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This paper presents the results of a numerical study of a planar antenna with a complex form factor. The antenna is based on a
combination of two resonators, a disc resonator and a ring resonator. The feeding of the ring resonator is performed using a coplanar
structure: pointwise by galvanic contact between the central conductor of the coplanar line and the ring resonator and by distributed
electromagnetic coupling of the ring resonator and the aperture of the outer conductor of the coplanar line. The antenna was placed over
a metal plane whose geometric dimensions were significantly larger than those of the antenna to exclude the influence of edge diffraction
effects. In numerical simulation a complex approach including the method of semi-open resonator and the finite element method (FEM)
implemented within the commercial package HFFS was used. The dependences of spectral, energy and polarization characteristics on
material constants and frequency parameter have been investigated. It was found that within the framework of single-parameter
optimization it is impossible to simultaneously achieve a high level of all important parameters. The values of frequencies of spectral
lines in the spectral characteristics of the antenna are found with a relative error not worse than 1200 Hz. Frequency ranges within which
there is no degeneration of oscillation types are established. The distributions of surface currents on the metal elements of the antenna,
allowing to determine the position of phase centers of excitation, are presented. It is shown that the proposed antenna can provide an
acceptable level of matching both at fixed frequencies and in sufficiently wide local frequency bands, reaching 11% with respect to the
center frequency of the sub-band. The boundary values of gain coefficients in frequency bands are established. The simulation results
allow to predict effective radiation with formation of practically single-lobe radiation pattern and presence of elliptical polarization.
Keywords: Ring resonator,; Disc resonator, Coplanar line; Matching; Frequency characteristics;, Energy characteristics

PACS: 84.40.Ba; 84.40.Dc

Since the mid-50s of the last century, functional devices based on strip (microstrip) structures have occupied a
dominant position in the creation of complex radio engineering systems, especially if one of the main conditions is the
condition of miniaturization. Here we can point out numerous designs of filters, directional couplers, mixers, power
dividers, antennas, and recently - frequency selective surfaces, etc. [1-7]. A special place among all these technical
solutions is occupied by the structures having in their composition structures with axial symmetry - these are disc and
ring microstrip elements. This is due to the presence of peculiarities of electrodynamic properties of such structures.
The main of which are related to the presence in such structures of degenerate types of waves (or types of oscillations in
those cases when we are talking about resonators based on them), the effect of coupling between these oscillations and
the possibility of influencing the level of coupling, the possibility of removing degeneration, due to which there is a
possibility of controlling the operating bandwidth and some others.

The first attempts of practical use of ring structures were made to measure the phase velocity and dispersion
characteristics of microstrip lines (P. Troughton [8]). Later, axially symmetric structures found their application in the
creation of various functional elements and devices. Such intensive use of these structures caused the necessity to create
mathematical models to describe and predict these or those characteristics. To date, quite a large number of approaches,
models for analyzing the parameters of axially symmetric structures are known. Most of these models are focused on
finding only resonance frequencies of excited types of oscillations. Exhaustive information on the parameters of
structures is provided by the so-called full-wave models. Such models are quite complex in themselves and encounter
certain difficulties in their practical use. For express calculations simplified models are usually used, for example, using
the method of circuits, allowing to calculate parameters of inhomogeneous circuits and circuits with local
inhomogeneities [9]. In 1971, the so-called "magnetic wall model" for microstrip resonators based on axially symmetric
structures was proposed (sometimes another name of this model is used - the model of a half-open resonator) [10]. The
main idea of this method is that the boundary conditions are formulated in a special way: on the metallic surfaces of the
structure it is a natural boundary condition (equality to zero of the tangential component of the electric field), and on the
lateral cylindrical surfaces bounding the resonator it is a magnetic wall condition. This model has been subjected to
numerous modifications using various approaches [11], which allowed us to significantly improve the accuracy of the
calculations. At the same time, the semi-open resonator model does not give correct results for coupled modes and in
cases with complex boundary conditions, for example, in the presence of slot inhomogeneities in a microstrip disc. The
inclusion of feeding elements (sections of microstrip or coplanar lines, sections of coaxial) or auxiliary elements (short-
circuits, stubs) in the design further complicates the problem of finding the eigen-resonant frequencies and other
characteristics. For this reason, the best solution is to use an integrated approach based on a combination of a semi-open
resonator model and some numerical method such as the finite element method (FEM).
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The aim of this work is to simulate the electrodynamic characteristics of a hybrid metal-dielectric plane structure
based on a coplanar line and placed over a metallic surface.

