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Urgency. The urgency is caused by the need to continuously monitor with radio instrumentation dynamic processes
acting in the ionosphere, which arise due to variations in space weather, the impact of high-energy sources of natural
and anthropogenic origin. To meet this challenge, V. N. Karazin National University and Harbin Engineering
University specialists has developed a coherent multi-frequency multi-path radio system for obliquely probing the
ionosphere.

Purpose of Work. The paper illustrates the instrument capability for the study of dynamic processes arising in the
ionosphere during a solar terminator, a moderate earthquake, a strong ionospheric storm, and in the cource of a partial
solar eclipse.

Techniques and Methodology. The system design is base on the software-defined radio (SDR) technology. The
system is capable of receiving radio waves in the 10 kHz — 30 MHz band. The versatile computer software permits us
to adjust the system for solving various problems. The number of the radio propagation paths and their orientation
depends on the problem being solved. The premise upon which this radio system operation is based is measurements of
the Doppler shift of the frequency. The autoregressive algorithm provides a 0.02 Hz root-mean-square Doppler line
error and 7.5-s time resolution. Having the Doppler spectrum time dependencies for various radio paths archived, time
series corresponding to various radio-wave modes undergo further processing.

Results. As an example of successful instrument performance, dynamic processes operating in the course of a dusk
terminator, the moderate (magnitude 5.9) earthquake on July 7, 2018, the strong ionospheric storm on August 26, 2018,
and the partial (0.74 magnitude) solar eclipse over China on August 11, 2018 have been investigated. The ionospheric
response to the impact of energy sources of various nature has been detected and investigated; it was accompanied by
an increase in the number of rays, Doppler spectrum broadening, aperiodic and quasi-periodic variations in the Doppler
shift of the frequency, generation of alternating sign variations in the electron density and wave disturbances having
atmospheric gravity wave and infrasound parameters.

Conclusions. The radio system located at the Harbin Engineering University campus successfully performs continuous
radio monitoring of dynamic processes caused by various energy source in the ionosphere.

KEYWORDS: HF Doppler radar, multipath observations, multi-frequency system, oblique-incidence ionospheric
sounding, Doppler shift, Doppler spectra, solar terminator, earthquake, ionospheric storm, solar eclipse, aperiodic
disturbances, wave-like disturbances, increase in a ray number

IOHOC®EPHI ITIPOLHECH, AKI CHOCTEPIT'AJIMCH IIACUBHUM BY PAJAPOM I1PU
NOXUJIOMY 30HAYBAHHI
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AKTYyaJIbHICTb. AKTyaJIbHICTh O0YMOBIJIEHA HEOOXiTHICTIO OE3MepepBHOTO palio(i3MYHOTO MOHITOPHUHTY AHHAMIYHHX
MPOIIECiB B i0HOC(Epi, BUKIMKAHUX BapiamisMi KOCMIYHOI TIOTO/IH, BILTHBOM BHCOKOCHEPTIHHUX JKEPEN MPUPOJHOTO
it aHTpomoreHHoro moxomxkeHHs. J[ns 1poro ¢axiBusmu 3 XapKiBCHKOTO HAliOHAJBHOTO YHIBEPCHTETY iMeEHi
B. H. Kapazina Ta XapOiHCHKOTO iHXXEHEPHOTO YHIBEpCHUTETY pO3poOJIEHO KOTepPeHTHHH OaraTo4acTOTHHIMA
6araToTpacoBuil pafioOTEXHIYHUI KOMILJIEKC MOXHUIIOTO 30HAYBaHHS i0HOChEpH.

MeTo1o po0OTH € irocTparis mpare3aaTHOCTI KOMIIEKCY Ha MPUKIIaAi BUBYCHHs AUHAMIYHHX MPOIECiB B ioHOChEpi
IpUA PYCi COHSYHOTO TEPMIiHATOpPA, MPOTATOM MOMIPHOTO 3eMIIeTpycy, CHIBbHOI ioHocepHOi Oypi Ta B mepion
YaCTKOBOTO COHSYHOTO 3aTEMHEHHSI.
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Metoan i meromoJorisa. Ilpu po3pobui KOMIUIEKCY BHKOPHCTOBYBANacs TEXHOJOTiS mporpamHoro pamio (SDR).
Komrutexc 3matuumii mpuiiMaté pamiocurHam B miamasoHi dactor 10 x['m—30 MIm. PospobGneno opwurinamsae
nporpaMHe 3a0e3ledeHHs, SKe 3aJeKUTh BiJ Kosa po3B’A3yBaHMX 3amad. KinbkicTe pagioTpac Ta iX OpieHTamis
3anexarh Bif creuudikd po3B’si3yBaHMX 3amad. Y OCHOBI (DYHKI[IOHYBaHHsS KOMIUICKCY JISKATh BHMIPIOBaHHS
JIOILIEPIBCHKOTO 3CYBY YaCTOTH. 32 JOIOMOTOI0 aBTOPETrPECiifHOTO aNropuTMy 3a0e3MedyeThCsl pO3iibHa 31aTHICTh 3a
yactotoro 0.02 I'y Ta 3a wacom 7.5 c. Ilicnst OTpUMaHHs 9aCOBHX 3aJI€KHOCTEH NOIUIEPIBCHKUX CIEKTPIiB IS Pi3HUX
Tpac BUKOHYETHCS ITOJ[ajIblIa 00poOKka YacoOBUX PsIIiB, IO BiAMOBIMAIOTH PI3HUM MOJAAM PaIiOXBHIII.

PesyabTaTn: YcmimHe (YHKIIOHYBaHHS KOMIUICKCY IPOAEMOHCTPOBAaHO Ha MPHUKIAl TOCTIDKEHHS IMHAMITHHX
MPOIIECiB B i0HOC]EP1 IPpH pyci COHSYHOT'O TEPMiHATOPA, MPOTsroM nomipHoro (M = 5.9) semnerpycy 7 nmumns 2018 p.,
CUIIbHOT 10HOC(hepHOi Oypi 26 cepmHs 2018 p. Ta B mepion yactkoBoro (¢aza 6im3pko 0.74) COHIYHOTO 3aTCMHEHHS
Haj Kuraem 11 cepmus 2018 p. BusiBneHo Ta JocimiikeHO peakiilo ioHochepH Ha BIUIMB JPKepel eHeproBUILICHHS
pi3HOI mpUpPOIH, KA CYNPOBOMKYBaJlacs MOCHICHHSIM 0araToOpOMEHEBOCTI, YIIMPEHHSIM IOIUIEPIBCHKUX CHEKTPIB,
anepioUYHUMHI Ta KBa3iMepiOAWYHUMH BapiallisiMH JOIUICPIBCHKOTO 3CYBY YacCTOTH, TEHEpAaLi€l0 3HAKO3MIHHUX
Bapialiii KOHIEHTpaulii eJeKTPOHIB 1 XBHJIEBHX 30ypeHb 3 MapaMeTpaMH aTMOC(EpHHX TIpaBiTaliiHUX XBWIIb Ta
iH(pPa3BYKY.

BucHoBok: Posmimennii Ha Tepuropii XapOiHCHKOTO iHKEHEPHOTO YHIBEPCUTETY KOMIUIEKC YCIILIHO 3I1HCHIOE
Oe3nepepBHUH pagioQi3MYHNI MOHITOPHHT IUHAMIYHUX IPOIECiB B ioHOC(]epi, BUKIMKAHUX PIZHUMH JDKepelaMu
€HEPrOBHIICHHS.

KJIIOYOBI CJIOBA: BY pomrepiBchkuii pamap, 0araToTpaekTOpHI CIIOCTEpPEXEHHS, 0ararodacToTHa CHCTEMa,
HOXWIe 30HAYBaHHS 10HOC(EpH, IOIUICPIBCHKUH 3CYB, IOIUICPIBCBHKI CIEKTPH, COHSYHHMI TEpMIHATOpP, 3eMIETpYC,
ioHOC(epHa Oyps, COHSYHE 3aTEMHEHHS, arepioAndHi 30ypeHHs, XBUICTIOAI0HI 30ypeHHs, 6araTonpoMeHeBICTh
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Xapbunckuii unocenepuwiii yuueepcumem, 145 Nantong Street, Nangang District, Harbin, 7150001, Kumazi
2Qingdao University, 308 Ningxia Road, Qingdao, 266071, Kumaii
$Xapuvrosckuii nayuonanvuuil ynusepcumem umenu B. H. Kapasuna, 61022, 2. Xapwkos, ni. Céo600b1, 4

AKTyaJIbHOCTb. AKTYaJbHOCTH OOYyCIIOBJI€Ha HEOOXOAMMOCTBIO HEIPEPHIBHOTO Pagno(U3MYECKOr0 MOHHTOPHHIA
OUHAMHYECKUX IIPOLECCOB B HOHOC(Epe, BBI3BAHHBIX BapUalUsIMH KOCMUYECKOH IOTOABI, BO3IEHCTBHEM
BBICOKOYHEPTMYHBIX HCTOYHUKOB IPHPOAHOTO M AHTPOIOIEHHOIO HPOUCXOXKAEHMS. [l 3TOro crenuaaucTaMu u3
XapbKOBCKOTO HaIMOHaJIbHOTO yHUBepcutera MMeHH B. H. Kapasuna n XapOWHCKOTO WH)KEHEPHOTO YHUBEPCHTETA
pa3paboTaH KOTEPEHTHBI MHOTOYACTOTHBIH ~ MHOTOTPACCOBBIH  PagUOTEXHHYECKUH  KOMIUIEKC  HAKJIOHHOTO
30HAUPOBAHUS HOHOC(]EPHIL.

Hensto paboThl sBIsETCS HIUTIOCTpAlMsl pabOTOCHOCOOHOCTH KOMIUIEKCA Ha INpUMepe HW3Y4eHHs AMHAMHYECKUX
MPOLECCOB B MOHOC(hEpe NMpH ABMKEHUH COJHEYHOTO TEPMHHATOPA, B TEUECHHE YMEPEHHOTO 3eMJIETPSCEHUs, CHIBHOM
noHoc(hepHOI OypH U B MEPUO]] YACTHOTO COJIHEYHOTO 3aTMEHUS.

Metoasl u Metogogorusi. [Ipu pa3paboTke KOMIUIEKCA HCIONB30BAIaCh TEXHOJIOTHs mporpammuoro paano (SDR).
Kommneke cnocobeH mpuHUMaTh paguocurHansl B auanasoHe dactoT 10 k['m— 30 MI'n. Paspaborano opurnHambHOE
IpOrpaMMHOE OOeCIIedeHHe, 3aBUCSIIee OT Kpyra pemaeMbIxX 3aaad. KoandecTBo paguoTpacc u UX OPHEHTANNs 3aBHUCST
OT crmenuUKH pelaeMbIX 3a7ad. B ocHOBe (YHKIMOHMPOBaHWS KOMIUIEKCA JIEKAaT H3MEPEHHsS JOIUIEPOBCKOTO
CMeIeHnsT 9acToThl. [Ipy moMoIM aBTOPErpecCHOHHOTO aaropuTMa OOECIednBaeTCs pa3pelIaomas CllocOOHOCTh 0
gacrore 0.02I'm u mo Bpemenn 7.5 c. Ilocne monydeHHs BPEMEHHBIX 3aBHCUMOCTEH JIOIUICPOBCKHX CIIEKTPOB JUIS
Pa3IMYHBIX Tpacc MPOU3BOAUTCS JalibHeinass o0paboTka BPEMEHHEIX PsIOB, COOTBETCTBYIONIIMX PAa3IHYHBIM MOJaM
ParOBOJTHEL.

PesyabTathl:  VYcnemHoe (YHKIMOHMPOBaHHE KOMIUIEKCA IPOAEMOHCTPHPOBAHO Ha MpPUMEpE HCCIETOBaHMS
JMHAMHAYECKUX TPOLIECCOB B HOHOC(EPE MPH JABIKECHUH COJHEYHOrO TEPMHHATOpA, B TeueHHe ymepenHoro (M ~5.9)
3emiietpsicerns 7 wtons 2018 r., cubHON noHOchepHoi Oypu 26 aBrycta 2018 r. u B mepuona yacTHOTO ((hasa OKOJIO
0.74) comneuynoro 3armenusi Han Kutaem 11 aBrycra 2018 r. OOHapykeHa W HCCIIeIOBaHA peakiys HOHOchepsl Ha
BO3JCHCTBME HWCTOYHMKOB JHEPTOBHIAETCHHS pA3NIUYHON INPUPOIBI, KOTOpas COMPOBOXKIANOCH — YCHICHHEM
MHOTOJTy4E€BOCTH, YIIMPEHHEM JOIUIEPOBCKHX CHEKTPOB, ANEPUOAWIECKHMH W KBA3HUIEPHOAWYECKUMH BapHAIMSIMU
JIOTIEPOBCKOTO CMEIIEHHS YaCTOTHI, TeHepanrel 3HaKOIepeMEeHHbBIX BapHalnii KOHIEHTPAIINH SIEKTPOHOB M BOJHOBBIX
BO3MYILICHHUH C MapaMeTpaMu aTMOC(EpHBIX TPaBUTAIMOHHBIX BOJH U HH(Ppa3ByKa.

BriBoabl: Pa3MenieHHbIN Ha TeppUTOpHH XapOMHCKOTO HHKEHEPHOTO YHUBEPCUTETA KOMITJIEKC YCIEIIHO OCYLIeCTBISET
HETPEPBIBHBIN pagnoPpU3NIECKUii MOHUTOPHUHT JAWHAMHYECKHX MPOIECCOB B HOHOC(EpE, BHI3BAHHBIX Pa3THUYHBIMU
UCTOYHHKAM SHEPIOBLIACICHUA.

KJIIOYEBBIE CJIOBA: BY gomnepoBckuil  pagap, MHOTOTPaccoBO€ 30HAMPOBAaHME, MHOTOYACTOTHBIHA
pPagMOTeXHUYECKHH KOMIUIEKC, HAKJIOHHOE 30HAMPOBAHHE HOHOC(EPHI, AOIUIEPOBCKOE CMEIIEHHE, MOIIIEPOBCKHUE
CIIEKTPHI, COJHEUHBI TEPMHHATOp, 3eMIICTPSICEHHE, HOHOC(eEpHas Oyps, COJIHEYHOEe 3aTMEHHE, alepHOINIECKHe
BO3MYIIIEHHSI, BOTHOOPA3HbIE BO3MYIIEHHUSI, MHOTOJTyIEBOCTD
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INTRODUCTION

The capabilities of probing the ionosphere with radio sounders at oblique incidence for solving the
problems of radio wave propagation, ionospheric physics, and dynamic processes acting in the ionosphere are
greater than the capabilities of digisondes operating at vertical incidence [1, 4, 7 — 22]. In the former case,
intercepted signals from non-dedicated, as well as dedicated transmitters, high-frequency (HF) transmitters, e.g.,
the Super Dual Auroral Radar Network (SuperDARN) of HF radars (see, e.g., [23]), may be used. Observations
at oblique incidence allow the radio systems to study a wide area and provide a global picture of evolving and
changing dynamic structures. The receivers and transmitters operating at different frequencies and located at the
same sites are used for studying the height variations in these processes. The employment of long-distance radio
broadcasting in the high frequency band makes the continuous monitoring of dynamic processes operating at
ionospheric heights inexpensive. The advantage of such observations is that the interference signals, which
would be generated by the dedicated transmitters, are absent. Taking into account the above-mentioned
reasoning, the multi-path multi-frequency radio system has been developed for probing the ionosphere at oblique
incidence. Dynamic processes acting in the ionosphere have already been observed at oblique incidence by many
researchers for a long time [17 — 22].

INSTRUMENTATION AND TECHNIQUES

The researchers at the Harbin Engineering University (PRC) and V. N. Karazin Kharkiv National
University have designed and produced the HF multi-path multi-frequency passive radar capable of monitoring
dynamic processes operating in the ionosphere. The radar was placed in operation in May 2018. The experience
of creating radio systems, which was gained in developing the radio instruments at the V. N. Karazin Kharkiv
National University Radio Physics Observatory [18 — 20], was utilized to design the passive radar.

The purpose of this paper is to present a brief description of the ionospheric observations made at oblique
incidence on several frequencies over multiple radio paths from the Harbin Engineering University (45.78° N,
126.68° E) where the passive Doppler radar is located [24 — 32]. The parameters of the midlatitude ionosphere in
the ~100- to 300 — 400-km altitude are measured by using the coherent passive radar at multiple frequencies. The
basic premise upon which the development of the passive radar is based is the software-defined radio (SDR)
technology. The radar is capable of operating within the frequency range of 10 kHz to 30 MHz, and it includes
the active antenna, the LFRX/LRTX boards, the wideband SDR receiver USRP N210, and a PC. The signal
processing is performed with the computer program developed to provide very versatile system performance. The
antenna intercepts signals in the 10-kHz to 30-MHz range and supplies them to the receiver, which selects the
desired HF transmissions from communications and dedicated radio transmitters. The specifics of the study is the
usage of a number of orientations of the propagation paths. In this study, twelve propagation paths of various
orientations have been used. The basic premise upon which the system operation is based is the measurement of
the Doppler shift, fp, of the frequency, which is measurable within the ~0.01-Hz to ~1-Hz range. The passive
radar makes the measurements continuously. The rate at which the radar takes 16-bit samples is equal to
12,500,000 samples/s. The radio frequency of every radio transmission is down-converted to zero, the radar
sampling is decimated by a factor of 500 twice resulting in a rate of 50 samples per second and a 25-Hz band-
pass filtering. The data acquired continuously are stored in the database. In every 20.5-s interval, two thousand
forty eight lines in Doppler spectra are calculated in 0.0122-Hz step, which provides the 0.05-Hz Doppler
resolution. The analysis of the spectra utilizes the Marple autoregressive algorithm [33] that provides a 0.02-Hz
root-mean-square error in the Doppler line shift. The spectra are calculated at a rate of 0.13 s, ten-spectrum
averaged, archived in the database, and fed on the system console at a rate of 0.13 s~%. In real time, the computer
program calculates only signal parameters, that are enough to solve some problems of interest. The Doppler
spectra archived in the database can be retrieved in the future and used to plot sequences of graphs for analyzing
the conditions on the required radio propagation paths.

Another way of analyzing the data is to determine the Doppler shifts, fps, of the amplitude peaks in the
spectra, to extract them from all Doppler spectra, and to form separate sequences for every propagation mode or
polarization state. Subsequently, the time series of the Doppler shifts are subjected to various types of analysis (e.g.,
wavelet analysis, fractal analysis, etc.).

In the current HF Doppler investigations, the Doppler spectra are retrieved from the database and used to
analyze the response of the ionosphere to the release of energy from energy sources of natural origin, e.g., the
solar terminator, the partial solar eclipse over the PRC, ionospheric storms, and other causes of variability in the
ionosphere. Different ionospheric disturbances are produced by different transport processes, which have their
own signatures in series of the Doppler spectra. The arrival of a consecutive disturbance is manifested by change
in characteristic variations in a series of the Doppler spectra. The change is identified by examination of the
Doppler spectrum sequences.
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OBSERVATIONS
1. Solar Terminator.
Fig. 1 shows the plots of the raw Doppler spectra, with universal time along the abscissa and the Doppler
shift along the ordinate. The sequence of panels is read from top to bottom and left to right for
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Fig. 1. Universal time variations in Doppler spectra and amplitude, A, of the signal in relative units observed on 5
December 2018. Dashed lines mark the times of sunset at the ground and at an altitude of 100 km. One-hour interval of
Doppler shift graph consists of 117,600 points. Amplitude, A, of the signal in decibels, dBV, vs. 1 V at the output of the
receiver is presented in each panel.

Chiba/Nagara to Harbin, Yamata to Harbin, Hwaseong to Harbin, Goyang to Harbin, Beijing to Harbin,
Shijiazhuang to Harbin, Hailar/ Nanmen to Harbin, Hohhot to Harbin radio propagation paths on 5 December
2018, respectively. Under the Doppler spectrum graph in each panel, also shown is the amplitude, A, of the
signal at the output of the receiver in decibels, dBV, relative to 1 V.
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Fig. 1 illustrates the effect that the dusk terminator has on the time series of the Doppler spectra and the
signal amplitude. The sunset at the ground and at 100-km altitude are designated by the vertical dashed lines.
The important feature to note is that the effects of the dusk terminator started appearing about 1 — 1.5 h before
the sunset at the ground. The dusk terminator effects are observed both during and after this process ceases. The
effects of the solar terminator in the ionosphere are manifested by a variety of processes. First, in the HF Doppler
shift observations, they appear as diffusive spectra. Usually, this effect is due to the scattering of the probing
signals by electron-density irregularities in the ionosphere. The Doppler spectrum broadening reaches 0.5 —1
Hz. Second, the movement of the terminator causes the generation of the atmospheric gravity waves, in the 15 —
30-min period range, which are manifested by Doppler shift variations with an about 0.05 — 0.15-Hz amplitude.
Third, often, a second or even a few rays appear. A positive 0.3 — 0.5-Hz Doppler spectrum shift of the second
mode can be seen over the Beijing to Harbin, Yamata to Harbin, Hwaseong to Harbin, Chiba/Nagara to Harbin,
Goyang to Harbin radio propagation paths. Such magnitudes of the Doppler shift could be caused by electron
density variations of the order of ~1 — 10% in the E and F regions, respectively. Over a 30-min interval (10:30
UT to 11:00 UT), the Doppler shift shows a slow decrease to zero, and the second and the main mode combine at
the end of this period. Next, the Doppler shift exhibits small quasi-periodic oscillations over the same radio
propagation paths.

2. Moderate Earthquake

The submarine earthquake occurred of the coast of Japan at 11:23:50 UT on 7 July 2018, with the epicenter
coordinates 35.107°N, 140.42°E and with the hypocenter at a depth of 40 km. The earthquake magnitude on the
Richter scale was 5.9. The distance between the earthquake epicenter and the City of Harbin was equal to 1,650
km.

Table 1 summarizes data on space weather state, which are needed for interpreting processes acting in the
ionosphere. Presented in Table 1 are the following (from left to right): the sunspot humber W, the 10.7-cm solar
radio flux F10.7, the 3-hr planetary Kp index, the equatorial hourly Dst index, the interplanetary magnetic field
B, component, and the daily activity index Ap. The space weather state on 7 July 2018 was conducive for
observing the effects of the earthquake in the ionosphere. During two days before the earthquake, only two
following disturbances occurred. First, a minor-to-moderate geomagnetic storming occurred on July 5 2018
when the Kp and Dst indices reached maximum values. During extremely low solar activity, storms such as this
could have quite significant ionospheric effects. Second, on 6 July 2018, a small burst in solar radiation
occurred. The fluxes of charge particles measurements were at a level the background noise. The K; index did
not attain 2, except for K, = 3 at the beginning of 6 July 2018. This section deals with the description of time
variations of the Doppler shifts measured over different radio propagation paths. As a reference days, 6 July
2018 and 9 July 2018 are chosen. During all these days, multipath multiple-mode radio propagation occurs.

The seismic activity is the cause of observed aperiodic processes at ranges up to (1 — 2) x 10° km from the
epicenter, with an increase in the number of rays, and a marked broadening of the Doppler spectra (see Fig. 2).
Wave disturbances that were generated by a surface by Raleigh wave propagated from the earthquake. The 1.7 —
9% quasi-periodic variations were observed in the electron density. Oscillation train durations were found to be
in the 26 — 58-min range. A speed of propagation of 3 km/s for these wave-like disturbances was equal to the
speed of a Rayleigh wave. Wave-like disturbances showed 15 — 30-min periods. Such disturbances could be
generated at the epicenter and propagated via atmospheric gravity waves that modify the ionospheric electron
density. The 14 — 34% amplitude was observed in these electron density disturbances. Oscillation train durations
were found to attain about 40-84 min, while the speed about 0.30-0.60 km/s. The most dramatic signature of the
disturbances due to the earthquake is the spectrum broadening toward negative shifts with a 50-116-min delay
which depends on the orientation of the radio path. Such a time delay suggests an approximately 0.3 km/s speed,
and the atmospheric gravity waves generated by the earthquake as the cause of this effect.

Table 1. Space weather state

Kp Dst (nT) B, (nT) Ap
Date W Fio07 - : :
max min max min max min

4 July 2018 0 68 1+ 1- 14 2 5.4 -3.9 4
5 July 2018 0 68 5- 0+ 15 -23 3.1 -0.9 17
6 July 2018 0 71 4— 1- 12 -12 1.0 2.6 7
7 July 2018 0 72 2 1- 5 -10 0.7 -3.7 5
8 July 2018 0 72 1+ 0+ 2 —4 15.3 3.1 4
9 July 2018 0 73 1- 0 4 -2 6.4 -8.9 2
10 July 2018 0 72 2+ 0+ 20 0 4.4 4.2 6
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Fig. 2. Same as Fig. 1, but acquired during the submarine earthquake of Richter magnitude 5.9 that occurred of the coast of
Japan at 11:23:50 UT on 7 July 2018, with the epicenter coordinates 35.107°N, 140.42°E and with the hypocenter at a depth
of 40 km. The distance between the earthquake epicenter and the City of Harbin was equal to 1,650 km.

As can be seen in Fig. 2, the Doppler shift of the frequency was negative over the Hohhot to Harbin
propagation path from 09:00 UT to 12:00 UT on July 7, 2018 (right-hand bottom panel), which means that the
reflection level shifted upward, while the electron density in the ionosphere decreased. Over the 12:00 — 13:00
UT period, the Doppler shift of the frequency over all paths was becoming positive, and the reflection level
shifted downwards. This was caused by an increase in the electron density. Quasi-periodic variations of the
Doppler shift of the frequency were superimposed on its slow increases and decreases.

3. lonospheric Storm

The magnetic storm of August 25-26, 2018 was the greatest in that year.

The state of the space weather over the interval August 23-29, 2018 was as follows. The peaks in the solar-
wind electron density, Nsw, occurred on August 24, 25, and 26, 2018. The largest enhancement, from 3—4 cm= to
15-20 cm3, occurred during the night of August 25/26, 2018, when the solar-wind velocity varied from 300 km
st to 600 km s™1. On August 26, 2018, the solar-wind temperature increases from 5x10* K to 3 x10° K. During
August 25-26, 2018, the solar wind dynamic pressure increases from ~0.3 nPa to 3 nPa, while the kinetic
pressure of the solar wind remains almost an order of magnitude less, down to 0.6 nPa. The B, component of the
interplanetary magnetic field attains maximum values of —6 nT and -9 nT on August 24 and 25, 2018,
respectively. These large negative B; values indicate the onset of the magnetic storm at Earth.
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During the night of August 25/26, 2018, the parameter of Akasofu, a function showing the rate of the solar
wind energy input into the Earth's magnetosphere, indicates an increase of anywhere from ~1 GJ s t0 30 GJ s
and greater. The geospace storm emerges. The magnetic-activity index AE grows from ~100 nT to 1,500 nT, the
Kp index from ~1 to 7, but the Dst index first increases from 0 to ~20 nT and then, after 17:00 UT on August 25,
2018, begin to decrease to approximately — 170 nT. The Dst index exhibits negative values over a few next days.
The Kp index shows a new increase to a maximum of 6 on August 27, 2018. This means that the magnetic storm
of alternating intensity extends from August 25 to August 28, 2018. The state of space weather is shown in Table
2. As can be seen from Table 2, the solar activity was enhanced, and strong magnetic storm occurred (Kpmax =
T+, Apmax = 67, Dstmin = 174 nT).

Analysis of the state of the ionosphere is based on the data acquired with the DPS-4 digisonde operating in
the Republic of Korea (37.14°N, 127.54°E), which provided universal time dependence of the F, layer critical
frequency, foF2. The foF2 values observed from 22:00 UT on August 25, 2018 to 14:00 UT on August 26, 2018
exceed the foF2 values observed over the respective time interval on the reference days of August 28/29, 2018 by
a factor of 1.3-1.7 times. This indicates that a positive ionospheric storm occurred. Moreover, the storm was
accompanied by repeated decreases of 1.5 -2 MHz in f,F, values. This means that the ionospheric storm was
multi-phase, positive excursions in f,F alternated with negative gaps in the f,F2(t) dependence.

The ionospheric storm following a decrease in the Dst index at approximately 20:00 UT on August 25,
2018 was at first accompanied by an insignificant increase in the electron density, N. The next bursts in the
electron density occurred at about 00:23 UT, 02:45 UT, 07:45 UT, 10:23 UT, and 12:45 UT on August 26, 2018.
These bursts in the electron density alternated with density decreases by a factor of 1.8 — 2.3 times. Hence, this
storm most distinctive feature is its multi-phase nature, two positive storms alternated with three negative
storms. It should be remarked that the nature of positive and negative storms has been discussed in several
papers [34 — 38].

The ionospheric storm led to an increase in the number of rays, Doppler spectrum broadening, and
significant Doppler shifts over the ray paths. The magnitude of alternating-sign aperiodic variations in the
Doppler shift of the frequency and the amplitude of their oscillations have been shown not to exceed 0.6 —
0.7 Hz and 0.5 - 0.6 Hz, respectively (see Fig. 3). The magnetic storm has been established to be accompanied
by multi-phase ionospheric storm lasted over 16 hours, from 22:00 UT on August 25, 2018 to 14:00 UT on
August 26, 2018. The distinctive feature of this ionospheric storm is that two positive storms alternated with
three negative storms. Through the course of the storm, increases in the reflection level of each radio path by
~50 — 100 km and reflection height oscillations with amplitude of ~30 — 40 km were repeatedly observed. Rises
in the levels of reflection were followed by lowerings of the reflection heights by many tens of kilometers. A rise
and a lowering of the levels of reflection were caused by a decrease by a factor of 1.5 — 2 and an increase by a
few times in the electron density.

The maximum increase in the E-region electron density attained 1.5 times and in the F region 3 times. The
relative amplitude of oscillations in the electron density attained many tens of percent. On the reference days, the
amplitude of oscillations in the Doppler shift of the frequency was a few times less. The oscillations observed in
the Doppler shift of the frequency were apparently due to the generation of the atmospheric gravity waves in
high latitudes and by their subsequent propagation from high to middle latitudes where the observational
facilities are located. The speed of the wave disturbances was equal to approximately 275 — 480 m s and the
period to ~60 min.

The synchronicity in the variations for all paths provide evidence for the ionospheric disturbance to be
large-scale, if not a global-scale one. The scale of the disturbance was no less than (1 —2)x10% km. On the
reference days, similar variations in the parameters of the Doppler spectra were absent. Hence, the variations
observed in the Doppler shift of the frequency were caused by the ionospheric storm.

It should be remarked that another magnetic storm with Kpmax of ~5 and Dstmin 0f ~-50 nT occurred on
August 27, 2018, when the ionospheric disturbances were considerably smaller than on August 26, 2018.

Table 2. Space Weather State

Kp Dst (nT) B, (nT) Ap
Date w F10.7 - - -
max min max min max min
23 August 2018 15 70 2— 0+ -4 -15 1.4 -3.4 4
24 August 2018 r. | 29 72 3- 0 8 -11 0.6 -1.8
25 August 2018 . | 31 72 4+ 1- 19 —49 1.2 -3.0 12
26 August 2018 . | 26 71 7+ 3 60 | -174 35 -4.7 67
27 August 2018 r. | 12 70 6— 1+ —48 -70 4.8 -5.3 25
28 August 2018 r. | 11 70 4- 0+ 27 —47 2.7 -15
29 August 2018r. | O 71 2+ 1- -31 -40 4.2 -1.8
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Hailar Nanmen (China) (6080 kHz) to Harbin on August 26, 2018 Hohhot (9520 kHz) to Harbin on August 26, 2018
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Fig. 3. Same as Fig. 1, but for the Hailar to Harbin, Goyang to Harbin, Hwaseong to Harbin, Beijing to Harbin,
Hohhot to Harbin, Yamata to Harbin, Chiba to Harbin radio propagation paths (panels from top to bottom and left to
right) on 26 August 2018.

4. Solar Eclipse

The solar eclipse under study, Saros 155 [https://eclipse.gsfc.nasa.gov/SEsaros/SEsaros.html], was
observed in Asia, North Europe, Greenland, and in the North of the North America on 11 August 2018. The
eclipse showed maximum magnitude, M, of 0.7368 at (70.4°N, 174.5°E) in the East Siberia Sea. Within the
People's Republic of China and its vicinity, the eclipse showed lesser magnitudes, 0.073 to 0.516. The
magnitudes referred to below correspond to the magnitudes at the radio propagations path midpoints. The
corresponding obscurations, An, varied from 0.024 to 0.415. One of the event features is that the eclipse was
observed before and during the sunset interval.

The analysis of the space weather state could be used to distinguish between the solar eclipse effects and
the effects due to the dusk terminator. The state of space weather, prior to the solar eclipse, during, and after it, is
shown in Table 3. As can be seen from Table 3, the solar activity was low, and the magnetic disturbances were
insignificant. The conditions were conducive to observing effects of the solar eclipse. Consequently, they could
not significantly affect the estimation of the eclipse effects. Thus, the detection of the effects caused by the solar
eclipse with the effects from the dusk terminator in the background should be easier.

As can be seen in Fig. 4 , the eclipse is associated at first with a negative and then with a positive Doppler
shift of smaller magnitude, the generation of oscillations in the range of atmospheric gravity wave periods, and
an increase in a ray number.

The results obtained in this work expand the results presented in the monograph [39].
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Table 3. Space Weather State
Kp Dst (nT) B, (nT) Ap
Date W Fio7 - - -
max min max min max min
8 August 2018 0 70 2— 1- 10 -6 2.8 -2.6 4
9 August 2018 0 70 1+ 0+ -10 3.6 -2.9 4
10 August 2018 0 70 1+ 0+ -1 1.0 -1.8 3
11 August 2018 0 67 4- 1+ -16 2.9 -3.1 10
12 August 2018 0 68 2 1- 10 -9 3.6 2.1
13 August 2018 | O 68 1+ 0+ 0 ~14 1.4 -3.0
14 August 2018 | 12 69 1+ 0+ 16 -2 1.3 1.7
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Fig. 4. Same as Fig. 1, but during the solar eclipse of August 11, 2018.

SUMMARY AND CONCLUSIONS

1. The multi-frequency coherent passive radar that has been developed at the Harbin Engineering
University, People’s Republic of China (PRC) for sounding the ionosphere remotely over different radio paths
has shown a high efficiency of observing dynamic processes occurring in the ionosphere.
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The passive radar at the City of Harbin is situated near the 120°E meridian. At this meridian, the facilities
included in the Meridian Space Weather Monitoring Project are situated [40]. The joint use of radio
instrumentation in the Meridian Project and the passive radar at the Harbin Engineering University in
collaborative studies will permit an accurate specification of the near-Earth environment under conditions of
magnetospheric/ionospheric disturbance.

2. The radar proved to be capable of probing the dynamics of the ionosphere modified by the dusk
terminator. The sensitivity of the Doppler variations to dynamic processes occurring in the ionosphere is greater
than the sensitivity of amplitude variations. The sunset terminator has caused Doppler spectrum widening, the
generation of the atmospheric gravity waves, and an increase in the number of rays reflected from the
ionosphere.

3. The radar proved to be capable of probing the dynamics of the ionosphere modified by the earthquake
having a moderate Richter magnitude of 5.9 in the ~(1 — 2) x 10%-km range from the epicenter. The seismic
activity is the cause of observed aperiodic processes that occurred in Japan on July 7, 2018 at ranges up to (1 —
2) x 10% km from the epicenter, with an increase in the number of rays, and a marked broadening of the Doppler
spectra. Wave disturbances that were generated by a surface by Raleigh wave propagated from the earthquake.
The 1.7 — 9% quasi-periodic variations were observed in the electron density. Oscillation train durations were
found to be in the 26 — 58-min range. A speed of propagation of 3 km/s for these wave-like disturbances was
equal to the speed of a Rayleigh wave. Wave-like disturbances showed 15 — 30-min periods. Such disturbances
could be generated at the epicenter and propagated via atmospheric gravity waves that modify the ionospheric
electron density. The 14 — 34% amplitude was observed in these electron density disturbances. Oscillation train
durations were found to attain about 40-84 min, while the speed about 0.30-0.60 km/s. The most dramatic
signature of the disturbances due to the earthquake is the spectrum broadening toward negative shifts with a 50—
116-min delay which depends on the orientation of the radio path. Such a time delay suggests an approximately
0.3 km/s speed, and the atmospheric gravity waves generated by the earthquake as the cause of this effect.

4. Using the coherent multi-path radio facility for oblique-incidence probing the ionosphere, observations
have been made of radio wave characteristics in the ~6 — 10 MHz band and of disturbances in the ionosphere
over the People's Republic of China during the strong geomagnetic storm (Kp = 7+) on August 25 — 26, 2018.
Aperiodic and quasi-periodic variations in the Doppler shift of the frequency have been detected. The
ionospheric storm led to an increase in the number of rays, Doppler spectrum broadening, and significant
Doppler shifts over the ray paths. The magnitude of alternating-sign aperiodic variations in the Doppler shift of
the frequency and the amplitude of their oscillations have been shown not to exceed 0.6 —0.7 Hz and 0.5 —
0.6 Hz, respectively. The magnetic storm has been established to be accompanied by multi-phase ionospheric
storm lasted over 16 hours, from 22:00 UT on August 25, 2018 to 14:00 UT on August 26, 2018. The distinctive
feature of this ionospheric storm is that two positive storms alternated with three negative storms. Through the
course of the storm, increases in the reflection level of each radio path by ~50 — 100 km and reflection height
oscillations with amplitude of ~30 —40 km were repeatedly observed. Rises in the levels of reflection were
followed by lowerings of the reflection heights by many tens of kilometers. A rise and a lowering of the levels of
reflection were caused by a decrease by a factor of 1.5 — 2 and an increase by a few times in the electron density.

The maximum increase in the E-region electron density attained 1.5 times and in the F region 3 times. The
relative amplitude of oscillations in the electron density attained many tens of percent. On the reference days, the
amplitude of oscillations in the Doppler shift of the frequency was a few times less. The oscillations observed in
the Doppler shift of the frequency were apparently due to the generation of the atmospheric gravity waves in
high latitudes and by their subsequent propagation from high to middle latitudes where the observational
facilities are located. The speed of the wave disturbances was equal to approximately 275 — 480 m s and the
period to ~60 min.

5. The solar eclipse of August 11, 2018is associated at first with a negative and then with a positive
Doppler shift of smaller magnitude, the generation of oscillations in the range of atmospheric gravity wave
periods, and an increase in a ray number.

Acknowledgements. Work by Qiang Guo and Yu Zheng was supported by Central University Basic
Research Business Expenses Special Fund Project (grant numbers HEUCFG201832 and HEUCFP201840),
China; Heilongjiang Province Applied Technology Research and Development Program National Project
Provincial Fund (grant number GX16A007), China; and Open Fund for National Key Laboratory of Deep-Sea
Manned Equipment (grant number702SKL2017200, China.Work by L. F.Chernogor was supported by Ministry
of Education and Science of Ukraine research project #0116U000822. Work by K. P. Garmash was supported by
Ministry of Education and Science of Ukraine research project #0115U000463. Work by V. T. Rozumenko was
supported by Ministry of Education and Science of Ukraine research project #0116U000833.



Qiang Guo, Yu Zheng, JI. @. Yopnozop ma in. | lonocghepnui npoyecu, ski cnocmepizanuce... 13

10.

11.

12.

13.

14.

15.

CONFLICTS OF INTEREST
The Authors do not have conflicts of interest.

Authors’ ORCID ID
Q. Guo [ https://orcid.org/0000-0002-8366-7163

Yu Zheng &) https://orcid.org/0000-0001-6166-5733

L. F. Chernogor () https://orcid.org/0000-0001-5777-2392
K. P. Garmash " https://orcid.org/0000-0002-0844-5456
V. T. Rozumenko (' https://orcid.org/0000-0002-2941-8887

REFERENCES
Galushko, V. G., Beley, V. S., Koloskov, A. V., Yampolski, Y. M., Paznukhov, V. V., Reinisch, B. W.,
Foster, J. C., Erickson, P. J., “Frequency-and-angular HF sounding and ISR diagnostics of TIDs,” Radio
Science, Vol. 38, No. 6, pp. 10-1-10-9, 2003. doi: 10.1029/2002RS002861.
Reinisch, B. W., Galkin, I. A., Khmyrov, G. M., Kozlov, A. V., Bibl, K., Lisysyan, I. A., Cheney, G. P,
Huang, X., Kitrosser, D. F., Paznukhov, V. V., Luo, Y., Jones, W., Stelmash, S., Hamel, R., Grochmal,
J., “New Digisonde for research and monitoring applications,” Radio Science, Vol. 44, No. 1, pp. 1-15,
2009. doi: 10.1029/2008RS004115.
Reinisch, B. W., Galkin, I. A., “Global Ionospheric Radio Observatory (GIRO),” Earth, Planets and
Space, Vol. 63, No. 4. pp. 377 — 381, 2011.
Verhulst, T., Altadill, D., Mielich, J., Reinisch, B., Galkin, I., Mouzakis, A., Belehaki, A., BureSova, D.,
Stankov, S., Blanch, E., Kouba, D., “Vertical and oblique HF sounding with a network of synchronised
ionosondes,” Advances in Space Research, Vol. 60, No. 8, pp. 1644 — 1656, 2017.
Ivanov, V. A., Kurkin, V. I., Nosov, V. E., Uryadov, V. P., Shumaev, V. V., “Chirp lonosonde and its
Application in the lonospheric Research,” Radiophysics and Quantum Electronics, Vol. 46, No. 11, pp.
821 — 851, 2003. d0i:10.1023/b:raqe.0000028576.51983.9c.
Zalizovski, V., Kascheyev, A.S., Kascheev, S. B., Koloskov, A. V., Lisachenko, V. N., Paznukhov,
V. V., Pikulik, 1. 1., Sopin, A. A., Yampolski, Y. M., “Prototype of a portable coherent ionosonde,”
Space Science and Technology, Vol. 24, No. 3 (112), pp. 10-22, 2018 (in Russian). doi:
10.15407/knit2018.03.010.
Galushko, V. G., Kascheev, A. S., Paznukhov, V. V., Yampolski, Y. M., Reinisch, B. W., “Frequency-
and-angular sounding of traveling ionospheric disturbances in the model of three-dimensional electron
density waves,” Radio Science, Vol. 43, No. 4, pp. 1-10, 2008. doi: 10.1029/2007RS003735.
Pietrella, M., Perrone, L., Fontana, G., Romano, V., Malagnini, A., Tutone, G, Zolesi, B., Cander,
Y. R., Belehaki, A., Tsagouri, I., Kouris, S.S., Vallianatos, F., Makris, J., Angling, M., “Oblique-
incidence ionospheric soundings over Central Europe and their application for testing now casting and
long term prediction models,” Advances in Space Research, Vol. 43, No. 11, pp. 1611 — 1620, 2009.
Mlynarczyk, J., Koperski, P., Kulak, A., “Multiple-site investigation of the properties of an HF radio
channel and the ionosphere using Digital Radio Mondiale broadcasting,” Advances in Space Research.
Vol. 49, No. 1, pp. 83 — 88, 2012.
Paznukhov, V. V., Galushko, V. G., Reinisch, B. W., “Digisonde observation of TIDs with frequency
and angular sounding technique,” Advances in Space Research, Vol. 49, No. 4, pp. 700 — 710, 2012.
doi:10.1016/j.asr.2011.11.012.
Vertogradov, G. G., Uryadov, V. P., Vertogradova, E. G., Vertogradov, V. G., Kubatko, S. V., “Chirp
ionosonde-radiodirection finder as a new tool for studying the ionosphere and radio-wave propagation,”
Radiophysics and Quantum Electronics, Vol. 56, No. 5, pp. 259 — 275, 2013. doi: 10.1007/S11141-013-
9431-3.
Shi, S. Z,, Chen, G., Yang, G. B., Li, T., Zhao, Z. Y., Liu, J. N., “Wuhan ionospheric oblique-incidence
sounding system and its new application in localization of ionospheric irregularities,”
IEEE Transactions on Geoscience and Remote Sensing, Vol. 53, No. 4, pp. 2185 — 2194, 2015.
Shi, S.Z., Yang, G.B., Zhao, Z. Y., Liu, J. N., “A novel ionospheric oblique-incidence sounding
network consisting of the ionospheric oblique backscatter sounder and parasitic oblique-incidence
sounder,” IEEE Trans. Geoscience and Remote Sensing Letters, Vol. 12, No. 10, pp. 2070 — 2074,
2015.
Heitmann, J., Cervera, M. A., Gardiner-Garden, R. S., Holdsworth, D. A., MacKinnon, A. D., Reid,
I. M., Ward, B.D., “Observations and modeling of ionospheric disturbance signatures from an
Australian network of oblique angle of arrival sounders,” 32nd URSI GASS, Montreal, 19 — 26 August
2017, pp. 1-4.
Lagtovicka, J., Chum, J., “A review of results of the international ionospheric Doppler sounder
network,” Advances in Space Research, Vol. 60, No. 8, pp. 1629 — 1643, 2017.



14

Qiang Guo, Yu Zheng, JI. @. Yoprnozop ma in. | lonocgepni npoyecu, axi cnocmepiaanuce ...

16.

17.

18.

19.

20.

21,

22,

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Garmash, K. P., Rozumenko, V. T., Tyrnov, O. F., Tsymbal, A. M., Chernogor, L. F., “Radio Studies of
processes in the near-Earth plasma disturbed by high-energy sources. Part 1,” Telecommunications and
Radio Engineering, No. 7. pp. 3 — 15, 1999.

Blagoveshchenskaya, N. F., “Geophysical effects of active experiments in the near-Earth space,” Saint-
Petersherg: Gidrometeoizdat, 2001, 287 p. (in Russian).

Chernogor, L. F., Garmash, K. P., Podnos, V. A., Tyrnov, O. F., “V. N. Karazin Kharkiv National
University radio physics observatory as a facility for monitoring the ionosphere during space
experiments,” In "lonosat-Micro" Space Project”. Kyiv: Academperiodika, 2013, pp. 160 — 182. (in
Russian).

Garmash, K. P., Gokov, A. M., Kostrov, L. S., Rozumenko, V. T., Tyrnov, O. F., Fedorenko, Y.P.,
Tsymbal, A. M., Chernogor, L.F., “Radiophysical Investigations and Modeling of lonospheric
Processes Generated by Sources of Various Nature. 1. Processes in a Naturally Disturbed lonosphere.
Technical Facilities,” Telecommunications and Radio Engineering, Vol. 53, No. 4 — 5, pp. 6 — 20, 1999.
Garmash, K. P., Gokov, A. M., Kostrov, L. S., Rozumenko, V. T., Tyrnov, O.F., Fedorenko, Y.P., Tsymbal,
A. M., Chernogor, L. F., “Radiophysical Investigations and Modeling of Ionospheric Processes Generated by
Sources of Various Nature. 2. Processes in a Modified lonosphere. Signal Parameter Variations. Disturbance
Simulation,” Telecommunications and Radio Engineering, Vol. 53, No. 6, pp. 1 —22, 1999.
Blagoveshchenskaya, N. F., Andreev, A. D., Kornienko, V. A. , “lonospheric wave processes during HF
heating experiments,” Advances in Space Research, Vol. 15, No. 12, pp. 45-48, 1995.

Chernogor, L. F., Garmash, K. P., Podnos, V. A., Rozumenko, V. T., Tsymbal, A. M., Tyrnov, O. F.,
“The Upgraded Kharkiv V. N. Karazin National University Radiophysical Observatory,” Sun and
Geosphere, Vol. 7, No. 2, pp. 133 — 139, 2012.

Huang, D., Liu, E., Hu, H., Liu, J., “Algorithm for the estimation of ionosphere parameters from ground
scatter echoes of SuperDARN, Sci. China Technol. Sci. Vol. 61, No. 11, pp. 1755-1764, 2018.

