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Yiien u3 >)KU3HU WieH PE€AKO/IETUHN
Annpent Hukonaesuy Bonobyes
(3 uronst 1947 1. - 13 Hos16ps1 2024 1.)

Andrey Nikolaevich Volobuev
(3 July 1947 - 13 November 2024)

passed away

13 Hos16pst 2024 r. yimen U3 Ku3Hu YieH Pepnkosmeruu xypHana «DU3UKa BOTHOBBIX MPOLECCOB U
pamroTexHUYeCKHe crucTeMbl» AHnpeld Hukonaesud Bonobyes.

Bono6yes Aunpeti Hukonaesud popwics B 1947 r. B Mockse. [Toctymun B 1965 . u okoHumn B 1971 1.
MockoBckoe Briciiee TexHuueckoe yunnuiie um. H.D. Baymana (MBTY um. H.D. Baymana). B 1973 .
HNOCTYNUI U B 1976 1. okoHYMI acnupaHTypy npu MBTY um. H.D. BaymaHa o cnenunanpHocTH «Temto-
dusuka». Kanpupar rexHndeckux Hayk ¢ 1978 r., JOKTOp TEXHUYECKHX HAYK 10 CIeluanbHOCTH «Bro-
MexXaHUKa» ¢ sHBaps 1992 r.

Hauunas ¢ 26 oxktsibps 1981 r. A.H. Bono6yes pa6oran Ha Kadenpe Ppusuku Kyl6bileBcKOro ro-
CyOapCTBEHHOTO MEIUIMHCKOI0O MHCTUTYTA B JOJIKHOCTH CTapllero npemnogasaresns, 3aTeMm ¢ 1992 r.
nouenToM kadenpbl usuku CaMapcKoro roCygapCTBEHHOTO MeAUIIMHCKOI0 yHUBepcuTeTa, ¢ 1994 r. B
nomkHOCTH npodeccopa Kadenpsl ¢pusuku, ¢ 1996 mo 2021 r. - 3aBepyomni Kadpenpod MeOULUHCKON
¢usuky, MaTeMaTUKU 1 HHOpMATHKH, ¢ 2021 I. 10 HacTosilee BpeMsi — Ipodeccop 3TOH Kapenpsl.
Bcero c By3oMm cBsizaHO 43 roga >KU3HHU.

OH IpOBOANII HAYYHO-UCCIIELOBATENBCKY0 PAbOTy 10 MpobieMaM: KBAHTOBAHUE 3JIEKTPOMATHUTHBIX
U TPaBUTALMOHHBIX MOJIEH, KAPAUOJIOTHsI, GYHKLMOHUPOBAHHE MO3Ta B CTAPLINX BO3PACTHBIX PYIIaX,
HCKYCCTBEHHBIHM HHTENIEKT; 66U1 aBTOpOM 11 yue6GHBIX M3faHUM, 22 MOHOTpaduii, 16 maTeHTOB Ha U30-
6pereHus u 6onee 500 HAyIHBIX TPYLOB.

[Tpodeccop BXOAHUI B COCTAB PeJAKLIMOHHON KOJIJIETMH XypHanoB u3 nepednsi BAK «Pusnka Bos-
HOBBIX ITPOILIECCOB U PafiINOTEXHNYECKHe CUCTeMbD» U «[IpupomHble pecypchl 3eMIM U OXpaHa OKpy>Ka-
olIel cpefibl». BbUT YWieHOM AuccepTanroOHHBIX coBeToB 55.2.003.01 o crienuansHocTH «Pagnodpusukar
u 21.2.061.03 o cneuunanbHocTH «Kapauonorus».

Anppert Hukonaesud Bono6yes siBisiicst 3acy>keHHBIM paGOTHUKOM BBICIIETO [TPOdeCCHOHATBHOIO
o6pasoBanust CaMapcKo 067acTu. BbUT HATPaskAeH MHOTMMH IIOYETHBIMUA [PAMOTAMH, B TOM YHCIIE
IToueTHOU rpaMoTOl MHUHHKCTepCTBA 30paBooxpaHeHus PO.

Penkomrerust Beipaskaet riryboKue cO00Ie3HOBAHMS POSHBIM U OJTU3KUM.
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Yiren u3 >KU3HH YWIEH PeIKOIETHH
Anexkcaunp JIeBosu4 bysos
(2 anpens 1960 r. - 15 mas 2025 r.)

Alexander Lvovich Buzov
(2 April 1960 - 15 May 2025)

passed away

15 mas 2025 r. Ha 66-M rofy XH3HU CKOHYAJICS WIeH peAKOJJIErMH Hallero XypHasa, reHepaJlbHbIH
pupektop AO «Camapckoe WHHOBALMOHHOEe Ipennpusitue paguocucrem» (AO «CUII PC»), 3aBeny-
o Kapenporr «CHUCTeMBI CIEeLHMaTbHONH paguoCBsi3n» I[IOBOIKCKOTO TOCYHapCTBEHHOrO YHH-
BepcuTeTa TenekoMMyHuKauui u nHpopmatuku ([IT'YTU), HOKTOp TeXHHUYECKHUX HaykK, nmpodeccop
Bysos Anekcanap JIbBoBUY.

A.J1. By30B — U3BeCTHBIN Y4eHBIH, MpU3HaHHBIN nuaep CaMapCcKOW aHTEHHOU IIKOJIbI, CO3[aTeNb Te-
OpUH U30TPOIHON CXeMHO-IIPOCTPAHCTBEHHON MYJIBTHIUIEKCHH, TJIABHBIM KOHCTPYKTOP MHOTOYHCIIEH-
HBIX M3[eJIMH BOEHHOrO, IPask[aHCKOTO U [IBOMHOro HasHaYeHHsl, aBTOp Gosiee 440 HAyYHBIX TPYLOB,
BKJII0Yasi MOHOrpaduu, maTeHTsl Ha H306peTeHMUsl, yueOHbIe TOCO6US, CTATHH U JOKIIALBI.

OH - BBIJAIOIIUICS OPTAaHU3ATOP HAYKH U MPOU3BOJCTBA, HEOMHOKPATHO 3a CBOIO Kapbepy CO3/1aBaB-
WK B TPYAHBIX YCIIOBHSIX U BO3IVIABIISIBLIMH yCIIEeIHO QYHKLMOHUPYIOLIHE HAyIHO-IPOHU3BOJCTBEHHBIE
noppasaeneHus, co3naBmui U Bosrnasnsamnil AO «CUIT PCr.

A.J1. By30B - enaror-HacTaBHUK, CO3AABIIMI U BOCHUTABIUKHN 3 PeKTUBHO paGoTalIIUN TBOpUE-
CKUMU KOIeKTHB. [Tofl ero pyKoBOACTBOM GbITH BBIIIOHEHBI U YCIIELIHO 3alIeHbl Oosee 25 KaHAUAAT-
CKUX U JOKTOPCKUX OUCCEPTALUH.

AnexkcaHpp J/IbBOBUY MHOT'HeE TOfbl COBMeILaJl OCHOBHYIO TPYHLOBYIO U HayYHO-IIe[JarOrUYecKylo Jes-
TENBHOCTD C 0OIIeCTBEHHOM, BKIIOYast paboTy B momneynTenbckom coBere IIT'YTU, akciepTHOM coBeTe
BAK Poccuu, pucceprannonsoM cosete [II'YTHU, penkonnerusx HeCKOJIbKHUX HayYHBIX XypPHaIoB, Op-
raHMU3ALMOHHBIX U MPOrPaMMHBIX KOMUTETAaX HAYYHBIX KOHpepeHIHH.

[TpodeccuonanbHble U menoBble KadecTBa A.JI. By3oBa XOpouo U3BeCTHBI U 1O LOCTOMHCTBY OLie-
HEeHBbI HayYHBIM cOo00IIecTBOM Poccuu, a Takke PyKOBOACTBOM U CIIEL[HAMCTAMHU [OCYAapCTBEHHBIX
OpraHoB, CTPYKTYp U IPEANPHUATUH 060POHHO-IPOMBILUIEHHOI'O KOMIIIEKCA CTpaHbl. Ero qoctuxeHus
3aCIy>KUIIH 00lIeCTBEHHOE IPU3HAHKE U OTMedeHbI [ocynapcTBeHHOM npemueli Poccuiickon depepa-
nuu uMmeHu Mapmana Coserckoro Com3sa I K. 2)KykoBa, 3BanueM «MacTep cBsI3U», 3HakoM «[loueTHBIN
papucT», MefansiMu MunucTepcTBa 060poHBl, npeMuei ['ybepHaTopa CaMapcKoi 0671acTH, MHOTOYHC-
JIEHHBIMH 6J1ar0lapHOCTSIMU.

Anexcannp JIpBOBUY HaBCerja 3allOMHHUTCS HAM KakK IpuMep 6e33aBEeTHOrO CIyXXeHUsI Hayke, 06pa-
30BaHUIO0 U 060poHOCHOCO6HOCTH Poccuu.

Penkouterusi Beipakaer rirybokHe co001e3HOBAHUS POSHBIM U OJU3KUM.
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MeToa NpUOITUKEHHOTO AaHATUTHYECKOTO pacyeTa
K03} PUIIMEHTOB OTPAKEHH I ITEKTPOMATHUTHON BOJIHBI OT CJIOSI
HEOJHOPOAHOI0 HEB3AMMHOI'0 KMPAJIBHOI0 MeTaMaTepuaia
C Y4€TOM JUCIIEPCUU MATEPUATBHBIX NApAMETPOB

II.H. [Ianun ©, O.B. Ocunos ©, FO.C. MamowuHa

TTOBOJIKCKHM FOCYyAapCTBEHHbIH YHUBEPCUTET TEJIEKOMMYHUKALMH 1 HHPOPMATHKHU
443010, Poccus, r. Camapa,
yn. JI. Toncroro, 23

Annomayuga - O6ocHoBanue. COBpeMeHHbIe UCCIIENOBaHMs B 06JIACTH METAMAaTEPUAIOB OTKPBIBAIOT HOBbIE TOPU3OHTHI B
paspaboTKe MaTepHaoB C YHUKAIbHBIMU 3JIEKTPOMAarHUTHBIMH CBOMCTBAMH, KOTOPBIE MOT'YT GBITh HCIIOIB30BAHBI B PA3THYHBIX
MPHUIOKEHHSX, OT TeJIeKOMMYHHUKAIMH 10 MeIMLIMHCKOM AMarHocTUKY. HeolHOpo/iHEIe HeB3aMMHBIe KM pabHbIe MeTaMaTe pHaIbl
[IPeACTaBISIOT 0COOBINA HHTEpec 6y1arofapsi CBoeH CIoCOOHOCTH yIPaBIIsTh MOJIsipHU3aliiel 3IeKTPOMAarHUTHBIX BOJIH U U3MEHSTh
ux cBorcTBa. OfHAKO MOLOGHbIE 3JIEKTPOJUHAMUYECKHE 3aa4l YaCTO PEIIAOTCs C MOMOIIBI0 YHCIEHHBIX METOLOB, KOTOPbIE
Tpe6yIOT 3HAYNTENbHBIX BBIYUCIUTEIBHBIX PECYPCOB U BPEMEHH, YTO OIPaHMYMBAET UX IpaKTHYeCKoe IpUMeHeHHUe. [ToaTomy
BO3HHMKAeT HeOOGXOOMMOCTb B pa3paboTKe MPUGIMKEHHBIX AaHATUTHYECKUX METOMOB AJIS OLEHKH KO3)PHULUNEHTOB OTPaskeHHUsI
U MOHMMaHHs QU3NYECKUX MEXaHM3MOB, JIEXAI[UX B OCHOBe 3THUX mpoueccos. Llenb. PazpaGorka MeToma mpubIHKEHHOIO
pacuera K03GPUIMEHTOB OTPAXKEHUs IIOCKOW OJHOPOMAHON 3€KTPOMArHUTHON BOJIHBL OT IUIAHAPHOI'O CJIOSI HEOLHOPOLHOIO
HEeB3aMMHOI0 KHPaJbHOrO MeTamaTepuana C y4eTOM [JUCIEPCHU MaTepHaabHBIX MapaMmeTpoB. [IpemyioskeH aHATUTHYECKUH
[OZIXOf, KOTOPBIH [O3BOJIUT MOTYyYaTh PelleH s PA3IMIHOTO MOPsIAKA NPUGIHKEHHs 1 oGecrieduT Goee riy6oKoe MOHMMaHUe
¢usuku mpoueccos oTpakeHus. Meroxpl. Vcronb3yeTcsi aHAIUTHYECKHM MOAXON K pacyeTy Kod$QULMEHTOB OTpaXeHWs,
OCHOBaHHBIH Ha MeTOJaX TEOPHUH MOJIs. YYUTHIBAETCS HEOMHOPOJHOCTH M HEB3aHMHOCTb KHPaIbHOIO MeTamaTepHasa.
Paspa6oTaH psif npUGIMKEHHBIX PeIIeHNH, O3BOJISIOLIMX aHAIM3HPOBATH I0BE€HHE 3JIEKTPOMATHUTHBIX BOJIH [IPU Pa3InIHbIX
YCIIOBUSIX IafeHUSI ¥ O pu3anun. PesynsraTsl. I1peyioske HHbIN aHATUTUIECKU I METOR 03BOIsIET 3G PEKTHBHO PACCYUTHIBATD
K03 PULMEHTBI OTPaskeHUsl IJIsl IUIOCKUX BOJIH [IPU PA3NIMYHBIX YCIOBUSX B3AUMOJEMCTBHUS C HEOLHOPOAHBIMU HEB3aHMHBIMH
KUpaJbHBIMK MeTaMaTepranaMu. 3akiaodeHue. [Ipencrasied HOBBIM MOAXOM K pacyeTy Koa$PHULHEHTOB OTPaskeHHUsT [IOCKOH
37IeKTPOMarHUTHOM BOJIHBI OT IUIAHAPHOTO CJIOS HEOJHOPOJHOTO HEB3aMMHOI'0 KHPAJIbHOI'O MeTamaTepuana C y4eTOM
OHCIIEPCUH MaTepPUAbHBIX TapaMeTPOB. PadpaboTaHHBIN aHATUTHYECKHH MeTo obecriedynBaeT Gosee GpicTpoe U d9dpPpeKTUBHOE
[OJIydeHHe peLIeHHH [0 CPAaBHEHHIO C YMCIEHHBIMH METONAMH M CIIOCOGCTBYET JIy4lleMy MOHHMaHHIO QU3HKH MPOLECCOB
OTpaskeHHUs B CJIOKHBIX MaTepHasax. [lonydeHHble pe3ybTaThl MOTYT OBITh NOJIE3HBI /ISl AabHEHIINX UCCIIeOBAHUI B 06/1aCTH
MeTaMaTePHaJIOB ¥ UX IPUMEHEHHUs B COBPEMEHHBIX TeXHOJIOTHSIX.

Kniouesvle cnosea - KHpalnbHBIM MeTaMaTepHas; 3JIeKTPOMAarHUTHAs BOJHA; KOd()PHULMEHT OTPaskeHHMs; MOJISIPU3ALHUSE,

HeO)IHOpOIZ[HbII‘/’I CHOﬁ; MaTepHuaJIbHbI€ TapaMeTpPbl; AUCIIEPCHUA.

BBegenue

CoBpeMeHHbIe TOCTUKEHUSI B 06J1aCTH MeTaMaTe-
PUAJIOB OTKPBIBAIOT HOBbIE FOPU3OHTHI [IJIs1 UCCIIENO0-
BaHWM U NPUMEHEHUS B PA3JIMYHBIX 06JIACTAX HAYKU
U TEeXHUKH, BKJIIOYAs ONTHKY, paiuoPpusuKy u uHdo-
KoMMyHuKanuu [1]. Meramarepuanel, obnamamoiue
YHUKAJIBHBIMM 3JIEKTPOMATHUTHBIMU CBOUCTBAMH,
MOTYT GBbITh CO3HAHBI C LEJIbI0 Peau3alii BO3MOXK-
HOCTH YIIPaBJIeHHUsl PACIIPOCTPAHEHHEM 3JIEKTPOMATr-
HUTHBIX BOJIH Ha YPOBHE, HE PeaNu3yeMOM /ISl TPAIH-
UOHHBIX MaTepuanos [2]. OnHOMU U3 KIYeBbIX 3aa4
B 9TOU 06J1aCTH ABIAETCS WU3YYEHHE OTPAKAIOIIUX
CBOWCTB YKa3aHHBIX KOMIIO3UIIMOHHBIX MaTEpPUAIOB,
0COG6EHHO TMpU paCHpPOCTPAHEHUU HEOMNHOPOMHBIX
CIOUCTHIX CTPYKTYP [3]. OTpaxkeHue a/eKTPOMAarHUT-
HBIX BOJIH OT IPAHMIIBI Pa3/ieNa AByX CPel — 3TO CIIOXK-
HBIHM MpOLIECC, 3aBUCALIMN OT MHOXecTBa GaKTOpOB,

d.panin@psuti.ru (ITarun Imumpuii Hukonaesuu)

TaKUX KaK BIMsiHWE HAa KOO(QPUIUEHTHI OTPaskeHUsI
yrjia NnafeHusi BOJIHBI, MOJMAPU3ALUU U DIEKTPOPU-
3UYEeCKUX CBOMCTB caMux marepuanoB. OfHUM U3
TUIOB METAMATEPUANIOB, U3BECTHBIX U aKTUBHO pas-
BUBAWLIUXCA ¢ KOHUA XX Beka, SBJISIOTCS KUPaJib-
Hble MeTamaTepuanbl. OHKM 06/1afal0T aCHMMETpHEN
B pACIpefeNeHNH CBOUX 3JIEMEHTAPHBIX CTPYKTYP,
YTO MPUBOAUT K pasHOOGpasHbIM 3ddeKkTam HX B3a-
UMO/EUCTBHUS C 3JIEKTPOMATHUTHBIMHU BOJTHAMU. DTH
3¢ dexTh MOTYT BKIIIOYATH U3MEHEHHUE MOJISIPU3ALIUH,
a TakKe aHOMaJIbHOE TOBeieHUe KO3PpPUIHEHTOB OT-
paxenus [4]. Ha cerogHsAmHuil geHb GONBLIMHCTBO
HUCCIeOOBAaHUN B 3TOM 06JAaCTM OCHOBBIBAeTCS Ha
YUCIIEHHBIX MeTofax aHanusa [5|. HecmoTps Ha TO
YTO YHUCJIEHHBIE METOHBI MO3BOJISAIOT IOJIYyYUTH BbI-
COKOTOYHBIE PE3YJbTAThl IJIsl CJIOXHBIX [E€OMETPUU

U MapaMeTpPOB CTPYKTYP, OHU YaCTO TPeOYIOT 3HAUH-

© Manus O.H. u ap., 2025
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TeJIbHBIX BBIYUCIIUTENBHBIX PECYPCOB U BpeMeHHU [6-
8]. D10 co3maeT HEO6XOAUMOCTH B pa3paborke Gonee
¢ PEeKTUBHBIX METOLNOB aHAINU3a, KOTOPBIE CMOTJIH
6b1 06eCeYUTh GBICTPOE MOTYYEHUE PE3YIBTATOB 6e3
MNOTepH TOYHOCTH. B faHHOU paboTe npefioXeH Mpu-
GMUKEHHBIM MeTon pacyeTa KOd3pPUIIMEHTOB OTpa-
SKEHUS 3JIEKTPOMATHUTHOU BOJIHBI OT CJIOSI HEOFHO-
POOHOTO HEB3aMMHOTO KUPAIbHOTO MeTamaTepuaa
C YY4eTOM [MCIEPCHUU MATEpPUAIbHBIX MapaMeTPOB.
Llenb MCCIefOBaHUs COCTOUT B paspaboTKe aHAIM-
TUYECKOrO TOMAXOJa K pELIEHUI0 [JaHHOW 3aadu.
CuuTaeTcs, 4TO AaHAIUTUUYECKHUE PELIEHUs HE TOJb-
KO YCKOPSIOT MPOLECC MONYYeHHUsA Pe3yabTATOB, HO
TaKXe CIOCO6CTBYIOT JIy4LIeMy MTOHUMAaHUI0 GU3HUKH
MPOLIECCOB B3AUMO/IEHUCTBUS BOJIH C HEOLHOPOJHBIMU
CTPYKTypaMu. AHaTUTUYECKHE METOMBI UMEIT P
MPEUMYILECTB: OHU MO3BOJISIOT OBICTPO OLIEHUTH BIIK-
sHME Pa3INYHBIX TAPAMETPOB Ha KO3 PUILUEHTHI OT-
PaKEHHUsI U TPEJIOMIIEHHUST; UX MOKXHO HCIONb30BATh
[J1s IPEIBAPUTENILHOTO AHANKM3A [Tepef IPOBEJEHUEM
6oJiee CIIOXHBIX YUCIIEHHBIX PACYETOB; KPOME TOrO,
OHHM MOTYT CJIy>KMTh OCHOBOU [JIsl JaJbHEUIINUX TEO-

peTrudecKux I/ICCJ'[eJ:LOBaHI/II‘;I " OKCIIEPpUMEHTOB.

1. MareMmaTu4eckasi MOJ€eIb
HEOJHOPOJHOM U HEB3AUMHOM
KHPATBHOU Cpeabl

st anekTpoPU3UYECKUX MAPAMETPOB HEB3AUM-
HOW HEOJHOPOOHOU KHUPAJIbHOU Cpefbl MOKHO 3aMu-
caTh MaTepHUaNIbHbIE ypaBHeHUsI B Bupe [9; 10]:

D=g¢, (8(X,(,0)E+T]* (X,O))ZOI:I), (1)
B= Ko (u(x,m)ﬁ+n(x,m)2&lﬁ).

roe Z :*/“0/80 - XapaKTepPUCTUIECKOE COMPOTHUB-
JIeHWe BaKyyMa;
n(x0)=x+ip(xo)=n;

* . *
N (xo)=x—-iB(x0)=";
x 4 B(x,w) - mapaMeTpsl HEB3AUMHOCTH U KUPaJb-
HOCTH COOTBETCTBEHHO; &(X,0)=¢ ¥ u(x,0)=u - oT-
HOCHUTEJIbHbIE NUAJIEKTPUYECKAsT U MATHUTHAs MPO-
V-1,

IMpu samucu cooTHouweHu# (1) mpemmonaraercs,

HULIAeMOCTH; ® — KPyroBasl 4acToTa; i =

YTO HEOJHOPONHOCTh MaTepHaJIbHBIX IapaMeTpOB
KHPJIBHOTO MeTaMaTepuasa peaju3yeTcs TOJIBKO
BIOJIb OOHOUW NTPOCTPAHCTBEHHOU KOOPAUHATHI X.

MarepuanbHble MapaMeTpbl HEOLHOPOJHOM KH-
palbHOM Cpefbl 3aBUCAT OT 4aCTOTHl ®, KOOPAHUHA-
TBl X U UMEIOT CJIEAYIOIINHI BUJ:

V4

(2.5

KupanbHbliii
cnon X

Puc. 'eomerpus zagaun
Fig. Geometry of the problem

o) 2
s(x,co) =g + e pea (X) ; (2)
0)12363 (x)—o)2 +iym

2
Qu(o

,O)=u. +
M(X(D) He (Df)es(x)_@2+iy(‘)

)

)

Q
o)l

®pes (x) —0?+ iy®

rue (opes(x) - pe30oHAHCHAasi YaCcTOTa, KOTOpast UMeeT
pasHble 3HAYEHUS B IPOU3BOIIBHOU TOYKE MPOCTPAH-
CTBEHHOM KOOPAMHATHI X; Y — 4acToTa neMndupoBa-
Hust; Qg Q) Q - K03QPULHEHTEI, ONpenesoIie
OTKJIOHEHUE 3HAYEHU U 371eKTPOPU3UYECKUX TapaMe-
TPOB B 06/IACTH PE30HAHCA; £, L. ~ OTHOCHTENIbHBIE
OUDJIEKTPUYECKAss UM MATHUTHAsi MPOHULAEMOCTH
CpelbI-KOHTEHHEPA COOTBETCTBEHHO.

[Ipu 3amucu COOTHOLIEHHWH (2) Y4TEHO, YTO gHC-
Mepcusi AUAIEKTPUIECKOM M MATHUTHOW MPOHMIIAE-
MOCTHU TIOAYHUHSIOTCST Mofienu JIopeHIa, a mapaMeTp
KUPaJIbHOCTH — Mofienu KonpmoHa.

C moMOLIbI0 MaTepUaIbHBIX ypaBHEHUH B popme (1)
v ypaBHeHu# Makcsena B nudepennuanbuoi Gpop-
Me OynmeM pewiath 3agady 06 OTpaske€HHUU IJIOCKOU
OJHOPOJHOU 3JIEKTPOMATHUTHOMN BOJIHBI OT HEOLHO-
POJIHOTO HEB3aUMHOI0 KHMPAIBHOTO CJIOS C YYETOM
oucrepcuu. BosiHa magaer Ha TPaHULBI pasesna Tof
yrinoMm 0 (puc.). Ha puc. BBemeHbl crienymwouue 060-

3HAYeHMUS: {E HS} - BEKTOPBI HaIlpsIKEHHOCTeH

s
3NIEKTPUYECKOT0 M MArHUTHOTO TMOJIed mafamlen
BOJIHBI; {Er;ﬁr} - BEKTOPBI OTPask€HHOW BOJIHBI H
{Et;ﬁt - BEKTOPBI IPOLIEAIIed BOTHBL.

[ cnost U3 HEOAHOPOJHOU HEB3AUMHOW KHPasib-
HOU Cpefbl TONUUHOU L, UCIIONB3ysl MaTepUasbHble
ypaBHenus: (1) [ NPOCTPAHCTBEHHBIX 3aBUCHMO-
CTeH y- M Z-COCTABISIOUIAX BEKTOPOB HAMPSKEHHO-
CTel 37IEKTPUIECKOT0 U MATHUTHOTO MOJIeH IpH rap-

MOHUYECKOU 3aBUCUMOCTH OT BpeEMEHH, IOJIyIUM
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CUCTeMY OGBIKHOBEHHBIX AU PepeHHANBHBIX YPaB-
HeHUU BUaa

dE

dxy = —iopgu H, (x) —ioyuggonE, (x), 3)
dH ) sin® 0
d_xz = —zmaoa{l—us_—nn*}Ey (X)+

x 9
SR IONTTAN-H {n—w}H},(x),

pe—mn
dE in?
—Z _ l@uou{]_Le*}H (X)—
dx _ Y
pe—mn

.2
. * sin“ 0
~ 10y HpE {‘1 _n—*}Ey (%),
pe—mn

dHy

X

=ioeeyE, (x) +iofugeqm H, (x)
Ecnu BBeCTM B pacCMOTpPeHHE HOPMUPOBAHHbBIE

Ey< )/Eq

()/Eq

/EO HOJIeH, HopMHpOBaHHylo KOOp-

Hal'[pﬂ)KeHHOCTI/I anekrpuyeckoro U, ( )
U2(X)

V,(x) = Z0
OUHATY EJ—X/L ¥ HOPMUPOBAHHOE BOJIHOBOE YUCIIO

/E ¥ MarHUTHOTO V

K = o\/gynyL, To ypaBHeHHs (3) MOXHO 3amucaTh

CIIeYIOLIUM 06pa3oMm:

d
L& =—iKuV, (£)—-iKnU, (&), 4)

BamuuieM cucteMy ypaBHeHUH (4) B Gonee KoM-
MakTHOU $popme:

du,

d—§=A1(§»K)V1(‘tv)“LAz(‘:’K)Uz(‘i)’ )
= A (B (@) A KV ),
dd? (& K) V3 (8)+ 4 (KU, (2),
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av.
d—g:A7(&,K)U2(§)+A8(§,K)Vl(§),
rage
A (&,K)=-iKu(g,K); A,(&K)=—-iKn(&K);
Ag(&K) =
. 2
=—1Ka(§, ) 3 sin“ 0 i :
k(& K)e(E K)-n(&K)n (&K)
A4(EK)
* .9
K n(é, )_ | (&,K)sm 0 * ;
M(@K)g(&»K)—ﬂ(&,K)n (é;K)
As (&,K)
)
iKu(E, _ sin“ 0 i :
Ag(&,K)=
)
_ i n*(ﬁ,K)— n(E_,,K)sm 0

w(EK)e(&K)-n(& K (6K))

*
A, (&K)=iKe(&,K); Ag(&K)=iKn (&K).

s cuctembl ypaBHeHu#H (5), HCXOASA U3 YCIOBUU
HENPEPBIBHOCTH TAHT€HUHUAIBHBIX COCTABIISIOLINX
HAMPSIKEHHOCTEH 3JIEKTPUYECKOTO KU MArHUTHOIO
noJjiel Ha IPAaHMIAX pa3fiena Cpep, 3aluIleM CIIefy-
I0I[ie€ TPAHUYHBIE YCIIOBUS /I CIy4Yast BOJHBI TOPH-
30HTAJBHOU MOJSPU3ALHH:

Ul(O):1+Ree, U, (0) =R, cosb, ©6)
V(0)=(1-R,,Jeos0, 1 (0)=R,

U,(1)=T,,, Uy(1)="T, cos,

vi(1)==2 ; Le c0s0, V,(1)= %Te"'

['paHUYHBIe YCIIOBUSI IJISI CIIydasl BepPTHUKaJIbHOUN
MOJISIpU3alluyi NPeACTaBIISIOTCS B CllelylollleM BULE:

U, (0)=(1-Ry, )cosO, U;(0)=Ry,, 7)

V,(0)=—(1+Ryy), V;(0)=—Ry, cosb,
U, (1) =Ty, cos6, Uy (1)=Tj,,
Z
V2<1)=__Thh’ V(1) = => Ty, cos6.
L

B cooTHomerusx (6) u (7) R,,, R, - koapdummen-

Thbl OTpa>X€HUs OCHOBHOH M KpOCC-HOHﬂpI/ISOBaHHOﬁ

BOJIH B Ciy4ae FOpI/ISOHTaHbHOI‘/‘I NnoJapudanuu; Tee,

T, - K03$HIHEHTE MPOXOXKNEHUS OCHOBHOH U
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KPOCC-TIO/ISIPU30BAHHON BOJH B CjIydyae TOPU30H-
TaNbHOM MoNApU3anuu; Z; - XapaKTepUCTHIecKoe
CONpOTHUBIIEHHE BO BTOPOH obnacty; Ry, Ry, - Kom-
IUIeKCHble KO3$QPHUILUEHTB OTPaXeHHsT OCHOBHOM
U KpOCC-TIONSIPU30BAHHOM BOJIH B Cily4yae BepTH-
KanbHOU monapusauuu; Ty, Ty, - KOMIIEKCHBIE
KO3pPULNEHTBl NPOXOXKOEHHUs] OCHOBHOH M KpoOCC-
MOJISIPU30BAaHHON BOJIH B CJIydae BepTHKaJIbHOH IIO-
nsipusanud. OTMETHM, YTO COOTBETCTBYIOIIUH BbI-
60p BeIMYMHBI UMIIE[JAHCA Z; MO3BOJAET IPOBOIUTD
pacueTsl [JIst CI0sI Ha TOBEPXHOCTH MeTaslIa.

Kak BUAHO U3 COOTHOIIEHNH (6) U (7), IpH pelIeHUH
ydTeHa KpOCC-IONsIpU3alusl I0Jsf, BO3HHKAIOIIAs
[pH [aIeHUHU 3JIEKTPOMArHUTHON BOJTHBI Ha KU Pajlb-
HBIU CJIOH.

Bxopsuire B BeIpaxkeHust (4) MaTepuanbHble mapa-
MeTpbl KHPAJIBHOTO MeTaMaTepuana sBIsSIOTCS HOp-
MHPOBaHHBIMH U UMEIOT BHU[,

Q. K?
8(§,K)=8C+ - € pesz(a). ;
ers(a)—K +iK K
Q K?
(& K)=p ety
er3(§)—K +iK K
QK .. (8)K
1(6K)=——"F g) :
ers(E_,)—K +iK K

3necs K :(oL/c, K, =yL/c, K e3(8) = mpes(i)L/c -
HOPMHUPOBAaHHBIE€ BOJIHOBbBIE YHCJIaA.

2. MeToauKa BpIBOJA
AHATUTUYECKUX BBIPAXKEHU I
Wit K0P PUIUEHTOB OTPASKEHUS

PaccMOTpUM METONMKY MONyYeHHUsI aHAIUTHYE-
CKHMX BBIpAXKEHHUU 151 KOOPULUEHTOB OTpasKeHUs
IJist ciy4dasi CJIOSi M3 HEOJAHOPOLHOTO HEB3aUMHO-
ro KHUPaJbHOTO MeTamaTepuana. IlycThb H3BECTHBI
anexTpodU3NIECKHe TapaMeTPbl KUPAIBHOTO CJIOS
C KOOPAMHATHBIMU 3aBUCUMOCTSIMH OTHOCUTEIBHBIX
OU3JIEKTPUYECKON M MarHUTHOM NIPOHHLIAEMOCTEH,
a TakXke mapamerpa KupanbHocTH. Kpome Toro, us
CHUCTEMBI TPAHUYHBIX YCIOBUU (6)-(7) MOXHO ompe-
OENUTh 3HAYEHUs] HOPMHUPOBAHHBIX IOJEH B TOYKE
£=0,

€HTbI OTpa>XeHH. B satom ci1ydqae, IpUMEHSS HEIIO-

BBIpAXKEHHBbIE 4Yepe3 HCKOMble Ko0adpduiu-

CPENCTBEHHYIO HX MOACTAHOBKY B CHCTEMY OOBIKHO-
BeHHBIX JUPepeHHANBHBIX YpaBHEHUH (5), MOKHO
[OJNYYNUTh 3HAYEHMsI NEPBBIX MPOM3BOLHBIX HOPMH-
POBAaHHBIX MOJIeH B ToYKe & =0, TakXKe BBIpaskeHHBIE
yepe3 KOapPULNEHTHl OTPaKEHHSI:

du,

—1 =4, (0,K)V;(0)+A,(0,K)U,(0), @)
de |,

vy = A3 (0,K)U;(0)+ A, (0,K)V,(0),

de |,

d& :AS(O,K)Vz(O)"‘AG(O»K)Ul(0)’

de .,

vy = A, (0,K)U,(0)+ Ag (0,K)V; (0).

de |,y

[ToBropHO gubPepeHIUpPYST UCXOLHYIO cUCTEMY (5)
Y TIO/ICTABJISIS B Hee YoKe Hal/IeHHbIe 3HAYEHUS TTOJIeH
¥ UX TPOU3BOAHBIX (7), MOKHO OTpENeNUTh 3HaYe-
HUsI TPOU3BOJHBIX CKOJIb YTOLHO BBICOKOTO TMOPsIAKA
B Touke & =0, BBIpaXkKeHHBIE Yepe3 KOIPPUIUEHTHI
orpaxeHus. [Ipenmnonaraercs, YT0 HOPMUPOBAHHBIE
TTOJISI UX TIPOM3BOAHBIE BIJIOTH 10 N-TIOPSIAKA ABIISIOT-
Csl HepepbIBHBIMU GYHKIUSMU KOOPAUHATEL & 3Has
3HaYeHUs QYHKLUMH HOPMUPOBAHHBIX HAMPSIXKEHHO-
CTel mosiel U BCeX MX NMPOU3BOJAHBIX B TouKe & =0,

IpeacTaBUM Ka>kAylo U3 HUX PAAOM MaKHOPEHaI
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U2(1)=U2(0)+%(!0)+%(!0)+...+
o, _sue)

k! & k! ’
Vi (1) =V (0)+ V’l('O) + V;(!()) +...+
+V1(k)(0)+ :ivf")(o)

k! &~ k! ’
v, (1) =, (0)+ V'l(f’) : V2"2(!°) e
W, _sulo)

kb &k

[TpaBele uyacTu ypaBHEHHUU cucteMmsl (9) mpepn-
CTaBISAIOT CO60U NUHENHble GpYHKUMHU UCKOMBIX KO-

ee? Rhe’
a 3HayeHHUs JIEBBIX YACTEU KaKOOTO M3 ypaBHEHI/Iﬁ

a¢dunuenToB orpaxkenus R R, u Ry,
OIpefieNIeHbl U3 CUCTEMBI I'PAHUYHBIX YCI0BHUH (6)-(7)
COOTBETCTBEHHO.

[nst cnyvast napaiouel Ha IIaHaPHBIM CJIOW BOJTHBI
FOPU30HTATIBHOM MOJAPU3ALUM U3 COOTHOLIEHUMH (6)
u (9) mony4yaem fBa IMHENHBIX anrebpanvyeckux ypas-
HEHWSI OTHOCUTENBHO HEM3BECTHBIX KO3PPUINEHTOB

orpaxenust R,,, R,:
o ok

5ui’0)

o Zy

k=0 _ Z; cos0
sl 7
P k!

[lns ciaydas magarolned Ha MJaHapHBIA CJIOM BOJI-
HBI BEPTUKAIBHOM Mosipusanuu us (7) u (9) nonydaem
OBa JINHEUHBIX aNrebpanvyecKux YpaBHEHHUsI OTHOCH-
TeNIbHO MCKOMBIX KOIQPUIIMEHTOB OTpaxeHHs Ry,
Ry,:

e, 0 o)

k! 7

o (k)(o) __ZO cos®’

k=0 _ Z; cos0
sl A
= k!

[nst BBIBOA MPUGIMKEHHBIX AHATUTHYECKUX BbI-
pakeHUH KO2$PHUIMEHTOB OTPAXKEHUs [OCTATOYHO
B3ATh HEKOTOPOE KOHEYHOE YK CJIO YWIEHOB C/IaraeMbIX
B cymMmax cieBa B cooTHouenusx (10)-(11) u Bbeipa-
3UTh U3 MOJIyYEHHBIX YPABHEHUU UCKOMBIe K02 du-
LUEHThI OTPAKEHUS.

3ak/iouyeHHue

B naHHOU cTarTbe GBUI MpENCTABIEH METOJN MpH-
6NIMKEHHOTO pacyeTa KO3PpQPHUIMEHTOB OTPasKeHUS
BJIEKTPOMATHUTHOW BOJIHBI OT CJIOS1 HEOJHOPOJHOTO
HEB3aMMHOTO KMPAJIBHOTO METAMATEPHAIIA C YYETOM
OUCIIEPCUM MaTepHaabHBbIX MapaMeTpoB. [TokasaHo,
9YTO WCIONb30BAHUE MPEIAraeMOro aHATUTHIECKO-
rO MOJXO0Ma MOXKET CYIECTBEHHO YIPOCTUTH MPOLECC
aHaIM3a B3aUMOMEUCTBUS 2JIEKTPOMATHUTHBIX BOJIH
¢ MeTamarepuanamu, obecrnedyuBasi MpU 3TOM Tpe-
6yeMyI0 TOYHOCTb Pe3yabTaTOB. [IpUMeHeHUEe TpPen-
JIOKEHHOTO METOJIa MO3BOJISAET 6BICTPO U 3$PEeKTUB-
HO OLIEHUMBATH XapaKTEPUCTHUKH OTPAa’KeHHUs BOJIH,
9TO 0COGEHHO BaXKHO B YCJIOBHSIX OIPAHUYEHHOTO
BpEMEHHU.
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Method for approximate analytical calculation
of electromagnetic wave reflection coefficients from
a layer of inhomogeneous non-reciprocal chiral metamaterial
taking into account dispersion of material parameters

Dmitry N. Panin ®, Oleg V. Osipov ©®, Yuliya S. Mamoshina

Povolzhskiy State University of Telecommunications and Informatics
23, L. Tolstoy Street,
Samara, 443010, Russia

Abstract - Background. Modern research in the field of metamaterials opens up new horizons in the development of
materials with unique electromagnetic properties that can be used in various applications, from telecommunications to medical
diagnostics. Inhomogeneous non-reciprocal chiral metamaterials are of particular interest due to their ability to control the
polarization of electromagnetic waves and alter their properties. However, such electrodynamic problems are often solved using
numerical methods that require significant computational resources and time, which limits their practical application. Therefore,
there is a need to develop approximate analytical methods for estimating reflection coefficients and understanding the physical
mechanisms underlying these processes. Aim. Development of a method for approximate calculation of reflection coefficients of a


https://doi.org/10.18469/1810-3189.2025.28.2.9-15
https://orcid.org/0000-0003-0598-8591
https://orcid.org/0000-0002-2125-9228

2025. T. 28, N2 2. C. 9-15 DusuKa BOJHOBBIX IPOLIECCOB U PafUOTEXHUYECKHE CUCTEMEI
2025, vol. 28, no. 2, pp. 9-15 Physics of Wave Processes and Radio Systems 15

flat homogeneous electromagnetic wave from a planar layer of an inhomogeneous non-reciprocal chiral metamaterial, taking into
account the dispersion of material parameters. An analytical approach has been proposed that will allow obtaining solutions of
different approximation orders and provide a deeper understanding of the physics of reflection processes. Methods. An analytical
approach to calculating reflection coefficients based on field theory methods is used. Inhomogeneity and non-reciprocity of
chiral metamaterial are taken into account. A number of approximate solutions have been developed to analyze the behavior
of electromagnetic waves under various conditions of incidence and polarization. Results. The proposed analytical method
makes it possible to efficiently calculate reflection coefficients for plane waves under various conditions of interaction with
inhomogeneous non-reciprocal chiral metamaterials. Conclusion. New approach to calculation of reflection coefficients of plane
electromagnetic wave from planar layer of inhomogeneous non-reciprocal chiral metamaterial is presented taking into account
dispersion of material parameters. The developed analytical method provides faster and more efficient solutions compared to
numerical methods and contributes to a better understanding of the physics of reflection processes in complex materials. The
results obtained can be useful for further research in the field of metamaterials and their application in modern technologies.

Keywords - chiral metamaterial; electromagnetic wave; reflection coefficient; polarization; inhomogeneous layer; material
parameters; dispersion.

d.panin@psuti.ru (Dmitry N. Panin) © Dmitry N. Panin et al., 2025
References
1. A. K. Iyer, A. Alu, and A. Epstein, “Metamaterials and metasurfaces - Historical context, recent advances, and future directions,”

10.

IEEE Transactions on Antennas and Propagation, vol. 68, no. 3, pp. 1223-1231, 2020, doi: https://doi.org/10.1109/TAP.2020.2969732.

A. Valipour et al., “Metamaterials and their applications: An overview,” Proceedings of the Institution of Mechanical Engineers. Part L:
Journal of Materials: Design and Applications, vol. 236, no. 11, pp. 2171-2210, 2022, doi: https://doi.org/10.1177/1464420721995858.

U. C. Hasar and M. Bute, “Method for retrieval of electromagnetic properties of inhomogeneous reciprocal chiral metamaterials,”
IEEE Transactions on Antennas and Propagation, vol. 68, no. 7, pp. 5714-5717, 2020, doi: https://doi.org/10.1109/TAP.2020.2979292.

I. Matveev et al., “Investigation of the plane optical waves reflection from an inhomogeneous nonreciprocal chiral media,”
2020 International Conference on Information Technology and Nanotechnology (ITNT), pp. 1-5, 2020, doi: https://doi.org/10.1109/
ITNT49337.2020.9253198.

V. E. Abramov et al., “Propagation of optical waves in planar periodically inhomogeneous chiral structures,” Journal of Physics:
Conference Series, vol. 1096, no. 1, p. 012108, 2018, doi: https://doi.org/10.1088/1742-6596/1096/1/012108.

I. Yu. Buchnev et al., “Development of a mathematical model of a chiral metamaterial based on a cylindrical helical elements
accounting for the dispersion and concentration of elements,” Physics of Wave Processes and Radio Systems, vol. 26, no. 2, pp. 36-47,
2023, doi: https://doi.org/10.18469/1810-3189.2023.26.2.36-47. (In Russ.)

A.N.Bespalovetal., “Research of antenna complexes using chiral metamaterials and fractal geometry of radiators for MIMO systems,”
Physics of Wave Processes and Radio Systems, vol. 23, no. 4, pp. 97-110, 2020, doi: https://doi.org/10.18469/1810-3189.2020.23.4.97-110.
(In Russ.)

O. V. Osipov et al., “Transmission of an optical wave through a multilayer structure with dispersive chiral layers,” Physics of Wave
Processes and Radio Systems, vol. 27, no. 3, pp. 99-109, 2024, doi: https://doi.org/10.18469/1810-3189.2024.27.3.99-109. (In Russ.)

I. V. Lindell et al., Electromagnetic Waves in Chiral and Bi-Isotropic Media. London: Artech House, 1994.

A. Lakhtakia, V. K. Varadan, and V. V. Varadan, Time-Harmonic Electromagnetic Fields in Chiral Media. Berlin: Springer, 1989, doi:
https://doi.org/10.1007/BFb0034453.

Information about the Authors

Dmitry N. Panin, Candidate of Physical and Mathematical Sciences, head of the Department of Theoretical Foundations of Radio

Engineering and Communication, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia.

Research interests: theory of wave processes and computer modeling in radiophysics.
E-mail: d.panin@psuti.ru

ORCID: https://orcid.org/0000-0003-0598-8591

SPIN-code (eLibrary): 9999-0844

AuthorID (eLibrary): 649577

ResearcherID (WoS): AAT-1882-2020

Oleg V. Osipov, Doctor of Physical and Mathematical Sciences, head of the Department of Higher Mathematics, Povolzhskiy State

University of Telecommunications and Informatics, Samara, Russia.

Research interests: electrodynamics of metamaterials, antennas and microwave devices, nonlinear optics.
E-mail: o.osipov@psuti.ru

ORCID: https://orcid.org/0000-0002-2125-9228

SPIN-code (eLibrary): 2741-3794

AuthorID (eLibrary): 34872

ResearcherID (WoS): B-7134-2018

Yuliya S. Mamoshina, postgraduate student of the Department of Theoretical Foundations of Radio Engineering and Communications,

Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia.

