.5exp(-t) + 4.5. (39)
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Table 4 — Example 4

i Ci [ Ci

1 500 27 —-1.94E-08
2 —4.54E-09 28 -1.61E-08
3 —7250 29 -1.67E-08
4 1250 30 3.56E-09
5 7.61E-09 31 -1.09E-09
6 -1.47E-08 32 3.24E-09
7 1.64E-08 33 6.85E-10
8 1.44E-08 34 -4.37E-09
9 8.18E-09 35 5.73E-09
10 -2500 36 -5.41E-09
11 3.81E-09 37 1.83E-08
12 2.97E-09 38 —2.65E-08
13 120 39 6750
14 4.66E-09 40 —10000
15 -9.62E-09 41 1.07E-07
16 -4.24E-09 42 —4.83E-08
17 2000 43 -1.51E-08
18 —-2.30E-08 44 6.28E-08
19 2.67E-08 45 —7.63E-08
20 625 46 -8.78E-08
21 8.39E-10 47 3.71E-09
22 -3000 48 -1.04E-07
23 3.02E-09 49 -5.06E-09
24 -4.15E-10 50 3.30E-08
25 3.44E-09 51 -1.256
26 -7.02E-10 52 -

It contains a permanent component. The spectrum of
the signal g,(t) goes beyond the frequency band in which
the interference is located. Let

y(t) = —1.256(t) +1000m(t) + 0.725g; (t). (40)

In addition to the given 50 functions and y(t), two
more functions are added. Therefore, according to (9),
N =54 is taken. The results are shown in Table 5.

Table 5 — Example 5

i Ci i [*]

1 500 27 -3.73E-07
2 —2.24E-07 28 -1.92E-07
3 —7250 29 -3.08E-07
4 1250 30 —1.26E-09
5 9.74E-09 31 1.31E-08
6 8.01E-09 32 —3.65E-09
7 —7.16E-09 33 5.96E-09
8 8.69E-09 34 1.33E-08
9 9.16E-08 35 1.75E-08
10 —2500 36 -1.13E-08
11 -1.47E-08 37 -3.11E-07
12 —2.63E-08 38 —3.44E-07
13 120 39 6750
14 5.40E-09 40 —10000
15 —6.14E-09 41 —9.08E-08
16 -1.88E-08 42 —2.88E-08
17 2000 43 1.86E-08
18 6.30E-09 44 —6.19E-08
19 3.51E-09 45 1.03E-07
20 625 46 1.60E-08
21 —-3.10E-08 47 -1.02E-07
22 -3000 48 -3.90E-07
23 1.13E-08 49 4,58E-07
24 9.07E-09 50 7.11E-07
25 9.65E-09 51 -1.256
26 -1.71E-08 52 0.725

For interference, the same results as in the previous
case are obtained. Accordingly, the coefficients are
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obtained for g(t) and gy(t). cs;= —1.256 and c¢5,=0.725,
which coincide with the coefficients in (40). The
recognition of the reference signal g(t), the calculation of
its weighting coefficient, and the signal coefficient, which
is added to the periodic component of the interference,
took place. At the same time, the interference practically
has a weight 1000 times greater compared to the reference
signal.

Example #6 differs from the previous one only in the
absence of g(t) in the composition of y(t):

y(t) =1000n(t) + 0.725g, (t). (41)

As can be seen from Table 6, the coefficient at
g(t) cs; = 0, which indicates the absence of the reference
signal in the composition of y(t).

It is also known that gi(t) with the coefficient
Csp = 0.725 is part of the interference.

Table 6 — Example 6

i Ci i Ci

1 500 27 8.90E-07
2 5.42E-07 28 4.48E-07
3 —7250 29 7.35E-07
4 1250 30 3.11E-08
5 1.33E-08 31 -8.37E-09
6 —2.31E-08 32 -1.07E-08
7 6.26E-08 33 —-2.16E-08
8 -1.27E-08 34 -5.11E-08
9 —-2.18E-07 35 -3.30E-08
10 —2500 36 1.98E-08
11 4.57E-08 37 8.62E-07
12 7.40E-08 38 8.72E-07
13 120 39 6750
14 -1.81E-09 40 -10000
15 —2.65E-08 41 5.03E-07
16 4.52E-08 42 1.65E-07
17 2000 43 -3.67E-08
18 -2.41E-08 44 1.50E-07
19 4.24E-08 45 -5.27E-07
20 625 46 —7.45E-08
21 6.40E-08 a7 2.75E-07
22 -3000 48 8.61E-07
23 —2.58E-08 49 -1.23E-06
24 —2.47E-08 50 —-1.66E-06
25 -1.89E-08 51 —-2.08E-07
26 4.44E-08 52 0.725

The results obtained for examples 5 and 6 show that
the proposed method allows you to recognize the
reference signal and determine its weighting coefficient in
the presence of combined additive interference.

CONCLUSIONS

The actual problem of recognizing a reference signal
in the presence of additive interference is being solved.

The scientific novelty lies in the introduction of a
new method of recognizing reference signals and
determining their weighting coefficients in the presence
of additive interference when the overlapping of the
spectrum occurs at unknown frequencies. The
interference can include both the random periodic signal
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and the sum of other deterministic signals from a given
set with unknown weighting coefficients. The periodic
random component of the interference must meet the
conditions for its approximation by a finite sum of basis
functions. In particular, it can be represented by a finite
Fourier series. To solve the problem, it is necessary to
specify a set of basis functions. Their number should not
be less than what is needed to determine the interference.
At the same time, the reference signal must include at
least one component that is not included in this set. In
particular, it can be a harmonic that is absent among those
specified for decomposition of the periodic component of
the interference or a constant component.

The practical significance of this research is evident
in its potential application in operational signal
recognition systems. Research results indicate that the
method works even in conditions where the interference
has a weighting coefficient almost 1000 times greater than
that of the reference signal. Accurately identifying
reference signals amidst additive interference improves
signal processing and analysis in various domains.

Prospects for further research involve improving
the proposed method in order to identify signs of violation
of the conditions necessary for the successful recognition
of the reference signal.
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PO3MI3BHABAHHSA ETAJJOHHUX CUTHAJIIB TA BUSHAUYEHHS iXHIX BATOBUX KOE®IIIEHTIB ITPA
HASABHOCTI ATATUBHOI 3ABATA

ABpamenko B. B. — xana. TexH. Hayk, goueHT kadenpu komm rotepHux Hayk, CyMmcbkuii aepxaBHuil yHiBepcurer, Cymu,
Vkpaina.
Bounapenko M. O. — acmipasT kadenpu koM 10TepHEX HayK, CyMChKuit AepxaBHul yHiBepcuteT, Cymu, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. Po3B’s13aHa akTyasibHa 3a/ja4a € po3Ii3HaBaHHs €TAJIOHHOTO CUTHAJTY ITPU HAsIBHOCTI alUTUBHOI 3aBaIH.