Guo, Q., Chernogor, L. F., Garmash K. P., Rozumenko V. T., Zheng Y. Dynamical processes in the
ionosphere following the moderate earthquake in Japan on 7 July 2018 // Journal of Atmospheric and
Solar-Terrestrial Physics, Vol. 186, pp. 88 — 103, 20109.

Guo, Q., Zheng, Y., Chernogor, L. F., Garmash, K. P., Rozumenko, V. T., Passive HF Doppler Radar
for Oblique-Incidence lonospheric Sounding // 2019 IEEE 2nd Ukraine Conference on Electrical and
Computer Engineering. Lviv, Ukraine, July 26, 2019, pp. 88 — 93.

Chernogor, L. F., Physics of geocosmic storms (in Russian) / L. F. Chernogor, I. F. Domnin // V. N.
Karazin Kharkiv National University Publ., Kharkiv, 2014. — 408 p.

Dynamical processes in the ionosphere following the moderate earthquake in Japan on 7 July 2018 /
Guo, Q., Chernogor, L.F., Garmash, K. P., et al. // Journal of Atmospheric and Solar-Terrestrial
Physics, Vol. 186, pp. 88 — 103, 2019.

Physical Processes Operating in the lonosphere after the Earthquake of Richter Magnitude 5.9 in Japan
on July 7, 2018 / Chernogor, L. F., Garmash, K. P., Guo, Q., et al. // Astronomy and Space Physics in
the Kyiv University. Book of Abstracts. International Conference. May 28 — 31, 2019, pp. 87 — 88.
Effects of the Severe lonospheric Storm of 26 August 2018. Chernogor, L. F., Garmash, K. P., Guo, Q.,
et al. // Astronomy and Space Physics in the Kyiv University. Book of Abstracts. International
Conference. Kyiv, Ukraine, May 28 — 31, 2019, pp. 88 — 90.

Passive HF Doppler Radar for Oblique-Incidence lonospheric Sounding / Guo, Q., Zheng, Y., Chernogor,
L. F., etal. /2019 IEEE 2nd Ukraine Conference on Electrical and Computer Engineering. Lviv, Ukraine,
July 2-6, 2019, pp. 88 — 93.

The Parameters of the Infrasonic Waves Generated by the Chelyabinsk meteoroid: System Statistic
Analysis Results / Guo, Q., Zheng, Y., Chernogor, L. F., et al. // 2019 IEEE 2nd Ukraine Conference on
Electrical and Computer Engineering. Lviv, Ukraine, July 2-6, 2019, pp. 938 — 941.

Physical Effects of the Severe lonospheric Storm of 26 August 2018 / Chernogor, L. F., Garmash, K. P.,
Guo, Q., et al. // Fifth UK-Ukraine—Spain Meeting on Solar Physics and Space Science. Program,
Abstracts, Information. Kyiv, Ukraine, August 26 — 30, 2019, pp. 33.

Marple, S. L., Jr., “Digital spectral analysis: with applications,” Englewood Cliffs, N.J.: Prentice-Hall,
Inc., 1987.

PRIME (COST 238) Studies of lonospheric Storm Effects / Bradley, P. A., Cander, L. R., Kutiev, .,
Hanbaba R. // Adv. Space Res., Vol. 20, No. 9, pp. 1669-1678, 1997.

Danilov, A. D., Effects of geomagnetic storms on the ionosphere and atmosphere / Danilov, A. D.,
Lastovi¢ka, J. // Inter. J. Geomagn. Aeron., VVol. 2, No. 3. — pp. 209-224, 2001.

Danilov, A. D., lonospheric storms in the F2 region. Morphology and physics (review) (in Russian) /
Danilov, A. D., Morozova, L. D. // Geomagnetism and Aeronomy, Vol. 25, No. 5, pp. 705 — 721, 1985.
Prolss, G. W., lonospheric F-region storms / Prolss, G. W. // Handbook of Atmospheric Electrodynamics;
Edited by H. Volland. CRC Press, Roca Raton, Fla., Vol. 2, pp. 195-248, 1995.



Qiang Guo, Yu Zheng, JI. @. Yopnozop ma in. | lonocghepnui npoyecu, ski cnocmepizanuce... 15

38. Buonsanto, M. J., lonospheric Storms-a Review / Buonsanto, M. J. // Space Sci. Rev., Vol. 88, pp. 563—
601, 1999.

39. Chernogor, L. F. Physical effects of solar eclipses in atmosphere and geospace: Monograph / L. F.
Chernogor, Kharkiv National University, 487 p., 2013.

40. Ji, W., Chi, W., Fan, Q., “Introduction to meridian space weather monitoring project,” J. Space Sci.,
Vol. 26, pp. 17 — 24, 2006.



16

Bichux Xapkiscokoeo nayionanvrnoeo ynieepcumemy imeni B. H. Kapa3zina.
Cepin «Padiogizuka ma enexmponikay, eunyck 30, 2019. C. 16-26.

OpucunanvHas cmamovsi
https://doi.org/10.26565/2311-0872-2019-30-02

VIIK 530.388

BAPUALIMN XAPAKTEPUCTHUK PA/IMOBOJIH BY JIMAITA3OHA HAZI KHTAEM,

CONNPOBOXJIABIIUE YMEPEHHOE 3EMJUIETPACEHMUME B AITIOHUA
5 CEHTSBPS 2018 .
Y. Luo!, Q. Guo?, Y. Zheng?, K. I1. F'apmam?, JI. ®. Yepnorop', C. H. lllyanral

Xapvrosckuii nayuonanvnwiii ynusepcumem umenu B.H. Kapasuna, 61022, 2. Xapvkoe, ni. Ce0600b1,4
E-mail: Leonid.F.Chernogor@gmail.com
2Harbin Engineering University,145 Nantong Street, Nangang District, Harbin, 150001, China
E-mail: guogiang@hrbeu.edu.cn
3Qingdao University,308 Ningxia Road, Qingdao, 266071, China
E-mail: zhengyu@qdu.edu.cn

AKTyaJIbHOCTB. 3eMis (BHYTPeHHHE 000J109KH) — atMochepa — noHochepa — marautochepa (3AUM) oOpasyroT
eIMHYI0 CHCTeMY, KOTopas SBIIETCS OTKPBITOW, AMHAMHYECKOH M HeIWHEeHHOW. MexkIy HoacucTeMaMu B CHCTEMeE
3AUM cymecTBYIOT NpsSMble U OOpaTHBIE, MOJOKUTEIbHBIE W OTPUIATENBHBIE CBS3H, KOTOPBIE B HACTOSIIEE BpPEeMs
M3y4YeHbl HEAOCTaTOYHO. B3amMonelcTBHe MOACUCTEM aKTHBH3HPYETCS MpU CpadaThIBAaHUU B OJHOW M3 HUX MOIIHOTO
WCTOYHUKA SHEProBBIACIEHUs. B paboTe B KadecTBE TAKOTO HCTOYHHKA pacCMAaTpPHBAETCS YMEpPEHHOE (MarHuTynaa
M ~ 6.6) 3emueTpsiceHue.

Ilesib10 paboTHI SABISETCS OMMCAaHUE BPEMEHHBIX BapHalldil XapaKTEpUCTUK panuoBoiH BY nmana3oHa Ha paguoTpaccax
Hax Kutaem, cOnpoBOKIaBIINX SITIOHCKOE 3eMIIeTpsiceHue S5 ceHTsa0ps 2018 r.

MeTtonnl u Metonosiorusi. [l HaGIIOIeHNS 32 BPEMEHHBIMH BapHallMsIMHU XapaKTePHUCTUK PaJHOBOJIH HCIIOIb30BaJICs
MHOTOYACTOTHBII MHOTOTPACCOBBI KOT€PEHTHBI PaAHOTEXHUYECKHH KOMIUIEKC XapOMHCKOTO HWHXXEHEPHOTO
YHUBEpCUTETa. B KadecTBe paaMOIepefalolXx CPeACTB 3aIeHCTBOBAHBI IIMPOKOBEIIATENbHBIE PaAHOCTAHIINH,
pasmenieHHbIe Ha Tepputopun Kutas, OxHoi#t Kopen, SInonuun, Poccun u MoHronu. AHamu3y moJyiexaini BpeMEHHEBIC
BapHaIy JOIUIEPOBCKUX CIEKTPOB, IOIJIEPOBCKOTO CMEIICHUsS] YaCTOTHI OCHOBHOM MOJABI M aMIUIMTYIbl CHUTHAIA.
W3mepenus BbIModHEHb! Uit 14 paauoTpacc npoTskeHHOCThIO OT ~900 mo 1800 kM pa3nuuyHOW OpUEHTalUu B
nmuana3one 9actoT 5 — 10 MI'u. Pa3pemraromiast criocoOHOCTB 10 AOIuIepoBekoil yactote pasHa 0.02 ', a mo BpemeHH —
75c.

PesyabTatel. OOHapykeHa M H3ydeHa peaknuss HOHOCephl Ha yMepeHHoe 3emuierpsceHrne. OLEHEHBI BpeMs
3ama3fpIBaHMsl  TPEIIOJIaraeMoil  peakmuu HW  KaXymascs  CKOPOCTh  paclpoCTpaHEHHs  BO3MYIICHHI.
ITpoaeMOHCTPUPOBAaHO, YTO IOCHE CEHCMHYECKOro Yyjaapa IOIJIEPOBCKUE CIIEKTPBI CTAaHOBATCA MU((Y3HBIMH, a
JIOIUIEPOBCKOE CMEIEHHE YacTOThl OCHOBHOM MOJBI M3MEHSETCS BO BPEMEHH II0 KBAa3HMIIEPHOIMYECKOMY 3aKOHY C
MepuoaoM HHPpa3Byka (0KOJIO 3 MUH) M IEPHUOIOM aTMOC(EPHOI rpaBUTAIMOHHOM BOJHBI (0kos10 20 — 30 MuH).
BeIBoABI. YMepeHHbIE 3eMIIETPSCEHHs CIIOCOOHBI MPUBOAWTH K PETHCTPHPYEMBIM BO3MYILICHHSIM B HOHOChepe Ha
paccrosiausix ~1000 kM OT SMHUICHTPa CEHCMUYECKOTO yapa.

KUIIOUEBBIE CJIOBA: 3emnerpsceHue, uOHOC(epa, MHOTOYacCTOTHBIH  MHOTOTPAacCOBBIH  KOTEPEHTHBIH
panTuoOTeXHUYECKUH KOMIUIEKC, IOIUIEPOBCKHE CHEKTPHI, MOIUIEPOBCKOE CMEIICHHE YaCTOTHI, aMIUIUTYAa CHTHaja,
KBa3UMEPHUOANIECCKUE BO3MYIICHUS

BAPIALIL XAPAKTEPUCTUK PATIOXBHWJIb BU JJIATTIABOHY HAJI KUTAEM,
SAKI CYITPOBOIKYBAJIN MOMIPHMI 3EMJIETPYC B SIIIOHIi 5 BEPECHS 2018 p-
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2Harbin Engineering University,145 Nantong Street, Nangang District, Harbin, 150001, China
3Qingdao University,308 Ningxia Road, Qingdao, 266071, China

AxTyanbHicTh. 3emMis (BHYTpimmHI 000JIOHKH) — atMocdepa — ioHocdepa — MarHiTochepa (3AIM) yTBOPIOIOTH €IUHY
CHCTEMY, SIKa € BIAKPHUTOIO, JMHAMIYHOIO Ta HeNiHIHHOI0. Mixk mincucremamu B cucreMi 3AIM icHyIoTH mpsiMi Ta
3BOPOTHI, TO3UTHBHI Ta HETaTHBHI 3B’SI3KH, SKi Ha el Yac BUBYCHO HEIOCTaTHRO. B3aeMOist MiICHCTEM aKTUBI3YEThHCS
MpU CIPALOBaHHI B OAHIH 3 HUX TOTY)XHOTO JDKepella €HeproBHIUICHHA. Y pPOOOTI B SKOCTI TaKOro JpKepena
PpO3TIsAa€ThCs TOMipHUIA (MarHiTyaa M ~ 6.6) 3emierpyc.

Merto10 1aHO0i poOOTH € OIMC YaCOBUX Bapialiil XxapakTepucTHK panioxBuiab BU niamazony Ha pagiotpacax Haj KuraeM,
CYIPOBOIKYIOUMX SAIOHCHKUH 3eMneTpyc 5 BepecHs 2018 p.
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Meroau Ta MeTonoJIoris. [t criocTepe)eHHs 3a YaCOBUMH BapiallisiMM XapaKTEpPUCTUK PaJliOXBUJIb BUKOPHCTOBYBABCS
6araro4acTOTHHH OAaraToTpacoBHii KOTEPEHTHUI PaioOTeXHIUYHMIT KOMIUIeKe XapOiHCHKOrO IH)KEHEPHOro yHiBepcurery. B
SKOCTI pajionepenaBalbHUX 3aco0iB 3a/isHI IIMPOKOMOBHI paaiocTaHIii, po3mimieHi Ha Tepuropii Kuraro, IliBneHHoi
Kopei, Anonii, Pocii Ta Monromnii. AHamnisy miaidrand 4acoBi Bapiamii JOINIEPIBCBKUX CIEKTPIB, IOIUICPIBCHKOTO 3CYBY
YacTOTH OCHOBHOI MOJH 1 aMIUTITyIu CUTHAITYy. BuMiproBanHs BukoHaHi 1uist 14 paxiotpac goxuHOI0 Bix ~900 1o 1800 xm
pi3HOi opieHTanii B miarna3oni yactot 5 — 10 MI'n. Po3ninbHa 31aTHICTE 32 AOIUIEPiBCHKOIO YacToToro fopiBHioe 0.02 I'm, a
3a 9acom — 7.5 c.

PesyabTaT. BusiieHo Ta BUBUEHO peakuilo ioHochepu Ha IMOMipHUHA 3emierpyc. OuiHeHi Jac 3ami3HeHHs HMOBIpHOL
peaxiii Ta BraBaHa OIBUAKICTH MOIIMPEeHHS 30ypeHs. [IpoaeMoHcTpoBaHO, M0 Mics CEHCMIYHOTO yaapy JOIUIepiBCHKI
CHEKTPH CTalOTh AU(Y3HUMH, a JOIUIEPIBCHKHUNA 3CYyB YaCTOTH OCHOBHOI MOJH 3MIHIOETBCS 3 YaCOM 32 KBa3iIepioqnyHUM
3aKOHOM 3 nepioioM iH(pa3ByKy (6113bK0 3 XB) Ta mepiogom arMocdepHoi rpaBitauiiinoi xumi (611 20 — 30 xB).
Bucnosxku. [ToMipHi 3emiieTpycn 31aTHI IPU3BOANUTH 0 peecTpyeMuX 30ypeHb B ioHoc(epi Ha Biactanix ~1000 kM Bix
eMiLeHTPY CEUCMIUHOTO yAapy.

KJ/JIFOYOBI CJIOBA: 3emnerpyc, ioHocdepa, OaraTo4acTOTHHH OaraTOTpacoBHil KOTEPEHTHHH pagioTeXHIYHHN
KOMIUIEKC, IOTUIEPIBChKI CIIEKTPH, AOMJICPIBCHKUIN 3CYB YAaCTOTH, aMIUTITYa CUTHAY, KBa3iepioAndHi 30ypeHHs

HF RADIO-WAVE CHARACTERISTIC VARIATIONS OVER CHINA
DURING MODERATE EARTHQUAKE IN JAPAN ON SEPTEMBER 5, 2018
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Urgency. The Earth's interior layers — atmosphere — ionosphere — magnetosphere (EAIM) form a one system, which is open,
dynamic, and nonlinear. There are direct and reverse, positive and negative linkages among the subsystems within the EAIM
system, which are currently insufficiently studied. The release of energy from a high-power source in one of the subsystems
triggers the interaction among the subsystems. In this paper, a moderate earthquake of Richter magnitude M =~ 6.6 is
considered as such a source.

The aim of the paper is to describe time variations in the characteristics of the HF radio waves observed along the radio
propagation paths over the People's Republic of China during the earthquake of September 5, 2018 in Japan.

Techniques and Methodology. To observe the temporal variations in the characteristics of radio waves, we used the multi-
frequency multiple-path coherent radio system at the Harbin Engineering University. Broadcasting stations located in the
People's Republic of China, the South Korea, Japan, Russia, and Mongolia are used as transmitters. The time variations in
the Doppler spectra, the Doppler shift of frequency of the main mode, and signal amplitudes were subjected to analysis. The
measurements were performed in the frequency range of 5 — 10 MHz over 14 radio propagation paths extending from ~ 900
km to 1800 km and having various orientations. The Doppler spectra are calculated in 7.5-s step with the root-mean-square
Doppler line error of 0.02 Hz.

Results. The response of the ionosphere to a moderate earthquake was observed and studied. The delay time of the assumed
response and the apparent speed of propagation of the disturbances were estimated. It was demonstrated that the seismic
shock was followed by Doppler spectra spreading and the Doppler frequency shift of the main mode varying with time
quasi-periodically with an ~3-min period of infrasound and an ~20 — 30-min period of atmospheric gravity wave.
Conclusions: Moderate earthquakes are capable of launching disturbances in the ionosphere detectable at distances of ~1000
km from the epicenter of earthquake.

KEY WORDS: Earthquake, ionosphere, multi-frequency multiple-path coherent radio system, Doppler spectrum, Doppler
shift of frequency, signal amplitude, quasi-periodic disturbance

BBEJIEHUE

3emist (BHyTpeHHHE 000J04KH) — aTMochepa — nonochepa — marautochepa (3ANM) 00pa3yoT eIuHYIO
CHUCTEMY, KOTOpasi SBISIETCSI OTKPHITOH, JMHAMUYECKOW U HenuHeiHOW. Mexny noacucremamu B cucteMe 3AUM
CYIIIECTBYIOT TIpsIMbIE U OOpaTHBIC, MOJOXHUTEIbHbIE W OTPHUIATENHHBIE CBSI3U, KOTOPHIE B HACTOSIIEE BpeMS
M3YYEHBI HEJI0OCTaTOUHO. B3anMoieiicTBre MOJCUCTEM aKTHBU3UPYETCS IPU CpabdaThIBAHUN B OJTHOM W3 TOJCUCTEM
MOIITHOTO MICTOYHHKA JHEproBblIesneHus. B pabore B kadecTBe TAKOTO WCTOYHHWKA PACCMATPHUBAETCS YMEpEHHOE
(marautyna M = 6.6) 3emueTpsicenue.

Peakuust moHOCQEpsl Ha 3eMIICTPSCEHHS OTIMYaeTCs OoNMpIIMM pa3HooOpasueM. OHa 3aBHCHT OT BapHAIHA
KOCMHYECKOH ITOTOJBI, BPEMEHH I'oJla U CYTOK, OIPEIEIIIONNX COCTOSHUE MOHOC(EpHl, OT MecTa HaOIIOJCHUS,
CPEICTB HAONIONCHWS, a TaKKe IapaMeTpoB 3eMICTPICCHUS (ero MAarHUTYIbl, TIYOHHBI, TeorpaduyecKux
koopauHat). HecmoTps Ha MHOrosieTHue wuccienoanusi [1— 38], akryansHOU 3ajmaueil sIBIsCTCS HCCIIEIOBAHUE
peakimu noHOCc(hepsl Ha JIF000€ JOCTATOYHO CHIIBHOE 3EMIICTPSICCHHE.

Heasro HacTosmed pabOTHI SBISETCA AaHAIN3 BpPEMEHHBIX BapHaIlii XapaKTEepUCTHK PaJHOBONH
BeicokouacrotHoro (BY) nmamasona Ha paamorpaccax Hwaseong — Harbin u Goyang — Harbin wan Kuraewm,
COTIPOBOKIABIINX YMEPEHHOE 3eMieTpsicenue B SAmornnu 5 centsdps 2018 r.
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OBIIUE CBEJEHUS O 3BEMJIETPSICEHUN
3emunerpsicenue MarHutynod M = 6.6 npousonuto B Slnonun 5 cenrsops 2018 r. B 18:07:59 (3mech u nanee
BceMHpHOEe Bpems). ['myouna smunentpa — 35 km. Ero xoopmunater: 42.686°N, 141.929°E. Ceiicmuueckuii ynap
umen Mecto 3a 1 — 2 vaca 10 Bocxoga ConHia Ha BhICOTax MOHOC(epsl. [Ipu 3TOM peakiuu Ha 3eMICTPSICEHHE U
JIBIDKCHHE COJTHEYHOT'O TEPMUHATOPA MOTJIHN HAJI0KUTHCS.

CPEACTBA U METO/JbI

Metoapl m Meronosorusi. Jins HaOmoneHHWs 3a BPEMEHHBIMH BapHalMsMH XapaKTEpPUCTHUK PaJrdOBOJIH
WCIIOJIb30BAJICSI MHOTOYACTOTHBIH MHOTOTPAcCOBBI KOTEPEHTHBIH DPaJAMOTEXHHMYECKUH KOMIUIEKC XapOHHCKOTo
WHKEHEPHOTO YHHMBEPCHUTETa, ONHMCaHHbIA B paborax [39—45]. B kadecTBe pamuonepenaronux CpeacTs
3aJIeliCTBOBAaHbl LIMPOKOBEILIATENbHbIE PaJUOCTaHIIMKM, pa3MelleHHble Ha Tepputopun Kutas, HOxnoii Kopewn,
SAnonuu, Poccun u Mounronuu.

[IporpamMMHo-armapaTHelii KOMIUIEKC HAKJIOHHOTO 30HIMPOBaHUS MOHOC(EpPHI, pa3pabOTaHHBIN CHELMaINCTaMu
XappKOBCKOTO HaIMOHANBHOTO yHHBepcurera mMmeHH B. H. Kapasnna m XapOWHCKOTO HH)XEHEPHOTO YHHBEpPCHTETa,
pacrionoxxed B Kutae Ha Tepputopun XapOUHCKOTO HHXKeHepHOro yHusepcuteTa (43.78°N, 126.68°E).

[IporpammHO-anmapaTHEIH KOMIUIEKC PACIIOIAracT OPUTHHAIBHBIM IPOTPAMMHBIM 00€CTIEICHUEM.

AHanu3y THoAJeXalu BPEMEHHBIE BapHalWM JOIUIEPOBCKHX CIEKTPOB, JOIUIEPOBCKOTO CMEIIEHHS YaCTOTHI
OCHOBHOM MOJIbI U aMIUIUTYABI curHaina. Viamepenus BBIOHEHBI JUis 14 panguoTpace NpoTsHkeHHOCTHIo oT ~900 1o
1800 kM pasnuvHOi opueHTanuu B auana3oHe yactot 5 — 10 MI'i (cm. Tabnuiy). Paspemaromnias crmocoGHOCTh 110
noruiepoBckoit yactore paBHa 0.02 I'm, a mo BpeMenn — 7.5 c.

BpIcokoe YacTOTHO-BPEMEHHOE pa3pelleHHe NOCTHTHYTO Omaromapss HPUMEHEHHIO aBTOPErPECCHOHHON
TEXHUKH CIIEKTPaJBHOTO OLCHUBaHHs [46].

Ta6nuia. OCcHOBHBIE CBEICHUS O pagrdoTpaccax (mo Marepuanam https://fmscan.org/index.php)

Yacrora, | KoopaunaTst Mecro-pacnonoxkenue | Paccrosuue no | KoopauHaTsl cepenHb

k' nepenaTyuka (ctpana) XapbuHa, KM Tpacchl

5000 34.95°N, 109.56°E | Lintong/Pucheng 1875 40.37°N, 118.12°E
(Kuraii)

6015 37.21°N, 126.78°E | Hwaseong (Kopes) 950 41.50°N, 126.73°E

6055 35.47°N, 140.21°E | Chiba/Nagara 1610 40.63°N, 133.45°E
(Smonwus)

6080 49.18°N, 119.72°E | Hailar/Nanmen (Kuraii) | 645 47.48°N, 123.2°E

6175 39.75°N, 116.81°E | Beijing(Kuraii) 1050 42.77°N, 121.75°E

6600 37.60°N, 126.85°E | Goyang(Kopes) 910 41.69°N, 126.77°E

7260 47.80°N, 107.17°E | Ulaanbaatar/Khonkhor | 1496 46.79°N, 116.93°E
(Monrosms)

7295 62.24°N, 129.81°E | Yakutsk (Poccus) 1845 54.01°N, 128.25°E

7345 62.24°N, 129.81°E | Yakutsk (Poccus) 1845 54.01°N, 128.25°E

9500 38.47°N, 114.13°E | Shijiazhuang (Kurait) | 1310 42.13°N, 120.41°E

9520 40.72°N, 111.55°E | Hohhot (Kurait) 1340 43.25°N, 119.12°E

9675 39.75°N, 116.81°E | Beijing (Kurait) 1050 42.77°N, 121.75°E

9750 36.17°N, 139.82°FE | Yamata (SInoHus) 1570 40.98°N, 133.25°E

9830 39.75°N, 116.81°E | Beijing (Kurait) 1050 42.77°N, 121.75°E

COCTOSIHUE KOCMHAYECKOM MOI0/1bl

s BeiienieHns 3¢phexToB 3eMIIeTpsICeHUST He0OXOIMM TIIATENbHBIN aHATN3 COCTOSHIS KOCMHUYECKO MOTOMBI.

B Houb c 3 Ha 4 uc 6 Ha 7 centsa6ps 2018 r. KOHIEHTPALKS Ngy YACTHUI] B COJITHEYHOM BETPE yBeNIMUMBaIach ot 5-10°
1o 25-105m73 (Puc. 1). 5 u 7 centsibps 2018 r. maGmonanoch yeenudenue ckopoctd Vs yactun ot ~400 mo
~490 km/c. Poct TeMnepaTyphl uacTuIl uMea Mecto S5 u 7 centsops 2018 1. ot 0.5-10° 1o 2.6-10° K. Yeenuuenue New
1 Vsw MPHUBEIIO K YBEIMYCHUIO TUHAMUYECKOTO JIaBJieHus oT 1.5 — 2.5 mo 6.6 ulla.

AsumyTtanbHas By u BeprukanbHas B, KOMIIOHEHThI MEXIUIAHETHOTO MAarHUTHOTO MOJS (DIYKTYHpOBalId B
npenenax ot —6.9 mo 5.9 #Tn u ot —4.4 10 9.4 HTn coorBercTBeHHO. 4, 5 U 7 ceHra6ps 2018 r. mMenn mecto
BCIJIECKH 3HAa4eHUH (QyHKIUU Akacody (MOIIHOCTH, MOCTYMAIoNleil B MarHUTOCHEPY OT COIHEYHOTO BETPA),
nocturatorue 4.5 — 5.7 T'Jx/c. Kak pesynbrar, 4, 5 u 7 cenrsopst 2018 r. HaG/I0JaTUCh OTHOCUTENILHO HEOOJIBIINE
MarHuTHbIe Bo3MymieHus. Wuaeke Kp m3mensuics ot 2 mo 3.3, a Dy-mumexc BapsupoBaincs oT —23 mo 21 vTm.


https://fmscan.org/index.php
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Puc. 1. BpeMeHHBIC BapHalliK MTApaMETPOB COIHEYHOTO BETPA: H3MEPEHHbIE KOHIIEHTPAIIMH YaCTHIL Nsw, TEMIIEPATYPBI
Tsw, paauainbHOii ckopocth Vsw (10 JaHHBIM caifta ftp://ftp.swpc.noaa.gov/pub/lists/ace2/) u paccanTaHHOrO AMHAMHYECKOTO
JIABJICHUS Psw, U3MEPEHHBIC KOMITOHEHTHI B, 1 By MexIutaneTHOro MarHuTHOTO 1oJtst (1o aaHHbM ciyTHHKa ACE);
paccunTaHHbIe 3HAUCHHS SHEPTUH €A, TIEPEIABAEMOIi COJTHEYHBIM BETPOM Maruutocdepe 3emiu B eAnHHUILy BpemeHH, Kp-
nnzaekca u Ds-uHnexca (o raHHbIM caiita http://wdc.kugi.kyoto-u.ac.jp/aeasy/) B nepuon 1 — 7 cenrsiops 2018 r. {aTsr
yKa3aHBbI BJIOJIb OCH a0CIIUCC.
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PE3VJIbTATBHI HABJIIOJIEHUI

[IpuBenem B KadecTBe NpHMepa pe3yabTaThl HAOMIOJEHWI 3a BPEMEHHBIMH BapHALMSIMH IOIUICPOBCKUX
CIIEKTPOB IS IBYX PaJHoTpacc, Hanbosee OJIM3KO PACIIOJIOKEHHBIX IO OTHOIICHHIO K SITULEHTPY 3eMJIETPSCEHUSI.

Pamguorpacca Hwaseong — Harbin. Pamuonepenaromiee yctpoiicTBo, uanyuaromee Ha yactote 6015 k[,
mucionupoBano B OxHoit Kopee. Ilpu sToM ammHa paguoTpacchl BAOJIL 36MHOW IMOBEpXHOCTH R ~ 949 kM,
paccTosiHUE OT AMULEHTPA 10 CepeauHbl paguoTpacchl D = 1279 km.

BpeMeHHEIE 3aBHCMMOCTH JIOIUIEPOBCKHX CHEKTPOB (fomieporpamm) it 4, 5 m 6 centaops 2018 r.
npuBeneHsl Ha Puc. 2. Cytku 4 u 6 centsops 2018 1. HCIonp30BaNnch B Ka4eCTBE KOHTPOJIHHBIX.

B xouTponbubie quu ¢ 17:00 mo 19:30 morutepoBckoe cmernienue yactotsl fp(t) ~ 0 . 4 centsiops 2018 r.
SMM30INYECKH MOSBIANACH M BTOpas, Oonee cinabast, Mosa. B koHTponbHbIE 1HE mocie Bocxona CoHIA Ha BRICOTAX
norochepst fp(t) pesko yBenmmunmocs 10 0.7 — 0.8 T', a 3aTteM mocTeneHHo, GaykTyupyst, yosisamo go 0 I'm.

B nmenb 3emnerpsicerust noeenenue fp(t) 66110 uuabM. o 17:50 fp(t) ~ 0 T'u. Kpome Toro, B MHTepBaie BpeMEHH
17:20 — 18:00 maGmromanack Bropast, 6onee crmabast, moma. B 17:50 fp(t) ocHoBHOM MOmBI pe3ko yBemmauiaoch ot 0 1o
0.20 — 0.25 T'mr. Jlaiee HaMeTHIIACh TEHIEHINA K €€ YMEHbIIeHNO. [lepBoe M3MeHeHHe Xxapaktepa Bapranii fp(t) nverno
Mecto okoiio 18:20, Bropoe — okono 18:56. [lanee Habmonamvch KBasumeproauueckue Bapuaimu fp(t) ¢ meprmogom T
ok0J10 30 MuH, ammUTyI0# fpa ~ 0.20 — 0.25 I'iy u uturenpHOCTRIO OKoo 150 MuH. Kpome Toro, otmeuaiich criabbie (¢
foa = 0.05 — 0.10 I't) KBa3UIIEPHOJUUCCKHE BapHAIINY C T ~ 3 MUH.

B nmenp 3emumerpsicenns ¢ 18:30 mo 19:30 mmenmn mecto 3HaumrtenbHble (10 30 nb) Bapmanuy amILTUTYABI
CHTHAJa, OTCYTCTBYIOIINE B KOHTPOJIBHBIC THH.

Paguorpacca Goyang — Harbin. Paguocranmus, usaydaromas Ha gactote 6600 k11, pacnonokeHa Takxe B
IOxmnoit Kopee. ITpu atom R = 907 xm, a D =~ 1272 xm.

BpeMeHHI;Ie 3aBUCUMOCTHU JOIUIEPOBCKUX CIEKTPOB I KOHTPOJBHBIX HHeﬁ n OHA C 3CMIICTPACCHUCM
nokasaubl Ha Puc. 3. Y3 Puc. 3 Buano, uro B koHTposbHbie auU 10 20:30 — 21:00 fp(t) ~ 0 I'n. Tlocne yka3aHHOTo
BPEMCHHU Ha6J'IIOJIaJ'II/ICI) 3HAYUTECJIbHBIC BapHUalliu JOIJICpOTrpaMM.

B nenp 3emierpsicenus mpumepHo B 18:30 moIuiepoBCKHE CHEKTPhI cTanu Auddy3HBIMU, IOILICPOBCKOE
CMELIEHHE YacTOThl OCHOBHOW MOJBI, (MIYKTYHPYSl C IEpUOJOM OKOJIO 3 MHH, CHayaia yMmMeHblnaynocs ot 0 10 —
0.2Tu, a 3arem yBenmnumanoch ot —0.2 mo 0 I'm. Dro mpomomkanock okoio 60 muH. C 19:30 mo 20:00 mus
ocuoBro# MoJibI fp(t) ~ 0 T'u. Tlocme 20:00 umenu mecto 3HaunTenbHbIe (10 0.3 ') Bapuammu fp(t).

Jlo6aBum, uTo B uHTepBasie BpeMeHu ¢ 17:50 xo 19:25 Habmopanuch cuibHble (0 30 n1b) Bapuauuu ypoBHs
aMIUIMTYIbI CUTHATIA.

OBCYXJEHHNE
Paguorpacca Hwaseong — Harbin. IloBeneHue IOIIIEPOBCKHX CHEKTPOB B JICHb 3EMIICTPSACEHHS W B
KOHTPOJIbHBIE THH 3aMeTHO oTimvaetcs. [Ipu fp(t) ~ 0 I'u pagnoBonHbI oTpaxkanmuck oT cTabmibHoro cnos E wim Es.
ITocne 17:50 orpaxenue nmeno mecto ot F-obmactu noHochepsl. DTUM OOBICHAIOTCA 3HAYUTEIbHBIE BapHaIllH
fo(t). Ecmu usmenenus xapaktepa Bapuanuii B 18:20 u 18:56 cBsi3aHbl ¢ 3eMIIETPSICEHHEM, TO HAOIIOJaeMBIM
BO3MYILEHUSIM COOTBETCTBYIOT BpeMmeHa 3amaszibiBaHus Aty =12 mun u At; = 48 mun. Kaxyuryrocs ckopocTh
pacnpocTpaHeHHsi BO3MYILEHHUI MOYKHO OLIEHUTh M3 CJIEAYIONIET0 COOTHOILICHHUSI:

D
v=—,
At — At
rne Ato— Bpems pacHpoCTpaHEHHUs BO3MYIIEHHS MO BEPTHKAIM OT MOBEPXHOCTH 3eMiH a0 uoHocdeps! (mo E-
obmactu woHOChepsr Atg~ 5.5 muH). Torma vi~3.3km/c, a v~ 540 M/c. 3HaueHHs v; ONM3KH K CKOPOCTH
CeCMMYECKUX BOJIH, a 3HAYEHHUS Uz — K CKOPOCTH aKyCTHUecKMX (MH(Pa3ByKOBBIX) U aTMochepHbIX
IPAaBUTALMOHHBIX BOJH. Ha maHHOW paauoTpacce HaOmogamuch oba Tuma BoJH. st uMH(Pa3ByKOBBIX BOJIH
T = 3 muH, s BTopsix T ~ 20 muH. 3Hast fpar ~# 0.05 — 0.10 ' u fpaz ~ 0.20 — 0.25 T'11, MOXKHO OLIEHUTH AMILTUTYIY
OTHOCHTEJIFHBIX BO3MYIICHHI KOHIIEHTpauu 351eKTpoHoB N [39]
5, N _K(O)eT fo,

N, 4t L f
rae K(0) — koaddumuent, 3aBucauidi oT yria nageHus O paJuoBOIHBI HA HOHOC(HEPY M BBICOTBI OTPaKCHUS
PaIMoBONHEI Zr, a TakKe R u paguyca 3emun, L = 2H, H — Beicota ogHopoaHoit atmocdepst. [Ipu 2y = 200 — 250 xm,
2H =~ 80 km umeem K = 3.6 — 3.1. Toraa st uHbpaszByka dna = 0.15 — 0.31%, a st atMocdepHoii rpaBUTAIIMOHHON
BOJIHBI (AI'B) — 8na = 7 — 8% mipu fpa = 0.25 T,

OtMmeruM, 4To B uHTepBase BpemeHn 18:30 — 19:30 umeer mecto antuxoppensaiums fp(t) u A(t). Yeenudenuto
fo Ha 0.5 T'u cootBercTByeT ymenbiienue A Ha 30 nb. Takoe moBeJeHHE CBS3aHO C YBEIHYCHHEM KOHLICHTpPALUH
37eKTpOHOB B Tosie BoJHBI ¢ T ~ 30 muH Ha 7 — 8%. K ymeHbuieHuro A npuBoauT 1e(OKYyCHPOBKa PaJNOBOIIHBI
JMH30H, 00pa30oBaHHON B MOHOC(epe npu yBenuueHHH N B rmosie BOJTHBI. | OpHM3OHTANBHBIA pa3Mep JIMH3BI OKOJIO
270 — 450 km npu ckopoctit AT'B 0.3 — 0.5 km/c. Takoit xe pasmep U (POKyCHpYIOIIEH JHH3BI, MPUBOIAIICH K
yBeIMUeHUIo A.
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Tpacca Hwaseong (6,015 kI'u) — Harbin 4.09.2018
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Puc. 2. BpemeHHbIe Bapualii IOTUIEPOBCKUX CIIEKTPOB M aMIUIMTY/IbI CHTHAJA Ha paauoTpacce Hwaseong — Harbin 4, 5
n 6 cents0ps 2019 r. 3xech U Kanee HeMpephIBHAS BepTHKAIbHAs JIMHUS Ha aHend 5.09.2018 cooTBeTcTBYeT MOMEHTY
3eMJICTPSICEHUSI, BEPTUKAIbHBIC TyHKTUPHBIE JINHAN Ha MaHEISIX — MOMeHTaM Bocxoaa CoinHna Ha Beicotax 100 kM u 0 kM.
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Tpacca Goyang (6,600 xI'n) — Harbin 4.09.2018
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Puc. 3. BpeMeHHbIe Bapualii A0TUIEPOBCKUX CIIEKTPOB M aMILIUTY bl CUTHANA Ha paguotpacce Goyang — Harbin 4, 5 u
6 cents6ps 2019 1.
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Paguorpacca Goyang — Harbin. B nenp 3emierpsicernst mo 18:30 fp(t) = 0 'u. Bonna otpaxanace ot E-
o6nactu noHocdepsl, Tounee ot cinost Es. [Tocne 18:30 ammnuryna curnana ymensinnach Ha 25 1b, nomieposckoe
CMEII[EHHE YaCTOTHI OCHOBHOM MOJBI cHadana ymeHbimiock ot 0 mo —(0.15—0.25) ', a 3aTeM yBEIHYHIOCH OT
stux 3Hadenwuit 10 0 I'm. Takoe mosemenne A(t) u fp(t) cBHmETENBCTBYET O TOM, YTO OTpakKEHHE PaTHOBOIHBI
NPaKTHYECKHU NIPEKPATHIIOCh H3-32 TOTO, YTO 3HaueHHUe f mpUONM3MIOCch B HOYHOE BPeMs K YaCTOTE HIPOHHKHOBEHUS
pamuoBONHBEI 4Yepe3 moHoctepy. ast maHHON paanMoTpacchl IUIa3MEHHAs 4YacToTa, HA4YMHAs C KOTOPOH BOJIHA
MIPOXOIUT CKBO3b HOHOC(heEpy, He Ooree 3.6 — 4.0 MI'm.

Bo ¢daykryarmsx fp(t) nposBisitics kBasunepuoaudeckue mporecchl ¢ T~ 3 MuH u fpa = 0.1 . Ipu 3tom
Ona~ 2 — 4%.

[Mocne 19:30 Ha BO3MOXHBIE IPQEKTH 3EMICTPSCEHHUS HAJOKIIUCh 3(P(EKTH YTPEHHETO COIHEYHOTO
TEepMHHATOPA.

B 1menom wu3noXKeHHBIE B CTaThe pPE3yNbTAaThl COOTBETCTBYIOT pe3ysibTaTaM uccienoBaHus 3¢dexToB B
noHocdepe apyroro emierpsicenus [40, 41].

OCHOBHBIE PE3YJIbTATbI

1. TlpoBemeH pEeTPOCHEKTHBHBIA aHAU3 pe3yIbTATOB MHOTOYAaCTOTHOTO MHOTOTPAacCOBOTO HAKIOHHOTO
30HAMPOBaHUs MOHOChepsl B AeHb yMepeHHoro (M = 6.6) 3emierpsicenus B Smonuu 5 centsiops 2018 . u B
KOHTPOJIbHEIC ITHH.

2. OOHapy)KeHO, YTO XapakTep BapHalluidl JOIUIEPOBCKUX CIIEKTPOB, IOIJIEPOBCKOTO CMELICHHS YacTOTHI
OCHOBHOM MOJIbI M aMILIMTY/Ibl CUTHAJIA B ICHb 3EMJICTPSICEHUSI U B KOHTPOJIbHBIC JTHU 3aMETHO OTJIHYAJICS.

3. BoLiBieHO /Be XapaKTepHbIE KaXKYLIMECS CKOPOCTH PAaCHpOCTpaHEHHs BO3MYIIEHH: 3.3 KM/C M OKOJIO
500 m/c. IlepBas ckopocTh OJHM3Ka K CKOPOCTH CEHCMHYECKHMX BOJH, & BTOpas —K CKOPOCTH aKyCTHKO-
IPaBUTALIMOHHBIX BOJIH B HOHOC(hEpe 3eMIIH.

4. Tlo onjeHKaM aMIUIUTY/Ia OTHOCUTEJILHBIX BO3MYILEHUH KOHIIEHTPAIMU DJIEKTPOHOB B M0JIe HH(PPa3BYKOBOM
u atMocdepHoii rpaBuTalMoHHOH BoH Obla ~0.15 — 0.31% u 7 — 8% cooTBeTCTBEHHO.

PaGora BeImIONHEHa B paMkax JloroBopa o0 COTPyAHHYECTBE MEXTy XapbKOBCKHM HAIMOHAJIBHBIM
yauBepcureToM mMeHH B. H. Kapasnna n XapOunHcknM wmHXEHEepHBIM yHHBepcuteToM. Pabora K. I1. Iapmarra,
JI. ®. Yeproropa u C. H. lllyneru yacTH9HO momaepkuBaitack B paMkax rocOromketHerx HUP, 3amanasix  MOH
VYxpaunsl (cooTBeTCTBEHHO rocyaapcrBernsie Homepa 0118U002039, 0119U002538 u 0118U002033). Pacota
Yiyang Luo, Qiang Guo, Yu Zheng, gactuuno noanepkana rpantamu KHP (Homepa rpantoB HEUCFG201832,
HEUCFP201840, GX16A007, 702SKL2017200).
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AKTyalIbHOCTb JAHHOH 3aJa4y ClIeIyeT U3 PACCMOTPEHUS MOCIEACTBHI TaKoro AedexTa JOPOKHOTO MOKPHITHS KaK
paccimoeHue. Taxke aKkTyalbHOCTh OOYCIOBIEHA TE€M, YTO NPHMEHEHHE COBPEMEHHBIX HMMITYJIBCHBIX I'eopaJapoB
obecriedrBaeT HHU3KYIO ceOECTOMMOCTh MOHHTOPHHTA aBTOMOOWIBHBIX JOPOT. DTO CTAHOBUTCS BO3MOXKHBIM IIPH
MONYyYCHUH TEPBHYHBIX I'€OPaZapHBIX NaHHBIX B IIPOIECCE JBIIKEHHS aBTOMOOWISA-TabopaToOpHu CO CKOPOCTBHIO
TPaHCHOPTHOTO ITOTOKA, U, KPOME TOTO, OJaroiapsi UCKIIOUSHUIO TAKUX TPYHLOEMKHX OIepanui, Kak 0TOOp KepHOB
WY TIPOBE/ICHUE BBIPYOKH Yy4acTKOB JOPOXKHOW OIEKMIBL.

Leapr pabdoTbl - TPOBEJCHHE aHAIM3a pA3NUYHBIX METOHOB OOpabOTKM CBEPXIIMPOKOIOIOCHBIX CHUTHAJIOB
UMITYJIbCHBIX T€0paJiapoB Ul M3YUCHUS BO3MOXKHOCTEHl METOMOB M AITOPHTMOB OOpaOOTKHM CHTHAIOB C IEIBIO
MOBBIIICHUS HAAEKHOCTH OOHAPYKEHHS PACCIOCHHSI.

Marepuaiabl 1 MeToAbl. B mponecce 00pabOTKM MOJENBHBIX M 3KCHEPUMEHTANBHBIX JAHHBIX NPUMEHSIINCH B
HEePBYIO OYepeb COBPEMEHHBIE TEOPETHIECKHE METOIbI 00paOOTKHI CHIHAIOB ¥ KOMIIBIOTEPHOTO MOJSTHPOBAHUSL.
Pe3yabTaThl. YCTaHOBIICHBI U TPOAHATM3UPOBAHBI (JAKTOPHI, ONIPEACIISIONINE OTIHYHS M XapaKTepHbIE 0COOCHHOCTH
UMITYJIGCHBIX CHTHAJIOB TEOpajapoB, KOTOPbIE MOIYT HCIHONB30BAaThCS IS OOHAPYKEHUs pacCIOSHHUs, Kak
HapyLIeHUs] KOHTaKTa MEX]y CJIOSIMH, WIIM 0OHAPY)KESHUsI HAJIMYUS TOHKHUX CIIOEB B COCTaBE MHOTOCIIOHHOM Cpe/ibl.
BruiBoanl. IIpennoxeHHbI MOIX0A K IOCTAHOBKE 33Jauyll COBMECTHO C IIPOJAEIAaHHBIM TCOPETHUECKUM aHAIU30M U
pe3yabTaTaMy YHCICHHOTO MOJIEINPOBAHHUS TTO3BOMIMIN B UTOTE 000CHOBATH BO3MOXKHOCTH MOBBIIICHNS HAIEKHOCTH
HpoLEIypbl HEpa3pyMIAIOMEro KOHTPOIS KadeCcTBa PA3MHYHBIX KOHCTPYKIUH ¥ 3((EKTUBHOTO BBISBICHUS
KPUTHIECKHX Ie()EKTOB C MTOMOIIBIO METOJOB Te0paIHOIOKAIIHH.

KJIFOUYEBBIE CJIOBA: reopanapsl, TUCTaHINOHHOE 30HANPOBAHUE, TOHKUE CIIOH, TUNIOCKOCTIOUCTHIE CPE/IBL.

BUSIBJIEHHSI MOPYHEHHSA KOHTAKTY MIK INIOCKUMMU HIAPAMMU 3A JOITOMOT' OO
IMITYJBbCHUX I'EOPAJIAPIB
A. O. Barpakos?, Isin JIo !, M. C. Autiogeenal, C. M. Illynsral, A.I'. Barpakosa®
Xapriscokuii nayionanonuii ynisepcumem imeni B. H. Kapasina, 61022, m. Xapxis, m. Céo600u, 4
2 Xapxiscoxuil HayionanbHutl asmomobinbro-oopoxcniii ynieepcumem, 61000, m. Xapxis, syn. Apocrasa
Myopoeo, 25

AKTyaJIbHICTh [aHOT 3a/a4i BUIUIMBAE 3 PO3IJILY HACTIIKIB TAaKOro AepeKTy TOPOKHBOTO MOKPHTTS K
po3mapyBaHHA. TakoX aKTyalbHICTh OOYMOBJIIEHa THM, IIO 3aCTOCYBAaHHA Cy4YacHHX IMITyJbCHHX TeopaaapiB
3a0e3neuye HU3BKY COOIBapTICTh MOHITOPHHTY aBTOIDIAXIB. Lle cTae MOXIMBUM TpH OTPUMAaHHI TEPBUHHUX
reopagapHUX JaHUX B MPOIECi pyXy aBTOMOOiNIsA-maboparopii 3i MBUAKICTIO TPAHCIIOPTHOTO MOTOKY, i, KPIM TOTO,
3aBASKH BHKIIOYEHHIO TaKMX TPYIOMICTKHMX Omepawii, sk BinOip KepHiB abo NpOBeleHHS BUPYOKH IUISTHOK
JIOPO’KHBOTO OJIAATY.

