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APPLYING SPLINE INTERPOLATION TO INCREASE
ACCURACY OF CORRELATION-EMERGENCY
NAVIGATION SYSTEMS

Relevance. Spline interpolation is used to improve the accuracy of correlation-extreme navigation systems. A two-stage
algorithm for combining images in correlation-extreme navigation systems is proposed. At the first stage, the surface of the
decision function of the algorithm is constructed in the vicinity of its extremum using a quadratic interpolator by six points and
its Gaussian curvature and extremum coordinates are estimated. These parameters are used to determine the optimal value of
the parameter of the cubic spline interpolator used in the second stage in order to refine the rough estimate of the coordinates
and improve the positioning accuracy of the navigation system.

Purpose of the work: The purpose of the work is to develop an algorithm for aligning images in correlation-extreme navigation
systems, which makes it possible to realize a cubic spline parameter close to the optimal value for each of the possible shifts
of the current image relative to the reference image and, as a result, to increase the accuracy of determining the coordinates.
Materials and methods. In correlation-extreme navigation systems, the coordinates of the aircraft are determined by
calculating the mutual shift of the current image obtained using the sensor of the Earth's physical field and the reference image,
which is known in advance. At the same time, the alignment accuracy of discrete current and reference images, which are
usually used in practice, does not exceed half a pixel. Therefore, the problem of improving the accuracy of navigation systems
is of great importance. One of the possible ways to solve this problem is to use methods for approximating the decision function
of the image alignment algorithm in the vicinity of its global maximum.

Results: To illustrate the gain in the accuracy of the positioning of navigation systems, statistical tests of the algorithm with a
6-point interpolator and the above-described two-stage procedure for minimizing the decision function containing spline
interpolation at the second stage were carried out. A typical image was used as a reference image. The coordinates of the center
of the current and reference images (Xq,Yg) were played randomly in accordance with the two-dimensional normal

distribution law, the average value of which coincided with the center of the reference image; the standard deviation is also
found. Then the current image was formed. The constructed current image was noisy with additive white Gaussian noise with
zero mean value and the same standard deviation for each element o . Image alignment was assumed to be correct if the
following conditions were met: <2, <2, where (X,Y) —is the shift estimate generated by the algorithm.

X—=Xp Y=Yo

Then, the algorithms were repeatedly run with different realizations of the noise component of the current image, and the

N 2 N 2
1 1
dependences of the root-mean-square error Gy = {NZ(XI _XOi) }, Oy = {NZ(yI —in) } in each direction on the
i=1 i=1

mean-square value were plotted G .

The figures in the article show the dependencies oy (Igc) for the algorithm with a 6-point interpolator (upper curve) and for
a two-stage algorithm (lower curve). Analysis of the graphs allows us to conclude that the second algorithm wins in the accuracy
of determining the coordinates of the shift by about 5 times. The dependencies Gy(lg o) for both algorithms practically

coincide with those shown in the figure. It should be noted the weak dependence of the positioning accuracy on the change in
the parameter o inthe area 0 <o <10.
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Conclusions: It is shown that the optimal value of the parameter of the cubic spline interpolator depends to a lesser extent on
the magnitude of the local shift of the images and, to a greater extent, on the correlation interval of the reference image in the
vicinity of the image alignment point, which is proposed to be estimated using the Gaussian curvature parameter.

KEY WORDS: correlation-extreme navigation systems (CENS), current image (CI), reference image (RI), decision
function (DF), high-resolution interpolation cubic spline (HRICS).

In cites: Bykov VN, Kolchigin NN, Miroshnik GYu, Miroshnik TV, Sotnikov AM. Applying spline interpolation to
increase accuracy of correlation-emergency navigation systems. Visnyk of V.N. Karazin Kharkiv National University,
series “Radio Physics and Electronics”. 2021;35:7-16. https://doi.org/10.26565/2311-0872-2021-35-01

In [1], the methods of interpolation of functions, including cubic splines, used for the local refinement of the image
shift parameter, were analyzed. Methods for approximating the decision function of the algorithm in the vicinity of its
global extremum based on the least squares method were studied in [2]. It is shown that among the interpolators the best
characteristics are possessed by the spline, called the high-resolution interpolation cubic spline (HRICS), described in [3].

The spline is specified up to a parameter that is recommended to be selected in each specific case. Preliminary
studies have shown that for a given El the optimal value of this parameter depends on the local image shift, the image
correlation interval at a given shift, and other parameters.

FORMULATION OF THE PROBLEM
Let be vjj, i,je—n,n —an array of samples of the two-dimensional function to be reconstructed. In the general

case, the reconstructed function has the form:
n

v(x'y)= D vig'(x'=ih,y' = jh). )
i,j=—n
Where g'(t,s) —interpolation function (also called interpolation kernel), h —sampling step of the original function.

Usually, separable interpolation functions are used, represented as a product of two one-dimensional functions, i.e.
g'(s, t) = g(s)g(t) . After passing to dimensionless variables x = x'/h, y=y'/h expression (1) takes the form:
n

v(xy)= > vijg(x=ia(y-j)- )

i,j=—n

The kernel of a high-resolution interpolation cubic spline is described by the relation [1]:
(a+ 2)|s|3 —(a+3)s% +1, S| <1

g(s,a) = a(|s|3 —5s? +8[s|-4, 1<|s|<2; )
0, ls|>2

specified up to a parameter a . Since the kernel (3) is equal to zero outside the interval [-2, 2], then in this case n=2.
The parameter value is suggested to be selected from the interval [-1;-0,5] in each case. The spline derivative has the
form:
3sgn(s)(a+2)s? —2(a +3)s, ls|<1;
d9s.a) _ asgn(s)(3s® —10[s|+8), 1<]s| < 2; 4
d g 5> 2,

Fourier transform of an even function g(s) is real and is defined by the expression:

_8sin(v/2)

r(v,a) = y [4avcos3(v/2) +(3v +2a) cos(v/2) - 6sin(v/2) — 6a sin(v)} . ()
\"

As an alternative, consider a two-dimensional non-separable interpolator with respect to 6 points [2], numbered
sample (0,0), (-1,0), (0,-1), (10), (0,2), (L1), moreover:
g'(x,y) =1+xy—x? —y% g'(x+1y) =y(y-1)/2; g'(x,y+1) =x(x 1)/ 2;

g'(xy-D=x(x-2y+1); g'(x-Ly) =y(y-2x+1); g'(x-Ly-1) =xy, n=1.
From a geometric point of view, the specified interpolator constructs a surface of the second order:

n(x, y) =by +box + b3x2 +bay+ b5y2 +bgxy,
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where

by = vog, by =(v_10—V10)/2. b3 =vo_1+ V10 —2Vo0. ba = (vo1-Vo1)/2,

bs = vy +V_10—2vgo, bg =Vog+V_11—Vo1—V_10-

In the case when the determinant of the Hessian matrix satisfies the condition:
A =4bghs —bZ >0, (6)
this surface is an elliptical paraboloid, otherwise it is a hyperbolic paraboloid. In the first case, the coordinates of the
extremum of the function described by the indicated surface are determined by the expressions:

__bybg —2bybs . bobg —2bsb,
Abgbs —b2 ' Abgbs —b2
If condition (6) is not met, then the point with coordinates (7) is a saddle point.

Let us carry out a comparative analysis of the considered interpolators when using them to refine the integer shift
(k,1), generated by the image alignment algorithm in correlation-extreme navigation systems (CENS). Move the origin

to a point (k,I).

U]

1. ERROR IN DETERMINING THE MAXIMUM OF A KNOWN FUNCTION.
We will conduct a study of the quality of restoration of function:

. . 2
_ sinc(p(x—Xg)) sinc(aly —yo))
P(X—Xq) acy —Yo)
inarea [-1,1]x[-1,1], using her counts v;; =f(i, j), i, j € 2,2 . If the width of the main lobe of function (8) in each of the

f(xy) ®)

planes does not exceed 2, then such a function approximately correctly describes the surface of the decision function in
the vicinity of its extremum in practical applications for aligning images in the CENS. Using the parameter p, you can
change the width of the main lobe of the function (8), and by changing the parameters Xgq, Yo, which we will carry out
within the region [-0,5;0,5]x[-0,5;0,5] , you can move the coordinates of the point of its maximum.

In the case under consideration, the quality of restoration will be characterized by the value of the displacement
(AX =X —Xq,Ay =¥ —Yyg) maximum (X,¥) function v(x,y) relative to the maximum point (xq,yq) the original
function (8), which is assumed to be specified in the region [-2,2]x[-2,2].

In Fig. 1 shows the dependences of the displacement Ax from the shift

AX,A .
0 ly 7p=q=‘1 1 Xg at a fixed yg =0 and parameter values p=qg=1, and curve 1
’ =-1 /3 corresponds to the HRICS with the parameter a =—1,curve 2 — 6-point
005 interpolator. In the case under consideration, the interpolator of the first
0  — type is significantly inferior to the second in terms of displacement.
005 However, due to the inseparability of the core of the latter, the maximum
' / 2 displacement is observed at Xy =-0,5, and there is also a significant
0.1 / displacement along the axis (curve 3 in Fig. 1), which is absent in the

-0,15 HRICS.

05 025 0 025 Xo Odds vjj in formula (2) depend on the form of the function
f(x,y), and if it is given in the form (8), then they depend on the
Fig. 1. Dependencies AX(Xq), Ay(Xg) parameters p, d, Xg, Yq - If we fix them, then we can solve the problem:

(%(a),9(a)) =arg ) mia_xl ,1]V(X' y,a). 9)

A necessary condition for the fulfillment of equality (9) is that (X(a),¥(a)) should be a solution to the system of
equations:
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2

%: 2 Vijg—i(x—i,a)g(y—j,a):o;

ov( ) I,Jzz‘2 5 X,y e[-11]. 10)
~ )2 dg

VTZi’j_Z;ZVijg(X—l,a)@(y_La)=0,

If we now fix y =y, then you can find the optimal value ag =ag(Xg) as a solution to the equation:

x(a)—xg =0, ae[-15;-0,5]. (12)
a EN
_(()),7 \; 07 \\
09 \\ X,=0,1 09 \

0~V
11 / -1,1 o1 \\
Xo=0,

I N

-1,5
0,5 1 15 p 0 0,5 1 15

a) b)
Fig. 2. Dependency graphs ag(p) (a) and aq (D) (b)

Family of function graphs ag(p) at g =p; yg =0 and for different values xq = 0,1 and xg = 0,25 are shown in
Fig. 2a. It should be noted that the graphs differ slightly in the area 0,5<p <1,5 when changing the shift of the

interpolated function. If we solve the problem of reconstructing an unknown function from a set of its samples, then
instead of the parameters p,q, characterizing the curvature of the function in each direction, it is necessary to use other

parameters. For example, can be used to describe the curvature of a surface z =f(x,y) at the point (Xq,Yg) , wherein
VT =0, determinant of the Hesse matrix of second derivatives:

fux T
fo, f

Xy

X W:|X:X0vy=YO
called the Gaussian curvature [4]. In addition, the concepts of curvature are used A, A, (eigenvalues of the Hessian),
as well as the mean curvature:

2
D= detl: = (fxxfyy _ny)X=Xo,Y=YO ! (12)

p=(fxx + fyy)x:xo,y:yo =M +Ay. (13)
If you build a dependency D(p) for function (8), then it can be used to obtain the graph of the function ay (D),
shown in Fig. 2b for fixed shift xy = 0,1, which in the first approximation can be approximated by a straight line by the
least squares method. If necessary, you can use the cubic parabola approximation.

AX . AXAY
=g=1
00005 |-/ N\ o 01
\ 5 0 \'—AX
0 \< 4 0 N
— ~—
-0,0005 |1 \ / 0.1 (/ \\
-0,001 \ / 02 A
) \J l /
-0,0015 03
0 01 02 03 04 44 12 -1 08 06 -,
0
Fig. 3. Addiction AX(Xq) Fig. 4. Dependencies AX(Xg), Ay(Xg)

Fig. 3 illustrates a graph of a function Ax(xg) for a=a(0,1) (curve 1) and a =ag(0,25) (curve 2). Thus, the exact
restoration of the original function is possible only with its displacements Xy = 0; Xq = £0,5; Xg =Xy, Where Xg - the

value of the shift of function (8), for which the optimal value of the parameter a was determined. At other points, the error
in recovering a known function of the form (8) is significantly less than for an interpolator by 6 points.
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2. THE ERROR IN DETERMINING THE EXTREMUM OF THE DECISION FUNCTION OF THE
CORRELATION ALGORITHM.

Let us illustrate the possibility of using HRICS to refine the position of the extremum of the decision function (DF)
corresponding to the correlation algorithm for aligning images in CENS. For example, let's take the port image as an RI
M; =150xM, =150 elements shown in Fig. 4a.

— .

N .

a) b) c)
Fig. 4. RI (a) and the decision function (DF) corresponding to the shift
(Ax =20,2; Ay = 20) (b) and (Ax =90,2; Ay =90) (c)

Let us take the DF of the correlation algorithm in the form:

Ni Np
b =D (tj —ef)?, (k1) €L My — Ny +1xL M, — N, +1, (14)
i=1j=1
where tj; —elements of the centered and normalized CI [2], measuring Ny x Np, Ny <My, Ny <My

[e!ﬂ, (i,))e 1,_N1><1, N, —RI sub matrix corresponding to its centered and normalized fragment obtained by shifting

by (k,1) elements relative to the upper left corner of the RI. The quadratic difference algorithm (14) is equivalent to the
correlation one due to the centrality and normalization of the Cl and RI fragments, and calculations in accordance with
the algorithm (14) by the computer are carried out much faster than when using the correlation algorithm with the
operation of multiplication under the sum.

The process of forming a CI using RI is described in [2], but instead of an interpolator by 6 points, the above-
described HRICS with the parameter a =-0,6. If necessary, the generated Cl can be noisy to simulate the noise
component that occurs when Cl is obtained in real conditions.

The image of a man-made object shown in fig. 4a indicates its significant inhomogeneity. So, in fig. 4b and fig. 4c
are shown in the form of images of the DF algorithm (14) obtained for the CI with N; = N, =39 elements and offsets
(Ax =20,2; Ay =20) and (Ax =90,2; Ay =90) respectively. The positions of the CI on the RI are shown in Fig. 4a. It
can be seen that in the second case, corresponding to sighting of the water area, the correlation radius is significantly
larger than in the first. Therefore, when using HRICS to reconstruct DF from its discrete readings in the vicinity of the
minimum, it is necessary to refine the parameter depending on the correlation interval of the RI at the extremum point.

The following two-stage procedure is proposed for using the HRICS in order to correct the position of the DF
minimum.

At the first stage, a rough estimate of the shift parameter is determined (X,¥) by formula (7) using a 6-point

interpolator. Determinant A of an elliptic paraboloid (formula (6)) constructed by the interpolator does not depend on the
coordinates (X,y) e[-1,1]x[-1,1] and coincides with the determinant of the Hessian matrix (expression (12)). In
particular, for the cases shown in Fig. 4b and 4c, determinant values D made up 1,406 and 0,648 respectively.

If we now construct a calibration curve similar to that shown in Fig. 2b, then at the second stage according to the
known parameter D it is possible to find the optimal value of the parameter @ , construct the surface (2) with the help
of HRICS using 25 DF readings and determine the position of its minimum, for example, by one of the gradient-type
algorithms, and use a rough estimate (7) as the initial value for this algorithm.

In the implemented algorithm, to minimize function (2), the iterative Newton-Raphson algorithm was used [5]:

Xiy1 =% —DTHG)VV(X}), (15)

where x =[x,y]", Vv- gradient function (2), D — Hesse matrix. Equation (15) in coordinates has the form:
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Xii1 = Xi —[%(fxfw —fyfxy)} ;

X=Xi,Y=Yij
1
Yin=VYi— B(‘fxfxy +fyfxx) '
X=Xi,y=Yi
where D(X,y) = (fXXfyy —ffy) . These equations coincide with those obtained in another way in [6]. The second derivative
of the spline (3) is described by the expression:
6(a+2)|s|-2(a+3), |s|<1,
g |00 22 Fst
—2 = 2a(3|5| —5), 1< |S| < 2,
ds 0, s> 2
and has discontinuities of the first kind at points s=+1, s=+2.

3. RESULTS OF STATISTICAL TESTS OF ALGORITHMS.

Ox
0,15 /

No spline
|

0,1

0,05 — with spline
L |

0 \
0001 001 01 1 10

lgo
Fig. 5. Addiction o, (g o)

To illustrate the gain in the accuracy of the CENS positioning, statistical tests of the algorithm (14) were carried
out with an interpolator by 6 points and the above-described two-stage procedure for minimizing DF, containing spline
interpolation at the second stage. As a reference image, we used the image shown in Fig. 4a.

Coordinates of CI center on Rl (Xq,yg) were played randomly in accordance with the two-dimensional normal
distribution law, the average value of which coincided with the center of the RI, and the standard deviation , was chosen
from the condition oy ~ M;/8. Then the CI was formed in accordance with the methodology described in [2]. The

constructed CI was noisy with additive white Gaussian noise with zero mean value and the same standard deviation for
each element, expressed in units of image brightness, which can take values from the interval [0,255].

Image alignment was assumed to be correct if the conditions were met (see [16]):
<2, ‘y—yo <2. (16)

X—Xg

Where (X,Yy) — an estimate of the shift generated by the algorithm. Next, the algorithms were repeatedly run with
different implementations of the noise component of the Cl and the dependences of the root mean square error were

1 N 2 1 N 2
plotted in each direction oy = Nzl‘(Xi —in) , Oy = Ng(yi —in) fromrms .
1= 1=

In Fig. 5 shows the dependencies o, (lgc) for the 6-point interpolator algorithm (upper curve) and for the two-
stage algorithm (lower curve). Analysis of the graphs allows us to conclude that the second algorithm wins in the accuracy
of determining the shift coordinates by about 5 times. Dependencies cy(lg o) for both algorithms practically coincide

with those presented in Fig. 5. It should be noted the weak dependence of the positioning accuracy on the change in the
parameter ¢ inarea 0 <o <10

CONCLUSIONS
It has been shown that the optimal value of the parameter of the cubic spline interpolator is less dependent on the
magnitude of the local shift of the images and, to a greater extent, on the correlation interval of the RI in the vicinity of
the image alignment point, which is proposed to be estimated using the Gaussian curvature parameter. A two-stage
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procedure has been developed for determining the coordinates in the CENS, in which, at the first stage, the decisive
function is reconstructed in the vicinity of its global extremum using a two-dimensional quadratic interpolator for 6 counts
and the coordinates of its extremum and the Gaussian curvature are estimated. These data are used at the second stage to
determine the optimal value of the cubic spline, constructed from 25 DF readings, and to refine the coordinates of its
extremum. It is shown that the positioning accuracy of the CENS can be increased by up to 5 times.
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3ACTOCYBAHHS CILIAMH — IHTEPIOJISIII IO MIABUIIEHHSA TOYHOCTI
KOPEJISIHIMHO-EKCTPEMAJIBHUX CUCTEM HABITALLTI
B.M. Buxos!, M.M. Koauurin®, I'. FO. Mipomnuk?, T. B. Mipomnuk?, O. M. Cornikos?
! Xapxiecoxuti nayionanvnuil ynisepcumem iveni B.H. Kapasina, maiioan Ceob6oou 4, Xapxie, 61022, Ypaina
2 Xapxiscokuil Hayionanvuuil ynieepcumem nosimpsauux cun iveni leana Koscedyba, eyn. Knouxiscoxa 228, Xapxis,

61045, Ukraine

AxTyanbHicTh: CrulaiiH—IHTEPIIOJALIS 3aCTOCOBYETHCS JUISl IJBHILIECHHS TOYHOCTI KOPEIALiHO-eKCTpeMaIbHUX
cHcTeM HaBiramii. 3arporoHOBaHO JBYXETAIIHUH alTOPUTM CYMIIIEHHS 300paXeHb B KOPEISIIHHO-EKCTpeMalbHUX
cucremax Hapiramnii. Ha meprromy erami OyayeTbest MOBEpXHs BUpimanbHOi PYHKIIIT aITOPUTMY B OKOJHII 11 eKCTpEMyMy
3a JIOTIOMOTOI0 KBAJPATUYHOTO IHTEPHOJATOPA MO MIECTH TOYKAX i OIIHIOIOTHCA {i raycoBa KpWBH3HA 1 KOOPIMHATH
excTpemymy. Lli mapameTpn BHUKOPHCTOBYIOTHCS IJIsI BH3HAYCHHS OINTHMAJIbHOTO 3HAYCHHSA Mapamerpa KyOidHOTO
CIUTaifH—1HTepIOIATOpa, IKUH BUKOPHUCTOBYETHCS HA JAPYTOMY €Tami 3 METOI0 YTOYHEHHs rpy0oi OIMiHKH KOOpAWHAT i
MABUIIIEHHS TOYHOCT]I BU3HAYECHHSI MICI[€3HAXOMKEHHSI CUCTEMH HaBITraIii.

MeTto1o po6oTHu €: Po3poOka anroputMy CyMiIIeHHS 300pakeHb B KOPEAIITHO-eKCTpeMaIbHUX CICTeMax HaBiraiii, mo
JI03BOJISIE pealizyBaTH OJIM3bKE J0 ONTUMAJIBHOTO 3HAUCHHS apaMeTpy KyOi4HOTO CIITaliHy sl KOXKHOTO 3 MOXKIIMBHX
3pYIICHb MOTOYHOTO 300pa)KEHHS I0JI0 €TAIOHHOTO 300pa’KeHHS 1 B Pe3yibTaTi IMiJABHUIIUTH TOYHICTH BU3HAYCHHS
KOOp/IMHAT.
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Martepiann Ta Meroam: Y KOpENAIiIfHO-eKCTpEeMaIbHUX CHCTEMaxX HaBiramii BH3HAUYEHHS KOOPAWHAT JITaIbHOTO
arapary 3OIHCHIOETBCS IUIIXOM OOYHCICHHS B3a€MHOI'O 3CYBY IIOTOYHOTO 300pa)KEHHS, OTPHMAHOTO 3a JIONOMOIOI0
matguka (GpisUgHOTO MOJA 3eMIli, 1 €TAJIOHHOTO 300pakeHHs, BiIOMOTO 3a3/1anerinb. [Ipu mboMy TOYHICTh CyMilIeHHS
TUCKPETHUX IOTOYHOTO 1 €TATOHHOTO 300pa)KCHHs, SKi 3a3BHYAil BHKOPHCTOBYIOTHCS Ha TMPAKTHUIl, HE TEPEBHUIIYE
MoJIOBUHU Tikcens. OTHUM 3 MOIMBHX NUIAXIB BUPIOICHHA NMPOOJIEMH ITiJBUINEHHS TOYHOCTI CHCTEM HaBiramii €
3aCTOCYBaHHS METO/1iB HAOJIMKEHHsI BUPIIIAIBHOT (DYHKIIT alrOpuTMy CyMilIeHHs 300pa)keHb B OKOJIML ii r100anbHOTo
EKCTPEMyMY.

PesyabraTu: [ inocTpanii BUrpamry B TOYHOCTI BU3HAYCHHS MICIIE3HAXO/DKEHHS CHCTEMH HaBiraiii Oyim npoBejieHi
CTaTUCTUYHI BUMPOOYBAHHS QJITOPUTMY 3 IHTEPHOJISTOPOM MO HIECTH TOYKAX 1 BUIIEONHMCAHOT ABOCTAIHOI NPOLETypH
MiHiMi3alil BUpimanbHOI (QYHKIII, 110 MICTUTH CIUIAHH—IHTEpHOJALII HAa Apyromy erami. B sKkocTi erasoHHOTO
300pa)XeHHsI BUKOPHCTOBYBAJIOCS THUIOBE 300pakeHHs. KoopaMHATH LEHTpY MOTOYHOTO i €TaJIOHHOTO 300pa)keHb
(Xg.Yg) PO3irpyroThCs BMNaJKOBMM YMHOM BiMOBIJHO [0 JBOBMMIPHOIO HOPMAJILHOTO 3aKOHY PO3IOJILIY, CEPEIHE

3HAQUEHHSI SIKOTO 30Ira€ThCsi 3 IIEHTPOM ETAJIOHHOTO 300paKEeHHs, 3HAXOAMThCS TaKOX CEPeAHbOKBAAPATHYHE
BiaxuieHHs. [1oTiM GpopMyeThes TOTOUHE 300paKEHHS 10 JISSIKMM 3HAaYEeHHSIM eTaJoHHOTOo 300paxkeHHs. [loOynoBane
TaKd YUHOM IIOTOYHE 300pa)KeHHs 3allyMIISIIOTh aJWTHBHUM OUIMM rayCiBCHKMM INYMOM 3 HYJBbOBHM CEpEIHIM
3HAQUEHHSM 1 OJTHAKOBHMM JJIsI KOXKHOTO €JIEMEHTa CePEeAHbOKBAPATHIHUM BIIXUIICHHSM, 1[0 BUPAXKAETHCS B OJMHUIIAX

<2, <2, n1e

scKpaBocTi 300paxeHHs. [loeTHaHHS 300paXKeHb € MPaBHILHUM, SKIIO BUKOHYIOTHCS YMOBH: |X —Xq Y-Yo
(X,y) — oIiHKa 3CyBY, sika POPMYEThCS anroputMoM. Jlami 3aificHIoBaBcs 6araTopazoBHil 3aITyCK adTOPUTMIB 3 PIZHUMH
peaizauisMH IryMOBOi KOMIIOHEHTH HOTOYHOI'0 300paKeHH:I 1 Oy IYFOThCS 3aJIeKHOCTI CepeAHbOKBAIPATHIHOT IIOMUIIKH

10 KO)KHOMY HalpsAMKY Bi,Z[ CEPEAHBOKBAAPATUIHOTO 3HAYCHHA O , TOOTO

1 2 1 2
Ox = *Z(Xi _XOi) » Oy = *Z(Yi _in)
N i=1 N i=1

Ha manoHKax, NpuBeICHUX B CTATTi, HABEJICHO 3aJI€KHOCTI Gy (lgc) Ui adropuTMy 3 iHTEPHOJSATOPOM 1O 6 TOYKax

(BepXHsl KpuBa) 1 /ISl IBOCTAITHOTO ITOPUTMY (HWKHS KprBa). AHaui3 rpadikiB 103BoJsie 3p00OUTH BUCHOBOK IPO T€,
IO JPYTHii aITOPUTM BUTPAE B TOYHOCTI BH3HAYEHHS KOOPIMHAT 3CYBY MPUOJHM3HO B 5 pasiB. 3alie:KHOCTI sl 000X
AITOPUTMIB TPAKTUYHO 30IraloThCS 3 MPEACTABICHHIMH Ha MamoHKy. Ciil 3a3HAUMATH clIa0Ky 3alieKHICTh TOYHOCTI
BU3HAYEHHS MiCIIe3HAaXO/IKEHHS BiJl 3MiHM mapameTpa ¢ B obnacTi 0<o<10

BucnoBku: [lokazaHo, 1m0 onTHMalibHE 3HAUEHHS NapaMeTpy KyOIYHOrO CIUIalH-IHTEpHONSATOpa B MEHUIN Mipi
3aJIKHUTh BiJl BEJIMYMHHU JIOKAJBHOTO 3CYBY 300pa)keHb 1 B HAMOUIbIIIN Mipl BiJ iHTepBasly KOpeslii eTaJoHHOTO
300pa)KeHHsI JTOBKIJUISI TOYKHM CYMIILIEHHsI 300pa)KeHb, SKWH 3alpONOHOBAHO OLIHIOBATH 3a JOIOMOTIOI0 Mapamerpa
raycoBOi KPUBH3HH.

KitrouoBi ciioBa: kopensilifiHO-eKcTpeMaJIbHi CHCTeMH HaBiramii, moToyne 300pakeHHsl, €TAJIOHHE 300pasKeHHs,
BUpilIAIbHA QYyHKIiS, BUCOKOPO3AILHUN iIHTepnoasauiiHui KyOiYHuH cnuiaiiH.

Crarts Hanifinma no penakmii: 2 Bepecs 2021 p.
PexomenoBano 1o apyky: 11 sxoBtHs 2021 p.
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OO0 3SMEHITEHHA IIOMITHOCTI CKJIIAJTHOTI'O OB’EKTY HA TJII
NIJICTUJIbHOI MOBEPXHI

AKTyaJIbHiCTBh. 3HIDKEHHsI palioNOKaI[ifHOT MOMITHOCTI 00’€KTa € BaXJIMBOIO 331a4el0 IIPH CTBOPEHHI BifiCEKOBOI TEXHIKH.
PeanbHi 00’ €KTH 4acTO pO3TAaNIOBAHO Ha JAESIKIH IMiCTHIIBHII TOBEPXHI, 0 MPUBOAUTE IO 3HAYHOTO 301IbIICHHS PO3CISTHOTO
HOJISL TAKOIO CHCTEMOIO y MOPIBHSHHI 3 MOJIEM, IO PO3CIIOEThCS 00°€KTOM 0Oe3 ypaxyBaHHsS NEepPeBITOUTTS Bil MiACTHILHOT
noBepxHi. Po3po0ka MeToiB 3HIKEHHS MEePeBiIOUTOTO OIS BiAirpae BaroMy pojib cepel 3a1ad 3HIDKSHHS PaaiooKaiiHol
MOMITHOCTI.

Merta po6oTu. Po3risgHyTH iCHYI04i METOIHM MOJICITIOBAHHS PO3CISTHHS €1eKTPOMArHITHUX XBIJIb Ha 00’ €KTaX CKIagHO1 (hopMHU
Ha TJIi TiACTHIBHOI MOBEPXHi, MpOaHaIi3yBaTH PiBEHbh KOMIOHEHT BiIOMTOTO MOJA. 3amporOHOBYBAaTH METOIM 3MEHIICHHS
panionokaniitHoi momiTHOCTI 00’ekTa. [IpoBecTH MOJENIOBaHHSA Ui KOHKPETHOTO O0’€KTa Ui OINHKH €()EKTHBHOCTI
3aMpPONOHOBAHUX METOIIB.

Marepiann ta Metoau. Bupimyerbcs 3amada audpaxuii Ha 00’ekTi ckiIagHOl (GOPMH, SKHH PO3TAIIOBAaHO HA TIi JESIKOI
nifcTmIbHOT ToBepxHi. [Ipu 1IboMy BpaxoBaHO pi3HI KOMIIOHEHTH PO3CISTHOTO MOJISL: OAWHAPHE BIIOWTTS Bifl pi3HUX EIEMEHTIB
noBepxHi 00'ekTa ((Hi3MKO-ONTHYHA KOMIIOHEHTA); OJHOPA30Bi MEPEBIAOUTTS MiXK PI3HUMH YaCTHHAMU 00'€KTa; epEeBiIOUTTS
MDK 00'€KTOM 1 HiICTHIBHOIO NOBepxHEI0. [Ipu YncioBoMy MOJENOBaHHI PO3CiSHE MOJie Ha 00’ €KTI KUK PO3TAIIOBAHO HA
MiACTHIBHINA TTOBEPXHi, MIACTHIIFHA TOBEPXHS PO3TIISAAETHCS Y BUTIIAL IPSIMOKYTHHKA CKIHYEHOTO PO3MIpY.

PesyabTatn. Po3rmsiHyTO MOXIHMBOCTI oOnTHMI3amii Moneni o00’ekty cikmagHoi (opMmH  3am1i 3MEHIOICHHS HOro
pazioynokariiHoi HoMiTHOCTI. 30KpeMma, pO3IIITHYTO TeoMeTpuyHi Mojudikamii MmoBepXHi 00’€KTy Ta BHKOPHCTaHHS
panionornmuHaouux MatepiamiB. [IpoBeeHO 4HCENBHI EKCIePUMEHTH, L0 JEMOHCTPYIOTh Jil0 IIMX METOAMK, 3
BUKOPUCTAHHSIM paHillle 3apoIIOHOBAHOT aBTOPAaMU METOIUKH JUIsl BU3HAUSHHS PO3CISTHOTO MO 00’ €KTOM cKI1aiHo1 hopmu,
PO3TalIOBaHKM HA TJI MiJICTHIBHOI ITOBEPXHI.

BucHoBKH. 3aponoHOBaHO METOIM ONTHMI3allii MOJENi 00 €KTy CKIamHOI (OPMHU I 3MEHIICHHS HOTO PamioNoKamiiHol
moMITHOCTI. {715t O1IBIIOCTI peabHUX Ha3eMHUX 00’ €KTiB HAaHOLIBIINIA BHECOK Yy 3arajibHe BiIOUTE TOJIe POOUTH 1T0JIe, BiOUTE
BiJI TJTaJKOT YaCTHHU 00’ €KTY Ta TIOJIE, 1[0 YTBOPIOETHCS BHACIIIOK MEPEBIAOUTTA MiXK YaCTHHAMH 00’ €KTY Ta MiXK 00’ €KTOM
Ta MiJCTHIFHOIO TIOBEPXHEIO.

KJIFOYOBI CJIOBA: EIIP, paagiosiokauisi, PIIM, migcTujibHa noBepxHsi.

Sk mutyBaTn: XpuuoB BC, Jlerenpkuit MM. Il{omo 3MeHIIEHHS MOMITHOCTI CKJIAIHOTO 00’€KTY HA TJIi MiACTHIIBHOL
noBepxHi. Bicamk XapkiBchkoro HarioHambHOro yHiBepcuteTy iMeHi B. H. Kapazima. Cepis «Panmiodizuka Ta
enektpoHika». 2021;35:17-29. https://doi.org/10.26565/2311-0872-2021-35-02

In cites: Khrychov V, Legenkiy M. About reducing the visibility of complex object on the background of underlying
surface. Visnyk of V.N. Karazin Kharkiv National University, series “Radio Physics and Electronics”. 2021;35:17-29.
(In Ukrainian). https://doi.org/10.26565/2311-0872-2021-35-02

BCTYII

CTBOpEHHS MAaJIOTIOMITHOI BIMCBPKOBOI TEXHIKH € aKTyaJIbHOIO TEMAaTHKOIO BIPOJOBXK Oarathox pokis. CywacHi
CHCTEMH BWSBICHHS BIHCHKOBOI TEXHIKM OepyThb OO yBard OaraTo pPi3sHOMAaHITHHX MPOSBIB NPOLECY PO3CITHHSI
€JICKTPOMAarHITHUX XBUJIb Ha CKIQTHUX 00’ €KTaX.

Jlns po3paxyHKy nudpakilii eIeKTpOMAarHiTHUX XBWJIb Ha PIi3HOMaHITHUX 00’€KTax HEoOXiJHO pO3B’sA3aTH
BINOBIIHY mudpakuiiny 3agaqdy. s po3s’si3aHHs MoMi0HOT 3a/1a4i iCHYE JIeKibKa KJIACiB METOJIIB: CTPOTi, HAOIMKEH]
Ta YUCIIOBI.

B mekax cTporux MeToziB MPOBOAUTHCS PO3B’SI30K PiBHAHL MakcBena 3 BpaXyBaHHSM BiAIIOBITHUX I'PaHUYHHUX
YMOB Ha IOBEpXHi po3cirorodoro Tia. Hazsa cTpori Meroau He 03Havae, 1m0 IX BUKOPUCTaHHS 000B’SI3KOBO JIa€ TOYHI
pe3yJIbTaTH, PO3B’SI3KM MOXKYTh OyTH HAOMMKEHUMH a00 acUMITOTHYHUMH. CTpPOTICTh METOJIB IMOJISTAE B TOMY, IO
MOMMJIKY OTPHMAaHHX PO3B’S3KiB 3aBXKAM MOXKHA TOYHO OI[IHUTH HA BCiX €Tamax po3B’s3Ky 3ajadi.

Hapa3si ctporumu MeTojamMu po3B’S3aHO JIUIIE Ay)K€ HEBEJIMKE YHCIIO 3a1a4d a0bo IS TUT HaWIpOCTINoi GpopmMu
(cdepa, chepoin, muck) abo amus Tid, BCi a00 JAESIKi PO3MIpH SKUX € MAJTMMH Y TIOPIBHSHHI 3 JOBKUHOKO XBWJII (TOHKUH

© Xpwuuos B.C., Jlerenpkuit M.M., 2021
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npoBig). Po3B’s30K HalvacTille BUpaXKae€TbCs Yy BUIVIALL PAIIB, SKi IIOTaHO CXOJATHCS ab0 HECKIHYEHHUX CHCTEM
anrebpaluyHuX piBHSHG [1].
Jlo cTpoTHX METOMIB BiTHOCITHCA HACTYIIHI OCHOBHI METOH:

—  Merox po3ineHus 3mMinHuX (Meton Pyp’e) [2];

—  MeToj TIOBEpXHEBHX CTpyMmiB [3];

— wmerox ieperBopens Oyp’e [4];

— wmerox Binepa-Xomnda [5];

—  Bapiauifinuii meton [3, 6]

Ha BigmiHy BiJ cTpOrMX HaOJMKEHI METOJIM NAalOTh 3MOTY BITHOCHO IPOCTO OTPUMYBaTH HaONM)KEHI PO3B’SI3KU
JudpakuiiHUX 3a/1a4 B 3aMKHYTOMY BHTJIsII. B OCHOBI KO)KHOT'O TaKOTO METO/1a JIS)KUTh (pi3HdHA rirnoresa, sika J03BOJIsIE
yCyHYTH 200 CITPOCTUTH MaTeMaTu4Hi IPo0IeMH, SIKi € He3JJ0JIaHHUMH Y CTPOTii mocTaHoBLi 3a1a4i. Cepes HaOIMKEHNX
METOJIIB CJIiJl BKa3aTH METOJ| FT€OMETPUYHOI ONTHKH, METOH (Pi3MYHOI ONTHKH, METOJ KpPAaHOBHX XBHJIb, TEOMETPUUHY
Teopito AuQpaKiii, anepTypHUA METO.

MeTox reoMeTpuIHO1 ONTHKH [ 7] 6a3yeThesl Ha HACTYITHUX MOIYIICHHSX: TOBKMHA XBHJI1 MOJIS € 3HUKAIOYH MAJIOI0
y HOPIBHSIHHI 3 XapaKTepHIMH PO3MipaMH TUJI Ta 3 BiICTAHHIO, Ha SIKiif CYTTEBO 3MiHIOIOTHCS MTAPAMETPHU CEPEAOBHINA;
TPaHUII PO3ILTY T Ta CEPEIOBHII € ieaTbHO IITaJKUMH, BOHH BiIOWBAIOTH Ta 3aJIOMJIIOIOTH XBHIII y BiMIOBITHOCTI 10
topmyn Dpenensi; PO3NOBCIOKEHHS €HEPTii €IEeKTPOMArHiTHOTO IOJS BiOyBaeThes B3OBXK NPOMEHIB. Meronom
TeOMETPUYHOT ONTHKK HEMOXKIIMBO PO3PaxoBYBaTH eeKTHBHY MoBepXxHI0 po3cisHHA (EIIP) ruiockux racTuH, a Takox
WJIHIPUYHUX Ta KOHIEHTPUYHHUX OBEPXOHb.

