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KOJIEBAHUS U1 BOJIHBI HEOJHOPOJAHBIX JIEKTPOAUHAMUNYECKUX
CTPYKTYP, IPUCOEJUHEHHBIE K HCTOYHUKY

1HI/DKel“Op0)ICKI/Iﬁ roCyJJapCTBEHHBIN TEXHUYECKUM yHUBepcuTeT uM. P.E. Anekceesa

PaccmotpeH oOmmii MOAXO K IMOCTAHOBKE CaMOCOIIACOBAHHBIX BOJHOBOJHBIX 3a/lay, OTMEYCHA OOIIHOCTb
NPUCOETMHEHHBIX PElICHUH KpaeBbIX 33/1a4 HA ypaBHEHWH | eJIbMrojiblia, ONMKMCHIBAIOMINX KOJEOAaHHUS W BOJHBI, MPH-
COE/IMHEHHbIE K MCTOYHMKY. [loKa3aHo, YTO IO CBOEH MaTeMaTHYecKOH IMpUpoje KOMILUIEKCHBIH PEe30HaHC MoJ00eH
NPHUCOETUHEHHBIM BOJIHAM, OINHUCBHIBAEMBIM DPELICHHSAMH HECAMOCOIPSKEHHBIX CaMOCOIJIACOBAHHBIX KPAEBBIX 3ajady.
OTMeueHO, 4TO KaK pEeIICHUs ITHX 3a[a4d U NpUCOeANHEHHbIE BOIHbL, U KP cymiecTByIOT TONBKO IPHU HaIMYUM UCTOY-
HUKOB. [IpricoeTMHEHHBIE BOIHBI B 3TOM CITy4ae BBICTYNAIOT KaK SIBJICHUE, OMMMCHIBAEMOE HEOAHOPOIHONW KpaeBOH 3a-
Jadeid co crienn(UUecKoil IpaBoil 4acTeio B ypaBHeHHH [ enpMronbia. KoMIiekcHbI pe3oHaHC paccMaTpuBacTCs Kak
B3aMMOJAEHCTBUE NBYX KOMIUIEKCHO-CONPSKEHHBIX BOJIH, TIOTOKH MOIITHOCTH KOTOPBIX 3aMBIKAIOTCS Uepe3 NCTOYHUK.

Kniouesvie cnosa: Kpyriplid AByXCIOWHBIM SKpaHUPOBAHHBIA BOJHOBOJI, KpacBas 3a/ladya, KOMIUIEKCHBIN pe30-
HAHC, KOMIIIEKCHBIC BOJIHBI.

Ha npumepe kpyriaoro qByXCIOHHOTO 3KpaHUPOBAHHOTO BOJIHOBOJAA PacCMAaTPUBAIOTCS KO-
neGaHus ¥ BOJHBI B HEOJHOPOIHBIX JEKTPOJUHAMUYECKUX CTPYKTYpaX, OMHUCHIBAEMbIEC PELICHUS-
MU CaMOCOTJIACOBAaHHBIX KPAeBBIX 33J1ad, B KOTOPHIX 00S3aTEIBHBIM SBISIETCS] IPUCYTCTBUE UCTOY-
HUKa, UMEIOIIET0 00paTHYIO CBS3b C MOJIEM.

