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YrO/IbHOM, KPYr/I0M M 3AANNTUYECKOM POpMaMM NMOMEPEYHOIO CEYEHUA, YYUTLIBAOLWMX TENIOBbIE NOTEPU, KOTO-

pble HeobXoAMMbI ANA MOCTAaHOBKM M NOCNEAYIOLWErO peLleHUa COOTBETCTBYOLWMX KpaeBbIX 3aad.
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Beenenne
I[Ipu  mpom3BoACTBE  CBEPXBBICOKOYACTOTHBIX
(CBY) ycTpoi#CcTB: H30IATOPOB, LUPKYJIATOPOB,
(azoBpamareneii, MUHAATIOPHBIX aHTCHH B JWa-
nazone (1-100 I'T'm) mpumensirorcst GeppuThl ¢
BBICOKOM HAMAarHWYEHHOCTBED M MarHUTHOW IIPO-
HUIIAEMOCTBIO, a TaK)Ke€ BBICOKOW IHAJIEKTpUde-
CKOM MPOHUIIAEMOCTBIO U AJIEKTPHUECKUM COIIPO-
THUBJIEHUEM, HU3KHUMH 3JIEKTPOHHBIMH M MarHuT-
HBIMU TIoTepsMu [1-6].

B pabote [7] npuBeneHbl dKCIEPUMEHTAIHHO
MOJIy4eHHBbIE OCHOBHBIE XapaKTEPUCTUKH Pa3ind-
HBIX (EPPUTOB, HCIOIB3YEMBIX MPH H3TOTOBIIE-
Hun CBY ycTpoiicTB, OTKyna cieayer, 4To MpH-
MeHsIeMbIe Ha MPAaKTHKE (PeppUThl HMEIOT TAHT'CHC
yria JAWAJIeKTPUYECKUX TIOTeph B JHMAara3oHe
(2,5+25)-107%, uro ABAAETCA CYIIECTBEHHOI BelH-
gunoil. CnemoBarenpbHo, B CBY ycTpoiicTBax

ANsaneKTpuyecKan
HOpMa/ZibHO€ HamarHn4imsaHue, TeH30p MarHuTHOM NPOHNUAEMOCTHN, TENNOBAA NOTEPA.
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NPOHWULLIAEMOCTb,

rmbpuaHbie BOJIHbI, BOJHOBOA,

AMEET MECTO 3HAYUTENIbHBIE TEIJIOBBIE IOTEPH.
ITosToMy, amst mpoBeeHus 6ojIee TOUHOTO aHAN3
1 pacuéra XapaKTEPUCTUK PacCIpOCTPAHSIIOLINXCS
B PA3NMYHBIX TUPOTPOIHBIX BOJHOBOAAX JJIEK-
TPOMAarHUTHBIX BOJIH, HEOOXOAWMBI YacCTHBIC
ypaBHeHUs ['enbMrosipua, y4uThIBAIOUIUE TEIIO-
BbI€ MOTepHU. [ MpOTpOIHBIE BOTHOBOABI HAMArHH-
YUBAIOTCS BHEIIHUM MAarHUTHBIM TIOJIEM BJOJb
WY TONEpEK HANpAaBJICHUS pPacHpoCTpaHEHUs
3eKTpOMarHuTHBIX BOJH [8—11]. B cBoio ode-
pelb, TonepedHoe HaMarHHYMBaHUE MOXKET ObITh
KacaTelbHBIM WM HOpPMalbHbIM. B pabote pac-
CMOTpEH ClIy4yail HOpMaJIbHOIO HAMarHUYMBaHU.

Takum 00pa3oM, HENbI0 JaHHOW CTAThH SIBJISI-
€TCsl BBIBOJ YacTHBIX ypaBHeHMU ['enbmronsia
rubpunabix HE- u EH- 31eKTpOMarHuTHBIX BOJTH
JUIA HOPMAaJbHO HaMarHWYeHHBIX THPOTPOIHBIX

BOJIHOBOJIOB C HPSIMOYI'OJIBHOM, KpPYIJIOM W 3JI-
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JIUNITHYECKOW (OpMaMH TIOMEPEYHOr0 CCUCHMS,
YUYUTBHIBAIOIIUX TEIUIOBBIE MOTEPH.

