«/ MeTopuka cuTesa guarpamm
HanpaBNeHHOCTH KOH(DOPMHbIX
AHTEHHbIX PeLLeToK

¢ YacTOTHO-TEppUTOpHaNbHOE
nnaHuposaHue cetei IEEE 802.11

</ KomnbroTepHblit cHHTE3
HeMpoTPaHCMUTTEPHbIX 06pa30B




depnepasibHOE roCcyAapCTBEHHOE OI0/KeTHOe 06pa3oBaTebHOe
ydpexxJeHue BbIClIero oopasoBaHus
«CaHKT-IleTepOyprckui rocyjapCTBEHHbIN YHUBEPCUTET TeJIEKOMMYHUKALUN
M. npod. M.A. bonu-bpyesuua» (CII6I'YT)

Hay4yHbIi 2)KypHaJ

TPY bl
YYEBHBIX 3ABE/JIEHHI CBA3H

Tom 8. N2 2

Proceedings of Telecommunication Universities

Vol. 8. Iss. 2

CankT-IleTepbypr
2022



TpyAbl y4eO6HbIX 3aBejeHUN cBA3U. 2022. T. 8. N2 2. [SSN: 1813-324X (print), 2712-8830 (online)

OnucaHue KypHaJja

HayuHb1ii >kypHas1. BkitodeH B [lepeyeHb pelleH3MpYeMbIX HAyYHbIX U3JaHUH, B KOTOPBIX JOJDKHBI ObITh ONYGJHMKOBaHbI
OCHOBHble Hay4Hble pe3yJIbTaThl JUCCEPTALMI HAa COMCKAaHHME YYEHOH CTeleHM KaHJWJaTa HayK, Ha COMCKaHHe Y4eHOH
CTeNeHU JI0KTOpa HaykK (pacnopsipkeHue MuHo6pHayku Poccuu N2 21-p ot 12.02.2019), o crenna/ibHOCTSM (pacnopsiKeHue

Ne 33-p ot 01.02.2022):

05.11.18 [Ipu6Gopb! U METO/BI IPe06pPa30BaAHUS U300pAXKEHUH U 3BYKaA (TEXHUYECKUE HAYKH)
1.2.2. MaTemMaTH4ecKoe MO/ieJIMpOBaHue, YUCIEHHbIe METO/bl U KOMILJIEKChI IPOrpaMM
2.2.6. OnTUYeCKUE U OITUKO-3JIEKTPOHHbBIE PUGOPHI U KOMIIEKChI

2.2.13. PaaiuoTEeXHUKA, B TOM YHCJI€ CUCTEMbI U YCTPONCTBA TEJI€BU/I€HUS

2.2.14. Autennsl, CBY-ycTpoiicTBa U UX TEXHOJIOTUHU

2.2.15. CucTeMbl, CETU U YCTPOUCTBA TeJIeKOMMYHUKAILUN

2.2.16. Paguosiokanusa v pajioOHaBUranus

2.3.1. CucTeMHbII aHaIU3, yIpaBJeHUe U 06paboTka UHOPMALUU

2.3.6. MeTo/ bl U CUCTEMBI 3aLUThHI UHOPMALUH, UHGOpPMallMOHHAs 6e30MaCHOCTb

Brinyckaetcs ¢ 1960 roaa. Beixogur 4 pasa B roj (exxeKBapTajibHo). U3aeTcsl Ha pyCCKOM U aHIJIMIICKOM sA3bIKaX.

PeaKIMOHHBII COBET

Jykenbckuii K.B.
I'nasHblll pedakmop

ByiiHeBu4 M.B.
3am. ['nasHozo pedakmopa

Posanos H.H.
KyuepsaBbiii E.
lomex M.
Tuammuity O.A.
Kosun U.[.
Camyiinos K.E.
Crenanos C.H.
PociisikoB A.B.
Kyuepssbslii A.E.
Kanaes A.K.
Hosukos C.H.
JBopHukos C.B.
Kopxuk B.1.
Kosairus 10.A.

Baaapiko A.T.

K.T.H., goueHT, AO «['ocyapcTBeHHbIN onTU4ecKUil UHCTUTYT UMeHHU C.U. BaBusiosa» ('ON),
r. Cankr-IleTepoypr, Poccus

J.T.H., mpo¢., CaHkT-[leTep6yprekuii rocyjapCTBEHHbIN YHUBEPCUTET TEJIeKOMMYHUKALMH
uM. npod. M.A. Bonu-Bpyesuya (CII6I'YT), r. CankT-IleTepGypr, Poccus

A.$.-M.H., mpod., wi.-kopp. PAH, AO «T'ocyapcTBeHHBINH ONTHYECKUH HHCTUTYT
nMenu C.M. BaBunosa» ('ON), r. CankT-IleTep6ypr, Poccus
PhD, Texnosiorunyeckuit yuuBepcuteT Tamnepe, r. Tamnepe, QunasHus

PhD, TexHoJsiorudeckuii yHuBepcuteT BpHo, . BpHo, Yenickas pecrny6inka

PhD, YuuBepcutet UnopuHa, r. UnopuH, Hurepus

A.$.-M.H., npod., ATIMaTHHCKUI YHUBEPCHUTET 3HEPTEeTUKHU U CBA3Y, I'. AsiMa-ATbl, Ka3axcTaH
A.T.H., npod., Poccuiickuit yHuBepcuTteT ApyK6b1 Hapoos (PY/IH), r. Mocksa, Poccus

JA.T.H., 1po¢., MOCKOBCKUHM TeXHUYEeCKHUH YHUBEPCUTET CBsA3U U uHopmaTrku (MTYCH),

r. MockBa, Poccus

J.T.H., 1po., [loBOIKCKHUI rocyjapCTBEHHBIN YHUBEPCUTET TeJeKOMMYHUKAIUH

u uHpopmatuki ([II'YTHU), r. Camapa, Poccus

A.T.H., 1po¢., CaHkT-IleTepbyprckuil rocyjapCcTBEHHbIN YHUBEPCUTET TeJeKOMMYHHUKaLUK

uM. npod. M.A. Bonu-Bpyesuya (CII6T'YT), r. CankT-IleTepGypr, Poccus

J.T.H., 1poo., [leTep6yprckuil yHUBepcUTeT MyTel coobienns uMmeHu Anekcangpa I (TITYIIC),

r. CaukT-IleTep6ypr, Poccus

A.T.H., 1po¢., CUOUPCKUI rocyAapCTBEHHBIN YHUBEPCUTET TeJeKOMMYHUKALUN U HHGOPMATHKHU
(Cu6I'YTH), r. HoBocu6upck, Poccus

A.T.H., 1po¢., BoeHHas akazemus cBs3u uM. Mapiuana CoBetckoro Coro3a C.M. Bynennoro (BAC),
r. CaukT-IleTep6ypr, Poccus

A.T.H., 1po¢., CaHKT-[leTepOyprckuil rocyfapcTBeHHbINA YHUBEPCUTET TeJeKOMMYHHUKALUH

uM. npod. M.A. Bonu-Bpyesuya (CII6I'YT), r. CankT-IleTep6ypr, Poccus

A.T.H., 1pod., CaHKT-[leTepOyprckuil rocyiapcTBeHHbINH YHUBEPCUTET TeJeKOMMYHHUKALUH

uM. npod. M.A. Bonu-Bpyesuya (CII6I'YT), r. CankT-IleTep6ypr, Poccus

K.T.H., CaHKT-IleTepOyprckuii rocyfapcTBEHHbIA YHUBEPCUTET TEJEKOMMYHHUKAUH

uM. npod. M.A. Bonu-Bpyesuya (CII6I'YT), r. CankT-IleTep6ypr, Poccus

PerucrpanuoHHasi HHpOpManusa

Kypnan 3apeructpupoBaH PefepanbHoi cayx60i no Hag30py B chepe cBA3U, UHGOPMALMOHHBIX TEXHOJIOTMHA U MaCCOBBIX
koMMyHuKauuil: [T Ne 77-77501 ot 17.01.2020 r. (mpez. per. Ne 77-17986 ot 07.04.2004 r.)

[ToanucHoM UHJEKC B 00 beijiHeHHOM KaTaJjiore «[IPECCA POCCHM»: 59983

Pasmeienue B PUHI] (elibrary.ru) no gorosopy: Ne 59-02/2013R ot 20.02.2013

KoHTakTHasa nHopManusa

YupeauTtens PesepasbHoe rocyjapCcTBEHHOE GI0/XKETHOE
Y U3JaTesb: 00pasoBaTe/bHOe yupexk/eHue BbICIIero 06pa3oBaHHUs
«CaHKT-[leTep6yprckuii rocyZapcTBEHHBIA YHUBEPCUTET

193232, CaukT-IleTep6bypr,
np. bosbuieBukos, 22/1, k. 334/2
+7(812) 326-31-63, M. T. 2022,

Apapec
peAaKuum:
Teu.:

TeJIleKOMMYHHUKanui UM. npod. M.A. Bonu-bpyeBuya» +79643759970
(CITeryT) E-mail: tuzs@spbgut.ru
Web: http://tuzs.sut.ru

Appec 191186, CankT-IleTepoypr, HabepexxHasi peku Moikw,

BK: http://vk.com/spbtuzs

yuypeauTea: A.61, nutepa A

© CII6I'YT, 2022


mailto:tuzs@spbgut.ru
http://tuzs.sut.ru/
http://vk.com/spbtuzs

Proc. of Telecom. Universities. 2022. Vol. 8. Iss. 2. ISSN: 1813-324X (print), 2712-8830 (online)

Description

Scientific journal. The journal is included in the List of reviewed scientific publications, in which the main scientific results of
dissertations for the degree of candidate of science and for the degree of doctor of science should be published (order of the
Ministry of Education and Science of Russia No 21-r of 12 February 2019) in the field of (order of the Ministry of Education
and Science of Russia No 33-r of 01 February 2022):

05.11.18 Devices and methods of transformation of images and sound

1.2.2. Mathematical modeling, numerical methods and complexes of programs
2.2.6. Optical and optoelectronic devices and complexes

2.2.13. Radio engineering, including television systems and devices

2.2.14. Antennas, microwave devices and its technologies

2.2.15. Systems, networks and telecommunication devices

2.2.16. Radiolocation and radio navigation

2.3.1. System analysis, management and information processing

2.3.6. Methods and systems of information security, cybersecurity

Since 1960. Published 4 times per year. Published in Russian and English.

Editorial Board

K.V. Dukel’skii
Editor-in-chief

M.V. Buinevich
Deputy editor-in-chief
N.N. Rozanov

PhD, associate prof., executive Director of Open Joint Stock Company «S.I. Vavilov State Optical
Institute» (SOI), Saint-Petersburg, Russia

DSc, prof., The Bonch-Bruevich Saint-Petersburg State University of Telecommunications
(SPbSUT), Saint-Petersburg, Russia

DSc, prof.,, member-corr. RAS, Open Joint Stock Company «S.I. Vavilov State Optical Institute»
(SOI), Saint-Petersburg, Russia

Y. Koucheryavy
I. Hosek

0.A. Tiamiyu
I.D. Kozin

K.E. Samuilov
S.N. Stepanov
A.V. Roslyakov
A.E. Koucheryavy
A K. Kanaev

S.N. Novikov

S.V. Dvornikov
V.I. Korzhik
Yu.A. Kovalgin

A.G. Vladyko

PhD, Tampere University of Technology, Tampere, Finland

PhD, Brno University of Technology, Brno, Czech Republic

PhD, University of Ilorin, Ilorin, Nigeria

DSc, prof., Almaty University of Power Engineering and Telecommunications, Almaty, Kazakhstan
DSc, prof,, Peoples’ Friendship University (RUDN), Moscow, Russia

DSc, prof.,, Moscow Technical University of Communication and Informatics (MTUCI),

Moscow, Russia

DSc, prof., Povolzhskiy State University of Telecommunications and Informatics (PSUTI), Samara,
Russia

DSc, prof., The Bonch-Bruevich Saint-Petersburg State University of Telecommunication (SPbSUT),
Saint-Petersburg, Russia

DSc, prof.,, Emperor Alexander I-st Petersburg State Transport University (PSTU), Saint-
Petersburg, Russia

DSc, prof,, Siberian State University of Telecommunications and Information Sciences (SibSUTIS),
Novosibirsk, Russia

DSc, prof., Military Academy of Telecommunications named after Marshal Union S.M. Budyonny,
Saint-Petersburg, Russia

DSc, prof., The Bonch-Bruevich Saint-Petersburg State University of Telecommunication (SPbSUT),
Saint-Petersburg, Russia

DSc, prof., The Bonch-Bruevich Saint-Petersburg State University of Telecommunication (SPbSUT),
Saint-Petersburg, Russia

PhD, The Bonch-Bruevich Saint-Petersburg State University of Telecommunication (SPbSUT),
Saint-Petersburg, Russia

Registration Information

Registered by Federal Service for Supervision of Communications, Information Technology and Mass Media

on 17.01.2020: PI No. 77-77501 (prev. reg. on 04.07.2004: No. 77-17986)

Subscription index for joint catalog «PRESSA ROSSII»: 59983

Accommodation in RINC (elibrary.ru) by agreement on 20.02.2013: No. 59-02/2013R

Contact Information

Publisher: Federal State Budget-Financed Educational Postaddress: 193232, Saint Petersburg,
Institution of Higher Education Prospekt Bolshevikov, 22/1
«The Bonch-Bruevich Saint-Petersburg State Phone: +7(812) 326-31-63, local 2022,
University of Telecommunications» +79643759970
(SPbSUT) E-mail: tuzs@spbgut.ru

Web: http://tuzs.sutru
Publisher 191186, Saint Petersburg, Moika river embankment,
address: 61-A

© SPbSUT, 2022 r.


mailto:tuzs@spbgut.ru
http://tuzs.sut.ru/

COJIEPKAHME

Tpyabl y4eOHbIX 3aBeJeHnH cBA3u. 2022, T. 8. Ne 2

CONTENTS

KOMIIBIOTEPHBIE HAYKH U HH®OPMATHUKA

Ilnomnukos I1.B.,, Baadwiko A.T.

MuHUMM3aLKS 33/iepKEK TPU B3aUMO/|eUCTBUH
IPAaHUYHBIX YCTPOUCTB C UCMOJIb30BaHUEM
kJjactepusauui B ceTsax VANETSs

6

Plotnikov P., Vladyko A.

Minimizing delays in the interaction
of edge devices using clustering in VANETSs

JJIEKTPOHUKA, POTOHUKA, MPUBOPOCTPOEHHUE U CBA3b

AHdponoes A.B., Ky3bmuH C.B.

MeTOL[I/IKa CHHTEe3a JUuarpaMM HalpaBJeHHOCTHU
AHTEHHBIX PEIIETOK C IPOU3BOJIbHBIM PACIIOJIOKEHHEM
M3JIy4aolyX 31eMEHTOB

Bukynoe A.C.

JdPeKkTUBHOE YACTOTHO-TEPPUTOPHUAIBHOE
nyanupoBaHue ceteil IEEE 802.11 kak 3agava
«3aMOILeHHsI» IIJIOCKOH 30HbI TOKPBITUSA PETYJIPHBIMU
cTpyKTypaMu. YacTb 1. Mogies1b Me>KKaHa/IbHbBIX TOMEX

Koeasn C.A., llawunyes B.I1, Ckopuk A.J.,

CaavHukos /I.B., Muxaiinoe /.M.

OnTrMasibHasA paboyas 4acTOTa 110 KPUTEPHIO
MaKCUMaJIbHOTO MHTEPBaJla YaCTOTHOMN KOppesauu
3aMHpaHUH B OJJHOJIy4eBOH JleKaMeTPOBOM paJIHOJIMHUN

@okuH I'A.

Mojes1b TEXHOJIOTUH CETEBOT0 TO3UIIMOHUPOBAHUS
MeTpoBo# ToyHocTH 5G NR. YacTts 1. Kondurypanus
curHaznos PRS

15

Andropov A., Kuzmin S.

Radiation pattern synthesis method

of antenna arrays with an arbitrary arrangement
of radiating elements

29

Vikulov A.

Effective Channel Planning of IEEE 802.11 Networks
as a Plane Tessellation Problem.
Part 1. Adjacent Channel Interference Model

37

Koval S., Pashintsev V., Skorik A.,

Salnikov D., Mikhaylov D.

Optimal operating frequency according

to the maximum interval of frequency fade
correlation in a single-beam decametric radio link

48

Fokin G.

Simulation Model of 5G NR Network Positioning
Technology with Meter Accuracy.

Part 1. PRS Signals Configuration

WH®OPMAIIMOHHBIE TEXHOJIOTUX U

TEJIEKOMMYHUKALIUA

Maxkapoe J1.M., [lo3dHs1k08 A.B.

KoMnbroTepHBIN CHHTE3 HEUPOTPAaHCMUTTEPHBIX
o6pa3oB

Pozo3uHckuii I.I,, YecHokoe M.A., Kymaviapoea A.A.

HeckoJIbKO HOBBIX MaTeMaTHYECKUX MO/IeJIer
CHHTE3MPOBAHHbIX 3BYKOBBIX CUTHAJIOB

65

Makarov L., Pozdnyakov A.
Computer synthesis of neurotransmitter images

76

Rogozinsky G., Chesnokov M., Kutlyiarova A.
Some new mathematical models

of synthesized sound signals

PE3JIbTATBI HCCJIEAOBAHHA MOJIOABIX YYEHBIX

I'puzopves E.K.

Ananus KOPPEJIALUOHHBIX XapaKTEePUCTUK HOBBIX
KOJJOBBIX HOCJ'Ie,C[OBaTeIIbHOCTefI, OCHOBAHHBIX Ha
NepCUMMETPHUYIHBIX KBAa3UOPTOIOHA/JIbHbIX HUPKYJIAHTaX

Ilanmioxun H.C.

OueHKa CBOWCTB 06'bEKTOB CPEACTB BbIYUCIUTENbHON
TEXHUKHU [JJ1s1 06ecriedeHus1 MOCTUHLIU/IEHTHOTO ayAUTa

Coko.0e CA.

JKCllepUMeHTa/bHbIA TPAaKT COBMECTHOM Nepejjauyu B
o611eM paJiioKaHasle CUTHaJ10B aHaJIoT0BOT0

YM- u uudpposoro DRM-pauoBeianus

Xpuukoe B.A.

MosenMpoBaH1e KOPPEJISLHOHHOIO ONTHYECKOTO
pedsiekToMeTpa € 30HAUPYIOIIMM CUTHAJIOM B BUJIE
bparMeHTOB NCEBAOCTYyYaHHBIX I0C/IEJ0BAaTEbHOCTEN

83

Grigoriev E.

Study of correlation properties of new code
sequences based on persymmetric quasi-orthogonal
circulants

91

Pantiukhin I,

The properties of computer equipment objects
evaluation to ensure post-incident audit

100

Sokolov S.

Block diagram of the DRM simulcast trial equipment
configuration in FM band

108

Khrichkov V.

Modeling of correlation optical reflectometer
with a probing signal in the form

of pseudo-random sequences fragments

DOI:10.31854/1813-324X-2022-8-2




Proceedings of Telecom. Universities. 2022.Vol. 8. Iss. 2

KOMMBHOTEPHBIE HAVKH
1 HHQOOPMATHKA

1.2.2 - MaTtemaTunyeckoe
MOAennpoBaHue,
Y/CNEHHbIE METOAbI
1 KOMMNEeKCbl NPorpamm

R
o —

e

DOI:10.31854/1813-324X-2022-8-2




Tpyabl yue6HbIX 3aBegeHnii cBA3u. 2022, T. 8. Ne 2

Hay4Hasi cTaTbs (@)Y 20 |
VIIK 621.396
DOI:10.31854/1813-324X-2022-8-2-6-13

MuHHUMHU3aUMs 3aJ4epKeK IPU B3auMOAeCTBUU
rPaHUYHBIX YCTPOUCTB C UCII0JIb30BAHUEM
Kyjactepusauuu B ceTax VANETSs

® Nages Baagumuposud I1oTHuKoB™, pavplot@gmail.com
© Angpei 'enHagbeBuY Biaagbiko, vladyko@sut.ru

CaHKT-IleTepOyprcKuii rocyJapCTBEHHbINA YHUBEPCUTET TeJIeKOMMyHUKaIUi UM. npod. M.A. boHu-BpyeBuya,
Cankr-Iletep6ypr, 193232, Poccuiickas Penepanus

AHHOTauMA: B Hacmosiwell pabome paccmampusaemcst N00xo0 K Mo00eAupo8aHuro UHPOPpMayUOHHbIX NPOYeccos U
oyeHke ux agpgoekmusHoCcmu 8 A8MOMoOUAbHbIX camoopzanusytouuxcsi cemsix (VANETS). [Ipusodsimcs pesyismameol
YUC/AEHH020 MO0eaAUpo8aHusl 83aumodelicmeusi 2paHUYHbIX ycmpolicme 8 mpaduyuoHHOU KoH@uzypayuu u ¢
UCN0/1b308aHUEM KAACMEPHO20 N00X00d K pazbUeHUl CmayuoHApHbIX 8blYUCAUMENbHbIX ycmpolicmas. [loka3aHo,
umo 8 mpaHcnopmHotil cemu uccaedyembvlil Nn00xXo0 nN0380.1siem cyujecmeeHHo y8eauyums NPoYeHm 06CAYHCEeHHbIX
ycmpolicms, mem CamblM c8ecmu K MUHUMYMY O0OWYI0 3d0epicKy 8blMUC/AEHUL, YMO 3HAYUME/JbHO NOo8blcUm
agdpekmusHocmb pabomul QUHAMUYECKOU CUCMEMBL
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Abstract: The article describes an approach to modeling information processes and evaluating their effectiveness in
vehicular ad-hoc networks (VANETSs). The results of numerical simulation of the interaction of edge devices in the
traditional configuration and using a clustering approach to the partitioning of road-side units are presented. It is
shown that in the transport network, this approach can significantly increase the percentage of serviced devices and
minimize the overall delay of computing, which will significantly increase the efficiency of the dynamic system.
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BBeaeHue

B M06U/IbHBIX KOMMYHHUKALUOHHBIX CPeZaX C IOMO-
LIbI0 pellleHUH A/ 06/1aYHbIX BBIYMCIEHUN U IIHUPO-
KOTIOJIOCHOW CHUCTEMbI CBSI3U GOJIBIIUHCTBO BbIYUC/IH-
TeJIbHBIX 33/]a4 MOXKET GbITh IePeHeCceHo JJisd yAajleH-
HOTO BbINOJIHEHUsI B 06/1aK0. HecMoTps Ha To, 4TO AaH-
HbIH MPOIECC YCKOPSIETCS C KK/ bIM HOBBIM MOKOJIe-
HUEM CeTel CBSI3W, pasrpy3Ka B yAaJieHHOe 006J1aKo
M0/ipa3yMeBaeT CYLeCTBEHHYIO 3a/lePKKy. UTOGbI pe-
MKUTb NPO6JIEMY JJIS TPUJIOKEHUH YYBCTBUTENbHBIX K
3aJilep’KKaM, ObLIM TpPeJCTaBJeHbl MOOUJIbHBIE TIpa-
HuuHble BbruucaeHuss (MEC, a66p. om anza. Mobile
Edge Computing) [1]. Ha ceropusimuauii neHb MEC
TaKXKe CTaJld HOBOM MapafiurMoy U JJisl UHTEJJIeKTY-
aJIbHBIX TpaHcopTHBIX cucteM (UTC) [2-4]. BHeapss
aBTOMOGUJIbHBIE TPaHUYHbIEe BhluucaeHus (VEC, a66p.
om aHes. Vehicular Edge Computing) B aBTOMOGH/Ib-
Hble camoopranusywmuecs cetu (VANETSs, a66p. om
aHes. Vehicular Ad-hoc Networks), noctaBuiuku ycayr
MOTYT 00€eCIeYnThb CEPBUCHI CO CBEPXMaJIbIMU 33/l€PK-
KaMHU, IOCKOJIbKY UHCTPYMEHTbI TPAHUYHbBIX BbIYUCJIE-
HUH pa3BOPavYUBaAIOT PECYPChI HA CTOPOHE, GJIM3KOH K
M0J1b30BaTEIbCKOMY 000PYA0BaHUIO.

ApxutexkTtypa VEC onupaeTrca Ha KOMMYHUKaLMOH-
Hy10 UH)PACTPYKTypy U YCIYTH, NpefocTaBjisseMble
MOCPEeJCTBOM TPAaHUYHBIX YCTPOMCTB U TEXHOJIOTUH
LTE/5G. K rpaHU4YHBIM yCTPONCTBAM MOKHO OTHECTH
OOpTOBBIE BBIYUC/IUTEJNbHbIE YCTPOMCTBA TPAHCIIOPT-
HbIX cpeactB (OBU, a66p. om anzsa On-Board Unit),
NpUJOPOXKHBIE BBIYMCAWUTENbHBIE ycTpoicTBa (RSU,
a66p. om aHes. Road-Side Unit) u MEC-cepBepbl. OTMe-
TUM, 4TO ycTpoiicTBa OBU uMeloT He6Go/Ib1IME BBIYUC-
JINTeJIbHbIE PeCyPChbl U pecypchbl XpaHeHUs], BBIYUC/IU-
TeJibHass MOLIHOCTb ycTpoucTB RSU Takxke oTHOCH-
TeJIbHO OTpaHUY€eHa M3-3a pa3Mepa BbIYUCIUTEbHbIX
3a/a4 ¥ BbICOKOIO CIpOoca Ha peaKLui0 CUCTEMBI B pe-
ajbHOM BpeMeHU. Korpa MoOGUJIbHBIE YCTpPONCTBa
TpaHcnopTHBIX cpeAcTB (TC) reHepUpyIOT 3a/ja4y, OHU
MOTYT HOAKJ/IYAThCs K IPUOPOKHBIM YCTPOHCTBAM,
BbIOMpas moaxojsilee BpeMsi U nomxofsiue MEC-
cepBepbl A5 pa3rpy3Ku 3a4ad.

TeMm He MeHee, KAKUM 06pa3oM U B KaKOM MOpsIAiKe
30 PeKTUBHO pa3TpyaTb BBIYUCIUTENbHbIE MOIIHO-
CTH, OCTaeTcs He MOJHOCTBIO pellleHHOU 3ajadeil. [lo-
ckobKy MEC-cepBepbl pab0TalOT Ha IPaHULIE CETH pa-
JUOA0CTYMA, NoAKI04asich K RSU U BBINOJIHAS € UX MO-
MOIIbIO 33/jlayM [0 Iepejiaye, UX 30HA 00CTyKUBaHUS
MOXKET ObITh OrpaHuYeHa paguonokpeiTueM RSU. H3-3a
BbICOKOUM MOOUJIBHOCTH ABMKylnecs: TC MOryT mpoxo-
JUThb yepe3 HeckoJibko RSU 1 MEC-cepBepoB u pa3rpy-
»KaTb CBOY BbIUMCJIUTE/bHBIE 33/1a41 Ha JTII060H cepBep,
K KOTOPOMY Y HUX €CTh JOCTYI, IPX 3TOM Harpyska Ha
HUX CUJIbHO MeHSeTCq BO BpeMeHU U3-3a HepaBHOMep-
HOCTH KOJIN4YeCTBa NOJK/I0YaeMbIX [10/1b30BaTeJIeH.

TakuM 06pa3oM, K/JIO4EBOH MPOGJIEMON SIBJISETCS
TOo, Kak TC onpejessieT pelleHe 0 pasrpysKe ¢ NOMo-
I[bI0 MOAXOJAIIEr0 IPAHUYHOIO YCTPOMCTBA, YTOOBI
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CBECTH K MUHUMYMY OOIIYI0 3a/leP>KKY BbIUMCJIEHUH.
JlONIOTHUTENIbHBIM Y3KUM MECTOM OCTAaeTCsl COeZluHe-
HUe U K3IIMPOBaHHe Ha yPOBHE 'PAHUYHbBIX YCTPOMCTB
OBU - RSU [5].

B oTBeT Ha 3Ty mpoGJjieMy B JaHHOW paboTe MbI
npejJjlaraeM MaTeMaTHU4YeCKyl0 MOJie/lb U ee YHUCJIeH-
HOe pellleHHe JJIsl CUCTEMbI B3aUMO/leICTBUS IPaHUY-
HBIX YCTPONCTB B TPaJULIMOHHON KOHQUTypaLuy pas-
memteHusa RSU. Kpome aToro, nposezieHO yJydllieHue
paboThl MOJleJIM C NTPUMeHEeHHeM KJIACTepHOro Noj-
xoja. OueHka 3pQPeKTUBHOCTH CTPOUTCSA HAa OCHOBE
BBIUMCJIEHUS MPOLEeHTa HeoOpaboTaHHBIX 3alPOCOB,
cdopmupoBaHHbix TC npu ux mob6uabHOCTU. [IpoBe-
JleHO CpaBHEeHHe TPaJULIMOHHON U KJ1acTepU30BaHHOU
Mozeseld. Pe3ysbTaThl MOKa3bIBalOT, YTO KaXKJasd U3
NpeJJio’KeHHbIX MoJiesied MOXeT ObITb 3GPEeKTUBHO
peasii30BaHa B MOOMJIbHBIX y3J/1aX U MIO3BOJIAT 3HAYU-
TeJIbHO COKPAaTUTh 00llee OXHJaeMoe BpeMs o6pa-
60TKHU 3a/ja4 110 COBEPIIEHCTBOBAHHMIO OPraHU3alLlU U
aJIrOPUTMUYECKOr0 obecredyeHUs1 QYHKLHOHUPOBa-
Hus VANETS.

IlocTaHoBKa 3aja4yu

[IpeAnosoXuM, YTO MO/JieJib ropo/ia 3aZilaHa MaHXaT-
TEHCKON MOJeJbl0 MOOGUJIBHOCTU B MNPSIMOYTOJIbHOMN
Metpuke (Li-MeTpuka). PaccrosiHue Mexay AByMsi
TOYKaMHU ¢ KoopauHaTtamu A(x,; y;) u B(x,; y,) B 1aH-
HOU MO/IeJIN BBIYUC/IAETCS 10 GopMy.Ie:

d(A,B) = |x; —x;| + |y, — y1l.

CucreMa ropoJiICKUX aBTOMOOHUJIbHBIX AOpPOr 06pa-
3yeT CeTKYy C TOPU30HTAJbHbIMU U BepTHUKAJbHBIMHU
3JleMeHTaMU, IpU 3TOM Ha KaXKJ oM yJHlle OpraHU30-
BaHO JIByCTOpOHHee JBMKeHue. Ha6op us V TC nBu-
»KeTcs 1o ropoay, rae kaxzgoe TC BbIOUpaeT KpaTyai-
LWIMU MaplIpPyT AJIs1 IEpeMeILeHUs1 OT TOYKHU CTapTa A0
OmnpeJieJIEHHOT0 3apaHee NyHKTa Ha3HayeHUs, IpU
aToM mepef ctapToM Kaxkjoe TC reHepupyeT CBOH UH-
JAUBUAYaTbHBIA MapLIpyT.

PaccmoTpum Habop RSU S, pacrosiokeHHbIX Ha ce-
pefiHe KaXJoro OTpe3Ka MexJy JBYMs NepeKpecT-
kaMmu. Kaxxpoe RSU s € S ocHaleHo orpaHUYeHHBIM
K3lleM pa3Mepa Z;, KOTOPbIM UCNOJb3YeTCH AN K3-
IIMpOBaHUA 00pabaTbiBaeMbIX JaHHBbIX. byjeM cuu-
TaTh, 4TO Kaxxgoe RSU uMeeT 30Hy NOKPBITUA B BUJE
Kpyra juaMeTpoM Ly.

Ckopoctu fBuxeHus TC npecTaB/IAIOT CO60M MOTOK
He3aBUCHMBIX, OJMHAKOBO pacnpefie/IeHHbIX 10 yce-
YeHHOMY HOpPMaJIbHOMY 3aKOHY CJIy4aWHbIX BeJWYHH.
[Ipu 3TOM GyieM CYUTATh, YTO CKOPOCTh U Kaxkzaoro TC
Ha y4JacTke Joporu (BHyTpH 06/1acTH JeHCTBUS OHOTO
RSU) nexuT B fvana3oHe OT Halepes 3a/JaHHbIX MUHU-
MaJIbHOM /10 MaKCUMaJIbHOM CKOPOCTH, T. €.:

Umin Su < Umax -

CDYHKLU/IH IJIOTHOCTH pacrnpenesieHudad CKOPOCTH U
CO CpeAHUM 3HA4YeHHeM U U AHCHepCHeﬁ o2 3aaeTcda

dopmyJioi [6]:
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rze erf() - dyHkuMa pacnpe/iesleHUss HOPMaJbHOIO 3a-
KoHa uiu ¢yHkuus Jlamnaca.

Bsaumogeiicteue TC ¢ RSU ocywectBaserca mno-
cpeAcTBOM o6MeHa GJI0KaMU JAaHHBIX, HAIPUMED, UH-
dopManMeil 0 3arpy>keHHOCTH ydacTKa JOpOoru Ha
nytu caepoBanud. Ilyctb kaxzgoe TC u kaxzgoe RSU
dopMupyroT nHGOpPMALUIO B BH/Jle BeKTOpa M HeKop-
peMpPOBaHHbBIX 3JIeMEHTOB AaHHbIXx M = {1,2, ... ,m}.
[IpennosokuM, 4TO BCEe 3JEMEHThI JAHHBIX HUMEIOT
oAMHaKOBbIM pasMmep C 6aiToB. Kaxxgoe RSU o6cuy-
»KHBaeT nojk/oyeHHoe TC co CKopocThio o GalT B ce-
KyHAY.

OTMETHUM, 4TO, TAaK KaK MECTOIOJIOXKEHHE U KOJTHYe-
ctBo TC B paccMaTpuBaeMoil MoJiesy JUHAMU4YeCKU
MEHSIIOTCS BO BpeMeHM, C HEKOTOPOH MepHOoUYHO-
CTbI0 HEOOXO0AMMO OGHOBJIATH AaHHble B RSU, 3anpa-
muBas ux ¢ MEC-cepsepa. IlycTb BpeMs 06paboTKH 3a-
npoca oT KoHKpeTHoro TC no 610Ky JaHHBIX [ COCTaB-
£

JideT , €CJIM JaHHbIe I10 3TOU s4YellKe NaMsITHU aAKTy-

0) (€] (€]
anbHBI M £~ + t;7, TAe t; - BpeMs, Tpebyoleecs Ha

0OHOBJIEHUE YCTapeBIINX JJAHHBIX, €CJIU 3TH JJaHHbIE
HeaKTyaJIbHbl U TPeOYyeTCs UX aKTyan3alys.

Bynem cuuTats, uTo Kaxkgoe RSU MoxeT o6cmyxu-
BaTh TC mocnefoBaTesbHO, IpU 3TOM, eciu TC noku-
Jaet obsacte nokpeiTus RSU, B3aumopeiicTBue npe-
kpamaercsd, a TC MOXeT NOAKJIIOUUTBHCA K CleAylo-
memy RSU, B ciydae ecsi oHO cBO60AHO. MOXHO Cc4U-
TaTb, 4TO RSU 1o okoHYaHUU pabOThl C KAKUM-TKM60 TC
MOXXeT HayaTb OOGCJAYXHMBAaHHWE CJEeAYIOLIEro MIHO-
BEHHO, T. €. 32 HyJieBoe BpeMs, 6e3 3ajepxek. [Ipu
3TOM Te G6JIOKH JJaHHBIX, KOTOPbIE He GbLIY MOJHOCTHIO
06paboTaHbl B X0Jile UHGOPMAILMOHHOM B3aUMOJEMN-
ctBuM ¢ npeapiaymuM TC, TepsawTca (yAansawTcsa U3
K311Ia).

Takum o6pasom, ecau cuuTaTh ckopocTb TC Ha
ydacTke goporu, o6cayxuBaemoM RSU s paBHOH u
M/C, a 30HA MOKPBITUS 3TOTO YIaCTKa UMEET JJIUHY L
MeTpOB, TO MaKCMMaJbHOE YUCJIO 3alIPOCOB, KOTOpbIe
MoxeT o6paboraTte RSU oT konkpeTtHoro TC, Beruumc-
JseTcsa no Gopmyiie:

k:l Ls J
U - o

Ecsiv yacTb 3anpamuBaeMoil ”HGopMaLuu TpebyeT
00HOBJIEHUS], 0OLee BpeMsi B3aUMOJIENCTBUS COCTa-
BUT:

k
L
© 4. Dy < s
Z(ti ty )<
i=1

raey = 1, ecnu gaHHble ycTapead, uy = 0, ec/iu JaH-
Hble He TPeGYIOT aKTyaJu3aluy, A1 KaOKAOW Mapbl
TC - RSU.

061ee onyMcaHue MOJe/H

PaccmoTpuM aBuxkenue TC B TpaHCIOPTHOM ropo/i-
CKOU CeTH KaK JWHAMHUUeCKylo cucteMy. [lycTb roposa-
CKasl CeTb NMPEJCTaBJSAET COO0UM CUCTEeMY IepeceKaro-
IIMXCS MO/ MPSIMBIM yIJIOM JIOPOT, KaK MOKa3aHO Ha
pucynke 1. RSU pacnoJioxkeHbl B cepeiUHE KaKJO0Io
y4acTKa JOPOrd Mex/y IByMsl COCEJTHUMHU NepeKPECT-
kamu (Ha pucyHke Juig RSU ucnosib3oBaHo rpadude-
cKoe 0Go3HaueHUe [§]), Ipy 3TOM 6yJeM CUMTaTh, YTO
06/1aCThb MOKpBITUA Kaxgoro RSU - 3To Bech y4acTok
JLOPOTH MeXAy JBYyMs NepeKpecTKaMH.

Puc. 1. Moaesb ropo/JcKoi ceTu
Fig. 1. Scheme of Road Network

B xozse MojenMpoBaHHUsl OCYLIeCTBJAseTCS reHepa-
uusa ciayyaiiHoro notoka TC, koTopblil o6pabaTbiBa-
etcst cuctemoi. Eciiu RSU cBo6osiHO, To TC HauMHAeET
B3aMMO/IENCTBUE C HUM. B ciydyae oTCyTCTBUSI KOH-
takTa (RSU 3ansiTo nnu He pyukyuonupyert), TC aABU-
YKETCsI B COOTBETCTBUH C paHee HaMeuYeHHbIM MapIlpy-
TOM C TIOCTOSIHHOM CKOPOCTbI0O Ha 3TOM y4acTKe J0-
pOTru ¥ NMpPOU3BOAUT mouck cBoboaHoro RSU. Ilocne
HaxoxaeHusa cBo6ogHoro RSU TC HaunHaeT B3aMMoO-
JelictBue ¢ HUM. [Ipex /e 4eM ONTUMHU3UPOBATH CETh!
BBIOUpPATh ONTHMaJibHOe pacnosoxeHue RSU, aunHa-
MHUYEeCKH NlepecTpanuBaTh MappyThl caefoBanus TC B
COOTBETCTBHUH C IOPOKHON 06CTAHOBKOM, MEHSATb CKO-
pocTb TC B 3aBUCHMOCTH OT CKOPOCTH JABHXKEHHUS T0-
TOKa U T. [I., HE06X0JMMO B NEPBYI0 OYepesib onpeje-
JINTh, MOXET JIU CO3/laHHasl CUCTeMa B JJaHHBIX yCJIO-
BUSIX pab0oTaTb 3P PEKTUBHO, T. €. CIPABJISTHCS C IIOTO-
KOM 3anpocoB, co3gaBaeMbiM TC.

ChenaeM HeKOTOpble J[ONOJHUTE/bHblE yIpolie-
HUSI, TO3BOJISIIOIHE TOCTPOUTD pabOTOCIOCOGHYI0 MO-
Jesb. Ilycte kaxzoe TC v; 3ampalivMBaeT 3apaHee
Oomnpesie/leHHOEe KOJIMYeCTBO OJIOKOB HHPOpMaLUU
kVi <m B guanasome ot k' go k', o603Hauaemoe
M, = {m’lji, m;i,
MapIUpyTy 3ampolIeHHbINA 6JIOK JaHHBIX 00pabOTaH,
oTBeT oT RSU noJsiyueH, To cuuTaeEM, UTO YUCJI0 HEOG-
paboTaHHbBIX 6JI0KOB MHPOpPMALMU YMEHbUIAeTCS Ha

vi
,mkyi}. Eciu npyu ABUXEHHUH 110
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opuH. Takol nojxoA B Aa/ibHEHNILIEM IO3BOJIUT UHTED-
MPEeTHPOBATH NOJIYYEeHHbIE JJaHHbIe KaK HHPOpMaLUI0
0 [OpOXXHOUW O06CTaHOBKE Ha OJmkadiieM Imepe-
KpecTKe, C lieJibl0 Bbl6Opa ONTHUMAaJIbHOM CKOPOCTHU
JABW>eHUs TC UM MepecTpOMKU TEKYLero MapuipyTra
JUI1 YMeHbIIeHUs] WHTEHCHBHOCTU JOPOXKHOIO Tpa-
¢duKa Ha 3arpyKeHHOM IepeKpecTKe.

[Ipu aHa/M3e NPOMYyCKHOU CIOCOGHOCTH CETH By eM
noJiaraTh, YTO pasMep K3W-NaMATU Z; Kaxzgoro RSU
coBrnaZiaeT C MAKCMMaJIbHbIM 06pabaTbiBaeMbIM 06be-
MOM MHGOpMaLHUu Cm. ITO NO3BOJUT He CAeJUThb 3a
nepernoJHeHUEeM NaMATH U BbIGOPOYHBIM yJaJeHueM
JlaHHBIX, y2Ke xpaHsauuxcs Ha RSU. [Ipu aToM cTouT 06-
paTUTb BHMMaHHe Ha CJAeJYIOIHUA BaXXHBIH aCleKT:
ecau n TC mociefoBaTesIbHO 06PAIAIOTC K OJHOMY
6JI0Ky JJaHHBIX, TO, UHTEPIPeTUPYsd HHPOPMALMIO KaK
JIOpOXKHY10 cuTyauuio Ha nepekpectke, OBU atux TC
HamnpaBsT Ha 3TOT nepekpecTtok Bce TC, o6pasys 3a-
Top. [lo3TOMYy HEO6X0ZMMO BBECTH HEKOTODPBIE Orpa-
HU4YeHUs F Ha Ko/iMuyecTBO obpalleHuil | K KaxAoMy
6J10Ky UHPOpMaLUU [0 ee NIPUHYAUTEIbHOTO OOHOB-
JieHus, 6yaeM cuutaTh | < F.Ilpu 3TOM BBeieM J0T0JI-
HUTEJIbHO OrpaHnyeHne T Ha «BPeMS XKUBHU» L, JlaH-

HBIX N, TOJIOXKUM Ly, < T.

B kauecTBe oueHKHU 3¢PeKTUBHOCTH PabOTHI CU-
CTeMBI OYZieM BBIYUC/ATH [IPOLIEHT HeoOpaboTaHHbIX
3anpocoB, cGOPMHUPOBAHHBIX Ha HaYaJIbHOM 3Tamne TC.

PGBYJILTaTLI MOJA€e/IMPOBAHUA

YucrenHoe MoJelMpOBaHHE NPOBOJUJIOCH C HC-
M0/Ib30BAaHUEM $3bIKAa INporpaMMupoBaHust Python.
l'enepanusa caydaiHoro notoka TC ¢ 3afjlaHHBIM pac-
npejejeHUeM OCYLIeCTBJIAJIACh C HCNOJb30BaHUEM
KkpoccmiaTdopMeHHoro MmexaHusma Godot Engine [7].
PaccmaTpuBaeTcs AopoxHasi ceTb, NpeJCTaBJeHHas
Ha pucyHke 2. [losaraeM npu Mo/ieIMPOBaHUHU, YTO
HavaJlbHas MO3ULHUsA, C KOTOpou cTaptyioT Bce TC,
HaxoJUTCS B LEHTpe KapThbl (Ha PUCyHKE 3TO MECTO
0603HaYeHO 3HAKOM [ ), TaKoe MOJIOKEeHHe MO3BO-
JiSeT HarJ4aHO oTcaeauTh ABKeHre TC 1 u3MeHeHUe
KOJINYeCTBa OTIpaBJsieMblx 3anmpocoB. RSU o6o3Ha-
YeHbl Ha CXeMe CHHUMHU 6JI0KaMU (Kak Ha pucyHKe 1 -
H). KoneyHas Touka MapupyTa Kaxzgoro TC reHepu-
pyeTcsa OTZAeJbHO U pacloJioKeHa Ha rpaHulie IpUBe-
JIEeHHOU Ha PUCyHKe 2 00JIaCTH.

Il[.m:[ NnpoBeAeHUA YUCJIEHHbIX pPACY€TOB IPUMEM:
V =250, m =10, Ly =200, k;' =4, k,' = 10,
tP=01c tP=1¢ F=3 T=10c

Pe3yibTaThl MOJIe/IMPOBaHUSA IPeACTaBJEeHbI B Ta0-
aurie 1. YacTryHOe npeacTaBieHHe pe3yJIbTaTOB 00y-
CJIOBJIEHO TeM 0O6CTOSITE/NIbCTBOM, YTO IMOJIHBINA BapH-
aHT JJaHHOU TabJyuIbl BKI0O4YaeT 250 cTpok. B Hamem
cny4dae, 6e3 MOTepyu OGLIHOCTH, OTPAHUYUMCS PUBe-
JeHueM yuib 10 % creHeprUpoBaHHBIX JAHHBIX.
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Puc. 2. Mogempyemasi JOp0OXKHasA CeTh
Fig. 2. Model of Road Network
TABJIMLA 1. Pe3ybTaThl Y CJIEHHOT'O0 MOAE/JIUPOBaHUSA NOTOKa
TC B AOPOXXHOM ceTH

TABLE 1. The Results of Numerical Simulation of Vehicle Flow
in the Road Network

VehicleID Speed TotalRequests | UnsolvedRequests
18738 38,940022 5 5
17778 42,629593 5 0
17918 35,35902 4 0
18693 38,399227 6 6
18308 34,725357 4 4
18768 38,740234 4 0
18243 33,849865 4 4
17963 30,485712 6 0
17713 42,053638 6 0
18803 39,415653 4 4
18883 32,336693 5 0
18368 27,50292 7 0
18603 35,260983 7 0
18908 36,077919 6 6
18618 34,487629 6 5
18813 31,438875 7 7
18343 32,947659 4 0
18673 27,594978 4 0
18858 33,758209 6 6
20013 35,346455 5 1
20198 35,17841 4 4
20378 34,48555 6 3
20513 34,510269 5 5
18678 32,479774 6 0
20658 34,893787 7 3

Ycnoenble 0603HaveHus:
VehiclelD - ID TpaHCIIOPTHOTO CPeSCTBa;
Speed - cpeiHssl CKOPOCTD ABWXKEHHUsI aBTOMOGUJISI HA TPOTXKEHUU
BCEro MaplipyTa;
TotalRequests — KOJIMYECTBO 3aMPOCOB, CO3AaHHbIX TC;
UnsolvedRequests — KOJIM4eCTBO CO3/aHHBIX, HO He 00paGOTAHHBIX
3anpocoB TC.
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Jlis mosydyeHusi 6oJiee TOUHOM OLIEHKH IMpOLEHTa
Heo6pabOTaHHBIX 3alPOCOB MPOBEJEM MOJEJUPOBa-
Hue 10 pa3 u HaWjeM cpeJjHee 3HaYeHHe NPOLEHTA
HeobOpaboTaHHBIX 3alPOCOB. Pe3ybTaThl YUCIEHHOTO
MO/JIeJIMPOBaHUSA MOKa3blBalOT, YTO PU FeHepHUpoBa-
Huu notoka TC 11 u 6GoJsiee pa3, npoleHT Heob6pabo-
TaHHBIX 3allPOCOB, noctynawwux ot TC, MeHsAeTca He-
3HaYMuTesbHO. 10-TM MOJAEJHUPOBAHUN [OCTATOYHO,
JUISl TIOJIy9eHUSI HEO6X0AUMOM TOYHOCTH NPU OLleHKe
3¢PeKTUBHOCTH paccMaTpUBaeMoro mnonxona. Pe-
3yJIbTaThl IPECTABJIEHBI B TA0OIUIIE 2.

TABJINLA 2. Pe3yabTaTbl YMCJIEHHOT'O MO E/JTUPOBAaHUSA OTOKA
TC B TpagMuMOHHOM KOHUrypanuu pasmemenus RSU

TABLE 2. The Numerical Simulation Results of Vehicle Flow
in the Traditional Configuration of Edge Devices

Iteration TotalRequests | UnsolvedRequests Percent
1 1381 518 37,5
2 1361 545 40,0
3 1381 473 34,3
4 1345 481 35,6
5 1386 531 38,0
6 1390 533 38,3
7 1367 526 38,5
8 1358 490 36,1
9 1344 529 39,4
10 1374 508 37,0

Ycnoenvie 0603HaveHus:

Iteration - HOMep UTepaLyy;

TotalRequests - o611ee KOJIMYECTBO 3aPOCOB, CO3JaHHBIX TC;

UnsolvedRequests - COBOKyNmHOe KOJIMYECTBO He 00paGOTAaHHBIX
RSU-3anpocos;

Percent - npoueHT Heo6paboTaHHbIX RSU-3anpocos.

CpefHUHl MpOLEHT Heo6pabOTaHHBIX 3alpoCOB
(pacueT BbINOJIHAJICA IO GOpMYyJie CpeHEro apudpme-
THU4Yeckoro) cocrasisieT 37,5 %. [IpoueHT HeobGpabo-
TaHHBIX 3aMPOCOB JOCTATOYHO OOJIBLIOH, CjeJjoBa-
TeJIbHO, 3HaYuTeJbHas 4acTb TC ABUXKeTCs GeCKOH-
TPOJIbHO, HE KOPPEKTHUPYsI CBOM MapLIPyT B 3aBUCUMO-
CTU OT JIOPOXXHOW OGCTAHOBKU. JTO MOTEHI[UAIbHO
NPUBOJUT K CHIDKEHUI0 3Q(PEeKTHUBHOCTU OpraHU3a-
[IUU JJOPOXKHOTO JBMXKeHHs. [JI CHIDKEHUs KoJinde-
CTBa He06PabOTAHHBIX 3AIPOCOB MPUMEHUM KJIacTep-
HBI MOAXO0/, K PELIeHHI0 pacCMaTPUBAaeMOH 3ajauH.

CxeMa KJIaCTEPHOro K3IHMPOBAHUA

[ToapoGHBIN 0630p NIPUMEHEHUS KJIACTEPHOIO MO/ -
X0Ja K peuieHuIo 3a7ia4u B ceTsix VANETSs npuBeseH B
paboTax [8-10]. OTAesibHbIE pelIeHUs 0 KJAacTepu3a-
UM MoJIydyeHbl B pa6oTax [11-13]. Tak, B uccienoBa-
HuM [11] npuMeHeH aaroputm kiaactepusanuu FOREL
C IIeJIb}0 MUHHUMHU3AIM1 33/1€PKKHU JJOCTABKH JaHHBIX.
PaccMmaTpuBaeTcs cocTaB doLas 3a/Iep>KKH, XapaKTe-
pHU3yoIascsi BpeMeHeM paclpoCTpPaHEHHs 3JIEKTPO-
MarHMUTHOTO WJIM ONTHYECKOTO CUTHaJsa B JUHaMU4e-
CKOH cucTeMe. B kauecTBe cpefibl pacnpoCTpaHeHUs

paccMaTpUBAIOTCA ONTUYECKUE KabesbHble JHUHUU
cBa3u. OlHAKO [aHHAsA apXUTEKTypa He IMO03BOJISET
y4ecTb Mpo6JIeMbl, CBI3aHHbBIE C TEM, YTO KabeJbHbIE
JINHUU NPOKJIAAbIBAIOTCH BJOJb CYLIECTBYIOILIUX J0-
por, KOTOpble He BCerja MOIyT ObITb 3aZjlaHbl OTpe3-
KOM mpsiMod JIMHUM. B paboTte [12] aBTOpHbI npenJio-
»KWJIM UCNO0JIb30BaTh CHEKTPaJbHYIO KJacTepUusaluio.
06 bexkTaMu M3ydeHUs sBJAOTCS cBsa3u TC - uHPpa-
ctpykrypa (V21, a66p. om anea. Vehicle-to-Infrastruc-
ture) u TC - TC (V2V, a66p. om anea. Vehicle-to-Vehicle)
B CLleHapU{ MHOT'0MOJIOCHOM aBTOMarucTpasy, rje no-
KpbiTHe obecneynBaeTcs ceTbio RSU. Ilpexnsaraercs
MeXaHU3M ONTUMa/bHOTro Bbi6opa TC, uMerolux Kaue-
cTBeHHY10 cBA3b ¢ RSU, yTo no3BoJisieT pasrpy3utb TC
C HU3KUM [1I0Ka3aTeJseM CUTHAJ- Iy M. [IpuBeieHbI ync-
JIeHHbIe Pe3yJIbTaThl MOJEJUPOBAHUS, IEMOHCTPUPY-
Iollie 3HaYUTeJbHOE yay4dllleHue 06111eil Ipou3BOJU-
TeJbHOCTU JUHAMUYECKON CcUCTeMbl. ABTOpaMHU pa-
60Th! [13] 6bl1a U3yUyeHa MoOJieslb TopoJia, B KOTOPOH
OCHOBHO€E BHUMaHUe Y/ eJs1jIoCh BAUSHUIO YIIPeXJato-
IIero K3UIMPOBAaHUSA Ha HEKJIACTEPU30BaHHbIE U KJa-
cTepyu3oBaHHble cxeMbl. [loKkazaHo, 4TO KJacTepHas
cxeMa K3IIHUPOBaHUs sABJseTcs TeM 6osiee 3pPeKTHB-
HOM, yeM 6oJibiiie RSU BXOAUT B KaacTep. B 3aTol cBa3U
SIBJISIETCS] BaXXHBIM NPOBEPUTD, MO3BOJIUT JIU KJacTe-
pU3alysa CBECTU K MUHUMYyMYy OOLIYI0 3aJlep>KKY BbI-
YHCJEeHWH Ha FPaHUYHbIX yCTPONCTBAX.

B HacTosimelt paboTe B cxeMe KJIaCTepPHOIo K3LIu-
poBaHuA NpeAnoJaraercd, 4yTo Kaxgzad rpynmna RSU
MOXET COCTaBJISITb KJACTepP CO CBOWCTBOM COBMECT-
HOT'O HCII0JIb30BAaHUs NaMATH. [[pyruMu CJ1I0BaMy, 3J1e-
MEHTBI KJIacTepa B3aWMOJENUCTBYIOT APYT C APYTOM,
YTOOBI 06CIYXKUBATH JIt060e noakoyeHHoe TC B 30He
MOKPBITUSL 3TOr0 KJIacTepa C BpeMeHHOW 3a/lepKKOM
MeHbllle, YeM y OTZAeJbHOIo 3JieMeHTa. B kauecTBe
npuMepa paccmotpuM kaactep RSU {s;, s, S3}, Kak no-
Ka3aHO Ha pUCYHKe 3.

Puc. 3. Cxema ki1acrepusanuu RSU
Fig. 3. Clustering Scheme for RSU
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Korpga TC v;, noakatodyeHHoe K RSU s,, 3anpainBaeT
3JIeMeHT JaHHbIX M;, RSU s; npoBepsieT CBOH JIoKaJIb-
HbIA K31. EcaM 3anpolleHHbI 3JIEMEHT JaHHBIX
HaWJeH, TO OH JO0CTaBJsAETCA Yepes ti(o) cekyHJ. B npo-
TUBHOM ciay4ae RSU s; npoBepsieT Kam-naMATb ApPY-
IUX 3JIEMEHTOB KJjacTepa, T.e€. S, U S3, YTOOBI JJOCTa-
BUTb 3allpOIEHHBIN 3JIeMeHT JAaHHBIX 3a T CEKYHJ.
Eciiv 3anpamMBaeMblid Qaiisl He HaWieH HU Ha OJHOM
Y3 3JIeMeHTOB KJIacTepa, TO JJaHHbIE JOCTABASIOTCS Ha

TC3a ti(l)CGKyHL[.
[IpoBegeM knactepusanuw, o6beguHss RSU gByms

cnoco6aMu: Mo mapaM (PUCYHOK 4) U MO YeTBepKaM
(pucynoxk 5).

Puc. 4. Cxema k1acrepusanuu no 2 RSU B ki1acrepe

Fig. 4. Clustering Scheme for RSU. Two Road-Side Units Combined
in one Cluster

Puc. 5. Cxema kiacrepusanuu no 4 RSU B ki1acrepe

Fig. 5. Clustering Scheme for RSU. Four Road-Side Units Combined
in one Cluster

BbI60p JaHHBIX 3JIEMEHTOB KJacTepa 06yC/10BJIeH
TeXHU4YeCKUMU XapakTepuctukamu RSU, c cuny orpa-
HAYEeHUH Ha 06J1aCTh MOKPBITHS.

2022.Vol. 8.Iss. 2

Pe3y.IIbTaTbI MOAE/IMPOBaAHUA C UCITIOJIb30BAHUEM
K/JIACTEPHOro noaxojaa

YucneHHble pe3yabTaTbl MOAEJIMPOBAHUA 6y,ZLEM Ino-
JIydaTb C TEMH e Ha4aJIbHbIMHU JdHHbIMU!
V =250, m = 10,Lg = 200, k;* = 4, k,' = 10,
t9=01c,t=05¢t"=1¢F=3T=10c.

Kak u paHee, npoBenem mogenvpoBanue 10 pas i
KaXKJ0To BUa Kaactepusamnui (mo 2 v no 4 RSU B kJa-
cTepe). B kax/1oM U3 ciydaeB HalleM cpefiHee 3HaYe-
HHUE MPOIEHTAa HeoOpaboOTaHHBIX 3aMpPOCOB. Pe3yib-
TAThl PaCYETOB IIpe/[CTaBIeHbI B TabuLax 3 u 4. Cpea-
HUU IPOLIeHT Heo6paboTaHHBIX 3alIPOCOB B C/Iy4ae UC-
M0/1b30BaHUA KJIACTEPHOr0 N0AX0Aa cocTaBseT 7,5 %
1 1,9 %, cooTBETCTBEHHO, UTO yKa3blBaeT Ha 3HA4M-
TeJIbHOE COKpallleHHe 061[ero BpeMeHH 00paboTKH 3a-
Jlad Ha FPaHUYHBIX YCTPOHUCTBAX B CPAaBHEHUH C TPaJU-
LIUOHHOM MO/JeJIbI0, PACCMOTPEHHOM paHee.

TABJINLA 3. Pe3y/1bTaTbl YMCJIEHHOT'O MOAE/TUPOBAaHUA NOTOKA
TC B KJIacTepu30BaHHOM KOHGUrypanum pasmenieHus RSU,
06'beIUHEHHBIX B 6/10KH o 2 RSU

TABLE 3. The Numerical Simulation Results of Vehicle Flow
with Clustering Technique. Two Road-Side Units Combined
in One Cluster

Iteration TotalRequests UnsolvedRequests Percent
1 1372 87 6,3
2 1374 72 5,2
3 1375 153 11,1
4 1374 117 8,5
5 1334 80 6,0
6 1372 112 8,2
7 1362 94 6,9
8 1397 86 6,2
9 1387 111 8,0

10 1346 116 8,6

TABJINLA 4. Pe3yibTaThl YMCJIEHHOT'O MOAE/TUPOBAHUA NOTOKA
TC B KJIacTepu30BaHHOM KOHGUrypanuu pasmenieHus RSU,
06’ beIUHEHHBIX B 6/10KH M0 4 RSU
TABLE 4. The Numerical Simulation Results of Vehicle Flow with
Clustering Technique. Four Road-Side Units Combined in One Cluster

Iteration TotalRequests UnsolvedRequests Percent
1 1369 21 1,5
2 1380 20 1,6
3 1388 28 2,0
4 1397 7 0,5
5 1371 19 1,4
6 1381 59 4,2
7 1362 12 0,9
8 1369 30 2,2
9 1373 43 31

10 1388 24 1,7
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BbiBO b1

PacnpocTpaHenue cOBpeMeHHBIX TEXHOJIOTHH Ha
aBTOMOOUJ/IBHOM TPAHCIOPTE, TAKUX KaK MOJKJII04YeH-
Hble TpaHcHnopTHble cpexactBa (CV, a6bp. om aHaa.
Connected Vehicles), aBTOHOMHBIe TpPaHCIOPTHbBIE
cpeactBa (AV, a66p. om aHea. Autonomous Vehicles),
TpebyeT pelleHus psi/ia 3a/ja4 110 MOBBILIEHUIO 3pPek-
TUBHOCTH Ipolnecca B3aumozeictsus TC c ajiemeH-
TaMHU CTallMOHapHOH UHPpacTpyKTyphl. [IpobaemMy co-
CTaBJISIET TO, YTO NPU BBICOKOW UHTEHCHBHOCTH JIBU-
>KeHUs POIMYyCKHAsi CIOCOOGHOCTDb CUCTEMbI 06pabOTKHU
Y [IepeJiady JaHHbBIX He BCET/1a I03BOJISIET 00eCIIeYUTh
6€e30MaCHOCTb JOPOXKHOI0 ABUKEHHS.

PemreHnue ykasaHHOUW MpoGJiIeMbI OCYLIEeCTBJISETCS
JIByMsI OCHOBHBIMU croco6amMu. Bo-nepBbIX, ysy4iie-
HHUEeM TEeXHUYECKHX XapaKTEePUCTHUK HCI0Jb3yeMOro
060py/0BaHUS, B YaCTHOCTU MIOCTPOEHUEM CeTeH, oc-
HOBaHHBIX Ha HOBOM CTaH/JapTe MOOU/IbHOM cBAA3H 5G.
Bo-BTOpbIX, COBepLIEHCTBOBAHMEM OPTaHU3aLMH U aJl-
ropuTMHUYecKoro obecrneyeHUs: QYHKIHMOHUPOBAHUA
VANETSs. B naHHO# paboTe pacCMOTpeH MOJX0/[| K I10-
BbIIIEHUIO 3()PEKTUBHOCTH MPOLECCOB B3aUMO/IEH-
CTBHUS C MCIOJIb30BAaHUEM BTOPOTO CIIOCO6a.

B YaCTHOCTH, oOIlpeaesieHa IOCTAHOBKa 3aJd4H,
C(l)OpMI/IpOBaHa MOJ€JIb U BbIIIOJIHEHO YUCJIEHHOE MO-
A€JIMPOBaHHUE B3aHMOﬂeﬁCTBHH F'PaHUYHBIX YCTpOﬁCTB

CnUCOK MCTOYHUKOB

B TPaJULMOHHON KOHQUIypaluu pasMelleHUs 3Jie-
MEHTOB cTauuoHapHOH nHpacTpyktypbl VANETS, B
TOM YHCJe C NpUMeHEeHHWeM KJAaCTEePHOro MOo/AX0/a.
[IpeasioxkeHO 06beAUHATD OT/e/IbHbIE CTAallMOHAPHBIE
BBIYMC/IUTE/bHbIE yCTPONUCTBA B K/JaCTEPHI.

JlokazaHo, 4YTO KJIaCTepHU3alUs CylleCTBEHHO OBbI-
maeT 3PpQPeKTUBHOCTb PabOThl MOJENH [ABHKEHUS:
ecJIM NPH TPAAUIIMOHHOW opraHusanuu pabotbl RSU
cpefiHee KOJIMYeCTBO HE0OpaboTaHHBIX 3alPOCOB OT
TC coctaBasao 37,5 %, To npu NpUMeHEeHUU KJaacTep-
HOM CXeMbI 3TO KOJIMYECTBO CHU3UJIOCH A0 1,9-7,5 %.
CneoBaTesIbHO, KJIAaCTepU3alUsl MO3BOJISIET IOBBI-
cUTb 3G PEeKTUBHOCTh PAGOT MOJIEJIN U CYLIECTBEHHO
COKPATHUT 3aJePKKY B BbIUUCIEHUAX IPU B3aUMO/JeN-
CTBUM rpaHUyHOM cuctembl OBU-RSU.

HanpaBieHueM JasbHeNIIMX UCCIeL0BAaHUN SIBJIS-
eTCsl aHaJIu3 onTUMaJsibHOro pasmelieHusa RSU c yye-
TOM JIOPO’KHOW OOCTAaHOBKHM, AMHAMHYecKas Iepe-
cTpo¥ika MapiupyTa ciaegoBaHus TC Ha ocHOBe UHQOP-
Manuy, nojaydeHHod ot RSU, aHaius onTuUMasbHOTO
pa36uenus RSU Ha kJ1acTepsl /11 MaKCUMHU3alM U IIPO-
MYCKHOM CIIOCOGHOCTH TPAHCIOPTHOU CETU C YYETOM
TeXHU4eCKHUX OTpaHUYEeHUH, HaK/laiblBaeMbIX Ha ceTe-
BOe 000py/ZI0BaHUE.
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AHHoTaumsa: [IposedeH aHaau3 memodog cuHmes3a dudzpamm HANPABJAEHHOCMU AHMEHHbIX pewemok ¢
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amnaumydHo-gpasoe020 pacnpedeseHusi HA OCHOB8e Memodd nApYUdAbHbIX JUAZPAMM HANPABAEHHOCMU C
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BBeaeHue

K 60pTOBBIM aHTEHHAM [JI1 MaJbIX U CBEPXMaJIbIX
JIeTaTeJIbHbIX aNNapaToB NpeAbABJIAITCS TpeboBa-
HUsl, CBSI3aHHbIE ¢ rabapUTHBIMU pa3MepaMy U 0CO-
GeHHOCTAMM pasMelleHUs. [Ipy 3TOM, HOCKOJIBKY
dyHKIMOHA/IbHBIE BO3MOXXHOCTH aHTEHHO-QUIepHON
CUCTEMBI OYyAYT YXyZAIIAThCs, CTPEMATCS HAUIY4LIUM
06pa3oM HCI0/b30BaTh aHTEHHBIE 3JIEMEHTHI. B psaje
clyyaeB HEOGXOAUMO OGBbeAUHUTb B aHTEHHYIO pe-
IIeTKy H3JIydaTeJsd, pa3MellleHHble B NPOU3BOJIbLHO
Bbl/leJIEHHBIX MeCTax HOCUTEIs.

B pa6oTe paccMaTpuBalOTCs TpeXMepHble aHTEH-
Hble pelleTKHd [1], B3auMHOe MoOJIOXKEHUE 3JIEMEHTOB
KOTOpPBIX ¢uKcupoBaHo. Eciu usiyyaroimye sjaeMeH-
Thl PacHOJIOKEeHbl Ha KAaKOH-1M60 MOBEPXHOCTH, TO
TaKle aHTEHHble pPELIeTKH Ha3bIBAIOT IOBEPXHOCT-
HeiMu 1o 'OCTy [2]. Ho, TpaagunuonHo [3], ucnosb-
3YI0T TeEPMHUH KOHPOpPMHasi aHTeHHas peleTKa.

