Hayunsit xypran * 1-Comm: TenekoMMyHMKAUWK M TpaHcnopT”

XypHan BknioYeH B nepeyeHb NepuoanYeCcKUX
HOAY4HbIX U3AAHMHA, pekomenayemsiit BAK
Murobpasoeanus Poccuu ans ny6amkaunm HayuHbix
paboT, oTPaXaowWMX OCHOBHOE HOy4YHOE COAEepPXaHue
KQHAMAATCKMX U AOKTOPCKUX AUCCEPTALMMA

XKypHan sapernctpuposan PepepanbHoit cnyx6oi no Haasopy
30 cobniofieHneM 30KOHOAATENCTBA B Cepe MACCOBbIX
KOMMYHMKQALMIA M OXPAHE KyJIbTYPHOTO Hacneaus

Caupetenbctso o pernctpaumun CMU:
M N2 PC77-55956.
Hata ebigaun: 07 Hosibps 2013 .

S13bIK NYBAMKALMM: PYCCKUIMA, AHIIMIACKUHA.

TeppuTopus pacnpocTpaHeHus:
Poccuitckas Pepepaups, 3apybexHbie CTpaHb

Tupax: 1000 aka.
lNepuroamyHocTs Bbixopa: 12 Homepos B rog
Croumoctb ogHoro sk3emnnspa: 1000 py6.

Mnata ¢ acnMpaHToB 30 Ny6AMKALMIO PYKOMMUCH HE B3UMAETCS

[NpepneyatHas noarotoeka:

OO0 “UO Megua Mabanwep”

MHeHns aBTOpOB He BCeraa COBMNAZAIOT C TOYKOM 3PEHMS PEAAKLMM.
3a copepxaHme peKkIamHbIX MATEPMQIIOB PEAAKLMS OTBETCTBEHHOCTH HE HECET

Marepuansi, onybnvkosaHHble B XypHane — cobCTBEHHOCTb
OO0 “MI Megna Mabanwep”. Mepeneyatka, uMTUpOBaHKE,
Ay6nMpOBAHME HA CAMTAX [OMYCKAIOTCS TOMKO C PA3PELUEHMUS M3[ATENS

© OO0 “UA Megua Mabnumwep”, 2024

Agppec pepakumMu U uspatens
111024, Poccus, Mocksa, yn. ABMaMoTopHas,
o. 8, ctp. 1, opuc 323
e-mail: t-comm@media-publisher.ru

Ten.: +7 (495) 957-77-43

Anpec Tunorpaduu
Mocksa, yn. CknagouHas, a. 3, kopn. 6

Mupekcaums xypHana:

Ulrich’s Periodicals Directory; EBSCO; elibrary.ru (PMHL)
Google Scholar; Cyberleninka (Open Schience);
Bielefeld Academic Search Engine (BASE); OCLC WorldCat;
Registry of Open Access Repositories (ROAR)

www.media-

Journal is registered by Federal Service for monitoring compliance
with cultural heritage protection law

ISSN 2072-8743 (Online) ISSN 2072-8735 (Print)

Media Registration Certificate
Pl No. FS77-55956. Date of issue: November 7, 2013

Publication language: Russian, English.
Distribution Territory: Russian Federation, foreign countries

All articles and illustrations are copyryght. All rights reserved.
No reproduction is permitted in whole or part without the express consent of
Media Publisher Joint-Stock Company

© “Media Publisher”, 2024

Editorial and Publisher Address
111024, Russia, Moscow, Aviamotornaya str. 8, bloc 1, office 323
e-mail: t-comm@media-publisher.ru.
Tel.: +7 (495) 957-77-43

M3OATENbCKMM OOM MEOMA NABNTMLLEP

(495) 957-77-43
(926) 218-82-43

info@media-publisher.ru

\\\
e \‘\‘Q\\:\

2a VuNEN

MOSHbIM LKIT MOATOTOBKM KHIAT, MEPUOLAMYECKIMX
M3OAHUM 1 PEKITAMHOM MPOOYKLIMM

MPODPECCMOHAJIbHOE JINMTEPATYPHOE
N TEXHUYECKOE PEOAKTUPOBAHME

BbICOKOKAYECTBEHHAA OPCETHAA N LUMDPOBAA MEYHATb

publisher.ru

PN



\H

- COAEPXAHME

XypHan eknio4YeH B nepeyeHb NepUoaNYECKHX HayUHBIX CB53b

U3BaHUA, pekoMmeHayemslil BAK Munobpasoeanms Poccum
Ans ny6AMKALMK Hay4HbIX paBoT, OTPAXAIOLMX OCHOBHOE Herec B.A.
HAay4yHOe cofepXaHue KaH ATCKUX OKTOPCKUX 9 -
i PRI el e LRt OTka3bl Mo obLei NPUYMHE M UX BIUSHUE HA YCTOMYMBOCTD
AUccepTauMH
ceTei U CcHCTem CBA3M 4

Yupeauntenn
OO0 "Uaparensckuit nom Meaua Mabnnwep"

[naeHbIA penakTop SNEKTPOHUKA. PAOUOTEXHUKA

TuxeuHckunit Banepuit Onerosny

Uspatens
Oumkosa Ceetnana CepreesHa Aeophmkos C.C. 3
ds@media-publisher.ru MopndnumpoBaHHbIE KOHCTPYKLMM CUrHONOB KBAAPATYPHOM
MOZYNSALMM C TPAHCHOPMMPOBAHHBIMKU PA3OBLIMMU
PepakunoHHas konnerus ANQTPAMMAMM 10
Apxemoe Aptém Cepreesuu
(a.7.H., npopeccop MTYCH), Poccus
Kyxapetko A.C.

Anotnn Anekcanap Masnosuy
(8.¢.-M.H., npopeccop, uneH NPorpammHoro Cnocob pacyeTa guarpaMmbl HaNPABIEHHOCTU AHTEHHOM

P o
e RS, ey, hiare PeLIeTKM HO OCHOBE M3Ay4aTenei MarHUTHOro TUNa 24
byraee Anekcanpap CtenaHoeuny
(akapemuk PAH), Poccus
Baanb Anb6ept ®aH TyaH Aub, JToreutos B.B.
(A.7.H., cTapwmii Hay4HbIA coTpyAHMK [aHHOBEPCKOrO <
e s I A e AHAnU3 CBOMCTB CHHXPOHHOIO YCUIMTENS HA OBTOrEHepATope
KOMMYHNKQUHOHHOH TexHukw), [epmaria Mo CXeMe KOMMUTLA C MOMOLLBIO CUCTEMBI AU D EPEHLUANbHBIX
Bapnamos Oner Butanbesuy o 3]
(8.7.H., B.H.c. MTYCHU), Poccus YPABHEHNU

lonoeayes Onuyc

(ynpasnsiowmii koHcynstanT Detecon Intarnational GmBH),
[epmatmus M (DOPMATM KA

IpebeHHnkos Angpeit Bukroposuy
(Sumitomo Electric Europe), Bennkobputarms

-&04:'_1":5 niﬂo‘;ﬂ-e‘l'ggg A%“;&P'ﬁ;%w - Kapaces [.H., Cokonos C.B., Pewetnukora U.B., Cesepun A.A.
Dynxeirc Dpux AnnapatHoe pelueHue 30Aa4M CTOXACTUYECKOH pobacTHOM
(8.7.H., cTapWMIT UCTONHUTENbHBIN AUPEKTOP AMCKPETHOM GUILTPALMM 44

kopnopauun Detecon), Cunukorosas gonmnna, CLUA

Ennsapos Auppeit AnbbepTtoBuy
(a.7.H., npopeccop MMUIM, HNY BLL3), Poccus

MU6parumos baitpam
(a.7.H., npodeccop A3epbaimkaHCKOro TeXHUYeckoro
ynnsepcuteta, AsTY), AsepbarinxaH

D oo o wecnegosarAAm o HayIHo- SMEKTPOHUKA. PAIMOTEXHUKA

nccnegosatensckom uentpe China Mobile Research
Institute, npogpeccop yHusepcutera Hasapbaesal),
[oH-Konr (Kutasi), CLUA

Kysoekosa TatbsHa AnekceesHa Boraukos 1.B.

(8.5.H., AekaH skoHommyeckoro ¢akynstera MTYCH), Poccus nOCTpoeHMe MHOTOKAQHQJ1bHbIX BOJTHOBOOHbIX CUCTEM

Heipkoe Anatonmii MNaenoeuy pacnpegneneHms sHepruun oJis MMKPOBOJTHOBOrO HArpeBd

(a.7.H., npopeccop, YMPD um. aammpana C.O. Makaposa), Poccis .

o @ Feop Wit Anexca poBM HO OCHOBE BOJIHOBOAHbLIX TOOMHUKOB C YAJIMHEHNEM NJieYd
NbSHOB r NeKCaHAPOBUY

(B.¢p.-M..H., YrmsepcuteT ne CoHopa, $akynbTeT MaTemaTmkh, npu MMHMMANTBHOM PACCOrnNAacoBAHMKU HA BXOAE 51

Spmocunso), Mekcuka

Camoitnos Anekcaugp leopruesuy

(a.7.H., npodeccop Bnapummpckoro rocyaapcreeHHoro TPAHCMOPT

yuusepcuteta um. A.l. u H.I. Cronetosbix), Poccus

Ceicoes Hukonait Hukonaesuy

(8.¢-M.H., AekaH ¢puamnyeckoro pakynstera MIY

um. M.B. JlomoHocosa), Poccus EBpeeHosc H|-O, Kanuumu KA.
Yupoe fdennc Cepreesuy
(a.7.H., npopeccop MTYCH), Poccus
Waspun Cepreit Cepreesuuy M ONTMMM3ALMS MAPAMETPOB KOMMYHMKOALMOHHBIX MyTeH 58
(8.7.H., npodpeccop MTYCM), Poccus

Wapn Majikn

(8.3.H., EBponesickuii uHcTutyT ctanaaptmsaumm — ETSI),

Bennkobpuranms

Awnrna Mapuua Bukroposha

(a.7.H., nppogeccop, MTYCU), Poccus

www.mediapublisher.ru

Mop.enwposone nepemMelleHnsa NnaccaxmpornoTokos



\H

CONTENT

COMMUNICATIONS

Netes V.A.
Common cause failures and their impact on the stability
of communication networks and systems 4

ELECTRONICS. RADIO ENGINEERING

Dvornikov S.S.
Justification of the empirical expression for assessing
the noise immunity of quadrature modulation signals 10

Kukharenko A.S.
Method for calculating the radiation pattern of an antenna
array based on magnetic type radiators 24

Phan Tuan Anh, Logvinov V.V.

Using a system of differential equations to analyse properties

of the synchronous amplifier based on the colpitts oscillator

scheme 31

COMPUTER SCIENCE

Karasev D.N., Sokolov S.V., Reshetnikova I.V., Severin A.A.
Hardware solution to the problem of stochastic robust
discrete filtering 44

ELECTRONICS. RADIO ENGINEERING

Bogachkov I.V.

Constructing of multichannel waveguide energy distribution

systems for the microwave heating based on T-junctions

with elongated shoulders with minimal input mismatch 51

TRANSPORT

Evreenova, N.Yu., Kalinin K.A.
Modelling of passenger flows movement and optimization
of communication ways parameters 58

Release date: 25.02.2024

The journal is included in the list of scientific
publications, recommended Higher Attestation
Commission Russian Ministry of Education for the
publication of scientific works, which reflect the basic
scientific content of candidate and doctoral theses.

Founder: "Media Publisher", Ltd.

Publisher: Svetlana S. Dymkova
ds@media-publisher.ru

Editor in Chief: Dr. Valery O. Tikhvinskiy

Editorial board
Artem S. Adzhemov

Doctor of sciences, Professor MTUCI, Russia

Alexander P. Anyutin
Doctor of sciences, Professor, member of the program
and organizing committee WSEAS, Russia, Mexico

Alexander S. Bugaev

Academician of the RAS, Russia

Corbett Rowell

Full Professor: Electronic & Electrical Engineering
Nazarbayev University, Hong Kong (China), USA

Denis S. Chirov

Doctor of sciences, MTUCI, Russia

Vladimir G. Danilov

Doctor of sciences, Professor MIEM, HSE, Russia

Eric Dulkeyts

Ph.D., chief executive officer of the corporation Detecon, USA

Julius Golovachyov
Managing Consultant Detecon Intarnational GmBH, Germany

Andrey Grebennikov

Ph.D., Sumitomo Electric Europe, United Kingdom
Bayram Ibrahimov

Ph.D., Professor of Azerbaijan Technical University (AzTU),
Azerbaijan

Tatyana A. Kuzovkova

Doctor of sciences, MTUCI, Russia

Anatoliy P. Nyrkov

Doctor of sciences, Professor of Admiral Makarov State University
of Maritime and Inland Shipping, Russia

Georgii A. Omel’yanov
Doctor of sciences, Universidad de Sonora,
Department of Mathematics, Hermosillo, Mexico

Alexander G. Samoilov
Doctor of sciences, VLSU, Russia

Michael Sharpe
PhD, European Standards Institute — ETSI, United Kingdom

Sergey S. Shavrin

Doctor of sciences, MTUCI, Russia

Nikolai N. Sysoev

Doctor of sciences, Dean of the Faculty of Physics
of Moscow State University Lomonosov, Russia

Oleg V. Varlamov

Doctor of sciences, MTUCI, Russia

Albert Waal

Ph.D., Senior Research Fellow University of Hanover. Leibniz
at the Department of Communications Technology, Germany

Marina V. Yashina

Doctor of sciences, Professor MTUCI, Russia

Andrey A. Yelizarov

Doctor of sciences, Professor MIEM, HSE, Russia

www.media-publisher.ru



CB43b

OTKA3bl MO OBLUEA MPUYUHE N UX BJIUSHUE
HA YCTONYUBOCTb CETEA U CUCTEM CBS3U

DOI: 10.36724/2072-8735-2024-18-2-4-9

Manuscript received 10 January 2024;
Accepted |4 February 2024

Hetec Bukrop AnekcaHgposuy,

Mockoeckuti mexHuyeckui yHusepcumem ceasu Kntoveebie cnoea: ycmotidugocms, Ha0€XXHOCMb,
u UHd)opMGmUKu, Mocksa, Poccus, JKU8y4ecmb, 8epOAMHOCMHbIE NOKA3AdMEsIU, 3a8UCUMbIe
v.a.netes@mtuci.ru 0MKasbl, 0MKasbl No 0bwieli NpuyuH, pacyem HadexxHocmu

[AnA KONMYeCTBEHHON OLIEHKM CBOMCTB HAAEKHOCTM M KMBYHECTH, COBMECTHO
COCTaBNAOLUX YCTOMYUBOCTb CETEA M CUCTEM CBA3MU, 4acTO MUCMONb3yloTCA
BEpPOATHOCTHble nokasarenu. K ux 4ucny otHocATcs, B YacTHOCTH, k03(puULMeHT
rOTOBHOCTM M KO03(pUUMEHT onepaTuBHOW rotoBHOocTU. lMpu pacuerax Takux
nokasarenei oOGbIYHO npeznonaraeTcs, YTO OTKasbl OTAENbHbIX 3N1€MEHTOB
cMCTeMbl HE3aBUCUMbI. DTO CYLLIECTBEHHO YMpOLUaeT pacueT, OAHAKO 3a4acryio
Takoe npejnonoXeHue He COOTBETCTBYeT peasibHOCTH. [leno B TOM, 4To MOryT
CyllecTBOBaTb NMPU4YMHbI (HanpuMep, HeGnaronpuATHbie BHELLUHWE BO3AEACTBUA,
ownbKM nepcoHana W Ap.), KoTopbie OGyayT npuBOAUTL K OTKasaM cpasy
HECKOJIbKUX 3/IEMEHTOB CUCTEMbl. DTO TaK HasblBaeMble OTKasbl Mo obuien
npuymHe. B cTaTtbe onucaHo BNUAHME TaKMX OTKA30B Ha HaZJeXHOCTb U XKUBYYeCTb
ceTeit U cucteM cBasn. OcobGeHHO BaXKeH WX aHaNM3 M y4veT B Ciyvasx, Korga
HeobGxoauMO obGecneynuTb BbICOKYIO HAfIEXKHOCTb U XKMUBYYeCTb, MOCKOJIbKY TaKkue
OTKasbl CyL|EeCTBEHHO CHualoT 3¢ ¢ekr oT pesepBupoBaHua, 06bIYHO
npuMeHAeMoro B Nofo6HbIX cny4asnx. MokasaHo, 4To UTHOpUpPOBaHUE 3aBUCUMOCTH
OTKa30B MOXET NMPUBOAUTL K OYeHb rpyObiM olIMGKaM: UCTUHHAA BepOATHOCTb
OTKasa CUCTeMbl MOXXET OKa3aTbCA B JeCATKM, a TO U B COTHM pa3 Gonblie
pacuetHoii. MpeanoxeH MeToA, NMO3BONAIOLIMA YUUTBIBATL OTKasbl Mo o6Lien
NpUyYMHe MpU pacveTax BEPOATHOCTHbIX MOKasaTenei, KOTOpbIi NMPUMEHUM AnA
CNMOXHBIX CUCTEM, CTPYKTypa KOTOpPbIX He CBOAMTCA K KOMOMHauuAM
nocnefoBarefbHbIX U NapannebHbIX COeUHEHUN d1eMeHTOB. B ero ocHoBe nexwur
M3BECTHbIA MEeTO/, OpPTOroHanM3aLuM Unu o6beJMHEHUA NPOCTbIX NyTel C y4eToM
acdpekra nornowienus. MNMpeanoxkeHHbIVi MeETOA UNNIOCTPUPYETCA NPUMEPaMK.
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BBenenue

1. OmHMM 13 BaXHEHIINX TpeOOBaHMH, MPEABIBISIEMBIX K CE-
TSIM CBSI3H, ABJIAETCS] OOECHeYeHNe X yCTONUMBOrO (hyHKIIMOHHU-
poBanusi. B cootBercTBHE ¢ poccuiickumu ctaggaptamu (OCT P
53111-2008. YcroitunBocTh (YHKIIMOHUPOBAHUSI CETHU CBSI3U
oOiiero nonp3oBaHusi. TpeOoBaHMS M METOIbI INPOBEPKU U
I'OCT P 70409-2022. Dkcrutyataiiusi CETH CBSI3M OOIIEro MOJIb-
30BaHMsl B LENsAX OOecredeHHs HEeOCTHOCTH M YCTOMYHMBOIO
(DYyHKIIMOHMPOBAHMUS) YCTOHYMBOCTh TTOHMMAETCSl KaK COBOKYII-
HOCTh JIByX CBOWMCTB: HaJI©KHOCTH M KMBy4YecTH. Hane:kHocTh
XapaKkTepu3yeT YyCTOWYMBOCTb K BHYTPCHHHM JIeCTAOWIIN3H-
pytomuM (aKTOpoB B HOPMAJIBHBIX YCIOBHSX DKCIUTyaTalllH, a
KHUBYYECTh — YCTOWYNBOCTh K BHEIIHUM JECTAOMIN3HUPYIOIINM
BO3/ICHCTBUSIM TPHUPOJHOTO M TEXHOTEHHOTO XapakKTepa, BBIXO-
JSIIIM 3a TIpeebl HOPMAIbHBIX YCIOBHH AKCIUTyaTaluu. DTH
JIBa CBOWCTBA M COOTHOLICHUS] MEXIY HUMH OBUIM [IE€TalIbHO
PacCMOTPEHBI U IPOAHATM3UPOBaHbI B MOHOrpaduu [1].

J1st KOTMYECTBEHHON OLIEHKH HAJEKHOCTH W KHBYYECTH UC-
noJib3yroTes pasnnunbie nokazarenu (IOCT P 53111-2008) [1],
MHOTHE U3 KOTOPBIX MMEKT BEPOSTHOCTHBIM Xxapakrep. Pacuer
TaKUX MoKa3aTesaeh sl OONBIIMX CETeH MpeicTaBisieT CoOoit
BechbMa CIIOXKHYIO 3amady. [loaTomMy mpu ee penieHuH 4acTo Jie-
JIAFOTCSl HEKOTOPBIE IPE/IIOJIOKEHUS, YIPOINAIOIINE pPACYET.
OfHUM W3 HHX SBISIETCS JOMYIIEHHE, YTO OTKa3bl OT/AEIBHBIX
9JIEMEHTOB CHCTEMBI HE3aBUCHMBI MeX1y co00il. OnHaKko Takoe
TIPEATIONIOKEHHE JTAJIEKO HEe BCET/Ia ONpaBJaHHO, U IpeHeOperke-
HHUE 3aBUCHMOCTBIO MEXy OTKa3aMH JIEMEHTOB MOXET IPHBO-
JITh K TPyObIM OIIMOKaM B OIIEHKE MOKa3zaTeleld Hale)KHOCTH U
JKHBYYECTH.

[TpuHATO BBIAETATH /1BA THIIA 3aBUCHMOCTH MEXIY OTKa3aMH
AJIEMEHTOB B cUcTeMe. B mepBoMm cityuae 0TKa3 0JTHOTO AJIEMEHTa
NIPUBOJUT K OTKA3y APYTOro dJEMEHTa WU TPYIIBl DJIEMEHTOB.
Takue oTKa3bl 4aCTO HA3BIBAIOT KacKaJHBIMU. Bo BTOpOM cityuae
OTKa3bl HECKOJIbKMX DJIEMEHTOB OOYCIIOBJIEHBI KaKOH-THOO O1-
HOW OOIIell MPUYMHOW M BOZHHKAIOT OJJHOBPEMEHHO WM C He-
OosbIIoi pasHuIel BO BpeMeHH. VX Ha3bIBAaIOT OTKa3aMu MO
o6weit nmpuunne (OOIT). JlanHas ctaThs MOCBsIIEHa pacCMOTpe-
HHUIO UMEHHO TaKHX OTKA30B.

B MexmyHapoHOM TEpMHHOJOIMYECKOM CTaHJIapTe 10 Ha-
nexxaoctd [2] OOIT (common cause failures) onpenenstorcs: Kak
OTKa3bl HECKOJIBKHX OOBEKTOB, BBI3BAaHHBIC OJIHOM MPUYMHOM,
KOTOpBIE B NPOTHBHOM CJIydae CYHTAIUCH Obl HE3aBUCHMBIMH
apyr ot napyra. Heckomnbko Oosee moapoOHOe orpesesieHue
OOII npuBeneHO B pOCCUHCKOM cTaHmaprte [3]: OTKa3bl pa3yiny-
HBIX 00BEKTOB, BO3HUKAIOIINE BCIIEICTBUE OHOTO COOBITHS (OT-
Kaza, OMMOKHM IepcoHala, BHEIIHETO WM BHYTPEHHETO BO3JICH-
CTBHSI), KOTOpPBIE 0€3 PacCMOTPEHUS MPUYMH CUUTAINCH OBl He-
3aBucuMbiMu. OOII ompeneneHs! Takke B pAle APYTHX MEKIY-
HapONHBIX M POCCHHCKHUX CTaHAApPTax, 0030p W KPUTUUCCKHUL
aHAIN3 3TUX OTPENICICHU MpuBeieH B [4].

Yuer OOII siBisiercst 00s13aTEABHBIM MIPH MIPOBEACHUH BEPO-
SITHOCTHOT'O aHayn3a 0e3omacHocTH [S]. OH mpuMeHseTcst B pas3-
JIMYHBIX OTPACisAX, B MEPBYIO OYepeb, B aTOMHOM IHEPreTHKE.
OTO yCTaHOBIEHO MEXKIYHApOJHBIMU M OTEYECTBEHHBIMH HOP-
MaTUBHBIMH JIOKyMEHTaMH B 3Toi oOmactu. [lis anannza OOIT
pa3paboTaH IEJbIA psiji MareMaTH4ecKHUX MOeeH, KpaTKoe
OIMMCaHUE KOTOPHIX MPUBENCHO B [5, 6]. B wacTHOCTH, Haubomee
MPOCTON M HIMPOKO MCHOJB3YEMOW SIBIISIETCSl TaK Has3bIBaeMast
Mojensb Oera-¢akTopa. B He#l mpemmnomaraercs, 4To JUIS BCEX
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aneMeHTOB oTHomieHne BeposTHocTr OOII k momHOU (00tIeit)
BEPOSATHOCTH OTKa3a JJIEMEHTa OIJHMHAKOBO (ITOT mapamerp 000-
3Ha4YaeTcs rpedeckoii OykBo# [}, maBIIeil Ha3BaHWE MOICTH), U
OOII o3HagaeT 0TKa3 cpa3y BCEX AIEMEHTOB.

K coxanenunto, B orpacim cBs3u Bompockl anammza OOIT
npopaboTaHbl U CTaHJAPTU3MPOBAHBI B TOPA37A0 MEHBIIEH CTe-
MCHHU. 3a4acTyr WX BO3MOXKHOCTH BOOOIIE HTHOPUPYETCS, YTO
MOJKET TMPUBOJUTH K Cepbe3HbIM omunoOkam. B wactHoctu, OOII
00513aTeIbHO JIOJDKHBI YUUTBIBATHCS IPU OIIEHKE JKUBYYECTH,
MOCKOJIbKY, Kak ykazano B [OCT P 53111-2008, nauGosnbinyio
yrpo3y sl yCTOWYHMBOCTH CETH DJICKTPOCBSI3H IPEACTABISIOT
WCTOYHWKHM BHEUIHUX JECTaOWIM3NPYIONMX (DAKTOPOB IIpO-
CTPaHCTBEHHOTO IEHCTBHS, KOTOPbIE MOTYT B TE€UYEHHE HEOOIb-
IIMX WHTEPBAIOB BPEMEHH MPHUBECTH K HAPYIICHUIO PabOTOCIIO-
COOHOCTH TPYMITEI TMPOCTPAHCTBEHHO PA3HECCHHBIX 3JEMEHTOB
CeTH JJICKTPOCBS3H. TaKUMHU MUCTOYHHUKAMH TPHUPOIHOTO XapaK-
Tepa SIBJISIOTCS, HAIpUMEpP, KpYyMHOMAcHITaOHble CTUXHUHHbIC
OenCcTBUS: 3eMIICTPSACEHHs, HAaBOJHCHMs, yparanel u T.m. He-
cmotpst Ha 310, TaMm ke B (TOCT P 53111-2008) mms oueHkn
JKMBYYECTH MPEAJIOKEH METOJ, IPEANOoJaraomuii He3aBHCH-
MOCTH OTKAa30B JJIEMEHTOB ceTeil ¢Bsi3u. OTMETHM MOonyTHO, YTO
CJIOKHOCTB, @ TO U HEBO3MOXHOCTb, CKOJIBKO-HUOY/Tb JI0CTOBEP-
HOU OLICHKH BEPOSITHOCTEH BOHUKHOBEHUSI TT0T00HBIX COOBITHH,
uX MacmtaboB W yiiepba OT HUX BOOOIIE JeNaroT Heleslecooo-
pasHBIM  HCIIOJIb30BAaHHE BEPOSTHOCTHBIX IIOKa3aTeNed st
OLICHKH JKUBYYECTHU ceTeil cBsi3u [7].

Jyist OLIEHKM HAJEKHOCTH CETeH M CUCTEM CBSI3M TPAJUIIMOH-
HO NPUMEHSIOTCS BEPOSTHOCTHBIC TOKA3aTeNM, B TEPBYIO Ode-
penb, ko3 durment roroBHocTH (TOCT P 53111-2008) [3]. IIpu
stoM yaer OOII Taxxe MOXeT OBITh BeChMa BakeH, 0COOCHHO B
CUTYyaIHAX, KorJa TpeOyeTcss 00eCeunTh CBEPXHAICKHYIO CBI3b
[8]. demo B TOM, YTO ISl TOCTHDKEHHUSI BBICOKOH HAJIEKHOCTH,
KaK MPaBUJIO, IPHUMEHSIOTCS Pa3iInYHbIe BUABI PE3€PBUPOBAHUS,
a OOII cymiectBeHHO CHMXKAIOT 3((eKT OT ero npumeHeHus (5]
(00 aTOM crienMaNbHO CKa3zaHo B puMevyanuu K tepmuny OOIT B
cranmapre [2]). Bonee moapoOHO 3TO 00CTOSTEILCTBO OyAeT
paccMOTPEHO U OOBSCHEHO HUXKE.

Bansinue 3aBHCHMOCTH OTKA30B HA HAAEKHOCTh CHCTEM

ITepBoii paboTOi, B KOTOPOH UCCIIEIOBAIIOCH BIUSHIE CTATH-
CTHYCCKOW 3aBUCHUMOCTH MEXIy OTKa3aMH JJICMCHTOB Ha Ha-
JIEKHOCTh CHCTeMbI, ObUTa [9]. B He#l OBUIO yCTaHOBIIEHO, YTO
€CITH AIIEMEHTHI CHCTEMBI ITO/IBEPTaOTCs OJJTHAKOBBIM BHEIITHUM
BO3JICHCTBUSAM, BIHSIONIAM Ha HX PabOTOCIIOCOOHOCTDH (TeMIie-
paTypa, AaBieHHE, BIAXHOCTh, BUOpAIMS U T.II.), TO BOSHUKAET
3aBHCHMOCTh MEXKIY OTKAa3aMH JJIEMEHTOB, HTHOPHPOBAHUE KO-
TOpOM TPHUBOAUT K TMOTPEUTHOCTSM TIPH OIEHKE HAICKHOCTH
cucTeMbl. [Ipu 3TOM I MOCICIOBATEIBHON CHCTEMBI TaKas
OIICHKA HAJIC)KHOCTH OKa3bIBACTCS 3aHMKCHHOW (T.e. MCTUHHAS
HaJIe)KHOCTh OY/ET BbIlIE), a /sl NapauIeIbHOW CUCTEMBbI — 3a-
BBIIICHHOM (T.C. UCTUHHASI HAJICKHOCTh OY/ICT HIDKE).

WHuoraa 3ToT (akT A MOCIeI0BATSIIEHOW CUCTEMbI HHTEP-
npetupytoT Tak: OOIl noBbIIAIOT HAJIEKHOCTh TAKOW CUCTEMBI.
Onnako Takas (OpMyIHPOBKA OMIMOOYHA, MOCKOJIBKY HHUKAKHE
otkasel, B ToM uncie OOIl, He MOTYT MOBBICUTH HAJCKHOCTb.
Bonee moapobHO 3Ta M APYTHE TUITUYHBIC OIIHOKH, CBSI3aHHBIC C
OOII, mpoanan3upoBaHEI B [4].

Bo Btopoit momoBure 1960-x TOmOB B paboTax psma 3apy-
OEXKHBIX aBTOPOB MOSBUIIOCH TOHSTHE ACCOIMUPOBAHHBIX CITY-
YaHBIX BEMYMH, KOTOPOE CTAJIO MPUMEHSTHCS A OTPAXKECHUS
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3aBUCHMOCTH OTKA30B 3JIEMEHTOB cHcTeMbl. C HUIM MOKHO O3Ha-
KOMUTBbCS B MoHorpaduu [10] (B ee pycckoMm IepeBoje TaKue
Clly4yalHble BEJTMYMHBI HA3BaHBI CBA3AHHBIMM).

B ompenenennn acconMUpoOBaHHBIX CIy4aiHbIX BEJIWYHUH HC-
MOJIb3YETCsl MOHSITHE KOoBapuanuu. Jns OByX ciydaifHbIX BeJH-
yiH X 1 Y UX KOBapHualus onpeneisercs: Gopmyioi

cov(X,Y)=E[(X —EX)(Y —EY)]=E(XY)-EX -EY,

rae E — marematnueckoe oxuganue. Ecau X u Y — HesaBucuMbIe
CllyyallHBlE ~ BEIMYMHB, TO E(XY)=EX-EY, mHO3TOMY

cov(X,Y)=0 (oOpaTtHoe, BooOue roBopsi, HeBepHO). Cryuaid-
HBIC BEIWYMHBI X, ..., X, Ha3bIBAIOTCS aCCOIMHUPOBAHHBIMHU

(cBSI3aHHBIMH), €CIM JUIS JIIOOBIX map GyHKIWH f U g OT 1 mepe-
MEHHBIX, BO3PACTAIOIIHX 10 KaXX0H U3 HUX,

covl f(X,,... X)), g(X,,...,X,)]=0.

[oHsTHE acCOIMUPOBAHHBIX CIYYalHBIX BEIUYUH OKa3aJI0Ch
BEChbMa yJauHbIM, OHO MOJYYMIIO JaIbHEHIIIee Pa3BUTHE U CTAIIO
HCIIOJIb30BATHCS HE TOJIBKO B TEOPUH HAJCKHOCTH, HO U B JIPY-
X 00JacTsIX, B YaCTHOCTH B (DU3MKE M MaTeMaTHKE.

[Ipu aHaaM3e HAaICHKHOCTH CHCTEM PacCMaTPUBAIOTCS OMHAp-
HBIE CIIy4YaiiHble BEJIMYMHBI — MHMKATOPbI COCTOSIHUI 3lIeMEeH-
TOB: X, =1, ecan i-i AmeMeHT paboTOCIOCOOCH, X, =0, ecn

i-i smeMeHT HepaboTocnocobeH (j=1,...,n, TA€ 1 — YUCIO 3Je-

MEHTOB CHCTEMbI). BO MHOTHX NpakTHYeCKUX CIydasX WHIUKa-
TOPBI COCTOSIHHI 2JICMEHTOB SIBISIFOTCS CKOpee He HEe3aBHCHMBI-
MH, 2 aCCOLIMMPOBAHHBIMU (CBS3aHHBIMH) CIIyYalHBIMH BEJIHYH-
Hami [10]. B gactHOCTH, 3TO crpaBemmmBo npu Hammanu OOIL.
Kak noxa3zano B [10], BO Bcex Takux CIydasx UMEET MECTO yCTa-
HOBJICHHBIH B [9] dakr. FIMeHHO, OlleHKa BEPOSITHOCTH PaboTo-
CIIOCOOHOCTH CHUCTEMBI ITOCIIEI0BATEIEHO BKIIOYEHHBIX 3JIEMEH-
TOB B IMPCAINOJIOKCHUN UX HE3aBUCUMOCTH, B TO BPpEMsA KaK Ha
caMoM JIeJie OHM CTAaTHCTHYECKH CBSI3aHBI, SIBIISICTCS 3aHMKEH-
HOM TI0 CpaBHCHUIO C HCTUHHBIM 3HAYCHUEM; aHaJIOrM4yHasd
OLICHKA JUIS TTapalyIeIbHOW CHCTEMBI OKa3bIBACTCs 3aBBIIICHHOM.
[IpuBenem oOBsicCHEHHE PUYUH ITHX cBOMCTB. [Ipn Hammunn
CTaTHCTHYECKOH CBS3aHHOCTH COCTOSIHHM JIEMEHTOB (hakT pa-
00TOCTIOCOOHOCTH HEKOTOPOTO 3JIEMEHTa CHCTEMBI ITOBBIIIACT
BEPOSATHOCTH PaOOTOCIIOCOOHOCTH OCTANBHBIX JIEMEHTOB, (haKT
OTKa3a KaKOTrO-TO 3JIEMEHTa IIOBBILNIACT BEPOSTHOCTH OTKA30B
OCTaJIbHBIX AJIEMEHTOB. [JIs TOCIe10BaTENbHOM CHCTEMBI BaYKHO
mepBoe 0OCTOATENBCTBO, IOCKOJBKY A paboOTOCTIOCOOHOCTH
TaKkoil CHUCTeMbI HEOOXO0aUMa PabOTOCIOCOOHOCTh BCEX €€ dlie-
MeHTOB. C Jpyroil CTOpoHBI, HOCKOJIBKY JUIsl OTKa3a MocjeoBa-
TEJILHOM CHCTEMBI JOCTATOYHO OTKa3a TOJIBKO OJTHOTO 3JIEMEHTa,
TO OTKa3bl JPYIHX AJIEMEHTOB HE yXyAmar curyanuto. [losromy
BEPOSITHOCTh PabOTOCTIOCOOHOCTH TOCIIEA0BATEIEHON CHCTEMBI
OKa3bIBaeTCs BBIIIE, YeM OHa Obl1a OBl IIPU HE3aBHCUMOCTH DJIe-
MEHTOB. B ciydae mapamienbHoil cuCcTeMbl HMeeT MecTo o0part-
Hast cutyanus. i1t ee paboTOCIIOCOOHOCTH JOCTATOYHO paboTo-
CIIOCOOHOCTH KaKOTO-TO OJIHOTO 3JIEMEHTA, a JUIl OTKa3a HeoO-
XOJIUMO, YTOOBI OTKa3aJH BCE HJIEMEHTHI, I09TOMY PEIIAIOLIYIO
pOJIb MIrpaeT BTOPOE OOCTOATENbCTBO. [109TOMY BEpOSTHOCTD
paboTOCTIOCOOHOCTH TapajlIeIbHOW CHCTEMBI OKa3bIBACTCS HU-
e, ueM oHa ObuIa ObI TIPH HE3ABUCUMOCTH DJIEMEHTOB.
[TapannenbHas cuCTeMa — 3TO CHCTEMa C Harpy>KeHHBIM pe-
3epBOM, U yKa3aHHBIM (akT Kak pa3 ¥ CBHIETEIHCTBYET 00 OT-
MEUEHHOM BBIIIE CHI)KEHHU d((exTa OT IPUMEHEHUS pe3epBH-

poBanms npu Hammuun OOII, puueM yBenMyeHHE KPAaTHOCTH
pe3epBUPOBaHMs, KaK IPaBWIIO, HE yiydlaeT curyauuo. [Ipm
9TOM UTHOPUPOBAHHE 3aBHUCHMOCTH OTKa30B MOXKET IPUBOJIUTH K
OYeHb TPyObIM OIIMOKaM. UHCIIEHHBIE PUMEpPBI IS Hapauieib-
HOH CHICTeMBI [4] MOKa3bIBAIOT, YTO OILICHKA BEPOSTHOCTH OTKa3a
6e3 yuera OOII MokeT oKazaThCsl B COTHH Pa3 MEHBIIIE HCTHHHOM!
OT0 00CTOATENBCTBO MOUEpKUBaeT BaxxHOCTh yueta OOII B pac-
YeTax HaJeKHOCTH, OCOOCHHO B CHTYaLlUsX, KOI/Ia K HAIeKHOCTH
MIPEIBSIBISIOTCS BRICOKUE TpeboBaHus [§].

Yuyer OOII npu pacuere HaeKHOCTH

B nawane 1970-x rofoB mpu OmeHKE HANEKHOCTH TPAKTOB
nepeiaun JaHHbIX, JUIS KOTOPBIX TPeOOBaIOCh 00ECIICUUTh BbI-
COKYIO HaJIe)KHOCTb, CTAIH YUYHUTHIBATH BO3MOXKHOCTH OJHOBpE-
MEHHBIX OTKa30B Pa3IUYHbIX KaHAIOB cBsi3u [11, 12]. Jlns HuX
HCTIONIB30BAJICA TEPMUH «KOPPETUPOBAHHBIE OTKa3b». YUeT TaKuX
OTKa30B OCYILIECTBISUICS IIyTEM IPeoOpa3oBaHMsl CTPYKTYPHOM
CXEMBI PAacCCMATPUBAEMON CHUCTEMBI, B KOTOPYIO BBOAMJIUCH YCIIOB-
HBIE 2JIEMEHTBI, ITPEJICTABIISIONINE KOPPEIMPOBAHHBIEC OTKA3bI.

B mpocredimmnx ciaydasix BBEJCHHE YCIOBHBIX DJIEMEHTOB,
npencrasisitomnx OOII, He mpezacraBisieT 0cOOBIX 3aTpyaHE-
HUH. DTO OTHOCHTCS, HalpuMep, K MapaieIbHOW CHCTeMe, B
KOTOpOH OOIIHe MPUYUHBI MOTYT IPUBOIUTH K OTKa3aM cpasy
BCEX 3JIEMEHTOB (IT0J00HBIE TpUMEpHI ecTh B [4, 5, 8]). OxHako
B 00JIee CIIOKHBIX CHUTYAIHSIX MOTYT BO3HHUKATh HETIPHBOANMBIC
CXEMBI pacueTa HaJeKHOCTH, T.€. TAKHE, KOTOPBIE HE CBOIATCS K
KOMOWHAIMSIM TIPOCTEUIINX TTOCIETOBATEIBHBIX U Iapajuieib-
HBIX coelMHeHM. [lanee paccMoTpeH Takoi mpumep.

Ilycts st opraHu3anuy BBICOKOHACKHOM CBSI3UM MEXIY
MMyHKTaMu A 1 B UCTIONB3YIOTCS TpH NMapajiebHBIX KaHAJbI, T.€.
HMEeT MECTO Harpy:KeHHOe pe3epBHUpoBaHue. [Ipu 3ToM nepBbIif
1 BTOPOH KaHalbl HE3aBUCHMBI, a TPETUI KaHal Ha y4yacTke,
MIPUMBIKAIONIEM K IYHKTY A, NMPOXOIUT B TOH K€ MarucTpai,
YTO M NEpBBII KaHal, a Ha y4acTKe, IPHUMBIKAIONIEM K IIyHKTY B,
— B TOH k€ MarucTpajid, 4To ¥ BTOpOH kaHai (puc. la). OTKa3bl
MarucTpaiel, HalpuMep BBI3BAHHBIE OOpBIBaMH Kabems, IpUBO-
IST K OTKa3aM BCEX KaHAJIOB B HUX. TakuM oOpa3oM, B paccMaT-
pUBaeMoil cHEcTeME BO3MOXKHBI OJHOBPEMCHHBIC OTKa3bl Iap
kxaHaioB | u 3, 2 u 3. CooTBeTCTBYIOMmAs CXeMa pacdyera Ha/lexK-
HOCTH NpUBeJieHa Ha puc. 16.
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Puc. 1. Cucrema u3 Tpex napamieqbHbIX KaHaJIOB:
a — cxeMa IIPOXOKAEHHS KaHAJIOB; 6 — CXeMa pacdeTa HaJIeKHOCTH
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Ha neli ycnoBHbIe 31eMeHThI 1°, 2° n 3° 0003HAYAOT WHAU-
BHUJyalbHbIe OTKa3bl KaHaJoB 1, 2 U 3 COOTBETCTBEHHO, a 3Je-
MeHTHI 13 1 23 — ofHOBpeMeHHbIe OTKa3bl Nap KaHaioB 1 u 3, 2
n 3. B nmonyumnBIieiics cxeMe Bce JIEMEHTHI OyAyT yKe He3aBH-
CUMBIMH, OJHAKO OHA OKa3bIBAETCSI HENPUBOAMMOW. DTO Tak
Ha3bIBaeMasi MOCTHKOBasl cxeMa. bosee Toro, B Hel mpuxoauTces
BBOJIUTH OPHEHTALNIO, YTO ITOKA3aHO HA PUCYHKE CTPEIKOH. ITO
HEOoOXO0AMMO ISl y4eTa TOro, 4To MEXIy Toukamu A m B B03-
MOJKeH IyTh 13—3°-23, cCOOTBETCTBYIOIMNI TPETheMy KaHaTy, HO
HEBO3MOXKEH IyTh 2°—3°—1°.