1. Kanonnyeckue o01mme ypaBHeHuUs1
I'enbMroabua a1 HOpMAJIbHO MATHUYCHHBIX
THPOTPOIHBIX BOJIHOBOJOB C OPTOTOHAJIBHO-
KPUBOJIHHEHHBLIMU ()OPMAMU NONEPEYHOT0
CeYeHMs, YIUThIBAIOLHE TEIJIOBbIC IOTEPH
Kanonnveckne oOmue ypaBHeHHs [ 'enbMmroisla,
OIlpeJeNEHHbIE OTHOCUTENIBHO MPOJONBHBIX KOM-
MIOHEHT HaNPsHKEHHOCTEH JJEKTPUYECKOro £, H

MarHuTHOro H, moneil, rUOpUIHBIX 3IIEKTPO-

MAarHUTHBIX BOJH THPOTPOIHBIX BOJHOBOJIOB C
MIPOU3BOHHBIMU OpPTOTOHATHHO-KPHUBOJIMHEH-
HbIMH (pOpMaMH TMOINEPEYHOTO CEUCHHUS MPH HOP-
MaJbHOM HAMarHWYMBaHWU, YYUTBHIBAIOIINE TEII-
JIOBBIC TIOTEPH UMEIOT B [12]:
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X;, X, — IHOICPCHYHBIC KOOPAUHATHBIC OCU IIPO-
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IEKTPUIECKast MIPOHUIIAEMOCTh
TpHYecKasl IPOBOIUMOCTh pepputa. KoMmoHeHThI
TEH30pa MAarHUTHOH TPOHUIIAEMOCTH (eppuTa,
Bxomsanme B (1) u (2), mpu HOpManbHOM Hamar-
HUYMBaHUU paBHbI [11]
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N3 xaHoHmveckux oOmmMX ypaBHeHHil I enpm-
roipiia (1) u (2) ompenenum YacTHBIE yYpaBHEHUS
l'enbMronpiia  THPOTPOIHBIX BOJHOBOIOB C KOH-
KPETHBIMH OpPTOTOHATLHO-KPUBOJIMHEHHBIME  pop-

MaMH MOICPEYHOI0 CCUYCHHA, YUYUTBIBAIOIIME TCII-
JIOBBIC ITIOTEPHU, IIPHU HOPMAJIbHOM HaMarHM4vuBaHUH.

2. YactHble ypaBHenus [erbmroabua ais
HOPMAJILHO HAMATHUYEHHOT0
NMPSIMOYT0JILHOTO THPOTPONHOIO BOJIHOBO/IA,
YYHTHIBAKOIIHE TENJIOBBIE IOTEPH
B nexaptoBoii cucremMe koopauHat ko3¢ GuIueH-
Th1 Jlama, cumBosel Kpucrobdens u auddepen-
UAIBHBIC OMEpaTopbl 1-ro U 2-ro MmopsakoB Oy-

IyT CIETYIOUHMU:
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IMoncranss (3) B kaHoHWYecKoe oOIee ypas-
Henue ['enbmronbua (1) HaiizeM yacTHOE ypaBHe-
Hue [enpmrosbiia ruOpumHoi HE- 3jiekTpoMar-
HUTHOW BOJHBI JUISI HOPMaJIbHO HAMarHHYEHHOIO
MPSIMOYTOJIBHOTO THPOTPOITHOTO BOJHOBOAA, YUH-
ThIBaIOIIee TEIJIOBBIE TIOTEPU
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3. YacTHsble ypaBHenus [exrbmroabua ais
HOPMAJILHO HAMATHUYEHHOT0 KPYIJIOro
THPOTPOIHOTO BOJIHOBO/IA, YYUTHIBAKOIIIHE
TeIJIOBbIE MOTEePH
B numiaMHOpUYeckoW cHCTeME KOOPIUHAT KO3(]-
¢utmentsr  Jlam3, cumBoabsl Kpucrodpdens u
mddepeHInanbHbBIe OnepaTopsl 1-ro u 2-ro mo-
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IMoncranss (6) B kaHOHWYECKOe o0Iee ypas-
Henue (1), momydum dacTHoe ypaBHeHHE [ enbpM-
ronbla rudpugHoil HE- 3IeKTpoMarHUTHOW BOJI-
Hbl JUI1 HOPMaJbHO HaMarHMYEHHOTO KPYTJIOro
THPOTPOITHOTO