MeToab1

Oco6eHHOCTBIO PAabOThl AHTEHHOHN PEIIeTKH SIBJISA-
eTCs HaJuydhe B3aWMHBIX CBA3€H MeX[Jy H3Jydalo-
IMMHU 3JleMeHTaMU. OCHOBHON MeXaHHW3M BO3HHUKHO-
BEHMS B3aMMHOH CBSI3U MEXJY H3JIy4alol[MMHU 3Jie-
MEHTaMM pelleTKH CBS3aH C paccessHUEeM MOJis KaX-
JIOTO 3JIeMeHTa OCTalbHBIMH. B [4] oTMedaeTcs1, 4TO
paccessHHOe OT aHTEHHOH CHUCTeMBbI 1oJie JeJIUTCs Ha
JiBe COCTaBJISIOILHeE:

— IepeoTPaKeHUsI OT HeCOrJIaCOBaHHOM HarpyskKH
(TakuM o06pa3oM MOSIBJISETCA CBSI3b OTPAXKEHHOTO
noJist ¢ AuarpaMmoi HampassieHHocTd ([H) aHTeH-
HBI);

- audpakius 3JeKTPOMAarHUTHBIX BOJIH Ha 3Je-
MEeHTaX KOHCTPYKLMH aHTEHHBI.

C Touyku 3peHus o61elt Teopuu nemneit CBY [5], an-
TEHHOU pellleTKe MOXKHO MOCTaBUTb B COOTBETCTBUE
MaTpHULy paccesHUs S, KOTOpasi U3-3a B3aUMHbIX CBSI-
3eil UMeeT HeAUaroHaJbHbIK BUA. MaTpuua S CBS3bI-
BaeT MHajalllue U OTpaXeHHble BoJHBI. [lafaruue
BOJIHBI HallpaBJIeHbl B CTOPOHY MHOT'OMOJIIOCHUKA U B

c/lyyae aHTEHHOW pelleTKH B OCHOBHOM OINpejeJisi-
I0TCS1 UICTOUHUKAMU 3JIEKTPOMArHUTHBIX BOJIH (TeHe-
paTopaMiu), MOJK/JIYEHHBIMH K pelieTke. OTpaeH-
Hble BOJIHBI — 3TO BOJIHBI, HAYLIME OT aHTEHHOH pe-
IIETKH, T. €. BOJHBI, HEIIOCPEJACTBEHHO OTPAXKEHHbIE
OT BXOJIOB peLIeTKH, U BOJIHbI, NOCTyHNallide OT
OCTaJIbHbIX TeHepaToOpPOB 3a CYeT B3aMMHBIX CBS3ell.
OTpaxkeHHblE BOJIHBI Y4YacTBYIOT B (GOpPMUPOBAHUU
JIH aHTeHHO! pelleTKHU TOJIbKO B CJly4ae UX OTpaxe-
HUS OT HECOTJIACOBAHHBIX BBIXO/|0B T€HEPATOPOB, KO-
rZla OHM MEHSIIOT HampaBJIeHWEe W NpeBpallaloTCs B
najamuye. B pesysabTaTe mosydyaercs, 4TO BO36YX-
JleHre aHTEeHHOU pelleTKU WK aMILIMTyAHO-da3oBoe
pacnpenenenue (APP) dopmupyeTcs He TOJIBKO 3a
Cc4yeT NepBUYHbIX MaJAIOLIMX BOJH OT I'eHepaTOpOB,
HO Y 33 CYeT NepPeoTPaKEHUs] OTPAXKEHHBIX BOJIH OT
reHepaTopoB. [losmHoe ADP gBjseTCs UX CyMMOM.

CuTyauuss yCI0XKHSETCs, ecld IpU H3MEHEeHUHU
AQP MeHAIOTCA CONMPOTHUBJIEHHSI HAarpy30K HU3Jyyaro-
IIMX 3JieMeHTOB. Hanpumep, npu U3MeHEHUU COCTOs-
HUS IPOMBILJIEHHBIX pa3oBpalaTesed MeHsIeTCs He
TOJIbKO ¢a3a, HO U UX BXOJHOE M BBIXOZHOE CONPO-
TUBJIeHHUs. ByzieM nmoJsiarats, YTo GyHKIMOHAJIbHBIMU
ajieMeHTaMu [2], obecneyMBawIUMHU BO30YXAeHUE
AHTEHHOM pelIeTKH, SIBJASIOTCA YCTPOMCTBA, BXOJLHOE
CONPOTHUBJIEHHE KOTOPBIX HE MEHSEeTCs MPU W3MeHe-
HUM BO3OYKJEHHUsl pelleTKU. Takoe [JomylLieHHUe
BIIOJIHE YMECTHO /Il COBPEMEHHBIX PELIETOK — aK-
TUBHBbIX $a3UpPOBAHHBIX aHTEHHBIX peuieTok (ADPAP),
B TOM YMcCJIe LU(PPOBBIX.

B [6] noka3aHo, 4TO /AJis yCTpaHEHHSI HETAaTUBHOTO
BJIMSIHUSI B3aUMHOTO UMIIeZlaHCa HEOGXOJUMO BHECTU
NpeAbICKAKEHUS B UCXOJHOE pachpefeseHHe TOKa,
KoMIeHcupyollee 3¢GQPeKT B3aUMHOrO BJIUSIHHUS H3-
JydaTeJsied. B pesysibTaTe UzeasbHOE pacnpesesieHue
TOKa BO BCEX pacyeTax TpeOyeTcs 3aMeHUTh Ha HCKa-
»KeHHOe paclipejie/ieHue.

B peasibHBIX aHTEHHBIX pelIeTKaX CYyLeCTBYeT pas-
O6poc mapaMeTpoOB, CBSI3aHHBIA C HETOYHOCTBIO HU3TO-
ToBJIeHUS y3/10B CBU-TpakTa U OTKIOHEHHEM Xapak-




Proceedings of Telecom. Universities. 2022. Vol

TEPUCTHUK MaTepuasioB OT 33JJaHHbIX. [103TOMy Kax-
Jlasi pelieTKa IMPOXOJUT MNPOLENYPY KaJlUOPOBKHU H
HaCTpOMKH [7], Ipu KOTOPOH, B YACTHOCTH, yMEHbIIIa-
eTCs HeraTHBHOE BJIMSHUE B3aUMHBIX CBs3ed. B pe-
3yJIbTaTe HAXOAUTCS B3aUMHO OZJHO3HAYHOE COOTBET-
ctBue Mexy ADOP, bopMupyeMbIM Ha BbIXOJAX reHe-
patopoB, U TpebyeMblM ADP Ha BXoJax usiydaTesen.

[anee 6yaeM paccMaTpuBaTh TaKHe aHTEHHbIE
pelleTKy, [l KOTOPbIX JIMGO MpoBeJieHa Mpoleaypa
HAaCTPOMKU W KaJMOpPOBKU, JIMOO ObLJIM BHECEHbI
npeabicKakeHUs: B ucxoaHoe A®P. O6bryHO dugep-
HbIA TPAKT pelIeTKH CTAparTCA JieJlaTh COTJIacoOBaH-
HbIM C M3JIy4alolIMMHU 3JIeMEHTaMH, M03TOMYy HCKa-
xkeHueM ADP B psze ciayyaeB MOXXKHO NpeHebGpeyb.
Hanpumep, ecau 6MKallIui K aHTEHHE BbIXOJ MPU-
eMO-Tepe/Ialollero MOAYJIS COJEPKHUT (GpeppUTOBOE
nzgenve (LUPKYJATOP WJIM BEHTHJIb), TO U3Jydalo-
Iye 3JIeMeHThl Bcerga OyJyT HarpyKeHbl Ha corJa-
COBAHHYIO HAarpysky. B TakoM ciiy4ae OCHOBHYIO pOJib
OyZeT urpaTh AUQPPAKIHUSA 3JIeKTPOMAarHUTHBIX BOJIH
Ha 3JIEMEHTaxX KOHCTPYKIMH aHTEHHbI, B TOM YHCJIe
Ha COCeJIHUX U3JIYYalOL[UX 31eMEHTaX.

Jnsa ydera audpakLMOHHOM COCTaBJsOLIEN B3a-
MMHOI0 BJIMSIHUA M3Jy4YalollMX 3JeMeHTOB INpHUMe-
HSIOT MeTOoJ, NMapLMaJbHBIX AuarpaMM. Heobxoxumo
OTMEeTHUTb KaXyllylocsl He0JHO3HAYHOCTb yKa3aHHOT0
TepMHuHa. B cooTBeTcTBUM C TOJKOBBIM C/lI0BapeM
J.H. YmakoBa, c/10BO «napuuajbHbIA» O3HAa4yaeT «4a-
CTUYHBIH, COCTABJSIOIMUN YacTh 4ero-HUubyab». dak-
THYECKH, JII060e NpeJCcTaBIeHHe 01 B BUJI€ CYMMBI
HECKOJIbKUX MNOoJIed fBJSAETCsS pasJiokeHWeM Ha nap-
LMaJbHble coCTaBjsdwLMe. [IoCKOBKY BapHaHTOB
NOA06GHOT0 pa3sJIoKeHUsI MOXeT ObITb HECKOJIbKO, TO
Heo0X0/AMMBbI yTOUHeHHs. [IpuBeieM HECKOJIbKO MpH-
MEepOB U3 COBPEMEHHBIX UCTOYHUKOB.

B [8] oTMedaeTcs, 4TO, TaK KaK MeXAy 3JeMeHTaMu
pelleTKHM Bcerja CyLleCTBYeT 3JIeKTPOMAarHUTHoOe
B3aMMOJIEHICTBHE, H3JIy4eHHe, COOTBETCTBYHIee
BO30Y>XJleHHI0 OJHOI0 BX0Ja, CTPOro ropops, Gopmu-
pyeTcs BCeMH ee 3JieMeHTaMM, U mnoatomy /JIH aie-
MeHTa Ha3blBaeTcsl napuuasjbHod JIH. Bce usmny4vato-
1IMe 3J1eMeHThl BO36YKJal0TCs 110 0Yepesiy, IPU 3TOM
OCTaBILIMeCs HarpyalwTci Ha  COIJIaCOBaHHble
Harpy3ku. Jlna popmupoBanus tpebyemoi JJH Heo6-
XOJAMMO HaWTH cooTBeTCcTBywOIlee ADPP, MOMHOXUTD
ero Ha napuuaJjbHble N0/ U 3aTeM CJI0XKUTh UX. [Ipu
JIAHHOM crioco6e Npe/cTaBJeHUsl KOJWYeCTBO Naplu-
anbHbIX /IH coBnajaeT ¢ KOJIMYECTBOM 3JIeMEHTOB B
pelieTke.

B [9] kosmm4ecTBO MapuuajbHbIX AMarpaMM MOXKeT
ObITh, KaK MeHbllle, TaK U 60JiblIe KOJUYecTBa U3Jy-
yaTesiell. PaccMaTpuBaeTcs JiMHellHass 3KBUJUCTAHT-
Has aHTeHHas peuleTka. [lapuuanbHoi sBasercsa JH,
NopoXxZAaeMass BCEMH HW3Jy4aKwIIMMH 3JeMeHTaMHU
NpPU PaBHO aMILJIMTYAHOM BO30YXAEHUH C JIMHEHHBIM
¢dazoBbiM HaberoMm. T. e. mapruasbHbIe M0JISA, OMUCAH-
Hble paHee B [8], ymMHOXxatoTcsa Ha ADPP ykazaHHOro

BUJA U CKJaJblBaloTcs. B faHHOM ciydae, pas ¢op-
MUpoBaHUs Tpebyemoi /IH HE06X0AMMO HAUTH COOT-
BETCTBYIOLI[MEe BeCOBbIe KO3QPUIMEHTHI, IOMHOXUTh
VWX Ha NapuMa/jbHble MOJA U 3aTeM CJIOXHUTb yxKe
B3BellleHHble NoJA. Pe3synbTupytomee ADP 6yget
paBHO cymMMe A®P nmapnuanphbix JIH, Kaxaoe u3 Ko-
TOPBIX MOMHOXXE€HO Ha HaWJeHHbIN BecoBOU K03dpdu-
LMEeHT.

KoHkpeTHoe 3HaueHue 3jieMeHTa ADP onpenesns-
eTcd 1o caenytouieid opmy.e:
M

lin= )t lipum, (M

m=1

rae li(liy, iy, ..., 1i,, ...Iiy) - pe3yabTupyioiiee ADP;
N- KOJIM4eCTBO H3JydaTesedl B aHTEHHOH pelleTKe;
lipy, = (ip1m, 1ipomy 0 libpm, - libym); m=1...M -
AO®P napnuanbHoit [JH, paBHOAMIIUTYAHOE C JIMHEN-
HbIM HaberoM ¢a3bl; M - KOJUYECTBO NapLHaJIbHBIX
AH; A = (a4, ay, ...y, -.- Ay ) — BecoBble Ko3dduULIMEH-
ThI.

B npeacraBsieHHBbIX NpuMepax napuyasnbHble [JIH
OTpeJIesIIF0TCS MO-PAa3HOMY, HO CIIOCO6 y4eTa B3auM-
HBbIX CBfI3ed aHasoruyeH. HeoGX0JMMO BBIYHCIHTH
unu u3Meputhb JJH usnydartess B peuieTke npu ycjo-
BHUH, UYTO COCEIHHE M3Jy4yaTes HarpyKeHbl Ha corJa-
COBaHHbIe Harpy3KH.

B panpHeleM 6yzieM ynoTpebasaTh TEPMUH «Iap-
[UaJIbHBIA» B CMBbICJIe, OMMUCAHHOM B [8], eciu oT-
JleIbHO He yKasaHo uHoe. T.e. 6yfgeM HMeTb BBUAY
nosie uau JH usnyyaroiiero sjieMeHTa aHTEHHOH pe-
HIETKU C yYeTOM AUdpaKL MU Ha U3/1ydaTessX U aJjie-
MEHTax KOHCTPYKUUHM pewieTkd. CUTyauus ynpolia-
eTCsl, eC/Id pacCMaTpUBaTh 3KBUJAUCTAHTHbIE JIMHEH-
Hble aHTEHHbIE pelIeTKU B cJyvae, KOorja Bce mapiu-
anbHble JIH onguHakoBel. Torga JJH aHTeHHOMU pelieT-
KU MOXHO NpeJiICTaBUTh B BUJE MPOU3BeJeHUs Hap-
yuaabHoM /IH Ha MHOXKUTEb pelieTKH [2].

Hanpumep, And 3KBUAUMCTAaHTHOW JIMHEWHOHN aH-
TeHHOH pemeTky /IH MoxHO 3anucaTh B BUJe:

. 2n(u—1)(n—-1)

F =FR@:- ) le v, @

rae Fo(u) - napuuanbHas JIH; d - paccTosiHue Mexay
H3JlydaTessIMU (IIar pelieTKH); U — 060061IeHHasA KO-

. 2m(1—u)
opAuHaTa; kdsind = — O - yroJ, oTCYUTHIBae-
MBI OT HOpMaJIu K aHTEHHOH pelleTKe.

Cymma B (2) gBJsieTCS MHOXHUTEJNEM pelleTKU.
Heo6xogumocTh 3anucu JIH aHTeHHON peleTKu
HMEHHO B TaKOM BHJie OOyCJOBJIeHA TeM, YTO NP
3TOM MHOXHTEJb PELIeTKU COBMAJAET C ONpeJeseHu-
eM ¢yHKumH fft MATLAB.

3ajaua cunTtesa JJH cBoauTCS K MeToZiaM paboThI C
JUCKpeTHBIM npeobpaszoBaHveM Dypoe (AID). ITpu
PacCMOTpPEHUM CUTHAJIOB BO BpEMEHHOM 06J1acTH Ie-
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peXOJAT B YACTOTHYIO, B aHTEHHOH TeXHUKe Mepexo-
JAT U3 06J1aCTH NPOCTPAHCTBEHHBIX OTCYETOB K YT-
JsoBoMy criektpy [10, 11] - oT ADP k /IH.

Oco6eHHOCTBI0 MPUMEHEHUs] MEeTOJ0B IUPPOBOU
o6paboTku curHasioB (LJOC) B aHTeHHBIX pelIeTKax
10 CPAaBHEHMIO C CUTHaJIAMHU BO BpeMeHHOW 06J1acTu
SIBJIIETCS TO, UTO Mbl MOXXEM MEHSATb He TOJIbKO aM-

IJIMTYAY NPOCTPAaHCTBEHHbBIX OTCYETOB, HO U UX daszy.
XoTs, ecqu curHaj npejctaBuTh B BuZe 1Q passoxe-
HUS, TO OTpULIAaTe/JbHbIE YACTOThI U 3/leCb HAUUHAIOT
MMeTb CMbICJI. [IpuBeieM HECKOJIBKO TPUMEPOB.

Honyuum AOP nnsa dopmupoBaHus cektopHou JH
C HU3KHUM YpPOBHEM OOKOBBIX JIENIECTKOB, IOKa3aHHOU
Ha pucyHke 1.

30—
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Puc. 1. MHOXXHUTeJIb pelIeTKH AJisA 8-3/1eMeHTHOM JIMHeTHOH IKBUAMCTAHTHOMH aHTEHHO# peleTKH C pacCTOSIHHEM
MeX/y 3/IeMeHTaMH B M0JIOBHHY JJINHBI BOJIHBI

Fig. 1. Array Factor for an 8-Element Linear Equidistant Antenna Array with Half-Wavelength Spacing between Elements

CooTBeTcTByWOLIas CTpo4YKa kKoja B MATLAB pasa
AO®P oyper:

Ii = chebw.*(1.4*1i1+1.7*1i2+1i3);.

dakTHyecKd NpUMeHeH MeToJ, U3 [9], KOTOPBIH,
KakK BHUJIHO, CJeJyeT W3 CBOMCTB NpeoOpa3oBaHU:A
®ypere. [IpocyMMUpOBaHbI OYJIEHHO C BECOBBIMU KO-
s¢dunmeHTaMu TPU PaBHO aMIJIUTYJHbIE C JIMHEH-
HbIM HaberoMm ¢asel ADP, oGecrmeunBawle CABUT
napuyanbHbIX (B cMbicie [9]) AH Ha yrasr 20 (1il), 30
(Ii2) u 40 (Ii3) rpagycoB OT HOpMaJik K aHTeHHe. Be-
coBble K03 puunenTsl (1,4; 1,7; 1,0) 66114 MOJIyYEHBI
noa6opoM. CymMa B3BelieHHbIX ADP yMHOXaeTcsl Ha
OKHO YeObIIeBa /sl yMEHbIIEHHUSI YPOBHS GOKOBBIX
JiernecTkoB. Heo6X04MMO OTMETHUTh, YTO CaMO HaJIH-
yue GOKOBBIX JIEIIECTKOB CBSI3aHO C YMHOXEHHEM
NPOCTPAHCTBEHHBIX OTCYETOB HAa OKHO. /IH sinHeliHOH
3KBUJAMCTAaHTHON aHTEHHOU pelleTKH MPH PaBHO aM-
IJIMTYAHOM CUHGA3HOM BO30YXXJEeHUM O4YeBUJHBIM
06pa3oM MOJIHOCTbIO COBNAaZaeT CO CeKTPOM NpPsIMO-
YTrOoJIbHOTO OKHa.

B kavecTBe Apyroro npumepa UcCIo/ab30BaHUs Tpa-
JUIUOHHBIX MeTofoB LIOC nmpuBegeM crnoco6 dpopmu-
poBaHus TyO60KUX Hysed B [JH aHTEeHHOH pelleTKH.
JU1s HarIAAHOCTU PACCMOTPUM MHOXKHUTEJb JIMHEHHOMN
3KBU/JJUCTAHTHOM pelIeTKH, COCTosLEel U3 64 usnyda-
IOLIUX 3JIeMEHTOB. PaccTosiHue Mexay u3JydaTesasiMu
BO3bMEM YeThIPE [IeCAThIX OT JAJIMHbBI BOJIHBIL.

CrnekTp CHHYCOWJAAJBHOIO CUTHajla — 3TO JiBe CO-
CTaBJISAIOIIME, CHMMETPUYHbIE OTHOCUTE/BHO HyJIEBOU
yacToThl. Ha pucyHke 2 mokasaH MHOXHUTeJb aHTEeH-
HOH peleTkH U nopoxjatoiee ero AQP. Eciu npume-
HUTb K aMILJIMTYJHOMY paclpe/ie/leHUI0 PeKeKTOPHBIH
¢unbTp BaTTepBOpTa ceAbMOro nopsAKa, To Mbl MOJIY-
YUM MHOXUTEJb PEelIeTKH U COOTBETCTBYyloliee ADP,
M300paXkeHHbIe HAa PUCYHKe 3.

CooTHolleHHe MexAy YIrJoM (MoJIoXKeHHueM Hpo-
CTPAaHCTBEHHOW CIeKTpPaJbHOM COCTaBJAsAWOILENH) U
4aCTOTOH CHHYCOMJbl MPOCTPAHCTBEHHBIX OTCYETOB
Ha anepType 3aJaeTCs BbIpaXKEHUEM:

sind

fop = (3)

CuHycou/ia C 9aCTOTOH fp,, TIOKa3aHa Ha PUCYHKaX 2
Y 3 KOPUYHEBBIM [JBETOM.

PaccMoTpeHHBIE MpocTellIve MeTOJbl CUHTE3a U
6oJiee CI0XKHBbIE METO/bI, ONIKCAHHbIE, HAIpUMep, B [9,
12-13] c mopudukanueit [14] cuuTaroTCa MPSIMBIMHY,
MIOCKOJIbKY pellleHHe 3alHChIBAeTCs B BUJle KOHEYHOU
cyMMblL. [Ipy paccMOTpeHUM aHTeHHOH pellleTKH € 60-
Jiee CJIO)KHOU KOHQUrypalueld CTapalTcs CBECTH 3a-
Jady K JIMHEeWHOM WJIM MJOoCKOoW pemeTke. Hanpumep,
IPH PAcCMOTPEHWH KOJIbLEBBIX aHTEHHBIX pPeEIIeTOK
WCIOJIb3YIOT METOJ, 5KBUBAJIEHTHOTO JIMHEWHOIO H3-
saydaress [1, 15].
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Puc. 2. MHOXUTeJIb pemieTKU 1 APP THHeHHOH! 3KBUAUCTAHTHON aHTEHHOH pellleTKU U3 64 U3JIy4YalIliX 3/IeMEHTOB

Fig. 2. Array Factor and Amplitude-Phase Distribution of a Linear Equidistant Antenna Array of 64 Radiating Elements

CoBpeMeHHble MNOAXOAbl K IPOEKTUPOBAHUIO U
KOHCTPYMPOBAHUIO aHTEHH ONMPAIOTCA Ha CTPYKTYp-
HO-napaMmeTpuyeckuit cuHTe3 [17, 18]. YkasaHHbIe
MOAXOJbl CBOJSTCSA K IOWCKY TeOMeTpPUYEeCKHX pas-
MEepOB aHTEHHBI C HCIOJIb30BAHHUEM METO/IOB OINTH-
Mu3zanuu. CHavasia onpefenseTcs CTPYKTypa aHTEH-
Hbl, a 3aTeM HaXOJATCS 3HAYEHHUs IapaMeTpOB ee
3/1ieMeHTOB. CHHTE3 IPOBOJUTCA C IPUBJIeYeHUEM KaK
aHAJIUTHYECKHUX, TaK U YUCJIEHHBIX MeTO/0B, peasu-
30BaHHBIX B CUCTeMe aBTOMaTHU3HMPOBAHHOTO NPOEK-
TUPOBaHMs. B pesysibTaTe MOJy4arOT KOHCTPYKLHIO
AHTEHHOW peIleTKH, 3JeMEHThl KOTOPOH obecnevu-
BaIOT XOpOIllee COrJIaCOBaHHUE B M10JIOCE YACTOT C y4e-
TOM AUMdpaKLMU Ha COCEAHUX H3JIy4yaTes]sax U 3Je-
MeHTaxX KOHCTPYKLuH. CoBpeMeHHble BbIYMCIUTEb-
Hble CpeJiCTBa MO3BOJISIOT NMPOBOJUTBL pacyeThl AJs
3JIeKTPUYECKU OOJIbIINX pelleTOK M IoJy4yaThb Hap-
uuanbHble [IH g1 KaXj0ro U3Jjiydarlero 3jeMeHTa.

Pe3ysibTaThl

B aHTeHHOU pelleTKe C NPOU3BOJILHBIM pPacnoJio-
>)KEHHEM U3JIyYalolUX 3JIEMEHTOB BbIJIEJUTh MHOMXHU-
TeJIb PelleTKH MOXXHO TOJIBKO B MEPBOM MPHOJIMKE-

HuU. [Ipy y4eTe B3aMMHOTrO BJIMSAHHUA NapLUaJbHble
JH Bcex aHTEHHBIX 3JIeMEHTOB JJid 3aJaHHOTO
HanpaBJ/ieHUs pa3jnyHbl [IppyeM B KaXKJ0M yI10BOM
HallpaBJIeHUU HYKHO YYUTBIBAaTb He TOJILKO aMILJIU-
TyAHy0, HO U ¢a3oBywo /[IH. KirodeByro poJsib npwu
¢dopmupoBanur [|H aHTeHHON pelIeTKH HAYWHAIOT
UrpaTh MMEHHO napuuaibHble JH.

B pesysbTaTe NpoBefeHHOrO aHaJjiM3a METO/0B
cunTe3a JJH ana HaxoxaeHus tpebyemoro ADP B aH-
TEHHOU pelleTKe C MPOU3BOJIbHBIM PaClOJIOKEHUEM
M3JIy4YalolUX 3JIeMEHTOB NpeJjlaraeTcsd MeTo4UKa Ha
OCHOBe napuuasbHbeix JIH, conepxaiyad 4 stana.

Iman 1. [lna KakA0ro U3Jy4aroliero 3jeMeHTa aH-
TEeHHOM pelleTKH HaxOAUTCS 3JeKTPHUYECKOe IoJie B
JlanbHel 30He B chepuvecKkoil cucteMe KoopAuHaT (T,
9, @). Pemenue umeTcs 4 U3/y4aloLlero jeMeHTa
B COCTaBe peEIIeTKH, NPU YCJOBUH, YTO OCTaJbHbIE
W3JIy4yalolye 3JIeMeHThl Harpy»KeHbl Ha COTJIaCOBaH-
Hble Harpy3ku. T. e., B pe3yJibTaTe NoJIydaeTcs Habop
3-MepHbIX NapuuanbHbIX JH. CoxpaHATb pe3ybTaThbl
Heob6X0IUMO TaKUM 06pa3oM, YTOObl ¥ BCeEX aHTEHH
OblJ1a eJMHAs TOYKA OTCYeTa Pasbl.
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Puc. 3. MHOxkUTeIb pemieTKH M APP TuHeHHOM 3KBUAUCTAHTHON aHTEHHOH pellleTKHU U3 64 U3/1y4alliX 3/1eMeHTOB
nocJie NpMMeHeHNs pe;keKTopHoro ¢u/bTpa batrepBopTa

Fig. 3. Array Factor and Amplitude-Phase Distribution of a Linear Equidistant Antenna Array of 64 Radiating Elements after Application
Butterworth Notch Filter

Iman 2. B pe3ysbTaTe CJI0XeHUS MOJIeH, NOIyIeH-
HbIX Ha NEPBOM 3Talle, KaK/J0e U3 KOTOPhIX Mpe/iBa-
pUTEeJbHO YMHOXAaeTcsl Ha BecOBOM Ko03bULHUEHT
(koMIJIEKCHOE 4YMCJI0), HoJsydaeTcs cymMmapHas /JIH
aHTeHHOH peueTku. Ha6op BecoBbIX K03pPUILEHTOB
Y siBJIsieTcsl ICKOMbIM ADP.

Iman 3. 3apaeTcs KpUTepud [Jisi ONTUMHU3ALHUMU.
Hampumep, mMakcumuszanus ko3apduipeHTa Hampas-
seHHoro aedctBusa (KH/]) B 3aaHHOM HampaBJIeHUU
(9, @) chepuyeckol cucTeMbl KOOPUHAT.

Iman 4. [Ipy oNTUMHU3aLUK METOJOM POSI YaCTHI]
ocymectBJisieTcs: nepe6op APP 10 BbINOJHEHUST KPU-
Tepus U3 3Tana 3 METOAUKH C 3a/JaHHOU TOYHOCTHIO.

MeToayKa MOXET MPHUMEHSATbCS KaK Ha OJHOH ya-
CTOTe, TaK M Cpa3y Ha HeCKOJIbKUX. KpoMme Toro, ¢pasbl
BECOBBIX K03QUITMEHTOB, HalIeHHbIE [IJIs OJJHOHU 4a-
CTOTBI, MOTYT OBITh NEpPEBe/IeHbl B 33/JIePXKKH BO Bpe-
MEHHOMH 00JIaCTH.

[IpuBeileM HECKOJIBKO NPUMEPOB HCIOJb30BAHUSA
npeaJoKeHHOW MeToJuku. HuskompoduibHasg cos-
MellleHHas KOJIblleBasi KOHLEHTpUYecKass aHTeHHas
pelieTKa, oApo6HO onucaHHasd B [19], npefacTaBieHa

Ha pUCYHKe 4 U COCTOUT U3 ABYX KOJIbLIEBBIX. BHYT-
peHHsIsl paboTaeT Ha LieHTpaabHOM yacToTe 5.0 ['TL, a
BHelHAA — Ha 2.5 [T,

Bynem uckaTb AP a5 nmokasaHHOW Ha pucyHKe 1
aHTeHHBbI Ha yacTtoTe 2,7 I'Ty (3agelicTBOBaHbI BHeI-
HUe U3JIy4yaTesu), Takoe, YTOObI B 3aZlaHHOM Halpas-
senu (9, @) KH/| 6b11 MakcuMasibHbIM. Bo3bMeM 3Ha-
yeHus aMIuTyAel ot 0 1o 1,0 B ¢ marom 0,1 B, a ¢pazy
oT 0° 1o 360° c marom 11,25°. Bcero B KakJJoM KaHaJie
MOXXeT ObITh 363 3HaUYeHHs] BeCOBOTr0 Ko3adpduumeHTa.
[TocKkoIbKY KaHaJIOB 4, TO YHC/IO BO3MOXHBIX KOMOU-
Hanui paBHo 3634, win 17363069361 BapuanToB ADP.

[ wuiocTpauuy yCJIOBUM 3aayd U MPUBS3KHU
CHUCTEMBI KOOPJAMHAT Ha PUCYHKe 5 moka3zana /IH of-
HOT0 3JIeMeHTa aHTEeHHO! pelleTKH, pacloJI0KeHHOT 0
B HampaBJyieHHMH 45° mo ¢, Ha ¢oHe pemeTku. Bce
OCTaJIbHble U3Jy4YaTeJH Harpy»KeHbl Ha COTJIaCOBaH-
Hble Harpy3ku. ®aKkTHyecky NOKasaHa NMapLMasibHasi
JH usnyyatesns. 35eck U fajiee pe3yJbTaThl NoJyde-
Hbl B CUCTeMe aBTOMAaTH3WPOBAaHHOIO NMPOEKTUPOBa-
HUSI METOZOM KOHEYHBIX Pa3sHOCTEHd BO BpeMEHHOH
o6JsacTH.
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Fig. 4. Dual-Band Ring Antenna Array
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Puc. 5. JH aHTeHHOr 0 3/IeMeHTa € y4eTOM B3aUMHOTI0 BJAUSAHUA: @,y = 45° 9., = 50°, KHA =7,3 ab
Fig. 5. RP of the Antenna Element, Taking into Account Mutual Coupling: @pmax = 45 9max = 505D =7,3 dB

OcHOBHBle LIarv aJropuTMa, HCIO0Jb30BAHHOIO
JJI ToJlydeHusl pe3yabTaToB B MATLAB, BeIrIaaAaT
c/1eyoliuM 06pa3oM.

llge 1. C4yuTaTh NATb 3J€KTPUYECKUX NapLHa/b-
HBIX MOJIEH U3 TEKCTOBBIX PpanIoB.

lllgz 2. ChopmupoBaTb Ha6op BO3MOXHBIX 3Haye-
HUH aMIUIUTYAbl U $a3bl CUrHaJla B KaHajle B popMe
MaccuBa KOMIJIEKCHBIX YU CeJT:

SIi = (SIiy, Sliy, ..., SIiy, ... Sliy),

rae W - Konnm4ecTBO BO3MOXKHBIX BeCOBBIX K03ddu-
I[UEHTOB B K&X/[OM KaHaJle.

lllaz 3. Co3paTh BCioMoraTe/ bHYI0 QYHKIHIO.

BxoaHble JaHHbIE:

— [0Jis1, OJIy4eHHble Ha mare 1;

— UCXO/IHbIe JIaHHbIE, B 3aBUCHMOCTH OT KpPUTEpHUs
ONTUMAaJIbHOCTH (HanpuMep, HalpaBJieHHe MaKCHMyMa
AH);

— nmepeMeHHas Q nis onpexesenuss APP (Heo6xo-
JUMa JJIsl YIpOIeHUsl NpUMeHeHUs] pYHKIUU ONTH-
MU3aLuM particleswarm v MOXeT MeEHSATbCS B IpeJe-
nax ot 1 go WV; 1. e. nepesaeTca TOIbKO OHO YMCIIO
0 KOTOPOMY BoccTaHaB/iMBaeTcss ADP s kaHasoB).

tuzs.sut.ru
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Ii, = Sliy,, 4)

rae li = (Iiy, liy, ..., Iiy, ...Iiy) = ADP; N - Koin4ecTBO
H3JlydaTesied B aHTEHHOU pelleTKe;

pn = ceil (WS—") — (ceil (#) — 1) -W;

ceil - ¢ynkyua MATLAB, koTopasi Bo3BpalllaeT 3Ha-

YeHUe, OKpYIJIEHHOe [J0 6JiKalllero IeJsoro,
66JIbLIET0 YEM APTYMEHT.
BoixoHble JaHHBIE: BBIYMCIEHHOE 3HAYeHUe

¢ynkuu (Hanpumep, KH/I B 3ajaHHOM HanpaBJ/ieHUH);
JUUIs1 YIIPOILeHU sl IOJIyYeHUs 3HaueHUH co3/aeTcs 06b-
eKT TmoJib30oBaTesbckass /IH mpu momomu QyHKLHH
phased.CustomAntennaElement.

llaz 4. IlpoBecTd ONTHMU3ALUIO NPU MNOMOLIU
byHKuMM particleswarm.

[Ipumep kona B MATLAB:

% Co3paeTcs BcioMoraTte/ibHast QyHKIUSA

fun = @(q)-func(Theta_max,Phi_max,E,round(q));
% 3adaromcesi onyuu 04 yHKYuu onmumusayuu
options = optimoptions('particleswarm’,'FunctionTolerance' 1e-10);
% Koauuecmso 803modxcHbIX ADP

format longG

T=W"N;

% Onmumu3zayusi

q = particleswarm(fun,1,1, T,options);

% Pesynvmam onmumusayuu

Qres = round(q);

[IpeAcTaB/IeHHBIN aJITOPUTM MO3BOJISIET HE TOJIBKO
HaxO/IUTh PellleHHe /IJisl aHTEHHOU pelleTKH C YUCJIOM
W3JIy4YaloluX 3JIEMEHTOB He GoJiee NATH, HO U MOMO-
raeT NPOUJUIOCTPUPOBATH 3aBUCUMOCTb Ii€JIEBOU
¢dyHkuMu oT nmapameTrpa. Ha pucyHke 6 mokasaHa 3a-
BucuMocTb KH/l B 3aaHHOM HanpaBJyieHUH OT @, T. €.
oT pasnnuyHbix ADPP. Q wmenserca ot 1 [0
17363069361 ¢ marom 106 (a) u 107(6). Janee Boc-
MO0JIb3yeMCsl ONMCAHHOW MeTOJUKON W mocTapaeMcs
yBennyuTb KH/l B HampaBneHuu @ = 45°,9 = 50° 3a
CUeT UCI0JIb30BaHUs BCeX U3JydyaTesei. B pesynbTare
MOJIyYUM CJeJyoLiee aMIUIUTYJHOE pacrnpejiesieHne
(AP) B BosipTax (0.4 09 0.3 0.2) u pasoBoe pac-
npegenenue (PP) B rpaaycax (-67,50 -168,75
-101,25 45,00). IIpu 3TOM @ ax = 52°, 9pax = 51°,
KH/ = 9,2 gb. B nHanpaBsenuu ¢ = 45°,9 = 50° KH/
yBeJIn4UTCa 1o cpaBHeHuto ¢ KH/l oxHoro asiemeHTa
10 9,15 gb.

Janee nosepuem JH mo ¢ Ha 90°, a 9 ocraBuM
npexxHuM, paBubIM 50°. [Tonyuum AP (0,2 0,7 0,7
0,2), ®P (11,25 -123,75 -123,75 11,25). Ha pucys-
Ke 7 Moka3aHa noJsiyyeHHas npu ganHom A®P JIH. I1a-
TU3JIeMeHTHasl aHTeHHasl pellleTKa Ha OCHOBE HECUM-
MEeTpPUYHBIX aHTEHH «BOJIHOBOM KaHam» [20, 21]
H“306pakeHa Ha pUCYHKe 8.

lleHTpaJibHasi YaCTOTA NATU3JIEMEHTHOW aHTEHHOU
peumetku 2,5 Ty, O6bIYHO MOJOOGHBIE aHTEHHBI UC-
MOJIL3YIOTCS HEe KaK pelleTKH, a Kak Habop mepeKJIto-
YaeMbIX aHTeHH. Ec/in ke, HanmpuMep, KaXAyw U3 aH-

TEHH MOJKJIIOYUTh K CBOEMY IPUEMHUKY, TO MOSABJISA-
eTCsl BO3MOXXHOCTb HEe3aBUCHUMOM paboThl C HECKOJIb-
KUMHA ab0HEHTaMM WM BO3MOXHOCTbL afanTaljid K
NIOMeXOBOM 0OCTAHOBKEe 3a CYeT BbI6OpA aHTEHHHBI.
PaccMOTpUM NOTEHLMAIBbHYI0 BO3MOXXHOCTb COB-
MeCTHOU 06pabOTKHU CHUTHAJIOB C IleJiblo popMUPOBa-
HUS HyJI1 B IPOM3BOJIbHOM 33JlaHHOM HalpaBJIeHUU
NIpY COXpaHeHUHU HallpaBJeHUs MakcumymMa JIH.

Ao v s oS

S & &
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012 3 456 7 8 910 111213 14 15 16 17 18
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Puc. 6. 3aBucumocts KH/] ot Q c muarom: a) 106; (6) 107
Fig. 6. D on Q with a Step: a) 105; (b) 107
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Puc. 7. 1H aHTeHHOM peleTKH: P,y = 90°, . = 48°,
KH/, = 9,0 4B
Fig. 7. RP of Antenna Array: @pmax = 90°, 9pax = 48°,D=9,0dB

Ha pucynke 9 nso6pakeHa napuuaibHas /[IH ase-
MEHTa AaHTEHHOH peIIeTKH, pacloJoKEHHOTO B
HanpasJjeHuH —18° no ¢, Ha ¢oHe pemeTkHu. Takxke
TaM M0Ka3aHO PacloJIO’KeHUE CUCTEMbl KOOPJAUHAT U
noptoB Bo36yxaeHus. KH/l B makcumyme (KH/max),
paBHoe 6,2 aB, B miuockoctu akpaHa KH/ .y lg=000 =
= 6,2 nb.
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Puc. 8. [IaTH3/IeMeHTHaA aHTEeHHAs pellleTKa Ha OCHOBE HECHMMETPUYHBIX aHTEHH «BOJIHOBOH KaHaI»
Fig. 8. Five-Element Antenna Array Based on Asymmetric "Wave Channel” Antennas
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Puc. 9. 1H usyyaolero 3jieMeHTa aHTeHHOM pelieTKH
Fig. 9. RP of the Radiating Element of the Antenna Array

Bocnone3yeMcsl TNpUBeEeHHBIM QITOPUTMOM U
HaigeM A®P nna ¢opmupoBanusa /JIH B miiockocTu
3kpaHa (9 = 0°) ¢ MakCUMYMOM @,.x = 0°. Hampas-
senue Hyas [H @i, OyaeM usMeHsATb. B Tabaune 1
npuBeJeHbl NoJsydyeHHble AP u da3oBoe pacnpefee-
Hue (DP). KpuTepueM onTUMa/JbHOCTH SIBJISIETCS MaK-
cuMmusauus otHoweHusa KH/I B HampaBJsieHUU .4 K

KH/l B MUHUMYMe @i, Ha pucynke 10 npefcTaBsieHbl
JH, cootBetcTBytomue AP u3 Tabup! 1.

Jl1s aHTeHHOH pelleTKU C KOJIMYeCTBOM H3Jydalo-
IIMX 3JIEMEHTOB GoJjiee 5 BOCHOJIb3yeMCsl KOAOM JIJist
reHeTHYecKoro ajaroputma us [16] BMecTto MeTona
post yactuu,. PacnosiokuMm BoceMb aHTeHH PIFA Tak,
Kak MokasaHo Ha pucyHke 11. lludpsr AP cooTBeT-
CTBYIOT HOMepaM MOpPTOB.
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Fig. 10. RP of a Five-Element Antenna Array in the Ground Plain for Various Amplitude-Phase Distribution
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Puc. 11. TecroBas koHpopMHasa AP c uMUTanMei pacnoJjiokKeHHs U3J1y4aloliux 3/,IeMeHTOB Ha HocuTeJie
Fig. 11. Test Conformal Array with Imitation of the Location of Radiating Elements on the Carrier
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TABJIMLA 1. A®P aia popmuposanusa JJH no kputepuio Mak-
cummusauuu KHZ, /KHZ, .

TABLE 1. Amplitude-Phase Distribution for RP Synthesis by Maximiza-

paHee, MakcuMu3upoBaTb oTHoweHue KH/I. Pe3yuib-
TaThbl IOKa3aHbl Ha pucyHkax 13 u 11. CooTBeTCTBY-
oiee AOP u KH/| nomenieHsb! B TabULy 2.
TABJIMLA 2. A®P ansa popmupoBanus JH TecTroBoit
KOH(QOPMHOI aHTEeHHO# pellleTKU
TABLE 2. Amplitude-Phase Distribution for test Conformal Antenna

tion CriterionDy, /Dy . .
KHA@max
Ne | @i HI(\)IIQJT ABP, Fi[)):;,1 KHA;E“:O’ KHﬂEmm’ m,
. 1B
1 0,1 |-123,75
2 0,7 | 45,00
1 - 3 0,6 | 56,25 7,0 - -
4 100/ 000
5 02| 11,25
1 09 | 67,50
2 0,9 | 157,50
2| -18 3 0,7 | 90,00 -0,4 -19,8 19,4
4 100 000
5 0,5 | 33,75
1 0,6 | —45,00
2 0,6 | 101,25
3| -45 3 1,0 | 56,25 1,9 -18,9 20,8
4 |02 |-146,25
5 0,7 |-157,50
1 0,4 |-135,00
2 0,7 [ 101,25
41-180| 3 03| 7875 6,3 -18,2 24,5
4 102 22,50
5 0,2 |-157,50

Array RP Synthesis
Ne | 1P| ap,B F(II::Z’L KH A AB | KH i, 2B | G AB
1 | 049 | -22
2 | 1,00 | -95
3 | 025 | 83
4 (023 -9
1 103 -48 151
5 | 041 | 15
6 | 014 | -39
7 | 025 |-112
8 | 010 | 119
1 | 016 | 160
2 | 097 | 140
3 077 | 50
4 | 100 | -9
2 9,2 14,0 232
5 |023 | 117
6 | 065 | 147
7 |08z | 114
8 091 o0

Coopmupyem Ha yactorte 2,7 [Ty cymmapnyio [JH
¢ MakcumymoM KH/I B HampaBsieHuu 9 = 45°, ¢ =
= -150° panHas JH nokasana Ha pucyHke 12. Co-
oTBeTcTBylollee ADP, nosyyeHHoe B pe3y/bTaTe OI-
TUMU3aLUK, U 3HaueHWe KH/I npuBeseHsb! B Tabaune
2. Ha pucyHke 14a npepcraBieHa /IH B nsockoctu
3kpaHa. [lasee noMmuMo makcumyMma KH/I B HanpaBie-
HUU 9 = 45° ¢ =-150° norpebyem B [JH Hoab B
IJIOCKOCTH 3kpaHa (9 = 90°, ¢ =-90°). Byzem, kak u

Makcumym KH/I, paBubiit 9,5 1B, cMeniaeTcs u mo-
JlydaeTcsl B HaPaBAeHUH pax = 51°, @pax = — 140°.
Ha pucyHke 14 cpaBHuBatotca /IH, n3o6pakeHHbIe Ha
pucyHkax 12 u 13, B myockocTy 3kpaHa (9 = 90° @ =
= -90°). [lonyyeHHble pe3yJbTaThbl YYUTHIBAIOT BCE
0COOEHHOCTH, KaK HeNOCPeACTBEHHO KOHCTPYKLUHU
aHTEeHH, TaK U KOHCTPYKLUU HOocuTess. [Ipu aToM HeT
HeO0OX0AMMOCTH BBIJI€JIATh MECTO IO/, 3apaHee CIpo-
€KTHPOBAHHYI0 aHTEHHYIO PEIIeTKy C KaKOH-JI1U60 U3-
BECTHOU peryJisipHON CTPYKTYpOi.

Farfield Directivity Abs (Phi =-150)
p 00 1 o

160 170 79 170 160
Theta / Degree vs. dBi

Puc. 12. JH TecToBOi KOHPOPMHOI aHTEeHHOM pemieTKH ¢ MakcuMyMoM KH/I B HanipaBjieHMu 9 = 45°, ¢ = -150° u ee ceyeHne
npu ¢ =-150°

Fig. 12. RP of a Test Conformal Antenna Array with a Maximum D in the Directiond = 45 ¢ = —150 °and its Cross Section at ¢ = —-150°
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Farfield Directivity Abs (Phi =-150)
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Puc. 13. JH TecToBoii KOHPOpMHOI aHTeHHOH pemieTKH ¢ MakcumyMoM KH/I B HanpaBiieHnu 9 = 51°, ¢ = - 140° u ee ceueHue
npu @ = -150°

Fig. 13. RP of a Test Conformal Antenna Array with a Maximum D in the Directiond = 51°,¢ = —140° and its Cross Section at ¢ = —150°

Farfield Directivity Abs (Theta = 90)
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Farfield Directivity Abs (Theta = 90)
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Puc. 14. IH TecToBoii KOHYOPMHOI aHTEHHOH pelIeTKH B IVIOCKOCTH 3KpaHa 9°@° 9 = 90°,¢ = - 90°, nosiyyeHHasi IpU MaKCUMU-
3anuu: a) B HanpasjieHuu 9 = 45°,¢ = -150° b) orHomienuss KH/I B HanpaByieHuu 9 = 45°,¢@ = - 150° k KH/I B HanpaBjieHUu 9 =
90°, ¢ =-90°
Fig. 14. RP of the Test Conformal Antenna Array in the Ground Plane 9 = 90°,¢ = -90°:

a) RP was Obtained by Maximizing D in the Directiond = 45°,¢ = -150°; b) RP was Obtained by Maximizing D in the Direction
9 = 45° ¢ =-150°to D in the Direction 9 = 90°,¢ = - 90°Ratio

Kak nokasaHo Ha pucyHke 11, aHTeHHa BIMCaHa B
KOHCTPYKIMIO HOCUTEJIS, YTO CyI[eCTBEHHO YMeHbIla-
eT MaccorabapuTHble Moka3saTesu. B psze ciay4aes,
HampuMep, MPU KCIOJb30BAaHUM AAJUTHUBHBIX TEXHO-
JIOTUH, aHTEHHA (WJIM ee 3JIEMEHTBI) U HOCUTEIb MOTYT
C03/1aBaThCA B €/JUHOM TEXHOJIOTUYECKOM IUKJIe, YTO
YBEJIMYUBAET CEPUNHONPUTOAHOCTb U CHMXKAET CTOM-
MOCTb M3/iesius. B 3aBUCHUMOCTH OT MecTa pa3Melle-
HUSI aHTEHHbI U MOJeJIM BHEIIHUX BO3/eUCTBYIOIUX
$aKTOpPOB KOHCTPYKIMS UTOIOBOr0 U3JEJHs JOTOJ-
HSeTCS PaJIuoNpPO3pavyHbIM 00TEeKaTeJeM U PaJIuo-
Mpo3pavyHbIM YKpbITUEM. Ha 3/ieMeHThl KOHCTPYKIIUK
MOAO0GHBIX CTPYKTYpP [Jisl 3alllUThl aHTEHHBIX pelle-
TOK HaJlaraloTcCsl OTpaHUYeHUs], CBI3aHHbIE C TEM, YTO
napuuasbHble [JH A0KHBI UCIBITHIBATD MUHUMAJb-
Hble U OJIMHAKOBble UCKaxeHUs. [IpensioxkeHHass Me-
TOAWKA MO3BOJIAET CHATb psj, orpaHudyeHud. Hanpu-

Mep, 06TeKaTeau MOTYT ObITh IPOU3BOJIbHON GOpPMBI
U JIONOJIHATBCS HECUMMETPUYHBIMU pEGPAMH KeCT-
KOCTH.

06cyxeHue

[IpeasiokeHHasi METOAMKA [03BOJIIET HAaxXOJUThb
Tpebyemoe ADP 3a cpaBHUTENbHO HEOOJIBIIOE BpEMS
(cekyHApl). [ToCTpOEHHBIN AJis MOJYYeHHUs] pe3yJbTa-
TOB aJIFCOPUTM He SIBJISIETCS ONTHUMAaJIbHbIM MO GBICT-
POJIEMCTBUIO U MOXET ObITh YCOBEPIEHCTBOBAH. Y Be-
JINYEeHHE CKOPOCTHU PAcYeTOB BO3MOXKHO C MpPUMeEHe-
HUEM CIelMaJU3UPOBaHHbIX allllapaTHBIX CPE/ICTB.

[Ipu peuieHuH 3afa4y aJjaliTAlUK yCTAaHABJIMBAIOT-
csl KpUTEPUH, CBSI3aHHbIE C CUTHAIOM, a He ¢ IH aH-
TeHHOU peluieTkd [22]. Hanpumep, MUHUMYM cpefiHe-
KBaJpaTUYHOU OLIMOKU NPHU CPaBHEHHUU C ONMOPHBIM
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CUrHasioM. B pe3sysibTaTe HaXOAUTCH ONTHMAaJbHBIN
BEKTOP BECOBBIX K03Q(UIHEHTOB, B TOM 4YHCJIE C
NpUMEHEHUEM AJITOPUTMOB 3BOJIOIIMOHHON ONMTUMHU-
3auuu [23]. IToMy BekTOopy cooTBeTcTByeT /JIH omnpe-
JeseHHoW ¢opmbl. [Ipy moMoIiu npeJjio’)keHHOU Me-
TOJAUKHU MOXKHO OLleHUTb NOTeHIMaJlbHble BO3MOXHO-

CTU aHTEHHbl MPU AJANTALUU C YIETOM B3aUMHBIX
cBsizeld. Hanpumep, MeTOA0M MMUTALMOHHOTO MOJe-
JIUpoBaHUs. B MeToauke mojapasymeBaeTcss GUKCHPO-
BaHHOE MOJIO)KeHHEe H3Jy4alollUX 3JIEMEHTOB, HO OHA
MOXKeT MPUMEHSIThCA AJs1 IPOEKTUPOBAHUSA PeKOHPU-
IYpUPYEMBIX aHTEHHBIX PeIIEeTOK.
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JPPeKTUBHOE YACTOTHO-TEPPUTOPHUAJIbLHOE
m1aHupoBaHue cete IEEE 802.11 kak 3aga4da
«3aMOLLEeHUA» IIJIOCKOU 30HbI NOKPbITUS
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Yactb 1. Moae b MeXXKKaHAJIbHBIX ITIOMeEX
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Cankrt-Iletep6ypr, 193232, Poccuiickas ®enepanus

AnHoTaumsa: [1raHuposaHue cemeli 6ecnpogsodHozo docmyna cmaHdapma IEEE 802.11 Hego3Mo0cHO 6e3 gblbopa
YacmomHo20 nAaHa, m. e. HA6OpPA YACMOMHbBIX KAHA/108 3A0AHHO20 Mund. Imo 0CO6EHHO 8AXCHO 88UJY MO20
¢akma, umo uacmomHas KoH@uzypayus pacnpedeseHHOU cemu CyujeCmeeHHO 3dsucum om peuweHull
npoekmuposwuka u admMuHucmpamopa uH@pacmpykmypwsl. Kpome mozo, npedycmompeHHble cmaHdapmom
YeHmpa/ibHble Yacmomaol KAHA/108 He 2apaHMUpyom no/H020 0MCcymcmaeus ux HezamueHo20 83AUMHO20 BAUSTHUS
dpye Ha dpyza. Paccmampueasi paduonokpvimue 08yXmMepHOU yes1eeoll 30Hbl paduonoKpbimus cemu Kak
«3amowjeHue», m. e. HAU6o/iee NIOMHOe 3aN0JIHeHUE NA0CKOCMU 30HAMU NOKpblmMusl omdesibHbIX movek docmyna,
04151 KOHKpemHol cmpyKmypbl «3aMOujeHusl» Heo6XoduMo 8bl6pamb HauJjyvuiee peuwleHue Nno 4acmomHOMY
N/AGHUPOBAHUK U3 YUCAA 803MONCHbIX. JJA51 3moz0 caedyem paccmompems npakmuyvecku NpuMeHuMble CAyvau
UCN0/1b308aHUS PA3AUYHO20 YUCAA KAHA/A08 8 c8eme 3adavu «3aMOWeHUs» NJA0CKOCMU, NPUHUMASL 80 BHUMAHUE
nepeceyeHue cheKmpa/bHbIX MACOK 8 coomeemcmsytoueli nosoce yacmom. B daHHol pabome uacmomHo-
meppumopuabHoe naaHuposaHue 8 cemsx IEEE 802.11 paccmMompeHO ¢ no3uyuu «3aMOWeEeHUsl» N/A0CcKocmu
pezyAsipHbIMU CMPYKMypaMmu U nped/104ceHa Modeab, Komopasi 6bl yHUMsleand 3@hexkmul MeICKAHANbHbIX NOMEX,
dasasa 6bl kKpumepuil oyeHKU U 6blaa 6bl NPUMEHUMA 0451 8blbopa ayyuwell 4acmomHol KoHguzypayuu 045
coomgemcmayrwujeli pe2yAsipHOU CMpPyKmypbl.

Knrw4yeBsle ciaoBa: 6ecnpogodHas cemb docmyna, IEEE 802.11, MexcKaHa/1bHble noMexu, 31eMeHmapHas eOuHuyd,
«3aMoujeHue» NJA0CKOCMU, pezyAspHas CMpyKmypd, 4acimomHoe NJAAHUpPO8aHue, YacmomHasi KoHguzypayus,
npoekmupogaHue

CcbuiKa ajis puTupoBaHus: BukysioB A.C. 9ddeKTHBHOE YaCTOTHO-TEPPUTOPUAIbHOE IIaHupoBaHue ceTell IEEE
802.11 kak 3ajaya «3aMOLIEHUS» IJIOCKOM 30HBbI MOKPBITUS PEryJsspHbIMU CTpyKTypaMu. YacTtb 1. Mojgenb
MeXKaHaJsIbHbIX NoMex // Tpyabl yue6HbIX 3aBefieHU cBsi3u. 2022. T. 8. Ne 2. C. 29-36. DOI:10.31854/1813-
324X-2022-8-2-29-36
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Abstract: [EEE 802.11 wireless networks design process is impossible without a correct choice of a channel plan, i.e. a
set of channels of a given type. This is especially important because channel planning of a distributed network heavily
depends on the network designer’s and administrator’s decisions. Additionally, the central frequencies of the channels
provided by the standard do not mean that the channels are non-overlapping. However, considering the coverage of a
flat area as a plane tessellation by coverage areas of access points, for a particular regular structure geometry, it is
necessary to choose the best channel planning solution among the possible ones. To do this, it is required to consider
practically applicable channel planning cases, which use different numbers of channels, as a plane tessellation problem,

also taking into account the overlapping of their spectral masks. This paper considers channel planning of IEEE 802.11

networks as a plane tessellation with regular structures and proposes a model that takes into account the effects of
adjacent-channel interference, provides evaluation criteria, and thus is applicable to select the best channel
configuration for the corresponding regular structure.

Keywords: wireless access network, IEEE 802.11, adjacent channel interference, cell unit, plane tessellation, regular
structure, channel planning, design

For citation: Vikulov A. Effective Channel Planning of IEEE 802.11 Networks as a Plane Tessellation Problem. Part 1.
Adjacent Channel Interference Model. Proc. of Telecom. Universities. 2022;8(2):29-36. D0OI1:10.31854/1813-324X-
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BBegeHue

[lnaHupoBaHWE COBpPEMEHHBIX OECHPOBOAHBIX JIO-
KaJIbHbIX BBIYUCIUTENbHBIX ceTed (BJIBC) sueucrtoi
ApXUTEKTYpPbl TPYAHO MPEJCTABUTH 0e3 pelleHus 3a-
Jlayd 4aCTOTHO-TEPPUTOPHUAJBHOTO IJIAHUPOBAHMUS.
3To B paBHOU Mepe CIipaBeJIMBO AJ1s1 pa3anyHbix BJIBC
- KaK CTaljMOHAPHBIX, TaK U peasu3yeMblX, HallpuMep, C
MpUMeHEeHHEeM OeCHUJIOTHBIX JIETaTe/IbHBIX allllapaToB
[1, 2]. B oco6eHHOCTH 3TO KacaeTcsi ceTell Ha 6a3e CTaH-
nmaprta IEEE 802.11 [3], B KOTOpPBIX BBIGOP YAaCTOTHOH
CETKH BO MHOTOM 3aBHCHUT OT aIMUHUCTpATOpa nHppa-
CTPYKTYypHI. C 11eJ1b10 MUHUMU3UPOBATh PUCKU HEOIITU-
MaJIbHOTO YaCTOTHOTO KOHQUIYPUPOBAHHUS, a TaKxkKe
YTOOBI 060CHOBATH BBINOJHEHHE TPEOOBAaHUM POEKT-
HOT'O 33/IaHUs, TIOCTABJEHHOTO Mepes, MPOeKTUPOBIU-
KOM, HeOOXOIMMO KOPPEKTHO OCYIIECTBUTDH BbIOOD 4Ya-
CTOTHO-TEPPUTOPHUAJIBHOTO IJIAHA.

Bomnpochl 4acTOTHOr0 NJIAHUPOBAHHUS, aKTyaJlbHbIE
JJia coToBbIX ceTed ctaHgapTa LTE, panee noguuMma-
JIUCh B paboTax [4-6]. B HUX, B TOM 4HCJie, pacCMaTpH-
BaJICA M KJIACTEPHBIM MPUHLHUI YaCTOTHOTO IJIAaHUPO-
BaHUs. Kpome Toro, B paboTe [7] 66111 IpeACcTaBIeHbI
Y MHble ceTeBble TeXHOJIOTHH, B TOM uuce Bluetooth,
Wi-Fi u WiMAX. B fanHo# pa6oTe BHUMaHUe OyJeT ak-
[EHTUPOBAHO Ha pPellIeHUH 0J00HO0H 3aZja4H B IPUJIO-
»keHnH K cetsim |EEE 802.11 (Wi-Fi).

[log 4YacTOTHBIM IJIAHUPOBAaHHEM B IIHPOKOM
CMbICJIe TOHUMAEeTCsA BbIGOP HOMEPOB (I[€HTPATbHbBIX
YaCTOT) ¥ TUIOB (LIMPHHBI) YACTOTHBIX KAHAJIOB C Iie-
JIbIO 00ecreYyeHusI PaJJUONOKPBITHS C 33JJaHHBIMU B 3a-
Jlade xapaktepucTukamu [8]. OgHAaKO Ha MpaKTHUKe B
JIBYXMEpHOM CJy4ae 3TOr0 OKa3bIBaeTCsl HeJ0CTa-
TOYHO, IOCKOJIbKY KOHKpeTHasl CTPYKTypa «3aMollle-
HUsI» (HauboJiee MJOTHOTO 3alOJIHEHUS) IMJIOCKOCTH
30HAMH MOKPBITHUS Todek poctymna (T/]) MoxxeT UMeTh
CBOU TeOMeTpUYeCKHe O0COGEHHOCTH, U MOTOMY MpPH
OJHOH M TOM Ke YaCTOTHOM CeTKe Ha3HayeHHe KOH-
KpeTHBIX KaHaJIOB OT/I€/JIbHBIM 3JIEMEHTaM CTPYKTYPhI

«3aMoleHus» (T.e. TOYKAM JOCTYIa) MOXET NpHBe-
CTH K Pa3/IMYHBIM pe3y/bTaTaM C TOUYKH 3peHus B3a-
“MHoro BaudaHusa T/l fpyr Ha fgpyra.

B paMkax Tako# 3aJjayd yA06HO NPUOGErHyTh K Me-
ToJaM KpucTaaaorpaduu. Tak, 6y/ieM paccMaTpUBaThb
3JleMEHTapHYI0 f4elKy (MOTHUBHYIO eauHuLy) [9], 3a-
JLAI0LIYI0 CTPYKTYPY «3aMOILeHUsI» IJIOCKOCTH U3BECT-
HBIM YHCJIOM KaHaJIOB 33/laHHoro THna. [loaTomy nop
YaCTOTHBIM IIJIAHOM B JJAHHOU 33/1a4e IOHUMAEeTCs Bbl-
60p LeHTPaJIbHBIX YaCcTOT (HOMEPOB) KaHAJIOB 33/1aH-
HOr0 THIA, HA KOTOpbIX paboTatoT T/, pa3aMeleHHbIe
B 3JleMeHTaX MOTUBHOM eJVHHUIbl B 3aJJaHHOU pery-
JIAPHOH CTPYKTYype «3aMoLleHUsA». A 4acTOTHAsl KOH-
durypanusa - aTo OoTAeJibHble BO3MOXKHbIe pellleHUs
3a/jlayy BbI6OpA YACTOTHBIX KAaHAJIOB /s KaXKA0H U3
T/l B MOTUBHOM eJUHUIIE «3aMOILEHHS» IIJIOCKOCTH.

Hacrosiimas paGoTa mocBsilieHa BbIpabOTKe MoO-
Jlesid, M03BOJISIIOIENd OLEHUTh MeXKaHaJbHOE BJINS-
HUEe B Pa3JIMYHbBIX CTPYKTypPaX «3aMOLIEHUS» TJI0CKO-
CTU C TeM, 4TOObl B JajJbHEHIIEeM OblJIO BO3MOXHO
NpeJJIOKUTh MEeTOJ, BbI6Opa HAaWJIYYIIMX BapUaHTOB
YacTOTHOU KOHGUTYpaLUU.

IlocTaHoBKa 3ajga4yu

CaenaeM cieayloliye JONyLeHU:

1) 6yzeM paccMaTpUBaTh MJIOCKUH ciiyyai;

2) 30Ha paAuONOKPBITUSA KaxAo0u T/l Ha JI0CKOCTH,
HE3aBHCHMMO OT HCIOJIb3yeMOT0 KaHaJsa, NMpejCTaB-
JisieT cobol Kpyr paguyca R, T.e. U3aydeHHe aHTEHH
Bcex T/l B a3MMyTa/IbHOM MJIOCKOCTH U30TPOIHO, a KO-
3bduLMeHTh! ycUIeHUs BCeX aHTEHH paBHBbI MeXIy
co00;

3) pacctosinue Mexay oJmkamumu T/l paBHO 2R;

4) npoyue CMexHble, T. €. JOCTYNHbIe AJ NpUeMa,
BJIBC Ha 11eJ1eBOM TEPPUTOPHUHU OTCYTCTBYIOT;

5) pa3mep 4acTOTHOTrO KJIacTepa (YUCJI0 AOCTYIHBIX
JUIS TUIAHUPOBAaHUS OJHOTUITHBIX YAaCTOTHBIX KaHa-
JIOB) paBeH M;
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6) 6yneM s yA0OOCTBAa CUYUTATh, YTO CMEXHBIE
30HbI NOKpbITUA T/] TOJNBKO KacarTca ApyT ApYyra;

7) miouia/ib MPOCTPAHCTBA, KOTOPYI HEOOXOAMMO
HNOKPBITb CUTHAJOM, MHOTO 60Jibllle NJOLIAAN 30HBI
MOKpPbITUSA OTAenbHOHN T/l;

8) Bce T/ M KJIMEHTCKHE YCTPOUCTBA PaboOTalOT B
kaHaJsie HE (802.11ax) ogHoro TuIa;

9) BEepOATHOCTb 3aHATOCTH (Harpy3ka) KaHaJIOB
oZiIMHAKOBa W He mpeBbimaeT 50 %, T. e. MEXaHU3MbI
adjacent channel rejection [10] He 3a71eiCTBOBaHBHI.

B pa6oTe [11] 6bL1M IOCTPOEHBI «3aMOILEHHUSI» TLJIOC-
KOCTH M COOTBETCTBYIOIME UM MOTHUBHbBIE €JUHHULbI
CTPYKTYPBbI «3aMOLIEHHsI». «3aMOILeHHE» TIPU 3TOM Xa-
paKkTepu3yeTcs CAeAYIOLIMMH OCHOBHBIMU IapaMeT-
paMM: THII pellleTKH; 6a3UC pelleTKH; KOOpAUHALMOH-
HOe 4MCJI0 IJIocKoro «caosi» N [12]; MoTuBHasA efu-
HULA JJIS1 «CIIOSI».

B pa6orte [12] 61710 paHee OKa3aHO, YTO AOMYCTU-
Mble IIJIOCKHE pelleHUs 3a/jlayd, OTBevarliue MaKCH-
MaJIbHOMY 3aIlOJIHEHUIO IIJIOCKOCTH, MOTYT GbITh JABYX
THUIIOB:

— TeTparoHaJibHbIE PeLIeHUs B [IJIOCKOH NMPOEKIUU
06bEMHO-IIEHTPUPOBAHHOW KyOMYeCKOW peLIeTKH
(ZBa «c/1051») C KOOPAUHAILMOHHBIM YUCJIOM B MJIOCKO-
cty N, paBHBIM 4;

— rekcaroHaJjibHble pelleHUs (TPU «CJ0s1») C KOOp-
JUHALMOHHBIM YHCJIOM B IJIOCKOCTU N, paBHBIM 6.