Research interests: infocommunication networks, electrodynamics of metamaterials, theory of electrical circuits.
E-mail: u.mamoshina@psuti.ru
AuthorID (eLibrary): 1115491



dur3nka BOTHOBBIX IPOLIECCOB U PAJUOTEXHUYECKHUE CUCTEMBI
2025.T. 28, N* 2. C. 16-23

DOI 10.18469/1810-3189.2025.28.2.16-23
YIOK 535.33:535.015
OpuruHaabHOe UCCIef0BAaHUE

Jama nocmynnenug 21 urons 2024
Jlama npunamus 22 aBrycra 2024
Jama ny6nuxayuu 30 utonst 2025

DTUTICOMETPUSA OTHOMEPHOTO POTOHHOTO KPHUCTAIIIA
C IUDJIEKTPUIECKUM M MIPOBOAAIIUM AePeKTaMu

B.B. SAubiwuen ®, I A. Anmoxammao

Bonrorpanckui rocyaapcTBeHHbINA YHUBEPCUTET
400062, Poccus, r. Bonrorpap,
YHuBepcurerckui mp., 100

Anrnomayua - O6ocHoBanue. IleprofgudecKue CIOHCTBIE CHCTEMBl IIPUBIEKAIT B IIOCIEfHEe BpeMs HCCIIefoBaTeNeH
M MHXXEHepOB IO INpPUYMHE BO3MOXHBIX LIMPOKMX IPUMEHEHUH B HAHOIJIEeKTPOHMKe. B Takux cucTremax, NMOMHMO HX
IPSIMOTO HCIIONB30BaHUsl KaK MEPHOLUYECKON CTPYKTYPbl, MOKHO HCCIENOBATh pasnudHble nedpexTel. Ha ¢oHe mpeanbHOM
[EePUOAUYIECKON CTPYKTYpPBI OTpakeHHe OT CTPYKTYpPBl C JedeKTOM IMO3BOJSIET MONYYUTh BaKHYH HHGOPMALHIO O CaMOM
nedexre. OcoGeHHBIM HHTepeC MpPeACTaB/IsieT HCIONb30BaHHE B STHX LEISAX LUPKYISIPHO MOAspU30OBaHHOro cpera. Llenmb.
B paGoTe NpHBOASTCS pe3yNbTAaThl PACYeTOB YIVIOBBIX CIIEKTPOB I3JUIMIICOMETPUYECKUX MAPAMETPOB OT IMePUOAHYECKOM
CTPYKTYphI ¢ fedekToM. B KauecTBe MMOCIENHEr0 HUCIONB3YETCS] JUANEKTPUIECKUM CIOM U CIOH C KOHEYHOM NPOBOAHUMOCTBIO.
MeToasl. B pab6oTe HCMONB3yeTCs S/UIUICOMETPUYECKHH METOJ] aHAINM3a ONTHYECKUX CBOMCTB MaTepHanbHbIX cpefl. C MOMOIIbIO
MeTofa XapaKTePUCTHYECKHUX MaTPUIl MPOBOAUTCS pacyeT IJITUIICOMETPUYECKHX I1apaMeTPOB OTPa’keHHOI'O OT CJIOMCTOH
CHCTEMBI LUPKYISIPHO MOJISIPU30BAHHOTO cBeTa. Pe3ynprarsl. B paGoTe oTMedyaeTCss HeAKBUBAIEHTHOCTD Pe3y/IbTATOB pacdyeTra
IpHU PasIUYHBIX PACMONOXKEHHX fedeKTa - SIUICOMeTPHYECKHe apaMeTPhl OTPaskeHHOIO CBeTa CYIeCTBEHHO 3aBUCST OT
TOrO, B KAKOM MECTe BHYTPH CTPYKTYPBI HaxORUTCs AedekT. Takoi 3 PpeKT MOXKHO UCIIONB30BATH [Isl ONPefle/IeHNsl 9TOr0 MeCTa
Ha QpOHe OTpaXkeHUs OT U[eaNbHOM [IePUOAUIECKOM CTPYKTYphl. KpoMe aTOro, MOKasaHo, YTO SUTEKTPUIECKUH U IPOBOMSIIUMI
nedeKThl MPHUBOASAT K CYLIECTBEHHO DPAa3/lMYHBIM YIVIOBBIM CIIEKTPaM 3JUIMIICOMETPUYECKHX ITapaMeTPOB, YTO TAKKe MOXKET
CIIy>KHTB OIIpefieJIEeHHBIM MapKepoM camMoro fAedekra. 3akmodeHne. Vcrnonb3oBaHye [UPKYIISPHO NOISIPU30BAHHOIO U3IyIeHHsI
OISt AMATHOCTUKH € PUOAUYECKHX CPeft ¢ AedeKTaMu O3BOJISIET IOIYIUTh BaXXHYI0 HHPOPMALHIO 0 fepeKTax Ha pOHe HIeaTbHON

MepPUOAUYECKON CTPYKTYPBHI.

Kniouesble cnosa - TmepHOAMYECKas CTPYKTypa, AUAIEKTpUYecKMH aedekT; AedpeKT ¢ KOHEYHOH MPOBOLHMOCTEIO;
9JTMIICOMETPUYECKUI METO/I; KPYroBasi U SJTUIITUYECKAs! OSIPU3aLUs CBETA.

BBepenue

CroucTble CHCTEMBI MTPEACTABISIOT OCOOBIA MHTE-
pec [ MHOTOYHMCJIEHHBIX TPUMEHEHUH KaK IS Aua-
rHoCcTUYecKHX Uenedt [5; 10; 12], Tak u mas moctpoe-
HUsl 6a3uca HOBBIX TEXHOJIOTMYECKUX YCTPOUCTB B
CuITy 60JIBIIOTO Pa3HO06pa3rsi BO3MOXKHBIX CTPYKTYP,
o6afaruux pasIuIHbIMU CBoMCcTBaMHu [1; 4; 9]. [lu-
POKO UCCIIEAYIOTCS CIIOUCTBIE CTPYKTYPBhI TUMAa D-M-
D (guaneKTpUK — MeTa/UT — AUIJNIEKTPUK) [2], a Takke
M-D-M (meramn - guanekTpuk — metamn) [3]. OpHo-
MepHBIH POTOHHBIM KPUCTAUT MPENCTABIsIET COGOH
KOHEUYHYI0 CHCTEMY TEPUOLUYECKH MOBTOPSIIOIIUXCS
croeB. BaxxHoU 0COGEHHOCTBIO TAKUX CPEN SIBIISIET-
Csl HAJIMYKWE 3aMPELIeHHOM 30HbI, KAK U B OOGBIYHBIX
kpucTtautax. Hanudyue gedekTa B TaKOM KPHUCTAII-
Jle MOKET CyLIeCTBEHHO M3MEHUTh €ro ONTUYECKHUE
CBOMCTBA [7], 4TO MOKET 6BITH UCIIONB30BAHO I K3~
y4eHus Takux nedektos [6; 8; 11]. [Ipu aTom upeansb-
Hasl MEePUOAMYECKAsh CTPYKTYpa CIYKUT perepHBbIM
$OHOM, Ha KOTOPOM SIPKO TPOSIBIISIOTCS CBOMCTBA
camoro nedekra. B Hacrosimel pa6ore Gymer pac-
CMOTPEHO BJIMSHUE MECTOMOJIOXEHUs HedeKTa BHY-
TPH [EPUOJUIECKON CTPYKTYPhI HA YITIOBBIE CIIEKTPBI

yatsyshen.valeriy@volsu.ru (SJusiwen Banepuii Bacunvesuu)

3JUIMIICOMETPHUYECKUX ITapaMeTpPoB IpH MajJleHUuH Ha
TaKylo CTPYKTYPY CBeTa KPyroBOW MO pU3AIUN.

1. ITocTaHoBKa 3aga4u

Ha mepuopmyeckyio CIOHCTYIO CHCTEMY, COCTOS-
myto u3 10 map cioeBs, mox yryioM g majaeT LUPKY-
JISIPHO TMOJISIPU30BaHHBIN CcBeT. PaccMoTpeno 3 Bapu-
aHTa PacCrHoNioXeHUs fedekTa, BHEAPEHHOTO BMECTO

C

Puc. 1. Tpu BapuaHTa pacrosoXeHus fedekTa B epHOSHIECKON
cTpykType: A - nedekr B 1-M cnoe; B - nepexrt B 9-M cinoe; C - me-
dexT B 19-M croe

Fig. 1. Three variants of defect location in the periodic structure:
A - defect in layer 1; B - defect in layer 9; C - defect in layer 19

© Ausien B.B., Anmoxamman I A.; 2025
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Puc. 2. [uanekTpudeckuii nedpekt. YIIoBble CIEKTPHI STTUICOMETPHYECKUX TAPAMETPOB p It 3 BADHAHTOB PaCIONoKeHus nedeKra:
A - moRD1, B - moRD3, C - moRD2
Fig. 2. Dielectric defect. Angular spectra of ellipsometric parameters p for 3 defect location options: A - moRD1, B - moRD3, C - moRD2
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Puc. 3. JusnekTpudeckuii fedeKT. YIIOBbIE CIIEKTPHI SJUIUIICOMETPUIECKHUX TAPAMETPOB A 7S 3 BADMAHTOB PACIIONOXeHUs nedeKra:
A - AnRD1, B - AnRD3, C - AnRD2
Fig. 3. Dielectric defect. Angular spectra of ellipsometric parameters A for 3 defect location options: A - AnRD1, B - AnRD3, C - AnRD2
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Puc. 4. [JlepeKT ¢ IPOBOAUMOCTBIO. YITIOBBbIE CIIEKTPBI STTUIICOMETPHYECKUX TAPAMETPOB P It 3 BAPHAHTOB PaCIONoKeHus nedekra:

A - moRC1, B - moRC3, C - moRC2

Fig. 4. Conductive defect. Angular spectra of ellipsometric parameters p for 3 defect location options: A - moRC1, B - moRC3, C - moRC2

ucxonHoro ciost: A, B u C (puc. 1). Tpebyercst mpose-
CTH pacyeT yIJIOBBIX CIIEKTPOB SJITUIICOMETPUYECKHUX
napameTpoB Ans BapuaHToB A, B, C B cimydasx, Kor-
na medekT mpencTaBiaseT cO60M MUATEKTPUK U KOTIa
nedekT obnamaeT MPOBOASUIUMHU CBOMCTBAMH — KOM-
MJIeKCHAsT UIJIEKTPUYECKasi MPOHULIAEMOCTh NMEET
MHHMYIO YaCTh, CPABHUMYIO C 1€ ICTBUTENBHOU.

Pacuer mpoBomuics s CIeAyIOLIUX 3HAYEHUH
napaMmeTpoB: 1-i c10l B MepUONNYECKOU Mape — qU-
dJIEKTPUYECKAsA MPOHUIAEMOCTb & =5,29, ToNmu-
Ha cnoa d; =0,0696u, 2-# croi B mepHOAMYECKOH
nape - &, =1,823, d,=0,1186y, Ilapamerpsl nu-
9JIEKTPUYECKOro fedeKTa: Edef = 2,0, ToNMIMHA C0sT
nedexra ddef =0,069u. [Inst mpoBopsiiero gedexra:
Edef = 2,0+2,5i, ddef = 0,0696. [OnuHa BOMHBI mMa-
paroinero ceeta A = 0,64

2. Metop, pacyera

B xauecTBe OCHOBHOI'O OUarHOCTHUYECKOI'0 MeETO-
fa KCIIONb3yeTCsl MEeTOH, 3J/UIMIICOMEeTPUHU. DIIIUIICO-
MeTpHUYecKHe MapaMeTpbl P U A ONpefeNsioTcs B
OaHHOU paboTe KaK MOAYJIb U apryMeHT KOMIUIEKC-

HOTO ITapaMeTpa [3, ABIAKIIErocsda OTHOLIEHHUEM aM-

[UIATYAHBIX KO3(QPULUEHTOB OTPaXeHUs LIS p- U
S-TIOJISIpPU3AL U U:

B ocHoOBe pacyeTa JIeXKUT METO[ XapakTepUcTUYe-
ckux Mmatpul [6; 8|. XapakTeprucTHyeckas MaTpua
CJIOMCTOM CHCTEMBI IIPeACTaBsieT co60H Mpon3Bere-
HHUe XapaKTepPUCTHUYEeCKUX MATpHI] CJIO0€B, a aMIIU-
TyLHble KO3$PUIMEHTDI OTPaskeHHUS U MPOXOKAEHMUsI
CBeTa BBIPAKAIOTCs Yepe3 XapaKTepPUCTUYECKyIo Ma-
Tpully Bcell cucTeMsl. [10JyduB 9TH aMIIUTYABL, MO
HHUM pacCYUTBHIBAIOTCS 3/UIMIICOMETpPUYECKHUe Mapa-
MeTPBI OTPa’keHHOI'0 OT CUCTEMBI LM PKYJISPHO IO~
PH30BaHHOTO CBeTa.

3. Pe3yabTaThl pacyeToB

PesynpTaThl pacyeTa npeacTasieHbl Ha puc. 1-9

4. O6¢cyXeHHe pe3y/IbTATOB

s NpUBEOEHHBIX PUCYHKOB Mbl BUOUM, YTO Me€E-
cromnonioxkenre nedeKTa OKA3bIBAET CYLIECTBEHHOE
BIMSIHUE Ha YIVIOBOM CIIEKTp SJUITMIICOMETPUYECKO-
ro nmapamerpa p. IlapamMeTp A [eMOHCTpHUpYeT ellle
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Puc. 5. [lepeKT ¢ MPOBOAUMOCTBIO. YTIIIOBBIE CIIEKTPHI 3JUIUIICOMETPUYECKUX TAPAMETPOB A [Ulsi 3 BADUAHTOB PaclooXeHHs aedexra:
A - AnRC1, B - AnRC3, C - AnRC2
Fig. 5. Conductive defect. Angular spectra of ellipsometric parameters A for 3 defect location options: A - AnRC1, B - AnRC3, C - AnRC2
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Puc. 6. [lepexT ¢ npoBoprmMocTsio. [IpaBas monsipusauns. DIUIUIC noisipusanuun g =46° p=0,0683, A=-1,167
Fig. 6. Conductivity defect. Right polarization. Polarization ellipse g=46°, p=0,0683, A=-1,167
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Puc. 7. [lepexT ¢ npoBopnMocTsio. [IpaBas monsipudauus. DIUIUIC moisipusanunn g =46° p=0,996, A=-1,172
Fig. 7. Conductivity defect. Right polarization. Polarization ellipse g=46°, p=0,996, A=-1,172
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Fig. 8. Conductivity defect. Left polarization. Polarization ellipse g=57°, p=0,624, A=2,922
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Fig. 9. Conductivity defect. Left polarization. Polarization ellipse g=57°, p=0,685 A=0,31

60jlee CHJIBHYIO 3aBUCHMOCTB OT MECTOIIOTIOKEHHUSI
medexkTa, IpU ITOM KaXHOe IPOXOXIEHHE CIIEK-
TpanbHBIX KPUBBIX yepe3 0 B JaHHOM CjIy4yae CBUJe-
TeJIbCTBYET O CMEHe XapaKTepa MOJISIpU3aLUHU C JIEBOU
Ha mpaBylo u Haobopor. Ha puc. 6-9 Mbl npuBOoguM
BU/IBl MOJISIPU3ALMOHHBIX 3JUIMIICOB IIPU OTPa’keHUHU
LUPKYJISIPHO TOJISIPU30BAHHOI'O CBETAa OT CIIOUCTOM
cucreMsbl ¢ fedpexrTom. CliefOBaTEIbHO, AHATU3 CIIEK-
TPOB 3JUIMIICOMETPUYECKUX TAPAMETPOB C IIOMOIIBIO
LUPKYJISIPHO TOJISIPU30BAHHOI'O IafaloIllero cBeTa
[O3BOJISIET TIOJYYUTh JETAIbHYI0 HHGOPMALHIO O Xa-
pakrepe nedekra. Kpome aroro, Takue mnepuopude-
CKH€ CTPYKTYpPBI ¢ [edEeKTOM — OUIIEKTPUIECKUM U

[POBOJSIIIMM — MOTYT CIYXXHTb OCHOBOH [JIsI IIPe06-

pasoBarTeiell IONsAPU3aALUHN CBETA.

3akirouyeHue

B pa6ore mokazaHa BBICOKAsi 9YBCTBUTENBHOCTb 3J1-
JIUTICOMETPHUYECKUX TapaMeTPOB OTPasKeHHOT'O CBeTa
OT XapaKTepa U MeCTOMOJIOXEeHHUs fedeKTa B [IEPUO-
OUYeCKOU CTPYKType MpH MafleHUHU Ha Hee LUPKYJIsIp-
HO NOJISIpU30BaHHOro cBeTa. [IpomeMoHCTpHpoBaHa
BO3MOXKHOCTD YIpPaBI€HUs] XapaKTepoM IOJsipu3a-
LUH OTPaKEHHOT'O CBETA C MOMOILBIO e pPHOAUIECKON

CTPYKTYPBI C fepeKTOM.
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Ellipsometry of a one-dimensional photonic crystal
with dielectric and conductive defects

Valeriy V. Yatsyshen ®, Gofran A. Almohammad

Volgograd State University
100, University Avenue,
Volgograd, 400062, Russia

Abstract - Background. Periodic layered systems have recently attracted researchers and engineers due to their possible
wide applications in nanoelectronics. In such systems, in addition to their direct use as a periodic structure, various defects
can be studied. Against the background of an ideal periodic structure, reflection from a structure with a defect allows one to
obtain important information about the defect itself. Of particular interest is the use of circularly polarized light for these
purposes. Aim. The paper presents the results of calculations of the angular spectra of ellipsometric parameters from a periodic
structure with a defect. The latter uses a dielectric layer and a layer with finite conductivity. Methods. Spatial. The work uses
the ellipsometric method for analyzing the optical properties of material media. Using the method of characteristic matrices,
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the ellipsometric parameters of circularly polarized light reflected from the layered system are calculated. Results. The work
notes the non-equivalence of the calculation results for different locations of the defect - the ellipsometric parameters of the
reflected light significantly depend on where the defect is located inside the structure. This effect can be used to determine this
location against the background of reflection from an ideal periodic structure. In addition, it has been shown that dielectric and
conductive defects lead to significantly different angular spectra of ellipsometric parameters, which can also serve as a certain
marker of the defect itself. Conclusion. The use of circularly polarized radiation to diagnose periodic media with defects makes
it possible to obtain important information about defects against the background of an ideal periodic structure.

Keywords - periodic structure; dielectric defect; defect with finite conductivity; ellipsometric method; circular and elliptical
polarization of light.
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A comparative analysis of curvilinear
configurations of the V-dipole antenna

Ayotunde A. Ayorinde ®, Sulaiman A. Adekola ©®, Tke Mowete
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University Road,
Lagos, Nigeria

Abstract - Background. Curvilinear dipole antenna structures have been established as solution to the directivity problem
associated with conventional dipole antennas, with length greater than half a wavelength. However, with the exception of the
‘concave Nu’ dipole, other curvilinear configurations of V-dipole antenna have yet to receive analytical attention in the open
literature. This paper presents a comparative analysis of four of such configurations. Aim. Develop a detailed electric field
integral equation formulation for internal electrodynamic problem of four curvilinear configurations of the V-dipole antenna
structure, such that a method of moments solution becomes applicable. Methods. Unknown current distributions in the
formulation are determined using the method of moments, with piece-wise linear basis and testing functions. Analytical results
are then implemented in a FORTRAN computer program, for numerical results. Results. Analytical models for four curvilinear
configurations of the V-dipole antenna as well as computational results for their input and radiation-zone characteristics.
Conclusion. Computational results obtained reveal that in terms of maximum achievable directivity and return loss, the
configuration with both arms curved, is the best performing; followed by the conventional-V, convex-Nu (one arm bent inwards),

and concave-Nu (one arm bent outwards), in that order.

Keywords - curvilinear dipole antenna; maximum directivity; moment-method; Nu dipole antenna configurations; return loss.

Introduction

One notable limitation of the linear dipole antenna
as identified in the literature, is that when its physical
length exceeds half a wavelength at the operating
frequency, its directivity profile deteriorates
significantly. According to [1; 2], this limitation owes
mainly to the fact that as its length increases, current
distribution along the axis of the antenna will include
components in direct phase opposition; with the
consequence that directivity decreases significantly.
Indeed, as remarked by [3], when the physical length is
greater than one wavelength, the linear dipole’s main
lobe resolves into a number of lobes of about equal
strengths, which is why in practical applications,
electrically shorter linear dipoles are preferred,
despite their low gain features.

As a means of moderating the influence of
undesirable phase characteristics of the current
distributions of longer linear dipole antennas (LDA),
[1; 2], in what appear to be pioneering contributions,
introduced the idea of ‘shaping’ the LDA to form what
is now commonly referred to as the ‘shaped dipole’.
In particular, and starting with a geometry defined
by piece-wise linear wires, in which each segment is
inclined at some angle to the vertical, a shape that
provided the largest value of maximum antenna
effective height (and hence, directivity), was derived in [2].

amowete@unilag.edu.ng (Tke Mowete)

The COMSOL-supported investigations reported
in [3] highlighted the possibility of simultaneously
optimizing both impedance and directivity of the
wire antenna, and reported results that support the
conclusion in [1; 2] concerning the ‘shaped dipole’.
This ‘shaped dipole’, which, due to its similarity to
the Gaussian (normal) probability distribution curve,
has been named the ‘Gauss Dipole’, [4; 5], informed
quite a few investigations into the characterizing
features of curvilinear wire antennas [3-8]. Majority
of these investigations focused on antenna directivity
maximization, typically, through the use of arrays
of the Gauss dipole. For example, after establishing
through a moment-method / simplex optimization
scheme that the 3A/2 Gauss-shaped dipole
represented the optimum (in terms of maximum
directivity), [6], the same authors, in [7], analytically
demonstrated that the 11,8 dB maximum directivity
of a 3-element Yagi-Uda of dipole is almost identical
to the experimentally determined value reported in
[2]. A contribution by [8] addressed the problem of
optimizing sidelobe level (SLL), using the example
of a 6-element Yagi-Uda array of Gauss dipoles. The
paper’s results suggested that maximum directivity
achievable with SLL optimization is about 1,35 dB
less than that achievable, when only directivity is
optimized. It is noteworthy that in the case of [4],
where the Gauss-dipole’s front-to-back ratio (FBR)
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optimization problem was investigated, a gain of
12,87 dB was reported for a Gauss-dipole, backed
by a square-shaped, finite-sized reflector. Results
published in [9] also demonstrated that further
improvements in the Gauss Dipole’s performance
(effective height in this case) can be achieved through
the introduction of a geometrical asymmetry into the
antenna’s structure.

Outcomes of investigations concerning the ‘arc-
shaped’ antenna described in [10; 11], appear to
support the remark in [12] that curvilinear wire
antennas are generally better performing than
linear wire antenna structures. And according to
[12], the V-dipole antenna (VDA) represents ‘a first
approximation’ to the general class of curvilinear
wire antennas. Results of a comparison of the
performances of V- and Gauss-dipole antennas in
[5] indicated that whereas, the maximum achievable
directivities for both antennas are comparable, the
Gauss-dipole is the better of the two. It is instructive
toobserve that despite being regarded as the ‘optimum
shaped curvilinear antenna’ in the literature [1-7], no
practical application of the Gauss-dipole antenna
has, as far as can be ascertained, been reported. On
the other hand, a number of important practical
applications for the VDA have been highlighted in
the literature. The more notable of these include
the design of ultra-thin plasmonic meta-surfaces,
[13], ground penetrating radar (GPR) applications,
[14], and Ultra-Wideband applications [15]. As may
be expected therefore, a number of schemes for the
performance improvement of the VDA have been
developed [5; 14; 16; 17]. An example is available from
[14], which described the use of resistive loading along
the antenna’s arms to obtain pencil-beam patterns,
utilized by GPR applications. Other examples include
the performance optimization schemes involving
choice of arm configuration and apex angle, explored
in [16; 17].

This paper’s main interest is in the investigations
described in [5; 16; 17], which demonstrated that
certain configurations of the VDA offer better
performance possibilities than the conventional
VDA. A configuration of particular interest is the
curvilinear ‘Nu-dipole’ geometry treated by [18], in
which the lower arm of the antenna takes the shape
of an arc of a circle. Although [18] made no explicit
performance comparisons between the VDA and
Nu-dipole antenna, results presented in [16] for the
‘arc-curved’ dipole (with both lower and upper arms
shaped as arcs of circles) clearly suggested that the
arc-curved dipole provided a better ‘maximum peak

radiated pulse’ than the VDA, when both are shape-
optimized. In this paper, three different curvilinear
configurations of the VDA (the ‘Nu’ with lower arm
curved inwards, the ‘Nu’, with lower arm curved
outwards, and the ‘Nu’ with both arms curved in
the same direction) are considered for performance
comparisons, in terms of directivity, input
impedance, return loss, and radiation-zone fields.
Computational results reveal that in terms of these
performance metrics, the ‘Nu’ with both arms curved
in the same direction performs best with a maximum
directivity greater than 8 dB, for example, when total
dipole length is 5L /2. Computational results also
suggest that a particularly notable consequence of
shaping the arms of the dipole in a vee-configuration
is the significant redistribution of the phase of
current flow, along the antenna’s axis. The paper in
section 1, presents the theoretical background for
the investigations, while computational results are
presented and discussed in section 2. Suggestions
for the extension of the work as well as the main
conclusions due to the investigations are presented

in section 3, the paper’s concluding section.

1. Analysis

A useful approach to antenna analysis derives
for example, from the observation by Tabakov and
Al-Nozaili, [19], that the associated electrodynamics
problem consists of two distinct, but very closely
related component parts. Firstis the ‘internal problem’,
whose solution prescribes the antenna’s current
distribution; and second is the ‘external problem’,
through which the properties of the electromagnetic
field due to the current distribution, are determined.
One method of formulating this generic problem is
to develop an electric field integral equation (EFIE),
typically, with the use of three steps. In the first step,
boundary conditions on the electric field at the surface
of the antenna are imposed, followed in the second
step, by the specification of the fields in terms of the
Lorentz potentials. These potentials, in the last step,
are described by the current and charge distributions
associated with the antenna, as their sources. When
this formulation is in the frequency domain (with an
assumed e/®" harmonic time variation), the most
widely used integral equation is the ‘two potential’
equation, [20], essentially because compared with
Pocklington’s and Schelkunoff’s equations (both of
which also derive from the boundary conditions) its
kernel is easier to handle.
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In the case of the assumedly perfectly conducting,
thin-wire antennas of particular interest here, these
formulation steps are summarized by the following

expressions:
a % (Ejp,+E,,)=0, onS (1)
so that
oD
t . A
—Eirig:—]ooA—Eal, on$S )
provided that
_jkR
M ’ e ’
A=t j 1(1 dr, 2a
el | () (2a)
axis
with
1 e jkR
d=— | of! dl'. (2b)
4ne J. ( )
axis

In the foregoing expressions, (a,, a;) represent
unit vectors normal to the wire surface (in the
outward direction) and in a direction tangential to the
surface, respectively; while all other symbols retain
their usual meanings. By relating filamentary charge
and current distributions through the equation of
continuity according to
o) =20 3

jo dl
the desired EFIE emerges through the use of (3) in
(2b) and subsequent use of (2a) and (2b) in (1), in terms
of the current distribution (and its first derivative),
and constitutes the internal electrodynamic problem,
[19], for the generic thin-wire antenna problem.

Towards a moment-method solution of the
problem, a linear integro-differential operator, ‘L’ is
introduced, [20], such that the EFIE modifies to

B2 = L[1(I)]=(joA+V®) ™" ons. (4)

mp

It may be remarked that the domain of L is the space
of those functions I, for which I'is 0 at the ends of the
wire antenna; and its range is the space of all possible
functions E;*" on the wire surface. An inner product
(<->) appropriate to the problem is also introduced
for two vector quantities (W, F) tangential to the
wire surface as

(W,F)= IW~Fdl , (5)
c

where ‘C’ is a path defined on the surface of the wire,

parallel to its axis. Next, a set {Fn }nﬁ of expansion

functions as well as a set {Wm }m:l\i of weighting

functions are selected. Details of the requisite prop-

erties of these functions are available in [21; 23]. The
unknown current distribution is then expressed as
a series in terms of the expansion functions; that is:

IngnFn
n

in which the ¢, are unknown coefficients to be
determined. Equation (4) then modifies to

D L[c,F, | =(joA+VO)™ =E 6)
n

so that by taking the inner product of each W, with
both sides of (6), the system of equations defined by

D (W oneal [P ]) = (Wi B ) )

emerges. The matrix format of (7) is obtained through
the definition of generalized network parameters
according to, [21],

. <W1,L(Fl)> <W1,L(FN)>
_(wN,L(F,)> <WN,L(FN)>
(w,.ES ) ©1

(V)= , and (I): T,
<WN,E{;;> SN

such that (7) becomes

[Z](D)=(v).
It is of interest to observe, as shown in [22], that a

typical entry to the generalized impedance matrix [Z]
is of the form

Zn= ®)
1 AW dF | ikR

- [ aifar| jouw -F, +— .
[ afdr) jonw, "ies dl dl | 4nR

axis C

Thus, the solution to the internal electrodynamic
problem is obtained as

(=[2]"(v) o)

1.1. Specialization to the curvilinear dipole cases
The illustrations of Fig. 1 describe the four
of the V-dipole antenna (VDA)
considered in this paper. Fig. 1, a, depicts a curvilinear

configurations

configuration with its lower arm curved inwards and
here referred to as the ‘concave-Nu’; Fig. 1, b, is for the
‘convex-Nu’, with lower arm curved outwards; Fig. 1, c,
the ‘conventional Nu’, with both arms curved in the
same direction; and Fig. 1, d, describes the VDA.
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(a) Concave Nu

{c ) Conventional Nu

Fig. 1. Curvilinear configurations of the V-dipole antenna
Puc. 1. KpuBonuHeiHble KOHGUIYpaLuu V-AUIIONBHON aHTEHHBI

(b} Convex Nu

(d) Conventional VA

]

P(r,0.9)
r

Arc of a circle of

Fig. 2. Representative problem geometry
Puc. 2. TunuyHas reoMeTpus 3afadu

radins a = 2Lgfx

Towards specializing the results of the foregoing
discussions to the internal electrodynamic problem
of these curvilinear configurations, the representative
problem geometry of Fig. 2, for the ‘concave nu-
dipole’ is considered. As a matter of analytical
convenience, the dipole is regarded as consisting of
two wires (an ‘upper arm’ and a ‘lower arm’) sharing
a common feed.

For this ‘two-wire structure’, two sets of expansion
and weighting functions are defined for the upper
and lower arms according to

{Funfi{ W} and [{Frafi{Win} ]

respectively. Current distribution along the axes of
the antenna structure is then given by

N
z gl,nFl,n’

n:% +1

Y
I= Zgu,nFu,n+
n=1

so that the boundary condition of (4) becomes
N,
2 N
tan
zqu,nLFu,n+ Z gl,nLFl,n = Eimp
n=1 n=IV+1

2

it is readily verified that generalized impedance
matrix is then given by

<W u,1» LF u,1>

<Wu’],LFu’%>
(W2 LF ) o <Wu,2,LFuy%>

= (10

[7]
[ragi) = (s

(Wi LF, ) <WLN,LFH7%>
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(WunLF )

W, LF >
< u, Z,A‘F’l

A% LF <W LF >
20 N 202V LN
u I, AH u

<Wu)% ’LFl,I%+1> <wu,% ’LFZ,N>

W, .LF <w LF >
IN>» N IN>» LN
< 5 l,A+1> ) 5

A typical entry into the matrix of (10) is easily
identified as

Zsmtn = (11)
1 dWs m dFt n eiijV

- dlIdl' iouW. -E + m 7L .
J TR sm Fon Ve Tdardl | 4nR,

axus C

In (11), s’ ‘¢, and v’ can be either of ‘v’ (for the
upper arm) or ‘I (for the lower arm), as may apply, to
complete the formulation, (and hence the antenna’s
internal electrodynamic problem), the variable ‘R’
featuring in the Green’s function in (11) requires
specification. The respective position vectors for
points on the upper arm on the wire surface and
along the wire axis are given by
(r;r’)=(lcosa{1y+lsinaéz;l’cosaﬁy+l’sinaéz),
‘R, appearing in the equation is readily determined
[21], as either

R, =|r—r|= b2+(1-1)?,

in which ‘b’ represents the wire radius and which
applies when the expansion function is specified on
the upper arm; or for the lower arm, for which

(r;r') = (a(l—cosw)ﬁy—asin\yﬁz;

a(l—cosw’)éy—asin\u'ﬁz), as

o e

in this case. Corresponding expressions for the

other antenna structures in Fig. 1 share similarities
with these results, as evident from the following
considerations. In the case of the convex-Nu’s lower
arm,

(r;r’) = (asin\uﬁy—a(l—cosw)éz;
. A N A
asiny’a, —a(l—cosw )az)
and it is easy to see that R, for this structure reduces

to the same as that for the concave-Nu. Both struc-
tures share identical expressions for R, since up-

per arm geometry is the same in both cases. Position
vectors of interest to the conventional Nu’s upper and
lower arms are given, respectively, by

(5;7) = (asinva, +a(1-cosy)a,;
asin\y’éy+a(l—cosw')éz) and
(5;7)=(a(1-cosy)a, —asinya,;
a(1-cosy')a, —asinya, ).

From which it follows that for this curvilinear

structure,

R/=R,= \/b2+a2 (4sin2(w _\"%D.

Finally, it is not difficult, for the V-dipole, to verify
that

R, =R, =b2~(1-1')%.

The next step in the analysis is the formulation of

the external electrodynamic problem, which is that of
determining the radiation zone fields. In the far-zone,
the electric field intensity is related to the vector
magnetic potential according to E(r) = —j(oA(r),
r>>r'. A is still prescribed by (2a) but unlike the A
for the internal problem, it is given, for example, in
the case of the concave dipole’s upper arm, by

—jkr L,
pe R A
A, = J‘(cosaa +s1nocaz)><
4mr Y
, jk{"l:sinesin(pcosowrcosesin(x:l '
X I(Z )e dar }

in which, for the Green’s function, use has been made

of

r—r-r’, phase approximation;

Refer]={ "] e
r, magnitude approximation

with

r'= l’cosocéy +I'sinaa,.

Accordingly, and using the well-known Cartesian
to spherical coordinates transformation identity,
the of the
contributions of this arm to the structure’s radiation

spherical coordinates components

zone field emerge as

o L

) —jkr "

=—]0)4“e j[cos@sin(pcosot—sinesina}x (12)
nr

0

Eq

u

y I(f,>ejkl'[sinesin(pcoscﬁcosGsina] dﬂ',

o L
. —]kr 1
—jope ,
E =————|cospcosal(f)x
ou 4 J.
r 0

jk('| sin@sin@coso+cosOsina
x e [ ¢ ] de'.
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Following similar steps, it is fairly straightforward
to establish that corresponding expressions for the
structure’s lower arm is

—joue 2
:% I [cosesin(psin\u'+sin9cosw']x
nr 0

y I(W,)6jka[sinOsin(p(l—cosw’)—cosesin\u'} dy’

b

—jope T
E :—I cos@psiny’ |x
o= 0[ gsiny’]

y I(W,)ejka[sinOsin(p(l—cosw’)—cosesin\u'} dy’

According to (12) and (13), the theta-component of
this field vanishes in the antenna’s YZ plane, where
¢ =90°. Therefore, the concave-Nu dipole’s radiation
field as given in that plane, by the superposition of
(12) and (13), is obtained as

f[cos(6+ oc)} X

0

3 _jo)uefjkr

Egeny = (14)

4nr

y I(f’)ejk[Sin(9+a) a0’ +

/2
+ I asin(9+\|/')l(\y’)x
0
y ejka[sin9sin(p(l—cosw')—cosesinw'] dy' |,

Using the same reasoning, radiation-zone fields in
the YZ plane for the other three curvilinear structures
are readily determined as

JB [cos(@—i— OL):| X
0
o I(f,)ejkf'sin(eﬂx) 40+
/2
+ I asin(9+\|1’)l(\y’)><
0

—joue Tk
Eecvx = ks (15)

47r

9 ejka[sinesin (p(l—cos \V’)—cosesin w':| dy’

for the convex-Nu dipole;

. —jkr
—jouae
Eﬁcvnu == * (16)

4mr

= [T‘J/.Z[Cos(e + \V’)I(W')ejka[COS(eJr\y')JrCOSe:l .
0

+ asin(6+\|1’)l(\|/')><

9 ejka[sinesin (p(l—cosw’)—cosesin \y'}]dw, :l

for the convex-Nu; and finally,

. —jkr
—jope
E =2 x
Ovda Anr

[cos(@ + a)]l((')ejkhin(em) dr' +

X
© —_—

L
I [cos(e - 0(.):| I(Z’) eik[sm(e_a) ar

0

for the Vee-dipole antenna.

Once the desired current distributions become
available through the method of moments, therefore, it
becomes a fairly straightforward matter to determine
antenna performance parameters of interest. For
this paper, these parameters, in addition to far-zone
patterns, include feed point input admittance given

by
Y. _ Jin =G.. +jB
_V__ in TJ5;

in in>

mn
where G; stands for input conductance and B;, input
susceptance. Others are return loss, which, as pointed
out by [23], is defined as

Z,+2Z,

Z —Z

mn o

Return Loss(dB) =20log,,

b

where, in this paper, Z =50Q and Z; =1/Y;,
represents the feed point input impedance of
the curvilinear configuration of interest. Finally,
maximum directivity, a common performance
assessment metric for curvilinear antenna structures,
[1-5], is determined using the well-known expression,

[24];

4nU, .
— J (dB),

D, = 10log,, [
rad

in which U, radiation

intensity and P, ;, the total radiated power; both

represents maximum

evaluated using the following respective equations:
1 2 2
Unax = (EDEG (9, (P)| + ‘E(p (9,(\0)‘ :Dmax’

and

2n w

P,i= I I Usin0d0de.
¢=05=0
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2. Computational results and discussion

For all the computational results presented and
discussed in this section, a delta-gap feed model with
an excitation voltage of 1 V was utilized. In addition,
for the center frequency of 1,5 GHz, the thin-
wire property of all the structures are maintained
through meeting the requirement that 0,002X <
< wireradius< 0,008\. Piece-wise linear functions are
utilized as both expansion and weighting functions,
in a Garlerkin’s approach, whose details (including
approximations, convergence properties, and error
bounds) are comprehensively described in [20-22].

As a check on the validity of the paper’s analytical
formulation of section 1 concerning the internal
problem, input admittance results published in [12]
and [18] are compared with corresponding results
obtained with the use of this paper’s formulation.
Outcomes of the comparisons are displayed in Fig. 3.

The profiles of Fig. 3, a, b compare the input
admittance data of the VDA with dimensions given
in Table 2 of [12], with computational results for the
same VDA, obtained with this paper’s formulation.
Also, the input admittance comparisons of Fig. 3, ¢, d,
are for the concave Nu dipole treated in [18, Fig. 2]
and corresponding computational data due to this
paper. The very close agreements between these pro-
files lend credence to the validity of the formulation
in this paper.

Current distribution characteristics are compared
for the four configurations, by the profiles of Fig. 4
(magnitude) and Fig. 5 (phase).

From the curves displayed in first row of Fig. 4, it
can be seen that when the half-arm length is limited to
0,251 for all the curvilinear structures, magnitude of
current varies significantly with apex angle a. When
o changes from 30° to 50,4°, for example, magnitude
of current for the V-dipole became generally halved
in size. Furthermore magnitude of current for the
convex-Nu dipole increased significantly, generally
becoming larger than corresponding values for the
V-dipole. At o =60° values of magnitude of current
recorded for the convex-Nu drastically reduced from
those recorded at o =50,4°. Profiles of magnitude of
current displayed in Fig. 5, d, e, f, for the L=0,75L
cases are generally comparable for all the curvilinear
configurations, for o =50,4°. For the other two
values of apex angle, values recorded for the concave-
Nu and convex-Nu structures are noticeably smaller.

The phase distribution curves of Fig. 5, a, b, c, (for
L=0,250 cases) underscore a property implicitly
stated in [3] that shaping the dipole represents a
method of prescribing a phase distribution for
the wire antenna. It can be seen from Fig. 5, a, for
example, values recorded for V-dipole are positive,
whereas, corresponding values recorded the convex-
Nu and concave -Nu structures (with one arm shaped
and the other linear), are negative. On the other
hand, as can be seen from Fig. 5, b, values recorded
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for the V- and Convex-Nu - dipoles reversed in sign
from corresponding values displayed in Fig, 5, a,
indicating that for L =025\ curvilinear dipole,
apex angle represents another parameter choice for
prescribing phase distribution of axially directed
current flow. It should be pointed out that all the
curves in both Fig. 4 and 5 for the conventional-Nu
configuration, are independent of apex angle, as the
geometry is only related to the others, through choice
of half arm length, L. Finally, the curves of Fig. 5, d,
e,f, describe corresponding phase distributions for all
four configurations, when half arm length is fixed at
0,75\. The phase reversals occurring here are cases
are not as pronounced as those earlier described for
the L=0,25\ cases. With the exception of the curves

for the convex-Nu structure, such phase reversals
as are recorded, are essentially limited to segments
close the ends of the arms of the antenna.

2.1. Influence of slant angle on the performance
of the Nu dipole

As observed in [9; 25], the introduction of geomet-
rical asymmetry in the curvilinear dipole antenna’s
structure has significant effects on the antenna’s
performance. This influence is not well-captured in
the treatment of the concave Nu dipole presented
in [18], mainly because only one value of slant
angle (oo =60°) was considered in that publication.
Arelationship between relative arms’ lengths and
slant angle may be conveniently established by
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projecting both arms on the y-axis. The projection
of the upper arm (of length L)) of the concave Nu
dipole on the y-axis is L, cosa. When it is noted that
the lower arm is a quarter of a circle (of radius a) in
extent, and letting L; represent the physical length
of this arm, it becomes easy to see that a=2L /.
Hence, both arms will have equal projections on the
y-axis, when

2L,
o (18)

L coso =
u T

so that the desired relationship between the arms’
lengths emerges as
2

L,=——L, (19)
TCosQ

For a given radius of the arc representing the lower

arm, therefore, the relative lengths of both arms are

determined by slant angle according to (12)-(13) as

L.
o =cos | 254 .
nL,

Three possible scenarios, namely, the cases of

(20)

L,<L;, L,=L;, and L,>L;, are of particular
interest; and it is readily verified that the choices
of a=30° (L, =0,75L;), a=50,46° (L, =L;), and
a=60° (L, =1,25L;), respectively, define the geo-
metries of the three scenarios.

With reference to these three values of slant angle,
an illustration of the effects of differences in arms’
lengths extent for both the convex- and concave -Nu
dipole antennas is provided by the profiles of Fig. 6.

Here, (and elsewhere in this paper), L, =L, /A, and
the associated L;, for any given a, is specified by
(13)-(14)

The profiles of Fig. 6, a, for input conductance
(G;,), display two sets of maxima for G, ; the first set,
located in the region 0,2<L, <0,4, and the second,
0,6 <L, <0,9. For the first set of maxima, the largest
values were recorded by the convex-Nu dipole with
slant angles of 30°, 50,46°, and 60°, in that order.

The order of occurrence of G;, maxima differs
slightly for the concave-Nu dipole in that the 60°
maximum occurs before that of 50,46°. Maxima re-
corded by the convex-Nu dipole in the second set are
also generally higher than those recorded by the con-
cave-Nu configuration; though in the latter case, the
largest value was recorded by the 50,46° convex-Nu
configuration. A notable feature of the B;, profiles of
Fig. 6, b, is that for L, <L, (o =30°), the convex-Nu
dipole resonates only at two values of L, (0,22 and
0,25), whilst the other four, each resonate for four dif-
ferent values of L, . It is also noteworthy that for this
latter case, two sets of resonant lengths are in close
proximity; one in the neighborhood of L, =0,45, and
the other, in the vicinity of L, =0,90.

Variations of return loss with arms’ lengths for
different values of apex angle, are displayed in Fig. 6, c.
The profiles clearly fall into the two categories earlier
described for G;,. Return loss for the first set reveal
that maxima,of the o =60° configurations had the
largest values (with that for the concave-Nu slightly
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Fig. 7. Comparison of radiation-zone field patterns for the three
convex-Nu and concave-Nu configurations with 0,15<L, <0,50

Puc. 7. CpaBHeHHMe [OHMarpaMM HAIpaBIEHHOCTH MOJISL TPeX
KoHUTypauui eeimyknoro Nuusoruyroro Nunpu 0,15 < L, <0,50
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greater)whereas, values recorded by the other four
configurations featured marginal differences. For the
second set, the o =50,46° convex-Nu and a =30°
concave-Nu configurations recorded the distinctly
largest and least values of return loss, respectively.
Finally, it can be seen from the maximum directivity
profiles of Fig. 6, d, that values for the convex-Nu
configurations are significantly larger than those of
the concave-Nu configurations.

The largest maximum directivity values (close to
7 dB) are those for the 50,46° and 60° convex-Nu
configurations, in that order.

A number of interesting features are revealed by
the far-field patterns in the antenna plane, displayed
in Fig. 7. For normalized upper length arm (L,) of
0,15, the field pattern profiles of Fig. 7, a, share
similar shapes (referred to in [24] as ‘azimuth’, and
similar to Fig. 2 of [18]) for all values of slant angle.
From Fig. 7, b, for L, =0,25, it can be seen that the
symmetry displayed in Fig. 7, a, no longer features in
all cases. As a matter of fact, in this case, the pattern
due to the concave-Nu with a =30° assumes a form
that may be described as ‘quasi-omnidirectional’. In
addition to the ‘rotation of orientation’ described in
[18], the patterns of Fig. 7, c, include another ‘quasi-
omnidirectional’ pattern, this time, due to the convex-
Nu with o =30° configuration.

The pattern shape deformation, which may be said
to have initiated in Fig. 7, d, manifests as minor lobes

in the field patterns of Fig. 8, a-d. From the profiles
of Fig. 8, a, it is easy to see that in terms of sharpness
of main lobe and corresponding minor lobe sizes, the
best performing configuration is the 50,46° convex-
Nu, followed by the 30° convex-Nu, with the 60°
concave performing worst here, and indeed, in all oth-
er cases. Profiles of Fig. 8, b, follow the same general
trend, but there are two notable exceptions: first, the
second best performing configuration in this case, is
the 60° convex-Nu; and second, the 50,46° concave-
Nu now performs better than the 30° concave-Nu.
For L, =1,00, the convex-Nu configurations (50,46°,
60° and 30° in that order) are collectively and in-
dividually better performing than the corresponding
concave-Nu configurations.

2.2. Comparison of concave-Nu, Convex-Nu,
Conventional-Nu and conventional V configurations

Discussionsinthe precedingsection(2.1)established
that the convex-Nu curvilinear configuration of the
VDA represents a better performing configuration
than its concave-Nu counterpart.

In this section, the performances of both configu-
rations are compared with those of the convention-
al-Nu and conventional V dipole antennas. Candi-
dates for the comparisons include the representative
50,46° convex- and concave-Nu configurations, the
symmetrical VDA with an apex angle of 50,46°, and
arms lengths equal to L, of the Nu dipoles; as well as



Atiopunpge A.A., Anexona C.A., MoBete . CpaBHUTENbHBIN aHATNU3 KPUBOTMHENHBIX KOHPUIYpaLUN aHTEHHB! V-AHII0IS

34

Ayorinde A.A., Adekola S.A., Mowete 1. A comparative analysis of curvilinear configurations of the V-dipole antenna

_a) Input Conductance

_b) Input Susceptance

25 ¢ 30
| °
_E 20 _E 20
E __| E
w—15] -—
g 8
2 g 10
g0 \ £
3 i b
e . /\ ' 2 0
o 57 | 3
] \\ a
0! ’ S— ] -10
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
| m— CONVEX-NU === Concave-NU Conventional V Conventional NU
s c) Return Loss 8 d) Maximum Directivity
—_— 40 | —_—
g g5
R z
= 2
520 g a
& a
10 -
2
0 L
0 0 0.5 1 1.5

L/A

L/A

Fig. 9. Comparison of input admittance, return loss and maximum directivity profiles
Puc. 9. CpaBHeHue npoduiiell BXOAHOM POBOANMOCTH, O6PATHBIX IOTEPb U MAKCUMaJIbHOM HalpaBIeHHOCTH

the conventional-Nu. From the first set of G;, maxi-
ma of the profiles of Fig. 9, a, it can be seen that the
values recorded by the conventional-Nu and VDA, in
that order, are larger than those for the convex- and
concave-Nu configurations.