Jliist pacdeTa Ha/Ie)KHOCTH TaKUX CHCTEM yIOOHO HCIIOJIB30-
BaTh METOA OOBEIMHEHHS NMPOCTBHIX HyTeill ¢ ydetoMm sddexrta
noryomeHust win oproronanuzanuu [13]. [IpeumymiectBo nan-
HOTO METOJla COCTOMT B TOM, YTO OH IOPOXKJAET MOJ0XKUTEIb-
HBIE ClTaraeMble, YUCII0 KOTOPBIX PaBHO YUCIY ITyTEH, B TO BpeMs
kak B pekoMeHnoBaHHoM B 'OCT P 53111-2008 metone mosHo-
ro mepebopa myTel, OCHOBaHHOM Ha (opmyse BKIIOYCHUS-
UCKJIIOYEHHSI, YHCIIO CJIaraeMbIX C YBEJIWYEHHEM YHCIa MyTeH
BO3pacTaeT AKCIIOHEHIMAIbHO, & CyMMa SIBJISIETCSl 3HaKoIepe-
MeHHOW. ToT (akT, 4TO BCE cllaraeMble MOJOKUTEIBHBIC IAeT
BO3MO’KHOCTb, B3SB HECKOJIBKO TIEPBBIX CJIAraeMbIX, T.C. OTPaHH-
YUBIIMCh HEMOJHOM CyMMOH, TOJyYHTh TapaHTHPOBAHHYIO
HIDKHIOIO OIIEHKY BEPOATHOCTH PabOTOCTIOCOOHOCTH CHCTEMBI.

[Tpumenstomasics B METO/E€ OPTOTOHAIM3ALUK IOCIEI0Ba-
TENBHOCTh ACWCTBUH ommcaHa Hike B mil. 1-4. Ilpm stom mc-
TMOJIB3YIOTCA BBCICHHBIC BbIIIEC MHANKATOPBI COCTOSIHUH dJIEMEH-
TOB CHCTEMBI X;, KOTOPbIE MOYKHO paccMaTpuBaTh C IBYX TOUYEK
3peHusi. Bo-mepBbIX, Kak Jjormueckue (OyneBbl) NepeMeHHbIE,
MIpUHUMAIOIIHE 3HaUYeHUs «ucTrHaY (1) 1 «0xb» (0), Hag KoTO-
PBIMH BO3MOJKHBI JIOTHYecKne (OyJIeBBI) ONepaIiin: KOHBIOHKITHS
(JToru4eckoe «m»), TU3BIOHKIS (JIOTHYECKOE «HII») U OTpHUIla-
HUe (Jlormdeckoe «He»). Bo-BTOphIX, mpocTo kak gwmena | u 0,
HaJl KOTOPBIMU MPOU3BOAATCSA apr(PMETHIECKUE ONEPaAIUH: CII0-
’KEHHe, BBIUMTaHUE U yMHOXeHue. [lepBblil criocod ynodeH uis
3aMUCH YCIIOBHI PabOTOCIIOCOOHOCTH CHCTEMBI, & BTOPOH — Ist
pacyueToB BEPOSITHOCTHBIX MOKa3aTeNel HaAeKHOCTH (3T0 OyneT
BUJIHO U3 NPUBEICHHBIX HUKE IIPUMEPOB).

1. [TepeuncisitoTcst Bce MPOCTbIe MyTH, T.€. MHUHUMAaJbHbIC
MHOXKECTBA JJIEMEHTOB, Pa0OTOCIIOCOOHOCTh Ka)KAOTO M3 KOTO-
pBIX obecnieunBaeT pabOTOCIIOCOOHOCTH BCel cucTeMbl. B pac-
CMaTpUBaeMOM NpuMmepe ux tpu: 13—1°,2°-2313-3°-23.

2. YcinoBue paboOTOCIIOCOOHOCTH CHCTEMBI 3aIMCHIBACTCS
yepe3 MHIUKATOPHI COCTOSIHMM 3JEMEHTOB BHJE CyMMBI HECO-
BMECTHBIX (OPTOTOHABHBIX) COOBITHH, BBIPAXKAIOMIUX PabOTO-
CIIOCOOHOCTH MIIM HEPAOOTOCTIOCOOHOCTH TMPOCTHIX MyTEH:

Q=X Xo + X3 X0 - Xy X oy + X3 X0 - X0 Xy - X3 XG0 X5

(uepra o3HavaeT orpunanue). CMBICI 3TOH (GOPMYINBI TAKOB:
cucrteMa padortocrocoOHa, eciu paborocmocodeH 1-it myTh, Ju-
00 1-ii myTh HepabOTOCTIOCOOCH, HO PabOTOCIIOCOOCH 2-i MyTh,
mbo 1-if m 2-if myTH HepabOTOCTIOCOOHBI, HO PabOTOCTIOCOOCH
3-it myTh. OPTOrOHAIBHOCTH PACCMATPUBAEMBIX HIPH 3TOM COObI-
THUH TIO3BOJISIET 3aKMCaTh UX JU3IBIOHKIUIO TIPOCTO B BUjIE apud-
METHYECKOU CyMMBI.

B rteopuu HamexHocTH QYHKIMIO ¢(X,,..., X, ), BbIpAKaKO-

IIyI0 3aBUCHMOCTb COCTOSIHUSL CHCTEMBI OT COCTOSIHUH ee 3iie-
MEHTOB, OOBIYHO HA3bIBAIOT CTPYKTYypHO#l (yHkumeit [10, 13],
MOCKOJIbKY OHa (haKTUUECKH XapaKTepH3yeT CTPYKTYpy pac-
CMaTpHUBaEMOM CHCTEMBI.
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3. Kaxxgoe u3 ciaraeMbIx B MOJIYYEHHOM B II. 2 BBIPAXKECHUHU
MPUBOJMTCS K OECIOBTOPHOHM (hopme, T.e. Takoii, B KOTOPOH Ka-
JKJasi U3 IepeMEHHBIX X; MOXKET ITPUCYTCTBOBATH HE 00Jiee OJHO-
ro pasa. Jljif 9TOro UCHojib3ylTCA ClIeIyIONUe IpaBuila, Clpa-
BEJIJIMBBIE JUUISI JIOTUUECKHX MTePEeMEHHBIX:

XY-X=YX, X-XY=X, XV-XZ=X)Z

[TepBoe mpaBmiIo BBIpakaeT TOT (aKT, YTO €CIIM HEKOTOPBIN
9JIEMEHT X paboTOCHOCOOEH, TO OH HE MOXKET OBITh NPUYUHOM
HepaboTOCIIOCOOHOCTH CO/lep KaIIero ero nyTH. Bropoe npasu-
JI0 BBIpa)kaeT oOpaTHBIM (aKT: ecin JIEMEHT X HepabOoTOoCIoco-
OcH, To 00s3aTeNbHO OyIeT HepaboTOCTIOCOOCH | JIF000M comep-
XKAIMi ero myTh. TpeThbe PaBEeHCTBO HE CTOJNb OYCBHIHO, KaK
HepBBIC [1Ba, OHO MOXXET OBITh IOJIY4EHO IyTEeM NPHMCHCHUS
JUCTPUOYTUBHOTO 3aKOHA xyv xz = x(yV z), 3aKOHOB 1e Mop-

raHa Juis JIOTHYECKHX oreparuii (OTpUIlaHue KOHBIOHKIIUU eCTh
JU3BIOHKIMS OTPUIAHUH, OTPUIIAHME AW3BIOHKIUU €CTh KOHb-
IOHKIIMS OTPUIIAaHUN) U 3aKOHA ABOMHOTO OTPULIAHHS.

[IpumeHsist yka3aHHBIE ITpaBUIIa K 3allMCAHHOMY B 1. 2 BBIpa-
JKCHUIO ISl CTPYKTYpHOH (DYHKLHMH, IPEICTaBHMM €€ B BHJE
CYMMBI OECTIOBTOPHBIX (hOpPM:

Q=X X+ X, X0 X X+ Xio- Xyo - X3 X5 X0
4.

5. Jns HaxoKICHUsI BEPOSITHOCTH pabOTOCIOCOOHOCTH CHC-
TeMbl B MOJyYEHHOE B M. 3 BBIPaYKECHHE BMECTO KaXKIOH M3 Tie-
PEMEHHbBIX X; MOJCTABISIETCS BEPOATHOCTh PabOTOCIOCOOHOCTH
COOTBETCTBYIOIIETO JJIEMEHTA p;, A OIepallysl OTPHUIAHUS 3aMe-
HSIETCS B3SITHEM JOTMONHEHHS [0 SIHHHIIBL:

P=pipie+0=p;3pi) PrePry + (1= pro)(1= pye) P13y Py Pos-

31ech P =1-q.,p; =1—q;» TAE g, — BEPOATHOCTH OTKa3a
JJIeMEeHTa | TI0 MHIUBUAYaTbHBIM IPUIUHAM, g, — BEPOATHOCTH

OJTHOBPEMECHHOTO OTKAa3a JIEMEHTOB [ U j TI0 OOIIUM IPUYUHAM.
[IpuBeaem uucnoBoit pacuet. Ilycts, HampumMep, Bce yCIOB-
HBIC AJIEMEHTHI Ha pUC. 10 UMEIOT BEPOSTHOCTH pabOTOCIIOCO0-
Hoctu 0,99. Torma mist BeposiTHOCTEH pabOTOCIOCOOHOCTH Ka-
HQJIOB HMMeeM: p = p, =0,99° =0,9801, p, =0,99’ =0,970299.
Cuntast 0TKa3bl KAHAJIOB HE3aBUCHMBIMH, JJISI BEPOSTHOCTH OTKas3a
cuctemsl moiyunM Q) = (1- p,)(1- p,)(1— p,) =0,000012 . Hc-
THUHHAs BEPOSITHOCTh OTKa3a cucteMsl ¢ yuaeroB OOII Oyner paBHa
0=1-P=1-0,99" —(1-0,99)-0,99* —(1-0,99)*-0,99° = 0,000299..
Takum obpazom, Q/Q, ~ 24,9, T.€. B 9TOM Clly4ae UIHOPH-

poBanue 3aBucumoctd OOII 3aHMKAET OLEHKY BEPOSTHOCTH
OTKa3a cucTeMsl mouTH B 25 pa3! [Ipu Hanuuuu NpudnH, IpUBO-
JSIIAX K OTKa3aM cpa3y BCEX KaHAJIOB, ONIMOKAa MOXKET OBITh
erie 6ospIne [4, 5].

B curyanmsax, xorjga MCXoqHAs CHCTEMa YK€ UMEET HElpH-
BOAUMYIO CTPYKTYPY, YTO XapaKTEPHO JJISI MHOTHX CETCH CBSI3H,
u Bo3MOxHBI OOIl mns pa3nuyHBIX KOMOWHAIMKA 3JIEMEHTOB,
n300pakeHNe YCIOBHBIX AJIIEMEHTOB M CBS3€H MEXITy HUMH Ha
CXeMe pacyera HaJIe)KHOCTH MOXKET OKa3aThbCs JOBOJBHO CIOXK-
HO#t 3amadeii. [ToaTomy masnee maHa MoaudUKamus METOaa OPTO-
TOHAJIM3ALUH, KOTOpasi He TpeOyeT COCTaBICHUSA CXEMBI pacueTa
C YCIIOBHBIMH 3JIeMeHTaMH. Ee mpuMeHeHHne mokazaHo Ha MpH-
Mepe HEMPHUBOIMMOIN CETH, HMEIOUICH CTPYKTYpY MOCTHKA

(puc. 2).
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B Heil TpeOyercst 00ecniednTh CBSI3b MEXKIY JABYMs Y3JIaMH,
BBIJICJICHHBIMU 3aJIMBKOM. Kaxknast u3 jauHuMiA, 0003HaYCHHBIX Ha
pHCYHKE IU(paMu, MOXKET OTKa3bIBaTh IO WHIMBHYaIbHBIM
MIPUYMHAM, KPOME TOTO BO3MOXKHBI OJTHOBPEMEHHBIC OTKA3blI Map
JIMHUY, yKka3aHHbIX qyramu: 1 u2, 1 u3,3us,4us.

Puc. 2. MoctukoBas cxema ¢ OOIT

M3meHeHne B OIMCAHHOM BbILIE NPOLEAYPE pacueTa BHOCUT-
cs Tonbko B 1. 1. MIMeHHO, cHayalla MepedrcysiioTCsl MPOCThIE
MYTH C YKa3aHMEM HCXOJHBIX ((pU3MUecKHx) 31eMeHToB. Jls
paccMaTpUBaeMoOro npuMepa Takux myted uersipe: 1-4, 2-5, 1-3-5,
2-3-4. 3areM KaxIbplii M3 D3TUX DJIEMEHTOB TNPEJCTABISETCS B
BUJIE TOCJIEJIOBATEILHOCTA YCJIOBHBIX 3JIEMEHTOB, XapaKTepH-
3YIOIIMX BCE BO3MOXHBIE sl HEro OTkaspl: 1 — 1°-12-13,
2 — 2°-12 u 1.1. (0003HAUCHUS 37IeCh AHATOTUYIHBI TEM, KOTO-
pBIE UCTIOIB30BAINCH B MPEABIIYIIEM MpUMepe). DTH IOCIEH0-
BaTEJIbHOCTHU MOJCTABIISIFOTCS B IIyTH, IPX 3TOM IOBTOPSIIOILIMECS
9JEMEHTHl B OJHOM M TOM K€ IIyTH HCKIIOYAIOTCA. DTO NaeT
cnenyrormme myTtH: 1°—12-13-4°-45, 2°-12-5°-35-45, 1°-12-
13-3°-35-5°-45, 2°-12-3°-35-13-4°-45. JlanpHelmas mocie-
JIOBAaTCJIBHOCTh JICHCTBUI OyaeT Takas K¢, KaKk B OIMHCAaHHBIX
BBIIIE M. 2-4.

B pesynbrate mis cTpyKTYpHOH (DYHKITMH CHCTEMBI ITOTYYHM:

0= X Xy X s X o X s + X X X3 X X g X
XXy Xy Xy X X ys + X X Xy X X g %

XX Xy Xy X oo X g Xy X X 5 X Xy X oo Xy +

+ X X X 3 X o X s X Xy X X o X g

XX X X X Xy X X s X X Xy X X X X =
= X Xy X X o X g+ X X X X Xy X X X+
X Xy X XX X X XX+

X X X X, X X X X X

OTcro/1a BEpOSITHOCTh pabOTOCIIOCOOHOCTH CUCTEMBI PaBHA

P=pi.p,PiPyelis (= PiPi3Dse) Poe Py P3sPse Pas +
+(1= Py )= Pye) Pre D1y P13 Py P3sPso Pas +

+ (1= p)(A = Ps) Pre D1y P35 P3o Pys Dae Pas-

[IycTp umcnoBBIC 3HAYEHHS BEPOATHOCTH PabOTOCHOCOOHO-

cru Beex (usuueckux snementos p. =0,9 (i =1,...,5) . Torna B

NPENONIOKEHUH HE3aBUCUMOCTH OTKA30B BCEX JJIEMEHTOB BE-
POSTHOCTH PAGOTOCIIOCOOHOCTH CUCTEMBI Ha pHC. 2 OyIeT paBHa
P, =0,97848 [13], oTkyna BepOSTHOCTh OTKa3a CHCTEMBI

0,=1-P=0,02152.
3HAaYCHHUS BEPOSATHOCTEH pPabOTOCIIOCOOHOCTH —YCIOBHBIX
3JIEMEHTOB BBIOEPEM Tak, 4TOOBI 00CCICUUTH p, =0,9 mns Beex

(hM3UIECKHUX PITEMEHTOB.
J71st TOro MOXHO B3SITh, HAIIPUMED,

Die = P13 = Ps = P35 =4/0,9 =0,974004 ,
Dy =Py =Py =P =P s =3/0,9 =0,948683.

HO,Z[CTaBJ'IHH 9THU 3HAYCHUA B MOJYYECHHOEC BBIIIC COOTHOIIC-
HUE, TOJYYHM JJIsi HCTUHHON BEPOSTHOCTH PabOTOCIIOCOOHOCTH
cucrembl P =0,893517, otkyna Q=1-P =0,106483.

Takum o0pazom, 0/0,~4,9, T.e. B 3TOM Cily4ae UTHOPH-

poBanne 3aBucuMoctd OOII 3aHIKAeT OIEHKY BEPOATHOCTH
0TKa3a CUCTEMBI TTOYTH B TISTH Pas.

B paccMOTpeHHBIX BbIllIe TpuMepax ObLIO MPUBEJCHO CpaBHE-
HHUE Pe3yJbTaTOB PacyeTOB HA/ICKHOCTH CHUCTEM C y4eToM H 0e3
ydeTa 3aBHCHMOCTH MEXAY OTKa3aMH 3JEMEHTOB, OO0YyCIIOBIICH-
HBIMH 0OIMMHU TprurHamu. Emre Oosee rpy0oit ommoOKoi sBis-
eTCsl TIOJIHOEC WTHOPHUPOBAHHE BO3MOYKHOCTH OTKa30B, OOYCIIOB-
JICHHBIX OOIIMMH MPUYMHAMH, T.C. YUET TOJBKO HHIUBHIYAITbHBIX
MPUYUH OTKA30B AJIEMEHTOB. DTO MOXET MPUBOAUTH K 3aHIKE-
HUIO BEPOSITHOCTH OTKa3a CUCTEMbI Ha JIBA-TpH nopsizika [4, 5].

3akiouenue

B crarbe paccMOTpeHO BiMsSHHE OTKa30B 110 00LIel NpuinHe
Ha HAJEKHOCTh M KHUBYUYECTh CETEH M CHUCTEM CBS3H. TakuMu
MIPUYMHAMHU MOTYT OBITH HEOJIAroNpUsATHBIC BHEIIHUE BO3ICHCT-
BUSI, OIIMOKN TEPCOHANA, OTKa3bl OOIIMX HCTOYHHUKOB 3JIEKTPO-
MTUTAHWS, TIPOSIBIICHHS OMNOOK B TPOTPAMMHOM OOECTICUEHUN U
JIpyTUe COOBITHS, MMPUBOISAIINE K OAHOBPEMEHHOMY MpeKpariie-
HUIO PabOThl HECKOJBKUX WM [a)ke MHOTUX 3JEMEHTOB pac-
CMAaTpUBAEMOI CUCTEMBI.

OOBIYHO TIPU OLIEHKE BEPOSTHOCTHBIX IMOKa3aTelel Halex-
HOCTH W JKUBYYECTH MOAOOHasi 3aBUCHMOCTh MEXIY OTKa3zaMu
JJIEMEHTOB HE YUYUTHIBACTCA. DTO YNPOIIAET pacyeT, HO MOXKET
MIPUBOJMUTH K BeCbMa IpyObIM ominOkaM. B yacTHOCTH, BO3ZMOXK-
HOCTb OTKa30B IO OOLIeH NPHYMHE HENb3si UTHOPHUPOBATH IIPH
OLICHKE JKUBYYeCTH. TakxKe BechbMa BaXKEH y4eT TaKHX OTKa30B B
CUTyallMsiX, Korja TpeOyercsi 00ecHeudTh BBICOKYIO HaJIeK-
HOCTb, TIOCKOJIBKY OHH CYIIECTBEHHO CHIDKAIOT 3(p(hekT oT mpH-
MEHIEMOT'0 B ITOJJOOHBIX CITydasiX Pe3epBUPOBAHMSL.

[TpuBeneHbl YMCIOBBIE MPUMEPHI, ITOKAa3bIBAIONINE, YTO WI-
HOPHUPOBAHUE 3aBHCUMOCTH MEXIy OTKa3aMH MOXKET 3aBbIIIATh
OLIEHKY BEPOSTHOCTH OTKa3a CUCTEMBI B AECSITKH, a TO U B COTHU
pa3. Ilpemnoskena Moan(UKanns U3BECTHOTO METOa OPTOTOHA-
nu3anun (00beIMHEHUs! IPOCTHIX MyTeH ¢ yueToM addexra mo-
TJIOLICHUS), MTO3BOJISIIONIAST YUUTHIBATE OTKA3bl 10 OOIIEH NpH-
YHHE [PU pacyeTax HaJeKHOCTH.

Jlnst osrydeHus: HeOOXOIUMBIX JUTsl TTOJJOOHBIX PAacdeToB HC-
XOJIHBIX JIAHHBIX Ha JTare MPOCKTUPOBAHUSI HEOOXOUMO TPOBO-
JIMTH TIIATEIBHBINA aHAJIN3 BCEX BOZMOXKHBIX IIPUYNH OTKA30B U X
TIOCJIC/ICTBUH, MO3BOJISIONINI ONPEIETUTh OOIME MPUYUHBI, JeH-
CTBYIOIIME Ha pa3Hble 2JIeMeHThl. Ha sTame skcruryatarum mpu
cbope 1 00paboTKe CTATUCTUIECKUX JAHHBIX 00 OTKa3ax CIIEIyeT
OCYIIECTBIIATH BBISIBICHNE W (DUKCAINIO 3aBUCHMBIX OTKa30B. [l
9TOTO MOTYT HCIIOIB30BATHCSI CPEACTBA CUCTEM YIIPABIICHUS yCT-
panenueM HeucnpasHocteit (Fault Management).
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COMMON CAUSE FAILURES AND THEIR IMPACT ON THE STABILITY
OF COMMUNICATION NETWORKS AND SYSTEMS

Victor A. Netes, Moscow Technical University of Communications and Informatics, Moscow, Russia, v.a.netes@mtuci.ru

Abstract

Probabilistic measures are often used to quantify the properties of dependability and survivability, which together make up the stability of communication
networks and systems. These include, in particular, the availability factor and the operational availability factor. When calculating such measures, it is usu-
ally assumed that the failures of individual elements of the system are independent. This greatly simplifies the calculation, but often such an assumption
does not correspond to reality. The fact is that there may be causes (for example, adverse external influences, staff mistakes, etc.) that will lead to fail-
ures of several elements of the system at once. These are so-called common cause failures. The article describes the impact of such failures on the depend-
ability and survivability of communication networks and systems. Their analysis and accounting is especially important in cases where it is necessary to
ensure high dependability and survivability, since such failures significantly reduce the effect of redundancy, usually used in such cases. It is shown that ignor-
ing the dependence of failures can lead to very significant errors: the true probability of a system failure may be tens or even hundreds of times greater
than the calculated one. A method is proposed that allows taking into account common reason failures when calculating probabilistic measures, which is
applicable for complex systems whose structure is not reduced to combinations of series and parallel connections of elements. It is based on the known
method of orthogonalization or combining simple paths taking into account the absorption effect. The proposed method is illustrated by examples.

Keywords: stability, dependability, survivability, probabilistic measures, dependent failures, common cause failures, dependability calculation.
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PaccMoTpeHbl o6wme npuHuMnbl popMupoBaHuA U o6paboTKM curHanos
KBazpatypHoi Moaynauuu. MpeacrasneHbl aHanUTUYECKME MOAENM CMHTE3a
CUrHanoB, a TaK)Ke peanusyloliue UX CTpyKTypHble cxeMbl. MokasaHbl oco-
GeHHOCTU npueMa U 06paboOTKM CUrHaNoOB KBaapaTypHou Moaynauuun. Ak-
LLeHTUPOBAaHO BHUMaHMe Ha 0COGEHHOCTU NOCTPOEHUA AEeMOAYNATOPOB CUr-
HanoB KBaapaTypHou Moaynauuu. LleMOHcTpupyloTca parMeHTbl BpeMeH-
HOTO U CMEKTPaJIbHOrO NPEeACTaB/IEHUA CUTHANOB Pa3fiM4HOW NO3ULIMOHHOC-
™. UccneposaHa noMexoycTOM4MBOCTL MPUEMa CUrHaJIOB KBaApaTypHOMi MO-
AYNALMKN C NO3ULMIA He3aBMCUMMON 06paboTkn cuHa3HoW M KBaapaTypHOMN
cocrasnaowmx. MonyvyeHo 0606L1eHHOE BbipaXKeHUE OLIEHKN BEPOATHOCTH
6UTOBOW OLLUMGKM ANA CUTHANOB KBaJpaTypHOW MoAynALMM nio6oro nopaaka.
MpencraBneHbl curHanbHble co3Be3na 6a30BbIX KOHCTPYKLMM, MOKa3aHbl UX
pasnuumna c rekcaroHanbHbIMU cTpykTypamu. MpeacraBneHa cpaBHUTENbHanA
OLeHKa MOMeXOyCTOWYMBOCTU FeKCaroHasbHbIX CTPYKTYp MO MoKasaTenam
nuk-¢akTopa U cpeaHein MOLLHOCTH CUrHanbHoro cumeona. Mo pesyneratam
uccnenoBaHna TpaHchOpMaLMM CUTHANbHBIX CO3BE3JUi, onpepenaeMbiX
craHpaaptom DVB-T2, npeanoxeH opuruHanbHbIX NOAXOA, OCHOBAaHHbIA Ha
HEe3aBMCUMOM NOBOPOTE KOHCTENNALMOHHBIX MarpaMM B Nnpezienax Kaxaoro
u3 KkBagpaHToB ¢hasosoit nnockoctu. OueHeHa NOMEXOYCTOWYUBOCTL MOAU-
(ULMPOBaHHBIX CUTHaNbHLIX KOHCTPYKUuuin. OnpepeneHbl HanpasneHus
AanbHeNLero nccnejoBaHus.
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BBenenne

Curnanel  kBagpatypHoit moxayisiimn (QAM) mmpoxo uc-
MOJNB3YIOTCS B CcTaHaaprax um¢posoro teneBuiaenuss DVB-T
(T2), (C) [1-3], a TakKe MPUMEHSIOTCS B CTaHJapTax cereil Oec-
npoBojHoro mupokonosocuoro gocryna IEEE 802.11, pacmpo-
CTpaHsAEMbIX 01 KoMMepuecknM Operaom Wi-Fi [4-6].

CymHocTh KBafpaTypHOH MOIYJISIIMU OCHOBaHA Ha HE3aBH-
CHUMOM KOJHMPOBaHWU MH()OPMALMOHHBIMUA MaHHITYIHPYIOIIIMU
UMITyJIbCaMH CUT'HAJIOB CHH()A3HOTO 1 KBAaPaTypHOT'O KaHAJIOB, C
MOCJIEAYIONM OOBEINHEHNEM X B €IMHYIO CHUTHAJIbHYIO KOH-
cTpykiuio [7-9]. B obiem ciiydae KBaaparypHast MOTYJISIUS OT-
HOCUTCSI K MHOTOPA3pSIIHBIM MOAYJIALUSAM, YTO MO3BOJISIET Ha
JUIMTEIBHOCTH KaXKJI0r0 CUMBOJIA ME€PEaBaTh HECKOIbKO HHDOP-
MalMOHHBIX OWTOB, BeJIMYHHA N KOTOPBIX ONpPEJeNsieTcsl pa3psi-
HocThIO Kofa M. To ectb curnan Buga M-QAM crnocoOeH mepe-
JlaBaTh Ha JUIMTENbHOCTH cuMBoia [10, 11]

N =log, M (1

nH(pOpPMAIMOHHBIX OUTOB.

Bri0op paspsaHoCTH KO 3aBUCHUT OT YPOBHSI HIYMOB B Ka-
Haje W OIpeaensieTcs OOeCIeYnBacMbIM OTHOIICHHUEM CHT-
Han/mrym (OCII). B HacTosimmee BpemMs B MOJIEMaX, IIOCTPOCHHBIX
no texHoiorun ADSL, pa3psiiHOCTb KOAA JHOCTUraeT 3HaYCHUE
M=32768 [12, 13]. CurHanbsl KBagpaTypHOH MOIYJSIINH TIPH-
HSTO OTHOCHTBH, K TaK Ha3bIBaGMBIM, CHTHAJIBHO-KOIOBBIM KOH-
CTPYKLHSAM, B KOTOPBIX OCYIIIECTBIIICTCS COBMECTHOE FICIIOTH30Ba-
HUE U30BITOYHOTO KOJMPOBAHMS U METOJIOB Moy isiiui [ 14, 15].

TeopeTndecknue OCHOBBI IOCTPOCHUSI METOJIOB KBAIPATYPHBIX
MOJYJIATOPOB M JAEMOJIYJIATOPOB IOCTATOYHO MIyOOKO Mpopado-
TaHBbI, YTO 00ECHIEYMIIO UX ITUPOKOE MPUMEHEHHUE B MPAKTHIECKHX
MPWIOKEHMSIX Pa3IMYHBIX 00NacTel paanorexuuku [16-18].

Bwmecre ¢ TeM aHanu3 JOCTYMHBIX UCTOYHUKOB [19-22] mo3Bo-
JISIET CyIUTh O JaibHEeHIIeM pa3BUTHH JaHHOW 00JIacTH 3HAHUH B
HAaIpaBJICHUH MTOBBIIICHUS TOMEX0YCTOMYMBOCTH ITPUEMa CHTHa-
0B QAM. B yacTHOCTH, 32 CUET U3MEHEHUS UX CTPYKTYPHI, 1103-
BOJISFOIICH MOBBICHTH CPETHIOI0 YHEPTHUIO CHMBOJIOB.

Metonp!l TpaHC(hOpMAIMK CUTHATBHBIX co3Be3anit QAM mo-
JYYHIN YCHEIIHYIO arpo0anuio B XoAe pa3paboTKH TeICBU3HOH-
Horo cragmapra DVB-T2, 4To B KOHEYHOM HUTOTE TOBBICHIIO ITO-
MEXOYCTOHYMBOCTD Iprema [23-26].

Jlpyroe HampaBlieHWE COBEpIICHCTBOBaHUS cUTHAIOB QAM
CBS3aHO C MCIOJB30BAHMEM Ul MX CHHTE3a I'eKCaroHaJIbHBIX
CTPYKTYP, 00€CIIeYHBAIOIINX MUHIUMHU3AIMIO THK-(pakTopa chop-
MHUPOBaHHOTO cuMBoJIa [27-31]. DTO HampaBlieHHE TaKkKe CII0CO0-
CTBYET MOBBIIIEHUIO IOMEX0YCTOMYUBOCTH IIpUEMA.

C y4eToM pacCMOTPEHHOH MpoOJIEMaTHKH B HACTOSIIIEH cTa-
ThE TIPEJICTABICHBI PE3YJIbTATHl HCCIECIOBAHHUS BO3MOXKHOCTH
TpaHchopMmamu (Ppa3oBEIX JHArPaMM T'€KCATOHAIBHBIX CTPYKTYP
curHaioB QAM, n pa3pabOTKH METOMYECKOT0 anmnapaTa OLEeHKN
MTOMEX0YCTOWYMBOCTH UX TIpHEMa.

OO0mue NPUHIHUIIBI KBAAPATYPHOIr0 CHHTE3a

CymHOCTh KBagpaTypHOH MOMIYJSIIIAK OIPEIENACTCS pas-
JIENBHOW MaHMITYIISAIUCH HECYIMX KoJeOaHW IBYX KaHAJOB,
CABMHYTHIX MO (haze Ha 7/2 (T.c. HAXOIIIUXCS B KBapaType IO
OTHOIICHHIO JIPYT K APYTY), C MOCIEIYIOMUM UX 00beANHCHIEM
B 001mem cymmatope [32-33]. B cooTBeTcTBUU ¢ Takoi hopMyITu-
POBKOM, pe3yJbTHPYIONIYI0 CUTHAIBHYK) KOHCTPYKIIHEO MOXKHO
MIPEeICTaBUTh B ClenytomieM Buse [8]:
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s(t) = I(t) cos(2nfyr )+ O(t) sin 27/, ) , )

rzie fo — yacrora Hecyuiero koiebanus, a /(f) u QO(f) —MaHuITyIU-
PYIOIINE MOCIEA0BATEIEHOCTH.

[pocteiimmm curaazom QAM sBISETCS CHTHAT, pa3psiTHOCTh
MaHHMITYJSIIHOHHOTO KoJa KoTtoporo paBHa M = 2. CTpyKTypHas
cXeMa TaKoro MOJyJIsITOpa MpeICTaBIeHa Ha pUCYHKeE 1.

1(t) X 1(t)cos(2mfyt)
« )
u,, (1) /2 cos(2mf,t) ¥ S_(t)b
cos(2nft +m/2)
o) X O(t)cos(2nfyt +m/2)

Puc. 1. CtpykTypa KBaJpaTypHOro MOAYJIATOpa cUrHanoB 2-QAM

CorulacHO cxeMme, IIpeJICTaBICHHON Ha PUCYHKE |, MMITyJIbCHI
MH(POPMAIMOHHON TIOCIEIOBATEILHOCTH TIEPEMHOXKAIOTCS  C
KBa/IpaTypHBIMU COCTABIIAIOIINMY HecyIero Konebanus. 1 3atem
CKJIa/IBIBAIOTCSI HA cymMMarope. [IpuHuumnmanbsHoe OTiInyre KBajipa-
TypHOTO MOmymsaTopa 2-QAM OT KIaCCHYECKHX MOMAYIIATOPOB
JBYXIO3HLIMOHHBIX CUTHAJIOB (ha30BOM MaHMITYJSIMU 3aKJIF0Ya-
eTcsl B IpUHLIUIIE ((OPMUPOBAHHUS PE3YIbTUPYIOIIUX CUTHAIIOB.

Ecnu B KJ1acCHYECKUX MOIYIATOPAX 3TO MPOUCXOANT 32 CUET
CcMeHbI (pa3bl HECYIEro KojeOaHus, TO B KBaApaTypHOM — B pe-
3yJIbTAaTe CIOKEHMSI aMIUIUTY/ ero CUH()a3HOW M KBa/IpaTypHOU
COCTaBJISIONIUX.

Ha pucynke 2 noka3zan BpeMeHHOM (parmeHT curnaia 2-QAM,
a Ha pUCYHKe 3 M300pa’keH ero CIeKTp.

S2-QAM(t)
ApIf
{ ]
\
t
{ | Wy 4§
¥ ¥ v ¥
Puc. 2. BpemenHnoii ¢pparment currana 2-QAM
(1S5 0an ()]
waantll ||“il Ii"" [TITRTTY f

Puc. 3. Cnextp curnana 2-QAM

[Nockoneky MomymsiTop curHanoB 2-QAM cnabo packpbiBaeT
CYIIHOCTh KBAaJpaTypHOro MpeoOpa3oBaHus, TO Leaecoo0pasHo
0COOCHHOCTH er0 (PYHKIIMOHUPOBAHMS PACCMOTPETh HA MIpUMEpe
¢dbopmupoBanus curHana 4-QAM.




SJIEKTPOHUKA. PAODNOTEXHMKA

IIpu popmuposanuu curraina 4-QAM, B coorBeTcTBHU C (HOp-
MyJoit (2), kBagparypHble komroHeHTHI /() nu O(f) hopmupyroT
U3 MCXOJHON MH(GOPMAIIMOHHOW OMTOBOM IMOCICIOBATCIBHOCTH
Un(f) TyTEM COOTBETCTBYIOILEH €€ CTPYKTypH3aluu (314ech m —
TIOPSIIKOBBIA HOMEp HH(pOpMaoHHOTO OMTa) [34].

CrpyKTypHu3anus IpearoiaraeT paselieHue U, (1) Ha HeueT-
HBIE UMITYJIBCBI Uoy — 1(f), KOTOPBIE HCIONB3YIOTCS JUIST MaHHITYJIsI-
U crH(pA3HOW COCTABIIONICH, 1 YSTHBIC U2y,(), KOTOPBIMH MO-
IyJTUPYIOT KBaApaTypPHYIO COCTaBISIONIyIO [35, 36].

Ha pucynke 4 mpencraBieH KBaapaTypHBIH MOIYJIATOP IS
cuHTe3a curHaioB 4-QAM.

I'maBHBIM oTnHUMeM Moayisitopa 2-QAM, OT mpencTaBieH-
HOTO Ha PUCYHKe4, SIBJISICTCS TO, YTO B MOCJICAHEM, Ha JUIUTEIb-
HOCTH KaXXJIOT'O TaKTa KBaJpaTypHYIO U CHH(A3HYIO COCTABJISIO-
[IME MAHUITYJIUPYIOT Pa3IMYHBIMH HHOOPMAIIHOHHBIMH OUTaMU
(COOTBETCTBEHHO HEUETHBIM M YETHBIM).

B pesynbrare kax/p1ii (popMupyeMblii cuMBoOJI curHaia 4-QAM
HeceT B ceOe nH(OopMAaIuio o IByX OHTax.

1(t) >< 1(t)cos(2mfyt)
N Y,
u, (t)_ 5 s /2 cos(2nft) 2 i,t,)i_,,
cos(2nfyt +m/2)
o(t) > X O(t)cos(2mfyt +m/2)

Puc. 4. Ctpykrypa KBagpaTypHOr0 MOAYJIATOpa cUrHaioB 4-QAM

Kpowme Toro, ciieryer OTMETHTb, UTO NPH pa3aeieHuH HHHOop-
MAI[HOHHOW MaHHITYJIUPYIOIICH TOCIeOBATCIIEHOCTH Uy(f) HA
CUH(]A3HYI0, COJCPIKAILYIO TOJEKO HEUCTHBIC UMITYJIBCHI Uay, — 1(£),
1 KBaJIpaTypHYIO, COJIEPIKAIIYIO TOJIBKO YETHBIC COCTABIISIOIINC
Um(t), ITUTEIEHOCTD MMITYJIbCOB B 3THX ITOCIIEJOBATEIBHOCTEH,
JUISL COXpaHEHHsI N3HAYILHON CKOPOCTH MaHUITYJISILIUN YBEIIHMYH-
BaeTcs B 1Ba pasa [19].

Ha pucynke 5 mokaszan BpeMeHHO# (pparmenT curHaia 4-QAM,
a Ha pUCyHKe 6 M300pakeH ero CIeKTp.

S4.0aM )

{ ! { ]
| B} T ¥

Puc. 5. Bpemennoii ¢pparment curnana 4-QAM

[ Seqan(]

tHITH f

Tl [ IITTTTY I

Puc. 6. Cnexrp curnana 4-QAM

Jloctarouno yacto curnainsl /(¢) u Q(f) HEMOCPEICTBEHHO ac-
COLMMPYIOT C MaHUITYJUPYIONIMMH  I10CIIEeI0BATEIbHOCTIMU
U — 1(2) ¥ u2m(£), uTO HE cOBceM BepHO. COTIIaCHO CTPYKTYPE MO-
nynsitopa (M. puc. 4), currai s(f) sSBISETCS BHICOKOYACTOTHBIM
pamuocursaioM. Ho Ha mpakThke Takoe TEXHHYECKOE pelIeHue
CJIO’KHO pealin30BaTh, M03ToMy curHaisl /() u Q(f), nogaBaeMble
Ha YMHOXMTEIH, YK€ U3HAYaIbHO IIPEJICTABISIOT COOOH HE UM-
MYJIbCHBIE MOCIIEAOBATENILHOCTH, a HU3KOYACTOTHBIC MAHUITY -
pOBaHHBIE KOJIeOaHUS

1 (t)=a,cos(Q,, Iu,, (t—C2Cm-1)T);

3
0,(t)=b,sin(Q,, u,, (t—2mT), ®)
rae a, U b, — aMIUIUTYHbIC 3HAYCHHUS MAHUITYJIUPYIOIUX HM-
yJIbcoB; {2 — rosHas Gasza GopMHUPYIOIIEro HCXOAHOTO HU3K0Ya-
CTOTHOTO Kojie0aHusi; T — TaKTOBBIM MHTEPBaJI, IOCPEACTBOM BbI-
00pa KOTOPOTo 33aeTCsi CKOPOCTh MAaHHITYJISIIIAH.

B Boipakennu (3) HIKHUI MHICKC 77 BBE/ICH /TSI HATTISITHOCTH
MPOIIETyPBI CTPYKTYPHU3ALUH MOTOKOB (f) 1 O(f), MOCKOIBKY Ma-
HUITYJTUPYIOIINE UMITYJIbCHI Pa3JIeNIIOTCs B KBaAPaTypHOM M CHH-
(ha3HOM KaHaNax Ha YETHYIO H HEUYETHYIO ITOCIIC0BATEIEHOCTH.

MoaynsSTOpbl MHOTOTIO3UITMOHHBIX cHTHANOB QAM, kak mpa-
BUJIO, CTPOSIT Ha OCHOBE CIIOCO0a MOTYJISIIMK HajioxkeHeM (SPM
— Supersposed Modulation) [37, 38]. CornacHo yka3aHHOMY CITO-
co0y, curnansl QAM 0osiee BHICOKOTO MOpPsIKa, GOPMHUPYIOT Ha
ocHoBe curnasioB QAM 0OoJiee HU3KOTO MOPS/IKA.

B kauecTBe mpumepa, Ha PUCYHKE 7 TMOKa3aH CTPYKTypHas
cxema SPM mopynsropa curnana 16-QAM, noctpoeHHast Ha oc-
HOBE MOJYJISTOPOB curHana 4-QAM.

1-it monynsiTop

4-QAM

(8 x(1) sin(2mfyt)

u, (1) /2 s(1)
—_ W z ¥y X 2 —
16-QAM

ol 20 N T

| 4-QAM |6 dB

2-i MozyIsITOp

Puc. 7. Ctpykrypa KBagpaTypHOr0 MOAYJIATOpA CUrHAIOB 16-QAM

B cooTBeTcTBHM €O CTPYKTYpOH pUCYHKa 7, BXOAHYIO MaHH-
MYJIMPYIOILYIO ITOCIEI0BATEIBHOCTD Uy(t) Pa30MBAIOT HA YeThIpE
cybnocienoBarensHocTd W(t), z(f), ¥(¢), x(f). Ha 1-ii MmogymsTop
4-QAM monaroT mocaenoBatenbHoCTH Y(£), x(£), a Ha 2-i MOIyTIs-
TOp — TIOCIENOBATENEHOCTH W(?), z(f). YuuThiBas, 9To 1-if  2-i
MOJYJSATOPBI popMHUPYIOT curHaiibl 4-QAM, TO K HUM TIOJAIOT U
KBaJIpaTypHyo U CHH(A3HYIO COCTABIISIOILYIO HECYIIETro KoJieha-
HUs (Ha pUCYHKe 3 MOKa3aHbI Sin U COS).

A nockonbKy aist popmupoBanust curHaia 16-QAM uncnons-
3YIOT COCTABJISIONIME ¢ amIuiuTyaaMu 1 u 1/3, To mepen nomayeit
Ha cyMMaTop, aMIuuTyay curHaia 4-QAM, moctynaromero co
BTOPOTO MOJYJISITOPAa YMEHBIIAIOT B TPH pasa, T.e. Ha 6 ab.

Kpome Toro, Kaskaasi coCTaBIISIOIIAsl HECYIIEro KOJIeOaHwus,
MMEeT YeThIpe HavaJIbHBIX 3HAUeHWH (hasbl, 9TO Kak pa3 u odec-
mednBaeT 16 BapuaHTOB KOMOWHAIMK CUTHAIBHOTO CMMBOJIa. Ho
B pe3yiabTaTe CIIOKEHMS COCTaBISIIOIIMX Ha CyMMarope,
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Pe3YJIbTUPYIOUIMI CUTHAT OYyI€T UMETh TPU YPOBHS aMILIUTY/IbI
W 4eThlpe 3Ha4eHUst HadaiabHOW (aspl, T.e. 16-QAM mpexacras-
JsieT co0ol CUTHAIT aMIUTUTYAHO-(ha30BOH MaHUITYJISIIAH.