Meta. Po3mizHaBaHHSI €TaJOHHOI'O CHUTHAIY HO OTPUMAHOMY 3HAUSHHIO HOro BaroBoro KoeQillieHTy, KOJIM aJUTHBHA 3aBaja
HAKJIQIa€ThCsI Ha CIIEKTDP €TAJOHHOIO CUTHAIY Ha HEBIIOMHX BMIIQJKOBHX YacTOTaX. 3aBJAaHHA. PO3POOUTH METOA PO3Ii3HABAaHHS
CTAJIOHHOTO CHTHAJYy Ul BMIAJAKYy, KOJM 3aBajia CKJIAJAEThCS i3 HEBIJOMOrO MEpiOJMYHOrO CHrHaNy, SKHil Moxe OyTn
MpEICTaBICHIH KiHIIEBOIO CyMOIO 0a3MCHHX (YHKIIH. B 3aBagy MOXyTb TakoXK BXOAWTH AETEPMIHOBaHI CHTHAJIHM i3 3aaHOL
MHOXWHH 3 HEBIIOMHMH BaroBUMH Koe(]ili€HTaMH, sKi OJHOYACHO i3 €TaJOHHHM NepenaloThcs MO KaHamy 3B s3Ky. Jlms
PO3B’sI3aHHS 3a]adi 3aCTOCOBYETHCS METO]| alpOKCHMaNii HEBiOMOI NEepioAWYHOI CKIAIOBOI 3aBajyl CyMOIO 0a3MCHUX (yHKILH.
[MoTouHa KijbKIiCTH 3HAYCHH CHTHAIY, IO IIOCTYIAa€ HA CHCTEMY pO3Ii3HABAHHS 3aJIeXHTH BiJ KUTbKOCTI OazucHUX QyHkmiil. Llei
CHUTHAJI € CYMOI0 0a3UCHHX (PYHKIIIN 1 €TAIOHHOTO CUTHAITY i3 HEBiIOMUMH BaroBUMHU Koe(il[ieHTaMHu.

Metoa. [lnst oTpuMaHHA iX 3HaUCHb BaroBUX Koe(ilieHTiB BUKOPHCTOBYETHCS METOI, 110 0a3yeThCs HAa BIACTHBOCTSIX (yHKIii
HenponopiiiHocTi. [Iporiec po3mi3HaBaHHSA 3BOAUTHCS 10 OOYKMCICHHS BaroBoro Koe(illieHTa eTaJOHHOTO CHTHATY i MOPIBHSIHHS
#ioro 3 Hynem. Cucrema po3mizHaBaHHs 6aratopiBHeBa. KinbKiCTh piBHIB 3aJIS)KHUTh Bifl KITBKOCTI 6a3UCHUX (yHKIIH.

PesyabraTn. OTprMaHi pe3ysIbTaTH CBiAYaTh, LIO SKIIO CTATOHHUI CUTHAJ BiJPI3HATHCSA X04ya O Ha OJHY CKJIAJIOBY BiJ 3a1aHOL
MHOXWHHU Oa3uCcHUX (YHKIiH, po3mi3HaBaHHA BiAOyBaeTbes ycmimmHo. IIpuBeneHi NMpUKIagM CBiI4aTh, MIO CHUCTEMa pPO3IMi3HAE
€TaJIOHHHUI CHTHAJ HABiTh B YMOBaX, KOJH BaroBuil koediient 3aBaau maibxe B 1000 pa3 mepeBepirye KoedilieHT MPU €TATOHHOMY
curHasoBi. Cucrema po3mi3HaBaHHS MPALfO€ YCIILIHO TaKOK B YMOBaX, KOJM 3aBajia BKIIOYAE CyMy JICTCPMiHOBaHHX CHIHAJIB i3
3a/1aHOi MHOXKHHH, SIKi OJHOYACHO MEPEIAI0ThCS 110 KaHAJTy 3B’SI3KY.

BucnoBkn. HaykoBa HOBH3HA OTpMMaHMX Pe3yJbTaTiB B TOMY, IO pO3pO0JICHO METOJ PO3Ii3HABaHHS €TaJOHHOTO CHUTHATY B
yMOBaX, KOJHU JUIs NepioANYHOI CKIIaJOBOI 3aBaJy BiJOMa JIMIIE OLIHKA 3BEepXy 11 MaKCHMaJbHOI 4acTOTH. Takox po3mi3HaBaHHS
BiZIOyBa€ThCs, KOJIM KPIM HEBIZIOMOI MEepioAMYHOI 3aBagy HAa KOPHUCHUI €TaJOHHMI CHUTHAN HAKJIA[alOThCs CHTHAIM i3 3aJaHoi
MHOXKHHH 3 HEBIIOMHMH BaroBMMH KoeiuieHtamu. B mporeci po3miHaBaHHsS KpiM BaroBoro KoedillieHTy A KOPHUCHOTO
€TAJIOHHOTO CUTHAITY TaKOX OTPHMYIOTHCS KOS(ii€HTH ATl CKIaJOBUX 3aBaJIH.

KJIFOYOBI CJIOBA: eranoHHHA CHT'HAJ, 3aBajia, PO3Mi3HABAHHS CUTHAIY, BArOBUH KoedimieHT, PyHKII HEMPONOPLUiHHOCTI,
6asncHi QpyHKUii, koneunui psx Pyp’e.
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ABSTRACT

Context. Optimization of the method of nearest neighbors k-NN for the classification of text documents by their topics and ex-
perimentally solving the problem based on the method.

Obijective. The study aims to study the method of nearest neighbors k-NN for classifying text documents by their topics. The task
of the study is to classify text documents by their topics based on a dataset for the optimal time and with high accuracy.

Method. The k-nearest neighbors (k-NN) method is a metric algorithm for automatic object classification or regression. The
k-NN algorithm stores all existing data and categorizes the new point based on the distance between the new point and all points in
the training set. For this, a certain distance metric, such as Euclidean distance, is used. In the learning process, k-NN stores all the
data from the training set, so it belongs to the “lazy” algorithms since learning takes place at the time of classification. The algorithm
makes no assumptions about the distribution of data and it is nonparametric. The task of the k-NN algorithm is to assign a certain
category to the test document x based on the categories k of the nearest neighbors from the training dataset. The similarity between
the test document x and each of the closest neighbors is scored by the category to which the neighbor belongs. If several of k’s closest
neighbors belong to the same category, then the similarity score of that category for the test document x is calculated as the sum of
the category scores for each of these closest neighbors. After that, the categories are ranked by score, and the test document is as-
signed to the category with the highest score.

Results. The k-NN method for classifying text documents has been successfully implemented. Experiments have been conducted
with various methods that affect the efficiency of k-NN, such as the choice of algorithm and metrics. The results of the experiments
showed that the use of certain methods can improve the accuracy of classification and the efficiency of the model.

Conclusions. Displaying the results on different metrics and algorithms showed that choosing a particular algorithm and metric
can have a significant impact on the accuracy of predictions. The application of the ball tree algorithm, as well as the use of different
metrics, such as Manhattan or Euclidean distance, can lead to improved results. Using clustering before applying k-NN has been
shown to have a positive effect on results and allows for better grouping of data and reduces the impact of noise or misclassified
points, which leads to improved accuracy and class distribution.

KEYWORDS: method, cluster, classification, text document, subject, ball tree algorithm, metric.

