DOI: 10.32603/1993-8985 ISSN 1993-8985 (print)
ISSN 2658-4794 (online)

M3secmus sbicliuX y4ebHbIX 3a8edeHuli Poccuu

PAOVOSJIEKTPOHUKA

Tom 24 N21 2021

i

Journal of the Russian Universities

RADIOELECTRONICS

Vol. 24 No.1 2021

CaHkT-leTepbypr Saint Petersburg
N3paTensctBo CIM6IITY «/1TU» 2021 ETU Publishing house



—'\/\/‘—/’/3BECTI4}7 BbICLUMX YYEBHBIX 3ABEAEHM Poccimt, PALMOS/IEK TPOHMKA

3apeructpupoBaH MefepanbHol cyx60i No Haa3opy

B cepe CBA3U, MHPOPMALMOHHbIX TEXHONOMMI M MaCCOBbIX
koMMmyHukauui (MU N2 dC77-74297 ot 09.11.2018 r.).
MHpekc no katanory «[pecca Poccumn» 45818

Yupeautens v usparens: GenepanbHoe rocyaapcTBeHHoe
aBTOHOMHOE 0bpa3oBaTeNibHOE YYpeXAeHUe BbICLIEro
o0bpasoBaHus «CaHKT-TeTepbyprckuii rocyaapCTBEHHbIN
3/1EKTPOTEXHMYECKUIA YHMBepcuTeT "JIITU"

nMm. B. W. Ynbarosa (flennHa)» (CM6M3TY «J/13TU»)

XypHan ocHoBaH B 1998 r.

M3paetcsa 6 pas B rog.

Bkntoyen B RSCI Ha nnatdopme Web of Science, Ulrichsweb
Global Serials Director, Bielefild Academic Search Engine,

Google Scolar, Library of Congress, Recearch4life,

ResearchBib, WorldCat, The Lens, OpenAIRE.

MHpekcupyeTtcs u apxuBupyetcst B POCCMIACKOM MHAEKCE Hay4yHOro
unTtnposanus (PUHL); cootBeTcTBYeT Aeknapaunmn Budapest Open
Access Initiative, aensetca uneHom Directory

of Open Access Journals (DOAJ), Crossref.

Pepakums xypHana:

197376, Cankt-lNetepbypr,

yn. Mpod. Monoga, a. 5, CM6MTY «/13TU».

Ten.: 8 (812) 234-10-13,

e-mail: radioelectronic@yandex.ru

RE.ELTECH.RU

© CMNeraTy «J13TWU», odbopmnerue, 2020

PEOAKLUOHHAS KOJINEIUA

[JTABHbIA PELAKTOP

A. B. COJIOMOHOB, 4.¢.-M.H., npod.,
CaHkT-lNeTepbyprckuii rocyaapCTBeHHbIN
3NeKTPOTEXHUYECKUI YHUBepcuTeT «J1ITU»

uMm. B. W1. YnbaHosa (Jlennna), C.-Metepbypr, Poccus
MPENCENATE/Ib PEAAKLIMOHHOM KOJIIEMMMN

B. M. KYTY30B, 4.1.H., npe3naeHT, CaHkT-MNeTepbyprckuii
roCyLapCTBEHHbIN NEKTPOTEXHUYECKMIA YHUBEPCUTET
«13TU» nm. B. U. YnbaHosa (/leHnHa), C.-Metepbypr, Poccus
PEAAKUMOHHAS KOJIJIETUA :

Dieter H. BIMBERG, PhD, Dr. phil. nat. Dr. h. c. mult,,
ucnonH. gupektop "Bimberg Center of Green Photonics”,
YaHUYYHbCKMM MHCTUTYT ONTUKM, TOYHOM MEXAHWUKM

n pusnkn KAH, YaHuyHb, Kutai

Anna DZVONKOVSKAYA, Cand. of Sci. (Phys-Math),

R & D paspabotumk, HELZEL Messtechnik,
KanbTeHkMpxeH, l[epMaHus

Matthias A. HEIN, PhD, Dr. Rer. Nat. Habil., Prof.,
TexHuueckuin yuusepcuter, MnbmeHay, lepmanus
Jochen HORSTMANN, PhD, Dr. Rer. Nat., anpektop
nenaptaMenTa, lenbMronbL-LeHTp, lectaxT, FfepMaHus
Alexei KANAREYKIN, Dr. Sci., rn. ucnonH. aupektop,
Euclid TechLabs LLC, Conon, CLLUA

Erkki LAHDERANTA, PhD, Prof., TexHnuecknit
yHuBepcuTeT, JlanneeHpaHTa, GUHNSHAMA

Ferran MARTIN, PhD (Phys.), Prof., ABTOHOMHbIM
yHuBepcuteT, bapcenoHa, Mcnanus

Piotr SAMCZYNSKI, PhD, DSc, Associate Prof.,
BapLluaBckuit TEXHONOrMYECKUIA YHUBEPCUTET,

MHCTUTYT 3NEKTPOHHBIX cncTeMm, Bapwaga, Monblua
Thomas SEEGER, Dr. Sci. (Eng.), Prof., YHuBepcutet 3ureHa,
3ureH, NepMaHus

A.T. BOCTPELLOB, a.1.H., npod., HoBocnbupckui
rocyfapCTBEHHbIN TEXHUYECKUI YHUBEPCUTET,
HoBocnbupck, Poccus

C. T. KHA3EB, 4.1.H., fou,., Ypanbckuii henepanbHbii
yHuBepcuteT, EkatepuHbypr, Poccus

Lenb xxypHana - ocBelLeHWe aKTyanbHbIX Npobnem,
pe3ynbTaToOB NPUKAAAHBIX U GYHAAMEHTANbHbIX
MCCNeaoBaHUiA, onpesensiolmxX HanpaBieHne U pa3BuTne
HaYYHbIX UCCNeL0BaHMI B 06/1aCTU paano3NeKTPOHNUKM
XypHan BbinonHseT cnepyiowme 3aaa4n:

- NpepoCcTaBnaTb aBTOPaM BO3MOXHOCTb Ny6IMKOBATL
pe3ynbTaTbl CBOMX UCCIELOBAHWIM;

- pacwupsTb chepy npodecCMoHaNLHOro ananora
POCCUMICKMX U 3apybexHbIX nccnepoBatene;

- €nocobCcTBOBATb CTAHOBNEHWUIO MMAUPYIOLLMX MUPOBBIX

A. H. NEYXWUH, p.d-M.H., npod., Mapuiickuit
roCyAapCTBEHHbIN TEXHUYECKUI YHUBEPCUTET,
Mowxkap-Ona, Poccus

C. b. MAKAPOB, 1.¢-M.H., npod., CaHkT-lNeTepbyprckuii
roCyLapCTBEHHbIV MONUTEXHUYECKUIA YHUBEPCUTET

uMm. MNeTpa Benukoro, C.-Metepbypr, Poccus

1. A. MEJIbHUKOB, £.¢.-M.H., npod., CapaToBCKuii
roCyAapCTBEHHbIN TEXHUYECKUI YHUBEPCUTET

uMm. MarapuHa 0. A., Capatos, Poccus

A. A. MOHAKOB, A.T.H., npod., CaHkT-TeTepbyprckuii
roCyAapCTBEHHbIA YHUBEPCUTET a3POKOCMUYECKOrO
npubopoctpoenus (M'YA), C.-Metepbypr, Poccus

A. A. MOTANOB, 4.¢.-M.H., IN.H.C., IHCTUTYT paanOTEXHUKMU U
3nekTpoHukmn uMm. B. A. KotenbHukosa PAH, Mockga, Poccus
H. M. PbICKUH, a.¢.-M.H., rn.H.c., CapaToBckuii punuan UP3
PAH, CapaTtos, Poccus

C. B. CEJIULUEB, o.¢.-M.H., npod., HNY MockoBsckuit
MHCTUTYT SNEKTPOHHOW TeXHUKK, Mockea, Poccus

A. . TONICTUXUHA, £.d.-M.H., TN.H.C., MHCTUTYT
kpuctannorpadumn um. A. B. LLlybHnkoBa PAH,

Mockea, Poccusa

A. Bb. YCTUHOB, 1.¢.-M.H., npod., CaHkT-lNeTepbyprckuii
rOCYAAPCTBEHHbIN NEKTPOTEXHUYECKUI YHUBEPCUTET
«J19TU» um. B. . YnbaHoBa (fleHnHa), C.-Metepbypr, Poccus
B. M. YCTUHOB, 4.d-M.H., un.-kop. PAH, oupekTop, LLeHTp
MUKPO3NEKTPOHUKU U CYyOMUKPOHHbBIX

retepoctpyktyp PAH, C.-lMeTtep6ypr, Poccus

B. A. UAPEB, a.7.H., npod., CapaToBCKMI rocyfapCTBEHHbIN
TeXHUYECKUI yHuBepcuteT uMm. MarapuHa 0. A,

Caparos, Poccus

0. B. OXAHOB, 4.7.H., npod., FOXHbIl denepanbHbIi
yHuBepcuteT, PoctoB-Ha-[loHy, Poccus

OTBETCTBEHHbIN CEKPETAPb

B. A. MEVEB, K.T.H., C.H.C., CaHkT-TleTep6yprckuii
rOCYAapPCTBEHHbIM 3N1eKTPOTEXHUYECKMUIA YHUBEPCUTET
«J13TU» um. B. . YnbaHoBa (fleHnHa), C.-Metepbypr, Poccus

no3numMi yyeHbix Poccum B 06nactv Teopum M NpakTUKK
PafMO3NEKTPOHUKMY;

- 3HAaKOMWTb YnTaTenei ¢ nepefoBbiIM MUPOBLIM OMbITOM
BHeLPEeHMS HAay4HbIX pa3paboTok;

- NpuBAeKaTb NEPCNEKTUBHbLIX MONOAbIX CNELMANNUCTOB

K Hay4HoW paboTe B chepe pagno3neKTPOHUKM;

- MHbOPMMPOBATbL YMTaTeNeN O MPOBELEHNN CUMMO3UYMOB,
KOHdepeHLUMIt 1 ceMUHApOB B 061aCT paano3neKTPOHUKK

@ @ Matepuanbl xXypHana A0CTYMHbI MO IMLIEH3WM
~a Creative Commons Attribution 4.0



JOURNAL oF THE RussIAN UNIVERSITIES. RADIOELECTRONICS
v [ZVESTIYA VYSSHIKH UCHEBNYKH ZAVEDENII R0OSSII. RADIOELEKTRONIKA

Registered by the Federal Service for Supervision of
Communications, Information Technology and Mass Media
(PI N2 FS77-74297 from 09.11.2018).

Subscription index in "Press of Russia" catalogue is 45818
Founder and publisher: Saint Petersburg Electrotechnical
University (ETU)

Founded in 1998. Issued 6 times a year.

The journal is included in RSCI (Web of Science platform),
Ulrichsweb Global Serials Director, Bielefi ld Academic Search
Engine, Google Scholar, Library of Congress,

Research4life, ResearchBib, WorldCat, The Lens, OpenAIRE.

The journal is indexed and archived in the Russian science
citation index (RSCI).

The journal complies with the Budapest Open Access Initiative
Declaration, is a member of the Directory of Open Access
Journals (DOAJ) and Crossref.

Editorial adress:

ETU, 5 Prof. Popov St., St Petersburg 197376, Russia

Tel.: +7 (812) 234-10-13

E-mail: radioelectronic@yandex.ru
© ETU, design, 2020

RE.ELTECH.RU

EDITORIAL BOARD

EDITOR-IN-CHIEF

Alexander V. SOLOMONOV, Dr. Sci. (Phys.-Math.), Professor,
Saint Petersburg Electrotechnical University,

St Petersburg, Russia

CHAIRMAN OF THE EDITORIAL BOARD

Vladimir M. KUTUZOV, Dr. Sci. (Eng.), President,

Saint Petersburg Electrotechnical University,

St Petersburg, Russia

EDITORIAL BOARD:

Dieter H. BIMBERG, PhD, Dr. phil. nat. Dr. h. c. mult,,
Executive Director of the "Bimberg Center of Green Photonics’,
Changchun Institute of Optics, Fine Mechanics and Physics
CAS, Changchun, China

Anna DZVONKOVSKAYA, Cand. of Sci. (Phys.-Math.),

R & D developer, HELZEL Messtechnik,

Kaltenkirchen, Germany

Matthias A. HEIN, PhD, Dr. Rer. Nat. Habil., Professor, Technical
University, Ilmenau, Germany

Jochen HORSTMANN, PhD, Dr. Rer. Nat., Head of the
Department of Radar Hydrography, Institute for Coastal
Research, Helmholtz Zentrum Geesthacht,

Geesthacht, Germany

Alexei KANAREYKIN, Dr. Sci. (Phys.-Math.), President/CEO
of Euclid TechLabs LLC, Solom, USA

Sergey T. KNYAZEV, Dr. Sci. (Eng.), Associate Professor, Ural
Federal University, Yekaterinburg, Russia

Erkki LAHDERANTA, PhD, Professor, Technical University,
Lappenranta, Finland

Anatolii N. LEUKHIN, Dr. Sci. (Phys.-Math.), Professor, Mari
State University, Yoshkar-Ola, Russia

Sergey B. MAKAROV, Dr. Sci. (Eng.), Professor, Institute

of Physics, Nanotechnology and Telecommunication

St Petersburg Polytechnic University, St Petersburg, Russia
Ferran MARTIN, PhD (Phys.), Professor, Autonomous Uni-
versity, Barcelona, Spain

Leonid A. MELNIKOV, Dr. Sci. (Phys.-Math.), Professor, Yuri
Gagarin State Technical University of Saratov, Saratov, Russia

The journal is aimed at the publication of actual applied
and fundamental research achievements in the fi eld of ra-
dioelectronics.

Key Objectives:

-provide researchers in the fi eld of radioelectronics with
the opportunity to promote their research results;

- expand the scope of professional dialogue between Rus-
sian and foreign researchers;

—-promote the theoretical and practical achievements of
Russian scientists in the fi eld of radioelectronics at the in-
ternational level;

Andrei A. MONAKOV, Dr. Sci. (Eng.), Professor, State Univer-
sity of Aerospace Instrumentation, St Petersburg, Russia
Alexandr A. POTAPOV, Dr. Sci. (Phys.-Math.), Chief
Researcher, Kotelnikov Institute of Radioengineering

and Electronics (IRE) of RAS, Moscow, Russia

Nikita M. RYSKIN, Dr. Sci. (Phys.-Math.), Chief Researcher,
Saratov Branch, Institute of Radio Engineering and Electronics
RAS, Saratov, Russia

Piotr SAMCZYNSKI, PhD, DSc, Associate Professor, Warsaw
University of Technology, Institute of Electronic Systems,
Warsaw, Poland

Thomas SEEGER, Dr. Sci. (Eng.), Professor, University

of Siegen, Siegen, Germany

Sergey V. SELISHCHEV, Dr. Sci. (Phys.-Math.), Professor,
National Research University of Electronic Technology
(MIET), Moscow, Russia

Alla L. TOLSTIKHINA, Dr. Sci. (Phys.-Math.), Chief
Researcher, Divisional Manager, Institute of Crystallography
named after A. Shubnikov RAS, Moscow, Russia

Vladislav A. TSAREV, Dr. Sci. (Eng.), Professor, Yuri Gagarin
State Technical University of Saratov (SSTU), Saratov, Russia
Aleksey B. USTINQV, Dr. Sci. (Phys.-Math.), Professor, Saint
Petersburg Electrotechnical University,

St Petersburg, Russia

Victor M. USTINOV, Dr. Sci. (Phys.-Math.), Correspondent
Member of RAS, director, Submicron Heterostructures

for Microelectronics, Research & Engineering Center, RAS,
St Petersburg, Russia

Aleksey G. VOSTRETSOQV, Dr. Sci. (Eng.), Professor, Novosibirsk
State Technical University, Novosibirsk, Russia

Yu V. YUKHANOV, Dr. Sci. (Eng.), Professor, Southern Federal
University, Rostov-on-Don, Russia

EXECUTIVE SECRETARY

Vladislav A. MEYEV, Cand. Sci. (Eng.), Senior Researcher,
Saint Petersburg Electrotechnical University,

St Petersburg, Russia

- acquaint readers with international best practices in the
implementation of scientifi c results;

- attract promising young specialists to scientifi c work in
the fi eld of radioelectronics;

- inform readers about symposia, conferences and seminars
in the fi eld of Radioelectronics

@ @ All the materials of the journal are available under
a2 Creative Commons Attribution 4.0 License



H3BecTus By3oB Poccun. Pagunosnexkrponuka. 2021, T. 24, Ne 1
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 1

COJIEP)KAHUE
OpI/IFHHaJIBHLIG CTaTbHu

3ﬂekmp00unamul<a, MUKDOBOJIHOBAl MEXHUKA, AHMEHHbl

I'agapos E. P., Canomartos lO. I1. MccnenoBanue quarpaMMbl 0OpaTHOTO U3TYUICHHS
KBaJIPYIOJILHOM aHTECHHBI ¢ BRICOKOUMIIEIAHCHBIM YKPAHOM OOJIBIIHX 3JIEKTPHUSCKUX
PABMEPOB....ecvveeteeteeetreeteeeteeteeteesseeassaaseaasseasseaseaassassaaseasseesbeenbseatsessentsestseabeeabs e baesaeR et eEe e EeeaReeare e reenreenreens 6

MMapuec M. . Onpenenenre MUHIMAIBHOTO IIara CKAHUPOBAHUSI JTy4a (hazupoBaHHON
) ONS 13 (037 0015311 (04 PP P PRSPPI 15

Paouonokauusa u paouonasuzayus

MonakoB A. A. YHUBEpCAIbHBIN alTOPUTM aBTO(HOKYCHPOBKH PaTHOIOKAIIMOHHBIX
1T La] o1 5] 17 1 PO PO PP PPT PP OUUTPPPRURRTN 22

Mamkos B. I'., MaabimieB B. A., ®exionnn I1. A. MeTos OLICHKH COCTOSIHUS
CHEXHO-JIEISTHOT'O MOKPOBA MO YTIIY BPROCTEPA. . ..eiiiiiiiiiiiiiiiiiii ittt et 34

I((:anmoeaﬂ, meepdomeﬂbnaﬂ, RIAA3MEHHAA U 6AKYYMHAA IJIEKMPOHUKA

Sadowski W., Moskvin P. P., Kryzhanivskyy V. B., Skyba G. V., Prylypko O. I.
SEM Investigation of ZnO and CdO-ZnO Layers Grown by Sol-Gel Technology
and a Multifractal Analysis of their Surface Depending on Synthesis Conditions................................48

Memponozusn u unghpopmayuonno-uzmepumenvHovle NPUOOPbL U CUCHEMBL

MunueB H. B. MeToauueckoe odecriedeHre 1jisi IPUMEHEHHS METO/Ia MayKOPUTAPHOTO

PE3EPBUPOBAHUS U3MEPUTEIBHBIX KAHATIOB. .. ... . everterieieereteeneesinreeseessessenseessensessensesseessenseesnensensesneensenses 59
L3 033N 1113 1) T TS PSP PP OPTOPTUPROPTOP 69
TIpaBHIIA IJISE ABTOPOB CTATECH ......ooivviiiiiiiiiiiiiitii sttt e b e s e s sb e s sbe e s sbae s 71



W3Bectus By30B Poccun. Pagnodnextponnka. 2021, T. 24, Ne 1
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 1

CONTENTS
Original articles

Electrodynamics, Microwave Engineering, Antennas

Gafarov E. R., Salomatov Yu. P. Study of the Backscatter Radiation Pattern
of a Quadrupole Antenna with a High-Impedance Ground Plane of Large Electrical Sizes................... 6

Parnes M. D. Determining the Minimum Scan Step of an Electronically Scanned Antenna.................... 15
Radar and Navigation

Monakov A. A. A Versatile Algorithm for Autofocusing SAR IMages...........ccoveeivrieninienenenne s 22

Mashkov V. G., Malyshev V. A., Fedyunin P. A.
A Method for Assessing the State of the Snow and Ice Cover by the Brewster Angle..........c.ccocevvvrvnnnn. 34

Quantum, Solid-state, Plasma and Vacuum Electronics

Sadowski W., Moskvin P. P., Kryzhanivskyy V. B., Skyba G. V., Prylypko O. I.
SEM Investigation of ZnO and CdO-ZnO Layers Grown by Sol-Gel Technology
and a Multifractal Analysis of their Surface Depending on Synthesis Conditions................................48

Metrology and Information-Measuring Devices and Systems

Minchev N. V. Methodological Support for Applying the Method of Majority

Reservation in Measuring Chanmnels. . .........cccocoieiiirieieieieieeeeeee ettt ese e et ae s b se e eseenesaeneas 59
ODITUBIY ...t b bbb e bbb b bt e bR e bt bbbt bbbt n bbb 69
F AU 1 (o] ol 10 o (=TRSOOSO 71



N3Bectns By3os Poccun. Pagnosiexrponnka. 2021. T. 24, Ne 1. C. 6-14
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 1, pp. 6-14

SNeKTPoANHAMUMKAE, MUKPOBOIHOBAsA TEXHWKA, aHTEHHbI
YAK 621.396.67.012.12 OpuruHansHas cratba
https://doi.org/10.32603/1993-8985-2021-24-1-6-14

MNccnepoBaHune gnarpamMmmel OGP&THOFO mnanyyeHumsa KBap,pynoanoDi AHTEHHbI
C BbiCOKOMMNeAaHCHbIM 3KpaHOM 6onbLUNX 3ANeKTpnyecKmnx pasmepos
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AHHOTauuA

BBegeHue. YCTOMUYMBOCTE aHTeHH M106abHbIX HaBUraLMOHHbIX CAYTHUKOBLIX cncteM (FTHCC) K MHOronyyeBo
VHTepdpepeHLM BO MHOrOM OnpeAensieTcs KpyTU3HOM aMnanTyAHOM AnarpaMmel HarnpasaeHHocTy (4H) B obna-
CTU CKOMb3ALLMX YIA0B (Yr10B, 6113KNX K FOPU30HTY). KpyTnaHa AH aHTeHHbI onpejenserca pasMepoM ee aKpaHa.
B cTaTbe npeAcTaBneHo UccnefoBaHMe 3aBUCUMOCTI KPYTU3HBLI aMnanTyaHon AH oT agnameTpa skpaHa KBagpy-
NOJIbHOWM aHTEHHbI R.

Lenb nccneposaHunsa. AHann3 BAVSHUS AMamMeTpa ObbIYHOrO 1 BbICOKOMMMEAAaHCHOMO 3KpaHoB Ha [H u ana-
rpaMmMy obpaTtHoro nsnyyeHus (JOW) kBagpynoabHOM aHTeHHbI, B TOM Ync/ie B 061aCTX CKONb3SLLMX YI/10B.
MaTtepuanbl n meToAbl. YcneHHble nccneoBaHua npoeeseHsl B CAMNP CBY (CST Studio Suite) meTogoM KOHeu-
HbIX 3neMeHTOB (finite element method - FEM) 1 MeTOA0M KOHEYHbIX pa3HOCTel BoO BpeMeHHol obnactu (FDTD), a
Takke MeToZamm NocTobpaboTkm pesybTaToB.

PesynbTaTtbl. poBejeHO MoAenMpoBaHMe KBaAPYNONbHON aHTeHHbl C eMKOCTHBIM BbICOKOUMMEAAHCHbIM 1
NAOCKMM MPOBOAALLMM 3KpaHaMU. YCTaHOBMEHO Hannuyme 3aBUCUMOCTI CpejHelt KpyTU3Hbl JH Ha CKonb3sLmx

yriax oT AvameTpa 3kpaHa Ha HixHeii (f,,) v BepxHelt (f,) uactotax THCC. B xo4e MCCieA0BaHst BbINONHEH
aHanus JH, oTHowweHns Hasaa/Brepes (down/up nnn DU), koaddurumeHTa ycuneHmns B HarnpasBaeHNM Ha rOPU3oHT
(ropuzoHTanbHoe ycuneHve - IY) n koadpduumenTa mHoronydesoct (MR) ans anametpa R = 1...20 ANVH BONH Bbl-
COKOMMMEeAaHCHOro 1 MPOBOAALLIEro 3KPaHOB. BbIABAEHO, UTO C LieNblo MOAyYeHNUs BbICOKON KPyTU3HbI [H Ha
CKONBb3SALLMX YrNax BO3MOXHO MPUMEHEHMe PasINYHbIX TUMOB 3KPAaHOB, HO HU3KMIA yposeHb O AOCTUXNM
TONBKO C MPVYIMEHEHeM BbICOKOMMMEAAHCHOM CTPYKTYpbIl. [TOKa3aHo, YTO OAHY U Ty Xe KPYTU3HY aMMANTYAHOW
[AH (okono 1 AB/°) Ana HMxXHMX YacToT (HY) THCC BO3MOXHO NOyYMTb NPY pasHbIX gnameTpax akpaHa R =12\,
W, NpegnonoxumtensHo, 207, .

3aK/itoueHme. BbicokovMMnedaHCHbIV 3KpaH peLLeTky BepTMKabHbIX CTepXHel gnameTpom R =12A, saBnsetcs
npeAnoYTUTENbHBIM AN KBaAPYNOAbHON aHTeHHbl Ha HY THCC. JansHeiillee yBennyeHme skpaHa MoxXeT ALLb

He3HauUTeNbHO Y/y4yLLaTb ero XapakTepuCTUKN.

KnroueBble cnoBa: aHTeHHa MHCC, BbICOKOVIMMNEAaHCHbIN 3KpaH, MPOBOASALLMIA SKPaH, AnarpaMma o6paTHOro
n3nyyeHus

Ansa untuposaHus: Nadapos E. P., CanomaTos HO. 1. iccnepgoBaHve gnarpaMmMbl 06paTHOro U3yyYeHns KBaapy-
NOJIbHOWN aHTEHHbI C BbICOKOMMMEAAHCHBIM 3KPaHOM 60bLLIMNX dneKTpuYeckmnx pasmepos // 13.. By3os Poccun.
PagnoanektpoHuka. 2021. T. 24, Ne 1. C. 6-14. doi: 10.32603/1993-8985-2021-24-1-6-14
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Original article

Study of the Backscatter Radiation Pattern of a Quadrupole Antenna
with a High-impedance Ground Plane of Large Electrical Sizes

Evgeniy R. Gafarov¥, Yury P. Salomatov
Siberian Federal University, Krasnoyarsk, Russia

~egafarov@sfu-kras.ru

Abstract

Introduction. The multipath resistance of GNSS antennas is largely determined by the gain slope of the ampli-
tude radiation pattern at sliding angles (angles close to the horizon). The gain slope of the antenna radiation
pattern is determined by the size of its ground plane. This article investigates the dependence between the gain
slope and ground plane diameter R of a quadrupole antenna.

Aim. To analyse the impact of the diameter of conventional and high-impedance ground planes on the backscat-
ter radiation pattern of a quadrupole antenna at sliding angles.

Materials and methods. Computer simulations were carried out in CAD CST Studio Suite using the methods of
finite element analysis (FEM), finite difference time domain (FDTD) and template based post-processing.
Results. Quadrupole antennas with a capacitive high-impedance ground plane and a conventional flat ground
plane were simulated. The dependence of the average gain slope at sliding angles on the diameter of the ground
plane was determined at low ( f,,) and upper ( f ) GNSS frequencies. The analysis of the down/up ratio, the roll-

off gain and the multipath ratio for R = 1...20 of the wavelength of capacitive high-impedance and ground planes
conventional flat was performed. It was established that higher gain slopes can be obtained using different types
of ground planes; however, lower backscatter radiation values are achievable only using high-impedance struc-
tures. It was observed that the same slope of the radiation pattern (about 1 dB/°) for GNSS lower frequencies

can be obtained at different R=12Ay, and, presumably, at 207, .

Conclusion. A high-impedance ground plane with a diameter of R =12, is preferable for a quadrupole antenna
at low GNSS frequencies. A further increase in the ground plane size will insignificantly improve its characteristics.

Keywords: GNSS antenna, high impedance ground screen, conventional ground screen, backward radiation pattern
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Beeaenune. DxpaH aHTEHHBI CIIyTHUKOBOM pajivo-
HaBUTAIlMHU SBISETCS OCHOBHBIM 3JIEMEHTOM, OIpe-
JEJSIOIMMM CBOMCTBA JUarpaMMbl HAaIlPaBICHHOCTH
(IH) noa ckonp3sAMKUMH yIJIaMHU K TOPU30HTY U CIIO-
COOHOCTh AaHTCHHBI K TOJABJICHUIO OTPAKCHHHA OT
pernbeda mocTUIIaroIel MOBEPXHOCTH (TaK Ha3bIBa-
eMoit MHorosry4eBoil nHTepdepernun). COBMECTHO
3TH (HAKTOPHI OINPENENIAIOT TOYHOCTh U yCTOWYH-
BOCTb pabOTHl CUCTEMBI IO3UIIMOHUPOBaHuU4 [ 1, 2].

DKpaHbl BBICOKOTOYHBIX AHTCHH TIIOOATBHBIX
HaBHUTAIlMOHHBIX CMYTHUKOBBIX cucteM (['HCC)
MOYKHO KJIacCH(UIIIPOBATEH PA3IUIHBIM 00pa3oM:

— o Tury: nposoxswe (ground plane — GP) u BeI-
coxonmmenancHele (high impedance structure — HIS), a
TaKKe X KOMOMHAIHIO — MOTYPO3padIHbIE SKPaHbI;

— 1o Qopme: IUIOCKHE, BOTHYTHIE M BBIMYKIIbIE
(3D);

— 110 pa3Mepy: Masible (He MPEBOCXOAIIIE JUTHHBI
BOJTHBI M3JIy4eHUs A) U OobIme (boee A).

CpoiicTBa aHTEHHBI B pabo4eM HampaplcHUU (B
TaK Ha3bIBaeéMOH BepxXHeil nomycgepe) OmuchBarOTCs
JIH, a B IpOTHBOMOJIOKHOM HAaIIPaBJIECHUH (B HIDKHEH
nonychepe) — aAuMarpamMMmoil 0OpaTHOTO H3ITyYeHHUS
(ION). Hawubonee mpocToii crmocoOd yMEHBIICHUS

........ 5
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Puc. 1. BeicokouMIeJaHCHasi MOBEPXHOCTh, ChopMUpOBaHHAsE TOQPUPOBAHHBIM (IIaHIeM (@) U peIIeTKoil cTepKHeH
C TPEYroJibHOIt ceTKoi (6). HacToTHAs 3aBUCHMOCTh PEaKTHBHOT'O CONIPOTHBIICHUS PELICTKU CTEP)KHEH (8)

Fig. 1. High-impedance surface formed by a choke ring (a) and a rod array (6).
Frequency dependence of reactance of rod array ()

JIOU cocTOUT B UCTIOJIB30BAHUHU OOBIYHOTO ILTIOCKOTO
MIPOBOJAIIETO YKPaHa, PACIIOIOKEHHOTO 32 aHTCHHOM
[3, 4]. OmHaKo MPOBOASIINE SKPAHBI MOTYT UCKAXKATh
Kak (a3oByro, Tak ¥ amrumutynHyto J{H, mostomy B
I'HCC okpaHbl Takoro THNA HE HAIUIM IIUPOKOTO
npuMmeHeHus. Hauboneimii mHTEpec mnpeacraBiseT
aHaJIN3 BRICOKOMMIICTAHCHBIX SKPAHOB, YMEHBIIICHIE
JOU B KOTOPBIX COMPOBOXKIACTCS MOBHIIIICHUEM CTa-
OmITbHOCTH (Da30BOTO MEHTPA U YBEIUICHHUEM KPOCC-
MOJISIPU3aLMOHHON pa3Bs3ku [5]. BakHoe cBoifcTBO
BBICOKOUMIICJaHCHBIX HOBerHOCTeﬁ COCTOUT B
YMEHBIIICHUH aMIDTATYIbI TOBEPXHOCTHBIX BOIH Ola-
rogapsi (OPMHUPOBAHUIO HCKYCCTBEHHOTO PEaKTHB-
HOTO MMIIEJaHCa 13 MIPOBOAAIINX 00IaCTeH.

BricokonmMmienancHele skpansl 11 anteHH [ HCC
B BHJE CTPYKTyp ro¢ppupoBanHoro ¢manma (choke
ring) W3BeCTHBI ¢ KoHIAa XX B. Hainmuwme kaHaBOK
cTpyKTyphI choke ring (puc. 1, a) bopmupyeT moBepx-
HOCTh C BBICOKHM COIIPOTHUBIICHHEM, IIOKa3aHHYIO
WTpUXOBOM NMHUENH. B mocnenHee Bpemsi BMECTO
choke ring mpumeHsieTcs IITHIPEBas BBICOKOMMIIC-
JIaHCHas cTpykTypa (puc. 1, 6), 6onee mpocTast B U3-
rotoBieHuH [6]. OCHOBBI (PyHKIIMOHUPOBAHUS TAKOTO
9KpaHa MoJo0HkI CTpyKType choke ring.

Kak skpam Ttmma choke ring, Tak u pemieTka
CTCp)KHeﬁ SABJISIFOTCA €EMKOCTHBIMH BBICOKOMMIICIAHC-
HBIMHM IIOBEPXHOCTSAMHU. OJEKTPUYECKHE pPa3MEpPhl
00oux SKpaHOB aHANOrM4HEL lllar permreTku crepx-
HEHl W pPAacCTOSHUE MEXKIy KOJNBLIAMH CTPYKTYPHI
choke ring oquHAaKoOBEI U cocTaBistOT P ~ A/8; BbI-

cora 00euX BBICOKOMMIIEIAHCHBIX IOBEPXHOCTEH
paBHa YETBEPTH JJIMHBI BOJHBI. J[MaMeTp cTep KHEH
MHOTO MEHBIIIe JUIMHBI BOJHBL [lapaMeTpbl BBICO-
KOMMIIEIAHCHBIX SKPaHOB U3y4eHsbl B [7, 8].

YacToTHast 3aBHCUMOCTh MMIICJJAHCA TTOBEPXHO-
CTH PEIIETKH CTepKHEH (puc. 1, 6) UMeeT runepOoIIu-
yeckyro (opmy ¢ pezoHaHCHOH yactoron f.. Huok-

Hi010 yacToTy auanasona 'HCC f,; =1160 MI'n BbI-
6uparor BOmu3u f.. Ha BepxHell yacTore nuanazoHa
fz =1610 MI'y uMIenaHc HOBEPXHOCTH yMEHBIIA-
ercs. Jlnsd mosblieHus uMnenaHca Ha f, ucmons-

3YIOT BEICOKOMMITETAHCHBIE IOBEPXHOCTH C HECKOIIb-
KAMH PEe30HaHCAMHU TIOBEPXHOCTHOTO CONPOTHBIICHHUS
[9], HO AyIs BITIEKTPUYECKU OOJBIITUX SKPAHOB BTOPOM
pe3oHaHC He sABisgeTcs obs3arenbHbM [8]. B [10] mo-
Ka3aHO, YTO BBICOKOMMIICIAHCHAS IOBEPXHOCTH B
BHJIE PEIIETKY CTepkHel o0iagaeT MeHbInel Ha 30 %
KPYTU3HOM 4YacTOTHOM 3aBUCUMOCTH IIOBEPXHOCT-
HOTO COTPOTHBIICHHUS IO CpaBHEHHIO ¢ choke ring u
MOXET HCIONb30BaThess Ha Bcex uactorax ['HCC.
Kpome Toro, nzectro [11], 4To npu AOCTATOYHO BbI-
COKOM MMIIeZIaHCe CTPYKTYpbI ypoBeHb JIH ciabona-
MpaBJICHHOI'0O UCTOYHUKA B HAITPABJICHUAX, OJIM3KHX K
KacaTelIbHBIM K DKpaHy, IPaKTHISCKH HE 3aBHCUT OT
UMIIEaHCA W OIpPENeNsercs TOJIBKO pa3MepoM
skpana. [Ipu stom ycnoun JIOU nepecraer 3aBuceTsh
OT WMIeJanca dKpaHa JJs JIEOOBIX YITIOB BO3BEIIIE-
HUSI, 9TO CHIDKAET TPEOOBAHUS K COMPOTHBIICHUIO UM-
TMeIaHCHON TTOBEPXHOCTH.

HeonHokpaTHO OTMeYanach BaKHOCTb PE3KOTO
nepemnana kodddunuenra ycunenus (KY) B obnactu
ckomp3simux yroB Juist antenH THCC [5, 10]. Tlo-
3TOMY B HACTOSICH CTaThe MPEICTABIICHBI PE3YIlb-
TaTbl I/ICCJ'IC}IOBEIHI/IFI BBICOKOUMIICIAHCHBIX U ITPOBO-
JAIIUX 9KPaHOB KaK MaJIbIX, TaK U OONBIITHX AJICKTpHU-
YECKHX PasMEpOB B COBOKYIMHOCTH CO ciabOHampas-
JIEHHOM AHTEHHOM A OLIEHKH €€ XapaKTePUCTHUK
HaNpaBIEHHOCTH.
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Mertonsl uccienoBanusi. YucieHHOE MOIEIHPO-
BaHue mpoBeneHo npu nomomy makera CAIIP CST
Studio Suite [12] MeTOZOM KOHEYHBIX JJIEMEHTOB
(finite element method — FEM) 1 MeTomoM KOHEYHBIX
pasHocTeit Bo BpemenHoO# obmactu (FDTD) ¢ ucmosns-
30BaHHEM ITOCTOOPAOOTKH PE3YJIBTaTOB MOJCIHPOBa-
uust (Template based Post-processing).

Pe3yabrarhl Hcciiei0BaHMi.