Meton (hi3UYHOT ONITHKH Ha BiIMiIHY BiJl METO/Ia TCOMETPUYHOT ONITHKH BUKOPUCTOBYETHCS B TEPIIY YEPry IS Tl
3 HECKIHYEHHHMH pajlycaMu KPUBU3HM Ta PI3KMMH 3J1laMaMH NoBepxHi. [Iyis Tnaakux omykiux Tl (cdepa, enimncoin)
MeTol (i3MYHOI ONTHKH Ja€ JiesIKe YTOYHEHHs y TMOPIBHSHHI 3 METOJOM I'€OMETPHYHOI ONTHKU. B ocHOBI meromy
(hi3MYHOT ONTHKHY JISKATh HACTYIIHI JOIYLIEHHS: JOBXWHA XBHUJII IIOJIS € 3HUKAIOYH MaJIOK0 Y MOPIBHSHHI 3 XapaKTepHUMHU
po3MipamH Tijla; Majarya XBUIIs 30y/XKye Ha MTOBEPXHI PO3CitoBaya CTPYyMHU, SIKi € JDKEPEIOM PO3CISIHOTO MOJIS; CTPYMHU
PO3MOAUIIIOTECA TIIBKM MO «OCBITJICHIM» YACTHHI TOBEPXHI Tijla, TPAHUII SKOI BU3HAYAETHCS 3a IPaBHIAMH
TeOMETPUYHOI ONTHKK; B KOXKHIN TOUI «OCBITJIIEHOD» MOBEPXHI BUHUKAE TAKHH XKe CTPyM (32 MOJYJIEM Ta HalpsIMOM),
KW BUHUK O Ha HECKIHUCHHIN IDIOMIMHI TOTUYHIN 10 TOBEPXHI B IiH TOYIII; IIOBHE PO3CISHE y BIAIOBITHOMY HAIPAMY
TI0JIE PO3PAXOBYETHCS 3a IOIOMOTOI0 IHTETPYBaHHS 110 3arajibHil YaCTHHI OBEPXHI TiJIa, KA € OCBITICHOIO NTEpeaaBaueM
Ta npuitMadeM. Meton ¢Gi3NYHOT ONTHKM HE BPaxOBYE MEPEBINOUTTSA MO MK OKPEMHUMH YaCTHHaMHU 00’€KTa, TOMY
HOTO CITiJ] 3aCTOCOBYBATH IO PO3PaXyHKY AU PAKIIii HA OMYKIUX TijlaX.

Mertoj KpaiioBUX XBWIIb [8] 103BOJIsIE YTOUHUTH HAOIMKEHHs (DI3NYHOT ONTHUKY Ta BpaxyBaTh IU(paKIiiHi sBUIIa
no0JIM3y TPaHMIl Pi3KUX 3JIaMiB MOBEPXHI po3ciroBadya. MeToa KpaloBUX XBWIJIb 3aCHOBAHO HA HACTYIHHX (i3UYHUX
JOMYIICHHSX: JOBKAHA XBUJII TOJIS € 3HUKAIOYM MAJIOK y MOPIBHSAHHI 3 XapaKTePHUMHU PO3MIpaMH Tijia Ta pajiycax
KPHMBH3HH 3JIOMIB TIOBepXHi (pebep); majaroua XBWIIs 30y[Kye Ha TOBEPXHI poO3CiloBaua CTPYMH, SIKI € JDKEPEeIoM
PO3CISIHOTO TIOJIS; MOBEPXHEBI CTPYMH CKJIAZAKOTHCS 3 JBOX YaCTUH — PIBHOMIPHOI, 1[0 BU3HAYAETHCS 3a MPABUIAMU
(hi3MYHOT ONTHKH, Ta HEPIBHOMIPHOI, sIKa BHHHKA€ Yepe3 BIUIMB 3JIOMIB TOBEPXHi; HEpIBHOMIpHA YacTHHA CTPYMY
JIOPIBHIOE CTPYMYy Ha MOBEPXHI HECKIHYCHHOTO KJIMHA, peOpo SIKOro JAOTHYHE A0 pedpa 310My, a TpaHi JOTHYHI IO
MOBEPXHI TiJIa B JaHIl TOYIli; HEPiBHOMiIpHA YaCTHHA CTPYMY Ma€ XapakTep KpaioBo1 XBIHIIL, IO MOMIMPIOETHCA BT pedpa
37I0MYy Ta 3aTyXa€ INPH BiIIaJCHHI Bifl HbOTO, KpaiioBa XBWIIA Bifl SKOTOCh pedpa MOKe JocsraTH iHIIUX pebep Ta
MepeBiIONBATHC MK HUMH. 32 JOTIOMOTOI0 METO/a KpailoBHX XBHJIb BH3HAYEHO XapaKTEPHCTHUKH PO3CISHHS AWCKa,
CKIHYEHHOTO IMITIHAPA, CKIHIEHOT0 KOHYCa, CKIHYEHHOTO 11apadoioifa, MpsIMOKYTHOT IUTACTHHH.

T'eomerpruna Teopis mudpakmii [3, 7] npeacrarise coO000 PO3BUTOK Ta y3arajbHEHHS METOJa T'€OMETPUYHOT
ontuku. ['eomerpuuHa Teopis nudpaxuii 0a3yeTbcss Ha HACTYNMHUX (PI3MYHMX JOMYLICHHSX: JOBXHHA XBHJI TOJS €
3HUKAIOYU MaJIOK0 Y MOPIBHSHHI 3 XapaKTepHUMH PO3MipaMy Tijla Ta pajiyciB KPHBHM3HHU 3JIOMIB NOBEpXHi (pedep);
PO3IOBCIOIKEHHS €HEepril eIEKTPOMAarHiTHUX XBHJIb BiIOYBA€ThCs B3/IOBXK MPOMEHIB; OKPIM MaJalo4yuxX BiIOMTHX Ta
3aJIOMJICHUX TIPOMEHIB iCHYIOTH TU(paroBaHi MPOMEHi; MPOMEHi, 0 MaJaloTh HA IUIABHO BUTHYTI (TTAlKi) AUISHKH
MOBEPXHI pPO3Cil0Baya HOpMaNbHO ab0 MiAg KyToM mHaxiHHA He piBHEM 90°, BiZOMBAarOThCA Ta 3aJTOMIIIOIOTBCS 3a
NpaBHJIAMH T€OMETPUYHOI ONTHKH, AU(paroBaHi IPOMEHIB B I[bOMY BHIIQ/IKy HE BUHUKAIOTh; IPOMEHI, 1110 MaJIaf0Th Ha
TIIAAKI JISTHKY IMOBEPXHI JOTHYHO (g KyToM mamiHHs 90°), a Takok MPOMEHI, 0 MaJaroTh HA pedpa Ta BEPIIUHH,
30Y/KYIOTh NYYKH JAn(paroBaHux IPOMEHIB, aMIUITyna Mojis AW(PpParoBaHOTO INPOMEHS B TOYLI 30yIUKEHHS
MpOTOpIiiHa aMILTITYA] 1aAal040T0 oIS, @ 3MiHa aMIUTITY/IM Ta (ha3H 1oJIs B3JJOBXK IPOMEHS, 110 «BiJipBaBCs» Bij Tija,
MiMOPJIKOBYEThCS 3aKOHAM TI'€OMETPUYHOI ONTHKH; CTPYKTypa IIyYKiB IU(paroBaHMX HPOMEHIB Ta KOE(DillieHTH
MPOTMOPIIOHANBHOCTI JUIl HUX Pi3HI Ui pi3HUX AM(paroBaHUX MPOMEHIB (JOTHYHI A0 TJIAAKUX IUISTHOK IPOMEH,
MpOMeHi Bif pebep, BEPIINH); A MPOMEHS, IO MMajgae€ JOTHYHO Ha IIAAKY JUISHKY MMOBEPXHi, My4YOK AM(paroBaHUX
MPOMEeHiB Mae (GOpMy Bisia, IO PO3XOIWTHCS BiJl TEOAE3MUYHOI JIiHIl; UIA MPOMEHS, IO Magae Ha pedpo, IMydoK
JudparoBaHUX MPOMEHIB Mae (opMy BOPOHKH; ISl IIPOMEHS, IO MaJae Ha TOCTPY BEPIIMHY, My4YOK IU(pParoBaHUX
MPOMEHIB € 130TPOMHUM, SIK JJIsl TOYKOBOTO JDKepelia; MOBHE PO3CisiHE MMOJe B SKOMYCh HANpPSMKY BH3HAYA€ThCS
MiICYMOBYBAHHAM IIOJIIB BCiX BIIOMTHX, 3QJIOMJICHHX Ta JU(PPAaroBaHUX MIPOMEHIB, IO PO3MOBCIOUKYIOTECS B TaHOMY
HarpsMi. ['eomeTpruHa Teopis nudpaxmii 103BOJIMIA BU3HAYUTH XapaKTEPUCTHUKH PO3CISIHHSA HE TUNBKU JUI JUCKa,
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NPSMOKYTHOI TJIACTUHU Ta CKIHYEHHOTO IWIIHApA, ajie W JJsl CKIHYEHHOTO KOHYyca, CKIHYEHOTO YCIYeHOro KOHyca, a
TaKOX JJIs1 6araThoX 1HIIUX TiJ OinbII ckiiagHoi popmu [9].

Aneprypauii Meton [1] 3aiiMae mpomidkHE MOJIOKEHHS MK METOJAMH T'€OMETPUYHOI Ta (Pi3UYHOI ONTHKH, BiH
3aCTOCOBYETHCS ISl PO3PaXyHKY PO3CISTHOTO IIOJIA, III0 BUHUKAE B pe3yIbTaTi 0araTopa3oBUX IIEPEBiOMBAHD XBHIIb MiXkK
TUIOCKUMH METaJICBUMH TOBEPXHAMH. B MeTOni MpHITycKaeThes, MO TUIOCKI MOBEPXHI € BEIWKUMHU y MOPIBHSIHHI 3
JIOBKUHOIO XBHJTi 1 IEpeBIAONTTS BiqOyBa€eTHCS 32 3aKOHAMH T€OMETPHUYHOI OTITHKH.

o crocyerbecst 00°€KTiB ckIanHOi GpopMu, HE iCHYe €IMHOTO yHIBEpPCaJbHOTO MeTona I OmiHoK ioro EITP —
00J1aCTh 3aCTOCYBaHHS CTPOTUX METOJIIB OOMEKEHa JTy)Ke MPOCTUMH TUIAaMH, @ ACUMIITOTHYHI METO/IN YaCTO HEJIOCTaTHBO
TOYHI, 0COOJIMBO Y BUNAJKY CKIaJHHUX reoMeTpiid. ToMy, A MPaKTUYHUX PO3PaXyHKIB AU(PaKLii XBUIb Ha 00 €KTaX
CKJIHOT (hOPMHU 3aCTOCOBYIOTh YHCEIbHI METO/IH, [0 MIiCTSTh B COOi €lleMEeHTH pi3HuX BUIe3raganux metoais [10].

BinbIicTh TAKUX YUCEIBHUX METOIIB MIiCTATh B COOl HACTYITHI €TAIH:

— aHami3 reomerpii 00’eKkTa, HOro PO3JUICHHS Ha MPOCTI YACTHHU Ta BUIUICHHS XapaKTEPHUX PUC —
TJIaJIKNX TIOBEPXOHB, pe0ep, MOPOKHUH, TOILO;

—  BHUIIJEHHS OCBITJIEHHX Ta TIHBOBUX 00JIaCTEN;

— MareMaTHYHe MOJEIIOBaHHS (GOPMH Ta NEKTPO(PI3HIHIX XapPAKTEPUCTUK KOMIIOHEHT 00 €KTa;

— oninka EIIP oxpeMux KOMIIOHEHTIB 00’ €KTa;

—  PO3paxyHOK BHECKY 0araTopa3oBHX BiIOWTTIB;

—  KOTEePEHTHE IiICYMOBYBaHHS BHECKY OKPEMHX KOMIIOHEHTIB.

Takox nomysipauM Hapasi € metox SBR (Shouting and Bouncing Rays) — meto TpacyBanus npomenis. Lleit meTon
NOJIATAE B TOMY, L0 TOCHIPKYBaHHI PO3CiI0Ba4 OCBITIIOETHCS ITyYKOM MapalieIbHUX ITPOMEHIB. J{J1si KO’KHOTO MPOMEHsI
3HaXOJUTHCS] TOUKA HOTo MEpeTHHY 3 MOBEPXHEI0 00’€KTa Ta PO3PAaXOBYETHCS BINOWUTTA Bif Li€l TUITHKH MMOBEPXHI B
HanpsMKy NpUIMabHOI aHTEHHW, KPIM TOTO 3a JOIIOMOTOI0 METOJY F€OMETPUYHOI ONTHKU BU3HAYAETHCS HAMPSIMOK
BIZOUTTS BiX W€l QUISHKM 1 y BUIAAKY SKIIO BiAOMTHII MPOMIHb MOTpAIUIsie B iHIIY TOYKY Ha MOBEPXHi 00’€KTa, TO
BPaxOBYEThCS 1 11 BIUIMB Ha CyMapHE BifOHTE moje. TakuM YHHOM MOXE BPaxOBYBATHCS JCKibKa MEPEBIIOUTTIB Ha
PI3HMX JUISTHKAX J0CIiKyBaHuX 06’ extis [11].

Hapasi OinpmricTe BiTOMHX OIMPOKO BUKOPHCTOBYBAaHUX METOJIB AJISI pO3paxyHKY AHMPAKIlii XBHIb Ha 00’ €KTaX
ckiIagHOi hopmu OazyroThes came Ha Metoni SBR Ta #oro moaugikamisx. Ha ocHOBI IOTO METOy CTBOPEHO ACKiNbKa
HpOrpaM IUIsl NIEKTPOIMHAMIYHOTO MOZCTIOBAHHS IPOLIECY PO3CIsIHHS XBHJIb.

B craTTi po3TIAHYTO METOMWKY BHW3HAYCHHS PAaliONOKANIMHOI MOMITHOCTI 00’€KTy CKIamHoi GopMu Ha Tii
nigcTunbHOI noBepxHi. [Ipy HpOMY IpoaHANi30BaHO pPi3HI KOMIIOHEHTH IOJs, LIO TOBHHHI BPaxOBYBAaTHCSA IPH
po3B’si3aHHI 3amaui audpaxiii noias Ha 00’€KTi, SKUH pO3TAllOBaHO Ha TMiJACTWIBHIA mNOBepxHi. Po3risHyTo
JIEKOMITO3HIIIIO TOJIsl Ha Pi3HI MPOMEHI 3 PI3HOIO KUIBKICTIO BIIOMTTIB BiJ MiICTHIBHOT MOBEPXHi. 3a3HaueHa METOAMKA
HaJlae 3MOT'y pO3paxOBYBaTH BIUIMB MiJICTUJILHOT MOBEPXHI 3 BIJIOMHUMHU EJIEKTPOJMHAMIYHMMHU XapaKTepHCTHKAMH.
[TpoBeneHo YncesbHI eKCIIEPUMEHTH, 1O MMiATBEPIUKYIOTh TI€BICTh METOANKH.

Po3riissHyTO MOXIMBOCTI ONTHMI3alil 00’€KTy ckiaxHol (GopMu 3318 3MEHIIEHHS IOro paiojoKauiiHOl
MOMITHOCTI. 30KpeMa, PO3TIIIHYTO TeOMETPHYHI MOTU(IKAIll MOBEpXHI 00’ €KTY Ta BUKOPHCTAHHS PaIiONOTIMHAIOYNX
MartepiaiiB. [IpoBeieHO YHCENbHI eKCIIEPUMEHTH, IO JEMOHCTPYIOTh Aif0 UX METOHK.

PosrnsHyTO MOZIENH 00’ €KTYy CKIAAHOT (hopMU. 3ampPOIIOHOBAHO il U ONTHMI3aIlii palioIOKaIifHOT MOMITHOCTI
00’€KTy, Ha OCHOBI PO3pOOJEHOr0 METOIY MPOBEACHO PO3PaXxyHKH Uil BHUXIZHOTO Ta ONTHMI30BAaHOTO 00’€KTY,
HiATBEPIXKEHO I€BICTh 3alPONOHOBAHOI METOIUKH 3MEHIIEHHSI ITOMITHOCTI.

TFEOMETPUYHA MOAU®PIKALISA OB’EKTY

VY mapuHi 3aXHCTY TEXHIKH MPUIUTIETHCS BEJIMKA yBara po3po0ili Ta peaizariii 3aco0iB MpOTHIIT palioloKamiiHOMY
po3mi3HaBaHHIO 3pa3KiB TexHikH. OCHOBHI METOJM HPOTHIl MOIUIAIOThCS Ha ABI IPYIH: J0 MEpLIol 3 HUX MOXKHA
BIJTHECTH aKTHUBHI METOJIH, a J0 JAPYIol - MaCHBHI.

BinpIicTe aKTHBHMX METOIIB 3HIDKEHHS IMTOMITHOCTI OO'€KTIB TeXHIKM MOOYJOBaHI Ha TPHWHIUII CTBOPEHHS
ITYMOBOI MEPENKO M, M0 iMITye XapakTepucTUku (HoHy, a00 KOMITeHcallii BIiJOUTOTO CUTHATY B OiK pajiosoKaIiiiHol
ctanmii. 3aco0u, MO peanizyloTh IIi IPUHINIH, € JOPOTUMH CKIIAJHUMH IPUCTPOSMH, 1[0 BUMAraroTh BUTPAT €HEprii B
mpoIieci X eKCIuTyaTarlii, i TOMy IIOKM He 3HaWIUIM MUPOKOro 3acTocyBaHHSA. KpiM Toro, Taki cuCTeMH MOXYTh OyTH
e(eKTHBHUMH JIMIIC HA €Talli PO3IMi3HAaBaHHS I, ale He Ha eTami i BUsABICHHS. lle moB's3aHO 3 HEOOXiMHICTIO
OTpHUMaHHS iH(pOpMaLii ITPO ONPOMIHEHHS 1 HAsBHICTIO IEBHOTO Yacy BiAMOBIAHOI peakIiii.

[MacuBHi xx MeToau 3HMWKeHHs EITP 3a0e3meuyroTh MpakTHYHO MUTTEBY PEAKIifO 1 He BUMAraroTh HasiIBHOCTI JKepelt
nonatkoBoi eHeprii. Bonu 3a0e3neuyroTh OJHAKOBY e(EKTHUBHICTh, SK Ha €Tali BUSBJICHHSA, Tak 1 Ha eTamax
PO3Ii3HAaBaHHS i HaBeACHHS 30poi.

3menmenHs EIIP npu mpomy gocsraeTbes B OCHOBHOMY JIBOMa Crioco0amu:

1) HagaHHsIM 00'€KTY, 110 PO3POOIIAETHCS (MOJEPHI3ZYEThHCS) MaJIO BiAOUBarOUux Gopm;

2) 3aCTOCYBaHHSM CIIEIliabHIX pagionornHarounx MaTepianis (PIIM) i mokpuTTiB.

VY sxocti PIIM MOXyTh BHKOPHCTOBYBATHCS, SIK Tpadi€HTHI (OaraTormrapoBi) MHMPOKOCMYTOBI HMOKPHTTS, TaK i
BY3bKOCMYTOBI (oxHOMIapoBi). Icaytoui PIIM MaioTe 1ocHTh HU3BKI PiBHI KOEMIIiEHTIB BiIOUTTA 3a MOTY)KHICTIO, 10
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craHoBJATH Bix 10 10 1% i1 meHie. HaneceHHs Takux MarepiasliB Ha 30BHILIHI NOBEPXHi 00'€KTIB TEXHIKM 3MEHIIYE
€Heprito BiIOMTOr0 CUrHay B JECATKH pa3iB. [ pajieHTHI MaTepiaii 4acTo MaloTh TapHi TEMJI0I30JsiiHI BJIaCTHBOCTI
Ta MOXXYTh OJTHOYaCHO BHKOPHCTOBYBATHCS JJISl 3HIDKCHHS PiBHS TEIUIOBOTO BUIIPOMIiHIOBAHHS ITOBEPXHi 00’ €KTa.

Uucro iHTepdepeHmiiiHi MOKPUTTS eQEeKTHBHI B JOCHUTh BY3bKHX Jialla30HAX OBXKWHH XBWIi, 1 TOMy ix
3aCTOCYBaHHS B 3pa3Kax HA3e€MHOI TEXHIKH € BelnbMH OOMEkeHHMM. Lli HOKPHTTS MOXYTh BHKOPHCTOBYBATHCS LIS
3aXHUCTy HMOBEPXOHb Bix 3aco0iB BT3 (BHcokoTOouHa 30pos) B THX BHUIIagKaX, KOJH 3aCTOCYBaHHA rpanieHTHHX PIIM
HEMOJKJINBE depe3 iX 3HauHy Macy.

Jlo HepomikiB rpajieHTHHX 1 iHTepdepeHuiitanx PMII MoxHa BiHECTH 3aJeKHICTh iX epEeKTHBHOCTI BiJ KyTa
HaJiHHS ONPOMIHIOIYOT XBWIII. [HIINM HEJ0MIKOM, 110 IPUTAMaHHHI FOJIOBHUM YMHOM T'PaJi€eHTHUM MaTepiajiam, € ix
3HayHa TOBIIMHA (Bijl 6 MM JI0 JIEKiIEKOX CAHTUMETPIB) i Maca 1 M2, 1o Moxe csaratu Ginbime 10 kr.

OcCTaHHIM YacoM IIMPOKO BIPOBAKYIOTHCS MOKPHUTTS KWJIMMOBOTO THITY, SKi 00 €IHYIOTh B OOl BIACTHBOCTI
NOTMHaYiB 1 JudysiiiHoposcitoBaunx MarepianiB. [lepeBaru Takux NMOKPUTTIB - HU3bKa Bara, IIMPOKOCMYTOBICTB,
KyTOBa i OJIsIpHU3alliiiHa He3aIeXHICTh 1 6aratoyHKIIOHANBHICTh. OHUM i3 cOCO0IB iX peaizalii € BUTOTOBIICHHS Y
BUTTISII KPYYSHHX TipIJISTHA, IO BIUIETEHI B KBaJpaTHYy KOMipKY OCHOBH. [ipJsiHIN BUKOHAHI 3 IJIOCKUX Mep(opoBaHUX
CTPIYOK 3 TOTIMHAIOYOTO MaTepiary 31 CHemiadbHUM MOKPUTTAM. B OCHOBY y BUTJISAI CITKM BIUTITAIOTBCS OKpEeMi
EIIEMEHTH EIIEKTPOTPOBIMHOTO Martepianmy. KoxeH OKpeMuil eleMEeHT MICTHTh OCHOBHUM HECY4HWil MIap y BHIIIAIL
panionpo30poi NOTIMEpHOT UTiBKHY, TOJATKOBHI MTOBEPXHEBUH IIap MeTaly, HAHECCHUN Ha MOJIIMEPHY IDTIBKY 3 OJHOTO
ii OOKy MIITXOM BaKyyMHOTO HAITWJICHHS, i IBa KPaHIX 3aXMCHUX IIapa eMalli, 0 BKIFOYalOTh MIrMEHTHI HAalIOBHIOBaY1
Ta aHTUMOIPEHOBI HO0aBKW. 3rajaHi €IEMEHTH BUKOHAHI y BUIJIAI THYYKOI TIpisSHIW cmipanenomiOHoi ¢opmu 3i
CMY>KKaMH MPSIMOKYTHOT ()OPMU IIUPUHOIO 1 - 2 MM, 1110 paiiajibHO PO3XOSTHCS 3 HEHTPY Koua y Burisiai "Biit". liamerp
BHYTPIIIHBOTO KOJIA TIpJISHAM Y3J0BX OCI 3aKpYTKH 10 BCIH JOBXHHI €JIEMEHTIB-Ta MOCTIHHHMU 1 ckiagae 3-5 M.
Koncrpykuii moniOHOro THIy BUKOHAHI Ha OCHOBI MeTaii30BaHol nomiedipHOi IUTBKH BifioMi mijJ Ha3Boo «TepHuHAY
MaroTh Many Bary 0.4 —0.6xe/ m®, momycKkaroTh 3a6apBIeHHS B Pi3Hi KOJTbOPH, HETOPIOYi, IIMPOKOCMYTOBI (KoedilieHT
BinOUTTS, He Oumbiie -15 ab B miamasoni moexuH XBwib 0.8 —20cwm ). Awnanoriuni BiactuBocTi i y PIIM THmy

«KonTpact».

OHUM 3 METOJIB 3HIDKCHHS PaIioJOKAIlIfHOI MOMITHOCTI € TAaKOX IeoMeTpHUYHa MOoaU(iKaIlis 00 €KTY 3 METOO
3HIDKCHHS I3€PKAIBHOTO BiIOUTTSI, HAMIIMpIIIe TaKHi MiXi ] BUKOPUCTOBYEThCs B Stealth-rexnomorisix [12].

Ipencrasnennii y [14] po3paxyHKOBHI METO JTO3BOJISIE TPOBECTH MOJIETIOBAHHS PO3CIFOBAHHS €JIEKTPOMATHITHUX
XBHJIb Ha 00'€KTaX, PO3MIpH SKHX € BEIUKAMH Yy TOPIBHSHHI 3 JOBXXHHOIO XBHJI. 3TiIHO 3 MM METOAOM MOXHA
BpaxyBaTH MEpeBiOUTTS MiX 00’€KTOM Ta MiACTHILHOIO MOBepXHEro. [ peanbHUX 00’€KTiB, IO PO3TAIIOBaHI Ha
JIesIKii IOBEpXHi, piBEHb MEPEBIAONTOTO MOt MOXKe OyTH 3HAUYHHUK y HOPIBHSAHHI 3 IHIIMMU KOMIIOHEHTaMH PO3CISTHOTO
nost. Jlani mpoBeIeHO MOJICIIIOBAHHS PO3CIIOBAHHS TI0JIST Ha JIBOX OJIM3BbKO PO3TAIIOBAaHMX KOHTEHHepax pizHOI Gpopmu
(npsimoxyTHi - Puc.1 - A Ta unninapuysi - Puc. 1. — B). Po3paxoByBanacs 3anexsicte EIIP o0'ekra (B menubenax Bif
Mz) JUIT MOHOCTATHYHOI JIOKAIii JUII TOPH30HTAJIBHOI MOJSPHU3AIli B 3aI€KHOCTI Bifl KyTa MICIS Y BEpTHUKAIbHIN
MONepeyHii MIOMMHI (KyT BipaxoBYeThCs Bif Bici z, quBuch Puc.1). OcHOBa KOHTEHHEPIB € KBaJIPaTOM 3i CTOPOHOIO
1 M (xomom pagiyca 1 M), ToBXHHA KOHTEeHHepa 5 M, oBxuHA XBWIi ot 3 MMm. Ha Puc. 2 npencrasieno orpumai amst
[MX BHUIIAJIKIB 3aJI€KHOCTI.

A) B)

Puc. 1 3D-mopeni koHTelHepiB O6e3 MiACTHIBHOI TOBEepXHI A) mpsMoKyTHA popma, b) muninaprana gpopma
Fig. 1 3D-models of containers without underlying surface A) rectangular shape, B) cylindrical shape
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—— NPSIMOKYTHi KOHTENHepU
- = - UMNIHAPWYHI KOHTEHEPK

-,

o n 4 & =] Lo

Puc. 2. I3P nins xonTeiinepiB 6e3 mincTmiIbHOT HOBEpXHi B 1b Bif M’
Fig. 2. Backscattering pattern for containers without underlying surface in dB from m2

J1nst IpSIMOKYTHHUX KOHTEHHEPIB CIIOCTEPIracThCs BEIMKUM PiBEHb BIJOUTTS B 3€HIT 1 B TOPU30HTAIBHOMY HANPSIMKY
(B upOMy BHMNAJKy MOJIE NaJa€ HA MOBEPXHI KOHTEHHEPIB 110 HOpMaJi), B IHIIMX HANpsSMKaX piBeHb BIIOWMTTS iCTOTHO
HIwkde (mpubmmsHo Ha 40 10). s MTiHApUIHUX KOHTCHHEPIB PiBEHD BIIOUTTA NPHUOINU3HO OJHAKOBHH IS BCIX KYTiB
i ctanoButh 20 JI0.

OpHak, 171 peaJbHOTO 00'€KTa, PO3TAIIOBAHOTO Ha ITiACTHIIBbHIN MMOBEpXHi, HEOOXITHO TaKOX BPaxOBYBAaTH 1 BILTUB
i€l moBepxHi. 3MOETI0EMO Ti y BUTJISIII METANEBOI IIACTHHKHU, PO3TAIIOBAaHOT HIbK4Ye 00'ekTa 3 ogHoro Ooky [14]. ¥V
IFOMY BUIIAJIKY JUTS IPSMOKYTHHX KOHTCHHEPIB BarOMy pOJIb MOYNHAE TPATH IIEPEBITOUTTS XBIWIb MK OI9HOIO CTIHKOIO
1 MACTHIIHHOIO TOBEPXHETO, 1[0 PU3BOIUTH 0 CYTTEBOTO MMiABHICHHAS BinOUTTA 10 40 1b mmst 6impIocTi pakypcis (AuB.
Puc. 3). JInst quniHApUYHUX KOHTEHHEPIB BIAOUTTS B [bOMY BHIIQJIKy iCTOTHO HE 3MIHIOETHCSL.

—— MNPSAMOKYTHi KOHTENHEPYU
- = = UMNIHAPWYHI KOHTENHepU

Puc. 3. 3anexuicts ETIP xoHTeiHepiB 3 BpaXyBaHHIM IiICTHIILHOT HOBEPXHi B 1b Bij M’
Fig. 3. Dependence of containers RCS considering the underlying surface in dB from m?

JUis 3HMKEHHS PIBHS BiAOMTTS BiJ NMPSAMOKYTHHX KOHTEHHEpIiB B NMPHCYTHOCTI MiJCTHIBHOI MOBEPXHI MOXKHA
BUKOPUCTOBYBATH HEBEJIMKI T€OMETPHYHI 3MiHM iX KOHCTPYKIii. Y pasi, Kkmo 6iuHi CTIHKH HE YTBOPIOIOTH KyT 90
TpaxyciB i3 TOPHU3OHTOM, PiBEHb BIJOWTTS ICTOTHO 3MEHIIyeThCs. s imocTparii 1i€ei Te3u Oynm po3paxoBaHi KyTOBi
3anexHocti EITP o0'ekta B MpUCYTHOCTI MOXMIIO] METajeBOl INIACTUHKM JUIS PI3HUX HaxXwiiB IutactuHkd (5, 101 15
rpaaycis Bix 3eHity). Ha Puc. 4 orpumani 3a51e;kHOCTI HOPIBHIOIOTHCS 13 BUX1JIHOT 3aexHicTio (it 0 rpaxycis).

TaxkuM 4MHOM, BBEJICHHS HAXHMITY JIO3BOJISIE ICTOTHO 3HU3UTHU PiBEHb PO3CiIOBAHHS B IIMPOKOMY Aiala3oHi KyTiB (BiX
5 no 80 rpaxyciB) y MOpIBHSIHHI 3 BUXIJHOIO 3JIE€XKHICTIO (YOpHA IyHKTUPHA JIiHIS) - B cepeHboMy 10 5 ab 3 Oinpin
BHUCOKHM DPIBHEM BiJJOWTTS JUIS Pi3HUX KYTiB Bi3yBaHHS AJIs pi3HUX HaxwiiB. [Ipu mpomy Juist pizHOTO Haxuiy OidHOT
MOBEPXHI KOHTEHHEPIB 1CTOTHO MPOSABISAIOTHCS Oi9YHI METFOCTKH Ha KyTaX PiIBHUX MOJBOEHOMY KyTy HAXHMIy IUIACTHHH,
piBens BinoutTs nepesumrye 20 ab st 6 = 10, 20 i 30 rpagyciB ansg Haxuiny wiactuau 5, 10 1 15 rpagycis BiamosigHO.

Jlis TosICHEHHSI BHCOKOTO DIiBHA BiZOMTTA NPSMOKYTHHX KOHTEHHEpiB HaJ IMiACTHIIFHOIO TOBEPXHEI0 OyIo
MIPOBEIEHO MO/ICITIOBAHHS PO3CIIOBaHHA IMIYJIbCHOI €JIEKTPOMArHITHOI XBIJII HA KyTHUKOBOMY BinOuBaui (nuB. Puc. 5),
KWW CKIJIAIA€ThCA 3 ABOX KBAJAPATHUX IUIACTUH 31 CTOPOHOIO 16 cM, TOBIIKMHA KOXKHOI miacTuHu 1 cM. JloBknHA XBHII
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MaIal090T0 BUIPOMIHIOBAHHS 3 CM, TIOJISIpH3allis TOPU30HTaNbHA (BekTop E mamarodol XBWIiI CTIpSAMOBaHHHA Y3I0BXK
pebpa KyTa - y310BxkK 0oci Y ).

0 20 40 &0 20 100

Puc. 4. I3P koHTelHEPIB 13 BIAXMICHOIO OIYHOIO CTOPOHOIO 3 BPaxXyBaHHAM ITiJCTHIIEHOL
moBepxHi B 1b Bix M
Fig. 4. Backscattering pattern of containers with deflected side, considering the underlying surface in dB
from m2

A
 Z

Puc. 5. Kyraukosuii BinouBau
Fig. 5 Angular reflector

KyTtHuKOBHIT BiTOMBaY nepen0adacThes i1eabHO METAICBUM, ITiACTHIEHA IIOBEPXHS BHOMPAETHCS 200 METalIeBUM
J3epkanoM, abo OetoHoMm. PospaxoByerbcst MoHoctatuuHa EITP mpu 1bOMy KYT pPO3PaxOBYEThCS BiJ OCi Z mpu
noctiiiHomy KyTi BimHOCHO oci X 0° Bim —90° (BisyBauus 33amy) mo 90° rpazaycis (Bi3yBanHs crepeny), 0 rpamycis
npescTasieHo Ha Puc. 6.

BiJINOBi1a€ 3eHiTy. Pe3ynbTati MojienoBanHs B 1B Bix cm?

—@— Pesyneratytoya EMNP
= EIP o6’ekta
\ ®isnko-ontuyna EMNP

1 BaransbHa EMP gns
" ——
f MeTaneBoro fsepkana

EMP ob Big M

50 0 0 20 ) 20 40 80 80 100
KyT, rpag
Puc.6. Binbure morne Bijg KyTHUKOBOTO BinOHMBaya, 300pakeHoro Ha Puc. 5

Fig. 6. The reflected field from the angular reflector shown in Fig. 5
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[Tpu upoMy BpaxoBaHO Pi3HI KOMIIOHEHTH PO3CISTHOTO MOJIS:

1) oguHapHe BIIOWTTA Bix pi3HUX rpaHell 00'exra ((hi3MKO-ONTHYHA KOMIIOHEHTA) - 3eJIeHa IyHKTHPHA KpHBa Ha
Puc. 6. Lls 3anexHICTh, ()aKTHYHO, € CYKYITHICTIO BIIOUTTIB BiJ TPhOX MPSAMOKYTHHUX IUNTACTHH po3MipoM 16X16 cm, mis
SKHX HaPAMOK 3eHiTy € -90, 0 1 90 rpagyciB BiamosinHo, 3HaueHHs EINP B 3eHiTI npuOIM3HO BiAMOBIIAE TEOPETUIHOMY
o=47S?1 2% =9.15x10* cm?® = 49.6 dBcm®;

2) oHOpa30Bi MEPEBIAOUTTS MK PI3HUMH YacTHHaMU 00'ekTa, cyMa (i3iKOONTHYHOI 1 11i€i YaCTUHM PO3CISTHOTO
noJis peAcTaBieHi Ha Puc. 6(uepBona cynineHa kpuBa). st kyriB —90 < H <0 orpumMana 3aJexHICTh 30iraeTbes 3
¢izikoontnunuM ETIP - s maHmx pakypciB HepeBilOMTTS MK pi3HMMH yacTHHaMHu o0'ekta Hemae. [l KyTiB

0<60<90 orpumana 3anexHicTh Mae MakcuMmyMm mpu 6 =451 Haranye noope Bimomy EIIP mis gBorpanHoro
KYTHHKOBOTO BizOmBaua [1], mpu npomy i Oinbimocti pakypceiB 3HadeHHs EIIP y nmopiBHSHHI 3 KprBoto 1 30impmImmacs
Ha 10-30 1B Bix cM2. Take 36inbinenns EITP MOsSCHIOETHCS iCTOTHUM BILTHBOM MIepeBiAONUTTIB MiXK TpaHAMH BigOMBada.
[Ipu BpaxyBaHHI IepeBiIONTTIB CIIOYATKY BPaXOBYETHCS BiIOUTTS Bif mepmoro ¢arera (Ha IboMY eTalli 3 BiAIOBITHUM
Koe]ilieHTOM BPaXxOBY€ETHCS TITBKH BiTOUTTS B J3ePKaTbHOMY HANPsAMKY). I1icis mbOTo 3HAXOAUTHCS APYTHHA BUAUMUI
3 TOYKM CIIOCTepeXeHHs (aleT, SIKUH IepeTHHae MpPOMiHb, BINOMTHH Bij mepwmoro ¢auery; Bia nporo ¢armera
BPaxOBYETHCs (i3iKOOMTIUHE BIIOUTTS;

3) mepeBiIOUTTSI MK 00'€KTOM 1 MiJCTUIILHOIO MOBEPXHEIO (TepeadavaeThes, M0 BOHA PO3TALIOBAHA B IUIOLIMHI
z =0). BpaxoByroTbcs Ba BapiaHTH IiJICTUIILHOT OBEPXHI - MeTajieBe J3epKao (iaeanbHuil Meran 3 KoedilieHTaMu
BimouTTss 1 1 -1 At BepTHKAIBbHOI 1 TOPU3OHTANBHOI MONApH3aIl BiAMOBiMHO) 1 OeroH (miedekTpuk 3 £=55 i
KoeilieHTaMH BiIOWTTS, IO BH3HAYAIOTHCA 32 popmymamu @peHens). Y BiZOUTTI BiA MiACTHIBHOI MOBEpXHi (a3a
BinOuToro moins He BpaxoByeTbes. [Ipm pospaxynkax EITP o6'exrta, po3TamoBaHOrO Ha MiACTHIBHIA MOBEPXHI, KPiM
3raJlaHuX BHIIE KOMIIOHEHT PO3CISTHOTO TIOJNISI BPAaXOBYIOThCA TAKOXK MEPEBIIOMUTTS MiX O0'€KTOM 1 MiACTHIBHOIO
HOBEPXHEI0 (IIPOMEHI IOLIMPIOIOTECS MO MHUIAXY JXKEPENo - 00'€KT - MiACTHIbHA IOBEPXHS - NMpUMay i MO MUIAXY
JOKEPEIIo - MiICTUIbHA MOBEPXHS - 00'€KT - mpuiimMay), sk 3a3HaveHo B cTaTTi [13]; iHii BigOWUTI KOMIOHEHTH 3HAYHO
MEHIII 3a3HaYCHUX i MOKYTh HE BPaXOBYBATHCS B PO3PaXyHKaX.