3agagumcs 11ebl0 MPeJIoKUTb MOJieJb, TO3BOJIS-
IOLYI0 BbIOPATh HAUIYYIIYIO0 YACTOTHYI0 KOHQUTYpa-
L{I0, T. €. JIYy4YUIMi BapUaHT OJJHO3HAYHOI'O0 COOTBET-
CTBUSI LIEHTPaJbHOM 4YaCTOTbl KaHaja KaXKJOMy U3
3JIeMEHTOB MOTUBHOU eJUHULb] «3aMolleHus». [Ipu-
MeM KPUTEPHUH, ONpeesISI0IUNA BEIOOP MEXy TeMH
WU UHBIMHM YaCTOTHBIMHU IJIaHAMU, OTHOIIEHHUE CHUT-
HaJs1/uyM, KoTopoe 6y/ieM pacCUMThIBATh JAJs1 KaXJ0H1
T/l c ydeTOM MeXKKaHaJIbHbIX [IOMEX.

FeOMeTqueCKaﬂ MoOAeJ/b «3aMOIIECHUA»

[Ipu paccMOTpeHUU «3aMOLIEHUSI» TIJIOCKOCTH Y406~
HO BOCIOJIb30BaTbCSl aMMapaToOM TPaAHCASIUOHHOM
cummeTpud [13]. 3agaaum caepyromuii 6asuc. [lycts a
U b - 1Ba BEKTOPa, UCXOAAIMX U3 TOYKH O, a o — yroJi
Mexay HuMu. Torza MOXKHO 33/1aTh IJIOCKYIO PEIIeTKY
Ha OECKOHEYHOM IJIOCKOCTH, B KOTOPOUl BEKTOPHI 3a-
JIAl0T Tepexofibl MeXAy BO3MOXXHBIMHM y3/aMH. Pe-
LIeTKa IpUBeJleHa Ha pyucyHKe 1. Yka3aHHbIU 6asuc a, b
TaKXKe 33/laeT KOCOYTOJIbHYI0 CUCTEMY KOOPAUHAT, KO-
TOpPOH yA06HO MOJIb30BAaThCS B AAJIbHEHIIEM JIJIST OTIH-
CaHUS B3aUMOCBSI3el B IIOCTPOEHHOU CTPYKTYpe.

[Ipy TpaHCAALMOHHONH CHUMMeTpUH y3ea O MOXeT
OBITb CHMMETPHYHO OTOOPAXKEH B/10JIb JII060H are6pa-
WYEeCKOM CyMMbl BEKTOPOB d U b 1 COBMeILeH C CAaMUM
co6oi. [Ipoacconuupyem c y310M O HEKOTOPYIO TPy
T/l, npencTaBIg0LUX MOTUBHYIO euHULYy. MOTUBHas
(s;1leMeHTapHasl) eJMHMIIA CTPYKTYpbl — 3TO TIpymmna
371eMeHTOB (B ZJaHHOM CJiy4ae — 30H paJiHONOKPBITHS
T/1), cBsI3aHHAas C KOXK/IbIM U3 y3JI0B peuieTkH [9].

>

Puc. 1. TpaHC/IAIMOHHAsA CHMMETPUS B IVIOCKOH peleTKe

Fig. 1. Translation Symmetry in Flat Lattice

Tenepsb nyTeM TpaHcaAUU (0OTOOGPAXKEHUS) MOTUB-
HOHM eJMHUIIbI BJ0Jb BBEJIEHHBIX BEKTOPOB MOJIYYHUM
«3aMolleHue» (B 0011eM cayyae 6eCKOHEUHOM) IJI0C-
koctu rpynmnoi T/l. B fanpHeliieM 6yeM paccMaTpu-
BaTb NocTpoeHus [11] pa3nuyHbIX KOHQUTYpaALUH, CO-
OTBETCTBYIOLIMX DPA3/JIMYHBIM BO3MOXXHBIM Ha Mpak-
THKe YaCTOTHBIM IJIaHaM [12].

JI106011 3/1eMeHT, KaK CaefyeT U3 CyTHU TPaHC/IsLHU-
OHHOM CUMMETpPHH, OyJeT 3KBUBAaJIEHTEH CaMOMY
cebe, TOJIY4EHHOMY IyTeM TPAaHCJISIUOHHOTO Iepe-
Hoca. B TakoM cyiy4ae Bcs COBOKYITHOCTh BO3MOXKHBIX
TPaHCJIALMEA MOXKET 6bITh ONKMCaHa BEKTOPOM id +j3,
rfe i uj- uesble Yucia.

[lycTb BEKTOp I'n 3aia€T Nlepexo/, MeX/y BepIIMHON
0 (0;0) uesneBoil MOTUBHOMW eJUHHUIIBI U MECTOIOJI0XKe-
HUEM Nn-U BepLIUHBI C KOOpAUHATaMu (X,; ¥,) TOU Xxe
MOTHBHOU eIMHHUIIbI CTPYKTYPBI, BJIUsIHUE KOTOPOH Ha
nesieByto BepmuHy (T/]) He06XOAUMO YIECTh:

Ty = Xpd + Yy b. (1)

OdeBH/IHO, UTO €C/JIM pacCMaTpHUBaeTCs BepIIMHA,

pacrnoJiokeHHast HenocpeAcTBeHHO B BepuiuHe O (0;0),

TO COOTBETCTBYWOIIUHM el BeKTOp In paBeH HYJIIO.

Torpa BCI0O COBOKYNIHOCTb PacCTOSHUM 10 BCEX TaKHUX

OMeX006pa3yoIUX TUeeK MOXKHO NPeJICTaBUTh, KaK
COBOKYNHOCTb BO3MOXXHBIX JIJIUH BEKTOpa:

- -
d;;(n) = 7, + id + jb. (2)

Torpa B paMkax 3afianHoro 6asuca a, b kocoyroJib-
HOHM cHcTeMbl KoopAuHAT dopMyJia (2) MOXKeT ObITh
npejcTaB/ieHa Kak:

dij(n) =7, +id + jb =
F+id+jb (o +0d+ O+ )b
Roid+jb | (o +Da+ (v + )b 3)
o+ id+jb =\ (x3 +D)d+ (ys + )b -
\#, +id+j5 (e, +0)d + 3 + )b
[lepeiifleM K OpTOHOPMHUPOBAHHOM CHUCTEMeE KOOP-
AuHaT. [lycTb Hayasio KOOpAUHAT COBNAJaeT C OAHOMU
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u3 touek O. [IycTb JjaH OPTOHOPMHUPOBAHHBIN 6a3uUC
(ex €y)
Torja kocoyroJibHbIN 6a3uc @, b MOXKeT ObITh BbIpa-

>KeH Yyepe3 OPTOHOPMUPOBAHHBIN 6a3uc E cienyrouiei
CHUCTEeMOM YpaBHEHUM:

{

TI€ Cax, Cays Cbxs Cpy — KOOPJMHATBI BEKTOPOB a4, b B
OPTOHOPMHPOBAaHHOM 6asuce, 06pasywIre MaTPULy
nepexoga C:

o "
= Cax€y t Cay€y

4)

S

- - )
= Cbxex + beey

Cax Cpx
C =

. (5)

Cay Cby
B TakoM ciy4ae (2) M0OKHO MHA4e 3aMUCcaTh KaK:

dl‘]’(n) = Fn + i(Caxéx + Cayé)y) +j(Cbxéx + beéy)- (6)
A B MaTpu4HoOi popmMme:

dij(n) = 1, + i(CE) + j(CE). (7)

Takum o6pazom ¢opmysaa (7) AaeT BCIO COBOKYII-
HOCTb PacCTOSHUM [0 BCeXx MOMeX006pa3yrIUX
siYeeK, BKJI0Yasi COKaHa/bHble IOMeXH, T. €. IOMeXH OT
T/l c TeM ke HOMepPOM KaHaJia.

Jlns Gosbliero yAo6CcTBa reoMeTPUYECKUX Olepa-
LUK B pacCMaTpMBaeMOU MoOJie/iId BBeJleM IOHSITUE
pasmepa ceTku D. Ha pucyHKke 2 npuBeJieHa WIJIKOCTPa-
LU «3aMOLIeHUA» MJIOCKOCTH [ Cay4yas 4ucia 4a-
CTOT M B MOTUBHOM eJJUHUIIE «3aMOIIEHUA» PABHOTO
TpeM, IpY KOOpPJHUHALMOHHOM 4ucje N B MJIOCKOCTH
paBHoM miectu [11]. [lokasaHa cTpykKTypa u3 25 Mo-
TUBHBIX eJJUHUI] B IIJIOCKOM pellleTKe, 06pa3yeMbIX IPU
pasMmepe ceTku D, paBHOM 2. [Ipu 3TOM ucXxofHas Mo-
THUBHas eJUHUIA HAXOJUTCA B y3Jle pelleTKH C Koop-
auHaTtaMH (0;0), a ocTasibHble 24 SBJSAIOTCA pe3yJibTa-
TaMHU TPaHC/IALMHI 110 06eMM 0CSIM pellleTKU B Juamna-
30He D = [-2; 2].

Bappupya BesnuuHy D, T.e. yBeJquW4yuBasg WU
yMeHbIllasi YU CJIO PACCMaTPUBaeMbIX 4eeK, BOSMOXHO
JleJIaTb pacyeT pa3HOH TOYHOCTH.

Puc. 2. TpaHcasAanuoHHas cumMMmeTpud aasa M = 3, N = 6 c pa3mepoM ceTku D = 2
Fig. 2. Translation Symmetry for M =3, N=6,and D =2

YacroTHble KOHGUTYpaLMU

B obGcyxaaeMoll 3ajjade «3aMOIIEHUSA» IJIOCKOCTH
paccMOTPUM NMOCTpOeHHe KOHPUTYpaluM AJs 3a7iaH-
HOr0 YacTOTHOrO IJIaHA KaK MpoliecC NPUCBOEHUs
kaxgo# T/l MOTUBHON eJUHULIbI — COOTBETCTBYIOILEHN
LeHTPaJIbHOM YacTOThI KaHaJla, 33/laBasi TaKUM o6pa-
30M KaHaJibl JiJis Bcex T/l B 6eCKOHEeYHOH B IJIOCKOCTHU
CTPYKType «3amolneHus» [12]. UTak, uMes 4aCTOTHBIN
KJIacTep pa3Mepa M, nosiyyuM M! BO3MOXKHBIX 4aCTOT-
HBIX KOHQUTYpaLKH, T. €. BO3MOXXKHble KOHPUTYpaIUU

onpefensioTCs 0OLIMM YMCJI0M BO3MOXKHBIX IepecTa-
HOBOK U3 M.

[TocTaBUM KaXK[JOMy 3JIEMEHTY B COOTBETCTBHE He-
KOTOPYIO LIEHTPa/JbHYI0 4acTOTy KaHaja Fn Hanepez
3aZlaHHOTO THUIIA U 33JjaJUM MaTpuLy-BeKTop F, comep-
Al LeHTpa/JbHble YAaCcTOThl KaHAJIOB, 33a/laHHbIe
YCJIOBUSMHU 33Ja4H.

JivHa MaTpuLibl-BeKTOpa F paBHa M:

F=(F1 F, FM)- (8)
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MaTpuia BO3MOXKHBIX pelieHUN H, comeprkaias Bce
BO3MOXXHbIE IepeCTaHOBKHU BeKTopa F, 6yeT umeth M/
CcTOJIGLOB U M cTpok. Ilpy MOCTpOEHHMU MaTPHUIbI

nepecTaHOBOK BOCII0JIb3y€eMCsI QJITOPUTMOM,
npejJio’KeHHbIM B paboTe [14]:
Fii Fip Fim
H = F2,1 FZ,Z T FZ,M! , (9)
FM,l FM,Z FM,M!

T. €. KaXK/1asi BO3MOXKHAsi YaCTOTHAsi KOHPUTypaLus U3
UX o61iero yucaa M! a1 MOTUBHOW eIMHUIIBI OyJeT
O/IHO3HAYHO 33/1aBaThCsl CTOJIOIIOM MaTpHUIbI H.

Teneps a5 k-1 BO3MOXXHOM 4aCTOTHOU KOHQUTYpa-
UM MOCYUTAEM HAGOp 3HAYEHUH OTHOIIEHHUS] CHUT-
Hau1/mym (OCIH) gns Bcex T/| 13 3aJaHHON MOTHUBHOM
eJMHUILIb], TOYYUB Habop u3 M 3HaueHuit OCIII, cooT-
BETCTBylOLIMX LeseBod T/l MOTUBHOM eAMHUIBI U
omnpejiesiieMbIX MeXKaHAJIbHBIMU IIOMEXaMH OT BCel
«3aMolaeMoi» miaockoct. Takux Ha6opoB Gynet M!
HITYK.

Moge b moMeXx B CIEKTpe

Bynem oneHuBaTb 3G eKThI IpU U3MEPEHUH Mapa-
MeTpOB CUTIHasia Ha cTopoHe T/l, T. e. IpUHATBIN CUT-
HaJl CO CTOPOHBI KJIHEHTCKOTO YCTPOMCTBa, pacrnoJio-
>KeHHoro B ¢opMupyemoil ero 30He nokpbiTus BJIBC,
OyZieT UCNIBIThIBAaTh IOMEeXH B OCHOBHOM OT PacIoJio-
>KeHHBIX PsIZI0OM 30H NOKPbITUA Apyrux T/.

CnekTpaJsibHasi MoJieJib MeXXKaHa/IbHBIX IOMeX JJIs
ceteit IEEE 802.11 paHee 6bli1a npeJijiodkeHa B paboTe
[15]. CyTb ee cocTOUT B BepOATHOCTHOM y4eTe 3ppek-
TOB NEPEKPBITHS CIIEKTPATbHBIX MaCOK I[eJIeBOr0 Ka-
Hasa (Ha KOoTopoM HjeT paboTa) C eHTpaJbHOU Ya-
cTOoTOM Fr Y KaHa/a-oOMeXH, C LieHTPaJIbHOM 4aCTOTOM
Fin, tie n - Homep T/l (B mpefesax MOTUBHOW efu-
HUIBI), co3patoleil noMexy. OTan4yMe npejjaraeMoi
3/leCb MO/JleJIM COCTOUT B BO3MOXKHOCTU y4eTa TpaHC-
JISUOHHONW CHMMETPHUU «3aMOLIEHHUsI» IJIOCKOCTH,
NpUHHUMasi BO BHUMaHUe reOMeTPHUI0 MOTHUBHOM efu-
HUIIBI, U, KaK CJIeICTBUE, TEOMETPHUIO BCEU CTPYKTYPhI
«3aMOIIEHHUSI» MJIOCKOCTH.

Bynem paccmatpuBath 802.11ax (HE) pexumsl c
pa3/IMYHOM IWUPUHOU KaHasa U 100-npo1eHTHBIM UC-
nosb3oBaHueM RU. XapakTepuUCTHUKH CHeKTpaJbHOHN
MacKH KaHaJa [pUBeJieHbl B Tabsune 1.

Onpenenum St(f), Kak pacnpejesieHHe YPOBHS MOII-
HOCTH M0JIE3HOTO CUTHAJIa HAa y4YacTKe CIeKTpa, a Si(f)
— KaK CIIeKTPaJbHYI0 MacKy KaHaJla-MOMeXH.

Binsinne 3¢ deKToB MeXKaHaJbHbIX TOMEX OyJeM
OLleHHWBAaTh INyTeM pacyeTa IJIOWAAN IepecedyeHus
CIeKTpa MOIIHOCTH IiesieBoro curHajia Sr(f) (nbM) u
cneKkTpa MouHocTH curiaia Si(f) (abm), cosparoiero
nomexy. [Ipy 3ToM, A4 11e/1eBOr0 CUTHaJIa 6yZeM y4u-
TBIBATh TOJIbKO MHTErpaJbHYIO IJIOLIA/b B lUAa30HE
yactot [Fr — A; Fr + A], BBUAY OrpaHUYE€HHOCTH CIIEeK-

Tpa COGCTBEHHO KBaJIpaTypPHO-aMILIUTYAHO-MOAYJIN-
poOBaHHOro curHaja. IlepeceyeHue mJowazen crnek-
TPOB IPHUBEJIEHO Ha PUCYHKE 3, Tie:

— Fr+A (MI'n) - yactoTa A1l TOYKH A JJ1s1 11eJIeBOTO
KaHaJia (cM. Tabuuny 1);

— Fr— D (Ml'u) - yacToTa AJ1s1 TOYKU D A1 KaHasa,
coszaroliero noMmexy (cM. taéuauny 1);

- Fr (MI'y) - peHTpaJjbHasA yacToTa LieJIeBOTO Ka-
HaJia, HAa KOTOPOM UJIET Nepesaya;

— Fi (Ml'n) - ueHTpasbHas 4acTOTa KaHaJia, Co3/alo-
LIET0 TOMEXY.

TABJIMLA 1. XapaKTepuCTUKM CIEKTPAa/IbHOIM MAacKU KaHajia
TABLE 1. Transmit Spectrum Mask Characteristics

[TapaMeTphl KaHAJIOB pa3JIMYHbIX TUNIOB, MI'1

[oslymuprHa y4acTKa CIIeKTPalbHOM MacKu
Tun kaHata A0 To4kH, MI'n,
A B C D
HE160 (1992 RU) 79,5 80,5 160 240
HEB80 (996 RU) 39,5 40,5 80 120
HE40 (484 RU) 19,5 20,5 40 80
HE20 (242 RU) 9,75 10,5 20 30
A S, 0bm

l'sr

: | -
Fr Fr+A Fi F, Mry
Puc. 3. Moaesb MeXXKaHa/IbHBIX IOMeX B CIEKTpe

Fig. 3. Adjacent Channel Interference Model in Spectrum
PucyHok 3 wuiaocTpupyeT ciaydall JJis ofHOU
nomMexu npu F; > Fr.

Toraa YPOBEHBb OTAEJIbHOTO CUT'HAaJIa-IIOMeXH COCTa-
BUT:

S;(f) = Prag + G, + S(f — F;) — L(d) (abm), (10)
a nepeis k MBT:
Praq+Ge+S(f=Fp—L(d)
Sw(f) =10 (mBr),  (11)

rae Prad (1BM) - ypoBeHb MOLIHOCTH U3Jy4YeHUs HC-
TOYHHUKA CUTHaJIa Ha BbIXOJle PaJUOMOAYJIs, CO3/al0-
mero noMmexy; G: — kKoapQUIUEHT YCUIeHUs Tlepeaalo-
et aHTeHHb! T/ZI-noMexuy B HanpaBJieHUM LesieBoi T/l
c yuetom MRC u TxBF (npumem paBHbIM 2 gB); L(F, d)
(nB) - 3aTyxaHue curHasa B 3aBUCUMOCTH OT YaCTOThI
curHaja F u paccTosiHUs 0 Hero, onpeJensieMoro JJiu-

HOU BeKTOpa (ZU (n).
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Macka 1ejieBOro curHajia 6YL[8T onpeae/daTbCA KaK:

P1+S(f-FT)

Srw(f) =107 10

rae Pr (nbm) - TpeGyeMblil ypoBeHb NpreMa CUrHasa
Ha BXO0/le PaIMOMO/TyJIsl KJINEHTCKOTO YCTPONUCTRBA;

(MBT), (12)

YpoBeHb Ile/1eBOr0 CUT'HAJIA B 30HE PAaIMONOKPBITHUS
6y/ZieM CYUTaTh OTBeYaloLIMM Tpe6oBaHHUIO AJ151 Hanbo-
Jlee CKOPOCTHOTO pexxrMa. Tak, HapuMep, Ipy IyMo-
BoM mopore, paBHoM —-90 nbm, u Tpe6oBanuto OCIII,
paBHoM 32 B, 11t QAM-256 npu CKOPOCTH KOAUPOBa-
HUA 5/6, TpebGoBaHUe YPOBHSA MpUeMa GyZET COCTaB-
J9Th —58 ABbM. B 3aBUCUMOCTH OT YCJIOBUH MOKHO BBI-
OpaTbh HEOOXOAUMYIO MOJIeJib 3aTyXaHUsl CUTHAJIA.

B ciydyae oTCyTCTBUA NPENsSTCTBUM IpPU pacHpo-
CTpaHeHWHU CUTHaJIa Ha 1eJIeBOH IJIOIIAAY, 3aTyxXaHue
curHasa L Ha paccrosiHuM dij(n) MOXHO ONpe/ieIUTh
corsiacHo pekoMeHganyu MC3-R P.525 [13]:

Lsy5(d) = 32,4 + 20logF,,, + 20log|d; ;(n)| (aB), (13)

rae |Ji,j(n)| - paccrosinue (kM), cM. (2), a Fin - LeH-
TpasibHas 4acTOTa KaHasa-nomexu (MI'n).

B ciy4dae HEO6XO,£LI/IMOCTI/I y4deTa pas3JIM4YHbIX IIpe-
NATCTBUH B 3/IaHUAX, MOXKHO UCII0JIb30BATb PEKOMEH-
panmio MCI-R P.1238 [14]:

Lyz3s(d) = 201gF, , + Nglg(|d; ;()|) + Ly — 28, (14)

rae Nd¢ — JUCTaHIMOHHBIN K03$PUIHUEeHT NOTePhb MOILI-
HoctH (N = 30 ans yacror 2,4 I'Ty auanasona u Ng = 31
s 5 T [14]); Lr- koaduiimeHT noteps 3a CYeT Npo-
XOXJEHHSI CHUTHAJIa Yyepe3 MEeXITAKHOe IepeKphITHE
(nB) (B paccMaTpuBaeMOM ILJIOCKOM ciy4ae Le= 0).

Mogenb 3atyxanus (14) maeT ycpegHeHHe 3aTyxa-
HUS B 3TAXXHBIX IJITAHUPOBKAX U MOXET ObITh UCIOJIb-
30BaHa IpHU OlleHKaX 3aTyxaHWsA B 3JaHUAX pasJny-
HOro HasHauyeHUs. CyLecTBYIOT U HHbIE MOJeJIU 3aTy-
XaHUs, IPUHUMAIOI e BO BHUMaHUe pasjnyHble Qak-
TOpBI OKpy>Katolei cpepl. Tak, B pekoMeHganuu [15]
JIAI0OTCSl OLIEHKM 3aTyXaHWsl CUTHaJa, MPUHUMAs BO
BHUMAaHHS y4yeT ra3oBoro cocraBa atmocdepsl. Peko-
MeHjanus [16] npegHa3HavyeHa AJ1s1 pacyeTa pacrpo-
CTpaHeHMsl CUTHaJja, TpeOylollero HajJuuue NpsMoM
BUAUMOCTH MeXJy NPUEeMHUKOM M MepeJaTiUMKOM.
Cpeau cnenyaJu3UpOBaHHBIX PeKOMeHJAAL Ui MOXHO
OTMETHUTb, HAIIpUMep, A0KYMeHT [17], npenocTasJisio-
MM BO3MOXKHOCTb pacyeTa 3aTyxaHHUs CUTHaJA MpHU
NPOXOXKJEHUH Yepe3 3eJIeHble HACAKJEHHs, YTO MO-
XKeT ObIThb aKTyaJlbHO NpH pa3BepThiBaHuu BJIBC B
NapKOBBIX 30HAX.

OTMeTHuM, YTO A/ 33Ja4M NOMCKa HaWay4dlled da-
CTOTHOH KOHQUIypaluu BBIOOpP MOJENH 3aTyXaHUS
KayeCTBEHHO He BaxkeH. Ho Ko/simyecTBeHHO, MoJeJib
3aTyxXaHUs OyJeT OlHUM U3 GaKTOPOB, BJIUSIOLIUX HA
3HaueHuss OCII BbibpaHHOro peuieHust. TakuM o6pa-
3oM, Sw(f, L(F1, dn)) - dyHKLMS, 332101125 CIEKTP N-TO
curHaja-nomMexu (MBT) B 3aBUCHMOCTH OT 4acCTOTHI U
paccTossHUA 10 N-T0 UCTOYHUKA.

Torpa cyMMapHBIU CIIEKTP BCEX MeXKKaHaJIbHbIX 110-
MeXx OT siyeek ToH ke BJ/IBC MoxeT OBbITh ONMUCAH CJie-
JAYIOIIMM 06pa3oM:

D D M

Wiel) =NF+Q D" 3" USp(Him, diy (), ) (15)
i=—D j=—D k=1

npu u={y vIm, (16)

rae U - QyHKIUA-UHAUKATOP MEXKaHaTbHbBIX TOMEX;
NF - mymoBo# nopor (MBT); Q — BeposATHOCTb 3aHATO-
cTU (Harpyska) 4acTOTHOTO KaHaua; D — pa3aMep CeTKH,
paccMOTpeHHBIN paHee.

ByzaeM cuuTaTh, UTO IIYMOBOM NOPOT ONpeessieTcs
IyMOM C PaBHOMEpPHOM CEeKTPaJbHOH IJIOTHOCTBIO B
paccMaTpUBaeMOU MOJIOCE YACTOT U He3aBUCSLUM OT
YacTOThl CpeJHHMM YpPOBHEM aMILIMTYbL Temeps,
vMesi BhIpaXKeHHe /I CyMMapHOTO CIIEKTpa OT BCeX
MeXXKaHaJIbHbIX IIOMEX, MOXKHO MOJIYYUTh BhIpaXKEHHE
A5 OCHI B 3oHe nokpbiTud Hesneoit T/Zl. OCHI npumem
32 OCHOBHOMW MapaMmeTp, onpejesomuil paboTocno-
COBHOCTB KaxKJI0M OTAe/bHOU eneBou T/.

B ycsioBusix Hanu4usi GoHOBOro (He CBSI3aHHOIO C
Apyrumu T/l) myma u MexxkaHasibHbIX oMex OCII (om
aHes. Signal-To-Noise Ratio, SNR) omnpepensieTcs co-
IJIaCHO BbIPQXKEHMUIO:

ot S (F) df
Sl Wa (F)df

TakuM o6pasoMm, nosyuuM Matpuly SNR, cogepxa-
IIYI0 M CTPOK BO3MOXXHBIX PELIeHUH, C N 3HAYEeHUSIMHU
OCIHI ps1a kaxxaou T/l B MoTHBHOM eguHUIe. Cpeau no-
JIyYEeHHBIX TTOJAO6HBIM CIIOCOOOM pelleHuH OyaeM Ja-
Jlee UCKaTb HauJy4dllee, 3aZlaBasi COOTBETCTBYHOLHE
KPUTEPUU ONTUMATbHOCTH.

SNR,, ,, = 10logy, (1B).  (17)

BBIBOABI U NEPCNEKTUBBI JaTbHEHIITUX
HccaeJ0BaHuI

[lo pesysbTaTaM NpoBeieHHON paboThl MOXKHO CJie-
JIaTh, CJIeAyIOlHe BEIBOJBL.

Pacnpenenennas BJ/IBC MoxeT ObITh omucaHa Kak
«3aMollleHHue» IJIOCKOCTH peryJsipHON CTPYKTypoH
30H nokpeITUA T/, XapakTepusyeMoil MOTUBHOH efu-
HHUIeN «3aMOlLeHUsA» U 6a31COM, 3aJal0IUM TPaHCIA-
LIMOHHYI0 CHMMETPHIO B pellleTKe.

[l yyeTa MexXKaHa/IbHBIX NTOMeX Ha LeJsieByo T/l
Heo6X0IUMO NIPUHUMATh BO BHUMaHUe CIIEKTPaJbHY0
Macky kaHaJsa [EEE 802.11 u cymMapHyI0 MacKy Bcex
KaHaJIOB, CO3JA0UIMX MOMEXY C YYeTOM HX 4YacTOT U
pPacCTOSAHUSA 10 HUX.

HpeﬂﬂO)KeHHbIﬁ noaxo/ onrvpaeTcd Ha reoMeTpuye-
CKyl0 MoO/JeJib, UCII0JIb3yd 3aJdaHHbl€e MOTHUBHbIEC €U-
HHUILbI «3aMOIIEHUA» IIJIOCKOCTHU IIpU YCJI0OBHUH, 4YTO
onpejesieHa MoJeJib 3aTyXaHUA CUTHAJIOB, CO3Jal0IUX
IIOMEeXH.
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[IpensioxxeHHast MOJiesib [TO3BOJISIET YYUTHIBATD 3¢- B panbHeiieit paboTe B pa3BUTUU JJAHHOW MO/ e/u
beKThl MeXXKaHa/lbHbIX TOMeX, IPUHUMAsi BO BHUMa-  Oy/JleT pacCMOTPEH METOJ, HaXOXKJeHHUs Hauaydllen
HUS TEOMETPUIO BCeH CTPYKTYPhI «3aMOLIEHUSI» IIJIOC-  4aCTOTHOM KOHQUTypaluu /sl YaCTOTHOTO KJIacTepa
KOCTH, UMesl oCHOBHbIM KpuTepueM OCII Ha cTopoHe  3aJjlaHHOM reoMeTPHUM U OKa3aHbl BO3MOXKHbIe pellle-
nesesor T/I. HUA JIJ19 pa3JINYHOrO ero pasmepa.
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AHHoTanma: PaspaboraHa aHaJMTHYECKass METOAUKA ONpeseIeHNs] 3aBUCMMOCTH UHTEPBaJa YaCTOTHON KOp-
pesiluy 3aMUpaHUi B OJHOJIY4YEBOU EeKaMETPOBOW PAJJMOJMHUM OT OTHOIIEHHUsI paboyeld 4acTOThI K MaKCH-
MaJIbHO MPUMEHHUMOMN YacToTe cTeneHu AuPpdy3HocTH noHOoCchepbl (MHTEHCUBHOCTH MeJKOMACIITAOHbIX HEO -
HOPOJIHOCTe!) U AaJbHOCTH CBA3HU (MPOTSXKEHHOCTH PAaJAMOJHUHUM). ITa 3aBUCUMOCTD [OJIy4eHa B BU/Jle IPOU3-
BeJleHUs TpaJULMOHHOI0 HHTepBaJla YaCTOTHON KOppeJsilluM 3aMHUpaHUl B OJHOJIy4YeBOH JleKaMeTpOBOH pa-
JUOJIMHUM Ha MOHMWXaluil koadpdunuenT. O60CHOBAHO, YTO MO Mepe YBeJHWYeHUs] OTHOLIEHUs1 paboyeil ya-
CTOTBI K MaKCHUMaJIbHO IPUMEHUMON BeJIMYMHA TPAJULIMOHHO OTNpe/iesIsieMOro MHTepBasia YaCTOTHOH KoppeJisi-
I[M1 3aMHPaHUHI yMeHbLIAeTCs, a MOHWKAWIEero Koa¢pduipenTa — Bo3pacTaeT. Y CTaHOBJIEHbI ONTHMAaJIbHbIE
3Ha4yeHUs paboyel 4acTOThI (10 OTHOIIEHHIO K MaKCUMaJbHO NPUMEHUMOMN YacTOTe) M0 KPUTEPHUIO obecneye-
HHA MaKCMMaJIbHbIX 3Ha4YeHUH UHTepBaJla YaCTOTHOM KOppessiliMM 3aMHUpaHUi B 0JJHOJIy4eBOH JleKaMeTPOBOH
paguoauHu. [lokasaHo, 4To yBeJIMueHHe JaJlbHOCTH JleKaMeTPOBOM CBSA3M MPUBOJHUT K paclIMPEHHI0 HHTepBa-
JIOB YaCTOTHOM KOppeJsliu1 3aMUPaHuH, a yBeJndeHUe YPoBHA AudPy3HOCTH HOHOCHEPBI NPUBOAUT K YBEJH-
YeHHI0 CpeJiHeKBaJpaTUUeCcKOT0 OTKJOHeHUs QyKTyanui ¢paszoBoro G¢poHTa BOJIHBI Ha BbIXoJe MOHOCHEDHI,
YTO OKa3bIBaeT BJIMsSHNE Ha YMeHbLIEHHE MAaKCUMaIbHOTI'0 3HAaYEHHUS] UHTEPBaJia YaCTOTHON KOPPeJIsALUHU 3aMHU-
paHUH, KoTopoe HabJrofaeTcs Npy 6ojiee HU3KOM ONTHMAJbHOM 3Ha4eHUU paboyel 4acTOThbl B OJHOJy4YeBOH
JleKaMeTpoBOH paJironHuU. [loslydeHHbIe pe3yIbTaThl IO3BOJISAT HPOBECTH OLIEHKY TOMEXOYCTOHYHMBOCTH IIPH-
eMa CUTHAJIOB IPY pa3/IMYHbIX 3HAYeHUAX MHTepPBaJIOB YaCTOTHON KOPpeJIsALlUY, B TOM YKCJIe U TPU BOSHUKHO-
BEHUH YaCTOTHO-CeJIeKTUBHbBIX 3aMHUPaHUH.
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Abstract: An analytical method has been developed for determining the dependence of the fading frequency
correlation interval in a single-beam decameter radio link on the ratio of the operating frequency to the maximum
applicable frequency, the degree of ionospheric diffuseness (the intensity of small-scale irregularities), and the
communication range (radio link length). This dependence is obtained as the product of the traditional fading
frequency correlation interval in a single-beam decameter radio link by a reduction factor. It is substantiated that as
the ratio of the operating frequency to the maximum applicable frequency increases, the value of the traditionally
determined fading frequency correlation interval decreases, and the reduction factor increases. The optimal values of
the operating frequency (relative to the maximum usable frequency) are established according to the criterion for
ensuring the maximum values of the fading frequency correlation interval in a single-beam decameter radio link. It is
shown that an increase in the decameter communication range leads to an expansion of the fading frequency
correlation intervals, and an increase in the level of ionospheric diffuseness leads to an increase in the root-mean-
square deviation of fluctuations of the wave phase front at the ionospheric outlet, which affects the decrease in the
maximum value of the fading frequency correlation interval, which observed at a lower optimal value of the operating
frequency in a single-beam decameter radio link. The results obtained will allow us to assess the noise immunity of
signal reception at different values of frequency correlation intervals, including the occurrence of frequency-selective

fading.

Keywords: decameter radio link, selection of the optimal operating frequency, the maximum applicable frequency,
ionosphere, diffuseness, small-scale inhomogeneities, phase front fluctuations, fading, frequency correlation interval

Funding: the work was supported by the Russian Science Foundation, grant no. 22-21-00768.

For citation: Koval S., Pashintsev V., Skorik A., Salnikov D., Mikhaylov D. Optimal Operating Frequency According
to the Maximum Interval of Frequency Fade Correlation in a Single-Beam Decametric Radio Link. Proc. of Telecom.
Universities. 2022;8(2):37-47. (in Russ.) DOI1:10.31854/1813-324X-2022-8-2-37-47

BeeaeHue B ogHony4eBbix JKM-pagnonHUsAX 3a c4eT pacce-
sIHUSI BOJIHBI HAa MesikoMaciiTabHbix (100...1000 M) He-

HAXOASIT LWIMPOKOE MPHMEHEHHe 6aroaps ux apro-  OAHOPOJHOCTAX MOHOChephl BO3HUKaeT AudysHas
HOMHOCTH, HU3KO#i CTOMMOCTH Tlepe/iauy B mepecdere ~ MHOTOJIYYEBOCTH C MAKCHMa/JbHBIM OTHOCHTE/IbHBIM
Ha 1MGaifiT MHGOPMAaLMM M GOJbIWOH AaibHOocTH — BPEMEHEM 3amasjblBaHus (MHTEPBAJOM MHOTOJyYe-
cBsiau [1, 2]. [Ipy 3TOMy 3HAYUTENbHBINA MpOLEHT Bpe- ~ BOCTH, paccesHus ay4deit) At; =50...200 mkc [5], yTo
MeHU cymecTBytoT JAKM-pafHOJMHIH C OAHHM auc-  CYUECTBEHHO MEHbIIE OTHOCHTELHOTO BPEMEHH 3a-
KPETHBIM JIy4oM (MOZ0M): 85 % NpH AaNbHOCTH cBsiay ~ 11a3/bIBaHusA B /iByxy4yeBbiX JKM-pannonnnusx
R=3000 kM 1 31 % - ipu R = 1500 kM [3, 4]. At; = 1...12 Mc [6-11]. [lpuHuMaeMblii CUTHaJ B OJHO-

Pagnonuuuu gekamerpoBoro (JKM) auanazoHa
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aydeBblx JKM-paguosnHuax Bcerja NoJBep:KeH 3a-
mupanusMm [5-11]. [lociegHue GyAyT UMETh OOIIUI
(rmagxui, HeceJIEKTUBHBIN) XapaKTep, eCIU sl BbI-
OpaHHOU IIHUPUHBI ClIeKTpa F, CUrHa/Ia BBIMOJIHAETCS
yCJI0BHE OTCYTCTBUS 4YaCTOTHO-CeJIeKTUBHBIX 3aMUpa-
Hui (YC3) Fy << 1/At; = E, rae F, = 1/At; - uHTep-
BaJl YaCTOTHOM KOppeJiAllMM 3aMHUpPaHUN B PaZUOJIH-
HUU ¢ 11dPy3HOM MHOTOJIyYeBOCTHIO. JIJIUTENBHOCTD
T, curHasa BbIOMpaeTCs TaK, YTOObl BBINOJHAJOCH
yCJI0BUE OTCYTCTBHUSI MEXCHUMBOJIbHON MHTepdepeH-
nuu (MCH) T, >> At; npUHUMaeMbIX CUTHAJIOB.

[ToMexoyCcTOMYMBOCTb MPHUEMA CUTHAJIOB, MOJBEP-
KeHHbIX YC3 u MCH, MoKeT CHUKATbCS Ha HECKOJIBKO
MOPSAAKOB IO CPAaBHEHUIO C IPUEMOM CHUTHAJIOB C 00-
LIMMU 3aMUpaHUAMH [4, 6]. [IoaTOMy Ha 3Talle NpoekK-
TUPOBAHUA CUCTEM PAJUOCBASU C OJHOJYYEeBbIMU
JAKM-paguosMHUsIMH HE0O0XOAMMO 3HATh WHTEPBAJ
YaCTOTHOW KOPPEISANNHN 3aMUPaHUHN, 00YCJI0BJIEHHBIX
nuddysHol MHOTroy4eBoCThio F, = 1/A1;.

[Tockosbky corsiacHo [5] B opHosyyeBont JIKM-
paiMOJMHUM OTHOCUTEJbHOE BpeMs 3ala3/blBaHUS
Andody3HbIX Jydelt cocTtaBaseT At; = 50...200 MKc, TO
BesimunHa F, =~ 1/At;=20...5 k', CorsiacHo [4] unTep-
BaJl YaCTOTHOM KOppessiLluM 3aMHUpPaHUU B OJJHOJIyue-
Boi JJKM-paZMo/IMHUN CylleCTBEHHO MeHblle U CO-
craBasietr F, = 1/At; = 2.3 k['. CorsiacHO 3Kcrepu-
MeHTaM [12] npu ganbHocTu JIKM-cBsi3u =~ 3000 kM
JaHHbIM MHTepBaJ MOXeT JOCTUraThb 3HAuYeHUuu F, =
=~ 40 kl'n.

O4eBHU/IHO, YTO CTOJIb 3HAYUTENbHBIN pasbpoc (K, =
~ 2..40 xI'l) U3MepeHHbIX 3HaYeHU HMHTepBaja 4a-
CTOTHOM KOppe/NdlUM 3aMHUPaHUN B OJHOJy4€eBOU
JKM-paio/JIMHUYM NIpY OTPaHUYEHHBIX CBEJIEHUSX 00
HCXOJHbIX JaHHBIX 3KCIIEPUMEHTOB O00yCJaBJUBaEeT
NOTPEeOGHOCTh TEOPETHYECKOT0 H3yueHHUs 3aBUCHMO-
CTH BeJMYUHBI F, OT mapaMeTpoB IepeaBaeMbIX
JKM-curHasnos, creneHy Judpdpy3HoCTH HOHOCHEDPHI U
reoMeTpPUH PaJMOJHHUH,

HsBecTHO [13], uTO YypoBeHb (cTeneHb) AudPdy3HO-
CTH HOHOCHEPDI MOXKHO OLEHUTh UHTEHCUBHOCTBIO 3,
ee MeJIKOMacCIITaGHbIX HEOJHOPOAHOCTEH, XapaKTepH-
3yIOLIEd OTHOCHUTEJbHbIE QJIYKTYaLlMH 3JIEKTPOHHOH
KOHUeHTpauuu. Ee BesnyuHa cocTtaBjsdeT B" =
= 107%...1072 B HOpMaJbHOU (HEBO3MYILIEHHON)
voHocdepe U MOXeT Bo3pacTaTb 20 B, = 107%...107" u
6oJiee B yCJOBUSIX BO3MyLeHUH (THUna guddysHoctu
rnoHocdepsnl). CorsiacHo [14] WHTepBas YaCTOTHOH
KOppeJsiliui 3aMUpaHuil B ogHosydeBoit IKM-pajguo-
JINHUH CBSI3aH C MHTEHCHUBHOCTbIO MeJIKOMaCIITaOHbIX
HeoZHOPOAHOCTeN HoHocdepbl 06paTHO MPOMNOPLHO-
HaJIbHOH 3aBMCHMOCTBIO: F, ~ (BH)_l. Ha ocHoBe 3kc-
nepruMeHTOB [10] ycTaHOBJIEHO, YTO UHTEPBAJI YACTOT-
HOW KOppeJsiliuy 3aMUpaHui F, CyllecCTBEHHO 3aBH-
CUT OT AanbHOCTU cBsA3U R. CorsacHo [11] uHTEpBan
YAaCTOTHOW KOppEeJSUU 3aMHUpaHUN B OJHOJY4YeBOM
JAKM-pafnoMHUU [0JKEH 3aBUCETb OT OTHOILEHUS

Ko = fo/fm < 1 pabo4eil 4acTOThI f, K MaKCUMaJIbHO
npuMeHuMon yacrore (MIIY) f,,,. O4HAKO KOHKpPETHBIE
3aBucuMoctH F, = Y(fy/fm) B [11] He ycTaHOB/IEHBI.

OTcroza cieayeT aKTyalbHOCTb HOJyYEeHHUs aHaJIU-
THUYECKOH 3aBucuMocTd F = Y(fy, B,,R) uHTepBasa
YaCTOTHOW KoppeJsiuu B ogHosydeBor JJKM-paguo-
JINHUU OT BblGOpa pabouelt 4acToThl (f,), UHTEHCUB-
HOCTH MOHOCHEPHBIX HEOJHOPOAHOCTEH (B, ) 1 3aaH-
HOU JjaibHOCTH cBs3U (R).

B [15] 6b1s1 pa3paboTaH aJrOpUTM ONpeieseHus 3a-
BucuMOCTH F = Y(f,,B,,R) WHTepBana 4YacTOTHOH
KOoppeJssiiuy 3aMUpaHUi B oJlHoy4YeBou JIKM-paauo-
JINHUY OT BbIGOpa pabodel 4acToThI f;, KOTOPBIHA yuu-
ThIBAaeT BJIMSHUE MeJKOMAacCLITaGHbIX HEOJHOPOHO-
creii (ypoBHs AuddysHOCTH B,) OTpaXaroL(ero cJost
roHocdephl IPHU 33laHHON AalbHOCTH cBs3U R. Heno-
CTAaTKOM IOJIyYeHHOU B [15] aHa/IMTHYeCKOH 3aBUCH-
moctu F = Y(f,, B, R) sABIsAeTca y3kasd 06JacTb ee
NPUMEHUMOCTH, KOTOpasi OrpaHUYeHa YCJIOBHUAMHU
nposiBieHuss Judpdy3HoCcTH noHOChephbl, KOrja Besu-
yuHa B, = 107, W JaeT CyHecTBEHHO 3aBbllIEHHbIE
(Ha nopsAoK U 60Jiee) pe3yJbTaThl pacyeTa F B ycio-
BUSIX HOpMaJsibHOW (HEBO3MYLeHHOH) HoHochephl
npu oTcyTcTBUM (B, = 107%) i craGom yposse (B, =
= 1072) nuddysHocTH.

Jlis ycTpaHeHUs 3TOoro HejoctaTka B [16] ocy-
llecTBJIeHa pa3paboTKa MeTo/a onpeje/ieHUs aHalu-
TUYecKoi 3aBucumoctd F = Y(fy, B, R) uHTepBazia
YaCTOTHOW KOppeJsLUU 3aMHUpPaHUN B OJHOJIYYEeBOH
JleKaMeTpOBOM paZIMOJIMHUU OT BblGOpa paboyei ya-
CTOTbI, ”YHTEHCUBHOCTH MOHOCHEPHBIX HEOJHOPO/JHO-
creii (B,) ¥ 3aJaHHO# JaJIbHOCTH CBSI3H, KOTOPbBIH M03-
BOJISIET MOJIYYUTb JOCTOBEpPHbIEe pe3y/bTaThbl pacyeTa
B yCJIOBUAX He TOJIbKO AuddysHoi (B, = 107%), HO U
HOpMasbHOH HoHocdepn! (B, = 1073...107%). 3ToT pe-
3yJbTaT ObLI AOCTUTHYT Ha OCHOBE KOMIIJIEKCHOIO
NpUMeHeHUs [BYX Mojesel pacnpoctpaHeHus JKM-
BOJIHBI: 1) MHOTOJIy4eBOM MOJiesTH C yueToM Auddys-
HOCTH HOHOcdepsl; 2) paauodusnyecKod MoJeand C
ydyeToM AMPaKL MU BOJHBI HAa MEJIKOMaCIITAOHBIX He-
OJJHOPOJHOCTSIX HOHOCPEPHI.

B cOOTBeTCTBMHM C MOJy4eHHBIM AHATUTHYECKHUM
BoipakeHueM i F = Y(fo, B,,R) B [16] nocTpoeHsbl
rpa¢uku 3aBucuMocTH F, = Y(B,) MHTEepBasa 4acToT-
HOM KoppeJsiiuu 3aMUpaHuil B oaHoJiyueBod JIKM-
paZiMoJIMHUM OT cTeneHu AudPy3HOCTH MOoHOCHEDDI
(B, =107%...10"") mpu BbIGOpE Pa3IUYHBIX PAGOUHX
yactoT oTHocuTesbHO MIIY (fy; = 0,6f;, U fo2 = 0,8f,)
1 ganbHOCTH cBsi3H (R = 600, 2000 1 3000 kM). AHa/IM3
3TUX rpadMKOB N103BOJIMJI yCTAHOBUTD CJeAiyIolI1e 3a-
KOHOMEpPHOCTH:

— 3aBUCHMMOCTb MHTEepBaJla YaCTOTHOM KOoppessLiUuU
3aMUpaHui B ogHoydeBod JIKM-paguoivHUU OT OT-
Howenus: Ky = fy/fn, < 1 paGoueit yactotbl k MIIY
HeOoZHO3HAYHa U OTIpesiessieTcs cTeneHbio AuddysHo-
ctu noHochepei B ;




Tpyabl yueo6HbIX 3aBeAeHui cBsa3u. 2022, T. 8. Ne 2

- Ip¥ HopMasibHOU HoHocdepe (B, = 107%...107%)
MHTepBaJ YaCTOTHON KOppesLiY 3aMHUPaHU# CBSI3aH
C paboyelt 4YacTOTOU MPSAAMO NPONOPIIMOHATBHOM 3aBU-
cumoctbio F, ~ fo = 1/K, f,n, @ Ipu cuIbHON audoy3-
HoCTH MoHOcdepnbl B, = 107%...107" - o6paTHO mpo-
nopuyoHaabHoit F, ~1/fy = 1/K, fin.

Bosiee feTanbHbIN aHa/IM3 OJy4eHHOU B [16] 3aBu-
CUMOCTH UHTEepBaJia YaCTOTHOU KOppeJsiLUK 3aMHUpa-
HUU B ofgHOoJy4eBor JJKM-painoaMHuM ¢ JaJbHOCTBIO
R = 2000 kM ot otHowenust Ky = fy/f,, paboueit ua-
crotel K MIIY (nipu f,,, = 15,1 Ml'u) npu cpefHeH cTe-
nexu AudPysHocT noHochepbl B, =5 - 1072 moKasbl-
BaeT cjefytouiee. [Ipy BbIGOpe paboyeill 4acTOThI

o 12,1 MI'y o6ecnieuuBaetca F, = 5,3 MI'y, npu no-
HUKE€HHWU 4acTOThl 710 = 9,1 Ml uHTepBaJ YaCTOTHOU
Koppessuu paciuupseTcs o = 6,2 MI'y, a npu ganb-
HellleM NMOHMXEHUHU 4acToThl =~ 6 MI'1 oH cyxaeTcs
no =~ 5 Mrln,.

OTcilofla MOXHO cAesnaTh BBIBOJ, UTO NpPHU YpPOBHE
nuddysHoctu MoHocdepnl B, =5 107% B 06J1aCTH OT-
HollleHHUs pabovel yactoTsl Kk MIIY K, = 0,6 numeeT Me-
CTO MaKCHMaJIbHOe 3HaueHHe WHTepBaJla 4aCTOTHOU
KOppeJALU 3aMUPaHuil B ogHosydeBor JJKM-paauo-
sunuM F, = F . = 6,2 MT'LL.

Llesnbto cTaTbu sBJASETCS pa3paboTKa METOJUKHU
omnpeseseHds] 3aBUCHMOCTH HHTepBaja YaCTOTHOH
Koppensiuuu F, 3aMupaHud B ojHoJuaydeBou JIKM-
pPaZIMOJIMHUM OT OTHOLLIEeHUs paboyell 4aCTOThI K MaK-
CMMa/IbHO NpUMeHUMOH, cTeneHu JAubPy3HOCTH
voHocdepbl B, ¥ AaJbHOCTH CBA3U (IPOTSKEHHOCTH
Tpacchel) R U onpesiesieHUs Ha 3TOW OCHOBE ONTHMaJIb-
HOU paboyeill yacTOThl (OTHOCUTENIBHO MaKCUMaJbHO
npUMeHUMOH) B ofgHoay4YeBol JIKM-paguonunuufy, =
= fonr(x) 10 KPUTEPHUIO 06ECreyeHns] MaKCUMaIbHbIX
3HaueHUU HMHTepBasa YaCTOTHOM KOppeJssLiUuU 3aMH-
paHui NpU pasjndHOM cTeneHU JUPPY3HOCTU HOHO-
coepnl B, 1 AaIbHOCTH CBsA3M R.

Pemtenve aToi 3aav9u uenec006pa3Ho pa3aesIuTb
Ha TpH 3Tala.

Iman 1. OnpejesieHre 3aBUCUMOCTH HHTepBaJla 4a-
CTOTHOHN Koppensuuu F, 3aMHUpaHUN B OJHOJIYYEBOH
JKM-paio/JIMHUY OT OTHOIIEHUsI paboyel 4acTOThI K
MIIY npu 3afaHHOM cTeneHU AUPGY3HOCTU HOHO-
coepbl B, U AabHOCTH CBA3M R.

Iman 2. AHanu3 BAWSAHUS YPOBHA AUPDY3HOCTH
voHocdepbl B, Ha M3MEHEHHe 3aBUCUMOCTH WHTEp-
BaJla YaCTOTHOM Koppeasuuu F, 3aMupaHuii B ogHOJIY-
yeo#t JJKM-pauoJIMHUM OT OTHOIEHUS pabodyel 4a-
ctoThl Kk MITY.

Iman 3. AHaM3 BAUAHUA AAJBHOCTH CBSA3U R Ha U3-
MeHeHHe 3aBUCHUMOCTH UHTepBaJjia YaCTOTHOU Koppe-
JAUMM 3aMUpaHUil B ofHoJsydeBodl JIKM-paauo-
JINHUU OT OTHOLIeHUs1 paboyeil yactoTsl kK MIIY npu
pasJIMYHBIX YPOBHAX AUPDY3HOCTH HOHOCPEPDI B .

1. OnpepeeHue 3aBMCUMOCTH HHTEpBaJa
4acTOTHOM KOppesiiui 3aMUPaHUH
B oAgHoJIy4eBoi IKM-paauoimiHuu
OT OTHOLIEHUsA paGoueii yacToTsl kK MITY

Jlnisg DOCTUXKEHHUS TIIOCTaBJIEHHOM IieJIM Heob0Xo-
JIUMO, B IEPBYIO OUepeb, IPeICTABUTh MOJIyYeHHYIO B
[16] 3aBHCHMOCTb HHTEpPBAJIa YACTOTHON KOPPEISLNU
3aMUpaHUi B OJHOJIyYeBOH JeKaMeTPOBOM paZuoJiu-
HUM OT BbIGOpa pabouyell 4acCTOTbl, UHTEHCUBHOCTH
MOHOChepHBIX HeojHOpoAHOCTEH (B, ) U 3aAaHHOM
JaJIbHOCTH CBSI3U B TAKOM BU/le, KOTOPBIM I0Ka3bIBaeT
Ha/M4yvMe MaKCUMaJbHOr0 3HayeHUs F ., IpU HEKO-
TOPOM ONTUMaJIbHOM 3HAaYE€HUHU OTHOIIEHUS paboueit
4yacToThl K MITY.

BblpaxkeHHe [A/1A OLleHKM HWHTepBaja 4aCTOTHOHU
KOppeJsiuu 3aMUupaHui B oJHoay4eBou JJKM-paauo-
JINHUY B [16] mosiy4eHo B BuJe:

fo \/1 —In (1 - exp(—ofb) +exp(1— 6(21)))
- 0p2 +di

rae o - CKO ¢ayktyanuii ¢asosoro dpponrta JKM-
BOJIHBI Ha BBIXOJe U3 MOHOCPEpPH! ¢ MeJKOMacITab-
HBIMHU HEOJHOPOJHOCTSMH, OIpesiesIsieMOoe Kak:

~ for, (VL)

¢ cKZsec?0,

Fy (M

(2)

rae L, - NpoTsS)KeHHOCTh 3KBUBAJIEHTHOTO OJHOPOJ-
HOTO Ny TH pacnpoCTPaHeHH!s BOJIHbI B HEOJHOPOLHON
noHocdepe; [ — xapakTepHbId (cpeiHUN) pa3Mep He-
OJIHOPOJHOCTEHN; € — CKOPOCTh CBeTa; K; - momnpaBoy-
HbIi K03¢dULHEHT Ha chepUUIHOCTb 3eMJIU U HUOHO-
cdepbl; O, - yros najeHus: BOJIHbl Ha HWXXHIOIO TI'pa-
HULy HOHOCOEpHI.

Bxogamuii B (1) koapduuuenT d? xapakTepusyet
HapactaHue AUQpakLUOHHBIX 3¢PeKTOB BO GpOHTE
BOJIHBI BHYTPH HOHOC)EPDI ¥ 32 HEH 10 TOYKU TpUeMa:

” 31> —3L L,+ 2 - 3
te(2mf,/c)? 7
rpeL =L, + L. - cymMa L, ¥ yTH pacnpoCTpaHeHHUs
BOJIHBI B CBOGOJJHOM NPOCTPAHCTBE L, OT TOYKH BbI-
X0/ja U3 MOHOCPEPHI J10 TOYKH [TpHeMa.

BesinyuHa L, onpejesissieTcsl Ha OCHOBe IpeJBapu-
TeJIbHOTO pacyeTa TpyIHIOBOro, peajpHoro U ¢aso-
BOro MyTeW MO JOCTAaTOYHO IPOMO3JKUM GopMyJiaM
[15] u 3aBUCHT OT reoMeTpUU PaAHUOJIUHUHU (yTJa ma-
JleHUsl BOJIHbI Ha HMXKHIOIO paHULy MoHocdepshl 0, ),
3aZlaHHOM Ja/IbHOCTH R CBSI3U M TUIOBBIX TIApaMeTpPOB
cnost F2 voHocdepbl: BBICOTHI HIDKHEN TPaHHUIBI Ay,
MOJIYTOJIIIMHBI Z,, © KPUTHYECKOH 4YacTOThI B TOYKE
OTpaXkeHHus fi,. CyleCTBEHHO yNPOCTUThL pacieT L, 1
6, MOXHO, ec/u HpeHe6peyb CHEPUIYHOCTHIO HOHO-
coepnl (T. e. npuHATL K = 1).
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OTMeTuM, 4To paboyas yactora JJKM-BoJiHbI BBIOU-
paeTcs U3 YCJA0BUH:

fo = Kofm = KofipKssecOy = fi(hor)KssecBy,  (4)

rAe fip = +/80,8N(h,,) — KpuTUYecKas 4acTOTa UOHO-
cdepnl, onpesessieMast CpefiHel 3JIEKTPOHHOM KOHIEeH-
Tparuei N(h) Ha BeicoTe (h) ¢ MaKCHMaJIbHOM MOHHU3a-
uueit h = hy,; f,(hyy) = +/80,8N (h,,) — 9acToTa BepTH-
KaJIbHOU BOJIHBI C BBICOTOM OTpaXkeHUs h = h,.

CorytacHo (4) oTHoleHHe pa6ovyel yacToTbl kK MITY
He 3aBHCUT OT yTIJa najieHus 0, BoJHbI U K03bdUIu-
eHTa chepudHOCTH K; MOHOChEDHI:

Ko = fo/fm = f;a(hoT)Ksseceo/prKsseceo =
= fB(hOT)/pr = (N(hOT)/N(hm))O'S <L
[loatomy BeIpakeHue (2) gsas onpepeneHus CKO
daykTyauuit ¢azoBoro dpponTta JJKM-BosiHbI Ha BbIXO €

13 noHocdepbl MOXKHO 3aNKCcaTh B BUJe IBHON 3aBUCU-
MOCTH OT OTHOIlIeHUs pabouelt yacToThl K MITY:

B (VALL)™ _ KofmB, (VALL)™

¢ cKZsec?6, cKZsec?0,

(2a)

i1 pelieHUst MHOTHX NMPAaKTHYECKUX 33/1a4 0CTa-
TOYHasi TOYHOCTb pPAacyeTOB O6GECHeYMBAETCs, E€C/H
npeHebpeyb MONpPaBKOM Ha cHepUUHOCTb HOHOCHEPDI
U y4YUTBIBaTb TOJIbKO cdepuuHocTb 3emun [17]. B
3TOM cJiydyae MOXHO cuuTaTh Ky = 1 u ¢opmysa (4)
NpUHUMAaeT BU/J| 3aKOHA CeKaHca:

fo=Kofm = Kofxpseceo = f(hor)sechy, (5)

rZie yroj najieHusl BOJIHbI Ha IJIOCKYH HOHOCdepy C
ydeToM cdepuyHocTH 3emaun (c paguycoMm R, =
= 6370 kM) omnpefeJisieTcs N0 3aJJaHHON JaJbHOCTH R
CBfI3U U pe3yJibTaTaM U3MEPEHHUU JelCTBYIOLEN BbI-
coTbl h;(f,) OTpakeHMs BOJIHBI C 4acTOTOM f; co-
IJIacHO BbIpakeHuo [4, 18]:

secOy =+/1+1tg%6, =

Q

R 2 (6)
T (2(hn(f3) +R2/8R3)) '

JeHcTByl011as1 BBICOTA OTPaXKEHUS BOJIHBI OT HOHO-
coepnl B (6) paccuuTbIBaeTcs o u3BecTHoMy [18, 19]
BbIpa)KeHUIO:

1+ (fi/fiw) _
1_(f;3/f1<p)
o nfe 1+ (a/f)
=t M G

rae z, = h,, — hy — nosyTo/IKMHA HOHOCEPHI.

Zm fs

h,(fs) =hy +———In

(7)

Zm fO

Ha ocHoge (5-7) onpezeisieTcs NPOTSXKeHHOCTb 3K-
BUBaJIEHTHOI'0 MyTH pacnpoctpaHeHusi JIKM-BoJiHbI B
HoHocdepe CoryiacHo BeipaXkeHUIo [17]:

L—(h(f)—h)(1+fi%—z—m)x
2oAME 0 & h(f) —ho

1 12 Zm
29, ——(1+2- T ),
X [sec=0, 2( +f32 h;{(ﬁa)_ho

JJIMHa nyTH pacnpocTpaHeH s BOJIHBI B CBOGOJHOM
HIPOCTPAHCTBE L, OT TOYKH BbIXO/A U3 HOHOCHEPHI J10
TOYKHU MpUeMa onpejensieTcs Kak [15]:

_ R3 . . : @ —
L, = sneg S0 (arcsm (smeo (1 + Rg)) 90). (9)

3aMeTuM, YTO AJIs1 MPAKTUYECKHUX pacyeToB pabo-
yed yactoThl (fy) u MIIY (f,,) c nomMolupio HOHO-
rpaMMbI (T. €. 3aBUCUMOCTH h,(f,) AeHCTByIOLIEeH BbI-
COTBI OTPa’KEHUS BOJIHBI OT MOHOCHEPBI OT 4acTOThI
BEPTHKAJbHO HANpaBJEHHOW BOJIHBI f, ) 3aKOH ce-
KaHca (5) 3anucbiBaeTcsl B BU/Jie:

fo(hy) = Kofin(hy) = Kofy'secBy = f,(hy)sec, . (10)

CoryiacHo MeTo/iuke A.H. KazanieBa [20] MakcuMaJib-
Hoe 3HaueHUe pabouel yacToThl (T. e. MIIY) gocturaercs
MpYU YacTOTe BepTHUKAJbHOM BOJIHBI, KoTopas Ha 10 %
HIKe KPUTUYECKOH f, = f,° = 0,9f,, n aHanmuTHYeCKH

PaCcCUMTHIBAETCS N0 POPMYJIe:
fn(Ry) = (ﬁg(hﬂ)seceo)maX = f;'secBp = 0,9f,,5ec6p, (11)

rZe yroJ nazgeHus BoyHbl ¢ MIIY Ha HWKHIOIO FpaHUALY
noHocdeprl paccyuTeiBaeTcs no ¢opmyse (6) mpu
fo = fim = 0,9f,; Kak:

(8)

sece(*)z\[1+(R/Z(hﬂ(f;)+R2/8R3))2. (12)

AHanus BeipakeHU# (10-12) mokasbIBaeT, YTO MO
3a/laHHOM [a/JIbHOCTH CBA3UM R W HM3MepeHHOMY HJIH
pacCYMTaHHOMY 3HAYEHHUIO f, MOXHO ONpE/AENUTh
fo = fs = 0,9f, 1 HyxHbIA yrosn nagenus JKM-Bos-
Hbl Ha HOHOCdepPy, 4TO no3BoJisgeT paccyutaTs MIIY
fm = W(R,0p) . Ha 3Toll 0CHOBe MOXHO pacCUUTaThb
NPOTSXKEHHOCTb 3KBHUBAJIeHTHOro myTH L, pacmpo-
ctpaHeHus JJKM-BoJiHbl B voHOchepe Ha MITY o pop-
myse (8) npu secd, = secB;. Jlasee 1Mo aHAJOTMYHOM
MeTo/iMKe /i1 60/lee HU3KUX 3HaYeHUH BepTHUKaJbHO
HampaBJIeHHOU BoJHbI f, < f," = 0,9f, paccuuThIBa-
I0TCAl HY>KHbIe yrJbl NafgeHua JKM-BoJHbI Ha HOHO-
cdepy, 4TO 03BOJISIET BBIOPATH Pab04yI0 YacTOTy fi =
= Kofm = fs(hy)sec8, < f, ¥ paccyuTaTh NPOTAMEH-
HOCTb 9KBHUBAJIEHTHOTO Ny TH pacnpoctpaHeHus JJKM-
BOJIHBI B MOHOChepe Ha 3TOH paboyed yacrore L, =

= Y (fo,00) = W(fo, 60(fo, R)) = W(fo, R).

BoJsiee TouHasi MeTOAMKA pacyeTa MPOTSKEHHOCTH
3KBUBaJIEHTHOTO MYyTH pacnpocTtpaHeHus JAKM-poJi-
Hbl B HoHOCepe L, = Y(fy, R) c yueToM ee chepuyHo-
ctu K; < 1 onncana B [15].
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CoBOKYyMHOCTB BblpaxkeHui (1-12) mo3BoJisieT ycTa-
HOBUTb 3aBUCHMOCTb MHTEPBaJIa YaCTOTHOM KoppeJis-
[UH OT pabovyel 4acTOThI, MapaMETPOB HEOJHOPOAHOHM
roHocdephl ¥ NPOTAKEHHOCTH TPACCHI.

Eciv npeHebpedyb moOnmpaBKONW Ha CHepUYHOCTH
HoHOChepPbl U YUYUTHIBATH TOJBKO CHEpUIHOCTh
3emsH, BesiurHa K = 1 U 3aBUCUMOCTb (2) MpPUHU-
MaeT BUJ;

omB, (VAL L) KofB, (VAL,L)"

o (13)
csec?0, csec?0,

O¢

rae pabouyas vacrtoTa fy, = K,f,, onpenensercs co-
rjacHo (5); 3HayeHue secB, - coryiacHo (6), IPOTSIKEH-
HOCTb 3KBHBaJIEHTHOTO Ny TH pacnpocTpaHeHusa JKM-
BOJIHBI B HOHOCepe L, - coryiacHo (8), a MIIY f,, - co-
raacHo (11, 12).

CnepyeT oTMeTUTb, 4TO BesinurHa CKO duykTyanuit
¢bazosoro pponra JIKM-BOJIHbI G4 Ha BbIXO/(€ U3 HOHO-

cheppl € MeJKOMACIITAOHBIMU HEOJHOPOJAHOCTSMHU
MOJIHOCTBIO OTpe/iesisieT NapaMeTp PalCOBCKUX 3aMU-
paHuil B ogHoay4eBor JIKM-paguonvnuuu [14]:

Y2=i

Py (exp(of) —1) (13)

XapaKTepU3yIIINI OTHOLIEHWE MOILHOCTU PEryJsp-
HOW B, coCTaB/sA0IEH NPUHUMAEMOro CUTHajla K
MOIHOCTH QJIYKTYyallMOHHOM Py, cocTaBistowei (T. e.
IJIyOUHY O6LIMX 3aMUPAHUH ).

Kpome Toro, BesiMuMHa Oy, 3aBUCAILAS, COTJIACHO

(13), oT oTHOLIEeHUs paboueit yacToThl K MITY, ypoBHA
AnddysHocTn MoHOChephl B ¥ AANbHOCTH CBS3U R

yepes 3aBucuMocTH (16) u (18), B ocHOBHOM ompeje-
JIsleT UHTepBaJsl YaCTOTHOW KOppesslMi 3aMUPaHui B
oaHosydyeBo JIKM-pajuo/iMHUY, BbIpaXKeHUE [Jis
OLleHKH KoToporo (1) nesecoo6pasHo 3anucaTh B clle-

AyroiieM BU/JE:
ho
O'qﬂ[ 2+ d%

% \[1 —1In (1 — exp(—0?) +exp(1 — oé)) =

=FK0'8FKOv

FKO =f0/0'¢, ’2+d]2_

SABJIIETCA TPAaJULUOHHBIM [14, 21] BblpaxkeHUeM s
VHTepBaJsia YaCTOTHOM KOppeJsaLMU 3aMUpPaHUN B OJ1-
HosydyeBod [IKM-paguonnHuy;

F.=

(15)

rje

(16)

Hu

8F o = \/1 —In (1 —exp(—o3) +exp(1 - oﬁ))) <1(17)

ABJIAETCA IMOHUXAK UM KOB(l)(bI/IIlI/IeHTOM, BeJIMYHWHA
KOTOpOro npAamMo mNponopurvoHaJIbHO 3daBUCHT OT O'¢

(T. e.6F ~04) W HaxoauTca B HHTepBase 0 <
< 8F o <1

Beipaxkenust (15-17) coBMmecTHO ¢ (13) mo3BoJsAIOT
YCTaHOBUTDb 3aBUCUMOCTb MHTEPBaJIa YaCTOTHOM KOp-
pessiliiM 3aMUpaHui B oaHosydyeBod JKM-paauo-
JIMHUW OT OTHOIIeHUs pabouyel yacToThl kK MIIY, uH-
TEHCUBHOCTH HOHOCOEPHBIX HeoJHOpoAHOCTeM (3,) U
JaIbHOCTH CBsI3H (R).

lleslecoo6pa3sHOCTb TNpeACTaBJeHUs] H3BECTHOIO
BeIpaxkeHus (1) B Buje npousBegenus (15) o6ycios-
JIeHa IPOTHBOIOJIOKHONW 3aBUCUMOCTbIO COMHOMUTe-
JIed OT BEJIMYUHBI Oy, corsiacHo (16) u (17). lloaTomy
10 Mepe yBeJNYeHHUsI OTHOLIEHUs] paboyel 4aCcTOThI K
MIIY 1 mponopuuoHaJbHOTO BO3PaCTaHUs Oy ~ Ky =
= fo/fm TPaAMUMOHHOE 3Ha4YeHue Fy ~1/04 yMeHb-
IIAeTCA, a MOHWXKAKIKUKA KO3GPUuueHT 8F o ~ 0g —
Bo3pactaetT (ot 0 go 1). OTcioga ciaefyet, 4YTO Cylie-
CTByeT TaKoe OINTHMaJibHOe 3HayeHHe pabouell 4ya-
CTOTHI U ee oTHolleHusA K MIIY, npu koTopoM npousBe-
Jenue (15) gocTuraetT MakCHUMyMa.