Ksaopynonvuas anwmenna. JIns WCCIeNOBaHUS C
JBYMSI TUTIAMU SKPAHOB UCTIONIb30BaHa KBaIPYIOIbHAs
aHTeHHa, Tak kak ee JIH siBisieTcst 1OCTaTOYHO LIMPO-
KO KaK Ha HIDKHUX, TaK M Ha BEPXHHUX YacTOTaxX
I'HCC. KBaapynonbHas aHTeHHA MPEACTABISIET cOO0M
AHTEHHBIE SJIEMEHTHl B BHJIE YETHIPEX MOHOIOJIEH
(puc. 2, a), 3aNUTHIBAEMBIX JETUTEIEM MOLTHOCTH. Jle-
JUTENs OOECIIeUNBACT PaBHOE [ENICHHE MOIIHOCTH
MEKTy MOHOTIOJISIMH CO CIBUTOM (ha3 Mex 1ty HuMu 90°
C 1eTbI0 (POPMHUPOBAHUS TIOJISL KPYTOBOM MOJSPU3ALIAH.
Jenurtens BBITIOTHEH B IByXCIOWHOW peaM3aiiy IS
YMEHBIIICHHSI Pa3MepOB aHTCHHBI. DKpaH IBYX CIOEB
JeTUTeNsl U MOHOIMOJeH sBisieTcst o0muM. Pasmepsl
aHTeHHBI 96 X 96 x 45 MM. AHTEHHA SBJISIETCS BCECH-
CTEMHOM, T. €. paboTaeT BO BCEX IHANa30HaX 4acTOT
I'HCC. Tunuunpie JH sa mwkneit ( fy, ) u Bepxueit

(fz) wacrorax THCC npuBenens: Ha puc. 2, 6

(6 — yroxt Bo3BBIIIICHHUS, BEpXHEH MOIycdepe COOTBET-

-8 fH AN /

F, nb

Puc. 2. Mopeinb KBaipynoJIbHON aHTCHHBI (a)
U ee JuarpamMMa HarpasjieHHOCTH (6)

Fig. 2. Quadrupole antenna model (@)
and it's radiation pattern (6)

cTByIOT 3Hadenus yra 0 =-90...0...90°). IToapo6-
HOE OTFCaHNe aHTEHHBI TIpeIcTaBiIeHo B [13].
KBaznpymnonbHast anTeHHa umeeT mupokyro [1H, Ho
Taroke 1 Bbicokuit ypoBeHb JJOU. CoxpaHeHre POKo-
yroneHo JIH Ha dWactoTax mpuemMa HaBUTAIMOHHBIX
CIYTHUKOB U OfHOBpeMeHHoe ymeHblenue JJON Bo3-
MOKHO C TIPMEHEHHEM BhICOKOMMITEITAHCHOTO SKpaHa.
Ananu3s nois K8a0pynoIbHOU AHMEHHbL C IKPAHOM
bonvuiozo anexmpuyeckozo pasmepa. Ilpoananusupo-
BaHa aHTEHHAas cucTeMa (puc. 3), COCTosIIas U3 cnado-
HallpaBJIEHHOW KBaPYyIOJIbHON aHTEHHBI U BBICOKOUM-

IIeIaHCHOTO dKpaHa aumameTpoM R/Aqg =1...20, rme
g =¢/fg (c — cropocTh pacpoCTpaHEHHs TEKTPO-
MarHuTHOHW sHeprum B Bakyyme; fg=1400 MI'm —

cpennsis yactota auamnazona ['HCC). UtoOwl uckiro-
YUTh 3aBUCHMOCTh IOBEPXHOCTHOTO HMMIICIAHCA OT
HAIIPABIICHUS TOKA B IIOCKOCTH SKPaHa, CTEPKHU BBI-
COKOMMITCTAHCHOW TOBEPXHOCTH PACIIOJIOKECHBI Ha
TpeyroibHoH ceTke. IIpoBeeHo cpaBHEHUE C KBaApY-
MONBHOI aHTEeHHON Ha TUIOCKOM IIPOBOISIIEM dKpaHe
TOTO JKe THaMeTpa.

YucneHHoe MOJICIUPOBAaHUE AHTCHHON CHCTEMBI
BoimontHeHo B cpene CST Studio Suite Bo BpeMeHHO#M
obnactu Ha mpsMoyroibpHOU ceTke (Hexahedral). Ha
MEPBOM OTAIle HCCICAOBAHHMS METOIOM YHCICHHOTO
MozenupoBanus nomydensl JIH. Jlanee moctoOpaboT-
KOH JaHHBIX 115 ckomb3smmx yraos (0=80...100°)
MOJIY4€HBI BTOPUYHBIE pe3ynbTaTsl: oTHomeHue JIH u
JIOM B mmxneii nomycdepe (0=-90...+180...90°)
DU, B HamnpaBleHUSX, 3€PKAJIBHBIX OTHOCUTEIBHO
cKomp3sIero yrma 0 =90°:

F(180°—0)
F(0)

U cpenHsist KpyTusHa JIH B 007aCTH CKONB3SIIMX YIIOB:

DU (0) =

100
Fo=1 > [F(O)-F(o+1D]; /20
06=80

c marom AQ=1°.

KBanpynonsnas

HWmnenancHas aHTEHHa

TIOBEPXHOCTH

—

R/%g
Puc. 3. KBanpynoyibHas aHTEHHA C BBICOKOUMIICJAHCHON

IMOBEPXHOCTHIO PECIIETKH CTep)KHeﬁ

Fig. 3. Quadrupole antenna with high-impedance surface
of rod array
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OmHuUM M3 MapaMeTpoB, XapaKTEPU3YIOMIUX
ycroiunBocTs anteHHsl [ HCC k MHOTOITYy4eBOM MH-
TepdepeHmH, ABISeTCS CPpeaHU KOIPPUIIUEHT MHO-
rormydeBocTtu (multipath ratio — MR), onpeneneHHsIi
Kak oTHomeHue cpeanero KY B BepxHeid nomycdepe

Goco, 900 K cpememy KY B mmxmeii momycdepe

Gpe90..280°

G .
VR _0€0..90°
Gp < 90..180°

Koa¢h¢uuueHT MHOToOIy4eBOCTH TaKXKe MOTy4eH
B pe3ylbTare MoCcToOpadOTKH.

HccnenoBanne  MpoOBEJEHO  Ha  BepxHei
fy =c¢/Ay u HmKHER f, =c¢/A, rpaHMYHBIX YacTO-
tax [HCC. XapakTeprucTuku mpecTaBIeHbl B 3aBH-

CUMOCTHU OT JUaME€Tpa dKpaHa R, HOPMHPOBAHHOT'O Ha

JIMHY BOJMHBI R/A, 11 BepxHei (k = KB) ¥ HIDKHEN

(k = 7\,H) gactot auanasona 'HCC. Beuay cummer-

pun JIH xBagpynoiabHOW aHTEHHBI XapaKTEPUCTUKH
npuBeneHs! as yrimoB 0 € 0...180°.

OOcy:xneHne. AHanM3 3aBUCUMOCTH CpeAHei
kpyTu3Hbl JIH 1151 CKONB3SIIKUX HATIPABICHUH OT JIHa-
MeTpa BBICOKOMMITCIAHCHOTO dKpaHa (puc. 4, ) oKa-

Ife’, ab/...c

f./f,=115

0.9

0.7

0.5

0.3

0.1

Fy, aB/...°

1 | | | |
0 4 8 12 16 20 R/

0

Puc. 4. 3aBucumocts cpenneit kpytususl JIH ot pazmepa
9KpaHa Uit KBaapyroabHoit anternsl ¢ HIS (a) u GP (6)

Fig. 4. Dependence of the radiation pattern average steepness
on the size for a quadrupole antenna with the high impedance
structure screen («) and the ground plane screen (6)

3BIBAET, YTO NPH MaJbIX pasMepax skpana (R/A <10)

KpyTH3Ha OBICTPO BO3pAcTaeT C YBEIHMYCHHEM pas-
Mepa dKpaHa, a npu 6obmmx pasmepax (R/A>10)

M3MEHSIETCS] He3HAYUTENbHO. 3HAYCHHs Ha HIKHEHN U
BepxHeW rpanuiiax yactotHoro amamazona [HCC B
obnactu Manbix R/A ONU3KH, ClieI0BaTeIbHO, 3amac
€MKOCTHOTO UMIIETIAHCa PEIIETKH CTePIKHEH T0CTaTOo-
YeH BO BceM JAuarnaszoHe yactor. C yBennueHHueM Jaua-
MeTpa dKpana repsbiit MuaumyM JIH (puc. 5, 6) BHa-
qane nepemernaercs k 3Hadenno 0 =100° a 3arem
YMEHbLIaeTCca. DTUM MOXHO OOBSCHUTH BCIUIECK 3a-
BHCHMOCTH TpW 3HAYEHUH JUaMeTpa okomo 123
(puc. 4, a), rae nepssiit MunuMyM JIH npuxonutcs Ha
3HayeHue yra 0=100°. M3 yacToTHOI 3aBUCHUMOCTH
DU (0) (puc. 6) ciemyeT NMpeMMyIIECTBO SKpaHa

guamerpa 12\ nHa f,. Ha f, nepseiit Munumym JJH

F, nb
=
0 | | | |
30 60 \\ 0 120 150 6, ...°
10— AN
10 \‘\\\ 4 1
WX ,\\
20— AN -\
R/XOZZO \\ ’\I,\ R ’
30— Mo '2"\ ’\W
a HIS 12 wu
f./fy=1.15
g B0 a
F, n1b
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0 | N | | |
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v X 12
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Puc. 5. TH xBagpynonssix antens: a — HIS f,/f;=1.15;
6-HIS f,/f,=083;6-GP f,/f,=1.15
Fig. 5. Radiation pattern of the quadrupole antennas:
a—HIS f,/f,=115;6-HIS f,/f,=0.83;
¢—GP f,/f,=1.15
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Puc. 6. Otaomenne TH u JJOU xBanpynonsHoii anternsl ¢ HIS: a — f,/f,=0.83; 60— f,/f,=1.15

Fig. 6. Radiation pattern vs backward radiation pattern ratio for the quadrupole antenna with HIS:
a- f,/f,=083;0-1f,/f, =115

(puc. 5, a) npu R/A =20 Tarxe MPUXOAUTCS Ha 3HA-
yenue yria 6=100°. [IpudeMm B 3TOM citydae HaOIt0-
Jatorcs Hawnyaue DU u xpytusna JIH.

BaxHo OoTMeTHTE (haKTHUIECKOE OTCYTCTBHE BO3-
JIECTBHUS BRICOKOMMIIENAaHCHOTO 3KpaHa Ha J[H kBaz-
PYIOJIBHOW aHTEHHBI BIUIOTH 1O ymia O~ 70°. [ns
CKONB3SMAX yTII0B BUA JJH 3HAYUTEIIEHO H3MEHSETCSL.
Kak BugHO U3 3aBUCHMOCTel ko3 duimenTa ycuie-
HUS TIpU CKONB3smuX yraax Ggeigge OT AMaMeTpa
BBICOKOMMITETAHCHOTO 3KpaHa (puc. 7), X0 KPHUBBIX
CYIIECTBEHHO 3aBUCHUT OT JuamMeTpa U TIpHU
R/ A =4...5 cocraBnser menee —20 nb kak Ha Bepx-
Hell, Tak ¥ Ha HIOKHEH yacTorax nuamnasona ['HCC.

Kpyruszna /IH kBagpymonpHON aHTEHHBI HAJI TTPO-
BOZAILUM 3KpaHoM (puc. 5, ) Ha f, u f, u3mens-
€TCsS aHAJIOTHYHO AHTCHHE C BBICOKOMMITCTAHCHBIM
skpaHoM. OgHAKO B TIOCIENHEM CIyJae 3HAYCHHUS
kpyrtusssl JIH npu R/A =20 mouTu AByKpaTHO mpe-
BEIIIAIOT 3HAYCHHUS IJIs1 aHTEHHBI ¢ OOBITHBIM ITPOBO-
JSIMM 3KpaHoM. Kpome Toro, 3a mpeaenamMu CKOJb-
3SMMX YIVIOB KaKk B HW)KHEW, Tak W BEpXHEW MOIy-

0 4 8 12 16 R/
-10 [ [ [ |

f,/fo =115
7/

/
f,/f,=083

Gy e +o0er 1B
Puc. 7. KoadunuenT ycuieHus KBaapynoIbHOW aHTEHHBI
¢ HIS na ckomp3smux yriax

Fig. 7. The gain of the quadrupole antenna with HIS
at sliding angles

ctepe JIH xBagpynonbHOIl aHTEHHB! HaJ MPOBOIS-
I[MM 3KPaHOM TIpU R/A >1 MMeeT 3HaYUTENbHYIO 13-

PE3aHHOCTh, C(OPMHUPOBAHHYI0 HPOTUBO(DA3HBIMU
TOKaMH KPOMKH 3KpaHa (puc. 5, ). 10T pakxt aenaet
3aTPYTHUTENIBHBIM IPUMEHEHHE IMPOBOMSIINX 3Kpa-
HOB OOJIBIINX IMEKTPUIESCKUX Pa3MepOB ISl KBAIPY-
MIOJIBHOM aHTEHHBL. [103TOMY XapaKTepHUCTUKHU yCHIIe-

HHS TIPY CKONB3AMMX yrax Ggc4gge U DU s aB-

TEHHBl HaJl TPOBOSIIUM SKPaHOM HE TPUBEICHBI.
B omiinume oT KBapynoiIbHON aHTEHHBI IPUMEHEHHE
TUTOCKOTO TIPOBOIAIIETO SKpaHa OONBIIOTO MIEKTPH-
YECKOI0 pa3Mepa JUIsl MaT4-aHTeHH BO3MOXHO BCJe.-

cTBHe ManbIx 3HaueHni Gy c 1900 [14, 15].

J1s KBaApymonbHOW aHTEHHBI C MPOBOASILIUAM

9KpaHOM yBenmmdeHne R/A He compoBOXKIaeTCst 3Ha-

guTenbHBIM H3MeHeHneM MR (puc. 8). B ciydae BbI-
COKOMMIIEJAHCHOTO DKpaHa 3TO OTHOLIEHHE OBICTPO
BO3pacTaeT M MaKCUMaJbHO B OOJAacCTH 3HaueHUIt

R/ A =8, 3areM MMeeT MeCTO HEeOOJIBIION CIIag U3-3a

pocra niepBoro 6okoBoro nenectka JIH (puc. 5).

W, nb HIS
25—
20~ —_f,/fy=115
15+ —— —f,/f,=083

0 4 8 12 16

Puc. 8. Cpenuuii k03GGHUIHEHT MHOTOTY4E€BOCTH
HCCIIEyEeMbIX aHTCHH

2R/Ag

Fig. 8. Average multipath of the antennas under study

11

I/Icc.ﬂezlosa}me AuarpaMmbl OﬁpaTHOFO H3JIydCeHUs KBa)prl'lO.]'ll:HOﬁ AHTCHHbI
€ BICOKOMMIIEJAHCHBIM YKPAHOM $0JIbIINX 3JIEKTPHYECKHX Pa3MepoB

Study of the Backscatter Radiation Pattern of a Quadrupole Antenna

with a High-Impedance Ground Plane of Large Electrical Sizes



N3Bectns By3os Poccun. Pagnosiexrponnka. 2021. T. 24, Ne 1. C. 6-14
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 1, pp. 6-14

3akiaouenue. [IpuBeeHHbIEe pe3yNbTaThl UCCIe-
JIOBaHUS TMOKA3bIBAIOT, YTO BBICOKOMMIIEAAHCHBIN
9KpaH auamerpoM R/A =12 sBIseTCs MpPeIoyYTH-

TEJIBHBIM JJI51 KBaJIPYIOJIbHOM aHTeHHBI. JlanbHeiiiee
YBeJIUUEHHE YKpaHa JINIIb HE3HAYUTENFHO YITydIIaeT
€e XapaKTepUCTUKU B OONACTH CKOJB3SIIUX YIJIOB.
Tem HEe MeHee, Kak OTMEUeHO B [16], mogaBieHue OT-
PaKEHHOTO CUTHAJA U3 HWXKHEH nonycdeps! mpH BbI-
COKHX YIJIax K IUIOCKOCTHU 3KpaHa MPsIMO MPOIOPIIHO-
HanpHO ypoBHIO JIH mcTOUYHMKa B HampaBieHHH Ha
skpaH. Bosmoxknoctu ymyumenus JIOW 3a cuer
yrpasienus mupunoi [IH mnst nmpunoxkennii x 3ana-

4aM MMO3UIMOHUPOBAHIS OTPAHUYEHBI, TAK KaK 3HAYH-
TenpHOe cyxeHue JJH mpuBOIUT K OMACHOCTH CPHIBA
CIIe)KCHUSI 32 CHTHAJaMU TPHTOPU3OHTHBIX CITyTHH-
KOB. B 3TOM1 CBA3M C LIENBIO yBETUYCHUS KOAPPUIIH-
€HTa YCWJICHHS IPU CKOJB3SMINX YINIaX C COXpaHe-
HUEM IHaMeTpa dKpaHa, a 3HAYUT U KpyTusHsl JJH B
9TON 00JIaCTH BO3MOXKHO HCIIOJIb30BaHUE TpPEXMep-
Horo (3D) skpaHa co cmagoM 0OO0pasyrolel BBICO-
KOMMITETaHCHOU MOBEPXHOCTH. B 0011eM cirydae mpu-
MEHEHHE BBHICOKOMMITETAHCHOTO JKpaHa IHAMETPOM
Goree R/A =12 BO3MOXHO, €CITH OTCYTCTBYeT rada-

PUTHOE OIpaHUYEHUE.
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OnpeaeneHne MUHUMAJILHOrO LLAra CKaHMPOBaHUSA Nlyya
$dasmpoBaHHOIN aHTEHHOW peLueTKn
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AHHOTauuA

BBegeHue. AHTEHHaM C 3N1eKTPOHHBLIM CkaHMpoBaHMeM yxe ckopo 100 neT. MeTozbl X NPOeKTUPOBaHUA 1 NPO-
WN3BOACTBA AOCTAaTOYHO M3yYeHbl, O4HAKO eCTb NapaMeTpbl, KOTOPble B Hay4YHO-TEXHUYECKON AnTepaType He pac-
KpbITbl. OAHNM 13 TakMX NapamMeTpoB ABASETCA MUHUMAaAbHbINA War ABVXKEHNS N CBA3AHHbIA C 3STUM napameTp -
TOYHOCTb YCTaHOBKM flyda B 3aaHHOM HamnpaBneHun. VI3 3n1eKTpoaMHaMNYeckol 3ajaum n3nyyeHns o4eBnaHo,
YTO LLAr CBSI3aH C KOIMYEeCTBOM U3nyyaTteneil U TOYHOCTbIO YCTaHOBKM da3bl B aHanorosbix ¢pasospallatensx (PB)
JINBO C LLIaromM KBaHTOBaHWA B C/lyYae NCNonb30BaHNA ¢pa3oBpallaTenein ¢ ANCKPETHbIM LLArom.

Lienb nccneposaHus. HaxoxaeHne CBA3M MexXay KOHCTPYKTUBHbBIMY NapameTpamim ¢asnpoBaHHON aHTeHHO pe-
weTkn (PAP) 1 Larom AsuxeHns nyya. NccnefoBaHne 3aBUCMMOCTY LLara oT napameTpos dasospaLlatens n tu-
noB AnarpamMmmoobpasytoLmx cxem ®AP. Co3gaHne MaTeMaTU4eCckoro annapaTa ANns BblYUCIeHNS MUHVUMaNbHOro
Liara ABv>KeHus iy4da Ans CyMMapHOM 1 pa3HOCTHOM AMarpaMM HanpaB/eHHOCTU.

MaTepuanbl U MeToAbl. AHaIUTYECKME COOTHOLLEHWA /19 pacyeTa Liara B 3aBUCUMOCTU OT reoMeTpnyeckmx
pa3mepos PAP 1 pacnonoxeHus nsnyyartenein. CosgaHme nporpamMmm A48 pacyeTa AnarpaMmM HanpaBneHHOCTU U
NporpamMmMHoO-anmnapaTHOro KoMraekca 415 ynpasaeHus ny4oM akcneprmMeHTanbHon PAP C-gnanasoHa.
Pe3synbTaTthbl. HalijeHa MeToAMKa BblYMCAEHUSE MUHMMA/IBHOIO LWara ckaHnpoBaHus ®PAP. MatemaTuyeckme co-
OTHOLUEHUS AN pacdeTa MUHMMAbLHOrO LWara 1 TOYHOCTU ycTaHoBKM nyda ®AP. CpaBHeHMe 3KCneprMeHTasb-
HbIX 11 TEOPETUYECKNX AAHHbIX MVHMMANbHOIO LUara ABVXXEHUSt CYMMapHOro 1 pa3HOCTHOro nyyeil ®AP C-gunana-

30Ha ¢ cooTHoLeHvem D/A =10 no koopanHaTe X D/A =5 no koopavHaTe Y nokasano xopollee conageHue.

3akntoueHmne. Co3jaHHbIM MaTeMaTMyecknii annapat No3BoaseT TOYHO pPaccunTaTb MUHUMaNbHLIV LIar snek-
TPOHHOrO CKAHWPOBAHWA Iy4ya. SKCNEPUMEHTANbHO N3MEPEHHbIe LWarn ABVXeHNs fyda A pewletkn ns 144 sne-
MEHTOB MOATBEPXAAIOT NOJIlyYeHHble aHaNUTUYecKne CooTHoLLeHsA. B PAP ¢ He6oNbLLM KONNYECTBOM 31eMeH-
TOB (N < 10) MMHMMaNbHbLIN LWar nepemMeLLeHs MOXET bbiTb NepeMeHHbIM. TeopeTUYeckn AOCTUXMMBIA MUHN-
MaslbHBbIV LAr ABVKEHWSA Ny4a onpejenseTcs $pa3oBbiM CABMIOM MAaALuero paspssa PB v anekTpuyeckor AnnMHom
anepTypbl aHTEHHbI.

KntoueBble cnoBa: CkaHpOBaHWe 31eKTPOHHOE, pas3npoBaHHas aHTeHHas peLueTka, dasoBpallaTeny, KBaHTo-
BaHWe $asbl, Lar ABMXKXEHUS yya

Ana unTnpoBaHus: MapHec M. [l. OnpegeneHrie MUHUMAaAbHOrO Lara CkaHMPOBaHWA nyda GasmpoBaHHON aH-
TeHHoU peLueTku // V3B. By30B Poccnn. PagnoanekTpoHumka. 2021. T. 24, Ne 1. C. 15-21. doi: 10.32603/1993-8985-
2021-24-1-15-21
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Abstract

Introduction. Electronically scanned antennas (ESA) appeared about a century ago. Although the methods of
their design and production have been sufficiently studied, some individual parameters are yet to be revealed.
One of such parameters is the minimum step of movement, along with a related parameter - the accuracy of
beam alignment in a given direction. From the electrodynamic problem of radiation, it is obvious that the step is
associated with the number of radiators and the accuracy of phase adjustment in analogue phase shifters, or
with the quantization step in the case of using phase shifters with a discrete step.

Aim. To discover a connection between the design parameters of ESA and the step of beam steering; to investi-
gate the dependence between the step and the parameters of the phase shifter and types of beam forming
phased array circuits; to create a mathematical apparatus for calculating the minimum step of beam movement
for the sum and difference radiation patterns.

Materials and methods. Analytical relations were determined for calculating the step depending on the geo-
metric dimensions and location of the radiators. A software application was developed for calculating radiation
patterns. A software and hardware complex was designed for beam control of an experimental C-band ESA.
Results. A method was developed for calculating the minimum step of ESA scanning. Mathematical relations for
calculating the minimum step and accuracy of the ESA beam setting were obtained. A comparison of the experi-
mental and theoretical data on the minimum step of movement of the sum and difference beams of a C-band

ESA with the ratio D/A =10 in the X coordinate and D/A =5 in the Y coordinate showed good agreement.

Conclusion. The created mathematical apparatus makes it possible to calculate the minimum step of electron
beam scanning with sufficient accuracy. The experimentally measured steps of the beam movement for an array
of 144 elements confirmed the obtained analytical relationships. In an ESA with a small number of elements
(N < 10), the minimum step of movement can be variable. The theoretically achievable minimum step of beam
movement is determined by the phase shift of the least significant bit of the phase shifter and the electrical length
of the antenna aperture.

Keywords: electronic steering, phased array antenna, phase shifter, phase quantization, electronic scan step
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BBenenue. AHTEHHAM C AJIEKTPOHHBIM CKaHUPO-
BaHMeM yxe okoio 100 net. Metoasl uX mpOEeKTUPO-
BaHUS M MPOU3BOACTBA JOCTAaTOYHO U3y4eHbl [1-5],
OJTHAKO €CTh ITAPaMETPhI, KOTOPHIE B HAYYHO-TEXHUYC-
CKOH JuTepaType He pacKphIThl. OAHUM U3 TAKUX Ia-
PaMETPOB SABJISIETCS MUHUMAIIbHBIN IIAT IBUKCHUS H
CBSI3aHHBIN C ATUM MMapaMeTp — TOYHOCTh YCTAHOBKHU
Jy4ya B 3a/laHHOM HaIlpaBJI€HUH.

Monensb. U3 snekTponrHaMUYecKon 3aaud u3-
Jy4eHHs] OYEBHTHO, YTO IIar JBMXKEHUS CBS3aH C KO-
JIMYECTBOM H3JIydaTesied M TOYHOCTHIO YCTaHOBKH

(a3sl B aHANOTOBEIX (hazoBpamiarensix (OB) [6]. B an-
TEHHBIX peuieTkax ¢ AuckpeTHbiMu OB [7-9] pponT
M3Ty9aeMOoii BOJTHBI (POPMUPYETCS KyCOYHO-THHEIHO,
ujeanpHas JIMHEHHas ¢a3oBas XapaKTEpPHUCTHKA arl-
MPOKCUMUPYETCS cTynendaroi gpazoBoit kpupoii [10].
TouHocTh anmpokcuMmaru (ppoHTa ompenenseTcs
MUHUMAIILHBIM II1arOM KBAHTOBaHUSI. MUHUMAIILHBIM
KBAaHTOM SIBIISICTCsL (DA30BBIA CIOBUT MIIAIIIETO pas-
psna @B, a obiiee KOMMUYECTBO KBAHTOB OMpEIes-
€TCsl KOTMYECTBOM (ha3oBpaliaTesieil U uxX paspsiaHO-
cteio [10]. TTo BemuunHe azoBoro Hadbera MiaIIero
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n-1 n

A
\ 4

v

Puc. 1. OnHOMepHas aHTEHHAs pelIeTKa

Fig. 1. One plane phased array

paspsaa MOXKHO OTIPEICTUTh MUHIUMAJTBHBIH IIar IBU-
JKEHHSL Jyda O .. W3 TPEYTOJIbHUKA, B KOTOPOM H3Be-
cTeH KareT  u runoredy3a Ndy (puc. 1).

Ecnu r — 910 paccrosiHue, KOTOpoe NPOIeT BOJTHA
npu dasoBoM Habere @ :

TO OTHOLICHHE KaTeTa K TMIIOTEHY3€ MO3BOJISIET BbI-
YHUCIUTh YTOM:

. (P|7L
sin(o_.. |J=—, 1
(9min) = e, M
rae Smin — MUHHMAQJIbHBIA yrojl MOBOpPOTa Jy4a;

¢, — Haber ¢asbl Miaurero paspsina ®B; A — minna

BOJIHBI; N — MaKCUMalbHOE YUCIIO 3JIEMEHTOB B pe-

metke; dy — pacCTOsIHUE MEXKTY ICMEHTAMU.
CootHomenue (1) MOXXHO YIPOCTUTb, yIUTHIBAS,

YTO KOJIMYECTBO (ha30BbIX cocTossHui OB

oh_2m, )
?

rae i — uucno paspsgos OB.
O0603HaYMM pa3Mep anepTypsl aHTCHHEI

D = Nd,. 3)
C yuerom (2) u (3) u3 coornomenus (1) MoxxHO

HaWTH yroji

_arecin| AL
B pin = arcsin [Dth @)
Ha puc. 2 IIOKa3aHO, KaK U3MCHACTCA 5min B 3a-

BHCHUMOCTH OT KOJIMYECTBA pa3psAA0B IIPHU pa3IMIHBIX
QJICKTPUYCCKHUX pasMEpax aHTCHH.

CootHoteHue (4) BHIBEJCHO B MPEINONIOKEHUH
SKBHBAJICHTHOCTH (DPOHTA B BUJIC CTYIICHUATOH (QyHK-
UMW U ee JMHeHHOU ammpokcumanuu (puc. 1). s
MIPOBEPKH 3TOTO MPEIOIOKEHUS TPeOyeTcsl BhIIOJ-
HUTh MOJCITUPOBAHKME IBWKCHUSA Jy4a, ISl 4Yero

H606XOZ[I/IMO 3a1aTb pacCIIipcACICHUC (1)213 pn o CHu-

CTeMe M3JIydaresieil ¢ HOMEPOM A BIOJIb KOOPAWHATHI
X B COOTBETCTBUU C COOTHOIICHUEM [3]

21 .
Pn (®0)=7n5'n®oxn: (%)

rne ©y — TpeGyemblii yroa oBopoTa Jy4a; X, — Ko-

OpIVHATA M3ITydaTesl.
Paccuntaem auarpammy HanpasnenHoctd (JIH) [3]

F(0)=fr (O)Z'Ahej[kdxn sin®+pn(@)]’ ©)
n

rne 0 — yrom, orcunThiBaeMbIi oT ocu Z; fy (0) -

Aﬂ —

HaNpsDKEHHOCTH TI0JIST M3TydaTersl ¢ HOMEpoM n; k —

AuarpaMma HampaBJICHHOCTH HW3J1y4darelisd;

BOJIHOBO€ YHUCJIO.

Smin' -+
0.6 —
04
02 \
I ¢
0
4 5 6 7 h

—e— —\/D=0.05; ——-A/D=0.1,—— —-A/D=02

Puc. 2. 3aBECIMOCTS MUHMMAJIBHOTO yTJIa JBHKEHHUS JIyda
OT KOJIMYECTBA pa3psiioB (a3supOBaHHON aHTEHHOH PEeIIeTKH

Fig. 2. The dependence between the minimum scan step
and the ESA number of bits
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Pesyabrarel. Berancienne (ydkmmu £ (0) mo
COOTHOMICHUIO (6) BBHIMOIHEHO C TOMOINBIO TIPO-
rpaMMBI pacyeTa aHTeHHbIX perietok Fazar v.5.0 [11].
Orta nporpamMMa npegHazHavYeHa Ui IPOSKTHPOBAHHUS
JIBYXMepHBIX (2D) u TpexmepHbIX (3D) hazupoBaHHBIX
anTeHHbIX pemerok (PAP) ¢ mrockumu wu3IydaTe-
JsIMU. BBIYMCeHne AuarpaMMBl TIOKa3bIBaeT, 9TO €€

n CJIMII-

M3MEHEHNE NPH CKAaHNPOBAHMM HA yrol § .
KOM MaJIo, 4TOOBI €r0 MOJKHO OBLIO MCHOJNIB30BaTh JUIs

perucTpalul B PEXHUME TOYHOIO LIEJE€yKa3aHUsL.

A
Hampumep, mist D = 0.1 u3MeHeHue ypoBHsl IIpU IBU-

JKEHHH JTy4a OT F(0) no F(5 ) MeHee ueM 1 %.

min

B obmiem ciydae ajst AuarpaMMsel HalpaBiIeHHO-
ctu tuma (sinu) /u (puc. 3) XapakTepHa Manas Kpy-
TU3HA B pailoHe Mmakcumyma. Takyto popmy JIH 6ynem
Ha3bIBaTh CyMMapHo# [12].

0.5

4

. -8 -4 , 1o 4 8
e 4 o ., .0
. L7=0.5 - min
SO .7
F(0), B

= = = — — pasHoctHas [{H; ——— — cymmapnas JIH

Puc. 3. CymmapHas 1 pa3HOCTHasl AUarpaMMbl

HAIpaBJICHHOCTU AHTCHHOU PEIeTKH JJIs 7\./ D=0.1

Fig. 3. Sum and different radiation pattern array antenna
for A/D=0.1

VA

IIpu pabote ¢ cymmapHOH AuarpaMMol Hampas-
nennoctn F(0) (puc. 3) MUHHMAanbHBIH mAar IBH-

KeHUs Jyda Oy OyIeT OonmpeaessThesi BO3MOXKHO-

2
CTSIMH PETHCTPAIIMHU CUTHAJIA, U €CJIH MTOJI0XKUTh, 9TO
MHHHMAJIbHOE U3MEHEHNE BEINYMHBLI HAIEKHO W3-
Mmepsietcs 11t 0.5 nb [13], To Torma u3 cOOTHOMICHUS
F (8 ) =—-0.510b MOXXHO BBIYHUCIHUTH C IIOMOIIBIO

)

(6) yrom, kotopeii cocraBmster 8y =0.250 s

z

(most %= 0.1). Ecin ompenenuts KpyTH3HY (PyHK-
uun F (9) Ha MHTEPBAJIC B OMHY JIECSTYI0 ITHPHHBI

A
0 5 KaK MPOM3BOIHYIO, TO JUIS CIIy4ast D =0.1 ona

COCTABUT:

Fy

C ToukH 3pCHUsA HpaKTH‘IGCKOﬁ pcain3anuv 1 B

(0.16¢.5) = 0.02.

COOTBETCTBUU C METOIUYECKMMH BO3MOKHOCTAMU
OTPEJIENIEHNE YIIIOBOTO IMoJIokeHus1 Makcumyma JIH

THUIA (sinu)/u BO3MOXKHO € TOYHOCTBIO 0.256) 5 u3-
3a Majoi KpyTH3HBI QyHKIMH [ (9) B palioHE Mak-
cumyma [14], T. . MUHUMaJIBHBIN 1IAT B HECKOJIBKO
pa3 MEHbIIIE TOTO, KOTOPBIH MOXHO U3MEPHUTH (B 5 pas

A
a1 —=0.1):
A )

) o < 0.2590.5.

mi

Paspemmrts naHHOE MPOTHBOpEUYHE MOXKHO HpPU
WCTIOJIB30BaHUH PAa3HOCTHOTrO KaHama (puc. 3) [12],

A

v
b

A )

Puc. 4. Cxema 0CTpOSHHS aHTCHHOMN PEIIETKH C CyMMapHO-Pa3HOCTHOM 00paboTKOM

Fig. 4. Antenna array block-diagram with sum-difference processing
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Cocrosinue -1{0| 0|00

Homep ©B 1 2

CocTosiHre -1]1-110| 00

Howmep ®B 1 2

Cocrostine | -1 | -11] =1] 0 | O

Homep ©B 1 2

n-1n

Puc. 5. ®a3zoBoe pacnpeaeIi€HUE B U3ITyJaTe/IaX aHTCHHOU PCHIETKH NTPU MUHUMAJIbHBIX HIarax ABMKCHUS J1yva:

a — cocrosituue ON mis snementoB 1 u n; 6 — cocrosgaune ON s snemenTos 1, 2, n—1, n;

6 — cocrosiune ON s snemenros 1, 2,3, n—-2,n—-1,n

Fig. 5. Phase distribution in the radiators of the antenna array at minimum steps of the beam steering:
a — state ON for element number 1 and n; 6 — state ON for element number 1, 2, n — 1, n;
6 — state ON for element number 1,2,3,n-2,n—-1,n

JUIS 5TOTO HY)KHO BBECTH B aHTEHHY CHH(a3HO-Tpo-
TUBO(a3HBINA MOCT (puc. 4), KOTOPHBIA 100aBISIET K O/~
Hoit u3 monoBuH PAP dazy 7 [15].

[Ipu stom kpyruszna pasHoctHoM JIH 3Haum-
TEJIBHO OOJbIIIE:

FA (0.1605)=0.2.

Coornowmenue (4) wist 8, .. MOXKHO IPOBEPUTH

IIpY CKaHUpOBaHUU pa3HocTHOU /IH, BINIOIHYUB aHa-
JIOTHYHBIC BBIYUCIICHHS: IMOACTAaBUB (pa3oBbie (5) U
aMIUTMTYHBIE pacripeeneHus B (6) ¢ ydetoM (azo-
Boi no0aBku T (puc. 4). Ilepexmouenue ¢assl mpu
MUHHMAJIBHBIX [Iarax OyIeT MpOMCXOAWTH ITOCIEN0-
BaTEIbHO OT KpalHMUX 3JIEMEHTOB (pHC. 5, a), 3aTeM K
nociexytommMm (puc. 5, 6) u T. 1. Ha puc. 5 npunsarto

- 1'55min

Puc. 6. PazHOCTHAs IHarpaMMa HarpaBJIeHHOCTH
IIPU Pa3IIMIHBIX YTIaX OTKJIOHEHUS

Fig. 6. Difference radiation pattern at different turn angles

IUTs yaoOcCTBa, 4To mpennocieannii paspsg @B coot-
BETCTBYET MUHYC IIEPBOMY, T. €., HAIIpUMeEp, AJIS IIf-
tupaspsgHoro @B 348.75° = —-11.25°.

Cy1mecTBeHHbIM OTIHYMEM (ha30BOTO pacrpenesne-
HIS1, N300paKEHHOTO Ha PHC. 5, OT pacnpeaeNicHus Ha
puC. 1, SIBISETCS €r0 CHMMETPHSI, YTO CBA3AHO C TEM, UTO
CKaHUPOBAHHUE TOHKHO OCYIIECTBISITHCS KaK B ITOTIOMKH-
TEJIFHYIO, TaK U B OTPUIIATENIHHYIO CTOPOHY YIJIOB.