Ha pucynke 8 nokasan BpeMeHHO# ¢parmeHT curnaia 16-QAM,
a Ha pUCyHKEe 9 M300pakeH ero CIeKTp.

Si6-QAM ®)

AANA

————
Lo ——

way

Puc. 8. Bpemennoii ¢pparment curnana 16-QAM

11 Sisam ()]

Puc. 9. Cnextp curnana 16-QAM

AnanorugasiM 00pazom ctposit SPM MOAyNIsSITOpbI CUTHAJIOB
QAM c Gosiee BBICOKO# pa3psiIHOCTHIO.

OOuue NPUHIHUIBI KBaAPaTYPHOIo MpHeMa

Y 1106CTBO KBaIpaTHON MOJYJISILUH ONPEACNSETCS HE TOIBKO
Ha cTaJuM (OPMHUPOBAHMS CHTHAIOB, HO M IPH UX 00paboTKe B
KorepeHTHOM nemMoayistope [18]. Hdanee, B kauecTBe mpumepa,
paccmoTpuM mipueM curHanoB 4-QAM. B TpakTte 00paboTke
BXOJHOW PE3yNbTHPYIOIINHA CUTHAT OyAEeT NMPEACTaBIsATh cOOON
AZTATUBHYIO CMECh ITOJIC3HOH COCTaBIISIONIEH S(¢) B BU/IE CUTHAIA
4-QAM, 1 COBOKYITHOCTH KaHAJBHBIX NTyMOB U omex 71(f) [20]

z(t) = s(t) +n(1) 4)
KOTOpasl MOCTYIaeT Ha JeMoIyisiTop (cm. puc. 10).

z,(1)

1(t)

—X el
-0 cos(2mf,t) T w (1)
w2 | | ton [t}
! cos(2mfyt +m/2)
e X - ﬁ — _]_

o o)

Puc. 10. CtpykTypa KBaZpaTypHOTO AEMOIyIsTOpa cUrHamoB 4-QAM

IIpu ommcannu mpoueayp oOpaOOTKH CHTHAIOB KBaApaTyp-
HOW MOJIYJISIIIMU, B HEKOTOPBIX MyOIMKALUIX YIYCKAIOT TaKOM
Ba)KHBII MOMEHT, KaK HEOOXOIMMOCTbh PEalIM3alliu IPOLEIYD
HHU3KOYACTOTHOM (UIBTpALNK B CHH(A3HOM M KBaIpaTypHOM Ka-
HaJIC TOCJIC CHATHS Hecylnero kojcOanus. ITockonbky Oe3 Hee
BBIZICJIEHHUE TTOJIE3HOrO CUTHAJIA HEBO3MOXKHO.
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KBamparypHbiii MOy ISITOp pabOTaeT CICAYIOIIMM 00pa3oM.
®dopmupoBanue cuHpa3Ho z/(f) U KBaIpaTypHOU zo(f) cocTaBis-
IONIMX TPOMCXOAUT OJHOBPEMEHHO CO CHSTHEM BBICOKOYACTOT-
HOH HecylIel IMyTeM NepeMHOXKEHUsI IPUHATON peann3anui z(7),
¢ KoJebaHueM TaJIOHHOTO TeHepaTopa cos (2mfot).

Jist mosicHeHUsT 3TOM MpoLEeayphl PAaCCMOTPUM €€ peau3a-
U0 Ha TIpUMepe 00padOTKH CHTHaa B CHH(pA3HOM KaHale.

AHaINTHYECKH, CUTHAN z/(f) TIPEICTABUM CIEIYIOIINM 00pa-
30M:

z,(t) = z(t) cos (2mfyr ) = 1 (1) cos (2mfyt) x

. %)
x cos (2mfyt ) — O(t) sin (2f, ¢ ) cos (2, )
[lanee, McHonb3ys TPUTOHOMETpHUYECKOE NpeoOpa3oBaHUE,
MIpUBEJEM BhIpakeHue (5) K BUIY

z,(t) = 0,51(1)[1+cos(4nf,t)]—
—~0,50(n)sin(4nfyt) = 0,510+ . 6)
+0,5[1(1) cos (4nfyt) — O(t) sin (4f1 )].

AHaJIOTMYHBIM 00pa30M CHATHE BBICOKOYACTOTHOM Hecymier
BXOJ/IHOT'O CHTHAJIA TIPOMCXOANT U B KBaPAaTypHOM KaHaJIe.

3ameTuMm, 4TO TPOIEAypa CHIATHS HECYIIEeH ee He obecredn-
BACT IOJyYCHUE MCXOAHONW MaHMIYJIHPYIOIEH MOCIeI0BaTEb-
HOCTH, TIOCKOJIBKY TIPe00pa30BaHHbIN CUTHA z/(f) BCE €IIIe Co/Iep-
JKHUT BBICOKOYACTOTHYIO COCTaBIISIIONLYI0. BOT Kak pas 1yist ee uc-
KIIOYCHUS ¥ IPUMEHSIOT HU3KOYaCTOTHYIO (hribTpanuio [39].

Hanee ordunbrpoBanHble CHH(BA3HBIN U KBaApaTypHBIA CHT-
HaJIbl B K&XJIOM U3 KaHAJIOB MOJAIOT Ha (OpMHPYIOIINE YCTPOHi-
CTBa, IJIe TPOUCXOANT (hopMHUpOBaHNE HHPOPMAIIMOHHBIX TTOCIIE-
JIOBAaTEILHOCTEH B BHUJIE NMPSIMOYTOJBHBIX MMITYJIbCOB. 3aTE€M C
(dbopMupoBareneil MPsIMOYTOJIBHBIX HMITYJIBCOB CHH(A3HOTO 1
KBaJ[paTypHOTO KaHAJIOB, MOCJIEJOBATEIFHOCTH HACTYHAlOT Ha
BBIXOJ AEMOJYJIATOPA, T/I€ OHU CTPYKTYPUPYIOTCS B PE3yIbTUPY-
IOITYI0 HHPOPMALMOHHYIO MTOCTIEIOBATEIBHOCTD Uy(1).

BaxHo# 0cOOEHHOCTBIO KBaAPATYPHOI MOIYIIALNH SBISIETCS
TO, YTO IOJIOCA MPOIYCKAHUSI CYMMapHOTO CHrHajia s(f) Ha BbI-
X0/Ie MOAYJISITOpa [0 CBOUM IapamMeTpaM COBIAJaeT C MOJIOCOi
NpoIyCcKaHust CHUrHajioB nmepenady ¢opmata DSB  (Double-
Sideband) [40, 41], UMEIOIX CUMMETPUYHBIA CHEKTP OTHOCH-
TEJIFHO HeCcyllei. 3aMeTHM, 4TO CIEKTpaJibHas H30BITOYHOCTD
DSB curnajoB MoTeHIUAIBHO MO3BOJISET YIBOUTH HHPOPMAIIU-
OHHYIO €MKOCTB TIPH HUCTIOIb30BAHUN KBaIPAaTyPHOTO METO/A.

CnexTp curHajioB, c)OpMHUPOBAHHBIX B KBaJpaType, B OTIH-
4iie OT CUrHanoB DSB, He UMeeT NOCTOSHHON COCTaBIISIOIEH HA
Hecymen gactote [42]. [TosToMy i coXpaHeHHsT HE3aBHCHMO-
cti curHanos /() m O(f) B neMomymnsaTope, T0JbKHA OBITH obecte-
YeHa JKECTKasi TAKTOBas CHHXPOHM3ALMs Ha MPUEME B Ipoliecce
CHSATHUS BBICOKOYACTOTHOM Hecylleil. B ciayuyae oTcyTcTBUS CUH-
XPOHU3ALUH B IPUEMO-TIEPEAAIOIIEH anmnapaType, BO3HUKaeT (a-
30BO€ PAccorIacoBaHHE MEXAy KojieOaHWEeM ONOPHOTo reHepa-
TOp JEMOJIYJISITOpa U HECYILIEH YaCTOThI IPUHUMAEMOT'O CUTHAJIA.

B pesynbrate Takoro paccoriiacoBaHusi BO3HHKAET, TaK Ha3bl-
BaeMbIif, 3pPeKT B3aMMHOTO IPOHNKHOBEHHMSI CUTHaa /(¢) B KBaJI-
paTypHbIi KaHai, a curHana O(f) B cuH(a3HbIi, BCIEACTBHE YETO
BO3HHKAIOT IEPEKPECTHBIE TOMEXH, BEAYIIINE K CHIDKCHHUIO TTOMe-
XO0yCTOMYMBOCTH mpremMa [43].

B paccMOTpeHHOM KOHTEKCTE TAKTOBBIM CUTHAJ IOJIY4MI
Ha3BaHue "omopHO# dassr” [44].
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Ha npaxTuke cMHXpOHHM3alMsg B PaJAHOIUHUSIX, UCTIONB3YIO-
IIMX CUT'HAJIBI HA OCHOBE KBaJpaTypHOH MOAYJISIIMN, 00ecIeuu-
BaeTCs MyTeM JONOIHUTENBHON Nepeiaun MUIoT-curuana [45]. B
MHTEpecax MCCIIE0BaHuUs CIIEKTPAIbHBIX PE/ICTABICHUH CUTHA-
JIOB KBaJIPaTypHOU MOIYJISAINH, TIpeoOpazyeM BoIpaxkeHue (2) ¢
YYETOM CIIEAYIOIIEro PaBeHCTBA

cos(2nfyt +m/2) = —sin(2nf,1), (7
u Gopmyisl Dilepa [46] k Buy

s(1) = I(t)cos(2nf,t)— O(r)sin (27f,t ) =

, , ®)
=0,5exp(y 2/ )1 (1) + jO@)]

IJIe j — 3HaK KOMIIEKCHOTO TIPECTABICHHS (COMPSHKECHUS).
3atem, BBINOJIHUB TIpeobpasoBanue Oypbe Haja BbIPaKCHHEM

(8), momyumnm criextp Fi(f)

E(f)=0,50F,(f = fo) +exp(j2nf ) Fo (f = /o)) &)

3nech Fi(f) n Fo(f) — cekTpanbHble MPEACTaBICHUS CUTHAIIOB
I(f) m Q(¢) mocne BBHINOJHEHUS MPOLEAYPHI MPeoOpazoBaHuUs
Dypse.

ITomexoycTOHYMBOCTD CUTHAJIOB KBAJAPATYPHOI MOAYJISIUU

[TomexoycTOYMBOCTS OO0 CHTHATBHONH KOHCTPYKIIUU
onpeaenseTcs S3Hepruen, NpuxoJaleiicss Ha CHTHaJIbHBINA CHMBOJI
E[47,48].

B o6mem cirydae, mpruHAMaeMblid CHMBOJT CUTHaIAa M-TTO3UIIH-
OHHOM KBaJIpaTypHOU MOJIYJISIIUUA MOKHO MPEJICTABUTH KaK

5;(t)=A cos(2nft+6,),0<¢t<T,i=12,...M ®)

B dopmyse (8) Ty — mmurenbHOCTh cCMMBOIA, A; 1 0;,—
€ro aMIUTUTYbI U (a3bl

ITockonbKy npu KBagpaTypHOH MOAYJISILIUUA M-1T03ULIMOHHBII
CUTHAJILHBIH CUMBOJI (DOPMHUPYETCSI HA OCHOBE JIByX KOMITOHEHT
v Q, TO pe3yabTUPYIOLIHMIA CUTHAI Ha JUIMTEIILHOCTH KaXK/10T0 k
CUMBOJIA MTPEJICTABHM KaK MX COBOKYITHOCTb

s(1) =1, (t)cos (2mfyt) — O, (1)sin (2nf,t) . 9)

3HAYCHUEC

I'ne
K
L(t)= Y Lu(t—kT), I, =4, cos(6,),
k=1

0,()= 0l —kT.). O, = 4,5in(8,). (10)

3nech Ok — aza Ha JUTUTENBHOCTH TeKyIIero cumBona k7 < ¢
< (k+1)Ts; Ax — ammmuryna; u(*) — npsIMOYTOIBHBIN HMITYJIBC C
€IMHUYHON aMIUIUTYI0H, ONpeeIeHHON Ha JAJTUTEIBbHOCTH CUM-
Bona 1.

C yuerom Bepaxkenuii (9), (10), curnan s,(f), onpenesnsieMblid
(dhopmynoii (8) 3amumieM Kak JTHHEHHYI0 KOMOUHAIIUIO IBYX OPTO-
HOPMHUPOBAHHBIX (DYHKITUH:

s;(t)=a, +b

=S8y q)l(t)+s21 (Pz(t) 0<t<T (11)

1€ 81,2 M @1, 2(¢) — TPOMEKYTOUHBIE KOMIIOHEHTBI, BBEICHHBIC JIJISI
y1o0CTBa MPe/ICTABICHHS PE3yIbTaTOB

2
o,()= Fcos(anOt), s, = anE, ,

2 .
0,(t) = Fsm(anot), s, =bAJE, , (12)
3neck Es— 3HEprusi CHMBOJIA C HAMMCHBIIICH aMILTUTY 10, (a;,

b;) — mapa HE3aBUCUMBIX MEJBIX YHCEI, ONPECIIFONIINX aMILIH-
TYJIHbIC 3HAYCHHS MOJOKEHHsI CMMBOJIA Ha ()a30BOM IIOCKOCTH
CUTHAJIBHOTO CO3BE3IUSL.

Torna cpenssist sHeprust M-mo3unuoHHOTo curaana QAM Oy-
JIeT paBHA

=—Z[(a +b))E, |,

1*1

(13)

[Tpu npueme Ha BXOJ ASMOIYJISATOpA MOCTYIACT a/IUTHBHAS
CMECh ITI0JIE3HOI'0 CUTHaJIa M KaHAJIbHBIX IIYMOB, OITMCHIBACMBIX
BEIpaKeHUEM (4).

A Ha BBIXOJIE JEMOAYJIISITOPA, B PE3yJIbTaTe KOPPEISILIUOHHON
00paboTKH, COOTBETCTBEHHO, B CHH(A3HOM M KBaIpaTypHOM Ka-
HaJax MOJIy4YHM:

(k+1)T; (k+1)T,
no= [ 209 @di= [ [sO)+n®]e@)dr=s, +n,
KT, KT,
(k+D)T; (k+D)T,
= | 200,@0dt= [ [s@O+n@®]e,Odt =5, +n,. (14)
KT, KT,

B Bepakennsix (14) n1 1 ny — pe3ysbTaT KOPPEISIMI ITyMOBBIX
KOMIIOHEHTOB, @ S1; U §2; OPEEIIIOTCS CIIELYIOUM 00pa3oM

Sli:ai\/E—s; :bi\/E_s'

Pesynbrarsl koppemstuuit (1, ror) ONPENEIseT IOJIOKECHUE
TOYKH Ha (a30BOH MIIOCKOCTH CHUTHAIBHOTO CO3Be31us 4, IPUHS-
TOTO 3alIyMJIEHHOTO CUI'HAJA.

B pesynbrare cama mporenypa IeMOIYyJISIINS CHMBOJIA CBO-
JUTCA K TIOUCKY COOTBETCTBUS MPUHATOMN Mapsl (71, For), K OTHOM
W3 pa3pelICHHBIX KOMOWHANWHN, ISl NaHHONH CHTHAJBHOW KOH-
cTpykiu QAM.

AHaNUTUYECKU JaHHOE YCIOBUE MOXKHO MPEJCTaBUTh KaK

(15)

min 1 =sup[ 7 =5,)° + 0 ~5,)°] . (16)

Jlyist Jtydmiero packpeITHsi cymHocTy kpurepust (16), Ha pu-
cyHke 11 npencrasneHo curnanabHoe co3Besaue 4-QAM, onpene-
JsieMOoe 3HAYCHUSIMH TIPOMEKYTOYHBIX KOMIIOHEHT S§1, S2, §3, S4.
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Puc. 11. CurnansHoe co3Besaue curHana 4-QAM

31ech ke MPEACTaBICHO MOJI0KEHHE TPUHATOTO CUTHAIBHOTO
BEKTOPA Fj, OTMPENEIIEMOE Mapoil KOMIIOHEHT (7, Fok), & TAKKE
3HAYEHUs JIMHEHHBIX OTKIOHEHWH /1, [, I3, I nentpa (v, rox), OT
JOITyCTUMBIX 3HadeHnH 1yt curHana 4-QAM (¢a3oBble EHTPHI
JOIYCTUMBIX 3HAYE€HHUH MOTy4EHBI IPH OTHOLICHUH CUTHAII/IIyM
(OCIHI) 25 nb, a mPHUHATOrO CHTHATBHOTO BEKTOpA 1y — IpHU
OCUI = 16 nb).

3aMeTHM, YTO CUTHaJIbHBIE KOHCTpykKunu QAM He omntu-
MaJIBHBI C MTO3UIMH MUHUMHU3AIMHU TUK-(akTopa [49], HO y100HBI
C TOYKH 3pEHHS MX CUHTe3a 1 00paboTKu. B mHTEpecax panbHei-
el OIEHKH TOMEX0YCTOHYMBOCTH CUTHAJIOB KBapaTypHOH MO-
Oy paccMoTpuM BapuaHT 2-QAM. ITockonbKy y Takoro
CUTHAJIa Ha JUINTEIBHOCTH CUMBOJIA TIEpeaeTcs OJUH ONT, TO NX
CHMBOJIbHAsI 1 OMTOBAsI CKOPOCTH COBIA/IAIOT.

JIs OIeHKM TOMEXOYCTOHYMBOCTH CHUTHANOB 2-QAM Boc-
MOJb3yeMCs  METOIOM  CTOXacTHYECKOTO  MOJIEITHUPOBAHUS
(Monte-Kapmo) [50]. CormacHo Takoil MOJIENH, BEPOSITHOCTh He-
NPaBUJIBHOTO MpHUeMa OMTa MOXKET OBITh pacCUMTaHa CymMMma Mo
creayroliel popmysie

P, =pO[Dp + p]0)p,> an
TJIe p1 U po — alpUOPHBIC BEPOSTHOCTU NPOSBICHUSI CUMBOJIOB,
COOTBETCTBYIOINX HHPopMannoHHOH «1» 1 «0»; p(0[1) u p(1]0)
— YCIIOBHBIE BEPOSITHOCTH TIpHeMa «1», pH yCIIOBHH, 4TO ObLIa
niepenad «0» 1 HA0O60POT.

Bemmuannst p(0|1) u p(1|0) onpenemnsroTes IIOMAAB0 TTOTHO-
CTel pacmpenesieHns] BEPOSITHOCTH, OTPAaHWYCHHBIX 3HAYEHHEM
mopora G. [Ipumep pacuera BepositHocTe p(0|1) u p(1|0) mpen-
cTaBiieH Ha puc. 12, rne wo(z | Ho) u o1(z | Hy) — MIOTHOCTH pac-
NpEeAEICHUs] BEPOSITHOCTEN, COOTBETCTBYIOIIME Tunorese Hy —
npueM nHpopmannonHoro «0» u Hi — npuemM HHPOPMAIIMOHHON
«I».

ey SN /TN
Wy (214 0)/ \( / \‘*1\|

~
~

S~

~Nd
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=

\

\
~ \ “\
/ X \

Puc. 12. [InotHOCTH pacupeneacHus: BEpOsSTHOCTEH,
XapaxkTepusytomue npuem 2-QAM
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Amnanurnuecku Benunaunsl p(0[1) u p(1/0) MoryT ObITH paccuu-
TaHbI IO (hopMyJIC

A+G A-G | (18)
VN /T, VN /T

B dopmyine (19) G —noporoBoe 3HaueHue; Ny — CIEKTpasIbHAas
IUIOTHOCTH MOIIIHOCTH IITyMa.

Jis paHIOMHU3UPOBAHHOTO KaHANa, MPH yCIoBHH, yTo G =0,
3HAYCHUS alpUOPHBIX BeposTHOCTeH p1=po= 0,5. Torma BeIpa-
skerne (17) MOXHO epenucaTh B BUAC

P,=p, = O,Serfc(M) .

31ech p. — BEPOATHOCTh CUMBOJIBHON ommOku (st 2-QAM
BEPOSATHOCTh CHMBOJILHOH OIIMOKH paBHA OUTOBOIA).

Curnansl 4-QAM MOXHO paccMaTpuBaTh KaK JIBE HE3aBH-
CHMO MOJlyJIMPOBaHHBIE KBaIpaTypHble Hecylue. Takol moaxon
TMI03BOJISIET, HAIIPUMED, YETHBIE OMTBI UCTIOIB30BATH ISl MOJTYJIs-
K cMH(pa3HOM COCTABIISIONIEH HeCyIel, a HeYeTHBIE — JUISl MO-
IyJSIAA KBaIpaTypHOH, Wik HaoO0opoT. [Ipu 3ToM kakmas w3
TIOJTHECYIIMX TMPEJICTABIISICT COOOM HEe3aBUCHMBIN curHai 2-QAM.
B aTom cityuae BeposiTHOCTH CUMBOJIBHO# onmOku 4-QAM Oy et
paBHa

p(1]0)=0,5erfc p0]1)=0,5erfc

(19)

p.=1-(=p,)=2p,—(p,)"- (20)

TMonaras, uto 2pj, >> (py)?, @ TAKKE YUHTBIBas, uTo Ly = 2F),
MOXXHO MOJIyYHUTb BBIPXKEHHE JUIS OLIEHKH BEPOSITHOCTH OUTOBOM
omuoOkw, aHamorudHoe (opmyne (19), 9To MO3BOISAET cHENATH
BBIBOJI O PAaBEHCTBE 3HAUYEHHI BEPOATHOCTEH OMIMOOK CHUTHAJIOB
2-QAM u 4-QAM. Ho 5T0 cTaHOBUTCS BO3MOKHBIM TOJBKO MIPU
KOAMPOBKE CUMBOJIOB (cM. puc. 11), kogom I'pest, koTopsrii odec-
MIEYNBACT PA3ININE Y COCETHNX JBOMYHBIX YHCEI CTPOTO B OJUH
nHdpopManroHHbIi Out. Wnu ke B 1Ba pa3za MOBBILIATH MOII-
HOCTb, TIPUXOSIIYIOCS Ha KX IbIii CHMBOJL.

Jlis omeHku momexoycToifunBoctu curHanoB QAM B [51]
TIPE/IOKEHO UCIIONIB30BaTh MATPUIIBI 3HAUCHUH @, U by, PopMU-
pyemylo napamy He3aBUCHMBIX LENbIX 49Hcel (a;, b;), B COOTBET-
ctBuH ¢ popmyioii (12). Ho mockomibky uist curHainoB 2-QAM u
4-QAM, Takue MaTPHUIIBl HE OTPAXKAIOT B IOJIHOW Mepe MPUHITHIT
(dopmupoBanust (Ha3oBBIX CIBUTOB CUTHAJIOB KBAaIPATYPHBIMH Me-
ToIaMu, Tak Kak s 2-QAM martpuna OyieT UMeTh BHI:

[y
{ak,bk}—{(_h_l)} @1)
a 11 4-QAM, COOTBETCTBEHHO
3 LD @01
{ak,bk}—[(_l,_l) (l,l)} (22)

To cocperoTOYMM BHUMAHUE HA CUTHAJIBHOM KOHCTPYKLUU
16-QAM, paccMOTpUM MaTpHILy 3HAUYCHUIHA

(33 L3 13 63
{ak , bk} — (_3, 1) (_1, 1) (1’ 1) (3’ 1) (23)
-3,-1) (-L=1) @,-1 @G,-1)

-3,-3) (-L-3) (1,-3) (3,-3)
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Ecnu monaraTh, YTO B CHUTHANbHOW KOHCTpykmmu 16-QAM
4acTOCTh IPOSIBJICHHSI CHMBOJIOB PaBHOMEPHA, TO MOYKHO PacCyu-
TaTh €€ CPEIIHION0 PHEPTUIO £ B SIIMHUIIAM SHEPIHU HAUMEHBIIIETO
(hopmupytomero umiysbca £y (IPUMEHUTENFHO K pUCYHKE 13,
UMITYJIbC C HaUMEHbIIeH sHeprueil £y GopMupyeTcst aMILIHTY -
HBIMH 3HAYEHUSMH d, U b,, N TIpeICTaBIEH aMIUTUTYI0H Ao a ¢
HauOonbliel £y, GopMHUpyeMbIi 3HAUEHUSIMU @y ¥ by, — aMIUTUTY-
Z[OI>'I AM).

AM
1 0 @ ""@* 77777777 ‘- 1 08
b | 4,
© ©/; ® "
0 ] a, a ‘
@ | o ‘e o
-1 @ @ 0 i

-1 0 1
Puc. 13. CurnansHoe co3Besfue curaaia 16-QAM

To ucrnonp3ys Beipaskerne (13) MOXKHO paccuuTaTh CPEIHION0
MOIITHOCTH JIF000H KOHCTPYKIMU-QAM B eIMHUIIAX BEKTOpA MH-
HUMAaJIbHOU aMIUIATYAbI Ao.

P :Li(a?+b.2)E /T _Li (a} +b7) A°2 (24)
cp Mi:1 i i s s M 2 ’

Ut curHana 2-QAM noxydanm

1 : [ 2 2 A()z ] 2
¢p 2-QAM :_z (ai +bi )—|= Ao s (25)
24| 2 |
a s curaana 4-QAM, coOTBETCTBEHHO
1 & 2]
Py =5 2| @ +5) 2 | = 4. 26)
i=1 L i

Js 2-QAM u 4-QAM 3HavyeHHe MUHUMAIBHOH W MaKCH-
MaJIBHOW aMIUTUTYIBI COBMANAIOT, T.€. A9 = Ay. OIHAKO Kapiu-
HAJTBHO KapTHHA MEHSETCS IS CUTHAIOB QA 60Jree BRICOKOTO I10-
psaka. B wactHocTh, i curnana 16-QAM (cwm. puc. 13), 3Haue-
Hue P, COCTaBUT

P 16.0am :1162|:(a +b; )A0:| SA()za

i=1

@7

[omyueHHbI# pe3ynbraT 00ycioBieH TeM, 9To Ao # Ay. Coot-
BeTCTBEHHO /s 32-QAM

By soam = 312 Z{(Q +b; )i} =104, , (28)
u g 64-QAM
By saqam = 614 Z{(Q +b} )AO } 214;, (29)

Amnanu3 BeipaxkeHuii (25-29) 6e3 packpbIThsi UX CYLIHOCTH MO-
JKET MPHUBECTH K HEMPaBHJIBHBIM BBIBOJAM, YTO CPEIHSST MOII-
HocTh curHana QAM Bo3pacTaeT yBeITHUYEHHEM €ro MO3UIINOHHO-
cti. OHAaKO 3TO HE TaK, MOCKOJBbKY 3HAa4eHUs Ao B yKa3aHHBIX
(opmyiax SBISIFOTCS. MUHUMAJIBHBIMH TOJBKO JUISi KOHKPETHOU
koHCcTpykuuu. Hanpumep, Bennuuna 4o curnana 4-QAM B Tpu
paza mpeBOCXOIUT BesmunHa A curdana 16-QAM, u B cemb pa3
Juts curHaima 64-QAM.

B Tabnuie |1 mpuBeneHs! 3HAUCHUS CPEIHEH MOIIHOCTH CHUT-
HamoB QAM, mepecunTaHHBIC BO B3AUMHBIX BETHIHHAX Aj.

Tabmuma 1

3HaueHus Cpe€aHux MOIHHOCTeﬁ, BBIPpAKCHHBIX
BO B3aMMHBIX MUHUMAJIbHBIX aMIIJIUTyAax

4-QAM 16-:QAM | 32-QAM__ | 64-QAM
4-QAM 1 0,56 04 043
16-QAM 1.8 1 0,72 0,77
32-QAM 2,5 1,39 1 1,08
64-QAM 2.33 13 0,93 1

CornacHO JaHHBIM TaOJMUIbI 1, 3HAUEHHWE CPEAHEH PHepruu
curnana 4-QAM Gosbiire, ueM curHana 16-QAM B eMHUIIAX MU-
HUMAaJBHOW aMIUTUTY/IbI BEKTOpa ()a30BO# MIIOCKOCTH, UCIIOIb3Y-
emoro st popmupoBanus curaana 16-QAM B 1,8 paza.

Ecmu ke curnan 16-QAM BbIpakaTh B SAMHAIIAX MUHAMAIb-
HOW aMITIMTY/bI BeKTopa curnana 4-QAM, To HoyduM, 9TO €ro
Cpe/HsIsl MOIIHOCTH cocTasisieT Beero 0,56 pasa oT cpeiHeii Mo-
HoCcTH 4-QAM.

WHTEpecHBIM MOMEHTOM TOJYyYEHHBIX PE3yJIbTATOB SBISACTCA
TO, 9TO CpemHss SHeprus curHana 64-QAM mpeBOCXOIUT cpea-
HI00 dHepruto curHana 32-QAM. Ho 3To He 3Ha4uT, 4TO mome-
xoycToituuBocTh 32-QAM xyxe, ueM y 64-QAM, MOCKONbKY I
OLICHKH TIOMEXOYCTOHUYMBOCTH HEOOXOIAMMO 3HATh BEJINYUHY
NHUK-(haKTOpa CUTHAJILHOM KOHCTPYKIMH U BEJIMYMHY €BKIIMI0BA
paccrosiHus [52].

[TosTOMY B Hay4HBIX HCCIIEOBAHMSX IPU OIEHKE TOMEXO-
YCTOWYHMBOCTH CUTHAJIOB KBaPaTyPHON MOAYJISIIIMN JOCTATOYHO
4acTo MCIOIB3YIOT (hopMyIty, IpeuIoskeHHY0 B [51], mo3Bousito-
LIyI0 OLEHUTH BEPOSITHOCTH OMTOBOI OMMOKK B 3aBUCHMOCTH OT
OTHOIIEHHUS CUrHA/IyM h* = Ej, / Ny, Tie Ej, — dHEpPrus, npHxo-
Jsmasics Ha OWT, a Ny — CHEKTpajbHas IJIOTHOCTh MOIIHOCTH
uryma (mpanee — OCIL).

_ 7!
_20-L )Q (31(2)g2Lj2h2
log, L L -1

(30)

b

re L — KOJTM4YeCTBO YPOBHEH MaHUIYJISIIIAHN, OMIPEACTIAEMBIX IS

curHana M-QAM kak L =+ M ; E, — oHEprHs CUTHANA, TIPUXO-
Jmasics Ha OuT; Ny — CHeKTpaibHasl IJIOTHOCTh MOIIHOCTH
myMa: O-QyHKIHSA €CTh TayCCOB MHTETPpaT OO0k [48]

| =
Q(x)=EIexp( ]du—zerfc(ﬁj,

Opnnako ¢opmyna (30) B ee KOHEYHOM BHJEC HE PAaCKpPBIBACT
CYIIHOCTH TMOMeXOycToWdmBoCcTH cuUTHAIOB QAM. IlosTomy, B
MHTEpecax pPacKpbITHS OOLIHOCTH CUTHAJIBHBIX KOHCTPYKIHWH,
(OpMHPYEMBIX METOJIOM KBaJIPaTypHOIH MOIYJISILIAY, 110 OTHOLIIE-
HUIO K cUTHajmaM (pa30BOM M MHOTOTIO3UIIMOHHON aMIUTATYTHON

31
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MaHUIYJSIUHA, PACCMOTPUM AJIBTEPHATHBHBIN ITOIXO0/ K OICHKE
MIOMEXOyCTOWYNBOCTH CHTHAJIOB KBaJpaTYypHOW MOAYISIMH, C
MO3WINN HE3aBUCHMOTO O0HAPYKCHUS CHH(A3HON U KBaIpaTyp-
HOM COCTaBIISIIOIIMX Ha IIPUEME.

Tax, BEpOSITHOCTH AOCTOBEPHOTO mpreMa curHana QAM Bo3-
MOXHa B CIy4ae MOJOXHUTEIBLHOTO PELICHUs O MPHUEMEe CHI'Hala
KaKk cuH(}a3HOM, TaK U KBaJpaTypHOM KaHanax. [loaToMy yuuThI-
Basl, YTO BEPOSTHOCTb OLIMOKU L-ypOBHEBOI aMILIUTYAHOI MaHU-
MYJISIIUK OTIPEJIEIISIeTCS] B COOTBETCTBHU € (POPMYJIOH, ITpeacTaB-
neHHoW B [48] (cmpaBemmmBocTh (GOpMyISBI 00OCHOBaHA TpH
KOJIMpOBaHUs ypoBHeW kojoM ['pes),

_2(M -1 0 3E,
PET PNy, |

TO BEPOSATHOCTHh MPABUIBHOTO MpHEMa OJHOBPEMEHHO B 00OWX
KaHallaX KBaJJpaTypHOIO IeMOIyJIsiTopa OyAeT ONpeelsiThCsl Kak

(32)

2
po=01=p)". (33)
B dopmyie (32) Es — sHeprusi, NpUXOASIIAsiCcsS Ha CHMBOJI CHI'-
HaJa.
VYuuteiBas, uyTO 3HEeprus £ csi3aHa ¢ Ey CIEAyIOIIUM COOTHO-

meHueM [15]
E =E, log,(M), (34)

TO BEPOSITHOCTh OMTOBOM omMOKu rnpuema curnaina QAM c yue-
toM (opmyi (32), (33) u (34) MOXKHO MPEICTABUTH B CICIYIOIIEM

BUJC:
1_ l_z(m_l)Q 3Eb10g2(M) 2
\/ﬁ (M_l)No
Py = > (35)

log, M

B (35) nenenne na logM 00ycliOBIEHO TEM, YTO BEIWYHHA Pj
CBSI3aHA C BEPOSITHOCTHIO OIIMOKU CUMBOJNA p. = 1 — po ciietyro-
M 00paszoM p. = pp logaM

®Dopmymna (35) sBusgercs 00OOIIAIOMIMM BBIPAKCHUEM IS
OLCHKH IOMEXOYCTOHMYMBOCTH  CHTHAJBHBIX  KOHCTPYKLUIA
M-QAM, nostomy st 4-QAM, T.e. xs M = 4, nomydaem

P, =0(\2i )[1 ~0,50(v20° )} . (36)
CootBetcTBeHHO, Wi 16-QAM, 1.e. st M = 16
3 41* 9 | [4n?
_2 _ 2 iGN 37
Py =7 0 5 T 0’|y s (37)
rne h* = Ey / Ny— OCLLI B xanaine
A nmsa 64-QAM, T.e. mnsa M = 64, noxyaum
7 2h* 49 /2h2
- - = - 38
Py 12 0 7 % 0 7 (38)

Korna k neuernoe, 2% # M, To m1s CHTHAJIOB KBaJpaTypHOH

Moaysiiuu  THMna M -QAM  HE  CYLIECTBYET TOYHBIX
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AQHATUTUYECKUX BbIpakeHUH. OJHAKO MOXEM HalTH BEPXHIOIO
TPAHMIYy YacTOTHI OIUIMOOK CHMBOJIOB Ul TAKMX KOHCTPYKIIUH
[51]

3kh?

R (39)

p, <40

Tornma s curaana 32-QAM, ams KOTOPOTo HE CYIIECTBYET
TOYHOW (OPMyJIBI pacueTa BEPOSTHOCTH OWUTOBOHM OIIMOKH,
MOKHO B COOTBETCTBUM C BbIpakeHHEeM (39) BBIYMCIUTH BEpX-
HIOIO TPAHUILY TTOMEX0YCTONYMBOCTH

15h*
31

p, <40 (40)

A Tax xak onuH cuMBoII 32-QAM conep:kut 5 6utToB HHPOP-
MaluM, TO JUIA Iepexola K OLCHKE BEPOSTHOCTH OUTOBOM
OIIHOKH MTOITyIUM

15h
31

4
= 41
prSQ (41)

PesysnbraThl npoBeseHHOr0 MopenupoBaHusi (cM. puc. 14),
MIOKa3aJIu CJIE/yoIlee.

1
> (H2) T O AN
i\ T J JLL=-\JAIVL
—_— /
01 ~————
— "/\ 64-QAM
o, . /I
\-
0.01 \s ‘_\s
—OAM AN . ~_/
L ~
1x107° AN AN
'6-0OOA M N N ‘\
L4 £ N\ N N N
\\ N
1x107* — A N\
‘\\ ‘\\ -‘ \\
N\ ) AA
: \ N\ \Aab

1x10”
0 2 4 6 8 10 12 14 16 18 20

Puc. 14. BeposTHOCTH OUTOBOW OIIMOKH
Jutst curHanoB 4-QAM, 16-QAM, 32-QAM u 64-QAM

OreHka MTOMEXOYCTOWYHMBOCTH, TOJIydeHHass MO (opmyriam
(30) u (41) mpaKTUYECKH TIONHOCTHIO COBMANACT JJISI CHTHAIOB
4-QAM, 16-QAM, 32-QAM u 64-QAM, 49TO yKa3bIBacT Ha Ipa-
BOMEPHOCTH TEOPETUICCKHUX PE3yIHTATOB U 00OCHOBAHHOTO TIOI-
X012 OLEHKH BEPOSTHOCTH OMTOBOM OmmnMOku curuaioB QAM c
MTO3UIMY COBMECTHOTO MPpHEMa KBAAPATYPHBIX COCTABIIIIOMINX.

AHaNOrMYHbIe PacyeThl, MOJATBEPIKIAIOIINE TPABOMEPHOCTD
¢dopmyi (30) u (35), nonyuenst u Juist curaanoB QAM Gouee BbI-
COKOHN pa3mepHOCTH. HO IOCKOJIBKY Takue CHUIHAJIbHBIE KOH-
CTPYKLIMH MCIOJIB3YIOTCS JIMIIb B ONTUYECKUX U MIPOBOAHBIX Ka-
HaJlaX CBSI3M, TO B PaMKaX HAaCTOSIIEro HCCIICJAOBaHUS OHU HE
TIPUBO/ISITCSL.

MoauduuupoBaHHbIe CUTHAJIbHbIE KOHCTPYKUMHU
¢ KBaJpaTYPHOIl Moy asiumeit

[Tonck TeXHUYECKUX PELICHUM, HAlPaBICHHBIX Ha IOBBILIE-
HHUE TIOMEXO0YCTOMYMBOCTH IPHEMa CUTHAJIOB KBaApPaTypHOH MO-
JOYJSILUHM,  CHOCOOCTBOBAJI  JlajibHEHIIEH — MOIU(HKAIMK
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CUrHaJbHBIX KOHCTpYKuuit QAM. Taxk B [53] paccMoTpeHsI Bapu-
anThl (hopmupoBanus curaanioB QAM Ha OCHOBe, Tak HasbIBac-
MBIX, TeKCArOHAIBHBIX peieTok (hexagonal quadrature amplitude
modulation — HQAM).

[epexon k HQAM 0Ob1 00yCITOBIICH TEM, YTO B TAKHX CTPYK-
Typax MUHHMaJbHOE eBKIHI0BO paccrosiane (MEP) onunakoBo
MEXy BCEMH TOUKaMH (a3oBoro rnpocrpancTsa. C nmo3unuii Teo-
PHUH YKIJIQJIOK — HAWIIYIIHE YCIOBUS JUTS OPraHU3alui CHTHAIb-
HOTO cO3Be3/1us Ha (pa3oBOil IIIOCKOCTH.

B kagectBe npumMepa, Ha pucyHKe 15 mokazaHbI (pa30BEIC AHa-
rpaMMBbI cUTHAJIOB 4-QAM, MOCTPOCHHBIX Ha OCHOBE TPAIUIIHOH-
HOTO 1oaxoa (0603Ha4ueHbI Kak A, B, C, D), 1 ¢ UCTIOIh30BaHUEM
reKcaroHaj bHOU CTPYKTYphI (0003Ha4eHsl kak 4, B, C°, D’).

Puc. 15. ®a3oBast I10CKOCTh CUTHAJIBHBIX CO3BE3/IMI CUTHAJIOB
4-OAM u 4-HQAM

Kpome Toro, Ha pucynke 15 nmokaszansl Bennuuasl MEP s
4-QAM u 4-HQAM. U ecnu y curnana 4-HQAM Bce 3Ha4deHus
MEP oannakoBbI

dap=dpc=dcp=dpu=dpp,
nrtoy4-QAM

dag = dpc=dcp=dpa # dps.

To ecTh, BLIIONHAETCS YCIOBUE

dpz=2% dp.

Takum obpasom, nepexox k curaanam HQAM Bexer k Oosiee
IUIOTHOW «yMaKoBKe» (ha30BOTr0O MPOCTPAHCTBA, U KaK pe3yjIbTaT
— K TOBBIIICHHIO CpejiHell sHeprun. B tabnuue 2 npecraBiieHbl
pe3yibTaThl OIEHKH BBIMTpHIMa curHaioB HQAM mo oTHore-
Huto K curHanam QAM 1o noka3zaTesto cpeiHel SHepriu
(EQAM - EHQAM) %100%

Ye = (42)

QAM

rne Eqam — muk-hakrop curHanoB QAM; Engam — NHUK-(aKTOp
curHaiioB HQAM.

Tabimna 2
Orenka BeIMTpEIma curaagoB HQAM
IO TIOKA3aTeN0 CPE/IHEH YHEPrun
M 4 16 32 64
YE 0,0% 10,0% 11,3% 11,9%

CornacHo IOJY4EHHBIM pe3ylbTaTaM, TOJbKO CHUTHAJIBI
4-HQAM npourpsiBatoT curHanam 4-QAM no nokaszaTesto cpes-
Heil sHepruu.

OpHako AaHHBIHA (aKT elle He IaeT npaBa yTBEpXKIaTh O Tpe-
HUMYIIECTBE B IOMexoycToiunBocTH curHanoB HQAM no otHo-
meHno K curaaiaM QAM. Dt1o 00ycloBJI€HO TeM, 4TO M3MEHe-
HHUE CTPYKTYpbl CUTHAJIBHOM PEIIETKH MPHUBOJIUT K U3MEHEHHUIO
3Ha4YeHUs MHK-(hakTopa. B Tabnuie 3 mpencTaBieHbl pe3yabTaThl
OTIeHKH mpourpsima curHanoB HQAM mo oTHOMmIEHHIO K CUTHA-
mamM QAM 1o OTHOCHTETFHOMY CHUKCHUIO TIHK-(pakTopa

IT —I1
Yy = MX 100% (43)

I1 QAM

rae [gam — muk-akrop curHamoB QAM; [Tagam — MHK-paKTOp
curanoB HQAM.

Tabimma 3
Onenka mpourpsiia cursanos HQAM
IO MTOKA3aTeNo MUK-(hakTopa
M 4 16 32 64
Yo 50% 17,3% 22,62% 1,7%

AHanM3 MOTy9eHHBIX PE3yIBTATOB AOIMYCKACT CACIATh BBIBO,
YTO TMEPeX0]] K TeKCarOHaJbHBIM CTPYKTypaM OOOCHOBAaH JIHIIb
IIPU BBICOKOH MO3UIIMOHHOCTH CUTHAI0B QAM, KOTOpbIEC MpaKTH-
YEeCKH HE MPUMEHSIOTCS B paliOKaHaNax.

