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EVALUATION OF ACCURACY OF RADIOMETRIC CORRELATION-EXTREME
NAVIGATION SYSTEMS

V. N. Bykov, G. Yu. Miroshnik, T. V. Miroshnik
V. N. Karazin Kharkiv National University, 4, Svobody sg., Kharkiv, 61022, Ukraine
E-mail: bykov@karazin.ua
Received April 27, 2021

Background: The use of passive matrix radiometric sensors of the millimeter wave range in aircraft navigation systems,
which make it possible to form a radiometric image of a ground navigation object under conditions of high-speed flight of
aircraft, is one of the effective ways to ensure high accuracy in measuring the coordinates of objects and, ultimately, leads to
an increase in the probability of positioning aircraft [1]. In work [2], analytical relationships were obtained and quantitative
estimates of the accuracy of positioning of aircraft equipped with a matrix radiometric navigation system were made. It is
shown that the use of matrix radiometric sensors makes it possible to realize the required high (up to units - tens of meters)
positioning accuracy of high-speed aircraft.

Objectives: The purpose of this article is to develop a method for increasing the accuracy of a radiometric correlation -
extreme system based on the use of a matrix radiometric millimeter-wave receiver with channel compaction.

Materials and methods: In this paper, we used the method of linear multiplexing with channel separation according to the
waveform using orthogonal Walsh functions. In this case, the sensitivity for each channel corresponds to the sensitivity of the
modulation radiometer, and in comparison with the sensitivity of the compensation radiometer, it decreases by about two
times. Taking into account the orthonormality of the Walsh functions, the signal at the output of each channel is proportional
to the intensity (power) of the signal at the input of this channel.

Results: In this work, it is shown that the optimal number of combined channels is a multiple 2% —1. The analysis of the

results of the calculations shows that the combination of 64 channels into one amplifier-conversion path leads to an increase
in inter-channel interference and, as a consequence, to a deterioration in the sensitivity of each channel.

Conclusions: In this case, it is expedient to limit the number of channels to be sealed per one amplifying-converting path. So,
when 16 channels are combined into one path, the sensitivity of each channel remains quite high: about 1 K — for a super
heterodyne radiometric receiver, and less than 1 K — for a direct amplification radiometric receiver. In this case, the number
of amplifying-conversion paths with the total number of channels in the matrix 64 is equal to four.

KEY WORDS: millimeter wave radiometric receiver, radiometric image.

OIITHKA TOYHOCTI PAJJIOMETPHUYHUX KOPEJISILIHHO-EKCTPEMAJIBHUX CUCTEM
HABIT AL
B. M. Bukos, I'. FO. Mipomnuk, T. B. Mipomnuk
Xapxiecokuil nayionanvuuil ynieepcumem imeni B.H. Kapa3zina, matioan Ceoboou, 4,
M. Xapxis, 61022, Vkpaina

AKTYyaJbHicTh. BUKOpHCTaHHS B CHCTeMaxX HaBirallii JiTATbHUX arnapaTiB MAaCUBHUX MATPUYHUX PaTiOMETPHYHHX JAaTUNKIB
MIJIIMETPOBOTO Jiana3oHy XBWIIb, IO J03BOJITIOTE (OPMYBaTH pajioMeTpUYHE 300paykeHHsI Ha3eMHOTr0 00'eKTa HaBirarii B
YMOBaX BHCOKOIIBHIKICHOTO TOJBOTY JIITATBHUX arapaTiB, € OAHUM 3 eeKTUBHUX NIIIXiB 3a0e3MevYeHHs] BHCOKOI TOYHOCTI
BUMIPIOBaHHS KOOPJMHAT 00'€KTIB 1 Bezie 10 MiJIBUIIECHHS HMOBIPHOCTI MiCII@3HAXO/KEHHs JIiTanbHUX arnapatis [1]. B podori
[2] oTprMmaHO aHANMITHYHI CHIBBIHOLIEHHS i 3p00JIeH] KiJIbKICHI OI[IHKH TOYHOCTI BU3HAUSHHS MICLIE3HAXO/PKEHHSI JTITAJIbHUX
arnapariB, OCHAIICHOr0 MaTPUYHOI pPajiOMETPHYHOI CHCTEMOI Hapiramii. ITokazaHo, IO 3acCTOCYBaHHS MaTPUYHHX
paaioMEeTpUYHMX JaTUYMKIB HO3BOJISIE peasli3yBaTH HEOOXiHI BHCOKI (10 OJMHHIb — JAECATKIB METPIB) TOUHOCTI BU3HAUCHHS
MiCIIe3HAXO/KeHHS BUCOKOIIBH/IKICHUX JIITAILHUX araparis.

Mera podoru: Metoo pgaHoi crarTi € po3poOka croco0y MiJBMINEHHS TOYHOCTI PaIiOMETPHYHOI KOPENSIiHHO -
eKCTpEeMaJIbHOI CHCTEMH Ha OCHOBI 3aCTOCYBAaHHS MAaTPHYHOTO PaJiOMETPUYHOrO MpuiiMada MiTIMETpPOBOTO [liala3oHy 3
YIIJTbHEHHSIM KaHaJiB.

Martepianu ta mMeroamu: Y naHiii poOOTI BUKOPUCTAHHN METO]| JIHIMHOTO YNIUTPHEHHS 3 IOMALIOM KaHANiB 3a (OPMOIO
CUTHAJIB 3 BHKOPHCTAHHSIM OPTOrOHaNbHHMX (yHKHiH Yoima. YV 1bOMy BHIIQAKy YYTIHBICT IO KOKHOMY KaHAIy
BI/IMIOBi/Ia€ YyTJIMBOCTI MOJYJSILIMHOrO pajiomMeTpa, a B MOPIBHSAHHI 3 YyTJIMBICTIO KOMIIGHCALIHHOTO pajaioMerpa najiae
npuOJIM3HO B JBa pa3d. 3 ypaxyBaHHAM OPTOHOPMAJIBHOCTH (YHKIiH Yoilla CHrHAJI Ha BHXOJlI KOXKHOTO KaHAIy
MPONOPIIHHUN IHTEHCHBHOCTI (IIOTY)KHOCTI) CUTHAIY Ha BXO/Ii IIbOTO KaHAJy.

PesyabtaTu: Y jadiii po0OTi MOKa3aHO, IO ONTHMATGHHAM € KiTbKiCTh TIO€IHYBAaHMX KaHaliB kpatHe 2K-1. Amais
pe3yabTaTiB NPOBEICHUX PO3PaxXyHKIB CBITUUTH, 0 00'€qHAHHS 64 KaHATIB HAa OAMH IiICHIIOBAIBHO-TIEPETBOPIOBATbHHIN
TPaKT MPU3BOJHUTH 10 3POCTAHHS MIXKKAaHAJIBHHUX MEPEIIKO i, IK HACIIIOK JI0 TOTiPIICHHS 9y TIMBOCTI KO)KHOTO KaHaITy.

© Bykov V. N., Miroshnik G. Yu., Miroshnik T. V., 2021


https://doi.org/10.26565/2311-0872-2021-34-01

8 V. N. .Bykov, G. Yu. Miroshnik, T. V. Miroshnik / Evaluation of accuracy of radiometric...

BucnoBkn: J[oniibHO B JaHOMY BHIAAKy OOMEKEHHS KUTBKOCTI KaHAIIB, IO YIIIIBHSIIOTHCS Ha OJWH IiJICHITIOBAJIBHO-
MepETBOPIOBANBHUN TpakT. Tak, mpu o0'eqHaHHI 16 KaHaIB HA OAMH TPAKT, YyTIMBICTh KOKHOTO KaHATY 3aJIUIIAETHCS
JOCHTH BHCOKOIO: O01m3pko 1 K — mis cymeprerepoarHHOrO pafioMeTpudHOro mpuiimMada, i 3HadyHO MeHme 1 K — s
pagioMeTpUYHOrO TpHiiMada IMPSIMOTO IiJCHIECHHSA. Y I[bOMY BHIIAQJKY KUIBKICTH ITiJCHIIIOBAJIBHO-TIEPETBOPIOBATILHUX
TPAKTiB IPH 3arajbHil KiTbKOCTI KaHATiB B MaTpHLi 64, TOPIBHIOE YOTHPHOM.

KJIFOYOBI CJIOBA: pagioMeTpr4HUIA IpHiiMad MiJTIMETPOBOT'O Jialla30Hy XBHJIb, PaJiOMETPUIHE 300pakeHHSI.

OIIEHKA TOYHOCTU PAJIMOMETPUYECKUX KOPPEJALIMOHHO-3KCTPEMAJIBHBIX
CUCTEM HABUT'AIIUU
B. H. BrikoB, I'. FO. Mupomnuk, T. B. Mupomnnk
Xapvrosckuti nayuonanohvlil yHugepcumem umenu B. H. Kapasuna, ni. Céo600bi 4,
2. Xapvros, 61022, YVxpauna

AKTyalbHOCTh. lcronp3oBaHME B CHCTEMaX HaBUTAllMM  JICTAaTEJBHBIX — aNllapaToB  IMACCHBHBIX ~ MaTPHUYHBIX
paguOMETPUYECKHX JaTYMKOB MHJUIMMETPOBOTO [Mala30Ha BOJH, IO3BOJIIONIMX (OPMHUPOBATH pagHOMETPUIECKOE
n300paKeHNe HA3eMHOTO 00BEKTa HaBUTallMH B YCIOBHUSX BBICOKOCKOPOCTHOTO IOJIETA JICTATENbHBIX AMMapaToB, SIBISETCS
ogHUM 13 (P HEeKTUBHBIX IMyTe obecredeH s BBICOKOW TOYHOCTH M3MEPEHHs KOOPIAWHAT OOBEKTOB M, B KOHEYHOM HTOTE,
BE/ICT K MOBBIILICHHUIO BEPOSITHOCTH MECTOOTIPEICIICHHS JIETaTeNIbHBIX anmapatos [1]. B pabote [2] noxyueHsl aHanmuTH4IecKne
COOTHONIECHUSI M TPOM3BENCHBl KOJIMYECTBEHHBIE OLEHKM TOYHOCTH MECTOONPENENCHNUs JIETaTeNbHBIX —aIlllapaTos,
OCHAIIEHHOTO MAaTPUYHOH pPaJnOMETPUYECKOW cHcTeMol HaBuranmuu. Iloka3aHo, 4YTO TNPUMEHEHHE MaTPHYHBIX
pagOMETPHYECKHX JaTYNKOB IO3BOJSET pealn30BaTh TpeOyeMble BBHICOKHE (IO EIWHHIl — JECSTKOB METPOB) TOYHOCTH
MECTOONPE/IeNICHNS BBICOKOCKOPOCTHBIX JIETaTeNIBHBIX alllapaTos.

Heabr padorbl. llenbio naHHOW CTAaThM SBISIETCS pa3paboTka crmoco0a MOBBIMICHHS TOYHOCTH PaJUOMETPUYUCCKON
KOPpEISIIMOHHO — 3KCTPEMalbHOM CHCTEMBl HAa OCHOBE NPHMEHEHHS MATPUYHOTO PaJHOMETPUIECKOTO IPHEMHHUKA
MHIJUIIMETPOBOTO JMANa30Ha ¢ YIIOTHEHHEM KaHAJIOB.

Martepuassl 1 MeToAbl. B 1aHHOI paboTe NCMOIR30BaH METOA JIMHEHHOTO YIUIOTHEHHUS C pa3[elIiCHHEM KaHAIOB 110 popme
CHTHAJIOB C HCIIOIb30BAaHHEM OPTOTOHANBHBIX (QyHKIMH Yomma. B 3ToM ciaydae 4yBCTBHUTENBHOCTh IO KKAOMY KaHAITY
COOTBETCTBYET UYBCTBHTEIBHOCTH MOIYJLIIMOHHOTO pPaJWOMeTpa, a II0 CpPaBHEHHI0O C  YyBCTBUTEIHHOCTBHIO
KOMIICHCAI[IOHHOTO panoMeTpa MajaeT NprUMepHO B /iBa pasa. C y4eToM OpTOHOPMAaIbHOCTH (YHKLMHA YoJIia curHaji Ha
BBIXOJIE KQ)KIOT0 KaHalla IPOIIOPLHOHAIECH HHTEHCUBHOCTH (MOIIIHOCTH) CUTHAJIA Ha BXOZE 3TOT0 KaHaa.

Pesyabrarel. B manHON paboTe mOKa3aHO, YTO ONTHMANBHBIM SBJIACTCS KOJIHYECTBO OOBEAMHSIEMBIX KaHAIIOB
KpaTHOE 2¥—1. Anamus pe3yIbTaTOB TPOW3BEICHHBIX PAcUeTOB CBHUICTEIBCTBYET, 4TO OOBemuHeHHE 64

KaHaJIOB HA OJUH YCHJIUTEIHHO-TIPE0Opa30BaTEIbHBIN TPAKT MPUBOIUT K BO3PACTAHUIO MEKKAHAJIBHBIX ITOMEX
1, KaK CJIeJICTBHE K yXy/IIEHHIO YyBCTBUTEIFHOCTH KAXKIOTO KaHaJa.

BoiBoabl. IlenecooOpa3zHo B JaHHOM cllydae OTrpaHHUYEHHME KOJIMYECTBa YIUIOTHSIEMBIX KaHalOB Ha OJUH
YCHJIHTEIBHO-IPEOOpa30OBaTe/IbHbI  TPakT. Tak, 0Opu oObeAWHEHMH 16 KaHAJIOB HA OJUH TPAKT,
YyBCTBUTEIBHOCTh KaXOTO KaHajJa OCTaeTcs JOCTaTOYHO BBICOKOW: mopsaka 1| K — mms cyneprereponnHHOTO
pazuoMeTpHUYecKoro IpueMHHKa, 1 MeHee 1 K — g pagnoMerprdeckoro mpueMHHMKA IPSAMOTO ycuieHusd. B
3TOM Cilydae KOJIMYECTBO YCHIIMTEIbHO-NIPE0Opa30BaTEIbHBIX TPAKTOB MPH OOIIEM KOJIMYECTBE KaHAJIOB B
MaTpuiie 64, paBHO 4eThIpe.

K/IIOYEBBIE CJIOBA: pagvomerpuyeckuid  OPUEMHMK  MWUIMMETPOBOIO  JMana3oHa  BOJIH,
paaroMeTpuiecKoe H300paxeHue.

PROBLEM STATEMENT

The multichannel (matrix) radiometric sensor contains a multibeam antenna with a group feed and a multichannel
radiometric (RM) receiver. As a focusing element of a multi-beam antenna, a parabolic one- or two-mirror antenna is
used, or a lens (dielectric, metal-plate, waveguide) antenna.

Multichannel RM millimeter band (MMB) is made either in the form of a set of channel receivers (matrix of
receivers), or according to the scheme of multiplexing channel signals to a common amplifier-converting path. The
output of the receiver is an on-board computing device that generates a RM image (RMI).

The development of principles for constructing a matrix RM receiver is associated with the solution of a number
of scientific and technical problems, the main of which are:

- selection of the optimal coefficient of overlapping of antenna radiation patterns of partial feeds, arrangement of
channel feeds in a group feed, matching of a group feed with a focusing element of a multi-beam antenna;

- implementation of the synthesis of the optimal scheme of a multichannel RM receiver, elimination of the
instability of the gain of individual channels;

- elimination of the mutual influence of local oscillators on the operation of adjacent channels.

The choice of the optimal value of the partial beam pattern overlap factor is decisive in the formation of a group
pattern, for assessing the level of the side lobes of the pattern, the antenna directivity factor, amplitude, phase and other
distortions of the pattern.
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Analysis of the results of experimental studies [3, 4] aimed at the formation of RMI by scanning and matrix RM
system MMB, allows us to conclude that the «half» overlap of the beam pattern of individual channels leads to an
increase in the signal-to-noise ratio in the generated image due to additional accumulation of the signal in the RMI
elements. In this case, the configuration of the image of the object, in contrast to the case without overlapping the beam
pattern, is not violated [5].

The simplest option for constructing a multichannel RM is to create a RM matrix, the number of which is equal to
the number of partial of the beam pattern. The output voltage of each RM is proportional to the brightness temperature
of one resolved frame element. In this case, the maximum fluctuation sensitivity of each individual channel is realized.
However, when performing RM receiver according to a super-heterodyne scheme, it becomes necessary to use a
powerful local oscillator common for a large number of channels or to synchronize all local oscillators in frequency.

The use of one powerful local oscillator with dividing the signal power into a large number of channel RM in a
matrix with a dimension 8x8 or more, or synchronization of the local oscillators of all channels leads to a significant

increase in the power of the common local oscillator and, as a consequence, to an increase in the overall and mass
characteristics of the onboard equipment. In addition, the «wiring» of signals from one local oscillator involves dividing
the power of the local oscillator signal into all channels in the MMB, which is technically difficult to implement.

It should also be noted that the signals of neighboring local oscillators, which are sources of radio waves, can
affect the quality of reception of the useful signal by a separate receiver in the matrix. The influence factors of the
signals of neighboring local oscillators can be characterized as follows.

1. The signals of neighboring local oscillators are summed with the useful signal of a separate i—th channel,
while the level of the useful signal changes.

2. In the frequency converter (mixer), beats occur between the signals of neighboring local oscillators and the
signal of the local oscillator, that is, additional frequency components of the interfering signal appear at the mixer
output.

3. In the event that the signals of neighboring local oscillators in the matrix are not synchronized in frequency,
additional frequency components can fall into the frequency spectrum of the useful signal. It is impossible to filter out
these frequency components without losing part of the useful signal power.

4. The harmful effect of frequency-converted signals of adjacent channels is manifested in a change in the level
of the useful signal, i.e. signal level in a single pixel of the image. Thus, in a certain part of the image pixels, the signal
level does not correspond to the actual one, and it is not possible to estimate this signal level.

5. In the case when the power of signals of neighboring local oscillators, converted in frequency and falling into
the spectrum of the useful signal, exceeds a certain level, the amplifying cascades of the RM go into saturation mode
and the process of receiving the useful signal is disrupted. In this case, part of the RMI pixels are lost, the current image
of the surface (object) being sighted is distorted, which can lead to disruption of the RM operation of the navigation
system as a whole.

The construction of a matrix of feeds on the principle of combining high-sensitivity low-noise direct
amplification RM receivers eliminates the disadvantages inherent in heterodyne circuits. However, in this case,
combining a large number of receivers into a matrix leads to the need to ensure the layout, power supply, heat removal,
and other technical difficulties.

One of the most important is the issue of reducing the cost of a multichannel RM receiver. (According to the data
of OAO NPP Saturn and the State Research Center «lceberg», Kiev, the approximate cost of one RM channel of direct
amplification is ~ 1 thousand cu, and its mass is 80 g. At the same time, the cost of the RM matrix (excluding the cost
of the antenna, signal processing and image forming devices) with a dimension of 8x8 will be 64 thousand cu, and the
mass of the matrix is 5.12 kg.

The listed factors, both for super heterodyne RM receivers and for RM receivers of direct amplification, to one
degree or another lead to a decrease in the accuracy of measuring the coordinates of the sighted objects by the
radiometric correlation — extreme system.

The aim of the research is to develop a method for increasing the accuracy of the RM of the correlation —
extreme system based on the use of the matrix RM receivers of the millimeter range with channel compaction.

ANALYSIS OF THE PRINCIPLES OF CONSTRUCTING
A MULTI-CHANNEL RM RECEIVER MMB

By analogy with information transmission systems [4], RM systems can also use the methods of frequency, time
multiplexing and channel separation, as well as the multiplexing method with channel separation according to the
waveform [4].

The method of frequency multiplexing in RM systems with large absolute values of the signal frequency band is
difficult to implement technically.

The time division multiplexing method requires the use of high-speed interrogation switches (connection) of
partial antenna feeds to a common receiving-amplifying path. The high speed of sequential polling is limited by the
time of signal accumulation by the radiometer from each partial feed (channel), which is dictated by the need to
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implement the required sensitivity of the PM receiver. The method of temporal densification in terms of speed is similar
to the method of sequential survey of space.

Analysis of existing methods of multiplexing and channel separation allows us to conclude that for
multichannel RM receivers, the time-division multiplexing method and the linear multiplexing method with channel
separation according to the waveform are the most appropriate [4]. In [2, 5], a functional diagram of a multichannel RM
with linear multiplexing of channels according to the form of signals is proposed. This scheme can also be used to
implement the time division multiplexing method.

In this work, the amplifier-conversion path of the receiver, common for all channel signals N, is represented by
an intermediate frequency amplifier. This eliminates the influence of the non-stability of the gain of adjacent channels
on the generated image. The instability of the gain of its own amplifying-converting tract is eliminated due to the
modulation of channel signals by Walsh's orthogonal functions.

The disadvantage of this circuit is that the frequency converter (mixer and local oscillator) is placed at the input
of each N of the channels (at N the outputs of the multi-beam antenna). In this case, the above factors of the harmful
influence of the signals of neighboring local oscillators on the process of forming the RMI take place.

Figure 1 shows a functional diagram that implements the method of linear multiplexing with channel separation
according to the waveform. This scheme is given in [2].

e I
K, —l SD, _>| LPF, |_>

Iyl > | Amplifying Divider ! N
converter path

X 2 |
— o H{
2

IYZ Iy

XN
AN LPF I
Kn Generator ., SDn _'I N
I y Yi---¥YN managers Y1---¥YN ‘|‘ Vi
N functions

Fig. 1. Functional diagram of a multichannel RM with linear channel multiplexing
and separation by waveform

The useful signal x;, ie 1,N is a narrow-band normally distributed noise with a spectrum width Af and a
radio brightness temperature T_ proportional to the intensity (power) of the radiation of the sighted area of the surface

or an object at the input of the i-th channel.

With the help of switches (K, K,...,K,), signals are modulated in each channel by signals (functions)
(Yy,---Y,) » which must be digital and belong to the family orthogonal on the interval [0, ] [2, 5]. Further, the signals of
all channels are fed to the input of the adder and to the general amplifying-converting path, where the noises of the RM
with power are added to the signal T .

If the receiver is made according to a super heterodyne circuit, the amplifying-conversion path contains a
frequency converter (mixer and local oscillator), an and a square-law detector. In the case of constructing a receiver
according to a direct amplification scheme, this path contains several stages of low-noise high-frequency amplifiers and
a square-law detector.

In both cases, there is one path for receiving, converting and amplifying the group signal, and thus there is no
need to synchronize the local oscillators of individual channels. The source of the internal noise of the receiver is either
the intermediate frequency amplifier or the high-frequency amplifiers of the common amplifying-converting path.

Further, the mixture of signal and noise, passing through the square-law detector, is divided by power into N
channels and fed to synchronous detectors (SD,...SD,), to the second inputs of which demodulating functions are

received, similar to modulating functions (yi,-y5). The low-pass filter (low pass filter) integrates (statistical
averaging) a signal with a noise structure over time T .

In the particular case of time-division multiplexing of channels, the functional diagram (Fig. 1) does not change.
The difference is that the switches (K,,K,...,K ) are connected to the adder in series.

With a small signal-to-noise ratio in each channel (which is typical for RM receivers), the optimal set of control
functions is the family of Walsh functions [5]. In this case, the sensitivity for each channel corresponds to the sensitivity
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of the modulation RM, and in comparison with the sensitivity of the compensation RM, it drops by about a factor of
two.

Taking into account the or the normality of the Walsh functions, the signal at the output of each channel is
proportional to the intensity (power) of the signal at the input of this channel.

SIGNAL FLOW ANALYSIS IN A MULTIPLEXED RM RECEIVER
A multichannel radiometric receiver works as follows. Useful signals u_(t), ie1 N are fed to the inputs N of
the corresponding switching devices (modulators) (K,,K,...,K). With the help of switches (K,,K,...,K), signals

N

are modulated in each channel by orthogonal digital functions from the family {yi (t) =%[1—wali(t)]} , which is
i=1

built on the basis of the ensemble of Walsh functions [5]. Then the signals are fed to the inputs of the quasi-optical

adder. The signal at the output of the adder can be written as follows:

u, () =Z\/Tayi (1) 0, (), )

where L~Jci (t) —is the power (brightness temperature) normalized oscillation of the useful signal of the i-th channel, i.e.

the power of the oscillations is always equal to one.

The signal from the output of the adder is fed to the input of the amplifying-converting path, where the internal
noise of the RM of the receiver is added to the useful signal: the noise of the intermediate frequency amplifier in the
case of a super heterodyne RM receiver, or the high-frequency amplifiers noise — in the case of constructing a receiver
according to a direct amplification scheme without frequency conversion. The internal noise of the RM is completely
identical to the useful signal and can be written in the form:

uy (=T, U, (1), @)

where T, —is the power of the intrinsic noise of the RM of the receiver;

UN (t) —is the power-normalized oscillation of the receiver's own noise.
Further, the mixture of signal and noise, having passed the square-law detector, is divided by power into N
channels and fed to synchronous detectors (SD,...SD,), to the second inputs of which demodulating functions from the

family are received:
N

{y;(t) =—§wali<t>} : ©)

i=1

We emphasize that the demodulating functions must be from the ensemble (3) of inverted Walsh functions, and
the zero function is excluded. In this case, for a certain part of the period of the control functions, the modulators of all
channels are simultaneously closed, and this interval is used to measure the intrinsic noise of the amplifying-converting
path, as in the modulation receiver. A low-pass filter (low pass filter) integrates a signal with a noise structure over time
T.

In the particular case of time-division multiplexing of channels, the functional diagram (Fig. 1) does not change,
and the switches (K,,K,...,K,) are connected to the adder in series.

At the output of each SD, the signal is determined by the expression:
1& = o,
i=1
The average value of the signals at the output of the low-pass filter is:

<uc(t)>=%<[2\/n y. (1) U, () +T, UN(t)} y:(t)> . 5)

The average value of the products <L~Jci (t)ON(t)>=O of the type is equal to zero due to the uncorrelated signal
and noise components. Taking into account the orthonormality of the Walsh functions:

li=xk
()Y (1))=<=
SAGNAG) {O’in, (6)
the signal at the output of each channel will be proportional T, i.e. intensity (power) of the signal at the input of this
channel.

Figure 2 shows a graphical illustration of a system of modulating Walsh functions from N=7 functions
(N=2k -1, ke N) and an overlap factor n=4 (four channels are simultaneously open).
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To determine the sensitivity of each RM channel, it is necessary to find the ratio for the variance of fluctuations
of the signal noise component.

Since the signals at the input of each channel of the radiometer are statistically independent, Gaussian random
process, the variance of fluctuations of the noise component of the signal at the output of the radiometer (at the output
of the common amplifying-converting path) can be represented as follows:

D=YD,, @

where n=Aft — is the number of independent samples according to Kotelnikov on the interval [0,1], D, —is the

variance of fluctuations of the noise component of the signal at the output of the i—th channel.
Let us introduce into consideration the concept of the minimum time interval At during which the modulating
Walsh functions retain their value.

It can be shown that for the case considered in Fig. 2, At=%, where p=2", and m — is the number of the

maximum dyad of the Walsh functions used.

m(t) |
| |
| | |
[ ] [ ]
1 r1 [
(1 [ 1 []
Fig. 2. Graphic illustration of Walsh functions
In the case under consideration, p = 8. Then expression (7) can be rewritten as:
< L Af
D=Z(2Dik)=IZD2k=TT(TZk)27 (8)
k=1 i=1 k=1

N
where T, =ZTCi + T, —is the total temperature of the signal at the k—th minimum time interval, At, I=AtAl
j=1

In [6], an expression was obtained for the dispersion of a multichannel radiometer for the case of arbitrary N:

Af
DN=TT[N(N+1)TCZ+4NTC T, +4T2]. ©)
The useful signal at the output of each PM channel is proportional to:
Tcout =Tc A?f‘r ' (10)

where T, —is the signal temperature at the input of each channel.

Consider the worst case when the signals at all inputs are equal to the maximum value T; =T, iel N.
Then the expression for the voltage signal-to-noise ratio at the output of each channel of the RM [2]:

TCOUI lq Aft
Quu == =2 NNTD (11)
VEN J1+ Nq+Tq2

T . . . . .
where q =T—C — is the signal-to-noise ratio at the input of each RM channel.
N
Understanding by the sensitivity 8T of the radiometer the brightness temperature of the input signal, at which
the value of the signal-to-noise ratio at the output is equal to unity, from expression (11) we find the ratio for the
sensitivity of each channel of the RM:

8T=ﬂ 1+ Ng+

JAfr
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CONCLUSION
The results of calculations using formulas (11), (12) are shown in the graphs in Fig. 3.
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Fig. 3. Graphic of Q=f(N), 8T=f(N)

Analysis of the calculation results (Fig. 3) indicates that the combination of 64 channels into one amplifier-
conversion path leads to an increase in inter-channel interference and, as a consequence, to a deterioration in the
sensitivity of each channel.

For the super heterodyne RM, the degradation of the sensitivity in comparison with the single-channel
modulation RM is ~ 6 times. The sensitivity of direct amplification RM (at N =64 ) deteriorates 12 times compared to a

single-channel modulation PM.
In this case, it is advisable to introduce a limitation on the number of combined channels per amplifier-conversion path.

So, when combining, for example, 16 channels (N=24) per one path, the sensitivity of each channel remains high

enough: dT=1K - for super heterodyne RM, 8T=0,15K — for RM direct amplification (r=0,ls). In this case, the
number of amplifying-conversion paths with the total number of channels in the matrix is N =64, equal to four.
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Background: Improving the positioning accuracy of passive radiometric correlation-extreme navigation systems
(RM CENS) of aircraft (AC) by landmarks depends on the ability of information RM sensors of systems to form two-
dimensional images of ground objects in real time. The use of matrix RM sensors, which are based on multichannel
RM receivers of the millimeter wave range (MMW), makes it possible to realize the required speed of the CENS
Objectives: The aim of the work is to optimize the number of multiplexed channels per one amplifying-converting
path of a multi-channel RM receiver with linear multiplexing and separation of channels according to the form of
signals.

Materials and methods: As an optimization criterion in this work, it is proposed to use the gain in sensitivity
obtained as a result of the use of a multichannel RM receiver with linear multiplexing and signal waveform
separation in comparison with the sensitivity of a RM receiver with time division multiplexing.

Results: As a result of the analysis of the process of functioning of a multichannel RM receiver with time division
multiplexing in this work a relation was obtained for the sensitivity of an individual channel of a RM receiver with
time division multiplexing.

Conclusions: It can be concluded that it is optimal to create a matrix RM receiver based on combining 16 RM
channels of the superheterodyne type into one amplifier-conversion path. In this case, the total number of amplifying-
converting paths is equal to four. The sensitivity of each channel remains high enough.

KEY WORDS: millimeter-wave radiometric receiver.

OINTUMIBALIA KINIBKOCTI KAHAJIIB BATATOKAHAJIBHOI'O PAAIOMETPUYHOI'O
MPUIMAYA
B. H. Bukos, I'. }O. Mipomnuk, T. B. MipomHuk
Xapriscokuu Hayionanvnull yHieepcumem imeni B.H. Kapasina, maiioan Ceoboou, 4, 61022,
M. Xapxis, Ykpaina

AKTyaJabHicTh. [liIBUIIEHHS TOYHOCTI BH3HAYEHHS MiCIE3HAXOKEHHS MACUBHUX PATIOMETPHYHHUX KOPEIIiHHO-
excrpemanbHuX cucteM Hairamii (PM KECH) nitansaux amapatiB (JIA) mo HazeMHHX Opi€HTHpax 3ajieKUTH Bif
3maTHOCTI iHQopManiiiHnx PM nmatumkiB cuctem (opMyBaTH IBOBHMIpHI 300pa’keHHS Ha3eMHHUX OO'€KTIB B
peanpHOMY MacmTadi yacy. 3acTocyBaHHA MaTpudHUX PM maTymkiB, OCHOBOIO SKHX € OaraTokaHaidbHi PM mpuitmadi
MinimMeTpoBoro niana3ony xsuis (MM]]), no3Bossie peanizyBatn HeoOxinHy mBuakoaito KECH [1,2].

Meta po6oru: MeTor poOOTH € OmnTHUMi3allis KiTbKOCTI KaHAJIB, IO YIIUIBHSIIOTHCSA HA OJUH ITiICHIFOBAIHHO-
MEPETBOPIOBANIBbHI TPAKT OaratokaHaiapHOro PM mpuitMaua MM/I 3 MiHIHHUM YIIUTBHEHHSIM 1 PO3/IUICHHSM KaHAIIB
3a (HOPMOIO CHTHAIIB.

Marepianu Ta meToau: B sxocTi KpuTepiro onTuMi3alii B 1aHii poOOTi MPOTIOHYETHCSI BAKOPUCTOBYBATH BHUTPAII B
YYTIIUBOCTI, IIO OTPHUMYEThCS B peE3yNbTaTi 3acTOCyBaHHS OaraTokaHadpbHOro PM mpuiiMavya 3 miHIHHAM
VIIUTBHEHHSM 1 PO3IUICHHSM KaHaliB 3a (OPMOIO CHTHANIB B MOPIBHSHHI 3 4yrauBicTio PM mnpmitmaua 3
TUMYACOBUM YIIUTFHEHHSIM KaHAIIB.

PesyabTatn: B pesynbprari aHamizy mpoiiecy (OYHKIIOHYyBaHHsS OaratokaHaipbHOro PM mpuiimMada 3 THMYacOBHM
YIIIbHEHHSIM KaHAJIB B aHiil poOOTI OTPHUMaHO CIIBBIJHOILICHHS /Ul YyTJIMBOCTI OKpeMoro kanany PM mpuitmaua
3 THMYaCOBUM YIIIJIbHEHHSIM KaHaJIiB.

BucHoBku: Mo)kHa 3pOOUTH BHUCHOBOK MPO TE, 110 ONTUMAIBLHUM € CTBOPEHHS MaTpuyHoro PM mnpwuiimaua Ha
ocHOBI 00'enHanHsg 16 PM KkaHaNiB CynepreTepoJMHHOTO THITy Ha OAWH IiJICHIIIOBAILHO-TIEPETBOPIOBAIIBHI TPAKT.
IIpn mpoMy 3arajgbHa KUIBKICT ITiJCHITIOBAJIBHO-TIEPETBOPIOBATBHUX TPAKTIB JOPIBHIOE YOTHPHOM. UyTimBicTh
KOYKHOTO KaHaJTy 3aJIMIIAETHCS JTOCUTH BHCOKOIO.

KJIFOYOBI CJIOBA: pagioMeTpruHUiA IpUiiMad MiTiMETPOBOTO Aialla30Hy XBHUIIb.

ONITUMU3 AU KOTMYECTBA KAHAJIOB MHOTI'OKAHAJIBHOT' O
PAJIMOMETPUYECKOI'O TIPUEMHHUKA
B.H. Brikos, I'. FO. Mupomnuk, T. B. MupourHuk
Xapvrosckuil nayuonanvuwitl ynugepcumem umenu B.H. Kapasuna, ni. Ceoboowl, 4, 61022, 2. Xapvkos,

Vkpauna
AKTyaJILHOCTb! IloBBIIEHHE TOYHOCTH MECTOONPEACIICHUA IMACCUBHBIX PAaAUOMETPUYCCKUX KOPPEIAUOHHO-
sKcTpeManbHbIX cucTeM HaBurannu (PM KOCH) nerarenshbix anmaparos (JIA) mo Ha3eMHBIM OpHEHTHPAM 3aBHCHT

© Bykov V. N., Miroshnik G. Yu., Miroshnik T. V.,
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OT cnocoOHOCTH HHGOPMAIMOHHBIX PM naTyuMkoB cucteM (OPMHUPOBATH JBYMEPHBIE H300paKEHHS HA3EMHBIX
00BEKTOB B peasibHOM Maciitadbe BpeMeHH. [Ipumenenne MaTpuuHbiXx PM 1aTuMkoB, OCHOBOH KOTOPBIX SIBISIOTCA
MHOTOKaHajbHble PM mpHeMHHKH MHIILIMMETPOBOro nuamna3zoHa BoiaH (MM/I), mo3BoisieT peanu3oBaTh Tpedyemoe
osicTpoaeiictBue KOCH.

Henw paboTs:: Llenpio paboTsl ABIAETCS ONTHMHU3ALUS KOJIMYECTBA YIJIOTHSAEMBIX KAaHAJIOB HA OJUH YCHIUTEIBHO-
npeoOpa3oBaTeNbHBIN TPAKT MHOrOKaHaIbHOr0 PM mpunemanka MM/ ¢ IMHEHHBIM yIUIOTHEHHEM M pa3JeleHHeM
KaHaJIOB 10 ()OpME CHTHAJIOB.

Marepuansl 1 MeToAs: B KkadecTBe KpUTepWs ONTUMH3AIMM B JAaHHOH paboTe mpezsiaraercs HCIIOIb30BaTh
BBIUTPBIII B UYBCTBUTENBHOCTH, MONydaeMbli B pe3yiabTaTeé NPHMEHEHHS MHOrokaHaiabHoro PM mpueMHMKa c
JMHEWHBIM YIUIOTHEHHEM M pa3JeJIeHHeM KaHaJoB 1o (popMe CUTHAJIOB IO CPABHEHHUIO C YyBCTBUTEIBHOCThIO PM
MpPUEMHUKA C BDEMEHHBIM YIUIOTHEHHEM KaHAaJIOB.