HeonHopoaHble 31€KTpOJMHAMHYECKUE CTPYKTYpbl B OOILEM Cilydae ONMCHIBAIOTCS Heca-
MOCOIPSHKEHHBIMU KpaeBbIMU 3a1adami [ 1-4]. JIns skpaHUpOBaHHBIX CTPYKTYpP 9TH 3a/Jayu, Oyay-
Y1 OJIHOPOJHBIMHU, SIBJISIIOTCS 3a/ladaMH Ha COOCTBEHHbIE (PYHKIIMU U COOCTBEHHBIC 3HAUEHUS, OIH-
CBHIBAIOIIUMU COOCTBEHHBIE BOJHBL. J[JI1 OTKPBITHIX CTPYKTYp HECAMOCOIPSKEHHBIE KPaeBhbIe 3a/1a-
4|, SIBJISISICH IOy OJHOPOJHBIMU (OTHOPOAHOE YPaBHEHNE U HEOJHOPOIHbIE, B 001IEM ciIyyae, rpa-
HUYHBIE YCJIOBHUS), HAPSAY C COOCTBEHHBIMH BOJHAMH MOTYT ONHCHIBAaTH HECOOCTBEHHBIE BOJHBI
nuckpetHoro crnektpa [5]. CoOCTBeHHBIE 3HAUCHUSI HECAMOCOMPSIKEHHBIX KPAaeBBIX 3a7a4 B 00IIeM
ciaydae sBIstOTCs [1-5, 6-8] KOMIIEKCHBIMU BEIMUYMHAMHU W COOTBETCTBYIOT Pa3IMYHBIM BHJIAM
KoMIUIeKCHBIX BOJIH (KB), koTOpble, B 3aBUCMMOCTH OT IMIPU3HAKOB HECAMOCONPSKEHHOCTH KpaeBou
3amauu [1-4, 9-11], MOryT UMETh pa3IMYHYIO IPUPOJY U CBOMCTBA.

Kax nmokazano B [2, 12, 13], TeopeTuyecku U 3KCIEpUMEHTaIBHO, coOcTBeHHbIe KB crou-
CTBIX 9KPaHHUPOBAHHBIX BOJHOBOJOB MCTOYHUKAMU, ONMUCHIBAEMBIMU JEHCTBUTENbHBIMU (DYHKIIHSA-
MU IPOCTPAHCTBEHHBIX KOOPAMHAT, BO30YKIAIOTCSI KOMILIEKCHO-COIPSDKEHHBIMU ITapaMu, PUBO/IS
K BO3HUKHOBEHUIO SIBICHUS KOMIUIeKCHOTro pe3oHaHca (KP), onmucannoro B [2, 12-14]. ®denomen
KP BriepBbie Ob11 0003HaueH B [15].

KP u npucoeanHeHHbIE BOJHBI B ABYXCJIOHHOM KPYIJIOM 3KPAHMPOBAHHOM BOJIHOBO/E

KP, otnuyatonuiicss oT 0ObIYHOTO pe30HAHCA CBOMM CYIIECTBOBAaHHMEM HE B TOYKE, a BO
BCceM Juamna3one cyuiectBoBanus KB, umeer mecto [12-14] Tobko npu HATWYUU UCTOYHHUKA, Yepe3
KOTOPBII 3aMBIKAIOTCS MIPSIMON U 00paTHBINA MOTOKH MolHocTH [16]. Takum oGpa3om, 1Be B3auMo-
neiictByromue Mexay coboit KB oka3pIBatoTCsl «IpUBsS3aHHBIMU» K UCTOYHUKY, a nosie KP — sBs-
€TCsl «IPUCOETMHEHHBIM» K UCTOYHHUKY 3JIEKTPOMArHUTHBIM KosiebaHueM. 3agada o B30y KIeHUU
KP siBnsiercst camocoriiacoBaHHOW — UCTOYHMK co3faeT napy KB, oOpasyronmx 3aMKHYTHIE Yepe3
HWCTOYHHUK MOTOKH MOILHOCTH.