[To pe3ymnbraram BeMMUCIeHUH (6) TOCTPOEHBI Tpa-
(GUKM  pa3HOCTHOM JMarpaMMbl  HAIPaBICHHOCTH

FA2 (0) mns Tpex ymioB ckaHMpoBaHHMS (puc. 6), COOT-

BETCTBYIOIIHE (Pa30BBIM pacIipeieTIeHHsIM, TIOKA3aHHBIM
Ha puc. 5, a—s. I1o 3Tum rpapuxkamMm MOXXHO OIPECTUTh
1Iar CKaHUPOBAHMUS JIy4a, a TAKKE BO3MOXKHOCTb €T0 13-
Mepenus. [iryornHa MuHMMyMa pa3sHoctHo# JIH uis mo-
CTPOEHHBIX JIy4eil paziaudaercs, a 3TO BIUSIET Ha TOY-
HOCTB IICJICHI alluH.

kcnepuMeHT. V30KEeHHBIA TTOAX0M ObLI MPH-
MeHeH Juisi aHanmz3a OAP ¢ konmnyecTBOM H3iydare-
ned Ny =18 u % =10. B Tabnuiry cBeeHbI pe3yib-

TaThl pacueTa Mo (4), YUCIACHHOIO MOACITUPOBAHMS

aMIUIITYAHOM Juarpammbl F, () o COOTHOIIECHUIO

(6) 1 pe3yabTaThl U3MEPEHUH MOJIOKEHHS JTy4a.
Oo6cyxnenue. V3 ananmm3a NaHHBIX TaOIHIIBI
MOXKHO CZEJIaTh BBIBOI, YTO MHHUMAJbLHBIH IIIar, 1M0-
Jy4eHHBIN 110 (pa3oBOMY pacmpeieseHuto (puc. 5, a),
dopmupyet pazHoctHyto [IH ¢ HenocTaTtouHo TITy60-
KUM MHHAMYMOM H JIJIsl IPAKTHYECKOTO HCITOIh30Ba-
HUs 6oJiee OCTOBEpHAs BEJIMYMHA II1ara COCTABIISCT

1.5 . (4). Eme oqHo 3aMe4aHUE OTHOCUTEIBLHO MH-

min
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Pesynbrar pacdera u U3MepeHHs 11ara CKAaHUPOBAHHS

Results of calculations and measurements of the scanning step

Vron CootHo- | ®azoBoe | CooTHo- Pesynprat
JKCIIEPH-
CKaHu- IIEHKUE pacmpe- ICHHUE
MEHTa,
posauust | (4),...° | memenme | (6),...° o
) 1+1®B -
B min 018 | esay | 005 <0.1
156 . 2+2 OB
min 0.27 (puc. 5, 6) 0.28 0.3
258 . 3+3 OB
min 0.05 (puc. 5, 6) 0.50 0.5

* Yron He ObUT I3MEPEH, TaK KaK IIeHA ISJICHHUS UCTIOIB3YEMOTO
ro3unmonepa cocranisiia 0.1°

HUMAJBHOTO IIIara OTHOCHTCSI K aHTEHHOH peIIeTke ¢
MaJbIM KoiudecTBoM areMeHToB (N < 10). Pacuersr,
MIPOU3BE/ICHHBIE B COOTBETCTBUHM C COOTHOIICHUSMHU
(5) u (6), MOKA3BIBAOT, YTO, HAIIPUMED, JJIsI BOCHMH-
aneMeHTHOH pertetku (N = 8) u natupazpsaaaoro ®B
(h = 5) war OyxeT mepeMeHHBIM. DTO OOBACHSIETCS
TEM, YTO BKJIFOYCHHUE IBYX KpalHUX (pHC. 5, @) ¥ IBYX
nocnenyromux OB (puc. 5, 6) IpuBeaET K pa3IUIHOMY
pe3yNbTaTy IO OTKIIOHEHHIO JTy4a, TaK KaK B 3TOM CITy-
Yae MOCTCIHNI M3ITyJaTelb PacloNoXeH Ha PaccTos-
HUU 4d, OT LeHTpa, a IpeANOoCcIeIHNI Ha PaCCTOSHUH

3dy, T.e. omIMYME IO KOOPAMHATAM CYIIECTBEHHOE.

s aToro cimyvas nepBbii mar coctaBut 0.2°, a BTO-

poii mar — 0.6° (a7 aHTEHHOH peleTKn %: 0.2).

Bce ommcanHbIe pacyeTHBIE pe3yAbTaThl OBLTH IIPOBe-

pensl Ha @DAP C-guama3oHa ¢ COOTHOLICHHEM

D D
- =10 mo xoopauHate X U e 5 no xoopauHate

Y. B anTeHHe ucnonb3oBaica narupaspsaausii OB.
bemn m3mepens! paszHoctHeie JIH u omnpeneneHsl

MHWHHMAJIbHBIC IIIAark J1yda Smin npyu CKAaHNPOBAHUHU

B IIOCKOCTH X TpU KOIMYECTBE U3Iydarenen
Ny =18 u miockocty Y (Ny :8). To4HOCTH U3Me-

peHuii monoxkenwus gy4a coctapisa 0.1° mo cpenne-
kBagparuaHoMy oTkioHeHHIO (CKO), KoIM4ecTBO
touek nanabix s pacdeta CKO ne menee 20. Ot-
JTUYHE U3MEPEHHBIX 3HAYCHUI MUHUMAJIBHOTO IIara
C TEOpETHUYECKUMHU OlleHKaMu (Tabi.) He 6onee 7 %.

BriBoabl. Teopernuecku JOCTHUXUMBINA MHUHU-

MaIlbHBIN IIar ABVKEHUS Tyda 8mi ompenenseTcs

n
($azoBBIM caBUTOM Mitaiiero paspsga ®B u amek-

. N D
TPUYICCKOU JIMHOU aAllCPTYPbl AHTCHHBI 7, KakK 3TO

BHJTHO 13 (4).

B mpaxtuuyeckux KoHCTpykiusx PAP Muuu-
MaJIbHO AOCTHKHUMBIN LIAr IBMKEHUS JIyda C Y1eTOM
armapaTHhIX BO3MOXHOCTEN peruCTpUPYIOMIMX MTPH-
6opos (1.5-2)8 ;.

B ®AP ¢ HeOONMBIINM KOTUYECTBOM DIICMEHTOB
(N < 10) MUHEMAaNBHBIN TIAT TEPEeMENICHHUS] MOXKET
OBITH TEpPEMEHHBIM, 3aBUCSIINM OT TeOMETpHYe-
CKOTO moJiokeHud uanyuarens, @B kotoporo casu-
raeT a3y Ha BEeIMUMHY MIIAJIIETO pa3psa.
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YHUBepcanbHbliA anropuTM aBTopOoKYCMPOBKMN PaANOIOKALMOHHbIX U306paXkeHniA
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AHHOTaumMA
BBepeHue. CnyyaiiHble nepemelleHms $as3oBOro LeHTpa aHTeHHbl PaAMonokaTopa ¢ CUHTe3MPOBaHHON anep-
Typoin (PCA) ABASIOTCS NCTOUYHNKOM $a30BbIX oWNB0OK (PO) TpaeKTOpPHOro CUrHana, Kotopble NPMBOAAT K pac-
$oKycMpoBKe paanonoKaunMoHHOro nsobpaxerHus (PJ1IN). Ana nonyyeHusa kavectBeHHOro PJ1IV ncnonb3ytotcs
pa3nnyHble anropuT™Mbl aBTOGOKYCMPOBKN. Cpean CyLLecTBYHOLMX aroputMOB aBTOPOKYCMPOBKN MOXHO Bbl-
JAeNNTb rpynny aaropuTMoB, KOTOpble NO3BOAAT OLeHUTL PO NocpeACcTBOM HAXOXAEHNA IKCTPEMyMa HEKOTO-
poin dyHkuMKn kayecTsa (PK) PJ/IN. M3BecTHEIMM BapuaHTamu PK aBAAIOTCH, HanpuMep, SHTPONUSA U Pe3KoCTb
PTIN. Ana peleHns 3agaym nomcka akctpemyma ®K HeobxoAnMo NPUMeHNATb BbICTpble MeTOAbl, 3BEeCTHble 3
Teopun oNTUMM3aLMY, peanmsaumsa KOTopbIX CpeAcTBaMy GOPTOBOrO BbIUNCIUTENSA ABASETCA CI0XKHONM 3aja-
yern.
Lenb pa6oTbl. CHTE31POBaThb YHMUBEPCaAbHbIN 1 MPOCTON B N1aHe BblYNC/IEHN anropuTM aBTOGOKYCUPOBKU,
KOTOPbI NO3BOSET MPUMEHATL LUMPOKNKA cnekTp BuaoB PK P/1 6e3 n3mMeHeHNs cBOe CTPYKTYPbI.
MaTepuansl u meToabl. /111 peLleHns NoCTaBAeHHO 3a4a4m NpesioXeH afiropuT™M, OCHOBaHHbIN Ha 3aMeHe
Bbl6paHHOW Leneson ®K P/IM Ha 6onee NpoCTyto NpuY BblUMCAEHUAX cypporaTHyto ®K, HaliTh aKCTpemMyM KOoTo-
POl MOXHO MPAMBIM CMOCO60M. [laHHbI MeTOZ NOAYyYNa B HAYYHON nnTepaType HassaHne MM-meToga onTu-
Mu3aumun. B kauecTse cypporatHoli @K npegnaraeTcs MCrnonb30BaTh KBajpaTUYeckyo yHKLMIO.
Pe3ynbTaTtbl. CHTE31POBAHHbIM arOPUTM SBNSETCS NPAMbBIM 1 He NpeAronaraeT NCnob30BaHNe pekypCuB-
HbIX METOZ0B MOMCKa ONTUMAbHOrO PeLLeHNs, YTO YCKOPSEeT ero paboTy 1 MOBbILL&eT YyCTONUYMBOCTb. AITOPUTM
Jlerko nepecTpavBaeTcs Noj BbIOpaHHYLo LeneByto GyHKLMIO KavecTBa P/1M. Mo cpaBHEHUIO C anropuTMoMm, 1c-
NONb3YIOLWWMM NINHENHY0 cypporatHyto ®K, npegnaraemblii anroput™m fan cpeiHekBagpaTMyeckyto OLIMn6Ky
(CKO) octaTtouHoli ®O, npumepHo B 1.5 pasa MeHbLUytO Npy MeHblleM Ha 10 % KonnyecTse nTepaumii.
3akntoueHme. [NpeasioxXeHHbIN anropnt™M aBToGOKYCMPOBKM MOXET BbITb UCNonb3oBaH B PCA ans KOMMeHca-
umm ®0O. AnropntMm ocHoBaH Ha MM-MeToge onTUMM3aLMM KBaAPaATUUHbBIX CypporaTHbIX GYHKLMA KayecTBa
PJTN. Pe3ynbTaTbl MaTeMaTM4eCKoro MOAeIMpPOBaHNS MOATBEPXAAOT PaboTOCNOCOBHOCTL PACCMOTPEHHOrO an-
ropuTMa npu 60bLINX 3HaYeHNSAX $a30BbIX OLLUMBOK.

KntoueBble cnoBa: pagnonokaTop C CMHTE3NPOBaHHOM anepTypoli, ¢pasoBble OLWN6KYM, aNropuTM aBTodoKyCH-
POBKY, LieneBas GyHKLMS KayecTBa, cypporatHas GyHkumsa kavectsa, MM-mMeToZ onTrMm3anmm

Ana ynTrpoBaHusa: MoHakoB A. A. YHVBepCabHbI anroputM aBTodpoKyCMPOBKM PajMonoKaumMoHHbIX 306paxe-
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A Versatile Algorithm for Autofocusing SAR Images
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Abstract

Introduction. Random deviations of the antenna phase centre of a synthetic aperture radar (SAR) are a source
of phase errors for the received signal. These phase errors frequently cause blurring of the radar image. The
image quality can be improved using various autofocus algorithms. Such algorithms estimate phase errors via
optimization of an objective function, which defines the radar image quality. The image entropy and sharpness
are well known examples of objective functions. The objective function extremum can be found by fast optimi-
zation methods, whose realization is a challenging computing task.

Aim. To synthesize a versatile and computationally simple autofocusing algorithm allowing any objective function
to used without changing its structure significantly.

Materials and methods. An algorithm based on substituting the selected objective function with a simpler sur-
rogate objective function, whose extremum can be found by a direct method, is proposed. This method has been
referred as the MM optimization in scientific literature. It is proposed to use a quadratic function as a surrogate
objective function.

Results. The synthesized algorithm is straightforward, not requiring recursive methods for finding the optimal
solution. These advantages determine the enhanced speed and stability of the proposed algorithm. Adjusting
the algorithm for the selected objective function requires minimal software changes. Compared to the algorithm
using a linear surrogate objective function, the proposed algorithm provides a 1.5 times decrease in the standard
deviation of the phase error estimate, with an approximately 10 % decrease in the number of iterations.
Conclusion. The proposed autofocusing algorithm can be used in synthetic aperture radars to compensate the
arising phase errors. The algorithm is based on the MM-optimization of the quadratic surrogate objective func-
tions for radar images. The computer simulation results confirm the efficiency of the proposed algorithm even
in case of large phase errors.

Keywords: synthetic aperture radar, phase errors, autofocus algorithm, objective function, surrogate objective
function, MM optimization
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Bgenenue. ArrogokycupoBka (A®D) pamgnomoka-
[MOHHBIX n300pakenuii (PJI) sisieTcst BaXKHBIM 3J1e-
MEHTOM 00pPabOTKHU CUTHAIOB B PAIMOJIOKATOPAX C CUH-
TE3UpOBaHHOH arnepTypoii anTeHHbI (PCA), MOCKOIbKY
MO3BOJIIET KOMITCHCHPOBaTh (ha3oBbie ommbku (PO)
TpaekTopHOro cursana. O MoryT ObITh BbI3BaHbI Tpa-
eKTOpHbIMU HecTabmnbHOCTsIMU (TH) HOCHTENs, KOTO-
PpBIE MMPUBOIIAT K CITYYaHHBIM TIEPEMEIICHISIM (ha30BOTO
LIEHTpa aHTEHHbI OOPTOBOTO PaIMOIOKATOPA, UK U3Me-
HEHUSIMU ONITUYECKOM JITUHBI ITyTH, TIPOXOJIMMOTO CHT-
HaJIOM B HEOJHOPOJHOM KaHaje paclpOCTpaHeHHUs.

B HacTosimee BpeMsi mpezsioxkeHo OoJIbIIoe KoImde-
CTBO anroputMoB aBTookycupoBku [1]. Cpemu HEX
MOXKHO BBIIENIUTH TPYMILY, B OCHOBE KOTOPBIX JEKUT
komreHcarusi @O nocpecTBOM ONTUMU3AIIHA HEKOTO-
po¥ dyHkimu kadectBa PJIN. K takim anroputMam oT-
HOCSTCA aJITOPUTMbl MHUHUMU3aUMU SHTporvu PJIN
[2—4], makcummzarn kouTtpacta PJIN [5—7] wn pes-
koctu PJIN [8—14]. JIocCTOMHCTBOM 3THX aJTOPUTMOB
SBJISIETCSI 1esieHarpaBiieHHoe oriennBanne @O nocpen-
CTBOM TIOHMCKa DKCTPEMyMa COOTBETCTBYIOIICH (yHK-
ouu KadecTtBa. Ui opraHu3alMy MOWCKA HCIONB3Y-

YHuBepcaabHblil aJIrOPUTM aBTO(POKYCHPOBKH PAAHOJIOKANMOHHBIX H300paKeHu i 23
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IOTCS WU3BECTHBIE AITOPUTMBI TEOPHU ONTHMH3ALUH.
HemocTaTkoM mepevrcIeHHBIX aITOPUTMOB SBIISCTCSI
HX CIIOXKHOCTh, KOTOPAsi MIPU OTPAaHUYCHHBIX BBIYHCIIH-
TENBHBIX pecypcax 3HAYMTETIbHO YBEIMYMBACT BpEMs
HAXOXJICHUS PEIICHHS.

B HekoTOphIX ciiydasx ymaeTcsi CHHTE3HPOBATh
MPsIMBIE aJITOPUTMBI, KOTOPbIE MTO3BOJIIIOT HAUTH pe-
[IeHHe, MUHYS CTauio rmorcka. Tak B [12, 13] ObutH
MPEJI0KECHBI HellapaMeTPUIECKHE arOPUTMEI, 03~
BoJistroue oeHnTh PO 6e3 moncka pemeHus: B MHO-
TOMEPHOM BEKTOPHOM ITPOCTPAHCTBE. ITO OKA3aJIOCh
BO3MOXKHBIM OJlaromapsi TOMy, 4TO B Ka4ecTBe Iielie-
BOM (DYHKLHMHU HCIIOJIb30BANACh CPAaBHUTENHHO MPO-
ctast ¢pynknus kadectBa (PK) — peskocts PJINU. On-
HaKo, KaK TMoka3aHo B [14], naHHas QyHKIUS HE SB-
JIAETCS] Haumyqmei 11 3¢ (QEeKTUBHOTO pEIIeHUs 3a-
maun AD, u oauskuM Kk ontuManbHou DK aBisercs
norapudmudeckass Qynkiusa. Omaako s 3toil GK
npeaiokennblie B [12, 13] moaxombl He TPUMEHUMEI,
MIO3TOMY YpPE3BbIYaifHO HHTEPECHBIM MTPEICTABIAETCS
HCNOJIb30BaHNEe MM-METOIOB TEOpUH ONITUMHU3ALINI
[15, 16]. Ha3zBaHue 3TOi KaTeTOpUN METOIOB TIOVCKA
skcTpeMyma DK MpouCXOAUT OT COKpalleHHs aH-
riaiickux TepmuHoB “Majorize — Minimize™ ms 3a-
nagy muanmuzamn OK wim "Minorize — Maximize"
s 3agad MakcuMmumsannu K. MM-meTtoas! cocTosT
B ONTHUMH3AIMH CYPpPOTaTHBIX (PYHKIUH KadecTBa
(C®@K), xoTopble MPEeCTaBISIOT COOOM MPOCTHIE B
BBIYUCIIUTCIBHOM CMBICJIIC q)yHKLlI/II/I U SABJIIKOTCA Ma-
JKOpaHTaMH (3aJ]aud MHHUMH3AIUN) WA MHHOPAaH-
TaMu (3a7a4¥ MaKCHUMH3AIlMH) BBIOPAHHOW IIEIEeBOM
OK. Kak nmokazano B [15—17], MM-meTo/ibI TIO3BO-
JSIOT  TIOKOOPAMHATHBIM — MOUCKOM  3((EKTUBHO
HAUTH HMCTUHHOE pElIEHHWE ONTUMU3ALMOHHON 3a-
naun. Briepseie mist pemenus 3anaun AD meton omn-
TUMH3ALIUN CyppOTaTHBIX (PYHKIMN KadyecTBa ObLI
npenyioxed B [18]. CyTs npeacrasienHoro B [18] an-
ropuTMa 3aKIIF0YaeTcsi B 3aMeHe sHTponuitHoi DK
TUHEHHOH (yHKUMeH, TOBEpPXHOCTh KOTOPOH SBIIS-
eTCsl KacarenbHOH TiockocThio K DK B Touke, COOT-
BETCTBYIOIIEH PEIICHUIO HA TPEBIIYIIEeM IIare mo-

IBax b HenpepsBHO nuddepenmupyemoii GK. Ma-
TEMaTUYECKOe MOJECTUPOBAHNE ITOKA3aJI0, YTO TPEI-
JaraeMbpli alrOpuTM JaeT BhICOKOe kaudecTBo PJIN
naxe mpu 6oabmux @O U 1o pAAy napaMeTpoB mpe-
BOCXOJIUT aJITOPUTM, MPEIOKEHHBIN B [18].
MaremaTnueckasi Mojesib (a3oBbIX OIIMOOK
PCA. IlycTh HEBO3MYILIEHHOE ABMKECHUE HOCUTEIS

Ha UHTEpBaJle CUHTE3UPOBAHUS [O, T] JOJDKHO TIPO-

HCXOJUTH BJIOJb €MHUYHOTO BEKTOpa V, B KauecTBe
KOTOpPOTO MOKHO IIPUHATH

=V/V.

roe V — cpemHee 3HAaYeHHE BEKTOPa MIHOBEHHOM

ckopocty Hocurens V(t)

.
V=Z[v(t)dt;
0

—|

|||| — HOpMa Bekropa. IIpu 5ToM paguyc-BEKTOp IO-

noxeHust ¢azoBoro 1eHTpa anteHHsl PCA B mpo-
CTPaHCTBE

r(t)= r(O) + vt +3r(t),
rae \' :”\_/” — CpeﬂHfIfI CKOpOCTL HOCHTCJ'[?[; Sr (t) —

BekTop TH (puc. 1).
Ecnu cBersimmasics Touka M Ha mOBepXHOCTH
UMeEET PajJinyc-BeKTOp P, TO PacCTOsIHUE MEXIY (a-

30BBIM IIeHTpOM aHTeHHBI PCA # TOYKOW B MOMEHT
BpeMmeHH {

R(6)=[r (t) o =[r (0)+ vt-+3r(t)-p]. ()
te[0,T].

Bosmymennas
74 TpaeKTOpHs

HCKa. r(0) 0 HeBozmymiennas
. o TPaeKTOpUs
B HacTos1el cTaTbe alnropuT™, NPeaioKeHHbINA
B [18], 0006men Ha kBagparudeckue CDK. 3amaua 0 Ro
|-
noctpoeHust kBaapaTudeckux CPOK Opuia paccMmor- ;
peHa B [17], HO, K cOKaNeHUIO, HAWIEHHOE B ATOMN pa- X
00Te peleHne He MOXKET OBITh MCIIOJIB30BaHO B IIe- p M
11X AD. CuHTE3UpOBaHHBIM B HACTOSIILEHN CTaThE all-
Puc. 1. T'eomerpus nemwxennst PCA
TOPUTM JIOITyCKAaeT MPsIMOE PEIlIeHne M He Tpedyer )
MIPUMEHEHUS METO0B ITIOMCKAa TEOPUU ONITUMU3ALINY. Fig. 1. Geometry of the SAR movement
AJNTOPUTM TIO3BOJISIET OcyliecTBUTL AD 1pu J1r000i
24 YHuBepcaabHbIii aITOPUTM AaBTO(POKYCHPOBKH PAANO0JIOKANMOHHBIX H300paKeH Uit
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HpI/I OTOM HpHHHMaeMLIfI OT TOYKH CUT'HAJI paBE€H

ss(t,t)= a[r— ZRC(t)jexp[—ikoR(t)] , )

rae t — "OsicTpoe” Bpems; t — "MenneHHoe" Bpems;

a(r) — KOMILICKCHAsI OTHOAIONIAs U3Ty9aeMOro CHr-
HaJla; C — CKOPOCTh CBETa, k0 = 2000 / C — BOJIHOBOE

9HCIIO; My — KPYroBas HECyIlas 4acToTa. 3mecy u

Jajee IpH NpeoOpa3oBaHUAX CHUTHAJIBHOTO MacCHBa
OyzeM npuaepKUBaThCs 0003HAYCHUH, BIICPBbIC BBE-
JeHHBIX B [19]. B aTux 0003HaueHUX IepBas JuTepa
COOTBETCTBYET "OBICTPOMY' BpPEMEHM WM JaIbHO-
MEpHOH 4YacToTe, BTopas — '"MeJIeHHOMY'" BpeMeHH
WIA a3UMYyTaIbHOW YacTOTE, CTPOYHEBIC JHUTEPHI —
CHT'HAJIy 10 COOTBETCTBYIOLIEMY BPEMEHH, 3ariaB-
HBIE — CIIEKTPY IO COOTBETCTBYIOIICH JacTOTe.

[Ipeobpazoanune Oypbe currana (2) mo "ObICT-
poMy" BpeMeHH

Ss(w,t)= A(m)exp[—i (ko + k) R(t)] ,

rae A(®) — CIeKTp KOMIUIEKCHOH orubaromeii us-

Jy4aeMOT0 CHWTHajla; ® — JaJbHOMEpPHAs YacToTa,
k =2@/C — nanpHOMEpHOE BOIHOBOE YHCIIO.

Iycts Ry =r(0)—p, Torma (1) MoXkHO meper-

caTb B BUJC

Rg V22 or (t)+2(RO,\7)vt+

R(t)=
+2(Rg,dr(t))+2(3r (1), v)wt,

e R, =||R0||; 6r(t)=||6r(t)||; (+,) — cxansproe
MPOM3BENCHUE BEKTOPOB. BhIHOCS M3-TIOA KBajpat-
HOTO KOPHSI R0 M cyuTas, 4ro VT ,0r (t)<< R0 no-

JIYYUM CIIEAYIOLIEE PA3JI0KEHHUE:
2,2 2

vt or A

R(t) = RO +ﬁ+ﬁ+(R0,6r(t))+

(0,80 (1)) + (Rg, ), 3)

Ro

e Ry = RO/"ROH — OpT B HAITPABJICHUH BEKTOpa RO'
[Ipoananu3upyeM ciaraeMble B PasIOXCHUU
(3). Unen R, He 3aBuCHT OT BpeMeHH, H €My COOT-

BETCTBYET NOCTOSHHEIH (Pa30BBIH CABUT, HATUIUE KO-
TOpPOr0 HUKAaK HE CKa3biBaeTcs Ha kadectse PJIN.

2,2
v

Unen —— Ha3bpIBaeTCAd KBaIpaTUIeCKUM, H €ro
Ro

MPUCYTCTBHE TIPUBOIUT K pacdokycupoke PJIN.

& . vt
YseHsl —,(RO,Sr(t)),—(V,Sr(t)) 3aBHUCAT OT
2R, Ry

TH, 1 ux npucyTCTBHE TaKKe BeleT K pacoKycH-
poske PJIN. Ilocnennee ciaraemoe (FAQO' \7)vt ompe-

JIeISIeT TOTICPOBCKYIO YaCTOTY CHTHAJA OT TOYKH M.
TakuM 00pa3oM, W3 MEPEUNCICHHBIX CIaraeMbIX
TOJBKO TIOCIIEAHEE SABJSIETCS MOJIe3HBIM. Jlpyrue
YJIeHBI HEOOXOIUMO KOMIICHCHUPOBATH JUIS IMOJTyYe-
HHs KadyecTBeHHOro PJIN.

OTa KOMIEHCANNS OCYIIESCTBISETCS CIIETYIOTHM
o0OpazoM:

— IAByXMEpHBIl cHrHAIbHBIA Maccus SS(T,t)
MTOJIBEPracTCs OBICTPOMY MPAMOMY ITPEOOPA3OBAHUIO
®dypbe 1o "ObIcTpOMY" BpEMEHH T; B pe3yJIbTare Io-
JTydaeTcsi MacCHB Ss((o,t);

— MHOXXECTBO CTPOK JBYXMEPHOIO MAaccHBa

Ss(,t) pasduaercs Ha L nonoc (OAMHOXKECTB) 11O

M cTpOK B K&XI0M, ¥ CTPOKH KaKJOM ITOJIIOCHI YMHO-
JKAFOTCSl Ha KOMITCHCHPYIOIIHNHA (hazop

Vit arl(t)
ZROI 2RO|
R (t)=exp i(k0+k) +(f€0l,8r(t))+ ,

vt
+—(0,8r(1))
Roi

=1, ..., L,

rae R, — HakIOHHAs JaILHOCTH HO [-i TTONOCHI;
ol

— MOJYYEHHBIA ABYXMEPHBI MaCCUB MOJBEpra-
ercst OpIcTpoMy 0OpaTHOMY peodOpasoBannio Dypbe
10 TAJIBHOMEPHOU 9acTOTE (.

B utore nomydaercst AByXMEpPHBIH CUTHAJIbHBIN
MaccuB

ss(r,t):a{r—

B KOTOPOM IpousBeneHa komneHcauus TH no ngan-
HBIM HABUTALUOHHOT'O KOMILIEKCA.
OtmetnM, 9TO B (4)

2R(t)

}exp[—ikOR(t)], @)

R(t)~ Ry +(Rg, U)vt+ AR(1) = Ry + tsinog + AR(1),

rae AR (t) — HEKOMIIEHCHPOBaHHbIE ocTaTku TH.
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Nsnoxennas metoguka komreHcauuu TH 1o
HaBUTALIMOHHBIM JaHHBIM HE JIMKBUIUPYET MUIpa-
WK CBETAIITUXCS TOUEK 1Mo gabHOCTH [19-21]. Kom-
MeHcalus MUTrpalui — ciaenyrouas 3ajaJa, peleHue
KOTOPOM SBJISIETCSA BaXKHBIM 3TAlloM YJIyYIIEHUS Ka-
yectsa PJIM. B cTaTtbe 3TOT 3Tal HE paccMaTpuBa-
eTcst. OIHaKo B pe3y/bTaTe IPUMEHEHHS aJITOPUTMOB
KOMITEHCALIY MUTPALIMH CBETSILUXCS TOYEK MO 1aTb-
HOCTH TIOJy4aeTcsl CIEAYIOMUNA IBYXMEPHBIA CHUT-
Ha:

ss(t,t) =ss, (t,t)exp[ip(t) ], (5)

re[rmin,rmaxJ;tE[O,T],

2R
e sso(r,t)_a(r - Jexp[ |k0vtsmocoJ

curnan PCA npy HeBO3MYILIEHHOM JBHKEHHH HOCH-
tens; @(t)=kyAR(t) — Qasosas ommbGka; oy —

YTOJI, ITOJT KOTOPBIM TOoUYKa M BHIHA ¢ OOpTa HOCUTEIS
B Hayaje HHTEpBaJa CHUHTE3UpPOBAHMUS,

sina, :(Ro,v).

Takum obpazom, 3agaua AD — kommneHcanus da-
30B0it ommoku @(t), KoTopas B mepBOM MPHOIHIKE-
HUUW TIOCTOSIHHA B Tpenenax MHTepBayia "ObicTporo”
BpPEMEHH T € [tmin :Tmax]-

ABTodokycupoBka merogqom MM-onTumu3za-
uuu. [Tycts kauecto PJIN

2
sS(m,q
I(m’q):M—l|N—§ ) ’
m

> [ss(m, q)|2
g=0

=0

rae M u N — xomu4ecTBO MHUKCeNei Mo MPOA0IbHOM
("6wicTpoe” Bpemsi) u momepeunoit (“‘memieHHOE"
BpeMs1) TATLHOCTSIM COOTBETCTBEHHO;

N-1 o
sS(m,q)= >’ ss(m,n)exp[—i—qn}, (©6)
n=0 N

0<q<N-1.

IMpeo6pazoanne Pypre (I1D) curnana (6) mo
"MeaJIeHHOMY" BPEMEHH MOXKHO OXapaKTepH30BaThH
@K

rae (pz((po,(pl,...,cpN_l) — BekTop orcuetoB PO;

f (x) — nokanbhas ®K, onpenenstomas BKIaj I1K-
cens | (m,q) B kauectBo PJIU. bynem cuurars, uro
¢yukuus | (X), 0<x<1 sBisteTcst BBIIYKJIOH, T. €.

JUTS JTIOOBIX X, Y € [0, 1] u s moboro t €[0,1] BeI-

fltx+(1-t)y]|<tf (x)+(1-t) f ().

IIpu »stom anmroputm A®D cocTtoWT B MOHWCKE
otieHk# Bektopa OO:

¢ =arg mqgn F(o). (7)

Ecnn Beibpannas @K f(X)  sBmsercsa Bormy-

TOH U CJICAYCT pCUINTh 3aJavdy MaKCHUMH3alluH, BCE
PE3YIbTAaThl CTATbU OCTAIOTCA CHPABCIJIMBBIMU IIPU

3amene sokanpHoi OK ma —f (X).

s pemienns 3amadn (7) TPUHIMITHAIBHO BO3-
MOXHBIH CIIOCO0 — IMTOKUCK OLICHKH () METOIAMU TEO-
puu ontuMuzanuu [22]. OgHako @K sBisiercs cinox-
HOM, U IpUMEHEHNE METOIOB ONTUMAJILHOIO ITOMCKa
COMPSDKEHO CO 3HAYMTEIBHBIMH BBIYUCIUTEIBHBIMU
3aTparaMi, KOTOpbIE HEMPHUEMJIEMbI Ui BBIYMCIIU-
tenst PCA. B cBA3M ¢ 3TUM OuY€Hb NPUBJIEKATEIbHO
HCIOIb30BaHe MM-MeTOL0B ONITUMHU3AIINH.

MM-mMeTon, uiau MEeTo ONTHUMHU3ALNU Cypporar-
HeIX (yHKImid kadectBa (COK), cocrour B 3ameHe
CJIOXHOM C TOUKH 3pEeHHsI HEOOXOIUMBIX BEIUHCIICHUIT
3amaun (7) Ha MOCIIEA0BaTeILHOCTL 0OJIee MPOCTHIX
3a7a4, KOTOPbIE MOXXHO PEIIUTh MPSIMBIM CIIOCOOOM
[15—-17]. D10 mocTUTaeTCs MOCTPOSHUEM TOCIIEeI0BA-
dbyHKIMN

TEJIBHOCTH CYPPOTaTHBIX

G ((p; [0} p ), p=0,12,..., KOTOpbIE SABISFOTCS MaXKO-

pantamn ®K F (@) Ha Kax10M wware noncka:

F(0)<6(e:dp),
rae ¢ p — OLEHKa @O Ha p-M miare.

Ecmu COK ymoBneTBopsieT cienyrommuM Tpedo-
BaHusM [ 15-17]:

1) F((p)éG((p;(i)p) pu o6oM @;
2) F(p)=G(@pi@p);

3) gradF(¢)=0radG(¢:¢p) mpu @ =6,

M-1N-1
F ((p) = mz_:() = f [I (m'q)} TO IOCJIEAOBATEIBHOCTh BEKTOPOB OLIEHOK (f)p pu
p — oo cxomurcs kK MuHnMymMy OK F ((p)
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I[eﬁCTBHTeHLHO, OyCcTh Ha pP-M IIare mnojy4YeHa

OLIEHKa @ p- Torna st (p + 1)-ro wara GyzeT crpa-

BEIUIMBA CJIEAYIOMIAs IEM0YKa HEPABEHCTB!
F(®p:1) = C(Ppai®p)=
:G(¢p+1;¢p)_6(¢p;¢p)+ F((f’p)S F(‘i’p):(g)

rae OBUTO YYTEHO, YTO BCIICACTBUE MMPOBEICHHOM Ha
(p + 1)-m mare MHAHUMU3ALUHA

G(¢p+l;¢p)£G(¢p;¢p), M B CHIy YCIOBHS 2

G(Ppidp)=F(op)

Taxum 00pazoM, C KaXIbIM IIaroM ajropuTMa
movicka mpuOimxkaeMmcs k MuHuMymy OK. Boree
TOTO0, Kak oTMeueHo B [15, 16], HepaBeHCTBO (8) cBU-
JIETEILCTBYET O BBICOKOW CTaOMiIbHOCTH MM-anro-
puTMa.

ABTO(OKYCHPOBKa MeTOAOM ONTUMH3ALMH
KBAaJPATH4YeCKHX cypporaTHbix ¢QyHnkunui. Ilo-
ctpouM kBaapaTtudeckyto COK

06 %) = (7)< + 201 x o). 9
X, %, €[0,1],

VIOBJICTBOPSIONIYIO TIEPESUYHCICHHBIM paHee Tpebo-
BaHMUsM. J[71s 3TOTO HEOOXOIMMO, YTOOBI OBUIH BBI-
TTOJTHEHBI YCIIOBUS:
_ 2
=Yy —2bx, —axg,
b=0.5y; —ax,, (10)

ax? + 2bx+c > f(x),0<x<1,

e X, — IHKCenb PJIN mocne ontuMu3amuu Ha Te-
KylieM Iiare rnoucka oneHku ©O; Yo' ¥q — 3HaueHus

nokansHOM ®OK U ee nepBoii IPOU3BONHON B TOUKE

Xg- Ilepsbie 2 ypaBHenust cucremsl (10) mo3sossior

OIpeIeNUTh 3HaYeHus Koadduimentos b u C:
b=0.5y; —ax,,
2
C=Yg— Y% —3%g-

[HoncraBuB 31U BeipaskeHus B (9), nonydnm

an

g(x;xo)za(x—x0)2 +y1(x—x0)+ Yo, (12)

X, X, €[0,1].

Homyctum, yto nokanpHas ®K f(X) JBaXK bl

HenpephiBHO auddepennupyema. Torma s Hee
CIIpaBEAJIMBO CJEAYyIOlIee pas3liokeHue B psia Tei-
nopa:

FO0 = (x)+ f/(x)(x— %) +051"(£)(x =%, ) =
= o+ Y1 (X = %) + 0517 (&) (X% )

e f"(&) — 3nauenue Bropoil mpoussonHoii ®K B
Hekotopoit Touke &e[0,1]. CnenosarensHo, Ha oc-
HoBanuH (12) GyHKIHS ¢ (X; XO) OyeT MayKOpaHTOM
nokansHOM @K, ecim

a>05 max_ f"(x). (13)
Xe[O,l]

Terepb MOXKHO TIPUCTYIIUTH K PEIICHHUIO 3aTa4n
ouneukn ®O meromoM ontummszanuu CPOK. Dra 3a-
Jada, Kak MOKa3aHO Jajee, IMEeT KOHCUHOE aHaJIH-
THYECKOE pelIeHre U He TpeOyeT MPUMEHEHUS METO-
JIOB YMCIIEHHOTO TIoucKa 3kcTpemyma COK.

Ha ocroBanuu (5) npu Hamuanu @O cHrHATLHBIN

MacCCHB SS(T, t) MOKET OBITh 3aIlMCaH B JUCKPETHOM

BPEMCHHU B BU/JIC:

ss(m, n) =ssy (m, n)exp[ie(n)],
m=0, ....M -1 n=0,...,N-1.