PesyabTatel: B pesynpraTe aHanmmza mporecca (YyHKIMOHHPOBAHUS MHOTOKaHanbHOro PM mpuemHuKa c
BPEMEHHBIM YIUIOTHCHHEM KaHAJIOB B JJAHHOH pa0oTe MOJIy4eHO COOTHOIIECHHUE UL YyBCTBHTEILHOCTH OTIEIHHOTO
kaHasna PM npueMHuKa ¢ BpeMEHHBIM YILIOTHEHUEM KaHAJIOB.

BeiBoabl: MoxHO clienaTb BBIBOJ O TOM, YTO ONTUMAJIbHBIM SBJSIETCS cO3JaHue MaTpuuyHoro PM mpueMHuka Ha
ocHOBe oObemuHeHns 16 PM KkaHanoB CymepreTepoAMHHOIO THNA Ha OJWH YCHIIUTENHHO-TIPeoOpa3oBaTeNIbHEIN
TpakT. IIpu »>ToM oOmee KOIMYECTBO YCHIMTEIBHO-TIPEOOPAa30OBAaTENbHBIX TPAKTOB PABHO  UYCTBIPEM.
YyBCTBUTEIBHOCTD KaXKA0T0 KaHAJIa OCTAETCs I0CTaTOYHO BBICOKOH ST=1K .

KJ/IFOYEBBIE CJIOBA: pagnoMeTpuueckuii IpUEMHUK MUTIMMETPOBOIO IUara30Ha BOJIH.

PROBLEM STATEMENT

Formulation of the problem. Improving the positioning accuracy of passive radiometric (RM) correlation-
extreme navigation systems of aircraft on landmarks depends on the ability of information RM sensors systems
to form two-dimensional images of ground objects in real time. The use of matrix RM sensors, which are based
on multichannel RM receivers of the millimeter wavelength band (MMWB), makes it possible to realize the
required speed of the correlation-extreme navigation systems [1 — 3].

Analysis of the literature. Multichannel RM receiver MMWB can be made either in the form of a set of
receiving channels (matrix of receivers), or according to the scheme of multiplexing channel signals to a
common amplifier-converting path [2, 3].

In [2, 3], a functional diagram (Fig. 1) is shown that implements the method of linear multiplexing with
channel separation according to the waveform, as well as the method of time multiplexing of channels. In [3], as
a result of analyzing the passage of signals from a large number of channels through a common amplifier-
conversion path, relations were obtained for the sensitivity and signal-to-noise ratio at the output of each
individual channel of a multichannel RM receiver.
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Fig. 1. Functional diagram of a multichannel RM receiver with linear multiplexing
and channel separation according to the waveform

Multichannel RM MMB receiver with linear signal waveform multiplexing functions as follows. The useful
signal is a narrow-band normally distributed noise with a spectrum width and Af a radio brightness

temperature T¢j proportional to the radiation intensity of the sighted area of the surface or an object at the input

of the i-th channel.

With the help N of switches (K;), signals (xj) are modulated in each channel by orthogonal digital
functions from the family, which is built on the basis of the ensemble of Walsh functions (yi) [4, 5]. Further, the
signals of all channels are fed to the input of the adder and to the common amplifier-conversion path, where the

noise of the RM receiver with power is added to the signal T} .
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If the receiver is made according to a super heterodyne circuit, the amplifying-converting path contains a
frequency converter (mixer and local oscillator), an intermediate frequency amplifier and a square-law detector.
In the case of constructing a receiver according to a direct amplification scheme, this path contains several stages
of low-noise high-frequency amplifiers and a square-law detector.

Further, the mixture of signal and noise, passing through the square-law detector, is divided by power N
into channels and fed to synchronous detectors (SD;), to the second inputs of which demodulating functions from
the family of inverted Walsh functions arrive (y%). The low-pass filter (LPF) integrates the signal with the noise
structure over time T .

Taking into account the orthonormality of the Walsh functions, the signal at the output of each channel is
proportional to the intensity (power) of the signal at the input of this channel (x;).

In the case of time-division multiplexing of channels, the functional diagram of the multichannel RM [3]
does not change. The difference is that the switches are connected in series to the adder.

For the case when the brightness temperatures of signals at all inputs are equal to the maximum value

Tei =T, 1€ 1N, the ratio for the sensitivity of an individual channel of a multichannel RM receiver can be
represented as [3]:

N(N+1) qg

2T,
) —. Jl—l—Nq—l— , (1)

G

where ¢ =TT—S — is the signal-to-noise ratio at the input of each RM channel.
N
An analysis of the results of calculations by formula (1) shows that combining, for example, 64 channels
per one amplifier-conversion path leads to an increase in inter-channel interference and, as a consequence, to a
deterioration in the sensitivity of each channel.
For a super heterodyne RM receiver, the degradation in sensitivity compared to a single-channel
modulation RM is ~ 6 times. The sensitivity of direct amplification RM (at N =64 ) deteriorates by a factor of 12

in comparison with a single-channel modulation RM (at t=0,1s). It seems expedient to limit the number of

channels (channel signals) multiplexed into one amplifying-converting path of a multichannel RM receiver.

Purpose of work. The aim of the work is to optimize the number of multiplexed channels per one
amplifying-converting path of a multi-channel RM receiver MMB with linear multiplexing and separation of
channels according to the form of signals.

RESEARCH MATERIALS
As an optimization criterion in this work, it is proposed to use the gain in sensitivity obtained as a result of
the use of a multichannel RM receiver with linear multiplexing and waveform separation of channels in
comparison with the sensitivity of a RM receiver with time division multiplexing.
As a result of the analysis of the process of functioning of a multichannel RM receiver with time division
multiplexing, the diagram of which is given in [4], in this work a relation was obtained for the sensitivity of an
individual channel of a RM receiver with time division multiplexing of channels:

2N Ty ,
e @)

In the case of time multiplexing (2) at the same exposure time (signal accumulation time T ) of one element

8T'=

(pixel) of the image, the sensitivity deteriorates in times \/ﬁ .

The result of dividing the right-hand side of expressions (2) and (1) characterizes the gain in the sensitivity

of a separate channel for different compaction methods at the same parameter values AfT:
1

57T
oT J1+ LN+ 2
N a 4 a

@)

Figure 2 shows the dependencies OT(N). The calculations were carried out for two values of the input
signal. The value T¢ =300K  corresponds to the maximum input signal of the RM channel. In this case, the
signal-to-noise ratio for a super heterodyne RM receiver q=0,1 (Tm=3000 K), for a direct amplification

receiver q=0.6 (T, =500K) (curves 1, 2 in Fig. 2).
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The value T, =5K corresponds to the real case of receiving a low-intensity input signal of the RM of the MMB
receiver. In this case, the signal-to-noise ratio for the super heterodyne RM receiver q=0,0016 , for the RM

receiver of direct amplification q=0,01 (Tm =500 K) (curves 3, 4, Fig. 2).

5T10 T T

‘V

0.1
1 10 100 N

Fig. 2. Dependency graph 01 =N

The range of values 0, >1 corresponds to the gain in the sensitivity of a multichannel RM with

multiplexing of the channels in the form of signals.

For super heterodyne RM receivers, this region exists over the entire range of values under consideration
N (curve 1in Fig. 2).

The maximum gain is observed with the number of compressed channels N =16-20.

In the case of the RM receiver of direct amplification, due to the significant influence of the signals of
adjacent channels on the quality of the formed image, the gain in sensitivity compared to the sensitivity of the
RM receiver with time division multiplexing is not observed (curve 2).

The maximum approximation of the sensitivity of the multichannel RM with linear waveform division to
the sensitivity of the RM with time division is observed for N =3...6 the channel values.

If a multichannel RM receiver receives a small input signal (T.=5K), due to a weak interfering effect of

input signals on the output signal-to-noise ratio, there is a significant gain in sensitivity for a multichannel RM
receiver with linear channel multiplexing in signal shape, both for a super heterodyne receiver and for a RM
receiver direct amplification.

CONCLUSIONS

Thus, we can conclude that it is optimal to create a matrix RM receiver based on combining 16 RM
channels of the super heterodyne type into one amplifier-conversion path. In this case, the total number of
amplifying-converting paths is equal to four. The sensitivity of each channel remains high enough dT=1K

Combining 16 channels of direct amplification RM receivers into one amplifier-conversion path is also
possible. Although the sensitivity in this case deteriorates in comparison with the single-channel modulation RM
by a factor of 5 ... 6, the absolute value of the sensitivity (8T =0,04...0,2K at t=0,1s) remains quite
acceptable for the stable operation of the RM correlation-extreme navigation systems MMB.

The advantage of the applied method of linear compaction in comparison with time compaction is an

increase in the exposure time of each individual element of the frame by IN times, with a significant reduction

in the cost of the design of a multichannel RM receiver (16 times, respectively), and as a consequence, a
decrease in the cost of the entire matrix RM sensor (taking into account the cost of a multi-beam antennas and
processing systems).

KOH®JIIKT IHTEPECIB
ABTOpH TTOBiIOMJISIIOTE TIPO BiJICYTHICTH KOH(MIIKTY iHTEpeECiB.
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AKTYaJIbHiCTb. YHIKaIbHE CIIEKTPaJIbHE MOJI0KEHHS YaCTOT TEPAareploBOro Aiarna3oHy BU3HAYAE TPYIHOII PO3BUTKY
KOMIIAaKTHUX TBEPAOTIIBHUX JDKEped TepareploBOrO BHIIPOMIHIOBaHHA. Y OUIbIIOCTI BUMAAKIB BinOyBaeThbes
BUTICHEHHsI pOOOYMX YacTOT iCHYIOUHX IIPHCTPOIB y TepareploBy YacTHHY CIIEKTpy. Binomo, mo yrapHa ioHizaris,
0COOJIMBO y CBOTH ITOYaTKOBiH CTamii, € JOCHTh HIBUAKOIUIMHHUMH IIPOLECOM, SIKMH MO)KHAa BUKOPUCTaTH JUIS
MOKpPAII[CHHS YaCTOTHUX BJIACTUBOCTEH mpmiiaiiB. YacoBi Ta MPOCTOPOBI OOMEKEHHS yIapHOI 10HI3aIll y CIIOTyKax
InGaN Ta InAIN noTpeOyIoTh OLIHKHM JUIsl BU3HAYCHHSI EPCIEKTUB ii BAKOPUCTAHHS JJIsI KOHCTPYIOBAHHS NIPHIIANIB Y
TepareproBOMY Jiana3oHi.

Meto10 pobOTH € BH3HAYCHHS BEJIMYMH YACOBHX Ta MPOCTOPOBHX 3aTPUMOK Yy PO3BUTKY YIAapHOI iOHi3amii, mio
IHIIIIOETBCS EIEKTPOHAMH, y HaliBIPOBiIHUKOBUX cronykax InGaN ta InAIN Ha modaTkoBOMY eTami BUHHKHEHHS
yAapHoi 10Hi3arii.

MeTonu i MeToo10TisI. 3 BUKOPHCTaHHAM OararoyacTHHKOBOTO MeTony MonTte-Kapio y HaOmvkeHHI 0ZHOPiTHOTO
SJISKTPUYHOTO TI0JISI TPOBEACHO MOJETIOBAHHS €JIEKTPOHHOTO TPAHCIOPTY 3 BpaxyBaHHIM aKTyaJbHHX MEXaHI3MiB
PO3CISIHHSI, B TOMY YHCII PO3CISIHHS Ha CIUIaBHOMY IIOTEHIliadi Ta ymapHol ioHi3awii. PosrmsmaBes matepian 3
OJTHOPIHMM PO3IOJIIOM CKJIaay Ta MaTepiall i3 3aJIeKHICTIO CKJIANy BiJi KOOpAWHATH. AHaN3yBaJIUCs HPOCTOPOBI
pO3MONIK aKTiB yHapHOI i0HI3amil A7 aHCaMOINII0 HOCIIB 3apsny, 3a SKAMH BH3HAYaJMCA XapaKTEePHI JOBXKHHU
JIOKami3alii yaapHoi i0Hi3amii Ta 3aTPUMKH B Yaci il BHHUKHEHHS.

Pesyabratu. B cronykax InGaN Ta InAIN npu HanpyxkeHoCTsX elnekTpuuHOro moist 6impmmx 100 kB/cM uwack
Ga ta Al menmie 60 % MoXyTh OyTH Ha MOPSIOK MEHIIMMH. JOBKMHH, Ha SKUX €JEKTPOH HaOWpaEe €Hepriio Uit
CTBOPCHHSI aKTy yIapHOI 10HI3aIll Y pO3TSIHYyTOMY BHIAAKY, ckianaroTh 0mu3bko 100- 200 HM i 3MEHIIYIOThCS i3
3pOCTaHHSAM BEIHUYMHH HAMPYXEHOCTI NEKTPUYHOTO ToJs. Y BHUmaaky croiayku INAIN BOHH MOKYTh CTaTH MEHIIE
50 M. Ha posmipu o6nacTi moyaTkoBoro Habopy eHeprii MOXKHa BIUIMBATH, BUKOPHCTOBYIOUM BapU30HHMH mIap, y
SKOMY INUpHWHA 3a00pOHEHO 30HM 3MEHIIYEThCS B OiK aHOAY, NMPOTE HAMMEHII BENMYMHH “‘MEPTBOi 30HH™
BiJIIIOBIIaI0TH OJTHOPITHIM 32 CKJIaJOM MaTepiallaM.

BucnoBku. TakuM YUHOM, YAapHY 10HI3aIII0 HA IOYATKOBIH CcTa il MO’KHa BUKOPHCTOBYBATH Y HAIBUCOKAYaCTOTHUX
MpUIagax, 30KpeMa K MEXaHi3M perakcallii eHeprii B TeparepoBoMy Aiara3oHi.

KJIFOYOBI CJIOBA: crionyka, MOJIsIpHA YacTKa, BAPU30HHUI 1Iap, yAapHa ioHi3amis, HapyKeHiCTh eIEKTPUYHOTO
HOJIsl, TOPIr BHHHUKHEHHS YAapHOi iOHi3alii, JOBXHHA “MepTBOi 30HM”, Yac 3aTPUMKH, PO3CISHHS, CIUIABHUM
MOTEHIa.

FEATURES OF IMPACT IONIZATION OCCURING IN SEMICONDUCTOR COMPAUNDS
InGaN AND InAIN
K. H. Prykhodko, O V. Botsula, V. O. Zozulia
V. N. Karazin Kharkiv National University, 4, Svobody sq., Kharkiv, 61022, Ukraine

Background. The unique spectral position of terahertz range determines the difficulties of developing compact solid-
state sources of terahertz radiation. In most cases, the operating frequencies of existing devices are displaced in the
terahertz part of the spectrum. It is known that impact ionization, especially in its initial stage, is a rather fast process
that can be used to improve the devices frequency properties. The temporal and spatial restrictions of impact ionization
in InGaN and InAIN compounds need to be evaluated to determine the prospects of its use for the terahertz range
devices design.

Purpose of Work. The aim of this work is to determine the values of time and space delays in the development of
electron-initiated impact ionization in the InGaN and InAIN semiconductor compounds at the initial stage of impact
ionization.

Techniques and Methodology. The modeling of electronic transport was performed using the Ensemble Monte Carlo
technique. It takes into account the all actual mechanisms of scattering iincluding the alloy potential scattering and
impact ionization. The constant electric field approximation has been considered. The homogeneous materials and the
materials with composition depending on coordinate were considered. The spatial distributions of impact ionization
acts for a charge carriers ensemble were analyzed to determine a characteristic mean distance a carrier travels before
ionizing (“"dead space") and a delay time of impact ionization appearing.

Results. The delay times of impact ionization in InGaN and InAIN compounds if electric field strengths greater than
100 kV/cm are less than 2 ps. Delay times can be an order of magnitude lower when Ga and Al content less than 60%,
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respectively in InGaN and InAIN. The mean distance a carriers acquire enough energy to impact ionize for this case
are about 100-200 nm. This distance decrease with increasing electric field strength and may be less than 50 nm in the
case of the InAIN. The dead space length can be changed by using a graded band layer in which the band gap decreases
towards the anode. But the smallest values of the "dead space" correspond to homogeneous materials.

Conclusions: Thus, impact ionization at the initial stage can be used in ultrahigh-frequency devices in the terahertz range,
in particular, as a mechanism of energy relaxation.

KEY WORDS: compound, molar fraction, graded band layer, impact ionization, electric field strength, impact
ionization threshold, dead space length, delay time, scattering, alloy potential.

OCOBEHHOCTH PA3BUTHS YIAPHON MOHU3ALIMA B ITOJIYITPOBOJHUKOBBIX
COEJJUHEHMSIX InGaN U InAIN
K. T. Ilpuxoasko, O. B. bony.aa, B. A. 303yasn
Xapvrosckuil nayuonanvHoll yHusepcumem umenu B. H. Kapasuna, ni. Cé0600bi, 4,
2. Xapvros, 61022, YVxpauna

AKTYyalIbHOCTb. YHHKaJIbHOE CIIEKTPAJIbHOE MOJTOKEHUE YaCTOT TEPareploBOro AMana3oHa OoNpeaenseT TPYAHOCTH
pa3BUTHS KOMIIAKTHBIX TBEPJOTENbHBIX MCTOYHHMKOB TEPareproBOro MH3IydeHHA. B OombIIMHCTBE cirydaeB
MPOUCXOAUT BHITECHEHHE Pab0OUYNX YaCTOT CYLIECTBYIOIINX IPUOOPOB B TEPArepLOBYIO YacTh ClieKTpa. VI3BecTHO, 4TO
ylIapHasi HOHU3aLUsl, OCOOCHHO B CBOEH HAYaJIbHOW CTaJuH, SIBISIETCS JOCTATOYHO OBICTPOTEKYIIMM IIPOLIECCOM,
KOTOPBII BO3MOKHO MCIOJIB30BATh [UIS YJTyUYIISHUs YaCTOTHBIX CBOMCTB IPHOOPOB. BpeMeHHbIe 1 MPOCTpaHCTBEHHBIE
OrpaHnYeHHUs yaapHOH HoHM3anmu B coenuHeHnsX InGaN u InAIN TpeOyroT OleHKH Ul ONpeneNeHns NepCIeKTHB
€e HCIOIb30BaHMs Il KOHCTPYHUPOBAHHS IPUOOPOB B TEPAreplOBOM JHAMA30HE.

Heabro paboTsl SIBISETCS OMpEEIeHNEe BEININH BPEMEHHBIX M IPOCTPAHCTBEHHBIX 33€PKEK B PA3BUTHE yHApHON
WOHU3AINU, KOTOpas HHUIMUPYETCS 3JIEKTPOHAMH B MOJYNPOBOAHUKOBHIX coequHeHHAX InGaN u InAIN nHa
Ha4yaJgbHOM 3Talle BOSHUKHOBEHHUS yapHOH HOHHU3AINH.

Metoasl u Metoposorusi. C HCIONB30BaHMEM MHOTOYacTHYHOro Meroga Monre-Kapno B mpubmmxeHHn
OJIHOPOJHOTO 3JICKTPHUUYECKOI0 IMOJIS IPOBEAECHO MOJEIMPOBAHUE 3JIEKTPOHHOIO TPAHCIOPTA C YUETOM aKTyaJbHBIX
MEXaHM3MOB pacceuBaHUs, B TOM 4YHCJIE€ pPACCEUBAaHMA HAa CIUIABHOM IIOTEHLUale M yJapHONH HOHHM3aLUU.
PaccmarpuBanicst mMatepuan ¢ OJHOPOIHBIM DPACHpeENEHHEM cOCTaBa U MaTepual C 3aBHCUMOCTBIO COCTaBa OT
KOOpAMHATHL. AHAIM3HPOBAINCH NPOCTPAHCTBEHHBIC PACIpeNeeHHs aKTOB yIapHOW HMOHU3AaLUM JUI1 aHCaMOJIs
HOCHTeNeH 3apsiia, M0 KOTOPBIM OMpeAe/sUTICh XapaKTepHbIe JTHHBI JTOKAIH3aUN yIApHONH HOHN3AIUH U 3aJICPKKU
€e BOSHIKHOBEHHMS BO BPEMEHH.

PesyabTathl. B coequnennsax InGaN u InAIN npu HampsbkeHHOCTSX saekTpudeckoro momst 6onpmmx 100 xkB/cm
BpeMeHa BO3HHKHOBEHHUS yJapHONH MOHHM3AIMN Ha HAYAIBHOW CTaJUU €€ Pa3BHTHS COCTABIAIOT MEHbIIE 2 IIC, a IIpH
copepxanun cootBeTcTBeHHO Ga u Al menbire 60 % MoryTt ObITh Ha MOPSJIOK MEHBIIUMU. J[TMHBI, HA KOTOPBIX
JNIEKTPOH HAaOWpAeT SHEPrHIO JUISl CO3[aHMs aKTa yIapHOH MOHMW3ALUHM, Ui PACCMOTPEHHOTO Ciy4as COCTaBJISIOT
nopszka 100- 200 HM ¥ yMEHBIIAIOTCA ¢ YBEIMYEHUEM BEJIMUUHBI HAIIPSKEHHOCTH 3JIEKTpUYecKoro noiis. B ciydae
coenunenns InAIN onu MoryT cratk MeHbme 50 HM. Ha pasmepsl 0671acTn HavaabHOTO Habopa SHEPTUH BO3MOXKHO
BIIUSTH, WUCIIONB3YsI BApH30HHBIN CIIOH, B KOTOPOM IIMPHHA 3alpeIleHHOIl 30HBI YMEHBIIAETCS B CTOPOHY aHOJA,
OJHAaKO HaNMEHBIIINE Pa3MepHl “MepPTBOU 30HBI” COOTBETCTBYIOT OJHOPOIHBIM IO COCTaBy MaTepHaIaM.

BoiBoabl. TakuM o00pa3zoMmM, ymapHYI0 HOHH3AIMI0O HA HAYadbHOW CTaJWM MOXHO HCIONB30BaTh B
CBEPXBBICOKOYACTOTHBIX MPUOOPAX, B JACTHOCTH KaK MEXAHHU3M pPellaKCallii YHEPTHH B TEPAareproBOM JHAIa30He.
KJIFOUEBBIE CJIOBA: coequHeHue, MoJisipHast 05151, yapHas HOHU3aIus, HAIPSHKEHHOCTD AJIEKTPUUECKOTO M0,
MOPOT' BOSHUKHOBEHMS YAApHOW MOHM3ALUM, JUIMHHA ‘“MEepTBOW 30HBI”, BpeMs 3aJep’KKH, PacCeUBaHUE, CILIABHOM
MOTCHLHUAL.

BCTYIl

TeparepiioBa 00J1acTh €JI€KTPOMArHITHOTO CIIEKTPa Ma€ psiJi CyTTEBUX IepeBar. BincyTHicTh i0HI3yrOUOTO
edekry, BHUCOKa iH(poOpMalliiiHa 3JaTHICTb, 3IATHICTb NMPOHMKATH KPi3b HENPO30pi MpPEIMETH, MOXIUBICTH
CIPSIMOBAHOTO TOIIMPEHHS, SIKI BJIACTHBI TEPareploBOMY BHUIIPOMIHIOBAaHHIO, Jald TOIUTOBX 10 PO3BHUTKY
TeparepioBoi TeXHOJIOTiT Ta mpuctpois [1, 2]. Bxke chOrojHi MpOAEMOHCTPOBAHO PSI YHIKATBHUX CHCTEM, IO
MepeBaXAIOTh AHAJIOTH, SIKI IPALOIOTh Ha OUIBII HU3bKHMX YacTOTaX Ta B ONTHYHOMY Jliana3oHi. 30KpeMa BEJIHKi
CroJiBaHHS MOB'sI3aHi 3 peanizalliero TPUBUMIpHOT TeparepLoBoi Bizyauisauii, Teparepooi Tomorpadii [3-5] ta
cucTeM nepenadi indopmarii [6].

Ha cporogni ofnHi€lo 3 CYTTEBHX MpoOJeM € CTBOPEHHS MIHIATIOPHUX JUKEpET TepareproBoro
BUIIPOMIHIOBAaHHS, 1110 HAHOLIBII BUPA)XEHO B JOBrOXBHJIEBIH YacTHHI TeparepiioBoro niamnaszony (0,3 —1 TI'm), y
SKI ONTHYHI METOJM OTPUMAaHHSA BHUIPOMiHIOBaHHS HeedekTuBHI [7]. Xoua BeNuki yCHmiXd IOCSITHYTO 3
BHUKOPUCTAHHSAM Pe30HAHCHO-TYHENbHUX AioxiB (PT/I), Benmmunuu nmotyxHocTei, mo reaepytotsest PT/ € nocuts
masnumu [8-10]. TleBni Hazii Oy MOB’sI3aHi 3 BUKOPUCTAHHSIM JIJIsSl TEHEpaIlii KBAHTOBO-KACKa HUX JasepiB [11-
13], mpoTe Ha CHOTOHI HE BAAIOCS CTBOPUTH MPHUIAIH, sKi 6 Manu pobouy Temmeparypy 6inbiry wHix 200 K i,
BiJIMOBiAHO, HE TOTPEeOYBaJM JOJATKOBOT'O OXOJIOKEHHS. TakiuM YMHOM, (aKTUIHO Y il HaCTHHI TepareproBoro
Jiarma3oHy JOMIHYIOUUM € TiJIXiJI, IO OB’ SI3aHUH 3 PO3MIMPEHHSAM YaCTOTHOTO [ialma3oHy poOOTH TPaaULiHHIX
MpHIaiB B TEparepioBy 00IacTsb.
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Binomo, 1o po6oTa TpaAnuIiHHUX MaIoradapuTHUX IPHIIAiB, SKi 100pe 3apeKoMeH IyBau cebe sIK JuKepea
€JIEKTPOMArHiTHOTO BUITPOMIHIOBaHHSM Ha 4acTOTax MUTIMETPOBOTO Jiana3oHy (aionu 'aHa Ta JTaBUHO-TIPOJIITHI
niomn), oGMexeHa iHepIiHICTIO MeXaHi3MiB GOpPMyBaHHS HETATUBHOI Au(epeHIiansHOl poBigqHoCTi B HUX [3].
Juis mpunanis, mo OpaIoloTh Ha edexti MiKmonmHHOTO mepeHocy enekTponiB (MIIE), gacoBi oOMexeHHS
TOB’s13aHi 3 KIHIIEBUMH IPOMDKKAMH 4Yacy HaOWpaHHS KiHETHYHOI eHeprii (po3irpiB eJeKTpOHHOTO Ta3y) Ta
KiHIIEBUMH ITPOMIKKaMH 9acy 3BOPOTHHX IMEPEXOMIiB €IEKTPOHIB 3 BUIIUX 33 CHEPTIi€I0 TOIMH 30HHU IIPOBiTHOCTI
B HIDKHIO (€HepreTHdHa penakcarlis). @akTHaHO BCi CIPOOHM PO3MIMPUTH YaCTOTHI TPaHUIi pOOOTH MpHUIIAiB B
0iK BHCOKHX YacTOT 3BOJWIINCS IO CKOPOYEHHS caMme dYacy po3irpiy, mo 3abesmedyBanocs MOAH(DiKaIi€eio
CTPYKTYpH KaToaHOro KoHTakTy [14-19]. Ha ceoroani po6oua yactora mioais 3 MIIE Ha oCHOBHIN rapMmoHii
CTAaHOBHTH I HioAiB Ha ocHOBI GaAs - 200 I'Tu ta no 300 I'Tu mus gioxie Ha ocuoBi INP [20]. Xopomuri
pe3ysbTaTé OyIJI0 OTPUMAHO 3 BUKOPHCTAHHSM Y SIKOCTI Martepiay aist aiona INGaAs Ta niaHapHUX KOHCTPYKIIH
npuiazis [21]. ExcriepuMeHTasIbHI 3pa3ku [ioaiB Ha 0cHOBI INGAAS AeMOHCTPYIOTh TPAaHHYHI YAaCTOTH OJIM3BKO
250 I'Tm.

O4eBHIHUM PIIICHHIM € BUKOPUCTAHHS CEpeAOBHINa, Y IKOMY iHEpIiHICTh MpolieciB Habopy Ta pemakcariii
Oyme OLTPII HU3BKOIO. 30KpeMa BEJHKI MEPCIEKTHBH y IOMY HANpsIMKYy IIOB’s3aHI 3 BHKOPHUCTAHHSIM
HAMIBIPOBITHUKOBUX CIIOJNYK Ha OCHOBI HITpuAiB [22]. YacToTH pO3CIisHHS €NEKTPOHIB B IIMX MaTepiajgax Ha
MOPSIOK BUII, HK, Hanpukian, B GaAs. KoM’ toTepHe MOeMOBaHHS TIOKA3aI0 MOXKIJINBICTh OTPUMATH BHCOKI
poboui yacroru npunaais 3 MIIE ta JITI/] Ha ocHOBI X cnonyk npaktuyuHo g0 1 TT [23].

B po6orti [24] Oyno 3amporoHOBaHO iiel0 3MEHIICHHS 4Yacy MEPEeXOJiB eJNCKTPOHIB 3 BUINUX IOJHH 10
OCHOBHOI 32 pPaxyHOK BUKOpHUCTaHHs yaapHoi ioHi3auii (Y1) 3a ymoBH, 110 yac 1l pO3BUTKY MEHILIHUI XapaKTepHUX
YaciB MDKIOJMHHUX TiepexoniB. Jlis 3MEHIIEHHS BIUIMBY MIipOK, IO BHHUKAIOTH Y LbOMY IPOIECi,
3aIpOIIOHOBAHO BHKOPHCTOBYBATH HAMIBIIPOBIIHUKOBI IIAPU i3 3aJE€KHICTIO BMICTY OJHOTO i3 KOMIIOHEHTIB
Marepiaiy mapy BiJ KOOpAHHATH (Bapu30OHHMI HamiBmpoBimHuK). OIiHKK YaciB po3BUTKY Y] B BapH30HHHX
rapax Ha ocHoBi cionyku INGaAs 3pobiieno B [25], ae mokaszaHo, 1m0 HeoOXiAHI BUMOTH 0 YaciB po3BUTKY Y1
JUTS BApU30HHOTO MaTepiaay Ha ocHOBI INGaAS BUKOHYIOThCSI.

Meroto 1i€i poOOTH € OTPUMAHHS aHAIOTIYHUX OILIHOK JUisi HamiBIpoBigHukoBux cronyk InGaN, InAIN Ta
BapH30HHMX IIapiB Ha iX OCHOBI.

MATEMATHUYHA MOJIEJIb
Mopens po3paxyHKy mepeadadae, 110 €JICKTPOHU 3 KOHIICHTpAIilo AN, II0 BXOISITh B 00JIACTH Ai0Aa 3

KAaTOJHOTO KOHTaKTy B MOMeHT uyacy [ =1,, pyxaroTecs B 061acTi IpocTOPOBOrO 3apsiay HasSBHUX EIEKTPOHIB,

KOHLEHTpalist skux Ny . 3a yMOBH, 110 KOHIEHTpalis Ha/UTMIIKOBUX YaCTHHOK Anll Ny, BBEJIEHI ENEKTPOHH

(epBHHHI) 1 YACTHHKH, sIKI BUHHKAIOTh B pe3ysibTari Y1 (BTOpPHHHI €JIEKTPOHU Ta JIPKH), HE MOXKYTh CYTTEBO
3MIHHUTH TPOCTOPOBHH PO3IOMALT CIEKTPHIHOTO Mmojs. Lle mae MOXKIMBICTH MPOBECTH aHANI3 y HaOIMKEHHI
HE3MIHHOCTI BEJHMYUHH HANPYKEHOCTI €IEKTPUYHOro Mois y miomi. Jns aHamizy mpomecy po3BuUTKY YI 3
ypaxyBaHHAM HEJIOKaJILHOTO XapakTepy ii PO3BHTKY SK y YacoBil, Tak 1 NpoOcTOpoOBii o00xacTix, Oymo
BUKOPUCTAHO 0aratodacTHHKOBUI MeTox MonTte-Kapio. 30Ha mpoBigHOCTI ¥ BHIAAKY crionyku In,Gai,N Oyma
Mpe/ICTaBIIeHa TPHOXIOIMHHOIO MOJIEIUTIO 30HH ITPOBIHOCTI 3 ypaxyBaHHAM HIDKHBOI - [ 1 BepxHix I'1 Ta M-L-
jonuH. J{ns anamizy cnonyku InzAli,N Oyna BUKOpHCTaHAa ABOJOIMHHA MOJIENb 30HH MPOBIMHOCTI, e OYII0
BpaxoBaHO HWKHIO - [ Ta BepxHi M-L-monunu. [[jis HIDKHBOI JOJMHH 30HH IPOBIIHOCTI BpPaxoBaHO
HenapaboJIiuHICTh 3aKOHY Jucnepceii Juist KinetuuHoi eneprii E, y Burmsai:

n’k’

o, AraE) @

* * . . . .
ne K - Momyns xBumboBoro Bekropy; M, =M’ (1+aE, ) - epexruBna maca, o - koedinienT HenapaGomiunoCTi,

h - monudirxoBana crana [Inanka. BepxHi noanau BBaxkanucs napadosniyHuMu. BajeHTHa 30Ha B 000X BHITIaIKax
BpaxoBYBaJIacs MiI30HOI0 BXKKHUX IIpoK ['v1.

MonenbHa obnacTs Mana noBxkuHY 1,28 MKM Ta po30OuBajiacs Ha IMPOCTOPOBI KOMIpKH po3MmipoM 10 HM.
[epenbayanacst MOKIUBICTD 3MiHH CKJIAJy HAMiBIPOBIAHMKOBOI CIIONYKH Z Y BIINOBIIHOCTI A0 po3noainy Z(X),
Jie X — ITOB3/10BKHs KoopauHarta. [Ipu ibomMy napaMmeTpy MaTepiaiy, 0 BU3HAYar0Th BIUIUB MEXaHI3MiB PO3CIsTHHS
Ha HOCI1 3apsy, IpUiiMaiics He3SMIHHUMH B MeXaxX KOMIpKH ITPOCTOPOBOI IUCKPETH3AIIi] i piIBHUMH 3HAUYCHHIMH,
1110 BiAMOBiaroTh Z(X) y cepeanHi iHTePBay, 10 PO3IIISAAAETHCS.

PiBHAHHS pyXy Ui €EKTPOHIB Ta AIPOK 33aJaBaJUCS Y BUTIISI:

dp, vm' +E,V(m'a)
dt m' (Ey )

=-VE, (x)+ Eu : 2
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dp, vm;’

Ve (B @
ne E¢ (X) =ep- ;((Z (X)) Ta E, (X)=E. (x)- E, (Z (X)) - KOOP/IMHATHI 3aJIeXKHOCTI MOTEHIiabHOT eHeprii A71s
€JICKTPOHIB 30HU MPOBIAHOCTI Ta JIPOK y BaJICHTHIH 30HI BIJIOBIIHO; ¢ - €NEKTPOCTATUYHHUN MOTEHIUaN; y -
eNeKTpoHHa criopinHenicts; Eg - mmpuua 3aGoponenoi somm; M’ (EeK ), m;(EpK )- 3aJIeKHOCTI e(EKTUBHOI

MacH eNleKTpoHa (AipKH) Bi KIHETHYHOI eHepril y BIANOBIMHOCTI 10 BUOPAHOTO 3aKOHY IHCHepCii.

Bci aetani moaentoBanust Binnosinawots [16,17,26]. BpaxoBaHo po3cisHHA Ha nedopMaliiHUX MOTEHITiatax
ONTHYHMX Ta aKyCTUYHHUX (DOHOHIB, MDKIOJIMHHE PO3CISHHS (K MIX SKBIBaJICHTHHUMH TaK 1 HEEKBiBaJCHTHUMHU
JIOJIMHAMU), TOJISIPHE ONTHUYHE PO3CISIHHS, PO3CISHHS HAa 1OHI30BaHUX AOMINIKAX Ta CIJIABHOMY ITOTEHIiai.
BenmunHa criaBHOTO TOTeHIIaNy BHOWpaiacs piBHOIO PI3HHUIN eNeKTPOHHOI CIIOpigHEHOCTI y OiHapHUX
CIIOJIyKaXx.

B Tabnmui 1 HaBeneHi GyHKIiOHATBHI 3aJIEKHOCTI TapaMeTpPiB HAITiBIIPOBITHIKOBHUX MaTepialiB BiJf BMiCTy
In.

