 pISSN 16073214
-ISSN 2313-6




HY

@W I
&

'{a AY
2 resﬁco‘é

HarnionansHuil yHiBepcuTeT «3anopi3bka MOMITEXHIKa»

PaI[lOGJIEKTpOHlKa, lH(l)OpMaTI/IKa, yYipaBJ/JI1HHA
HayxoBuit xypHan
Buxoauts 4oTHpu pasu Ha pik
Ne 2(61) 2022

3acHoBanuil y ciuni 1999 poky.

3acHOBHUK 1 BUIaBelb — HarlioHaIbHMI YHIBEPCHUTET «3armopi3bKa MOITEXHIKAY).
ISSN 1607-3274 (npyxoBanwuit), ISSN 2313-688X (enexkTpoHHMII).
3anopixxs

HY «3amnopi3bka mosmiTexHika
2022

National University «Zaporizhzhia Polytechnicy»

Radio Electronics, Computer Science, Control

The scientific journal
Published four times per year
Ne 2(61) 2022
Founded in January 1999.

Founder and publisher — National University «Zaporizhzhia Polytechnicy.
ISSN 1607-3274 (print), ISSN 2313-688X (on-line).
Zaporizhzhia
NU «Zaporizhzhia Polytechnicy
2022

HanmonaneHelil yHUBEpCUTET «3aOPOKCKASI MOJIUTEXHUKA

PaaunosiiekTpoHuKa, MHPOpMaTUKA, YIIPABJICHHUE

Hayunblii )xypHan
BeixonuT uetsipe pasa B roj
Ne 2(61) 2022
OcHoBaH B sHBape 1999 rona.

OcHoBarenb 1 u3narenab — HarmoHanbHbI YHUBEPCUTET «3alOpPOKCKask MOJTUTEXHUKAY.
ISSN 1607-3274 (neuatHsiit), ISSN 2313-688X (31€KTpOHHBIN).
3anopoxne
HY «3anoposxckas onuTeXHUKa»

2022



HayxoBuii JKypHAJ «PanioesniekTponika, indopmaTuxa,
ynpaBiiHHs» (ckopoueHa Ha3Ba — PIY) Bupmaetbes HarioHambHuM
yHiBepcHuTeTOM «3anopisbka nomitexnika» (HY «3anopisbka momitexHikay) 3
1999 p. nepioAMYHICTIO YOTHPU HOMEPH HA PIK.

3apeectpoBano y MinicreperBi roctumii  Ykpainm 19.11.2019 p.
(CBimouTBO NpoO [EpXKaBHY PEECTPAIlil0 JPYKOBAaHOro 3aco0y MacoBoi
indopwmariii cepis KB Ne 24220-14060 TIP.)

ISSN 1607-3274 (npyxoBanuii), ISSN 2313-688X (eneKkTpoHHUIA).

Hakazom MinictepctBa ocBith i Haykn Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArecTaniiiHoi Kkonerii MiHicTepcTBa 10710
JUSsUTBHOCTI CIeniaiizoBaHuX BYeHHX paj Bix 06 Oepesns 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HalBHIIIK piBeHb), B SAKHX MOXYTh IyONIKyBaTHCSA pPE3yJIbTaTH
JMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JIOKTOpa HayK i JOKTOpa
¢inocodii (kanauIaTa HAYK).

Kypuan Brmouenuit 10 monschkoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHHX ~MaTepiaiB  MDKHApOAHHX KOH(EPEHIil 3 MPHUCBOECHOIO
KiIBbKICTIO GaniB (H0oAaToK 40 oronomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecny6umixu ITombmia Big 31 st 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIKYIOTHCSI HAyKOBI CTATTi aHIIIHCHKOIO,
pociiichkoI0 Ta yKpaTHCHKOI MOBaMU.

IIpaBuia odopmieHHs crarei
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3k0IITOBHUII BiAKPHTHII OH-1aiiH KocTyn 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHnan 1o3Boiisie aBTOpaM MaTH aBTOPCHKI IpaBa i 30epiraT rmpasa Ha
BUJaHHA ©Oe3 oOMexeHb. JKypHanm J03BOJsiE KOPHUCTYBauaM UHTATH,
3aBaHTA)KyBaTH, KOIIIOBATH, IOLINPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHJIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan 103BOJISE MOBTOpHE
BUKOPHCTaHHA iforo Bmicty y Biamosiguocti Creative Commons JireH3iero
CCBY-SA..

OmnyOmiKOBaHUM CTAaTTSM IIPUCBOIOETHCS YHIKalbHHIl iIeHTH]iKaTOp
mudpooro 06’exra DOL

7KypHaj BxoauTh 10 HayKkoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epaTUBHHUX )KypHANaX i HAyKOMETPUYHHX 0a3ax IaHHX, a
TaKOX PO3MIILYeThCsl Y IndpoBUX apxiBax Ta 6i06iaioTekax 3 6E3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI mHepelik SKMX MOJAHO Ha CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

JKypnaa po3noscroKyeTbesi 3a KaranoroMm nepiofMyHuX BUJaHb
VYkpaiuu (nepearuiatHui inaexc — 22914).

TemaTuka KypHAJXy: TeleKOMyHIKalii Ta  paJioelieKTpoHiKa,
TporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOpUTMIB i MPOrpaMyBaHH:),
KOMIT'IOTEpHI Haykd (MaTeMaTH4YHE 1 KOMIT'IOTepHE MOJICITIOBAHHS,
ONTHUMI3alis 1 JOCTiKEHHs Omepalliif, ynpaBlliHHs B TEXHIYHHX CHCTEMax,
MDKMallMHHA 1 JIIOAWHO-MAalIMHHA — B3a€MOJIS, I[ITyYHUH  1HTEJEKT,
BKJIIOYAIOYM CHCTEMH, 3aCHOBaHI Ha 3HAHHAX, 1 CKCIEPTHI CHCTEMH,
iHTENEeKTyalbHII aHAIi3 JaHHUX, PO3Mi3HABaHHS O00pa3iB, IITy4YHi HEHPOHHI
i He#ipo-HeuiTKi ~ Mepexi, HeUiTKy JIOTiKy, KOJICKTHBHHIl  IHTEIEKT
i MyJIPTHAr€HTHI CHCTEMHM, TiOpHIHI CHCTEMH), KOMIT'IOTEpHA iHXKEHEepis
(amaparHe 3a0e3neyeHHsT 00YNCIIOBANTBHOT TEXHIKH, KOMIT FOTEPHI Mepexi),
iHdopMalliiiHi CHCTEMHU Ta TEXHOJOTIT (CTPYKTYpH Ta 0a3u JaHUX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta CKCIEPTHI CHCTEMH, 00poOKa JaHHX | CUTHAIB).

VYei crarri, nmpornoHoBaHi 10 myOumikarii, OZEpKyHOTh 06’€KTHBHMIl
PO3rIsii, 1O OLIHIOETBCS 3a CYTTIO 0e3 ypaxyBaHHsS pacu, CTarTi,
BIPOCIIOBI/IaHHS, €THIYHOTO ITOXOJDKEHHS, IPOMaJssHCTBAa ab0 IMOITITHYHOT
¢inocodii aBropa(is).

VYci cTaTTi NpoXoAsaTh ABOCTYIIHYACTE 3aKpUTE (AaHOHIMHE ISl aBTOPA)
Pe3eH3yBaHHS IUTATHUMH PENAKTOPAMH i HE3ANCKHUMH PELCH3CHTAMH —
NIPOBITHUMH BUCHHMH 3a NpodineM xKypHaiy.

MOJaHO Ha caiiTi:

PEJAKIINHA KOJIEI'TA

TI'onosnuit peoakmop — Cy66otin Cepriii OnekcanIpoBHY — JOKTOP
TeXHIYHMX HayK, mpodecop,3aBigyBauy Kadeapn IpOrpaMHHX 3aco0iB,
HauioHanbHuii yHiBepcuTeT «3anopisbka MoNiTeXHika», YKpaiHa.

3acmynnuk 20n06n020. peoakmopa — Iliza Jimurpo MakapoBuy —
JOKTOp TEXHIYHMX HayK, mpodecop, AUPEKTOp IHCTUTYTY iH(MOPMATUKH Ta
pazioenekTpoHiky, npodecop xadeapu pamgiOTEXHIKM Ta TEICKOMYyHIKarlii,
HarionanbHuit yHiBepenTeT «3amopisbka HoJliTexHika», Ykpaina.

Ynenu peokonecii:

AmnapoyJainaxkic Tocig — noxrop dinocodii, ronosa nenapramenty teaedoHii
LenTtpy o6cnmyroByBanHs Mepex, YHiBepcutet SHinn, ['penis;

Bonsincpkuii  €Breniii  BosioAMMUpOBHY — IOKTOp TEXHIYHHX HAyK,
npodecop, mpodecop KadeapH MTYyIHOTO iHTENEKTy, XapKiBChKHil HaIliOHANTBHHIT
yHiBepCUTET paioeneKTpoHiKku, YKpaiHa;

Bennexenc FOcr — nokTop ¢inocodii, TONEHT, TOUEHT (aKyIbTeTy iHKEeHEPHHX
TexHonoriit (kammyc e Haip), Katomupkuii yHiBepeuter JIboBena, bebris;

Boibd Kaperen — nokrop dinocodii, mpodecop, mpodecop kadenpn
TexHiyHOi iH(popMaTuku, J[OPTMYHACHKMII YHIBEpCHTET NPHUKIATHUX HayK Ta
mucrents, HiMeuunna;

Byrrke Tanc-Jlitpix — nokrop ¢inocodii, JOIEHT, NPOBITHUNE HAyKOBHI
CHiBPOOITHUK IHCTUTYTYy TeXHi4HOI iH(opMmaTuku, TexHiuHMIl yHiBepcHTET
Lpmenay, Himeuunna;

Top6anb Ounexcanap MukoaaiioBud — 10kTop (i3MKO-MaTeMaTHIHUX
Hayk, mpogecop, mpodecop dakynpreTy MaTeMaTHKH, YHiBepcuter Jlectepa,
Besuka Bpuranist;

Topoannuuii Imutpo OgeroBu4 — 1oktop (inocodii, kKaHANIAT TEXHIYHUX
HayK, JIOLEHT, POBIAHKUI HAYKOBHIi CriBpOOITHUK JIUpeKLii HayKu Ta iHkKeHepii,
Kanazacbka areHuist mpukopaoHHoi ciyx6u, Kanana;

JpoGaxin Ouer OjeroBud — JoKkTOp (i3UKO-MAaTeMaTHYHUX HAYK,
npodecop, nepumii npopekTop, J[HINPOBCHKHII HAIOHAIBHHIT YHIBEPCHTET iMEHI
Onecs ['onuapa, YkpaiHa;

3aiineBa Osiena MukojaiBHa — KaHIuAaT (i3HKO-MaTEeMAaTHYHHX HayK,
npodecop, mpodpecop xadenpu indopmaruku, KuniHcekul yHiBepcUTET B
Kunini, CioBauunHa;

Kamesima Miuitaka — pokrop Hayk, npodecop, mpodecop dakynsrery
HayKH Ta imkenepii, YHiBepcureT ImnHoMaki Cenury, SInomis;

Kapramos Bosoaumup MuxaiiioBu4 — JIOKTOp TEXHIUYHHX Hayk,
npodecop, 3aBimyBau  kadenpu  Memiaimkenepii Ta  iHpopMamiiHUX
pamioeneKTPOHHUX  cucTeM,  XapKiBCbKMil  HAI[iOHAIBHHN  yHIBEpCHUTET

PpanioeneKTpOHiKY, YKpaiHa;

Jlepamenko Bitauiii I'puropoBuy — kaHmumar ()i3MKO-MaTeMAaTHYHMX HAyK,
npodecop, 3aBixyBau Kadenpu indopmarnky, XKutiHcbkuii yHiBepeuter B YKuimi,
CroBaydnHa;

Jlyenro aBux — nokrop dinocodii, npodecop, 3aBinyBay kadeapu teopii
CHTHAIIB Ta KOMYHiKawiif, MaJpHaIChKuii MONIiTeXHIYHM yHIBepcHuTeT, IcnaHis;

MapkoBcka-Kaumap Vpeyna — [0KTOp TeXHIYHMX Hayk, mpodecop,
npodecop Kaenpu OOYHCIOBAIBHOrO IHTENEKTY, BpolulaBchka moiTexHika,
Tonbmia;

Ouiiinuk Auapiii OjiekcaHapoBHY — JOKTOP TEXHIYHMX HAayK, IOLEHT,

npodecop Kkabeapu nporpamHuX 3aco0iB, HamioHanbHuii  yHiBepcuTeT
«3aropi3bKa MoJliTexHikay, YKpaiHa;
IaBiikoB Bosogumup BosoauMupoBH4Y — [OKTOp TEXHIYHHX HAyK,

CTapIInii HAYKOBHil CIiBPOOITHUK, MPOPEKTOP 3 HaykoBOI poboTH, HawioHanbHuit
aepokocmiunuii yHiBepeuteT iM. H.E. J)KykoBcbkoro «XAl», Ykpaina;

Manumubknii Mapuin  — J0kTop Hayk, mnpodecop, npodecop Bimmimy
iHTEJIeKTyalbHUX chcTeM, Jlochiauuil iHcTHTYT cucteM Ilonbebkoi akameMii Hayk,
M. Bapmaga, ITosblua;

Cxpyncbkuii Crenan IOpiiioBu4 — KaHIMIAT TEXHIYHUX HAyK, MOLCHT,
JIOLeHT Kadeapu KOMII'IOTEPHUX chcTeM i Mepex, HamioHansHuii yHiBepcurer
«3amopi3bKa MoJiTexHika», YKpaiHa;

Ta6ynmuk Taanna BosoauMupiBHa — KaHAWMIAT TEXHIYHMX HayK,
npodecop, npodecop kadeapu nporpamHux 3acobiB, HamionanbHuii yHiBepcuteT
«3aropi3bKa HoniTexHika», YKpaina;

Tpurano Tomac — joktop dinocodii, crapumii BukiIagad Kapenpu
€JIEKPUYHOI Ta eNeKTPOHHOI imkeHepil, [mwkenepuuil konemk im. C. lllamon, M.
Awmyon, I3painb;

Xenke Kapcren — JOKTOp TeXHIYHMX Hayk,
crniBpobiTHUK ~ dakynbTery  iHdoOpMmaTHKM  Ta
yHniBepcuter LibmeHay, HiMeuunHa;

Hlapnancekux Outekciii AabbdeproBuu — 10KTOp (inocodii, moueHT,
JoneHT  (akymbTeTy —aepokocMiuHoi  imkeHepii, JlendTchkmii  TexHiuHMI
yHiBepcuteT, Hinepnauu.

HayKOBHH
TexuidHmit

npodecop,
aBTOMAaTHU3AaIlii,

PEJAKIITHO-KOHCYJIbTATABHA PAJIA

Appac ITirep — nokrop dinocodii, ToreHT, TOIEHT PaKyIbTETy iHKEHEPHUX
Texnouoriii (kammyc Jle Haip), Katonuupkuii yuisepcuret JIboBeHa, benbris;

JlicusiHebKmii  AHaTouiii — KkaHmumar  (i3MKO-MaTeMAaTHYHUX HayK,
TOJIOBHHI HAayKOBHIl eKcHepT, I3painbcka enekTpuuHa Koproparis, Xaiida,
H3spains;

Mappury Xpucrian — goxrop dinocodii, mpodecop daxynbrery imxeHepii
Ta iHopMauiiiHuX TexHOJNOTIH, YHiBepcHTeT npuKIagHMX Hayk Kapuuoii,
ABcTpis;

Mapxkocsin Mrep BapakecoBHd — JOKTOp TEXHIYHHX HayK, mpodecop,
JPEKTOp €PEeBaHCHKOr0 HAYKOBO-IOCIIIHOTO IHCTUTYTY 3ac00iB 3B’513KY, npodecop
kadenpy TelneKoMyHikalil, Pociliceko-BipMeHchKnii  yHiBepcuTeT, M. €peBaH,
Bipmenisi;

PyGeas Ouier BosionMMHpPOBMY — KaHIUAAT TEXHIYHUX HAyK, JOLEHT
(akynbrery imxenepii, YuiBepcurer MakMactepa, ['aminbTon, Kanana;

TaBxendiaze ABTaHIIT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX Hayk, npodecop,
npogecop mKkou Gi3HECy, TeXHOOTI Ta ocBiTH, [lepkaBHui yHiBepcuTeT im. It
Yapuasayze, Toinici, I'py3is;

Ypeyrbio lopy — 10KTOp (i3HKO-MaTeMaTHYHUX HayK, podecop, mpodecop
kadeapu eNeKTPOHIKM Ta OOuHCIIOBaNbHOI —TexHikM, TpaHCHIbBAHCHKUIL
yHiBepcutet B bpamiosi, PymyHis;

Ilyasy Iitep — nokTop TexHIYHMX HayK, mpodecop, npodecop GakyabTeTy
iHKeHepii Ta KOMIT'IOTepPHUX HayK, I 'aMOyprchKuii yHiBEpCHTET NPUKIATHAX HAYK
(HAW Hamburg), I'am6ypr, Himeuunna.

PexomenioBato 10 BuganHs Buenoro paynoro HY «3anopisbka monitexHika», mporokoa Ne 6 Bix 24.03.2022.
XKypnan 3Bepcranuii penaxuiiiHo-BuaBHIIEM Bigainom HY «3amopisbka momiTeXHikay.

Beo-caiit :xypHauy: http:/ric.zntu.edu.ua.

Agnpeca pepakuii: Penakuis xypuany «PIY», Harionansnuii yniBepcureT «3anopisbka nojiTextikay, Byi. JKykoBcbkoro, 64, M. 3anopixoks, 69063, Ykpaina.

Teun: (061) 769-82-96 — penakiiiiHO-BUIABHUYNIA BiIisI
E-mail: rvv@zntu.edu.ua

Daxc: +38-061-764-46-62
© HanionanbHuii yHiBepcuTeT «3anopi3pka nosiTexHika, 2022



The scientific journal «Radio Electronics, Computer Science,
Control» is published by the National University «Zaporizhzhia
Polytechnic» NU «Zaporizhzhia Polytechnicy» since 1999 with periodicity
four numbers per year.

The journal is registered by the Ministry of Justice of Ukraine in
19.11.2019. (State Registration Certificate of printed mass media series
KB Ne 24220-14060 I1P).

ISSN 1607-3274 (print), ISSN 2313-688X (on-line).

By the Order of the Ministry of Education and Science of Ukraine from
17.03.2020 Ne 409 “On approval of the decision of the Certifying Collegium
of the Ministry on the activities of the specialized scientific councils dated 06
March 2020” journal is included in the list of scientific specialized
periodicals of Ukraine in category “A” (highest level), where the results of
dissertations for Doctor of Science and Doctor of Philosophy may be
published.

The journal is included to tne Polish List of scientific journals and peer-
reviewed materials from international conferences with assigned number of
points (Annex to the announcement of the Minister of Science and Higher
Education of Poland from July 31, 2019: Lp. 16981).

The journal publishes scientific articles in English, Russian, and
Ukrainian free of charge.

The article formatting rules are
http://ric.zntu.edu.ua/information/authors.

The journal provides policy of on-line open (free of charge) access for
full-text publications. The journal allow the authors to hold the copyright
without restrictions and to retain publishing rights without restrictions. The
journal allow readers to read, download, copy, distribute, print, search, or
link to the full texts of its articles. The journal allow reuse and remixing of its
content, in accordance with Creative Commons license CC BY-SA.

Published articles have a unique digital object identifier (DOI).

The journal is included into Web of Science.

The journal is abstracted and indexed in leading international and
national abstractig journals and scientometric databases, and also placed to
the digital archives and libraries with a free on-line access, full list of which
is presented at the site: http://ric.zntu.edu.ua/about/editorialPolicies#custom-
0.

presented on the site:

The journal is distributed:by the Catalogue of Ukrainian periodicals
(the catalog number is 22914).

The journal scope: telecommunications and radio electronics, software
engineering (including algorithm and programming theory), computer
science (mathematical modeling and computer simulation, optimization and
operations research, control in technical systems, machine-machine and man-
machine interfacing, artificial intelligence, including data mining, pattern
recognition, artificial neural and neuro-fuzzy networks, fuzzy logic, swarm
intelligence and multiagent systems, hybrid systems), computer engineering
(computer hardware, computer networks), information systems and
technologies (data structures and bases, knowledge-based and expert systems,
data and signal processing methods).

All articles proposed for publication receive an objective review that
evaluates substantially without regard to race, sex, religion, ethnic origin,
nationality, or political philosophy of the author(s).

All articles undergo a two-stage blind peer review by the editorial staff
and independent reviewers — the leading scientists on the profile of the
journal.

EDITORIAL BOARD
Editor-in-Chief — Sergey Subbotin — Dr. Sc., Professor, Head of
Software Tools Department, National University ‘“Zaporizhzhia

Polytechnic”, Ukraine.

Deputy Editor-in-Chief — Dmytro Piza — Dr. Sc., Professor,
Director of the Institute of Informatics and Radio Electronics, Professor
of the Department of Radio Engineering and Telecommunications,
National University “Zaporizhzhia Polytechnic”, Ukraine.

Members of the Editorial Board:

Tosif Androulidakis — PhD, Head of Telephony Department, Network
Operation Center, University of Ioannina, Greece;

Evgeniy Bodyanskiy — Dr. Sc., Professor, Professor of the Department
of Artificial Intelligence, Kharkiv National University of Radio Electronics,
Ukraine;

Oleg Drobakhin — Dr. Sc., Professor, First Vice-Rector, Oles Honchar
Dnipro National University, Ukraine;

Alexander Gorban — PhD, Professor, Professor of the Faculty of
Mathematics, University of Leicester, United Kingdom;

Dmitry Gorodnichy — PhD, Associate Professor, Leading Research
Fellow at the Directorate of Science and Engineering, Canada Border
Services Agency, Ottawa, Canada;

Karsten Henke — Dr. Sc., Professor, Research Fellow, Faculty of
Informatics and Automation, Technical University of Ilmenay, Germany;

Michitaka Kameyama — Dr. Sc., Professor, Professor of the Faculty of
Science and Engineering, Ishinomaki Senshu University, Japan;

Volodymyr Kartashov — Dr. Sc., Professor, Head of the Department of
Media Engineering and Information Radio Electronic Systems, Kharkiv
National University of Radio Electronics, Ukraine;

Vitaly Levashenko — PhD, Professor, Head of Department of
Informatics, University of Zilina, Slovakia;

David Luengo — PhD, Professor, Head of the Department of Signal
Theory and Communication, Madrid Polytechnic University, Spain;

Ursula Markowska-Kaczmar — Dr. Sc., Professor, Professor of the
Department of Computational Intelligence, Wroctaw University of
Technology, Poland;

Andrii Oliinyk — Dr. Sc., Associate Professor, Professor, Department of
Software Tools, National University “Zaporizhzhia Polytechnic”, Ukraine;

Marcin Paprzycki — Dr. Sc., Professor, Professor of the Department of
Intelligent Systems, Systems Research Institute, Polish Academy of Sciences,
Warsaw, Poland;

Volodymyr Pavlikov — Dr. Sc., Senior Researcher, Vice-Rector for
Research, N. E. Zhukovsky National Aerospace University “KhAI”, Ukraine;

Alexei Sharpanskykh — PhD, Associate Professor, Associate Professor
of Aerospace Engineering Faculty, Delft University of Technology,
Netherlands;

Stepan Skrupsky — PhD, Associate Professor, Associate Professor of
the Department of Computer Systems and Networks, National University
“Zaporizhzhia Polytechnic”, Ukraine;

Galyna Tabunshchyk — PhD, Professor, Professor of the Department of
Software Tools, National University “Zaporizhzhia Polytechnic”, Ukraine;

Thomas (Tom) Trigano — PhD, Senior Lecturer of the Department of
Electrical and Electronic Engineering, Sami Shamoon College of
Engineering, Ashdod, Israel;

Joost Vennekens — PhD, Associate Professor, Associate Professor,
Faculty of Engineering (Campus de Nair), Katholieke Universiteit Leuven,
Belgium;

Carsten Wolff — PhD, Professor, Professor of the Department of
Technical Informatics, Dortmund University of Applied Sciences and Arts,
Germany;

Heinz-Dietrich Wuttke — PhD, Associate Professor, Leading
Researcher at the Institute of Technical Informatics, Technical University of
Ilmenay, Germany;

Elena Zaitseva — PhD, Professor, Professor, Department of Informatics,
University of Zilina, Slovakia.

EDITORIAL-ADVISORY COUNCIL

Peter Arras — PhD, Associate Professor, Associate Professor, Faculty of
Engineering (Campus De Nair), Katholiecke Universiteit Leuven, Belgium;

Anatoly Lisnianski — PhD, Chief Scientific Expert, Israel Electric
Corporation Ltd., Haifa, Israel;

Christian Madritsch — PhD, Professor of the Faculty of Engineering
and Information Technology, Carinthia University of Applied Sciences,
Austria;

Mher Markosyan — Dr. Sc., Professor, Director of the Yerevan
Research Institute of Communications, Professor of the Department of
Telecommunications, Russian-Armenian University, Yerevan, Armenia;

Oleg Rubel — PhD, Associate Professor, Faculty of Engineering,
McMaster University, Hamilton, Canada;

Peter Schulz — Dr. Sc., Professor, Professor, Faculty of Engineering and
Computer Science, Hamburg University of Applied Sciences (HAW
Hamburg), Hamburg, Germany;

Avtandil Tavkhelidze — PhD, Professor, Professor of the School of
Business, Technology and Education, Ilia State University, Tbilisi, Georgia;

Doru Ursutiu — Dr. Sc., Professor, Professor, Department of Electronics
and Computer Engineering, University of Transylvania at Brasov, Romania.

Recommended for publication by the Academic Council of NU «Zaporizhzhia Polytechnic», protocol Ne 6 dated 24.03.2022.
The journal is imposed by the editorial-publishing department of NU «Zaporizhzhia Polytechnicy.

The journal web-site is http://ric.zntu.edu.ua.

The address of the editorial office: Editorial office of the journal «Radio Electronics, Computer Science, Control», National University «Zaporizhzhia Polytechnicy,

Zhukovskiy street, 64, Zaporizhzhia, 69063, Ukraine.
Tel.: +38-061-769-82-96 — the editorial-publishing department.
E-mail: rvv@zntu.edu.ua

Fax: +38-061-764-46-62
© National University «Zaporizhzhia Polytechnic», 2022



Hayunblii xkypHaa «PaamodiiekTpoHnka, HHPOPMATHKA, yHpaBJieHHe»
(cokpamenHoe HazBaHue — PUY) wu3maercss HaIMOHAIBHBIM YHHBEPCHTETOM
«3anoposxckas nonutexHukay (HY «3amopokckas nomurexnuka») ¢ 1999 r.
TIEPHOAMYHOCTEHIO YETHIPE HOMEPA B TOI.

3apeructpupoBan B MunucrepcrBe toctuuuu Ykpaumnel 19.11.2019 1.
(CBHzETENBCTBO O TOCY/IAPCTBEHHOM PErMCTPAIINHI EYaTHOTO CPECTBA MACCOBOM
unpopmanuu cepust KB Ne 24220-14060 I1P).

ISSN 1607-3274 (neuarsnsrii), ISSN 2313-688X (31eKTpOHHBIIT).

Ilpukasom MunucrepctBa oOpa3oBaHusi ¥ Hayku Ykpaunsl Ne 409 or
17.03.2020 1. «O6 yTBEpKACHHM pEIICHHIl ATTECTALMOHHON KOJUICTHU
MuHHuCTEepCTBA  OTHOCHTENIBHO  JIGATENBHOCTU — CIELUAIH3UPOBAHHBIX  YUCHBIX
cosetoB or 06 mapra 2020 roga» KypHaj BKJIIOYEH B NepedeHb HayYHBIX
npoecCHOHANBHBIX W3/1aHHH YKPaMHbI B KaTeropum «A» (HaMBBICHIMIH
YPOBEHB), B KOTOPBIX MOTYT IyOJIMKOBAThCS PE3yJIbTaThl JMCCEPTAIMOHHBIX
paboT Ha COMCKAHME YYEHBIX CTENEHEeH MOKTOpa HayK M JOKTOopa (unocodhun
(kaHauzaTa HayK).

XKypnan BkmoueH B monbCckui [lepeyeHb HaydHBIX JKYPHAJIOB M
PCLICH3UPYEMBIX MAaTePHAJIOB MEXIYHAPOJHBIX KOH(EPEHIHil ¢ HPUCBOCHHBIM
yucaoM OaioB (MPUIOXKEHHE K OOBABICHMIO MHHHCTpa HAyKH W BBICIIETO
o6pasoBanus Pecriy6muku IMosbira ot 31 uronst 2019 r.: Ne 16981).

B xypHane OecraTHO myONMKYIOTCS HaydHbIe CTaThbH Ha AHTJIHHCKOM,
PYCCKOM H YKPaHHCKOM SI3bIKaX.

IlpaBuaa odopmienus crareii
http://ric.zntu.edu.ua/information/authors.

XKypHan obecrnieunBaeT OeCIIATHBIH OTKPBITHI OH-TaliH JOCTYHm K
MOJIHOTEKCTOBBIM IyOnukanusaM. JKypHan pasperiaer aBTopaM MMETh aBTOPCKHE
npaBa M COXpPaHATH IpaBa Ha M3JaHMe Oe3 orpaHmyenuil. XXypHanm paspemraer
MOJIB30BATEIAM YMTATh, 3arpy’KaTh, KOMHPOBAaThb, PACIPOCTPAHSTh, IEYATATD,
HCKaTh WJIM CCBUIATBCS Ha IIOJHBIC TEKCThl cBOMX cTareid. XKypHan paspemaer
MOBTOPHOE MCIIONIb30BAHKE €ro cozepixkanus B coorBerctBur Creative Commons
muensueit CC BY-SA..

Ony0OnIMKOBaHHBIM CTAThsIM TPHCBAMBACTCS YHHKAIbHBII HICHTH(UKATOP
mudposoro oowsexra DOI.

JKypHan BXoauT B HaykoMeTpHueckyto 6a3y Web of Science.

JKypnan pedepupyercsi 1 HHIEKCHPYeTCsl B BEAYIHX MEXIYHAPOIHBIX 1
HAIMOHANIBHBIX pe(epaTHBHBIX JKypHAIaX ¥ HAYKOMETPHYECKUX 6a3ax NaHHBIX, a
TaKkKe pasmemaercss B LUQPOBBIX apxuBax M Oubnuorexax ¢ OecrulaTHbIM
JocTymoM on-line, TONHBIA TlepedeHb KOTOPBIX TIPEICTAaBICH Ha  cakTe:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

JKypnan pacnpocrpansiercss no Karanory nepHoaMuecKMX —H3JaHMIL
Yxpauss! (MOAMHCHON HHIEKC — 22914).

TemaTuka :KypHajJa:  TEJCKOMMYyHHKallMd M PaJHO3JIEKTPOHHKA,
MporpaMMHasi MHXKEHepHst (BKJII0Yast TEOPHIO aITOPUTMOB H IIPOrPAMMHPOBAHHS),
KOMIIBIOTEPHBIC HAayKH (MaTeMaTH4ecKoe M KOMIIBIOTEPHOE MOJEIMpPOBaHHUE,
ONTUMH3ALMS U UCCIENOBAHNE ONEPALU, YIIPaBIeHHE B TEXHUUECKUX CHCTEMaX,
MEXMaIIMHHOE M YEJIOBEKO-MAIIMHHOE  B3aUMOJCHCTBHE, HMCKYCCTBEHHBIN
MHTEJUIEKT, BKJIIOYAs MHTEJUICKTYalbHBIH aHAIM3 JaHHBIX, PAcCIO3HABAHHE
00pa30B, HCKYCCTBCHHbIC HEHPOHHBIC H HEHPO-HEUCTKUE CETH, HEUCTKYIO JIOTHKY,
KOJUIEKTHBHBIN MHTEIUIEKT M MYJIbTHATCHTHBIC CHCTEMbI, THOPHIHBIC CHCTEMBI),
KOMIIBIOTEPHAs! HHXKEHEpHs (aInapaTHoe 00ecIeyeHHe BbIYHCINTEIbHON TeXHHUKH,
KOMIIBIOTEPHBIE CETH), HH(POPMALIMOHHBIE CHCTEMBI U TEXHOJIOTHU (CTPYKTYPBI U
6a3pl JaHHBIX, CHUCTEMbl, OCHOBAHHbIC HA 3HAHHUAX, M OKCIEPTHHIC CHUCTEMBI,
00paboTKa JaHHBIX M CHTHAJIOB).

Bee cratbu, npemnaraeMele K IMyONMKAlMM, IOMYYalOT O0BEKTHBHOE
paccMOTpeHHe, KOTOPOE OIEHMBAETCS IO CyIIecTBY 0e3 ydera packl, Ioia,
BEPOMCIIOBEAHHS,  OTHUYECKOTO  IPOMCXOXKIEHUsS,  TIPAXKIAHCTBA MU
MoNMTHYECKOH (rtocodun aBTopa(oB).

Bcee craThu npoxoJsT JBYXCTYIEHUYATOE 3aKPBITOE (AHOHHMMHOE Ul aBTOpA)
peleH3NpoBaHNe INTATHBIMU PEJAKTOPaMH M HE3aBHCHUMBIMH PELEH3EHTaMU —
BEJYLIMMH YYEHBIMH 110 POUITIO JKypHAJIa.