B kauecTBe mpuMepa omnpezeseHUs 3aBUCHUMOCTU
HMHTepBaJla YaCTOTHOM KOppe/IsiliuM 3aMUPaHUH OT Bbl-
60pa oTHOIIeHUs paboyeit yacToThl K MIIY mpu ciabom
(T. e. HOpMasbHOM) ypoBHe Aubdy3HOCTH HOHOCHEPDI
B, =5-1073 u ganbHocTu cBssu R = 2000 KM B 0HO-
aydyeBoit JJKM-paguosMHUK TNpousBefeM pacyeT F
AJIs JManasoHa OTHOWEHUH f/fi,= 0,2..0,9 u fo/fr, =
=0,3..1 B COOTBETCTBUM C BhIpaKeHUsAMH A4 h, (7),
sec (6), sec6; (12), fo (10), fin (11), L, (8), o (13),v*
(14), Les (9), df (3), Fio (16), 8F o (17), F (15).

PacyeT npousBeieH Npu TUNOBBIX IapaMeTpax CJ10s
F2 noHocdepnl [17]: BbIcOTa HUXKHEN IpaHULBI hy =
=250 KM, NMOJyTOJIIIMHA Z, = 100 KM, KpUTHUYecKas
4acToTa B TOYKe OTpaxeHHus f,, = 7 MI'n. XapakTep-
HbI{ (cpeJHMI) pa3Mep MeJKOMAaCIITAOHbIX HEOJHO-
pOAHOCTEH B pacueTax NPUHSAT paBHbIM [g =200 M [22,
23]. B Tabusnue 1 npuBeeHbl TapaMeTphbl TPAEKTOPUHY,
He 3aBUcslMe oT AudPy3HOCTH MOHOCHEDH], B Tab-
Jidlle 2 - TapaMeTphbl pafiMOKaHa/ia, 3aBUCALIMe OT Hee.

TABJIMIA 1. [lapaMeTpbl TPAa€KTOPHUHU NIPH AaJbHOCTH 2000 KM
TABLE 1. Trajectory Parameters at a Range of 2000 km

s e [ e 2 [ |
0,2 0,3 4,44 | 254 | 3,17 | 16,6 | 1032 | 1,25-10¢
0,3 044 | 656 | 259 | 3,13 | 37,6 | 1005 | 555-10°
0,4 0,57 | 857 | 267 | 3,06 | 674 | 968 | 3,11-10°
0,5 0,69 | 104 | 278 | 2,98 | 107 923 2-105

0,6 0,8 12,1 | 292 | 2,88 | 157 | 872 | 1,41-10°
0,7 0,9 13,5 | 311 | 2,76 | 222 814 | 1,08-10°%
0,8 096 | 14,5 | 338 | 2,60 | 308 | 748 | 8,83-10*
0,9 1 150 | 383 | 2,39 | 437 | 665 | 8,03-10*
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[lo pesysbTaTaM TaGJUILI 2 TOCTPOEHBI rpaduKu
(pucyHoK 1) 3aBUCMMOCTH NOHMKAKIIET0 K03bPULIU-
eHra (17) 6F ., (IWUTPUXNYHKTUPHAS JINHUSI) U UHTEP-
BaJIOB YaCTOTHOU KOPPEeJISLUU, pACCYUTAHHBIX B COOT-
BETCTBUU C BbipaxkeHUusiMu (15) F, (IyHKTUpHAS JiU-
Hus) U (16) F, (crutomHas JIMHUS) 3aMUPAaHUH B OJI-
HosiydyeBoW JIKM-pafiuo/IMHUN NPOTS)KEHHOCTBIO R =
=2000 kM oT BbIGOpa paboyel YacTOTbI OTHOCH-
tesibHO MIIY (f,/f;) npu MasioMm ypoBHe nuddysHo-
ctu nonocepsl (B, = 5-1073).

TABJIMLA 2. IlapamMmeTpbl pajHMOKaHa/1a IPU JaJIbHOCTH
2000 kM pu B, =5-1073
TABLE 2. Radio Channel Parameters at a Range of 2000 km

atp, =5-1073
fo' O 2 FKOJ Fw
/(B/fkp fo/ fin MTn pas Y T 8F o T
0,2 03 | 444 | 006 | 281 | 665 | 0,047 | 3,15
03 | 044 | 656 | 0136 | 532 | 64,6 | 0,108 | 69
04 | 057 | 857 | 0249 | 157 | 61,8 | 0,197 | 122
05 | 069 | 104 |0402| 57 | 581 | 0315 | 183
06 | 08 | 121 |0606| 23 | 532 | 0465 | 247
0,7 09 | 135 | 0878 | 09 | 469 | 0,644 | 302
08 | 096 | 144 | 1,251 | 051 | 392 | 0833 | 326
0,9 1 150 | 1,826 | 0,04 | 29,1 | 0,97 | 282
3 i
F. F
[ R=2000km || =5 10° |
70 T 11
60 T .
~L 4/ T 0,8
50 ~_U/
F A
40 kO ‘/ \\ 1 0,6
&Fo 4 \
30 . 04
20
02
10
0 ' ,
02 03 04 05 06 07 08 09 1 ffs

Puc. 1. 3aBHCUMOCTb MHTEPBaJIa YaCTOTHOM KOPPeJISIuu
3aMHUpaHMii U NOHKaw1ero Koadpunuenrta ot fo/ f,,

Fig. 1. Dependence of the Fade Frequency Correlation Interval

and a Reduction Factor from the f,/ fr,

AHanu3z Tabsuubl 2 ¥ pUCYHKa 1 MOKa3bIBaeT, YTO
MHTEpPBaJ YacTOTHOW Koppesnsuuu F., B COOTBeT-
CTBHUHU C TPAAULMOHHBIM BbIpaxkeHHeM (16) cBsi3aH 06-
paTHO NPONOPLHMOHAJbHON 3aBUCUMOCTBIO C BEJIMYU-
Hoii CKO duaykTyanuit paszoBoro ¢ppoHTa BOJHBI Ha
BbIX0Jle U3 HoHOCcPephl (13), 3aBucAIIedl OT BbIGOpA
pabouelt yacToThI f U ee oTHoweHUs K MIIY (paBHO#
fm = 15 MI'n). CornacHO pUCYHKY 1 npu yBeJIMYeHUU
OTHOIIeHUs paboyeit yactoTel kK MIIY ¢ K, = 0,3 10 1
BesiMunHa F,, MOHOTOHHO MOHMXKaeTcs ¢ 66,5 710
29,1 kI'y, T. e. UMeeT MeCcTO 06PATHO NPOMOPLUOHAb-
Has 3aBUCUMOCTb F o = (fo/fin) L.

[ToHmwxka Ui Ko3pdunueHT 8F ,, HAO6OPOT, CBS-
3aH C 04 NPSMO NPONOPLUOHAIBHON 3aBUCUMOCTBIO
(17).MoaToMy 10O Mepe yBeJTUYeHUsI OTHOLIIeHUsI pabo-
yed yactoThbl K MIIY ¢ Besnuunsl 0,3 70 1 moHMKalo-
mui ko3¢ dunuent Bospacraet ¢ 0,047 go 0,97, T. e.
MMeeT MeCTO NpPsIMO NPONMOpPIMOHA/bHAs 3aBHUCHU-
MoCTb. [loCKOJIBKY HCTHHHOE 3HaYeHHe HHTepBaJa ya-
CTOTHOU Koppessiuuu (25) onpezensieTcs Kak Mpous-
Begenue F . =F, - 6F,, HUMeeT MeCTO HEKOTOpoOe
MaKCUMaJbHOe 3HavyeHue F = F,.. Ha pabodell ya-
crote fo = fonr(), KOTOPYI0 MOXHO Ha3BaTb ONTH-
MaJIbHOM N0 KpUTepUlo obecneyeHUs HaubOJIbILIEro
MHTepBaJa YaCcTOTHON Koppeasuuud 3amupaHuil. Ta-
KO€ MaKCHUMaJIbHOe 3HauyeHHEe COCTABISAET Fy .y =
~ 32,6 k' v 6y/ieT HAGIIOJATHCS HA YaCTOTE fopr(x) &
~ 14,4 MT'y B61u3u MY (fo/ fin = fonr/ fm = 0,96).
[Ipu ganbHENIIEM NOBBILIEHUHM pabodell 4acTOTHI 0
MIY (fo/fn = 1) UPOUCXOOUT CyKEHHE HCTUHHOTO
3HAa4yeHMs] MHTepBaJia YaCTOTHOM KOppessiiuy 3aMu-
paHu# A0 3HayeHus F, = 28,2 k['L,

2. AHa/1u3 BJIMAHMUA YPOBHA AuddysHocTu
HOHOCPepbI

HanoMHuM, 4TO pe3sy/bTaThbl, NpeJCcTaBleHHble B
TabsM1e 2 U pUCYHKe 1, COOTBETCTBYIOT yCI0BUSM He-
Bo3MylLleHHON (HeauddysHoi) HoHOochepsl, Korjaa
ypoBeHb Auddysnoctu mas: B, = 5 - 1073, [poananu-
3UpyeM IpH HEHW3MEHHBbIX NapaMeTpax TPaeKTOpUHU
(kak B TabsuIe 1) U3MeHEeHUs MapaMeTPOB PaAHOKa-
HaJ/la M MHTepBaJa 4YaCTOTHOM Koppeasaluuu F, 3aMu-
paHuii OT OTHOLIEHUS fy/ f, B YCJIOBHUSIX BO3pacTaHHs
ypoBHs AudPy3HOCTH HOHOCHepbl HA MOPAAOK (T.e.
10 B, =5-1072), npeAcTaB/ieHHble B TabJule 3 U Ha
pUCYHKe 2.

TABJIMIA 3. lapamMmeTpsl pajHoOKaHa/1a IpH JaJIbHOCTH
2000 kM mpu B, = 5- 1072
TABLE 3. Radio Channel Parameters at a Range of 2000 km

atf,=5-1072
for O¢» 2 Fyor Fe
fg/ﬁ(p fO/fm MFL[ paz Y KFLI SFKO KFLI
0,2 0,3 444 | 0,596 | 1,531 6,65 0,458 | 3,04
0,3 0,44 6,56 1,364 | 0,429 6,46 | 0,874 | 5,64

0,37 0,53 7,95 2,11 0,11 6,28 | 0,99 6,21
0,4 0,57 | 857 | 2,486 | 0,046 | 6,18 | 0,998 | 6,17
0,5 0,69 10,4 | 4,02 | 3104 | 581 1 5,81

0,6 0,8 12,1 6,06 0 5,32 1 5,32
0,7 0,9 13,5 | 8,776 0 4,69 1 4,69
0,8 0,97 14,5 [12,513 0 3,92 1 3,92
0,9 1 150 |[18,257 0 2,91 1 2,91

CpaBHUTENbHBIN aHAMU3 AAHHBIX TabJuL 3 U 2 mo-
Ka3bIBaeT, YTO yBeJH4YeHHe YPOBHS ANPPY3HOCTH Ha
MOPsIJI0K 00YCIaBINBAET, COTJIACHO 3aBUCUMOCTH (13),
pU OAMHAKOBBIX pabouyux 4YacToTax f, (M OTHoIllIe-
Husx Ky = fy/fm) yBenndenue Ha nopsgoxk CKO ¢payxk-
Tyanui ¢asoBoro ¢ppoHTta JKM-BoJiHbI HA BBIXOJE U3
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HoHochephl. ITO BbI3bIBAET CYXKEHHUE Ha MOPSAJ0K UH-
TepBaJsia YaCTOTHOU KOppessUu 3aMUpPaHUH B OJJHO-
ayyeBord JJKM-paguo/siMHUM, pacCYMTBIBAEMOrO IO
TpaguIMoHHOU ¢opmysae (16). Ero BesnuuHa, co-
[JIacHO Tabsule 3 U PUCYHKY 2, IPU yBeJIMYEHUHU OT-
HoureHus1 paboyeit yactotel kK MIIY c 0,3 go 1 MoHo-
TOHHO IOHMXKaeTcs ¢ 6,65 1o 2,91 kI,

A Y
Fo F
f(mk‘) 5Fo
[ R=2000km | [ p,=5 102 |
7 = 1
[
6 Fo /
5F0 7 0
5 Fe '
4
06
3
/
2 04
02 03 04 05 06 07 08 09 1 f

Puc. 2. 3aBHCHMOCTb HHTEpPBaJIa YaCTOTHOM KOppeIsuu
3aMHUpaHMii U NOHMKaw1ero Koaddunuenrta ot fo/ f,,

Fig. 2. Dependence of the Fade Frequency Correlation Interval
and a Reduction Factor from the fy/ f,

YBeJM4YeHue Ha OPAJIOK BEJIMYHMHBI Oy 3 CYET yBe-
Jin4eHus 3, IPUBOJUT K TOMY, UTO MOHIKAIOLIUNA KO-
a¢dunuent 6F o, yBenmuuBaetcs ¢ 0,458 g0 0,99 npu
BO3pacTaHUM OTHOILIEeHUs1 paboyei yacToThl K MIIY ¢
0,3 1o =0,53 (mpeBbIlIEHHE KOTOPOTO 06GecrnevyrnBaeT
O6F o > 0,99 ¥ npaKTU4YeCKU He BbI3bIBaeT MOHUKEHUS
npousBeneHus F, = F - 8F,,). [loaToMy HUCTUHHOE
3HAaYeHHe MHTepBaja YaCTOTHOW KOPpeJsIUU 3aMU-
paHuit (15) gocTturaer MaKCUMaJbHOTO 3Ha4YeHUs
Fymax = 6,21 kl'y npu fy/fm = 0,53, 4T0 cooTBeT-
cTByeT (npH f,,, ® 15 MI'y) onTUManbHOMY 3HAYEHHUIO
pa6o4ei 4acToThl fo = fonrqg ~ 0,53 - 15 ~ 8 MI'n.

[Ipu ganbHellleM NOBbILIEHUU paboyell 4acTOTHI
fo MIIY npoucxoauT cy»KeHue UCTUHHOTO 3Ha4eHHUA
WHTEepBajia 4YaCTOTHOU KOppessUu 3aMUpaHUK [0
3HaueHud F, = 2,91 kI'L,.

TakuM 06pa3oM, CpaBHUTENbHBIN aHA/IN3 PUCYHKOB
2 ¥ 3 n03BOJIsIeT YCTAHOBUTD C/IeIYIOLIYI0 3aKOHOMep-
HOCTb: 10 Mepe MOBBIIMIEHUsI YPOBHSA Juddy3HOCTH
rnoHocdeps! (B, ) O6YAYT MOHWKATBHCA MaKCUMaJbHOE
3HauyeHHe UHTepBaJsla YaCTOTHOW KoppessLiMY 3aMUpa-
HUHA B ofHosydeBoil JKM-paguonuaum (Fy = F o X
X 8F o = Fymax) ¥ 3HAaUYEeHHE ONTHMaJIbHOW pabouen
YaCTOTHI 110 KPUTEPHIO 06ecriedeHusT HauOOoJIbLIEro UH-
TepBaJsia YaCTOTHOW KOppeasalyMy 3aMApaHuH.

3. AHa/IM3 BJIUSAHMS AAJTbHOCTHU CBA3U

YkasaHHas Bbllle 3aKOHOMEPHOCTb MpPOC/eXHBA-
eTca U And JanbHocted JKM-cBA3u Apyrod mpots-
»keHHocTHu (1500 u 3000), oTsinyHOU oT R = 2000 KM.

AHanoru4yHble NMPOBEJIEHHBIM BhILIE PACUYEThl BHIMOJI-
HeHbl A5 JKM-pafnovHuM ¢ JaJIbHOCTBIO CBA3U R =
=1500, 2000 u 3000 kM HpU pasJIUYHBIX YPOBHSAX
midoysnoctr nonocdepsr (B, = 1073,5- 1073, 1072,
5-1072). I'paduku 3aBucumoctei F, = Y(fy/f;n) IpH-
BeJleHbl Ha pUCYHKe 3.

AHanusz rpa¢ukoB (CM. PpUCYHOK 3) MOKa3bIBaeT
Ha/M4yve ONTUMAJIbHbIX 3HAaYeHUW paboduX YacTOT
(o kpuTEpHUIO 0OeceueHHs] HAUOOJIbILIEr0 UHTEPBAIA
YAaCTOTHOW KOppensinud 3amMupaHuii) gias  JKM-
pPaZiMOJIMHUKM C Pa3/IMYHOUN JaJbHOCTbIO CBA3U. [uig
3TUX paAUOJNHUHN coryiacHo (10-12) paccuuTaHbl ciie-
ayiomue 3HadeHus MIY: f,, = 12,7 Ml f,. =
~ 15 MI'y; f;,3 = 18 MI'u. CorsiacHO PUCYHKY 3 JaJib-
HocTb /IKM-CBI3U He OKa3blBaeT CyLeCTBEHHOTO BJIM-
SHMSA Ha BEeJMYMHY OTHOIWEHHA fo/fm = fonrgo/fin -
Tax, nHanpumep, npu B, =5-1073 (cm. pucyHok 3b)
MaKCUMaJ/IbHble 3HaUeHUs1 UHTePBaJIOB YaCTOTHOM KO-
peJiAlMy 3aMUPaHUM 6y AyT HabJ/1I0AaThCS IPU OTHOILLIe-
HUH fonrae)/ fm & 0,96, 9TO COOTBETCTBYET pab04nM 4Ya-
CTOTaM fonT(K) ~ 0,96f,1 = 12,2 MI'y npu R = 1500 kM,
forr@y = 0,96fm, = 144 MI'yu npu R = 2000kM wu
fonT(K) ~ 0,96f,3 = 17,3 MI'y npu R = 3000 kM.

[Ipu yBenndeHuu ypoBHA AuddysHocTU (CM. pu-
cyHku 3¢ 1 3d) onTUMasbHble OTHOWEHHSA fourae)/ fm
CABUTAIOTCA B CTOPOHY MeHbILIUX 3HadyeHuH. [Ipu B, =
=5x 1072 (cMm. pucyHok 3d) MakcuMaJsbHbIE 3HAYe-
HUSA UHTEPBaJIOB YaCTOTHOM KOppeaALUH 3aMUPaHUI
6yayT UMEeTb MECTO NPH fonrey/fm ~ 0,53, 9TO coOT-
BETCTBYeT PabOYUM YaCTOTaM foury = 0,53fp =
~ 6,7 MI'y ipu R = 1500 KM, fonr) ~ 8 MI'n mpu R =
=2000 KM ¥ fouro = 9,5 M ipu R = 3000 kM.

AHanus puCyHKa 3 TNOKasblBaeT, YTO yBeJH4YeHUe
JanbHocTH JJKM-CcBA31 NPUBOAUT K paclIMpeHUI0 UH-
TEPBaJIOB YaCTOTHOM KOPPEJIALUY 3aMUPAHUH, YTO HE
MPOTHBOPEYUT U3BECTHBIM PaHEe U MOJy4YeHHbIM 3KC-
neprMeHTanbHO AaHHbIM [10]. [Ipu 3ToM, Haubo/Ib-
1as pa3HUIA MeXAy abCONMITHBIMU 3HAYEHUSMHU UH-
TEpPBaJIOB YaCTOTHOW KOppeNdaLUH HabawAaeTcs
BOJIU3M ONTHUMAJbHOM paboyed YacTOThI fonr() MO
KpPUTEPHIO 06ecriedeHrs] HanboIbIlero MHTepBaJa ya-
CTOTHOM KOppeJISILUU 3aMHUPaHUH.

3akKJ/Il0ueHue

Pa3pa6oTaHa MeToAMKa onpeje/leHUs 3aBUCUMO-
CTH MHTepBaJ/la YaCTOTHOM KOppe/siliuM 3aMHUpaHUH B
oaHosydyeBod JJKM-painoIMHUY OT OTHOLIEHUS pabo-
Yyell 4acTOThl K MaKCMMasJbHO nmpuMeHumoin (MITY),
cteneHu Judody3HocTH HOHOCPepbl U JAJbHOCTH
cBsA3W. Ha 3TO# OCHOBe yCTaHOBJIEHBI ONTHMAaJbHbIE
3HAa4yeHUs OTHOLIeHUs paboyed wactoTsl kK MIIY mo
KpPUTEpHUI0 o6ecredeHUs MaKCUMaJIbHbIX 3HauYeHUH
VHTepBaJa YaCTOTHOH KOppeJsiliud 3aMUpaHUl NpU
pasandHoit fuddy3HocTH HoHOChephl U JAaJTbHOCTHU
CBSI3U.
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Puc. 3. 3aBUCUMOCTb HHTEPBAJIOB YaCTOTHOU KOppeJISIUM 3aMUPaHUi IPU Pa3/IMYHON AaIbHOCTH cBsA3H (R = 1500, 2000 1 3000 kM)
W pas/IMYHBIX yPOBHAX AuddysHocru: a) B, = 1073,b) B, =5-1073,¢) B, =102,d) B, =5-1072

Fig. 3. Dependence of the Fade Frequency Correlation Interval from the f,/ f,, Ratio at Different Communication Distances (R = 1500, 2000
and 3000 km) and Different Diffuseness Levels: a) B, = 1073, b) 8, =5-1073%,¢) B, = 1073, d) B, = 5- 1072

HMckoMas 3aBUCUMOCTb oJly4eHa B BU/Jie IPOU3Be-
JleHUs1 TPaJAULIMOHHOTr0 MHTepBaJa YaCTOTHOM KoppeJis-
LMY 3aMUpaHuil B ogHosydeBod JJKM pasuosimHUM Ha
NOHMXKAIMNK KO03QPHUIMEHT, BeJIMYUMHA KOTOPOro
HaxoJuTcs B UHTepBase oT 0 1o 1 ¥ npsAMO mponopIu-
oHaJsibHO 3aBUCHT OoT CKO ¢urykTyarnuii pazoBoro dppoHTa
JKM BoJiHBI Ha BbIX0/le U3 MOHOCHEPBI C MeJIKOMAcIITab-
HBIMH HEOJHOPOJHOCTSMH. [loc/iejHAAS 3aBUCUT OT OTHO-
1eHust paboyeit yactoTsl k MIIY, ypoBHs auddysHoCTH
HoHochepbl U AATBHOCTH CBSA3U. OGOCHOBAHO, YTO MO
Mepe yBeJIn4eHHs OTHOIIeHHs paboyel yacToThl Kk MITY
3HaueHHe TPAJUIMOHHO PaCCYMTAHHOTO HHTEpBaJIa Ya-
CTOTHOH KOppeJISILUY 3aMHUPaHUi yMeHbLIAeTCs, a Io-

CnMCcOK MCTOYHUKOB

HIKatoulero koagduiuernta — Bospacraet ot 0 go 1. [To-
3TOMYy CylIeCTByeT ONTHMaJ/IbHOe OTHOILleHHe paboyeit
yacToTb! K MIIY, mpy KOTOPOM MHTEPBaJI YaCTOTHOM Kop-
peJsiiuyy 3aMUpaHuil B ogHosrydeBoit JKM paauonnHuu
JOCTUTaeT MaKCUMyMa. YCTaHOBJIEHO, YTO yBeJUYeHHe
ypoBHs Auddy3HocTH HOHOChepbl NTPUBOJUT K
yMeHbILIeHUI0 MaKCHUMa/JbHOI0 3HaYeHWs MHTepBasa
YAaCTOTHOW KOppeJsliuM, a yBeJHU4YeHHUe JajJbHOCTH
JKM cBfI3M NpUBOJUT K paclIMPEeHHIO UHTEPBAJIOB Ya-
CTOTHOM KOppesiliuyi 3aMUpPaHuil.

Ha 6a3e moJiyyeHHBIX Pe3yJIbTaTOB IJIAHUPYETCS
MPOBECTH OL|€HKY NMOMEX0YCTOMYMBOCTH MpUeMa CUT-
HaJIOB NpHU Pa3JIMYHBbIX 3HAYEHUSX WHTEpPBaJIOB 4Ya-
CTOTHOM KOppeJsiliuy.
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CaHkT-IleTepOyprckuii rocyZIapCTBEHHBIN YHUBEPCUTET TeJIEKOMMYHUKaNUi uM. mpod. M.A. Bonu-BpyeBuya,
Cankrt-Iletep6ypr, 193232, Poccuiickas ®efepanus

AHHOomayus: 3sotoyusi cemetl nodauscHoli cessu (CIIC) 1G-4G nokasaia, Ymo cemegoe NO3UYUOHUPOBAHUE MPd-
JUYUOHHO paccmMampugeanocs Kak 00Ha U3 dono/HUMeAbHbIX 803MOXCHOCMeEl 8 npoyecce cmaHdapmusayuu, no-
CMpoeHUs U IKchJalyamayuu cemetl, Komopas 6bl1a eocmpeb6o8ana mozda, k020a Cu2HaIbl 2106a1bHbIX HA8U2AYU-
OHHbIX CNYMHUKOBbIX CUCMEM 0KA3bl8AIUCH HeJOCMYNHbL; onpedeieHue MecmonoioceHust ycmpoticme 8 CIIC ocy-
Wecme1s1/10Cb NpeuUMyuecmeeHHo 8 UHMepecax IKCMpeHHbIX CAYHCO U obecneveHust npagonopsidka. 00Hako passu-
mas uHppacmpykmypa CIIC omkpbieasa wupokue 803MOMCHOCMU 0151 onpedeseHust MeECMONOA0HCEHUS, N0IMOMY
8 npoyecce 380/1K0YUU, Ha4UHas ¢ aHano2o8bix CIIC 1G, cogepuieHcma08aaucy U Memodsl N03UYUuoHUposaHus. Lug-
posvie CIIC 2G GSM chocob6cmeosaau pazgumuio cemesozo N03UYUOHUPOBAHUSI C MOYHOCMbIO 00 JecsimK0o8-ComeH
Mempos ho mpebosaHtuio pezyasimopa. ['nobanuszayus CIIC cesasaHa c o6paszosaHuem napmHepckozo npoekma 3GPP
ds151 cmandapmuszayuu cemeti 3G UMTS. C nokoseHust 3G 8 npoyecce cmandapmuszayuu CIIC 6 cheyudukayusix 3GPP
cmasu npedsa811mvbCsi mpebo8aHuUs K cemegomy onpedeeHur0 MecmonoaoxceHus. [JaHHas meHoeHyusl noay4uad
npodo.icenue 8 CIIC 4G LTE u dasvHeliwee pazsumue 8 cemsx 5G. /Jas cemeil 5G 8 nocaedHux cneyugukayusix
3GPP, 8 omauyue om CIIC npedvidywux noko.1eHull, anepavle popmaau3o8aHbl mpebo8aHus K mo4Hocmu nouyuo-
HuposaHusi do o0Ho20 Mmempa. [Ipu 3mom, nomumo mpaduyuoHHbsIX 045 2G-4G cayHaes8 IKCMpPEHHO20 8b13084, NPED-
cmasJieHbl cyeHapuu NO3UYyUOHUPOBAHUS 8 cemsX C8513U 06We20 N0/1b308aHUS, KAK 0151 a6OHEeHmMo8, mak u 04
ycmpolicma: ycay2u Ha 0CHoge no3uyuoHuposaHus LBS, no3uyuoHuposaHue 8 npombluii1eHHOCMU U 30pasooxpaHe-
HUU, Npu ynpasaeHuu 00POHCHbIM 08UMNCEHUEM, 0151 HCeNe3HOJOPOHCHBIX U MOPCKUX 2py30Nnepe8o30kK, a makice no-
3UYUOHUPOBAHUE C UCNOAb308AHUEM GECNUAOMHBIX 1emameabHblX annapamos. /[as peweHusi aMouyuo3Hol 3a-
da4u no3uyuoOHUPOBAHUS C MOYHOCMbIO J0 00HO20 Mempd, YmMo NPUMePHO HA nopsidok meHbule, yem 8 CIIC npedwl-
dywux nokoseHull, 8 cemsix 5G Ha yposHe paduounmepdgbelica Ucnoab3ylomcsi cneyuaabHble ONOPHblE CUSHAABL NO-
suyuoHuposaHnus PRS (Positioning Reference Signals), anepgvie npednoxcerHble 8 CIIC 4G LTE. Hogblli paduouHmep-
¢eiic 5G NR, 8 omauyue om CIIC npedvidyujux nokoaeHuti 4G LTE, donyckaem uchno.1b3o8aHue Ha nopsidok 6o.ee
WUPOKUX No/10C Yacmom 8 duandazoHe MUAAUMEMPOBbIX 80/IH, MO N0368051em docmuzHyms Mempogoll mo4Hocmu
nosuyuoHuposauusi. C moyku 3peHusi c6opa u 06pabomku nepeu4HbIX U3MepeHUll MoYHOCMb NO3UYUOHUPOBAHUS
onpedesisiemcsl, 8 nepsyio o4epeds, UCNOAb3YeMbIMU cuzHatamMu. ObpaujeHue K 8CMPOeHHbIM PYHKYUSIM nakema
pacwuperus 5G Toolbox cheyuanbHo20 npoepammHozo obecneueHus Matlab no3gossi.em su3yaausuposams npoye-
dypul KoHuzypayuu cueHano8 PRS 6 vacmomHo-epemeHHoM domeHe paduouHmepgelica 5G NR. B nepsoii vacmu
ucc1e008aHuUsl, NOCBAUEHHO20 MOOeAUPOBAHUI0 MEXHO102UU cemego20 nosuyuoHuposaHus 5G NR, ¢opmanusy-
romcs npoyedypul KoHPu2ypayuu cuzHano8 PRS, ucnoav3dyemvble 0451 c60pa nep8uvHbLX UsMepeHull. UmumayuoHHoe
ModeaupogaHue npoyedyp 8MopuyHol 06pabomku nepeuYHbIX UsMepeHull ¢ pesyasmupyrujeli oyeHkol koopdu-
Ham ycmpoticme 5G NR sies1s5.emcsi npedmemoM ucciedo8aHusi 8mopoli uacmu. Pesysemamom Hacmosuet pabomol
s18/151emcsi 060CHO8AHUE NPob.aeMbl JOCMUNCEHUS] MemMPOBOll MOYHOCIMU NO3UYUOHUPOBAHUS yCmMpolicme 8 cemsix
nsimozo u noc/s1edyoujux NoKo/eHUll, a makdice NOCMAaHO8KA 3adavu Ha 8MOPU1HYI0 06paboMKy nep8uyHbsIX usmepe-
HUll N0 CKOHPU2YypUpPOBAHHbIM cuzHaaaM PRS.
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Abstract: The evolution of 1G-4G mobile communication networks (MCNs) has shown that network positioning has
traditionally been considered as one of the additional features in the process of standardization, construction, and
operation of networks, which was in demand when the signals of global navigation satellite systems were unavailable.
MCNs were used to determine location mainly in the interests of emergency services and law enforcement. However,
the developed MCN infrastructure opened up wide opportunities for determining the location of devices. Therefore, in
the process of evolution, starting with analog 1G MCNs, positioning methods were also improved. Digital 2G GSM MCNs
contributed to the development of network positioning with an accuracy of tens or hundreds of meters at the request
of the regulator. The globalization of MCNs is associated with the 3rd Generation Partnership Project (3GPP) for the
standardization of 3G universal mobile telecommunications systems. Since the 3G generation, in the process of MCN
standardization, the 3GPP specifications began to impose requirements for network location determination. This trend
was continued in 4G LTE MCNs and further developed in 5G networks. For 5G networks, in the latest 3GPP specifications,
in contrast to MCN s of previous generations, the requirements for positioning accuracy up to one meter are formalized
for the first time. At the same time, in addition to the traditional 2G-4G cases of emergency calls, positioning scenarios
are presented in public communication networks, both for subscribers and devices: location-based service, positioning
in industry and healthcare, traffic control, rail and sea transportation, as well as positioning using unmanned aerial
vehicles. To solve the ambitious task of positioning with an accuracy of up to one meter, which is approximately an
order of magnitude less than in previous MCN generations, 5G networks at the radio interface level use special
positioning reference signals (PRS), first proposed in 4G LTE MCNs. The new 5G NR radio interface, unlike the 4G LTE
MCNs of previous generations, allows the use of an order of magnitude wider frequency bands in the millimeter-wave
range (mmWave), which allows achieving meter positioning accuracy. From the point of view of collecting and
processing primary measurements, the positioning accuracy is determined, first of all, by the signals used. Using the
built-in functions of the 5G Toolbox extension package of the special Matlab software allows visualizing the PRS signal
configuration procedures in the time-frequency domain of the 5G NR radio interface. The first part of the study
considers 5G NR network positioning technology modeling and formalizes the PRS signal configuration procedures
used to collect primary measurements. Simulation modeling of procedures for secondary processing of primary
measurements with the resulting estimate of the coordinates of 5G NR devices is the subject of research in the second
part. The result of this work is the substantiation of the problem of achieving meter accuracy of device positioning in
networks of the fifth and subsequent generations, as well as setting the task of the secondary processing of primary
measurements using configured PRS signals.

Keywords: 5G NR, PRS, Matlab, positioning, meter accuracy
Funding: the work was supported by the Russian Science Foundation, grant No. 22-29-00528.
For citation: Fokin G. Simulation Model of 5G NR PRS Network Positioning Technology with Meter Accuracy. Part 1.

PRS Signals Configuration. Proc. of Telecom. Universities. 2022;8(2):48-63. (in Russ.) D0OI1:10.31854/1813-324X-
2022-8-2-48-63

1. BBeaeHue

B 2021 r. B 3apy6exxHom uzganuu IEEE Communica-
tions Magazine O6blJ0 ONYyGJMKOBAHO JOCTATOYHO
60JIbILIOE YHCJIO PabOT, NOCBALEHHBIX TEXHOJIOTUAM
MO3ULIMOHHUPOBaHUs B ceTax nsaToro 5G NR (a66p. om
aHesa. New Radio) u mocneayrwomux B5G (Beyond 5G)
nokoJsieHn# [1-7]. B pa6oTe [1] moka3aHo, 4TO mepexos
B /IMaNa30H MUJIIUMETPOBBIX BosiH (MMB, mmWave)
BMeCTe C KpaTHbIM yBeJMYeHUEeM LIMPHUHBI NOJI0CHI U

TEXHOJIOTUSIMH (OPMHUPOBAHUS y3KOHANpPaBJIEHHBIX
Jiyded OTKpbIBAlOT HOBbI€ BO3MOXHOCTHU JIOCTHIKEHHSI
METPOBOY TOYHOCTH MPH ONpPe/IeJIEHUH MeCTOT0JIOMKe-
Hus (OMII) nmosb3oBartenbckux ycrpoictB (UE, a66p.
om aHes. User Equipment). B pa6ore [2] cucTremaTusu-
poBaHa apXHUTEKTypa CETEBOTO MO3UI[MOHUPOBAHHS
5G, a TakKe COOTBETCTBYIOIIME MPOLEAYPhI, CUTHAIbI
W U3MepEeHHUs]; pe3yIbTaTbl UMUTAIIMOHHOTO MO/IEJIH-
pPOBaHUs MOKA3bIBAKOT JOCTHXKEHHE TOYHOCTH /0 He-
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CKOJIbKHX METPOB B ClieHapUAX CHAPY>KU NOMelleHUuH
U A0 1M B cueHapusax BHYTpU NoMelleHUd. B pa-
6ore [3] mpeasoxkeHa apXUTEKTypa CEPBHUCOB aHAJH-
THUKHU Ha OCHOBe MeCTOII0JIO}KeHU 1, KOTOpas ABJsIEeTCA
COCTaBHOM 4YaCTbIO 3KOCUCTEMBI 5G U MOXeT UCMOJIb-
30BaThCsA KakK JJ1d NOBBIIIEHUs ToKasaTeseld QyHKIU-
OHUPOBAHMSA CETHU CBA3H, TaK U AJA NPeJ0oCTaBIeHUsA
yCJyT reoJIoKalluu TpeTbUM cTopoHaM. lllupokoe pac-
NpOCTPaHEeHUE YCIyT MO3WLMOHUPOBAHUS B CETSX Isl-
TOr0 U MOCJeAYIOLINX IOKOJEHUHN aKTyaJu3UpyIoT, B
TOM 4YMCJIe U BOIIPOCHI 0OecrnedyeHust UX 6€30MacHOCTH,
KOTOpble pacCMOTpeHbl B [4]; B paboTe dopmaninzo-
BaHbI yrpo3bl cnyGHUHTa U PpaibcuPUKaLMU JAaHHBIX O
MEeCTOIOJIOXKEHUU M0JIb30BATEJNbCKUX YCTPOUCTB, a
TakXe npefcraBjeH SDR-geMOHCTpaTop BbISIBJIEHUS
yIrpo3 C UCNO0JIb30BaHWEM TEXHOJIOTMHU NPOrpaMMHO-
KoHurypupyemoro paguo (SDR, a66p. om anza. Soft-
ware Defined Radio). Ucnosip3oBaHue TexHOJIOTUH ce-
TeBOT'0 MO3ULIMOHUPOBaHUs 5G /1 06ecneyeHus 6e3-
OMAaCHOCTH IOPOKHOTO0 ABMXKEHHUS UccaeayeTcs B [5], B
YaCTHOCTH, IIOKa3aHa paspeliawniasg CIoco6HOCTb
JlaJIbHOMEPHBIX NTEPBUYHBIX U3MEPEHUH [0 HECKOJIb-
KHX CAaHTUMETPOB Ipu paboTe B fjuanazone MMB. 06-
30p NMyTel MCHOJIb30BaHUA JAHHBIX O MeCTOIOJ0Xe-
HUM YCTPOWCTB CeTel MATOr0 U NMOCAeAyLUX IOKO-
JeHul B cueHapusax 3GPP (a66p. om awHesa 3rd
Generation Partnership Project) pns mMukpocoT cHa-
Py M BHYTPHU INOMELIEHUH IpeJcTaBJeH B [6]; B
YaCTHOCTH, CPeACTBAMH HUMHUTAILMOHHOIO MOJEJTHpPO-
BaHMA noJydyeHa ToyHocTb OMII B eguHUMIBI METPOB
IPU UCIO0JIb30BaHUM CIlellUaJbHBIX OMOPHBIX CUTHa-
JioB no3unonupoBaHnus (PRS, a66p. om anza. Position-
ing Reference Signals) ¢ mosiocoit 100 MI'y B fuana-
3oHe FR2 (a66p. om awuea. Frequency Range 2) ot
24 I'Tn, [To3auLMoOHKMpPOBaHUe NPU 3KCTPEHHOM BbI30BE
B TPYAHOJOCTYIHBIX MeCTaxX C UCIOJb30BaHUEM Gec-
MUJIOTHBIX JleTaTe bHbIX annapaToB (BIIJIA), dyHkIu-
OHUPYIOILMX B COCTaBe BO3JAYIIHOTO CerMeHTa ceTed
5G, npoaHanu3upoBaHo B [7]; Takxke B paboTe ycTa-
HOBJIEHO, YTO yBeJIMYeHHe pa3Hoca NOJHeCyIUX pU
WCI0/Ib30BAHUM CUTHAJIOB C OPTOrOHAJIbHBIM YaCTOT-
HbIM MyJibTUILIEKcHpoBaHueM OFDM (a66p. om anea.
Orthogonal Frequency Division Multiplexing) c 30
o 120 k', B suanasoHe FR1 (zo 6 I'Tu) npuBoAuT K
YMEHbIIIEHUI0 OMMOO0K NepBUYHBIX [JaJbHOMEPHBIX
M3MepeHUH. /laHHBIN BBIBOJ, IOATBEPK/IAEeTCs pe3y ib-
TaTaMU MMUTALMOHHOTO MOJEJIMPOBAaHUs U B paboTe
[8], rze, noMuMoO MpoYero, cZesaHbl CAeAYIOIINE BaXK-
Hble BbIBO/bl. Bo-nepBbIX, Hau1y4iasi TOYHOCTb 03U~
LIMOHHUPOBAHUs JJOCTUraeTcs IPpYU paboTe B jUanasoHe
FR2 c ucnosb3oBaHUEeM Haub6o0JIblIero pa3Hoca NojHe-
cymux Af = 240 k['y. CorstacHO HyMepoJIOTHH pajiio-
nHTepoeiica cetn 5G-NR, uem Breilie Af, TeM GoJiblie
CJIOTOB NepefaeTcs 3a OT/JeJbHbIA NEepHo/, BPEMEHH,
YTO, B CBOIO OYepesb, MIPUBOAUT K GOJIbLIEMY YHUCTY
cuMBoJioB PRS 3a aTOoT MHTepBan BpeMeHU. C TOYKHU
3peHUs NepBUYHBIX JaJbHOMEPHBIX U3MePeHUH, JjaH-

HOe 006CTOSTENbCTBO MPUBOAUT K YBEJUYEHUIO BBIUT-
phIlIa OT KOPPEJAIUOHHON 06paboTKU Ha MPUEME H,
cJ1eloBaTeIbHO, 60Jiee TOUHOM OLlEHKE 33IEPKKH IPU
pacnpocTpaHeHuu paauoBoJiH (PPB), T. e. 6osiee Tou-
HbIM JaJIbHOMEPHbIM HW3MepeHUsIM. Bo-BTOpbIX, IpHU
ncnosb3oBaHuu MMB B auanaszone FR2 c pasznocom
nogHecymux Af ot 60 o 240 k' mocTuraeTcs To4-
HOCTb MO3UI[MOHUPOBAaHUSA MeHee 1 M, a IPH UCIOJIb-
30BaHUU JleLJUMeTPOBBIX BOJIH B fuanasoHe FR1 c pas-
HocoM nojHecywux Af ot 15 no 60 kI'y gocturaemas
TOYHOCTb OKa3blBaeTcs B Npefesax oT 1 go 6 M. Met-
poBas ¥ Jlake JlellMMeTpoBasi TOUHOCTb NPU ompeje-
JIEHHBIX YCJOBUSAX MOXKET ObITh JJOCTUTHYTA C UCIOJIb-
30BaHUEM TIJIOOAJbHBIX HAaBUTALMOHHBIX CIYTHUKO-
BbIX cucteM ([HCC).

CoBpemennble ['HCC, Bk/0O4Yasd oOTe4yeCTBEHHYIO
['JIOHACC, amepukaHckyw GPS (a66p. om anza. Global
Positioning System), eBpomelickyto Galileo u kuTai-
ckyto BeiDou o6ecne4uBamOT [JOCTATOYHO BBICOKYIO
To4HOCTb OMII nmo/sib30BaTENbCKUX YCTPOUCTB B yCJI0-
BUSIX Han4us npssMoit BuguMoctu LOS (a66p. om anen.
Line of Sight) mexay cnytHukom u UE [9]. UHTepec k
TEXHOJIOTUSIM Ha3eMHOTO CeTeBOro NMO3WIIMOHHUPOBa-
HUS1 00YCJIOBJIEH TEM 0OCTOSITENLCTBOM, YTO CUCTEMBI
['HCC He o6ecnieqnBarOT TpebyeMoM TOUHOCTH MO3HUIH-
OHUPOBAHMS B YCJIOBUSIX OTCYTCTBHUSA MPSMONA BUAUMO-
ctu NLOS (a66p. om aHesa Non Line Of Sight) mexnay
[0JIb30BaTEJbCKUM YCTPONUCTBOM M  CIYTHHUKOM,
HanpuMep, B CLeHapuUsx IJIOTHOM TOpOJACKOM 3a-
CTpOMKHU (pUCYHOK 1).

Puc. 1. OrcyrcrBue npamoii Buaumoctu 'HCC B ropoackoit
3aCTpoiiKe

Fig. 1. GNSS Non-Line-of-Sight GNSS in Urban Areas

B Takux crieHapusXx 3aZa4a Mo3ULMOHUPOBAHUS MO-
KeT ObITh pellieHa CpeJiIcCTBaMU HHPPACTPYKTYPhI Tep-
pUTOPHUATILHO pacnpe/ieieHHbIX CTallMOHAPHBIX 6a30-
BBIX CTAHI[UH C U3BECTHBIMU KoopAuHaTaMu eNodeB
(eNB) u gNB (gNnodeB) cereit LTE u NR cooTrBeT-
cTBeHHo [10, 11].

AHasu3 3BOJIIOLIUY TEXHOJIOTUH CETEBOIO MO3ULHO-
HupoBaHud B [12, 13] mokasaJs, YTo B IpOIlECCe CTaH-
JlapTU3al{Hy, TOCTPOEHHUs U IKCIJIyaTalluu CeTel Io-
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JABH>KHOW paguocBsaAsu Bo3MoxxkHocTu OMII UE c uc-
MOJIb30BaHUEM HHQPPACTPYKTYypbl CEeTeHd pajuomio-
cryna (CP/]) u3 [OMOJHUTENbHBIX CEPBUCOB TpPaHC-
$OpMUPOBATHUCH B OJJHY U3 OCHOBHBIX YCJIYT, TOUHOCTh
KOTOPOH yBeJIMYMBajIach C KaXX[bIM HOBBIM IOKOJIE-
HueM. 0630p 3BOJIIOLMU NIPOLEAYP CETEBOT0 NO3ULHO-
HUpoBaHuA B [14, 15] nokasaJ, 4yTo yIJOTHEHUE Tep-
PHUTOPHUATLHOTO paclpesie/ieHus CTalliOHAPHBIX 6a30-
BbIX CTAaHIUA U TMOJBUXXHBIX I0Jb30BATENbCKUX
YCTPOUCTB MPUBOJSAT K HEOOXOUMOCTH IOUCKA Mexa-
HU3MOB HacTpaWBaeMoOro IabJjoHa paZuopecypcoB,
BblZleJIEHHBIX /1J1s1 CO0pa ePBUYHBIX U3MepeHHUH C 1ie-
JIbI0 CHW)KEHUS1 BHYTPUCUCTEMHBIX IOMeX NPH UX MO-
BTOPHOM HCIIOJIb30BaHUU. MccienoBaHue crnoco6oB
y4eTa JJAHHBIX 0 MECTOIOJIOXKEHUH T10/1b30BaTEIbCKUX
YCTPOUCTB, PYHKIMOHUPYWOIINX B COCTABe 3KOCH-
cTteMbl 5G, npejcraBieHHoe B [16, 17], noka3saJo, 4To
OHU CIOCOOGCTBYIOT peasu3allid HOBbIX MeXaHU3MOB
YCTaHOBJIEHUS U BeJleHUs] paJJMOCBSI3U Ha OCHOBeE IO-
3MLIMOHUpOBaHUs. B 3apybexHoll suTepaType AaH-
HbIM moaxon noJsyuus Ha3BaHnue LAC (a66p. om aHea.
Location-Aware Communication). [IpuMepoM Hcnosb-
30BaHua LAC aBiseTca COBMeCTHOe HCINOJIb30BaHHE
CHeKTpa NepBUYHBIMU U BTOPUYHBIMU HCTOYHUKAMU
pazuousnyyenus (MPU) 3a cueT ux npeaBapuTesb-
HOr0 MO3UIIMOHUPOBAHUSA JJI1 UCKJIIOYEHUS IOMeX
IpU MPOCTPAHCTBEHHOM YIJIOTHEHUH OJHOBpPEMEH-
HbIX nepefad UPU. AkTyanbHBIM HamnpaBJeHHUEM [
NpPOCTPaHCTBEHHOTrO ymioTHeHus SDMA (a66p. om
aHes. Space-Division Multiple Access) B CBepXIJIOTHBIX
cetsx (UDN, a66p. om anea. Ultra Dense Network) npu
nepexojie B Juana3zod MMB ¢ MuHuaTIOpH3alel MHO-
roaHTeHHbIX cucteM (mMIMO, a66p. om aHaa. massive
MIMO) Takxe SIBJSIETCS AUAarpaMMooOpa3oBaHHe Ha
ocHoBe MecTtonosioxkeHusi LAB (a66p. om anen
Location-Aware Beamforming).

TakuM 06pasoM, B CeTAX NATOTO U MOCJIELYIOIHUX
MOKOJIEHUH NMO3UWLMOHUPOBAHHUE CTAHOBUTCS YXKe He
TOJIbKO OJIHUM M3 HOBBIX CEPBHCOB, HO TaKXXe U CpeJ-
CTBOM JOCTHXXEHUSI KayeCTBEHHO HOBOrO YPOBHSA
GYHKIMOHMPOBAHUS CETH 3a CUET JAHHBIX O TEKYIeM
MECTOINOJIOKEHUN TOJBHKHBIX YCTPOHCTB, B TOM
YHCJIe C UCII0JIb30BAaHUEM PeKHMMa HelloCpeiCTBEHHOU
cBs3u Jpyr ¢ apyroMm D2D (a66p. om anea. Device-to-
Device) u HCKycCTBEHHOTO HHTesIeKTa [18, 19].

Ha cerogHsAIHUN [JeHb BONpPOCAaM TEXHOJOIUHN
Ha3eMHOT0 CETEBOro MO3UIMOHUPOBAHUS MOCBSILEHO
JIOCTaTOYHOEe YUC/I0 PyHJaMeHTabHbIX pPaboT oTeye-
cTBeHHbIX [20-22] u 3apy6exHbIX [23-25] aBTOpOB,
CYTb KOTOPBIX CBOAUTCS K NOUCKY TEXHUYECKUX pellle-
HUN 1O JOCTHXeHUI0 Tpebyemoit TouyHocTu OMII B
CLleHapHAX, IJie CylLlecTBYyIolle TEXHOJIOIMU He obec-
ne4yuBaloT TpeGyeMol TOYHOCTU: HAallpUMep, BHYTPHU
MOMeIleHUH, TPU OTCYTCTBUU NMPSAMON BUAMUMOCTH, B
YC/IOBUSIX IIJIOTHOW 3aCTPOMKH, C HCIOJIb30BAHHEM
BIIJIA v gp.

[llupokoMacuITabHass paboTa MO CTaHJAPTHU3ALUU
TEXHOJIOTUH HAa3eMHOI'0 CETEBOTO MO3ULIMOHUPOBAHUS
5G NR npoBoAUTCA MeX/yHAapOJHBIM KOHCOPLIUYMOM
3GPP. ApxuTekTypa, NpoLeAypbl, IPOTOKOJIbI, CATHAJBI,
HM3MepeHHUs U CLieHapUH CeTeBOro NO3UIMOHUPOBAaHUSA
perjaMeHTHUPOBaHbI B cnenupUKaLUAX U peKOMeH/ia-
nusax 3GPP [26-31]. TS 38.211 [26] onuckiBaeT dpusuye-
CKHe KaHaJIbl ¥ CUTHaJIbI cTaHZapTa 5G NR, B ToM yuciie
CTPYKTYPY OHOPHBIX CHUTHAJOB MO3UI[MOHUPOBAHUS
PRS. TS 38.215 [27] onpenensieT usmepeHus: Ha ¢puU3U-
YyecKoM ypoBHe ctaHaapTa 5G NR, B ToM yucJe pas-
HOCTb BpeMeH NpHUxXoJila ONopHbIX curHasoB (RSTD,
a66p. om aHaa. Reference Signal Time Difference). [lan-
HbIM MapaMeTp UCHOJIb3YeTCs KaK MepBUYHOE U3Mepe-
HHUe Pa3HOCTHO-AajJbHOMepHOoro Metosa B ceTsax LTE u
NR.TR 22.872 [28] cucTeMaTU3UPYET KOJIUYECTBEHHBIE
TpebOBaHUS K CLieHapHUsM CeTeBOro MO3ULHMOHUPOBa-
HUS CHapy»U ¥ BHYTpu nomeneHuil. TR 38.855 [29] co-
Jlep>XUT NapaMeTphbl AJ11 MOeJTUPOBAHUSA U OLLEHKH IO0-
KasaTeJsiell QyHKLHOHUPOBAHUS TEXHOJIOTUN CETEBOTO
no3unroHupoBaHus 5G NR B pas/iMyHBbIX ClieHapUsX.
TS 38.305 [30] cnenuouupyeT apXuTeKTYpy | Ipolie-
Aypbl OMII noJsib30BaTeNbCKOTO YCTPOUCTBA B CETH pa-
auogoctyna NG-RAN (a66p. om anza. Next Generation
Radio Access Network). TS 38.455[31] persiameHTHU-
pyeT npoleypbl CHTHaJIM3aLUU B IIJIOCKOCTH yIpaBJie-
Hus (CP, a66p. om auesa. Control Plane) mexay yssiom
NG-RAN ¥ PyHKIHOHAIBHBIM MOAYJIEM OIpee/eHUs
MecrtonoJyiokeHuss LMF (a66p. om awnesn. Location
Management Function), B ToM 4ucsie nponesypbl CUrHa-
JIM3alluy IPOTOKoJIa no3unuoHupoBaHust NRPPa (a66p.
om axzs. NR Positioning Protocol A).

CorsnacHo TR 22.872[28] u ¢opmMasn30BaHHBIM
cueHapusaM [10, 11], pa3idyaloT ciaeAyoline MpUIo-
>keHust OMII yctpoiicTB B ceTsax 5G NR:

a) ycJIyTy Ha OCHOBe No3uliMoHupoBaHus LBS (a66p.
om aHes. Location-Based Service), nanpumep, OMII guis
BeJIONPOKATa ¥ Te0TAapreTUHT — [TI0Ka3 peKJ/IaMbl, OCHO-
BBIBAIOLIMKCS HA TEKYLEM reorpapuyecKkoM MecToIo-
JIO)KEHHUH T10J1b30BaTES;

6) MO3UIJMOHMPOBaHWEe B  INPOMBIIIJIEHHOCTH,
HanpuMep, NpUI0KeHUAX UHAYCTpUHU 4.0, B TOM 4uCIe
NpH yIpaBJeHUH OTXOAaMHU;

B) HO3UIJMOHUPOBAaHHUE B MPHUJIOKEHUSAX IJEKTPOH-
Horo 3apaBooxpanenus eHealth, Hanpumep, OMII me-
JUIOMHCKOr0 060py/l0BaHUs U MepCOHaJIa BHYTPHU U 32
npejielaMi MeIMIIMHCKUX YUPeX/eHUH;

') IO3ULJMOHUPOBaHHUeE B CJyYassXx IKCTPEHHOIO BbI-
30Ba U B KPUTHYECKHU BAXKHBIX CUTYaLUAX;

[1) TO3UIIMOHUPOBAHHE TPAHCIIOPTHBIX CPEJCTB IPH
yIpaBJeHUU JIOPOKHBIM JBIKEHHUEM M B3MUMaHUH
IJ1aThI 3a IPOE3J;

€) MO3WLMOHUPOBAHUE JJIS JKeJe3HOJLOPOXKHBIX U
MOPCKHUX I'Py30MepeBO30K, HAIPUMeED, OTCIeXKUBaHHe
Irpy30MepeBO30K;

K) MO3ULMOHUPOBAaHWE B MPUJIOKEHUSAX C UCIOJIb-
3oBaHueM BIIJIA.
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OCHOBHOM TEXHOJIOTHEHN CeTeBOro MO3MLMOHUPOBA-
Hua 5G NR daBasieTcs pasHOCTHO-AATBHOMEPHBIN
MeTO/i, Ha3bIlBaeMbId B 3apyOEXHBIX HCTOYHHKAX
HabJt0laeMOi pa3HOCTbI0 BpeMeH NPUXOJa CUTHAJIOB
(OTDOA, a66p. om aHaa. Observed Time Difference of
Arrival). /laHHBIH MeTOJ, ObII CTaHJAPTH3UPOBaH AJIs
ceTeil LTE 1 ocHOBaH Ha UCII0JIb30BaHUU ClleljUaJlbHbIX
OTIOPHBIX CUTHAJIOB No3unmoHrupoBaHus PRS [32]. [lep-
BUYHbIMU U3MepeHUsiMU B MeToZe OTDOA sBasitoTCsA
napameTpbl RSTD, cobupaembie UE 10 CHHXpOHHO HU3J1y-
YyaeMbIM 6a30BbIMM cTaHUMsAMHU eNB curhaisam PRS
[33]. lloTeHMa/IbHAsE TOYHOCTh MO3UIMOHHUPOBAHMUS C
WCNOJIb30BAaHUEM CIleliMajJbHbIX OINOPHBIX CHUTHAJIOB
nosunuoHupoBaHus PRS B cetsax LTE 3aBucur ot coBo-
KYIMHOCTH GaKTOPOB, CPel KOTOPBIX TeOMETPUIECKUI
daktop cHmkeHus TtouHocTH (GDOP, a66p. om awuea.
Geometric Dilution of Precision), onpeaessieMbIii Tomo-
JIOTUel CTallMOHApHBIX ONOPHBIX 6a30BbIX CTAaHLUHN
eNB [34], a Takke cBolicTBa camux curHajioB PRS [35].

Pe3ysibTaTbl UMUTALMOHHOTO MOZIE/INPOBAHUS C UC-
noJib3oBaHWeM naketa pacuiupenusi LTE Toolbox [36]
Y IpuMepa ClieljyaJbHOr0 MporpaMMHOro obecneve-
Hus# (CII0) Matlab [37] moka3bIBalOT, UYTO JOCTHXKUMAS
B ceTsix LTE ToOYHOCTb NO3ULMOHUPOBAHUS M10JIb30Ba-
TeJIbCKUX YCTPOMCTB HAXOAUTCA B IIpeJiesiax [1eCITKOB
MeTpoB. [lo cpaBHeHuto ¢ TexHosorued OTDOA B LTE,
paguountepdeiic 5G NR, coxpaHsis MexaHU3M BblJe-
JIeHU Sl CIeLlMabHbIX ONOPHBIX CUTHAJIOB MO3ULIUOHU-
poBaHuda PRS, nosBoJsiseT ucnosb3oBaTh AJA UX Ilepe-
Jlauu ropaszio 60Jiee LIMPOKKeE MOJ0CHI YaCTOT, YTO 110-
TeHLHa/JbHO NOBbILIAeT TOYHOCTb MO3ULUMOHUPOBA-
HUA yCTPOUCTB A0 efuHuL MeTpoB. Ecin B LTE makcu-
MaJsibHas WHWPHHA N0J0Ckl YacToT paBHa 20 MI'y, To B
5G NR ona gocturaetr 100 MI'y B guanasode FR1 u
400 MTI'y B suanasoHe FR2.

[lesiblo MepBOM YacTU MCCJAe0BaHMSA, NMOCBAILIEH-
HOT'0 MO/le/INPOBAaHUIO TEXHOJIOTUU CETEBOTO MO3UIIU-
OoHUpOBaHUs MeTpoBoil TouHocTu 5G NR, sBiasercs
dopmanuszanusa npouesyp KOHOUrypaluyd ONOPHBIX
curHanoB PRS, ucnosnbsyemMbix A/s c60pa NepBUYHBIX
W3MEpPEeHUN B PpPa3HOCTHO-JAJbHOMEPHOM MeTofe
OTDOA. B pe3sysipTaTe NpoBeeHHOI0 aHa/IM3a U BU3Y-
aJv3auuu npoueayp KoHdurypauuu curHaiaoB PRS
BBINOJIHSETCS NOCTAHOBKA 3a/la4l Ha BTOPUYHYIO 06-
paboTKy NMepBUYHBIX MU3MEPEHUN M0 CKOHGUIYPUPO-
BaHHBIM curHanaMm PRS, koTopas aBigerca npenme-
TOM BTOPOM YacTH JAHHOTO UCC/Ie[,0BaHUS.

MaTepuas HacTosiLel paboTbl OPraHMW30BaH Cleay-
omuM obpasoM. B pasgene 2 dpopmasinzoBaH Mexa-
HU3M KOHUrypanuu curaioB PRS cranpapra 5G NR
C MCII0JIb30BAaHUEM BCIIOMOTaTebHbIX KOMaH/l TaKeTa
pacumpenus 5G Toolbox [38] u nmpumepa [39] CIIO
Matlab. B paspene 3 mpejcraBjeHa NOCTaHOBKa 3a-
Jlayd Ha UMUTALlMOHHOE MOJieJIpOBaHUe BTOPUYHOMN
06pabOTKX NMEPBUYHBIX U3MEPEHUN MO CKOHOUTYPU-
poBaHHbIM curHasaMm PRS. Pasgen 4 copepxuT BbI-
BO/Ibl U HaNpaBJIEHU AATbHEHIINX UCCAe0BaHHH.

2. Kondurypanus curHajioB N03ULHUOHUPOBAHUSA
PRS crangapra 5G NR

2.1.IlocTaHOBKA 3aJa4u

Jlna nosunuonupoBanus UE B cetsax 5G NR moryT
HCI0J/Ib30BaThbCsl ONIOPHbIE CUTHAJIBI, U3JIy4yaeMble Oa-
30BbIMM cTaHUUAMU gNB B kaHazne «BHH3» DL
(DownlLink). C60op u 06pa6oTKa MepBUYHBIX U3Mepe-
HUU OCYIIeCTBJSETCA I[0Jb30BaTEeJIbCKUM YCTPOU-
ctBoM. OnopHbIe CUTHAJbI ¢ UHPOPMALIENH O COCTOS-
Huu KaHasa (CSI-RS, a66p. om auea. Channel State In-
formation Reference Signals), a Takxe curHasbl nep-
BUYHOU (PSS, a66p. om anea. Primary Synchronization
Signal) u BTOopu4HOH (SSS, a66p. om anza. Secondary
Synchronization Signal) cuHxpoHU3an MK He TOAXOAAT
J1s1 c6opa NepBUYHBIX U3MepPeHUH ITPH MO3ULHOHUPO-
Banuu UE, Tak uMeloT ciefyrole orpaHU4eHusl.

Bo-nepBhix, no onopHbiM curHasnam CSI-RS, PSS, SSS
HEBO3MOXXHO Ha/|€’KHO OCYIIeCTBUTD O/JHOBPEMEHHbBIH
napaJijieJibHbIM IPUEM JJOCTATOYHOTO YMCJ/Ia CUTHAJIOB
OT HECKOJIbKMX 0a30BbIX cTaHnui gNB BcienctBue
CHIDKeHHUS oTHoLleHus curHasn/(mym+nomexu) (SINR,
a66p. om aHas. Signal to Interference & Noise Ratio).
OnopHble curHajbl, usjayd4aeMmbole gNB cocefHuX coT,
BCJIE/ICTBME HAJIOKEHUsI JPYyr Ha Jpyra B 4aCTOTHO-
BpPEMEHHOM JIOMEHE, ABJISIIOTCS MCTOYHUKAMU BHY TPU-
CTEMHBIX IOMeX 10 0OCHOBHOMY KaHaJly IpMeMa U npu-
BOJAT K CHWXXeHUI0 Tpebyemoro SINR. B pesysabTarte
BHYTPHUCHCTEMHBIX IOMeX 110J1b30BaTe1bCKOe yCTPOu-
CTBO CMOXeT NPUHATb TOJbKO ONOPHbIE CUTHAJIbI OT
6/IM3KOPACHOJIOKEeHHbIX 6a30BbIX cTaHIUMM gNB, B To
BpeMs KaK CUTHaJIbl OT yJaseHHbIX gNB 6yzaeT nosaas-
JieHbl B pe3yJsibTaTe cHUKeHus SINR. /laHHOe sBieHHEe
B 3apy6eXHbIX UCTOYHHMKAX NPUMEHUTENBHO K ONOp-
HbIM CHUTHaJ/IaM Ha3bIBAIOT «MOTEpPeH CJIbIIIUMOCTH»
(om aHea. Loss in Hearability).

Bo-BTOpBIX, onopHble curHasbl CSI-RS, PSS, SSS 06-
JIAJAI0T JOCTAaTOYHO CJAa0bIMU KOPPENSUOHHBIMU
CBOMCTBaMH BCJIeICTBHE HU3KOH MJIOTHOCTH 3aHUMae-
MbIX UMHU pecypcHbIX 3jeMeHTOB (RE, a66p. om aHaa.
Resource Elements) B 4acTOTHO-BpeMeHHOH pecypc-
HOH ceTke; Tarxke wabsoH RE curnanos CSI-RS, PSS,
SSS He mpejosiaraeT UX pacnpe/ieJieHus o BCEM N0/ -
HEeCYIL[MM YaCTOTHO-BPEMEHHOM PECYPCHOU CETKHU.

Jlnga npeofosieHUsl JaHHBIX OTPaHUYEHUH KOHCOP-
nuyMmoM 3GPP g ceterh 5G NR B 16-M pesnze 6bLTH
NpeAJI0XKEeHBI CleliUaJbHble OOPHbIe CUTHAJIbI TO3U-
LUoHupoBaHUs PRS ¢ BbICOKOH MJIOTHOCTBIO pecypc-
HBIX 3JIEMEHTOB U yJIy4llIeHHbIMU KOPpPeJAIMOHHBIMU
CBONCTBaMH, KOTOPBIX yAaJ10Ch JOCTUYb 3a CYET JHa-
rOHaJIbHOM CTPYKTYphI pacnosoxeHus RE PRS o Bceit
B YaCTOTHO-BPeMEHHON pecypcHoil ceTke. CJIbIIIU-
MoOCTb curHasioB PRS, nssyyaembix pa3inyHbIMU 6330-
BbIMHU cTaHUUAMU gNB, mocTuraercs 3a cueT UCHOJIb-
30BaHMsA TaK Ha3blBaeMOM KOHLENIIMHY NIPUTIYLIEeHUS.
CyTb AaHHOM KOHIIENIMH CBOJUTCS K TOMY, 4TO 3a CYET
NpUrJIylleHuss ceaHcoB u3aydyeHusd PRS oThenpHbIX
gNB pocturaerca CKOOpAMHMpOBAHHasA Iepejada
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OINIOPHBIX CHUTHAJIOB MO3WIIUOHUPOBAHHUA HECKOJIb-
KHMH COCEJHHUMH 6a30BLIMU CTaHLOHUAMH.