WHTepecHbIM peIIeHHEM SBISIETCS MPEUIOKEHHE TI0 TOBO-
poty da3zoBoro co3Be3nus. B vactHocTH, B ctanmapre DVB-T2
00OCHOBAHBI CIIETYOIIHE 3HAYCHHS YIila TIOBOPOTa CUTHAIIBHBIX
co3Be3auid @ (cM. TaldI. 4).

Tabunnma 4
Benmanaa moBopoTa (pa3oBoif mrockocTi curaanoB QAM
M 4 16 64
[0) 29,0° 16,8° 8,6°

B paccmarpuBaemoMm ciydae 3(h(heKT BBIUTPHINIA B TIOMEXO-
YCTOWYHMBOCTH 00ECHEYNBACTCS 3a CUET TOTO, YTO KayKAasi TOUKa
CUTHAJIBHOTO CO3BE3/Ms IOJYYaeT IBE HE3aBUCHMBIC KOODIIH-
HATBl TI0 OCsAM opauHaT M abcumcc. [losToMy KBaapaTypHBIH
IpueM OOECTIEUNT JOCTOBEPHOE MPUHATHE PEIICHHE IPHATOTO
CHMBOJIa Ia)K€ B CIIydae, €CJIM B OTHOM M3 KaHAJIOB (KBaJpaTyp-
HOM WM CHH()A3HOM) YPOBEHb IOMEX IIPEBBICUT HOIYCTHMbIE
3HAYEHMUSL.

[Ipumep Takoit Tpanchopmarmu A curHana 16-QAM mpen-
CTaBJICHO Ha pUCYHKe 16 (3l1ech MHBEPCHBII MOBOPOT Ha -16,8°).

Takoif 1oAX0/ TO3BOJISIET MOBBICUTH ITOMEXOYCTOHYMBOCTh
npuema Ha 1-2 1b, B 3aBHCHMOCTH OT XapakTepa IIyMOB H IIOMeX.

Bwmecre ¢ Tem, B [20] mpeanoKeHO UCTIOIB30BaTh OoJice MHTE-
pecHoe pelleHre, OCHOBAaHHOE Ha WHIMBHIYAJIFHOM IOBOPOTE
Ka)XJIOTO KBaJJpaHTa CUTHAILHOTO CO3BE3/IHSL.

Oco0eHHOCTh Takol TpaHC(OpMAIF OCHOBaHA Ha TOM, YTO
MOBOPOT Bcel (ha30BOM aUarpaMMBbl NMPHUBOJUT K YBEITHUCHHIO
MUK-(paKTOpa KOHCTPYKIINH.
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Puc. 16. TpanchopmupoBanHoe co3Be3ane curuana 16-QAM

Jlnist IoHMMaHUs CYIHOCTHU TIpeJyiaraeMoil Tpancgopmaru,
pPaccMOTPHUM €€ ¢ TIO3UINH OIIEHKU MUK-(PAaKTOpa MPOU3BOIHLHOTO
cHUrHaia s,(f), pacCUUTBIBAEMOT0 KaK OTHOILCHHUE MaKCUMAIbHOM
SHEpruu £, K ee cpeiHeMy 3HaueHHIO E.:

2 _

I"=E, /E. . (44)

IIpu 3ToM, Kak OBUIO y’KE€ MOKA3aHO, JUIS OLEHKHU IOMEXO-
YCTOWYMBOCTH TIOMUMO NHK-(PAKTOpa HEOOXOIUMO yUUTBIBATH U
MEP, koTopoe onpeaesnseT MUHUMaJIbHYI0 T€OMETPUUECKYIO pa3-
HOCTb MEXKy JBYMsI CUTHAJIAMH S, U Sk

(45)

IIpyMeHUTENBHO K CUTHAIBHBIM KOHCTpYKIusM, MEP moxHO
OTIPEJICTINTh KaK

dﬁzrgikndhk, r,k=0,M -1 npu r#k. (46)

To ecTh Kak HaMMEHBIIIEE 3HAYCHUEM MEKITY BCEMH BO3MOXK-
HBIMH KOMOWHAIMsAMH TOYEK CHUTHAJIBHOTO cO3Be31us. B cBoei
COBOKYIHOCTH SHEPTeTHIECKUE ITOKA3ATEIH, OIPEACIIONINE KO-

S(pPUIUEHT MOMEXOYCTOMYMBOCTH CUTHAILHOW KOHCTPYKIIUH,
MOJKHO 3amucarh kak [20, 23]

2 2

d d

rae E, u E. — MakCUMalIbHOE U CpPE/IHee 3HauU€HHE CUTHAIBHOU
KOHCTPYKIIHU.

ITockonbKy OTHOLIEHHE MaKCUMAaJbHOW YHEPrHH U CpeAHEen
SHEPruil K OJHOCTOPOHHEW CHEKTPaJIbHOH IUIOTHOCTH IIymMa
OIIPEIETISIETCSI, COOTBETCTBEHHO

(47)

£ )
== uh ==,
NO NO

(4%)
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To ¢ yuerom popmyibl (44) 3HaUCHNE MAKCUMAIBLHON HEp-
MU CUTHAQJIbHON KOHCTPYKIIMM MOYKHO OITHCATh CIIEAYFOIIM
o0Opazom:

E
h, =TIh; =, (49)
N,

0

COOTBETCTBEHHO TIEpexXoa OT CHMBOJIBHBIX IoKazaTeiael K
OUTOBBIM II0KA3aTEJIIM ITO3BOJIMT 3aIIUCATh

E E

E =—" ywEf =—"<_. 50
o log, M be log, M (50)
E E
hbzm = o u hbzc = e N (51)
NO NO

CoracHo TOJy4YEHHBIM BBIPRKEHHSM LIEIeCO00pa3HO OCy-
LIECTBIISITH TIOBOPOT HE BCEH CUTHAJIBHOW KOHCTPYKLUH B IICJIOM,
a pa3/IeNbHO B MpeJiesiax KaXk10ro KBapaHTa.

[Tpumep Taxoit TpaHchopmanuy nNpeCTaBICH Ha pUCyHKe 17.
J11st HarJILTHOCTH pe3yIbTaTa, KaKA0i CUTHAIBHBIC CO3BE3/IMs Ha
pucyHkax 16 u 17 mpencraBieHbl B KOOPIUHATHBIX MPOCKIUAX C
OJIMHAKOBBIM MacCIITaOOM.
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Puc. 16. TpancdopmupoBanHOoe co3Be3ane curaana 16-QAM
(aypTepHATHBHBII BapHaHT)

CrnenyeT OTMETHUTB, YTO Ka)K/asi CHTHAJIbHAS TOUKA CO3BE3/IUS
B TaKOH albTepHATHBHOW TpaHchopManuy (0003HAUMM TaKue
curHaibl kKak AQAM) Takke UMeeT /B HE3aBUCHUMbIE KOOPJIH-
HATBI, KaK ¥ CO3BE3/J1e, IOBOPOT KOTOPOTO OCYLIECTBIEH B COOT-
BETCTBHH C peKOMeHAanusamMu cranaapra DVB-T2.

OpHaxo, IpH Takoi TpaHc(OPMAIHH, 32 CUST CHUKCHHS TIHK-
(bakTOpa M MOBBIIIEHUS CPEJHEH PHEPIHN KOHCTPYKINU odecIe-
YHBACTCS TOBBIICHHS TIOMEXOYCTOHUNBOCTH TIPHEMA.

B Tabmunax 5 u 6 mpencTaBiIeHb! pe3ynbTaThl OIEHKN BBIWT-
PpBILIA TI0 NTOKA3aTeI0 CpeHel SHEPIHHU U MUK-(aKTopa.

Tabimma 5

Orenka BeMTphIma curaagoB AQAM
10 TIOKA3aTeII0 CPEe/IHEH IHEPrun

M 16 64
YE 12,0% 8,5%




SJIEKTPOHUKA. PAODNOTEXHMKA

Tabnuna 6

Onenka npourpsiiia cursanos AQAM
T10 TIOKA3aTeNIo NHUK-(hakTopa

M 16 64
Vi 8% 5%

Takum 00pazom, HeCMOTPsI Ha NIyOOKYIO MPOpabOTKy Teope-
TUYECKUX aCMEeKTOB CHHTE3a CHUTHAJBHBIX KOHCTpYKUMH QAM,
COXpaHseTCsl IOTEHIUAIbHAsl BO3MOYKHOCTD IMOBBIILIEHUS [IOMEXO-
YCTOMYMBOCTH MX MpUEMa, YTO CTUMYJUPYET K AalibHEHIIeMy
TIPOOIDKEHHUIO HAYYHBIX UCCIICIOBAHU.

3akjrouenue

OO00CHOBaHHOCTH MPEIOKEHHOTO M01X0/1a Oa3upyercs Ha co-
OTBETCTBUH PE3YyJIbTATOB AHAIUTUYECKOTO MOJIEIMPOBAaHUs 00IIIe-
W3BECTHBIM JJAHHBIM.

Pa3paboTaHHbIil HAyYHO-aHAJTUTHUECKHUI arapaT OTKPHIBAET
HOBBIE HAITPaBJICHHs CHHTE3a HOBBIX CUTHAJIBHBIX KOHCTPYKIHIA
QAM c no3unuit anbTepHATHBHON TpaHC(HOPMAIMN UX KOHCTEN-
JSIIIMOHHBIX TuarpamMm (azoBoii miockocty. Hanpumep, npu cun-
Te3¢ CUTHAIBHBIX KOHCTPYKLHUH C TpaHC(HOPMUPOBAHHBIMH CO-
3Be3AMsAMU [T curHaoB 32-QAM, a Takke TOCTPOCHHBIX HA OC-
HOBE IeKCAroHaJIbHBIX PEIIETOK PA3IMYHBIX BHIIOB.

JanbHeiimee nccnenoBanne OyAeT CBsI3aHO ¢ pa3pabOTKOH
MOXO0/1a K OBBIMIEHHUIO CHEKTPAIbHON 3 (heKTHBHOCTH CUTHAIb-
HBIX KOHCTPYKIUH, (HPOPMHUPYEMBIX METOOM KBAIpaTypHOT'O CHH-
Te3a. B ToM dmcIie ¢ ucnosnb3oBaHueM BerBieT-QyHKIHI [54].
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JUSTIFICATION OF THE EMPIRICAL EXPRESSION FOR ASSESSING THE NOISE IMMUNITY
OF QUADRATURE MODULATION SIGNALS

Sergey S. Dvornikov, Saint Petersburg State University of Aerospace Instrumentation;
Military Academy of Communications, St. Petersburg, Russia, dvornik.92@mail.ru

Abstract

The general principles of formation and processing of quadrature modulation signals are considered. Analytical models of signal synthesis are presented, as
well as block diagrams that implement them. The features of receiving and processing quadrature modulation signals are shown. Attention is focused on the
features of constructing demodulators of quadrature modulation signals. Fragments of temporal and spectral representation of signals of various position-
ality are demonstrated. The noise immunity of quadrature modulation signal reception has been studied from the standpoint of independent processing of
in-phase and quadrature components. A generalized expression for estimating the bit error probability for quadrature modulation signals of any order is
obtained. Signal constellations of basic structures are presented, their differences with hexagonal structures are shown. A comparative assessment of the
noise immunity of hexagonal structures is presented in terms of the crest factor and the average power of the signal symbol. Based on the results of a study
of the transformation of signal constellations defined by the DVB-T2 standard, an original approach was proposed based on the independent rotation of
constellation diagrams within each of the quadrants of the phase plane. The noise immunity of modified signal structures has been assessed. Directions for
further research have been identified.

Keywords: quadrature modulation, noise immunity of signal reception, generation and processing of quadrature modulation signals, bit error probability,
transformation of signal constellations.
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KyxapeHko Anekcanap Cepreesuy, Knro4veeble cnoea: mazHUMHAs aHMEHHQ,
HauuoHanbHbIl uccnedosamenbckull yHUsepcumem aHmeHHas pewemka, Auazpamma HanpagaeHHoCmu,
"Boicwas wkona skoHomuku" (HWUY BLLD), Mockea, Poccus, MAzHUMHBIG U3Ty4ameb, 6IUXKHAA 30Hd,
askukharenko@hse.ru popmuposarue nosns

B HacTosAllee BpeMA B Lenax NosbileHUA MHGOPMALMOHHON eMKOCTU KaHanos Gecnpo-
BOJHOV Mepe/iaun AaHHbIX NPOUCXOAUT OCBOeHMne Bce Gonee BbICOKMX YacToT. OpHako
He yTpaueH MHTepecC U K HU3KO4aCTOTHbIM KaHanaM. O6naaas He Bbicokoi uHgpopMaum-
OHHOM €MKOCTbIO, OHW UMEIOT 3HAYUTENbHO MeHbLUME NOTEPU HA pacnpoCTpaHeHUe B CBO-
60HOM npocTpaHcTBe, oGecneunBas TeM caMbiM Gonbluyio AanbHoOcTb cBAsn. Cyuject-
BeHHble TPYAHOCTHN MpPM 3KCMTyaTaLium 060py0BaHMA, MCMONb3YIOLLIETO HU3KOYACTOTHbIE
KaHasnbl CBA3M, BO3HUKAIOT U3-32 raGapuTHbIX pa3MepoB NpUEMHbIX U NepepaloLmX aH-
TEHHbIX 3/IEMEHTOB 3/IEKTPUYECKOro TUna. ANbTepHaTUBHLIM peLleHneM B 3TOM clyyae
MOXET CTaTb MPUMEHEHUE aHTEHHbIX 3NIEMEHTOB MarHMTHOTO TUNA, rabapuTHble pasMepsbl
KOTOPbLIX NMPU TOM e 3Ha4YeHun KodcduumeHTa ycuneHua sHauutensHo MeHblue. K co-
JKaneHMio, aHTEHHbIE 3NIEMEHTbI MarHUTHOTO TUNA UMEIOT He paBHOMepHylo ¢ opMy Aua-
rpaMMbl HanNpaBNeHHOCTU B a3UMYTamNbHOM MIIOCKOCTH, B CBA3M C YeM HeoGxoauMo obbe-
AMHATbL UX B aHTeHHble pelueTku. Mopo6GHble KOHCTPYKLMKM Npu ux paspaboTke TpebyioT
npoBeAeHUA pacieTa U MOAENUPOBAHMA UX INIEKTPOMArHMTHLIX MapaMeTPOB NPy NMOMOLLM
creyuanM3upoBaHHbIX NPOrpaMMHbIX NakeToB. OgHako 3To TpebyeT GonbLuoro Konuye-
CTBa MalLIMHHOTO BpeMeHu u pecypcos. MpeacTaBneHHbIl anropuTM pacyera Auarpammbl
HanpaB/IEeHHOCTU PELLETKM, COCTOALLIEH U3 AHTEHHbIX 3JIEMEHTOB MarHMTHOrO TUMa, No3-
BOJNIAET OCYLUECTBNATL pacyeT pOPMbI AUarpaMMbl HanMpaBIEeHHOCTU M 3HA4YeHWI Hanpa-
EHHOCTU MarHMTHOro nona B GnuxHen soHe. HeobxoanMbie Ana nonyyeHunsa pesynbrata
BblYUCNIEHUA He TpebyioT 6oNbLIOro KonMvecTBa MalLMHHOIO BPEMEHN U NO3BONAIOT Gbl-
CTPO Mony4uTb Heo6xoAUMbIE pe3ynbTaThbl, YTO CYLLLeCTBEHHO COKpallaeT BpeMA npose-
AeHuA pa3paboTKn paiMOTEXHUHECKUX YCTPOWCTB. [lOCTOBEPHOCTL pe3ynLTaToB, Nony4a-
€MbIX MpM MOMOLLU aNirOpUTMa, NOATBEPXKAEHA MX CPAaBHEHUEM C OGLLEU3BECTHbIMM.
OpHako, Npu peanusaunm M UCNONb3OBaHNM anNropuTMa cnefyeT MOMHUTL 06 MMeloLMUX-
CAl OrpaHUYEHNAX U JONYLIEHUAX, YACTb U3 KOTOPLIX MOTYT ObITb CHATBI MyTeM BBEAEHUA
[AOMOJIHUTENbHBIX 3TaMNOB pacyeTa U HEKOTOPbIM YC/IOXKHEHUEM BbIMMCIEHWNA.
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BBenenne

B Hacrosiiiiee BpeMsi B 11eJIIX TOBBIIICHHS HHPOPMAIIMOHHON
E€MKOCTH KaHaJIOB OECIIpOBOAHOMN Mepe1aut JaHHBIX POUCXOUT
ocBoeHHe Bce Oosee BEICOKHX yacTorT [1, 2]. OnHako He yTpayeH
MHTEpEC W K HM3KOYAaCTOTHBIM KaHayaM. O0Jazas He BBICOKOW
MH(OPMAIMOHHON €MKOCThIO, OHM MMEIOT 3HAYUTEIbHO MEHb-
IIMe TOTEpH Ha PAcIpOCTPaHEHHE B CBOOOJHOM IIPOCTPAHCTBE
[3, 4], obecnieunBasi TeM caMbIM OOJBIIYIO JATbHOCTH CBSI3H,
HE>KeJI BBICOKOYACTOTHBIE CUCTeMBbl. OJIHUM U3 TaKUX NPUMEHe-
HUH SIBJISETCS, HAIIPUMEp, Ilepe/iada B ANANa30He HU3KUX 9acTOT
(HY) xKOHTpOIBHO-KOPPEKTHUPYIOMIeH HH(GOPMAIIMHA CO CTAIlHO-
HapHOW 6a30BOI HABUTAIIMOHHOM CTAHIIMU HA YCTPOUCTBO TeOIIO0-
3UIMOHUPOBAHUS, PACIIONOKEHHOE HA MOOMIBPHOM 00BeKTe [S].

CymiecTBeHHBIE TPYJHOCTH TIPH SKCIUTyaTaluu o00pyaoBa-
HU, HUCIIOJIB3YIOMICTO HU3KOYACTOTHBIC KaHallbl CBA3W, BO3HH-
KaloT U3-3a rabapuTHBIX Pa3MEepPOB IPUEMHBIX U MEPeIAtOIIIX aH-
TEHHBIX 3JIEMEHTOB JIEKTPUUECKOTO THIIA [6], KOTOpBIE B HEKOTO-
PBIX CIydasix B LEJSIX yBEeIMYEeHUs UX KoadduimeHTa ycuineHus
U, KaK CIIS/ICTBHE, JabHOCTH PaJHOCBSI3H MOTYT AOCTUTaTh He-
CKOJIbKMX METpOB. AJIbTEPHATHBHBIM PELICHUEM B 3TOM Cllydae
MOXET CTaThb HNPUMEHEHHWE AHTCHHBIX AJIEMEHTOB MAarHUTHOTO
tuna [7, 8], rabapuTHbIE pa3Mepbl KOTOPBIX IIPH TOM K€ 3HAYCHUH
Ko3((HUIMEeHTa YCHUIICHHSI 3HAYNTEIBHO MEHbIIE, HEXEeNn rada-
PHUTHBIE Pa3Mepbl AHTECHHBIX 3JIEMEHTOB 3JIEKTPUUIECKOTO TUTIA, 33
CYeT NPUMEHEHHS MarHUTHBIX MAaTEPHAIOB B X KOHCTpyKIun. K
COXAJICHUIO, aHTEHHBIE JIEMEHTHl MarHUTHOTO THIIA MMEIOT HE
paBHOMEpHYIO (opMy AmarpaMMbl HAIPaBIEHHOCTH B a3UMY-
TaJIbHOH IOCKOCTH. JI71s OJIyueHUs ¢ X MOMOIIBIO aHTEHHBIX
YCTPOHCTB ¢ PABHOMEPHO PACIIPEISIICHHBIM 110 a3UMYTYy K03 hu-
IMUCHTOM YCUJICHUSA HeO6XOI[I/IMO O6'be)II/IHHTI) AHTCHHBIC DJICMCHTBI
MarHMTHOTO THIIA B aHTEHHbIC PEIICTKH, pactpeelisisi COOTBET-
CTBYIOIINM 00pa3oM a3y CHrHasIa Mex 1y 3jaeMeHTamu [6, 9.

[Mockonbky pacnpenenenue a3 MEXy aHTCHHBIMH 3JIEMEH-
TaMHM PELIETOK HE BCET/1a OYEBUIHO, TOJJOOHBIE KOHCTPYKIINH TIPH
nX pa3paboTke TpeOYIOT MPOBEACHHS pacieTa U MOJECITHMPOBAHNS
UX JIEKTPOMArHUTHBIX TTAPAMETPOB IPH TIOMOIIH CTICIIHATA3HAPO-
BaHHBIX MIPOTPAMMHBIX TakeToB. OJHAKO, peaIM30BaHHBIC B 3THX
MPOTrPaMMHBIX MAKeTaX METOJbI U aJTOPUTMBbI YUCICHHOTO aHa-
JIM3a 3JIEKTPOMATHUTHBIX MOJIEH UMEIOT HU3KYIO CXOAUMOCTD TPH
aHAJIM3€ CTPYKTYP C BHICOKOH INIOTHOCTHIO M HEPABHOMEPHOCTHIO
I10JIs1, KOUMU ABJIAKOTCA aHTCHHBIC 3JICMCHTBI MAarHUTHOI'O THUIIA
[10]. Takum 0Opa3oM, MOICIIUPOBAHKE C MX TOMOIIBIO ITOT00HBIX
AHTCHHBIX CHUCTEM 3aHUMACT MHOI'0 MAllMHHOTO BPEMCHU U
pecypcos.

C neJbio ONTHMHU3AIMHI NPoliecca MPOSKTUPOBAHMS aHTCHHBIX
PELIETOK, COCTOSIINX U3 aHTEHHBIX YJIEMEHTOB MarHUTHOT'O THIIA,
ObUT pa3paboTaH aITOPUTM pacyeTa JAWArpaMM HalpaBJIeHHOCTH
peLIeTKH, 3JIEMEHTHl KOTOPOH MPECTaBICHbI B BHJIE TOYEUHBIX
n3Tydareneil MarHUTHOTO noist. CaM alNropuT™ M OrpaHuYeHHs,
HaKJIa/IbIBa€Mble Ha MPE/ICTABICHUE UCXOIHBIX JaHHBIX VIS Pac-
4eTa, PUBEJICHBI B IAHHOH padoTe.

Onucanue ¥ OCHOBHBIE mapamMeTpbl 3JEMEHTAPHOT0
MArHuTHOIO U3jay4vaTe/ist

MaruuTHble aHTEHHBI IIUPOKO IPUMEHSIOTCS B [IPOMBILIIECH-
HBIX ¥ JIFOOUTENIBCKUX pasuonpueMHukax. OObsICHSIETCS 9TO TEM,
YTO OHM HMMEIOT HEOOJIbIINE pa3Mepbl U XOPOIIO BBIPAKECHHBIC
HarnpaBlIeHHbIE CBOICTBa. KpoMe Toro, oHM MajlouyBCTBUTENbHBI

T-Comm Vol.l8. #2-2024

SNEKTPOHUKA. PAODUOTEXHUKA

K DJIEKTPUYECKHM IIOMEXaM, YTO OCOOEHHO LEHHO B YCIIOBHSIX
0O0JIBIINX TOPOIOB, I'JI€ YPOBEHb TAKMX ITOMEX BEIHUK.

PannoBoutHBI, M3TydaeMble aHTCHHOW DPaJMOCTAaHIMH, TPE.-
CTaBISIIOT COOOH MEPUOANIECKN N3MEHSIOIIEECs JICKTPOMArHUT-
HOE M0JIe, B KOTOPOM HEPa3pBIBHO CBSI3aHbI 3JIEKTPUIECKOE U Mar-
HUTHOE TMONIA. DTH TONS — COCTaBIAONIMe pamuoBonH [11].
Ha3naueHne aHTEHHBI COCTOMT B TOM, YTOOBI IpeoOpa3oBaTh
SHEPTHUI0 JIEKTPOMAarHUTHOTO TOJsI (PaJHOBOIH) B JIEKTPHUE-
CKHE KoJIeOaHMsI, KOTOPbIE MOXKHO YCHIIUTh TIPHEMHHUKOM.

IIpocrelimeil MarHUTHOM aHTEHHOM SIBJISIETCSI paMOYHasl aH-
TeHHa [12], cocTosmas U3 0JHOTO WJIM HECKOJIBKUX BUTKOB IPO-
BOJIa, UMeOLIHX (popMy pamMKu. MarHUTHOE 110Jie, POHU3BIBAIO-
11ee MIOCKOCTh TaKOi aHTEHHBI, HHAYLIMPYET B HEH AJIeKTpHUe-
ckue KojieOaHusl — MepeMeHHyIo 3. 1. ¢. TakuM oOpas3om, B Mar-
HUTHOW aHTEHHE ITPOMCXOIUT MIPE0Opa30BaHKe YHEPTHU MArHUT-
HOTO TIOJIS B QJICSKTPHUYECKYIO.

[Ipn BBeeHMN BHYTPH BUTKOB PaMOYHOIl aHTEHHBI MAarHUT-
HOTO cepJieuyHHKa (Hanpumep, GepprUTOBOTO), FIEKTPOABIIKYIIAs
cuna (3. A. €.) pe3Ko yBenmuunBaeTcs. [IpoucxoauT 310 moToMmy,
YTO CEepJCUYHHK KOHIEHTPUPYET CHJIOBBIC JIMHHUHM ITOJSI M paMKa
TIPOHM3BIBACTCS TETIEPh MArHUTHBIM ITOTOKOM OOJIBILEH TIIOTHO-
CTH, YeM JI0 BBEJICHHS B Hee cepleyHnKa. YeM Oosbliie MarHUTHas
MIPOHMIIAEMOCTD CEPJCYHMKA, TEM JIydllle NPHEMHBIC CBOWCTBA
AHTEHHBI, TO €CTh OOJIbILIC HABOAMMAsI B HEH 3. 1I. C.

B kauecTBe 31eMeHTa aHTEHHOW pelIeTKH OyJieM paccMaTpu-
BaTh JJIEMEHTApHBI MAarHUTHBIA M3ITy4aresib, KOHCTPYKIHS KO-
TOpOTo TIpeJcTaBieHa Ha pucyHke 1. Ha cepieunuke n3 marur-
HOoro Mmatepuaina (o0brgHO (epputa) (1) pacmonokeHa IHIICK-
Tpu4eckasi npokiaaka (2), Ha KOTOPYIO HaMOTaHa MPOBOJISIAS
mpoBooka (3).

Puc. 1. KoHCTpYKIHUS 5JIEMEHTapPHOTO MarHUTHOTO U3JTy4aTels:
1 — cepaeyHHK U3 MarHUTHOTO MaTepHaia; 2 — AUAIEKTpUIecKas
HPOKJIaKa; 3 - MPOBOJSIIAs TPOBOJIOKA.

MarnuTtHass TPOHUIIAEMOCTh — B)KHEHIIas XapaKTepHCTHKA
MarHWTHOTO MaTepuana. Y (GeppuTOB YHCIOBOEC 3HAUYCHUE Mar-
HHUTHOH MPOHUIIAEMOCTH BXOJIHUT B YCIIOBHOE 0003HAYECHHE X Ma-
pok, Hamprmep, 600HH, 400HH u T.1. CepiredHnK MarHUTHOM
AHTEHHBI OOBIYHO NPEICTABIAET COOOH MPSMON CTEPIKEHb KPyT-
JIOTO WJIU IPSAMOYTOJIBHOTO CEYeHHs. MarHuTHbIE CBOWCTBA TAKMX
CepACYHNKOB OLIEHUBAIOT BEIMYMHON 3()(PEKTHUBHONW MarHUTHOU
MIPOHUIIAEMOCTH [rp. OHA 3aBUCHUT OT pa3MEepOB M HAYAJILHOI Mar-
HUTHOW MPOHUIIAEMOCTH cepAeYHUKa. [Ipy 0IMHAKOBBIX IUIOIIA-
JSIX TIOTIEPEYHOTO CEYEHUS! CEePACYHUK OOIbIIEeH JIMHBI MMEeT
OOJIBIIIYIO lsg.

D¢ deKTHBHOCTh NPUEMHBIX aHTCHH TPHHATO OILICHUBAThH BE-
JUYUHOW JEUCTBYIOUICH BBICOTHI /. Uem oHa Oojbplme, TeMm
OomblIe 3. J. C., HABEACHHAS JJICKTPOMArHUTHBIM IIOJIEM B aH-
TEHHE, TeM OoJee ciadble CHTHAIBI MOJKHO TPHHATH. JTOT Mapa-
METpP MarHUTHOM aHTEHHBI 3aBHCHUT OT /i, CEPACUHHKA, TUIOIIA M
ero ceyeHus S, 4hcia BUTKOB 71 KATYIIKH, €€ JUIMHBI g U AUaMeTpa
dg, a TaKKe OT PACIOJIOKEHUS! KATyIIKH Ha CepICYHUKE H
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pabouell JIMHBI PagMoOBONIHBL. [Ipy yBenw4eHUH iy S, 1, a U
YMEHBILICHUH PA3HUIIBI B ANAMETPax CepACIHNKA U KaTyIIKH JAeH-
CTBYIOIIIAsl BEICOTA aHTEHHBI yBennuuBaeTcs. OHa pacTeT W MpH
YMEHBIICHUHU JUIMHBI BOJIHBL. [IpH TPOYMX PaBHBIX yCIOBHUSX /iy
Oyner HanOONbIIeH, KOraa KaTyIlKa PaclojoKeHa Ha CepeuHe
Cep/ICUHUKA.

KauecTBO KaTyIIKH MHIYKTMBHOCTH OIICHHMBAIOT €€ J00poT-
HOCTBIO — YHCJIOM, TIOKA3bIBAIOIINM, BO CKOJIBKO pa3 MHIYKTHUB-
HOE COINPOTHBJICHUE KaTYIIKA TEPEMEHHOMY TOKY OOJIbIIE CO-
MIPOTHUBJICHUSI €€ MOCTOSIHHOMY TOKY. CONpOTHBIIEHHE KaTyIIKU
NIepeMEHHOMY TOKY, KaK H3BECTHO, 3aBUCHT OT €€ HHAYKTHBHOCTH
L v 9acToTHI TOKa, IpoTeKaronero uepes Hee. Yem Ooutbine L ka-
TYIIKA U pabodas 4acToTa TOKa, TeM OOJIBIIE €e COMPOTHUBICHUE
nepeMeHHOMY TOKy. TakuM o0pa3oMm, ecin 3a7aHa 4acToTa TOKa
1 MHIYKTHBHOCTB, TO JOOPOTHOCTh KaTyIIKH MOJICHO YBEIHUUTh
IyTEM YMEHBIIECHHS €€ COTIPOTUBIICHUSI IIOCTOSIHHOMY TOKY. Crie-
JaTh 3TO MOXKHO Pa3IMYHBIMH KOHCTPYKTHBHBIMH CIOCOOaMHU
(HampuMmep, HaMaThIBaTh KaTYIIKY TaK, YTOOBI MOIYYHUTh HY KHYIO
WHIYKTUBHOCTh IIPU MEHBIIEH JJMHE NPOBOJA, YBEJIUYUBATH
JMaMeTp KaTylmKH W IPOBOJA), HO HauOOJbIINHA dPQeKT maer
BBEJICHHE B KaTYIIKy MarHUTHOTO CEPJICUHHKA.

Onucanne aIropuT™Ma pacyera AMarpaMMsbl
HaNPaBJIEHHOCTH PelIeTKH, COCTOSIIIeH
U3 AaHTeHHBIX 3JIeMeHTOB MArHUTHOI'0 THIIA

3agaga 1Mo pacdeTy AWArpaMMbl 3HAYMTENHHO YIIPOIIAETCS,
€CIIM pacCMaTpUBaTh AHTCHHBIH DJIEMEHT WJIM PEIISTKY B Kade-
CTBE HCTOYHHMKA DBIIEKTPOMArHUTHOro wu3ny4deHus. CoriacHo
MPUHITUITY B3aUMHOCTH [4, 6], ImarpaMMBbl HaIIPaBICHHOCTH aH-
TEHHOTO YCTPOMCTBA, padOTAIOIIETO B PEKUME Tepe/iadun U NpH-
ema, coBmajaioT. TakuMm o0pa3om, JUisi pacyera JuarpamMMbl
HAalpaBJICHHOCTY aHTEHHOM PelIeTKH HEOOX0IMMO CHavaja orpe-
JIITUTh paclpe/ieJICHUe MoJIs, CO3/1aBaeMOTr0 KayK/IbIM M3 MarHHT-
HBIX HM3Iy4aTelieid, a 3aTeM OCYIIECTBUTh BEKTOPHOE CIIOKEHUE
moJied OT BCceX M3IydaTesied PEelIeTKH B TOYKax pacyera jua-
TpaMMBI.

JUIsl 9JIEeMEHTapHOTO MarHWTHOTO H3JIydartensi B OJNMKHEH
30HE CIIPaBENTUBO COOTHOIICHUE [7]:

H=(Ih/Amr?)sind), (1)

rae: H — BEeKTOp HaNpsKEHHOCTU MArHUTHOIO 10JIsL; [ — BEKTOP
TOKa; @ — yroy HaOJMIOACHNUS; © — PACCTOSHHUE 10 U3IydaTess; i —
JICHCTBYIOIIAst BHICOTa MAarHUTHOTO M3JTy4aTers:

h=Qan Syl )4, (2)

TJIC: 714 — YUCIIO BUTKOB DJICMCHTAPHOTO MArHUTHOTO U3JTy4aTelis;
S, — IIoIab BUTKA; A — JIJIMHA BOJIHBI U3IIyYCHUSI; (4 — OTHOCH-
TeJNbHAS MarHUTHAS IPOHHUIIAEMOCTH CEPACYHIKA JIIEMEHTAPHOTO
MarHUTHOTO H3ITydaTels.

Jluist pacueta HarpsHKEHHOCTH TIOJIs, CO3/1aBaeMOr0 U3JTydare-
JeM B ONpeAeTICHHOW Touke cormacHo (1) HeoOXoammMo 3HATH
[UIOTHOCTb TIOJISI, CO3/[aBa€MOr0 B BUTKAX W3JIydyaTessi CUTHAIIOM
neperaTyrKa (WM )Ke CUTHAJIOM, TTOJYYSHHBIM 110 dQHpPY B CIIy-
yae paboThl aHTEHHOTO JIeMeHTa B pexkume rnpuema). Jist atoro
MOYKHO BOCIOJIb30BaThCsl BhIpayKeHUeM Juist onpeaenenus DJC
HaBOJAMMOHN B aHTEHHOM 3JIEMEHTE MarHuTHOro tuna [7, 8]:

eH:a)nAyoHoSpyA, (3)

TZIe: {o — MarHUTHAS TTOCTOSIHHAS; @ = 27f — KPyroBasi 4acTora,
rae f— gactora u3MydeHus (WU mprueMa) aHTeHHBI, Hy — Hamps-
YKEHHOCTh MAarHUTHOTO TI0JISi B @HTCHHOM DJIEMEHTE MAarHUTHOTO
THIA.

HOCKOHBKy HaBOAUMAsl B aHTCHHOM DJJICMCHTEC MArHUTHOI'O
tuna DJIC cBs3aHa ¢ HAIIPsDKCHUEM Ha KOHI[aX €€ 0OMOTKH BbIpa-
skenuem [13, 14]:

U= (eu/(Ri+Rs)) Ry, 4)

rae: U — aMImuTy1a HanpspDKCHUST Ha KOHITaX 0OMOTKH aHTEHHOTO
9JIEMEHTa MAarHUTHOTO THIA; Rs — CONPOTHBICHHE OOMOTKH;
R; — conpoTuBieHue Harpy3Ku, K KOTOPOH MOJKIOYEH aHTEHHbBIN
SJIEMEHT.

Omnpenenss u3 (4) 3aagenne D/1C u 3amensis B (1) mpomssene-
Hue [h BbIpaKEHHEM JUIS OIIPEICIICHHsSI HAPSDKEHHOCTH MOJIS Ka-
TYIIKH, TOTYYCHHBIM 13 (3), mosrydyaeM BBIpaKEHHE U pacdera
JarpaMMbl @QHTEHHOT'O 3JIEMEHTa MAarHUTHOTO THIA B OJNVKHEH
30HE:

H=(((U/l RL)(RL+Rs)/( wnauoSyiq))/4mr)sing, 5)

[TockombKy B aHTEHHOW peIIeTKE 3JIEMEHTHI YCTaHOBIICHBI
TakK, 4TO PacCTOSHHA OT Ka)XXJOTr0 M3 M3JIydaTeleld U a3uMyTallb-
HBIN yToJI 6 HE COBIAAIOT C PACCTOSIHUEM OT LIEHTPA PELIETKH U
a3UMYTaJIbHBIM YITIOM, Ha KOTOPBIX ITPOM3BOANTCS BBIYHCIICHHE
3HAYCHUST HATIPSHKEHHOCTH MO (pHc. 2), HEOOXOIMMO OIpese-
JIUTh COOTBETCTBUE PACCTOSIHUI M YIJIOB JUI OCYILECTBICHUS
KOPPEKTHBIX BBIYUCICHUH. [JI 3TOro paccMOTPHM I€OMETPUIO
PACHONOKEHNSI AHTEHHOTO 3JIEMEHTAa PEIIETKH OTHOCHTENIBHO
TOYKH pacyera HalpsHKEHHOCTH TOJIs, MPE/ICTaBICHHYIO Ha pH-
CyHKe 2.

Puc. 2. Pacnionoxenue 3neMeHTa aHTCHHOM PeIIeTKH
OTHOCHUTEIBHO TOUKH PAacueTa HAMpsHKEHHOCTH MO

[lycTs HEOOXOAMMO ONpPENeNUTh 3HAYCHUS HAIPSHKCHHOCTH
MAardiuTHOIr'O IOJid B TOYKaX, PAaCIIOJIOKECHHBIX Ha OKPYKHOCTHU C
HIEHTPOM B TOUKE A U PaIilycoM g. AHTCHHBIN 3JIEMEHT, TP 3TOM,
PACIIONIOKEH B TOUKE B Ha PAacCCTOSHUM d OT LIEHTPa OKPYKHOCTH.
Torna paccrosnue 1o u3itydaTensd r U yron HaOaroneHus 6, uc-
nosb3yemble B (1) u (5) OyayT oHO3HAYHO 3aBUCETh OT pajuyca
OKpPY>XHOCTH g, Ha KOTOPOH NPOW3BOJUTCS pacueT 3HAUYECHHH
TI0JIsI, ¥ 3UMYTAJIBHOTO YTiIa ¢:

O=atan(gsing/(gcosp-d)), (6)
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r=( gcosp-d)/cosb. @)

B ciydae ecim 31€MEHTHI PEIIEeTKH ¢ HACHTUYHBIMHU XapaKTe-
PHUCTHKAMH paJualbHO CUMMETPUYHO PACIOIIOKEHBI HA OKPYXK-
HOCTH PaILyCOM d, TOCTaTOYHO €AMHOKAbI IPOBECTH pacyeT 3Ha-
YEeHWH I0JIsI AaHTEHHOT'O HJIEeMEHTa Ha OKPYKHOCTU PaglycoM g.
OcrasbHble JIEMEHTHI B 9TOM cily4yae OyyT UMETh TaKHe XKe 3Ha-
YEHUS HANPSHKEHHOCTH TI0JIs1 Ha OKPY>KHOCTH PaJinyCcoM g C yue-
TOM CMCILICHUA Ha YTOJI, paBHI)Iﬁ yriy MexXay COCEAHUMU aHTCH-
HBIMH 2JIEMEHTaMHU PEIIETKH. B IpPOTUBHOM cilyuae HEOOXOAMMO
TIPOBOANTH BBIYHMCIICHHS 3HAYCHUH HAITPSHKEHHOCTH ISl KaXK/10TO
AQHTEHHOTO JIEMEHTa OT/IEJIFHO.

Crenyer y4ecTb, 4TO Ha aHTCHHBIE JIEMEHTHI PEIIETKH MOXKET
OBITh OJAH CUT'HAJI, OTJIMYAIOIIUICS 10 (a3e, 4To CYIIeCTBEHHO
BIMSCT Ha HAIPaBJICHHE BEKTOpa MONS M, KaK CIEICTBHE, Ha
(dbopMy IHarpaMMbl HalpaBICHHOCTH pPeIleTKU. B atom ciydae
n00aBOYHAS OTHOCHTEIBHO IIEPBOTO IJIEMEHTA PEmIeTKH (asza o
JOJDKHA CYMMHEPOBATHCS C yTaoM 6§ mpu pacdere GOpMBI THa-
rpammsl (0=0+a).

®dopma auarpaMMbl aHTEHHOW DPEIIETKH MOJy4aeTcsl IMyTeM
BCKTOPHOI'O CJIOKEHHUA BCEX NMOPLHMOHHBIX 3HAYCHUHN HaIps>KCH-
HOCTH TIOJIS, CO3/1aBACMBIX KaXKABIM M3 aHTCHHBIX JJIEMECHTOB B
OTAEIBHOCTH Ha OKPYXHOCTH PaJIyCOM g.

Bnok-cxema aaroputMa BBIYMCICHUS TUarpaMMBbl HaIlpaBJICH-
HOCTH PEIICTKH, COCTOALICH M3 aHTCHHBIX JJIEMEHTOB MarHUT-
HOTO THIIA, IPEACTABJICHA Ha PHCYHKE 3.

::
Beoj Beag Beon
YACTGThI NapaMeTpos KONHYECTBE
pafioTe SHTEHHOM AHTEHHEIX
YCTROACTEA anemenTa: i, S5, ANEMBHTOE
Baox Beon Beoa auanazoda
NapaMeTpos I'IaPaMEIp.OB YTNOB pacYeTa
poweT d, Harpyaku: U, R, Anarpamms
Rs peWETK

Mpoeepka
KOPPEKTHOCTI
BEOJIA [aHHbIX

Beop thaz
cHrHana
AHTEHHBIX
anemenHTos

]

Berucnenne
B=aran{gsingi( geos-d)),
1=1 geosg-d)/cost
ANA KEKQOTO BHTEHHOM
anemenTa

BorHcneHws
H=(L RGBT win a0, )y
A Sindl
[ANA KAHOMD BHTEHHOM
ANBMEHTE

CIOmEHHE NOPLHOHHEIX
anarpaMs HanpaeneHHocTH
BHTEHHBIX SNEMEHTOR

v Brieog ;

AaHHBIX

.:
i

Puc. 3. biok-cxema aJropyuTMa BbIYHCIICHUS
JuarpaMMbl HalIpaBJICHHOCTH PEIICTKU
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[Mpumep peanuzanum anropuTMa Ha s3bIKE MTPOTPaMMHUPOBa-
Hus Python [13] npencrasnen Ha pucyHKe 4.