MeTa po6oTH - NpPOBEICHHS aHANi3y PI3HUX METOAIB OOpOOKM HAAIIMPOKOCMYTOBHX CHUTHANIB IMITYJIbCHHX
reopaaapiB UTS BUBYCHHS MOKIMBOCTEH METOJIB i aITOPUTMIB OOPOOKH CUTHAIB 3 METOXO IMiJBHIICHHS HATiHOCTI
BUSIBIICHHS PO3IIApYyBaHHS.

Martepiaan Ta MeToau. B nporieci 0OpoOKH MOJETBHHUX | eKCIIEPUMEHTAIBHUX JaHHX 3aCTOCOBYBAIIMCS B IEpIIY
4epry cy4acHi TEOPETHYIHI METOIM OOPOOKH CHTHAJIB 1 KOMITTOTEPHOTO MOJICITIOBaHHS.

Pe3yabTaTn. BcTaHOBNEHO Ta MpoaHaNi30BaHO YHHHHKH, IO BU3HAYAIOTH BiIMIHHOCTI i XapaKTepHi 0COOIMBOCTI
IMITyJIbCHUX CHTHANIB reopajiapis, sSKi MOXKYTh BUKOPHCTOBYBATHUCS /I BUSBJICHHS PO3LIAPyBaHHS, K MOPYILCHHS
KOHTaKTY M) I1apaMH, a00 BHSBJICHHS HasIBHOCTI TOHKHX IIapiB B CKJIaai 6araTorapoBoro cepeaoBuIla.
BuCHOBKM. 3anpOoMOHOBaHUI MiIXiq 10 MOCTAHOBKH 3ajadi CHiJBHO 3 BHKOHAHWM TEOPETHYHHM aHATi30M i
pe3y/bTaTaMi YUCENIBHOTO MOJEINIOBAHHS JIO3BOJIWIM B IMIJCYMKY OOIDYHTYBaTH MOXJIMBICTb Mi/IBHIIEHHS
HaJIIHHOCTI MPOLeypH HEPYHHIBHOTO KOHTPOJIO SIKOCTI Pi3HUX KOHCTPYKIIH 1 €(EKTUBHOTO BUSIBICHHS KPUTUIHUX
neeKTiB 32 TOMMOMOTOK0 METO/IiB Te0PaIioIoKaIlii.

KJIFOYOBI CJIOBA: reopanapu, TucTaHIiiHe 30HIyBaHHS, TOHKI MIapH, INIOCKOMIAPyBaTi CEpeIOBHINA.
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DETECTION OF DELAMINATION BETWEEN PLANE LAYERED MEDIA USING PULSE
GEODARS
D.O. Batrakov?, Luo Yiyang?, M.S. Antyufeyeva?, S.N. Shulga?, A.G. Batrakova?
LV. N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine
2 Kharkiv National Automobile and Highway University, 25,
Yaroslava Mudrogo st, Kharkiv, 61000, Ukraine.

The relevance of the problem follows from the consideration of the consequences of such serious road pavement
defect as delamination. Also, the validity of the problem stems from the fact that the use of modern pulsed GPR
provides low-cost monitoring of roads. This becomes possible when obtaining primary GPR data during the
movement of the laboratory car with the speed of the transport stream, and, in addition, due to the exclusion of such
labour-intensive operations as coring or cutting sections of pavement.

The purpose of the work is to analyze various processing methods for ultra-wideband signals of pulsed GPR to study
the capabilities of signal processing methods and algorithms to increase the reliability of detection of delamination.
Materials and methods. During the investigation of the processing model and experimental data, first of all, modern
theoretical methods of signal processing and computer modelling were used.

Results. The factors determining the differences and characteristic features of pulsed signals of GPR, which can be
used to detect delamination, as a violation of contact between layers, or to detect the presence of thin layers in a
multilayer medium, are established and analyzed.

Conclusions. The proposed approach to the formulation of the problem, together with the theoretical analysis and the
results of numerical modelling, made it possible to justify the possibility of increasing the reliability of the non-
destructive quality control of various structures and the effective detection of critical defects using GPR methods.
KEY WORDS: GPR, remote sensing, thin layers, plane-layered media.

BBEJIEHUE

Bompocam Hepa3pymaromero KOHTPOJS CJIOMCTOHEOJHOPOAHBIX Cpel C IOMOINBIO HMMITYJIbCHBIX
reopajapoB IOCBSMICHO MHOXECTBO myOmukammii [1-5]. AKTyaJpHOCTh peIICHWs JOaHHOW 3amadd
NPUMEHHUTENBHO K JOPOXHOW OTpaciau oOyciIoBIeHa HEOOXOAMMOCTBIO ONEPATHBHOTO KOHTPOJS TEKYIIETO
COCTOSIHUSI aBTOMOOMIIBHBIX JIOPOT Ha y4acTKax OOJbIION MPOTSHKEHHOCTH M OOJNBLIMMU 3aTpaTaMy Ha PEMOHT U
obciyxkuBanue [1,5-8]. C ToukH 3peHus HCIOIB3YEMBIX (DHU3HKO-MATEMaTHIECKUX MPUOIMKEHUI mpocTeiieit
MO/IEJIBIO JOPOYKHOTO MOKPBITHSA ABISIETCS IUNIOCKOCIOHNCTas Cpefia, KOTopasi MOXKET COJepKaTh HEOAHOPOIHOCTH
(TpemuHsl, IpeHaXKHble TPYOH! U JIp.). B paMkax Takoil MoienH He YYUTHIBAIOTCS HEPOBHOCTH (IIEPOXOBATOCTH)
Hapy>)KHOH TIOBEpXHOCTM M BHYTPEHHHUX CTPYKTYpHBIX TpaHuIl pasfena. OpHako, Kak IOKa3aiH
MHOT'OYHCJICHHBIE 3KCIIEPUMEHTAIbHbIC HAOII0IeHNs, HEPOBHOCTH BHEUIHEH IPAHMUIIBI MPAKTHUECKH HE BIHSIOT
Ha pe3ysipTaT OOpaOOTKM [aHHBIX TIPH YCJIOBHM MPHUBJICUYEHHS NPOLEAYp INPEIBAPUTEIBHON KaIMOPOBKH
CHTHAJIOB C IIPHBJICYCHUEM U3MEPEHHUS OTpaXkeHHs oT Jucta Metania [2,9]. leno B TOM, 4TO € OHOI CTOPOHHI,
peaNbHO HCHOJBb3YeMBIH JUII W3MEPEHUs] MEePBUYHOIO HMITYJIbCA JINCT METaula HE SIBISIETCS WACalIbHBIM
MPOBOJIHMKOM M, KaK CJIEJICTBHE, AT MEHBIIYI0 aMIUIMTYy MMITYJbca, a C JIPyrod CTOPOHBI — IIEpOXOBaTast
MIOBEPXHOCTh ac(hanbTOOETOHA B CHIIY PaccesHHs 4acTH MOIIHOCTH BO (DIYKTYallMOHHYIO KOMIOHEHTY, TaKXke
JlaeT B WTOT'€ MEHBIIYI0 aMIUIUTYXy OTpaXXEHHOTO CHUTHala. B mTore, kKak IOKa3aJd IPOBEAEHHBIC paHee
OKCIIEPUMEHTBI, ONPEACIUTh JAUDIIEKTPHUYECKYI0 MPOHHUIIAEMOCTh BEpXHEro ciiog achaibToOeTOHa MpH
TIIATEIBHOM COOJIIOAEHUHU MPOIEIYyPHl M3MEPEeHUs yAaéTcsl C OTHOCHUTEIBHO BBICOKOM TOYHOCTBIO (IIOpsAKa
HECKOJBKUX MPOLEHTOB). OMHAKO, CUTYaIUs 3HAYUTEIHHO MEHSAETCS C IPOJBHKEHHUEM NPOLEAYypsl 00paboTKU
JAHHBIX BrIyOb KOHCTPYKIMH. YK€ NpH PEUICHHM 3aJadd OIpPEJCNICHHS TOJIIMHBI BEPXHETO CJIOS MOTYT
BO3HHKHYTh TPYIHOCTH, CBS3aHHBIE C HAJIMYHMEM TaK Ha3bIBAEMOTrO paccioeHHs. B MHPOBOHM aHITOS3BIYHOM
JHUTEpaType CYIISCTBYIOT JABa CXOOHBIX TepMmuHa — delamination u segregation (paccioeHwe M OTCIOCHHE
COOTBeTCTBEHHO). IlepBBIii TepMUH 0003HaYaeT HAPYIICHHE KOHTAKTa MEXY CIOSMU HOKPBITHS, KOTOPOE TpH
YCIIOBUH TPOHUKHOBEHUSI BJIATH, OCOOCHHO B OCEHHE-3MMHHMI MIEPHOJ, TPUBOJUT K YCKOPEHHOMY pa3pyLICHHUIO
MOKpPBITHS. BTOpOi TepMHUH — OTCIOeHHE 0003HaYaeT HapylLIeHHE CLETUICHHS MEXIY BSOKYIUM (OUTYyMOM) H
HaronHHTeneM (mebHeM). [lockonbKy Haimuuue paccioeHus! MPUBOJUT K OBICTPOMY Pa3pyIICHHIO JTOPOKHOH
OJICK/IbI, Pa3paboTKa METOIUKH M CPEICTB OOHApyXEHHUS TaKMX AE(PEKTOB SIBISIETCS BAXKHOM MPAKTHYECKOH
3amaueii. C MaTeMaTHYeCKOW TOYKM 3pEHMS 3a/ladya 3aKJIF0YaeTcs B ONPENENeHHH HAJIMYUS TOHKOTO CIIOA
(TommmHa 10 5-9 MM) MEeXIy ABYMSI BEPXHHUMH CIOSIMH MOKPHITHA. OTMETHM, YTO 3TO HE €IMHCTBEHHBIN CITydail
MOJO00HOH MOCTAHOBKH 33/1a4i. B HEKOTOPBIX CiIydasX B KOHTPOJHPYEMBIX TEXHHUYECKHX JIMOO CTPOUTEIBHBIX
KOHCTPYKIHMSAX MOTYT IIPUCYTCTBOBATH CJIIOM HEOOIBIION MO CPABHEHHUIO C IPYTHMH CIOSMH TONIIUHEL VMeetcs
B BH[Y, YTO TaKOH CIIOM M3HAYAIBHO MPETyCMOTPEH KOHCTPYKIMEH U TpeOyeTcs onpeaenuTh ero (pakTHIecKyro
ToMmuHy. B Takoil cuTyarmu 3ajada ¢ TOYKH 3pEHHs MOTy4deHHUs U 00paboTku nHpOpManuu SBiseTcs Oolee
MPOCTOM, TOCKOJIbKY HM3Ha4ajbHO HM3BECTHO O TPeOOBAaHMAX K CIOUCTOM cpele M 3ajada Iociie HadajbHOH
KaJIMOPOBKM MOXET OBITh CBE/IEHAa K OLCHKE HEBS3KM MEXIY ATAIOHHBIMH M3MEPEHMSMH U pe3ylbTaTaMH,
MOJy4YeHHBIMH Ha KOHTpoOJHMpyeMoM oOpasue. KiroueBoe 3HaueHHme uMMeeT TOT (akT, YTO Bce 0Opasibl IO
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OCTalIbHBIM TapaMeTpaM OJMHAKOBHL. B JOpOXHOW OTpaciu M B CTPOMTEILHON WHXXCHEPUH IPH KOHTPOJIE
TEKYIIEro COCTOSIHUSI TPAHCHOPTHBIX COOPYXEHUH M CTPOMTEIBHBIX KOHCTPYKLHUH YacTO MOTYT CYIIECTBEHHO
U3MCHATBCSA BCE JAPYrHe XapaKTEepUCTHKH. [loaToMy, ecnu paHee OBUIM MNPEIUIOKEHBI METOABl DPEIICHUS
oOpaTHBIX 3aJa4, OCHOBAaHHBIC HA IPUMEHEHHUH NPOLENyphl MUHHMH3ALHMH HEKOTOPOTO CIIIaXKHUBAIOIIETO
(dyaknroHana ((paxTHYECKH MPOIEeIyphl IIOATOHKA HAONIOAeMbIX JaHHBIX 07 HEKOTOPBIA 3TAN0H), TO TEIeph
HEOoOXOAMMO pelaTh 3aJady IIOLNIaroBOrO0 BOCCTAHOBJIICHHS CBOICTB BCEil CIIOMCTOH cpenbl (BCEX CIOEB).
[oHATHO, YTO Jake C TOYKH 3PSHUS YUCTO BBIYUCIHMTEIBHON peaM3allid 3TO CYIIECTBEHHO Ooiee CIIOXKHas
3amava. Vcxonms w3 oOmiedt HakomieHHOW WHGOpMAaIyu, cPopMymupyeM Ieib TaHHOW paboTHI CIEAYIOIINM
o0pazoM — pa3paboTKa METOJOB, MO3BOJIIONIMX OOHAPYKUTHh PACCIOCHUE C IMOMOIIBI0 OOpPaOOTKHM JTaHHBIX
JMCTaHIMOHHOTO 30HAMPOBAHMUS Fe0paapoM IIPHU BHITOJIHEHUH ONIPECTICHHBIX YCIOBUH U OTPaHUYEHHH.

INOCTAHOBKA 3AJAYM TOJIIUMHOMETPHUHU U BO3MOXXHBIE MO/JEJIN

OOmas mocTaHOBKA 337a4d TOJNIIMHOMETPUU COCTOMT B ONPENEIICHWH TOJIIUHBI CIOEB M 3HAYEHUH HX
TRJICKTPUIECKON MTPOHUIIAEMOCTH U, COTIACHO [2,9], MOXeT OBITh IIpeCTaBICHA CICAYIOMINM 00pa3oM:

- wuccnenyemas cpena (KOHCTPYKIUs) obOnydaercs cBepxmupokononocHeiM (CLIIT) ummynscHBIM
30HAMpYoKM curHanom (Puc. 1);

- MO pe3yibpTaTaM OOpaOOTKM BPEMEHHOrO NMPOQMIIS OTPAKEHHOTO CHrHana HEO0OXOIUMO OINpPENeSHTh
BHYTPEHHIOIO CTPYKTYPY TUIOCKOCIIOUCTOM CpeJIbl ¥ 3HAUSHHUS TUDJICKTPUIECKON IIPOHUIIAEMOCTH CJIOEB;

- OJIyYeHHBIE JaHHbIE HEOOX0IUMO COXPAHUTh IS TAJIbHEHIIIEro aHaIu3a.

B pamkax cTaHmapTHOW MOCTAHOBKY 33/1a4ll pelieHHe 0OBIYHO pa30HBaOT Ha HECKOIBKO dTarnoB [10]:
- TIOCJIe KaTMOpPOBKH M TIEPBUYHON 00paboTKM Habopa JaHHBIX C MpHBJICUEHHEM IpeoOpa3oBanus [mianOepra

OIPCACIIAIOTCS BCIMYUHBI BPCMCHHBIX 3aJICPIKCK CHUTHAJIOB (Atl), OTpa)KéHHBIX OT CTPYKTYPHBIX I'paHHIl U
COOTBETCTBYIOIIUEC aMIIMTY bl CUTHAJIOB,

- mo dopmyite, creayromeir u3z Gopmyn Openens [11], onpenensercs «/6’1 U janee &) - AMANIEKTpUUECKas
IPOHHMIIAEMOCTH BepxHero cios (rne R j, j+1- Koo HIMEHT OTpaXKeHNs OT HIKHEH CPe/Ibl B BEPXHIOH, KOTOpast
B TAHHOM CITy4ae SBIISCTCS CBOOOJHBIM MPOCTPAHCTBOM):
1-Rjju
JEivl =4[ — 1)
I Y14R .
J.j+1

- Jajiee, ¢ IOMOIIBIO U3BECTHBIX (popMyIt st KO3 HUIIMEHTOB MPOXOKICHUS Tnil,n [11]:

260
o N
n¥ln —

2[5

n
Vén T/éna

O]

ompenensores lgq, 119 - KOdhOUIMEHTH MPOXOXKAECHHS HePe3 BEPXHIOW TIPAHMIy B TEPBBIA CIOH M
P 01 10 p P P p y P

00paTHO, a TakXke R1’2 - K03(UIMEHT OTPAKEHHS OT HIXKHEW TTOBEPXHOCTH IIEPBOT'O CJIOS,

At éEn1 —Wén
Rnfl n— - (3)
" Avan \/gn—l T/én

u nanee corsnacHo ¢opmyine (1) BRIUHCISIETCS YyKe 3HaUCHUE E£p- AUIICKTPUUESCKOH MPOHUIAEMOCTH BTOPOTO
cI10s;

- 3aTeM BBIHICyKaSaHHBIe mraru HOBTOpﬂ}OTCH BIUIOTH OO0 HOCHC}IHeﬁ FpaHPIHBI, rac OHpe}IeHHeTCﬂ TOJIBKO
JIDJIEKTPUYECKAst IPOHUIIAEMOCTD MOTYOECKOHEUHOM MO TIOKKH;
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1<
N Sp(t)

7

- BBIYHCISIIOTCS KOOPIMHATHI TPAHMI[ pasjiella MEKAy CIOAMH KaK pEIlcHHe OCHOBHOTO YpaBHECHHS
pamuonokaruu [2, 10]:

"

Puc. 1. 'eomerpus uccieayeMoit cpesl.

L (7. =7 4)- I -
p -y 1) C 5 An € @

i1 24 i1 2" /4i
rae: Zj — KoopauHaTa i-i TpaHuibl (BEPXHSIA rpaHuIa umeeT uHuekc 0),

Tj, Ti_1 — MOMEHTHI IIPOXOXKICHHs CHrHAIOM | — i (i -1)— # rpaHuI] COOTBETCTBEHHO, OINpE/CICHHbIC Ha
sTarne 1,

&j - IMAIEKTPHIECcKasi IPOHUIAEMOCTb | — T'o CIIos (OIpeieIeHHas paHee),

C — CKOPOCTh pacmpocTpaHeHHs CBeTa B CBOOOHOM MPOCTPaHCTBE (B BO3AYXeE);

- paCCUUTBIBAIOTCA 3HAUCHMS TOJIIUHBI CIIOCB HI 10 (1)OpMyJ'ICZ

Hi=Z-7,1, Zy=0,i=12..1. (5)
B 3axmoueHne 106aBUM, UTO MHOTHE aBTOPHI paCCMaTPUBAIOT 33Ja4dy B TaK Ha3bIBAEMOM NPHOIMKECHUN
OJJHOKPATHOIO paccessHusA. MHBIMU CIOBaMH, TOBTOPHBIMH OTPAXEHHUSMH CHUTHajJa OT TPaHUIl CJOCB
npeHeOperaroT. B Takoll MOCTaHOBKE TOBOPAT O 3ajade omnpeneieHHs (GOpPMbI HMITYJIbCHOTO CHTHANa M 00
anropuT™Me 00pabOTKM Takoro curHaia. s pelleHWs 3ajad JAHHOTO THIA HamOonee S(PQEeKTHBHBIM
MHCTPYMEHTOM SIBIISIETCS HCIIOJb30BaHME TaK Ha3bIBaeMBIX cBepXmmpokonoiocHelx (CLIIT) wmMmynabcHBIX
CHTHAJIOB, HHAa4Y€ HA3bIBAEMbIX UMITyJIbCaMu Oe3 Hecylield. BosibIMHCTBO METO0B 00paOOTKH TaKUX CUTHAJIOB
OCHOBBIBACTCSl HAa MOJENHM BO30YXKICHHS TIeopajapa C MOMOIIBIO CHUTHAJa, OMM3KOrO K TaK Ha3bIBaeMOIi
rayccouje (nHaue - umryibe [aycca) [1, 2]:

2
S(t)=Aexp —% . (6)

HCHO B TOM, YTO B IMPOIECCCE MU3ITYUCHHA U IMPpUEMa CHUTHAJIOB JUIIOJIbHBIMW aHTCHHAMH (bOpMa CHUIrHaJia
MeHsieTcsi. B uTore mnpueMHas aHTEHHa perucTpupyer BmecTo curHana (6) curHanm Onu3kuit KO BTOpOit
npousBoaHoit ot (6) [1, 2]:
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2
S"(t) = A - (t — L) exp —% . W

B takoMm ciydae pelieHne 3a1aqyl TOJIIIMHOMETPHH MOXET OBITh aJrOPUTMHU3HPOBAHO IyTEM CBEACHHUS ¢
K MIONCKY MaKCHUMYMOB TIOJIOKUTEIBFHO OIpenesieHHoH GyHKImm [2]:

Sg (1) =|h(®)] = X2 (1) + X2 (1) ®)

rae: )?(tj, X(t) — pesynbratel  mpuMeHenns npeo6pasoBanms I[umnnbGepra  (IpAMOro M OGPaTHOrO

COOTBETCTBEHHO) K MPUHATOMY aHTEHHOM CHCTEMOM reopaapa curaany [2, 9].

Hakonen, eme pa3 OTMETHM, YTO B paMKax 33/ladd O TOHKHX CJIOSIX BOSMOXHBI JIBE€ CHTYallHH, O KOTOPBIX
TOBOPWJIOCH BBINIE. B IepBoM cilydae peyb ciemyeT BeCTH O CJIOSX CO 3HAUCHHEM DJICKTPUYECKOW TOJIIUHEL,
COM3MEPHMOH C TIPOCTPAHCTBEHHBIM pa3MepOM 30HIUPYIOLIEro HUMITyJbca. Takas CHUTyalus AeTalbHO
paccmotpena panee B [12]. Bropoit cimyuail — 3aada mo OOHAPYXKEHUIO PACCIOCHHUS C HMOMOIIBI0 METONOB
JMCTaHIMOHHOTO 30HpoBanys. Kaxxaas u3 aTuX 3aJa4 UMEET CBOIO CHEenU(UKY, ¥ MTOITOMY B paMKaX JaHHOH
MyOJIMKALMKU MBI COCPEIOTOYMM OCHOBHOE BHHMAaHHME Ha BTOPOM 3ajadye — MOMCKa PAacCIIOCHHs, T.€. HapyIIeHHS
KOHTaKTa MEXY CI0SIMHA KOHCTPYKIUH.

AHAJIU3 TPYTHOCTEM PEIIEHMS 3AJIAYU U PAHEE IPEJIJIO)KEHHBIX ITOJIX0/10B K
HUX NPEOJOJEHHNIO

CHauana B JaHHOM pasjelne MOAPOOHO PacCMOTPUM AaJTOPUTM OIEHKH PAcCIOCHUs, NpeJIOKEHHBIN B
pabote [13]. ABTOpel 3TOI pPabGOTHI PACCMATPHBAIOT MOJENb PACCIOCHHS B BHAE HAIMYHS TOHKOTO CJIOS
KOHEYHOH TONIIMHBI. JI71st 17ab0opaTOpHBIX SKCIEPUMEHTOB OHH HCIOJIB30BAIM AKPHIIOBBIC MTAHENN M Teopajaap ¢
ueHTpanbHOoW yactoTtol 2 I'Tm. OcHOBHBIE TPYJHOCTHM B paMKax TAaKOW MOCTAaHOBKM 3aayd BO3HHUKAIOT IO
HECKOJIbKIUM NPUYUHAM:

— B J1a0OPATOPHBIX YCIOBHAX 00Pa3Ibl HIMECIOT KOHEUHBIC Pa3Mephl B TOPH30HTANBHBIX HAIIPABICHUIX,

— TIpY HaJIMYMH HECKOJIBKUX CIIOEB MOTYT BO3HHKATh MHOTOKpPATHBIC OTPKEHHS MEXIY MX I'paHUIAMHU (nanee
JUISL KpaTKOCTH OyJieM Ha3bIBaTh MX MEPEOTPAKEHUIMHE),

— TomuMHa (B AAaHHOM Clydae TakK€ HHOIZIA TOBOPST O PACCIOCHHU KaK O TOPHU3OHTANBHOW TpEILIUHE)
TPEIIMHBI MOXKET OBITh HACTOJBKO MaJIOH, YTO OTPAXKEHHUS OT €€ BEpXHEW W HIDKHEW TpaHul] MOTYT
CIIMBAThCSL.

Jia mpeomoneHUsT ATHX TPYIHOCTEH BO3MOXKHBI pasziauuHbBle Mepbl. Hampumep, caMbIM HpOCTBIM
BapHaHTOM IIPEOJOJICHHUS NIepBOM MPOOIEMBI SBIAETCS yBEIHNUEHHE TOPU30HTANBHBIX pa3MepoB MojeH. Takoi
BapuaHT npemioxked B [13], rme pasmepbl MOJEIM COCTAaBHJIM OKOJO 2 METPOB BJOJb KaXIOH U3
TOPU3OHTANILHBIX OCEH NMpH 3HAYEHUHU LIEHTPAJIBLHOM YacTOThl reopanapa, paHoi 2 ['Th. CyiecTByIOT U Jpyrue
MeTOoABl OOpBOBI ¢ MU(paKIUOHHBIMU d(P(eKTaMu OTpaKeHUS OT KpaéB MOJIEIBEHOTO 00pasia, COCTOSIINE B
NPUBJICYCHUN TPOLENYp KaTMOPOBKM — IIPOBEACHMS CIEHUATM3MPOBAHHBIX H3MEPEHHH C MOCIEAYIOIIM
BBIICJICHHEM M BBIYUTAHHEM JIM(PPaKUMOHHBIX OoTpakeHWH [14]. g nmpeonosneHusi BTOPOi TPYAHOCTH MOXKHO
BBIOpaTh 3HAUCHHMS TOJIIMHBI CJIOEB TAaKUM 00pa3oM, 4TOOBI M30eKaTh HaJOXKEHHS CHUTHAJIOB, OTPAKEHHBIX OT
pasubix rpanuil [13]. Takxke MOXKeT OBITH HCIOIB30BAH METOJ BBIYUTAHUS MAPIMATBHBIX CHTHAIOB [14], cyTh
KOTOPOTO B IOCJIEIOBATEIHHOM pacuéTe 3HAYCHUN AMANEKTPHUECKON MPOHUIIAEMOCTH CIOEB M MX TOJIIIMHEI C
nocieayromeid o0pabOTKOW HMCXOMHOTO CHUTHAaJA, NPUHATOrO MpUEMHONW aHTeHHOW. Takas o00paboTka
npeanosjaraeT (OPMUPOBAHUE BHUPTYaIbHBIX CHUTHAJIOB, COOTBETCTBYIOUIMX OTPKEHUSM OT HIKHHX
CTPYKTYPHBIX TPaHHIl pa3jiefia BEPXHEro cjosi ¥ Iocieayromiee (GOpMUPOBaHHE CUTHANA, KOTOPBIA ObLT ObI
NPHUHAT NMPUEMHON aHTEHHOW IpH OTCYTCTBHHU BepxHero ciost [13, 15]. Onnako, B M0OOM cilydae CHTHAl OT
y4JacTKa C paccioeHHeM OyJeT NMpeAcTaBlsATh coOoil MO0 cyMMy ABYX (MIJIM OOJIBIIETO YHCIIAa NMPU HAJTUYUH
3HAYUTENBHBIX TIEPEOTPAXKEHHUH) CUTHAJIOB, JINOO OAMH CHI'HAI B CiIydyae, KOTJa MeX/y CIOsSMH HeT 3a3opa. Ha
Puc. 2 npusenens! GoTo ABYX KEPHOB ¢ HOPMAJIBHBIM KOHTAKTOM MEXIY CIOSMH (a) M ¢ HEOOIBIINM 3a30pOM
Mexay ciosiMu (0). CaMmyro e OOJBIIYIO CIOXHOCTh MPEACTABIAET TpeThs npodiema (Puc. 3). [leno B ToM, 4TO
KaK IOKa3blBACT OIBIT NPAKTUYECKHX OO0CIEAOBaHMI aBTOMOOMJIBHBIX JIOPOI C HEXECTKHMH ITOKPBITHSIMHU,
MEX[y CJIOSIMH C HapyIIEHHBIM KOHTAaKTOM MOJKET BOOOIIlE, HE CYIIECTBOBATh HUKAKOT0 3a30pa. B Takom ciryuae
B TIpollecce SKCIUTyaTallMd MPOMCXOAWT B3aMMHAs «IPUTHPKA» TIOBEPXHOCTEH ¥ KOHTAKTHUPYIOIIHE
MIOBEPXHOCTH SIBIISIOTCSI TMPAKTHYECKH TVIAAKUMH. [IOHATHO, 9TO OOHApYXHWTh HAPYIICHHE CUEIUICHUS MEXIy
HAMH YHCTO pAJAMOJIOKAIMOHHBIMH METOJAaMH B TaKoil cuTyanuu Oe3 NPUBICYCHHS OMOJHUTEIHHON
MHPOPMALINHU HE MPEACTABISIETCS BO3MOXKHBIM. OIMH M3 BO3MOXKHBIX ITyTeH PEeIIeHHs STON 3a4a4l 3aKIII09aeTCs
B TIPOBEICHUW IOIOJHHUTENBHBIX H3MEPEHUH, HalmpuMep H3MEpPEeHHs YIPYroro mpornda oA 3TaJTOHHOM
Harpy3Kod WIJIM UCIIONb30BaHHE JiepJIeKTOMETpa NaJalomero rpysa. B TakoMm ciydae MOSBISIETCS
JIOTIOJTHUTENbHAsT MHGOPMALUsT O pasJIMuMsIX B XapaKTEPHCTHKAaX COCETHHX YYaCTKOB JIOPOTH, KOTopas B
COBOKYITHOCTH C JIAaHHBIMHU r€OpagapHOro 00CIeJOBaHHS MOXKET CIIY’)KUTh OCHOBOH JUISI HOCTPOEHHMS aJlrTOPUTMOB
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06Hapy>KeH1/m " JIOKAJIU3alliu pacCI0CHUs.

a) 0)

Puc.2. KepHsl co crerieHHBIMU closIME (a) U ¢ paccioerneM (0).

0)

Pnc.3. KepHsl ¢ paccioeHreM n IIOTHBIM KOHTakToM. OOmImii BUA () M BUA Pa3AeNeHHbIX TToBepXHOCTeH (6).

OpHako, 3Ta METOAMKA BBIXOIWT 3a PAMKH YHUCTO PaarodU3UYECKUX 3a7ad U TPeOyeT OTAEIHHOIO
paccMOTpeHus] ¢ TPHUBICYCHHUEM COOTBETCTBYIOIIMX MOJENIEH W MPOrpaMMHOTO obOecmeueHus. [lodTomy B
JIAHHOW paboTe Mpexkae BCero MpoBenéM aHain3 MeTofa o0pabOTKU CHUrHajioB, npeaioxkeHaoro B [13].
Ucnone3ys crangapTtHeie ¢GopMynsl (B NpUOIMXEHHHM IUIOCKOH BOJNHBI) A pacuéra Kod(QuimeHToB
OTpaKeHUS U IPOXOXKICHUS, COOTBETCTBYOIuE popmynam (1,2), aBTOPBI IPUBOIAT TECOPETHICCKIE PE3YIIbTATHI
pacd€TOB CHTHAJOB, NPHUIIEAININX OT TOHKOTO IPOMEXKYTOYHOTO CIIOS, HAaXOJSIMIErocs B COCTaBe oOOmmIei
MHOTOCJIONHOM cpeabl. C TOUKHM 3pEHHsI TEOPUHM CUTHAN, OTPaKEHHBIH TaKOW MPOJOJBbHOM HEOAHOPOIHOCTHIO,
MPEJCTaBIsACT cO00M HHTep(EPECHIIMOHHYI0 KAapTHHY BOJH, KOTOPBIC NPUILIH B NPUEMHYIO AHTCHHY OT
Hapy»HOW ¥ BHYTPEHHEHN IPAHUIl TPEIIMHBI ¢ YUYETOM 3aTyXarOLUX [OBTOPHBIX OTPAXEHUM MEXIy IpaHULIAMU
sToro ToHKoro ciost [13]. Ommako, Ui MONYYEeHHsS KOPPEKTHBIX MATEMAaTHYECKHX OICHOK 3TOT BOIPOC
HEOOXO0/IMMO HCClIeIoBaTh Ooliee TIarenbHo. JIJisl JOCTHIKEHHS HATJLSIIHOCTH M TPEOIOJICHUS] HEOIPaBIaHHOTO
YCIIOKHEHHS BBIKJIAIOK, BBEIEM CIIEAYIOIIYIO CHCTEMY 0003HAUYECHHI:

So. So (A7 +A71y), So (A7 + ATy + ATy ) — Bpemenmoe pactipeienenne CHTHATIOB C YHETOM 3a/IEpiKKH,

+ .
Ry — xoaddpuument orpakeHnst OT HapyKHOH MOBEPXHOCTH B CTOPOHY MOJIOXKHUTEILHOTO HAIPABICHHs OCH Z,
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- T+
To \Tg' — kOdp@UUMEHTEl TPOXOKACHWS CHTHANA dYepe3 BHOIIHIOW IOBEPXHOCTh cpeapl  (Z=0) B
OTPHULATEIEHOM ¥ HOJIOXKHUTEIEHOM HallPaBJICHUSIX OCH Z COOTBETCTBEHHO,

- +
T, T{" — kosdduuueHTbl NPOXOKICHHS CHTHAJNA Yepe3 BTOPYIO IPAHMIy cpeasl (Zi) B OTPHULATEILHOM H
THIOJIOXKHUTEITEHOM HaIlPaBJICHUSX OCH Z COOTBETCTBEHHO,

R, R, RS i 1 i 2
1 Ry Ry —xoaddunuentsr otpaxenns ot nepBoil rpanusl (MHAEKC 1) M OT BTOPOH rpaHuIbl (HHAEKC 2) B
MOJIOKUTETHHOM HampaBlieHud ocu Z (3HaK +) U OTPHUIATEILHOM HampaBieHu: ocu Z (3HaK —),
_T- T+ _T-.T*
TTy =Ty Ty T =T -Tq".
Torma, yuuThIBast, 9TO TOJIIIMHA MEPBOTO CJIOS MHOTO OOJBIIEC TONIIMHBI BTOPOTO, a TPETHH CIOH MMeeT

MpPaKTHIECKN OCCKOHEYHYIO TONIIMHY, 3aMUIIEM BBIPAKEHHE U Pe3yIbTUPYIONIETO CUTHANA C YIETOM JIHIIb
JIByKpaTHOTO OTPaXXKEHUS MEXAY IPaHUIIAMU BTOPOT'O CJI0S B CIEAYIOILEM BHJE:

SR(t) = SO . Ra— +SO (AT]_)‘ Rf— TTO +SO (AT1+AT2)'TTO TTl . R; +

9)
+SO (AT]_ +AT2 +A7,'2)‘TTO TTl . R; . Rl_ . R; +...

B (9) mepBoe cnaraemoe COOTBETCTBYET OTPaKCHHIO OT HApY)KHOH I'PaHHUIBI CPelbl, BTOPOE — CHTHAIY,
OTPaXEHHOMY OT HMKHEU I'DAHULbI IIEPBOIO CIIOSI U 3aT€M IPUHATOMY IPUEMHOM aHTCHHOM, TPETHE ClIaraeMoe
— CHUTHally, IPOILIEIIEMY OAMH pa3 4Yepe3 HUKHUM CIOH U NPHUHATOMY NPUEMHON aHTEHHOW, U IIOCIIEIHEE
cjlaraéMo€ COOTBETCTBYET CHUTHally, 3apEeTrMCTPUPOBAaHHOMY NPUEMHON aHTEHHOW TMocie JBYKPaTHOIO
MPOXOXKJCHUS Yepe3 HIKHUM ciioi. Jlanee HeoOxoaumMo ¢ moMoupio hopmyi (2,3) paccuuTaTh aMILIUTYABI STHX
CHTHAJIOB JUISl PA3JIMYHBIX COOTHOLICHUH MEXIy mapamerpamu Mmojenu. s 3Tux 1enell BhiOepeM 3HaYEeHUs
MapaMeTpoB, XapaKTEpHBIC JUI HECKOJBKHX pPacHpOCTpaHEHHBIX cuTyaumil. IlepBeii Habop mapamerpos
XapakTepeH Uil HOBOTO cJosl ac(anbTOOETOHA, YIO)KEHHOTO Ha YK€ CYIIECTBYIOIIEE ITOKPBITHE, KOTJa B
pe3ysbTaTe HapyMICHHS TEXHOJIOTHMH PadOT BO3ZHHKIO PAacCIOCHHE, HO IIPU ATOM BOJA B MECTE HAPYIICHUS
KOHTAaKTa MEXIy CIOSIMH OTCYTCTBYeT. BTOpO#i BapHaHT COOTBETCTBYET HAIWYMIO OOJIBIIOTO PAaZHOKOHTpacTa
MEXKAY CIOSIMH, YTO MOKET OBITH CBSI3aHO C HAJMYMEM BOIBI B MECTE HApYyMICHUS KOHTAKTa. TpeTwii BapHaHT
NpUBEIEH IS CPABHEHHS U COOTBETCTBYET HAJIMUHUIO OJM3KOTO IO TOJIIMHE CJIOS, HO 0€3 HapyIIeHUsS KOHTaKTa
MEXAY CIOSIMU.

JII HarasAHOCTH TNOJyYeHHbIE Pe3yJbTaThl PacdéTOB CBEACHBI B TaOJIMIly , TJ€ AaHHBIC NPEICTABIICHHI B
BHUJIE ClIaraeMbIX BBIpaXkeHUs (9), KOTOpoe Teneph 3aluileM B BUAE:

SR (t) = SO 'CO + SO (ATl)' Cl + SO (ATl + ATz)‘ C2 + SO (AT]_ + ATZ + AT2)'C3 +.... (10)
Tabnmma .Pe3ynpraTsl pacderos.
& ) &3 Co G C, Gy
1 BapuanT 6,800 1,000 5,900 -0,446 0,357 -0,268 -0,050
2 BapuaHT 6,800 80,000 5,900 -0,446 -0,440 -0,026 0,006
3 BapuaHT 6,800 6,100 5,500 -0,446 0,022 -0,130 -0,001

[Ipu aHanm3e PacuéTHBIX JAHHBIX, IPEACTABICHHBIX B TAONHIIE , CIeAyeT IIOMHUTh, YTO BCE BEIMUMHEI
Co, C;, Cy, C3 B (10) conmepar n emé OAMH MHOXKHTENh S € PasIMYHBIMH 3HAYEHUAMH apPTyMEHTOB.

Bapuanun B 3Hau€HMAX apryMEHTOB OTPa)KalOT BPEMEHHYIO 3aJIepXKKy CHTHAJIOB, NPHIIECAIINX OT Pa3HBIX
HEO/IHOPOAHOCTEH (TIepBbIe TPH ClIaraeéMbIX) WJIM NPETEpPHEBIIMX Pa3HOE YHCIIO MEPeOTpakeHMH (IocienHee
ciaraemoe). OCHOBY HEpBOTO 3Tala aHaNIn3a PAacuETHBIX JAHHBIX COCTABISIET CPaBHEHHE aMIUIMTYH TEPBBIX
yeThlpéx curHanmoB B (9). Ilpexkne Bcero, oTMETHM, YTO BO BCEX PACCMOTPEHHBIX CIydasX aMIUIUTYJa
MOCJIEIHETO CUTHaja (pe3yibTaT MOBTOPHOIO OTPAXKEHHUsI BHYTPU BTOPOTO CJIOS) OKA3bIBACTCS! CYLIECTBEHHO
MEHbIIIe, YeM ISl Ipepayero curuaina. K Tomy ke Heo0XouMo NpUHUMATh BO BHUMaHHE TOT (DaKT, 4TO MpH
HAJIMYMAN 3330pa MEXAY CIOSIMH KOHCTPYKIIMHM MX MOBEPXHOCTH HE HWCIBITHIBAIOT TPEHHUS M MOTYT COXpPaHHTH
€CTECTBEHHYIO IIEPOXOBATOCTh, BOSHUKIIYIO B IPOIECCE YIUIOTHEHHS IpH CTpouTenbcTBE. C TOUKH 3peHHA
Je(heKTOCKOTINH 3TO IPUBEAET K JOMOIHUTEIBHOMY PACCESIHUIO BO (DIIYKTYal[HOHHYIO KOMIIOHEHTY U emé Ooiee
YMEHBIINT aMIUIUTYyAy curaaja. [losTomy ¢ y4€ToMm pe3ysnbTaToB MOAETHPOBAHUS MOXHO CIIENaTh BBIBOI O
BO3MOXKHOCTH y4€Ta JINIIB NEepBBIX TPEX ciaraeMbixX B (10) B cuTyaruy HaJM4YUs pacCIOCHUS TIPH YCIOBUH, YTO
MPOCTPAHCTBO MEXAY CJIOSIMHM HE 3alloJHEHO BoJoH. [Ipy Hammuum BoAbl MeXIy ciosiMu achaibTobeToHa
MEXaHN3M B3aHMOJICHCTBHS MPUOOpPETaeT WHOM XapakTep BBHIY BEJIMYUHBI OTHOCHUTEIBHOW AMAIEKTPHUYECKOH
nponunaemoctu Bozabl (80). B Takol cuTyanuu BTOpOH CIIOH SBJISICTCS CBOEOOPA3HBIM <«OKPAHOMY» IS
JIAIbHEHMINET0 PacIpOCTPAaHEHUs CUTHAla U IIPU STOM aMIUINTYJa CUTHala, OTPaKEHHOTO OT BHEIIHEH I'paHHIIbI
COM3MEPHMA 10 BEJTMYIHMHE C aMIIUTY/0H aHAJIOTMYHOTO CHTHAajIa B IEPBOM ciydae (3amonHeHue Bo3ayxom). I1o
MOHSATHBIM TIPUYMHAM 3HAKH Y COOTBETCTBYIOIIUX MHOXKHTENEH pasHble. TakuMm oOpa3oM, nanbHEHINi aHaIN3
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HEOOXOZMMO NPOBOMUTH C Y4YETOM OTMEUEHHBIX pe3ynbraroB (Tabmuia) u Ttakke ¢ yd4éroMm (opMbl
30HIUPYIOIIEro HMIYJIbCa BO BpeMEHHO# o0acTi. OueBHIHO, YTO HEOOXOJUMO TAK)KE YUUTHIBATH U 3HAKU TPH
kodpdunmentax B Tabmume 1. B wactHOocTH, aBTOphl pabGothl [13] mpeamararoT CTPOWTH AJTOPUTM
pacIo3HaBaHUs HAIWYUS PACCIOCHUS MMEHHO Ha OOHAPY)KCHUH HAIUYMS JBYX CHI'HAJIOB Pa3sHOW NOJSPHOCTH,
MPUIIEANAX OT OJM3KO PACMOJIOKECHHBIX TPaHUIl. DTO TMOATBEPKIAIOT M JaHHBIC TIEpBOM cTpoku B Tabmmme 1.

Koukperno, koap¢ummentor C; u C, nmeror mesnaumtensno oramuarommecs ammmryasl, a Cy  Tarke

OTpHUIATCJIICH, HO IIPU 3TOM OH W 3HAYUTCIIbBHO MCHBLIIC IO BCJIWYHUHEC, YEM Cl u C2 . CJ'ICI[OBaTeJ'II)HO, JUIsL

JambHEHIIETo MPOABIDKEHNS HE00X0AMMO OoJee JeTaIbHO UCCIEA0BaTh GOPMY pacIpeiesICHHsI TAKOTO CHTHAA
BO BpemeHH. [yt 3Toro mcmons3yem nporpammy «GeoVizy» cHadana B peXuMe MOICITHPOBAHHS CHIHAJIOB.
OO1mas 3a7a4a MPOBEIEHHBIX BEIMUCINTEIBHBIX SKCIIEPUMEHTOB 3aK/II0YAIaCh B:

- TOATBEPXKACHUN TPHUHIUINAIGHON BO3MOXKHOCTH OOHapyXeHus (pakTa HaIWdUsl PacCIOCHHUS B
JOPOXKHOH 0ZIEK e HEXECTKOTO TUIIA;

- UCCIEIOBAHUU BJIMSHUSA XapaKTEPUCTUK KaK caMOll JOpOXKHOH onexnpl, Tak U ummyinbcHeix CIIIT
CUTHAJIOB,

- ONTHUMM3ALUU TapaMeTpPOB 30HAUPYIOIIETO CHUTHAla C LENbl0 TOBBIIIEHUS HAAEKHOCTH M
JIOCTOBEPHOCTH OOHApYXEHUsI PacCiOeHHs (0YEBUIHO, YTO peUb HIET O BEPXHHUX CIIOSIX KOHCTPYKIIHH);

- pa3paboTke NMPaKTUYECKHX PEKOMEHJALMUH ISl TOPOXKHBIX WHXKEHEPOB M ONEPaTOPOB I'eOpaJapoB C
LEJIbIO MOBBILICHUS IPOU3BOIUTEIBHOCTH UX TpyAa U o0ecrieueHus 3P (HEeKTHBHBIX PELICHUH;

- ¢GopMyIHpOBKE 3agad IMOCIEAYIOIMX JTANOB Kak B YHCTO HAyYHOM IUTaHE (C TOYKH 3pEHHSA
JNEKTPOJMHAMUKA W Teopuu AnGpakiuM), Tak W U1 co3daHus Oomee 3(PQEKTHBHBIX alrOPUTMOB
MHTEPIPETALNH HA0OPOB TaHHBIX, ITOJydaeMbIX ¢ moMonipio coBpemenHbx CLUIT reopamapos.

Jnst pemeHust 3agad MEpBBIX TPEX ITyHKTOB OBUIM IPOBENCHBI CEPUHM BBIYMCICHHH BPEMEHHOTO
pacnpenenenus numiyiscaoro CIIIT curnana, oTpakEHHOTO KOHCTPYKIHEH TOPOKHOM OAEXKIBI C PACCIOCHUEM
B paMKax MpPOCTEHIIeH MO/IENH, KOTOpasi peICTaBiIsAIa cOO0H BEpXHHIA CIIOH TOIIIMHONW 6 CM C OTHOCHTENILHOM

JMDNIEKTPUYECKOH MpoHuIaemMocThio &1 = 6.8, u cnenyrommit cnoit Tonumnoit 0.7 cM (Mozenb paccioeHus) ¢
JMDNIEKTPUYECKOH MpoHuIaemMocThio &9 =1.0 (3amonnenue - BO3MyX) M MOMNOKKY, KaK MOJENb CTaporo

IMOKPBITHUA C ,I[HBJIGKTpI/I‘ICCKOﬁ MNPpOHUIIAEMOCTLIO 6'3 =59 (STO THIIMYHOC 3HAYCHHUC OJIs1 H3HOIICHHOI'O

acdanbro0eToHa, KOTOPBIM yKe HWMeeT MHoro mop). Jlms ynpolneHus aHaiau3a M JOCTHIKEHHs OOJIbILIeH
HArJISAHOCTH MBI IIPUHSITM TONIIMHY HUOKHero ciost Takod (90 cM), uToOBbI OTpakeHHe OT €€ HIKHEH TpaHuLIbI
HE Momaaano B obmacth pa3Béprku curnaia (10 He), pasymeercs, ¢ y4€TOM HAYaJIbHOIO MOMEHTA PETUCTPAIIUU
CUTHaJNA. 3OHOUPYIOIUN HMITyJhC HMEET CICTYIOIINEe XapaKTePUCTHKH: CMEIICHHE MOMEHTa MaKCHMyMa
HUMITyJIbca OTHOCHUTENBHO Hayalla IOKanbl OTcuéTa — 2 HC, aMIDIATyna - |, 3HaA4YeHHEe TaK Ha3bIBAEMOTO
YaCTOTHOTO MHOXUTENS M, ONpe e Ionero Bo30yKIaronuii reHepaTop UMITYJIbC:

2
S{t)=A -exp| -M - % (11)

U, KaK cJeACTBHe, (OpMY 3OHAMPYIOIEro uMmmyibca (KpyTusHy (pOHTa HMITyJbCHOTO CHTHAJa), KOTOPBIi
TeNepb ONUCHIBACTCS COOTHOILECHUEM

2
S"t)=A M -[M 12 —l}exp M- L (12)
2
Bun curnana, oTpax€HHOTO OT TaKOM KOHCTPYKILMH, NpuBeAEH Ha Puc. 4. B mpaBom BepxHeM yrity B Tabiuie
MPUBEICHBl 3HAYEHUS TONIIMHBI U JUIJIEKTPHUUECKON MPOHUIIAEMOCTH CJI0EB. AMIUIMTYJa HCXOJHOTO CHUTHasa
paBHa 1, a 3Haduenue MHoxuTens M B (12) npunsato paBHbIM 45. Ha pucyHke xopomo BuzaeH cursai (2),
OTpaXEHHBIM OT paccioeHus (TOHKHH NMPOMEXYTOUHBIA cioif). OH, Kak M TOBOPWJIOCH paHee, MMeEeT IBa
NPaKTHYECKU OJIMHAKOBBIX DKCTPEMYyMa U BHEIIIHE MOX0XK Ha rpaduk mepBoil npou3BoIHOM OT rayccoussl (6).
Jis HarnsaHOoCcTH Ha Puc.5 mpencraBneHsl aBa Trpaduka, COOTBETCTBYIONIHME MEPBOM MPOWU3BOJHOM OT
rayccouapl (uHuA 1):

(t—t5)°

S'(t)=—A-M-(t—t5)-exp| -M - 5

(13)

U IBYM rpadyikaM BTOPOW MPOU3BOIHOM, HO CABUHYTHIM BO BPEMEHH (JTMHUS 2).