Janee uccneayem 4aCTOTHO-BPEMEHHYIO CTPYKTYPY
OTIOPHBIX CUTHAJIOB MO3ULIMOHUPOBAHUS U MIPOUJLIIO-
CTPUpPYEeM KOHLENLMI0 NpUrayleHus nepeaadu PRS.
JJis 3TOrOo CHavajla pacCMOTPUM OCHOBHbIE Mapa-
MeTpbl CTPYKTYpbl KOoHbUTyparuu curHaioB PRS B
paszeJie 2.2. 3aTeM popMasiulyeM npoueaypbl KOHOU-
rypalnuy CJ0TOB JAJ Nepefayd U NPUTIYLIEHUs CUT-
HasoB PRS B pasgenax 2.3 u 2.4, cooTBeTCTBEHHO. B
paszesne 2.5 onumeM 0co6eHHOCTH KOHQUTrypalUuu
ONOPHBIX CUTHAJOB MO3ULMOHUpOBaHUA PRS B ua-
CTOTHO-BpeMeHHOM JoMeHe 5G NR u, ucnosb3ys cre-
IMaJibHble KOMaH/ibl MakeTa pacmupenus 5G Toolbox,
MOKaXKeM, KaKUM 06pa3oM KoHUTrypalus Habopa pe-
cypcoB PRS BiusieT Ha 4acTOTHO-BpeMEHHYIO CTPYK-
Typy curHana PRS crangapra 5G NR.

2.2. OCHOBHBIE TapaMeTphbl CTPYKTYPHI
KOHuUrypauuu cursanon PRS

CorsnacHo crnenudukauusam 3GPP, ceanc mo3suiuo-
HHUPOBAHUS MO BHXHOTO yCTPOMCTBA MOXKHO CKOH)H-
TYpUPOBATH C UCNIOJIb30BaHUEM NTpUeMa curiajos PRS
B OJHOM WJHU HECKOJbKUX YaCTOTHBIX JOMeHax
(cnosax). YacTOTHBIA JOMEeH ceaHca MO3UIMOHUPOBaA-
Hus PRS onpepesnsieTca Kak COBOKYIHOCTb HECKOJIb-
KHX HabopoB pecypcoB PRS, rae kaxx b1 Habop 3azaeT
COBOKYIIHOCTb OT/eJIbHBIX pecypcoB PRS. Ha6opu! pe-
cypcos PRS, o6pasywomux 4aCTOTHBIA JOMEH ceaHca
Mo3ULMOHUpPOBaHUs PRS, KOHQUTYpUPYIOTCS Clieayto-
IIMMU TapaMeTpaMHu.

PasHoc nodHecyuwjux ajisi Bcex Ha6opoB pecypcoB PRS
YAaCTOTHOIrO JOMEeHa CeaHcCa MO3ULMOHUPOBAHUSA MO-
JKeT NpUHUMaTb 3HaueHusd 15, 30, 60 uau 120 kT'u. Jas
KoHbUTypauuy pa3Hoca NMOJHECYLMX Habopa pecyp-
coB PRS ucnosb3dyetcss napaMmeTp SubcarrierSpacing
CTPYKTYpHI nrCarrierConfig.

Huxauueckuii npeguxc (LII1, om anaa. Cyclic Prefix -
CP) pnis Bcex HabopoB pecypcoB PRS yacToTHOro mo-
MeHa ceaHca MO3ULMOHUPOBAHUA MOXeT IPUHUMATDb
3HavyeHUs normal wiaum extended. s KoHpUrypayuu
[IT Habopa pecypcoB PRS wucnosnbdyercs napameTtp
CyclicPrefix cTpyKTyphl nrCarrierConfig.

Touka A PRS ecTb a6COJIIOTHAs YacTOTa OMOPHOIO
pecypcHoro 6Ji0Ka Ui o61ero pecypcHoro 6joka. Ca-

. Cppur pecypea o
| #2 PRS: 4 crora;

1
PeCypCoB 1 |
PRS: |

01 213 4 5
Mepvon Habopa pecypoos PRS wnu ogwH
aksemnnsip Habopa pecypcos PRS: 10 crotos| Koadhhuwyue HT nosToperust pecypos PRS: 2

10 11 1201311

116117 18 19

. PRS Pecypc #1
1
. PRS Pecypc #2

Masi HU3Kas NOoJAHecyllas JaHHOI'0 ONIOPHOI0 pecypc-
HOro G6Jsioka Ha3biBaeTcss To4koil A PRS. Cnenuduka-
nus crangapTta 5G NR onpejessieT yacToTHOe pacnpe-
JAesenure pecypcoB PRS oTHocuTenbHO Touku A PRS.

[Janee npoustrocTpupyeM KoHPUIrypaLyio Havaja
pacnpegesieHus pecypcoB PRS B yacToTHOM foMeHe
WCIOoJIb30BaHWeM mnaketa pacuupeHus 5G Toolbox
[38]. laHHbIN MaKeT pacuIMpeHUs MO3BOJIsIET GOPMHU-
poBaTb CUMBOJIbI U UHJeKcbl PRS nmocpeacTBoM 06%b-
eKTa KoHpuUrypauuu nrPRSConfig u QyHKIUNU nrPRS
and nrPRSIndices. O6beKT nrPRSConfig cofep>XUT B
cebe Bce napaMeTphl, He06X0AUMble A/ KOHQUTypa-
M Ha6opa pecypcoB PRS. B ciienyromem paszeie pac-
CMOTPUM KOHQUIYpPALMIO CJOTOB JJIs1 llepesiaud CHUr-
HasoB PRS corsiacHo npuMepy [39] nakeTa paciupe-
Hus 5G Toolbox [38].

2.3. Kondurypauus c10ToB JJis nepejayu
curHaioB PRS

Kondurypanus ciora a5 nepefauu curiaaos PRS
onpejesseTcs CAeAyHIIUMU NapaMeTpaMu 06beKTa
nrPRSConfig.

Ilepuod u Hysesoll cdsue Habopa pecypcos PRS nuu-
LiMaJM3upyeTcd napaMeTpoM PRSResourceSetPeriod.

Cdsuz Habopa pecypcos PRS onpejensieTcss OTHOCH-
TeJIbHO HyJIEBOTO c/iBUTa Habopa pecypcoB PRS u unu-
LiMaJu3upyeTcd napaMeTpoM PRSResourceOffset.

Koagpguyuenm noemopa pecypcos PRS nnunuanu-
3UpyeTcd lapaMmeTpoM PRSResourceRepetition.

Pa3sHoc pecypcos PRS 110 BpeMeHu Mexy JABYyMs I10-
cjaefoBaTe/bHbIMU pecypcaMu PRS B Habope PRS nnu-
LiMaJM3upyeTcd napaMeTpoM PRSResourceTimeGap.

PucyHok 2 wmiocTpupyeT napaMeTpbl KOHGUTypa-
MU CJI0TOB B Habope pecypcoB PRS pns ciayyas c
IAByMs pecypcamu PRS. Ilepuoa Ha6opa pecypcoB PRS
paBeH 10 csoTaMm, a caBUT Habopa pecypcoB PRS oTHo-
CUTe/IbHO HyJIeBOTO paBeH 3 cjoTaM. CABUT NepBOro
pecypca #1 PRS oTHocuTesIbHO ciBHUra Habopa pecyp-
coB PRS paBeH 1 cioTy, a ciBUr BTOporo pecypca #2
PRS oTHocuTesnbHO cBUra Habopa pecypcoB PRS pa-
BeH 4 cnoTaM. KoadduumneHT noBTOpa BCeX pecypcoB
PRS paBeH AByM, T. e. Kax/iblil pecypc PRS BoigensieTcs
JBaX/Jbl BO BCeX IepUOAUYECKH TNOBTOPSIOIUXCA
Habopax WM ceaHcaX Habopa pecypcoB PRS. CaBur pe-
cypca PRS paBeH 2 ciotam.

20 21 212324 25 26127 28 29(30 31 32133 34 35 36137 38 39|40 41 42
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Puc. 2. [lapameTpsl KoHPUTrypanyu c10ToB PRS

Fig. 2. PRS Slot Configuration Parameters
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Ckpunt 1 nokaspiBaeT NOPSALOK HHULHAIU3ALUU
pecypcoB PRS fy1s npuMepa, KOTOpPbIA WIIIOCTPUPYET
PUCYHOK 2. PUCYyHOK 3, MOJIy4eHHBIH C HCIOJIb30Ba-
HueM naketa pacmiupenuss 5G Toolbox [38], uato-
CTpUpyeT KoHUrypanuw caoToB pecypcoB PRS pusa
KOHQUTypaLnuy, KOTOPYI0 COAEPHUT CKpUNT 1.

Ckpunm 1. Kongpueypayus ciomoe Ha6opa pecypcos PRS
% KOHOUrypauua napameTpoB MOAHECYWNX
carrier = nrCarrierConfig;
carrier.SubcarrierSpacing = 15;
carrier.CyclicPrefix = 'Normal';
% KOHOUrypauua napameTpoB Habopa pecypcosB PRS
% 0b6beKkT KoHpurypauumm Habopa pecypcos PRS
prs = nrPRSConfig;
% nepuop u HyneBoi casur Habopa pecypcoB PRS
prs.PRSResourceSetPeriod =[10 3];
% cpBur pecypcoB PRS
prs.PRSResourceOffset = [1 4];
% Ko3bPMUMeHT noBTOpa pecypcoB PRS
prs.PRSResourceRepetition = 2;
% pasHoc pecypcoB PRS
prs.PRSResourceTimeGap = 2;
% 4ucno cnotoB ANA npumepa
numSlots = 43;

Janee paccMOoTpMM KOHQUIYpaLUIO CJIOTOB [JIs
npuriaylieHus curHanoB PRS corsnacHo npumepy [39]
nakeTta pacuupenus 5G Toolbox.
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Puc. 3. Konpurypanus cioros PRS

Fig. 3. PRS Slot Configuration

2.4. Kondurypauus cJ0TOB JJisl IPUTJIYLLIEeHUs
curHaznos PRS

[IpursymeHnue pecypcoB curianoB PRS MoxHo ocy-
11eCTBUTBD CJIeAy0LMMHU ciocobaMu. Bo-nepBoix, npu-
[JIYLIUTDh 9K3eMILIsIp Habopa pecypcoB PRS MoxHO ¢
UCIIOJIb30BaHUEM IapaMeTpoB MutingPatternl u
MutingBitRepetition o6bekTa nrPRSConfig KoHUTY-
panuu PRS. Bo-BTopelX, npuraymutb pecypcbl PRS
MOXHO 10 UH/leKCaM OBTOPEHMS C UCN0JIb30BaHUEM
napametrpa MutingPattern2 o6bekTa nrPRSConfig
koHurypauuu PRS.

[lapamMeTp MutingPatternl mnpefcTaB/sieT 060U
JBOUYHBIM BEKTOP, KOTOPBIA ynpaBJ/iseT NMpPUIJylle-
HHEM 3K3eMILISIpOB B Habope pecypcoB PRS. Kaxablit
3JIeMEHT [JBOWYHOI'0 BEKTOpa YyIpaBJjdeT MPUIJylle-
HHeM Bcex pecypcoB PRS B 3ajaHHOM 3k3eMmisipe

Habopa pecypcoB PRS; ouH sk3eMnisip Habopa pecyp-
coB PRS cooTBeTCTByeT ofHOMY MepuoAy Habopa pe-
cypcoB PRS. IlepBbiil 3/1eMEeHT B ABOUYHOM BEKTOpeE
COOTBETCTBYET NIePBOMY 3K3eMILIsAPY, a BTOPOH 3Jie-
MEeHT — BTOPOMY 9K3eMILIsapy Habopa pecypcoB PRS u
T. [l. 3HaYeHHe 1 BOMYHOTO BEKTOPA yKa3bIBaeT Ha TO,
4yTO Bce pecypcel PRS B sk3eMmisipe Habopa pecypcoB
PRS nepeparorca. 3Hauenve 0 ABOUYHOrO BEKTOpa
yKa3bIBaeT Ha To, YTO Bce pecypchl PRS B sak3emmnisipe
Hab6opa pecypcoB PRS npuraymarortcs. Pucynok 4 ui-
JIIOCTPUPYeT BapyUaHT 1 KOHPUTYpALUU TPUTJIYIIEHHUs
cioToB PRS /151 paccMOTpeHHOTO paHee mpuMepa (CM.
PUCYHOK 2) € HCHOJIb30BAaHUEM JBOMYHOI'0 BEKTOpA
npurayimenusi [101010...], 06pasyeMoro noBTopom
ma6siona [1 0] BekTopa MutingPatternl Ha ypoBHE 3K-
3eMILIsipa Habopa pecypcoB PRS. CioThI co cr/IomHON
3aJINBKOM 0003HAvalOT MepefaHHble pecypchl PRS, a
CJIOTBI C Y30PHOU 3aJIMBKOM 0603HAYAIOT MPUIJIyIIEH-
Hble pecypcel PRS.

[TapameTp MutingBitRepetition nmpeacTtaBJisieT co-
6011 yucso N nocse/joBaTeJbHbIX 3K3eMILJISIPOB Habo-
poB pecypcoB PRS, cooTBeTcTBywOUuMX OJHOMY 3Jie-
MEeHTy JBOUYHOTO BeKTopa MutingPatternl. [lepBbiit
3JIeMEHT JBOUYHOIro BeKTopa MutingPatternl cooT-
BeTcTByeT N mocje/joBaTeJbHBIM 3K3eMILJISIpaM Habo-
poB pecypcoB PRS, BTOpoil 3jileMeHT COOTBETCTBYET
cieaywomuM N mociefoBaTe/NbHbIM 3K3eMIJIsApaM
HabopoB pecypcoB PRS u T. .

PucyHok 5 ninoctpupyet BapuaHT 1 KoHouUrypa-
uuy npurJyuenus caotoB PRS gng paccmoTpeHHOro
paHee mpuMepa (PUCYHOK 2) C HCIOJb30BaHUEM pe-
3yJIbTUPYIOLETO JBOUYHOTO BEKTOpPA MPUTJIYLIEHHUS
[11001100..], o6pasyemMoro moBTOpoM IabjioHa
[1 0] BekTOpa MutingPatternl Ha ypoBHE 3K3eMILIsApa
Habopa pecypcoB PRS ¢ koaddunuentom mosTOpa
PRSResourceRepetition, paBHBIM 2.

[lapameTp MutingPattern2 mpezctaBiseT co60H
JBOWYHBIM BEKTODP, KOTOPBIA ynpaBJ/iseT NMpUIJyIle-
HHEM 3K3eMIJIIPOB BO BCEX aKTUBHBIX HAbopax pecyp-
coB PRS o nHzekcam noBTOpa COOTBETCTBYIOIIUX pe-
cypcoB PRS. [lepBbiil 3/7ieMeHT B JBOUUHOM BEKTOpE
COOTBETCTBYeT IIepBOMY HHJEKCy MOBTOpa pecypca
PRS, BTOpO# 3/1eMEHT — BTOPOMY U T. . /lJIMHA BOUY-
HOr0 BEKTOpa olpefessseTcd 3HaYeHHWeM IapaMmeTpa
PRSResourceRepetition,acaM JBOUYHbIN BEKTOP NPU-
MeHsieTcsl KO BceM pecypcaM PRS B 3ajanHOM Habope
pecypcoB PRS.

PucyHOk 6 WIIOCTpUpYeT BapuUaHT 2 KoHUrypa-
LMY npurayienus caotoB PRS no uHpgekcaM nosTopa
COOTBETCTBYIOIIUX pecypcoB PRS a4 paccMoTpeHHoro
paHee mpuMepa (PUCYHOK 2) C HCHOJIb30BaHUEM pe-
3yJIbTUPYIOLIEr0 JBOUYHOTIO BEKTOpa NpHUIJIyLIEHUS
[010101...], o6pasyemoro nosTopom mabsaona [0 1]
BeKTOpa MutingPattern2 Ha ypoBHe OBTOpA UHJEKCOB
pecypcoB PRS.

[Ipu coBMecTHOM KOHGUTYpalLU1 060UX TapaMeTPOB
MutingPatternl ¥ MutingPattern2 pe3ynbTUpyOLMH




gs of Telecom. Universities. 2022. Vol. 8. Iss. 2

JIBOMYHBIN BEKTODP MpUIJIyIIeHUs MOJy4yaeTcs B pe- PucyHok 7 wintocTpupyeT KOHQUTYpPaALUIO IPUTIY-
3yJIbTaTe I03JIEMEHTHOrO BBLINOJHEHUS JIOTUYeCKOW  1eHus c10ToB PRS no BapuaHTy 1 ¢ ucnosib3oBaHueM
onepauud U (AND) HajJ, [BOMYHBIMH BEKTOpaMM NpU-  oBTopa Ina6soHa [1 0] c koaddunreHTom nosropa 2,

IJIyLIeHYs BapvaHTa 1 ¥ BapuaHTa 2 KOHQUTypaIui. a Tak)ke 10 BapUaHTy 2 ¢ HOBTOpoM ma6JioHa [0 1].
+ Cpur pecypea , ,
Cpgvr :#ZFERSP4 Cyl'll)(():Ta ! ! ! . MepenakHblit PRS pecype #1 ﬁ MpurnyweHHsin PRS pecype #1
Wabopa o1 | Pasoc | \ \ \ \
pecypoos | CABAT g P peopes : : : :
" 1 pecypea I i PRS: i " .
Siigr'a UPR&onor | PSR . I'Iepe'paHHbm PRS pecy'pc #2 ﬁ ﬂpMI’I'WLIJeHHbIVI PRS pe'cypc #2
: : : I‘ — ! : 1 1 1 1

H
mammy

| sl ‘6 0
2

001 2:3 4 5 6.7 8 9[10 11 12:13: .|10-1 18 19]120 21 22123 24 25 26127 28 29

Mepuon Habopa pecypoos PRS wnu onuH

aksemnnsip Habopa pe cypcos PRS: 10 cnotos{KoadduuneHt nosTOpenus pecypoos PRS: 2

KV B e B X R

1 I 0 1 0
BapvaHT 1 koHdpurypaLym CroT!
npurnywenns pecypcos PRS N
Puc. 4. Kondurypauus 6MTOB AJis NpUrjyieHus cjoros PRS no Bapuanry 1
Fig. 4. Muting Bit Pattern Option-1 Configuration
+ Cppur pecypea ) ) - - - -
Cpsur  |#2PRS: 4 cnora! ! ! . MepepaHblit PRS pecype #1 E MpurnyweHHsii PRS pecype #1
Habopa H Pasioc H \ A \ \
pecypcos | CABAT # : ' PegVRPSCO ' ' : : :
. I pecypca 1 1 B . 1 v "
32'1331:6 :ER gp VAR L Yoo . I'Iepelua HHblin PRS pecype # H |-|pVII'II1yU.IeHHbII/I PRS pecype #2
I<_> 1 1 ) 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1213 4 5 617 8 9 20 21 2123 242 26127 28 29(30 31 32133 34 35 36137 38 39[40 41 42
Meputon Habopa pecypoos PRS wnu oguH
sk3emnnsip Habopa pecypcos PRS: 10 cnoro| KoadxhuumeHt no Topenms pecypao PRS: 2
1 1 0 0
BapuaHT 1 koHpurypaLmu
NPTyl eHns pecypcos PRS Crotal
Puc. 5. Konpurypanus 6UTOB AJIA NPUT/IyLIeHUA c10TOB PRS no BapuaHTy 1 ¢ HOBTOpOM
Fig. 5. Muting Bit Pattern Option-1 with Muting Bit Repetition Factor Configuration
, Cpur pecypea |, . .
Coenr  1#2 PRS: 4 cnora! ! ! n 1 PRS #1 n " PRS #1
o ! | U pamos ! . epelﬁlaHHbIM pecylpc E pMI'JI'IyU.IeHHbIM pelcypc
pecypcos | Capur » ! ' pe%pscoa 1 : ' 1 '
PRS:  !pecypca ! 1 : 1 ; ;
s | geRgp? | PR . Hepe!:laHHblm PRS pecylpc #2 E ﬂerJ:IyU.IeHHbIM PRS pelcypc #
haa i I i i i i
001 213 4 5 617 8 910 1 12113114 5116117 18 19(20 21 22123 24 25 26127 28 29(30 31 32133 34 35 36137 3B 39[40 41 42
Mepuog Habopa pecypoo PRS wnu oguH
sksemnnsip Habopa pecypco PRS: 10 cnotos|KoadduumeHt nosToperms pecypcos PRS: 2
0101 0101 0101 0101
BapuaHT 2 KoHurypaumi
npurnywexns pecypcos PRS Croml
Puc. 6. Konpurypanus 6GUTOB AJiA NPUI/IylieHUA c10ToB PRS no BapuaHTy 2
Fig. 6. Muting Bit Pattern Option-2 Configuration
, Capwr pecypea |, , ) . : . -
Hg%gmpra i #2 PRS: 4 cnmai i Pasoc i . HepeluaHHbm PRS pecylpc #1 E ﬂpMI’JI'IyLLIeHHbIM PRS pelcypc #1
pecypos | Gagur oo | pecypoos | : | : |
PRS:  1pecypca 1 ! PRS: ! i i
3o 'PR& fcnor ! ' oo | . Hepe'anHbm PRS pecyPc #2 E anFJ"IyLLIeHHbIM PRS pe'cypc #2
A—hnd : | e : : : :
[Imm} ] T
|| [ H H
I - .
001 213 4 5 6. 8 9110 11 1211341 V16017 18 19[20 21 22123 24 25 26127 28 29[30 31 32:33 34 35 36:37 B 39|40 41 42
Mepuon Habopa pecypoos PRS wnm opnH
ak3emnnsip Habopa pecypcos PRS: 10 cnotos|Koadhbuuue HT nosToperus pecypoos PRS: 2
0101 0101 0000 0000
BapuaHTs 1 & 2 koHdurypaLmm
npurnylenns pecypcos PRS Croml

Puc. 7. Kondurypanus 6uToB J/id npuraymieHus caotos PRS no BapuanTam 1 u 2

Puc. 7. Muting Bit Pattern Option-1 and Option-2 Configuration
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PesysbTupyOIIMKA ABOUYHBIA BEKTOp MpUIJylle-
HUS 10 BApUaHTY 1 Ha ypoBHe 3K3eMILIsgpa Habopa pe-
cypcoB PRS pasen [110011...]. PesysbTupyoomuii
JIBOUYHBIM BEKTOD NPUIJYyIIeHUs] 0 BapUaHTy 2 Ha
YpOBHEe IOBTOpa HHJAEKCOB pecypcoB PRS pasen
[010101..].

CoBMecTHasi KOHGUTYpaLUsl OCYLIECTBASAETCH AJs
caefyloOIIUX YCJ0BUM: 4yucao pecypcoB PRS paBHO
JIBYM, K03$PHUIMEHT NOBTOpPa paBeH [BYyM, OJWH 3K-
3eMILIAP Habopa pecypcoB COZLEPXKUT YeTbIpe IK3eM-
nJ1sipa pecypcoB. Ha ypoBHe oBTOpa MH/IEKCOB JBOMY-
Hble BEKTOpa, KOTOpbIe YNPaBJSIOT HPUIJYLIEHHEM
pecypcoB PRS, MoXHo npeACcTaBUTH CJIeAYIONUM 06pa-
30M. /IBOMYHBIN BEKTOp 10 BapUaHTy 1 paBeH:

binaryVecl = )
=[111111110000000011111111...],
a BOUYHBIN BEKTOP 110 BAPUAHTY 2 paBeH:
binaryVec2 =
(2)

=[010101010101010101010101...].

B pe3ysibTaTe 103/1eMEHTHOTO BbINOJHEHUS JIOTH-
yecKoy onepanuu Y HaZy [BOMYHBIMHY BeKTOpaMHu (1) u
(2) monyyumM criepyomui pe3yJbTUPYIOIUN ABONY-
HbIJ BEKTOD NPUIJIYIIEHHs HA YPOBHE NOBTOPA UHAEK-
coB pecypcoB PRS:

binaryVec = 3)
=10010101010000000001010101...].

PaccMoTpuM fasee mopsiok KOHQUIYpaLUH NPHU-
TJIyIIeHUs CJIOTOB B Habope pecypcoB PRS B sonosiHe-
HUe K pacCMOTPEHHOMY paHee cueHapuwo (ckpunr 1).
CKpUIT 2 COAEPKUT KOMaH/ bl OPMHUPOBAHHUS MYCTHIX
pecypcoB PRS B nmpursymeHnHsix ciaotax. PucyHok 8,
NOJIy4eHHbIH C UCN0JIb30BaHHWEM TaKeTa PaclIupeHUs
5G Toolbox [38], unntoctpupyeT KoOHGUTypaluio cJjao-
TOB pecypcoB PRS a4 mapaMeTpoB, KOTopble cofep-
JKAT CKPUIIT 2; NPUTJIyIIEHHbIE CI0Thl OTMEYEHBI 3a-
TEeHEHHUEM.

600+ W Jx3emnniAp nepeanHoro PRS pecypca #1] |
I Sx3emnnsp nepeganHoro PRS pecypca #2
I 3k3emnnsp npurnywenHoro PRS pecypca #1
500¢ Okaemnnap npurnywenHoro PRS pecypca #2)
400+

MopHecywme
S
o

200t
100+
5 10 15 20 25 30 35 40
Crnotbl
Puc. 8. KoHurypanus npuriaymeHusi CJIOTOB
Ha6opa pecypcos PRS

Fig. 8. PRS Slot Muting Configurations

Ckpunm 2. Kongbuzypayus npuz/yuwieHus c/10moe
Ha6opa pecypcos PRS
% KOHOUrypauusa npurayweHus cnotoB Habopa pecypcoB PRS
% wcnonb3oBaTb [] ANA OTMeHbl ABOWYHOro wabnoHa
% MpUrnyweHus no BapuaHTy 1
prs.MutingPatternl = [1 0];
prs.MutingBitRepetition = 2;
% wcnonb3oBaTb [] ANA OTMeHbl ABOWYHOro wabnoHa
% TMPUTrNyWeHUs MNo BapuaHTy 2
prs.MutingPattern2 = [0 1];
plotTitle = 'KoHdurypauma npurnyweHus cnotos PRS';
plotGrid(carrier,prs,numSlots, 'SlotFill',plotTitle);

[Jlanee paccMoTpyUM KOHUTrypaLuio curiaios PRS B
YaCTOTHO-BPEMEHHON pecypCHOH CeTKe COrJIacHO
npumepy [39] nakeTa pacuupenus 5G Toolbox.

2.5. Kondpurypanus curuasnos PRS B pecypcHoii ceTke

Kondurypanusa Bo BpeMeHHOM JJOMeHe

Kondurypauus curnanoB PRS Bo BpemenHOM [i0-
MeHe 4YacTOTHO-BPEMEHHOW pecypCHOM CeTKUM Ha
ypoBHe OFDM cuMBOJIOB 3azaeTcs CAeAyHOLIMMU Ma-
paMeTpaMU CUCTEMHOTO 06'beKTa nrPRSConfig.

[TapameTp NumPRSSymbols Lpps ONpefensieT Yucao
nocjaegoBaTeJbHbIXx OFDM cMMBOJIOB B CJIOTE, KOTO-
pble BbleJAI0TCA i Kaxkoro pecypca PRS B Ha6ope.

Mapamerp SymbolStart [5RS. ompenenser umcio

HadaabHbIX OFDM cuMB0JIOB (OTHOCUTEJILHO IEPBOr0
OFDM cumBousa #0 B ciioTe) Ay Kaxkgoro pecypca PRS.

OFDM cuMBoOJIBI, BblAe/eHHble A pecypcoB PRS,
onpeJeAl0TCA KaK:

l — lPRS lPRS
— tstart» start

lstart + LPRS 1. (4)

PucyHok 9 mimocTpupyeT KOHQUIypauUo pecyp-
coB PRS Bo BpeMeHHOM /JjoM€eHe YaCTOTHO-BpeMEHHOH
pecypcHo#l ceTky Ha ypoBHe OFDM cuMBoJIOB, Korja
yucao nocaenoBateabHblx OFDM cMMBOJIOB B CJIOTE,
BblJleJIeHHBIX AJiA pecypca PRS paBHO Lpps =6, a
yucao HavanbHblx OFDM cHMBOJIOB OTHOCHTENIBHO
nepsoro OFDM cumBosia #0 B cs10Te nepef, BbleJIeH-

HbIMHU pecypcamu PRS, pasno I£FS, = 3.

g
1
3| s
=) 4
[
e 3
2
1
0
012345678 10 11 12 13
Yucno HavanbHbIx Yo Pacnonoxerue
OFDM cumBonios  OFDM cvmBorios pecypcos PRS B
pecypcoB PRS ¢ pecypcamu PRS [IOMEHe BPEMEeHN
OFDM cumeorbl

Puc. 9. Konpurypanus OFDM cumBo.10B pecypcoB PRS
BO BpeMeHHOM /JlOMeHe

Fig. 9. PRS OFDM Symbols Allocation in Time Domain
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Kondurypanusa B 4acTOTHOM JOMeEHE

Kondurypanusa curuanos PRS B yacToTHOM ioMeHe
4YacTOTHO-BpeMEHHOM pecypCHOM CeTKH Ha yPOBHE pe-
cypcHbIx 6J10k0B (RB, a66p. om anza. Resource Block)
3aJlaeTcsd CAeAYWIIUMUA MapaMeTpaMyd CHCTEMHOTO
o6beKkTa nrPRSConfig.

[TapaMeTp NumRB ompefessieT 4UCA0 PU3UIECKUX
pecypcHbix 6J10k0B (PRB, a66p. om anea. Physical Re-
source Block), koTopbie BbIJENSIOTCS [ BCEX PECYP-
coB PRS B Ha6ope.

[TapameTp RBOffset ompefesisieT HayaJbHbIKM HH-
Jekc pusuyeckoro pecypcHoro 6s0ka PRB gsis Bcex pe-
cypcoB PRS B HaGope. [JaHHBIA HapaMeTp ONpenesi-
€TCs1 B 4aCTOTHO-BPEMEHHOM peCYpPCHOU CETKE OTHOCHU-
TEeJIbHO HyJIeBOTO 061ero pecypcHoro 6yoka (CRBO,
a66p. om aHesa. Common Resource Block).

PucyHok 10 utocTpupyeT KOHQUTYpALUIO pecyp-
coB PRS B 4acTOTHOM [O0MeHe 4acTOTHO-BPEMEHHOU
pecypcHOU CeTKH Ha ypOBHe pecypcHbIX 6/10K0B RB.

D O6LLwit pecypcHbIi
6nok CRB

|| Hecyups

. Pecypcbl PRS

. [

2 NSizeGri

© NumRB

% d

S |CRB 4 |,

>

& |CRB 3

o RBOffset
CRB 2 Cpgur
CRB 1 " . PRS RB
CRB 0 NStartGrid

—Touka A PRS

>

Bpems

>

Puc. 9. Kondurypanus pecypcoB PRS B 4acTOTHOM JjoMeHe

Fig. 9. PRS Resource Blocks Allocation in Frequency Domain

Kondurypanusa Ha ypoBHE peCypCHBIX
3J1€eMEHTOB

Kondurypanus curuanos PRS B yacToTHOM foMeHe
4aCTOTHO-BpPEeMEHHOMN peCypCHOM CeTKU Ha yPOBHE OT-
Je/IbHBbIX 3JIeMEHTOB 3ajJjaeTcd CAefyHIIUMU Mapa-
MeTpaMH CUCTeMHOT0 06 beKTa nrPRSConfig.

MapameTp CombSize KRS, onpesenser maoTHocTb

pecypcHBIX 3j1eMeHTOB BcexX pecypcoB PRS B Habope
pecypcoB PRS. Hannpumep, eciiu napaMeTp NprHUMaeT
3HavYeHus U3 Habopa i € {2, 4, 6,12}, To KaxabIH i-i pe-
CYpPCHBIN 3J1eMeHT B QU3UUYECKOM pecypCHOM OJI0Ke
PRB BbisensgeTca s nepepayu curuana PRS.

Mapamerp REOffset kjff., ompesenser Hauajib-
HbII CABUT pecypcHbIX 37eMeHTOB B nepBoM OFDM
cuMBoJie Kaxgoro pecypca PRS B nHaGope. OTHOCH-
TesibHble cABUTH RE B cieaytouux PRS OFDM cumBo-
JIax oNpeJlesI0TCS 10 CABUTY REOffset, Kak MOKasbl-
BaeT Tabsuna 1.

JonyctuyM, yucio OFDM cuMBOJIOB, BblJeJ/IeHHBIX
ais pecypcoB PRS, paBHO NumPRSSymbols = 6; 4ucjio
HavasibHbIX OFDM cUMBOJIOB OTHOCUTEJIBHO NIEPBOTO
OFDM cuMBoJsia #0 B cjioTe paBHO SymbolStart =3;
IJIOTHOCTb PECYPCHBIX 3JIEMEHTOB Bcex pecypcoB PRS
B Habope pecypcoB PRS paBHa CombSize = 4; Hava/b-
HBbIU CABUT peCypCHBIX 3jJeMeHTOB B nepBoM OFDM
cuMBoJie Kaxzaoro pecypca PRS paBeH REOffset = 2.

J1s 3alaHHOM MJIOTHOCTU pecypcHbIX 3jieMeHTOB RE
BCex pecypcoB PRS B Ha6ope K225, = 4, oTHocuTeb-
Hble caBury RE B ciegyromux PRS OFDM cumBoJiax no-
JIyYMM Ha OCHOBE JJAHHBIX BTOPOH CTPOKHU TaBJIHIIbI
OTHOCUTEJIbHBIX CABUTOB PECYPCHBIX 3JIEMEHTOB C

curHaysamu PRS (ta6sauna 1).

TABJIMLA 1. OTHOCUTeJ/IbHbIE CABUIHM PEeCYPCHBIX 3/IEMEHTOB
c curHaj1amu PRS

TABLE 1. PRS Resource Elemet Offsets

Homepa OFDM cuMBo0JIOB B npefieiax pacnpesesieHus
pecypcoB PRS B kaHasie «BHU3» DL:

Kb (L—1BBS) =0, ..., Lpgs — 1

0|12 |3|4|5|6|7|8]|9]10(f11
2 0 1(0]|1 0|10 1{0|1]|0 1
4 0| 2 113 0] 2 1 31012 1 3
6 0|31 |4|2|5]0(3|1|4]|2]|5
12 0|6 (3|9|1|7]|]4|102|8]|5]11

Jlns 3aganHoM KoHuUrypayuu Homepa OFDM cum-
BOJIOB B NIpejiesiax pacnpefeseHus pecypcos PRS B ka-
HaJie «BHU3» DL onpegendaroTca Kak:

= IPBS, = 0.5

(5)

(otHOCUTenbHO IepBoro OFDM cumBosta #0 ).
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AHa/lu3 OTHOCHUTEJbHBIX CABUTOB PECYPCHBIX 3Jie-
MEeHTOB ¢ curHajaMu PRS B 3aBucuMocTH OT mnapa-
metpa KPRS, (cm. a6y 1) mokasbiBaeT, uTo J/isl 3a-
JMaHHbIX HOMepoB OFDM cumBoJsioB (5) oTHOCUTE/b-

uble casurd RE k' B OFDM cuMBoJie paBHBI:

k'=[021302]. (6)

Pucynok 11 wtocTpupyeT KoHUTypaunuio pe-
CYpPCHBIX 371eMeHTOB curHaysoB PRS ansa paccmortpen-
HOT0 BblIlI€e ClleHapUs IPHU 0AHOM GU3UIECKOM pecypc-
HoM G6Jsioke PRB B oZHOM cJi0Te; BepTHUKaJbHbIE
CTPEJIKM TOKa3bIBAIOT OTHOCUTEJbHbIE YacTOTHbIE
CABUTH PECYpPCHBIX 3JIEMEHTOB COTJIAaCHO (6) OTHOCH-
TeJbHO REOffset = 2.

"

o

YacToTHbIN cagur
/ B MOCrefyoLLuX
PRS OFDM
c1MmBonax,
OTHOCUTENbHO
3Ha4eHus
REOffset
K=[021302]

YacToTHbIh casur
B nepsom PRS
OFDM cumBone
REOffset

MopHecywme
o =2 IN W A O OO N o O

0 1

Yneno HayanbHbIx
OFDM cumBornos
pecypcos PRS

26345678)910111213

Yneno
OFDM cumBornos
¢ pecypcamu PRS

OFDM cumBonbi

Puc. 11. [lapamMeTpbl KOHQUTypaLM PeCypPCHBIX 3JIEMEHTOB
AJsi curHaaoB PRS

Fig. 11. PRS Resource Elemet Allocation Parameters

B yacToTHOM JjoMeHe UHJeKC peCypCHOr0 3/1eMeHTa
k corsiacHo cnenudukaunu 3GPP TS 38.211 [26] onpe-
JleJISIeTCSI BBIPYKEHUEM:

k = mKERS, + (KERSe, + k') mod K
m=20,1,...

PRS .
comb

()

Bropoe ciaraemoe B (7) OTHOCUTE/NbHO IePBOTro
OFDM cumBoJsia #0 [Ji5 pacCMOTPEHHOTO CIieHapusd
paBHO:

mod (kfF%. + k' KERS))

(8)
=mod([243524],4)=[203120].

[IpousttocTpupyeM Jaiee NopsafoK KOHQUTypaLuu
curHaioB PRS B yacToTHO-BpeMeHHOW pecypcHOM
CeTKe Ha ypOBHE OT/eJIbHBbIX PEeCYPCHBIX 3JIEMEHTOB.
CkpunT 3 cofepKUT KOMaHAbl KOHPUTYpaLUHu pecyp-
coB PRS Ha ypoBHe pecypCHbIX 3JIEMEHTOB B OT/AEJb-
HOM $M3MYEeCKOM pecypCHOM GJI0Ke /sl OJHOTO CJIOTA.
PucyHok 12, nosiydeHHbIHN ¢ makeToM pacuidpeHus 5G
Toolbox [38], unntocTpupyeT KOHPUrypalMi0 CUTHA-
JioB PRS B yacToTHO-BpeMeHHOU pecypcHOH ceTKe Ha
YPOBHE OTJeJbHBbIX peCypCHBIX 3JIEMEHTOB, Mapa-
MeTpbl KOTOPOU COAEPHKUT CKPUNT 3.

12f - W mrsEgE
| ..

10} _

N |
g [] -l

Z 6l -

: ||

4_ 4
H -.

2_ 4

RN DEENDY DEEEDEEE

2 4 6 8 10 122 u

OFDM cumBonbI
Puc. 12. KoHpurypanus pecypcHBIX 3J1eMEHTOB JJIs1 CMirHasioB PRS

Fig. 12. PRS Resource Element Configuration

Ckpunm 3. Kongbuzypayus pecypcog PRS Ha ypoeHe pecypcHbIX
3/1eMeHmos8

% KoHbUrypauusa pecypcoB PRS Ha ypoBHe pecypcCHbIX d/e-

MeHTOB RE

carrier.NSizeGrid = 1;

prs = nrPRSConfig;

prs.NumPRSSymbols = 6;

prs.SymbolStart = 3;

prs.NumRB = 1;

prs.RBOffset = 0;
prs.CombSize = 4;
prs.REOffset = 2;

% nocTpoeHue wabnoHa RE ceTkuM B ofHOM cnoTe

numSlots = 1;

plotTitle = 'KoHpurypauma pecypcHbix 3nemeHToB PRS';
plotGrid(carrier,prs,numSlots, 'REFill’',plotTitle);
grid on; grid minor;

[lapamMeTp NPRSID CHCTEMHOro 06’beKTa KOHQUTY-
pauuu nrPRSConfig C/ayXUT JJ HWHULHAIU3ALUU
NCEeBAOCAYYalHON JBOWYHON MOC/Ae0BATENbHOCTH,
HCIoJIb3yeMoU pu GopMUpoBaHUU CUMBOJIOB PRS co-
riacHo 3GPP TS 38.211 [26].

PaccMoTpeHHBIE OOPHBIE CUTHAJBI TO3ULMOHUPO-
BaHUs PRS onpegensitoT nopsafok KoHPUrypaLuu 4a-
CTOTHO-BpeMEHHOU ceTKU pecypcoB PRS, B Tom uucie
Ha ypoBHe oT/ZesbHbIX RE. PopMasin3oBaHHbBIE NTpole-
Jypbl UCNOJIb3YIOTCA JAasee AJs1 KOHQUTypalMHd CUT-
HaznoB PRS Heckosbkux 6a30BbIX cTaHIMKA gNB craH-
JapTta 5G NR B uMHUTaIIMOHHOUN MOIeIH.

3. IlocTanoBKa 3aja4Yy HA UMUTAIlMOHHOE
Mo/ e/IMpOBaHue

11 TOCTaHOBKH 33/la4¥ HA UMHUTALMOHHOE MO/ie-
JINpOBaHHEe TEeXHOJIOTMM CeTeBOro MO3UIIMOHUPOBA-
HUSI MeTpoBo# TouHocTH 5G NR paccMoTpum runep6o-
JINYeCKUH UJIM pPa3HOCTHO-/a/IbHOMEePHBIN MeTOoJ, Mo-
3WIMOHUPOBAHUs, u3BecTHbIN B ceTsix LTE [36, 37] u
NR [38-40] xak mMeToj Hab/0AaeMON pa3HOCTH Bpe-
MeH npuxoga curHasoB OTDOA. PucyHok 13 wusito-
ctpupyeT cueHapud OMIl  mnoJsib30oBaTeNbCKOrO
yCTpOWCTBA Ha IJIOCKOCTH B 2D ¢ ucnoJsib30BaHUEM UH-
dpacTpyKTypbl Tpex CTaljMOHApHbIX 0A30BBIX CTaH-
it gNB.
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Fig. 13. Positioning Scenario in 5G NR Networks

MeTtoz OTDOA ocHOBaH Ha CHHXPOHHOM U3JIy4Y€HUHU
TEPPUTOPHUATIBHO pacnpe/eleHHbIMU 6a30BbIMU CTaH-
pusaMu gNB cnennasbHbIX ONOPHBIX CUTHAJIOB MO3U-
nuoHupoBaHusi PRS B kaHasie «BHHU3» DL. O6paboTka
NEepPBUYHBbIX U3MePEHHWH BpeMeHU NpPHUX0Ja CUrHaJa
(TOA, a66p. om axza. Time of Arrival) ot pa3nbix gNB
OCYLIECTBJIAETCA B I0JIb30BaTeJbCKOM YCTPOWCTBE.
[Top HabJ0JaeMOl pa3HOCTbIO BpeMeH NPUXO0Ja CUT-
HasioB OTDOA noHuMaroT HabJiogaeMbiii UE BpemMeH-
HOW MHTepBaJ Mexay npueMoM curHanoB PRS B DL ot
JIBYX TEppPUTOPHAIbHO-pacnpeseneHHbIX gNB.

Tak, eciu curHajg oT obcayuBarolled 6a30BOMU
ctaH MU gNBo npuHAT B MOMeHT TOAo, a CUTHAJI OT Co-
cefHelt 6a30Boi ctaHUuU gNB1 - B MoMeHT TOA1, To
OTDOA10 = TOA:1 — TOAo..

[lapamerp RTD (a66p. om auza. Real Time
Difference) onpepensieT HETOUHOCTb BpeMEHHOU CUH-
XPOHM3aLUM MeXAy ABYyMA TeppUTOPHUAJIBHO paclpe-
JleJIeHHbIMU 6a30BbIMU cTaHUusaMu gNB; ecan gNBo
nepegaet curdaj PRS B MomeHT t3, a gNB1 - B MOMeHT
ts, TO RTD = t4 - t3; ecain ke gNBo 1 gNB1 To4HO cuHXpO-
HU3MPOBaHbl M OCYIECTBJIAIOT Nepejjayy CUCHAJOB
PRS ogHoBpemenHo, To RTD = 0.

[Napametrp GTD (a66p. om anea. Geometric Time
Difference) onpepesnseT reoMeTpU4YecKyl pa3HOCTb
BpeMeH NpPHUXO0Ja CUTHAJIOB; €CJIM PACCTOSIHHE MeXAy
obcaykrBatoleld 6a3oBoii ctaHuelt gNBo 1 mosib30Ba-
TeJbCKHUM YCTPOHUCTBOM paBHO do, @ pACCTOSTHUE MEXAY
coceHell 6a30BoH craHuued gNB1 u mosib30BaTesb-
CKUM YCTPOHCTBOM paBHO d1, TO reoMeTpUYecKas pas-
HOCTb BpeMeH Ipuxo/ia curHajioB oT gNBo u gNB1 Ha UE
onpegenserca kak GTDio = (di - do)/c. Habsomaemas
pasHocTb BpeMeH npuxoga OTDOA cBsizaHa c reomer-
pudeckoi pasHocTbio GTD ¥ HETOYHOCTBIO CUHXPOHU-
3auuu RTD mexay nByMsa gNB cooTHoleHHEeM:

OTDOA = GTD + RTD. 9)

B paccmaTtpuBaeMoM cueHapuu (cM. pucyHOK 13)
GTD1o onpeaensier runep6osy Adio = d1 — do, a GTD2o
onpepeasier runep6oay Adzo =dz - do; nepeceyeHue
runep6os Adio U Adzo onpepesisieT MeCTONOJOXKEHHE
UE. C TOYKM 3peHUs1 BTOPUUYHON 06pabOTKU MepBUY-
HbIX M3MepeHUH Pa3HOCTHO-JAaJbHOMEPHOTO MeToJa
pas/iMyaloT OLleHKy KOOpJUHAT YCTPOHCTBOM U CEThIO.
Ecnu olieHKa KOOpAWHAT BBINOJHSAETCA I0JIb30Ba-
TeJIbCKUM ycTpolcTBOM, TO UE BeIuMc/IsieT CBOU KOOP-
JUHAThl C HCIOJb30BaHUEM NPUHUMAeMbIX U3 CETH
BCIIOMOTaTeJbHBIX JaHHBIX: TapaMeTpa RTD u ussect-
HbIX KoopAuHaT gNB. Ecu onleHKa KOOpAWHAT BBINOJI-
HsieTcs ceTblo, UE ornpaBaser napameTpsl OTDOA, us
KOTOPBIX CeTh ONpeiessieT MeCTONO0I0XEeHNE 110J1b30-
BaTeJIbCKOI'0 YCTPOWCTBA € ucnoJsb3oBaHueM RTD u
HU3BECTHBIX KoopAuHaT gNB.

Jln4 pasHoCTHO-AanbHOMepHBIX n3Mepenuit OTDOA
B ceTsix 5G NR cnenudunupoBaH napaMeTp pa3HOCTH
BpeMeH OnopHbIX curHajsoB RSTD, koTopelil onpefe-
JISIeTCsl KaK HaMMeHbIllasi pa3HOCTb MOMEHTOB Hadasia
npueMa MojAKaApoB OT coceHEN U ONOpHOH (06ciy-
*kuBamwl1eit) gNB [27].

Jlnsa peanusanuu metoga OTDOA B cersx 5G NR
ONOpHBbIe CHUTHAJIbl NO3MLIMOHUPOBAHUS MepefalTCs
HabopoM coceJHUX 6a30BbIX cTaHUUN gNB CHHXpPOHHO
c usnydyeHueM curHaja PRS o6cayxuBatouieit gNB. 06-
cayxuBaroias gNBo BeICTyaeT B poJid OOPHOHU 6a30-
BOHM CTaHL UM, OTHOCUTEJbHO KOTOPOH BBIYUC/SIOTCS
Pa3HOCTH BpeMeH ONOPHBIX CUT'HAJIOB:

RSTD; , = TOA; — TOA,. (10)

0603Ha4uM 4epes X = [x y]7 BeKTOp HEU3BECTHBIX
KOOpZHMHAT N0JIb30BaTe/bCKOr0 YCTPONCTBA Ha IJIOC-
KOCTH, a yepes X; = [xj yj]T BEKTOpP M3BECTHBIX KOOP-
JUHAT 6a30BOM ctaHuuu gNBj Ha miockocTH, Torja
nepBuyHble u3MepeHUss RSTD MOXHO NpefCTaBUTh
BbIpaXK€HUEM:

RSTD, = Ve —x)?+ 6 —y)?
‘ (11)

x— %)%+ (y —¥)?
_\/( 0) o —y0) + RTD;o + 8.,
c ) :

rae RSTD;, - pa3HOCTb BpeMeH NPUX0Ja OMOPHBIX
curHasoB PRS, uamepennnix Ha UE oT gNBi 1 onopHo#t
gNBo; RTD;, - HETOYHOCTb CUHXPOHM3ALHUH MEXAY
gNBi u gNBo; §; o — omn6kxu usmepenus TOA ot gNBi u
gNBo; ¢ = 3-10® M/c - ckopocTb cBeTa; d; — paccTosi-
HUe MexAay 6a30Bol ctaHuuel gNBi v mosb30BaTesb-
CKUM YCTPOMCTBOM, paBHOE:

_ \/(x —x)%+ (y —y:)?
- .

(12)

d;

Jlis mosunmonupoBanus UE Ha miockocTu Tpe6y-
etcs Tpu gNB: oHa onopHas u aBe cocepnue. Eciu UE
3HaeT KoopJAuHaThl onopHoit gNBo U AByX coceHUX
gNBi, a Takxe HeTOYHOCTH CUHXpoHM3auuu RTD;,,
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TOrJa MOJIyYuM JBa ypaBHeHus (11) c aByMs Hewus-
BeCTHbIMH [x y]T, KOTOpOE MOKHO pelIuTh COrJIacHO:

{RSTDLO = d1 - do + 81'0;

RSTDZ'O = d2 - do + 62‘0. (13)

Jlis mosnydeHus1 60jiee TOUYHON OLIEHKU KOOPJAUHAT
’KeJlaTeJIbHO UMeTb U3MepeHUs OT 6oJsiee 4yeM JBYyX
gNB. Ecain 6561 BC 5G NR 65111 TOUYHO CHHXPOHU3UPO-
BaHbl, TO HETOYHOCTU CUHXPOHHU3ALUU ObLIU Obl
paBHbI HyJito, a MeTog OTDOA cBesica 6bl K MeToAy
TDOA. T'eomerpuuecky, kaxzaoe usMmepeHue TDOA
omnpeJiesisieT TUIlep6oJy, IPU 3TOM IIUPUHA» TUIEp-
6oJibl OmpefessieTcs OINMOKaMU H3MEPEeHUN pas-
HOCTHO-Ja/lbHOMepHOro MeToza §&; &1 (cM. pucy-
Hok 13). Kaxxnoe uamepenue RSTD cooTBeTCTBYeT 0/1-
HoU runep6oJie B 2D (uinu runep6osionay B 3D), Ha Ko-
TOPOM pacnoJiaraeTcs M0Jib30BaTe/JbCKOe YCTPOM-
cTBO; GOKYCHI rUIIep6OJIbI COOTBETCTBYIOT U3BECTHBIM
KoopAnHaTaM 6a30BbIX cTaHIUK gNB. /laHHBIN MeTO/,
c6opa MepBUYHBIX U3MEPEHUN U UX BTOPUYHON 06pa-
60TKM C NOC/AeAyollell OLleHKOM KOOpUHAT Ha3bIBa-
etcs MyabTunatepauued. s OMII UE Ha niiockocTu
JlOCTaTOYHO NepecevyeHUs ABYX CUNep60J; IpyU 3TOM
3aJleficTByeTCcsd 3 0a30BbIX CTAHIMU: OJHA OIOpPHAasi
gNB u gBe cocenux gNB; faHHBIA MeTO, Ha3bIBAETCS
TpuUJaTepauyen.

Takum 06pa3oM, c TEXHUYECKON TOYKU 3peHus, ce-
TeBoe mNo3unuMoHupoBaHue yctpoicTtB UE, aBadmo-
muxcst UPU B ceTsax 5G NR, MoXXHO paccMaTpUBaTh Kak
OMII B MHOTONIO3UIJMOHHBIX CUCTEMAX MACCUBHOM pa-
JIM0JIOKALlUK, KOrZjla MHOXXeCTBO NMO3ULUN NpejCcTaB-
JleHo 06a30BbIMM cTaHUusAMU gNB, aBagwumMMUCA
OTMOpHBIMU NyHKTaMu npueMa (I1I1) mepBUYHBIX U3Me-
penuii [41]. [losunmonupoBanue VPU B MHOromosu-
LMOHHBIX CUCTeMax MAacCUBHOM paAMOJIOKALUU OCY-
LIeCTBJIAETCA 110 U3MEepeHUAM Ha MNPOCTPAHCTBEHHO
pasHeceHHBbIX [IIl BpeMeHU mpuXoJa CUTHAJOB, U3Jy-
yaeMmbix UPU [42]. Haubosee pacnpocTpaHeHHbIMU sIB-
JIAIOTCA Pa3HOCTHO-Ja/lbHOMepHble U yIrJOMepHble
(YM) naccuBHble u3Mepenus [43].

[Ipu pa3paboTke KOMIIJIEKCHON UMUTALlUOHHON MO-
JleJll TeXHOJIOTUM CeTeBOro NMO3WLIMOHUPOBaHUA 5G
NR PRS MeTpoBO#l TOUHOCTH, YUUTHIBAIOIIEN 0COOEH-
HOCTH c60pa NepBUYHBIX U3MEpPEHUH 10 CKOHPUTYpH-
poBaHHBIM curHasaMm PRS v ux BTopu4HYy0 06paboTKy
COTJIACHO PAacCMOTPEHHOMY pPa3HOCTHO-AAJbHOMEp-
HoMmy MeToZy OTDOA, peanusyroTcs cieayoliye npo-
neJypbl. B UMHTalMOHHOM MOJEeIMPOBAaHUU QOpPMHU-
pyeTcs creHapuil TeppUTOPHAIBHOIO pacipezeseHus
HECKOJIbKMX 6a30BbIX cTaHLUM gNB 1 ofHOTO MoJsB30-
BaTeJIbCKOTO ycTpolicTBa. PopMupoBaHue U nepefadya
OTIOPHBIX CHUTHAJIOB MO3UIMOHMpOBaHUs PRS ot He-
CKOJIBKMX 6a30BbIX cTaHIMi gNB Mogenupyercs ¢ yue-
TOM WX YHUKaJbHbIX UJleHTUPUKaTOpOB. [Ipuem omnop-
HBIX CUTHAJIOB 03ULIMOHUPOoBaHus PRS nosb3oBaTeb-
CKHUM YCTPONCTBOM MO/JIeJINPYeTCs C yYeTOM 3a/lepKeK
M O0Cl1abJieHWH 0pu PpacnpoCTPpaHEHWH paJHUOBOJIH
mexay gNB u UE. [lepBuyHas o6paboTKa U3MepeHHi

OCYILEeCTBJISIETCS M0J1b30BATEIbCKUM YCTPOUCTBOM IIy-
TEM KOppeJiii[iy MPUHATON CMecHu CUTHAJIOB C 33/laH-
HbIM HAG0POM JIOKaJIbHBIX CUTHAJIOB PRS. B pe3ysibTaTe
NepBUYHON 06pPabOTKU U3MEpPEHUM M0 KOppeJisiliuOH-
HbIM [TMKaM yCTaHaBJIMBAIOTCS 3a/leP>KKU BpeMeH IpHU-
xoJ1a curHasioB TOA, o KoTopbIM 3aTeM corsiacHo (10)
BBIUUCJISAIOTCA IapaMeTphbl Pa3HOCTH BpeMeH ONOPHBIX
curHaysioB RSTD. [lnsg rpaduyeckoi WHTEpHpETALUU
nepBUYHbIX U3MepeHU RSTD B UMUTAaLlMUOHHOM MoJe-
JINPOBAHUU IPOU3BOJUTCS BbIUMCJIEHHE U OTOOpaxe-
HUe JINHUK NOCTOSIHHOW pa3HOCTH BpeMeH Npuxoja
CUTHAJIOB — runep6oJ1 ¢ PoKycaMu B U3BECTHBIX MECTO-
nosoxeHusax gNB. BropuuHasa o6paboTka mepBUYHBIX
nsMepenuit RSTD 3akJitoyaeTcss B pelleHUU CUCTEMBbI
ypaBHeHui (13). Ipaduyeckas mHTEpnperalus BTO-
PHUYHOM 06pPabOTKU BKJIIOYAET OTOOPAKEHU e TIepeceye-
HUH runep6o.1 U oueHKy koopauHat UE.

4, 3ak1I04eHue

HoBelit paguounTepdeiic crangapra 5G NR c 6osiee
LIMPOKUMHM I10JIOCAMH 4YacTOT B AuanasoHe JelyMeT-
POBBIX U MUJIJIMMETPOBBIX BOJIH OTKpPbIBA€T NPUHLIU-
[IMaJIbHO HOBbI€ BO3MOXXHOCTHU 110 JOCTHUKEHHUIO MeT-
pPOBO¥ TOYHOCTH B CETAX MATOTO U NOCTAEYIOLIUX 110-
koJsieHUH. C 0/JHOM CTOPOHBI, HOBBIH paJiuonHTepdeiic
NR, BK/It0Yasi MHOTOQHTEHHbIE CUCTEMBI C IMarpaMMo-
o6pa3oBaHHEM U  HENOCPeACTBEHHOH  CBS3blO
YCTPOMCTB ApyrT ¢ ApyroM D2D B cBEpXIJIOTHBIX CETAX
UDN, OTKpBIBalOT HOBble BO3MOHOCTH IOBBILLIEHUSA
TOYHOCTH OIlpesiesieHUs] MecTonosoxeHus. C apyroi
CTOpPOHBI, UCNOJIb30BaHHWE JAAHHBIX O MECTOIOJIOXe-
HUH YCTPOUCTB CNOCOGCTBYET peasiM3alii HOBBIX Me-
XaHU3MOB YCTaHOBJIEHUS U BeJeHMA PaJHUOCBA3M Ha
OCHOBe nosunuoHupoBaHua LAC, Bk/toyas guarpam-
Mo06pa30BaHUe Ha OCHOBe MecTomnoJioxkeHus: LAB. B
pe3yJibTaTe aHaJk3a COCTOSIHUS MPOO6JIeMbl JOCTHXKe-
HUS METPOBOM TOYHOCTHU NO3ULMOHUPOBAHUA MO OT-
KPBITBIM 3apy6eXHbIM MCTOYHUKAM ObLJIO IMOKa3aHo,
YTO ONpejie/leHhe MeCTONOJIOXKEeHUs YCTPOUCTB C HUC-
M0JIb30BAaHUEM HHQPACTPYKTYPbl 6A30BBIX CTAHIUN
MOABUXKHOM CBSI3U 5G CTAHOBUTCS yKe He TOJIbKO OJI-
HOU U3 JONOJIHUTENbHbIX BO3MOXKHOCTEH, HO TaKXe U
CpeACTBOM JJOCTHXKEeHH S KayeCTBEHHO HOBOI'O YPOBHS
¢dyHknmonupoBanus cetu NR. /laHHble 06CTOSITEND-
CTBa NO3BOJIAIOT pacCMaTpPHUBaTh CETEBOE NO3ULIMOHU-
poBanue 5G NR, kak mpeaMeT MCCIeJOBaHUSA C ABYX
CTOPOH: BO-IIEPBBIX, KaK LieJIeByl0 3ajady onpejeie-
HUSI MECTOIOJIOKEHHUS 10JIb30BaTeNbCKUX YCTPOMCTB
B CETU NOJBUKHOM CBfI3U; BO-BTOPBIX, KaK HMHCTPY-
MEHT NOBbILIEHUS 3PPEKTUBHOCTH IMOCTPOEHUS U
OYHKIIMOHUPOBAHUSL CETH MNOJBHKHOHM CBSI3M Ha OC-
HOBe [JaHHBIX O MECTOIOJIOXKEHUU TOJBHXKHBIX
yCTpoicTB. C TOUKMU 3peHUs 1jeJIeBOM 3a4a4d OLIEHKHU
KOOp/JHUHAT IM0JIb30BAaTEJbCKUX YCTPOUCTB aKTyaslb-
HbIM U BOCTPEeOOBAaHHBIM SIBJISIETCSl HalpaBJeHUE IO
HCCIeJOBaHUIO U pa3paboTKe KOMILJIeKca UMUTAIMOH-
HBIX MO/ieJiel c6opa 1 06pabOTKHU NEPBUYHBIX HABUTa-
LIMOHHBIX U3MepeHUH AJ11 TEXHOJIOTUH CeTeBOTO [03U-
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nuonupoBaHus 5G NR npu Bepudukauuu npejesion
JOCTMXKUMOW METPOBOM TOYHOCTH ONpeJesIeHUsI Me-
CTOTOJIOKEHHUS MOJBHUKHBIX YCTPONCTB B PAa3JIUYHBIX
crieHapuax UX GQYHKLIMOHUPOBaHMA. B HacTosawen pa-
60Te Hccel0BaHbl TPOLeAYPbl KOHPUTYpaALUH ONOP-
HBIX CUTHAJIOB NMO3WLIMOHUPOBaHusA PRS, koTopsle us-
JIy4aloTcA 6a30BbIMU CTAHIMAMU U UCNOJIb3YIOTCSA /1
c6opa NepBUYHbBIX U3MEPEHUHN BpeMeHH NPUX0/a CUT-
HaJIOB N0JIb30BaTeJbCKUMHU yCTpoHcTBaMU. C TOYKHU
3peHusi BTOPUYHON 006pabOTKH NMEPBUYHBIX U3MeEpe-
HUH C pe3yJbTUPYIOLLEN OLlEHKON KOOpJAWHAT pas-

CnMCOK MCTOYHUKOB

HOCTHO-Ja/bHOMepHBIM MeToZoM OTDOA B HacTos-
el paboTe BBINIOJIHEHA TOCTAaHOBKA 33/[a4H Ha pa3pa-
OOTKY KOMILJIEKCHON MMHUTAIIMOHHOW MOJIe/IN TEXHO-
JIOTUU CeTEeBOro NMO3UIIMOHUPOBAHUA METPOBOM TOY-
HocTu 5G NR PRS. Pe3ysabTaThl npejcTaB/ieHHOTO HC-
cJleJloBaHUs IO3BOJIAT Jajiee 060CHOBAThb TPeO6OBaHUS
K ZJOCTUXKEHHUIO0 METPOBOM TOYHOCTU CETEBOI0 MO3UILU-
OHUPOBAHUS MOJABWKHBIX U HENIOABWXKHBIX YCTPOMCTB
meTogoM OTDOA c ucnosib3oBaHueM curHajioB PRS
JUIs yIIpaBJIeHUS AUAarpaMMoOi HalpaBJeHHOCTH B OT-
JleJIbHOU paZiMOoJIMHUU CBEpPXIJIOTHOW CeTH pajiuofo0-
CTyna MUJJIUMeTpoBoro Auanasona 5G NR.
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Abstract: He semantic sign system is considered, represented by two different sets of elements, through which creative
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Neural networks are among the most amazing Natu-
ral formations. A high concentration of neural networks
is represented by complex mammalian brain structures
(BSs). The human brain has well-defined abilities:
thinking, logical choice of objects, and preservation of
acquired knowledge. Studying the work processes of
the neural network of the brain by means of computa-
tional topology contributes to the development of tech-
nical systems with artificial intelligence. Traditionally,
when the thought processes in BSs are compared with
Natural phenomena carried out according to a certain
program, a high similarity index is noted. This allows
declaring the presence of isomorphism properties.
Typical examples of two isomorphism processes are lit-
erary works and the variety of Natural species of living
organisms. In both cases, the results of creativity, in the
broad sense of this concept, are created based on a set
of symbolic programs. For literary creativity, this is a
set of letters. For the creativity of Nature, this is a set of
nucleotides.

The introduced concepts declare the presence of a
neurotransmitter image as a mathematical object repro-
duced by means of computational topology and associa-
tively perceived as a result of human or Natural creativ-
ity. Computer modeling of neural processes of living or-
ganisms that create complex images operates with the
concepts of additive tracks of events in BSs. Similar mod-
els of the processes of generating event tracks, based on
genetic material, are implemented in Nature when creat-
ing different types of living organisms.

Indeed, the presence of BSs in humans generates cre-
ativity, for example, writing various literary works
based on an established sign set (alphabet). In Nature,
similar processes implemented on the basis of a typical
sign set (nucleotides) give rise to different types of or-
ganisms. This fact allows stating the presence of two
processes in Nature that are different in etymology but
have the same general property of generating the syn-
thesis of associative images. The concept of such an un-
derstanding of the laws of Nature, in terms of the phys-
iology of neural activity of BSs, was formed at the be-
ginning of the twentieth century.

General ideas about the work of human BSs were in-
troduced by Sechenov in 1891 [1]. The scientific con-
tent of the work on the mechanisms of memory for-
mation in BSs highlights the presence of nerve centers.
The modern anatomical paradigm identifies this natu-
ral phenomenon with the presence of brain regions re-
sponsible for the physiology of neural processes of per-
ception of many factors. In his scientific work, Sechenov
highlighted the general concept of the reflex reaction of
the body and paid attention to the processes of excita-
tion and inhibition. At the current stage of the develop-
ment of BS research technologies, the connection be-
tween these processes has been established, which con-
tributes to the development of ideas about the for-
mation of associative memory, long-term and short-

term memory. The actual ability of BSs to operate with
a variety of concepts is formed naturally in the process
of the evolutionary development of the organism. The
neural network of the brain is considered a physical ba-
sis for the implementation of memory procedures.

The theoretical foundations of cerebral physiology
were developed by Pavlov, who in 1904 presented a
scientific work on the congenital nervous system activ-
ity of the organism [1]. This scientific potential was
highly appreciated by the world community, and the
author received the Nobel Prize. A series of scientific
papers studying nervous processes demonstrated a
method of sequential approximation to solving a large
list of questions about the formation of human memory.
In the first stages of studying BSs, researchers consid-
ered the theoretical issues of organizing an experiment
for the selection of disturbing factors that to a certain
extent create agreed images. Taking into account the
presence of natural reactions available in the body, ob-
tained on the basis of the long-term development of the
species, the digestive system - the autonomic nervous
system - was considered. This nervous system has a
connection with BSs. In order to form numerous relia-
ble descriptions of the experiment, a mammalian spe-
cies was considered as a research object - an ordinary
dog. In this kind of living organism, a memory appa-
ratus has been formed in the process of evolutionary
development. These are separate fragments of BSs,
which recorded conditioned reflexes correlated with
motivation. Such an arrangement of arguments in favor
of choosing the type of living organism and organizing
experiments for the physiological control of the moti-
vational factor demonstrated the presence of a new
technology in the study of BSs.

Having established a stimulating factor in the form of
alight signal, the request of the autonomic nervous sys-
tem for food intake was synchronously satisfied. The
combination of these factors triggered a complex mech-
anism for the formation of an associated image identi-
fying the event - the act of eating. In the theory of phys-
iology, such an act corresponded to satisfying the need
for nutrition. From the physiological point of view, the
associated image was created subject to the presence of
a light signal. Manifold repetition of the feeding scheme
with a light stimulus created a stable response effect of
the autonomic nervous system. The associative image
has become a stimulus to trigger the autonomic nerv-
ous system, waiting for the act of nutrition.