#PaccyeT 3HAYEHWHA ILUIOTHOCTH MOJNA
M=np.zeros((360,K))

He=np.zeros((360,))

Hr=np.zeros((360,))

Ho={((U*R)/ (R+(0.01%na) )} )/ (w*na*sp*muo*mua)

e=0
while e<K:
ag=0
while g<360:
b=(N/2) *math.cos (ang[g])-(d/2)
c=(N/2)*math.sin(ang[g])
Tet=math.atanz (c, b)
D=(b/math.cos (Tet)) /1000
M[g,e]l=(Ho/ (4*math.pi* (D**2))) *math.sin (Tet+ksi[e])
=g+l
e=e+l
g=0
while g<K:
i=0
while 1<360:
Hel[i]=MIi,q]
i=i+l
t=0
while t<360:

if (round(360/K)*g-t)>0:
M[t,g)=Hc[360- (round (360/K) *qg)+t]

M[t,gl=Hc[t- (round (360/K) *g)} ]
t=t+l

g=g+l

Hr[il=Hr[i]+M[i,3]
j=j+1
i=i+l

i<360:
Hr[i]l=math.fabs (Hr[1])
i=isl

print (Hr)

Puc. 4. ®parment xoza Ha A3bIKe IporpammupoBanus Python,
peanu3yomuil BBIYUCICHUS AUarpaMMbl HAIIPABICHHOCTH PEILIETKH
13 QHTEHHBIX 2JIEMEHTOB MarHUTHOTO THUIIA
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Puc. 5. Paccuntannas opma quarpaMmbl HalIpaBJICHHOCTH
MarHuTHOIO JAUIOJA
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B nesnsix mpoBepku kauecTBa pabOThI aITOPUTMA U JOCTOBEP-
HOCTH TI0JTy4aeMBbIX pe3yJIbTaTOB pacyeTa, Ipy MOMOIIY HallUCaH-
HOHM MporpamMMbl ObUT MIPOBEJCH pacyeT JuarpaMMbl HallpaBJIeH-
HOCTH M3BECTHOT'O M3JTyyaTessl C LeJIbI0 CPAaBHEHUS MOTYUSHHBIX
pe3yJbTaToOB C M3BECTHBIMU U IpoBepeHHbIMH. Ha pucynke 5
MIPEJCTABIECH Pe3yIbTaT pacueTa Mpy MOMOIIYM OMUCAHHOIO AJro-
pUTMa, pealn30BaHHOIO Ha NporpaMmHoM si3bike Python [15],
JriarpaMMBbl HalpaBJIeHHOCTH MarHUTHOTO AWMONA. Buano, uro
paccunTanHasi popMa AuarpaMMbl HaIPaBJICHHOCTH COBIAIAcT C
o0men3BecTHOM [4, 6].

TaxuMm 06pa3om, IPOBEPEHO, UTO PE3YNIBTATHI, MIOTYUICHHBIE C
HCIIOJIb30BAHUEM MPEACTABICHHOTO AJTOPUTMA, COOTBETCTBYIOT
JIECTBUTEIIBHOCTH.

Orpalmqemm B paﬁoTe ajropurMa M 3ailaHum
HCXOIHBIX 3HAYCHHH IJIA IPOBEICHUA pacuera

[Ipn peannzammu u padboTe ¢ NMPEACTABICHHBIM BBIIIE AJITO-
PUTMOM CJIEAYeT IIOMHUTh O HEKOTOPBIX OrPAaHUYCHHUAX U JOITY-
LICHHSIX.

VYpasuenus (1) u (5) cnpaBeyuBsl i OnvxaEl 30861 [To-
9TOMY PAINYC OKPYKHOCTH g, Ha KOTOPOH PacCUNUTHIBACTCS JHa-
rpaMMa HalpaBJICHHOCTH, TOJDKEH OBITh He Oombire, uem A/10.

AHTEHHBIC 2JICMEHTBl MAarHUTHOTO THUIIA IIPH pacyeTe aua-
T'paMMbI HAITPABJICHHOCTHU PAaCCMATPUBAIOTCA KaK TOUCUYHBIC U3J1Yy-
yatenu. [ToaToMy, pazmep d (3a1aHHBIA B MM.) JTIOJDKEH OBITH HE
MEHee YeM B [jBa pa3a O0JIbIle POM3BEACHHS KOJIMIECTBA BUTKOB
MarHUTHOHM aHTEHHBI HA IMAMETP MPOBOJIOKH (33/1aHHBIH B MM.).
B nmpoTuBHOM cilyyae Ka)/blii U3 BUTKOB aHTEHHOTO AJIEMEHTA
CJIe/IyeT pacCcMaTpPUBATh KaK TOUSUHBIH M3JTydaTellb U PaCCUUThI-
BaTh MHAWBH/YaJbHO €r0 MOPLUOHHYIO IHarpaMmy HarpaBliCH-
Hoct. o To# e npudanHe He0OXOIMMO COOJIIO/ICHNE HEPaBEH-
cTBa g>2d.

B npencraBneHHOM JIMCTUHTE KOJa (PHC. 3) pacCMOTpPEH CIty-
Yail paguanrbHO CUMMETPUYHOTO PACIIOIOKCHUS aHTCHHBIX dJIe-
MEHTOB MarHUTHOTO THIIA Ha OKPY>KHOCTH paguycoM d. Bo BHH-
MaHHEe OBUIO TaKXKe MPUHATO, YTO IIPU Pa3BOPOTE CaMOTO aHTEH-
HOT'0 DJIEMEHTA 110 OKPY>KHOCTH Ha TOT YK€ yroJI pa3BOpaylBaeTCs
U €ro 10JIe, YTO OTpaKkaeTcsl B MOJIyJIe nepecyera (a3 koxaa. [Ipu
OTJIMYHOM PpaCHOJIOKCHHUNU AHTCHHBIX 3JICMCHTOB PCIICTKH CJIC-
JyeT U3MEHUTh COOTBETCTBYIOLIMM 00pa3om IepecueT (az cur-
HaJIOB AaHTEHHBIX JIEMEHTOB.

Pacyer imarpamMMbl HATIPABJIEHHOCTH B JaJibHeil 30He
MO JAHHBIM, OJY4YeHHBIM /151 OJIMKHEl 30HbI

Jis pacdera auarpaMMbl HAlpaBICHHOCTH AHTEHHOW pe-
IIETKH B JAJIbHEH 30HE MO JaHHBIM, MOTYyYEHHBIM Ul ONmKHEH
30HBI IPU MTOMOIIX OTIMCAHHOTO BBIIIE AJIITOPUTMA PE30HHO BOC-
MIOJIb30BAThCSl METOJJOM PEKOHCTPYKIMH BPEMEHHBIX 3aBHCHMO-
creit [16].

Kpaesas 3aaua uMeeT 0JHO3HAYHOE PELICHUE, ECIH Ha I10-
BEPXHOCTH 33aHbl JIOObIE JBE M3 LIECTH COCTABIIAIONINX JJIEK-
TPOMAarHUTHOTO Mojs. IlpuMEeHUTENbHO K aHTEHHOM TeMaTHKe
MOKHO yKa3aTh JBa METOJa PELICHUs KpaeBOW 3aJaud: HHTe-
rpanbHblil U Oyphe, NOTyUYHUBIINN B aHTEHHON TEXHUKE Ha3BaHUE
METO/1a Pa3IoKEHHUs 0 cOOCTBEHHBIM MojaM. Pasnuuane Mexmy
000MMH METO/IaMH 3aKJII0YACTCs B ITOCIIEJOBATEIbHOCTH BBHIUUC-
JUTENBHBIX ONEPALNi, a TAKXKE B YZ00CTBE BBITIOJIIHEHNUS PA3HOTO
poJia OLICHOK.

B unrerpanbHOoM MeTOJIE peleH sl [uarpaMmma HanpaBieHHO-
CTH TIPEJICTABISIETCS B BUE JIMHEHHOTO HHTETPAIHHOTO IIpeodpa-
30BaHUS OT M3MEPCHHBIX JAaHHBIX. AHATUTHYCCKUH BUI 3aBUCHUT
TOJIBKO OT TEOMETPHH IMOBEPXHOCTH (B HAIIEM CITydae BBIYHUCIIC-
HHUE IPOUCXOINT Ha KPAl0 B a3UMYTaJIBHO TIOCKOCTH, ITPEJICTaB-
nsronel coboit acte ceprueckoil TOBEPXHOCTH) CKaHHWPOBa-
HUS U CBSI3aH CaMBIM HEMOCPEICTBCHHBIM 00Pa3oM C pEIICHHEM
IUGPaKIIMOHHOM 3a1a4i O paCIpPEACICHUN TOKA, KOTOPBIH HaBO-
JUTCS HA MICaIbHO TIPOBO/ISINECH MOBEPXHOCTH TOM JK€ KOH(UTY-
paluM, YTO U MOBEPXHOCTh CKAHWPOBAHHUS, MJIOCKOH BOJHOU C
€IMHUYHBIM BEKTOPOM 3JIEKTPOMArHUTHOTO MOJISI.

Jist ockoi MOBEpXHOCTH CKaHUpoBaHus [16]

J=2[nH]H = \/’::z[e, k'lexp(—ikk'r), ®)

rine H — KOMIIOHEHTa IoJIsl MJIOCKOM BOJIHBI, T1aJIafoliast Ha II0C-
KOCTh (pacCUMTaHHOE 3HA4YCHHE HANpPSHKEHHOCTH MarHUTHOTO
TI0JISL B TOYKE I10 ONMCAHHOMY BBIIIE AITOPUTMY ), # — HOPMaJIb K
IUIOCKOCTH, k — BOJIHOBOE YHUCIIO, k* — BEKTOP HaIlpaBJICHUSI.

TouHble BEIpaKeHUs 114 J, a, CIIe10BaTeNbHO, U IS siapa Ipe-
00pa30BaHus B XOPOLIO U3BECTHBI TS Psijia KPHBOJIMHEHHBIX MO-
BEPXHOCTEH, B MEPBYIO O4epeab HWIMHAPHYESCKON U chepude-
ckoif [16]. Ho m3-3a TOro, 9TO 3TH BBIPAKECHHS CIUIIKOM TPO-
MO3IKH Ul THpaKTHYeCKuX pacueToB Ha DBM, mpuxomurcs
UCIIOIB30BaTh pa3iIMyHbIe TPHOIIKeHHA. [Ipexie Bcero MosKHO
HCIIOJIb30BaTh "TeOMETPOONTHYECKOe" BhIpaKEHHE I pacipe-
JIeIeHus TOKa Ha T1aiKkoil moBepxHocTu S [16].

_(2[n,H],r €S,

rae Si, S; — cooTBeTCcTBEHHO "ocBemieHHas" U "TeHeBasg" 4acTH
TIOBEPXHOCTH, Ha KOTOpBIE MOMAAAI0T WM HE MONagaroT mapaji-
JIeNbHBIC JTy4YH, TQJA0IIIe C HATIPABICHHS &, n — HOpMAIh K S.

[TyTeM COOTBETCTBYIOMIMX NPEOOpa30OBaHMM, OMUCAHHBIX B
[16], momy4yaem BpeMeHHYIO 3aBUCIMOCTD TTOJIS B JAJIBHEH 30HE:

ft k) = % Il [K'[nE(t, r)]]exp(—ikk'r)dS, (10)

[Ipeobpa3oBanne WU3MEPEHHBIX JaHHBIX BPEMEHHOH JHa-
rpaMMBI B YacTOTHYIO Ha YacTOTE€ (® MOXKHO OCYIIECTBIISTHCS
JIByMsI ClIoco0aMHu: B 9aCTOTHOW M BPEMEHHOM 001acTH.

[epBrIil crioco6 3axmouyaercs B pasnokeHnn E(t,r) ¢ omMo-
mpt0 npeodpazoBanusi Oypbe U MOCIEAYIOIIEM TPUMEHEHUH K
CHEKTPaJbHBIM KOMIIOHEHTaM OJIHOM M3 TpOLEeayp, pa3paboTaH-
HBIX [UTst onipenenenus JJH Ha ¢pukcupoBaHHOM yacTore.

flw, k) = % [K'[n, E(w,m)]]exp (i%k’r) d?r, (11)

Hcnonp3oBanue Beipaxenue (4) i npeoOpa3oBaHus n3Me-
PEHHBIX B OJIVDKHEW 30HE CHI'HAJIOB B IMarpaMMy HarpaBiIeHHO-
CTH TO3BOJISICT WCIIONB30BATh Pa3pabOTaHHbBIH MaTeMaTHUECKUH
anmapat. Ho BMecTe ¢ TeM, pu TakOM METOZEe pacdeTa Mo B
JAbHEH 30HE, B KaKIOW TOYKE ONFDKHEH 30HBI MCIIONB3YETCS
TOJIBKO aMIUIUTyJa U (asa curnaia. Bpemennas oGiactbh n3me-
PEHHOrO CHTHaJIa IPH TaKOM CII0CO0€ BBIYMCIICHHUH TIOJIS B Aalb-
Hell 30He MOXKET OBITh MCIIOJIb30BaHa TOJIBKO IS H30ABICHUS OT
MEePEOTPaAKEHUH OT OKPYIKAIOUIMX TPEIMETOB IPH ITOMOIIH Bpe-
MEHHOT'O OKHa.
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Hpyroii cmoco® pacyera, 3aKIIFOYae€TCS B BBIYHCICHUN
BpEMEHHOI 3aBUCUMOCTH TI0JISl B 1ajibHEH 30HE U, B Clydae HeoO-
XOJMMOCTH, TIoclieytoieM onpeneneHun J{H Ha ceTke wactore ¢
TOMOIIIBI0 TTpeoOpazoBanus Pypre.

fle k) ==L, [k’ [mE(t—21m, k)” d2r,

2me dt

(12)

JlaHHBII METOJ ITpesk/ie BCEro MoJjie3eH g U3MepeHus napa-
METPOB aHTEHH IIMPOKOIIOJIOCHBIX U CBEPXIIIMPOKOIOIOCHBIX CH-
CTEM CBSI3U U PaJiapoB, U3JIYHAIOIINX CII0KHbIE BPEMEHHBIE 3aBU-
CHMOCTH CHUTHAJIOB.

3akioueHue

Takum 00pa3oM, MPEACTaBICHHBIA aJTOPUTM pacdeTa JHa-
TpaMMBl HAIIPAaBIEHHOCTH PEIIETKH, COCTOSINEH W3 aHTEHHBIX
OJICMCHTOB MArHvTHOT'O THIIA, ITO3BOJIACT OCYHICCTBJIATH pacyeT
(GhopMBI UarpaMMbl HAlIPABJICHHOCTH M 3HAYCHUH HAIIPSKCHHO-
CTH MarHUTHOTO 10J1s1 B OvbkHel 30He. HeoOxoanmble st Tiouty-
YEHUs! pe3yJIbTaTa BBIUUCICHHUSI HE TPEOYIOT OOJIBIIOTO KOJMUe-
CTBa MalIMHHOTO BPEMEHH U MO3BOJISIIOT OBICTPO MOIYyYUTh HEOO-
XOJIMMBbIE Pe3yJIbTaThl, YTO CYILECTBEHHO COKpAIaeT BpeMs Mpo-
BEICHUS Pa3pabOTKH PAJHOTEXHUUECKUX YCTPOHCTB.

JloCTOBEPHOCTB PE3yJIbTAaTOB, NOTYYaE€MBIX IIPHU IOMOIIH aJl-
TOpUTMa, TOATBEPKJICHA MX CPABHEHHEM C OOIIEN3BECTHBIMHU.
OpHako, IpH peaan3aliuy U UCTI0JIb30BAHNH aITOPUTMA CIIEAYET
TIOMHHTB O UMEIOIIUXCS OTPAaHIUYCHUSX U JIOMYIIEHUSIX, YaCTh U3
KOTOPBIX MOTYT OBITh CHSTHI ITyTEM BBEJCHHUS TOTIOJHUTEIBHBIX
9TAIOB PAcUeTa ¥ HEKOTOPHIM YCJIOKHEHHEM BBIYHCIICHHH.
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METHOD FOR CALCULATING THE RADIATION PATTERN OF AN ANTENNA ARRAY
BASED ON MAGNETIC TYPE RADIATORS

Alexander S. Kukharenko, National Research University "Higher School of Economics" (HSE), Moscow, Russia,
askukharenko@hse.ru

Abstract

Currently, in order to increase the information capacity of wireless data transmission channels, higher and higher frequencies are being
mastered. However, interest in low-frequency channels has not been lost either. Possessing a low information capacity, they have sig-
nificantly lower propagation losses in free space, thereby providing a greater communication range than high-frequency systems.
Significant difficulties in the operation of equipment using low-frequency communication channels arise due to the overall dimensions
of the receiving and transmitting antenna elements of the electric type, which in some cases, in order to increase their gain and, as a
result, the radio communication range can reach several meters. An alternative solution in this case can be the use of magnetic-type
antenna elements, the overall dimensions of which, at the same gain value, are much smaller than the overall dimensions of electrical-
type antenna elements, due to the use of magnetic materials in their design. Unfortunately, magnetic-type antenna elements have a non-
uniform shape of the radiation pattern in the azimuthal plane. To obtain with their help antenna devices with a gain uniformly distrib-
uted along the azimuth, it is necessary to combine magnetic-type antenna elements into antenna arrays, distributing the signal phase
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between the elements accordingly. Since the distribution of phases between antenna elements of arrays is not always obvious, such
designs during their development require the calculation and simulation of their electromagnetic parameters using specialized software
packages. However, the methods and algorithms for the numerical analysis of electromagnetic fields implemented in these software
packages have low convergence in the analysis of structures with a high density and non-uniformity of the field, which are magnetic-
type antenna elements. Thus, modeling such antenna systems with their help takes a lot of computer time and resources. In order to
optimize the process of designing antenna arrays consisting of magnetic type antenna elements, an algorithm was developed for calcu-
lating the radiation patterns of an array, the elements of which are presented in the form of magnetic field point emitters. The algo-
rithm for calculating the radiation pattern of an array consisting of antenna elements of the magnetic type, presented in the paper, makes
it possible to calculate the shape of near field radiation pattern and the values of the magnetic field strength in the near zone. The cal-
culations necessary to obtain the result do not require a large amount of computer time and allow you to quickly obtain the necessary
results, which significantly reduces the time for the development of radio engineering devices. The reliability of the results obtained
using the algorithm is confirmed by their comparison with the well-known ones. However, when implementing and using the algorithm,
one should be aware of the existing limitations and assumptions, some of which can be removed by introducing additional calculation
steps and some complication of calculations.

Keywords: magnetic antenna, antenna array, radiation pattern, magnetic emitter, near field, field formation

References

I. V. Garg, “Wireless communication and networking,” NY.: Morgan Kaufman, 2007. 840 p.

2. . Shakhnovich, “Modern wireless communication technologies,” Moscow: Technosphere, 2004. 168 p.

3. Fundamentals of the theory of antennas and radio wave propagation: Textbook / Ed. V.P. Kubanova. Samara: PGUTI, 2016. 258 p.

4. C. A. Balanis, “Antenna theory. Analysis and design,” NJ.: John Willey & Sons, 2016. 1095 p.

5. High-precision positioning equipment based on signals from global navigation satellite systems: receivers-consumers of navigation information / Ed.
M.I. Zhodzizhsky. Moscow: MAI-Print Publishing House, 2010. 291 p.

6. Ya. N. Feld, L. S. Benensonia, “Fundamentals of antenna theory: a textbook for universities,” 2nd ed., revised. Moscow: Drofa, 2007. 491 p.

7. A.E. Kurochkin, “Theoretical foundations of active magnetic antennas: Educational and methodological manual on the discipline "Radio Receiving
Devices" for students of the specialty "Radio Engineering”, In 2 hours. Part |: Noise parameters of the input stages of radio receiving devices with a
magnetic antenna. Minsk: BSUIR, 2002. 50 p.

8. A.E. Kurochkin, “Theoretical foundations of active magnetic antennas: Educational and methodological manual on the discipline “Radio Receiving
Devices” for students of the specialty “Radio Engineering” of all forms of study,” In 2 parts. Part 2. Nonlinear characteristics of the input stages of radio
receiving devices with a magnetic antenna. Minsk: BSUIR, 2003. 56 p.

9. S. P. Skobelev, “Phased array antennas with sectoral partial radiation patterns,” Moscow: FIZMATLIT, 2010. 320 p.

10. S. E. Bankov, E. M. Gutzeit, A. A. Kurushin, “Solving optical and microwave problems using HFSS,” Moscow: Orkada LLC, 2012. 240 p.

I'l. I. S. Polyansky, “The theory of the electromagnetic field and the propagation of radio waves,” Moscow: Hotline — Telecom, 2023. 272 p.

12. S. A. Baranov, “Microwave devices and antennas,” Moscow: Hotline — Telecom, 2022. 344 p.

13. G. B. Belotserkovsky, “Basics of radio engineering and antennas,” Moscow: Radio and communications, [983.

14. A. S. Kasatkin, M. V. Nemtsov, “Electrical engineering: Textbook for universities. Moscow: Publishing center "Academy", 2007. 544 p.

I5. M. Dawson, “We program in Python,” St. Petersburg: Peter, 2022. 416 p.

16. S. P. Skulkin, “Methods for calculating the spatio-temporal characteristics of ultra-wideband aperture antennas: dis. For the degree of Doctor of
Physical and Mathematical Sciences,” Nizhny Novgorod, 2016. 253 p.

Information about author:
Rinat R. Diyazitdinov, Associate professor of the department Networks and Communication Systems, Povolzhskiy State University of
Telecommunications and Informatics, Samara, Russia

T-Comm Tom 18. #2-2024




SNEKTPOHUKA. PAODUOTEXHUKA

AHAJIN3 CBOMCTB CUHXPOHHOIO YCUJIUTENA HA
ABTOIEHEPATOPE NO CXEME KOJINMUTLIA C MOMOLLLIO
CUCTEMbI AUDDEPEHLIMAJIbHbIX YPABHEHUNA

DOI: 10.36724/2072-8735-2024-18-2-31-43

®aH TyaH AHb,

Mockosckuii mexHuYecKul yHugepcumem ceAasu Manuscript received || January 2024;

u uHgpopmamuku (MTYCH), Mockea, Poccus, Accepted 20 February 2024
alexpta96@gmail.com

JNloreunos Bacunuit Bacunnesuw, Knroueeble cnoea: cunxpoHHbiii ycunumeris,
Mockoseckuii mexHu4eckuli yHugepcumem ceAsu asmozeHepamop Konnumua, CuHXpoHU3AUUA CU2HAJIO8,

u uHgpopmamuxku (MTYCH), Mockea, Poccus, komnnemenmapras napa MOIT - mparsucmopos, cucmema
adlerbasil@rambler.ru ducppepeHuuansHbix ypasHeHul, memod Pynze-Kymma

B ctatbe npuBopATCcA pesynbTaThl CPAaBHUTENBLHOIO aHanusa ynpo-
LLIeHHOW MaTeMaTU4yeCcKOW MOAENU CUHXPOHHOIO YCUNUTENA Ha OC-
HoBe aBToreHepatopa Konnurua, eeinonHeHHoro Ha MOTT TpaHsu-
cTope (MeTann — oKucen — MONYNpoBOJAHMUK) C NPpUMEHEHMeM MaT-
puuHoi cuctembl MATLAB 1 Moaenu CMHXpPOHHOTFO yCUNUTENA Ha
KoMnnemeHTapHoi nape MOI TpaH3ucropos B cpeae MICROCAP
¢ ucnonb3osaHuem PSPICE mMopenei aKTUBHbIX KOMIMOHEHTOB.
YucneHHoe MofjenupoBaHWe CUHXPOHHOIO YCHUNMUTENA BbINOMHA-
noce ¢ ucnonb3osaHueM dkeupaneHTHoi MOTIT TpaHsucTopa nep-
BOrO YPOBHA Ha 6onblIOM curHane c y4etoM 3cekra NoANoKKHU.
CxeMa ycunutens OnUCbIBAeTCA CUCTEMON HenuHelHbix andde-
peHuManbHbIX ypaBHEHUA MEpPBOro MopsAfKa, KOTopas peluaerca
MetogoM Pynre-KyTra, Ha BXoge KoTOoporo peicTeyeT ycunusae-
Mbli (CMHXPOHU3UpYIOLLMI) ba3oOMaHUNYNUPOBaHHbIW curHan. Mpu
3TOM BpeMA u3MeHeHusa ¢asbl BXOAHOIO BO3EACTBUA Ha T NpoMC-
XOAMIIO B TEeYE€HUU OAHOTO, ABYX NEPUOOB reHepupyeMbix Koneba-
HUiA NPU PasNMUYHbIX 3Ha4€HUAX Ha4abHOM (pasbl BXOAHOIO CUrHa-
na. Pesynbrartbl, nonyveHHble npu pelueHun cuctemol auncddepen-
LMaNnbHbIX ypaBHEHUN CPABHUBAIOTCA C pe3ynbTaTaMy MOAEeNupoBa-
HUA CUHXPOHHOIO YCWIMTENA Ha KoMnneMeHTapHoW nape MOIM
TpaH3ucropos B cpeae MICROCAP, naeHTU4HbIX McnoOnNb3yeMOMy
B cucteMe MATLAB npwu Toi1 ke pabouen Touke. Mccnegoeanue
MaTeMaTM4eCcKon MOZJeNn CUHXPOHHOTO YCUIMUTENA U MPUHLMUMNK-
anbHOM CXeMbl BbIMOMHANOCh BO BpeMeHHOo# o6nacTu nocne gocru-
)KE€HUA YCTAaHOBMBLLETOCA peXXuMa aBToreHeparopa, YTo UCKMioua-
no BAMAHME Nepexo/HbIX NPOLECCOoB NpU AEeACTBMM Ha ero Bxoje
c¢daszoMaHMNyNUpOBaHHOroO CUrHana.
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BBenenne

[locTpoeHne cOBpEeMEHHBIX LU(POBBIX CHUCTEM Ieperayd
JIAHHBIX, TEJIEBU3MOHHOIO U 3BYKOBOTO BEIL[AHUS, PaIOI0CTY-
ra HEBO3MOXXHO 03 CHHXPOHM3AIMU B3aMMOJCHCTBYIOIIMX
y3JI0B U YCTPOWCTB B YaCTOTHOM M BpeMeHHOH oOmactu [1-4].
XKecrkre TpeOOBaHMS Ha BBICOKYIO CTaOMJIBHOCTH YaCTOTHI
(6f=107-10") B IPUEMHBIX M IIEPEIAIOLINX YCTPOUCTBAX
obecrieurBaeTcsi MPUMEHEHHEM OIOPHBIX MECTHBIX I'€HepaTo-
POB, CTaOMJIM3MPOBAHHBIX KBAapIlEM M CHHTE3aTOPOB 4YacToT,
oxBaueHHbIX cuctemoii DPAITY (PpazoBas aBTOmOICTPOOIKA
yacToThl) [5,6]. [Ipuemnast u mepeparomas anmaparypa cucTemMm
TIO3UIIMOHUPOBAHHMS B TIPOCTPAHCTBE M OOHAPYKEHUSI OOBEKTOB
JOJDKHA 00J1a/1aTh OTHOCUTENBHON HECTaOMIBHOCTBIO TCHEPH-
pyemoit YaCTOTEI, COCTaBIIAIOMICH BEJINYUHY 10
Sf=10""-10"", 4TO MOXHO 00ECICUUTD JUIIb IPHUMCHEHU-

€M ONOPHBIX TeHEePaTOPOB, UCTIONB3YIOMINX CHCTEMY TEpPMOCTa-
TUPOBaHHBIN KBaplEeBOi cradwinzanuu [7] U Jaxe HMpUMeHe-
HHEM OINTHYECKHX KBAHTOBBIX T'€HEPATOPOB aBTOICHEPATOPOB,
oxBaueHHbIX cuctemont GAITY.

HpI/IMeHeHI/Ie CUHXPOHHM3AKU TO3BOJIACT MOAACPKHUBATDH
BBICOKYIO CTaOMJIBHOCTh YaCTOThI B T'eHEeparopax, yIpaBiisic-
MbIx HanpspkenueM (I'YH) mpueMHHKOB, JHCKPETHBIX Mpeoo-
pasoBareinsix Oypbe, Mpeodpa3oBaTessIX YacTOTHI U Jp. [8,9].

B nmaHHOW cTaThe paccMaTpUBAIOTCS CBOWCTBA CHHXPOHH-
3UpOBaHHOTO aBTOoreHeparopa (Al'), korma B KadecTBe MCTOY-
HUKA CHHXPOHU3UPYIOIIETO BO3ACHCTBHUSA HCIIONB3YETCS HE
TOIBKO KaK BBICOKOCTAOWIBHBI HMCTOYHHK TapMOHHYECKOTO
CHTHAJIA, YTO TIOBBIIIAET CTAOMIIBHOCTH 9acTOTHl Al', a Kak mc-
TOYHHUK TAPMOHHYECKOTO TOKa, (a3a KOTOPOTo M3MEHSETCS IO
HEKOTOPOMY 3aKOoHY. B 3TOM citydae cuHxpoHM3HpoBaHHbBI Al
MOXHO cuuTath ycuiuteneM OM (hazomMoayupoBaHHOTO)
CUrHaja, 00JIa/IAIONIMM BBICOKOH CTAOMIIBHOCTHIO aMILIUTY/bI
Y YacTOThl yCHJIMBAaeMOro curHaiga. CHHXPOHHBIN YCHIUTEIb
BBITIOJTHEH Ha OCHOBE cxeMbl reHeparopa Kommurua [10], pea-
JIM30BaHHOTO Ha KoMmIiemMenTapHoi nape MOII TpaH3uctopoB

(puc. 1).

Puc. 1. [lpunuunuanbHas cxeMa CHHXPOHHOT'O YCHJIMTEIIS Ha
komIieMeHTapHoi nape MOII Tpan3ucTopoB

HccnenoBanue CBONCTB CUHXPOHHOI'O YCHJIMTENS IpelBa-
psiet coopka npusesieHHol cxembl B cpeie MICROCAP, napa-
meTpsl MOII Tpan3ucTopoB (puc. 2) U peKuMa 1Mo MOCTOSHHO-
My TOKy (puc. 3) KOTOpoil 00ecreuMBarOT aBTOTCHEPAIIHIO
KosiebaHuii Ha wacTota nmpumepHo 942 MI'n (mpu aMIuUIUTYyAe
TOKa BXOAHOTO curHana /, =0).
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Puc. 2. [Togmenro napametpoB mozeneit MOIT TpaH3uCcTOpPOB:
a) n — KaHaina, 0) p — KaHaJla
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J171s1 BBITTOJTHEHYS] MOZICIMPOBAHNS AaBTOI€HEPATOpa, a 3aTeM 1
cuaxporHoro yemmrens B cpene MICROCAP, ucnonbsyrorcs
PSPICE monenmun MOII tpansucropoB BSS138W n BSS84V,
COOTBETCTBEHHO N — KaHaJa U p — KaHana (puc. 2).

C DT OAC 00 S 6 1m DAZMEG 010 07 1

Puc. 3. TTocTosiHHBIC HAMIPSHKEHHS B y3JIaX U TOKH B BETBSAX JJIs
paboueii Touku Ic =2,7 MA, Ucu = 2,4 B B cxemMe CHHXPOHHOTO
YCUITUTEIIS

3arem BeImonHsAeTcs MoaeupoBanue B cpene MICROCAP
ANEKTPUUYECKON CXEMbI CHHXPOHHOro ycwiutenst (puc.l) npu
BO3JICHCTBUU BXOJHOTO MAPMOHHUYECKOTO CUTHAJA C aMILIATY-
J0H [ =1mA IIPU 4acTOTE BXOJHOTO CUIHaJa, OJU3KO COBMA-

JIAIONIeH ¢ 4acTOTON aBTOT€HEpalMyd W OTIUYAIOLIEHCS OT Hee
JUIL TOTO, YTOOBI ONPEACIHUTh TOJIOCY YacTOT, 00CCIICUNBAIO-
LIYI0 PEeXUM CHUHXPOHHU3AIUH, T.€ IOJIOCHl YacTOT 3axBara U
yAep KaHuUs.

B cnenyromem pasnene, ucrons3ys Moaens MOIT Tpan3u-
CTOpa n — KaHaJa TIepBOTO YPOBHS, UCCIIETyeM CBOWCTBA CHH-
xpoHHoro ycwiutenss CBY curnama, OnvMcaHHOrO CHUCTEMOM
I QepeHInaTbHbBIX YPaBHEHUI HCIIONB3YsS MaTPUYHYIO CH-
cTeMbl kKommbioTepHol Matematuku MATLAB [11]. B mate-
MaTHYEeCKOH MOZENH OBUTH YYTEHBI CBOMCTBA TpaH3HMCTOpa Ha
OOJIBIIIOM CUTHAJIC TIPH PABCHCTBE HAIMPSKCHUN M TOKOB CXEMbI
MaTeMaTHYECKOM MOJEIN YCHIUTENI W €ro MMHUTAIMOHHOM
MOJIEJIH.

3aTeM BBIOIHACTCS HCCICAOBAHHE CBOMCTB OIMCAHHBIX
MOJIeTIel CHHXPOHHOTO YCHIIUTENS IIPH ICHCTBUM Ha €ro BXOE
(azomanumynupoBanHoro CBY curnana [12], ¢asa xoroporo
HU3MEHSETCS OT HYJISL IO T Ha BPEMEHHOM OTPE3KE CPABHUMOM C
MIEPUOJIOM aBTOKOJICOaHUH.

MopeaupoBaHue CHHXPOHHOTO YCHIIHTEJISI
HAa KOMIIJIEMEHTAPHOIi Mape MON TPAH3UCTOPOB
B cpeje microcap

B kauecTBe KBa3UMEpHUOIUIECKON aBTOKOJIEOATEITHHON CH-
CTeMbI MbI OyJIeM HCIIOJIb30BaTh aBroreHeparop Kommwuria Ha
ocHOBe kKomruiemMeHTapHou mapsl MOII TpaH3ucTopoB, obia-
JIAroIell MUHUMAJILHBEIM YKMCIIOM KOMITOHEHTOB, YTO OCOOEHHO
Ba)XHO TIpu uX moctpoeHnu B CBY muamaszone, Koraa CHIIBHO

T-Comm Vol.l8. #2-2024

SNEKTPOHUKA. PAODUOTEXHUKA

BJIMSIHHE MApa3uTHBIX MapaMeTpoB CXEMbl, 0COOCHHO IMpU HC-
T0JIb30BaHUH MHTETPaJIbHOW TeXHOJIOTHHU. boJblne Toro, 4acto
P KOHCTPYMPOBAHUH TaKMX YCTPOWCTB BXOJHBIC M BBIXOJI-
Hele napamerpsl MOII tpan3uctopa [13] MoryT ucnonp30BaTh-
Csl KaK 2JIEMEHTBI Pe30HaHCHOTO KOHTYypa reHeparopa (Cl, C2,
puc. 1) 1 Bcero ofHa MHAYKTHBHOCTH 0€3 yueTa BIUSHUS JI0-
TIOJTHUTENBHBIX 3JIEMEHTOB MOAKIIOYCHUS! BHEUIHUX LeTeH.
I'enepatop Kosnurna siBasieTcss 0OQHONW M3 CXEM DJIEKTPOHHBIX
aBTOTCHEPATOPOB, HCIIOIB3YIOINX KOMOMHAIMIO OJHOH WH-
nyktusHocTH (L1) ¢ aByms korpercatopamu (C1 u C2), onpe-
JENSIOMNX TeHepupyeMyro J9acToTy. OmHON M3 TIaBHBIX OCO-
OCHHOCTEH ATOro reHeparopa siBisieTcsi ero npocrora. OCHOB-
HBIE MOKA3aTeJIM TAKOTO aBTOreHepaTopa: 4acToTa FeHepaluy,
€e 3aBUCHMOCTh OT BHEIIHHX YCJIOBHH, KOd(QQUIMEHT nryma
aBTOreHepaTopa, YIpaBJICHHE YacTOTON TeHepaluu ¢ IMOMO-
IO BapHKala M aMIUINTY/a BBIXOJHOTO HAIPsHKEHHs ObUTH
moIpoOHO UcceoBaHsI B [14-17].

CBOIiCTBa CHHXPOHHOTO YCHJIUTENIS HCCIEIOBAINCH IIPH
BO3JICHCTBUM TapMOHMYECKOTO CHI'HAJIA, CO3/1aBAEMOr0 HCTOY-
HUKOM TOKa (pHc. 1), MaTeMaTHdeckas MOJICTb KOTOPOTO OITH-
cana B moamento Current Source (prc. 4), GopMHPYIOIIEro cur-
HaJI ¢ YaCTOTOH f, =942MIy 1 HyJIeBOH HayanbHOH (a3oii, 4To

obecreunBaeT PeKUM CHHXPOHH3AIMN ¢ CUTHAJIOM TeHepaTopa.
PesynbraTel MofeIMpoBaHys aBTOreHeparopa (7, =0, puc. 1)

B cpezie Microcap Bo BpeMEHHOW 00JIacTH NPHUBE/ICHbI HA PH-
CYHKE 5a U B 4aCTOTHOW — Ha pucyHKe 50. DopMa HanpspKeHUs
B y31e ctoka MOII TpaH3ucTopa n — KaHajla U CIEKTpP BBIXOA-
HOT'O HamnpsDKeHUs Ha KoHJeHcaTope C2 moka3aHbl Ha PUCYHKE
5a,0 MOKa3bIBAIOT, YTO KOJCOAHUs NOCTATOYHO OJIM3KH K Tap-
MOHHYECKUM ¢ aMIuuTyaoi 1,8 B, urto moarBepxiaercs crek-
TPOM BBIXOIHOI'0 curHana B cepenute ( f, = 942,5MIy ) pabo-

Yel TOJIOCH MPUHIMAEMBIX YacTOT aDOHEHTCKOTO TepMHHAIA
cuctembl LTE [18].
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Puc. 5. ®opma BBIXOIHOTO HAPSKEHHs aBTOr€HepaTopa
BO BPEeMEHHOI 001acTH () M CIIEKTP aMILTUTY I BBIXOJHOTO
HAIPDKEHNs! B yCTaHOBHUBLLIEMCst pexume () (mpu [, =0)

Kak moka3piBaeT puCyHOK 50 CIIEKTp BBIXOJHOTO HAmpsKe-
HUS 00J1a/1aeT SIPKO BBIPAKEHHON COCTaBIISIONICH MepBOM rap-
MOHHKH BBIXOJHOTO CHI'HAJIa ¥ NPEHEOPEKMMO MalbIMU LIy-
MOBBIMH COCTaBJISFOILUMHU.

[Tepexon u3 pexnMa aBTOKOJIEOAHUH B PEKUM CHHXPOHHO-
IO YCHUJIEHHS BXOJJHOTO TapMOHUYECKOTO CUTHATIA:

i ()=1_sin(o, t+¢,)=1_sinQ2rf t+¢,) (1)

MPOUCXOANT NPH 33/IaHUU aMILUIUTY/Ia BXOJIHOTo Toka (puc. 1),
ornyHol oT Hys ([, =1mA ) OT BBHICOKOCTAOMIBHOIO UCTOU-

HUKa C 9aCTOTON =942MIy w HyneBoW HauambHOU (a3oii

ox
(puc. 4), obecrieunBarOIIEro PeKUM CHHXPOHHM3AIMU C CHUTHA-
JIOM aBTOTEHEpaTopa.

VYcunenHslil curHan cHuMaercs ¢ konaeHcaropa C2, moka-
3aHHBIM Ha PUCYHKE 62 B YCTAHOBMBIIEMCS PEXHME C IOCTO-
SIHHOH aMIUIUTy0d 1 (hOpMOii, mpucymield rapMOHHYECKOMY
CHTHAly, 4TO OTPaKAeTCsl HA CIIEKTPE BHIXOAHOTO CHTHAJA.
CrexTp BBIXOAHOTO CHTHAJIA, MOJYYCHHBIH B pe3ysbTaTe HC-
MOJIb30BAHUS TPOLEAYPHI MpeoOpa3oBanust Dypbe BBIXOTHOTO
curnana B cpege MICROCAP, nmoka3zan Ha prcyHKe 60.

Curnan Ha BBIXOZIE CHHXPOHHOTO yCHIIUTEIIS OJIM30K K rap-
MOHHMYecKoMy ¢ amrumTynod 1,9 B, a ero crektp oOmnamaer
OJIHOM JTMCKPETHOM COCTABJIAIOLIEH HA 4acTOTE BXOIHOI'O BO3-
nerictBusg 942 MI'1. Yactora xoiaeOaHU BBIXOJHOTO CHUTHAIA
CHHXPOHHOTO YCHJIUTENSI OIPEENSeTCS YaCTOTOH YCHIIMBac-
Moro curHana f, .

- ——_—
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Puc. 6. Pe3ynpTaThl aHAIN3a CHHXPOHHOTO YCHITUTEIS
BO BPEMEHHOH M YaCTOTHOI 00JIacTsX:
a) BBIXOJJHOE HANpsDKeHNUe; 0) CHEeKTp YCHIEHHOTO CUTHAJIA

Hexkotopoe oTnume 4acToThl YCUIIMBAEMOTO CUTHAJIA, KOTO-
poe MOXET CYIIECTBOBaTh B PEAIBHBIX YCJIOBHSX, MPH STOM
o0ecrieurBaeT peXXnM 3aXBaTa CHTHAJIA aBTOreHepaTopa BBICOKO-
CTaOMJIGHBIM BHEITHUM HCTOYHMKOM, YTO IIPH 33/laHHOM PEKHME
AD u mapameTpax yCHIMBaeMOTO CHUTHANIA, COCTABISIET HE MEeHee
7 MI' [15]. CHHXpOHHBIN PEXUM HMEET MECTO TONBKO B OIIpe-
JIeTICHHOM TIoyioce JacToT Af OT 4acTOTHI aBTOreHepaTopa, Kormaa
cralBIil YCHIIMBACMBIN CHTHAJT 3aXBATHIBACT M YACPKUBACT MOIII-
HbIIi CHUTHAJI aBTOI'€HEpPaTopa, O0ECIeUMBasi MX CHHXPOHHOCTD.
Takast 001acTh 4aCTOT Ha3bIBACTCS TOJIOCOM 3aXBa HJIM yJepiKa-
HHS1, KOTOPasi HECKOJIBKO OOJIbIIIe TIONOCkI 3axBara [19].

BHe ee cyiecTBYIOT 1Ba HE3aBHCHUMBIX YaCTOTE KOJICOaHMUS
Ha 4acTOTe aBTOKoieOaHui f, M BXomHOro curHana f, . 3a

IPaHMILBI IIOJIOCHI 3aXBaTa BOSHUKACT PeXKUM OueHus (puc. 7).
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Puc. 7. Curnai Ha BBIXOJE CHHXPOHHOIO YCHIIUTEIISI BHE IOJIOCH
3axBara: a) Gpopma curHana; 0) CIeKTp BBIXOAHOTO CUTHAJIA

CrieKTp BBIXOJHOTO CHTHAlla PACCBIMAETCs, T.€. BO3HHKAET
0O0JIBIIIOC YMCIIO KOMOWHAIIMOHHBIX COCTABJISIOLINX, YTO O0Y-
CIIOBJICHO MEPEMHOKEHUEM COCTABNIAIOMIUX HANPSHKEHUS C
yacToTaMu f, M f, Ha HenmHeiHocTH AD reneparopa.

Takum o0pazom, ¢ momompio cpeasl Microcap npoaHaiu-
3UPOBAHbBI CBOMCTBA CHUHXPOHHOT'O0 YCHUJIIMTEIIA BO BpeMeHHOﬁ u
YaCTOTHOM 00JIacTsX.

B crenyromem paszene Mbl ITOCTPOUM MaTeMaTHYECKYIO
MOJIETIb CHHXPOHHOTO YCHJIMTENSI U PEIINM 3Ty CHCTeMy Au-
(epeHMaNbHBIX ypaBHeHHUi ¢ momorisio MATLAB.