CpaBHuTeNbHBIN aHanu3 rpa¢ukoB Ha Puc. 4, 5 cBupeTenbCTBYET, yTO cUrHai 2 Ha Puc. 4 cooTBeTcTByeET
OTPaXEHHIO HMITYyJIbCa OT TOHKOTO CJIos (pacciioeHus) IIOCKOJIBKY, Kak BUAHO u3 Puc. 5, curnan,
COOTBETCTBYIOLINM TEepBOH NMPOU3BOAHOW OT raycCOMJbl, UMEET JBa JKCTpeMyMa. B To ke Bpems, curhain,
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COOTBETCTBYIOIINI IByM rpadykaM BTOPOIl IIPOU3BOHOM, HO CABHHYTHIM BO BPEMEHH, HMEET €llle HEOOIbIIIOH
TpeTuil sKkcTpeMyM (oH 00BenEH oBasioM Ha Puc. 5). Enié HeoOXonuMo BBISICHUTH NIPUPONY CHrHana Ha Puc. 4,
KOTOPBIH 10 (opMe MOX0X Ha 30HAUPYIOIIUH MMITYJIbC C OTHOCHTEIBHO HEOOJBLIINM MaKCHUMyMOM B TOYKE
4.2 He. Ing BBIACHEHHS NPUPOIBI 3TOrO CHIHAJNA OBLJIO IIPOBEACHO MOJCIHPOBAHHE C ILICJIBI0 YCTaHOBHTb
BIIMSIHUE TIOBTOPHBIX OTPaXXCHHH 30HIMPYIOIIETO CHTHAla MEXIy I'paHHUIaMH (BEepXHEH W HIDKHEH) NepBOro
cnost. [y aToro ObIIM MPOBEACHBI PacUEThI IO IBYM MOJEISM, COOTBETCTBYIOIIMM Pa3HOIl TOJIIMHE BEPXHETO
ciosi. PesynpraTel pacuéToB npeacTaBieHsl Ha Puc. 6.

1— [ Homep cnon | Tomuuna, m I Jluan, npor. l
i | 1 0,06 68

i i 2 0,007 1

13 0.9 5.9

HopmMiMpoBaHHan amnmMTYaa cumana
;

g
7

G |75 B L) l IR ) LER AR Nl Tl 1 Bl A PR, L) LI | 5 L AL
0 1 2 3 4 5 6 7 8 9 10
Bpems, nC

Puc. 4. Buzx BpeMeHHOTO pacrpe/eneHus 30HAUpYIomero curuaia (1) ¥ uMItyneca, OTpakEHHOTO OT TPEXCIOHHOM
KOHCTPYKIHH (2).
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Puc. 5. Bun BpeMeHHOT0 pacrpeeNneHns CUrHaja, COOTBETCTBYIOIIEro MepBoil MPONU3BOAHON 0T raycconasl (1) u AByM
rpadukaM BTOpOH MPOM3BOTHON, HO CIBUHYTHIM BO BpeMeHH (2).

Ecimm Y4€CThb, YTO BPEMCHHAs 3aACpiKKa AT cBs3ana co 3HaueHHEM TOJIIIUHBI CJI0A H Tax Ha3bIBACMbIM
OCHOBHBIM YPAaBHCHUEM pPaJIUOJIOKAINHU, KOTOPOEC B JAHHOM CJIy4ac MOKHO IEPENUCATH B CJICAYIOUIEM BUJIE:

AT =SNE (14)
2-H

TO ¢ Yy4€TOM HM3MEHEHUs TOJIIUHBI ciosi B 8.4/5.5=1,5 pa3a moiydyaeM B TOYHOCTH TaKyl0 K€ BPEMEHHYIO
3anepxky D Ha Puc. 6. MakcuMyM mepBOro CHUrHasia MpUXOIUTCS Ha MOMEHT (4-2=2 HC), a BTOPOTO CHTHajga —
Ha MOMeHT (5-2=3 Hc). Otcrona BeruncisieM 3/2=1.5, 9To M ABISIETCS MOATBEPXKJICHNEM BBICKa3aHHOM BBIIIE
TUNOTE3Bl O TOM, YTO 3TOT CUTHAJ SABISAETCA MOBTOPHBIM OTPaXKEHUEM 30HIUPYIOLIET0 HMITYJIbCa MEXIY
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TpaHUIlaMU BepxHero cios. K coxxaleHuro, OrpaHHYCHHBIH O0beM MaHHOW PabOThl HE MO3BOJSET NETABHO
paccMOTpeTh BCE AaCMeKThl, CBSI3aHHBIC C MpoleccoM B3ammogeiicTBus mmmyiabcHbix CIII curnanorB c
TUIOCKOCTIOUCTBIMH  CpejaMi. ABTOPBI HAJCIOTCS YICIUTh 3TUM MpOoOJeMaM BHHMAaHHE B IOCICIYIOIINX
My OIAKAIUSX.
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Puc. 6. Bu BpeMEHHOT0 pacrpe/IeeH s CUTHAIOB, COOTBETCTBYIOIIETO TONIIIHE BepxHero ciiost 5.5 cM. (1) u 8.4 cm. (2).

BbIBO/IbI

B pabore npoBenéH aHamKM3 pa3IMYHBIX METOJIOB 0OPAOOTKH CHI'HAJIOB UMITYJIbCHBIX T€0PaJapoB C 1IEJIbI0
M3y4eHUs] BO3MOXHOCTEH METOJOB M QJITOPUTMOB OOPabOTKM TeopajapHBIX MAaHHBIX Ui TIOBBIIICHHS
HaJIEKHOCTH OOHAPYIKEHHUS TAKOT'O ONACHOTO JiepekTa TEXHMYECKUX KOHCTPYKIUI Kak paccioenue. B mporecce
00pabOTKH MOJENBHBIX W JKCHEPUMEHTATbHBIX TaHHBIX MPHUMEHSUINCh, B TEPBYIO OdYepellb, COBPEMEHHBIE
TEOPETHYECKUE METObI 00PabOTKU CUTHAJIOB U Iporpammuoe obecneueHne GeoVizy. B utore ycTaHOBICHBI U
MPOAHAIM3UPOBAHEI (PAKTOPEI, OMPECIAIONINE OTINYUSI U XapaKTepHbIE 0COOCHHOCTH MMITYIBCHBIX CHTHAJIOB
reopagapoB, KOTOPbIE MOTYT HUCIIONB30BaThCS i OOHAPYKEHUS pacciIOeHHs KaK HapyIICHNsT KOHTaKTa MEKIY
CIIOSIMH, WM OOHApPYXCHHS HAIMYMS TOHKHAX CJIOEB B COCTaBE MHOTOCIOWHON cpeapl. Takum oOpasom,
MPEUTOKEHHBI MMOMXO K IIOCTAaHOBKE 3aJadyd COBMECTHO C MPOJCIaHHBIM TEOPETUYCCKAM aHaJIH30M U
pe3ynabpTaTaMH YHCICHHOTO MOJEIUPOBAaHMA IIO3BONMIM B HTOTe OOOCHOBAaTh BO3MOJKHOCTH ITOBBIIICHUS
HaJEXHOCTH TPOLEAYphl HEPa3pyIIAIOIIEro KOHTPOJsS KadecTBa U A((PEKTUBHOIO BBISBICHHS KPUTHYECKUX
Je(heKTOB B MIOCKOCIOUCTBIX KOHCTPYKIMSX C TOMOIIBIO METO/IOB T'€OPaIHOIOKALIUH.
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AOJTI'OTHBIE BAPUAIIMHA ITOJTHOT'O 3JIEKTPOHHOT'O COAEPKAHMS
CPEJHEIINPOTHOU NOHOC®EPHBI
N.I'. 3axapos, A.M. Lipimban

Xapvrosckuti nayuonanvHblil yHueepcumem umenu B.H. Kapasuna, 61022, 2. Xapvros, ni. Ce0600b1,4
E-mail: zakharov@karazin.ua
[Moctynuna B penaxuuto 24 saBapst 2019 r.

AKTyallbHOCTb. B mociemnue rofsl cTalo sICHO, YTO BONPOCHI JUHAMUKH BepXHeH aTMocdepbl U HOHOC(HEpHI
ClleyeT paccMaTpUBaTh KaK HEOTHEMIIEMYIO YacTh KIMMATONOTHH aTMocdepsl B 1enoM. JJonroTHele 0COOEHHOCTH
HnapamMeTpoB HOHOC(EpB! 00YCIIOBICHBl B OCHOBHOM BIIMSHHEM Ha HOHOC(EPY HIDKEIEKalnX clIoeB aTMocepbl, a
takke surocdepsl. biaaromaps stoMy, MX HccienoBaHue sBisiercs 3()(GEKTHBHBIM HHCTPYMEHTOM H3Y4YEHHS
KJIMMATOJNOTHH aTMoc(epsl, YTO BaXXHO OIS IPOTHO3a CPeAbl OOMTAaHWS dUeNOBEKa M PEIICHHS psga APYTHX
NPUKJIaTHBIX 331a4.

Hens paGoTsl — aHaNM3 MOJNTOTHBIX BapHalWi MONHOTO 3yeKTpoHHOro coxepxxanus (I19C) cpeanHemmpoTHON
HoHOC(EpPHI 1 UX BO3MOXKHOH CBSI3M C IIPOIIECCaMM B HIDKHEH aTMocdepe, TuTocdepe 1 reoKocMoce.

Martepnansl u Metoabl. lccnemoBaHus NHpOBENeHBI € HCHONB30BaHWEM AaHHEIX o [IDC, MONydeHHBIM IIO
WU3MEpEeHMsIM CHUTHAJIOB HAaBUTAllMOHHBIX CHYTHUKOB B siHBape 2018 roma. lcmonb3oBaHBI Takke HaHHBIE O
MPU3EMHOM aTMOC(EPHOM JaBJICHUU Ha TOJITOTHON IETTOYKE METEOPOJIOTHYECKUX CTaHIMA BOMI3H mmpoTsl 40° N, a
TaKKe JaHHBIC O CEHCMUYECKOW AKTUBHOCTH M KOCMHMYECKOH morone. Mcroip3oBaHel METOJ MHOKECTBEHHOI'O
PErpeCcCHOHHOTO aHANIU3a U JPYTHe CTATHCTUIECKIE METO (bl aHAIIH3A.

Pe3yabTaThl. YcTaHOBIEHB! 3HaUNTENbHBIE JonroTHBIe Bapuanun [19C (B nmpotuBodase ¢ BapHaIHAMH MIPU3EMHOTO
aTMOC(EPHOTO JABICHUST), KOTOPBIE MOXKHO TIPEICTABUTh B BHJE CyMMBI HECKOIBKUX 30HANBHBIX MOJ. PaccMoTpeHst
0COOCHHOCTH HM3MEHYMBOCTH aMIUTUTYIBI 3THX MOJ B 3aBHCHMOCTH OT IIPOLIECCOB B JMTOC(epe, Tporocdepe U
TeOKOCMOce. Y CTaHOBIICHBI "KpUTHYECKHE" NaThl, BOJIN3U KOTOPBIX B3aNMOCBSI3b MEKIY HPOLECCAMH B Pa3IMYHBIX
3eMHBIX 000JI0YKax 3HAUYUTEILHO BO3pacTaeT.

BeiBoasl. IomydeHHbIe pe3yinbTaThl CBUACTENBCTBYIOT O 3HAYMTEIBHOM BIHMSHHM Ha HOHOChEpy HIDKEIeXallux
clloeB aTMOc(epsl 3a CYEeT pacHpOCTPAHEHHs BBEPX IUIAHETAPHBIX BOJIH, 3aIlyCKAIOIIUX PsIi BTOPUYHBIX IPOIECCOB
Ha BBICOTaxX HIDKHEH TepMocdepsl. AKTHBHOCTh yKa3aHHBIX MPOILECCOB KOPPEIHPYET C Pa3sHOCTHIO aTMOC(HEPHOTO
JaBJICHHUS B JAleKO PAa3HECEHHBIX IIYHKTaX HAONIOACHMS, YTO YKa3blBaeT Ha BO3MOXKHOCTh TpaHChopmarmu
JIOKaJIBHBIX aTMOC()EPHBIX BO3MYIIEHUH B OOIIEIIIaHeTapHEIE.

KJIFOUYEBBIE CJIOBA: noHOE 371€KTPOHHOE COAepKaHue, TONTOTHBIE 3()(eKTHI, ITaHeTapHBIC BOJHEL.

JOBI'OTHI BAPIAIIII IOBHOI'O EJIEKTPOHHOI'O BMICTY CEPEJJHbOILIMPOTHOI
IOHOC®EPU
LI'. 3axapos, A.M. Iluméan
Xapxiecoruil nayionanvruii ynieepcumem imeni B.H. Kapasina, 61022, m. Xapxis, nn. Céoboou, 4

AKTyanbHicTh. B ocraHHI poku cTaynio sICHO, W0 NUTaHHS JWHAMIKH BEPXHBOI atMocdepu i ioHochepH ciix
po3risigaTH SK HEBiA'€eMHY 4YacTHHY Kiimaronorii atmocdepu B Iiomy. [IoBroTHi ocoOJMBOCTI mapameTpiB
ioHOCepr 0OyMOBIIEHI B OCHOBHOMY BIUIMBOM Ha i0HOc(epy HIDKYMX HIapiB atMocepd, a TaKoX JiTocdepH.
3aBIIKHM IOMY iX TOCITIKEHHS € e)eKTUBHUM iHCTPYMEHTOM BHBUCHHS KITIMATOJIOTIi aTMOC(epH, 0 BaXKITUBO IS
MPOTHO3Y CTaHy AOBKIJUIA 1 PIIICHHS HU3KH 1HIIUX TMPUKIAJIHIX 3a/1a4.

Meta po60TH — aHaNi3 JOBrOTHUX Bapialliil moBHOTO enekTpoHHoro Bmicty (IIEB) cepeprpommpoTHOI ioHOChEpH 1
X MO>KJIMBHIT 3B'I30K 3 MPOLIECAMH B HIDKHIM aTMocdepi, JliTocdepi Ta reOKOCMOC.

Marepiann Ta Meroam. J[locnmikeHHS TpOBeleHI 3 BUKOpUCTaHHSAM JaHux mnpo IIEB, oTpumanux 3a
BUMIPIOBAaHHSIMU CHTHAJIIB HaBirauifHuX cynmyTHHUKIB y ciuHi 2018 poky. Bukopucrano Takox gaHi npo npu3eMHHUi
aTMOC(EpHUH THCK Ha JOBrOTHOMY JIAHIIOKKY METEOPOJIOTIYHUX CTaHIii moommsy mmpotu 40° N, a Takox JaHi
Mpo CeCMiYHYy aKTHBHICTh 1 KOCMIUHY MOTony. BUKOpHCTaHO METOJ MHOXHHHOTO PErpeciiiHOro aHami3y Ta iHImIi
CTaTHCTHYHI METOJH aHAII3Y.

PesyabTaTn. BeranosneHo 3HauHi goBroTHi Bapiamii [IEB (y mpotudasi 3 BapiamissmMu Ipu3eMHOTO aTMOC(HEPHOTO
THCKY), SIKI MOXXKHa TIPEJICTABUTH Y BUTIISA/AI CYMH JEKUTBKOX 30HAIBHUX MOJ. PO3rIsSHYTO OCOOIMBOCTI MIHIMBOCTL
aMIUTITY/IM [IUX MOJ B 3aJIGXKHOCTI Bix mpotueciB y JitTocdepi, Tponocdepi Ta reokocMmoci. BetaHoBneno "kputudsi"
JIaTH, TTOONU3Y SIKUX B3aEMO3B'I30K MiXK IIPOIIECAMH B PI3HHUX 36MHHX 00OJIOHKAX 3HAUYHO 3POCTAE.

BucHoBkn. OTpuMaHi pe3ysibTaTH CBiYaTh NpPO 3HAYHUI BIUIMB Ha ioHOChepy HIKYMX HIapiB aTtMocdepu 3a
paxyHOK MOLIMPEHHS Bropy IUIAHETAPHUX XBHIIb, L0 3aIlyCKAIOTh PsiJi BTOPHHHHX IPOIECIB HA BHCOTaX HIKHBOT
TepMocdepr. AKTHBHICTD 3a3HAYCHHUX IIPOIECIB KOPEIIOE 3 PI3HUIEI0 aTMOC(HEPHOTO THCKY B JANEKO PO3HECEHUX
MyHKTAaX, 010 BKa3y€e Ha MOXKIIMBICTh TpaHC(opMaIii JoKaIbHIX aTMOC(epHHUX 30ypeHb B 3arajibHOTLIAHETApHi.
KJIFOYOBI CJIOBA: noBHHI €TeKTPOHHHMI BMICT, JOBTOTHI €(peKTH, IITaHEeTapHI XBHIIL.

© 3axapos W. T'., [{sim0an A.M., 2019
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LONGITUDINAL VARIATIONS OF THE TOTAL ELECTRONIC CONTENT OF THE MID-
LATITUDE IONOSPHERE
I.G. Zakharov, A.M. Tsymbal
V.N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine

Background: In recent years, it has become clear that the issues of dynamics of the upper atmosphere and ionosphere
should be considered as an integral part of the atmosphere climatology as a whole. The longitudinal features of the
ionospheric parameters are mainly due to the effect on the ionosphere of the lower atmosphere layers, as well as the
lithosphere. Thanks to this, their study is an effective tool for studying the atmosphere climatology, which is
important for predicting the human environment and solving a number of other applied problems.
Obijectives of the work is the analysis of longitudinal variations in the total electron content (TEC) of the mid-
latitude ionosphere and their possible association with processes in lower atmosphere, lithosphere and geocosmos.
Materials and methods. The studies were carried out using data on TEC obtained from measurements of navigation
satellite signals in January 2018. We also used data on surface atmospheric pressure at longitude chain of
meteorological stations near latitude 40° N, as well as data on seismic activity and space weather. The method of
multiple regression analysis and other statistical methods of analysis are used.

Results. Significant longitudinal variations in TEC (in antiphase with variations in surface atmospheric pressure) are
established, which can be represented as the sum of several zonal modes. The features of amplitude variability of
these modes depending on the processes in the lithosphere, troposphere and geocosmos are considered. "Critical”
dates have been established, near which the relationship between processes in different earth shells increases
significantly.

Conclusions. The results obtained indicate a significant effect on the ionosphere of lower layers of the atmosphere
due to propagation of planetary waves upward, triggering a number of secondary processes at the heights of the lower
thermosphere. The activity of these processes correlates with the difference in atmospheric pressure at widely spaced
observation points, which indicates the possibility of the transformation of local atmospheric disturbances into
planetary ones.

KEY WORDS: total electron content, longitudinal effects, planetary waves.

BBEJEHUE

B GospmmHCTBE MOZENEH BepxHEH arMocdepsl U HOHOC(HEPHl MPHHUMACTCS, YTO N3MEHEHHE IapaMeTpoB
aTMoc(epbl U MOHOC(EpPHI MO0 NONTOTe He3HaYMTEeNbHbI. OJHAKO PE3yJbTaThl M3MEPEHHH HE MOATBEPKIAIOT
Takoe mpezanosoxenue. OnpeneseHHbI BKJIaJ B JOJTOTHBIE Pa3iMyMs HAa HMOHOC(HEPHBIX BHICOTAX BHOCHT
HECOOTBETCTBUE Teorpaueckoro M I'€OMarHUTHOTO IOJIOCOB IUIAHETHI. JTH OCOOCHHOCTH OYEBUIHBI JUIS
BBICOKOIIMPOTHOI HOHOC(EPBI M COXPAHSIOT CBOE 3HAYSHUE Ha CPEAHUX mHpoTax [1].

Eme Gompmmx pasnuyuii cliefxyeT 0XXKHAATh M3-33 CYIIECTBEHHOH 3aBHCHMOCTH BETPOBOTO IOJISI BEPXHEH
atMoc(epbl (Kak MHHMMYM €€ HIDKHEH YacTH) OT JOJTOTHI: HE30HAJIBHOCTh BETPOBOTO MOJSI B HIDKHEH
TepMocdepe SBISETCS NPUHIHUIHAILHON O0COOCHHOCTBIO KJIMMATOJIOTMH BETPOB Ha 3THUX BBICOTAaxX [2]. DOta
3aBUCHMOCTD CBSI3aHA C PETHOHAJIBHBIMH OCOOCHHOCTSIMH HIDKHEW aTMOC(Ephl W 3aBHCHMOCTBIO OT JIOJITOTHI
XapaKTEePUCTUK PACHPOCTPAHSIONINXCSA CHHU3Y IUIAaHETapHBIX BOJH, NPWJIMBOB U BHYTPEHHHMX T'PaBUTAIIHOHHBIX
BOITH [cM., HampuMep, 2-4], CTOCOOHBIX IPOHUKATH B HIDKHIOIO TepMochepy. B obmacti F2 Takke ycTaHOBICHBI
3HAYUTEIbHBIC JONTOTHBIE Pa3Iudus HOHOC(EPHBIX MapaMeTpoB, HECMOTPS Ha TO, YTO IPOHUKHOBEHHE HA 3TU
BBICOTHI HamOoJee Ba)KHOTO THIA BOJH — IUTAHETapHBIX — 3aTpynHeHa [4-7]. Ilomaraior, yto Ha OoJsblINE
BBICOTBI 3T HEOJHOPOJHOCTH HEPENAIOTCS 32 CYET BTOPUYHBIX A(P(PEKTOB, U3yYCHHBIX B HACTOSIIEE BpEMs
HenocTatoyHo [4-7]. B nenom, moHocdepHas M3MEHUYMBOCTh, BbI3BAHHAs MpoOLlECCaMK B HIDKHEW atmocdepe,
MOJKET OBITh COMOCTaBMMAa C THUIMYHOW H3MCHUYHMBOCTBHIO, BBI3BAHHOW TI€OMAarHUTHBIMH (akropamu [8].
CrenoBarenbHO, €CTh BCe OCHOBAHHUSI paccMaTpHUBaTh BONPOCH! JIMHAMHUKH BEpXHEH atMocdepbl 1 HOHOC(EpH
KaK HEOTHEMJIEMYIO YacTh KIMMATOJIOTnu arMocdeps! B iesiom [9].

Teopernueckue MCCIIEOBAHUS JAHHOTO BOIIPOCA COMEPKAT HEM30EKHbBIE YIPOILIEHHUs, KOTOPhIE TPHUBOISIT
K pasnu4yusIM TEOPHUM U OKCIEpUMEHTa. B Takux YCIOBHAX MPEICTaBIACTCS BaKHBIM IOJy4EHHE
9KCIIEPUMEHTAIILHBIX CBUJIETEIBCTB B3aUMOJCHCTBUS pa3HBIX cjoeB arMocdepsl. B kadecTBe HMHAMKaTOpa
IpoLIECCOB B BepxHEH arMocdepe yMOOHO HCIOIB30BaTh HMOHOC(EPHBIC JAaHHBIE, TaK KaK JUIMTEIbHBIC
HaOMIOZEHUs] HEWTPAIBHBIX IapaMeTpoB aTMoc(epbl Ha TakWX BBICOTAX 3aTPYAHEHHI. JlOMOJIHMTENbHBIC
MPEUMYIIECTBA CO3MIAIOTCS TPH HWCIOJIB30BAaHWU JAHHBIX O TIOJHOM OJJIeKTpoHHOM coxaepxannu (I[19C)
noHOCc(Eeps!, MOyYeHHBIX TI0 U3MEPEHISIM CHUTHAJIOB HAaBUTALMOHHBIX CITyTHHKOB Ha HAKJIOHHBIX Tpaccax, 9To
MO3BOJISIET CTPOUTH TiT00anbHbIe KapThl [I9C He TONBKO HaJl CylIel, HO U HaJ akBaTOpHeW 0e3 HHTEePIOJIINH.

Henp paboTel — aHanu3 noaroTHEIX Bapuanuii [19C cpeqHemnpoTHON HOHOC(EPHI U MX BO3MOXKHOH CBS3U
C TIpoIieccaMu B HIXKHEH atMocdepe, TurTocdepe U TeOKOCMOoce.

JAHHBIE 1 METO/IbI AHAJIM3A
Jisg aHanm3a JOJTOTHBIX BapHAIid HMCHOJB30BaHBI Ti00aimbHBIE KapTel [IDC, KOTOpbIE CTPOSATCS IO
U3MEPEHUsIM CUTHAJIOB HABUTAlIMOHHBIX CIIyTHHKOB C Y3JIaMH CETKH C IIaroM 2,5° mo muporte, 5° no Aonrore u
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1 gac nmo Bpemenu. [laHHbIe KapTorpadMpoBaHHsS B BHAE €XKECYTOYHBIX TaOJMI] MOCTYIHBI Ha caiite
http://www.aiub.unibe.ch/download/CODE/. B wname#t pabote 11 aHamm3a JOJATOTHBIX 3(PQEKTOB
WCIIONB30BaHbl JaHHBIe 3a sHBaph 2018 roma Ha mmporte 40° N, KoTOpas B paBHOW Mepe yaajeHa KakK OT
aBPOpAJBHOM, TaKk M OSKBAaTOPHAIBHOH 30H HMOHOC(Ephl, HMMEIOINX CYLNIECTBEHHBIE OCOOCHHOCTH B
MPOCTPAHCTBEHHOM pacnpeesieHnl HoHoc(hepHbIX mnapamerpoB. Hike 3nHauenus [19C mnpuBeneHsl B
obmenpuuaTeX eqununax TECU = 1016 M2,

JIs OLCHKU TPOILIECCOB B HIDKHEH aTMoc(epe MCIOJIB30BaHbl JaHHBIC O IPHBEACHHOM K YPOBHIO MODS
arMocdeprom gasiennn (Pg) 13 MeTeoposornieckux cranimii (caiit www.gismeteo.ru/diary) BOIH3HM IHPOTHI
40° N: Monra-Tapca (25,4° W), Banencus (0,4° W), Jleuue (18,2° E), Jlapucca (22,4° E), Bypca (29,1° E), Baxy
(49,9° E), Tamukenr (69,2° E), Ilekun (116,4° E), IIxenpsn (125,8° E), Axura (140,1° E), Boynzep (105,5° W),
Kanzac-Cutu (95,6° W), Ounamensdus (75,2° W). [dnst BbiJeTICHHS BIWSHUA HIDKHEH aTMocdepbl Ha
noHocepy Ha (OHE HENpPEepHIBHO BIMAIOMINX (PAKTOPOB KOCMHUYECKOH IOTOJBI, WCIIOJIB30BAaHBI JAHHBIE O
COJIHEUHOH (IUIOTHOCTH MOTOKa paanonsiaydeHus ConHna Fio7) M reoMarHuTHOM (MHAEKC Ap) aKTUBHOCTEH C
caiira ftp://ftp.swpc.noaa.gov/pub/indices/. Pomp nuTOC(hepbl paccMaTpuBanach C HCIOJIb30BAHHUEM TaKOTO
MOHATHUS Kak riobanpHas ceiicMuueckast aktuBHOCTh ('CA), koTopas olleHHBajIach 0 MaKCHUMalIbHOM 3a CyTKU
MarHuTyze 3eMJICTPSICCHUS (Mmax). JanHbIC 0 3eMJIETPSICEHHSIX B3SITHI Ha caiite
https://earthquake.usgs.gov/earthquakes/search.

PE3YJIBTATHBI

Cpenuue ponrotHsle Bapuanuu [I9C nemoHCTpUpyIOT ueThlpe MakcumyMa (Puc. 1 — oTpunaTtensHbIe
3HAYCHHS COOTBETCTBYIOT 3allaIHOM JONTOTE), MOJIOKEHHE KOTOPHIX IO TOJTOTE B TEUECHUE MECSIa OCTaBajIoCh
MOYTH HEM3MEHHBIM, HO TIOCTEIIEHHO MEHSIACh UX aMIUNTyIa. Pasmax konebanuii monroTHEIX Bapuanuii [19C
cocraBun noutun 3 TECU, mmm 43 % ot cpemmero 3HaueHus [1DC 3a mepuon HaOmronmeHwit. Eme Oomee
MOpPa3UTEIbHBIM SIBIAIOTCS pe3kue JoarotHele rpaaveHTel [IDC. Makcumanenble usMeHenus I19C,
npeBbImaromue Bo MHorue 1 50 % ot cpennux 3HaueHuid [19C B maHHBIC CYTKH, HAONIONAINCH B HHTEPBAJIS
ot Azopckux octpoBoB (25° W) mo Epporsr (okoso 30° E). [TomoOHbIe rpaleHThl COMIOCTABUMBI ¢ CYTOYHBIMH
rpaaueHTamMu [19C Ha CpegHHMX IIUPOTaX. 3HAYUTEIbHBIC TOJTOTHBIC TPAJUCHTHI MapaMeTPOB HOHOCHEPHI
(xpuTnyeckas yactoTa odsactu F2) dpukcupoBanuck u paHee [cM., Harpumep, 4].

Kak HU3BECTHO, A30pCKI/IM OCTpOBaM COOTBCTCTBYCT OAHWH U3 HanOoJiee 3HAYMTEIBHBIX K IOCTOSHHO

CyHIECTBYHOIIUX  MAaKCUMYMOB aTMOC(i)epHOFO JaBJICHHA, 4qTo 290

MO3BOJIACT AOIMMYCTUTH CBA3b HNPU3CMHOIO0 AAaBJICHHS W HNPOLCCCOB B

& &)
I/IOHOC(I)epe. Pacuern CpeaAHUX AOJIIOTHBIX Bapualluu Py o JaHHBIM nac ¢ "1, | co

] FE MM.PT.CT.

13 craHmuii MOKaszadM WX BBICOKOE CXOACTBO (B MpOTHBO(dA3e) ¢
nonrotHeiMu Bapuarusimu [19C (Puc. 1), ocobeHHo Ha monrorax oT
A3zopckux ocTpoBoB 10 EBporsl.

YcraHOBIIEHHBIE KPYTHOMACIITA0HBIE OCOOSHHOCTH JIONTOTHBIX
Bapuarmii  [IDC  MOXHO mTpencTaBUTh Kak CyMMy  Tpex
rapMOHMYECKMX (QYHKUUI C mepuomamu 2w, T ¥ 7/2. YuuThIBas

crabuipHOE TONOXeHWe MakcumymoB I1DC, mpencrasmsercs — . o+ T T T T T
-180 -120 -60 o 60 120 180

OYEBH/IHBIM CBSI3aTh MX C MPOSIBICHUEM CTAIUOHAPHBIX TIAHETAPHBIX [lonraTa, rpan.

BoutH (CIIB) ¢ HECKOJIBLKMMH 30HAIBHBIMU MojaMu: M =1, 2 u 4. Puc. 1. CpemEme 3a MecAIl JOITOTHBIE

Ha Puc. 2 npusenen npumep nonarotHeix Bapuauui I19C g  Bapmamum II9C  (cruiomHas KpuBast) U
27.01.2018 B KpyroBbIX KOOPIMHATaX, KOTOPHIA JAeT HarjIsjHoe arMocdepHoro nasnenus (IMyHKTHP) B
npeJicTaBleHne 00 yKa3aHHBIX MOax: Moga M = | xapakrepusyer #HBape 2018 r.

CTEIeHb CMEIEHHs OT LIEHTPa UCXOIHOT0 Kpyra paBHbIX 3HaueHui [19C, m = 2 — onpezensier ero npeppaiieHue
B JJUIMIIC, M = 4 — Haimu4yue ABYX mepekpemuBaromuxcs "smmmmncos". [lo pe3yiapTaraM MHOXECTBEHHOTO
PErpecCHOHHOI0 aHaJH3a, aMIUTUTYABI MOA M = 1, 2 1 4 3HAYUTENHHO NMPEBBIIIAIOT OTPEIIHOCTh pacyeTa, Toraa
o 5 Kak MoZia M = 3 Bo Bcex ciaydasx Omm3ka K Hyimro. B TaGmmie npuBeaeHs

i 55 CpeIHHMe 3a SHBaph 3HAYCHHS aMIUINTY] 30HANBHBIX Mo [13C n mpumeps!

Ul ABYX OHEH, XapaKTepH3yloIlhe CTENeHb W3MEHYHMBOCTH HX

& % aMIIUTyAbl. M3MeHUMBOCTh aMIUIMTYJbl MOJ NPUBOAMT K 3aMETHOMY
n3meHeHnto Qopmbl gonroTHeIx Bapuammii [19C (cm. Hwke Puc. 5). B
cpeaeM, Momel M = 1, 2 m 4 oGecneunBatot 32, 41 u 27 %,
COOTBETCTBEHHO, BKJIaia B 10JroTHble Bapuanuu [19C.

B oTnenbHbIE THU aMIUTTYyla yKa3aHHBIX MOJ, 0co0eHHO M =1 u 2,
MEHSIOTCS B 3HAYMTENBHBIX IIpelenax, IpH OSTOM IIOYTH BCerdga B
npotuBodaze Apyr k aApyry (koaddumment xoppemsimuu I = —0,59; cm.
takke Puc. 3). BugHo, 4To 00paTHAs 3aBHCHMOCTH MEXIY 3THMHU MOJIaMH

10
nac

Ces. Amepuka
©
o

o
790
Ay

750 ,\(30

180
Puc. 2. Ilpumep  mONrOTHBIX
Bapmarmii  [I9C  27.01.2018 B

KPYTOBBIX KOOpAMHATaX.
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MpeJcTaBjieHa JByMs OTAEIbHBIMU (C YpoBHEM 3HauuMocTu P < 0,05) 3aBUCUMOCTSMHU:

An=2=1,15-131An1 (S1); Am=2=0,84 —1,46An1  (S2),

IpU TOYTH IIOJIHOM OTCYTCTBHM IIPOMEKYTOYHBIX 3HaueHHH. Takum 00pa3oM, HMMEIOTCS [Ba
atMoc(epel S1 M S, TEPEXOA MEXKAY KOTOPBIMH IIPOMCXOAWT, B OCHOBHOM, 32 CUET PE3KOTO0 H3MCHEHHS
aMIuIATy 6! Mol M = 1. Kak u3BeCTHO, Take IMEPEXOAbl XapaKTEPHBI U HETMHEHHBIX CHCTEM.

Tabnmma. AMmaTyas! 30HaIRHEIX Mo [19C, TECU

COCTOSAHUA

Jara m=0 m=1 m=2 m=3 m=4 [orp. pacuera
11.01.2018 6,66 0,66 0,17 0,09 0,31 +0,09
29.01.2018 6,94 0,07 0,76 0 0,39 +0,06
SlaBaps 2018 6,86 0,45 0,57 0,04 0,38 +0,06

PaccMoTpuM BO3MOXHYIO PO BO3MYILIEHHH B JHTOC(Epe, aTMocdepe, MarHuTOoCchepe U reokocMoce B
M3MEHYNBOCTH YCTAaHOBJIEHHBIX HONTOTHBIX Bapmanuii [I9C oto musa ko maro. Ha Puc. 4 mokaszansr (cBepxy
BHH3) M3MEHEHHUS OTO JHS KO JHIO reoMarautHoi aktusHocTH (ITMA), ITDC (B cpeanem u Ha monrote 150° W),

aMmIuTYyAa Mox M = 1 u 2 (mKama HampaBlieHa BHHU3), Pa3HOCTh
atMocdepHoro naBieHus, APgto, Mexnay Espomoit (22° E) u
3anagHbIM nobepekbeM Tuxoro okeana (140° E), a Takxke ['CA (Mmax)
B suBape 2018 r. Jlanusie o comneyHod axtuBHOocTH (CA) He
paccMaTpuBaJUCh ~ BBHJIY  HE3HAYMTENbHbIX  Bapuaumid  Fig7,
xapakTepHbIx ans MmuHumyma 11-netnero mukma CA. Hecmotpst Ha
ONpeNieNeHHble TEHAEHIMM, B II€JIOM, TECHBIX CBA3CH MeXIy
NPUBEJICHHBIME ~ XapaKTepUCTUKAaMHU HE IPOCMATPUBAETCS, YTO
yKa3plBaeT Ha OTCYTCTBHE JOMHHHUPYIOIIErO BIMSHUS OJHOH U3
reochep Ha npyrume. M3menenus [MA Taxke OBUIH HEBEIWKU:
MaKCHMaJlbHble 3HAdeHHs A, HE IOCTHTaJl YPOBHSA CIA0BIX
TEOMarHUTHBIX Oypb, OIHAKO, MJaxe Takux u3MeHeHHd [MA
OKa3aJIoch JOCTaTOYHO, 4TOOBI oOKa3aTh BinusHHe Ha [1D9C: cBs3b
W3MEHCHHAH YKa3aHHBIX BEIUYMH XapakTepusyercs koddduuueHTOM
koppemsin = +0,33 (p < 0,1). MexaHHU3MOM TakKOTO BIHSHHS

0.8

Am1
Puc. 3. PerpeccmonHas 3aBUCHMOCTH
ammmryg Mogx M = 1 mw m = 2
BbimeneHsl  MHTEpBalbl  HOTPEIIHOCTH
pacuera (p<0,05) .

MOTyT OBITh M3MEHEHHUs MEpHIHOHAJIBHOIO BeTpa B TepMmochepe mpu ysenmueHun ['MA, nogHumaromiue
HoHOC(EepHbIC CIIOU BJOJIb CHJIOBBIX JIMHUI B 30HY Oojice HHM3KOW pekomOuHarmu. Panee [10] taxxke ObLia
YCTaHOBJIEHA CBS3b T€OMAarHUTHBIMH U MOHOC(HEPHBIMHU XapaKTEPUCTHUKAMHU MPU HU3KOM ypoBHe I'MA, a B
pabote [11] moxasano, uro B MuHuMyMe CA mepexo] OT AJUTEIHHO CYNIECTBOBABIIMX (HE MeHee 7 CYTOK)
CHOKOMHBIX YCIOBHII K MarHMTO-BO3MYIIEHHBIM (0 A, = 15) mpuBOAMI K BO3MYIIEHHSM 3JIEKTPOHHOI
KOHIICHTpAIMH Ha BbIcoTax oOmactu F2 nmo 40 %, T.e. 10 ypOBHs, XapaKTEpHOTO AJS CpeIHEH TeOMarHUTHOM

BO3MYIICHHOCTH.

12

nac, TECU
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510 | \ (\’\ Puc. 4 (cneBa). Bpemennsie Bapuauun I MA, T19C (1 —
Yo A ‘ /\'V N cpeaHue Imo Aonrore, 2 — Ha gonrore 145° W,
10 30HaNbHBIX MojA II1DC, pasHOCTHM HaBIEHUS MEXIY
My ] EBpomoit n Asueii u [CA.

/\/\//\/\ﬁﬁ/\/

T T T
1 6 11 16 21 26 31
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L

AHBapb 2018 r

Puc. 5 (cnpasa). U3menenus [19C BOMU3H KPUTHIECKUX
nat (BepTHKaNbHBIE THHAU Ha puc. 4): 1 — 9 u 11
AHBaps, 2 — 21 u 25 sHBaps.

HeCMOTpH Ha YIOMSHYTOE BbIIIE OTCYTCTBHUC OYCBUAHBIX cBs3el MCXKIAY paccMaTpuBa€MbIMU
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MOKa3aTeas MU, B OTACNBHBIC JHH C PE3KUMM HM3MEHEHHSIMH HMX 3HA4YCHUH CBs3b TNpeJCTaBisieTcs Ooiiee
HarsiiHoH. Ha Puc. 4 Takue peskue usmeHneHus yerde scero 3ametuts B I'CA. Buano, uro 9-10 u 22-23 suBaps
(Ha30BeM 3TH aThl KPUTHUECKUMH — CM. BEPTHUKaAJIbHBIE JIMHUN) ypoBeHb [ CA pe3ko yBeandmiics, MOCHe Yero
MOCTETICHHO YMEHBIIAJNICS Ha TPOTSDKEHNH Heckonmpkux nHei. Ilepsenii poct I'CA mposiBuics Hambosee
cubHBIM 3emiteTpsicerrneM (3T) ¢ maraurynoit M = 7,5 (koopaunatsl snmmentpa 17,5° N; 83,5° W), Bropoit —
3T ¢ M =179 (56,2° N; 149,2° W). B 3nauernsx [13C u 'MA Ttakxe 3aMeTHBI H3MEHEHH BOJTU3U YKa3aHHBIX
mat, xoTs gl TMA oHM OBUTH COMOCTaBMMEI C M3MEHEHWsMH B npyrue nau. B I10C, kpome yBenmueHHs
CPelHNX 3HAaUCHWH BOJNM3M KPUTHUYECKHUX JaT, NMPOMCXOAWIO 3aMETHOE HM3MEHEHHE XapakKTepa JOJITOTHBIX
Bapuanuii [I9C 3a cuer ero pocra NPEHMYIIECTBEHHO HaJl EBPONEHCKHMM M OCOOEHHO aMepHKaHCKHM
koHTHHEHTamHu (Puc. 5), 4To npHBeNo K pe3KOMY YBEIHUYCHUIO 30HAJIBHOM MOABI M = 2.

BOnu3u kputHdeckux gat Hanbosee 3HAYNTEIbHbIE N3MEHEHHs — Ha 25 — 35 MM. pT. CT. — MpeTeprein He
aOCOJIOTHBIE 3HAYEHHs, a Pa3HOCTh aTrMmocdepHoro apasneHus, APpto, Mexay EBpomoil m TnxookeaHckum
nob6epexbeM (Puc. 4), uto HenpeMeHHO OyJeT CONPOBOXKIATHCS NEPEMEIEHHEM KPYMHBIX BO3AYIIHBIX Macc.
Takum o00pa3oM, HAJIMIO 3HAYWTENbHAS CHHXPOHM3AIMS IPOLECCOB OT IHUTOChEpHl A0 HOHOCHEPH H,
BO3MOJKHO, JIO TEOKOCMOCa (B KPUTHYECKHE JAThl OTMEYAETCS TAKKE POCT Ap, XOTS aMIUTUTYAa MAaKCUMYMOB B
9TH JHH Takas k€, Kak B JPYTHX MaKCHMyMaX Ap), M0 KpaiHe# Mepe, BOIM3M BBIICICHHBIX KPUTHUECKHUX JAT.
IIpn 3TOM OJHOBPEMEHHO peaIM30BBIBANIACh KaK JIOKaJIbHAS CBA3b (Cpa3y B HECKONBKHX reocepax Mmpouecchl
ObuTH OoJiee aKTMBHBIMH B 3allaJHOM IOJYIIApHH), TaK U Tino0anbHast, korga m3MeHeHus [19C oxas3pIBamich
MaKCHMAaJIbHO CXOIHBIMH Ha MPOTHUBOIOJIOXKHBIX YACTSIX 36MHOTO IIapa (Ha J0JArorax MakCHMyMOB MOJBI M =
2), HO MOTJIM pa3/In4aThCs Ha Ooyiee OIU3KHUX TOITOTax.

JlonoNHUTENEHO HaMuue CBs3ed MexAy reocepamMu IMOATBEPIKAACTCS KOPPEISIIMOHHBIM aHAIW30M.
Nsmenenus [19C, kpome oTMedeHHOU BhIle cBs3u ¢ [ MA, XapakTepu3yroTcs cl1aboi MOJI0KUTETbHOU CBA3BIO
(r = 0,1 — 0,3) ¢ armochepHbIM JaBIEHHEM HA CTAHIUAX EBPOIEHCKOTO M aMEPHUKAHCKOIO KOHTUHEHTOB, W
TaKOH e M0 BEeJMYUHE, HO OTPHLATENBHOMN CBSI3bI0 — C aTMOC(EpHBIM AaBieHHeM Hal Aszueil. B To ke Bpewms,
yCTaHOBIIeHa JocToBepHas cBsi3b Mexay I19C u pasHocThio atMocdepHoro nasienus 4Peto mexny EBpornoit u
3amagHbBIM nobepexbeM Tuxoro okeana. OTMETHM, YTO pa3nuyue HarpeBa aTMocdepbl Haj Cymeld W MOpeM
paccMaTpuBaeTCcs Kak OOWH U3 (akTopoB 3apoxkaeHus u wHTeHcupmkamum CIIB [12]. Moma m = 1
ymenbinaercst ipu yeenuueruu [19C (r = — 0,47) u APe.1o (r = — 0,46), Moila M = 2 IpH 3TOM yBEIUIUBACTCS.
Mopa m = 2 Taxke nponopuuonansia 4, (r = + 0,45). Mona m = 4 cnabo mensiercs npu usMenenun 119C u
APE-10, HO UMEET JOCTOBEPHYIO CBSI3b C MAKCUMAIbHOU MarHUTYH0#i 3M Mmax (r = — 0,45).

OBCYXIEHUE

IIpoBeneHHbIC pacyeThl M aHAIN3 YKA3bIBAIOT HA HAMYKE OMpPEICIICHHBIX CBA3eH MexIy reochepamu.
CnoxHee pemuTh BOMPOC O POJH BIHUSAIOMIErO (hakTopa, OOYCIOBHBIIETO HAOIIOMAECMYI0 CHHXPOHH3ALHIO
MPOIIECCOB B reocdepax BONM3M yKa3aHHBIX KPUTHYECKHUX 1aT. [[puHUMAas BO BHHUMAaHHE PE3KHE H3MECHEHUS
OJIHOBPEMEHHO WUIHM HakanyHe pocta ['CA pasHocTu naBieHuil 4Pg.to HajJ ydacTKaMU 3€MHOW MOBEPXHOCTH,
pa3HEeCEHHBIMH Ha HECKOJIbKO THICSY KHUJIOMETPOB, a TaKXKe IIOJIyYeHHbIE paHee pe3yibTaThl O POJH
nepeMeIleH s KPYIHBIX BO3MYIIHBIX Macc B MHUIMaluu noaroroBineHHbix 3T (cm., Hampumep, [10, 13, 14]),
MOJKHO YTBEpPXJaTh, YTO U B JAHHOM CITydae Takas CBsA3b He ciydaifHa. CieqyeT Mmoma4epKHYyTh, YTO pedb HICT
HE TIPOCTO 00 M3MECHEHUH JIABJICHUS HAa 3¢MHYIO ITOBEPXHOCTH IIPH ITEPEMEIICHNH BO3IYITHBIX MAacC HAJl 09aroM
rorossimerocs 3T [13, 14], a o riobanpHOM Tporiecce. B 3ToM ciydae, BO3MOXHO, MeXaHn3M uHunuanmu 3T
MOJKET OBITh CBSI3aH ¢ M3MCHEHUSIMH ITapaMeTPOB CKOPOCTH BpallleHusI 3eMIIH, 00yCIOBICHHBIC ITepEeMEIICHUEM
BO3AYIIHBIX Macc. [IpaBaonoqo0HOCTh JAHHOTO MEXaHHM3Ma MOITBEPKAACTCS HATHYHUEM XOPOIIO H3BECTHOMN
3aBUCUMOCTH TIApaMeTPOB BpalIeHUs 3eMJIM OT CE30HHBIX MEepEMEICHUH BO3YITHBIX Macc.