ABBREVIATIONS C.%is a number of texts contained in the cluster C%;
k-NN is a k-nearest neighbor method; ClusterScore(x,C;) is a score assigned to a category
kd-tree is a k-dimensional tree; based on category points to test the document C;X;

L1 - distance is a Manhattan metric; sim(x,C°) is a similarity between X and cluster in

TF-IDF is a TF — term frequency, IDF — inverse docu-  model C;’my;
ment frequency; 0 . i 0
CSV is a comma-separated value. y(Ci ,CJ-) € {0,1} is a cluster relative to C;"C;;

N is a total number of signs;

L. NOMENCLATURE count(c;, C) is a number of votes for the class ¢; in the
di is a text document; set C:
Cl is a appropriate classification of the document; argmax is a function that returns the index of the max-
f(x) is a label intended for the test document x; imum value.
Score (x,C;) is a score assigned to a category based on
the points of category K of the nearest neighbors to the INTRODUCTION
test QOcument'X; L . In today’s world, a large amount of information is cre-
sim (x,d;) is a similarities between X and the training  4teq and accumulated daily in various formats. As the
document D; volume of textual information grows in various fields,

y(d;,Cj) e {01} is a binary value of the category for effective methods of processing and analysis are increas-
ingly needed. Therefore, it is important to be able to ana-
lyze and classify this information effectively.
Classification of documents on their topics can be use-
the cluster C* ful for many tasks, for example, selecting documents that
w) meet certain criteria, building recommender systems, ana-
G lyzing text data in social networks, etc.

the educational document regarding diCj;
WCJJl(t) is a denotes the new weight of the word t in
1

o IS aweight of the word t in the cluster c

w(t), is a weight of the word t in the text p;
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The importance of the task of classifying text docu-
ments by the method of nearest neighbors will reduce the
dimension of the data, save information about the classifi-
cation and increase its accuracy. It is also quite easy to
use and does not require a lot of computing power, which
makes it popular in many areas [1, 3].

This method does not require pre-modeling, which al-
lows it to be used for online classification and for the
classification of text documents with a small data set,
which is a fairly common situation in natural language
processing. In addition, k-NN can be applied to the classi-
fication of documents without regard to their contents,
only based on information about the topics. In addition, k-
NN is a fairly flexible algorithm, since it is possible to use
different distance metrics and distinguish the weight of
each sample depending on its significance for classifica-
tion [5, 6].

The task of the nearest neighbors method is to classify
new data based on their similarity with known data (train-
ing data set). The problem of the nearest neighbors me-
thod is guided by the concept that if points in the data
space are close to each other, then the probability that
they belong to the same class is high, therefore, it is
solved accordingly according to the principle such that in
the variant k-NN each feature belongs to the predominant
class of nearest neighbors, where k is the method parame-
ter. The basis of the k-NN method is the fact that, accord-
ing to the compactness hypothesis, it is expected that the
test feature d will have the same label as the learning fea-
tures in the local region surrounding the sign d [2, 4].

In the case of researching the use of the nearest neigh-
bors method k-NN to classify text documents according to
their topics, the novelty is that it offers the use of a me-
thod that is quite simple and effective to solve the com-
plex problem of classifying text documents by their top-
ics. The study proposes the use of clustering and dimen-
sionality reduction to improve the quality of text classifi-
cation. In addition, the study compares the efficiency of
different types of term oscillation and different k values in
the k-NN method for classifying text documents. Thus,
the study expands our understanding of how the k-NN
nearest neighbors method can be applied to classify text
documents by their topics and helps to improve methods
for classifying texts.

The aim of the study is to train the method of k-NN’s
nearest neighbors to classify text documents by their top-
ics.

The subject of research is the creation and optimiza-
tion of the method of nearest neighbors k-NN for the clas-
sification of text documents by their topics, as well as the
solution of the problem based on the method experimen-
tally.

The main objectives of the study are:

— General overview of the k-NN nearest neighbors
method for creating a software solution for classifying
text documents by their topics.
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— Development of a system that can automatically
classify text documents by their topics.

— Reducing classification errors to improve system ac-
curacy.

— Research on the effectiveness of k-NNs in classify-
ing documents with different numbers of categories and
developing methods to improve efficiency in such cases.

1 PROBLEM STATEMENT

The purpose of the study is to build a model that can
automatically assign a category to a new text document.

Suppose we have a set of text documents D = {d,, d»,
..., d,}, where each document is represented as a sequence
of words or tokens. Each d; document belongs to one of
the predefined classes or categories C = {cy, Cy, ..., C}-

To build a model, we have a training dataset consist-
ing of pre-classified documents and corresponding
classes.

Mathematically, the problem of classification of text
documents can be formulated as follows:

Given: Training dataset D_train = {(d;, ¢1), (dz, Cy),
vy (dimy Cm)}, Where d; is a text document and ¢; is its cor-
responding classification.

Find: Function f:D_test —C which can categorize a
new text document from test set D_test into one of C
classes.

2 LITERATURE REVIEW

A special role for research is the methods of classifica-
tion and clustering of text data. In the study [1, 3], the
authors provide an introduction to the k-NN nearest
neighborhood method and consider its application to the
classification of text documents. They describe how the k-
NN method can be used to classify texts and provide ex-
amples of how this method can be applied to data from
various fields, including biology, medicine, and e-
commerce.

This paper [7] is an important source for studying the
basics of textual information processing and data re-
trieval. The book covers a wide range of topicss from the
field of information retrieval, including index building,
weighted estimation methods, vector models, thematic
modeling, ranking, and more.

The paper [8] describes a wide range of methods of
machine learning and statistical data analysis. It is useful
for researchers working with the k-NN closest neighbor
method to classify text documents by their topics.

The book [10] contains a lot of material about prob-
abilistic models, multivariate data analysis, teaching
methods, and graphical models. These techniques can be
useful for improving the accuracy of classification using
the k-NN closest neighbor method. In addition, the book
contains humerous examples that demonstrate how differ-
ent machine-learning methods can be applied to solve
real-world problems.

The study [13] describes in detail the theoretical and
practical aspects of working with text, including topicss
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such as statistical models of language, thematic modeling,
tone analysis, machine translation, and others.

The book discusses various methods of vector repre-
sentation of text that can be used to build a model for the
k-NN method and also discusses other machine-learning
methods for classifying text documents, such as the naive
Bayesian classifier and the support vector method.

In particular, the authors [14] describe in detail the use
of bag-of-words models and address the construction of a
dataset for training and testing the model, as well as the
choice of model parameters, such as the number of near-
est neighbors to be used to classify documents.

The research [15] is devoted to the analysis of text da-
ta and methods of their processing, in particular the prob-
lems of classification and clustering of documents. It de-
scribes various methods, including the k-NN nearest
neighbor method.

The book [12] discusses the following problems:

— Training, statistical methods, and association rules
in the field of text mining, which describe different ap-
proaches to analyzing text data, including machine tech-
niques.

— Building machine learning models used to classify
and cluster documents, in particular the k-NN closest
neighbor method.

— Preparing data for text analysis, including feature se-
lection and data dimensionality reduction. The book de-
scribes in detail how to select the most significant features
from the text that will improve the results of data analysis.
The book also discusses methods for reducing the dimen-
sionality of data, such as the principal component method
and clustering method.

— The book contains many examples of applications of
text mining techniques, including text tone analysis,
document classification, and email spam detection.

Thus, the analysis of text documents is quite an impor-
tant topics in our time, since the number of their applica-
tion in various fields is increasing every day. Accord-
ingly, consideration is relevant for this study and will help
in improving the accuracy of the model.

3 MATERIALS AND METHODS

The k-nearest neighbor method is a metric algorithm
for automatically classifying objects or regression. The k-
NN algorithm stores all existing data and classifies the
new point based on the distance between the new point
and all points in the training set. To do this, use a specific
distance metric, such as Euclidean distance. In the process
of learning, k-NN stores all the data from the training set,
so it belongs to the “lazy” algorithms since learning takes
place at the time of classification. The algorithm makes
no assumptions about the distribution of data and it is
nonparametric [1, 11].