Ha ocHOBe npuBeEeHHBIX BBIIIE PE3yIbTaTOB MOJICIUPOBa-
HUSI OLIEHUM TOYHOCTb YUCIICHHBIX PELICHHUM.

Onucanue CBOMCTB CHHXPOHHOI0 YCUJIMTEJIS
cucreMoii AudpepeHuHAIBHBIX yPABHEHU I

Crpyxtypa MOII TpaH3ucTopa n — KaHaja MepBOT0 YPOBHS
OIMCBHIBACTCSl IKBUBAJIECHTHON CXEMOW A pexuMa OOJbILINX
CUTHAJIOB (pHC. 8) C yNpaBiseMbIM HCTOYHMKOM TOKa CTOKA

i, = f(ug5,U,), UCTOUHHKOM TOKa IUIS KaHAla M Hapoi

JIMOJIOB 1711 p-n miepexona [20, 21].

Puc. 8. OxBuBanentrast cxema MOII tpan3ucTopa n — kaHana
B peXUMe OOJIBIINX CUTHATIOB

HVI3BECTHO, 4TO MEXKy YIPABISIONIMM HANPSUKCHHEM TpaH-
3MCTOpa W €ro TOKOM CTOKa CYIIECTBYET HEIMHEWHAs 3aBHCH-
MOCTB, OITUCHIBaEMasi CUCTEMOW ypaBHEHHH (2), CBS3BIBAIOIIIIEC
Tok ctoka MOII tpamsucropa (i, — drain current) ¢ ynpasis-

IOIUM HaNpsHKEHUEM Ha 3aTBope (U, — gate — source voltage).

Hns monenn n-kananmsHOro MOII-TpaH3nucTOpa TIEpBOrO YpOB-
HS HCTIOJIB3YIOTCS cieytomme ypasuerus [20]:
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0 > Ver < Vi

. W

i, =1K, ?vcz (V(_'l Vi _ch) 2 Ver 2V, MVey SVe 4, (2)

W 2 S
Kn Z(VCI _Vrh,n) s Ve 2 Vi BVer Z Vg apn
rie:
® Vs abn =Vas ~ Vinn nanpsoxenue MOII TpansucTopa
n — KaHaJla B pEKUME HACBIIICHUA

® V., =V, — HalPSHKEHWE 3aTBOpP — HCTOK (gate — source

voltage), paBHOE HaMpsHKEHUIO Ha epBoM KoHeHcaTope Cl;
® V., =V, — HaIpKCHHE CTOK — MCTOK (gate — source

voltage), paBHOE HaNPsHKEHHUIO HA BTOPOM KoHeHcaTope C2;

e v, , — Hanpsorenune orceukn MOII Tpan3ucTopa n — KaHana,

e K n — ynenpHas kpytu3Ha MOIT Tpan3ucTopa n — kaHana;

e W, L — mupuna u nyiuna kanana MOII tpansucropa.

BausiHue mouioxkku Ha OOJBLIOM CHTHAJIE JUISL CTaHAapT-
HOM TEXHOJIOTHH, UCTIONB3yeMol mpu peanuzanuu MOIT tpan-
3MCTOpa, OTPaXKACTCsl BKIIOUCHHEM B €r0 SKBHBAICHTHYIO CXe-
My 00paTHO BKIIFOUCHHBIX JANOJIOB ITOUIOKKH MEXILY 3aTBOPOM,
CTOKOM M 001IeH IIHHOM.

Ha pucyHke 8 npencTaBieHB pacioioKeHNE U TOISIPHOCTh
TaKuX IUOMOB. BiHsHUE MOMUTOKKA Ha OONBIIOM CHUTHAIE IS
CTaH/JIAPTHOM TEXHOJIOTMH, MCIIOJIB3YEMOUW MpU peanu3aluu

MOII TpaH3ucTopa, OTpakaeTcs BKJIIOUYEHHEM B  €ro
9KBHBAJIEGHTHYI0O CXEMYy OOpaTHO BKJIOYECHHBIX JHOJOB
IOJITO’KKU MEXKJTy 3aTBOPOM, CTOKOM U OOIICH IIMHOM.
URI')

. nU;

Ipp :IS,D(e =1 (3)

rae

e [, — 0OpaTHBIE TOKH OTCEYUKH;

e n=1— k03 HUIMEHT IMICCHUT;

o U, = kI'/qg=26MB — TemmepaTypHOe HaIpsDKEHHUE

mpu KoMHaTHOM Temnepatype 7 =300 K ;

e U,, — HamnpsOKCHUE MOMJIOKKH — CTOKA.

Ha ocnoe moznenn MOII tpaH3ucTopa Ha GOJIBIIOM CHIHA-
JIe MBI IOCTPOMM SKBUBAJICHTHYIO CXEMY CHHXPOHHOT'O YCHIIH-
TeJIS Ha OCHOBE MOJENH TIEPBOTO YPOBHs n-KaHanbHOro MOIT
TPaH3UCTOPA, H300PAKEHHYIO HA PHUCYHKE 9.

iiiiiiiii S A
i nMOS |1 4,
lli | |

Lin

v A | = |

5 -

Puc. 9. DxBuBasneHTHAs cXeMa CHHXPOHHOTO YCHIIUTEIIS
Ha n-kanainbHoM MOII Tpan3ucrope
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YunteiBass 0003HaUCHNSI HANpPSHKEHUH W TOKOB Ha CXEMe
pucyHka 9, wmcmonp3ys mpaBuwia Kupxroda, MBI MOXKeM
HAIHCATh:

—i, =0 “4)

lex - lCl
rne: i, (t)=1, cos(w,t+@, ) - BHEIIHUHN TOK.

Iy =i, —ley = 0 Q)

cm
rne: i, =i, +i, . 3HAUYCHUs i, U i, , ONPENENAIOTCA C TIO-
MolIbi0 ypaBHeHuH (2) u (3).
[Mpumensist mpasuiia Kupxroda mist konrypa C1 — RL — L —
C2, MBI IOTYYHITH CTIEAYIOIIEE YpaBHEHHE:

Vi + Ry = Ve = Ve, (6)
U3 (4), (5) u (6) mMeeM cucTeMy ypaBHEHHIA:
loy =y iy
iCZ = iLl _ic)n (7)
Vit =Ver =Ver =Vr, = Ver —Ver — Ry
. dv di
VuurteiBas, uaro i(t) =C = u v(t)= Ld—, MBI MOYKEM TIO-
t t

TyunThb AU hepeHnanbHple ypaBHEeHUs Il HaNpsKeHUH KOH-
JIeHCaTopa Vg, , V., W TOKa HHAYKTOPA I;, , COOTBETCTBEHHO.

del _ Ll
d c1
dv 1 .
a e ®
di, 1
_— =
1"

[Toctaum (7) B (8), momyunm cucremy auddepeHnnans-
HBIX YPaBHEHUH HCIIEyEMOT0 CHHXPOHHOTO yCHITHTEIIS:

dv .. .

d_;l = a(lsx _lLl)

dv |

T;Z = a(lu ~i,,) )
di 1 .
ﬁ = H(VCI —Ve, — R )

MaremaTH4ecKkast MOJIeJIb CHHXPOHHOTO YCHIIUTEIS OTHCHI-
BAETCsl CUCTEMOH u3 Tpex nuddepeHnnanbHbIX ypaBHeHUH (9).
[epeble nBa mupGepeHINaNbHbIX YPAaBHSHUS 3allUCaHbl JUIs
HAaIpsDKeHUs Ha KoHAeHcaropax. [locienHee ypaBHeHHE HaIlH-
CaHO VISl TOKA Yepe3 MHAYKTUBHOCTB.

Cucrema HenmHEHHBIX AuddepeHaIbHbIX YpPaBHEHHH,
onuchIBaoIas (pyHKIMOHATIBHYIO CBS3b MEXKIY HANPsDKCHHS-
MH M TOKaMH B KOMIIOHEHTaX IIEMH HE MOXKET OBbITh pelieHa
AQHATMTHYECKUMU METOAaMH, HAalPUMEpP, METOJ MEIUICHHO Me-
HSIOLMXCSl aMIUIATY/I, MaJoro rapameTpa peuraeTcss U mosTo-
MY YHCJICHHBIMUA METO/IaMH.

HccenenoBanue CBOMCTB CHHXPOHHOTO yCHINTENS ((akTH-
YECKM aBTOTEHEPaTopa, CHHXPOHU3MPOBAHHOTO  CIOXKHBIM
(ha30MaHUITYIMPOBAHHEIM CHTHAJIOM) Ha OOIBIIOM CHTHAJE
TpeOyeT mpekae Bcero 00ecnedeHnst yCIOBUsI CaMOBO30Y kK Ie-
HUS, T.€. IPEBBIICHUS HANpsDKeHus: Ha 3atBope MOII TpaH3u-
CTOpa, HATIPSHKEHHUS OTCEYKU Vi, >V, U MOCIEIYIOIUM Tie-

PEXO0/IOM TPaH3UCTOPA B PEXKHUM HAChIIICHUS (2).

[Nonmy4yeHne KOPPEKTHBIX Pe3yJIbTaTOB MHTETPUPOBAHUS CU-
crembl (9) ommpaercs NpaBHIBHO BBIOpaHHBIE HAYAIbHbIC
YCIIOBHS sl paboueil TOUKH, COOTBETCTBYIOLIECH IPOBEICHHO-
My aHaJIHM3y MPUHINIHAIEHON CXeMbl CHHXPOHHOTO YCHIIUTEIIS
B cpene MicroCap.

B kauyecTBe HayanbHBIX YCIOBHH BBIOPAHO OTCYTCTBHE
HAIpsHKEHUs BCEX KOHJCHCATOPAX B MOMEHT BKJIFOUECHUS HC-
TOYHUKA NUTAHWUS PaBHBI HYJIIO U TOK 4Ye€pe3 WHIYKTUBHOCTb
TOXE pPaBEH HYJIO, YTO OMpPEAENsETCS CUCTEMON ypaBHEHUU
(10):

v (0)=0
v, (0)=0 (10)
iLl (0) =0

Pemennst cucremsl muddepeHInanbHbIX  YpaBHEHUH BBI-
TIOJTHSETCS C MCIOoNb30BaHueM Metoaa Pynre-Kyrra, Bxopsie-
ro B TAaKeT CHCIHAIBHBIX KOMIBIOTEPHBIX MPOrpaMm
MATLAB. Anroput™ mporpaMMsI Iokas3aH Ha pucyHke 10.

s onpenenennss Ko3(h(HUINEHTOB, BXOSIINX B CHCTEMY
ypaBHeHn# (9) ncmonb3yeM 3HAYEHHsST KOMIIOHEHTOB MPHHITU-
MUATBbHONH CXEMbl CHHXPOHHOTO YCHJIMTENsl Ha pHCYHKE |
obmamaromero crneayromuMu 3HadeHmsMu: L1 = 6 (al'mH),
RL =2 (Om), C1 =10 (nd) u C2 =10 (nD).

B ocHoBe pacuera nexxar TpU YCJIOBHS, BBITEKAIOIIUE U3
ypaBHeHus 2. Ecnu HampsbkeHHe Ha 3aTBOpE MEHbIIE Hamps-
JKEHUsI OTIHPAHKS, TO TOK CTOKa PaBeH HYJIIO (TPaH3UCTOp 3a-
niept). Ecnu pabouast Touka TpaH3UCTOpa MEpPEeMEIIacTCs B JIH-
HeWHyI0 00JacTh MOJ JEWCTBUEM BO3HHUKAOUIETO CHUTHAJA,
HauMHAS OT ITYMOBBIX 3HAYECHUH MO OTPE3KOB KOCHHYCOWJ, U
Ha K)XIOM IIEpHOJIE TPOBEPSIETCS JBYCTOPOHHEE YCIIOBHE B
ypaBHennu (2). Konebanus Hapacrarot 1o ammuuryze. 1 korna
OHO HapyIIaeTCsl M3-3a JCHCTBUS IOJOXHUTEIEHOW O0OpaTHON
CBSI3M, TEPeXo/sl K OMHMCAHMIO TPAH3HCTOpA TPETbUM ypaBHE-
HHEM, COOTBETCTBYIOIIMM OOJIACTH HACBIIICHNSI.

Mpe1 Oynem ucnonb3zoBath Meto] Pynre — Kytra [22] TpeTh-
ero nopsiaka B MATLAB s pemerust cucteMsl auddepeH-
IUAIbHBIX YPAaBHEHUH CHHXPOHHOI'O YCHJIMTENs, HCHOJIb3Ys
AITOPUTM, PUBEIEHHBIHN Ha pucyHke 10.

Pesynbrarel MoJeIMpOBaHUs cucTeMbl (9) oTpaxkaroTcs Ha
SMIOpax TOKA Yepe3 MHIYKTHBHOCTH L1 u HanpspkeHunit Ha KOH-
nencaropax Cl, C2 (puc. 11).

B aBTOHOMHOM pexuMme (TIpH OTCYTCTBHU BXOJIHOTO CHTHa-
na, I, =0). ®opmsl HanpsbkeHuit Ha 3atBope MOII Tpansu-
cropa n — kaHanma (V(Cl)) m Ha BBEIXO#E aBTOreHepaTropa
(V(C2)) u Tok uepe3 muayktuBHOCTH (I(L1)) moxasansl Ha
pucyHke 9a-c, coorBeTcTBeHHO. OHHM IMOJIYyYMIINCH MPU pelie-
Huu cuctemsl (9) npu I, =0.
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Puc. 10. Anroputm nporpaMmsl peleHHs: CHCTEMbL
i depeHanbHbIX YpaBHEHNI CHHXPOHOTO YCHITUTEIS

MO>HO YBHJIETh, YNCIICHHbIC 3HAYCHUS BBIXOIHOTO HaIIpsi-
skerust (V(C2)) nmpu perieHur CUCTEMbI TU(PPEPCHINATBEHBIX
YpaBHEHHMH OJIM3KHM K IOJYYEHHBIM IIPU aHaJIM3€ aBTOreHepa-
Topa B cpeae MicroCap (puc. S5a).

IIpu BO3mENCTBHM TapMOHMYECKOTO HUCTOYHUKA TOKA YCH-
JIMBAEMOTO CHUTHAJIA B MOJIOCE CHHXPOHM3AIMN C 4acTOTOH 942
MTI'n, ammumtynoii 1 MA W HyneBol HawdadbHOW (a30i, BBI-
xomgHoe Hamnpspkenue (V(C2)), momydeHHOE B pe3yibTaTe pe-
IICHUS] CHCTEMBI Tu(PepeHInaTbHBIX ypaBHEHHH (9) moKazaHO
Ha pUCyHKe 12a Ha mHTepBaje aHamm3a U 120 — B yCTaHOBUB-
LIEMCS PeXKUME.
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Puc. 11. Pe3ynpratsl peneHus CHCTEMbI U GepeHITHATBEHBIX
YpaBHEHUH JUId pexXKUMa aBTOreHepaTopa:
a) Hanpspkenue C1; 0) Hanpsbkenue C2; B) TOK Yepe3 MHAYKTUBHOCTB L1

The st mignal VIET)

0)

Puc. 12. Curnan Ha Beixoze cuHXpoHHoro yeunurens (V(C2))
BO BpeMeHHO# obnactu: a) ¢ =0 — 500 Hc; 0) £ = 495uC — 500HC

Ha PUCYHKE 13 moka3aHbl PEIYIbTATHI PCIICHUSA BbIXOJHBIX
CUT'HAJIOB NpU BHCHIHEM BOSJIeﬁCTBPIPI BHC TI'paHUIbI IOJIOCHI

cuHXpoHu3auu f, =925u 960 MI'n.

e —




6)
Puc. 13. BbIxoqHO# curHaj CHHXpOHHOT'O YCUIMTEIIS P PELLICHUH
cucTeMbl TU(PepeHIINaTbHBIX YPaBHEHUH BO BpEMEHHOH 00IacTH:

a)f, =925 u6)f, =960 MI'y

W3 mnpuBeneHHBIX BBINIE PE3yJIBTaTOB MOXKHO CHENATh
BBIBOJI O TOM, YTO PE3YJbTAaThl PEIICHUS MaTeMaTHYECKHX
muddepennmanbapix ypaBHennit (9) ¢ momomsio MATLAB
MOJIHOCTBIO COBIAJACT C pe3yJbTaTaMd MOJICIHPOBAaHUS B
cpene MICROCAP. ITostoMy MBI MOKEM HCIIOJIB30BaTh 3Ty
MaTeMaTHYECKyI0 MOJENb Ul aHaIN3a CBOMCTB CHHXPOHHOTO
YCUIIUTENsT M TNPUMEHATh U pacyera IapaMeTpoB CHCTEM
CBSI3H, B KOTOPBIX OH HUCIIOJIB3YETCSl.

Pacuet (pa3bl BBIXOIHOTO CUTHAJIA
oT ¢a3bl BXOJHOI0 TOKA

B npuBeieHHBIX BBIIIE CIIyYasx pacueTa aMIUIUTyia U (dasza
BXOJIHOTO CHTHAJIa BCETJla OCTAIOTCs HEM3MEHHBIMH BO BPEMst
(I, =1MAne, =0). Torna ammmuryza u ¢a3a BBIXOIHOIO

CUTHaJia BO BpeMs aHallu3a Moka3aHbl Ha pucyHke 14. Bunno,
YTO BO YCTAHOBHBILIEMCS PEKUME pabOTHI aMIUTUTyIa U (hasa
BBIXOJHOT'O CHUTHaJIa oynyT MOCTOSIHHBIMU
(U,.=19Bue,, =170rpan). Bpemsa  ycTaHOBIEHUs

ammmty st (7, ~ 30 HC ) GbICTpee YeM BpeMsi yCTaHOBICHHUS
dasei (7, 200 He ).

INponecc nepexona TuX mokasareiaeil B CTallMOHAPHOE CO-
CTOSIHHE 3aHUMAEeT Pa3IMYHOE BPEMs, YTO HEOOXOIMMO YUHUTHI-
BaTh NpPH BHIOOPE MOMEHTA BPEMEHHM, KOTJa MOXKHO CUHTATb,
YTO MEPEXOJHBIC IPOLECCHl B YCUIIUTENE 3aKOHUMINCh H MOXK-
HO HAa4MHATh MCCIEA0BATh IOBeAeHHE (Da3bl BEIXOIHOIO CUTHA-
Ja, IpH JEHCTBMM Ha €ro BXole (pa30MaHHITYJIHPOBAHHOTO
CUTHaJIa, 4TO cocTaBisieT nmpumepHo 200 He.

The armgitude of the outgat sigral
2 T T T T T
vl
e
el
Tl
i
anH
e
0
oz - - L L L 1
] o1 o [T} T s . or as
Tieme i) w
a)
. Ths phase of the output signal
. T T T T
=
x0
"0 r\
e 1
g
e
00
» L L L
(] ot 0z 03 [ o8 o or o o 1
Time (8) ot

Puc. 14. Xapakrep n3mMeHeHus aMiuuTy sl (a) u ¢passl (0)
BBIXO/IHOT'O CHTHAJIOB TIPH A€HCTBUU HA BXOJI€ YCUIIUTENS
TapMOHHYECKOTO CUTHAJIA C TIOCTOSHHOM aMILTUTY 10U 1 (ha3oi

Jnst ycTaHOBHBIIErocs peXnMa CHHXPOHHOTO YCHIIHTENS,
uccieyeTcst u3MeHeHnue (aspl BBIXOAHOTO HANPSDKCHUS MPU
BO3JEHCTBUM BXOJHOIO CHUTHajka, (ha3a KOTOPOrO H3MEHsSeTCs
T10 3aKOHY:

O, , <t

o) =

(pz(tA_t (11)

°)+(p1,tOStStO+At
t
0, ,1>1,

rae: ¢, = 2007,

6x

Korja mnepexoAaHbIC IMPOLECCHI B YCUIIUTECIIC

1
At=2T _, T =— — mepuoxa BXOAHOTO CHTHa-

6x 6x

3aBepIICHBI,

ax
.

OT0 3HAUYMT, YTO (ha3za BXOJHOTO TOKA M3MEHSETCA IO JIH-
HEHHOMY 3aKOHY OT HA4aJIbHOI'O 3HAYEHHS ¢, 1O KOHEYHOT'O

3HAYEHUS @, , C BpEMEHEM HapacTaHus Af M HadaJlbHBIM Bpe-
MeHeM m3MeHeHus dasbl f,. [Ipu 3TOM ammiuTyzsa BXOIHOTO

CUTHaJIa MOCTOSHHO paBHa IMA. Ha pucynke 15 mokasansl
aMILIUTYJbI ¥ (a3bl BXOAHOTO Tokanpu @, =0 u ¢, =7 .
Jlns sToro 3akoHa M3MEHEeHHs BXojHoro curxana (11) pe-

mrajachk cucTeMa ypaBHEHHH (9) ¢ MOMOIIBI0 MaTPUYHON CH-
cremsl MATLAB.

e ——————
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The ampiitude of the input signal

Ampitude (mA)

Term (5} "

- The phass of the input signal
=0 T

w0 n

Mot 00

Puc. 15. Xapaxrep n3meneHuns aMiiuTy sl (a) 1 ¢assl (6) BXOAHOTO
CHUTHAJIOB IIPH U3MEHEHUH €ro Ha T 110 3aKoHy (11)

PesynbraToM perieHHst 3TOW CHCTEMBI SIBHJIACH DITIOPA BbI-
XOJ/IHOTO CUTHaJIa, TIPUBECHHAs HAa PUCYHKE 16, 11 BpeMeH!
MEepeKIoUYeHUsT (aza BXOAHOTO CHIHANA, COCTABJIAIOIIECTO
At =20 uc (puc. 15).

The outputsgnat VIC2)

Time tis)

Puc. 16. Dnropa BBIXOIHOTO CHTHAIA BO BPEMEHHOW 001acT 1pu
U3MEHEHUH (a3bl BXOJHOTO CUTHAJIA

Cy1iecTByeT HECKOJILKO CIIOCOO0B M3MepeHust (ha3bl CUrHA-
Ja, KOTOpBIe HcienoBaHel B pabotax [23-25]. KoHkpeTHbIit
BBIOOP TEXHHMKH OOBIYHO OCHOBBIBACTCS HA MapaMeTpax HcCie-
JlyeMoro curHajga. B paboTe ObUI HCIOJB30BAJIOCH OBICTPOE
npeobpasoBanue Oypobe cpene MATLAB ¢ npeaBapureibHbIM
rpeoOpa3oBaHNeM CHUTHAJIA B IM(POBYIO HOpMy.
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AmnanoroBelii curaan x(t) npeodpasyercst B 4aCTOTHYIO 00-
nacth (ucmons3ys Gyakmnuu fft wim cpsd). 3arem paccunThiBa-
eTcsl XapakTep M3MeHeHHs (pa3bl BBIXOJHOTO CHTHaJIa B 00Jia-
cTH pabOYMX YacToT.

B nmannoli pabote mbl ucronsdyem FFT ¢ymkmuro (Fast
Fourier Transform, Beictpoe Ilpeobpazoanne @ypre - BIID)
[26], koTOpOE TO3BOJISIET ONPEACIUTD aMILTUTY Iy U (ha3bl KBa-
3UTapMOHHYECKUX CHUTHAIOB. /st TOro 4roObl NpeicTaBUTh
CHTHAJl HENPEPHIBHOTO BPEMEHH X(?) B MAaMATH KOMIIBIOTEPA,
HaM HEOOXOIMMO BBIIOIHUTE JUCKPETHU3ALHUIO BBIXOJHOIO
CHTHAJl CHHXPOHHOT'O YCHJIUTEJNS C JOCTaTOYHO BBICOKOH 4Ya-
CTOTOHN (corjacHO Teopeme AucKperu3anuu KoTeTpHHKOBA).
[MosyueHHbId LUQPOBOK CUrHAT NPEOOPa3yIOTCSl B YACTOTHYIO
obuacth ¢ momoipto GpyHknuu bI1d.

B pesynbrare BBIYMCICHUS KOMILIEKCHOTO JHCKPETHOTO
nipeodpaszoBanust Pypee (JI1D) curaan x(¢) npexcrasisercs B
BHUJIC NTOCIICAOBATCIBHOCTH KOMIUICKCHBIX umcen X, + j.X,

Ilonyyaercst aMIIIUTYAHBIA CIIEKTP.

| =, (12)
CDa3a CHeKTpaJ'H)HI)IX KOMITIOHCHTOB BBIYUCIISACTCS KaK
X,
() =tan"' w 13
(X)) = X (13)

re

Jnst nonyvenns rpaduxa u3MeHeHus (Gaspl BO BpeMEHH IS
BBIXOIHOTO CHUTHAJIa, MOXHO MOCTYTIUTD TaK:

1. Pa3genuts TOTO cHrHaima Ha N OKOH, IIMPHHA KOTOPBIX
paBHa JUIUTENHLHOCTH Neproia KosebaHuil (¢ momoripo GyHk-
uu reshape B MATLAB).

2. JIng Kaxaoro okHa BbYUCIHTH QyHKuuto BIID (¢ mo-
Motsio fft).

3. Oynkrwms bI1® moMoraeT onpeneuTh aMILIHTY Ty U Qaszy
Ha JUIMHE Ka)K/I0T0 Nepro/ia KojaebaH!ui ¢ 4acTOTOH CUrHaja.

A e (B)

Tiew (3] ot

Puc. 17. Xapakrep n3MeHeHns aMIDIATYABI U (a3l Ha Beixoje CY B
peRUME CHHXPOHU3ALMHY IIPH M3MCHEHHH (pa3bl BXOJHOT'O CHTHAJA HA T

Korna daza BxoaHoro curnana u3Mensercs mo 3akony (11)
OT HayaJbHOro 3Ha4yeHust O 70 3HAYCHHS 77 HPHU TOCTOSHHOM
aAMIUTUTYJIC, TO TOJyYCHHBIH aMIDIMTyaa W (paza BBIXOIHOTO
CHUTHAJIA MPUBE/ICHBI HA PUCYHKe 17.




TEXHOJIOTUU

B mamreit cirygae uccienoBaHus Mpy HEOOJIBIION aMILTUTY-
Je BHelHero Toka (/,, =1 MA ) aMIUINTy/1a BBIXOAHOIO CUTHa-

Jla ycraHaBiuBaercsi Obictpee (as3bl. Kpome 3T0r0, B MOMEHTE

u3MeHeHnsT (ha3pl BXOAHOTO CHTHATa aMIUTMTYJa BBIXOHOTO

CHTHAJIa YMEHBIIAETCsI. DTO WUTFOCTPUPYETCS BBICIITHE PUCYHKH.
MpbI TIPOBOJIWJIM AHAJIN3 BBIXOJHOIO CHUTHANA B PA3IMYHBIX

CITydasix U3MCHEHUH (pa3bl BXOTHOTO CHTHAJNA HA 77 C Pa3HBIMH
RY/4

T 7
Ha4yaJIbHBIMH 3HAUCHUAMH (@, =0,i—,i5,i7 ). Ot u3-

MCHCHUA (1)213LI BXOJIHOI'O CUTHaJIa TOKa3aHbl HA PUCYHKEC 18.

The phase of the ingut signal

Pruse (deg)
g

Puc. 18. Xapaxrep n3menenns (a3sl BXOAHOTO CUTHAIA

Jis ycTpaHeHHs BIMSHUS IEPEXOJHOrO Ipolecca Ha Xa-
paKTep U3MEHEHUs aMIUIUTYAbI 1 a3kl curHaia Ha Beixone CY
OHH pacCUMTaHbl NMpH OOJNBIIEM 3HAYCHHM MOMEHTA Hadaja

nepekmouenns pasa Bxomsoro curnana: £, = 5007 .

Pe3ynbraThl BBIXOZHOTO CHTHAJIa B MOJCIUPOBAHUS B Cpele
MATLAB npusenens! Ha pucyHke 19. MoxxHO yBHUAETH, 4TO
Bpemst ycraHoBieHust (asel Ha Beixoge CY cocraBisieT npu-
MmepHo 400 He.

i S ich ok W ol o

Ampituda V)

Phass (deg]

0)
Puc. 19. Xapakrep n3MeHeHHs1 aMILTATYAbI U (a3bl Ha Beixone CY
MIPY Pa3HbIX 3HAUCHHUAX (a3l BXOJHOTO CHTHAJA ¢ HA4aJ bHbIM

BpeMeHeM M3MeHHs (asbl t, =500

Takum 00pazoM, pe3ysbTaThl YHCIEHHOTO PEIICHHUS! CHUCTe-
MBI H((EepeHITNATBHBIX YPaBHEHNH, OTMMCHIBAIONINX MOJIENh
CHHXPOHHOTO YCHJIMTENS TTOKa3bIBAIOT, UTO M3MEHEHHe (hazbl
BXOJ/IHOTO CHTHAJIa MIPUBOJUT K ITOBTOPEHHIO C HEKOTOPOH TOU-
HOCTBIO (ha3bl BBIXOAHOTO CHUTHama 3a BpeMs Aty =~ 400 Hc.
Ipouece ycranornenus: (asel Ha Boixoge CY CONpPOBOKIAIOT-
Csl TaKXKEe HM3MEHEHHEM €ero aMIUIUTY]Ibl, BCIEICTBHE aMILIU-
TyzaHO-(a30Boi KoHBepcHu. [Ipu 3TOM M3MEHEHNE aMILTHTYIbI
CHTHaJIa Ha BBIXOJIE CAHXPOHHOTO YCHJIMTENSI COCTABIISIET BCETO
npumepHo 10% wu oOmamaer HEOONBIIOW 3aBUCHMOCTBIO OT
HavabHOU (Da3bl BO3NCHCTBYONICTO CUTHANA. B TaHHOH YacTu
MBI MPOBOJIMIIM UMHUTAMOHHOE MOJICIMPOBAaHUE (ha3bl BHIXOJI-
HOTO CHTHAJIa CHHXPOHHOT'O YCHJINTENS NP PasIMYHbIX 3aKO-
HaxX M3MEHEHHs (a3bl BXOJHOTO CHI'HAIA.

3akjouenue

B nanHOl cTaThe NMpennoXkeHa U UCcilel0BaHa MaTeMaThye-
CKast MOJIENb AJIEKTPUUECKOI CXEMbl CHHXPOHHOI'O YCHIIUTEIS C
HCTIOJIB30BaHKEM Mojienu nepBoro ypoBHs MOII tpansucTopa
Ha OoubIIOM curHaiie. PacdeTsl, BBINOJIHEHHBIE C IPUMEHEHH-
€M MaTeMaTH4ecKOM MOJENU CHHXPOHHOTO YCHJIUTENs, pella-
emoit ¢ nmomoursto MATLAB, cpaBHuBatoTCs ¢ pe3yiabTaTaMu
monenupoBanuss Ha MICROCAP i HieHTHYHBIX TapaMeTpoB
KOMITOHEHTOB CXEMbI U pabodero pekumMa, KOTOpble MOKa3allln
KOPPEKTHOCTh MOJyYEHHBIX PE3YNIBTATOB Ul TApMOHUYECKOTO
xapakTepa BXogHoro curHaia. Ha ocHoBe cucremsl auddepeH-
IUATIbHBIX YPAaBHEHWH IIOJydeHBI BPEMEHHBIE HAarpaMMBbl,
OIUCHIBAIOIINE XapaKTep W3MEHEHUSI aMIUTUTY/Ibl U ()a3bl CHI-
HaJla Ha BBIXO/I€ CHHXPOHHOTO YCHJIUTEINS IPU IeHICTBUU Ha €ro
BXOJI€ CHTHaJIa C IBOMYHOM (Da30BON MaHHUITYJIAIIHCH.

OCHOBBIBAsICH Ha pe3y/lbTaTax aHalM3a B JAaHHOW CTaTke,
MBI MOXEM M3Y4YUThb U TNPUMEHHUTH CXEMYy HCCIIEOBAHHOTO
CHUHXPOHHOTO YCWJIMTENSI B COBPEMEHHBIX M MEPCIEKTUBHBIX
CHCTEMax Iepe/iaun JaHHBIX.
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SJIEKTPOHUKA. PAODNOTEXHMKA

USING A SYSTEM OF DIFFERENTIAL EQUATIONS TO ANALYSE PROPERTIES
OF THE SYNCHRONOUS AMPLIFIER BASED ON THE COLPITTS OSCILLATOR SCHEME

Phan Tuan Anh, Moscow Technical University of Communications and Informatics, Moscow, Russia, alexpta96@gmail.com
Vasily V. Logvinov, Moscow Technical University of Communications and Informatics, Moscow, Russia, adlerbasil@rambler.ru

Abstract

The paper presents the results of a comparative analysis of a simplified mathematical model of a synchronous amplifier based on a Colpitts
auto-generator made on a MOS transistor (metal-oxide-semiconductor) using the MATLAB matrix system and a model of the synchro-
nous amplifier on a complementary pair of MOS transistors in the MICROCAP environment using PSPICE models of active components.
Mathematical modeling of the synchronous amplifier was achieved using the equivalent MOS transistor of the first level on a large signal,
taking into consideration the substrate effect. The amplifier circuit is described by a system of first-order nonlinear differential equations,
which is solved by the Runge — Kutta method, with an amplified (synchronizing) phase-manipulated signal applied at the input. In this case,
the time of change of phase of the input influence on © occurred during one, two periods of generated oscillations at different values of
the initial phase of the input signal. The results obtained by solving the system of differential equations are compared with the results of
modeling a synchronous amplifier on a complementary pair of MOS transistors in the MICROCAP environment, which is identical to the
one used in the MATLAB system at the same operating point. The study of the mathematical model of the synchronous amplifier and the
circuit diagram was carried out in the time domain after the auto-generator reached the steady-state mode, which excluded the influence
of transients at the action of the phase-manipulated signal at its input.

Keywords: synchronous amplifier, Colpitts auto-generator, signal synchronization, complementary pair of MOS transistors, system of differential equations,
Runge-Kutta method.
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ANA ANCKPEeTHbIX HENMHENHBIX CTOXaCTUYECKUX CUCTEM, BO3MY-
LaeMbIX LUYMaMM C HEU3BECTHbIMM MJIOTHOCTAMM pacnpepene-
HMA, pelleHa 3aZjaya UX poHacTHOro peKyppeHTHOro oueHuBa-
HUA Ha OCHOBE JIOKaJIbHO-ONTUMANIbHOTO KPUTEpPUA po6acCTHOCTH
oueHkn. BaxkHoi ocobGeHHocTblO pa3paboraHHoro pobactHoro
anropuTMa OLleHKM ABNAETCA €ro pa3MepHOCTb, COBMajaioLasn ¢
pa3MepHOCTLIO OLleHMBaeMoro o6bekra (B TO BpeMa Kak pasmep-
HOCTb COBPEMEHHbIX anropuTtMoB (pUNbLTPALUK 3HAYUTENbHO
npeBbillaeT pasMEPHOCTb BEKTOpa COCTOAHMA obGbekra). D10
No3BONAET pe3KO COKPaTUTb BbIYUCIUTENbHBIE 3aTpaThl NpU pea-
NU3aumm NpesnoXeHHOro aJiropuTMa, YTo BeCbMa aKTyanbHO AnA
60pTOBbLIX HABUrALMOHHO- ynpaBnsAtoLmx cucteM. Eue 6onbluee
6bicTposeiicTBME mnpolecca OLEHUBAHUA C WUCMONb30OBaHUEM
AAHHOTO anropuTMa MoXHo obecneyYnTb Ha OCHOBE annaparHoWM
peanusauum paspaboTaHHOW CXeMbl OL|l€HUBAHUA, CTPYKTypa W
NPUHLMN AeACTBUA KOTOPOW NOAPOGHO paccMOTpeHbl B AaHHOM
cratbe. Kak cam anroputm pobacTHoi oLeHKM, Tak U ero anna-
paTHasa peanusaums, MoryT 6biTb 3pcheKTUBHO UCMONB30OBaHbI B
CaMbIX pa3iUYHbIX NMPAKTUHECKUX NMPUNIOKEHUAX — PAANOTEXHU-
Ke, MH(OKOMMYHMKALIMOHHBIX CUCTEMAX, CUCTEMAX HaBUraLum u
ynpaeneHus u np.

Ana untuposaHua:
Kapacee [.H., Cokonos C.B., Pewem+ukosa M.B., Cesepun A.A. AnnapatHoe peLLeHWe 3aJa4n CTOXaCTUHECKOM poBaCTHOM AUCKPeTHOM BULTpaLmm
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BBenenue

O1leHKa JIUCKPETHBIX HEJIIMHEWHBIX CTOXACTUYECKUX CHCTEM
TP TIOMOIIIA METOJOB TUCKPETHON CTOXaCTHUYECKOH (QIIbTpa-
nu 6a3l/IpyeTC$[ Ha UCTIOJIb30BAHUHN CaMbIX PAa3/IMYHBIX MaTCMa-
THYCCKHUX AJITOPUTMOB, OMMPEACTIAIOIMNX OCHKY COCTOAHUA CU-
CTEMBbI Ha OCHOBE HAOJII0/IaeMbIX JaHHBIX.

Hauboupiree pacrpocrpaHeHue B HACTOSIIEE BpPEeMs IOJTY-
YU JAUCKPETHBIE CTOXACTHYECKHE (PHUIBTPBI, OCHOBAHHbIC Ha
cxeme ¢ubrpa Kanmmana, kotopast HanboJiee UpoKo MPUMEH:I-
eTCs TIPH OLIEHKE COCTOSHUS IMHEHHBIX TUHAMUYECKUX CHCTEM.

B ciydae nuckpeTHBIX HeNMHEHHBIX cucteM ¢(uibtp Kai-
MaHa MOJU(UIUPYETCSI ¢ YIETOM COOTBETCTBYIOIICH HENUHEH-
HOCTH. J[J151 TOT0 UCTIONB3YIOTCS PA3InYHbIC METO/IbI: INHEAPH-
3anusi, pa3Hoo0pa3Has anmpoKCUMAaIus HeMTUHEUHBbIX (QyHKIHN
u np. Hanpumep, Hanbosiee 4acTo MCHOIb3yEMbIE aITOPUTMBI -
pacummpennsiii Guastp Kanmana (Extended Kalman Filter,
EKF) wu w™Horoyactuuneiii ("KOpmycKyjsipHbIi'") — GHIBTP
(Particle Filter).

Pacumpennsiii punbtp Kanmana nossossier padorars ¢ He-
JIMHEWHBIMU CHUCTEMaMH, UCIIOJIb3YS JIMHEApHU3alnio HEeJIHHEH-
HBIX (QyHKIMI Ha OCHOBE pasyiokeHus Telnopa u mpuMeHsist oc-
HOBHbIC TPUHINIIBI TEOPUU CTOXACTHUCCKOW (PHUIbTpAnMU JUIs
OLICHKU BEKTOPA COCTOSIHUSI CHCTEMBI.

Mmuorodactnusblil ("KOPIMYCKYISpHBIH") (QUIBTp OCHOBaH
Ha METOJEC CTOXAaCTHIECKOTO MOJICITUPOBAHNS U 00pabOTKH JaH-
HbIX (MeTo/ie MoHTe-Kapiio) u ucnosibp3yer MHOKECTBO YaCTHII
(uimu rUnoTe3) IS MPEICTABICHUS PACTIPE/ICICHUSI COCTOSHUS
CHCTEMBI COBMECTHO C METOJIaMH BBIOOPKH M PE3IMILIMHTA IS
OOHOBJICHHSI ¥ YTOUHEHHS OIIEHKU cocTostHus [1,2].

B orimume ot kinaccnueckoro anropurMma ¢puinbrpa Kanmana,
MHOT'0YaCTUYHBIA QUIBTP HE TPEOYET MPEIIOI0KEHUH O CTaTH-
CTHYECKHMX XapaKTepUCTHKAX IIyMa U CUCTEMBI, NCHIOIb3Ys aH-
caMOJIb 4acTHIl, KOTOpPbIE NMPEACTABISIIOT BO3MOXKHBIE COCTOS-
HUS CUCTEMBI (KaXKJ1asl YaCcTHIIa UMEET CBOIO BECOBYIO (DYHKIIHIO,
KOTOpPasi OTPAKAET BEPOSTHOCTH COCTOSIHUSI CHCTEMBI).

B mpomiecce ¢puabTpainy 9acTUIBI OOHOBIIAIOTCS B COOTBET-
CTBHH C U3MEPEHUSIMH M MOJICJIBIO CUCTEMBI. 3aTe€M, UCIIOJIb3Ys
BeCOBbIe (DYHKIMH, IPOU3BOJUTCS NEpepacpe/ielieHUEe YaCTHII,
YTOOBI OTPA3UTh U3MEHEHHUE BEPOSITHOCTH COCTOSIHUSI CUCTEMBI.
Takum 00pa3oM, MHOrOYacTHYHBIA GUIBTP Mo3BOJIIET dhdhek-
THUBHO MOJIEITUPOBATH CJIOKHBIE HEONPEIEICHHOCTH U IIyMBI U
Jaet 0oJiee TOYHbIE OLIEHKH COCTOSHHSI CUCTEMBI.

[IpuHIMNIMAIBHBIM HEAOCTATKOM JAQHHBIX (DUIIBTPOB SIBJISI-
eTcsl HeOOXOJMMOCTh OOJIBIIOrO KOJIMYECTBA BBIYMCIMTEIIBHBIX
pecypcoB Py NPAaKTHYECKOH pean3aliiy, 9To CBSI3aHO ¢ He0OXo-
JIMOCTBIO 00paOOTKH OOJIBIIIOr0 KOJIUIECTBA TUCKPETHBIX TOUCK.
B pe3ynbrare, ykazaHHbIC IUCKPETHBIC CTOXACTUIECKUE (PUITBTPBI
MOTYT OBITH Hed(h(peKTUBHBIMY TTpH 00PabOTKE BPEMEHHBIX PSIOB
¢ OOJBIIMM KOJMYECTBOM IIyMa WJIHM CIOXHBIMH CTPYKTypamu
naHHbIX. Takke HeJJOCTATKOM TaKuX (DHILTPOB SIBISIETCS X TyB-
CTBUTEILHOCTh K HAYAJILHBIM YCJIOBUSIM U MapaMeTpam MOIECIH,
YTO MOXKET ITPUBECTU K HETOUHBIM PE3yJIbTaTaM U HelpecKaszye-
MOMY TOBeCHUIO QriibTpa [3-8].

B nestom, BBIOOp ONTUMANIBHOTO aJITOpUTMa (PUIIBTPALINK 3a-
BHUCUT OT KOHKPETHOH 3ajauM M TpeOOBAHWMH K TOYHOCTH H
ycroitunBoctu. Kitaccnueckue metonsl, Takue kak Gpuiastp Kan-
MaHa, MOTYT COOTBETCTBOBATh JIAHHBIM TPEOOBaHMSM B IIPOCTHIX
ciyuasix. OIHAKO, Ui CIOXKHBIX CHCTEM M HIYMOB MHOTrOYa-
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CTHUYHBIH (QWIBTP MOXET OBbITH OoJiee MpeNNOYTHTENEH, He-
CMOTpSI Ha €ro BBIYUCIUTEIBHYIO CIO0XHOCTh. B KOHEYHOM
cgeTe, BRIOOP anropuTMa (GUIBTPAIIH T0JKEH OBITH OCHOBAH Ha
aHanmse TpeboBaHMN U ocobeHHOCTeH 3amaun [9].