NPECTaBIICHBI Ha caifre:

PEJAKIHHUOHHASA KOJJIETUSA
I'naguviit pedoakmop — Cy66otnn Cepreii AjexcaHAPOBHY — JIOKTOP
TEXHHYECKUX HayK, mpodeccop, 3aBeAyrolmii kaeapoll HporpaMMHbIX
cpenact, HaruoHanbHbIl  yHHBEpCHTET —«3alOpOKCKash —IOIUTEXHUKAY,
Ykpauna.
3amecmumens 2nasnozo pedakmopa — INuza Imutpuii MakapoBuy —
JIOKTOP TEXHHYECKUX HayK, npodeccop, AMPEKTOp MHCTHTyTa MHPOpMATHKH

W PaIMOICKTPOHUKH, mpodeccop  Kadeapsl  PagUOTEXHUKH  H
TEJICKOMMYHUKAIIH, HanmonaneHelii  yHHBepcHTET «3anopoxckas
MOJIMTEXHUKA», YKpauHa.

Ynenwt pedkonnezuu:

Awnppoyaunakuc Hocud — moxrop ¢unocopun, riaBa jgemaprameHra
Teneponnn Llentpa obemyxuBanus cereil, YHuBepcuteT SHuusl, ['perms;

Bonsinckuii Eprenunii BnagumupoBu4 — JOKTOp TEXHUYECKHX Hayk,

npodeccop, npodeccop Kadenapsl MCKYCCTBEHHOTO HHTEIIEKTa, XapbKOBCKHit
HAIMOHANIBHBIH YHUBEPCHTET PAJUOIIEKTPOHUKH, YKPauHa;
Bennexenc FOct — nokrop ¢unocoduu, 10neHT (paKyabTeTa HHKEHEPHBIX
TexHonoruii (kammyc ne Haup), Katomueckuii yausepcuret Jlepena, bembrus;
Boabs( Kapceren — nokrop ¢uiocoduu, npodeccop, mpodeccop kadenpsbt
TeXHUYECKOH MHMOpMATHKH, JJOPTMYHICKHI YHHBEPCHTET NMPHKIAIHBIX HAYK U
HCKycCTB, ['epmanus;

Byrrke Tanc-JuTpHX — 10KTOp (MIOCODHH, TOLCHT, BEAYIIHH HAyYHBIH
COTPYIHMK HHCTHTYTa TeXHHYECKOW nH(popMarnku, TeXHHYECKHHl YHHBEPCHTET
Wnbmenay, ['epmanus;

I'opboans Anexcanap Huxonaesmu — J0KTOp (H3HKO-MaTeMaTHYECKHX
Hayk, npodeccop, npodeccop daxynapreTa MateMaThkd, Yuusepcurer Jlecrepa,
BenukoOpuranus;

Topoanuumii [mutpuii OueroBuy — joxkrop ¢uiocodun, KaHauaaT
TEeXHHYECKHX HayK, JOLEHT, BEAyLINi HaydHbIl COTPYAHHK JIMpEKUMH HAYKH M
umkeHepun, Kanajckoe areHTCTBO NOrpaHnyHoi ciyx0s1, Kanana;

Jpodaxun Oaer OaeroBu — JOKTOp GU3NKO-MaTEMaTHIECKHX, TIpodeccop,
MepBbId MPOPEKTOp, JHEeNpoBCKUI HALMOHANBHBIN yHHBepcuTeT MMeHu Orecs
I'onuapa, YkpauHa;

3aiineBa Eiena HukonaeBHa — xanmuaat (GU3MKO-MaTeMaTHYECKUX HAYK,
npodeccop, mpodeccop kadenpsl nHpopMaTHKH, JKHIMHCKHH YHUBEPCUTET B
Kunune, CroBakusi;

Kamessma MuunTaka — JIOKTOp Hayk, mpodeccop, npodeccop ¢axynbrera
HayKH 1 HHKeHepuy, YHuBepcuteT Mimnomakn Cennry, SnoHus;

Kapramos Baagumup MuxaidioBuu — JOKTOp TEXHUYECKUX HAYK,
npodeccop, 3aBeayromuii kadeapoid MeAMAWHKEHEPUH U HH(MOPMALMOHHBIX
PAMOdNICKTPOHHBIX ~ CHUCTEM, XAapbKOBCKMH  HAIMOHAIbHBIA  YHHUBEPCHUTET

PaauodNIEKTPOHUKH, YKPauHa;

JleBamenko Burtaimii [puropbeBuy — kanauaar GU3MKO-MaTeMaTHICCKUX
Hayk, mpodeccop, 3aBexyrommii  kadempoit mHpopmaruku, JKuwiuHCKHIt
ynusepcurer B JKuinne, CioBakus;

Jlysuro Jdasup — jokTop ¢uitocodpun, mpodeccop, 3aBemyrommii  kadeapoi
TEOPUU CHTHAJIOB M KOMMYHHKALMi, MalIpuacKuil MOJMTEXHUYECKHIT YHUBEPCUTET,
Hcnanns;

Mapkoscka-Kaumap VYpeyaa — [OKTOp TeXHHYECKMX Hayk, mpodpeccop,
npodeccop Kadenpbl BBIMUCITUTENBHOIO HHTEIUICKTa, BpoIUTaBcKas IONMTEXHHKA,
Tlonpra;

OuieliHuK AHapell AJIeKCaHAPOBHY — JIOKTOP TEXHWYECKMX HAyK, JOLEHT,

npoeccop  Kadempbl  HOPOrPaMMHBIX  CPencTB, HarmoHambHBIT — yHHUBEpCHUTET
«3anopoyKcKasi HONMMTEXHUKa», YKpanHa;
MaBauxoB Baagumup BiaaguMupoBHY — JOKTOp TEXHHYECKHX HayK,

CTapIIMii Hay4YHbI COTPYJHUK, IPOPEKTOp MO HayuHOH pabore, HaunmoHanbHbIi
adpokocmuueckuil yausepcuteT uM. H.O. XKykosckoro «XAMW», Ykpauna;

Manumubkuii Mapuun — jokTop Hayk, npodeccop, mpodeccop oraena
HHTEIUICKTYaIbHBIX CHCTEM, VccnenoBaTenbCKUii MHCTHUTYT cucTeM Iloibekoit
aKaJIeMHUH Hayk, T. Bapiasa, [Tosnbia;

Cxpyncbkuii Crenan IOpbeBHY — KaHIMAAT TEXHUYECKUX HAYK, JOLCHT,
JIOLEHT Kadyerpbl KOMIIBIOTEPHBIX CUCTEM U ceTei, HaumoHanpHelil yHUBEpCUTET
«3amopoKCKast TOJINTEXHUKA», YKpanHa;

Tadynmuk [anuna BiaaguMupoBHA — KaHIWIAT TEXHUYECKUX HAYK,
npodeccop, mpodeccop Kapeapbl NPOrpaMMHBIX CPEACTB, HarmoHaIbHBII
YHHBEPCHUTET «3aMopoKCKast MOJTUTEXHUKa, YKpauHa;

Tpurano Tomac — jokTop ¢uocoduu, crapmmil npenoaaBaTesb Kadeapsl
JNIEKTPUUECKOH W DIIEKTPOHHOW MH)KEHEepHH, VHKEHEepHBI KOICMK HM.
C. Illamon, r. Aninox, U3panis;

Xenke Kapcren — TOKTOp TeXHMYECKHX HayK, Po(heccop, HAYUHbIH COTPYIHUK
(axybTera MHGOPMATHKM U aBTOMATH3aMK TexHudyeckuil yHuBepcuteT MibMeHay,
I'epmanms;

Ilapnancekux AJjiekceii AnbOeproBud — JOKTOp (Guiaocoduu, OLEHT
(axynpTeTa adpOKOCMHUYECKOI HMIDKeHepHH, JlendyTCKuil TeXHHYeCKHi YHUBEPCHTET,
Hunepnannsr.

PEJAKIIMOHHO-KOHCYJIbTATUBHBIU COBET

Appac Ilurep — poktop ¢unocopun, AOUEHT (aKyIbTeTa HHKEHEPHBIX
TexHonorui (kammyc ne Hamnp), Katonnuecknii ynusepcuret JIeena, benbrus;

JlMcHsIHCKMIET AHATOJMMH — KaHaugat (U3MKO-MAaTeMAaTHYECKHX Hayk,
TIIaBHBIN Hay4dHBIH dKcrept, M3pamibekasi anieKTpuueckas koproparus, Xaiida,
Uspauns;

Maapurmy Xpucruan — Jokrop ¢uiaocodun, mnpodeccop ¢akymbrera
WHXCHEPUHM U UH(POPMAILIMOHHBIX TEXHOJNOTHH, YHUBEPCHUTET MPUKIAAHBIX HAyK
Kapuuduu, Asctpus;

Mapxkocsin Mrep BapakecoBuy — JOKTOp TEXHHYECKHX HayK, Tpodeccop,
nupextop EpeBaHCKOro HayuHO-MCCIIE0BATEIbCKOIO MHCTUTYTA CPEJICTB CBS3H,
npodeccop kadeapbl TelEeKOMMYHHKaLHH, Poccniicko-apMsHCKHIT YHUBEPCHUTET,
EpeBan, ApmeHus;

Pybear Ousier BaaaMMHpOBHY — KaHIWJIAT TEXHHYECKHX HAyK, JOLECHT
(daxynbrera nrmxeHepun, Yuusepcurer MakMacrep, [amunbron, Kanana;

TaBxeauase ABTAHIAWI — KaHAWIAT (U3MKO-MATEMAaTHYECKUX HayK,
npodeccop, mnpodeccop ImKONBl OHM3HEca, TEXHOJIOTMH M  0Opa3oBaHMs,
TocynapcTBeHHbIi yHHBepeuTeT uM. Mibn YaBuaanze, ToumcH, ['py3us;

Ypeyrsio Jlopy — 10kTOp (H3MKO-MaTeMaTHYECKUX Hayk, mpodeccop,
npodeccop  Kadempsl  ONEKTPOHHMKH W BBIYHCIHTENBHON  TEXHHKH,
TpancuneBanckuil yausepcuteT B bpamiose, Pymbiaus;

IMynen IluTep — NOKTOp TEXHUYECKHMX HayK, Ipodeccop, mpodeccop
(akynpTeTa MHXKEHEPHH M KOMIBIOTEPHBIX HayK, ['amMOyprckuii yHHBepcHTET
npuknaaabix Hayk (HAW Hamburg), FamGypr, I'epmanust.

PexomenioBano K u3nanuio YueHoiM coBeroM HY «3anoposkckas nosmrexHukay, npotokon Ne 6 ot 24.03.2022.
KypHai cBepcTaH peaKIMOHHO-U31aTenbcKnM oTaenoM HY «3anopoxckas HOTUTEXHHKA.

Be6-caiit :xypnaua: http:/ric.zntu.edu.ua.

Anpec penaknuu: Penakius sxxypHana «PUY», HarmoHanbHbIH YHUBEPCUTET «3arioposkcKast MOJIMTEXHUKay, yi. JKykoBckoro, 64, T. 3anopoxse, 69063, Ykpaunna.

Ten.: +38-061-769-82-96 — penakunOHHO-U3AATENBCKUIT OTET
E-mail: rvv@zntu.edu.ua

Daxkc: +38-061-764-46-62
© HanuoHaIbHbIH YHUBEPCHTET «3aropoxcKas MoJMTeXHUKay, 2022



3MICT

PAIOEJIEKTPOHIKA TA TEJEKOMYHIKAIIIT

Kozlovskyi V. V., Kozlovskyi V. V., Khrashchevskyi R. V., Klobukov V. V.,
DETERMINATION OF THE TRANSMISSION LINE RESISTANCE MATRIX WITH DEVIATIONS

OF DESIGN PARAMETERS FROM NOMINAL. .. ... e

Lysechko V. P., Kulagin D. O., Indyk S. V., Zhuchenko O. S., Kovtun I. V.

THE STUDY OF THE CROSS-CORRELATION PROPERTIES OF COMPLEX SIGNALS ENSEMBLES OBTAINED BY
FILTERED FREQUENCY ELEMENTS PERMUTATIONS. .. ...

[uza J]. M., Mopos I B.

METO/I IIPOCTPAHCTBEHHO-TIOJISIPUSALIMOHHON KOMITEHCALIMU ITOMEX. ......ovuiniiiieeeeeeeeeeeeeenn

MATEMATHYHE TA KOMII'IOTEPHE MOJEJIOBAHHSL

Gorodnov V. P., Ovcharenko V. V.
THE STATES’ FINAL PROBABILITIES ANALYTICAL DESCRIPTION

IN AN INCOMPLETELY ACCESSIBLE QUEUING SYSTEM WITH REFUSALS..............o

Kuznietsova N. V., Huskova V. H., Bidyuk P. I, Matsuki Y., Levenchuk L. B.

MODELING RISK FACTORS INTERACTION AND RISK ESTIMATION WITH COPULAS..............c.oi.

HEWPOIH®OPMATHKA TA IHTEJIEKTYAJBHI CACTEMHU

bamrwox T. M., Bucoywvka B. A. } .
TEXHOJIOI'TS COLIAJIIBALIII OCOBUMCTOCTEU 3A CIIIJIBHUMU IHTEPECAMU HA OCHOBI

METO/IIB MAILMHHOI'O HABYAHHS TA SEO-TEXHOJIOTTH. ...

Leoshchenko S. D., Pukhalska H. V., Subbotin S. A., Oliinyk A. O., Gofman Ye. O.
NEURAL NETWORK DIAGNOSTICS OF AIRCRAFT PARTS BASED ON THE RESULTS

OF OPERATIONAL PROCESSES. ...

Martynenko A. A., Tevyashev A. D., Kulishova N. E., Moroz B. 1, Sergienko A. S.

AUTOMATIC CLASSIFICATION OF PAINTINGS BY YEAR OF CREATION. ... ..o

Zubov D. A., Qureshi M. S., Kose U., Kupin A. 1.
PROTOTYPING SMART HOME FOR IMMOBILIZED PEOPLE:EEG/MQTT-BASED

BRAIN-TO-THING COMMUNICATION. .. ..ottt e e

MPOTPECUBHI IHOOPMAIIAHI TEXHOJIOI'TE

Dvoretskyi M. L. Savchuk T. O., Fisun M. T., Dvoretska S. V.
USING THE ANALYTIC HIERARCHY PROCESS WITH FUZZY LOGIC ELEMENTS TO OPTIMIZE

THE DATABASE STRUCTURE. ...

Gavrylenko S. Y., Chelak V. V., Semenov S. G.
DEVELOPMENT OF METHOD FOR IDENTIFICATION THE COMPUTER SYSTEM STATE BASED

ON THE DECISION TREE WITH MULTI-DIMENSIONAL NODES. ..o

Ivohin E. V., Adzhubey L. T., Gavrylenko V. V., Rudoman N. V.
AN EFFICIENT METHOD FOR SOLVING THE PROBLEM OF CHANNEL POWER DISTRIBUTION TAKING INTO

ACCOUNT FUZZY CONSTRAINTS ON CONSUMPTION VOLUMES. ... .. e

Khandetskyi V. S., Karpenko N. V.
MODELING OF IEEE 802.11 COMPUTER NETWORKS OPERATION AT INCREASED

INTERFERENCE INTENSITY ...ttt e

Kuznichenko S. D.
MODEL OF THE PROCESS OF GEOSPATIAL MULTI-CRITERIA DECISION ANALYSIS

FOR TERRITORIAL PLANNING . ...

Levus Ye. V., Morozov M. Yu., Moravskyi R. O., Pustelnyk P. Ya.
ALGORITHMS AND ARCHITECTURE OF THE SOFTWARE SYSTEM OF AUTOMATED

NATURAL AND ANTHROPOGENIC LANDSCAPE GENERATION. ... ..ot

Progonov D. O.
EFFECTIVENESS OF STEGO IMAGE CALIBRATION VIA FEATURE VECTORS

RE-PROJECTION INTO HIGH-DIMENSIONAL SPACES. ... ...

Seniv M. M., Kovtoniuk A. M., Yakovyna V. S.
TOOLS FOR SELECTING A SOFTWARE DEVELOPMENT METHODOLOGY TAKING
INTO ACCOUNT PROJECT

CHARAGCTERISTICS. . . e

Shelehov 1. V., Barchenko N. L., Prylepa D. V., Bibyk M. V.
INFORMATION-EXTREME MACHINE TRAINING SYSTEM OF FUNCTIONAL DIAGNOSIS

SYSTEM WITH HIERARCHICAL DATA STRUCTURE....... ..o

YHPABJIIHHA Y TEXHIYHUX CUCTEMAX

101

...113

... 122

132

140

....165

175

189
201

Moroz V. L, Vakarchuk A. B.

FREQUENCY FEATURES OF THE NUMERICAL METHOD SAMPLING OF DIGITAL CONTROL SYSTEMS............

Pihnastyi O. M., Ivanovska O. V., Sobol M. O.
SYNTHESIS OF THE ALGORITHM FOR THE FLOW PARAMETERS OPTIMAL CONTROL OF THE REVERSIBLE

CONVEYOR .. e

....201



CONTENTS

RADIO ELECTRONICS AND TELECOMMUNICATIONS 7
Kozlovskyi V. V., Kozlovskyi V. V., Khrashchevskyi R. V., Klobukov V. V.,

DETERMINATION OF THE TRANSMISSION LINE RESISTANCE MATRIX WITH DEVIATIONS

OF DESIGN PARAMETERS FROM NOMIN A L. ...ttt e e e e e e e e es 7

Lysechko V. P., Kulagin D. O., Indyk S. V., Zhuchenko O. S., Kovtun I. V.
THE STUDY OF THE CROSS-CORRELATION PROPERTIES OF COMPLEX SIGNALS ENSEMBLES OBTAINED BY

FILTERED FREQUENCY ELEMENTS PERMUT ATIONS . ... ittt e et e e e et et eaea s 15
Piza D. M., Moroz G. V.

METHOD FOR SPATIAL POLARIZATION COMPENSATION OF JAMMING. ..ottt i e 24
MATHEMATICAL AND COMPUTER MODELING 32

Gorodnov V. P., Ovcharenko V. V.
THE STATES’ FINAL PROBABILITIES ANALYTICAL DESCRIPTION

IN AN INCOMPLETELY ACCESSIBLE QUEUING SYSTEM WITH REFUSALS. ... e 32
Kuznietsova N. V., Huskova V. H., Bidyuk P. I., Matsuki Y., Levenchuk L. B.

MODELING RISK FACTORS INTERACTION AND RISK ESTIMATION WITH COPULAS. ... 43
NEUROINFORMATICS AND INTELLIGENT SYSTEMS 53

Batiuk T, Vysotska V.
TECHNOLOGY FOR PERSONALITIES SOCIALIZATION BY COMMON INTERESTS BASED
ON MACHINE LEARNING METHODS AND SEO-TECHNOLOGIES. ... e e, 53

Leoshchenko S. D., Pukhalska H. V., Subbotin S. A., Oliinyk A. O., Gofinan Ye. O.
NEURAL NETWORK DIAGNOSTICS OF AIRCRAFT PARTS BASED ON THE RESULTS

OF OPERATIONAL PROCESSES. ... .ottt et e e e e e e e e e e e e 69
Martynenko A. A., Tevyashev A. D., Kulishova N. E., Moroz B. 1, Sergienko A. S.
AUTOMATIC CLASSIFICATION OF PAINTINGS BY YEAR OF CREATION. .. ..ot 80

Zubov D. A., Qureshi M. S., Kose U., Kupin A. 1.
PROTOTYPING SMART HOME FOR IMMOBILIZED PEOPLE:EEG/MQTT-BASED
BRAIN-TO-THING COMMUNIC ATTION . ...ttt e e e e e 90

PROGRESSIVE INFORMATION TECHNOLOGIES......cuiutuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieecactetsasasasassssmmssssssssssmmns 101

Dworetskyi M. L. Savchuk T. O., Fisun M. T., Dvoretska S. V.
USING THE ANALYTIC HIERARCHY PROCESS WITH FUZZY LOGIC ELEMENTS TO OPTIMIZE
THE DATABASE STRUGCTURE . ... e e e e e e e et 101

Gavrylenko S. Y., Chelak V. V., Semenov S. G.
DEVELOPMENT OF METHOD FOR IDENTIFICATION THE COMPUTER SYSTEM STATE BASED
ON THE DECISION TREE WITH MULTI-DIMENSIONAL NODES. ... i 113

Ivohin E. V., Adzhubey L. T., Gavrylenko V. V., Rudoman N. V.
AN EFFICIENT METHOD FOR SOLVING THE PROBLEM OF CHANNEL POWER DISTRIBUTION TAKING INTO
ACCOUNT FUZZY CONSTRAINTS ON CONSUMPTION VOLUMES . ... it e 122

Khandetskyi V. S., Karpenko N. V.
MODELING OF IEEE 802.11 COMPUTER NETWORKS OPERATION AT INCREASED
INTERFERENCE INTENSITY ...ttt ettt et et ettt e ettt et ettt et et et e et e et e eane 132

Kuznichenko S. D.
MODEL OF THE PROCESS OF GEOSPATIAL MULTI-CRITERIA DECISION ANALYSIS
FOR TERRITORIAL PLANNING. ...ttt ittt et e e et e et e e e e e e e e e e e e e e 140

Levus Ye. V., Morozov M. Yu., Moravskyi R. O., Pustelnyk P. Ya.
ALGORITHMS AND ARCHITECTURE OF THE SOFTWARE SYSTEM OF AUTOMATED
NATURAL AND ANTHROPOGENIC LANDSCAPE GENERATION . .....iiiiiii it e 154

Progonov D. O.

EFFECTIVENESS OF STEGO IMAGE CALIBRATION VIA FEATURE VECTORS

RE-PROJECTION INTO HIGH-DIMENSIONAL SPACES. ... .o e e 165
Seniv M. M., Kovtoniuk A. M., Yakovyna V. S.

TOOLS FOR SELECTING A SOFTWARE DEVELOPMENT METHODOLOGY TAKING

INTO ACCOUNT PROJECT CHARAGCTERISTICS. ...ttt et e e e e e e e e e 175
Shelehov 1. V., Barchenko N. L., Prylepa D. V., Bibyk M. V.

INFORMATION-EXTREME MACHINE TRAINING SYSTEM OF FUNCTIONAL DIAGNOSIS

SYSTEM WITH HIERARCHICAL DATA STRUCTURE. ... .ouiititiiitiiit e e et et et e e e eaeaaas 189
CONTROL IN TECHNICAL SYSTEMS 201
Moroz V. L, Vakarchuk A. B.

FREQUENCY FEATURES OF THE NUMERICAL METHOD SAMPLING OF DIGITAL CONTROL SYSTEMS................ 201

Pihnastyi O. M., Ivanovska O. V., Sobol M. O.
SYNTHESIS OF THE ALGORITHM FOR THE FLOW PARAMETERS OPTIMAL CONTROL OF THE REVERSIBLE
CONV E Y O R ..o e e e e e e e 210



e-ISSN 1607-3274 PapioenexTpoHika, iHpopmaTuka, ynpasminss. 2022. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 2

PAJIOEJEKTPOHIKA
TA TEJEKOMYHIKAIIT

RADIO ELECTRONICS
AND TELECOMMUNICATIONS

PAJUODSJEKTPOHUKA
N TEJEKOMMYHHUKAIINMHU

UDC 621.385.6

DETERMINATION OF THE TRANSMISSION LINE RESISTANCE
MATRIX WITH DEVIATIONS OF DESIGN PARAMETERS FROM
NOMINAL

Kozlovskyi V. V. — Dr. Sc., Professor of the Department “Application of Means of Special Telecommunication Sys-
tems”, Institute of Special Communications and Information Protection of the National Technical University of Ukraine
“Kyiv Polytechnic Institute named after Igor Sikorskyi”, Kyiv, Ukraine.

Kozlovskyi V. V. — Dr. Sc., Professor, Head of the Department of Information Security, Faculty of Cybersecurity,
Computer and Software Engineering, National Aviation University, Kyiv, Ukraine.

Khrashchevskyi R. V. — Dr. Sc., Professor, First Vice-Rector of the National Aviation University, Kyiv, Ukraine.

Klobukov V. V. — PhD, Assistant of the Department of Information Security, Faculty of Cybersecurity, Computer
and Software Engineering, National Aviation University, Kyiv, Ukraine.

ABSTRACT

Context. UHF transmission systems make extensive use of transmission line segments, the characteristics of which have a sig-
nificant impact on the performance of various information technologies. One of the problems of production of transmission lines is to
obtain a given wave impedance, which significantly affects the electrical and information characteristics of the entire set of equip-
ment. Currently, there is a burning issue of estimating the influence of disturbing factors on various electrical characteristics of long
line segments. To date, the most fully developed methods for assessing the effect of disturbing factors on the wave impedance of a
homogeneous line (the wave impedance is constant) under regular perturbations. In this case, the influence of perturbations on the
reflection coefficient of matched lines was mainly considered. The effect of perturbations on the other characteristics of homogene-
ous and, especially, inhomogeneous lines has not been sufficiently studied.

Objective. The purpose of this paper is to determine the effect of wave impedance perturbations on the transmission line imped-
ance matrix. Knowing the perturbed impedance matrix, it is possible to determine the distortion of the characteristics of any device
built on transmission line segments.

Method. The paper uses the method of perturbation theory of linear differential operators applied to equations describing proc-
esses in inhomogeneous long lines.

Results. The obtained results make it possible to estimate the influence of regular and irregular perturbations of the wave resis-
tance (wave conductance) on the transmission line matrix considered as a quadrupole. Such matrix can be any quadrupole matrix:
resistance matrix, conductance matrix, circuit matrix. This makes it possible, according to the desired function of the circuit (gain,
input impedance, reflection coefficient), to determine the allowable deviation of the wave impedance from the nominal value in order
to select a tolerance for reproducing the wave impedance.

Conclusions. The proposed criterion for estimating line parameter deviations using the norm of the four-pole matrix is inherently
an integral criterion and can be used to preliminarily estimate the frequency domain of the strongest distortions, regardless of the
functional purpose of the transmission line segment. The developed approach is applicable to both homogeneous and heterogeneous
transmission lines and covers both regular and irregular wave impedance perturbations.

KEYWORDS: transmission line, wave impedance, disturbance, impedance matrix, quadrupole, inhomogeneous line, reflection
coefficient.

ABBREVIATIONS T — current delay time;
UHF — ultrahigh frequencies. t,— line delay time;
I"— line reflection coefficient;
NOMENCLATURE
W — impedance,
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I — the reflection coefficient of a line with perturbed
impedance;

u, i —respectively, the Laplace image of voltage and
current in the line;

z,,, V;, — respectively, the input resistance and con-

ductivity;
p — complex frequency variable;
Yy(t) — wave conductivity;

A, B — constant integrations;
AYy(t), AWy(t) —respectively, a technological error

in the implementation of wave conductivity and imped-
ance;

[z],[Z] — matrices of line resistances in accordance
with the nominal and perturbed impedance;

HO — the relative change in the norm of the matrix of
the system of parameters of the quadrupole.

INTRODUCTION

In line production, due to imperfections in measuring
tools and all kinds of technological inaccuracies, there is
always an error in the realization of the wave impedance.
W(t) (t — current delay time, ¢, — line delay time). In
addition, for a number of designs the wave impedance has
been determined with some error. Thus, errors in repro-
ducing the required wave impedance, affecting the elec-
trical parameters of the transmission line: input imped-
ance, transfer functions, reflection coefficient, etc., inevi-
tably occur during line fabrication. Obviously, the pertur-
bation can be estimated from the change in parameters
specific to the problem to be solved. For example, when
considering negotiated transitions, the perturbation crite-

rion could be HIN“‘—|F , where ‘IN“‘, |F| — the modulus of

the reflection coefficient of the line with perturbed and
undisturbed impedance, respectively. When considering
the range resonators, we can compare the overlap coeffi-
cient in frequency and load. When designing filters, it is
of interest to change the characteristics of the filter in the
bandwidth and barrier, as well as the magnitude and di-
rection of displacement of parasitic resonances. Thus, the
choice of the criterion for assessing the impact of pertur-
bation depends on the type of problem to be solved. Such
criteria are partial.

A line is a linear system, the processes in it are de-
scribed by a linear operator. Therefore, the question of the
effect of small changes in impedance can be solved with
the help of modern perturbation theory of linear operators.
However, it is inconvenient to directly use the methods of
this theory in solving problems of perturbed lines. This is
due to the fact that the same segment of the line is usually
used to solve a number of problems: to match how the
resonators, filter elements and so on. Each of the above
problems can be matched by one or more linear operators
and for them to consider the perturbation problem. For
example, if you take a filter containing three cascaded
lines of line, then each of these segments on both sides
will be loaded with different loads. Therefore, even with

the same perturbations of the wave resistance of all three
line segments, each of the segments will clearly corre-
spond to its linear operator, since the boundary conditions
for each of the three lines are different. Thus, in our ex-
ample, one filter corresponds to three perturbation prob-
lems. You can describe the filter as a whole as a linear
operator, but then the operator is quite complex and solve
the problem of perturbation becomes almost impossible.
From the above considerations, it is clear that in the gen-
eral case, the direct use of methods of perturbation theory
is unacceptable. From a practical point of view, it is nec-
essary to have a method of accounting for perturbations,
which would immediately answer the question of how
much the parameters of the line will change when pertur-
bation of the impedance, regardless of the type of problem
(whether filtering, matching, etc.).

For this criterion, the article proposes to choose any
matrix of four-pole, for example, a matrix of resistances.
It is obvious that at perturbation of impedance the matrix
of a line will change and then it is possible to define
change of any characteristic of a line.

The aim of the article is to determine the effect of
wave resistance perturbation on the resistance matrix of
the transmission line. Knowing the perturbed resistance
matrix, we can determine the distortion of an arbitrary
line function as a quadrupole.

1 PROBLEM STATEMENT
Let an inhomogeneous line with a nominal character-
istic impedance ¥ (7) have a resistance matrix [z]. Due

to technological inaccuracies in the manufacture of the
line, the characteristic impedance W(r) =W(t)+AW (1),
where AW(7) is the error (disturbance) in the implemen-

tation of the wave impedance. It is required to determine
the resistance matrix [Z] of the line with the disturbed

characteristic impedance VIN/(r) from the wave imped-

ance AW(t), the matrix [z], and the perturbation
AW (7).

2 REVIEW OF THE LITERATURE

The question of influence of design parameter varia-
tion on electrical characteristics of transmission lines has
become especially urgent at development of high-speed
information transmission systems, for which it is neces-
sary to develop new methods of calibration taking into
account deviations of wave resistance from nominal value
[1-7], statistical modelling W [8—11].

In particular, in the publication [9] the issues of the in-
fluence of regular and irregular deviations of the elements
of line structures from the nominal values on the wave
resistance are considered.

In the publication [10] the questions of methodology
of calculation of electric parameters of lines of printed
circuit boards of high-performance computing devices are
considered. In these works, various methods of influenc-
ing existing technological processes on the parameters of
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the dielectric and the geometry of line conductors with a
nominal constant wave resistance (homogeneous line) are
considered. The influence of structural scatter on the re-
flection coefficient of transmission lines is analyzed.

The publication [11] considers the influence of tech-
nological errors on the output of suitable high-frequency
devices on printed circuit boards. The method of calcula-
tion of tolerances on parameters of interconnections of
printed circuit boards of high-speed units of digital infor-
mation processing, forecasting of technological defect,
algorithm of calculation of errors of impedance taking
into account a scatter of geometrical sizes of conductors is
offered. It is shown that with modern technologies for the
manufacture of microstrip transmission lines, the devia-
tions of the impedance within one layer of the multilayer
substrate do not exceed 8%, and the total tolerance of the
impedance as a whole is + 10%.

The question of the influence of statistical perturba-
tion on the wave resistance of an inhomogeneous line is
devoted to works [12, 13], in which the authors propose to
use the theory of Markov processes to estimate the statis-
tical characteristics of wave resistance on the basis of
which the probability density of wave resistance is deter-
mined W, the probability of not leaving the process W
outside the given limits at a given standard deviation W
(the percentage of suitable products).

3 MATERIALS AND METHODS
Consider the equation of inhomogeneous lines [14]

’

W’_, 2— T WT/ 27
—u'—pu=0; i"+—i'-p°i =0. 1
el 7P (1)

—_n

u' -

Then the input line resistance can be represented as

—_ 1 < —_
Lemwi=—pw = @)
i p i u

Similarly, you can write an expression for input con-
ductivity

Zin =

0 —

/ 1
= pY,t=—Y, L ¥, =

i 1
w== = — e 3
d u i" p u w @

Let (1) — partial solution (1). Then the second par-
tial solution can be represented as [15]

exp( ,drj
ity (5) = iy (1) | — 2. @
(1)
Let’s convert the exponential coefficient
PO x| [4 _
exp( o drj—exp(jdtan(r)dtj— -

=exp ( _f dan(r)) =exp (an(T)) =Mr).

We assume that the beginning of the line is at a point
1=0, and the edge is at a point t=¢,. Then a partial

solution u, (1) taking into account (5) can be written as a
definite integral

(0 =i (0] 2 g ©)

o (s

Therefore, the general solution of equation (1)

(1) = Aity (v) + Bity (v)| _Wzﬂds. )
o (s)

Let us replace the wave resistance in the equation (1)
with respect to the current with the wave conductivity
W(t) =1/Yy(t). Then

W'D ()

8
WD T ®)
and the equation for the current will take the form
lTn_ YO(T) ZT,—pZZTZO. (9)
Yo (1)

Equation (9) in appearance coincides with the equa-
tion for voltage (1). Therefore, its overall solution (7 (t)—

partial solution (9))
i(t) = Aiy(v) + B (r)jz/g—(s)ds. (10)
0l ()

Express the input resistance of the open line through
the partial solution #(t) , which satisfies the boundary
conditions

i1(0)=1, {(0)=0. (11)

From (10) it follows i(0) = 4. So, the first derivative

(1) = Azl(r)+le(r)jﬂd + Biy (1)~ O(T), (12)
ol (s (1)
where do we find 7'(0) = BY,,(0) .
Input line conductivity at points t=0:
_io _ 0 __ 4
Vex(0) = 70) Y (0)= 7o) "B (13)

Because when 7 =, the line is open, then i(t,)=0.