Torna ns npeodpaszoBanus Oypee 1o "MeieH-
HOMY'' BpEMEHH TOJYYHM CIIeIyIolee YpaBHEHHUE:

S N-1 ( ‘:.ZTE }

SS(m, = ZaSS(Mm, n)exp| —1—agn |,

(m, q) r;)n )exp N
g=0,...,N-1

rae zp =exp[-ip(n)],n=0,...,N-1 — dasopsi,
koMmneHcupymomue PO.
ByIIGM CUHUTATh, YTO HAXOAMUMCS HaA p'M mare aji-

roputma A®, xorpa dasopsr z, =exp [—i(p(k)},
k=1...,p—1 6bun HaiineHsl u PO KOMITEHCHPO-
BaHbI, U TpeOyeTcs HalTH ciieayromuil P-if, KOTOPbIi
obo3HauNM Z =7} = exp[—i(p( p)]

[Tepenumem (14) B cienyromem BuE:

sS(m, q) =P (d, p)+2Qm(a, p).
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rae
[

qp:Z

n=

+les(m n exp{—l—qn}

(m,n exp{ iﬁqn}+
N

Qm(a, p)=ss(m, p)exp[—i%qp}

Haiinem Ttakoe zZ, KOTOpoe COOTBETCTBYET MUHU-
mymy COK nHa Tekymiem mare. J1a 3aAada SBIseTCs
3a/1a4eil yCIOBHOW ONTHMU3AINH, TTOCKOIBKY HCKO-

2
MOE Z JIOJKHO YIOBICTBOPATH ypaHeHuio |z|” =1.

Pemenne MoxxeT OBITH HAIEHO METOIOM MHOKHUTE-
nent Jlarpanka. BBegem jarpaHXuaH CleIyrOIIEro
BUJA:

L(Z,Z*) :G(z)+2x(zz* —l):
p)|2 +cmq}+

+2x(zz* —1), (15)

rJIe A — MHOKHTENb Jlarpamka,; koagunuenTsr COK

[amq |sS(q, p)|4 +2bmg [sS (d
m,q

amq bmgs Cmgq  BBIMMCISIOTCA € MCIONB30BAHAEM

PJIN, mony4enHoro Ha npeasiaymem (P —1)-m mare,
B cootBeTcTBHU C (11-13). OT™METHM, UTO KO3 DUIH-
CHTBI Cpq HE BIMSIOT HA IOJIOKCHHE MaKCHMyma
¢yHkmEoHana (15), mMo3TOMy MX MOXKHO HE YYHTHI-
BaTh. [luddepenmpys (15) no z, z*, A u npupaBHu-
Basi IPOU3BOJHBIE HYIIIO, MOIYYHM CIEAYIOLIYIO CH-
CTEMY YpaBHEHUU:

Az% + Bz +Cz* + D =0;
A*z% +B*7* +C* 2+ D* =0; (16)
2" -1=0,

2
rne A= rnZ:'J 8mq Prﬂr;quq |qu | ;

B= % amq |qu |2 (2|qu |2 + |qu |2) +8mq |qu |2 +A;

C =" ang (i)
g

D= mZ(:q 8mq PmgQmg (| Pmg |2 +2|Qmg |2 ) + bing PrngQng-

Ucnonw3ys tpeTbe ypaBHeHue B cucteme (16),
ee MOXHO TpeoOpa3oBaTh K JUHEHHON cHCTEME OT-
HOCHTETIPHO NEPEeMEHHBIX Z U Z*. [lyi1 3TOoro ymHO-
KHM IIePBOE YpaBHEHHUE HA Z*, BTOPOE HA Z U yUTEM,

* o
yro zz° =1. B utore MOJIy4YUM CJICAYIOLIYIO JIMHCU-
HYH0 OTHOCHUTCIIBHO Zuz* CI/ICTCMy:

az+pz* =y,
B'z4+az =y,

2 2 * * * *
rae a=|C|"—|A", p=B"C-A'D u y=A'B-CD".
[Ipu 3anucu cucremsl (17) ObUIO y4TE€HO, YTO O —
JEHCTBUTENBHOE YUCIIO.

Pemenue 310l cucremsl

z= (ow—Bv*)/(ocz —IBIZ);
7 = (" =Br) (o I8’ )

[Tockoneky MHOXKUTENs Jlarpamka A BXOAMT
TOJILKO B BhIpakeHue 11 B u 3TOT mapamerp sBis-
€TCSl YUCTO JCHCTBHUTEILHBIM YHCIIOM, OyIeM CUu-

(18)

TaTh MOMISKAIIUM HaAXOXKIECHHIO Hem3BecTHoe B.
(9] %
Haiizem ero, ucmone3ysi paBeHCTBO ZZ =1, KOTOpoe

¢ yuetoM (18) MOXKHO ITepernicaTh B BUZC
2
2 a2 2
(a2 -19%) =Jeer "

Tax kak HewsBecTHOE B BXOOUT TONBKO B mepe-
MEHHBIE 3 ¥ Y, yIOOHO IPOU3BECTH HOPMHUPOBKY ITHX
NIEPEMEHHBIX K AEUCTBUTENBHOMY o. B urore nomy-
YUM ypaBHEHUE

(-8 - fe(e)-bB)e(E)
e b(B)=B/a u c(B)=y/a.

Hecnoxno nmokasats, uto (19) sensetcs anredpa-

2

(19)

HUYECKUM ypaBHEHHEM 4-il CTENEHH OTHOCUTEIHHO
Heu3BecTHOrO B:

aOB4 +a183 +a282 +a,B+a, =0, (20)

rac a.J =L] _RJ,J=1,,4 u

="
L =4Re[bb"
L, - 4Re? (" -2(1 " |y
L :—4(1—|b|2)Re[blb*];

i
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Ro = IoJeif*
R1:—2Re[bl*cl(cl—blc* —bcf)];

* * 2 * *
R2=|cl—blc —bcl| —2Re[blc1(c—bc )]
Ry = 2Re[(c* ~bc)(c, —bc" —bef )]

R4:|c—bc*2

b=b(0),b, =b'(0),c=c(0), ¢ =c'(0).
Pemus (20), monyunm 4 KOpHsI, U3 KOTOPBIX HAZ0
BBIOpaTh  OAMH, OOCCIICYMBAIONIMKA  PABEHCTBO

" =1u cootBercTBYytomMi MmuHIMyMy COK PJIN.
Taxkum oOpazom, HaxomaTcs (asopsl Z H Z*.
YMHOXas ss(m,p) ma z,

CUrHal IIOJIy9YUM

ssp(m, p)=ss(m,p)z,m=0,...,M -1. Drum 3a-

BEpILAIOTCS BBIYMCICHUS Ha TeKylleM P-M ware. [lo-
CKOJIbKY Ha KaXJIOM IIare peraercs JIOKaJbHas 3a-
Jlaya ONTUMU3ALUH, IS IOJTYyYeHHUsI OKOHYATEJIbHOTO
pemeHnsT HeoOXO0IUMO TTOBTOPSTHh BBIYHCICHUS IO
HaxoxneHuro oneHkd PO mocie mpOoXOXKISHHS MO

BeceM P(0< p<N —1) o Tex nop, noka onenka GO

HE TIepECTaHET U3MCHSTHCS.

OmnmcanHas IOCIIEN0BATENLHOCTE BBIYMCICHUIN
MOBTOPSICTCS UTEPAIHOHHO, IToKa orieHku PO Ha co-
CEJIHUX UTepalusIx He OyayT oTiH4aThes Ooiee yem
Ha HEKOTOpOoe Majioe 3HaueHue €>0:

mgx\(bpﬂ(x)-@p(x)\q. 1)

[Ipu BemonHEeHNM ycnoBus (21) uTepannoHHBIH
MIPOLIECC 3aBEPIIAETCSI.

ABTO(OKYCHPOBKAa METOAOM ONTHMH3ALNHU
JIMHEHHBIX CypporaTHbix (yHKIUH (ajJropurm
Kpoara). PaccMoTpum airoput™ aBTO(POKYCHPOBKH,
ocHoBaHHBIM Ha MakcuMuzauuu K PJIN ¢ ucnons-
3oBanreM MM-merona, B kotopom COK sBnsercs
JIMHEWHOU U COOTBETCTBYET KacarenbHoM k DK [17].
B kauectBe nokansHOH ®K B [17] ObLIa B3sTa KBaI-

parnunas pyukmmst f (X) = x2. Tlonydatommiics mpu
TaKUX JIONYIIEHUSX AJITOPUTM T10 KOJIHUYECTBY BbI-
YHCIIEHHUI TIPOILE PACCMOTPEHHOTO BBIIIE, HOITOMY
€ro ym00HO HCTOJb30BaTh IS OLIEHKH Ka4ecTBa pa-

0O0TEI aJIropuTMa, nNpeajiaracMoro B CTaTbe.
CYTB aJlropurMa Kpara 3aKJIFOYAETCS B JIOKAJIbHOMN

anmpokcumarmn  OK f(X) JIUHEHHOW  (pyHKIMEH

y(x;xo)zf(x0)+f'(x0)(x—xo)=bx+c, rue

b= Yy 1 C=Yq —Y;Xy 1Ipu TaKoii anmpoxcumarmy,

HCTIONB3Ys TOT ke MOAXOJ, YTO U paHee, Haiem Z,
KOTOpoe cooTBeTCTBYeT MakcuMyMmy COK Ha Teky-
meM mare. Pemenue Moxer OBITh TaK)Ke HaIeHO
METOAOM MHOXHUTeNen Jlarpanka npu narpaHxuane
CJIEIYIOIEro BUA!
L(z, z*) = F(z)+k(zz* —1) =
2
bmq |Pm (q1 p)+ 2Qm (q, p)| +

- r(22)

M4l +Cmq + k(zz* —1)
e A — MHOKHTENb Jlarpamka; koagdumuenTsr COK

bmq =2lmg BBIMHCISIOTCS ¢ Henonb3oanueM PIIY,

MTOJTYYEHHOTO Ha nipeapaymeM (p — 1)-M mare. Koag-
(HUIHCHTBI Cpg, KaK W B MPEIBIIYIIEM Cllydae,
MOXHO HE BBIYHCIISTh, TAK KAK OHU HE BIUAIOT HA T10-
JIOKEeHHE MakcuMyMa (yHKITHoHama (22).

Br16op smnaeitHol COK 3HAUNTENBHO YIIpOIIaeT
HoucK (hazopa Z, Tak Kak ero HaXoXKIeHue He TpedyeT
pemeHns anreOpandecKix ypaBHeHHH. OKOHIATEIIh-

HOC PpCIICHUE Ha p'M mrare MMeCT B

mz;quq Pm (@, p)Q; (a,p)

= .
> Bing P (.P)Qm (a.P)
m,q

Kak u B mpensigymem cirydae, mouck ¢azopa
MPOAOIDKAETCA 10 TeX Mop, moka onenka @O He me-
PECTAHCT U3MCHATHCA.

Pe3yabTarhl MaTeMaTH4eCKOI0 MOJE/IMPOBAHNUSA
anropurma aBTodoxycupoBku. 11 npoBepku mpes-
JIaraéMoro airopuTMa HCIOIb30BAIOCh MaTeMaTHye-
ckoe MmozenupoBanue. B xadectBe COK Obuti B3ATHI

fL(X)==(x+B)In(x+B), f,(x)==In(x+p). COK
f,(X) TpeGyer pemicHms 3amauM MHHHMH3AIWH;
CoK f, (x) — makcumuzamun. CielyeT OTMETHTS,
aro sutpormiinas COK f (x)=—xInx umeer oco-
x=0,
f'(x)=—(1+InX) u Bropas f"(x)=-1/x npons-

OCHHOCTP B  TOYKE rae ee Imepsasd

BOJIHBIE NMEIOT OECKOHEYHOE 3HAUYEHNE. DTa 0COOEH-
HOCTbh, KaK TMOKa3aJ0 MaTeMaTHYeCKOe MOJICITHPOBa-
HHE, HETaTUBHO CKAa3bhIBAETCS HA CXOJUMOCTHU aJro-
putMoB A®D, moatomy nanHas OK Obuia 3aMeHeHa Ha
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fy(x)=

snauenue PJIU [14]. DTo ke 3HaueHHE mapameTpa 3

—(x+B)In(x+p), rae B — MakcuManbHOE

OBUIO HCIONB30BaHO JuIs Jorapudmuyeckoir DK
fo (X)==In(x+B).

Pe3ysbTaThl MOJIETMPOBAHUs PabOThl ArOpUTMA
nipu suTponmitHoi OK f, (X) npusenexsr Ha pc. 2-5.

Jost npyrux @K cooTBeTCTBYIOMIE PUCYHKH BBITIISI-
T aHaoruyHo. ClieHapHbIe TapaMeTPhl MOJENUPO-
BaHUs OBUTH BBIOPAHBI CIICTYIOIIUMHU:

— mmHa BoaHEI PCA — 3.2 cMm;

— MIEPHOA TIOBTOPEHHS 30HIUPYIOIINX UMITYIIHCOB —
0.495 mc;

— OTHOIIeHHe curHa/mym — 20 ab;

— CKOpOCTb JIBIDKEHHsI HocuTemst — 50 m/c;

— JabHOCTh JI0 ONMM)KHEH K HOCUTENIO TPaHUIIBI
PJIN — 10 xMm;

— pasmep PJIN — 32 x 512;

— CKO TpaekropHbIx HecTabuibHOCTEl — 0.1 M;

— paguyc KOppesul TPaeKTOPHBIX HECTaOMIIb-
HoCcTel — 1.125 M.

Ha nabnromaeMoM ydacTKe IMOBEPXHOCTH OBLTH
cMOmenupoBaHbl 11 CBETSIUXCS TOYEK CO CITydai-
HBIMH KOOpJHMHATaMH Ha IJIOCKOCTH ''MomepeyHast
JATEHOCTB — MPOJIOJIbHAS JATBHOCTD' M CITyYaitHBIMH
KOMILIEKCHBIMU aMIUTUTyAaMu. HenckaxkeHHOe Tpa-
eKTOpHBIMU HecTabubpHOCTSIMU PJIM mpuBeneHo Ha
puc. 2. TpaeKTOpHBIE HECTAOMIEHOCTH MOJIEIAPOBA-
JUCH OTPE3KOM CIy9aifHOTO HOPMAJIBHOTO IIpoliecca
c 3amanHeiMu CKO wu paamycoM KOppensiuu
p=1.125 m. Ha puc. 3 npuseneno PJIU, momyuen-

HOE CUHTE3UpOBaHUEM anepTypsl 6e3 AD. MctuaHas
@O Ha uHTEpBaJie HAOIOICHHS TTPUBEIcHa Ha puc. 4
(turpuxoBas nunMs). @O UMENH BHICOKUE 3HAYCHHS,
M03TOMY, Kak cieayeT u3 puc. 2, PJIN xaxnoi ceets-

50 100 150 200 250 300 350 400 450 500
Puc. 2. PagronokannoHHOe H300paxkeHne 6e3 HCKaKeHUit

Fig. 2. The radar image without blurring
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Puc. 3. PagnosnokanyoHHoe H300paXkeHHe ¢ HCKKSHUSIMU

Fig. 3. The radar image with blurring
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Puc. 4. Uctunnas dazoast ommmoOKa 1 ee OIleHKa
Fig. 4. The true phase error and it estimate
IeHcst TOYKH MOTYYHIIHCh CHITBHO pac(OKyCcHpOBaH-
HBIMU IIO IONEpeYHON AanbHOCTU. ITockonbky Mu-
TpaIliy CBETSIIUXCS TOYEK IO TaJTbHOCTH B pa0doTe HEe
MOJIETUPOBANUCEH, pa3MbiTue PJIM cBeTsmmxcs Touek
Mo 3TOW KoopAuHaTe He HaOmojaercs. Pesynbrar
oneakn PO mpemyiaraeMbIM alTOPUTMOM TIPUBEICH
Ha puc. 4 (crmomnHas ynmaus). Ounansroe PJIU,

50 100 150 200 250 300 350 400 450 500

Puc. 5. BoccraHOBIEHHOE PaJHOIOKALIMOHHOE H300paXKeHne

Fig. 5. The restored radar image
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MOJTy4eHHOE B pe3yabrare kommeHcanuu PO, noka-
3aHO Ha puc. 5. CpaBHeHUE puc. 2 U 5 MOATBEPKIAET
Mpa-BUJILHOCTh PAaOOTBHI aJIrOPUTMA: H300paKESHUS
CBETAIIMXCA To4eK Ha ¢uHanbHOM PJIW momyunimics
XOpoIIo ¢(hOKYCHPOBAHHBIMH.

Paccmotpum pesynpTaThl cpaBHEHUS Ipeiarae-
Moro anroputma u anroputma Kpara. Jlns nposene-
HUSI CPAaBHUTEJIBHOTO aHAIU3a ObUTU CMOAEIUPOBAHbI
100 peamu3anuit TH ¢ yka3zaHHbBIMU paHee mapamer-
pamu. HrepauuoHHbl mponecc onenuBanus PO
OCTaHaBJIMBAJICS, KOTJIa B COOTBeTCTBUU € (21) pas-
Huna mexay onenkamu @O Ha cneAyromux apyr 3a
JpYyroM UTepalusx CTaHOBWJIACh MEHbBIIE 3HAUYEHUs
¢ =m/32. CpaBHEHHE AITOPHUTMOB MPOBOIMIOCH MO

TpeM IOKa3aTelsIM:
— KOJIMYECTBY YJAYHBIX HCIBITAHUN TPU BOC-
cranosienuu PJIN K;
— CKO octarouynoit @O B ymayHBIX MOMBITKaX

Spo-

— CpemHeMy KOJIMYECTBY WTEpAlUii B yIa4HBIX
IIOIIBITKAaX BOCCTAHOBJICHUSA M

HOHBITK& BOCCTAHOBJICHUS CUYHTAJIACh YCHCH_I-

por, eciim CKO ocrarounoii ®O Se0 OBLIO

MeHbIie 7/4. Pe3ynbraThl CpaBHEHHUSI CBEICHBI B
TaOIuUIy.

Ioxa3arenu kayecTBa anroputMoB AD
Quality parameters of autofocus algorithms

Oa0 M
pan

COK K

JIuneiinas, f; 0.003366 | 6.88

X) 99
)

Juneitnas, f, (X 100 0.002953 | 7.11

Keanpatnanas, f(x) | 100 | 0.002680 | 6.32

Kpagparmunas, f,(X) | 100 | 0.001974 | 6.62

Kak cnemyer u3 Tabnuibl, cBOMCTBa Ipeiarae-
MOT0 ajropuTMa ciado 3aBucAT oT BeiOpanHoit COK.
OpnHako pe3ynbTaThl MOJAEIMPOBAHUSA, MOTYUEHHBIE
nist norapudmudeckoit COK f, (x) , mydme, gem pe-

3ynbTathl Jyis suTpormitnoit COK f, (x). Bmecte ¢

TeM, 110 CpaBHEHUIO ¢ anroputMoM Kpara npenara-

emblii anroput™ gan CKO ocratounoit PO o4,

puUMepHO B 1.5 pa3a MEHbBIIYIO PU MEHBIIEM MpH-
Oonmu3uTenbHO Ha 10 % konmuecTBe utepanuii M.

[Tepeuncnennbie CBONCTBA SBISIOTCS CEPHE3HBIM
JIOBOJIOM B I10JIB3Y IIpexsiaraemoro ajaropurma. K ne-
JIOCTaTKaM aJFOPUTMa CIeLyeT OTHECTH HEoOXoau-
MOCTh pelIaTh anre0pandyeckoe ypaBHEHUE YeTBep-
Toi cteneHu. OAHAKO 3a/la4a HAXOXKAECHUsI HYy>KHOTO
KOpHsI 3TOT0 ypaBHEHMsI 3HAUUTEJIbHO YIIPOIIAETCs,
€CITH y4eCTh, YTO MICKOMBII KOPEHb TOJDKEH OBITh UH-
CTO ACWCTBUTENBHBIM H MOJIOKUTEIIbHBIM.

3axmodyenue. B cratbe onvcaH yHUBEpCaTbHBIN
AITOPUTM aBTO(OKYCUPOBKH, KOTOPBI MOXET OBITh
ucnons3oBad B PCA. Anropurm ocHoBad Ha MM-me-
TOZE ONTHMH3ALWK W II03BOJIIET OICHUTH (ha30BBIC
OIIMOKH, BBI3BaHHBIE CITy4aifHBIMHU TPACKTOPHBIMH He-
cTabunbHOCTAMU Tioneta Hocutens PCA, mocpen-
CTBOM ONTHUMH3AIMK KBAJPaTHYHBIX CYPPOTraTHBIX
(dbysaknmit kauectBa PJIM. TlapameTpsl KBagpaTHIHOM
COK BBIOMpAIOTCS TAKUM 00pa3oM, YTOOBI OHA SBJIS-
Jach MaXOpaHTOH (TIpH pellleHnH 3a/1a4d MUHIUMHU3a-
[IUH) WA MUHOPAHTOU (TIPH pellieHNH 3a7]a4l MaKCH-
MU3aIMK) BBIOpaHHOW 1Ie7IeBOM (PyHKIIMM KadecTBa
PJIN. TIpeqmaraeMplii allrOPUTM SIBIISIETCSI HTEPAIHOH-
HBIM U JIETKO IIEPECTPANBACTCA ITO]] BHIOPAHHYIO IIeJie-
BYIO (DYHKITHIO KauecTBa. JIJis 3TOro Tpedyercs JHMib
OIIPEAENUTD CTApIIUA KOI(PUITMEHT KBaIPATUIECKOI
cypporatHo# ¢pyHKIMN KayecTBa. Hegocratkom mpen-
JaraeMoro ajropuTMa SBISICTCS HEOOXOAUMOCTH
HAXOJIUTh TOJOKUTEIBHBIA JEHCTBUTENBHBIA KOPEHB
aIre0pandecKoro ypaBHEHHUS YeTBEpPTOl cTerneHu. Pe-
3yIbTaThl MaTEMaTHMYECKOI'O MOJEIHPOBAHUS MOA-
TBEPXKIAIOT PAa0OTOCTIOCOOHOCT PACCMOTPEHHOTO AJI-
TOpPHUTMa MPH OOJBIITNX 3HAYCHHUSX (a30BbIX OIIHOOK.
[IpoBeneHo cpaBHEHME MpeAIaraeMoro ajaropurMa u
anroputMa  Kpara, KOTOpbIM Takke HCHOJIb3YeT
MM-mMeTo1 ONTUMH3AIMH, HO TP JIMHEHHBIX Cyppo-
ratHeIX QYHKIMAX KadecTBa. MaTeMaTHieckoe Mojie-
JMpPOBAaHUE TOKA3aj0, YTO MpeIaracMblif alrOpuTM
MIPU UCIIOJIB30BAaHHOM B PabOTe CLIEHAPUH MAILIMHHOTO
JKCIepUMeHTa 6oJiee yCTOMYMB U AaeT IPU MPUMEPHO
Ha 10 % MeHbIIIeM KOJMUYECTBE UTEpaINid OIICHKY (ha-
30BBIX OmMOOK B 1.5 pasa Goree TouHyIO, YeM airo-
put™ Kpara, B koTopoM Taroke ucrosnszyercss MM-me-
TOJ ONTHMH3ALMM, HO MPH JMHEHHOW CyppOraTHOU
(YHKIMM Ka9ecTBa.
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MeTop, OLLeHKIN COCTOSIHUSI CHE)KHO-/IeAAHOoro NokKpoBa no yray bprocrepa

B. . MawkoB ¥, B. A. Manbiwwes, M. A. degloHUH

BoeHHbI y4ebHO-HayuHbI LeHTp BoeHHO-BO3AyLLHbIX C1 "BOEHHO-BO3yLLHAsA akajeMus
nm. npod. H. E. Xykosckoro n HO. A. FarapuHa", BopoHex, Poccus

“mvgblaze@mail.ru
AHHOTaumMA
BBepeHue. Hanbonee C1oXHbBIM 1 ONacHLIM 3TaroM rnojieTa BepToseTa ABsSeTCs nocaska. Pa3paboTka cucTeMbl obec-
rneyeHVss ee 6e30MacHOCTU — B HACTOALLMIA MOMEHT OZHa U3 NPUOPUTETHbLIX 33434, PeLLeHeM KOTOPOW 3aHMMaeTcs
3HaunTeNnbHOe YMUIO G1PM B HaLLel CTpaHe 1 3a pybexxoM. Nocagka Ha HenoAroToBNeHHble (He0bopyA0BaHHbIE) M/10-
LKW CO CHEXHO-NeAsHbIM MOKPOBOM MOXET 6bIThb Bbl3BaHa HEOOXOAMMOCTLIO AOCTaBKV NOAPAsAeneHNiA, Fpy30B U
60enpunacoB B 60eBbIX YCI0BMSX, MOVCKOBO-CNacaTe/lbHbIMM OnepaumsaMm, 3BakyaLyen NocTpajaBLUNX U T. 4.
Lenb pa6boTbl. Pa3paboTka MeToda ANCTaHLUMOHHON NAEHTUPUKALNN COCTOAHMUSA CHEXHO-NeAAHOr0 MOKPOBa
no pesynbTaTaM HakK/JOHHOrO 30HAMPOBAHUSA MOACTUNAIOLLEN MOBEPXHOCTN PAANOCUIHANOM C BEPTUKANbHOMN
nonspusaumern.
MaTepunanbl n MeToAbl. YncneHHoe MogennpoBaHue B cpege MatLab koadduumeHToB oTpaxeHnsa PpeHens axo-
CUTHaNOB C BEPTUKANbHON Nonspusaumeli B HTepBasne 30HANPoBaHMA oT 40 2o 90° B paboyem agnanasoHe 4acToT
npw peLLeHnn NpAMor 1 0bpaTHOI 3a4a4y PeKOHCTPYKLUMN NapaMeTPoB C10eB CHEXHO-NeAdHOro NoKpoBa.
PesynbTathbl. [ofyyeHbl MHTEPBasbl 3HaYeHWiM yraa bproctepa, Npy KOTOPOM 3HaueHre KoaddrumeHTa oTpaxeHus
PpeHens oT rpaHnL, pa3gena c10eB CHEXHO-NeAAHOro NOKPOBa MUHUMaNbLHO. Tak, st CyXoro cHera - 47...55°, cyxoro
¢durpHa - 55...58° 1 cyxoro nbga - 58...61°. MeToanueckas NorpeLlHOCTb ONpeaeieHNst AN31eKTPUYEeCKo MpoHMLae-
MOCTW C/TI0€eB Mo yriam bproctepa coctaenseTt He 6onee 3 %. PaspeluaroLLasi CNOCOH6HOCTL MO rybrHe Npu NCMoAb30-
BaHWM CBEPXLLMPOKONONOCHOro JTYM-c1rHana ¢ 4actoTor oT 2 4o 8 [TL, cocTaB/seT OKONMOo 4 CM.
3ak/oueHue. 3HaueHve MNorpeLLHOCTY OLIEHKN U3MEPEHHbIX 3HaYeHU OTHOCUTENbHOW ANINEKTPUYECKO NPOHN-
LLlaeMoCTu 1 rybuH k cnoes Npu Bo3pacTaHuy 3HaveHnin CKO yposHS wyma oT 3.8 1o 4.8 c warom 0.1 no 100 peanu-
3aUpAM Kaxzoro ¢ BepoATHoCTbH0 0.95 He npesbiwaeT 10 %. 370 BUAETENLCTBYET O MPaBOMEPHOCTY VCMO/b30Ba-
HWS JaHHOrO MeToAa, peannsaumsa KOTOporo No3BOASET aBTOMaTU3MPOBaThb NPOLLECC OLIeHKM BO3MOXHOCTM BbIMNOI-
HeHVA NOCaAKW, TeM CaMbIM CHU3MB BPeMs MPUHATUA peLLeHNs 1 MOBbICKB YPOBeHb 6e30MacHOCTU.

KnioueBble c/10Ba: COCTOSIHNE CHEXHO-/IeAHOr0 NOKPOBa, MOACTUNAKLLAA MOBEPXHOCTb, AN3NeKTprYeckas
NMPOHNLAEMOCTb, NAEHTUDMKALINA CI0EB, HAK/IOHHOE 30HAVPOBaHNE

Ana ymtupoBaHusa: Mawwkos B. ., Manbiwes B. A., ®eatoHVH 1. A. MeToZ oLeHKN COCTOAHNSA CHEeXHO-NeAsHOro
nokposa no yrny bptoctepa // N3B. By3oB Poccuun. PagmoanektpoHuka. 2021. T.24, Ne 1. C. 34-47. doi:
10.32603/1993-8985-2021-24-1-34-47
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A Method for Assessing the State of the Snow and Ice Cover by the Brewster Angle

Viktor G. Mashkov ¥, Vladimir A. Malyshev, Pavel A. Fedyunin
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named after professor N. E. Zhukovsky and Yu. A. Gagarin", Voronezh, Russia

“mvgblaze@mail.ru
Abstract
Introduction. Landing is the most challenging and dangerous part of the helicopter flight. The development of systems
facilitating safe landing is a priority task for both Russian and foreign engineering companies. Landing on unprepared
sites covered with snow and ice may be determined by the need to deliver cargo and ammunition in combat condi-
tions, during search and rescue operations, evacuations of victims, etc.
Aim. Development of a method for remote assessment of the snow and ice cover based on the results of oblique
sensing of the underlying surface with a radio signal with vertical polarization.
Materials and methods. In the MatLab environment, the authors conducted numerical simulations of Fresnel reflec-
tion coefficients of echo signals with vertical polarization in the 40-90 degree sensing range in the operating frequency
range when solving the direct and inverse problem of reconstruction of the parameters of snow and ice layers.
Results. Intervals of the Brewster angle values were obtained-at which the value of the Fresnel reflection coefficient
from the boundaries of the snow and ice cover takes minimal. Thus, was found to be - 47...55°, - 55...58° and - 58...61°
for dry snow, dry firn and dry ice, respectively. The depth resolution when using an ultra-wideband LFM signal with a
frequency from 2 to 8 GHz is about 4 cm. The methodological error in determining the dielectric permittivity of layers
by the Brewster angle comprises not more than 3 %.
Conclusion. The error in determining the relative permittivity and the depth of k layers under an increase in the RMS
values of the noise level from 3.8 to 4.8 with a step of 0.1 for 100 implementations of each with a probability of 0.95
does not exceed 10 %, which confirms the validity of this method. The implementation of which allows you to automate
the process of evaluating the possibility of a safe landing, thereby reducing the decision-making time and increasing
the level of safety.

Keywords: snow and ice cover, underlying surface, permittivity, layer identification, oblique sensing
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BBenenme. /[ycTaHIMOHHOE 30HIMPOBAHUE TOM-
CTHJIAIOIIEH TTOBEPXHOCTH MECTA TTOCAKH BO3MYIITHOTO
cynHa BepronerHoro tuna (BCBT) [1] B Bune cHexHO-
JIEJITHOTO TTOKPOBA, TPE/ICTABIISIIOIEr0 co00i MHOTO-
CIIOWHYIO CTPYKTYPY, JJIsl OLICHKH €T0 COCTOSIHHS — €7IBa
JIM HEe €IMHCTBEHHO OTPAaBIaHHBIN CIIOCO0 ¢ TOYKH 3pe-
HUSI BBITIOJIHEHUS! 0€3011aCHOM 1MOCaKU Ha HEMOATOTOB-
JICHHBIE  (HeOoOOpPYIOBaHHBIC) 3amaua
OLICHKHA COCTOSIHHSI CHEXXHO-JICASHOTO TIOKPOBa CBO-

TJIOIIAAKH.

JIATCSI, BO-TIEPBBIX, K UJICHTH(UKAIINKN €ro CIIoeB (CHET,
¢UpH, JIex), TOCKOIBKY KOJIHMYECTBO CIIOEB CHEXKHOTO U
JEASHOTO TOKPOBa, (POPMUPYEMBIX B €CTECTBCHHOM

cpene, OyeT pa3IM4HbIM, YTO CBA3aHO ¢ uX (popmupo-
BaHHEM B IIPOLIECCE CHETOMAI0B, OTTEINENeH, oxoaoaa-
HUM U T. JI., ONPEACISIOIMXCS. KOMITIEKCOM THUAPOME-
TEOPOJIOTUYECKUX YCIIOBHIA; BO-BTOPBIX, K OIpesere-
HUIO TIYOWHBI CHEXHOTO W TOJIIMHBI JISSTHOTO II0-
KpOBA, YTO SBJISETCS KITFOUEBBIM (DaKTOPOM TIPH TTPUHSI-
TuM perieHus Ha nocaaky BCBT Ha HeroArotoBieHHy 0
(HEOOOPYIOBAHHYIO) CHEXKHO-JICITHYIO INTOMIAAKY [2].
IMocagka Ha BOmOEM C TIIyOMHOW CHEXHOTO TIO-
KpOBa BBIIIE JOIMTYCTUMOW WJIM C TOJNIIUHOMN JIEISTHOTO
MTOKPOBA HUXKE JOMyCTUMON B COOTBETCTBHU C THUIIOM
BCBT moxeT npuBecTd K MPOBAJMBAHUIO IO CHET,
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JIe/T WU K OTIPOKHUBIBAHHIO BCBT! nuem u HOublO, B
MPOCTBIX U CIIOKHBIX METEOYCJIOBHAX (TyMaH, JIbIMKA,
JIO’K/Ib, CHET, 3allbUIEHHOCTh MJIH 3aJbIMJIIEHHOCTE aT-
MOcCdephl), a TAKKE B YCIOBUAX MMOJHATOTO CHETa ero
BpAIIAIONIUMCS BHHTOM [5—7].

BrIuncieHne KOMIUIEKCHOM OTHOCHTEIBHOM IH-
AIIEKTPUYECKON TTPOHUIIAEMOCTH MaTEPUAIIOB C TTOTe-
psamu B CBU-auanasone [8—11] ocHoBaHO Ha u3Mepe-
HUHW 3aBUCHMOCTH Ko3(dummenta orpaxkenuss dpe-
HEJsI TUTOCKOTO 00pa3iia Marepuaia OT yrila NMaJaeHus

B mipezenax 0= 40...900, KOTJIa DJIEKTPUUYECKOE TT0JIe
BOITHBI APAILIEIBHO TIIOCKOCTH MAICHHUS, TOCIIE YET0
o Tpad MKy 3aBUCUMOCTH KOI(D(DUITUCHTA OTPAKCHHS
Openenst OT yria majeHus OMPEACISIOT yron bpro-

crepa 0, a OTHOCHTENBHYIO KOMIUIEKCHYIO JIHIJICK-

TPUYCCKYIO TIPOHHUIIAEMOCTh & oOpa3lla marepuana
WM y4acTKa MOBEPXHOCTH 3eMJIM PACCUHTHIBAIOT 110
popmyne €= (tg 0g )2 )

[TockoIBbKY CHEXHO-JICITHON MOKPOB TPEICTAB-
JsieT co0OW MHOTOCIIOWHYIO CTPYKTYpPY C pasiiud-
HBIMH TUIOTHOCTSIMH, JIOJSIMHM COZICP)KaHWS BOJIBI U
COOCTBEHHBIMU CTPYKTYPaMH, Ba)KHO OINPEICIUThH
TpaHUIbl pa3zesna cioeB "Bo3ayx—cHer" (air—snow),
"cHer—en" (snow—ice), "nen—Boma" (ice—water). Ilo-
JIYYUTh MUK 9XOCUTHAJIOB OT TPAHUIL pa3zieia CIOCB
CHEXHO-JICJITHOTO TOKPOBa B PE3yJIbTaTe KOHTpacTa
KOMITJICKCHBIX ~ OTHOCHTEIBHBIX  JTUJICKTPUICCKUX
MPOHMIIACMOCTEH CIIOCB HE BCErNa BO3MOXKHO, IIO-
CKOJIBKY €CJIU CHET HEOTHOPOJHBIM, YIIJIOTHAIOIIUNACS

K HU3Y TaK, YTO Ha IPAHULIC S—1 £ = &;, TO OTPAKCHHE

OT TpaHUIBI s—i BooOme orcyrcTByer [3]. Ho, kak
MPaBUIIO, CHEXXHBIM MOKPOB MMEET CIIOU C Pa3jIny-
HBIMH KOMILJIEKCHBIMH OTHOCHUTEIBbHBIMU JAUAIEKTPH-
YECKUMH MPOHULIAEMOCTSIMHU, YBEINUUBAIOIIUMHUCS B
DIyOMHY. DTO CBA3aHO € UX YIUIOTHEHHEM B IIpoIiecce
CHEromnaJioB, OTTENeJIei, MOXOJOJaHUM U T. A., YTO
MO3BOJISET MOJIy4aTh 3XOCUTHAJIBI OT TPaHHUL pa3lena
CJIOEB CHEXKHO-JISASTHOTO MOoKpoBa. [Ipu 3ToM, Hanpu-
Mep, AUl IPECHOBOAHOTO nbaa (mpu A =3 cM) am-
IUTATY/A SXOCUTHAJIA OT TPAaHUIE i—W OyIeT OoJbIIe,
4YeM OT TpaHuIbl s—i. Takoe HAONIOIAeTCs MPU TOJN-
IMHE JIeITHOro HOKpoBa MeHee 1.6 M4,

Ha tepputopun Poccuiickoit @enepanuu Toi-
LIMHA JIEISHOTO MOKPOBa Ha peKax U 03epax U3MeHs-
ercs oT 0.1 M B 10XKHBIX pailoHax 10 3 M B MOJIAPHOM
3oHe CHOupH ¥ 10 4 M Ha HaJEAHBIX Y4acTKaX PeK

1 ITpuka3 Munrpanca P® ot 31 urons 2009 r. Ne 128 «O6 yrBep-
xaeHnn DenepalbHbIX aBUALMOHHBIX npaBuil "IlonroToBka u

Bocrounoit Cubupu. B GompIimHCTBE cliydaeB, 0CO-
OCHHO U CHIBHOCOJCHBIX MOPCKHX JIBJIOB, TOJ-
I[MHA HE NPEBBIIIaeT 2 M*,

Ipsimas 3agaya. 3aBucUMOCTh KO3 HUIIMEHTA
oTtpakeHus: OpeHens ¢ BEPTHKAILHOW MONISIPU3aIeh

Ry OT KOMIUIEKCHOW OTHOCUTENBHOH AUINIEKTpUYE-
CKOM IPOHULIAEMOCTH CPElibl € W YIIIA 30HANPOBAHMS

BIIpeAenax 0 = 40..90" umeer SIPKO BBIPayKEHHBIM MU-
HUMYM 3Ha4eHUH 10 CPaBHEHHUIO C 3aBHCHMOCTBIO KO-
sddunmenta orpaxkennss OpeHens ¢ ropu30HTATEHON
noJIsipU3anuen Rh'

KoaddummenTt orpaxenust [4] oT rpaHui pasnena
CIIOEB CHEXHO-JIEASTHOTO IOKpoBa ompenensercs [9]
VIJIOM 30HOMPOBAHMS W OTHOCHUTEIHHOW JIHIIIEKT-
PHYECKOM MPOHHUIIAEMOCTHIO COOTBETCTBYFOIIETO CIIOS:

_ . 5
{erz cos 61 - \/Srl _8r2 - erl(sm 61) }} .