Kak mokasano B [2, 15], cobctBennsie KB ABYXCIIOHHOTO KPYyTriioro 3KpaHUPOBAHHOTO BOJI-
HOBO/JIa MHANBHUIYAIbHO BO30YKIAIOTCS pacipe/ie]ICHHbIM HCTOYHUKOM Oeryiieit BonHbl. CrienoBa-
TEJbHO, HAXO/ACh B CHHXPOHU3ME C 3TOI BOJIHOM, KOMIUIEKCHAsI BOJIHA, «IIPUBS3aHHAS» K MCTOY-
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HUKY TaKOT'O THUIIA, YAOBJIETBOPSAET YPABHEHUIO | €IbMIOJIbIIA C IPABOM YaCThIO, COOTBETCTBYIOLIECH
(GyHKIMH, onuchIBarolIel Oerylryto BosiHy. Takoe ypaBHEHHE MOYKHO Ha3BaTh MPUCOETMHEHHBIM K
o0bruHOMY ypaBHeHuto I'enbMmromsbia. [lons nsyx KB ¢ KOMIUIEKCHO cONpsyKEHHBIMU aMIUIUTYAa-
MU 00pa3yIOT «IIPUCOETMHEHHOE» K HCTOYHHUKY KosebaHHue, KOTOpOe B CUITy 0053aTelbHOro Tpedo-
BaHMI MPUCYTCTBUS UCTOYHHKA HE CIIEAYET HazbIBaTh coOCcTBeHHBIM. KP, cooTBeTCcTBYIOINIT 3TOMY
KosiebaHMI0, 0Opa3yercs MoJjieM, JIOKAJIM30BaHHBIM BOJIM3M MCTOYHMKA. ECIM MCTOYHUK pacrosio-
*eH npu z=0, npaBas 4acTh NPUCOEANHEHHOTO YpaBHEHUS | e1bMroblia UMeeT BU:

R(ocl Zr)cos ne-cosPz-e P
rae R(ocl 21’)— GYHKIUS, OMUCHIBAIONIAS PaIUATbHYIO0 3aBUCUMOCTD TOJsS B 1-if u 2-ii oOnacTsax Ha-

MPaBJIAIOIIEH CTPYKTYPBI.

OTO MOXeT OBbITh JBYXCIOWHBIA SKPaHUPOBAHHBIN BOJHOBOJ WM KPYIJIbIM OTKPBITHIN 1u-
anexTpudeckuit BoaHoBo (/IB). KoMruiekcHbie BOJTHBI TaKWX BOJHOBOJOB JOCTATOYHO MOIPOOHO
uccnenoBansl [2-4]. X 1uCKpeTHbIe CHEKTPhl B SKPAaHUPOBAHHBIX CTPYKTYpax COCTOST U3 COOCT-
BeHHBIX KB, B OTKpBITHIX — BKJIFOUAIOT B c€0s1 KaK COOCTBEHHBIE, TaK U HECOOCTBEHHBIE BOJTHEI.

O0600m1ast marepuansl padot [17-19], B KOTOpPBIX paccMaTpUBaJIMCh BOIPOCH TEOPUU HPHU-
COEIMHEHHBIX BOJH B JBYXCJIOMHBIX HM30TPOIHBIX HAMPAaBISIOIIMX CTPYKTYpax, copMylupyeM
IIPUCOEAVHEHHYIO KPAaeBYIO 3aJady A KPyIJIOrO JABYXCJIOMHOIO 3KPaHHPOBAHHOIO BOJHOBOJA.
OHa cocTOUT U3 ypaBHEHHUS:

2 rye,m e,m 2 rre,m 2 rre,m

e T T ot -

¥ roor r° 0p Oz (1)

= A°"R%" (ar)cos npe P

KOTOpoe OyzieM Ha3bIBaTh PUCOEANHECHHBIM YpaBHEHHEM [ €IbMIoIbIia, U IPAaHIYHBIX YCIOBHHI:
I¢(r=b)=0; II¢(r=0)=0; (2a)
E.(r=a)=E, (r=a); H,(r=a)=H,.(r=a) (206)

roe I1 Zem — TPOAOJIbHBIE KOMIIOHEHTHI 3JIEKTPUYECKOT0 U MarHUTHOTO BEKTOpoB lepma; a u b —

pauychl BHyTPEHHETO CJIOSI U DKpaHa.
@yuk1uK B paBoii yactu ypaBHenus (1) umeror [19] Bun:

Ry™ (oclr): J, (oclr) IpH r € [0 +a];

R (0yr) = Ja(0ar )Y, (agh) = 7, (030)Y, (atr)
T T (pa)Y, (0nh) - 7, (b)Y, (a0a)”
Ju(0ar)Vs(0nb) =, (ab)Y, (o)
(@)Y, (05h) = T3 (02b)Y, (a2a)

rae J, (oclozr), Y, (oczr) — IMIMHApUYECKHEe (PYHKIIMU IEPBOTO U BTOPOI'O poJa.