For the classification of text documents on the topics,
the k-nearest neighbors method was chosen because of
several reasons: simplicity and ease of implementation,
high accuracy, and the ability to take into account the
importance of each feature:
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The k-NN method also has some disadvantages, in
particular, it can be sensitive to noise and a large number
of features and may require a significant amount of mem-
ory and computing resources when processing large
amounts of data. Therefore, before proceeding with the
classification of text documents, you can apply actions
that can improve the quality and performance of the algo-
rithm and its accuracy, namely [13]:

— Apply noise or unnecessary signs to data before us-
ing the k-NN method, which can reduce their impact on
forecasting and help make the algorithm more efficient.

— Use distributed computing systems to handle large
amounts of data, which can reduce the load on memory
and computing resources. You can also use the approach
of reducing the dimensionality of the data, which allows
you to reduce the number of features and simplify the data
space.

— Weights can be assigned to each sign depending on
its importance for forecasting. This can help reduce the
impact of less important features on forecasting and in-
crease accuracy.

The task of the k-NN algorithm is to assign a test
document x a certain category based on the categories k of
closest neighbors from the training dataset. The similarity
between the test document x and each of the closest
neighbors is scored by the category to which the neighbor
belongs. If several of k’s closest neighbors belong to the
same category, then the similarity score of that category
for the test document x is calculated as the sum of the
category points for each of these closest neighbors. After
that, the categories are ranked by score, and the test doc-
ument is assigned to the category with the highest score.
The decision rule for k-NN can be written as follows
(Formula 1):

f (x) = arg max Score(x,C) =

= > sim(x,d)y(d ,C), Q)
d. = kN oot

This approach is effective, nonparametric and easy to
implement. However, the classification time is very long,
and accuracy is seriously impaired by the presence of
noise training documents [9].

To improve the accuracy of the k-NN algorithm for
text data classification in the study, a number of actions
will be performed, such as:

1. Representation of documents/text as a vector space
model, where each document/text is represented as a vec-
tor in an n-dimensional word space where each word is
represented as coordinates. The more often a certain term
appears in a document, the greater its significance in this
document and the greater its coordinate in the vector rep-
resentation of the document. Accordingly, this will speed
up the work and classification of the k-NN method. The
weight of each word in a document is calculated by
weighing how often that word is used in the document
and throughout the document collection. If the word is
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used often in a document, but rarely in other documents,
then its weight will be high.

2. Create a classification model based on clustering.
For this, one-pass clustering algorithm with constraints
should be used. This algorithm provides incremental clus-
tering with time complexity close to linear.

3. During the clustering process, each cluster is repre-
sented as a cluster vector according to the centroid vector
for each cluster [14, 20]. The change in word weight of
each cluster is calculated by the formula 2:

wj0 (®)xw(t)
whi(t) = I (2)

‘C_O +1

According to the applied changes, the decision-
making formula for k-NN will look like this (Formula 3):

f (x) = arg max ClusterScore(x, CJ-) =
= ¥ sim(x,c)y(c/.c)). @)
CPekNN
Suppose we have a training set of text documents with
known classes that match their topicss. Each text docu-
ment is represented as a feature vector X = [Xy, Xz, ..., Xn],
where X; is a sign (for example, word, term) for the i-th
document, and N is the total number of signs. Using a
certain similarity metric, such as cosine similarity, we
calculate the similarity between the feature vectors of two
documents. Let sim(x, y) denotes similarities between
documents x and y. Accordingly, we find k documents
from the training kit that have the greatest similarity with
the new document. Denote these documents as S = {s;, S,
..., S, Where s; is the i-th closest neighbor. Hence we
determine the class of the new document, by voting or by
majority among k nearest neighbors. Let C = {cy, ¢y, ...,
Cx} — document classes sy, Sy, ..., Sk.. The class of the new
document will be the class with the most votes among
these k closest neighbors.
Thus, the definition of the class of a new document,
based on the vote of the nearest neighbors, can be written
as follows (Formula 4):

argmax;(count(c;,C)),i=1—k. 4)

In the context of k-nearest neighbors (k-NN), hyper-
parameters are used to tune the algorithm itself, not to
train a model with data. Hyperparameters determine the
behavior of k-NN and its characteristics. The main hyper-
parameters include [17, 19]:

1. k: This is the main k-NN hyperparameter that de-
termines the number of nearest neighbors to be used for
decision-making.
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2. Neighbor search algorithm: k-NN can use different
neighbor search algorithms, such as “ball tree”, “kd tree”
and others.

3. Distance or metric: k-NN uses distance or metric to
determine how close points are to each other. For exam-
ple, Euclidean distance, Manhattan distance, or cosine
similarity.

In our context, we will apply them to analyze their
impact on k-NN and, through them, try to improve the
accuracy of the method.

The following Neighbor search algorithms are consid-
ered in the study:

1. The Ball Tree algorithm is one of the methods of
constructing a data structure for the efficient execution of
operations of the nearest neighbor in classification and
clustering problems. It is based on the idea of partitioning
a data space into minimally convex balls, known as
“balls”. The basic principle of constructing a Ball Tree is
to recursively partition data into subsets by calculating the
center point (center of the “ball”) and the radius of the
ball that best covers the data. The Ball Tree method al-
lows you to quickly find k-nearest neighbors, reducing the
number of comparisons between points and speeding up
searches. It is especially useful for large data sets or when
the distances between points have a large difference.

2. A kd-tree is a data structure used in the k-NN algo-
rithm to quickly find the nearest neighbors. It divides a
data space as a binary tree, where each node represents a
point in space and divides that space into two subdo-
mains. A key feature of the kd-tree is the way data is di-
vided in space using hyperplanes parallel to the coordi-
nate axes. The kd-tree significantly reduces the number of
comparisons operations required to find the nearest
neighbors, which makes it an effective method for k-NN.
It is especially useful in problems with a large number of
points in the data space.

The Minkow metric is a general term for a family of
metrics that include Manhattan distance and Euclidean
distance as partial cases of them. It is used to calculate the
distance between two points in n-dimensional space.
Formally, the Minkov metric is defined as follows for two
points P(p1, Pa,...,pn) and Q(qy, 0z, ...,qs) in n-dimensional
space (Formula 5):

d=(|p1—01|"+|p2—qa*+ ... +|p—anl"). (5)

In this formula, p is a parameter that controls the
shape of the metric. Depending on the value of p, the
Minkov metric can vary from Manhattan distance (p = 1)
to Euclidean distance (p = 2). Using the p parameter, the
Minkow metric can simulate various types of distances,
including L1 distance (Manhattan), L2 distance (Euclid-
ean), and others [16, 18].

The Minkowi metric is a popular choice in the k-NN
algorithm. It allows you to determine the distance be-
tween objects and take into account their location in
space. Depending on the type of data and the nature of the
task, it is advantageous to use different values of the pa-
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rameter p for optimal results. Minkowian metrics can be
computationally efficient, especially for large datasets.

The choice of the Reuters dataset to classify text doc-
uments by their subject using k-nearest neighbors is the
most optimal for several reasons:

— Variety of topicss: The Reuters-21578 dataset con-
tains a wide range of topicss, covering news from various
fields such as finance, technology, sports, politics, and
others. This ensures representativeness and diversity of
data, which is important for the classification of texts.

— Data volume: The Reuters-21578 dataset contains a
significant number of documents on various topicss. Most
classification algorithms, including k-NN, require enough
data to achieve reliable results. Therefore, the presence of
a large amount of data in the Reuters-21578 dataset
makes it attractive for k-NN applications.

— The similarity of text documents: The k-NN algo-
rithm is based on the hypothesis that similar data have
similar classes. The Reuters-21578 dataset contains news
articles that may have similar characteristics depending
on the topics. This supports the k-NN hypothesis and con-
tributes to its effectiveness in classifying these texts.