Kak anpTepHaTHBHOE HaNpaBICHUE BBINICTIEPEUHUCICHHBIM
(hunpTpam, Bce 60IbIIIee pacipocTpaHeHNE MOTYYaioT poOacTHBIE
uIBTPEL.

W3navanbHO TepMHH "po0OacTHOCTB" HMCIIONB30BAJICS B pas-
JUYHBIX 00J1aCTAX TEXHUKW U TEXHOJIOTUH JUIsl OIMCAHUsI CIIO-
COOHOCTH CHCTEMBI COXPaHSTh CBOM KauyecTBa U (PYHKIIMOHAIb-
HOCTb B YCJIOBHSIX U3MCHSIOMIMXCS (h)aKTOPOB WIIM HEOIaronpu-
SATHBIX BO3ACHCTBUH. B KOHTEKCTE Teopun GpuiIbTpanuy podacT-
HOCTPH O3HAYaeT CIIOCOOHOCTH CUCTEMBI 00HAPYKUBATH U A (hek-
THBHO (PUIBTPOBATH IMOJIE3HBIH CHTHAN B YCIOBHAX HEHU3BECT-
HBIX ITYMOB, HHBIMH CIIOBaMH, pOOACTHOCTh (PUIBTpPa O3HAUACT
€ro CIIoCOOHOCTh MHHUMHU3HPOBATh HEXKEIATEIbHBIN 3P PEKT OT
BO3/ICHCTBUS LIyMa Ha IOJIE3HBIM CHTHAJ, OOecreduBasl Mpu
3TOM JAOCTAaTOYHBIA YPOBEHb YyBCTBUTEIBHOCTH AJIsI OOHAPYXKe-
HUS ¥ BOCIIPOU3BEJICHHS MOJIE3HON HH(OPMAIIHH.

Cpeay HOBBIX OAXOA0B K IIOCTPOSHUIO AITOPUTMOB poOacT-
HOW (pUIBTpAlMHU CIETYEeT BbIICIHUTS!

— METOJ] Ha OCHOBE YCPEIHEHUS: 3TOT METO/] O0bEINHSIET He-
CKOJIbKO M3MEPEHHH WM OLIEHOK JUIS MOJydeHus: Oojee Halexk-
HOTO pe3yibraTa. Hampumep, UCTONB3yeT JIMHEHHYI0 KOMOHWHA-
IIUIO TIPEIBIAYIICH OIIEHKHA W HOBOTO M3MEPEHUS IS OTYICHUS
aKkTyanbHOU oueHku [10];

— METOJ Ha OCHOBE COBMECTHOTO HCIIOJBb30BaHMS METOJa
B3BEIICHHBIX (DYHKIMHA W KPUTEPUS MaKCHUMaJIbHON KOPPEHTPO-
MUU: 3TOT METOJ YYUTHIBACT YPOBCHb HAJCKHOCTH Ka)IIOH
OIICHKH WJIM U3MEPEHHUS U UCTIOIB3YET €T0 JJIS OTIPEIeIICHIS Beca,
KOTOpBIM OyAeT MPUCBOCH KaXKIOW OIEHKE MPH OO0bhEeIUHEHUH.
Hanpumep, anropuT™ B3BEIIEHHOTO CPEAHErO YUHTHIBACT Kade-
CTBO Ka)K/IOTO M3MEPEHHSI U BEIUUCISIET CPEJHEE 3HaUeHHE C yue-
TOM 3TOro kauectna [11];

— METO/Ibl pOOACTHOM (HUIBTPALMH TIPH M3BECTHBIX KOBapHa-
LUUsIX CIydalHbIX BO3MYIIEHUH, OCHOBaHHble Ha Meronax H2-,
Hoo- nu H2/Hoo-onTumu3anum, KOTOpbIE MO3BOJISIOT YUECTh BO3-
MOXXHBIE HEONPE/ICJICHHOCTH ¥ IIyMbl B M3MEPEHHSX JUIsl JIOCTH-
JKEHUS1 HAWJTy4llIel OLIEHKU COCTOSIHUN cucTeMbl. Tak, metoq H2-
ONTHUMU3AIMA OCHOBaH HAa MHWHUMH3AIMK CPEIHEKBaIpaTHUC-
CKO¥ OIITMOKH OIICHKH U TIPIMEHSETCSI, KOT1a OITHOKH H3MEPCHHUN
HUMEIOT TayCCOBCKOE PaCTIPE/ICTICHNE U H3BECTHBI MX KOBAPHAIUH.
JIaHHBI METOJ TO3BOJISIET MOCTPOHUTH ONTUMAIBHYIO MAaTpPHUILY
¢unpTpa Kanmmana, MUHIMH3HPYIONTYIO CPETHEKBAAPATHIECKYIO
omuOKy. B cBoto o4epenp, Mmeron Hoo-onTumusanuyu OCHOBaH Ha
MHHHMAaKCHOM TOJAXOJE K ONTHUMaNbHOW (uibrpanuu. OH uc-
MOJIb3YETCs, KOTia OMIMOKM M3MEPEHH MUMEIOT OrpaHHuYeHHBIE
WJIN HEM3BECTHBIE CTATUCTUYECKHE XapaKTepUCTHKU. B aTom ciry-
Yyae ONTUMalibHas (UIBTPALMS CBOJHUTCS K PEUICHUIO MaTpH-
Horo HepaBeHcTBa JlroctepHuka-bemnmana-Kanmana amst nosmy-
yeHust MaTpuis! Guinbtpa. Metox H2/Hoo-ontumusanumn komou-
HUpYET mpeumyImiectBa MetonoB H2- n Hoo-omrumusanmm, mos-
BOJISISL YIECTh M3BECTHBIC KOBAPHAIINHN CITyYaiHBIX BO3SMYIICHHUH,
a TaKke OTPaHWYCHHUS W HEONPENEICHHOCTH ITapaMeTpOB CH-
CTeMBI — IS Yer0 PelIaeTcsl CMEMIaHHas 3a7ada MUHUMHU3AIAN
CPeIHEKBAIPATHIECKOI OIMMOKHU OLEHKH M MaKCUMHU3AIIH OTpa-
HUYEHUS Ha ommoKy [12-14];

— wMeroj pobactHoit ¢uibTpanuu "T'amma': UCIONb3YyeT
ramma-pacrpe/ielieHie JJIsl OUeHKH pa30poca JaHHBIX M IIPHUCBa-
uBaeT 00JIbIINi Bec Oosiee "podacTHbIM" HaOmOMeHMsIM [15-19];
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— Metoj podacTHOW ¢uibTpanu MAD, ucnonbp3yeMblid 1ist
OLIEHKHM pa30poca 3HaYeHWH B JaHHBIX. DTOT METOJ IIOMOTaeT
WIEHTU(UINPOBATh AaHOMAJIbHBIE 3HAYCHUS, WCKIIOYas WX W3
npoueayps! uibrpanuu [20, 21] u ap.

AHanm3 Bcex NEepevyrCcIeHHBIX U Jp. METOA0B U aJITOPUTMOB
pobacTHOI OIEHKHU O3BOJISIET CHOPMYIINPOBATH CIIEAYIONINE HX
MPEUMYIIECTBA U HEJOCTATKH:

A. mpenMy1IecTBAa:

— YCTOWYMBOCTh K BbIOpocaM. PobOacTHble METOABI U ajro-
PHUTMBI NpeJHA3HAYEHBb! I 0O0paOOTKM JaHHBIX, COACPIKAIINX
BBIOPOCHI MIIM OIIHOKH, M MOTYT OOHAPYXHBATh W UTHOPHPOBATH
pasMYHBIe AHOMAIIMH, YTO JeJlaeT MX OoJee HaleKHBIMHU IPH
aHaJIM3€ PeAIbHBIX JIaHHBIX;

— CIOCOOHOCTh COXPaHsATh MH(POPMALIUIO ITPU HEOJHOPOTHO-
CTH JaHHBIX. PoOacTHBEIE METOABLI 00ECIIEYMBAIOT 00JIEE TOYHEIE
OLICHKH, TaK KaK MOTYT COXPaHITh MH(OPMALMIO O HEOJHOPO/I-
HBIX JIAHHBIX, YTO MTO3BOJISICT H30€KaTh MMOTEPHU HHPOPMAIMU WITN
MCKa)KEHUS pe3yJIbTaToB;

— THOKOCTh ¥ MPUMEHUMOCTD K Pa3lIMYHbIM 331a4aM. Pobacr-
HBIE METO/IbI ¥ AJITOPUTMBI MOTYT OBITH IPUMEHHMBI BO MHOTHX
00J1acTsIX, BKJIIOYAsl CTAaTUCTHKY, MalIMHHOE 00y4eHue, prHaHCHI
u 1p. OHK MOTYT MCIOJIB30BAThCS IS PA3IMYHbIX 3a1a4 (HIIb-
TpalUWK JaHHBIX, TAKMX KaK yJaJeHHE BBIOPOCOB, OLICHKA CHUT-
HaJja, allpoKCUMaIHs U T. .

b. negocrarku:

— BBIYMCIIMTENIbHAS CIOKHOCTb. HexoTopsle poOacTHBIC Me-
TOJIbI MOTYT TPeOOBaTh OOJIBIIOTO KOJUUECTBA BHIYMCIUTEIBHBIX
PECYPCOB TIPU MX PEaH3alliy, YTO MOXKET OBITh MpOoOJIeMaTHY-
HBIM TIpU 00paboTKe OOJBIIMX 00BEMOB JaHHBIX MJIM MPH 00pa-
0OTKe B pealbHOM BPEMEHH;

— 1oTepsi TOYHOCTH. B psize ciryyaeB pobacTHBIE METO/IBI MO-
TYT MOTEPSATh TOYHOCTh OLIGHMBAHUS WM IIPEJCTABICHHS JaH-
HBIX, YA BBIOPOCHI, KOTOPBIE HA CAMOM JIeJe SIBIISIFOTCS 3HA-
YUMBIMH JUISl HCCIICIOBAHUS WIIN aHAIIN3a JJAHHBIX;

— HEOIHO3HAYHOCTH pe3yibTaToB. PoOacTHBIC METOBI MOTYT
JlaBaTh Pa3INYHbIC PE3yJbTaThl B 3aBHCHMOCTH OT BBIOPAHHOTO
ANTOPHUTMA WJIM TOAXO0Ja. DTO MOXKET NMPUBECTH K HEOIHO3HAY-
HBIM WJIM HENpPEeACKa3yeMbIM pe3yibTaTaM, KOTOpbIe MOTYT 3a-
TPYIOHUTH HMHTEPIPETALMIO WIM HCIOIb30BaHUE IIOMY4YEHHBIX
OLICHOK.

Takum oOpa3oM, HajbpHEHIIee pa3BUTHE METOJIOB POOACTHOM
(uIbTpalnK KaK C TOYKH 3PEHUS pACUIMPEHHsI X (QYHKIHO-
HaJIbHBIX BO3MOXKHOCTEH, TaK M COKPAILICHUS BBIYMCIUTEIBHBIX
3aTpaT Ha pean3alfio AJITOPUTMA OIIEHKH, IPE/ICTABIISIET HE
TOJIBKO TEOPETUUECKHUH, HO U NTPAKTHUECKUI HHTEpEC.

Hwxe paccMOTpuM OJIMH M3 BO3MOJKHBIX ITOJIXOJIOB K pellle-
HUIO JIAHHOM 3a/1a4u.

ITocTanoBKka 3agauu

[TycTe HeMMHEHHBIN TUCKPETHBI 00BEKT, BEKTOP COCTOSHUS
KOTOporo Xk OLECHUBAETCs, OMNMCBHIBACTCS CTOXACTUYECKHM
Pa3HOCTHBIM ypaBHEHHEM BHIA:

X, =T (X, K+ F, (X KW, @)

rae f(X, k), f,(X,,K) — u3BecTHBIC BekTOpHAS M MaTpHYHAsA

(yHKIIMH pazMepHOCTH, cooTBeTcTBEHHO, N 11 N*M,

W, — BekTOp-myM 00beKTa pasMepHOCTH M KOMIIOHEHTHI
KOTOPOTO HMMEIOT IIOTHOCTB PACIPENCICHHS p , MPHHALICKA-

IIyI0 KJaccy paclpeaesieHH ¢ OrpaHHYCHHBIMH BTOPBIMH MO-

MeHTaMu (CpeIHUMH KBajparamu) ( I w? p(W)dw < o0 ) [22],

1 U3MEPSCTCsI HAOJIroAaTeIeM
2, =CX AV, )

rae Zx — BekTop usMepeHuii pasmeproctu K; C, — usBecTHas
matpuna pasmepHocTd K*N; V, — BeKTOp MOMeXH H3MepeHHs

pasmepHocTH K, KOMIIOHEHTHI KOTOPOTO UMEIOT IFIOTHOCTh pac-
TIPEAEIICHUs, ONPEEICHHYIO TakKe B KIIACCEe paclpeieeHui ¢
OTPaHMYECHHBIMH BTOPBIMH MOMEHTAMH (CPEIHUMH KBapaTaMH)
[22].

B naHHOM ciydae akIEHT JeJaeTcst Ha TOM, YTO H3BECTCH
KJIacC pacIpeiesIeHus], HO He ero BuA. UToObI MUHUMHU3HPOBATH
OLIMOKM OLICHMBAHUS B MAaKCHMAJIbHO HEOJaronpHsaTHOW cUTya-
LIUH, KOTOPYIO ONpEJIeNsieT AaHHbIH Ki1acc pacipesiesieHus, anee

Oy/1eM UCKaTh OLIEHKY BEKTOpPA COCTOAHUA X | B CleytomieH mo-

CTaHOBKE, OTJINYHOM OT TpaguIMOHHOM [23,24]. B xiaccuueckoi
MIOCTAHOBKE 3aJaya pELIaeTcs IyTeM OIpeNelIeHHsl OLEHKH W3

k
yCIIOBUSI MUHUMH3aINH (pyHKIMOHAIA z Flz,-C.X.] -
i=1

Gynkius F BeiOupaercs, ucxons u3 Haubonee HedIaronpusT-
HOTO KJjlacca pacrpezeeHusl momexu niMepenus. OHako, npu
pELIeHNH TaKOW 3a/1aud HEeN30€XHbI BBIYMCIUTEILHBIE CII0KHO-
CTH, CBSI3aHHBIE C ITOMCKOM IIOOAILHOIO MUHUMYMa MHOTOMEp-
HOW HEJIMHCHHOW CITy9aifHOW (DYHKIIUH.

[Mono6uas mpobiema MopoxkaaeT HEOOXOJMMOCTh paspa-
00TKM TaKuX poOACTHBIX (PHUIBTPOB, KOTOPHIE HApsLy C BO3ZMOXK-
HOCTBIO (DMIIBTPAIIMH B YCIIOBHUSIX TIOMEX N3MEPEHHUS C HEOTIpeie-
JICHHBIMH BEPOSITHOCTHBIMHU PACIIpE/ICNICHUSIME B KJlacce pacripe-
JITICHUI C OrpaHUYEHHBIMH CPEJHUMH KBaapaTaMH OOecIeuu-
BaIOT IIPUEMJIEMBIH YPOBEHB BBIYMCIUTENIBHBIX 3aTPaT, B YACTHO-
CTH, 3a CUET peanu3anyuy GUIbTPa B BUIE PEKyPPEHTHOH CXEMBI.

CuHre3 aaroputMma podacTHoi puabTpanuu

BixkaiiimmM aHanoroM K paccMaTpuBaeMoOMYy Jajiee MOAX0AY
K pa3paboTke poOacTHBIX (UIBTPOB SBISICTCS aITOPUTM
HaWMEHBIINX KBaJpaTOB C aJarTalueil BECOB, MO3BOJISIONINI
OTIPEICTNTh BEC KAXKJIOTO U3MEPEHHUS B 3aBUCHMOCTH OT €r0 3Ha-
YUMOCTH U HAJIC)KHOCTH.

Omnwupasice Ha Gopmy ypaBHeHHUs (1), ONMMCHIBAIOIIETO AHHA-
MHKY CTOXACTHYECKOTO BEKTOPA COCTOSHUS Xk, OLUEHKY X |, BEK-

Topa Xk OyJieM HCKaTh B Clielyolel peKyppeHTHO# (opme:
X = (X, 00+ (X K U (X, 20 K) A3)

rae U, (X, ,Z,,K) - Bexrop-dyHKIms, onpenensemas U3 ycio-

Bus oOecrieueHust poOaCTHOCTH OLEHKH (3), T.e. MUHIMYyMa OIIH-
OOK OlLICHMBAHMS NpU HanOosiee HEOJIAroNMpUSTHOM Kilacce pac-
TpesieNIeHUs TOMEXU H3MEPEHHSI.
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Kak moxa3zano B [25], mpu BeIOOpe B KadecTBE MEHUMAKCHOTO
KPUTEPUsI ONITUMAIBHOCTH J MUHUMH3HPYEMOTo (DyHKIIHOHATIA:

3o =2, -C X1 [z, - CX ] +U (X, 1,2, 00U, (X, 1, Z,K)

“)

YpaBHEHHE HCKOMOI'O pPOOACTHOrO JHCKPETHOIO CTOXacTHue-
CKOTO (MIIbTPa UMEET BUL:

X, =(E+f, (X _.k) f, (X, k)" CkT Ck)_l( (X, K)+ )
+1, (XK T (XK G2,

rue E — enuanuHas Marpuna pasmepHoct N.

HauGonpmero OBICTpOAEHCTBUS TPH peasM3aluyl IPeIo-
JKEHHOH cxeMbl priapTpannu (5) MOXKHO JOCTHYB IIPH €€ armnapaT-
HOH peayn3anyu, KOTOPYIO U PACCMOTPHM HUIKE.

AnnapaTHasi peajau3anyus podacTHOr0 TUCKPETHOr0
€TOXacTHYeCKOro GpuibTpa

BB

Puc. 1. CtpykrypHas cxema po6acTHOTO JUCKPETHOTO
cTOXacTHYecKoro GuibTpa

CrpykrypHast cxema poOacTHOrO JIMCKPETHOI'O CTOXacTHYe-
ckoro (GwiIbTpa (ajyee — yCTPONUCTBA) MPHUBEIICHA HA PUCYHKE 1,
T'JIe CTIOJIb30BaHBI ClIeTyIolHe 0003HaYCHUs ero (PyHKIMOHAIb-
HBIX OJIOKOB:

—b ®II: 6110k BekTOpHOTO (DyHKIIMOHAIBHOTO MIpeoOpa3oBa-

HHS f()zkfl,k) pasmeproct N,
— BOMH: 6510k opmupoBanus MaTpuibl HabmoaeHus C,

pasmeproctu K*N,
— BM®II: 6ok MaTpuyHOTO ()YHKIIMOHAJIBHOTO MPEodpa3o-

anns f,(X, k) f,” (X, ,,k) pasmeproctn N*N,

— BCB: 0110k cyMMHpOBaHUsI BEKTOPOB pa3mepHocTH N,

— BYMBI: niepBblii 010K YMHOKEHHUSI MaTPHUIIBI pa3MEPHOCTH
N*K na BexTOp pasmepHocTH K,

— BYMB2: BTOpOI#i 0JIOK YMHOKEHHUS MAaTPHUIIBI Pa3sMEPHOCTH
N*N na BexTop pazmeproctH N,

T-Comm Vol.l8. #2-2024

NHOOPMATUKA

— BYMMI: nepBsiit 010K YMHOKECHUS MATPHIIBI PAa3MEPHOCTH
N*N na matpuiy pazmeprHoctd N*K,

— BYMM2: BTOpOi#f 610K YMHOKEHHUS MaTPHUIIBI Pa3MEPHOCTH
N*K nHa matpuiy pazmepHoctd K*N,

— BYMM3: tpetuii 6J0K yMHOKEHHsI MATPHIIBI Pa3MEPHOCTH
N*N na marpuiy pazmeproctu N*N,

—b M: 610k cymmupoBanust Mmarpui pasmepHoctd N*N,

— B®EM: 610Kk hopMHpOBaHMS eAMHIYHON MaTPHUIIBI pa3Mep-
noctu N*N,

— BOOM: 6510k popmupoBaHust 0OpaTHOM MaTPHUIIBI pazMep-
rocta N*N,

— I': TakTOBBIN reHepaTop.

Brixon TakToBoro reneparopa TI' moaxiarodueH KO BxoJam
CHHXPOHHU3AaIMU BceX OJIOKOB YCTPOWCTBA, 3a MHCKIIOYCHHEM
6mokxa QopmupoBaHus eguHHYHONH MaTpunbl BOEM. Bxomom
YCTpOCTBa SIBIISICTCS BEKTOPHBINA BXOJ IIEPBOTO OJI0Ka YMHOXKe-
HUs MaTpullbl Ha Bektop BYMBI1. Beixoa nepBoro 6iioka yMHO-
KeHHd MaTpuisl Ha BekTop BYMBI moxakmiodeH K mepBoMy
BXoay Onoka cymMMupoBaHus BekTopoB bCB, BTOpOIi BX0O1 KOTO-
POTO COEIMHEH C BBIXOJIOM 0JI0Ka BEKTOPHOTO (pyHKIIMOHAIBHOTO
npeodpazoBanus bB®DII, a marpuunblii Bxox mepBoro Oioka
YMHOXEHUsSI MaTpUlbl Ha BekTop BYMBI1 coenuneH ¢ BbIxoaoM
nepBoro 0Jioka yMHOXKEHHs MaTpuilbl Ha Matpuily BYMMI, nep-
BBIH BXOJI KOTOPOTO COEAMHEH C BBIXOJOM OJIOKa MaTpHYHOTO
¢byHKIMOHATBHOTO Tpeodpa3oBanns BM®II, a BTopoit BXox co-
€IMHEH C TPAHCIIOHNPOBAHHBIM BBIXOIOM OJIOKa ()OPMHUPOBAHUSA
MaTpuisl Habmogennss BOMH (TpaHCHOHHMpOBaHWE MATPHUITHI
BbIXOAHBIX curHanioB bBOMH peanusyercs 3a cueT cOOTBETCTBY-
IOIeH KOMMYTAllMK €r0 BBIXOJO0B Ha IOAKIIOYaeMble BXOJIBI 0JI0-
koB BYMMI1, BYMM?2).

[Ipsimoii BbIxox 610ka GOpMHUPOBAHUSI MATPHILIBI HAOIIOACHHS
B®MH noaxiroueH KO BXOy MHOXKHUTEIISI BTOPOrO OJIOKA YMHO-
JKeHMsI MaTpuLbl Ha MaTpuly BYMM?2, TpaHCIOHMPOBaHHBIHN BbI-
XOJI — KO BXOJy MHOXHMMOTO BTOPOTO OJIOKa YMHOXKEHHSI MaT-
punsl Ha MmaTtpurly BYMM?2, BeIX0J KOTOPOro MHOAKIIOUEH KO
BXOJ1y MHO>KHTEJISI TPETHETO OJI0Ka YMHOKEHHS MAaTPHUIIBI Ha MaT-
puy BYMM3, BX01 MHOKXHUMOTO KOTOPOTI'O COEAMHEH C BBIXOJIOM
0JI0Ka MaTPUYHOTO (PYHKITMOHAIEHOTO TIpeodpa3oBanus bM®II,
a BBIXOJ TOJAKIIOUEH K NEPBOMY BXOAy OJOKa CyMMHPOBaHHS
Matpur; BCM. Bropoii Bxoz 6:moka cymmupoBanus Matpuin bCM
COEAMHEH C BBIXOAOM Onoka (popMHpOBaHMS EAMHUYHON MaT-
puiiel BOEM, a BbIX0/] MOAKIIIOYCH KO BXOIY OJI0Ka (hopMHUPOBa-
HUst 00paTHOI MaTpuisl BOOM.

Beixon 6moka QopmupoBanus odpatHoi Mmarpuiel bBOOM
MOJIKJIIOYEH K MaTPUYHOMY BXOJy BTOPOTO OJIOKAa YMHOXKCHHS
MaTpullsl Ha BekTop BYMB2, BeKTOpHBIN BXOA KOTOPOTO COEIH-
HEeH C BBIXOZIOM Oyioka cymmupoBanusi BektopoB BCB. Beixon
BTOpOTo OJ0Ka yMHOXEHHsI MaTpuilbl Ha BekTrop BYMB2 non-
KJIIFOUeH K MH(POPMAIIOHHBIM BXOJ[aM OJI0Ka BEKTOPHOTO (pyHK-
LUOHAJBHOrO mpeoOpasoBanus BB®PII n Omoka marpudHOro
¢dbyHKIHOHATRHOTO TIpeoOpasoBanuss BM®II, a takxke sBIsIeTcs
BBIXOJIOM YCTpPOMCTBA.

Bce BrIIenepeuncieHHble 60K MOTYT OBbITh JIETKO peaIn3o-
BaHBI HA OCHOBE CYILECTBYOIIUX THIIOBBIX MUKPOIPOLIECCOPOB U
MHKPOKOHTPOJIIEPOB OTEUECTBEHHOTO MMPOM3BOICTRA [26], a ms
MaKCHMaJIHOTO TOBBIIICHHUS] OBICTPOJCHCTBHSI — HA OCHOBE OII-
TUYECKUX TeXHOJorul [27].

YcTpoiicTBO paboTaeT CIeayonuM 00pa3oM.

B HavanbHBIE MOMEHT BpPEMEHH C BBIXOJa BTOPOTO OJIOKa
YMHOXKEHHUsI MaTpullel Ha BekTop bYMB2 BBOANTCA HauvanbHOE




NHDOOPMATUKA

3HAYECHUE BEKTOPA OLEHKU X, KOTOPOE MOCTYNAET Ha HHpopma-

IIMOHHBIC BXOJBI OJI0Ka BEKTOPHOTO (pyHKIMOHAILHOIO Ipeodpa-
3oBanust bBBDII u 6510ka MaTpHYHOTO (PYHKIMOHAIBHOTO ITpeodpa-
3oBanuss bBM®II, obecrieunBast hopMUpoOBaHUE HAYAIbHBIX 3HAYE-

HUH BEKTOPHON M MatpuuHOM (yHkimit f( X o) 1 fo X o )fo( X, )

Janee no curnaiaMm TakToBoro remeparopa TI', obecneuuBato-
IIEr0 CHHXPOHHOCTH palbOoTHl BceX OJIOKOB yCTpoiicTBa, B K-#
(x=1,2,3,....) MOMEHT BpPEMEHHU OCYLIECCTBISIOTCS CIIEAYIOIIHE
orepani. BeKTOpHBIN CUrHAI U3MEPEHUs Zk OCTYIAaeT Ha BEK-
TOPHBIH BXOJ] MEPBOTO OJIOKA YMHOKEHHUSI MAaTPHIBI HA BEKTOP
BYMBI.

Ha maTpudHBIif BX0J] 3TOTO 0JI0Ka IMOCTYIaeT MATPUYHBIN CUT-

Hal f0(>2 K £ ( X «1-K) G, chopmupoBanHbiii B IepBOM
6J10Ke YMHOXKEHHUS MaTpuibl Ha Marpuinyy bYMMI1- B manHOM
cayuae matpunst f, (X, ,,K) f" (kal, k), mocrymarormeii ¢ BbI-
xo7a OJoKa MaTpUYHOro (YHKIMOHAJIBHOTO IpeoOpa3oBaHus
BM®II, na marpuity Cx', HOCTYNAOLIyIO0 ¢ TPAHCIOHUPOBAHHOTO

BbIX0/1a OJ10Ka popMUpoBaHus MaTpuIsl HadmoaeHuss bOMH. C
BBIXO/1a IIEPBOro OJI0Ka yMHOXKEHHsI MaTpuIlbl Ha BekTop BYMBI1

sexropubii curnan (X, ,,k) f," (X, ,,k) C'zx mocrynaer na

TIepBBIi BX0/1 6110Ka cymMMupoBaHust BekTopoB bCB, Ha BTopoii BXox
KOTOPOT'O C BBIX0/1a OJIOKa BEKTOPHOTO (PyHKIIMOHAIBLHOTO ITpeodpa-

30Batmst BBOIT nocrynaer BexropHbtii curaan f( X, 1K)
Ha Beixoze 010ka cymmupoBanus BektopoB bCB dopmupy-
ercs Bextopusiit curman f( X, ,k)+ f,(X, . K) f,/ (X, . k)

Gz, mocTynalomuii nanee Ha BEKTOPHLIN BXOJ BTOPOro GII0Ka
YMHOXEHUSI MaTpuLbl Ha BekTop bYMB2. Ha MaTpuuHsIil Bxox
JTAaHHOTO 61oka ocTynaer MaTpHYHBIA CHUTHAJ
7 % TA~T -1
(E+ fO (kal’k) fo (kal,k) G G , COpMHpOBaHHBIN Clre-
nytommM o6pazom. C TpaHCHOHMPOBAHHOTO U MPSIMOTO BBIXOJIOB
omoka QopmupoBanus MaTpuisl HaOmoneHnss BOMH matpud-
uple curHatsl Cy'_m Cy HOCTYHAlOT Ha BXOABI BTOPOTO OIIOKA
YMHOKEHHUS MaTpubl Ha MaTpuily BYMM?2, ¢ BeIXoma KOToporo
cHuMaercs matpuunslii curnan Cy'Cy, MOCTYTAONINH Jajee Ha
BXOJl MHOXHTES TPEThEero OJ0Ka YMHOKEHHSI MaTPHLBI HA Mart-
purry BYMM3, Ha BX0OJ MHOXXHMOTO KOTOPOTO MOCTYTAeT MaT-

puanpiit curran f,(X,_, k) f,/ (X, _,,K) ¢ Bsixona Gioka mat-

k-1
pU4YHOTO (DYHKIIMOHAJIBHOTO Tipeodpa3oBanusi BMOII.
MaTpHyHBINA CUTHAT POU3BEACHHUS fO(XH O f)" ()Zkf1 K)

CCx ¢ BBIXOjIa TPETHErO GJIOKA YMHOMKEHHMS MATPHIBI HA Mart-
puy BYMM3 noctynaer Ha IepBblii BX0J[ 0JI0Ka CyMMHUPOBaHHS
Matpul; BCM, Ha BTOpo#i BX0J KOTOPOTO MOCTYNAaeT MaTPUUHBIN
CUTHAJI €IMHUYHON MaTpHLbl £ ¢ BbIXoaa 6yioka popMHUpOBaHMS
eqnHIYHON MaTpunbl BOEM. CyMMapHBI MaTpUYHBINA CHUTHAI

(E+ f0(>2 K £ ( X 1K) G Ci) ¢ BBIXO/1a 6110Ka CyMMHIpPOBa-
uus Matpun BCM nmoctymnaer Ha Bxo 6510ka pOpMHUPOBAHUS 00-
patHoit MmaTpusl BOOM, ¢ BEIX0/1a KOTOPOH MaTPHYHBIN CHTHAT
(E+f,(X,_,k) f, (X,_,,k)' C C,)”" moctynaer nanee na mar-
PHUHBIA BX0J] BTOPOro Ol0Ka YMHO)KEHHs MaTpPHIbI Ha BEKTOP

BYMB2. Ha BbIXoze nanHoOro 0Oioka (pOpMHUpPYETCs BEKTOPHBIi
CUTHaJ

(E+ fo()zk-pk) fo()zk—lﬂk)-r CkT Ck)il(f()zk_lak)_*_
+f, (XK £ (X, 0T GlZ,),

PaBHbIM TCKYHICMY 3HAYCHHUIO BEKTOpPAa OLCHKU X, ke TOT BEKTOp-

HBIIf CHTHAJI IOCTYMAaeT Ha BBIXOJ1 yCTPOHCTBA M HA HH(OPMAINOH-
HBIE BXOJIbI OJIOKa BEKTOPHOTO (PyHKIHMOHAIBLHOTO IpeodpaszoBa-
Hust BBOIT 11 6;10ka MaTpUIHOTO (QYHKIIMOHAIEHOTO IIpeoOpa3oBa-
Hust BM®II mis mocienyromero GopMHPOBaHUS BEKTOPHOTO H

MaTPHYHOrO CHTHAIIOB f()?k,k +1)n fo()zk,k+l) fOT()Zk,k+1),

coOTBeTCTBeHHO. [lanmee paboTa ycTpoiicTBa TOBTOPSIETCS.

TexHuueckuil pe3yapTaT IPU MPAKTHYECKOM peanus3anuu
OIIMCAaHHOTO YCTPOHCTBA 3aKJIIOYAETCS B ITOBBILIEHHN OBICTPO-
JeHCTBHUA M TOYHOCTH POOACTHOW (PMIIBTpalMi AUCKPETHBIX IH-
HaMHMYECKHUX TPOLECCOB, & TAKIKE COKPAIICHHN BHIYUCIUTEIBHBIX
3aTpaT 3a CYeT pean3alii PACCMOTPEHHOTO PEKYPPEHTHOTO PO-
0acTHOTrO (UIBTPA TUCKPETHOTO U3MEPSEMOr0 CHrHAJlla B aria-
partHoii popme.

C TOYKM 3peHHs anmapaTHOW pealn3ally JaHHbIH pe3ysbTaT
JOCTHUTAETCS TEM, YTO YCTPOHCTBO COAEPKUT OITMCAHHBIC BBIIIE
610K (hOpMHUPOBAHHUS MAaTPHUITHI HAOIOJICHNS, IBA OJIOKA YMHOMKE-
HUS MaTpPHLBI Ha BEKTOp, JBa OJOKA YMHOXXCHHS MATPHIBI Ha
Marpully, OJOK CyMMHPOBAaHUsS MaTpHL, OJOK (HOPMHUPOBAHUS
€MHUYIHON MaTpPHUIIBI, OJIOK GOPMUPOBAHUS OOPATHON MaTPHIIBL,
TaKTOBBI I'€HEPaTOpP, BBIXOJ KOTOPOrO MOAKIIOYEH KO BXOJaM
CHHXPOHM3AIMK BCEX OJIOKOB YCTPOHCTBA (332 HCKIIFOYCHHEM
6s10ka HOPMUPOBAHUS CAUHUYHON MATPHUIIBI).

Bxomamu ycTpoiicTBa SIBISIOTCS BEKTOP M MaTpHIla HaOJro 1e-
HUSI, KOTOPBIE TIOIAI0TCS HAa COOTBETCTBYIONIHE OJIOKH. DTH OJIOKH
BBINOJTHSIIOT HEOOXO0MMOE MaTeMaTHieckoe MmpeoOpazoBaHue U
BBIJIAIOT PE3YJIbTaThl, KOTOPBIE 3aTEM IOIAI0TCS Ha PyTrHe OJIOKH
JUTSL BBITIOJTHEHHS CIISYIOIIMX 3TAIloB 00paOOTKH TaHHBIX.

TaxTOBEII TeHepaTOp 00ECTIeYNBACT CHHXPOHU3AIIIO PAa0OThHI
Bcex OJI0KOB ycTpoiicTBa. OH TeHepupyeT TaKTOBbIE CUI'HAJIBI, KO-
TOpBIE MOAAIOTCS Ha BXOABI CHHXPOHH3ALMU Ka)XI0ro 6J1oKa. IT0
I03BOJISIET YCTPOHUCTBY paboTaTh B COITTACOBAHHOM PEKHME U BbI-
MOJHATH MaTeMaTHYeCKUe ONepaluy IMOCIeJOBaTeIbHO U IIpa-
BUJIBHO.

Beixon ycrpoiictBa mpencraBisieT coOOH pesynbrar o0pa-
OOTKH JTaHHBIX, KOTOPBI MOXET OBITh HCIIOJIF30BaH JaJIbIIE B CH-
cTeMe JUIsl BBINOJHEHUs IPYTHX ONepanuii WiH Ui HOTydeHHUs
KOHEYHOT'O Pe3yJIbTaTa.

B nesom, anmapatHas peanu3aiysi MpeacTaBisieT co00i KoM-
IDIEKCHOE yCTPOICTBO, BKITFOUAIOIIee B ce0s pas3IidHble (PyHKITH-
OHaJIbHBIE OJIOKH IS BBIIIOJIHEHHSI MATEMAaTHYESCKUX ONepaluil 1
ynpaBiieHdsi uMH. [lonoOHass apXuTeKTypa MO3BOJSET IOCTHYb
JKeITaeMoro ObICTPOIEHCTBUS MTPU 00ECTIeYCHUH 3aJaHHON TOYHO-
CTU (PUIBTPALHH.

3aka0ueHue

[IpemioskeHHBI POOACTHBIA JAUCKPETHBIA CTOXAaCTHUCCKUI
GUIBTP MOBBINIACT OBICTPOACUCTBUE MPOIECCa OICHUBAHMS,
obecrieunBasi (OPMUPOBAHKUE OICHKH HAOJFOIaEMOr0 JHCKPET-
HOT'O BEKTOPa COCTOSHHSI B PCabHOM BPEMEHU, TOYHOCTh (DHIIh-
TpPAIKU 32 CYET YCTOMYMBOCTH K HEONPEACICHHBIM BO3MYIICHHSIM
JTUCKPETHOTO BEKTOPA COCTOSIHUS 1 TIOMEXaM H3MEPCHHUS, & TAKKE
obecrieunBaeT COKPAIICHHE BBIYHCIMTENBHBIX 3aTpaT 3a CYeT
MIPOCTON KOHCTPYKTHBHOU peanu3anun GuibTpa.
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Abstract

For discrete nonlinear stochastic systems perturbed by noise with unknown distribution densities, the problem of their robust recurrent estimation is
solved based on a locally optimal criterion for the robustness of the estimate. An important feature of the developed robust estimation algorithm is its
dimension, which coincides with the dimension of the object being assessed (while the dimension of modern filtering algorithms significantly exceeds the
dimension of the object's state vector). This makes it possible to sharply reduce computational costs when implementing the proposed algorithm, which
is very important for on-board navigation and control systems. Even greater speed of the evaluation process using this algorithm can be achieved based
on the hardware implementation of the developed evaluation scheme, the structure and principle of operation of which are discussed in detail in this
article. Both the robust estimation algorithm itself and its hardware implementation can be effectively used in a wide variety of practical applications -
radio engineering, inffocommunication systems, navigation and control systems, etc.

Keywords: robust filtering, stochastic nonlinear discrete systems, class of distributions with bounded mean squares.
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CONSTRUCTING OF MULTICHANNEL WAVEGUIDE ENERGY
DISTRIBUTION SYSTEMS FOR THE MICROWAVE HEATING
BASED ON T-JUNCTIONS WITH ELONGATED SHOULDERS

WITH MINIMAL INPUT MISMATCH

Igor V. Bogachkov,
Omsk State Technical University (OmSTU), Omsk, Russia,
bogachkov@mail.ru

One of the problems of using high-power microwave ovens is minimizing of
the reflection factor at the output of the magnetron generator. The varia-
tion range in the reflection coefficients from the load can be very large. A
reflected wave of high power can change the operating mode of the gener-
ator and even damage it. For multichannel input of electromagnetic waves
into the heating chamber of the microwave oven, various power division
bridges are used. However, all these devices have no elements that could
make a compensating effect. This work presents the results of researches
on providing a given reflection coefficient at the defined frequency at the
multichannel system input (generator output) with known range of changes
in the reflection coefficients from the load. This is achieved by changing the
shoulder lengths of the waveguide T-junctions (E- or H- junctions), which
allows to change the phases of the waves reflected from loads. Using the
D-matrix method dependences were obtained for the reflection factor at
the input of the system and for the power transmitter coefficients to the
load for different variants of the construction of power division systems. An
estimate of the possible asymmetry of the energy distribution in loads,
which may occur with nonzero reflection coefficients from loads is given. A
possible asymmetry of the power distribution in each specific case is evalu-
ated, which makes it possible to adjust the processing technology. If an
additional power division is applied at the outputs of the distribution system
with conventional equal-shouldered H- junctions, this will allow the waves
of increased power to be divided into parts, which with the appropriate con-
figuration of the distribution system, makes it possible to equalize the dis-
tribution of power in loads. If branching in the E-plane is necessary, practi-
cally the same characteristics are achieved by using in the considered sys-
tems instead of H-junctions with elongation of conventional symmetrical E-
junctions in all branches, except for the input, where it is necessary to use
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an E-junction with elongation by the quarter of the wavelength. Graphs of
the dependences of the parameters of different variants of the system con-
struction are drawn, estimates of the output parameter sensitivity when
the length of the matching shoulder extensions and the reflection coeffi-
cients from loads change are given. The results of experiments are pre-
sented. Experimental researches and simulation modeling showed the good
coincidence of calculation formulas and experiment, confirmed the pres-
ence of compensative effect and asymmetry of distribution of powers in
loads in case of the one shoulder lengthening on the quarter of wavelength
in H-junction, proved the small sensitiveness of reflectivity and transmission
dependences to the small changes of load parameters and frequency. The
distribution systems from T-junctions with the compensative lengthening
allow in multichannel microwave oven to provide necessary a minimum of
reflectivity on the generator output in the set the load reflectivity range.
This allows us to recommend the use of these distribution systems in high-
power multichannel microwave ovens. One of the problems of using multi-
channel microwave ovens is minimization of the reflection factor on the
output of the generator (Rin - input reflection factor of the heating multi-
channel system) [1-6]. The variation range of the load reflection factor (RI)
can appear rather large which can be adjacent with both a variety of objects
and varying of electromagnetic parameters in heating process [I, 2, 7-9]. If
in low-power household ovens absolute power of reflection wave is small,
then in high-power industrial furnaces datum is large, and reflected wave
can change operation mode of generator and even damage expensive mag-
netron. Besides, improvement of the standing wave ratio (SWR) in system
boosts common efficiency factor of microwave ovens. There are different
ways of improvement coincidental occurrence.
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Methods of improvement of concordance of generator
with the distributing system and heating chamber

So far as the microwave heating uses electromagnetic wave,
the spectrum of that occupies the very narrow strip of frequencies,
it is enough to realize a narrow-band concordance, that can be re-
alized by relatively simple methods.

To compensate for the reflected wave in the waveguide prop-
agation path, in-homogeneities are usually used, which cause over
expressions so that the reflected waves add up in the opposite
phase [3, 10, 11].

This idea can be realized by three movable spirally entered in
a waveguide, located on a straight line passing on the middle of
one of wide walls, through the fourth of wave-length, or by a dou-
ble waveguide junction with movable short-circuitpiston in E- and
H- branches [10, 11].

Indemnification of the reflected wave is possible also by
means of two movable microwave insertions, realizing the rise of
intrinsic impedance [2, 3, 10, 11].

Microwave oven in that for a concordance with the object of
treatment possibility of turn of waveguide-crack emitters is envis-
aged in an order to point electromagnetic wave at an object under
Brewster's angle. It provides absence of the reflected wave during
vertical polarization of electromagnetic wave and flat surface of
microwave [1, 2]. As objects of process work have a difficult form
of surface, and travel of electromagnetic wave that can have a hor-
izontal component electric field, on frequencies of the microwave
heating is not quasiradial, this method gives only partial corrective
adjustment of the reflected wave and only for the certain object of
process work.