The second set differs only in that the convex-Nu
now recorded the largest value of G;,. According to
the B, profiles of Fig. 7, b, the VDA and convex- /
concave-Nu configurations all share two resonance
lengths; one close to L=0,4A, and the other, in the
vicinity of L=09A. The conventional- and convex-
Nu configurations also share the two resonance
lengths of about 0,25% and L =0,76A\.

A particularly noteworthy feature of the return
loss profiles of Fig. 9, c, is the remarkably large value
(close to 50 dB) for the conventional-Nu configura-
tion. It may also be noted that maximum return loss
for the VDA is larger than that for the convex-Nu,
which in turn, and as noted in section 3.1, is larger
than that for the concave-Nu. With the exception of
the concave-Nu configuration, (whose maximum di-
rectivity is distinctly the least over virtually the entire
spectrum of L, considered in this paper) maximum
directivity values are comparable for values of L, up
to about 0,75. Beyond this point, maximum directiv-
ity for the convex-Nu ‘saturates’ to a value of about
6,25 dB, that for the VDA rises to a value of about
7dB (at L, =125 dB) before falling to the ‘saturation’
value for the convex-Nu; whilst that for the conven-
tional-Nu rises steadily to 8,01 dB at L=15A. Two

important conclusions are indicated by these results;
the first is that the conventional-Nu dipole is capa-
ble of achieving a maximum directivity greater than
the 7 dB reported [6] for the 3A/2 optimum shape
(Gauss) wire dipole: and second, that as suggested by
[24], a 50 /2 shaped (curvilinear) configuration is also
capable of achieving improved directivity metrics.
Radiation-zone the
configurations are compared in Fig. 10 for ‘upper

field patterns for four
arm’ length in the range 0,75<L, <150, over which
maximum directivity is distinct. In Fig. 10, a, the
pattern for the conventional-Nu has its main lobe
directed along the 130-310° axis, whereas those for
the other three are more or less, all directed along
the 90-270° axis. The patterns of Fig. 10, b, are also
multi-lobed like those of the others, but in this case,
the minor lobes are more uniformly shaped, on ac-
count of the nulls that now feature in all the pat-
terns. Although the orientations of the main lobes
remain as earlier described for the patterns of Fig. 10,
a, the main beams are generally sharper, suggesting
that the associated maximum directivity profiles are
mainly due to minor lobe sizes. Beyond L, =1,0, the
nulls that featured in the patterns of Fig. 8, b, van-
ish, as evident from Fig. 10, c-d; the main beams are
sharper though, with those for the conventional-Nu
approaching the ‘pencil-beam’ variety.

An alternative view of the field patterns of Fig. 10
is presented in Fig. 11, where, for each configuration,
profiles of the radiation-zone patterns are compared,
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Fig. 11. An alternative view of the far-zone patterns of Fig. 10
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for varying values of L,. Because the responses of
the convex-Nu and concave-Nu configurations in this
connection have earlier been discussed, only those
for the conventional-Nu and conventional-V need be
described. Thus, and with reference to Fig. 11, c, the

pattern for the L, =1,50 conventional-Nu case has
the sharpest main lobe, followed by L, =1,25, 1,00
and 0,75, in that order. Minor lobes contributions to
corresponding patterns’ average intensities, however,

are generally in the reverse order. The same trend is
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followed by the profiles displayed in Fig. 11, d, for
the conventional V dipole, whose far-zone patterns
exhibit slightly poorer directivity properties than
those of corresponding conventional-Nu dipole
antennas.

Conclusion

A comprehensive comparative performance
analysis of three curvilinear configurations (here
referred to as the concave-Nu, convex-Nu, and
conventional-Nu) of the V-dipole antenna has been
presented in this paper. Integral field expressions
rigorously formulated for each of the configurations
had the distribution of current along the axis of the
antenna as the only unknown. The unknown current
distributions were determined through the use of the
method of moments, following which computational
results for input conductance, return loss, maximum
directivity, and far-zone radiation fields in the
antenna plane, became available.
First, the computational results established that
the configurations,

choice of length of linear arm and its slant angle, a,

for convex-Nu/concave-Nu
(which also prescribes degree of curvature of curved
arm) significantly influenced antenna response.
And following a comparison of the aforementioned
performance metrics, it was established for the first

time, that the convex-nu configuration represents
a much better performing configuration than
the concave-Nu introduced by [18]. When the
performances of these two configurations were
compared with those of the conventional-Nu and
conventional-V configurations, the metrics revealed
that the best performing of the lot is the conventional-
Nu configuration, particularly with reference to
return loss and maximum achievable directivity.
Indeed, the 8 dB maximum directivity recorded for
the conventional-Nu configuration is significantly
better than the 7,13 dB reported for the optimum-
shaped wire (Gauss) dipole in [6]. It is also noteworthy
that the return loss of close to 50 dB recorded by the
conventional-Nu dipole antenna is by far better than
those recorded by the other three configurations.

A number of possibilities for future investigations
are offered by the analysis presented in this paper.
One of such possibilities concerns the influence of
asymmetry of the type described in [9], on the perfor-
mance of the conventional-Nu configurations. Others
are the possibility of the configuration’s directivity
performance enhancement through the introduction
of a small ground plane into its structure: and that of
resistively loading the configuration towards deploy-
ment in ground penetrating radar (GRR) applications,
as common with conventional-V dipoles.
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Atiopunpge A.A., Anexona C.A., MoBete . CpaBHUTENbHBIN aHATNU3 KPUBOTMHENHBIX KOHPUIYpaLUN aHTEHHB! V-AHII0IS
Ayorinde A.A., Adekola S.A., Mowete 1. A comparative analysis of curvilinear configurations of the V-dipole antenna

Annomayusa - O6ocHoBanue. KpuBoIHHEHHbIE NUIIOIbHbIE AHTEHHbIE CTPYKTYPhl GBUIM CO3AHBI KaK pelleHHe NpobieMbl
HANpaBIeHHOCTH, CBSI3AHHOH C OGBIYHBIMU [AMIIONBHBIMH aHTEHHAaMH, C UIMHOW 6oJiee MOJOBMHBI AJIMHBI BOMHBL. OMHAKO,
3a UCK/II0OYEHHEM «BOTHYTOro Nu» AWMOJIs, ApPyrue KPUBONUHEHHble KOHQUIYPALMK AHTEHHBI V-[UIOJNS €lje He MOTyIHIIH
AHAJINTHYECKOrO BHUMAaHMUS B OTKPBITOM JHUTepaType. B 3TOH cTaThe MpefcTaBlIeH CPaBHUTENbHBIM aHAIM3 YEThIPEX TaKHUX
koHburypauuii. Lleap. PaspaGorare mogpoGHy0 (GOPMYIHPOBKY HHTETrpPaIbHOTO YpaBHEHUs OSJIEKTPUYECKOro MOJsS st
BHYTpPEHHEH 2JIeKTPOANHAMMYECKOM 3aa4y YeThIpeX KPUBOIMHENHBIX KOHPUTYPALUI CTPYKTYPbl AHTEHHBI V-AUIONs, YTOObI
METOJ| pelIeHHs] MOMEHTOB CTal NPUMEeHHUMBbIM. Meronsl. HeusBecTHble pacrpepneneHusi Toka B GOpMyse ONpemessioTcs
C MOMOILBI0 METOfa MOMEHTOB C KyCOYHO-TMHEHHBIM Ga3HCOM M MPOBEPOYHBIMU PYHKUMSIMU. AHAIUTHYECKHE Pe3y/IbTaThl
3aTeM peanu3ylTcss B KoMmmbloTepHoM mporpamMme FORTRAN st 4ucleHHBIX pe3ynbTaToB. Pe3ympTaThl. AHalIUTHYeCKHe
MOM€eNH [JIsi YeThIpeX KPUBOJIMHEMHBIX KOHPUIypauui V-OUIIONBHOM aHTEHHbI, a TAKXe pPe3y/lbTaTbl BBIYHUCIEHMH OIS UX
BXOAHBIX M paJiMallHOHHBIX XapaKTePUCTUK. 3aKaodeHHe. [TomyuyeHHbIe pe3ylbTaThl BBIYUCIEHUH MOKA3bIBAIOT, YTO C TOYKH
3peHHsI MAKCUMAJIBHO JOCTHXHMOMW HATPABIEHHOCTH M BO3BPATHBIX MOTE€Pb HAUITYYIIUMH SIBIASIOTCSA KOHUTYpALUK ¢ 060UMU
W30THYTHIMHU IUIEYaMHM; 32 HUMU CJIeAyIoT o6brdHble V, Bbimykible Nu (OHO I1e40 3arHyTO BHYTPb) ¥ BorHyTeie Nu (0gHO miedo
3arHyTO HAPYXY).

Kniouesvle cnosa - KpUBOIMHEHHAsI AUIONbHAS aHTEHHA; MAKCHMaJlbHasl HAIIPABIEHHOCTD; METOJ, MOMEHTOB; KOHQUTypanuuu
aHTeHH NU-[UII0JIb; BO3BPATHBIE IOTEPU.
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AHTEHHBIX JJIEMEHTOB HA IProguvI€CKYI0 MNPOMyCKHYIO
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Annomayug - O6ocHoBaHue. B KauecTBe M3/TyYalOIINX YCTPOMCTB )5 COBPEMEHHBIX U MEPCHEKTHBHBIX CHCTEM PagHOCBSI3H
HCIIONB3YIOTCSI aHTEHHBbIE PpEIIeTKH Ha OCHOBE [BYXIOJISPU3ALMOHHBIX 27eMeHTOB. OCHOBHBIM (aKTOPOM, CHHKAOLUM
9¢PpEeKTUBHOCTD TAKOT'O MTOAXO/IA, SABJSETCS HATMYKE IPOCTPAHCTBEHHON KOPPESILUY U KPOCC-TIOIAPU3 ALK MEXAY dIeMEHTAMU
B cocTaBe pereTKd. [JaHHble 3pPeKTB MOIYT MPUBOLAUTD K 3HAYUTETBHOMY CHHMKEHHIO NMPOMYCKHOM CHOCOGHOCTH CHCTEMBI
cBsi3u. Llenb. BoiBecT COOTHOIIEHHUSI Ha OCHOBe Mopenu KpoHekepa, Mo3BosisiolMe YYUTBIBATh MOISPU3ALIMOHHBIE CBOMCTBA
AHTEHHBIX 3JIEMEHTOB MPU pacyeTe 3ProfAndeckor MPOIYCKHOW CIOCOGHOCTH MHOTOKaHaIbHOW CHCTEMBI CBsi3H. VccienoBaTh
BIMSIHHE BETHYMHBI KPOCC-TIOJISIPU3ALHMOHHOIO MapamMeTpa aHTEHHOrO 3JIEMEHTa Ha IMPONYCKHYK CIOCOO6HOCTh. OLeHUTHh
MOJISIPU3aLlMOHHbIe XapaKTePUCTUKHY CHHTE3MPOBAHHBIX peaJbHBIX AHTEHHBIX 3JIEMEHTOB Pa3/IMYHOrO TUIA U MX BIUsSHHE Ha
BEJINYMHY MPOMYCKHOM crioco6HocTH. MeToapl. [Ipy BEIBO[ie OCHOBHBIX COOTHOLIEHHWH HCIIOIIb30BAHBI METO/bI CTATHCTHYECKOM
panvopu3MKH U BIEKTPOMATHUTHOIO aHAaIW3a KaHala pacnpocTpaHeHWs. [IpW CHHTe3e ABYXIOISIPU3ALHUOHHBIX AHTEHHBIX
3/7IeMEHTOB HCII0JIb30BaHbl METO/IbI 3JIEKTPOMHAMHUYECKOr0 aHa/IM3a Ha OCHOBe ypaBHeHUH MakcBenna. Pesynbrarel. Ha ocHoBe
aHaJM3a C IOMOIUBIO BBIBE[IEHHBIX COOTHOIIEHUM YCTAaHOBJIEHO, YTO BJIMSIHME KPOCC-NOJISIPU3aLlMOHHBIX CBONCTB aHTEHHBIX
9/IEMEHTOB PELIETKH Ha IMPOIyCKHY CIIOCOOGHOCTh MHOTOKAHAIBHON CHCTEMBI CBSI3U CTAHOBUTCS 3HAYUTENIBHBIM IIPU CHUKEHUU
BeJTMYMHBI KPOCC-TIOJIsIpU3allMOHHOro napaMmerpa Hike 10 nB. [TokaszaHo, YTO CHHTe3UPOBAaHHbIE pealbHble AHTEHHBIE 3JIEMEHThI
pasnuyYHOro THma 06J1aialoT BBICOKON Pa3Bs3KOM 10 IOJISIPU3ALUH, YTO IPUBENET K HE3HAYUTETbHOMY CHUKEHHIO ITPOIMTYCKHOM
CIOCOGHOCTH CHCTeMBI. 3aKIouyeHne. BbiBeleHHbIE COOTHOIIEHUSI U pa3paboTaHHasi METOAMKA [O3BOJISIOT OLLEHUTh H3MEHEHHE
[PONYCKHOH CIIOCOGHOCTH CHCTEMBI CBSI3U MPH ydeTe KPOCC-MOJISIPU3ALUOHHBIX CBOMCTB [BYXIIOJISPU3ALHNOHHBIX 37IeMEHTOB
AHTEHHON peIIeTKH. DTO IO3BOJIUT ONTHMAIbHBIM 06pa3oM MOAO6paTh H3Iydamllive 3JIEMEHTHl ISl 3afaHHOM CHCTEMBI.
[Ipu aTOM paspaboTaHHBle AHTEHHBIE DJIEMEHTBl PA3IMYHOTO THUIA YAOBIETBOPSIOT HAJOXKEHHBIM OIPAaHHYEHHSIM 110 KPOCC-

nondgpusanuu.

Kniouesvie cnosa - Kpocc-nossipudanuda; aHTEeHHbIe PELIETKH; KPOCC-OAUIIONH; NaTY-aHTEHHbI; dproguvdeckas IpoIyCKHas

CrOCO6HOCTb.

BBepenue

CoBpeMeHHbIE MHOTOKAHAJIbHBIE PAagUOCPENCTBA
cBepxBbicOKOUYacToTHoro (CBY) puamasona B Ka-
4ecTBe MPUEMO-IEPEJAIUX YCTPOUCTB BCE dalle
HCIIONB3YIOT AHTEHHble perieTku. [y cucrtem 6Gec-
MPOBOJHOM CBSI3U C L1€JIbIO MOBBIIIEHUsS IPOMYCKHOU
CrocoGHOCTU 6e3 yBeUYeHUs allepTyPhl PEIIETKH B
nocjeiHee BPeMsl MPUMEHSOT ABYXIIOIAPU3ALUOH-
Hble U3y4Yalollire 3JIEMEHTHI (KPOCC-IUMONM, MaTIU
UT. O.).

[Ipr 3TOM 3a4YacTyl YMEHBLIAT PACCTOSIHHE
MeXy AHTEHHBIMH JJIEMEHTAMH, YTO MPUBOLUT K
nposiBneHnio 3¢pdeKTa B3aUMHOTO BIUSAHUA. B pa-
6o0Te [1] BBIBEIEHBI COOTHOILIEHHUS, MMOKA3bIBAIOLIKE,
HACKOJIBKO guarpamma HanpasienHoctu ([JH) wuso-
JTUPOBAHHOIO AHTEHHOI'O 3JIeMEHTa GYyIeT OT/INYaTh-

cst ot [IH TorO 3Ke a/ieMeHTa B COCTaBe aHTEHHOU pe-

smusevaz@gmail.com (Cmycesa Kcenua Bradumuposha)

weTKy (MapuuanbHOM IUArpaMMbl HAMIPABIEHHOCTH).
B [2] mokazaHo, 9TO B3aMMHOE BIUSHUE MOXKET 3aHU-
KaTh yPOBEHb MPOTYCKHOU CTOCOGHOCTH CHCTEMBI.
OJ:[HaKO, KpOMe HCKa>XeHus JII/IanaMMbI Ha-
NpPaBJIeHHOCTH M3-32 B3aUMHOTO pACMOJIOXKEHHUS
OCHOBHBIM  $aKTOPOM,

9JIEMEHTOB, CHH KA M

9$PEKTUBHOCTD CUCTEMBI CBSI3H, SBJISETCA Ha-
JIMYKMe TPOCTPAHCTBEHHOW KOPPEIsLUM M KpOcc-
HOJSIpU3aliid MeXAy 3JeMeHTaMHU B COCTaBe pe-
meTkH [3]. YpoBeHb IPOCTPAHCTBEHHOW KOPPEsALUU
3aBHUCUT B OCHOBHOM OT KaHaja paclpoCTpaHeHUs,
B TO BpeMsi KaK KPOCC-MIOJIIPU3ALUS SIBIAETCS Xa-
PaKTEPUCTUKOU aHTEHHOW CUCTEMBI U 3aBUCHUT OT €€
KOHCTPYKLIHH.

TakuM 06pasoM, 1eIbl0 paboThl ABISIIUCH paspa-
60TKa METOJUKHU y4eTa MOJAPU3ALUOHHBIX CBOUCTB
AHTEHHBIX 3JIEMEHTOB IPU pacyYeTe 3ProgruvecKOu

MPONYCKHOW CIOCOOHOCTH MHOI'OKAHAJIBHOH CHCTe-

© AsepuHa E.B. u gp., 2025
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Mbl M HCCIe[JOBaHWE BIUSAHMS MONAPU3AaUMOHHBIX 3nech R, - oanement marpuusl R; E, (0,0),
NapaMeTpoB PealbHbIX 3JIEMEHTOB Ha MPOMYCKHYl E (0,p) - KoMIIeKCHble AMarpaMMbl HaTpaBlieH-

CIIOCO6HOCTH Pa3IUYHBIX KaHAJIOB CBsA3U.

1. ODproguyeckasi nponmycKHas
crmocobHocTh cucteMbl massive MIMO

Dpropudeckas MpoImycKHast CIOCOGHOCTD CUCTEMBI
massive MIMO omnpepesnsieTcsi COOTHOLIeHUEM [4]:

C=LE|log, det I+L2HHH ,

K No
roe E[] - 3HaK yCcpefHeHUs; P - cyMmapHas nepe-
maBaeMmast MOLIHOCTb; K — KOJIMYeCTBO IMOJIb30BAaTeE-
Jied ¢ ogHOU aHTeHHOU; N — KOJIUYeCTBO 3JIEMEHTOB
AHTEHHOW pelleTKH; o’ - aucnepcus myma; H - ka-
HaJTbHAsI MATPHIA.

s pacyera KaHAJIBHOW MaTpULBl IPU MpOBeLe-
HUM aHATUTHIECKUX UCCIIEJOBAHUHN YaCTO UCIONB3Y-
10T Mojenb KpoHnekepa. KananpHas maTpuua, UCXoas
3 momenu KpoHekepa, MOXeT GBITH MpeCTaBleHa
CIIe[IOLIUM 06pa3oM:

H=R.’HoR,,
raie R, u R, - MaTpuusl B3aMMHBIX KOppensluui
AHTEHHBIX 3JIeMEHTOB Ha IIPUEMHOM U nepepamouiel
CTOPOHAaX COOTBETCTBEHHO, a 3JIEMEHTBl MaTpPHIIBI
H, - HesaBMCHMBle HOpPMaJIbHO paclpefieeHHbIe
CJTydaiiHble BEJIMYMHBI C HYJIEBBIM MaTeMaTH4YeCKUM
OXHIAHUEM W eOUHUYHOW [ucnepcued. B ocHoBe
Mopenu KpoHeKkepa JeXXUT NpeAnooXXeHHe O He3a-
BUCUMOCTH K03)PUIHEHTOB KOPPETALUU Il ABYX
AHTEHHBIX 3JIEMEHTOB Ha Ilepefaye WJIM Ha IIpHeMe
CcOoOTBeTCTBeHHO. Koppensnus MeXXay I0Ib30BaTes-
MM, CHAG)KEHHBIMU OJTHOW aHTEHHOH, TPeHe6PesKUMO
Masia, Mo3ToOMy Aanee mpefnosnaraercs, 4to R, =1,
R, =R.

Bocnonp3oBaBmIKCh U3BECTHBIMU AONMYLEHUSIMHU O
CBOMCTBaxX KaHajla U HEKOTOPBIX MapaMeTpax CUCTe-
MBI, B YaCTHOCTH IIPEMNOJIOKEHNEM, YTO Ha PEIIeTKY
BO3[EUCTBYIOT IJIOCKHE BOJIHBI, BBIPA>KE€HHUS TS dJle-
MEHTOB BBeJJ€HHOW MAaTpPHIbl MOXHO 3allHCaTh Kak
GYHKIHIO TeOMETPUYECKUX MapPAMETPOB pPELIETKH,
KOMIUIEKCHBIX OUarpaMM HaIlpaBIeHHOCTH H3Jyda-
IOIIMX 3JIEMEHTOB U BEPOSITHOCTHOI'O paclpefiesieHus
VITIOB Mpuxofa curxana. Tak s MIOCKOHN peleTKH
6yneM UMeTh:

/2 i
Ron= [ [En(0,0)E, (0,0)x

-n/2-1

x p(@,(p)cos(e)d(pdﬁ.

HOCTH M-TO W N-T'0 U3JIydaTejiel C YYETOM UX PaCIO-
JIOKEHUST OTHOCUTENBHO ¢paszoBoro uneHtpa; p(6,¢) -
COBMECTHAs [UIOTHOCTh BEPOSITHOCTH YIJIOB MPUXOa
CUTHaNa Mo a3uMYTy ¥ yriy Mecta. Eciu cyutars pe-
LIETKY 9KBUAUCTAHTHOM C PACCTOSTHHUEM MEXAY dJie-
MEeHTaMHM dy, d, TI0 FOPU30HTAIU U BEPTHKATH COOT-
BETCTBEHHO, IVIOTHOCTH BEPOSTHOCTH YIVIOB IPUXO/a
[0 a3UMYTy U yIJIy MecTa He3aBucuMbIMU (p(0,0) =
= pe(e)p¢((p)), a fuarpaMMbl HallpaBJIeHHOCTH KaXKg0-
ro He3aBUCHMOTO M3JIydaTesisi paBHBIMU |Em(9,(p)|:
= |En(6, (p)| = |E(9, (p)|, TO BBIpaXkeHHWe s Kodddu-
LUEeHTa KOPPENsIlUU MeXAYy O3JIEMEHTaAMH C KO-
opouHaramu (m,n) u (k,l) Oymer ompemensiTbes
COOTHOLIEHUEM

R(m,n,k,l) = (1)

:J.ET[J-T[ exp(jZn((m—k)dy cos(e)sin(q))+
_E —T

+ (n —l)dz sin(0)))py (9)p¢ ((p)x

x cos(0) | E(O,(p) |2 dodo.

2. IIpocTpaHCTBEHHas1 KOppeIALUs
ABYXMOJSIPU3ALMOHHBIX 3]IEMEHTOB
NPpY HUIMYUHU KPOCC-NONSIPU3aLNU

Ecnu aHTeHHBIE 9JIEMEHTHI PEIIEeTKHU ABYXIOJSAPHU-
3aIIOHHBIE, TO B TAKOM CIIydae KOPpPeJIsSIIUOHHAs Ma-
Tpuua 6ymeT UMeTh GJIOYHYIO CTPYKTYPY:

R’ R’

" v vh

R = D (2)
hv hh

rae 4Yepe3 HUKHUE HHAEKCHI 0603HAYEHA MOJISIPU-

3alsl COOTBETCTBYIOLIMX 3JIEMEHTOB. B oTcyTcTBHE

KPOCC-TIOIIPU3ALUN MEXKAY dJeMEHTAMU MaTpula

6yneT UMeThb BU[,

R 0

v

b

r7ie 3HAYeHHUs 37IeMeHTOB MaTpui-61okos R, Ry,
ompepensoTcs BoipaxenueM (1). Haligem sHaveHus
3JIEMEHTOB MATPHI[-6JIOKOB U3 (2) Yepes moaapusaIu-
OHHBbIe CBOMCTBA U3JIy4YaIOIIUX 3JIEMEHTOB C y4eTOM
HaJIU4HUsI KPOCC-MONsIPU3aLUH.

Kpocc-nonapusauusa MeXAy ABYMsS PasadYHBIMU
MOpTaMHU [BYXIOJAPU3ALUOHHOIO H3Iydamoliero
aJleMeHTa OOBIYHO ONHMCHIBaeTcsi napamerpoM XPI,

KOTOPBIH OINpefeNsieTCss COOTHOLIEHHEM
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w(6:0) Ey (0,0) E2XPI> B}
XPI, =——F—+, XPIj=——F—, =V Vo4 ,
E, (6,0) Epy (6,0) 1+ XPI> 1+ XPI?
roe E,, E, Ep, Ej, - co-monsprusanuoHHAs U E. |XPI
KpOCC-TIoJIsipu3alMOHHas fuarpaMMbl HallpaBJieHHO- " ; — h| h| E, _ (5)

CTH KaXX[0To IOpPTa COOTBETCTBEHHO. M3 ompepnene-
HMs BUJIHO, 9TO B obmeMm ciydae mapameTpsl XPI ,
XPI, apnsawTca GYHKIUAMH a3UMyTa U yI7Ia MecTa,
HO [1pY faJIbHEeHIIIeM BBIBOZE MBI OIYCTHUM 3Ty 3aBUCH-
MocTb. Torpa st pacuera Kpocc-IOIsSpU3aAHOHHON
KOMITOHEHTHI JUarpaMMbl HallpaBJIEHHOCTH 3JIEMEH-
Ta MOXXHO BOCII0JIb30BaThCsl COOTHOUIEHUSIMU:

_Eyy _ Enn
Eun = APIV’ Ehv = XPI,

CHavyana HalgeM HOPMHUPOBOYHBIE MHOXKHTENIH
IUIS1 KasKOT'o ITOPTa, YAOBIETBOPSIOIIHE YCIOBHIO CO-
XpaHeHUs U3JTyyaeMON MOIIHOCTH:

E
2 2 2
E2 =Evh(l+XPIv)—> E, =—

2 )
1+ XPI?

B |XPIV|EV

Ey=r/—=
1+ XPI?

E
2 2 2 h
E} =EZ, (1+ XPI? )—> E,, =

2 b
J1+XPI?

|xP1, |E,
1[1+XPIh
3pmech Ev, Eh - guarpaMma HalnpaBJIeHHOCTH OfHO-

MOJISIPU3ALUOHHOTO 3JIEMEHTA.
HarnpskeHHOCTD MOJIst KaKIOU KOMITOHEHTBI € yde-
TOM 3¢ PeKTa KPOCC-TONAPUBALUU:

El/ = Evv +Ehv - |XPI | Eh
\/1+XPI \/1+XPIh
E, =Ey;, +E,; E|XPI| , _E,
\/1 + XPI? \/1+ XP2
EE E,|XPI, | Bn |, 9

\/1+XP12 \/1+ XPI?

E, |XPIh| E,

X =

\/1 + XPI? \/1 + XPI?

E2 |xPI, | E} |XPIh|

2
S 1+xPI2 1+ XPIE

- |XPI | Ej,
EE, = ’ = (4)
\/1+XPI \/1+XPIh

\/1 + XPI? \/1 + XPI?

2
EhXPIh E?
1+ XPI?

T XPI2
[1pu BBIBO/IE MBI BOCTIOJIb30BAIUCH YCIIOBUEM
Torga Koo¢pPULMEHTHI KOPPETAUOHHBIX MATPHII-

non6710K0B (2) 6yOyT UMeTh BUL,

R',, (m,n,k,l): (6)
n/2

= J. I exp(j21t((m —k)dy cos(e)sin((p)+
—n/2—7

+ (n - l)dz sin(0)))py (9)p¢ ((p)cos(e)x

x|E, (0,9)* dodo =

XPI? 1
= v R + th 5
2w 2
1+ XPI2 1+ XPI?

Ry (m,n,k,l) = (7)
n/2 n
= J. j exp(j2n((m—k)dy cos(G)sin((p)+

—n/2—7
+ (n —l)dz sin(0))p (9)p¢ ((p)cos(e)x
x| Ep, (6,0) > dodo =

XPI? 1
= Ry, + R,
1+ XPI} 1+ XPI?
R',, (m,n,k,l):R'hV (m,n,k,l)z 8)
n/2
= J. J. exp(j2n((m—k)dy cos(G)sin(cp)-l—
—n/2—7

+ (n —l)dZ sin(0)))py (9)p¢ ((p)cos(e)x

x EV (9,(p)E; (9,(p)d(pd9 =

XPI XPI
e e

1+ XPI? 1+ XPI}

Ecnu ponycTute, 4TO XPIV = XPI}1 = XPI =const,
R, =Ry, To 114 BbIpakeHHA (2) MOTyIHM

2XPI
RVV 2 RVV
R - 1+ XPI . ©)
2XPI
expE fow
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Urak, nas pacyeTa MaTpUIBl IPOCTPAHCTBEHHOU
KOppesiUU [BYXIOISPU3aLMOHHON aHTEeHHOH pe-
IIETKH C YIETOM KPOCC-IMOJISIPU3ALUUA HEOOXOLMMO
HMETh CO-INOJSIpU3allMOHHbIE OUAarpaMMbl Halpas-
neHHoctu u 3Havyenust XPI,, XPI,. Ecnu atu 3Ha-
YeHUsl SIBISIIOTCS (QYHKLUSIMH YIJIOB, TO NPU pac-
4eTax HeOOXOAMMO HCIONB30BATh COOTHOLIEHUSI
(3)-(5). Ecnu oTH 3Ha4eHUS SBISIOTCS MOCTOSHHBIMU
BeJIMYMHAMH, TO MOXHO BOCIIOJIB30BATBCSI COOTHO-
meHussMu (6)-(8). VI HakoHell, IPHU PaBEHCTBE CO- U
KPOCC-TOJISIPU3aLlHOHHBIX CBOMCTB MOPTOB pPas3ivy-
HOU MOJISIPU3ALUHU [JIs1 PACYETOB IPUMEHSETCS COOT-
HoweHwue (9).

U3 coorHomenusi (9) BHUAHO, 4YTO €CIU KpoOcCC-
MOJISIpU3alusl y [ABYXIOJISIPU3ALMIOHHOI'O 3JeMeHTa
He3HauuTenbHass (XPI —> o), TO IPOCTpaHCTBEHHAs
KOppemsiuusl MeXOAy 3JIeMeHTAMH pPa3HOU MOJSpHU-
3allUM CTpPeMHUTCsl K Hymo. [Ipum Hanuyuum Kpocc-
MOJISIPU3ALIUY U3-32 YBETUYeHUs IIPOCTPAHCTBEHHOU
KOPpeJISLMU YMEHbBILIAETCS YUCIIO CTENEHEN CBOGOIBI
CHCTeMBI, YTO pUBeJeT K YMEHbIIEHUIO ee pa3pella-
oLel coco6HOCTH.

Bocnonb3oBaBIINCh BbIBEJeHHBIMU COOTHOLIEHU -
mu U Mojenbo Kponekepa metogom MoHTe-Kapio,
paccyuTaeM 3aBUCHUMOCTH MPOMYCKHOW CIOCO6-
HOCTH [JIsl IUIOCKOW aHTEHHOM pelleTKH pa3MepoM
4 x 8 c pacCTOSIHUSIMU MEXY 2JIeMeHTaMU dy =0,5\,
d,=2A oT BemMYMHBI Kpocc-monspusanuu XPI.
B KayecTBe aHTEHHOI'0 3JI€eMEHTa HCIOJIb30BAJICSA
WIeaNbHbIN ABYXIOISPU3ALUOHHBIM MaTY C MOBOPO-
TOM IUVIOCKOCTH MoJsipusanuu +45°. BeposTHocTHOe
pacmpepesnieHde yIioB NPUXOAA IO YIVIy MeCTa OIU-
ChIBaJIOCh 3aKOHOM Jlamsaca, o a3auMyTy — 3aKOHOM
¢on-Muszeca. I[lpu pacyere KUCMONB3OBAIUCH [LOIY-
eHust ayist Beipaskenus (9). Ha puc. 1 npencrabnena
IoJy4YeHHas 3aBUCHMOCTD. BUIHO, 4YTO yMeHbIlIeHHe
XPI Huxe 10 1B npuBOAUT K YMeHbLIEHUIO ITPOIMYCK-
HOH CIIOCOGHOCTH CUCTEMBI.

3. MoaenupoBaHHe C peaIbHbIMU
HU3Ty4AIOLIUMH dJIEeMEHTAMU

J17151 OLleHKU BEeJIMYMHBI KPOCC-TIOISPU3aLHOHHOTO
napamerpa XPI peanbHbIX aHTEHHBIX 3JIEMEHTOB U
€ro BIHSHHS Ha IIPOMYCKHYIO CIIOCOOHOCTB B Cpe-
me CST Studio Suite 6pUTH CHHTE3UPOBAHBI MOJENH
stacked
naT4-ajeMeHTa [2] ¥ KpOoCC-AUIIONBHOrO d7IEMEHTA C

OBYXIOJISIPU3ALHUOHHOTO  [ABYXIOPTOBOTO
nonsgpusauusaMu +45°,

[TonydyeHHBle C MOMOUIBIO 3JIEKTPOAMHAMUYECKO-
ro MOJIeIMPOBAHUS IyTeM pelLleHUs] CUCTEeMBI ypaB-

7

6.2 1/
55 /
N
45 /

,our/e/T

CKHas ClocobOCThL

[Tpony

0 5 10 15 20
XPI, ab

Puc. 1. 3aBHCHUMOCTb 9ProgHyecKod MPOMYCKHOM CIIOCOGHOCTH
OT YPOBHS KPOCC-TIOJISIPU3ALIHU

Fig. 1. Dependence of ergodic capacity on the level of cross-
polarization

HeHHH MakcBemuta (MeTO, MOMEHTOB) AUATPAMMBI
HaNpaBIeHHOCTHU: CO-TOJIsIpU3allMOHHAss M Kpocc-
MoJsipU3allMOHHAas [JIs1 KaXK[A0ro Mmopra npeacTaBiie-
HBI Ha pHUC. 2.

BupHO, YTO CO-MONSIpU3aIUOHHBIE OHATPAMMEI
KaX[OOro 3JeMeHTa COBIAfAIT MeXAy co60i B Ha-
NpaB/JIeHUH OCHOBHOTO U3/ydeHUs. [loaToMy MOXKHO
cuurare, E, = Ey, = E(0,0).

Ha ocHOBe moslyyeHHBIX AHAarpamMM HalpaBieHHO-
CTH HOPTa KaXOOW MOJSIPHU3ALUU OBIIM paccyuTa-
HBI yIJIOBbIE€ 3aBUCUMOCTH XPIV, XPIh ISl Kpocc-
OUIIOIBHOM M MaT4Y-aHTEHHBI (puc. 3).

W3 pucyHka BUAHO, YTO 3aBUCUMOCTH i XPI, u
XPI, nnscrpadudeckoil TOYHOCTHIO COBMAMIAIOT KaK
OJIs TaT4y-3JIeMeHTa, TaK U [JIs KPOCC-AUIOJIBHOTO
aneMeHTa. HesnauurenbHoe otnuvue B Bupax XPI, u
XPIh IUIST KPOCC-IMHUTIOIBHOTO 3JIEMEHTA MOKHO 00'b-
SICHUTh HECUMMETPUIHOCTBIO €I'0 CUCTEMBI 3aMTUTKH.

Takum o6pasom, MOXHO cuuTath, XPI, = XPI, =
= XPI(0,p). U nakonen, XPI cnoxHBIM 06pa3om 3a-
BuCAT oT O, ¢. Mcxons U3 3TOro, COOTHOIIEHUS ISt
pacyeTa 3JIEMEHTOB MATPHULBI IPOCTPAHCTBEHHOU
KOppessauuu 6yayT UMEeTh BUL

R:/v = R;zh = va’

R, (m,n,k,l) =R", (m,n,k,l) =
n/2 n

- J. I exp(jZn((m—k)dy cos(e)sin((p)+
—n/2—7

+ (n - l)dZ sin(0)))py (6)p¢ ((p)cos(e)x

B (o )2><|XPI(9,(p)|
X y _—
O xpr? (0,0)
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Puc. 2. [luarpaMMbl HalpaBIeHHOCTH KPOCC-JHUIIONIBHOIO (4 — CO-NONsPU3ALMOHHAsL, 6 - KPOCC-NO/NsAPU3ALHOHHAs KOMIIOHEHTBI)
u stacked - maT4-371€MeHTOB (8 — CO-TIONAPU3ALMOHHAS, 2 -~ KPOCC-NIOJISIPU3ALMOHHAs] KOMIIOHEHTBI) AJIsl [IEPBOrO (4epHasi TMHUS) U BTO-
poro (kpacHast 1MHUs) n0pTa. [lyHKTUPHON MHMeH 0603HAYEHbl CPe3bl BAOJIb HANIPABIEHUs MO PU3ALIUH I0PTA, CIUIOLIHON — IepIeH-
OUKYJISIPHO)

Fig. 2. Antenna patterns of cross-dipole (a - co-polarization, b - cross-polarization components) and stacked-patch elements (¢ - co-
polarization, d - cross-polarization components) for the first (black line) and the second (red line) port. Dotted line indicates slices along
the direction of port polarization, solid line - perpendicular)
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Puc. 3. uarpammer XPI kpocc-nunonsHoro (a) u stacked - maTy-anemenTos (6) ans nepsoro (yepHas nuuus (XPIp) u Broporo (kpacHas
nunust (XPI ) mopra. IlyHKTHPHO#M MMHMEl 0603HAYEHBI CPE3bI BIOJb HAMIPABICHHS IIOSIPU3ALMY TOPTA, CIIOUIHOM ~ e PIIeHAUKYIISIPHO)
Fig. 3. XPI patterns of cross-dipole (a) and stacked-patch elements (b) for the first (black line (XPI}) and the second (red line (XPI)) port.
Dotted line indicates slices along the direction of port polarization, solid line - perpendicular)
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Ta6nuua. Dproauyeckast NPONYCKHask CIOCOGHOCT AHTEHHOM PELIETKHU C peabHbIMU AHTEHHBIMU dJIeMEHTAMH
Table. Ergodic capacity of an antenna array with real antenna elements

C 6e3 yuyera Kpocc- C c yueToM Kpocc- 0
AC, %
nonsipusanuu, but/c/Ty nosnsipusanuu, bur/c/Ty
Kpocc-gunone 6,884 6,869 1
MaTy 6,641 6,616 1
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Paccrosinie Mexiny dIeMeHTaMH, da’/\U

6

Puc. 4. Cpennee 3Hauenue XPI coBoeHHOTo Kpocc-gumnoinbHoro (a) u stacked - marty-anemenToB (6) Asist mepBOro (4epHast TUHHUSA
(XPI}) u Broporo (kpacHaa nunus (XPI) nopra. ITyHKTHPHOH NMHMel 0603HaYeHBI CPe3bl BOJb HANPABIEHUS MOAAPU3ALUM TOPTA,

CIUIOIIHOM - MepIeHAUKYIIsSPHO)

Fig. 4. Average XPI value of dual cross-dipole (a) and stacked-patch elements (b) for the first (black line (XPI;) and the second (red line
(XPI,) port. The dotted line indicates slices along the polarization direction of the port, the solid line - perpendicularly)

C ucrnonp3oBaHUEM [aHHBIX COOTHOIIEHUH U UMe-
IOIMXCsI TPeOyeMBbIX 3aBHCHUMOCTEH IJIsl peabHBIX
AHTEHHBIX 3JIEMEHTOB — KPOCC-AUIIOIS ¥ aT4a — 6bII0
pacCYNTaHO HM3MEHEHHE IPOIYCKHOM CIIOCO6HOCTU
PACCMOTPEHHOHU BBIIIE AHTEHHOU PELIETKU IIPH yue-
Te HAIMYUsl KPOCC-TOJISIpU3anuu. Pe3ynbTaTel mJist
060HX THUIIOB 3JIEMEHTOB IIPEACTABIIEHBI B TAOIHIIE.

[Tony4eHHbIe pe3yabTAThI IOKA3BIBAIOT, YTO CHHTE-
3UPOBaHHbIE H3IydYalollie 3JIEMEHThl UMEIT XOPO-
LIYIO Pa3BsA3KY [0 IOJSPU3ALUU, KOTOPAs PUBELET
JIMIIb K HE3HAYUTETbHOMY YMEHBIIEHUIO IIPOIYCK-
HOU crioco6HOCTH cucTeMbl massive MIMO.

Kak mokaszaHo B pa6ore [2], onTuManbHble mapame-
TPbl [UATPAMMBI HAMPABIEHHOCTH AHTEHHOTO 3Je-
MEHTa B COCTaBe PEIeTKH, 00eCleYrBaIOIUe MaK-
CHUMaJIbHYIO MPOMYCKHYIO CIIOCOGHOCTD, HEBO3MOXKHO
OJOCTHUYDb OOHMHOYHBIM AHTEHHBIM JOJIEMEHTOM. J:[J'[H
YMEHBbIIEHU HIMPUHBI JUarpaMMbl HalipaBJI€HHOCTHU
10 YIJIy MeCTa YacCTO CABAUBAIOT (MJIN CTPAUBAIOT) aH-
TeHHBIe 3/IeMeHTHI. B pabore [2] mpuBeneHbl 3aBUCH-
MOCTH 3PrOAUYeCKOH MPOMYCKHONW CIOCOGHOCTH OT
PACCTOSIHHUST MEX/Y CBOCHHBIMH 3JIEMEHTAMHU.

[Inst oumeHKH BKJIafa B [AaHHBIE 3aBHCHMOCTHU
adpderTa Kpocc-moAsIpU3anUU OBUTH CHUHTE3UPO-

BaHbl aHaJIOTMYHBbI€ CABOEHHBIE IMMaT4Y- MU KpPOCC-

OUIIONIbHBIE 3JIEMEHTBl U PACCUYUTaH UX K0dpdUIu-
€HT KPOCC-TIOJISIPU3aliHu.

Ha pucyHkax nmpuBefieHbl yCpeqHEHHbIe (B Auana-
30He 140 OT HaMpaBIeHUs [IABHOTO U3TyIeHUsT) 3HA-
yenust XPI, u XPI; B3aBHCHMOCTHU OT PaCCTOSHHUS
MeXXIy 2JIeMeHTaMHU.

W3 pUCYHKOB BHJHO, BO-IIePBbIX, YTO IpPHU CHBa-
WBaHUM MaT4Y-3JIEMEHTOB 3aBUCHMOCTH OCTAIOTCS
OAVMHAKOBBIMU [0 PaCCTOSIHUS MeXAy dJeMeHTam
okono 0,75\, manee NpOSABIAITCA HE3HAIUTEIbHBIE
OTKJIOHEHUsI, CBSI3aHHBIE C TOSIBIIEHNEM GOKOBBIX Jie-
NecTKOB. [Ipu 3TOM A/ KPOCC-AUMONBHBIX d/IeMeH-
TOB NpU paccTosHMU Gonbure 0,754, 3aBUCUMOCTH
XOTBb ¥ UMEIOT CXOKHMU XapaKTep, HO 3HAYUTEIBHO OT-
JINYAIOTCS N0 BeIMYMHE.

Hecmorps Ha Hecummerpuunocts XPI, u XPI,
MX 3Ha4YeHUs KakK Uil CABOEHHBIX KPOCC-AUIIONEH,
Tak U [OJIs NaTY-aHTeHH npesblanT 12 ob, 4yTo, Kak
OBUIO TOKAa3aHO paHee, He BHOCHUT [IOTEPb B BETMYNUHY
HNPOMYCKHOW CIIOCOOHOCTH KaHasa.

3akinouyeHue

BbIBEJIEHHbIe COOTHOLIECHUA U paspa60TaHHa;{ Me-
TOAHWKA IIO3BOJISIOT OLEHUTH H3MEHEHHE IIPOITYyCK-
HOM CIIOCOGHOCTU CHUCTEMBI CBA3HU TIIpU y4eTe Kpocc-
NMOoJIsAprU3alilMOHHBIX CBOMCTB ABYXITOJISAPpHU3allMOHHBIX
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9JIEMEHTOB aHTEHHOM pelleTKHU. DTO MO3BOJUT OI-
TUMaJIBHBIM 06pa3oM Momo6paTh HU3Nydawliue dje-
MEeHTBI 7S 3aJaHHOU cHUcTeMbl. Ha ocHOBe aHanusa
C MOMOIIbI0 BBIBEEHHBIX COOTHOIIEHUN yCTaHOBIIE-
HO, YTO BJIMSIHME KPOCC-IOJISIPU3ALHOHHBIX CBOHCTB
AHTEHHBIX 3JJIEMEHTOB peLIeTKH Ha MPONYCKHYIO
CIIOCOGHOCTHE MHOTOKAHAJIBHOW CHCTEMBI CBSI3U CTa-
HOBUTCSI 3HAYUTENBHBIM MPU CHUKEHUU BEITUYUHBI
Kpocc-nonsgpu3anguoHHoro napamerpa Huxe 10 ob.
[ToxazaHo, 4YTO CHUHTE3UpPOBaHHBIE pealbHble aHTEH-
HbIe JIEMEHTHI PA3TUYHOrO THIIA 06/1aJAl0T BEICOKOU
Pas3BsI3KOU MO MOISPU3ALNH, YTO NPUBENET K He3HA-
YUTENBHOMY CHHXXEHHIO IPOMYCKHON CIIOCOGHOCTH
cUCTeMBbl. DTO MO3BOJSIET UX HUCIOJIB30BATh B Kaye-
CTBe U3Ny4yaTesel 15 MHOTOKaHAaJIbHBIX CUCTEM CBSI-
31 Ha OCHOBE aHTEHHBIX PELIETOK.
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Influence of crosspolarization of dual-polarized antenna
elements on the ergodic capacity of a multichannel system
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Abstract - Background. Antenna arrays based on dual-polarization elements are used as radiating devices for modern
and perspective radio communication systems. The main factor reducing the effectiveness of this approach is the presence of
spatial correlation and cross-polarization between elements in the array. These effects can lead to a significant reduction in
communication system capacity. Aim. Derive relationships based on the Kronecker model that allow to take into account the
polarization properties of antenna elements when calculating the ergodic capacity of a multi-channel communication system.
Investigate the influence of the cross-polarization parameter of the antenna element on the capacity. Assess the polarization
characteristics of synthesized real antenna elements of various types and their impact on the capacity value. Methods. When
deriving the basic relationships, methods of statistical radiophysics and electromagnetic analysis of the propagation channel
were used. When synthesizing dual-polarization antenna elements, electrodynamic analysis methods based on Maxwell’s
equations were used. Results. Based on the analysis using the derived relationships, it was established that the influence of
the cross-polarization properties of the array antenna elements on the capacity of a multi-channel communication system
becomes significant when the value of the cross-polarization parameters decreases below 10 dB. It is shown that synthesized real
antenna elements of various types have high polarization isolation, which will lead to a slight decrease in the system capacity.
Conclusion. The derived relationships and the developed methodology make it possible to estimate the change in the capacity of
the communication system when taking into account the cross-polarization properties of the dual-polarization elements of the
antenna array. This will allow to optimally select radiating elements for a given system. At the same time, the developed antenna
elements of various types satisfy the imposed cross-polarization restrictions.