STRUCTURE UNDER STUDY
We will consider a hybrid microstrip structure (Fig.1), which is a coupled ring and disc microstrip resonators
feeding by a coplanar structure and placed above a metallic plane.
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Figure 1. The structure geometry and notations

The ring and disc resonators are formed by metallized patches, respectively, and an external metallic plane. The
introduction of the metallic plane is due to giving the model more generality and simulation of the antenna location in
real conditions. The figure denotes are: 1 - external metal plane, 2 - dielectric substrate, 3 - inner conductor of coplanar
structure, 4 - outer conductor of coplanar structure, 5 - ring patch, 6 - disc patch. There is an air gap between the
dielectric substrate and the metal plane, which can be filled with additional dielectric. The simulation assumed a
variation of the values of the relative dielectric permittivity of the substrate. In the limiting case the value is of € =1.

The geometrical dimensions of the structure were chosen based on the assumption that this structure is designed for
operation in the centimeter wavelength range. The outer metallized plane had finite dimensions. However, its
dimensions were chosen in such a way that the geometric dimensions of the antenna elements and the resonant lengths
of oscillations in the resonators were significantly smaller than the geometric dimensions of the plane (on average for
the considered operating frequency range by a factor of 10). With such a ratio, one can ignore the occurrence of edge
diffraction effects and the so-called "flowing" of currents effect to the opposite side of the metal plane.

RESULTS OF NUMERICAL SIMULATION
As it is obvious, the antenna design itself is quite complicated, so it is practically impossible to talk about the
construction of a rigorous model that takes into account most of the factors. In numerical simulations, a complex
approach including the semi-open resonator method and the finite element method (FEM) implemented within the
commercial package HFFS [12] has been used. Considering the fact that all dependencies are multi-parametric, it is
necessary to optimize each dependency for all the variational parameters. Such parameters in this case were 4 - the
thickness of the dielectric substrate, ¢ - the value of the gap between the substrate and the metallic plane and &, - the

value of the relative dielectric permittivity of the substrate. The diameters of the ring and disc were fixed. Their values
were chosen based on the wavelengths of the operating range.

The basis of this antenna consists of two resonators, a disc and a ring resonator, and a coplanar ground plane
surrounding them, which plays an essential role in the excitation of the resonators. For this reason, the first step is to
investigate the spectral composition of the types of oscillations that are excited in it under the variation of the given
parameters.

Based on the data obtained in the study of similar structures [13, 14], a significant influence on the spectral
composition of excited oscillations has the value of the relative dielectric permittivity of the dielectric substrate and the
distance to the ground plane (with fixed diameters of the resonators and fixed coupling between them at a level
approaching the critical level to ensure a wider operating bandwidth). However, there is one more parameter in this
design, which is the amount of gap between the outer ring resonator and the coplanar ground plane. This parameter
determines the magnitude of coupling with the feeding coplanar line, the uniformity of the coupling magnitude along
the perimeter of the ring resonator conductor and directly affects the antenna operating bandwidth.

Fig. 2 shows the spectral characteristics of the structure at a fixed value of the parameter =2 mm and variation
of the dielectric constant of the substrate & —var (1, 3.8, 5.2). Values 3.8 and 5.2 correspond to standard values, which
are quite often used in practice, value 1 is the minimum limit value. In numerical simulations, an additional criterion

was used - the maximum number of excited oscillations, equal to 30. And the band within which these types of
oscillations are excited is a derivative value.
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Figure 2. Spectral characteristics

It should be pointed out that all eigen-frequencies are determined with a relative accuracy of no worse than 107,
which corresponds to a frequency error of 1200 Hz at the widest possible frequency bandwidth considered at
€ =1, t=2 mm. Extension of the considered frequency range beyond the established limits is inexpedient, because,

firstly, the spectra are too dense and it is difficult to identify and analyze the structure of such oscillations, secondly, the
number of degenerate types of oscillations increases, it is practically impossible to identify them with a dense spectrum,
and, thirdly, extension of the frequency range leads to unreasonably large expenditures of simulation time.