Ampo0artist MOZeTIi 3 BUKOPHCTAaHHSM JaHUX, 0 HaBeAeHi B Tabnwmmi 1, mpoBoamacs MUITXOM PO3PAXYHKY
3aJIeKHOCTEH Apei(oBOT MBHIKOCTI BiJl HANPYKCHOCT] €IEKTPHUYHOTO TI0JIsI Y BKa3aHUX CHONTyKaX. [1opiBHSAHHS
OTPUMAaHUX 3aJIE)KHOCTEH 3 aHAJOTIYHUMH, OTPUMaHMMHU B poOOTax iHmuMX aBTopiB [29,32,33], mokazamo ix
BHCOKE CIIBIAMIHHS, 30KpeMa XapaKTCpHHX 3HAUCHb IOJIIB, IO BiAMOBINAIOTh MAaKCHUMAJIBHUM BEIUYHHAM
JpeiihoBOT MBUAKOCTI, BEIMYUHAM MaKCUMAIBHOT IIBUIKOCTI T IBUIKOCTI HACUYCHHS.

Ta6muiyst 1. 3anexHicts mapamerpis cnoiyku In;Gai-N Tta In;Al1,N Bim MonspHOi YacTKu.

[Tapamerp In,Gai.N InAliN
Crana pemitku, A 3,189+0,3562[27,28,29] 3,1+0,4452[27,29,30]
I'yctuna, kr/m® (6,15+0,662)-1000[28,29,31,32,33]| (3,29+3,582)-1000[29,30,31,32,33]
CraruuHa JieJeKTpUYHA cTajia 8,9+6,42[28,31,32,33] 8,4+6,92[31,32,33]
BucokouacToTHa aieeKTpuuHa 5,35+3,052[28,31,32,33] 4,77+3,632[31,32,33]
crana
Eneprist MOJSIpHUX ONTHYHKX 0,092-0,0192[28,32,33] 0,1033-0,03032[32,33]
(doHoOHIB, eB
[IBUIKICTD 3BYKY, M/C 5520-350z[28] 9060-38902[28]
AxycTHuHHN r 10,1-3z[32] 10,1-3z[32]
nedopmariAHwA
noTtexIian, eB I 10,1-37[32]
M-L 10,1-32[32] 10,1-3z[32]
Edexrusna maca, r 0,2-0,162[32] 0,33-0,29z[32]
m”/me I 0,4-0,15z[32]
M-L 0,6+0,42[32] 0,4+0,62[32]
Eneprernuni r 0,7+1,08(1-2)+1,64(1-2)?[30,32] 0,7+6,2(1-2)+2,5z(1-z)[30,32]
MiHIMyMH JIOJIHH, 1 5,29-2,8157[32]
eB M-L 5,49+2,0812[32] 6,7-3,2912[32]
Koediuienr r (1-mr")¥er[32] (1-mr")?/er[32]
HerapaboJIiyHOCTI Iy 0[32]
,eB1 M-L 0[32] 0[32]
Eneprist MiXKI0JIHHHAX 0,092-0,0192[28,32,33] 0,1033-0,03032[32,33]
(hoHoHiIB, eB
EnekTpoHHa CrIOpiIHEeHICTh, B 4,1+1,77[33] 3,58+2,227[33]
Onruynanii gedopMmarifHuit 0,9 0,9
norteHiian, eB/m
Eneprist ontrnuaux (hoHoHiB,eB 0,092-0,0192[28,32,33] 0,1033-0,03037[32,33]
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OIIIHKH MAPAMETPIB PO3BUTKY YJIAPHOI IOHI3AIIIL B InGaN
Byno ouineno mapamerpu yaapHoi ionizamii B In,Gai.N mpu 3miHi BmicTy iHgito Big 0 mo 1 Ta 3MmiHi
HanpyXeHocTi enekrpuaHoro moisi no 600 xB/cMm. PesynpraTé po3paxyHKIB A OZHOPITHHUX 32 CKIIAQJOM
HAITiBIIPOBIMHUKIB moka3aHi Ha Puc. 1. 3okpema Ha Puc.l a) HaBeneHi 3aJIe)KHOCTI 3aTPUMKH 4acy PO3BHTKY
ynapuoi ionizanii ( 7 ), a Ha Puc.1 6) cepennboi noBxuaM npobiry exextpowis ( | ) 1o mowarky ynaproi ionizamii
BiJl CKJIQ/Ty CITOJTyKH, IIIO BiIMOBINAIOTH PI3HUM BEIMYMNHAM HAIPYKEHOCTI EIEKTPHUIHOTO IO,
Juist ycix croityk, 1o po3riisiaaincs, HaliMEHI 4acu PO3BUTKY YAAapHOI 10Hi3awil BIAMOBIJAIOTh CIIOIYKaM
3 HaitbinbpumM BMicToM iHAi0 (2>0,6). [Ipu npoMy HaliMeHIIHI Yac 3aTpUMKH BHHUKHEHHS Y1 Bimnosimae INN
(z=1). Voro Bemnunna ckmanae 1,75-107% ¢ mpu 3madenni mampyskeHoCTi enektpuunoro mons 100 kB/cm, Ta
3MEHIIIYETHCS MPH Horo nonanbiuiomy 3poctanti. s GaN (z=0) VI BUHHKAE MPU HATIPYKEHOCTI NIEKTPUIHOTO
noutst 6;u3bko 500 kB/cMm, 1110 mpubIM3HO B 11SITh pa3iB MEHIle, HiX 3HAYCHHS, IO BIAMOBIAAE MO0 Mpoboro (2-
3 MB/cm) [29]. Cnig 3a3HauuTH, 1o B obsacti 3Ha4eHs 2>0,6 10BkKUHA MPOOITY eIEKTPOHIB 10 TOYaTKy YAapHOi
ionizamnii cranoBuTh MeHIIe 200 HM. [IpoBeneHmit anami3 0OMeXEeHUH BEIMINHOIO 1,2 MKM, KOJH HOCIH 3apsmy
MIPOJTiTaE Yepes3 aHari30BaHy o01acTs 0e3 BUHHUKHEHHS Y.

I, Imc x, HM

1.8 5 s 1432 1 /5 53 2 1
. 300 4

1.6 4 J

1.4 6 | 250 -

12 500 6

1.0 4 4

0.5.] 150

0,6 4 100

0.4 .

0.2 \ ]

0.0 T T d T d T d T d T 0 v T v T T T v T d T
0 20 40 60 80 100 =, % 0 20 40 60 80 100 =%

a) 0)

Puc. 1. Yac 3aTpuMKu 10 TOYATKY YIOapHOI 10HI3aIIT a) Ta TOBXKHWHA MPOOITy eIeKTPOHIB JI0 TI0YaTKy yIapHOT
10Hi3amii 0) A7 OAHOPITHOTO 32 CKIIAIOM HAIBIPOBiIHUKA Ha 0cHOBI 1N,Gai-;N B 3a11€:KHOCTI BiJl MOISAPHOT
4yacTKH IN mpu pi3HUX BeMMYMHAX HANpPYKEHOCTI enekTpryHoro mois : 1 — 100 kB/cm; 2 — 200 kB/cm; 3 — 300
kB/cum; 4 —400 xB/cMm; 5 — 500 kB/cMm; 6 — 600 xB/cwm.

Fig. 1. The delay time before starting of the impact ionization a) and mean free path of electrons before starting

of the impact ionization b) for homogeneous semiconductors based on In,Gai-,N mole fraction dependencies at

different values of electric field strength: 1 — 100 kV/cm; 2 — 200 kV/cm; 3 — 300 kV/cm; 4 — 400 kV/cm; 5 —
500 kV/cm; 6 — 600 kV/cm.

HeoOxigHO BiIMITHTH, IO 3pOCTaHHS |i , o crnocTepiraeTbes g cmonyk IN,Gai;N, y sxkux gactka In

ckiangae 6mmsbko 0,7- 0,8 , € OUThII BUpaXCHHUM, IIO TOSICHIOETHCS CYTTEBUM BILUTHBOM PO3CISIHHS Ha CIUTABHOMY
MOTEHITiaMI 1 OB’ sI3aHe 3 BENIMYHHOKO eleKTpoHHoi cropimaeHocTi GaN Ta InN.

opisusnns mapametpis |, Ta 7 B In,Gay;N 3 ananoriunuMu xapaktepucTukamu ais crnonyku In,Gas,As,

o Oynu mpoananizoBani B [25], moka3yroTh, [0 BOHM NMPakTHYHO chiBmanaroTh Wit INN Ta INAS, npote, npu
BMicTi In z<0,5 gosxuna “meptBoi 30uKM” B IN,Gai;N € B 1,5- 2 pasu kopotmia, HiX 11¢ Mae Micie 1 B In,Gas-
ZAS. BiamoBigHo, 9ac po3BUTKY yIapHOi i0Hi3amii y BKa3aHOMY iHTEpBalli CKJIaTy MPAaKTUYHO BTPHUI MEHIIHH,
HiX B criosrykax In;Gai,As. TakuM 4MHOM, MOXKHA CITOJIBATHCS, 110 BUKOPHCTOBYIOUH crionyku 1N,Gai N mms
CTBOPEHHSI BHCOKOYACTOTHHUX IPHIAJiB, B OCHOBI POOOTH SIKMX JIEKHTh Y], MOXKHa OTpUMartd OUIBII BHCOKI
pobGoui wactoTu. IIpoTe CyTTEBOIO TNEPEMIKOAOI HA WUISIXY BUKOPHCTaHHS Y1 MoXke cTaTté IyXe HH3bKa
PYXJIMBICTb JipPOK, BEJIMYMHA SKOT B3araji Ui yCiX HITPUAHHX CHOJNYK cTaHOBUTH MeHiue 100 cm?/(B-c), mo
OB’ 5I3aHO 31 3HAYHOIO BEJIMUYNHOIO e(heKTUBHOT MacH JIpOK B HUX. TOoMy IpakTHYHe 3acTocyBaHHA Y | B mpritagax
Ha OCHOBI HITPHUIHHX CIIOJIYK HOTPeOye HOBUX PillleHb, [0 JO3BOJIATH 3MEHIIUTH Yac KUTTS AIpOK y Tpmiafi. 3
i€l TOYKH 30py MPEICTABJSIE iHTEpEC BHIAJOK MaTepialy, CKJaJ sSKOTO 3MIHIOETHCS Bil KaToAy IO aHOAY
(Bapm3onHmii map). OCKINBKA PO3TISIAETHCS HAMIBIPOBIIHUK N — THITY, TO HASBHICTH BAPU30HHOTO MIApy HE
BILUIMBAE Ha BEJIMUMHY HAINPYKEHOCTI €JIEKTPUYHOIO IOJIs, SIKY B MOJIENIbHIN 3a/1adi, 1[0 PO3IIISIAEThCSI, MOKHA
BBaXKaTH TMOCTiliHOW0. [IpoTe BiH CyTT€BO BIUIMBaE Ha JoOKaji3amiro YI B mpocTopi 3a paXyHOK KOOPIMHATHOI
3aJIe)KHOCTI IIAPUHU 3a00pPOHEHOT 30HHU, a TAaKOXK MPOIIECIB PO3CISHHSA, 30KpeMa 3a PaXyHOK 3HAYHOTO BILUIUBY
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PO3CisiHHS Ha cIIaBHOMY noteHuiani. Ha Puc.2 mokasaHi 3ae:HOCTI JOBKUHU HPOOITy eJIEKTPOHIB /10 MOYaTKy
ylapHOi 10oHi3amii BiJl BEJIMYMHH HANPYKEHOCTI EJIEKTPUYHOTO IOJsI JUIs PI3HUX PO3HOALIIB  CKIAmy
HAITIBIIPOBITHUKA BiJ] KOOPAWHATH, SKi OyJO 3aJaHO y BUTJLANI TayCiBCBKOTO PO3MOILTY 3 Pi3HHM 3HAYCHHSIM

CKJIaqy Ha KaToxi Z, iaHomi Z,.

[, M

0 ) v ) ) v ) v ) v
100 200 300 400 500 £, kB/cm
Puc. 2. 3anexxHicTh JOBKUHH MPOOITY €IEKTPOHIB 10 OYATKY YAapHOI 10HI3aMii BiJf BEMTUYWHN HATIPY>KEHOCTI
SIIEKTPUYHOTO TI0JIS AJISl BUMAIKy BapH30HHOTO HAIiBIIPOBITHUKOBOTO IMIapy Ha ocHOBI IN,Gai;N 3 pizHOIO
yacTkolo In Ha kaToxi Ta anomi ( Zy — ZA) :1-1-08;2-1-0,6;3-1-0,4;4-1-0,3; 5-1-0,2;
6-1-0;,7-0,2-0;8-0,3-0; 9-0,4-0.
Fig. 2 Mean free path electrons dependencies at values of electric field strength for graded band semiconductors
layer based In,Ga;,N with different In mole’s fraction on cathode d and anode (Zz, —2,) before impact
ionization starting: 1 -1-0,8; 2-1-0,6; 3—-1-0,4; 4-1-0,3; 5-1-0,2; 6 - 1- 0; 7-0,2 -0; 8 - 0,3- 0; 9 — 0,4-0.

HafimeHmni BenTMYWHN TOBXXUHU TPOOITY €JIEKTPOHIB MO MOYATKy yNApHOI 10HI3aIlil criocTepiraroThes y
Burnajky Bukopucranus Z, =0 ta Z £0,3. V upomy Bunaaky Y] BHHHKAae NpH HalMEHIINX BETHMYHHAX
HAMPYKEHOCTI MOJIsL. 3 1HIIIOr0 OOKY, 33 YMOBH, 1[0 KATOIHUI KOHTAKT siBJisie c000r0 GaN, HaliMeHII BeTUIMHA
|i Ta 7 BIAMOBIAIOTh MAKCHMAJIBbHINA PI3HMIN CKJIAIy Ha KiHISX PO3PaXyHKOBOI OOJACTI, MO 3HAXOAUTHCS Y
BIJITIOBIZTHOCTI 10 Pe3yJbTaTiB, 1110 oTpuMano st Ga;INi;As. J[jis 1b0ro BUIAaIKy 4ac PO3BUTKY yIapHOT i0HI3aIIii
3a HAMpY)KEHOCTI eJIEKTPUYHOTO OIS HOPSIIKY coTeHb KB/cM ckiamae 6mu3bko 107 ¢ i ciiabo 3amexuTsb Bix
BEJIMUMHH HAIPY>KEHOCTI.

OIIHKH YACY PO3BUTKY YJIAPHOI IOHI3AIIII B InAIN

Byno ouineno mapamertpu yaapuoi ionizamii B IN/Ali,N mpu 3mini Bmicty iHgito Bix 0 10 1 Ta 3MmiHi
HANPYXXEHOCTi eekTpudHoro moiisi 1o 1400 xB/cMm. PesymeTatm po3paxyHKIB Ui OZHOPITHHX 3a CKIAJIOM
HAITiBIIPOBITHHUKIB TIOKa3aHi Ha Puc. 3.

CyTT€BOI0, y TIOPIiBHAHHI 3 MOMEPEIHIMH PO3TIAHYTUMHU CIOTYKAMH, € OilbII cHibHA 3amexHicts |, Ta 7
BiJl HAIIPY>KEHOCT] €JIEKTPUYHOTO MOJS Ta BiANOBIAHO IX MEHIN BeNWYMHH. Tak MpH 3HAUYEHHAX HAIMPY>KEHOCTI
enekTpuyHoro nons E > 200 xB/cMm yaapHa ioHi3amis po3BUBA€ETHCS HA HOBXKMHI MeHIIii 3a 150 aM. Ipu mpomy
Y BENUKOMY BMicTi iHfito ( Z > 0,7) uac po3BUTKY yJIapHOi ioHi3awii B LiloMy He nepeBuinye  <5-10™ ¢, mo
€ HafiMEHIITMM 3HAYCHHSIM, SIKIIIO PO3TJISJaTH Jiarna3oH 3MiHU Z .

Crnig 3ayBaKuTH, IO HaBeJEHI pe3yNbTaTH OTPUMAaHI 3 BHKOPUCTAHHSM JBOJOJHMHHOI MOJENI 30HU
npoBigHOCTI (3 BpaxyBaHHsM [ ta M-L-monuum). Ile HaGmkeHHs Oyae crpaBeAMBHUM Y BHUNAAKY, KOJH
MIDKIOJIMHHE MEPEHECEHHS CIEKTPOHIB CIIOCTEPIraeThCs B HaMiBIPOBiAHUKOBOMY Matepiani InAli,N 3 manum
BMicToM IN Ta y BHIanky, KOJIM yAapHa iOHi3allis HAacTae paHille, HiX MDKJOJIMHHE NMEPEeHECEHHS €JIeKTPOHIB
In;Al1;N must cionyk 3 manium Bmictom Al.
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Puc. 3. Yac 3aTpuMKu 10 TOYATKY YIOapHOI 10HI3aIIIT a) Ta JOBKUHA MPOOITy eIEKTPOHIB 10 MTOYATKy yaapHOi
ioHi3aii JJIs1 OTHOPIHOTO 3a CKIIA/I0M HAMIBIPOBiAHKKA Ha OCHOBI IN;Al1;N B 3a5exxHOCTI Bij MOISIpHOT
gacTtku In: 1 — 200 kB/cm; 2 — 400 xkB/eMm; 3 — 600 kB/em; 4 — 800 kB/em; 5 — 1000 xkB/eMm; 6 — 1200 xkB/em; 7 —
1400 xB/cm.

Fig. 3. The delay time before starting of the impact ionization a) and electron’s mean free path before starting of
the impact ionization for homogeneous semiconductors based on In;Ali,N with different In mole’s fraction: 1 —
200 kV/cm; 2 — 400 kV/cm; 3 — 600 kV/cm; 4 — 800 kV/cm; 5 — 1000 kV/cm; 6 — 1200 kV/cm; 7 — 1400 kV/cm.

OCHOBHI PE3YJIbTATH

1. B cnonykax InGaN ta InAIN npu nampykeHocTsx enekrpudHoro moist Oinpmmx 100 kB/cm wacu
BUHUKHCHHS YIAapHOi 10HI3amii Ha MOYATKOBIH cTaiii ii pO3BUTKY CTAHOBIITH MEHIIE 2 TIC, a MPH BMICTi
BianoBigHo Ga ta Al menuie 60 % MOKyTh OyTH Ha MOPSIOK MEHIIUMH.

2. JIOBXHHH, Ha SIKUX SJICKTPOH HAOMpa€e SHEPTrito I CTBOPEHHS aKTy yaapHOT 10HI3alli1, Ui pO3TISIHYTOr0
BUINAJKY CKIaaat0Th 0113bk0 100-200 HM 1 3MEHIIYIOTBCS 13 3pOCTaHHSIM BEIMYMHH HAIIPYIKEHOCTI eNIEKTPHUYHOTO
nosst. Y Bunaaky crnoixyku InAIN Boru MOXyTh cTaT MeHIe 50 HM.

3. Ha po3mipu o0nacTi moyaTkoBoro Habopy eHeprii Ta 4yac po3BUTKY yJapHOi i0Hi3alii MO)KHA BIUIMBATH,
BUKOPHCTOBYIOYHM BapU30HHHMHN LIap, Y SKOMY LIMPHHA 3a00pPOHEHOi 30HM 3MEHINYEThCs B OiK aHOIY, NPOTE
HaMMEHIIIN BEJIMYUHU “MEPTBOI 30HKH™ BIAMOBIAAI0TH OJHOPIIHMM 33 CKJIaJIOM MaTepiaiam.

4. BpaxoBylouH, [0 Yac PO3BHTKY YJAapHOI iOHi3awLil 3a MEBHUX YMOB € MEHIUUM, HiXK XapaKTepHi 4acH
PO3CISIHHSL y PO3TIITHYTUX HAIIBIPOBITHUKOBUX CIIONYKaX, yOapHY 1OHI3allil0 HA MOYATKOBIH CTamii MOXHa
BUKOPHCTOBYBaTH Yy HaJBHCOKOYACTOTHHX IPWIANAX, 30KpeMa B IPHIAJAX TeparepLoBOro diarna3oHy,
HAIPUKIIA], IK MEXaHi3M pelaKcarlii eHeprii.
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AxTyanbHicTs. Po3B’s3anHs cnenudivanx 3amaq B cydacHiid texHini HBY i KBY nianma3oHiB Takux sk peasizamis
3HIDKCHHsI Pa/ioJIOKALifHOI MOMITHOCTI 00'€KTiB, MPOCTOPOBUX YAaCTOTHO-CENEKTUBHHUX (imbTpiB, peduieKTopiB
BUMAarae po3poOKH 1 CTBOPEHHS OCOOJIHMBOTO KJIacy eNEKTPOIMHAMIYHHX CTPYKTYp — YacCTOTHO-CENICKTHBHUX
MOBEPXOHb. 3aBIAKM YHIKAIBHOCTI 1X €NeKTPOIMHAMIYHHX XapaKTEPHCTHK BAAETHCS BUPIIMIATH JOCHTH TEXHIYHO
CKJIaJHI 3aBAaHHS - PEeXKEKIHii 30yIKyBaHHX MMOBEPXHEBHX XBHJIb, CTBOPEHHS «3a00POHEHHX» 30H B aMILIITYAHO-
YaCTOTHHUX XapaKTEPUCTHKAX.

Meta po6orn. UncensHe MOJIETIOBAaHHS Ta EKCIIEpUMEHTANIbHE JOCITIPKCHHS €IeKTPOJHMHAMIYHUX XapaKTePHCTHK
IUIOIIMHHUX YaCTOTHO-CEJIEKTHBHUX ITOBEPXOHb 3 IMUIMHHUMHU €JEMEHTaMH CKJIaaHOi Tomoiorii. OIiHKa BIIMBY
TEOMETPUYHUX IapaMeTpiB IUIMHHOI HEOJHOPIAHOCTI I MaTepialbHHX KOHCTAaHT [ieJIeKTPUYHOI IIKIagKH Ha
Koe(ili€HTH BIIOUTTS i MPOXOKEHHS YaCTOTHO-CENIEKTHBHOI TOBEPXHI.

Marepiaau Ta Merogu. B poboTi mpexncTtaBieHi pe3yiabTaTH YHCENBHOTO MOJETIOBAHHS €JIEKTPOAWHAMIYHUX
XapaKTePUCTHK KOMIPKH HECKiHUE€HHOI 2D 4acTOTHO-CENEKTHBHOI MOBEPXHI 3 TOMOJIOTIEI0 CTPYKTYPHOTO €IEMEHTY
Y -06pasHoro BHITIsAMY i €KCIEPHMEHTANBHUX JOCIIDKEHb MapaMeTpiB MPOTOTUITY. MOJIETIOBAHHSA BUKOHAHO B
pamkax Metoxay ckinueHHHX eneMeHTiB (MCE) 3 Bukopuctanusam mporpamuoro npoaykry ANSOFT HFSS / ANSYS.
BuMiproBaHHs XapaKTepUCTHK BUKOHAH] Y BUTBHOMY IIPOCTOP1 METOIOM IPSMOTO BUMipy BEIUYMH 3aracaHHsl.
Pe3yabTaT. B X011 YNCIEHHHUX EKCIIEPHMEHTIB BCTAHOBIICHO, IIO0 B CTPYKTYPi MOXKIMBE BUHUKHEHHS IBOX BHIB
PE30HAaHCIB, MOB'SI3aHUX SIK i3 CMIBBIIHOIIEHHIM I'eOMETPUYHHUX PO3MIpiB CTPYKTYPHOTO €IEMEHTY, TaK i 3 HassBHICTIO
JBOCTOPOHHBOTO €KpaHyBaHHs. JOCHI/KEHO BIUIMB TOBIIMHM JIEJEKTPUYHOI MiAKIAAKK i 3HAUYEHb JieJIeKTPUIHOT
HMPOHUKHOCTI Ha KoeillieHTH BiZOUTTS 1 POXO/KEHHs. BCTaHOBIEHO YaCTOTHI 3aJI€)KHOCTI BEJIMYNHHY 3aracaHHs Ipu
3MiHI TIPOCTOPOBOI Opi€HTAlii CTPYKTYpH moao (poHTYy magarouoi XBWii. EKCIiepuMEHTanbHO BCTAHOBJIEHO
3aJIeKHICTh BETMYMHH PaIioNpPO30POCTi IBOMAPOBOI YACTOTHO-CEIEKTHBHOI OBEPXHI B/l KyTa 00epTaHHS CTPYKTYPH
HaBKOJIO 3aJ]aHOI OCi.

BucnoBku. IlpencraBieHi pe3yjibTaTH YHCEIBHOTO MOJICTIOBAHHS CNICKTPOAMHAMIYHHUX XapaKTEPHCTUK KOMIPKH
HecKiHYeHHOI 2D 4acTOTHO-CEeIEKTUBHOT TIOBEPXHI 3 TOMOJIOTIE0 CTPYKTYpHOTo enementy W -o6pasHoro Burisiy i
eKCIIepUMEHTAIBHI JIOCHIKEHHS MOKa3aJH MOJIMBICTD MPOCTOPOBOI YacTOTHOI cenekuii. CyKyIHICTh OTPUMaHUX
pe3yabTaTiB 103BOJISIE MPOTHO3YBATH CTBOPEHHS JIOCHTh TEXHOJIOTIYHHUX 1 BUCOKOS(EKTHBHIX YaCTOTHO-CENIEKTUBHUX
MOBEPXOHb B MiKPOXBHJILOBOMY Jliara3oHi.

KJUIIOYOBI CJIOBA: 4acTOTHO-CEJIeKTHBHA IOBEPXHS, MEPioJMYHA CTPYKTYpa, METOJ CKIHYEHHHX EJICMEHTIB,
pamionpo3opicTh

FREQUENCY SELECTIVE SURFACE WITH COMPLEX TOPOLOGY ELEMENTS
D. V. Mayboroda, S. A. Pogarsky
V. N. Karazin Kharkiv National University, 4 Svobody sg., Kharkiv, 61022, Ukraine

Relevance: The solution of specific problems in modern technology of microwave and UHF ranges, such as the
implementation of reducing the radar signature of objects, spatial frequency-selective filters, reflectors requires the
development and creation of a special class of electrodynamic structures - frequency-selective surfaces. Due to the
uniqueness of their electrodynamic characteristics, it is possible to solve quite technically complex problems -
suppression of excited surface waves, the creation of "forbidden™ zones in the amplitude-frequency characteristics.
The purpose of the work is numerical modeling and experimental study of electrodynamic characteristics of plane
frequency-selective surfaces with slotted elements of complex topology. Evaluation of the influence of the geometric
parameters of the slot inhomogeneity and the material constants of the dielectric substrate on the reflection and
transmission coefficients of the frequency-selective surface.

Materials and methods: The paper presents the results of numerical simulation of the electrodynamic characteristics
of a cell of an infinite 2D frequency-selective surface with the topology of a structural element ¥ -shaped and
experimental studies of the prototype parameters. Modeling was performed within the framework of the finite element
method (FEM) using the ANSOFT HFSS / ANSY'S software product. Characteristic measurements are performed in
free space by direct measurement of attenuation values.

Results: In the course of numerical experiments, it was found that two types of resonances can arise in the structure,
associated both with the ratio of the geometric dimensions of the structural element and with the presence of double-
sided shielding. The influence of the thickness of the dielectric substrate and the values of the dielectric constant on the
reflection and transmission coefficients is investigated. The frequency dependences of the reflection value are
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established with a change in the spatial orientation of the structure relative to the incident wave front. The dependence
of the magnitude of the radio transparency of a two-layer frequency-selective surface on the angle of rotation of the
structure around a given axis has been established experimentally.

Conclusion: The presented results of numerical simulation of the electrodynamic characteristics of a cell of an infinite
2D frequency-selective surface with the topology of a structural element W -shaped and experimental studies have
shown the possibility of spatial frequency selection. The totality of the results obtained makes it possible to predict the
creation of sufficiently technological and highly efficient frequency-selective surfaces in the microwave range.
KEYWORDS: frequency selective surface, periodic structure, finite element method, radio transparency.

YACTOTHO-CEJEKTUBHASI IOBEPXHOCTbD C DJIEMEHTAMM CJIOKHOM
TOIIOJIOT'UA
J.B.Maiidopona, C.A.Ilorapckuii
Xapvrosckuti nayuonanvHolil yHueepcumem umenu B.H. Kapasuna, ni. Ceo600wl, 4,
61022, 2. Xapvkos, Yxpauna

AxTyaabHOCTh. Pemenne crnenmduueckux 3amad B coBpeMeHHOH TexHmke CBY m KBY nmama3oHOB Takwx Kak
peanu3anys CHW)KCHUS PAIMOJIOKAIMOHHOW 3aMETHOCTH OOBEKTOB, IPOCTPAHCTBEHHBIX YaCTOTHO-CEICKTHBHBIX
¢unpTpoB, pedekTopoB TpeOyeT pa3pabOoTKH M co3AaHHA 0co0Or0 Kiacca 3NIEKTPOAWHAMHUYECKUX CTPYKTYp —
YaCTOTHO-CENEKTHBHBIX HOBEpXHOCTEH. baronaps yHHKaIbHOCTH HX MEKTPOANHAMHIECKIX XapaKTEPUCTHK yIaeTcst
PELINTh AOCTATOYHO TEXHUUECKH CIIOXKHBIE 3aJady — IOAaBICHUE BO30YKIaeMbIX MOBEPXHOCTHBIX BOJIH, CO3IaHHE
«3amnpenieHHbIX)» 30H B aMIUTHUTYJHO-JaCTOTHBIX XapaKTePHCTHKAX.

Hens padorpl. UnciaeHHOE MOJEIMPOBaHWE W OKCHEPHUMEHTAIBHOE HCCIENOBaHUE AICKTPOJAUHAMUYECKHX
XapaKTEPHUCTHK IUIOCKOCTHBIX YaCTOTHO-CEJICKTUBHBIX TOBEPXHOCTEH C IIENIEBBIMHU 3JIEMEHTaMH CJI0)KHO TOIIOJIOTUH.
OueHka BIMSHHSA TEOMETPUYECKHX IapaMeTpOB IIENEBOHl HEOZHOPOJAHOCTH ¥ MAaTEPUANbHBIX KOHCTAHT
JHJICKTPHIECKOH MOI0KKU Ha KOG (QHUIIMEHTH OTPaXKSHUS U IIPOXOKACHHS YaCTOTHO-CEIEKTHBHOMN ITOBEPXHOCTH.
Marepuajbl 1 MeToAbl. B paboTe mpeacTaBneHbl pe3yabTaThl YHCICHHOTO MOASITHPOBAHUS MEKTPOIUHAMHIECKIX
XapaKTePUCTHK sSUeHKH OeckoHewHOW 2D YacTOTHO-CENEeKTHBHON MOBEPXHOCTH C TOIOJOTHEH CTPYKTYPHOTO
snementa W -06pasHOro BUOAa M OKCIEPUMEHTAIBHBIX HCCIEIOBAHUN MapamMeTpoB MPOTOTHIA. MoJenupoBaHue
BBIMIOJIHEHO B paMKax MeToja KoHeuHbix dnemeHToB (MKD) ¢ ucnons3oBanueM mporpammuoro npoaykra ANSOFT
HFSS/ANSYS. M3mepeHust XapaKTEPUCTHK BBITOIHEHBI B CBOOOIHOM MPOCTPAHCTBE METOJOM MPAMOTO H3MEPEHHS
BEITYMH 3aTyXaHHS.

Pe3yabTaThl. B X0/1€ YHCICHHBIX 9KCIIEPUMEHTOB YCTAHOBIICHO, YTO B CTPYKTYpE BO3MOYKHO BO3HHKHOBEHHE JIBYX
BHUJIOB PE30HAHCOB, CBSI3aHHBIX KaK C COOTHOIICHHEM I€OMETPHUYECKUX Pa3MepOB CTPYKTYpPHOT'O 3JEMEHTa, TaK U C
HaJM4YHeM JIBYCTOPOHHETO OSKpPaHHPOBaHUs. lcciienoBaHO BIMSHHME TOJIIMHBI JWIJIEKTPUUECKOW TIOUIOKKH W
3HAUEHUIl JUAJIEKTPUYECKOH TNPOHMUIIAEMOCTH Ha KOA(PQUIMEHTHl OTPaKEHUS W IPOXOXKACHHUS. YCTaHOBJIEHBI
YaCTOTHBIE 3aBHCHMOCTH BEJNMYUHBI 3aTyXaHHs IPH H3MEHEHUH IIPOCTPAHCTBEHHOW OPHEHTAIlMH CTPYKTYPHI
OTHOCHTENbHO (poHTAa Tamaromieli BOJHBL.  OKCIIEPUMEHTAIBHO  YCTAHOBICHA 3aBHCHUMOCTb  BEITHYMHBI
PaguoNpo3pavyHOCTH ABYXCIOHMHONW YacTOTHO-CENEKTHBHON MOBEPXHOCTH OT YIJIA BPAIIEHHS CTPYKTYPHI BOKPYT
3aJaHHOM OCH.

BeiBoabl. IlpencraBieHHbIE pe3ysbTAaThl YHUCICHHOTO MOJEIHPOBAHUS AIEKTPOJMHAMUYECKUX XapaKTEPUCTHK
stueiiku GecKkoHeuHoM 2D 4acTOTHO-CEeIEKTUBHON MOBEPXHOCTH € TOMOJIOTHEHN CTPYKTYpHOTO s1ementa V' -o6pasnoro
BUJIa M OSKCIIEPUMEHTAIbHBIE MCCIENOBAaHHS ITOKAa3aid BO3MOXKHOCTH IIPOCTPAHCTBEHHOW YacCTOTHOM CEeNeKIHH.
COBOKYITHOCTh TIOJy4€HHBIX DPE3yJIbTaTOB II03BOJISICT IPOTHO3UPOBATH CO3JAHHE JOCTATOYHO TEXHOJIOTMYHBIX W
BBICOKO?(()EKTHBHBIX YACTOTHO-CEJIEKTHBHBIX IIOBEPXHOCTEH B MUKPOBOJIHOBOM JIMalla30He.

K/IIOYEBBIE CJIOBA: 4acTOTHO-CENEKTHBHAs IOBEPXHOCTb, IEPUOAMYECKas CTPYKTypa, METOJ KOHEUHBIX
3JIEMEHTOB, PaJHONPO3PATHOCTb.

BCTYII

YacroTtHo-cenektuBHi noBepxHi (UCII) € enexkTpoguHaAMIYHMMHU OO0'€KTaMH, SIKi IOPIBHSHO HEJaBHO
NPUBEPHYJIM yBary JOCHIAHUKIB 1 po3poOHMKIB (yHKIioHanbHUX einemenTiB B HBY i KBY niamazonax.
[MixBuimenuii iHTepec 00YMOBIEHHH YHIKAJIBHICTIO BIACTHBOCTEH (DYyHKIIOHAJILHHUX €JIEMEHTIB, B CKJIaJI SKUX
npucythi UCII [1-5].

V naiizaransHimomy Bunaaky YCII GopMyloTh 3 BUKOPUCTaHHAM 1ICHTUYHHUX €JIEMEHTIB (K METaJeBHX,
TaKk 1 KOMOIHOBaHMX), PO3TAlIOBYIOYM iX B OJHOBMMIpPHHX, JBOBHMIpDHHX a00 TPHUBUMIPHUX HEPIOAMIHUX
HECKIHUEHHHX MacuBaXx. B opHoBuMipHOMY 1 jBoBuMipHOMYy Bapiantax UYCIl enemeHTH MacuBiB
PO3TalIOBYIOThCSL HA JIEJIEKTPUYHIH MiAKIAAli, TOIMOJOTiS OJAWHOYHOTO €JIEMEHTa BH3HAYA€ YAcTOTHY 1
NOJISIPU3ALiiiHY XapaKTEePUCTHKH.