[Mpunycrumo, mo SKUHACH PO3CitoBaY BUCOTOI h PO3TAIIOBaHO Ha MiACTHIbHIN moBepxHi (auB. Puc. 8) i Ha HbOTO
I KyTOM ¢ BiJIHOCHO HOpMaJi Majae IUIOCKAa XBHJIA. 3 T€OMETPHYHUX MIipKyBaHb 3po3ymiio, mo kyr ZBAC B

TpukyTHUKY ABC Takox nopisHioe ¢ . OueBHIHO, IO JaHa XBUIIA Oyze MepeBinOMBATHCh BiJl BEPTUKAIBHOI IIOBEPXHI

poscitoBaua AB y Bci Touku katetry BC tpukyrtHuka ABC (nmuB. Puc. 9). I Tijpku XBuis 3 TOYKM A TOTpamnuTh B
Haiianbiny BiJ po3citoBada Touky C . 3 TpukytHuka ABC nopxuHa xarera BC nopieHioe

L =htan(p) 1)
OueBUIHO, 10 30UIbIIECHHS KyTa MaJiHHI ¢ TpU3Beje 0 30UIbIIEHHS 1 JIOBKHHU «3acBiueHO» obnacti L Ha
MiCTUIBHIN TIOBEPXHI.

PoacitoBay

Puc. 7. Po3citoBad Ha miICTHIIBHIN IOBEpXHIi
Fig. 7. Diffuser on an underlying surface

TakuMm 4rHOM, IPU MOJICITIOBAHHI PO3CISTHHS XBWIb Ha 00 €KTi, pO3TallIOBAHOMY Ha TiJICTHIBHIHN MOBEpXHi, Tpeba
BPaXOBYBATH JIHIIIE YACTHHY Ii€l MiICTHIBHOI IIOBEPXHI, PO3MIpH SIKOT BU3HAUAIOTHCS 3a (hopmyroro (1).

IcHye TiNBKM HEBeNWKE MEpeBIOWUTTS MK IEpPEeIHBOIO CTIHKOIO BifOWBaya (TOBHOIMHOIO | cM) 1 MiACTHIBHOIO
noBepxHero. HasgBHICTh IbOTO BITOUTTS, AKE 3 Pi3HOIO (ha3010 MiJICYMOBYETHCA 3 IHIIMMHU KOMIIOHEHTAMH, i IPU3BOINUTH
Jo nosiei Ha Puc. 6 B JaHOMYy niama3zoHi KyTiB iHTepdepeHIiHHNX MakcuMyMiB 1 MiHiMymiB. Ha Puc. 6 uepBonuM
Mo3Ha4eHi ¢aretn, MiX SKUMH BiIOYBaeThbcs MepeBimONTTA, cuHi (aretn — ¢amern, ki nepeBinONBAIOTH Maga0ye
BUIIPOMIHIOBAHHS Ha MiICTHIIBHIHN ITOBEPXHI, 3€JI€HI JIIHIT - IUIIXN IUX NepPEeBIONTTIB, YOPHA JIiHIs - HAIIPSM Bi3yBaHHSI.
3anexnocri ETIP cnabo BinpizHAIOTHCS 32 HOPMOIO 3aJI€XKHO BiJ] TOTO, SIKa ITiICTHIbHA OBEpXHS (OETOHHA UM METaJIeBa).
Crij Big3HAYUTH, IO BHCOTa MAKCUMYMIB 1 MIHOMHA MIHIMYMIB JIJIsl OSTOHHOT MiIKIAIKH BUSBISIETHCS. MEHIIIS, HIXK JIJIS
MeTay BHACIIIOK OLIBIII HIU3BKOTO 3HAYEHHS KOe(illieHTa BITOUTTS.



22
B.C. Xpuuos, M.M, Jlecenvruti

B inmomy nianazoni kytiB Ha Puc. 6 EIIP 06'exTa Mae Oinblie 3HaYSHHS, IPUUOMY IPH 30UIBIIEHHI KyTa MaIiHHS,
3pOCTa€ 3HAYCHHS BiOMTOTO CHTHANY, IO TOSCHIOETHCS 30UTHIICHHSIM IUIONI «3aCBIYCHOD» MISTHKHM IiJACTHUIBHOL
roBepxHi. [Ipn npomy 3HaueHHs EIIP mns o0'ekta, po3TamoBaHOTO Ha METAICBOMY I3€pKall, i Ui OUIBIIOCTI KyTiB
Bi3yBaHHS B cepeanbpomy Ha 10 JI6 Bume HiXk U1t 00'€KTa pO3TAIIOBAHOTO HA OETOHI.

TakuM 9UHOM, BiI3HAYMMO, 10 BUKOPHCTOBYETHCS IMIAKIAIKa CKiHUeHOT JOBXHUHHU a1 oTpuMaHHs EITP o06'ekta B
JIesIKOMY Jiara3oHi KyTiB (auB. Puc. 7), mpu oMy JIOBKHMHA MIAKIaIKK L TOBMHHA BU3HAYATHCS 3TimHO (1) 3aeKHO
BiJl TOTO, B SIKOMY Aiama3oHi KyTiB HeoOximHo orpumartu 3HaueHHs EITP. [{ng kyTiB ONHM3BKHX A0 KyTiB KOB3aHHSI
@ — 7| 2 oueBMmHO PO3PAXyHOK 32 Wi GOPMYJIOKO JaCTh TyKe BEJUKi 3HAYEHHs L , TOOTO B IbOMY BHIIAJIKY 00'€KT

MOJKe TIEpEeBiIOMBATH BUIIPOMIHIOBAHHS Ha MiTKIAJKy Ha Jy>Ke BEIUKY BiJICTAHD i OYEBUAHO, IO B IIbOMY BUIAIKY IS
CKiHYE€HOI PO3MipiB MiIKIaIKA OTPUMATH TAaKUM YUHOM KOPEKTHE 3HAUCHHS BiIOUTOTO OIS HE BAACTHCS.

BUKOPUCTAHHS PIIM JJ1s1 SMEHIIEHHS IOMITHOCTI OB’€EKTA

Cnin 3a3HauntH, 1o BB PIIM Ha momiTHiCTh 00'ekTy ckiagHoi (opMH 1 JOLUIBHICTE BHKOPHUCTaHHS
KOHKPETHOTO MaTepiajy JUisl MacKyBaHHS KOHKPETHHMX YaCTHH LTI CJIiI OLIHIOBATH ISl KOXKHOTO 00'ekTa okpemo. 11106
OOIpYHTYBaTH JaHE TBEPKCHHS, PO3TIITHEMO PO3CIFOBaHHS €JICKTPOMArHiTHOI XBIiIi Ha aBToMoOuUTI Y A3. Ilpu 1ibomy
JOCTIKYEThCs BUXinHa mozenb Y A3 (Puc. 8 - A) i 3amackoBana monens Y A3 3a normomororo PIIM KUIMMOBOTO THITY
(Puc. 8 - B). HdocnimxyBaHna Monenb Mae HacTymHi po3mipu: Bucora 2,1 m., Illupuna 2,08 m., domxuna 4,3 m.
[lependagaeTnes, Mo KOSQIMieHT BiZOUTTS Bil MACKYyIOUOTO MaTepiany MpH MagiHHI Mo HopMaii gopiBaioe -20 nb,
nmoBkuHA XBUII 10 cM., TOJsIpU3anis - TOpU30HTaNbHA. JlOCHiKy€eThCs a3uMyTanbHa 3anexHicts EITP s 3a3HadeHnx
00'exTiB 1 KyTa Micist 60 rpaayciB Bil 3€HITY.

Puc. 8. ocmimpkyBana monenb YA3 6e3 (A) i 3 (b) Bukopucranusam PIIM kuiauMoBoro tuiry
Fig. 8. The UAZ model without (A) and with (B) using RAM carpet-like type

Puc. 9. liarpama 3BopoTHOr0 po3citoBanHs aist Mozeneit Y A3y 300paxenux Ha Puc. 10 -A (myHkrupHa kpusa) i Puc. 10 -b
(cyuinpHa KpuBa)
Fig. 9. Backscattering pattern for UAZ models shown in Fig. 10 -A (dotted curve) and Fig. 10 -B (solid curve)

OTpuMaHi JliarpaMu 3BOPOTHOTO po3citoBaHHs npexactasieHi Ha Puc. 9. Ilpu npomy xyt 0 rpaxyciB Binmosinae
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HAMpPsIMKY 3 PpaBoro 0opTy aBToMoOuIs, 90 rpaaycis - cnepeny, 180 rpamycis - 3 miBoro 6opty, 270 Tpaxycis - 33a1y.

3 Puc. 9 BuaHO, mo Bukopuctanas PIIM ans MackyBaHHS MOJEIi MPUBOIAUTH 10 3HIDKCHHS PIBHS BiJOUTTS IS
OimpIIocTi pakypciB. 30kpeMa aJisl a3UMyTalIbHOTO KyTa piBHOTO 4,4 © 3HadeHHs EIIP 3smenmyetscs Ha 45 nb. Onnak,
MenmianHe 3HaueHHa EIIP mis manmx, mpexacraBienux Ha Puc. 9, mopisaroe 1,3 M2 i BuxigHOT Momeri i 0.3 Mm% mis
3aMacKOBaHOI MOJIEJII, 10 BiATOBIgA€ 3HIKEHHIO Ha 7 1b.

KOMBIHAIIISAA TEOMETPUYHOI MOJA®IKAII OB’EKTY TA YACTKOBOI'O HAHECEHHA
PIIM KHWJIMMOBOI'O TUITY AJ1s1 SMEHIIEHHS IOMITHOCTI OB’€EKTA
Jnst neMoHCTpanii KOMIUIEKCHOTO MiIXOMy A0 3MEHIIEHHS paliojoKaliiHOi MOMITHOCTI Oyj0o oOpaHO MOJETb
aBTomMoOu1s Hummer H1 (nuB. Puc. 10 - A). 'eomerpuyuni po3mipu: Bucora 1.8 M, nosxuna 4.2 M, muipuna 2.2 M. Mojenb
pO3TaIIOBaHO Ha IMACTHIBHIA MOBEpXHi, o imitye OetoHHe NOKpUTTa (& =55, =1). JloBkrHa manao4oi XBWIII

A =3Cm , mokamis IpOBOIMIIACH 32 KYTOM MiCIlsl, a3UMYTaJbHHUN KyT Ipu boMy 45° .

A) B)
Puc. 10. Mozaens aBToMo0i1s1 Hummer H1 A) — 6e3 mokpurts, b) — 3 BUKOpHCTaHHAM MOKPUTTS Ta TEOMETPHYHOT MOAUGiKamii
Fig. 10. Car model Hummer H1 A) - without coating, B) - with coating and geometric modification

Puc. 11. OnrumizoBana Moaeiis aBTomo0ist Hummer H1
Fig. 11. The optimized model of the car Hummer H1

Crin 3a3Ha4WTH IO YTBOPEHHS IEPEBIIOWTTIB, CXOXXKMX Ha TEPEeBiIOMTTS KyTHHKOBMX BigOWBadiB, MOXYTh
BUHUKATH HE JIMIIE MK MiJICTUIHHOIO TIOBEPXHEIO Ta 00’€KTOM, a i MiXK OKpeMUMHU dacTuHamu 00’exty. Tak Oymo
MOMIY€HO, IO JIesKi YaCTHHU 00’ €KTY 3a IIEBHHUX PAKypCiB MAlOTh 3HAYHUH PiBEHB IIEPEBIIONTOrO MO MiXK YaCTHHAMH
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00’exry ( E,_, ). Tomy came 11i 9acTuHH 6yJI0 TEOMETPHYHO 3MiHEHO (uB. Puc. 11), Hanmpukiian BepTHKaabHi Oi9Hi CTIHKH
rHi3na 108 ¢ap Ta miAJamnKky Haj BikHaMH Oy HaxWieHi Tak, 1100 He yTBOPIOBAJIOCH NPSMUX KyTiB. Y skocti PIIM
OyJI0O BUKOPHCTaHO MOKPHTTS, L0 MPU3BOJMTH JI0 3MEHIIEHHs BinouToro moist Ha 20 b npu HOpMajabHOMY MaaiHHI
xBuIl. Lle mokputTTs Oyino HaHEeCEHO Ha IJIOCK] YaCTHHH 00’ €KTY, JJIS SIKUX 3HAYHUH PiBEHb Ma€ I10J1e, PO3CisSHE TIIaKOI0
vacTrHOO 00'ekTa - ( £ ) kommonenTa mosist (nuB. Puc. 10 - B). Cxoska Mozenb posrisiaanacs y [15], ie 6e3 BUKOpUcTaHHs
reoMeTpudHOi Moaupikarii, 3a paxyHok HaneceHHS PIIM Oyo oTpuMaHo 3HIKeHHA MeaiaHHoro 3HaueHHs EITP Ha 13.5
b Big M2 I3 HanecennsiMm PTIM Ha MEHIITy IUIOIIY, ajie 3 TEOMETPUIHOI0 MOIH(]iKaIieto 00’€KTy, BOAIOCh OTPUMATH
3MeHIIeHHs Mezianaoro 3nadends EIIP wa 21.5 ab Bix M2 (nus. Puc. 12).

Puc. 12. Otpumana 3anexuicts EIIP y ab Bing M? g Mogeni, 306paxenoi Ha Puc. 10-A — cyuinsHa kpuBa, Ta MOAHpIKOBaHOT
Mozerni , 300pakenoi Ha Puc. 10- b — myHkTupHa kpusa
Fig. 12. The obtained dependence of the RCS in dB on m? for the model shown in Fig. 10-A - solid curve, and the modified model
shown in Fig. 10- B - dotted curve

BUCHOBKH

Bymo 3anmpomoHOBaHO METOIH ONITHMI3allii MOIei 00’ €KTy CKIIaIHOT (POPMH [T 3MEHIIICHHS HOTO paIioJIOKaIlifHOT
nomiTHOCTI. HaBeseHa MeTouKa Tt BpaXyBaHHs BIUTMBY ITiACTHIBHOI IOBEPXHi Y CyMapHe PO3CisiHe 1oJIe 00 €KTY, 110
Ha Hilf po3ramoBaHo. {1151 OUIBIIOCTI pealbHIX Ha3eMHHUX 00’ €KTiB HAHOITBIINI BHECOK Y 3aralibHE BiIOUTE IMOJie pOOUTH
Tosie, Bi0UTe Bijl IJ1aK0i YaCTHHU 00’ €KTY Ta IOJIE, 1110 YTBOPIOETHCS BHACIIIOK MEPEBIAOUTTS MK YaCTHHAMH 00’ €KTY
Ta MK 00’€KTOM Ta MiJICTUIILHOIO MoBepxHet. OCTaHHE TOSCHIOETHCSI MOJICIUTIO PO3CISIHHS HAa KYTKOBOMY BiJIOMBauy.
st Toro, 100 3MEHUINTH MEpIy KOMIIOHEHTY, 3alIpOIIOHOBAHO BKPUBATH BENHMKI IUIOCKI AUISHKN 00’ exty PIIM. [ns
TOro, 1100 3MEHIIMTH PiBeHb MEPEeBIAOHUTTS, ciiJl MOAM(DIKYBaTH TeOMETpir0 00’€KTy, 30KpeMa MLISXOM BBEICHHS
MNOXWIKMX IUIOMMH. [IpoBeseHO MOJENIoBaHHs [yl OLIHKM BIUIMBY KOXKHOI'O eTamy oOnTuMi3aiii moneni Ta ix
KOMIUIEKCHOTO 3aCTOCYBaHHSI.

KOH®JIIKT UHTEPECIB
ABTOpH MOBIIOMIISIOTE TIPO BiJCYTHICTH KOHMIIKTY iHTEpECiB.
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ABOUT REDUCING THE VISIBILITY OF COMPLEX OBJECT ON THE BACKGROUND OF
UNDERLYING SURFACE
V. Khrychov, M. Legenkiy,
V. N. Karazin Kharkiv National University, 4 Svobody sq., Kharkiv, 61022, Ukraine

Relevance: Reducing the radar visibility of an object is an important task in the creation of military equipment. Real
objects are often located on some underlying surface, which leads to a significant increasing in the scattered field by such
a system in comparison with the scattered field by only object without taking into account re-reflection from the
underlying surface. The development of methods for reducing the reflected field plays an important role among the tasks
of reducing radar signature.

The purpose of the work is to consider the existing methods for modeling the scattering of electromagnetic waves on
complex shape objects against the background of the underlying surface, analyze the level of the reflected field
components. To propose methods for reducing the radar visibility of an object. To carry out a simulation for some object
in order to assess the effectiveness of the proposed methods.

Materials and methods: The problem of diffraction on the complex shape object, which located on the underlying
surface, is solved. In this case, different components of the scattered field are taken into account: single reflection from
different elements of the object's surface (physical-optical component); one-time re-reflections between different parts of
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the object; re-reflection between the object and the underlying surface. In numerical modeling, the scattered field on an
object located on the underlying surface, the underlying surface is considered as a rectangle of finite size.

Results: The possibilities of optimizing a model of the complex shape object in order to reduce its radar visibility are
considered. In particular, geometric modifications of the object's surface and the using radio-absorbing materials are
considered. In order to demonstrate the effect of these techniques, using a technique previously proposed by the authors
for determining the scattered field by an object of complex shape located against the background of the underlying surface
simulations have been carried out.

Conclusion: Methods of optimizing a model of the complex shape object to reduce its radar visibility are proposed. For
most real objects, the largest contribution to the total reflected field is made by the field reflected from the smooth part of
the object and the re-reflection field between parts of the object and between the object and the underlying surface.

KEYWORDS: RCS, radar, RAM, underlying surface.

The article was received by the editors: September 6 2021.
The article is recommended for printing: October 18 2021
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HEPYWHIBHUI KOHTPOJIb ABTOMOBLIBHUX JOPIT 3A JJOIIOMOI' OO
T'EOPAJIAPIB (OI'JISIAOBA CTATTSI, YACTUHA 1)

AKTYaJbHiCTb. AKTYalbHICTh JOCIHIKEHb, BUKIAJCHUX Yy CTaTTi, OOYMOBIEHa IXHBOIO CIPSIMOBAHICTIO Ha peati3awilo
Jiep KaBHOI cTpaTerii 3a0e3nevueHHs HaJiifHOCTI Ta IOA0BKEHHS 3aJIUIIKOBOTO PECYPCY TPAHCIIOPTHHX Ta iHKCHEPHUX CIIOPY,
peaizamis sIKOi MOB'SA3YeThCA 3 METOIaMH Ta 3aco0amu oTpuMaHHs iH(opmaii Ta ii 06pobku y pearpHOMY MacmITadi 4acy;
METOJaMH OLIHKH CTaHy IH)KCHEpHHMX CIIOpYZ, OCOOJMBICTIO SKHX € 3HaYyHa HEOTHOPIAHICTh T€OMETPHYHUX Ta (Di3HKO-
MEXaHIYHHUX [apaMeTpiB, 0 YCKIJIAHIOE BUKOPHCTAHHS Pe3yNbTATiB JIarHOCTHKU. [IpM O4eBHIHMX HepeBarax XBHIBOBHX
METOJIB 30HIYBaHHS iX 3aCTOCYBaHHS CTPUMYEThCS CKIAIHICTIO 3aBIaHb IHTepIpeTalil OTPUMAaHHX pe3yJbTaTiB i
MOB'SI3aHUMH 3 IUM IOXHOKaMH y BH3HA4YEHHI IapaMeTpiB KOHCTPYKIiH; 0arato(akTOpPHICTIO 3a/ad OI[HKM MapaMeTpiB
0araTOKOMIOHEHTHHUX MaTepiajiiB KOHCTPYKIiH, HEJOCKOHATICTIO METOIB JeeKToCKOTmii.

Merta po6oTn — OTJIsA MOKIMBOCTEH CydacHHX TeopanapiB Ta 3aco0iB 00poOKH HAANIMPOKOCMYTOBHUX CHTHAJIB CHUIBHO 3
KOMIT'FOTEpHO-OPi€HTOBAaHUMH CHCTEMaMH YUCEITBHOTO MOJICIIOBAHHS, ONTHUMI3allisl METOAIB 0OpOOKH reopagapHHUX NaHHX
IUTSL BUPILICHHS 33724 BHSABJICHHS Ta 1IeHTH}IKAIIi IMiIOBEepXHEBUX HEOMHOPIMHOCTEH y OyaiBEeNbHUX KOHCTPYKIIAX, IO
SIBJIIOTH COOOIO TIOCKOIIAPOBE CEPEOBHIIIE.

Marepianu Ta MeToam. Y Tiepiiiii YacTHHI CTATTI HABEICHO KOPOTKUI OTJISIT OCHOBHUX METOJIiB 00pOOKH HAOOPIB TaHUX, SIKi
OTPHUMYIOTBCS 32 JOIOMOTOI0 IMITYJIbCHHX TreopajapiB. 3almporOHOBAaHO HOBHH METOJX OOpOOKM TaHHX i3 3aCTOCYBaHHIM
Ccrieniaai3oBaHoro nporpaMHoro 3adesnedcHus GeoVizy. Takox KOPOTKO PO3IIISHYTO MOXJIMBOCTI 3aCTOCYBAaHHS METOJIB
cyJacHoi Teopil Audpakiiii Ta METOIIB aHAJi3y CUTHAIIIB Yy IPOCTOPOBO-YACOBIi 00IaCTi AJIsl BUPIIICHHS 33124 Je(heKTOCKOTii.
PesyabTatn. OCHOBY OTpMMaHUX Yy POOOTI pe3yNbTaTiB CTAHOBJIATH JaHI AWCTAHIIIIHOTO 30HIYBaHHS, 3alPOIIOHOBAHI
MaTeMaTH4HI MOJENI Ta METOAM OOpOOKH IaHWX 30HAYBAaHHS. 3a pe3ydbTaTaMH NPOBEICHOTO IIOPIBHSUILHOTO aHalli3y
MOXITUBOCTEH TeopaiapiB 3alpOIIOHOBAHO MPAKTUYHI pEKOMEHMAII] MO0 MiIBUINEHHS HaIilfHOCTI oJep)KyBaHUX HaOOPiB
JTAaHWUX, OOTPYHTOBAHO MO>KJIMBI HAIIPSIMHU TTOANBIINAX AOCIIIKECHb.

BucnoBkn. Otpumani B poOOTi pe3ylbTaTH YHCEIBHOTO MOJENIOBAHHS Ta MPOBEACHI J1abOpaTopHi EeKCHEepUMEHTH
MiATBEPIWIN TEOPETUYHI NMPUIYLIEHHsS NP0 piBeHb BIUIMBY KIIOYOBHMX IMapaMeTpiB HaJIIMPOKOCMYTOBUX TeOpafapiB Ha
JIOCTOBIPHICTh OTPHMYBAHHUX pPE3yJbTaTiB. 3HAUMMICTh OTPHMAHUX HOBHX HAayKOBHX DPE3YyJbTATiB IOJATAE HE TIIBKU Yy
BHUKOPUCTaHHI HOBHX 3ac00iB 30HIyBaHHs i HOBHX Mojieyiell 00poOKH Ta MOoabIIO] iHTepIpeTanii OTpPUMaHHUX JaHUX, a TAKOXK
i y pO3TIIIHYTHX TEPCIIEKTHBAX MO0 PO3BUTKY 3aC001B HEPYHHIBHOT'O KOHTPOIIIO T TiarHOCTHKH.

KITFOUYOBI CJIOBA: imnyibcHi HAAIIHPOKOCMYTOBi reopaiapu, KoMI'I0TepHi MporpaMu 06podKu JaHuX, TUCTAHLiliHe
30H/YBaHHS.

SAx muryBaTn: batpakos /10, KosansoB MM, MacnennikoB AO, barpakosa AI', Ypuzik CM. HepyliHiBHIIT KOHTPOJIb
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BCTYII

VY crarTi pO3MNSHYTO NMTaHHS 3aCTOCYBaHHS HAJIIMPOKOCMYIOBHUX TeOopajapiB Uil KOHTPOJIIO CTaHy
aBTOMOOUTBHUX JIOPIT 3 HEKOPCTKUM IMOKPUTTSIM. Taki 3aBIaHHS € KOMIUICKCHAMH, OCKUTBKA MMOTPEOYIOTH TOCITIIOBHOTO
BUPIIIEHHS KiJIBKOX OKPEMHUX 3aBIaHb. Y TOPOXKHIH raiy3i 10 HUX BiTHOCATHCS:

- OL[IHKA TOBIIMHH LIapiB JOPOKHBOTO MMOKPHUTTS, y HALIOMY BUIIAJKY HIEThCS PO HEXKOPCTKUI TOPOXKHIH 0T

- BIABIICHHS ITiATIOBEPXHEBUX Ne(EKTiB;

- imeHTH(IKALisA Ta MO3UIIOHYBaHHS (BU3HAUCHHS HANPSMKY U TPIIIH) BUSIBICHUX Je(EKTiB;

- OLIiHKA ITOTOYHOTO CTaHy Ili€i TUISTHKY TOKPUTTS;

- mo0y/J0Ba MPOrHO3Y NOAAJIBIIOT €BOJIOLIL, SIK YCi€T JOPOTH, TaK i Il OKPEMUX AIISTHOK 3 ypaxyBaHHSIM clielU(pi9HUX
0co0mBOCTEH TX pO3TalllyBaHHS;

- pO3po0JIeHHs IUIaHy PEMOHTHHX 3aXO0/IiB 3 YpaXyBaHHIM HasBHUX PECYPCIB;

- BUpILIEHHS 33/1a4i ONTHMIi3allil BUTPAT Ha YTPUMaHHS Ta pEMOHT MEPEeXi J0pir.

BupileHHIO epepaxoBaHiX 3aBJaHb MPUCBIYCHO BEIHKY KibKicTh poOiT [1-13] , y Tomy umci it pobiT aBTOpiB
i€l cratri [14-28], y SIKuX BUKJTaIeHO OCHOBHI ITiIXO/IM Ta METOIN BUPIMICHHS 3aBIaHb OIiIHKH Ta IPOTHO3YBAHHS CTAHY
JIOPOXHBOTO OJATY 3a pe3yjbTaTaMH IeOpajapHOi MIarHOCTUKH. Y TOW e Yac, AK IOKa3ye JIOCBII HMPaKTUYHOTO
3aCTOCYBaHHSA IMIYJIBCHHUX HAANIMPOKOCMYTOBHX Te€OpanapiB, depe3 IICBHI NPHUPOAHI OOMEXKEHHS Ta CKIAJHICTh
NpoLeciB B3aeMOMIl HAANIMPOKOCMYIOBHX CHTHANIB Teopamapy 3 OaraTOKOMIOHEHTHHMH MaTepiallaMd YMOBHO
TUIOCKOIIAPOBHX CEPEeNOBUI (JOPOKHBOTO OIArY), HEMae yHIBEpCalbHOrO NpHiIany (reopanapy), OTKe, i €IMHOTO
METOAY BUPIIICHHS BCiX 3a3HAYCHHX 3aBIaHb.

OCHOBHOIO METOI0 NePHIOi YACTHHH POOOTH € Po3pOOJIEHHS METOIB 00POOKH HAIIIMPOKOCMYTOBUX CHUTHAJIB
Cy4acHHX reopajapiB 3 ypaxyBaHHsIM clenu(piuHIX 0COOIMBOCTEH TaKuX NpHiIaaiB. [IBa po3riIsHyTI y CTaTTi reopanapa
MaroTh pi3Hi 3HAYECHHS HAMBaXXJIMBILIOTO MapaMeTpa — eHTpallbHo1 yacToTH. L{eit mapametp yepes ¢izuuHi 0coOIMBOCTI
3aJa4y 30H/yBaHHs IUIOCKOIIAPYBaTHX CEPEeJIOBHII BU3HAYAE TJIMOMHY 30HIYBAHHS Ta iX PO3AUIBHY 3/aTHICTh. Takox
reopajiapu MaroTh JesIKi IPUHIUIIOB] KOHCTPYKTUBHI BiIMIHHOCTI. 3Bakatoun Ha 0OMEXKEHICTb 00cATy 1€l cTaTTi, MU
IUIAaHYEMO JETalbHIlle PO3MIISHYTH Ll MUTAHHS Y IPYTiil YaCTHHI pOOOTH.

MMOCTAHOBKA 3ABJIAHHS i1 METO/I PILIEHHS
INocTraHoBKa 3aBHAHHS, K OYJIO 3a3HAYCHO BUIIE, CKIIANAETHCS 3 JBOX YACTHH — OTPHMAHHS €KCIIEPUMEHTAIBHUX
HaOOpiB MaHWX 3a [OIMOMOTOK0 [BOX 3pa3KiB TreopalapHOTO OONagHAHHSA Ta MONANBIIOI OOpPOOKH pe3yibTaTiB
30HAyBaHHA. [Nl OTpUMaHHSA JAHUX BHKOPHCTOBYBAJHCS [Ba TeOpaJapy, 30BHILIHIA BHIIIAN SKUX HABEICHO Ha
Puc. 1, 2. O6unBa npmnagu po3poOIieHO ciBpoOITHIKaMHU By iHTpocKomii [HCTHTYTY pamiodi3uku Ta eneKTPOHIKH
Hamionansnoi akanemii Hayk Ykpaiau (IPE HAH Ykpainm).

IPLAE 2T w;ix‘, %
Puc. 1. 'eopamap Omsr — 1. Etan xamiOpoBky cUrHATY.
Fig. 1 Georadar ODYAG - 1. Signal calibration stage.

[TigxkpecnuMo, 10 i MpUIaAXd MAlOTh HE TUTBKU Pi3HI 3HAUEHHS [EHTPAJbHUX 9acTOT, a i MArOTh KOHCTPYKTHBHI
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BinMmiHHOCTI. ['eopamap Omsar-1 BukoHaHWI 3a cxXeMoOw 13 KoMImeHcarier (audepeHuitoBanusam). Judepeniiroua
NpuiiManbHO-TIEpeAaBalbHa aHTEHHA CHCTEMa pealli3ye METOJ] IOBHOI YacTOTHO-HE3aIeXHOI PpO3B'I3KH MiX
nepeaBaibHOI0 Ta TPUAMAIBHOI0 aHTeHaMH. lle mMocsAraeThcs BHKOPHUCTAHHSM OMHI€l MepedaBaibHOI aHTeHH (Ha
Puc. 1. mpaBopyu), Ta 1BOX TpHiiManbHUX aHTeH (Ha Puc. 1. miBopydv). HasBHICTS ABOX MpHUAMAaIBHAX aHTEH 32 YMOBH
PETeNTBpHOTO IX FOCTYBaHHSA 3a0e3medye MiHIMI3aIliio TaK 3BaHOTO CUTHATY MPSIMOTO MPOXOPKEHH, TOOTO, CHTHAITY, IO
MOTpPanyB y NPUHMaNIbHY aHTEHY, MAHAIOUU CEPENOBHILE, IO 30HIYETHCSA. bBiiblI JOKIagHO MPUHIKO POOOTH TAaKOI
cuctemu onmcanuii B [29, 30].

Jpyruii npunan Opsar-4, sk BugHo Ha Puc. 2, Mae 1Bi aHTEHH — NlepejaBajibHy Ta IPUHMaIIbHY, a e(heKT KOMIeHcalii
CHTHAJy NPSMOT0 NPOXOKEHHS J0CATAETHCS 3aBISIKH HASBHOCTI €KpaHiB KOHIYHOT ()OpMH, SIKI 3HAYHO IOCIA0IIOI0Th
CHTHAJ IIPSIMOT0 MPoXopkeHHs. CIIill 3a3HAYUTH, 1110 BiICTaHb MK NPUIMaBHOIO Ta epelaBajbHO0 aHTEHAMH 1CTOTHO
MEHIIIe BiICTaHi 0 MEXi PO3/Ly CepeoBHILa, 10 30HAYEThCs. Lle 103BoIsE BITOKPEMHUTH 1aHi CUTHAITY Ha PO3rOpTIi
3a YacoM 1 3JiHCHUTH iX (QIIbTpAILli0 38 JOMOMOTOK CTAaHAAPTHUX aIrOPUTMIB, HANPHUKIAL, 10 HaBeIeHi B poboTax [31,
32].

IIpomienypa oTprMaHHSA BUXiTHUX JaHUX JJI 000X reopagapiB OJHAKOBUH 1 CKIIAAETHCS 3 HACTYITHUX €TAalliB:

- KanmOpyBaHHS PMIAAY NUIIXOM BUMIPIOBaHHS CUTHANY, BITOMTOTO BiJf JINCTAa METANY;

- 30HIyBaHHS Ha AUISHKAX, PO fAKi 3a37aJeTigb BiZIOMO, 10 BOHU HE MICTATH IiJNOBEPXHEBHX HEOIHOPIAHOCTEH
(metexTiB) i Hamami MOXYTh BBAKATUCS €TAIOHHUMU;

- 30HyBaHHS AISTHKY TIOKPUTTS, 10 TOCITIKY€ETHCS.

Puc. 2. I'eopamap Onsir — 4. Etan kaniOpyBaHHS CHTHAITY.
Fig. 2. Georadar ODYAG - 4. Signal calibration stage.

Iopsaok 30HAyBaHHs JeTajJbHO ONMHUCaHU# y poboTtax aBTopis [14, 17, 27]. Tomy nepeiiaeMo 10 OMKCY OCHOBHUX
(bI3MYHUX NPHHIMIIIB, 10 CTBOPIOIOTH OCHOBY Ipolecy OOpoOkH MaHuX. Lli NpUHIMIN CIMpalOThCsS HA MOIIAPOBE
BiJTHOBJICHHS 3HAYCHD J1i€JIEKTPUYHOI IPOHUKHOCTI 3 MOJAJIBIINM BH3HAYCHHSAM TOBIIMHHU KOJKHOTO 3 ITapiB KOHCTPYKIIi{
Ta TOJAIBIIAM 3aCTOCYBaHHSAM [BOX IHTETPAJIbHUX TepeTBopeHb. OCHOBHI NPUHIMNN IPOIECY MOIIapOBOTO
BiJIHOBJIEHHS JIi€JIEKTPUYHOI MPOHUKHOCTI MaTepiaay KOKHOIO Iapy JOKJIaIHO omucaHo y poborax [14, 25-27]. Tomy
MU JTHIIE KOPOTKO 3a3HAYMMO, IO OCHOBY 3ampornoHOBaHOi B [14] cxeMH BiIHOBJICHHS T€OMETPUYHHX MapaMeTpiB
CTaHOBHUTDH BU3HAUCHHS Koe]ilieHTa BIIOUTTS BiZ MEXi BEPXHBOTO APy 1 1ai - BIAHOCHOI I€IeKTPUIHOT MPOHUKHOCTI
bOTO 1Iapy. Y pe3yibTari e J03BOJISIE OTPUMATH OL[IHKY TOBIIMHM BEPXHBOTO Iapy. Jlai npouemypa IMOBTOPIOETHCS
JUISL HACTYITHOTO IIapy J0 MiJKJIAJAKMA. 3a3HAUYMMO, 110 OCHOBY 3aIlPOIIOHOBAHOTO IiJIXOJy CTAHOBHTh BU3HAYCHHS



30

Hepyitinisnuii konmponb asmomobinbhux 0opiz 3a 0onomo2oio 2eopadapie (o2na0osa cmamms, yacmuna )

MIBUAKOCTI PO3IOBCIO/DKEHHSI €JIEKTPOMArHiTHOI XBWJII y BEpXHbOMY Inapi. TakuM YMHOM, YKPYITHEHO aJTOPUTM
00poOKH JaHMX Te0PaJapHOro 30HyBaHHS CKJIQJIAETHCSI 3 HACTYITHHUX €TalliB:
1. Ha ocHOBIi IepBHHHOI 0OPOOKH JaHWX 30HIYBaHHS 32 OMOMOTO0 TiepeTBopenHs ['inmpbepra [19,26]

BH3HAYAIOTHCS YaCOBi 3aTPUMKH CHTHAIIB (A tn ), 10 TOTPANIUIA 10 MPUHAMAIFHOI aHTCHH BiJ HIDKHIX TpaHHIb

TUTOCKOIIapyBaToi KOHCTPYKIIii, Ta ix ammutityau. L iHpopmartis € BXinHOO iH(OpPMAIIi€l0 JAHOTO aITOPUTMY.

2. 3a popmynoro
\/7_ An,n+1_An+1,n
En+l =€ @
An,n+1 + Antan

BH3HAYAETHCS 1/81 Ta faii & .
3. Jami 3a popmynamu (2-5)

(26,
Véna +en
2Je,
[Ven +ena
P =Tos Tio= 2% 2% =4 Ve e , ®)

C1 = Pl : Bl = (TO,l 'Tl,O)' Ao ) Rl,2’ (4)

N
-1 -1
Rons1=Ag -Cn/(Pl-Pz-...-Pn):AO Cn/ TTPn . ®)
n=1

)

OO0UYHCITIOIOTHCS T0,1' Tl,O' Ab,l u A.l,O , @ TIOTiM 3rigHO (1) 00UYHCITIOETHCS &,

4. OOGuHCIIEeHHS MOBTOPIOIOTHCS 10 OCTAaHHBOT IPAHULI PO3AITY CEPEIOBHIL, ¢ BU3HAYAETHCS JIMIIE ieIeKTPUYHA
MPOHUKHICTH OCHOBH (IPYHTY).
5. KoopauHaTtu Mex nrapis (rpaHuilb PO3/iTy CEPEIOBHII) BU3HAYAIOTH 33 (JOPMYJIOKO:

(th —th_1)-C & Aty -c

Ly= =) — 6)
" ngl 2-Jen nglz'\/g

Ie Zn - KoopauHaTa N — i Mexi (BepxHs Mexa mae inaekc 0), tn ) tn—l - MOMEHTHU HPOXO/KESHHS CUTHAJIOM N —1 Ta

(n — 1)—'1' ME3K1 BIAIOBIAHO, BU3HAYCHI Ha eTam 1, £ n- JUeNeKTpUYHA IPOHUKHICT N —T0 mapy (BU3HAYEHA Ha eTarti
2 a60 3), C — mBuaKiCTH NOMIMPEHHS €JIEKTPOMArHITHUX XBHIIb Y BiIbHOMY IpocTopi (y HoBiTpi).
6. Po3paxoByroThCs 3HaUEHHS TOBIIMHH IIapiB hn 3a GopMyII0I0:
hn:Zn _Zn_l; ZOZO,n=1,2...|. (7)
7. OrtpumaHi gaHi 3aHOCATBCA y (haiiin A1 MoAaNbIIol 0OpOOKH.

Lle y 3araipHiii MOCTAaHOBII JOCHTh CKJIAJHE 3aBJaHHSA. TOMYy B HaHIPOCTIIIOMY BHIIQ/IKy HEXTYIOTh HasIBHICTIO
NOTIMHAHHS. 32 HAsIBHOCTI MIOTJIMHAHHS MOXe OyTH BUKOPHCTAHHH IMTi/IXi/, 3amponoHoBanuii y [18].