R (ot,r) = ,TIpH 7 € [a = b]

@OyHKIUIO B paBoi yacTH ypaBHeHUs (1) MOXKHO paccMaTpuBaTh Kak (yHKLHUIO pacrpese-
JIEHHOT'O UCTOYHUKA OeryIiel BOIHbI, a IPUCOEIMHEHHYIO KpaeByto 3aaauy (1), (2a,0) — kak 3aaauy
0 BO30YX/I€HUH BOJIH «IIPUCOEIMHEHHBIX» K YKa3aHHOMY HCTOYHHKY.

3anuceiBaeM perienne chopMyImpoBaHHON KpaeBoii 3ajauu B BUJIE:

iz cosnQ| _;
] compem(ay o e~ Yooy ) o o)1l 3
21’2 l’llwz n s }’ll,z ZB n s s sin n(p

rae pynkauu p&” (ocl,zr) yJIOBIIETBOPSET YPABHEHUSM:

2
P"(Oﬂl,zr)JF%P'(“l,z”)ﬁL ai; —}:—2 P(a1,27)=l_):l’ijf’m(al,zf’)a (4)

KOTOPBIC MOKHO paCcCMAaTpUBATh KaK NPHUCOCINMHCHHBIC YPABHCHUA beccemns.
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[ToncraBnss pemenus B (3) B ypaBHenus (1), nomyyaem:
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I[Ba BH/AA NIPUCOCIUHECHHBIX BOJIH

N3 (5) BunHO, uto pemienus (3) yAOBIECTBOPSIOT C YUYETOM YpaBHEHHS (4) IPUCOECTUHEHHBIM
ypaBHeHusiM ['enbmronsua (1) npu yciaoBuu:
Be,m _De,m — Ae,m (6)
n e ’

B Tom ciyuae, korga

D™ =D, (7)
1,2 nn
petienus (3) yIOBIETBOPSIIOT OOBIYHOMY (OJHOPOJHOMY) YpaBHEHHIO | elbMroblia.

W3 rpannuHbIX ycnoBuil (20) mosydaeM cucteMy (pyHKIMOHAJIBHBIX YPaBHEHUH, 3aBUCSIIUX
OT IPOJI0JILHOW KoopauHaThl. [IpupaBHUBas B HUX 4YJIEHbI, UMEIOIINE JIMHEHHYIO 3aBUCUMOCTh OT
KOOP/MHATHI Z, MOJy4aeM CHUCTEMY JIMHEHHBIX OJHOPOIHBIX aNreOpandecKux ypaBHEHUH OTHOCH-

TEIBHO KOA(PPUITMEHTOB D}f’m . YCIoBHE HETPUBUAILHOCTH PEIICHUN 3TOW CUCTEMBI JAeT ypaBHE-
1,2

HUE, COBMAJIAIOLIEE C AUCIIEPCUOHHBIM YPAaBHEHUEM OOBIYHBIX BOJIH KPYIJIOrO JBYXCIOWHOTO IKpa-
HUPOBAHHOT'O BOJIHOBOJIA.

UsneHpl B yKa3aHHBIX (DYHKIIMOHAJIBHBIX YPABHEHUSX, HE MMEIOINE 3aBUCUMOCTH OT KOOp-
JIMHATBIX, TIPU YCIIOBHH (4) AalOT CUCTEMY JIMHEHHBIX HEOJHOPOAHBIX alNre0pandyeckux ypaBHEHUN

OTHOCHUTENIBHO KOA(PHUIIMEHTOB: C’f’m. I'maBHBIE OIIpeNEIUTEN ABYX CUCTEM (OJHOPOJHOM U He-
1,2

OJTHOPOJIHOM) COBMaJaioT. bylyun npupaBHEHHBIMH HYJIIO, OHHM Jal0T AUCIEPCUOHHBIE YpaBHEHHUS
HOpPMaJIbHBIX BOJIH.
HerpuBunanbHble pelieHusi CUCTEMbI JMHEHHBIX OJHOPOJHBIX alreOpanyeckux ypaBHEHUH