OueBuAHO, IO HAWOUIBPII TEPCIEKTHBHUM HAmpsMKOM TpakThudHoro BukopuctanHi UYCII e ix
BUKOPUCTAHHS B aepoKocMiuHii ramysi. Cepen HalOinbII BaXKIMBHX OOacTe HEOOXiAHO BKa3aTH HACTYITHI:
pearmizamisi Tak 3BaHOI 3HIDKEHOI paiofloKamiiHOi moMiTHOCTI 00'ekTiB (cTernc-texHomorii) [6]; cTBOpeHHA
YaCTOTHO-CEJCKTUBHUX GinbTpiB (pediexTopiB) [7], MO MO3BOJMIO ICTOTHO PO3MHUPHUTH (PYHKITIOHATBHI
MOJKJIMBOCTI CyHmyTHHKOBHX ImaTdopm. OcobimBuM HanpsMkoMm BukopuctanHs UCII € iXx BHKOpPHCTaHHS B
00acTi MIKpOCMYKKOBHX (ITUTaHApHUX) aHTeH. JloOpe BioMo, m0 OgHUM 3 0a30BUX CIEMEHTIB B OUTBIIOCTI
KOHCTPYKIIM IJIAHApPHUX aHTEH € MeTalleBUH eKpaH. PiBHEM BUIPOMIHIOBaHHS TaKMX KOHCTPYKIIH MOKHa



JI.B. Maii6opooa, C.O. Hozapcwruii | Yacmomno-cenekmusna no6epxusi ... 31

JIOCUTh JIETKO KEpPYBaTH LUIAXOM BHKOPHUCTAHHS B SIKOCTI €KpaHy4oi IUIOMIMHM HE CYLIJIbHY METalleBY
noBepxHio, a UCII [8, 9]. lle mo3Boiisie, 3 OHOrO OOKY, ICTOTHO 3HH3UTH PIBEHb PO3CIFOBAHHS CHEPTil mo3a
pobodoro miamas3oHy, a, 3 iHIIOTO 0OKY, BUKOPHUCTOBYIOUH OCOOJIMBOCTI aMILTITYAHO-YaCTOTHUX XapaKTEPUCTHUK
MEePIOANIHUX CTPYKTYpP, KEPYyBaTH aMILTITyJHUMH 1 MOJIPH3AliHHUME XapaKTepUCTHKaMH aHTeHH. JloqaTKoBi
MOJKJIMBOCTI KEpYBaHHS XapaKTepUCTHKAMH ITUIOIIMHHNX aHTeH HajatoTh HOBI kiaacu UCII. Tak, moBepxHi THILY
HIS (High Impedance Surface) m0o3BONSIOTh 3MEHITYBATH aMIUTITYOH ITOBEPXHEBHX XBWIb, IO 30yHKYIOTHCS
(BUCTYmaIOTH B IKOCTi CMyT0-3aropopKyBarouoro ¢inetpa) [10], a mosepxHi Triry EBG (Electromagnetic Band-
Gap) D03BOJISTIOTH CTBOPIOBATH TaK 3BaHi "3a00poHEHI" 30HM B YaCTOTHIN 00JacTi I eJeKTPOMAarHiTHOI XBHUIII,
IO MOUIMPIOIOTHCS B CEPEAOBHINI, K€ MICTUTh MepioguyuHi HeogHopigHocTi [11]. Bijbm Toro, Taki moBepxHi
JIO3BOJISIFOTH IHTETPYBaTH B CBil CKIaJ KEpPOBaHI HAMIBIPOBIMHUKOBI €JIEMEHTH, IO BiJKPHUBAE JOJATKOBI
MOXIIMBOCTI YIPaBIIiHHA X XapaKTepHUCTUKAMHU.

Meroro naHoi po6oTH € MojemoBaHHs ocHoBHHX XxapakTepuctuk UCII 3 W —mogiGHoro Tomomoriero
6a30BOro €JEMEHTY 1 eKCIIEpUMEHTANIbHE JTOCITIKEHHS 0a30BUX XapaKTEPUCTHK.

JOCJIIXKYBAHA CTPYKTYPA
Bynemo po3risaaTH JBOBUMIpHY HEpiOJUYHY IUIOCKY CTPYKTYPY, SJIEeMEHTapHA KOMIpKa SKOi € IITMHHAN
enemeHT W — 0Opa3Hoi Tomouorii, po3MimieHuii B MeTaeBoMy eKkpaHi. CxeMaTHyHe 300paXeHHsI eJIeMEHTapHOT
KOMipKH npesicTaBieHo Ha Puc. 1. Y Tabnuui 1 npencraBiieHi reoMEeTpHYHI PO3MIipH €JIEMEHTIB KOMIPKH.

Ta6mums 1.
ITapamerp 3HaveHHS ITapamerp 3HaveHHS
a 12.5 mm g 2.5 MM
b 12.5 mm d 2 MM
p 6 MM 2.5 MM
S 4 MM h 1.5 Mmm
| 1.5 mm t var

Puc. 1. Cxemaruyse 300paKeHHsI KOMipKH
Fig. 1. Schematic representation of a cell

Bci po3Mipu  TOTONOTIYHMX €NEMEHTIB KOMIipkH Oynu QikcoBaHuMH. J[Ba mmapamMeTpa: TOBIIMHA
nienexTpudHoi miakmagky t Ta ii BitHOCHA fieleKTpUYHA IPOHUKHICTh &, € BapiaTUBHUMH BEJIMUMHAMH.

Cama 1o co0i TomoJoriss 6a30BOT0 €JIEMEHTY CTPYKTYPH € OCHUTh CKJIAaJHOI, 3 Mi€l MPUYMHU BCi
(hyHKIIOHATBHI 3aJIe)KHOCTI € OaraTomapaMeTpudHUMU. [100ymoBa CTPOTOTO €IEKTPOIUHAMIYHOTO PO3B’SI3KY €
JIOCUTB NPOOJIEMATHYHOIO 1 3 Ii€l MPUYMHU ONTHMAIBHUM CJIiJl BU3HATH BUKOPHCTAHHS YHCEIbHUX METOAIB. B
JIAHOMY JIOCIII/PKEHHI OYB BUKOPHUCTaHMH METO] CKIHUSHHUX €JIEMEHTIB 1 Horo mporpamHa peaizaiisi y BUMIISI1
nmakeTy ANSOFT HFSS [12]. OckifbKH po3riIsiaaeThCs CTPOTO NEePioqudHa TBOBUMIPHO-HECKIHYCHHA CTPYKTYPA,
TO JJIs1 aHaui3y ii mapaMeTpiB Moxke OyTH BUKOopHcTaHa Teopema dioke [13], sika B paMKax HMakeTy peaizyeTbes
3a JIONOMOT 010 Tak 3BaHoro nopty dinoke. [lependadaerses, 110 NopT 30y/PKye IUIOCKY XBUIIIO. [IpH 11boMy 3MiHa
KyTa MaJiHHs IIOCKO1 XBIJII HA €JIeMEHTapHYy KOMipKy Oy/ie BU3Ha4aTH (ha30BHH 3CYB MOJIB B CYCiIHIX KOMipKax.

PE3YJbTATHU YUCEJBHOI'O MOJAEJIOBAHHSI
BukopucranHsT ~ YMCENBHMX ~ METONIB s aHali3y  XapaKTEepUCTHK  CKIIaJHOKOMHOBIIIIHMX
SJICKTPOJMHAMIYHUX 00'€KTIB HaJjae YHIKaIbHI MOXIIMBOCTI JUTS Bi3yallizallii Ta aHalli3y eJIeKTPOMAarHiTHUX MOJIiB
B CTPYKTYpi (IO IyXe Ba)KKO B BHIIaJKaX OTPUMAaHHX PO3B’S3KIB 3 BHKOPUCTAHHSAM YHCEIbHO-aHATITHUYHUX
METOJIiB, 32 BUHITKOM BHIaJKy OTPHMaHHS BHpa3iB JUIA MOJIIB B 3aMKHYTiH ¢opmi). Ha Puc. 2 mpencrasneni
rpadivHi 300pakeHHS U1 eIEeKTPUYHOTO M0 B ONMVDKHIN 30H1 U1 (ikcoBaHUX 3HaueHb &, =2,2 1 t=0,5 mum

Ha QikcoBaniil yactoti f =8,37 [Ty B pasi HopManpHOro najaiHHA Mwiockoi xBuii (Puc.2a ) i noxuioro nagiHHsI
(xyT 45° Bin HOpMani - Puc.26).
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Puc. 2. I'padiune npeacTaBIeHHS €ICKTPUYHOTO MMOJIS HA yacToTi f =8,37 77Ty ,
£ =2,2,1t=0,5um

Fig. 2. Graphical representation of the electric field at frequency f =8,37 GHz,
£ =2,2,1t=0,5um

Sx odeBHIHO, B pa3i HOPMAJIBHOTO MAMIHHS 30YIKCHHS MIUTMHHOTO €JIEMEHTa BiOyBa€ThCS MOPIBHIHO
piBHOMipHO. [Ipy BOMY MaKCHMYMH E€NEKTPUYHOTO IOJS CIIOCTEPIraloThCs MOONIM3Y LEHTPaNbHOI YaCTHHH
eneMeHTa. BUHATKOM € O/IMH 3 €JIEMEHTIB, pO3TallIOBaHUI Ha epu(epiliHiil yacTHHI, Ie aMIDIITYyAa OIS CIIagae
npu6ausHo B 10° pasis. Ilpy noxunoMy HafiHHI HEHTpaIbHa YaCTUHA LWILTMHHOTO eJeMeHTa 30yIKyeThesa BKpail
HEpIBHOMIPHO: TOONH3Y OJHOTO 3 CETMEHTIB CIOCTEpiraeTbcs aOCONMIOTHHI MakcuMyM mond. Lle kpaiimiid
CEIMEHT, KUl «BHCBITIIOETHCS» PPOHTOM Ia1ar0u0i XBUII 0 HopMati. [1pu 1iboMy iaMeTpabHO MPOTHIICIKHHUH
CETrMeHT 30y UKY€EThCs icTOTHO MeHIte (nmpubamsno B 102 ... 10° pa3is Ha pi3sHUX rpaHAX CETMEHTA).

Sk BizoMo, Ba 0a30BUX MapameTpa IUIOMIMHHUX CTPYKTYP, & CaMe TOBIMUHA JICICKTPUIHOT MiTKIaIKU 1
BEJINUMHA JIIeTICKTPUYHOT TPOHUKHOCT1, MAIOTh BU3HAYAJILHUM BIUTMB Ha YaCTOTHI | €HEPreTUYHI XapaKTePUCTUKH.
3 MEeTOI BHBYEHHS BIUIMBY LIMX IApaMeTpiB Ha YacTOTHI XapaKTEPUCTHUKU OYyJIO NPOBENEHO MOMEIIOBAaHHS

3aJIeKHOCTI |Sn| npu (GikcoBaHOMY 3HaYECHHI TOBLIMHU MMIAKJIA/KH 1 Bapialii 3HaueHHs BiTHOCHOT JlieJIeKTPUIHOT
HPOHMKHOCTI. BenvuuHa ToBIMHM AieekTpruHoi miaknaaky Oyina oopana t=0.5 mm. Bubip takoro sHayeHHs
&,, OOYMOBICHUH Ti€l0 OOCTaBUHOIO, IO NPH BUKOPHCTAHHI TaK 3BAHUX «TOHKHX» IiAKIANAOK iCTOTHO

3HUKYETHCS CTYIIHB 30y KeHHS TOBEPXHEBUX XBWIIb B TiCJICKTPUUHiH miakmaami. Take 3HaueHHS { 3a10BOJBHSE
BUMOTaM «TOHKOD» miakmaaku. Crpasi, IEHTpalbHa 4aCcTOTa PO3MIIAHYTOIO JIiala3oHy A0PiBHIOE MPHOIH3HO 8.5
I'Tu, uro BiANMOBiga€ MOBKMHI XBHIIL 3.53 ¢M, 110 iCTOTHO OLIbIIE TOBIIMHH IiAKIAIKA.

Ha Puc. 3 npencrasieHi 3aj1eXHOCTI |Su| npu ¢dikcoBanomy 3nauenni t=0.5 mm i npu Bapianii 3HayeHs
BIZTHOCHOI Ji€EeKTPUYHOI MPOHUKHOCTI &, BiA 4acTOTH. Benmuunu oOpaHi 3 psipy CTaHAAPTHUX 3HAYEHB, SKi

BUKOPDHUCTOBYIOTbCSI B I[iif YacCTHHI CAHTHMMETPOBOIO Jiala3oHy. 3aJIe)KHOCTI JEMOHCTPYIOTh LIJIKOM
nepeadadyBaHUH XapakTep. 3 POCTOM 3HAa4eHb &, BinOyBaeThcs 3MILIEHHS MIKIB PE30HAHCHHX KPUBHX B OLIBII
HHM3bKOYAaCTOTHY 00JIaCTh PO3IIITHYTOTO Aialia3oHy. BenmuiHa MakCUMansHOro 3CyBy CTaHOBHTh AF ~1.93 7Ty
[pu nboMy KpHUBI 3aTMINAIOTHCS TIAIKHUMH, KPyTH3HA QPOHTIB i IMPUHA PE30HAHCHHUX KPUBHX 32 piBHeM -10 nb

NPUHLUIIOBO HE 3MiHIOIOThCA. OJHAK, i3 3pOCTAaHHSAM 3HA4YEHb &, BiOYBA€THCS 3MEHIIEHHS PiBHS 3BOPOTHHX

BTpar.
BrumB BenWYMHM TOBIIMHHM MiIKIAAKK HpH (IKCOBAHOMY 3HA4€HHI &, JEMOHCTPYIOTH 3aJIeKHOCTI,

npezcrasieHi Ha Puc. 4. Tyt mpexacraBieHi 3aJ1eXHOCTI MOy KoedilieHT BinOUTTS |Su| Bil 4aCTOTH HpH

3HaueHHI &, = 2.2 1 Bapiauii BeJIMYMHM TOBIIMHHM IiAkaagxy Bix 0.4 Mm 1o 0.7 Mm. 3MiHA TOBIIMHU B IIbOMY

IHTEpBaJIi NPU3BOJUTH TAKOXK JI0 3CYBY PE30HAHCHOI YaCTOTH MOTIMHAHHS B CTOPOHY HIXKHIX YacTOT MPHOIN3HO
Ha AF ~ 500 M7y . Bci KpuBi HOCSTH TIaJIKUI XapaKTep 3 JIOCUTb BUCOKHM PiBHEM KPYTH3HHU.
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Fig. 3. Frequency dependence |S,,| with variation of values ¢, , t=0.5 mm

SIKmio OpieHTYBaTHCSA Ha BeNMYHMHY 3BOpoTHHX BTpar -10 nb (mpu piBHi KCXH~2), mupuna cmyru
y3romkeHHs cTaHoBUTH 900 MI'mt. [lyis1 BCiX 3aeKHOCTEH piBEeHb KPYTHU3HH BHSABILETHCS PUOIH3HO OJJHAKOBUM
i nocsirae 3nauenHs 0.038 o1b / MI'n.
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Fig. 4. Frequency dependence |S,,| with variation of values t , & =2.2

Kpim xoedinienra Binourts 6yap-sxoi UCII He MeHII BaXXITMBOIO XapaKTEPUCTUKOIO € CTYIIHB ii Mpo30pocTi
(abo KoedimieHT MPOXOHKEHHS |521| ). Ha Puc. 5 HaBenieHo 3a11eXXHOCTI |521| KOMIpKH IpH (hiKCOBAaHOMY 3HaYCHHI
&, = 2.2 1 Bapialii 3HaueHHS TOBIIMHM MIJKIaAKH { B po3riisiHyTOMY AianasoHi yacToT. [lopiBHANBHNMI aHaN3
3aJIeKHOCTEH, HaBeJeHUX Ha Puc. 4 i Puc. 5, Bkazye Ha meBHI 0coOnMHMBOCTI. SIKIIO 3aiIe)KHOCTI |SM| (Puc. 4)
HOCSITH TUIIOBUH SICKPAaBO BUPa)KeHNI PE30HAHCHUI XapaKTep 3 IOCUTh BUCOKMMH 3HAUEHHSIMHU 3BOPOTHUX BTPAT
B TOYKaX PE30HAHCY, TO 3AJIEKHOCTI |321| (Puc. 5) MaroTh abCOMOTHO «PO3MUTHIN» BHI. Tak, MIMPHHA CMYTH, B

MeKax SKOi IPO30pPiCTh MOBEPXHI HE Majae Hk4e 3HaueHHs -3 1b craHoBuTh moHan 2.89 I'Tw. 3 pocTom wactotn
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MPO30PICTh MOBEPXHI ICTOTHO 3MEHIIYETHCSA. [l0ONMM3y KIHINB YAaCTOTHOTO Jialla30Hy BOHA KOJHUBAETHCS B
inTepBaii -6 ab ... -12 nb.
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Puc. 5. 3anexHicth |321| Bix yacToTH Iy Bapiawii sHauens U i &, = 2.2

Fig. 5. Dependence |821| on frequency with variation of values t and ¢, =2.2

[Ipu cumeTpuyHOMY pPO3MIIICHHI Ha 3BOPOTHIN (BUIBHIN) CTOPOHI MiOKIAOK{A IMUIMHHOTO EJIeMEHTa 3
IZICHTUYHOIO TOIIOJIOTIER0 BiMOYBAIOThCA ICTOTHI 3MiHU B TpoIIeci B3aeMoii magarodoi xsuii i enementa YCII. Ha

Puc. 6 HaBeneHi 3aI€KHOCTI |Sn| BiJl 4aCTOTHU NpH (BiKCOBaHIN TOBIIMHI IiIKNAAKY 1 Bapialii 3HaYeHb &, . AHAMI3

3aJIeKHOCTEH BKa3ye Ha OB CKIIaHUN 1 HEOTHO3HAYHUI XapaKTep 3aJIeKHOCTEH NPH 3MiHI BEIMYHMH BiTHOCHOT
JENEKTPUIHOT IIPOHUKHOCTI.
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Puc. 6. 3anexHicTh |Sll| JIBOLIAPOBOI CTPYKTYPH BiJl 4aCTOTH NPH Bapiauii 3Hauens &, , t=0.5mm

Fig. 6. Dependence |S,,| of the two-layered structure on frequency with variation of values ¢, t=0.5mm

Ilpn Manux 3HAYEHHSAX BiXHOCHOI Mi€JIEKTPUYHOI IPOHHMKHOCTI &, =2.2 B CTPYKTypi HE BHHHKAE
JIOJJATKOBUX TMAapa3WTHUX pPE30HaHCIB (a00 BOHM 30BCiM He3HauHi). [Ipum 30inbmieHHI 3Ha4YeHb a0 2.33 ... 3.2
PE30HAHCHI SBHINA iICTOTHO 3pocTaroTh. [Ipy 3HaueHHi ¢, = 3.2 iCTOTHI pe30HAHCHI SBUINA BUSBILIOTHCS Bigpasy

B IBOX YaCTOTHUX Jiama3oHax. [Ippaomy, B iHTepBati 4acToT Big 7.45 10 8.73 I'T'y BOHU BUSBIIAIOTHCS ICTOTHHMH.
[Ipyn npoMy BenWYMHA 3BOPOTHHUX BTPAT ICTOTHO 3HMXKYEThCS. OfHAK PiBeHb Y3TO/DKEHHS 3aJIMIIAETHCS Ha
NPUHHATHOMY PiBHI (32 BUHATKOM OKpeMHX 4acToT). [Ipu nmojanpmiomy 30ibIIeHH] 3HAUYCHHS &, BiIOYBalOThCS

MOMITHI 3MiHM B XapakTepuctuili. [lo-mepmie, MakCHMyM iCTOTHO 3MIIIye€ThCS B HHU3BKOYACTOTHY 00JIaCTh
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(6inpie, HiX Ha 2 I'Tn). [To-apyre, icTOTHO 301IBIIYETHCST PiBEHb 3BOPOTHUX BTpaT (3 -15 ..- 20 no -37 nb). 1,
HapellTi, CIIOCTePEeKyBaHUH PiBEHb ITAPa3UTHUX PE30HAHCIB He nepeBuilye - 3 nb.

JIBomiapoBe po3MIIlICHHS €ICMEHTIB CTPYKTYPH MPU3BOJIUTH TAKOXK /IO CYTTEBUX 3MiH B 3aJIC)KHOCTI |821| Bif
4acTOTH IIPH Bapiallii 3Ha4eHb &, . BiAnoBigHi 3aexHOCTI HaBeAeHi Ha Puc. 7.

[MopiBHsnbHMIA aHaAM3 3anexHocTeld Ha Puc. 5 1 Puc. 7 Bkasye Ha BUHMKHEHHS JJOJAATKOBHUX PE30HAHCIB B
CTPYKTYpi, OOyMOBIICHUX SIK PE30HAHCAMH MDK TOIOJIOTIYHMMH E€JIEMEHTaMH, TaK 1 HasBHICTIO JBOIIAPOBOTO

expanyBaHHA. [Ipo 1e cBim9aTh cTpHOKOMONIOHI 3MiHH aMILTITYAN |821| moONM3y NMEeBHHUX JacToT. Ha mux ke

4acTOTax BimOyBaeThcsa cTpuOKomoniOHe 3MiHA 1 a3y KoimBaHb. [Ipy HEBENHMKHX 3MiHAX 3HAYECHB BiOYyBAa€THCS
MOPIBHSHO HEBEJIMKE 3MIIIEHHS MiHIMYMIB KOE]ILi€HTIB NMPOXO/HKEHHS B HU3BKOYACTOTHY 00JIacTh. 3CyB HE
nepeBuInye BeauduHu AF ~ 210 MTy . I1pu 30inblIeHH] 3Ha4eHb B XapaKTEPUCTUKAX MIPEBAIIOIOTh PE30HAHCH,

TIOB'SI3aHi 3 JIBOIIIAPOBHM €KPaHyBaHHSM.
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Puic. 7. 3aexHicTs |S,,| ABOMAPOBOT CTPYKTYPH Bijl 4aCTOTH NpH Bapiaii 3Hauens &, i t=0.5 mm

Fig. 7. Frequency dependence |S,,| of the two-layer structure with variations in values &, and t=0.5mm

Ha Puc . 7 ogHa rpyna po3MIilly€ThCS B HU3BKOYACTOTHIH 00JacTi, a Apyra rpyna — B BACOKOYACTOTHIH
obmacri. [Ipn IbOMY 3 POCTOM YaCTOTH CHOCTEPITAEThCS ICTOTHE 3HIKEHHS MIPO30POCTi CTPYKTYpH (KOe]ilieHT

|321| nocsirae 3HaueHb -23.86 ... -28.36 1b). CMyru npo30pocTi CTPYKTYpH BHUSIBISIFOTHCS ICTOTHO 3MillleH] OIMH
IIOI0 OIHOTO, i BOHU BHSBILIFOTBCSI ICTOTHO GilbLI By3pKUMU. Pa3oM 3 TuM, B XapakTepucTHKax (U 3HAYCHHSIX

g =32 1 & =6.15) cnocrepiratoTbcsl IOCUTH IMMPOKI YAacTOTHI 00JacTi, B MeXax SKUX BeIMYMHA |321|

3MIHIOETBCSI JOCHUTH IJIaBHO (B cMy3i Bi 8.56 [T no 11.98 I'T'i koediuieHT |321| 3MIHIOETBCS B IHTEpBai Bij -

7.4 nb no -16 nb).

PE3YJbTATU EKCOIEPUMEHTAJIBHUX BUMIPIOBAHb
Juist Bepudikanii BiporiJHOCTI OTpPUMaHUX KIIIOYOBHX 3asexxHocTed napamerpi UCII Oyna npoBeneHa cepis
(hi3MUHUX eKCrepuMeHTIB. J[is ekcrepiMeHTalbHUX JAO0CIIKEeHb OYyJI0 BUTOTOBJICHO JIBa IIGHTUYHI IPOTOTUIIH
YCII xBagpatHoi (hopmu. Po3mip cToponHm kBagpaTta craHoBuB 125 mM. Ha momepxHi po3mimamucs 10x10
IIUTMHHAX CETMEHTIB. TOBIIMHA MIENEKTPUIHOI MAKIAAKA t = 0,5 mm , BITHOCHA Ji€NEKTPUIHA MPOHUKHICTH

&, =2,2 . BUMipIloBaHHSI NTPOBOAMINCS y BUIBHOMY IIPOCTOPI METOJOM IPSIMOTO BHUMIpY BEJIMYHMH 3aracaHHs.

I'eomeTpuuHi IEHTPH PYNOPIB PO3TAIIOBYBAIMCS HA OJHIHN JMiHIi 3 reoMmeTpuaHUME neHTpamu nporotunis YCII,
a BiICTaHb MK pymopaMu cTaHOBWIO 50 CM, IO JOCTaTHRO y PO3TISHYTOMY YacTOTHOMY Jiama3oHi UIsd
(hopMyBaHHS IJIOCKOTO (PPOHTY XBHIIL.

IIporec BUMipoBaHb MICTHB y co0i Ba etarmu. Ha mepimomy eTami IpOBOAMINCS BUMIPIOBAaHHSA BETHUNHHI
zaracanHs 6e3 UCII. Lli nani HeoOXiaHi 1uist KaniOpyBaHHs Beiel cucteMu. Ha Puc. 8 mpezncraBnena 3anexHicTb
BEJIMUMHH 3aracaHHs Bix yacToTu npH BincyrHocti UCII (a dpakTrdHO 116 — KOeDIllieHT MPOITycKaHHs).
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Fig. 8. Dependence of attenuation on frequency without FSP

SIK OoueBHMIHO, 3aJIeXKHICTb HOCHTH JOCHThH IOpi3aHMi Xapakrep. BenauduHa 3aracaHHsi KOJNWBA€EThCS B
inTepBai Big -11,75 nb no -14,1 ab.

Ha ppyromy erami mpoBoawiucsi BuMipioBaHHs 3aracaHHs npu HassHocTi YCIL. [locmimkyBanacs
neomaposa UCII (mienekTpuk-MeTan i3 MUTHHHAMH CeTMEHTaMHU-ieJICKTPUK-META i3 IITHHHAMH eJIEMCHTAMH )
3aranpHOI0 ToBIIHHOW cTpykTypu T =1 MM . Onpominenns nposoamnocs 3 6oxy mienextpuka. ITpu msomy YCTT
IUIKOM Moria oOepTaTucs moa0 HopMaii no cTpykTypu. Ha Puc. 9 mpencraBneHi 3aeXHOCTI 3aracaHHs Bifl
YaCTOTH 3aJIS)KHO BiJI KyTa MOBOPOTY IPOTH T'OJAMHHUKOBOT CTPLIKH.

o,dB

-16
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-19

204 g ¢=15"
ii |3-¢=30"
21 b

-22

Puc. 9. 3anexxnicts 3aracanss Bix yactotu 31 UCII Bif kKyTa MOBOPOTY IPOTH T'OJMHHUKOBOI CTPLITKI
Fig. 9. Dependence of attenuation on frequency with FSS on the counterclockwise rotation angle

AHaii3 npeacTaBlIeHNX 3aJIS)KHOCTEH BKa3ye Ha pe30HAHCHHUI XapaKTep 3aJIe)KHOCTEH MpU OyAb-IKOMY KyTi
noBopoTy. OnHaK, IpH HEBENIMKNX 3HAUYCHHAX (KpHBi 1, 2) MaKCUMasbHI 3HAUYSHHS 3aTaCaHHA IOCATAI0Th BEJTMYNH
-19,75 nb ... -20 ab. IIpu HBOMY pE30HAHCH BUHHMKAIOTH NMPAaKTU4YHO Ha onuid wactoti f =115 Ty . Ilpu
30inbuieHHi Kyta mnosopory no 3HadenHs 300 (kpuBa 3) TOMITHO 3MEHIIYEThCH NPO3OPICTH CTPYKTYpH
(30inpLIyETHCS CEpeHs BEeNNYMHA 3aracanHs). Pe3oHaHC BUABISETHCS OUIBII TOCTPUM, HOTO YaCTOTa 3MIIAETHCS
B Oik Ounbin Hu3bKuX yactoT f =11,47 [Ty , a MakcUMalbHe 3aracaHHs B pPe30HAHCI jocsrae 3HaueHHs -21,75
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nb. IIpu nopiBHAHHI OTPUMaHKUX €KCHEPHUMEHTAIBHHUX 3aJIS)KHOCTEH 3 pe3yabTaTaMU YUCEIBHOTO MOJICTIOBAHHS
(Puc. 7) MOXHa TOBOPHUTH IIPO MOBHHI 30ir PE30HAHCHUX YacTOT MPH HE3HAYHHX BIAMIHHOCTSX B amrutiTynax. Lli
BiIMIHHOCTI HPOSBIITIOTHCS Yepe3 TEXHOIOT1dHI MOorpimHoCTi BUroToBieHHs mpototumis YCTI.

Ha Puc. 10 mpencraBieHi 3aJeKHOCTI BEIMYWHHU 3aracaHHs BiJl KyTa IOBOPOTY MOOITH3Y PE30HAHCHHUX
YacToT.
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Puc. 10. 3anexxHoCTi 3aracaHHs Bi KyTa HOBOPOTY HOOJIN3Y PE30HAHCHUX YacTOT.
Fig. 10. Dependences of attenuation on the angle of rotation near resonant frequencies.

OO0uIBI 3aJI€XKHOCTI HOCSTh JOCUTh IUTABHUN XapakTep. Sk oueBHIHO, NOOIN3y 000X PE3OHAHCHUX 4acTOT
MaKCHMaJlbHE 3aracaHHsl CIIOCTEPIra€TbCi MPH JOCHTh BEIUKOMY KyTi IIOBOPOTY, BiUIIYCHOMY HpPOTH
rogunnukoBoi crpiiku (-30°). Ilpu moBopoTi Ha TOM ke KyT, ale 3a TOJMHHHUKOBOI CTPiJIKOI, TaKOX
CIIOCTEPIracThCsl MAaKCUMAJIbHE 3aracaHHs, ajle BEJIMYMHA 3aracaHHs MpUONM3HO Ha 3 1B BHUABIAETHCS MEHILOKO.
MOo>KITHBOIO IPUYHNHOIO TAKUX BIAMIHHOCTEH € (hakTOp HETOYHOI piKcalii CTPYKTYpH.

BUCHOBKH

TakuM YMHOM, NIPEACTABJICHI Pe3yJIbTaTH YHCEIHHOIO MOJCIIOBAHHS €ICKTPOANHAMIYHHUX XapaKTePHCTHK
HeckinueHHOI 2D xomipkn YCII i3 Tomosorieto cTpyKTypHOro enemeHnrta y Burmiai V', excnepumeHranbHi
JIOCJTIJDKEHHS! TIOKa3aJId MOXKJIMBICTh IIPOCTOPOBOT YAaCTOTHOI celnekiii. BcTaHOBIIGHO, 1110 B CTPYKTYPI MOMKIIUBE
BUHUKHCHHS IBOX BH/IIB PE30HAHCIB, 3BSI3aHHUX 5K CIIBBIJHOIICHHIM T'€OMETPHYHHX PO3MIPIB CTPYKTYPHOTO
eNIEeMEeHTa, TaK 1 3 HAsBHICTIO JBOIIAPOBOTO EKpaHyBaHHs. J[OCHi/)KEHHH BIUIMB TOBLIMHH [i€NCKTPHYHOI
MIAKIAAKH W 3HAYEeHb ICJICKTPUYHOI MPOHUKHOCTI HAa KOeQII[iEHTH BIAOUTTA ¥ MpPOXO/pKeHHS. BcraHoBeHI
3aJIeKHOCTI BEJIMUMHM 3aracaHHs [IPU 3MiHI IPOCTOPOBOT OpieHTALil CTPYKTYpH 1100 (HPOHTY IMaarodoi XBHIIL.
CyKymHICTP OTPMMaHUX pPE3YJbTAaTiB J03BOJAE MPOTHO3YBAaTH CTBOPCHHS JOCTATHBO TEXHOJIOTTYHUX 1
BUCOKOC()EKTUBHUX YaCTOTHO-CEICKTUBHUX IIOBEPXOHb Y MiKPOXBHIILOBOMY Jliana3oHi.
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AkTyajabHicTh. CHCTeMH TT00ATBHOTO Ta JIOKAIBFHOTO MO3UI[IOHYBAaHHS MAlOTh LIMPOKUN CIIEKTP LUBUIBHHX Ta
BIICBKOBHX 3aCTOCYBaHb. TPaHCIIOPT, JIOTiCTHKA, TOYHE 3eMIEPOOCTBO, IPOMHUCIIOBI TEXHOJOT1], CHCTEMH Oe3MeKH
noTpeOyIOTh TOYHOTO BH3HAYCHHS MOJOKEHHS O0’€KTIB Ha IUIOMMHI Ta B 00’eMi. IcHyrowi cydacHi cucteMu
MO3UIIIOHYBaHHS MAlOTh NTEBHI HEJOJIKH eKCIUTyaTallil i 0OME)KEHHs B KOPUCTYBaHHI.

Meta po6oTH. BIOCKOHAINTH CHCTEMYy JIOKAJIBHOTO IO3WIIIOHYBAaHHS Ha IUIOLIMHI, IO He moTpedye yacoBoi
CHHXpOHI3aIll{, [OUIIXOM BHKOPHCTaHHS IMITYJIECHOTO HAIIIMPOKOCMYTOBOIO €JIEKTPOMArHITHOTO IO JBOX
PO3HECEHNX aHTEH THUILy «METENIMK» Ta aHaji3y i po3Mi3HaBaHHS 4YacoBHX (OpM NMPUHHATHX XBHIb INTYYHHMH
HEHPOHHMMH MEpeXaMH Ta METOIOM B3aeMHOi Kopemsdii. [IpoBecTH OOCHIIKEHHA CTIMKOCTI POOOTH CHCTEMHU
BU3HAUCHHS TIOJIOKEHHS 00’ €KTa 3a HasBHOCTI 3aBafiil y BUIIIAI aTUTUBHOTO OLIOTO HIyMy.

Marepiaau Ta Metonu. EnexrpoauHamiuyHe MozAearoBaHHS 30yMKEHHS Ta BUIPOMIHIOBaHHS aHTEH MPOBOAUTHCS
METO/IOM KiHIeBHX pi3HULB y YacoBomy npoctopi (FDTD). Knacudikauis hopm npuiHATHX IMITYJIbCIB 32 BIIOMHMHI
3pa3sKaMH pealli3yeThCs JBOMa ajJbTePHATHBHUMH METOJAMH: KOPEALIHHUM IiJXOI0M Ta IITYYHHUMH HEWPOHHUMH
MepexaMH.

PesyabTaT. Bukopucranus Metoxy Kopeinsnii Ta mrTydHHX HelpoHHHX Mepex (IIIHM) nossommio peamizyBatu
CHCTEMY IO3MIIOHYBaHHS i3 KyTOBOIO PO3AUIBEHOIO 37aTHICTIO 1 rpagyc. OTpuMaHi iMOBIpHICHI PO3HOALIN KYTiB
pO3Mi3HABaHHSA I PI3HUX PiBHIB aIUTHBHOTO IIyMy B IPUHHATHX CUTHAJIAX JJIS IUX ABOX METOJIB.

BucnoBku. IlopiBasuas LIIHM Ta MetomiB Kopessmii i po3mi3HaBaHHS KyTiB MOKa3ye, IO INTY4HI HEHPOHHI
Mepexi MOXKYTh HPOJEMOHCTPYBATH Kpally TOYHICTb, HDK KOpeXsmidHuHA minxin. HaBite ans cmiBBiZHOUICHHS
curHan/mym 0 nb IIIHM nae kopekTHe poO3Mi3HABaHHSA KYTiB ICNSA CTaTUCTUYHOTO YCEPETHEHHS pPe3yJbTaTiB
kiracu¢ikanii. ITHM B ymcioBoMy MOAENIOBaHHI AEMOHCTPYE 4ac PO3paxyHKy Ha TPU MOPSIKH MEHIIMH, HiXX HaM
HOTPiOHO Ay po3paxyHKy (yHKILIi B3aeMHOI Kopessuii. BUKOpHCTaHHS KOPOTIIOTro el1eKTPOMArHiTHOTO iMITyJIbCY
HiBHILYE SKICTh Kiaacudikalii KyTiB 3a HasIBHOCTI LIyMy JUIs 000X NMPEACTAaBICHUX METOIB.

KJUIIOYOBI CJIOBA: Ha[MpOKOCMYTOBi iIMITYJIbCHI €JIEKTPOMArHiTHI XBHJI, aHT€HA THUITY «METENIHK», INTy4Ha
HEeHpPOHHA Mepeka, MeTOJ| KOpeIsIlii, CHCTeMa O3UIiOHYBaHHS

COMPARISON OF CORELLATION METHOD AND ARTIFITIAL NEURAL NETWORKS
FOR DETERMINING OF OBJECT POSITION BY ULTRAWIDEBAND FIELDS
I. D. Persanov, O.M. Dumin, V. A. Plakhtii, O. A. Pryshchenko, F. G. Fomin
V. N. Karazin Kharkiv National University, 4, Svobody sq., Kharkiv, 61022, Ukraine

Background: Global and local positioning systems have a wide area of civil and military applications. Transport,
logistics, precise agriculture, industrial technologies, safety systems need a strict definition of objects position on
plane or in space. Existing modern positioning systems have some drawbacks in utilization and restrictions in
application.

Obijectives: To improve a system of local positioning on a plane that does not need a time synchronization using the
impulse ultrawideband electromagnetic field of two spaced bow-tie antennas and analysis and recognition of time
forms of received waves by artificial neural networks and cross correlation method. To carried out the investigation
of stability of the positioning system operation in presence of an interference in the form of additive white noise.
Materials and methods: The electromagnetic simulation of excitation and radiation of the antennas is carried out by
finite difference time domain method. The classification of received impulse form by known samples is realized by
two alternative method, i.e. correlation approach and artificial neural networks.

Results: The utilization of correlation method and artificial neural networks permitted to realize the positioning
system with angular resolution of 1 degree. The probability distributions of recognized angles for different levels of
additive noise in received signals for these two techniques are obtained.

Conclusion: The comparison of artificial neural network application and correlation method for angle recognition
shows that artificial neural networks can demonstrate a better precision than correlation approach. artificial neural
network gives a correct angle recognition after statistical averaging of classification results even for the signal to
noise ratio 0 dB. Artificial neural networks demonstrate a in three times shorter time of numerical simulation than we
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need for cross correlation function calculation. The application of shorter electromagnetic impulse increases the
quality of angle classification in presence of the noise for both presented methods.