Haronocumo, 1o nepetBopenns ['iib6epTa € inTerpanbHUM MepeTBOPEHHAM i 1t 10BinbHOT jiticHoi gynkmii X(t),
(—oo <t <o0) moxe Gytu npencrasieno sk sroptka X(t) 3 dymxmiero hb(t) =1/(7t). V croro uwepry, dbynxiito
1/(t — 7) nasuBatots sapom meperBopenHs I'ink6epra. Take neperBopenHs Mae ocobmusicts & =1 —7 = 0.V wiit
TOYII BUKOPHUCTOBYIOTh T'OJIOBHE 3Ha4eHHs 1o Komri:

t-a %
lim( [..+ [.. ®)

a—0
t+a
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To6T0 y BUISAIL:
X(t) =TH[x(t)]=
0
XM * @) =2 | %dr' ©

V/a

VY mitepaTypi 3 oOpoOKHM cuTHaNIB, TepeTBOpPeHHs [inp0Oepra I aHANIOTOBHX CHTHAJTIB YacTO IMPOMOHYIOTH
NPEJICTABIATH He K [IePETBOPEHHS 3ropTKH orepatopa 1/ 771, a 3a J0NOMOrok0 CIeKTPAIbHOTO YSBICHHS aHAJITHYHOT

byHKIii

Z2(t) = x() +i X (t) =
o XW)+i X)) =Z(v). (10)
i=/-1.

1o cTocyeThCs APYroro 3aCTOCOBYBAHOTO IHTETPAIbHOIO IEPETBOPEHHS, TO CIIOYaTKy BOHO OYIIO 3aIIpOIIOHOBAHO
y BUTJISII TIPOLEypH OOYUCIIEHHS IBOPA30BOI0 iHTErpaa 3i 3MiHHOIO BEPXHBOIO MeXker0 y pobotax [33, 34]. Onnak, y
i poOOTI 1€ IHTEerpaNbHE IEPETBOPEHHS 3aCTOCOBYEThCS Y BUIVIAII OJHOPA30BOrO IHTErpaia, 10, Y KiHIEBOMY
MIICYMKY, 103BOJISIE MIABUIINTH €(EKTUBHICTh HOTO 3aCTOCYBaHHS.

Ha pomy 3aKiHUY€ThCS eTan BU3HAYCHHsI TOBIIMHY IapiB KOHCTPYKIIT.

Jnst BUpINICHHS [BOTO 3aBJAaHHS Yy HAMIBABTOMATHYHOMY PEKHMi BHUKOPHUCTOBYEThCs mporpama GeoVizy.
[Iporpama m03BOJIsIE MPOBOIUTH MOJCIIOBAHHS JUIA HAWIPOCTIMIMX MoJeNeil IOoCKomapoBux cepexosuin [35] Ta
3aiificHioBaTH OOpOOKY maHux 30HayBaHHs. LlentpanbHe BikHO mporpamu GeoVizy y pexumi MOJCIIOBaHHS
npezncraBieHo Ha Puc. 3. Ha Bcix HacTynmHEX rpadikax Ha BepTHKANBHIN OCi BiAKIIAACHI 3HAYEHHS aMILTITyId CUTHAJIIB,
a TOPU30HTANbHII 0Ci — Yac y HAHOCEKYHIaX.

[ | | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

B RV | M
| | | | |
| | | | |
] | | | | |
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| | | | |
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Puc. 3 Bikuo nporpamu GeoVizy B pexxnuMi MOJICITFOBAHHSI.
Fig. 3. GeoVizy window in simulation mode.

Pexxnm MoientoBaHHS IPU3HAYEHUH JUUII CTBOPEHHS BIpTyaJIbHUX HaOOpiB JaHMX Ta iX Mojaibioi 00podku. Meta
TaKOTO MOJENIOBAHHS IOJATaE B TOMY, IO BipTyajbHI INTYYHO CHHTE30BaHI CHTHAIM MaloTh (HOpMY, SKa iIeHTHYHA
ineanpHOi (opMi iMIynbCHOro curHany. Lle mo3Boisie OoTpUMard NMPaKTUYHO HECIIOTBOPEHI JaHi ISl TEepeBipKH
MOXJIMBOCTI 00poOku. st mopiBHsHHS Ha Puc. 4. HaBeneHo 300paxeHHs (OPMH pealbHUX CUT'HAJTIB, OTPUMAHUX 3a
Jonomoroto reopaaapy Oxsr-4 B taboparopii XapKiBChKOTO HaI[lOHaJIBHOTO aBTOMOOUIEHO-I0OPOKHBOTO YHIBEPCUTETY.
[NopiBHsIHHS po3noniNiB, 10 HaBeeH] Ha Puc. 3 Ta Puc. 4, HarnsgHO 1EMOHCTpPYE Pi3HHUIIIO MIX IITYYHO CHHTE30BaHUMH
currajgamu (Puc. 3) Ta peanbHO 3apeeCTPOBAHMMH CHTHAJIAMH BiJl HAAMIMPOKOCMYTOBOro reopanapa Omsr-4. Pisuuns, B
HepILy Yepry, MOJSTaE y HASBHOCTI HEBEMKHUX «IIyMiB» (y HAYKOBii TEpMIiHOJOTII 11e MpUIHATO Ha3uBatH jitter), a
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TaKOX JICIKAM 3CYBOM OIIOPHOTO CHUTHAJYy, BiZOMTOrO Bij nucTa MeTany (curHai Ha Puc. 4 - 4epBOHOTO KOJIBOPY), Ta
CHTHAITY, [0 OTPUMAaHHIA IPHU NPOi3/i Hal KOHCTPYKIIi€ro (curaan Ha Puc. 4 3eneHoro konbopy). Lleit 3cyB 06ymMoBeHuiA
MPOIIECOM IIPOTPiBY IpHITALY.

R 2EE & B E B | svieewmsicucrermacurnans | ) | 1 1 A @
! [
el ‘ | f AVAY
0 > 5
g N Y
©
=
=
o
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=
E
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3
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0 1 2 3 - 5 6 7 8 9 10

Yac, He

Puc. 4. Bikuo nporpamu GeoVizy nipu 06po6ui manux reopamapy Omsir-4.
Fig. 4. GeoVizy window when processing georadar data ODYAG-4.

3Bakaloul Ha HEOOXIiJHICTh NPOBEACHHS BHMIPIOBaHb 1 Ha HEJIOCTATHHO IMPOTPITOMY Treoianapi, y mporpami
GeoVizy nepeadaueHa MOXKIMBICTh 3CyBY TpadikiB Ta 1X 3riiajpKyBaHHs. Pe3yapTaT BiAMOBIIHUX Olepalliii HaBeICHO Ha
Puc. 5. TTapameTpu 3ri1a/pKyBaHHS CUTHATY | MarOTh 3HaUCHHSI 7, a curHany 2 (3eneHuii) — 8. 3HaYeHHs 3CyBY CUTHAITY
1 mpaBopyu gopiBHtoe 21. HactymHuid eram - ycTaHOBKa HEOOXIJHUX MapKepiB Julsd MOYATKy Hpolecy oOpoOKH B
HariBaBTOMAaTHYHOMY pexuMi. Bianosifani pesynbratu npejcrasieHi Ha Puc. 6. BaxuiBo, 1m0 y 1IIbOMY BHIQJIKY
BUKOPHCTOBYETBCSI PEKHUM HAIIBABTOMATHYHOI MIATOTOBKK Ta 00poOKM nanux. Ha Puc 7. HaBeneHo BUIIIsLA BikHA
HOPMYBAaHHS, JIe HarJIsIIHO MIPO/IEMOHCTPOBAHI SIK MPOIEC yCTAaHOBKHM Mapkepa (Bimiik 344) Tak i TOJOBHE BH3HAUYEHHS
JIETeKTpUYHOT MPOHUKHOCTI Marepially BEpXHbOTO IIApy B HAMIBABTOMAaTHYHOMY pexumi. OTpumaHe 3HauCHHS
JUENEKTPUIHOT MPOHUKHOCTI Marepiaiay Iapy 3 JOCTATHBOI TOYHICTIO 30iraeThCs 31 3HAYCHHSM, BH3HAYCHHM 32
pe3yJbTaTaMHM iHIIMX BUMIPIOBAaHb, i, TOJIOBHE, 100pE y3rOKYETHCS 3 pE3yIbTaTaMH HACTYITHUX BUMIPIOBaHb TOBIUHA
BEPXHBOTO [Py, 3HAYSHHSIMHU BiIHOCHOT JieJIEKTPUYHOT MPOHUKHOCTI Ta TOBIIMHY IIAPiB, 10 PO3TALIOBaHI HIXKYE.

3p0o3yMisio, IaTH JeTalbHHUN OMKC YCiX MOMIIMBOCTEH mporpamHoro 3abesnedeHus GeoVizy depe3 oOMexeHH
00CsIT 1i€T CTaTTI HEMOXKIINBO. ABTOPH PO3PaXOBYIOTh BiIOOPa3UTH 11l MUTAHHS Y HACTYITHUX ITyOsiKaIisX.

Hapemri, 3a3Haunmo, mo paHime ¥noutocs i mpo iHIII 3aBAaHHS, IMOB'S3aHI 3 OLIHKOI ITOTOYHOTO CTaHy
ABTOMOOUTBHUX JIOPIT 3 HEKOPCTKUM MOKPUTTAM. Jl0 HUX HaJIe)KaTh. BUSABJIICHHS HasSBHOCTI ITiITOBEPXHEBUX JE(EKTIB;
imeHTudiKaIis Ta MO3UIIOHYBaHHS (BU3HAUCHHS HANPSAMKY UIS TPIIIHH) BUSBICHUX Je(EKTIiB; OI[iHKA TIOTOYHOTO CTAaHy
JTAaHO1 IIJISTHKH MTOKPUTTS; MPOTHO3YBAaHHA IOTOYHOTO CTaHYy, SIK yCi€l TOPOTH, Tak # ii OKpeMHUX AIJSTHOK 3 ypaxyBaHHAM
crediyHUX OCOOJIMBOCTEH 1X pO3TallyBaHHS, PO3POOJICHHS IUIAHY PEMOHTHHX 3aXOMiB 3 YPaxyBaHHSIM HasBHHX
pecypciB; po3B'si3aHHs 3a/1a4i ONTHMI3allii BUTpAT Ha yTPUMaHHS Ta PEMOHT MEpexi JA0pir.

Ie — mepestik caMOCTIHHUX 3aBllaHb, BUPILIEHHS SIKHX aBTOPH PO3PAXOBYIOTh BUKJIACTH Y HACTYITHUX ITyOTiKaIlisX.
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Puc. 5. Bikno nporpamu GeoVizy l'Ip_I/I 000po61Ii 1anux reopanapa Omsr-4.
Fig. 5. GeoVizy window when processing georadar data ODYAG -4.
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Puc. 6. BcranoBneHHs HEOOXiJHUX MapKepiB B HAMIBABTOMATHIHOMY PEXHUMI.

Fig. 6. Installation of necessary markers in a semi-automatic mode.
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HoprysanHa 1

BianikN: [B44 2] max| uac ne[34333 Ro1[0.40558
dt 0, ne|3.4333 W|-0,18635 T01{0,55442
h1. oM -0,083032 T10|1,4456

e~ AN1[6.7984 R1+T1[1

Puc. 7. Ilpuxnaza BikHa HOpMYBaHHS
Fig. 7. Example of normalization window

BUCHOBKHU
VY cTaTTi BUKJIA/IEHO pEe3YNbTaTh JOCIIKeHb, CIPSIMOBAaHMX Ha pealliallilo cTparerii 3a0e3nedeHHs HaJiifHOCTI

Ta TPOJIOBXKEHHS Pecypcy TPAaHCHOPTHHX Ta iIHXKEHepHHX criopya. L{s crpareris nependavae 3aimydeHHS METOJIB Ta
BIIMOBITHUX 3aco0iB oTpuMaHHS iH(OpMAIii 3 Mmomanemio 00poOKo y peadpbHOMY MacmiTabi gacy. PoGora
CIIUPAETHCS Ha METOM OLIHKH CTaHy aBTOMOOIIBHHX JOPIr 3arajJbHOr0 KOPUCTYBAHHS, IO PO3BUBAIOTHCS aBTOPAMH.
OcCoOIMBICTIO TIOCTAHOBKU 3aBJAHHS y Hal3arajJbHIIIOMY BUIJIAI € 3HAYHA HEOTHOPITHICTH TEOMETPHUYHUX Ta
(hi3MKO-MEXaHIYHUX TapaMeTpiB, MO0 YCKIATHIOE BUKOPUCTAHHS PE3yNbTATIB AIarHOCTHKH CTaHJAPTHUX METOIIB
JIarHOCTHKH, II0 3aCTOCOBYIOTBCS y NOPOXKHIil raiysi Bxxe Oarato pokiB. Ilizkpeciumo, 110 32 OYEBUIHHX MepeBar
XBHJIOBUX METOJIB 30HIYBaHHS 32 JONOMOTOI HAJIIMPOKOCMYTOBHX CHUTHAJIB iX 3aCTOCYBaHHS CTPHUMYETHCS HE
TUIBKW CKJIAJHICTIO 3aBAaHb IHTEpIpeTalii OTPUMaHHX PEe3yJIbTATIB, ajle W MOBSI3aHUMH 3 UM NOXHOKaMHu y
BU3HAYCHHI MapaMeTpiB KOHCTPYKLii. [J1s HO/101aHHS BKa3aHUX TPYIHOIIIIB aBTOPaMU 3alPOIIOHOBAHO HOBI ITiIXOJH
JI0 BUPIILICHHS 3aBJIaHb BU3HAYCHHS TOBLIMHU KOHCTPYKTHBHUX IIApiB HEKOPCTKOTO TOPOKHBOTO oasary. OcobauBy
B)XJIMBICTh 3 TOYKHU 30pYy MPaKTHYHOI peaiizalii Mae 3arpornoHOBaHUN MiIXiZ 10 BHPILMICHHS 3aJadi MOUIapoBOTO
BU3HAYCHHS CIIOYATKY 3HAU€Hb BIJIHOCHOT Ai€IeKTPUYHOI MPOHUKHOCTI IIapiB KOHCTPYKIIii, 8 MOTIM - pillIeHHs 3a1a4i
BU3HAYCHHS TOBIIMHY IIApiB. 3Ba)KAIOUX Ha Te, 10 3aBAaHHs TAKOr0 THITy HAJISKaTh JI0 KJacy TaK 3BaHHUX 3aBJlaHb
OIIIHKH TIapaMeTpiB IIapiB 3 0araTOKOMIIOHEHTHIX MaTepialiB, BOHA MAalOTh 3HAUYCHHS HE TITBKH IS JAHOI Tamysi
3HaHb, aJI€ 1 € BOKIUBUMH JUI PO3BHTKY CYMDKHUX obnacteid. JlocimkeHHs, pe3yIbTaTH SKUX NPEeICTaBIICH] B JaHii
poOOTi, € BaXJINBOIO, aJie JUIIE MPOMIXHOIO JIAHKOKO y TPOIECi BIOCKOHAIICHHS METOMIB Ta TEXHIYHHX 3ac00iB
HEpYHHIBHOTO KOHTPOJIIO Ta OLIHKU CTaHy aBTOMOOLTBHUX JOPIT.
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Relevance. The relevance of the studies outlined in the article is due to their focus on the implementation of the state strategy for
ensuring the reliability and extending the resource of transport and engineering structures, the implementation of which is associated
with the methods and means of obtaining information and processing it in real time; methods for assessing the state of engineering
structures, a feature of which is a significant heterogeneity of geometric and physical-mechanical parameters, which complicates the
use of diagnostic results. With the obvious advantages of wave sounding methods, their application is constrained by the complexity
of the tasks of interpreting the results obtained and the associated errors in determining the parameters of structures; the multifactorial
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nature of the problems of evaluating the parameters of multicomponent materials of structures, the imperfection of flaw detection
methods.

Purpose of work — a review of the capabilities of modern georadars and means of processing ultra-wideband signals together with
computer-oriented systems for numerical modeling, optimization of methods for processing georadar data for solving problems of
detecting and identifying subsurface irregularities in building structures that are a flat-layered medium.

Materials and methods. The first part of the article provides a brief overview of the main methods of processing data sets obtained
using pulsed GPR. A new method of data processing using specialized software is proposed GeoVizy. The possibilities of using the
methods of the modern theory of diffraction and methods of signal analysis in the space-time domain for solving the problems of flaw
detection are also briefly considered.

Results. The results obtained in this work are based on remote sensing data, proposed mathematical models and methods for processing
sensing data. Based on the results of the comparative analysis of the capabilities of georadars, practical recommendations were proposed
to improve the reliability of the data sets obtained, and possible directions for further research were substantiated.

Conclusions. The results of numerical modeling and laboratory experiments obtained in this work confirmed the previously stated
theoretical assumptions about the degree of influence of the key parameters of ultra-wideband GPR on the reliability of the results
obtained. The significance of the new scientific results obtained consists not only in the use of new sensing means and new models of
processing and subsequent interpretation of the data obtained, but also in the considered prospects for progress in the field of non-
destructive testing and diagnostics.

KEYWORDS: pulse ultra-wideband georadars, computer programs for data processing, remote sensing.
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AHAJII3 IMITYJIbCHOT'O EJTEKTPOMATHITHOTO MOJISAA Y YACOBOMY
MMPOCTOPI HA TPAHUILI PO3LTY JBOX CEPEJOBUILI

AxTyanbHicTh. HagkopoTki iMIyJIBCH €1eKTPOMArHiTHOTO IOJISI IIMPOKO 3aCTOCOBYIOTHCS Y OYAIBHMIITBI, apXeoJjorii Ta
PO3MIHYBaHHI TOLIO HIIAXOM IOOYTOBH €()EeKTHBHHMX IeopanapiB MiACTHIAIOYOI MOBEPXHi, ale TEOPeTHYHE IOCIIHKECHHS
(hi3MYHUX TIPOIECiB OMPOMIHEHHS CEpEOBHIA OOMEXKEHE BY3bKHM KOJOM CIPOLICHHX MOJCNBHUX 3a1ad, SIK MPaBWIIO, Y
4gacToTHii 006acTi. ToMy 0cOONHMBY 3HAYYIIICTH ISl PO3YMIHHS MOXIIMBOCTEH 1 00MEKEHb TeopalapHuX JOCIHiIKEHb MalOTh
PO3B’S3KH 33124 MPOHUKHEHHS IMITYJIbCHOT XBHJI1 3 IOBLTEHOO YaCOBOIO 3aJISKHICTIO Y MaTepiallbHE CEpEIOBHIIE.

Mera po6orn. OTpuMaTé aHANITHYHHNA PO3B’A30K Y YAaCOBOMY HPOCTOPi 3adad BITOWUTTS i MPOXOMKEHHS IMITYJIbCHOI
€JISKTPOMATHITHOI XBHJII Yepe3 I'PaHHUII0 PO3AUTY JBOX CEpEeIOBHII, IO € MEPIINM MOJCIBHUM HAOIMKEHHSIM A0 OIHCY
(i3UYHMX TPOIIECIB, SKI MAFOTh Miclie ITpU (QyHKI[IOHYBaHHI IMITyJIbCHOTO HaJIIMPOKOCMYTOBOTO panapy.

Marepianan Ta MeToau. 3aa4a ONPOMIHIOBAHHS HECTAI[lOHAPHUM EJISKTPHYHUM I10JIEM CEepeloBHINa 0e3 BTpaT i3 3a1aHor0
JIeTeKTPUYHOI0 TPOHHUKHICTIO PO3B’S3YETHCS aHANITUYHO 3 BHKOPHCTaHHSIM €BOJIOLiHOTrO miaxoxy. BiH momsrae y
po3B’s3aHHI 3ana4i Komi jurst mudepeHniansHOro piBHSHHS JPYTOro MOPSIIKY Y YaCTUHHUX MoXigHux tuiy Kieitna—T'opona
BIZTHOCHO €BOJIOIIMHUX Koe(ilieHTiB. KOMIOHEHTH eleKTPOMAarHiTHOTO MO y BUIBHOMY MPOCTOPI 3HAXOJATHCS ILIIXOM
IHTETpyBaHHs IO CHEKTPaJbHUX MapaMeTpax Ta CyMyBaHHS IO KyTOBHX MOJAaX 3 BIAMOBITHMMH KOMOiHaLisMH Oa3UCHUX
(dhyHKIIH.

PesyabTaT. Po3p’s3ani 3amaui Komni mis mudepeHnianbHUX piBHSHB, IO OMHCYIOTh MOBEAIHKY BiIOHTOI Ta 3aJOMIICHOT
XBHJIb. 3HAIICHI eIEKTPUYHI MOTMIEPEYHI KOMIIOHEHTH BiJOUTOI Ta 3aJI0MJICHOT XBHITb SIK (DYHKIIIT Yyacy Ha MO3IOBXKHIH OCi ist
BUIIA/IKy ONPOMIHEHHs XBHJICIO 3 YaCOBOIO 3AJISXKHICTIO y BUINIAAI OJUHMYHOrO cTpuOKa. [ToOynoBaHo Ta mpoaHalizoBaHO
rpadiky 3a1eKHOCTI eJIeKTPUYHUX KOMIIOHEHT BiJl 4acy Ta KOOpIHHAT.

BucnoBkn. Brniepiie nposeMoHCTpOBaHe SBUIE eIEKTPOMArHiTHOTO CHapsAy Y CepelOBHIL|, 110 ONPOMiHEHE iMITyJILCHOIO
€JIEKTPOMATHITHOIO XBHJICI0 HAJKOPOTKOI TpuBasocTi. OTpuMaHi pe3yinbTaTH MOXKHA y3arajJbHUTH U BHUIMAIKY IMITYIIBCY
JOBLIBHOI (OPMH 3a T0NOMOTH MeToAy iHTerpany droamens. KpiM Toro, B OZANbIIOMy MOXKHA PO3IIITHYTH €IEKTPUIHE TT0JIe
IUTSL TOYOK CIIOCTEPEKEHHS, IO He JISKATh Ha MO3I0BXKHiH oci. 1l{e Oiibmr rikaBuM IPOJOBKEHHAM JOCIIKEHD 3 TOUKU 30py
EHEPTeTHYHOTO aHAJIi3y € BUBYECHHS MMOBEIIHKH O3JOBXHBOI €IIEKTPUYHOI Ta MOMEPEeYHO] MarHiTHOI KOMITOHEHT.

KJIFOYOBI CJIOBA: nomepeuHe ejeKTpUYHE I0J€, €BOJIOUiiHI piBHAHHA, HecTalioHaApHe BHUNPOMIHIOBAaHHS,
eJIEKTPOMATHITHMIA CHAPSIA, HAAKOPOTKUM iMNyJIbC, eBOJIONIHHN KOe(pIieHT eJTeKTPUYHOT KOMIIOHEHTH OIS

SIx uurysaru: [aspuienko JI, Jymia OM, Ilnaxtiiit BA. AHaii3 iMIyJIbCHOTO €IEKTPOMArHITHOTO OIS Y YaCOBOMY
MpOCTOpi HA TPaHUI PO3IUTy JBOX cepeloBUNI. BicHuk XapKiBCBKOTO HAI[iOHANBHOTO  YHIBEPCHTETY
imeni B. H. Kapasina. Cepis «Pagiodisuka ta enekrponika». 2021;35:41-55. https://doi.org/10.26565/2311-0872-2021-
35-04

In cites: Havrylenko DI, Dumin OM, Plakhtii VA. Time domain analysis of impulse electromagnetic field at the interface
of two media. Visnyk of V.N. Karazin Kharkiv National University, series “Radio Physics and Electronics”. 2021,35:41-
55. (In Ukrainian). https://doi.org/10.26565/2311-0872-2021-35-04

BCTYII

Jis 3amad ONMpOMIHEHHS CEpENOBHINA, B SKOMY Ha HEBEJHKiM ITTMOWHI MpHXOBaHI 00 €KTH, NMEPCHEKTHBHUM
BUTJISIa€ 3aCTOCOBYBAHHS HAAIIMPOKOCMYTOBUX €IEKTPOMArHiTHUX XBWIb [1]. € GaraTto HOCTiIKEeHb IPO MOBEIIHKY
@JIeKTPOMArHiTHOTO MO Y BIIBHOMY ITPOCTOPI Ta Ha TOBEPXHI PO3ALTY CePEIOBHII TOBITPSA — IPYHT. TakokK OMUCYIOTHCS
e(eKTH pO3CiIOBaHHS PaJdiOXBHIIb BiJ IOBEPXHI 3€MITi 3 Pi3HUM CTyIeHeM HeOAHOPiAHOCTI [2]. Bukopucranus audpaxiii
@JIeKTPOMArHiTHUX XBHJIb JUIS JOCIHIIKEHHS i, 0COOIHMBO, U BiATBOpEHHS (OPMH HEOTHOPITHOCTEH B CEpeOBHIII
OTPUMYE NOAATKOBHH MOLITOBX 3aBISIKM HOBHX MiJIX0JaM, TakuM sik Mirpauis Kipxroda [4, 5] abo neperBopenns Xada
[6, 7]. dns aHamizy mepeTBOpPEHb PO3CISHHX €ICKTPOMATrHITHHX XBHJIb y YaCOBOMY IPOCTOPI BUKOPUCTOBYKOTH Pi3Hi
METO/IM, HAPHUKJIa, MeTOA po3cisiHHs BopHa abo oOepHeHHs KoHTpacTHUX Jxepen (Contrast Source Inversion -CSl) [8].
© Taspunenxo [I. I., Iymin O. M., Inaxriii B. A., 2021
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Jns aHami3zy eNeKTpUYHHMX IapaMeTpiB JOCHTIPKYBaHOTO CEpeloBHINA IPU paaiojoKalifHOMY ONpPOMIHEHHI iCHYe
cucrema ATTEM [9], sixa, 3aBASKH BUIAIICHHIO TIEPBUHHOTO €NIEKTPOMATHITHOTO TIOJIA 13 3aralbHOTO Ha paHHIHN cTaii,
Mae 3MOry OUIPII TOYHO BHM3HAYNTH MaTepianbHI MapaMmeTpu IpyHTY. Uepe3 CKIamHICTh 3aAadi, IO MICTHUTh
HEOJHOPITHOCTI, MJIs aHaji3y HECTAIllOHApPHOTO eNeKTPOMArHiTHOTO TONA Yy TaKOMY CEpEIOBHINI 3pPYIHO
BUKOPUCTOBYBATH YHCJIOBI METOAW PO3pPaxXyHKY, IO [IO3BOJE€ 3a0E3MEYWTH BHCOKY MeTalli3allifo YMOB 3amadi i
HaOm3uTH ix g0 peamshux [10, 11]. Jlns aHamisy po3CisSHOTO €JIEKTPOMArHITHOTO IIOJSI BUKOPHCTOBYIOTH IITYYHI
HefipouHi Mepexi [28, 31] 3 MeTOr0 BH3HAUCHHS HASIBHOCTI MPUXOBAaHMUX 00’€KTIB, B TOMY YHCI MaJOKOHTPACTHHUX.
[Ipore dYepe3 Maiy EHEpriro CUTHaNly Oy)XK€ CKJIaJHO BIIPI3HUTH BigOWTI XBWIL BiJg 00’€KTIB MOLIYKY BiX
HeoqHopimHocTeld. TOMY BHKOPHCTOBYIOTH Pi3Hi MiIXOIH, a caMe 3HEUIYMIICHHS BXiJHUX cHrHamiB [29], momepenHio
00poOky [32], a y BumaaKy 3 HEHPOHHUMHU MEpekKaMH TOAAI0TH «CX0XKi» 00’ €KTH 10 TpeHyBanbpHOro Hadopy [33]. Bapto
BIZI3HAUNUTH BAXIIUBICT aHAJITUYHOTO PO3B’A3KY M TMIAXOLY 3 HEHPOHHMMH MeEpeXaMu, aJpke CTBOPEHHS
TPEHYBAJILHOTO HA0ODPY JAaHUX € OJHOI0 i3 HAWBAXKIUBIMIMX 1 HAWCKIAJHINIMX CTAIiB IX 3aCTOCYBaHHSA. A TakK sK
AQHAJITUYHI MAXOAM MalOTh 3HAYHY IEpeBary B 4acy po3paxyHKY y MOPIBHSHHI 3 YUCIOBUMH METOJAaMH PO3PaXyHKY,
TaKWH MiIXiJ JaCTh 3MOTY CTBOPIOBATH IIBUIIE i OUIBINI TpEeHYBaIbHI HabopH.

IleBHe oOMekeHE KOJIO 3a/lad HECTAI[lOHAPHOI ENEKTPOAMHAMIKM PO3B’SA3yIOThCS aHaliTHYHO. Hampukman, 3a
JIOTIOMOTOI0 eBoTtoLiitHOTrO miaxoay [12], xBuneBoana 3aaaua [13] moeranHo po3B’si3aHa METOI0M MOJIOBOTO Oa3UCY st
4acoBOi 3aJIeKHOCTI JpKepena y BUTILAALI crymiHdactoi ¢yHKmii Xeicaiima. To0To, oTprMaHa mepeximHa (QyHKIisS
XBHJICBOJIA SIK JIHIWHOI mepeaaBanbHOi cucTeMu. J{Jist 3aja4yi BUIPOMIHIOBAHHS IIACKOTO BUIpOMiHIOBa4a [14, 15]
OTPUMAaHO aHAITHYHUHN PO3B’A30K y YACOBOMY HPOCTOPI JUIsl aHAJOTi4HOTrO 30y pkeHHs. CaMe aHalITHYHUN PO3B 30K
y 4acOBOMY IPOCTOPI JJO3BOJISIE 3aCTOCYBATH MOAI0HMIT amapaT AJsl HeiHIHHKUX 3a/1a4 [16] 1 1u1s onucy HecTalioHapHOTO
BUIPOMIHIOBaHHS peanbHux aHteH [17]. YV po6oti [18], sik po3BUTOK OCTaHHBOI 3a/1a4i, OTpHUMaHi KOeilli€HTH PO3KIATY
HeCTalliOHApHUX TIOJIIB XBWJI, IO BiIOMTa Ta 3aJOMJIEHa JUIS BHUMAJAKY ONPOMIHEHHS IUIACKOTO [ieJIeKTPUYHOTO
cepezioBuina (TPYHTY) HECTAIlIOHAPHOIO XBWiICk. /ISl 1BOTO BHKOPHCTAHO TPAHMYHI YMOBH JJISI TaHTCHI[IHHUX
KOMIIOHEHT TIOJIS JIJIs1 3HAXOKCHHS KOoe(illi€HTIB pO3KIaay moss B nepeTBopenHi dyp’e-beccens.

MMOCTAHOBKA 3AJAYI
Posrisnemo H-xBuiti0, 10 30y/DKY€EThCS [DKEPENIOM Y BUTIISII IUTACKOTO cTpyMy [14], 3a1aHOro y numiHApHYHIN
CHCTEMi KOOp/MHAT:

Jo(p, 9,2, 8) = XAH(R — p)8(2)H (D), (1)

ne ¢ynkuis Xesicaiima H(R — p) 3agae BUNPOMIHIOBAY Yy BUIJISAAI Kpyrioi ameptypu pamiycom R; H(t) mokasye
CTPHOKOIIOIOHY YacOBY 3aJIeKHICTh CTPyMy; t — 4acoBa 3MiHHA; Z — MO3/IOBXKHS KOOpJHHATa, AenbTa-(yHkuis Jipaka
8(z) no3Hauae HECKIHYEHHO MaTy TOBIIMHY BUIIPOMiHIOBaYa; Ay — aMILIiTy1a CTpyMY; ¥ = fo COS ¢ — @ Sin ¢ — opT
JIEKapTOBOI CHCTEMHU KOOP/IMHAT; P — paJiaibHa KOMIIOHEHTa M HAPHYHOT CHCTEMH. BUIIpOMiHIOBaHHS 3ICHIOETHCS
y BinbHUit npoctip (€ = 1,4 = 1), skuit 6e3mocepeIHbO KOHTAKTYE 3 HIKHIM cepenoBuiieM 0e3 Brpar (¢ > 1,u = 1)
npu z = 0.

MaremarinyHo H-XBUIIsl y BUIBHOMY HMPOCTOPI OMHUCYEThCS TU(EpEHIiaIbHUM PIBHSIHHAM Yy YaCTHHHUX ITOXIJIHUX
BIZIHOCHO €BOJIIOIIIMHOTO Koe(il[ieHTy, 3riHO eBooIiitHOrO miaxory [14]:

: (2)

S5 g7 T i (@ 0) = Juom (2,8 Vi = ==

102 9 1R
c 0Ot

Jie iHIeKC «incy» no3Havae Naaardy XBwio; ¢ = 3 - 108 %— LIBUJIKICTB CBITJIa Y BUIBHOMY NPOCTOPI; )¥; — CIIEKTPAIBHUI
napamerp; hi,’;‘f — EBOJIIOLIIMHUH KOE(IIi€HT, 0 3HAXOAUTHCS IUIIXOM PO3B’SI3KY HEPIIOro €BOJIOLIHHOTO PIBHSHHS;
V,,"[L.‘C — CBOJIIOUIMHUIA €NEKTPHYHUNA KOCQIUIEHT; Jr, — QYHKIIA-ZUKEPEINO, MO € MOAOBUM PO3KIAJOM CTOPOHHBOIO
CTPYMY Jo,

21 [e9)

1 . o
Jmi = 5 f do f pdp jo(p, @,2,t) - [V, X Z,). 3)
0 0

Y, — GasucHa (MemOpaHHa) QyHKLUIs, WO 3aIEKUTh TUIBKH BI IONEPEYHAX KOOPIMHAT I 3a[0BOJIBHSE PIBHSHHIO
I'enpMrombna,

_ ]mi()(ip)
l/}mi(p' (p'Xl) - \/Z

i
el LQD’
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ne Jm, (Xi p) — dyukuis beccens.
Po3B’s3aBiuu piBHSHHS (2) BiIHOCHO YCiX MO, MOMEPEYHa KOMIIOHEHTA EIEKTPHYHOTO OIS 3HAXOAUTHCS Yepes
JIUCKPETHY CYyMY IO KYTOBHUM MOJIaM Ta HEMEPEPBHY IO CIEKTPAIBHUX MapaMeTpax:

N 1 & 7 .

E™(p,9,2,) = — Z f A Vi [Vipm, X Z,]. 4)
0
mi=— o

1@ 6T . I :
& ~ 8,85-10 12; — eJIeKTpuYHa, U ~ 1,26 10 65 — MarHiTHa crtani. Iligcrapastoun croponHi crpymu (1) mo

(opmyinu (3) Ta 3AIHCHIOIOYHN IHTETPYBaHHS 32 KYTOBOIO Ta PaAialbHOI0 KOOPANHATAMH, OTPUMAEMO QYHKIIIO-IKEPEIIo,
TOOTO, IpaBy YacTUHY Ju]epeHIiaIbHOro piBHIHHS (2)

l5(Z)H(t)R

jmi (z,t)=—-Ag———— (6ml 6mi,—1) ]1()(—);

Vxi

i — ysBHa oxuHKLd, [; (x;R) — byHkuis beccens nepiuoro nopsaxy, 8y, , — cuMos Kponekepa.
PiBHsiHHA (2) BimHOCHO KoedimieHTa h‘"” HA3WBAETHCSA HEOTHOPIMHUM Tu(epeHIianbHiuM piBHIHHAM KiteitHa-
Topaona. HMoro poss’s30k 3HAXOIUTHCSA 3a JOIOMOTOK0 MeToaa (yHkuii Pivana [14, 19], sxa Mae Takuii BUIIIAL;

(5)

[oe]

. C
it o) = oy [ 2’ [ deJo (/2= 00 = G = 207 o (2,00
0

0

Iarerpyroun ¢yskuito beccens Hynb0BOro mopsinky 3 (QyHKIIEIO-IHKEPEIOM 32 IMO3I0BXHBOIO KOOPIAWHATOIO Ta
4acOBOIO 3MIHHOIO, IPUIIEMO 10 TAKOTO BUpa3y:

. R l
hﬁ,’{f(z, t) = —AO\/M_TO(Smi‘l _1)]1(1(/)? U, (l)(l(ct z), xi c?t? — zz), (6)

ne U, (W, Z) — pyrkiist JlomMenst IBOX 3MiHHHX N-TO MOPSIKY, SKa sIBJIsI€ COO0I0 HECKIHUEHHY CyMy 3 QyHKII# beccens
[20]:

Un(W,2) = i(—l)" &) .
k=0

Kopucryrounch BU3HAUSHHSIM TTOXiHOT Bix GyHKIT JIoMMest 3a KOKHOFO 31 3MiHHKX [16]

A
Um(W'Z) = _W m—1(W:Z);
2

1 1/7Z
Un(W,2) = 5 Upis W, 2) +3 (7)) Uns (W, 2)

oz
ow

EBOJTIOLIHNI KOeilliEHT eIeKTPUYHOI KOMIOHEHTH IOJISl 3HAXOANUTHCS IIUIIXOM AN(EepeHIIIIOBaHHS CKIaeHO0l (GYHKIIIT
[21]:

e = 4, i\/TR (Gos + ml_l)h(le) Z {( ct — Z) Jok ()a 22 — Zz) -

ct+z 7
ct—2z ki+1 ( )
5 b o)

OJISI HA TTO3I0BKHIN OCI
Bupa3s (7) MoXHa 11€ CIIPOCTUTH, PO3PaxyBaBIIA HECKiHUEHHY cyMy. OCTaTOYHO BUXOIHTB, III0
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. i[uoAoR R
Vi® = Ao J_T G 6m,.,_1)]1(’(7’()10 (xifezez = 22). ®)
i

11106 3HaiiTH HOMEpeyHe eIeKTPUIHE MoJie Ha MO3M0BXKHiH oci (p = 0), moTpibHO 10 hopmynu (4) miACTaBUTH B
SIBHOMY BUIJISIZI eBOMIOUIHHNH KoedinieHT (7). 3aBusku cumBosiaM KpoHekepa Biji HECKIHUCHHOT CyMH 3aJIMIIUTBCS 1B
JIOJTAHKH, 1 pO3KJIal (4) CIPOCTUTBCS J0 iHTErpary

o S HoApR
En = _x\/s__Tf dxi L (aR)Jo (Xi c?t? — Zz)’
0
0

SIKAI PO3PAXOBYETHCS 3a JTOTOMOTO10 hopmyiu [22]

(2 o<Var-z<w

LI

IR PN
\ 0, 0<R< 22—z

IIpoimocTpy€eEMO 4acOBY 3alI€KHICTh €IEKTPUUHOT KOMITOHEHTH TOJIS Ha TpaHuIll po3ainy cepemosunl. Ha Puc. 1
BHJHO, IO EJCKTPUYHE I0JIe Ha MO3J0BXKHIH oci Mae (GopMy MPSMOKYTHOTO iMmmyibcy. IlosiBa Horo BHKIHMKaHA
MIPUXOZOM CHUTHAITY BiJl HAKOIMKYOT TOUKH JpKepera, SHUKHEHHS — IMIPUX00M CUTHAY BiJl 30BHIITHHOTO Pa/iyCy TUCKY.
3 pUCYHKY BHJIHO, IO pajiyc TUCKY AopiBHIOE 0,5 M.