The analysis of the presented characteristics shows that at a fixed value of the parameter ¢ at the lowest value ¢,

the designated 30 types of oscillations fit in the frequency range from 0.91 GHz to 12.23 GHz. Moreover, near the
frequency F=6 GHz, a fourfold degeneration of the oscillation types is observed, and near the frequency
F =10.1 GHz, a twofold degeneration is observed. As the value ¢, increases, the spectral response shifts towards lower

frequencies: at the € =3.8 lower frequency is F =0.736 GHz, and at & =52 already F=0.69 GHz. At & =3.8 the
degeneration is observed only near the frequency F =7.57 GHz (twofold), and at £ =5.2 only near the frequency

F=6.93 GHz (twofold). In the remaining of the frequency range, only densification of spectral lines is observed. In
addition, the operating range narrows with increasing &, , which correlates with the presence of 30 first types

of oscillations.

The characteristics presented in Fig. 2 are obtained after optimizing the spectral composition depending on the
parameter 7 - the distance to the common ground plane. The optimal value is equal to 7=2 mm. Decreasing or
increasing the value of this parameter does not play a significant role in terms of the emergence (or suppression) of
additional resonances or manifestation of degeneracy of oscillation types. The reason is transparent - it is necessary to
fulfil certain resonance conditions. In this case - it is a complex electrodynamic structure, for this reason it is impossible
to formulate any definite criterion requirements for the values of the studied parameters.

Another important parameter that has a significant influence on the antenna performance as a whole is the
coupling value of the resonators and the feeding coplanar line. In most of the known designs that use the coplanar line
as the feeding element, due to the simple (linear) form factor of the coplanar line, it is relatively easy to maintain a
certain level of coupling between the elements of the device. In the case under consideration, maintaining a given level
of coupling (and effective excitation of the antenna apertures) can be realized if it is possible to ensure the flow of
surface currents across the entire surface of the outer conductor of the coplanar line. To study this issue, the simulation
of surface currents distribution on all antenna elements has been carried out.

Fig. 3 shows the results of the simulation of the surface current distribution in the antenna at frequencies
coinciding with the frequencies of the spectral lines for the antenna with the parameters €, =5.2, =2 mm, the value of
the gap between the coplanar line ring conductor and the ring resonator is 0.4 mm (this size provides a coupling close to
critical), the outer and inner radii of the ring resonator are 17 mm and 14 mm, respectively, the radius of the disc
resonator is 13.5 mm. The frequencies at which the modelling was performed: in Fig. 3ais F =3.815 GHz, in Fig. 3b is
F =451 GHz.

The analysis of graphical constructions allows us to conclude that at the F=3.815 GHz frequency both the ring
resonator and the disc resonator are excited on the type E,, of oscillations. It is not possible to identify the type of
oscillations that is excited in the coplanar part of the structure.

At the frequency F =4.51 GHz, the phase centers of excitation of both the disk resonator and the ring resonator
and the coplanar part of the structure are clearly identified (marked with ellipses in the figures). All of them are almost
in-phase excited on the type E,,, of oscillation. In addition, if we investigate the junction region of the center conductor
of the coplanar line and the ring resonator, we can state that at the frequency F =3.815 GHz there is a significant
concentration of current density at the junction. This may indicate that the coplanar line itself and the ring resonator are
to some extent not matched in terms of characteristic impedance. Conversely, a good level of matching can be expected
at F =4.51GHz.



459
Antenna Based on Complicated Coplanar Structure EEJP. 2 (2024)

The presence of such features in the structure of current lines leads to the necessity of additional study of the
antenna matching with external circuits at variation of selected parameters. The matching process is relevant for two
reasons: the first is the minimum impact on the microwave oscillator, and the second is the effective radiation of the
antenna. It is accepted that the level of matching is evaluated either by the return loss level or by the VSWR level. It can
be argued that both of these quantities are multi-parametric dependencies on the geometric dimensions, material
constants of the antenna and frequency. Therefore, optimization of the matching level by one of the parameters
(practically any of them) cannot lead to an absolute conclusion about the antenna efficiency.
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Figure 3. Structure of current density lines on the antenna elements