Rv1,2 =

= —
_Srz‘grl(smel) ]

] 2
€3~ %2 (sm 92) J} .

€, COS 61 + \/ng

€q 00592 — \/ng

€43 COS 62 + \/ng

_ 2
&3 %2 (SIHGZ) }}

]
|

. 2
{Sri+l Cosei _\/gri [Sriﬂ “& (Smei) J}

Ruijist = = (D
{Erm cost; + \/Sri [Srm — e (sin0; ) }}

rae 91 -
62 = arcsin(sin@l/ﬁ);
0; :arcsin(sinel/\/:).

Cymmaphbiit ko3¢ unment orpaxenus (1) or
CHEXHO-JISIITHOTO MMOKPOBa 0€3 y4eTa MHOTOKPATHBIX
OTpa)KCHUH MEXIy TpaHHIAMH CIOCB ONpEeIIIeTCs
0 peKyppeHTHOU popmyie [9]:

R. = Rvi,i+1 + Rvi+1,k eXp(_j4nhri+1/)”\/gri+1)
ML RiisaRuisak &P (= i4nt g /e )

rme h

yroin 30HIUPOBAHIS,;

(2

iy — TiyOmHa (i+1)-ro cnost; A — mimHa
BOJTHEI 30HIMPYIOIIETO CHTHAma; K — KOJTMYeCTBO

cnoes CJIIT; R;; =0, k=i, k=i+1.

BBITIOJTHEHUE TOJIETOB B IpaknaHckod aBuammm POy, URL:
https://base.garant.ru/196235/ (nara obpamtenust 27.10.2020)
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CKopocCTh pacrpoCTpaHEHUsT AIEKTPOMArHUTHON
BoyiHEI (OMB) B CHEXHO-JIEISTHOM IOKPOBE HHKE
CKOPOCTH pacHpOCTPaHEHHs B BO3IyXe W 3aBUCUT OT
€ro IUIOTHOCTH, JOJNH COACpP)KaHUs BOABI M CTPYK-
Typel. s cyxoro cHera (dry  snow)

Vys =278.1..212.7 m/mxke, cyxoro ¢upaa (dry firn)
Vg =212.7...189.0 m/Mrc n cyxoro sibna (dry ice)

Vi =189.0...167.9 m/MKc. DTu 3HaUYeHHUs BeCcbMa 3a-

METHO H3MEHSIOTCS B 3aBUCHMOCTH OT JIOJIU COACPIKa-
HUSA Bombl (M uymcToM Bombl (pure water)

Vpw =32.74...4197 m/mKc),

OPUEHTHUPOBKH U (hOPMBI BKITIOUEHUH JIba U BO3yXa
B cHere [6, 12], mo3TOMY HEOOXOIUMO YUUTHIBATh U3-
MEHCHUS JJIMHBI BOJHBI IPH TPOXOKICHHUU CIOEB
CHEXHO-JIEITHOTO MOKPOBa.

YuuTeiBast 5T U3MEHEeHUs B (2), molyyaem:

MIPEUMYIIECTBEHHON

Ru2 tRy23 eXp(le) .
R = 1+R . .R ’
+Ry2Rv23 e>(|°(Yr1)
Ru2tRy24 EXp(le)
Rv1,4 = 1+R
+Ru12Rv24 eXp(Ym)
Ry2s* Ruaa®P(vy)
Rv2,4 = 1+R
+Ry23R34 eXp(er)
Rz tRzs exp(1yy)
vl5 — !
1+R2R25 eXp(le)
Ry2.3+ RyaseP(vps)
sz,s = 1+R '
Thy23 vsseXp(Vr )
Ryza * Ruas &P(v,3)
Rv3,5 = 1+R
+Ry34Rva5 eXp(Vrs)
4nh 47h
: r2 : r3
e ="l —F— Yo=")l—7F7—5 -
Wgrz A €r3
_ 4’Ihri+1 _ 47[Hri+1. H _ hri+1 _
Ti = J)» =-) c i (LY ot-
€rit1 ri+1 ri+1
HOCHTEIIbHASI n1yOuHa (i+1D-ro CII0SE;
A
?\, — JJIMHA BOJIHBI B CJIOC.

S E S
\F’ri+1

Ecan 3onnupyromuii curHan nagaer Ha rpaHuIly
pasznena AByX JHUAJIEKTPUKOB IO YITIOM 61, paBHBIM

ynity bprocrepa OB, TO OTPa)KCHHBIN 9'1 U IIPENIOM-

JICHHBIN 0, CUTHAJIbI NEePIEeHAUKYIIAPHBIL:

9'1 +0, =90" (puc. 1). ITpu 5TOM OTPAKEHHBIH CHI-

HaJl OyleT MOJHOCTBIO IMOJISIPU30BAHHBIM B IUIOCKO-
CTH, IEPIEHANKYIIIPHON TUIOCKOCTH MAaCHUS (OTCYT-
CTBYET), a CTENeHb MOJIAPU3ALMU PEIOMICHHOTO
nyda OyJeT MaKCUMAaJIbHOM.

CornacHo 3akoHy CHeJIryca AJis BOJHEI C YTIIOM

nazenns 6) u yrmom npenomsenus 0, Ha rpanuie

JIBYX TUDIIEKTPUKOB IS UCCIIeAyeMbIX cpen (¢ p=1:

CHeT, QUpH, JIelT) CIIPaBeINBO PAaBEHCTBO

M:”_Zzn :ﬂ, 3)
sin(0,) m ey

rae Ny, Ny — MOKa3aTeln MPENOMIIEHUs TEPBOrO 1
BTOPOT'O CIIOCB CPe/bl; Ny, — MOKa3aTesb MpeoMie-
HHs TPAHMLBI Pa3iela MepPBOTO U BTOPOTO CIOEB; &

n 82 — OTHOCHUTECJIBHBIC TUDJICKTPUYICCKUEC ITPOHUIIAC-

MOCTH IIEPBOI0 U BTOPOro CIIOEB COOTBETCTBCHHO.

VYron bproctepa
Ve

o

Yron Bprocrepa ans i-if TpaHULbl pa3iena CloeB,
IpU KOTOPOM OTCYTCTBYET OTPaXKEHHBII CHTHAN ¢
BEPTUKAJIbHON NOJSApU3aLUEN OT i-i IpaHMLBI pa3-
JieNa CJI0EB!

g = arctg(nzll) = arctg

VgL = arCtg(”i+1,1)’

e N =Ny /m

TpaHULIbI pasnena cinoeB. Torga

— MOKAa3aTeiab IPETOMIICHUS | -i

\fgi+l
- @
N

l'IpI/I 3TOM yFO.TI 30H211/1p013am/1${ HepBOFO CJIOS ImoacTuj1a-
#0

|+1

eBl iy = arctg = arctg

IOIIEH MOBEpXHOCTH 0 ITokazarens

BY, i+l BL k-
HpeIOMIICHUs i-i TPaHUILIbI pa3zielia CII0EB BO3PACTAET B
DIyOUHY C POCTOM IUIOTHOCTH CHEXXHOTO ITOKPOBA.
CornacHo npeuI0KeHHOMY METOY 30HAUPOBAaHNE
PaJHOCUTHAJIOM C BEPTUKAIBHOU MOJSIpU3aLel KOH-
TPOJIMPYEMOT0 yJacTKa CHEKHO-JIEASHOTO IOKPOBA B

npenenax 0 =40...90° H03BoJAET ONPEIETUTH 3aBUCH-

MOCTh K03(GHUIMEHTOB oTpaxkeHust DpeHens Ryiist:
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Puc. 1. Ilpenomiennie DMB B CHEXXHO-TIEITHOM TIOKPOBE
Fig. 1. EMW refraction in snow-ice cover

(i,i +l) -paHuI] pa3zeia CJIOeB OT yIia MajeHus pa-
JTMOBOJHEI (puc. 1).
Ha puc. 2 npencraBinena 3aBUCHMOCTh KO3 hH-

LMeHTa oTpaxeHus Ppenensd R, ;.4 A1 CIIOEB ¢ pas-

Vi, i+
JIMYHBIMU KOMIIJIEKCHBIMM OTHOCHUTEJIbHBIMU JUAJICK-
TPUYECKUMU IIPOHULIAEMOCTIMHU OT yIIa 30HIUPOBa-

uus B uaTepBasie 0 =40...90°. VBenuuenue sneKkTpude-

CKOM ITPOBOAMMOCTH JUI1 MOPCKOM BOIBI (sﬂ =74 - j)

OOBSACHACTCS HAIIYIEM CONCHOCTH Sgy, =35 I/KT.

Takum 00pa3om, HHTEpBaJIaM TJIOTHOCTEH CHEXKHO-
JIE/ITHOTO TTOKPOBA OYIIYT COOTBETCTBOBATh MHTEPBAIBI
ymoB bprocrepa. Tak mms cyxoro cHera (dry snow)

Pys =100...500 r/? (sds =1.162...1.984) -

Oggs =47--55",  cyxoro  dupua (dry firn)
pyr =500...700 Kr/w’ (g;jf =1.984...2.51o)_
Oggr =55..58",  cyxoro  mpma  (dry ice)

pgi =700..917 ke (5 =2510..3.179) -

0ggj =58..61°. C yBenuuennem conepikanus Biaru
3HadeHHs yrioB bprocrepa cMemaroTcs K 3HaYEHHSM
17151 BOABL. 17151 MOPCKOM BOZIBI C €gy = 74 (Sea water)

u CONEHOCTBIO Sgy =35 T/kT 310 O, =837, a mia

yuCTOU (Taso) BOABI C Epw =87 (pure water) —

0 =84".

Bsw
[nyOHHBI CJI0EB CHEKHO-JICSIHOTO TIOKPOBA H3Me-
PSIFOT CIICAYIOIIM 00pa3oM.
leomMeTpuYecKue MapaMeTPHI CJI0EB CHEIKHO-JIE-
ASIHOTO TOKPOBA. 30HAMPOBAHHE KOHTPOIHPYEMOTO
y4aCTKa CHEIKHO-JI/SIHOTO MMOKPOBA OCYIIIECTBIISCTCS

Ry

0.8

0.6

04

40 50 60 70 80

0,..c
Puc. 2. T'paduku 3aBucumocteii ko3 duinenTa oTpaKeHust
®penens R;;,q A4 CIOEB ¢ KOMIIEKCHBIME
OTHOCHTEIBHBIMH JAMAIIEKTPUUECCKAMHI TIPOHUIIAEMOCTSMU:
1-¢,=13-j0.0008, 2—-¢5=1.8-j0.0008,
3-€,=23-j0.0008, 4-¢5=2.8-j0.0008,
5-¢,4=3.1-j0.0008, 6—¢;=74- ] oryrma
30HAMpOBaHUs B uHTEpBae 0 = 40...90°

Fig. 2. The dependence of the coefficient of Fresnel reflectior
Ryiis1 for layers with complex relative permittivity:

1-g,=13-j0.0008, 2 &4 =18 j0.0008,
3-g,=23- j0.0008, 4 — €5=2.8— j0.0008,
5—gg=3.1- j0.0008, 6 &, =74~ ]
from the sounding angle in the interval 6 =40...90°
JIMHEHHO-9acTOTHO-MOMyupoBanHbM  (JIYM) curHa-
gom [13, 14], peanu3yromyM YacTOTHBIA IPUHIMII
ONpE/ICNICHNsT ~ TIIyOMH  CIIOEB  CHEXHO-JIETHOTO
MOKPOBA, OCHOBAHHBIM Ha BBIJICICHUH YaCTOThI OMEHHUS
Pa3HOCTHOTO CHTHAJIA, TMOJTY4aeMOro TpU TepeMHO-
J)KEHUW TIPUHSTOTO U 30HMPYIOMIETO  (OIOPHOTO)
CUTHAJIOB.
[Tepenaromee yctpoiictBo ¢opmupyer JTUM-

CHUTHAJI C YaCTOTOM
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fi (1) = fp +atm, V 0 <ty <Tp, 5)

rae fo =21Tu — HayajbHas 4acToTa;
a=600ITwec -

(xpyrusHa JIYM-cursana); t,, — BpeMs B TeyeHHE

CKOpPOCTb U3MCHCHHUSA YaCTOThI

oTnenpHOro mnepuona moxpymsuuu JIYM-curnana
(6eIcTpOC Tnh=10mc -
Monymsiuuu (JIYM-curnana). IlpueM 5XOCHrHaIoOB
BBITIOJIHAETCS TPUEMHBIM YCTPOMCTBOM C 4aCTOTOM

fix(®) = fy +altm — 1), V 1<ty <Tp,. (6)

Bpems), a TIePHOJ

[Ipu >TOM HEOOXOIMMO OTMETHTH TPEOOBaHUE K
¢dopmupoBanuto JIUM-curHasia B TepeAaromieM
YCTPOMCTBE: TIOCTOSHHAS AaMIUTUTylda CHUTHala Ha
BBIXOJIC M BBICOKASI TMHEHHOCTh YaCTOTHO-BPEMEHHON
3aBHCHMOCTH.

[IpUHSTHIN SXOCHUTHAT OT TPAaHUI] paszelia CIOeB
CHEXXHO-JICJITHOTO TIOKPOBA CONEPKUT MH(POPMAITUIO

O TOIMHE CJ10€B Nyj U MMEEeT BPEMEHHYIO 3a/ICPHKKY

T,; , ONPEIENAEMYIO BEIPAXKEHUEM

i =2h /vy, (7

e V,j — CKopoCTh pacmpoctpanenus OMB (puc. 3)

ri’

B i-M CIIO€ CHEXXHO-JIEJITHOTO ToKpoBa [6, 11].

YacroTHas COCTaBJIAIOIAs OmeHus fb

HETOCPEACTBEHHO CBs3aHa C 3aJIePKKOM HXOCHIHAJIA
(7) u siBnsiercs paznunei (5) u (6):

fp = fix = frx =01 =20iB/(viTm ), (®)

rne B — mmpuna nonocsr JIYM-curnana.

Prs Vi, M/MKC
kr/v® EEEEEH
100 E i n 280
2 260
o 240
400 -
z 220

500 smed

600 S 200
700 180
800 160
900 140

01 008 006 004 002 R, vhd
a

I'myOMHBI CIOEB CHEXHO-IEASHOTO IIOKPOBa
OIIPENIeIIAIOTCS BO3HHUKAIOMIEH Pa3HOCTHIO
paccTosiHUH 13 (8), KOTOpbIE MPOXOST 30HAUPYIOLIUE
CHTHAJIBIL:

hi = f,V,iTm /(2B)

IpYA HOPMAJIGHOM 30HAMPOBAHUU K TOACTHJIAIOUICH
MOBEPXHOCTH.

CyMmMapHasi BpeMeHHas 3anepxka (puc. 4), 6e3
yueTa MHOTOCIIOMHOCTH CHEXHOIO U JICJTHOTO

TMOKpOBA, Ty JO IPpaHHIb pasnena cpex "nen-Boxa"

tiW B O0IIIEM BH]IC OIPCACIACTCA TaK:

2h, 2h, 2h,
=Tas +Ts + T :_a+_|"%+_|’

c VsV

T4 = Tiw

IIe T, — BPEMEHHas 3aJlepKKa 10 TPaHHULBI pa3ziena
cpezibl "BO3IYX—CHET"; Tg, T; — BPEMCHHBIC 3a[ICPKKH

B CHC)XHOM H JICAAHOM ITIOKPOBAax COOTBETCTBCHHO,

ha — paccrostaue ot BCBT no rpanunie paznena cpen
"Bo3myx—cHer"; hy — IIyOMHa CHEXHOIO IOKpPOBa;

hi — TONIIMHA JCISHOIO MOKpOBa; ¢, Vs, Vi —

CKOpocTH pacnpocTpaHeHuss OMB B cBoOOgHOM
MIPOCTPAHCTBE, CHETE U JIbJIE COOTBETCTBEHHO.

JIJ'IH TOBBIIICHUSI TOYHOCTH U3MEPCHUA FJIYGI/IHI)I
CHCXHOIo M TOJIIWHBI JICAAHOTO IIOKpOBa, IIpH
BOCCTAaHOBJICHHN CTPYKTYPHI TTOACTHIIAIOTICH
MIOBEPXHOCTHU (PEKOHCTPYKIIMH TTapaMeTpoB cioes [15])
HEOOXOMMO YUUTHIBaTh CKOPOCTH PACHPOCTPAHCHHUS
OMB [6, 11] B kaxxaoM cioe cperst (7).

Pr. Vy, M/MKC
Kr/m? ma
100 e 280
200
: 260
300 BEEH
400 Eaed ] 240
500 oo : 220
600 200
700 180
800
160
900
0.1 0.08 0.06 004 0.02 PR, ,wm/m

0

Puc. 3. IBymepHOE pacnpeselieHle CKOpocTu pacrpocTpaneus OMB B cpezie v, (cHer, GupH, JIed) OT IIIOTHOCTU CPEIBI p,
u jloi cogepskanus Boasl By, =0..0.1 it f =2TTy (@)u f=8TTu (6) mpu t, =0 °C

Fig. 3. Two-dimensional distribution of the EMW propagation velocity in the medium v, (snow, firn, ice) on the density of the
medium p, and the proportion of water content R,, =0...0.1 for f =2ITu (¢)and f =81Twu (6)at t, =0°C
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3amepkka CHUTHalla IO TPaHWIBl paslenia cpen
""CHEXHBIHN TTOKPOB — JIEASTHOM MOKPOB' OTpeeNseTcs
BBIpAXECHUEM

T = Tas T Ts-

Paspemtaromas criocobHocTs 1o nryoune FM-CW
paIgroNoKaTopa Mpy HUCHOIB30BAHUN CBEPXIIHPOKOIIO-
nmocHoro JIYM-curnana, mnepekpsBatomero C...S
(A=3.75...15 cM) nmuana3oHbl, C YaCTOTOM OT 2 10
81T (B=6T1Tr) cocraBusier okono 4 cm [13], uto
SIBJIIETCS  XOPOIIMM TIOKa3aresieM TMpH ONpeleNieHUr
BO3MO)KHOCTH 0€30T1aCHO TIOCAIKY BO3AYIITHOTO CyITHA
BEpPTOJIETHOTO THIIA HA HEMOATOTOBJIECHHYIO ILIOLIAKY
CO CHE)KHO-JICIISTHBIM TIOKPOBOM.

[TocnenoBarenpHOE YBEIMUSHHE YIvIa 30HANPOBA-
HMs, HaunHas ¢ 0 = 40°, IPUBENET K MOCIIENOBATENb-
HOMY YMEHBIICHHIO (TIPOTIaaHMI0) KaKIOTO ITOCIIe-
JYIOIIEro MHUKa 3XOCUTHANA ¢ 3aJICPXKKOMH, onpeense-
MO 4acToTo¥ OMeHHUs (Pa3HOCTBIO MPHHATOTO M W3-
JIy9€HHOTO CHUTHAJIOB) OT TOCIEAYIOMEH TpaHUIIbI
paszena clioeB Py COOTBETCTBYOMUX O (puc. 4), mo-
CKOJIBKY IUTOTHOCTH CHEKHO-JICASTHOTO IIOKPOBA BO3-
pacraeT 1mo Mepe yBeIWYeHHUS TITyOWHBI, HAXOIICH B
npenenax or p, =10 Kr/M® — sl CBEXKEBbBIIABIIErO

cHera 1o p, =917 KI/M> — JJIS CyXOTO Ibaa 0e3 Bo3-

JOYUIHBIX BKJIIOYEHUH.
Hpyrumu cioBamu, NpsAMOE pelIeHHE 3a7adu
MOHO TIPEICTaBUTh B CIEYIOIEM BHIE:

A= {8r1’8r2’ s hrl’ hrz,..., hrk} =

= {Rvminl' Rvmin2’ - I:vaink 1Tr1> Trpo ""Trk} =

= {981,2’982,3’ o081 k01,20 T2,30 - Tk }

[To 3amaHHBIM KOMIUIEKCHBIM OTHOCHUTEJIBHBIM
JUBJIEKTPUYECKUM MPOHULIAEMOCTSIM CJIOEB CHEXKHO-
JIEJISHOTO MOKPOBA € M HX TONIMHAM hrk ony-

Yal0T MHHUMAJIbHBIE KO3((HUIHUEHTHl OTPaKCHHUS

®penenst R, i\ ¥ BPEMEHHbIE 3aCPKKU VIS Kax-
JIOTO CIIOSL T,y . ITO MCXOJHBIC JAHHBIC ISl OTpe/iere-

Hus yrios bproctepa 0 U BPEMEHHBIX 33JEPHKEK

Bi+1,k

Ti+l k JUTS KaXK101 TpaHHLBbI pa3acia CJIOCB CHEKHO-

JIEASTHOTO MTOKPOBA.

O0parTHasi 3a1a4a BOCCTAHOBJIEHUSI YJIEKTPO-
(pusnyeckux M reoMeTpHYECKHUX IapaMeTpoB
CHEKHO-JIEINTHOT0 NOKPOBa (PEKOHCTPYKUMSA Ma-
paMeTpoB cioeB). CyIHOCTh pelieHus: 0O0paTHON

e
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=
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Puc. 4. Vsl Bprocrepa jy1st i-i rpaHUIbl pasziena cIoeB
CHEXHO-JIEJITHOTO ITOKPOBa

Fig. 4. Brewster angles for the i-is boundary of the snow-ice
cover layers
3aJ1a4¥ 10 OLIEHKE IUAJIEKTPUYECKUX NPOHUIAEMO-

CTEH OTIEIBHBIX CIOEB CHEKHO-JIEASTHOTO MOKpPOBa
Ha OCHOBE ompefeseHus yrinos bprocrepa 3axioua-
eTcs B cienyromeM. [1ycTb 00beKToM 30HINPOBaHUS
MOJCTHIAIOLIEH TOBEPXHOCTH SIBJISIETCSI CHEIKHO-JIE-
ISTHOU TIOKPOB W3 k cioeB, oOmydaembid JIYM-cur-
HaJOM C BEpPTUKaJIbHOW IOJIApU3aLUed IOJA YITIOM
B uHTepBaie oT 40 1o 90°.
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Ha puc. 2 u 4 BugHO OTCYTCTBHE OTPa’KEHHBIX
CUTHAJIOB (MUHHUMAaJbHOE UX 3HAYEHHE) OT TPaHMII
paszena ciioeB, IS cpell ¢ KOMIUIEKCHBIMUA OTHOCH-
TEIBHBIMH TUAJICKTPUICCKUMH TPOHUIIAEMOCTSIMH:

£, =1.3— j0.0008, g3 =1.8— j0.0008,
g4 =2.3— j0.0008,
£, =3.1- 0.0008,

&5 = 2.8~ j0.0008,
€7 =74—], cOOTBETCTBYIO-

muMHu  yriam  bprocrepa eBi e 951 2 :49",

Ogp3=53, Op34 =57, Ogg5=59, Op54=00,

Ogg7 = 83", B 3aBHCHMOCTH OT yIJIa 30HMPOBAHUS

B pezenax 0 =40...90°.
[To MuHUMaNBHOMY H3MepeHHOMY Ko3(dduim-
enty orpaxenus ®penenst R ., ama ii+1l-rpa-

HHUIIBI pa3aciia CJIO€B CHEXHO-JICAAHOT'O ITIOKPOBA I10-
CJICAOBATCIBbHO ONPCACIIAOTCA  YIUIbL BpIOCTepa

0 YTO TO3BOJISIET HAUTH AHUANEKTPUUYECKYIO

Bi,i+1’
MMPOHUIIAEMOCTh KaXKIIOTO IMOCIECIYIONIEro HUXKeIe-
JKarero cios u3 (4):

2
€1 = (tg e|31,i+1) : ©)
JIpyrumu cioBaMu, 1o U3MEPEHHBIM MUHHMAJIb-
HBIM  Ko3(¢uimenTaM  otpaxeHus  DpeHens

Rymini 11k Y BPEMEHHBIM 38/1€PKKAM T; 4 /IO IPa-
HULBl pazfesia CJIOEB CHEXHO-JIEASHOIO IOKpOBa
ompenensioT yrisl bprocrepa Og; 4, U Bpems 3a-
JCPKKH T DICKTPOMATHUTHON BOIHEI JUIs KXKI0TO

ciosi. BeIXOAHBIME TTapaMeTpaMu SIBIISIFOTCS 3Ha4e-
HUSI KOMIUIEKCHON OTHOCUTEIBHON JHU3JIEKTpUYe-

CKOM TIPOHUIIAEMOCTH € M TOIIIMHBI K&XJOT0 CIOsI

hrk . KpaTko 3T0 MOXHO NIpEACTaBUTh B BUJIE

Rvmin1,2’ Rvmin2,3’
B= =

o Ryministke 1,20 2,30 Tisd
= {951,2’952,3’ OB 11 k0 Tr1 Tr2s -+ Tri } =

= {8r1’8r2’ s Eppes hrl’ hr2’ s hrk }

Metomu4eckas MOTPENTHOCTh ONPEACIICHUS U~
AIIEKTPUYCCKON MPOHUIIAEMOCTH CJIOEB 110 YIJIaM
Bprocrepa Op;; 1 (cM. puc. 2 u 4) npu 3aJaHHBIX

pacyeTHBIX 3HAYEHUSAX € HaiigeHHslx mo (1)

ri+1°

(HanpuMep, IMOTydeHHBIC 981,2 =49, 952’3 =53,

0 57°,0p, e =59°,0,: . =60° mpu oTCYT-

B34 ~ B4,5 B5,6
CTBUH BJIarH) ¥ ONPEJeNIEHHBIX cortacHo (9), T. e. ux
olleHKa 0e3 y4yeTa BO3IEUCTBUA IIyMa, COCTAaBIISIET
He Oonee 3 %, 4TO MOATBEPKAACT MPABOMEPHOCTH
ucronb3oBanus (9).

JI71s1 OTleHKH MOTPETIHOCTEN H3MEPEHUS TUIIICK-
TpuuecKod mpoHunaemoctu cioeB [11], cooTser-
CTBYIOIIMX PEAJbHON MPAKTUYECKOH CHTYyalluH, K

3HaueHusM yrios bproctepa 6 U BPEMEHHU 3a-

Bi,i+1
JCPXKKU B KaXIOM CIIO€ T no0aBWIN aIIUTHBHEIN

TayCCOBCKHUH IIyM:

OBii+1oken = OBiji+1 T “( fa);

Trioken — tri t n( fg )’
e n( fg) — 1mIyM, Bo3zelcTByrOIMit Ha & -¢ u3Mepe-

HUe, 00YCIIOBJIEHHBIN KaK MOTPEIIHOCTHIO0 KOMITIeKCa
U3MEpEHUs U JPYrUMU SKCIEPUMEHTAJIBHBIMU I10-
TPEIHOCTSMU TP TPOBEJCHUH AKCIIEPUMEHTA, TaK U
JIOCTOBEPHOCTBIO BBIOPAHHOM AIIEKTPOAMHAMHYECKOM
MOJIENTN PeabHON (PU3MUECKON CUTYyaInH.

C yuetom atoro (7) u (9) npumyT BHI

2
€litloken — {tg[eBL”l * n( f“’é ):|} :

+n(f€).

Ha puc. 5 npencraBneHa 3aBUCUMOCTb U3MEPEH-
HbIX 3HAYEHUH OTHOCHUTEIBHOM IUANEKTPUYECKON

he o riVri
rpPKen 2

MPOHUIIAEMOCTH € k cnoes (puc. 5, a) u no-

ri+lsxen
TPEIIHOCTH WX OLEHKH (pHc. 5, 0) MpH BO3pacTaHUU
3HaueHnit CKO ypoBHs mryma ot 3.8 1o 4.8 ¢ marom

0.1 mo 100 peanmzarusm kaxmoro, rae [ —

3 5

€r2oxem ?

2 4-¢

~ &3oken’ 0 T Erdoken rSoxer® ©  Erésker’

Ha puc. 6 npeacTaBjI€Ha 3aBUCUMOCTb U3MEPCH-

HBIX 3HaueHUH rryOouH h k cnoes (puc. 6, a) n

riskcn
MOTPENTHOCTH UX OLICHKH (pHc. 6, 6) MPHU BO3pacTa-
nuu 3HaueHuit CKO ypous myma ¢ ot 3.8 10 4.8 ¢

marom 0.1, tme / — h 2—-h 3-h

4-h 5-nh

rlskerr’ r2skcm’ r3skcm’

rdskcm’ r5aKc”
AHanm3 3aBHCUMOCTEH Ha pUC. 5 1 6 TIOKa3bIBACT,
YTO TMOTPEIIHOCTH OIEHOK H3MEpPEHHBIX 3HAY€HUH

OTHOCHUTEILHOMU Z[I/IBJICKTPI/I‘iCCKOﬁ MIPOHUIIACMOCTH

" TyouH h k croeB 1pu BO3pacTaHUU

Eritloken risker
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CKO ypoBHs myma o ot 3.8 no 4.8 ¢ marom 0.1 no
100 peanuzanusaM KaxJa0ro ¢ BeposiTHOCThIO 0.95 He

MPEBBIIAOT 10 % , 4To CBUACTCIBCTBYET O
MIPaBOMEPHOCTU UCIIOJIb30BaHUA JaHHOTO METOIA.
HO.]'Iy‘IeHHBIe 3HA4YCHUA JAUDJICKTPHUICCKUX

NPOHMIIAEMOCTEH  CIIOEB (i+1)-ro cuos

€ris1
OTOXJIECTBISIFOTCSI € OOpa3IOBBIMH  3HAYCHUSMU

OUBJICKTPHUYICCKUX HpOHHHaeMOCTeﬁ CJIIOECB € n

VIA®
OLICHUBAETCSI COCTOSHUE CHEXKHO-JIEITHOTO MOKPOBa
IO YCIIOBHUIO €1 =&, A - CHEXHBIH MIOKPOB, QUPH,

JIISTHOM MTOKPOB JINOO BOAA.

[Ipu OTpHULATENbHBIX TeMmieparypax

t=-1...—40 °C neiicTBUTEIbHAS YaCTh KOMITJICKCHOM
OTHOCHTEIBHOM IMIIEKTPUUECKON MPOHHMIIAEMOCTH

CJI0EB s'r (sls —cHera (snow), & — ¢upHa (firn), & —

JbIa (ice)) c
pr =100..917 xr/m?
ps =500...700 Kr/M3;

IUTOTHOCTBIO CII0€B
(ps =100...500 xr/m?;

p; =700..917 xr/m’)  me

3aucut or f =1...10 I'T, a TOIBKO OT TEMIIEPaTyphI

t B mebGomBIIMX npeaeiaax. HeﬁCTBHTeHLHaﬂ 4acTb
O6pa3]_IOBLIX 3HAUCHHH OTHOCHTCJIBHBIX
AUDJICKTPUICCKUX HpOHHHaeMOCTeﬁ BJIQXKHBIX CpEa

€yrp (1 oOwwed GopMyIBI  TPEXKOMIIOHEHTHOH
Cpensl): &4 — CHera (snow); € ¢, — ¢upna (firn);

via — Jba (ice); spr — YHCTOHM BOXBI;, € —

& SWA

MOPCKOH BOJIBL.

€ri+1oken
5
3 =
4
2.5 3
3 o Fol e
- o e g
2 2
o CO Oy @ g
15— 1
el
e @O B -
Gy @ 0@ o ©
1 | | | | |

Puc. 5. T'paduku 3aBHCUMOCTEH H3MEPCHHBIX 3HAYCHUH OTHOCUTEIBHON IMAJICKTPHICCKON MPOHUIIACMOCTH €
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Fig. 5. Dependence of the measured values relative permittivity ¢

ri+loken

Hanpumep, npu t=-1...—40 C s cHera kak
Cpeibl BO3lyXxa U JbjAa
4acThb JIMAIIEKTPUIECKOM

JIByXKOMIIOHEHTHOM
IEUCTBUTEIILHAS

MMPpOHUIIAEMOCTU SVS A HaXOO4UTCA MEKAY BO3AYXOM

€yap =1 HuBIOM €, =3.15 (anst cyxoro mioTHOro

npaa 0e3 BO3AYIIHBIX BKIIFOYEHUH C pj = 917 xr/m>—

eyin =320£0.02),  mia

CJIKABIIETOCS,
MePEKPUCTAILTH30BAHHOTO,
CHera, T. €. IPOMEKYTOUHON CTAJNU MEXKIY CHETOM H
TJIETYSPHBIM JTBIIOM)
JUIIEKTpUIeCKas MPOHUIIAEMOCTh MPUOIMKACTCS K
3HAYCHUAM JIs JibAa. JIJisl BOMABI, HAXOMSIICHCS TION

t=0°C, Ha

¢upHa (TumotHO

3€PHUCTOTO U
OOBIYHO MHOTOJIETHETO

YaCTHYHO

OTHOCHUTCIIbHAsA

CHCXHO-JICAAHBIM TTOKPOBOM  IIpU

gactorax f =2..81Tnu HaOmomaercs IUIABHOE
CHIDKCHHUE JTCHCTBUTEIBLHON YaCTH TUAICKTPHICCKON
MPOHUIIACMOCTH s TaJIoONu BOZBI

EpwA = 83.84...51.03, 1151 MOpPCKOM BOJIBI COJIEHOCTBIO

Sqw =35 r/kr — EqwA = 74.97...48.42 [6].
3HayeHus IEeNCTBUTENBHON qacTHu
JUDIIEKTPUYECKOM IPOHULACMOCTH  CpPEeIbl &

paccuntanbl o gopmyie I. Jlysnra [6, 16—19] mis
TaKUX Ccpel C BKIIOYCHUSAMH BO3IyXa M JbJAa
chepuueckoit GopMeI

3
E :[Vi (3 g —1)+1} , (10)
ASrHlaxcn
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(s NV
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o
ri+loken k croes (a)

(6) pu Bo3pacranuu 3nayernit CKO yposnst mmyma ¢ ot 3.8 1o 4.8 ¢ marom 0.1

k of layers (@) and errors in their estimation Ag; ;. . (6)

when the values of the noise level MSD increase ¢ from 3.8 to 4.8 in increments of 0.1
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the values of the noise level MSD increase ¢ from 3.8 to 4.8 in increments of 0.1
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Pyf » A Py;); p; =917 Kr/M® — mioTHOCTH CyXoro

JIbJa 6e3 BO3MYIITHBIX BKITFOUCHUIA; & — JIEVCTBUATEIILHAS

YacTh TUAIIEKTPHYECKON MPOHUIIAEMOCTH JIb]A.

IIpu Temneparype t=0 °C Becomblil BKIax B
IURICKTPUIECKYI0 MPOHHUIAEMOCTh OyleT BHOCHTH

BIQKHOCTh (IIOJI COAEpaHWS BOABI B CJIOE) IS
JIBYyXKOMITOHCHTHOW CMECH JIeI—BOAa C IOpPaMH,
3aII0JIHEHHBIMU BOIOM:

Sur =[§/§+ Pw(ﬂ—ﬂg)f, (11)

rae Ry —oO0mas nons conepxaHus BOBL; & U &y —

OTHOCHUTCJIbHBIC TUIJICKTPUICCKUC MMPOHUIIAEMOCTHU
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Puc. 7. I{ByMepHoe pacnpeacicHue Z[eﬁcTBPITeJ'ILHOfI YaCTH KOMIUIEKCHOH OTHOCUTEILHOM ,HHBHCKTPI/I‘IGCKOI)‘I MNPOHUIAEMOCTH
cpensl slvr (cuer, ¢upH, nex) ot miotHocTH cpenst py (10) u o conepxannst Bonst (11) Ry =0...0.1 s
f=2ITn (@) u f=8TTm (6) mpu ty =0 °c
Fig. 7. Two-dimensional distribution of the real part of the complex relative permittivity of the medium 8|vr (snow, firn, ice) on
the density of the medium p, (10) and the proportion of water content (11) Ry =0...0.1 for
f=2ITu (¢)and f=8TTu (6)at t, =0 "C
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JIbJIa ¥ BOJBI COOTBETCTBeHHO. O0mas ¢hopMysa ajs
TPEXKOMIIOHEHTHOU cpennl [6, 16—19], cocrosmeit
M3 JbJa C BKJIKYCHHSIMH BOABI W BO3IyXa,
yuuThIBaromias yactaeie crydan (10) u (11):

3
Eyr :[gg(l_Pwa)Jer(?EJera_Pw” ,

rae Py, —oOmmas 1o conepskaHus BOIbl U BO34yXa.