The lack of the above listed methods consists of that the pro-
cess of harmonizing is not automated. It requires at changing of
type of treatment to produce the hand tuning, that at a change mag-
netic properties of loading in the process work does not allow to
compensate the reflected wave.

There is a method [1, 2] in which two movable short-circuit
breakers with automatic adjustment are used to coordinate with
the load. A communication pin is used for coordination, automat-
ically adjusted by a microprocessor tracking device, is described
in [12]. But for acceptable compensation of the reflected wave,
three inhomogeneities are required, which greatly complicates the
control system and the design as a whole. In addition, the presence
of movable elements at high electromagnetic field power can lead
to leakage of electromagnetic field from the heating chambers
through the contact connections, which are also heated due to the
imperfection of the contacts and the finite conductivity of the con-
ductors.

All the methods and devices discussed above ensure compli-
ance in a small range of deviations of load parameters from the
nominal value, which is a serious disadvantage that limits the
range of permissible processing objects and requires mandatory
adjustment of communication elements. It is difficult to perform
coordination in a large range of changes in the magnetic parame-
ters of loads using broadband matching devices at high capacities.

For the multichannel input of electromagnetic field in heating
chambers of the microwave oven use the different bridges of divi-
sion of power [4, 13, 14]. However, all these devices have an or-
dinary construction without some elements that would bring in a
compensative effect.

We will consider possibility the selection of length of shoul-
ders to obtain a necessary concordance (min Rin) in the set range
of changes of R on the set frequency for the multichannel distri-
bution of energy system. It is thus necessary to estimate possible
asymmetry of distribution of energy between shoulders, that can
take place at R different from a zero.

Research of H- and E-junctions with the elongated shoulder
Research of H- and E-junctions (T-junctions) with the elon-

gated shoulder. A decomposition scheme of these junctions is
shown in Figure 1.

Input 1
1 1 L ] 1
— —
5 g 1 5
B 12 31200 1 R
| =

1 1— 1
Fig. 1. A decomposition scheme of the loaded T-junction

with the elongated shoulder

Initial S-matrix of this H-junction, analogical E-junction and
phase changer, the shoulder got the elongating, look like [3, 18]
(“J” is imaginary unit).

By any recomposition method we will get such matrixes of
dispersion for T-junctions with the elongated shoulder:

0 12 &2
[Su, |=| N2 -1/2 /2 |
/2 el ety

0 —1/42 e¥/\2
[S.,]=| -2 12 ev2| M
glo/J2 ooy o

Further recomposition matrices of dispersion with loading in-
advisable, as an analytical association of S-matrix very uncomfort-
ably, and such important sizes as power transfer ratio in loading
getting traditional methods is very difficult.

We will take advantage of method of D-matrix, offer in works
[1, 3]. Such D-matrixes turn out for these junctions [3]:

1 -R,/N2  —Rye /2

[Dy]=|0 1+R,/2 -Re /2 |5
0 -R,e /2 1+Re?"/2
1 R,/N2  -Re /2

[De]=|0 1-R,/2  —Re /2 | )
0 -R,e /2 1-Re?"/2

where Rz and Rz (R from “2”” and “3” output respectively) in gen-
eral case are complex values.
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It is further possible to get Rin, T21 and T31 from formulas [3].
D D Dis;

_ “isi . _MYisa . _
Ry =L T, =—132: T, =

in €)
D, D, D,

where Dy, is determinant of D-matrix with canceled by the first
line and column, and D;s; is determinant of D-matrix, the first col-
umn of that is substituted by “i”” corresponding column S-matrix,
Ti1 is transmission factor from input (“1”) to output “i”.

With help of (3) formulas are got Rin (Rii, ) and dependences
transmission factors (T21 (Rii, @), Ta1 (Rii, ¢)) for both brunches H-
junction (4):

R+ Re?”+2RR e
2+ R, +R,e™”

Ri

>

2Rl V2e(R, 1)
2+ R+Re?? 7 24 R +Re]

(4)

As in practice branching can be required both in H-, and in
E-planes, analogical dependences are got and for E-junction (5):

_ R+ Re?”-2RR e?
- 2-R-Re?¥

— ‘/E(R3 eizj(p_l)
T2 R,-Re?’

Ri

>

2R, 1)
' 2-R,-Re??’

)

An analysis of formulas (4)-(5) shows that for the set reflec-
tivity in one loading it is always possible to pick up a reflectivity
in other loading so, that on the exit of generator the reflected wave
will disappear. Powers between shoulders are dispersed unevenly,
that hampers the practical use of this effect [2, 4, 18].

In case of the identical loading (Rji = R) for H-junction formu-
las (4) are transformed to the formula (6).

V2(Re?+1)

_R+Re?’42R*e?”
' 24R+Re??

i 2+R+Re?¥?
B x/Ee’j"’(R+1)
2L R4+Re

For E-junction (7), (8) we get analogical character:

R + Re—2J¢_2R2 e—Zi(D \/E(Re_”‘”—l)

>

(6)

R, —
2—-R—-Re™”

\/Ee‘j‘/’(l—R)
1T )R-Re

In case ¢ = z#n, where n =0, 1, 2,..., for H-junction (and for
E-junction respectively) are obtained the formulas (8):

R,=R., T, = 1/\/5 ==£T;, . (for H -junction)
R, =R, T, =1/42 =FT,, (forE-junction).  (8)

@)

This case corresponds to the ordinary T-junctions, for that even
balancing powers and absence of some corrective adjustment.
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In case ¢ = n/2+zn, where n = 0, 1, 2,..., that corresponds to
lengthening of branch on A/4+4An/2, for H-junction parameters are
obtained by the formulas (9):

R, =R, T, =(1-R)/V2, T, =Fj(1+R)/V2;
and for E-junction respectively are obtained by the formulas:
R, =—R*, T, =(1+R)/2; T, =Fj(1-R)/¥2. (10)

From equalizations (9), (10) it is necessary that application of
junction with extended on /4 by a branch gives the substantial
winning in minimization Rj,. So when | R |<0.1 | Rin |<0.01.

Although to an offer construction of junction it is possible to
come from general considerations, examining the phase over-run
of the reflected waves, analytical formulas allow to analyze distri-
bution of energy for all variations of entry parameters and consider
the sensitiveness of the system to the rejection of entry parameters
[1,3].

For one H-junction (Fig. 1) graphs for the distribution of pow-
ers are built between shoulders (5), (6)—(8) for three cases: “1”
graphs is drawn for ¢ = 0°, “2” and “3” graphs are drawn for ¢ =
70°, “4” and “5” graphs are drawn for ¢ = 90°.

As be obvious from graph, asymmetry of distribution of pow-
ers between shoulders at |Ri|< 0.1 does not exceed 1.5 times. At
greater error term with loading asymmetry increases, that it is nec-
essary to take into account technologies at development.

An analysis showed for all cases given above, that the got de-
pendences are steady at the small (up to 30°) vibrations of phase
of the elongated shoulder or phase of R;. Thus indemnification on
the input gets worse unimportant and saved at complex character
of loading, and also at small (to 10%) distinctions of the modules
of R; and Rs.
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Fig. 2. Graph of distributions of powers in loads for one H-junction
(Fig. 1) at different length of compensative branch

In the cases with different R, practical interest can have a case
of Rin=0 at R,=0.5, and R3=-0.25 (for H-junction).

This phenomenon can be realized for the case of the identical
loading connection of one junction described above to one of out-
put shoulders of ordinary junction, that allows to attain indemni-
fication in the large range (at Rj=—-0.2...0.6 |Rin|<0.1). Certainly,
asymmetry in this case is very big. More detailed of this case will
be considered below (a graph “6” in Fig. 5).
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Analysis of increase of the distribution of energy system at
the arbitrary amount of channels for the achievement of
SWR minimum on the generator output

The escalating of the system up to three H-junctions (Fig. 3)
allows to achieve dependence Rin= —R* by a = ¢ = w = 90°
(I1=24).

1t R Input Ri L
2 1 4
) i P
1 H X j
H . y o H
L L 1
: =
9 M | ok R
i
@ W h
L] - B RN
T R Rs 1Tl

Fig. 3. System from three H-junctions with the elongated shoulder

Thus transition factors are determined on formulas (11).
T, =0.5(1+R*)(1-R); T, =-0.5j(1+R*)(1+R);

T, =-05j(1-R’)(1-R): T,, ==0.5(1-R*)(1+R). (11)
A dependence |Rin| <10 is achieved in case of |Ri|<0.1.
Asymmetry of distribution of powers does not exceed in this

case 1.55 time [1, 2, 15].

For the system from three compensative T-junctions (Fig. 3)
analogical dependences are built at a = ¢ = = 90°.

P N

........

.
0g 0% 1

R

04 03 06 07

Fig. 4. Graphs for distribution of powers in loads for the system
from three compensative T-junctions (Fig. 3)

If o = ¢ = 0°, but y = 90° that turns out the case described
above with complete indemnification at Rj= 0.5 and R, = 0.

R(1-2R 1-R
in:%; T21:T31:T41=ﬁ;
. 1+R
TSIZ—Jz_R. (12)

The dependence of Rin(Ri) is shown in the general graphs in
Figure 5 (a graph “6”).

Asymmetry in this case is great. For example, at Rj= 0.5 Rin= 0,
P2=P3=P4=1/12, and Ps= 3/4, that requires the special measures

on the improvement of distribution electromagnetic field at appli-
cation in a practical construction.

An increase of the system is to seven T-junctions (two systems
from three T-junctions (Fig. 3) connected to the outputs on the first
T-junction (Fig. 1) symmetrically) allows to obtain dependence
Rin = —R® that allows to get acceptable indemnification at

|R| | <0.8. Transmission factors in this case can be defined by the

choice of corresponding combination of signs in the generalized
formula:

Tl =ﬁ(17r RY)(17R*)( %R)-

The graphs of dependence of Rin (Ri) are generalized for all
considered systems on Figure 5.

(13)

[ Rl
EaNSY

R

Fig. 5. Generalized graphs of the input reflectivity for the considered
systems of the energy distribution

Graph “1” shows dependence for any symmetric systems with-
out indemnification the method described above.

For the system of the one T-junction with compensative shoul-
der arrived at lengthening on A/4 (9)—(10) (¢ = 90°) graph “2” is
presented.

Graph “3” is given for one T-junction when the phase of the
compensating shoulder was deviated by 30° (A/6 — ¢ = 60°) (6)
from the nominal value (A/4 — ¢ = 90°).

Dependence for the system from three compensative T-junc-
tions (Fig. 4) is showed around to graphic “4”.

For the system from seven compensative T-junctions (10)
graph “5” is presented.

Graph “6” shows dependence for asymmetric system (12). The
good matching (| Rin| < 0.1) in the large range of Ry (from —0.2 to
R 0.6) is observed obviously.

Summarizing the considered distribution systems on the sym-
metric system with the n branching from 2"-1 T-junctions with the
compensative lengthening of branch [2, 4], we get formulas (14):

Ro=—RT5 1, |- L[ (15R7).

From a Figure 5 there is that all polynomials of Rin (Ri) have
intersections necessarily (—1; 1), (1; 1), and in case of equal Rji —
and point (0; 0). Because [R/| < 1, then graphs for the systems
from T-junctions with indemnification in any case will pass below
than line R [ = [Rin .

A program for simulation modeling on the basis of the most
common formulas was built which allowing to get all descriptions
of the power distributing system at the arbitrary choice of param-
eters.

(14)
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The research results proved that it is possible to specify that
similar T-junctions with the compensative lengthening of shoul-
ders can provide a necessary minimum for Rj, in the set range of
changes of Ry [1, 2, 15].

Possible asymmetry of distribution of powers in every case can
be exactly expected on the formulas described above, that will al-
low to correct technology of the heating process. At this method
of indemnification asymmetry is substantial even at small R,
(Fig. 3 and 5), that is the inevitable lack of this method.

In addition, perhaps at the outputs of the distribution system to
apply the additional division of power the ordinary the same of
shoulders H-junctions, that does not bring in a defect in distribu-
tion of energy. This method allows to divide a high-power elec-
tromagnetic wave into parts that at the priori known R) and corre-
sponding configuration of the distributing system allows to equal-
ize electromagnetic field level in the heating chamber.

It is important to emphasize that the asymmetrical systems
have very large asymmetry, though allow to achieve the large
range of concordance on the input of the system at less of T-junc-
tions as compared to the symmetric systems.

In case of necessity branching in a E-plane practically the same
descriptions are arrived at by application in the considered sys-
tems instead of branch H-junctions with lengthening (Fig. 1) of
ordinary symmetric E-junctions in all branching, except an input,
where it is necessary to use a E-junction with 4/4 lengthening.

Experimental tests were carried out to verify the obtained de-
pendencies.

The difficulty in conducting experimental researches was that
it was almost impossible to find a pair of loads with identical pa-
rameters, and even to find a set of pairs of loads with different (and
pairwise identical) reflection coefficients. The most effective way
out is the use of waveguide diaphragms [3, 15-18].

The modulus of the reflection coefficient Ry introduced by
these L- and C-diaphragms with normalized conductivities, is de-
termined as follows [3, 16-19]:

+iY Y
R=—— = |Rlz———" (15
2F 1Y R JE+Y?)

The phases of the reflection coefficient Rq introduced by the L-
and C- diaphragms are opposite.

A rather narrow frequency range of 9.9-10.2 GHz (fo=10.05 GHz,
Af=+1.5%) was used for measurements. A waveguide H-junction
was studied, one of the shoulder of which is elongated by | = 10 mm,
as a result of which the wave passing through it experiences a
phase shift relative to the other shoulder of 90°.

A rectangular waveguide for this range has dimensions of
23x10 mm, wavelength in the waveguide is 40 mm. Symmetrical
waveguide inductive and capacitive diaphragms were used to ob-
tain different reflection coefficients from loads [20, 21].

Figure 6 shows the dependence of the modulus ( | R4 (s) | ) and
phase (¢(S), ©) of the reflection coefficient (Rq) introduced by the
L-diaphragm on the value of the width of the “open” part (S, mm
— the distance between the halves of the diaphragms), and Figure
7 shows similar dependencies for the C-diaphragm [16, 17, 21].

The inductive diaphragms with sizes of 10, 12.5, 13 and
15 mm were used for experiments, as well as capacitive ones — 2
and 4 mm.

T-Comm Vol.l17. #2-2023
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Fig. 6. Dependences of the module and phase of the reflection
coefficient of the L-diaphragm
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Fig. 7. Dependences of the module and phase of the reflection
coefficient of the C-diaphragm

During measurements a pair of identical diaphragms was in-
stalled between the H-junction and the loads, which made it pos-
sible to measure all wave characteristics and their frequency de-
pendence in the wide range of changes in load parameters
(Ri=0.036...0.817).

Experimental measurements were carried out using an auto-
mated VSWR measurement system.

The column “measurement VSWR” (Table 1) contains the val-
ues of VSWR measured in the experiment for the cases described
in the second column, the corresponding reflection coefficients of
which are indicated in the column “Riexp”. The column “Rip” con-
tains calculated values for each case (“Riexp” — for each load both
separately and when installing a pair of identical diaphragms, re-
spectively).

Table 1
Summary of calculations and experiments

Distinctive features Mes/sél\r;rfr{lent Riexp Rio
Load 1 1.095 0.045 -
Load 2 1.075 0.036 -
Loads with L-diaphragm 10 mm 9.90 0.817 | 0.793
Loads with L-diaphragm 12.5 mm 4.00 0.600 | 0.547
Loads with L-diaphragm 13 mm 3.07 0.509 | 0.495
Loads with L-diaphragm 15 mm 2.04 0.342 | 0.303
Loads with C-diaphragm 2 mm 3.40 0.545 | 0.510
Loads with C-diaphragm 4 mm 1.56 0.219 | 0.259
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Experimental researches and simulation modeling [19, 21]
showed the good coincidence of calculation formulas [1, 2, 8] and
experiment [15, 16, 21], confirmed the presence of compensative
effect and asymmetry of distribution of powers in loads in case of
the one shoulder lengthening on the quarter of wavelength in H-
junction, proved the small sensitiveness of reflectivity depend-
ences and transmissions to the small changes of parameters of
loads and frequency.

The distribution systems from T-junctions with the compensa-
tive lengthening allow in multichannel microwave oven to provide
necessary a minimum of reflectivity on the generator output in the
set the load reflectivity range, that provides functioning of mag-
netron generators in the optimal mode, increasing their tenure of
employment [4, 21]. This allows us to recommend the use of these
distribution systems in high-power multichannel microwave ov-
ens [4, 21].
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NMOCTPOEHUE MHOIOKAHAJIbHbIX BOJIHOBOZHbIX CUCTEM PACIPEAEJIEHNA SHEPIT AN
AnA MMKPOBOJIHOBOIO HAIFPEBA HA OCHOBE BOJIHOBOHbIX TPOMHUKOB
Cc YOJIMHEHUMEM NMNEYM NP1 MUWHUMAJIBHOM PACCOINTIACOBAHNN HA BXOAE

Boza4koe Mzopb Bukmoposu4, Omckuii 2ocydapcmeeHHbit mexHudeckull yHusepcumem (OmITY), Omck, Poccus, bogachkov@mail.ru

AHHOTaUMNA

OgHa 13 npobnem NCNosb30BaHNA MUKPOBOJHOBbIX NeYeit 6OMbLLIOM MOLLHOCTU — MUHUMU3aLMA KO3 ULIMEHTA OTPAXKEHUA HA BbIXOZE MarHETPOHHOIO re-
Hepatopa. [lnanasoH usMeHeHui Ko3pPULIMEHTOR OTPaXKEHNA OT Harpy3Ku MOXKET OKa3aTbcA BecbMa 60mblinM. OTpakeHHas BOHa GOMbLLIOW MOLLHOCTH MO-
XKET U3MEHUTb PeXUM paboTbl reHepaTopa U Aaxke NoBpeAUTs ero. [11a MHOroKaHabHOro BBO/a 3NEKTPOMArHUTHBIX BOJH B KaMepy Harpesa MUKPOBOJIHO-
BOW MeYn UCMONb3YIOT Pas3finiHble MOCTbI JefieHna MolHocT. OHaKo Bce NpUMeHsAEMble YCTPOMCTBA MMEIOT OBbIYHYIO KOHCTPYKUMIO 6e3 kakux-nmbo sne-
MEHTOB, KOTOpbIe MOTTIM Gbl BHECTU KOMMEeHcUpytoLLii 3¢ dekT. B aToit paboTe npescTaBneHb! pesynbTaTbl UCCNEAO0BAHUH MO obecneyeHno Ha onpesenéH-
HOW YacToTe 3a/1aHHOTO KO3 ULMEHTA OTPAKEHUA HA BXOZE MHOIOKaHaSIbHOM CUCTEMbI (BbIXOZE FeHepaTopa) Npy U3BECTHOM AMana3oHe U3MEHEHUN KO-
3P DULMEHTOB OTPAXKEHUA OT Harpy3ku. STO JOCTUraeTCA U3MEHEHUEM AJIMH MJieY BONIHOBOAHbIX TPOMHMKOB (E- unu H-), 4to noseonset nsmMeHATs dasbl oT-
PaXKEHHbIX OT Harpy3ok BosH. C MOMOLLIO METOAA HArpyXeHHOro MHoronontocHuka (D-Matpuu) Gbinn nonyyeHbl 3aBUCUMOCTU A1 Ko3dduLIMEHTa oTpa-
XEHUA Ha BXOAE CUCTEMbl U ANA KO3 PULIMEHTOR Nepesiain MOLLIHOCTM B HArpysKy /1A pasHbIX BapMaHTOB MOCTPOEHUA CUCTEM JeneHua moluHocTu. [ana
OLieHKa BO3MOXHOM aCUMMETPUM PacrpefieNieHns SHEPrMM B Harpy3Kax, KOTOpPasa MOXET MMETb MECTO MpU HeHyNeBbIX KO3 PULMEHTAX OTPAXKEHUA OT Harpy-
30K. B KaXXJ0M KOHKPETHOM Ciyyae OLIEHMBAETCA BO3MOXHAA aCUMMETPUA pacrpe/ieNieHns MOLLIHOCTEM, YTO MO3BOMAET CKOPPEKTUPOBATh TEXHONIOTMIO MPO-
Lecca obpabotku. Ecnmn Ha BbIxoAax cuMcTeMbl pacripefeneHna NpUMEHUTL AOMONTHUTENbHOE AeNeHne MOLLHOCTU ObbI4HbIMM paBHoNNeY MMM H-TpoiiHnkamu,
TO 3TO MO3BOMUT Pa3feNINTb Ha YaCTU BOJTHbI MOBbILLIEHHOW MOLLIHOCTM, YTO MPU COOTBETCTBYIOLLIEN KOHMUrypaLmMmn CUCTEMbI pacrpesenieHns No3BosIAET Bbl-
POBHATL pacnpezenieHne MOLHOCTeN B Harpyskax. B cnyyae HeobxoanmocTn passeTeneHmnsa B E-nnockocT npakTMHecku Te ke XapaKTepuCTUKM JOCTUratoT-
CA NPYMEHEHNEM B PACCMOTPEHHbIX CUCTEMAX BMECTO H-TPOMHMKOB C yAJIMHEHMEM OBbIYHBIX CUMMETPUYHbIX E-TPOMHMKOB BO BCeX pa3BeTBNEHMAX, KpOMe
BXO/IHOTO, IZle He06X0ANMMO UCMoNb3oBaTh E-TPOIMHMK C yANMHEHNEM Ha YeTBepTb ANMHbI BONHbI. [puBeaeHb! rpacduku 3aBUCUMMOCTE NapaMeTpoB pasfiny-
HbIX BAPUAHTOB MOCTPOEHUA CUCTEM, AaHbl OLEEHKM HyBCTBUTENbHOCTU BbIXOAHbIX MapaMeTPOB MpU U3MEHEHWUW AJIMHbI COTNIACYIOLLUMX YASIMHEHWI MIeY U KO-
3¢ pULMeHTax OTpaKeHUa OT Harpy3ok. [peacTaBneHbl pesynbTaThl 3KCrepuMeHTOB. CAenaHbl BbIBOABI O TOYHOCTU OLIEHOK, MOJTyHeHHbIX MPpU pacyérax u
MoaenupoBaHun. CucteMbl pacnpefeneHns U3 TPOMHUKOB C KOMMEHCUPYIOLIMM YASIMHEHUEM MO3BONAIOT B MHOTOKaHaNnbHOM cucteMe obecrneynts Heobxo-
AUMBIA MUHUMYM KO3 PULMEHTA OTPaXKEHUA Ha BbIXOZE FreHepaTopa B 3alaHHOM AMana3oHe U3MeHeHUH KO3pPULIMEHTOB OTPaXKeHUA OT Harpy3oK. STo Nos-
BONAET PEKOMEH/0BaTh NPUMEHEHWE AaHHbIX PacrpesieNIUTesNbHbIX CUCTEM B MOLLHbIX MHOTOKaHasbHbIX MeYaX MUKPOBONTHOBOrO Harpesa.

Knio4yeeble cnoea: ko3cpgpuyueHm ompaxkeHus, coesaco8aHue 2eHepamopa ¢ Hazpy3Kkot, MUKPOBOJIHOBbIU Ha2pes, MHO20KAHA/IbHAS MUKPOBOJIHOBAS NeYb,
80/1H0800HbIe mpolHUKU, Memod D-mampuu.
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Transportation is an important issue for large cities and agglomera-
tions, and as cities grow, it becomes more socially and macro-eco-
nomically important. Transport interchange hubs (TIHs) are impor-
tant structural elements of a city's transport network. They are com-
plex, integrated facilities that perform a variety of social functions.
Regional organization of the NTH should be based on standards and
recommendations, considering the multifunctionality of transport
facilities. Planning decisions, in particular, on transport-planning
organization of the TIH, are currently made without a scientifically
justified normative base for the design of such facilities. Integrated
influence of various transport-planning, social and other factors is
insufficiently considered. Traffic flow is one of the most important fac-
tors determining the technical and technological structure of the TIH.
This is especially important when the TIU is formed in the suburban
direction in the zone of suburban passenger traffic. Therefore, it is
necessary to conduct research on the TIU functioning and passenger
flow patterns. Considered the problem of passenger flow modelling at
passenger transport infrastructure facilities, the regularities of passen-
ger flow formation and promotion at TIH revealed, the dependencies
between the main parameters of passenger flow movement to TIH
obtained using a simulation model are given.
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Introduction

Among the problems of large cities and agglomerations, one
of the most important is the transport problem, which, as cities
grow, acquires an increasingly acute social and macroeconomic
character. Recently, in foreign countries, there has been a clear
tendency of transformation of transport hubs/ railway stations in-
to modern complexes, a kind of transport, trade, cultural and
public centres that define the face of the city. This is most clearly
manifested in large cities, where objects of transport passenger
infrastructure are traditional points of concentration of passenger
traffic. Scientific basis of the issues of the functioning and de-
velopment of passenger complexes, as well as the design of new
ones, must be carried out dependably, considering the laws of the
formation and movement of passenger flows in them.

General issues

The When developing standards for the design and develop-
ment of passenger complexes and their components — hubs, the
issues of modelling passenger traffic were not sufficiently con-
sidered, as one of the main factors for determining the technolog-
ical areas of stations, hubs, parameters of passenger platforms,
concourses, pedestrian communications, etc. The development of
passenger complexes in modern conditions should be carried out
considering the technical and technological capabilities and veri-
fication of planning solutions, as well as the parameters of pedes-
trian communications on simulation models based on modelling
passenger traffic. The currently practised intuitive assessment of
the complexity of a transport infrastructure facility, including
transport hubs, leads to errors that cause large financial losses.

At present, in numerous instances, the transfer of passengers
at the hubs is accompanied by large losses of time. The organiza-
tion of rational interaction of modes of transport in a hub is pos-
sible based on more complete use of digital technologies, intelli-
gent transport systems, a unified management system for all
modes of transport, coordination of timetables, etc.

The choice of modelling system

The choice of the modelling system is of great importance for
achieving the accuracy of the study. There is numerous universal
modelling systems in the world, many of which are used in Rus-
sia. Most of the systems have similar capabilities, the most fre-
quently mentioned and typical ones are Arena, AnyLogic and
multiagent systems.

The Arena modelling system is one of the most accessible
and widespread universal modelling systems that allows you to
build simulation models, run them and analyse the results of such
playback. Arena is a universal tool for optimizing processes, and
the models built with its help can be used for a wide variety of
areas of activity — production and technological operations,
warehouse accounting, banking, as well as modelling passenger
traffic.

AnyLogic system includes a set of standard libraries, includ-
ing those for modelling railway objects. This library implements
visualization of some operations performed on the railway. The
dynamics shows the movement of trains, but within the model,
only flow units are serviced. Extending the functionality of the
system requires the user to know the basics of programming.
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Anylogic system needs to be adapted to be used in the simu-
lation of railway transport. In addition to visualization tools, it
requires additional modules that enable it to describe in models
the features of performing various operations, display the dis-
patch control factor, process and analyse the results of calcula-
tions.

Multiagent, as the name implies, are systems formed by sev-
eral interacting agents. They are characterized by the following
signs:

* utonomy — agents act independently;

* limited representation — none of the agents has an under-
standing of the entire system;

* decentralization — there are no agents managing the entire
system.

Their prototypes in nature are a swarm of bees and an anthill.
Multiagent systems are used in online commerce, in the elimina-
tion of emergencies, for the organization of road traffic in the
city and others, when it is necessary to find a solution in the con-
ditions of independence of the participants, they do not have
complete information about the entire system and a single con-
trol centre.

When choosing a modelling system, problems that will be
solved thanks to this modelling system play an important role.
These tasks can be classified by optimization parameters. For ex-
ample:

— to determine the optimal parameters of the system (stations,
transport hubs): the dimensions of the area of the premises, the
layout, and width of the entrances / exits, which minimize the
loss of passenger time in the system, provided that the train
schedule is an independent external factor. The results of solving
such a problem can be used to base planning and architectural
solutions for new or reconstructed stations / hubs during their
development.

— in case of an existing railway station / hub, the task of op-
timizing (adjusting) the passenger traffic schedule, parameters,
and layout of the station / hub entrances / exits, which determine
the strategy of minimizing the time spent by the passenger in the
system, can be set. This problem can be considered when as-
sessing and optimizing the train timetable on the directions and
in the regions.

— in the study of emergencies, it is advisable to set the task of
determining rational (optimal) parameters and layout of existing
and emergency entrances / exits of stations / transport hubs in
conditions of extreme passenger traffic according to the criterion
of minimizing the average (specific) number of critical situations
(congestion and downtime) at the entrances / exits of stations and
in a hub.

Patterns of passenger flow

The practice of designing and operating transport hubs
around the world shows that it is required to identify the patterns
of passenger movements to determine the impact of movements
on the transport and planning structure of the transport hub.

The experiments carried out on the simulation model built us-
ing the AnyLogic program revealed the main dependencies be-
tween the parameters of the movement of passenger traffic. Re-
strained movement can be with little influence of contact
interference, with significant influence and continuous move-
ment. The dependence of the speed of movement of interchange
flows on the density is shown in Figure la. The dependence of
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the traffic intensity of interchange flows on the density of pas-
senger traffic is shown in Figure 1b.
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Fig. 1. Dependence of passenger traffic density:
a — on the speed of movement; b — on the intensity of traffic

It is proposed to consider the transport service system of the
transfer hubs in the form of a queuing network, for which the
main parameters are incoming and outgoing flows. The incoming
flow of passengers at hubs is characterized by a ripple caused by
the uneven arrival of various modes of transport at the hub and in
this case, should be investigated: the occupancy rate of arriving
rolling stock (public and individual transport), the arrival inter-
val, the number of passengers coming to stops per unit of time
and their arrival time.

The incoming flow is the flow of urban transport. As the in-
vestigated parameter of the incoming flow, we take the interval
of movement of the rolling stock of urban transport, i.e., the time
of arrival of its unit to the stopping point.

The obtained dependencies between the parameters of
movement of passenger flows make it possible to determine the
throughput capacity of the main elements of transport hubs
formed with the participation of railway transport, and other pa-
rameters of communication routes. The use of simulation models
makes it possible to obtain several options for the routes of pas-
senger traffic and to choose a rational one.

Modelling passenger flows at passenger transport
infrastructure facilities

The complexity and stochastic nature of the dynamics of the
movement of passenger traffic, the need to determine the desired
characteristics and analyse the situations that arise at any mo-

ment of time led to the use of the simulation method when
choosing a mathematical method for studying the system” hub —
passenger flow”.

The system under study consists of two subsystems: static —
the area of the station, concourse, passenger platforms, pedestri-
an crossings, and dynamic — passenger traffic. Until recently,
traditional engineering techniques based on the summation of the
areas of individual functional rooms, determined based on an es-
timate of the “average” number of passengers served, were usu-
ally used to assess the need for the area of hub premises.

In general, the interior space of a station or any other object
of transport passenger infrastructure, “accessible” to passengers,
has a complex outline. Entrances/exits are always bottlenecks.

The simulation model of the hub based on the railway termi-
nal of the station “Irkutsk — Passenger” was built using the Rus-
sian-made professional package of simulation AnyLogic Univer-
sity (educational version). The logical structure of the work of
the simulation model of the hub “Irkutsk — Passenger" is shown in
Figure 2. Figure 3 shows the simulation results for a rationalized
version of the planning solution.

For hub Irkutsk — Passenger, the following solutions were
proposed as a rationalization of pedestrian communications: sep-
aration of long-distance and suburban passenger flows, transfer
of a luxury hall to the 2nd floor, installation of an elevator to
provide access to low-mobility groups to the 2nd floor, construc-
tion of a covered pedestrian bridge equipped with lifts for low-
mobility groups of the population, opening of exits to the plat-
form in entrances No. 2 and No. 3, redistribution of commercial
space, transfer of ticket-printing machines, redistribution of the
waiting area in the suburban pavilion, etc.

The probabilistic distribution of the density of pedestrian
flows D makes it possible to establish the value of the most
probable density of movement of flows along certain pedestrian
communications and can be used when calculating the required
throughput capacity.

The probabilistic distribution of the speed of movement of
pedestrian flows V, respectively, allows us to determine the most
acceptable value of the speed of movement of interchange flows
in the hub, used to determine the radius of the zone of pedestrian
accessibility of the hub.

N.V. Pravdin [1] and other researchers [2-19] note in their
works that the speeds of long-distance and suburban passengers
are different. They range for long-distance passengers from 33.3
to 66 m/min, and for suburban passengers, respectively, 33.3-100
m/min. Within the limits of pedestrian communications during
peak hours, the speed of passenger movement drops sharply to
30 m/min due to an increase in the density of passenger traffic.
The most difficult situation arises at the moment of arrival of the
most loaded type of transport (railway), which determines the
power of the flow passed through pedestrian communications.

A modern hub is a complex queuing system, which can be rep-
resented in the form of two functionally interacting subsystems: a
multichannel subsystem for servicing (receiving/sending) modes
of transport interacting in a hub; passenger service subsystems.
Each of these subsystems, in turn, is a complex queuing system.

One of the most important issues in optimizing the processes of
interaction between the railway and urban transport modes is the in-
tegrated development and placement of transfer stations and hubs.
Transport and planning solutions for the development of hubs must
be carried out based on a scientifically grounded design base.
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Fig. 2. The logical structure of the work of the simulation model of the hub “Irkutsk — Passenger”
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Analysis of passenger flow management efficiency at the TIH

The following algorithm is proposed for analysing the effi-
ciency of passenger traffic flows in the TIH:

1) Based on a scaled diagram for the TIH and its adjacent ter-
ritories, a graph of transport links is drawn, in which the follow-
ing points are marked:

— The main points of passenger interest (vertices of the
graph) composing the array p€[1,2...P]. The points of interest are
the entrances and exits of the main transport communications
(underground, stops of urban street and off-street transport, en-
trances, and exits of the VC in question, parking spaces for pri-
vate cars and equipped parking spaces for individual mobility
vehicles);

— the transport connectivity edges of the points of interest
(graph edges) comprising the array e [1,2...E]. Transport con-
nectivity edges connect vertices p if there is a physical possibility
to pass between the points under consideration. Transport con-
nectivity edges can be mono-directional and two-way connectivi-
ty edges. Mono-directional edges are formed in case of one-way
movement with passenger traffic from vertex p i to vertex p_j,
bidirectional edges are formed in case of unimpeded access from
point p_ito point p_j and from point p_j to point p_i.

The graph of transport links for the Belorusskaya TPU, in-
cluding interchanges between all the most common modes of ur-
ban transport in Moscow (suburban electric trains, MCD, metro,
bus, tram) is shown in Figure 4.

In the presented graph the vertices of the array are marked,
their total number was [P|=47, the edges of the graph whose
number was |E|=54, the monodirectional edges are marked with
colour (red for incoming traffic and purple for outgoing traffic)
and an arrow that denotes the direction of traffic.

2) To analyse the graph and obtain quantitative indicators of
TPU connectivity, it is necessary to construct 6 matrices —
a,b,c™',cM".d,f, which show

a) a — initial matrix of passenger transit times from point p_i
to point p_j, dimension PxP, each element of which, denoted by
a (p_i;p_j ), takes values of passenger walking time between
considered graph vertices, min.

If i=j, a_(p_i;p_j )=0, if there is no edge e between vertices
p iand p j, a (p_i;p_j )=, in all other cases a (p_i;p j) takes
value:

a_(p_i;p_j)=L(p_i;p_j)/v_cp (1)

where | (p_i;p j ) is the reduced distance between the considered
vertices p_i and p_j, km; v_cf — average walking speed of a pas-
senger, km/h.

The general view of the matrix a is given in Table 1.

b) b is a matrix for the passenger's destination from point p_i
to point p_j, each element of which, denoted by b_(p_i;p_j )=j. is
a source matrix for construction the matrix d.

A fragment for matrix b is shown in Table 2.

Table 2
Fragment filling in the assignment matrix b
P1 P2 .. p - 1 p
p1 1 2 p-1 p
P2 1 2 p-1 p
p-1 1 2 p-1 p
p 1 2 p-1 p

Table 1
General view of the travel time matrix a
P ) p-1 p
P aii aio A1p-1 ap
p2 .| a2;2 a2'p-1 a.2'p
p-1 Ap-1:1 ap-122 Ap-1:p-1 8p-1p
p p:l a2 Ap:p-1 App

¢) ¢ is a graph incidence matrix for the incoming stream,
which specifies links between incident vertices p of the graph.
It has dimension PxE, where P are matrix rows and E are col-
umns. Each element, denoted by [c™] (p _i;p j ), takes values
[e™] (p_i;p_j )€E[0;1], where value O is assigned in case of no
connection between the vertex and the edge in question and value 1
in case it exists. The ¢*' matrix considers only bidirectional edg-
es and monodirectional edges oriented towards the TIH input.

Fig. 4. Transport connectivity graph of the Belorusskaya TIH
on the topographical map

A fragment of the incidence matrix ¢ constructed for subur-
ban passenger platforms at Belorussky Railway Station
(Pe [28,29,30,31,33,34,35,40,42,43]; E€ [40,41,42,43,44,45,
46,47,48]) is given in Table 3.

d) ¢ is the graph incidence matrix for the output stream. It
is compiled similarly to ¢ matrix, provided that only bi-
directional gaff edges and monodirectional ones oriented towards
exiting TIH are taken into account.

e) d — general matrix of passenger transit times. Obtained in
the course of transformations of initial matrices a and b by
Floyd-Worschell algorithm [6, 7]. Thus, for the given task of de-
termining the shortest routes for connecting points of the result-
ing graph, the transformations should be performed according to
the following principle:

— To transform initial matrices of times a and assignments b,
auxiliary constructions are performed to check the possibility to
reduce travel time by changing the route (via point p k), then
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ke[1...P] auxiliary constructions should be performed. The
scheme of possible change of the route is shown in Figure 5.

Table 3

Fragment ¢ incidence matrix constructed for suburban
platforms at Belorussky station

E
. 40 | 41 |42 | 43 | 44 | 45 | 46 | 47 | 48
28 1 0 0 0 1 0 1 0 0
29 0 0 1 0 1 1 0 0 0
30 0 0 0 1 0 1 0 1 1
31 1 1 0 0 0 0 0 0 0
33 ... 10 1 0 0 0 0 0 0 0
34 ... 10 0 1 0 0 0 0 0 0
35 ... | 0 0 0 1 0 0 0 0 0
40 .10 0 0 0 0 0 0 1 0
42 .10 0 0 0 0 0 1 0 0
43 ... | 0 0 0 0 0 0 0 0 1
Dk
Eriok B €
(&) @
i Epipj P/

Fig. 5. Diagram of analytical transformations

Then at each auxiliary construction, a logical check of the
condition is performed for each element of the sequence time and
assignment matrices:

If a_(pi;pj)>a_(pi;pk)+a_(pk;pj), then a_(pispj)=a_(pi;pk)+
+a_(pk;pj); b_(p_i;p_j )=b_(p_i;p_k ) (2)

— With all auxiliary constructions, the resulting matrix and is
the required matrix d, which denotes the travel times from any
point in graph p_1i to any point in graph p J.

(f) f is a connectivity (adjacency) matrix for graph edges,
each element of which, denoted by f (p_i;p j ), takes the value
of the number the edges from i vertex of the graph to j.

Conclusion

The severity of the transport problem of cities, of course, re-
quires effective digital technologies for predicting the transport
situation and means of integrated design of transport systems. In
this regard, it is the simulation models that make it possible to
adequately reflect the entire complexity of the interaction of
complex transport systems and systems of demand for transpor-
tation, to assess the influence of various factors on the dynamics
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of processes. Experiments with simulation models allow us to
evaluate the effectiveness and consequences of various decisions,
to get an in-depth understanding of the nature of the interaction
of elements and processes of the system, are of great predictive
value.
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MOAEJIMNPOBAHUE MEPEMELLIEHNA MACCAXNPOMNMOTOKOB N ONTUMUSALINA MAPAMETPOB
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AHHOTauuA

Cpeay npobneM KpynHbiX rOPOAOB U arfioMepaLuil OAHa U3 BaXKHEMLIMX - TPAHCMOPTHaA NpobieMa, KOTopas NO Mepe pocTa FOPOAOB NpuobpeTaeT Bce
6onee OCTpbIN COLMANbHBIN M MAaKPOSKOHOMUYECKUI XapakTep. TpaHCnopTHO-NepecagoyHble y3nbl (TIY) ABAAlOTCA BaXKHLIMU CTPYKTYPHbLIMU SfIEMEHTaMM
TpaHCnopTHOM ceTn ropoga. OHW MpeACTaBNAOT COGON CHOXKHbIE KOMMIEKCHbIE OGBLEKTBI, BLIMOJMHAOLME PasHOOOpasHble couMasnbHble GYHKLUN.
TepputopuanbHaa opraHusauma TITY fgomkHa 6a3svMpoBaTbcs Ha OCHOBE HOPMATUBOB U PEKOMEHZALMM, YYUTbIBAIOLMX MHOTOdYHKLMOHANIBHOCTL
TPaHCMOPTHbIX COOPY>KeHUN. [pafocTponTenbHble peLUeHWUs, B YAaCTHOCTW, MO TPaHCMOPTHO-MNAHMPOBOYHOM OpraHusaumu TI1Y B HacTosllee Bpems
MpUHUMAtOTCA 6e3 HaNMuMA HayYHO OBGOCHOBAHHOW HOPMATUBHOM 6asbl MPOEKTUPOBaHUA Takux 06bekToB. [1py 3TOM HEAOCTATOYHO MOJIHO Yy4MUTbIBAaETCA
KOMMNEKCHOE BAUAHUE Pa3NUYHbIX TPaHCMOPTHO-MNAHUPOBOYHBIX, COLMaNbHbIX W Apyrux daktopoB. OpHMM M3 Haubonee BaXHbIX (aKTOpOB
onpefenALmMX TeXHUKO-TEXHONOrMYecKkyto CTpykTypy TI1Y sBnserca naccaxuponoTtok. OcobeHHo 3To BaxHO, korga TI1Y ¢opMupyrotca Ha
MPUropOAHOM HarMpaBieHNW B 30He TArOTEHUA MPUrOPOJHOrO MaCCAXXMPOMOTOKa. B cBA3M ¢ 3TUM BO3HMKaeT HEOGXOANMOCTL NMPOBOAUTL UCCIIEL0BAHUA MO
usyveHuto yHKUMoHUpoBaHua TI1Y, 3aKOHOMepHOCTEN MepeMelleHna naccaxupoB. B gaHHoM pabote paccMoTpeHa npobrieMa MoAenvpoBaHUA
MacCaXMpPOMOTOKOB Ha OOGBbEKTax MacCaXMpPCKOW TPaHCMOPTHOW MHGPACTPYKTypbl, BbIAB/EHbI 3aKOHOMEPHOCTU (HPOPMUPOBAHUA U NPOABUKEHUA
naccaxuponotokos B TI1Y, mpuBefeHbl MOMy4YeHHble C WCMONIb3OBAaHMEM WMMWUTALMOHHOWM MOAENM 3aBUCMMOCTM MeXJy OCHOBHbIMM MapaMeTpaMu
nepeMeLlLeHna naccaxvponotokos B TI1Y.

Knio4yeeble cnoea: naccaxuponomoku, onmumusauus, modess, AnylLogic, mpaHcnopmHo-nepecadoyHbiil y3esn.
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