VYeroituuBblil xapaktep noarotHeix Bapuauuid I19C B BHJIE CyMMBI TpeX OCHOBHBIX 30HAJBHBIX MOJ HE
ocTaBisieT cCOMHeHHMH B 3HaumtenbHOM BiusHHH CIIB Ha monocdepy. Ilpu stom cBs3p [13C ¢ pasHOCTBIO
nmaBieHus APg.to Oojee CWIIbHas, 4eM C JaBICHHEM Ha JIIO0OH W3 CTaHIMA, B TOM 4YHCIEe MexXny Po Ha
HekoTopoil meteocTanmu U [19C Hag ueit (r < 0,25). Takum o6pa3om, epBOHAYATHHO JIOKATbHBIE H3MEHEHHUS
aTMOC(EpHOTO JaBJICHUS CIIOCOOHBI NPHUBOIWUTH K TJIOOANBHBIM H3MEHEHHUSM OJHOBPEMEHHO B HECKOJIBKHX
reocgepax, npu 3toM CIIB BeICTymaloT Kak OJUH U3 BaXKHBIX 3JIEMEHTOB TaKOH TTI00ATN3AIIH.

Kax wm3BecTHO, (hopMupyromuiicss 3UMOH CTpaTo-Me30C(hEepHbIH IUKIOHWYECKHH BUXPH C IMEPEHOCOM
BO3/AyXa C 3amaja Ha BOCTOK (cM., HampuMmep, [15]), aBmsercsa OGmaronpusTHbM A nporHukHoBeHHs CIIB Ha
BBICOTHI HIDKHEH TepMocdepsl. [IponukHoBenne CIIB Ha Gonbime BBICOTHI 3aTPYAHEHO H3-3a MIpeobiafaHus Ha
9THX BBICOTAaX HPOLECCOB MOJIEKYIApHOH Tupdy3un (BMecTo TypOyJIEHTHOCTH HMXKE TepMOc(hephl), II03TOMY
HEeWTpasbHBIN Ta3 B TepMmocdepe n noHocdepe (opMalbHO HE BOBIICUCH B 0OIIMiI mporecc atMochepHon
uupkysinun [4-9, 15]. B cBA3M ¢ 3THM paccMaTPUBAIOT JOIOJHUTENBHBIC MEXaHH3MbI, 00ECIEUYMBAIOIINEC
BiusiHue CIIB Ha nonoctepy. B dyacTHOCTH, mMOKa3aHO, YTO OITyCKaHHWE MOJIEKYJISIPHOTO ra3a W3 HIKHEH
TepMocdepsl B 00JaCTh aKTHBHOW IUKJIOHHUYECKON IMPKYIALUM B Me3ocdepe M crparocdepe HNPUBOAUT K
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YBCJIMYCHUIO OTHOIICHUS KOHIICHTPAIMil OCHOBHBIX Ta30BbIX cocraBisonmx [O+]/[N2] Ha BbICOTax
TepMoc(epsl U, CJICIOBATCIFHO, K YBEIMUYCHHIO JJICKTPOHHOW KOHICHTPAIMHM W YMCHBIICHUIO BBICOTHI
MakcumyMmMa uWoHm3ammu [15]. Haxg oOmacTpi0  BBICOKOTO JaBICHWST B AHTHIUKIOHE HW3MEHECHUS
MPOTHBONONOXKHEL. [IpuHUMass BO BHMMaHHE BBIPAKCHHYIO MPOTHBO(MA3HOCTh B H3MEHEHHH aTMOC(HEpHOTO
maBieHuss u [I9C, MOXHO yTBepXKIaTh, YTO MOJYYCHHBIC pE3YyJIbTAaTHl IOATBEPKAAIOT PEaTbHOCTH
MIPENIO’KEHHOTO paHee [cM., HanpuMep, 4] MexaHn3Ma BIMSHUS IJIaHETApHBIX BOJH Ha 00macts F2 monocheps!.

BbIBOJbI

1. JInsa ycnouit muHuMymMa CA W 3UMHEro ce30Ha Ha CPEJHUX MIMPOTaX CEBEPHOrO MHONyIIapHs
YCTaHOBIICHbI 3HAYMTENbHbIE MONroTHBIE Bapuanuu II9C B mpotuBodaze ¢ JONTOTHBIMH BapHALHSIMHU
MPU3EMHOT0 aTMoc(epHoro nasineHus. Makcumymsl 1 MUHUMYMBI [I9C B TeueHne Bcero nepuojaa HaOIIIoaeHUH
HOPOSIBJIATINCE HAa OJAHUX M TeX JK€ JONroTaX, HO XapaKTepU30BaJIUCh 3HAUUTENIBHBIMU HM3MEHEHUSMH HUX
aMITIATYIbI, YTO YKa3bIBAET HA MX CBSI3b CO CTALHMOHAPHBIMH IJIAHETAPHBIMHU BOJHAMHU.

2. Jonrotuele Bapuaumu [19C omuchIBalOTCS CyMMOW TpeX 30HaJIbHBIX Mo M = 1, 2 u 4, KoTopble
obecrieunBarT, B cpenHeM, 32, 41 u 27 % Bkiaama B I1DC. Ammumtyaa Mogx M = 1 u 2 OTO JHS KO JHIO
u3MeHsercss B mpoTuBodaze (kodddumueHt koppemsmun I = —0,59); mepuon DOMHHHPOBAHUS OIHOW W3
TapMOHHK COCTaBISIET 4 — 5 CYTOK, 2 MOMEHTBI PE3KOM CMEHBI aMIUTHTYIbl KOPPEIUPYIOT ¢ M3MEHEHUSIMH
aTMoc(epHOro naBieHHs (0COOCHHO C Pa3HOCTHIO jAaBieHHs B EBpome m Ha mobOepexbe Tuxoro okeana),
mmeHeHnsaMHu [19C u 'CA. Moga m = 4 Gonee cTabmiIbHAs IO aMIDIATYIE W TPOSIBIISCT YMEPCHHYIO, HO TP
3TOM JJOCTOBEPHYIO CBSI3b C U3MCHEHHUAMHE TI00aIbHOMN celicMuueckoi aktuBHocTH (I = — 0,45).

3. Ilomy4eHHble pe3ynbTaThl MOATBEPXKAAIOT NPEIIOKEHHBI paHee MeXaHM3M BIIMSIHUS IUIaHETAPHBIX
BOJIH Ha JJIEKTPOHHYIO KOHICHTPAIMIO MOHOC(EpPHI 32 CUET M3MEHEHHs OTHOIICHHH KOHUEHTpPAIMi OCHOBHBIX
ra3oBbix cocraBistronux [O+]/[N2] Ha BeicoTax HWXKHEH TepMochepsl, Te elle HEMOCPSACTBCHHO MPOSIBIACTCS
TPOIO-CTpaTo-Me30c(epHast HUKIOHUYECKas IUPKYJIISLIHS.
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I1OJIS1 B BJIMKHEN 30HE MHOT! OKOJIBHHEBBIX AHTEHHBIX PEHIETOK
C MPOMU3BOJIHBIM PACCTOSHUEM MEXY N3JIYUATEJISIMA
H.H. I'opo0en, A.C. Jlebenen

Xapwvrosckutl nayuonanoHuill yHusepcumem umenu B.H. Kapasuna, 61022, 2. Xapvkos, ni. C60600b1,4
E-mail: nikolay.n.gorobets@karazin.ua
Hocrymmna B penaxmmro 20 despans 2019 .

AKTyaJbHOCTb. [loBejcHUE 2JIEKTPOMArHUTHBIX BOJIH HA KOHEUHOM PAaCCTOSHUM OT MHOIOKOJIBLEBBIX AHTCHHBIX
pemeTok B WX OMMKHEH M MPOMEKYTOUHOH 30HAaX HAOMIOJEHUWS 1O HACTOSIIET0 BPEMEHH HE HCCIIENOBAHO B
JIOCTaTOYHOH JUI COBPEMEHHBIX 3allPOCOB NMPAKTUKHU CTEMEHU. J{JIs1 MHOTUX NPUIOKEHUH BaXKHO 3HATh BO3ZMOXKHOCTHU
(hopMHUpPOBaHUS TPOKEKTOPHOTO JIyda B OJIVDKHEH 30HE MHOTOKOJBLEBBIX AHTCHHBIX PEIIETOK M aMIUTUTYIHBIC,
(a30BBIC U MOIAPHU3AIMOHHBIC XapaKTEPUCTUKH TOJIeH B OJIIDKHEH 30HE NPH M3MEHEHHH 3NEKTPHIECKHX Pa3MepoB
AQHTEHHBI U PACCTOSIHUSI MEXKTy H3ITydaTeIsIMH.

Heap padoTel. Llensio paboTHI ABIAETCS TEOPETHIECKOE HCCIECIOBAHNE aMIUIUTYIHBIX M (ha30BBIX XapaKTEPUCTHK
SJIEKTPOMAarHUTHOTO TONS B ONMIDKHEH M TPOMEXYTOYHOH 30HAX MHOTOKOJBIIEBBIX IUIOCKUX SKBHIMCTAHTHBIX
AQHTEHHBIX PEIIECTOK U30TPOIHBIX U3IydaTeIeH.

MeTtonnl M MeTomoJorusi. lccienoBaHusi OCHOBaHBI Ha NPHHIMIE CYNEPHO3UINY, METOJAX TEOpHH (yHKUIMit
KOMIUIEKCHOIO IIEPEMEHHOIO0 M COBPEMEHHBIX METOJaX BBIUUCIUTEIbHOM MaTeMaTHKH. B pesynbrare
KOMIBIOTEPHOTO MOJEINPOBAHMS M3YyYECHO IOBEICHHE AJICKTPOMArHUTHBIX BOJH B OJNM)KHEW 30HE MHOTOKOJIBIIEBBIX
AQHTEHHBIX PEIIeTOK HMPH M3MEHEHHM AMAMETPa PacKpblBa aHTEHHBI, PACCTOSHHSA MEXTY H3ITydaTeNsIMU W JTHHBI
paboueii BOJHEI.

Pe3yabTathl. Pazpaborano maremaTndeckoe obecriedyeHHe ISl pacdeTa aMIUINTYIHBIX M (Da30BBIX XapaKTEPHUCTUK
SJIEKTPOMArHUTHBIX IOJeH B ONMIDKHEH 30HE MHOTOKONBIEBBIX SKBHUANCTAHTHBIX AHTEHHBIX PEIICTOK M30TPOIHBIX
n3nydareneid. PaccuuTaHbl aMIUIUTYAbl U a3kl BEKTOpa HANPSHXKEHHOCTH AJIEKTPUYECKOTO IOJS IPH W3MEHEHUH
nuamerpa packpeBa ot 0,5 mo 200 nymH BonH. PaccrosiHMe Mexay M3ITydaTelsiIMU BEIOMPAIoCh PaBHBIM IOJOBHHE
JUIMHBI BOJHBI JJIS KJIACCHYECKHX (Da3MpOBaHHBIX aHTEHHBIX pemerok, 0,9 JuMHBI BOJNHBI [l He(ha3sHupOBaHHBIX
pemreTok ¢ rinobanbHeIM MakcumymMoMm KHJ{ m 1,23 nuuHBI BONHBI A7 Heda3upOBaHHBIX PEIIETOK C IIOOATBHBIM
muaumyMoM KH/I. IToka3ano, 4To mpu guamerpax packpbiBa, MEHbIIMX 1 — 1,5 AIMHBI BOJHBI, aMIUIUTY1a TOJIS B
HAaIPaBJICHUH HOPMAJIH K PAacKPBIBY C YBEIWIECHHEM DPACCTOSHHS YMEHBIIAETCS MOHOTOHHO, YTO XapaKTEPHO IS
THHEHHBIX pemieTok. [Ipm OoNbpIIMX AMaMeTpax amepTypsl B OMmkHEH 30HE o0Opasyercs MpPOKEKTOPHBIN JIyd, B
KOTOPOM HMEIOT MECTO OOJbIINEe OCHWUISINN aMIUIATYABI HoNs («MEepTBBIE 30HBD) B ONMIKHEH 30HE AHTEHHBI).
OOHapyKeHO sBJIEHHE AaHOMAJIBHOTO YBEJIMYECHUs aMIUIMTYABI MOJS BHE MPOKEKTOPHOTO JIyda B ONMKHEH 30HE
pa3peXEeHHbBIX KOJbLEBBIX PELIETOK.

BeiBoabl. Pa3zpaGoraHHoe MarematHdeckoe oOecHedeHHE pPELIeHHs 3afayd HaXOXKICHHS XapaKTEePUCTHK
JJIEKTPOMArHUTHBIX MMOJeil B OJMKHEH 30HE MHOTOKOJIBIEBBIX AHTCHHBIX DEIIETOK, MOJYyYeHHBIE PEe3yNbTaThl U
oOHapyxeHHble (U3MUECKHEe 3aKOHOMEPHOCTH TIIOBEACHHS IMOJell HeOoOXOAMMO YYHTHIBATH IPH CO3JAHUH
PagMO3IEeKTPOHHBIX YCTPOUCTB M CHCTEM, B KOTOPBIX HCIOJNB3YIOTCS JJIEKTPOMArHUTHBIE MO B OMIDKHEH 30HE
aHTeHH. Pe3ynpTaTel cTaTbl MOTYT OBITh OO0OOIIEHBI Ha CiIydali MHOTOKOJBIEBBIX M APYTHUX PEMIETOK
cabOHAIPaBICHHBIX H3Ty4daTeneil 1000ro N3BECTHOTO THIIA.

KJIFOUEBBIE CJIOBA: 51eKTpOMarHUTHBIE TOJIS; KOJBIIEBbIE aHTEHHBIC PEIISTKH; OJIKHSA, TPOMEKYTOUHAS,
JIANIBHSSL 30Ha; IPOXKEKTOPHBIH JTyd.

MOJIA B BJIWKHIN 30HI BATATOKLJIBIIEBUX AHTEHHUX PEIIITOK
3 JOBIJIBHOIO BIICTAHHIO MI’K BUIIPOMIHIOBAYAMHU
M.M. I'opobeun, A.C. Jledenen
Xapxiscokuil nayionanenuti ynisepcumem imeni B.H. Kapaszina, 61022, m. Xapxie, m. Céob600u, 4

AxTyajbHicTh. [oBe/liHKa €MEKTPOMArHiTHUX XBUJIb HA KiHIIEBiH BiJCTaHi BiJ 0araToKijIbLEBUX aHTEHHUX PELIiTOK
B 1X OJMOKHIH i MPOMDKHIM 30HaX COCTEPEKEHHs 0 TEMEPIilIHBOTO Yacy He JOCIIPKEHO B JOCTATHIM Ui CydyacHHX
3aMUTIB MPaKTHKU CTymeHi. J{ns Ge3niui 104aTKiB BaXJIMBO 3HATH YMOBH ()OPMYBaHHS MPOKEKTOPHOTO TPOMEHS B
OmKHIl 30HI 6araTOKiTBIEBUX aHTCHHUX PEIIITOK i aMIUTITY/IHi, (a30Bi Ta MOJSIPH3ALIHHI XapaKTePUCTHUKH OB B
OJKHIH 30H1 TPH 3MiHI JIEKTPUYIHUX PO3MIPIB aHTSHH 1 BiICTaHI Mk BUIIPOMiHIOBaYaMHU.

Meta poGoTH. Meroro poOOTH € TEOpPETUYHE JOCTIHKEHHS AaMIUNTYyTHHX 1 (a30BHX XapaKTepUCTHK
€JIEKTPOMATHITHOTO TIOJIS B OJIMKHIH 1 IPOMIXHIN 30HAX 0araTOKiIBIIEBUX IUIOCKUX €KBIINCTAHTHUX aHTEHHHUX
PEIIITOK 130TPOITHAX BUIPOMiHIOBAYiB.

© TI'opobery H.H., JIe6enes A.C., 2019
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Metonu Ta Metopmosorisi. JlocmimkeHHs 3acHOBaHI Ha MPUHLMII CYNEPHO3WIii, Meromax Teopii QyHKIiH
KOMIUIEKCHOTO 3MIHHOTO 1 Cy4acHHX MeToJax OOYMCIIOBAIbHOI MaTeMaTHKH. B pe3ynbTaTi KOMI'IOTEPHOTO
MOJIEIIOBaHHS BUBUCHO IMOBEIIHKY €IEeKTPOMAarHiTHUX XBHJIb B OJFDKHIM 30HI 0araTOKITBIEBHX aHTEHHUX PELIiTOK
IIpH 3MiHi AiaMeTpa po3KpUBa aHTESHH, BIICTaHI MiXK BUIIPOMIHIOBaYaMH i JIOBXXHWHH p0oO0OIO0i XBHUIIL.

PesyabTaT. Po3pobieno MaremaTHdHe 3a0e3NedeHHs Ul PO3paxyHKY aMIUIITYAHHUX i (a30BHX XapaKTePHCTHK
CJICKTPOMArHITHUX IIOJB B ONIDKHIH 30HI 0araTOKINBIEBHX EKBIIMCTAHTHUX AaHTCHHHX PEIITOK Ii30TPOITHHX
BUINPOMiHIOBa4iB. Po3paxoBaHi ammtiTyan i ¢a3u BekTopa HAmpyKEHOCTI eJIeKTPHYHOTO MO MPH 3MiHi JiameTpa
poskpuBa Bix 0,5 mo 200 moBxuH XBUIb. BifcTaHp MK BUIIPOMiHIOBa4aMH BHOMpasiacsi piBHOIO MOJIOBUHI TOBKUHU
XBIJI 1T KITACHYHUX (Da30BaHMX aHTEHHHX peiTok, 0,9 TOBXKHUHH XBIII A He(a30BaHUX PELIITOK i3 TI00aIbHUM
makcumymoM KCJI i 1,23 nopkuHM XBWII 1711 Heda3oBaHUX pelriTok i3 rmobansHuM MinimymoMm KC/I. ITokasaHo,
IO IIPY JiaMeTpax pPO3KpHUBY, MEHIIHX | - 1,5 TOBXKMHM XBUIIi, aMILTITY/a ITOJIS B HAPSIMKY HOpPMaJIi 10 PO3KPUBY 3i
30UTBIICHHSIM BiZICTaHI 3MEHIIYETHCS MOHOTOHHO, IO XapaKTEepHO UL JiHIHHNX pemriTok. [Ipu Benukux xiameTpax
arnepTypu B OMWKHIM 30HI yTBOPIOETHCS IPOXKEKTOPHWH IPOMIHB, B SKOMY MAIOTh MiCIle BEJIHMKi OCIIMUISIIT
aMILTITYAU TOJIs («MEpTBi 30HM» B OJIVDKHIN 30HI aHTeHH). BusBIeHO sBHIE aHOMANBEHOTO 301IBIICHHS aMILTITYIN
TOJISL 11032 IPOYKEKTOPHHUM IIPOMEHEM B OJVDKHIH 30HI PO3PIIKEHUX KITBIEBUX PEIIiTOK.

BucnoBku. Po3pobiene MaremarnuyHe 3a0e3leueHHsS BHUPILICHHS 3aayli  3HAXOMKEHHS  XapaKTEepUCTUK
CJIEKTPOMATHITHUX TONIB B OJIVKHIN 30HI 0araTOKUIBIEBUX aHTCHHUX PEIIITOK, OTPHMaHI Pe3ylbTaTd i BHUSBJICHI
(hi3u4HI 3aKOHOMIPHOCTI MOBEAIHKU TIOJIiB HEOOXITHO BPaxOBYBAaTH IPH CTBOPEHHI paliOeNeKTPOHHUX HPHUCTPOIB 1
CHCTEM, B SIKHX BUKOPUCTOBYIOTHCS €JICKTPOMATHITHI MOJIS B OJIMOKHIHM 30HI aHTeH. Pe3ynbpTaT CcTaTTi MOXYTH OyTH
y3arajpHeHi Ha BHIAQJOK OaraTOKUIBLEBHX 1 IHIIMX PENNTOK CIa0KOCIPSIMOBAaHUX BHUIIPOMIHIOBAYIiB OyIb-SIKOTO
BiJIOMOTO THITY.

KJIFOUOBI CJIOBA: enekTpoMarHiTHi MoJisi; KiJbIICBI AQHTCHHI PEIIiTKH; ONMXKHSA, NMPOMIXHA, JAITbHS 30HA;
HPOXXEKTOPHHUH MTPOMiHb.

FIELDS IN THE NEAR ZONE OF THE MULTIPLE RING ANTENNA ARRAYS
WITH ARBITRARY DISTANCE BETWEEN RADIATORS
N.N. Gorobets, A.S. Lebedev
V.N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine

Background. The behavior of electromagnetic waves at a finite distance from multi-ring antenna arrays in their near
and intermediate observation zones has not yet been studied to a degree sufficient for modern practice queries. For
many applications, it is important to know the formation of the searchlight beam in the near zone of multi-ring
antenna arrays and the amplitude, phase, and polarization characteristics of the fields in the near field when the
electrical dimensions of the antenna and the distance between the radiators change.
Objectives: The aim of the work is a theoretical study of the amplitude and phase characteristics of the
electromagnetic field in the near and intermediate zones of multi-ring flat equidistant antenna arrays of isotropic
radiators.
Methods and methodology Research is based on the principle of superposition, methods of the theory of functions
of a complex variable, and modern methods of computational mathematics. As a result of computer simulation, when
changing the diameter of the aperture of the antenna, the distance between the radiators and the length of the working
wave, the behavior of electromagnetic waves in the near zone of multi-ring antenna arrays is studied.
Results: The software has been developed for calculating the amplitude and phase characteristics of electromagnetic
fields in the near zone of multi-ring equidistant antenna arrays of isotropic radiators. The amplitudes and phases of
the electric field vector are calculated with a change in the aperture diameter from 0.5 to 200 wavelengths. The
distance between the radiators was chosen equal to half the wavelength for classical phased antenna arrays, 0.9
wavelength for unphased arrays with a global maximum gain and 1.23 wavelength for unphased arrays with a global
minimum gain. It is shown that for aperture diameters smaller than 1 - 1.5 wavelengths, the field amplitude in the
direction normal to the aperture decreases monotonously with increasing distance, which is typical for linear gratings.
With large aperture diameters, a spotlight beam is formed in the near zone, in which large field amplitude oscillations
take place (“dead zones” in the near zone of the antenna). The phenomenon of an abnormal increase in the field
amplitude outside the searchlight beam in the near zone of rarefied ring gratings was discovered.
Conclusions: The developed software for solving the problem of finding of the characteristic electromagnetic fields
in the near zone of multi-ring antenna arrays, the results obtained and the discovered physical laws of field behavior
must be taken into account when creating electronic devices and systems that use electromagnetic fields in the near
zone of antennas. The results of the paper can be generalized to the case of multi-ring and other arrays of weakly
directed radiators of any known type.

KEYWORDS: electromagnetic fields; ring antenna arrays; near, intermediate, far zone; searchlight beam

BBEJIEHUE
KOJ’[BLICBBIC AHTCHHBIC PCIICTKNU HAXOJIAT MIUPOKOE 1 pa3Hoo6pasHoe MPUMEHCHUEC B Pa3JIMYHBIX obmacTax
PannO3TEKTPOHUKH. ITO OOYCIIOBJIEHO, MpPEXAe BCEro, ymOoOHOW KOHCTPYKIMEH aHTEHHBI C KPYTOBOH
anepTypoﬁ, cc BBICOKMMU OKCILTyaTallUOHHBIMHU XapaKTCpUCTUKaAMHU, BBICOKMMH  XapaKTCPUCTUKAMH
HalpaBJICHHOCTH W HU3KUM YPOBHEM OOKOBBIX JIEECTKOB BO BCEM IIPOCTPAHCTBE (a HC TOJIBKO B TJIaBHBIX
HHOCKOCTS[X) Ha6J'I}OlleHI/ISI. JIJ'[H IIOHUMAaHMUA (1)I/ISI/IKI/I SIBIICHUM B OTHOIIICHHH IOCJICAHCT O, OUYCHb BAXXHOTI'O JJIA
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MPaKTHKA OOCTOSTENHCTBA, OOBIYHO KOJBLEBYIO PEIIETKY H3IydaTeNed B KaXKIOW IUIOCKOCTH HAOIIOCHUS
( = CONSt IPeCTaBIAIOT AIKBUBAJICHTHON JMHEWHON pemeTtkod. Jlerko yOeauThCcs, YTO OSKBHUBAJICHTHAS

JUHEHHAsT pemeTka B J000H IIIOCKOCTH HAONIONEHHS: a) HeSKBHIUCTAHTHA; 0) MMEET CIajaromee K KpasMm
aMIUTMTYZIHOE PACHpe/ie/ICHNEe HUCTOYHHWKOB IOJI1 HAa PACKPBIBE JaK€ B CIydac PaBHOMEPHOTO BO30YKACHHSA
KOJIBLIEBBIX PEIIETOK; B) (ha30BOE paclpejeleHHe MOoJsi Ha PacKpblBe IOCTOSHHO. Bce 3T ocobeHHOCTH
(hopMHpOBaHUS MPOCTPAHCTBEHHOTO PACTIPEIEIICHNS H3IIyYE€HHSI KOJIBIIEBBIX PELIETOK MPUBOIST K YMEHBIICHHIO
YPOBHS OOKOBBIX JIETIECTKOB JAWArpaMMbl HAPaBJICHHOCTH.

K HacTtosmemy BpeMeHH >JICKTPOMAarHWTHBIC IOJS M BOJHBI HAa KOHEYHOM pAcCTOSHHUHM OT PacKphIBa
KOJIBIIEBBIX JUCKPETHBIX W HEMPEPBIBHBIX AHTEHH M WX IPOCTPAHCTBEHHOE pACIpElesieHHe B OMMKHEH H
MPOMEKYTOYHONW 30HE AHTEHHBI B JOCTATOYHOW MAJIS TPAKTHKU CTENEeHH He m3ydeHo. B wactHocTH, B [1]
MOKa3aHo, 9TO MPH pa3Mepax packpeiBa 000 Gopmsl, He mpeBbimaomux 1 — 1,5 ATMHBI BOJIHBI, aMIUTUTYABI
BEKTOPOB HANPSHKEHHOCTH 3JICKTPUYECKOTO M MarHUTHOTO IIOJiel B OJIM)KHEH 30HE M0 Mepe YBEIWYeHHS
paccTosiHUS OT M3JIydaTess yObIBaloT paBHOMepHO. B [2] moka3zaHo, 4TO HENpepBIBHBIE allepTypHbIE aHTEHHBI C
PacKpbIBOM Kpyriiol GOpMBI IIpH JuameTpax, oonbmnx 1 — 1,5 JUIMHBL BOJHBL, B OIMKHEH 30HE (POPMHUPYIOT TaK
Ha3bIBACMBIN «IIPOKEKTOPHBIH J1yu». OH MPEACTABIsLCT CO00i COBOKYIMHOCTh Mapajlie/IbHBIX APYT APYTY JTydei
B HaIIpaBJICHUU TJIAaBHOI'O MaKCUMyMa JuarpaMMbl HAIIPaBJICHHOCTHU aHTCHHBI, KOTOpas OMNHCbIBACTCA ILUIOCKOM
JIOKJILHOH €11a00 HEOJHOPOAHOHU Oeryieil BosHO. [IpoTshkeHHOCTh M KOH(UTypalys MPoXKEKTOPHOTO JIyYa B
MPOCTPAHCTBE OMpEAEIAeTCA MPEXIE BCETO NICKTPUUECKUMH pazMepaMH n (OpMOIl M3Iyqaromero packpbiBa
AQHTEHHBI, a TAKXE AaMIUIMTYAHBIM W (Da30BBIM pacmpeneseHneM HCTOYHHKOB H3JIy4eHHS B packpeiBe. B
MONEPEYHBIX CEYEHHUAX (OpMa NMPOXKEKTOPHOTO Jyda BONM3M aHTEHHHI B OOJNBHICH WM MEHBIICH CTEICHH
O6mmka kK QopMe M pa3sMepaM pacKpbiBa. B IPOKEKTOPHOM Jyde COCPEIOTOYEHA ITOYTH BCSI MOIIHOCTH
W3JTy4CHUS AaHTCHHBI.

Lenpro HacTosiield CTaTbU SIBISIETCS. TEOPETHYECKOE HCCIENOBaHHE (HU3NYECKUX 3aKOHOMEpPHOCTEH
(bOpMPIpOBaHI/IH AMIUIUTYJHBIX W cba30131>1x XapaKTCPpUCTHUK BJICKTPOMArHUTHBIX noJiei KOJIBIICBBIX AaHTCHHBIX
PELIETOK M30TPOINHBIX M3JIydaTelied B MX OMMKHEH M NMPOMEXKYTOYHOI 30HAaX HAOJIONCHMS NMPU M3MEHEHUHU
pPa3MepoB, PACCTOSHUS MKy U3ITydaTESIMUA WK JIJTMHBI paboueil BOJTHBI.

IIOCTAHOBKA 1 PEIIIEHUE 3ATAYHN
Jnst pemieHus] IOCTaBJICHHOW 3afadd — BBIABICHMS CaMbIX OOMIMX 3aKOHOMEpHOCTEH (HOpMHpOBaHUS
MPOCTPAHCTBEHHOT'O pACMpEeNeHNs] 3JIeKTPOMArHUTHOTO IMOds B OMIDKHEH W TIPOMEKYTOYHOH 30HAX
HaOJIOZICHNsI anepTYPHBIX aHTEHHBIX PEIIETOK C PACKPBIBOM KpYIJioW (OpMBI: 3ajady yIpoCTUM M CBEIEM K
camoii rmpoctoii (HPU3MKO-MaTeMaTHIECKOW MOJIeNH. B COOTBETCTBUH C MPUHIMIIOM CYNEPIIO3UINU aMIUIUTYAY U
(ha3y BEKTOPOB HANpPSKEHHOCTH JIEKTPUYECKOT0 M MAarHUTHOTO TOJEH B KaXJ0M Touke HabmromeHus Oynaem
ONpPEAENATh U3 CYMMBbl KOMIUIEKCHBIX aMIUIMTYJ IOJIEH Ka)KIOrO M3J1ydaTelss B COOTBETCTBYIOIIEH TOYKE

HAOJIFOICHUS:
£(R)= 3 E.(R): A(R)= 3 H.(R)

n=—N n=—N

[lpu s>TOM OyHeM y4YUTHIBATH COCTOSHHME TOJSIPU3ALMN HW3JIYYSHHs KaXKJOTO O3JEMEHTa peleTKH
uccienyeMoil aHTeHHbl. Haunbosee mpocTo 3TO clienarh, pa3ioKUB BEKTOpa 3JIEKTPUUECKOTO M MAarHUTHOTO
MOoJIeH KaKIOro H3JIydaTelsl PElIeTKH B KaXIOW TOYKe HAOJIIOJCHUSIBHE BHE AHTEHHbI B OPTOTOHAJIHHOM
TPEXMEPHOM JIMHEWHONOIApU30BaHHOM 0Oa3zuce. Takum o00pa3oM OyIyT aJeKBaTHO YYTEHBI IPOIOJIbHBIE
KOMITIOHEHTBI JJIEKTPUYECKOTO M MAarHUTHOTO IMOJieH B TPOM3BOJBHON TOuYke HAOMIONCHWS B ONIKHEH U
MPOMEXYTOYHOHM 30HaX aHTeHbl. OTMETHM, YTO B HCCIIEAYEMOM cCiydae CHH(A3HBIX aHTEHHBIX PELIETOK B
HAIPABJICHUU HOPMAJM K PACKpbIBY AHTECHHBI IPOJOJIBHBIC KOMIIOHEHTBI M 3JIEKTPUYECKOTO U MAarHUTHOIO
THOJIEH paBHBI HYJIIO TIPH JTF00OM pacCTOSHUM TOYKM HAOJIOJICHUS OT PacKphIBa.

Jnst nanbHEHIIero yrnpoleHus 3a1a4n 1 obecrieueHuss HanOoubIIei OOIHOCTH ee peleHUs] aHAJIOTHYHO
[3] mpuMeM B kauecTBe U3MydaTens — JIEMEHTa PEIIeTKU — TOUEUHBIH N30TPONHBIN U3ITyyaTelb, JNEKTPUUECKHE
1 MarHUTHBIE TTOJII KOTOPOTO ONMCHIBAIOTCS OJHOPOIHOM ceprueckoi BoHON. [Tomsipr3aIiuio ero u3rydeHus
IPUMEM [UIsl OIPEJEJICHHOCTH JIMHEUMHON BEPTUKAILHOW. B3auMHOe BiIMsIHME M3IlydaTelleld B PeLIeTKe IPUMEM
MpeHeOPESKUTETFHO MalbiM. AMIUIMTYIHOE U (Da3oBO€ pacmpeneneHHe MO B PACKPBIBE aHTEHHBI IPUMEM
MOCTOSHHBIM. [IpM 3THX NPEeAroNoXeHUAX pe3yabTaThl PACUETOB aMIUIUTY[, (a3 M COCTOSHUS IOJSPH3AINN
AIIEKTPUYECKOTO M MAarHUTHOTO TOJIEH B TOYKAaX HAOMIOJCHHUS Ha KOHEUHBIX PACCTOSHHUAX OT aHTCHHBI ITO3BOJISAT
W3yYUTh 3aKOHOMEPHOCTH (DOPMHPOBAHMSA IPOKEKTOPHOTO JydYa, €r0o MPOTSHKEHHOCTh M KOH(MHTYpalHio B
3aBUCHUMOCTH OT JIEKTPUUECKHX Pa3MEPOB PACKPbIBA, UHCIIA U3ITydaTeleld U pacCTOSIHUS MEXIY HUMU.
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MOJIA B BJIWKHEN 30HE MHOT'OKOJIBIIEBBIX PEIIETOK MAJIBIX U CPEJTHUX
IJIEKTPUYECKHX PASMEPOB AIIEPTYPbI

HccnenoBanue MPOCTPAaHCTBEHHOTO paclpeleleHUs] aMIUIMTya H (a3 BEKTOpOB HAMPSKEHHOCTH
SNEeKTPUUECKUX M MArHUTHBIX ToJed U, B COOTBETCTBUM ¢ TeopemMoi IlolfHTHHra, MOIIHOCTH
9JIEKTPOMArHUTHOTO TI0JIS1 B OJMKHEH 30HE KOJIBIIEBBIX aHTEHHBIX PEIIETOK C MAJIBIM YHCIIOM H3Jlydarteleil u,
CIIEZIOBAaTEeNIbHO, MaJbIX M CPEJHHUX 3JIEKTPHUUECKUX pPa3MEpPOB JUaMeTpa HU3Iydalollero packpblBa, HMeeT
OoJsiplIOe 3HAYEHHME JUI IPAaKTHKH, TaK Kak IOJOOHBIE PELIETKH CJIa0OHAIPABICHHBIX AHTCHH MIMPOKO
UCTIONIB3YIOTCS B KayecTBE KOHTAaKTHBIX W OECKOHTAKTHBIX JATYMKOB SJEKTPOMATHUTHBIX H3JIyYeHHH B
MEIUIMHCKOM M OHOMETUIMHCKOM IIPHOOPOCTPOCHNH, B YCTPOICTBaX KOHTPOJISI TEXHOJIOTHIECKUX MIPOIIECOB B
npoMeinuieHHOCTH 1 B CBY — sHepreTuke. [Ipu 3T0M HE00X0AMMO IPUHIMATh BO BHUMAaHHE TOT (DAKT, YTO I
MOTy4ECHHS BBICOKOTO MPOCTPAHCTBEHHOTO Pa3penIeHsI HHPOPMAIIMOHHBIX CUTHAJIOB Ha OONBIINX PACCTOSTHUAX
B JalbHEH 30HE AHTCHHBI MOJDKHBI MMETh KaK MOJXKHO OOJIBIINE 3JIEKTPUYECKHE pa3sMepbl. B ciydae ke
HEoOXoanMocTn pPaboThl HAa MalbIX PACCTOSHMAX - €M MEHbIIE (U3WYECKHUE pa3Mephl aHTCHHBI-IATUHKA
AJICKTPUYCCKOT'O I/I/I/IJ'II/I MAardiuTHOro 1oJjgd, TEM BbIIIC TPOCTPAHCTBEHHOEC Pa3pCIICHUC HO]106HI)IX
Panuo3IeKTPOHHBIX cucTeM. OueBHIHO, YTO B MOCIEIHEM CIydae AJS YBEIWYCHHS MOITHOCTH IOJE3HOTO
CHUrHajla ¥ TOBBIIICHUA YYBCTBUTCIBHOCTU PAAUOBJICKTPOHHBIX CHCTEM MOXKHO HCIOJb30BaThb AHTCHHBIC
peLIeTKU ¢ HEOOBIINM KOJIMYECTBOM U3JTydaTeieil.

IMons B OmmkHEW 30HE AHTEHHBIX PEHICTOK MAJIBIX M CPEOHUX JIICKTPHUECKHX pa3MEpoOB HEOOXOIMMO
3HATh ISl CO3/IaHMS PaAMOIOKATOPOB OJIVDKHErO ACHCTBUS Ul MPEIYNPEKICHUS CTOIKHOBEHHH Ha3eMHOTO H
BOJHOTO TPAHCIIOPTA, A TEXHOJIOTHYECKON paJHOCBS3M HA JKEIE3HOIOPOKHOM TPAHCIIOPTE, B O(UCHBIX H
KaMITyCHBIX TEIEKOMMYHUKAIIMOHHBIX ceTiX. Teopus mojeil B ONIDKHEH 30HE MalO3JIEMEHTHBIX PELIETOK
0COOCHHO Ba)KHa B MOATIOBEPXHOCTHOM paJHOJIOKalii Ha OCHOBE CBEPXIIMPOKONOIOCHBIX BHICOUMITYIBCHBIX
CHTHAJIOB.

Jnsa pelieHus IOCTaBICHHBIX 3ajad pa3pabOTaHHOE MaTeMAaTHYeCKOe OOECIeUeHUE — pacueTHbIE
(bOpMyITBI, ANITOPUTMBI ¥ KOMIIBIOTEPHBIC TPOrpamMMbl [3] — pa3BUTO Ha Ciiyvail INIOCKMX aHTCHHBIX PEIICTOK C
M3BECTHBIM CIIOCOOOM PACIIOJIOKEHUSI U3JTydaTeNell Ha TUIOCKOI MOBEPXHOCTH 33/1aHOM (DOPMBI U C U3BECTHBIM
AMIUTUTYIHBIM U (baSOBI)IM pacnpeacjicHuCM HUCTOYHUKOB JJICKTPOMArHUTHOIO TIOJII Ha pPaCKpbIBC. Ha
NIEKTPUYECKHE pPa3Mephl pacKpblBa, UYWCIIO W3TydaTeNned, pacCTOSIHUS MEXIy HUMH, a Takxke Ha (opmy
amnepTyphl, aMIIUTYAHOE U (pa3oBoe pacmpeneseHne TOKOB WM TOJIeH B pacKphIBe HE HAKIIAIbIBAECTCS HUKAKUX
OTpaHUYEHUH.

[ IpoBepKM TOCTOBEPHOCTH M TOYHOCTH Pa3pabOTaHHOTO MaTEMaTHYeCKOro oOecreyeHus! IpOBEACHBI
pacdeTsl aMIUIMTYIHBIX M (a30BBIX XapaKTEPHCTHK IOJICH B cepHyeckux M JEKapTOBBIX KOOPIMHATAX Ha
paccTOSHUM JajbHEH 30HBI aHTEHHBI U1 HECKOJBbKHX BapHaHTOB pa3MepoB packpbiBa (oT 0,5 mo 200 mnmH
BOJIH) M pacCTOsSHHMA Mexny uairydarensimu (ot 0,5 mo 2 anuH BoiH). B pesymprare okasanoch, 4TO Ul
HaIpaBJIeHUsi HOPMAJIH K PACKPBIBY NPH €ro cHH(pa3HOM BO30Y)KICHUH IOTIEPEUHbIe KOMIIOHEHTHI I10JIs1 BO BCEX
BapUaHTaxX pacueTOB COBNAJAIOT, a MPOJOJILHBIE paBHbl HYJI0. PacmpeneneHue moneil B 3aBUCHMOCTH OT
YIJIOBBIX KOOPIMHAT TOYEK HaOJIOJeHUS B c(epuuecKod CHCTeMe KOOpAMHAT B JajbHEil 30HE COBIANAET C
JlrarpamMou HanpaBJIECHHOCTH aHTECHHBI.

PaCCMOTpI/IM QJICKTPUYCCKOC II0JIE Ha MAJIBIX PACCTOAHHUAX OT JIMHEWHBIX U IJIOCKUX OKBUJJHUCTAHTHBIX
OJTHOPOJHBIX CHH(A3HBIX AHTEHHBIX PEHICTOK M30TPONMHBIX H3nydareneil. [Ipumem, kak u panee B [3], uToO
Ka)KIBIH 3JIEMEHT pPEeIIeTKH M3JydaeT cepryecKyio BOJHY. B Kaxmol Touke HaONIONECHUS BIICKTPHUUYECKHE W
MAarHMTHBIC ITOJIA CI/IH(I)aSHBI. Tlons B KaXXJI0M H3JIy4aTejI€ OAUHAKOBBLI 1 UMCIOT aMILIUTY Y E0 . Ilons B Ka)KHOﬁ

TOYKE HAOJIIOJCHNS HaXOAUM CYMMHPOBAHNEM KOMIIEKCHBIX aMIUIUTY. TOJIEH KaXKA0TO M3IydaTeIsI-3JIeMeHTa
pELIETKH B 3TOH TOUKE.

Ha Puc. 1 npencraBneHsl pacueTsl 3aBUCUMOCTH aMIUIUTYIbl BEKTOPA HANPSKEHHOCTH AJIEKTPUYECKOTO
HOJSl M3JIyuyeHHs] KOJBLEBOM pPEIIeTKH M3 YeThIPEX M30TPOMHBIX H3JIydaTelell OT pacCcTOSHMA A0 TOYKH
HaOMIOZEHUs] B HANpaBIEHHMM HOPMand K packpbiBy. [loguepkHeM, 4TO S3TO HampaBlieHHE COBIAJAET C
HaNpaBJIEHUEM [JIABHOTO MaKCHUMyMa JUarpaMM HalpaBlI€HHOCTH UCCIEAYEMBIX PeHIeTOK. PaccTosHUS MExIy
OmKkalmMu H3ITydaTeNsIMu IpUHATH paBHbIMHA 0.5, 0.72 1 1.23 nnuas! BoaHEL. B mepBoM cirydyae, Kak XOpoIro
M3BECTHO, XapaKTEPUCTUKN HANPABICHHOCTH AHTEHHBIX PEHIETOK MPAKTHYECKH COBMANAIOT C OJHOMMEHHBIMHU
XapaKTepPUCTHKAMH HETPEPhIBHBIX aHTeHH. Bo Bropom mpm d =0.72A, kak mokasano B [4], Wcciemayembie
pemeTKH OOECTIeYnBaOT TI00aNBHBII MaKCUMyM KOX(Q@HUIHNEHTa HANpPaBICHHOTO NEHCTBUS aHTCHHBHL. B
TpetbeM ciydae npu O =1.230 wmcciaemyemble penieTku WMEOT riobanbHbli MuHUMYM KHJ (3ddext
"ocneruieHus" Heda3UPOBaHHBIX AHTEHHBIX PELIETOK).

U3 Puc. 1 BUAHO, YTO B CIy4ae KONBILEBBIX AHTEHHBIX PEIICTOK MUHHMAJIbHBIX BO3MOXKHBIX THAMETPOB,
KaKk M B CiIydae HEMpPEPHIBHBIX IUIOCKMX aNepPTYPHBIX aHTEHH C PACKPBIBOM KpPYTJIOH (GOPMBI MPH TeX Ke
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JuaMeTrpax packpeiBa (cM. Puc la B [2]), ammiuuTyna 3JIeKTpHUECKOro MO MaKCUMalbHAa HENOCPEACTBEHHO
BOJIM3M pacKpblBa aHTEHHBI M yOBIBAET PABHOMEPHO 0 MEpE yAaleHHs TOYKM HaONIOZEeHUs! OT packpbiBa. B
OTIIMYHE ke OT HEMPEPHIBHBIX allepTyp MaNbIX 3JEKTPUUECKUX Pa3MEPOB MaKCUMaJIbHAsS aMIUIUTYa MO

E/ E0 BONIM3M pEIIETKM TEM MCHBIIE, YeM OOJbIe

1.2 | I paccTosTHHE MEXIY M3JIydaTeIsIMH, T.€. YeM OOIbIIHH
JUaMeTp anepTypsl pemieTkd. IIpm 3ToM CKOpOCTh
YBEIMYEHUS  aMIUIMTYABl  TONd [0  Mepe
NpUOMMKEHUs] TOYeK HAOMIONEHHMS K aHTEHHE,
CIIEZIOBATENLHO, MPOJOJIBHBIA T'PAaJUEHT aMILTUTYAbI
IOJISl  AHTEHHBIX  PEIIETOK, MEHBIIE, 4YeM Y
HENpPEepHIBHBIX AaHTEHH.

OT JMHEHHBIX AHTEHHBIX PEIIETOK OONBIINX
JNEeKTPUUYECKUX pPa3sMEepoB ¢ OOJBIIUM  YHUCIOM
u3nydatened, mnoias B OMKHEH 30HE KOTOPBIX

uccnenoBansl B [3], mOdy4eHHBIE pE3yJBTaThI

0 1 2 3 OTIMYAIOTCA Ka4deCTBEHHO: B Cllydae JMHEHHBIX
z/h pELIETOK 3aBUCHMOCTb aMIUIUTYIBl 3JIEKTPHUYECKOrO

Mot  OT  pacCTOSHWA  MPEACTaBIsieT  coOoi
CYNEpIO3UNMIO IUIaBHOW MOHOTOHHO YOBIBaroImei
GyHKIMM, Kak W B CIydae MaJIOJIEMEHTHBIX
KPYTOBBIX AHTEHHBIX PEHIETOK, M OCLUIUPYIOIEH
¢ynkuyn. [Ipu stom (cMm. Puc. 1 B [3]) unciio ocpuuisaiuid ¥ pazMax MX aMIDIMTYZ TeM Oouiblie, 4yeM OoJblie
JUIMHAa JIMHEMHOM aHTCHHOW PEIIETKH U PACCTOSHUE MEXIy H3JydarelnsiMu. PacdeTrsl 3aBUCUMOCTH
oTHOcHUTeNbHOU aMmuTynsl E/E;, u ¢da3er ¢—¢@, or nomepeunbix koopamHaT X/A u Yy/A Ha pasHBIX

_d/r=05

-~

0,8
—0.72

0.4-

Puc. 1. 3aBucHMOCTD aMIUTUTYIBI TTOJISI KOJIBLIEBOH PEIIeTKN
4-X m3mydaTteneil OT pacCTOSIHUS B HAIPaBIEHUU HOPMAITH K
PacKpEIBY.

paccTosiHusX Z /A OT aHTEHHBI MOATBEPAMIM BBIBOJA, YTO B OJNMKHEH 30HE KOJBIEBBIX AHTCHHBIX PEIICTOK
NPOXKEKTOPHBIA J1yd He dopmupyercs. OTMerum, uto npu yBenmdeHumn d /A mo 1.23 npusHaku Havaia
(hopMHpOBaHUS TPOKEKTOPHOTO Jiyda IIOSIBISIIOTCS, B YaCTHOCTH, IMOSIBISIETCS OCHMJUIMPYIOLIMH XapakTep
3aBHCUMOCTH aMIUIUTY/IBI TIOJISI OT MOTIEPEYHBIX KOOPIUHAT.