Ha puc. 7 noka3aHo u3MeHeHUE EHCTBUTEIBHON
YacTH KOMIUIEKCHOW OTHOCHUTEIBHOW HAJIEKTpUYe-

CKOM TPOHMIIAEMOCTH Cpenbl €, (IpaBas IIKaia) B

3aBHCHMOCTH OT JI0JIM cofepxanus Bonel B, =0...0.1
(HWKHSAS 1IKaJa) ¥ TWIOTHOCTH cpeibl (CHeT, (hupH, Jiem)
pr (meBas mkama) mpu t, =0°C mms 4acToTsl
f=2TTu (puc. 7,a)u f =81Tu (puc. 7, 6).

Taxum 00pa3om, IO TUAIIEKTPUIECKOH IPOHHIIA-
€MOCTH, TIOJlyYeHHOW KOCBEHHBIM IyTeM B Pe3yib-
TaTe HAKJIOHHOTO 30HIMPOBAHUS IIOACTHIIAIOMICH
noBepxHoCcTH DMB C BepTHKaTBHOM TIONSApU3AINEH,
BO3MOXKHO BOCCTAHOBJICHHE TIapaMeTpPOB CJIOEB
CHEXHO-JIEJITHOTO MTOKPOBA, B TOM YHCJIE TNIOTHOCTH
py U JOIH COmepKaHus BOAbI Py .

[TOBBICUTH ~ TOYHOCTb  ONpEAEIEHHS  yIvia
BprocTepa Ui TIpaHMI] pasjiena CJOeB CHEKHO-
JIEITHOTO TOKPOBA, a CIIEN0BATENBHO, U BEPOSTHOCTD
NpaBWIbHONW HWIECHTU(GUKALMH MOXHO 3a CYET
WCIOJB30BaHUs. HAa OOPTY BO3AYIIHOTO Cy/IHA
BEPTOJIETHOTO ~ THMA  TUPOCTAOMIM3MPOBAHHOM
1aTHOpMBbIZ.

3akumouenne. Takum 00pa3oM, TOTyYeHBI HHTEP-
BaJIbl 3HAUYEHUH yria bprocrepa mpu HaKJIOHHOM 30H-
JIMPOBAHUY PAJNOBOIHON C BEPTUKAIBHOU MOJISIPH3a-
uueii B uaTepaie ot 40 1o 90°, mpu KOTOPOM 3Haye-
HUe Kod(duireHTa oTpakeHus DpeHens oT rpaHwUIl
pasfena ClOeB CHEKHO-IEASHOIO MOKpoBa OyIeT Mu-
HUMaJIBHBIM. Tak JUIs CyXoro cHera MHTEpBaJl 3HaYe-
Huit yrma bprocrepa coorBerctByeT 47...55°, cyxoro
¢dupHa — 55...58° u cyxoro jpaa — 58...61°.

BepositHoCTs  MIIEHTU(UKALIMK  COCTABIISIOIINX
SJIEMEHTOB CTPYKTYPHl CHEXHO-JIEISHOTO MOKPOBa
BO3PACTAET, TEM CaMbIM MOBBIIIIAS] YPOBEHb OE30IIaCHO-
CTH TOCAJKHU BO3AYIIHOTO CY[IHa BEPTOJETHOTO THIIA
Ha HEMOJTOTOBICHHYIO IUIOMIANKY CO CHEXHO-JIes-
HBIM TIOKPOBOM, 32 CUET YBEIMYCHHUS Pa3perIaromei
CIOCOOHOCTH IO TIIyOHMHE, KOTOpasl MPH HMCIOIb30Ba-
HUM cBepxupokononocHoro JIYM-curnana ¢ gacro-
Toit oT 2 mo 8 I'T'1t cocTaBisteT 0KoJI0 4 CM.

[orpentHocTs OMpemeNeHusT IUIIEKTPHIECKON
MIPOHUIIAEMOCTH CJI0eB (cM. puc. 2 u 4) o yriam bpro-

cTepa 0 IIPY 33JaHHBIX PACUETHBIX 3HAYEHUIX

Bi,i+1

2
€44 cOmIacHo dopmyne &g +l=(tg eBl,i +1) co-

craBisteT He Oonee 3 %.
[MorpentHocTh OIEeHKH M3MEPEHHBIX 3HAYCHUH OT-
HOCHTEIILHOM  JMDJIEKTPUYCCKOW  MPOHHUIAEMOCTH

€ritloken M MIYOHH h. Kk CIIOEB NP BO3pACTaHNH

CKO ypoBus myma ¢ ot 3.8 no 4.8 ¢ marom 0.1 o
100 peammzamusiM kKaxmoro ¢ BepostHocThi0 0.95 He
npesbimaet 10 %, 94To HoATBEPKAAET IPABOMEPHOCTh
HCTIONb30BaHMS JAHHOTO METO/IA.

ABTOPCKUIA BKNAA,

Mamkos BI/IKTOP FeoprneBnq — pa3pa60TKa METOA4d, NPOBCACHUC U aHAJIU3 PE3YJIbTATOB YUCICHHOTO MOJACIIN-

pOBaHuUs MapaMeTPOB MHOTOCIIONHOM Cpe/ibl.

Mansimes Baagumup AnexcaHapoBH4 — pacueT U aHAJIN3 XapaKTEPUCTHK CHEXXHO-JIEASHOTO MTOKPOBa.
®eqronun [MaBea AsnexcanapoBu4 — 00pabOTKa M aHAJIN3 MOIYYESHHBIX PE3YIBTATOB.
Bce aBTophI yyacTBOBaIM B 00CYK/I€HUN PE3YJIBTATOB U B IOATOTOBKE CTATHU.
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Abstract
Introduction. Super-thin films of zinc oxide regarded as transparent electrodes can be integrated in effective
semiconductor heterostructures for use in modern infrared photo electronics and solar power installations.
The most important parameter of zinc oxide thin layers is their surface nanorelief, which can be effectively
studied using SEM spectroscopy. SEM images allow for a quantitative description of the surface depending on
the synthesis conditions using the method of multifractal analysis. Such an approach reveals quantitative rela-
tionships between the fractal parameters of the surface topography of the layers in these systems and the
temperature regimes used for their final annealing in conventional sol-gel technology.
Aim. To reveal quantitative relationships between the fractal parameters of the surface topography of layers in
the Zn-0O & Zn-Cd-0 systems and the temperature conditions of their final annealing. The MFA method was
used for a quantitative description of the surface state depending on the synthesis conditions.
Materials and methods. Super-thin films in the ZnO and ZnO-CdO systems were synthesized using a modified
sol-gel technology. The temperature-concentration ranges of the parameters of the modified technological
process, which allows high-quality layers of the material to be reproducibly obtained on a glass substrate, were
determined. The surface morphology was investigated by SEM spectroscopy depending on the temperature of
the final annealing of the layers. SEM images of the surface served as a basis for multifractal analysis (MFA) of
the surface area and volume of nanoforms, which are formed on the surface of the obtained layers thus de-
termining their surface relief.
Results. Renyi's numbers and the parameters of fractal ordering in MFA were chosen as fractal parameters for
describing the nano-geometry of the layer surface. MFA was applied to the description of both the surface are-
as and volumes of nanoforms. Quantitative correlations between Renyi's numbers, as well as the parameters of
fractal ordering for the areas and volumes of surface nanoforms, and the temperature of the final annealing
were found.
Conclusion. The numerical values of Renyi's numbers for the surface and volume characteristics of the surface
of layers were used to assess the effect of the fractality of the surface on the molar surface energy of the film.
Consideration of the fractal geometry of nanoforms with their characteristic sizes smaller than 5-10-3um shows
the possibility of both an increase in the surface energy of the resulting film and its decrease when changing
the characteristic sizes of nanoforms. The latter effect is due to the formation of a highly porous surface at the
nano level.
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Introduction.The development of a reproduci-
ble technology for the formation of transparent elec-
trodes is part of physical, chemical and technological
problem of obtaining the effective semiconductor
hetero structure for modern infrared photo electron-
ics and solar power. Currently, a superthin layer of
zinc oxide is viewed as a transparent electrode in
such devices. Zinc oxide is a wide-gap semiconduc-

tor (Eg =3.32 eV), which allows it to be a trans-

parent material in the visible and infrared range of
electromagnetic wavelengths. Despite the significant
band gap, which is more typical for dielectrics, this
material has a relatively low electrical resistivity,
which depending on the defective state of the film, is

in the range of 1072...10 Ohm-cm. The latter
means that the material can be used as a conductive
optically transparent electrode. An equally important
advantage of the material is the rather high chemical
stability of the compound with its low toxicity.

Super thin films of zinc oxide are usually syn-
thesized using traditional sol-gel technology. The
main stages of this process are well known and their
conditions are analyzed in sufficient detail [1-3].
One of the important advantages of the sol-gel pro-
cess of material synthesis is relative independence of
the stages of its implementation. This situation opens
up the possibility of its phased modernization. The
most important contributes to the sol-gel process,
which are subject to detailed study and improve-
ment, were the stage of formation of the initial gel
and the stage of searching for optimal temperatures
during their annealing, when the final properties of
the layers are formed. Naturally, the emphasis will
be put on the analysis of the influence of the condi-
tions for carrying out these stages of the sol-gel pro-
cess on the final properties of the films.

The most important parameter of the thin layer is
the morphology of its surface, which is determined
by its surface relief. It can be argued that the surface
relief of the layers is a mirror in which all the select-
ed conditions of the synthesis of the layer are re-
flected. Therefore, the study of the surface topogra-
phy of layers at the nanoscale, as well as the imple-
mentation of its quantitative description, is an im-
portant task at the stage of development of con-
trolled technologies for obtaining material for its
further use in electronic devices.

One of the most effective and visual methods for
studying the surface of semiconductor layers at the
nanoscale is SEM spectroscopy. The high resolution

for surface elements in the resulting images opens the
possibility of the effective use of such data for their
further mathematical processing in order to obtain
quantitative characteristics of the surface of the layers.
As such a mathematical method for analyzing the
geometric parameters of complex surface nanoforms
the multifractal analysis (MFA) has been used. It is
fractal analysis that makes it possible to quantitatively
characterize the parameters of nanoforms that form a
surface relief and which are very difficult to describe
by the classical geometric figures.

At the same time, the experience of using fractal
analysis to quantitatively describe the surface state
shows that using only the Hausdorff’sdimension of
the corresponding surface as an output parameter
significantly limits the informative volume of such
quantitative data [3, 5-11]. This is due to the rela-
tively weak dependence of the power exponent
(Hausdorff’s dimension) in the corresponding power
series on the shape of the surface under considera-
tion. This drawback of fractal analysis is eliminated
during the transition to MFA, when the entire spec-
trum of Renyi’snumbers is used for the quantitative
description of complex geometric shapes, and not
just its particular case of the Hausdorff’s dimension.

This situation made it possible to formulate the
following approach to quantitative studies of the
relationship between surface relief parameters and
the conditions of the final annealing of the layers of
the Zn-O and Zn—Cd-O systems in the process of
sol-gel synthesis. Thus, the purpose of this work is to
search for quantitative relationships between the
fractal parameters of the surface topography of the
layers of these systems and the temperature condi-
tions of the final annealing of the layers. For a quan-
titative description of the surface state, depending on
the synthesis conditions, the MFA method was used.
The surface area and the volume of nanoforms were
chosen as geometric parameters for the fractal de-
scription of the surface. Naturally, this kind of geo-
metric parameters were found by numerically pro-
cessing the corresponding SEM images. The practi-
cal implementation of the procedures described
above made it possible to obtain quantitative rela-
tionships between the parameters of the MF spectra
for the volume and surface area of nanoforms that
are formed on the surface of layers synthesized by
the sol-gel method, i. e. to achieve the goals set be-
fore work.

It is necessary to point out that previously we suc-
cessfully applied a similar approach in [6-10] to search
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for the relationships between the parameters of MF
spectra from the surface of the layers and the conditions

for the synthesis of superthin Zn,Cd,_, Te solid solu-

tion films by vacuum technologies.

The significance of the obtained quantitative da-
ta on fractal characteristics of the surface of the lay-
ers for further theoretical studies is shown by their
use for analyzing the dependence of the molar sur-
face energy on the parameters of the nanorelief of
the surface. The performed analysis shows that the
data on the fractal parameters of the surface make it
possible to estimate the contribution of surface ener-
gy to the overall energy balance of the nanosystem.

Methods.

1. Peculiarities of the synthesis of layers by
the sol-gel method. The process of obtaining films,
which was implemented as a whole, met the typical
procedures for the deposition of semiconductor lay-
ers by this technology [1, 2, 4, 5]. The following
chemical substances were used to form the sols: the

precursor was tetraethyloxysilane Si(OCoHs),,

and the solvent was a solution of ethyl alcohol in
water. The chemical reaction was catalyzed by chlo-
ride acid. Zinc nitrate — Zn(NOg3), -6H,0 was

used to dope the silicate matrix.

The sol preparation process was carried out in
accordance to the typical steps for the sol-gel tech-
nology. At the first stage, an exchange reaction of
tetraethyloxysilane with ethyl alcohol was carried
out for 30 min at room temperature. The hydrolysis
of the obtained esters was carried out by introducing
into the resulting solution of distilled water in a ratio
of 4: 1and chloride acid (20...50 pl) as a catalyst.
The process of chemical interaction was accompa-
nied by vigorous stirring of the solution for 1 hour.
Orthosilicate acid, which was synthesized and poly-
condensed during chemical processes, formed the
main chain of the polymer sol molecule. Thus, it was
the obtained solution of sol of orthosilicate acid with
film-forming properties, which was the purpose of
this stage of synthesis [1, 2, 4, 5]. At the same stage,
the  calculated the amount of  dopant

Zn(NOg3), -6H,0 — salt of zinc nitrate — was in-

troduced into the solution. This made it possible to
form a transparent silica sol solution of a given
composition. The largest number of experiments on
the synthesis of layers was carried out with sols of

the following composition 50 ZnO-50 SiO, wt. %.

Therefore, the obtaining sol solution was depos-
ited on substrates that were previously prepared by
chemical etching of their surface in acid. Glass was
used as a substrate in the overwhelming set of exper-
iments. This made it possible to minimize the influ-
ence of the crystallographic and mechanical proper-
ties of the substrate on the formation of final proper-
ties of the synthesized layers.

The necessary properties of the gel layer on the
substrate surface were formed by centrifugation at
the next stage of the process. The parameters that
controlled this stage of the process were the time of
sol deposition on the substrate, the number of revo-
lutions, and the location of the substrate on the sub-
strate holder during centrifugation. The ranges of
variations of these parameters were found during
preliminary evaluation experiments. The main quali-
ty criterion for conducting this stage of the process
was the requirement to obtain continuous films of a
given thickness. The found ranges of variation of the
indicated parameters of this process were as follows:
the prepared sol was aged for 2 hours, 50 ul of sol
was applied to a horizontally placed substrate. Cen-
trifugation was carried out for 2 min at 3600 rpm.

The final stage of the sol-gel process was the an-
nealing of the formed films. At this stage, the solvent
was removed both from the pores on the surface and
from the volume of the film, the syneresis of the sol,
chemical reactions of the decomposition of zinc nitrate
and orthosilicate acid took place too. The complexity
and multi-stage of physic-chemical processes occurring
at this method of synthesis stimulated carry out the
annealing in two stages. This allowed us to significant-
ly improve the morphological quality of the surface of
the films. The low-temperature annealing stage corre-
sponded to a temperature of 80...90 °C. The tempera-
ture of the final annealing in the experiments was con-
sidered as an independent variable and its value varied
in the range from 200 till 500 °C. A typical high-
temperature annealing step for all samples was carried
out for 10 min.

The phase composition of the synthesized layers
was controlled by X-ray diffractometry measure-
ments [5]. According to X-ray studies films obtained
by the sol-gel method form a crystalline phase of
zinc oxide with a wurtzite structure. A strong con-
firmation of the aforesaid was the clear diffraction
peaks in the diffraction patterns, which corresponded
to the reflection of X-ray radiation from planes with
(100), (002), (101) crystallographic orientation.
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2. SEM measurements. To analyze the surface
morphology of the samples, a FEI Quanta FEG 250
scanning electron microscope (SEM) operated at 10 kV
was used. SEM images were recorded in contact mode
using a Si tip with a radius lower than 10 nm.

Typical SEM images of the surface of the syn-
thesized ZnO layers are shown in Fig. 1 for various
temperatures of final annealing.

The composition of the initial sol:
50 ZnO-50 SiO, wt. %. The top photos show the

image acquisition modes and their linear scale.

The obtained SEM images of the film surface were
used to calculate the multifractal (MF) spectra of both
the surface area and the volumes of nanoforms that
were formed during the synthesis of the layers [6—10].

The reliability of the conclusions about the ex-
istence of relationships between the parameters of
the MF spectra and the synthesis conditions requires
an assessment of the accuracy for the final results for
the parameters of the MF spectra. Reliability esti-
mates performed in the work showed that the great-
est error in the final values of the parameters of the
MF spectrum is connected with the contrast of the
resulting image, which depends, first of all, on the
magnification factors of the obtained image.

To evaluate the effect of this error on the calcu-
lated parameters of the MF spectra, we used surface
images obtained with different magnifications. The
variation range of the increase factors in the SEM

method varied from 10° till 2.10% The performed
calculations of the parameters of the MF spectra,
performed for the same sample, but with a different
magnification factor, made it possible to find quanti-
tative values for the most probable error of their
finding. Thus the obtained estimates of the error in
determining the MF parameters are shown in Fig. 2,
3, where the main results of quantitative image pro-
cessing are presented.

Experience with MF spectra has shown that the
final calculations of MF parameters also differ
somewhat for the same sample when varying the
position of the photographic sample over the layer
surface. Calculations of the parameters of the MF
spectra for different regions on the surface of the
same sample showed that their numerical values
differ from each other by less than 1...3 rel. %.
Therefore, according to the estimates made, it can be
argued that the main uncertainty in the numerical
processing of surface relief data is created by the
contrast of the resulting image, which depends pri-

marily on the magnification of the microscope. This
allowed for further analysis to use the image acquisi-

tion mode with a gain of 10° and to maintain it con-
stant for all photographs taken.

The obtained SEM images of the film surface
were used to calculate the MF spectra of both the
surface area and the volumes of nanoforms that were
formed during the synthesis of the layers.

3. MFA implementation features. To calculate
the MF spectra of the surface area and volumes of the
relief-forming nanoforms, the procedures described in
detail in [6, 7] were used. The method of coarse parti-
tions was realized when the MF spectra parameters
were calculated in accordance with the procedure
typical for this analysis method [6, 7, 12—15]. In this
case, a statistical sum was formed for a cell of a given

i » Where K is the index of the

i K
size: Z(q,K) = _Zlv-q
1=

maximum value for the normalized length of the cube
edge I; used at the current step in the method of

coarse partitions, q is the increasing number in the MF
analysis. Naturally, when calculating the MF spectra
of the surface area or volume of the relief-forming
layer, either the area of the layer surface element or
the volume of the relief-forming part of the surface
were chosen as the base measure set.

The related surface area Vs and related volume

vy j contained in a given box were considered as a
measure of this box: vg; =S; /S; v, ; =V; /V where
S; and V; — are the elementary surface area and the

volume of contained in the 1 box correspondingly;
Sand V —are the total area and the volume correspond-
ingly, which were obtained from spatial video images.
Calculations of generalized statistical sums for the
indicated geometric parameters of the surface of the
layers synthesized by the sol-gel method show that,
depending on the chosen values of "k", they are a col-
lection of points that are grouped along straight lines.
This is significant evidence of the presence of fractal
symmetry in the system for its selected geometric pa-
rameters. The calculation of linear regression parame-
ters between the indicated system parameters was car-
ried out using the least squares method for each of the
selected values of the number. The data on linear re-
gression coefficients were used to calculate all the
functions necessary for conducting MF analysis
[12-15]. All the components of the MF analysis and
functions are calculated by numerical methods.
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Fig. 1. SEM images of ZnO layers synthesized on glass substrates. Temperature of final anneal are the fol-low: a —200 °C;
b —250 °C; ¢ - 300 °C; d — 350 °C; e — 400 °C; f — 450 °C; g — 500 °C for 10 min
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The approach described above made it possible to
calculate the MF spectra and parameters for the areas
and volumes of surface forms both for the images
shown in Fig. 1 and for similar images of the layer
surfaces for (CdO-ZnO) solid solutions. As in [6-9],
the most informative MF parameters describing the
spatial characteristics of the surface structure were
selected Renyi’s numbers DS,q:O’ W,qzo and order-

ing  parameters:  Ag g5 =Dg 44 —Dg g0

Ay =80 = Dy q=1 " Dy (=80 (the degree of fractal

symmetry breaking). In the designation of the MF
spectra parameters their double indexation is used.
This is necessary because according to the subsequent
analysis, the MF parameters obtained in the work will
be used both for surface areas and for volumes of
surface forms formed on the surface of the layers.
Results and discussions.The calculations
showed that the characteristic functions of the MFA
t(q), f(a), D(q) in accordance with [12-15]) for

the distribution of the surface area and volumes of
nanoforms of the layers obtained by the sol-gel

method correspond to their canonical forms. This
means that the sequences of Renyi’s numbers

Dg (9), By, (q) are decreasing and the corresponding

f (o) functions have a characteristic maximum. It

should be noted as in [12—15], that when processing
SEM images of the surface of films deposited at
different temperatures, no result was obtained to
ensure the obtaining of the so-called pseudo-
spectrum [9]. This result once again confirms the
importance of the stage of the correct formation of
the initial data or, which is the same, the generation
of the initial measure in the implementation of the
MFA [6, 7, 12-15].

The obtained quantitative data on the MF pa-
rameters for the distributions of volumes and surface
areas of nanoforms allow a comparative quantitative
analysis of the influence of the synthesis temperature
of the ZnO films on the geometric parameters of
surface nanoforms. The set of such relationships

between the Renyi’s numbers Dgy, DBy, ordering

parameters A, , Ag and the temperature on the sub-

DSO § I:X/O
: 2
2.80 — 2.85 —
2.80 — §
2751
o
| | l 275 | | |
200 300 400 t,°C 200 300 400 t,°C
a b
Fig. 2. Dependences of the Renyi’s numbers for surface area D, (a) and volumes of nanoforms D, (b)
on the temperature of the synthesis of ZnO layers by the sol-gel method
Ag Ay
0.8
0.65 - o T _[
0.60 |- T §
ot o 1]
0.55 -
| | | | 0.6 | | | |
200 300 400 t, °C 200 300 400 t,°C
a b
Fig. 3. Dependences of fractal ordering parameters for surface area A¢ (a) and volumes of nanoforms A, (b)
on the temperature of the synthesis of ZnO layers by the solgel method
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strate is shown in Fig. 2, 3 for the constant time of
the synthesis process. Straight lines on the correla-
tion dependencies are drawn by the least squares
method applied to each set of experimental data.
The values of our estimates of the accuracy of find-
ing the values of the corresponding MF surface
parameters, which are made in accordance with the
above considerations, are also presented there.

The data in Fig. 2, 3 demonstrate the existence
of stable relationships between the MF parameters
and the temperature of the process of layer synthe-
sis for both the distribution of the surface area of
nanoforms and their volumes. It proves that it is
precisely the values of the MF parameters that
quantitatively tracked and described the differences
in the surface structure between samples of the
same composition, but formed at different tempera-
tures. This quantitative result is confirmed by the
visual analysis of images in Fig. 1. Therefore, the
graph shows that the crystallite sizes on the surface
of the layers increase slightly, which ensures the
appearance on the layer surface of a larger propor-
tion of areas with a flat surface.

The data in Fig. 2, 3 quantitatively show that with
increasing annealing temperature the space dimension
of the surface area of the polycrystalline film (number

Dg) decreases, approaching the number "two", and

the corresponding parameter for their volumes (num-
ber 0y, ) increases, approaching “three". Such a

course of the considered dependences reflects the
tendency of the system to form flat surfaces faster
with increasing temperature on the substrate when the
rate of surface reactions increases.

Fig. 3 shows the data on the ordering parame-
ters A for the surface area and volumes of
nanoforms that form on the surface of the ZnO
layer at various synthesis temperatures. The data in
Fig. 3 show a stable tendency of the system to de-
crease the width of its MF spectrum with increasing
growth temperature. Such a course of the consid-
ered dependence reflects the desire of the system to
form "monofractal™ structures on the surface, which
are characterized by a decrease in the fractal order-
ing parameters and a compression of the spectrum
of Renyi’s numbers. Thus, it can be argued that the
obtained data on the MF parameters of the system
quantitatively confirmed that an increase in the
temperature of the synthesis of layers in the indi-

cated range leads to an increase in planarity of the
obtained layers.

It is possible to control the surface morphology
or, equivalently, the parameters of the surface micro-
relief by introducing another isomorphic component
into the material. The introduction of cadmium into
the initial growth system, which was accompanied
by the synthesis of the (CdO)y (ZnO)_y solid solu-

tion, allowed us to evaluate the effect of the third
component on the state of the surface of the grown
layer. The process of obtaining the specified solid
solution was consistent with the technology de-
scribed above. The only difference was the change in
the concentration of the Zn(NO3), dopant by the

required fraction of Cd(NOs),. The technique for

obtaining SEM images and calculating the parame-
ters of the MF spectrum remained the same. To
solve this problem, the largest number of experi-
ments on the synthesis of layers was carried out with
a sol of the following  composition
20CdO-30Zn0-50Si0, wt. %.

The data on the dependences of the Renyi’s
numbers and the disordering parameters on the
synthesis temperature for layers obtained from sols
of the indicated composition are presented in
Fig. 4, 5. On the same figures, dashed lines for
comparison represent the averaged functional de-
pendences for similar data describing the surfaces
of the layers of the ZnO system.

As expected, the values of the Renyi’s numbers
and the fractal ordering parameters for the layers of
the solid solution, in general, turn out to be large in
value or remain practically close to their counter-
parts for the binary system. Such a course of the
dependence under consideration, apparently, is a
direct consequence of the appearance in ZnO—-CdO
solid solutions of excess mixing entropy, which is
characteristic of mixtures of substances. The ap-
pearance of the configuration component of the
entropy of mixing is reflected in the values of the
Renyi’s numbers, whose interrelations with various
components of the entropy of the system are known
[6]. Therefore, the experimental data on the Renyi’s
numbers obtained for solid solutions should be
considered as confirmation of the theoretical rela-
tionship between the Renyi’s numbers and the con-
figuration component of the entropy of the system.
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Fig. 4. Dependences of the Renyi’s numbers for surface area Dy, (a) and volumes of nanoforms D, (b)

on the temperature of layer synthesis in the ZnO-CdO system by the sol-gel method. The composition of the initial sol:
20 CdO + 30Zn0O « 50 SiO2wt. %. The dashed lines correspond to similar data for the layers in the ZnO system

0.70

0.65 —

0.60 |- 4

0.55 | | | |
200 300 400 t,°C

Fig. 5. Dependences of the fractal ordering parameters for
the volumes of nanoforms A, (1, 2) and for their surface

area Ag (3, 4) on the temperature of layer synthesis in the

ZnO-CdO system by the sol-gel method. The dashed
lines (2, 4) correspond to similar data for ZnO layers

The effect of fractal structure on the surface
energy of the layer. The obtained MF data should
be used on the fractal parametrization of film surfac-
es to implement an attempt to thermodynamically
describe the energy state of a surface having a fractal
relief. In [7], using a formal approach, it was shown
that the chemical potential of the surface of the layer
is connected with its geometric (fractal) characteris-
tics by the expression:

u® =dGE /dn=(a-M/p)B, )

where dGZ* is the variation of Gibbs free excess
energy due to the appearance of the interface by the

dS area, ais the specific surface energy of the inter-

face; dn — a change on the number of moles of a
substance due to a change in its volume dV; p, M —

density and molecular weight of solid phase;

N.D
B= chutel — coefficient depending

(Bvo—Dso)
Ny Dy !

on surface geometry (geometric coefficient); Ng
and NV — coefficients that take into account the

dimensions of the corresponding parameters in theo-

retical dependencies: S = NSIDSO; V= NVIDVO.

The results on the Renyi’s numbers for the sur-
face area and volumes of nanoforms allow us to
quantitatively analyze the effect of the fractal struc-
ture of the surface on the value of its surface energy.
Naturally, this analysis will be performed with re-
spect to the geometric coefficient, since it is the
parameter that contains data on the fractal character-
istics of the surface, and it is its form that should
determine the main trends in the thermodynamic
behavior of the considered parameter of the system.

Fig. 6 shows the results of calculating the de-
pendence of the coefficient B on the characteristic
linear size of the fractal structure for various temper-
atures of the synthesis of the ZnO layer. These data
were obtained by direct substitution of the values of
Renyi’s numbers for the surface area and volumes of
nanoforms in the formula (1).

The fundamentally important result on the be-
havior of the geometric coefficient B should be rec-
ognized as follows. Indeed, according to the calcula-
tions, the effect of the fractal structure of the surface
begins to increase significantly only at very small
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Fig. 6. Dependence of the geometric factor B on the
characteristic size of the fractal formation | on the surface
of the ZnO layers obtained by the sol-gel method at various
synthesis temperatures: 1 —t = 200 °C; 2 —t =300 °C;
3-t=350°C;4-t=450°C

values of the characteristic dimensions of the struc-
ture. This is a region of linear dimensions less than
0.01 um. For the same conditions, calculations using
an expression B~1/1 that takes into account the
energy of formation of a spherical interface suggest
an extremely sharp increase in the surface energy of
the system [6—7]. Such a situation with an extremely
sharp increase in the fraction of surface energy in the
overall energy balance of the system still seems
unlikely.

It is noteworthy that according to the results of
calculations with relatively large linear dimensions
of the structure (I more than 0.02 um) the coefficient
B taking into account the fractal structure of the
surface practically ceases to depend on the latter.
This means that the contribution to the total energy
of the solid phase due to the fractal structure with
significant linear dimensions of its elements will
create only a small additive to the total phase energy.

Attention should be paid to the anomalous be-
havior of the dependence of the geometric coeffi-
cient on the characteristic size of the fractal structure
for a temperature of 200 °C (curve 1 in Fig. 6). If,
for curves 24, the result expected from theoretical
positions is observed, according to which, with a
decrease in size and, accordingly, curvature of their
interfaces, the energy of the system should increase,
then this curve assumes the opposite effect. This
situation was manifested due to the fact that, accord-
ing to the estimates obtained, at the lowest synthesis
temperature, the Renyi’s number for the surface area

turned out to be large in terms of the Renyi’s number
for their volumes. This situation changed the sign of
the exponent in the analyzed dependence (1) and led
to a decrease in the contribution of fractal geometry
to the surface energy of the system. Physically, this
ratio between the indicated Renyi’s numbers corre-
sponds to the existence of a very curved and pored
surface with an increased area, which was formed at
a super low temperature of layer synthesis.

Conclusion.

1. The conditions for obtaining high-quality lay-
ers of ZnO and ZnO-CdO systems by the sol-gel
method at various temperatures of final annealing
were found and implemented. The surface of the
synthesized layers was studied by the SME method
depending on the temperature of their final for-
mation.

2. Multifractal analysis is applied to processing
SEM images of the surface of the obtained layers
deposited by the sol-gel method. The MF spectra
from surface areas and volumes of relief-forming
nanoforms formed on their surface were calculated
and analyzed. The dependences of the MF spectral
parameters on the surface area and on the volumes of
nanoforms on the layer surface on the temperature of
their final annealing are found.

3. The analysis of the relationships between the
Renyi’s numbers, the fractal disordering parameter
and the synthesis temperature of the layers quantita-
tively confirms the fact that with an increase in the
annealing temperature from 200 to 500 °C a more
planar surface is formed with a higher degree of
fractal symmetry of the geometric parameters of
nanoforms. The latter quantitatively reflects the fact
of obtaining layers with increased structural perfec-
tion with increasing temperatures of their final an-
nealing in the indicated temperature range.

4. The found MF parameters of the surface relief
were used to evaluate the contribution of fractal
geometry to the surface energy of the layers. It is
shown that taking into account the fractal geometry
of the surface of the layers of ZnO and CdO-ZnO
systems leads to a relatively weak dependence of the
surface energy on the characteristic linear sizes of
surface nanoforms.
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BBepseHue. [l OnacHbIX MPOW3BOACTB YpPOBEHb HaAeXHOCTM obopyAoBaHUA UHGOPMaLMOHHO-
N3MepUTENbHbIX CUCTEM AO/KEH COOTBETCTBOBaTb TPE6OBaHMIO, YTO BEPOSITHOCTE OTKasa ABAAeTCA MpakTuye-
CKM HEBO3MOXHbIM COBbITUEM, T. €. paBHa NpubansutensHo 1078, [ina peanvsaumm gaHHoro TpeboBaHWs cy-
LLIeCTBYIOT pa3/inyHble CNOCOObl MOBbILLEHNS YPOBHS HaAeXHOCTM, OAHUM M3 KOTOPbIX ABNSETCS pe3epBupo-
BaHMe. OHO AennTCA Ha HEeCKONBbKO BUAOB B 3aBUCUMOCTU OT BAVSAIOLLMX GaKTOPOB, TaKMNX, KaK PexXunm paboTsl
0bbekTa, TUMbl 0TKa30B, KPATHOCTb U T. M. MaxopuTapHoe pe3epBMpPOBaHNE B U3MEPUTENbHONM TeXHVKe, B
YaCTHOCTU B U3MepUTe/bHbIX KaHaNax, NCMo/b3yeTca PefKo, Tak Kak JaHHbIV MeToZ b6bin pa3paboTtaH Ans no-
BbILLEHNS HaJeXHOCTUN B AUCKPETHbIX LMPPOBbLIX YCTpoMcTBax. [0 HAaCTOSALLEro BpeMeH COOTBETCTBYHOLLee
MaTemMaTnyeckoe obecneyeHve 415 MpYMeHeHVs MaXxOpUTapHOro pe3epBrpPOBaHNSA N3MePUTENTbHbIX KaHaNoB
aHanoroBbIX Be/IMYMH OTCYTCTBOBaNO. Bcneacteme 3T0ro BO3HMKNa HEOBXOAMMOCTL B ero paspaboTke.
Lenb pa6oTbl. PazpaboTka MeToAMueckoro obecneyeHus AN NpUMeHeHNs MeToa MaXopUTapHOro pesep-
BMPOBAaHWS, MNO3BO/IAIOLLEr0 NOBbICUTL JOCTOBEPHOCTL PE3y/bTaTOB M3MEepPEHUA.
MaTtepuanbl n meToAbl. [1poaHaNN3NPOBaHbl OTeYeCTBEHHbIE U 3apybexHble UCTOYHUKM MHbOPMaLMK 3a
nocnegHue 40 neT, cBA3aHHble C 06paboTKOM ManbiX BbIGOPOK NPV NPOEKTUPOBaHUN U3MePUTE/bHbBIX KaHaNoB
4N MHGOPMaLIMOHHO-M3MepUTebHbIX cucTeM. MprYMeHeH HernapameTpUYeckuii PaHroBbl KpuTepuii MaH-
Ha-YWUTHW Ans 06paboTkmM ManbiX BbIBOPOK, NCMO/b30BaN0Ch MaTeMaTUYeCcKoe MOAennpoBaHme, mateMaTnye-
CKWUI annapaT Teopun U3MEPEHNIA 1 TEOPUK CUCTEM.
Pe3synbTaTtbl. PeannsoBaHa Mofenb N3MEpPUTENIbHOrO MOAYASA C U3BLITOYHON CTPYKTYpOK. PaccMoTpeHbl na-
pameTpuyeckmne 1 HenapameTpuyeckmne paHroeble Kputepun. PaspaboTaH anropmut™, MO3BONSIOLLNA BbIABUTH
0TKa3 KaHana U3MepuTeNbHOro MoAyNsA C U3BGbITOYHOM CTPYKTYPOi. BbluncantenbHas CIOXXHOCTb anropmtMa
OLeHMBaeTCs NO/IMHOMOM BTOPOV CTEMEeHN.
3aksoueHmne. PaccMOTpeHHbIe BO3MOXHOCTY MCMONb30BaHWS HernapameTpruyeckX PaHroBbIX KpuTepues ANns
paboTbl C BbIGOpPKaMW Manoro 06bema, a Takxke AMarHoCcTMyeckmne CUTyaumm ANa pasfnyHbIX KOMBUHAaLWA
JAHHBIX KpUTepueB MO3BONIAIOT MPUHMMAaTb CTaTUCTMYeCK 060CHOBAHHOE pelleHne O COCTOSTHUU U3Mepu-
Te/IbHOro KaHana. B nepcnekTriBe NAaHNPYeTCs NCMONb30BaTb AaHHbIV METOA MpU ANArHOCTMYECKOM KOHTPO-
Jle NCNpaBHOCTY 06OPYA0BaHNSI TEXHOIOTMYECKMX MPOLEeCCoB, CBA3AHHbLIX C CKUraHWeM TOMNBa, @ UMEHHO B
KOTeNbHbIX YCTAHOBKAaX 1 YCTaHOBKaX TEPMUYECKOTO YHUUTOXEHNSI OTXOA0B.
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Abstract
Introduction. For hazardous industries, the reliability of information and measuring equipment must ensure
an almost complete absence of failure events, with their probability as low as 10°. This requirement can be
satisfied using various approaches, one of which is reservation. Reservation methods are classified into several
types depending on such factors, as the operating mode of an object, failure types, frequency rate, etc. Majority
redundancy schemes are rarely used in measuring equipment, particularly in measuring channels, largely be-
cause this method was initially aimed at improving the reliability of discrete digital devices. Thus far, no math-
ematical support for applying the method of majority reservation in measuring channels of analogue values
has been developed. This gap determined the relevance of this study.
Aim. To develop a methodological support for applying the method of majority reservation with the purpose of
improving the level of measurement accuracy.
Materials and methods. Both Russian and foreign sources published over the past 40 years on the topic of
processing small samples when designing measuring channels for information and measuring systems were
reviewed. The nonparametric Mann-Whitney rank test was applied to process small samples. Other research
methods included mathematical modelling, as well as the mathematical apparatus of measurement theory and
systems theory.
Results. A measuring module with a redundant structure was simulated. Parametric and nonparametric rank
criteria were considered. An algorithm allowing identification of the failure of a channel in a measuring module
with a redundant structure was developed. The computational complexity of the developed algorithm is esti-
mated by a polynomial of the second degree.
Conclusion. The use of nonparametric rank criteria for processing small samples, as well as diagnostic situa-
tions for various combinations of these criteria, supports statistically grounded decision on the state of measur-
ing channels. In the future, this method will be applied for diagnostic control of the serviceability of technologi-
cal equipment used in fuel combustion, namely in boiler plants and installations for thermal waste destruction.
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BBenenue. HanexHocts — 370 CBOWCTBO 00BEKTa
COXpAaHSITh BO BPEMEHH CIIOCOOHOCTH BBITIONHSATH Tpe-
OyeMble (DYHKIIMH B 33/IaHHBIX PEKAMAX U YCIIOBHUSIX
MIPUMEHEHUS], TEXHUYECKOTO 00CITYKUBAHUS, XPaHEHUS
u tpa"cnoptupoBku (I'OCT 27.002-2015). ns onac-
HBIX TIPOU3BOJICTB YPOBEHBb HAJICKHOCTH JIOJDKEH COOT-
BETCTBOBaTh TpPeOOBAaHMIO, YTO BEPOSTHOCTH OTKa3a
SIBJISIETCS IPAKTUUECKU HEBO3MOXHBIM cOObITHEM. [171st
BBINOJIHEHUS WM XOTA ObI MPUOIKEHHS K BO3MOXKHO-

CTU peanu3allul JAHHOIO TpPeOOBAHMS CYLLECTBYIOT
pa3I4HBIE CIOCOOBI TMOBBIMIEHNS YPOBHS HAJIEXKHO-
CTH, OJHUM U3 KOTOPBIX SIBJISIETCS pe3epBUpoBaHue [1].
B cBowo ouepenp pe3epBHpOBaHHME AEIUTCS Ha
HECKOJIBKO BHJIOB B 3aBUCHMOCTH OT BIIMSIIOLTHX (DaK-
TOPOB, TAaKHWX, KaK PEKUM pPabOThI OOBEKTA, TUIIBI
0TKa30B, kpaTHOCTh U T. 1. (OCT 27.002-2015) [1].
Topsuee pesepBUpOBaHUE C HEUETHOH KpaTHO-
CTbIO 0€3 BOCCTAHOBJIEHUS, WU Jpyroe, bornee pac-
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MpOCTpaHEHHOE, Ha3BaHHE — MAaXXOPHUTApHOE pe-
3epBUPOBAHME — ITO OIWH W3 BUIOB PE3epBHUPOBA-
HUS, TP KOTOPOM B pabodueM pexuMe HaXOTUTCS
HEYCTHOE KOJIMYECTBO (HE MEHee TpeX) OAHOTHII-
HBIX DJIEMEHTOB M PE3yIbTaTOM pPabOThl OOBEKTa
MPUHUMAETCs] OAMHAKOBBIM  pe3yapTar padoThI
OOJIBIIMHCTBA OCHOBHBIX 3JIeMeHTOB. J[aHHBII BH]
PE3epBUPOBAHUS B OCHOBHOM IIPHMEHSIETCS B BBHI-
YHCIUTENBHBIX YCTPOHCTBAX M CHCTEMax u3-3a
MPOCTOTH peaH3alid MaKOPUTAPHOTO 3JIEMEHTA,
a TaKKe M3-3a JUCKPETHOCTHU HCIIOJIb3yEMBIX Iepe-
menabix (I'OCT 27.002-2015) [1].