Keywords - cross-polarization; antenna arrays; cross-dipoles; patch antennas; ergodic capacity.
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KoppenssumuoHHbIH MeTOX 00paboTKH H300pa>keHust MUKpopeabeda
MOBEPXHOCTH [IJISI ONIPENEIEHUS €€ IIEPOXOBATOCTH

A.JT. A6pamos! ®, [1.C. Knioes?

1 Camapckuii rocynapcTBeHHBIH TeXHUYECKHH YHUBEPCHTET
443100, Poccus, r. Camapa,
yi. Monoporsapaenckas, 244
2 [ToBOMKCKME TOCYIAPCTBEHHBIH YHUBEPCUTET TeJIeKOMMYHHKAIUH 1 MHPOPMATHKH
443010, Poccus, r. Camapa,
yn. JI. Toncroro, 23

Annomayug - O60cHOBaHMe. AHAIN3 Pe3y/IbTATOB MCIIOIb30BAHMSI PA3IMYHBIX MAIIUH U MEXaHM3MOB B HADOJAHOM XO35IUCTBE
[I0Ka3aJl, YTO IIEPOXOBATOCTh MUKpOpebeda X pabounx MOBEPXHOCTEH BO MHOIOM ONpefessieT HaJeXXHOCTb U JOJITOBEYHOCTh
[P UX 9KCIUTyaTaluy. B CBsI3U ¢ 9TUM HCCIef0BaHNEe U pa3paboTKa COBPEMEHHBIX HOBBIX METOHOB H3MEPEHHUS LIEPOXOBATOCTH
MuKpopesneda sIBISIOTCS aKTyalbHOM 3amadedt B Hacrosiee Bpems. Llens. Llenbio paboTel cTanu ncciaenoBaHie U paspaboTka
OITHKO-37IEKTPOHHOIO METOMA, AITOPUTMOB M IPOrPaAMMHOr0 obecneyeHust st LUPPOBOI 06paboTKH 306 paskeHHH HCCIIeLyeMBIX
[OBEPXHOCTEH [UIsl U3MEPEHHUs LIEPOXOBATOCTH UX MUKPOpPenbedOB HEMOCPEJCTBEHHO B XO[i€ BBIIOIHEHUs] TEXHOIOTHYECKOTO
npouecca. Metoabl. MeTor OCHOBaH Ha KOMIIBIOTEPHON 06paboTKe M306paskeHUH UCCIIeAyeMbIX MUKpopenbedoB, B pe3yabrare
KOTOPOH OIpefessiioTCsl apaMeTphl LIEPOXOBATOCTH ITHX MUKpopenbedoB. C 9TOU LieJbi0 A/ MOJYTOHOBBIX H306paXkeHHH
MHKpPOpebepOB ITATOHHBIX 06Pa3LOB ¢ H3MEPEHHBIMU [OCTOBCKMMH METOAAMH NapaMeTpaMy LIEPOXOBATOCTH BBIYMCIISIOTCS
OBYXMepHBbIe KOppeNsUUOHHble (GYHKUUHU. s 3TUX QYHKLHMHM pPacCYUTHIBAIOTCS CPEfHHE AMIUIUTY/BI U, MepeMeHHBIX
COCTaBISIOMIMX KOPPENAUMU U CTPOUTCSA AHATMTHYECKAs 3aBHCMMOCTh FOCTOBCKOrO NIapaMeTpa mepoxoBaTocTu Ra ot U, M
H306pakeHNs HCCIIEAyeMOT0 MUKpopenbeda ¢ HEU3BECTHBIMH [IapaMeTPaMH [IEPOXOBATOCTH TAKXKE ONPeeIsieTCs] IepeMeHHast
COCTaB/ISIOIAs JBYXMEPHOM KOPPeNsLUOHHON GYHKIUH U, U 1O HONy4eHHOH 3aBucuMocTn Ra :f(Ucp) HAXOIUTCsl CpefiHee
apudMeTHIECKOe OTKIOHEHHEe NMPodUIIs OT CpefHEH JUHUM Ra msi uccienyemMoro Mukpopenseda. Pesyaprarsl. YcTaHOBIIEH
MyJIbTHIUINKATUBHBIM XapakTep QyHKUHUH BIUSHUSL, UCKAKAIOLIEH pe3ylIbTaThl M3MEPeHHs LIEPOXOBATOCTH MHUKpPOpenbedpoB
HENOCPECTBEHHO M0 aMIUIMTY[e BHAeOCHrHana. [Ipe/yioskeH HOBBIH ONTHKO-3JIEKTPOHHBIM METO[ H3MEpPEHHs MapaMeTpoB
IEPOXOBATOCTH MUKPOPeIbedpOB MEXaHHYECKH 06pabOTaHHBIX TOBEPXHOCTEH, KOTOPBIN 6a3upyercs Ha undpoBoit 06paboTke UX
[OJIyTOHOBBIX M306paXkeHUH. B peaynbraTe Takoil 06paGoKM BEIYUCISETCS ABYMEepPHAs KOPPeIsLUOHHAs YHKINsI, TapaMeTpbl
KOTOPOM M CIyXaT JUlsi UAeHTHUPUKALMU HCCIIeyeMOr0 MHUKpopenbeda M TeM CaMBIM [AJIsi U3MEPEHHsl €ro LIePOXOBATOCTH.
[IpuBeneHbl pe3yabTaThl NPUMEHEHHsI 9TOIO MeETOAA [JIsi HW3MEpeHHs NapaMeTPOB LIEPOXOBATOCTH [OBEPXHCTH JIOMNATKH
KOMIIpeccopa ra3oTypGHHHOTO ABUraTess. 3aKaodeHHe. [0Ka3aHAa MEPCIEKTHBHOCTb NPUMEHEHHs ONTHKO-3JI€KTPOHHOIO
MeToga ¥ UUPPOBOM 06paboTKM H306paskeHHH MHUKPOpenbedpOB MeXaHHYECKH OGpPaGOTaHHBIX IMOBEPXHOCTEH C LENbI0
ONepaTUBHOTO U3MEPEHHs UX [IAPAMETPOB LIEPOXOBATOCTU. Pa3paboTaH aJropUTM BBIYHMCIIEHHS ABYMEPHOU KOPPETSILHOHHOM
$yHKUMY, KOTOpasi XapaKTepHU3yeT UCCIIEAYeMbI MUKPOpeTbed U MO XapaKTEPUCTUKAM KOTOPOM BO3MOXKHO €r0 HAEHTUPULMPOBATH,
TO €CTh W3MEPHUTbH €ro LIepPOXOBATOCTBb. [IpH DTOM TakKKe YCTPaHsETCs HEraTMBHOE BIMsIHHWE MOGOYHBIX HEMHGOPMATHBHBIX
$aKkTOpOB Ha pe3ynbTaThl U3MEPEHUs MapaMeTPoB MUKpopenbeda, B YACTHOCTH KOJeGAHHHM MOILIHOCTH CBETOBOIO MOTOKA M
yIJIa ero najfieHus Ha UCCIeAyeMy0 IOBEPXHOCTb. [IpruBeieHBl pe3yIbTaThl IPUMEHEHHUS pa3paboTaHHOTO ONITHKO-3JIEKTPOHHOTO
MeTO/a [UIsl U3MePEeHHUsI TAPAMETPOB LIEPOXOBATOCTH YYACTKOB IIOBEPXHOCTH JIONATKH KOMIIPECCOPA ra30TypOMHHOTO ABUTATENIS,
KOTOpbI€ UIEHTHUYHBI Pe3yIbTaTaM U3MEPEHHUs UX IIEPOXOBATOCTH [OCTOBCKMUMHU MPOGUIBHBIMH METOLAMH.

Kniouesbvle cnosa — n3amepeHe; IOBEPXHOCTh; MUKPOpenbed; H306pakeHNe; STATOH; KOPPEJISLHSL; alTOPUTM.

BBegenue

HeO6XOJ:[I/IMOCTb ,uaanef/'ILHero ITIOBBIIIIEHUA TEXHU-
YeCKOro YPOBHSI MALIMHOCTPOUTENBHOW MPOAYKLIHUH,
Ha[eXXHOCTH U [OJTOBEYHOCTH BBIMYCKAEMBIX H3[e-
Uk, ynyduieHus 3$pPeKTUBHOCTH CUCTEM KOHTPOJIsI
Ka4yecTBa 9THX M3LEJIUU MPefyCMOTPEHA B OCHOBHBIX
HAIPABJIEHUSAX COLUAIBHO-O9KOHOMUYIECKOTO Pa3BH-
tust Poccutickoit ®epepanuu [1; 2]. [Ipu aTom MHOTO-
YUCIIEHHBIMU HCCIIELOBAHUSMH YCTAHOBJIEHO Cylie-
CTBEHHO€, & B HEKOTOPBIX CIIy4asiX U ONpefessllee
BO3[EHUCTBHE MUKpopenbeda (MUKPOTEOMETPUH, IiIe-
POXOBATOCTH) pabOYUX MOBEPXHOCTEH PA3TUIHBIX [Ie-
Ta)'[el‘;l MallH U Me€XaHU3MOB Ha HAaOe>XHOCTb U OO0JI-

abraleks@bk.ru (A6pamos Anexceti Imumpuesuu)

rOBEYHOCTb NPH 3KcIuTyatanuu [3; 4], To ecTp Ha uX
KayecTBO. B 4acTHOCTH, OT MUKPOreoMeTpHUYeCKHUX
XapakTEePUCTUK MHKpOpenbeda 3aBUCAT YCTAIOCT-
Hasl IPOYHOCTb feTaslel, KOHTaKTHasl SKeCTKOCTb, CO-
MPOTHUBIIEHNE U3HOCY TPYIIUXCS MTOBEPXHOCTEMN, KOP-
PO3HMOHHAs CTOMKOCTD U PAJ APYTUX XapaKTepPUCTHUK.
B cBsi3u ¢ aTUM mONydYeHHE [OCTOBEpHOM MHpOpMa-
UMM COBPEMEHHBIMM HM3MEpPUTEIbHBIMU Cpe/icTBa-
MU O COCTOSIHUM MUKPOTreOMeTPUH NOBEPXHOCTHOI'O
CJI051 MPOMBIIITIEHHBIX U3/IeTTHUi B pealbHOM MacIITa-
6e BpeMeHHU SIBJIsIETCS HEOOXOJUMBIM YCIIOBUEM sl
ompefieJIeHUs] Mep IO MOBBIIIEHHI0 KayecTBa BBIINY-

CKaeMOH MallMHOCTPOUTEIBHOU NPOAYKLIHH.

© A6pamos A.Jl., Kimoes [1.C., 2025
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1

Oaseu 2

O6pazen 3

Oobpazen 4

Puc. 1. Mi306paskeHust 9TaTOHHBIX 06Pa3L[0B C 3alaHHBIM MUKPOpenbedhOM

Fig. 1. Images of reference samples with a given microrelief

B HacTosiliee BpeMsl [JIsl H3MEPEHHsI 1apaMeTPOB
[IEPOXOBATOCTH MHUKPOPenbepoB paboynx MOBEpPX-
HOCTEeH NMPOMBILIIEHHBIX U3[e/NIUH MHPOKOoe IpUMe-
HEeHMe B MALIMHOCTPOEHUU HAXOAAT KOHTAKTHBIE U
6eCKOHTaKTHBIe MeTOfbl. KOHTaKTHBIE MPOQHUIbHBIE
METOABI TPEANOIaraloT UCHONb30BaAHUE MPOPUIIO-
rpadoB-npoPUIOMETPOB, B KOTOPBIX IIYII C AIMA3HOM
UTJION MepeMeNaeTCst IO UCCIIEYEMOU TOBEPXHOCTH.
Kone6auusi aToro wyna B BUAe NMPOPHUIOrPAMMBI B
pesysibTaTe ero mepeMeuieHus Mo UCCIeyeMOU Mmo-
BEPXHOCTH CJIYKAaT MEPBUYHOM HHPOpMALIHE, HA OC-
HOBE KOTOPOM MOACYUTHIBAIOTCS MapaMeTphl LIEPO-
XOBaTOCTH MuKpopenbeda cormacio TOCT P MICO
4287-2014 [5]. OpgHako TaKMMHU METOLAMH MOXKHO
HU3MEpPUTH MapaMeTpbl TOJIBKO MPOHUIsl MUKPOpe-
nbeda [JIst OTHENBHBIX €r0 YY4ACTKOB U TOJIBKO B JI€r-
KO IOCTYIHBIX MECTAaX WU3[EeNUN, UMEIIUX MPOCThIe
IUIOCKHE [TOBepXHOCTH. KpoMe Toro, mpowecc CHATHS
npodUIOrpaMMbl 3aHUMAET 3HAYUTENBHOE BpEMs
(HECKOJIBKO MHHYT) U He I03BOJISIET ONEPATUBHO H3-
MEepSITh MaPaMETPHI [EPOXOBATOCTHU B XO/[€ BBITTOJTHE-
HUSI TEXHOJIOTHYECKOTO MpoLecca.

B pnomonHeHwe K NPOQUIBHBIM METOLAM B Ma-
IIHHOCTPOEHHH IIHPOKOE INPUMEHEHHE HAXOLAT U
ONTHUYECKHE CPECTBA [UIsl OLEHKH MapaMeTpoB Lie-
poxoBatocT Mukpopenvedpa [5-7]. OgHako maBHO
U3BECTHBIE ONTUKO-3EKTPOHHBIE METOMAbI, TaKHe
KaK MeTO/Ibl CBETOBOTI'O CEYEHHSsI, TEHEBOM MPOEKIUH,
pacTpoBbIM, UHTEPPEPEHIMOHHBIN U pedreKToMe-
TpUYECKHe, TPeOYIOT MPUMEHEHHUs CIELHATN3UpPO-
BAHHBIX MMUKPOCKOTIOB U TMOBBIIEHHBIX TpeGOBaHUM
K CTaGUIIBHOCTH CBETOBOIO IOTOKA, Mafaiollero Ha
UCCIIENYEMYI0 TOBEPXHOCTh. OTMeueHHass 0Co6eH-
HOCTb OTHOCHTCSI U K METOaM KOH()OKAIbHOW MHU-
KPOCKOIUH, UCIIONb3yeMOMU [yis monydenus 3D-uso-
6paxkeHUU HCClenyeMblx MUKpopenbedos. [To arToi
NpUYUHE 3T METOMBI U COOTBETCTBYKOIIAs ammapa-
Typa MCMOJB3YIOTCS, KaK MPaBUIIO, TOIBKO B Iabopa-
TOPUSIX U ISl BBIGOPOYHOTO KOHTPOJIS MPOMBIIUIEH-
HBIX u3menui. TakuM o6pa3om, BOZHHKAET BakKHAs
HayyHas Tpob6iieMa, 3aKiKJamIascs B pazpaboTke
HOBOTO TOAX0/Ja K CO3[AaHMIO CPENCTB OMEPATHBHOTO
6eCKOHTAKTHOIO KOHTPOJIsI MUKpoOpesbeda MoBepx-

HOCTeH NPOMBIIUIEHHBIX H3[IEJIUH MOPTATUBHBIMU
MOGHU/IBHBIMY BU€OKaMepaMu. [IpH 3TOM BaskKHBIM
Tpe6GOBaHUEM K TAKUM CPELCTBAM KOHTPOJIS LOJIKHA
6BITh 06s13aTeNbHAS WX IIPUMEHHMOCTDH HEMOCpPe[-
CTBEHHO B MPOU3BOACTBEHHBIX YCIOBUSAX B XO[I€ TEX-
HOJIOTHMYECKOTO IpoLiecca.

1. MacTpyMEHTAIbHBIE
M IIPOrpaMMHBI€ CPEACTBA

715 ycTpaHeHHUsI OTMeYeHHBIX BbIIIEe HEJOCTATKOB
CYLIECTBYIOIIUX CPeNCTB H3MepeHHs IapaMeTpOB
LIEPOXOBATOCTH MHUKpopenbedoB 6bul paspaboTan
ONTHUKO-3JIEKTPOHHBI H3MEPUTENBHBIH KOMIIIEKC
(OBUK), KOTOpBIN BKIOYAT B Ce6si HHCTPYMEHTAIb-
bl Mukpockomn Crystallite ST-60 (80X) (Poccus),
o6opynoBaHHbI UHPppPOBOM BuAeokamepou Com-
putar ZC-F11CH3 (Computar, SdnoHusi), U mepco-
HanbHylo OBM. [I515 usydyeHus BIUSHUS TeOMeTpUYde-
CKHMX XapaKTEPUCTUK MHUKpOpebeda Ha MapaMeTpsl
ero u3obpaxkeHHs] OBUIM H3TOTOBIIEHBI ITAJOHHBIE
CTajsibHble 00pa3lbl C PaslIUYHOM IIEPOXOBATOCTHIO
MOBEPXHOCTH. BBOX M306pa>keHUHM HCCIIENYEMBIX
MHUKPOpPeNbepOB ITATOHHBIX 06pa3loOB C BULEOKAME-
PBI B KOMIIBIOTEP, WX AajbHEHIININ aHaau3 ObUIH OCY-
IIECTBJIEHBI C [TOMOLIBIO CIIELMATBHO Pa3paboTaHHOrO
[POrPaMMHOTO 06ecliedeHust CPeACTBAMU sI3bIka Py-
thon. M3aMepeHue 11epOXOBATOCTH MHUKPOPenbedOB
BBITIOJIHANIOCH ¢ MOMOIIblo mpodunomerpa SJ-201P
(Mitutoyo, SInonus). Mi3aMepeHre OCBEIEHHOCTH HC-
clleflyeMOM IOBEPXHOCTH IPOU3BOJUIIOCH JIIOKCMe-
TpoMm mapku 1016M. MomHoCTB cBeTOBOTrO motToka @
(B NIOMeHAX) OMpeneNsanach ¢ IMOMOILBI0 U3BECTHOIO
cooTHoweHus1 ® = ExS, roe E - ocBeleHHOCTb, U3-
Mepsiemasi B J1IoKcaxX. ONTHUKO-37IeKTPOHHAS CHCTeEMa
KOMIUTeKca OblIa HACTPOEHA TaKUM 06pas3oM, 4UTO
aHAIM3UpyeMasi MOBEPXHOCTh JTAJIOHHBIX 06pa3IoB
nmena pas3mep 3x2,5 MM. CBeTOBON MOTOK MOIIHO-
cthio 600-107° 1M nmagan Ha HUcclleflyeMylo IOoBepX-
HOCTbB Nof, yI71oM 45°. ONTHKO-3JIEKTPOHHAS CUCTEMA
HM3MEPUTENIBHOTO KOMIUIEKCA 6blIa HACTPOEHA TAKUM
0o6pa3oM, YTO aHAIU3UpyeMasi IOBEPXHOCTH ITAIOH-
HBIX 06pa3loB uMena pazmep 3x2,5 Mm, a popmar
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Puc. 2. BugeocurHaisl, oTo6pakamolire MUKpopenbedbl TATOHHBIX 06pa3LoB

Fig. 2. Video signals displaying microreliefs of reference samples

Bupeokanpa K; xK,, 3amuchiBaeMOro B aMATh KOM-
npioTepa, coctaBis 320 x 240 mukcenen.

2. Pe3ymbTaThl HCCI€JOBAHUH

[TonyyeHHble U306pakeHUsT UCCIIEAYEMBIX MUKPO-
penbedOB MOBEPXHOCTEH 3TAaJOHHBIX 06pPas3LoOB C
nomompo OBUK npusenens! Ha puc. 1. Ilpu aTom
MuKpopenbed obpasuoB 1 u 2 661 chopmupo-
BaH uuindpoBaHUeM, a MUKpopenbed o6pasunos 3 u
4 - IONIMPOBAHUEM.

Omnpepenennble ¢ noMouiplo npodunomerpa SJ-
201P napaMeTpsl IIepOXOBATOCTH Ra MUKpopemnbe-
$oB mosepxHocTel o6pasuoB 1-4 cocraBunu 0,13;
0,084; 0,048; 0,025 MM cooTBeTcTBeHHO [5]. Kak BUf-
HO M3 TPHBEIEHHOro pHUC. 1, H306paskeHUsT TEKCTYP
MHUKpOpenbedOB CYIIeCTBEHHO OTIMYAKTCA APYT
OT [pyra, Ipyd 3TOM OpHEHTALUs TeKCTyphl B Bep-
TUKaJbHOM HaIllpaBJeHHUU IOJIHOCTBIO MCuYe3aeT A
Goslee TMafgKUX MOBEPXHOCTEH, MOJY4eHHBIX MOJIH-
poBaHueM. OTMedeHHasi 0COGEHHOCTh B U3MEHEHUU
xapakTepa U306paskeHHH MOKET CBHUETENbCTBOBATD
06 YCHJIEHUU BIHUSIHUS CIy4aHHOM KOMIIOHEHTHI IO
OTHOILEHHIO PeryasspHOM KOMIIOHEHTE IIPU U3IOTOB-
7eHUH MHUKpopenbedoB ¢ 6olee MEHBUINMHU BBICOT-
HBIMHU [TapaMeTpaMHU.

XapaKTepHble BHAEOCUTIHAIBI 10 CTPOKE BHJEO-
Kagpa U306paskeHUH HCCIenyeMbIXx MUKPOpenbedOB
npuBefeHbl Ha puc. 2. Kak BugHO u3 puc. 2, cyie-
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Puc. 3. 3aBHCUMOCTB CpeHEH aMIUTUTY/bI IEPEMEHHOM COCTABIIS-
[olell BUAEOCUTHATA OT MOIIHOCTH OIIOPHOTO CBETOBOI'O ITOTOKA
@, 1A TIOBEPXHOCTEH C PasTUYHON mepoxoBaToCThio: 1 - Ra =
=0,13 mM; 2 - Ra = 0,084 mm; 3 - Ra = 0,048 mM; 4 - Ra = 0,025 Mmm
Fig. 3. Dependence of the average amplitude of the variable com-
ponent of the video signal on the power of the reference luminous
flux @, for surfaces with different roughness: 1 - Ra = 0,13 pm;
2-Ra=0,084 pm; 3 - Ra = 0,048 um; 4 - Ra = 0,025 pm

CTBEHHOE€ BIMSHUE MHUKpPOpenbed MOBepXHOCTEMH
OKa3blBaeT HA MEePEMEHHYI COCTABISIOLIYI0 BHIEO-
curnana U, KOTOpasi yMeHbIIAETCA C yMeHbIIEHHEM
LIEPOXOBATOCTH IIOBEPXHOCTH, TO €CTh HAGIIOAAETCs
$yHKIHOHAIBHAS 3aBUCHMOCTD Ra=f(UCp). Crnepo-
BATENbHO, IJIA 9TOM 3aBUCHUMOCTH 110 OKCIEPUMEH-
TaJIbHBIM [aHHBIM MOXHO IOCTPOUTEH AHATUTHUYE-
CKYI0 3aBUCHMOCTb M 10 3Hauennio U, ¢ 3anaHHoOl

BEPOSITHOCTBIO MOXHO HAeHTHUHUUMPOBaTH (pacmo-
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3HaBaTh) Pa3jMYHble MUKPOpPeNbedbl U TEM CAMBIM
U3MepsTh 3HaYeHUe Ra.

[yist monTBEepPsKAEHHUsI 9TOTO BEIBOAA B paboTe 6p1IN
BBIITOJIHEHBI HCCJIEAOBAHUS BJMUSHUS MOIIHOCTH
OINOPHOTI'O CBETOBOI'O IOTOKA Ha Ucp. PesynpTaThl BbI-
MOJTHEHHBIX UCCIIEIOBAHUM MPENCTABIEHbI HA puC. 3.

I[IpumeM 3a HOMHHaJIbHOE 3Ha4YeHUE CBETOBO-
ro moroxka BenuyuHy Og. =600-1072 JIM, a I Be-
nuyuH @y . . Dy - 3HAYEHHUs 200107 nm u

1000-10™> M COOTBETCTBEHHO. Bri6paHHbIN nuamna-
30H 3HAYEHHUH BIIOJIHE COOTBETCTBYET PaGOYUM 3Ha-
YEeHHUSIM CBETOBOTrO IOTOKA, BCTpPEYaIIUMCs B IIPO-
M3BOJACTBEHHBIX yCI0BUSIX. OTMedYeHHble U3MEeHEeHUs
3TOr'0 NOTOKA MOTYT IPOHUCXOAUTB 1O PA3HBIM IIPUYH-
HAM, HallpUMep BCIIEACTBHE KONeGAHNUN HATIPSIKEHUS
NUTaHUS UCTOYHUKOB CBeTa, U3MEHEHHUS INpo3pad-
HOoCTH aTMochepbl Ha pabodyeM MeCTe MPHU BBIMOJ-
HEHUHU TEeXHOJIOTMYECKOTO IIpollecca H3TOTOBIEHUS
W3[eMHsl, HEKOHTPOIUPYEMBIX GIIMKOB Ha HCCIIEfye-
MOM IMOBEPXHOCTH OT MNOCTOPOHHUX UCTOYHUKOB CBe-
Ta U T. 1. DTU HENPeSyCMOTPEHHBIE BO3/IEHCTBUS HA
OCBEIIleHHOCTb HCCJIefyeMOH MHOBEPXHOCTH MOXKHO
0XapaKTePU30BaTh C MOMOLIBI QYHKIWN BIIMSHUS
fan- Cormacuo T'OCT 8.009 - 72 «Hopmupyemele Me-
TpoJIOTUYeCcKHe XapakTepucTuku. CpefcTsa uamepe-
HUs», QYHKLHUs BIUSHUS — 3TO 3aBUCHMOCTDb H3Me-
HEHUU METPOTIOTHUYECKOU XapAKTEPUCTUKHU CPELCTB
M3MEepEeHHUH OT U3MEHEHHH BIUSIOIINX BEJIMUUH WU
HeMH(POPMATUBHBIX MAPAMETPOB BXOLHOT'O CUT'HAJIA B
npepenax paboynx yCIOBUH 9KCIUTyaTAIMH.

[ns omnpepeneHuss AOMUHHPYIOLIEro XapakTepa
bYHKUMH BIUSHNS ObUTHA BBIYUCIIEHBI OTHOLIEHUS Be-
JTUYUH UCp IJ1s1 pa3HBbIX 3HAaYeHUH Ra Ipy 3HaYeHUsIX
[} ()

cBeTOBOro noroka @ O603Ha4YuB

Omin> On> Omax*

9TH OTHOIIEHHS KaK

K1,2 = Ucp(Ra:O,l3MKM)/ UCp(Ra;O,OS‘l-MKM)’

K1,3 = Ucp(Ra:O,lSMKM)/ Ucp(Ra:O,O48MKM)’

K1,4 = Ucp(Ra:O,13M1<M)/ Ucp(Ra:O,OZSMKM)’

K2,3 = Ucp(Ra:0,084MKM)/ UCp(Ra:0,048MKM)’

K2,4 = Ucp(Ra:O,O48MKM)/ UCp(Ra:0,025MKM)’

K1,4 = Ucp(Ra:O,48MKM)/ Ucp(Ra:O,O25MKM)’

TIOJIYy9YUM UX COOTBETCTBYIOIIME 3HAYEHUA: IPU CBETO-
Omin K1,2 = 1,54, K1>3 = 3,81, K1,4 = 6,65,
K2)3 =244, Kz,4 =432, K3,4= 1,72; npu cBETOBOM IIOTO-
ke @y, K],z =1,59, K],g = 3,82, Kl,4 =6,59, ; KZ,S =241,
K2,4 =41mu K3’4 = 1,7; npu cBeToBOM motoke Dy
K1)2 = 1,61, K1,3 = 3,85, K1,4 = 6,24, K2‘3 = 2,38, K2’4 =
=395 u K3,4 =1,68. ITomy4eHHbIe 3Ha4Y€HUS] YKa3aHHBIX

BOM MoToke ®

OTHOILEHUH I03BOJAIT 060CHOBAHHO YTBEP>KAATh,
4qTo q)yHKLII/IH BIMAHUS HECTAaOUIBbHOCTHU OIIOPHOTO

CBETOBOTO IMOTOKA M, COOTBETCTBEHHO, JOTIOJTHUTEb-
Hasi MOTPELIHOCTb, BbI3bIBA€Masl JEMCTBHEM JaHHOTO
onTHYeCKOro GpakTopa, UMEIT MYJIbTUITUKATUBHBIN
xapaktep. [Ipu 9TOM OIIKMOGKU B ONpefiesleHUH BbI-
COTHBIX MapaMeTPOB HCCIIELYEMOr0 MHUKpopenbeda
MOTYT gocturate ~10 % npu M3MeHeHUU MOIHOCTH
CBETOBOI'0 MMOTOKA B pabouux npenenax. Janee Obutn
BBIMTOJIHEHBI HCCIEMOBAHUS BIUSHUS HW3MEHEHHUHU
yIJla afieHusl CBETOBOI'O IOTOKAa B Ipepenax ot 10°

no 80° Ha pesynbTaT usMepeHus U__ , KOTOpble Tak-

cp?
>Ke MOKa3aJd My/IbTHUIUINKATHBHBIH }))(apaKTep $yHK-
nuu BausiHust. OIHOKH OT U3MEHEHUSs YIa MaieHus
CBETOBOIO IIOTOKA B YKA3aHHOM [HMANa30He PUBOST
K OIIMOGKAM B ONpENENeHHUH BBICOTHBIX apaAMETPOB
mukpopenbepa mo 30 %. Takum ob6pasom, mpoBe-
[EeHHBIMH HMCCIIeJOBAHUSIMHU OBITIO YCTAHOBIEHO, YTO
MYJIBTHIUTUKATHBHAST GYHKUMS BIUSHUSI HOCUT IBY-
MepHbIH xapakrep f, (AD,Aw).

[nst ycTpaHeHUs HeraTUBHOTO BiuAHUA [, (AD, Aol)
Ha pe3y/IbTaThl M3MEPEHHsS] BBICOTHBIX I1apaMeTpOB
MUKpOpenbepOB GBI BBIIOTHEH AHAIU3 CTPYKTYp-
HBIX METOMO0B, UCIIOJIb3YEeMBIX /ISl KOMIEHCALUHU 10-
rpeliHocTel HM3MepeHus [8]. AHanu3 mokasan mep-
CIIEKTHBHOCTb KCIIONb30BAHUA JIOTOMETPHUYECKOTO
Metona. OQHAKO JIOTOMETPHUPOBaHHE NpeNyCMaTpH-
BaeT BBE[E€HHE B COCTAB H3MEPUTENbHOH CHCTEMBI
(MC)
BTopoi [13C-MaTpulbl U 3TAJIOHHOI'O MUKpOpesIbe-

AOITOJTHUTEJIBHOTO OCBETUTEJIPHOTO KaHaja,

¢a, uro cymecTBerHo ycnoxusier MIC. B pa6ore npepn-
JIOKeH MaTeMaTH4YeCKUH MeToJ KOpPPeKIUU [OMOJ-
HUTETbHOU ITOTPEIIHOCTH Ha OCHOBE HCIIOJIb30BAHUS
OTHOIUEHHUS ABYX GYHKIHOHATIOB

G‘l(U:-)i(Xpi)/G2<U3i(Xpi))’ i=1,...,r, (1)
B KOTOPOM OJMHAKOBble MY/IBTUIIIMKATHBHBIE KOM-
MIOHEHTBI YUCIIUTENIS] U 3HaMeHaTens f, - = f(ACD,A(x)
cokpamawTcsa. B aTom cootHomenuu U,; oszHavaer
i-i1 BeIxog [13C-maTpunpl, a XW- - 1-A 3JIEMEHT II0-
BEPXHOCTH MHUKpopenbeda. Peamusanusi oTHOIIe-
Hus (1) He Bepmer K yBenudeHuto radbapuros VC, Tak
Kak B GyHKLHMOHAIAX 6YIeT UCIOIb30BaH OJUH U TOT
e Habop BenuuuH U ;. CyniHOCTB e MeTofa oTnpe-
OeJleHUsl TapaMeTPOB HCCIIEAyeMOro MUKpopenbeda
3aKJTI0YAETCS B CPABHEHWM H300paskeHUs] MUKPOpe-
npeda MccaenyeMol MOBEPXHOCTU C M306paskeHUs -
MU MHUKPOpPeNbedOB TANOHHBIX MOBEPXHOCTEN, AJIs
KOTOPBIX 3apaHee ONpefesieHbl NapaMeTphl IIePOXO-
BaTOCTU MO CTAHOAPTHBIM METOAMKAM, HANPUMED,
¢ moMmoibo npoduiomerpa. B pesynbrare cpaBHe-
HUS C 3aJaHHOUN BEPOSITHOCTBIO OTPEMEISIETCST COOT-
BETCTBUE HM306pakeHUsi MUKpopenbeda 3TATOHHOU
MOBEPXHOCTH H300pakeHUI0 MHUKpopenbeda nccie-
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Puc. 4. Cxema $OpMUPOBAHUS U TepeMeleHHsI ITATOHA
Fig. 4. Scheme of formation and movement of the standard

OyeMOM MOBEPXHOCTH. [Jisi OnpeneseHus KPUTEPUs]
CpaBHEeHUs GbUI BHIMONHEH AHATIU3 U3BECTHBIX LUP-
POBBIX MeTOHmOB 06paboTku u3obpaxkenuu [9; 10].
YCTaHOBJIEHO, YTO [AJIsl TAKOT'O KPUTEPHUS MOXKET GBITh
UCTIO/Ib30BAH OTKJIUK COTJIACOBAHHOI'O C CUTHAJIOM

ABYMEPHOTO MPOCTPAHCTBEHHOTO GUIBTPA

Wngng)= D D ulky,ky)x 2)

k=00 ky=—o0
X X[k1 _(n] —Npyq ), k2 _(n2 —Ngo )],

KOTOPBIN MpeAcTaBisieT co60M OBYMEPHYIO CBEPTKY
curHana u(k;,k,) ¥ HUMIOynbCHOM XapaKTepHCTHKH
dunerpa x[k; —(ny —ny,), ky—(ny —ngy,)l. Ipu atom
BBIXOHOM curHan ¢uneTpa y(ng,n,) Gymer mpomop-
[MOHAJIEH aBTOKOPPENSLUOHHON QYHKLUU [BYyMep-
HOTO BXOLHOTO CHUT'HaJA U OYIeT JOCTUTHYTO MAaKCH-
MaJIbHOE OTHOLIEHHE CHUTHAIa K IIOMeXe Ha BBIXOfe
¢unbrpa. [Iyist BBIYHCIIEHHS] ABTOKOPPENSILUOHHON
byukuuu 6v11 pazpaboraH meron o6pabGOTKU M30-
6pakeHUs AaHAM3UPYEMOU TOBEPXHOCTH, MPESCTAB-
JIeHHBIN Ha pucC. 4.

B ucxoymHOM moyToHOBOM Kanpe popmaTa K, x K,
[UKCesed, HaYMHasl C MEePBOM CTPOKH, BbIJEISETCS
nojioca mupuHo B N, mukcenei. Ilo ueHTpy aTon
TOJIOCH! 3alaeTcs 3TanoH pasmepom Ny x N, mHKce-
nel. 3aTeM 3TaJIOH, HAYMHAS C KpallHeW JIeBOU IMo-
3ULMH, TEPEMELIAETCSI 10 BbIJeJIEHHON MOJI0Ce ¢ Ia-
rom B 1 nmukcens. [Ipu KaXX10M COBMEILIEHUH 3TAJIOHA
u(ny,n,) u TeKymiero ¢gparMeHTa HOJyTOHOBOTO U30-
6paxenus x(ny,n,) MOACYUTBEIBAETCS KOddPUIMEHT
KOppeJISILKH 110 u3BecTHOU dpopmyie [9; 10]

rxy (kl ’ k? ) = (3)

N,~1N,~1
(w(ng,ng)—m, )(x(ny —ky,ny —ky)—m, )

n,=0 n,=0

6162
rae (ng,n,)
(ki,ky) - KOOpHIMHATHI 3Ta/lOHA BHYTPH 30HBI TIOHMC-
ka K;xK,, a 6; u G, - CpefiHHe KBaJ[paTHYeCKHe

— UHJEKCBI 3JIEMEHTOB B OKHE 3TaJIOHA]

OTKJIOHEHHs BeTHYMH u(n,,n,) u x(n,,n,) oT ux ma-
TeMaTHYeCKUX OXMAAHMH M, ¥ M, COOTBETCTBEHHO.
[Tocne BbIYUCIEHUST KOIPPUIUEHTOB KOPPENISALUU
B IIEPBOM IIOJIOCE 3a[JA€TCs CIIEAYIOLIas IOI0Ca TOro
ke popmara, YTO U MpeabIAyllas, HO CMeIleHHasl
BHU3 Ha OJUH MHUKCENb. B 3TOH mojoce MO LEHTPY
3a/1aeTCsl HOBBIM STAJIOH C TEMH XK€ pasMepaMu, 4TO
Y TpebIAYIIKH, U BBIIOJHIIOTCS Te X€ CaMble e-
cTBUst U T. . [Tocie 06paboTku Bcero u3obpaskeHus
B 3a[IOMMHAKLIEM YCTPOUCTBE 6yaeT chopMUpoOBaHa
MaTpuna M; x M, ko3¢ duIreHTOB KOppeauu WK
OBYyMepHasi aBTOKOpPpesiiuOHHAas ¢QyHKuus. AHa-
JIU3UPYsl BeIpaskeHUe (3), MOKHO OTMETHUTH, YTO €ro
YUC/IUTENDb U 3HAMEHATEIb 6YAYT MOABEPKEHBI MYJIb-
TUIJIMKATUBHOMY BO3LeHCTBUIO (YHKIUU BIHSHUS
fon = f(AD, Acu):
N,~1N,-1
ry(kky)= D70 D (ulng,ny)—m, ) f,, (AD,Aa)x  (4)
n,;=0 n,=0
x (x(ng —ky,ny —ky)—m ) f, (AD,Aar)/
/o, fy;(AD,Ad)o, f,  (AD, Aat)].

Kak BUIHO M3 MPHUBEOEHHOrO BBIpakeHUs (4), ero
CTPYKTypa COOTBETCTBYET CTPYKType Bbipaskenwus (1)
U QYHKIWY BIUAHUSA COKpamawTcsa. CrieoBaTenbHo,
$yHkuus (3) 061amaeT UCKOMBIM KOMITEHCALUOHHBIM
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Puc. 5. 3aBUCHMOCTD CpeJHEH AMIUIUTYABI IIEPEMEHHOM COCTaBISIOIIEH aBTOKOPPENSUOHHON (QYHKIHUU OT MOIIHOCTH OIODPHOIO
cBeToBOro mortoka @, W yria ero majieHus Ha UCCIefyemylo moBepxHocThb: 1 - Ra = 0,13 mkm; 2 - Ra = 0,084 mMxm; 3 - Ra = 0,048 mMKm;

4 - Ra = 0,025 Mmxm

Fig. 5. Dependence of the average amplitude of the variable component of the autocorrelation function on the power of the reference light
flux @, and the angle of its incidence on the surface under study: 1 - Ra = 0,13 um; 2 - Ra = 0,084 pm; 3 - Ra = 0,048 pm; 4 - Ra = 0,025 um

Puc. 6. Jlonarka 12-i1 ctynenu kommnpeccopa: I'T/]
Fig. 6. Compressor Stage 12 Blade: GTE

CBOWCTBOM [JIsl yCTpPaHeHUs] NOIOJIHUTENbHOM IO-
I'PEIIHOCTH, BO3HUKAIOIIEHN NpU OLleHKe MapaMeTpOB
MUKpopenbeda MO BUAEOCUTHANY. s MOATBEPK-
OEeHUsl MOTYYEHHOTO TEOPETUYECKOIr'0 IOJIOXEHUS O
KOMITeHCA Y GYHKLIUH BIUSHNSI MATEMATHIECKUMU
MeTOJaMK ObUIM BBITIOJHEHBI MCCIELOBAHUS BIIHUs-
HUSI U3BMEHEHUH MOLIHOCTH CBETOBOTO MOTOKA U yIJIa
ero mafieHusl Ha MepeMeHHYI COCTAaBIISIOIIYI0 KOp-
peNsIHUOHHON QYHKUMH. Pe3ynbTaTel UcCae[0BaHUN
st aTasioHa ¢ GopMaToM 64 x 64 MUKCENs TpUBee-
HBI Ha puc. 5.

Kax BMIHO W3 NpHUBeNEeHHBIX [aHHBIX, 3HAYeHUE
aAMIUIUTY[bl NepeMEHHOHM COCTaBIsIIIENd aBTOKOp-
PENSIIUOHHON PYHKIMHU OCTAETCs MOCTOSIHHBIM TPU
M3MeHeHUH MOIIHOCTH CBETOBOI'O IIOTOKA M yIJIa ero
najieHus Ha UCCllelyeMyl0 MTOBEPXHOCTb B HCCIIenye-
MBIX iMalla3oHax UX U3MeHeHUU. ] 3aBUCHMOCTH
Ra
omnpefeeHo aHaJIUTU4YeCKoe BbIpa’keHue B BUJe

R, = 0,0069UCp +0,0014 MKMm. (5)

Takum 06pa30M, NIpyUBEeJEHHbIE pPEe3yJbTaTbl HC-

= f(UCp) METOMIOM HAaWMEHBIINX KBAaAPATOB GBIIO

CJ'IEJIOBaHI/Iﬁ MOATBEP>KAAOT BBIABUHYTBIE TeEOpe-

TUYeCKHe BBIBOABl O KOMIIEHCALlUM HEeraTHBHOIO
BO3[IEHCTBUSl (QYHKLHUHK BIUSHHS Ha OIpEefeTeHHe
napaMeTpoB MHUKpopenbeda HCCIeNyeMOH MOBepX-
HOCTU IpPHU HCIIONb30BAHUU PACCMOTPEHHOM BBIIIE

KOPPEeALHOHHON 06paboTKY ero n306pakeHusI.

3. IIpuMeHeHU e KOPPEIALHOHHOTO
MEeTOAA K NPOMBILIEHHBIM U3 eTUIM

PaccMOTpeHHBIM KOpPpEeNSIUOHHBIM METOJ OLieH-
KM CTPYKTYp MHKpopenbedoB GbUI MPUMEHEH MJis
HM3MepeHMUs IIepOXOBATOCTH IO NapaMeTpy Ra momnu-
POBaHHBIX TOBEPXHOCTEH Iepa jonaTok 12-i cryme-
HU KoMIIpeccopa razorypbunsoro gsurarens (I'TI).
BHewHM# BUA JIONATKY NPUBEEH Ha puc. 6.

O6paboTka pe3ynbTATOB IKCIIEPUMEHTA I10Ka3a-
Jla, 9YTO 3HAYEHUS UCp ABTOKOPPENSALUOHHON PyHK-
nuu, BerYuciaeHHoe Mo 30 M306pakeHUsIM, CHATHIM
C pa3HBIX YYaCTKOB ITOBEPXHOCTH CIIMHKH JIONATKH,
W3MEHSJIOCh B Ipefesnax UCp = 10,1..14,7 oTH. egu-
uul. [TofcTaHOBKA HAWIEHHBIX 3HAYEHUU Ucp B dop-
Myny (5) ompegenuia, 9TO B 3TOM Cilydae 3HAYEHHE
nmapaMmeTpa Ra uccrenyeMol MOBEPXHOCTH JIOMATKHU
nsMeHsieTcs B npefenax Ra = 0,07..0,1 MkM, 4TO OTBe-
YaeT TeXHUIECKUM TPeGOBAHUSIM, IPELbSBISIEMBIM K
KavyeCcTBY JAHHOW MOBEPXHOCTH.

3ak/iIo4YeHue

B craThe paccCMOTpeH ONTHUKO-3JIEKTPOHHBIA Me-
TOJ, OTpE[eNeHUs MaPAMETPOB LIEPOXOBATOCTH MHU-
KpopenbepoB MexaHUYECKH 06pabOTaHHBIX MOBEPX-
HOCTel, GOpMHUpPYeMBIX OlepauusiMy LUTUPOBAHUS
U monupoBaHus. Meron ocHoBaH Ha uUUPOBOM 06-
paboTKe MOMYTOHOBBIX U306PasKEHUM UCCIIENYEMBIX
MUKpPOpenbedoB, MONYIEHHBIX O6GBIYHBIMHU IMOPTA-
TUBHBIMM BUAeoKamepamu. Cama 06paboTKa 3aKiio-
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4asach B BBIYMCIEHUH ABYMEPHOU KOPPESILUOHHOW  Iomed 3Tod (yHKUHUH Ucp. [isi 2TOM 3aBUCMOCTH
$yHKUMH, KOTOPask XapaKTepusyeT HHANBUAYaIbHblE METOLOM HAWMEHBLIMX KBaLpaTOB MOJIYYEHO aHAJH-
0CcOGEHHOCTH HCCIIelyeMOro MUKpopenbeda U Olpe- THYECKOE BbIpaskeHHe, KOTOPOe OBIIO HCIONb30Ba-
mensieT GYHKLUMOHAIBHYK 3aBUCMMOCTh MapameTpa HO MPHU ONpefesieHUH napamerpa Ra mjis pasniudHbIX
Ra oT cpenHell aMIUIMTYABl TepeMEHHOM COCTaBis- YYaCTKOB MOBEPXHOCTH JIoMaTKU Kommpeccopa ['TII.
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Abstract - Background. The analysis of the results of the use of various machines and mechanisms in the national economy
has shown that the roughness of the microrelief of their working surfaces largely determines the reliability and durability of
their operation. In this regard, the study and development of modern new methods for measuring the roughness of a microrelief
is an urgent task at present. Aim. The purpose of the work is to study and develop an optoelectronic method, algorithms and
software for digital processing of images of microreliefs of the surfaces under study to measure their roughness directly during
the technological process of their manufacture. Methods. The method is based on computer processing of images of the studied
microreliefs, as a result of which the roughness parameters of these microreliefs are determined. For this purpose, two-dimensional
correlation functions are calculated for halftone images of microreliefs of reference samples, with certain GOST methods and
roughness parameters. For these functions, the average amplitudes Ugp of the variable components of the correlation coefficients
are calculated and the analytical dependence of the GOST roughness parameter Ra on U_, is constructed. To depict the studied
microrelief with unknown roughness parameters, the variable component of the two-dimensional correlation function is also
determined, and the arithmetic mean deviation of the profile from the middle line Ra is found based on the obtained dependence
Ra :f(Ucp). Results. A new optoelectronic method for measuring the roughness parameters of microreliefs of machined surfaces
is proposed, which is based on digital processing of their halftone images. As a result of such processing, a two-dimensional
correlation function is calculated, the parameters of which serve to identify the studied microrelief and, thereby, to measure
its roughness. The results of using this method to measure the surface roughness parameters of the compressor blade of a gas
turbine engine are presented. Conclusion. The prospects of using the optoelectronic method and digital processing of images of
microreliefs of mechanically processed surfaces in order to quickly measure their roughness parameters are shown. An algorithm
for calculating a two-dimensional correlation function has been developed, which characterizes the microrelief under study and
by the characteristics of which it is possible to identify it, that is, to measure its roughness. At the same time, the negative influence
of side uninformative factors on the results of measuring the parameters of the microrelief, in particular, fluctuations in the
power of the light flux and the angle of its incidence on the surface under study, is also eliminated. The results of the application
of the developed optoelectronic method for measuring the roughness parameters of the surface areas of the compressor blade of
a gas turbine engine, which are identical to the results of measuring their roughness by GOST profile methods, are presented.