In total, the Reuters-21578 dataset contains about
21,578 news documents written in English. Each docu-
ment includes a title, date, text table of contents, and cat-
egory labels assigned to it (Table 1). The documents in
the dataset are classified into 135 different categories,
such as “foreign news”, “sports”, “politics”, etc. Each
document can have many categories to which it belongs.

Table 1 — Data Set fields

Field L
name Type Description
Title String Contain_s text data represented as a char-
acter string.
Date String Represents the date of publication of the
article.
Represents categories or topicss related to
- the article. It is stored as a set or list of
Topicss Sequence li - .
ines, where each line represents a topics
or category label.
Represents the geographical locations
mentioned in the article. It is stored as a
Places Sequence -
set or list of rows, where each row repre-
sents a place label.
Contains the names of persons mentioned
People Sequence | in the article. It is stored as a set or list of
strings.
Contains the names of organizations
Orgs Sequence | mentioned in the article. It is stored as a
set or list of strings.
Represents mentions of stock exchanges
Exchanges | Sequence | or financial markets in an article. It is
usually stored as a set or list of strings.
Text String Conyains the main text pf the news article
and is presented as a string of characters.

Since the dataset Reuters-21578 may contain data or
their type, which may worsen the results of the study, it
must carry out preliminary processing of the data.

First, we need to balance the text and process it fur-
ther. Some documents may contain symbols, punctuation,
or numbers that do not carry essential information for text
analysis. Data pre-processing allows you to remove these
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unnecessary elements and focus on essential aspects of
the text. We also need to reduce everything to lowercase
to ensure uniformity. Breaking the text into separate to-
kens or words is also an important step for further analy-
sis. Tokenization helps to understand the structure of a
text and divide it into separate units, which facilitates
further processing and use. To improve your workout
results, you need to remove stop words, which will reduce
noise. Stop words are common words that do not carry
essential information for text analysis, for example, “the”,
“and”, “is”, etc. Another very important step is that it is
necessary to reduce words to their basic form (lemmatiza-
tion). This reduces the number of unique words in the text
and makes it easier to recognize the semantic relationship
between them. For example, given that we have texts in
English, words like “running”, “run” and “ran” will be
reduced to the lemma “run”.

Secondly, we need to convert the words’ text to vector
format. Vectorization is the process of converting text
data into numerical vectors that can be used to further
analyze or train machine learning models. This is
achieved using methods such as bag-of-words or TF-IDF
(Term Frequency-Inverse Document Frequency) in our
case, where each word or term is represented by a nu-
meric value. This allows textual data to be treated as nu-
merical features that can be used in machine learning
models for classification, clustering, or other analysis.

Therefore, these steps will help prepare data from the
Reuters-21578 dataset for further application of machine
learning and text analysis models, since data preprocess-
ing helps to improve data quality and representativeness,
reduce noise, etc.

4 EXPERIMENTS

The next step is to study the effectiveness of the k-NN
closest neighbors method for classifying text documents
by their topics. Therefore, we will show in more detail the
influence of the parameter k and the choice of distance
metric and other factors.

To begin with, we display the number of articles be-
longing to a certain category (Fig. 1):

Category

Figure 1 — A bar chart showing the categorization

We divide the experiments, the purpose of which is to
improve the accuracy of classification, into:

1. Effect of parameter k: Experiments will be per-
formed with different values of the parameter k (number
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of neighbors) and the accuracy of the model on the test set
will be measured.

2. Clustering Impact: Experiments will be conducted
with the generated clustering-based classification model
and its impact on the accuracy of the k-NN model on the
test set.

3. Choosing a distance metric and k-NN hyperparame-
ters: Experiments will be conducted with different dis-
tance metrics and with different k-NN hyperparameters,
namely an algorithm such as “ball_tree” (partitioning the
data space into minimally convex balls) and a k-distance
tree and metrics (such as the Manhattan metric and
Euclidean distance), and the accuracy will be measured
on the test set.

To assess the quality of the classification model, we
will use metrics. Here is a brief explanation of each met-
ric:

1. Accuracy: Measures the ratio of the number of cor-
rectly classified documents to the total number of docu-
ments. The higher the value, the better the model.

2. Precision: Measures the ratio of the number of cor-
rectly positively classified documents to the total number
of positively classified documents. This indicates how
accurately the model identifies positive documents.

3. Recall: Measures the ratio of the number of cor-
rectly positively classified documents to the total number
of documents belonging to the positive class (correctly
classified positive documents plus false negative docu-
ments). This indicates how fully the model defines posi-
tive documents.

4. F1 score: This is the harmonic average between ac-
curacy and completeness. It is used as a compromise met-
ric that combines information about accuracy and com-
pleteness. It takes into account both the accuracy and
completeness of the model and uses its harmonic average
to calculate the final value.

To estimate the error of our model, we will build a
histogram comparing real and predicted data, where count
represents the number of cases or frequency of each cate-
gory in the data set, and category respectively the cate-
gory itself. We will also build a prediction matrix. The
prediction matrix reflects the correspondence between
actual and predicted classes and allows quantitative
analysis of classification results. It consists of rows and
columns, where the rows represent the actual classes, and
the columns represent the provided classes. Each cell in
the matrix shows the number of samples that belong to a
certain actual class and have been mistakenly classified
into a specific predicted class. For both options, we will
take the top 15 values to see the result better.

These studies will allow us to understand under what
parameters and characteristics k-NN shows itself best.

The purpose of the experiment Nel is to study the in-
fluence of the number of neighbors (parameter k) on the
results of a particular operation or algorithm.

We will conduct a study on the parameters k = 1, 5,
10, 15, 20 where k is the number of neighbors. We calcu-
late the assessment of the quality of the classification
model at k = 1 (Fig. 2).
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Accuracy:0.79935125115848
Precision:@.8054679150341048

Recall:0.79935125115848
F1 score:@.7980253922562135
Figure 2 — Evaluation of the quality of the classification model

Actual vs, Predicted Category Counts
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Figure 3 — Histogram comparison number of predicted and real
data for k=1

Confusion Matrix {Subset of 15 Categories)

interest = 1 y e oL 1 2 1 o o - S RERNET T - B g0
crude- 31 4 1 B0 1 o © ©0 4 © O 0 @ 0 0
g8in- 0 0O 1 2 4 1 0 W 1 @0 0@ ©o o0 0
trade - @ S A | 1 € 1 2 © ©o 0 0 0 1 o

maney-fx - 0 1 100 3 © 1 & 1 0 3ol 2 o 1
s = 400

T
:
3 com = 1 a o o 8 a o % a 1 o o 1 o o
:
24 ship- @ 1 o 4 2 a o 1 23 0 o o 1 o
- 300
dr- 0 1 1 o a 1 & L] o 22 1 o L] o o
maney-supply - 0 L] a o Q @ 1 o @ @ o @ ) o
200
qold - 0 3 o Q Q Q o Q@ Q o0 2 o @ °
wugar @ ] o Q @ Q @ Q Q o % 0 ]
100
ang Q 2 o L] Q F3 L a 1 L] 13 ]
coffee - 1 Q L) 1 o Q e L 1 ] o L Q
i 0 0 0 " 0 . 0 i =0
E g % & £ &% x E &2 § > 2 & E ¥
s Py e e R pes BB TG
£ :
g

Figure 4 — Prediction matrix for k=1

As we can see from the Fig. 2, the results are satisfac-
tory, but they should be improved. In Fig. 3 shows that
the largest error belongs to the EARN category. From the
matrix of predictions in Fig. 4 we can also see that most
often the algorithm was wrong in determining the cate-
gory of EARN and ACQ.