Therefore, according to (10)
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i(t,)=0=4(t,) A+B'[wd (14)

ol (S)

Execution of equality #(z,)=0 and conditions (11)

are possible only at certain values p2 , which are eigen-

values of the boundary value problem under boundary
conditions

§(0)=1, §(0)=0, i(t;)=0. (15)
Therefore
A+B j YOZ—(S)d =0, (16)
oh~(s)
where
t3
A Ay, (17)
B 0 (s)
therefore,
a0 = —p = p [ Yoy (18)
0 (S)

The input resistance of the open line is an element z;;
resistance matrix

1 1
HERON Yo (19)
112 (S)

The current equation (9) coincides in appearance with
the voltage equation (1). Therefore, if we proceed from
equation (1), we can immediately write the input resis-
tance of the line closed at the point t=+¢,:

ul0)=-p = p (LR 20)
0”1 5)
where uj(t)— partial solution (1):2(0)=1, u{(0)=0.

The element of the conductivity matrix of a closed line is
equal to

=

Zgx (0) B W(S)

(S)

e2))

In deriving (20) it is taken into account that for a
closed line the common solution satisfies the condition
u(t,)=0.

Let Yy(t), Wy(t) — nominal (calculated) values of
1/Wy (7). Sup-
pose that during the technological implementation of the
line there was an error, as a result of which instead of the
nominal wave conductivity Y,(z) realized wave conduc-

tivity Yo(t) = Yo(t)+AYy(T), where AY,(t)— techno-

logical error. Obviously, there is an error AW, (1) in the

wave conductivity and impedance Yj(t) =

implementation of impedance

WO(T)IWO(T)+AW0(T)=%~ 22)
From (22) we find
Wo (1) = Wo(1) + AW, (1) =
i) ) 23)
_ 1 _ Wo(1)
CYo(D)+AYy(r) 1+ W (DAY(1)
From here we find the impedance error
gAY, (1)
A = = o (DAY, () @9

Let’s estimate influence of an error of wave conduc-
tivity AY,(t) on the elements of the resistance matrix.

We believe that the disturbance AY((t) quite a few and,
according to perturbation theory, an outraged decision
E% fl(r), ﬁl(r) ~ui(t) . Then the elements of the per-
turbed matrix

~ 1 1
m= = = >
‘3 Yoo, IYO(S) - J'AYO(S) 25)
04 () i (s) i (s)
~ 1
Zy) :—,s:t3—r,
f Yo(s) 4 (26)
0 (5)
S ALC YN L CPER Jf-AW@ PR
o) ) 0
where z,, — resistance of undisturbed closed line, fi(t) —

solving the equation
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" Yy (13—
P G P PP Y
Yo(13-1)
under extreme conditions f;(0) =1, fll(O) =0.
Enter the notation
L.
1Y, (s) Y(s)
oy = p[=2ds, By j —rd (29)
0 i ()
Then
- 1 1 —
1= = P 2211“11—[311 .
ap +Bir oqr oqg(ayr+Pry) ap +Pir (30)

We find similarly
~ 1 (s ) (S)
= »00)=P % f % (1)
LoPa 5] oS )
Marking
B
Azyy=1zy4 , Azpy )
1+B11 o +Pan
(32)
W(s)
Az, =p j
U (s)
we will receive
2 o~ e~
2 =231~ Z) = (200 + Mgz + A2y — 2,y — Ac,). (33)
Opening the brackets, write
~2 - ~
I =209 (Azyy = Az, )+ Azgy ()1 - Zy). (34)

Thus, the matrix of line resistances with perturbed im-
pedance can be represented as

I~ =~ 2 2
[Z]z{zll 212} _| antAzn Azip+ Az,
2 iy +Azhy
4 EXPERIMENTS

When designing high-speed digital signal transmission
systems with a frequency above 1 GHz due to technologi-
cal errors in the production process there is a problem of
their distortion when passing along the conductors of a
homogeneous transmission line on a printed circuit board.
In this case, as follows from the requirements of interna-

tional standards IPC-2221A [16] instability in obtaining a
constant wave resistance can be described with a suffi-

(3%5)
Zyp +Azp)

cient degree of accuracy by the perturbation of the wave
conductivity AYy(t)= asin(BrJrO), where a,f3,0 con-
stant numbers that characterize the technological process.

5 RESULTS
According to the above formulas for a particular case
of perturbation of the impedance of a homogeneous line,
the dependence of the relative change in the norm was
constructed (HO) chain matrix [A] = [Al 1,A12,A21,A22]

from the electric length of Fig. 1

20 T

HO

30
N
Figure 1 — Graph of the relative change in the norm HO of the
chain matrix from the electric length of the line with perturbed
wave conductivity
6 DISCUSSION
From Fig. 1 it follows that this perturbation most
strongly affects the frequency characteristics of the line in
certain frequency bands, where there is a surge of HO.
This conclusion is valid regardless of the functional pur-
pose of the segment of the transmission line. The analysis
of the dependences (Fig. 1) for various values of a,f3,0

showed:
1. The oscillation frequencies of the wave conduc-
tance error AY(t) depend on the parameter B and deter-

mine the frequency region of the strongest disturbance of
the electrical parameters of the line. Outside this region,
the perturbation of the parameters is small. The maximum
distortion is observed at electrical lengths nz / 2,
n =1,2.3,.... The higher the oscillation frequency of the
wave impedance disturbance, the higher the frequency
range in which the electrical parameters of the line are
disturbed.

2. For lines operating in the frequency range up to the
second harmonic open at both ends of the line, the most
dangerous disturbances are monotonic deviations of wave
conductivity.

3. The location of the disturbance AY(t) a well as the

initial phase of the disturbance 0 does not affect the fre-
quency domain of distortions, but only affects the nature
of distortions in this domain.

4. An increase in the magnitude of the error of wave
conductivity a leads to an increase in the deviation of
electrical parameters from the nominal in the entire fre-
quency range.

5. Existing methods for assessing the impact of tech-
nological inaccuracies in the manufacture of lines make it
possible to determine the deterministic and statistical
characteristics of the wave impedance of transmission
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lines [5-9, 11-14]. At the same time, the degree of distor-
tion of the functional electrical characteristics (input im-
pedance, reflection coefficient, various transfer character-
istics) is difficult or impossible to determine using known
methods. The approach developed in the work made it
possible to estimate the influence of inaccuracies in the
implementation of the wave impedance on the resistance
matrix of the line, considered as a four-terminal network.
The obtained relations (34, 35), in contrast to the known
solutions, allow us to evaluate the influence of errors in
the implementation of wave resistance on the deviation of
an arbitrary functional parameter of the transmission line.

CONCLUSIONS

In this work, the problem of determining the influence
of the deviation of the wave impedance of a transmission
line from the nominal value on its elements of the resis-
tance matrix is solved.

The scientific novelty of the results obtained lies in
the fact that for the first time it was proposed to evaluate
the results of the influence of production technological
errors in the implementation of the line on the norm of the
resistance matrix, which makes it possible to reasonably
choose the accuracy of the reproduction of the wave resis-
tance based on the functional purpose of the line.

The practical value of the results obtained is to sub-
stantiate the accuracy of the functioning of technological
processes for the implementation of the wave impedance
of the line, in which the functional parameters of the line
are within acceptable limits. The results obtained make it
possible to determine the minimum accuracy of produc-
tion processes, which ensures the minimum cost of the
production process.

The obtained results allow to estimate the influence of
the perturbation of the wave resistance (wave conductiv-
ity) on the matrix of the transmission line, which is con-
sidered as a quadrupole. As such a matrix can be any ma-
trix of four-pole: a matrix of resistances, conductivities, a
chain matrix. This makes it possible for the required func-
tion of the circuit (transmission factor, input resistance,
reflection coefficient, etc.) and its permissible deviation
from the nominal value, it is reasonable to choose the
tolerance for the accuracy of the reproduction of the im-
pedance. The proposed criterion for estimating deviations
of line parameters using the norm of the quadrupole ma-
trix is essentially an integral criterion and can be used to
pre-estimate the frequency range of the strongest distor-
tions, regardless of the functional purpose of the segment
of the transmission line. The developed approach is appli-
cable to both homogeneous and inhomogeneous transmis-
sion lines and covers both regular and irregular perturba-
tions of the impedance.

Prospects for further research are related to the sub-
stantiation of the accuracy characteristics of various tech-
nologies for the production of microwave equipment in
order to ensure the minimum cost.
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AHOTAULIA

AxtyansHicts. Y HBY cucremax nepenadi inopmanii mMmupoko BUKOPHCTOBYIOTECS BiAPI3KM JIIHINA Hepenadi, XapaKTepUCTUKI
SIKMX 3HAQYHO BIUTMBAIOTH Ha IPOXYKTUBHICT Pi3HUX iH(opMamiiHuxX TexHosmorid. OnHiero 3 mpobiaeM BHPOOHUITBA JiHil mepenadi
€ OTPHMAaHHS 33JJaHOTO XBIJILOBOT'O OIIOPY, IO 3HAYHO BIUIMBAE HA €JIEKTPUYHI Ta iH(OpMaLiiiHi XapaKTEePUCTHKU BCHOT'O KOMILIEK-
cy obmanHaHHs. B nanHumit yac mocrae roctpe IMUTaHHS OLHKM BIUIUBY 30yprolounx (akTopiB Ha pi3HI eNEKTPUYHI XapaKTepPUCTUKU
BiIpi3KiB JOBrux JiHid. Ha ceoroquiniHiil JeHs HaOIBII TOBHO pO3pO0IIEHI METOM OLIHKH BILIMBY 30ypIolounx (akTopiB Ha XBHU-
JILOBHH OIip OAHOPIAHOT JIiHIi (XBUJILOBHHU OIip IOCTIHHO) IPH PEryISIpHUX 30ypeHHsIX. Y [bOMY BHIIAJKy B OCHOBHOMY BPaxoOBYy-
BaBCs BIUTHB 30ypeHb Ha KOe]illieHT BiZOUTTS y3ropkeHuX JdiHii. [lutanHs BBy 30ypeHb Ha PELITY XapaKTePHCTHK OJHOPIIHUX
i, 0COOJIMBO, HEOJHOPITHUX JTiHii BUBYCHI HEJOCTATHBO.

Meta. MeTot0 cTaTTi € BU3HAUYEHHA BIUIMBY 30ypEeHb XBHJIBOBOTO OTNOPY Ha MATPHUIIO OMOpY JIiHII nepenadi. 3HAIOUH MATPHUIIIO
30ypeHuX OMopiB, MOYKHA BU3HAYNTHU CIIOTBOPEHHS Oy Ib-SIKOTO MPHUCTPOIO, TOOYIOBAHOTO HA BiApi3Kax JiHIN mepeaadi.

Mertoa. Y cTaTTi BUKOPUCTaHO METOJ Teopii 30ypeHb JiHIHHUX Au(epeHLialbHIX ONepaTopiB, 3aCTOCOBAHUM 10 PiBHSIHB, IO
OMHCYIOTH MPOIECH B HEOJHOPITHAX JOBTUX JIHISX.

PesyabraTu. OTpuMaHi pe3ysibTaTd al0Th MOMKIIHBICTh OL[HHTH BIUIMB PErYJSIPHHUX Ta HEPEryJSpHHX 30YpeHb XBHIBOBOI'O
oropy (XBHIBOBOI MPOBIAHOCTI) HA MATPHIO JIiHII Iepeaadi, o pO3rILIAETHCS SIK YOTHPUIIOMIOCHUK. Taka MaTpHIs Moxe OyTu
OyIb-SIKOI0 KBAJIPYIOJBHOK MATPHUIICIO: MATPHUICIO OIMOPIB, MPOBITHOCTEH, JaHIOrOBoW. [le poOUTh MOXKIUBHM, BiIIOBIIHO 10
HeoOXiHOT GyHKINT cxeMu (KoedillieHT mepeaadi, BXiMHHIA omip, KOe(ilieHT BiAOUTTS) BU3HAYUTHU ii JOMYCTUME BiIXHUJICHHS Bia
HOMIHAJIEHOTO 3Ha4YeHHs, 00 BUOpATH JOITyCK IS BIATBOPEHHS XBHILOBOTO OIOPY.

BucHoBKH. 3anponoHoBaHUN KPUTEPii OLIHKK BiAXMICHb IapaMeTpiB JiHil 3 BAKOPUCTAHHIM HOPMH KBaJPYIOJbHOI MAaTPHLI
3a CBOEIO CYTTIO € IHTErPaJbHUM KPUTEPIEM i MOXe OyTH BUKOPUCTAHM [UIs TONIEPEAHBOI OL[IHKM YaCTOTHOI 00JacTi HAWCHIIBHIIINX
CIIOTBOPEHb, HE3aJICKHO Bil (yHKLIOHAIBHOrO MPU3HAYCHHS BiApi3ka jiHil nepenadi. Po3pobieHuii miaxin 3acTOCOBYEThCS SIK 0
OJTHOPIIHUX, TaK 1 JO HEOTHOPITHUX JIHIN Iepenadi Ta OXOIUTIOE K PETYISAPHI, TaK 1 HepeTryIApHi 30ypeHHS XBIIBOBOTO OIOPY.

KJIFOYOBI CJIOBA: ninis nepemadi, XBHIbOBHHA OMip, 30ypEHHS, MATPHUIIA OIIOPiB, YOTHPHUIIOIIOCHHUK, HEOAHOPIHA JIiHis, KO-
eQIlieHT BiTOUTTS.
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AHHOTANUS

AktyaiabsHocTh. B CBY cucremax nepenaun nHGOPMAINH ITHPOKO UCTIONB3YIOTCS OTPE3KH JIMHUN Mepeaadn, XapaKTePHCTHKHI
KOTOPBIX 3HAYUTEIHHO BIUIOT HA TPOU3BOJUTEIBHOCTD PA3INYHBIX HH(OPMAIMOHHBIX TeXHONIOTHH. OqHON 13 MpoOIeM IPOU3BOA-
CTBA JIMHUH Mepefadn SBIIETCS MOTydeHNE 3aJlaHHOTO BOJHOBOTO CONPOTHBIICHHMS, YTO 3HAYNTEIBHO BIHMAET HA 3JIEKTPUUECKUE U
nH(pOpPMAIMOHHBIE XapaKTePHUCTUKH BCETO KOMIUIEKCa 000pyaoBaHus. B HacTosIee BpeMs: BOZHHKAET OCTPBIN BOIPOC OLICHKHU BIIHSI-
HUSI BO3MYIIAIONMMX (DAaKTOPOB HA Pa3iIMYHBIC IEKTPHUECKUE XapaKTEPUCTHKH OTPE3KOB UIMHHBIX JMHUHA. Ha cerommsmamii nens
HanboJiee TOJTHO pa3paboTaHbl METOABI OIEHKH BIIMSHHS BO3MYIIAIONIMX ()AaKTOPOB HA BOJHOBOE CONPOTHBICHHE OJHOPOIHOMN JIH-
HUM (BOJIHOBOE CONPOTHUBIICHUE MOCTOSIHHO) MPH PETYISIPHBIX BO3MYIICHHSX. B 3TOM ciyuae B OCHOBHOM YYHTHIBAJIOCH BIMSTHHE
BO3MYIIECHHUH Ha KOA(QQUIMEHT OTpakeHHsI COTTIACOBAHHBIX JIMHUHA. Bompoc BIHMsSHMS BO3MYILECHUH HA OCTaJbHBIC XapaKTEPUCTUKH
OJTHOPOJIHBIX ¥, 0OCOOCHHO, HEOHOPOIHBIX JIMHUH M3y4eHbl HEJJOCTAaTOYHO.

Hensw. Llenpio cTaTbu SBISIETCA ONpEAENICHUE BIMSHHS BO3MYIIEHHH BOJHOBOTO CONPOTHUBICHUS HA MAaTPHILy CONPOTHBICHHS
JIMHUM Nepefadyn. 3Has MaTPUIly BO3MYILEHHBIX COMPOTHUBIEHUH, MOXKHO ONPEAEIUTh UCKAXKEHHSI XapaKTePUCTUK KaKoro-JInbo ycT-
poiicTBa, NOCTPOEHHOTO HAa OTPE3KaxX JIMHUM Nepesayn.

Metoa. B cratbe UCTIONB30BaH METOA TEOPHH BO3MYILEHHH JMHEHHBIX NU(QPEpEeHINANBHBIX OIEepPaTOPOB, MPUMEHEHHBIA K
YPaBHEHHUSIM, OTMCHIBAIOIINX MTPOLECCH B HEOAHOPOJHBIX JITHHHBIX JIMHUSX.

PesyabTatsl. IloryueHHbIe pe3yIbTaThl AaOT BO3MOKHOCTD OLICHUTD BIMSHUE PETYJISIPHBIX U HEPErYJIAPHBIX BOSMYILICHUIN BOJI-
HOBOT'O COIIPOTHUBIICHUS (BOJHOBOI MPOBOJMMOCTH) Ha MATpPUILy JIMHHUU IIEpelady, pacCMaTpUBaeMOM KaK YeTBIPEXMOMIOCHUK. Ta-
KO MaTpuIiedl MoXeT OBITh Kakas-JMOO MaTpHIa YEeTHIPEXMOIIOCHUKA: MaTpPHIa CONPOTHUBIICHUH, IIPOBOJUMOCTEH, IEMHOH. DTO
JieJIaeT BO3MOXKHBIM, B COOTBETCTBHH C TpeOyemoii ¢pyHKimer nemy (ko duuueHT nepenayn, BXOJIHOE CONPOTUBIICHNE, KO duim-
CHT OTPAXCHUS) ONPEAEIUTH JOIMYCTUMOE OTKJIOHEHHE BOJHOBOTO CONPOTHBIECHHS OT HOMHHAJIBHOIO 3HAuYeHUs, YTOOBI BHIOPATH
JIOIYCK JJIs1 BOCIIPOU3BE/ICHHSI BOTHOBOI'O COIIPOTUBIICHUS.

BoiBoabl. [IpennokeHHbIN KPUTEPUI OLEHKH OTKJIOHEHMH NapaMeTpoOB JIMHUM C MCIIOJIb30BAHUEM HOPMBI YETHIPEXIIOIIOCHON
MaTpUIBI IO CBOEH CYTHU SIBISETCS MHTETPAIbHBIM KPUTEPHEM U MOXKET OBbITh HCIIONB30BaH ATl MPEIBAPUTEIBHON OLEHKH YacTOT-
HOI o0nacTi HanboJiee CHIIbHBIX MCKAKEHHH, He3aBUCUMO OT (YHKIIMOHAJIBHOTO Ha3HAYeHWs OTPEe3Ka JIMHUM nepenauu. Paspabo-
TaHHBIA TOAXO0J MPUMEHUM KaK K OJHOPOIHBIM, TaK M K HEOJHOPOJHBIM JIMHHAM II€peladl ¥ OXBATHIBACT KaK PEryJspHbIC, TaK U
HEPETYISPHBIC BO3MYIIECHHS BOJIHOBOTO COMPOTHBICHHS.

KJIFOUEBBIE CJIOBA: nunus mepenadyl, BOJHOBOE CONPOTHBICHUE, BOSMYILIEHHS, MAaTPHUIA COMPOTHBICHHH, YETHIPEXIIO-
JIIOCHYK, HEOJHOPOAHAS JINHHUS, KOIPPUIIMEHT OTPAXKESHUS.
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ABSTRACT

Context. The relevance is to study the cross-correlation properties of the developed complex signals ensembles of large volume
with a low level of multiple access interference, thereby increasing the efficiency of using a limited radio frequency range. The Ob-
ject of Research is a method of bandpass filtering with permutations, which allows forming complex signals ensembles of large vol-
ume.

Objective. The Objective is to determine the optimal cross-correlation properties for the formation of complex signals ensembles
of large volume with a low level of multiple access interference.

Method. The work has the study results of cross-correlation properties of complex signals ensembles obtained by applying the
filtered elements permutation method. The formation of complex signals ensembles is based on pseudo-random sequences with im-
proved cross-correlation properties in the time domain. Bandpass filtering is applied to such sequences, and the number of filter
bands is determined based on the calculation of the frequency spectrum utilization coefficient. The filter band optimal width determi-
nation is based on a comparison of the maximum emissions of the side lobes values of the of cross-correlation function of signals
from the elements number in the involved sequences. The signals obtained by frequency bands allocating are characterized by a dif-
ference in form in the minimal similarity condition. In order to reduce the multiple access interference impact, the frequency compo-
nents transfer obtained by spectral filtering to the common frequency range is carried out. After that, the signals are transferred using
the full search method. As a result, it was obtained all possible combinations of signal pairs permutations. The use of permutations in
the complex signals ensemble formation can significantly increase the ensemble volume. The signals generated by frequency filter-
ing, to which the transfer to the common frequency band and their subsequent permutation was applied, are subjected to correlation
analysis based on the calculation of the maximum emissions values of the side lobes of the cross-correlation function.

Comparative characteristic of cross-correlation properties of developed signals with known signals prove that signals generated
based on pseudo-random sequences with improved cross-correlation properties have a much larger ensembles volume, are formed on
the basis of simple algorithms that don’t require significant computing resources and have satisfactory cross-correlation characteris-
tics. The use of bandpass filtering method with permutation allows the formation of large-volume ensembles whose signals differ in
form, and the combination of different frequency bands reduces the vulnerability to multiple access interference.

Results. Due to the software implementation of the bandpass filtering method with permutations, the comparison of cross-
correlation properties of nonlinear sequences, M-sequences, multiphase signals and developed signals based on sequences with im-
proved cross-correlation properties was performed.

In estimating the levels of maximum emissions of side lobes of the cross-correlation function, it was found that the generated
signals obtained by bandpass filtering with permutations deteriorate cross-correlation characteristics by increasing the pulse duration
proportional to the decrease in signal frequency band, but their value satisfies the minimal similarity condition, used in cognitive
telecommunications systems.

Conclusions. The study of the signals cross-correlation properties proves the effectiveness of the developed bandpass filtering
with permutations method. The generated signals have cross-correlated characteristics no worse than ensembles based on known
signals. At this level of maximum emissions of the side lobes of the cross-correlation function of the developed signals is 7-12% less
than the known signals. Thus, the method of bandpass filtering with permutations can be used to increase the efficiency of radio fre-
quency resource use of both existing and advanced cognitive telecommunication networks of wireless access based on systems with
code division multiplexing.

KEYWORDS: complex signal, cross-correlation function, multiple access interference, signal base, signal spectrum width, filter
band, low energy interaction, ensemble volume.

ABBREVIATIONS NOMENCLATURE
CCF is a cross-correlation function; s; is a i-th signal,;
MALI is a multiple access interference. s; is a j-th signal;
Afis a filter band;
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A is a integration step;

B is a signal base;

F, is a lower limit of the frequency range;

F, is a upper limit of the frequency range;

AF is a width of the pseudo-random sequence spec-
trum main lobe with low interaction in time domain;

Kj; is a random pair of frequency elements;

s(?) is a signal obtained by frequency filtering;

X is a frequency spectrum of the signal;

T 1s a phase shift;

E; is a energy of the i-th signal;

T is a sequence duration;

7 is a sequence pulse duration;

¢ is a time;

N is a symbols number in the sequences;

R .« 1S @ maximum emission of the side lobes of CCF.

INTRODUCTION

Increasing the number of users and the quality of their
service in modern cognitive telecommunication systems
and radio networks, provided multiple access to various
information resources and technologies, is possible with
using by ensembles of complex signals with large vol-
umes.

Increased volume signals realization is possible with
the use of pseudo-random sequences with improved
cross-correlation properties. The advantages of such se-
quences are low energy interaction in the time domain,
low level of cross-correlation, ensuring a low MAI level
and compliance with the condition of minimal similarity.
However, in the study of signal ensembles based on such
sequences, it was found that the number of forming se-
quences limits their volume. Therefore, the urgent task is
to form such signals ensembles that have mutually corre-
lated properties close to the signals with minimal interac-
tion in the time domain [1-3].

One of the main directions of research of complex
signals ensembles is correlation characteristics definition.
However, code division multiplexing is based on correla-
tion processing. In this case, the main criterion for evalu-
ating the characteristics of complex signals ensembles
based on sequences with improved cross-correlation
properties obtained by bandpass filtering with permuta-
tions and subsequent transfer to a common frequency
range can be considered analysis of cross-correlation
characteristics of the studied signals.

Pseudorandom sequences with improved cross-
correlation properties are signals with a large base, have a
low level of cross-correlation, provide a low level of mul-
tiple access interference and meet the condition of mini-
mal similarity [6].

The use of signals based on sequences with improved
cross-correlation properties obtained by bandpass filtering
with permutations in cognitive telecommunication sys-
tems allows reducing the level of MAI by decreasing the
values of the maximum emissions of the side lobes of the
CCEF received signals.

Estimation of the volume and analysis of cross-
correlation characteristics of complex signals ensembles,

which are formed on the basis of this method, will deter-
mine the feasibility of further use of such signals in tele-
communication systems of cognitive radio communica-
tion with code division multiplexing.

The object of study is the method of bandpass filter-
ing with permutations, which allows forming complex
signals ensembles of large volume in order to increase the
number of simultaneously served subscribers and the
quality of their service in modern cognitive telecommuni-
cation systems with limited frequency resource.

The subject of study is a process of studying the
cross-correlation characteristics of the formed complex
signals ensembles obtained by applying the method of
bandpass filtering with permutations.

The purpose of the work is to determine the optimal
cross-correlation characteristics for the formation of com-
plex signals ensembles of large volume with a low level
of multiple access interference.

1 PROBLEM STATEMENT

Suppose an ensemble of complex signals consisting of
50 output sequences with N = 23 — 512, T' = 1,2 ms,
7;= 10 ns. Af was selected between 200 kHz and 450 kHz
in 50 kHz increments.

The task is to calculate the values of R, based on
the selection of optimal signal parameters, in order to
determine the correlation properties of the signals. This
takes into account the limitation on the number of filter
bands k; and the criterion of minimum similarity R; max,
which will form ensembles of complex signals of large
volume with a low level of multiple access interference
and apply them in cognitive telecommunications systems.

2 REVIEW OF THE LITERATURE

Known complex signals classes are usually formed
based on video pulses sequences formed by a certain rule.
Such sequences include M-sequences, Gold, Kasami se-
quences, nonlinear sequences, multiphase signals and
others [6, 9].

The structure of the signals used as subscribers deter-
mines the value and MAI pattern and, accordingly, the
noise immunity of the system, the effectiveness of the
frequency spectrum and the maximum number of active
subscribers [7, 8, 10, 11]. Implementation of transmission
systems, the signals of which overlap in frequency, is
possible due to the use as information carriers of individ-
ual subscriber signals.

In transmission systems, the characteristics of the cus-
tomer service quality and the transmitted information reli-
ability are rigidly interrelated. Due to the presence of in-
formation in the system, the information transmission
reliability depends on the number and activity of sub-
scribers, as well as on the power of the signals emitted by
them. Thus, to increase the noise immunity of the system
it is necessary to reduce the number of simultaneously
working subscribers, which is impractical in modern con-
ditions of cognitive telecommunication systems develop-
ment.
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Another way to improve the service quality is the use
of signals with improved cross-correlation properties [9,
12], which are estimated using the values of the maxi-
mum emissions of the side lobes of the CCF depending
on the number of pulses in the sequences.

The use of such signals allows developing ensembles
of the large volume complex signals, which allows sig-
nificantly increasing the number of simultaneously served
subscribers and improve the quality of transmission.

3 MATERIALS AND METHODS

To determine the optimal values of frequency charac-
teristics in this method of bandpass filtering with permu-
tations in order to form ensembles of complex signals of
large volume, pseudo-random sequences with low energy
interaction in the time domain are used, which are de-
scribed in [1, 2]. Bandpass filtering is applied to such
sequences. Estimation of the number of bands is due to
the coefficient of frequency spectrum k; use, defined as

[3]:

AF
ks N (1

The determination of the optimal width of the filtra-
tion band is based on a comparison of the values of the
maximum emissions of the side lobes of the CCF signals
from the number of elements in the involved sequences.

The comparison coefficient value of the maximum
emissions of the side lobes of the CCF signals is deter-
mined by the expression [9]:

—21

Rijmax(Af)z Si(A )'S‘/(Af_A)dAf~ 2

|

1

The obtained values must meet the condition of mini-
mal similarity [6]:

< 1.5 '

Rl’jmax - \/E (3)

As a result of the application of such filtering, fre-
quency bands were isolated from the spectrum of pseudo-
random sequences with minimal energy interaction in the
frequency domain. Signals obtained by allocating fre-
quency bands are characterized by a difference in form in
the condition of minimal similarity of signals (3).

In order to reduce the multiple access interference im-
pact, the frequency transfer of the components obtained by
filtering the spectrum of sequences with minimal energy
interaction to the common frequency range is performed.
The analytical expression of the frequency transfer is

[4]:

F X (0-0g)} = s(t)e /™", 4)

In expression (4), the signal delay leads to a change in
the phase-frequency characteristic, which shows the ratio
of the harmonic components: sin(w)/cos(w), so the fre-
quency spectrum of the signal obtained by frequency fil-
tering is difficult to phase shift. As a result, it is possible
to significantly improve the frequency selectivity com-
pared to known signals generated based on devices with
direct amplification.

Signals permutation occurs by means of a full search
method that is defined by a formula:

6))

To explain this method, we ask a set of four frequency
elements K;, K,, K3 and K4, obtained by applying band-
pass filtering at different intervals of the spectrum to se-
quences with improved cross-correlation properties. As a
result, we obtain all possible combinations of permuta-
tions: K12; K13, K14, K23, K24 and K34.

The use of permutations in a complex signals ensem-
ble formation allows you to reduce the level of minimal
similarity of signals at an acceptable level, while increas-
ing the signals ensemble volume.

The cross-correlation properties of the signals gener-
ated by frequency filtering, to which the transfer to the
common frequency band is applied and their subsequent
permutation are analyzed by calculating the values of the
maximum emissions of the side lobes of the CCF.

The calculation of the values of the maximum emis-
sions of the side lobes of the CCF is in accordance with
the docking function [5]:

T

Ry(x)= [s5;(t)s; (e —)dr . (6)

-T

The energy of the signals obtained by the method of
bandpass filtering with permutations will be different,
therefore, to estimate correctly the maximum emissions
values of the side lobes of the CCF by expression (6) it is
necessary to normalize the signal energy [5]:

Sivom(£)= SIT(;) . 7)

According to the calculations results of all possible
variants of pairs of the received signals leave only those
which will satisfy a condition of the minimal similarity
3).

Comparative characteristics of cross-correlation prop-
erties of developed signals with known signals prove that
signals generated based on pseudo-random sequences
with improved cross-correlation properties have a much
larger volume of ensembles, are formed on the basis of
simple algorithms that don’t require significant computa-
tional resources and have better cross-correlation charac-
teristics.
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The application of the method of bandpass filtering
with permutations allows forming ensembles of large vol-
ume, the signals of which differ in form, and the combina-
tion of different frequency bands reduces the vulnerability
to MAL

4 EXPERIMENTS

The method of bandpass filtering with permutations is
implemented as a software product created in the Matlab
modeling environment, due to which there is a practical
confirmation of the obtained theoretical results.

To form a complex signals ensemble, pseudo-random
sequences with improved cross-correlation properties are
used, to which band filtering is applied. The choice of the
optimal bandwidth of the filter band is based on the
analysis of the signal correlation properties produced by
selecting the frequency elements obtained from different
frequency bands, the number of which is determined by
calculating the frequency spectrum utilization factor. Ac-
cording to the analysis results, the optimal value Af =350
kHz, and the number of filter bands is 4. To reduce the
influence of the MAI to such signals isolated from the
common frequency band of pseudo-random sequences
with improved correlation properties, frequency transfer
to the common frequency range is used. The obtained
signals differ in form and satisfy the condition of minimal
similarity of signals.

Then the permutation of signals is performed by the
method of full search, the result is all possible combina-
tions of permutations: K[z, K13, K14, K23, K24 and K34. The
process of permutations in the formation of a complex
signals ensemble allows reducing the level of minimal
similarity of signals to an acceptable level, with a signifi-
cant increase in the ensemble volume, the calculation of
which is discussed in detail in [3].

Analysis of the cross-correlation properties of the sig-
nals generated by frequency filtering, to which the transfer
to the common frequency band was applied and their sub-
sequent permutation is based on the calculation of the val-
ues of the maximum emissions of the side lobes of the
CCF.

The energy of the signals obtained by the method of
bandpass filtering with permutations from different fre-
quency ranges will be different, therefore, for correctly
estimating the values of the maximum emissions of the side
lobes of CCF by expression (6) it is necessary to normalize
the signal energy. After alignment, the analysis of cross-
correlation properties of the received signals is carried out
and their models are built, based on which the maximum
emissions of the side lobes of the CCF for all possible vari-
ants of signals are determined. When forming a complex
signals ensemble, only those pairs of signals are used that
will satisfy the requirements for the established restrictions.

Because of obtaining the data, a comparative charac-
terization of the cross-correlation properties of the devel-
oped signals with known signals is carried out. The charac-
terization proves that the signals formed based on pseudo-
random sequences with improved cross-correlation proper-
ties outweigh the known signals in the volume of the en-

semble, are formed on the basis of simple algorithms that
don’t require significant computational resources and have
better cross-correlation properties.

5 RESULTS

The calculation results of the correlation properties of
the signals obtained by frequency filtering with transfer to a
common frequency range and permutations depending on
the bandwidth are shown in table 1. The following nota-
tions were used: Sftp200 (t) — Sftp450 (t) — bandwidth sig-
nal from 200 to 450 kHz, K;, — K3; — combinations of per-
mutations of signal pairs. Figure 1 graphically shows the
dependences of the calculation of the maximum emissions
of the side lobes of the CCF on the number of pulses in
sequences with improved correlation properties at different
values of the bandwidth of the bandpass filters [14].