EMe = —%4, 0 < +/c2t?2—z2 =R; ©)

x107

1
—
(4]

b

EnekTpuyHe none, B/m

-0,2 0 0,2 0,4 0,6 0,8 1

ct-z, m
Puc. 1. TlonepeuHa eekTpudHa KOMIOHEHTa nagaro4oi xswii (z = 0,p = 0)
Fig. 1. Transverse electrical component of the incident wave (z = 0,p = 0)

Enextpuune mosie MOTpanmiIo Ha TPAHUIIO PO3Aidy cepemoBuil. OnHa YacTHHA, 3TIJHO 3aKOHAM I'€OMETPHUYHOI
OTITHKH, Bi/1i0’€ThCH, a pemTa — Mpoiiie y CepeIoBHIIE 3 A1eTCKTPUIHOIO MPOHUKHICTIO €. 3HAHAEMO Ty YaCTHHY TIOJI,
10 BisOMiacs, po3B’s3aBIIM BiIMOBIAHE EBOJIOLIHHE PIBHSAHHS Yy BUIBHOMY IPOCTOpI Ta 3alMCABIIN BH3HAYCHHS
EBOJIIOLIIHOTO KOe(illieHTa eJIEKTPUYHOT KOMITOHEHTH TOJIsl Y TAKOMY BUIAJIKY

10n7¢
+xr2)h;ff(z,t)=o; v,;ff=—; prad (10)

c29t2 09z2

<1 9% 02

Jie IHJeKC «ref» Mo3Havyae BigOMTY XBWIIO. Y TpaBiif YaCTUHI PIBHSHHS CTOITh HYJIb, TOMY IO JaHA YaCTHHA TIOJISI HE
Mae€ JpKepea y BUTIISAI CTPYMY, BOHO 33JIa€ThCsl y TPAHMYHUX YMOBAX JIJIsl €BONTIOIIMHUX Koe(ilieHTiB. Po3B’s13yeThes
JIaHE PIBHSHHS 32 JJOTIOMOTOI0 METOIY PO3AUICHHS 3MiHHUX. AJie SKIIO 3AIMCHATH PO3AUIEHHS KIACHYHUM YHHOM, TOOTO
MPEACTaBUTH IIyKaHy (QYHKIIIIO h:nerf (z,t) y Bunisizi 100yTKY JBOX (YHKITiH, KOKHA 3 SIKMX 3aJICKHTH OKPEMO Bif Z i t,
TO BHUIi/ie pO3B’ 30K, 10 €KBIBAJCHTHUH 3aCTOCYBaHHIO TepeTBOpeHHI Dyp’e. A 1ie mepexia 10 4acToTHOI 00macTi, IKuit
Hac He [ikaBuTh. 1106 1e ycyHyTH, 3AiHCHIUMO iHITY 3aMiHy 3MiHHHX [23]:
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1 ct+z
{ctzuchv; v=x=In ;
=

2 ct—2z’ (11)

zZ=ushv;
U =/ c2t? — z2,

MincraBmsroun (11) y (10) Ta 37miiicHIOIOYM TEPETBOPEHHS 3 TOXITHAMH JPYroro MOPSAKY, NpUHAEMO 0
JudepeHIiaabHOrO PiBHIHHS:

9> 10 ,  1.0%\
oz tuu T A gyt e 0V =0 (12)
SKE TaKOXK PO3B’SI3Y€ETHCS PO3IIICHHAM 3MiHHAX
hre (u,v) = Z AIOUSIO) (13)

ky=—o0

[Ticnst eneMeHTapHUX MATEMATHYHHMX MEPETBOPEHb MPUXOAUMO JI0 JIBOX 3BHYAMHUX MU(EPEHIiadbHUX PIBHSIHB, MO0
MICTSITh Koe(ilieHT po3nineHHs k,.,

u? dZU,:ff u dU]:ff

+ +X2u2 — k2.
ref 2 ref T T
Ukr du Ukr du
2y ref
L e
ref 2 T
A dv

r

1 pO3B’s13aHHS SKHUX ITPUBOJUTH HAC J0 IIYKAHOTO €BOJIIOLIIHOIO Koe(ilieHTa 3a yMOBH Binkunanus ¢yHkuii Heifimana
SIK TaKol, 10 MPUHMAa€e HECKIHYCHHE 3HAUCHHS B TOYKaX, B SIKUX, 3 TOYKH 30py (i3UKH MOUIMPEHHS XBUIIi, IIOBUHHI OYTH
00OMeXeH] 3HaYeHHsI eJIEKTPOMAarHiTHOTO TOJIs:

Bl @) = T AT O, Cowd) (B el + Tor (e ).
k.,.: —00

e : my,ref smyref _ pmyref F~mpref _
3nificnioroun obepreny saminy (11) Ta BBaxcatoun, mo A’ (XT')Bkr ) = By, (x),aC k, (tr) = 0 uepes
BJIACTUBOCTI BiIOUTOT XBUJIi, OCTATOYHO OTPUMAEMO

oo k‘r
ct+z\2
@t = ) B el (el = 22) (5—) (14)

k.,.:—oo

3Haroun JudepeHIiianbHi Ta peKypeHTHI CriBBigHOIIeHHS MiX (QyHKissMu beccens [24]

_ AP .
Im(xp) = om (]m—1(XP) +]m+10(ﬂ));

d X (15)
55/ m 0 =5 (InaG0) = Jma ).
CBOJIIOLIIHHUIT KOC(ILIEHT eNEKTPUYHOI KOMIIOHEHTH TIOJIsI JIETKO 00UHCInTH 3a popmyoro (10):
[ ¢4 kr+1
ct+2z\"2
it = > ZB T (G) T S (27 = 22) -
T 2 ct—z T
kyp=—00

(16)

~(55) 7 e (o= 22)

ct—z
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.. my,re . . . . o %
Koeginient By " f (xr) € HeBimoMOIO (PYHKIIEIO TUIBKH Biji CIEKTPAIBHOIO MapameTpa, sKuil Oyie 3HaiiieHo 3a

JOTIOMOT0}0 I'PAaHMYHUX YMOB Ha IPAaHULI CepeIOBHIL.
EBommoriiiine piBHAHHS Ta €BONIOMIMHUN KoeilieHT IS XBWII, IO MPOUIIIA Yy CEPEIOBHIIC 3 iCTCKTPUIHOIO
NPOHHUKHICTIO € MalOTh BUIJISL

1 92 92 18h’”°”
c at

prop -0 prop _ _
rEra az”v)’lmp @) =0 V5™ = : (17)

. o c . . .
Jie IHAGKC «prop» IMo3Hada€ XBWIIO, IO MPOHMILIA y CepeloBHIIE, a VU = - IIBUIKICTh CBITJIA Y CEPEJOBHIII.

70
hY7°P posB’s3yeThea Tak camo, AK i PIBHAHHS BiZHOCHO hmr , TOMy Bigpa3y

Judepennianpae piBHAHHSA BiTHOCHO
HepenuIIeMo po3B’si30K i3 3amiHor 3MmiHHHX (11) Ta BpaxyBaHHAM (i3UYHO OOIPYHTOBaHOI MOBEIIHKH MO HA

HECKIHYEHHOCTI:
kp

- S vt —z\2
o, (2,8) = Z B:;p P (o) Iy (Xp\/ vit? — ZZ) (m) : (18)
kp=—oo

EBomtonitianit koeiieHT eIeKTPUIHOT KOMITIOHEHTH IOJIsl Y TAKOMY BUIAIKY TPEICTABISETHCS SIK

o kp+1
v Xp _my,pro vt —2z\" 2
prop _ ~ Ap pPTOP [1,2¢2 _ ,2) _
Vmy _ckz 2 B"p (%) <vt+z> Jip1 (Xp vt Z)
pz—oo
-1 (19)
vt —2z\ 2
_ —_— 242 _ 52
(rr2)  Jom (0P =22)

. . my,prop . . .
Koedimient B s ()(p) € 3QJIeKHUM TIJIBKH BiJl CIEKTPAJBbHOIO HapaMeTpy, i 3HaXOJUTHCSA Yepe3 BUKOPHUCTAHHS

my,re mp,prop
TPAaHUYHUX yMOB Ha rpaHuli posainy cepeposuul. [licis oGuucienHs koedillieHTIB B rref (xr), B s ( p)

3HAWJIEMO SBHUI BUIJISLI €BOJIOIIHHUX KOC(IIIEHTIB €IEKTPUYHOTO MOJIS IS BiIOMTOT Ta 3aJI0MJICHOT XBHUIIb, HICJ'I)I 4oro
3a JONOMOTor0 (4) po3paxyeMo BiIIMOBiTHI KOMITOHEHTH TOJIIB.

3IHIUBAHHA ITOJIIB

mr,ref(X ) 1Bmp,p7”0p
T

Heginomi koedimienTu po3kiany B ( )(p) 3’ SIBUJIMCS] BHACITIIOK PO3B’si3aHHs MU ePEHIIaTbHIX

piBasaHb (9), (16) y 3aranbHOMY BHMAIKY i3 BanYBaHHSIM HampsMKiB mommpeHHs xBmwib. 1100 ix 3HaiiTH, Tpeba
JIOTIOBHUTH HAIly 3324y TPAHUYHHMH YMOBaMH. Y HAIIOMY BUMAJKY e Oy/e CIiBBiJHOIICHHS Mi’K KOMIIOHEHTaMHU
MOJIB Ha rpaHuli po3ainy cepenosuil (z = 0). Cyneprno3uilisi XBUjb, OJIHA 3 SKUX MAJA€, a iHIIA — BiIOHUBAETHCS, MAE
JIaTH KOMITIOHEHTY, 1110 TOPIBHIOBATHME CIICKTPUYHIM KOMIIOHEHTI TOJIS, SIKE MOIIUPIOETHCS Y CEPEIOBHIIL:

Finc + Eref — Eprop (20)

PisuicTs (20) BimOuBae yMOBY HEMEPEPBHOCTI TAHTCHI[IMHUX CKIIAJOBUX EIEKTPHYHOTO OIS, 10 BHBOAUTHCS B [25].
ITincraBumo 10 (20) po3KIagu €AEKTPUIHUX KOMIIOHEHT 3T11HO (4):

1w [
= O [} Al G0 + f Qe [V, % Z0]Vl! Oty ) =
Omiz—oo() mr=_°°0
= f ity [Py X Zo| VTP (it t).
mp=—000

JIOMHOXMMO IIf0 piBHICTH Ha BEKTOPHHUI TOOYTOK, 10 MICTHTh I'PAJiEHT Bijl KOMIIEKCHOCIIPSHKEHOT 0a3ucHOI (QyHKIIT
Ta MOJIIEMO OTIepaTOpaMy iHTETPYBaHHS 32 KYTOBOIO Ta PajliabHOI0 3MiHHUMH:
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oo o 2m e}
1 A o
O dxigs [ do [ pdp (7 x 7o) 175 % 2014810 C ) +
mi=-=00 0 0
21

+
IIM8

1 2 -
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[Tin iHTErpanom MIiCTUTBCS NeNbTa-(QYHKIIIS, sIKa Ma€ KOPUCHY BIACTUBICTB:
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ITix oneparopoM cyMyBaHHsI MICTUTBCSI CUMBOJI KpoHekepa, 110 TaK0K CIIPOIIYE 3IIMBAHHS MOJIB!
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CKOpHUCTaBIIUCh MaTeMaTHYHUMHU BiacTuBocTsMu (22), (23), mpuiiieMo 10 CHIBBIAHONICHHS MK €BOJIOLiHHUMHE
Koe(ilieHTaMH eIEKTPHYHIX KOMITOHEHTIB Ha TPAHHUII PO3ALTY CEpETOBHIIL

Vine(€,t) + V¥ (&,6) = VPP (&, 1). (24)

[epermumemMo KOEQIIIEHTH EIEKTPUIHOTO TONS Yy SBHOMY BHIVIANI, BpaXyBaBIIM yCi CIPOIICHHS, SKi Oymn
3aiiicHeHi 1o (22):
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EBomroniitnnii koedilieHT eNeKTPUYHOro Mo Najaro4oi XBuii BizbMeMo y ¢opmi (7), a He (8), OCKiIbKH came
TaKW{ BUTIIAA HaM 3py4HUM Juis anamizy. I1[o0 3poOutu ioro OifbII iICHTUYHUM IO JBOX IHIMUX KOCQIIIEHTIB,
3 ICHUMO TOTOXKHI IEPETBOPEHHS 3 ONEpaTopoM CyMyBaHHA. 3poOumo 3aminy 2k; — k; Ta mepeiigemo 1o cymu y
MeKax BiJ —oo 70 +0o:
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Gine(E,6) =+ Z B ) (i Get) — i Ge)).
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{06 oTprmana piBHICTE OyITa TOTOXKHOKO JI0 Ti€i, 0 HaBeeHa y (25), koediuieHT By’ (¢) y HOBHIX TOJJaHKAX TIOBHHCH

JIOPIBHIOBATH HYJIIO U HEMApHUX AomaTHuX k; = 2k + 11 ycix Bix eMHHX IHHGKCIB.
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a KOG(I)II_I1€HT Bki—l (E) JOPIBHIOBATUME HYIIIO 3a TAKUX YMOB!:
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B ®) =0 vk <0.

Jist Toro, mo6 OyJo 3py9HO 3IIMBATH OIS, MIEPETUIIEMO Tei BUpa3 y OuTbnI 3py4Hiit popMi s HOBoro KoedimieHTy
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1106 nepeiitu 10 HOBOTO KoedimieHTa B,?i‘mc (§), HammmeMo BiIMOBIIHI YMOBH, 32 IKMX BiH JOPIBHIOE HYIIIO:
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OCKIJIBKH yCi 1HASKCH Ha OAMHUIIIO OUTBINI, HK Y KoeimieHTa Bn sinc 1 (). SIxuio noguBHTHCS HA PIBHICTS, 3aIIMCAHY BHILE,

sIKa iX TOB H3y€, TO BUXOJHWUTH, IO BOHU 6y[[yTb plBHI/IMI/I, KOJIn OI[I/IH 3 HUX 6y;:[e y3HTI/II/I 3 IPOTUJICIKHUM 3HAKOM!
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n,inc
LT HAPHYHI QYHKIT NpHAMAIH MapHi TOPsIKH, TO st By +1(§) BOHHM TaKOX MalOTbh OyTH HaPHUMH.

[epemumenmo piBHICTE (24) 3 ypaxXyBaHHIM MOTIEPEIHIX TIEPETBOPEHE!
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Mesxi cymyBaHHs OyJ0 3MiHEHO Yepe3 TPHMBiaIbHICTh KoediuienTis B (€) ans Bianosianux snauens k. Tomi, ams
BiIOMTOT 1 30JI0MJIEHOT XBHJIb YC1 BiZl’€MHI Ta NapHi KOe(ilieHTH MarOTh 3aHYJIUTHUCS, 3B1IKH i1 BUIIMBAE 3aMiHa IHIEKCIB
k., ky, Ha k;, k. 3anmmiemo yci yMOBH, siKi 6yJ10 HAKJIaAEHO HA KOEQIliEHTH:

Bim(®) =0, By (® =0, BiEi(®) =0 Vi ko ks>0. (28)

BpaxyBasmu MacmradyBagbHE IEPETBOPEHHS IS TPETHOT CyMHU

OTPHUMAEMO TaKy PIBHICTb:
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3rizHo (26) koedilieHTH, 3aJIeKHI Bifl CIEKTPaIbHOTO MapaMeTpy, Uil YCiX JOAaTHUX HEMapHUX 1HIEKCIB MOXKYTh OyTH
BUHECEHI 3-111]] OIlepaTopa CyMyBaHHS:

. c c
Bie ® =B By, =B @) BRI (08) = Bmer (o).

Po3paxyHok cym macte GyHKLUIi beccens HyIpbOBOTro MOPSAAKY, Y3SATHUX 3 MPOTHICKHUM 3HAKOM. Y PIBHOCTI, 3amMcaHii
BUILIE, BOHU CKOPOTATBCS, 1 BUXOJUTH IPOCTE CHIBBIJHONIEHHS MK KoedillieHTaMU-(QYHKIISMHU BiJl CIEKTPaIbHUX
napameTpiB

Bn,inC(E) + Bn,ref(E) = BnPTOP (%), (29)

Jie 1Sl 3aJI0MJIeHOT XBHJTI OyI10 311ificHeHO 0OepHeHy MaclTaOdyBajIbHY 3aMiHy.
KoediienTu uis BinOUToi Ta 3a0MJIeHOI XBHIb Y PiBHOCTI (29) MOXyTh OyTH NOB’si3aHi 3 Koe(illieHTOM yis
Maj1ayo0i TaKUM YuHOM [25]:
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3 mopiBHHHS €BOMIOMIHHUX Koe(ilieHTiB BigomuToi Ta 3amomieHoi xBmwib (31) 3 mamarouoro (8) BHIHO, IO
BITHOCHO CHEKTpaJFHUX MapaMeTpiB (yHKIIOHAJTbHA 3aJIe)KHICTh HE 3MIHMIACA, @ TOMY W OOUHCIECHHS eNeKTPUIHUX
TIOJIIB HIYMM HE BiPI3HATUMETHCS BiJl PO3PaXyHKY MMAAar0doi XBUIi. 3alUIIEMO Pe3yNbTyI0Ui BUPA3H AJIS MOTIEPEIHIX
eJIeKTPUYHUX T0iB. BinOuTa XBuis

, 0<+/c?t?2—2z2<R;

0 < +/c2t2 —z2 = R; (32)
y+1 % 2VcZtZ = 72 '

k 0, 0<R<+c2t2—2z2

300paxkeHa Ha Puc. 2. fIk 1 majaroua XBWIIA, BigOWTa BinoOpakae NMPSIMOKYTHHH iMIysibc. MOXKHa MOMITUTH, IO 3i
30UIBIICHASM BiJICTaHI CIIOCTEPEKEHHS, TPUBAJICTD IMITYJIbCY Taja€, a MBUAKICTH CIaJaHHS 3MEHIIyeThCcs. EHepris

= =

N

. o1 . .
XBUII Criafae MPONOPIIAHO —, WO MATBEPIKYE Pe3y/IbTaTH pobotu [26], B sKiii BHepme Oyyo OIMCAaHE SBUIIE
€JIEKTPOMArHiTHOTO CHapsAy — aHOMAJIBHO MTOBUIBHOTO CITaZ[aHHS €JIEKTPOMArHITHOTO TOJISL Y TIPOCTOPI.
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Puc. 2. Ilonepeuna enekrpuyHa KOMIOHeHTa Bigouroi xsuii (z < 0,p = 0)
Fig. 2. Transverse electrical component of the reflected wave (z < 0,p = 0)

XBuwid, 110 Opoiia

1
R 0 < +v2t2—z2 <R;
1

JHo AgR
—_ - 2¢2 _ ,2 — P. (33)
1+; g 4 LZ f]ztz—zz’ 0 <+vet z R;

0, 0<R<+v2t2—z2,

nmoka3ana Ha Puc. 3. Bona moBoaute cebe Sk mpsAMOKyTHHIl imimynbc. Lle miaTBepmkye ogHAKOBY (PYHKI[IOHAIBHY
noBeniHKy XxBwib (9), (32), (33). PisHuns Mk HUMH HpPOSBIAETHCA y MapaMeTpax i kKoedimieHTax. AHAIOTIYHO 10
Puc. 2, TpMBANICTh IMITyJIbCY MAJa€ 3i 36iNbIICHHSM BiCTaHI CIIOCTEpeKEeHHs. MIOro eHepris TakoX 3MEHIIYEThCS, ajle
31 CBOEIO ACHUMIITOTHKOIO, i MIBUAKICTH CIIaJIaHHS 3MEHIIYEThCS. TakuM YMHOM, MM BIEpILIE CIIOCTEPIraeEMo SIBHUIIE
eNIEKTPOMArHiTHOTo cHapsiny [21, 26, 27] i B miICTUISIFOYOMY CEpEIOBHILI, OMTPOMIHEHOMY iIMITYJIbCHOIO XBHIICIO.
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EnektpuyHe none, B/m

0,4

0,6 0 Z,M

vt-z, m
Puc. 3. Tlonepeyna eleKTpHYHA KOMIIOHEHTA XBHUII, 1[0 Npoinuia y cepemosuuie (z > 0,p = 0,& = 0)
Fig. 3. Transverse electrical component of a wave that has passed into the medium (z > 0,p = 0,& = 0)

BUCHOBKHU

3aBISKH EBOMIOMIHHOMY MiAXOXy OYyJ0 aHANITHYHO PO3B’S3aHO Y YacOBOMY IIPOCTOPI 3aJady OINpPOMIHEHHS
JUEJIeKTpUKa HECTAlllOHApHOI0 XBHJCID Ha OCI BHUIIPOMIHIOBaHHs. Breprie NpoAeMOHCTpOBaHE — SIBUIIE
€JIEKTPOMArHiTHOTO CHapsily Y CEpeIOBHIII, IO ONPOMIHEHE IMITYJbCHOK €JIEKTPOMArHiTHOIO XBMIICI HAJKOPOTKOL
TpuBasiocTi. OTpUMaHi pe3yJbTaTH MOXKHA Y3arajlbHUTHU JUIs BUNAAKY IMITYJIbCY AOBUIBHOT OPMH 32 JOIOMOTH METOAY
interpany roamens. Kpim Toro, B moganbmomMy MoXKHa PO3IJISIHYTH €JIEKTPUYHE I0JI€ JUIsl TOYOK CIOCTEPEKEHHS, 110
He JIeXaTh Ha MO3A0BXHIH oci. Ille OiIblI HiKaBUM 3 TOYKH 30pY €HEPreTHYHOTO aHai3y € JOCITIKECHHS TOBEIIHKH
MO3/I0BXKHBO] €JIEKTPUYHOI Ta MONEPEevHOi MarHiTHOT KOMITOHEHT.
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TIME DOMAIN ANALYSIS OF IMPULSE ELECTROMAGNETIC FIELD AT THE INTERFACE OF TWO
MEDIA
D. I. Havrylenko!, O. M. Dumin?, V. A. Plakhtii!
V. N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine

Background. Ultrashort pulses of electromagnetic field are widely used in construction, archeology and demining, etc.,
by constructing effective georadars of the underlying surface, but theoretical study of physical processes of irradiation of
medium is had a limit range of simplified model problems, usually in frequency domain. Therefore, the solutions of the
problems of penetration of a pulsed wave with arbitrary time dependence into material medium are of special importance
for understanding the possibilities and limitations of georadar’s study.

Objectives. To obtain the analytical solution in time domain of the problems of reflection and propagation of a impulse
electromagnetic wave through the interface of two media, which is the first model approximation to the description of
physical processes that occur during operation of pulsed ultrawideband radar.

Materials and methods. The problem of irradiation by nonstationary electric field of a lossless medium with a given
permittivity is solved analytically by application of evolutionary approach. It consists in solving of Cauchy’s problem for
the second-order partial differential equation Klein—Gordon type with respect to evolutionary coefficients. The
components of the electromagnetic field in free space are found by integration by spectral parameters and summation by
angular modes with appropriate combinations of basis functions.

Results. Cauchy’s problems for differential equations that describe the behavior of reflected and refracted waves are
solved. The electrical transverse components of the reflected and refracted waves as a function of time on the longitudinal
axis were found for the case of irradiation with the step-like time dependence. Graphs of dependence of electric
components on time and coordinates are plotted and analyzed.

Conclusion. The phenomenon of an electromagnetic missiles in the medium that was irradiated by a pulsed
electromagnetic wave of ultrashort duration was demonstrated for the first time. The obtained results can be generalized
for the case of an arbitrary impulse by the Duhamel’s integral method. In addition, the electric field for observation point
that do not lie on the longitudinal axis can be considered. An even more interesting continuation of the researches in terms
of energy analysis is the study of the behavior of longitudinal electric and transverse magnetic components.

KEY WORDS: electric transversal component, evolutionary equations, non-stationary field, electromagnetic
missiles, ultrashort impulse, evolutionary coefficient of electric component of the field
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NIJIBAIIEHHA MOTYKHOCTI TEHEPATOPA HA HEJITHIMHINA MATHITHIA
HAHOCTPYKTYPI

AxTyanbHicTh. OIHUM 3 HaWOLIBII MEPCHIEKTUBHUX HAIPSMIB PO3BUTKY CYYacHOi €JEKTPOHIKM BBAXKAETHCS CTBOPEHHS
MPWIANiB CIIHTPOHIKH, AKi HOBUHHI IPUHTH Ha 3aMiHy TPaAWIiI{HIM HaIliBIIPOBiTHUKOBUM €JIeMEHTaM. BUKOpHCTaHHS CITiHY
CJIEKTPOHA SIK HOCiA iHpOpMAIlil B MATHITHUX HAHOCTPYKTYpPaxX MOKE TOKOPIHHO 3MiHHTH Cy4acHE KHUTTS.

Merta po6otu. MeToro 1aHOi poOOTH € TOIIYK cII0co0iB MiABUIIEHHS MOTY>KHOCTI TeHepaTopa Ha MarHiTHI HAHOCTPYKTYpi
HUISIXOM 3MiHH HOTO €IeKTPUYHOI CXeMH Ta O1bII ONTHMATbHUX 30BHILIHIX €JIEKTPOMAarHiTHUX MapaMeTpiB, IO BILIMBAIOTh
Ha CTaH eNICKTPOHIB Y TOCIIDKYBaHil IapyBaTiii CTPYKTypi.

Marepiann Ta Meroau. BupinieHHs mnocraBieHOi 3amadi NMPOBOMUTHCS LUIIXOM YHCIOBOTO MOJETIOBAaHHS MarHiTHOL
HaHOCTPYKTYPH 3a JOIOMOTOIO CIIENiaIbHO CTBOPEHOTO MIKPOMArHITHOTO CHMYJISATOPA, B SIKOMY peayi30BaHHH aJTOPHTM
OJTHOYACHOTO PO3B’sI3aHHS CUCTEMHU PiBHAHL MakcBea ta Jlannay-Jlipmuns-Iine0epra. Po3s’si3aHHs Takoi CKIIaIHOT 3a1a4i
MPUCKOPIOETHCSI BHKOPHUCTAHHAM KBa3iCTATHYHOTO HAONMIDKEHHS IPH PO3B’S3aHHI CHUCTEMH piBHSIHb MakcBeia, mo €
0OTpYHTOBaHMM HYepe3 Maji pO3MipH po3paxyHKOBOI 00JIacTi y OPIBHSAHHI i3 TTHOMHOIO CKiH-mapy. [loganpnii po3paxyHKH
€JICKTPOMHAMIYHOI CHCTEMH IIPOBOJSTHCA 3a JOIOMOTOI0 METOJAa CKIHYEHHUX eNeMEHTiB. [l OTpHMaHHA Kparmfux
YaCTOTHUX Ta CHEPreTHYHUX MTapaMeTpiB TeHepaTopa MpPOMOHYETHCS BBEACHHS PE30HAHCHOI JIAHKU 10 MPUHIIUIIOBOI CXEMH
JIOCITIJKYBaHOTO T'€HepaTopa, IKU 30yIKYEThCS KOPOTKUMH HAaHOCEKYHAHUMH IMITYJIBCAaMH.

Pe3yabTaTH. 3anponoHoBaHa cxeMa reHepaTopa Ha MarHiTHiil HAaHOCTPYKTYpI, IO MICTHTh PE30HATOP i3 30CEepemKEHIMHU
nmapaMeTpamMy, Ta OTpPUMaHa B 3arajbHOMY BHIVIAJl CHCTeMa HETIHIIHUX IHTErpo-An(epeHLiaIbHAX PIBHAHb BiIHOCHO
SJIEKTPUYHUX CTPyMiB. UHCIIOBHMI PO3paxyHOK Ili€i CHCTEMH, IO BKIIOYAE OKPIM PO3paxyHKYy CXEMH Ile H MOJIEITIOBaHHS
HEJIHIIHOT eJeKTPOJUHAMIYHOI CTPYKTYPH METOJOM CKiHYEHHHX ejeMeHTiB. OTpuMaHi eHepreTH4Hi 1 CIeKTpaibHi
XapaKTePUCTHKU JIOCH/KYBAaHOTO TeHepaTropa. [IpoBemeHMII MONIyK ONTHMAIbHUX 3HA4YeHb T'€OMETPHYHHX ITapaMeTpiB
HAHOCTPYKTYPH Ta BEITMYMHH 30BHIIIHHOTO MO3I0BXKHBOTO ITiAMarHiTyBaHHS.

BucnoBku. BHacninok ckiagHol MPUpOIN HENIHIHHUX MPOIECIiB y MarHiTHIH HAHOCTPYKTYPI BUKOPUCTAHHS 30BHIIIHBOTO
pe3oHaTopa, KU OM MIr MOKPAIIUTH CHEKTPajibHI MapaMeTpH 3reHepOBaHOTO CTPYMY, HE JAJ0 MOMITHOTO TOKpPAIICHHS.
BrutiB BeJTMYMHY 30BHIIIHBOIO HAMAarHideHHs Ha BUXIiJIHY [OTY)XHICTh TeHEpaTopa € CKJIAJHUM 1 HeJiHIIHUM, aje, B [iJIoMy,
3MEHIICHHs PiBHsI HAMarHigyyBaHHs MMPU3BOJMTH 10 MTOMITHOT'O 3MEHIIEHHS IOTY)KHOCTI. BeTaHOBNIEHO, 1110 IS TOKpaIIeHHs
€HEePreTHYHNX XapaKTePUCTHK I'eHepaTopa ONTUMAIIBHOIO € TOBIIMHA MarHiTHOTO Mapy y 6 HM.

KJIFOYOBI CJIOBA: uacoBwuii npocrip, piBusuus Janaay-Jlipmuusa-I'ine6epra, Heniniiina MarmiTHa HaHOCTPYKTYpa,
KBa3zicTaTH4He HAOJIUKEHHsI, MapaMeTPUYHMii reHepaTop

Ax nuryBatu: Bonesay SIC, [{ymin OM, [TnaxTiit BA, @owmin [1I'. ITinBrIIeHHS MOTY>KHOCTI TeHepaTopa Ha HETiHIHHINA
MAarHiTHIi HaHOCTPYKTypi. BicHuk XapkiBcpkoro HamioHampHOTO YyHiBepcutery imeHi B. H. Kapazina. Cepis
«Pamiodisuka ta enextponikay. 2021;35:56-63. https://doi.org/10.26565/2311-0872-2021-35-05

In cites: Volvach IS, Dumin OM, Plakhtii VA, Fomin PG. Increasing power of generator on nonlinear magnetic
nanostructure. Visnyk of V.N. Karazin Kharkiv National University, series “Radio Physics and Electronics”. 2021;35:56-
63. (In Ukrainian). https://doi.org/10.26565/2311-0872-2021-35-05

BCTYII
MarziTope3ucTiBHa TaMm'siTb 3 JA0BUIbHUM JoctynoM (MRAM) BBakaeTbCs TNEpCHEKTHBHOIO TEXHOJIOTIEI0
noctiitHoi mam'ati yepes il TpuBaje 30epiraHHs JaHUX i HaxiiHicTh [1]. s po3paxyHKy HaHOPO3MIPHHX MarHiTHUX
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eIICMEHTIB BUKOPUCTOBYIOTh METOJ[ CKiHYEHUX eyeMeHTiB [2] abo mMeTox ckinueHHHX pisHUIG [3]. Js mpHCKOpeHHS
PO3paxyHKy TaKUX 3a[ad PO3BHBAIOTh METOMH afalTallii CUMYIATOPIB IS MapaiebHOIO PO3paxyHKy Ha rpadiuHux
npouecopax [4]. HaykoBiii po3poOisioTh OKpeMi eNeKTPOIHHAMIUHI CUMYJISITOPH, SIKi MOXKYTh TOYHIIIIE Ta IIBUJIIE
PO3paxoByBaTH Ta ONMTHMI3yBaTH MarHiTHI HaHOCTPYKTypH [2], [5-6]. [IpoTe mis OTpUMAaHHS MPUCTPOIO 3 KOHKPETHUMH
BUXIZIHUMH TNapaMeTpamy, HaIpHUKIJIaJA, YacTOTOI TeHepalii, 3agaHiuM poOOYMM Iiarma30oHOM YacToT, MOTY>KHICTIO
reHepailii, rcOMETPHYHIUMH PO3MipaMH TOIIO HEOOXiTHO MpoBeAeHHs onTuMi3anii. Tak, HanpukIag, B HU3Li pooit [7-
11] omucani MeTom onTUMI3alii, 38 JOIIOMOTOIO SIKUX MOXKHA PO3paxyBaT MapaMeTpH CUCTEMHU.

MIOCTAHOBKA 3AJAYI
Ha ocHOBI cxemu reHeparopa, npeJcTaBiIeHol B rornepeHii podori [12], mpornoHyeThest TOKpalieHa cxema, B sSKil
JUISL TIOKpAIEHHS CIIEKTPAJbHOTO CKJIAAY KOJIMBaHb JOJATKOBO BBEJICHUI IMOCHIIOBHUN PE30HAHCHUI KOHTYp, SK
nokaszaHo Ha Puc. 1. Uepe3 B3aeMHMII BIUIMB CXEMHU NPHUCTPOIO Ha HENiHIIHY HaHOCTPYKTYpPY HEOOXiIHO HMPOBECTH
BceOIUHMI aHaii3 3ampornoHoBaHoi Mojeni. bynn BuOpaHi Taki MOYaTKOBI MapaMeTpH MPHCTPOIO Ta CTAJTl YHCIOBOTO
mogemoanns (Puc. 1): C1 = 7e-12 @, L1 = 0,3e-6 'y, R1 = 10 Om, Rsv = 1000 Om, d = 6e-7 cm, dt = 0,01e-12,
Vmax =11 B, f0 =0.1e9I1.

R1 A L1

Rsv T

Puc. 1 [IprHUMIIOBA CXeMa FeHepaTopa Ha HeNiHiiHINi HaHOCTPYKTYpi Rsy, 1110 30yKY€EThCS KOPOTKMMH IMITYJIbCaMu Vs
HAHOCEKYHIHOI TPUBAJIOCTI.
Fig. 1 Schematic circuit of the generator on a nonlinear nanostructure Rsv excited by short pulses Vs of nanosecond duration.

YacoBi 3ayie:)KHOCTI CTpyMIB OyJM po3paxoBaHi 3a JOIMOMOIOI MiAXOiB, onucaHux B [7, 12], me mapaienbHO
PO3B’s13yt0Thesl NOB’si3aHi Jqudepenuianbhi piBHsHHs Jlanpay-Jligmmus-Tin6epra (LLGE) ta marHiTokBasicTaTuuHi
piBasaHS Makcsemia (PM).

PO3B’SI3AHHS 3AJTAUI
PiBHAHHS HAIPYTH JUIS JIIBOTO KOJIA:
Ry, + Rglg, = Vs 1)
PiBHSAHHS HAIPYTH JUIS IPABOTO KOJIa,
dlyq 1
Royly, = Ly T + C_1f1C1dt- )

BinmosigHo 10 cxemu, mu Mmaemo eMHIicTh C1 Ta iHmykTHBHICTE L1, siKi 3'eqHaHi mocmigoBHO Ic1 = Ii1
s By3na A maemo,

L = Iy + I1q, 3)
Ie
VS_RSVISV
h === (4)
sk crigye 3 (1). Toai
dl 1 1
= L—I(Rsu(h — 1) - C_1f1c1dt>: ®)
Jle BUKOPHUCTaHO, 3rifHo (3),
Iy =1 — I15. (6)

Takum ymHOM, y BUDIIAAL (5), IMOCTAaHOBKA 33/1adi JIONYCKAa€E 3aCTOCYBAaHHS ITEPaTUBHOI NMPOLEAYPU 3HAXOIKEHHS
IIYKaHUX TapaMeTpiB eIEeKTPUIHOTO KOJa.
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PE3YJIBTATH YNCJIOBOI'O MOJEJIIOBAHHSA

B nonepeaniit po6oTi [1] 6yB onucaHuii miaxif, 3a JOMOMOTOIO SIKOTO MOXHA PO3PaXOBYBATH MOiI0HI CTPYKTYpH.
IIpoBenena omruMmiszalisi reHepaTopa 3 METOIO MMIABHIICHHS PE3yJIbTYIOUOI MOTYXKHOCTI BHCOKOYACTOTHOI TeHeparil
NUIIXOM MMiA00py HaIeKHOT KOMOIHAIT TapaMeTpiB 3a1adi.

Ha Puc. 2 300pakeHa gacoBa 3aJIeKHICTh CTPYMY Uepe3 iHAYKTUBHICTB L1,

%107

[=))

Ctpy™m gepes kotymky L1,A
o IS

(=]

50 100 150
Yac cumynawii, He

=

Puc. 2 3anexHicTh cuIli CTPYMy 4epe3 iHIYKTHBHICTB L1 Bix gacy.
Fig. 2 Time dependence of current amplitude through inductance L.

B mpomeci nporikaHHs cTpymMy raycoBoi (GOpMH dYepe3 HeNiHIMHMI eneMeHT Rsy B HbOMY 3 SIBISIOTHCS
BHCOKOYACTOTHI KOJIMBaHHS MarHiTHUX KOMIIOHEHT, a caMe, 3MiHa My Ta my. Llelf mpouec 3MiHM HaMarHidTyBaHHS B TPhOX
HanpsMKax IpencraBicHnii Ha Puc. 3.

JlnHaMika HaMaTHIYyBaHHA

0 50 100 150
Yac cumyndiii, He

Puc. 3 3anexHicTh HAMArHiYEHOCTI Bijl Yacy
Fig. 3 Time dependence of magnetization

SIK HACNIZOK KOJIMBAHHS MAarHiTHUX KOMIIOHEHT BUKIIMKA€ 3MiHY MHTTEBOTO onopy Rsy. Lle MokHa mOMiTHTH Ha
4acoBIH 3aJIe)KHOCTI CHITH CTPYMY Yepe3 Iel eNeMeHT, K BigoOpakeHo Ha Puc. 4.
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Puc. 4 3anexHicTh CHIIM CTPYyMYy uepe3 HelliHiiHui omip Rsv Bix yacy.
Fig. 4 Time dependence of current through nonlinear resistance Rsv.
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BusiBumnocs, mo Bi3yallbHO CTpyM depe3 pesuctop Ri Maibke He Bigpi3HAETBHCS Bil CTpyMy depe3 HeiHiHHMN

€JIEMEHT, 1110 TpesicTaBieHo Ha Puc. 5.

CtpyM wepes pesuctop R1,A
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Yac cumynsiii, He

Puc. 5 3anexHicTs cuu cTpyMy uepes omip Ri Bifg gacy.
Fig. 5 Time dependence of current through resistance Ri.