At the same time, the dependences of return loss on frequency at fixed values of other parameters allow to judge
about the presence of matching frequency bands, their width, and the value of return loss within these bands (which will

indirectly indicate the efficiency of operation).
Among all antenna elements there are some that fulfil a dual role. On the one hand - they are important structural

elements (for example, dielectric substrate, because on it are placed antenna elements), on the other hand - the
parameters of the substrate affect both the spectrum of eigenwaves, and to a certain extent affect the input resistance of
the antenna. The ratio of £,/ and the operating frequency determine the conditions of excitation of surface waves in
the substrate. To improve the efficiency of the antenna seeks to operate in the regime of no surface waves. For operation
in such a regime it is necessary to use so-called "thin" substrates. The conditions of such a mode will be determined by
the relations of h<<A4,, h<< A , where A, is the resonant length of excited oscillations, A is the operating wavelength.
In the considered frequency range at the chosen value of #=0.5 mm, such conditions are certainly fulfilled.

In Fig. 4 one can see the dependences of the magnitude |S,,| on the substrate values ¢, at optimized values of the

parameter ¢ =2 mm and the value of the gap between the coplanar line ring element and the ring resonator.
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Figure 4. Dependencies of |S, | vs frequency with &, variation

All curves presented in the graph are oscillatory to a greater or lesser extent. Moreover, the local amplitudes of
oscillations increase with increasing magnitude. There is a trivial effect of the shift of resonance frequencies to the low-
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frequency region with decreasing value of ¢, . At all values of ¢, in the characteristics there are both narrow frequency
bands with acceptable (and even very high) level of matching, and quite wide bands. Wide bands are observed in the
high-frequency part of the considered frequency range.

It is typical that the minimum values of the [S,| are observed at frequencies coinciding or very close to the

frequencies of spectral lines of eigentypes of oscillations in the structure (see Fig. 2). The maximum wide bandwidth,
within which the matching at the level of -10 dB (VSWR=1.925) is observed, is provided at the value of £ =3.8.

It covers the range from 10.1 GHz to 11.7 GHz (approximately 14.7% of the sub-band center frequency). For this value
of & , the minimum value of the |S,|=-42.1 dB at 11.5 GHz is also achieved. When the value of ¢, is reduced to

unity, the bandwidth narrows and it is approximately 11.1% and when the value of £ is increased to 5.2 it is only
5.5%. From the results of the simulation we can conclude that the maximum matching levels are achievable only when
the operating frequencies coincide with the frequencies of the spectral lines of the eigenoscillation types (or maximum
close to them). However, the distribution of currents on the surface of the antenna elements shows (see Fig. 3) and the
maximum matching levels do not guarantee effective excitation of apertures, hence, effective radiation.

The value of & has a significant effect not only on the degree of matching but also on the antenna gain. Fig. 5

shows the dependence of the gain in dBi (according to IEEE classification) on frequency at variation of &, values.

1-e=1
2-¢=3.8
3-£=5.2

K, dBi
~
1

7 8 9 10 1 12
F, GHz

Figure S. Dependences of the gain coefficient vs frequency at variation of the &, value

As it is evident from the above dependences, the frequency dependences have a fundamentally different character.
If at value of €, =1 the gain factor practically monotonically increases with frequency growth with two fluctuations of

the value of the factor (within 9%), then with increasing & value the dependences acquire oscillatory character

(extrema are observed), and at the end of the frequency range there is a sharp decrease in the value of the gain factor.
The maximum values of the gain also differ significantly. The maximum of 11.55 dBi is reached at £, =1, at £ =3.8

the maximum is 8.67 dBi, at £, =5.2 the maximum is 6.52 dBi.

The most important characteristics of any antenna are energy and polarization characteristics. These characteristics
determine the functionality of a particular antenna. Synthesizing antennas with given parameters has always been a
difficult task, given the complex interrelated dependencies of the parameters. And, as indicated earlier, optimizing any
of the antenna characteristics by a single parameter does not always lead to the desired result. This situation can be
demonstrated by the example of the radiation pattern and ellipticity coefficient dependence of the antenna. Fig. 6 shows
the pattern characteristics for some typical cases.