Keywords - measurement; surface; microrelief; image; standard; correlation; algorithm.
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CTeHJ MOTyHATYpPHOIO MOJETHPOBAHUSI ACUHXPOHHBIX
pagmocHucTeM nepenadyu uHGpopmauu

FO.P. Bymkeeuul, C.C. JTozunos!, P.P. Spynnun?

1 Kasauckuii HalMOHABHBIN MCCIENOBATENbCKUH TeXHUYECKUH YHUBepcuTeT uMeHu A.H. Tynonesa - KAU
420111, Poccus, r. Kazans,
yn. K. Mapkca, 10
2 AO «HITIO “Panuoanexrponnka” umenu B.W. umko»
420029, Poccus, r. Kazans,
yi. Kypranucros, 50/3

Annomayuga - O6ocHoBanue. CTaThbsi MOCBSIEHA MAaTeMATHYECKOMY ONMCAHMIO CTEH[A MOTYHATYPHOIO MOMETMPOBAHUS
ACHHXPOHHBIX PaJUOCUCTeM IMepenayd vMHbopMmaLuu. B HacTosiiee Bpemsi pa3paGoTKa HOBBIX ACHHXPOHHBIX PagHOCHCTEM
nepenavyn HHGOPMaLKH IOAPa3yMeBaeT MHOKECTBO Ppo6JieM [iepefi BHEAPEHHUEM B dKCIUTyaTal o, Heo6xonuMocTs pa3paboTku
CTeH/Ia TOJIYHATYPHOI'O MOJE/IMPOBAHMs ACUHXPOHHBIX PaJUOCUCTEM Mepefayr HHPOPMALMHU SIBIISETCS aKTyalbHOU 3afadvel,
TaK Kak [103BOJIUT 06eCIeYUTh CHIDKEHHE 3aTpaT Ha pa3paboTKy 3a CYeT CBOEBPEMEHHOT'O BbIsIBJIEHUS U yCTPaHEHUsI HELOCTATKOB
panguocHcTeM Ha ararne ucnbeltaHud. Llenb paboTsl 3aKIoyaeTcs: B pa3dpaboTke MaTeMaTHYECKOIO ONMMCAHUS 3alIPOCHOTO KaHaaa
CTEH/Ia MOJYHATYPHOTO MOJENUPOBaHHUs, $OPMHUPYIOLIEr0 CUTHAIBHO-TIOMEXOBYI0 06CTAHOBKY, KOTOpPAsl YYUTBHIBAET CBOWCTBA
pacnpocTpaHeHHs pagUOBOJIH, @ TAKXKe BO3IeHCTBHUs PA3IMYHbBIX BUAOB ToMeXx. MeTonbl. B nanHoM pa6oTe GbUIH HCIOIB30BAHBI
aHAJTUTUYEeCKHUe METOMBI [JIsl OTyYeHHs! Pe3yIbTUPYIOIINX BbIpaXkeHHH ob1ero Buna. Pe3ynbprarel. [TokazaHo MaTeMaTHYeCKOE
ONnMCaHHe TaKUX IPOLECCOB, KaK BHYTPHUCUCTEMHBIM MTOTOK 3alPOCHBIX CUTHAJIOB M IIpeJHAMEpPeHHas [IOMeXa, a TakXke IO
[OJIy4€HHBIM Pe3yJIbTaTaM I[PeJIOKEHbl CTPYKTYPHBIE CXeMbl 1l GOPMHUPOBAHHUS YKa3aHHBIX THIIOB MOMEX. 3aK/IIOYeHHE.
[TosyyeHHbIE PE3YNIBTATHl MOTYT ObITH MCIONB30BAHBI ISl IOCTPOEHUS CTEH/A MTOTyHATYPHOTO MOJEIHPOBAHUS ACUHXPOHHBIX

pafuoCHCTEeM Nepefady HHPOPMAIHH.

Kniouesvie cnosa - cteHp, TIOJTYHATypHOI'O MOJE€JIMPOBAHMA; BHyTpHCHCTeMHbIﬁ IIOTOK; IpefHaAMEepEeHHAaA romMexa.

BBenenue

IMpu paspaboTke aCMHXPOHHBIX PALUOCUCTEM Tie-
penayu MHGOPMALMU OJHUM M3 HEOOXOAMMBIX 3Ta-
OB SIBJISIETCSl IPOBefEeHHE HATYPHBIX MCIIBITAHUU
W3MIeNTUH, B XOe KOTOPBIX B 3aBUCHUMOCTH OT CJIOXK-
HOCTH HCIBITBIBAEMBIX CPELCTB, YCIOBUH U 06'bEMOB
HCIBITAHUH MOTYT MOTPe6OBATH 3HAYMMBIE BPEMEH-
Hble W MaTepuasibHble 3aTpaTbl. OOHUM K3 MeETO-
LOB, MO3BOJISIIOIUX COKPATUTH YKa3aHHbIE 3ATPATHI,
SIBIISIETCSI CO30AHUE CTEHA MOJIyHATYPHOTO MOJETH-
poBaHMs. Takol CTeHA MO3BOJISIET YYUTHIBATH CBOM-
CTBa PaZMOBOJIH U OCOOEHHOCTH HMX pPacnpocTpaHe-
HUsl, 4 TaKXKe MapaMeTphl MOMeX, BO3LeUCTBYOIINUX
Ha pagUOTIPUEMHBIA TPAKT CPENCTB PagUOCHUCTEM.
Co3pmaHue CTeHAa TOMYHATYPHOTO MOZLETUPOBAHUS
TpebyeT pOPMUPOBAHUSI MEPEYHS] MOLEIEH, YIUTHI-
BAIOIIKMX CJIOXHBIE YCIIOBHsI PaCIpOCTPaHEHUs pa-
OUOBOJIH, BOSHUKAOLINE [JISI CPELCTB PATHOCUCTEM,
HAXOISLIUXCS B PA3JIMYHBIX cpefax. Cpefu TaKUX MO-
meJel ciiefyeT 0CO6GeHHO OTMETUTD:

- MOZENH PacrpoOCTpPaHEHUs] PALHUOBOJH HAL MOpP-
CKOU MoBepxHOCTHIO [14-16; 18];

- MOIETH OTPAKEHUST PAOHUOBOJIH OT BPAIIAIOU[UX-
cst BUHTOB BepTosera [7-11];

bytkevic@mai.ru (Bymkesuu FOpuii Pydonsdosun)

- MOMENH PaclpoCTPpaHeHHUs PagHUOBOJIH B TOPOZ-
cKo# MecTHOCTH [19-23];

- MO/Ie/IH OTPaskeHHUsl PaJUOBOJIH OT TYpOUH camo-
nera [12; 13];

- MOJENIM paclpOCTPAHEHUST PAJMOBOIH HAJl 3€M-
HOM MOBEPXHOCTHIO, BKJIIOYast JecHywo [17; 24-28].

PazpaboTka cTeHOa MONYHATYPHOTO MOJEIHPOBa-
HUSI ACHHXPOHHBIX PAJUOTEXHUYECKUX CUCTEM Iepe-
nadu HHGOPMALMH C BO3MOKHOCTHI0 pOPMUPOBAHUSI
Pa3UYHBIX BULOB ITOMEX U MOJENIHPOBAHUEM YCIIO-
BUM pacnpocTpaHeHus (oTpakeHue, UHTepepeH-
s, nupaKius, peppakius) paguoBOIIH ABISIETCS
aKTyaJbHOU 3amavyel, TaK Kak 06eCIeYuT CHUXKEHNE
3aTpar Ha ararne «pa3paboTku». Takol CTeH[ MO3BO-
JISIeT CBOEBPEMEHHO U OTIEPATUBHO BBISIBUTD U yCTpa-
HUTh HENOCTATKH Ha aTame «pa3paboTKu». ACHH-
XPOHHBIE PATHOTEXHUYECKHE CHCTEMBI MEepefadu
nHGOpPMALIMK B3aUMOJEUCTBYIOT 4epe3 3alpoCHbie
U OTBETHBIE KAHAJIbI, OTIMYAIOL[HNECS TUIIAMH Iepe-
maBaeMol MHPpOpPMALMU, METOAAMHU pa3aeneHus a6o-
HEHTOB, BUOAMU MOAYJISALUU U Ap. B nanHou pabore,
BBUY OTpaHHUYeHHH Ha 00beM MaTepHasioB, Oymer
PacCMOTPEH TOJIBKO BOMPOC pa3paboTKH MaTeMaTH-
YEeCKOTO OMKCAHUsI 3aIPOCHOr0 KaHAJIA CTEH/Ia MOy~
HATyPHOT'O MOMEIMPOBAHUSI.

© Byrtkesuu 10.P., JlTorunos C.C., Apynnun P.P.; 2025
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Llens paboTel 3aKi4aeTcss B pa3paboTke Mmare-
MaTHYeCKOTO OMHCAaHMS 3alPOCHOrO KaHajaa CTeHAa
MOYHATYPHOTO MOMETUPOBaHUs, (GOpMHUPYIOLIErO
CUTHAJIBHO-TIOMEXOBYIO 06CTAHOBKY, KOTOPast yYUThI-
BaeT CBOWCTBA PacCIpOCTpPaHEHHUsl PafUOBOJIH, a TaK-
K€ BO3[eNUCTBUsI PA3INYHBIX BULOB IOMEX.

BagayamMu paspabaThIBAEMOro CTEHAA MOJYHATYP-
HOTO MOJIEJIUPOBAHUS SIBIISIIOTCSL:

- $opMHUpOBaHKE BHYTPUCUCTEMHOTO MMOTOKA CHT-
HAJIOB [I/I51 3aIIPOCHOTO M OTBETHOT'O KAHAJIOB CBSI3H C
3a[JaHHBIMHU BEPOSITHOCTSIMHU PACIpPefesIeHUs aMIUIU-
TYLHBIX U BDEMEHHBIX [1aPAMETPOB,;

- MO[EeNMPOBaHME YCIOBUH PACIPOCTPAHEHUs pa-
[OHOBOJIH 3alIPOCHOTO U OTBETHOI'O KAHAJIOB;

- dopMHpOBaHMe NpefHAMEPEHHBIX [TOMEX C 3a-
AaHHBIMU pacopenejeHusaMu aMIUIUTy[d U (1)33 OJIs
0601X KaHaJIOB.

YuuThIBast IOCTAB/IIEHHBIE ME€PEM CTEHAOM 3aJadyH,
HA IIEPBOM JTAlle ero CO3LaHUs HeoOXOOUMO pa3pa-
60TaTh MaTEeMaTHYECKYI0 MOMENb YCIOBHH, BOCIIPO-
H3BOLAUMBIX CTEHIOM.

MaremaTu4eckast Mofelb 3allPOCHOTO
KaHa/Ia CTE€H/ia OJIyHATypHOIO
MOJeTMPOBAHMA ACHHXPOHHBIX

pagHocHucTeM mepenayu HHGOpMaALUH

CUrHaIBHO-IIOMEX0Basi OOGCTAHOBKA 3aMPOCHOIO
KaHaJla XapaKTepu3yeTCsi BHYTPUCUCTEMHBIM IIOTO-
KOM U MpefHaMepPEeHHbIMU TIOMEXaMH.

BuyrpucucremHusiii norok (BCII) mpexcrasmsier
cobol uMHTAIMI0 PaboThl KOMIUTEKCa pa3pabaThiBa-
€MBbIX aCHHXPOHHBIX PaJHOCHCTEM Mepefadu uHdop-
Malnuu. DTO BBISIBUT BO3MOXHOCTH PaboOTBl OJHOU
papuocucTeMbl Ipyu GpYHKIIHOHUPOBAHUHU UX MHOXe-
CTBa B OJJHOM pajJlMOKaHae.

[IpenHaMepeHHbIE MTOMEXH MPENCTABISIOT COOOH
pasHoo6pasrie BO3MOXHBIX [TOMEX, BO3JEHUCTBYIOIIUX
Ha pa3pabaThIBaeMyI0 CHCTEMY B pafiiOKaHaJIe, TAKUX
kak XUII - xaoTuyeckass UMIyJIbCHas IOMeXa, LyMO-
Basg oMexa U Ap.

1. [nsa pereHus: 3apayu GpOPMHUPOBAHUST BHYTPH-
CUCTEMHOTO MOTOKA 3aMPOCHBIX CUTHAJIOB PACTIHIIEM
KOMIUIEKCHYIO OTHOAOILYIO0 3aPOCHOr0 CUTHAIA [JIst
HEeNpepbIBHOTO BpeMeHH (1):

U ()= A(e)s(t)e), (1)
rae A(t) - unpopMaLUOHHAS YACTh 3aMPOCHOIO CHUT-
Hasna ¢ GUKCUPOBAHHOU aMIUTUTYHOM; S(t) — U3MeHsI-

OIAsACS aMIUINTYAa 3alpOCHOro curHana; o) -
¢dasa 3anpocHOro cUrHana.

[TpencTtaBuM HHGOPMALUOHHYIO YACTH 3APOCHOTO
CHUTHa/IA B JUCKPETHOM BpeMEeHHU:

N3C
a[nT] = ZA[nT], (2)
n=0

rue T - mepuopn nuckpetusanuu; N, . - KOIHUYECTBO
OTCYETOB B OJHOM 3alpPOCHOM CHUTHAJe; N — HOMep
oTcdyera. Torma KOMIUIEKCHAs Orubarinas 3ampocHo-
ro CUrHajia B JUCKPETHOM BPEMEHHU 3aMUCHIBAETCS B
BUIE

U,[nT] =8, [n7 ] a, ] = 3)

=(S; [nT] cos((pi [nT}) + jSisin(q)i [nT}))Ai [nT} ,
rge i - HOMep 3ampoCHOTO CUTHAla B IOTOKE;
Sai [nT] - cryyaliHas aMIUTUTY/[A 3aIPOCHOTO CUTHA-

na; @ [nT] - ciay4yaiiHas $asa 3ampoCHOro CUrHAmA.

PacnuuieM KOMIIEKCHYIO aMIUTUTYLY CYMMBI 3a-
MPOCHBIX CUTHAJIOB [IJIs1 KAXK/[OTO BPEMEHHOTO OTCYe-
Ta n (4):

U[nT]= ZUi [(n+k)T]= (4)
isi [(n +k; )TJcos((pi [(n+ki )T])Ai [(n +k; )TJ +

+ jZSi [(n+ki)T]sin((pi [(n +k; )T])Ai [(n +k; )TJ,

roe M - KOJMMYeCcTBO CKIIABIBAEMBIX IIOTOKOB 3aMpPOC-
HBIX CUTHAJIOB; k; -~ BpeMeHHas 3aJiepXKa i-To 3ampo-
CHOT'O CUT'Haja.

B pesynbraTe BHYTPUCHUCTEMHBIA MOTOK 3ampo-
CHBIX CUTHAJIOB OIMHUCBIBAETCS CIIEAYIOIUM BhIpaske-
HueM (5):

o M
Uy[nT]=>"S0; [ (n+k)T], (5)
n=0i=1
[nst dopMupoBaHUsi BHYTPHUCHCTEMHOTO MOTOKA
3alpOCHBIX CUTHAJIOB COIIACHO BbIpaxkeHHIo (5) pas-
paborana cxeMma, npefcTaBieHHas Ha puc. 1. Januas
cXeMa M03BOJIsieT CHHTE3UPOBATh BHYTPUCUCTEMHBIN
[IOTOK C Tpe6yeMBIMH XapaKTePUCTUKAMH pacrpese-
JIEHUH aMIUTUTYL U BpeMeH GOpMHUPOBAHUS 3aIIPOC-
HBIX CUT'HAJIOB.
HaumeHnoBaHHe U Ha3HAYeHHE npencTaBI€HHBIX HA
cxeme (puc. 1) ycTpOHCTB U 6J10KOB:
1) TIICY - reHepaTOpbl NCEBIOCTYIAHHBIX YHCEL.
B ocHoBe mnpemaraeMoro CcTeHAa IOJYHAaTypHOT'O
MOJETMPOBAHUSl U MaTeMaTUYeCKUX MOfeled uc-
MOJIB3YIOTCSI TeHepaTOphbl ICEeBOOCIyYaWHBIX YHCell
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Puc. 1. Cxema GOpMUDPOBaHHS BHYTPUCUCTEMHOTO MOTOKA 3aMPOCHBIX CUTHAIOB
Fig. 1. The scheme of formation of the in-system flow of request signals

17y

7Y

[peod: pacrp
="y I &
417#/0( a iL [05‘/@/ ..37/7/4”/
/Jpead; pacrp Mod W
= 9P U | p—
e = aMi rgl y

ex @

N—

Puc. 2. PopmupoBaTens npefHaMepeHHbIX moMex, rae YOI - yerpoicTBo popMupoBaHus [HPOBIX MOCIEL0BATEIBHOCTEH
Fig. 2. Intentional interference generator where Y®IIII is a digital sequence generation device

(TTICY) Ha OCHOBE HHUCKPETHO-HEJTUHEWHBIX CHUCTEM
C XaOTHUYECKOU MUHAMHKOM, a Tak>Ke TPAgULUOHHbIE
reHepatopbl Ha ocHoBe TOCT P MCO 28640 - 2012.
[Moppo6HBIN aHanu3 ¥ GOPMUPOBAHME YKAa3aHHBIX
IICEBOOCITyYalHBIX I10CIe0BATEIBHOCTEN MpenCcTaB-
neuHsl B paborax [1-6];

2) Bnoku npeo6pasoBanus pacupenenenus Ulexp
dopmupyior pacnpenenenue us I'TICY B aKCIOHEH-
[[MaJbHOEe BPEMEHHOE paclpefeseHHe HHTEPBAIOB
Me>K/y CUTHAJIaMH, BMECTO JAHHOTO IIPe0bpa3oBaHusl
[PU NPOEKTHPOBAHUHU PEATbHBIX CTEHIOB BO3MOXHO
HCII0JIb30BaHHE U IPYTUX TUIIOB IPe0bpa3oBaHU;

3) YOUII - ycTpoiicTBo GOPMHUPOBAHUS HMITYIIbC-
HBIX IOC/efoBaTeNbHOCTeH. [lpenHasHaYeHO st
omnpe[eNieHust pexXXuma paboThl «Koepa/neKoiepa uH-
dopMmanuu» ¢ TPUITEPOM 3AMYyCKa OT MpPeABIAYLIErO
6J10Ka;

4) Kopep/mekomep uupopmanuu - wudpymouiee/
peurdpyoiiee ycTpoucTBO, GOpPMHUpYIOILLee 3ampoc-
HBIU CHUTHAT,

5) AL - ananoro-uu¢poBoii npeobpasoBaTeib;

6) Tlpeo6pasosatens pacupenenenus U/R ¢opmu-
pyet pacnpepnenenve us I'TICY B 3amaHHOe aMIUIU-
TYOHOE paclpee/ieHre CUTHAJIOB, HAIIPUMED B pac-
npenenenue Panes u Paiica [1];

7) Bnok MOpynsuMH aMIUIMTYABl IIpefHA3HAYeH
st GOPMHUPOBAaHUS aMIUIUTYLHOTO PACIpPefeNIeHuUs]
u popmuposanus I/Q-cocrasnsowmeit [29; 30];

8) Broku sin(p), cos(p) ¥ yMHOXHUTENIH COBMECT-
HO 6rmokamu T[TICY dopmupywT crnyvaiinyio ¢pasy
BHYTPHUCHUCTEMHOTO IMOTOKA.

MopenupoBaHue YCIOBUU PaclpOCTPAHEHUS pa-
OUOBOJIH OCYLIECTBIIsieTCA B LUPOBOM BHME MOCTE
aHanmoro-uudppoBoro mpeobpasoBaTessi 3aMpPOCHOTO
curtana or 6a30BOr0 CpenCTBa PafgOCHUCTEMBL. DTO
[03BOJISIET UCIOIB30BATh 'OTOBBIE MOMENH PAaCIpO-
CTpaHEHHs paJUOBOJIH, OIIMCaAHHBIX BO BBEAEHUU.

2. [Insa pewenus 3agadyu GpoOpMUPOBAHUS UMITYIIbC-
HBIX [TOMEX, IPEeJCTABUM KOMIUIEKCHYIO OTUGAIOLIYIO
CyMMapHOI‘/JI IIOMEeXH [OJid Ka>XOaoro BpeMeHHOFO oT-
cuera (6):

M

n

= i ZWI [(n+k)T]= 6)

n=0 ]=1

B (k)T )R

roe Vl[nT] -
nomexu; B[nT| - 3akoH u3MeHeHHs MHPOPMAIMOH-

&Mﬁ

MHOXUTEIb, y‘-II/ITbIBaIOH.II/II‘/i AMIIIUTYAbL

HOU cocTaBnsioliel nomexu; T — MepUOR OUCKPETHU-
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3allMM; N - HOMep OTCcYeTa; M, — KOJIHUYeCTBO TOMeEX;
k, - BpemeHnHas 3anepxkka [-if momexw.

CornacHo BblpaXkeHHI0 (6) pagpaborana cxema ¢pop-
MUpoOBaTesid NpeJHaAMEPEHHDBIX ITIOMEX, IpeACcTaBI€H-
Hasl Ha puc. 2.

Ha puc. 2 ornuune 61oka YOIII ot YOUII, peanu-
30BaHHOTO B $OPMUPOBaTEIIE BHYTPUCHUCTEMHOIO O~
ToKa (CcM. puc. 1), B TOM, 4TO JaHHBIN 6710K GOpPMHUpPYeT
3alaHHYI0 CTPYKTYPy IIOMeXU B LHPPOBOM BHIE.

OG6i1nee BBIpaskeHHE OJIT MATEMATUIECKOM MOMENH
3aIIPOCHOTO KaHaJIa CTEHAA [ONyHATYPHOT'O MOJENH-
POBaHMS aCHHXPOHHBIX PafiOCHUCTEM Iepefadn MH-
dopMauuu NpeCTaBsAETCs B BUIE

y(e)= [ h(e)x(e=r)dr+ Uy (6)+ W (o),

rae h(t) - uMnynbCcHast XapaKTePUCTHKA PaJHOKAHANA,;

7)

x(t) — OCHOBHOM 3aIpPOCHBIM CUI'HAJ CHCTEMBI OT 6a-
30BOTO Mopenupyemoro cpeacrsa; Us(t) — cymmap-
HBIH BHYTPUCUCTEMHBIM IIOTOK B 3alIpOCHOM KaHale;
W(t) - npenHamMepeHHBIE TIOMEXH.

[TpencraBUM BhIpaskeHUe 7 B AUCKPETHOM BHJE!

if]=3

c

> h[nT]x[(n-KIT]+

)

M "k M,
+>7, [(n+k)T ]+ ZZ:W,[(n +k)T1],
i=1 =1

rae T - nmepuon puckperusaunu; h[kT] - muckpetusu-
pOBaHHas UMITYIbCHASI XAPAKTEPUCTUKA pafiioKaHa-
na; X[nT] -IMCKpeTU3UPOBAHHBIN 3aIIPOCHBIM CUIHA,
U[nT] - muckpeTusupoBaHHas IMOC/IEI0BATEIbHOCTD
BCII 3C; B[nT], V[nT] - nucKkpeTH3HpOBaHHAS TIOCTIE-
[OBATENbHOCTD NPeHAMEPEHHOU ITOMEXH.

3ak/io4YeHHue

TakuM 06pa3oM, B pe3ynbTaTe aHaju3a 3ajad,
CTOSILIUX Iepef CTEHAOM IOIyHATYPHOI'O MOJENH-
poBaHUs yCIOoBUH (GYHKIMOHHPOBAHUS 3AIPOCHOIO
KaHajla aCHHXPOHHBIX PaJUOTEXHUYECKHUX CUCTEM IIe-
penauyn nHGOpMALNU pa3paboTaHa MaTeMaTHIeCKas
MOJe/Ib COCTaBHOM 4acTu cTeHAa. IIpemcraBreHHas
MOJe/Ib MO3BOJISIET BOCIPOU3BOAUTD YCIOBUS QYHK-
LMOHUPOBAHUS ACHHXPOHHBIX PaJUOTEXHHYECKUX
CHCTeM, BKJIIOYasi BHYTPUCHUCTEMHBIE, IIPelHAMEPEH-
Hble NOMEXHM M YCJIOBHsI PaclpOCTPaHEHHs pajuo-
BOJIH B 3alIPOCHOM KaHaje. Ha oCHOBe NprBefeHHBIX
BBIpaXKEHUH MOXeT ObIThb cGOPMHUPOBAHO OMHUCAHHE
OTBETHOrO KaHaja CTeHAa I[OIyHATYPHOIO MOMENH-
POBaHHs, YTO MMO3BOJISET IPUCTYNUTh K CHHTE3y €ro
CTPYKTypbl Ha OCHOBE COBPEMEHHBIX MPOrPaMMHO-
onpefensieMbIX CPEICTB BEIYUCIUTENBHOM TEXHUKH U
HM3MepeHUH.
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Abstract - Background. The article is devoted to the mathematical description of the stand for semi-natural modeling of
asynchronous radio information transmission systems. Currently, the development of new asynchronous radio information
transmission systems involves many problems before commissioning. The need to develop a stand for semi-natural modeling
of asynchronous radio information transmission systems is an urgent task, as it will ensure a reduction in development costs
due to the timely identification and elimination of shortcomings of radio systems at the test stage. Aim. The purpose of the
work is to develop a mathematical description of the query channel of the semi-natural modeling stand, which forms a signal-
interference environment that takes into account the properties of radio wave propagation, as well as the effects of various
types of interference. Methods. In this work, analytical methods were used to obtain the resulting general expressions. Results.
A mathematical description of such processes as the in-system flow of request signals and intentional interference is shown,
as well as structural schemes for the formation of these types of interference are proposed based on the results obtained.
Conclusions. The obtained results can be used to build a stand for semi-natural modeling of asynchronous radio information
transmission systems.

Keywords - semi-natural simulation stand; in-system flow; intentional interference.
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BeruuciaurenbHass MOAeNnb oleHKH 3¢ PpekTUBHOCTH
CHCTEM MHOTOYACTOTHOW UPPOBOM PaTHOCBA3ZU

B.II. IJeemos ®, A.B. I'padkun, A.C. JTykanos

CamMapcKui HaLIMOHAJIBHBIN HCCIIeJ0BATEIbCKUN YHUBEpCUTET nMeHH akagemuka C.I1. Koponesa
443086, Poccus, r. Camapa,
MockoBcKoe mocce, 34

Annomayus - O6ocHoBaHMe. Pa3BuTHe COBPEMEHHBIX GeCIPOBOJHBIX CHCTEM CBSI3M BO MHOTOM OGYCIIOB/IEHO UCIIOIB30BAHHEM
MHOTOYACTOTHBIX CHTHAJIOB B KadecTBe ¢yHKUUH-HOCHTeNeH WHPOPMALMK, KOTOPBIMU ONHUCHIBAeTCsl (GU3UYECKHI
KoJie6aTeNbHBIA MPOLECC, BBICTYNALWIMNE HOCHTeleM WHPOPMAaLMK TPU ee Nepefadye Monydareso. FIMEHHO Takue CHCTEMBI
PafuoCBsI31 MIO3BOJIMIM CYLIECTBEHHO YBETUUYNUTh CKOPOCTDb 6€CIPOBO/IHOM Mepefayy AaHHbIX, B TOM YHCJIe B CJIOKHBIX YCIOBUSIX
MHOT'OJIY4eBOT0 pacrpocTpaHeHus pagrocuruana. OfQHON U3 3ajia4, HANPABIE€HHOM Ha IPOEKTHPOBAHKE U pa3paboTKy CBA3HOM
panuoannapartypel, sBAsSETCs MpPefABAPUTENbHAsA OLEeHKA ee d9$PEKTUBHOCTH C TOYKU 3PEHHUs UCIOIb30BAHUS BBIJEIEHHBIX €M
pecypcos. Llenb. B ctarbe onucHIBAIOTCS MaTEMaTUYeCKas MOJEb CHCTEM MHOIOYACTOTHOM 1M POBOH PafMOCBA3H U APXUTEKTypa
NpOrpaMMHO-ANNapaTHONH IIaTGOPMBI, CHELUAIbHO pPa3paboTaHHOM [JIs HCCIEeNOBAHMs TaKMX BakKHBIX XapaKTePUCTHK
6€eCIPOBOIHBIX CHCTEM, KaK HHPOPMALMOHHAsS U dHepreTudeckas d¢pdexkTnBHOCTH. MeTombI. B 0CHOBE MaTeMaTHYeCKOM MOEH
JIe3KaT METO/bl TeOPUHU [MIB6EPTOBBIX MPOCTPAHCTB M TeOPUH HHGOPMALIMH, €€ YUCTIEHHAs Pealu3alisl 03BOJISIIOT YIUTHIBATE
9HTPONHUIO MUCTOYHHUKOB COOOIIEHHH, CIIEKTPaIbHble XapaKTEePUCTHKH IIOJI€3HOI0 CHUTHAJA M MOMEeX, OTHOIIEHHE CHTHAJ/IIYM
U T. 1. PesyapTarel. B craTbe MPUBOAATCS PE3yNbTaThl YUCIIEHHBIX SKCIIEPUMEHTOB 110 CPAaBHEHUIO 3PPEKTHUBHOCTH CHCTEM
PafnoCBsI31, IOCTPOEHHBIX HA 6a3e MHOrOYaCTOTHBIX CUTHAIIOB ¥ MHOT'OMO3UIMOHHON AUCKPETHON aMIUIUTYAHON MOAY/ISILIUH,
[OEeMOHCTPHUPYIOLIe BO3MOKHOCTH pa3paGoTaHHOM porpaMMHo-annapatHod miatdpopmbl. 3akaoyeHue. [locTpoeHHas MOLENb
oueHKH 9PPEKTUBHOCTH CUCTEM MHOTOYACTOTHOM LUPPOBOM PafiMOCBA3H U €€ peajusalus MO3BOJIAIT aBTOMATH3UPOBATH
[POLIECC AHANN3A XaPAKTEPUCTUK GECIIPOBOAHBIX CHCTEM CBS3H.

Kniouegble cnosa - CHCTEMBI MHOIOYAaCTOTHOM LHUPPOBOM pamvoCBsi3d; KBafpaTypHas aMIUIMTyQHAs MOMYJISILUS,
uHpopmauronHas 3GpPeKTUBHOCTD; SHepreTryeckas 3¢pPpeKTHBHOCTD; MATEMATHYECKOE MOLEIUPOBAHHUE; YUCIIEHHBIE METO/BI;

I/IH(])OpMaL[I/IOHHbIe CHUCTEMBI; 6a3bl HAaHHBIX.

BBepenue

B 0CHOBe apxXHUTEKTYPBl COBPEMEHHBIX [TPOBOLHBIX
U 6eCpOBOAHBIX CUCTEM CBS3U JieXaT WHPOpPMALK-
OHHbBIE TEXHOJIOTUU KOAMPOBAHUS U 06pabOTKHU [JaH-
HBIX, YTO MpPeAIoJaraer IIHPOKOe HCIOIb30BaHUE
MaTeMaTHYeCKUX METOOB U 3P PEKTUBHBIX AJITOPUT-
MOB HX pealn3aluy CPeACTBAMU BBIYHCIIUTEIHHOU
TexHUKH. OTHOBPEMEHHO C 3TUM pa3paboTKe MOL06-
HBIX CHCTEM MpPEUIECTBYeT ITAll MAaTEMATHIECKO-
ro MOJENUPOBAHUS U YHMCIIEHHBIX IKCIEPHUMEHTOB,
KOTOPBIN MO3BOJISIET UCCIENOBATh X 3HAYHUMBIE Xa-
PAKTEPUCTHKH B 3aBUCHMOCTH OT M3MEHEHHs mapa-
METPOB CPefbl PACHPOCTPAHEHHUsI CUTHAIOB 6€3 mpo-
BeJIeHUs JOPOTOCTOAIIMX HATYPHBIX SKCIIEPUMEHTOB.

B mHacrosiiee BpeMsi IIHPOKOe paclpoCTpaHe-
HUE MONYYU/IA CUCTEMbBI PASUOCBSI3U, MOCTPOEHHBIE
Ha 6a3e MHOTOYAaCTOTHBIX cUTHasnoB (ganee - MYQC)
Y MHOTONO3MIIMOHHOM AUCKPETHOH aMIUIMUTYAHOHU
Monynsauuu (ganee - MIOAM) [1-3]. imeHHO Takue
CHUCTEMBI MO3BOJIMJIA CYILECTBEHHO YBETUYHUTH CKO-
pocTh 6eCpOBOMHON Tepenayy NaHHBIX, B TOM YHC-
Jie, B CJIOXHBIX YCJIOBHSX MHOTOJYYE€BOrO Paclpo-
CTpaHeHHs CUTHaA.

las15@mail.ru (JTykanoe Anexcandp Cepzeegu)

Marematndyeckue mopmenu MYC-MIOAM cucrem
PagHOCBsA3M OMUPATCS HA TeOpUio [HUIbO6EPTOBBIX
$YHKIUOHANBHBIX MPOCTPAHCTB, a TakKXe EBKIULO-
BBIX ITIPOCTPAHCTB IIPU MOCTPOEHUHN KOLEPOB U AEKO-

nmepoB KaHana [4-8].

1. O61mas MmaTeMaTu4ecKass MOIeIb
MYC-MIOAM cucreMm paguocBs3yu

1.1. Ompemenum ucmounuk JUCKPEMHbIX CO06weHull

c andaButom A = {al,..,am}. O603HaYUM
AN:{w:oc~ o .0 ‘o& eA,keO..N—l}
bl W]k

- MHOXeCTBO cjioB yinHbl N Han andasutom A. Ilon
OUCKPETHBIM COOOIIEeHNEM MOHUMAETCsI TTPOU3BOJIb-
HOE CJIOBO W =0; O; .. O e AN,

0 1 N-1
O61ee KoM4ecTBO CIOB UIMHBI N Haj andaBUTOM

N
A, T. e. MOIIHOCTh MHOXeCTBa AN = |A| =mV.

O603HayuM p,, - BEPOSATHOCTb MOSABJIEHHA CO06-

meHuda w=a; a; .. o; . SaMeTI/IM, 49TO €CJIu BCe
0 "

CHUMBOJIBI aJ'I(baBI/ITa (Xi € A HUCTOYHHKA HUMEIOT paB-

HYIO BEPOATHOCTD IIOSIBJIEHUA B COOGHIEHI/IHX pq‘ =
i
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=py, =1/m, To u Bce coobmeHus w; € AN paBHOBe-
N
POSITHBI € BEPOATHOCTBIO Py, = P, =1/m".

1.2. OmpepenuM mnapaMeTpHUYecKoe cemelicmso

N-1 2
foo @ THe silo,t) e L [O,T],

MpU JTIO6BIX te[O,T], aeA= {(X1,..,am}. CurHa-

cuenanos S, = {sk(a,t)}

7Bl S (0L, t) CIUTAITCSA THHEHHO He3aBUCUMBIMH U UX
MPUHSTO HA3BIBATH NOOHECYWUMU.

B Tex cnywasix, Korma mpu JOObIX o€ A=
:{oc],..,ocm} MOJHECYLIHe CHUTHANbl CEMENUCTBA MO-
MapHO OPTOTOHAIBHBI B CMBIC/IE CKAJISIPHOT'O MPOU3-
BelleHUSs B ? [O,TJ, ceMelicmgo HA3blBAEMCI OPMO20-

HanvHuM. [TocnenHee O3Hay4aeT, YTO

} (005 (=] T
Sk a,tsk a,t t=
5 1 2 0, k;#k,.

OpToroHasipHble CUTHAJAbl HE OKAa3bIBAIOT B3aUM-
HOTO BIIUSIHUS NIPU UX IIpUeMe.
1.3. Ompenenum kodep KaHALA KAK OTOOPaKeHHE
N-1
s, ()= Z Sk(aik ,t)e I [O,T].

k=0

w=0ao;: . ..0L:
b b INa

WNHuTepBan [O,T] Ha3bleaemca UHMepsanom Onu-
MenbHOCMU CUHANA
N-1

s (€)= Zsk(aik,t).

k=0

O6osHauum S, = {sw

WEAN} — MHOXXECTBO Ka-

HaJIbHBIX CUTHAJIOB. BepOﬂTHOCTb IIOsIBJICHHW A B KaHa-
Jie CUIrHajia Sw(t), B paccMaTpHBaeMoOM ciiydae, GYIleT
COBIIAaTh C BEPOATHOCTBIO P, . MHOXeCTBO

Sp ={[SW’pw}

6y£[eM Ha3bIBATb AHCAMONIEM CU2HANO8.

weAN}

CurHan s (t) MCIONMB3YIOT IS MOIY/IALMHU BBICO-
KOYaCTOTHOT'O, OGBIYHO [APMOHHYECKOI0, CUTHAIA C
4acTOTOH f,, KOTOPBIM MepeaeTcs B paHOKaHaN Ha
nepefamInell CTOPOHE ¥ LEMOAYIUPYETCS HA IIPHEM-
Hoi. [Tpu aTOM YacToTa f, > 102f6, e f, - BepxHAsA
rpaHuLa CIeKTpa CUrHana s, (t).

1.4. Onpepenum kanan ¢ addumughbim wymom Vv(t)
Kak oTobpaskeHue

sw(t)zgsk(aik,t)mw(t):
::]Z_;sk(aik,t)+v(t)eL2 0,17,

1.5. Omnpenenum dekodep KaHANA ¢ A0OUMUBHBIM ULy-
MOM KakK OTOOpaskeHue

N-1
S,y (t) = Z Sk (aik ,t)+v(t) P w = a§0a§1 ..agNil e AN,

k=0
C TOYKM 3peHHs HaeXXHOCTH U IPOCTOTHI TeX-
HUYECKOM peanu3anuu HauOONBLUIMK HHTEpecC A
Pa3paboTYHUKOB CBSIBHOU U pPagUOTEIEMETPUIECKON
aInmnapatypbl IPefCTaBIsIeT TEXHOJIOTHS OPTOrOHAIb-
Hbix MYC (manee - OMYC) ¢ mpuMeHeHHEM KBafpa-
TYpHOHM aMIUTUTYyRHOU Mopynsuuu (mamee - KAM) u
OUCKpeTHOTrOo npeobpasoBanus Oypre (nanee — AI1D).

2. MaremaTtnueckast mogeab OMYC-
KAM-II® cucteM paguocBs3u

Mopens OMYC-KAM-IOTI® cuctemMbl CBI3U SBIIS-
eTcs 4acTHbIM ciydaeM MYC-MJIOAM Mopenu ¢ an-
daButom A= {zl,..,ZZm} cC nu HZapaMETpI/I‘IECKI/IM
CeMeNCTBOM OPTOrOHAAbHBIX B L [O,T} MOoAHeCy-
LIUX TApMOHUYECKUX CUTHAJIOB

{ jZTLI(t}N_l
S,=lze T Ji_o.

KommnnekcHbie
jz = _1>
Batorcsi KAM-cuMmBoiIaMHu, a UX BeIIECTBEHHBbIE U

3HAYECHUA rge

x;,y; €ldiliel,..,m, meN,deR} Hasb-

zi:xi+jyieA,

MHHUMBbIE YacTH X; W y; 3a[0aIOT TaK Ha3blBaeMble
cuH(paA3HYI0 U KBAAPATYPHYIO COCTABIAIINE CHMBO-
710B. MowmHoCTh anipaBuTa A Ha3bIBAETCH NO3ULUOH-
Hocmbio KAM.
PaccMoTpum aTy Mofens 60see mogpo6HO.
Coobmenune, cocrosamee u3 KAM-CUMBOJIOB, KO-
oupyeTcsi HabOpOM KOMIUIEKCHBIX 3Ha4YeHUH Z =

:<Zio Zi]’”,ziN—l>, KOTOPBIN Ipeobpa3yeTcsi B Ipen-

CTaBJIEHHE€ KOMIIJIEKCHOT'O CUTHaJIa

N-1 j2mkt
s(t) = Z 7 € T =5 (t)+jSQ (t)
k=0

Ha MHTepBase [O,T} , Te

N-1
2mkt . 2mkt
S; (t) = Z{Xik COST_yik sin T ),

k=0
2nkt
—

Curzaner S;(t) u SQ(t) HCIIOJIB3YIOTCS IJIsI aMIUIH-

N-1

k
Sq (t) = Z(yik cos%+xik sin

k=0

TYLHOW MOAY/ISIIMU ABYX BEICOKOYACTOTHBIX HECYLIUX
CHUTHAJIOB COS fyt M sin fyt, cyMMa KOTODBIX 3aTeM
[0JaeTCsl B pafHoKaHal.

Ha npueMHON CTOpOHE MPOUCXOLUT AE€MOLYIISALHS
HECYLIMX CUTHAJIOB, Pe3y/IbTaT KOTOPOH C y4€TOM I10-
MeX MOET OBITh IPEACTABIIEH B KOMIUIEKCHOU popme
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N-1 j2mkt
§t=st+vt=z e T +v(t).
(€)= s(o) ()kozlk (¢)

HHH BOCCTAHOBJIeHUsA Z Ha HpHeMHOI’I CTOpPpOHE
NIpUMEHACTCA OUCKpEeTU3anusda CUrHasia o BPEMEH-
HBIM OTCUYE€TaM

t = Tn npu ne{O,l,..,N—l}:

" N
N-1 j2nkn
§n=§(tn)=s(tn)+v(tn)=sn+vn=ZZike N 4.
k=0

Ha6op 3sHauyenwuit S:<so,s],..,sN_l> TpaKTyeTCcs

Kak obpaTHOe guckpeTHOe npeobpasosanue Dypoe

N-1 j2mkn
2 ze N
k

n=0

ucxonHoro Habopa Z = <zio,zil,..,ziAH > B cBoto oue-

penb §=<§0’§1""§N—1> MO>KeT TPaKTOBAThCA KakK

o6paTHOe fucKpeTHOe npeobpasoBanne Oypbe

N-1 j2mkn
2 ge N

k
n=0

HeKoTOoporo Habopa Z = <Zio’2i1""ziw4 >, KOTOPBIH

MBI IPUHUMAEM 3a l'IpI/IGHI/I)KeHI/Ie K UCXOOHOMY 3Ha-

YeHUIo Z = <Zio>zil>"’ZiN71>' s HaxoxpmeHus Z po-

CTATOYHO MPUMEHHUTH MPSIMOE MaCIITAGHPOBAHHOE
npeobpasoBanre PDypre K S, BOCIOIH30BABLIKUCH

paBeHCTBAMHU
1 N-1 —j2nkn
~ik =—>»35e N npu ke{O,l,..,N—l}.
n=0

[ToHsTHO, YTO K3-32 BO3MEWCTBUSI [OMEX B 006-
meM ciy4yae Zik ¢ A, TI03TOMY pe3yJbTaTOM JeKO-

OUPOBAHMST CYUTAETCST HAbGOp Z’:<Z£0’Z£1""Z£N,1>’

67IM3KUH B TOM WM HHOM CMBbICIe K Habopy Z=

=<'z"i0,2i1,..,2iN_1>, B KOTOPOM BCe zlfk € A. [Ins Ha-
XOX[I€eHUsI Z' 9acTO MPUMEHSIIOT METPUYECKUN KPH-
Tepul «GIIUKANULIETO COCEnar.

TeM caMbIM B OCHOBE aJITOPUTMA [EeKOJAUPOBAHUS
nepefaHHblx KAM-cUMBONIOB J51eXXaT H3MepeHHUe
MPUHSITOrO CUTHAajIa Ha KOHEYHOM YHCJIe BPEMEHHBIX

OTCYETOB

n

t =%n npu ne{O,l,..,N—l}

U HAaXOXJEeHUE PeLIeHUs] CUCTEMBbl JINHEUHBIX ajre-
6pandeckux ypaBHeHul (ganee - CJIAY)

AynZ =S, (1)

KOTOpoe UMeEEeT BUL

L1 e -

7=—AunS, (2)
N NN

rue

k
ANN:(SI\?): e N

- KBaﬂpaTHaH ManI/IL[a HOpH,I:[Ka N, a
—j2nkn
*  _[.-nk)\_ N
ANN = (SN )— e

~ 9PMHTOBO CONpPsKeHHAs MATPHIA K MATPHIe Ay .
3mech U farnee /i MPOCTOTHI MATPUYHBIE 3aMUCH
CJTAY Bupa (1) 6ynyT 0603Ha4YaTh 3aMKUCH BUIA

T _ T
ANNZN = SN

re BepXHUU MHAEKC 0603HAYAET OMEPALUI0 TPAHC-
TIOHUpPOBaHUA.

Ha mpakTuKe, Ui BEIYHCIEHUSI Z OGBIYHO TpPH-
MEHSIIOT AJITOPUTM ObICTporo mnpeobpaszosanus Dy-
pee (nanee - BIID), KOTOpBIH PU 3aJaHHOM YPOBHE
MOMeX U MOAXOASIIEM BBIGOpE Iara KBAHTOBAHUsA d
B cMH)A3HOU M KBagpaTypHOU COCTAaBISIOIIEN KOxa
[I03BOJISIET BOCCTAHABIMBATE UCXOLHOE 3HAYeHUE Z
C NpUEMJIEMBbIM 3HaY€HUEM CpeIHEH BEPOSITHOCTU
omnboyHoro npruema ogHoro KAM-cumBona.

Bameuanue. O603HaueHHE
8];\? =e N
CBSI3aHO C TEM, YTO

j2n

ey =eN
- MepBOOGPA3HBIM KOMIUIEKCHBIH KOpeHb N-i cre-
neHu u3 1, To ecTp s% = (SN)N =1. Iloaromy npu
BBIYMCIEHUSAX YOOOHO II0IB30BATHCS CTEIIEHHBIMU
MpeACTABIEHUSIMU S"Nk = (SN>nk :(an)k A BCEMU M3-
BECTHBIMH MPAaBUJIAMU [AeUCTBUU CO CTEMEHSIMH.