BOJIHOBOJIa, YYHMTBIBAIOIEE TEI-
JIOBBIE MTOTEPH

2
b ( 0

1
2 0 +_\J
H a r r
B*—a*) y 10°E. we'moE,
a’ o r orog u or

AHanornyHo, moacTapisisa (6) B KaHOHUYECKOe

OHy , 1 o’H,
or

2
+c°H, =
r? 8¢2

(7

oOriee ypaBHeHue (2), HaliéM YacTHOE ypaBHE-
Hue [enpmrosibiia ruOpumHol FEH- 3jekTpoMar-
HUTHON BOJHBI JJI1 HOPMAIHHO HAMarHMYEHHOTO
KpYTJIOTO THUPOTPOITHOTO BOJHOBOJA, YUHUTHIBAIO-
I1ee TeIUIOBhIE TIOTEPH
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4. YactHble ypaBHenus [erbMroabua ais
HOPMAJILHO HAMATHUYEHHOT0 JJIMITHYECKOT0
THPOTPOIHOTO BOJIHOBO/IA, YYUTHIBAKOIIIHE
TeIJIOBbIE MOTEePH
B smmntuyeckoil cucteme KoopauHAT Kodddu-
nuentsl Jlama, cumBonsl Kpucropdens n nudde-
peHIManbHbIe OomepaTopsl 1-ro U 2-ro MOpSAAKOB

MPUMYT CIIEAYIOIINI BHI:
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IMoncrasnss (9) B kaHOHWYECKOe 0O0Iee ypaBHe-
HUe (2) ¢ MOoCIeayouM YMHOKEHHEM pe3yiIbTa-

Ta TOJCTAHOBKM Ha e’d’, ONpeNenuM YacTHbIC
ypaBHeHus [ 'enpmronbiia ruOpuaHoii EH- 3iek-
TPOMarHUTHOW BOJIHBI JiJIi HOPMaJIbHO HamMarHu-
YEHHOI'0 3JUIMNTUYECKOTO THPOTPOINHOIO BOJHO-
BO/1a, YUYUTHIBAIOIIIEE TEIJIOBbIC TOTEPU

2 2 A2
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W3 kaHoHMYecknx OOIMX ypaBHeHHH [ enbM-
ronbiia TnOpuanblx HE- (1) u EH- snekrpomar-
HUTHBIX BOJH (2), copepKalmx TOIBKO MPOI0ih-
HBIE KOMIIOHEHTHI HAIPSIKEHHOCTEH AIIEKTpHYe-
CKOTO M MAarHUTHOTO TOJeH, I THMPOTPOIHBIX
HOPMAJIbHO HaMarHWYEHHBIX BOJHOBOJOB C IIPO-
W3BOJBHBIMH  OPTOTOHAIBHO-KPUBOJIHMHEWHBIMU
(dbopMaMu TIONEPEYHOr0 CEUCHHS, YUHUTHIBAIOIINX
TEIJIOBBIE IIOTEPH, ONPENECIEHBI CIEAYIOLIUE
YacTHBIC ypaBHEHUS [ enpMromibua:

1. Yactusle ypaBHeHHs [ enpmroisplia Tu-
opunubix HE- (4) u EH- 31neKTpOMarHuTHBIX BOJH
(5), yuuThIBaronye TEIJIOBBIE MOTEPH, UL HOP-
MaJbHO HaMarHWYeHHOTO MPSAMOYTOJIBHOTO THPO-
TPOIIHOI'O BOJIHOBOJIA;