300

Figure 6. Pattern characteristics in azimuthal plane with optimized set of parameters
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All diagrams are normalized to the global maximum (this allows us to compare the radiation efficiency at each
frequency). The spline interpolation procedure was used to construct the dependencies and for this reason there is a
visual difference from unity in the maximum of the directivity diagram. The lower part of the construction is excluded
from consideration, because the value of the back lobes does not exceed the value of 0.015 (-18 dB).

The following frequencies were selected for analysis: curve 1 - at F=4.51 GHz (|S1 1| =-23dB), curve 2 - at
F=58 GHz (|S11| =-28 dB), curve 3 - at F=11.35 GHz (|S“| =-29.2dB). These frequencies were chosen from
the consideration of minimum values of the return loss magnitude. The frequency with the absolute minimum
(|SH| =-42.1 dBat F =11.5 GHz) was not considered due to too large difference in the return loss values.

As it is obvious, at all fixed parameters and £ =1 quite sharp main lobe formed (its width at the level of 0.707 is

4.579%), the side lobes are located symmetrically relative to the main one, their level does not exceed the value of 0.3.
The main lobe is displaced from the normal by an angle of 1.9°. Increasing the &, value up to the value 3.8 leads to

radical changes in the directivity diagram. The level of radiated power decreases sharply (its value does not exceed 11%
of the value of the level at £ =1). Further increase up to the &£ value of 5.2 leads to increase of the radiated power up
to the level of 73% of the maximum at £ =1. However, the diagram acquires a multi-lobe appearance.

Fig. 7 shows the polarization characteristics of the antenna plotted at the same parameter values and at the same
frequencies. The characteristics are plotted in a limited range of observation angles. In the remaining of the range of
angles, very sharp jumps in the value of the ellipticity coefficient are observed. As can be seen from the above
characteristics, the dependence function of the ellipticity coefficient for the £ =1 value has a monotonically increasing
character with a minimum value of 15 dB, which indicates the presence of linear polarization of the radiated waves.
When increasing €, within the interval of angles 5.64%, the 77 value does not exceed the value of 3 dB, which indicates

the presence of elliptical polarization.
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Figure 7. Polarization characteristics

At the € =5.2 value of the dependence has an oscillatory character and in most of the values of the observation

angles the polarization has a linear character. In a very narrow band of observation angles we can conditionally speak
about the presence of elliptical polarization.

The analysis of the given energy and polarization characteristics confirmed the position that the process of
optimization of multi-criteria characteristics of the antenna by one parameter is practically impossible. In order to
achieve the desired parameter levels, a multi-criteria optimization procedure has to be carried out. Such a process is
very complicated in terms of sufficiently large expenditures of calculation time and in terms of rather strict
requirements to the capabilities of computing equipment.

CONCLUSION

This paper presents the results of numerical simulation of the main electrodynamic characteristics of a complex-
composite electrodynamic structure designed to operate as an antenna in the centimeter wavelength range. The
peculiarity of the method of excitation of the structure is actually two-port feeding of the antenna: the first port - due to
the presence of galvanic coupling between the inner conductor of the excitation coplanar line and the ring conductor of
the resonator, and the second - due to the distributed electromagnetic coupling of the outer conductor of the coplanar
line and the ring resonator. By optimizing the varying parameters, it is possible to ensure satisfactory matching between
the antenna and the external circuits. As a result of simulations it is established that this kind of design can provide
effective radiation of electromagnetic waves with different types of polarization.
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AHTEHA HA OCHOBI KOMITIO3HUIITHOI KOIIIAHAPHOI CTPYKTYPH
Cepriii O. Ilorapcekuii, Imutpo B. Maiidopoaa, Cepriii M. MuxaJjrok
Xaprxiecvruil Hayionanvrutl yieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Ykpaina, 61022