Terepps pacCMOTPHUM, B HEKOTOPOM CMBICJIE ajlb-
TepPHATUBHYIO, TOJIBKO YTO PacCMOTPEHHOH, TeXHO-
soruto nocrpoeHuss MYC-MIAM cucremsl paauo-
CBsI3U, GOPMUPYEMOH rapMOHUYECKUMH CUTHATIAMU
Y 3aHUMAIOIIEeN MPaKTHYECKU Ty K€ MOJIOCY YacToT,
yro ¥ OMYC-KAM-IAIID-curHansl Ha UHTepBase
IJIUTETbHOCTU [O,T], HO MO3BOJISIIOIIEN ONIPENEeUTh
nepegaBaemMoe CoobIIeHNe [0 U3MEPEHUSAM CUTHAIIA
Ha IMOJIOBUHHOM HHTepBaje [0,T/2] IIpY INOMOUIU
YCTOMYMBBIX aITOPUTMOB. IIpu 3TOM MofLenb Kofepa
U leKofepa KaHasa 6yner 6asupoBarbces He Ha [JIID,
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a Ha [MCKPETHOM KOCHHyC-IpeobpasoBaHUU (ma-
nee - OKII) u cunyc-npeobpasopaunu (nanee — LCII).

3. Marematnueckast mogeab OMYC-
KAM-IOKII-ICII cuctem paguocBsi3u

Cuavana unpexncraBuMm KAM-coobuienue Z =
:<Zi VZi 5% > B BHJI€ CAMOCTOSITEIbHBIX HA60POB
0 1 N-1

cuHba3HBIX U KBaLPATYPHBIX COCTABISOMUX X =
:<xi0,xi1,..,xiN_]>, = <yi0,yil,..,yiN_1 >, B KOTOPBIX,
KaKk U paHee, X;,y; €idi|iel,..2mmeN,deR}=
= A’ c R. Onpenenum napaMmeTpudecKkre ceMeHCTBa
OPTOTOHATBHBIX B ? [O,T} MOHECYLINUX CUT'HAJTIOB

2nlk+1/2
S, =1xcos n( +/ )t
k=0
N-1
2n(k+1/2
uS, = ysinM
k=0

[Ipeo6pasyem Habopbl coobmenudt X

:<Xi0axila
oy X: Y =
b lN—1>)

. s oyeey Ve B CUT'HAJIbI
<y1,0)y11) ,le—l>

21r(k+1/2)t
T

27t(k+1/2)t
T

Ha WHTepBase [O,T/Z]. 3aMeTHUM, 4YTO OPTOrOHAJb-
HOCTb CHI'HAJIOB BHYTPH KaXK[OI'O U3 CEMEUCTB S, U
Sy COXpPaHUTCS B I [O,T/Z}, HO CHUTHAajbl U3 pas-
JINYHBIX CEMEMCTB yKe He OYOyT OPTOrOHATBHBIMHU.

Curzaner s, (t) u sy(t), Kak U mpexpe Oymem uc-
[I0JIB30BATh AJISI MOAYJISILIUU IBYX BBICOKOYACTOTHBIX
HeCYIIUX CUTHAJIOB COS fyt U sin fyt, CyMMa KOTOpPBIX
3aTeM IOJaeTCsl B paJOKaHal.

Ha npuemMHOH cTOpoHEe NPOUCXOOUT OEMOAYIISLUS
HeCYLIUX CUIHAJIOB, Pe3yIbTaT KOTOPOH C y4eTOM II0-
MeX MOXET GBITh IIpeficTaBlieH B popme

§X(t)=sx(t)+vx(t)=2xl cos kt+vx (t),
k=0
N-1

§y(t):sy(t)+vy (t): y; sin +v, (t)
k=0

s BocctaHoBneHus1 X U Y Ha MIPUEMHOU CTOPO-
He NIPUMEHHUM AUCKpPEeTU3alMI0 CUTHA/IA II0 BpeMeH-
HBIM OTCYeTaM

—

n

:%(n+1/2) npu ne{0,1,..,N -1}:

5 :§X(vn)=sx(tn)+vx(fn):5rxl+"er =
N-1 k+1/2 12

:in cosn( +/ )(n+/ )+VZ>
~ 3 N

4 :gy(tn)zsy(tn)+vy(tn):sr}:+v% =
N-1 k+1/2 1/2

=Dy sinn( +/ )(n+ / )+Vryz'
P k N

o _[x X X

Habop 3HavyeHud S, = <so,s],..,sN71> MOKHO
TpakToBaTh Kak [KII ncxomuoro Habopa X, a Sy =
=<sg,siv,..,sl{]_]> kak JCII ucxomuoro Habopa Y.
To >Xe OTHOCHUTCS U K UX NPUONIMKeHHBIM 3HAYEHUSIM
X, Y, S, Sy. ) i

[Mpubnuxenuss X u Y SBISIOTCS peIIEHUSIMHU
CJTIAY

ANNX =S, 3)
AGNY =8 (4)
roe
Ay = cos n(k+1/2)(n+1/2) |

N
AL = Sinn(k+l/2)<n+l/2)

N

- KBaJpaTHble CUMMeTpHUYeCKHe MaTPUIBI MOPsiKa
N.
3aMeTuM, 9YTO MaTPHUIBI

PAKIN _ \E (k+1/2)(n+1/2)
N N
\/%AI)\)IN =

— KBaApaTHbI€ CUMMETPUYIECKHUE YHUTAPHBIE MaTpU-

\/zsin n(k+1/2)(n+1/2)
N

N

ubl nopsinka N, To ecThb
2 % .x 2
— y y
FANNANN - NANNANN - ENN’
rae Eny - KBagpaTHas eqUHUYHAS MAaTPULIA MOPAA-
ka N, npuyem

/2 [2
det| .| =A%, |=det|,.[—A) . |=1.
N NN N NN

TakuMm o00pa3oM, NpUOIHMKEHHble K HMCKOMBIM
3HavyeHUsIM X U Y peleHUs X u Y CIIAY (3), (4)
C BBICOKOH CTeNeHbI0 TOYHOCTH MOIYT OBITH IOJIY-
YeHbl MyTeM NPUMEHEHMs] HU3BECTHBIX YCTOHYMBBIX
aJITOPUTMOB.
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PaccmoTpenHast Mofenb TpebyeT M3MepEHUsI CHUT-

HasoB s, (t), s (t) Ha BpeMEHHBIX OTCYeTax

y
[T T T}
hEl——=—"—=
4N 2 4N
rie T - [JIUTENBHOCTb AHAJIOTUYHOTO MO HHGOP-
MalMOHHBIM M CIEKTPaJbHBIM XapaKTepUCTHKAM
OMYC-KAM-OIIP-curHana, To €CTb NPaKTHYECKHU
BABOe (cO 3Ha4YeHUs In_1= T—-1/N po 3HauyeHUs
ty_1=T/2-T/4N) cokpamaer uHTepBan npuema/
nepefayu.
HamoMHHUM, 4TO CHIHaJlbl KaXKAOrO0 U3 CEMEWUCTB
S, wu Sy 0671a1a10T CBOHWCTBOM OPTOTOHAIBHOCTH,
9TO YCTpaHSIET MEXKaHAIbHYI0O UHTepPdEpPEeHIHI0 B

nepefaBaeMbIX COOOIIEHUSIX.

4. MareMmaTrtn4eckasi MOJeIb
oneHku 3¢ PpexTuBHOCTH MYUC-
MJIAM cucrem paguocBsa3u

[l Ka4eCTBEHHOTO CPABHEHMUsI CUCTEM PagHOCBsI-
31 CITy>KaT TaKKe UX XapaKTePUCTHKH, KaK HHPOpMa-
LUOHHAsl U dHepretuyeckas apextrBHoCTH [9-12].
NudpopmannonHas 3¢pPeKTUBHOCTh MOKA3bIBAET Ka-
KYIO [OJII0 IPOMYCKHOW CIOCOGHOCTH KaHasia nepea-
M OAHHBIX UCIOJIB3YeT CHCTEMA PAfUOCBI3H. DHep-
retuyeckast 3¢ PpeKTUBHOCTD MOKA3BIBAET, HACKOIBKO
VCIELIHO C TOYKU 3peHHs 06ecHnedeHUs] CKOPOCTH
nepefayy NaHHBIX UCIIOJB3YIOTCS €€ SHEPTeTHYECKHE
pecypcel.

HarnoMHHM OCHOBHBIE ONpeJieNIeH s, KOTOPBIE M0-
Tpe6yIOTCsT HAM B JalbHEHIIEM.

HUndopmayuonnaa spdpexmuenocms MYUYC cuctemsl
PanyoCBsI3U OIPeeIIsIeTCs Kak

R
n= Ea
roe R - ckopocTh mepemadu COOOLIEHHUN B KaHase
cBsi3u; C - mpomycKHasi CIOCOOHOCTD KaHana.
Duepzemuueckaa adppexkmusnocmy MUYC cucrembl

PafiroOCBs3U OIIPEAELIAETCS KakK
R

- )
P, /N,

rae P, - cpeiHAS MOIIHOCTD MO aHCAMOJII0 CUTHAJIOB;
N, - cnekTpanbHas IOTHOCTh MOLIHOCTH IIyMa.

C TOYKHM 3peHUsI MPONYCKHOH CIIOCOGHOCTH KaHana
C afAUTHBHBIM IIYMOM HauXyOUIM{A BapUaHT INpef-
craBisieT 6enbli raycCoBCKHUE uiym (nanee — ABTII),
T. €. pABHOMEPHBIM [0 BCEM YaCTOTaM CIIEKTpa ce-
MeHcTBa CUrHamoB S, cCiay4adHbiil mpouecc V(t).
[TnotHOCTH pacnpenenenus ammiutyasl ABT'II non-
YUHSIETCsS 3aKOHY HOPMAaJIbHOTO rayCCOBCKOTO pac-
IpefesieHNsI C HyJIeBBIM CPeIHUM

1 o)
G(t)\/%

VIMEeHHO 3TOM MO[MEnbl0 MMOMEXOBOM O6CTaHOBKH
6ymeM MOJIb30BATHCS B HaNbHEHIIUX MOCTPOEHUSX.
Tax>Ke 1151 IPOCTOTHI 3aMKCH OyieM HIPUMEHSATH 060-
3HavyeHus mist craguoHapuoro ABTII ¢ o(t) = 6. Ha-
noMHUM, 4To Ay ABI'I crnexTpanbHas MIOTHOCTh
MOIIHOCTH NO =262,

IIponyckHasa cnoco6HOCMb KAHANA CE43U C UWYMOM
ompepenseTcs: Kak

PC PC
C=Flog|1+— |=Flog| 1+

P, FN,
roe F - wvpuHa crnekTpa curHana; P, - cpenHsas
MOILHOCTb 10 aHCAMOIII0 CUTHAJIOB

Sp :{[Sw’pw]

Pw = FN0 - CpefHss MOILIHOCTD IIyMa.

we AN}
Onepeus cuznana s(t) e [* [O,T] OTIpeensieTcs Kak

T )
B, = [|s(e) de= [ls(£) o,
0 0

roe
T -

3(F)= [ e s(c)de, 2 =-1.
0

Cpednaa mowrocms cuenana s(t) e [2 [O,T} paccuu-

ThIBAe€TCsd KakK
T
E. 1 2
P, :?Sz?_([|s(r)| dt.

Ommnowenue cuzna/uiym (mamee - OCII) o6o3Ha-
JaeTcs

P
SNR=—%.

w

Cpednasa MOWHOCMb NO AHCAMONI0 CUZHANLO08 S, =

_ N
= {[sw,pwﬂ weA } BBIYMCJISIETCS] KaK

P=> PP, -

weAN
T'panuusl cnekmpa cuenana s(t) e I2 [O,T] ompene-

JIAIOTCS KaK HUKHSISL TpaHuna) u f_. (Bepxuss

SH ( NG

PaHMLA), AJIsI KOTOPBIX

fSB

J

fSH

Omnpenenenue f,, u f., BHEKOTOPOM CMBICIIE TPO-

3(F)df ~0.9E,.

HW3BOJIBHO 1M 3aBHCHUT OT MNOCTAHOBKH 3aJa4H.
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Iupuna cnexmpa cuznana s(t) e I2 [O,T] ompeens-
eTcs Kak

Fs :fss_fsn'

Hlupuna cnexmpa cemelicmsa
N-1

= {sk(a, t)}kzo

F = fg - fHS
rae f, =min(f,,) u f, =max(f,).
se$, se$,
Cxopocmb nepedauu coobwieHull 8 Kaxnane —

CU2HANo8 S0 =

1
R:—(H(A)—H(ai/ocj)),

T
rie H(A) - oHTpomMs HCTOYHHKA COOOLIEHUH;
H(oci/ocj) - HEHa[eXHOCTb TPHUHSITBIX CUMBOJIOB,
T - BpeMs, 3aTpayMBaeMoOe Ha Mepefadyy OJHOTO
CHMBOJIA.

Dumponua ucmounuka JuCKpemHslx coobweHull HaL
andaBUTOM A:{al,..,am} C BEPOSITHOCTSIMHU MOSIB-

JIEHUsA CUMBOJIOB pl""pm OIIpEAEIAeTCsa KakK

H(A)= —Zpi log(pi).
i=1

B ciiyyae mcTOYHMKA ¢ MaKCHMaJIbHOM SHTpOIUEH
p,l ="=pm :pa zl/m
H(A) =log(m).

Henadexcrocmb NPUHAMBLX CUMB0JI08 HAXOOUTCS KaK

H(“i/o‘j)=—zzpi)’1°g — b

=1 i=1 q;
roe pl] — BEPOSITHOCTD COOBITUA «OTIpaB/IEH CUMBOJI
(Xl- NPpUHAT CUMBOJI a}- »,y

m
q; = E P
i=1
BEPOSITHOCTH COGBITHS «IIPUHSAT CUMBOJI o

5. BeryucaurTeabHasI MOAEIb
oueHku 3¢pPpekruBHocTn MYUC-
MJIAM cucrem paguocBsa3u

PaccmoTpenHas Bblie Mofenb OueHKH 3¢ deKkTHB-
Hocth MYC-MIAM cucreMm paguocBssu 6bia pea-
JU30BaHa B BUME PaclpefelieHHON MpOorpaMMHO-an-
napaTHoi 1wiatpopmbl Ha 6aze CTeKa TEXHOJIOTHM:
Nginx 1.1 - 4.2, Gunicorn, CYB]] PostgreSQL 11.0,
Python 3.9, Django 4.0.5, Vue JS, Celery, PySDR,
REST API [13]. ApxuTeKTypa CHCTEMBI IPEACTABIEHA
Ha puc. 1.

ApXHUTeKTypa IpOorpaMMHO-annapaTHou miatdhop-
MBI TIO3BOJISIET BBIMIOJIHATD CEPUM IKCIIEPUMEHTOB U
[POBOAUTH CTATUCTUYECKHE OLEHKH HHPOpMAaLU-
OHHOM U dHepreTHYecKod 3$pPeKTUBHOCTEN B aBTO-

MaTH4YeCKOM peXHMe C pa3JTuYHbIMHU 3HAaYeHUSIMU
napaMeTpoOB MOJeJiedl TOMEXOBOM O6CTAHOBKH U CH-
CTeM pafiuoCBsI3H.

OTOenpHBIM BBIYMCIIUTENBHBIN 3KCIIEPUMEHT CO-
CTOWT B MOJETMPOBAHUHU MpOLEcca Mepefadu/Ipu-
eMa IOCJIef0BaATEIbHOCTU CHMBOJIOB, TeHEPUPYEMBIX
HMCTOYHUKOM COOOIeHUN sl uccnepyemon MYC-
MJIOAM cucTteMBbl CBSI3Y, U peanusyeT NpefACcTaBIeH-
HYIO HUKe II0CTIeIOBAaTeIbBHOCTD AeHCTBUM!

1. MoaenupoBaHre UCTOYHHKA COObIIeHuu: dop-
MHUpOBaHHE 3JIeMEHTAapHOro coobuleHusi Zy; B CO-
OTBE€TCTBHUHU C HpOFpaMMHOI‘/’I MOOEIbI0 HCTOYHHKA
COOOLIEHNUN U MOJEBI0 HUCCIENYEMOM CHUCTEMBI pa-
puocesizn. COCTAaB CHMBOJIOB B COOOIIEHUM OIpe-
AendaeTcsda 4YucCJIOM BO3MOZKHBIX 3Ha‘-IeHI/II‘/JI AMIITUTYN
KAM uccnenyemMoi CUCTEMBI, 8 X KOJTUYECTBO — YUC-
oM nopHecymux MYC;

2. MopenupoBaHue IepefalIlero yCTpoUCTBa:
npeobpasoBaHre KaXXIOTO 3JI€EMEHTAPHOro coobiie-
HUSA Z; B IPOTPAMMHYIO MOJI€/Ib HEMPEPBIBHOTO CUT-
HaJja UCCIIefyeMOU CUCTEMBI PaIUHOCBSI3H;

3. MopenupoBaHue nepefamnIero yCTpoucTBa: Bbl-
YyyCcJieHWe 3HaYeHUU NPOrpaMMHOM MOJENH Herlpe-
PBIBHOI'O CUI'HaJIa Ha HaGOpe BPEMEHHBIX OTCYETOB —
CUI'HaJIbHOU MOC/IeA0BATEIbHOCTH Syy;

4. MopenupoBanue KaHana cBs3u: GpopMupoOBa-
HHE IITYMOBBIX Ha60pOB V Ha BPEMEHHBIX OTCYEeTax
CHUTHaJIbHOU IOCIel0BATEIBHOCTH B COOTBETCTBHH C
MIPOrpaMMHOU MOJI€JIbI0 KaHaJIbHOTO IIyMa;

5. MojgenvupoBaHue KaHana CBsA3u: GOpMUpOBaHHE
3aIlyMJIEHHOW CHUTHAaJbHOU IIOCJIE[0BATEIbHOCTH
SV, B COOTBETCTBHHU C MPOrPAMMHOM MOJENbIO Ka-
HaJIbHOT'O LIyMaj

6. MopenupoBaHrue MPUEMHOr0 yCTPOWCTBA: BOC-
CTaHOBJIEHUWE IPHHSATOTO COObmeHUs Z B COOT-
BETCTBUU C IIPOTPAaMMHOH MOMENBI0 HCCIIefyeMOt
CKK 1o Habopy MONy4eHHBIX Ha MPEABIAYIIEM dTAIe
3HAYEeHUH;

7. s BBIYKCJIEHMsA MoKaszaTesled wHPopMaLu-
OHHOU ¥ BJHEpPreTHYecKod 3PpPpeKTUBHOCTH CHUCTEM
PafMOCBS3U BBIYMCIIUTEIbHBIE SKCIIEPUMEHTBI 00be-
OuHSI0TCS B cepuu 10 K akcriepumenToB. O6paboTka
pe3y/IbTaTOB CEPUM IKCIIEPHMEHTOB peaiu3yeT cile-
OYIOLIYIO TI0CJIef0BaTEbHOCTD JeMCTBUH:

7.1. BelyuciieHHe 3HAYEHUU MapaMeTpoB, HEOOXO-
OUMBIX ISl OLeHKU MHGOPMALMOHHOU U SHEPreTH-
yeckol adpdexTrBHocTd CKK mo mocnenosarensHoO-
cTam Zy, Zp;

7.2. BeruncrieHue mnokasaTened WHGOPMAITMOHHOM
u sHepreTudeckon apdekrupnoctu CKK mo pesynb-
TaTam 06paboTKH MoceoBaTeNnbHOCTeN Zy , Zpy;

7.3. [IpoToKonupoBaHUe pe3yNbTaTOB.
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6 Pe3ynbrarhl oieHKU 3¢ PeKTUBHOCTH
OMYC-KAM-IIT® u OMYC-KAM-
JKII-ICII cucteM paguocBsi3u

[To pesynbTaTaM TMpPOBEIEHHBIX 3KCIIEPUMEHTOB
aHaIM3y MOMIBEPTANUCH MOKA3aTeNnu UHGOPMAIUOH-
HoM sddexkTuBHOCTM T = R/C U 2HepreTUYecKou

3¢ PeKTUBHOCTH
R R
P=p N, “F-sNR
c/ 0 ’

Kak yxe oTmevanoch paHee, MHGOPMALNOHHASA
3pEeKTHBHOCTD BBIPAXKAET CTENEHb HCIONb30BAHMS
OOCTYIHOM MPOMYCKHOM CIOCOGHOCTH KaHajia CBsi-
3u. DHepreTudeckas 3¢pPpeKTHBHOCTH XapaKTepU3yeT
MOLIHOCTb, HEOOXONUMY0 [Jisl Hepefadd nHPopMma-
LMY C 3aJaHHBIM Ka4eCTBOM.

CornacHo TeopeMe llleHHOHA, TEOPETUIECKU BO3-
MOXHasi CKOpPOCThH Iepefayn HHPOpMALMM paBHA
[PONYCKHOW CIOCOGHOCTH KaHala CBsI3H, II0JTO-
My mpefenbHas HHPopMmaunoHHass 3PpPeKTHUBHOCTH
orpaHuYeHa CBEPXY eAUHHIIEN.

[IpH KOCTHXKEHUH TEOPETHYECKH BO3ZMOKHOMU CKO-
pocTH mepemayr WHPOPMALMKM B KaHale CBS3H, TO
€CTb IIPH BBIIIOTTHEHUH PABEHCTBA
R, =C=Flog(1+SNR)
aHepretuyeckas 3GpGeKTUBHOCTD GYIET ONpeessTh-
ca ronpko OCII
B — Rmax — Rmax —

P./N, F-SNR

Flog(1+SNR) log(1+SNR)
- F-SNR  SNR

Ons MYC-KAM cucteMm cBs3U, KOTOpPble HCIOJb-
3yloT N NOJHeCYUUX C [JIUTENbHOCThIO Iepefadyu
curHana T, MakcUMajbHOe 3HauYeHue R cocrasisieT

_ 2mN

max T 2

rge m — KOJInu4eCcTBO 6I/IT, C IIOMOILIBIO KOTOPBIX MIpe-
22m

CTaBJIAIOTCA CHMBOJIBI COOOILEHUS, TO €CTh
ompenenseT MO3UIUOHHOCTE KAM (m=1 -
KAM-4, m=2 - nna KAM-16).

OTKypa cienyeT, 4YTO NP MakKCUMaJbHOM 3Haue-

Jis 8¢

HUU R

max AOJI>)KHBI BBIITOJTHATBHCS paBEHCTBA

2m

m :glog(lJrSNR) win SNR~2 & —1,

roe K= F
N/T’

MYC-curuarna.

aF - HCIIOJIb3yeMas I10J10ca 4acToT

Takum 06pa3oM, MpU 3aJAHHOM 3HAYEHUM M U K
ong MYC-KAM cucrem cBsisu ¢ N nogHecylUMU U

IJIUTENIBHOCTBIO Mepefadu curHaina T MOXKHO JIerKo
onpefenuTb 3HadeHHe SNR, Ipy KOTOPOM faHHAasI CU-
cTeMa MOXeT obyiafaTh Haubobliel nHGOpPMALUOH-
HOM addexTuBHOCTBIO C R, ~C, a UMEHHO

2m

SNR~2 & —1.

TeM caMbIM CIpaBe[yIUB CIIeAyIOINNA KPUTEPHUH.
MakcuMasnbHOe 3HaYeHne HHPOpPMALMOHHOM dddek-
TUBHOCTU N =1 MYC-KAM cuctemsl cBsi3u ¢ N nof-
HECYIIMMU U JJINTEIbHOCTBIO Mepenauyu curHana T
MOXXET AOCTUTATHCS TOIBKO MpU

2m

SNR~2 % —1.

Vcrnonb3yeM 3TO paBeHCTBO [jsl IpybOM OLIEHKHU
SNR, mpu KOTOPOM MOSKET JOCTUTATHCS HANGOIbILAST
nHbopmanroHHast 3¢ GeKTUBHOCTD UCCIIEAYEMBIX CH-
CTeM pafiuoCBs3U:

- gna OMYC-KAM-OTIID

2m

K F
SNR; =2™ -1, roe kK =——;
N|T
- mnsg OMYC-KAM-OKII-OCIT
4m
SNR ~2E—1 rme K =i
2 ’ 2 N/T

o
O6o03Hayum R, - CKOPOCTH Nepefadu HHGopma-

LUU AJ151 ONpe[ie/IeHHBIX BbIIIe SNRl., 1<i<2. Ilo-
1
max

nsomre “HGOPMaLUOHHYI 3$PEeKTHBHOCTD, MOTYT

HATHO, YTO OTHomeHusa R_. /C; quax /| Cy, ompene-
CyILleCTBEHHO OTJIMYAThCs OT 1, ec/Iu cUcTemMa paguo-
CBSI3W He B IIOJIHOH Mepe HCIIONBb3YyeT HPOIYCKHYIO
CIIOCOOHOCTD KaHasia CBS3HU.

Kak moxasany 4uciieHHble 9KCIePUMEHTBl Ha UC-
cnepyeMblx Mopensix OMYC-KAM-AIID cucrem
CBA3U, V11 UCTOYHUKOB COOBIIEHUH ¢ MAKCUMAaJIbHOM
AHTPOMHEN MOXKHO CUMTATH, YTO

N
?:FT

OTKyna cienyert, 9TO MpHU rpyboH OLeHKe MaKCH-
MaIbHOTO 3HadeHHs R.

max
NpUOIUKEHHOE PABEHCTBO

OOJI>DKHO BBIINMOJIHATBHCA

SNR, ~22™ —1.

Takum 06pa3oM, HE3ABUCUMO OT YKC/IA MOLHECY-
wux N MakcUMaJibHasi CKOPOCTb Mepefadyu uudopma-
uuu uccinepyemorr CKK, mo rpy6o#i oreHke, LOIKHA
OOCTUTATBHCS:

- st KAM-4 npu SNR~3 (x~4,77 nB),

- pnsa KAM-16 npu SNR~ 15 (= 11,76 nb),

[Py 3TOM 3HepreTudeckas 3pPeKTUBHOCTD B TaAKUX
CITy4asix LOJI)KHA COCTABJISAT:
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Puc. 2. T'paduk 3aBucumoctu napopmannonHon adpdexruBHocTu cucreM paguocsssu ot OCII (KAM-4, N = 16)
Fig. 2. Graph of dependence of information efficiency of radio communication systems on SNR (QAM-4, N = 16)
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Puc. 3. T'paduk 3aBUCUMOCTH 3HepreTudeckor aGpPpeKTUBHOCTHU cucteM papuocssasu ot OCLI (KAM-4, N = 16)
Fig. 3. Graph of dependence of energy efficiency of radio communication systems on SNR (QAM-4, N = 16)

- nnst KAM-4 npu SNR=~3, B~0,67,

- nnss KAM-16 npu SNR~15, B=0,27.

Kak moxkasanu 4uciieHHble 9KCIEPUMEHTHI Ha KC-
cnepyeMblx Mopensx OMYC-KAM-IOKII-OCIT cu-
CTeM CBSI3U, [JIsI UCTOYHUKOB COOOINEHUM C MaKCH-
MaJbHOU OHTpomue ¢ morpemHocTeio 10+15 %
MO>KHO CYUTATh, UYTO

_3N

2 ~§'
OTKygma cienyer, 9YTO NpH rpyboH OlleHKe MaKCH-
MaJbHOTO 3HadeHHsi K.

max
NpUOIUKEHHOE PABEHCTBO

OOJIJDKHO BBIIIOJTHATBHCSA

sm
SNRy =23 —1.

TakuMm 06pasoM, HE3aBUCHMO OT YHCJIA MOLHECY-
mux N MakCUMaJIbHasi CKOPOCTb llepefadu nudopma-

uuu uccienyemorn CKK, mo rpy6oii omeHke, LOIKHA
OOCTUTAThCS:

- pist KAM-4 ipu SNR~ 6,35 (~8,03 nb),

- st KAM-16 npu SNR ~ 40,32 (~ 16,05 nb),
[pH 9TOM dHepretnyeckas 3PpPpeKTUBHOCTD B TAKHX
Cy4asx JOJKHA COCTaBIISATh:

- st KAM-4 nipu SNR = 6,35, 3 ~0,45,

- nnst KAM-16 npu SNR ~ 40,32, f=0,13.

WccnenoBaHus Mo oOueHKe WHPOPMALUOHHOU U
sHepretudeckod addextuBHocTer OMYC-KAM-
OIID u OMYC-KAM-IOKII-OCIT cuctem paguocBs-
3U IPOBOJUIIMCH [I/Is1 MOJieTIer, 06TaaA0IUX CIIeAYI0-
IIUMHU XapaKTepUCTHKAMHU:

- no3unruoHHOCTE KAM: 4, 16;

- KojuyecTBo nopgHecymux N: 8, 16, 32.

OCII gns monenu kanana ¢ ABT'II uameHsyioch B
nuanasoHe ot 3 ob no 30 ob ¢ marom 3 gb.
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Puc. 4. Tpaduk 3aBUCUMOCTH HHPOPMALMOHHOM dddekTHBHOCTH crcTeM papgrocsssu ot OCIH (KAM-16, N = 32)
Fig. 4. Graph of dependence of information efficiency of radio communication systems on SNR (QAM-16, N = 32)
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Puc. 5. T'paduk 3aBUCUMOCTH 3HepreTudeckor apdekTrBHOCTH cructem papuocessu ot OCLI (KAM-16, N = 32)
Fig. 5. Graph of dependence of energy efficiency of radio communication systems on SNR (QAM-16, N = 32)

IMpumMeHsnach MOJeNb HCTOYHHKA COOOIEHHH C
MaKCHMaJIbHOU 3HTPONHEN, B KOTOPOU BCE CUMBOJIBI
MMEIOT paBHBIE BEPOSITHOCTH MOSIBIEHUSI.

BrI60pOYHBIE PE3YIBTATHl IKCIEPUMEHTOB Mpe[-
CTaBJIeHBbI Ha pUC. 2-5.

B pesynpraTe mpoBefeHHBIX UCCIEOBAHUN MOfe-
7ed CHUCTeM PafMOCBsI3U OBUIO YCTAHOBIEHO, YTO B
nccnegopaHHoM auanaszoHe OCIH 3-30 b myuuryro
HHPOPMALMOHHYI0O U OJHEPreTHYecKylo 3¢dekTHB-
HocTu mokazanu mopenu OMYC-KAM-IOKII-OCII,
a UMEeHHO:

- cuctembl paguocssazu OMYC-KAM-IOKII-OCII
OOCTUTAIOT BBICOKOTO YPOBHSI HHPOPMALIMOHHOU 3¢-
dexTuBHOCTH 1O 0,96, B TO BpeMs KakK CHMCTEMbI pa-
puocesisu ¢ OMYC-KAM-[II® pocTUraoT ypoBHs
nndopmanronHon spdpektuBHoCcTU 0,74996;

- cuctembl cBsizu ¢ OMYC-KAM-IOKII-OCIT mo-
CTUTal0T BBICOKOTO YPOBHSI JHEPreTHYeCKOH 3¢-
dextuBHOCTH O 0,75, B TO BpeMsi KaK CHCTEMBI
paguocessu ¢ OMYC-KAM-AOII® gocTturaioT ypos-
Hs1 9HepreTHyeckor a¢ppextruBHocTr 0,59488;

- undopManMOHHas ¥ dHepreTudeckas 3peKTus-
HocTu cucteM paguocssazu OMYC-KAM-IOKII-ICII
u OMYC-KAM-OII® y6bIBalOT HpH YBEIHYEHUU
OCIII, nmpu 3TOM CKOPOCTh YOBIBAHUSI YBETMUNBAETCS
B 3aBUCHMOCTH OT YBeJIMYeHHU s YHCsia IOJHeCyLIUX.

3ak/io4yeHue

B craTee paccMoTpeHBI 06Inasi MaTeMaTHYeCKast
MOJIe/Ib CHCTEM MHOTOYaCTOTHOU LUPPOBOM pamuo-
CBSI3U U ee YacTHbIe ciydyau mopeneit OMYC-KAM-
OIM®d u OMYC-KAM-IOKII-OCIT cucrem. Onucana
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ApPXUTEKTypa MPOTrPAMMHO-ANNAPATHON MIATHOPMBI,
CrelManbHO Pa3paboTaHHOU [/Isi UCCIENOBAHUSI MO-
BefleHUs 6eCIPOBOIHBIX CUCTEM U MX XapaKTEPUCTUK
B 3aBUCHMOCTH OT HM3MEHEHHsI MapaMeTpPOB Cpebl
pacnpocTpaHeHust cUrHanoB. [IpuBeneHbl pe3ynbTa-
Thl YUCJIEHHBIX 3KCIIEPUMEHTOB MO CPAaBHEHUIO WH-
$OopMaLMOHHON U 3HepreTuYeckok 3¢ deKTUBHOCTEN
OMYC-KAM-OII® u OMYC-KAM-OKII-OCIT cu-

CTEeM PaJUOCBSI3H, IEMOHCTPUPYIOL[HE BOSMOXKXHOCTH
paspaboTaHHOM MpOrpaMMHO-aNnapaTHOU mwiaTdop-
MBbI. 3aMETUM, YTO MOAY/IbHBIN IPUHIUIT TOCTPOEHUS
w1aTGOpMBbl MO3BOJSET PACLIMPSTE €€ PYHKIMOHAI
B 3aBUCUMOCTH OT Kpyra pacCMaTpPUBAeMbIX 3afad,
TakXe B €€ COCTaBe MPeLyCMOTPeHbI UHTePEHUCHBIE
MOZY/TH, MO3BONSAILINE MOOKIIYATh K HEH CBSIBHYIO
anmapaTtypy WIid OTENbHbBIE €€ MOLYIIH.
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A computational model for evaluating the efficiency
of multi-frequency digital radio systems
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Abstract - Background. Frequency division multiplexing scheme is a promising technology for wideband digital
communication. Systems like this have significantly increased the speed of wireless data transmission, including in complicated
conditions of multipath propagation of a radio signal. The first step in designing radio equipment is to evaluate its effectiveness in
terms of the use of allocated resources. Aim. The paper describes a mathematical model of multi-frequency digital radio systems
and the architecture of a software and hardware platform designed to study the information and energy efficiency of these
systems. Methods. The mathematical model is based on the Hilbert spaces and information theory. Its numerical implementation
makes it possible to take into account the entropy of message sources, the spectral characteristics of the signal and interference,
the signal-to-noise ratio, etc. Results. The paper presents the results of numerical experiments comparing the efficiency of radio
communication systems based on frequency division multiplexing and quadrature amplitude modulation schemas, and shows the
capabilities of the designed software and hardware platform. Conclusion. The constructed model for evaluating the effectiveness
of multi-frequency digital radio communication systems and its implementation make it possible to automate the process of
analyzing the characteristics of wireless communication systems.

Keywords — multi-frequency digital radio communication systems; quadrature amplitude modulation; information efficiency;
energy efficiency; mathematical modeling; numerical methods; information systems; databases.
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MI/IJIJII/IMCTPOBBIC BOJIHbBI B CUCTEMAX CBA3HU
KaK MEPCIIEKTUBA PAa3BUTUA U IPUMECHECHU A
p060TOTeXHI/I‘IeCKI/IX Cp€aACTB U KOMIIVZIEKCOB

B.P. Cxpuinckuil

MUPDBA - PoccUICKUIN TEXHOIOIMYECKUH YHUBEPCUTET
119454, Poccus, r. MockBa,
np. Bepnaackoro, 78

Annomayusg - O6ocHoBanue. CHCTEMBI CBSI3W MUJUIMMETPOBOTO JUANA30HA CTAHOBSTCS BCe 60Jiee aKTyaqbHBIMU B YCIIOBHSIX
HACBILIEHUs] HU3KOYACTOTHOTO CIIEKTPA M PACTYLIUX TPeGOBaHUM K CKOPOCTH Mepenayy AaHHbIX. BBICOKAs CTENeHb NOITIOLEeHH s
panvoBONH B aTMocdepe CO3HaeT YHUKaIbHbIE BO3MOXHOCTH )i (OPMHPOBAHMS MOMEXO3alIUIIEHHBIX 6eCIpPOBOLHBIX
JIOKQJIBHBIX U MEPCOHAIBHBIX ceTeil. DTH (akTOpbl MOAYEPKHUBAIT HEOOXOAMMOCTH [MIyGOKOTO HM3ydYeHHsl OCOGEHHOCTEH M
MperMMylIecTB NPUMeHeHHs MHJIMMETPOBOTO JMana3oHa B paguocBsasu. Llens. Llenp maHHOrO MCCIeOBAHMS 3aKJII0YAeTCs
B aHajM3e OCOGEHHOCTEH HCIONb30BAHMS MUJUIMMETPOBBIX BOJH B Pa3/IMYHBIX THIAX PaJUOCBSI3H, a TaKXe B OLIEHKE HX
[PEUMYLILECTB U HEJOCTATKOB /715l CO3/IAaHK S BBICOKOIIPOU3BOAUTENBHBIX CHCTEM CBS3H, BK/II0Yasi pOGOTOTEXHUYECKHE KOMITIEKCHI
u cetu 5G. Meroabl. B paMkax HccienoBaHMsi GbUIM HCIIOAB30BAHBl METOMBI aHAJIM3a W MOMEJIMPOBAHMUS, HANpaBIeHHbIE Ha
U3yveHHe MPOLECCOB 3aTyXaHUsl, PACCESHUS M UCKAXKEHHsI CUTHAJIOB NPH PaclpOCTPaAHEHUHW PAJUOBONH B aTMocdepe. Takke
6bL1a IPOBe/ieHa OLeHKa aflallTUBHONW HACTPOHKH YaCTOTHI, TI03BOJISIIOIEN ONTUMHU3HPOBATh KA4eCTBO CBSI3M B 3aBUCHMOCTH OT
YCTIOBUH OKpy>Karollel cpefpl. VccienosaHue 0XBaThIBAJIO pasjM4YHbIE THUIIBI PaJHUOCBSA3H, BKIOYAs HAa3eMHYIO, CIIyTHUKOBYIO
Y CBsA3b [UIsl JIETAaTENbHBIX anmnaparoB. Pe3dyinbrarel. PedynbraTsl HCCle[OBaHHS MOKa3alH, 4TO Ha OGOJBIIMX BBICOTAX,
rae $yHKIMOHUPYIOT aBUALIMOHHBIE 6eCTIPOBOMIHBIE JIOKAJIBHBIE CETH U POM GECIUIOTHBIX JIETATENIbHBIX allllapaToB, aTMOChEPHOE
[OIJIOIEeHNE 3HAYUTENIPHO YMEHBIIAeTCsl. AANTHBHAS HACTPOMKA YacCTOTHI IPOLEMOHCTPHUpOBana CBOK 3$PEeKTUBHOCTH B
obecreyeHNN HALEXHOU CBSI3M B Pa3INYHbBIX CLIEHAPHUSIX, YTO KPUTUIECKHU BasKHO [JIs IO PKAHMS Ka4eCTBa lepeiadr JAHHBIX.
[ns1 co3maHusi BEICOKOTIPON3BOAUTENBHBIX CETEH CBSI3H, BKII0OYasi POGOTOTEXHUYECKHE KOMIIEKCH, HEOOXOOUMO NMPUMEHEHNE
MOHOJIUTHBIX MHTErPalbHBIX CXeM, paboraromux B guanaszoHe 50-90 I'Tu, ¢ MHTerpupoBaHHBIMH aHTEHHAMHM Ha OCHOBE
COBpeMEHHBIX TeXHONOrui. 3akiodyeHne. TakuM 06pa3oM, MHJUIMMETPOBBIE BOJIHBI IPEACTABISIIOT COG0M MEePCIEKTUBHOE
HanpaBieHHe [UIsl Pa3BUTHsI GeCIIPOBOAHBIX CeTel, 0COGEHHO B KOHTEKCTE HOBBIX KOMMepyeckux cered 5G. Bonee Bbicokue
9aCTOTHl MWIJTMMETPOBOIO [AHANa30Ha 006eCHeYrBAIOT YIyUIIeHHbIE YCIOBHUS JJIsl CETEBBIX COEJUHEHUH B MPOMBILIIEHHOCTH H
PO6OTOTEXHHKE, YTO OTKPBIBAET HOBbIE TOPU3OHTHI 1715l IPUMEHEHHS COBPEMEHHBIX TEXHOJIOTHH B 061acTH cBsizu. Heob6xopumocTs
YCIIOKHEHHU sl QJIEKTPOHUKHU Ha KaXIOM CETEBOM y3JIe MOJ4ePKUBAET BAXXHOCTD NabHEHIINX HCCIEAOBAHUM B 3TOM 061aCcTH 1151

HOOCTHUXXEHHUsI BBICOKUX TPeGOBaHMUN K OTC/IEXKMBAHUIO U HaBeIeHNIO HANPaBJIeHHbBIX TUHHUH CBS3H.
Kniouesvie cnosa - MUIIIMMETPOBBIA Juanas3oH BoiH; auanasoH 50-90 I'Tu; po60TOTEXHHYECKHE CPEACTBA U KOMIUIEKCHI;
CBEPXBBICOKOYACTOTHBIM AMANIA30H; CUCTEMBI CBSI3H; AHTEHHasl PELIETKA; PAAHOCBS3b; POl 6€CIIMIOTHBIX JIETATEIbHBIX AlNaPAaTOB;

nepenada JaHHBIX.

BBenenue

CucreMsl CBA3U MUJIJTIMMETPOBOTO AHalla3oHa Ipu-
BJIEKAIOT BHUMAaHUE UCCIIefoBaTeNel B Bompocax 6ec-
HpOBO,E[HOﬁ nepenavur JaHHBIX B CBsA3U C HAChIIE€HU-
€M HU3KOYaCTOTHOTO CIEKTPa YACTOT U MOCTOSIHHO
pacTyiel moTpe6HOCTHIO B 60/1ee BEICOKOM CKOPOCTH
nepenavyd NaHHBIX. BeicoKasl CTeleHb MOTIOIIEHUS B
aTMocdepe Mo3BOJISET BEICTPAUBATD HA OCHOBE 3TOTO
[uana3oHa MOMexX03allUieHHble 6eCIPOBOIHbIE JIO-
KaJbHbIE U TIEPCOHANBHBIE CETH.

CBsi3b Ha 4YaCTOTaX MWIUIMMETPOBBIX BOJH 06e-
CIIEYHBAET BBICOKYIO MPOMYCKHYI CIOCOGHOCTbD, YTO
[O3BOJISIET [OCTUYb BBICOKOM CKOPOCTH Iepefadu
[aHHBIX, HEO6XOAMMOU [JIsl IPOMBIIIEHHOM OTPACIH
U pOEBBIX KOMIIJIEKCOB. B YaCTHOCTH, aHTEHHbIE pe-
[IETKU KOMIIEHCUPYIOT 60Jiee BBICOKUE TIOTEPU CBA3ZU
Ha 4JacTOoTax MUJIJIMMETPOBBIX BOJIH H3-3a MeHb].HeI‘/JI

skrynskij@mirea.ru (Ckpwinckuii Braducnas Pomanoguu)

3¢ PeKTUBHOM anepTypbl OLHOIO AHTEHHOTO 3JIEMEH-
Ta [0 CPABHEHHUIO C PA3MEPOM AHTEHHOIO 3JIEMEHTA
Ha 6osee HU3KUX yacToTax ot 1 o 3 I'Tu (Hampumep,
9acTOTHI COTOBBIX TesedpoHOB). Bonee y3kas mupuna
Jy4a OT aHTEHHBIX PEIIeTOK M JOCTYIHOE yIpaBie-
HUEe JIy4OM O6ECleYyrMBaIOT MEHBLIYI0 BEPOSITHOCTD
[epexBaTa, MEHBIUIYI0 BOCIPUUMYHUBOCTD K IIOMEXaM
¥ GOJIBILIYIO YCTOMYMBOCTD K TUIYLIEHHIO U B3JIOMY (32
npenenamMu LWHWPHUHBL ay4da). B psime pa6or [1; 2] co-
obmanoch 06 3KCIEPUMEHTAX C HCIOIb30BAHHUEM
yacTOTHOM o6nactu okoso 50 I'Tu, roe morioneHue
atMocepbl NOCTUraeT MHKa, obecrnevynBas pe3Koe
najieHrie MOKPBITHS KaHAJa CBA3H, YTO HEaIbHO
MOOXONUT [UIS1 3aKPbITONW paboTel cetu. Hacrpausas
pabouyio YacTOTy BOKPYT MUKOB IIOTJIOLIEHU ST, MOKHO
CO3[1aTh CKPBITYIO 30HY 3aIIUIIEHHOUN CBSI3H, KOTOPAas

MOXET 6BITh agalITUBHO M3MEHE€Ha B COOTBETCTBUHU

© CkpeiHCcKku# B.P., 2025
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Fig. 1. Signal attenuation in air due to atmospheric oxygen and water

C U3MEHEHUSIMU KOHPUTYPALIUU WK IIOTOLHBIX YCIIO-
BUU B pealbHOM BpeMeHHU.

K 4ucny HEOCHOPHMMBIX NPEeUMYIIecTB NpHUMeHe-
HUsI MAJUTUMETPOBBIX [IUH BosiH (MMB) B cucremax
CBSI3M CJIelyeT OTHECTH MpeXMe BCero Takue $pakTo-
PBI, KaK yBeJIHYeHHe 00beMa U CKOPOCTU Ilepefadu
nHOPMALMH, BEICOKOE YCUTIEHHE aHTEHH IIPU Majion
UX alepType U MOBBIIIEHHYI0 ITOMEeX03al[UIeHHOCTb
KaHaJa cBs3H [3].

1. Oco6eHHOCTH MCNOIb30BAHUS
MMB B paguocssizu

Ocob6enHocTh Mcmonb3oBanuss MMB mist papuo-
CBsI3M (Ha3eMHOM, CIIyTHHUKOBOM, a TakXe [JS CBSI3U
JIeTaTeNbHBIX aIlllapaTOB) COCTOUT B TOM, YTO IPH
UX pacIpoCTpaHeHHH pPagUOHU3IydYeHHe 3aTyXaeT B
aTMocepHBIX rasax u rugpomereopax [4]. [Ipu B3a-
VMO EeHCTBUY U3TTy4eHUs CO CPelod BOSHUKAOT IPO-
Lecchl paccesiHUsl, OCiablieHHs] U [ENOJspU3aLUU
U3IyYEeHHs, & TaKKe aMIUTUTyLHble ¥ (a3oBble HC-
KaskeHHs1 curaanos. OcnabieHre pagroU3IydeHus B
aTMocepe MMeeT OOLIYI0 TEHAEHIMIO BO3PACTaTh C
pPOCTOM 4YacTOTBI M 3aBHCETHh OT MOTOMHBIX YCIOBHH.
(cm. puc. 1)

B nenrom MMB oTHOCSTCS K BOJTHAM C TepeMeHHOU
[aIbHOCTBIO [EHCTBHUS H3-3a CPaBHUTENBHO 60Jib-
IIOTO MOJIEKYJISIPHOTO IOIVIOLEHHUsI B Mapax BOABI U
KHCTIOPOfe BO3AyXa, a TAKXKe U3-3a ocableHus B pas-
JIMYHBIX TUAPOMETEOPax aTMOCEPBI.