The obtained results testify to the correspondence of
the signals to the signals with minimal energy interaction
and satisfy the condition of minimal similarity. The opti-
mal value of Af =350 kHz, as the formed complex signals
ensemble has the optimal volume [3], and the levels of
maximum emissions of the side lobes satisfy the selected
constraint.

Table 2 presents the results of calculating the values
of the maximum emissions of the side lobes of CCF
nonlinear sequences, M-sequences, multiphase signals
and developed signals based on sequences with improved
cross-correlation properties.

Figure 2 shows a comparative characteristic of the
values of the maximum emissions of the side lobes of the
CCEF signals based on different sequences.

As a result of the study, when estimating the levels of
maximum emissions of side lobes of the CCF found that
the generated signals obtained by bandpass filtering with
permutations have worse cross-correlation properties,
relative to signals obtained by permutation of time inter-
vals of sequences based on a centered series due to in-
creasing pulse duration in accordance with the reduction
of the signal frequency band. However, their value satis-
fies the condition of minimal similarity and such signals
can be used in cognitive telecommunication systems.

6 DISCUSSION

The data is in the calculating the correlation properties
of signals (table 1) show that the study can be used to
solve the problem of forming complex signals ensembles
based on sequences with improved cross-correlation
properties by bandpass filtering with subsequent transfer
to the common frequency range and permutations of fre-
quency elements.

The results of calculating the cross-correlation proper-
ties of the signals obtained by frequency filtering with
transfer to the common frequency range and permutations
are presented in Figure 1 and limited to N =150 in order
to better perceive the displayed values of maximum emis-
sions of side lobes of CCF.

It should be noted that even when the value of Af de-
creases to the level of 200 kHz, increasing the pulse dura-
tion does not violate the minimal similarity condition of
the developed signals.

© Lysechko V. P., Kulagin D. O., Indyk S. V., Zhuchenko O. S., Kovtun L. V., 2022

DOI 10.15588/1607-3274-2022-2-2

18



e-ISSN 1607-3274 PanioenexTpoHika, inpopmaTuka, ynpasminas. 2022. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 2

The applied method of signal frequency elements
permutation using full search allows receiving all possi-
bilities of permutations combinations that from the point
of view of optimum use of system computing resources
creates additional loading.

Comparison of signals cross-correlation properties
based on different sequences proves the effectiveness of
the developed method of bandpass filtering with permuta-
tions. The formed complex signals ensembles have cross-

maxRij

rnaxR

maxRj

ninj

€

correlation properties not worse than ensembles based on
known signals, and the level of maximum emissions of
the side lobes of the CCF of the developed signals is 7—
12% lower than the indicators of known signals. Thus, the
method of bandpass filtering with permutations can be
used to increase the efficiency of radio frequency resource
use in cognitive telecommunication networks based on
systems with code division multiplexing.

ninj

ninj

maxRj

ninj

f

Figure 1 — The calculation results of the signals cross-correlation properties obtained by frequency filtering with permutation to
the common frequency range and permutations:
a — when using the filter band width is equal 200 kHz, b — when using the filter band width is equal 250 kHz, ¢ — when using the
filter band width is equal 300 kHz, d — when using the filter band width is equal 350 kHz, e — when using the filter band width is
equal 400 kHz, f — when using the filter band width is equal 450 kHz
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Table 1 — The calculation results of the signals correlation properties obtained by frequency filtering with permutation to the common
frequency range and permutations within the filter bands width

Ry Ris Ris R»; Ry R3y
Sftp200(t) 0.3128 0.2795 0.3677 0.2464 0.2068 0.2958
Sftp250(t) 0.2601 0.2523 0.3416 0.2358 0.2195 0.2462
Sftp300(t) 0.2217 0.2193 0.3101 0.2284 0.2298 0.2329
Sfip350(¢) 0.2120 0.2049 0.2796 0.2176 0.2265 0.2276
Sftp400(t) 0.2024 0.2027 0.2542 0.2104 0.2122 0.2178
Sftp450(t) 0.1901 0.2052 0.2336 0.2021 0.1917 0.2076

Table 2 — The calculation results of the values of the maximum emissions of the side lobes of the CCF signals based on different

sequences
The values of the maximum emissions of the side lobes of the CCF
The s1gnals are Signals based on se-
obtained by o
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. . . . permutation the .
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N M- sequences . Lo time intervals of . .
sequences signals action in the erties obtained by
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40 0.092 0.341 0.058 0.0321 0.0729 0.256
100 0.0797 0.2354 0.041 0.0114 0.0507 0.182
256 0.0626 0.1186 0.0207 0.004 0.0221 0.11
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Figure 2 — Comparative characteristic of the values of the maximum emissions of the side lobes of the CCF signals based on dif-
ferent sequences

CONCLUSION

The main criterion for evaluating the properties of
complex signals ensembles based on sequences with im-
proved cross-correlation properties obtained by bandpass
filtering with transfer and subsequent permutation to a
common frequency range can be considered the analysis
of cross-correlation properties of the studied signals.
Analysis of the cross-correlation properties of complex
signal ensembles based on pseudo-random sequences with
improved cross-correlation properties allows the forma-

tion of complex signal ensembles of much larger volume
than ensembles based on known signals.

The scientific novelty of the obtained results lies in
the further development of the method of forming com-
plex signals ensembles based on sequences with improved
cross-correlation properties obtained by bandpass filtering
with permutations, realized based on selection from se-
quences spectrum of equal bands with using the subse-
quent permutation. It allows increasing the complex sig-
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AHOTANIA
AxTyanbHicTs. [lonsrae y qocimifkeHHI B3a€MOKOPEISIIIHHIX BIACTUBOCTEH pPo3poOiIeHNX aHCaMONIB CKJIaJHAX CHTHAJIB Be-
JIIKOTO 00’ €My 13 3a0e3NedeHHsIM HU3bKOTO PiBHS 3aBa]] MHOXKHHHOTO JIOCTYITY, 32 paXyHOK YOTO 3a0e31edyeThesl MiABUIICHHS ede-
KTHBHOCTI BUKOPHCTaHHS OOMEKEHOTO palioyacTOTHOro fAianazony. O6’€KTOM IOCHIHKEHHS € METOJ CMYyroBoi (GiIbTpallii 3 mepe-
CTaHOBKaMH, SIKMH J103BoJIsie chopMyBaTH aHCaMOJIi CKJIATHUX CHTHAJIIB BEIUKOTO 00’ €My .
Merta po6otu. [lonsirac y BU3HAUSHHI ONTHMAIBHAX B3a€EMOKOPEISLIIHUX BIACTHBOCTEW Il ()OpMyBaHHsS aHCaMOJIB CKiaj-
HMX CUTHAJIIB BEJIMKOTO 00’eMy i3 3a0e3Ne4eHHsIM HU3bKOTO PiBHS 3aBaJl MHOXHHHOT'O IOCTYILY.
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Meton. Y poGOTi HaBeOEHO PE3yJIbTATH IOCHIIKCHHS B3a€EMOKODEISALINHUX BIACTHBOCTEH aHCaMOIIB CKJIaJHUX CHTHAIB,
OTPUMaHMX 32 PaXyHOK 3aCTOCYBaHHSI METOJy EpPECTaHOBOK Biq(iIbTpoBaHUX ejeMeHTiB. @opMyBaHHS aHCAMOJIIB CKJIaJHUX CHI-
HaJIiB BiZl0OyBa€ThCsl HA OCHOBI IICEBOBUIIAIKOBUX ITOCITIJOBHOCTEH 3 OKPAILICHUMHU B3a€MOKOPEISLIIHHIMY BIaCTHBOCTSMH B 4aco-
Biit oOnacti. J[o TakuX MOCIIZOBHOCTEH 3aCTOCOBYETHCS CMyroBa (GibTpallist, IPHIOMY KUIBKICTh CMYT (ijbTpallii BU3HAYAEThCS HA
OCHOBI pO3paxyHKy Koe(illieHTa BUKOPUCTaHHS YaCTOTHOTO CIeKTpa. Bu3HaueHHs onTHMabHOI HIMPUHKA cMyTH dinbTpauii BigOy-
BA€ThCSl HA OCHOBI MOPIBHSAHHS 3HAYCHb MAKCUMAIIBHUX BUKHU/IB OIYHUX MEMOCTOK (QYHKIT B3a€MHOI KOpPEJIALii CUTHAMIB BiJ] KiJlb-
KOCTI €JIEeMEHTIB y 3aJiIHUX MOCHiTOBHOCTSX. CHTHAIHM, OTPUMaHi 3a JIOTIOMOTOI0 BUAUICHHS CMYT 9acTOT, XapaKTepU3yIOTHCS Bill-
MiHHICTIO 32 ()OPMOIO IIPH BUKOHAHHI YMOBH MiHIMaJbHOI OZ00U. 3 METOIO 3MEHIICHHS BIUTMBY 3aBaJl MHOXHHHOTO JOCTYITy 3iii-
CHIOETBCSI YAaCTOTHHUI MEPEeHOC CKIIAJI0BHX, OTPUMAHUX y pe3ysbTaTi (inbTpamii CeKTpy, A0 chibHOi obmacti wactot. [licis mporo
BHUKOHYETHCSI IEPECTAHOBKA CUTHAJIIB 32 JOIIOMOT0I0 METOJly OBHOTO nepebopy. Y pe3yibTaTi OTPHMY€EMO yCi MOXKIIMBI KOMOiHamiT
NIepEeCTaHOBOK MTap CHTHAJIIB. 3aCTOCYBAaHHS IEPECTAaHOBOK IpH (hOpMyBaHHI aHCAMOJIS CKIIATHUX CHTHAJIB JO3BOJISIE 3HAYHO 30LIBIIH-
TH 00’eM ancam6Ous. Curnanu, copMOBaHi 3a paXyHOK YaCTOTHOI (iNIbTpaIlii, 10 SKUX 3aCTOCOBYBABCS IEPEHOC B CIUIBHY CMYTY Yac-
TOT Ta iX MojaJIbIIa NepecTaHOBKa, MiNAI0TECS KOPEIHIIHHOMY aHali3y Ha OCHOBI pO3paxyHKy 3HAaU€Hb MAaKCUMAJIbHHX BHKHUIIB Oid-
HHX NeTOCTOK (GyHKIi B3aeMHOl Kopessiil. [lopiBHsIbHA XapaKTepUCTHKA B3a€MOKOPEIISILIHHNX BIACTUBOCTEH PO3POOICHUX CUTHA-
JIB 3 BIIOMHMHU CHUTHAJIaMH JOBOIMTB, 110 CHTHAJTH, C(OPMOBAHI HA OCHOBI NCEBJOBHMIIAAKOBUX MOCIIJOBHOCTEH 3 MOKPALICHUMH
B3a€EMOKOPEIIAIIITHIMH BIaCTUBOCTSIMU MAlOTh 3HAYHO OUTbIINT 00’ eM aHcaMOIiB, (OPMYIOTHCS Ha OCHOBI IIPOCTHX aJITOPUTMIB, IO
HEe TOTpeOyIOTh 3HAYHUX OOYHCITIOBAIBHUX PECYpPCIB Ta MAlOTh 3a[JOBiUbHI B3a€MOKOPEIALiHI XapaKTEPUCTHKH. 3aCTOCYBaHHS
METOAY CMYTOBOI (iNbTpalii 3 mepecTaHOBKaMH JT03BOJISIE€ (POPMYBATH aHCAMOJIi BETMKOTO 00’ €My, CUTHAIH SIKMX BiAPI3HAIOTHCS 32
(dopmoto, a KOMOIHyBaHHS PI3HUX YaCTOTHHX Jialla30HIB 3MEHIITYE BPA3JIUBICTh JI0 3aBaJl MHOXKHUHHOTO JIOCTYITY.

Pe3yabsTaTn. 3aBasky nporpaMHii peaiizamii MeToxy cMyroBoi QinbTpamii 3 mepecTaHOBKaMH BHKOHAHO ITOPIBHSHHS B3a€MO-
KOpEJLIIIHNX BIACTHBOCTEH HENHIHHHUX IOCIIIOBHOCTEH, M-mocigoBHOCTEH, 6araTo(a3HIX CHUTHANIB Ta pO3pOOJICHNX CHTHAIIB
Ha OCHOBI MOCJIITOBHOCTEH 3 MOKPAIICHUMH B3a€MOKOPEISI[IHHIMY BIIaCTUBOCTSIMH.

Ipw ouiHLi piBHIB MaKCUMAJILHUX BHKUJIB OIYHMX MENOCTOK (yHKIT B3aeMHOT KOpeJsii BUSBICHO, IO Y ¢()OPMOBAHUX CHT-
HaJIiB, OTPHMAHUX IIIIXOM CMYToBol (GiIbTparil 3 mepecTaHOBKAaMH, HOTIPIIYIOTHCSI B3aEMOKOPEIISLIiHI XapaKTepUCTHKH, 32 paxy-
HOK 301/IBIIEHHS TPHBAJIOCTI IMITJICIB IPONOPLIHHOT 3MEHIIIEHHIO CMYTH YaCTOT CUTHAIY, ajie TXHE 3HAYCHHS 3aJI0BOJILHSE YMOBY
MiHIMaJIbHOI TOJJO0M 1 TaKi CUTHAJIM MOXYTh 3aCTOCOBYBATHCS B KOTHITHBHUX TEIEKOMYHIKAIlIHHUX CHCTEMaXx.

BucHoBku. BukoHaHne MocmimKeHHS B3aEMOKOPEMIHHIX BIACTUBOCTEH CUTHANIB JOBOJUTH €(PEKTUBHICTH PO3POOICHOTO Me-
TOIy cMyToBoi (inbTparii 3 nepectanoBkaMu. CHopMOBaHI CHTHAIM MAIOTh B3a€MOKOPEISAIIifHI XapaKTePUCTHKH HE TipIIi HiXK aH-
camOJ1i Ha OCHOBI BifoMuUX cUrHajiB. [Ipu oMy piBHI MaKCHMAalbHUX BHKHIIB OIYHHX MEMIOCTOK (PyHKIIT B3a€EMHOT KOpEISIii po3-
pobnenux curHaiiB Ha 7—12 % MeHIIe TOKa3HMKIB BIIOMHUX CHUTHaNiB. TaKMM YHHOM METOZ CMyTOBOi ()UIBTpaLIil 3 IepecTaHOBKAMHU
MoXe OyTH 3aCTOCOBaHUH IJISI MiABUIIEHHS e()eKTUBHOCTI BUKOPHCTaHHS PaiodyacTOTHOTO PECypCy SIK iCHYIOUHX, TakK 1 IIepCIIeKTH-
BHHX KOTHITUBHUX TEJICKOMYHIKAI[IHHIX Mepex 0e31poBOIOBOrO JOCTYITy Ha OCHOBI CHCTEM 3 KOJJOBHM PO3/IICHHSIM KaHAIIIB.

KJIFOUYOBI CJIOBA: cxnaguuii curaai, ¢yHKIis B3a€MHOT KOpeJisiLii, 3aBajja MHOXKHHHOTO JIOCTYITy, 0a3a CHUrHalIy, IHpHHA
CIIEKTPY CHUTHAITy, cMyTa (UIbTpalil, HU3bKa eHepreTUuHa B3aeMolis, 00’ €M aHCaMOJIIO.
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HCCJEJIOBAHUE B3AMMOKOPPEJSLIMOHHBIX CBOMCTB AHCAMBJIEN CJIOKHBIX CUTHAJIOB,
MNOJYYEHHBIX TYTEM IIEPECTAHOBOK OT®WJIbTPOBAHHBIX YACTOTHBIX 3JIEMEHTOB

JIbiceuko B. I1. — kaua. TexXH. HayK, TOLEHT, TONEHT KadeApbl TPAHCIIOPTHOMN CBSI3H, Y KPAaHHCKHUIT TOCYJapCTBEHHEIH YHUBEPCH-
TET KEJIE3HOAOPOKHOT0 TPAaHCIOPTa, XapbKOB, YKpauHa.

Kyaarmu /1. A. — 1-p TexH. HayK, IOLEHT, podeccop Kadeaphl IEKTPOIUTaHNs IPOMBIIUICHHBIX NpeanpusaTuii, Haunonans-
HBI YHUBEPCUTET «3aroporKcKasi MOJIUTEXHUKa», 3all0pOXKbe, Y KpauHa.

HUuapik C. B. — kaHA. TeXH. HayK, CTapIIUi mpenojaaBaTenb Kadeapbl TPAHCHOPTHON CBA3M, YKPaMHCKUN TOCYIapCTBEHHBIN
YHUBEPCUTET KEJIE3HOAOPOKHOTO TPaHCIIOpTa, XapbKoB, Y KpanHa.

Kyuenko A. C. — kaHJ. TeXH. HayK, JOLEHT, HOLEHT Kadeapsl TPAHCIOPTHON CBSA3H, YKpaHHCKasi TOCYIapCTBEHHAS aKaJeMUsI
JKEJIE3HOAOPOKHOTO TPaHCTIOpTa, XapbKOB, Y KpauHa.

Kostyn W. B. — kaHA. TexH. HAyK, JOIEHT, JIOUEHT Kadeapsl TPaHCIIOPTHOH CBSA3H, YKpAHMHCKas TOCYAapCTBCHHAS aKaJeMHUS
JKEJIE3HOAOPOKHOI0 TPAaHCIOPTa, XapbKOB, YKpauHa.

AHHOTALIAA

AKTYyaJIbHOCTb. 3aKITI0YAETCsl B HCCIIEIOBAaHUY B3aMMOKOPPEIALMOHHBIX CBOMCTB pa3paboTaHHBIX aHCaMOJIeH CIIOKHBIX CHI'HA-
J10B O0JbIIOr0 00beMa ¢ 00ecrieYeHHeM HHU3KOT0 YPOBHS IIOMEX MHOXKECTBEHHOTO JIOCTYIA, 32 CUET Yero BO3MOXKHO IMOBBILICHHE
3¢ GEKTUBHOCTH UCIIOJIB30BaHUS OTPAHHUCHHOTO PAJIMOYacTOTHOTO auana3oHa. OOBEKTOM HCCICTIOBAHUS SBIISIETCS METOJ MOJIOCO-
BOH (DUIIBTpAIMH C IEpeCTaHOBKaMH, O3BOJIAIOMNI (OpMUPOBATH aHCAMOIH CIIOKHBIX CUTHAJIOB OOJIBIIOTO 00beMa.

Leab paGorsl. COCTOUT B ONpPEIEICHHH ONTHMAIbHBIX B3aMMOKOPPEISILUOHHBIX CBOWCTB it (opMupoBaHusi aHcamOueit
CJIO)KHBIX CHTHAJIOB OOJBIIOr0 00beMa ¢ 00eCceueHneM HU3KOTO YPOBHSI TOMEX MHOXKECTBEHHOTO IOCTYIIA.

Metoa. B pabore mpuBeneHbI pe3yabTaThl HCCIAECIOBAHUS B3aMMOKOPPEISIIHOHHBIX CBOWCTB aHCaMOJed CIIOXHBIX CHUTHAJIOB,
MOJTyYeHHBIX 33 CYET METOJA MOJOCOBOH (GHUIbTpaluu ¢ nepecranoBkamu. POpMHUPOBaHHE aHCAMOJIEH CIIOKHBIX CHTHAIOB IPOHC-
XOJUT Ha OCHOBE IICEBOCIYJaHHBIX IOCIEJOBATEIIFHOCTEH C YIIydIIEHHBIMH B3aHMOKOPPEIISIIMOHHBIMI CBOHCTBAMU BO BPEMEHHOMN
o6nactu. K TakuM nocienoBaTesIbHOCTSIM IIPUMEHSETCS OJIOCOBast (GHIIBTPALUs, IIPHIEM KOJIMYECTBO MOJIOC (pMIIbTpauy onpene-
JISIeTCST Ha OCHOBE pacdeTa Kod(@UIMEeHTa HCIOIb30BaHMS YaCTOTHOrO crekrtpa. OnpeneneHrne ONTUMAIBHOH IMIMPUHBEI MOJIOCH!
(GUIBTPALMU IPOUCXOJUT Ha OCHOBE CPAaBHEHMs 3HAYCHHI MAKCHMAIIBHBIX BHIOPOCOB OOKOBBIX JICIIECTKOB (pyHKIMN B3aUMHOM KOp-
peIAIUNU CUTHAJIOB OT KOJIMYECTBA 3JIEMEHTOB B SaﬂeﬁCTBOBaHHbIX IIOCJICA0BATCIbHOCTSAX. CI/IFHaIlbI, IMOJIY4YCHHBIC ITIOCPEACTBOM
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BBIJICTICHHS TI0JIOC YacTOT, XapaKTepPHU3yIOTCS OTIIMYHEM 110 (hOpMe IIPH BBIIOJIHEHHH YCJIOBUS MHHUMANBHOTO momobus. C menbio
YMEHBLICHHS BIMSHUS NOMEX MHOXECTBEHHOIO JOCTYIa MPOM3BOJHUTCS YACTOTHBIA MEPEHOC COCTABISIOLIMX, MONYYSHHBIX B pe-
3yJipTaTe QUIBTPALMU CIIEKTpa, B 00IIyI0 obyiacTh 4acToT. [lanee MpOM3BOAUTCS IIEPECTAaHOBKA CUTHAJIOB C IIOMOIIBI0 METO/A MOJI-
Horo nepebopa. B pe3ynbrare nmogydaeM Bce BO3MOKHBIE KOMOMHALIMK TIEPECTAHOBOK Tap CHIHANIOB. MICIONB30BaHUE NEPECTAHOBOK
npu GOPMHUPOBAHUN aHCAMOJISI CIIOKHBIX CUTHAJIOB MO3BOJIET 3HAYUTENBHO YBEIUUUTh 00beM aHcamOuisa. CUrHaimsl, ChOpMUpPOBaH-
HbIE 33 CYET YaCTOTHON (QUIbTpPAILMHU, K KOTOPHIM IIPUMEHSUICS IIEPEHOC B OOLIYIO 10JI0CY YAaCTOT M MOCIEAYIONas UX NepecTaHOBKa,
MOJIBEPTaIOTCSA KOPPEIAIIMOHHOMY aHANInu3y Ha OCHOBE pacueTa 3HaYeHHH MaKCHMAaJbHBIX BBIOPOCOB OOKOBBIX JIEHECTKOB (DYHKIHH
B3aUMHO# Koppersinun. CpaBHUTENbHAs XapaKTEePHCTHKA B3aNMOKOPPEIISIINOHHBIX CBOMCTB pa3pabOTaHHBIX CHTHAJIOB C W3BECTHBI-
MH CHUTHAJIaMH JIOKa3bIBAET, YTO CUTHAIBIL, CHOPMHPOBAHHBIE HA OCHOBE MCEBAOCTyJalHBIX MOCIEIOBATENFHOCTEH C YITydIIeHHBIMA
B3aUMOKOPPEISIIMOHHBIMU CBOHCTBAMH, MMEIOT 3HAUNTENHEHO OONBIINH 00beM aHcamOueil, popMUpPYyIOTCS HA OCHOBE MPOCTHIX all-
TOPUTMOB, He TPeOYIOIIX 3HAYUTEIBHBIX BEIYHUCIUTEIBHBIX PECYPCOB M 00JIAIAfOT JIyUIIMMH B3aUMOKOPPEISIIHOHHBIMA CBOICTBa-
mu. [IpuMeneHne MeToa MOIOCOBOH (DMIIBTPAINH € IepecTaHOBKAMH MO3BOJISIET (hOPMHUPOBATH aHCaMOIM GOJIBIIOro 0OBeMa, CUT-
HaJIbl KOTOPBIX OTJIMYAIOTCS MO (hopMe, a KOMOMHUPOBAHNE PA3IMYHBIX YaCTOTHBIX JUANa30HOB YMEHbBIIAET YSI3BUMOCTh K IIOMeXaM
MHOJKECTBEHHOTO JIOCTYTIA.

Pe3yabTaTthl. biarogapst nporpaMMHON peann3aliui MeToja HOJIOCOBOH (MIIBTPALIMK C NIEPECTAHOBKAMH BBITIOJTHEHO CPAaBHEHHE
B3aUMOKOPPEISALUOHHBIX CBOWCTB HETMHEHHBIX MOCIEI0BATENIFHOCTEH, M mocnea0BaTenbHOCTEH, MHOTO(A3HBIX CUTHAJIOB U pa3pa-
OOTaHHBIX CHTHAJIOB Ha OCHOBE TTOC/IEA0BATENBHOCTEH C yITydIIEHHBIMH B3aHMOKOPPESIIMOHHBIMU CBOHCTBAMHU.

IIpu oueHKe ypOBHEH MaKCHMalbHBIX BBIOPOCOB OOKOBBIX JIENECTKOB (DYHKIMM B3aUMHOH KOpPpENSLMU OOHApYXEHO, 4TO y
c(hOPMHUPOBAHHBIX CHUTHAJIOB, ITOTYYE€HHBIX ITyT€M MOJIOCOBOH (DMIIBTPAINHN C ITEPECTAaHOBKAMH, YXYAIIAIOTCS B3aUMOKOPPEIISIHOH-
HBIE CBOWCTBA 3a CYET yBEIWYEHHMS JUINTEIBHOCTH MMITYJIFCOB NPONOPIHNOHATBHON YMEHBIICHUIO MONOCHI YaCTOT CHTHANIA, HO WX
3HAUEHUE YAOBIETBOPSCT YCIOBHIO MHHIMAIBHOTO MOJAOOMS M TaKHe CHTHAIBI MOTYT HCIIOJIB30BAaThCS B KOTHUTHBHBIX TEIEKOMMY-
HUKAI[IOHHBIX CHCTEMaX.

BriBoasl. [IpoBeneHHOe HccieioBaHNE B3aUMOKOPPEISIIMOHHBIX CBOMCTB CHI'HAJIOB JOKa3bIBaeT 3((eKTHBHOCTH pa3paboTaH-
HOTO METO/a MOoJI0CcOBOH (uibTparuu ¢ nepectanoBkamu. C(HOpMUPOBaHHBIE CUTHAJIBI 00J1aJal0T B3aUMOKOPPEISIIHOHHBIMH CBOM-
CTBaMHM, KOTOpBIE HE XyXKe, UeM aHcaMOJIM Ha OCHOBE W3BECTHBIX CUTHAJIOB. [Ipy 5TOM ypOBEeHb MakCUMaNbHBIX BHIOPOCOB OOKOBBIX
JICTIECTKOB (DYHKIIUHM B3aUMHOM KOPPENIAIUHE pa3pabOTaHHBIX CUTHAIOB Ha 7—12% MeHbIIE MOKa3aTeleil U3BECTHBIX CUrHamoB. Ta-
KHM 00pa3oM, METOJI IIOJIOCOBON (HIIBTPALIUY C IEPECTAHOBKAMHU MOXKET OBITh IPHUMEHEH ISl TIOBBIIIEHUS 3()(HEKTUBHOCTH HCIONb-
30BaHUs PAAANOYACTOTHOTO Pecypca KaK CyIIECTBYIOIIUX, TAK U MEPCHEKTUBHBIX KOTHUTHBHBIX TEJICKOMMYHHUKALMOHHBIX CETel Ha
OCHOBE CHCTEM C KOJOBBIM Pa3feIeHNEM KaHAJIOB.

KJIFOUYEBBIE CJIOBA: cnoxHbBIH curHai, (GyHKIHS B3aMMHOW KOPPEJAIHH, TIOMEXa MHOXKECTBEHHOTO JOCTYIIa, BUICOUM-
IyJbC, 0a3a CUTHANA, MIPUHA CIIEKTPa CUTHANA, T10JI0ca (PHIbTPalUy, HU3KOE SHEpPreTHIecKoe B3auMoAeiicTBIEe, 00beM aHCcaMOIs.
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METO/]I TIPOCTPAHCTBEHHO-IIOJIAAPU3ALIMOHHOM
KOMIIEHCAIIMHU ITOMEX

MNuza . M. — n-p TexH. HayK, npodeccop kKadeapsl pagdOTEXHHKH U TeJIeKOMMYHHKauuii HannonaapHOTO
YHUBEpPCHUTETA «3aMOpOoKCKast MOJUTEXHUKA», T. 3alI0pOKbe, Y KpanHa.

Mopo3 I'. B. — crapumii npenopaaBarens kadeapbl pajuOTEXHUKH W TeleKoMMyHHKanuid HarmonansHOro
YHHUBEPCHUTETA «3aMOpOKCKasi MOJUTEXHUKA, T. 3aII0pOXkKbe, YKpanHa.

AHHOTANMA

AxtyansHocTb. [Ipu 3amure PJIC 0T akTHBHBIX IIyMOBBIX OMEX, AEHCTBYIOIHX 110 GOKOBBIM JICTIECTKAM JHArpaMMbl Harlpas-
JICHHOCTH aHTEHHBI, IPUMEHSIOT IIPOCTPAHCTBEHHYIO (HIBTPAUIO CHTHAJIOB ITyTE€M HCIIONB30BAHMS Pa3sHECEHHOTO IPHEMa I10JIe3-
HOTro curHana u nomex. Ilpu 3ToM pasnnuue HanpasieHUI BO3AEHCTBUSA NTOMEX M CHTHaJIa IO3BOJIIET CKOMIICHCUPOBAThH IIOMEXY U
0OHapy>KUTh MONE3HbIH curHait. OfHAaKo, €CIM UCTOYHHUK IIOMEXH CMEIIAeTCsl B 00JacTh TIIABHOTO Jyda, TO IPOCTPAHCTBEHHBIE OT-
JIYHS MEKAY TOJIE3HBIM CHIHAJIOM U MOMEXOH yMEHBIIAITCA. DTO MPUBOJUT K CYLIECTBEHHOMY MCKaXKEHHIO JHarpaMMbl HalpaB-
JIEHHOCTH OCHOBHOW aHTEHHBI. B pe3ynpTaTe 3TOro yXyaIIaeTcs TOUHOCTh M3MEPEHMs YTIOBBIX KOOPAWHAT IeJel, a TaKkKe UyBCT-
BHTENBHOCTH MpHreMHoro ycrpoiictBa PJIC. B crathe mpennokeH HOBBIM METOJ MPOCTPaHCTBEHHO-MOJSPU3AIMOHHON 00paboTKU
PaIHoNOKAIIMOHHBIX CHTHAJIOB, 00SCIICUNBAIONIII KOMIICHCAIIMIO aKTUBHBIX IITYMOBBIX OMEX KaK C HAaIpaBICHHH OOKOBBIX JEMECT-
KOB, TaK M C HaIIPaBJICHUS [JIABHOTO JIy4a JUarpaMMbl HallPaBICHHOCTH aHTEHHBI.

Ileab paboTHI COCTONT B pa3paboTKe METOa COBMECTHOH IPOCTPAaHCTBEHHO-IIOIIPU3AIIMOHHON 00pabOTKH PaaroIOKalHOHHBIX
CUT'HAJIOB IIPY BO3IEHCTBUM aKTHBHBIX IIYMOBBIX ITOMEX KaK 10 OOKOBBIM JIEECTKaM AuarpaMMbl HAaIllPaBJICHHOCTH aHTCHHBI, TaK U
T10 TJIaBHOMY Jyu4y.

Mertopn peanusyercst MyTeM HCIONB30BaHUS CTPYKTYpHOH aJanTallii yCTPOHCTBA MOMEXO03AIIUTHI B 3aBUCHMOCTH OT HampaBJie-
HMS BozzeiicTBus nomexu. [Ipu 3TOM yNpaBisIOMINKA CUTHAN JUIS CTPYKTYPHOH agantanuu GpopMHUpyeTcs Mo TeKyleMy 3HaYeHHIO
MOJYJIsl BECOBOTO K03()(hUIMEHTa POCTPAHCTBEHHOTO (QUIIBTpA.

Pe3yabTathl. PazpaboTana coBMecTHast CTPYKTypHAsl CXeMa IPOCTPAHCTBEHHO-TIOIAPHU3AIIMOHHOTO (HIIBTpa, 0OecIIeunBaroIIe-
IO KOMIICHCAIMIO aKTHBHBIX ITYMOBBIX MOMEX, JCHCTBYIONIMX KaK IT0 OOKOBBIM JIEHIECTKAaM, TaK M IO IVIABHOMY JIydy JHarpaMMbl
HarnpaBieHHocTH aHTeHHBI PJIC. Pa3zpaborana MaTemaTndeckasi MoJeib OJOKa KOMIIEHCAIMH, PEATN3YIONIET0 CTPYKTYPHYIO ajar-
TalMI0 NPOCTPAHCTBEHHO-NIOIAPU3ALMOHHOr0 (GUIbTPa. B ycrnoBusax neporo ocodoro nosspu3alnoHHoro 6asuca oneHeHa s¢dex-
TUBHOCTb IIOIABIICHUS [TIOMEX, ACHCTBYIOIUX 110 [JIABHOMY JIydy AMarpaMMbl HalIpaBICHHOCTH aHTECHHBI.

BeiBoabl. Hayuynas HOBM3Ha NPOBEJEHHOTO HCCIENOBAaHMS COCTOMT B pa3pabOTKe HOBOTO METOAA IPOCTPAHCTBEHHO-
HOJIAPU3ALUOHHON 00pabOTKH PagHOIOKAllMOHHBIX CUTHAJIOB B CIOXKHBIX ycnoBusax ¢yHkuuonuposanus PJIC npu maccupoBanHOM
BO3/ICHCTBUHU aKTHBHBIX IITyMOBBIX TOMEX.