MOJIA B BJIWXKHENR 30HE MHOTOKOJIBIEBBIX AHTEHHBIX PEIIETOK
BOJBHINX JIEKTPUYECKHNX PASMEPOB AIIEPTYPbI

MHOT03/IeMEHTHBIE OCTPOHAIPABIICHHbIC aHTEHHbIE PEIICTKH CIA00HAIPABICHHBIX M3JIydaTenell HaXoIsIT
IIMPOKOE TPUMEHEHHEe B KadecTBe (Ha3MPOBAHHBIX AHTCHHBIX PEIIETOK C JJIEKTPUYECKH «MIHOBEHHO»
YIPaBISIEMBIM TIOJIOKEHHEM TIJIaBHOTO MAaKCHMyMa JAWarpaMMbl HANpaBJICHHOCTH [5] B paJuoNIOKaIlNH, B
KauyecTBE AHTEHH PaJUOTEeXHWYECKHX CHCTEM Pa3MYHOrO (YHKIMOHAIFHOTO HA3HAUEHWS JUIS JIETaTeNIbHBIX
anmapaToB M TPAHCHOPHBIX CPEACTB, «HCKYCCTBEHHOM JIyHBD» B PpaJMOAaCTPOHOMHYECKMX M aHTEHBIX
M3MEPEHUsIX U MHOXKECTBE APYTHX IMpUMEHEeHUH. [IpuMeHeHne aHTeHHBIX PeIIeTOK A 00IydeHus] KaKuX -Inbo
00BEKTOB B MX OJMKHEH 30HE MEPCIEKTUBHO HE TOJIBKO M3-3a UX YAOOHOHN TIOCKOW KOHCTPYKIIMM, HO U HM3-3a
BO3MOKHOCTH yBEJIHUEHHSI MOITHOCTH H3Ty4aeMOTO 3JIEKTPOMATHHUTHOTO MOJS ITyTeM BKJIIOYCHHS B KaXKIBI
3JIEMEHT PELIETKH yCUIIUTENS MOITHOCTH.

[Mo-BuauMoMy, BriepBbIe NONS B ONM)KHEH 30HE allepTypHBIX aHTEHH C KPYTJIBIM PACKPBIBOM HCCIIEIOBAHBI
B [6]. OmHako wuccienoBaHus (U3MUECKUX 3aKOHOMEpPHOCTEH (OPMUPOBAHUS pACIpPENENCHUS aMIUIUTY
JJIEKTPUYECKOH M MAarHUTHOM COCTABISIONIMX JJIEKTPOMAarHUTHOTO TOJIS, WX (Da30BBIX XapaKTEPHCTHK,
NOJSPU3allMM M MOIIHOCTH Ha KOHEYHOM DAacCTOSHUM B OJMKHEH W NPOMEXYTOUYHOHW 30HAX HAOIIOIEHMS
AHTEHHBI B [6] HE TPOBOIMIIKCE. DTO O0YCIIOBJICHO TEM, YTO TAaKHE MCCIIeI0BaHMs, 0COOCHHO HAa BECbMa MaJlbIX
PacCTOSHUAX OT anepTyphl, BO3MOXHBI TOJILKO YHCJICHHO. Pe3ylbTaThl OBOJIBHO MOIPOOHBIX MCCIIEAOBAaHUN B
Cllydae HETPEepBHIBHBIX KPYTJIBIX alepTyp MPOW3BONBHBIX IEKTPUIECKHX pa3MepoB IpuBeneHHl B [2]. B [2]
MOKA3aHO, YTO B ONIM)KHEH 30HE OAHOPOIHBIX CHH(A3HBIX aHTEHH MPOXEKTOPHBINA JIyd (OPMHUPYETCS] TOIBKO B
ciIydae, KOTJa IHaMeTp pacKkpbiBa MpeBbImaeT | — 1,5 miMHBI BONHBL 3aBUCUMOCTH aMIUTUTYZ BEKTOPOB
HaNpSHKEHHOCTH 3JIEKTPHYECKOT0 W MarHUTHOTO TOJEH OT PAacCTOSHUS 10 TOYKM HAONIOJCHHS B HAIPaBICHUH
HOpMallM K pacKpbIBY HMEET OCLIIIMPYIONMA xapakTtep. [Ipm 3TOM cpenHss aMIUIMTyZa I[OJied B
MPOKEKTOPHOM JIyde paBHa aMIuinTyaam noseit E; u H, B cepenune packpbiBa HE3aBHCHMO OT €T0O JJMAMETPA.
B rnoGamsHOM MakcuMyMe mond anepTypbl auameTpoM 100 IIMH BONH aMIDIUTYABI HOJeH B ONIDKHEH 30HE
JIOCTUTAIOT YABOCHHOTO WX 3HAYEHHUS B CEpEeIUHE PAacKphIBa (Ha PACCTOSHUM 25 IHaMETPOB packpbiBa). B
rJI00aJbHOM MUHUMYME Ha PACCTOSIHUM 12,5 muaMeTpoB pacKpbiBa aMILIMTY/a MMOJIsl yMeHblaeTcs Ha -531b ot
€ro 3HaueHHMs B LIEHTpE packpeiBa E.
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OueBHIHO, YTO ITH MpOsBICHUS dPPEKTOB ONMKHEH 30HBI OYAYT MMETh MECTO U B CiIyyac KOJBIEBBIX
AQHTEHHBIX PELIETOK peabHBIX CIa0OHANPABICHHBIX W3JIydaTenel, OJHAKO BIMSHHE PACCTOSHHS MEXIY
U3NTyyaTesIMH M WX 4YHCJA, OMNPENENSIOEero 3JeKTpUYECKUe pa3Mephl anepTypbl, Ha pacHpejeseHue
aMIUIMTYIHBIX, (a30BBIX W MOJISIPU3ALUOHHBIX XapaKTEPUCTHUK 3JEKTPOMATHUTHBIX IOJIeH B OJIMDKHEW 30HE
TpeOyeT NONOIHUTENHHOTO UCCIECAOBAHNS.

Pacuersl mpoBeNCHBI NPH  CHEAYIOIIUX MPEANOIOKEHHUAX, 3HAYNTEIBHO YIPOIIAIOINX (HU3UKO-
MaTEeMaTHYEKYI0 MOAENb OIMKHEH 30HBI aHTEHHBIX PEIIETOK OOJBIINX NEKTPUIECKIX Pa3MEPOB:

- aQdexTs OMKHEH 30HBI KQXKIOTO M3JIydaTens - JJIEMEHTa aHTCHHON PEIIeTKH HE YIHTHIBAIOTCS, B
YAaCTHOCTH, DJICKTPUYECKOE€ M MarHUTHOE IIOJIsl MPUHATHl MONEPEYHBIMH M CHUH(A3HBIMHM, a OTHOIICHHE HX
aMIUIMTYJ, HMelolee (U3UUECKHH CMBICI BOJHOBOTO CONPOTHUBIICHHS IPOCTPAHCTBA B OJIMDKHEW 30HE,
MIOCTOSIHHO;

- KaXIbIil U3JIyyaTesb — JJIEMEHT PEIIETKH W30TPOIHBIN;

- TONApH3aIUs N3Ty9eHHs KaXXI0TO U3JTydaTels IMHEHHas! M IS ONPEACIIEHHOCTH IIPUHATO, YTO BEKTOP
HaIpsHKEHHOCTH 3JIEKTPUYECKOT0 MO JISKHUT B TockocTi XOZ.

Jnst penieHust 3aja4u B 00IEM BHJIE C aHTEHHO# CBSHKEM JIEKapTOBY U C(HEPUUECKYIO CHCTEMbI KOOPIMHAT,
NpUYEM Hayajlo KOOPAWHAT PacIOj0XUM B IIEHTPE PAacKpbIBa, PACKPHIB pactosiokuM B miockoctu XOY, a och
OZ nampaBuM 10 BHELIHEH HOpMAaJM K PAacCKpPhIBY. AMIUTUTYIHBIE U (pa30BbIe pacrpeeeHus 0N Wl TOKOB
B Ka)XJIOM H3JIydaTele B pPacKpbIBE IPHMEM IIOCTOSIHHBIMH. Bce nmHeiHbIe pa3sMepbl aHTEHBI, KOOPAMHATHI
U3JTydaTeneil 1 ToueK HaOIIOICHNS OIPENENIOTCS B JOISIX [UTMHBI BOJHBI.

Jnst u3ydeHust IUHAMUKN (OpMHUPOBaHMS NPOXKEKTOPHOTO Jyda IPH M3MEHEHHWH YHCIA H3IydaTeleH,
paccTOsTHNS MEXIy HUMH M JJICKTPHUCKHX pa3MEpOB PacKphIBa aHTCHHBI PACUUTHIBAINCH aMIUTUTYABI U a3kl
BEKTOpa HAIPSHKEHHOCTH 3JIEKTPUYECKOTO MO B HANpPaBICHHM HOPMald K PAacKpbIBy M Ha IONEPEYHBIX
TUIOCKOCTSIX JUIsSl BADHAHTOB TUAMETPOB OJHOPOAHBIX KOJBIIEBBIX AHTEHHBIX PELIETOK, IPUMEPHO PaBHBIX 2; 5;
10; 25; 50; 100 u 200 gmuH BosH. PemieTkn MOIEIMPOBANIKUCH TaK, YTOOBI PACCTOSHUS OT KaXKIIOTO HU3JIydaTest
J0 OMmKaliinX K HeMy H3IydaTeneil Obuth oJuHAKOBbIMU. KOHKpeTHO 3amaBanuch paccrosaus d=0,5 amuHbI
BOJHBI - TO €CTh JUIA KIACCHMYCCKHX (Da3MPOBAaHHBIX AHTEHHBIX pemerok; 0=0,9 IHH BONHBI - IS
He(asupoBaHHBIX pPa3peKEHHBIX AaHTCHHBIX pEIIETOK, KOTOpbIe O0ECIeYMBAIOT TIOOAIBHBIH MaKCUMyM
JOCTIKMMOTO KO3((HUIMEHTa HAMPABICHHOTO AeicTBUsA U Kodddunuenta ycunenus u d=1,1 [UTHHBI BOJHBI,
Py KOTOPOM uMeeT MecTo d¢dekt "ocnennenus” Heda3supOBaHHBIX aHTCHHBIX peuIeTok [4], kak u B ciydae
KOJIBIIEBBIX AHTECHBIX PEIMIETOK MaNBIX 3JEKTPHUYECKHX pasMepoB. OTMETHM, YTO KaK IMOKA3aJId PacyeThl, NMpH
MaJlbIX JJIEKTPUUECKHX pa3MepoB pacKpbiBa TioOanpHbI MakcuMyMm KHJI wmeer Mecto mpH MeEHBIIMX
paccrosHusAX Mexy usnydarensamu 0=0,72A, a r1o0aIbHBI MUHUMYM — IIPH OOJBIINX paccTostHUsIX d=1,23.

OTMeTnM TaKKe, YTO M3-32 YETKOW ONpPEeICHHOCTH TeOMETPUIECKON KOH(UTypauy aHTEHHBIX PEIIETOK
M OJHOBPEMEHHO OJIHO3HAYHO 3aJ]aHHOTO PACCTOSIHUSI MEXAY H3JIydaTessiMd He yjaaeTcs oOecrednTb
OJIMHAKOBbIE 3HAYCHHUSI JUaMeTpa HW3JIy4yalollero pacKpblBa AHTEHHBI IPH PA3HBIX PACCTOSHHUSAX MEXIY
nanyyaresnsimu. [loatomy Opanuch Omrkaiiiive n3 Bo3MoXHbIX. Hanpumep, s nuamerpa packpbsiBa 100 mimn
BOJIH MPU PACCTOSHUU MEXKAy u3nydatensmu 0=0,9\ Gmkaimuii 1uametp packpbiBa okasajics paBusiM 100,8
JuHBl BOonHbL, a mpu 0=1,1A - paBubiM 101,2 mmuner BosmHBL. UKCIIO M3Tydaresiel B PEIIETKAX H3MEHSIIOCH
cooTBeTcTBeHHO. Hampumep, npu ToM ke quamerpe packpbiBa 100 maaun BosH mpu d=0,5) yuciio uznydarenei
N=30301, npu d=0,9A — N=9577 u npu d=1,1A — N=6487. B nepBom ciy4ae Bce U3aydaTelH Paclojaraiuch Ha
100 okpy>XHOCTSIX, BO BTOPOM — Ha 56 U B TpEThEM — Ha 46.

TunuuaHble pe3ysibTaThl pacdeToB 3aBUCHMOCTH AMIUIMTYIbl 3JIEKTPHUYECKOTO IIOJIs, OTHECEHHOH K ee
3HAUCHHMIO B LIEHTPE PACKpPBIBA F,, OT NPOJOIEHON KOOPAMHATHI Z/A ¥ 3aBUCUMOCTEI OTHOCHTEIBHBIX aMIUIUTY/
M pa3HocTH (pa3 moseit B MpOU3BOJILHOM TOUKE HAOIMIOCHUS U COOTBETCTBYIOIIUX PACCTOSIHUAX BIOJb ocu OZ OT
MONepEeYHOl KOOpAMHATHl Xx/A B ciydae juamerpa packpbiBa 100 [IMH BOJIH W PACCTOSHUS MEXIY
n3nyyaressimu B pemetke d=0,5) npeacrasneno Ha Puc. 2, 3.

W3 npuBeZieHHBIX pe3yJIbTaTOB PacyeToB, KAK M W3 PacyeToB MPHU JAPYrHX JUaMETpax PacKpbiBa, CIEIyeT,
YTO TIPH JIMAMETPE arnepTypbl, OOJbIIEM BYX JJIMH BOJH, alepTYpHbIE SKBHMCTAHTHbIC CHH(A3HbIC aHTCHHbIC
peuieTkd B OMibKHEH 30HE (DOPMHPYIOT HPOXKEKTOPHBIH JIyd, B KOTOPOM 3JIEKTPOMArHUTHAsi BOJIHA HWMEET
XapakTep JOKaIbHOU ¢1ab0 HEOTHOPOTHOM MIIOCKOH BOJIHBL. B mporiecce pacnpocTpaHeHus CPEIHSSI aMIUTHTY1a
HOJISA, KOTOpasi OMpeJeNsieTCs] YNUCIOM HM3JIydyaTened, He3HAUNWTEIbHO YMEHBIIAeTCs. 3aMeTHM, YTO B Cilydae
HETIPEPHIBHBIX allepTypHBIX aHTEHH C PACKPBIBOM KPYTJIOW (GOPMBI CpeHsss aMIUTUTY 1A OIS B IPOXKEKTOPHOM
Jyde paBHA aMIUIUTY/IE TI0JISl B ICHTPE PacKpbIBa HE3aBHCHUMO OT €r0 JIEKTPUUECKHUX Pa3MepoB [2].

W3 pe3ynbTaToB pacueToB OKa3ajJoCh TaKXKe, YTO IPOTSHKEHHOCTh O0JAaCTH OCHWULINMHA W YHCIIO
OCLWJUISLMH aMIUIUTY/IbI TIOJISL B HAIIPaBJICHUH HOPMAaJIM K PACKpPBIBY ONPEeIseTCs THaMeTpoM anepTypsl D/A u
HE 3aBHCHT OT PACCTOSHHS MEKAY H3Iydarensmu O/A, ducia w3iaydaresied M aMIUTMTYAHOTO PaclpeiesieHUs!
MCTOYHHMKOB OIS B aneprype. [Ipu 3TOM 4Mcio OCUMISIIKE Tois B OJMXKHEH 30HE PaBHAETCS YHCIY JAJIHH
BOJIH, KOTOpbIE YKJIAIbIBAIOTCS B JUaMETPE pACKpblBa AaHTEHbL. [IPUHIUNHAIBHBIM OTIHYHEM TOJIs B
MPOXKEKTOPHOM JIyue aHTEHHBIX PEIIeTOK C PACKPBIBOM KpyrJiod (OpMBI OT JPYrHX BapuUaHTOB (HOPMBI
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packpbiBa - JMHEWHOH, KBa3WJIMHEHHOM, MPSIMOYroJbHOW M KBaJpaTHOW - SIBIISIETCS OYeHb OoJjblias riryOuHa
OCLWJUISLIMH, TO €CTh OUY€Hb OOJIbIIAs BEJIMYHMHA ITPOJIOJIBHBIX T'PAJUEHTOB aMILUIUTY/Ibl BEKTOPOB MOJIS.

KauecTBeHHO XapakTep moiisi B OJIM)KHEH 30HE MPH YBEIWYEHUH JHUaMeTpa aHTCHHBI COXPaHSETCs, OJJHAKO
MOSIBJISIIOTCS M HOBBIE AP (EKTHI:

100 xpyros ¢ 30301 ucrounukom chepuaeckoil BOTHbI
d/A=05 D/ =100 R,,/A =20000
E/E E/E,

04

0.2

0 2000 4000 6000 8000 10000 %0 20 40 60 80 100
a) z/h 6) z/n
Puc. 2. 3aBucuMocTh aMIuIHTy 6l mosist pemmerku (d = 0.5X) ¢ KpyribiM packpbiBoM ¢ quamerpoM 100A oT paccTosiHus B
HalpaBJIeHUH HOPMaJIM K PACKPBIBY: &) - JI0 PACCTOSIHHS MTOJIOBUHBI PACCTOSHUSA aJbHEil 30HbI;
0) - 10 paccTOSHUS, PABHOTO pa3Mepy pacKpbIBa
100 xpyroB ¢ 30301 ncroyHnKoM chepHIecKOil BOTHEI.
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Puc. 3. 3aBucuMocTh aMIHTy b1 U (hassl noust pemetkr (d = 0.5)%) ¢ kpyribiM packpbiBoM 100) oT mornepeyHoi
KOODPJMHATHI X Ha Pa3HBIX PACCTOSHUAX Z OT PACKPHIBA AHTCHHBI.
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1. VYBenuueHue nuaMeTpa aHTEHHbI NPUBOAMT K YMEHBLICHUIO aMIUTUTYJbl IIOJII B €r0 MHHUMYMaXx.
CrenoBarenbHO, B ONMKHEH 30HE PaJnOIOKAIMOHHBIX M TEJIEKOMMYHUKAIIMOHHBIX PaJMO3ICKTPOHHBIX CUCTEM
C MHOT'OKOJIBIIEBBIMU aHTEHHBIMH PEIIETKaMH 00pa3yIoTcsl «MEPTBbIE 30HBI», KOTOPbIe HEOOXOANMO YYUTHIBATD
Ha MpaKTHKe.

2. IlpoTsHKeHHOCTh IPOKEKTOPHOTO Jyda W 00NacTM OCHWILINWN aMIWTygsl W MOIIHOCTH
3JIEKTPOMAarHUTHOTO TIONISl YBEIMYUBAETCSI C YBEJMYCHWEM [UAMETpPa pPACKPbIBA AHTEHHBIX PEIICTOK
NPUOIM3UTENHHO MO KBAAPATHIHOMY 3aKOHY.

PaccmoTrpuMm nanmee OCOOEHHOCTH paclpefeleHUsl aMIUIMTYAZ H (a3 3JIeKTPOMAarHWTHBIX TOJEH B
NPOCTPAaHCTBE B OJIDKHEH 30HE OSKBHAWCTAHTHBIX CHH(A3HBIX MHOTOKOJBIEBBIX AHTEHHBIX pPELIETOK
M30TPOINHBIX M3IydaTeNed NpH HM3MEHEHHH HMX AWAMETPa M PACCTOSHUS MEXKAY H3IydarensiMu. Pacuersl,
aHaJIOTHYHBIE NIPEJCTABJICHHBIM BBIIIE, IPOBEJECHBI A AUAMETPOB pacKphiBa pemeTok oT 2 10 200 AnuH BOJH
IpY U3MEHEHHWH DPACcCTOSHUS Mexny Onwkaimumu uznydarensmu ot 0,5 mo 2,0 amuu BonmH. Ha Puc 4, 5
NPUBEJICHBl PACYeThl paclpeaeIeHusl aMILIMTY bl U (a3bl 3JIEKTPUUECKOro IoJisi B OJIMKHEW 30He Haumbolee
BRXHOTO JUISl TPAKTUKU Ciydyas pa3pekeHHOH He(ha3sUpOBaHHOW OSKBUANMCTAHTHOW aHTEHHOH peIeTKH c
MaKCHMaJIbHBIM JOCTH)KUMBIM ~ KOO(DMIIMEHTOM HANpaBJICHHOTO JIEHCTBHS NPU  PACCTOSHUU  MEXKIY
manyuarensmu d=0,91. Ha Puc. 6, 7 npuBeneHbl Takue e pacyeTsl Ui pa3pexkeHHo pemerku mpu d=1,1A. B
9TOM Clly4ae, Kak noka3aHo B [4], KH]I aHTeHHOIl peleTkH yMEHbIIAETCS 3a CUET BO3HUKAIOMIMX B MpeEaenax
BUIUMBIX YTJIOB AW(PAKIMOHHBIX JICTIECTKOB IHArpaMMBbl HANpaBICHHOCTH JO MHUHHMAJIFHOTO BO3MOKHOTO
3HadeHnsA. Kak ObUTO OTMEUEHO BBIIIC, B PACUCTHBIX BapHaHTaX aHTCHHBIX PEIIETOK AWAMETDP PACKPHIBOB OBLI
BEIOpaH MakCHUMaJIbHO ONHM3KUM K 3amaHomMy D=100A.

W3 pe3ynpTaToB pacderoB, B yacTHOCTH, n3 Puc. 4 — 7 BUIHO, YTO B 3aBUCHMOCTH OT PacCTOSHHSA OT
AQHTEHHBI JI0 TEKYIIUX TOYEK HAOJIOACHUs B OJIM)KHEH 30HE aMIUIUTYAA JJIEKTPHUYECKOTO IOJsl U3MEHSETCS MO
OCLIMJIMPYIOIINM 3aKOHOMEPHOCTSAM, Kak M B ciydae (ha3upOBaHHBIX KoOJblEBbIX pemetok (Puc. 2, 3) u
HENPEpHIBHBIX alepPTypHBIX aHTEHH C pacKpblBoM Kpyriod ¢opmbl [2]. Tlpu sToM, kKak M paHee, 1Mo Mepe
yZAaJeHUs TOYKU HaOJIOACHUS OT pacKpbIBa, MEPHOA OCIMIUIALUN yBennuuBaeTcs. OOBACHIETCSA 3TO TEM, UTO B
000l TouKe HAaOJIOAEHUS B OJIMDKHEW 30HE aHTEHHOW PEIIETKH aMIUIMTYyJa HOJs €CTh CyMMapHBIH 3¢ ¢eKT
UHTep(EPEHLINH IEKTPOMATHUTHBIX BOJIH, U3JIYUSHHBIX Ka)K/IbIM 3JIeMEHTOM perieTku. [Ipu aTom, Kak u panee,
[0 Mepe yAaJeHUs TOUYKH HAOJOAEHNUS OT PACKPbIBA, EPHO OCHIIIINN yBeIHIuBaeTcsl. Pa3mMax ocuwisui B
3aBUCHMOCTH aMIUIUTYZBI TIOJII OT INPOJOJBHOW KOOPIMHATHI Z B HANPABICHWM HOPMAlM K PACKPHIBY, T.C.
MPOJONBHBIE TPAaAWEHTHl AMIUIUTYIBI TIONIS, B PacCMaTpPUBAEMBIX CIydasX JOBOJNBHO OoJbInue, ONM3KHE K
rpajiieHTaM T1ojsl B OMWKHEH 30HE HENPEphIBHBIX alepTypHbIX AaHTEeHH C KPYIJIbIM PacKpbIBOM,
uccie0BaHbIHEIM B [2]. CyliecTBeHHBIE OTIMYMS B TIOBEICHHUH ITOJISI UIMEIOT MECTO HETOCPEICTBEHHO BOJIU3HU
packpeiBa aHTeHHOH pemeTku. 13 Puc. 2, 4, 6 BUIHO, YTO aMIUIMTy/ja MOJS BONM3K PEIIETKH YMEHBIIAeTCs HE

TOJIBKO B MMHMMYMax I10JIs1, HO U B €ro MakcuMyMmax. PacueTsl mokasasuu, 4To 3aBUCUMOCTH E(Z/X) , OmM3KHe K

XapaKTepHBIM AJIS TMPOKEKTOPHOTO Jiyda 6e3 3HAYUTEIHHOTO M3MEHEHHUSI MAaKCHUMAJIBHBIX YPOBHEH aMIUIUTY/BI
MOJNSL TPH YBEIMYCHHH PACCTOSHHSA, HMMEIOT MECTO Ha pAaCCTOSHHSX, OOJNBINMX JUaMeTpa pPacKPHIBA.
Pacnipenenennst aMunTynbl U ¢asbl 1O B MOIEPEUYHBIX CEUYEHHMAX Z =CONSt TpH M3MEHEHHH PaCCTOSHUS
Mexkay uaaydareasmMua ot 0,5 1o 0,9 JUIMHBI BOJMHBI TAaKHE JKe, KaK B MPOXKEKTOpHOM Jjyue (cMm. Puc. 3, 5).
3amMeTHnM, 4TO TaKHue K€ 3aBUCHUMOCTH UMEIOT MECTO U B CJIy4ae JMHEWHBIX aHTEeHHBIX PEMIeTOK [3].

PaccmoTrpuM nanee moBesieHHE MO B OMMKHEH 30HE pa3pekeHHON aHTCHHOM PEIISTKH MPU YBEIMYSHUU
pPacTOSHHAS MEXIy H3JIydaTelsIMH OOJbIIe OJHOW [UIMHBI BOJHBEI, KOTJAa B JHAarpaMMe HAIpPaBICHHOCTH B
00acTH pealbHBIX YIJIOB HAOIONCHHS MOSIBIIIOTCS TEepBbIe IudpakiuoHHble Jemectkun. Ha Puc. 6, 7
NpECTaBIeHBI COOTBETCTBYIOININE pacueTsl B ciayuae O =1,1A, U3 KOTOPBIX CICAYIOT BaXKHBIC JUIS MPAKTUKH
BBIBOJIBL:

1. B pa3pexeHHBIX KOJBIIEBBIX AHTCHHBIX PEIIETKaX MOITHOCTH 3JCKTPOMATHUTHOTO MO B OMIKHEN
30HE KOHIIEHTPHUPYETCSl HEMOCPEICTBEHHO BOJIM3M PACKPhIBA aHTECHBI KaK B CIIy4ae JMHEHHBIX HENPEPHIBHBIX U
JUCKPETHBIX aHTECHH, B OTJINYHE OT HEMPEPHIBHBIX aHTEHH C PACKPBIBOM KPYTJIOH (hOPMBI, B KOTOPBIX MOIITHOCTh
KOHIIEHTPUPYETCS Ha CYIIECTBEHHOM PAaCCTOSIHUM OT pacKpbiBa [2].

2. Ha MaJbIX paccTOSHUSX OT PacKpblBa pazpexeHHol pemetku (He Gonbime 0,25 D/A), kak BUAHO U3

Puc. 606, ammmuTya OIS YBEIUYUBACTCS TOYTH B 9 pa3 10 CPABHEHUIO C aMILTUTYIOH OIS Ha U3ITy4YaTessX.

D70 SBICHHUE «TICEBAOGOKYCUPOBKI» dIIEKTPOMATHUTHBIX MMOJIeH B OJMKHEH 30HE KOJBIIEBBIX pa3peKeHHBIX
AQHTEHHBIX PEIIETOK MOXKET IPUBECTH K AIIEKTPUIECKOMY NMPOOOI0 aHTEHHBI, NIEPErpeBy MaTepHANIbHON Cpenbl B
HeKOTOpOﬁ JIOKaJIbHOU O6J'IaCTI/I U APYruM HEKCIATCIIbHBIM ABJICHUAM, IMOOTOMY JOJDKHO YYHUTBIBATHCA Ha
MIPaKTUKE. B MOMEpeyHBIX MIOCKOCTAX Ha MAJIBIX PACCTOSTHHUAX OT pacKphiBa modie epemennodaszHoe (Puc. 7x),
a €ro aMIiMTyaa B 3aBUCUMOCTH OT nonepequf/'I KOOPAWHATBI UBMEHACTCA IO HEPETYIAPHBIM OCHUJIJIUP YIOIITUM
3akoHOMepHOCTsM (Puc. 7a).
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Puc. 4. 3aBrucuMoCTh aMILTUTY (6! o1 pemetke (d = 0.9X) ¢ KpyribiM packpbiBoM ¢ quametrpoM 100A oT paccTosiHuS B
HaIpaBJICHUH HOPMaJIM K PacKphIBY: &) — J0 MOJOBHHBI PACCTOSHUS TAJIbHEH 30HHI ; 0) - 10 pacCTOSHUS, PAaBHOTO pa3Mepy
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Puc. 5. 3aBucumocth aMIInTy sl U ($asbl oist peutetku (d = 0.9 A) ¢ kpyribiM packpbiBoM 100X oT monepeydHoi
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KOOPAWHATBI X HA Pa3HBIX PACCTOSHUAX Z OT paCKpbiBa aHTCHHBI.



54

M.M. I'opobeyw, A.C. Jlebeoes | [Tonsi 6 6audichiti 30Hi 6a2aMOKINbYEEUX AHMEHHUX PEUTIMOK ...

0.25

0.20

0.15

0.10

0.05

0.00+
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Puc. 6. 3aBrucuMOCTh aMILTHTY 6! 101 pemnetke (d = 1.1X) ¢ KpyribiM packpbiBoM ¢ quamerpoM 100A oT paccTosiHuS B
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KOOPAMHATHI X HA PA3HBIX PACCTOSHHUAX Z OT PACKPHIBA AHTCHHBI.
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3. Ha paccTossHUM OKOJIO TIOJIOBHHBI DPAacKpblBa pPa3pe)KCHHOH aHTCHHOW pEIIeTKH 3aBUCHMOCTb
aMIUIMTYABl IOl OT MPOJOJNBLHONM KOOPAMHATHI IPHHSIA peryssipHblid xapakrep (Puc. 60), omHako B
MONEPEYHOM CEYEHUH MPOCTPAaHCTBA HAONIOJEHUS HA 3TOM PACCTOSHUM TOSBHIACH aHOMAUIUSI — yBEIHYCHUE
aMIUIMTYZbl MOJsT BHE KPYTOBOTO IMJIMHAPA C JIMAMETPOM, PaBHBIM JHAMETPy PACKPhIBAMHOTO KOJIBIEBOI
aaTeHHOHU pemeTku (Puc. 76). O4eBUIHO, UTO 3TO SBICHUE CBS3aHO C MOSBICHUEM IOH(PPaKIIHOHHBIX JIETIECTKOB
B UarpaMMe HalpaBICHHOCTH HCCIIeRyeMoil aHTeHHbl. Pa3oBoe pacmpesesieHHe MO B 9TOM CEYCHHH, Kak
BUOHO W3 Puc. 7e, ocuwudpyiomee B OTpaHHYCHHBIX IIpeieNiax W B CPeJHEM OJHM3KO K IIOCTOSHHOMY B
npenenax MIIMHIPA, ¥ IepeMeHHO(a3HOe BHE IMIIMHIPA.

4. Ha pacTosHHAX, IPEMEPHO PaBHBIX U OOJBIINX IHAMETPa PACKPHIBA Pa3pe)KCHHOW aHTCHHOH PEeLIeTKH
NPOCTPAHCTBEHHOE paclpeleieHue aMIUIUTYAbl W (as3bl mMois B ONIDKHEH 30HE NpHOOpEeTaeT XapakTep
MPOXKEKTOPHOTO JIyya. OTMETHM, YTO 3TH SBJICHUS B OJMIKHEH 30HE Pa3peKEHHBIX MHOTOKOJIBLIEBBIX aHTEHHBIX
pELIETOK — MOSIBIICHHE «cliea» MHTep(EepEeHIIMOHHBIX JICTIECTKOB UarpamMbl HalpaBiIeHHOCTH B OJIMDKHEH 30HE
Ha pacCTOSHHUU OKOJIO TTOJIOBUHBI JUITMHBI AaHTEHHBI M (JOPMHPOBaHKE OJHM3KOTO K IUIOCKOMY ()pPOHTA BOJIHBI B
CEUCHUH, B KOTOPOM DACIIOJIOKEHA aHTEHHA, Ha PACCTOSHHUSX, PABHBIX MM OOJBIIUX JJIMHBI aHTCHHBI, HMEET
MECTO M B Cllyyae OJNMKHEH 30HBI JIMHEHHBIX Pa3pEeKCHHBIX AHTEHHBIX PEIIETOK OOJNBLIMX 3JIEKTPHYECKUX
pa3mepoB (cM. Puc. 1B u 40, B, e, k) B [3].

[Ipy yBeNmMYECHUH PACCTOSHHA MEXAY M3Iy4aTeIIMH HapyLIaeTCsi PaBHOMEPHBIH XapakTep OCLILIALUMA
AMIUTUTYIBI 0N B ONIMDKHEH 30HE aHTCHHBL. B 4acTHOCTH, B pa3peeHHBIX aHTCHHBIX perieTkax npu d=1,1A, mo
Mepe yIaleHHs TOYKH HaOJII0ICHUS OT PacKpbIBa aMILIATYAA IIOJS YBEIMYUBACTCS, @ IOTOM JOBOJBHO OBICTPO
yMeHblnaerca. Takxke B 3TOM Cllydae, HMEET MECTO YBEIMYCHHE aMIUIHTYABI M MOIIHOCTH IIOJSL B O0JIACTSIX
NPOCTPAHCTBA BHE MPOXKEKTOPHOTO JIy4a, Yero He HaOJoJaeTcs B CIy4asx HEMPEPHIBHBIX aHTEHH C PACKPBIBOM
KpYTJa0oil (OpMBI M B amepTypHBIX KOJbBLEBBIX AHTEHHBIX PEIIETKaX C MEHBIIUMH PACCTOSHUSMH MEXIY
U3ITyYaTeIsIMU.

BbIBOJbI

1. Paspaborano mMaremaTHueckoe oOeclieueHHEe PEeHICHNsI BHEITHEH BEKTOPHON 3a7auyl 3JIEKTPOANHAMUKHI
00 M3IMy4eHHH SKBUIMCTAHTHBIX OJHOPOIHBIX CHH(A3HBIX IUIOCKMX MHOTOKOJBIEBBIX AHTEHHBIX PEIIETOK C
packpbIBOM Kpyriio (opmbl B ONMMKHEH M MpOMEXYTOYHOH 30Hax HaOmioxeHWs. IIpoBeneHHbIE NeTalbHbBIC
pacyeTsl aMIUTUTYIHBIX ¥ (ha30BBIX XapaKTEPUCTUK 3JIEKTPOMArHUTHBIX MOJIeH KaK B HAIIPaBICHUHA HOPMAaJH K
PacKphIBY, TaK U B 3aBUCHMOCTH OT NOTIEPEUHBIX KOOPAMHAT NIPH U3MEHEHUH JuaMeTpa packpsisa ot 0,5 1o 200
JUIMH BOJIH M PAacCTOSIHUI Mexnay wu3nydarensmu ot 0,25 1m0 2 IMH BOJH, MO3BOJNIMJIM HU3YYHTh
¢dynnamenTanbibie 3G QGeKTl npu (GOPMHUPOBAHUM MPOCTPAHCTBEHHOTO PACHPENENICHHsT AJIEKTPOMArHUTHBIX
noJiei B OJIMDKHEH 30HE aHTEHHBIX PEIIeTOK.

2. U3 ananmza pe3ysibTaTOB pacyeroB IOKA3aHO, YTO €CJIM Pa3Mepbl anepTypbl MOJOOHBIX AaHTEHH He
MPEBBIIAIOT OHOM - MOIyTOpa [UIMH BOJIH aMILIUTY/Ia MOJIS B HAIPaBICHUU HOPMAaJIH K PACKPBIBY PaBHOMEPHO
Y IOBOJILHO OBICTPO YMEHBINACTCS M IPOXKEKTOPHBIE JTy4H HE (OPMHUPYIOTCS, KaK U B CIIy4ae JIMHEHHBIX aHTECHH.
PaccrostHue nanbHel 30HBI TAKMX aHTEHH PABHO NMPHOJIM3UTENBHO ABYM JJIMHAM BOJIH.

3. B cimydae anepTypHBIX aHTEHHBIX PEIIETOK C PACKPBIBOM KPYTJIO# ()OPMBI THaMETPOM IOJITOPHI — ABE U
Oouiblle JUTMH BOJIH B OMKHEH 30HE (GopMHUpYeTCs NMPOXKEKTOPHBIN JIyd, MPEACTaBIISIOMNA COO0H JIOKAIBHO
OTPaHWYEHHYIO CIa0OHEOTHOPOIHYIO IUIOCKYIO BOJIHY, B KOTOPOH B IPOIIECCE PACHPOCTPAHEHHUS COXPaHSETCS
HEM3MEHHOM CpelnHSAs aMIUIUTyAa Iojsi. B OoTiuuYMe OT HEeNpephIBHBIX alepTypHBIX AHTEHH C PacKphIBOM
Kpyrioit GpopMmbl, B KOTOPBIX B HNPOXKEKTOPHOM JIy4e€ CpPEJHsSI aMIUINTY/a MO PaBHA ee 3HAYCHUIO B IICHTpE
PacKpbiBa, B MHOTOKOJIBIIEBBIX AKBUANCTAHTHBIX AHTEHHBIX PEIIETKAaX CPEOHSS aMIUIMTyJa IO B OMMKHEH
30HE 3aBHCHUT OT YHCIIA M3JTyyaTesiel, pacCTOSHIS MEX/y HUMH U 3JICKTPHUECKUX Pa3MEPOB PACKPHIBA.

4. TlokazaHO, YTO Tepemaibl aMIUINTYIBl TOJII B MPOXKEKTOPHOM JIyde B HAIPABICHWH HOpPMAld K
PacKpBIBY, TO €CTh IPOJIOIBHBIE IPAAUEHTH aMIUIUTY/IBI TOJS, B CIy4ae MHOTOKOJIBILIEBBIX AaHTCHHBIX PEIIETOK
3HAYUTENBHO OOJBIINE, YEM B CiIydae JIMHEHHbIX, KBAa3WJIMHEHHBIX, IPSIMOYTOJIBHBIX U KBaJPATHBIX anepTyp.
IIpy yBenuueHHH AMAMETPOB KPYIJIBIX aNepTyp 3HAYUTENbHO YMEHBILIAIOTCS MHUHUMAJIbHBIE 3HAUCHUS
aMIUIMTYZ, Tosieii B OmkHeW 30He, T.e. oOpasyrorcss "MepTBBIE 30HBI" B PaJHOJIOKAlMOHHBIX,
TEJICKOMMYHHUKAIIMOHHBIX M TEXHOJIOTHYECKUX DPAJANOICKTPOHHBIX CHCTEMax, pabOoTalolmMx B ONIKHEH 30HE
AQHTEHHBIX YCTPOMUCTB.

5. VYBenuyeHHE PACCTOSIHUS MEXIY HM3JydaTeJiIMH NPUBOAMT K HApYIICHUIO PaBHOMEPHOTO XapakTepa
OCHWJIISIIIMHA aMIUTATYIBI ¥ MOIIHOCTH 3JIEKTPOMAarHUTHOTO IOJISl B ONIDKHEW 30HE OJHOPOITHBIX alepTypHBIX
AQHTEHHBIX PEIIeTOK OCeCHMMETpHUIHOW (hopMbl. OOHApYKEHO SIBICHHE YBEIWYEHUS aMIUIUTYABI II0JI BHE
MIPO’KEKTOPHOTO JIyda B OMKHEN 30HE Pa3pe)KEHHBIX KOJIBIIEBBIX aHTEHHBIX PEIIETOK
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AkTyajbHicTh. Po3po0Oka Ta BIpoBa/ykeHHS y MPAKTUKY HOBITHIX METOJIIB €KOJIOTIYHOTO MOHITOPUHTY
aTMoc(epu € B Hall Yac aKTyaJbHOIO 33/1a4€l0 y 3B’A3KY 3 IOCTIHO 3pOCTAl0uMM TEXHOT'CHHHM
3a0pynreHHsM Oiocepru 3emiti. OCOOMMBO aKTyalbHUM € TUCTAHIIIITHAN KOHTPOJH Ta30BOTO CKIAIy
MPU3EMHOT0 Iapy aTMocdepr B yMOBax IIPOMHUCIIOBOI 30HH Cy4aCHOTO METaIojicy Uil OOTPYHTOBAHOTO
BBE/ICHHSA MITpaHUX CAHKIIH 1O BIIHOIICHHIO IO MiJNPHEMCTB, YHi BUKHIU 3a0pyIHIOIOUMX PEYOBHH
MIEPEBUIITYIOTH BCTAHOBJICHI HOPMH.

Merta poéorn — po3poOka ekonoriusoro CKP-mimapa aisi KOHTPOJIO ra30BOTO CKJIAAy MOBITPSHOTO
OaceifHy BEJIMKMX MEramojiiciB Ta TEOpeTUYHa IepeBipka HOro eQEeKTUBHOCTI JJsi BUPIMICHHS
HOCTaBJICHOI 3a/a4i.

Marepianu Ta Meroau. B ocHOBY po3pobieHoro sifapa Uit €KOJIOTIYHOTO MOHITOPUHTY MPU3EMHOTO
mrapy atMocgepd MOKJIAAeHO METOX CIOHTaHHOTo KoMOiHamiiiHOTO poscisHHs (CKP), mo oOGymoBieHO
ocobOmmBoCTSIMU TIocTaBiieHO 3amadi. Meronq CKP no3Bosisie IMpOBOAWTH AMCTAHIIIMHE BH3HAYCHHS
ra3oBoro CcCkjiagxy armocepu Ha BIACTAHAX OO [JEKUIBKOX KUIOMETPIB 3 JOCTaTHBO BHCOKHM
po3pizHeHHsM (o 1 MeTpa) Ta 0oOuHCIIOBATH aOCOJIOTHY KOHIICHTPAII0 3a0pyAHIOIOYHX rasiB, M0
BUSIBIISIIOTBCSL B JIOCIHIZPKYBaHIi 00JacTi HOBITPSHOTO MPOCTOPY, HIISIXOM MOPIBHSHHS 1HTEHCUBHOCTI
JHIA-CYITyTHUKIB 3a0pyIHIOBaYa Ta a30Ty B 3apeecTpoBaHomy crektpi CKP.

PesyabraTu. O6rpynroBaHo Budip merony CKP mist auctaHIiiHOTO J1a3epHOrO KOHTPOJIIO 332 CTaHOM
MPU3EMHOI0 HIapy arMocepy B yMOBax BEJHMKHX IPOMHCIOBUX LEHTPIB. IIpencraBieHo MpUHIKIOBY
OIIOK-cXeMy Ta OCHOBHI TEXHIUHI XapakTepucTHKH po3pobieHoro CKP-mimapa. IlpoBemeHo momepenHi
po3paxyHKH e(eKTHBHOCTI BHKOPHUCTAHHS PO3POOJICHOTO Jimapa Uil EKOJIOTIYHOTO MOHITOPHHTY
TOBITPSIHOTO OaceiHy BEJTMKUX METaIOJiCiB.

Bucnosku. [IpoBeneHi po3paxyHKy HOKa3aJy, 10 TEXHIYHI XapakTepucTUKH po3podnenoro CKP-minapa
JIO3BOJISITH TPOBOJIUTH BHUSBIICHHS TaKMX 3a0pynmHIoroumx rasie, sk CO, NOz, SOz, CHa, H»S, CeHe HA
Bizictansx g0 200 M mpu X KOHLEHTpalisX Ha PiBHI IPAaHUYHO JOIMYCTUMHX 3HaueHb y poOOdiil 30HI
HIANPUEMCTBA TIPH POOOTI NMPUIMAIIBHOTO KaHaly JiJiapa B PEXHUMi HAKOMHMYEHHS CUTHAIY HPOTSITOM
yacy Bij 10 cekyHn 1o 4 xBwinH. Taki XapakTepUCTUKH JTO3BOJISATh BUKOPUCTOBYBATH LieH MPUCTPIH [uist
OIEPaTHBHOTO JUCTAHIIHOIO €KOJIOTIYHOTO0 KOHTPOJIIO 32 CTAHOM MOBITPSl B MICBKii Mexi Ta 1mooyu3y
MPOMUCIIOBUX TiITPHEMCTB.

KJIIOYOBI CJIOBA: migap, crnoHTaHHe KOMOiHAmiliHE pO3CISHHA, MpHU3eMHUI map atMocdepw,
€KOJIOTIYHUIT KOHTPOJIb.

CKP-JIUJAP JJI51 SKOJOT'MYECKOI'O MOHUTOPUHI'A ITPU3EMHOT O CJIOSI
ATMOC®EPBI
B.I1.Tutaps, O.B. Illnayenko
Xapvrosckuii nayuonanvusiil ynugepcumem umenu B.H. Kapaszuna, 61022, 2. Xapvkog, ni. C60600v1,4

AkTyanbHocTh. Pa3paboTka ¥ BHeApeHWE B NPAKTHKY HOBEWIIMX METOMOB HKOJOTHYECKOTO
MOHHUTOPHHIa aTMoc(epsl SBISETCS B HACTOSINEE BpeMsl aKTyaJbHOW 3a/aueil B CBSI3M C IIOCTOSIHHO
BO3pacTalOlIMM TEXHOT€HHBIM 3arpsi3HeHueM Ounocdepsl 3emin. OCOOEHHO aKTyaJbHBIM SBISIETCS
JIMCTaHIIMOHHBIN KOHTPOJIb Fa30BOr0 COCTaBa IPU3EMHOTO CIIOSI aTMOC(EpPHI B YCIOBHAX NMPOMBIIIICHHON
30HBI COBPEMEHHOTO Meramojiuca i 00OCHOBAaHHOTO BBEACHHS INTPAaGHBIX CAHKIMHA B OTHOIICHUU
MPEANPHUATH, Y61 BEIOPOCHI 3aTPS3HSIOMINX BEIIECTB MPEBHIIIAI0T YCTAHOBICHHBIE HOPMEI.

Heap padoTsl — pazpaboTka sxonorndeckoro CKP-nuagapa 1iist KOHTpOIIsS ra30BOTroO cOCTaBa BO3/LYIIHOTO
OacceiiHa KpPYMHBIX METaloJIMCOB M TEOpeTH4YecKass IpoBepka ero 3(QeKTHBHOCTH Il pemeHHs
MOCTaBJICHHOH 3a/1a4H.

© Twurap B.IL., [llmauenko O.B., 2019
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Marepuansl u MeToabl. B ocHOBY pa3paboTaHHOrO jMaapa Juisl 5KOJOTHYECKOr0 MOHHTOPHHIA
MPU3EMHOT0 CJIOSl aTMOC(EpPHI MOJI0KEH METOJ CIIOHTaHHOro KoMOuHanmoHHoro paccesuust (CKP), uro
00ycIOBICHO OCOOSHHOCTAMH ToOcTaBieHHOW 3amadu. Mertogq CKP  mo3BomsieT mpoBOIUTH
JUCTAaHIMOHHOE OIPEJEICHUE Ta30BOr0 COCTaBa aTMoc(epbl HAa pAacCTOSHMSAX [O HECKONBKUX
KWJIOMETPOB C JOCTaTOYHO BBICOKMM pas3pemeHneM (qo 1 MeTpa) W BEYHCIATH aOCOJIOTHYIO
KOHIICHTPAIMIO BBIIBIIICMBIX 3arpsI3HSIONINX TAa30B B UCCIEIYEeMO 00IacTH BO3AYIIHOTO IPOCTPAHCTBA
MyTEM CpaBHEHHMS WHTECHCUBHOCTH JIMHUI-CIYTHHKOB 3arpsi3HHTENSI M a30Ta B 3aperuCTPUPOBAHHOM
cnektpe CKP.