YMeHbIlIeHHEe NPUHUMaeMONW MOIIHOCTU TIPU yBe-
JTUYEeHUH PACCTOSHUS Iepefadyd MOXeT IIpefcTaB-

75T 1pobeMbl sl 6€30MacCHOCTH CETH: CHTHa,
[NOCTAaTOYHO CHIIBHBIM Uit obecliedeHHs] BBICOKOH
CKOPOCTH MNepefadyd OaHHBIX, MOXET OBITH OGHapy-
SKeH, 3ariaylleH W B3noMaH. YTOObl YMEHBLIUTH 3Ty
YA3BUMOCTH, MO>XHO HCIIOJIB30BaTh YaCTOTHBIE 06'
JIACTH C BBICOKHMM IOIVIOLIeHHeM B aTMocdepe. Tua-
na3oH 50-90 I'T'y - THDUYHOEe OKHO HEeNpPO3padHOCTH,
SIBJISIETCSI [PUBJIEKATENBHBIM [UIsi  Pa3pabOTYMKOB
TeJIeKOMMYHHKAIL[HOHHBIX CHCTEM BO MHOI'OM 6Jaro-
[apst TOMY, 9TO [IO3BOJISIET PeaTH30BbIBAT 3AKPbITHIE
CETH, OTKPBIBAET BO3MOXKHOCTb [IOBTOPHOTO HUCIOJb-
30BaHHA 9aCTOT, B3AUMHOI'O BJIMAHUA IIpUEMO-IIEPE-
OAIOLIUX YCTPOUCTB U T. 1. [5]. OTHOCUTENBHO KpyTast
JIMHYS OTJIOLEeHHS IPUBOAUT K 9KCIIOHEHLUATbHO-
MYy YBEJIMYEHHUIO IIOTEPb CBSI3U C yBEJIMYEHHEM pac-
CTOSIHUS ¥ [JaeT BO3MOXHOCTbh HACTPOUTD «30HY 6e3-
OMacHOCTH» BOKPYT KAaHAJIOB CETH C XOPOLIEH CBSI3bI0
BHYTPH 30HBI U IPAKTHYECKH He 0O6HAPY>KHBaeMOU U
becriepe6OVHON CBSI3bI0 B HECKOJBKUX KHJIOMETPAax
3a IpefeaMu IoJsl.

Ha puc. 2 neMoHCcTpUpyeTCcs NPOLecC peryIupoBKHU
[OTepb B PafiAHOYACTOTHOM KaHaJle IyTeM U3MeHEHHs
YaCTOTHI Mepefayd AaHHBIX. DTO [IeaeTCs C LENbIo
LNOCTHXXEHHUs Pa3HbIX pa3MepoB «30HbBI 6e30MacHoO-
CTH» BOKPYT KaHaja CBSI3M M afiallTallid K pasind-
HBIM YCJIOBHSIM OKPY>KaIoLeH Cpebl.

«30Ha 6e30MacHOCTH» B NAHHOM KOHTEKCTE O3Ha-
4yaeT 06/1aCTh BOKPYI' pafiMO4aCTOTHOTO KaHasa, Iae
CUTHAJI CBSI3U OCTAeTCsl HAfIeXXHBIM U He MOABepPKeH
BHEIIHUM BO3[EHCTBUSM WU YSI3BUMOCTSIM, TaKUM
KaK BMeIIaTeabCTBA WM MPOCHylIHBaHHe. Perymu-
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Puc. 2. [IpuHATas MOLUIHOCTD KaHana cBsA3u s 1 Bt
Fig. 2. Adopted power of the communication channel for 1 W

Puc. 3. [Ipumep ckoopauHuposaHHoro post BITJTA
Fig. 3. Example of a coordinated swarm of UAVs

pPOBKa IMOTeph B KaHAJIE CBSI3U O3HAYAET MU3MEHEHUe
MOILHOCTH CHUTHA/la WK OPYIHX MAPAMETPOB Iepe-
[adYy JAHHBIX TaK, YTOGBI CAENATh 9Ty 30HY Ge3omac-
HOCTH 6oJlee WM MeHee OOUIMPHOU B 3aBHCHMOCTHU
OT TpeGOBaHUH.

2. IIpeumyinecTBa U HEAOCTATKH
ucnojab3oBanuss MMB B pagnocsssu

st 6ONBIINX BBICOT, HA KOTOPBIX PACIIONIOKEHBI
aBHALIMOHHbIe GECIIPOBOMHbIE JIOKAIbHbBIE CETH HIIH
pou BIUTA(cm. puc. 3), arMocdepHOe MmOrIoLieHMEe
YMEHBIIAETCSI U CTAaHOBHUTCS TOpasmo Gojiee CIIOX-
HBIM, KaK [I0Ka3aHo Ha puc. 4.

Oxono yactorel 60 I'T npu faBleHUU Ha YpOBHE
MOpsSI MHOECTBO JMHHUH MOTIJIOLIEHUS KHUCIOPOAa
CITUBAIOTCSI, 06pasysl ONHY MIKUPOKYIO TOJIOCY TOTTIO-
LEeHUsI, YTO B JeTa/lsIX ToKa3aHo Ha puc. 4. Ha atom
>Ke pUCYHKe MPeICTaBIeHO 3aTyxXaHue 3a CYeT KUCIIO-
pona B 60jiee BBICOKUX CIIOSIX aTMOCQEPBI, THe C yBe-
JINYEHHWEM BBICOTHI [JaBJIEHWE YMEHbIIAETCA U CTAHO-
BATCS pa3iMdIUMbI OTAEJIbHbIE€ JIMHUW IIOIJIOIEHUS.
Psin [ONOTHUTENBHBIX BHUAOB MOJIEKYN (Hampumep,
BH[Bl U30TONOB KHUCIOPOAa, KonebaTenbHO BO36YXK-
OeHHBble MOJIEKYJIBI KUCTIOPOJa, 030H, BUbI H30TOIIOB
030Ha, K0JIe6aTeNIbHO BO30YKIeHHbIE MOJIEKYJ/IBI 030-
Ha U IPOYHe He3HAYUTENIbHbIE BUIBI MOJIEKYJI) HE YUH-
TBIBAIOTCS IPU UCIIOJIb30BAHUU METOA IPOTHO3UPO-
BaHUS ITyTeM CYMMHPOBAHHUS CHEKTPaTbHBIX TUHUHU.
OTH AOMONHUTENbHBIE CHEKTPaJIbHbIE JTUHUU HECYy-
[eCTBEHHBI AJis 06BIYHOM aTMocepbl, OMHAKO MO-
ryT 6BITh BaXXHBI IIPH Cyxoi atmocdepe. CyinecTBy-
€T KOMIIPOMHUCC MEX[Y IIOTEPSIMH (HJIM MOIHOCTHIO
CHTHAJA) U UCIOIb30BAHUEM «30HBI GE30MACHOCTH».
[Tpu MakCUMaTbHOM CKPBITHOCTH (Ha wacToTe 60 I'T')
[OTEePU COCTABIAIT 0K0yo 15 nB/kM. DTO YacTU4YHO
KOMITEHCUPYEeTCSl IIPEUMYIIeCTBOM HaIlpaBIeHHOCTH
B 20 1B mo cpaBHeHHIO ¢ paboTol Ha yactoTe 6 I'Tn
Ipu TOM >kKe PpU3UIEeCKOM pasMepe ameprypbl. s
MPaKTHYECKON pabGoThI ONepaTopy noTpebyercs: Bo3-
MOXHOCTb HACTPAUBATH pa3Mep 30HbI 6€30MacCHOCTU
(¥, ClTlemOBaTENBHO, IIOTEPHU CBSI3H) MYTEM II€PECTPOM-
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Puc. 4. 3aryxanue B puanazoHe 50-70 ['T'1 Ha yka3aHHBIX BBICOTaX, pacCYUTaHHOE ¢ maroM 50 MI'n, BKiI04ast eHTPbl IMHUH HOMIIOLEHUS

(0,5, 10, 15 1 20 kM)

Fig. 4. Attenuation in the range of 50-70 GHz at the indicated altitudes, calculated with a step of 50 MHz, including the centers of absorp-

tion lines (0, 5, 10, 15 and 20 km)

KM 9aCTOTBI, YTOOBI C6aNaHCUPOBATH HEOOXOAMMYIO
CKPBITHOCTH U IIOTEPU MOL[HOCTH.

ApanTuBHAs HACTPOWKA YaCTOTHI O3HAYAET, YTO Ya-
CTOTa, HA KOTOPOU MepenaeTcs HHPOPMALHsl, MOXKET
OBITh N3MEHEHA B PEAIbBHOM BPEMEHH, YTOOBI YIIPaB-
JIATh Ka4eCTBOM U 6€30MacHOCThIO CBA3U. DTO MO3BO-
JIsTeT MOACTPauBaTh Nepefavyy AaHHBIX MOJ, TEKyLHe
YCIIOBHUS OKPYXXAIOLIEN CPeNbl, TAKHE KAK PACCTOSTHUE
MeXIY yCTPOUCTBAMHU, MOTOAHBIE YCIIOBHS WIH HAJIU-
yre nmoMex. TakUM 06pa3oM, afanTUBHAS HACTPOMKA
9acTOTHI 06ecreynBaet 6onee 3¢ PeKTUBHOE UCTIOTb-
30BaHHMeE PaAMOYACTOTHOrO KaHaia M MOALEPKUBAET
HaJ|eXXHYIO CBSI3b B Pa3HBIX CLeHAPUSIX.

[loXnap BIMsieT Ha MOKpPBITHE CUrHana cBs3u. Ha-
MpUMeD, MOTEPU PACCESHUS H3-3a CHJIBHOTO JOXKAS
(50 mm/9ac) cocraBnsiror 1 1B/km Ha 10 I'Tu, 10 nB/km
Ha 30 I'Ty u yBenuuusatotca no 20 nb/km na 90 I'Tu,
Ile OHU HAYMHAIOT BBIPABHUBATHCS Ha 6Ojee BBICO-
KUX 4acToTax [6]. TakuM 06pa3oM, Ha PacCTOSHUU
5 KM [OIOJIHUTENIbHOE 3aTyXaHHe COCTAaBJIsSeT BCEro
5 nb Ha yactoTre 10 I'T1, Ho 100 nB Ha yacToTe 90 I'T11.
[Torepu B 5 oB Ha yactoTte 10 I'T'y MO>XHO JIerko KOM-

NEHCUPOBATh YBeJIUYEHHUEM IepefaBaeMON MOIIHO-
ctu Ha 5 1B wiu ucnonb3oBaHueM Gosnblied pU3M-
YeCKOW anepTypbl aHTEHHBI HAa OJHOM KOHILIe JTUHUH
cBsi3u. OgHaKO Hepa3yMHO OXUJATh, YTO MOIIHOCTD
nepegayn Ha yactoTe 90 I'T MOXHO yBeTUYUTh Ha
100 oB gns nogmepskaHust pafuOvYaCTOTHON CBS3U Ha
pacctossHUHU 5 KM. C TOYKHU 3peHUs TPOEKTUPOBAHUS
CUCTEMBI 3TO O3HAYaeT, YTO KaHaJl CBSI3U [OJIKEH
OBITH CIIOCOGEH MEPEKITIYATHCA MEXIAY HECKOJb-
KHMMH [uana3oHaMHu, a TakKXXe WMETb BO3MOXKHOCTH
afaNTHPOBATHCS B 60JIee Y3KOM CIIEKTPE YacTOT BO-
KPYT 3THUX [HANa30HOB.

OTHOLIeHHEe MOIIHOCTH M3JIy4aeMOr'o CUTHaja K
MOIIHOCTH IPHUHSTOIO CUTHAja JaeT BEJIUYUHY ero
ocabrieHus B KaHajle CBA3M:

2
P 1 (4nR
P, GG, \ A

(1)

Torma MOIIHOCTD IIPUHATOTO CUI'HAIA B CBOGOIHOM
npocTpaHCTBe GyeT paBHA
2

>0 @

Pr = PthGr 4TCR
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roe Pt -~ MOIIHOCTb IlepefaTyuKa; G: u G, - ycurnenue
nepepamiel U IPUeMHOUN aHTeHH; A — [JIMHA BOJHBI
HU37Ty4eHUs U R — paccTOsIHUE MeXIy NPUEeMHUKOM U
nepenaTdyukoM. COOTBETCTBEHHO, AJIsI OJIUHBI BOJTHBI
5 MM u ganpHOCcTU 100 M OTHOIIIEHHE Pr / P[ 6e3 yue-
Ta YCWIEHUs aHTeHH cocTaBUT npuMepHo -108 nBb.
[Tpu 3TOM MOTJIONEHHE HA ATMOCHEPHOM KHUCITIOPOIE
(mpumepuo 1,5 0B Ha 100 M) He OKakeT pellaIlero
BIIUSTHUS.

TakuM 06pasom, Ha OTHOCUTETBHO MaJIbIX IMCTAH-
nusix B guanaszone 60 T npu mpsiMod BUAMMOCTHU
OCHOBHOU (paKTOp — €CTeCTBEHHOE OC/ab/ieHHe CUT-
Hana. [Ipexkme Bcero M3-3a CHJIBHOIO OcCiabreHus,
CBSI3aHHOTO C MOIJIOLIEHHEM HAa aTMOC(EpPHOM KHC-
J0pofe, yCTpaHsercsa mnpobieMa WHTeppepeHLHH
MeX/y PpasJIMYHbIMM HCTOYHHMKAMH CHUTHaIa, NpHU-
HaJeXaliM{ pa3HbIM CeTSIM. DTO MO3BOJISIET aBTO-
MAaTHUYEeCKH PEIINUTh MPO6IEMY MOBTOPHOTO HCIIOJb-
30BaHMSI YAaCTOT - YIPOINAeTCs 3ajada 4YacTOTHOI'O
pacupenenenus [7].

O[nHOBpEeMEHHO [IOCTHUTAIOTCSl Takhe IMoKa3aTesu,
KaK CKPBITHOCTH CBSI3H, IEIOCTHOCTH (CTOMKOCTH
K TIPHULEIbHBIM IOMeXaM) M CTOMKOCTb K HECAHK-
UOHUPOBAHHOMY TMOJK/ITIOYEHUI0 (HEBO3MOKHOCTD
banbcupuurpoBaTh MOGUIBHYIO CTAHIIUIO HIIA TOYKY
LOCTYyIIa).

[7151 co3naHus ceTel CBsI3U, B KOTOPBIX MOXKET OCY-
[IECTBJISATHCS HCIMONB30BAHNE POGOTOTEXHUYECKUX
CPEeNCTB M KOMIUIEKCOB, HEOOGXOAMMO MPUMEHSTH
MOHOJIUTHBIE UHTerpanbHbie cxeMbl (MUC), pabora-
foue B quanasone 50-90 I'T'i, ¢ HUHTErpupoOBaHHOU
aHTeHHOW Ha ocHOBe GaAs- u GaN-TexHOJIOrWH U
KMOII-Texnonoruii. Takue TEXHOJOIMH O6ecIedu-
BAIOT MHWHHMAaJIbHBIE MaccorabapuTHBIE XapaKTe-
PUCTUKU IIPU MaKCUMaJIbHOW MOILHOCTH BBIXOLHBIX
ycunurenei MoiHocTel (YM) 1 reHepaTopoB, yrpas-
nsembix Hanpsokenwem ([YH) mist reTepomuHHBIX
pafguonpUeMHUKOB.

[luprHa [OCTYIHOH IIOJIOCHI U OTCYTCTBHE WH-
TepbepeHIIUN MeXIy PpasIudHbBIMH HCTOYHHKAMHU
CUTHaja B JJaHHOM [Mana3oHe feJlaloT ero NpuBJe-
KaTeJIbHBIM [Jisi IPUMEHEHUS] B BbICOKOCKOPOCTHOM
CBEPXIINPOKOIMOJIOCHOU TMepefayde JaHHBIX, B CUCTe-
Max MeXCIyTHUKOBOM U GIIMXHEN CBs3u. B Musuiu-
METpPOBOM [Mana3oHe [AJNHA BOJHBI OKOJIO 5 MM, H,
COOTBETCTBEHHO, pa3Mephl M3JydaTessi CTAaHOBSTCS
CTOJIb MaJIBIMH, YTO LI€JIeCO0OPA3HO MHTErPUPOBATH
ero HeNoCPeACTBEHHO Ha Kpuctawl. WHTerpanus
AHTEeHH Ha OJWH KPUCTAJUI C aKTUBHBIMU 3JI€MEHTA-
MU M03BOJIsIET 06ECIeYnTh HU3KUU YPOBEHDb MOTEPD
MEXIY 3JIeMEeHTaMHU CHUCTEeMBl, HU3KUH YPOBEHb LIy-
MOB U GOJIBLIYIO [T€PeaBaAEMYI0 MOLIHOCTb, CHIXKAET

NIPOM3BOACTBEHHbIE U MaTepUATbHBIE HU3AEPKKHU IO
CPaBHEHHUIO C peanu3aliel B BUIe MUKPOCOOPKHU.

OpuH u3 npuMepoB Takux MM C BeimyckaeT KoMma-
uus Silicon Radar B pasHbIX BapraHTaxX UCIOTHEHUST:
OHOKaHaIbHBIM pafgapHbld Momynb TRX_060_011;
nByxkaHanbHbId TR2_060_010 u MHOroxKaHalbHBIH
MHWMO T4R4_060_029.

Mukpocxema TRX_060_011 BbITycKaeTcss B BHAE
kpucTtanna pasmepom 1,42 x 0,72 mMm. OHa cogep>XuT
I'VH na 30 I'Tu; genuTens 4acToTel Ha 32; yMHOXH-
Tesb Ha 2, 06eCneYnBAIOLIUIN TePEKPBITHE M0 YaCTO-
Te 58,31-6391 I'Tu; YM; MajOWIyMHBIN YCUIIHUTEND
(MIIY); xBagpaTypHBIH CMECHUTENb; HAIPABIEHHBIH
OTBETBUTEJb ISl Pa3Bs3KU MPUEMHOro U Mepenaio-
mjero kaHasnos. [InaTa cofep>XUT YU, NaTY-aHTEHHBI
Y pa3’beM [JIs MOOK/II0UeHUs] K OCHOBHOM ILIaTe.

Mukpocxema TR2_060_010 - 3TO aHaJOTUYHBIUA
pamapHBI MOAYNb, TOJBKO C ABYMsI KaHaJIaMH HpH-
eMa U pasfenbHbIMM aHTeHHaMHu. OH BBINTyCKaeTCs B
BUJe KpucTaia padmepom 1,65 x 1,05 mm. PapapHbiii
monyne cogepxuT 'VH na 30 I'Tu; genurens yacto-
THI Ha 32; YMHOXKHUTENb Ha 2, 00eCTeYnBAIOIINH Tepe-
KpeITHe 110 yacToTe 58,31-63,91 I'Tu; YM; nea MIIY;
OBa KBaJpaTypHbIX cMmecutens. I[lmata comepXUT
YU, TATY-aHTEHHBl U pasbeM IS MOAKIIOYeHHUS K
OCHOBHOM IIaTe.

Mukpocxema T4R4_060_029 npousBoauTcs B BUfe
KpucTania pasmepom 2,26 x 2,49 mm. OHa cogepXUT
I'VH Ha 20 I'T'y; penuTenb 4acTOTHI Ha 4; YMHOXKUTENb
Ha 3, 06ecCrmevYHBAOIUM TMEePEKPHITHE IO YaCTOTE
55,5-64,6 I'T'u; nepexknoyaTenb UCTOYHHKA YaCTOTHI
IUIS YMHOKHTEJS; YeTblpe He3aBUCHMBIX Ilepenar-
YUKa W YeTblpe IpHeMHHKA. [JaHHYyI0 MHKPOCXEeMY
MO>KHO JIerKO KacKafgupoBaTbh, TaK KaK CHUTHaJl Ha
YMHOKHUTENb MOET IT0aBaThCsl KAK C BHyTPEHHETO
I'VH, Tak 1 c BHellIHero Bxoja. BeIxopn rerepoauHa
TOXe UMeeTCsl. DTO 0COOEHHO Ba>KHO IJIsl MTOCTPOe-
HUSI MHOI'OKaHaJIbHOW pafiapHOW CUCTEMBI C BBICO-
KHUM paspelleHHeM 110 a3UMYTY.

3. IlepcneKTUBHbIE HAIIPABJICHUSA
ucnojap3oBanuss MMB

B Hacrosiiee BpeMst yBenudeHne obbeMa obpaba-
ThIBAeMON MH(GOPMALUU B Pa3BUTHIX CTPAHAX MPO-
MNOPLMOHANBHO KBAafpaTy poOCTa MPOMBILIIEHHOTO
MOTEeHIMaNa 3TUX cTpaH. Heo6xonuMocTh B mepefave
Ha 6ONblLIYe PACCTOSIHUS MOCTOSTHHO BO3PACTAIOLIMX
MOTOKOB MHGOPMALUU CIOCO6CTBYET MPOrpeccy B
PasBUTHU CUCTEM CITyTHUKOBOU CBsI3U. B mocnenuue
FOfbl TEH[EHIHUsl UCIONIb30BAHUS [MANA30HA MUJI-
JTUMETPOBBIX PafMOBOIH MPUO6peNna, B OTIUYUE OT
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MPOLUIBIX JIET, YCTOMYUBBIN XapakTep. DTO 00bsACHS-
€TCsi He TOJIBKO yCIIeXaMU B pa3paboTKe 37IeMEeHTHOM
6a3bl (IpUEMHUKH, MEPENATIUKH, aHTEHHBI, BOJHO-
BOZBI), HO M CO3[aHHUEM TEXHMYECKH COBEPLIEHHBIX
YCTPOMCTB U CUCTEM.

V3Kkue puarpaMMbl HalpaBIeHHOCTH aHTEHH Ha
MMB cnoco6CTBYIOT MOBBILIEHUIO CKPBITHOCTH CBSI-
3u, a GobON KO3)QPUIUEHT YCUIEHUS IO3BOJISA-
€T YMEHBIIATh MOIIHOCTh MepefaTIHuKa U yIydllaTh

anmnaparypsl
cryTHUKa. [IprMeHeHMe y3KOHAIpaBlIeHHBIX MHOTO-

MaccoraGapuTHbIE XapaKTEPUCTUKH
Ny4eBBIX GOPTOBBIX AHTEHH [Jae€T BO3MOXHOCTB OCY-
IIeCTB/IATh KOMMYTALUIO JIMHUN CIIyTHUKOBOU CBSI3H,
a TaK>XXe yBeJIMYMBaeT HafleSKHOCTD CBSI3U MPU MIIOXUX
MOT'OJIHBIX YCJIOBUSIX 32 CYET Pa3HECEHHOT0 MpueMa.

Hcnonp3oBaHue y3KOHAIpaBlIeHHBIX aHTEHH B
MUUTUMETPOBOM AManasoHe [auH BonH (MMB) cro-
COOCTBYET yNYJIIEHUIO CBSI3U U ONITUMU3AINN XapaK-
TEPUCTUK CBSI3aHHBIX YCTPOUCTB, TAKHUX KaK CITyTHH-
K{ U IpUeMo-Ilepefaolye anmnaparsl. AHTEHHBI Ha
MMB crnoco6HBI lepeaBaTh U NPUHUMATD CUTHAIBI
TOJIBKO B Y3KOM HaIlpaB/IeHUH. DTO yMEHbILAeT Bepo-
SITHOCTbB, YTO CHUTHal OymeT CIy4alHO pacmpocTpa-
HSITBCSI BO BCEX HAIpaBJeHHUsX, [elaeT ero 6oiee
CIIOXHBIM U151 OOHAPY>KEHUSI CTOPOHHUMH HabIona-
TeJIIMA U BMELIATENbCTBA B CBsI3b. DTO CIIOCOGCTBY-
€T TMOBBILIEHUIO CKPBITHOCTH CBsi3u. OHU 061afanT
BBICOKHUM KOI(QPUIIMEHTOM YCHIEHHS, dTO O3HAaYa-
€T, YTO OHU MOTYT CHOKYCUPOBATH CUTHAJBI B Y3KUX
Jaydax. DTO IO3BOJSET YMEHBUIUTH HEOOXOOUMYIO
MOIIIHOCTH MepeNaTInKa, YTOOBI JOCTUYD JKeTaeMOo-
ro KavyecTBa CBsI3U. Bojiee HU3Kast MOIIHOCTD, B CBOIO
ouyepesib, YMEHbIIAET [TOTPebIeHNE IHEPTUH U YIY-
[maeT MaccorabapuTHbIe XapaKTEPUCTHUKH ANapaTy-
PBl, TaK Kak He TpebyeTcst KPYMHBIX U MOIIHBIX aH-
TeHH. lcrnonb3oBaHre y3KOHANPaBIeHHbIX aHTEHH C
pasHeCceHHBIM IIPUEMOM TO3BOJISIET 6oitee 3G PeKTHB-
HO CIIPaBISITHCS C IJIOXMMU MMOTOAHBIMU YCIIOBUSIMH.
Ecnu ogHO HampaBieHHEe CTAHOBUTCS HENPUT'OJHBIM
u3-3a aTMOCQEepHBIX MOMeEX, APYrHe HANpaBIeHUs
MOTYT MPOAOIXKATE 06ECIeYUBATh CBsI3b, YTO MOBBI-
1IaeT HafeXXHOCTh CBSI3U B CJIOKHBIX KJIMMATHYECKUX
ycnoBusx [8].

Cnymnux MILSTART (CIIA) - Ha 60pTy HCKyC-
cTBeHHOTO crniyTHuKa 3emun (MC3) npepycMoTpeHBI
HCIIOJIb30BAHME IIYMOMOLOOHBIX CUTHAJIOB U IICEB-
pociydaliHasi mepecTpoyKa 4actor B moisoce 2 I'T'm,
a TakXXe KOMMYyTalUsl CUTHaIoB. MeXCIyTHHUKOBAs
cBsA3b B cucteMe MILSTART ocyecTsasieTcst B AUa-
nasone vactor 60 I'Tw, B koTopoMm 6Gosbiloe 3aTyxa-
HHe B LIeHTpe JIMHUU MOTJIOMIeHUS KHUCIIOPOAa ieaeT
MPaKTUYEeCKH HEBO3MOXXHBIM CO3[4AHUE aKTHUBHBIX

npeHaMePEHHBIX PAJUOIOMEX ¢ 3eMIH JIsi paboThI
6oproBoli anmnaparypsbl. [locnenuuii (wecTtoit) cmyt-
HUK 9TOW Mopenu 6but 3amyuieH B 2003 r. ¢ pacuer-
HBIM CPOKOM CiIyX65b!1 10 Jter.

Advanced Extremely High Frequency (AEHF) -
IPYIIUPOBKA CIIyTHUKOB 3aIlMINEHHOW CBSI3M CTasa
€CTeCTBEHHBIM NpOAOIKeHHeM COyTHUKOB MIL-
START. AEHF pa6oraloT B 4aCTOTHOM OUAIMA30HE
MMB, a uMeHHO B Auara3oHe 4acTOT CBhbille 44 I'T.
Orot guanaszos yactor MMB o6ecrniednBaeT BBICOKYIO
MPOU3BOJUTEBHOCTD U 00€CIeIMBAET 3AIUILIEHHYIO
CBSI3b JIS1 BOEHHBIX M TI'OCYy[JapCTBEHHBIX OpraHH3a-
UM, MpPefoCTaBisiss HafeXHble KaHaubl Iepefadyu
OaHHBIX U rosiocoBod cBsi3u. AEHF-cnyTHukm pas-
paboransl [jisi obecriedeHUst BBICOKOM CTEMEHU 3a-
IIUTBl U HaJeXXHOCTHU BOEHHOM CBSI3U B Pa3JIMYHBIX
YCIIOBUSX U IIPU YI'pO3ax 371eKTPOHHOU BOUHBL. CIyT-
Hukd AEHF ucnosnesyor Gonblioe KOJUYECTBO Y3-
KOHAIIPaBJIeHHBIX JIy4yel, HallpaBlIeHHBIX Ha 3eMIIo,
IJIsl Tlepenadu COOGIIeHUH OIb30BATENSAM U OT HUX.
[TepekpecTHBIE CBSI3U MEXAY CIIyTHUKAMH MO3BOJISI-
0T UM [TepeiaBaTh COOOIEHNsI HAIIPSIMYIO, & He Yepe3
HaszeMHYI0 cTaHuM. CIIyTHUKY NTpefHa3HaYeHbl J1s
ofecredyeHus] MMOMEXOYCTOWYHUBON CBSI3U C HHU3KOU
BEPOSITHOCTHIO epexBaTa. OHU BKJIIOYAIOT B cebst pa-
OUOTEXHOJIOTHIO CO CKauyKOOOpa3HOU NepecTPOUKOH
YAaCTOTHI, & TAKXKe aHTEHHBI ¢ $pa3UPOBAHHOMN pelleT-
KOW, KOTOpPBbI€ MOTYT afalTHPOBATh CBOU AUATPAMMBI
HAIPABJIEHHOCTH [JIi TOrO, YTOOBI 3a6JIOKMPOBATH
MOTeHIMabHble UCTOYHUKH MOMeX. VX pa3BepThIBa-
Hue Havyanoch B 2010 r. [TonHbIN OXBAT BCel 3eMHOU
oBepxHOCTH cocTosiics B 2020 I. ¢ BBIXOJJOM Ha reo-
CTAL[MOHAPHYIO OPOUTY IOCIefHEro (IIeCTOro) CIyT-
HUKA CO CPOKOM CITyK65I 15 Jter.

[TocTeneHHO HA CMEHy 3TOM cepuu OymyT mpH-
xopuTh cnyTHUKH Evolved Strategic Satellite (ESS),
[peacTaBisoIKre COO0N CO3Be3[que 13 aMepUKaH-
CKHMX BOEHHBIX CIYTHUKOB CBsI3H, pa3pabaThIBaoIIKe-
Cs1 [I/Is1 YO,OBJIETBOPEHUSI TOTPEOHOCTEH KOCMUYECKUX
cun CoenuneHHbix IlltatoB. OHU GYAyT HCMIONB30-
BaTbCSl [JIsl PETPAHCISILMU 3alIUIIEHHOW CBSI3U C
BoOpy>XKeHHbIMU cunamu CIIA ¢ menbo ymoBIeTBO-
peHMs KaK TaKTHYeCKHUX, TaK U CTPaTerudecKUx I0-
Tpe6GHOCTEN BO BpeMs KOHQIUKTA, BKIIIOYAs 1€ PHYIO
BOMHy. [lepBbIi IPOTOTHUII LOKEH OBITH BBIBE/IEH HA
opbuty npumepso B 2025 r. [9].

[Ipyrum nepcneKTHUBHBIM HallpaBjeHHEM HCIIOJIb-
30BaHMUsI MUJUIMMETPOBOI'O [MamasoHa JIMH BOJIH
SIBIISIETCSL  IPUMeHeHHe OeCIMJIOTHBIX JIeTaTelb-
HBIX aNllapaToB (BIIJIA) B 3eMiiefenuu. CneuH(])H—
Ka poccuiickoro peiHka BIIJTA 3akiniovaercsi B mpe-
06nafaHuy NPOU3BOLUTENEH BOEHHBIX «IPOHOB» U
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NpaKTUYECKHU MOJTHOM OTCYTCTBUH NMPOU3BOLUTENEN
MOTPEOUTENBCKUX U KOMMEPUYECKUX «IpPOHOB». [Ipu
3TOM IMpeobnafaminasi 4acTb NPOU3BOLUTENEH BO-
enHbix BITJTIA umeer B cBoeM moprderne aub0 yxe
yCcTapeBLIMe TEXHUYECKH MOJENH, TUOO TOJIBKO CO-
BpEMEHHbIE OMBITHBIE 06paslbl, KOTOPbIE NEMOH-
CTPUPYIOTCS Ha BBICTaBKaX, HO He IOCTYNAaOT B Mac-
COBO€e MPOU3BOACTBO, M, HECMOTPS Ha 3HAYUTEIbHBIE
GIOKETHBIE BIMBAHUS CO CTOPOHBI TOCYHAPCTBA,
MPOAYKLHUSI POCCUUCKUX KOMIIAHUM celvyac He BBI-
OepXKUBaeT KOHKYPEHIMH C 3alafHBIMU 06pasaMu.
Ucnonb3oBanue BITJIA B ceIbCKOM X035IUCTBE MOXET
COBEpLINTH HACTOSILUUN MPOPHIB, 3HAUUTEBHO CHU-
3UB IPOM3BOJCTBEHHBbIe 3aTparThl. Vcmomp3oBanue
6EeCTTUIIOTHBIX JIETAOIIMX AMMAPATOB B MTPOU3BONCTBE
MPOAYKL WY PACTEHNEBOACTBA IIMPOKO MPAKTUKYETCS
B CIIA, Kurae, finonuu, Bpasunuu 1 MHOTUX €BpO-
neckux crtpaHax. [Ipumenenue BITJIA B cenbckoMm
X035ICTBE MMeEET OIPOMHBIM MOTEHLIUAN, U C KaX-
OBIM TOIOM HHTEpPeC K MX HCIOJIb30BAHUIO PACTET.
[TprMeHeHHe GeCIUIOTHBIX JIETATEBHBIX AIAPATOB
B CEJIbCKOM XO3SUHCTBe SBISETCS WUHHOBALUEeN i
Poccumn, B mepBylo ouepenp, IpU peanu3anu 3aaad
TOYHOTI0 3eMJiefieNusl. «BeCIUIOTHUKM» OCHAIAIOTCS
pPa3HOOOPA3HBIMHU OATIMKAMHU, B TOM YHCIIE MYJIBTH-
CIIEKTPIBHBIMU KaMepaMU, BBICOKasI YeTKOCTh M30-
O6pakeHHUsT KOTOPBIX IO3BOJISIET TOYHO OIPENENsATh
npo6iieMHBIE YYACTKU IIOJISl; CHUCTEMAMHU CIyTHH-
KOBOM HaBUTAIMK; MaqorabapUTHBIMH GOPTOBBIMHU
KOMITbIOTEPAMU; 06OPYAOBAHHUEM [JIsi BHECEHUS XU-
MUKATOB U T. A. [10].

[Ipyu BHEAPEHWUU COBPEMEHHBIX METOMOB PaGOTHI
B CEIBbCKOXO3sUCTBEHHOM cekTope BIIJTA nmomKHBI
6yayT cobupaTh U MepenaBaTb OTPOMHBIE MaCCHUBBI

OAHHBIX IUIST X 06paboTKH. Mcrnonmb3oBaHue CBSI3H Ha
9acTOTaX MUJUIUMETPOBBIX BOJIH MO3BOJIUT COOUPATH
BECh MACCUB JAHHBIX U MEPeJaBaTh C BBICOKUM pas-
pelreHreM Ha GONBIION CKOPOCTH.

3ak/o4eHue

o cux mop aHanmu3 ObUI COCPENOTOYEH HA BO3-
MOXHOCTSIX paclIpoCTpaHeHHs, MpefoCTaBIseMbIX
601ee BBICOKMMHM YaCTOTAMH MHJUIMMETPOBBIX BOJIH
IJIsl ApXUTEKTYp 6eCHpOBOLHON JIOKAJIBHOU CETH.
st 9pPpeKTUBHOrO HCIONB30BAHUS MPEUMYIIECTB
MHWUJIMMETPOBBIX BOJIH 3JIEKTPOHMKA Ha Ka’kKIOM ce-
TEBOM y3Jie CTaHEeT 3HAYMTENBHO CJIOKHEEe, YTOOBI
o6ecnednTh TPeGOBAHUS K OTCIEXKUBAHUIO U HABEle-
HUIO HaIlpaBJIeHHBIX JIMHUHU CBSI3YU U afalTHBHYIO Ha-
CTPOMKY B JIMHUSX MOIVIOIIeHUs. HenaBHue U TeKy-
mue pa3paborku cxeM it MMB 6butu 3HAYUTENTBHO
AKTHUBU3UPOBAHBI TPeOOBAHUEM IOJNEPKKH HOBBIX
KOMMep4ecKkux ceTell 5G. DTu pazpaboTku 6yayT wc-
MOJIb30BAHBI [JI51 PA3IMYHBIX TPUITOKEHUH.

Bonee Beicokue dwactorel MMB o6ecneuynBaor
3HAYUTENIPHO JIy4IIHe YCIOBHUS IOTEPU TPaeKTOPHUHU
IJIsl CETEBBIX COEOUHEHUH B MPOMBILUIEHHOCTH WJIH
pPOGOTOTEXHUIECKUX CPELCTB, I[ie allepPTypbl aHTEHH
orpaHu4YeHbl UKCUPOBAHHOMN IUIOLWIANIBIO, YTO [O3BO-
JIsleT UCIIONIb30BaTh AHTEHHBIE pellIeTKU.

O6acTh MIJIITUMETPOBBIX BOJTH MexXay 50 u 90 T'Ty
JaeT BO3MOXKHOCTH alallTUBHO HAaCTPauWBaTh CKPBIT-
HOCTbD U YSI3BUMOCTB CETH (HJIK IOTEHI[AAJ TOMEX [
COCE[HUX CeTel), YTO TakKe OymeT MoIe3HO IS psifa
OpPYTUX BOEHHBIX 6€CIIPOBOLAHBIX IIPHUIOKEHUH.

BTH coobpaskeHUs JOIKHBI OBITH YITEHBI TPU pa3-
paboTKe KOHLENUUH U MPOEKTUPOBAHUHU HOBBIX BO-

€HHBIX CeTeH CBSI3U.
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Abstract - Background. Millimeter-wave communication systems are becoming more and more relevant in conditions of
saturation of the low-frequency spectrum and growing requirements for data transmission speed. The high degree of radio
wave absorption in the atmosphere creates unique opportunities for the formation of interference-proof wireless local and
personal networks. These factors emphasize the need for in-depth study of the features and advantages of millimeter-wave
band application in radio communications. Aim. The purpose of this study is to analyze the peculiarities of using millimeter
waves in different types of radio communications, as well as to evaluate their advantages and disadvantages for the creation
of high-performance communication systems, including robotics and 5G networks. Methods. The research used analysis
and modeling methods aimed at studying the processes of attenuation, scattering and distortion of signals when radio waves
propagate in the atmosphere. Adaptive frequency tuning was also evaluated to optimize the quality of communication depending
on environmental conditions. The study covered various types of radio communications, including terrestrial, satellite and
aircraft communications. Results. The results of the study showed that atmospheric absorption is significantly reduced at high
altitudes where aviation wireless LANs and drone swarms operate. Adaptive frequency tuning has been demonstrated to be
effective in providing reliable communication in various scenarios, which is critical for maintaining data transmission quality.
For high-performance communication networks, including robotic systems, monolithic integrated circuits operating in the
50-90 GHz range with integrated antennas based on state-of-the-art technologies are required. Conclusion. Thus, millimeter
waves represent a promising direction for the development of wireless networks, especially in the context of new commercial 5G
networks. Higher millimeter-wave frequencies provide improved conditions for network connectivity in industry and robotics,
which opens new horizons for the application of modern communication technologies. The need to increase the complexity of
the electronics at each network node emphasizes the importance of further research in this area to achieve the high tracking and
pointing requirements of directional links.

Keywords - millimeter wave band; 50-90 GHz band; robotic vehicles and complexes; ultra-high frequency band; communication
systems; antenna array; radio communication; drone swarm; data transmission.
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Annomayua - O6ocHoBanne. CMO SBISIIOTCSI OCHOBHBIM MaTeMaTHYeCKUM HHCTPYMEHTApHEM MOJEUPOBAHMS CHUCTEM
nepefayd [aHHbBIX, KOTOPble HEJAPOM HAa3bIBAIOT CETSIMH MacCOBOro o6ciyxkuBaHus. Heo6X0MHMOCTh PeryinpoBaHHUs TaAKUX
XapaKTePUCTHK CHCTEM MAacCOBOTO OGCIYXXHMBaHHUs, KaK BpeMs OXHOAHHsA B O4YepeJd WIM [UIMHBl OYepefu, ob6yCIoBIeHA
MOBBIIIEHWEM KavyecTBa QYHKLMOHMPOBAHHUS CHUCTEM Mepenadyd JaHHBIX. BO3MOXHOCTb PeryIMpOBaHHUsl dTHX XapaKTepPUCTHUK
[103BOJISIET MUHUMHU3HUPOBATh BpeMsl OXKHMAAHHUs B 04epenu B 6ydepax nepefamlinx yCTPOUCTB, a TaKKe caMU 06beMbl OypepHOit
namsTy. [171s [eMOHCTPaL Ui TAKOW BO3MOKHOCTH B pab0Te pACCMOTPEHBI CUCTEMBI MACCOBOTO 06CITy>KUBaHUsI, CGOPMUPOBaHHBIE
KaK OOBIYHBIMM 3aKOHAMM pAClpefeNleHHH B BHE BEPOSITHOCTHBIX CMeCeM, TaK M CABHHYTHIMA BO BpPEMEHHM 3aKOHAMH
pacnpenenenuii. enb. B kayectBe cocrapnsiomux CMO B pabore BbIGpaHbl [MIEPIKCIIOHEHIHAIBHOE U THIIEPIPIAHIOBCKOE
paclpeneneHus BTOPOro mopsiaka. Ha ocHOBe 9THX 3aKOHOB pacIpefefleHHH MOCTPOeHbl YHCIEHHO-AHATUTHYECKE MOJEIH
IJIs1 ABYX CHCTEM MacCOBOTO OGCIY>KUBAHMsI C OOBIYHBIMM M CABHHYTBIMHM 3aKOHAMH PACIPEeIEHUH C BHIBOJOM pELIEHUS [
ocHOBHOH xapakTepuctuku CMO - cpefHero BpeMeHU OXUAHUs B ouepenu. Kak n3BecTHO, ocTanbHble XapakTepucTuku CMO
SABJISIIOTCSI TIPOU3BOJHBIMHU OT CPEHEr0 BPEMEHH OXHAaHWsA. Meroasl. B pab6oTe MCMONb30BaH CABUT 3aKOHOB paCIpefieeH
BIIPABO OT HY/IEBOW TOYKH. [IJ151 BBIBOJIA PEILEHNUsI /ISl CPEHEr0 BpEMEHHU OXKUAAHHUS B OYePeid UCIIOb30BaH KJIACCUYeCKUH METOL
CIIEKTPAJIBHOIO peLIeHUs] MHTerpaJbHOrO ypaBHeHHUs1 JIMHIJIM HA OCHOBe IpeobpasoBaHus Jlamnaca 3aKOHOB paclpefeseHuH,
dopmupyomux paccmorperusie CMO. TlonydeHHble pacuyeTHble OPMYNbl [UIsi CPEAHET0 BPEMEHU OXHUOAHUS B OYepenu
MO3BOJISIIOT PACCYNTATh XAPAKTEPUCTHKH TAKHUX CHCTEM JUIs LIMPOKOTO JUANa3oHa W3MeHEeHWs NapameTpoB TeierTpaduka.
Pesynbrarhl. [ToyyeHHbIe Pe3yIbTAThl MOIYT OBITh HCIIONIB30BAHBI B COBDEMEHHOW TeOpUH TeseTpaduKa IPpH MPOEKTUPOBAHUH
U MOZETMPOBAHUMU PA3IUYHBIX MEPCIEKTUBHBIX CUCTEM Mepenavyy JaHHbIX, BKIKYas 06beMbl 6ydpepHON MamMaTH Mepesauux
ycrpoiicTs. 3akmoyeHue. COBHUT 3aKOHOB PACIIPe/ieIeHUI BO BpeMeHH IIPUBOANT K YMEHBIIEHHIO UX KOOPUIIHEHTOB BapraLUil.
M3-3a KBagpaTHYHOH 3aBUCHUMOCTH CPELHEro BPEMEHU OXHAAHWs OT KOI$PUIHMEHTOB BapHalUH BPEMEHHBIX HHTEPBAJIOB
MOCTYIUIEHHUSI U O6CIY>KMBAHUs CIIEAyeT 3aMETHOE YMEHbIUEHHEe CPEeNHEro BPEMEHU OXMUAAHUS B CUCTEMAX C BPEMEHHBIMU

CABUTaMMU.

Kniouesvle cnoea — o6GBbIYHBIE M COBHHYTble THIIEPIKCIIOHEHLHMATBHBIM W THIIEPIPIAHIOBCKUM 3aKOHBI paclpefeseHus;
HHTerpanbHoe ypaBHeHHe JIMHAIHN; METON CIIEKTPAIbHOTO Pa3ioXeHUs; TpeobpasoBanue Jlamaca.

BBegenue

B uccnepoBannu cucrem G/G/1 BaskHYIO pOJIb UT'pa-
€T METO[, CIIEKTPAJIBHOI'O PEIleHUs] MHTETPAIBHOrO
ypaBHeHus JTungniu. Hauboee 1OCTyIHO 3TOT METOL
HA KOHKPETHBIX IPUMepPAx M3JI03KeH B KJIACCHKE TEO-
pUHU MaccoBoro obcayxuBanus [1].

Hacrosimas crates mocssmeHa aHanudy CMO
H,/HE,/1, o6pa3oBaHHbIe NBYyMsl MOTOKAMH, OIH-
CbIBA€MBIMU OOBIYHBIMU U CABHHYTBIMHU BIPABO OT
HYJI€BOW TOYKM QYHKLMSIMHU IUIOTHOCTEH THUIIEp-
9KCIMOHEHLIMATBHOTO U THUIIEPIPIAHTOBCKOTO 3aK0-
HOB pacIpe/eIeHIH BTOPOro MOpPsigKa.

B panHux paborax aBTOpPOB [LOCTYIIHO MOKAa3aHO,
9TO B CHCTEMAaX, 06pa30BaHHBIX CIBUHYTHIMHU 3aKOHA-
MU pacnpefiesieHui, Npy OJUHAKOBOM Koddpduumen-
Te 3arpy3KH 110 CPABHEHHIO C OOBIYHBIMU CHUCTEMAMH
CpefHee BpeMsl OKHUAAHHUS CTAHOBUTCSI MeHbIIe. DTO
LOCTUIaeTCsl 3a CYeT TOro, YTO KOd$PHULUEHTHI Ba-
pUaluK BpeMeH MOCTYIUIEHHUS C; U 06CTy>KUBAHHA ¢,

v.tarasov@psuti.ru (Tapacos Beruamun Hukonaesu)

ISl CIIBUHYTBIX 3AaKOHOB PACIpeNe/IeHUN CTaHOBSITCS
MeHblIIle IIPY BBOJIE MapaMeTpa CABHra fy > 0. Takum
o6pa3oM, omepanus COBUIA 3aKOHA paclpefereHus
TpaHcHOpPMUPYET OOGBIYHBIE MAPKOBCKHE CUCTEMBI
MaccoBOTO O6CIYXKUBAHUA B HEMAPKOBCKYIO CUCTEMY
G/G/1.