IIpakTHdeckas HOBU3HA COCTOHT B pa3pabOTKe CTPYKTYPHOH CXEMBI HIPOCTPAHCTBEHHO-TIOISAPHU3AIMOHHOTO (QribTpa, obecmedn-
BAIOIET0 KOMIECHCAIHIO [TOMEX, JeHCTBYIOMNX KaK C HAIpaBiIeHH! OOKOBBIX JICIECTKOB, TaK M C HANPABJICHUS TJIABHOTO JIyda Jua-
rpaMMBI HAaIIpaBIEHHOCTH aHTeHHEI. Pa3paboTana MaTeMaTnueckast MOJelb OJI0ka KoMrieHcanun GpuibTpa. OneneHa 3p(heKTHBHOCT
O/IaBJICHUS IIOMEX B YCIIOBHSX [IEPBOr0 0COOOT0 MOJISPH3aLIMOHHOrO Oa3uca.

KJIIOUEBBIE CJIOBA: aktiBHas IIyMoBasi IOMeXa, [IPOCTPAHCTBEHHO-TIOJISIPH3AaLMOHHBIN QUIbTP, K03 UIMEeHT oaase-
HHUSL

ABBPEBUATYPBI
AK — aBTOKOMIIEHCATOP;
AIIT — akTHBHAS ITyMOBasi IOMeEXa;
JAHA — nuarpamma HarpaBlI€HHOCTH aHTEHHBI;
brJIA — GecriuioTHBII JIeTaroNMi anmnapar;
PJIC — paguonokaliioHHAas CTaHLUS.

U 0L — KOMIUIEKCHOE 3HAau€HUE IOMEXU B OPTOro-
HaJIbHOM KaHaJjie 0710Ka KOMIIEHCALMH 1;

UKl, UKZ’ UK3 — KOMIUIEKCHBIE 3HAYEHMS IIOMEX B
KOMIICHCALIMOHHBIX KaHaax;

UOI? UK“, UKZ] — KOMIIJICKCHBIC 3HAYCHUS IMOMEX Ha

BBIXOJI€ IIEPBOIr0 KacKazaa;
HOMEHKJIATYPA 7

— ONITHUMAJIbHOC KOMIIJICKCHOC 3HAYCHHUE BCCOBO-

UO]J_ — KOMIUICKCHOC 3HA4YCHUC IMOMCXU B OPTOIo-

k

onT
ro kodhdunmenra;

‘k‘ — MOJyJIbHOE 3HAUCHHE BECOBOTO KOA(PDHUIIMEHTA;

Kp — ko3¢ dunmeHT mogaBiIeHNs IOMEXH;

UK — KOMILIEKCHOE 3HAUEHHE MTOMEXHU Ha BXOJE KOM-
MEHCAI[MOHHOTO KaHAaJIa aBTOKOMIIEHCATOPA;

UO — KOMIUIEKCHOE 3HAa4eHUE [MOMEXH B OCHOBHOM
KaHaie;
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HAJILHOM KaHaJie 0JI0Ka KOMIIEHCAIWH 4;

U 02> U 1o — KOMIUJIGKCHbIE 3HAUCHHUS IIOMEX Ha BBIXO-
JIe BTOPOTO KacKaja,

U 021 — KOMIUIEKCHOE 3HaueHHe IIOMEXU B OpPTOro-
HaJbHOM KaHaJjie 0J0Ka KOMITEHCAIHH 6;

U 03 — KOMIUIEKCHOE 3HA4Y€HHEe IIOMEXU Ha BBIXOJE

TPETHETO KacKalaa,
Oy — CPCAHCKBAAPATHYICCKOC 3HAYCHUEC ITIOMEXU B OC-

HOBHOM KaHalie;
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Ox — CpPCAHCKBAAPATHUYCCKOC 3HAUCHUEC IIOMEXU B

KOMIICHCAITMOHHOM KaHalIe;
P — KOMIUIEKCHOE 3HaYeHUE KOA(PPHIMCHTA MEXKKa-

HAJIBHOW KOPPEISAINH TOMEXH.

BBEJIEHUE

J1st 3amMThl paJMOJIOKALMOHHBIX CTaHUUH OT BO3-
JICUCTBHSl aKTHBHBIX IIYMOBBIX IIOMEX MOTYT OBITh HC-
MOJIF30BAaHbI IPOCTPAHCTBEHHBIE OTINYHUS B HANpaBIICHH-
SIX MpUeMa MoJe3HbIX curHainoB u nomex [1-3]. Ilpo-
CTpaHCTBEHHas (QWIIBTpalUs pealu3yeTcs NpU BO3ICHCT-
Buu AIII mo GOKOBBIM JieTIeCTKaM JuarpaMMbl Halpas-
neHHocty anteHHbl PJIC. OgHako, B pealbHbBIX YCIOBHIX
IIPY CMEIIEHNH IIOMEX Ha HallpaBJleHHE TJIABHOTO Jyda
JAHA wn3BecTHBIE NMPOCTPAHCTBEHHBIE (QHIBTPHI C Mapa-
METPUYECKON aJanTalueil CyIECTBEHHO OrpPaHUYUBaIOT
3¢ (GEeKTUBHOCTh PAaOOTHl PAAHOIIOKAIIMOHHON CTaHIINH.
Tak, B MoHOTpaduu [4] mokazaHO, 9TO TIPHU BO3ACHCTBHU
AIIIT mo rmaBHomy ayuy JAHA B mpocTpaHCTBEHHOM
¢bunbTpe, MpeaHa3HaAueHHOM JUIsi KOMITCHCALUH TTOMEXH,
JeHCTByIOIEH B HAIpaBICHUH OOKOBBIX JIETIECTKOB, CY-
LIECTBEHHO HCKa)KaeTCsl TJaBHBIM JIyd IOUarpaMMbl Ha-
npasieHHOCTH aHTeHHB! PJIC. OTo mpuBOAMT K yXyauIe-
HHUIO TOYHOCTU U3MEPEHHUs YIJIOBBIX KOOPAMHAT LieneH, a
TaKXKe K YXYALCHUIO YyBCTBUTEIBHOCTU IPHUEMHOIO
ycrporictBa PJIC. IMocnennee oOBsCHIETCS BO3pacTaHU-
€M BECOBOT0 KOA((HUIMEHTa MPOCTPAHCTBEHHOTO (PIIIBT-
pa H, KaK CIeJICTBHE, K YBEINICHHUIO BKJIAJa YPOBHS CO0-
CTBEHHBIX ITyMOB KOMIICHCAIIHOHHOTO KaHajla Ha BBIXO/E
MIPOCTPAHCTBEHHOTO (UIIBTPA.

Bonee Toro, B crathe [5] mokazaHo, 4TO MPH BO3IEH-
creun AIIII B HampaBiaeHUH MakCHMyMa INIaBHOTO JTyda
JAHA mpocTpaHCTBEHHBIE OTIMYHUS B HAlpaBJIEHUSIX BO3-
JEHCTBUS MTOMEXH U CUTHAlIa OTCYTCTBYIOT U NPOCTpPaH-
CTBEHHBIH (HUIbTP, KOMIIEHCHPYS MOMEXY, OJHOBPEMEH-
HO MOJIABJISIET U MOJIE3HBIN CUTHAIL.

B craree [6] moka3aHo, 4TO CTPYKTypHas ajanTanus
MpOCTpaHCTBeHHOTO (rbTpa npu Bo3aeicteuu AlLIIT mo
raBHOMYy Jiydy JIHA myTem HCKIIIOYEHHS BO3MOXKHOCTH
KOMITCHCAIINM AKTHBHOW IOMEXH, ITO3BOJISET H30eKaTh
yXyAUIEHUs TOYHOCTH HM3MEPEHHs YTIOBBIX KOOPAMHAT
LeNeH, a TakKe yXyAIICHHUS YyBCTBUTEIBHOCTH IIPHUEM-
Horo yctpoiicrea PJIC. OmHako, mpu 3TOM OTCYTCTBHE
komrieHcanuu ALLTI, neficTByromel no riiaBHOMY Jydy,
OTPaHUYMBAET BO3MOXKHOCTH OOHApPYXEHUsI IOJE3HBIX
CHUTHAJIOB.

Takum obpazom, ans sddexrunoit paborsr PJIC B
YCIIOBHSIX TUHAMUYHOM 00cTaHOBKH, Korga AL moxeT
BO3/ICHICTBOBAThH KaK 1Mo OOKOBBIM jieniecTkam JIHA, Tak u
110 TJaBHOMY JIy4y HEOOXOJMMO OOECIeHYHTh MpPOCTpaH-
CTBEHHO-TMOJIIPU3ALUOHHYI0 aJaNTallli0 CUCTEMBI IOMe-
XO3aLIUTBHI.

Lenp pabGoTHI COCTOUT B MOBHIIIEHHH 3 PEKTHUBHOCTH
paboter PJIC B ycnoBHSX BO3MOXKHOTO BO3JECHCTBHS
AIIT mo riaBHOMY Jiydy IyTEM HCIONb30BAHUS Kak
MIPOCTPAHCTBEHHBIX, TAK M TOJISPU3ALMOHHBIX OTINYMH B
CTPYKTYpE HOJIE3HBIX CUTHAJIOB M TIOMEX.
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1 IIOCTAHOBKA 3AJJAYHN

[Mpu 3ammre PJIC ot ALIII, neiicTBytomei mo 60ko-
BbIM Jieniectkam J{HA, MCIONB3yloT IPOCTPaHCTBEHHYIO
(mpTpanyio, KOTOpas peanu3yercs IMyTeM HCIOIb30Ba-
HUSl aHTEHH, PAa3HECEHHBIX B MIPOCTpaHCTBE. B aTOM cCiry-
Yyae OTJINYUS B HANPABJICHUIX NpHEMa MOJIE3HOTO CHUTHA-
ma u AUl mo3BonsAOT chOPMHPOBATH ONTHUMAIHHBII
BeCOBOH K03((HUIIMEHT aTalTHBHOTO MPOCTPAHCTBEHHOTO
¢utpTpa Ui noaasieHus nomexu. [Ipu aToM BeneacTBHe
pa3JIMUHBIX HANpaBJIEHUH BO3ACHCTBUS CUTHaIA, OTpa-
»keHHoro oT nend, ¥ AT mosyie3Hblii curHai Ha BBIXOJE
aJIalTHBHOTO TPOCTPAHCTBEHHOrO (MIbTPA HE KOMIICH-
cupyercs. Ilo mepe cOmmKkeHHs HamnpaBleHHH mHpuema
MIOMEXH M CUTHAJA MPOCTPAHCTBEHHBIC PA3IUYUSI MEXKIY
HUMH YMEHBIIAIOTCS, YTO NMPUBOJIUT K MCKKEHHIO TJIaB-
Horo ayya IHA [4]. B ciydae coBnaneHus: HanpaBiieHUH
BO3/ICHCTBUSI TIOMEXH M CUTHAJIA COPMHUPOBAHHBIA BECO-
BOW K03(puIMEHT SBISIETCS ONTHMAIBHBIM Kak ISl T10-
masiaenus AL, Tak u a1 momaBiaeHHS ITOJIC3HOTO CHI-
Hana. [Ipu sTom Bo3HuKaeT >ddekt «ocnernenus» PJIC
[5]. CnenctBueM 3TOTO SBISETCS HEBO3MOXKHOCTH OOHa-
PYKEHHS TTOJIE3HOTO CUTHAJIA HA BBIXOJIE TPOCTPAHCTBEH-
HOro (uibTpa Jaxxe B Clydae MPEBBILICHUS €ro Hal
ypoBHeM AIIIIT Ha BXOJie CHCTEMBI TOMEXO03aIIUTHI.

IToaTomy 3amaueit HacTosIIEH PabOTHI SBJISETCS pa3pa-
0OTKa M HCCIe0BaHie HOBOTO METO/ia IPOCTPAHCTBEHHO-
MOJISIPU3ALMOHHON 00pabOTKH paMoJIOKAIIMOHHBIX CHI'HA-
J0B, obecrieunBatoiero g dexruBHyto padory PJIC mpu
Bo3zeiicteun AIIIIl xak ¢ HampaBleHUs ITaBHOTO JIydya
JIHA, Tax u ¢ HanpaBieHHH OOKOBBIX JICTIECTKOB.

2 JUTEPATYPHBI OB30P

W3BeCTHBIM METO/OM MOBBIIMICHHUS TOMEXO3AIIUIICH-
Hocti PJIC B ycioBusAX BO3ACHWCTBUS AKTUBHBIX ITyMO-
BBIX MOMEX II0 TJIABHOMY Jydy AHMarpaMMbl HalpaBiIcH-
HOCTH aHTCHHBI SBIICTCS HCIIOJIb30BAHUE MONAPHU3ALH-
OHHBIX OTJIMYMH B CTPYKTYpPE IOJIE3HBIX CHUTHAJIOB U IIO-
Mex [7-10]. Peanu3zamust MeToa OCYIIECTBIISIETCS ITyTeM
HCTIOJIBb30BaHUs TyalbHONOsIpru30BaHHOTO preMa AILITI
OCHOBHBIM M KOMIICHCAI[MOHHBIM KaHanmaMu. B kauecTse
9JIEMEHTA aJlanTalyy MOJSIPH3aLUOHHBIX (QUIBTPOB HC-
MOJIb3YIOT aBTOKOMIIEHCATOPBI ITOMEX.

B monorpaguu [7] mokazaHo, 4yto HauOounbmas 3¢-
(heKTHBHOCTH TOJIIPU3AIMOHHON (DUIIBTpAMK PagHOoIIO-
KaI[MOHHBIX CHUTHAJIOB JIOCTHTAaeTCsl B TIEPBOM 0COOOM
MOJISIPU3aMOHHOM 0Oasmce, Korma KoddduuueHT Koppe-
JSIOUU  TIPUHAMAEMBIX  OPTOTOHAIBHO-TIOJIIPU30BAHHBIX
KOMITOHEHT ITYMOBOM HMOMEXH CTAaHOBHUTCS MAaKCHMallb-
HBIM.

B cratpe [10] B pe3ynpTaTe aHAIUTHYECKOTO pacdera
Kk03(h(pureHTa KOPPEJSLUU IPU MPOU3BOJIBHBIX MOJISIPH-
3anuoHHbIX mnapamerpax AIIIl ycraHoBieHo, yTO mpHU
PaccoIacoBaHUU IOJIPU3ALMOHHOTO 0a3uca OTHOCH-
TEJILHO TEPBOro 0co00ro, KOA(PQUIHMEHT Koppensiuun
KOMIIOHEHT NOMEXH a, COOTBETCTBEHHO, U €€ KOMIIEHCa-
I[Usl, CYIIECTBEHHO YXYALIAETCs, YTO B MPUHIUIIE MOXKHO
YMEHBIINTH NoACTpolikoil nonspusanuu PJIC [7].

B monorpaduu [11] ycraHOBICHO, UTO TyaTbHOMOINS-
PH30BaHHBIE KOMIIOHEHTHI aKTHBHBIX NIYMOBBIX IIOMEX,
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MPUHATHIE IO OOKOBBIM JIETIECTKaM JUarpamMMbl HampaB-
JIEHHOCTH AaHTEHHBI, CIa0OKOPPEIMPOBAHBI IO CpaBHE-
HUIO C MOMEXaMH, MPUHATHIMH IO TJIaBHOMY JIydy. DTO
MO3BOJISIET MIPU CTPYKTYPHOHM aJanTaliiid CUCTEMBI TIOMe-
X03aIIUThl  00ecneynTh APPEKTUBHYIO KOMIEHCAIMIO
AIII, neiicTByrOmuX Kak mo 00KoBBIM yerectkam JIHA,
Tax ¥ 10 IaBHOMY JTydy.

3 MATEPUAJIBI U METO/IbI

B cOBpeMEHHBIX yCIOBHSAX BEPOSTHOCTH ITOJABIICHHS
PAAMOIIOKAIIMOHHBIX CPEICTB MO OOKOBBIM JIETIECTKAM
IUarpaMMBl  HallpaBICHHOCTH AHTCHHBI 3HAYHTEIIEHO
Bo3pocna [11]. DTo onpexaemnsercs Bo3pocuiei BEPOSTHO-
cthio BoszaelictBusa Ha PJIC BriJIA, ocHaleHHBIX MCTOY-
uukamu AlLITI, neficTByromumu B OJMKHEH 30HE 0030pa.
Hanmuune Gonpmioro xomudectBa uctouHukoB ALl B
30He 0030pa PJIC BBIHYKAAeT IPH MPOCKTHPOBAHUH pa-
JIMOJIOKAIMOHHBIX CPECTB HCIOJIb30BaTh MHOTOKaHaJIb-
HBIE YCTpPOMCTBA 3alllUTHI C OPTOrOHAJIU3aIMel MOMeXo-
BBIX CUTHAJIOB B KOMITIEHCAIIMOHHBIX KaHanax [2, 4].

W3BecTHast CTpyKTypHas CXeMa MHOTOKaHaJIbHOI'O
a/IalITUBHOTO TIPOCTPAHCTBEHHOTO (HIBTpa IpHBEICHA
Ha puc. 1 [12-14]. [IpenMymecTBOM CXEMBI SBISICTCS
HCTIIOJH30BAHNE OJTHOKAHAIBHBIX aBTOKOMIICHCATOPOB C
MIPSIMBIM BEIYUCIICHHEM BECOBBIX KOA((HUIMEHTOB, a TaK-
ke oproroHanusanus AILII, aeiicTByromuMX B KOMIIEHCA-
LMOHHBIX KaHajax mpuema [2]. DTO CyImecTBEeHHO IMOBHI-
maeT Takke OBICTPOACHCTBHE IPOCTPAHCTBEHHOTO
(GuIIBTpa, YTO BaXKHO B PEAJBHBIX YCIOBHAX (YHKIHOHH-
posanus PJIC [4].

B cTpykTypHOU cxeme peanu3oBaH Cilydaid, KOrja Ha
PJIC no GokoBbim sienectkam JIHA neiicTByIOT Tpu uC-
tounuka AL, pasHecennsie B npoctpaHcTBe. COOTBET-
CTBEHHO, IIPU ITOM Ha CTPYKTYPHYIO CX€MY Ha BXOJ OC-

HOBHOT'O KaHaJla ITOCTYNaroT IOMeXoBble curHansl Uy, a
Ha BXOJbl KOMIIEHCALIMOHHBIX KaHaioB nocrynatoT AL

OT Pa3HECEHHBIX B NPOCTpaHcTBe UCTOYHUKOB Uy, Uy

n Uys. YCTpOICTBO COOEPKUT MEPBBIN, BTOPOH M TPETHI
Kackaspl oOpaboTku curHanos. U3 puc. 1 cnenyer, 4ro B
O0mokax 2, 3, 5 NIPOUCXOOUT OPTOTOHANHM3AIMA JCHCT-

Bytonux nomex Uy, Uy u Uy . B 610kax 1, 4 u 6 BoI-
HOJIHAETCA MOCe0BaTeNbHas KoMneHncauus nomex Us,

Uai» Uxiz -

B kadecTBe OJIOKOB ICKOPPENSALHMU B CTPYKTYpPHOU
CXEM€ HCIOJb3YIOTCS OJHOKAaHAIBHBIE aBTOKOMIIEHCATO-
PBI C IPSIMBIM BBIYHMCIIEHHEM BECOBBIX KO3((UIMEHTOB.
CrpyKTypHasi cxemMa Takoro aBTOKOMIIEHCATOpa IpHUBE-
nera Ha puc. 2 [13, 14]. CTpyKkTypHas cxema COACPKUT
yMHOXHTENH 1, 7, 9, 60K KOMIDIEKCHOTO CONPSKCHUSA 2,
HWHTETPATOpHI 3 U 6, TMHUU 3aICPKKA 4 U 8, AeTUTens 5 1
cymmaTop 10. HemmocpenctBenno u3 puc. 2 u 3 crnexayer,
YTO ONTHMAJIFHOE 3HAY€HHE BECOBOTO KOA(HUIMEeHTa

kopr IUISL OPTOTOHAM3AINY OMEX B KOMIICHCAIIMOHHBIX
KaHajlax npuema M g nojgHoro nopasienus ALIIL B
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6mokxax kommeHcarmu 1, 4 u 6 GpopMupyeTcs Ha BBIXOZE
JETUTENS 5 110 BRIPAKEHHUIO:
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Pucynok 2 — CtpykTypHasi cxema 6J0Ka OPTOrOHAIN3ANT

ITpn 5T0M yCcpeaHEeHHOe 3HAUYCHUE KOPPENALHOHHOTO

R
momenta UygU,~ ¢dopmupyeTcs Ha BBIXOJE HHTErpaTopa

UU

€T B KOMIICHCAIINOHHOM KaHaie, (JopMHUpyeTcsi Ha BBIXO-
Jle MHTETrparopa 6. MrHOBEHHBIE 3HAYCHHUS HANPSIKCHUH,
JICUCTBYIOIINX HA BBIXO/IaX Ka)KJOT0 OJIOKa KOMITEHCAIIN
1 Ha ero Bxoje (cM. puc.l), CBsI3aHBI BEIPAKCHUSIMU:

3 a Jucnepcud noMexum CK , KOTOpada Z[CflCTBy-

—konmiUsz> Upa =Up1 —konraUs215

Ugs =Uyg,

Uo1=Up
@)

- kOHT6UK12 >

e kourl > Konra » Konrg — BECOBBIE KO HUIIHEHTHI 6110~

KOB KoMmIleHcauu 1, 4, 6.
Bripaxenne (1) MOXXHO TpeACTaBUTH B CIIEAYIOIIEM
BUJIE!
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komr =p—5-=p— 3)
GK GK

rae p — KOMIUIEKCHOE 3HaueHue koddduimenTa mexka-
HanbHOM Koppensiiuu AN, a 6y U o, — cpeqHeKBaa-

paTUyecKue 3HaYeHHs NMOMEXH B OCHOBHOM M KOMIIEHCa-
IIIOHHOM KaHaJaX Impuema.
W3 BeIpaxenust (3) HEMOCPEICTBEHHO CJEIyeT, YTO

MOAyJIb BecOoBOro koddduumenra |ky;| MOXKeT OBITH

npu3HakoM cMmenieHus ucrounuka AL ¢ nHampasneHus
OOKOBBIX JICIIECTKOB HAa HaIpaBleHHE IJaBHOIO Jyda

JHA. D10 00BACHSCTCA TE€M, YTO OTHOIICHUE S0 cymie-
cSK

CTBEHHO Bo3pacraeT npu Bosaeiicteuu Al no rnaBHo-
My syay. s dbopMmupoBaHus Takoro Ipu3HaKa B IPO-
Liecce CHHTE3a CTPYKTYPHOHW CXEMBI B KaXK/Iblli aBTOKOM-
MICHCATOpP, B KOTOPOM KOMIIEHCHPYIOTCSI TIOMEXH, IEHCT-
BYIOIIIIE€ B OCHOBHOM KaHaJle, NOMOJHUTEIBHO BBEICHA
LIeTb, COJIeprKaINas MOCIEAOBATEIFHO COCIUHEHHBIE BbI-
gucIuTens Moxyns 12, dbopmupoBarens mopora 13 u
kommyTaTop 11 (cm. puc. 3). Takas mems myTeM TeKyIe-
ro aHaJIu3a MOMAYJIA BECOBOIO KO3(hHIMeHTa 0JI0Ka KOM-
neHcaruu npu BosxeiictBun Al mo rmaBHOMYy myd4y
MOKECT MOAKIOYUTE KO BXOAY KOMIICHCAIMOHHOTO KaHa-
Jla JTyalbHOIOJISIPU30BaHHBIA BBIXOJI aHTEHHBI U oOecrie-
YUTh KOMIICHCAIMIO MTOMEXH, MCIOJIb3Ys MOJSIPH3aLHOH-
Hble oTnuus B cTpykType AT u nonesHoro curxana.
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Pucynok 3 — CtpykrypHas cxema 010Ka KOMITIEHCALIUH

PaccMoTpuMm anroput™ paboTHI MPEATIOKEHHOTO MPO-
CTPaHCTBEHHO-TIOJISIPU3AIIMOHHOTO  (GMIBTPA, HPEICTaB-
JICHHOTO Ha puC. 4, TIPH BO3JCHCTBUM AKTHUBHBIX IIyMO-
BEIX ITOMEX, JICHCTBYIOMUX 110 OOKOBHIX JenecTkax JJHA.
Ha Bxozp! mepBoro xackama oOpabOTKH CHTHAIOB, KOTO-
pBIf comepkuT 070K KoMreHcanuu | u OJ0KH JeKoppe-
AU ¢ HoMepaMu 2 u 3, K ocHOBHOMY Bxoxy O Omoxa
KOMITeHcaluy | MocTymaeT moMexa ¢ OCHOBHOTO KaHaya
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npuema Uy . K ocHOBHBIM Bxogam O 0J0KOB AeKoppens-
MM ¢ HoMepamu 2 1 3 noctynatoT nomexu Uy n Uy, .

ITomexa UK3 NOCTYIAaCT Ha KOMIICHCAIMOHHBIC BXOAbI K

Os0ka KoMrieHcanuu 1 u OGJIOKOB JIEKOPPEISIIY ¢ HOMe-
pamu 2 u 3. B cootBerctBHU ¢ Qopmynoii (1) u cTpyk-
TYpPHOM CXE€MOH puc. 2 win puc. 3 Ha BbIXOAAaX MHTErpa-
TOpoB 3 B OOKe KOMIeHcauu | 1 B OJIOKaX JAEKOppeIsi-
UM C HOMEpaMu 2 U 3 BBIYHCISIOTCS KOPPEISIHOHHEIC
UK] UK3*’
MOCTYNAIOT Ha JIEJIUTENU 5 B KauecTBe uuciauTensi. B ka-
YecTBE 3HAMEHATENsd Ha HOPMHPYIOIINE BXOMBI JEIHTe-
JeH 5 ¢ BBIXOJIOB MHTETPATOPOB 6 MOCTYMHAET AUCIEPCHUS
MTOMEXH, KOTopas JieiicTByeT Ha Bxogax K Gyioxa KomIieH-
caiu ¥ OJIOKOB Jekoppessiiuu. [Ipu sToM B OJ0Kax Je-

MOMCHTHI UO UK3* , UKz UK3* ,  KOTOpBIE

Koppensanuu 2 u 3 opToroHanusupyerca nomexa U3, a B

0JI0KEe KOMIIEHCAIlMH ¢ HOMEPOM 1, 4TO COOTBETCTBYET
CTPYKTYPHOH cXeMe, MpEeICTaBICHHOW Ha puc. 4, KOM-

IMEHCUPYETCA NMOMEXa UK3 , KOTOpas HeﬁCTByeT B OCHOB-

HOM KaHaJIC IpruemMa.

Kom INCHCAIINOHHBIC
KAHATHI MPIIeMa

OcuosrOI
KaHaT npreMa

Kackazaer
U, K obpadoTi
0K J.O l J,U lK CHIHATIOR:
bBrnok Baox Baok
komitencaunn 1| [1exoppensmmt 2| |zexoppeasmmm 3 nepBiti
U U U I
Uy, | O | K
LAy
baok . %
kosmencamm 4‘ nexoppenamm 5| FTOPON

Pucynok 4 — CtpykTypHas cxema IpoCTPaHCTBEHHO-
HOJISIPU3ALMOHHOTO (GUIIbTpa

Ecnu aktuBHas nomexa JieiicTByeT 1o OOKOBBIM Jiene-
ctkam JIHA, To 3HaYeHHEe MOJYJIsl BECOBOTO KOA(QHUIH-
€HTa Ha BBIXOJIC BEIUMCIUTENS MOyl 12 (cM. puc. 3) He
IpeBBIMIaeT mopor ¢ B (opmuposarerne mopora 13 u pe-
3yJbTAaT KOMIICHCAINH C BBIXOAa cymmaropa 10 mocryma-
€T Ha BBIXOJ] 0JIOKa KOMITEHCAIIUH ¢ HOMepoM 1.

B ciydae, xorja akTHBHAsI TIOMEXa CMEIIAETCS B TIPO-
CTPaHCTBE M HAYyMHAET AEHCTBOBAThH IO TJIABHOMY JIydy

JAHA, moxayns BecoBoro xoddduipeHTa ‘k‘ IIPEBBILIAET
ypoBeHb nopora ¢ B popmupoBarese nopora 13 u KomMmmy-
tatop 11 momKTIOuaeT Ha KOMIEHCAIMOHHBIH BXOA U,
(cM. puc. 3) OnoKa KOMIIEHCAIIMU C HOMEpOM | momexy
UO |, ACHCTBYIOLIYI0 B OPTOTOHAJIBHOM KaHAJE Ayallb-
HOMOJISIPU30BaHHOM aHTeHHBI. [Ipu 3TOM 171 KOMIIEHca-
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nun AT ucnone3yroTcst MONSPHU3ALMOHHBIE OTINYHS
MEXKTy MOJIE3HBIM CUTHAJIOM M TOMEXOM.

Ecnu B mpornecce nanbHeiimero (yHKIMOHUPOBAHUS
PJIC AIIIT cmeniaercs Ha HampaBjieHHEe OOKOBBIX JieTie-
ctkoB JIHA, TO B clecTBUE OTPaHUYECHHOW KOPPEISAIHH
OpPTOTOHAJIBHBIX KOMIOHEHT MOMEXH, MOCTYHAIIIUX C
9THX HanpasieHuii [11] Mmoxyns BecoBoro koadpunmenra

‘k‘ CyliecTBeHHO yMeHblnaercs. Ilpu sTom mopor ¢ B

¢dopmupoBaresne nopora 12 (cMm. puc. 3) He npeBbIIASTCS
n komMmyTtatop 11 moakmodaeTr K KOMIEHCAIMOHHOMY

Bxolxy U, IIOME€Xy COOTBETCTBYIOIIETO KOMIIEHCALUOH-

HOTO KaHaJa pruemMa.

3a cyeT WCIONB30BaHUS AMPHOPHONW HH(MOPMAIMHA O
TEKYILIEM COCTOSHHY MOZYJIed BECOBBIX KO (UIIMEHTOB
OJIOKOB KOMITEHCAIIMH IPEUIOKEHHBIN MeToJ o0ecreyn-
BaeT NPOCTPAHCTBEHHO-TIOJIPH3ANNOHHYI0 00pabOTKy
CHTHAJIOB M peaiu3yeT KOMIICHCAIHIO TIOMEX, JEHCTBYIO-
X Kak II0 6OKOBLIM JICIECTKaM, TaKk U MO TJIaBHOMY
nyuy JHA.

4 OKCIIEPUMEHTbBI

Matemarudeckas MOJIC)b 0J0Ka KOMIICHCAITUH C TIPO-
CTPaHCTBEHHO-TIOJSIPU3AIMOHHON ajanTanueil paspado-
TaHa B COOTBETCTBUU CO CTPYKTYpHOH CXEMOH, mpen-
cTaBleHHOH Ha puc. 3. IIpm 3TOM B KauecTBe OCHOBHOU
HCIOJH30BaJIach AyalbHOIIOIISIPH30BaHHAS aHTCHHA C
AMIUTUTYAHBIM pacrpeiesicHreM oIl B PacKphIBe Sin X/X
C YpPOBHEM TepBOro OOKOBOTO JierecTka, paBHoro 13,2
1b. B kauecTBe KOMIIEHCAalMOHHON MCIOJb30BaNaCh Cla-
OOHaIpaBJIeHHAs: aHTE€HHA, KOTOpasl «HAKpBhIBAeT» OOKO-
BBIC JICTICCTKA OCHOBHOW aHTCHHBI TaK, KaK 3TO IMOKa3aHO

Ha puc. 5.
1Ll

1
0% .

0% \
0.7] \
0.4 \

YpoBeHb
o
-

B R e GRS A

-2 -13 -1 =05 [ 03 1 13
AammyT, rpaax
Pucynok 5 — Jluarpammbl HanpaBJI€HHOCTH aHTEHH: OCHOBHOM
(cTIIOIIHAS JTMHUS ), OPTOTOHAIBHOH (TOYKA-ITYHKTHD),
ciaboHarnpaBIeHHON (ITyHKTHpHAs)

"

Peanu3anus npeanioxkeHHOTo alnroputMa paboTsl mpo-
CTPaHCTBEHHO-IIOJSIPU3AIMOHHOTO (QHIIBTpPa 00ecricunBa-
JIaCh C WCIOJBH30BAHUEM IMAKETa TPAPUUCCKOTO PacIIupe-
Hus SimuLink cuCTeMBI MaTeMaTHYECKOTO MOJICIAPOBA-
Hus MatLab. MaTtematudeckass MOAeh MPECTaBIcHAa Ha
puc. 6.
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PI/ICyHOK 6 — MaTeMaTI/I‘IeCKaﬂ MOOCIIb 6HOKa KOMIICHCaIluu

MIPOCTPAHCTBEHHO-IIOJIAPU3AIIUOHHOTO (bl/IJ'H)Tpa

Noise 4 Gaing

B mopmenm rayccoBckue reHeparopsl myma Noise 2,
Noise 3 u Noise 4 uepe3 ycmnutenu Gain 3, Gain 4 u
Gain 5 3amar0T YpOBHU COOCTBEHHBIX IIYMOB B KaHallaX

U 0> UK u U() - biiox Stair mogymupyer yposens AILIT

B OCHOBHBIX KaHanax Uy u U, 10 3aKOHY Sin X/X, HIMH-

Tupys npu 3toM 3ddekt ckanuposanus JHA. biok AK
IpeAcTaBisieT co00 MOAeNb aBTOKOMIIEHCATopa C Ipsi-
MBIM BBIUUCIIEHUEM BECOBOI0 ko3 punmenra
(cwm. puc. 2). [NocnenoBaTtenbHO COCAMHCHHBIC BBIYHCITH-
Tenb moxynsa BM, gopmuposatens mopora @I u kommy-
tatop KOM peanm3yror GyHKIHIO CTPYKTYPHOH amamnra-
UM TPOCTPAHCTBEHHO-TIOSIPU3ALMOHHOTO  (HUIBTPA.
ApanTanysit MOJENH OCYIIECTBISIETCSI IIPU  CMEIIEHUH
AIIIT Ha HampaBJeHHE TIABHOTO Jyda KOMMYTaTOPOM
KOM mnyteM noAximfOueHusi OPTOTOHAIBHOTO KaHajla Jay-

aﬂBHOHOHHPHBOBaHHOﬁ AHTCHHBI KO BXOAY UK KOMIICH-

caroHHoro kaHama AK Bmecto ciaboHampaBIeHHOM
aHTeHHHI (cM. puc. 3). [Ipu ckaHupOBaHUH aHTCHHOW CHC-
TEMBI, B 3aBUCUMOCTH OT azumyTa o, aucnepcust AL B
OCHOBHOM U OPTOTOHAJILHOM KaHajax AyalbHOIMOJSPU30-
BaHHOW aHTEHHBI W3MEHSUIaCh MO 3aKOHY sin x/X. JTO
MOJICIUPOBANIOCH  MOCJIEAOBATEIBHOCTBIO — MMITYJIBCOB
AT gmutenbHOCTHIO 1,5 MKc. [Ipu 5TOM MakcuMabHas
nucnepcus AILII coctasmsiia 40 1b B MakcuMyme TiiaB-
HOro Jy4ya U 26 n1b B MakcuMyMax HepBBIX OOKOBBIX Jie-
MECTKOB.