I[J'I?[ KpaH.IO'I' OLIiHKI/I XapaKTCPUCTHUK BUHUKAIOYOTO BUCOKOYACTOTHOT'O KOJIMBAHHA 3aCTOCOBaHUHU (1)iJ'ILTp BHCOKHX

Y4acToT, IO JO3BOJIAE BUAUIATH MaJy aMIUIITYAy TreHepoBaHoro KonmBaHHs (Puc. 6) Ta mpuOpaTu 30y HKy0UYHN iMITYIIbC
(Puc. 2).
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Puc. 6 3ajexHicTh BUCOKOUACTOTHOI CKITAZ0BOI CTPYMY Uepe3 pe3ucTop Ri Bif vacy.
Fig. 6 Time dependence of the high-frequency component of the current through the resistor Ru.

I[J'I?[ KpaH.[O.l. O].[iHKI/I XapaKTCPUCTUK BUHUKAOYOT'O0 BHCOKOYACTOTHOTO KOJIMBAHHA, @ CaM€ YaCTOTU reHepaui'l' Ta

Horo 3arajgbHOI TOTY)KHOCTI, pO3pax0BaHHH CIIEKTP aMILTITYAN CHIIN cTpyMy uepes pezuctop Ri. Ha Puc. 7 300paxennit
THUITIOBHUH TPHKJIAJL CTICKTPY KOJIMBAHb, SIKI BAHUKAIOTh Ha pe3nuctopi Ri.
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Fig. 7 Frequency dependence of the power of the high-frequency component through the resistance Ri.
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I[JI;[ HiZ[BI/IH.lCHHSI HOTy)KHOCTi BHCOKOYaCTOTHOTO KOJTMBAaHHs 6yJIO TIPOBEACHO I[OCJ'IiI[)KCHH}I BINIUBY NTOYaTKOBUX

mapaMeTpiB Ha CHEeprilo BHUXiAHOTO KonuBaHHA. Tak, Ha Puc. 8 300paskeHa 3aeXHICTh IOTYXXKHOCTI CHTHAITYy Bif
aMIUTITYON TIOB3[IOBKHBOI MAarHiTHOI KOMITOHEHTH M. baummo, mo Hail0inpmoia eHepris CHTHAIY IOCATAETChS IPH
aMIUTITYIi M, piBHIH -1 1 ipw i 301IBIIEHH] TOTYXHICTF MOHOTOHHO CIIAJIAE.
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HaMarHiYeHOCT1
Fig. 9 Dependence of the power of the high-frequency component on the level of the volume-averaged component z of the
normalized magnetization

1
[y

Jlnis1 3HaYeHHS ycepetHeHO 3a 00'€eMOM HOPMOBaHOI HAMArHi9e€HOCTi M; = -1 OyJI0 MPOBEACHO NOCTIIPKCHHS BIUTUBY

TOBIMUHH HEJHIHOTO MarHiTHOTO mapy enxeMeHTy Rs (Puc. 9). Bymo BcraHOBieHO, 0 MakcHMaibHA IOTYXHICTh
CUTHAITy OCATAETHCS MIPH TOBIIHHI, PiBHIA 6 HM.
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Puc. 9 3aexHicTh MOTYKHOCTI BUCOKOYACTOTHOT CKJIAJIOBOI BiJl TOBIIMHK MarHiTHOTO IIapy
Fig. 8 Dependence of the power of the high-frequency component on the thickness of the magnetic layer

BUCHOBOK
B pmaHiit poGoTi Oynm mpoaHanmi3oBaHi YMOBH TeHepallil BHCOKOYACTOTHHX KOJHMBAHb HETIHIHHOI MarHiTHOI

HAHOCTPYKTYpH. 3’sICOBAaHO, III0 MaKCHMaJIbHA BHXIi/Ha MOTY)XHICTh TeHepallii focATaeThcs MPH TOBIIMHI HENIHIIHOTO
MarHiTHOTO Iapy y 6 HM Ta KOJM 3Ha4eHHS HOPMOBAHOI I03J0BXHBOI HaMarHiueHocTi gopiBHIoe — 1. Jns obGpaHoi
MOJIET BIAJIOCh OTPUMATH HAHBHIIY YacTOTY CIIEKTPY T'eéHepoBaHUX KosmBaHb y 15 T

1.
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INCREASING POWER OF GENERATOR ON NONLINEAR MAGNETIC NANOSTRUCTURE
I. S. Volvach?, O. M. Dumin?, V. A. Plakhtii 2, P. G. Fomin?
! Material Science & Engineering Department, University of California, San Diego (UCSD), 9500 Gilman Drive, La
Jolla, CA 92093-0418, USA
2V. N. Karazin Kharkiv National University, 4 Svobody sq., Kharkiv, 61022, Ukraine

Background: One of the most promising areas of development of modern electronics is the creation of spintronic devices,
which should replace the traditional semiconductor elements. The use of electron spin as a carrier of information in
magnetic nanostructures can radically change modern life.

Obijectives: The aim of this work is to find ways to increase the power of the generator on the magnetic nanostructure by
changing its electrical circuit and more optimal external electromagnetic parameters that affect the state of electrons in
the studied layered structure.

Materials and methods: The solution of this problem is carried out by numerical simulation of the magnetic
nanostructure using a specially created micromagnetic simulator, which implements an algorithm for the simultaneous
solution of the system of Maxwell and Landau-Lifshitz-Hilbert equations. The solution of such a complex problem is
accelerated by the use of a quasi-static approximation in solving the system of Maxwell's equations, which is justified by
the small size of the calculation area compared to the depth of the skin layer. Further calculations of the electrodynamic
system are performed using the finite element method. To obtain the best frequency and energy parameters of the
generator, it is proposed to introduce a resonant circuit to the schematic diagram of the studied generator, which is excited
by short nanosecond pulses.

Results: A scheme of a generator on a magnetic nanostructure containing a resonator with concentrated parameters is
proposed, and a system of nonlinear integro-differential equations with respect to electric currents is obtained in general.
Numerical calculation of this system includes, in addition to the calculation of the scheme, also the modeling of a
nonlinear electrodynamic structure by the finite element method. The energy and spectral characteristics of the studied
generator are obtained. The search for the optimal values of the geometric parameters of the nanostructure and the
magnitude of the external longitudinal magnetization is carried out.

Conclusions: Due to the complex nature of nonlinear processes in the magnetic nanostructure, the use of an external
resonator, which could improve the spectral parameters of the generated current, did not give a noticeable improvement.
The influence of the value of the external magnetization on the output power of the generator is complex and nonlinear,
but, in general, a decrease in the level of magnetization leads to a significant decrease in power. It is established that the
thickness of the magnetic layer of 6 nm is optimal for improving the energy characteristics of the generator.

KEY WORDS: time domain, Landau-Lifshitz-Gilbert equation, nonlinear magnetic nanostructure, quasistatic
approximation, parametric generator
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E®EKTU COHAYHOI'O 3ATEMHEHHA 10 YEPBHA 2021 p. BIOHOC®EPI HA /I
XAPKOBOM: PE3YJIbTATHU BEPTUKAJIBHOT'O 30HAYBAHHAA

AkTtyanbHicTb. loHOChepHi edexrn constannx 3aremuens (C3) BuByaroTses noHan 100 pokis. JlocmimkeHHs akTuBizyBaiics B 1960—
1970 pp., KOMM MHPOKO CTAIM BHKOPHCTOBYBATUCS PAKETHI Ta CYITyTHHKOBI METOIHM, MEpeka 10HO30HIIB, pafapd HEKOI€PEHTHOTO
po3cisiHHS. BcTaHoBIIEHO OCHOBHI 3aKOHOMipHOCTI mposiBy C3 B ioHOCepi: 3MEHIICHHS KOHIIGHTPALil EIEKTPOHIB, TEMIIEpaTyp
€JICKTPOHIB, 10HIB 1 HEHTpaiB, 3MiHa TMHAMIYHOTO PEKIMY, T€HEPaLisl aKyCTUKO-TpaBiTAlHHMX XBIJIb. [10opsi 13 3aKOHOMIPHOCTSAMH,
IO MOBTOPIOKOTHCS, MAIOTh MiClle W 0COONMMBOCTI, BiacTuBi ganoMy C3. 3 1€l MPHYMHA BUBYCHHS C(EKTIB KOXKHOTO HOBOTO
3aTEMHEHHS € aKTYIBHOIO 3a71a4€IO.

Mera 11i€i poGOTH — BHKJIAJ] pe3ysIbTaTiB aHA3y MapaMeTpiB iOHOTpaM, 3apeecTPOBAHHX 3a JIOMOMOTOK IU(POBOro i0HO30HIA,
poamitenoro B Paniogiziuniit oocepsaropii XHY imeni B. H. Kapazina.

Metomu i meromosorisi. [Ins croctepexkeHHs 3a CTaHOM 10HOC(EpPH BHUKOPHCTOBYBABCS HecepiiHMI HH(POBHI 10HO30HI,
pospodnennii y XHY imeni B. H. Kapazina. Po3miniennii B Pamiodismuniit obceparopii XHY imeni B. H. Kapazina (49°38' mh. 1.,
36°20' cx. 1.). Meroauka 06po0OKu 380u1acst 0 HacTymHoro. Ilicis mo6ymoBu yacoBux psimiB ayst 4actot foF2 Ta fmin, a Takox mirowoi
BHCOTHU BIZIOWTTs, OOYHCIIOBABCS TPEHI 1 PI3HMI BUXIIHOTO psimy Ta TpeHmy. 3a 3HadeHHsmu foF2(f) Bi3Hawanmcs: koHIEHTpartis
enextponiB N(t) Ta i mpupict AN(t). I BM3HA4YeHHS CHEKTPAIBHOIO CKIIady IMPOBOAMBCSA CHUCTEMHHMI CHEKTPAIBHUIA aHasli3
sastexHocreid AN().

PesynbraTi. BusiBiieHO MakcHMasibHE 3MEHIIICHHS KOHIICHTpAITii eJIeKTpOHiB y MakcumyMi miapy F2 ioHochepu Ha 3.7-3.8%. 1le
3HAYCHHSI BUSBIJIOCS MOy)Xe OMM3BKMM JI0 PO3paxyHKoBoro 3.5-3.8%. BcTaHOoBNIEHO, 10 dac 3ammi3HIOBAHHS CIIOCTEPEKCHHS
MIHIMAJIFHOTO 3HAYEHHS KOHILICHTpALi €JIEKTPOHIB IO BIIHOMIEHHIO 1O MaKCHMAIBHOTO 3Ha4YeHHA (ha3d 3aTeMHEHHS CTaHOBHJIO
12.5 xB, 0 qy*e OIM3BKO 0 PO3paxyHKOBOTO yacy 12.8 xB. 3a yacoM 3ami3HIOBaHHS OLIHEHHH KOe(illieHT JIHIMHOI peKoMOiHALIil
(13103 ¢?) i mBuakicts ionoyrsopenns (3.8-3.9)-108 Mm3cL. C3 cympoBomKyBanocs IeHepaLiero KBa3ilepioAMuHUX KOJIUBAHb
KOHIIGHTpAIIii eTeKTPOHiB i Jiifodoi Brcotr mapy F2 3 mepiomom 10-15 xB i ammmitymamu 1.7-4% Tta 9.1-11.4% Binnosigwo. [Tpotsrom
C3 y 3-4 pa3u 3MeHIMBCS piBeHb (UIYKTyalliii MiHIMAIBHOI CIIOCTEpeKyBaHOi Ha iOHOrpamax 4yactoTH. KpiM Toro, majo micue

3MEHIICHHS ycepeaHeHnx 3Hadenb f .. Bin 3 mo 2.85 MI'm (Ha 5%), 10 CBITYIIIO TPO 3MEHIICHHS TIOTIMHAHHS Pa/iOXBII Ta
KOHIIGHTPAIIii eTeKTPOHIB y HIDKHIl ioHOC(hepi (Brcotn Menmre 100 k). 3a omiHKaMu Iie 3MEHIIEeHHs CKTato Ommsbko 2% (3 maHuX
criocTepexeHs 2.2%).

BucnoBku. Yactkoe C3 3 myke HEBEIMKAMH MaKCHMaIbHUMA 3HaueHHAMH (asu (0.112) Ta BiTHOCHOI TIIOMII MOKPUTTS JHCKA
Comnris (4.4%) mpu3BeIo /10 psiay CIOCTEPEKYBaHHX 32 IONOMOTOF0 i0HO30H/a eeKTiB B ioHochepi.

KJIFOUOBI CJIOBA: consiuHe 3aTeMHeHHsl, ioHOc(epa, i0HO30H]I, Til0Ya BHCOTA, KOHIIEHTPALisl €JIeKTPOHIB, MaKCUMA/IbHE
3MeHILIeHHs1, KBa3inepioguyHi KOJIMBaHHSA

Ax wuryBatu: Yopuorop JI®, Munosanosa JII, Mmunosanos OB, Ilumban AM, Luo Y. Edextn consuHOTO
3ateMHeHHs 10 uepBHs 2021 p. B ioHOCdepi Hax XapKOBOM: pe3ylbTaTH BEPTUKAILHOTO 30HAYBAaHHs. XapKiBCHKOTO
HanioHanpHOTO YyHiBepcurery imeni B. H. Kapasina. Cepis «Panmiodizuka Tta enextpoHikay. 2021;35:64-83.
https://doi.org/10.26565/2311-0872-2021-35-06
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BCTYII

Ionocepni edektn cousunux 3ateMHeHb (C3) BuBuatothess moHanm 100 poxis [1, 2]. [docmimkeHHS
akTuBizyBanucs B 1960—1970 pp., Koiu MIMPOKO CTajll BUKOPUCTOBYBATHCS PAKETHI Ta CYITyTHUKOBI METOIH, MEpexka
IOHO30H/IIB, pajapu HeKorepeHTHoro poscisuus [3-11]. VYV 1990-2000-i pp. 3'SBUIHCS 1 CTand aKTHBHO
BukopucroByBarucs GPS-rexwomorii [12, 13].

BcranoBneHo ocHOBHI 3akoHOMipHOCTI mposiBy C3 B ioHOChepi: 3MEHIICHHS KOHIEHTpAIlil eJNeKTPOHiB,
TEMIIepaTyp eJEeKTPOHIB, 10HIB i HEHTpaliB, 3MiHa TUHAMIYHOTO PEKUMY, T€HEepallis aKyCTHKO-TPaBiTaliiHIX XBHIIb
[14-58]. Tlopsiz i3 3aKOHOMIPHOCTSAMH, 1[0 TOBTOPIOIOTHCS, MAIOTh MicIiie i ocoOmuBocTi, Biactusi ganomy C3 [59]. 3
i€l IPUINHA BUBYCHHS €(PEeKTiB KO)KHOTO HOBOTO 3aTEMHEHHS € aKTYyaJbHOIO 3aa4ero.

SxicHO HOBHWI piBeHb AocmimkeHb edekTiB C3 craB MoXmMBHM Tmmicna QopmymoBanHs B 1980-x pp.
JI. ®. YopHOrOpOM OCHOB CHCTEMHOI MapagurMu (IuB., Hanpuknan, [60—64]). 3rigHo wiei mapagurMu, MOTOKH €HEpril,
PEYOBMHM 1 BHIIPOMIHIOBaHb ‘3BepXy”’ NPU3BOIATH N0 akTUBi3awii mporeciB y cuctemi CoHLe — MIKIUIAaHETHE
cepezioBUIle — MarHiTocdepa — ioHOchepa — atMochepa — 3emis (BHyTpimHi ob6ononkn) (CMCMIA3), a motoku
“3HM3y” — 10 aKTUBIi3alii mporeciB y cucteMi 3emis — atMocdepa — ioHocdepa —marniTochepa (3AIM). Baxkiuso, 110
cucremu CMCMIA3 i 3AIM — BigkpuTi AWHAMIi4HI CTOXacTHYHI Ta HEJIHIWHI. Y TakuX CHUCTEMax MaloTh Miclie
HETpUBIaIBHI B3a€MOMIl MiACHCTEM: 3MIHIOBAHICTh pETYJSIPHUX 1 BHIAJAKOBHUX IIPOLIECIB, CaMOOpraHizamis Ta
JHAMIYHHHN (IeTepMiHOBaHUiT) Xa0C, TPUTepHi BUBLIbHEHHS eHeprii i T.1. [60—64].

C3 — oxHe i3 BUCOKOCHEPTETHYHUX JHKEpe, 0 BIUIMBAIOTH Ha mifcuctemu B cucteMi CMCMIA3S.

Oco6muBicTio 3ateMueHHs 10 gepBHs 2021 p. mst nporeciB Hag XapkoBoM Oynia He3HadHa (a3a 3aTeMHeHHI M ~
0.11. Tum e men, edextu C3 y migcuctemax cucteMmu CMCMIAS BusiBniei i onucasi B pobotax [65—70].

B poGorti [65] aHamizyeTbes TerioBuil epekT B mpu3eMHii atMocdepi. ABTop [66] omuicaB edekT KOHBEKii B
npu3eMHii atMocdepi. ¥ poGortax [67, 68] BHKIanaloThCS pe3yabTAaTH MOCTIHKEHHS T€OMarHiTHOro e(pexkTy B
HIMPOKOMY Jiana3oHi mmport. Y crartsx [69, 70] onucani ioHochepHi epextu C3.

Merta miei poOOTH — BHKIJIAJ pPE3yJIbTAaTiB aHaji3y MMapaMeTpiB IOHOTPaMM, 3apEECTPOBAHUX 3a JIOIOMOTOIO
udpoBoro i0H030HAa, po3MitieHoro B Paniodizuuniii oocepBatopii XHY imeni B. H. Kapasina.

3AT'AJIBHI BIIOMOCTI ITPO COHAYHE 3ATEMHEHHS

Kinsrienmonione C3 mano makcumanbhy $hazy (M > 0.90) y Bucokux mupotax (Puc. 1). 3areMHeHHs movanocs
Hax Kanazoro, nepemictuiocs yepe3 ATIaHTHYHHHN okeaH, [ pernanzito, [1iBHIYHUMIT MOIOC, MBHIYHY YacTHHY €Bponu
i Aszii. YactkoBe C3 crioctepiranocs ax no Iranii, I'peuii, niBaus Ykpainu, Monroamii Ta Kutato.

®daza 3aTemHeHHs B XapkoBi He nepesuinysaia 0.112. [Ipu 1ipoMy 3aTiHEeHa YaCTHHA IUTOMI AUCKa A CTAaHOBHUIIA
omu3bko 4.4%. 3atemuenns moyanocs o 10:42 UT i 3akinumnocst o 12:12 UT (UT — BcecBiTHiit yac).

[Ium MOMEHTaM BCECBITHBOTO Yacy BiAmoBimae mosicHuid dac 13:42 i 15:12. MakcumanbsHa ¢a3a 3aTeMHEHHS
Big3Haugamacs 06 11:28 UT a6o o 14:28 mosicHOTO Hacy.

CTAH KOCMIYHOI ITOroju

Jus BuninenHs edekrie C3 BaXIMBO 3HATH CTaH 10HOC(EpH, SKUH BH3HAYAETHCS CTAHOM KOCMIYHOI TIOTOMH.
OcranHiii aHamizyBaBcs Ha mijcTtaBi ganmx cautiB [https://omniweb.gsfc.nasa.gov] i [http://wdc.kugi.kyoto-u.ac.jp].
Jiis moganbIoro AOCHiIKeHHS CyTTeBO Te, mo 10 wepHs 2021 p. micnsa 00:00 UT cnocTepiraBest panToBUil MOYaTOK
JIOCUTH ciabkoi MaruitHOi Oypi [69]. 3nauennst Dst-ingexkcy mpu npomy He nepesuiryBano 8 uTn, a Kp-inaekcy — 1.
o3y omiBaHs 3HaueHHs Dst-inpekcy omycrtmmocs no —33 BT 1 3akiHumiacs rooBHa (as3a MarHiTHOI Oypi. dami
BiJ3Hauanacs Qasa BimHOBICHHS, sika TpuBana 10, 11 1 12 wepsust 2021 1. Innexc Kp 36imbryBascs qo 3—4.

3amicth cycigaboro st 11 yepBHs 2021 p., skuil BUSBUBCS 30ypeHNM, Yy SIKOCTI KOHTPOJBHOIO BUOPAHO JEHBb
24 geprus 2021 p.

3ACOBU TA METOAHN

Jlis criocTepekeHHs 3a CTaHOM 10HOC(hEepH BHKOPHCTOBYBABCS HecepilHMIA IU(pOBHUH 10HO30HA, po3pobiIeHn
y XHY imeni B. H. Kapazina. lono3onn posmimieno B Pamiogisuuniii obcepBaropii XHY imeni B. H. Kapasina
(49°38' nH. 1., 36°20' cx. 1.).

OcCHOBHI HapamMeTpH 10HO30H/Ia HACTYIIHI: MOTYKHICTh pajionepeaaBajbHoro npucrpoto — 1.5 kBT, TpuBamicts
immyseey — 100 MKc, yacToTa MoBTOpEHHs iMmyibeiB — 125 I'n, koedinienT mincwienns antenu 1-10 B 3ayexHOCTI Bl
yactoTH. [loxnOka BUMiproBaHH: 9acToTH — He Oibie 20 k[ 1, Bucotn — He Oinbie 2.1 KM.

Yacrota peectpanii — 1 ioHorpama 3a 1 xs.

Meroaunka 00poOku 3BoauIacs 10 HacTymHoro. [licist moOynoBH 4acoBUX psiiB s 4acToT foF2 Ta fimin, @ Takoxk
JUIOY0i BMCOTH BiAOHTTS, OOYKMCIIIOBABCS TPEHI 1 PI3HWI BHUXIOHOTO psaay Ta TpeHay. 3a 3HadeHHsmu foF2(t)
BU3HAuamacs KouueHrpais exekrponis N(t) ta i mpupict AN(t). st BU3HAYEHHS CIIEKTPATBHOTO CKIIay MPOBOIUBCS
CHCTEMHHIT CIeKTpabHui aHaii3 3anesxxnocteir AN(t), omucanuii y po6oti [71].
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s mopiBHSIHHS aHaNi3yBalucs JaHi CrocTepexeHb, KpiM nHS 3 C3, Takox i cyciguboro aHs 11 yepBHs
2021 p. IloBeninka mapameTpiB i0HOTpaM JJIsl 3BUYANHHOT Ta HE3BUYANHOT KOMIIOHEHT PafioXBUIli Oyiia Jy’Ke CXOXKOIO.
Tomy nmani OynyTs onucaHi Bapialii Jirouoi BUCOTH 1 KOHIEHTpalii eJIEeKTPOHIB, OTPUMaHi 3 BAKOPUCTAHHAM 3BUYAHOT
KOMITOHEHTH PaJi0XBHIII.

Puc. 1. Kapra constanoro 3aTtemHenHs. JIiHii, 10 mo3HaueHi [udporo 1 moka3ylTs Ha TEPUTOPIIO KUTHIIENOAIOHOTO 3aTeMHEHHS, 2 —
YaCcTKOBOTO 3aTEMHEHHS, 3 — Me)Ka 3aTeMHEHHs. 31pOUKOI0 BiIMiueHa TOUKA Ha IOBEPXHi 3eMti, Haitbmmk4a 110 Bici HalOiLIbIIoro
satemHeHHs [http://eclipsewise.com/solar/SEprime/2001-2100/SE2021Jun10Aprime.html]

Fig. 1. Solar eclipse map. The lines marked 1 indicate the territory of the annular eclipse, 2 is the partial eclipse, 3 is the boundary of
the eclipse. An asterisk symbol marks the point on the Earth's surface closest to the axis of the greatest eclipse
[http://eclipsewise.com/solar/SEprime/2001-2100/SE2021Jun10Aprime.html]

MPUKJIA/IU IOHOT'PAM

Ha Puc. 2 i 3 HaBeneHi mpuKkiIaay i0HOTpaM, 3apeeCcTpOBaHi SK 10, Tak 1 mpotsrom C3. 3 Puc. 2 MoxHa GaunTH,
0 i0HOTpaMa BiMIOBia€ TUMOBOMY He30ypeHOMY CTaHy ioHochepu B aeHHHI wac. CmocTepiraimocss BIIOUTTS Bif
mrapiB F1 ta F2, monsiiiHe mpomeHe3aloMJICHHS (3BHYAifHa 37iBa Ta HE3BHYAiiHA CIpaBa IMOJAPH3AIi paXioXBHII),
JBopa3oBe BimOWTTA pamioxsmii. [iroui Bucotn mapiB F1 ta F2 ckmamamm 6mmspko 230 ta 320 kM BimmoBigHO. s
JTIBOPa30BO BIIOMTOI paaioXBUII Aifoua BUcOTa mapy F2 mopiBHroBana ~ 500 kM. [3-3a mpucytHOCTI mapy ES obmacts E
criocrepiraiacst Ha yacrorax 1o 3.1 MI'u. llap ES 3aiima nianason yacror 3.3-5.25 MI'n.

[Mpotsirom C3 ioHOrpama cyTTeBo BipisHsuiacs (quB. Puc. 3). MeHIn 4iTKO peecTpyBaBcsl CUTHAJ SIK BiJ mapy
F1, tak i Big mapy F2. Jliroui BucOTH 1ux mmapiB ckmagamm 210 i 425 kM. Maibke 3HUK CHUTHAJ BiJ pagioxXBWI
He3BHuaiHoi mosspu3saiii. He cocrepiranocst ABopa3zoBe BiAOUTTS paliOXBHIT.

BAPIAIIII KOHIIEHTPAIIIi EJIEKTPOHIB
Yacosi Bapianii KOHIEHTpalil eJIeKTpoHIB y MakcumyMi mapy F2 ionoctepu mokasani Ha Puc. 4. 3 Puc. 4
MOXHa O0auuty, mo npuoausHo 3 11:30 (TyT 1 Aani nosicHuit yac) KOHIEHTpanis enekTpoHiB N moyana 3MeHITyBaTHCS
Big 5-101 M3 ¥V moment nouarky C3 Bona Oyna Gnmsbka go 3.2:10% M3, 3menmenns mano Micue nmpuGau3HO 10

14:45, micns woro N 36imemryBanocs Bix 2.8-10 o 3-101 M3, Ha mnasmmit xix sanexuocti N(t) (rpenxy N(t))

Haknmaganucs Bunaakosi ¢uykryarii AN(t), sxi npeacrasneni Ha Puc. 5. 3 Puc. 5 BugHO, 1110 Bapiamii KOHIEHTpAIil
eJIEKTPOHIB yacTo Oynu KBazinepioamunumu 3 nepiogom 45-60 xB. IIpotsirom C3 kBasinepiox 3MenmuBes go 10—
15 xB. AMmniTya KBasinepioguunux Bapianiii AN, 3minroBanacs Big 0.05:10 no 0.15-10% v 3. Ipu npoMy BimzHOCHA

ammityga oy, = AN, IN = 1.7-4%.


http://eclipsewise.com/solar/SEprime/2001-2100/SE2021Jun10Aprime.html
http://eclipsewise.com/solar/SEprime/2001-2100/SE2021Jun10Aprime.html
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V cycipniii nemb, 11 wepus 2021 p., 3madenHs N 36inemysamucs o 11:00, mocsraroum 5.3-10 M3

(muB. Puc. 4). Tlotim npotrsirom 70 XB CHOCTEPIraaocs 3MEHIICHHS N.312:15i mo 13:10 Big3HauaBcs CIUIECK W

micns sxoro modanocs 30imemeHHs N, ske TpuBano mo 14:20. Jami N, QuyKTyo09H, CTPIMKO 3MEHIIYBAJIOCS 0
3101 M3
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Puc. 2. [Ipuknan ionorpamu, 3apeectpoBanoi g0 C3 10 uepHs 2021 p. 06 11:55:00 mosicHoro yacy
Fig. 2. Example of the ionogram registered before the SE of the June 10, 2021 at 11:55:00 local time
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Puc. 3. [Ipuknan ioHorpamu, 3apeectpoBanoi no6an3zy MmakcumanbHol dasu C3 10 uepsHst o 14:27:00 nosicHoro vacy
Fig. 3. Example of the ionogram registered near the maximum magnitude of the SE of the June 10 at 14:27:00 local time

Bapianii AN(t) B ueit nens Takox Gynu kpasinepioguunumu (quB. Puc. 5). Ix mepios cranosus 60-100 xB, a
ammityza (0.1-0.6)-10% M3, IIpu N = (4-5)-101 M~ MaeMo Sna = 2-12%.

Y xoHTpONBHNH neHb 24 uepBHA 2021 p. dnykryarii N 6ynu menmmiMy, HiX ¢urykryanii 11 gepsas 2021 p., ane
nemo Oimpmmmu 3a (uaykryanii 10 gwepBus 2021 p. (quB. Puc. 5). Bapiamii Tpenais N B nitoMy Oyl CXOXKHMH, ajie
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10 weprus 2021 p. mpotsrom C3 crmocTepiranacs 3amajnHa B 3aJIe)KHOCTI N(t) B iHTepBam yacy 13:45-16:15 (nus.
Puc. 4). Bona mana miclie BIpoJIoBX Maibke ToauHHK Ticist 3akiHueHHs C3.
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Puc. 4. Yacosa 3anexHicTh KOHIEHTpaLil enekTpoHiB y F2-mapi. CyuinbHi miHil — koB3Ha cepennst 3a 120 xB: a — 10 uepBus 2021 p.;
6 — 11 uepBHs 2021 p.; 6 — 24 yepBHs 2021 p. BepTukansHUMU NiHISIMU TYT i JaJli MOKa3aHi MOMEHTH ITOYaTKy, MAaKCUMAIbHOI (a3n
Ta 3akiHueHHs C3. [lyHKTHPHOIO JIiHi€I0 ITOKa3aHa OYiKyBaHa 3aJIeXKHICTh 3a BiacyTHocTi C3
Fig. 4. Time dependence of the electron density in the F2-layer. Solid lines are 120-min moving average: « is of the June 10, 2021; 6
is of the June 11, 2021; ¢ is of the June 24, 2021. Vertical lines hereinafter show the moments of the beginning, maximum phase and
end of the SE. The dashed line shows the expected dependence in the absence of the SE
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Puc. 5. YacoBa 3anexxHicTh Bapiawiit koHIeHTpauil enekTpoHiB y F2-mapi: a — 10 uepsus 2021 p.;
6 — 11 uepsHsa 2021 p.; 6 — 24 yepBus 2021 p.
Fig. 5. Time dependence of the electron density in the F2-layer: « is of the June 10, 2021; 6 is of the June 11, 2021; g is of the June
24,2021

BAPIAII ATFOYOI BUCOTH HIAPY F2
YacoBi Bapiamii nmitoduoi BucOTH 2, mapy F2 3BuuaiiHoi monspusanii  HaBemeHi Ha  Puc. 6.
3 Puc. 6 BuaHO, IO BUCOTAa Z, CHJIBHO (UIyKTyIOBaja, 0coOiIMBO cHMIbHUME ¢uykTyamii Oymu 10 gepBusa 2021 p.

npotsirom C3. YcepenHeHi 3Ha4€HHS Z (Tpenny) cmouatky 36inpmyBanucs Bim ~ 320 mo 480 kM. MakcumainbHe
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3HauUeHHs crocrepiranoca mpubnusHo o 14:30, To6To mobnu3y MakcuManbHOI a3y 3aTeMHeHHs. Jlanmi 3HaueHHS Z,

3mennryBanucs Big 380 mo 330 km.
[pwupict Az, 6yB BigHOocHO HeBemukuM (£10 kM) 10 13:00 (Puc. 7). Ipotsirom C3 amIutiTyna KBasinepiognaHux

3 mepionom ~ 10-15 xB komuBaub Az, 36umpmryBamacs no 40-50 xm. Ilpu Z: 400 kM BiZHOCHA aMILTITyZa CKIaia
6mm3bko 9.1-11.4%. Ilicist 3akiHUSHHS 3aTEMHEHHSI aMILTITyja Bapialliil HOCTyIoBO 3MeHIIyBanacs 10 20 kM.
11 gepBHs 2021 p. noBexinka z, Oyna inmoro (auB. Puc. 6). Bennuuna Bapianiii z, He nepeBunryBana 25 kM. 3

13:00 i mo 15:00, ma Bimminy Bix 10 uepsus 2021 p., Z cnanana Big 370 mo 320 km.

Mpupict Az, 3 11:00 nmo 17:00 maB Burisa KsasimepionuuHux Bapiauiii 3 mnepiogom 30-60 xB
i ammityznoto 10-30 kM (muB. Puc. 7). IIpu Z ~ 350 kM BigHOCHA amInTiTYna craHoBmiIa 2.9—-8.6%.

Yacosi Bapialii TpeHAiB Z 10 ta 24 gepBus 2021 p. cyrTeBo BiapizHsimcs B inTepBaii yacy 13:00-16:00. Pizunus
csrana 90 kM (muB. Puc. 6). @nykryarii Az, 10 Ta 24 gepas 2021 p. sxicao 6ymu noxioaumu (muB. Puc. 7).

BAPIAIII MIHIMAJIBHOI CHOCTEPEXKYBAHOI YUACTOTH
YacoBi Bapiamii MiHIManbHOI CHOCTEPEXKYBaHOT Ha I1OHOrpamMax d4acToTd fmin mMOKa3ani Ha Puc. 8,
3 SIKOT'0 MOJKHA 0auuTH, IO I YacTOTa CHIBHO (IIyKTyIOBaia B miama3oHi yactoT 2—3.4 MI'n. YcepenHeHe 3HaYCHHS

fn (1) (Tpenny) 3mintoBanocs Bix 2.6 mo 3.07, a motiM mo 2.12 MI'n. IIporsrom C3 m 3MeHryBaiocs Bix 3.0 no

2.85 MI'n.

[Mpupict Afmin Takox cuipHO ¢uykTyroBaB y Mmexax Big —0.9 no 0.5 MI'm (Puc. 9). Ilpotsrom C3 piBeHb
(aykryaniit 3Ha9HO 3MeHIuBCs (Big —0.2 mo 0.2 MI'm).

11 yeprus 2021 p. dnykryauii fmin Takox Oynm 3naunumu (Big 2.2 mo 3.4-3.6 MI'u) (aus. Puc. 8). Tpeun

f. (1) crmouatky 3meHuryBaBcs Bix 2.8 1o 2.6 MI', mo croctepiranocs 06 11:30, a moTiM 301IbIIyBaBCS MPAKTHYHO

10 3 MTI'p o 13:50. Tam Big3zHayanocs Horo 3MeHIIeHHS 10 2.4 MI'.
[Mpupict Afmin cumbro urykTyroBas i 11 gepsus 2021 p.: Bix —0.6 g0 0.6-0.7 MI'ti. 3 13:42 mo 15:12 piBenb
¢dnykryaniii cranous Big —0.4 1o 0.4 MI'w, To6T0 Ginbine, Hix y aeHb C3 (auBs. Puc. 9).

Tpenau 4acToTH m 111 doykryanii (qus. Puc. 8 19) 10 Ta 24 yepBus 2021 p. sxkicHO Maiike HE BiIPI3HSINCS.

OBI'OBOPEHHSA
[opiBHsIHHS i0HOTpaM, napameTpiB ioHOrpam foxF2, Z; 0 1 fmin, @ Takoxk "acoBux 3anexuocreir N(t), AN(t), z,(t),
AZ,(1), fmin(t) 1 Afmin(t) mokasano , mo Bonu momiTHO Bimpisusutucs 10 i 24 wepsus 2021 p. Crix mati Ha yBasi, 110
BaeHb 11 uepBHs 2021 p. ioHocepa Oyna 31erka 30ypeHa, OCKUIbKH NP [[bOMY 3a3Havajacsi ciabka MarHitHa Oypsi.
Sk Bigomo, ioHOc(epHa, MarHiTHa, a TakoX arMocepHa ¥ eJeKTpuuHa Oypi € MPOSBOM €IHHOTO IIPOIECY,
iIMEHOBAHOTO reOKOoCMiuHO0 Oypero [72, 73].
3menwenns xkonyenmpayii enexkmponie. BinminaocTi B N B iHTepBanmi dwacy 13:42-15:12, mBuame 3a Bce,

nos'ssani 3 C3. Tak, 3aTeMHEHHs OPU3BENIO 10 MakcuManbHoro 3MenmienHs N Ha 1.11-10%° M2 npu ouikysanomy 3a

BincyrHocti 3atemuenns N = (2.9-3.0)-10 m~3. Toxi AN /N = 3.7-3.8%. IopiBHA€EMO 1€ 3 TEOPETHUHOI OLIHKOIO.
SIKIIO 3HEXTYBATH MPOLIECAaMH NEPEHOCY B MakcuMyMi mapy F2 mo6nu3y MOMEHTY 4acy HaCTaHHS MAaKCHUMAIIBHOI (a3u
3aTEeMHEHHS, TO CTallioHapHe piBHSIHHSA Oanancy st N HabyBae mpoCTOro BHTIISAY:
q=BN, (1)

ae g=0q,(B+&), o i qo& — mBuakocti iowizamii 3a paxyHok jgucka CoHms Ta Horo xoponu, B =1— A — BigHOCHa
He3akpuTa yactuHa aucka CoHi,  — koeilieHT JiHiitHOT pekoMOiHarii. 3a BizcyTHocTi C3

q0(1+‘t3)=l30No- (2)
Tyt Bo i No — koedinieHT miHIiHOT peKOMOiHAIT Ta KOHIIEHTPAIIis €IEKTPOHIB 32 BIZICYTHOCTi 30ypeHb.

3 (1) i (2) mpu B = o Maemo:
_AN_, N _1-B__A ®)
N, N, 1+& 1+¢&

Jlns Xapkosa 1 — B = A = 4.4%. 3unauenns & anpiopi Hepizomo. MMoBipHO, BoHO 3amexuts Bix akTuBHOCTI CoHI. 3a
nanuMu pobotu [59] mpuiimemo & = 1.15-1.25. Togzi 3 (3) maemo oy = (3.5-3.8)%, wo ayxe OIM3BKO 10 3HAYCHHS,
OTpUMaHOTrO 3i crioctepexeHs (3.7-3.8)%.