2.

opunubix HE- (7) u EH- 31neKTpOMarHuTHBIX BOJH

YacTHble ypaBHeHMs ['enbMmroibla TH-

(8), yumThIBaronye TEIJIOBBIE MOTEPH, I HOP-
MaJbHO HAMarHMYEHHOTO KPYIJIOTO THPOTPOITHO-
r'0 BOJIHOBO/a;

3.

opunaeix HE- (10) u EH- 31eKTpOMarHWTHOM

YacTHble ypaBHeHMs ['enbMmroiblia TH-

BoyH (11), yuuThIBatoINe TEIJIOBBIE MOTEPH, I
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HOpPMaJIbHO HAMarHWYeHHOTO JJUIMITHYECKOTO
TUPOTPOITHOTO BOJTHOBO/A.

ITonyuyeHHble YyacTHbIE ypaBHEHMS [ enbMIoib-
na rubpunHeix HE- m EH- 31eKTpOMarHWTHBIX
BOJIH, YYHTHIBAIOIIME TEIUIOBBIE TIOTEPH, I
HOpPMaJbHO HAMarHMYEHHBIX THPOTPOMHBIX BOJ-
HOBOJIOB C MPsAMOYTONIbHOHN (4) u (5), kKpyrioi (7)
u (8), smmunrudeckoit (10) u (11) popmamu morre-
PEYHOTO CEYEHHUS MO3BOJISIIOT MOCTAaBUTh COOTBET-
crtByromue 3agaun Jupuxie. Ilocnenyromee pe-
HIeHne KaXIou u3 3amad [lupuxiie ompenenstor
JUCTIEPCHOHHBIE ypaBHEHHUS ISl 3TUX BOJHOBO-
JIOB, ¥ JTAET BO3MOXKHOCTh TPOBEIEHUS HCCIE0-
BaHWU OCHOBHBIX MapaMEeTPOB pPacIpPOCTPaAHSIO-
HIMXCS B HUX 3JIEKTPOMArHUTHBIX BOJIH, TAKUX Kak
MOCTOSTHHAs PacHpOCTPaHEHMs], KPUTHUECKUE dYa-
CTOTa M JUIMHA BOJIHBI, 3JIEKTPUYECKOE U MarHHT-
HOE NOJIA.
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Abstract: From the experimental data available in the literature, it follows that the tangent of the dielectric
loss angle of ferrites, depending on the material of manufacture, assumes significant values. This means that
in any microwave devices, including gyrotropic waveguides, regardless of the direction of magnetization
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(longitudinal or transverse) relative to the propagation of electromagnetic waves in the waveguides, signifi-
cant thermal losses occur. Therefore, for a more accurate theoretical analysis and subsequent calculation of
various characteristics of electromagnetic waves propagating in gyrotropic waveguides, as well as the pa-
rameters of the waveguides themselves, specific Helmholtz equations for hybrid HE- and EH- electromagnetic
waves are required for normally magnetized gyrotropic waveguides with rectangular, circular, and elliptical
cross-sectional shapes, in order to subsequently pose and solve boundary value problems for these wave-
guides. In this work, based on the canonical general Helmholtz equations for hybrid HE- and EH- electromag-
netic waves, defined only with respect to the transverse components of the electric and magnetic field
strengths, for normally magnetized gyrotropic waveguides with arbitrary orthogonal-curvilinear cross-
sectional shapes that account for thermal losses, the corresponding specific Helmholtz equations for hybrid
HE- and EH- electromagnetic waves have been derived for gyrotropic waveguides with rectangular, circular,
and elliptical cross-sectional shapes, which also account for thermal losses under normal magnetization. De-
fining the boundary conditions and formulating the corresponding boundary value problems for the obtained
specific Helmholtz equations, followed by their solution, will allow finding the dispersion equations for nor-
mally magnetized gyrotropic rectangular, circular, and elliptical waveguides that account for thermal losses.

Keywords: complex dielectric constant, hybrid waves, waveguide, normal magnetization, magnetic permeabil-
ity tensor, heat loss.
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