During the experiment, it was noted that the absence
of food in the presence of a light signal initialized the
start of the working process of the autonomic nervous
system. In fact, this meant that a living mammalian or-
ganism was able to learn and independently form im-
portant associated images in BSs.

The associated image, created on the basis of a net-
work of neurons naturally connected to BSs, allowed
the formation of long-term memory.
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A logically sound judgment about this fact has been
repeatedly tested experimentally. In the modern inter-
pretation of this judgment, the presence of a statistical
and systematic approach to the collection and analysis
of experimental results is clearly visible. This fact is
used in many modern methods of teaching different
types of organisms. A single neural network mecha-
nism associated with BSs makes it possible to create
long-term images of signals.

Neural network workflows are created on the basis
of special chemicals - neurotransmitters. Neurotrans-
mitters are transmitters that implement the key func-
tions of switching electrochemical flows. Electrochemi-
cal impulses from a nerve cell, through a network of
synapses, propagate between neurons. Transmitters
have the property of selecting specific areas of the cell
membrane surface, initializing the creation of a unique
electrochemical flow.

This effect creates a specific set of action potentials
(APs) arising on the surface of several cells. By selecting
APs on a group of cells, a track of events is created, the
image of which is stored in BSs. Such an image as a
mathematical object is isomorphic to a model of track
events on a neural network. This phenomenon, estab-
lished by Sechenov and Pavlov, launches the processes
of searching for associative images that perform the
functions of constructing a response - the reaction of a
neural system to a similar group of APs.

Tracks of propagation of APs on a network of neu-
rons create a transmitter image. According to the the-
ory of neurophysiology, there are images created at the
birth of an organism, as well as images formed in the
process of vital activity. It is natural to believe that the
images created by Nature are specific to each organism
type. This concept is constantly supplemented by new
results of numerous studies in the field of genetics. The
constant renewal of the cellular populations of the body
results in a modification of the neural network that gen-
erates neurotransmitter images. This is how the body
adapts to the environment, and at the same time, the
learning process is carried out, in the broad sense of un-
derstanding this term.

Developing these ideas, the scientific community has
formed a thesis about the complex structural organiza-
tion of many physiological processes in living organ-
isms. These ideas are generalized in the concept of a
dissipative system that is able to maintain a set of stable
states. A low level of variability of functional states in
living organisms is supported by a set of control signals
- neurotransmitter images.

In terms of biophysics, the state of a living organism
is characterized by a set of physiological processes. The
mathematical model of any physiological process is
compared to the image. Each organism type has a
unique set of physiological processes. Taking this into
account, it becomes clear that there is a need for a vari-
ety of Natural images for different physiological pro-

cesses. It is due to the presence of a set of reference im-
ages that a series of reactions of the body to activating
and inhibitory factors that contribute to the formation
of a stable state, known as the law of homeostasis, is
created. At the same time, the presence of Natural reg-
ulators of the functional state of the organism is ex-
plained by the long evolutionary development of each
species with a unique genetic code.

The genetic code is a format for recording unique
processes in the body, some of which act constantly,
and the other part works in strictly defined periods of
life. As an illustration, examples can be given: the age
period of growth of BSs, skeletal limbs, teeth, or tem-
perature regulation of the body surface in humans.
These are regulatory program modules of the organ-
ism, which are activated in the presence of genetic as-
sociative patterns. The group of associative images of
the regulation of the body’s functional state is variable
when the environmental conditions change. This thesis
can be considered in the field of concepts of modern
computer technology and intelligent systems. Note the
presence of software products in the computer that
have different functional descriptions of the action. For
practical tasks solved using a computer, it is important
to have memory blocks: long-term and random access
memory (RAM). Long-term memory is characterized by
random access, in which the act of requesting requires
specifying the address of a memory cell. Associated
computer memory (ACP) is created subject to the pres-
ence of a rule of reference, which is often specified in
the format of a word or image. In this case, a successful
search query in ACP implements a selection of several
word forms or images that have common indicators. In
the absence of an associated request image in the ACP
structure, the "refusal” procedure is implemented.

It should be noted that the organization of storing
and searching associated images on a computer is diffi-
cult to implement and requires special high-cost hard-
ware modules. For each field of concepts and defini-
tions of a process or phenomenon, it is required to cre-
ate a specific image of requests implemented on a
unique electronic block.

The execution of the procedure for searching for an
associative image from an available set requires a for-
malized rule. The presence of such an algorithm makes
it possible to create a group of objects with a unique sig-
nal image. In such a generalized image of a group, the
order of enumeration of objects is not important. This
concept corresponds to a strict definition of associativ-
ity in terms of mathematics.

As anillustration, consider an identity in which there
is no indication of the order of enumeration of objects:
(a+b)+c=a+(b+c)=a+b+c.

Let us supplement this concept with examples of
texts. Assume the existence of a rule for creating an im-
age of a literary work executed in terms and definitions
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of computational topology. Also, assume that the numer-
ical values of individual signs, which naturally form a set
of word forms according to the author's plan, are consid-
ered as parameters of the associative image model.

A set of word forms is created in the basis of the se-
lected alphabet. The creative process of creating a set
of word forms is carried out by a reasonable object cre-
ated by Nature. A human as a creative synthesizer of
scientific and literary sets of word forms creates an
iconic array of data. A similar process is observed when
Nature creates living organisms, but from a set of nu-
cleotides. Such a process is unique - it has a genetic
code of the organism type. The genetic code of the or-
ganism is represented by a symbolic array and is in-
stalled by Nature.

The distinct closeness of the introduced concepts
can be demonstrated by the example of literary creativ-
ity. It is obvious that literary works similar in format
are associatively perceived as elements of the same
group. Associative perception is created by BSs. Indeed,
it can be assumed that the neurotransmitter model
forms an idea of the kinship of the presentation forms
of some of the author's ideas. In the mathematical
model of the pragmatic process of recognizing the pres-
ence of associativity principles in a group of objects or
elements, one can highlight the concept of a basic struc-
ture. This is important because to consider the issues of
creating a group of associated objects, it is required to
identify significant features that demonstrate a differ-
ence from the basic image.

The basic mathematical model of the associative im-
age is represented in the form of the trochoid equation,
as a special case of a cycloid. It will be assumed that R
and d characterize the number of characters (n) of the
created image:

x(t) = R — dSin(t); y(t) = R — dCos(t), (1)

where Ris the power of a set of elements; d is the power
of a subset of elements (d € R); t is the event sweep pa-
rameter in the interval 2.

Highlighting the concept of a subset in the model de-
clares the possibility of creating related associative im-
ages. In this context of defining associativity, consider
the ratio of the parameters R and d at which all availa-
ble images are equivalent.

Let us create a basic image (Figure 1). For certainty, let
us put R = d = 50. This condition, in terms of the trochoid
model, declares the presence of a field of the same type of
elements, which has a high entropy index. A trochoid as a
cyclic image is created on the basis of a circle. The basic
image created on the same type of elements according to
expression (1) is represented as a half-circle [2]. The pe-
rimeter of the L, image is determined by the ratio L, = 8R,
and the radius r of the circle by the expression:

(5)2 + H?
2

"= on

(2)

where L is the size of the image base on the X coordi-
nate; H is the maximum size of the image on the Y coor-
dinate.

120
100
80
60
40

20

Events by coordinate /Y/

0
0 50 100 150 200 250 300 350

Events by coordinate /X/
Fig. 1. Basic Image of a set of Equivalent Elements

Naturally, the image can be scaled taking into account
the real indicators of R and r. So, for example, under the
condition P = d = 50; t = (0 + 2m), we have: L = 314.16;
H=100; r=173.37. The calculated numerical indicators
xi(t) in yi(t) can be saved in the form of arrays X(t) and
Y(t). Assume that (xi (¢) € X(&:); yi(t) € Y(¢)).

Obviously, under the condition d < R, the subset is po-
sitioned selectively. Keeping R = const, and setting an in-
dividual numerical indicator d; for the indicator d, the
track of events is reproduced in the model at an interval
of 2. By establishing a rule for the allocation of individ-
ual numerical indicators d;, a partial or complete image
is created on a subset d, for example, of a literary work
arbitrarily selected from an information resource [3].

This principle of image synthesis can be reproduced
on a set of nucleotides characterizing the genome of the
selected organism. The NCBI information resource [4]
contains a large number of sets of genomes of various
organisms, including viruses.

The concepts introduced make it possible to imple-
ment computational procedures for creating neuro-
transmitter images using the trochoid equation. Let us
consider the process of creating a neurotransmitter im-
age by the example of poetry - Alexander Blok’s "Avia-
tor" [3]. Let us highlight the initial lines of the poem.

Jlemyn omnywen Ha c60600y.
Kaunye 0ge nonacmu ceou,
Kax yyouwe mopckoe 6 600y,
CKOnb3HYL 8 8030V UIHbIE CIMPYU.

E20 6unmur noom, kax cmpyHeoi...
Cmompu. HedpocHysuuL nuIom
K crenomy connyy nao mpubynoii
Cmpemum c60u 8UHMOBOL Noaem...

Let us arbitrarily choose a sign set: "n1", "e", "a", "c".
and determine the numerical indicators of the sign set
for a complete literary work in Russian (Table 1). Let us
create an image of a literary work (Figure 2a) using the
expression (1), R=const,d=(di=1,dz2=¢,d3=a,ds=c).
The number of characters is determined by the text in
Russian.
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TABLE 1. Numerical Indicators of the Text

A Block V. "Bryusov A."Cllle‘khov
Parameters WA " In the Living
Aviator R "
Spring Chronology
Full number of characters, R 1314 793 4717
Number of characters:
"n", di 52 34 184
"e", d2 87 61 327
"a", d3 65 43 342
"c", da 48 34 152
1425,00
1350,00
1275,00
1200,00
0,00 4000,00 8000,00
a)
900,00
> 82500
2
£
o
S
8
o 750,00
£
z
2]
[
2
w
675,00
0,00 3000,00 6000,00
b)
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4500
4200
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Events by the coordinate /X/
Letter NN Lettere Lettera Letter c
)

Fig. 2. The Image of the Literary Work: a) "Aviator” by A. Blok;
b) "In Spring” by V. Bryusov;
c) "Living Chronology” by A. Chekchov

Let us consider another text - a poetic work by Val-
ery Bryusov "In the Spring" [3]. Let us reproduce the
initial fragment of the work and determine the numeri-
cal indicators of the sign set for a complete literary work
and present it in Table 1 and Figure 2b.

He ¢ nepswiii paz meou nons
Obo3spesato s, Poccus,
Yepueem 3pvimas 3emis,
Lpooicam, knownsce, 06cbl myaue
U, muxo nucmos weeens,
bepes uzsunumnvt poonvie.

Bom kocozop, a 6om pexa,
3a necom — ebiuika KONOKOIbHU,
Hans 6ecnpedenvho wiupoxa,
IIpocmop nyeos, umo wiae, pazoonvhel,
Inwigym necnewno obaaxa
Tax 6b1COKO HAO JHCUZHBIO DOTbHEIL.

Let us create a simple literary text. Let us create an
image of a literary work in which there is no poetic
rhyme. Consider the prose: Anton Chekhov's short
story "Living Chronology" [3]. Let us highlight the ini-
tial lines of the literary work. Let us determine the nu-
merical indicators of the sign set for a complete literary
work and present it in Table 1 and Figure 2c. Let us cre-
ate an image of a literary work () using the expression
(1), R=const,d=(d1=1,dz2=e,ds = a, ds = ¢). The num-
ber of characters is determined by the text in Russian.

Let us consider two theses. First, the collection of
created images of literary works demonstrates the
presence of the author's style of using word forms cre-
ated on the basis of four letters. It can be confidently
assumed that with an increase in the number of signs
used in the construction of the image of a literary work,
the author's style of creativity will clearly manifest it-
self. This remark correlates well with the postulate
aboutincreasing the size of the information description
of a process or object: the more indicators of an object
are allocated, the higher the level of identification.

Second, the analysis of literary works having differ-
ent presentation forms, using the same model, repro-
duces typical topological tracks of events with different
metric indicators on the plane.

The considered judgments about the analysis of lit-
erary works should be correlated with the process of
human creativity, which is naturally identified with the
object of Nature. Such an object demonstrating the abil-
ity to carry out independent creative processes is cer-
tainly unique.

At the same time, it should be recognized that Nature
itself reproduces the processes of creativity by creating
and supporting the evolution of living forms of matter.
The basis in such processes is the genome of a living or-
ganism, recorded in every living cell. Two structures
are distinguished here as basic forms: deoxyribonucleic
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acid (DNA) and ribonucleic acid (RNA), which are con-
tained in the cells of all living organisms. Each DNA or
RNA molecule is assembled from smaller simple com-
pounds - nucleotides: adenine (4), guanine (G), cyto-
sine (C), and thymine (T).

The simplest form of life is represented by viruses. A
virus is a small particle of matter. The virus, as a molec-
ular formation based on DNA or RNA, is located in a
protein envelope (capsid). Viral particles are capable of
infecting living organisms, which generates the prob-
lem of recognizing individual strains and creating dis-
infection procedures. The pragmatics of solving this
problem is created in the field of concepts of computer
data analysis.

The hereditary material of the virus is presented in a
set of nucleotides. A large amount of genetic material of
different viruses is posted on the NCBI information re-
source [4]. One can say that the material of Nature's
creativity created on a set of nucleotides is instrumen-
tally read and placed in a special text format. It is obvi-
ous that the comparison of the creative process of man
and Nature can be carried out by means of modeling. A
natural and essential requirement in this process of
model matching is isomorphism, which manifests itself
in the unity of metrological procedures for registering
initial data and constructing an image.

In Nature, there are viruses with the RNA and DNA
genomes. Consider coronavirus 2 Cov-19/Japan/SZ-
NIG-4-C818/2022 RNA, complete genome.

LOCUS BS002432 29805 bp linear RNA [5]. Let us look
at the fragment represented by a set of signs - nucleo-
tides: adenine "a", guanine "g", cytosine "c", thymine "t".

1 ggtttatacc ttcccggta acaaaccaac caacttttcga tctettgtag atctgttctc
61 taaacgaact ttaaatctg tgtggctgtc actcggctgc atgcttagtg cactcacgca
121 gtataattaa taacaatta ctgtcgttga caggacacga gtaactcgtc tatcttctgc
181 aggctgctta cggttcgtc cgtgttgcag ccgatcatca gcacatctag gttttgtcecg
241 ggtgtgaccg aaagtaaga tggagagect tgtccctggt ttcaacgaga aaacacacgt
301 ccaactcagt ttgctgttt tacaggttcg cgacgtgcte gtacgtggct ttggagactc
361 cgtggaggag gtctatcag aggcacgtca acatcttaa gatggcactt gtggcttagt

Let us determine the numerical indicators on the en-
tire genome array for each sign. The results are pre-
sented in Table 2. Let us create an image of the virus

(Figure 3a) using the expression (1), R = const,d = (d1 =G,
d2=T,d3=C, ds=A).

Consider a fragment of another virus strain [6]: coro-
navirus 2 HCoV-19/Japan/SZ-N-4-C940/2022 RNA,
complete genome

LOCUS BS002446 29809 bp linear RNA. The fragment
is represented by the same set.

1 gattaagtg aatagcttgg ctatctcact tcccecgtt ctetgeaga actttgattt

61 taacgaactt aaataaaagc cctgttgttt agcgtattgt tgccttgtc tggtgggatt
121 gtggcattaa tttgcctgct catctaggca gtggacatat gctaacact gggtataatt
181 ctaattgaat actatttttc agttagagcg tcgtgtctct tgtcgtcte ggtcacaata
241 cacggtttcg tccggtgcgt ggcaattcgg ggcacatcat gtcttcgtg getggtgtga
301 ccgcgeaagg tgcgcgggt acgtatcgag cagcgcteaa cttgaaaa catcaagacc
361 atgtgtctct aactgtgcca ctctgtggtt caggaaacct ggtgaaaa ctttcaccat

Let us determine the numerical indicators on the en-
tire genome array for each sign. The results are pre-
sented in Table 2 and Figure 3b.

Taking into account that the presented images were
created on etiologically similar material and almost
simultaneously, one can note a slight discrepancy in the
tracks of the image (Figures 3a and 3b). Let us complete
these representations. From an evolutionary point of
view, it is of interest to consider the coronavirus of the
past years. For example, coronavirus 2c England-Qa-
tar/2012, complete genome [7].

LOCUS KC667074 30112 bp linear RNA. Consider the
fragment.

1 gattaagtg aatagcttgg ctatctcact tcceeegtt ctetgcaga actttgattt

61 taacgaactt aaataaaagc cctgttgttt agcgtattgt tgccttgtc tggtgggatt

121 gtggcattaa tttgcctgct catctaggea gtggacatat getaacact gggtataatt
181 ctaattgaat actatttttc agttagagcg tcgtgtctct tgtcgtctc ggtcacaata

241 cacggtttcg tccggtgegt ggcaattcgg ggcacatcat gtettegtg getggtgtga
301 ccgegeaagg tgcgegggt acgtatcgag cagegctcaa cttgaaaa catcaagacc
361 atgtgtctct aactgtgcca ctetgtggtt caggaaacct ggtgaaaa ctttcaccat

Let us determine the numerical indicators on the en-
tire genome array for each sign. The results are pre-
sented in Table 2 and Figure 3c. The image of the KC
667074 virus strain, sample 2012, has differences from
previous versions of the strains. However, in general, the
image of the virus strain has not changed. This is a good
sign of the adequacy of the model.

TABLE 2. Numerical Indicators of the Genome

Coronavirus 2 Cov-19/Japan/ Coronavirus 2c England- | Virus Sulfolobus islandicus
Parameters SZ-NIG-4-C818/2022 RNA Qatar/2012 1,2021
LOCUS BS002432 | LOCUS BS002446 LOCUS KC667074 LOCUS NC004087

Full number of characters, R 29805 29809 30,112 32308
Number of characters:
"g", d1 5955 5883 6380 4179
"t", da 9490 9553 9675 11563
"c", d3 5571 5590 6166 4158
"a", da 8789 8783 7891 12408
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Fig. 3. Image of the BS002432 Virus (a), BS002446 Virus (b), KC667074 Virus (c), NC004087 Virus (d)

Now let us turn to the consideration of DNA-based
viruses [8]. Consider the rod-shaped virus Sulfolobus is-
landicus 1, 2021, the complete genome. The virus be-
longs to the Rudiviridae family and is distributed in hy-
drothermal environments.

1 ttgtagagca gtaagaaggt attgggagtt tttttcattt ttgcgtaaa tttcgcaact
61 aatgagataa attggaaatt ccaatttttt tcgttttttt cgttttttc gcaccaaagt
121 taataaattg aaaattccta aattcctaaa ttccaattat tetteattt tgcgtaattt
181 tcgaaataaa gttaataaat tggaagttcc taaattccaa ttattctac accttgtaaa
241 attattccaa caaattaata aaattggaaa ttcctaagtt cctaattcc aataaattct
301 acatcttgga aatttattac aaaaagttaa taaaattgta aatccaaaa ttccaattaa
361 ttgtacatct tggaaaatta ttccaattag ttatgtaaat tggaattac aaaattccaa

LOCUS NC004087 32308 bp linear DNA. Consider the
fragment. Let us determine the numerical indicators on
the entire genome array for each sign. The results are
presented in Table 2 and Figure 3d. There is also a gen-
eral pattern of creating tracks, but at the same time,
there are differences. The differences are manifested in
the clarity of the allocation of two tracks for two groups
of T-A and C-G nucleotides. The pattern of detecting
two groups of nucleotides isolated by means of the
model corresponds to the Chargaff’s rule (1951) [9]. It
has been established that four types of nitrogenous ba-
ses are found in DNA: adenine, guanine, thymine, and
cytosine [10]. The nitrogenous bases of one of the
chains are connected to the nitrogenous bases of the

other chain by hydrogen bonds according to the princi-
ple of complementarity: adenine connects only with
thymine (A-T), guanine - only with cytosine (G-C). Itis
these pairs that make up the "rungs" of the spiral "lad-
der" of DNA. It should be noted that this property of the
nucleotide DNA chain, in terms of modern research, is
found only in a series of numerous statistical analysis
procedures.

The presence in the mathematical model repre-
sented by the expression (1) of two parameters: R and
d, declaring the presence of the conjugacy property of
sets, is adequate to the concept of complementarity in
genetics. An illustration of this concept is presented in
Figure 4, where the paired combination of nucleotides
on two event lines is a natural process in the synthesis
of cell populations.
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Fig. 4. Scheme of Nucleotide Combination According to Chargaff
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The long-discovered effect of paired conjugation of
nucleotides in modern research is considered an illus-
tration of a little-studied natural scenario for creating a
living organism. Naturally, the use of a mathematical
model with two conjugate parameters correlated in bi-
osynthesis with the tracks T-A and C-G declares the pos-
sibility of a formal study of DNA structures in different
types of organisms. Taking this into account, let us cre-
ate a formal procedure for evaluating the conjugacy of
the coordinates of the event sweep track.

The expression is represented as:

G —y0)?
0= i — Vi ’ (3)
p
where p = 10,000 is the scale factor; Q = (0+0) is the

conjugation index.

Let us clarify the concept of conjugation in the nucle-
otide chain of events. Let us keep the initial conditions
R =50 = d and the numerical indices of the arrays X(t)
and Y(t) obtained during the construction of the base
image (Figure 1). It is obvious that for |(X(t;) - Y(t:))1 = 0,
the exponent Q — oo is the dimension of the exponent Q
(radians). By expression (3), one can calculate the con-
jugation index Q and create an image of the scan of the
events for the base image at an interval of 21, equal to
approximately 43 iterations (Figure 5). Obviously, for
p = const and any values of R = d, a tautochrone curve is
obtained, which has a "short descent" profile.

Tautochronous image Q (R = d = 50)
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Fig. 5. The Basic Image of the Indicator Q

Indeed, this judgment is fair and has the logical
meaning of an information package. For biosynthesis
problems, it is difficult to maintain mathematical equal-
ity of the number of nucleotides over a very long-time
interval. That is why complex, but compact in length
sets (nucleotides) of events are found in Nature. On av-
erage, a typical set of genes is about 30-35 thousand el-
ements. At the same time, chromosomes, as larger ob-
jects of synthesis, can contain tens of millions of ele-
ments.

This thesis can also be applied to literary works. Hav-
ing a certain quantitative indicator of signs in the text, a

literary work is characterized by an indicator of conjuga-
tion. It can be said that a very large number of signs -
word forms reduces the value of the indicator of the com-
bination of chapters, paragraphs, and subsections of
a literary work. It makes it difficult to form a logically
connected chain of events described in a literary work.

In other words, it is possible to allow redundancy of
the text, but this will reduce the semantic significance
of individual fragments of the information array of
signs (text). In order to maintain a significant level of
conjugation in literature, the rule of dividing a literary
work into chapters or sections is used. In living nature,
this rule is implemented in the genome of an organism,
which is represented by a set of chromosomes.

Let us consider the established concepts by the ex-
ample of the previously presented texts. Let us create
an image of the indicator of paired conjugation of
events for the literary work by Alexander Blok "Avia-
tor". It is poetry. Let us numerical indicators of arrays
X(t:) and Y(t:). Calculate the conjugation index Q by ex-
pression (3). Create a graphical image (Figure 6).
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Fig. 6. The Image of the Indicator Q for the Poem
by A. Blok "Aviator"

Let us carry out similar constructions for Anton Che-
khov's literary work "Living Chronology". It is prose.
Let us use numerical indicators of arrays X(t;) and Y(&).
Calculate the conjugation index Q by expression (3).
Create a graphical image (Figure 7).
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Fig. 7. The Image of the Indicator Q for the Work
by A. Chekhov "Living Chronology”

The visual comparison of the images in Figures 6 and
7 demonstrates the difference: the @ index is higher in
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the first case. At the same time, there is a similarity: the
minimum point is at the 7th iteration. Let us create a
general judgment in which it is stated that relatively
simple comparisons of images of conjugation indicators
make it possible to detect differences in literary works.
Atthe same time, it should be noted that the general ap-
pearance of images of different literary works remains
the same.

Formally, the result obtained allows declaring the
presence of a general form of the image of the indicator
of the conjugation of literary works, but with an indi-
vidually expressed set of tracks. It can be said that re-
gardless of the genre of a literary work, a typical image
is created in which the ranking of signs (letters) is ob-
served. Let us write this judgment as an axiom.

Let us build an image of the conjugation index for ge-
nomes, using previously obtained data for a couple of
viruses:

1) Coronavirus 2 HCoV-19/Japan/SZ-NIG-4-C818/2022
full genome LOCUS BS002432 29805 bp linear RNA;

2) Rod-shaped virus Sulfolobus islandicus 1, 2021,
full genome LOCUS NC004087 32308 bp linear DNA.

In the calculations, numerical indicators of arrays
X(t:) and Y(t:) will be used. Let us calculate the paired
exponent Q of the conjugation by expression (3). Let us
create a graphical image (Figure 8).

0,50 nucleotid G
nucleotid T

2 040 i
x nucleotid C
E 0,30 nucleotid A
]
S 020
§
@ 0,10
[—

0,00

1 2 3

Event iteration number
Fig. 8. Image of the Q Indicator for LOCUS BS002432 /2022

By analogy, let us use numerical indicators of arrays
X(t:) and Y(&) for the rod-shaped virus. Let us calculate
the paired conjugation index by expression (3). An il-
lustration of the performed procedures is shown in Fig-
ure 9. A comparative visual analysis of the images pre-
sented in Figures 8 and 9 indicates a mismatch of the
nucleotide tracks. There is also an intersection point,
which indicates a "plexus" of nucleotide tracks. The
presence of these features makes it possible to identify
the genomes of organisms. Using thematic methods for
analyzing images of various representatives of the liv-
ing world, it is possible to establish evolutionary simi-
larities.

The systematization of scientific knowledge pre-
sented by different sections of modern science about
Natural processes creates the basis for establishing
phenological patterns. Computer modeling makes it
possible to determine the similarity of processes, ob-

jects, and events with different etymological character-
istics. This is clearly seen when comparing different im-
ages as objects of creativity. The basis for computer
modeling is information resources that allow creating
unique rules for analyzing different processes.

Postulating the existence of various creative pro-
cesses in society, it is possible to distinguish a literary
genre. The process of creating a literary work performed
by a human is based on the possibility of using a set of
symbols that generate word forms. In practice, using
many different word forms, a unique text field of a liter-
ary work is created. Despite the possibility of repeating
signs and word forms on the text field, each individual
literary work is unique. The concept of uniqueness is
established using a topological model that initializes the
creation of a computer neurotransmitter image.
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Fig. 9. Image of the Q Indicator for LOCUS NC004087/ 2021

The image structure reproduces a set of tracks that
characterize the dynamics of changing elements of the
text in question. It is noted that the manifestation of the
compactness of the neurotransmitter image is charac-
teristic of literary works. All the elements of the text ar-
ray accepted for consideration form dense trochoid
constructions. Similar constructions are observed in
the creations of Nature - in the genome of living organ-
isms. This allows declaring the existence of general
principles of creativity.

The declaration of this judgment is based on the re-
sults of comparing transmitter images of different liter-
ary works and some genomes. This judgment is plausi-
ble because the additive composition of signs is consid-
ered both in the text field and in the field of genes of
living organisms. The sequential allocation of individ-
ual signs, both for literature and for genetics, creates
the concept of the unfolding of events. The compactness
of the process of turning events in literary creativity is
supported by the presence of a large number of signs
and their numerous combinations. To organize a simi-
lar process in Nature, four nucleotides are used, which
create less compact forms. This property of natural syn-
thesis of living organisms is extremely important in
evolutionary development. A smaller manifestation of
compactness in the image of the conjugation index for
living organisms makes it possible to adapt to different
habitats.
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This intuitive and well-explained judgment has strict
rules for the formation of a mathematical concept. In
terms of the general theory of topology, the com-past-
ness of an arbitrary data set is considered in terms of a
closed and bounded space. Formally, this means that
the selected data set is represented by a continuous se-
ries of values without missing any elements. An addi-
tional condition is the presence of a starting and finish-
ing element or a group of elements in the data set.

These conditions, declaring the presence of com-
pactness of both the literary work and the genome of a
living organism, are clearly manifested in the analysis
of a set of word forms and the genome.

Indeed, there are three parts in a literary work: the
prologue (the beginning), the climax and the epilogue
(the final part). Similarly, for the genome of a living or-
ganism, it is allocated. The first stage is the beginning,
when DNA syn-thesis is initiated, which requires short
(10-200 nucleotides) RNA sequences that perform the
functions of primers (primers). Next, a series of proce-
dures for the synthesis of the complete genome of the
organism is carried out, which ends with the creation of
the "finishing block" - the telomere.
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Introduction

The very first sound synthesis systems began to ap-
pear in the second half of the 20th century. To date,
there is a significant amount of methodological infor-
mation about the programming of synthesizers and
the implementation of various classes of sound objects
on their basis. The specificity of using synthesizers
determines, first of all, practical methods. At the same
time, the need to improve sound synthesis algorithms
and the development of new approaches require a
theoretical approach to modeling. The theory of sound
synthesis actively uses the mathematical apparatus of
analog and digital radio engineering and signal pro-
cessing. However, one should note that classical signal
models used in the radio engineering theory are not
adequate to real synthesized signals, mainly due to the
significant complexity of the latter. For example, con-
sider frequency modulation synthesis (also known as
FM synthesis). The classical radio-engineering model
of a frequency-modulated signal assumes the presence
of only one carrier frequency with only one modulat-
ing frequency. At the same time, a typical FM synthesis
model operates with up to eight oscillators (or opera-
tors), between which one can have a number of inter-
connections; thus, it requires a much more complex
description. Therefore, an urgent task for the devel-
opment of the theory of sound synthesis is the applica-
tion of a systematic approach, including to existing
methods of synthesis.

The paper presents some new models of “classical”
sound synthesis methods. These models possess a de-
tailed mathematical view of synthesis algorithms.

A Brief Overview of Sound Synthesis Methods

Today there are several theoretical works devoted
to sound synthesis, among which it is necessary to
name the works by Manning [1], Chowning [2], Roads
[3], Lazzarini et al. [4], Cook [5], and others. Certain
questions of the wavelet theory can be attributed to
the sound synthesis, for example, the work by
Kudumakis and Sandler [6] and others. A rather com-
plex mathematical apparatus can be found in the
works by Ishutkin and Uvarov [7] devoted to the Hil-
bert-based modulation theory of sound. The most sig-
nificant works on physical modeling are those
by Smith III [8]. The additive and subtractive methods
of sound synthesis are the basis for the classical theo-
ry; many publications on computer music describe
their principles pretty well. The works by Chowning
[2] and other authors are devoted to the synthesis
based on frequency modulation. Roads [9] discloses

numerous techniques of granular synthesis in detail in
his monograph.

It should be noted that with the exception of physi-
cal modeling [8], other types of sound synthesis are
poorly described in terms of mathematical models.
Their modeling and implementation are often based
on special programming languages, for example,
Csound [4], and the established approach is the syn-
thesizer operation algorithm in the form of a program
code, which sometimes complicates the systematic
approach.

The following section highlights four “classical”
methods of sound synthesis and presents the corre-
sponding models.

Additive Synthesis

In the simplest form, sound objects based on addi-
tive synthesis are the linear combination of harmonic
signals of different amplitudes, frequencies, and initial
phases:

N
Sa (0= ) i sin(ont + o), €

where y; - partial amplitude; w: - partial frequency;
i - the initial phase of the i-th partial.

In a practical case, e. g. Morphine (https://www.image-
line.com/fl-studio-learning/fl-studio-online-manual /html/
plugins/Morphinehtm), each partial sin(w;t + ¢;) pos-
sesses its own amplitude envelope as a function of time
v;(t), also it can be a common envelope A(t) for the
whole array of signals:

N
SO =A® ) vi(®-sin(it+ ¢, (2)

In a more general case, harmonic signals (1) and (2)
can be substituted with other signals, localized around
frequency wo with Aw spread in the frequency domain,
e. g. narrow-banded noise I'(t) * h;(wg, Aw), h; (wq, Aw)
— impulse response of a band-pass filter, which forms the
corresponding i-th band; I'(t) - arbitrary signal from L2
supp I'(w) > Aw, wy € supp I'(w).

Thus, one can re-write (2) as follows:

N
Si(0) = A©) - ) Vi) [1©) * hi(wo, A)]. (3)

i=1

One should also take into account the important
role of modulation (in the sense of parameter chang-
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ing over time) of various parameters of the sound syn-
thesis algorithm:

N
51 (0 = A® - ) () x "
i=1 4

x 1) * by (w0,(6), Ay (1)) -

The hardware implementation of additive synthesis
is complicated by the complexity of the interface of the
corresponding device or virtual plug-in (for 100 par-
tials with individual ADSR-type envelopes, at least 400

opcode Voice, a, aik ;
aln,iF0,kM xin ;
kEnv[] init 2
kEnv([0] jspline 0.5,0.05,0.3 ;
kEnv([1l] jspline 0.5,0.02,0.5 ;
kEnv += 0.5 ;
kF = iF0 + kEnv[1]*kM ;
al butterbp aIn, kF ,iF0*0.1 ;
al butterbp al, kF,iF0*0.1
xout al*kEnv[0] ;

endop

instr Additive Synth

controllers are required). The software models are
easy to implement, but still difficult to manage. The
solutions are either a macro parametric approach, e.g.
management of groups of parameters through one
control element, or a graphical method (as in the fa-
mous Russian ANS synthesizer). Figure 1 gives a wave-
form and a spectrogram of 60 secs of rendered audio
(normalized to —1.0 dB).

The realization of (4), coded in Csound, is given be-
low. For the sake of space, we restrict the synthesizer
code to only three additive components.

UDO definition for one of Additive Synth’s voice
inputs - audio signal,

central frequency, mod level

random envelope for amplitude

random envelope for filter frequency

DC shift for both envelopes

filter frequency modulation

two stage Butterworth band-pass filtering

applying amplitude envelope & route to UDO out

iFO[] fillarray 164.814, 195.998, 261.626 ; (E,G,C) pitch set in Hz
kEnvA linenr 1, 2, 2,.01 ; overall synth envelope A(t)
aOut[] init 3
aNoise rand 1,2,1 ; white noise generator
aOut[0] Voice aNoise,iF0[0],iF0[0]1*.5 ; obtain three voices using UDO
aOut[1l] Voice aNoise,iFO0[1],iFO0[1]*.5
a0ut[2] Voice aNoise,iF0[2],iF0[2]*.5
out (aOut[0]+aOut[l]+aOut[2])*kEnvA ; mixing and applying A(t)
endin
0 15 30 45 1:00

607
500+

400+
300+
200+

100+
0

Fig. 1. The Waveform (Top) and Spectrogram (Bottom) of the Sound Object Obtained Using Csound Realization of Additive Model (4)

Subtractive Synthesis

Obtained through the subtractive synthesis, sound
objects can be modeled as a convolution of initial poly-
harmonic signal Sx(t), or noise with a given probability
function, and the impulse response of the filter h(t),
also typically featuring the common envelope A(t). In
most cases, the filter is the object of modulation M(t),
especially its cut-off frequency wo:

Sag () = A(t) - Sy (&) * R(M(2) - wo). (5)

Among the original polyharmonic signals, the most
commonly used are (6-9):

Sawtooth signal with a limited number of harmon-
ics up to the N-th harmonic (alias-free):

& sin(k - wot)
Sin L) w
Ssaw(t)zziol N’(*)0<_S ’

. > (6)
k=1
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where % - Nyquist frequency (the half of the sampling
frequency); wo - fundamental frequency.
The array of detuned saws:
L N

sin(k - (wg + Aw,y)t)

Spsaw (£) = Z Z Ay k = )
m=1k=1 (7)

Wg

N - <=
(,00 2

Square signal (pulse with 50% duty), band-limited:

N
_ sin((Zk +1)- wot)
Ssa®) = RZO 2k +1 ’ )

w
(2N+1)-m0<75.

Triangle signal, band-limited:

3 sin((2k + 1) - wot)
Stri(t) = )
RZO (2k + 1) 9)

Wg
(2N+1)-w0<7

The subtractive method of sound synthesis is the
most common. This is due to its rather simplistic ap-
proach to control having just a small number of basic
parameters and an intuitive representation of the sig-
nal changing results in the frequency domain. At the
same time, subtractive synthesizers lack the flexibility
to control individual components. Their timbres are
often very recognizable and monotonous, or overused
in music. The difference is achieved, in many ways,
using different processing effects.

Frequency/Phase Modulation Synthesis
(FM/PM Synthesis)

In contrast to the radio engineering understanding
of frequency-modulated signals, sound synthesis sys-
tems based on frequency or phase modulation are
characterized by cascades of several modulations and
feedbacks (self-modulation). Though the original syn-
thesis method is known as FM, most of its implemen-
tations are associated with phase modulation. Thus, w
PM equations will be used below.

The unitary element of an FM sound synthesis sys-
tem is the operator. Its mathematical model can be
represented as:

Sop(t) = A(E) - sin(we ()t + Sy (1)),

where A(t) - the amplitude envelope of the operator;
wo - the carrier of the operator; Su(t) - the frequency
modulation function, which in practice can be arbi-
trary.

(10)

All the operators Sopi are organized according to the
connection algorithm, modeled with a square matrix X
(n x n), in which ajj - the modulation caused by opera-
tor i on operator j:

all aen aln
X=|: o . (11)
An1  ° QApn
The output may include various numbers of opera-
tors (from 1 to n).

Spar(£) = Z A;()sin <wj o Z a;S; (t)). (12)
j=1 i=1

In the existing FM-based sound synthesis systems
[11], the operator frequency is defined by the frequen-
cy ratio R; = %, where w; - the carrier frequency of

0

the j-th operator’s, wo - the active note frequency.
n n
Spm () = Z A;j(t)sin (Rj - wo (D)t + Z a;;S; (t)) (13)
j=1 i=1

FM-based synthesis produces complex timbres that
usually combine both harmonic and inharmonic com-
ponents. In this case, the spectral composition can
vary significantly over time, depending on the enve-
lopes of each operator. A disadvantage of FM synthesis
is the complexity of programming timbres in view of
the difficulty of representing the resulting spectra.

Granular Synthesis

Granular-based sound objects can be modeled as a
composition of signals S, taken with a window func-
tion w and probability Q:

Sa(0) = i Q) o
k=0

t—kT t—kT -t
)5

. ).a4)

[0

where Q(p(K)) = {(1)2583 i Zz;

factor; B - signal S scale factor; T - signal S transition
factor.

o - window w scale

Generally, the factors a, 8, and T can be random val-
ues for each time k, thus defined by the probability
functions pq, pg and p-. In addition, one can introduce
the grain amplitude 4, also randomly variating with
the probability function pa:

N t—kT
Se(t) = ; Q (po(0)) - A(pa()) - @ (W) *

t—kT — T(p.[(k))
B(pe())
The grain size rarely exceeds 200 ms [9], and it is
not practical to manage a single granule. Therefore, a

whole cloud of grains is controlled through a tuple of
macro parameters:

G =(D(pg), Aa), a(po), B(pp), T(p0))-

Granular sound synthesis, on the one hand, is aimed
at creating specific timbres formed by a combination

(15)

(16)
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of a large number of very short sounds, and on the
other hand, it is a composition method that deter-
mines the position of various sound objects in time
according to probabilistic laws. Granular synthesis is
not designed to produce sound objects similar to the
sounds of acoustic musical instruments (or electronic
instruments that play a similar role) and is mainly
used in various avant-garde composition techniques.

Table 1 presents a brief summary of the proposed
models. The table uses the following abbreviations: E -
the amplitude envelope set of parameters, e. g. <4, D, S,
R> in most of the classical cases, A - attack time; D -
decay time; S - sustain level, R - release time; M -
modulation set, e. g. <L, R, F, T>, L - modulation level;
R - modulation rate; F - modulation frequency; T -
modulation waveform type; F - filter parameter set,
e.g. <C, R, T>, C - filter cut-off frequency; R - filter res-
onance; T - filter type.

TABLE 1. Sound Synthesis Model Survey

Synthesis
Method Ny Ninoa AN NT
iti Ka (E+3) %
Additive E+3 2M E oM s AR
Subtractive 6 M 2E+F Ks (6-M) +
+E+F
Kr (E +2) x
FM E+2 M E <M+ E
cramiar 5 3M E Ko 15M + E
(single)
Granular
(cloud) - - 5M Ke2r 5M

In Table 1, N1 - the estimated max number of the
model parameters per each element, i.e. oscillator,
operator, etc.; Nmod - the estimated number of possible
modulation parameters per each element; AN - esti-
mated parameter increasing after mixing elements;
NT - the estimated overall number of parameters.

Using the typical numeric values for given E, M and
F,e.g. E=4,M =4, F = 3, one can estimate the complex-
ity of control. In addition, each synthesis method op-
erates with various numbers of elements K, so it can
be assumed that K4 — [6, 15], Ks < [3, 5], Kr — [3, 8],
Ke1 < [200, 2000], K62 < [1, 5]. Surely, the single grain
model should be eliminated from the further compari-
son due to the overwhelming number of parameters.
Thus, for the given values, some results are obtained,
presented in Fig. 2 below. Blue columns correspond to
the lower edges of elements number, and orange do
the same for the higher ones.

It can be seen that the additive synthesis and FM
synthesis are the most complicated in terms of the
parameter number used to control it. Granular synthe-
sis and subtractive synthesis are much easier to con-
trol. Though these results may seem obvious, mean-

while the attempt of numeric estimation can lead to
novel approaches in the sound synthesis study.

1000

800
600
. l’:l
200
= |
1 2 3 4

Sound synthesismodel
Fig. 2. Sound Synthesis Models Parameter Estimation:
1 - Additive Synthesis; 2 - Subtractive Synthesis;
3 - FM-Synthesis; 4 - Granular Synthesis

Cveral estimated number of parameters

Comparison with Existing Models

It is not common to use mathematical models in the
world of sound synthesis, due to its practical aspects.
Typically, the sound design starts rather from the al-
gorithm than from the theoretical description. Mean-
while, some known models can be mentioned.
Smith III [12] gives an additive synthesis model com-
bined with noise, which is close to (2) and (3), but he
does not generalize his model somewhat close to (3).
Schottstaedt [13] gives a mathematical description for
the 3-operator FM signals, also without generalization
to the n-operator case. Regarding granular synthesis,
it is common to give a set of parameters (on micro and
macro levels) (see Roads [9]), though without putting
them together into a mathematical model. The authors
were not able to find any mathematical model for sub-
tractive synthesis, except for the trivial models of saw-
tooth, square, and triangle signals.

Conclusions

Several new models for the classical sound synthe-
sis methods were presented. On the one side, the
mathematical models may seem excessive and of no
practical use when having an algorithmic representa-
tion that is much closer to exact sound design. Never-
theless, these mathematical models can be used for
system analysis purposes, making a convenient con-
nection between the rather specific (at least in terms
of terminology) world of computer music and the
more formalistic domain of system analysis. Such con-
nection is highly needed for sonification, as the per-
spective intersection of computer music technologies,
sound design, human interfaces, and telecommunica-
tions. Also, the availability of adequate models of syn-
thesized signals will improve the design of various
systems using artificially created sounds.
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BBeaeHue

dddexTUBHOCTD QYHKIIMOHMPOBAHUS PASUOTEXHU-
YeCKOM CUCTEeMbIl B 3HAYUTEJIbHOU CTENEeHU Onpeeis-
eTCs BUI0M HCII0JIb3YeMbIX CUTHAJIOB U MX Ka4eCTBEH-
HbIMU XapaKTepUCTHUKaMU. B cOBpeMeHHBbIX cucTeMax
CBSI3Y, PaZMOJIOKALlUM M PaJlJUOHABUTALlUM HaUObOJIb-
liee pacnpoCTpaHeHUe MOJYyYUJIU CIA0XKHbIE JTUCKPET-
Hble CHUTHAJIbl, MO3BOJISIOI[HE TOBBICUTH IOMEXO0-
YCTOWYUBOCTh, JSHEPTETHYECKYIO U CTPYKTYPHYIO
CKPBITHOCTDb MOAO06HBIX cucTeM [1]. OfHOU U3 OCHOB-
HbIX 33/la4 OPU 3TOM SIBJISIETCS CUHTE3 CUTHAJIOB, 00-
JlafaloUMx Tpe6yeMbIMU CBOMCTBaMU.

B HacTosiee BpeMs B PaZJMOTEXHUYECKUX CUCTEMAX
IIMUPOKO MPUMEHAITCA (Ha30MaHUMYINPOBAHHbIE
(®M) u yacToTHO-MaHuUIyJaupoBaHHble (YM) cur-
HaJbl. B cuctemax nepesayu nHpopmanuy HauboJee
OCTPO CTOUT BOIIPOC CUHTE3a CJI0KHBIX CUI'HAJIOB C MU-
HUMaJIbHOW BEPOSITHOCTBIO OLIMOKHU MpHUeMa CHMBOJIA
Y XOpPOIIMMH KOPPEIALMOHHBIMU CBOMCTBaMHU.

AHanu3 Hay4YHOU JIUTepaTyphl [2-4] nmoKa3bIBaeT,
YTO /IJIs1 CUCTEM Nepefiadyu uHPopManuu UYM-curHasibl
HUMeloT 60Jiee y3KYIO 10JIOCY YacTOT, OJJHAKO IpPH pe-
IIeHUWH 33,24 MOMEXOYCTOWYMBOCTH ycTynalor OM-
curHajaM. Ycrporcrsa GopMHUpOBaHUS CI0KHBIX PM-
CUTHaJIOB mpolle, yeM y UM-curnasioB. BaxHol 3aja-
yell npu npueMe ®M-curHajioB fBJseTCSI UX OOHApY-
>KeHHe Ha QoHe eCTeCTBEHHBIX U UCKYCCTBEHHBIX IO-
Mex. [lis1 pelieHust 3TOU 3aja4H, KaK PaBUJIo, IpUMe-
HSeTCs KOppeJasuoHHbIH npueM ®PM-curHanos. Io-
(EeKTHUBHOCTh TAKOTo NMpHeMa 3aBUCUT OT CIlocoba U
CJI0’KHOCTH KOJAMPOBAHHUSA CUTHAJOB M KavyecTBa (0co-
6eHHOCTeMN) UCI0/Ib3yeMbIX KOJIOBBIX IOCJIel0BaTe /b-
HOCTeH.

HauboJsiee BakHOUM xXapaKTepUCTUKOM KOZOBOU moO-
C/1e[;0BaTEIbHOCTH B JAHHOM CJIy4ae sIBJISIETCS ee aBTo-
koppensiuuoHHass yHkuusa (AK®P). B mpakTuueckux
npusioxeHussx AK® koJoBoH moc/jiesoBaTeNbHOCTH
JIO/DKHA UMEeTh MaKCHUMaJIbHbIA [€HTPaJbHBIN MUK U
MHHHUMaJ/IbHBIN yPOBEeHb GOKOBBIX JienecTKoB. [Jis aHa-
JIM3a KOJOBBIX 1OCJ/Ie[J0BaTeIbHOCTEH C/leflyeT mpoBe-
CTU CpPaBHUTEJIbHBIM aHaiu3 anepuoaudeckoit AKO.

[Ipu aTOM c/iefiyeT BBISIBUTH T€, KOTOPble UMEIOT MaK-
CUMaJIbHBIH YPOBEHb IJIABHOTO NMHKA alepUO1YeCcKOH
AK® u MUHHUMaJIbHBIN yPOBEHb OOKOBBIX JIENIECTKOB.

B HacTosIee BpeMs U3BECTHO MHOXKECTBO KOJOBBIX
MOCJe10BaTENbHOCTEN, TAKUX KaK: MOCJAEA0BaTEJIbHO-
ctu bapkepa, m-nocsiefoBaTesbHOCTYH, ZC-n10C/e0Ba-
TeJbHOCTH, N0CJIEJOBATENBHOCTH Ha OCHOBE CUMBOJIOB
Jlexxangpa, fko6wu, mociaenoBaTtenbHocTH [osma, Ka-
caMmu U Jip. [5-7], ucnosib3yeMbIX KaK B CHCTEMAX CBSI3H,
TakK ¥ B CUCTEMax paJIMOJIOKALMN U PaJMOHABUTAIUU
[7-9]. OnHako MOTpPe6GHOCTL B KOJOBBLIX IMOCJIEA0BA-
TeJIbHOCTSIX C XOPOIUIMMH KOPPesSIMOHHBIMU XapaKTe-
PUCTUKAMHU OCTAETCS aKTyaIbHOH B CBSI3U C IOCTOSIHHO
pacTylmuMu TpebOBaHUSIMU K TaKUM CUCTEMaM.

Pa3BuTHe TeopUM KBAa3HOPTOTOHAJbHBIX MaTpHUIL
[10-13] u aHanus autepatypsl [14-20] noka3biBaeT,
YTO AAHHBIN KJIacCc MaTpHUL, IPUMEHUM IPU peIleHUH
3a/ja4y paJiMoJIOKAalMKU U nepefayd nHGopMmanuu [14-
16], B 4aCTHOCTH, NMEPCIIEKTUBHO NPUMEHEHHE CTPOK
yKa3aHHBIX MaTPHUI] B Ka4eCTBe KOJOBBIX MOC/Ie0Ba-
TeJibHOCTel. CiefyeT OTMeTUTh, YTO B paboTax [18,
20] yxe nofHHUMaJICsl BONPOC aHAIN3a KOPPesuoH-
HBIX XapaKTepPUCTHK KOJOBBIX N10CJI€/J0BAaTEebHOCTEN
Ha OCHOBE NEePCHMMEeTPUYHBIX KBa3MOPTOTOHAJIbHbIX
LUPKYJSAHTOB, ojAHako B [20] paccMaTpuBaJIvCh
TOJIbKO KOJIOBBIE MOCJIE/IOBATEJbHOCTH HAa OCHOBE
LUKJIUYECKUX MaTpul, MepceHHa JiuHOU o 13 aie-
MEHTOB M TOJIbKO II0 KPHUTEPUI0O MaKCHMaJbHOI'O
YPOBHSI GOKOBOrO JIeNecTKa aBTOKOppPeJsALHOHHOH
dyHKUMY, a B [18] paccMaTpuBaniuch BJOXKEHHbIE KO-
JlOBble KOHCTPYKIMU HAa OCHOBE LUPKYJSAHTOB Mep-
ceHHa U ParxaBapao, 1 MakcHUMaJibHasl JJIMHA UCXOJ-
HOTO IMPKYJISIHTA TaKXKe OblyIa orpaHuyeHa Jjo 13 aJe-
MEHTOB, B KA4eCTBe METPUKHU GbLJIO BEIGPAHO OTHOILIE-
HUe IJIaBHOTO NUKa anepuoguyeckoii AK® k makcu-
MaJIbHOMY IOJIOKUTEJbHOMY U OTPHULATEJbHOMY 60-
KOBOMY JIETIECTKY.

Lenplo HacTosinledl paGoOThl SBJISETCS pacLIMpeH-
HbIJ aHa/JIN3 BO3MOXXHOCTH NpPHUMEHEHHUs] CTPOK KBa-
3MOPTOrOHAJbHBIX MAaTPHUL, s 3324 0GHAPYKEeHHUS,
CUHXPOHU3ALHUU U OMEXOYCTOYHUBOTO KOAUPOBaHUS,
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a UMEeHHO — PaCCMOTpeHUe UKJINYEeCKUX NepCUMMeT-
PUYHBIX KBa3WOPTOrOHaJIbHBIX MaTpul. OHU MOTYT
ObITh MOJIyYeHbl Ha OCHOBE IMOCJeJ0BaTeJbHOCTEN
MaKCUMaJIbHOU JnHbl (MOAUUIIMPOBAHHBIX M-TIO-
caefoBaTesbHOCcTeH) [17], mociemoBaTe/bHOCTEH,
cHOpPMHUPOBAHHBIX HA OCHOBE KBaIPaTUYHbBIX BHIYETOB
¥ CHMBOJIOB IKOGM KakK MepBbIX CTPOK MaTpuu. Jis
OlIEHKH B paboTe UCI0JIb3YIOTCSA TaKUe KPUTEPUHU KaK
MaKCUMaJIbHbIA YpOBeHb 60KOBOIO JiemecTKa, WHTe-
rpaJibHbI YpoBeHb 60K0BOro Jenectka ISLR (a66p. om
aHes. Integrated Sidelobe Level Ratio) u mepuT-dakTop
(MF, a66p. om aHza. Merit Factor) kak MeTpUKH, Hau60-
Jiee 4acTO UCI0JIb3yeMble JIJIs1 aHaJIN3a KOPPeJsHOH-
HbIX QYHKIUH [6].

CTpaTEI‘HI/I BbIYHC/IEHUA IHUK/IH4YECKHUX
KBAa3UMOPTOHAJIbHBIX MATPHIL]

Hanbosiee u3BECTHBIMH KBa3MOPTOTOHAJbHBIMHU
MaTpHULLaMHU ABJAKTCA MaTpunel Aramapa Hy, coctos-
mue u3 1 v -1, 1149 KOTOPBIX BBINOJIHAETCA YCI0BHeE:

HnTHn = NI

Ha 4YeTHBIX nopsigkax N = 4t, rie t — HaTypaJbHOe
YU CJIO.

ByneM HcKaThb KBa3HMOPTOTOHAJIbHble MaTpPHULbI
[IUKJIMYECKUX CTPYKTYP Ha HeYeTHBIX MOPsIAKaX, YAO-
BJIETBOPSIIOIME CIEYIOIUM YCIOBUSM:

— MaTpula AOJIXKHA MMEeTb, IO BO3MOXHOCTH, [ABa
3JIeMeHTa, MOCKOJIbKY YBeJHYeHHEe HX KOJIMYeCTBa
Hens6eXHO BJIeYeT 3a CO60HM 3aTpaThl NAMATH Ha Te-
Hepaluuio U XpaHEeHHWe MATPHUIbI, YCIIOXKHAET KOI;

- MaTpula [JO/KHA HMeTh LUKJIHYEeCKYyI CTPYK-
TYpy, HOCKOJIbKY [JJisl ee XpaHEHUs HCIOJIb3yeTcs
TOJIbKO IepBasi CTPOKa (LUPKYJISHT).

B BuAy Tpeb6oBaHUS K LIUKJIUYECKOU CTPYKType Oy-
JleM HCKaTb MaTpHIibl, Ipe/CTaBAs0LIe COO0H «apa»
MaTpul, AfaMapa, U HedeTHOTo nopszgka 4t - 1, koro-
pble MOTYT O6bITh TPeo6pa3oBaHbl B MAaTPULbI AZlaMapa
oco6oro Buja, NpY NOMOILM NpoLeAypbl J00aBleHUs
KaWMbl; TOAPOOHEE 0 B3aUMOCBSA3AX MaTpPHL] MOPSKa
4t v 4t - 1 HanucaHo B pa6ote [21].

[Ipu novcke nepCUMMETPUYHBIX LIUKJIUIECKUX KBa-
3UOPTOrOHAJNIbLHBIX MaTpHL, B BUJE «siZpa» MaTPHILL
Anamapa 6bLJIO BbIZIEJIEHO TPU HauboJiee MPOCTHIE,
yA,00HbI€e U CXOXKHE CTpaTeruu BbIYUCAEHU T0J0OHbBIX
MaTpul Ha nopsakax N = 4t - 1 [22]:

Cmpamezus 1. BbluucieHHe NepBOU CTPOKU LIUPKY-
JITHTA Ha OCHOBe CUMBOJIOB Jlexxangpa AJia JuiMH N = 3,
7,11,19,23 uT. #. llpu aTOM nocsiefoBaTebHOCTH Jle-
»KaH/pa XapaKTepU3yeTcsl TEM, YTO KOJUUECTBO OTPHU-
LlaTeJbHbIX U IOJIOXKUTEJbHbIX 3JIeMEHTOB OTJIMYa-
eTCsl Ha eJUHULLY.

Cmpameezus 2. BeruucieHne NepBoi CTPOKHU LUPKY-
JITHTA Ha OCHOBe CUMBOJIOB fko6u, s gjaun N = 3, 15,
35,143 u 1. 1. [Ipu 3TOM NOC/IEJOBATEBHOCTH SIKOOH
XapaKTepu3yeTcss TeM, 4YTO GOopMHUpYyeTCs ABOUHOE

npocrtoe 4yuciao Buga N = p(p + 2), rae p - npocroe
YUCII0.

Cmpamezus 3. BeluucieHHe epBOUM CTPOKHU IIUPKY-
JITHTA Ha OCHOBE M-T10CJIeJ0BAaTEJbHOCTEN U ee MOIU-
dunupoBanHbIx ¢opm Juis aiauH N = 3, 7, 15, 31, 63,
127 uT. #. [lpu 3aToM MogUPUIIUPOBAHHbIE M-TIOCJIEI0-
BaTEJbHOCTH, B OTJIMYME OT KJIACCUYECKOIO CJy4as,
UMEeT HECUMMEeTPUYHbIHN asipaBUT 3J1eMEHTOB MocJie-
JI0BaTEJbHOCTH.

HecMoTps Ha CX0XKeCTb, yKa3aHHbIE CTPATETUU BbI-
YUCJEHUS [UPKYJASHTA U GOPMUPOBAHUS KBAa3HOPTO-
rOHAJIbHBIX MAaTPUI, PA3/IMUHbl, KAK Pa3/IMYHbI U pe-
3yJIbTAaThl COOTBETCTBYIOIUX KOPPEJSIMOHHBIX Xa-
PaKTEPUCTUK KOJOB Ha UX OCHOBe. MaTpHIlbl UMEIOT
pa3Hble JJIMHBI [UPKYJSHTOB, UCKJIIOYEHHWE COCTaB-
JISIIOT TOJIbKO HayaJIbHbI€ 3Ha4YeHUsI JJIMH.

Ha pucynke 1 B kadecTBe npuMepa NpUBeJEHBI
«IIOPTPETHI» MEPCUMMETPUYHBIX IIUKINYECKUX OPTO-
FOHAJIbHBIX MaTpPHL, Pa3/IMYHbIX NOPSJKOB, IOJyYeH-
Hble Ha OCHOBEe MpPUBEAEHHbIX CTpaTeruu. 37echb yep-
Hble 3J7IEMEHTBI Ha NOPTpeTax MaTpHL, COOTBETCTBYIOT
oTpULaTeJbHOMY 3j7eMeHTy (-1), 6esble - MOJIOXKHU-
TesibHOMY (1).

Crparerusa 1, N=103

F:

\

Ctparerusa 3, N =31

Ctparerus 3, N =63

Puc. 1. llopTpeThl NepCMMMETPHYHBIX IMK/INYeCKUX MAaTPHILL

Fig. 1. Portraits of Persymmetric Cyclic Matrices
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CpaBHPITe.)IbeIﬁ dHAJIN3 KOppEeJIAUOHHBIX
XapaKTEePHUCTUK KOJ0BbIX HOCJIe,C[OBaTe.)IbHOCTeﬁ
MaKCHMaJIbHOM AJINHBI

[IpoBeseM cpaBHUTEJIbLHBIN aHA/IM3 KOppeALMOH-
HbIX XapaKTEePUCTUK HAa OCHOBE BBIYMCIUTENbHBIX IKC-
NEePUMEHTOB /Jisi MOJUPHUIIMPOBAHHBIX MOCJIE0Ba-
TeJIbHOCTEW MaKCUMaJIbHOW [IJIMHbI, MOJYYEHHbIX W3
UPKYJISTHTOB CPOPMUPOBAHHBIX, HA OCHOBE:

— cuMBoJioB JlexxaHapa (cTpaTterus 1);

— CUMBOJIOB fIK00OU (cTpaTterus 2);

— MOJUUIITMPOBAHHBIX  M-NOCTE0BATEbLHOCTEH
(cTparerus 3).

W3 vcxoHOTO UUPKYJASHTA JJUHBI N, OJIyYeHHOI 0
[0 KaXK/J0M W3 OMMCAHHBIX Bblllle CTpAaTervu, nyreMm
[UKJINYECKOTO cABUra OyzeT GOpMUPOBATHCS MaT-
puna pasmepHocTd NxN. [losHbIM epe6opoM B MaT-
pHIle OCYLeCTBUM IOUCK TaKOH CTPOKH, KOTopast Oy-
JleT Jy4dlle 0 KpUTepul MUHUMyMa MakcuMyMma 60-
KOBOT'0 JlelleCTKa HOPMUPOBAHHOU K eIMHUIIE allepH-
oauveckoit AK®. 3aTem npoBesieM MoAHUPUKALIUIO UC-
XOJHOTO LHUPKYJSHTA C 3aMEHOW OTPHUIATEJNbHOTO
3JieMeHTa Ha -b, Tie UICKOMOe 3HaYeHHue —b BbIUUCIIA-
eTCs Ha OCHOBE TEOPUH KBa3UOPTOTOHAIBHBIX MAaTPUI]
[10-13]. Togpo6bHO mpoueaypa MoAudUKALUU KOJO-
BOH IMOCJe[0BAaTEJbHOCTH Obljla ONMMCAaHA B paboTe
[17], noaToMy B paMKax AaHHOU pabOThI paccMaTpH-
BaTbCs He OyzeT. U3 MoauduimpoBaHHOTO IUPKY-
JISHTA cHOPMUPYEM LHUKJIUYECKYI0 MATPHUIY U MyTEM
nepebopa OCYIIECTBUM IOUCK JIyYIled M0 KPUTEPHUIO
MHHHUMYMa MaKCUMyMa G0KOBOTO JielleCTKa HOPMUPO-
BaHHOW K eauHMIle anepuoaudeckod AK® cTpoku
MaTpHULbl ¢ 3eMeHTamu (1; -b).

3aTeM IpoBeJieM CPaBHUTEIbHbIN aHA/IM3 KOppeJid-
LUOHHBIX XapaKTepUCTUK anepuoauyeckoit AK®. B
KadyecTBe OCHOBHBIX METPHUK BblOepeM:

— MaKCHMaJ/IbHbIH YpOBeHb OOKOBOrO JielecTKa
(Bﬂmax U BJlmax, AB),

- ISLR;

- MF.

PaccmoTpuM nojpobHee mociefHUe [Be XapaKTe-
PUCTHKH, a TAaKXKe IpUBeZeM He06X0UMble GOPMYJTbI
JJI JaJIbHeHIIero aHaansa.
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a)

ISLR - 3TO OTHOLIEHUEe CyMMapHOW 3HEePTUU GOKO-
BBIX JIEMECTKOB amnepuoaudeckoir AK® mocsienoBa-
TEJIbHOCTU AJUHBI N K 3HEpPrUH TJIABHOTO JIEMECTKa,

KOTOpOe 6yZieM BbIYUCAATD 110 popMyJie:
N-1
ISLR = IcDI?/1C)I?,
IZ1-N
120
rae C(0) - 3HaYeHMe TJIaBHOTO JienecTka, a C(I) - 3Have-

HUe GOKOBOrO JienecTtka anepuoaudeckod AK®. Yem
HUKe 3HayeHue ISLR, TeM Jiydiie noJsiydeHHas1 KOJ0Bast
M0CJIeI0BATENbHOCTb.

MF - o6paTHas ISLR BesiMurHa, IO3TOMY YeM MeEHb-
e cyMMapHasi 3Heprust 60KOBbIX JIEMECTKOB, TEM
6oJiblIe BesiMduHa KpuTepusit MF, cooTBeTCTBEHHO, KO-
JIOBBIE TMOCJIEI0BATENbHOCTU C OOJIBIIMM 3HAYEHHEM
MF o6yayT ny4die. /i1 BBIYUCIAUTEIBHOTO 3KCIEPU-
MeHTa OyJieM HUCIO0JIb30BaTh HAbOp ClelraaIu3upo-
BaHHBIX POrpaMM, pa3paboTaHHbIX B aKeTe KOMIIb-
oTepHoro mojenrnpoBanusit MATLAB [23-25].

[TonyyeHHble pe3yIbTaThbl IOKa3aHbl HA PUCYHKaX 2—
4, u npuBeJieHbl B Tabaule 1. Ha pucynkax 2a, 3a, 4a
npescTaB/eHbl 'PapUKU HOPMUPOBAHHBIX K eIUHUILE
anepuognyeckux AK® KoJoBbIX mocseoBaTebHO-
CTeM, OJIy4eHHBIX 0 CTpaTerusam 1-3, npou/LIoCTpHU-
POBaHO CHMKEHHE MaKCHMaJIbHO YPOBHS G0KOBOTO Jie-
nectka anepuoaudeckoil AK®. CuHUM 1BETOM Ha rpa-
¢durke 0603HaYEHbI KOJIOBbIE 10C/1€[J0BAaTEJbHOCTH C aJl-
daBuToM (1; —1), a KpacHBIM LIBETOM — KOJIOBbI€e MOCJIe-
JloBaTesbHOCTHU C aindaButoM (1; -b). CienyeT oTMme-
TUTb, YTO /I TeHepalUH  HCXOAHOW  m-
M0CJIeI0BATENBHOCTH (CTpaTerus 3) GbLI UCNOJIb30BaH
MOJIMHOM x* + x + 1 ¢ HavasibHBIMU ycsoBusamu [0,0,0,1].