V wiéi poboTi HmpencTaBIeHO Pe3yJbTaTH YHCENBHOTO AOCITIIPKCHHs IUIOUIMHHOI aHTeHU 3i ckiIagHuM (opM-daktopoM. OCHOBY
aHTEHM CTaHOBHTH KOMOIHALIisl IBOX PE30HATOPIB - THCKOBOTO Ta KiIbLIEBOT0. 30YAXKEHHS KiJbLEBOTO Pe30HATOpa 3IiHICHIOETHCS 3a
JIOTIOMOT'OI0 KOIUIAHAPHOT CTPYKTYPH: TOYKOBO 32 PAaXyHOK rajibBaHIYHOTO KOHTAKTy LIEHTPAIbHOIO MPOBiJHUKA KOIUIAHAPHOI JIiHIT
Ta KUIBIIEBOTO PE30HATOpa 1 3a PaxXyHOK PO3MOAUICHOTO €JIEKTPOMArHiTHOTO 3B'SI3KY KUIBIIEBOIO pPE30HATOpa W amepTypH
30BHIIIHBOTO TPOBIJHHKA KOIUIAHAPHOI JiHII. AHTEHa pO3MillyBajiacd HAJ METAJECBOIO IUIOIIHMHOI, TEOMETPHYHI PO3MIPH SIKOT
ICTOTHO TIEpEBHIyBaNN TEOMETPHYHO PO3MIpPH aHTEHH AN BUKIIOUCHHS BIUIMBY KpaloBux mudpakmiiiaux edexriB. [lix dac
YHCENBHOr0 MOJCIIFOBAaHHS BUKOPHCTAHO KOMIUIEKCHHH MiAXif, L0 MICTHTh y OOl METOJ HamiBBIAKPUTOrO pe30HATOpA Ta METOJ
ckinuenHux enementiB (MKE), peamizoBanmii y pamkax komepuiiHoro makera HFFS. IlpoBeneHo nocmizkeHHs 3anexHOCTEH
CHEKTPAIBHAX, EHEePreTHYHUX 1 TIOJSIPU3ALIMHIX XapaKTepUCTHK BiJl MaTepialbHUX KOHCTAaHT 1 YacTOTHOTO Hapamerpa.
BcraHoBeHo, 1110 B paMKax OJHONApaMEeTPUYHOI ONTHMI3alii HEMOXIINBE OJHOYACHE AOCSATHEHHS BHCOKOTO PIiBHS BCIX B)XKJIUBUX
napaMeTpiB. 3HaYEHHS YaCTOT CIIEKTPAIBHUX JiHiil y CHEKTPAIbHUX XapaKTePUCTUKAX aHTEHH 3HAW/ICHO 3 BiTHOCHOIO MOXUOKOIO He
ripme 1200 ['n. BcTaHOBNIEHO YaCTOTHI [ialma3oHH, y MeXax SKUX BIICYTHE BHPOKCHHS THIIIB KONHMBaHb. HaBemeHo posmominu
MOBEPXHEBUX CTPYMIB Ha METAJICBHX €JIEMEHTAX aHTEHH, IO JAI0Th 3MOTY BU3HAUHMTH MOJIOKEHHS (a30BUX LEHTPIB 30YIKEHHS.
TToka3aHo, 1110 MPOIOHOBaHA aHTEHA MOJKe 3abe3nedyBaTh IPUHHATHUI PiBEHb Y3rO/KEHHS SIK Ha OKPEMHX 4acTOTaX, TaK i B 10BOJI
LIMPOKHX JIOKAIBHUX CMYyTaxX 4acToT, IO cAraroth 11% 1010 HeHTpanbHOI 4acTOTH Mijytiana3ony. BCTaHOBICHO IpaHUYHI 3HAYCHHS
Koe(ilieHTIB MiACHICHHS B YaCTOTHHX Jiama3oHaX. Pe3ynbTaTH MOJCNIOBaHHS JAlOTh 3MOTY IIPOTHO3YBaTh e(eKTHBHE
BUIIPOMIHIOBAaHHS 3 ()OPMYBaHHIM IPAKTHYHO OJTHOIIEIIOCTKOBOI AiarpaMu CIIPSIMOBAHOCTI Ta HassBHICTh eJIITUYHOT MOJIIpH3aIii.
KirouoBi ciioBa: xinbyesuii pesonamop; OUCKOSUL Pe30HAMOp;, KOWIAHAPHA JIHIA, Y3200MHCEHHA, HYACMOMHI XAPAKMepUCmuKiL,
eHepeemuyHi XapaKmepucmuKku