Pesyabtarel. OOocHoBan BbeIOOp Meroma CKP st 1MCTaHIMOHHOTO J1a3epHOTO KOHTPOJS 32
COCTOSIHHEM IIPU3EMHOr0 CJosi aTMocepbl B YCIOBUSAX KpPYIHBIX IPOMBIIUICHHBIX [IEHTPOB.
IIpencraBnena mpuHOWNHMAIbHAs  OJOK-CXeMa M OCHOBHBIE  TEXHHYECKHE  XapPAKTCPUCTHUKHU
pa3paboranaoro CKP-minapa. [IpoBenensr npeaBapuTenbHble pacy€Tsl 3 (EKTHBHOCTH MCIIONB30BAHUS
pa3pabOTaHHOTO JHAapa Uil 3KOJOTHYECKOTO MOHHMTOPHMHIA BO3AYIIHOTO OacceiiHa KPYIHBIX
METaIOJIICOB.

BruiBoasl. [IpoBeneHHbIe pacd€Thl MOKA3aIM, YTO TEXHUYECKHE XapaKTepHCTUKU pazpaboranHoro CKP-
JIapa TO3BOJIAT IPOU3BOIUTE OOHAPYKEHHE TAKUX 3aTrPsA3HAIOMHUX ra3oB, kak CO, NO2, SOz, CHa, H2S,
CeHe Ha paccrostHmsx 10 200 M pH MX KOHIEHTPALUUsAX HA YPOBHE MPEAEIBHO JOIMYCTUMBIX 3HAaUCHUH B
paboucii 30HE MPEANPUATHS NPH paboTe MPUEMHOTO KaHaja JUaapa B PESKUME HAKOIUICHHS CHTHANA B
teuenne BpemeHu oT 10 ¢ 1o 4 muH. Takue XapakTepHCTHKH MO3BOJIAT UCIIOIB30BATh JAHHOE YCTPOMCTBO
JUISL ONIEPaTUBHOTO AMCTAHIMOHHOTO JKOJIOTHYECKOTO KOHTPOJIS 32 COCTOSIHUEM BO3JyXa B TOPOJICKOM
yepTe W BOIM3U MPOMBIIICHHBIX MPEIIPHATHH.

KJIIOYEBBIE CJIOBA: mumap, CHOHTaHHOe KOMOWHAIIMOHHOE pAacCesHWe, MPHU3EMHBIH CIOU
aTMoc(epbl, 3KOJIOTHIECKUI KOHTPOIIb.

SRS-LIDAR FOR ENVIRONMENTAL MONITORING ATMOSPHERIC SURFACE LAYERS
V.P. Titar, O.V. Shpachenko
V. N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine

Background: The development and implementation of new methods of environmental monitoring is an urgent
problem due to the technogenic pollution of the Earth's biosphere. The remote control of the gas composition of the
surface atmosphere layer in industrial zones of modern metropolis is important for determining penalties for enterprises
whose emissions of pollutants exceed established norms.

Objectives: Development of an ecological Spontaneous Raman Scattering (SRS) lidar for monitoring the
gas composition in the air basin of large megacities. Theoretical verification of the lidar effectiveness for
problem solving.

Materials and methods: The developed lidar for environmental monitoring of the atmospheric surface
layer is based on the SRS method which allows remote monitoring of the atmospheric gas composition at
distances up to several kilometers with a fairly high resolution (up to 1 meter). The absolute concentration
of detected polluting gases is determined by comparing the intensities of the satellite pollutant and
nitrogen lines in the recorded SRS spectra.

Results: The choice of the SRS method for remote laser monitoring of the atmosphere ground layer in
large industrial centers is substantiated. The block diagram and the main technical characteristics of the
developed SRS lidar are presented. Preliminary estimates of the lidar efficiency for the environmental
monitoring were carried out.

Conclusions: The simulation results have shown that the specifications of the SRS lidar allow detecting
of following polluting gases: CO, NO2, SO, CHa, H2S, CsHs at distances up to 200 m with the maximum
permissible concentration level. The simulation results were obtained when accumulation time varied
from 10 s to 4 min. The specification of the SRS lidar allow its using for remote monitoring of air
conditions in the cities and near industrial enterprises.

KEYWORDS: lidar, spontaneous Raman scattering; atmosphere ground layer; environmental
monitoring.

BCTYIl
Yepes mocriiiHe 3pocTaHHS TEXHOTEHHOro 3a0pyaHeHHs Giocdepn 3emili BEIMKY aKTyaslbHICTH HaOyBae
po3poOKa i BIpOBaKEHHS B IPAKTUKY HOBITHIX METO/IiB €KOJIOTIYHOTO MOHITOPHHTY.

BaxnBuM HaIpsSMKOM €KOJOTIYHOTO MOHITOPHHTY € OJIepXKaHHs JaHUX II0JI0 CTaHy MPU3EMHOTO IIapy
aTMoc(epy y BEIMKHX IMPOMHUCIOBHX IIEHTpax Ta Cy4acHHX MeramoJjiicax Y IIbOMY BHIAJIKy BEJHKY pPOJIb
BiZlirpae ONEpaTHBHICTb OJEp)KaHHSA AAaHUX IIPO JDKepeda 3a0pyIQHEHHs aTMocdepH: JoKaji3alis Kepena,
MOBHUH CITMCOK 3a0pyIHIOIOYMX PEYOBHH Ta iX KUIBKICTH B JOCHIIKyBaHOMY 00’emi moBiTps. Taki 3amadui 3
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YCIIIXOM MO’KE BHPIIIUTH MOOUIbHUH royorpadiyHMii Ta30aepo30JbHUM JIApPHUH KOMILIEKC, SIKUH
po3pobisieThes B Tabopartopii paaio- Ta onTH4HOI rosorpadii XapkiBChKOro HalllOHaJIBHOTO YHIBEPCUTETY IMEHI
B. H. Kapazima [1-4]. Jlama poOoTa NpHCBIYCHA IHUTAaHHAM CTBOPEHHS Ta30aHANI3YIOUOTO KaHAIY
roJjorpagiqHOro ra30aepo30IEHOTO JIIAAPHOTO KOMILUIEKCY, SKHH TaKOK MOKe OYTH 3 YCIIXOM BHKOPHCTaHHUH B
SIKOCTI CAMOCTIHHOTO MOOITIBHOTO JIijapa Ul BU3HAYEHHS Ta30BOTO CTaHy MPHU3EMHOTO Inapy atMochepu [5].

BUBIP METOAY JIJAPHOTI'O 30HAYBAHHS

Jlimapri MeTtonn 30HAYBaHHS HANEXaTb J0 TaK 3BaHMX AKTHBHHX METOMIB KOHTPOIIO 3a0pyIHEHHS
OTOYYIOUOT'O CEpEeIOBHUINA, OCKUILKH BOHHM CIIMPAIOTHCS Ha B3a€MOJIIO JIa3€PHOTO BHIIPOMIHIOBAHHS 3 Pi3HUMH
KOMITOHEHTaMH aTtMocgepHoro mnoBitps. [Ipu nasepHOMY 30HAYBaHHI B OCHOBHOMY BHKOPHUCTOBYIOTHCS
HacTynHi e(eKTH B3a€MOJIi XBWIJII CBITJIa 13 CEpPEJOBHUILEM: aepo30JIbHE Ta MOJEKYJSIpHE PO3CIIOBaHHS,
CTIIOHTaHHE KOMOiHaliliHe (paMaHIBCbKE) pPO3CiIOBaHHSA, a TaKOX PE30HAHCHE IOIJIMHaHHA. SIK IpaBwio, y
CTBOPIOBAHMX JIJII KOHTPOJIIO arMoc(epy YCTaHOBKAaX BHUKOPHUCTOBYETHCS OYIb-SIKMH OIMH i3 IEpepaxoBaHUX
BHUIIE €PEeKTiB, BUOIp SKOTO 3aJCKUTH BiJl IIOCTABIICHOT 3a1adi.

Merton nudepeHUiHHOTO TOTJMHAHHSA TIPYHTYETbCS Ha IOTVIMHAHHI €Heprii CBITIa MOJIEKYJIaMu
JIOCTIIKYBAHOTO Ta3y MpU CIHIBNaJaHHI YaCTOTH BHUIPOMIHIOBAHHS Jla3epa i3 4acTOTOI EJICKTPOHHOro abo
KOJIMBaJIbHO-00EPTAIBHOTO TMEpexoy JNaHuX Mosiekyid. J[ns TexHiuHoi peamizauii 1bOro MeToAy HEOOXiIHO
3[ifiCHIOBaTH 30HAYBAaHHS HA JBOX YaCTOTAaX, OAHA 3 SKUX TOYHO CIIBIAJAE 3 PE30HAHCHOIO YacTOTOIO
JOCTIKYBAaHUX MOJICKYJ, a Jpyra — Iemo Bix Hei BiApi3HAETbCs (3a3BHYAil PI3HUI JOBXKHH XBIIH CKIIAJA€
Omm3pko 15 HM), 0 HEOOXiTHO Ui BpaXxyBaHHA BIUIMBY Ha pE3yJNbTaTH BHUMIPIOBaHHSA aepO30JIBHOTO i
MOJIEKYJISIPHOTO PO3CIIOBAaHHS Ta MOTJIMHAHHS CTOPOHHIMH pedOBHHAMH [6]. MeTon BUSBISEThCA SPEKTUBHIM y
TOMY BHIAJKY, KOJIH 3aCTOCOBYETHCS PEXKHM YacOBOTO HAKONMMYCHHS | BU3HAYAETHCS CEPEHS KOHICHTPALIS
JIOCTIIKYBAHOTO ra3y y3J0BX CTalliOHAPHOI TpacH, Ha OJHOMY KIiHI[ SKOi pO3TalllOBaHUI 30HAYIOUHI J1a3ep, a
Ha IHIIOMY — MPUHAMAaTBbHUI NPUCTPil. SKIIo npuiiMay i BUIPOMIHIOBaY PO3TAIIOBYIOTHCS TIOPYY, TO Ha IHIIOMY
KiHI[l TpacH NOMIILYEThCS BiIOMBAY.

[pu 30HmYBaHHI aTMoc(hepH Ha JABOX YacTOTaX, ogHa 3 skuXx (V1) mexuts Ha JiHIT MOTTHHAHHS, a iHIIA

(v2) nosa Heto, CepeIHIO KOHLEHTpaLiio rasy N Ha Tpaci ZOBKHMHOK Z MOXHA BU3HAYMTH 32 GopmyIoro [7]:
InK (.]V1 / Jvz)

I\_lz
2(0-1/1 _GVZ)Z

@)
ne K — anaparypHa koHCTaHTa, 00yMOBIICHA BiZIMIHHOCTSIMH B €HEpril J1a3epiB, MpomyckaHHi GiapTpiB Ta iH. HA
yacrorax v1 i v2; J, i J, — IHTCHCHMBHOCTI NPUHHATOr0 BHIPOMIHIOBaHHS Ha IBOX YacTOTaxX, LIO

BHKOPUCTOBYIOTBCS, IICIS MPOXOMKEHHS 30HIYI0UOr0 IMIyIbCy Yepes JOCTipKyBaHUH map atMochepn; o, i
0,, — IOMepeYHi repepi3u MorinHaHHsA Ha actotax v1 i v2.

®opmyiy (1) MOKHA 3aCTOCYBATH 32 YMOBH, III0 YaCTOTH 30HAYIOUHMX IMITYIIECIB HE IIy)KE€ BiIPi3HIIOTHCS,
a, OTKe, BIUIMB MOJIEKYJISIPHOTO 1 aepo30JIbHOTO PO3CIIOBaHHS HA IIMX YAaCTOTAaX Ha TpaHCc(OpMALilo CHIHANIB
3BOPOTHOTO PO3CIIOBaHHS ITPAKTHYHO OJHAKOBHI.

VY BuUNaAKy BHUKOPUCTAHHS MeTOAY MU(EpeHIIHOro MNOTrJIMHAHHSA Ui JIJapPHUX BUMIPIOBaHb pOIIb
PO3MOALICHOTO Y MPOCTOPI pedhiekTopa Bifirpae arMochepHuit aepo3oiib. [Ipu 1bOMY MPOCTOPOBE PO3PI3HEHHS
BUSIBIIsIETHCST HeBUCOKUM (Bix 200 10 500 M), a 4yTiMBIiCTh METONY 3HMXKYEThCS. [0 HEJOIMIKIB TaHOTO METOIY
CJIiJ1 BITHECTH HEOOXIJHICTh TOYHOTO HAJIAINTYBAHHS JIa3epiB, 110 3aCTOCOBYIOTHCS, Ha MIEBHY YacTOTY, IPHIOMY
Jla3epd TMOBUHHI MaTH XOpOUIYy CIEKTpalibHYy YyTIMBICTh. [ BU3HA4YEeHHsS KOHIEHTpalii AEKiJIbKOX rasiB
METOJIOM JH(epeHIifHOTO MOTJIMHAHHA HEeOoOXIHO 3aCTOCOBYBATH 30H/IYBAaHHS Ha JEKIIBKOX Mapax JIOBXKHH
XBHIIb, IO TOTpeOye abo 3aCTOCYBaHHS B OJHOMY JiZapi IIJIOTO psIy CTaOUIFHUX Jia3epiB, a0 MIHIMYM JIBOX
Ja3epiB 3 YaCTOTOIO, SIKY MOXHA IepecTporoBaTH. [yt DOCHi/DKEHHS NMPHU3EMHOTo IIapy arMoc(epu MeTox
TUQEepeHIIIHHOTO TTOTIMHAHHS e()eKTUBHHUN NP BU3HAUCHI CepeHIX KOHIICHTPAIlil Ta3iB y3/I0BX CTAIliOHAPHOI
TpacH, KOJIM HEOOXiTHO BUSIBUTH HASBHICTH JyK€ MAJIMX KOHIEHTpaNiii 0JTHOTO JOCIIKyBaHOTO ra3y, aje IpH
IbOMY HeMa€ HeoOXiTHOCTI BU3HAUaTH JIOKAJi3aMLilo JuKepes 3a0pyAHEeHHS.

B ymoBax merarmodica, e € pi3Hi jKepena 3a0pyaHeHHS (IIPOMHCIIOBE BHPOOHHUIITBO, aBTOMOOLTBHUI
TPAHCIIOPT TOIIO), BAHUKAE HEOOXiIHICTh OTIEPATUBHOTO BH3HAUEHHS IIIJIOTO PsAy 3a0pyIHIOIOUNX PEYOBHH 3
TOYHOIO JIOKami3aIiero Jkepen 3a0pyaHeHHs. Jlns 1miei meTm Oinmblne MigXOAWTh METOJ| CIOHTAHHOTO
KoMbiHartitiHoro (pamanicbkoro) poscitoBanust (CKP) [8], skwuii i 6yn0 06paHo HAMU P CTBOPEHHI JTiAapy AJst
KOHTPOJIIO Fa30BOI0 CTaHy MMPU3EMHOTO Iapy aTMochepu.

Ha Biaminy Big metomy audepentiiiHoro mornuHauHs, meToy CKP Mae nemo MeHmy 4yTimMBIiCTH i
JIATBHICTD (10 2 KM), OJJHAK BiH JIa€ 3MOTY OJIEP)KyBaTH ITPAKTUYHO MUTTEBUI PO3MOILT 3a0py/IHIOBAYIB Y3J0BXK
TpacH 3 BHCOKHM IIPOCTOPOBHMM pO3pi3HEHHSM (mopsinky oxHoro merpa) [9]. Jlo mepeBar meroxy CKP cimin
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BiZiHECTH 1 TO# (hakT, 0 TYT Bianagae HEOOXiJHICTh 30HAyBaHHS HA ABOX Y4acTOTaX i HEMae MOTpedu y jasepi 3
MEBHOO 200 MEPECTPOIOBAHOIO YaCTOTOI0 BUIIPOMIHIOBAHHS.

Bmsnauenns xiMigHoro ckiany atmochepu merogqom CKP 3acHOBaHe Ha aHaIi31 CIIEKTpa pO3CIsTHOTO Ha3aj
BUIIPOMIHIOBAHHS, B IKOMY OKpIM JiHIi{, IO XapaKTePH3YIOTh IaJafoue CBITIIO, CIOCTEPIraloThCs TOJATKOBI
miHii-cymyTHUKHA. Bigmina B wacrorax 30ymKyrodoi IMepBHHHOI JIHII 1 JiHIH KOXXHOTO i3 CYIyTHHKIB €
XapaKTepPUCTUKOIO PEYOBHHH, L0 PO3CIIOE, i TOPIBHIOE YacTOTaM BJIACHUX KOJMBaHb HOro MoJeKyl. Tomy, Ha
BiIMiIHY Big MeToxy AudepeHHmiiHOTO IOTIMHAHHS, CIHCOK TasiB, OO0 Bm3Ha4daroThcs MmeromoMm CKP,
KOHCTPYKTHBHO HIYMM HE 0OMEKEHHIA.

Merton CKP nae 3Mory BHU3Ha4YaTH KOHIIEHTPALIiIO JTOCITIPKYBaHOTO a3y, KOPUCTYIOUUCH 3aJIEKHICTIO MK
gyucnom ¢ortoenektponie P(z,A,) B curHami, skuii OpuiHATa JigapHa cuctema Ha JoBxuHi xBiiai CKP

JOCTIIKYBAaHOTO Ta3y A,, 1 KoHuenrtpamiero uporo rasy N(Zz) Ha Bigcrami z Bim migapa. Lls 3anexHicts
BH3HAYa€eThes BUpasom [9]:

Az f
P(Z,AR):nOKSnZ—ZGRN(Z)exp —ZI[GA(.f,/iO)—i-O'M (&) +0,(E, Az) + Oy (§,/1R)]d§ 2)

0
Jge N, — BUIpOMiHeHe JyimapoM umcio (oToHiB; K — KoedilieHT NpPOMyCKAaHHS ONTHUKU IPHIAMAIIBHO-
[epeaoyoi CUCTEMHU Jiimapa;, S — IUiolla NPUHAMAIBHOI alepTypu Jijgapa; 1 — KBaHTOBAa e(EeKTHUBHICTH

BUKOPHCTAHOTO B JIifapi Goronpuitmaua; AZ — iHTepBal CIOCTepexeHHs (CTpo0); G, — 3BOPOTHHUII MONEepeUHHI
nepepiz CKP mocmimxyBaHoi ra30Boi KOMIIOHEHTH; A, — JOBKMHA XBWJII 30HIYIOYOrO JIa3epPHOTO IMITYIIBCY;
o (& 4), ou(6.4), o.(&A), oy(§,4z) — xoediuientn  aepo3onpHOro (4) i MOJIEKYJISIPHOTO
(peneiBecbkoro) (M) poscitoBaHHS Ha JOBXHHAX XBIIb A, 1 Ay, BIIMOBiXHO.
Yucno GoTOHIB N, B Ja3epHOMY 30HIYIOUOMY IMITyJIbCi BU3HAUA€THCS BUPA3OM:
W
n, = o ®
hc

ne h —nocriiina Inanka; ¢ — mBuakicTs cBitina; W — eHepris B 1azepHOMY iMITyJIbCi.

KoedimieHT MOJEKYIAPHOTO PO3CIIOBAaHHA B 3aJISKHOCTI BiJl JOBXKMHU XBWJII A MOXKHAa BH3HAYHTH i3
piBHsHHS PeseiBchKOro po3ciroBaHHs HacTymHuM duHoM [10]:

h 87[3(”2 _1)2 p(H) @)
o, (hA) = )
u ) 34* N
ne N = 1.00029 — noka3uuk 3amomieHHs NOBiTps; H — BrcoTa Ham piBHEM MOpst aTMOC(EpHOT TOUKH, B SKii
BinOynocsi MoyekymsipHe posciroBaHHs; N = 2.504-10% — kinbkicTs MOJICKYJI B OJHOMY KyOi4HOMY MeTpi
crangaptHoi armocdepu; o (H ) — koedimienT minsHOCTI aTMOChEPH.
Koedirient miinpHOCTI aTMOC(EpH MOKHA alPOKCHMYBATH eKCIIOHEHITianbpHOIO (yHKItieto [10]:
H
p(H)=exp| —— | , ®)
HO

ne H, =7994 M Ha3pIBa€THCSI IPUBEIECHOIO BUCOTOIO.

KoeodiuieHT aepo30JIbHOTO po3citoBaHHs G, y Gopmydi (2) Bu3Ha4aeThes Bupasom [11]:
2
048, 4) = 7a’Q,(x), (6)
. N 2ra . o e
Je a — pajiyc aepo30JIbHOI YaCTHUHKY; X:T — mapamerp, sIKMi BHKOPHCTOBYEThCS B Teopil Mi i siBisie

€000 PO3Mip aepO30JILHOT YACTHHKH B BiTHOCHHX OAHHHILIX; Q. (X) — (akTop eeKTHBHOCTI PO3CIFOBAHHSL.
Oynkuis Q. (X) obumcmoerbes 3a QGopmynamMu Mi Ta BiJOMHMH KOHCTAaHTAMH PEYOBHHH, 3 SKOI

CKITaIaeThes aepo30ib [11].
Ionepeunnit nepepis CKP (o) Moxe OyTu ofepkaHuil TEOPETHYHO B MEKaxX KBAHTOBOMEXaHIYHOI Teopii
B3a€EMO/IIT CHCTEMH YaCTHHOK 3 MOHOXPOMAaTHYHHM JIIHIHHO MOJISIPH30BaHUM CBITIIOM.
. . . . do
BukopucroBytoun Bimome piBHsHHA Kpamepca-I'eiizenbepra [12], audepenuiiinuii nepepiz CKP a0’

BiIHECEHWI JI0 OAWHWYHOTO TiJIECHOTO KyTa, JO OJUHUII O00’€eMy cepeloBHINA 1 0 OJHIEl mosspu3arii
BUIIPOMIHIOBaHHS, MOKHA 3aMHCATH HACTYITHAM drHOM [13, 14]:

do _ N(27r2)44v0vg > MM +MgiMif
dQ h%c Tl VoV, VeV

2

: U]
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A€ Vo — 4acToTa BI/IHpOMiHIOBaHHH 30HAYHO4YO0I'0 iMHyJ'Ibcy; VR — HacToTa BI/IHpOMiHIOBaHHH CKP, Vi — dacToTa

npoMikHoro crany; M, i M, — marpuuni eremenTH omneparopa ['aminbTOHa, SIKi MOB’SI3YIOTh OCHOBHHIA

o]}
(movyaTKOBHIA) CTAH KBAaHTOBOI CHCTEMH (Q), 1[0 PO3TIIAAAETHCS, 3 MPOMiKHUM cTaHoM (i) i kiHteBum cranoM (f).
Hasxanb, Tounmii po3paxyHok audepenuiiinoro nepepisy CKP 3a dopmynoro (7) MoxmuBHi juiie st
MPOCTHX JIBOATOMHUX MOJIEKYN BOJHIO 1 nedrtepito [15]. Tomy 3a3Buuaii 1uisi po3paxyHKiB BUKOPUCTOBYIOTBCS
HaBeleHI HK4Ye (QopMynH, olepKaHi Ha OCHOBI TEOPETHYHOTO PO3TILAAY IIOJIIPH30BAHOCTI MOJEKYN B TIOII
BUIPOMIHIOBaHHI. B 1mpoMy BuUmanky cymapHUi auepeHIliadbHAN Iepepi3 CTOKCIBCBKOTO Ta aHTH-

crokciBebkoro CKP-po3citoBaHHs y HAIPSIMKY Ha3a MOKYTh OyTH oricani hopmymamu (8) i (9), Biamosinso [9]:

do. Ajz (Vo —V; )4 G 7
dog) _ {o}f+—7f}, ®)
dQ Stokes C4 |:1—eXp(—th /kBT ):| 45
4
do. Al(v,+v,) G
do) __ Alan) fat+ Lz, ©
dQ anti—Stokes C4 |:6Xp<hl/j /kBT)_1:| 45
h
A=—1 10
! 47z2vj o
2
. (11)
&

ne A; — aMIIiTYaa HYJIbOBMX KOJNMBAHb j-1 MOJIM MOJIEKYJIH; V; — 4acToTa j-i KonuBaibHOT MoaH; Ky — mocTiiina

. . A2 A2
Bonbimana; T — KosnuBaibHa TeMIeEpaTypa MOJIEKYN; &, — JieIeKTpUYHA MPOHUKHICTh Bakyymy; d,7; —
i30TpomHa 1 aHI30TPONHA YACTHHHM TEH30pa  MOXIiAHO! MOJIPU30BAHOCTI MOJEKYIH 338 HOPMAJIbHOIO
KoopzauHaroto (, 1e d; = dj, Cos(27rvjt +5j) .

A2 . A2
EnemenTtn MaTpullb, MO CKJIAAar0Th TCH30pH aj 1 }/J- , BABHAYAKOTbHCA 3a CKCICPUMCHTAJIbHUMUA JaHUMU.

Jis BU3HAUeHHsS KOHIICHTpALii Ta30BUX KOMIIOHEHTIB 3a (Qopmylor (2) HeoOXiJHe TOYHE 3HAHHS YCiX
mapameTpiB, Mo BXOAATh A0 Hei. OmHaK, 3 ypaxyBaHHSAM TOTro (akrty, mo O0arato koedimieHTIB y Gopmymi (2)
3aeKaTh BiJl JOBXKHUHU XBHWII 1 7S Pi3HUX Ta3iB OyAyTh Pi3HUMH, BHKOPUCTOBYBATH JAaHUHA BHpA3 Ha MPAKTHII
BUSBJSIETHCS HE 3aBXXKIU 3py4HO. BaknuBoro mneperaroro meroay CKP e Te, mo aOCOMIOTHY KOHIICHTpAIIiIO
ra3oBHX KOMIIOHEHTIB MOXXHA BH3HAYHMTH LUISIXOM HOPIBHSHHS IHTEHCHBHOCTI CYNMYTHHKIB JOCIIIKYBaHUX
3a0py/AHIOBAYiB 3 IHTCHCUBHICTIO CYIyTHHKA, 3yMOBJICHOTO OJHHMM i3 OCHOBHUX aTMOC(EpHHUX ra3iB — a30TOM
ab0 KMCHEM, KOHIIEHTpallis SIKHX B IPU3eMHIl 00JacTi aTMocdepy € BiJJOMOIO 1 IOCTaTHHO CTabLIBHOKO B Yaci.
[Mpu upomy i3 piBHsiHHS (2) nazepHoi jokauii a1 CKP BHKIIOUalOThCs CKIIaHi aTMOCcdepHi it iIHCTpyMeHTallbHI
napaMeTpH, 1 KOHIEHTpaLis ra3y, ska BusHadaeTbes, ( N, (z) ) mMoxe Oyt BupaxyBaHa 3a GOpPMYJIOL0:

P(z,4,) o
N,(z) =M R o) Tenz Ny, (2) (12)
" P2 (2, Aaz) n
N2\4 Arn2) Opy
ne M — amapaTypHa KOHCTaHTa, siKa 00YMOBIFOETHCS BIIMIHHOCTSAMH B KOe(illiEHTaX MPOIMYCKAHHS OTTHKH i
YYTIHBICTIO (DOTONpHIMAYA JUIA JOBKHH XBHJIb CYNYTHHKIB Ag, i Agyy; Po(Z,4g) i Pyy(Z,Agy,) — umecno
3apeectpoBanux (¢oroenekrponiB mpu CKP Ha Mojekynax JOCIIIKYyBaHOTO ra3dy i MOJIeKyJax arMoc(hepHOro
a30Ty, BIANOBINHO; O, 1 Ogy, — 3BOpOTHI monepeuni nepepizu CKP nocnimkysasoro rasy i asory; N,,(z) —
KOHIICHTpALIiS a30TYy.
o nepeBar CKP-mMeToxy Takox CIIiJ BiIHECTH BUCOKE MPOCTOPOBE PO3Pi3HEHHS (IIOPSIKY OJHOTO METpa)
1 IOCTaTHBO BUCOKY YYTJIHBICTh 0€3 BUKOPHUCTAHHS PEXKUMY YaCOBOI'O HAKOIIMYCHHS CHTHAIY.

TEXHIYHHUA ONUC CKP-JIJAPA TA OLIIHKA E@EKTUBHOCTI MOI'O POBOTH
ITpuanumnosa 61o0k-cxema CKP mimapa ams KOHTPOJIO TAa30BOTO CKIAAy MPHU3EMHOTO IMapy atMocdepu
nojana Ha Puc. 1.

OCKITbKM  TIOTIEpEYHi MepeTHHH KOMOIHAaIiHHOTO PpO3CIIOBaHHS NPOIOPILIHHI YETBEPTOMY CTYIECHIO
yacToTH 30ymKyrodoro BunpominioBanHs [9], To B CKP-MeToi s 301IbIICHHS JATbHOCTI 30HIyBaHHS Kpalle
BUKOPHCTOBYBaTH yiibTpadiosieToBe BHIpOMiHIOBaHHS. KpiM TOro, 3acrocyBaHHs IOBXHH XBHIJIb MEHIIE
270,0 HM BiIKpUBAE MOKIIMBICTH ISl HIIOAO00BUX CIIOCTEPEIKEHB, OCKIIBKH JJa€ 3MOTY HE BPaXOBYBAaTH (JOHOBY
CBITMMICTh Heba B JICHHI TOAWHHM. B IIbOMY BHUIAIKy CTOKCOBI i aKHTHCTOKCOBI JIiHII-CyIyTHHKH Tras3iB, sKi

BH3HAYAIOTHCS, MOMATAIOTh B «COHAYHO-CIIIMY» 00IacTh CIIEKTPA, sIKa 3HAXOIUTHCSA B Aiama3oHi Bix 200 HM 10
300 aMm.
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3 Meroro 3abe3nedeHHs OibLIOT JNAJBHOCTI 30HIYBaHHS 3a pPaxyHOK 30UIbLICHHS 3BOPOTHOIO
nonepeynoro nepepisy CKP npu 3MmeHIIeHHI JOBXHMHU XBWII 30HIYIOYOrO BHUIIPOMIHIOBAHHS, a TaKOX IS
MOJKJIMBOCTI poOOTH B «COHAYHO-CIIIOMY» Jiama3oHi, HaMu OyB oOpaHWiI HEOOMMOBHII J1a3ep 3 ABOKPATHUM
MOJBOEHHAM dYacTOTH. J[1s mporo B po3poOneHidt Hamu mimapHii cuctemi (Puc. 1) BunmpominroBaHHS

IMITyJIbCHOTO HEOMMOBOTO J1a3epa 2 3 JOBXHUHOIO XBHII1 io =1060 uMm momaeThCs Ha OABOKOBAYI YacTOTH 3 i 4,

mcns MPOXOPKEHHS AKUX JoBkuHa xBWwii crae Bimmosimao 4, =530 mm i 4, =265 mm. B nasepi
BMKOPHCTOBYEThLCS JII0/IHA HAKavKa. BIIOK KUBJIEHHS Jla3epa Mo3HaueHui Ha cxeMi udporo 1.

9127 40
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Puc. 1. Ilpunnunosa 6iok-cxema CKP Jtinapa JUis KOHTPOJIIO ra30BOr0 CKIay IPH3EMHOTO MIapy aTMOC(hepH.

EHepris iMITyJIbCy OCHOBHOT FapMOHIKH HEOJMMOBOTO Jazepa ckianae 500 MJx, TpUBATICTh 6 HC, 4acTOTa
ciimyBanns iMmynscis — 100 ru. Exepris iMmynbcy Ha qosxuni xBui A, = 265 um ckragae 100 m[x.

[licns MpoXo/KeHHs MOABOKOBAYIB 4acTOTH 3 i 4 NnasepHuit iMIynbe 3 goBxkuHOK XBuni A, = 265 Hm 3a

JIOTIOMOTOI0 ITOBOPOTHUX A3EPKaNI 5, 6 OJAEThCSI HA CKaHYIOUe A3epKayio Teneckomna 7. Temeckon nmpuiiMaibHO-
nepeaoyoi CUCTEMHU Jlifiapa mooymoBaHuii 3a cxemor Kaccerpena. Jliamerp mpuitManbHOI anepTypH TejaecKona
cximagae 500 mM.

CkaHyroue [J3epKajlo TejecKkoma 7 pa3oM i3 JONOMDKHHMM J3epKajioM § 3abe3redye CHpsMyBaHHS
30HIYIOYUX Ja3epHHUX IMIYNIECIB depe3 BUXITHE BIKHO 9 B MOTpiOHY OOJIACTH TOCITIHKYBaHOTO TOBITPSHOTO
npoctopy. CkaHyBaHHS IPOCTOPY 30HAYIOUMMH IMITYJIbCaMH 110 BEPTHKAJI 1 TOPHU30HTAJI 33 JOMIOMOTOI0 I3€PKal
7 i 8 y no€elHaHHI 3 TEXHIKOI CTPOOYBaHHS Ja€ 3MOTy Micisi 00poOKH o/iep)KaHUX Pe3yJIbTaTiB BiJHOBIIIOBATH
TPUBUMIpPHI 300pa)KeHHsI PO3MOJITYy KOHIIEHTPALliil 3a0py/IHIOIOUHX Ta3iB.

Po3cisiHe y 3BOPOTHOMY HalpsIMKy BHIIPOMIHIOBAHHS, SIKE Y CBOEMY CIEKTPI MICTHTh JIHI{-CYIYyTHUKH,
yepe3 BxijHe BikHO 10 nmomnanae Ha Qoxycyroue a3epkaino teneckory 11 1 3a 1OMOMOTrOK ONTHYHOIO KOPEKTOpa
12 Ta onTMuHOi cHcTeMH Y3roKeHHsS 13 depe3 iHTepdepeHmiHMI cBiTnOQiUIETp 14 momaeThes Ha
cnekTpoanarizatop 15. CurHamm i3 CIEKTpOaHANi3aTopa MepelaloThcs Ha KOMITIOTep 16 I momanbInol
00poOku 1 Bizyanizamii. [HTepdepenmiitanii cBiTmodinsTp 14 BiAcikae BUIPOMIHIOBAHHS 3 JOBXHHOIO XBWIIL Ay =
265 HM 30HIYIOYOTO IMITYIIECY, SIKE € JOCTaTHRO IHTCHCHBHUM i TIPU IIbOMY He Hece HisIKO1 KOpUCHOI iHdopMariii
111010 3a0pyAHIOIOYNX Ta3iB, O BH3Ha4al0Thes MeTogoM CKP.

Jnst aHamizy crekTpiB B po3po0JeHOMY Jiiapi BUKOPHCTOBYEThCs criekTpomerp «Ocean-FX» ¢ipmu
«Ocean Optics» i3 30ibHIeHOI0 edexTrBHICTIO B YD-mianasoni [16]. Lleii npuiag no3Boisie 3anucysaru g0 4500
CKaHIB B CeKyHIy. llpmiax OCHamIeHWH 3MIHHOIO IIIJIMHHOIO amepTypol0 i Mo)Ke MpaIfoBaTH B PEXHMI
HAKOIMYEHHsS CHTHANYy, L0 MOYXHa BHKOPHUCTOBYBAaTH JJIsl IMiIBUIIEHHS YYyTJIMBOCTI BHUMIPIOBaHb, IO
MIPOBOIATHCS 32 TIOTIOMOTOFO JIi1apa.

Ouinka epexTuBHOCTI po3pobieHoro CKP-nizapa Oyna npoBeaeHa 3 BUKOpHCTaHHAM (opmynn (2) s
JEsSKUX HalOLIbII PO3MOBCIOKEHUX 3a0pynHioounx atMochepy pedoBuH (CO, NOz, SOz, CHa, HoS, CoHe).
Hwkue HaBeieHO TEXHIUHI MapaMeTpu po3po0IIeHOT JIiTapHOi CUCTEMH, SIKi OyJIM B3ATI U PO3PaxyHKIB.

CepenHilt koe(illieHT NPOITyCKaHHS ONTHUKW NMPUHMAaIbHO-TIEpelaBaibHOI CHCTEMH JIijlapa Ha JOBXHHAX
xBWJIb Big 250 HM 10 290 HM OyB y3siTuii piBHIM 50%.

Bukopucranwuii ciekrpometp «Ocean-FX» ocHamennit KMOIT-matpurieto «Hamamatsu S11639» [17], sxa
BOJIOJIi€ Ti/IBUIIEHOIO KBAaHTOBOIO eeKkTuBHICTIO B Y@ nmiama3oHi (Big 45% 1 BuIe B 3aJIe)KHOCTI Bl JTOBKUHH
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xuii). [ pospaxyHky Oyno B3siTo 3HayeHHS # B aiamaszoni Bi 250 HM mo 290 HM, sike popiBHIOE 40%.
CHiBBIIHOIIEHHS CUTHAJI/IIIYM B CHIEKTPOMETPI, 1110 BUKOPHCTOBYETHCS, TPH OJJMHOYHOMY CKaHYBaHHI JOPIBHIOE
400:1.

Ilin wac xomm’rorepHoro MojemoBaHHS podotr CKP-mimapa MoxHa 3HEXTYBaTH EKCHOHECHIIaTbHOIO
3aJISKHICTIO OIUTBHOCTI atMocdepH Bif BHCOTH (5), OCKITBKH MPUCTPIH, IO PO3pOOIAETHCS, IPH3HAYCHUN IS
30HTyBaHHS MPU3EMHOTO IIApy aTMOc(epn Ha BUCOTaX ONM3BKO KiloMeTpa, e MitbHicTh armMochepn p(H)

MOJKHA BB@KaTH ITOCTIHHOIO i MPUHHATH ii 32 OAWHUIIO. PO3paxyHKH MPOBOMMIIKCS IS IIPO30poi atMochepH,
JUTA K0T PO3CISHHSA Bil (HOHOBOTO AEPO30JII0 MPUOIM3HO JOPIBHIOE MONEKYIIAPHOMY po3cisuHIo (muB. [18]), mio
BU3HAYa€ETHCS hopMyIioro (4).

Bymo npoBeneHo po3paxyHKH UTsI HU3KH THIIOBUX 3a0pyaHIO0UnX rasi. [lpu mpoMy BMIiCT B aTMOcdepi
CO, NOy, SO», H,S, CsHe Oymo B3siTO Ha piBHI rpaHudHO momyctumux koHmeHtpauii ([AK) B pobodiii 30HI
mignpuemcts [19]. Bukopwmcrani st po3paxyHKIiB KOHIEHTparii Ta KOMOIHAIlifHI 3CYBHM YacTOTH JUIs
mepepaxoBaHUX 3a0pyAHIOIYNX Ta3iB HaBeneHi B Tabn. 1. MacoBa KOHIEHTpamis a30Ty B NMPH3EMHOMY IIapi
cTaHaapTHOI aTMocdepu Oyia B3sita piBHOIO 75,51% [20].

Tabmuus 1. Konuentpauii i komOiHawiifHi 3cCyBH 4acTOTH 3a0py/JHIOIOYHX Ia3iB, 110 OYJI0O BUKOPHCTAHO AJIS
PO3paxyHKiB

Ias Komoinauiiinmii 3cyB Konmenpauis
gactorn (cm?) [15] (mr/m®) (Ppm)

CO 2145 20 17,2
NO; 1320 5 2,6
SO; 1151,1 10 3,8
CH4 2914 30 45,1
H.S 2611 10 71
CoHs 3072 15 6.2

OmniHoYHI po3paxyHKH e€(eKTUBHOCTI poOOTH Iiapa MpoBOAMWiIHcs 3a (hopMyioro (2) B IPHUIIyIICHHI, 0
Tpaca 30HIyBaHHS € OJHOPiIHOK. B 11boMy BUNaKy Koe(illi€eHTH aepO30JBHOTO Ta MOJIEKYJSIPHOTO PO3CISHHS,
IO CTOSATH IIiJ| 3HAKOM IHTEerpajia, € KOHCTaHTaMHM, TaK L0 IHTErpYBaHHS 3a IPOCTOPOBOIO KOOPIMHATONO Jla€
TUIBKU BiZICTaHb JI0 TOYKHU 30HIyBaHHs. Ha Puc. 2-4 HaBesieHi pe3yabTaTH pO3paxyHKIB JJIsl TPACH 30H/yBaHHS
Big 50 M 10 200 m.

[Tin yac KOMIT'FOTEpPHOTO MOJICIIOBAHHS POOOTH Jijiapa B PEXHMMi HAaKONWYEHHS CHUIHalNy Hamu OyJo
BPaxOBaHO, 110 3HAYEHHs N, , AK€ BXOAUTH 70 GopMyiH (2), BU3HAYAETHCS HE TITHKH BUpa3oM (3), ae i Takox
NPONOPIIHHO Yacy HakonuueHHs. OCKUIbKM Pi3HI Tra3W MaroTh pi3HI 3HAYEHHS 3BOPOTHOTO MOMNEPEYHOTO
nepepizy CKP (o) i, okpiM TOT0, pO3paxyHKH MPOBOIMIHCS JUIs KOHICHTpALIH, PI3HUX JUIS PI3HHUX a3iB (IHB.
Tabn. 1), To s MOCATHEHHS MPHUOIM3HO ONHAKOBUX PE3YNbTAaTiB UL PI3HHUX Ta3iB MOTPIOCH pi3HMH dYac
Hakonmu4eHHs curHany. Lle moOpe BumnHo 3 Pmc. 2, me 3miBa Bing oci OpAMHAT MOPSA 3 XIMIYHOIO (POPMYIIOI0
3a0py/IHIOIOYHX I'a3iB BKa3aHO Yac HAKOIIMYEHHS CUTHAIY, JUIsl SIKOTO OYJIO pO3paxoBaHO HaBeJCHI rpadiku.

3 ypaxyBaHHSAM TOro, IO N, MPOMOPLIIHO Yacy HAaKONMYCHHS CUTHATY, HAMH TakoX OYyJO HPOBEICHO

PO3paxyHKH 3aJIe)KHOCTI Yacy BHUSBJICHHS JOCHIIKYBaHWX 3a0pYIHIOIOUMX Ta3iB BiJ BIACTaHI J0O TOYKH
30HIYBaHHSA, sKi mpencrtaBieHi Ha Puc. 3. SIk BumHO i3 rpadikie Ha Puc. 3, moTpiOHMI Yac HaKOMMYCHHS
CHTHAJy Pi3KO 3pOCTAE 3 BiJICTAHHIO 33 3aKOHOM, OJIM3BKMM J0 KBaJApaTHYHOTO. Po3paxyHKH mokasanw, mo s
BUSIBJICHHS JTOCHIKYBaHHUX HaMU 3a0pyIHIOIOYHX ras3iB MpH iX KOHIEHTpaillil, mo gopisaioe I'JIK B pobouiii
30HI MiATPHEMCTBA, HA BiJICTaHI Yy MiBKIJIOMETpa MOTPiOHO MPOBOANTH PEXKUM HAKOIMHMUYEHHSI CUTHAIY MPOTATOM
necsaTkiB XxBwiMH (Hanpuknan, 10 xBwauH mist CHa, 36 xBunud mist CeHe), 1m0, 0e3yMOBHO, 3HHMXKYE
OTIEPATUBHICTh Y po0OOTi PO3pOOIIEHOI JifapHOI CHCTEeMH i POOHUTH MPOOIEMaTHUYHUM MOOYIOBY TPUBHUMIPHOTO
MPOCTOPOBOTO PO3MOJMITY Ta3y, IO BHUIBISETHCA, OCKIJIBKA TPH HASBHOCTI BITPY 3a JECSITKU XBWIWH
BiIOyZeTbCs TepeMillyBaHHA TOBITpstHMX Mac. OjHak, sk BHAHO 3 rpadikiB Ha Puc. 3, mpu manbHOCTI
BusiBICHHSA y 200 M peKUM HAKOMMYEHHS CTAHOBHUTH JUIS JOCHiKyBaHUX ra3iB Bim 11 cexkynn (mns CHa) mo
4 xunuH (151 CO), 10 € HIIKOM NPUHHATHAM 3 TOYKH 30py ONEPAaTHBHOCTI BUMIPIB, SIKi IPOBOJSTHCS JIIAPOM.

Hamu Takox Oyino TIpOBEAEHO PO3PAaXyHKH BiJHOIICHHS KIJIBKOCTI (DOTOEIEKTPOHIB, 3apEECTPOBAHUX
minapHoto cucremoro Ha JiHii CKP nmocnimkyBaHOro rasy, 10 KiIbKOCTI (POTOGJIEKTPOHIB, 3apEECTPOBAHUX Ha

ninii CKP aszory. fIk Oymo BXe CKa3aHO BHUINIE, TaKe BiIHOIICHHS (PX/ PNZ) BXOJUTh 10 ¢dopmymn (12) i
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BUKOPHCTOBYETHCS IiJI Yac NMPaKTUYHUX HATYPHUX BUMIpPIOBaHb KOHLEHTpALil 3a0pyIHIOIOYUX Ta3iB METOJIOM
CKP. Pe3ynbraT KOMII'FOTEPHOTO MOJCTIOBAHHS 3aJI€KHOCTEH (F’X / PNZ) BiJ BiZICTaHi 10 TOYKH 30HIYyBaHHS

JUIsl pi3HUX 3a0py/AHIOIOYNX ra3iB mpezacraBieHo Ha Puc. 4, ne, sk 1 Ha Puc. 2, 3miBa Bij oci abcuuc mopyd 3

(l)OpMyTIOIO rasy Mnmo3HavdycHoO 4aC HAKOMMUYCHHA CUTHAJTY, JJId KOO 6y.]'[0 IMPOBEACHO PO3PAXyHKH.

150
CgHg Ssec
KS 10sec |
s .\102 8sec :'._
ﬁ _CH4_0.Ssecloo_.'..
F .

CO 10sec | \°

SO 8sec  p VD
s \ \..-
S50 .‘ %
-.“’ \.-.
-.\ Q-

Puc. 2. KiIbKiCTb 3apeccTpoBaHHX JiJapHOIO CHCTEMOIO (hOTOeIeKTpoHiB P, (z, J«RX) B 3QJIKHOCTI BiJ] BiJCTaHi 10
TOYKH 30H/IyBaHHS (Z) JJIsl Pi3HUX JOCTIIKYBaHUX ra3iB.
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Puc. 3. 3anexHicTh yacy BUSBJICHHS JOCTIIKYBAaHUX 3a0pYAHIOIOUUX ra3iB B/l BiICTaHi 10 TOYKH 30H/yBaHHSI.
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Puc. 4. 3anexHicTs BiJ BiAcTaHi 10 TOYKH 30HAYBaHHs (Z) BiIHOLICHHS CUTHaNy, 3apeectpoBaHoro Ha Jiii CKP
JIOCIIKYBaHOTO Ta3y, 0 CUTHAITY, 3apeecTpoBanoro Ha miHii CKP atmMocdepHoro azory.

OCKIJIbKH a30T € OCHOBHOIO I'a30BOI0 KOMIIOHEHTOI aTMoc(epy, IHTEHCUBHICTh CUTHAITY, IO TPUHHATHIN
Ha niHii CKP a3ory, Ha 0ararto MoOpsAKiB HEpEeBHUINYE IHTCHCHBHICTh CHTHANY, IO HPUHHATHH JNiZapHOIO
cucremoro Ha JiHii CKP 0yzmp-skoro 3abpynHiotodoro razy. Hampukiman, npu BifcTaHi 0 TOYKH 30HIYBaHHS Y
50 MetpiB 1 pekWMi HAKOMUYCHHS MPOTAroM | CEKyHOM KUIBKICTh (DOTOCNEKTPOHIB [UIA JiHIi a30Ty,
po3paxoBana 3a (opmynoro (2), mopisaioe 2,455-10° B To# wac, sx gug CO 3 TOIO K CaMOI0 TPHBAIICTIO
HAaKOIMYCHHS CUTHAJY Ta 3 TOIO )X BIJICTaHHIO KiJIBKICTh 3apeECTPOBAHUX (DOTOCICKTPOHIB CTAHOBHUTH BCHOTO 6

wryk. ToMmy mpezacrasisie iHTepec MOPIBHATH BiTHOIIEHHS CIA0KOr0 CHIHAITY (Px) JI0 IHTEHCHBHOT'O CUTHAITY

(PN 2) 3 YyTJIMBICTIO PO3POOJICHOT JIiTaPHOT CHCTEMH.