(k03¢ punreHTsI Dne’m) MOACTABJISIIOTCA B CUCTEMY HEOJHOPOAHBIX YPaBHEHUM, KOTOPask peIIacTCs
1,2

oTHOCHTENBHO Koddduumentos C".
1,2

ITockonbKy 1J1 BOJIH, ONMCHIBAEMBIX PELICHUAMHU (3) IOJKHBI BBIIOJHATHCS I'PaHUYHbBIE
ycnoBus (26), He00X0AUMO, YTOOBI CUCTEMBI OJTHOPOJIHBIX U HEOJHOPOHBIX JIMHEHHBIX anredpau-
YEeCKUX YpaBHEHUN UMENIM COBMECTHbIE pelleHns. CucreMa 0lHOPOIHBIX YPABHEHUI UMEET HETPH-
BUAJIbHBIEC PEIICHUS TOJIBKO MPHU PaBEHCTBE HYJI0 e€ omnpeaenurtess. IlockonbKy riiaBHBINA onpese-
JUTENb CUCTEMbl HEOAHOPOAHBIX YPaBHEHHUH COBMAJAET C ONPEAEIUTEIEM CUCTEMBI OJHOPOAHBIX
YpaBHEHMI, CHUCTEMa HEOAHOPOJHBIX YPABHEHUH MOXKET MMETh PELICHHS TOJBKO IPU PaBEHCTBE
HYJIIO €€ JOIOJHUTEIbHBIX ONpEIeIUTENEH.

Taxum 06pa3oM, COOCTBEHHBIE 3HAUECHUS KPA€BO 3a/1a4H, ONPEIEISIONIME BOJTHOBBIEC YHCIIa
BOJIH, ONMCBIBAEMBIX 3TOH 3a/a4eld, HaXOAATCA KaK COBMECTHBIE PEIICHUS TPEX TPAHCLEHIEHTHBIX
ypaBHEHUN
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COBIIAJAKOIIICTO C ,I[I/ICHepCI/IOHHI)IM ypaBHeHI/IeM HOpMaJ'II)HBIX BOJIH, U ABYX JOOITOJTHUTCIBbHBIX .

¢ ap a;r G

=0; =0. 9
Cy dp az €
Kaxxnoe u3 3TUX ypaBHEHUH PEIIAETCs] COBMECTHO C YPAaBHEHUSIMU:

2 2 2
€111 20" = Qi +B7. (10)

BonHaMm, onuceIBaéMBIM paccMaTpUBacMOM KpaeBOM 3aJadeid, COOTBETCTBYIOT pEIICHHS,
YIIOBJIETBOPSIIOIINE OJHOBPEMEHHO BCEM TpeM ypaBHEHUsM (8), (9) COBMECTHO ¢ ypaBHEHMSIMHU
(10), cBsI3pIBAIOIIMMH BOJIHOBBIC unciia. YHCIICHHBIN aHAIW3 yKa3aHHBIX ypaBHeHui [17, 18] moka-
3aJI0 CyIIECTBOBAHUE MX COBMECTHBIX PEIIECHUH, COOTBETCTBYIOIIMX BOJIHAM, KOTOPHIE MOKHO Ha-
3BaTh MPUCOEIUHEHHBIMU K UCTOYHUKY, IIOCKOJIbKY OHU ONUCHIBAIOTCS ypaBHeHUEM (1), B mpaBoii
4acTU KOTOPOTO CTOUT (PYyHKIMS (OMHUCHIBAIOIIAs UCTOYHUK), SBJISAIOIIASACS PEIIEHUEM KpaeBou 3a-
Jla4¥ Ha OJJHOPOAHOM ypaBHeHuH [ enbmronsua.