B oroBopeHHBIX ycnoBusix (yHKIIMOHHPOBaHHUS OJ0Ka
KOMITEHCAIINM OCIHMJUIOTpaMMa TOMEXH, JAEHCTBYOUIeH
Ha BXO/I¢ OCHOBHOTO KaHaja, MMella BUJ, NPECTaBIICH-
HBII Ha puc. 7.

Yposeus

24 16 -08 o oeg 16 24
AszumyT, rpan

Pucynok 7 — Curnan, neificTByomuii, Ha BXo1e
OCHOBHOIO Kanajya I1®
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IIpy MomenupoBaHMK HCCIEIOBaHbl KO3 duIneHT
nmonasienus ALUIT Ky u Mmomyns BecoBoro xoadurmeH-

Ta ‘k‘ Oy10Ka KOMIICHCAlUU B CEKTOPEC a3uMYTaJIbHbIX

yrimoB [2,4° +2,4°]. DKCIIepUMEHTHI TIPOBEICHHI B
YCIIOBHSX HEPBOTO OCOOOT0 MOJAPU3AIMOHHOTO Oasmca,

IIpH KOTOPOM MOXyNb KO3(HIMeHTa KOppesIim |p|

OPTOTrOHAJIHBIX KOMIIOHEHT MOMEXH JOCTHUTaeT MaKCH-
MajpHOTro 3HaueHus [7]. Takue 3aBUCUMOCTH NPUBEIEHBI
Ha puc. 8 1 9, COOTBETCTBEHHO.

5 PE3YJIBTATDI

W3 puc. 8 crnemyet, uro ko3dduineHT momaBIeHHUS
MIOMeXH, ACHCTBYIONIEH B MaKCUMyMaxX IEPBbIX OOKOBBIX
JIETIECTKOB, JOCTHTAaeT YpoBHA 23 1b. OTO COOTBETCTBYET
TEOPETUYECKOMY IpeAeIy P ACHCTBYIOLIEN TUCIIEPCUN
AIII, paBHoit 26 nb. U3 puc. 8 Taxxe cnemxyer, 4To Mak-
CHMaJIbHOE 3HauYeHHe KOA(pPHUIMEHTA NOAABICHUS TOMEX
B rmmaBHoM Jyue JIHA n1npu npocTpaHCTBEHHO-
MOJISIPU3aIMOHHON 00paboTKe CHIHANOB COCTaBisieT 37
1B, 4TO TaKKe COOTBETCTBYET TEOPETHYECKOMY IPEIeIy
NpH Auciepcun nomexu, pasuoit 40 nb.

30 ¥
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R

24 1,6 08 [ 0.8 146 24
Ay, rpan.

Pucynoxk 8 — Koadpdunuent mogasnenns AILII mpu mpoctpan-
CTBEHHO-TIOJISIPU3ALHOHHOM GUIIbTpalny

U3 puc. 9 cnenyer, 4to KOMMyTaIys 00pabOTKH I0-
MEXOBBIX CHUTHAQJIOB C MPOCTPAHCTBEHHON Ha MONSIpU3a-
LUOHHYIO HPOUCXOAUT B MoMeHThl cmemeHus AL c
HaInpaBJlIeHNs! OOKOBBIX JIETIECTKOB Ha HAPaBJICHHUE TJIaB-
HOTO JIyda ¥ HaoOopoT Ha azumyTax —1° n +1°. [Ipu atom
3HA4YEHHE MOAYJISI BECOBOTO KO3((uIMeHTa mpocTpancT-
BEHHO-TIOJSIPH3AMOHHOTO (GHUIBTPA Kak B 001acTH GOKO-
BBIX JICTIECTKOB, TaK M B HANpABICHWU TJIABHOTO Jyda
JAHA He npeBBIIaeT €TUHAYHOTO YPOBHSI.

L B3 1 9 P B e [TV S S PR (I P,

f

-24 1.6 0,8 nE 1.6 24

]
Ay, rpan.

Pucynox 9 — Monyns BecoBoro koa¢duirienTa 6J10ka KOMITCH-
caluy IPOCTPAHCTBEHHO-MOISIPU3ALIMOHHOTO (BHUIBTPA

Ha puc. 10, n1s moaTBepkaeHUS BhIIIE W3JI0KEHHOTO,
npuBeaeH pe3yisraT kommeHcaumu AILIl mpoctpancT-
BEHHBIM (MJIBTPOM NPHU BO3/CHCTBUH NOMEXH B a3UMYy-
TaIbHOM ceKTope [—2,4° ... +2,4°], momy4YeHHbIH B CTaThe
[6]. Ha puc. 10 mpencraBieH HECKOMIIEHCUPOBaHHBIM
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OCTATOK IIOMEXH Ha BBIXOJE IIPOCTPAHCTBEHHOTO (DUIIBT-
pa. U3 puc. 10 cnenyer, 4T0 HECKOMIIEHCHPOBAHHBIA OC-
tatok AIIII B obmactu OokoBbIX JienecTkoB JJHA paBeH
3 nb, uTo ompenensieTcss HATMYUEM COOCTBEHHBIX IIYMOB
KaHaJIOB npueMa. HeckOMIIEHCHPOBAHHBIN OCTaTOK IIO-
MeXU B MakcuMyMme rinaBHoro ryuda JIHA Bospacraer 1o
15 nb. D10 00yCIOBIEHO yBEIUMYCHUEM MOJYJISI BECOBOTO
Ko3(h(uIreHTa MPOCTPaHCTBEHHOTO (MIbTpa B MakKCH-
MyM€ TJIaBHOTO Jy4a 10 5-Tu enuHul [6]. Benencreue
3TOr0, MPOMOPIMOHAIFHO BO3pacTaeT BKJIAl COOCTBEH-
HBIX OTYMOB KOMIICHCAIHOHHOTO KaHaia, YTO HIPUBOANT K
BO3PacTaHUIO HECKOMIICHCHPOBAHHOTO OCTaTKa Ha BBIXO-
JIe IPOCTPAHCTBEHHOTO (PUIIBTPA U K yXYJIICHUIO YyBCT-
BUTENFHOCTH mpreMHoro ycrporictBa PJIC. Kpome Toro,
KOMITEHCAIMsl MPOCTPaHCTBEHHbIM (umbTpom AT,
nercTByromeid B riaaBHoM Jsyde JIHA, uckaxaer mua-
rpaMMy HaIlpPaBJICHHOCTH aHTEHHBI [4], 4TO yXyamiaer
TOYHOCTb U3MEPEHHUS YTIIOBBIX KOOPAUHAT LIETIeH.

147 b

L] =~

-~

Yponenw ocraria, 1k

Y
24 1.6 0.8 [0
AsmwyT, rpaz.

Pucynok 10 — HeckoMIteHCHPOBaHHBIN OCTaTOK
AIIT na Bexoze 11D

Takum 00pa3oM, COBMECTHOE MHCIIOJIb30BAHHE IIPO-
CTPAHCTBEHHBIX M IOJIIPU3ALMOHHBIX OTJIMYUH B CTPYK-
Type HOJE3HbIX CUTHAJIOB U IMOMEX B MpPEJIaraéMOM Me-
TOJI€ MPOCTPAHCTBEHHO-MOJIAPU3ALMOHHON KOMIIEHCALlUU
MoMex OOEcIIeUMBAET CYIIECTBEHHOE MOBBIMICHUE TAKTH-
KO-TeXHH4YeCKnX Xxapakrepuctuk PJIC.

6 OBCYXKJAEHUE

MOXHO CcuMTaTh, YTO MPEAJIOKEHHBIH aBTOpaMu Me-
TOJI MPOCTPAHCTBEHHO-TOJISIPU3AIMOHHON KOMITCHCAI[H
moMex obecrieduBaeT 0ojiee BBICOKOE KadeCTBO 00padoT-
KU pajauosiokannoHHoit uHdopmaiuu. [ToixydeHHsie pe-
3yJIBTAThl, U3JI0)KEHHBIC B CTaThe, MOATBEPAMINA BO3MOXK-
HOCTb 32 CUET UCIIOJIb30BaHHMSI AIIPHOPHON MHPOPMAIIHU O
TEKYIIEM COCTOSHHH BECOBBIX KOI()(HUIIMEHTOB OJIOKOB
KOMITEHCAIIMY TTPOCTPAHCTBEHHOTO (MIBTpa 00ECHEeUUTh
peaHM3alyio IMOJIIPU3AIMOHHBIX OTIHYHA B CTPYKType
nose3Hbix curHajgoB v momex [7, 10]. CoBmecTtHOE HC-
MOJIb30BaHUE IPOCTPAHCTBEHHBIX M MOJSPH3ALMOHHBIX
OTJIMYMH TO3BOJIMIIO OOECIICUUTh KOMIICHCAIIUIO aKTHB-
HBIX ITYMOBBIX ITOMEX, JCHCTBYIOIIUX KaK IO OOKOBBIM
JIeTIeCTKaM THarpaMMbl HAIPaBJICHHOCTH aHTCHHBI, TaK U
IO TJIABHOMY JIy4Yy.

BbIBO/1bI
Hay4nasi HOBM3HA MPOBEJEHHOTO HCCJIENOBAHUS CO-
CTOUT B pa3paboTKe HOBOTO METOZAA MPOCTPAHCTBEHHO-
MOJISIPU3ALMOHHON 00pPaOOTKH PATHOIOKAI[OHHBIX CHI-
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AHOTAIIA

AxtyanbHicts. [Ipu 3axucti PJIC Big akTHBHHX LIyMOBHX 3aBajl, JIFOYHX [0 OOKOBHX MENOCTKAX JAiarpaMu CIPSIMOBAaHOCTI aH-
TEHH, BUKOPHCTOBYIOTh IIPOCTOPOBY (hiNbTPallil0 CHUIHAJIB LIIAXOM 3aCTOCYBAaHHS PO3HECEHOTO NPUHOMY KOPHUCHOIO CHTrHAiy i 3a-
BaJ. [Ipu 11bOMy pi3HHUL B HAIPsIMax MPUHOMY CHUTHAITY i 3aBaJi IO3BOJISIE CKOMIICHCYBATH 3aBajly 1 3a0€3MEUUTH BUSABICHHS KOPH-
cHoro curHairy. OgHaK, SIKIIO JYKEPENo 3aBagy 3MIIIYETHCS B 007IaCTh TOJIOBHOTO TIPOMEHS JAiarpaMH CIIPSIMOBAHOCTI OCHOBHOI aH-
TEHH, TO MIPOCTOPOBI BIIMIHHOCTI Mi’K KOPHCHUM CHTHAJIOM 1 3aBaJIOI0 3MEHIIYIOThCA. Lle MPU3BOANTE IO CYTTEBOTO CIIOTBOPEHHS
JiarpaMy CIpsIMOBaHOCTI. B pe3ynbTari bOr0 MOTipUIye€ThCS TOYHICTH BUMIPIOBAaHHS KOOPAMHAT IIUICH, a TAKOX UyTIHMBICTH IPH-
imansHoro npuctporo PJIC. B cTarTi 3anmponoHoBaHO HOBHI METOJI IIPOCTOPOBO-NOISIPHU3ALiHHOT 00pOOKY pasIioIoKaIlifHIX CUTHA-
1B, KUl 3a0e3neuye KOMIIGHCAIil0 aKTHBHHUX LIYMOBHX 3aBaJiM SIK 3 HampsiMy OOKOBMX IIENIOCTKIB, TaK i 3 HAampsMy TOJOBHOTO
MIPOMEHSI.

Iisxb pobotu mossrae y po3poOiii MeToay CyMiCHOT MPOCTOPOBO-MOJSIPH3ALIifiHOI 00pOOKU palioNoKaliifHUX CUTHAJIB B yMOBaX
i aKTMBHMX IIyMOBHX 3aBajl SIK 0 OOKOBHX IEJIFOCTKAX JliarpaMM CHPSIMOBAHOCTI aHTEHH, TaK i 110 TOJIOBHOMY ITPOMEHIO.

MeTon peani3yeThCs MUITXOM BUKOPUCTAHHS CTPYKTYPHOI aJanTarlii MPUCTPOIO 3aBaf03aXUCTy B 3aJIGKHOCTI Bil HANPAMY il
3aBaau. [Ipy bOMY yNpaBJIsIOuUid CUTHAI ISl CTPYKTYPHOI aanTarii (popMye€eThCs 10 BEINYHHI TOTOYHOTO 3HAYECHHS MOZYJIsS Baro-
BOTO KOe(]iIlieHTa IIPOCTOPOBOTO (BiIBTPA.

Pe3yabTaTn. Po3pobiiena cymicHa CTpyKTypHa cXeMa IPOCTOPOBO-TIOJSIPH3AIifHOTO (UIBTPa, SKuil 3a0e3nedye KOMIEHCAIIIo
aKTHBHHX LIYMOBHX 3aBaJ], Ail0YMX SIK M0 OOKOBHX IEIIFOCTKAX, TaK i 110 FOJIOBHOMY IIPOMEHI Jiarpamu cipsimoBaHocti antenu PJIC.
Po3pobneHa maTemaTnuHa Mojenb OJIOKa KOMIIEHcalil, sikuil 3abesnedye CTPYKTypHY aJalTalilo MpOCTOPOBO-IIOIAPU3ALIHHOIO
¢inpTpa. B yMoBax mepioro ocoGiIMBOro moJspusaniiHoro 6a3ucy orineHa eeKTHUBHICTh MOJABICHHS 3aBajl, JIFOYHX 10 TOJIOBHO-
My IPOMEHI JiarpaMu CIpsIMOBAHOCTi aHTEHH.

BucHoBku. HayxoBa HOBH3HA MMPOBEICHOTO TOCTIKEHHS MOJISTAE Y PO3pOOIi HOBOTO METOLY MPOCTOPOBO-NOJSIPH3ALiHHOI 00-
PpOoOKH panioNoKaIiifHUX CUTHAJIB B CKIIaJHAX yMOBax (QyHKIioHyBanHs PJIC mpu MacoBiii [1ii aKTHBHHX IIYMOBHX 3aBajl.
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IpakTHYHA HOBH3HA IOJIATAE B PO3POOLI CTPYKTYPHOI CXEMH [IPOCTOPOBO-MOJIAPU3ALIiHOrO BinbTpa, kil 3abe3nedye Komrie-
HCaLiIo 3aBaj, JIF0YMX SIK 3 HANPSIMiB OOKOBHX MEIIOCTKIB, TAK i 3 HAMPSMY TOJIOBHOTO MPOMEHs JiarpaMu CHPsIMOBAaHOCTI aHTEHU.
Po3pobiena MmaTematiyHa Mozenb O10ka kommnencanii ¢pinpTpa. OuiHeHa e(eKTUBHICTD MOAABICHHS 3aBaj B YMOBAX IIEPIIOTO 0CO-
OnMBOTO MOJIspU3alliifHOrO Oasuca.

KJIFOYOBI CJIOBA: akTrBHa OIyMOBa 3aBajia, IPOCTOPOBO-MONSIpH3ALiHHNAN QiTbTp, Koe]ilieHT TOAaBICHHS.

UDC 621.396.95
METHOD FOR SPATIAL POLARIZATION COMPENSATION OF JAMMING
Piza D. M. — Dr. Sc., Professor of Radio Engineering Department, National University ‘“Zaporizhzhia Polytechnic”,
Zaporizhzhia, Ukraine.
Moroz G. V. — Senior Lecturer of the Department of Radio Engineering and Telecommunications of the National University
“Zaporozhye Polytechnic”, Zaporozhye, Ukraine.

ABSTRACT

Context. To protect radars from active noise interference (jamming) acting along the side lobes of the antenna pattern, spatial
signal filtering is used, which is realized by using diversity reception of the useful signal and interference. In this case, the difference
in the directions of interference and signal makes it possible to compensate for interference and detect a useful signal. However, in
the case where the source of interference is in the main lobe, the differences between the desired signal and the interference are re-
duced. This leads to significant distortion of the antenna main lobe pattern. As a result, the accuracy of angular coordinates meas-
urement deteriorates, as well as the sensitivity of the receiving radar device. The article proposes a new method for spatial polariza-
tion processing of radar signals, which provides compensation for active noise interference both as from the directions of the side
lobes and from the direction of the main beam of the antenna pattern.

Objective. The goal is to develop a method for spatial polarization processing of radar signals under the influence of active noise
interference both along the side lobes of the antenna pattern and along the main lobe.

Method. The method is implemented by using structural adaptation of the noise protection device, depending on the direction of
the interference. In this case, the control signal for structural adaptation is formed according to the magnitude of the current spatial
filter weighting coefficient value.

Results. A block diagram of a spatial polarizing filter which provides compensation for active noise interference acting both on
the side lobes and on the main lobe of the radar antenna pattern. The mathematical model of the compensation unit that implements
the structural adaptation of the spatial polarization filter has been developed. Under the conditions of the first special polarization
basis, the efficiency of noise suppression acting along the main lobe of the antenna pattern is estimated.

Conclusions. The scientific novelty of the research is the development of a new method of spatial polarization processing of ra-
dar signals under difficult conditions of radar operation under massive active noise interference.

The practical significance of the research is in the development of a block diagram of a spatial polarizing filter that provides
compensation for interference both from the direction of the side lobes and from the direction of the main lobe of the antenna pattern.
The mathematical model of the filter has been developed. The efficiency of noise suppression under the conditions of the first special
polarization basis is estimated.

KEYWORDS: active noise interference, spatial polarization filter, cancellation ratio.
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ABSTRACT

Context. There is a problem of forecasting the efficiency of real queuing systems with refusals in the case of incomplete
accessibility of service devices for the input flow of requirements. The solution of problem is necessary to create the possibility of
more accurate design and control of such systems operation in real time.

Objective. The aim of the research is to obtain an analytical description of the state’s final probabilities in a Markov queuing
system with refusals and with incomplete accessibility of service devices for the input flow of requirements that is necessary to
forecast the values of the queuing system performance indicators.

Method. The probabilities of queuing systems’ states with refusals in the case of incomplete accessibility of service devices for
the input flow of requirements are described by Kolmogorov differential equations. In a stationary state, these equations are
transformed into a linearly dependent homogeneous system of algebraic equations. The number of equations is determined by the set-
degree and for modern queuing and communication systems can be in the thousands, millions and more. Therefore, an attempt to
predict the efficiency of a system is faced with the need to write down and numerically solve a countable set of algebraic equations
systems that is quite difficult.

The key idea of the proposed method for finding an analytical description of final probabilities for a given queuing system was
the desire to move from the description of individual states (of 2" amount) to the description of groups of system states (of n+1
number) and to localize the influence of incomplete accessibility of service devices for the input flow of requirements in
multiplicative functions of incomplete accessibility. Such functions allow obtaining the required analytical description and assessing
the degree of the final probabilities transformation, in comparison with known systems, as well as assessing the forecasted values of
the noted queuing system’s efficiency indicators when building a system and choosing the parameters for its controlling.

Results. For the first time analytical expressions are obtained for the final probabilities of the queuing system states with refusals
and with incomplete accessibility of service devices for the input flow of requirements, which makes it possible to evaluate as well as
forecast values of all known system efficiency indicators.

Conclusions. The resulting description turned out to be a general case for well-known type of Markov queuing systems with
refusals. The results of the numerical experiment testify in favor of correctness the obtained analytical expressions for the final
probabilities and in favor of possibility for their practical application in real queuing systems when solving problems of forecasting
efficiency, as well as analyzing and synthesizing the parameters of real queuing systems.

KEYWORDS: Markov models, queuing systems, incomplete accessibility of queuing devices.

ABBREVIATIONS NOMENCLATURE
QS is a queuing system; A is the absolute QS capacity;
SAMS is the surface-to-air missile system; C," is number of combinations from » to m;
No. i,j is a cell address in Table 2: i- row number, e=2.71... is a second remarkable limit;
Jj-column number. /10 is a density distribution of the requirements flow at
the input of the QS;

/>0 is a density distribution of service duration;
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fris a function, which deforms the probability p, of
k-th state in incompletely accessible QS with respect to
the Erlang model;

I is a flow intensity of requirements at the input of QS;

i1, ..., iy are the individual numbers of service devices;

M is a designation of the exponential distribution of
random time intervals between the requirements of the
input flow and the time of servicing the requirements;

m is the number of devices in one group accessible for
service to the input requirements;

M/M/n is a designation of QS with refusals in the
Kendall-Basharin classification;

Mpyspaiv 1 the mathematical expectation of busy
devices number;

n is a number of identical channels/devices in the QS;

N is the total number of patients per month;

Naireq 18 the number of differential equations and states
in incompletely accessible QS with refusals;

n; is the number of requirements served by i-th device;

N,, is the number of patients accessible for “service”
to exactly m medical specialists per month;

N,uissea 18 the mathematical expectation of the enemy
aircraft number that broke through to the target;

Nissea.r1 18 the N4 calculated by the Erlang model;

Nsqps1s the number of SAM systems in grouping;

N 18 the number of requirements that entered the
system per month;

Niowin 18 the total number of enemy aircraft in the air
blow;

Pijx s a probability of a QS state at which devices
with numbers i, j, k are occupied with servicing;

Py 1s a probability derivative;

Py is a probability of a QS state in which exactly &
requirements are in the system;

Pigy is P, but for Erlang QS M/M/n model with
refusals;

P,ese 18 a service refusal probability;

P,efise.£r1 15 @ service refusal probability for Erlang QS
M/M/n model with refusals;

Perice 1S a service probability of QS;

Pyervice £ 18 @ service probability for Erlang QS M/M/n
model with refusals;

Qijkis the area of accessibility for input flow
requirements by devices with numbers 7, j, k

qn 1s a probability of requirements’ accessibility for
service to a group of m service channels/devices;

R[Sy, S1] is the edge R that connects the vertex S, with
the vertex S;;

Rgyyrs1s the SAM fire zone radius;

S,-x 1s the size of area with “A” multiple overlapping
of fire zones;

Sarmax 18 the maximum possible coverage area by
means of all SAM systems in grouping;

Sar.100 18 the size of the cover area by all SAM systems
in grouping on the terrain;

S;jx 18 a system state, at which devices with numbers 7,
J, k are occupied with servicing;

Sy is vertex of graph and a system state, at which
exactly k requirements are under service;
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¢ is a current time;

T, is a mathematical expectation of requirement’s
service duration by the service device;

T; is the total time spent by the i-th device for
servicing;

T\vori 1s the time of system operation per month;

v; is the probability of transferring the requirement for
service to one of channels provided that i accessible
channels are already busy;

v is the intensity of transferring the requirement for
service to one of channels provided that i accessible
channels are already busy;

Y 18 the probability that a patient will be accessible
for “service” to the specialists of one group of m doctors;

APy, is the relative error in the service probability
forecast for the Erlang model;

u is a performance of one service device as the inverse
value to the mathematical expectation of service time;

&, is the maximum number of groups of m devices
from the total number of n devices;

7 is the ratio of a circle length to its diameter;

p is a load factor of a QS with a simplest flow of
requirements.

INTRODUCTION

In the field of transport, trade, medicine, industry,
information networks, control systems and in other areas,
there is often appears repeated massive demand (flow of
requirements) for various services. To work out such
requirements, the corresponding “service” systems are
created.

The wide distribution and diversity of such systems
has caused the need to develop appropriate models of
queuing systems for solving problems of analysis,
synthesis and control of real systems. The moments of
each requirement occurrence and the duration of its
working out (service) are not known in advance (are
random). If all service devices are busy, requirements can
wait for their turn. “Impatient” requirements may leave
the queue at an unknown point in time. Therefore, most
models are stochastic

In real systems, as a rule, the conditions of the central
limit theorem of A. Ya. Khinchin [1] are satisfied, and an
input flow of requirements, that is close to the simplest
one, is automatically generated. For such conditions, there
are well-known models

However, in some real systems, not every free device
can start servicing the next requirement that enters the
system.

So, at a gas station, refueling a car with fuel can be
done only with a device that has the required type of fuel,
which can lead to a refusal to refuel the driver’s car even
if there are free devices, but with the wrong type of fuel.

In communication systems, there may be load
schemes in which some of the options for connecting the
sender to the recipient cannot be implemented, and the
subscriber may receive a denial of service even if there
are free channels, but in a different load group.
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In a polyclinic, not every specialist doctor can consult
the next patient who needs medical care.

In a grouping of anti-aircraft missile forces, the next
enemy aircraft may be in the zone of fire of a SAM
system, which is still busy firing at the previous aircraft,
while for other SAM systems this aircraft was outside
their zones of fire. Such an aircraft will receive a refusal
of service and will be able to attack with impunity and hit
a protected object despite the presence of free SAM
systems in the grouping.

To control such systems, the problem arises of
forecasting the effectiveness of their work, taking into
account the incomplete accessibility of service devices.

The models of incompletely accessible queuing
systems were studied most deeply in the theory of
teletraffic [2], where an analytical description of the
probabilities of states for the case of a single-link ideal
incomplete switching circuit [2] was obtained (the third
Erlang formula).

However, in the general case, an incompletely
accessible circuit has 2" states, which leads to the need to
compose and solve a system of 2" differential and,
accordingly, algebraic equations.

For the values n=50+100 and more encountered in
practice, it is not possible to solve such a problem which
complicates the control of such systems and makes the
topic of this article relevant.

The object of research is a steady-state process of
servicing in M/M/n queuing system with refusals and with
incomplete accessibility of service devices for the input
flow of requirements.

The subject of research is the distribution law of the
final probabilities of groups of states in queuing system
M/M/n with refusals and with incomplete accessibility of
service devices for the input flow of requirements.

The research goal is to obtain an analytical
description for final probabilities of states groups for the
queuing system M/M/n with refusals and with incomplete
accessibility of service devices for the input flow of
requirements and also checking the correctness of the
results by transforming the obtained description into a
description of known Erlang system M/M/n.

The noted final probabilities are a complete
description of the systems operation and allow estimating
the expected values of all known indicators for the
queuing systems efficiency.

1 PROBLEM STATEMENT

The queuing system consists of several groups of
similar devices. Each device can be included in one or
several groups of service devices.

The requirements flow with intensity | and density
i) =1 e~ enters the queuing system. The requirement
of the input flow gets into service in one of the devices
groups. If there are no free devices in this group, then the
request is denied service and leaves the system. If there
are free devices in this group, then any free device is
selected to service the request with the same probability
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for all free devices. Service duration is random and has
exponential distribution f,(t) = uefut. By virtue of the

noted distribution densities, a Markov process with
continuous time and discrete states arises in the system.

The problem statement of constructing a model of an
incompletely accessible queuing system with refusals in
theory of teletraffic is known [2]. In the actual area of air
defence, the task of formalizing real processes with the
transition to a model of an incompletely accessible
queuing system with refusals will be considered in section
experiments.

In order to visually demonstrate the logic of
formalizing physical processes when building a model of
an incompletely accessible queuing system, let’s consider
a simplified example of a city polyclinic work, where n
medical specialists see patients. Let’s assign an individual
number to each doctor (service device): iy, iy, ..., iy and
conditionally represent the areas of diagnosis inherent in
each specialist doctor by circles (Fig. 1).

When making a diagnosis and prescribing treatment,
there are mutually overlapping areas of physicians’
capabilities (Fig. 1, areas Qp;, Qa3, Qi3, Qi23). So, for
example, a patient with pain symptoms of the spine can
be seen by a surgeon, by a vertebrologist and by a
neuropathologist (Fig. 1, area Qi,3), about which the
patient can receive information from a nurse at the
polyclinic registry. In this case, the group of doctors
available to the patient includes three (m; = 3) specialist
doctors. Let us introduce the necessary concept.

X,

o

Figure 1 — Visualization of the principles for choosing an
affordable device to serve the next requirement

The coverage ratio of the requirements flow by a
specific group of m service devices (specialist doctors) is
the share of requirements (patients) in the input flow that
is available for servicing at once by all m devices
(specialist doctors) of a particular group (m=>0). In the
given example, the value of the patients flow share
depends on the qualifications of doctors and on the
structure of the patients’ flow. There are also such
symptoms of patients that are available for analysis only
by a specific specialist doctor (Fig. 1, areas Qy, Q,, Q3,).
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Let us formulate the noted property: the capabilities of
an incompletely accessible system for servicing the input
flow of requirements are characterized by the presence of
the devices groups’ operation areas with m-multiple
“coverage coefficient”, that is, such areas where the input
requirement can be accessible for servicing by all m
devices of a particular group.

The probability that the next requirement of the input
flow will be accessible for service immediately to m
devices of a particular group is denoted by a symbol
0.0, indicating the numbers of i; devices.

Such “areas” of coverage (areas of possible service),
for example, a neuropathologist, can be not only with a
surgeon or vertebrologist, but also with a general
practitioner and other specialist doctors. That is, the same
doctor-specialist can “participate” in the formation of
specialists (devices) groups different in composition and
number m of doctors that care patients (service input flow
requirements).

A list of such groups of doctors (service devices) in
the area of symptoms-complaints of patients can be pre-
established, for example, by the head doctor of a
polyclinic.

The maximum number of groups &, of m specialists
from the total number of n doctors (service devices)
exactly coincides with the number of combinations C,”
from n by m [3]:

e n!
T ml(n—-m)’

0<m<n. (1)

In the noted situation, a vector of probabilities ¢,, of
requirements’ accessibility to service channels arises.

In practice, the larger the doctors’ group accessible in
terms of symptom-complaints, the higher probability that
the next patient will be accessible for “service” to any of
the doctors in this group. For different groups of doctors
within the same size m, this probability turns out to be
approximately the same:

Oiipy =Tm - ()

The direct calculation of necessary probability g,, can
be difficult. However, an indirect estimate can be made
on the basis of the polyclinic registry data, say for a
month. For each patient, indicate the number of medical
specialists who could successfully see this patient,
diagnose and prescribe treatment.

Then you can calculate the total number N of patients
per month and the number N,, of patients accessible for
“service” to exactly m medical specialists at the same
time (0 <m <n), which is equivalent to the number N,, of
“favorable” events in the case scheme [3].

The estimate of the probability that the next
requirement (patient) will be accessible for “service” to
any group of service devices (specialists) consisting of
exactly m devices can be found as the ratio of the
favorable cases number to the total number of cases:
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gn =23 0<m<n. 3)

On the other hand, if the probability that a patient will
be accessible for “service” to one of the specialists of one
group of m doctors is equal to y,, (2), and the number of
such groups is estimated by &, (1), then the probability of
being accessible for “service ” or by the first or second ...
or by &,-th group of specialists can be found as the sum
of these probabilities:

Em
dm :ZYm :‘im'Ym :CIT'Yma
i=1

0<m<n. “4)

Equating expressions (3) and (4), we obtain the
probability estimate v,,:

Cl v :Tm then
:L:q_”% 0<m<n. %)
Vm m m’
N-C; C,

An estimate of the average service duration 7,,, of one
requirement and the performance p of the service device,
as well as the intensity / of requirements flow into the
system can be found taking into account the total number
of requirements N, that entered the system, the number
of requirements N served during the time of system
operation T, and the number »; of requirements served
by i-th device, as well as the total time 7; spent by the i-th
device for servicing:

tn, T, 1 &
Taver :Z_l'_l:_ZTi;
N on Nig 6)
n= 1 I = Ntotal )
Tavr Twork

The considered variant of parameter estimation allows
us to proceed to the formal problem statement. In a
partially accessible queuing system M/M/n with refusals
and with the probability vector of the requirements
accessibility to groups of service channels (y,,), a flow of
requirements of intensity / enters.

A requirement that met several accessible free
channels is transferred for servicing to any of these
channels with the same probability. A request that met
busy all accessible channels leaves the system unserved
(receives a refusal of service). The service time is
exponentially distributed with the parameter p=1/7,,,.

The problem is to find expressions for the final
probabilities P, (k=1,2,...,n) of group states of the
service process, in which there are exactly k requirements
in the system with refusals and with incomplete
accessibility of service devices, which corresponds to the
occupancy of exactly k& channels, and to find the service
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probability Py ;.. of requirements. In such a way there is
a problem of forecasting the efficiency of real queuing
systems with refusals in the case of incomplete
accessibility of service devices for the input flow of
requirements.

2 REVIEW OF THE LITERATURE

The first model for calculating the part of calls that
receive service at a telephone station was described by
A. K. Erlang [4] in 1909. The process of the telephone
station included the receipt and service of applications
from subscribers to switch communication channels with
other subscribers. The service of each requirement
consisted in connecting the subscriber — the source of the
application to the free channel of communication with the
required subscriber. After the end of this call, the channel
was released and could be used to service the next
requirement. The requirement that arrived at the telephone
station at the time when all channels were busy, received
a denial of service. The moments of requirements receipt
and the end of their service were random.

The Erlang-developed model of the requirements mass
service system at the telephone station turned out to be a
universal tool for describing the processes of service in
different systems and in different spheres of human
activity. Each of these areas and systems has its own
peculiarities, which led to the development of more
complex models and the appearance of an independent
scientific direction — the queuing theory.