Skmo TmpumycTHTH, MO YYTIUBICTH JIJAPHOI CHCTEMH OOMEXYEThCS BHYTPIIIHIMH MIYMaMH
CIIEKTPOMETpa, 10 BUKOPHCTOBYETHCS, TO MOPOrOBa YyTJIUBICT Oy/e BiJNMOBiTaTH BEIUYHHI, IO € 3BOPOTHOIO
3HAYEHHIO BiJHOIIEHHS CUIHAJ/LIYM, i y HAIIOMy BUMajaKy Oyae mopisHroBatu 2,5'1073. Sk BuaHo 3 rpadikis,

Npe/CTaBIeHNX Ha Puc. 4, BenmuuuHA BiTHOIICHHS (PX / PNZ) MIEPEBHILYE MOPOTOBY YYTIHMBICTH B YCHOMY

Jiana3oHi po3rIIHYTHX BiJCTaHEH /10 TOUKM 30HAYBaHHS IpH poOOTI B pexuMi Hakonn4ueHHs curaany Big 0,05 ¢
(mns CHa) o 1 ¢ (uist CO u SO»). Ilpu upomy aiisi yactuHu 3a0pyaHiorounx rasie, Takux sk CO, NOz, SO,

rpadiku (F’X / PNZ) cimabo cramaroTk, B Tod 9ac sk 1t CHa, HoS Ta CeHs mpuitHaTHII cUTHAN, HOpMOBaHUH Ha

mimito CKP asory, memo 3pocrae 3 BiacraHHo. Lle mOB’s3aHO 3 THUM, IO KOE(DIIIEHT MOJEKYJISIPHOTO
(peneiBcbkoro) poscisHus ( O, ), AKUH BXOAUTH mix 3HaK ekcrioHeHTH, 111 CO, NO2, SOz BUABIATECS OLIBIINM,

HDXK BiATOBIAHUH Koe(]il[ieHT MOJICKYJIIPHOTO PO3CIHHS 11t a30Ty, a 1t CHa, H2S 1 CeHs 0, MeHIme, Hix 11

N2. 3amnst HaouHocTi B Tabin. 2 HaBeneHI 3HAUCHHS KOE(Ili€HTIB MOJIEKYJISIPHOTO PO3CISIHHS [UISl PO3TIITHYTHX
ra3iB, po3paxoBaHi 3a ¢popmyioro (4).

Tabmunst 2. PospaxoBaHi koe(ilieHTH MOJNEKYJIAPHOTO PO3CIIHHA O, Ul JOBXHHH XBHI 30HIYIOUOTO

BUIIPOMIHIOBaHHS A = 265 HM

T"a3 Nz CO NOz SOz CH4 st CsHe

oy, MY | 1,746:10* | 1,783-10* 1,954-10* 1,990-10* 1,634:10* 1,691-10* 1,604-10*
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BHUCHOBKHA

Po3pobonennit CKP-nigap mMae xopomr TeXHi4HI XapaKTepUCTHUKH, SKi JO3BOJSIOTH IPOBOJUTH BHSBICHHS
3a0pyIHIOIOYAX PEYOBMH B MIPH3EMHOMY IIapi atMochepr Ha piBHI OOUHUI PPM IpH JaTBHOCTI BUSABICHHS JI0
200 M sK B HIYHHIA, TaK 1 B ICHHUH 9ac 3 pO3pi3HEHHAM IO NANbHOCTI | M mpu poOOTi B peXXMMi HAKOIIMYCHHS
curHaiy Bix 10 ¢ mo 4 xB. Taki mapameTpu TO3BOJIATH BUKOPHUCTOBYBATH JAHUHA MPHUCTPIA U ONEPATHBHOTO
JTUCTAHIIIHHOTO EKOJIOTIYHOTO KOHTPOJIIO 3a CTAHOM TIOBITPS B MICBKili MexXi 1 MOONH3Y IPOMHCIIOBHX
nignpuemctB. JloOpe mpocTtopoBe po3pi3HEHHs! 3a0e3NeyYuTh BUSBICHHS JDKEpeNl 3a0pyaHeHHs atmocdepu 3
BEJIMKOIO TOYHICTIO, 1110, 30KpeMa, € HeOOXiTHOI0 YMOBOIO IIPH BHU3HAYEHHI MITpaHUX CaHKIIN MO BiJHOLICHHIO
JIO TMiIPHEMCTB, SIKI MOPYIIYIOTh €KOJIOTIUYHI HOPMHU.

KOH®JIIKT UHTEPECIB
ABTOpY MOBIIOMIISIIOTH PO BiJICYTHICTH KOH(IIKTY 1HTEpPECIB.

Authors' ORCID ID
Turaps B.I1. https://orcid.org/0000-0002-4874-8929
IInayenxo O.B. https://orcid.org/0000-0002-6072-5340

CIIUCOK JIITEPATYPHU

1. Twuraps B.II., lllmagenko O.B. omorpadudeckuii numap A SKOJOTHYSCKOTO MOHHUTOPHHTA aTMOCQEPHI
// Bicauk XapkiBChKOTO HallioHANBHOTO VHiBepcuTeTy iM. B.H.Kapasina. Pamiodisuka ta enexrponika. 2001.
Bum. 1. Ne 513. — C 151-160.

2. Twuraps B.II., [lnmauenxko O.B. IMonspusanuoHHbie Togorpa@uyeckue METOMAbI JIMAAPHOTO KOHTPOJIS 3a
cocrostuueM atMochepsl // Dnektpomarautbie sBieHust. 2001. T. 2. Ne 1(5). — C. 111-117.

3. V. P. Titar, O. V. Shpachenko, V. I. Yartsev, “Mobile holographic lidar”, International Conference on Laser
and Fiber-Optical Networks Modeling (LFNM), June 29 — July, Kharkiv, Ukraine, 2006, pp. 187-190.

4. Turaps B.IL., [llnauenko O.B., fApuer B.1. MoOuibHbI# rojorpaduueckuil muaap / DKONIOTHS U 310POBhE
gyenoBeka. OxpaHa BO3AYIIHOTO M BOAHOrO OacceiHOB. YTuimusarmst oTxomoB. CO. Haydu. crtared 15-i
MesxnayHap. Hayd.-ipakT. KoH}., T.1l{enkuno, AP Kpeim, 4-8 utons 2007 r. — Xapskos, 2007. — C. 254-258.

5. Titar V.P., Shpachenko O.V. Raman lidar for monitoring gas composition of the atmosphere ground layer //
Proceeding of 8-th International Conference on Advanced Optoelectronics and Lasers (CAOL’2019), 6-8
September, 2019. — Sozopol, Bulgaria, 2019. — P. 480 - 483.

6. S.Ismail and E. V. Browell, “Differential absorption lidar”, “Encyclopedia of Atmospheric Sciences”, 2015.
Edition 2, pp. 277-288.

7. G.G. Gimmestad, ‘Differential-absorption lidar for ozone and industrial emissions” in “Lidar: Range-
Resolved Optical Remote Sensing of the Atmosphere”, Springer, 2005, pp. 187-212.

8. J. Ruzankina, V. Elizarov, L. Konopel’ko, A. Zhevlakov, A.Grishkanich, “Raman lidar with for
geoecological monitoring”, Journal of Physics: Conference Series, vol. 1124, pp. 051036, 2018.

9. U. Wandinger, “Raman lidar” in “Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere”,
Springer, 2005, pp. 241-271.

10.T. Nishita, T. Sirai, K. Tadamura, E. Nakamae, “Display of the earth taking into account atmospheric
scattering” Proceedings of the 20th Annual Conference on Computer graphics and interactive techniques
(SIGGRAPH '93), 02 — 06 Aug., Anaheim, USA, 1993, pp. 175-182.

11. lelipmenkan [l PaccesiHue 31€KTPOMAarHUTHOTO H3ITyYeHHUS CHEPUISCKUMH MOJIUANCTICPCHBIMU YaCTHLIAMH.
—M.: Mup, 1971. - 165 c.

12.Taiitnep B. KBanroBas teopusi uznydenus. — M.: V3a-Bo nHOCTpaHHOIt juTeparypsl, 1956. — 491 c.

13. biiom6epren H. Henuneitnas ontuxa. — M.: Mup, 1966. — 424 c.

14. W K. Bischel and G. Black, “Wavelength dependence of Raman scattering cross sections from 200-600 nm”,
in “Eximer Lasers-1983”, AIP Conference Proceedings, vol. 100, pp. 181 — 187, 1983.

15. Mexepuc P. JlazepHOe aucTaHIOHHOE 30HANpOBaHKe. — M.: Mup, 1987. — 550 c.

16.0cean FX Miniature Spectrometer User Manual. https://oceanoptics.com/wp-content/uploads/Ocean-
FX_Users_Guide_ Ver 01.5.pdf

17. Hamamatsu Image Sensors. Selection guide. — June 2019.

https://www.hamamatsu.com/resources/pdf/ssd/image_sensor_kmpd0002e.pdf

18. PazenkoB U.A. A3po30mbHbIN IUIap AJ1s HENIPEpHIBHBIX aTMocdepHbIX HabmoxeHuit // OnTuka arMocdepsl
n okeana. 2013. T. 26, Ne 1. — C. 52 — 63.

19. I'pannyno nomyctumi koHnentparii (I'//JK) xiMiuHMX YMHHUKIB y MOBITPi podouoi 30HM, 3aTBepmkeni I'JJCJI
Bix 17.07.2015. http://normativ.ua/sanpin/tdoc27838.php

20. Copoxtun O.T'., Yiiakos C.A. Pa3surue 3emun. — M.: U3a-Bo MI'Y, 2002. — 506 c.



https://orcid.org/0000-0002-4874-8929
https://orcid.org/0000-0002-6072-5340
https://oceanoptics.com/wp-content/uploads/Ocean-FX_Users_Guide_Ver_01.5.pdf
https://oceanoptics.com/wp-content/uploads/Ocean-FX_Users_Guide_Ver_01.5.pdf
https://www.hamamatsu.com/resources/pdf/ssd/image_sensor_kmpd0002e.pdf
http://normativ.ua/sanpin/tdoc27838.php

Bicnhux Xapkiscokoco nayionanvrnoeo ynieepcumemy imeni B. H. Kapa3zina.
Cepis «Paodiogizuxa ma enexkmponixay, sunyck 30, 2019. C. 67-72.

Opueuﬂaﬂbnaﬂ cmamos
https://doi.org/10.26565/2311-0872-2019-30-07
VIIK 537.874

ONITUMMU3ALUSA CITOCOBA BO3BYXJAEHWA UHBEPTUPOBAHHOI'O
MMOJIOCKOBOI'O JUDJIEKTPUYECKOI'O BOJIHOBO/JIA C
METAJJIMYECKOH IJIOCKOCTBIO
J.B.Maiidopona, C.A.Ilorapckuii

Xapvrosckuti nayuonanvHblil yHueepcumem umenu B.H. Kapasuna, 61022, 2. Xapvros, ni. Ce0600b1,4
E-mail:spogarsky@gmail.com
[Moctynuna B penakuuto 15 ¢pespans 2019 r.

AKTyalIbHOCTb. B HacTosmee Bpems B MWUIMMETPOBOM MMANa3oHE JUIMH BOJIH BEChbMa MEPCNEKTHBHO IMPHMEHEHHE
JISIIEKTPIHMECKIX BOJTHOBOJIOB PA3IIMYIHBIX TUIIOB, B TOM YHCIIE METALIO-AMAIIEKTPUIECKUX CTPYKTYP U (DYHKIMOHAIBHBIX Y3/I0B
Ha UX OCHOBE. DJTO OOYyCIIOBIEHO MPOCTOTOM M HE3HAYUTENBHOH CTOMMOCTBIO H3TOTOBICHHS HIICKTPHICCKHX
BOJTHOBOJOB M (DYHKIIHOHAIBHBIX Y3JIOB Ha X OCHOBE, BO3MOXKHOCTBIO MX MHTETPAINN C aKTHBHBIMH 3JIEMEHTaMH,
NpUMEHEHHEM Pa3iIMYHBIX JHAJIEKTPHKOB U ITOJMMEPOB, 00IaJAIOIINX KK [IIUPOKUM JHANa30HOM JIHMAIIEKTPUIECKHUX
NPOHUIAEMOCTEH, TaKk M pa3HOOOpa3neM MeXaHMYECKUX CBOMCTB (B YacCTHOCTH, HEKOTOpPBIC IUAJIEKTPUYCCKUE
MaTepuabl 00J1a1at0T 3HAYUTEILHON THOKOCTBIO).

Heas padoTsl. ONTHMU3HPOBATH CIIOCOO BO30YXICHUS OJHOH M3 COOCTBEHHBIX BOJH B OOPAIlCHHOM IOJIOCKOBOM
JMINIEKTPUIECKOM BOJTHOBOJIE C METAININYECKOH MIIOCKOCTBIO MOCPEICTBOM CEPUH (PH3NIECKHUX IKCIEPHMEHTOB.
Marepuajbl 4 MeTobl. Mccienyemast aeKTpoANHAMIYECKasi CTPYKTypa OTHOCUTCS K KIIacCy THOPHIHBIX METaIIO-
IUBJIEKTPHYECKUX CTPYKTYp. Ee OCHOBY cocTaBisieT OOpamieHHBI IOJOCKOBBIH AWAICKTPUUECKHNA BOIHOBOJ C
METaJUTMYECKOH IOCKOCThI0. OCOOEHHOCTBIO HCIOJIB30BAHHOTO OOpPAIIEHHOTO ITOJIOCKOBOTO JUAIEKTPUYECKOTO
BOJIHOBOJIA SBJIAETCS €r0 KOMIIO3MIMOHHBIM COCTaB: OCHOBHAs YacTb BOJIHOBEHYILEIO CTEPIKHS, IPUIICTAIOILEro K
METaJUTMYECKOH IIOCKOCTH, BBINOJNHEHA W3 IOJUCTHPOJA, BTOpas 4acTh BBINONHEHa U3 ¢ropomiacta. OreHka
3¢ PEeKTHBHOCTH BO30YXKAEHHS NPOBOJMIACH ITO0 BEJMYMHE BHOCHMOTO 3aTyXaHHUS B TPAKT. MeTOIOM IMOJBHKHOTO
30HIa OIEHEHa CTENeHb KOHIEHTPAMHM JJIEKTPOMArHUTHOTO TIONST BOJNW3M  CIOKHOKOMITO3HIIMOHHOTO
BOJTHOBEYIIET0 CTEPXKHs. Busyanusaius nosiei ocymecTBIsIach ¢ OMOIIBIO METO/Aa H30JIMHUH.

PesyabTathl. Ha ocHOBaHMM cepuyl 3KCHEPUMEHTANBHBIX HCCIECIOBAHUN ONTHMHU3HPOBAH CIOCOO BO3OYKAEHHS
WHBEPTHPOBAHHOTO MOJIOCKOBOTO JMIJIEKTPHUECKOTO BOJHOBOAA C METAUIMYECKOH INIOCKOCTBIO. ekt
ONTHMAJIBHOTO  BO3OYXKICHUS  JOCTHTANCS 3a CYET HCIONB30BAaHMH  KOMIO3HUIMOHHOW  KOHCTPYKIUH
JURJIEKTPUYECKOTO BOJIHOBEAYLIETO CTepkHS. [IpH ONTHMalbHOM COOTHOIIEHMM MaTEPUANIbHBIX KOHCTaHT CJIOEB,
00pa3yrolx BOJHOBEAYLIUH CTEpK€Hb, M TIEOMETPUUYECKUX IapaMeTpPOB ITUX CJIOEB YJIAJIOCh CYIIECTBEHHO
pacIpyuTh pabodylo MOJOCYy YacToT, B IpeleiaXx KOTOPOH YpOBEHb BHOCHMBIX NMOTEph HE IPEBBINIAN 3aJJaHHBIX
3HayeHui. [Ipy 3TOM YCTaHOBIEHO, YTO 3JEKTPOMArHUTHOE I0JI€ KOHLEHTPUPYETCS NPEHMYLIECTBEHHO BOJIU3HU
IUBJIEKTPHYECKOTO CTEPXKHSA, oOecrieunBasi YCTONUUBBIN BOJHOBOW PEXHUM. Y CTAaHOBIICHO, YTO NPH OMPEICICHHOM
COOTHOIICHUH TTapaMeTPOB CTPYKTYPHI B HEH MOXKET PeaTn30BBIBATHCS PEKIM YaCTOTHON CENNEKIINH.

BeiBoabl. B xonme m3MepeHHil yCTaHOBICHO, YTO OOpAlICHHBIN ITOJIOCKOBBIH AMAIICKTPUYECKHH BOJHOBOJA C
METAUTMYECKON TUIOCKOCTRIO TPH ONTHMAIbHOM BBIOOpE MApaMeTPOB CHOCOOEH AS(PQPEKTHBHO IOIIEPKUBATH
BOJIHOBOW pEXHUM C MajbIM YPOBHEM BHOCHUMBIX IOTepb. B ILenoM cTpykTypa Ipu ONpEAerIeHHOM BbIOOpe
HapaMeTpoB MOXKET paboTaTh B ABYX PEXKHMMax: BOJHOBEAYLIEM U PEKHME YACTOTHOM CENEeKIIHH.

K/IFOUEBBIE CJIOBA: uHBEpTHUPOBAaHHBII IOJIOCKOBBIN JIUAJIEKTPUUECKUH BOJHOBOJ, 3aTyXaHHE, METOM
MOJBIKHOT'O 30H/1a, YaCTOTHAsl CEJIEKIIUs

ONITUMI3ZALIA CITOCOBY 3BY?)KEHHSA IHBEPTOBAHOI'O CMYKKOBOI'O
XBUJIEBOY 3 METAJIEBOIO IVIOIIIUHOIO
J.B. Maii6opoaa, C.O. Ilorapcskmii
Xapxiscokuii nayionanenuti ynieepcumem imeni B.H. Kapasina, 61022, m. Xapxis, nn. Ceoboou, 4

AkTtyanbHicTh. Ha TenepilHiii yac y MiniMeTpoBOMY [iana3oHi JOBXHH XBHJIb NMEPCHEKTHBHUM € 3aCTOCYBaHHS
JIENeKTPUYHUX XBHJICBOMIB PI3HUX THIIB, y TOMY YHCIi METAIEBO-IiENEKTPUYHUX CTPYKTYP i (YHKIIOHAIBHUX
BY3/1iB Ha ixHii ocHOBi. I[e 0OyMOBIEHO NHPOCTOTOIO Ta HE3HAYHOIO BAPTICTIO BHUTOTOBJICHHS [iCJICKTPUYHHX
XBIJICBOMIB 1 (DYHKIIOHAJBHUX BY3JIiB Ha iXHIH OCHOBI, MOXIHMBICTIO X iHTErpamii 3 aKTHBHUMH €JIEMEHTaMH,
3aCTOCYBaHHSM Pi3HUX Ji€IEKTPHKIB Ta MOJIIMEPIB, IO MAIOTh K MIMPOKHUH diala30H AieIEeKTPUIHNX IPOHUKHOCTEH,
Tak 1 pI3HOMAHITHICTH MEXaHIYHHX BJIACTHBOCTEH ( 30Kpema, JesKi MieNeKTPUYHI Marepiald MaloTh 3HAYHY
THYYKICTB).

Mera podorn. OntumiszyBatu croci® 30y[KeHHA OJHi€l i3 BIACHUX XBHJb Yy IHBEPTOBAHOMY CMY)XXKOBOMY
JeTeKTPUYHOMY XBHIJICBO/II 3 METAIEBOIO IUIONIMHOIO 32 JOTIOMOTOI0 cepil (i3NUHHUX eKCIIePUMEHTIB.

© Maiiboponaa [1.B., ITorapckuii C.A., 2019
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Marepianu Ta Metoau. [locmigKyBaHa eneKTpOJMHAMIUHA CTPYKTYpa BIIHOCUTHCS 10 Kilacy TiOpUAHUX METajIeBo-
JieNeKTPUYHNX CTPYKTYp. 1i OCHOBY CTAaHOBMTH OOEpHEHHII CMY)KKOBMI HieNeKTPHUHMH XBHJIEBII 3 METaleBOIO
wiomuHor0. OcoOIMBICTIO BUKOPHCTAHOTO 0OEPHEHOTO CMYKKOBOTO JIieJIEKTPUYHOTO XBIJIEBOLY € HOTo
KOMIIO3HUIIfHA CTPYKTypa: OCHOBHA YacTHHA XBIJICBEIYYOTO CTPIDKHS, IO TNPWIATAaE IO MeTajeBOl IUIONIMHH
BUKOHAaHa 3 IIOJICTHPONy, Ipyra dYacTHHa BHKOHaHa i3 ¢ropomnacty. OmniHka eheKTHBHOCTI 30ymKeHHS
MPOBOJMJIACS MO BEIWYMHI BHECEHOTO 3aracaHHs B TPakT. MeTolOoM pyXJMBOTO 30HAa OyB OLIHEHHH CTYIiHb
KOHIICHTpaIlil eJICKTPOMAarHiTHOTO HOJIS MOONIH3Y CKIIaJHOKOMITO3IMIfHOTO XBHIJIEBEIYJOro CTPIDKHA. Bizyamizamis
MOJIB 3MIICHIOBAIACS 32 JJOMIOMOTOI0 METOJTY 130JTiHIH.

PesyabTaT. Ha mincrasi cepii ekciepuMEHTAIBHUX JOCIIKEHb ONTHMI30BaHUH crioci0 30yIKeHHs iHBEPTOBAHOTO
CMY>KKOBOTO Ji€eKTPHIHOTO XBUIIEBOLY 3 METAJIEBOIO IUIOMIMHOIO. EdeKT ontuManbHOro 30yIKeHHS JOCATaBCs 3a
paxyHOK BHKOPHCTaHHA KOMIIO3MIIMHOI KOHCTPYKWii Mi€IEeKTPUYHOTO  XBUJIEBEAYy4oro CTprkHs. Ilpu
ONTUMAJIBHOMY CHIBBiIHOLICHHI MaTepiaJbHUX KOHCTAHT ILIApiB, IO YTBOPIOIOTH XBUJIEBEAYUUH CTPUKEHbB, 1
TEOMETPUYHUX MapaMeTpiB IUX IIapiB YAAIOCS CYTTEBO PO3LIMPUTH poOOTy CMYTy YacTOT, Y MeXkax Kol piBeHb
BHECEHMX BTpAaT He IEPEBHINYBAB 3aJaHUX 3HAYeHb. [IpH IIbOMy BCTAaHOBJIEHE, IO EJIEKTPOMATHITHE IIOJIe
KOHIICHTPYEThCS MEPEBAKHO ITOONU3Y MiCNEKTPHUIHOTO CTPIDKHS, 3a0€3NeUyroud CTiHKHH XBHIIBOBHH PEXHM.
VYcraHoBieHe, IO MpH IIEBHOMY CIIBBIIHOIICHHS HapaMeTpiB CTPYKTYPU B Hil MOXKE peai30BYBaTHUCS PEXHM
YaCTOTHOI CEeKIIii.

BucHoBku. Y Xoai BUMIDIOBaHb YCTaHOBJICHO, IO IHBEPTOBAaHHMH CMY>KKOBHH Mi€IEKTPUYHAN XBHIICBIA 3
METaJIEBOI0 IUIONIMHOK NPH ONTHMAaTbHOMY BHOOpi mapameTpiB 34aTHHHA €()EKTHBHO MiATPUMYBAaTH XBHUIIbOBHI
PEKUM 3 MAJIUM piBHEM BHECEHHX BTpar. Y LUIOMY CTPYKTYpa IpH MEBHOMY BHOODI MapaMeTpiB MOKE MPAILIOBATH Y
JIBOX PSKMMax: XBHIEBEIYIOMY | pEKHMI YaCTOTHOI CENEeKIIii.

KJIFOUYOBI CJIOBA: iHBepTOBaHMI CMYXXKOBUH JTiCIEKTPUYHUN XBUJICBIJ, 3aracaHHs, METOJ PYXJIHBOTO 30HIA,
YaCTOTHA CEJEKIis

OPTIMIZATION OF THE METHOD FOR EXCITING AN INVERTED STRIP
DIELECTRIC WAVEGUIDE WITH METAL PLANE
D.V. Mayboroda, S.A. Pogarsky
V.N. Karazin Kharkiv National University, 4, Svobody Square, Kharkiv, 61022, Ukraine

Background. Currently, the application of various types of dielectric waveguides in the millimeter wavelength range
is very promising, including metal-dielectric structures and functional units based on them. This is due to the
simplicity and low cost of manufacturing dielectric waveguides and functional units based on them, the possibility of
their integration with active elements, the use of various dielectrics and polymers having both a wide range of
dielectric constants and a variety of mechanical properties (in particular, some dielectric materials have significant
flexibility).

Obijectives. To optimize the method of excitation of one of its eigenwaves in a inverted strip dielectric waveguide
with a metal plane through a series of physical experiments.

Materials and methods. The studied electrodynamic structure belongs to the class of hybrid metal-dielectric
structures. Its basis is a inverted strip dielectric waveguide with a metal plane. A feature of the used inverted strip
dielectric waveguide is its composition: the main part of the waveguide rod adjacent to the metal plane is made of
polystyrene, the second part is made of fluoroplastic. The evaluation of the excitation efficiency was carried out by
the magnitude of the introduced attenuation into the tract. Using the method of a moving probe, the degree of
concentration of the electromagnetic field near a complex compositional waveguiding rod was estimated. The fields
were visualized using the contour method.

Results. Based on a series of experimental studies, the method for exciting an inverted strip dielectric waveguide
with a metal plane is optimized. The effect of optimal excitation was achieved through the use of the composite
design of the dielectric waveguiding rod. With the optimal ratio of the material constants of the layers forming the
waveguiding rod and the geometric parameters of these layers, it was possible to significantly expand the working
frequency band, within which the level of insertion loss did not exceed the specified values. It was found that the
electromagnetic field is concentrated mainly near the dielectric rod, providing a stable wave mode. It has been
established that with a certain ratio of structure parameters, the frequency selection mode can be implemented in it.
Conclusions. In the course of physical measurements, it was found that a inverted strip dielectric waveguide with a
metal plane with the optimal choice of parameters is able to effectively maintain the wave mode with a low level of
insertion loss. In general, a structure with a certain choice of parameters can operate in two regimes: waveguiding
mode and frequency selection mode.

KEY WORDS: inverted dielectric waveguide, attenuation, VSWR, moving probe method, radiation pattern.

BBEJIEHUE
Juanextpuueckue BoiaHOBOAB! ([IB) pazmnunbix Mmogudukanumii [1-5] uMmerot siBHbIe ipenmyinectsa B KBY
Jara3oHe MO CPaBHEHMIO CO CTaHAAPTHBIMH IPSAMOYTOJBHBIMH BOJIHOBOAAMH Ojaromaps CBOMM CBOMCTBaM:
IPOCTOTE pealu3allid C pEalbHBIMM JOMYCKAMH HA H3TOTOBJIEHHE, BO3MOXHOCTBIO pealHM3alliy
(hopM0o0Opa30BaHUs CIIO)KHOKOHCTPYKTHBHBIX Y3JIOB C IIOMOIIBIO TOCTATOYHO MPOCTHIX METOIOB IPH CEPUITHOM
MPOU3BOJICTBE U JP.
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[Ipn BceM MHOrooOpa3uWu CYyLIECTBYIOIIMX KOHCTPYKTHUBHBIX HCIIOJHEHHH y370B Ha JIB akTyanbHBIM
ocTaeTcst BOIPOC MOUCKa HOBBIX Monudukanuii /B, mo3Bosstomux pemarsh cnennpryeckue 3a1a4n CO34aHus
(yHKIIMOHAJBHBIX DJIEMEHTOB C YJIYYIIEHHBIMH XapakTepucTukamu [6, 7]. C 3TOH TOYKHM 3peHHs pealibHEI
KOHCTPYKLMH JIMHUH TepeJayd, KOTOPhIE MO CBOMM CBOMCTBAM HPUHLUIIAAIBHO OTJIMYAFOTCS 10 BHOCHMBIM
MOTEPSIM OT M3BECTHBIX W COOTBETCTBEHHO WMEIOT BBIMIPHIII II0 MapaMeTpaM INpH WX TPHUMEHEHHH B
koHKpeTHBIX KBY mpubopax. B pabote [8] paccMOTpeHBI CBS3aHHBIE HHBEPTHPOBAHHBIC TUAJICKTPUICCKUE
BOJIHOBOJIBI C MeTaJuTM4IecKoil mrockocThio [MJIBMII], wucronb3yeMbie B TAKMX YCTPOMCTBAaX Kak (BHIBTPHI,
OTBETBUTENM, NEPEJAIOLINE CUCTEMBI, MapaMeTpbl KOTOPBIX INpu ucnoib3zoBanuun HWJIBMII pacmupsior
BO3MOXKHOCTH WX NpHUMeHEHHs. Bmecte ¢ TeMm, mrobas Monmudukanws 0a30BOW JHMHHWM Iepernadu TpedyeT
MPOBEACHUS psina (pyHIAMEHTANBHBIX MCCICAOBAHUH, BKIIOYAIOIINX B ce0s M3y4YeHHE BO30YKIaeMOro CIeKTpa
COOCTBEHHBIX BOJIH M COOTBETCTBYIOIMX UM CTPYKTYP TI0JIeii, ClIOcOOOB X BO30YKICHUS U P/ APYTUX.

B naHHOM wuccienoBaHMM OCOOBIM akIEHT CJeNaH Ha BOIpOcax BO30YXKICHUS WHBEPTHPOBAHHOTO
MOJIOCKOBOT'O BOJIHOBOJIA C METAJUIMYECKOHN MIOCKOCTHIO, COTIIACOBAHMS C MOJBOASIIMMH TPAKTaMH.

BA30OBAS CTPYKTYPA

B m3BecTHRIX B HacTosmiee BpeMs paboTax ~OTCYTCTBYIOT JaHHBIE 00  HCIOJIB30BAHUU
CIIO)KHOKOMITO3WIIMOHHBIX ~ TIOJIOCKOBBIX  IWMIJICKTPHYSCKHX  BOJNHOBOJAOB  KaK  COCTABHOW  YacTH
WHBEPTHPOBAHHBIX TTOJIOCKOBBIX AMANIEKTpHYecKuX BomHOBOAOB (UI1/IB) B 8-MM muamnazoHe [uinH BOJH. Takoro
pona uHpopManus 0cOOEHHO aKTyalbHA IPHU peIIeHNH Bompoca 00 3(h(ekTHBHOM BO30YKICHUN CTPYKTYPHI C
o0ecrieyeHrEM MHHUMYyMa MOoTepb. Kpome Toro, mpu UCHOIb30BaHUH TOCTATOYHO XOPOIIIO U3BECTHOTO CrIocoba
BO3OYXKJIEHHSI TIyTeM BBEACHHS B MPOCTPAHCTBO METAIMUECKHX BOJHOBOJOB YAaCTH  CIUIOIIHOTO
JdNeKkTpudeckoro crepkus [9-11] He Moryr ObiTh obecrieueHbl CTaOHIBHBIE PE3YIbTATBl BCIEICTBUE
JIOCTATOYHO OOJIBIION JJIMHBI CAMOTO CTEPIKHsI (IO OTHOIICHUIO K JUIMHE BOJHBI) MU TPYTHOCTESH 0OecreueHMs
IJIOTHOTO KOHTAKTa C OCTAJIbHBIMU dJIEMEHTaMH TPaKTa.

Ha Puc. 1 nmpencTaBieHO cXeMaTHYECKOE H300paKEHHE CII0KHOKOMITO3UIIMOHHOM CTPpYKTYphl. Ha pucyHnke
WCIIONIB30BaHbI CICIYONIIe 0003HaYeHUA: 1 — MeTalTMIecKrue BOTHOBOABI, 2 — METAJIUIMYECKOE OCHOBAHUE, 3 —
MOJIOCKOBBIN AMANEKTPHUYCCKUI BOJTHOBOJ (IUIIIEKTPUICCKUN CTEPKEHB) C OJHUM 3HAYCHHEM OTHOCHUTEIBHOU
TUDJIICKTPUIECKON TPOHUIAECMOCTH, 4 — TIOJNOCKOBBIH IUIJICKTPUYCCKUN BONHOBOJ (AMAICKTPHUYCCKHHA
CTepKE€HB) C IPYTUM 3HAYCHHEM OTHOCHUTEIBFHOU MUIICKTPUYCCKOW MPOHUIAEMOCTH, 5 — IUIICKTpUYecKas
TUTacTHHA (TTOJI0XKKA). 6 — AIEMEHTHI TUIJICKTPHUIECKOTO CTEPIKHS CO CKOCaMHU.

1 o £ 3 1

Puc. 1. Cxematndeckoe n300paskeHHe CTPYKTYpEL.

CyriecTBeHHOH OCOOCHHOCTBIO CTPYKTYphl MO CPaBHEHWIO C W3BECTHBIMH panee [11] sBusercs
KOMIIO3UI[MOHHBIM COCTAaB BOJIHOBEIYIIETO JMAJIEKTPUUECKOTO CTEP)KHS: OCHOBHAs BOJHOBEIYIAs 4YacTb
BBIMIOJTHEHA U3 OJIHOTO BUJIA JTU3JIeKTpUKa (3), a Bropas (4) — BIIOJHEHA U3 IPYroro BUJA JUIJIEKTPpUKA. Takoro
poAa KOMIIO3UIIMOHHOE BbIMIONIHEHHE BosHOBeayuied yactu UII/IB mo3Bosisier pemnTh OJHOBPEMEHHO [IBE
3a7aun. [lepBasi — 3TO ympaBiieHHWE IepepaclpeielieHUeM BEJIMYUH MOIIHOCTEH 3JIEKTPOMAarHUTHOTO II0JI,
COCPEIOTOYCHHBIX B Pa3IMYHBIX OO0JACTAX CJIOKHOKOMITO3UIIMOHHOTO CTEPXKHS, a BTOpas — YHCTO
KOHCTPYKTUBHAS: BBIMOJHSSL YacTh CTEP>KHS, NPUJIETAIOLIEr0 K METANIMYeCKOMY OCHOBAaHMIO, U3 MaTepuala,
oOnajaromero OONBIICH JKECTKOCTBIO, YIAeTCs Pealn30BaTh IUIOTHBIA KOHTAKT CTEPXKHS U METAJUIMYECKOTO
ocHoBaHusl. DopMa OKOHEYHON YACTH CTEP>KHS, BBOJMMOrO B MPOCTPAHCTBO BOJIHOBOJIOB, IOCTATOUYHO XOPOILLIO
uccienosana panee [12]. OcobennocTh peanu3anuu HOpPMbI OKOHEYHBIX YACTEH CTEPIKHS 3aKIFOYAETCSl B TOM,
YTO CKOCHI BBITIOJTHEHBI TIOJT YTJIOM bpiocTepa B ABYX MIOCKOCTSIX.
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PE3YJIbTATBI SKCIIEPUMEHTAJIBHBIX UCCJIEJTOBAHUM

OCHOBHO LIeNbI0 UCCIIEAO0BAHUS SIBJISUIACH MUHUMHU3AIMS IOTEPh PH BO30YXKIIEHUU COOCTBEHHBIX BOJIH B
cTpykrype. [Ipu 3TOM SKCIIEpUMEHTaJIbHO HCCIIEAOBAIMCH BOMPOCH! BIMSHHS Ha YPOBEHb BHOCHMBIX IOTEPb
3HAYCHUs. OTHOCHUTENBHON IHMANEKTPUYECKOW NPOHMIAEMOCTH W TEOMETPHU CTEPXKHSA, IUAJICKTPHYECKOMH
NPOHHUIAEMOCTH U TONIIUHEI JTONOJIHUTEIBHOW IHANIEKTPHUYCCKON MOMIOKKH. VccnenoBanus NPOBOAWINCE B
nuamasose yactot 25...37 I'T.

Ha nepBoHayaJsHOM dTare HMCCIESIOBAIMCh BapUAHTHI C OJHOPOMHBIM HCHOJHEHHEM IHIICKTPHYECKHUX
CTepKHEH. B mepBoM ciydae CTepKeHb BBINONHsUICA u3 (Topomnacta (g, =2,1), a Bo BTopoMm ciydae u3

nomuctupona (g, =2,52). B kadecTBe [ONOIHUTEIBHON IUINEKTPUYECKOH MOATOXKKU HCIOIb30BATIUChH
cuTayuoBble MoIoKKH (€, =9,8) co cranmapTHbIME pasMepamu 60x48 mwm n ronmuaamu 0,5 MM 1 1 MM.
B kadyectBe 0a30BBIX NapaMEeTPOB OBUTH MPHHATHL PE3YJIbTAThl H3MEPEHUH C (PTOPOILIACTOBHIMHU

CTEPKHAMHU PA3IHUYHBIX pa3sMEpoB U MOMT0XKKONH TommuHod 1 mm. Ilpu 3TOM BCS KOHCTPYKIMS C ABYMS
MepexoaMi Ha TPsIMOYTOJIbHBIE BOJHOBOJBI OOEcIednBana CyMMapHbIe IOTepH Ha ypoBHE -2,5...-3 nb npu

Besimunne KCBH <1.9.

Cepueii 3KCIIEpIMEHTOB YCTaHOBIICH ONTUMAIBHBIN pa3Mep cTepkHs, paBHbI 7.0x2.0 MM. YMeHbIIeHHE
HIMPHUHBI CTEPXKHA A0 5.2 MM IPUBOIUT K POCTY MOTEPh 10 YpOBHSA -4 nb, nanbHeiimee yMEHbIICHUE IIUPUHBI
JI0 BeIW4YUHBI 4.2 MM NIPUBOIUT K pocTy moTepb 10 -6 ab. Ilpu 3ToM HE0OXOOMMO OTMETHUTH CHIIBHYIO
M3PE3aHHOCTh XapaKTEPUCTHKU: YPOBEHB IOTEPh B YACTOTHOM JIHaria3oHe KoJiebiercs B uHTepBane +2.5 nb.

Ha Puc. 2 u Puc. 3 npuBeaeHs! 3aBUCUMOCTH 3aTyXaHUS OT YacTOTHI JUI JBYX BAPHAHTOB CTPYKTYp, y
KOTOPBIX TIPHUJICTaiolas K META/UTHYECKOMY OCHOBAHHIO YacTh CTEPKHs (3) TOMIIMHOW 2 MM BBINOJNHEHA W3
MOJIMCTHPOJIA, & BTOpasi YacTh TOJLIMHOW 1 MM — m3 ¢ToporiacTa. [lepBblil BapuaHT COOTBETCTBYET TOJNIIMHE
JIOTIOTHUTETIFHON AUAJIEKTPHUUECKOHN MOI0KKH 1 MM, a BTOpo# — TomuHe 1.5 MM.
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Puc. 2. 3aBUCUMOCTD 3aTyXaHus OT 4YaCTOThl CTPYKTYPhI C Puc. 3. 3aBucumMocTtsn 3aTyXaHus OT 4YaCTOThl CTPYKTYPEI C
JUDJICKTPUYECKUM CTEPIKHEM U3 MOJIUCTUPOJIA 2,0 MM U JUDJICKTPUYECKUM CTEPIKHEM U3 MOJIUCTUPOJIA 2,0 MM H
¢dToporutacta 1 MM IpH TOJIIUHE TOATOKKH 1,0 MM. ¢roportacta 1 MM TP TOJIIUHE TOATOKKH 1,5 MM.

OueBUIHO, YTO CPEAHUI ypOBEHb 3aTyXaHUS B JOCTATOYHO IIMPOKOH MOJIOCE YacTOT HE IPEBBIIAET YpOBeHb -2 1b.
MoskHO KOHCTAaTUPOBATh, YTO HCIIOJIB30BaAHUC KOM6I/IHI/Ip0BaHHOFO JUBJICKTPUIECKOTO CTEPIKHA C pa3HOI71 IIPISJICKTpI/I‘ICCKOﬁ
NMPpOHUIAEMOCTBIO TTO3BOJISACT CHU3UTh YPOBEHb 3aTyXaHU. Pa3MeIIIeHI/Ie Marepuaia, 06nana10mer0 OoubLIei KECTKOCThIO,
CO CTOPOHBI METAJUTMYECKOU MJIOCKOCTH IMO3BOJIICT CYHICCTBEHHO MHOBBICUTH YPOBEHL BOCIIPOM3BOAHUMOCTHU XapPAKTEPUCTHUK
3a cuer Oolee PaBHOMCEPHOTI'O HNPUJICTAHUSA CTECPIKHA K METaJUTHYECKON ITOCKOCTH.

Puc. 3 cBuzeTenbCTBYET O TOM, YTO MCHOJIB30BaHNE KOMOMHUPOBAHHOTO CTEP)KHS M YBEJIMUYEHUE TOJIIHHBI
JIOTIOTHUTEIBHOMN AMANEKTPUUECKON TTOJIOKKH MPUBOAUT K TOSBICHUIO HECKOJNBKUX PE30HAHCHBIX IIPOBAJIOB B
AXUY. Tak, npu tonmunae 1,5 MM MakCHUMalbHasl BEIMYMHA «IIPOBAJIay B XapaKTEPUCTHKE JOCTUTAET YPOBHS -22
b, mpu 3TOM IIMpPHHA MTOJIOCHI 3arpaXAeHUs HeBenrKa (1o ypoBHIo -201b coctaBnseT npudmminutensHo 1%).

Cepus 3KCIIEPHMEHTOB BBIIBWIA (U3MUecKHil 3((eKkT BO3HUKHOBEHHs Ooiyiee TTyOOKMX pPE30HAHCOB B
CJIOKHOKOMITO3UITMOHHON JUAJIEKTPUUECKON CTpyKType B Oojiee mUpoOKoW Tmosioce dactor. Ha Puc. 4
npezactaBieHa AUX CI0)XKHOKOMITO3MIIMOHHOM CTPYKTYphl TIpH €€ BO30Y>K/IEHHMH OKOHEYHOH YacThiO
JIVRJIEKTPUYECKOTO CTEPIKHSI MOIYIUPaMHUJaIbHOM (OPMBI JUIMHOIO 6 MM (Y4TO COM3MEPHMO C JUTMHOW BOJIHBI B
JIVDJIEKTPUYECKOM crepikHe). IIpu 3ToM Ta YacTh cKoca, KOTOpas BBOJWJIACH B METAITIMYECKUE BOJIHOBOJIBI,
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BBINIOJIHSJIACH W3  CJIO0KHOKOMITO3MLIMOHHOTO JMAJIEKTpHKAa (C TEMH K€ IapaMeTpaMH, 4YTO M OCHOBHOM
BOJIHOBEYIIU# CTEPIKEHB).
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Puc. 4. 3aBucumocThb 3aTyXaHUs OT YaCTOThI CTPYKTYPhI C AUBJIEKTPUYECCKUM CTCPIKHEM U3 MMOJIUCTUPOJIa 2,0 MM U
(bTOpOHJ'[aCTa 1 Mmm TIIpY TOJIIUHE MMOAIOXKKHN 1,5 MM CO CJIO)KHOKOMITO3UIITUOHHBIM B036y)K,I[aIOHII/IM CKOCOM

Kak cnemyer u3 aHanm3a XapakTepUCTHUKKM Ha Puc.4, mupuHa MOJIOCHI 3arpaXkIe€HUsT HE TOJBKO
pacupuiachk 10 6.2% OT IEeHTPaJbHON YacTOThI, HO U CMECTHJIACh B HU3KOYACTOTHYIO 001acTh OoJjiee, YeM Ha
700 mMI'a. B monoce 3arpaxaeHus HabmogaeTcss HeOoIboi BEIOpoc a0 -21.7 nb. Kak mokazanu SKCIepUMEHTHI,
YBEIMYEHUE TOJIIMHBI JONOIHUTEILHON OUAJIEKTPUUYECKONW MOMAJOKKH NPUBOIUT K BO3HUKHOBEHHUIO IOJIOC
3arpaxaeHus B OoJjiee HI3KOYACTOTHOH oOmact. Takoit et oOBsICHAETCS mepepacnpeneicHHeM YHEPTHn
3JIEKTPOMArHUTHBIX BOJIH MEXY COCTaBHBIMH 3JIEMEHTAMU CTPYKTYPHI.

Eme oganM monTBepKIEHHEM TOTO, YTO HCCIeqyeMas CTPYKTypa CIOCOOHA MONICPKUBATh YCTOWIHUBEII
PEXUM PACIpPOCTPaHEHUS COOCTBEHHOW BOJIHBI SIBIIIETCS CTPYKTypa MOIYISI HAMPSDKCHHOCTH AJIEKTPHUYECKOTO
MOJIsl, M3MEPCHHOTO B OJIM)KHEH 30Ha METOJOM IMOJBKIKHOIO 30HIA. JTa XapaKTCPHCTHKA MpEJCTaBiICHA Ha
Puc. 5.

AHanu3 MOMyYEHHBIX JAHHBIX CBHUJIETENBCTBYET O TOM, YTO B TAKOTO POJa CTPYKTYpe MPHU ONTUMAaJIHHOM
BBIOOpE KITFOYEBBIX MApaMETPOB CTPYKTYPHI KaK TAKOBOW W 3JIEMEHTOB BO30YXKICHUS BO3MOXKHA peaM3alivs
YCTOWYMBOTO BOJHOBOTO PEXXHMMa ¢ KOHIEHTpauuei nosst Bonm3u crepxus UITAB, npu 5ToM mosie BHE CTEPKHS
OKa3bIBAETCS JOCTATOYHO CHUMMETPHUUYHBIM OTHOCHTEIBHO OCH CTEPXKHS W TPH YJAJIEHWU OT OCH CTEePXKHS
aMIUIMTYAA [OJIS CYILIECTBEHHO CHUXKAETCSI.
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Puc. 5. CTpykTypa 37€KTpHUECKOTO TOJIS B CIy4ae CI0KHOKOMIO3UIIMOHHOTO COCTaBa AUIEKTPUUECKOTO CTEPIKHSL.
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BbIBO/IbI

Takum o0pa3om, B pe3yibTaTe NPOBEACHHBIX 3KCIEPUMEHTAJBHBIX HccienoBanuid coiicts UIIJAB mpu
BO3MOXXHOM BapualMu OCHOBHBIX [apaMETPOB CTPYKTYpbl YCTaHOBJICHO, 4YTO HaJU4ue W3BECTHBIX
JIVDJIEKTPUYECKUX MaTEpPHAIOB IO3BOJISIET CO3[aBaTh BOJIHOBEAYIIME CTPYKTYpPBI, OOJIaalolie MaJbIMU
OTpa)KE€HUSIMU U BHOCUMBIMH IOTEPSMHU.

Peanmzanus onTUManbHEIX cIIOCOOOB BO30YXICHHS NPH ONTUMAIbHOM BBIOOPE MAaTEpHaIbHBIX KOHCTaHT
OCHOBHBIX 3JIEMEHTOB TPAKTa MO3BOJIIET OCYHIECTBIATH HE TOIBKO YCTOMYMBBIA PEXKUM KaHAIM3ALMU SHEPTUU
SNeKTpoMarHuTHeIX BoMH B KBY puanasoHe, HO M HPOTHO3UPOBATH BO3MOXKHOCTH CO3JAHHS YaCTOTHO-
CEJIEKTUBHBIX YCTPOMCTB 3TOTO AMAIA30HA, B TOM YHCIIE U YaCTOTHO-CEJIEKTHBHBIX TTOBEPXHOCTEM.

HanHast paboTa BBIMIOJIHEHA B PaMKaxX Hay4HO-HCCIIENOBATENLCKOW paboThl, KOTOpas (pUHAHCHPYETCs 3a
CYET CPEICTB TOCYNapCTBEHHOrO Oro/pkeTa MUHHUCTEPCTBOM 00pa3oBaHWs U HAYKH YKpauHbl (HOMEp
6romxerHoit Tembr 0119U002535).
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