MaskopuTapHOoe pe3epBHpPOBaHHEC B H3MEpPHU-
TENbHOW TEXHHKE, B YaCTHOCTH B HM3MEPUTEIHHBIX
KaHaJlaX, MCIOIB3YeTCs PEIKO, TaK Kak m3MepsieMast
BEJIMYHHA SIBIISICTCS] aHAIOTOBOM.

Cratbsl MOCBsIIIIEHA Pa3pabOTKE METOTHMUYECKOTO
obecrieueHus AJIs IPUMEHEHUSI METOa MaKopuTap-
HOTO PE3EpBUPOBAHUS B HM3MEPUTEIBHBIX KaHaIaX.
Ans mocTrkeHHus TOCTABJICHHOW IIETH HY)KHO pe-
IIUTH CICAYIOMINE 3aJatdH:

— CO37aTh MOZIETb U3MEPHUTEIBHOIO KaHaIa;

— TPOAHAIN3UPOBATH MApPaMETPHUYECKIE U He-
mapaMeTpUIECKIe KPUTEPHUT;

— pa3paboTaTh aNrOPUTM, MO3BOJIAIONIUI BbI-
SIBUTh OTKAa3 KaHajla M3MEPHUTEIILHOTO MOIYIS C H3-
OBITOYHOI CTPYKTYpOIl.

Metonbl. B m3mepurensaom moayie (M) u30bi-
TOYHOCTH TPEATIONAraeTcsl 3a CYET KONMIECTBA M3Me-
purenbhbix kaHanoB (MK) (TOCT 27.002-2015) [1].
Ha puc. 1 [2] npeacraBieH u3MepuTeNbHbIA MOIYNb
TEeMIIepaTyphl ¢ W30BITOUHOHN cTpykTypoil. M3mepu-
TENbHBIN KaHaN BKIIOYAET B ceOs:

— HII — HopMupyromuii npeobpa3oBaTelsb;

— ALII — ananoro-1m¢poBoii Mpeodpa3oBaTesb;

— BY — BeuncanTensHoE yCTPOWCTBO;

— MD — MaxxopuTapHBIN IIEMEHT;

— W — napukarop.

HmeHoBaHHbIC 3HAUCHUS (PU3NICCKON BEIIMUUHBI
(®B), monyuaeMbie OT H3MEPUTEIHHBIX KaHAJIOB, MO-
CTymarT Ha MD, BHYTpH KOTOPOTO, B 3aBHCHMOCTH
OT METOJa, TIPOUCXOAUT MPOBEPKa IOIYIACMBIX aH-
HBIX Ha JIOMyCTHMOE DACXOXICHHE OTHOCHTEIHHO
Ipyr npyra. JlaHHas mpoBepka IPOBOAUTCS VIS TOTO,
9TOOBI BBIABUTH OTKAa3 B HM3MEPHTEIHLHOM MOIYIIC.
[lox oTka3zoMm MOHWUMAaeTcss HapymIeHHE paboTOCIO-
COOHOCTH O0BEKTa, IPH KOTOPOM CHUCTEMa HJIM die-
MEHT MEPECTACT BBIMOIHATH LEITUKOM WM YaCTHYHO
CBOM (DYHKIWH, APYTUMH CJIOBAMU — IPOUCXOIHT
cOoit B pabote yctpoiictBa win cuctembl [3]. Ecmu
BO3HHKAaET OTKa3, T. €. PACXOKIACHHE H3MEPEHHBIX
3HAYCHH SBIISICTCS] 3HAYMMBIM, TO TAHHBIA (akKT pe-
THCTPHPYETCS, 4TO 0TOOpaXkaeTcs Ha uHanukarope .

Ha ocHOBaHMU CTPYKTypHOH CXeMbl ObLIa CO-
30aHa MOJENh HM3MEPHUTEIFHOTO MOOYISI B cpelne
nporpammupoBanus LabView. CTpykrypHas cxema
JTaHHOW Moneyu (puc. 2) BKIIOYaeT B ceOs HECKOIb-
KO OCHOBHBIX OJIOKOB:

1. IIUIT u UT — 650k, umMuTHpYIOMUI paboTy
TepMonpeoOpa3oBatTelis COMPOTUBICHUS U UCTOYHH-
Ka TOKa.

2. VIaMepuTenbHbIN KaHal — OJIOK, HMUTHPYIO-
muit padoty HII, ALIIT u wacte BY, oTBeuaromniero
3a QyHKIHIO 00paTHOTO peoOpa3oBaHusI.

3. Koppeknuss — 0JIOK, UMUTHPYIOIIUH YacTh
BY, oreuatomiero 3a KOppEeKLHIO HEIMHEWHOCTH
nonuHoma [TAIT.

—IIMII -  nepBUYHBIA  U3MEPUTENIBHBIN
TpeoGpa3oBaTens; 4. MaxxopuTapHBIil 3JIEMEHT, IPUHIUIBL pado-
" UT — WCTOYHHUK TOKA: TBI KOTOPOTO OIHMCAHEI JaJiee.
uT uT uT
N *
| u U 0
—»| [INII »( HII »| Al > >
0 v
on > » TIAII » HII > AIIIL > BY > MD > nu
\ 4
»{ [IUII »{ HII ALl > >
Puc. 1. I3meputenbHBII MOIYIIb TEMIIEPATYPHI ¢ H30BITOYHON CTPYKTYpO
Fig. 1. Temperature measuring module with redundant structure
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IMapamerpsr UK

v
A 4

[INIT u UT

M3meputenbHbIit

MD

Y
A 4

KaHaT Koppexuus

Puc. 2. CTpykTypHast cxeMa MOJIEIH H3MEPUTEIIBHOTO MOTYIIS

Fig. 2. The block-diagram model measuring module

B nanHO# Mozenu MOTYT OBITH 33aHBI HECKOJIb-
KO OCHOBHBIX ITapaMeTPOB U3MEPHUTEIFHOTO KaHaa.

K Hum otHOCATCH!

— TpagyHpoOBKa;

—  KJIacC TOYHOCTH;

— MakcuMallbHOe BxojaHoe Hampspkenne ALITT
(3.3 B);

—  Pa3psAAHOCTE;

— CMelleHne U3MepseMbIX 3HaueHuil (cucre-
MaTHYCCKUN aApeid);

—  TeMIeparypHbId K03 dunmeHT o;

—  THH TepMOPE3UCTOPA.

B cBoro ouepenp Kaxaplii M3 OJOKOB MOJIETH
MIPEACTABIIET OO0 CaMOCTOSTEIBHYIO MIPOTPAMMY.

birox ITUIT u U'T cocrout 3 Tpex yacTei:

1. I padyupoexa. JlanHas YacTh BBIIAEeT 2 OCHOB-
HBIX TIapaMeTpa KaHalla B 3aBHCHMOCTH OT BEIOPaHHOM
rpagynpoBodHOi mKkansl (G), a IMEHHO HOMHHAJIBHOE
conpotusieHue npu 0 °C (RO) U TOK ucTouHuka (/),
kotopele ompeneieHsl B TOCT 6651-2009. Marema-
THUYECKasl MOJIEJb JIAaHHOW YacTH 3allMChIBaeTCs Clie-
JYIOIITUM 00pa3zoM:

Ro(G)=r;
1(G) = 1+0.00005 +0.00005[ 2rand (t)—1],

IJae » — 4ucio, BeiOupaemoe u3 psaa [100, 500];
1 — umcno, BeiOupaemoe u3 psga [0.001, 0.0025];
rand(f) — QyHKOUSA TeHeparopa CIyYalHBIX YUCEI
B jguamazone (0;1); ¢ —
0.00005 +0.00005 [2rand (t)-1 ]f aJTUTUBHAS CO-

CTaBJIArOIIAaA MOrpelIHOCTH.

HOMEp UTCpaluu,

2. Honycku u Ouanasonvl usmepenuu. JlaHHas
YyacTh BBIJAET 3 mapamMeTpa B 3aBUCUMOCTU OT BbI-
Opannoro tuma tepmopesuctopa (TT) u xmacca Tou-
HocTH (C), a IMEHHO MaKCUMAallbHYI0O U MUHUMAITb-

Hyto TeMneparypy (Omax M Omin ), a Takke Myib-
TUILTMKATUBHYIO COCTABJISIONIYI0 MOrpemHOCTH (A)
B IPEIyCMOTPEHHOM KJIACCOM TOYHOCTH JHANa3oHe.

MaremaTnueckass MonAeiIb JaHHOH dYacTh Oyaer
HMETH BUI

A(TT,C)=a[ 2rand(t)-1]+b]e;
Omin (TT,C) = 0y;
Omax (TT.C) =05,

rme a u b — kod3hGUIKCHTHI, 3HAYCHHUS KOTOPBIX
onpenensirores mo tadm. 2 (TOCT 6651-2009);

61 — uucio, BeiOupaemoe u3 psama [-196, —180,
-100, —60, =50, =30, 0]; 65 — uncno, BEIOUpacMOE
u3 psga [120, 150, 180, 200, 250, 300, 450, 500,
600, 660].

3. Ilpeobpaszosarue memnepamypa/conpomusienue.
JlanHas 4acTh BBIZAET 3 IapamMerpa B 3aBHCHMOCTH
OT BBIOPAHHOTO THIIA TEPMOPE3MCTOpA W IMapamerpa
0, a IMCHHO COMNPOTHBIICHHUE MPU MAKCHMAIBHOW U

MHHUMAIbHON TemmepatypaX (Rmax M Rmin): a

TaKXke Tekyiee conporuieHue (R). Takum oOpazom,
MaTeMaTHIeCcKast MOIEIb JaHHOW YacTH UMEET BH]

R(T)=

1+ A0+B0% (0+6.7)" +
R(TT,a,6) =Ry :

+co' (6-100)°
1+A0mjn * Belrjlnin(emin +6-7)h+ .

= Rmin (TT’G) = RO f g
+C0! . (Bnin ~100)

h
1+ABmax+ BO%hax(Omax +6.7) +

Rrmax (TT.a) =Ry
+ COfhax (Omax ~100)°

rae A, B, C — xosdpdunuentsr; d, h, f, g — nmokasare-
JIY CTETNIEHU, 3HAYCHUS] KOTOPBIX YKA3aHbl B COOTBET-
ctBuu ¢ 'OCT 6651-2009.

Brok m3MepuTensHOrO KaHalla BKJIFOYAeT Mare-
MaTHYECKUE MOJIEIH TPEX YCTPOMCTB: HOPMHUPYIO-
mero npeoOpazosarensi, ALl u gacTu BeUMCIH-
TENBHOTO YCTPOWCTBA, BBITONHSIOMET0 (DYHKIIHIO
obpaTHOTO TIPeoOpa3oBaHuUs.

B kauectBe maremaTH4eckoi MOJEIN HOPMHUPY-
IOIET0 TpeoOpa3oBarensi BBICTYMACT CICAYIONIAs
cucrema:
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u=RI;
k=Umax/(Rmax|);
U(R)=<U =ku;

UO = kR0|;

Umin = KRminl,

I7ie 1 — U3MepsieMoe HanpsbKeHue, nomydaemoe ¢ [TAIT;
k — HopMmupyroIHii ko3 duiment; U — HOPMUPOBAHHOE
m3MmepsieMoe Hanpspkenue, nomydaemoe ¢ HIT U oy —
MakcuMasibHoe BxofHoe Hanpspkenwe ALl (3.3 B);
Ug u Uiy — Bxomsble Hampspkenuss AL npu Ry u
Rpmiin COOTBETCTBEHHO, Taroke roiydaemble ¢ HIT.

Cuctema, TpencTaBIsIONAs MaTeMaTHYECKYIO
Mozenb AL, 3armucpiBaeTCs CIeIyOINM 00pa3oM:

Nimax =2" -1,
N = UNmax .

Umax

Ng = UoNmax .

Umax ,
N =UminNmax
min —U ,
max

rae n — paspsagHocTb AT Nyax — MakCHMaNbHBIH

kon; N — BeixopHoi kox; Ng ¥ Nppip — BBIXOZHOM

ko ALIT mpu Ug u Ui, COOTBETCTBEHHO.
Maremarnueckast

MOICIIb BBIYUCIINTCIIBHOT'O

YCTPOMCTBA, OTBEUAIOIICTO 3a (PYHKIMIO OOpPaTHOTO
npeoOpa3oBaHMsl, 3AMUCHIBACTCS B CIIEIYIOIIEM BUJIE:

*

6 (N)=
* Omi N — Ny
0 | n(HITIL(—N 'm)m)+9min'9min <6<0;
min
e*:w,OSeﬁemax-
(Nmax —No)

Bnok Koppekuuu BKIFOYAeT MAaTeMaTHYeCKYIO
MOJIEJIb YaCTH BBIYUCIUTENBLHOIO YCTPOICTBA, OTBE-
YaoIIeT0 3a YMEHBIIECHHE CHCTEMaTHYECKOW CO-
CTaBJLSIONICH MOTPEIIHOCTH BCIEACTBUE HEIMHEH-
HOCTH TIONy4aeMBIX JIaHHBIX. JlaHHas Momens co-
CTOMT U3 JIBYX YacCTEH:

1. Koppexyus nenunetinocmu noaunoma IIHII.
JaHHas gacTh BBIIAET 2 MapaMmeTrpa B 3aBUCHMOCTH
ot BeIOpanHoro Tuna TT u mapameTpa o, a UIMCHHO
nmocTosiHHBIN KoapdunueHt (K) u abcomoTrHyto mo-
rpemaocTh (DC) npu Temmeparype B cepequHe OT-

pULAaTCIBbHOTO (HOJ'IO)KI/ITCJ'II)HOI‘O) noaauarasoHa

(OCHH). Maremarnyeckass MoJelIb JAaHHONM YacTH

HMeEET BUI

cIig

0 - eext .
2

1+ A0+ BOY; (0 + 6.7)"+
Rei (TT)=Ro|
+C0,;(0cj—100)°

KRqi (TT, ) _
Nei = —t Nmax

Umax

x |6max|(Nci - Nmin rm)
0; =

Omin;
(Nmaxrm_NminHz[) e

3 *
Z(ei _eci)
pc=F .
3
«_be.
6cr[/:L

rae Ogy — MaKCHMalbHOE II0 MOZYIIO 3Ha4YeHHE
TEMIIEPATypbl TOIOKUTENBHOIO (OTPHLATENBHOTO)

nonnanasona; Nmaypn U Npip g — Makcumanb-

HOE ¥ MUHHMAJILHOE 3HAYCHUS KO/Ia MOIOKUTEIHHO-
ro (OTpPULATENBHOT0) MOAHANIa30Ha.

2. Boluucnenue ckoppexmupo6aHubix 3HAYEHUI.
JlanHas 4acTh BbIAaeT CKOPPEKTUPOBAHHBIE 3Haue-

*
HHUA TeMmmeparypsl O). Maremarnueckas Mozenb

JTAaHHOM YaCTU MOXKET OBITh 3alliCcaHa B BUJIE
F=K(0-0.)? +DC;
0 =0 —F.

Ha cerogusmauil 1€Hb CyIIECTBYET HECKOJIBKO
METOJIOB MaXOPUTApPHOTO PE3ECPBUPOBAHUA, OCHO-
BAHHBIX HA PA3JIMYHBIX KPUTEPUAX, KOTOPBIE MOXKHO
pa3aenuTh Ha 2 TPYIIIBL:

e [Tapamerpuueckue:

— cpenHee 3HaYCHUE, KOTOPOE MOXET OBITh BHI-
» 138 &
yucieHo mo Qopmyne 0 :—ZGi, IJie © — YHUCIO
i=1
KaHaJOB;
— IEHTpaJIbHAs MePEMEHHas, T. €. BEIOOp Meana-

*
HBI U3 MIEPEMEHHBIX O ;
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— CPEIHEB3BEIICHHOE 3HAYCHHE, KOTOPOE BHI-
YHUCISIETCS ISl TPEX TIEPEMEHHBIX C TIOMOIIBIO BECO-
BBIX k03 unmeHToB o hopmyrne

3 3
0 = D 0; > W |. BecoBbie koabdurueHTs!
i=1 i=1

PaCCUMTBIBAFOTCS 110 PopMyIe

1
* * 2
3 (ei—ej)

i=1,j=,izj B

W =

1+

e B — mapaMeTp, pacCUMThIBAEMBIi 1o hopmyie [4]
3 .
p=_ min (6; —0j).
i=1, j=Li#]

OCHOBHBIM HENOCTATKOM JUISl MCTIOJb30BaHUs Ia-
paMeTpUYecKNX KPUTEPHEB SBIIETCS TpeOOBaHHE O
HOPMAJIBHOCTH 3aKOHA pacHpeleNeHus] H3MepseMoit
BENMMIUHEL. J{pyruM k€ HeIOCTAaTKOM SBISICTCS HAJIH-
ype TpeOoBaHUsA K 00beMy BBIOOPKH, a mMeHHO 20—-30
3HaYCHUI B OJTHOW BEIOOpKE.

e Henapamerpuueckue [5]:

— xputepuil ManHa—YuTHY;

— xputepuil Kpackemia—Y ommica;

— xkpurepuit Konmoroposa—CMupHOBa;

— xputepuii Babra—Bonbhosuia;

— KpuUTepull YWIKOKCOHA I 3aBUCUMBIX COBO-
KYITHOCTEH;

— KpUTEpUl 3HAKOB.

Henapamerprueckue Kputepun MeHee TpeOoBa-
TENBHBI K 3aKOHY PAacIpeneNicHHsT M3MEpsSeMOl BelTH-
YHHBI, & TAaKXKe TO3BOJISIIOT PabOTaTh C BBIOOPKAMH
MaJoro oobema (0T IByX 3HaueHHH). Tak Kak B OMHCHI-
BacMOM CTydae MpearonaracTcsi padora ¢ BEIOOpKaMH
MaJoro oobeMa, 3aKOH pacIpeielIeHHsT KOTOPhIX HeH3-
BECTeH, Jajee OyayT HCIONB30BaThCS HEeMapaMeTpHye-
CKHE KPUTEPHUH.

B paccmarpuBaemoMm cirydae BBHIOOPKH SIBIITFOTCS
HCE3aBUCUMBIMHU, UX KOJIMYCCTBO pPaBHO TPEM, YTO CO-
OTBETCTBYET KOJMYECTBY M3MEPHUTEIHHBIX KaHAJIOB, U
00BeM KaKIoH BBIOOpKH cocTaBUT 10 3Ha4eHwit B co-
OTBETCTBUM C PE3y/IbTaTOM aHaiuu3a kpurepus [6, 7).
B cBoro ouepens, paboTa ¢ HE3aBHCHMBIMH BBIOOPKaMH
SIBILSICTCS 3HAYUTEBHBIM OIPAHUYCHHIEM TIPH FICIIONB30-
BaHWMM KPUTEPHsT YHIIKOKCOHA /TS 3aBUCHMBIX COBOKYTI-
HOCTEH 1 KpHTEpHs 3HAKOB, YTO OTPAKEHO B Ta0I. 1.

BepOHTHOCTL TMOsABJICHUSA OJUHAKOBLIX PE3YyJIbTa-
TOB M3MEPEHUS TOCTaTOYHO MaJia, BCIEICTBHE ITOTO
CepHilHbIE KPUTEPHUH, TAKUE, KaK KpuTepuid Banba—

Tabnuya 1. CpaBHeHNE HETapaMETPUIECKUX KPUTEPHUEB
Table 1. Comparison of nonparametric criteria

KomuuectBo
MuHuManb-
. Tun paccmarpu- N
Kpurepuit HBI 00BeM
BBIOOPOK BaeMbIX
BEIOOPOK
BBIOOPOK
Hezasu- 3:5 nnu 4:4
Manna—YuTHH 2
CHMBIE i 2:8
Kpackenna— HesaBu- 3 2:9:9
VYosuuca CHUMBIE -
Kommoroposa— | Hesasu- .
2 10:10
CMmupHOBa CUMBIC
Banbna— HesaBu- 2 46
Bonbdosua CUMBIC )
VYunkoxkcona
UL 3aBHCH- | 3aBHCH- 2 66
MBIX COBOKYII- MbIe ’
HOCTEH
3aBucu-
3HaKOB 2 6:6
Mble

Bonbdosuna u kpurepuit Konmoroposa—CMupHOBa,
HE paccMaTpUBaIOTCA.

Kpurepuii  Kpackenna—Yomnuca  1o3BOiseT
YCTaHOBUTH (DaKT OTIIMYHUS BHIOOPKU OT TEeHEpalib-
HOM COBOKYITHOCTH, HO HE J1a€T BO3MOKHOCTH UJIE€H-
TU(GULUPOBATH OTKIIOHSIONIYIOCS BBIOOPKY [5—11].

Hcxons 13 BBIIIEU3IOKEHHOTO, B JIaHHOM cTarbe
paccmarpuBaeTcst Kputepuii MaHHa—YWTHH, KOTOPBIN
MO3BOJIIET TIPOBEPUTH THUIOTE3Y O IPUHAIEKHOCTH
IIBYX HE3aBHCHMBIX BBIOOPOK Pa3HOTO pa3Mepa Malioro
o0bema K OfHOI coBOKymHOCTH. C Jpyroil CTOpOHBI,
IIpY UCIIOJIL30BaHUU KpUTepuss MaHHa—YUTHU A71s IO-
TIAPHOH MPOBEPKU BBHIOOPOK TOSBILIETCS BO3MOYKHOCTB
BBISBIICHHUS OTKJIOHSFOIICHCS BRIOOpKH. Ha ocHoBaHnu
9TOro ObLT pa3pabOTaH aJrOPUTM BBISABICHHUS OTKa3a
KaHaJa B U3MEPUTEITEHOM MOTYIIE.

AdgropurM. McxonHoe coCToSHUE — HET HU OIHOIO
3Ha4YeHUs B KaHaje [6—8].

1. Haxomenue 10 3HaueHMi ¢ KaKOOrO KaHajla B
U3MepUTENsHOM Mozyde (T. €. 30 3HaueHui).

2.llonmapHas mnpoBepka N0 KpuTepuro MaHHa—
YUTHH, T. €. MPOBEPKA T0 JJAHHOMY KPUTEPHIO BHIOOPOK
¢ 1-ro u 2-ro; 1-ro 1 3-10; 2-T0 1 3-TO KAHAJIOB.

3. Ecnu pacxokzieHHe 3Ha4uMO B IBYX M3 TpeX JIM-
60 BO BCEX TpexX Mapax, 3aperucTPUPOBATH CUTYALUIO
KaK OofMH W3 ciaydaeB B Ta0m. 2 (0 — pacxoxaeHue He-
3HaUMMO; | — pacXOKIEHWE 3HAYMMO; B TIOCICHEM
Clydae OIIMOKa PETHCTPUPYETCsl BO BCEX TPEX KaHAaX).

4. BBIYMCIUTG IIPOLEHT OIIMOKK IS KaXKIOTOo

n
Kanana no ¢popmyne Er=-£100, rae ng u n — Ko-
n

JMYECTBO 3aPETHCTPUPOBAHHBIX CIY4acB B COOT-
BETCTBHUHU C TaOJ. 2 1 o0liee KOITUIEeCTBO H3MEPEHHMA
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Puc. 3. Bo3aMOkHBIE ClTy4aH IPH MpOBepKe Mo Kputeputo Manua—YurtHu: a — 1-it cy4ait u3 tabm. 2
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Fig. 3. There may be cases when checking for the Mann-Whitney test: a — 1 case from table 2
(2 and 3 cases are similar); 6 — 4 case

B OJJHOM OTIHMYAIOIIEeMCsl KaHaie. [Ipumep BO3MOXK-
HBIX CIy4YaeB, MPEACTABICHHBIX B TaOl. 2, WILIIO-
CTpUpyeTcs Ha puc. 3.

Tabnuya 2. Bo3MoXHBIE Cllydan IPH HPOBEPKE MO KPUTEPHUIO
Manna—-Yuruu
Table 2. There may be cases when checking for the
Mann—Whitney test

N IpoBepsieMble BEIOOPKH
OTrnnuaromuiics kaHai

1u2 1u3l 2u3
1 1 1 0
2 1 0 1
3 0 1 1
HeBo3MoxHO onpeaenuTsb 1 1 1

5. CpaBHUTH BBIUYMCIIEHHBIH NPOLEHT C JOIY-
ctuMbIM [9, 10], KOTOpBIH MOXKET OBITH MONTYYEH U3
CJIEIyIOIIEH CUCTEMBI YpaBHEHHI:

Er, =—0.47n® +0.92n —61.2n +153.4,
1<n<10;

Er]_.[ =-0.5n+25, 10<n<25;

Er, =-0.005n+135, 25<n<100;
Er, =85, n>100,

e Eru — JIOMyCTUMBIN TPOIEHT OmuOKH. JlaHHas

cucTeMa ypaBHEHHH ObUla MOJydYeHa SKCIIEpPUMEH-
TAITBHBIM MyTEM MPH MPOIMYCKAHWU TPEX Pa3IHUHBIX
CHTHAJIOB Yepe3 MOCNIb C Pa3IMYHBIMH 3HAYCHUSIMH
YPOBHSI CMEIICHHUS CUTHAIA OTHOCHUTEIIHHO BXOIHOIO.
(6e3 ememenust, =0.3, 0.5, £0.8, £1, £2, +3 °C). IIpo-
LIEHT OIIMOKH CHUTHAJIOB CO CMEILICHHMSMH MEHBIIIE
0.3 °C mpu ycioBUM U3MEHEHHsI CUTHAJIOB B JMama-
30H€ 20...600 °C npakTudecky He OTIINYaeTCsl OT MPo-

[IeHTa OIMMOKKM curHajma Oe3 cmemienws. Hapuc. 4

MpHUBEIEH rpaduK I OMHOTO M3 TECTOBBIX CUTHAJIOB.
6. Beruncrienre 3HaUCHUS I3MEPSIEMON BETMUHHBI:
a) ecmu Er <Er;, To MOXXHO cuMTaTh, 4TO BCE

H3MepHUTeIbHbIE KaHadbl HaXOmATCsA B paboyeM Co-

CTOSIHWH, @ TIOTPEIIHOCTh — B JIOMYCTUMBIX IIpese-
nax. Torma 3HaYeHUE U3MEPSAEMOU BETMYUHBI MOXKET

ObITh BBIYHCIEHO Kak cpeaHee 1o (dopmyre:
» 1 X «
0 =— ZGi rae ch — KoJIM4ecTBO KaHAJIOB B MOMY-
i=1

ne; k — obliee KONUYECTBO U3MEPEHHBIX 3HAYCHUN B
onaoM m3mepenuu: K =ch-V (V' — o6bem BBIOOPKH
Ha KOKJBIA KaHam);

6) ecm Er > Erﬂ, TO MOYKHO CUMTATh, YTO OJIMH U3

KaHaJIOB OTIIMYAETCS, HO HEJIb3sl CYMTATh €r0 OTKa3aB-
MM, TaK KaK CyIIECTBYeT BEPOATHOCTh OIIMOKH BTO-
poro pona. OHaKo, UCXOIS U3 MAKOPUTAPHOTO TIPHH-
[HITa, 3HAYCHUE M3MEPSEMON BENTMYHMHBI JOJDKHO BEI-
. 1 K,
ancnAThest o opmyne: 6 = ———>"6;, e kp -
pi=1
KOJIMYECTBO M3MEPEHHBIX 3HAYEHUH B OJHOM H3Mepe-
HUM OT HECKOJILKUX KAaHAJIOB, PACXOKICHUE MEXIY
KOTOPBIMH COITIACHO KPUTEPUIO MaHHAa—YHUTHHU SIBILS-
eTCs HE3HAYMMbIM (BBIUMCIISETCS aHAJIOTHYHO k),

ch p — KONMYECTBO KAaHAJIOB, PACXOKICHHE MEXIY
KOTOPBIMH HE3HAYHMO;
6) ecu Er > Er; Bo BCex kananax mozenu (CTpoka

4 B Ta0n. 2), To B OONBIIMHCTBE CIy4acB MOKHO CUH-
TaTh, YTO MPOU3OLIEN MOIHBIA OTKA3 U3MEPUTENBHOTO
monynsa [12, 13].
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Fig. 4. Graph of the percentage of errors depending on the number of measurements in one module

Tabnuya 3. Bo3MoxHBIE CHTYaIlH B paboTe MOIYIIS

Table 3. Possible situations in the module operation

OIYCTHMBIi
Ne Aoy Bo3moxHble cuTyanumn
MIPOIICHT OIUOKH
1| Er<Er Moyns MOJHOCTBIO PadOTOCIIO-

co0eH, 1 3HaUYeHHE U3MepsieMOn
BEJIMYMHBI PACCUMTHIBACTCS HA
OCHOBAHUH 3HAYEHUI BCEX KaHa-
JIOB

2 | Er > Ery B omHOM
13 KaHAaJIOB

OpuH U3 KaHAJIOB OTJIMYAETCS MO
MPOIEHTY OUINOKH, U TI03TOMY
3HAUCHNE U3MEPSIEMOH BeIHIH-
HBI PaCCUNTHIBAECTCS HA OCHOBA-
HHUHY 3HAYEHHH JBYX IPYTHX Ka-
HaJIOB

Hagano

Haxkomnenue 10
3HAYCHMI Ha KaHaj

v

[Tonapnas mpoBepka 1o
KpuTepuro Manna—YurHu

3 | Er > ErgB aByx
KaHaJlax

Ecnu B IByX KaHajax MpeBbIIICH
JIOTTyCTUMBIi HPOLIEHT OLIMOKH U
TIPY 3TOM BBINIOJHSETCA TI. 2 (CO-
[JIACHO I1. 2 OJIMH U3 KaHAJIOB
OBbUI HCKIIIOUEH), TO BTOPBIM
HCKJIFOYaeMbIM KaHAJIOM CIIEAyeT
CUMTATh TOT, y KOTOPOTO pac-
XOXIACHUE C IEPBBIM OTJIMYaAr0O-
IIMMCS KaHAJIOM HE3HAYMMO.
TakuMm 00pa3oM, 3HaAYCHUE U3ME-
psieMOi BEJTMYMHBI PACCYHUTHIBA-
€TCsl Ha OCHOBaHUH 3HaYECHUH
OCTaBLIErocs KaHaja

4| Er > EryBo Bcex
KaHajax

5 | Ecnu BBINONTHEHB
nn. 2 1 3 naHHOH
TaOJIMIIBI, TOCIIE
4ero OTKa3bl Iie-
pEecTau BbISB-
JTECS (OTKa3
Tpex KaHaJIOB)

MOZ[yJ'[l) ABJIACTCA MMOJHOCTBIO
OTKa3aBIINUM, XU 3HAUYCHUC
I/I3Mep$IeM0I71 BCJIIMYUHBI HEZ10-
CTOBEPHO

Pacxoxxnenue
3HAYMMO?

3aperucTpupoBaTh
CHUTYaINIO KaK OIUH
U3 YETBIPEX CIy4acB

(Tabi. 2)
v

Bbruncnute nponeHt
ouroku o hopmyse

Er = ne100/n

v

Berancinuts 3HaueHNE
HU3MEepSeMON BEIMYHHBI

CpaBHHUTH BBIYUCICHHBIH
npoueHT Er ¢
JIOITYCTHUMBIM Er

Puc. 5. AnropuTt™m BBISBIIEHHS O0TKA30B KaHAJIOB B MOAYJIe

Fig. 5. Algorithm of channel failure detection in module
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Pesynbrarsl. [Ipu ananuse pe3yasTaToB pabOThI
MOZIETH W3MEPUTEILHOTO MOIYIS C W30BITOUHOM
CTPYKTYpO# OblIa TOJTy4eHa TaOIHIAa BO3MOXHBIX
CUTyallMid TIPU TOMAPHOH TPOBEPKE MO KPUTECPHIO
ManHa—YuTHH, a TakXe CHCTeMa ypaBHEHUH, M03-
BOJISIIOINASL  BBIYMCIIATH  JTOMYCTHUMBIA  MPOICHT
OIMOKM, YTO JaeT BO3MOKHOCTH BBIIBUTH OTIIMYA-
FOIIMICS KaHal U Janee cHopMyIHpOBaTh BO3MOXK-
HbIC CUTyaIMu B pabote Momyis (Tadm. 3).

BeiBoasbl. Pazpaboran anroputm (puc. 5), npen-
HA3HAYCHHBIN JUISA BBIABJICHHWS OTKA30B KaHAJOB U
aHaJM3a Pe3yAbTaToB, XapaKTePU3YIOMNX BUI OTKa-

3a. PaccMOTpeHBI BOBMOKHOCTH HCIIOJIB30BAHUS HE-
apaMeTPHUYCCKUX PAHTOBBIX KPUTEPHUEB IS PAOOTHI
¢ BBIOOpKaMHU MaJIOTO 00beMa, a TaKKe JUarHOCTH-
YECKHE CUTYAIlUH, MTO3BOJISIONINE PHHUMATh CTaTH-
CTHYEeCKH 000CHOBAaHHOE PEIICHHUE O COCTOSHUM H3-
MEPUTEIBHOTO0 MOAY/S. B mepcrekTruBe IIaHUPyeT-
Csl MCTIOJIB30BATh JAaHHBI METOJ IPU THATHOCTHYEC-
CKOM KOHTpOJIC MCIPABHOCTH OOOPYIOBAHHS TEXHO-
JIOTHYECKHMX TIPOIIECCOB, CBSI3aHHBIX C CKUTAHHEM
TOIUIMBA, & WMEHHO B KOTCIFHBIX YCTAaHOBKaX U
YCTAaHOBKAX TEPMHYECKOTO YHHUTOKEHHUS OTXOI0B.
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Hekposnor

NAMATU BANEHTUHA HUKOJIAEBUYA KYJTIELLOBA

IMpodeccop B. H. Kyaemosn
(16.07.1937-22.12.2020)

22 nexabps 2020 r. yuren w3 )KU3HU U3BECTHBIN
yueHblid 1 mieparor npodeccop Barentun Hukomae-
Buu Kynemos, naypear I'ocynapcTBeHHONM npemMuu
CCCP, 3acmyxeHHbIH nearens Hayku PO, nmaypear
npemun [Ipesunenrta PO B obmactu oOpa3oBaHus,
JOKTOP TCXHUYCCKUX HAYK.