PesynpraTe! pabot [2-4] B o6nactu CMO co coBu-
HYTBIMU pacCrpefeNeHus MU COBMeCTHO ¢ [1] mosBo-
JIUIA Pa3BUTh METON CHEKTPAIBHOTO Pa3JIOKeHHUs
pelleHUs] UHTErpajbHOro ypaBHeHus JIMHUIM U Ha
paccmarpusaemble cucteMbl Ho/HE /1.

B Teopuu MaccoBOro OGCTy>XUBaHUS HCCIENO-
Banus cucteM G/G/1 akTyanbHBI B CBSI3U C TEM, YTO
OHU aKTUBHO HCIOJB3YIOTCS B COBPEMEHHOM TeopUn
TeneTpaduKa, K TOMY Ke HeNb3sl MOMYYNUTh PeLleHMUs]
[JIsl TAKUX CUCTEM B KOHEYHOM BHJI€ IUIst O61Ero CIy-
gyass. MeTol CHeKTPaJbHOIO PAa3JIOKEHUS pPElIeHMUs
WHTETPaJbHOTO YpaBHeHUsl JIMHIUIA B UCCTIENOBAHUN
cucteMm G/G/1 urpaet BaXHYIO pOJib, U GOJBLIMHCTBO
pEe3yNIbTATOB B TEOPUU MACCOBOTO OGCITY>KUBAHUS MO-
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Jy4eHbl MMEHHO C IOMOLIbI0 faHHOro Meroja. OgHa
13 GOpM HHTETPaNbHOIO YpaBHeHUst JIMHIIN BBITIIs-

ouT Tax [1]:
y
jW y-u)dC(u), y=0;
iy || Wit
0, y<0,
roe W(y) - ¢yHKUUS pacripefesieHHsi BepOsITHO-

creii (PDPB) BpemeHnu oxupanusi TpeGOBaHUs B Ode-
penu; C(u)=P(i<u) - OPB cny4yallHOW BeTUYUHBI
i=X—t, rae, B CBOI OYEPEeMb, X — CydaiiHOE BpeMs
o6cnykuBaHus TpeGOBaHUSA; [ — CIydaliHass BeNH-
YUHA — WHTEPBaJl BPEMEHHM MEXAY MOCTYIIEHUSIMHU
TpeGOBaHUH.

[Tpu KPaTKOM U3JIOKEHUU METO[A PEIleHUs YpaB-
HeHust JIuHpgiu 6ymeM NPUAEPKUBATHCS IMOAXOMA
¥ cUMBOIMKHU aBTopa [1]. [Ins aToro yepes A*(s) u
B*(s) o6o3Haunm mpeo6pasopaHus Jlammaca ¢yHK-
LUUU [UIOTHOCTH PACIHpefeIeHUs] HHTEPBATIOB MEXIY
NOCTYIUIEHUSIMA U BpPEMEHH OGCIyXXHBAHHUSA COOT-
BeTcTBeHHO. CYTh pelIeHUs] UHTErPAIbHOIO YpaB-
HeHust JIMHIJIM METOROM CHEKTPAIBHOTO pasiio-
SKEHHMSI COCTOMT B HAXOXAEHUU [UIsl BbIPasKeHWUsI
A*(=s)-B*(s)—1 mpencraBneHus B BULE MPOU3BENE-
HUsI JBYX MHOXHTeEJIEH, KOTOPOe OaBajo Obl paruo-
HaNBHYIO GYHKIUIO OT s. ClIeq0BaTeNbHO, /ISl HAXOXK-
[eHUs] 3aKOHA PACIpee/eHUs] BPEMEHU OKUAAHUS
HeOOXOOUMO CIIEAYIOLIee CIEKTPATIbHOE PA3JIOKEHHE:

A*(—s).B*(s)—1=w+ (s)/\y_(s),

roe y,(s) u y_(s) - HekoTOpble palMOHATbHBIE
GYHKUUU OT S, KOTOPbIE MOXKHO Pa3OKUTh HA MHO-
xureny. PyHkuuu y, (s) U y_(s) MOIKHBI yIOBIET-
BOPSITh CIIELUATbHBIM YCIOBUSIM coriacHo [1].

1. IlocTaHoBKa 3agayu

B pa6oTe cTaBUTCs 3a[a4a HAXOXKIEHUS PeLIeHUs
IJisl CpeHEro BPEMEHM OXHUAAHUs TpeGOBaHUU B
ouepenu 8 CMO H,/HE,/1 u H; /HE, /1 co cnBu-
HYTBIMH THIIep3KCIIOHeHIHanbHeIM (Hy) 1 rumepap-
nanrosckum (HE,) BXOOHBIMH pacrpefieNleHUsIMU C
HCIIO/Ib30BAHUEM KITACCHYECKOTO METO/A CIIEKTPATb-
HOTO pasnokeHwus. [l OPyrUxX CUCTEM MPUMEHEHME
9TOr0 METO[a PACCMOTPEHO B paborax [2-4]. Bompo-
CBl aNMpOKCHMALUH 3aKOHOB pAaCIpefesleHui MOA-
po6HO ocBeleHHI B [5; 6; 8-10].

2. PenlieHMe nmocTaBIeHHOH 3aJadyu

Paccmorpum cucremy Ho/HE,/1, o6paszoBanHyio
[UIIEPIKCIIOHEHIIMANIBHBIM U THIEPIPIAHTOBCKAM
3aKOHAMU paclpefesieHust ¢ GYHKIUSIME [UIOTHOCTH

a(t) = pk1e_7‘1t +(1 —p)kze_}”t, 1)
b(t) = 4qufte_2”1t +4(l—q)p%te_2”2t. (2)

3akousl pacupenenenus (1) u (2) sBrsorest Hanbo-
7ee OOIIMMHU paclpefeeHUsIMA HEeOTPHULATENbHBIX
HEMpPEePBIBHBIX CIIyYaUHBIX BEJIMYUH, IIOCKOJIBKY 06€e-
CTEYUBAIOT MU POKUM [UANIA30H U3MEHEHUS KODDPU-
L[MEHTa BapUalUH.

[Tpeo6pasosanus Jlamnaca ¢pyukunii (1) u (2) umeer
BUL

2u 2 2u 2
B (5o 22| 1m0 )

Torga CHeKTpasbHOe pasjioKeHUEe [Jisi CUCTEMBI
H,/HE,/1 mpeo6pasyeTrcs Kak

ol

2 2
2n 2u
x| | g (1-g) 2
2uq +s 2uy +5

[TepBBIA COMHOXUTENb B IPABOU YaCTH B KBaJipaT-

HBIX CKOOKax paBeH

M Sy A |
{pM -$ +(1 p)kz —s}_
My ~[ o1y +(1-p)2y |5 _ ag-aps
(7‘1 —s)(kz —s) (7”1 —s)(k2 —s)’
rle MPOMEXYTOYHbIE MapameTpbl dy =AqA,, a;=

=phy+(1=pli,.
COMHOXUTENb

2 2
2 2
gl =M +(1-9) i 2 B O
2uq +s 2uy +5

2 2 2 2.2
q(16u1u2 +16p]1ys +4uys )
= +

(21, +5)° (20, +5)?
(1—q)(16ufu§ 16y +4u§sZ)
+ =
(21, +5)° (20, +5)’

by + b5 +bys*

AHAJIOTUYHO TNPeACTaBUM BTOPOU

B 2 2’

(2“1 +s) (2p2 +s)
r7ie MPOMEXYTOYHBIe MapaMeTphl by =16u%u§, b, =
=16py1,[qu, +(1-q)u, ], by = 4[qu% +(1 —q)pg]. Tor-
[a KCKOMOE BBIPa’ke€HUeE [Jisl CIEeKTPaTIbHOTO pasiio-
SKEHWS 3aTUIIETCS KaK
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v, (s) _ (ao —als)(bo +bys +b252) ) .
Vo) (2= 5) (g =) (20 +5) (20 +5)’
~ (7”1 _5)(7‘2 —s)(2},tl +s)2 (2“2 +s)2

(Mg =) (2g =) (20, +5)" (20 +5)°

MHOTO4IeH B YUC/IUTEIIe B IPaBOX YaCTH pasJioxe-

HUs (3), KaK MpaBuIIO, BCEra HMeEeT ONUH HyIb s =0

[1]. B maHHOM ciydae CBOGOIHBIN YIeH Pas3IOXKeHHs
Taxke paseH 0: aph, — 16%19»2;1%“% =0.
B uyucnurene npo6u B mpaBoW YacTU pasiio-

JK€HHs1 MOJYy4YHJIM MHOTOYJIEH [IeCTOH

5 4 3
—C4S _CSS

CTEIICHU

—s(s - 0252 —¢5—¢p), KOIPOHUIHEHTHI
KOTOPOTO PaBHBI:

¢o = aoby —aby +by(hy +2y)— (4)
= 16agyky (kg +1y),

¢; =ayby —a;b; — b —4a0(pf +p.%)+

+ 160y + A9 )1y + 1y Jqy —T6a5u 1y,

¢y = 400y +hg)llpy + 1) + 2051
= 41y +py)ag +4ypy) —ayby,

Cg = 4(hy + 9 )1y +11g) —4(uy +1y

Cy = Aq Ay =4y +1y).

2
)” 2019 |- aq,

KoadpduuueHTs! (4) moay4eHbl ¢ MOMOLIBIO CHM-
BOJIbHBIX omnepaunit Mathcad, nockonbky ynucaurens
pasnoxkeHnust (3) maxe mociie BBELEHHUS TPOMEXKYTOU-
HBIX IIapaMeTpOB COAEPKUT 42 craraeMbIX. Bugumo
U OTCYTCTBHE PEe3yJAbTATOB MO PAaCCMAaTPHUBAEMOM
cucreMe OOBSICHSETCS GONBLUION TPYLOEMKOCTHIO
BBIK/IA0K.

Bbifie/IiM MHOTOYJIEH B YMCIIUTEJIE Pa3iokeHus (3):
s —0454 —0353 —0252 —C48—Cps (5)
T. K. ONpefie/ieHUe ero KOPHEH COCTAaBIIIET OCHOBHYIO
YaCTh METOMA CIEKTPABHOTO PA3/IOKEHHS.

VccnenoBanue mHorowieHa (5) ¢ KoapduureHra-
Mu (4) ¢ ucronb3oBanrem popmyn Buera moarBepk-
OAaeT Haju4YMe 4YeThIPeX OTPULATENbHBIX HEeUCTBU-
TEJIbHBIX KOpHeI\/JI U OOHOTI'O IIOJIOKUTEIIBHOTI'O KOpHﬂ,
1160 BMECTO MEPBBIX — [JBYX OTPHULATENbHBIX [eH-
CTBUTENBHBIX KOPHEH M BYX KOMIUIEKCHO COTIPSIKEH-
HBIX KODHEM C OTPMIATE/NbHBIMU BelleCTBEHHBIMU
yacTssMU. MccremoBanue 3HaKa Miapmero Koadpdu-
IIMeHTa MHOTOYIeHa (5) MoKashIBaeT, 4To ¢, >0 Bcer-
[a B criydae cTaGUIBHOU cucTeMbl, Korga 0<p<1.
C yueToM 3HaKa MUHYC B MHOTOYIEHE Mepef Koad-
dunueHToM c,, dopmynel Buera He mpoTuBOpedar
baKTy HaNMU4YUS YeThIPeX OTPULATEIBHBIX KOPHEU Yy
MHorouseHa (5).

0O603HaYUB OTpPULIATENIbHbIE KOPHU MHOrOYIEHA
(5) mu60o WX OTpHIlATENbHBbIE BEIeCTBEHHBIE YACTHU
nns ynobcTBa yepes —s;, —S,, —S3, —S4, a MOJOXKH-
TebHBIH KOPEeHb Yepes S;, OoTHoureHue Y (s)/y_(s)
OKOHYATENbHO MOXHO pAa3JOKUTh Ha CIEAyIoLINe
MHOXKHUTEIIH:

v, (s) —5(s+5.)(5 +55)(5 +55)(s +54)(s —55)
- - > 6)
Vo(S) (g —5)(Rg —5) (20 + 5720y +9)

C yderoMm crenuanbHbIX ycnosuit [1] 3a ¢yHKIHIO

v, (s) mpumem

V. (5)= S(s+s;)(s+55)(s+535)(s+5,)
(2, +5)2(2uy +s)?

T. K. HyM MHoTo4leHa (5): s =0, —s;, —S,, —S3, =S4,
U OBYKpaTHBIE TOJIOCHI §=-2W;, S=-—2, JeXarT B
obnactu Re(s) <0, a3a dyukuumo y_(s) -

v (s) _ _(7»1 —s)(?»2 —s)

bl
(s—s5)
T. K. €€ HyJIK U IIOJIIOC JIeXKaT B 06J'IaCTI/I Re(s) < D.

[anee mo MeTOAMKEe CIEKTPAJIBHOTO pPa3lOKeHUS
OIpefeIuM IMOCTOSTHHYIO

K = lim 2 (s) _ 5152535
s>0 S 16“%“%

IToctosinHas K omnpepensieT BepPOSTHOCTb TOTO,

YTO [OCTYyMAaIllee B CHCTEMY TpeOOBaHME 3aCTAET ee
cBobonnoi. Yepes dynkuuio y_(s) u nocrosuuyo K
ompenenum npeobpasosanue Jlamnaca GPB Bpemenu
oxxuganust W(y):

K
® N R
() v, (5)
_ 51855354 (s+2pl )2 (s+2p2 )2
16511%;1% (s+sl)(s+52)(s+53)(s+54)'

Torga mpeo6pasoBanuem Jlamnaca mns GyHKLuU

[UIOTHOCTH BPEMEHU OXHUAAHUs 6ymeT QyHKLUs
s-®_(s), T.e.

W (s) _ 51825354 (s +2u4 )2 (s +2u, )2 '
l6pfp% <s+sl)(s+s2)(s+53)(s+s4)

Hckomoe cpefiHee BpeMs OXHIaHHUS B O4Yepenu

7)

paBHO 3Ha4YeHUIO NPOU3BOAHON OT Mpeobpa3oBaHuUs
Namaca (9) dyHKUMY MUIOTHOCTH CO 3HAKOM MUHYC B
To4yke s=0:

W) 1 11 1 1

ds S, Sy Sa S, Wy
o 1 %2 53 %4 My
OKOH‘laTeHBHO, CpeaHee BpeMsdA OXHJOAaHHS B O4de-

penu s CMO Hy/HE,/1
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S — ®)
S1 S2 S3 0S4 My

U3 Boipaxenus (7) mpu HEOOXOAMMOCTU TAaKKeE
MO>KHO OTIpefeTUTh MOMEHTHI BBICIITUX MOPSIAKOB [IJIsI
BpeMeHH OXUOaHusi. Bropas mpousBomHas oT mpeod-
pasoBanus (7) B Touke s =0 [gaeT BTOPOU HAYAIBHBIN
MOMEHT BpPEMEHH OXHIAaHUS, YTO MO3BOJSET OIpe-
IOeMUTh OUCIepPCHUI0 BpeMeHU OXHUAAHUS. YUUThIBAsS
omnpefereHNe IXKUTTepa B TeJIeKOMMYHHUKAIUAX KaK
pa3bpoc BpeMeHU OXHAaHUs BOKPYT €ro CpeaHEero
3Ha4yeHUs [7], TeM caMbIM MOJYYMM BO3MOXHOCTB
OTpeneNeHus AXKUTTepa dyepe3 AUCHEepPCUI0. DTO SB-
JIE€TCS BAXKHBIM Pe3y/bTaTOM IJIs aHa/In3a Tpaduka,
YYBCTBUTEIBHOT'O K 3a/Iep>KKaM.

Tenepb mepeiieM K HMCCIENOBAHUIO CHUCTEMBI H2/
HE2/1 CO COABUHYTBIMU BXOJHBIMU paclpefeIeHUsAMY,
T. e. K CHUCTeMe C 3ama3/iplBaHHeM BO BpeMeHHU. Takyio
CHUCTEMY, B OTJIMYME OT OOBIYHOM CHCTEMBI, 0603HA-
yum H;, [HE; /1. [Ins aToro BBEiIeM B paCCMOTpPeHHUE
$YHKUMH TUIOTHOCTH pAaclpefesieHns] HHTEPBAIOB

BXOOHOTI'O ITIOTOKA U BpeMeHI/I O6CHy)KHBaHI/I$[:
a(t) = pkle_kl(t_to) + (1 - p)k2e_}”2(t_t0), 9

b(t)= 4qud(t—¢, Je 2alt=to) (10)

+4(1-q)ud(t—gg)e o),

Oyukunu mioTHocTH (9) u (10) ABASIOTCS CABUHY-
TBHIMH BIIPABO OT Hy/IeBON TOYKH Ha BETUYUHY t; >0
THIIEPIKCIIOHEHI[UATBHBIM W THUINEPIPIAHTOBCKUM
pacrpenesieHUsIMA BTOPOTO TOpsAnKa. [l HaxoX-
OEeHUsI CPeNHEr0 BPEMEHH OXULAHUS B OYePenu OJisl
9TOM CHCTEMBI [OKAXKeM CIIefyIoliee yTBePKIEHHE.

VrBepkpenue. CrieKTpaibHble pa3iokeHus A *(—s)-
‘B*(s)=1=wy_(s)/y_(s) mna cucremH, /HE; /1 wu
H,/HE,/1 monHOCTBIO COBMAAAIOT U UMEIOT BUJ (6).

HokasaTenbCcTBO. 151 CUCTEMBI HE /HEE /1 cmek-
TpanbHOE pasnoxeHHe OyeT UMETh BUL

Vs (S) — [p 7\‘]

v_(s)

+(1—P)%]et°s x

2 2
2 2 —
xlq| =t +(1-9) 2 et Zq=
2uq +s 2uy +5
A
1 2
= +(1-— X
[pkl—s ( p)kz—s]
2 2
2u 2n
xlg| 2|+ (1-q)| 22| -1,
22Uy +s 2uy +s

VY 3KCIOHEHT MoKa3aTelIu CTEINEeHU C MpOTUBOIIO-
JIO>KHBIMH 3HaKaMH O6HYJI$[IOTCH, u onepanuda caBura
TE€EM CaMbIM HHUBEJINPYETCH. Takum o6pa30M, CIIEK-

TpajibHble DA3JIOKEHUs] pELIEHUs] WHTErpajbHOTOo
ypaBHeHus JIMHAIM IUIs1 ABYX PACCMATPUBAEMBIX CHC-
TeM COBNANAIOT. YTBEPXKIEHHE JOKA3aHO.

CnencrBue. PacueTHOe BbIpaXe€HHUE ISl CPENHErO
BpEMEHU OXMUIAHUS [UIsl CUCTEMBI CO CIBUHYTBIMU
pacnpefeneHusMu 6yIeT UMETh TOYHO TAKOH e BUTI,
KaK y CUCTEMBI C OGBIYHBIMU PACIIPEfeEHUAMU, HO
C U3MEHEHHBIMU IapaMeTPaMU BCIIECTBUE IIPOBEfie-
HUsl OTIepALIMY CABUIa BO BpeMeHU [2-4].

Tenepb OMNpeleNUM YUCIOBBIE XapaKTEPUCTHKH,
a yepes HUX - HEM3BECTHBIE MapAMETPhI pacIpe/erie-
Huii (9) u (10) meToOM MOMEHTOB. [IJIsl 3TOrO 3aMu-
meM ux npeobpasoBanust Jlamnaca:

. A A
A (s)= L i(1-p)—2—]e ™",
s [pk]+s ( p)k2+s]
2 2
. 2 2 _
B (s)=[q| —H1_ +(1-q) My ) etos,

2uq +s 2uy +5

*
[epBast mpousBogHast GpyHKuMu A’ (S) CO 3HAKOM
MUHYC B Touke s =0 [aeT 3HAYEHUsI CPEIHETO UHTEP-
Basa MOCTYIUIEHUS TPe6OBaHUI

T, = ph +(1-pgt + g, (11)

a BTOpad NpoOu3BOOHASA AAET BTOpOI‘/JI HaYaJbHBIA MO-
MEHT 3TOI'0O UHTEpBaaa

2 (1—p)]+2[i+(1—p)].

J,__ _—

(12)
M Ay ?»% 7%

2 2
Ty =t +2¢,

Torga kBagpaT KodddULMEHTa BapUaluy HHTEP-
BaJsa MOCTYIUIEHUH 6yeT paBeH

[(1- p? 0§ =24 hpp(1- )+ p(2— p)A3 ]
[to}“];\'z +(1- p))nl + p7\.2 ]2

2
¢, = (13)

[Toctynue aHanoru4Ho c pacnpepeneHuem (10),
oIpefieJIMM COOTBETCTBYIOLIME XapaKTePUCTUKH IS
BpeMeHHU 06CITy>KUBaHUSI.

T, = +(1-quy + i, (14)

Tﬁ =2 +2ro[i+_(l_q)]+§[i+(1—2q)

MMy 27

], (15)

2 2
2 MY —2qu9 (g —py)+q(1-2g)(ny —py)
= . (16)

2
2oty +(1-qluy +quy]

MexaHu3M OTpELe/ieHUs] MapaMeTpPOB pacrpee-
nenuit (1), (2), 9) u (10) kak ¢ UCIONIB30BAHUEM [IBYX
MepBbIX HAYAJIbHBIX MOMEHTOB, TaK M C UCIOJIb30Ba-
HUEM TPeX HaYaJIbHBIX MOMEHTOB IIOAPO6HO U3JIOXKEH
B [3] u [4] cooTBeTCcTBeHHO. 3MeCh Xe MPUBENEM TO-
TOBbI€ BBIPAKEHMSA [JI OTHUX MapaMeTpoB. s pac-
npeneneHus (9) HeM3BEeCTHbIE MapaMeTPbl HAXOAUM
10 BBIPAXKEHUSIM:
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Ta6nuua 1. Pe3ynbTaTe! aKcriepuMeHTOB A1 cucTeMbl Hy/HE,/1

Table 1. Experimental results for the Hy/HE,/1 system

BxopHble napameTpsl CpenHee BpeMsi OKUIAHUS
Input parameters Average waiting time
p (c),¢,) CMO QS Hy/HE,/1 CMO QS Hy/H,/1
(1;0,71) 0,086 -
(1;1) 0,111 0,111
0,1 (2;2) 0,446 0,445
(4;4) 1,791 1,779
(8:8) 7,173 7,112
(1;0,71) 0,755 -
(1;1) 1,000 1,000
0,5 (2;2) 4,043 4,044
(4;4) 16,235 16,129
(8:8) 64,844 64,178
(1;0,71) 6,771 -
(1;1) 9,075 9,000
0,9 (2;2) 36,169 36,200
(4;4) 144,773 144,833
(8:8) 577,875 577,861
1 (T, 1, 2 MHOTOYHCJIEHHbIe 3KCIIEPUMEHTBI TOITBKO MO/ITBEPK-

- b

4 20T, —ty)? + 3T

hoy =201 (%, —ty), hy =20-p)/ (%, —t,),

a st pacnipepenenus (10) -

1.1 3F, 1)

A4 = .2, 2=27
8[(‘tH to) +curu]

Hy =2q/(?u—t0), 5 =2(1—q)/(?u—t0).

V13 aTHX BBIPa>K€HUH CIIeMyeT, YTO apaMeTp CABH-
ra OrpaHu4YeH yCIOBHEM t; < ?” <71, . Kpome Toro,
o6bnacTe npuMeHuMocTH cuctembl Hy /HE; /1 ompe-
[eJseTCsl He OTPULIATEIBHOCTBIO ABYX IMOAKOPEHHBIX
BBIPa>KeHUU 15 P U g.

ANropuTM pacyeTa CpefHETr0 BPEMEHH OKHIAHMUSI
[pH 3aJaHHBIX BXOAHBIX IAapaMeTpax T, , ?H, G O
ty CBOIHMTCA K MOC/Ie0BATENbHOMY OTpefeeHHUIO
HEU3BECTHBIX IapaMeTpoB pacnpenenenuit (9) u (10).
Hanee onpepnensiem koadpduurentsl muorowiexa (5)
[0 NIPUBEJEHHBIM BBILIE BBIPasKeHUSM (4) U HAXOAUM
HY>KHble KOPHU C OTPULATEbHBIMHU BellleCTBEHHBIMU
4acTAMM —$;, —S,, —S3, —S,. [lofcTaBuB abcomoT-
Hble 3HAYEHUS ITUX KOpPHEH B BeIpakeHwue (8), omnpe-
[elsieM CpefHee BpeMs oXujaHusi. Hamuuue Takux
KOpHEeH 06YCIIOBIEHO CYL[eCTBOBAHHEM U €IMHCTBEH-

HOCTBIO CIIEKTPAJIBHOI'O Pa3JI0O>KEHMU. HpOBe,ﬂeHHBIe

[AI0T NaHHBIN QaKT.

3. PGSYJILTaTBI BBIYUMCIUTEC/IbHBIX
9KCIIEPUMEHTOB

B Tabn. 1 u 2 mpuBe[ieHbl IaHHbIE PACYETOB B Ma-
kete Mathcad nns o6erunor cucremnr Hy/HE, /1 u
cucremsl ¢ 3amnasgeiBanuemM H; /HE, /1 mns cmyda-
€B MaJIOH, CpeflHeH U BbICOKOU Harpysku p =0,1; 0,5;
0,9 mns WHMpoKOro guanasoHa U3MeHeHUs: K0dddu-

IIUEHTOB BapI/IaLlI/Iﬁ C)»’ ¢, W nnapamMmeTpa caBura tO'

PesynbTaThl Aiis OGBIQHOﬁuCHCTeMbI CPaBHUBAKTCSA C
JaHHBIMM U151 611usKoi cuctemsl Hy/H,/1. TIpoyepku
B Ta6. 1 03HAYAIOT, YTO MPHU TAKUX 3HAYEHUSIX Mapa-
merpos cucrema Ho/HE,/1 Henpumenuma. Pesyne-
TaTBl I CUCTeMbl ¢ 3amasabiBaHuem H, /HE; /1
CPaBHUBAIOTCS C PE3YIBTATAMHU IJis OOBIYHOU CHUCTe-
Mbl. Koapdunuenrt zarpysku p B obeux Tabnuuax
OTIpefieNisieTCs] OTHOLIEHHWEM CPEIHUX HHTEPBAJIOB
p =?u /T,. B pacyeTax MCNO/Nb30BAaHO HOPMHUPOBAH-
HoOe BpeMs obcinyxuBaHust T, =1.

PesynbraThl iyis cuctem Hy/HE,/1 1 Hy/H,/1 copma-
[AIOT [0 LIEJbIX YaCTEH, HO IIPU ITOM [UANA30H Mapa-
METPOB OOCIY>KUBAHUSI [JIsl IEPBOU CUCTEMBI ILUPE,
YeM [J151 BTOPOU.

Cucrema H, /HE,; /1 mpumeHMMa ¥ I Majbix
3HAYeHUU KO3PPULUEHTOB BapUALUH, B YACTHOCTH,
npu p=0,9, ¢, = Cy =0,2 u t; =099 cpennee Bpe-
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Ta6nuna 2. PesynbraTel okcriepumMeHToB s cuctemsl H, /HE, /1
Table 2. Experimental results for the H, /HE; /1 system

BxopHble mapameTpsl CpenHee BpeMsl OKHUOAHUS
Input parameters Average waiting time
(chp) (c)5 Cu) CMO QS H, /HE, /1 CMO QS H,/HE,/1
ty=0,99 tr=05 ty=0,01

(1,0,71) 0,03 0,04 0,09 0,09

(1;1) 0,06 0,07 0,11 0,11

0,1 (2;2) 0,23 0,36 0,44 0,45

(4;4) 0,93 1,56 1,79 1,79

(8;8) 3,74 6,38 7,16 7,17

(1,0,71) 0,26 0,48 0,75 0,76

(1;1) 0,51 0,75 0,99 1,00

0,5 (2;2) 2,04 3,15 4,03 4,04
(4:4) 8,15 12,73 16,17 16,24

(8:8) 32,62 51,07 64,58 64,84

(1,0,71) 2,49 6,00 6,77 6,77

(1;1) 4,73 8,29 9,06 9,08

0,9 (2;2) 18,92 33,20 36,14 36,17
(4;4) 75,69 123,39 144,63 144,77
(8;8) 302,78 528,43 577,29 577,88

Ms OKHJAHHUS COCTABIISIET BCETO W= 0,187 epuHuU1LBI
BpemeHU. TakuM 06pasoMm, [UANA30H U3MEHEHHs Ma-
pamerpos nna cuctemsl H, /HE; /1 ropasmo mmpe,
4eM y o6eraHOM cucremsl Hy/HE, /1.

3ak/io4eHue

ITo pesynbpraTam paboThl MOXKHO CHENaTh CIEAYI0-
IIYe BEIBOMBI.

Kak u crenoBano OXHAATh, YMEHbIIEHHE KO3¢-
duumenTos Bapuauuu c, u €, 3a CYeT BBeJEHHMS
napameTpa casura ty, >0 B 3aKOHbBI pacrpeneneHuH
BXO[HOIO IIOTOKA M BpeMEHH 00CIy>KHBaHMUsI, Ble4eT
3a co60H 3aMeTHOe YMeHbIIEHNE CPeJHETO BpEMEHHU
OXHJaHUS B CHCTeMax C 3amasgbpiBaHueM. TeMm ca-
MBIM, MBI paclivpsaAeM OGJ’[aCTb NpUMEHUMOCTHU CHU-
cremsl Hy/HE,/1 B Teopuu Tenerpaduka.

Hay4nast HOBM3HA IOTyYeHHBIX pe3yJIbTATOB 3a-
KJIIOYAeTCs B TOM, YTO IOJIy4eHO CIIeKTpaJbHOe pas-

JIOKEHWE PEeLIeHUs] UHTErPANIbHOTO ypaBHeHUs JIMH-
MM A7t PACCMATPUBAEMBIX CUCTEM H C €r0 TIOMOLIBIO
BbIBe[ieHA pacyeTHas GOpMyNa AJis CPELHETO BpeEMe-
HU OXKW[AHUS B OYEpEeNU [l STOU CUCTEMBI B 3aM-
KHyTOU popme. [laHHBIE YUCTIEHHBIX IKCIIEPUMEHTOB
MOMITBEPK/AAIOT MOJHYI0 a[EKBATHOCTh MOJTy4eHHBIX
TEOpPETUIECKUX PE3YJIBTATOB.

[pakTu4eckoe 3HaYeHWe PabOTHI 3AKIHOYAETCS B
TOM, 9TO MOJNY4E€HHBIE PE3YNBTATHI C YCIIEXOM MOTYT
6bITb MPUMEHEHBI B COBPEMEHHON TEOPUU TeeTpa-
¢uKa, roe 3amepKKU MAKETOB BXOAALIEro Tpadpuka
UTPAKOT MEPBOCTENEHHYIO POJib. i 3TOr0 HEO6X0-
[OYMO 3HAThb YUC/IOBbIE XapAKTEPUCTUKH UHTEPBAJIOB
BxofAIIero Tpapuka U BpEMEHU OOCIY>KUBAHUS HA
YPOBHE [BYX MEPBBIX MOMEHTOB, UYTO HE BBI3bIBAET
TPYAHOCTEHN TPU UCMOIb30BAHUU COBPEMEHHBIX aHA-

nu3aTopoB TpaduKa.
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Spectral solutions for QS with distribution laws
in the form of probabilistic mixtures

Veniamin N. Tarasov ®, Nadezhda F. Bakhareva

Povolzhskiy State University of Telecommunications and Informatics
23, L. Tolstoy Street,
Samara, 443010, Russia

Abstract - Background. QS are the main mathematical tool for modeling data transmission systems, which are not without
reason called queuing networks. The need to regulate such characteristics of mass service systems as waiting time in a queue or
queue length is due to the improvement of the quality of operation of data transmission systems. The ability to regulate these
characteristics allows minimizing the waiting time in the queue in the buffers of transmitting devices, as well as the volumes
of buffer memory itself. To demonstrate this possibility, the paper examines queuing systems formed by both conventional
distribution laws in the form of probability mixtures and time-shifted distribution laws. Aim. In this work, the hyperexponential
and hyper-Erlangian distributions of the second order were chosen as components of the QS. Based on these distribution laws,
numerical-analytical models were constructed for two queuing systems with normal and shifted distribution laws, with the
derivation of a solution for the main characteristic of the queuing system - the average waiting time in the queue. As is known,
the remaining characteristics of the QS are derivatives of the average waiting time. Methods. The paper uses a shift of the
distribution laws to the right from the zero point. To derive a solution for the average waiting time in a queue, the classical
method of spectral solution of the Lindley integral equation is used based on the Laplace transform of the distribution laws
that form the considered QS. The obtained calculation formulas for the average waiting time in a queue allow us to calculate the
characteristics of such systems for a wide range of changes in teletraffic parameters. Results. The obtained results can be used in
modern teletraffic theory in the design and modeling of various promising data transmission systems, including the volumes of
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buffer memory of transmitting devices. Conclusion. The shift of the distribution laws in time leads to a decrease in their variation
coefficients. Due to the quadratic dependence of the average waiting time on the variation coefficients of the arrival and service
time intervals, a noticeable decrease in the average waiting time follows in systems with time shifts.

Keywords - ordinary and shifted hyper exponential and hyper-Erlang distribution laws; Lindley integral equation; spectral
decomposition method; Laplace transform.
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K cBenenuro aBTopoB

B sxypHase «Du3HKa BOJHOBBIX IPOLECCOB M pafioTeXHUYeCKHe crucTeMbl — Physics of Wave Processes
and Radio Systems» moryr GeITb ONy6IMKOBaHBI MAaTepPHAIbl, KACAIOIINECS OPUTHHAIBHBIX HCCIIEN0-
BaHUU U pa3paboTOK, He MyOIMKOBABIINECS paHee U He IpefHA3HAYEHHbIe [Js MyOIUKALUY B APYTUX
U3[aHMSX. B 3aBUCHMMOCTH OT XapakTepa MpeCTaB/IseMbIX paGoT OHHM KJIACCUPULUPYIOTCS MO CIIeLy-
IOLIMM pasjernam: ob1Las TeOpHsl BOTHOBBIX IPOLIECCOB, MATEMATHYECKHE METO/bI B TEOPUH BOJTHOBBIX
IIPOL[ECCOB, BOIIPOCHI aHAIN3a U CUHTE3a PAJUOTEXHUUYECKUX YCTPOMCTB U CUCTEM, Ilepefada u o6pabor-
Ka nHGOPMALUK B PAIUOTEXHUYECKUX CUCTEMAX, dJIeKTpoaruHaMuka U Texuuka CBY u KBY, anTenno-
dunepHble CHCTEMBI M PACIIPOCTPAHEHHE PASHUOBOJIH, TEOPHUS CPEACTB PYHKIIMOHAIBHOM 2IIEKTPOHUKH,
HeJIMHEMHAs! 9JIEKTPOAMHAMHUKA U Xa0C B PAAMOTEXHUIECKUX CUCTEMAX, IKOJIOIHYeCKHE U MEeUKO-OH0-
JIOTUYECKHEe aCMeKThl TEOPUH BOJHOBBIX IPOLECCOB.
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Cofep>X1MOe CTaTbU NO/KHO OBITh CTPYKTYPHPOBAHHBIM 10 pasfesiaM, T. €. COAepKaTh «BBeneHune»,
«1. ITepBBI# pasfen», «2. Bropoil pasmen» U T. A., «3aK/I04eHHE».

Bce ¢popmyinbl, nepeMeHHbIe, KOHCTAHTBI, & TAKXKE Pa3MEPHOCTU BEJIMYHH, COEPKALINe HALCTPOY-
Hble U(WIH) TIOOCTPOYHBIE CUMBOJIBI, B TOM YHC/I€ M B PUCYHKAX, NOJIKHBI OBITH HAGPAHBI B PeJAKTOPE
¢dopmyn MathType. [nuHa He moykHA npeBbiwaTh 75 MM npu wpudte B 10 nr. He gomyckaercs Ha-
60p popMyI1 B TEKCTOBOM BH[e 6€3 NCIONB30BAHMS YKa3aHHOro pefakTopa. Crenyouine 3a opMyiaMu
3HAKH NPENUHAHUS [IPEANIOYTHTEIbHEE BHOCUTD HEMIOCPEACTBEHHO B GOPMYIIbL. PYyKONMKCH LOJIKHA CO-
Lep>KaTh JINLIb cCaMble HeOGXOAMMbIe (OpUTHHAIBHBIE) KOHEYHBIE GOPMYIIbI, 6€3 MPOMEXYTOYHBIX MaTe-
MaTHYECKUX peobpasoBaHuil U BbIBOJOB. HoMepa HeO6XOAMMO MPHUCBAUBATE TOINBKO TeM Gopmyam,
Ha KOTOPBIE eCTh CChUIKU B TEKCTE CTATBH.

Hymepanust ¢opMyst npocTasisieTcsi B KPyibix ckob6kax (1), puamnasoH Gpopmys ¢ UCIOIb30BaHHEM
cpenHero Tupe 6e3 mpobenos (1)-(3). PopmMyra U HOMep BBIHOCSTCS Ha OTAENBHYIO CTPOKY U Pa3feisiioT-
Csl TOPU30HTAIBbHON TabyIsILHeH.

CCBUIKM Ha MCIONIB30BaHHbIE HCTOYHMKHM 0603HAYAIOTCS KBaApPAaTHBIMKU CKo6Kamu [1], nuanason -
Jyepe3 TOUYKY C 3aMSTON AJIs ABYX UCTOYHHUKOB [2; 3] U cpepHuM THpe 6e3 mpo6enoB BHYTPH CKOGOK st
6onbluero konuyecTsa [1-3], mepeunicienue - yepes TOUKy ¢ 3anaToi [1; 3; 5], ykazaHue Ha KOHKPETHYIO
CTPaHHULY — Yepe3 3ansTylo [10cje YMcaoBoro o6o3navenus [1, c. 25].

CCBUIKM Ha PUCYHKH B T€KCTe 00513aTeNIbHBI U JOJIKHBI UMETh COKpalieHue «puc. 1». BykBeHHBIE 060-
3Ha4YeHUs BBIIOJHSIOTCSI KYPCUBOM, Iepef OYKBOH HeO6XOOMMO ITOCTaBUTH 3amsTylo (puc. 1, a). MoxxHo
yKa3bIBaTh AHUANA30HBI C TOMOLIBIO CpefHero Tupe (puc. 1-3, puc. 2, a-s, puc. 2, 2—e);

PHUCYHKHM CllefiyeT MpeCTaBIsATh TONbKO B BuAe ¢aiinos rpadpudeckux popmaros CDR, VSD, WMF
wnn EPS (Bekropnast rpaduka). @opmar CDR npepmoutnrenbHed. TeKCT Ha PHUCYHKax MeYaTaeTCsl
wpudprom Times New Roman (pasmep 8 unu 10 ). B ciiyyae 60/1b1I0H CIIOXKHOCTH PUCYHKOB [JOMyCKa-
ercs mpencTasieHue B Bupe rpadpudeckux popmaros JPEG (c MUHHUManbHBIM cxXaTtreM) U Windows
Bitmap (pacTpoBast rpaduka). Bce pucyHKH NO/KHBI ObITH IIPUIOXKEHDI B BU/I€ OT[E/bHBIX rpadude-
ckux dainos (st pactpoBoit rpaduku pasperieHue 600 dpi). PUCYHKM KOJKHBI HMETH ITOJPUCYHOU-
Hble moanucu. OHU 0603HAYAIOTCS CJIOBOM «PHC.» 1 HOMEPOM PUCYHKA, I0CJI€ KOTOPOTO CTABUTCS TOYKA
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(Puc. 1. Tpadux ..., Puc. 2. 3aBUCUMOCTb ... ¥ T. [.). [IJ51 aHTJIOA3BIYHBIX TTOAMUCEN MCIIONB3YETCS COKpa-

meHue «Fig». [Ipy HAMTUYUY B CTaTbe TOJIBKO OMHOTO PUCYHKA YMC/IO 1 CTaBUTH He HY>KHO.

CIMCOK THTEPATYPBI NOIKeH 6bITh HabpaH ¢ cobnogeHueM «['OCT P 7.0.5-2008 Bubnuorpadudeckas
ccpuika. O6uue TpeGOBaHMS U NpaBHa COCTABIEHHUs» sl pyccKosizplaHoro crnmcka (https://protect.
gost.ru/document.aspx?control=7&id=173511) u o craugapry «<IEEE» myist anrnosiserqsoro crnucka (pdf-
nokymeHT IEEE Reference Guide Ha crpanmue https://journals.ieeeauthorcenter.ieee.org/create-your-
ieee-journal-article/create-the-text-of-your-article/ieee-editorial-style-manual)).

IMpu Hanuuuu DOI win URL y MCTOYHHKA WX yIIOMUHAaHUE SIBsIeTCs 06s3aTenbHbIM. Heobxo-
OUMO mpefocTaBnsTh monubii ¢opmar DOI, Brimovawmuil nomenHoe ums (Hampumep, https://doi.
org/10.18469/1810-3189.2023.26.2.9-17).

- CraTh¥ JO/KHBI MPUCHUIATBCS C YKa3aHMEM aBTOPOB, 3arojioBKa cTaThu (mepesBop ans References),
[OJTHOTO Ha3BaHHWs XypHaia (TpaHCIuTepalus OJisi PyCCKOSI3bIYHBIX HasBaHuil B References), roaa,
TOMa, HOMepa WUJIX BBINYCKa, CTPaHUI]. Bce BBIXO[IHBIE JaHHBIE Pa3[eIsIIOTCS] TOYKAMHU 33 UCKIIIOYeHH-
€M TOMa ¥ HOMepa, MeXIY KOTOPBIMU CTaBUTCs 3amsitast (Hanpumep, T. 31, N° 7). B kadecTBe pasnenu-
TeJsl MEXIY CTPAHULIAMH UCIIONIb3YETCs CpefHee Thpe 6e3 mpobeoB, HAIpUMep, 67-78:

RU: >KutHiok B.C., Menkos I'A., ConosreB [.A. MccrnenoBaHue BKIOYEHHUS MOIYNPOBOAHUKO-
BOTO AMOMA B AM3JIEKTPUYECKUU pesoHaTop // sBecTus By3oB. Papunosnektponuka. 1998. T. 31, N 7.
C.76-79.

EN: V. S. Zhitnyuk, G. A. Melkov, and D. A. Solov'ev, “Study of the inclusion of a semiconductor diode
in a dielectric resonator,” Izvestiya vuzov. Radioelektronika, vol. 31, no. 7, pp. 76-79, 1998. (In Russ.)

- Kuuru gomkHb!l 6BITH C YKa3aHUEM aBTOPOB, HA3BAHUs, MeCTA WU3[JAHUsI, HA3BAHUs W3LATeNsl, [OMa,
KOJIMYECTBA CTpaHuL. Ec/iu aBTOPOB Tpoe, TO OHU YKa3bIBAIOTCs B Havasae 6U6aIuorpadpuIeckoro omnu-
canus (MBanos B.I1., Apxatos 3.U., [Tonomapes C.C. MccrenoBaHusi...); €C7TH aBTOPOB GOJIbILE TPEX, TO
cHayasa WfeT Ha3BaHKMe KHUTH WK CTATHH, a 3aTeM 4epe3 KOCy GpaMUIIUs MePBOro aBTOpa U CJI0Ba
«¥ [Ip.» B KBa[paTHBIX CKOOKax, T. €. Mccnenosanusd... | C.C. UBaHOB [1 ap.]. MecTo u3ganus cogepKuT
[OJIHOe Ha3BaHHUe 3a UcKIodYeHrneM Mocksbl, Husknero Hosropona u Caukr-Ilerep6ypra, KoTopbie
3anuceiBaoTcs kKak M., H.Hosropop u CII6. coorBercTBeHHO. B References mecto usnanus ykasbiBa-
€TCsI OJIHOCTBIO:

RU: Mapkos I'T., [Tetpos B.M., I'pyaunckas I.I1. DnexTpogrHaMUKa U paclipocTpaHeHHe paiuOBOJIH.
M.: Cos. papuo, 1979. 374 c.

EN: G. T. Markov, B. M. Petrov, and G. P. Grudinskaya, Electrodynamics and Propagation of Radio Waves.
Moscow: Sov. Radio, 1979. (In Russ.)

RU: Electromagnetic Waves in Chiral and Bi-Isotropic Media / I.V. Lindell [et al.]. London: Artech
House, 1994. 291 p.

EN: L. V. Lindell et al., Electromagnetic Waves in Chiral and Bi-Isotropic Media. London: Artech House,
1994.

- [aTeHTBI 4OJKHBI IPUCHUIATHCS C YKA3aHMEM aBTOPOB, HA3BAHMsI, HOMepPA MaTeHTa, AAThl OMy6IUKO-
BaHUSI:

RU: ITarent RU 2402812 C1. Mynbru4acToTHasi pagroMeTKa pe3oHaHcHoro tumna | B.A. HeraHos,
A.M. ITnotHukoB, K. CeoHno; 27.10.2010.

EN: V. A. Neganov, A. M. Plotnikov, and K. Seono “Multi-frequency rfid-tag of resonant type,’
RU Patent RU 2 402 812 C1, Dec. 27, 2010. (In Russ.)

Marepuanbl, COMPOBOXKAAEMbIE AKTOM 3KCIIEPTHU3BI O BO3MOXHOCTH ONYGIUKOBAHUS, COTPOBOMU-
TeJIBHBIM NUCBMOM (COCTaB/IeHHOE B cBOGOJHON pOpMe U MOAIHUCAHHOE BCEMH aBTOPAMHU) U COTTIACHEM
Ha 06pabOTKY U MyOIHUKALMIO TIePCOHANIBHBIX JaHHBIX KaXKI0T0 COABTOPA, MPEACTABISIOTCS B PEAAKIIHIO
vyepes $opMy Ha caiiTe XypHana uid Ha e-mail: klyuevd@yandex.ru).

Pyxonucu, 6 komopbix He cO6100€eHbl 0AHHbLE NPABUILA, 8038PAWAIOMC ABMOPaAM 63 pacCMOMperusl.
Pepakuust He CTaBUT B U3BECTHOCTH aBTOPOB 06 M3MEHEHHSIX U COKPAIIEHUSX PYKOMHCH, UMEIIIHX
penaKkIMOHHBIM XapaKTep U He 3aTparuBalolUX IPUHIUIHAIBHBIX BOIIPOCOB.

IMonuble Tpe6oBaHMs K 0POPMIIEHHIO CTATHU U IIAGIOH
MO>KHO HaWTH Ha caiTe https://journals.ssau.ru/pwp/about/submissions
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