Ha pucynkax 2b, 3b, 4b npescraBsiens! rpaduku HOp-
MHpPOBAHHBIX K eAuHHULEe nepuogndeckux AK® kogo-
BBIX I10CJIE/I0BATEJbHOCTEH, MOJyYEeHHBIX 10 CTpaTe-
rusiM 1-3 ¥ NpoMJUTIOCTPUPOBAH GaKT TOrO, YTO MOJHU-
duKanus KoJ0BOM MOCJe[0BaTeJbHOCTH U Nepexos K
andasuty (1; -b) He f06aBJIsIET GOKOBBIX JIEIECTKOB B
nepuoguyeckyto AK®. Pe3ysbTaThl BbIUUCIEHUS OIU-
CaHHBIX MapaMeTPOB JJIs1 KaXKJOU CTpaTeruu npuBe-
JleHbl B Tabsuie 1.
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Puc. 2. Anepuoguyeckas (a) u nepuogndeckas (b) AK® koJ0BbIX ocC/IeJ0BATE/IbHOCTEMH, IOJIyYeHHbIX Mo crpaTterun 1, N = 31

Fig. 2. Aperiodic (a) and Periodic (b) Autocorrelation Function of Code Sequences Obtained by Strategy 1, N = 31
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Puc. 3. Anepuoguyeckas (a) u nepuogndeckas (b)AKP koa0BbIX OC/IeA0BaTe/ILHOCTEN, OJIyYeHHBIX 10 cTpaTeruu 2, N = 143
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Fig. 3. Aperiodic (a) and Periodic (b) Autocorrelation Function of Code Sequences Obtained by Strategy 2, N = 143
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Puc. 4. Anepuoguyeckas (a) u nepuoandeckas(b) AK® koa0BbIX NOC/IeA0BaTe/IbHOCTEN, OJIy4YeHHBIX 110 crpaTeruu 3, N = 15
Fig. 4. Aperiodic (a) and Periodic (b) Autocorrelation Function of Code Sequences Obtained by Strategy 3, N = 15

Ta6jmua 1. Koppemmnom—lble XapaKTEepPUCTUKHU KOAOBBIX HOCJIeAOBaTeJI]:HOCI‘eﬁ

TABLE 1. Correlation Characteristics of Code Sequences

[opsmok, N (1;,-1) (1;-b)
BJImax BJImax, AB ‘ ISLR ‘ MF BJImax BJImax, AB ISLR MF
Cmpamezus 1

31 0,0968 -20,2848 0,1561 6,4067 0,0916 -20,7588 0,1622 6,1642
103 0,0680 -23,3548 0,2849 3,5106 0,0633 -23,9711 0,1776 5,6296
239 0,0460 -26,7401 0,1742 5,7408 0,0459 -26,7648 0,1689 5,9206
331 0,0393 -28,1177 0,1712 5,8420 0,0374 -28,5362 0,1713 5,8390
383 0,0366 -28,7414 0,1751 57126 0,0360 -28,8800 0,1746 57272
503 0,0338 -29,4224 0,1791 5,5840 0,0331 -29,5994 0,1893 5,2833
587 0,0307 -30,2673 0,1697 5,8919 0,0302 -30,3952 0,1707 5,8587
647 0,0309 -30,1975 0,1738 5,7541 0,0299 -30,4762 0,1702 5,8765
719 0,0278 -31,1140 0,1757 5,6900 0,0274 -31,2378 0,1772 5,6435
727 0,0289 -30,7863 0,1738 5,7545 0,0286 -30,8729 0,1703 58715
787 0,0280 -31,0710 0,1698 5,8910 0,0275 -31,2269 0,1677 59638
887 0,0259 -31,7239 0,1689 59217 0,0258 -31,7516 0,1668 5,9955
907 0,0254 -31,9176 0,1943 51461 0,0250 -32,0532 0,1673 59779
1019 0,0226 -32,9289 0,1684 5,9372 0,0220 -33,1365 0,1674 59745
1123 0,0223 -33,0488 0,1705 5,8657 0,0221 -33,1260 0,1690 59178
1279 0,0227 -32,8895 0,1712 5,8410 0,0227 -32,8985 0,1700 5,8833
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[opspok, N (1;,-1) (1; -b)
BJImax BJImax, 1B ISLR MF BJImax BJImax, 1B ISLR MF

1283 0,0226 -32,9166 0,1669 5,9924 0,0226 -32,9166 0,1661 6,0211

1307 0,0214 -33,3824 0,1668 5,9967 0,0214 -33,3826 0,1703 5,8706

1319 0,0212 -33,4617 0,1696 5,8953 0,0211 -33,5165 0,1683 5,9403

1423 0,0218 -33,2369 0,1676 5,9653 0,0214 -33,4118 0,1692 59111

1447 0,0207 -33,6669 0,1695 5,8984 0,0205 -33,7682 0,1683 5,9401

1451 0,0193 -34,2902 0,1693 5,9057 0,0192 -34,3228 0,1686 59329

1511 0,0205 -33,7581 0,1679 59571 0,0204 -33,8029 0,1685 5,9331

1607 0,0205 -33,7500 0,1681 59474 0,0205 -33,7742 0,1678 5,9584

1759 0,0182 -34,8023 0,1679 5,9560 0,0180 -34,8750 0,1679 59573
Cmpameaus 2

143 0,0699 -23,1067 0,2777 3,6014 0,0686 -23,2683 0,2517 3,9722

899 0,0311 -30,1320 0,2219 4,5072 0,0308 -30,2411 0,2124 4,7086
Cmpamezus 3

15 0,1333 -17,5012 0,3822 2,6163 0,1100 -19,1721 0,1260 7,9365

511 0,0391 -28,1478 0,3370 2,9674 0,0381 -28,3912 0,3186 3,1387

Pe3y11bTaTbl, npeacraBJieHHbIE B Ta6m/1ue 1, IIOoKa- 3ak/iloueHue

3aJ14, 4YTO HOBBIE KOJIOBbIE T0CJI€J0BATEJBHOCTH C aJl-
¢daButoMm (1; -b), mosyuyeHHBIE 1O CTPATETUAM 2 U 3,
obecrieynyid KaK CHIKEHHE MaKCHUMaJIbHOI'O0 YPOBHSA
OOKOBOTO JIelleCTKa, TaK W CHIKeHHe CyMMapHOH
JHepryuy OOKOBBIX JIENIECTKOB, B OTJIMYKeE OT KJaccuye-
CKOTo M0JX0/a, KorjAa anpaBUT KOJOBOM MOCJe/l0Ba-
TeJbHOCTH NPe/ICTaBJIeH aieMeHTaMu (1; —1), JaHHBIA
BBIBOJI C/leJIaH Ha OCHOBE aHaJ/M3a 3HAa4eHUU KpHUTe-
pues ISLR u MF. KogoBele nociefsoBaTebHOCTH, NO-
JIy4eHHBIE 10 CTPATeruu 1, Ha yKa3aHHBIX B Tabnne 1
nopsjiKax Jiydllle IO KpUTEPUI0 MaKCHUMaJbHOIO
YPOBHsI 6OKOBOTO JlenecTKa, OJJHaKO Ha nopsajkax 31,
331, 503, 587, 719, 1307, 1423 u 1511 cymmapHas
3Heprys GOKOBBIX JIENECTKOB BBILIE, Y€M y KOJOBBIX
nocJjieioBaTeabHOCTEN € andasurtom (1; —1).

CHMCOK MCTOYHHUKOB

HOﬂy‘{eHHbIe pe3ysbTaThbl IO3BOJIAKT CAEJ/IaTb BbI-
BO/J| O NEPCIIEKTUBHOCTHU HUCII0JIb30OBAHHA KOJOBbIX I10-
CHEAOBaTeHbHOCTeﬁ, OCHOBAaHHBIX Ha CTPOKax Ilep-
CUMMETPHUYHBIX KBA3UOPTOTrOHAJIbHbIX MATpPHUII.

[IpuMeHeHUe IpoLeAypbl MOAUPUKALIUY UCXOLAHBIX
KOJIOBBIX I10CJIeJOBaTeJbHOCTEN M03BOJIsIET CHU3UTh
MaKCHUMaJIbHbIN yPOBEHb 60KOBOTO JIENIECTKA allepUo-
andecko AK®, a Takke CHU3UTh CYMMapHYI 3Hep-
IO OOKOBBIX JIEMIECTKOB, ZieJiasi MPe/IOYTUTETbHBIM
UX IPUMEHEHHUE.

JlanbHEHIIUM pa3BUTHEM PaGOTHI SABJSETCA MOUCK
CyleCTBeHHO 6oJiee AJTMHHBIX MOCJIeI0BaTeJIbHOCTEN
1, KaK MOTPeOHOCTDb /Jisl 3TOr0, — pa3paboTKa HOBBIX
aJICOPUTMOB YCKOPEHUs TPOLIeIyp UX MOUCKA C TpUMe-
HEeHUEeM BbIYUCJIEHUH Ha rpadUyuecKuX YCKOPUTEJSX
ans gl N > 103,
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AHHOTauMA: HccaedogaHue KOMNbIOMEPHbIX UHYUOEHMO8 s18/15emcsl 8AXHCHbIM HaNpasseHueMm dessmesbHOCMU 8
ob6aacmu uHgopmayuoHHoll 6esonacHocmu. B pabome paccmampusaemcss memod onucavusl ceolicme 06seKmoa
cpedcms sblHUCAUMENbHOU MexXHUKU 01 obecne4eHuss nocmuHyudeHmHozo ayduma. HccaedosaHue uHyudeHmos
paccmampueaemcsi ¢ NOMOWbI0 aHAAU3A C80LICM8 00BeKIM08 3Hep203asUCUMOU namsimu U cemegozo mpadguxa.
/JlaHHble ceolicmea npedcmassieHbl 8 8ude COBOKYNHOCMU ampubymoe U aHA/AU3UpPyrmcs nymem hpumeHeHusl
meopuu zpagos. /las peuieHUs KOHe4Holl 3adavu onpedesieHus U opmaauzayuu KOMNbIOMEpPHO20 UHYUdeHma
MO2ym NPUMEHSIMbCSl pA3AUYHble A/120pUMMbl HA 2pagax U cogoKynHocmu ceolicme. B pabome npedcmasieH
8bIYUCAUMEIbHBILU IKCNepuUMeHmM NOCMUHYUdeHmMHo20 ayduma cpedcme 8bIMUCAUMENbHOlU MEeXHUKU HA npumepe
onpedesieHus1 KOMNbHOMeEPHO20 UHYudeHma. [IpedcmaseHHblll Memod MUHUMU3UpPYyem 06sveMbl 06pabamuleaemoll
uHgopmayuu nymem ucho/b308aHusl 04151 AHAAU3A MOALKO ampubymoa.
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Abstract: The study of computer incidents is an important area of activity in the field of information security. The
paper considers a method for describing the properties of objects of computer equipment to ensure post-incident audit.
The investigation of incidents is considered by analyzing the properties of objects of volatile memory, non-volatile
memory, and network traffic. These properties are presented as a set of attributes and are analyzed by applying graph
theory. To solve the final problem of determining and formalizing a computer incident, various algorithms on graphs
and sets of properties can be used. The paper presents a computational experiment of post-incident audit of computer
equipment by the example of determining a computer incident. The presented method minimizes the amount of
information processed by using only attributes for analysis.
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BBeaeHue

CTpeMuTebHOE pa3BUTHE UHPOPMALMOHHBIX CeTel
CIIOCOGCTBYET M0SIBJIEHHUIO BCe HOBBIX U 60JIee CJI0XKHBIX
KOMIIbIOTEPHBIX MHIUJEHTOB U, CJIe0BATEJIbHO, pa3pa-
60TKe METO/JJ0B UX UCCJIEOBAHUS C LIeJIbI0 TOBBIILEHHUS
rHbOpMaIMOHHOU 6e3omacHocTH [1].

[TocTUHLUAEHTHBIN ayJUT IPOBOAUTCS C IOMOIIbIO
aHaJM3a CBOMCTB CPeACTB BbIYMCAUTENbHON TEXHUKHU.
Jlna obecrnieyeHUss BOCCTAHOBJIEHUSI COOBITUM MHIU-
JIeHTOB MHPOPMALMOHHONW 6e30MacHOCTHA MpPUMEHS-
eTCsI MeTO/I Ha OCHOBe I'pad 0B, KOTOPbIH 3aKJ/I0YAETCS
B IOoCTpoeHUHU Irpada, norcke noArpada u3 MHOXKeCTBa
JIAHHBIX, OTHOCSILIUXCS K KaKOMYy-JH60 BUpyCy (mpo-
YyhTaHHble (alJibl, OTIPABJIEHHbIE CETEBBIE NMAKETHI,
3amycKaeMble MPOLEeCChI U T. [1.).

[lo cpaBHEHMUIO C CYIeCTBYIOIIMMH NOAX0AAMH, Ta-
KHMH, KaK IIOCTPOEHHEe B3aMMOCBSI3eM MeXJy J[AaH-
HbIMU ayAuTa [2] ¥ NpUMeHEeHHe MOUCKOBOrO ajro-
putMa [3], paccMaTpuBaeMbId MO/X0/J, OCHOBAaHHBIH
Ha NpUMEeHeHUH TeopuHr rpadpoB, MUHUMHU3UPYET 00b-
eMbl 06pabaThiBaeMoil HUHGOpPMALUU MYyTEM HCHOJb-
30BaHUA AJ151 aHAJIM3a TOJIbKO aTpUOyTOB [4].

Ctpyktypa rpada

I'pad cTpouTcs ot 3 y3J10B, KOKIBIA U3 KOTOPBIX SB-
JISIeTCsl KOpHEM JiepeBa-nioArpada i COOTBETCTBYIO-
Iero TUMA AAaHHBIX: JUCKA, TaMATH U CeTH (pUCYHOK 1)
[5]. Pebpa, cBsi3bIBaroliye y3Jibl, SIBJASIOTCS YCJIOB-
HBIMH, TO €CTb He MPeJCTABJAIT HEKOTOPYIO CBAI3b B
AHAIU3UPYEMOU CHCTEME, U HCIOJb3YKTCA TOJIBKO
JIJIS1 CBSI3HOCTH IIOCTPOEHHOTO rpada. ITH pebpa siBJs-
I0TCSl eJUHCTBEHHBIMU pebpaMu B rpade 6e3 Hampas-
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JIEHUS$1, TaK KaK B JJAHHOM CJIy4ae OHO He UMEET CMbIC-
JIOBOU OoCHOBBL. B moarpadax pe6pa HampaBjeHbl OT
HEKOTOPOro 06'beKTa B CTOPOHY €ro COCTAaBHbIX 4Ya-
ctedd. Hanpumep, MeTaZjaHHble daiia SBJSIOTCA 4a-
cThio daiia, a gails ABJsgeTCsA YacThio Nanku. [10706-
Has uepapxus U GOpMUPYET CTPYKTYpy noArpados.
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Puc. 1. Crpykrypa rpada
Fig. 1. Graph Structure

Kaxxgpiii U3 y3/i0B nmoarpadoB UMeeT OnpefesieH-
Hbld Tun (B CYB/] Neo4j HasriBaeMble “Label”) v egun-
CTBEHHOE aCCOLMHUPOBAHHOE C HUM 3Ha4YeHHe. TUIbI
y3J10B oJirpadoB BK/II0YAIOT, Hanpumep, Gaii, namky,
BpeMs co3ZaHus ¢ailsa, ceTeBOM MaKeT, aJjpec ceTe-
BOTO MaKeTa, NIpolecc B OlepaTUBHON MaMATH U T. [I.
Kaxgoe pebpo moarpada vMeeT TUN, OTpaKaloLUM
CMBICJI CBA3U B aHaJu3upyeMod cucteMe. Hanpumep,
¢dalyg HaXOAUTCA BHYTPHU MAIKH, U 3TA CBA3b 0003HA-
YyeHa COOTBETCTBYIOLMM PEGPOM.

Moarpa¢ ¢paits10BOI cUCTEMBI

CtpykTtypa noarpada ¢aisoBoi cucTeMbl Hepapxu-
YyecKast U COCTOUT U3 Y3/10B NaNoK (KOPUUHEBBIH []BET)
1 y3J10B ¢paityioB (po30Bbii 11BeT) (PUCYHOK 2).

Ay

Puc. 2. Crpykrypa noarpada

Fig. 2. Subgraph Structure




Proceedin

[IyTh k KOHKpeTHOMY ailly oT KOpHs noArpada co-
OTBETCTBYET 3TOMY IyTH B dpaiioBol cucteMe. K kax-
noMmy y3iy daitsia B rpade HpUBsS3aH HEKOTOPBIU
Habop MeTaJaHHBbIX: pa3Mep, KOHTPOJbHAs CYyMMa,
BpeMsl U3MEHEeHHU U Apyrye (PUCYHOK 3).

INoarpad onepaTuBHOM NamMATH

[loprpad omepaTUBHOH MaMATH COCTOUT U3 y3JIOB
IPOLIECCOB, CBI3AHHBIX C KOPHEBBIM y3JI0M (PUCYHOK 4).

100666

U
6,

1S_iNsipg

@

18, ,‘“S\DE

%

%

1

O
Mgu\op

META_OF

s of Telecom. Universities. 2022. Vol. 8.Iss. 2

3
"%

%

Research Results by Young Scientists

C xaXx/|bIM y3JIOM IIpoliecca CBS3aHO HEKOTOpOe KOJIU-
4YeCcTBO Y3JI0B MeTaZaHHbIX: ID pojuTesnbckoro mpo-
Ljecca, Ha3BaHUe Ipolecca U Apyrue (pucyHok 5). K
y3Jly mpoliecca TakKe MOTYT ObITb NPUBSA3AHbI Y3JIbI
ob6paboTynkoB 06bekToB (handles) (pucyHok 6), a k
HocJeJHUM — MeTaJlaHHble (pUcyHOK 7). Jpyrum Tu-
[IOM y3JI0B, IPUBSA3AHHBIX K POLLECCY, SIBJIAIOTCS Y3JIbI
npeHTrdukatopoB 6e3onacHoctH (SID, a66p. om anes.
Security Identifier) (pucyHok 8), K KOTOPBIM TaKXxe
NpUBsI3aHbl MeTaJaHHbIE (PUCYHOK 9).
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Puc. 3. Ha6op MeTaaHHBIX
Fig. 3. Metadata Set

Puc. 4. [loarpad onepaTUBHOI NaMATH
Fig. 4. RAM Subgraph
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Puc. 5. CBA3b y3/10B NpoLecca C y3/J1aMy MeTaJaHHbIX
Fig. 5. Linking Process Nodes to Metadata Nodes

Puc. 6. CBs3b y3/10B 06paGOTYUKOB 0GHEKTOB C y3JIOM NpoLecca
Fig. 6. Connection of Object Handler Nodes to the Process Node
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Puc 7. CBs3b MeTaJaHHBIX C Y3JI0M 06paGoTYHUKA 06 beKTa
Fig. 7. Metadata Association with the Object Handler Node

Puc. 8. Y3es1 nieHTUPUKATOPOB 6e30MacCHOCTH
Fig. 8. Security Identifiers Node

Puc. 9. CBA3b MeTaJaHHBIX C Y3JI0M U EHTUPUKATOPOB
Fig. 9. Linking Metadata to the Identifiers Node

Iloarpa¢ cetu

[loarpad ceTu cocTOUT U3 y3/10B NAKeTOB, CBA3aAH-
HBIX C KOPHEBBIM y3J10M (pucyHok 10). K kaxkzomy ma-
KeTy NPUBS3aHbl y3/bl MeTaJaHHbIX: |P oTnpaBieHus,
IP HazHauyeHus, pa3Mep nakeTa u Ap. (pucyHok 11).

IlocTpoeHue rpada

OrneHKa CBOMCTB 00'bEKTOB OCYLECTBJSETCA MyTEM
¢dopmupoBaHusa noArpada Ha OCHOBE COBOKYIHOCTHU
aTpubyToB 06beKTOB. JlaHHbIN noArpad coLepKUT B
cebe uHPopMaLUo 06 UHIUJEHTE U MOXKET ObITh aB-
TOMATHU3UPOBAH PA3JUYHBIMU I'padOBBIMH AJTOPHUT-
MaMH{ U aJTOPUTMaMH MallUHHOrO o0ydeHus. B pa-
60Te MpeJsCTaBJIsSETCA NPUHIUI NTOMCKA U OGHapyxe-
HUSA NIpene/ieHTa Ha OCHOBe TEOPHUH I'padoB.

Kaxzpliit u3 Tpex noArpadoB CTPOUTCS HE3ABUCUMO
JApyT OT Apyra B CJeAyloleM NOpsAAKe: JUCK, TaMATh,
ceTb. CyliecTByeT BO3MOXXHOCTb CTPOUTDb I'pad c Jito-
ObIMH OZJHUM WJIM ABYMS noArpadamu.

A noctpoenus rpada UCHOJB3YIOTCA 3 KUCTOY-
HUKa JJaHHBIX: 3anuch MHPopManuu o ¢paityjoBol cu-
cteMe (yTU U MeTaZaHHble Bcex GpailsioB) B cBOGOJ-
HoM ¢dopmaTe, AaMn onepaTUBHON namsaTtu u PCAP-
daiin ¢ 3anuceio ceteBoro Tpaduka. HUcnosblyemoe
JUI oJiy4eHusa faHHbIX [10 He MeeT 3HauYeHUs.

[lockosIbKyY HCXO[IHble JAaHHbIE He NpeJiCTaBJIeHbI B
dopmare rpada (faHHble PpaliJOBON CUCTEMBI U JaH-
Hble CeTeBOro TpapuKa NpeACTaBIsSI0OT CO60H CIUCOK
00BEKTOB, a JaMIl OTIEPAaTUBHOM NMaMATH He UMeeT HU-
KaKOW 4eTKOM CTPYKTYphI), HEOOX0JMMa PECTPYKTY-
pU3anys 3THUX JaHHBbIX. B CBSI3W C 3TUM mocTpoeHHe
rpada NpoUcXoAUT B ABa aTana: 06paboTKa UCXOAHbBIX
JaHHBbIX (mpeacTaBjieHHe B ¢popMare, JerKo KOHBep-
TUpPyeMOM B rpad) v 3anuch B 6a3y JaHHbIX.

Peasim3anus sTana o6paGoTKM JAHHBIX

JlaHHBIe BCcexX Tpex THIIOB YHUTAIOTCS U3 PalJoB U
npeo6GpPa3oBhIBAIOTCA B IPOMEXYTOUYHBIA dopMaT Jis
coxpaHeHus. M3-3a ciennpuKU KaXKJ0ro TUIIA JAHHBIX
3TOT GOpMAT HECKOJIbKO PAa3HUTCH MeXJYy THIAMH
JlaHHBIX.
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Puc. 10. logrpad cetn
Fig. 10. Network Subgraph
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Puc. 11. CBa3b y3J1a METAAAHHBIX C KOKABIM IaKeTOM noArpada cetu
Fig. 11. The Association of the Metadata Node with Each Packet of the Network Subgraph

JlaHHble GpalJI0BON CUCTEMBI HE TPOXOAST HUKAKOH
CrelMalbHOM NMpefo6paboTKH, TaK KaK HM3HA4a/lbHO
reHepUpyroTCcsa CHelyaJbHO pa3paboTaHHbBIM MOAY-
JieM B Hy>kHOM dopmaTe. Mix 06paboTKa orpaHHUYHNBa-
etcq npouTenueM |SON-datisa.

Jlig mapcuHra JaMmoB ONEpaTHBHOW MaMsSTH HC-
noJsb3yeTcs Python-6u6smoreka Volatility 3. C ee momo-
IIbIO U3 JJaMIIa OTIePaTUBHOMN MaMATH U3BJIEKAETCS CITH-
COK IPOIECCOB U CBSI3aHHbIE C HUMH MeTaJlaHHble. Hc-
NMOJB3YIOTCS CaeAyolide IUIarkHbel: windows.pslist,
windows.psscan, windows.handles, windows.getsids.

Kaxxp1il maruH o6epHyT B KJacc, KOTOPBIM Ipeno-
cTaBJsieT UHTepdec AJ1s 3alycKa MJIarkHa U 3alucu
BO3BpalllaeMblX JaHHBIX B eIMHYIO J/151 BCeX IIJIarMHOB
cTpyKTypy. [Ipyu 3amycke KaXAoro njarMHa JjaHHbIe B
CTPYKTYype AOMOJHAITCSA, YTO NO03BOJIAET MOJIYYUTh
60/1ee MOJIHBIA MX MacCHB, 4eM IPU UCNO/b30BaHUU
JI060ro M3 IUIAaTMHOB OTZeJbHO. Ha3BaHHas Bbllle
CTPYKTypa C MaTeMaTHYeCKOH TOYKU 3peHUs fBJIS-
eTcsl lepeBOM, UTO I03BOJIsSIET JIETKO CO3/aTh U3 Hee
rpad Ha aTane 3alUCH JaHHBIX.

tuzs.sut.ru
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Jlns mapcuHra 3anuceit ceteBoro Tpaduka (daiibl
pcap) ucnosb3dyetcs Python-6ubauoreka Scapy. C ee
MOMOLIBIO U3 3alUCU ceTeBOro Tpaduka U3BJIeKaeTCs
CIIMCOK CceTeBbIX NakeToB. [logpo6HbIe MeTafaHHbIe
COOMpPAIOTCA U3 NAKETOB, UCNO/Ib3YIOLUX IPOTOKOJIbI
IP, TCP, UDP. Bce faHHBIEe COXPAHAKTCA B IIPOMEXKY-
TOYHYIO CTPYKTYPY AJI 3aNHCH.

Peannsaunﬂ JTalna 3allMCH JAHHBIX

Jns cospanus rpada B CYB/l Neo4j ucnosib3oBaHa
Python-6u6snoreka neomodel. Ilepen 3amucbio B
CYB/| mauHbIXx moArpadoB co3JarTcd 3 KOPHEBBIX
y3sa Jais noArpadoB u 3 HeHaIpaBJIeHHbIX pebpa
Mexay HUMHM. [locne co3gaHMsA KODHEBBIX y3JI0B B
CYB/l nooyepeiHO 3aNUChIBAIOTCS KAXK/AbINA U3 MOArpa-
¢doB. [lopsAAOK 3anMCH OTAEIBHBIX Y3J0B B nojrpadax
OTJINYAETCS M3-3a UX PA3HOU CTPYKTYphL. B moarpade
¢daiisioBoM cHcTeMbl HM3-3a MPOU3BOJIBHOW TJIyOHHBI
JlepeBa Jiis Kaxkoro ¢aiia peasiM30BaH MOKCK MYTH B
yKe co3JjlaHHOM nozrpade. B ciydae, eciu 3TOT NyTh
HalJieH, y3es daiia cBA3bIBaeTCs C HalJleHHbIM Y3-
JIOM POJIMTE/IbCKOM MaIlKy, B IPOTHBHOM CJly4ae BeCh
NyTb WX HeJOCTalllas ero 4acTb CO3/alTCs, Ha4u-
Has C MAIoK, GJMXKAaWLIIMX K KOpHIO (QalJoBOH CH-
creMbl. /lis moArpadoB onepaTUBHON NMaMATH U CETH
npouecc 3anucu ¢ CYB/] npoucxouT nooyepeHo A5
Ka)k/l0H BeTBH JlepeBa U3-3a ero 3apaHee U3BeCTHOMU
IJIyOUHBI.

BbIYHC/IUTE/IbHBIA 3KCIEPUMEHT

J1s1 poBesieHUs1 3KCIIepPUMEeHTa HCI0JIb30Bajlach
BUPTya/JbHAasd MalllMHa, 3amyleHHad B Oracle
VirtualBox, c npeaycTaHOB/JIEHHOU ONepalluOHHON CH-
cremoi Microsoft Windows 10 Home Ha IIK ¢ ogHo-
sAZlepHBbIM IporeccopoM U 2 ['6 onepaTHBHOHN NaMSTH.
JlaHHast BUpTyasibHas MallvMHA Oblja 3apakeHa BUPY-
coM u3 cemeiicTBa RedLine nyTeM 3anycka BpesoHOC-
HOTO0 HcnoJHsieMoro ¢aia. /lj1s 3anucu ceTeBoro Tpa-
¢duka 6bL10 Ucnosb3oBaHo [10 WireShark [6-8], 3a-
NMCb Besacb B TedyeHHe 3 MUHYT C MOMeHTa 3alycka

(S frs.0303.

Mizrezer

Windows

Framew.

WinSxs

fva.0.302.

lAppLau

AppLau.

BPEJJOHOCHOT0 HcIoJiHsAeMOoro ¢aiya, pe3yabTaT CO-
xpaHeH B ¢aisa popmara pcap. g co3paHusa gamma
ONEepaTUBHOM MNaMATH MCIOJIb30BaJach yTUIUTA
VirtualBox debugvm, namn cosziaH yepes o4HY MUHYTY
mocje 3amycka BpeJjoHoCcHoro ¢aiJa, pe3yabTaT CO-
XpaHeH B Qa1 popmara elf. [lisg 3anmucu cocToAHUS
daitsioBol cucTeMbl HcmoJb30oBaH Python-ckpunr,
ONMCAaHHBIN BBIIIE, pe3yJIbTAT COXpaHeH B ¢aili pop-
MaTa json. Ha ocHoBe maHHBIX TpexX palyoB OBLI CO-
cTaBJieH rpad B 6ase gaHHbIX Neo4j [9-11] ¢ 999553
y3JaMu 36 TUnoB 1 999556 pe6bpamu 7 TUnos. [s mno-
rncka noarpadon ucnosb3doBaHo [10 Neo4j Browser u
3amnpochl Ha s3biKe Cypher.

Cor/lacHO CyLIecTBYOLIEMY IOBeJleHUeCKOMY aHa-
Jan3y Bupyca [12-15], oH NpoU3BOAUT, Cpeid NPOUHUX,
JOCTyn K cucTeMHoMy ¢aitny AppLaunch.exe v Bbino-
HSIeTCs B TeYEHHE MPOMEXYTKA BpEMEHH OKOJIO 2 ce-
KyH[. Biiarosjapst TakoMy KOpOTKOMY BpEMEHHU BbIINOJI-
HEHHUSI MOXHO IPEANOJIOKUTb, YTO 3HAYMUTEJbHAs
4acTb COGBITHH, MPOU3OLIE/IINX HAa KOMIBIOTEPE B
3TOT NMPOMEXYTOK BpEeMEHU, UMeeT HeloCpe/CTBEeH-
HOe OTHOIIEHHE K JIeHCTBUIO BUPYyCa. ITO NMO3BOJISIET
NPOM3BECTH aHAIM3 Ipada Ha OCHOBAHUH KOHKpET-
HOrOo MOMeHTa paboTel Bupyca. [sisa onpezeseHus
3TOro BpeMeHH ObLIO peleHo HaWTH  ¢ain
AppLaunch.exe B rpade u usBjedb BpeMs JOCTyNa K
HeMy U3 MeTalaHHbIX (pUCyHOK 12).

Ha ocHOBe n3BeCcTHOr0 BpeMeHH paboThl BUPYCa, U3-
BJIEYEHHOTO U3 MeTaZlaHHbIX ¢aiyia AppLaunch.exe, u
vH}oOpMaIMHK 0 TOM, YTO CYMMapHOE BBIIIOJHEHHE PO-
rpaMMbl BHpyca 3aHMMaeT OKOJIO 2 CeKYH[, GblJI Bbl-
OpaH NPOMEeXYTOK BpeMeHH 3 CeKyH/ bl [0 U [0C/Ie U3-
BECTHOT0 BpeMeHH, KOTOPbIX JJ0/KeH FapaHTUPOBAHHO
MOKPBITh MPOMEKYTOK PaboThI BUPyCca HE3aBUCUMO OT
TOro, B KAKOM MOMEHT 3TOH PaboThl ObLI MPOU3BEAEH
Joctyn K ¢aiiiny AppLaunch.exe. Ha aToM npoMexyTke
ObLJ TPOBeJIeH NOUCK BceX $ailyioB, K KOTOPHIM NTPOU3-
BOAUTCS AOCTyH (pucyHOK 13) U BceX OTIPaB/IEHHBIX U
NPUHSATBIX CETEBBIX TIAKETOB (PUCYHOK 14).

Node Properties (&
FileAtimeNode

(apptas.. vem o @ <id>

atime

130557
1646785271.134989

Bodeter..

© O

Puc 12. HaxoxxJeHHe BpeMeHH 3alycKa BUpyca

Fig. 12. Finding the Virus Launch Time
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Puc. 13. HatiseHHs1ii noarpad ¢aitsioBoii cucreMsl
Fig. 13. The Found File System Subgraph

Puc 14. HaliseHHblil noarpad cereBoro rpadpuka
Fig. 14. The Found Subgraph of Network Traffic
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Ha ocHoBe HaiifenHoro moArpada daityoBoi cu-
CTeMbl 0OHAPYKeH CNHUCOK (aMIOB C BEICOKON BEPOSIT-
HOCTbIO 3aTPOHYTBIX JIeHCTBUEM BHPYCa, 3 HA OCHOBE
noarpada ceteBoro Tpapuka — MAC- u IP-aapeca, Ha Ko-
TOpbIe BUPYCOM OBbI/IM OTNPABJIEHBI JAHHBIE,

3ak/ir0yeHue

Wcnonb3oBaHWe  MeToJa  NMOCTUHIHUJIEHTHOIO
ay/nTa Ha OCHOBe rpadoB M03BOJISET YBEJUYUTD CKO-
poctb U 30}PEeKTUBHOCTb IMpOBeJEeHUsI aHaJM3a
CPeACTB BBIYUCIUTENbHON TEXHUKH.

B pab6oTe nokasa BO3MO>XHOCTb ONMCAaHUs B3aUMO-
CBSI3U MeX/Jy aTpubyTaMu 0ObeKTOB 3a CYeT NpHUMe-
HeHHs OCHOBHBIX IIOJIOKeHU U Teopuu rpados. Teopus
rpadoB MO3BOJIIET YCTAHOBUTb B3aWUMOCBSI3U MEXY
COCTOSIHUSIMU 06'BEKTOB B popmaTe aTpUOYTOB M UX
3HAYeHUH COTJIaCHO a/lropuTMy. Busyanusauus, B
CBOIO O4Yepejb, M03BOJIAET NMOBBICUTb MHPOPMATHUB-
HOCTb OGHapy>KEHHOTO UHIU/IeHTa.

CnMCOK MCTOYHUKOB

MeTos MOXeT NPUMEHSITbCA B pelleHWH 3afad
onpesie/ieHUs] B3aUMOOTHOLIEHUH MeXAy 00'beKTaMU
JIaHHBIX Pa3JIMYHbIX YCTPONCTB, HA KOTOPbIX IPOU30-
111eJ1 KOMIbIOTEPHBINA UHIU/IEHT.

JKCIEPUMEHTANBHBIM IMYTEM ObLIO YCTAaHOBJIEHO,
YTO 3a CYET aHaIM3a HCKJIKYUTEJbHO aTpUbyTOB
HabJII0/]aeTCsl MOBBIIEHHe UHGOPMATUBHOCTH €0 pe-
3yJIbTATOB, @ TaKKe MUHUMH3ALUs OLIMOKH ayJuTa.
Taxxe CTOUT OTMETUTb TOT QaKT, YTO MPU UCIOJIb30-
BaHUM JAHHOTO MeTOJja peaju3yeTcss BO3MOXHOCTb
BHU3ya/IM3aLUK BCETO MPOLecca aHaJM3a CETEBOTO HH-
U/ EHTA.

[lo pe3ynbTaTaM BBINOJHEHHOrO 3KCHEPHUMEHTA
MOXXHO yTBEPXK/AATb, YTO MCIOJIb30BaHHE MeTo/ia Ha
ocHOBe rpadoB HMeeT Z0CTAaTOYHO BBICOKMH MOTEH-
I[MaJl IPUMeHeHHUs U ajibHelIlIero pa3BuTus B chepe
MOCTUHLIUAEHTHOr0 ayAuTa JJIsl aHaI13a Pa3J/InuHbIX
COOBITHH C 11eJ1bI0 06ecrieyeHUs1 KH6epOe30MacHOCTH.
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BBegeHue ropojax, Tak U B POCCUHCKUX PETHOHAX, I'le SIBJISETCs

Paauo [1] Beersa BbINOMHANO He TONBKO pasBieka- ~ CAMbIM MOMy/IAPHBIM ¥ OM€PaTHBHEIM CPE/CTBOM Mac-

TeJIbHYI0, HO U Ba)KHYIO MPOCBETUTEJBCKYIO, a TaKXkKe
ob6pasoBaTesibHYI0 QyHKUMIO [2]. B Tekymel ob6cTa-
HOBKe poJib paauo [3] A/ obecrieyeHUs1 CBOEBpPEMEH-
Horo uHopMUpoBaHUs [4] HacesleHUSI BaXKHA KaK HU-
Korza. PaguoBemnianue BocTpe60BaHO KaK B KPYIHBIX

cod nHpopmauuu. Ilo JaHHBIM HW3MEpeHUH POCCHUM-
CKOH ayuTopuu paguoctanuuii, B 2022 r. 6osee 90 %
pOCCHSIH HMEIT pPaJHONpPHEMHHK (HCCIe0BaHUE
AO «Menuackon» cpeau xuteseil PO B Bo3pacTe oOT
12 net u crapuie B paMkax npoekta Radio Index). Bo-
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Jee 80 % poccuAH KaxAyl HeZeJlo CAYIIAIT pajHuo.
HUcceoBaHNs TOBOPST O TOM, YTO PaZiMo CJAYLIAIOT BCE
KaTeropyuu HacesleHUs: My>KYUHBI Y KeHIIUHBI, B3pOC-
Jible ¥ JIeTH, paboTaloliye U HepaboTarollue.

Ha ceropgHfIIHUUI JeHb B POCCHUUMCKOM JHana3oHe
OBY II pe#ictBytoT 60siee 3000 paguoCTaHIUM, HA KO-
TOPBIX PabOTAIOT AECATKU ThICAY YeJIOBEK: B TOM
YHCJIe )KypHa/IUCThl, BeAylire, pabOTHUKU KYJbTYpHI,
TeXHUYeCKUe  CIHelUaJUCTbl, aJAMUHUCTPATUBHO-
yIpaBJeH4YeCKU mnepcoHas. AGCOIIOTHOE OGOJIbIINH-
CTBO PaZIUOCTAHIUN SABJSIOTCS KOMMEpPYECKUMH, T. €.
HX JI0XOZbI B OCHOBHOM COCTOSIT M3 BBIPYUKHU OT IIPO-
Jaxku peksamsl [5]. [Ipu 3TOM 061U 06bEM PEKJIAMBI
Ha paauo najgaetr: ecad B 2018 r. oH cocTaB/sa
16,9 mapa. py6., To B 2021 r. — suwb 14 Mmapa. pyo.
[TageHne o6beMa peksaMbl BbI3BaHO KaK yMeHbllle-
HUEM ayJAUTOPHU PaJHOBENIAHUS HU3-32 €e OTTOKa K
HOBBIM BUJIaM MeJda (COIMabHBIM CETAM, CTPUMHH-
TOBBIM CEPBHCAM WM JPYroMy KOHTEHTY, MOTpeb6Jise-
MoMy 4yepe3 UHTepHET), TaK U 3KOHOMHYECKUM KpH-
3MCOM, BbI3BaHHbIM INOCJEACTBUAMU MaHAEMUU U aH-
TUPOCCUMCKHUMU CaHKLUSIMHU.

B Takux yCJIOBHUAX MEXaHU3M BbIJIEJIEHUS YaCTOT
s unudpoBoro pajguoBewianus (LIPB) pomkeH y4u-
ThIBATb UHTEPECHl PAJJUOUHAYCTPUU [6], 2 B KOHeU-
HOM cYeTe — paauociayumarened. HeocMoTpuTenbHble
[Iard 10 YCKOPEHHUI0 MepeXoJHOro Mmepuosa OT aHa-
JIOTOBOTO K IIUPPOBOMY paJIMOBEIAHHUI0O MOTYT MpPHU-
BECTH K YXOAY W3 PaJJUOUHIYCTPUH KJIFOUEBBIX UTPO-
KOB, HUHBECTOPOB, MOTepe PaboYMX MeCT U MaJIeHUI0
CTOMMOCTH PaZINOBelaTeNbHbIX OM3HecoB. [Ipu ¢op-
CUpoBaHUH Mepexoa K I[PB cTOMMOCTb aHaJIOrOBBIX
YaCTOT, KaK aKTUBA, yNaJIeT, YTO MPUBEJET K MOTepe
MHBECTOPAaMH CPEJCTB, BJIOKEHHBIX B HWHIAYCTPHIO
pasuoBelaHus.

[ HefonylleHUs1 paspylleHUs CyIlecTBYHOILeH
pazvoBeliaTeJbHON MHAYCTPUU LUPPOBBIE YACTOTHI
IJist DRM-Benianuga B  JuamnasoHe OBY 11
(87,5...108 MI'y) pa3yMHO BbIZABaTb TOJIBKO Cyllle-
crByroliuM YM-Bemarenam. [Ipu aToM [Ji1 BO3MOX-
HOCTM DpaboThl B peXHMe aHaJoro-uudpoBoro
YM/DRM-pajuoBeliaHusi ¢ UCIOJAb30BaHUEM OJHOTO
nepefaTylKa U 0011ero aHTEHHO-PUIePHOTO YCTPOH-
ctBa (ADY), mosiocel yactoT A L[PB Heo6xomumo
BbIZIeJIATh C pa3HOCOM Hecywux yactoT DRM- u YM-
curtayoB B 150 miu 200 k['n. C ydyeToM 1mara CeTKH
Hecymux 4actoT, paBHod 400 (pexe 300) kI'u, npu
pasHoce Hecyuwux 4yactoT DRM- u YM-curHasoB Ha
150 unm 200 xI'u, nudpoBod curHan OyLeT Haxo-
JUTbCA POBHO MocepejlHe MeXAy COCeJHHMMHM 4acTo-
TaMH JIeHCTBYIOLUIMX PaANOCTaHI[UN (pUcyHOK 1).

llesbto cTaThby ABJsIETCSA pa3paboTKa CTPYKTYpPhI U
peanu3anusa TpaKTa COBMECTHOM Nepefadyd B OJHOM
pajiMoKaHaJsie MporpaMM aHaJIoroBOro U IudpoBoro
YM/DRM-paguoBenianust B auanazoHe OBY. Ilosy-
YeHHasl CTPYKTypa MoTJia Gbl MCI0Jb30BaTbCs Belja-
TeJIIMU U ollepaToOpaMu CBA3M KaK TUIIOBOe pelleHHe

[IpU peaiM3aliy MeXaHW3Ma BblAa4yu 4yacToT A4 L[PB
B crangapTte DRM B fnanasone OBY II.

Bewarens 1 BewwaTtens 2 Bewaterns 3

[ 1 1 |

102,4 MI'y 102,8 My 103,'2 Mry, 1036 My

Puc. 1. [IpuHDun BeigesieHust yactoT A LIPB
B auanasoHe OBY II

Fig. 1. The Idea of Frequencies Allocation
for DRM Digital Audio Broadcasting in the VHF Band II

Pa3pa6oTka TpeGoBaHMIi, IpPebABISIEMBIX
K CTPYKType 3KCIlepUMEeHTaIbHOI0
9YM/DRM-TpakKTa

Tpe6oBaHus, npeAbABAsEMbIe K CTPYKType 3KCIIe-
puMeHTasbHoro UM/DRM-TpakTa, AOJ/DKHBI YYUThI-
BaTb OCOGEHHOCTU YCTPONCTBA pajuolnepesaroliero
LleHTpa, TeEXHUYECKHe YCJI0BUSA BellaTessl U apaMeT-
pbl, yKazaHHble B Pa3penieHUM Ha HCNOJIb30BaHHUE
paguodactot (PHUY). [TapaMeTphl KayecTBa KaXKAOTroO
M3 TPAKTOB JIO/KHBI COOTBETCTBOBATb TPEOOBAHUAM
COOTBETCTBYIOIIMUX CTAaHJAAPTOB [7-8] U pekoMeHJa-
LMAM MeX/IyHAapOJSHOTO COI03a 3J1IeKTPocBs3u [9-11].

B KauyecTBe MJIOIIA/AKU /11 OPTAaHU3ALUH IKCIIEPU-
MEeHTaJIbHOro paguoBewmanus B ¢opmate YM/DRM
ObL1 BbIOpaH JIeHUHTPAJCKUM paiuOTeeBU3UOHHBIN
nepepatomuii ueHTp CaHkT-IleTepbyprckoro ¢uama-
ja PTPC (JIPTIIL). Paguoxonguur I'TIM Paguo corna-
CWJICS Ha BpeMs 3KcnepuMeHTa [12] 3aMeHUTH LITAT-
Hbli YM-nepepatuvk paguocraHuuu Comedy Radio,
paboTarmuii Ha yactore 95,9 MI'n, Ha mepeAaTYuK,
dopMuUpyOIUHA KOMOUHUPOBAHHBIA aHaJIOr0-IUppo-
Bol curHaj. ®opmupoBaHue UM-pajuocursaia Ha
yactoTe 95,5 MI'y npy 3TOM J0JKHO GBLIO OCYLeCTB-
JIThCS B IUTATHOM PEXUME, TaK KaK 3TO JeCcTBy01Ias
KOMMep4yecKasi pajuocTaHius. IlockosnbKy mnepejart-
YUK, popMupyouui B og4HOM paguokaHasie YM/DRM-
CUTHaJI, OYZET 3KCIEPUMEHTANbHBIM, JJI1 BO3MOXHO-
CTH OIIEPAaTUBHO BEPHYTb PAJMOCTAHLUIO HA IITATHBIN
YM-nepefaTyuK HeoO6XOAMMO MpPeLyCMOTPETb BbICO-
Ko4yacTOoTHbIN (BY) nepekstovyaTesib, IpyU NOMOLH KO-
TOpOro Gy/ieT OCYLIeCTBJIATHCS MEePEKII0UEHNE aHTEH-
HOU CHCTEMBI C OJJHOTO IlepeJlaTyrKa Ha APYTo.

B CcOBpeMeHHOM paJiOBEIIAaHUN HPUMEHSIOTCS
3BYKOBble BellaTesJbHble mpoueccopbl [13] - 3To
CJIO’KHBIe TM(GPOBBIE YCTPONUCTBA MHOTOIOJIOCHOH
00pabOTKH 3BYKOBBIX CHUTHAJIOB, Ipe/Ha3HaYeHHbIe
JUJISI TIOJTyYeHUS:

— OZJHOPOJTHOTO0 YaCTOTHOTO COCTaBa MPOrpaMMbl
3BYKOBOr'O BelllaHUsI U BbIPaBHUBAHUSI XapaKTepH-
CTHK BCEX 3JIeMEHTOB, U3 KOTOPbIX OHa GpOpMHUpYETCS;

— MaKCUMaJIbHO BO3MOXXHOHW (IIpU YCJIOBHUM Orpa-
HUYEHHOU JIeBUAIUH) TPOMKOCTH;




Tpyabl yue6HbIX 3aBegeHnii cBa3u. 2022. T. 8. N

- pAfa JpYrux HWHJAUBUJAYaJbHBIX OCOOGEHHOCTEH
3ByYaHHUs PaJMOCTAHLUM C YIETOM IpeAINoYTeHUH
LieJIeBOM ayIUTOPUU CIylLIaTeeu.

06paboTKa 3BYyKOBOTO CUT'HAJIA JJIsl aHAJIOTOBOTO U
MppoBOro paZMoBeN[aHUA IPUHIUITUATBLHO OTJIMYa-
ercd. OJHAaKO [Jig TOJIy4eHHs COIMOCTAaBHMOIO IO
TeMOPY U JMHAMHKe 3By4YaHUs pPaJMOCTAHIMU B aHa-
jgoroBoM (UM) u nudpposom (DRM) dopmaTax Heo6-
XOJMMO B JJaHHOM CJlyyae MpeJyCMOTPEeTb OJJMHAKO-
BbI{ THIT 06PabOTKH.

CnekTp 00BbeJMHEHHOrO0  aHaJOro-IudpPOBOro
YM/DRM-curHajsa Ha BbIXOJle TpaKTa COBMECTHOM
nepejilayu JoJoKeH HAxXOJUTbCA B Ipefesax CIek-
TpaJbHOW MacK{ U3Jy4YeHUs], U300paXKeHHOW Ha pU-
CyHKe 2. JlaHHas MackKa U3JiydeHUs IOoJIyueHa MeTo-
JIOM 00beJMHEHHUS MAcOK H3JIydYeHHs aHaJIOTOBOIO
YM-curHasa CcUCTeEMBbl C NHWJOT-TOHOM (KpacHBIN
uBeT) U uuppoBoro DRM-curHana (3eseHblil 1BET).
3a HyJIeByl0 YacTOTy NPHUHATA LieHTpaJbHasA 4acToTa
paZiMoKaHaJa aHajsorosoit YM-pajuoctaHuuu.

&
S

YposeHb, oAb

90
-300 -200 -100 0 100 200 300 400 500 600 700
YacroTa, K'Y

Puc. 2. PekoMeHJyeMas cieKTpa/ibHasi MacKa U3JIy4eHus,
onpe/e/A0Las yPOBeHb BHENOJIOCHBIX U3JTy4eHUH
aHaJsioro-uudposoro YM/DRM-curHasa, npu pacnoJioKeHUu
DRM-curxajia cnpasa ot YM-curnazna

Fig. 2. Recommended Spectrum Mask of RF Emission Limits
for DRM Simulcast Signal, when the DRM Signal is Located
to the Right of the FM Signal

AHau3 BapMaHTOB peau3alMy CTPYKTYPHI
3KcnepuMeHTasabHOro YM/DRM-TpakTa

TpakT coBMecTHOH Nepeiayu B OAHOM paZHOKaHa-
Jle mporpaMM aHaJsioroBoro u nuédposoro YM/DRM-
pazvoBemanus B auanazoHe OBY moxeT GbITH pea-
JIN30BaH B COOTBETCTBUHU C OJHUM U3 Tpex NPUHLHU-
NMUabHO Pa3HbIX NOAX0A0B [14]:

— C UCNOJIb30BaHMEM [IBYX He3aBUCHUMBIX llepesaT-
YUKOB, yCTpPOMCTBa cjoxeHUs MomHoctH (YCM) u
o6iiero AdY;

- C UCNOJIb30BaHHEM [IBYX HEe3aBHUCHUMBIX NepesaT-
YHKOB U JIByX He3aBUCUMBIX ADY;

— C MCHOJIb30BaHUEM OOILEero yCUJIMTess MOLIHO-
ctu (YM) u o61iero ADY.

Ha pucyHke 3 npepcraBJsieHa cxeMa C MCIO0JIb30Ba-
HMEM [ByX He3aBUCHUMBIX IepeJaT4yukoB u YCM.
ChopMupoBaHHbIE YyCUJIEHHbIE BBICOKOYACTOTHbBIE
YM- u DRM-curHaJ/ibl CKJIa[bIBAlOTCA U U3JIYYAOTCA B
adup npu nomomu oaHoro A®Y. [IpenmyiiecTBOM
TaKON CXeMbl SBJSIETCS BO3MOXXHOCTb UCIO0Jb30BaThb
CYLeCTBYIOLIYI0O aHTEHHO-QUJIEPHYI0 CUCTEMY, a TaK-
Ke TOoJIHAsi He3aBUCHMOCTb TPAKTOB GOPMHUPOBAHUS
a"asoroBoro UYM- u nuédpoBoro DRM-curnasos. K
HeJ0CTaTKaM CXeMbl CJielyeT OTHECTH BBICOKYIO CTO-
uMocTb YCM, He06X0JMMOCTb JOIOJHUTEJbHOIO Me-
cTa AJs yctaHoBKH YCM, a TakKe I0Tepy MOLIHOCTH
Ha 39KBHUBaJIeHTe HArpys3kd, KOTopas [AO0JKHAa ObITh
MOJKJIDYEeHa K COOTBETCTBYIOLEMY BbixoAy YCM.

K aHTeHHOM
cucteme
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Puc. 3. CTpyKTypHas cxeMa COBMECTHOH nepejayu B 0JHOM
paAuoKaHasle MporpaMM aHaJIoroBoro 4 nudposoro
paguoBemanus B opmarax YM/DRM c ucnoJib30BaHHEM
YCTPOMCTBA CJI0KEHHUSI MOIIHOCTH

Fig. 3. Block Diagram Implementation of the DRM Simulcast Trial
Equipment Configuration in FM Band Based a RF Power Combiner

Ha pucyHke 4 mokasaHa peajMsalusl TpakTa COB-
MeCTHOU nepejjayy B 0JHOM paJijMOKaHaJle IporpaMm
paguoBeliaHus B popmatax UYM/DRM c ucnosib3oBa-
HHUEM [IBYX HE3aBUCHUMBIX [lepeJjlaTYMKOB U JIBYX He3a-
BucuMbIX ADY. K npernmMyiecTBaM 3TOH CXEMbI MOX-
HO OTHECTH ellle GOJIbLIYI0 HE3aBUCHUMOCTb TPAKTOB
dopmupoBanus aHasoroporo YM- u nuppororo DRM-
CHUTHAJIOB, OTCYTCTBHE MOTepy MouHOCcTH B YCM. He-
JIOCTaTKaMM 3TOr0 pelleHUs sABJseTcs HeobxoJu-
MOCTb YCTAHOBKM JONOJHUTeJbHOro A®Y, uTo He
BCerAa TeXHUYeCKU BO3MOXKHO. [Jig MOJIydeHUs paB-
HBIX 30H OOC/JY)XMBaHHUS aHTEHHbl JOJDKHbI MMETb
OZJMHAKOBble JHUarpaMMbl HallpaBjeHHOCTH. [lo kpu-
Tepuio 3Hepro3pPeKTUBHOCTU — 3TO JIYULUIUM Bapu-
aHT peaJiU3alluM TpPaKTa COBMeCTHOM Nepesayd B 0f-
HOM pa/iMOKaHaJ/le MporpaMM aHaJoroBoro u nudpo-
Boro pazuoBelianus B ¢opmatax YM/DRM.
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Puc. 4. CTpyKTypHas cxeMa COBMeCTHOM nepeAayy B O4HOM
paAuoKaHaJjle NporpaMM aHaJIoroBoro U nudposoro
paguoBemanus B opmarax YM/DRM c ucno ib30BaHHEM ABYX
He3aBHCHMBIX aHTEHHBIX CHCTEM

Fig. 4. Block Diagram Implementation
of the DRM Simulcast Trial Equipment Configuration
in FM Band Based on two Independent Antenna Systems

Ha pucyHke 5 noka3saHa cxeMa, B KOTOPOU CUT'HaJIbI
pazuoBewanusa nudposoro DRM- u aHanorosoro YM-
CTaHAAPTOB 06'beJMHEHBI 0 OCHOBHOTro YM. OfHaKo
YM, cnoco6HBI yCHUJIUBATHL KOMOWHHPOBAHHBIN
YM/DRM-cursaj, NPUHLMNHAJIBHO OTJHYAETCS OT
YM, npesHa3sHa4YeHHBIX [JI yCUJIEHUS TOJbKO aHaJO-
roBoro YM- wm Tosibko nudpoBoro DRM-curnanos.

[Ipn aHa/10roBOM pajyoBeliaHuu B AuanasoHe OBY
rcnosb3yTcess YM-curHanbel ¢ IOCTOSTHHON aMILIUTY-
JI0H, 3TO MO3BOJIsIET IPU OCTPOEHUH TPAKTOB yCHJIE-
HUA MOILHOCTH NPUMEHSATb PEXUMBbI PaboOThl yCUIU-
TeJIbHBIX IPUOOPOB C BBICOKUM K03)UIMEHTOM IO-
sesnoro geicrBus (KIIJ). B uudpoBoM BemaHuu
cTa”HJapTa DRM HCIO0JIb3yeTCA MOAYJIALUA
OFDM/QAM. Curnan OFDM/QAM xapakTepusyeTcs
BBICOKUM 3HauyeHHeM NukK-paktopa [15], a moTomy
[l ero ycuJjeHHUs TpebyeTcs BbICOKasl JIMHEWHOCTb
aMIVIMTYJHOM U pPaBHOMepPHOCTb $a30aMMIIUTYLHOUN
XapaKTepUCTHUK YCUIUTENbHOTO TPaKTa epeJaTinuKa
B 3HAUUTEJbHO 60JblLIEM JUHAMHUYECKOM Juanas3oHe
M3MEHEHHUs BXOJIHBIX YPOBHEH. DTO BJIeYET 32 COOOU
HeOOXO/AUMOCTb HCII0JIb30BAHUsI BBICOKOJWHEHHBIX
YM c 60op1IIMM AMHAMUYECKUM Juana3oHoM. OHaKo
Takue pPaZuoyacTOTHble YCUJIHUTENHU CYLeCTBEHHO
MeHee 3¢ PeKTHUBHBI 10 IHEpPreTHUKe, T. €. UMEIOT HU3-
kuit KIIJI. Jlo6aBienne DRM-curHana B pajjuokaHas
YM-nepesaTinKa yBeJUYMBAeT €ro HOMHHAIBHYIO
MOILHOCTD, YXyAIIAeT 3HEPro3PpPeKTUBHOCTD, YCI0XK-
HSET CUCTEMY OXJIaXK/JAeHUs U, KaK CJeJCTBUE, YBEJH-
YHBaeTCs ero IieHa U CTOMMOCTb 3KcIayaTanuu. Kpo-
Me Toro, YM kom6uHupoBaHHoro YM/DRM-curHana
He JI0JDKEH C03/laBaThb NMOOGOYHBIX NMPOAYKTOB MHTEP-
MOAYJISALMH.
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Puc. 5. CTpyKTypHas cxeMa COBMeCTHOM nepejayu B OAHOM
paAuoKaHaJjle NporpaMM aHaJIOroBoro U nudposoro
paauoBemanus B opmarax YM/DRM c 061IUM ycUINTEIEM
MOIJHOCTH
Fig. 5. Block Diagram Implementation
of the DRM Simulcast Trial Equipment Configuration
in FM Band Based on a Shared Radio-Frequency Power Amplifier

B Tabsune 1 npejacTaBiieHa cpaBHUTEJIbHAS Xapak-
TEPUCTHKA PACCMOTPEHHBIX CXeM, OHU CYIIECTBEHHO
pas/IMYalTCsd, UMET CBOU MPEUMYLIECTBA U HENO-
CTaTKU. BbIGOp KOHKpeTHOro BapHaHTa OyJeT 3aBH-
CeTb OT UCXOJHBIX AAaHHBIX U TEXHUYECKUX YCJIOBUH B
KaXKJJOM OT/IeJIbHOM CJIy4ae.

TABJIMLA 1. CpaBHMTE/IbHas OlleHKA CXeM COBMECTHOM
nepejayM B OAHOM paJHOKaHaJ/Ie IPOrpaMM aHaJ10Ir0BOro
u nudposoro paguosemanus B ¢opmarax YM/DRM

TABLE 1. Comparative Assessment of the DRM Simulcast Broadcasting
Systems Implementation

Haspauue Kpurepuu oneHku HUTorosas
CXeMbI K K Ks K, | oueHka
C o6mwumu YCM u Ay + + - - ++
C AByMs He3aBUCUMbIMU ADY| + - + - ++
C o6mwumu YM u AQY - + - + ++

YcnosHble 0603HaveHus:

K1 — He3aBucuMocTb UM- u DRM-TpakToB;
K> - ucnosip3oBaHue cymecTByouero ADOY;
Kz - KINJ;

K4 — pa3mepbl.

HecoMHeHHBIM NpeuMyLIeCTBOM CXeMbl C OJHUM
YM npu coBMeCcTHOH Nepejiaye B 0JHOM paZyoKaHase
MpOrpaMM aHaJOT0BOI0 U IIMPOBOro PaZMoBelaHUs
B popmarax UM/DRM sBisieTcs BO3MOXKHOCTb MO-
JlepHU3alMK CyIlecTBYIOIel ceTH aHaJoroBoro pa-
JlMoBelllaHusl 6e3 Heo6XO0AUMOCTH 3aMeHbl aHTEHHO-
dupepHoro Tpakta. UMeHHO 3TO NPeUMyILeCTBO Obl-
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JIO pellarIIUM NPU BbIOOpPE CTPYKTYPhI IKCIEPUMEH-
TAJIbHOTO TPaKTa. YCTAaHOBKA JIOMOJHUTEJIBHOTO aH-
TEeHHO-QUepHOTO 060PY/0BaHUS Ha TeJEBU3NOHHOMN
6amHe JIPTIIL, kak ¥ ycTaHOBKa JONOJHUTEJbHOIO
YCM B 3aje c mepejamlluM 0060pyJ0BaHHEM, Oblia
HEBO3MOXKHa.

Peannsaunﬂ CX€eMbI C 06]J.II/IM ycuianrtesieM
MOIIIHOCTH

BoiGpaHHas AJj1s peasM3alUM cxeMa 3KCHepUMeH-
TaJIbHOTO TPaKTa Oblja JONOJHEHA 3BYKOBBIM Bella-
TeJIbHbIM MPOLIECCOPOM, 06eCIeYUBAIOIIUM OJHOTHUII-
HYI0 ¥ He3aBUCUMYI0 06paboTKy IporpaMM 3BYKOBO-
ro Belanus paguocrannuu «Comedy Radio» B aHaso-
ro-nupposom YM/DRM-dpopmaTax.

3BykoBOHM BemjaTesbHbIN npoueccop (FM-mporec-
COp) U3 JIeBOTO W IIPaBOrO CUTHAJIOB CTepeolnapbl
dopmupyeTt kommiekcHbll ctepeocursas (KCC), ko-
TOpBIM MOJYJHpyeTcs Hecymass dactota YM-
nepegaTyrka. BeixogHo iumutep KCC, aBasoniyiics
Ba)KHeMIIel W  HeoTbeMJeMOHW dYacTbio  FM-
npoueccopa, o6ecredruBaeT Hy>KHble IHepreTU4ecKre
XapaKTepUCTHUKH, BJMsSET HA IPOMKOCTb U CpejHee
3HayeHHe JeBHalMM Hecylled d4acTtoTel. OAHOpOA-
HOCTb (110X0KeCTb) 3By4aHUs IIPU NpueMe JJs 060UX
TpakToB (UM u DRM) pocTuraeTcsi MHOTOIMOJIOCHOM
00paboOTKON B YaCTOTHOH 006JIaCTH, U3MEHEHUEM HC-
XOJJHOTO JMHAaMHU4Y€eCKOro AWana3oHa CUTHaja U CJI0X-
HbIMH B3aUMOCBSI3fIMM 3BeHbeB 00paboTku. FM-
MPOLECCOP CYLIECTBEHHO BJIMSET HE TOJBKO Ha POM-
KOCTb IIPU INepejiaye, HO U Ha TakKue MapaMeTpbl Kak
OTHOILEHWEe CUTHaJ/IyM, UHJEKC MOAYJALWUHA U BOC-
NPUMMYHUBOCTb CUTHa/Ia K 3QQeKTy MHOroy4eBOro
npuema.

[Ipu uudposom popmate DRM-pasuoBeliaHus oT-
CYTCTBYIOT IpeJieJibl JJUHAaMHU4YeCKOro Auana3oHa 3By-
KOBOT'O CHUTHaJIa, CBI3aHHbIE C OTPAaHUYEHHEM JleBHa-
MM Hecylled 4acTOThl, MMeloled Mecto npu YM-
nepegade. B orsinuue ot YM-paguosewanus, rae no-
JIoca 4acTOT 3ByKOBOT'O CUT'HaJIa OrpaHU4yeHa MoJI0CoN
yactoT oT 30 'y go 15 kI'n, B undpoBoMm popmare
3TOro orpaHu4YeHust HeT. [Ipy 3TOM pajMoBelllaHUe B
nudposoM dopMaTe mnpejnosaraeT HCNOJb30BaHUE
KOJIEKOB JJIs1 KOMIIPECCHUH 3BYKOBBIX JAHHBIX, KOTO-
pble, B CBOIO 04epe/ib, BJUAIOT HAa UTOTOBOE Ka4yeCTBO
3By4YaHHs, a IOTOMY UX BJIUSHUE JJO/DKHO GBITh yUTe-
HO Ha 3Tarne JUHaMU4YeCKOH 06paboTKH.

Ha pucyHke 6 nokasaHa CTpyKTypa peajJl30BaHHO-
ro 3KCIepUMEeHTaJbHOTO TpaKTa COBMECTHOH Iepe-
Jadyd B OJHOM pafiMOKaHajle NporpaMM aHaJoroBOro
u yudpororo YM/DRM-paauoBeliaHusi o cxeme C
06IUM pafio4acTOTHBIM YM U cymecTByomum ADY
paguoctaHuuu «Comedy Radio». Tpu mnporpamMmel
3BYKOBOI'0 BellldaHUsd, KOTOphble nepenarTca B DRM-
MyJIbTUIIJIEKCE, MOCTYNAIOT Ha BX0J, KOHTEHT-CcepBepa
B BU/Jle 3ByKOBBIX AolP-noTokoB B dpopmare Livewire.
[Ipeo6pasoBaHre LUPPOBBLIX 3BYKOBBIX CUTHAJIOB U3

dopmaTta AES/EBU B dopmaT AolP-noTokoB obGecme-
YHBaeT MHOTOKaHaJbHbIM uHTepdeiic Telos xNode.
Curnanbl «Comedy Radio» gnsa Bemanus B UM- u
DRM-dopmaTax, «ABTopaauo» s BeuaHuss B DRM-
dopmaTe obpabaTbiBaroTCcs mnpoieccopoM Omnia.9.
CurHan paguoctaHuuu «EBpona [litoc» nocrynaer Ha
BxoA, uHTepdeiica Telos xNode yxe npejBapUTeSbHO
06paboTaHHBIM /I €ro epejaydu 1o paJhoKaHaly.

«Comedy
Ra ‘10» «ABTOTH no»
O6paboTaHHbii AES AES )

3BYKOBOW CUrHan

«Espona Mniocy | 38YKOBO# Npoueccop Omnia.9

AES MPX

AES AESl lAES
s N
AolP-

mne& eic

AES/EBU
xNode

®opmm po-
Batenb MDR2

Livewire

Brok
KOHTpONIA
"

Eif 2350

KoHTeHT-
cepeep

®opm

i
MDI Batenb MDR2 RF

DRM+ 1Q

MoaynsTop
RFmondial
LVDRM

~———

«Comedy
Ragdio»

«1110'G 90iLr|» mhLefieda| |

RF RF

Bnoku ycuneHus mowwHocm
C CyMMaropom 1 6nokom 6annacta

3ByKoBOM

npoLecco
OmniaONE

MPX

4
Peseémm,uil
YKB-YM RF|

neg:e,qa'ruux
LENOS
ETG5000

RF

KB MBaneHT
aHTeHH bl

BY-nepekntoyatens

Y

Ha
aAHTEHHYI0
cucte my

Puc. 6. Peasim3anusi 3KCNepUMEHTaIbLHOTO TPaKTa COBMECTHOM
nepejayy B OAHOM paJHOKaHa/le MPOrpaMM aHaJIOrOBOro
u nupposoro YM/DRM-paanoBemaHus B Auanasone OBY

Fig. 6. Block Diagram Implementation
of the DRM Simulcast Trial Equipment Configuration in FM Band

KonTteHT-cepBep Fraunhofer ContentServer R6, Ha
KOTOPBIA NPUXOAAT 06paboTaHHbIE 3BYKOBbIE CUTHA-
Jibl B popMmate IP-moTokoB Livewire, o6ecriedrBaeT:

— KOJJUPOBaHHE 3BYKOBBIX CHTHaJIOB B PeEATbHOM
BpEMEHH C UcnoJib30BaHUeM Kojeka MPEG-4 xHE-AAC;

- dopMupoBaHUe JAHHBIX MYyJbTUMEIUNHBIX cep-
BucoB: DRM TextMessages, Journaline, MOT Slideshow,
EPG Electronic Programme Guide, TMC Traffic Message
Channel;
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- dopMUpOBaHUE BBIXOJHOIO MOTOKA AJsl UHTEp-
¢deiica MDI/DCP.