8N
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Puc. 6. Uacosa 3anexHicTh MiHIMaJIbHOI YacTOTH BinbuToro curnany. [lepepuBuacti ninii — koB3Ha cepents 3a 120 xB: a —
10 yeprust 2021 p.; 6 — 11 yepBHs 2021 p.; 6 — 24 yepsHs 2021 p.
Fig. 6. Time dependence of the minimum frequency of the signal reflected. Dashed lines are 120-min moving average: a is of
the June 10, 2021; 6 is of the June 11, 2021; s is of the June 24, 2021
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Puc. 7. YacoBa 3aiexHicTh Bapialliii MiHIManbHOI 4acTOTH BigouToro curnany: a — 10 wepsns 2021 p.;
6 — 11 uepsHsa 2021 p.; 6 — 24 yepBus 2021 p.
Fig. 7. Time dependence of variations of the minimum frequency of the signal reflected: « is of the June 10, 2021; 6 is of the June 11,
2021, 6 is of the June 24, 2021
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Puc. 8. Hacosa 3anexHicTb Aitouoi Bucotu F2-mapy ioHocdepu. [epepusuacti miHil — koB3Ha cepenns 3a 120 xB: a — 10 yepBHs
2021 p.; 6 — 11 wepsHs 2021 p.; 6 — 24 uepBus 2021 p.
Fig. 8. Time dependence of the virtual height of the F2-layer of the ionosphere. Dashed lines are 120-min moving average: a is of the
June 10, 2021; 6 is of the June 11, 2021; ¢ is of the June 24, 2021
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Puc. 9. Hacosa 3anexxHicTh Bapiauiii girouoi Bucotr F2-mapy ionocdepu: a — 10 yepsus 2021 p.; 6 — 11 yepsnus 2021 p.; 6 — 24
yepBHs 2021 p.
Fig. 9. Time dependence of variations in the virtual height of the F2-layer of the ionosphere: a is of the June 10, 2021; 6 is of the
June 11, 2021; s is of the June 24, 2021

3ayBaxuMo, 1110 MakcumaibHe 3MeHieHHss N crocrepiranocst o 14:40.5, to6To uepe3 wac t~ 12.5 xB mics
HacTaHHs MakcumanbHoi (asu C3. Yac 1= L. [To6ausy Bucotn Makcumymy mapy F2, ska nporsrom C3 6yia 61u3bK0
250 xM, 3Hauenns B = 1.3-10°% ¢! [74, 75]. Toxmi pospaxynkoBe 3HaueHHs T= 12.8 xB, mO Ayxke OIM3BKO 10
croctepexyBanoro (t~ 12.5 xs).
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Jonamo, mo yac 3ami3HIOBaHHS, OMM3bkuil 1o T~ 12.5 xB, nporsirom C3 HeoIHOPa30BO peecTpyBajocs 3a
JIOTIOMOTOI0 MEpEeXi 1OHO30HIIB, pajgapa HEKOT€peHTHOro pOo3CisiHHS Ta iHmmX 3acobiB [59]. Ile ozHawae, mo
crnocrepexxyane 3MeHIeHHs! N mpotarom yacy C3 IiliCHO BUKIIMKAHO 3aTEMHEHHSIM.

3uaroun Bo i No = (2.9-3.0)-10 M3, MorkHa oiHMTH IBUAKICTL i0HOYTBOpEHHS BoNo = (3.8-3.9)-108 M3c L.

Keasinepioouuni eapiayii. 3 Puc. 5 Buano, mo no HactanHs C3 1 micias HbOTO TEpioj KBa3iNepioauuHHX
Bapianiii OyB mocuts BenmkuM: 40-60 xB. [Ipotsrom C3 Bin cranoBuB 10-15xB. V cycimHiii meHp takox T =~ 60—
100 xB. € Bci miacTaByu BBaXKaTH, 0 mpoTsaroM C3 reHepyBanncs KBa3imepioqnyHi Bapiallil KOHIICHTpaIlii eJIeKTPOHIB 3
BisiHOCHO HeBesmkuM riepiogom (10-15 xB) i amrutitymoro 1.7-4%. [TinTBepauMo 1ie 3a JaHUMH BUMIPIB F0OY0i BUCOTH
mapy F2 (muB. Puc. 7). Ilporsarom C3 Manu Mmicie KBa3inmepiomuuHi Bapialii Z, 3 Takum xe mepiogom 10-15xB i
amrutitynoro 40-50 km (BizHOCHOW ammmitymow 9.1-11.4%). 11 gepsus 2021 p. mepion cranoBue 30-60 xB, a oy ~
2.9-8.6%.

Bapiayii minimanonoi cnocmepeacysanoi wacmomu. Ipotsrom C3 y Bapiamisx fmin cmoctepiranocs nsa edexra,
ski Oynu BimcyTHI B cycimuiit nens. Ilo-mepime, y 3—4 pasu 3MEHIIUBCS piBeHb (Guykryarii fmin (mus. Puc. 9). Io-
apyre, npotsaroM C3 moMiTHO 3MeHIIMncs 3HaueHHs . Bim 3 mo 2.85 MI'm (Ha 5%) (nuB. Puc. 8). Lle 3MeHIIeHHS
TaKOX CBIQUUTH Mpo 3MeHuieHHs mnpoTsrom C3 3uadens N y HmwkHid ioHochepi (z <100 km). 3Harun

f . ~285MIu, f

owiHUTH ON. Bono BusBritocs 6im3bk0 2.2%.
3a po3paxyHKaMH

~ 3 MI'1 i ripouactoty enekrponis fg = 1.5 MI'11 3a criBBigHOIIEHHIM 3 poboTH [76] MoxHA

6N:1—/B+§:20%.
1+¢§

SIk BUITHO, PE3yIBTATH CIOCTEPEKEHD Nat0Th Onm3bke (2.2%) 3HaUeHHS 70 po3paxyHKoBoro (2.0%).

min o

Honamo, 110 BixminHOCT] y noBeainni TpeuaiB N, z, 1 f,, 10 Ta 24 yepBHs Oynu cyrreBuME 10 16:15-16:30.
Ie moxe cBimuuTH Tpo Te, Mo ehektr C3 MPOIOBKYBATUCS MPOTATOM IJIOI TOJAMHU MICHs 3aKiHUCHHS 3aTEMHCHHS.
Toxi6bHi edexTr Mu cioctepiranu i Bpogosxk inmmx C3 [59].

Takum gmHOM, yacTkoBe C3 3 ayke HEBETUKMMH MaKCHManbHUMH 3HadeHHsMH (asu (0.112) Ta BigHOCHOI
wromi mokpuTTa nucka CoHms (4.4%) mpu3Beno OO psmy CIIOCTEPEXKYBAaHMX 3a JOMOMOTOIO i0HO30HIA e(eKTiB B
i0oHOChEpI.

I'OJIOBHI PE3VJIbTATH

IOHO30HIOBI CIIOCTEPEKEHHS 3a cTaHOM 10HOCGepHu B fAeHb C3 1 B KOHTPOJbHUN JC€Hb JO3BOJIMIN BUSBUTH PSLI
e(eKTiB, 00YMOBJICHUX 3aTEMHECHHSIM.

1. BusiBneHO MakCUMaJbHE 3MEHIIEHHS KOHIEHTpALil eJeKTPOHIB y MakcuMyMi mapy F2 ionoctepu Ha 3.7—
3.8%. 1le 3Ha4YeHHs BUSIBIIIOCS JIy*e OJIM3bKUM J10 po3paxyHkoBoro 3.5-3.8%.

2. BcraHoBIeHO, 1110 Yac 3ammi3HIOBAHHS CIOCTEPEKCHHS MiHIMATbHOTO 3HAYCHHS KOHIICHTpAIlil JIEKTPOHIB 10
BiJIHOIICHHIO JI0 MAaKCHMAaJbHOTO 3HAa4YeHHA (a3u 3aTeMHEHHS CTaHOBWIO 12.5 XB, IO JAyXe ONU3BKO [0
pO3paxyHKoBoro yacy 12.8 xB. 3a 4acoM 3alli3HIOBaHHs OliHEHMH KoedilieHT HiHiiiHOT pexom6inamii (1.3-1073¢™Y) i
IBUAKICTH 10HOyTBOpeHH: (3.8-3.9)-108 M~3-¢ L,

3. C3 cynpoBoKyBaJIOCS TEHEPAIEI0 KBa3iMepioJMIHIX KOJIMBAaHb KOHICHTPAIii JIEKTPOHIB i JiF040i BUCOTH
mrapy F2 3 mepiomom 10-15 xB i ammutitynamu 1.7-4% ta 9.1-11.4% BinmoBixHO.

4. Mpotsrom C3 y 3—4 pa3u 3MeHIIUBCS piBeHb (PIyKTyamiid MiHIMAaTbHOI CIIOCTEPEKYBaHOI Ha iOHOTpamax

yactotH. KpiM Toro, Majo micue 3MeHIIEHHs ycepeaHeHuX 3Hadenb f., Bim 3 mo 2.85 MI'm (Ha 5%), mo cBiguuio

PO 3MEHIICHHS MOTJIMHAHHS PaJioXBUJII Ta KOHIEHTpalii eleKTPOHIB y HIDKHIM ioHocdepi (Bucotn menure 100 km).
3a oliHKaMu 11e 3MEHIIeHHS CKIIaIo O0Ju3bKo 2% (3 TaHuX CrocTepekeHpb 2.2%).
5. Peakmis Ha C3 criocTepiranacs, MBHUAIIE 3 BCE, 1 MICISA MOTO 3aKiHUEHHS MPOTATOM ~ | TOIUHU.

®IHAHCYBAHHS POBOTH
Hocnimpkenns YopHoropa JI. ®@. BukoHaHo B paMkax npoekty HarioHansHoro doHmy mocnimpkenb YKpaiHu (Homep
2020.02/0015  «TeopeTmyHi Ta  ©KCICPUMEHTAJbHI  JOCHI/KEHHS  DIoOambHUX  30ypeHb  MPUPOIHOTO
1 TEXHOTeHHOTO TIOXOJUKEHHS B cHcTeMi 3emisi—aTtMocgepa—ioHocdepa»). Takox pobora Yopnoropa JI. .

ta llumbama A. M. 4YacTKOBO miATpuMaHa B pamkax nepxOromkerHnx HJIP, 3amanmx MOH Vkpainu (HOMepu
nepxpeecrpanii 01190002538, 0121U109881 i 0121U109882).
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EFFECTS FROM THE JUNE 10, 2021 SOLAR ECLIPSE IN THE IONOSPHERE OVER KHARKIV:
RESULTS FROM IONOSONDE MEASUREMENTS
L. F. Chernogor, L. I. Mylovanova, Yu. B. Mylovanov, A. M. Tsymbal, Y. Luo,
V.N. Karazin Kharkiv National University, Ukraine, 61022, Kharkiv, Svobody Square, 4

Background. lonospheric effects from solar eclipses (SEs) have been studied for over a century. The studies intensified in the
1960-1970, when rockets, satellites, ionosonde networks, and incoherent scatter radars became actively involved in the
investigations. The following basic features of SEs displayed in the ionosphere have been established: a decrease in the electron
density and the electron, ion, and neutral temperatures, changes in the dynamics of the ionosphere, and the generation of acoustic
and atmospheric gravity waves. The recurring regular features are observed together with the features pertaining to each
individual SE. Therefore, the study of the effects of each new solar eclipse is an urgent task.

The purpose of this paper is to present the results of analysis of the ionogram measurements acquired by the digisonde located at
the Radiophysical Observatory, V. N. Karazin Kharkiv National University.

Techniques and Methodology. The observations of the state of the ionosphere were made using the digisonde specifically
developed by the V. N. Karazin Kharkiv National University and located at the V. N. Karazin Kharkiv National University
Radiophysical Observatory (49°38' N, 36°20' E). The data processing included the following. First, the time series of critical F2-
layer frequencies, f,F2, of the minimum frequency, fmin, 0bserved on an ionogram, and of the virtual height were plotted. Second,
the trends and the differences between the initial series and the trends were calculated. Third, given the f,F2(t) values, the electron
densities N(t) and their increments AN(t) were calculated, and fourth, the systems spectral analysis of AN(t) dependences was
conducted to determine the spectral content.

Results. A maximum decrease of 3.7-3.8% in the F2 peak electron density has been detected. This value agrees very well with
the calculated value of 3.5-3.8%. The time delay between the minimum in the electron density observed and the maximum value
of the phase of the solar eclipse was determined to be 12.5 min, which is in good agreement with the calculated value of 12.8
min. The time delay suggests that the linear loss coefficient was 1.3x102 s and the production rate was (3.8-3.9)x10% m3s,
The SE was associated with the generation of quasi-periodic oscillations in the electron density and the F2 layer virtual height,
within the period range of 10-15 min, and with amplitudes of 1.7-4% and 9.1-11.4%, respectively. The fluctuations in the
minimum frequency observed on the ionograms showed a factor of 34 times decrease in the course of the SE. In addition, a

decrease in the averaged values f . was observed to occur from 3 to 2.85 MHz (by 5%), which suggested that the radio wave
attenuation by absorption decreased due to a decrease in the lower-ionosphere electron density below 100 km altitude. This
decrease was estimated to be about 2%, while the decrease determined from the observations gave 2.2%.

Conclusions. The partial solar eclipse with a very small value of the maximum magnitude (0.112) and obscuration of 4.4% acted

to produce a few effects observed in the ionosphere with the ionosonde.

KEY WORDS: solar eclipse, ionosphere, ionosonde, virtual height, electron density, maximum decrease, quasi-periodic
oscillation
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OINTHUYHI XAPAKTEPUCTUKH TJIIBOK ZnO BUPOIIEHUX 30JIb-TEJIh
METOJIOM

AxryanbHictb. Oxcun muHKY(ZNO) € TepCreKTHBHEM MarepiaioM JUisi CTBOPEHHS HAIMiBIPOBIAHMKOBHX JDKEPEI
BUIIPOMIHIOBAHHS Ta JETEKTOPIB B 001aCTi KOPOTKUX XBUJIb ONITHYHOTO Jiana3oHy. [1miBku Ha ocHOBI ZNO po3risiaroThCs SIK
MOJKJIMBI €JI€MEHTH IPHUIALiB ONTOETIEKTPOHIKH, 32 JOMOMOTOIO SIKUX MOYKHA BIUTUBATH Ha X ONTHYHI BIAaCTUBOCTI. MeToan
CTBOPEHHSI TAKHX ILTiBOK € JOCUTH PI3HOMaHITHUMH, IIPOTE OTPUMAHHS SKICHAX Ta MAJIOBApTiCHUX IUTIBOK ZNO 3aiMIIaeThest
Ba)KJIMBOIO HAYKOBO-TEXHIYHOIO 3a/1aueto, M0 MoTpedye po3B’s3Ky. OTxKe, MPOBEACHHS JOCITIIPKEHb B IIbOMY HAIPSIMKY Ta Ha
X OCHOBI BUPOOIICHHSI peKOMEHIaIlii 10 CUHTE3Y MTiBOK ZNO € aKTyanbHUM.

Metoro poboTu € oTpuMaHHs IUTiBOK ZNO 3 BUKOPHUCTAHHSAM 30JIb-TeJb METOAY Ta OLHKA X ()i3UYHOI CTPYKTYpH Ta
ONTUYHUX BIAacTHBOCTEH. [IpOBENECHHS ONIHKM BIUIMBY YJIBTPadioreTOBOTO BUIPOMIHIOBAHHS HA CTPYKTYPY Ta ONTHYHI
XapaKTEePUCTUKH OTPUMAHHUX ILTiBOK.

Metonu i Metonmostorisi. PosrisiHyro mponec orpumanHs IiiBok ZnO. OmmcaHo mponec OTPUMAaHHSA TakKUX IUTBOK 3
BUKOPUCTaHHSIM 30JIb-Telb MeToxy. IIpoBeeHo Bi3yalbHUH aHalli3 eKCIepHMEHTAbHO OTPUMAHMX ILTBOK. IIpoBeneHo
eKCIIepIMEeHTaNIbHE JOCIIDKSHHS ONTHYHUX BIacTUBOCTEH MTiBok ZNO. 30kpemMa aHali3yeThesl BIUIMB  YIBTPadioaeToBOro
BUIIPOMIHIOBAHHS, IO BHKOPHUCTOBYETHCS Ha €Tali OTPHMAHHS IUIIBOK Ha OCOONMBOCTI iX 3JaTHOCTI IO MOTJIMHAHHS
BUTIIPOMIHIOBaHHS B ONTUYHOMY Iiara3oHi.

Pe3yabTaTi. 3 BUKOPHUCTaHHIM 30Jb-T€JIb METOY €KCIIEpUMEHTanbHO oTpuMaHo wiiBku ZnO. Ilnisku ZnO dopmyBammcs
Ha KBapleBUX Miaknankax. [lokazaHo, IO B OTPUMaHUX IUTiBKaX, siki Oyno copmoBaHO Oe3 BIUIMBY BHIPOMIHIOBAHHS,
CTIOCTEpIraeTsCsi YTBOpeHHsI HaHOYacTHHOK ZNO. BukopucranHs yabTpadioneToBOro BUIPOMIHIOBaHHS Ha €Tari KiHIEBOl
TepMiyHOT 00poOku 3a Temnepatypu 480° C npu3BoauTh 10 GopmyBaHHs Oinb sikicHOT TTiBKKM ZNO Ta 3MEHIIEHHS po3Mipy
rpaHyi1. AHai3 XIMIYHOTO CKJIa/ly ITiIBOK 3 BUKOPHUCTAHHSIM PEHTTeHO-(ITyOpPECIIEHTHOTO aHaIi3y NOKa3ye HasBHICTh LUHKY
Ta KHCHIO B YyTBOPEHHMX ILTIBKaX, a TAaKO)K HE3HAYHHH BMICT BYIJIEIIO, II0 HOB'I3aHO 3 BUKOPUCTAHHS Yy SKOCTI MiIKIaJI0K
kBapiy. OTpHUMaHO 3aJeXHOCTI MPOITYCKHOI 37aTHOCTI IUIiBOK ZNO BiJ TOBXHWHM XBWIJII BUIPOMIHIOBAHHS, IO MAJa€ Ha
wiiBky B mianmasoni 200- 450 um. [lokazaHo, 1m0 y IUTIBKaxX, sKi Ha eTami TEPMiYHOT OOpOOKH 3HAXOIMJIMCSA i i€
yIBTPadioIeTOBOTO BHIIPOMIHIOBAHHS, CIIOCTEPIra€ThCs 3MIIIECHHS BEIWYMHU TPAHUYHOI OBXHHU XBWII, SIKa BIATIOBiIae
Kparm TOTJMHAHHA, Ta, BIANOBIAHO, 3MEHIICHHS IIUPUHH 3a00pOHEHOI 30HM, fKa OOYHCIIOEThCA 32 pPe3yJbTaTaMH
CKCIIEPUMEHTY.

BucnoBku. OTxe, Iist ynpTpadioseTOBOro BUMPOMIHIOBaHHS Ha eTami (iHanbHOI TepMidHOi 00poOKH B tutiBkax ZnO, ski
(hOpMyYIOTBCS 32 JOMOMOTOIO 30JIb — I'ellb METOJY, IPH3BOAUTE 10 TIOKPALICHHS SIKOCTI IUTIBOK Ta O 3MiHH iX ONTHYHUX
BJIACTUBOCTEH, 30KpeMa 3MEHIIEHHS eHeprii, 110 BiANOBIAa€e MOPOry MOTJIHHAHHSL.

KJIIOUOBI CJIOBA: 30ib-resib MeTOA, OKCHA LHMHKY, TepMmidyHa o0polka, yJbTpadiojieroBe BHUIPOMIHIOBAHHS,
MOTJIMHAKYA 31aTHICTh, MOPIr NOTJIMHAHHS, JOBKHHA XBHJIi

SIx muryBaru: Karpuu I'. C., Ilerpymenxko C. 1., bouyna O.B. OntuuHi XapakTepucTuky IUIiBoK ZnO BUPOILIEHUX
30Jb-T€JIh MeTO/I0M. BicHUK XapKiBChKOTO HallioHaNbHOTO yHiBepcuTeTy iMeHi B. H. Kapasina. Cepis «Pamiodizuka ta
enektpoHika». 2021;35:84-90. https://doi.org/10.26565/2311-0872-2021-35-07

In cites: Katrich GS, Petrushenko Sl, Botsula OV. Optic properties of ZnO films grown by sol-gel technique. Visnyk of
V.N. Karazin Kharkiv National University, series “Radio Physics and Electronics”. 2021;35:84-90. (In Ukrainian).
https://doi.org/10.26565/2311-0872-2021-35-07

BCTYII
Oxcuj nuHKy(ZNO) repeBaXKHO PO3TIIAAETHCS K MEPCIEKTUBHUN MaTepial /il CTBOPEHHS HAMiBIIPOBIIHUKOBUX
JOKepell BUIIPOMIHIOBAHHS Ta JIETEKTOPIiB B 00JacTi KOPOTKUX XBWJIb ONTHYHOIO Jianma3oHy. [l MHUX 3aCTOCTOCYBaHb
ZnO MOe BHUKOPHCTOBYBATHCS SIK CAMOCTIMHO, HAIMPUKIIAJ, B SKOCTI Marepiany Jjis 0JIbOBOro TpansucrTopall,2], rak
1 BHUCTYNaTd JOMOMIKHHAM €JEeMEHTOM KOHCTPYKINi, HAmpHKJIal, JUIsl CTBOPEHHS IMPO30POr0 KOHTAKTy JIO
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orrroesiekTporHoro mpmwiany[3]. Bin Mae Bci BIaCTHBOCTI, IO XapaKTepHi IS IHIIUX ITMPOKO30HHHUX MaTepiais,
30KpeMa I HITPUIHUX CIONYK, KapOiqy KpeMHIIo Ta iHIINX: pamialiifHy CTiHKiCTh, 3HAaYHy BEIWYHHY IIOJIS MPOOOIO,
3IaTHICTH MPAIIOBATH 332 BHCOKUX TEMIEpaTyp OTodylodoro cepenosuimal4,5]. OcobnmBicTIO HIBOTO Martepiaiy, sKa
CYTTEBO Bipi3HSAE HOTO BiJ BUIE 3TaJaHUX MaTepiaiB, € HOro BUCOKA MPO30PICTh, SKa i BU3HAUMIIA MPIOPUTETHY
o0xacTe HOTO 3aCTOCYBaHHS.

OcraHHIM YacoM IHTEpecC JI0 IIbOTO MaTepially TaKOX IOB'SI3aHUIl 3 MOXKJIMBICTIO BUKOPHCTAHHS HOT0O Y BUTJISI
TOHKHX IUTIBOK Ta ()OPMYBAHHIO B HUX HAHOYAaCTHHOK[6]. BukopucTaHHs TakHX IUTIBOK Ja€ 3MOTY 3MiHIOBATH ONTHYHI
BJIACTHBOCTI MPHJIA/IiB ONTOCICKTPOHIKH Ta B JICSIKUX BUMAIKaX OTPUMATH HOBI ONTHYHI Xapakrtepuctuku[7]. Bigomo,
1110 HU3bKOOMHI IUTIBKM OKCHIY LIMHKY P-THILy MOJKHA JOCTaTHBO JIETKO OTPUMATH IIISIXOM JIETYBaHHS ajJIOMiHIEM, B
TOW 4Yac K IUIiBKU N- Tumy QopmytoThess BBeneHHsM Ga. Lle nosBossie posrisimatu 1i 00’€KTH B MallOyTHBOMY SIK
OCHOBY JUISI CTBOPEHHSI €JIEMEHTIB JIJIsl COHSIYHOT CHEPreTHKH.

Hapasi oTpuMaHHS IDTIBOK OKCHAY IIMHKY € BAXKIIMBOIO TEXHOJIOTIYHOIO 3ajadero, ska, He OepydH 1O yBaru BEIHKY
KUTBKICTh HasBHUX TEXHOJOTIYHHX METOMIB, MOTpeOye CBOro po3B’s3Ky. Ha choromHi BiZOMO IeKiIbka OCHOBHHX
METOZIB OTpUMaHHS IUIiBOK ZNO: MarHeTpOHHE Ta PaaiOYacTOTHE PO3MILICHHS, €IIEKTPOHHO-TIPOMEHEBE Ta IMITYJIbCHE
Ja3epHe OCaPKCHHs, METOJ OCAJKCHHS 3 BOJHUX PO3YHMHIB, TEPMiUuHE OKHCICHHS CIIONYK ,II0 MICTATH LWHK Ta PAA
igmmx [8-13]. OcHoBHHUM KpuTepieM BHOOpPY TOro a00 IHIIOTO TEXHOJOTIYHOTO IIPOLECY 3aUIIAETHCH SKICTh
OTPUMAaHUX IUTIBOK Ta X cOOiBapTICTh.

Mertoro 11i€l poOOTH € CTBOPEHHS 0a3u I SKCIEPUMEHTAILHOTO OTpUMaHHs IUTiBOK ZNO 3051b-Telb METOIOM Ta
BU3HAYCHHS BIUIMBY Ha Tporec (GOpMyBaHHs IUTIBOK 30BHIIIHIX  (akTopiB, 30kpemMa  yiIbTpadioleTOBOro
BUIIPOMIHIOBaHHS.

METOJUKA EKCIIEPUMEHTY

O dopmyBanHs miiBok ZnO B poOOTI BUKOPHUCTOBYETHCS 30Jb-Tellb MeTOA. Ll TexHoxoris mepenbadae
(hopMyBaHHS TUTIBOK B Pe3YyJIbTaTi YTBOPEHHS TEIO 13 30TH0(KOIOITHOT AUCIepCil TBepAMX YaCTHHOK B pimuHi). Crix
BII3HAYMTH, IIO BCi MaTepiaay, IIO OTPUMYIOTBHCSA 3a JOMNOMOTOI0 IIbOTO METOAY € HaHOMaTepialamu, TOMY iX
BJIACTUBOCTI MOXYTh CYTTEBO BIAPI3HATHUCS Bij MaTepiatiB, IO OTPUMAHO B iHIIKH c11ociO.

Jlnst IpUroTyBaHHSA PO3YHMHY JUIA 30JII0 HEOOXiAHY KUIBKICTH aneraTy HuHKY 3amuBanu 100% i3omporminoBum
cnupToM 1 mepemimryBanmu 3a temmeparypu 60 °C. Jlnsg crabimizamii reqro B pO3YMH JOJABAK TPHETAHOIAMIH
(CsH1sNO3). IToTiM po3unH po3MillyBaidu B yJIbTpa3BykoBoMYy aucrepraropi mpotrsrom 20 xB. OTpumaHy cymimn
MOBUIBHO OXOJIO/KYBAJIM 1O KIMHATHOI TeMIlepaTypd 1 BUTPUMYBalIW 2 JHI IO TOTOBHOCTI 30JII0 32 TEMIEpaTypH
HaBKOJIMIIHBOTO cepepoBuiia (22+2) °C. CTyniHb TOTOBHOCTI PIJIKOTO TEJIO 10 HAHECEHHS OL[IHIOBANACS 32 CTYIEHEM
fioro B’si3kocTi. s hopmyBaHHs miapiB mwiiBok ZnO 30Jb-TeIb METOAOM BUKOPHCTOBYBAIOCS IeHTpHdyryBauus. 11106
OTPUMATH OJHOPIMHI IUTIBKM 13 33JaHOI0 TOBIIMHOIO, 4acToTa obepraHHs neHTpudyru Budupagacs 2000 06/xB, 110
3HAXOAUTHCS Y BIAMOBIMHOCTI 0 METONMKH, sika Oyna onucana B [14]. V skocti mimknaakd mais GOpMyBaHHS [UTBKH
BUKOPHCTOBYBAJIOCS KBaplieBe CKkIo. [17acTHHY 3 HAHECEHUM Ha HUX 30JI€M MPOXOJIMIIH ITONIepeiHI0 cymKy. /st mboro
BOHHM IIOCTYNOBO HarpiBaimmcss 1o Temueparypu 250 © C, micis 4oro IUIACTUHKA BUTPUMYBalacsi 3a HE3MiHHOL
Temneparypu npotsaroM 20 xBuwinH. [ OTpUMAaHHS mapiB i3 OLIBIIOK TOBIIMHOIO IMPOLEC HAHECEHHS 1 CYIIiIHHS
noBToproBaBcs. C(hopMoBaHa B Takuii cIIociO IITiBKa HOCTYIIOBO HarpiBanacs 1o temmepatypu 480°C Ta BHTpUMYyBasiacs
3a 1iei Temmeparypu mpotsarom 30 xBuiwH. YacTHHA OTpUMaHUX 3pa3KiB Ha eTami (iHIITHOT TepMOOOPOOKH TOBEPXHI
mijgaBanacst BIUIMBY YJbTpadiolIeTOBOrO BHMIIPOMIHIOBaHHS. SIK JpKepeno yibTpadiosieTOBOro BUIIPOMIHIOBAHHS
BukopucToByBanacs jammna JIPIII-500. Ha octanHboMy erami 3pas3kd i3 ¢()OPMOBAHMMH Ha CKJIi IUTIBKAMH MOBIJILHO
OXOJIOJUKYBAJIUCS JI0 TEeMIIepaTypd HaBKOJMIIHBOTO CEPEJOBHINA 1 MNPOMHUBAIKCS JUCTUILOBAHOK BOJOK B
yIITPa3BYKOBIH BaHHI Ta OCTATOYHO BUCYLIYBAIKCS 32 3BUYaHUX YMOB. MIKPOCTPYKTYpY Ta €I€MEHTHHHI CKJIaJ1 3pa3KiB
JIOCJTIIKYBAJIA 3 BAKOPUCTAHHSM PACTPOBOIO eIeKTPOHHOro Mikpockona Tescan Vega 3LMH, ocHalieHOro 1eTeKTOpOM
XapaKTepPUCTUYHOI0 peHTreHiBchbkoro BunpominioBants XFlash 5010, Bruker.

CTPYKTYPA TA XIMIYHUMI CKJAJ IUIIBOK ZNO

VY pesynbTaTi Nporecy BUTOTOBJIEHHS IUTIBOK OyJI0O OTPHMAaHO JBi TPYIH, B OJHIH 3 SIKMX 3HAXOIMIINCS IUTIBKH,
AKi Oysu oTprMaHoO 0e3 BIUIMBY YJIbTpadioseToBOro BUNpOMiHIOBaHHS, Puc.l, a iHIIN OynW IITiBKH, MTOBEPXHS SKUX
IiiaBanacs BIUIMBY YJIbTpadioleTOBOro BUIIPOMiHIOBAaHH Ha eTani ¢iHimHoi TepmiuyHoi 00poOky, Puc.2. HaBeneni Ha
Puc. 1-2 306paxkeHHs OyJI0 OTPUMAaHO 3 BUKOPUCTaHHS €JIEKTPOHHOTO MiKPOCKOILY, JIe 300pakeHHs a) Ta 0) oTpuMaHi
32 BUKOPHUCTaHHS Pi3HOI BEMMYMHM MacimTaly 300pakeHb. Ha HaBemeHWX 3HIMKax o0JacTi, IO BiANOBialOThH
chopmoBanuM nrapam ZnO, MaroTh OLIKI KOJIp, HA BiAMIHY Bij o0nacTel, B sKMX IUTIBKa He copMmyBajacs, BOHH Ha
3HIMKax OUTBII TEMHI.

Ha pucynkax MokHa moOa4uTH BiAMIHHOCTI, [0 BHHUKAIOTh Yy IUIACTHHKAX 3a Pi3HUX yMOB iX (OpMyBaHHS.
30kpema, B 000X BHIIQJIKaX CIIOCTEPIra€Thcsi BUHUKHEHHs rpaHyn ZnO po3MipoM B jaecsiTku HaHometpis. [Ipote y
3pa3kax, sKi Ha erami (iHAJBPHOI TepMiuyHOiI OOPOOKHM 3HAXOMMIHCS MiA Mi€I0 yabTPadioIeTOBOrO BUIPOMIHIOBAHHSA,
CIIOCTEPIraeThes OUIBII MIIIbHA YIIAKOBKA TA JIUISTHKH, 1€ OJHOPIAHICTh OTPUMAHHX IUIIBOK € JIOCUTH BUCOKOI0. OLIHKH
PO3MIpiB HAHOKPHCTAJITIB IOKA3aJIM, 10 B OTPUMAHMX ILTIBKaX, siki OyJio copmoBaHO O3 BILIMBY BHIIPOMiHIOBaHHS,
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CIIOCTEpIraeTbcsl YTBOPEHHS HaHo4YacTMHOK ZNnO 3 po3mipamMu  TpaHyn Onmspko 70 HM.  BuxopucraHHus
yIbTpadioneToBOro BUNPOMIHIOBAHHS Ha €Tall KiHIeBoI TepMiyHOI 00poOku 3a Temmepatypu 480° C npu3BoauTh 10
(opmyBaHHs Oinbir sKicHOT TuIiBKKH ZNO Ta 3MeHIeHHs po3Mipy rpanyi 1o S0 HM. MokHa BiAMITHTH (QOpMYBaHHS
OLUTBII SKICHUX TPAHUIL PO3JLTY, IO TAKOXK BKa3YeE SKICTh 3pa3KiB, MI0 GOPMYIOTBCS IiJl BILTHBOM YJIbTPadioieTOBOTO
BHUITPOMiHIOBaHHS.

VEGA3 TESCAN

SEM HV: 30.0 kV WD: 10.08 mm

View field: 2.

Puc. 1 SEM 300pakeHHS IOBEpXHi IUTIBOK, [0 OTPHIMAHO 0e3 BILTHUBY yIbTPagioleTOBOTO BUIIPOMIHIOBAHHS: a)
Fig. 1. SEM image of the surface of the films obtained without exposure to ultraviolet radiation: a)

VEGA3 TESCAN

SEM HV: 30.0 kV
View field: 2.00 mm

Puc. 2 SEM 300pakeHHs MOBEPXHi IUTIBOK, 1[0 OTPUMAHO 3 BUKOPUCTAHHSM YJIbTPadiolieTOBOro BUPOMIHIOBAaHHS Ha
erami (iHIIIHOT TepMiYHOT 0OPOOKH.
Fig. 2. SEM image of the surface of the films obtained using ultraviolet radiation at the stage of finishing heat
treatment.

Pesynbrati XiMIi4HOTO aHANi3y IUTBOK, SKi OyJM OTpUMaHi METOAOM PEHTICHO-(DIYyOpEeCHeHTHOrO aHaNTi3y,
nokasani Puc. 3

XiMiuHHH CKJIa]] IUTIBOK MPAKTHYHO OJHAKOBUIL. AHaJi3 MOKa3ye HASBHICTh IUHKY Ta KUCHIO B YCIX YTBOPEHHX
IUTIBKAaX, @ TAKOX HE3HAYHHUI BMICT BYTJIEIIO, MA€ IOMIIIKOBHI XapakTep i MPaKTUYHO 3Bk croctepiraeTbes B EDS
crekTpax. Takok y JesSKHX OTPHMMaHHUX 3pa3Kax IITBOK MPOSBIAEThCA  IPHUCYTHICTh KpPEMHilO, HAIPHKIAX Ha
Puc. 3a, 10 moB’s13aHO 3 BUKOPUCTAHHSM KBapIOBOI MiIKIA/IKH, KA NPUIMAE yqacTh B FeHepallii XapakTepUCTUIHOTO
BUIPOMIHIOBaHHS. Manuii BMICT KpeMHiI0 BKa3ye Ha Te, IO JAOCILKyBaHi IWIiBKH ZnO € cyninbHUMH, a iX TOBIIMHA
CKJIaJIa€ KUTbKa MIKPOH.
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B3c/eB B3c/eB
i Zn 5 : Zn
I - 1
l 0
2 0] 2
| 1
C Si C
0 L h“- 0
I 2 E, xeB I 2 E, xeB
a) 0)

Puc 3 Ximiunuii cxnan rwriBok ZnO a) mniBka, 110 OTpruMaHa 0e3 BIUTUBY YiIbTpaghioneTOBOro BUMPOMiHIOBaHHS; b)
IUTIBKa, [II0 OTPHMAaHa MiJl BILIMBOM YJIbTPagiojeTOBOrO BUIPOMIHIOBaHHS
Fig. 3. Chemical composition of ZnO films a) film obtained without exposure to ultraviolet radiation; b) a film obtained
under the influence of ultraviolet radiation

OIITUYHI BJIACTUBOCTI ILUIIBOK ZNO
OnTHyHI  BNACTHBOCTI OTPHMAaHMX IUTIBOK OMIHIOBAJ M INUIIXOM BUMIPIOBAHHS KOC(]IMI€HTY MPOITyCKAHHS
marepianry T, Puc.4 , xpusi | ta 2. /lng Bu3Ha4YCHHS BIUIMBY IIAKIAJKHA Ha PE3yJbTaTH BHUMIPIOBaHb IPOITyCKHA
CIIPOMOJKHICTH KBapLEBHX MiAKIATOK Oyla orpuMaHa okpeMo ( Puc.4, xpusa 3)

T ] Ut

0.8 3

0.6

0.4 4

024 1

0,0 +——>+—""—"F—"T—"1—v——7—
200 300 400 L, HM

Puc 4 3anexHicTh Koe]ilieHTY IPOITyCKAHHS BiJ JOBXKHHH MAaAI090TO eICKTPOMArHITHOTO BUIIPOMIHIOBAaHHS: | -
IUTIBKA, SIKY OTPUMaHO 0e3 BIUIMBY yJIbTPadioleTOBOr0 BUIIPOMIHIOBAHHS; 2 - IUTIBKA, SIKY OTPUMAHO ITiJ] BIUTUBOM
yIbTPadioeTOBOro BUIPOMIHIOBaHHS; 3 — KBapleBa IiKIaKa.

Fig. 4. Dependence of the transmittance on the length of incident electromagnetic radiation: 1 - film obtained without
exposure to ultraviolet radiation; 2 - film obtained under the influence of ultraviolet radiation; 3 - quartz substrate.