Currently, queuing system models are being actively
used for analysis, for predicting efficiency and for
optimizing decisions made in various areas.

These include the following areas: telecommunication
networks [2], socio-economic systems [5], production
systems [6] and logistic systems [7], computing systems
[8], traffic management systems [9], management systems
in medicine [10], as well as systems for the defence of
objects from air blows [11].

Therefore, the aim of this research is to obtain an
analytical description for final probabilities of states
groups for the queuing system M/M/n with refusals and
with incomplete accessibility of service devices for the
input flow of requirements and also checking the results
correctness by transforming the obtained description into
a description of known Erlang system M/M/n.

3 MATERIALS AND METHODS

In order to demonstrate the logic of obtaining an
analytical description of sought final probabilities, let us
consider a relatively easily visible example for the M/M/3
system (Fig. 2) with incomplete accessibility of service
devices for the input flow of requirements. On Fig. 2, the
symbol S;; denotes the states in which are occupied
channels (devices) with numbers i, j, k. The possibility of
a steady state in the system follows from the formulation
of the problem.
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Figure 2 — Graph of M/M/3 QS model with refusals and with
incomplete accessibility of service devices

Let us find the intensities of transitions along the
edges R of graph (Fig. 2). The transition along the edge
R[Sy, S1], connecting the vertex Sy with the vertex S;, can
occur only if the next requirement enters the system and is
accessible to the first channel, and this channel is selected
for service.

The mathematical expectation V,' of this event
occurrence intensity is equal to the product of the
intensity of requirements input flow / and the probability
Vo of transferring the requirement for servicing to the first
channel:

v(1)=1~v0. 7

To visualize the process of determining the probability
(vy), we assume that each requirement has only two
features (xi, x,), the values of which determine the choice
of the service channel.

For each channel, the area of acceptable feature values
has the shape of a circle, in the center of which we
indicate the channel number (Fig. 1). The attribute values
(x1, x;) of the next requirement determine the point
A(x1, x,) on the plane (X;, X;). The channel, accessible for
servicing, is selected in accordance with the area in which
the requirement points on the plane (Xj, X;) fell. In any
case, in order to transfer a requirement for service to the
first channel, the point A(x,x,) of the requirement, that
has entered the system, must fall into the range of features
accessible for the first channel (Fig. 1). If there are n
features, then the area will be n-dimensional.

We’l find the probability v, of transferring the
requirement to the first channel by listing the possible
outcomes of the analysis as the sum of the marked events’
probabilities and at the same time taking into account
equality (2), we obtain:

1 1 1
V=01 +-01n+7013+-013=
2 3 2 )
= +l +l +l =y, + +l
11 2Y2 3Y3 2Y2 Y1+72 3Y3-
The final value of the transferring requirement

probability for service to the second v; or third v; channel
will coincide with found value of the probability v;.
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If the service process is in the state Sj, then the
transition along the edge R[Sy, S;»] (Fig. 2) from the
vertex S to the vertex S, can occur only if the next
requirement enters the system, becomes accessible to the
second channel and this channel will be selected for
service.

The intensity v,' of such events flow will be found
taking into account the probability v, of transferring the
requirement to the second channel:

W= Ty ©)

To transfer the requirement for servicing to the second
channel, the point A(x;,x,) of the requirement, that has
entered the system, must fall into the range of features
accessible for the second channel (Fig. 1, see circle
around the second channel).

The probability v, of transferring the requirement for
service to the second channel, provided that the first one
is busy, we find by listing the possible outcomes of the
analysis, we get:

1 1
=0, +EQ23 +5Q123 +01p =
(10)

1 1 3
=Y +—Yr +—Y3+Yr =Y +—Vr +—73 .
Y1 2Y2 2Y3 Y2 =71 ZYz 2Y3

The final value of the transition’s probability for the
remaining edges from states S; to states S; will coincide
with the found value v;.

If the service process is in the state Si,, (Fig. 2) then
the transition along the edge R[S}, Si»;3] from the vertex
S to the vertex Spp; can occur only if the next
requirement enters the system, becomes accessible to the
third channel and this channel will be selected for service.

The intensity v,' of such events flow will be found
taking into account the probability v, of transferring the
requirement to the third channel:

(11)

In this case, the point A(x;,x;) of the received
requirement (Fig. 1) should fall into the range of features
values accessible to the third channel

The probability v, of transferring the requirement for
service to the third channel, provided that the first and
second channels are busy, can be found as the sum of the
probabilities of hitting the requirement to all areas of the
third channel:

véz[-vz.

vy =03+013+0123+023 =

=v1+Y2+Vv3+Y2=v1+2y2+73 -

(12)

The final value of the transition’s probability for the
remaining edges from states S; to the states S),; will
coincide with the found value v,.

States with the same number (k) of busy service
channels determine the levels of the graph.
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The number of states at each level is equal to the
number of combinations C,,k. The total number of model
graph states can be found as a “degree-set” [3]:

n
k
Noif g = >Cy=2". (13)
k=0

Next, we denote the probability of each state of the
model graph by a small letter p;; with indices that
correspond to the numbers of busy channels in this state:
pij— for the state §; ;.

The set of probabilities of the graph i-th level
(k=0,1,2,3) determines the required probability P; of
occupancy of exactly & service channels:

Py=po; Pr=p1+p2+p3; } 14)

Py =pi+piz+pa; P3=ps.

Let’s compose the system of Kolmogorov equations
for states So, Sl, Sz, S3, S123 (Flg 2)

Po==3v0-po+1-pr+p-py+peps; (as)
Pr=—(H+20)py +Vo - po +H- P HR- DI
P2 =+ 2v)py +0 po R pra ey (16)
Py =—(L+20)p3y + 0 po + 1 Pr3 + 13
D123 =31 P123 +v§ P12 +V§ P13 +V§ - A7)

Further, for the conditions of QS operation in
stationary mode, we find the sum of the first four
equations — (15), (16):

2u-prp +2u- pr3+2p- po3 =
(18)

1 1 1
=2V1 'p1+2V1 %) +2V1 “p3.

As a result, for the conditions of the QS operation
stationary mode and the model’s graph (Fig. 2), we write
down the system of algebraic equations:

|
Wepr+p-py+p-p3=3vy- po;
2p-pro +2u p3 + 2 pr3 =

1 1 | 19
=2v] - py+2vy - py +2vy - p3;

| | 1
3u-p13 =va-pra+ vy pi3 vy pos.

The resulting equations are transformed taking into
account equalities (7), (9), (11) and the dimensionless
load factor of service devices p:

lu- Py =3v)- Py ; 1Py =Py-3-p-vy;
2u-Py=2vi-P;f then 2Py =P -2:p-v, ;
3u-Py=1vy - Py ; 3P3=Py-1-p-v,.

(20)
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The resulting regularity can be represented in general
form:

21

The expressions for the final probabilities are defined
in a form close to the Erlang formulas [4]:

1
k'Pk :Pk_l-Cn_k+1-p-vk_1 N k=1,2,...,7’l.

k

p
Pr=—F- fr,

k=1,..,n;
k!

(22)

-
n ok

p 1

b= z—'ka 5op=—.

[k:ok! n

We find the functions of incomplete accessibility f; by
substituting formulas (22) into (21) and performing
equivalent transformations, we obtain:

pk pk—l |
ko T :ml’o a1 Coprt PVe_s (23)
k-1
p | k!
fk=——=T40 Cokr P V| — |
(k=D S VN (24)

1
= Jk=1" Cpks1 Vi -

Note that the probability v, corresponds to the event of
transferring of the requirement to the k-th channel. We
find the function f; from formula (22) under the condition
k=0:

Py=PFy-fy then fy=1. (25)

The expressions for the incomplete accessibility
functions f; turn out to be:

fi = fict Coiel Vg3 k=0,1.,n=1,  (26)

where expressions for (8), (10), (12) generally take the
form:

1 =1 L
il
vie= 2|1 2 Cl  Chk |, 0<k<n. (27)
j=1 i=0 Citl

The probabilities v, of choosing specific service
channels for a three-channel incompletely accessible QS
were obtained above and are equal to:

1
V0=Y1+Y2+§Y3;
Vv = +3 +1 ; (28)

1="1 2Y2 2Y3,

V) =Y1+2y2 473
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For a non-fully accessible QS with four (n =4) and
five (n=15) channels, the calculation formulas for the
probabilities v, of choosing specific service channels are
presented in Table 1.

Table 1 — Probability formulas v; for choosing the k-th service
channel in incompletely accessible QS of M/M/n type
n=4

3 1
V) =Y +—7Y9 +Y3 +—
0 =71 2Y2 Y3 4Y4

v, =y +2 +i +l
1 =Y1T2Y2 3Y3 3“/4

V,y = +é +2 +l
=71 2Y2 Y3 2Y4

V3 =Y1+372+3y73+74
n=s

1
Vo =Y1+2Y2+2v3+74 305

SV IR R S
1 =1 2Y2 2Y3 4Y4 4Y5

v, =y +3 +E +é +l
 =Y11+5Y2 3Y3 3Y4 3“/5

v, = +Z +2 +E +l
3 =Y1 2Y2 2Y3 2Y4 ZYS

Vg =Y1+4Y2 673 +474 + 75

For incompletely accessible queuing systems with a
large number of channels (n > 5), the calculation formulas
can be obtained using the expression (27).

When estimating the service probability, one has to
take into account the possibility of refuse not only in the
case of occupied all channels, but also in any other state
of an incompletely accessible QS. Therefore, the service
probability should be sought using the expression for the
mathematical expectation of the busy channels number
Mpsy.aiv and the absolute capacity (4) of QS:

n
Mbusy.div = zk'Pk; A= M'Mbusy.div 5
k=0

p A

service = 5
1

29
=1-P,

service *

P

refuse

In order to check the correctness of obtained
description for incompletely accessible QS, we perform
an asymptotic transition from expressions (22), (26), (27)
to a description of a fully accessible Erlang queuing
system with refusals. In this case, in formulas (3) and (5)
all values N,,=0, ¢g,=0 and v,,=0 are equal to zero for all
(m <n) groups of devices. For m=n the value N,=N and
C,"=1, which, according to (3) and (5), leads to the
equalities ¢,=1 and y, =1. Then the combinations in
expression (27) will be different from zero only for the
values i =n—k. In this case, from (26) and (27) it follows:

1
Crtal (30)

Ciol ==k =1, then vy =

then f; =1, k=0,1,...n.

As a result, formulas (22) are automatically converted
into well-known Erlang formulas [4]:
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pk n pk =
Pk.ErlZFPO.Erlskzla-u";PO.Erl: ZF ;
' k=0 " 31)

1
Prefuse.Erl =Py irts Bervice.rt =1 Popris P= E

which testifies in favor of correctness of obtained final
probabilities analytical description in an incompletely
accessible multichannel queuing system M/M/n with
refusals.

4 EXPERIMENTS

In order to test the operability of analytical description
of the incompletely accessible M/M/n model, we use an
example from the topical sphere — of important objects air
defense (Fig. 3) by a grouping of five single-channel
SAM systems (Table 7, No. 1, 3) — “service devices”,
which should prevent a planned air blow of ten enemy
aircraft (Table 7, No. 16, 5) with a duration of 2,5 minutes
(Table 7, No. 17, 5).

L

)

Figure 3 — An example of setting the task of assessing objects’
air defense effectiveness using the M/M/5 model of an
incompletely accessible queuing system with refusals

For each SAM system, the average shooting time on
to one aircraft is one minute (Table 7, No. 3, 3), the radius
of the affected area is twenty kilometers (Table 7, No. 2,
3). The aircraft that came under fire is destroyed. To
destroy an object covered, at least four aircraft is required.
Therefore, the task of SAM systems grouping is
considered fulfilled in the case when no more than three
aircraft can break through to the object.

To apply the incompletely accessible M/M/n model in
the field of air defence tasks, we clarify the relationship
between the real parameters of the SAM grouping and the
parameters of incompletely accessible M/M/n model,
expressions (32).
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2 .
Sar.max = Nsams -7 Rsamss

Sar2 = Sar.max ~ Sar.tot> (32)
Gm = S"#; 1<m<2.
Sar.tot

Thus, the maximum possible coverage area S, n.x by
means of five SAM systems is calculated as the sum of
areas of all SAM systems fire zones in the group and is
6283 km? (Table 7, No. 5, 3).

On the terrain (Fig. 3), the cover area S, is
5202 km? (Table 7, No. 6, 3), which makes it possible to
estimate the size of the S, area with a double (Table 7,
No. 8, 3) and §,.; with a single (Table 7, No. 7, 3)
overlapping of fire zones, and also find the values of
parameters ¢; (Table 7, No. 9, 3), ¢, (Table 7, No. 10, 3)
and y, (Table 7, No. 19, 5) and vy, (Table 7, No. 20, 5). We
also note that the mathematical expectation of the enemy
aircraft number that broke through to the target (N,seq)
and the relative error (APy,,) in the service probability
forecast for the Erlang model are not difficult to find
using formulas (33):

Nmissed = Ntotal.En' ’ Prefuse >

AP P 33)

serv — ( service.Erl — Pservice)/Pservice -100% }

Next, we use the data in Table 1 and the sequence of
formulas (5), (6), (27), (20), (26), (22), (29), (31)-(33) and
step by step (Table 2 Nos 21-26), we find a significant
discrepancy between the final probabilities of the Erlang
model and the model of a non-fully accessible queuing
system (Fig. 3).

At the same time, the use of the fully accessible
Erlang model shows the possibility of destroying more
than 80% of enemy aircraft (Table 2, No. 28, 13). In this
case, it is considered that the SAM grouping reliably
fulfills its task, letting no more than two aircraft passes to
the object (Table 2, No. 30, 13). At the same time, taking

Pk
b a
‘ IS ._‘.n
-

0.35
3 4 5 k

0.30
0.25
0.20
0.15
0.10
0.05
0

Figure 4 — Final probabilities p; of the states in the same
queuing systems with refusals and with the same intensity:
a) QS with refusals and with full accessibility of service devices
(Erlang model M/M/5);
b) QS with refusals and with incomplete accessibility of service
devices (incomplete accessible model M/M/5)
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Table 2 — Comparative assessment of the service probability and the efficiency of tasks performing by a SAMS
group using the Erlang model and a more accurate incompletely accessible QS model with refusals (see Fig. 4)

#|Name | Value |# |Name|Value| # k oM | S 1Mk Al Pe | ke Pyl Prn
1 2 3 4 5 6 7 8 9 10 11 12 13

1 | Nsaus 5 11| w 0.2 |21 0 1 1 1 0.048] 0 [0.023
2 | Rsams 20 12| vy 10.21]22 1 4 1 4 10.191{0.191]0.093
3| T 1 13| v, [0.22 |23 2 8 0.842| 6.732 [0.321]0.642(0.187
4 u 1 14| v; | 02324 3 10.667 [0.557| 5.945 |0.284|0.851{0.249
5 [Sar.mx|6283.185|15| v, | 0.24 |25 4 10.667 [0.258| 2.749 [0.131|0.525[0.249
6 |Sar.t0t|5202.477|16| N | 10 | 26 5 8.533 10.062| 0.531 0.025/0.127]0.199
7| Sar.1 | 4121.77 |17| Tyore | 2.5 | 27 > 42.867(3.719120.957| 1 [2.336| 1

8 | Sar.2 [1080.708[18| p 4 | 28 | Myusyaiw | 2.336 | Piervice| 0.584 | Piorvicern |0.801
91 qi [0.792271{19] 5 |0.16 |29 1 4 Prejise | 0416 | Prefisesn |0.199
10| g2 [0.207729|20] 3 | 0.02 | 30 |APy,..%|37.16% | Nissea| 4161 | Npisseaznr [1.991

into account the incomplete accessibility of the SAM
grouping (devices for service) leads to a noticeable
decrease (Table 2, No.30, 8) in the probability of service
(Table 2, No. 28, 10) and to the appearance of the
possibility of passing to the object more than four enemy
aircraft, which jeopardizes the performance of the task by
the SAM grouping and requires the adoption of additional
measures to protect the object.

5 RESULTS

For the first time analytical expressions are obtained
for the final probabilities of the queuing system states
with refusals and with incomplete accessibility of service
devices for the input flow of requirements, which makes it
possible to evaluate as well as forecast values of all
known system efficiency indicators. The resulting
description, when an incompletely accessible queuing
system degenerates into a fully accessible one,
asymptotically transforms into the well-known Erlang
formulas, which testifies in favor of its correctness. At the
same time, ways of formalizing processes and transition
to a model of incompletely accessible QS with refusals in
real systems that perform similar service functions in the
field of medicine and in the field of topical air defense
tasks are given.

CONCLUSIONS

In the course of the research, the analytical
expressions for the final probabilities of states in the
M/M/n queuing system with refusals and with incomplete
accessibility of service devices for the input flow of
requirements were received. The results of the numerical
experiment testify in favor of correctness the obtained
analytical expressions for the final probabilities and in
favor of possibility for their practical application in real
queuing systems when solving problems of forecasting
efficiency, as well as analyzing and synthesizing the
parameters of real queuing systems.

The scientific novelty of the results obtained lies in
the creation of possibilities for forecasting the
effectiveness of known type of Markov queuing systems
with refusals and with incomplete accessibility of service
devices for the input flow of requirements. The obtained
description (22), (25)-(27), (31) of a queuing system is a
general for known Erlang model M/M/n.
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The practical significance of the results obtained lies
in creating conditions for the directed solution the
problems of analysis, synthesis and control of Markov
queuing systems in the general case of incomplete
accessibility of service devices for the input flow of
requirements. The formulas obtained for calculating the
values of the incomplete accessibility functions are
recurrent and convenient for practical calculations.

Prospects for further research may include the
development of methods and formula schemes of
algorithms for the transition from the parameters of real
processes in the areas of management of microeconomic,
financial and other systems with restrictions on servicing
input requirements, to the parameters of an incompletely
accessible QS model.
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AHAJITHYHAN ONNC ®THAJLHAX UMOBIPHOCTEN CTAHIB Y HEIIOBHO JOCTYITHIIA CUCTEME
MACOBOI'O OBCJIYT'OBYBAHHA 3 BIIMOBUMU

T'oponnos B. Il. — 1-p BilicbkoBUX Hayk, mpogecop, npodecop HamionansHoi akanemii HarionansHaoi reapaii Ykpainu, Xapkis,
Vkpaina.

Osuapenko B. B. — n-p BiiicbkoBUX HayK, IOIEHT, 3aCTyNHHK HadaibHuka KwuiBcekoro inctutyTy Hamionamsnol rBapmii
VYkpainy, Kuis, Ykpaina.

AHOTAIISA

AKTyasbHicTh. IcHye npobiemMa mporHo3yBaHHs MPare3JaTHOCTI PealbHUX CHCTEM MacOBOr0 00CIyroByBaHHs i3 BiAMOBaMH y
pa3i HemoBHOI JOCTYIHOCTI NPHUCTPOIB OOCIYroByBaHHs MAJs BXIAHOTO IMOTOKY BHMOT. BupimieHHs mpobieMu HEOOXiAHO st
CTBOPEHHS MO>KJIMBOCTI OLTBII TOYHOTO MPOEKTYBAHHS T4 KOHTPOJIO POOOTH TAKHX CUCTEM Y PEKUMI PEaTbHOTO Yacy.

Metoa. MoximBocti craHiB CMO 3 BiAMOBaMHU NP HEMOBHIM JOCTYNHOCTI NPWIIaAiB 0OCIYyTrOBYBaHHS JUIS BXiTHOTO IOTOKY
BHMOT' OMHCYIOTBhCSA IH(EepeHIiaTbHUME piBHAHHAME KonMoropoBa. Y cramioHapHOMY CTaHi IIi piBHSHHS HEPETBOPIOIOTHCS Ha
JIHIHHO 3aJIeKHy OJHOPIAHY CHCTEMY alreOpaidHuX piBHAHB. KiNBKICTh PIBHSIHB BH3HAUAETHCS OE3TITIIO-CTEIIEHEM 1 I CyJacHUX
CHCTEM MacoBOT0 OOCIYyrOBYBaHHS 1 3B’3Ky MO)Ke OOUYHCITIOBATHCS TUCSYaMH, MibiioHamu 1 Oinbine. ToMy cpoba mporaHo3yBaTi
e(eKTHBHICTh CUCTEMHU CTHKAETHCS 3 HEOOXIJHICTIO 3alUCy Ta YUCEIHHOTrO BUPIIMICHHS JIYMIEHOI MHOXKHHU CUCTEM ajreOpaiuHux
PIBHSIHB, 10 IOCUTH CKJIAJIHO.

Kir040BoI0 i/1€€10 3ampornoHOBaHOTO0 METOJy 3HAXODKEHHS aHATHUYHOrO ONMCy (iHAIBHUX WMOBIpHOCTEW AJIS 3a3HAYCHOI
CHCTEMH MacOBOTO 0OCITyroByBaHHs 6yJI0 MparHEHHs TIEpPelTH Bil OMMCY OKpeMMX cTaHiB (y KimbkocTi 2") 0 omucy Ipyn cTaHiB
cucteMi (y KUIbKOCTI N+1) Ta JIoKami3yBaTH BIUIMB HETIOBHOI TOCTYITHOCTI MPHIAiB 0OCIyrOBYBaHHS AJIS BXiIHOTO OTOKY BHMOT Y
MYJIBTHILTIKATHBHI (DYHKIIT HETOBHOI JOCTYHMHOCTI. Taki (GyHKIIT 1O3BOJIAIOTH OTPHMATH HEOOXITHUI aHATIITUYHUI ONHC Ta OLIHUTH
CTYIiHb NEPETBOPEHHS (iHATBHUX HMOBIPHOCTEH MOPIBHSHO 3 BIIOMHMH CHUCTEMaMH, a TaKOX OIIIHUTH MPOTHO3HI 3HAYCHHS
MOKA3HUKIB €(QEeKTUBHOCTI 3a3HAYCHOi CHCTEMH MAacOBOTO OOCIyroByBaHHS IHpH INOOYHOBI CHCTEeMH Ta BHOOpI IapamerpiB ii
YIPaBITiHHS.

PesyabsTaTn. Briepiie orpumano aHaniTH4HI BUpasy 1 GiHaneHuUX iiMoBipHOCTEH craHiB CMO 3 BiJMOBaMH Ta 3 HEIOBHOIO
JOCTYIHICTIO MPUJIaziB 00CIyroByBaHHS JJIsl BX1HOTO MOTOKY BMMOT, IO J03BOJISE OL[HIOBATH, @ TAKOXX MPOrHO3YBATH 3HAYCHHS
BCiX BiJOMHX MOKa3HHUKIB €()eKTUBHOCTI CUCTEMH.

BucHoBku. OTpyMaHuii ONMKMC BHUSBUBCS 3arajbHUM BHIIAJKOM JUISL BiZoMoro tumy MapKiBCBKMX CHCTEM MAacOBOTO
00ciTyroByBaHHS i3 BiIMOBaMH. Pe3ybpTaTH YHCENbHOTO EKCIIEPUMEHTY CBiT4aTh Ha KOPUCTH KOPEKTHOCTI OTPUMAHHUX aHANITHIHUX
BUpAa3iB Iy (iHATBHUX HMOBIPHOCTEH Ta Ha KOPHCTh MOJIMBOCTI TX MPAKTUYHOTO 3aCTOCYBAHHS B PEAUIBHHX CHCTEMaX MacOBOTO
00CIIyroByBaHHS IIiJl Yac BUPIIICHHS 3aBJaHb IPOTHO3YBAHHS €(EKTUBHOCTI, a TAKOXK aHANI3y Ta CHHTE3y IapaMeTpiB peabHUX
CHCTEM MacOBOTr0 00CITyTrOBYBaHHS.

KJIIOUOBI CJIOBA:  MapkiBcbki MoOpenmi, CHCTEMH MAacOBOTO OOCIyroBYBaHHs, HENOBHA MJOCTYIHICTh IIPHIANiB
00CITyroByBaHHS.

VJIK 519.872

AHAJIMTUYECKOE ONIMCAHUE ®UHAJIBHBIX BEPOSITHOCTEM COCTOSIHUI B HEIIOJIHO
JOCTYIIHOU CUCTEME MACCOBOI'O OBCJIY KUBAHUSA C OTKA3ZAMH

Toponnor B. Il. — 1-p BoeHHBIX Hayk, mpodeccop, nmpodeccop HanmonansHoi akamnemun HanmoHansHON rBapaun YKpauHsI,
XapbKoB, YKpauHa.

OsBuapenko B. B. — 1-p BoeHHBIX HaykK, JOLEHT, 3aMecTHTeNb HayanbHMka Kuesckoro mHctutyTa HaumonaneHO# rBapauu
VYkpaunsl, Kues, Ykpauna.

AHHOTAIUA

AxTyanbsHOCcTh. CymecTByeT npodiemMa pOrHO3UPOBAHMUS PadOTOCIIOCOOHOCTH PEaIbHBIX CHCTEM MacCOBOTO OOCITYKHMBAHUS C
OTKa3aMHU B CiIydae HEIOJHOH JOCTYITHOCTH yCTPOHCTB OOCIYKHBaHUS JUIS BXOJHOTO MOTOKa TpeOoBaHWH. Pemenne mpobiemsl
HEOOXOIMMO ISl CO3/IaHUsI BO3MOXKHOCTH 00Jiee TOYHOTO IIPOSKTUPOBAHUS M KOHTPOJIS Pa0OTHI TAKHX CHCTEM B PEKUME PeabHOTO
BpPEMEHHU.

Metoa. BepositHoct cocrostHuit CMO ¢ 0TKa3aMu IpH HEMOJHOH AOCTYNHOCTH NMPHOOPOB OOCITY>KMBaHUS IS BXOZHOTO
I0TOKa TpeOoBaHHi onuchIBalOTC AuddepeHunanbHpIMu ypaBHeHHAME KomoropoBa. B cranimoHapHOM COCTOSHUM 3TH YPaBHEHHS
peoOpa3yroTcs B TMHEHHO 3aBUCHMYIO OTHOPOJHYIO CHCTEMY alreOpandecKux ypaBHeHHH. KommuecTBo ypaBHEHHH onpenenseTcs
MHO)KECTBOM-CTEIICHBIO M JUII COBPEMEHHBIX CHCTEM MAaCCOBOTO OOCIYXHMBAaHMS M CBS3M MOXKET HCUHCISATHCS THICSYaMU,
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MWUIHOHaMH M Oonee. [To3TOMy HONBITKA IPOrHO3UPOBATH 3YPEKTUBHOCT CUCTEMBI CTAIKMBACTCSA ¢ HEOOXOIMMOCTBIO 3aIMCH M
YHCJICHHOTO PEIICHHs] CIETHOTO MHOKECTBA CHCTEM alNre0pandecKiX ypaBHEHNUH, YTO JOCTATOUHO CIOXKHO.

KiroueBoii uaeeit npeanaracMoro MeToia HaXOXKICHUS aHAJMTUYECKOTO ONMUCAHUS (PUHATBHBIX BEPOSITHOCTEH IUII OTMEUEHHOM
CHCTEMBI MACCOBOTO OOCITY’KUBAHHS OBUIO CTPEMIICHHE TIEPENTH OT ONIUCAHHUS OT/EBHBIX COCTOSHUI (B KomdecTBe 2") K OMHUCAHUIO
TPYIII COCTOSIHUM CHCTEMBI (B KOJIMYeCTBE N+1) M JIOKaNN30BaTh BIMSHUE HETIOIHOW JOCTYHMHOCTH HMPHOOPOB OOCITYKMBaHUS UL
BXOJIHOT'O TIOTOKA TPeOOBaHUI B MYJbTUILIMKATUBHBIX (DYHKLMSIX HEMOJIHOW JOCTYMHOCTH. Takue (QyHKIMU MO3BOJISIOT IOIYYHUTh
TpeOyeMoe aHAIUTHYECKOE OIHMCAaHWE W OLEHUTh CTeNeHb IpeoOpa3oBaHMsi (DUHANBHBIX BEPOSTHOCTCH, IO CPAaBHEHUIO C
U3BECTHBIMHU CHCTEMaMH, a TAKXK€ OLIEHUTh IPOTHO3HBIE 3HAYECHHS MOKa3aTenel 3(p(eKTUBHOCTH OTMEYEHHOH CHCTEMbI MAaCCOBOTO
00CITy’>KUBaHUsI IPU MOCTPOSHUH CUCTEMBI U BEIOOpPE ITapaMeTPOB €€ yIpaBICHHUSI.

Pe3yabTaThl. BriepBrie momy4YeHsl aHATUTHIECKUE BRIPAXKEHHS ISl PHHANBHBIX BeposiTHOCTEH coctosHuit CMO ¢ oTKa3aMu u ¢
HETIONHOW JIOCTYIMHOCTBIO MPHOOPOB OOCTYKHBAaHHS JUIA BXOJHOTO IIOTOKA TpeOOBAaHWH, YTO MO3BOJNAET OICHMBATH, a TaKKe
MIPOTHO3MPOBATH 3HAUCHHUS BCEX N3BECTHBIX MOKa3aTesel 3(p(heKTHBHOCTH CHCTEMBI.

BriBoasl. [lomydeHHoe omnmcaHue OKa3ajJoCch OOMMM CIIydaeM JUIS HM3BECTHOTO THIIA MApKOBCKHX CHCTEM MAacCOBOTO
0oOCITy’)KUBaHUS C OTKa3aMH. Pe3ynbTaThl UHCICHHOTO SKCIIEPUMEHTA CBUAETENBCTBYIOT B IONB3Yy KOPPEKTHOCTH ITONYYEHHBIX
QHAIMTUYECKHUX BBIPAXXEHUN 1JIsl PUHATIBHBIX BEPOSATHOCTEH U B I0JIb3Y BO3MOXKHOCTH HX MPAKTHYECKOTO NPUMEHEHUS B peabHBIX
CHCTEMax MacCOBOTO OOCIYXMBaHMs INPU PELICHWH 3ajad IPOTHO3UpOBaHUS A(P(EKTHBHOCTH, a TaKXkKe aHajiu3a W CHHTE3a
NapaMeTpoB PeallbHbIX CHCTEM MacCOBOTO 0OCITy>KHBaHMSI.

K/IFOYEBBIE CJIOBA: MapkoBcKHe MOJAENH, CHUCTEMBl MAacCOBOIO OOCTY)KHBaHMS, HEIOJNHAs OCTYHHOCTh NPHOOPOB

o0cITy)KuBaHUSI.
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ABSTRACT

Context. Various risks are inherent to practically all types of human activities. Usually the risks are characterized by availability
of multiple risk factors, uncertainties, incompleteness and low quality of data available. The problem of mathematical modeling of
risks is very popular with taking into consideration possible uncertainties and interaction of risk factors. Such models are required for
solving the problems of loss forecasting and making appropriate managerial decisions.

Objective. The purpose of the study is in development of multivariate risk modeling method using specialized copula functions.
The models are developed in the form of multivariate distributions.

Method. The modeling methodology is based upon exploring the special features of various copula functions that are helpful to
construct appropriate multivariate distributions for the risk factors selected. The study contains formal description of selected copu-
las, analysis of their specific features and possibilities for practical applications in the risk management area. Examples of practical
applications of the copula based approach to constructing multivariate distributions using generated and actual statistical data are

provided.

Results. The results achieved will be useful for further theoretical studies as well as for practical applications in the area of risk
management. The distributions constructed with copula create a ground for solving the problems of forecasting possible loss and

making appropriate decision regarding risk management.

Conclusions. Thus the problem of constructing multivariate distributions for multiple risk factors can be solved successfully us-

ing special copula functions.

KEYWORDS: multivariate stochastic processes, risk estimation, special copula functions, modeling multivariate distributions,

combined marginal distributions.

ABBREVIATIONS
EVT is an extreme value theory;
MEVT is an multivariate extreme value theory.

NOMENCLATURE
C is -increasing function;
fi is a function of density for marginal distributions;
& is the parameter that characterizes form of the dis-

tribution;

H is n-dimensional joint distribution function with
marginal distributions;

B is additional scaling parameter;

N, is a number of observations that exceed the
threshold;
Fi(_l)(ui) is inverse function to the function of mar-

ginal distribution;
p is symmetric positively defined matrix with the

unity main diagonal;
¢ is the function of standard scalar normal distribution;

¢ is the function of multivariate standard normal dis-

tribution with correlation matrix p ;

C is a number of coordinated couples;
D is a number of non-coordinated couples;
N is a number of observations.

INTRODUCTION

The studies related to risk analysis and management
are very popular in the world today practically in every
area of human endeavors due to widely spread necessity
of various risk estimation, management, and minimization
of possible loss. The risk management theory supposes
mathematical modeling of risks themselves (including
risk factors), and application of the models created to es-
timation and forecasting possible loss for a time horizon
selected. One of the key elements of mathematical model-
ing is taking into consideration the interactions between
risks and risk factors. Such interaction may serve as an
amplifier for risk effects and it often results in increasing
possible loss. Thus, it is important to take into considera-
tion in the risk management procedures not only isolated
risks but also their interaction and integrated estimates in
the form of some portfolio risk. That is why the use of the
results of former studies in the area, concentrated on the
extreme value theory (EVT), in a scalar case imposes
substantial restrictions on practical applicability of the
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results because of focusing attention on separate risk fac-
tors and their influence [1-6]. In practice of risk manage-
ment more often the problem arises in correct application
of risk estimation procedures that would take into consid-
eration complicated, very often asymmetric, non-
stationary and nonlinear interaction between risk itself
and risk factors. Correct mathematical and statistical de-
scription of the processes involved in the risk analysis
procedures is the key point for solving the problems of
making effective managerial decisions regarding risk
management, for example regarding avoiding risk, its
diversification, and minimization.