We calculate the assessment of the quality of the clas-
sification model at k = 5 (Fig. 5).

Accuracy:0.8178869323447636
Precision:@.8153930325993035

Recall:0.8178869323447636
F1 score:0.8101419178618491

Figure 5 — Evaluation of the quality of the classification model
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Figure 6 — Histogram comparison number of predicted and

real data for k=5
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Figure 7 — Prediction matrix for k=5

As we can see from the Fig. 5, the results improved
compared to the results in Fig. 2, but they should be im-
proved. In Fig. 6 it can be seen that again the greatest
error belongs to the prediction of data in EARN, but com-
pared to the results achieved at k = 1, the error has in-
creased. Following the matrix of predictions in Fig. 7 we
can also see that most often the algorithm was wrong in
determining the category EARN and ACQ, but for ACQ,
it decreased compared to the results at k = 1. However,
the number of correct distributions has increased.

We calculate the assessment of the quality of the clas-
sification model at k = 10 (Fig. 8).

Accuracy:0.8341056533827618
Precision:@.8317522368556206

Recall:0.8341056533827618
F1 score:0.8252637674684895
Figure 8 — Evaluation of the quality of the classification model
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Figure 9 — Histogram comparison number of predicted and real
data for k=10

Eo

orange 70

o
copper .0

interest pm—"13.0

]
g
2

Category

As we can see from Fig. 8, the results improved com-
pared to the results in Fig. 5 which makes them quite ac-
curate. In Fig. 9 it can be seen that again the greatest error
belongs to the prediction of data in EARN, but compared
to the results achieved at k = 5, the error has decreased.
Following the matrix of predictions in Fig. 10 we can also
see that the algorithm was most often wrong in determin-
ing the categories of EARN and CRUDE, instead of
ACQ. However, the number of correct distributions has
increased.
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Figure 10 — Prediction matrix for k=10

We calculate the quality assessment of the classifica-
tion model at k = 15 (Fig. 11).
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Figure 12 — Histogram comparison number of predicted and real
data for k=15
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Figure 13 — Prediction matrix for k=15
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As we can see from the Fig. 11, the results improved
compared to the results in Fig. 8. In Fig. 12 it can be seen
that again the greatest error belongs to the prediction of
data in EARN, but compared to the results achieved at k =
10, the error has decreased. In accordance with the matrix
of predictions in Fig. 13 we can also see that the algo-
rithm was most often wrong in defining the EARN and
CRUDE categories, instead of ACQ. The number of cor-
rect distributions has increased, although not significantly.

We calculate the assessment of the quality of the clas-
sification model at k = 20 (Fig. 14).

Accuracy :@.8387395736793327
Precision:0.8336147608484434

Recall:@.8387395736793327
F1 score:0.8289611340421243

Figure 14 — Evaluation of the quality of the classification model
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Figure 15 — Histogram comparison number of predicted and real
data for k = 20
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Figure 16 — Prediction matrix for k=20

As we can see from Fig. 14, the results remained the
same in Fig. 11. This means that with a selected number
of neighbors, the model has reached its maximum level of
accuracy and it does not make sense to increase or de-
crease the number of neighbors. Accordingly, everything
coincides with the results at k = 15.
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The purpose of the experiment Ne2 is to study the ef-
fect of clustering on the algorithm k-NN. Clustering is a
method of grouping similar objects into clusters based on
their characteristics or distances to each other. In the con-
text of k-NN, clustering can affect the results of an algo-
rithm by changing the neighborhood of objects and hence
determining their classification.

We will conduct a study on the parameters k = 5, 15,
20, ¢ = 5, 15, 20, where k is the number of neighbors, and
¢ is the number of clusters. We calculate the assessment
of the quality of the classification model atk =5andc=5
(Fig. 17).

Accuracy:0.8276181649675626
Precision:@.8236345856370154

Recall:0.8276181649675626
F1 score:0.8213364658704626

Figure 17 — Evaluation of the quality of the classification model
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Figure 18 — Histogram comparing the number of predicted and
real data for k=5 and c=5
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Figure 19 — Matrix of predictions fork =5andc=5

As we can see from Fig. 17, the results are very good.
If we compare the results of metrics with Fig. 5 and with
Fig. 17, then with clustering there is a good increase in
accuracy at k = 5. In Fig. 18 we can see that the attitude to
categories has improved significantly with clustering than
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without it, and the error has decreased accordingly. By the
matrix of predictions in Fig. 19. We can also see that cor-
rect data allocation has improved a lot.

We calculate the assessment of the quality of the clas-
sification model at k = 15 and ¢ = 15 (Fig. 20).

Accuracy:0.8419833178869324
Precision:0.836402372291527

Recall:0.8419833178869324
F1 score:0.8345115914215016

Figure 20 — Evaluation of the quality of the classification
model
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Figure 21 — Bar chart comparing the number of predicted and
real data for k=15 and c=15
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Figure 22 — Matrix of predictions for k = 15 and ¢ = 15

As we can see from Fig. 20 results are very good. In
Fig. 21 we can see that the attitude to categories has im-
proved significantly with clustering than without it, and
the predicted data almost coincides with the real data,
which indicates a greater amount of properly distributed
data. Following the matrix of predictions in Fig. 22 can
also see that the correct distribution of data has improved
alot.

We calculate the quality assessment of the classifica-
tion model at k = 20 and ¢ = 20.

Accuracy:@.8456904541241891
Precision:@.8406501695176786

Recall:0.84569094541241891

F1 score:0.8374692034810864

Figure 23 — Assessment of the quality of the classification
model
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Figure 25 — Matrix of predictions for k = 20 and ¢ = 20

The results, which are shown in Fig. 23-24 and in the
matrix of predictions in Fig. 25, indicate very good results
using clustering. From Fig. 23 we see that the accuracy of
the model has again increased relative to k = 15 and
¢ = 15. This means that clustering allows you to better
determine the belonging of objects to the corresponding
categories. In Fig. 24 shows that attitudes towards catego-
ries again improve significantly when clustering is used.
Matrix of predictions in Fig. 25 also demonstrates that
proper data allocation is greatly improved when clustering
is used.

The experiment Ne3 aims to find hyperparameters that
maximize the performance of the k-NN algorithm, as well
as to understand the influence of hyperparameters on the
classification results. The study can help identify which
parameters are critical to achieving high accuracy and
efficiency in a specific data context. We will use 15
neighbors for research.

We calculate the quality assessment of the classifica-
tion model with the algorithm ‘ball_tree’ and the metric
‘manhattan’ at k = 15.

KNeighborsClassifier(algorithm="ball tree’, n_neighbors=15)
[*earn’ “earn® ‘earn” ... "trade’ ‘cpi’ ‘crude”]

Accuracy:0.8456904541241891

Precision:9.8406501695176786
Recall:0.8456904541241891
Fl score:0.8374692034810864

Figure 26 — Quality assessment of classification model with
‘ball_tree” algorithm and ‘manhattan’ metric
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Figure 27 — Histogram comparing the number of predicted and real
data with the ‘ball_tree’ algorithm and the ‘manhattan’
metric
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Figure 28 — Prediction Matrix with “ball_tree’ algorithm and
‘manhattan’ metric

As we can see from Fig. 26 results improved by com-
paring the usual k-NN with k = 15 in Fig. 11. In Fig. 27
we can see that, in general, the predicted data almost co-
incide with the real data, which indicates a more correct
distribution of the data. Following the matrix of predic-
tions in Fig. 28 We can also see that the correct distribu-
tion of data has improved a lot.