CoopmupoBanHblii DRM-MyabTHILIEKC B dopMaTe
MDI ¢ BbIX0Jja KOHTEHT-CEpBepa MOCTYNaeT Ha BXOJ,
DRM-moaynaTtopa RFmondial, o6ecneunBaroiiero
OFDM/QAM-Moayasinuio noAHecymux 4actoT B DRM-
TpakTe. C Beixoga DRM-moayastopa RFmondial cur-
Hal B popMe cuH}a3HON U KBaJpaTypHOU COCTaBJIA-
touux (I/Q-curHas) mocTymnaeTt yepes 6JIOK KOHTPOJIS
u ynpaieHus (BKY) Ha nudposbie AES-Bxoabl dop-
mupoBaTteseid MDR2. Bo BpeMs 3kcriepuMeHTa/IbHOIO
YM/DRM-paguoBemanus B CaHkT-IleTepOypre Takxke
ObLT yCHEUIHO MPOTEeCTUPOBAaH HOBeHmui ¢popmupo-

BaTesib nepenatuuka MDR2 ¢ BcrpoeHHbiM DRM-
MOAYASITOPOM. BJlok KOHTpOJIA1 U yIipaB/ieHUs obecle-
YHBaeT OllepaTHBHOE «OEeCIIOBHOE» MEePeKJIYeHUue C
oiHOro GopMHUpoOBaTe/isl Ha APYTroH A/ pe3epBUpOBa-
HUSA Y U3MeHeHUs NapaMeTpoB Ilepefilayu B ¢popmMare
YM/DRM. BeixogHoi BY-curHas ¢ nepejaTymka yepe3
BY-nepeksroyaTesb NOCTYNaeT HAa aHTEHHYIO CUCTEMY.
Ha BTopoit Bxox BYU-nepekstouaTesss MOJKJIIOYEH pe-
3epBHbIl UM-nepenaTyuk, paHee HMCIOJIb3yeMbId pa-
avocTtaHiuen aasa YM-BenjaHus.

B Tabsnie 2 npeAcTaBieH NepeyeHb UCIOIb30BaH-
HOT'0 060pPY/I0BaHUSL.

TABJIMLA 2. IlepeyeHb 060py/0BaHUs, HCII0JIb30BAHHOTO AJIS1 pea/in3aliy IKCIIepMMEHTAa/IbHOTO TPAKTa COBMECTHOM nepejayu
B OHOM paJiiOKaHaJie NporpamMM aHajioroporo u nudposoro YM/DRM-paguoBewanus B gJuana3oHe OBY

TABLE 2. List of Equipment Used for the DRM Simulcast Trial Implementation in FM Band

HanMeHoBaHue
Ne OCHOBHbIE XapaKTEePUCTUKHU U Ha3HAYeHHe
060pyOBaHUSA
- ¢opmupoBanue KCC u AuHaMHu4ecKkasi 06paboTKa 3ByKOBOr'0 CUrHa/IA AJst UM -pajuoBelljaHus;
- pas/iesibHas1 He3aBUCUMasi 06paboTKa 3BYKOBBIX CUT'HAJIOB TpeX nporpaMu Jisi DRM-pajuoBejanus;
- KaKJ0e iipo 06paboTKU OT/e/IbHO MOJHOCTBIO HACTpauBaeMoe, MOXKHO BbIGpaTh 2, 3, 4, 5, 6 wiu 7 ya-
CTOTHBIX [10JI0C 06pabOTKY;
— IICUX0aKyCTHYECKHI KOMIIO3UTHBIN JIMMUTEP;
— texHosiorust «UNDO» (neksumnep ¥ afanTHBHBINA MHOTOIOJIOCHBIH 3KCIaHJED, KOTOPbIe YAaNsA0T HC-
o .. | Ka>KeHHs U3 UCXOJJHOTO MaTepuasa);
3BYKOBOH BelljaTeJIbHbIN o N
1. . — MHOTOIIOJIOCHBIH 3BYKOBOM 3KCIIaHJED;
npoueccop Omnia.9 o o .
— TPeXCTyNeHYaThIH IHPOKONOJ0CHBIH APY ¢ perympyeMbIM 3KBaJIaii3epoM U LieNbI0 YIIPaB/IeHHS;
— NIPOrpaMMHO 3aBUCHMbBIA MHOTOIOJIOCHBIM KOMITpeccop;
— MHOTOIIOJIOCHBIN JINMUTED C yIPEXAEHUEM;
— pery/juMpyeMblii JUHAaMUYeCKUH KJIUIIep A1 6acOBOro Juana3oHa;
— JIBYXII0JIOCHBI/ OKOHEUHBIH JIMMUTEP C YIpexxJeHueM A1 [HudpoBoro pajoBeLiaHus;
— aBTOMaTH4YeCKUH MPOrpaMMHO 3aBUCUMBbIH AeK/IMIIEp U MHOTOIOJIOCHBIH 3KCNIaH/ep;
- BcTpoeHHbIH RDS-kozep
3BYKOBOH Wmeer 4 3ByKOBBIX IUPPOBLIX Bxoa U Brixoa AES/EBU, 2 ceTeBbix Audio-over-IP untepdeiica, coBme-
2. | AolP-unrepoeiic CTUMBIX C IPOTOKOJIaMHU IlepeJlayy 3BYKOBBIX JJaHHbIX Livewire, AES67, Ravenna. Wcnosib3yeTcs s npe-
Telos xNode 06pa30BaHMs 3BYKOBBIX CUTHaIOB B popmar IP-noToka Livewire
Annaparnas niatdopma DELL PowerEdge R230. OcHOBHbIe GyHKIMH: KOJAUPOBAHHS TPeX HE3aBUCUMbIX
KoHTeHT-cepBep
MMOTOKOB ay/Ji0 B peaJbHOM BPEMEHH C UCNoIb30BaHueM KoJieka MPEG-4 xHE-AAC; popmupoBaHue faH-
Fraunhofer Content- . . . .
HBIX MyJIbTUMeJUHHbIX cepBUcoB: DRM TextMessages, Journaline, MOT Slideshow, EPG Electronic Pro-
3. | Server R6, ) .
sencust DRM-CS gramme Guide, TMC Traffic Message Channel; popmupoBaHre ocHOBHbIX LI $poBeIX NoToKOB MSC, FAC,
Prgfessional SDC; my/bTHILIEKCHPOBaHHE CHOPMUPOBAHHBIX IIUPPOBBIX TOTOKOB B €/IUHbIN BbIXOJAHOHN MOTOK
MDI/DCP B cootBeTcTBHu ¢ ETSI TS 102 820, ETSI TS 102 821
4 DRM-moaynsatop lTudposas moayaauus B DRM-TpakTe. BxogHoi curHan MDI/DCP oT koHTeHT-cepBepa. BbixojHOM curHan
" | RFmondial LVDRMplus | dopmartal/Q
CocTaB nepefaTymkKa:
- 6s10k MoHUTOpUHTra CJK-5.3-M;
- ¢opmupoBaTtesp MDR2-0001 ocHOBHOH - 2 1IT.;
TepenaTank - 6s10k ynpasyenus BKY6-M2-350 (PB);
5. HOJP;}OLL 5.0 IIT - cymmarop C.5K.88-108 (3xFMA2000);
' - 6J10k 6asutacta B5-5KPB 88-108 (3xFMA2000, Nf,7/16f, Bo3a.);
- ycuautenb 2KkBt FMA.2000.070-01 - 3 wT.
[lepeaaTuuk nojfepKuBaeT 3 pexxMa paboTbl: popMHUpoBaHue aHanorosoro YM-curnana, nudposoro
DRM-curnana, kom6rHupoBanHoro YM/DRM-curuana
[lapaMeTpbl KayecTBa Iepejalol[UX TPAKTOB CTAaHLMOHHOE YIpaBJeHHUE XapaKTEPUCTUKAMHM Kax-

YM/DRM-pajroBeliaHus MOJHOCTbIO COOTBETCTBYIOT
TpeGOBaHUSAM COOTBETCTBYIOUIMX CTaHAAPTOB [7-8].
BaKkHO, YTO BO3MOKHO HE3aBUCHUMOE PaszesbHOe I1-

JIOT0 U3 MepejalliuX 3KCIEePUMEHTANTbHBIX TPAKTOB
YM/DRM-paguoBenjaHusl.
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3akswyeHue

CocTosiHMEe OTe4YeCTBEHHOM paJyoBellaTe/NbHOU
OTpac/y, CyIeCTBOBAaHUE KOTOPOM OCHOBAHO Ha pe-
KJIAaMHBIX J10X0/laX, BbI3bIBAa€T PHUCKU 1O ee paspylile-
HUIO Ipu popcrupoBaHuM nepexosa K [[PB uau Bbiga-
Yye [UPPOBBIX YACTOT HOBBIM Bell|aTeJsIM, KOTOpble He
UMeloT aHasioroBbix YM-yactoT B auanaszoHe OBY II
(87,5...108 MTI').

['ocypapcTBeHHas noJuTHKa no nepexonay k LIPB
JloJIKHA ObITh B3BELIEHHOH U MOCJeJ0BaTeJbHOMN JJ1g
TOTO, YTOObI, C OJJHOU CTOPOHBI, COXPAHUTh PaJUOUH-
JIYCTPHUIO, a C IPyrOfl CTOPOHBI — CTUMYJIUPOBATh HH-
BECTUIIMU B pa3pabOTKy Nepearlnero u NpueMHOTO
060pyZi0BaHHUS, a TaKKe B HaslaXKMBaHUU IOCTaBOK
OBbITOBBIX CTAI[MOHAPHBIX M ABTOMOOUJIbHBIX DRM-
NPUEMHUKOB.

[lepexon k LIPB momxeH 6BITh OCyILIECTBJIEH B He-
CKOJIbKO 3TamnoB. [IpoJo/KUTEbHOCTh KaXKA0T0 3Ta-
na Jo/KHa ONpefessThbCsl 00'beMOM ayJAUTOPUH, KO-
TOpasl Iepella Ha MUCHOJb30BaHHE LUPPOBBIX pa-
JUONIPUEMHUKOB.

OTpac/sieBble HOpMATHUBHO-NIPABOBbIE AKTBI J0JXK-
Hbl 3aKpeNUTb MHHHMaJbHO JOMNYCTUMOE KayeCTBO
nporpaMmMm LPB pana HepjonyimeHWs HeraTHUBHOTO
ONbITA AyJUTOPUM NPU NEepexojie OT aHAJIOroBOTO K
nudpoBoMy pajMoBelaHuo. Mccien0BaHUs MOKa3bI-
BalOT, YTO MMHHUMaJ/IbHasA CKOPOCTb LHU(POBOro NoTo-
Ka Ha OJJHy CTepeonporpaMMy, Ipyu KOTOPOM MpPAKTHU-
YeCKHM He3aMeTHa pas3HMIa 10 KaueCTBY PU BOCIPO-
M3BeJleHHUH MexJay aHajsoroBelM UYM- u 1nudpoBbIM
DRM-curnasom, coctaBiasieT 30 KOUT/C MpU HUCIOJIb-
3oBaHuM Kozeka XHE-AAC [16].

CnUCOK MCTOYHUKOB
1. Kuiit M. Paguoctrannus. I[lep. c aura. M.: Mup, 2001.

[Ipu ananoro-uupposom YM/DRM-paauoBemanuu
B IUPPOBOM MYyJIbTUIJIEKCE JOJ/DKHA IepefaBaThbCs
nudpoBasg Komus 3BYKOBOM NpPOrpaMMbl BeLIaHUS,
pacnpocTpaHsieMod B aHasoroBoM UYM-popmare aaH-
HOU paZyocTaHLMeN. ITO MO3BOJIUT CJle/IaTh Iepexos,
Ha lIPB koMQopTHBIM AJis1 cayliaTesis U peajiu3oBaTh
B INpUEMHHKaX aBTOMaTH4YeCKOe IepeK/Il4YeHue C
aHaJIoroBOro Ha U poBor GpopMaT BelllaHUS.

Jl1s BO3MOXXHOCTM DPabOThl B peXxHUMe aHaJoro-
uudposoro YM/DRM-paguoBenjaHus ¢ UCIOJIb30Ba-
HHUEM OJHOTO IepefaTiuKa U o6iero AQY, moJsockl
yactoT AJs |PB Heo6xouMO BBIZIENATH C PAa3HOCOM
Hecymux 4actoT DRM- u YM-curHasoB B 150 wim
200 kI'n. IIpu 3TOM B KauyeCcTBe THUIOBOM CTPYKTYpbl
MOXHO HCII0JIb30BaTh peasM3alui0 TpaKTa COBMECT-
HOU Nepejayu B OJJHOM pajjMOKaHaJjle MporpaMM aHa-
sgoroBoro u nudpposoro YM/DRM-paanoBeinanus B
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Haub6osee MHPOpMaTHBHBIM CpPeACTBOM H3Mepe-
HUSl NapaMeTpoOB JIMHEHWHBIX ONTHYECKUX TPaKTOB
(JIOT) BostokoHHO-ONTHYecKUX cucteM cBsizu (BOCC)
AaBJseTcss ontudeckut pedsaexkromerp (OP) Bo Bpe-
MeHHOHU o6siactu (OTDR, a66p. om aHaa. Optical Time
Domain Reflectometer) ¢ mpocThIM 30HAUPYHOIIUM
umnyabcoMm (3H) [1-9]. HemoctaTkamu Takoro OP
ABJSAIOTCS W3BeCTHble OTPaHUYEHHS Ha JAUHaMUye-
CKUM [AMalla30H M pa3pellarollyo CIocobHoCTb. Ju-
HaMMUYeCKUH [JUana30oH OrpaHUYeH MaKCUMaJIbHOU
3Hepruei 3H, koTopas onpejensseTcss NTMKOBOK MOL-
HOCTBbI0O HCTOYHHKA H3JIyYeHHUs, U MaKCHMaJbHOH
anauteabHocTbio 3U. JutenbHocTh 3M 06BIYHO BbI-
6upaeTtcs B npefeaax oT 10 Hc ao 10 MKc, paspela-
touasa cnocobHocts OP npu aTOM u3MeHsieTcs oT 1 M
o 1 kM. MakcuMasibHasi MMKOBasi MOLIHOCTb OTPaHU-
YHUBAETCAd HEJMHEHHBIMU SIBJEHUSMH B ONTHYECKUX
BoJsiokHax (OB), oco6eHHO B 0JHOMOZOBBIX, U OOBIYHO
He npeBbiaeT 100-200 MBrT.

PaclivpuTh AMHaMUYeCKUH JUana3oH HPU BBICO-
KOW paspelawuield CIoCOGHOCTH MOXHO 3a CUeT Kop-
pensiuoHHblx OP [10-17]. B HUX mnpuMeHsOTCA
CJI0’KHble 30HUpytoLire curHasbl (3C) U Koppessnu-
OHHasi 06paboTKa CHUTHAJIOB OOGPATHOTO pacCesTHUS
(COP). B kauectBe 3C MOTYT UCHOJIb30BATbCS MOCJIE-
Jl0BaTeJbHOCTH UMIIYJIbCOB C Y3KOH aBTOKOPpPEeJIsSLU-
onHoi ¢yHKnue (AK®) 6Ge3 GOKOBBIX JIENECTKOB.
TakuMu CBOMCTBAMH O0O6JIAJAIOT OUIOJSIPHBIE KOM-
IJIMMEeHTapHble mocenoBaTesbHoCTH [ostes [10-15]
MU TICeBJAOCAy4YaliHble I0C/AeJ0BAaTEJbHOCTH MaKCH-
MasibHOM fiiuHbl (M-IICIT).

OnucaHue nporpaMmsl

0 paspabomaHHol npozpamme. B paHHON paboTe
MofieaupyeTcs paboTa KoppeasuuoHHoro OP, wuc-
nosb3youmero B kadectBe 3C ¢parmentsr M-IICII
[15-17]. OcHOBHBIMU 6JI0KaMH pa3pabOTAaHHOW IPO-
rpaMuMbl aBistotcs: redeparop 3C, JIOT, doTonpuem-
Hoe yctpoiictBo (PIY) u gucrniei.

OCHOBHOY 3KpaH pa3paboTaHHOU Ha sA3bIKe Visual
Basic nporpaMMel nokasaH Ha pucyHke 1. [Iporpamma
N03BOJIAET HUCCAe[l0BaTb MeTOAUYeCKHe U HHCTPY-
MeHTa/lbHble MNOTPEIIHOCTH H3MepeHUHN pedJieKTo-
rpaMM C IOMOLIbI0 KoppeJssAnuoHHoro OP cpaBHU-
TeJibHO KopoTkux JIOT c 6osblmiuM 3aTyxaHueM. Pe-
3yJIbTAaThl MOJEJUPOBAHUSA MOTYT OBITHb MOJIE3HBIMU
JIJI1 pa3paboTYMKOB KOppeasiiuoHHbIX OP.

PaccMoTpuM 6J10KM NPOrpaMMBlL.

I'enepamop 3C. B kadectBe 3C MOTYT HCHOJIb30-
BaTbcsl pparmenThl M-IICII ¢ nepuogom M =7, 13, 31,
63, 127 u 255 uMnynbcoB (TaKTOB) JJIUTETBHOCTBIO
tu= 50 Hc (paspelawuas cnocobHocTb 5 M). JauHy
¢dparmMeHTOB MP MOXHO yCTaHaB/JIMBaTb paBHOH oT 1
o M uMInyJsibcoB, a Takke paBHou MP = 0.125, 0.25,
0.5u0.75 (M + 1) uMnyJ1bCOB.

OTMeTUM, YTO B peaslbHOM KoppeasuuoHHoM OP
MOIIHOCTb 31 Bcerjia moJioXKUTeJIbHA, a KJacCUYecKue
M-IICIT 6unossapHbl. [loaToMy nA/s moJydyeHUs pe-
daexktorpammel JIOT ot opHoro ¢parmenTta IICII
HeobxoAMMa INocJefoBaTeNbHasA Nocblika JByx 3C,
COCTOAIIIUX TOJIbKO U3 MOJIOXKUTEJbHbIX UMIYJIbCOB.
[TepBbiii 3C (psiMoii) GOPMHUPYETCS U3 HOJIOXKUTEb-
HbIX UMIy/abcoB pparmenTa IICII, a BTOpo# (MHBepC-
HbI) PopMUpYyeTCS U3 OTPULATENbHBIX UMIYJbCOB
Toro e ¢parmenTa. Pedpsaekrorpamma JIOT oT oxHoO-
ro ¢parmenTta IICII mpejcTaB/isieT cCO60H pPa3HOCTb
npsiMod U ob6paTHOU pedJuiekTorpamm. B maHHOH pa-
60Te C NMOMOIIbI0O MOJeJIMPOBAaHUS B 3TOM e Ipo-
rpaMMe CTPOro JJ0Ka3aHo, YTO JJIsl YIPOLIeHUs Mo/Je-
JINPOBAHHUS MOXXHO UCII0JIb30BaTh OumnoJisspHbie 3C.

Jlunetinviti onmuyveckuti mpaxkm. JIOT cocTtout wus
JIByX oAWHaKOBbIX OB c koadduinueHTOM 3aTyxaHUs
a= 2w 3 gb/kM, o61el npoTspkeHHOCThIO [ = 0.25,
0.5 10, 20, 50 wm 7.5 KM, MeXay KOTOPBIMH
pacnoJiaraeTcsi OTpaXawllass HeOJAHOPOJHOCTb Ha
paccrossaun 60, 120, 400 nau 900 M ¢ BHOCUMBIMU
notepsimMu oT 0 1o 1 Ab 1 BO3BpaTHbIMU NOTEPSAMU OT
40 po 60 nb. BosBpaTHbie notepu oT koHLA JIOT Mo>xxHO
u3MeHaTb oT 40 g0 60 gb.

®omonpuemHoe ycmpoticmeo. ®IIY xapakTepusy-
eTcsl yPpOBHEM COOGCTBEHHBIX ILIYMOB, KOTOPBIA NpHU
HCCIe0BaHUSIX MOXKHO BapbHpPOBATh B JMaNa30oHe OT
-20 po -60 nb. M3meHsasa koadpduuueHT nepepadu
(ycunenue) gna COP B ®IIY, MoXHO cMemaThb pe-
¢dsekTorpammy BaoJsib ocu COP B mpegenax ot Y = —46
Zlo +6 1b. B nuHeliHOM MaciiTabe U3MEHEHUIO yCuJie-
HUA Ha 6 AB COOTBeTCTBYeT M3MEHEHUIO CUTrHaJja B
YCJOBHBIX eAUHUILAX (V. e.) B 4 pa3a.

AHnanozo-yugposolii npeobpazosamens (ALIT) PIIY
MoxeT onudpoBbsiBaTh COP ¢ auckperHocthio 10, 20,
30, 40 1 50 HC npU NOCTOSIHHOM AUTebHOCTH 50 HC
oaHoro TakTa 3C.

Hucnaetl. Pe3ysbTaTel paboTbl KOPPESLHOHHOTO
OP oToGpaxaroTcst Ha AMCIUIee, KOTOPbIA 3aHHMaeT
60JIBILYI0 YacTb 3KpaHa HporpaMmbl. Jlucmiei pa6o-
TaeT B [IByX PEXMUMax: OCHOBHOM — PETrucTpaLyu pe-
¢dJieKTOrpaMM, M JONMOJHUTEJNbHOM, I03BOJISIOIINM
otobpaxatb popmy 3C u ux AKD.

Pezucmpayus pedpaekmozpamm. Tlpu perucrpauuu
pedJieKTorpaMM Ha 3KpaH JUCIJIes] HAHeCEHa CeTKa C
10 mesreHUAMU IO OCH PACCTOSAHUA U 7 [eJ€HUAMHU MO
ocu COP. lleHa mesieHus1 110 OCHA PacCTOSAHUSA COCTaBJIA-
et 0.25 km/pen npu gaune JIOT go 1 kM, 0.5 km/gen
IpH AJvHe 2 KM U 1 KM/ et Ipy AJIMHAX 5 U 7.5 KM.

B peasbHOM koppessnymoHHoM OP 30HAUpYOLUAN
curHaja neperpyxaet ®IIY u B cxeMe npefycMoTpeHa
BO3MOXHOCTb GJIoKMpoBkH PIIY Ha Bpems ero mpo-
XOMXAEHUS.

PedsiekTorpamMma MoKeT O0TOOpaKATbCsl HA 3KpaHe
JUCILIes] B JIMHEMHOM W JiorapudMUYeCKOM MacllTa-
6ax. B nepBoMm ciiydyae COP oTcuuThIBaeTcs B Y. €., a BO
BTOpPOM — B Ab.
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Puc. 1. 9kpaH nporpamMmsbl, MoJenupyouieii pediekrorpammy KoppesisinnoHHoro OP
Fig. 1. Screen of the Program Simulating the Reflectogram of an Optical Correlation Reflectometer

s yno6cTBa paboThl ¢ pedyieKTOrpaMMou B Mpo-
rpaMMe IMpeayCMOTPEHBI ZiBa Kypcopa, KOTOpPble MOX-
HO IepeMellaTh [0 3KpPaHy U CYUTBHIBATb PACCTOSHUS
[0 HUX, @ TaKXKe MeXJIy HUMH. Takke MOXHO CYUTHI-
BaTb 3HaueHus: COP B ToYKax pacrnosioxkeHus: KypcopoB
B JIMHEHOM U JiorapudMHUieckoM MaciiTabax. B jora-
pudMHUYeCcKOM MaciiTabe BBIBOAUTCS TAKXKe pacCyu-
TaHHOe [0 pe3yJIbTaTaM U3MePEHHs 3aTyXaHHUe MeXay
KypcopaMH M 3HayeHHe Ko3dduiueHTa 3aTyXaHUS.
[ onpenenenus abcosoTHeIX 3HaYeHUW COP Heo6-

KoppensunonHeli pednextomerp M-PSP

Mapam.ogaoere nepaoga IICTT

X0JJUMO Yy4YHUThIBaTh ycuiaeHue ®IIY B ab. B norapud-
MuieckoM Macmtabe ot 3HadeHuss COP mo kypcopy
HaJI0 BBIYECTb YCTAaHOBJEHHOE 3HAaYeHHe ycuieHus. B
JIMHEHHOM MacmTabe 3HadyeHue COP B y.e. Hajo
YMHOXHTb Ha 10Y/10,

Pesccumbl peczucmpayuu COP. Jlnss BCeCTOPOHHETrO
HCCJelOBaHUA NPOLeccoB B KoppessauuoHHoM OP B
nporpamMme IpeaAyCMOTpPeHbl pas/inyHble PeXUMbI
peructpauuu COP.

I Konms. anemenros IICTT M=31 j

Jnaremsaocts TakTa ICII 50 Bc

ITapameTprI 30BIHPYIOMEH DATKE

HmoyasceEas xapakTepacTara BOJIT j

IapameTpsI HeoZHOPOIHOCTH

I Paccrosmne go seoxaop. 900 nj

I Jnusa nagxa 0.25 (M+1) axes. j
Tan soEpHPYIOMEd Da1KH

™~

I Brocemere norepa 1 2B j

I Boaepatasie norepn 45 a6 j

I Banoasnpaan j

Caenr nauxs ga ( anemenTor

q 3

Orpakenne 0T KOANA JTAEAR

I Boaepatasie norepn 45 a6 j

Jlexpest.HIM. AMILT. HMI. B Ha9Ke

ITapamerpur OB

I Jnaaa BodoxHEA 2 KM j

I Koadd. 3aryxamnn 2 ablkm j
Pezxam paborer $ITV

I Hexpement 0 gB/TakT j

Maxkc.yMeHBIL AMILL HMIOY.ILCOB

I V¥mersmense % j
IMapameTprr BITY

I Yeoaenne 0 gb j

I ‘Ypoeers myma -30 ab j

I C 6aoxuponkoi j

Pexnm peractpanan COP

I HeTeps. Mexxy oTcdeTamu S0 ch

I Hocroseaas Bpemenn § Bc j

JMorapadsmraeckmil A

PacerMexKypeop. -1,099 kv

A I

]

Kl I

Tenst feTerrs

J JaryxMexKypcop 0,095 ab
»

IMlxcana paccroauns 0,5 kn/zen
Beprakamsnas mxana 2 nb/nex Paccr.mo 1 xypeopy 0,905 xem

Paccr.mo 2 xypeopy 2,004 kv

Ortcder no 1 xypeopy -2,786 aB  Koadd. 3atyx. -0,09 nB/am

Ortcger no 2 kypeopy -2,882 aB

Puc. 2. UaeanbHast pedJieKTorpaMMa JIMHEHHOT0 ONITHYECKOr0 TPaKTa

Fig. 2. Ideal Reflectogram of a Fiber-Optic Communication Line
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B pexume «MMnynbcHasa xapaktepuctuka JIOT»
MOXXHO HaOJII0/]aTh HJleaJIbHYI0 pedieKTorpaMmy OT
oauHo4yHoro 3U pautenbHOCThIO 50 HC 6e3 ydera
myMmoB ®IIY (pucyHok 2). Bce morpenHocTu peasb-
HbIX pedJIeKTOrpaMM ONpeAeasA0TCd UX OTIUYUEM OT
HUJieaJIbHOM.

KoppenaunonHeii pednextomerp M-PSP

B pexume «COP oT mpousBosibHOro 3C» MOXHO
Habs0aTh pedekTorpaMmy (PUCYHOK 3) € yuyeToM
mymoB ®IIY ot 3C B Buje dparmMeHTa anuHou MP
Bbi6paHHOM w3 [ICII jgiuHOM M c omnpenesieHHbIM
casuroM IICII. [l HarJIsiTHOCTH Ha pUCYHKe 3 (U mo-
cnepytoeM pucyHke 4) mymsl OIY 61 yMeHblIIe-
Hbl Ha 20 b o cpaBHeHUIO ¢ pUcyHKaMu 1 u 5.

Mapam.ogaoro mepaoga IICIT
I Koam. aaemerror ICI M=127 j

Jnareassocts TakTa IICII 50 mc

IlapameTphl 30ETHPYHOMeH Da9KE \

| ‘COP oT npoHIB0ILHOIO I0EAHPYIOIIET0 CATHAIA j

IapameTphl HeONHOPOTHOCTH

I Paccrosmae o seogaop. 900 l\j

I Jnaaa oagxa 0.25 (M+1) 3aem. j
THn 30ExEPYIOMed Ta9KE

I Brocameie morepn 1 ab j

I Boaepatanie notepn 45 b j

I Bunoaspaas

ChEHr ma49kH Ha 5 31eMeHTOR

OTpazkeHHEe 0T KOHNA THHHH

I Boaepatanie notepn 45 b j

-
<[l d

Z[el\'pel\l.lilhl. AMILT.HMI. B OA9Ke

I HexpemenT 0 ab/Taxr

Iapamerprr OB

I JnaEa BookHA 2 KM j

I‘Ial\'c.yl\leﬂm.al\lml.EMll'_VJﬂ:CDB

I Koadd. satyxamna 2 abfxm j

Pexxam padoTer PITY

IMapameTpsl PITY

I Yemnesne -4 06

-
I VYmeasmenne | %o j
-l
-l

I YpoeeHs myMa -50 ab

I C 6noxuaporkoi j

Pexan peractpannn COP

I HeTepr. Me:xTy 0TcIeTamMa S0 ch

-
Ii ‘I ‘IL |I.|l|l il |"I Il. Ill] Iill PaccrMexKypcop. -1,099 xm

JaryxMe:xKypcop 2,649 nb

I Hocrosanas spemens ( 5c j III ‘
gl I o
Iens1 genenns ! J ’

IIxana paccrosEns 0,5 xa/nen

Bepraxansmaas mxanaa 2 gb/inen Paccr.mo 1 scypeopy 0,905 km

Paccr.mo 2 xypcopy 2,004 xnm

‘Orcuer mo 1 kypeopy -0,643 a6 Koadd. zatyx. -2,42 abfem

‘Orcuer mo 2 kypcopy -3,292 a6

Puc. 3. PediekTorpaMmma ot oAHON GUIOJISIPHOM 30HAMpYyIOLIel nayky co caurom IICIT

Fig. 3. Reflectogram from One Bipolar Probing Fragment of a Pseudo-Random Sequence with a Shift

2 KoppenauuonHslid pedaextomerp M-PSP

Mapam.ogaore mepaoga IICIT

1 I Koam4. anemenros IICTT M=127 j

Jaarenssocts TakTa IICII 50 Bc

3 IapameTprl 308IHPYIOMEl DA4KE

| COP or npoH3EB. 3081, CHIHAJIA OOCIe KOPPEIRNOHE0H oﬁpaﬁu'ncnj

IapamMeTpEL HEOXHOPOIHOCTH

I Paccrorane go Beogaop. 90 l\j

I Jnaaa maaxa .25 (M+1) smem. j

Tan sosa8pYIOMEl Da9KE

I Baocamere notepn 1 oB

I Bo:eparasie norepa 45 B

Capar nauxu Ha 5 anemenToB

A

-

I Banomapaaa j
0

OTpakeHnde 0T KOHNA THEHA

-]
-]
I Bo:eparasie norepa 45 B j
-

| Tapamerps OB
Jlexpest. m3pL.aMILLAMI. B Ha9Ke I Tnana onokaa 2 kM
I Hexpemenrt { nB/raxr j
Makc.yMeHBIL AMILL. AMOYILCOB I Koad. saryxamms 2 pBles j
I ¥messmenne {t % j Pesxam paborsr SITY
MapameTpsl $ITYV I C 6xokmpoBxoii j
I Yemaenne -12 a6 j
Pe:xmy peractpanmn COP
I Vporens myma -50 b j
I HHTEpE. MeXIy 0TCIeTaMm S0 ch | i
I Tocronanas spestenn 0 ac j J al |I | I.| | ] I I I PacctMexKypcop. -1,099 som
‘
J J JaryxMexKypcop -3,158 nb
Ilens: neneEnn j J '

IMkana paccrosana 0,5 ka/gen

Bepraxansaan mxana 2 gb/aen Paccr.me 1 xypeopy 0,905

Paccr.moe 2 xypcopy 2,004 km

Orcaer no 1 kypeopy -5,184 16 Koadd. 3aTyx. 2,87 ab/xm
Orcaer no 2 kypeopy -2,026 ab

Puc. 4. PediekrorpaMmma ot 0AHOI GUIOJISIPHOH 30HAUpYIOIIel nauyku co caBurom IICII mocie KoppesiiMOHHON 06PaGOTKH

Fig. 4. Reflectogram from one Bipolar Probing Fragment of a Pseudo-Random Sequence with a Shift after Correlation Processing




Tpyabl yueOHbIX 3aBeAeHnii cBs3u. 2022, T. 8. Ne 2

HanmoMHUM, YTO CyTh KJACCHUYECKOTO KOppeJsiLu-
oHHoro npuema COP cocTouT B TOM, 4TO [Jisl IOJIy4e-
HUSA pe3yJbTUupylouieid pedeKTorpaMMbl HEOOXOAU-
Mo mnooyepeHO M pas nocbuiaTb pparmenTsl I1CII
oAHOU ayinHbl MP. [IpryeM KaKAbld caeyoUi 30H-
JUpyomuil ¢parMeHT BbIOMpaeTCs U3 CABUHYTON Ha
oauH TakT IICII. Usmensasa casur IICII, MmoxxHO HabJII0-
JlaTb Bce M BO3MOXHBIX pedJiekTorpaMm. B pexume

KoppenaumonHeii pepaekromerp M-PSP

«COP ot npousBosibHOro 3C mocJjie KOppeJasLlUOHHOU
00paboTKu» (CM. pPUCYHOK 4) MOXXHO HabJIIOJAaThb pe-
3y/JbTaTbl BBIYMCJIEHUU B3aHUMHO KOpPpeJsILLUOHHOU
o¢yHkiuu (BK®) nmpenbiayiuiei pediekTorpaMmbl (CM.
pucyHok 3) ¢ 3C. 3tu BK® 3aBucar ot capura I1CIL

B pexxume «CymmapHbiit COP 6e3 10M0JHUTETBHOTO
¢dparmMenTa» (PUCYHOK 5) MOXHO HaGJIOJATH CYMMY
Bcex pedJIeKTOrpaMm € KOppessiiUOHHON 06paboTKOM.

Mapam.ogaore nepaoga IICTT | C ZCOP6
y BIH 23

I Koans. anemenros IICTT M=127 j

Jaareasrocts TakTa IICTT 50 B

IlapaMeTpEI J0BTHPYIOMEH MATKE

HTeNLHOTO (parMeHTa j

TapameTprl HeOAHOPOJHOCTH

I Paccrosare o veogaop. 900 nj

I Jnuaa nauxa 0.25 (M+1) anem. j
THE 30EIHPYIOMEeH Da9KE

I Brocameie notepu 1 1B

Banonspaas
| P

j Lo
Capar mauxs Ha 5 anemenToR \
[ | P

‘Orpazenne 0T KOHIA JJHEAH

-
I Bozeparesie motepu 45 gb j
-

I Bosspatasie motepu 45 7B

Jlexpes.HIM.aMILL HMI. B Ha<9Ke

I Hexpement { gB/TaxT

Mapamerprr OB
I,E[mma BOJIOKHA 2 KM j

Maxc. ¥Me B AMLL BMOVIECOE

I Koadvd. saTyxamua 2 ab/xm j

Peann paborer BITY

IMapameTpst SITY

I Yeoaenme -32 o6

-l
I ¥Vmeesmenne 0 % j
-l
-l

I ¥poeens myma -30 0B

I C baoxmpoBkoi j

Peamm permcTpanan COP

I HuTeps. Mex1y oTcIeTamn S0 ch

I HocToneaan epemenH ) 5C j

JorapadyadecKui| b

PacerMe:xKypcop. -1,099 ke

il |

i

JatyxMexKypcop -0,686 b

4 |

Tlenw: nenennn

13

IMkana paccroaaas 0,5 km/gen _
Bepraxannaas mxana 2 gB/nen Paccr.oo 1 kypeopy 0.905 m

Paccr.mo 2 xypcopy 2,004 kn

Orcaer no 1 kypeopy -2,805 a6 Koadd. saryx. 0,62 gb/km

Orcaer mo 2 kxypeopy -2,12 aB

Puc. 5. CymmapHas pedJieKTorpaMma ot BceX GUIOJISIPHBIX 30HAUPYIOIINX NaYeK 6e3 yyeTa A0N0IHUTEIbHOro pparMeHTa

Fig. 5. The Total Reflectogram from All Bipolar Probing Fragments of a Pseudo-Random Sequence without Taking
into Account an Additional Fragment

Koppennuuonneili pedpnexronerp M-PSP

Iapas.ogaoro nepaoxa IICTT
I Koanw, ssremenros IICTT M=31 j

3oapHEPYIOMAR CATHAT

narensaocts TakTa IICII 50 Bc

IapamMeTpebl HeOZHOPOAHOCTH

I Paccronane ao seogmop. 300 l\j

TapamMeTphl 20ETHPYIOMEeHR Da9KE

I Jaaaa nauxa 0.5 (M+1 Jaaen. j

I Brocamebie motepn 1 nb

Tan 3oEaEpyIOmMei Da9xE L — (- {1

I Buanoasipaas

L

CaBar nagks Ha 5 aneMenToR

Orp OT KOHNA JTHHHH

-]
I Bosepatasie notepa 45 1B j
-]

I Bosepatasie notepa 45 1B

A

Jexpes.HIM.AMILLHMIL E Ha<GKe

-

Mapamerper OB

I HexpeserT 0 gB/Taxt

L

I Jdnaaa gonoxHEa 2 KM j

Maxkc.ypieHEBINL AMILL HMOY.IBCOE

I ¥mensmenne 0 %

EN

I Koadid. saTyxamna 2 nB/xm j
Pesxum paborsr PITY

I C 6aoxmpoRKoi j

Pexnam perocrpanaa COP

I HETepR. Me:RAy 0TCIeTaMm S0 ch

I Hocrosaaasn epesend 0 5c j

enn genennn

Bpemennan mxana 50 ac/aen

I Jorapadymriecknii j

Puc. 6. BUnoJisipHbIi 30HAUPYIOLIHii curHaJ B BuJe ¢pparmenTa nayku IICII co caBurom

Fig. 6. Bipolar Probing Signal in the Form of a Fragment of a Pseudo-Random Sequence with a Shift
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CymMa Bcex pedJieKTOrpaMM C KOpPpessiLiMOHHOMU
00paboTKOH yxe He 3aBUCHUT oT caBura [ICII. 3To eme
He OKOHuaTeJibHas pedJieKTorpaMMma, AJsi MOJIyIeH s
KOTOpPON Heob6X0JMMO K Hel MPUCOeAUHUTb pedJiek-
TOrpaMMy C KOppessiLlUOHHON o6paboTkoil oT 3C B
BU/le TaK Ha3blBaeMOTI0 JI0NOJHUTENbHOTI0 pparMeHTa.

B pexume «Cymmapubid COP ¢ momnosiHUTENbHBIM
dparmeHTOM» HaAOJIOJAEeTCs NpaBUJbHasA pedJeKkTo-
rpamMma KoppessuuonHoro OP (cMm. pucyHok 1), koTo-
pYIO /151 OLeHKU NOTpPeLIHOCTed He0OX0JUMO CpaBHU-
BaTh C UJlea/IbHOHN pedJieKTorpaMMoi (CM. pUCYHOK 2).
Juis moJsiydeHUsi 3TOM pedJieKTorpaMMbl Nporpamma
¢dopmupoBana 3C B BU/iE ONOJHUTENBHOTO GpparMmeH-
Ta, T. €. I0JIO)KUTEJIbHOTO MPSMOYTroJbHOTO UMIYJIbCa
AauTenbHOCTbI0 MP v paccuutbiBana COP. [laynee BbI-
yucasaacb BK® 3toil pedsiekTorpaMMbl U AOMOJIHHU-
TesbHOro ¢parmeHTa, U 3ta BK® cknagpiBanace c
cymMapHbIM COP 6e3 nonosHUTEIbHOTO pparMeHTa.

Omoébpascerue 3C. B pexxume «30HAUPYIOIIUN CUT-
HasI» MOXHO Habuwogath opmy 6unonsapubix IICII ¢
pa3sHbIMHU MEPUOJAMH OT 7 a0 255 TaKTOB U pasyny-
HbIMHU BpPEMEHHBIMHM CJIBUTAaMU M UX GparMeHTHI, a
TaKXXe OTJAEJbHO NpsMble U WHBEPCHble pparMeHThI
[ICII, a Takxe $opMy AOMOJHUTENbHBIX pparMeHTOB
3C. Ha pucyHke 6 fyg npuMepa nokasas ¢pparment 3C
anvutesbHocTbio 16 TaktoB U3 IICII ¢ mepuogom 31
TaKT U CABUTOM Ha 5 TaKTOB.

AK® 6unoasipHoli IICI1. B pexxume «AK® ogHoro ne-
puozaa 6unossspHoit IICII» (pucyHok 7) HabarofaeTcs
AK® c MHoOrouyucjeHHbIMH OOKOBBIMM JielleCTKaMH,
koTopsble 3aBucAT oT cgsura I1CII. B pexxume «Cymmap-

KoppenaumonHeii pedrekromerp M-PSP

ITapam.ogEore nepaona IICTL
[ Komea. axemenron TICTI M=31 ||

Jamreasaocrs Takta IICIT 50 ac

JAXD oamoro nepuosa bunonnproi: IICH] 3

Hasg AK® opnoro nepuoga 6unosspHoit IICII» (pucy-
HOK 8) 60KOBBIE JIE[TeCTKU B3aUMHO KOMIIEHCUPYIOTCS.
U3 pucyHka 8 takxe ciaegyet, uTo AK® craHeT ugeanb-
HOU C OJIHUM MUKOM LIMPUHOMN, pABHOW OJJHOMY TaKTy
[ICII, ecn k Hel Ao6aBuTb AK® momosiHUTE/BHOTO
¢dparMenTa (MpsSMOYroJbHOrO0 HUMNYyJbCa AJIUTENbHO-
CTbI0 paBHOU nepuoay I1CII).

HUccnepoBanus KoppeasasguoHHoro OP

HccaedosaHue 3asucumocmu yposHell cuzHaaa u
Wymo8, d makxce OMHOWEHUS] CU2HA/Ad K WyMy om
nepuoda IICI1 M u odauHbl 30HAupytowell nauku MP.
B Tabsune 1 npuBejeHbl 3HAYEHUSI MaKCUMaJIbHOTO
COP B JyiMHeHHOM M JiorapudMHUUYecKOM MacuiTabe
(cymmaphbiii COP ¢ Jono/THUTENBHBIM GparMeHTOM)
JUIsl pa3jiMuHbIX 3HadyeHUd nepuona [ICII M v AsMHBI
3oHgupyowe nayuku MP. COP Bo3pacrtaeTr ¢ yBesnu-
yeHueM nepuoga [ICIT M u gavtenbHOCTH nayku MP
NpaKTUYeCKU NPONOPLMOHAJBHO UX NPOU3BEJEHUIO.
Hanpumep, npu ysenudenun M u MP ¢ 7 po 127 pa3
COP Bo3poc Ha 24.5 b (280 pas3), a npu pacueTe BY. €.
B 294 pasza.

B Tabsune 2 npuBejeHbl 3HAaYEHHUs pa3Maxa WIy-
MOB B y.e. (B pexxuMme cymmapHbiii COP ¢ gonosHu-
TeJIbHbIM GparMeHToM) AJs pa3/IMYHbIX 3HAaYeHUH
nepuoga [ICI1 M u gauHbl 30HAUpYIoLield nayku MP.
[Ipy u3MepeHUHM 3HAYEeHHUH IIyMa BO3HHUKasIa 00Jb-
1asi NOrpellHOCTb, IO3TOMY pe3yJ/bTaTbl U3MepPeHUN
LUIYMOB M OTHOLIEHHUS CUTHaJIa K LIyMy, IpUBeJleHHbIe
B TabJIMIle 2, CKOpee HOCAT KadyeCTBEHHbIN XapaKTep.

TMapaserper meoamopogEOCTE

TlapameTprr ronIAPYONeH maTKn

[Paccronane ao meommop. 900 n ~|

‘ I BrocaMmsbie moTepH 1 ab j
| Jimeaa masson 0.5 (M+HL ones. | ~|
THD 30EARPYIOmMeH DaTKE l I BoispaTarie motepn 45 ab j
I Banoanpaas j ‘ OTpazkeHEne 0T KOHNA THHEH
Capar mawor ga 5 axemenron \ [Bowparmsie norepa 45 25|~
“ | > a oB
paMeTpel
Jexpent.maseasmr v B mamce \ [T nomomma 2 =
I HexpenerT 0 aB/rakT j i
Makc. yMeHIL AMILL HMIOV.IECOR 1 I Koad d. 3atyxanman 2 ab/xm j
Vueasmenne 0 % -~ / \ Pexxmm patorsr IV
| ., g upE : _
TOKHpOBKOE ~
7N NS < =
v Pexam peracrpanan COP
[Hureps. mesay orcaeram 50 ne -] [ Torapngrmreckna [Ba|

I HocTosaaaas spemenH ( 5c j

Iens: qenesas

Bpemenaan mxana 50 ac/xen

Puc. 7. AK® ogHoro nepuosa 6unossipaoii IICII co caBurom

Fig. 7. Autocorrelation Function of one Fragment of a Bipolar Pseudo-Random Sequence with a Shift
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KoppenaunoHHeld pednektomerp M-PSP n
II: : ocno
AN OAROTS nepRoA Cymmapaas AK® ogroro neproga Sunonspros IICTT -
I Koans. anemenros IICTI M=31 j IlapameTpr1 HeoXEOPOAHOCTH
JLnareasaocts TakTa IICII 50 ac I Paccrosnre go seopaop. 900 nj
IIapamMeTpLI 30ETHPYIOMEE DATKA
I Brocamsie norepr 1 a6 j
gHa naaxe 0.5 (M1 Janes. -
Tun 308aEpYIOmeR HauKE ‘ I Bozeparasie notepu 45 1B j
I Bunoaspaas j ] OTpa:xenne 0T KOHNA JTHAAR
CaeHr makuxs Ha 5 31eMeHTOB l I Bosspatasie notepu 45 1B j
N 4 | l Hapamerpur OB
JlekpeM. H3IM. AMILT. HMII. B Ha9Ke I Jnuna BostoxHa 2 kM j
I Hexpeserr 0 gb/TakT j ‘
Maxkc.yMeHBII AMILL HMIOVIBCOB I Koad. saryxaman 2 aB/sm j
I Vmensmenne () % j I Pesxam paborer @IV J
C boxapoBkoi -
Pexam peracrpanoa COP
- I Jorapadmymaecknii j
I HeTepe. Me:xIy oTcdeTayn 50 ch

I Hocrosasan epemend {f Be j

Ienr: genenns

Bpemensan mkana 30 ac/gen
Puc. 8. Cymmapnas AK® 6unosisproii I1CIT
Fig. 8. The Total Autocorrelation Function of all Fragments of the Bipolar Pseudo-Random Sequence

TABJIMLA 1. Pe3yabTaThl Uccaea0oBaHus 3aBucuMocty COP ot napaMeTpoB 30HAUPYOLLLEro CUrHajaa
TABLE 1. Results of Studying the Dependence of the Backscattering Signal on the Parameters of the Probing Signal

Hepm;\f[l [1CII, [lﬂHH;l/[;a‘{KH, CMQL;[;HHE, COPmax, 21B KO;S;]:ZLI;SEHT COP,y. e. i?l?;iie:];czsfﬁiz
7 1 -10 9 0.10 7.5 70
7 2 -16 12 0.025 15.8 70
7 4 -16 15 0.025 30.6 70
7 7 -16 17.5 0.01 54.3 70
15 15 -26 23.8 2.5-10-3 240 150
31 31 -30 30 1-10-3 980 310
63 63 -40 36 1-10-4 4000 630
127 127 -46 42 2.5-10-5 16000 1270
127 64 -46 39 2.5-10-° 8000 1270
TABJIMLA 2. Pe3y1bTaThl HCC/I€A0BaHMS 3aBUCMMOCTH LLIyMOB OT NapaMeTPOB 30HAUPYIOILIEro CUrHajaa
TABLE 2. Results of Studying the Dependence of Noise on the Parameters of the Probing Signal
[lepuop IICII, | AnuHa nauky, | Cmewenue, | IMuk. mwyma | IMuk. myma |Kosdpdunuent| Pazmax myma | CKO myma SNR
M MP ab usM., b Kopp., Ab nepeja4yu U3M.,, Y. €. KOpp., V. e.
7 1 0 -3 -3 1 1 0.17 44
7 7 -6 -5 1 0.25 0.7 0.47 120
15 15 -6 -1.5 3.5 0.25 1.4 0.93 260
31 31 -10 -3 7 0.1 1.2 2 490
63 63 -16 -5 11 0.025 0.7 4.7 850
127 127 -16 -3 13 0.025 1.1 7.3 2200
127 64 -16 -5 -11 0.025 0.8 5.3 1500

Cokpawenus: [Tvk. myMa u3M., Ab — NMKOBOe 3HaYeHHUe IIyMa U3MepeHHOe
[Tuk. myma Kopp., 4B — NMKOBOe 3Ha4YeHHe lIyMa KOPPEKTHPOBAHHOE
Pasmax myma usmM., y. e. — pasMax IllyMa H3MepeHHbIH
CKO myma kopp., y. e. — CKO 11yma KoppeKTUpOBaHHOE
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[Mymbr COP Bo3pacTalT ¢ yBeJUYEeHHEM Iepuoja
[ICII1 M u pauTenbHOCTM naykd MP npakTU4ecKd
MPONOPIMOHAIBHO KOPHIO KBAJ[pPATHOMY M3 HUX IIPO-
u3BeaeHusd. Hanpumep, npu yBeanuenuu M c 7 u MP c
1 o M=MP =127 pa3 nUKOBOe 3HAa4YeHHeE lIyMa BO3-
pocsio Ha 16 ab (B 40 pas), a CKO myma Bo3poco B 42
pasa. [Ipy 3TOM OTHOLIEeHMe CUTHaJa K LIYMy TaKxXe
Bo3pocsio B 50 pas. TeopeTUyecKH OTHOIIEHHUE CUTHA-
Jna K wyMy SNRxoppensuuonnoro 0P IPH HCIOJb30BAHUU
koppesasiuuoHHoro OP Bo3pacTtaeT mo CpaBHEHHUIO C
OTHOIIIEHHEeM CUTHaJsa K myMy SNop o6bidHOro OP (c
oAMHOYHBIM 3U):

SNRKOppeJ‘lS{LlHOHHOl‘D OP
SNRop

M - MP. (1)

HOHaFaeM, BpeMd OJHOIro HM3MepeHHd 0OBIYHBIM
pedsaektomerpoM OB ¢ mokasaTesneM IpeJOMJIEHUA
Cep/leBUHBI N1 U MaKCUMaJIbHOM JJIMHOM Lmax PaBHO:

_ 2. Lmax

TO - f' (2)

rJie ¢ — CKOPOCTb CBETa B BAaKyyMe.

Torga Bpemsa oaHoro usMmepenuss OB ¢ momoibio
KoppensayuoHHoro OP cocTaBUT:

TM=M-T0-(1+%). 3)

YcTaHOBJIEHO, 4YTO KOppessiniMoHHbIH OP umMeer
6oJIblllee OTHOLLEHHEe CUTHAJIA K IIyMY [10 CPaBHEHHIO C
06b1yHbIM OP (1) mpu cyiiecTBeHHO 60JibllIeM BpeMe-
HU u3MepeHus (3). OTMeTHM, YTO /[JisI NOBBILIEHUS
OTHOILIEHHUs CUrHaja K 1myMmy SNRop B 06bldHOM OP
MOXHO UCN0Jb30BaTh Hakomienue COP, koTopoe fgact
OPUPOCT  OTHOIIEHWs  CUTHaJa K IIyMy B

JM -1+ MP/M).

TakuMm o6pa3oM, o6LMN BBIMIPHIII OT UCIOJIb30Ba-
HUsl KoppessnuoHHoro OP B OTHOLIeHMM CUTHajla K
IIyMY COCTaBUT:

KoppenaunonHeii pednexromerp M-PSP

SNRKOPPEJ‘U{LU/IOHHOFO OP M- MP _
SNR - =
op M- (1 + E)
M

(4)
= |MP/ (1 + %)

MakcuMaJ/IbHbIM BBIMTPBIII COCTAaBJSIET +/ M /2 nipu
MP=M, npu MP=M/2 BbIUTpBIII yMeHbLIAETCA [0

JMJ3.

IozpewiHocms pezucmpayuu pegiekmozpamm us-3d
UcKaxceHus1 3oHAupyowux navek. B mopenupyouen
mporpaMmme JiJjisi TAKOTO UCCJIeJ0BaHUS TPeLyCMOTpe-
HO peryJjMpyeMoe HUCKaXKeHHE M0 3KCIOHEHI[UaTbHO-
My 3aKOHy orubatoieid amnauty/ 3C, cocTosiero us
MP TakToB. Orubaruias HeuckakeHHoro 3C mnpej-
CTaBJIsIeT COG0M MPSIMOYTOJIbHBINA UMNYJIbC AJUTEb-
HOoCTblO Typ = MP-t, U eJUHUYHOU aMIUIUTYAOHU
Ao=1.

Jlns orubatouied uckaxkeHHoro 3C, KOTopasi UMeeT
TY e JJINTEeJbHOCTb, MOXKHO 3allUCaTh:

A=A, k- exp(—1), (5)

rae k - ko3¢ uIMeHT, KOTOPBIA onpeJessieT MaKCH-
MaJIbHOe yMeHbllleHWe orubatoieil 3C U u3MeHsieTcA
ot 1 1o 0.8 (20 %); T - nocTOsAHHAasA BpeMeH! YMeHb-
LmeHUs1 aMIIMTYyAbl orubamwiueit 3C (B mporpamMme T
3a/jlaeTcd B BU/Jle JleKpeMeHTa U3MeHeHUsl aMIJIUTYAbl
nMnysabcoB B 3C, koTopsiii n3MeHsderca oT 0 po 0.2
AB/TakT).

Hckaxkenuni 3C, cocToamuu u3 31 ajemMeHTa, I0-
Ka3aH Ha pucyHke 9. B mpornecce wucciaefoBaHus
HaOJsojanack peduekrorpamma (pucyHok 10), mo
KOTOpOW H3MepsIoch 3HavyeHHe KoadduiueHTta 3a-
TYXaHUs O U BeJMYMHA NHUKa OTpaKeHHUsA OT HeOoJHO-
POJHOCTH, XapaKTepH3yI0Ilero Bo3BpaTHbIe NOTEPH.

Iapam.ogaore neproga IICTT —
3oBpHpYHOMEH CHIEAT

I Konms. aremenTos IICIT M=31 j IlapameTpr1 BeoqEOpOAROCTH
JnmarensrocTs TakTa IICII 50 B I Paccrosase a0 Beogaop. 400 » j
IapameTpEI 30HIHPYIOMEH HA4KH
I Brocavsrie motepn 0 ab j
I Jmaaa nagwa M snemenTor j
Tum sonampyIOmeR MK | | | I Bossparasie notepn 60 1B j
I Bunoaspaas j — — = O1p! 0T KOHIA JTHEHH
Caesr mauks Ha (} 31eMeHTOE I Bossparasie notepn 60 B j
ﬂJ j Hapamerper OB
JleKpeM.HIM.AMILULEMIL B HDa9Ke I Ilnema Bonokaa 1.0 kM j
I Hexpemenr 0.2 gB/Taxr j
Makc. yMeHBIIL A MILL EMIY.IECOB I Koadvd. saTyxamnn 2 ab/xm j
- Peuscam paborer GITV
— — 1 I Bes baoxapoBKE j
Peaam perncrpannn COP
I HuTepe. Mexay oTcaeTama S0 ncj I T L j

I MocTonaaan spemend ) 5c j

Puc. 9. UckaxkeHHbIH 30HAMPYIOIUA CUTHA

Fig. 9. Distorted Probing Signal
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E
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I Koam, anemernros IICTT M=127 j

T marensaocts TakTra IICII 50 B5c

MapameTpe! 3I0EAEPYIOMeH DTk

Cymmapaeii COP ¢ gononsaTesERIM dparMeaToM j

ITapareTpbl HEOXHOPOIHOCTH
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expement (.05 nb/raxT] -
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Pexam paboTer GITY
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3aryxMexKypcop 0,984 1B
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Orcaer mo 1 xypeopy -6,569 a6 Koadd. saTyx. -2,11 ab/xm
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3T

Puc. 10. PedrekTorpamMma npu McKakeHUSIX 30HJMPYIOLLET0 CUTHAJIA

Fig. 10. Reflectogram with Distortions of the Probing Signal

B Tab6sune 3 npuBeZieHbl U3MepeHHble 3HAYEHMUS
K03¢dUIMeHTa 3aTyXaHUsl U MHKA, OTPAKEHHOTO OT
HeogHopoAaHocTu COP M paccynTaHHble 3HAYeHUS
MOTPELIHOCTH M3MepeHust Ko3ddUuImeHTa 3aTyXaHHs.
Uckaxxenus orubawined 3C B mpefenax 5% wmaso
BJUAIOT Ha GopMy pedJieKTOrpaMMbl U He NPUBOJAT
K 3HAUUTEJbHOU MOrpPEelIHOCTH U3MepeHus Koadpdu-
LMeHTa 3aTyXaHusl.

Hccaedosanue sausaHus uckaxcenull COP 3a cuem am-
naumyoHo-yacmomuoil xapakmepucmuku PIIY. O6b14-
HO mpeAmnoJsaraloT, yTo ®IIY MOXHO NpeAcTaBUThH B
BUZie GunbTpa HIKHUX YyacToT (PHY) u xapakTepuso-
BaTb NIOCTOSIHHOM BpeMeHH To. B 0CHOBHOH yacTH npo-

rpaMMmbl npejnoJiaranaock, yto ®IIY aBaseTcs uieanb-
HBbIM U To = 0.

[ uccieoBaHUS BJIMSHUSA aMIUIMTYAHO-4aCTOT-
HOW xapakTepucTuku (AUYX) B mporpamMme mnpeay-
cMoTpeH nudponoit PHY c usaMeHsouerics NocTosiH-
HOU BpeMeHU To. Ha pucyHke 11 mokasaHbl HCKaxe-
Hus pedsiektorpamMmsel 3a cyet AUX PIIY npu cpas-
HUTEJbHO MaJIOW MOCTOSIHHOW BpeMeHHU To =10 HC.
Bu/iHO, YTO BO3HUKAIOT MCKAKEHUS OTPAXKEHHBIX CHT-
HaJIOB U3-3a HENOJIHOIO M0/laBJieHHs] 6OKOBBIX JIEMeCT-
KOB NPU KOpPPEeJsILLMOHHON 06paboTke. B pesysbTaTe
OTpaKeHHbBIHN CUTHAJI COZIeP>KUT HECKOJIBKO ITUKOB.

TABJIULA 3. Pe3yibTaThl HCC/I€0BAHUS NOTPEIIHOCTEH KOPpeasnuoHHOro OP, BO3HMKAIOIIUX U3-3a HCKakeHU# 3C
TABLE 3. The Results of the Study of the Errors of the Optical Correlation Reflectometer Arising from the Distortion of the Probing Signal

Makc. ymenbuL. | JlekpeMeHT usmeH. | Koad. satyxaHus, [Tuk oTpakeHUus [MorpewHocTb U3Mep.
amm. 3C, % amIuL, ib/TakT aB/km OT HEOJAHOPOAHOCTH, 4B | K03. 3aTyxaH., AB/KM
0 0 2.02 -2.2 0.02
1 0.01 1.97 -2.2 -0.03
1 0.05 2.04 -2.2 0.04
1 0.2 2.05 -2.2 0.05
5 0.05 2.05 -2.3 0.05
5 0.2 2.03 -3.0 0.03
10 0.01 2.04 -2.3 0.04
10 0.2 2.10 -3.0 0.1
20 0.05 2.11 -3.5 0.11

Cokpawenus: Makc. ymeHb1l. aMIuLL 3C, % — MakcMMaJibHOe yMeHblLIeHHe aMIVIMTY bl 30HAUPYIOIIero CurHaa
JleKpeMeHT H3MeH. aMILL, 1B/ TaKT — IeKpeMeHT U3MeHEeHH sl aMIIUTY ibl
Ko3d. 3atyxanus, 15/kM — k03 PULEeHT 3aTyxXaHUs
[lorpenHoCTb. U3Mep. K03d. 3aTyxaH., AB/KM — MOrpelIHOCTb 3MepeHHUs KoaddHLneHTa 3aTyxaHUs]
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Ha pucynke 12 npuBefieHa pedieKTorpaMma npu
0oJibllIeM 3HaYeHUHU To = 40 Hc. BugHo, yTo NMKKU Ha
OTPaXXEHUHU CIJIAKUBAKTCA U OTPAKEHHbIM MMIIYJIbC
pacmiupsieTcs. B Tabsauine 4 npuBeaeHbl pe3yJabTaThbl
HCC/eJOBaHUS BJIUSIHUSL MOCTOSIHHOM BpeMeHU PITY
Ha NOTpellHOCTh U3MepeHUs KoadPUIlMeHTa 3aTyxa-

KoppenAunorHeii pednekromerp M-PSP

Mapam.ogaoro mepaoga IICIT

HUSA Y aMIJIUTY/Abl OTPaXKEHHBIX UMITY/IbCOB. U3MeHe-
HUS TMOCTOSAHHON BpeMeHu PIIY maso cka3bIBalOTCA
Ha pe3yJbTaTax U3MepeHUs KoadouimeHTa 3aTyxa-
HHUA, HO CYyLIeCTBEHHO BJMAIOT Ha aMIUIMTYAy OTpa-
YKEHHBIX OT HEOJIHOPOJHOCTEN CHUTHAJIOB, T. €. Ha pe-
3yJIbTaThbl U3MepeHUsI BO3BPaTHBIX IOTEPb.

I Konma. anemesTor IICII M=127 j

JaaremssocTs TakTa IICII 50 mc

IlapameTpeI 30EIHPYHOMEl TaTKE

Cymmapasii COP ¢ gonomaaTensasiM dparmesTonMm j

IlapaMeTpEI HEOTHOPOIHOCTH

I Paccronane no seoaaop. 400 nj

I Joamaa nagxa 0,25 (M+1) aaem. j
Ten 308EPYIOmed Ta9KE

I Brocaveie motepn 1 ab

I BoagpaTtasie motepn 45 nb

L L

I Bunoaspaas

L

Caenr na=sks Ha ) 31eMeETOR

OTpaxkenHe 0T KOENA JHHEAR

I BosepaTarie morepa 45 1B

L

<l

Z[ER'DE[\[. HIM.AMILT.HMO. B Oa9Ke

L=

-
[

I Hexpement 0.05 gb/TaxT

Mapamerpsl OB

I Jaaaa goaoxaa 1.0 km

L

LIHR‘C.YMSBIIII.HI\IHJ'I.HMII_VJI]:L‘DB r—

I ¥mernmennae 20%
HapameTpsr PITY

L

I Koadvd. satyxanaa 2 ab/km

L

Pezxam paborer IV

I Yewrenne -40 ob

Led Lo

I Ypoeens myna -30 nB

I C 61oxBEpORKOHE

Lo

Pexmy permcrpanmn COP

I HaTepe. Mexay oTcdeTamm 50 ch

-

——

I Jorapmpymageckni j

PacctMexKypcop. -0,468 xm

4 I

3aryxMexKypcop 0,986 a6

Ienr: genenun o J

g

IMxana paccrosaan 1,25 xm/nen
Beprmcanumas miana 2 gBinex Paccr.mo 1 xypeopy 0,483 kM

Paccr.mo 2 xypeopy 0,951 km

Orcaer oo 1 kypeopy 6,568 2B Koadd. satvx. -2,11 aB/em

Orcuaer oo 2 xypeopy -7,554 1B

Puc. 11. UckakxeHus pediekrorpammsl 3a cyet AYX PI1Y npu te = 10 HC
Fig. 11. Reflectogram Distortion Due to the Amplitude-Frequency Characteristic of the Photodetector at e = 10 ns
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Puc. 12. UckaxxeHus pedexkrorpaMmmsl 3a cyet AYX PIIY npu te = 40 HC
Fig. 12. Reflectogram Distortion Due to the Amplitude-Frequency Characteristic of the Photodetector at Te = 40 ns
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TABJIMLA 4. Pe3yabTaThbl UCC/IeA0BaHMUS NOTPEIIHOCTEN KOppesanuoHHoro OP, Bo3HuKawmux u3s-3a AUX ®I1y
TABLE 4. The Results of the Study of the Errors of the Optical Correlation Reflectometer Arising Due to the Amplitude-Frequency Characteristic

of the Photodetector
[TocTosAHHasA Koaddunuent [TorpewmHocTs @, AMILIMTY/AQ OTPaXXeHHOTO [TorpemrHocTh Onpee/ieHUs
Bpemenu QIIY to, HC | 3aTyxaHus o, 15/kM Ab/xkm OT HEOIHOPOJHOCTH CHTH., Ab oTpaxeHus, 1b

0 2.09 0 -3.5 0

10 2.09 0 -3.9 0.4
20 2.11 0.02 -4.1 0.6
40 2.12 0.03 -4.3 0.8
60 2.12 0.03 -4.4 0.9

3akyiloueHue HHA €ro XapaKTEepUCTUK B IIWPOKOM JHAINla30HE W3-

B paboTe uccienoBaH KOPPEISIUOHHBIA ONTHYE-
CKUI pedJIeKTOMETP C 30HAMPYIOLUUM CUTHAJOM B
BUZe ¢parMeHTOB ICEBAOCAYYaWHBIX MOC/e/10Ba-
TeJibHOCTeH. PaspaboTaHo mporpaMMHoe obGecrede-
HUe, MoJieJiMpyollee mpoleccbl GOPMUPOBAHUSA U
00paboOTKH CcUTHasIa 06pPAaTHOrO paccesiHUsl U3 BOJIO-
KOHHO-ONTUYECKOW JIMHUM, COCTOSIIEed U3 [ABYX
Y4aCTKOB, MEX/Jy KOTOPbIMU MOXET HaXOJUTbCS OT-
pakaroluiasi HeOAHOPOJLHOCTb. I[IpoBeseHHbIE HCCIIE-
JIOBaHUS O3BOJIAIOT CAEJATh CJeYI0Ie BbIBOADI.

Bo-nepBbIX, l0Ka3aHa BO3MOXXHOCTb KOPPEKTHOTO
MOJZieJTMpOBaHUsl KoppeasuroHHoro OP u uccienoBa-

CnMCOK MCTOYHUKOB

MeHeHHUs ero napameTpoB. Bo-BTopbIX, IoATBepxk/e-
HO, YTO KoppessinuoHHbId OP oGecrneunBaeT onpeje-
JIEHHbIE MPEUMYLIEeCTBA MPU CPAaBHEHHUU C OOBIYHBIM
OP ¥ npoCThIM 30HAUPYIOLUIUM CUTHAJIOM.

B pajsbHellieM aBTOpPbI MPeAIOJaralT HCCJIe0-
BaTb HOBBIM CIOCO6 0GPABGOTKU CUTHAJIOB KOppeJs-
nuoHHbIM OP, KOTOpBIN 3HAYUTENBHO COKPATUT Bpe-
Msi 06paboOTKH, a TaKXkKe pa3paboTaTb CTPYKTYpy H
nmporpaMMHoe obGecredeHrue pedJIeKTOMETpa, code-
TAIOIIEro JOCTOMHCTBA OOBIYHOTO M KOPPEJSALHOH-
HbIx OP.
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