Takum oOpa3oM, Mbl HaOIIOaeM €IUHCTBO MaTeMaTHYecKOM M (pU3MUECKOW HACONIOTUi: C
OJIHOM CTOPOHBI PEIIaeM KpaeBYIo 3a7ady Ha NPUCOEAVMHEHHOM YPAaBHEHUH, C APYroi — MOJydaeM
BOJIHBI, CYIIECTBYIOIIME TOJIBKO MPH HAJUYMU UCTOYHMKA, TO €CTh INPUCOEIUHEHHBIE (IIPUBS3aH-
Hble) K HeMy. [Tapy KB, o6pazyromux KP, MoxHO paccMaTpuBaTh Kak BOJIHBI, IPUCOEINHEHHBIE K
HCTOYHHUKY, OIUCBIBAEMbIE OJTHOPOJHBIM ypaBHeHUeM ['enbmrombia. Ycnosus (6), (7) onpenensior
JIBa BUJ1a IIPUCOECIMHEHHBIX BOJIH.

BriBoabI

Jlnst koneOaTeNnbHbIX W HAMpPaBISIOMIMX — DJIEKTPOAMHAMUYECKUX CTPYKTYp MOTYT OBITh
chopMyIUPOBAHBI KpaeBbIC 3a/1a4, KOTOPHIE OMKCHIBAIOT KOJIEOAHUS U BOJHBI, IPUCOSINHEHHBIE K
HMCTOYHHKY, CYIIECTBYIOIIHNE TOJIHKO MPH €ro HATHMYMUM. Takue 3aJadul CJeIyeT Ha3bIBaTh CaMOCO-
TJIaCOBaHHBIMU, MTOCKOJIbKY B HUX YUUTHIBA€TCS OOpaTHOE BIMSHUE MO HA UCTOYHUK, MIOCKOJIBKY
BOJIHOBBIC YMCJIa U B (DYHKIUSAX OIS, U B PYHKIMAX UCTOUYHUKA OAHU U Te ke. [IpucoeqnHeHHbIC
BOJIHBI TMOJPA3ENSIOTCS Ha JBa BHJA: ONMKCHIBAEMbIe OJHOPOAHBIM ypaBHEHHEM [ empMroibia u
ypaBHCHHUEM, B TIPABOH YacTH KOTOPOTO CTOUT (DYHKIIWS, SIBIISIOMIASCS PEIICHUEM OIHOPOIHOM
KpaeBoOM 3a/1auHu.
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OSCILLATIONS AND WAVES OF INHOMOGENEOUS
ELECTRODYNAMIC STRUCTURES CONNECTED TO SOURCE

Nizhny Novgorod state technical university n.a. R.E. Alekseev

Purpose: consider the oscillations and waves in inhomogeneous electrodynamic structures, described by solutions of
self-consistent boundary value problems, in which the presence of a source having an inverse relationship with the field
is obligatory, considering the example of a circular two-layer shielded waveguide.

Design/methodology/approach: A general approach to the formulation of self-consistent waveguide problems is con-
sidered. The generality of the adjoint solutions of boundary value problems on the Helmholtz equation describing the
oscillations and waves connected to the source is noted.

Findings: It is shown that, in its mathematical nature, the complex resonance is similar to the attached waves, described by
solutions of non-self-adjoint self-consistent boundary value problems. It is noted that, as solutions to these problems, the asso-
ciated waves and CD exist only in the presence of sources. The attached waves in this case act as a phenomenon described by
an inhomogeneous boundary-value problem with a specific right-hand side in the Helmholtz equation. A complex resonance
is regarded as the interaction of two complex conjugate waves whose power fluxes are closed through a source.
Originality/value: For vibrational and directing electrodynamic structures, boundary value problems can be formulated
that describe oscillations and waves attached to a source that exist only if it exists. Such problems should be called self-
consistent, since they take into account the inverse effect of the field on the source, since the wave numbers in both the
field functions and the source functions are the same. Attached waves are divided into two types: described by a homo-
geneous Helmholtz equation and an equation on the right side of which is a function that is a solution of a homogeneous
boundary value problem.

Key words: round two-layer shielded waveguide, boundary-value problem, complex resonance, complex waves.