KEY WORDS: ultrashort impulse electromagnetic wave, bow-tie antenna, artificial neural network, correlation
method, positioning system

CPABHEHHUE METO/IOB KOPPEJISILIMA U UCKYCCTBEHHbBIX HEMIPOHHBIX CETEN
JJIS1 OITPEAEJIEHUS MOJIOKEHUWSI OBBEKTOB C ITIOMOIIBIO
CBEPXIIMPOKOIIOJOCHBIX MOJIEN
N. 1. Ilepcanos, A. H. lymun, B. A. [lnaxtuii, A. A. lIpumenko, ®. I'. ®omun
Xapvrosckuti nayuonanvHwlil yHueepcumem umenu B. H. Kapasuna, ni. Céo600bi 4,
2. Xapwvros, 61022, Vxkpauna

AKTyaabHOCTh. CHCTEMBI III00aIBHOTO 1 JIOKAIBHOTO TTO3UIMOHAPOBAHMS HMEIOT IIHPOKHH CHEKTpP IPaXKJaHCKHUX U
BOCHHBIX IPUMEHEHUH. TpaHCIOPT, JIOTMCTHKA, TOYHOE 3€MIEACIHE, IPOMBIIUICHHBIE TEXHOJIOTUH, CUCTEMbI
Oe3omacHOCTH TPEOYIOT TOYHOTO ONPENENICHHS MOJIOKEHUSI OOBEKTOB Ha IUIOCKOCTH M B 00beMe. CyIecTBYyOLIe
COBPEMEHHBIE CHCTEMbI MO3UIIMOHUPOBAHUS MMEIOT ONPEACICHHBIC HEIOCTATKH AKCIUTyaTal[Md M OTPAaHUYCHUS B
UCIIOBb30BAHHN.

Leap padoThl. YCOBEPIIEHCTBOBATh CHCTEMY JIOKATFHOTO MO3HIMOHUPOBAHKS Ha IIOCKOCTH, KOTOpast He TpedyeT
BPEMEHHOM CHHXPOHU3ALMU, ITyTE€M HCIIOJIb30BAHUS HUMIIYJIBCHOI'O CBEPXIIHMPOKOIOIOCHOTO 3JICKTPOMArHUTHOIO
HoMsl JBYX pa3HECEHHBIX AHTEHH THIIAa «0abouyka», a TalkKe aHalM3a W PAcIo3HAaBaHWS BpPEMEHHBIX (opMm
INPUHUMAEMbIX BOJIH HCKYCCTBEHHBIMH HEWPOHHBIMU CETSIMM M METOJOM B3auMHOM Koppemiuuu. Ilposectu
HCCIIEIOBaHNsl YCTOWYMBOCTH PabOTHI CUCTEMBI ONPENeNICHUs IOJIOKEHHUs 00BbeKTa IMpY HAJIWYNH NOMEXU B BHIC
aJIUTUBHOTO GENoro mryma.

Marepuajbl U MeTOAblL. DJIEKTPOIVHAMHYECKOE MOJEIHPOBAHUE BO3OY)KIEHHS M U3ITydCHHS aHTECHH IPOBOAUTCS
METO/IOM KOHEYHBIX pazHocTeld Bo BpeMmeHHOH obmactu (FDTD). Knaccudukarust GpopM IPUHATEIX UMITYJIBCOB IO
U3BECTHBIM OO0paslaM peann3yercs OByMs albTEPHAaTUBHBIMH METOJAMHU: KOPPEISIIMOHHBIM IIOAXOJIOM U
HCKYCCTBEHHBIMH HEHPOHHBIMU CETSMH.

PesyabTatel. lcnonbp3oBaHue MeTOAa KOpPpeSIIMUM U HMCKyCCTBEHHBIX HelpoHHbIX ceredl (MHC) nossosumiio
peanu3oBaTh CHCTEMY MO3HLHOHHPOBAHMSA C YIVIOBOM paspemaromeil cnocoOHocteto 1 rTpamyc. IlomydeHs
BEPOSITHOCTHBIC PACHpeleNICHUsl YIJI0B PACIO3HABaHUA Ul Pa3jIMUHBIX YPOBHEH aJUTUBHOTO IIyMa B IPUHATHIX
CHTHAJIAX JUISl 3THX ABYX METOJOB

BeiBoabl. CpaBrenne MHC u Meronga koppemsinuy A7l Paclo3HABaHUS YIJIOB MOKAa3bIBAET, YTO HCKYCCTBEHHBIE
HEHPOHHBIE CETH MOTYT MPOJEMOHCTPUPOBATh IYUIIyl0 TOYHOCTb, Ye€M KOPPEIAIHOHHBIA moaxox. Haxe mis
cootHomenus curHan/mrym 0 1b MTHC maet koppekTHOE pacrio3HaBaHUE YIIJIOB MOCHIE CTAaTUCTHYECKOTO YCPEIHEHHUS
pe3yabraTtoB knaccudukannu. MHC B 4ncieHHOM MOJSIHPOBaHUH IEMOHCTPHPYET BpeMs pacdeTa Ha TPH HOpsaKa
MEHbIIIe, YeM HaM HYXXHO IJIs BBIYMCICHUs (YHKIMH B3aUMHON Koppemsiuu. Mcnonb3oBaHue Goiee KOPOTKOTo
JJIEKTPOMArHUTHOTO HMITYJIbCa IOBBIIIAET KAuecTBO KJIACCH(UKAIMU YIVIOB NPU HAIMYMK IIymMa A obomx
MPEeACTaBIEHHBIX METOIOB.

K/IIOYEBBIE CJIOBA: CBepXIIHMPOKONOJOCHBIE HMIIYJIbCHBIE 3JIEKTPOMArHUTHBIE BOJIHBI, AHTEHHA TUIA
«0aboukay, NCKyCCTBEHHAs! HEHPOHHASI CETh, METO KOPPEIISIIIUY, CHCTEMA MTO3UIIHOHUPOBAHUS

BCTYIl

IcHyroui cuctemu riobansHoro mosunionyBanHs (GPS) MoXyTh 3a0BOJNBHUTH OibLIY YacTHHY CBOIX
KOpHCTYBayiB, aJie IPH NEBHUX NPUPOJHUX YMOBaX a00 B 3aKPUTHX NPUMILIEHHIX HOTO BUKOPUCTAHHS CHIIBHO
ycknagaeHo [1]. BuzHadeHHs MOJOXKEHHS 00’€KTIB KOHYE TMOTPiOHE B pi3HUX cdepax MisUTBHOCTI JTIOIUHU: Y
CUTBCBKOMY TOCTIOAapcTBi [2], mist Oe3meku JOpoxkHBOTO pyXy [3], mns pisHuX BumiB cropty [4], B cdepax
MPOMUCIIOBOTO BUPOOHHUIITBA, JIOTICTHKH TOBapiB TOIIO.

3MmiHa miarpaMy CHOpPSIMOBAHOCTI aHTEHW HA PI3HHX YacTOTaX MPHU3BOAWTH O 3MIiHH 4YacoBol (opmu
€JIEKTPOMArHiTHOTO HOJIS, 1110 BUIIPOMIHIOETHCS i) PI3HUMH KyTaMH, Ha II0 CBOT'O 4acy 3BEpPHYB yBary XapMmyT
[5]. YacoBa ¢opma TakoX CYTTEBO 3MIHIOETHCS y OJNIDKHIA 30HI aHTEHHW, IO BUKOPUCTAHA B CHEI[aJIbHIN
cucteMi no3uiionyBaHHA [6], [7]. UnM Oinbine HanmpsIMICHICTh aHTEHH, THM HOMITHIII 3MiHH 4acoBoi (hopMu
BUIIPOMIHEHOTO IMITYJIbCY B JAaJibHIK 30Hi. Lle# edekT MOKHA BUKOPUCTATH AJIS BU3HAYCHHS KyTa MaJiHHS XBHII
3 METOIO CTBOPEHHS CHCTEMH TO3UI[IOHYBAaHHS [§] 3 BUKOPHCTAHHIM JIBOX ITMPOKOCMYTOBHUX aHTEH, HAIIPUKIA],
TUTY «MeTenuk». Ha BiaMiny Bix cuctremu GPS Ta iHmmx, HOBa cucTeMa He MoTpedye CHHXPOHI3allii 3a 9acom
Ta € CTIMKOIO JUIS ICHYFOUMX BY3bKOCMYTOBHX €JIEKTPOMAarHiTHHX 3aBal.

B wiit crarTi HaBeIeHO JBa METOAW BH3HAYEHHS KyTiB BHUIIPOMIHIOBAHHS aHTEH: 33 JOIMOMOTOI0 HITYYHOI
HeliponHoi mepexi (IIIHM) Tta merony kopessinii. Ilepmmii migxin notpedye nHaBuanus IIIHM 3a Bimomumu
JAHUMU [UIIXOM 3HAXOJDKCHHS BaroBUX Koe(illi€HTIB MPOXOKeHHsS curHaiiB Mik mapamu ITHM. Ilpomuec
HaByaHHs [ITHM npuBoanTh 10 BUHaX0y YHIKQILHOTO METOIY OOpOOKH aHHX OyIb-sKOi (pOpMH Ta MPHUPOAH,
BKJIFOYAIOYH YacOBl TOYKH aMILIITY eJleKTpoMarHiTHoro noss [9]. Lli n1Ba migxoam asisi BUSHAYEHHS MOJIO0XKEHHS
00’exty, mo Oymu MONepeAHbO BUKOPUCTAHI I 3a7ad MiAIOBEPXHEBOTO 30HIYBaHHS [10], mOpiBHIOIOTECA B
Ii{ CTATTi Ta aHATI3YIOTHCS MIOJI0 IXHBOI CTIHKOCTI J0 IIYMiB.
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MMOCTAHOBKA 3AJIAUI
JIBl aHTEHM THUIly «METEJIHMK» BUIIPOMIHIOIOTH €JIEKTPOMArHITHI IMIYJIBCH B CEKTOpI MPSIMOTO KyTa Ta y
BUTIAIKOBI MOMEHTH 4acy. L{i iMImyIbcH mopoKyIOTECS CTpPYMOM raycoBoi ¢opmu 3 TpuBaiictio 0,2 ta 0,15 HC
BignoBigHO. O0IAaCTh BU3HAYCHHS MiCIs PO3TaIlyBaHHS 00’ €KTy 300pakeHa Ha Puc. 1.

. X

S Y)

Puc. 1. 'eometpis 3amaqi
Fig. 1. Geometry of the problem

Jlnist BU3HAUeHHS HEBiOMOi KoopauHatu 00’ekta (X, Y) BUMIPIOETHCS X KOMIIOHEHTA €JIEKTPUYHOTO TOJIS.
EnexrpoanHaMivyHa 3aia4ya po3B’sI3yEThCS METOJIOM CKiHUEHHHX pPi3HMIL B yacoBoMy mpoctopi (FDTD) [11].
[MpoBoasiun kiacudikamito yacoBux (OpM OTPUMAHUX IMOYNBCIB 3a KyTamu HajiHHsA 01 1 02 Ta 3Haroum
KOOPJWHATH BUIPOMIHIOIOUMX AHTEH, MH MOXEMO BHM3HAUMTH KoopauHaTH 0o0’ekta (X, Y). PosmisHaBaHHA
iMIyJIbCiB 3a Kytamu 3ailicHIoeThes [ITHM 1 xopemsmiiianm meromom. Ctpykrypa IIIHM cxosxa Ha ommcaHy B
[12]. KopensmiiHuii miaxiq 3aCHOBAHHA Ha PO3PaxyHKY B3a€MHO-KOPEIAIiHOT (QYHKIIT IPUHHATOTO CHTHAIY
Ta BIJOMHX CHUTHAJIB, 110 KO>KHA aHTEHA BUIIPOMIHIOE TIiJ] PI3HUMH KyTaMH,

+o0
B(r)=[ f(t)g(t)dt
Lo 1)
ne f(t) — 3anexHiCTh NPUHHATOrO CUTHANY BiJ yacy, g(f) — yacoBa ¢opma a1 KOKHOTO TaOyJIbOBAaHOTO KyTa
BUIIPOMIHIOBAaHHS KOXXHOI aHTEHHM, T — 4acoBe 3MilleHHA. [l AMCKPETHHX I0/aHb CHTHANIIB BHIIE3a3HauCHA

(hopMmyrna HaOyBa€e BUTIISAY:
Z fn gn—k
(n)

/ (f) 2 (9,)
@ w , @)

Jie N TI03HAYa€ KiTbKICTh 4aCOBHX TOYOK, K — BKa3ye Ha 4aCOBE 3MIIICHHSL.

B, =

YUCJOBE MOJIEJIIOBAHHS

Mu HaBummm moBHO3Bs3HY IIIHM 3i crpykryporo 540-1000-500-200-SoftMax—182 3 ¢yHKiiero
ninitaOrO 30ymKeHHs (ReLU) [12] mans posmizHaBaHHS 4acoBOi (JOPMH aMIDTITYIH €IEKTPHYHOI KOMIIOHCHTH
BUIIPOMIHIOBAHOTO TOJIS BiJl KOXKHOI aHTEHHW 3 KyTOBHM KPOKOM B OJMH Tpamyc. TakuM YMHOM, HaBYAIbHUN
Habip ckiamaeTbes 3 182 yacoBux 3anesxkHocTel g 182 KyTiB BOX aHTEH 3 KPOKOM YacOBOi JUCKpeTH3alii
0,01 He Ta 3 yacoBuM BikHOM 5,4 Hc. BigmoBinHO, MacuB, IO OIKMCY€E YacOBY 3aJIEKHICTh OJHOTO iMITYJIbCY,
craHoBuTh 540 touwok. IIIHM wmictuts 182 BuXoam, ie KyTH BUIpOMiHIOBaHHA mepinoi anteHu 03 (0°-90°)
no3HavaroTecs gk 1-91 Buxony, a npyroi antenu 0, (0°-90°) — Buxoan 92-182.

Krnacudikamis mpuHHATHX CUTHATIB TAaKOXK MPOBOJUTHCS IIISIXOM PO3PaxyHKY (pyHKIIIT B3a€MHOT KOpEJAIii
31 3pa3kaMu NPUHHATHX CUTHANIB U1 BCiX KyTiB KOXHOI aHTEHH 3 KPOKOM B OJHH Tpajayc Ta IS BCIX
MOJKJIMBHX YaCOBHUX 3CYBIB 7. MakCHMa bHE 3HAUEHHS KOPEIALIHHOI (GyHKIIi BKa3ye Ha MPaBUILHO BU3HAYCHUI
KyT HampsMKy BHUIPOMiHIOBaHHS aHTeHH. CTIMKICTh pO3Mi3HaBaHHS MEPEBIpAETHCA TOJABAaHHAM O CUTHAIY
Mojeni Oimoro mymy i3 3aZaHUM 3Ha4eHHsAM chiBBigHOmeHHS curHan/mym (CCLI). Ilpukmamym npuitHATHX
CUTHAJIIB i3 JIOZJaBaHHAM IIyMY pi3HUX PiBHIB 300pakeHi Ha Puc. 2.
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Puc. 2. [lpuxnax npuitHATHX curHanis 3 pisauM pisHeM CCLI: a) 30 nb, 6) 20 nb, B) 10 ab, r) 0 nb.
Fig. 2. Example of received signals with different levels SNR: a) 30 dB, b) 20 dB, c) 10 dB, d) 0 dB.

PE3YJbTATHU MOJEJIOBAHHS

OCKiNBKH TeHepallisi IIyMy € HemepeadadyyBaHUM mpoiiecoMm, o0poOka curHaiie merogom IIIHM Ta
METOJIOM B3a€EMHOT KOPEJIALIT MOKe JIaTH BUIIAJKOBUI HEXapaKTePHUI Pe3yNbTaT po3Ii3HaBaHHSs, IPOIIOHYEThCS
MOBTOPUTH TeHepalito amutuBHoro mymy 1000 pa3iB i mokasaTu CTaTHCTHYHMH PO3MOJT Kiacudikamii 3a
HalIMMU METOJaMHU JUIsl BCIX LUX peanmizauiil mymy. Po3monin posmi3HaHuX KyTiB JUIS CHUTHAIY i3 IIyMOM
CCILI = 30 nb Bix nepuioi BUNpOMIiHIOIOYOT aHTeHW mif kyTom 40 rpaayciB, skl B Tpoleci HaB4YaHHS OYB
BU3HAaHWH sk HectaOlnmpHui ans IITHM, mpencraBneHo Ha Puc. 3. Moxna mnepexonaruch, mo LIHM He
JIOITyCKae TOMWJIOK Y Kiacudikamii, a MeToI B3aeMHOi Kopemsmii 3abesrmedye aOCOMIOTHO TpaBHIIbHE
po3mi3HaBaHHS B 24% BUTIAJIKIB.

Pesynprar ycmimnuoi knacudikamii [ITHM 300paxeno Ha Puc. 4 mns curHamy Bif Apyroi aHTEHW IS
aHAJIOTIYHOTO KyTa BHUnpoMiHtoBaHHs 40 rpaxyciB. Tyt kyT 40 rpagycis Biamosigae Homepy Buxoxy 131 IITHM.
3py4HO IMOKa3aTH CUrHaiH 3 ycix Buxoais LIIHM, ToMy 110 11e gormomarae KOHTPOIIOBATH XHOHE PO3IMTi3HABaHHS
HOMepy aHTeHH. B3aemna kopemnsuis knacugikye 31% curaanis abconoTHo npaBuibHO. Kpame posmnizHaBaHHA
KOPOTIIIOTO IMITYJIbCY TAKOX OyJI0 MOMiueHO Iiie y pobori [8]. 30unbmenns motysxuocti mymy g0 CCII = 20 nb
MPHU3BOANTE 10 TOTIPIICHHS SKOCTI PO3Mi3HAaBaHHSA, IO TPOiocTpoBaHo Ha Pumc. 5. Bixcotok mpaBmiasHOI
knacudikamii nmagae 3 24% no 13% nns B3aemHoi mMeromy kopemsmii ta Big 100% mo 87% mns LITHM. Mo
CTOCY€TBCS ApYyroi aHTEHH, SK MOKa3aHO Ha Puc. 6, pe3ynbTaTé TaKoXX BUSBISIIOTHCS KPALMMHM i3 MaJiHHAM
BIZICOTKY MPaBUIBHUX PO3MizHaBanb 3 31% 10 17% ta 31 100% 10 91% Ui THX K€ JK BUIIAIKIB.

[onanbme 30inbmenHs notyxHocti mrymy no CCII = 10 b, sk npeacrasineno Ha Puc. 7 Ta 8, BUKINKae
MEHII TOYHE PO3IMi3HaBaHHS Ta IOSBY NOMMJIOK y KiacHdikamii aHTeH A METOAY KOpewsuii, Oiibm Toro,
BiJICOTOK XMOHUX pO3Mi3HABaHb CHTHAJIB K TaKHX, IO MPUHIILIH 3 IHIIOI aHTeHH, 3pocTae. Ta cama TeHICHISA
MOCHIIIOEThC, sIK BuHO Ha Puc. 9 ta 10 i CCLI = 0 nb, mo yHeMoXJHBIIOE po3iizHaBaHHs. YacTka XMOHMX
posmizHaBanb aHteHH IIIHM crae noxpioHoro 10 Mertoxy B3aemuoi kopensuii npu CCII =10 gb. I3 Puc. 10
ciinye, mo IIIHM 3abe3neuye B 4oTupH paszu OUIBIIY KijbKICTh NMPaBMIIBHUX KiacHU(ikamiil y MOpiBHAHHI 3
KOPEISIIHHAM TTiAXO0I0M.



L ]I Ilepcanos, O. M. [lymin ma in. / Ilopienanns memooie Kopenayii ma wmyyHux ... 43

250 | ‘ - 1000
200 800
2 2
3 B
£ 150 g 600
o)
.8 2
g 2
2100 2 400
=] Q
g g
T oggl T 200
0 ‘ ' % 100 150 182
0 50 100 150 182 513 . . .
PosniznaHi kyTH, Tpagycu O3M3HAHI KYTH, TPaAyCH
a) 6)

Puc. 3. Po3noain po3nizHaHUX KyTiB A Pi3HUX peatizauiil mymy A B3aeMHOI kopemuii (a) Ta amst LIHM (6) 06poOku
MpUIHATOTO CHrHATY Bif mepinoi antenu mix kyrom 4073 CCUI = 30 ab.
Fig. 3. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the first antenna at an angle of 40°with SNR = 30 dB.
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Puc. 4. Po3nozin po3mi3zHaHUX KyTiB TSl pi3HUX peattizawiil mrymy jurs B3aemMHoi kopemswii (a) ta uist [ITHM (6) 06poOku
MIPUIHATOrO CUrHAIY BiJ Apyroi antenu mix kyrom 40°3 CCLI = 30 nb.
Fig. 4. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the second antenna at an angle of 40°with SNR = 30 dB.
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Puc. 5. Po3nonin po3mizHaHUX KyTiB I PI3HUX peanizamiil mymy aist B3aeMHoI kopernii (a) Ta ast LIHM (6) 006pooku
TIPUIHATOTO CUTHAIY Bij nepimoi antenu mij kyroM 4073 CCILI = 20 nb.
Fig. 5. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the first antenna at an angle of 40° with SNR = 20 dB.
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Puc. 6. Po3moain po3nizHaHuX KyTiB A Pi3HUX peanizauiil mymy A B3aeMHOI kopemuii (a) ta mst LIHM (6) 06poOxu
MIPUIHATOrO CUTHANY BiJ Apyroi antenu mix kyrom 40°3 CCLI = 20 nb.
Fig. 6. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the second antenna at an angle of 40°with SNR = 20 dB.
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Puc. 7. Po3nonin po3nizHaHUX KyTiB A Pi3HUX peajizamiid myMy s B3aeMHo1 kopessimii (a) ta mist LIHM (6) 06pobku
NPUHHATOrO CUTHAJY Bix nepimioi antenyu mig kyrom 40°3 CCIL = 10 nb.
Fig. 7. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the first antenna at an angle of 40°with SNR = 10 dB.
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Puc. 8. Po3nonin po3nizHaHUX KyTiB Ui pi3HUX peatizawii mymy s B3aeMHoi kopensii (a) Ta mist IIHHM (6) 0O6poOku
TIPUIHATOTO CUTHAIY Bif Apyroi antenu mix kyrom 40°3 CCII = 10 nb.
Fig. 8. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the second antenna at an angle of 40°with SNR = 10 dB.
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Puc. 9. Po3noain po3nizHaHuX KyTiB A Pi3HUX peanizaniil mymy At B3aeMHOI kopemuii (a) ta mst LIHM (6) 06poOku
MPUIHATOTO CUTHAIY Bif mepioi antexu mig kytom 40°3 CCII = 0 ab.
Fig. 9. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the first antenna at an angle of 40°with SNR = 0 dB.
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Puc. 10. Po3nozin po3mizHaHUX KyTiB JJIs PI3HUX peatizamiil myMy aiis B3aeMHO1 kopessiii (a) Ta ams LIHTHM (6) 06pooxu
MIPUIHATOrO CUTHANY BiJ Apyroi antenu mix kyrom 40°3 CCLI = 0 nb.
Fig. 10. Distribution of recognized angles for different noise realizations for cross-correlation (a) and for ANN (b) processing
of the received signal from the second antenna at an angle of 40°with SNR = 0 dB.

BUCHOBKHU

Onmcana B poOOTi [MBOBHMipHA CHCTeMa IIO3UIIIOHYBaHHS HE BHMarae CHHXpOHi3allii Io dacy.
Hesenukux 3MiH 4acoBoi (OpMH BUIPOMIHEHOTO IMIYJIbCY AOCTATHBO, MIO0 BH3HAYUTH KyT O0’€KTa IIOIO
BUIIPOMIHIOBaYa 3 TOYHICTIO B OJMH Ipajyc, aje, MOXJIHMBO, KyTOBY TOYHICTb MOKHA 301nbpmuTH. [TopiBHSHHS
IIHM Ta MeroziB Kopeisuii Uil po3Mi3HaBaHHA KyTiB IIOKa3ye, IO IITYyYHI HEHPOHHI Mepexi MOXYyTh
MPOJIEMOHCTPYBATH Kpally TOYHICTb, HDK Kopemsuiiauid minxin. Hanifinum € Bukopucranns IITHM no
3HaueHHss CCII = 10 xb ta Bume i Merony B3aemuoi kopemnsmii s CCLI = 20 nb ta Bumie. Aie HaBiTH A
CClI =0 b IIHM pnae KopekTHEe pO3Mi3HaBaHHS KYTIB IMICIS CTATUCTUYHOIO YCEPEAHEHHs pe3yJbTaTiB
knacudikanii. [ITHM B gnciioBoMy MOJIENIOBaHHI IEMOHCTPY€E 9ac PO3PaxyHKy Ha TPH MOPSIKKA MEHIIHHA, HiX
HaM TOTpiOHO 1y po3paxyHKy (yHKIiI B3aeMHOI Kopensmii. MokHa BiA3HAYUTH, IO BHKOPHCTAHHSI
KOPOTIIIOTO €JIEKTPOMArHiTHOTO IMITyJIbCY MiJABHUILYE SKICTh KiIacudikarii KyTiB 3a HaSIBHOCTI IIyMy AJs 000X
TPEICTABIEHNX METOiB. VIMOBIpHO, 3GilbIICHHS KilbKOCTI iMIyJIbCHHX BHIIPOMIHIOBAYiB MOYXe TOKDALIUTH
TOYHICTH 1 CTaOLIbHICTh BH3HAYCHHS IOJIOKEHHS 00’€KTa 1 3a0e3MEeYUTh TPUBUMIPHICTH MO3WIIIOHYBaHHS 3
BUKOPDHCTaHHSIM OJHi€] HEHpPOHHOT Mepexi aimst oOpoOKM BCiX OTPHMaHMX CHTHAJIB Bifl yCIX JpKepel
€JIEKTPOMArHiTHUX iIMITyJIbCIB.

KOH®JIIKT IHTEPECIB
ABTOpH MOBIIOMIISIIOTH PO BiJICYTHICTH KOHQUIIKTY iHTEpPECIB.
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METOJIUKA PO3PAXYHKY E®EKTUBHOI TIOBEPXHI PO3CISIHHSA OB’€EKTA
CKJIAJHOI ®OPMH, PO3TAIIIOBAHOI'O HA MIICTUJIbHIN TOBEPXHI 3
JOBIVIBHUM KOE®IIIEHTOM BIIBUTTA
B.C. Xpuuos, M.M. Jlerenbkuii

Xapriscokuu Hayionanvruu yHisepcumem imeni B.H. Kapasina, maiioan Ceoboou, 4, m. Xapxis, 61022,
Ykpaina
E-mail: v.khrychov@Kkarazin.ua

Hapiiimma mo pemakiii 17 6epesns 2021 p.
AxTyanbHicTs. Hapasi BaxmmBoro mpo06i1eMoro € MOJAENIOBAHHS PO3CISHHS €IeKTPOMArHiTHOI XBHJII Ha 00’€KTax
cxyagHol (opmH, IO po3TalIoBaHI Ha JEsAKiH MiACTANBHIA MOBepxHi (e Moke OyTH BifiCbKOBa TEXHIKM Ha Tl
achanbpTy/TpaBH, HaABOHI 00 €KTH OGe3rmocepeHbO y BOAHOMY mpoctopi). Taki 3ajadui BakIMBI IIPH NPOEKTYBaHHI
HOBOI MaJIOTIOMITHOI TEXHIKH.
Mera poéoTu. PosrnsgHyTH icHyrody Ta 3alpONOHYBaTH IOKPALICHHS METOAWKM BHUPIIIEHHS 3agadi Iudpaximii
CJIEKTPOMATHITHOT XBUIII Ha 00 €KT1 CKIaHO1 (POPMH, SIKMI PO3TAIIOBAHO HA TIi MiACTHIBHOI moBepxHi. [Ipu npomy,
3MiHA €JCKTPOAMHAMIYHMX  HapaMeTpiB MiACTHIBHOI TMOBEPXHI HE IOBHHHA MPH3BOAWUTH 10 HEOOXigHOCTI
PO3paxoBYBaTH PO3CisHE YCIM 00’ €KTOM MOJIE.
Marepiann ta meroan. Po3B’s3yeThes 3amava audpakiii Ha 00’ekTi ckiaaHol GopMu, SKUH PO3TANIOBAHO Ha TIIi
JesKol MiICTHIBHOI MoBepXHi. [IoBepXHs MOXe XapaKTepH3yBaTHCh JieIeKTPUYHOIO (Ta MarHiTHOIO) MPOHUKHICTIO,
KOMIUIEKCHIM KOe(illieHTOM BiIOWTTS UM MOBEPXHEBHUM iMIlenaHcoM. [yt BU3HAUEHHS Pe3yJbTYIOUOro IO UL
00’€KTa, PO3TALIOBAHOTO HAaJ JOBUIFHOIO TOBEPXHEIO PO3B’SA3YIOTH 3a1ady PO3CISHHS VIS BHMAIKIB, KOJU 00’ €KT
PO3TAIIOBAHO HAJl iIeabHO MPOBITHOIO MOBEPXHEIO Ta HAJI iI€aIbHUM MarHETHKOM.
PesyabTaTn. 3amponoHOBaHa METOOWKA Ui MOJENIOBAHHA PO3CISTHHSA ENEKTPOMATHITHHX XBWJIb 00’ €KTaMu
CKIagHO1 ()OPMH, IO PO3TALIOBaHI HAJ JOBUIBHOIO MiJACTHIBHOIO MOBEpXHEI. [IpoBeeHO YncenbHI eKCIIEpUMEHTH,
IO IEMOHCTPYIOTh €PEKTUBHICT ITi€1 METOTUKH.
BucnoBku. IToka3aHo, 1110 3aIIpOIIOHOBaHa y CTATTi METOIMKA JIO3BOJISIE €(DEKTUBHO PO3PAaXOBYBAaTH BHECOK Pi3HUX
HiICTWIIBHAX MTOBEPXOHB y PE3yNIbTYIOUE PO3CIisIHE MOJe CKIIAQJHUX 00 €KTIB, sIKi Ha Hii po3ramosani. [y 1poro He
HOTPIOHO KOXXKHOTO pa3y HMPOBOIUTH MOJEIIOBAHHS O€3MOCepefHbO Uil 00’€KTYy HaJ KOHKPETHOIO IIOBEPXHEIO.
JlocTaTHRO MPOBECTH BCHOTO TPHU MOJENIOBAHHS: Ul 00 €KTa y BUIBHOMY MPOCTOPi, a TAKOXK, KOJHU SIK IMiJCTHIIbHA
MOBEPXHSI BUKOPHUCTOBYIOTHCA 1/IealIbHAH MPOBITHUK Ta ineadbHUil MarHeTHK. OTpUMaHo (GOPMYIH, IO JO3BOJISIOTH
PO3paxoByBaTH PO3CisiHE UM 00’ €KTOM TIOJIE IS JOBUTBHOI HiICTHIBHOT TOBEPXHI.
KJIFOYOBI CJIOBA: EdexrnBra noBepxHs poscisHaA, EIIP, enekrpoMarHiTHe po3CisiHHS, IiarpaMa 3BOPOTHOTO
PO3CISIHHSI, MiICTHIbHA OBEPXHS.

CALCULATION METHOD OF THE RADAR CROSS SECTION OF THE COMPLEX SHAPE
OBJECT LOCATED ON THE SURFACE WITH AN ARBITRARY REFLECTION COEFFICIENT
V. Khrychov, M. Legenkiy
V. N. Karazin Kharkiv National University, 4 Svobody sg., Kharkiv, 61022, Ukraine
Relevance. Currently, an important problem is the electromagnetic wave scattering modeling on the complex shape
objects located on some underlying surface (this may be military equipment on bitumen/ grass, surface objects

directly on the water). Such tasks are important when designing new inconspicuous equipment.

The purpose of the work. Consider the existing and suggest improvements in the method solving of the problem of
electromagnetic wave diffraction on the complex shape object, which is located on some underlying surface. In this
case, the change in the electromagnetic parameters of the underlying surface should not lead to the need to re-
calculate the field scattered from the object.

Materials and methods. The diffraction problem is solved for the complex shape object, which is located on the
underlying surface. The surface can be characterized by dielectric (and magnetic) permeability, complex reflection
coefficient or surface impedance. In order to determine the resulting field for an object located on an arbitrary
surface, the scattering problem is solved for cases when the object is located above an ideally conducting surface and
above an ideal magnetic.

Results. A modeling technique for the scattering of the electromagnetic waves by the complex shape objects located
above an underlying surface is proposed. Numerical experiments have been caried out in order to demonstrate the
effectiveness of this technique.

Conclusion. It is shown that the method proposed in the article allows to effectively calculate the contribution of
different underlying surfaces in the resulting scattered field of the complex shape objects that are located on it. You
do not need to simulate directly for an object over a specific surface each time. It is enough to carry out only three
simulations: for an object in free space, and also when ideal conductor and ideal magnetic are used as the underlying
surface. Formulas that allow to calculate the field scattered by this object for an arbitrary underlying surface are
obtained.

KEYWORDS: Radar Cross Section, RCS, electromagnetic scattering, backscattering diagram, underlying surface.
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METOJUKA PACYHETA IOPEKTUBHOM IMOBEPXHOCTU PACCESIHUSI OBLEKTA
CJIOKHOM ®OPMbI, PACIIOJIOKEHHOI'O HA IIOI[CTI/LJIAIOIJ_IEFI IIOBEPXHOCTHU C
MNPOU3BOJIbHBIM KOO®®UIITUEHTOM OTPAXEHUA
B.C. Xpuuos, M.H. Jlerenskuii
Xapvrosckuil nayuonanbHulll yHusepcumem umenu B.H. Kapasuna, ni. Ceoboouwl, 4, 61022, 2. Xapwkos,
Ykpauna

AxTyanbHocTh. Celfqac BaXHOW IPOOIEMOH SBISETCS MOJCIHPOBAHUE PACCESHHS JIEKTPOMAarHWTHBIX BOJIH Ha
00BEKTaX CIOKHOH (DOPMBI, PACIOJIOKEHHBIX HAa HEKOTOPOW IOJCTHIIAIOIICH IMOBEPXHOCTH (3TO MOXET OBITh
BOCHHAsI TEXHUKH Ha (poHe acaibTa / TpaBhl, HaJBOAHBIE OOBEKTHl HEIIOCPEACTBEHHO B BOJHOM IIPOCTPAHCTBE).
Takue 3a1a9 BaKHBI IIPU IIPOSKTHPOBAHUH HOBOI MaJ03aMETHON TEXHUKH.

Heas padoTsl. PaccMOTpeTh CyIIECTBYIOIIYIO M HMPEUIOKHUTE YIyYIIeHHE METOIUKH PEIICHNUs 3a1aqi TUPpaKIun
3NIEKTPOMArHUTHOI BOJIHBI Ha 00BEKTE CI0KHOI (hOPMBI, pacHoNOKEHHOM Ha (hOHE MOACTHUIAIOIIEH MOBEPXHOCTH.
IIpu 3TOM, M3MEHEHHE MEKTPOIUHAMHYECKUX NTapaMEeTPOB MOACTHIAIOIIEH TOBEPXHOCTH HE JOJDKHBI MIPUBOAUTD K
HEO0O0XOJMMOCTH PACCUUTHIBATh PACCEIHHOE BCEM 00OBEKTOM MOJIE.

Marepuaibl U MeTo[bl. Penraercs 3amaua audpakumuy Ha OOBEKTE CIOXHOH (GOPMBI, pacrojoKeHHOM Ha (oHe
HEKOTOPOH IOJCTHJIAIOIICH ITOBEPXHOCTH. IIOBEPXHOCTH MOXKET XapaKTEePU30BaTHCS IHMANIEKTPHYECKOH (M
MarHUTHOH) MIPOHUIIAEMOCTBI0, KOMIUIEKCHBIM KO3 (GUIIMEHTOM OTpa)KeHHs WM TOBEPXHOCTHBIM UMITeaHCcOM. Jist
OIIpeeNICHUs] Pe3yIbTHPYIOIIETO MO A 00BEKTa, PacIoI0KEHHOTO Hall IIPOU3BOJILHON MOBEPXHOCTHIO, PEIIAIOT
3a7auy paccesHMs JUIA ClIydaeB, KOTAa OOBEKT PACIOJOKEH Hajl HCAIbHO INPOBOJAIICH MOBEPXHOCTHIO U Ha
U/I€aTbHBIM MarHeTHKOM.

Pesyabrathl. IlpennoxeHa MeToguka Uil MOAEIHPOBAHUSI PACCESIHUS SIEKTPOMArHUTHBIX BOJH OOBEKTAMH
CIIO’)KHOH (DOpPMBI, PACIONOKEHHBIMU HAJ MPOU3BOJIBHOI MOACTUIIAIONICH MOBEPXHOCTHIO. [IpoBeeHBI YNCICHHBIC
SKCTIEPUMEHTHI, JEMOHCTpUpyomue 3G (eKTHBHOCTh TOH METOANKH.