We calculate the quality assessment of the classifica-
tion model with the algorithm “ball_tree’ and the metric

‘euclidean’ at k = 15.
Accuracy:0.8456904541241891
Precision:0.8406501695176786

Recall:0.8456904541241891
Fl score:0.8374692034810864

Figure 29 — Quality assessment of classification model with

‘ball_tree’ algorithm and ‘euclidean’ metric
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Figure 30 — Histogram comparing the number of predicted

and real data with the “ball_tree’ algorithm and the ‘euclidean
metric
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Figure 31 — Prediction matrix with ‘ball_tree’ algorithm and
‘euclidean’ metric

Comparing the results of the ‘ball_tree’ algorithm
with different metrics, we can conclude that the introduc-
tion of these hyperparameters has increased the accuracy
and efficiency of the model, but in two cases of using
metrics, the result is the same, which may mean that both
metrics measure the distance between two points with the
same accuracy, or perhaps that the points are in a space
where both metrics are equivalent.

We calculate the quality assessment of the classifica-
tion model with the algorithm kd_tree’ and the metric
‘manhattan’ at k = 15.

KNeighbosL’las sifier(algorithm="kd tree’, nJ‘leighbors:lS
‘epi®

[‘earn’ "earn’ ‘earn’ ... ‘palm-oil”
Accuracy:0.8387395736793327
Precision:®.8352195686724123
Recall:®.8387395736793327

F1l score:0.8290827008957881

Figure 32 — Quality assessment of classification model with
‘kd_tree’ algorithm and ‘manhattan’ metric
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Figure 33 — Histogram comparing the number of predicted and
real data with the ‘kd_tree’ algorithm and the ‘manhattan’
metric
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Figure 34 — Prediction matrix with ‘kd_tree’ algorithm and
‘manhattan’ metric

As you can see from Fig. 32-34, the application of
‘kd_tree’ with the ‘manhattan’ metric did not live up to
expectations, since the results coincide with the use of the
k-NN model without parameters at k = 15.

We calculate the quality assessment of the classifica-
tion model with the algorithm kd_tree’ and the metric
‘euclidean’ at k = 15.

ithm="kd tree", metric="eucl idean’ y n_ne iullh-;u“-.-

alm-0il® "cpi® “crude’]

Figure 35 — Evaluation of the quality of the classification
model with the algorithm ‘kd_tree” and the metric ‘euclidean’
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Figure 36 — Histogram comparing the number of predicted

and real data with the ‘kd_tree’ algorithm and the ‘euclidean’
metric

As you can see from Fig. 35-37, the application of
‘kd_tree’ with the ‘euclidean’ metric as well as with
‘manhattan’ did not live up to expectations, since the re-
sults coincide with the use of the k-NN model without
parameters at k = 15.
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Figure 37 — Histogram comparing the number of predicted and
real data with the ‘kd_tree’ algorithm and the ‘euclidean” metric

5 RESULTS

In the previous section, the k-NN method for classify-
ing text documents was implemented. Experiments have
been conducted with various methods affecting the effi-
ciency of k-NN, such as algorithm selection and metrics.
Based on this, you can summarize the results.

In the first experiment, the results showed that the se-
lected number of neighbors (parameter k) has a significant

mimpact on the accuracy of classification. The best value of

k is 15 and it achieves the maximum accuracy of classifi-
cation of text documents, namely — 0.8387, which is equal
to 83.87%. This means that increasing the number of
neighbors does not significantly affect the results and
does not bring additional improvements. This can be ex-
plained by the fact that too small k values can lose infor-
mation, and too large k values can lead to overtraining of
the model.

Therefore, for the classification of text documents, it
is important to choose the optimal value of the parameter
k, which provides the highest accuracy of classification.
In this case, the use of k = 15 led to the maximum accu-
racy of classification of text documents, while at k = 1 the
worst results are achieved, where the accuracy is — 0.7980
(79.80%).

In the second experiment, the use of clustering
showed very good results for the classification of text
documents. Maximum accuracy was achieved at k = 20
and is equal to 0.8457 (84.57%). Comparing the results
when using the clusterless model k-NN in Fig. 4.13 and
clustered in Fig. 4.22. With a value of k = 20, you can see
how the accuracy and efficiency of classifying text docu-
ments have changed by better-determining similarities
between documents and assigning them to appropriate
categories.

The use of clustering changes the neighborhood of ob-
jects in space, that is, objects belonging to the same clus-
ter become adjacent to each other. This allows the model
to better distinguish objects from different categories
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since internal similarities in clusters can be more pro-
nounced than general similarities between all objects.
Accordingly, the effectiveness and importance of this can
be seen by comparing the results of models with and
without clustering.

In the third experiment, which investigated the influ-
ence of hyperparameters on the k-NN algorithm, it was
found that the choice of different algorithms and metrics
can have a significant impact on the accuracy and effi-
ciency of the model. This is achieved because different
algorithms and metrics use different approaches to calcu-
lating distances between objects and determining their
neighborhood. The choice of an algorithm, such as the
Ball tree or kd-tree, affects the structure of the tree used to
organize the data. In our case, the Ball tree works better,
because when applied with Manhattan and Euclidean dis-
tance metrics, the maximum accuracy that has been
achieved is 0.8457 (84.57%), which is on par with maxi-
mum accuracy when using clustering. Therefore, we can
conclude that for datasets with a large number of features,
the Ball tree works better. At this time, the kd-tree may be
more efficient for datasets with fewer features, so in our
case it was not very efficient and was able to achieve —
0.8387 (83.87%), which is not a bad result, but not very
good either.

6 DISCUSSION

In our case, when using two different algorithms to
find neighbors k-NN, metrics such as Manhattan and Euc-
lidean distance were used. However, as can be seen from
the experiments, there was no difference between them.
This is because both metrics measure the distance be-
tween two points with the same precision, or the points
may be in space where both metrics are equivalent, result-
ing in the fact that they give the same results.

So, summing up, in this case, the use of the k-NN me-
thod for the classification of text documents showed good
results. k-NN takes into account the context of text docu-
ments using immediate neighbors and does not require
complex data assumptions. These advantages make the k-
NN method an attractive option for classifying text docu-
ments. However, to maximize classification accuracy,
certain improvements need to be applied, such as choos-
ing the optimal value of the k parameter, applying cluster-
ing, and using appropriate algorithms and metrics to im-
prove the accuracy and efficiency of the model in our
study. Based on experiments, the maximum results were
shown by models k-NN at k = 20 with clustering and with
hyperparameters, as an algorithm for finding neighbors —
Ball tree at k = 15. At the same time, k-NN takes into ac-
count the context of text documents using immediate
neighbors and does not require complex data assumptions.
These advantages make the k-NN method an attractive
option for classifying text documents.

However, to achieve maximum accuracy of classifica-
tion, certain improvements must be applied. Using the
optimal value of the k parameter, clustering, and selecting
appropriate algorithms and metrics can significantly im-
prove the quality and efficiency of the k-NN model.
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In general, these experiments showed good results and
confirmed the suitability of the k-NN nearest neighboring
method for classifying text documents. In further re-
search, it is recommended to pay attention to improving
the model by optimizing parameters and using more com-
plex algorithms to improve its efficiency.

So, summarizing all of the above, the nearest neigh-
bors method is a very good method for classifying text
documents. Given that the algorithm does not take much
time, is flexible and is quite accurate, this makes it one of
the best options for the classification task.