The natural approach to generalization and improve-
ment of existing risk analysis methodology is the use of
multivariate extreme value theory (MEVT) that considers
modeling of tails for the multivariate distributions [7-9].
However, the use of extreme values only for correspond-
ing vectors as it is done by scalar EVT, i.e. the vectors
containing extreme values in each coordinate, provides
the possibility for correct processing relatively small
number of measurements. Taking into consideration that
of basic interest are only about 3%—5% of observations
the simultaneous threshold overcoming for each variable
will be taking place very rarely. The more variables will
be considered simultaneously the less number of coincid-
ing extreme values will be met. Here the known problem
of high dimensionality will not provide the possibility for
reaching reliable data processing results when the number
of observations is low.

For a long time as widely accepted measure of de-
pendency between two random variables served well-
known statistical correlation coefficient. According to the
known hypothesis of normality for financial random vari-
ables the correlation coefficient was considered as neces-
sary and sufficient measure in the case of multivariate
normal distribution. However, in risk management prob-
lems very often the data does not correspond to the nor-
mality hypothesis, and the criticism arises regarding the
correlation coefficient as inadequate measure for analysis
of risks dependency [10—13]. The correlation coefficient
does not provide appropriate formal description for the
dependency structure between the risks, especially in the
tails of distributions (Fig. 1). Thus, completely dependent
random variables may exhibit the correlation coefficient
distinctive from 1 or —1, and zero correlation coefficient
does not support the hypothesis of risks independence.
For example, this is true in the case of normally distrib-
uted risk, X, and completely dependent on its sequence

of values X 2. The linear correlation is also not invariant
to transformations of random variables.

The purpose of the study is in following:

— to perform analysis of a construction procedure for
the class of special copula functions that are suitable for
the formal description of multivariate distributions;

— to consider the special features of copula parameter
estimation procedures using existing estimation tech-
niques namely maximum likelihood method,;

— to estimate the possibilities for practical applications
of the copula families for performing statistical analysis
of economic, financial, and other risk types represented
by the extreme values of respective distributions.

1 PROBLEM STATEMENT
Let we have n independent random variables,

X{se.s X, for which the following relation is true:
P(X{ < X{50es X < Xp) = P(X] < %)) ..o P(X < %) . t means
that the knowledge regarding one of the random variables
does not provide the knowledge related to others. Study-
ing the dependency between variables it is of interest to
get information related to one random variable using the
information about other variable and to compare the mu-
tual dependences between the pairs of random variables.
The dependency is inverse characteristic to independence
of random variables but the ways of its identification can
be different in different cases and is determined by spe-
cific problem statement.

This work is focusing on constructing of a class of
special functions, copulas that are suitable for the formal
description of multivariate distributions, and estimation of
the possibilities for practical application of the copula
family to statistical analysis of financial and other types
of risk data represented by extreme values of correspond-
ing distributions.
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Figure 1 — Two multivariate observations with similar normal
marginal distributions and coefficients of about, p =0.14, but

with different dependency structures

In the risk management procedures, especially regard-
ing financial risks, withdrawing of marginal risk distribu-
tions for separate financial instruments from the depend-
ency structure is a natural requirement. On one side each
random variable has its scalar distribution but on the other
side it is necessary to take into consideration existing de-
pendences between random variables.

Such approach helps to improve the model adequacy
and consequently enhance quality of final result — risk
estimation. Here the copula notion is useful that allows
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for clearly separation the information related to structure
of the dependency and to produce its appropriate formal
description. Now consider some theoretical formulations
necessary for understanding basic material of the study
[14, 15].

2 REVIEW OF THE LITERATURE
Before considering possible ways of describing de-
pendency first return to the general definition of depend-
ent random variables.
Definition 1: Distribution function is such a function
F with the domain of definition, [—o0,00], that F is non-

decreasing and having marginal the values of: F(—o0)=0
and F(x0)=1.

Definition 2: Distribution function of random variable
X is such function, F, that for all, X €[—o0,], the fol-

lowing relation is true: F(x)=P[X <x].
Definition 3: The function H of n arguments is
called n -increasing if for any n-dimensional interval,

B= [5,5] , such that [5,6] belong to the domain of defini-
tion of the function H with a<b , the following is true:
Vi (B)=A2H(x) =A% A% H(X)20.

a n 1

Definition 4: Joint distribution function is such a func-
tion H with the domain of definition, [—o0,]" , that H
is n-increasing, and H(X,...,Xj_j, =%, Xj11,Xy) = OVi,
H (—o0,0) =1.

Definition 5: Joint distribution function for the ran-
dom variables Xj,...X,, 1is such a joint distribution func-
tion H with the domain of definition, [—o0,00]", that
H (X[, X0) = PLX| < X, X X010

From the given definitions we have that distribution

function for random variable X; is marginal distribution

function for joint distribution function of random vari-
ables,

X],...,Xn:
F(x)=P(X;<x)= lim H(t,....t;_,X)" (D

The complete description of dependence or independ-
ence for  random  variables, X15e - Xp s is
P(X1 X5, Xy £X), 1.e. their joint distribution func-
tion, H(Xy,...,Xp) . But it also contains excessive informa-

tion regarding marginal distribution for each random vari-
able. In solving practical problems it is necessary to ob-
tain information regarding the dependency structure sepa-
rately.

Definition 6: The function, C :[0,1]" —[0;1] is called
n -copula if the following conditions are true.
C(Fy,....Fy) =0, if there exists such | that Fj =0

C(l..,R,L..)=F;

Theorem 1: Sklar theorem [15]: Let H is
n -dimensional joint distribution function with marginal

distributions, Fy,...,F, . Then there exists such n-copula

that for all, xeR" , the following relation is true:
H(Xp.s Xn) = C(F (X))o, Fn (X)) - (2)

If F....,F, are continuous, then C is unique, other-
wise the functions C are uniquely determined over the

space, Rng[F]x..xRng[F,]. And vice versa: if the
functions F,...,F, represent continuous distributions,
and C is n-copula, then H(x,..,X,) is joint

n -dimensional distribution function with marginal distri-
butions, Fy,...,F, .

Definition 7: The density distribution for copula C is
the following function:

GRS

c(F,F,....Fy) OF,0F,,.OF 3)
yeers OFp

The joint density distribution function can be repre-
sented in the form:

h(X15 X255 Xn) = C(F (X)), F2 (X200, Fn (X)) - 4)

An important role for risk analysis is the copula fea-
ture of invariance to increasing transforms.
Theorem 2 [15]: Consider the transforms Zi,...,Z,

that are increasing in corresponding domains of defini-
tions of random variables Xi,..., X, with continuous

marginal distribution functions and n-copula, C. Then
random variables Z;(Xy),...,Zp(Xy,) have the same

n-copula, C .

3 MATERIALS AND METHODS

Constructing marginal distribution function. When
copulas are used for modeling dependences between ran-
dom variables it is necessary to construct separate model
for marginal distributions for the variables. For the prob-
lems of risk management of particular importance are es-
timates of values that belong to the tails of distributions.
For the formal description of right tail of loss distributions
is recommended the use of the method of overriding
based upon the generalized Pareto distribution. And the
distribution for the other observations (that are closer to
mathematical expectation of a sample) it is recommended
to describe with normal distribution using the results of
application of the central limit theorem and the experience
of using the distribution in the problems of risk manage-
ment. To separate the two parts of data sample it is neces-
sary to estimate the empirical distribution quintile for a
threshold selected. In the computational experiments car-
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ried out by multiple researchers the threshold was selected
at the level of 95 % according to the existing practice of
risk management.

The sample mathematical expectation of normal dis-
tribution is estimated on all observations available. And
the standard deviation should be estimated in a way so
that the values of normal distribution function at the
threshold point were equal to the value of empirical dis-
tribution function. Such approach to the computations
allows for orienting the model to adequate formal descrip-
tion of the tail observations. Besides, this method of per-
forming the computations provides for the continuous
form of the combined distribution function the right part
of which is constructed using the method of overriding.
The distribution function constructed by the use of this
method is equal to the empirical distribution function at
the threshold point according to the constructing proce-
dure selected. The continuity of the marginal distribution
functions points out to the existence of unique copula in
expression (1).

Definition 8: Let random variable, X;j, has distribu-
tion function, Fj, and right final point Xjz <o . For a
fixed value, U < Xje , the distribution function of exceed-

ing values for U is called the following one:

Fiu () = P(Xj —uj x| Xj > U),X+U < XiE ; )
and the function:

e(u)=E[X -u|X >u]:JXiFm

U 1-FX)’ ©

is called the function of mean exceeding.
Denote, z* =max(z,0), and let card{A} is a number

of elements in the set A. An empirical estimate for the
function of mean exceeding is the following one:

1
e(u) = - - x
card{j: Xij >U, j=1..,N}

Q)

N
X Z(Xij —U)*,U >0.
j=1

For the distribution function of the values exceeding
selected threshold there exist an analogue of the Fisher-
Tippet-Gnedenko theorem, i.e. Pikands-Balkema-de Haan
theorem.

Theorem 3: Pikands-Balkema-de Haan theorem [3]:

1
m IR g € e,

8
uTxe 1-F) exp(—X).E=0 ®)

where, 1+&x >0, for some positively defined function

).

From (2) and definition of the distribution function for
exceeding values we have a model for distributions of
threshold exceeding values: the function of generalized
Pareto distribution:

1
GPD(x)=1{1-(1+&X) ©,&=0, ©)
1—exp(—X),£=0,
B

where, p>0, and x>0 with £>0, and Osxg_? with

£<0.

The model for tail data distribution is constructed by
the method of threshold exceeding that is based upon the
marginal distribution law for the exceeding values (3) and
includes the following steps.

1. For sample {x}; of power, N, the threshold u is

selected. Then the observations X; ..., X are determined
exceeding the threshold, and respective exceeding values
are computed: y; = Xi; —u >0, where N, is a number of
observations that exceed the threshold.

2. Then the function F,(y) (distribution of exceeding
values, yi,...,yy, in the form of (3), GPDgg(x), is esti-

mated, i.e. the parameters of form and scale are com-
puted.

3. The distribution function for the tail region, X is
estimated as follows:

Fi(y +u)—Fi(u)

R () =(1-F)F;(y)+Fu), (10)
= Nu
Fi(u)= N
i.e. we have:
= - Nu Ny
F()=( N YRy (y)+ N (11)

Copula family constructing. The Sklar theorem guar-
anties copula existence and its uniqueness for definite
conditions but it does not provide the method for its con-
structing. Consider some methods for copula constructing.

1. The method of inverse function

The idea of the method is in the following: from the
Sklar theorem for joint distribution function, H , and con-
tinuous marginal distributions, F,...,F,, copula, C, is

defined as follows:

C(Uppenstin) = HETD U, TP () - (12)

The most widely spread in modeling random variables
are elliptical distributions and more exactly multivariate
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normal distribution. If we apply to the distribution inverse
method then we will get multivariate normal copula or
Gaussian copula.

Definition 9: Let p is symmetric positively defined

matrix with the unity main diagonal. Then the following
function is called Gaussian multivariate copula:

C(F,Faes Fnp) = 0 (01 (Fp )i 01 () - (13)

Fig. 2 (below) shows tree-dimensional distribution on
the basis of normal copula.

The density of multivariate Gaussian copula is defined
as follows [14]:

1 1 _
C<F1,F2...,Fn,p)=Texp(—5<cp LR,
p

14
qf%ﬁ)} o

-1 -1
¢ (Fa)x(p —l)X[ »
o (Fp)
Thus, the Gaussian normal copula is completely de-
fined by the correlation matrix, p, and its parameters can

be easily computed.

According to its constructing procedure the Gaussian
copula can be naturally used for modeling multivariate
normal distributions, and it can be hired in the risk man-
agement procedures for constructing meta-normal distri-
butions. This multivariate distribution is created in the
way of modeling the dependences between random vari-
ables using normal copulas, and marginal distributions are
built with some other distributions appropriate for each
variable under consideration.

Another type of copula that is constructed with the
method of inverse function from elliptical distribution is
Student’s copula that corresponds to the multivariate Stu-
dent’s t -distribution. The form of this copula looks to
some extent like the normal one in its central part, and
approaches even more to this form in the tail part where
the number of degrees of freedom for Student’s t-
distribution is growing. Fig. 3 shows three-dimensional
distribution of this type for 5 degrees of freedom. How-
ever, in the risk management problems the Student’s cop-
ula can find its extended application due to substantial
difference in modeling of dependences in the tail of dis-
tributions far from the central part.

The t -copula that is derived from t -distribution with

v degrees of freedom and positively defined matrix Z ,
has the following density function:

cOOT((v+d)/2)/T(v/2(v)* |3 D). (15)

As it can be seen, the elliptical copulas also have the
advantage that they can be easily computed for large, N .
2. The Archimedean copulas

Definition 10: Let ¢ is continuous strictly increasing
such that,

¢(1)=0. The pseudo-inverse for ¢ is such function

function defined on region 1 of [—0;0]

(p[_l] with Dome =[0,00] :
(16)

-1
o (t) = {cp (),0<t<¢(0),
0,p(0) <t <oo.

Note, that (p[_l] is continuous and non-decreasing
function over the domain of, [0;00], and strictly decreas-

ing over [0;p(0)]. Moreover, (p[fl]((p(u)) =u over, 1, and

£,0 <t < ¢(0)

9(0),0(0)<t <o’ (17)

-1
ot ](t))={
If ¢(0)=o0, then ¢ '.
Lemma 1: Let ¢ is continuous strictly decreasing
function in the domain 1 over the interval, [0;o0], and
such that, ¢(1)=0, and let (p[_l] is pseudo-inverse for,

¢, and function, C, with, I2, defined over | for the
function, @, is defined as follows:

Cu,v) = o M (ou)+o(v)). (18)

Then, C, satisfies the existing restriction conditions
for a copula.
Proof: Here the

Cu,0) = o (o) +0(0) =0,

cuD = oW +e1) = ooy =u.
If ¢(0)=o0, then ¢, is considered as a strict generat-
[-1]

function,

and,

ing function. In this case, ¢'~ ! = (p_1 , and

cuv) = o o) +ov), (19)
is considered as a strict Archimedean copula.

All the copulas that can be represented in the form
(18) are called Archimedean. In this case

The function ¢ is called copula generator. This cop-

ula class is one of the most often used in practice due to
the fact that it includes a substantial number of parametric
copulas reflecting a variety of structural mutual depend-
ences. Besides, the constructing procedure for the copulas
is relatively simple.

For example, consider, ¢(t) =(— lnt)e , where 0>1. It

is clear that @(t) is continuous with @(1)=0; and

o(t)=-0 that is, ¢ is strictly decreasing

t(~Int)*1’
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function from | defined over domain [0;o0]. Further on,

(p(t)t: 26(9_1)912 +0 3 ! 3 120 from,
t“(=Int)" t“(=Int)""

thus ¢ is convex. Moreover, ¢(0)=o, and thus ¢ can

I, and

be considered as a strict generating function. Now, from
(6) we have:

exp = ((—Inu)+(-Inv)). (20)

This copula family is called Gumbel copula in the
case of describing two variables. The Archimedean copu-
las also include Frank copula family in the case of de-
scribing two variables:

C(F1,F2)=-1/Bx

 In(L+ (e(-BFR D) ~ D)(e(-BF 2) - 1)) 1)
e(-p-1
and Clayton copulas also in the case of two variables:
C(KLF2)=max((F1(-B)+ F2(-B)-1)x )

x (=1/P),0)p €[~1,0]{0}).

The Fig. 4-6 show three-dimensional joint distribu-
tions on the bases of Frank, Gumbel, and Clayton copulas
respectively.

One of natural approaches to constructing multidi-
mensional copulas supposes constructing first the families
of two-dimensional copulas exhibiting necessary features.
After this step the next procedure touches upon construct-
ing multidimensional generalization. The family of multi-
dimensional copulas belongs to generalization of two-
dimensional family if the following conditions are true:

— all two-dimensional components of the multidimen-
sional copula belong to the family of the two-dimensional
ones;

— all the two-dimensional components of order 3 and
up to n—1 have the same multidimensional form.

The problem of constructing the multidimensional
generalizations of two-dimensional copulas is not trivial.
Very often two-dimensional link functions do not have
multidimensional generalizations or they result in such
specific dependency structure that has very restricted ap-
plication.

The function C" is a result of sequential application
of Archimedean two-dimensional copulas based on the ¢

generator. Thus,
C?(uy.Up) = C(u.Up) =9 (@) +9(uy)), and  for
n>3, C"(U,Us,....uy) =CC" U uy)uy) . Let’s

stress that such approach to constructing copulas usually
does result in a success. But Archimedean copulas are
symmetric and associative what often results in copula
C" with, n>3.

Parameter estimation procedures for copulas. The

simplest copula parameter estimation method is in appli-
cation of known data sample characteristics. Using the

correlation matrix estimates it is possible to find an esti-
mate for the form parameters of elliptical copula, p. An-

other useful in this case is such concordance measure as
Kendall statistic, T, that is computed as follows:

;—2C_—D
CON(N-=D) (23)

The Kendal t can be used, for example, for estimat-

. - 2 -

ing Clayton copula parameters, 9:1—1_, and elliptical
-1

copula parameters, p:sing;. This method is rather

simple but it restricts substantially possibilities for selec-

tion of copula families.

Estimation of copula parameters for any family can be
performed with maximum likelihood method. Consider

joint distribution function, H (_)E,é) , where parameter vec-
tor includes marginal distribution and copula parameters
é:(Bl,...,Bn,&). The joint distribution function can be
represented in the following form:

H(x,0) = C(F (X1, B1), F2(X2,B2),-.,
Fn(xn»ﬁn))~
For a sample S, :{;(} of power N the likelihood

(24)

function is computed as follows:

N N
In L(Sxaﬁlv"aﬁnaa) = ZC(FI(Xl(i):Bl)a

i=1
Fy (3 (0,82 )50 Fy (%0 (1), By ), ) +

N N
+ Zln f1(%(0),B1) +...+ Zln fr (X (1),B1)-

i=1 i=1

(25)

This expression allows for application of two-stage
algorithm for parameters estimation:

(Bl"“aBn’a) = argma)_(’
BisesBn 0t

InL(Sy,Bqse->Bp»0).

(26)

At the first step we can compute the parameter esti-
mates for the marginal distributions as follows:

N
Bj :argﬁmalen fi(x; (.85,
i o=l

@7

and, at the second step it will be possible to compute the
estimates of the copula parameters:

N N
a=argmax _In f(xj(i),p;).
Bj i=l1

(28)
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It is shown in [16] that the vector parameter estimate

0= (Bl,...,Bn,&) is consistent and asymptotically normal.

An advantage of the two-step estimation procedure is in
dimension reduction what makes the numerical optimiza-
tion procedure easier, and allows for hiring extra informa-
tion necessary for parameter estimation of separate risk
distributions. It is also helpful for more complete usage of
measuring information when data samples available have
different power when new financial instruments or risk
factors come to being.

4 EXPERIMENTS

Here we consider the problem of constructing joint
distribution of risk factors for generated three-
dimensional distributions for Cauchy, t -Student, normal
data as well as three-dimensional distribution for the three
currency exchange rates of EUR, CHF, GBP against
USD. For each dataset the Archimedean copulas were
estimated from the Gumbel, Clayton and Frank families
as well as the elliptical copulas of the Student family and
Normal copula [18].

5 RESULTS
Together with estimates of marginal distributions the
computational experiment provided the possibility for
modeling the joint distribution function for the processes
under consideration. The Fig. 2—6 show graphical illustra-
tions of the joint distributions for the selected currencies
exchange rates using different dependency structures.

¥3
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Figure 2 — Graphical representation of joint distribution function
on the basis of normal copula
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Figure 3 — Graphical representation of joint distribution function
on the basis of Student { -copula
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Figure 4 — Graphical representation of joint distribution function
on the basis of Frank copula
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Figure 5 — Graphical representation of joint distribution function
on the basis of Gumbel copula
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Figure 6 — Graphical representation of joint distribution function
on the basis of Clayton copula
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Figure 7 — Empirical joint distribution for the selected currency
exchange rates

The results of the computations performed illustrate
practical usefulness of the study performed.

6 DISCUSSION
The main goal of the analysis was in constructing the
joint distributions for risk factors and further use of the
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models for solving the risk management problems, for
example to forecast possible loss in investment problems.

The results of the study show that together with es-
timates of marginal distributions the computational
experiment provided the possibility for modeling the
joint distribution function for the processes under con-
sideration. The Fig. 2—6 show graphical illustrations of
the joint distributions. The results will also be helpful
for constructing decision support systems for financial
risk forecasting and management using appropriate
statistical data.

The copula constructed according to the method of in-
verse function from elliptical distribution is the Student
copula that corresponds to the multidimensional Student-
distribution. The form of the copula in its central part re-
sembles very much a normal one and becomes even more
alike in the tail part with growing the number of degrees
of freedom for the Student-distribution.

The proposed approaches will be used by the authors
of the article in further studies, as well as by other scien-
tists, which will allow obtaining more accurate results
using minimal costs for experiments.

CONCLUSIONS

The analysis has been performed regarding the possi-
bility of the special class of copula functions application
to formal description of multidimensional distributions in
the problems of financial risk modeling.

The scientific novelty of obtained results is that the
method of constructing combined marginal distributions
was proposed that allows for taking into consideration
heavy tails of one-dimensional risk distributions. The
marginal distributions are combined into joint distribu-
tions of risks via the dependency structure that is charac-
terized by copulas. On the basis of analysis the methods
of constructing the copula families it was proposed to use
for modeling risk several families of copulas with useful
for risk management features.

The practical significance of obtained results is that
the computational experiment has been carried out with
two generated, theoretically known tree-dimensional dis-
tributions, and one empirical three-dimensional distribu-
tion created for a formal description of selected currencies
exchange rate. The experiment demonstrated the possibil-
ity of the method proposed for modeling multidimen-
sional distribution using appropriately combined marginal
distributions and the dependency structure between them.

Prospects for further research is that In the future
studies it is planned to expand application of the copula
families and develop the methods for estimating basic risk
measures for a portfolio of financial instruments on the
basis of the multidimensional distribution model pro-
posed. It is also planned to apply the method proposed for
developing the systemic methodology for risks manage-
ment including market and credit risks. The problems
mentioned will be solved in the frames of a specialized
intellectual decision support system designed on the pur-
pose of automatizing risk modeling and management pro-
cedures and generating appropriate decision alternatives.
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YK 004.942:519.216.3

MOJIEJTIOBAHHS B3AEMO/IIT ®AKTOPIB PU3HKY I OIITHIOBAHHS PU3UKY
3 BUKOPUCTAHHSAM KOITYJI

Ky3snenosa H. B. — 1-p TexH. HayK, TOLEHT Kaeapu MaTeMaTHYHUX METOAIB CHCTEMHOIO aHali3y, [HCTUTYT MPUKIATHOTO CHC-
temHOro aHamnizy, HTYY «KuiBcrkuii nomitexHiunuii iHcTuTyT iM. Irops Cikopcrkoro », Kuis, Ykpaina.

I'yebkoBa B. T'. — 1-p dinocodii, crapmmii Bukiafad kageapy MaTeMaTHYHAX METOJIB CHCTEMHOTO aHaiizy, IHcTuTyT mpu-
KJagHoro cucreMuoro anamizy, HTYVY «KuiBcbknit nomitexnignuii inctTutyT im. Iropst Cikopeskoro », Kuis, Ykpaina.

Bimioxk II. 1. — 1-p Texn. Hayk, npodecop kadeapn MaTeMaTHUYHUX METOAIB CHCTEMHOrO aHalli3y, [HCTHTYT NMPUKIAJHOTO CHC-
temHoro aHaiizy, HTYY «KuiBcbkuii monitexHignuii inctutyT iM. Irops Cikopeskoro », Kuis, Ykpaina.

Manyki M. — 1-p TexH. Hayk, (aKyIbTeT NPUPOJHHYMX HAYK, HAIOHATbHHIT yHiBepcuTeT «Kneo-Morumsnchka AKagemisy,
Kuis, Ykpaina.

JleBenuyk JI. B. — marictp, acmipanTka IHctutyTy mpuknanHorocuctemuoro anaiisy HTYY «KIII im. 1. Cikopcekoro», Kuis,
Vkpaina.

AHOTAIIA

AKTyaubHicTh. Pi3HI TUIIN PU3UKIB IpUTaMaHHI IPAKTHYHO BCIM BHUJAM JIIOJCHKOI MisUIBHOCTI. 3a3BUUall PU3UKU XapaKTepU3y-
I0ThCSl HASsIBHICTIO MHOXKMHHU (DaKTOPIB PU3UKY, HEBU3HAYEHOCTSIMU, HETIOBHOTOIO 1 HM3BKOIO SIKICTIO HAasBHUX JaHHX. 3ajada mMaTe-
MaTHYHOTO MOJEIIOBAHHS PH3HKIB € JOCUTH MOIYJISIPHOI0, OEpydH A0 yBark MOXJIMBI HEBU3HAYCHOCTI i B3aEMO/i0 (aKTOPiB pHU3u-
Ky. Taxi Mozeni HeoOXiHI [U1st po3B’si3aHHS 33724 NPOrHO3YBaHHS BTPAT 1 IPHUHATTS HATEKHHUX YIPABIiHCHKUX PIllICHb.

Meta po6oTH. MeTOI0 IBOTO JOCHTIIKEHHA € PO3pOOKa METOAY MOJIEIIOBAaHHS 0araTOBHMIPHOTO PHU3HKY 3 BHKOPUCTAHHIM
creniarbHIX QyHKIIA Kommy. Mozesi mponoHyoThes y GopMi 6araToBUMipHUX PO3MOALITIB.

Metoa. TexHOOTIS MOJCIIOBAHHS I'PYHTYEThCS Ha BUKOPHUCTAHHI CIIEIIaJbHUX BJIACTHBOCTEH KOMYI, SIKi JArOTh MOMJIUBICTD
1o0ymyBaTH KOPEKTHI 0araTOBHMIpHI pO3MOALIN Ul BUOpaHUX (aKTOPIiB PU3MKY. Y CTAaTTi NomaHo (GopManbHHUN OMHC BHOpPAHUX
KOITyJI, aHaJi3 IX BJIaCTUBOCTEH 1 MOXKIMBOCTEH MPAKTUYHOI'O 3aCTOCYBAaHHS Y CHCTEMax MEHEIDKMEHTY pusukiB. [logaHi npukiamm
NPaKTUYHOTO 3aCTOCYBAaHHS KOITyJ 10 TOOYI0BH 0araTOBUMIPHHUX PO3IOJLIIB 3 BUKOPUCTAHHSIM 3TeHEpOBaHUX i (PaKTHYHHUX CTATH-
CTUYHUX JJaHMX.

PesyapraT. OTpuMaHi pe3ysbraTi OyayTh KOPUCHUMH JUIS HOJAJBLINX TEOPETUYHUX JOCIIDKEHb, @ TAKOXK VIS IPAKTUYHOTO
BUKOPHCTAHHS Y CHCTEMax MEHEDKMEHTY pH3MKiB. Posmoninu, moOynoBaHi 3a JOMOMOIOI KOIYJI, CTBOPIOIOTH OCHOBY IS
PO3B’s13aHHS 33124 IPOrHO3YBAHHS MOXJIMBHX BTPAT i MPUHHATTS HAJIEKHUX PillIeHb CTOCOBHO MCHEIDKMEHTY PH3HKIB.

BucnoBku. TakuM 4uHOM, 3a/a4a OOY0BH 0AaraTOBUMIPHHX PO3IOIUIIB TSI MHOKHHY (aKTOPIB PU3HKY MOXKE OYTH YCIIITHO
PO3B’sI3aHa 3aBASKH BUKOPHUCTAHHIO CHEIialIbHUX (DyHKIIIH KOITYII.

KJIIOYOBI CJIOBA: GaratoBUMipHi CTOXaCTHYHI NPOIECH, OMIHIOBAHHS PH3UKY, CIEIiadbHI (YHKIIT KOITyIH, MO/ICITIOBAHHS
0araTOBHUMIipHHX PO3IIOJ1IIB, KOMOIHOBaHI MapriHAIBHI PO3IOILIH.

YK 004.942:519.216.3
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C UCITIOJIB30BAHHUEM KOIIYJI

Ky3nenosa H. B. — 1-p TexH. Hayk, ZOIEHT Kadeapsl MaTeMaTHUECKUX METOJIOB CUCTEMHOTO aHaln3a, IHCTUTYT NPUKIIaHOTO
cucremuoro ananu3a HTYY «Kuesckuil nonurexuudeckuit ”HCTUTYT uM. Urops Cuxopckoroy», Kues, Ykpauna.

I'yeskoBa B. I'. — noxrop ¢uiocoduu, crapimii npenoaBatens Kadeapbl MaTeMaTHIECKHX METOJIOB CUCTEMHOT0 aHaju3a, VH-
CTUTYT HPUKIAaJHOro cucreMHoro ananusa, HTYY «KueBckuil nonurexuudyeckuii uuctutyT um. Urops Cukopckoroy, Kues, Yk-
pauHa.

Bupiok I1. U. — 1-p TexH. HayK, npodeccop Kadeapsl MaTeMaTHIECKUX METOI0B CUCTEMHOIO aHaian3a, IHCTUTYT NpUKIaHOTO
cucremuoro ananmsza, HTYY «Kueckuii nonurexamuecknid HHCTUTYT UM. Mrops Cukopckoroy», Kues, Ykpanna.

Manyku H. — 1-p Texn. HayK, paKyJIbTeT eCTECTBEHHBIX HAYK, HAIMOHAIbHbIA yHIBepcuTeT «KieBo-MoruusHckas AKaIeMusy,
Kues, Ykpauna.

Jleenuyk JI. B. — maructp, acnupantka MHctutyTa npukinagsoro cucremuoro ananusza HTVY «KIIM um. WM. Cukopckoroy,
Kues, Ykpauna.

AHHOTAIUA

AKTyaJlIbHOCTb. Pa3nuuHble THITBI PUCKOB MPUCYIIH NMPAKTHYECKH BCEM BHAAM UEJIOBEUECKOU AesTenbHOCTH. OOBIYHO PUCKH
XapaKTepH3yIOTCSl HAJTMIMEM MHOXKECTBa (JaKTOPOB PHCKA, HEONPEIEIEHHOCTSIMHU, HEIIOJTHOTONH M HU3KUM KadeCTBOM HMMEIOMINXCS
JaHHBIX. 3a7ada MaTeMaTHIECKOTO0 MOJSIUPOBAHUS PHCKOB JOCTATOYHO MOMYJISIPHA, YIUTHIBAs BO3MOXKHBIC HEONPENECICHHOCTH U
B3aUMOJIEHCTBHE (haKTOPOB pUcKa. Takne MoAeIN HEOOXOAMMBI IS PEIICHUs 3a/jad NPOrHO3UPOBAHUS [IOTEPh W IPHHATHUS HajIe-
JKAIINX YIPABICHUIECKHUX PEIICHUH.

Lens padorsl. Llensro 1aHHOrO HUCClICNOBAaHMS SABISIETCS pa3paboTKa METOJAa MOASIMPOBAHUS MHOIOMEPHOI'O PHCKA C UCIOJIb-
30BaHHUEM CHELHaIbHBIX (GyHKIUN Koy, Mojeny npeyiaraiorcesi B popMe MHOTOMEPHBIX PaclpeeieHHUI.

Mertoa. TexHomorust MOAEIUPOBAHUS OCHOBBIBAETCS HA HCIONB30BAHUU CIEIHANBHBIX CBOMCTB KOITYJI, TO3BOJISIONIMX MOCTPO-
UTh KOPPEKTHbIE MHOTOMEPHBIE paclpe/eNIeH s Ul BEIOpaHHBIX (akTOpoB pHcka. B craThe mpencraBieHo GopMaabHOE OMUCAHHUE
N30paHHBIX KOMYJI, aHAIN3 UX CBOMCTB M BO3MOXKHOCTEH MPAaKTHIECKOTO NMPHMEHEHUS B CHCTEMax MEHEIKMEHTa pHUCKoB. [Ipen-
CTaBJICHBI IPUMEPHI IPAKTHUECKOTO IPIMEHEHHS KOITyJI K HOCTPOSHHIO MHOTOMEPHBIX PACIIPEAEIeHNH ¢ NCIONb30BaHUEM CTeHEpH-
POBaHHBIX U (P)aKTUUECKUX CTATUCTUUECKUX JAHHBIX.
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Pe3yanTatsl. [loxyuennsie pe3yabTaTsl OyayT MOJTE3HBI U JaTbHEHIINX TEOPETHUECKUX HCCIIEMOBAaHHH, a TaKKe JUIS TIPaKTH-
YECKOr'0 MCIOJIB30BAHMS B CHCTEMaX MEHEPKMEHTA PUCKOB. PacripeienieHus, IOCTPOCHHBIE C TOMOLIBIO KOITYJI, CO3/1al0T OCHOBY ISl
pelLIeHus 3aJa4 IPOrHO3UPOBAHHS BOZMOXKHBIX ITOTEPh U MPUHSTHUS HAaUIS)KALIMX PEILICHUH 110 MCHEKMEHTY PHCKOB.

BoiBoabl. TakuMm o6pa3oM, 3a7a4a NOCTPOCHUST MHOIOMEPHBIX PACIpPEASICHUN Ui MHOXKECTBA (HaKTOPOB PHCKAa MOXKET ObITh
YCHEIIHO pelieHa Oaroiaps NCHOIb30BAHUIO CIICLUAIBHBIX (YHKINH KOIyJI.

KJIFOYEBBIE CJIOBA: MHOTOMEpHBIE CTOXaCTHUECKHE MPOLIECCH; OLEHKA PHCKa; CTICHUATbHbIC (PYHKIIMN KaITyCThl; MOJIEIH-
pOBaHHE MHOTOMEPHBIX pacIpeae/ieHIH; KOMOMHHPOBAHHBIE MAPTHHAIILHBIC PACHIPEICIICHUS.
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