BeiBoabl. [lokazaHo, 4TO NpeUIOKEHHass B CTaTbe METOAMKA I03BOJsIET d(P(EKTUBHO pacCUUTHIBATH BKIAN
Pa3IHYHBIX MOACTHIIAIONINX MOBEPXHOCTEH B pe3yNbTHPYIOIIEe PACCESHHOE I0JIe CIOXKHBIX 00BEKTOB, KOTOPBIE Ha
Hell pacnosokeHsl. /st 5TOro He Hy)KHO KaXKIbIH pa3 MPOBOIAMUTH MOACIUPOBAHNE HEMOCPEACTBEHHO ISl 00BbEKTa
HaJl KOHKPETHOIl MOBEpXHOCTHIO. /0CTaTOYHO MPOBECTH BCEr0 TPU MOJEIMPOBAHUS: IJIsI 00BEKTa B CBOOOJHOM
MPOCTPAHCTBE, a TAaKKe, KOTa B Ka4eCTBE MOACTUIAIONICH TOBEPXHOCTH HCIIOIB3YIOTCSI HACATBHBINA MPOBOIHUK U
uneanbHbIil MarHeTHK. [lomydeHsr GopMyIbl, MO3BOISIONINE PACCUNTHIBATH PACCESTHHOE 3THM OOBEKTOM IOJE IS
MIPOU3BOJIBHON MOACTUIIAIONIEH TOBEPXHOCTH.

KJIFOYEBBIE CJIOBA: D¢ ¢exTrBHas moBepXHOCTh paccesHust, DIIP, snekTpoMarHuTHOE paccestHue, AuarpaMma
00paTHOTO paccesHUs, MOJCTHIAIOIAs TOBEPXHOCTb.

BCTYII

Hapasi uisi cTBOpEeHHsI MaJIONOMITHO! TEXHIKM MOABIMHOTO MPU3HAYEHHS BAXIIUBOIO € IONEpeAHs abo
MOTOYHA OIliHKA ii PaaioaoKaIifHOT TOMITHOCTI. 3a3BUYail I OLMIHKUA PAiOIOKAI[ifHOT TOMITHOCTI THIIOBOTO
pamionokanidHoro 00'€eKTy TOTPIOHUM € BpaxyBaHHS HOro JUQpakIiiHUX  XapaKTepPUCTUK  JUIs
€JIEKTPOMArHiTHOTO TOJIsI, JIOBKHHA XBHJII SIKOTO € 3HAYHO MEHIIOI0 332 PO3MIpH JIOCHiKyBaHoro 00'ekry. s
BU3HAYCHHS PaJiojoKaliiHOT MOMITHOCTI 00'€KTy ICHYIOTHh JBa LIISIXH: €KCIEPHMMEHTAJIbHI BUMIDIOBaHHS Ta
TEOpEeTHYHE MOJIEIOBaHH:. [CHYIOUI METOIM TEOPETUUHOTO MOAEIIOBaHHS JU(paKiii eJeKTpPOMarHiTHUX XBHIIb
paniooKamiiHOTO Jiama3oHy Ha MoJeli 00’ eKTy CKIagHol (JOpMHU BIMAararTh 0arato 4acy Ha oOpoOKy moxeri
Ta MOJICNIIOBaHHS Tpoliecy audpakuii. 3po3ymisio, 0 B peaNbHOCTI JOCHIIKYBaHa MOJETbh 3HAXOJUTHCS HE Y
BiTbHOMY mipocTopi. OTXKe, 4acTo Taki MOZIETIOBAHHS JOBOAUTHCS MPOBOAWTH JUIS PI3HUX THIIB MiACTHIBHOL
MOBEPXHi, 00 BHPaxyBaTH IIOMITHICT TOCIIXKYBaHOTO 00'€KTY Ha TJi Ti€l UM IHIIOT IMiICTHIBHOT IIOBEPXHI.

Ormsim MeTomiB po3paxyHKY e(eKTHBHOI IOBEPXHI PO3CISHHA pPi3HOMAHITHHX BiCHKOBHX O0'€KTiB
HaBEJICHO Y KHH31 yKpaiHChbKUX aBTOpiB — CyxapeBchKkoro Ta iHmuX [1]. Takok HaBeJEeHO OpUTiHANBHI METOIU
pO3paxyHKy, sKi 3aCHOBaHI Ha INPEJCTaBJICHHI IMOBEPXHI O00'€KTIB KPHUBOJIHIMHUMU AUISIHKaMH (4aCTHHH
MOBEPXHI eJIircoina), po3cisiHHI Ha pedpax, 30KpeMa 3 MOrIMHAIYUM MaTepialioM.

Haii0inpmr mBUAKAM 1 HOMIMPEHNM METOJIOM JUIS PO3PaXyHKY PO3CISHHS Ha BEJIMKAX METAIEBHX 00'€KTax
31 cKimagHOI0 (hOPMOIO € METOA, KW BiOMMI B 3apyOiXHIiH miTepaTypi, sik Shooting and Bouncing Ray (SBR)
[2, 3, 4]. Lle#t meToa 3acHOBaHO Ha HAGIMKEHHI T€OMETPUYHOI Ta (Hi3UUHOT ONTHUKH, B HBOMY JOCTIKYBaHHUI
00’€KT OCBITIIOETHCSI HAOOPOM MPOMEHIB (XBHILOBUX TPYOOK). 3a JOMOMOT00 (hi3WYHOT ONTHKH BPaXOBYETHCS
BIIOMTTS IMX NPOMEHIB B HANpPsIMKY NpHiMaya, a 3a JOIOMOT0I0 FeOMETPHYHOI ONTUKK — BiIOUTTS B HAIIPSAMKY
IHIIUX JUISHOK JociimkyBaHoi monenmi. Llei merom Hapasi qoOpe BHBUEHO U BiH MOXke OyTH e(eKTHBHO
BUKOPHCTaHUH Ul po3paxyHKy audpaknii XBmib Ha 00’ekrax ckianHoi ¢opmu. [Ipyn mpomy Komm'roTepHa
peaiizanis METoly Moxe OyTH CYTTEBO NPHIIBUALICHA 3 BUKOPUCTAHHIM rpadivnoi kapTu [3, 5].

Takox Hapasi iCHYIOTb POOOTH IOJO 3aCTOCYBaHHsS HaOIMKeHHsS (DI3MYHOI ONTHKM y 4acoBili obiacTi
[4, 6] Ta momudikamiii iHIMX aHAIOTIYHAX METOMIB IS PO3PAxXyHKy AU(PAKIii MIMPOKOCMYTOBHX Ta
IMITYJILCHUX ITOJIIB Ha pi3HKX 00’ekTax [7, 8]. Ilizxoau B yacoBiii 06acTi A03BOJISIOTH OTPUMYBATH PE3YIIbTATH
y CMy31 4acTOT 32 OZHE MOJEJIIOBAHHS.

Hapasi icHye OaraTo KOMEpIUHHHX eJNeKTPOMATHITHUX CHMYJSTOPIB, NPHU3HAYCHHUX M1 PO3B’SI3KY
TudpaknifHuX 3a7a49 Ha pisHEX 00’ekTax. Cepex Takux cumysaropiB ciin 3ragatu CST Microwave Studio



50 B.C. Xpuuos, M.M, Jlecenvruii. / Memoouka po3paxyHKy eekmuenoi noGepxHi ...

(Asymptotic Solver) [9], ANSYS Savant [10], FEKO [11]. B uux cHMyJSTOpaX BHKOPHCTOBYETHCS MiIXia
SBR+, sxuii momsirae y ToMmy, IIO OKpiM craHmaptHoro SBR (TpacupoBka mnpoMeHiB) e BpaxoBYIOTh
mudpaknito Ha pebpax, MoB3y4i XBmii, Tomo. Jleski 3 3a3HadeHHX mporpaM (30kpeMa Ansys Savant)
JTO3BOJISIIOTh BU3HAUYATH TOJIS, IIO CTBOPIOIOTHCA IPH PO3MIMICHHI 00'€KTYy y ONMKHIA 30HI BHUIPOMIHIOIOYOL
aHTeHH. Lle € BaXITMBUM U1 MOJCTIOBAHHS MPOIIECY BIH3HAYCHHS XapaKTEPUCTHK PaliooKamiiHOI TOMITHOCTI
00'eKTy Ha OCHOBI BHMIipIOBaHb y ONMMKHIN 30HI aHTeHH. Bim3HaunMmo, M0 BUIE3rafaHi IpOTrpaMHi MPOIYKTH
MaloTh OOMEXCHHS Ha THUI TOBEpXHiI 00'€KTy, SKi MOYKHAa BHKOPHCTOBYBAaTH IIPH MOIEIIOBAHHI: iIealbHO
BinOWBaioOwi, imeaqpHO MOTNIMHAIOYI, BinOwBarowi 3a Qopmymnamu @penens, OaraTomapoBi HieTeKTPHUIHI
MOKPHTTS, IMIEJaHCHI MOKPUTTS Ta MOKPUTTS, IO 33Jal0ThCs TaOJIHMILECI0 KYyTOBOTO PO3MOIUTYy KOe]iLlieHTY
BigOUTTA.

B crarTi po3risiHyTO METOIMKY BU3HAYECHHS PaiofIOKaIiifHOT MOMITHOCTI 00’ €KTy cKkiaaHoi Gpopmu Ha Tii
miAcTHIBHOT ToBepXHi. [Ipy 11boMy IpoaHai3oBaHO Pi3HI KOMIIOHEHTH IO, 1[0 TIOBHHHI BPaxOBYBaTHCS MPH
po3B’si3aHH] 3a1a4i audpakuii nons Ha 00’€KTi, KM PO3TalloBaHO Ha MiACTHIBHIN moBepxHi. PosrmsHyro
JIEKOMITO3HINIO TOJIS Ha Pi3HI NMPOMeEHi 3 Pi3HOI0 KIMBKICTh BiXOHWTTIB BiA MiACTWIBHOI NMOBEpXHi. 3a3HaUYeHa
METOAMKA HaJa€ 3MOTY pO3PaxOBYBATH BIUIMB MiJCTHIIFHOI MOBEPXHI 3 BIAOMHMH eNEKTPOAMHAMIYHUMH
XapakTepucTukamH. [IpoBeieHo YrceNnbHI eKCIIEPUMEHTH, 110 MiATBEPKYIOTh JI€BICTh METOIUKH.

MO/JIEJTIOBAHHA NIJCTUJIBLHOI ITOBEPXHI

i1 KOMITIEKCHOT OLIHKA TOMITHOCTI 00'€ekTa HEOOXiZHO pO3paxoByBaTH HOro miarpamy 3BOPOTHOTO
poacisuus (JI3P) Ha pi3HHX THMAX MiACTHIFHOI MOBepXHi. [Ipy 1bOMY Pi3HI THITH MiJCTHIBHOI MOBEPXHi B i
MOJIeJIi OIIUCYIOThCA IBOMA IapaMeTpaMu:

1) 3BOPOTHIM pPO3CIFOBaHHSM, OOYMOBIEHUM IU(Y3HUM DPO3CIIOBaHHIM Ha HEOJHOpiAHIH moBepxHi. Lle
pO3cCiloBaHHS CTBOPIOE «()OH», Ha SKOMY HEOOXiJHO BHSBUTH 00'€KT, 1 He Oepe ydacTi B po3paxyHky JOP
00'exTa;

2) A3epKalbHUM BIIOWTTAM, IO BIUIMBA€ Ha 3BOPOTHE PO3CIIOBAaHHS Bil 00'ekTa 3a paxyHOK BiIOHTTS
MIPOMEHIB MK 00'€KTOM 1 IIOBEPXHEIO.

3BOpOTHE PO3CISTHHA OMHCYETHCA 3a fonomororo nutomoi EINP mizcTuinbHOT MOBEpXHI o, J3epkanbHe

spec *
BIJIOUTTSI MOKHA 3aJIaTH TPhOMa PI3HUMH CIIOCOOAMU:

1) 3aaTy AieNIeKTPUYHY POHHUKHICTH MIBIPOCTOPY, Ha SIKi PO3TalIOBaHU 00'€KT;

2) 3a1aTH KOMIUIEKCHUH KOe(illieHT BIIOUTTS BiJ] MOBEPXHI JUIs 33J]aHOTO KyTa MaiHHS 1 MOoJspHu3alii, BiH
po3paxoByeThes 3a popmynamu Dpenens;

3) 3a71aTH MOBEPXHEBUH IMITEIAHC TUTOIIHHH.

[Mepimit cnoci® BUKOPUCTOBYETHCS JUIsi OTPUMaHHS BXiJHHMX JaHUX, KOJM DIi3HI THIM TOBEPXHI B
JiTepaTypi OMUCYIOTHCS 3HAUYCHHAM e(EKTHBHOI KOMILIEKCHOI JieIeKTPUYHOI IPOHUKHOCTI, SIKa 3aJISKHUTh BiJ
CKJIay 1 BOJOTOCTI IpyHTYy. Hampuknan, st 6eTOHyY JieneKTpudHa MPOHUKHICTD & = 5.5, IS MIIIAHOTO TPYHTY
npu Bosiorocti 4.3% wna yactori f =3GHz mienextpuuyna mpoOHUKHICTH cTaHOBUTHME € ~ 3.7+ 0.18, a mpu
BoJOrocti 24.3% jieneKTpUYHAa MPOHUKHICTE Bxke ckimage &~15+3j [12]. Tperiit cmocid MoxHa

BUKOPHCTOBYBATH JJIsl 3pYYHOTO 3aBJIaHHS IMiJJCTUIILHOT MOBEPXHI Yepe3 OJ(HEe 3HAYCHHSI.

Pospaxynok JI3P o0'ekta B mporpami eneKkTpoIMHAMIYHOIO MOJICIIOBaHHs 3a3BUYail 3aiiMae YMMaJo 4acy
(99% Bix 3arajgpHOrO 4acy pO3paxyHKY MOMITHOCTI), TPY bOMY JIJIsl KO)KHOTO THITY HiJICTHJIBHOI NOBEPXHI (s
PI3HHMX € ) HEOOXIiTHO 3a/1aBaTH HOBE 3HAUEHHS IMIIEAaHCY MiJCTUIILHOT MOBEPXHI 1 3aHOBO BUKOHYBATH TPUBAJIE
MozemoBaHHs. Jlmg onTmmizanii mporo mporecy, MosmBocTi aHamizy [3P juin  nmiamazoHy 3HaueHb
JUESNEKTPUIHOT MPOHUKHOCTI MiACTHIBHOI MOBEpXHI (HANPHUKIAL, A 33aJaHOTO Jiarma3oHy 3MIiHH BOJIOTOCTI
IPYHTY), @ TAaKOX Il BUKOPHCTAHHS JI0/IaTKOBUX MO>JIMBOCTEH iHTeprperalii pe3yabTariB po3paxyHky 3P 3
METOI0 BUSIBJICHHS KOHCTPYKTHBHUX OCOOJHMBOCTEH, IO BIUIMBAIOTh HAa IOMITHICTh 00'€KTa, MPOIOHYETHCS
BUKOPUCTOBYBATH HACTYIHY CXEMY PO3paxyHKy Ha OCHOBI JexoMImo3umii Bimouroro moims. Ilone, poscisae Ha
00'eKTi, pO3TAIIOBAaHOMY Ha/{ TUIOLTIMHOIO, MO’KHA YMOBHO PO3JIUIMTH HAa HACTYIIHI KOMITOHEHTH:

1) mpoMmeHi, sIKi mMagaroTh Ha 00'€KT 1 BiIOMBAIOTHCSA HUM y 3BOPOTHOMY HAIPSIMKY;

2) IpoMeHi, sIKi TaJIaloTh Ha 00'€KT, BiJOMBAIOTHCSI HUM B HAIIPSIMKY ITiACTHIIBLHOI TOBEPXHI 1 BiIOMBAIOTHCS
Bijl Hel B HAIIPSIMKY Ha NpuiiMay;

3) mpomeHi, sIKi NMajal0Th Ha MiACTHIBHY NOBEPXHIO, BiIOMBAIOThCSA BiJ Hel HA 00'€KT 1 BiNOMBArOTHCS
00'€eKTOM B HaNpsIMKY Ha NpuiimMay;

4) mpoMmeHi, sIKi MaalOTh Ha MiJCTWIBGHY IOBEPXHIO, BiIOMBAaIOThCA BiJ Hel Ha 00'€KT, BiJOWBAIOTHCS
00'€eKTOM B HaNpsIMKY IiJICTHIILHOT MOBEPXHI 1 BiIOMBAIOThCS B HET B HANPSIMKY Ha IpHiiMad.

Binbure none E;, crBoproBane mpomMeHsMu 3 1), He B3a€EMOZi€ 3 MiACTHIBHOIO MOBEPXHEIO, TOMY IIS

YacTHHA IIOJsl HE 3aleKUTh Bij KoedilieHTa BimOMTTS Bijg moBepxHi. Binboure mone E, , crBoproBane

MIPOMEHSAMH, OTMCAaHUMH B ITyHKTax 2) Ta 3) B3a€MOJIi€ 3 MiACTHIBHOIO TIOBEPXHEI0 OIUH Pa3, OTXKE BOHO Oyxe
nponopuiiHuM koedimienty BinoutTa. Ilone E,, mo cTBOproeThess MPOMEHAMH 3 IHKTY 4), B3a€MOIISATHME 3
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TiACTHIILHOIO TTOBEPXHEIO JIBIi 1 HOr0 BHECOK Oy/ie KBaIpaTHYHO 3aJeXaTH BiJ KoedilieHTa BigOUTTS.

Ha Puc.1 cxemaTn4yHO 300pa)KeHO ONMHUCaHi BUMAAKK B3aeMoii. TakuM YMHOM, HEXTYIOUH OaraTopazoBUMHU
MepeBiTOUTTAMH MK OO'€KTOM 1 IpyHTOM, MOKHA BBaXKaTH, IO BigOWTE IO 3alCKHUTH Bix KoedimieHTa
BIIOWUTTS 32 HACTYITHAM 3aKOHOM:

E(R)=E,+R-E, +R*-E,. (1)

OCKUIBKHM pO3MIIAAAETHCS HECKIHYEHHO TUIOCKA ITiICTUIIbHA TOBEPXHS, BHECOK B PO3CIsSIHE 10JIE JaBaTUMYTh
JIMIIE TTPOMEHI, 10 B3aEMOJIIOTH 3 MOBEPXHEIO Ml KyTaMu, 110 BiANOBIAAIOTH KyTy MiclLs panapa, ToMy B pasi
3aiexXHOCTI KoedillieHTy BimOMTTs Big kyta (Hampuknan, 3a ¢opmynamu Openens), y ¢dopmyrni (1) Gyme
¢irypysatu koedirient Binourts ( R ), o Bianosigae kyTy naminus (KyTy Micis pagapa).

Puc. 1.Binburta Big 00'ekTa HaJ MiACTHIBHOIO IIOBEPXHEIO.
Fig. 1. Reflection from the object above the underlying surface

Jaii MoxHa po3paxyBaTH BiOHTE 00’ €KTOM MOJIE I TPHOX BUIIAIKIB:
1) o0'exT y BimbHOMY mpocTOpi (HEMae MiACTHIFHOI TOBEPXHi), Pe3yIbTaT MOJCIIOBAHHS - KOMILJICKCHA
aMILTITy1a po3cisHoro nons E,;

2) 00'eKT HaJI imealbHO MPOBIIHOIO METAJCBOIO IOBEpXHEIO (I Hel MOBEPXHEBHUIl iMIENaHC IOPiIBHIOE
Hymo Z =0, xoediuieHT Binoutts R =-1), pe3yibTaT MOAENIOBaHHS - KOMIUICKCHAa aMIUITyJa PO3CisHOTO

nons E,, ;
3) 00'ekT HaJ MOBEPXHEK 3 HECKIHYEHHUM IOBEPXHEBUM iMrenaHcoM (iZeanpHuil MarHeTwk, Z = oo,
koediuieHT BinburTs R =1), pe3yapraT MOJEIIOBaHHS - KOMIUICKCHA aMILTITyia po3cisHoro nouyst E_ .

I3 pesysbTaTiB TaKOro MOJCTIOBAHHS MOXKHA OTPHMATH BCI TPH KOMIIOHEHTH PO3CISIHOTO mmoust (JuB
Ta6m. 1).

Ta6must 1. KommosenTr poscistaoro mosst st momeni (1).

Marepiai miacTHIBHOT IToBepxHeBuii Koeditient Kommonenta
TIOBEPXHI iMIeJIaHe BIZOUTTS PO3CISTHOTO OIS
[MincTrnbpHA TOBEPXHS - R=0 E,=E,
BIACYTHS
IneanpHuil MPOBITHUK Z.=0 R=-1 Ey, =E,-E +E,
IneanbHuit MarHeTHK Z = R=1 E,=E,-E +E,

BukopucroByroun mani 3 Tabmumi 1, MoxkHa oTpuMaTH (GOPMYJIH, IO JAO3BOJSIOTH NEPEPaxyBaTH KyTOBY
3anexHicTh EITP mist NOBiTbHOT TOBEPXHi:
E, =E,;
E, =O.5(Ew—EM); (2)
E, = 0.5(EO(> +E, )— E,.
TakyuM 4YHMHOM, TPOBIBIIM TPU MOJETIOBAaHHS MH OTPHUMYEMO pE3YJIbTAaTH, SKi JIO3BOJIIIOTH HaM
nepepaxysatu JJOP a5 1oBiNBHOT miICTHIIBHOT OBEPXHI 32 opmyroro (1).
[t 3HVOKEHHsT 00YMCITIOBAILHOTO HABAHTAXKCHHS MOXKHa OOMEXKHTHCS TiIbKH ABOMA ckiagoBumu B (1),

TIPY BOMY JIOCUTh NPOBECTH MOJIEIIIOBAHHS JUIsl 00'€KTa y BUIBHOMY IIPOCTOpi 1 Hax MeTtanoM (nusuchk Taodm 2):
E(R)y~E,+R-E/ . 3)
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B ObOMY BUNIAAKY IJIA OHiHKI/I KOMIIOHCHTH E1’ MO’KHa 3aIlliucaTu:

E, =E,; @
r_
E/=E,-E,.
Pizautst Mixk HabGmmkeHHsM (3) i 6imbmr TounuM 3HaueHHsM (1) Bu3HaYaeThest KoedimieHToM BinoutTTs ( R )
1 3HaYCHHSIM KOMIIOHEHTH BigouTTs E,:

EI(R)ZE0+R'(EA_EM):E0+R'(E1_Ez)
E(R):E0+R~E1+R2~E2 5)
E-E'=E,R1+R).

Ta6murst 2. KommoseHTH po3cistHoro mostst it moedi (3).

Martepian miacTIIBHOT [oBepxHeBHit Koedimient Komnonenta
MTOBEPXHI IMIIEJaHC BIIOUTTS PO3CISIHOTO TIOJIS

[MigcTHIbHA TOBEPXHSI - R=0 E,=E,
BiZICYTHS

IneanbHuUit MpOBITHUK Z,=0 R=-1 E, =E,—-E

BinpLiicTh eNEeKTPOMAarHiTHUX COJBEPIB JO3BOJAIOTH 3aJaBaTH IOBEPXHIO a00 Yy BUIIIALI iAeabHO
MPOBIHOT IOBEPXHi, a00 Y BUMNIA/I iMITeIaHCHOT TOBEPXHi, Ha SIKili BUKOHYIOThCS IMIIEIAHCHI IPaHUYHI YMOBH
JUISl TAHTCHIIAIbHUX KOMITOHEHT TIOBHOTO TOJISL:

E. =2 [nxH.] (6)
3okpema, npu Z =0 OTPUMYEMO TPaHHYHY YMOBY Ha il€aJIbHOMY ITPOBiTHUKY ET =0,anmpn Z=o0

orpumyemo H_ =0, mo Biamosigae rpannuniit yMoBi Ha imeanbHOMy MarHeTHKy. KoedilieHT BigOWTTS Bin

IMIIEZIaHCHOT TUIOLIMHU B 3aJIKHOCTI BiJ KyTa Uil TapajieibHoi (BEpPTUKAIBHOI) 1 NEpHeHIUKYJISPHOT
(TopH30HTANBHOT) TOJSIPU3AIIi] 00YUCITIOETHCS 32 (POPMYIIaMU:

RL:ZS—Zocos@ :ZSCOSQ—ZO @
Z,+Z,c080 t Z.cos0+2Z,

ne 6 — KyT manigHdg (IO BIATIOBiZae KyTy Micls pamapa). 3BOPOTHI IO HHUX (OPMYIH HO3BOJIIOTH 3a

KOe(DII[IEHTOM BiJJOUTTS 1 KyTOM MaJiiHHS OTPUMATH BiJIIOBIIHMI TOBEPXHEBHUI IMIIEIaHC:
Z. =27, cos:9ﬂ Z = Z, ﬂ. (8)

1-R, cosfé1-R,
i dpopmynu amst iMIIeJaHCHOT TOBEPXHI JIEIIO BiIpi3HAIOTHCS Bif popmyn Openens:
_Zcosp—Z,c080 _Zcosf—Z,cosp

' Zcosp+Z,c080 Y Zcos@+Z,cosp’ (9)

B SIKMX TIPH IMIT€IaHCI Ai€IeKTPUIHOTO HAMIBIPOCTOPY NPUCYTHIN KOCHHYC KyTa 3aJIOMJICHHS:

cosp = \[1-(su) " sin’d, (10)

TyT Z =12, fﬁ - iMnenanc cepenosuia, Z, ~ 1207 Om - iMreanc BiTbHOTO IIPOCTOPY.
£

TakdM YHHOM, 3aJaBIIM iCIEKTPUUHY MPOHHUKHICTH TPYHTY, MOXHa 3a (opmyramu (9) pospaxysaru
Koe(ilieHT BigONTTS (1151 3aJaH01 NosIpH3allii 1 KyTa MiCIsl pajapa), Jajli MOXKHa:

1) abo x po3paxysaru 3a popmynamu (8) BiINOBiIHMIT MOBEPXHEBHIl iMIIEAHC 1 TPOBECTH MOJCIIOBAHHS,
orpumasn JI3P o00'ekta Ha MiACTHIBHINA TTOBEPXHI 13 33JaHUMH BJIACTUBOCTSMU;

2) abo orpumaHuii koediuieHT miacTaBUTH B Gopmyny (1) (ado B Menmr Touny (3)) i orpumatu 3P s
00'ekTa HaJ| MiICTHIBHOIO TIOBEPXHEI0 13 3aJJaHUMH BJIACTHBOCTSIMH Ha OCHOBI paHille po3paxoBanux J3P s
00'ekTa y BUTbHOMY IIPOCTOPi 1 00'€KTa HAJT i7IeaTbHUM TIPOBITHUKOM 200 MarHeTHKOM.

SK1mmio 3anporoHoBaHUK MiAXix BipHUH, To oTpuMani J[3P moBuHHI ciiBmagaTy.
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YUCJIOBI PO3PAXYHKHN

B sikocTi TecTOBOrO BHIAAKY OYyJI0 PO3MIIAHYTO MeTaneBuil Kyo (pebpo kyba 1M, kyO po3ramoBaHuil Ha
BucoTi 30 cM Hax mronwHOK Z = 0). MoaenroBaHHs MPOBOIMIOCE ISl PI3HUX a3UMYTAIbHUX KYTIB, IPH KYyTi
micus 40 rpanyciB Bij BepTUKali, JOBXHWHA XBWII A =10 cM, TOPH30HTaIbHA MOJISIPU3ALLis.

Bymno npoBeaeHo eIeKTpoaHAMIYHE MOJICITIOBAHHS IS 3-X BUITAKIB:

1) Po3paxoByeTscs mose, BigOuUTe TUTBKHU Bif KyOa, MiICTIIBHA IIOBEPXHS HE BPAXOBYETHCA. TakiM YHMHOM
po3paxoByeTbes one E,;

2) PospaxoByeTbcs moiie, BinOUTE Bix KyOa, pO3TALIOBAHOTO HaJ METAJIECBOIO MiJCTHIBHOIO MOBEPXHEIO,
Ey:

3) Po3paxoByeThcs ToNe, BiqOUTe BiJ KyDa, pO3TAIIOBAHOTO HAJ IMICIAHCHOI (TIOBEPXHEBHU IMIICIAHC

Z, =500m ) nigcTunpHOO NOBepxHeto, E,.

B ocranHbomy Bumaaky mome E, moxHa Takox obuncimtu 3a dopmynoro (3). Ha Puc. 2 mokaszano

BiZIMIHHHMI 30ir po3paxoBaHuX aABoMa criocodamu JI3P.

EigbuTE NONe

0.1 =

100 2m =00

MY TANEHWUA kYT
Puc. 2. Jliarpama 3BOPOTHOTO PO3CiIOBaHHS METaJICBOr0 Ky0a HaJI iMIIeJaHCHOIO TUIOMINHOIO.
Fig. 2. Backscattering diagram for the metal cube over the impedance plane.

BUCHOBKH

Po3risiHyTO icHYIOYi Ta 3ampollOHOBAHO TMOKpAllleHI METOAMKH pO3B’si3aHHs 3amadi  audpaxiii
€JIEKTPOMArHITHOI XBHJII Ha 00’€KTi CKIagHOI (hOpMH, SIKHI pO3TAIIOBAHO HA TJIi MiACTHIBHOI MOoBepxHi. [Ipu
BOMY, 3MiHa EIEeKTPOJAWHAMIYHUX IIapaMeTpiB MiJCTHIHHOI TOBEPXHI HE NPUBOIUTH [0 HEOOXITHOCTI
PO3paxoByBaTH po3cisHe moyie yciM 00’ekToM. ITOBepXHS MOXKe XapaKTepU3yBaTUCh MieNEKTPUYHOK (Ta
MAarHITHOIO) TPOHHUKHICTIO, KOMIUIEKCHUM KOC(QIi€HTOM BiIOWTTS UM TOBEPXHEBUM iMmemaHcoM. Jlis
BU3HAUCHHS PE3yNbTYIOUOr0 IO sl 00’€KTa, PO3TAIIOBAHOTO Haa AOBUIBHUM IOKPHTTSM, PO3B’S3yHOTh
3a/1a4y, KOJM O0’€KT PO3TAllOBAaHO HAaJ ileaJbHMM IPOBIIHHKOM, HaJ iIealbHHM MAarHeTHKOM, a TaKOXK
OTPHUMAHO PO3CisiHE TI0JIe JUIsl BUMAJAKY, KOJIU 00’€KT 3HAXOJAMTHCS y BUIBHOMY MPOCTOpI 0e3 sIKOICh MOBEPXHI.
OTprMaHoO po3cisiHe UM 00’ €KTOM MOJIe /ISt JOBUILHOT MiJICTUIILHOT TOBEPXHI.
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BAPIALII TEOMATHITHOI'O ITOJISA, IO CYITPOBOAKYBAJIN
COHAYHE 3ATEMHEHHA 10 YEPBHS 2021 p.
JI. ®. YopHuorop, M. 1O. I'oay0, Y. Luo, A. M. llumb6an, M. b. llleBesieB
Xapriscokuil HayionaneHuil yHisepcumem imeni B.H. Kapasina, maiioan Ceo600u, 4,
M. Xapxis, 61022, Vkpaina
E-mail: Leonid.F.Chernogor@gmail.com
Hapitimma mo pemaxmii 22 ksitas 2021 p.

AKTyanbHicTh. Y IaHWH Yac NHWTaHHS INIPO TEOMAarHiTHHI e(peKkT coHsuHMX 3areMHeHb (C3) 3anmmmaeTbcest
BIAKpUTHM. Y JiTepaTypi HaBeieHi cymepewinBi HaHi. OmHI aBTOPH CTBEPIKYIOTh, IO aMIUITyJa KOMIIOHEHTH
TOJIOBHOTO MArHiTHOrO moiisi "MiBHIY — MiBAEHB" 30UIBLIYETHCS, 1HIN, IO BOHA 3MEHINYEThCA. TpPETi aBTOPHU
BiJI3HAYAIOTh, 11O I aMIUTITY/Ia B3arajii He 3MIHIOETBCS, & Bapike aMILTITYJa KOMIIOHEHTH "3axia — cxin'. B ogHux
BUTIAJKaX CIOCTEPEKEHHS MiATBEPKYIOTH MEXaHI3M T'€OMAarHiTHOTO €(eKTy, 3yMOBJIECHOTO 30ypEeHHSIM CHCTEMH
ioHOC(epHuX cTpyMiB (S(), B iHIIMX — cymepedyats Homy. TpyaHoIi crocrepeskeHHs reoMarHitHoro edekry C3
MOB'A3aHI 3 THM, IO HAa MarHiTHE IOJie BIUIMBAE€ 0araTo BHCOKOCHEPTETHYHHUX DKEpel. BenwmdymHa reoMarsiTHOTO
edekTy 3anexuTh He TUIBKY Bix cwm (dasu) C3, ane i Bixg cTaHy KOCMIYHOI IMOTOAH, MICIS CHOCTEPEKEHHSI, Jacy
o0H, TTopu poKy Ta iH. ToMy IOCTIHKEHHS T€OMarHiTHOTO e(eKTy KOKHOTo HOBOro C3 3aMIIAeThCs aKTyaIbHAM
3apmanHaM. OcobmuBictio C3 10 uwepBHs 2021 p. Oymo Te, MO0 BOHO HAJEXKalo JO KijblenomiOHux. DyHKIis
HOKPHTTS Ha piBHI 3emili He nepeBuiyBana 89%, a dasza — 0.943.

Meta po6oTm — BUKJIAJ pe3yJbTaTiB aHAIi3y Bapiamiii reomarnitHoro nois npotsrom C3 10 gepsrs 2021 p.,
3apeecTpoBaHoro Mepexero MarHiTHuX craHiii INTERMAGNET.

Metonu i Meromosorisi. s aHamizy e(pekTiB y TOJIOBHOMY MarHiTHOMY oI 3eMJli BUKOPHCTOBYBAJIHCS JAaHi
BuMiproBanb MixkHapoaHoi Mepexi INTERMAGNET. IlpoananizoBaHo naHi 15 MarHiTHHX CTaHIIH, pO3TAIIOBaHUX
Ha mupoTax Big 77.47° nH. ur. 1o 48.17° nx. nr. [Tpu npomy MakcumanbsHa (aza C3 Ha piBHI 3eMili 3MiHIOBaNacs BiJ
0.943 no 0.124. Po3ninbHa 37aTHICTH 32 4acoM — | XB, 3a PiBHEM TI'eOMarHiTHOro mois — omm3bko 0.1 HTn. J{ns
BU3HAUCHHS CIIEKTPAIBHOTO CKIaay KBa3ilMepiONUYHUX Bapiallii BHKOPHUCTOBYBABCS CHCTEMHUH CHEKTpalbHHUN
aHani3, Sk 00’€lHye B3a€MOJONOBHIOIOYI BiKOHHe meperBopeHHs Dyp'e, amanTuBHe mneperBopeHHs Dyp'e i
BEHBIIET IEPETBOPEHHS HA OCHOBI MaTepHHCHKO1 QyHKIIT Mopie.

PesyabTaT. BusiBieHo Ta MOSICHEHO anepiofNYHUN TeOMarHiTHUi e()eKT COHSYHOTrO 3aTEMHEHH:, L0 IOJISrac B
3MeHIIeHHI He Oinpme, HiXK Ha ~ 30 HTx piBHSI KOMIIOHEHTH TOJISI B HampsMKy "miBHIY — miBaeHb". Edekr
MOSICHIOETBCS. 3MIHOIO BEJIMYMHU TYCTMHH 10HOC(EpHOro cTpyMy B HampsMKy "3axig — cxin" B pe3ynbTari
3MEHIIEHHA IIiJ [i€0 3aTeMHEHHS KOHICHTpAIlil eJeKTPOHiB. BHABIEHO Ta TOSCHEHO KBa3ilmepioAWnYHUI
TeOMarHiTHUH e()eKT COHSYHOTO 3aTEMHEHHs, BUKIIMKAHUH T'eHepalli€l0 3aTeMHEHHSIM aTMOC(EpPHUX TpaBiTalliiHIX
XBHJIb. XBHJIS BHUKIHKA€ MONIYJIIII0 10HOC(HEPHOTO CTpyMy, a TaKOX 3aXOIUICHHS EJEKTPOHIB, IIO CTBOPIOE
JOAATKOBMH KBa3iNepioAWYHHMN IOHOCQEpHUH CTpyM 3 TepiofoM, pIiBHMM mepiogy XBWiI. AMIutiTyzaa
KBa3iMepioMUYHUX Bapialiil CTaHOBWIA KiJbKa ONMHHIE HaHoTecna. CHCTEMHH CIEKTpaJbHUN aHalli3 JO3BOJUB
YTOYHUTH TEpioy KBa3iNepioANYHHUX Bapialiii reOMarHiTHOTO TOJIs, IO CYyNpPOBODKYBAIM 3aTeMHeHHs (0:m3bKko 20
i35 xB).

BucHoBku. AmnepioguuHuil 1 KBa3imepioAWYHWI TeoMarHiTHI e(eKTH 3yMOBJEHI 30ypeHHsIM (TCHEpaIi€ro)
i0HOC(EepHOTO CTPYMY.