CONCLUSIONS

In this study, analysis and experiments were con-
ducted using the k-NN nearest neighbor method to clas-
sify text documents. The results showed that the use of
the k-NN method proved to be effective and a very good
option for classifying text documents. The use of nearest
neighbors allows the k-NN method to take into account
the context of text documents and does not require com-
plex data guesses. This makes it a flexible and versatile
approach to classification.

In the case of researching the use of the nearest neigh-
bors method k-NN to classify text documents by their
topics, the scientific novelty lies in the fact that it offers
the use of a method that is quite simple and effective to
solve the complex problem of classifying text documents
by their topics. The study proposes the use of clustering
and dimensionality reduction to improve the quality of
text classification. In addition, the study compares the
efficiency of different types of term oscillation and differ-
ent values of k in the k-NN method for classifying text
documents. Thus, the study expands our understanding of
how the nearest neighbors k-NN method can be applied to
classify text documents by their topics and helps to im-
prove methods for classifying texts.

The practical significance of the obtained results lies
in a general review of the method of the nearest neighbors
k-NN and the creation of a software solution for classify-
ing text documents by their topics using this method. Af-
ter all, the developed system can automatically classify
text documents by their topics. It reduces classification
errors, thereby improving the accuracy of the system. The
study proposes developed software that implements the
proposed indicators, and also experiments were conducted
to study their properties. The results of the experiment
allow for recommending the proposed indicators for use
in practice, as well as determining the effective conditions
for applying the proposed indicators.

Prospects for further research are to study the pro-
posed algorithms for a wide class of practical problems.
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METO/ k HAUBJWKYUX CYCIIIB /151 KIACU®IKALILL TEKCTOBUX JOKYMEHTIB 3A iX TEMATHAKOIO

Boiiko H. I. — xaHn. ekoHOM. HayK, JOLEHT, JomeHT kadenpu CucreM InTydHOro iHTenekry, HamionaneHmil yHiBepcuTeT
«JIpBiBCBKA TIONTITEXHIKAY, JIBBIB, YKpaiHa.
Muxaitmnmmn B. 0. — acucrent xadenpu Cucremu mryusoro intenexty, HanionansHuii yHiBepcuTeT «JIpBIBCbKa HOJIITEXHi-
ka», JIbBiB, YkpaiHa.

AHOTAIIA
AxTtyansHicTs. OnruMizanist metony Hanbmmkunx cyciais K-NN mi1st knacugikarii TekCToBHX TOKYMEHTIB 3a iX TEeMOIO, a Ta-

MeTta po6oTu € BuBYCHHs MeToxy Haiibmmkunx cycimiB kK-NN mst knacugikamii TeKCTOBUX JOKYMEHTIB 3a iX TeMor0. 3aBaaH-
HSIM JOCTI/DKSHHS € Ha OCHOBI HA0OpYy aHUX NPOBECTH KJIACH(IKAIil0 TSKCTOBUX JIOKYMEHTIB 32 IX TEMOIO 32 ONTUMAaIBHHH Yac Ta 3
BHCOKOIO TOYHICTIO.
Metoa. Merox K-HalOnmKuux CycifiiB — 1je MCTPHYHHIA aITOPUTM IS aBTOMAaTHYHOI Kiacudikauii 06’ektiB abo perpecii. An-
roput™ K-NN 36epirae Bci HasiBHI faHi Ta Kiack]ikye HOBY TOUYKY Ha OCHOBI Bi/ICTaHi Mi)k HOBOO TOYKOO Ta BCiMa TOUKAMH B HaB-
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YanpHOMY Habopi. Jljisl bOro BUKOPUCTOBYETHCS IIEBHA METPHUKA BijcTaHi, Taka sik EBKiioBa Bincranb. Y npoueci HaBuaHHs K-NN
30epirae BCi JaHi 3 HABYAJIBHOTO HA0OPY, TOMY BiH BIJTHOCHTBCS JIO «JIEJayMX» aJrOPUTMIB, OCKIJIbKH HaBYaHHS BiJIOYBa€ThCS B
MOMEHT KJIacuikarii. AIropuT™ He pOOUTPH HISKMX IPHITYLIEHb PO PO3IOJII JaHHUX Ta BiH € HeMapaMeTPHYHNM. 3aBJaHHs ajlro-
putMy K-NN rmonsirae B ToMy, 11100 MPH3HAYHTH TECTOBOMY JOKYMEHTY X IIEBHY KaTEropil0 Ha OCHOBI Kareropiit K HaiGmmkdunmx
CyciniB 3 HaBUambHOrO HAbOPy AaHKX. CXOXKICTh MiJK TECTOBHM JOKYMEHTOM X Ta KOXKHHUM 3 HAHOIIKYUX CYCilTiB OLIHIOETHCS Oa-
JIOM KaTeropil, [0 sIKO1 HaJeXuTh cycin. SIKio mexinbka 3 K HaOmmKIux CycCimiB HameKath A0 OJHIET KaTeropii, To Oai cX0xKocCTi
i€l KaTeropii Ui TECTOBOTO TOKYMEHTa X OOYHCIIOETHCS SIK cyMa OalliB KaTeropii st KOXKHOTO 3 X HalOmmk4aux cycimis. [licms
LOTO0, KaTeropii paHKyIoThCs 3a 6ajaMy, 1 TECTOBHH JOKyMEHT IIPU3HAYa€ThCs KaTeropii 3 HaiBUIUM GaioM.

PesyabTaTu. YemninHo peanizoBaHo metox K-NN s kinacudikaiii TeKCTOBUX JOKYMEHTIB. Byso mpoBeeHO eKCIIepUMEHTH 3
Pi3HHMH METOJaMH, IO BIUIHBAIOTH Ha e(ekTHBHICTH K-NN, Takumu sik BUGIp anroputMy Ta METpHUKH. Pe3ysibTaTi eKCIIEpHMEHTIB
TIOKa3aJIy, 1110 BUKOPHCTAHHS IIEBHUX METO(IB MOXKE MOKPAIINTH TOYHICTh KiIacu(ikanii Ta epeKTUBHICT MOJIEIII.

BucHoBku. BifnoOpakeHHsI pe3yabTaTiB Ha Pi3HUX METPUKax Ta alropUTMax MOKa3ajo, 10 BUOIp KOHKPETHOrO aIrOPUTMY Ta
METPUKH MOXK€ MaTH 3HAYHUI BIUTMB HA TOYHICTH mepeadadeHs. 3actocyBaHHs anroputMy ball tree, a Takoxx BUKOpHCTaHHS Pi3HUX
METPHUK, TaKAX SK MaHXETiBCbKa ab0 €BKJIiOBAa BiACTaHb, MOXE TPHU3BECTH OO IOKPALICHHS pe3yNbTaTiB. BukopucranHs
knactepusanii nepen 3acrocyBanHsaM K-NN mokazano mo3uTHBHUI BIUIMB Ha Pe3yJbTaTH Ta MAO3BOJISIE Kpallle TPyMyBaTH AaHi i
3MEHIIYy€ BIUIMB IIyMy 200 HENPaBIILHO KIACH(iKOBAaHUX TOUYOK, IO IIPU3BOAUTH IO MOKPAIIECHHS TOYHOCTI Ta PO3MOALIY KIIaciB.
KJIFOUYOBI CJIOBA: metof, kiactep, kiacudikalis, TEKCTOBHI JOKYMEHT, Tema, anroputym ball tree, merpuka.
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