Banentnn Hukomaeswuu poawics 16 uromnst 1937 .
[IIxonpHBIE TOABI 3aBEPIINI C 30JI0TOM MENaIbi0 U B
1954 r. moctymuna B MOCKOBCKMH 3HEPreTHYECKHUI
WHCTUTYT Ha HOBYIO CIleIHaibHOCTh "Pamnodusrka
M 3JICKTPOHHKA", CO3IaHHYIO 110 MHUIMATHBE aKaJe-
muka B. A. KotensHukoBa. Ycnemnyro yue0y rapMo-
HUYHO COYETaJl C MEPCNEeKTUBHBIMU Hay4YHBIMH HC-
CIIEIOBAaHUAMH Ha Kadempe paauorepeaaronmx
YCTPOMCTB TOJI PYKOBOJICTBOM BBIJAFOIIETOCS y4e-
Horo u nexarora npodeccopa C. U. EBtsHoBa u ¢ pe-
TYJIAPHBIMU U PE3YJILTATUBHBIMHA IMOCANHKAMHU B CCK-
uu enuHOoO0pcTB MOU 1o pyKOBOACTBOM OCHOBO-
nonoxkHuka cam6o A. A. XapmammnueBa. boeoit
CIIOPTUBHBII HAaCTPOH, yIOpCTBO B JOCTUXKEHUU Be-
COMBIX DPE3YJIbTATOB CTaJld HEOTHEMJIEMBIMU B €I0
TBOpUeckoi Oworpadpuu. OH eme CTyIeHTOM 4-To
Kypca B coaBTopcTBe ¢ ipodeccopom C. U. EBTsiHO-
BBIM OIYOJIMKOBAN B BexylieM >XKypHane ''HayuHbie
JOKJIaJbl BBICIIEH HIKOJIBI. PaqoTeXHUKa U 31IEKTPO-

HUKA" CTaThi0 00 MccaenoBaHuu (UIYKTyaluid B HC-
TOYHUKAX KOJICOAHH C MPEIU3HOHHON CTaOHMIIBLHO-
CTBIO YacTOTH. B manpHeIeM 3TOT HAyIHBINA 3a7el
MOTY4MII pa3BuTHE B ero MoHorpaduu "LIymsr B mo-
JYTIPOBOJHUKOBBIX YCTPOHCTBax'", KOTOpas 0 CHX
IIOp TI0 CBOEMY COZICPKaHHIO SIBIISICTCS] YHUKAIBHOMH,
m3ganHou B 1977 r. B CCCP, a 3atem B UexocnoBa-
knu. [locie moydeHus TUImIoMa o BEICIIEM 00pa3o-
BaHWU B 1960 T. 0H cpa3y ObUT IPUHAT HA TOJHKHOCTh
accucTteHTa Kadeapsl, TIe 0 KOHIa CBOEH >KU3HH
VBIICYEHHO W IUIOAOTBOPHO TPYAWJICSA, HPOUIS BCe
CTYIICHHU PO ECCHOHATFHOTO HAYIHOTO U IIe1aroT U~
YeCKOIo POCTa.

Banentna HukoiraeBr4 He TOIBKO OIUH U3 HAMOO-
Jiee yCIelHbIX ydeHnkoB npodeccopa C. U. ETa-
HOBa, HO U JIOCTOMHBIN NMPEEMHUK CBOETO YUMTENs,
MPOJOIDKATENh TPAAUIMN €ro HaydHO-00pa3oBaTelb-
HOU 1Kokl [log ero pykoBOICTBOM OBLIHM BBINOJI-
HEHBl MHOTOYHMCIICHHbIE HAy4YHO-UCCIIEIOBATELCKUE
Y ONBITHO-KOHCTPYKTOPCKUE PabOTHI, B TOM YHCIIE IO
MEPCTIEKTUBHON TEMaTHKE HCCIIEIOBAHWH ympaBiisie-
MBIX TI0 YacTOTE€ MCTOYHHKOB KOJEOaHWH Auana3oHa
KpaifHe BEICOKHX YacTOT. 3a pabOThI B 00JIaCTH CHCTEM
($a30BOil CMHXpPOHHM3AIMKA €My B COCTaBe HAYYHOTO
KOJJIGKTHBA TPUCYKJeHa [ ocynapcTBeHHAs TpeMHUs
CCCP; 3a paboTsl B 00macT KOCMHUYECKOH paaHo-
AIIEKTPOHUKHU OH HarpaXkJieH Meaiblo opeHa "3a 3a-
ciyru niepen OtedectBoM” |l crenenu, 3a GonbIION
JMYHBINA BKJIAM B PA3BUTHE OTEUECTBCHHON HAYKH EMY
MIPUCBOCHO MOYETHOE 3BaHKE "3acTyKEHHBIH JIesTeNb
Hayku P®". 3a rompl HaydHO-TIeHarormyeckoil aes-
TEJILHOCTH UM OINyOJIMKOBaHO 250 HaydHBIX paboT U
18 y4eOHBIX M3MaHMI, B TOM YHCIIE YUEOHHUKH, PEKO-
MeHToBaHHbIe DeNepaibHbIM yueOHO-METOTUUECKIM
obbemuHenueM PO ayis By30B crpansl. [Tox ero pyko-
BOJICTBOM 3aIlIMIIEHbI 16 KaHAMIATCKUX U 2 TOKTOp-
CKHUE JUCCEPTALMU 110 TCXHUYCCKUM HayKaM. Ero yue-
HUKH YCIICITHO TPETOJaloT B By3axX HaIllel CTpaHbl U
3a pyoexoMm.

IMpodeccop B. H. Kynemos riyboko pazoupancs
U B ONTHYCCKHUX CHCTEMaX JIOKAIMH, H B BOIPOCAX
TMOBBIIIECHUS CKOPOCTHU IIEPEaAavn I/IHq)OpMa]_H/II/I B JIU-
HUSIX CBSI3U C HCTIOJIb30BAaHUEM CHT'HAJIOB C B3aUMHOMN
uHTepdEepeHIell CAMBOJIOB, H B TCOPUH THHAMUYC-
CKOTO Xaoca B HEJIMHEHHBIX CHCTEMAaX ISl CO3JIaHHS
HOBBIX CHTHaJbHBIX KOHCTPYKIHH, 0OecredynBaro-
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muX paboTy 3alIUIIEHHBIX OT HEeCaHKIMOHWPOBaH-
HOT'O JIOCTyIa K MH(QOPMAIMK KaHAJIOB CBS3H, U B Me-
TOJAaX CO3JAHUS MAIIOUIYMSIIUX MHAHHATIOPHBIX
YIIPaBJISIEMbIX 110 YacTOTE F€HepaTOpPOB M YCTPOHCTB
(dopmupoBanus koiebanuii. Ero 3HaHus u npaktuye-
CKHH OTBIT OBUIH IIUPOKO BOCTPEOOBAHBI HA Kadeape
W JIAJIEKO 3a ee IpeJieslaMy IIPH ero y4acTHH B Hay4d-
HBIX ¥ HayYHO-00Pa30BaTEIBHBIX MEPOIPUATHIX B
HaIlIel CTpaHe U 3a pyOe:KoM, B ero paboTe B pelak-
[UOHHBIX COBETaX BEAYIIUX HAyYHBIX YXYPHAIOB, B
JIMCCEePTAILMOHHBIX COBETAX U B OKCIIEPTHOMH JIesTelb-
HOCTH.

Banentun Hukonaesuu 6onee 20 mocieqHux JeT
OBbUI IJIaBOIl MOCKOBCKOTO OTJEJICHUSI MEXTyHapOa-
HOro obmiectBa "MHCTUTYT HHKEHEPOB JIEKTPOTEX-
uukn U onektponuku” (Institute of Electrical and
Electronics Engineers — IEEE) 1o 351eKTpOHHBIM Iie-
I5IM ¥ CHCTEMaM M B 9TOM KauecTBE BO3IJIABIISII ITPO-
rpaMMHBIE U OPraHU3alHOHHbIC KOMHTETBI MEXKIyHa-
POJHBIX HAYYHBIX KOH(pEPEHIUH, ObUT HAYIHBIM PY-
KOBOJIUTENIEM CEeKLHUIl M0 YCTPOMCTBaM IeHepHUpOBa-
Hust 1 hopMupoBaHus curHanoB. OH TaKKe U3BECTCH
Kak OeCCMEHHBI OpPraHM3aToOp BCECOIO3HBIX IIKOJI-
CEeMHHapOB MO CTaOMIM3alMH YacTOTHI, MEXIyHa-
POAHBIX CHMIIO3HYMOB IO aKyCTORIEKTPOHHUKE,
YIIPaBJICHHIO YacTOTOI U (OPMUPOBAHHIO CUTHAJIOB.

C 1990 r. npodeccop B. H. Kynemo akTuBHO
pabotan B YueOHO-METOJUUYECKOM COBETE, BXOMS-
meM B coctaB DenepanbHOro y4eOHO-METOIYe-
ckoro oobenuHenus Poccun o Hanpasienuto ''Pa-
quorexHuka”. OH SBJIAJCS OJHUM M3 OCHOBHBIX
pa3pabOTUYUKOB Tpex 00pa3oBaTECIbHBIX CTaHIAp-
ToB mepBoro nokoyeHus (1992-1993) u nByx 00-
pa3oBaTeNbHBIX CTaHJAPTOB BTOPOTO IOKOJIECHUS
(1999). 3a HayuHO-MeTOAMYECKUE PabOTHI B 00I1a-
CTH JIUCTaHIIMOHHOTO 00pa30BaHUs EMY B COCTaBe
aBTOpcKoro koyuiektusa B 2002 r. OblIa OPUCYXK-
neHa nipemus [Ipesunenra PO B obmactu ob6pazo-
Banus. B. H. Kynemos B Teuenue 17 net ObL1 wie-
HOM peJicoBeTa HaydHOro >xypHana ''M3Bectus
BBICIINX y4eOHBIX 3aBeAeHni Poccun. Paanosnek-
TPOHHKA".

Konuuna mnpodeccopa B. H. Kymemosa —
OTpOMHAsI TIOTepsl He TOJNBKO st MHCTHTYTA pa-
JUOTEXHUKH U 3JIeKTpoHUKHU UM. B. A. KotenbHu-
koBa HUY "MDU", Ho 1 Ans Bcel Hay4HO-TIearo-
THYECKOH 00IIeCTBEHHOCTH CTPAHEL.

[Tamsate o Banentune Hukonaesuue Kyie-
I0BE, KPYITHOM YYEHOM C MIUPOYAUIINM KPYTro30-
POM, TANAaHTIMBOM II€Aarore, yMejIoM OpraHh3a-
TOpE U 3aMeyaTeIbHOM YelIOBeKe, HaBCeraa coXpa-
HUTCS B HAIIUX CEpALAX.

Hncmumym  paduomexnuxku U 31eKMPOHUKU
umenu B. A. Komenvrnuxosa u kageopa ¢opmuposa-
Husi u obpabomxu paoduocuenanros HUY "MOU",
pedakyus odicyprara "Hzeecmus 8vICUUX YUeOHbIX
sasedenuti Poccuu. Paouoarexmponuxa"
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MNpaBuna ans aBToOpoB cTaTen

B penmaxmmro xxypHana "H3Bectust By30B Poccnn. PagnosnexTpornka" He0OX0IUMO IPEACTaBUTh:

— pacmieyarky pykomucu (1 5K3.) — TBepAyro KOmuio (aiina cTaTby, MOANUCAHHYIO BCEMH aBTOpaMu (00beM
OpUTHHAJILHOW CTaThU HE MEHEE 8 cTpaHuil, 0030pHOI cTaThu He Oonee 20 cTpaHuI);

— 3JIEKTPOHHYIO KOIIHIO CTaThy;

— OTAENBHBIN (a1 Iy KaXKI0TO PUCYHKA M KaXI0¥ TaOiHIEl B (hopMaTe TeX PeIaKTOPOB, B KOTOPBIX OHU OBLIH
MOATOTOBJICHBI. PasMenieHne pucyHKa B 3JIEKTPOHHON KONMH CTaThbH HE OCBOOOXKIACT OT €ro MpeICTABICHUS
OTIETBHBIM (aiiiom;

— DKCIIEPTHOE 3aKIF0YCHUE O BO3SMOKHOCTH OITyONTMKOBaHHS B OTKPHITOH medaTH (1 3K3.);

— CBEJICHHS 00 aBTOpax M UX AIIEKTPOHHYIO KOIHIO (Ha PYCCKOM U aHIIIMICKOM s3bIKax) (1 3K3.);

— peKOMEHAIHIO Kadenps! (TTOapa3IeieH ) K OITyOMKOBAHHUIO (CTIeIyeT YKa3arh IMpeioiaraeMyto pyopuky) (1 3x3.);

— compoBoAuTeIbHOE MUChMO (1 9K3.).

le/lHl/IMaIOTCH K nyﬁnnxaunn CTAaTbH HA PYCCKOM U AHIINICKOM SI3bIKAX.

PyKOHI/ICL HE MOXKET OBITh OHy6J’II/IKOBaHa, CCJIM OHA HC COOTBCTCTBYCT MPCABABIACMbBIM TpC6OBaHI/I$IM " Marcpuajiam,
NPEACTaBIACMBIM C HEH.

CTpykTypa HAy4HO#H CTAaTbH

ABTOpaM peKOMEHIyeTCs IPUAEP>KUBATHCS CIETYIONIeH CTPYKTYphI CTaThU:

e 3arojioBoYHas 4acTh:

— VJIK (BbIpaBHMBaHUE TIO JIEBOMY KPalo);
— Ha3BaHHUEC CTaThU;

— aBTOpHI (Iepedenpb aBTopoB — @. . O. aBropa (-0B) MONMHOCTHIO. IHUIIMATIBI cTaBITCS Tiepes] haMUIusIMH,

NOoCJIE KaXJI0ro HMHHUIHAJIa TOYKa H np06en; WHULIUAJIBI HE OTPBIBAOTCA OT (I)aMI/IJ'II/II/I. Ecmm aBTOPOB
Heckoipko — @. U. O. PaA3ACIIIOTC SaHHTBIMI/I), €CJIn aBTOPOB 0oJIblIe 3, HCO6XO,I[I/IMO B KOHIIE€ CTAaTbH
YKa3aTh BKJIaJ] KaXXJ0T0 B HAITMCAHUE CTATbH,

MECTO pa6OTBI KaXXJ0ro aBTOpa U ITOYTOBBII aapec OopraHu3anuu. Ecmm aBTOPbI OTHOCATCSA K PAa3HbIM
OpraHmsanusaM, TO IIOCJIEC YKa3aHUsA BCEX aBTOPOB, OTHOCAIIHUXCA K OZ[HOﬁ OpraHmsalium, nacTcsa ¢¢
HaMMEHOBAHUE, a 3aTEM CIIMCOK aBTOPOB, OTHOCALIUXCSA KO BTOpOﬁ Oopranmnzanu, HaMMCHOBAHHUE BTOpOI71
OpraHusanuu, U T. 1.;

— anHoTarus — 200-250 c0B, XapakTepU3yOLINX COAEPKaHHE CTAaThH;

KJIFOYEBBIE CJIOBa — 5—7 CJIOB M/WIJIM CIIOBOCOYETAHUH, OTPaXKAIOUIMX COJEPKAHUE CTAThbH, Pa3jeieHHbIX
3allIThIMH, B KOHIIC CIIMCKA TOYKa HEC CTAaBUTCA,

WCTOYHUK (PMHAHCUPOBAHUSI — YKA3bIBAIOTCS NCTOYHUKN (PMHAHCHPOBAHUS (TPaHThI, COBMECTHBIE TTPOCKTHI
u T. 11.). He ciemyer mcmons30BaTs COKpanieHHbIE HA3BaHUS MHCTUTYTOB M CIIOHCHUPYIOIINX OPraHU3aIni;

— 6J'Ial"0ﬂapHOCTI/I. B JAaHHOM pa3Jieji€ BbIpAXKACTCA IMMPU3HATCIbHOCTDb KOJIJIETaM, KOTOPbIC OKa3bIBaJIM ITOMOIIb

B BBIIIOJIHEHUHN HUCCJICAOBAHUA WU BBICKA3bIBAJIN KPUTHUUYCCKHUEC 3aMCUYaHUA B apeC CTaTbU. I'Ipe>1<21e qyeM
BbIPAa3UThb 6J'Ial"0ﬂapHOCTL, H€O6XO,HI/IMO 3apYUUTHC COITIaCUEM TEX, KOI'0O IJIAHUPYETE HO6HaFOﬂapI/ITI);

KOH(JINKT HHTEPECOB — aBTOPHI JIEKIAPHPYIOT OTCYTCTBHE SBHBIX M IIOTCHIMAIBHBIX KOH(IUKTOB
MHTEPECOB, CBSI3aHHBIX C IMyOIMKaluei HacTosmel crateu. Hanpumep, « ABTOPBI 3asBIISIOT 00 OTCYTCTBUU
KoH(IMKTAa WHTEpPecOB». EcCinM KOHGIIMKT HHTEPECOB BO3MOXEH, TO HEOOXOOMMO IOSICHEHHE (CM.
https://publicationethics.org).

3arojioBoYHas 4aCcTh Ha aHIVIMICKOM SI3BIKE:

— na3panue (Title);

IIpaBuaa n1s aBTOPOB cTaTeil 71
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— aBTopsI (Authors);

— Mecto pabothl kaxnaoro aBropa (Affiliation). HeoOxoqumo ybennTbess B KOPPEKTHOM (COIVIACHO YCTaBY
OpraHM3allii) HaIMCaHUW ee Ha3BaHHs Ha aHIIMHCKOM s3bike. [lepeBon Ha3BaHUsS BO3MOXKEH JIMIIb MPH
OTCYTCTBUH aHIVIOSI3bIYHOTO HA3BaHUA B ycTaBe. ECIIM aBTOPEI OTHOCSATCS K pa3HBIM OpraHHU3ALHUSM, TO ITOCIIE
yKa3aHHUs BCEX aBTOPOB, OTHOCSAIINXCS K OTHON OpPTraHU3aLiH1, aeTCs e¢ HAMMEHOBAaHHE, 3aTeM ITPUBOIUTCS
CIIMCOK aBTOPOB, OTHOCSIIMXCS KO BTOPOI OpraHU3allii, HAMMEHOBAaHKUE BTOPOM OpraHMU3alliy, U T. 11.;

— agHoTarus (Abstract);
— xmoueBkie cioBa (Keywords);
— UCTOYHMK (rHaHcupoBanus (Acknowledgements);
— xoHmukT nHTEepecoB (Conflict of interest).
e Tekcr crarbu.
o [IpunoxeHus (Ipu HATUYUN).
e  Amtopckuii Bkiaa. Eciu aBTopoB Gombie 3, He00X0ANMO yKa3aTh BKJIaJ{ KaKIOTO B HAIIMCAaHUE CTaThH.
e  Crucok nureparypsl (0nbnmorpaduaecKuii CIHCOK);

e Uudopmamus 06 aBTOpax.

Ha3Banue cTaTbH J0DKHO OBITH MH(GOPMATUBHBIM, C HCIIOJIb30BAaHUEM OCHOBHBIX TEPMHHOB, XapaKTEPHU3YHOLIHX
TEMY CTaTbU, U YETKO OTPaXKaTh €€ COJep)KaHHe B HECKOJBKHX CJIOBaX. XOpouio copMyaHpOBaHHOE Ha3BaHUE —
rapaHTHs TOTO, YTO PaboTa MPHBJIEUET YUTATENbCKUI MHTepec. ClelyeT MOMHHTh, YTO Ha3BaHHE pabOoThl IPOUTYT
ropaso OOJNbIIIE JTFOACH, 9eM ee OCHOBHYIO YacCTh.

ABTOpPCTBO U MECTO B IEpPEYHE aBTOPOB OIpPEENAeTCs JOTOBOPEHHOCTBIO nocieaHux. IIpu mpuMepHo paBHOM
ABTOPCKOM BKJIaJle PEKOMEHyeTCs ali(paBUTHBIN TTOPSAOK.

AHHOTaIUsI IPEICTABISET CO00I KpaTKoe ONMCAHUE COACPIKAHUS M3JIOKEHHOro Tekcra. OHa JO/DKHA OTpa)kaTh
aKTyaJbHOCTb, IOCTAaHOBKY 3aJlaud, IIyTH €€ peUIeHus, (aKTUYECKU IOJNyYCHHbIE pPE3YIbTaThl M BBIBOJBI.
ConepxaHye aHHOTAITUHN PEKOMEHAYETCS IPEACTaBUTh B CTPYKTYPHUPOBAHHOM (hopme:

Brenenne. IIpuBoauTcst 001ee OMUCAHNE UCCISTyEMOU 00IaCTH, SIBJCHUSA. AHHOTAIIUIO HE CJCIyeT HAYMHATh
cnoBamu «CTaThsi TOCBsMIEHA...», «llens HacTosmed cTaThH...», TaKk Kak BHa4dajle HaJI0 II0OKa3aTh
HEOOXOIMMOCTh JaHHOI'O HCCJIEJOBaHUS B CHIIy Npo0ejia B HAyYHOM 3HaHHHM, IOYEMY M 3a4eM HPOBELEHO
uccie0Banne (OMUcaTh KPaTko).

Hean pa6Gorbl. IlocranoBka menu wucciegaoBanus (Ieb MOXET ObITh 3aMEHEHA THUIOTE30W WU
UCCJIE0BATENbCKUMH BOTIPOCAMH).

Marepuaabl U MeToabl. O003HAYEHNE HCTIONB3YEMON METOAONIOTHH, METOJIOB, MPOLEAYPHI, TAe, KaK, KOoTaa
MIPOBEACHO UCCIEAOBaHUE U TIP.

PesyabTarbl. OCHOBHBIE pe3yNIbTaThl (PUBOMATCS KPATKO C YIOPOM Ha CaMble 3HAUUMBIE W MPUBJICKATEIbHBIE
JUTSL YUTATENIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3axiawuenue). ConocrapieHne ¢ IPyrUMH UCCIIEIOBAHUSIMY, ONTMCAHKE BKJIaJa UCCIIEA0BaHMUS
B HAyKy.

B amnoTamum He CJICAYET YINOMHWHATHL HCTOYHUKHU, HCIIOJIb30BAHHBIC B pa60Te, TMEPECKA3bIBATh COJCPIKAHUC
OTACJIbHBIX pa3cyIOB.

HpI/I HallMCaHWH aHHOTalluH HCO6XOI[I/IMO CO6J'IIO,Z[aTB 0COOBIA CTUIIL M3JIOXKEHHUS: U30erarh JJIMHHBIX W CJIOXXKHBIX
HpGHHOKCHHﬁ, BbIPA’KaTb MBIC/IM MAaKCUMAJIbHO KPATKO WU YCTKO. CocTaBIsITh MPEAJIOKECHNS TOJIBKO B HACTOSALICM
BPEMEHHU U TOJIBKO OT TPETHETO JIMIA.

Pexomenyemsrit 00bem anHOTarmu — 200-250 cios.

KaioueBbie ciioBa — HabOp CJIOB, OTpaXKalOUIMX COAEP)KaHWE TEKCTa B TEPMHHAX OOBEKTa, HAydHOH OTpaciu U
METO/IOB HCCIIOBaHUA. PexkoMeHIyeMoe KOJIMYECTBO KIIIOUEBBIX CIOB/()pa3 — 5-7, KOJIMYECTBO CJIOB BHYTPH
KITFOUeBOH (passl — HE Oosree 3.
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TekcT cTaThH U3TaracTcs B OMNPEACICHHOW MOCICIOBATCILHOCTH. PekoMeHayeTcs mpuaepkuBaThes (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenue, Metonsi, Pe3ynsratsl, O0CyxacHue):

Beenenne. Bo BBeileHNN aBTOp 3HAKOMHT C IPEIMETOM, 337a4aMH M COCTOSIHHEM HCCIEIOBAHUI MO TeMe
MyOJIMKAIMK; TIPU 3TOM HEOOXOIMMO 0053aTENBHO CChUIATHhCS Ha MCTOYHUKH, U3 KOTOPBIX Oepercsi mH(popmaius.
ABTOp TmpHBOAMT omucaHue "OenbIX MATeH" B MpoOiieMe WM TOTo, YTO €Ile He C/AeNaHO, U (GOpPMYIUpYeT LEeNu U
3a[]a4yl UCCIICOBAHUS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpPBIE HyMepyloTcst apadckumu 1udpamu. B cHockax MoryT ObITh
pa3MeleHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTepHeTa, cchutkn Ha yueOHukH, yuebnsie mocodus, 'OCTHI,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImMcarb TEOPCTUYCCKUC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie UT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIICNOBAHNA uenec006pa:sH0 OIMCBIBATH B TOM CJIy4dac, €CJIM OHNU OTIIMYAr0TC HOBH3HOI.

Hayunas craTest 10JDKHA OTOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH 1 MTOIy4YEHHbIE PE3yNIbTaThl, HO U
JIOTHKY CaMOTo HCCIEAOBAHUS WIH IIOCJIENOBAaTEIbHOCTh PACCYXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHyeckre BhIBOJBI. [10 pe3ynbrataM SKCIIEpUMEHTabHBIX HCCIIENOBAaHUN IeIIecO00pa3Ho ONMHUCaTh CTAIUU U
9TaIbl SKCIIEPHMEHTOB.

Pesynbrarel. B 3TOoM pasfene NpencTaBleHBl SKCIEPUMEHTANbHBIE HIM TEOPETHYECKHE JaHHbIE,
MIOJTy4CHHBIE B XOZ€ MCCIleoBaHMA. Pe3ynprarsl natoTcst B 0OpabOTaHHOM BapHaHTE: B BHAE TadiWu, rpadukos,
auarpaMM, ypaBHeHHWH, (ortorpadmii, pucyHkoB. B 3ToM paszene mnpuBomsaTcs ToimbKo (akTel. B ommcanum
MOJYYSHHBIX PE3Y/IbTaTOB HE JOJDKHO ObITh HUKAKHMX MOSICHEHUH — OHU JIAroTCsl B pazaene «O0cyxaeHuey.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTy4YEHHBIE
pE3yNbTaTbl B COOTBCTCTBHUU C IIOCTABJICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YyJBTaTOB C pe3yJbTaTaMu APYTrux aBTopoB. HeoOXoauMo mokaszaTh, YTO CTaThs pellaeT HaydHYIO
npo0OIeMy WITH CIY)KUT HPUPALICHAI0 HOBOTO 3HAHUS. MOXHO OOBSCHATD IOTyYCHHBIC PE3YNIBTAThl HA OCHOBE CBOETO
ombITa W 0A30BBIX 3HAHWM, NPHUBOAS HECKOIBKO BO3MOXKHBIX OOBSICHEHHH. 37ech H3JaraloTcsi HPEIIOKSHUs I0
HalpapJICHHUIO OYIYIHX UCCIICIOBAHUH.

Cnucok jurTeparypsbl (0ubauorpadMuecKuil CUCOK) COACPKUT CBEACHHS O IUTHPYEMOM, pacCMaTPHBAEMOM HIIH
YIOMHHAEMOM B TEKCTE CTaThM IJUTEPATypHOM HCTOYHHKE. B CHHCOK JMTepaTyphl BKIFOYAIOTCS TOJBKO
peleH3UpYEeMbIe HCTOYHUKH (CTaThU M3 HayYHBIX JKYPHAIIOB H MOHOTpadum).

Cnmcok JuTeparypsl IODKEH MMETh He MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHIIOs3bIYHbIe u3nanus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIJIOS3BIYHBIX UCTOYHUKOB).

CchiTki Ha HEOIYOJIHKOBAaHHBIE M HETHPaKUPOBaHHBIE pabOTHI He JaomyckaroTcsa. He momyckaroTcs CCBUIKM Ha
yueOHHKH, yueOHbIe TOCOOUs], CIPAaBOUYHHUKH, CJIOBAPH, IUCCEPTALMU U IPYTUE MAIIOTHPAKHBIE N3/IaHHS.

Ecnu onmckiBaeMas myonukaiius umeeT nudposoit unentudukarop Digital Object Identifier (DOI), ero HeoOxoaumM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B ¢opmare "doi: ...". IlpoBepsars Hamuune DOI crarbu
crnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HesxenaresbHbI CCBUIKM Ha UCTOYHUKH Ooiiee 10—15-neTHell JaBHOCTH, IPUBETCTBYIOTCS CCHUIKH Ha COBPEMEHHbIE
WCTOYHUKH, UMetoIue naeHTudukarop doi.

3a AOCTOBCPHOCTh U TMPABUWIBHOCTH O(i)OpMJICHI/IH IpEeACTaBIIAEMbIX 6I/I6J'II/IOFpa(1)I/I‘IGCKI/IX JAHHBIX aBTOPbI HECYT
OTBETCTBEHHOCTD BIJIOTH 10 OTKa3a B IIPpaBC Ha ny6n1/n<aumo.

AHHOTAIHSI HA AHIJIHICKOM si3bIKe (Abstract) B pyCCKOS3BIYHOM H3IaHUU M MEXIYHAPOIHBIX 0a3aX JaHHBIX
SIBIISICTCS ISl MHOCTPAHHBIX YHTATE]Ied OCHOBHBIM M, KaK MPaBWIO, CIWHCTBEHHBIM HCTOYHHKOM WH(POPMAIUH O
COJICPKAHUU CTAaTbH W M3JIOKCHHBIX B HEH pe3yibTarax HUCCICAOBAHUN. 3apyOe:KHbIE CIICIUAUCTHI 10 aHHOTAIHH
OIICHUBAIOT IyOJIMKAIUIO, OMPEICISIOT CBOM MHTEpeC K padoTe POCCUIICKOTO YYEHOTro, MOT'YT HCIIOJIE30BATh €€ B
CBOCH MyOJUKAIIMU U CAEJATh Ha HEe CChUIKY, OTKPBITh JUCKYCCHIO C aBTOPOM.

Tekct aHHOTAIMK TOJDKEH OBITH CBSI3HBIM U MH(OpPMATHBHBIM. [Ipy HarmMcaHUK aHHOTAIUH PEKOMEH/TyeTCSl CTIOIB30BaTh
Present Simple Tense. Present Perfect Tense siBistercst nomyctumbiM. PekoMenryemblii 00bemM — 200250 crioB.
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Cnucok jsurteparypbl (References) it 3apyOekHBIX 0a3 JaHHBIX MPHBOIUTCS MOTHOCTBIO OTHEIBHBIM OJOKOM,
TIOBTOPSISI CIIMCOK JIMTEPATYPhl K PYyCCKOSI3BIYHON YacTh. Ecnu B ciimcke UTEpaTypsl €CTh CCHUIKMA HA HHOCTPaHHbIE
yOJIMKAIMY, TO OHHU IIOJHOCTBIO MOBTOPSIIOTCS B CIIMCKE, TOTOBsIIEMCsl B pomaHckoM andasure. B References
COBEPIICHHO HENOMYCTHMO Wucmonb30oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK
MIPE/ICTABISIETCS C TIEPEBOIOM PYCCKOSI3BIYHBIX HCTOUYHMKOB HA JIATUHHIYY. [Ipy 3TOM IpUMeEHsIeTCsl TPaHCIUTEpaLyst
o cucteme BSI (cm. http:/ru.translit.net/?account=bsi).

Tunossie npuMeps! omucanus B References nprBenens! Ha caiite xxypHaia https://re.eltech.ru .

Caenenus 00 aBTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMUIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
y4eHoe 3BaHMe (C JaTaMy IPUCBOCHUS U MPUCYKACHHS), TOYETHBIC 3BaHUS (C AaTaMu MPUCBOCHHS U MIPUCYKICHUS),
KpaTKylo HayyHylo Ouorpaduro, KOJIMIEeCTBO MeYaTHbIX paboT U cdepy HayyHBIX HHTEpEcOB (He Oonee 5—6 CTPOK),
Ha3BaHME OPTaHW3aLNH, TOJDKHOCTD, CITY)KCOHBIA U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MMOuTH. Ecim yueHBIX W/WiM akaIeMHYeCcKHX CTENeHeW W 3BaHWH HET, TO cIeqyeT yKa3aThb MeCTO
MOYYCHHSI BBICIIETO OOpa30BaHMs, TOJ OKOHYAHHS By3a W CIEIHUAIbHOCTh. Tarke TpeOyeTcss BKIIOYATh
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpaxkaeTcs Kak aapec Bunaa http://orcid.org/xxxx-xxxx-XxXXx-XXxX. [Ipi 3ToM BakHO, 4TOOBI KaOMHET aBTOpA B
ORCID 6511 3aronHeH HH(OpMAIHei 00 aBTope, IMeNl HEOOXOIMMBIE CBEICHNUS O €T0 00pa30BaHMH, Kapbepe, Ipyrue
ctatbd. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 3a MPOXOXKICHUE CTaTbU B pElaKIIUU.

IIpaBuia odopmiieHus TeKkcTa

Teker cTaThi TMOATOTABIMBAeTCA B TEKCTOBOM pemakrtope Microsoft Word. ®opmar Oymarm A4. Ilapamerpst
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, paBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne noay)KMPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel He0OX0JUMOCTH.

JloNONIHUTENBHBIN, NOSCHAOMIMN TEKCT CIEAYET BBIHOCUTh B IOACTPOYHBIE CCBUIKU IIPU IIOMOIIM 3HAKa CHOCKH, a
npu OoJibiioM o0bemMe — OOopMIISITH B BHIE NPHIOKEHUsI K crarbe. CChUIKM Ha (GOPMYINBI U TaONUIBI AAIOTCS B
KPYIVIBIX CKOOKAX, CCBIIKM Ha MCIIOIb30BAaHHBIE HCTOUYHUKY (JINTEpaTypy) — B KBaJPATHBIX MPAMBIX.

Bce cBemeHmss W Tekct craThu  HaOuwparorcst rapHuTypoii "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE N0 MIHPHWHE; a03amHEIM oTcTym 0.6 CM; MEXCTpOUYHBIH WHTepBan "Muoxwurens 1.1";
aBTOMATHUYECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BepCTKU CIKCKA JINTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOApoOHO onucaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANIPABJIEHHUI KypHaJia
Temarrka )KypHajla COOTBETCTBYET IPYIIIaM CIICHHAILHOCTEH HaydHBIX PA0OTHUKOB:

e 05.12.00 — "Pammorexumnka u cBsa3p" (05.12.04 — PagmorexHuka, B TOM YHCIE CHCTEMBI M YCTpPOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, cetu u
ycTpoiicTBa TenekoMMyHuKaIwid, 05.12.14 Pagnonokamus v paJroHaBUTAIIHsA);

e 05.27.00 — "Onexrponuxa" (05.27.01 — TBepaoTenbHas 3JIEKTPOHHUKA, PAIHO3IEKTPOHHBIC KOMIIOHEHTHI,
MHKpPO- ¥ HAHORJIEKTPOHHMKA Ha KBAaHTOBBIX Adderrax, 05.27.02 — BakyymHas u 11a3MeHHast 3JI€KTPOHUKA,
05.27.03 — KsanTtoBas anmekrponmka, 05.27.06 — Texnomorms m oOOpyZOBaHHE IS IPOU3BOICTBA
IOy TIPOBOAHHUKOB, MaTEPHAJIOB M IPHOOPOB EKTPOHHON TEXHUKH);

e 05.11.00 — "TIpubopocTpoeHue, METPOIOTHS U MH(DOPMAITOHHO-I3MEPHUTEIbHBIE TIPUOOPHI U CHCTEMBI" B
penakiun npukaza BAK ot 10.01.2012 Ne 5 (05.11.01 — Ilpubopsl u MeTOAbI M3MEpPEHHs MO BHIAM
n3mepennit, 05.11.03 — I[Ipubopsr HaBuranny, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPHUOOPH! 1 KoMIutekcsl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3IIyYeHUH W PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI IMTPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnonorus npudopoctpoerusi, 05.11.15 — Metponorust u MeTponormdeckoe obdecmeuenue, 05.11.16 —
WudopmanmoHHO-n3MepHUTENBHBIE W yIIpaBisitomue cucteMsl (1o orpacism), 05.11.17 — Ilpubopsl,
CHUCTEMBI W U3AENM MeAWIuHCKoro HasHadeHus, 05.11.18 — Ilpubopbl m MeTomsl mpeoOpa3oBaHHA
U300paKEHHI 1 3ByKa).
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Vka3zaHHBIE CIICIIUATLHOCTU OpEACTABIIAIOTCA B )KYPHAJIC CJICAYIOIIMMU OCHOBHBIMHA py6p1/H<aMH:

"PagnoTeXHNKA U CBSI3h'":

Pagnorexandeckue cpeAcTBa Nepenadn, mpuemMa u 00paboTKN CHTHAJIOB.
[TpoexTupoBaHye 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenue u 06padboTka n300paKeHUH.

OneKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEeMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAITHH.

Panuonoxanus u paguoHaBUramus.

"DnexTpoHuKa':

e Mukpo- 1 HAaHORJIEKTPOHHUKA.

e  KBaHTOBas, TBEpAOTEIbHAS, IIIA3MEHHAS U BAKyYMHAs SJIEKTPOHUKA.
e Pamnodoronuka.

e  Dnexrponuka CBY.

"ITpubopocTpoenue, METPOIOTHs U HHYOPMAITOHHO-N3MEPHUTEIILHBIE IPUOOPHI H CHCTEMBI':
e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHYECKUX U PAIHOBOIIH.
e  Merposnorus 1 HUHGOPMAOHHO-U3MEPHUTENBHBIE TPUOOPHI U CUCTEMBI.

o HpI/I60pI>I MCAUIIMHCKOI'O Ha3HAYCHU S, KOHTPOJISA CPEAbl, BEUICCTB, MATCPUAJIOB U PI3,Z[€J'IPII>1.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yn. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "V3BecTus BRICIINX yueOHBIX 3aBeneHuit Poccuu. Paguosnekrponuka"

TexHUYECKHE BOMPOCH MOKHO BBISICHUTH 110 ajpecy radioelectronic@yandex.ru
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