KJIIOYOBI CJIOBA: coHfAYHEe 3aTeMHEHHS, TeOMarHiTHe 1oje, X-KOMIIOHEHTa, i0HOCEepHuil cTpyMm,
anepiognuHnii eeKT, KBasinepioAUIHUN eeKT, MOAYIALIs iI0HOCHEPHOTO CTPYyMY

VARIATIONS IN THE GEOMAGNETIC FIELD THAT ACCOMPANIED
THE 10 JUNE 2021 SOLAR ECLIPSE
L. F. Chernogor, M. Yu. Golub, Y. Luo, A. M. Tsymbal, M. B. Shevelev
V. N. Karazin Kharkiv National University, 4 Svobody sq., Kharkiv, 61022, Ukraine

Urgency. At present, the existence of the geomagnetic effect of solar eclipses (SEs) is in question. The data presented
in the literature are contradictory. Some researchers assert that the amplitude of the north-south component of the
main geomagnetic field increases, while others that it decreases. The third group of researchers notes that this
amplitude does not change at all, but instead the amplitude of the west-east component shows variations. In some
cases, observations confirm the mechanism for the geomagnetic effect caused by disturbances in the Sq current
system, while in other cases observations contradict with the mechanism. The difficulties that are encountered in
observing the SE geomagnetic effect are caused by the fact that the magnetic field is subjected to the influence of
many energy sources. The magnitude of the geomagnetic effect depends not only on the magnitude (phase) of the
solar eclipse but also on the state of space weather, geographic coordinates of data acquisition, local time, season, etc.

© Yopuorop JI. ®., T'onyo M. 0., Y. Luo, [Tumban A. M., Illesenes M. b., 2021
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Therefore, the study of the geomagnetic effect from each new solar eclipse remains an urgent problem. The main
feature of the 10 June 2021 Solar eclipse is its annularity. The maximum magnitude did not exceed 0.943, and the
eclipse obscuration 89%.

The aim of this work is to present the results of analysis of variations in the geomagnetic field that were recorded by
the INTERMAGNET during the 10 June 2021 SE.

Methods and Methodology. To analyze the effects in the main Earth’s magnetic field, the INTERMAGNET data
have been utilized. The data have been analyzed from 15 magnetic observatories located between 77.47°-N and
48.17°-N latitude where the maximum phase varied from 0.943 to 0.124. The analysis was performed with 1-min
temporal resolution providing a 0.1-nT resolution. To determine spectral content of the quasi-periodic variations, the
systems spectral analysis has been used, which combines mutually complementary the short-time Fourier transform,
the wavelet transform employing the Morlet wavelet as a basis function, and the Fourier transform in a sliding
window with a width adjusted to be equal to a fixed number of harmonic periods.

Results. An aperiodic geomagnetic effect of a solar eclipse has been detected and explained; it consists in a decrease by
not greater than 30 nT in the level of the north-south component. The effect is explained by a variation in the ionospheric
current density in the west-east direction as a result of a decrease in the electron density during the eclipse. A quasi-
periodic geomagnetic effect of a solar eclipse has been revealed,; it is explained by the generation of atmospheric gravity
waves. The wave acts to modulate the ionospheric electric current, as well as to drag the electrons inducing additional
quasi-periodic ionospheric current with a period equal to the wave period. The amplitude of the quasi-periodic variations
was observed to be a few nanoteslas. The systems spectral analysis provided more precise values of periods of quasi-
periodic variations in the geomagnetic field accompanying the solar eclipse, approximately 20 min and 35 min.
Conclusions. The aperiodic and quasi-periodic geomagnetic effects are caused by the disturbance (generation) of the
ionospheric current.

KEY WORDS: solar eclipse, geomagnetic field, X component, ionospheric current, aperiodic effect, quasi-periodic
effect, ionospheric current modulation

BAPUALIUUA TEOMATHUTHOI'O ITOJISI, COITPOBOXIABIHINE
COJIHEYHOE 3ATMEHMUE 10 UIOHSI 2021 r.
JI. ®. Yepuorop, M. 1O. I'oay0, Y. Luo, A. M. lbimM6a, H. b. [lleBesén
Xapvrosckuil nayuonanvHolll yhusepcumem umenu B. H. Kapasuna, ni. Ce0600b1,4, 2. Xapvros, 61022,
Vkpauna

AKTyaJIbHOCTh. B Hacrosiimee BpeMsi BOIPOC O reoMarHUTHOM 3¢¢ekTe comHeuHblx 3atMenuit (C3) ocraercs
OTKPHITBIM. B nmTeparype mpuBeneHBI HMpOTHBOpedHBEIE NaHHBIE. OIHM aBTOPHI YTBEPXKIAIOT, YTO AMILIUTYa
KOMIIOHEHTHI TJIaBHOTO MarHUTHOTO mHouisi "ceBep — IOr" yBEJIMUMBACTCS, APYrHe, YTO OHAa YMEHBINAeTCs. TpeThH
aBTOPHI OTMEYAIOT, YTO 3Ta aMIUIMTYZAA BOOOIIe HE M3MEHsSeTCs, a BapbHPYeT aMIUINTyAa KOMIIOHEHTHI "3amaj —
BocTOK". B omHHMX ciydasx HaOMIOAEHMS MOATBEP)KAAIOT MEXaHH3M TeOMarHUTHOro a¢ddexra, 00ycIOBIECHHOTO
BO3MYILIIEHHEM CHCTEMbl HOHOC(PEpHBIX TOKOB (S(), B IPYrHX — MPOTHBOpEYaT eMy. TpyIHOCTH HaOIIOIEHHS
reoMarHuTHOTO 3ddekra C3 cBA3aHBI ¢ TeM, YTO HA MArHATHOE MOJIE BIHMSET MHOTO BBICOKOIHEPTETHIECKHX
HCTOYHUKOB. BennunmHa reomarHutHOro s¢dekra 3aBUCUT He TOJNBKO OT cibl (¢a3pl) C3, HO M OT COCTOSIHHUS
KOCMHYECKOH MOTO/BI, MecTa HAaOJIOCHNsI, BpDEMEHHU CYTOK, ce30Ha U T.J1. IloaTomMy nccienoBaHHe reOMarHUTHOTO
3¢ dexra kaxmoro HoBoro C3 ocTaeTcs aktyanbHoU 3axadei. Ocobernoctsio C3 10 urons 2021 1. 6bUI0 TO, YTO OHO
OTHOCHJIOCH K KOJbIIe0Opa3HbIM. DyHKINS MOKPHITHS Ha ypoBHE 3eMin He mpeBbimana 89%, a ¢aza — 0.943.

Leas padoThI — M3JI0KEHUE PE3YJILTATOB aHaJKM3a BapHalui reoMaraHutHoro nojs B teueHue C3 10 urons 2021 r.,
3apETUCTPUPOBAHHOTO ceThi0 MarHUTHBIX craHiuit INTERMAGNET.

MeTtonnl u MeTomonorusi. /st aHanu3a 3¢ QeKkToB B INIABHOM MarHUTHOM I10J€ 3€MJIM MCIIOJIB30BANNCh JaHHbBIC
m3Mepernit mexayHaponHoit cetm INTERMAGNET. IlpoananusmpoBaHbl NaHHbIE 15 MarHUTHBIX CTaHIUM,
pacroyoKEeHHBIX Ha mupoTtax ot 77.47° c. m. mo 48.17° c. m. IIpu sToM MakcumanbHas ¢aza C3 Ha ypoBHE 3eMiin
m3Mmensacek ot 0.943 mo 0.124. PaspemieHne mo BpeMeHH — | MHH, 1O YPOBHIO T€OMAarHUTHOTO TOJS — OKOJIO
0.1 HTn. [lna ompeneneHust CHEKTPAJbHOTO COCTaBa KBA3MIIEPHOIMYECKUX BapUalMi HCIOIb30BAJICS CUCTEMHBIN
CIIEKTPaNbHBIA aHaIHW3, OOBEIWHSIONIMH B3aUMOJIOMONHSIIONINE OKOHHOE IpeoOpasoBanme @Dypwe, aganTHBHOE
npeobpasoBanne Oypbe U BeiBIET Mpeodpa3oBaHie Ha OCHOBE MaTepuHCKOH (yHkin Mopie.

PesyabTatel. OOHapyxeH U OOBSCHEH anepHOANYECKHIl TEOMAarHUTHBIH H(P(EeKT ComHedHOro 3aTMEeHWUS,
3aKIIIOYAIONINICS B yMEHBIICHUU He Ooree, 4eM Ha ~ 30 HTJI ypoBHS KOMIOHEHTHI TIOJIS B HAIIPaBJICHUH "ceBep —
or". DddexT 00BACHICTCS HM3MEHEHHWEM BEJIMYMHBI TUIOTHOCTH HOHOC(EPHOTO TOKAa B HAmpaBieHHH '3aman —
BOCTOK" B pe3yibTaTe yMCHBIICHHS MO JEHCTBHEM 3aTMEHHUS KOHIIEHTPALUH MIEKTPOHOB. OOHapykeH U 00BICHEH
KBa3MIEPHOINYCCKUI TI'e€OMAarHUTHBIH 3(Q(EKT COJHEYHOro 3aTMEHWs, BBI3BAHHBIH TIeHepaleldl 3aTMEHHEM
aTMOC(EPHBIX TPAaBUTAIMOHHBIX BOJH. BoiHa BBI3BIBa€T MOAYISIIUIO HOHOCHEPHOTO TOKA, a TAKXKE YBICUCHHE
JNIEKTPOHOB, CO3/AI0IIEe JOTOIHUTEIbHBIN KBa3UIEPHOIHICCKUIH HOHOC(EPHBII TOK C IIEPUOAOM, PAaBHBIM TIEPUOIY
BOJHBL. AMIUINTY/Aa KBa3HIEPHOJMUYECKUX BapHalUil COCTABIUIA HECKOJNBKO EJWHHIl HaHOoTecna. CHCTeMHBIH
CHeKT‘paﬂbeIﬁ AHAJIU3 TIO3BOJIMJI YTOUHHUTH IEPUOABI KBAZUNIEPHUOAUYECKUX Bapuaum‘/'l T€OMArHuTHOIO I10JId,
COMPOBOXKIABIINX 3aTMeHue (0k0J10 20 1 35 MuH).

BriBobl. Amnepuoanueckuii M KBa3UIEPUOJAMYECKHH TeOoMarHUTHble 3((eKTsl O00YCIOBIEHBI BO3MYILICHHEM
(reHepanueii) HOHOCEPHOTO TOKA.
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KJIIOYEBBIE CJIOBA: conHeyHOe 3aTMEHHE, TE€OMarHUTHOE Iojie, X-KOMIIOHEHTa, HOHOC(EpHBIH TOK,
arnepuoanveckuii 3 dekT, KkBasunepruoandeckuii aGpdexr, MoayaIms HoHOCHEPHOTO TOKA

BCTYII

IcTopis BHBUEHHS Bapiallii MarHiTHOTO IOJIT 3eMIili, IO CYNPOBOKYBaiM cOHs4HI 3aTeMmHeHHS (C3),
HapaxoBye Omm3pko 120 pokiB [1—4]. Teopernuni ocHoBu MarHiTHOro edekry C3 3akmaB aBrop [5]. Bin
MIPUITYCTHUB, IO Bapiamii reoMarHiTHOTO N0y mpoTsiroM C3 moB's3aHi 31 3MiHOIO TYCTHHH 10HOC(EPHUX CTPYMiB
Ha BucoTi E-ob6macti ionochepu (~ 90—120 xm). Pesynmprat [5] po3BuBanu B TeopeTnyHUX podortax [6, 7], ne
MO/ICITFOBAJIMCS Bapiallil reoMartiTHOro mnoJst npotsirom C3.

3MiHHM B TOJIOBHOMY MarHiTHoMy mouti 3emii, mo cynpoBomkyBanmu C3 B 1958-2008 pp., onucani B psii
pobit [8-32].

MoxxiuBicTb reHepanii C3 reoMarHiTHUX IyJibcaliil BUB4aiacs B poborax [21, 28].

B nanmii yac nurtaHHs npo reomarHiTHUH edekt C3 3anumuaeTbcs BIIKpUTHM. Y JiTepaTypi HaBedeHi
cynepewnuBi maHi. OOHI aBTOpU CTBEPMKYIOTh, IO aMIUTITYAa KOMIIOHEHTH TOJIOBHOTO MAarHITHOTO IIOJIA
"miBHIY — miBAeHB" 30UmbIIyeThes [17], iHmi, mo BoHa 3MeHIIyeThes [25, 32, 33]. Tperi aBTOpH BiA3HAYAIOTH,
10 IS aMIUTITy[a B3araji He 3MIHIOEThCS, a Bapiloe aMIUTITyAa KoMmoHeHTH "3axim — cxix"' [29]. B ommux
BHUIMAIKaX CIIOCTEPSIKCHHS MiATBEPKYIOTh MEXaHi3M, onucanuii y pobori [5], B iHIINX — cynepeyaTs iomy.

Tpynsomi cniocrepexxeHHs reoMarHiTHoro epekry C3 moB's3aHi 3 THM, IO Ha MarHiTHE IOJIE BIUIMBAE
0arato BHCOKOEHepreTH4yHux kepen [34]. BenuuuHa reoMarHiTHOro e(heKTy 3ajeXWTh HE TINBKH BiJ CHIIH
(asu M) C3, ane i Bix cTaHy KOCMIYHOI IOTOJH, MICLSI CIIOCTEPEKEHHS, Yyacy 00H, IOpHU POKy Ta iH. Tomy
JOCIIIKEHHS TEOMarHiTHOTO e()eKTy KO>KHOTO HOBOTrO C3 3aMIIa€ThCs aKTya IbHUM 3aBAaHHSM.

Merta maHOi poOOTH — BHKJIAJ pe3yIbTATiB aHATI3Y Bapiamiil reoMarHiTHOTO moist npotsaroM C3 10 uepBHS
2021 p., 3apeectpoBaHOro Mepexero MaraitHux craniin INTERMAGNET.

3ATAJIBHI BZIOMOCTI ITIPO COHSAYHE 3ATEMHEHHS
Oco6mBictio C3 10 wepsrsa 2021 p. Oy7o Te, 0 BOHO HAIEXKAJIO IO KUTbIenoAiOHuX. DYHKIIiS MOKPUTTS
Ha piBHi 3emii He nepeBuinyBaia 89%, a ¢aza — 0.943. Ile mano micue Hax ocrpoBoM ['pennannis 3 10:33:16
UT po 10:36:56 UT (UT TyT i aaxi BcecBiTHIN yac).

Iouanocs 3aremHenHs Hax Tepurtopiero Kamamm o 08:12:20, a 3akimumocs o 13:11:19 (Tabm. 1).
Kimeiemomione C3 cmoctepiramocs 3 9:49:50 go 11:33:43. Mics4Ha TiHB TOCTYIIOBO MepeMillyBaiiacs Bif
Kanagu B AtTnantnananii okeaH, [liBHiuanii JIbomoButnit okeaH, [IliBHIYHUH MOITIOC, MTIBHIYHY YaCTHHY €BPOITH i
Asii. Tinp mpocrsiranacst 1o HWKHbOI yacTuHu Irtanii, I'peuii, Ykpainu, 3axonuna Oineiry yactuny Pocii, a
Takox Mownrouito i Kuraii (Puc. 1).

Tabnums 1. 3aranpHi BIJOMOCTI PO COHSYHE 3aTEMHEHHS
[3a manumu caiity https://www.timeanddate.com/eclipse/solar/2021-june-10]
Table 1. General data about solar eclipse

[URL-source: https://www.timeanddate.com/eclipse/solar/2021-june-10]
MowmenT nmoyatky C3 08:12:20 UT
MowmeHT nepioi nosiBu kisiiieBoro C3 Ha 3eMHil KyJ1i 09:49:50 UT
MoMeHT HacTaHHS MakCHUMaibHOT (a3u C3 10:41:54 UT
MoMeHT KpaiiHboi nosiBu KijblieBoro C3 Ha 3eMHiil Ky 11:33:43 UT
MowmenT 3akinueHHst C3 13:11:19 UT
3ACOBHU I METOIHU

Jns aHanizy edekTiB y TOJIOBHOMY MAarHiTHOMY Ioji 3eMili BHKOPHCTOBYBAIHMCS JaHI BUMipIOBaHb
MmixHapognoi mepexxi INTERMAGNET. IIpoananizoBano maHi 15 MarHiTHHX CTaHIiHd, PO3TAlIOBaHHWX Ha
mmporax Bix 77.47° nH. m. go 48.17° mH. m. (Tabx. 2). [Ipu npomy makcumanbHa ¢asa C3 Ha piBHI 3emui
smiHroBasacst Bix 0.943 nmo 0.124. Po3ninpHa 3maTHICTH 3a 4acoM — | XB, 3a piBHEM Ie€OMarHiTHOTO IOJS —
6mu3pko 0.1 5T

Awnaizy miisrany aBi ropu3oHTansHi (X — «miBHiY — miBaeHb» 1 Y — «3axig — cximy) i BepTHkansHa (Z)
KOMITOHEHTH TOJIOBHOTO MarHiTHoro mnosisi 3emui. IlomiTHi Bapiamii Bpamocs BUSIBUTH TUIBKH B piBHI
X-KOMIIOHEHTH. Mau MicIie sSIK anepioudHi, TaK i KBa3inepioAndHi Bapiamii piBHSI X-KOMIIOHEHTH.

Jis BU3HAYEHHS CIEKTPAJFHOTO CKJaTy KBa3ilMepioJWYHMX Bapiamii BHKOPHUCTOBYBABCS CHCTEMHHU
cunektpanpuuilt ananiz (CCA), sxuii 06’enHye B3a€MOJOTOBHIOIOYI BiKOHHE meperBopeHHs Dyp’e (BIID),
amantuBHe nepeTBopeHHs Dyp’e (AIID) i BeiBner mepetBopenHs (BII) Ha ocHOBiI MarepwHCBKOI (yHKIIT
Mopne [35]. CnekTpanbHOMY aHalli3y mHepenyBajlo BHAAJIEHHS TpeHXy Ha iHTepBaii 120 XB 3 iHTEepBajOoM
KOB3aHHS 1 XB.
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Puc. 1. KapTa coHssaHOTO 3aTeMHEeHHS. YepBOHI JiHIT TOKAa3yIOTh Ha TEPUTOPIIO KITBIETIOAIOHOTO 3aTEMHEHHS,
CHHI — YaCTKOBOT'O 3aTEMHEHHS, 3eJIeHa — MeXa 3aTeMHEHHSI.
Fig. 1. Solar eclipse map. Red lines indicate the territory of the annular eclipse,
blue is the partial eclipse, green is the boundary of the eclipse.

CTAH KOCMIYHOI IOrojau

OckinbKY Bapiallii T€eOMarHiTHOrO MOJII MOXKYTh OyTH BUKJIMKAaHI LIJOK HU3KOK KOCMIYHHX 1 3eMHHX
JDKeped, MoTpiOeH peTeNbHIA aHalli3 CTaHy KOCMIYHOI ITOTO.TH.

IIpoanamizoBano craH KocMiuHOi morogu st 612 wepus 2021 p. BusBunocs, mo 7, 8, 11
i 12 gepBust 2021 p. ioHocdepa Oyma maruiTo30ypenoro (3a manumu caiitis [https://omniweb.gsfc.nasa.gov]
ta [http://wdc.kugi.kyoto-u.ac.jp]). VY ui mo6u ingexc K, ~ 3—4, a inaexc Dy mocsras —(13-30) uTo.

3 wi€i IpUYIUHA B AKOCTiI KOHTPOIBHUX 00paHo 100u 6 i 9 uepsHs 2021 p. (Tadm. 3). 3 miei Tabmumi BUIHO,
mo 6, 9 Ta 10 wepsrs 2021 p. B inTepBaii yacy 09:00—12:00 3nauenns Kp = 0.3.

Iunexc F10.7 consunoi aktuBHOCTI 6, 9 Ta 10 yeprust 2021 p. BianosigHo ckiaxas 79.7, 81.0 i 75.6, To6To
CoHIle 3a1MIIanocs CIOKIHHUM.

Takum uywmHOM, mnporaroM C3 wMarHiTHa W i0oHOchepHa OOCTAaHOBKH OYyIIH CHPHUSTIMBAMHA IS
CIIOCTEPEIKEHHS MarHiTHOro e(heKTy 3aTEMHEHHSL.

PE3YJIbTATU AHAJII3Y
PosrisiHeMo okpemo anepioinuHi i KBasinepioquyHi Bapiauii reomarnitHoro mnosist B ieHb C3 10 yepBHs
2021 p. i B KOHTpOJIBHI JHI 6 1 9 yepBHs 2021 p.

ATIEPIOIMYHI BAPIAIIIL PIBHA TEOMATHITHOI'O OJISA
st npukiiagy ONUIIEMO XapakTepHI Bapiallii piBHS T€OMarHiTHOTO TOJIsl Uit YOTHPbOX CTaHINH, ISt
SIKUX MaKCHMalbHa (a3a 3aTeMHeHHs Oyyia qocuTh Benmukoro (Bix 0.909 no 0.402).
Cmanyis GDH (makcumanbHa daza M = 0.909). [lo 08:10 piBenp X-xomnoneHTH ¢urykTyroBaB Bij 0 10
—10 uTx (Puc. 2). 3 08:10 no 08:50 cnocrepiranocs Horo 3menmenHs 1o —45 uTu. [lepen noyarkom C3 piBens,
dnykryroroun, 30impmmBes g0 —30 wHTn Ilicns mouwatky C3 o 09:12 i go 10:50 B piBHI X-KOMIOHEHTH
CrocTepiraBcsi mpoBai, MiHiManbHe 3HaueHHs cTaHoBmiI0 —(50-55) HTm. 3 10:50 i mo 11:55 piBeHb 3amumiaBcst
NPaKTUYHO HE3MIHHUM i cTaHOBUB 0JM3bK0 —(40—45) HT 1.
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Ta6muipst 2. [lapamerpu consunoro 3aremuennst 10 yepsHst 2021 p. B pisHux obcepBatopisx 3emHoi kyimi [https://eclipse.gsfc.nasa.gov/JSEX/ISEX-AS.html]

Table 2. June 10, 2021 solar eclipse parameters at different observatories Earth’s globe (URL-source: https://eclipse.gsfc.nasa.gov/JSEX/JSEX-AS.html)

Koopaunaru . Tun to Tes tmax Tee 1 M* A, %*
Hasa cranuii 0 y Kpaina 3
Qaanaaq (Thule) 77.47° 69.227° Koporiscrso [anis A 09:30:20 10:33:16 10:35:06 10:36:56 11:41:50 0.943 89
(THL) THLIIL 3L p (0.936) (88.6)
77 15.547° . P 09:32:33 - 10:43:29 - 11:56:08 0.761 68.5
Hornsund (HRN) L . Hopsgerist (0.785) (71.3)
0 69,252 53533 P 09:12:24 - 10:18:12 - 11:27:28 0.909 85.9
egertarsuaq .252° .533¢ . . (0.935) (88.6)
(Godhavn) (GDH) | mm.mm. sy | KopomseTso Jlanis
. 68.358° | 18.823° . P 09:15:28 - 10:27:10 - 11:42:27 0.588 48.2
Abisko (ABK) mm | exa [ITsenis (0.609) | (506)
67.37° 26.63° . . P 09:10:43 - 10:21:08 - 11:35:35 0.554 44.4
Sodankyla (SOD) L X OiraHIis (0.574) (46.6)
o 60.51° 24.66° . . P 08:58:14 - 10:07:53 - 11:22:57 0.396 27.7
Nurmijarvi (NUR) J_— X OiraHIis (0.414) (29.4)
59.903° 17.353° . P 09:00:53 - 10:11:27 - 11:27:23 0.402 28.2
Uppsala (UPS) mm. | oxon [ITsenis 0419) | (300)
58.07° 38.23° . P 08:50:27 - 09:56:57 - 11:09:02 0.327 21.0
Borok (BOX) TTH.III. CX.1I. Pocis (0.343) (22.5)
54.603° | 18.811° P 08:51:00 - 09:59:03 - 11:13:20 0.266 15.6
Hel (HLP) TTH.III. CX.1I. Tomeuwa (0.281) (16.9)
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Tabmuus 3. 3aranpHi BiIOMOCTI PO iHAEKC reoMarHiTHOi akTuBHOCTI K y mepios COHSYHOTO 3aTeMHEHHS
10 yepBHst 2021 p. Ta B KOHTPOJIBHI JHI

Table 3. General data about K, geomagnetic activity index at the solar eclipse period and reference days

JHara/Yac, UT 00-03 03-06 06-09 09-12 12-15 15-18 18-21 21-00
06 yepBus 2021 p. 2 1 0.7 0.3 0 0.3 1 1.3
09 yeprHst 2021 p. 1.3 1.3 1 0.3 0.3 0.3 0.7 0
10 yepBHs 2021 p. 1 0.3 0.3 0.3 1 2 1.3 1.7

_80 1 | 1
08:00:00 09:00:00 10:00:00 11:00:00 UT

Puc. 2. Hacosi Bapiariii piBast X-komrnoHeHnTr Ha craniii Qeqertarsuagq (GDH): 1 — 6 uepsus 2021 p.;
2 — 9 uepeHs 2021 p.; 3 — 10 uepBHs 2021 p. [lyHKTUpHUMHU BEPTUKAILHUMHU JIHISIMH [TOKa3aHI MOMEHTH
novarky i 3akiHdeHHs C3, CyIIbHOIO BEPTUKAIBHOIO JIIHIEI0 — MOMEHT MakcuManbHO1 ¢aszu C3.

Fig. 2. Temporal variations of X-component level at Qegertarsuaq (GDH) station: 1 —June 6, 2021;
2 —June 9, 2021; 3 — June 10, 2021. A solar eclipse beginning and ending are marked of dotted vertical lines,
the time moment of maximum magnitude of solar eclipse are marked solid vertical line.

Cmanyis HRN (M = 0.761). 3 08:20 i mo 09:20 cnoctepiraBcst poBai B piBHI X-koMmoHeHTH (Big —10 o
=30 uTn) (Puc. 3). 3 09:20 i mo 09:50 Big3Havanocs woro 3poctanus 10 10 HT1, sxe moTiM 3miamIoCs Ticis 09:50
smeHmenHsM Big 10 nmo —10 #Tx. MiHiManpHe 3HaueHHs Onm3pko —10 HTN Mamo Micie HpHONMU3HO MOOIH3Y
MoMeHTy 3akindeHHs C3. [lami Bim3Hauamocss 3pocTaHHA piBHA X-KOMIIOHEHTH. Ha TOBUIBHI Bapiamii piBHA
npotsarom C3 Hakaganucs KBasinepioaudHi Bapiamnii 3 mepiogoM T = 9 xB i aMImmiTy 1010 61am3bKo 2.4-3.7 HTI.

Cmanyis ABK (M = 0.588). 3 08:25 i no 09:00 crioctepiranocsi 3MeHIIEHHsI piBHSI X-KOMIIOHEHTH BiJ —17
10 —26 HTn (Puc. 4). IIpotsarom C3 piBeHb CIIBHO GUIYKTYIOBAB i3 KBa3inepiongoM T GIM3bKO 9 XB 1 aMIUTITY010
1-1.5 uTn. Kpim Toro, Majio micie 3MeHIICHHs CepeIHboro 3HaueHHs piBHs Ha 9—10 HT.

Cmanyis UPS (M = 0.402). PiBenr X-kommonentu 3 08:00 qo 08:40 3menmryBaBcs Bix —18 mo —26 HTa
(Puc. 5). B intepBani gacy 08:40-09:05 BiH 3anumiaBcsi Maike HE3MIHHMM Ha piBHI 6mm3bko —26 wTn. [lami
criocrepiraiocs Woro 36inbimenns Ha 3 HTn, To6to 1o —23 HTn. [licns 09:15 piBeHb crioyaTKy 3MEHITYBaBCS /10
—28 uTn, a morim 30imbrryBaBcs 1o —20 HTx, oo Mao Micie npuOI3HO B MOMEHT 3akiHdeHHS C3. 3MeHIICHHS
cepeHbOTO 3HaUeHHs piBHS poTarom C3 He nepeBunryBayio 5 HT.

KBASIITEPIOANYHI BAPIAIIIi PIBHS T'EOMATHITHOI'O IIOJIAA
Kpim Bke 3rajaHux KBasinepiogMdHUX Bapialliid piBHSA X-KOMIIOHEHTH 3 TIEpio oM 9 XB 1 aMITiTy 1010 AXa
Big 1-1.5 mo 2.4-3.7 uTx, npotsarom C3 crocrepiranucs i iHmi nepiogn. Hapenemo Taxi mpuximagm.
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Cmanyia HLP (M = 0.266). Ik BumgHO 3 Puc. 6, npotarom C3 croctepiraiucs [Ba IMpoLecH 3 mepiogaMu 6—
7135 xB 3 ammiitygamu 0.5-0.8 i 1.6-2.2 5Tn BiamosixHO.
Cmanyia LVV (M = 0.124). [Ipotsarom C3 manu Miciie KBa3inepioAndHi Bapiarii piBHI X-KOMIIOHEHTH 3
nepiomamu Omm3pko 20 1 35 xB 1 ammiitynoo ~ 1.3-1.7 aTn (Puc. 7). Kpim mporo mepiomy, crocrepiraBcs
nepiog 6—7 XB 31 3HAYHO MEHIIIOIO aMILIITYIOIO.

X, HTn T T T T T T T

50 £ .

08:00:00 09:00:00 10:00:00 11:00:00 uT

Puc. 3. Te x came, mo Ha Puc. 2, mis cranmii Hornsund (HRN).
Fig. 3. Same as Figure 2, but for the Hornsund (HRN) station.

_30 | | |
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Puc. 4. Te x came, o Ha Puc. 2, s cranuii Abisko (ABK).
Fig. 4. Same as Figure 2, but for the Abisko (ABK) station.

PE3YJBbTATU CUCTEMHOTI'O CIIEKTPAJIBHOT'O AHAJII3Y
Sk mpuxian HaBememo pesynbsrat CCA Bapiamiid piBas X-kKommoHeHTH st ctaHiin HRN (Puc. 8) i LVV
(Puc. 9). 3 pucyHkiB BHIHO, 0 nipoTsiroM C3 CyTTE€BO 3MiHIOBABCS CHEKTPAIBHUN CKIIaf, [Ipy bOMY NPHITYIIIyBaIACS
konBaHHsA 3 T =~ 60—100 XB, a BUHUKAJIM OCIWIIALII 3 TiepiogaMu 6mm3bko 20 135 xB (muB. Puc. 8, 9).

OBI'OBOPEHHSA
Amnani3 piBHs X-KOMIIOHEHTH T€OMArHiTHOTO IIOJIS TI0Ka3aB, 10 MPH JOCHTh BEIHKOMY 3Ha4eHHi ¢a3u C3
(Mmax > 0.248) cnocrepiranocs 3MeHieHHs: AX piBHS Ha OJUHULI — AECATKH HaHoTecna. Yum Oibiie Mmax i
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OinpIe mmpoTa craHiii, TuM Outbine edekt. s cranniit THL 1 GDH AX = -30 aTn. VY Toif e yac Jyist cTaHIil
HLP AX ~—(2.4-2.6) uTx.

3MeHIeHHs piBHA X-KOMIOHEHTH (HampsMOK "MiBHIY — MiBJEHb") 3yMOBJIEHO 3MEHIICHHSM TI'yCTHHHU
ioHOC(epHOro CTpyMy B HampsMKy "3axim — cxig" jy. 3rigno [6, 36]

1 .
AX = _EMOAJVAZ ,
e [l — MarHitHa ctaja, Ajy — 30ypeHHs I'YCTHHHU CTPyMy B 1napi ToBiuHo0 Az, Ockinbki [6, 36]

Aj z—leANU )
2

y
TO

AX = %poeAN UAZ ,

ne € — 3apsiy enekrpona, AN — 3MeHIIeHHsT KoHUeHTpauii exekTponiB N mix aieto C3, v — MIBUAKICTH €NEKTPOHIB
BiiHOCHO i0HiB. OueBuHO, mo npu AN < 0 maemo AX < 0.
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Fig. 5. Same as Figure 2, but for the Uppsala (UPS) station.
Puc. 5. Te x came, o Ha Puc. 2, s cranmii Uppsala (UPS).
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Puc. 6. Te x came, 1o Ha Puc. 2, qs cranuii Hel (HLP).

Fig. 6. Same as Figure 2, but for the Hel (HLP) station.
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OTxe, cCIOCTEepeKyBaHUI amepiogndHUi epeKT 3MEHIICHHS pPIBHS X-KOMIIOHEHTH TOSCHIOETHCS
MeXaHi3MOM, OITUCAHUM B po0oTi [5] i po3BHHEHOMY aBTOpamu [6, 7].

Kgazinepiognunuii eexT NOB’sI3aHUM 3 TCHEpaLielo aTMOC(HEPHUX TPaBITAIlifHUX XBUIIb, SIKI MOIYJIOIOTh
THCK aTMOC(epHOTOo ra3y, a pa3oM 3 HUM 1 KOHIICHTpALiio eleKTpoHiB. [Ipu 1IbOMy BHHHKAE €IEKTPUIHUIN CTPYM
3 I'YCTHHOIO

. 1
iy z—Eer,

JIe W — MIBUIKICTh YACTUHOK Y XBUIIL.

Ipu gocuTh BeMUKHX jy B HE30ypeHUX yMoBax i 30ypeHHsx N y xBuii Moxe OyTH e(pEeKTHBHHM MeXaHi3Mm
MOJYJISILIT I0HOC(HEPHOTO CTPyMY.

Takum yMHOM, 00M/IBa MEXaHI3MH MOSICHIOIOTH KBa3inepiognyHuii reomarHiTHui eekt C3.

X, HTn .

i

~10+ !
l

_25 | |
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Fig. 7. Same as Figure 2, but for the Lviv (LVV) station.
Puc. 7. Te x came, 1o Ha Puc. 2, st cranmii Lviv (LVV).

BUCHOBKHU

1. BusBieHO Ta MOSCHEHO aNepioAWYHUI I'e€OMarHiTHHH €(eKT COHSYHOrO 3aTEeMHEHHS, IO IOJISrae B
3MeHIIeHHI He Oinblue, Hik Ha ~ 30 HTN piBHS KOMIIOHEHTH IOJsI B HanpsMKy "miBHIY — miBneHs". Edekt
MOSICHIOETHCS 3MIHOIO BEIUYMHHU TYCTHHH 10HOC(EPHOTO CTPyMYy B HAmpsAMKY "3axim — cXig' B pe3yibTaTi
3MEHILIEHHS MiJ JI€10 3aTEMHEHHsI KOHLEHTpALIi] eJIEKTPOHIB.

2. BusiBieHO Ta MOSICHEHO KBA3iMepiOJMYHUI IreOMarHiTHUH e(EeKT COHSYHOIO 3aTeMHEHHsI, BHUKIMKaHHI
TCHEpAIli€I0 3aTeMHEHHSM aTMOC(QEpPHHX TpPaBITALIMHAX XBWIb. XBHIS BUKIAKAE MOAYISINIO 10HOC(EpPHOTo
CTPyMy, @ TAaKOX 3aXOIUICHHsI €JIEKTPOHIB, 110 CTBOPIOE JOJATKOBUI KBa3inepioAnuHUi 10HOCHEpHHH CTpyM 3
MepiofoM, piBHIM Tepioay XBHI. AMILTITYa KBa3inepioANYHMX Bapialliii CTAHOBMIIA KUTbKA OJWHHIE HAHOTECIA.

3. CucreMHHMH CHEKTpaJibHUH aHaji3 [O3BOJUB YTOYHUTH NEPiOAM KBa3iNepioAMYHUX Bapiaiii
TEOMarHITHOTO TIOJIA, IO CYTIPOBOKYBAIH 3aTeMHEHHS (0u3pko 20 i 35 xB).
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AHAJII3 KIHETUKHU CBITJIOPO3CIFOBAHHS CYCHEH3II KJIITUH IIPU
ATPETAIIIl: MATEMATUYHE MOJIEJIOBAHHSA JE3ATPET ALTIT
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AxTyanbHicTh. MoNeKysipHI MeXaHi3MH arperanii TPOMOOIUTIB aKTHMBHO BHMBYAIOTh METOJAMH MOJEKYISPHOT
KITUHHOT 6i0J10Tii, 6i0XiMii, MpUKIaaHOT (i3UKH, IPOTE 3aJIHUIIAETHCS BIIKPUTOO MPOOIIeMa MOICITIOBAHHS TUHAMIKA
OBOTO Tporecy. MaTeMaTHYHE MOJENIOBAHHA [O3BOJISIE BCTAHOBUTH KIUTBKICHI TOKa3HUKH KIHETHKH arperarii,
MPOBECTH aHANli3 Pe3yNbTaTiB HAYKOBHX IOCTI[KEHb Ta TECTYBaHHS 3pa3KiB KpPOBI B TOBCAKICHHIA MeIHYHIN
npakTumi. BimoMi MaTeMaTHYHI MOZETI CIIOHTaHHOT 000POTHOI Ta HEOOOPOTHOI arperauii TPOMOOILUTIB y 3CYBHOMY
MOTOI Pi3HOT IHTEHCUBHOCTI HE € MIPUAATHIUMH AJISI aHATI3Y TaHWX, OTPIMYBAaHIX HAWMOIIMPEHIIINAM JIAOOpAaTOPHUM
METOJIOM — CBITJIOBOIO TPAHCMICIHHOIO arperoMeTpiero.