BenmunHa iHTCHCHBHOCTI CBITJIa 32 YMOBH, III0 BOHO TIPOXOJUTh TUIBKH Yepe3 KBApLEBY MiAKIAIKY, IPHAMANTAcs
3a BEJIMYMHY IHTCHCUBHOCTI CBITJIa, IO MaJa€ Ha MIiBKy. OJHOYACHO MPUIMAaocs, I0 KoedilieHT BiqOUTTS CBIiTIA Bif
IUTIBKK € JIOCHTh MalluM R < 1, IO € BHUIPABIAHO, BPAXOBYIOUM MATOBY CTPYKTYpy II HOBepxHi. 3 OoTpuMa
370 HM, 11O OHOYACHO O3HAYa€ 301IbIIEHHS KOe(IiEHTY MOTIUHAHHS CBITJIa Ha OUIBII KOPOTKUX JOBXHHAX XBHWJIb.
OmuiHka mupruHE 3a00pOHEHOT 30HM OyIta 3po6IieHa BiAMOBIIHO 70 MiIX01Y, sIKKi 6yJ10 3aIpONOHOBaHO B po6oTi[15,16].
BiamosigHo 10 HBOTO A1 aMOp()HUX HATIBIPOBITHUKIB T TOHKUX IUIiBOK KOE(DIIli€HT MOTIMHAHHS (v, TIOB’SI3aHUN 3

MIMPUHOIO 3200POHEHHOI 30HH E ta €HEepri€lo BUNPOMIHIOBaHHS hi , IO TOTJIMHAETHCS, CITIBBIJHOIICHHSIM:

adhv = A(hv — Ey)" = F(hv), (D)
Jie d - TOBIMHA IUIIBKH, A - Jeska KOHcTaHTa. Toji O4eBHIHO, IO
F

1
F:;(hl/—Ey)- 2



83
I'. C. Kampuy, C.I. I[lempywenxo, O.B. Boyyna

TPUMaHUX CKCIICPUMCHTAJIBHUX JaHUX HaxXo0JIuM Ta BH3HA4Ya€EMO IIHPHH HEHO1 HH,
3 o a CKCIIC CHTall a 3Haxo, o F/F' ra 3HA4Ya€EMO 3a00pOHEHOT 30

BHUKOPHCTOBYIOUH JUIAHKY, [I€ IS 3QJICKHICTh € JiHitHo ( Puc.5). BinmosinHo nmpuiiMaemo 10 yBaru, o MOBHHHA
po3risigaTucs O0JacTh CHEPTiH, SKi BIAMOBINAIOTH MEPEXOJaM MiX CTaHAMH, IO 3HAXOIUTHCS MOOIH3Yy KpaiB 30HU
MPOBIJHOCTI Ta BAJICHTHOI 30HHW, [ CIpaBeIMBHI NapaOoiiuyHui 3akoH aucnepcii. PiBHSAHHS npsMol JiHii, 110
SIKHaWKpaIle BiAMOBIAE eKCIIEPUMEHTAIbHUM JaHUM, 3HAXOIMMO, BHKOPUCTOBYIOUH JIIHIHHY PErpecito Ta BiJOBIIHO
METOJI HAWMCHIITUX KBaJPAaTiB. 3 aHaNi3y JaHWX OTPUMYEMO, IO IMPHHA 3a00POHEHOI 30HH Y BUMAMIKY IUTIBOK, SIKi HE

MiaBaInCs BIUIMBY YIbTPagioIeTOBOro BUMPOMIHIOBAHHS, CKJIaJae E = 3,232 eB, B Toli yac sk OIliHKA JUIsl ILTIBOK,

mo chopMoBaHi il BIUIMBOM YJIBTPadioIcTOBOTO BUIPOMIHIOBAHHS, A€ E(] = 3,224 eB. Tobto cnoctepiraeTbes

He3HayHe 3MCHIICHHS OLIHOYHOrO 3HA4YCHHS IIMPUHM 3a00pOHEHOT 30HM Ul BUNAJIKY IUTIBOK, IO MiAJIATANIN BIUIUBY
BUIIPOMIHIOBaHHS. B mijloMy, OTprMaHi BETMIUHU 3HAXOASTHCS Y BIATIOBIAHOCTI IO pe3yIbTATIiB, 0 OTPUMAHO iHIIUMHI
aBTOpaMH Ta IS IDTIBOK, AKi 30Kpema Oyim chopMoBani B iHmuii cioci6[1,17]. Crmig 3a3Ha4YmTH, O MOKa3HUK CTETIeHI
y piBHsHHI (1), sSKHH OTpPUMaHO 3a €KCIEPUMEHTAIBHUMH TaHWMH, OJM3BKUNA 110 3; Ie XapakTepHO IUII 06araTbox
aMOp(HHUX TUTIBOK, 30KpeMa JiIs aMOp()HHUX repMaHito Ta KpeMmHito [18], 1110 cBiauuTh o CKIAIHy 3aIeKHICTh TYCTHHH
CTaHIB Y BaJICHTHIH 30Hi Ta 30Hi IPOBiTHOCTI BiJl eHEPTii B OTPUMAHUX IUTIBKaX, IKa MOTPEOYye MOAANBIIOT0 JOCITIIKSHHS.

F.eB F'IF
44 - 0.8
3—. - 0,6
2-. - 0,4
]: - 0,2
0-,,”,,..,,.,..,,,..0.0

3,20 3,25 3,30 3,35 hv,eB

Puc. 5 3anexnicts dyukuiii F' (1,2) ta F / F' (3,4) Bix eneprii nagarouoro BUunpomiHiooBaHs, 5,6 - niniiiHa
anpokcumanis: 1,3,5 — rutiBka, mo chopMoBaHa il BIUIMBOM yJIbTpadioJeTOBOro BUIPOMiHIOBaHHS; 2,4,6 - IUTiBKa,
o copmMoBaHa 0e3 BILTHBY yIbTPadioraeTOBOrO BUIPOMiHIOBAHHS.

Fig. 5. Dependence of functions F' (1,2) and F / F’ (3,4) on the energy of incident radiation, 5,6 - linear
approximation: 1,3,5 - film formed under the influence of ultraviolet radiation; 2,4,6 - film formed without exposure to
ultraviolet radiation.

OCHOBHI PE3YJIbTATHU

1. Po3po0iieHo Ta anpoOoBaHO METOJMKY OTpHUMAaHHS IUTBOK ZNO 3 BUKOPUCTaHHSM 30JIb-T'€Jlb METOLY.

2. OrpumaHi mwriBku ZnO MaroTh aMOPQHY CTPYKTYPY 3 po3Mipamu AoMeHiB Big 50 mo 70 HM B 3aJeKHOCTI BiJ
croco0y iX oOpoOKHM Ha KIiHIIEBOMY €Tami, 30KpeMa 3 BHKOPHCTAaHHIM Ta Oe3 BHKOPHUCTAHHS YIbTPadioleTOBOTO
BUIIPOMIHFOBaHHSI.

3. OOpoOka IDTIBOK Ha KIiHIIEBOMY e€Tami yIbTpadioeTOBUM BHIIPOMIHIOBAaHHS NPU3BOAUTH 10 HE3HAYHOTO
3MEHIICHHS NIMPUHH 3a00pOHEHOT 30HH, 10 XapaKTepU3ye OTPUMaHI IITiBKH.
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OPTIC PROPERTIES OF ZNO FILMS GROWN BY SOL-GEL TECHNIQUE
G. S. Katrich, S. I. Petrushenko, O.V. Botsula,
V. N. Karazin Kharkiv National University, 61022, Kharkiv, Svobody square, 4

Background. Zinc oxide (ZnO) is a promising material for designing the semiconductor radiation sources and detectors in the region
of short wavelengths of the optical range. Films based on ZnO are considered as possible elements of optoelectronic devices that can
be used to influence their optical properties. Nowadays, the methods of making such films are quite diverse, however, obtaining high-
quality and inexpensive ZnO films remains an actual scientific and engineering task that needs to be solved. Thus, the research in this
direction and the development of recommendations on the synthesis of ZnO films is urgent.

Purpose of Work. The aim of the work is to obtain ZnO films by the sol-gel technique, to evaluate their structure and optical properties
and to estimate the affect of ultraviolet radiation on the structure and optical characteristics of the obtained films.
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Techniques and Methodology. The process of obtaining ZnO films is considered. The process of obtaining such films by sol-gel
technique is described. A visual analysis of the experimentally obtained films has been carried out. The optical properties of ZnO films
were experimentally examined. In particular, the influence of ultraviolet radiation used at the stage of obtaining films on the features
of their ability to absorb radiation in the optical range is analyzed.

Results. ZnO films were grown experimentally by sol-gel technique. ZnO films were formed on quartz substrates. The formation of
ZnO nanoparticles is observed in the films obtained without the influence of radiation. The usage of ultraviolet radiation at the stage
of the final heat treatment at a temperature of 480 °C leads to the formation of a higher quality ZnO film and a decrease in the size of
the granules. Analysis of the chemical composition of the films using X-ray fluorescence analysis shows the presence of zinc and
oxygen in the formed films, as well as insignificant carbon content, which is associated with the use of quartz as substrates. The
dependencies of the transmission capacity of ZnO films on the wavelength of radiation incident on the film in the range of 200-450 nm
are obtained. It is shown that in films exposed to ultraviolet radiation at the stage of heat treatment, there is a shift in the value of the
cut-off wavelength corresponding to the absorption edge and, accordingly, a decrease in the band gap calculated from the results of the
experiment.

Conclusions: To summarize the results of the research we can highlight that the influence of ultraviolet radiation at the stage of the
final heat treatment on ZnO films formed by sol-gel method leads to an improvement in the quality of the films and to a change in their
optical properties, in particular, a decrease in the energy corresponding to the absorption threshold.

KEY WORDS: sol-gel technique, zinc oxide, heat treatment, ultraviolet radiation, absorption capacity, absorption threshold,
wavelength.

The article was received by the editors: September 30 2021.
The article is recommended for printing November 15 2021.



86 ISSN 2311-0872 Bicnux Xapxkiscvkozo nayionanvrnozo yHieepcumemy imeni B. H. Kapasina.
Cepis «Paodiogizuxa ma enekmponixay, sunyck 35, 2021. C. 86-93.

Opucinanena cmamms
https://doi.org/10.26565/2311-0872-2021-35-08
YK 535.37.421

0. B. KABAHKO!, acucrent
e-mail: a_kazanko@i.ua ORCID ID: https://orcid.org/0000-0001-9202-8008
0. €. IEHKIHA', crapimii Buknagad
e-mail: penkina@kart.edu.ua ORCID ID: https://orcid.org/0000-0002-9804-6685

Y Vrpaincoruii Oepacasnuii ynieepcumem 3anizHuuHO20 MPaHCRopmy,
Kaghedpa oOuUCTIO8ANLHOI MEXHIKU Ma cUucmeM YRPaGLiHHsL,
m. Xapkis, maiioan @eiiepbaxa, 7, Yrpaina

HOPMA BJIACHHMX ®YHKIIIA
OJHOBUMIPHOT'O ®OTOHHOI'O KPUCTAJIA

AktyaabHicTb. OctanHi gecatupivus (mpudam3Ho 3 90-x pokiB XX-T0 CTOPIYYs) CIOCTEPIraeTbes CTPIMKHIA PO3BUTOK
(oToHikH. 3BicH 3’SIBISIETHCS HAYKOBUIT IHTEPEC 10 ONTUYHOTO Jiala30Hy eJeKTPOMArHITHOTO BUIIPOMiHIOBaHHS. ChOroIHI
mudpakiiiiHa 3a1a4a Ipo PO3CIsIHHS €TeKTPOMArHITHUX XBHJIb Ha TaKHX 00’€KTax sIK (POTOHHI KpUCTaIM MPEICTaBISATHCS
BOXKJIMBOIO 33mauero. SIK BimoMo, I 3ajada MoOXKe 3BOAUTHCS IO PO3B’SI3aHHS XBWJILOBOTO DiBHSHHA. HeoOXimHicTh B
o0uuCIIeHHI HOPMH BIacHUX (YHKIIH criekTpainbHoi mpobiemu Illtypma-JliyBinis, cepen iHIIOTO, BUHHKAE MPH IEPEXoi
BiJl OHI€] TTOBHOI OPTOTOHAJIBHOI CHCTEMH 10 1HIIOI MOBHOI OPTOTOHAJIBHOI CHCTEMH (YHKIH MPH 3aCTOCYBaHHI METOIY
PO3IiIEeHHS 3MIHHHX, BiAMIOBIIHO, U PO3B’I3aHHS 3a3HAYCHOTO XBUJIHOBOTO PiBHSIHHS.

Mera podoTu. Bxasatu Ha mpsaMuil miaxin 10 oO4HCIeHHS HOPMH BIacHHX (YHKLIH crekTpanbHOi mpobinemu LlTypma-
JliyBiuist uist IBOIIAPOBOTO HECKIHYEHHOTO OJHOBUMIPHOTO ()OTOHHOTO KpHcTana (TOOTO MpAMHH MiAXid J0 OOYHCICHHS
HOpMH Tiepeabadae Oe3nocepeIHE IHTErPYBaHHs) Ta 3alPOMOHYBATH METOOJIOTIYHO HIIUHA MiJXil, B OCHOBI SIKOTO JICKHTh
TPaHUYHHH MTepexisl y CKaIIpHOMY JOOYTKY, IO BiJIIOBITHO 33a1a€ qaHy HOPMY.

Marepianu i Meroan. I'paHnyHuil nepexing npyu oOUYMCICHHI HOPMHU BiIacHUX (QYHKIIH criekTpanbHoi npodnemu LlTypma-
JliyBinnst Ui JBOMIAPOBOTO HECKIHYCHHOTO OJHOBHMIPHOTO ()OTOHHOTO KpHUCTala 3yCTpidae TPYAHOII, MOB’s3aHi 3

BUHUKHEHHSIM HEBU3HAYCHOCTI BHIY {— . Taky HEBH3HAYCHICTh BHAETHCSA NOCHIAWTH 3a mpaBwioM Jlomitans. CBoero
0

4geproto, mpaswio JlomiTtans TATHE HEOOXINHICTh y 3HAXO/PKEHHI MOXIMHOI BiJ PO3B’SI3Ky CIIEKTPAaJbHOTO DPIBHSHHS 3a
CNIEKTPAJIbHUM TapamMeTpoM. Ha IbOMy LUISIXY IOBOAMTBCS CTHKHYTHCS 3 PO3B’SI3aHHSAM JIiHIHHOTO HEOIHOPIJHOTO
IU(EPeHIIaTbHOTO PIBHIHHS 2-TO TIOPSIKY.

Pe3yabTaTn. 3ampormoHOBaHA METOMWKA OOYMCICHHS HOPMH BiacHMX GyHKIiH npobmemu Illtypma-JliyBimwis s
JIBOILIAPOBOTO HECKIHYEHHOT'O OJTHOBHMIPHOTO ()OTOHHOTO KpHCTAA.

BucnoBkn. Ha BigMiHy BiJX MpsMOro miIxo.y, 3allpOINOHOBaHA METOAMKA A€ MOXKJIMBICTh PO3YMITH XapakTep 3aJIeXHOCTI
IIYKaHOI HOPMH BiJ camoi BiacHOi (GYHKIIi (B OTpUMaHOMY KiHIICBOMY BHpa3i SIBHO BXOAMTH Cama BiacHa (YHKILis).
Tomanbiii po6OTH Y 3a3HaYCHOMY HAIPSMKY MOXKYTh CIIPIMOBYBATHCS Ha CIPOILECHHS KiHIIEBOTO BUpPA3y AJI HOPMH.

KITFOUOBI CJIOBA: ¢poToHHMiTI KPpHCTAJI, PO3CisIHHSA e1eKTPOMATHITHHX XBWJIb, HOPMa (pyHKI{i, cKaJIsipHUIi 100YTOK,
npodaema HItypma-JliyBinas, Baacui pyHkuii.

SIx nuryBaTu: Kazanko OB, Ilenkina O€. Hopma BnacHuX (YHKIIH OJHOBHUMIpHOrO ()OTOHHOTO Kpucrtania. BicHuk
XapkiBcbKOro HamioHansHOro yHiBepcureTy imeHi B. H. Kapasina. Cepis «Paniodizuka ta enexrponika». 2021;35:91-
99. https://doi.org/10.26565/2311-0872-2021-35-08

In cites: Kazanko OV, Penkina OE. Norm of iegnfunction of one-dimension photonic crystal. Visnyk of V.N. Karazin
Kharkiv National University, series ‘“Radio Physics and Electronics”. 2021;35:91-99. (In Ukrainian).
https://doi.org/10.26565/2311-0872-2021-35-08

BCTYIl

Busnauennss Hopmu BiacHMX (QyHKOiH crnektpansHoi npobmemu Ulrtypma-JliyBumig, cepen  iHmoro,
MPE/ICTABISIETHCS BaXKIMBOIO 331a4€l0 Y 3B’SI3KY 13 pO3B’s3aHHAM XBWIJILOBUX PIBHSHb METOJIOM PO3JIUICHHS 3MiHHUX.
Takox HEOOXiHICTh Yy BU3HAUYEHI HOPMU BHHHKAE IPH TEPEXO/i BiJl O/Hi€T HOBHOT OPTOTOHANBHOI CUCTEMH (YHKITIH
Jo iHmOi TOBHOI OpPTOTrOHANBbHOI cucTeMu OGyHKIOIH y @yp’e-posximageHHsx. Kpim Toro, amapar HOpMH
BUKOPUCTOBYETHCS B Taly3i TAKUX MUTaHb, SIK MTUTAHHS OI[IHKY IIBUIKOCTI POCTY BIACHUX (DYHKIIIH; NesKi eHepreTHIHI
XapaKTepUCTHKH (PI3SMUHUX CHUCTEM, y TOMY YHCHi, TUPPAKUIHHUX CHUCTEM, BHUPAXKAIOTHCA y TEPMiHAX HOPMH, y
NHUTAHHSX JIOKaJTi3amii BIacHUX QYHKII, OmiHKK MOXTOOK Toro [1-2].

© Kazanxko O. B., [Tenkina O.€., 2021
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VY poboti po3B’sI3yeThCS 33jhava Mpo BU3HAYaHHS HOPMHU BIAacHUX (YHKUiH crnekrpanbHoi npobnemu lTypma-
JliyBisist [J1sl JBOLIAPOBOTO HECKIHYEHHOTO OJHOBHUMIpHOTO (oroHHOro kpucrama (Puc. 1). Bmachi ¢yHkmii Takmx
JubpakifHAX CTPYKTYp BiIOMi Ta SIBHO TMPEACTABISAIOTHCS B eleMeHTapHuX GyHKuisx [3]. Tox, oGUHCIeHHS HOPME
MOJKEe 3MIMCHIOBATHCA 3a BH3HAYCHHSAM, TOOTO Oe3mocepelHiM B3ATTAM BiAMOBiAHOTO iHTerpamy. BrtiM, y po0OoTi
MPOTIOHYEThCS BU3HAYUTH HOPMY METONOJIOTIYHO IHIIUM HUIIXOM. Pid y ToMy, mo HopMma y (YHKIiIOHAJHHHUX
TPOCTOPaX, B SKHUX 3a3BHUail PO3B’SI3YETHCSA XBUIIBOBI PIiBHSHHS (y Teopii qudpakiiii), BUSHAYAETHCS Yepe3 CKaISIPHUMA

JOOYTOK: ||u||2 = (u, u) (u, v — 6ymb-sKi HyHKIUT, (u, v) — cKaJIpHUH 100yTOK). CBOEIO Ueproro, CKaIsIpHUil JOOYTKY

JIBOX PO3B’SI3KIB CHEKTPaJbHOrO piBHAHHS Hpobnemu LlTypma-JliyBiuis Moke 3ammcyBaTHCSl BUPA30OM, BUIBHUM BiJl
3HaKy iHTerpany (IHTeTpYeTbCsA 3 BUKOpPUCTAaHHAM 2-01 ¢opmynm [pina). JlaHwil miaxin OO BU3HAYCHHS HOPMH

.o . 2 .
0a3yeThCsl Ha 3/IMCHEHHI TPaHUYHOTO nepexony v —u: (U, v) — HUH (u, v — Oymp-siKki PyHKIIiT), TOOTO TPAHHIHOTO

Mepexoly y TepeTBOPEHHI BUIBHOMY BiJ 3HaKy iHTerpayia. TpymHOIII Ned Miaxid, 30Kpema, 3yCTpidae y 3B’sI3Ky 3
. . . 0 . . - .
HEOOXITHICTIO JOCTITUTH HEBU3HAYCHICTh BHIY [O , fKa, BIJINOBIJHO, BUHUKAE IPU 3IIHCHEHHI 3a3HaYEHOTO

TPaHUYHOTO Tepexony. st po3KpHUTT 11i€] HeBU3HAUCHOCTI 3aCTOCOBY€ETHCS paBmiIo JlomiTams.

Puc. 1. Monenbs 0JJHOBUMIpHOTO ()OTOHHOTO KPUCTATY
Fig. 1. Model of one-dimension photonic crystal

Y po0GoTi TakoXk 3HAXOAMTHCS MOXIJHA Bill PO3B’SA3KY CHEKTPaJIbHOI'O PiBHsHHS npobnemu llItypma-Jliysims 3a
CHEKTPaJIbHUM HapaMeTpOM.

MMOCTAHOBKA 3A1AYI
bynemo posrisimati aumdpakuiiiHy 3ajady Ui JIBOLIAPOBOTO HECKIHUYEHHOTO OIHOBHMIPHOTO (OTOHHOTO

kpuctana (Puc. 1) 3 nepionom |. Hexall &; uj — nienekTpuyHa Ta MarHiTHa NPOHUKHOCTI Bi/IMOBIJHO MEPUIOTO #

apyroro mapy ( j=1,2), d — posmip nepmoro mapy, |-d — mpyroro mapy. YBeaemo NpSMOKYTHY I€KapTOBY
cucreMy koopamHat ZOY TakuM YHMHOM, 100 NEpIOAMYHICT CTPYKTypH Oyna HampaBieHa B31oBx Bici OZ.

CkansipHe XBWJIBOBE PIBHSHHS IJIOCKHX MOHOXPOMATHYHUX E -MOJSIPU30BAHHMX KOJIMBAHb IS JTBOBHMIPHOTO
CepelloBUINa, 3aTOBHEHOTO JJAHUM KPHUCTAJIOM, Ma€ HACTYITHUN BUTIISL;

A u+kn‘u=0, 1)

1 . .
ne A= ,u(z)Vﬁ(Vu) — mojubikoBanuii oneparop Jlamaca, U=uU(z, y) — E -KOMIIOHEHTa E€KJIEKTHYHOIO IO,
u(z

k =~ — xBHUIBOBE YHUCJIO, @ — UMKIIIYHA 4aCTOTa INIOCKOTO MOHOXPOMATUYHOI'O KOJIMBAHHS, C — IIBUJKICTH CBITJIA Y
C

. n, (E-l+ml,—%+mi] s (G =1+ml, -2 mi] g, (@-l+ml,—24+ml]
nopoxxHeui, n(z) = ] ] , u(2)= ; g , &(2) = ] ] -
n, (=5+ml, S+mi] o, (=5+ml S+ml] &, (=5+ml S+ml]
Nepio/MIHi KycKoBO-cTami QyHkuii, M — uine, Nj=./¢;4; — KoeiuieHT 3amomnenns J-ro mapy (j=1,2), z

€ (—o0, + ) [4].

XeunboBe piBHsHHS (1) € mMiHIMHUM IubEepeHIiiHAM PIBHAHHAM Y YaCTKOBHX IMOXIiMHHX 2-Tr0 TOpsaky. Jlms
PO3B’S3aHHS FOTO PIBHSIHHS 3aCTOCYEMO METOJI PO3UICHHS 3MIHHKX [5]. 3riHO 3 MM METOIOM 3araibHuil po3B’ 30K
piBasiHHSA (1) BigurykyeTbes y BUIISLAL psagy Pyp’e

u(z, y) =D Y, (2, (2), @
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ne Z g, — TOBHA OPTOTOHANLHA CHCTEMA obyukuin (N — imgekc nomaBaHHsS). Y TPSIMOKYTHHX JEKapTOBHX
n

KoopauHaTax (GyHkiii Z B, Y B, € PO3B’sI3KaMH, PIBHSIHB
n n

2
55
v py-o L 87,50 7
R L e e e e R R @)

/ . . . d?
TyT & ﬁn(Z) = k2n2(2)+ﬂ§ — mepioguyYHa KycKoBO-ctana (yHKis. PiBHAHHS d_yzY — %Y =0 € 3BuUaitHEM

JIHIAHUM nudepeHiiHUM PIBHIHHAM 2-TO HOPSAKY 3 MOCTIMHUM Koe(ilieHTOM € (-0, +©)). Po3B’sa3kH Takoro
p p PAIKY

. . 2
PIBHSHHS MalOTh BUIJIT Yﬁn (y)=C ﬂneﬂ”y +D ﬂneﬂ”y (C B s D B, — Oymb-sKi ckamipw), — B — ducnosa
MOCJITOBHICT 1, K CTa€ 3pO3YyMUIMM HIIKYE, € TOCHIJOBHICTIO BJIACHHMX YHUCEN, IO MiJUiArae BU3HAUCHHIO. Jlis
. . . 2 o
Mo0y/I0BH TIOBHOI OPTOTOHANBHOT cUCTeMH (YHKIiH {z B }n Ta 3HAXOPKEHHS BIACHMX umcen — [ nepeaeMo 10
n

npo6uiemu HItypma-JliyBisuist y pyHKIIOHaIBEHOMY MPOCTOPI 31 CKAJSIPHUM 100y TKOM
d

2

l -
(u,v)= I ——uvdz, 4
o, #(2)
. see v d l d 2 2 . o o . [
ge U, v — Oynmp-aki ¢ynkuii. Hexai L:y(z)d—Td—+k Nn“(z) — niHifHUA AudepeHLianbHUN onepaTtop 2-ro
z u(z) dz

nopsiaKy. Po3risiHeMo 3a7ady Ha BJIaCHi YKCja Ta BAacHi QyHKIIT (CIeKTpanbHy 3aaauy) st oneparopy L (mpoGremy
Mtypma-JliyBimist) y 3a3Ha4eHOMY (QYHKIIOHATBHOMY MIPOCTOPI:

LZ(2)=-p"2(2), ®)

2 . . . .
— [° — BiacHe uuciao (CIEKTpalbHHA MmapaMerp). Y poOOoTi yBara BiBOIAMTBECS OJHOMY IiAXOLY IO BU3HAUEHHS

. o . 2

HOPMH, IIO0 33Ja€ThCs CKATSIPHUM 100yTKOM (4), Bin BnacHux Qynkuii 3anauqi (5): "Z 5, " =(Z g L ﬁn) , B =75, [6]

PiBusirns (5) € MiHIHHUM OJHOPIAHUM AU(EPESHIATBHUM PIBHAHHIM 2-TO MOPSIKY 3 MEPIOJUIHUMH KYCKOBO-
cranumu Koedimientamu (piBasHusaM Xina) [1, 7]. Y 3B’s13Ky i3 po3B’s3aHHsIM BuxigHoi audpakiiiiiHol 3amayi, iHTepec
ABIAE TaKMH PO3B’A30K Z4(Z) WBOro PIiBHAHHSA, WO 33/10BonbHSE yMoBi Teopemu ®noke AZg(z—1) =Z4(z),
Ze (-0, +o) (A = e _ MuoxkHuMK ®rnoke, K — XBHIbOBE 9HCIO Broxa) [4, 17]. Omxe, cuctema BiacHUX QYHKIIIH
3aja4i (5) HEOJMIHHO BUSIBUTHCS TIOBHOIO T4 OPTOrOHAJIBHOK Y NPOCcTOpi QyHKILIH 31 cKansipHUM 100yTKOM (4), Ta siKi
3a/10BONBHATUMYTE yMOBI  AZ4(z—1) =Z4(z), ze(-o,+x) [8]. Ilosnaaumo wuepes H mpoctip, y sxomy

BIIIYKY€eTbcs PO3B’s30K mpoOiemu llltypma-JliyBimia. BpaxoByrounm yBeneHi mo3HadeHHs, mpoonema IlITypma-
JliyBiyist Juisl JIBOIIAPOBOIO HECKIHYEHHOrO OJHOBUMIPHOTO (POTOHHOrO KpucTaia, (OpMaibHO, NEpPErnHCyETHCS
HACTYITHUM YHHOM

LZ(2)=-B°Z(2), Z eH, (6)
2 . . 2 .
— [° — BnacHe yncino (crekTpanbHui mapameTp). 3po3yMilo, 1o cucrema BiacHux uucen — S (y mpocropi H) mae

JIMCKPETHY CTPYKTYPY 1 LI BpaXoBY€ThCs y HMO3HAYeHH] BracHuX (yHkuiii onepatopy L — Z B (N — minouncensHUR

ingekc). Bigomo, mro minidiHe audepeHIiagbHE PIBHSAHHA 2-TO TOPSAKY Ma€ JIMIIe [Ba JIHIHHO HE3AIEKHUX
(byunamenranbhuux) pos’szku  U;, U,, Ze(-—o0,+00) [14], To6TO Oymb-siKMii po3B’s30K piBHSHHA (5)
MIPECTaBISIEThCS Yepe3 JMiHiHHI KOMOIHAIIN X PO3B’A3KiB:

Zy=Azu, +Bgu,, Ay, By —Gyas-ski ckanspu. (7)

Qynkuii U, =c0S¢4(2) (2 + %) , U, = lu(z)g;f sing(z)(z+ %) € (yHIAMEHTAILHAMH pO3B’ SI3KAMU

piBHsiHHS (5) ycepeauHi iHTepBaiy (%— I, %) (wTiHifiHA HE3aNEKHICTH BCTAHOBIIOETHCS 33 JOIOMOTOK BH3HAYHHKA

BpoHCBKOTO, sIKuit Mae OyTH HETOTOXHUM HYJIEM),

2
GOk @) 45w

n, (~Z+ml<4mi]



89

Hopma enacnux ¢pynxyiti oonosumipnoco pomonnoco kpucmana

3HAXOKEHHSI HOPMM BJIACHUX ®YHKIIINA
Hexait Z; , Z5 — nOBUIbHI PO3B’SI3KH PIBHAHHSA (5), IO BIANOBINAIOTE ABOM Pi3HAM 3HAYCHHSM CIICKTPAIBHOIO

napameTpy — f,, [ BianosigHo. 3 ypaxyBaHHAM 2-1 hopmynu ['piHa Uit 1BOX po3B’s3KiB PiBHSAHHSA (5) Mae micie

PIiBHICTB:
le(mzﬁzﬂn Z, ()zﬂn)d = (B - ﬂ)j 2y =B -2, 25). @
TOOTO OTPUMYEMO
2,7, zzzwzzzﬁ—zz,z, 9
520 2520 s N ﬂ\zzg_l B~ B2y . 2p) ©)

1, —
neW, =——17,72, -7 — 7 . 3BiIKH Ma€eMO, 10
B ,u(Z) B =h B ( ) P

2, ( (10

_ 1 1 5 = 1
im ——(——Z,2; -Z,—1Z4 )
pbe e -7 @) " T @) |

IS PO3PAaXyHKY HOPMH BIacHOI GYHKIiH Z , MOXHA BUKOPHCTOBYBATH IBa Imimxoxd. [lepmmii miaxin mossrae
pO3paxyHKy HOp M B p yB p
y mepexoi Bix pyHKIii Z 5, HO BiIOBITHUX (pyHIaMEHTaIBHUX PO3B’s3KiB 3rinHO (7), TOOTO
2 2 2 e 2 2
2, = Tl +2Rels, B, (0, u))+[By, [l GED

Jpyruii anbTepHATHBHUN MiAXiZ 1O BU3HAYCHHS HOpPMHU 0a3yeThCs Ha BUKOPUCTAHHI mpaBmia JlomiTams s
po3kpuTTs HeBu3Ha4YeHocTi y (10) mpu lim S =4, .

3 ypaxyBaHHAM yMOB AZ ﬁ(i— Nh=z ﬂ( ), A—7Z 5 =LZ. 5 (teopema ®ioke) mis GyHkuii Z
(Z) ", g u(z) 2=2
Ta noxigHoi Z 5, » MOYKHA TIOKa3aTH, 1110
1 =
z Z, =0. (12)
Pu@ ™™,

. .. 0
Toni BUpa3 At NOX1AHOT 8_ Wﬁ

z=9 5 z=4
2 1 . 2
=(——27,)Z
G’

—d_
z=5-1

(13)

Lt 7
Lo, 0B u) 225,

—d
z=5-1
. L . . . 0
3BifcK BMILUIMBAE, 1O IS 3HAXODKEHHs MOXIAHOT y JiBii yacTuni (9) HEOOXiAHO BU3HAUATH NOXinHY —Z; —
op
TOOTO MOXiJHY Bix po3B’si3Ky mudepeniiiinoro piasuus (5) 3a mapamerpom £ . BissMmemo moxinHy Bix piBHsHHS (D)

3a mapametrpoM S . ToJi IpUXoIuMO 10 HEOHOpinHOro piBHAHHA Xiwia [1, 7] BizHOCHO GyHKUIT Y = %Z rE

d,1.d . 55
0w " T uw u(Z) %5

Po03B’5130K 11010 AH(EePEeHIIaTBPHOTO PIBHSHHS 3HAXOAUTHCS YePe3 CyMy IBOX JOAAHKIB: MEPIINi JOMaHOK W * —

(14)

3araJbHUH PO3B’SI30K OIHOPIJHOTO PIBHSHHS, a JAPYTUil JOAAHOK I/, — YaCTKOBHH PO3B’S30K JJAHOTO HEOIHOPIIHOTO
piBusuus [1, 7]:

Y =y*+y,, (15)
Jie ¥ * — 3araJIbHUH pO3B 30K OJHOPITHOTO PIBHSHHA
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—(——l//*)+—l//*—0, (16)

W, — YaCTKOBHUIi PO3B’s30K HEOTHOPiAHOTO piBHsHHS (14). d)yHKum W * MpencTaBIAETHCS Yepe3 JIHIHHO He3alexHi
PO3B’SI3KH V¥, , W, piBHsIHHS [14], To6TO:
w*=Cuy; +Dyy,. 7
Oynkniil y,, y, BuOuparoThes y BurIANl W, =Zg, W, =125+ yZ ;. lle 103BONAE CYTTEBO CIPOCTHTH BHPA3
grcenbuuKa y (9) mpu 3acrocyBanHi mpaswita JlomiTas.
Hauti, mepeiiaemMo [0 MOUIyKy YaCcTKOBOTO po3B’si3Ky piBHsaHH (14). Lleit yacTKOBHIL po3B’sI30K, 5K i GYHKIIO ¥, ,
Oyznemo mIykaTH y BUDIISL
Wo=1mZg +)(12ﬂ- (18)
3 ypaxyBauusm (18) piBmsiHus (14) 3BOAMTBCS DO HACTYHHOrO pIiBHSHHS BigHOCHO QyHKUil ¢ = 7; [12] (mpm

BUBOJIi PIBHAHHS BUKOPHCTOBYBAIIOCH T, 1O QYHKIis Z; € pO3B’s3KoM piBHAHHS (16)):

d 1 d gﬁ —4_— 19
N T 19

Lle piBHSHHS Takoro X THUIy, MO i piBHsHHA (14), Ta MOXXe pO3B’sI3yBaTHCS MeToAoM Bapiarii [1, 7]. 3Bigku
1 1
3HaxoaUMO ; (Z) = Ij(l(t) dt, n, = —5;(1 f 3HAXOJMMO ¥/ = —5;'(12/3 +;(12ﬁ :
e

. 0 .
Taxum YHUHOM, NOX1JHY %Zﬂ MOXHa OPEACTABUTH Y BUTJIAAL

0
aﬂZ'B w=Culy+Dy(nZ+x2s)—= ;(12ﬂ+glzﬂ (20)
Yucensuuk y (9) npu 3acrocyBanHi npasuia JIomiTans 3HAXOAUTHCS y BUTIISAL:
in 2w —c, Lz . 4Dy y il + 1/772:% (21)
an - n 2 n O n
ph OB ﬂl%f' P u@ 2=8-1, p-p, f @) 2=3-1, f-p, u@" 2=4-1, p-p,
=0
1-if JOJaHOK TMBOTO BiMHOIIEHHS 3a YMOB AZ 5, (% -)=2z 5, (%) , A—Z = LZ 5 pu
1@, D
rpanngHOMY Tiepexoi ( f — [, ) obepreThes B Hy b (quB. (12)). PosrisHeMo okpemo 2-it 101aHOK
=t z=4 2 Z:%
1 : ‘ Sp
(Z)l//z B =D+ 1)—— ( ) ﬁzﬂn (Hﬂ_ (Z)l) sLp, -(22)
=415, %*'ﬁ*ﬁ =41, 84,

z=4
2
y Bupasi (22) mepemucyeTscs y

N
3 ypaxysauusM Tteopemu ®ioke, wieH Dy(n+3)——Zz7Z,
’u(Z) Z:%—L B=PBy

BI/IFJ‘IHI[iZ
_d d
z7=4 z7=4

2
=+ 1)
2=4-1, p-p, 2=4-1, B-p, #(2)

Dy . (23)
Z:%v ﬂ_)ﬂn

1, —
Dy(n+1)——Z,Z
s 2) P

[Ipu BHKOHAHHI YMOB j((%—l) = j((%—l), n(%—l) :77(%) el 4ieH o0epHEThCS B HyNb. TakuM 4YuHOM, 2-i
J0AaHOK BUpa3y (21) nmpu rpannysomy nepexoni ( S — f,) HaOyBae BUIAY:

z=4
z=4

: 1 . g 1
=Dﬁ(—77— d —) ‘Zﬂng
z=4-1, B— P, /,l(Z) H ,LI(Z)

2

—V, Z, B (24)

7 u(2)

4

Amasnoriuso, i s 3-ro0 Z0AaHKy IpaBoi YacTHHM Bupasy (21), BUALTMMO WieHH, sSKi IPH IPAHHYHOMY MEPEXOi
(B — B,) obepraroThes B HyIb:
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z=4 2 7=4d
1. =—1°? 1. 1 Sp — 1, 1 ’
—Volg, =-Go—S+— 1)l o —Zplp
ﬂ Z=%—|, ﬂ_)ﬂn 2 ILI(Z) ﬂ(Z) s=d | ﬁ"ﬂn 2 /J(Z) z=4_]| ﬂ_)ﬂn
=0
2 =5 5
1,1 Sp
—-Ch——=+=Ly) [z, (25)
2 u@  u@"| A

z:;—l
Takum unHOM, IIpH epexoi a0 rparuti ( S — £, ) y uncensruky (10) orpumyemo

=4

z=d 2 2
.0 : 1. 65 11. ¢p 2
jim 2w Dy, (=g —Code ) {2,
BB, 6ﬂ B Z:%_| B U Y7, oy 2 U Y2 bt ﬂn'z
[Haui, 3a mpasmuiom JlormiTans, 0cTaTOYHO 009HCIIEMO HOpMY BiacHOi GyHkmii mpobnemu Iltypma-Jliysims (6-
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NORM OF IEGNFUNCTION OF ONE-DIMENSION PHOTONIC CRYSTAL
10. V. Kazanko, 0. E. Penkina,
Ukrainian State University of Railway Transport, Department of Computer Engineering and Control Systems,
Feuerbach Square 7, 61050, Kharkiv

Relevance. In recent decades (about the 90-s XX century) there has been rapid development of photonic. Thus, to arise
scientific interest to optic range of electromagnetic radiation. Currently, the diffraction problem about scattering
electromagnetic waves on such object as photonic crystal is impotent problem. As well known, this problem can be
reduced to a solution of wave equation. The need to calculate the norm iegnfunction spectral iegnfunction Sturm-
Liouville problem, however, to arise in the transition from one complete orthogonal system to another complete
orthogonal system of functions by separating variables method, correspondingly, for a wave equation solving.

The purpose of the work. We indicate a direct approach to calculating of the norm of iegnfunction of spectral Sturm-
Liouville problem for the tow-layer infinite one-dimension photonic crystal (a direct approach to calculating of the
norm that is presuppose a direct integration); and propose a methodologically different approach, which is based on the
marginal transition in the scalar product, which accordingly sets this norm.

Materials and methods. Taking the limit in calculation the norm of the iegnfunction of spectral Sturm-Liouville
problem for the tow-layer infinite one-dimension photonic crystal encounters difficulties, associated with the emergence

of species uncertainty [6} . Such infinitive investigates by the Lopital's rule. In turn, Lopital's rule entails the need to

find a derivative of solution of spectral equation by a spectral param. In this way we have to face the solution a linear
inhomogeneous differential equation 2-nd order.

Results. We propose a methodic of calculating of norm of iegnfunction of spectral Sturm-Liouville problem for the
tow-layer infinite one-dimension photonic crystal.

Conclusion. Unlike the direct approach, proposed methodic to make it possible to understand the character of
dependencies the required norm of iegnfunction itself (ending expression containing the iegnfunction itself). Further
work in this direction of development of this approach may be aimed at simplifying the final expression for the norm.

KEYWORDS: photonic crystal, scattering of electromagnetic radiation, norm of functions, scalar product,
spectral Sturm-Liouville problem, iegnfunctions.
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