Meta podotu. Meroro po6oTn Oyiio CTBOpEeHHsS MaTeMaTHYHOI MOJeNi arperaunii TpoMOOIUTIB, 30aTHOI aleKBaTHO
OmKcaTH 000OPOTHY arperaiio KIiTHH, 30KpeMa Je3arperaiito TpOMOOIHTIB B CYCIIEH3I1.

Marepiann ii MeToan. Po3po0iieHo MaTeMaTHYHyY MOJIeNb iHAYKOBaHOI arperarii Tpom6onunTiB. KiHeTHYHI KOHCTaHTH
MOJei ONTHUMI30BAaHO 3a EKCIICPUMEHTAIbHO BHU3HAUCHUMH CEPEIHIMH KiUTBKOCTSAMH TPOMOOIWTIB y arperari,
OTPUMAaHMMHU METOJOM CBITIIOpO3cifoBaHHs. KiHEeTHUHI KpHBi 3MiHU CBITIOPO3CIIOBaHHS CYCIIEH31i TPOMOOLUTIB IPH
arperarii, BUKJIIMKaHid HalmommpeHimuM ¢izionoriyanM iHgykropoM AJI®, oTpruMaHo 3 BUKOPUCTAHHIM JIa3€PHOTO
anaitizaropa arperaiii TpomoouutiB AJIAT-2 «BIOJIA».

Pe3syasTaTn. [IporoHoBaHa MaTeMaTHYHa MOZEINE € IPUAATHOIO [Tl MOJISIIIOBaHHSI 000POTHO]T arperanii TpOMOOIUTIB
3a paxyHOK 0e3IocepeJHROr0 BpaxyBaHHsI IHAKTHBANIi KJIITHH 3 BAKOPHCTaHHIM 4acoBO{ 3aJIeKHOCTI Ta KOPEryBaHHS
JIOJIAHKY Jie3arperaitii.

BucnoBku. Po3pobneHa MaTeMaTn4Ha MOJICTb TOTIOBHIOE MO AMHAMIKH HEOOOPOTHOT arperarii TpOMOOIIUTIB Ta
JIO3BOJISIE aHAJ3yBaTH OOOPOTHY arperamito. Mozaenb 3al0BUIbHO OMUCYE EKCIIEPUMEHTANbHI 3aJIe)KHOCTI PO3MIpy
TPOMOOIIMTAPHHUX arperariB BiJ Yacy, OTPHMaHi 3a JOIIOMOTOIO CBITJIOBOI TpaHCMiciifHOi arperomerpii. Beenenuit
JIOJATKOBHH ITapaMeTp Ta CIoci0 3alaHHs TOAHKY, II0 BiAMOBigae iHaKTHUBaLii. BOHM MaloTh 3HAYHO MEHITHN BIUIHB
Ha 3aJeKHOCTI, HDK KIiHeTHYHI KOHCTaHTH. Po3paxoBaHi 3a pIBHSIHHAMH MOZAETl ¥ ONTHMi30BaHI 3a
eKCIIepIMEHTAIbHIMH  IAaHUMH KOHCTAQHTH IIBHAKOCTEH TIPOIECIB IPU pIi3HUX TeMIepaTypax JIO3BOJSIOTH
po3paxyBaTu eHepril axtuBauii mpouecy. [Ipym BHKOpHCTaHHI AaHMX CBITJIOBOI TpaHCMICIHHOI arperomerpii s
onTUMI3allii mapaMeTpiB MOJIelTi GaskaHO MPOBOAKUTH MOTIEPETHE 3TIIAXKYBAaHHS BXITHUX JAHUX JUIS BUJAJICHHS [IyMiB,
CIPUYMHEHNX HEOJHOPIIHICTIO CyCHeH3il.

KJIFOUYOBI CJIOBA: TpomMbOouuTH, arperariis, MaTeMaTHIHI MOJIEITi, KIHETHYHI KOHCTaHTH, CBITIIOPO3CIIOBaHHS.

ANALYSIS OF KINETICS OF LIGHT SCATTERING BY CELL SUSPECTION DURING
AGGREGATION: MATHEMATICAL MODELING OF PLATELET DISAGGREGATION
O. V. Pertsov, V. P. Berest
V. N. Karazin Kharkiv National University, 4, Svobody sq., Kharkiv, 61022, Ukraine

Background. Molecular mechanisms of platelet aggregation are actively studied by methods of molecular cell biology,
biochemistry, applied physics, but the problem of modeling the dynamics of this process remains open. Mathematical
modeling allows to establish quantitative indicators of aggregation kinetics, to analyze the results of scientific research
and testing of blood samples in everyday medical practice. Known mathematical models of spontaneous reversible
and irreversible platelet aggregation in a shear flow of different intensity are not suitable for analysis of data obtained
by the most common laboratory method - light transmission aggregometry.

Obijectives. The aim of the work was to create a mathematical model of platelet aggregation that can adequately
describe the reversible cell aggregation, in particular the disaggregation of platelets in suspension.

Materials and methods. A mathematical model of induced platelet aggregation has been developed. The kinetic
constants of the model were optimized by experimentally determined average platelet counts in the aggregate measured
by light scattering. Kinetic curves of light scattering of platelet suspension during aggregation induced by physiological
agonist ADP were obtained using a laser analyzer of platelet aggregation ALAT-2 "Biola".

Results. The proposed mathematical model is suitable for modeling reverse aggregation of platelets due to taking into
account the inactivation of cells using the time dependence and correction of the disaggregation term.

Conclusions. The developed mathematical model complements the models of the dynamics of irreversible platelet
aggregation and allows to analyze reversible aggregation. The model satisfactorily describes the experimental time
dependences of the size of platelet aggregates obtained by light transmission aggregometry. The introduced additional
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parameter and the method of setting the term corresponding to inactivation have a much smaller effect on the
dependences than the kinetic constants. Calculated by model and optimized according to experimental data at different
temperatures rate constants allow to calculate the activation energies of the aggregation process. When using light
transmission aggregometry data to optimize the model parameters, it is advised to pre-smooth the input data to remove
noise caused by the inhomogeneity of the suspension.

KEY WORDS: platelets, aggregation, mathematical models, kinetic constants, light scattering.

AHAJIN3 KHHETUKU CBETOPACCESAHUSA CYCHHEH3UU KJIETOK ITPU AI'PETI'ALIUNA:
MATEMATHYECKOE MOJAEJIUPOBAHUE JE3AT'PEI'ALIMU TPOMBOLIUTOB
A. B. Ilepuos, B. II. Bepecr
Xapwvrosckuti nayuonaneHulll yHugepcumem umenu B. H. Kapasuna, ni. Ceo6oovi 4,
2. Xapwvros, 61022, Vxkpauna

AKTyalIbHOCTb. MoJeKyIIsIpHbIE MEXaHU3MBI arperaliy TPOMOOIIUTOB aKTUBHO U3y4al0T METOIAMH MOJIEKYIPHON
KJICTOYHOH OHONOTMH, OMOXMMUU, MPUKIATHON (U3MKH, OIHAKO OCTAeTCs OTKPBHITON mMpobiieMa MOISTHPOBAHUS
JUHAMHUKH 3TOTO Tporecca. MareMaTndeckoe MOACIUPOBAaHNE MTO3BOJISIET YCTAHOBUTH KOJTWIECTBEHHBIC ITOKA3ATENN
KUHETHKH arperany, POBECTH aHAIIM3 Pe3yJbTaTOB HAYYHBIX HCCIICIOBAHMI W TECTUPOBAHMS 0Opa3LOB KPOBU B
MOBCEJHCBHOW MEANIMHCKOH TIpakTHKe. lI3BecTHble MaTeMaTHYecKHe MOJENU CHOHTAaHHOH oOpaTHMON u
HeoOpaTUMOil arperaniy TpPOMOOITUTOB B CIBUTOBOM IIOTOKE Pa3INYHON MHTEHCHBHOCTH SIBISIOTCS HEIPHUIOJXHBIMU
JUIL  aHalM3a JAHHBIX, IIOJly9aeMBIX CaMbIM paclpOCTPaHEHHBIM J1a0OpaTOPHBIM METOIOM — CBETOBOM
TPAaHCMUCCHOHHOM arperoMeTpuei.

Heas padorbl. Llempio paboTel OBUIO CO3MaHUE MATEMAaTHYECKOM MOJIEIH arperamud TPOMOOILMTOB, CHOCOOHOM
a/IeKBaTHO OMHKCATh OOPATUMYIO arperaryio KJIETOK, B JaCTHOCTH JIe3arperaliio TPOMOOLIUTOB B CYCIIEH3HH.
Marepuaabl U MeToAbl. Pa3paboTaHa mareMaTndeckas MOJENb WHIYIHPOBAHHOM arperanuy TPOMOOIUTOB.
Kunernyeckre KOHCTaHTBI MOJIEIH ONTUMU3HPOBAHEI 110 SKCIIEPUMEHTAIBHO OIPEISNICHHBIM CPETHUM KOJIMIEeCTBaM
TPOMOOIIUTOB B arperare, HOJNYyYCHHBIM METOJOM cBeTopaccesHusa. KHHeTHUeckne KpHUBBIE H3MEHCHUS
CBETOPACCESIHUSI CYCIIeH3WH TPOMOOIMTOB IIPU arperanuy, BBI3BAaHHOW pPaclpOCTPaHEHHBIM (H3HOJIOTUIECKUM
nHaykTopoM AJI®, momydeHBl ¢ HCIOJIB30BaHMEM JIA3epHOTO aHalM3aTopa arperanuu TpoMoOounutoB AJIAT-2
«buona».

Pesyabrathl. [lpexmaraemas mareMaTudeckas MOZENb HPUTOJHA AT MOJCIMPOBAHHA OOpaTHMOH arperamuu
TPOMOOIIUTOB 32 CYET HETIOCPEACTBEHHOTO YUeTa HHAKTUBAIMHN KJIETOK C HCIIOIb30BAaHUEM BPEMEHHOH 3aBUCUMOCTH
¥ KOPPEKTHPOBKH CIIaraeMoro Jie3arperamum.

BeiBoabl. PaspaboranHas MaremaTH4ecKas MOJENb JONOJHSET MOJAETH JWHAMHMKHA HEeoOpaTUMOH arperanuu
TPOMOOIIUTOB ¥ TO3BOJAET AHAIM3MPOBATh OOpATHMyIO arperanvio. MoJenb YIOBIECTBOPUTEIBHO OIHCHIBAET
JKCIIEpUMEHTAIIbHBIE 3aBUCHMOCTH pa3Mepa TPOMOOLIMTAPHBIX arperatoB OT BPEMEHH, MOJIYyYEHHBIE C MOMOIIBIO
CBETOBOW TPaHCMHCCHOHHOH arperomMeTpuy. BBeeH MONMOIHUTENBHBIH MapamMeTp U Ccriocod 3aJaHus cliaraeMoro,
OTBETCTBEHHOTO 3a MHAKTHBAIIWIO; OHM OKA3bIBAIOT 3HAYMTEIIHFHO MEHBIIEE BIMSHHE Ha BPEMEHHBIE 3aBHCHMOCTH,
4YeM KHHETHYEeCKHe KOHCTaHTHL. PaccuWTaHHBIE 10 ypaBHEHMSIM MOJENM M  ONTHMU3UPOBAHHBIE IO
SKCTIEpUMEHTAIBHBIM JAaHHBIM KOHCTaHTBI CKOPOCTEHl IMPOIECCOB MpH PAa3IHYHBIX TEMIEpaTypax MO3BOJISIOT
paccuWTaTh SHEPTrUM AaKTHBAIMM IIPOIlecca arperamuu-jie3arperanud. [Ipn HCHONb30BaHWHM JAaHHBIX CBETOBOM
TPaHCMHCCHOHHOI arperoMeTpuy AJsi ONTHMHU3AINH TapaMETPOB MOJISITH JKEJIATEIbHO IIPOBOIUTE MPEIBAPUTEIHHOE
CIJIQ)KUBAaHHUE BXOHBIX IaHHBIX, BEI3BAHHBIX HEOTHOPOJHOCTHIO CYCIICH3UH.

KJIIOUYEBBIE CJIOBA: TpoMOONUTHI, arperaiys, MaTeMaTHYeCKHe MOJEIH, KHHETHUYCCKHE KOHCTAHTBHI,
CBETOpACCEesTHHUE.

BCTYIl

TpoMOOIMTH — BaXJIUBUH €JIEMEHT MiATPUMKH TOMEOCTa3y OpraHi3My B I[JIOMY ¥ TeéMOCTa3y 30Kpema.
[epuoueproBy poib AJs peanizauii wiei GpyHKil Biairpae arperaiiiiHa akTHBHICTb TpoMOoUuTiB [1, 2].

Arperaiisi TpOMOOIIMTIB BUKJIMKAETHCS PISHUMH 32 XIMIYHOIO IPHPOOI0 aroHiCTaMu i CYIPOBOKYETHCS
3MiHOI0 Mop¢oJorii KITHH Ta iX KUIBKOCTI y MICIi MONIKO/KEHHS CYyJWHHOI CTiHKHW. Jlerki Ta HeducieHHi
TPOMOOIIMTH ONHUHAIOTHCS Ha Tepudepii CyaAnHH — caMe TaM, Jie He0OXiZTHO BITHOBUTH IOIIKOJUKEHHS 11 CTIHKH.
[Ipouec BUTICHEHHS €pPUTPOLUTAMH TPOMOOLMTIB CHOHYKA€ OCTaHHIX OMMHATUCS OISl MicCLsl MOUIKOMKEHHS
cynunu [3, 4].

Crymine arperamii TpoMOOIMTIB 1 peaxmii BUBiINbHEHHS (BHBUIBHEHHS BMICTY TpaHyJl B IO3aKIITHHHE
CepellOBUIINE) 3aJISKHUTh BiJl MPUPOAM 1HAYKTOpa arperarii Ta Horo mo3u. 3ajie)kKHO BiJl KOHIEHTpaIlii aroHicta
MOJXYTh CHOCTepiraTucs ofgHa ado aBi XBWJiIi arperamii. BHacmimox aii cmabkux iHAykTOpiB arperamii abo Manmux
KOHIICHTpAI} CHIIBHHX {HAYKTOPIB MOKE CIIOCTepiratucs siBUlle epBUHHOI a60 060poTHOI arperartii [1, 5].

O0opoTHa arperanis
AJ1® B HU3bKMX KOHLEHTPALISIX BUKJIMKAE 000POTHY arperariro. Y 1boMy BUIIa/IKy He BilOyBa€ThCs peaKiis
BUBUILHEHHS, aJie Ma€ Miclie 3MiHa ()OPMHU TPOMOOIIMTIB, IiBUIIEHHS a/ire3ii Ta yTBOPEHHS arperaris. Ase uepes
JIeKIJIbKa XBUJIMH TIOYMHAETHCS PO3IIa/l YTBOPEHHX arperaris.
SIkmo ne BifOyBaeThes y KPOBOTOL, TO €PUTPOLUTH BIATICHSAIOTH JIETKI Ta HEYMCIICHHI TPOMOOIMTH /10
CTIHOK CYIMHH, 1€ TPOMOOLMTH BHACIIJOK 00OPOTHOI arperamii MOXyTb HpHUKpirunoBaTHcs. YacTMHa 3 HUX
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BIJJPUBAETHCS BiJI CTIHOK CYJMH i 3HOCUTHCS IMOTOKOM KpoBi. Ilicis IIbOro TPOMOOIMTH MOBEPTAIOTHCS JIO
MOYATKOBOT'O CTaHYy, HATOMICTh arperaTtd MOBHICTIO PYHHYIOThCS J0 OKpeMux TpomOouuTi. Taka arperartis He
3MIHCHIOE 3YNIMHKA KPOBOTEYi HABiTh 3 JAPIOHMX CYIWH, ajie BIUIMBAaE€ Ha PEOJIOTIYHI BIACTHBOCTI KPOBi, a
TPOBENCHHS i1 JOCIIKEHb MOKe OyTH KOPHCHAM TIPH BUKOHAHHI MEIUYHOI JiarHOCTHKH [6].

MATEPIAJIA TA METOU

CeitiioBa TpancwMiciitaa arperomerpis (LTA) monsirae y BHMIprOBaHHI ONTHYHOI IMUIBHOCTI Garatoi Ha
TPOMOOIIMTH ITa3MH 200 CYCIeH311 BIAIMUTHX TPOMOOITUTIB JI0 1 Yepe3 MeBHUH dac MicIisI J0AaBaHHS 1HIYKTOPIB
arperarii.

Jns mpurotyBaHHs 30aradeHoi TPOMOOIMTaMH IUIA3MHU IUIBHY KPOB IEHTpU(YryBaaud B mpoOipkax 3
AQHTUKOATYJISTHTOM, IIICNS 4Oro 3 KOXHOI mpoOipku BigOupanu cynepHaTaHT. [liAroToBiIeHY 1O JOCIIIKEHHS
30araueHy TpoMOOIMTaMH IIJ1a3My 30epirany 3a KIMHaTHOT TeMIIepaTypH J0 MOYaTKy JOCHiIKeHHs. SIK iHIyKTOp
arperauii BukopuctoByBainu AJ{®, siKuii 1o1aBaIM BXKE B KIOBETY arperoMerpa.

Jis KpuBHX 3MiHH CBITJIONPOITYCKaHHS CYyCIIeH3ii TPOMOONNTIB, OTPUMAHHX NPH HEOOOPOTHill arperarmii,
XapakTepHi JABiI cTanii: cTamis 3MEHIICHHsS CBITIOMPOIYyCKaHHA € IIepenarperamiiiHoio, 3a HEl Wae cramisd
arperarii. Y JOCII/PKSHHSX 000POTHOI arperarii Takox BUOKpeMIIoeMo TpeTio cramito (Puc.1) [1].
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Puc.1. 3MiHa onTHYHOI OITEHOCTI CYCIeH311 TPOMOOIMTIB B MpoIleci iHAyKOoBaHOI arperarii (000poTHa
arperaris).
[No3HaueHo MINSHKY KPUBOI IO BiAmoBinaroTh aktuBaii (1), arperarmii (2) Ta ge3arpe3arii (3) TpoMOOIHTIB.

Fig. 1. Optical density of platelet rich plasma in the time-course of induced aggregation (reversible
aggregation).
Marked are the intervals corresponding to the activation (1), aggregation (2) and disaggregation (3) of
platelets.

MOJEJIb

Jis momryKy mapameTpiB arperarii TpoMOOIIMTIB Ha OCHOBI KPHBHX arperartii, OTpIMaHuX 3a JOIIOMOTOIO
LTA, MoXHa BHKOPHCTOBYBATH IiAXiJ OOYMCIIOBAJIBHOIO MOAEMOBaHHA. OTpHMaHHS MapaMeTpiB akTHBALil
TPOMOOIUTIB 3 EKCIIEPUMEHTAIBHUX JaHUX JI03BOJISE JIOCITIDKYBAaTH 3aJI€KHOCTI KIHETUKH arperamnii BiJ yMOB
npoBeneHHs fociiay [7]. 3a 1omoMoror 00YHCITIOBAIEHOIO MOICITIOBAHHS MOXKHA OIHCATH 00OPOTHY arperamiro
TPOMOOIIMTIB i 3pOOKUTH TIEBHI MPUITYIICHHS OO0 11 MEXaHi3MiB, a TAKOX JOCIIJUTH MOXKJIMBI BiXuiaeHHs. Tak,
Harpukian, Oyno 3po0JIeHO BHCHOBOK, IO Jie3arperaisi HacamIiiepesl MOB’si3aHa 3 HECTAOUIbHICTIO BEIMKHX
arperariB. [IpaBauBicTh I[bOr0 BHCHOBKY OyJIO MiATBEPKEHO IIMTOMETPIEI0 Ta aHANI30M PO3IOJUTY PO3MIpiB
arperariB 3a JaHUMH TIPO po3citoBaHHs cBiTia [6, 8].

VY Hauiit nonepenHii podori [9] OyIo 3anpONOHOBAHO TaKy CXEMY MEPETBOPEHb:

K K K
P.+P > P 2>P *>P

act aggr aggr act inact

M




O. B. Ilepyos, B. I1. bepecm | Ananiz kinemuxu c8imiopo3cilo8anHs CyCReHsii... 73

e P

t P P, —KoHueHTpanii a00 KiIbKOCTi aKTHBOBAHHX, IHAKTHBOBAHUX TPOMOOLUTIB Ta TPOMOOLIHUTIB,

inact ' " aggr

aKi mepeOyBatoTh y arperatax. [ms 3pydHOCTI Kl, K2 i K3 BH3HAYMMO 0€3MoCcepeHb0 SIK MIBHIKOCTI

YTBOPEHHS arperaris, X po3maay i MBHIKOCTI iHAKTHBALIi TPOMOOINTIB BiAIOBITHO.
3a HaBeneHOO cxeMoro (1) AMHAMiKa 3MiH OMHUCYETHCS TAKOIO CHCTEMOIO PiBHSHB!

dP

aggr _ K —
dt !

d P,
T:_K1+K2_K3 (2)
d Pinact — K3

dt

KinpKkocTi TpOMOOLIMTIB BiAMOBIIAIOTH iX BUXiAHIH KUTBKOCTI B 3pasky P!

Pact + Paggr + Pinact = PO (3)

JUi1st TOMAbIIOT0 PO3TIISITY TAHOT MOJIEITi BBOJMTHCS HU3Ka CIpoIeHs [9]:

e (opma arperartiB NpUAMAETHCS CHEPUIHOO. 3 OMIAAY Ha 1€, KUTBKICTh TPOMOOITUTIB B arperati MoKHa
BBA)KaTH MPOIOPLIHHOI0 HOTO pajiiycy B TPETHOMY CTEIICHI;

® BB@XAETHCS, IO TUIBKM TPOMOOIMTH IOBEPXHEBOrO WLIAPY MOXYTh 3anumartu arperatu. OTxe,
BIINOBITHUN MOJAHOK B PIBHSHHSAX BTPaTH arperaTaMd TPOMOOIMUTIB 1 30iNBIICHHS KUTBKOCTI BUTBHHX
TPOMOOIHTIB Oye MPONOPLIHHIM JPYTrOMY CTEIICHIO pajiiyca arperary;

® MOJJIMBE BUBLIFHEHHS arperoBaHUX TPOMOOIINTIB BHACIIIOK 3iTKHEHb arperaris;

®  KIJBKICTh TPOMOOIIMTIB B IOBEPXHEBOMY IIIapi arperary (BOHa BU3HAYa€ MIBUAKICT BTPATH arperataMu
TPOMOOIIHTIB) MPOIIOPITiiiHA 3arajbHIi KUTHKOCTI TPOMOOIIUTIB arperary B CTemeHi 2/3;

® PO3MIpH BCIX arperaTiB B 3aJaHUHl MOMEHT YacCy BBa)KaIOThCSI OJJHAKOBUMH (TAKUMHU, IO BiAMOBINAIOTH
cepellHIM 3HAUSHHSIM PeallbHUX BEJIHYHH);

® i3 3aJEKHOCTI BUAAJICHO MOYATKOBY JIISIHKY KOPOTKOYACHOTO 30UIBIIECHHS ONTHYHOI MIIEHOCTI
CycreHsii.

[IBUIKICTH NEpexoly aKkTHBOBAHUX TPOMOOIMTIB Y arperoBaHi 3ajIe)KUTh BiJl TapaMeTpiB, siKi BU3HAYAIOTh

IMOBIpPHICTB 3yCTPidi aKTUBOBAHOT'O TPOMOOLIUTA 3 arperatoM — BiJl eEeKTUBHOTO Iepepizy O p, Ta IX KUIBKOCTEN
Y Y Opa

(Pact ta A BignosinHo):
K, =k, op,Py A (4)

Wisuakicts K, wMae gBi ckmajosi: mepuia Bu3Hauae BTpaTy TPOMOGOUMTIB TOBEPXHER arperatis
(nmponopuiitHa 3aranbHii IUIOIII X MOBEPXHi), a JApyra — BTpaTy BHACIIJIOK 3iTKHEHb (HpOMOpLiiHa IXHiil
IMOBIpHOCTI).

ITpu noOymoBi Hamoi Mozeni BIIKUIAEMO TMPHITYLICHHS, 110 KOHCTaHTH PO3Maly arperaTiB yHaciiJIOK
BUBUILHEHHS TPOMOOIIHMTIB IIOBEPXHEBOTO APy i YHACHIZOK 3iTKHEHb arperariB € oJHakoBUMHU. [Ticis akTHBHOT

Jie3arperariii ycepeIHeHa KilbKicTh TPOMOOIIUTIB B arperari npsiMye 70 MEeBHOTO 3Ha4eHHS ( Nend ). MoxnuBo,

I TTOB’SI3aHO 3 ()OPMYBAaHHIM MEBHUX CTaOLIBHUX arperarTiB, U SKUX He BiIOYBA€ThCS MOJabIe PYHHYBaHHS
B Macmrabax yacy NpOBEICHHSA eKcHepuMeHTy. [yl BpaxyBaHHS I1i€l 0COONMBOCTI BUKOPUCTAEMO 3a ONOPHY
TOYKY JUISl PO3MaJy arperaTiB 3HAuCHHs, SIKE JIETKO OTPHMAaTH 332 OCTaHHIMH TOYKAMH EKCIIEpPHMEHTaIbHOT
3aJIE)KHOCTI JUISl KOHKPETHOTO JAOCIIi Y.

Taxum YUHOM, BUpa3 Jid K2 MaTUMCE BUIJIAO:

| Ky 47RE (N =N f”+@ﬂR2AA N-N_, >0

end aggr

K
? 0 , N-N_, <0

()

ae Rp| ta R — paniycu Tpom6ormTa Ta arperary BiamoBimmo; N — kinbkicTh TpomGomurie B arperari.

aggr

BHeCKOM Ipyroro I0JaHKa Ha Mo4atky gociixy, koma N — Nend <0, mMoxHa 3HEXTYBAaTH, apKe HIMOBIpPHICTD
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3ITKHEHb arperaTiB 3HayHO 3aJIKUTh BiA IX po3Mmipy (KBagpaTW4HO) i, 3 iHIIOro OOKy, Maii arperaTv MEHII
CXWJIBbHI JI0 TIOBEPXHEBHUX PYWHYBaHb YHACIJIOK 3ITKHEHb, 1[0 HE 0YJI0 BPaXOBaHO OKPEMO.

Juis po3risimy o0opoTHOI arperaiii BpaxyBaHHS iHaKTHBAIlii TPOMOOINTIB € 000B’I3KOBHM. MexaHi3zMu
Jie3arperariii He € 0CTaTOYHO BHBUSHUMH. AJie, 0a3yI0UNCh Ha TBEPKCHHI PO Te, [0 iHAKTUBAIIS HACTAE Yepes3
MeBHUHA 9ac JJIs TPOMOOLHWTIB, SKi HE 3a3HAJIM B3AaEMOJIi 3 BEIHKHUMH KOHICHTPALisIMH IHAyKTOpa, abo Ha
TIPUIYIICHHI NP0 BIUIMB Pi3HUX O10JIOTIYHO aKTUBHHUX PEUOBHH, KOHIIEHTPAIll SKUX 3MIHIOIOTHCS 32 PaXyHOK
BHOIPKOBOi CeKpelii 3 caMuX KIITHH, MOXKHa 3pOOWTH BHCHOBOK, IIO KOHCTAHTA pEakilii, sKa BiIIOBimae
iHaKTHBaMii, 30UTBIIYETHCA 3 YacOM BiJ MOYATKY OOCTITy. MM IPHUITYCTHIIH, IO HEH MpoIec € MOmiOHIM IO
XIMIYHUX peaKiii Mepuioro pory, ajpke 3iTKHEHHSI TPOMOOLUTIB HE € HEOOX1THOI0 YMOBOIO iX 1HaKTHBAIlil, TOMY
IIBUJIKICTh Oy/e 3ajJekaTH JWINEC BiJ OJHOTO IUHAMIYHOIO MapamMerpa CHUCTEMH — 3arajibHOi KUTBKOCTI

aKTHBOBAHUX TPOMOOIHTIB P, .

Mu po3TIIHYTH JeKiTbKa BapiaHTIB 3aJIE)KHOCTI IS IIBUAKOCTI TEPEeTBOPECHHS K3. Bonn wmamm

3a0e3medyBaT 3pOCTaHHA KOHCTAHTH IIBHAKOCTI peaxilii, mpoTe OOMEKyBaTH i ONMHHUICIO IS YTpUMaHHS
MIBUAKOCTI MEPEeTBOPEHHs Y (isnyHO 00rpyHTOBaHMX Mexax. OJHaK Ha MiKy arperauii KiIbKiCTh aKTHBOBaHUX

TPOMOOIHTIB F’act 3HHKYETHCS JI0 3HAYEHb, On3bKuX 710 0 ( A= Po /N max )» 1 TTOTIM TPHMAEThCS TAKMX 3HAYEHb
JI0 KIHIA qociiny. BiamoBinHo, 0OMexyBanbHy poJb Ui iHAKTHBAIIL Bifirpae MBHIKICTH Ae3arperarii. Maibxe

BCl TPOMOOIMTH, IO AE3arperyloThCs, 3a OyIb SKOTO BapiaHTy dYacoBOI 3aJeKHOCTI K3 IHAKTHBYIOTBCS

HaWOMKYMM YacoM. YHACIHIZOK I[bOTO 3HAYHMX BiAMIHHOCTEI MiX pPI3HHMMHU BapiaHTaMHu 3aJIe)KHOCTI K3 BiJ

yacy Hemae (Puc. 2), i Tomy 3anexHicTh Oyna oOpaHa 3 MipKyBaHb HAHIIPOCTIIINX PO3PAXYHKIB!

K — Po(t/7), t/z<l
: P t/r>1

act !

(6)

1 * ExcnepumMeHTankbHi AaHi
7 == AnpokcumMadif (1-exp(-¢/7)
Anpokcumauia (£/7)

0-Z- .

T T
200 300 400

T T T T
0 100 500 600
Puc. 2. 3miHa ycepeqHeHOT KiINTBKOCTI TPOMOOIIHMTIB B arperari 3 4acom.
ExcriepumeHTanbHi 1aHi M03HAYE€HO TOYKAMM, CYLIIbHI JITHIT — /711 HAOJIM)KEHHS eKCIIePUMEHTaIbHOT
KPUBO{ 3a JIOMOMOTOI0 MOJIENi 3 1BOMa Bapiantamu yacosoi sanexuocti K.

Fig. 2. The change in the average number of platelets in aggregate over time.
Experimental data are marked with dots, solid lines — approximation of the experimental curve using a model
with two variants of K3 time dependence.

Jnst excriepuMeHTalbHUX JAaHUX YCepeIHEHY KiJIbKICTh TPOMOOIMTIB B arperaTi BH3HAYaldM 3a TaKUM
PIBHSHHSM:
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213
B 2 N—-N
AD = erpIIP0 N @)

max

Jis cipoleHHsT aHaji3y pe3ybTaTiB YBEIIMO MapaMeTp kz, SKAW 3aJIeKUTH BiJ] CTATHYHUX MapaMeTpiB
JOCTiMy Ta KiHETHYHMX KOHCTAHT PYHHYBaHHS arperariB yHACTiJOK BipHMBaHHSA TPOMOOLHWTIB BiJ MMOBEpXHi

arperary K, , ta sitkuens arperatis mix co6oro K, ,:

P
kz = 4k2.1 + N—O k2.2 (8)

max
IMapametp K, MoxHA BUKOPHCTOBYBATH JUTsl IOPiBHSHHS KPMBHUX, SIKi G0 OTPHMAHO 3a GIH3BKAX yMOB
nJociiny. A6o MoxHa 3aikcyBaTH KOe(IillieHT AJs BIUIMBY 3iTKHEHb arperaTiB k2.2 1 crocTepiratu 3a 3MiHaMu

K, ;.

Hapemri, 3 ypaxyBaHHSAM yCiX BHIIE3a3HAYCHUX OCOOIMBOCTEH, MIBUAKOCTI IMEPETBOPEHB Kl, K2 i K3

MAaTUMYTb BUTJIAO:

o (14N
Kl = kl 7Z'Rp| T PaCtA
kZﬂ-RFZ)I (N _Nend )2/3 PO ! N _Nend >0
Kz = Nmax (9)
0 , N — Nend <0
K, =P, (t/r), T2t
PE3YJBTATH

Ha Puc. 3. Bijo6paeHo 3a1eXHOCTI BiJl yacy Uil ycepeHeHoi KinbkocTi TpomGoruTis B arperati N (t) Ta
ontuunoi mimeHocti D(1), a Takok 306pakkeHO eKCepUMEHTaNbHi MOCTIZOBHOCTI TOYOK, 10 SAKHX

HaOJDKAIOThCS BKa3aHi TEOPSTHYHI KPUBi. BiAMOBiNHI 3HAYEHHS IIyKaHWUX ITapaMeTpiB kl, k2 1 7 Ta yMOBH

NpOBeNeHHs Tociiny (Temuepatypa T) 3a3HadeHo B Ta6u.1. 3a Temneparypu T 30araueHy TpOMOOLIUTAMH ILIA3MY
Oyno BuTprMano 10 XBWIIMH Iepel MOYaTKOM JOCTiay, A0 BCiX 3pa3KiB y SKOCTI iHOYKTOpa NOAABAJIU PO3YUH
AJ1® konueHrparieo SMKM.

Tabnuust 1. YMoBH IoCiify Ta HapaMeTpH, po3paxoBaHi 3a piBHsHHAMY (7)—(9) Mozeni aust
CKCIICPUMCEHTAJIbHUX NJaHUX, HABCJICHUX Ha Puc. 3.
Table 1. Experimental conditions and model parameters calculated by equations (7)—(9) for the
experimental data shown in Fig. 3.

T, °C ki, Mm2-ctoxr? ko, M2 ctxrtB 7, C
Pap 1 20 200 3,5 10° 10 - 103
Psy 2 37 740 4,2 -10° 5-10°
Ps 3 29 1000 5,0 -10° 6103
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Puc.3. KiHeTnuHi 3a1€KHOCTI ONTHYHOI I'YCTHHHM Ta KUIBKOCTI TPOMOOIIMTIB B arperari.
ExcrniepuMmeHTanbHi JaHi — TOYKH, CYLUIBHI JTiHIT — TEOPETUYHI KPUBI, OTPUMaHi ONTHMI3alli€lo

napamerpiB mogaedi (7) —

(9).

Fig.3. Kinetics of optical density and number of platelets in aggregate.
Experimental data — points, solid lines — theoretical fitting by the model with equations (7)-(9).

Curin 3a3HaYUTH, TIO JUTS PI3HUX KPUBUX BigOynacs 3MiHa k1 Ha OJIUH TOPSAOK, a |(2 He Oljblle, HiK Ha

60%. Tomy uepe3 He HyXe BHCOKY YYTJIMBICTH y pa3i HEOOXiJHOCTI BHSBIECHHS HEBEIMKUX e(eKTiB OakaHO
MOMEepeTHBO NMPOBECTH (IBTPALIIIO0 EKCIIEPUMEHTATIBHAX JAHUX.
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BUCHOBKH
[IponoHoBaHa MOJENs 3aIOBITBHO OMHUCYE EKCIIEPHMEHTANBHI 3aJIe)KHOCTI B 9acy po3Mipy arperaris,
OTpHMaHI 3a JJOTIOMOTOI0 METOJY CBITJIOPO3CIIOBAaHHS, 1 € MPUAATHOIO JJISI TOCHTIKEHHsT 000pOTHOI arperariii
TPOMOOIIHTIB 1 0cOONMMBO — cTaAii ne3arperamii KIiTHH.
Jnst 3apoBinbHOTO omucy 000poTHOI arperauii TpoMmOOLMTIB OyJ0 BHKOHAHO KOPErYBaHHS JOAAHKY
Aesarperauii Ta BBeICHO 10JaTKOBHIA IapaMeTp, 1WIO BiAnoBifae iHakTusawii. el napamerp, sk 1 croci0 3ajaHHs
JOJIaHKY iHAKTHBAllii, Ma€ 3HAYHO MEHIIHI BIUTUB Ha 3aJISKHOCTI, HDK KIHEeTHYHI KOHCTAHTH.

KinpkicHe BimoOpaxeHHs nepeOiry arperaiiii BU3Ha4YaeTbCs BEIMYMHOIO KIHETMYHOI KOHCTaHTH kl Ta

3HaueHHsM mapametpa K., skuii € 36ipHOIO XapaKTepPUCTHKOIO iHAKTHBAILT BHACIIIOK CIOHTAHHOTO Bi/IpUBAHHS
TPOMOOIIHTIB 3 TOBEPXHi arperariB Ta ix pyHHyBaHHS Yepe3 3ITKHEHHS.
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