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W3JIYUYEHUE IMTPOU3BOJIBbHON CUCTEMBI HCTOYHUKOB B KHPAJILHOWM CPEJIE

B u3BecTHOl nHTeparype mpobieMa M3ITy4eHHs 3JIEeKTPOMAarHUTHBIX BOJH B KHPANbHOW Cpele ocBelleHa cinabo. B ocHoBHOM
paccMaTpUBarOTCs JIUIIL BOIPOCHI U3JIyUCHUS PACIIOI0KEHHBIX B KUPAJIBHOU CPEe 2IEMEHTAPHBIX UCTOYHUKOB U MPSIMOIMHEHHBIX
BUOpaTOPHBIX AHTECHH.

Lenpro maHHOM PabOTHI SABISETCS PACCMOTPEHUE OCOOCHHOCTEH M3ITyUESHUsI IIPOM3BOJIBHON CHCTEMBI HCTOYHHKOB, PACIIOIOMKEH-
HBIX B OMU30TPOITHOM KMPAJILHOM cpefe.

Ecnu B Ge3rpaHiuHOl KMpATbHOI cpesie HAXOIATCS MCTOUHHKY TOKA ¢ 0OBEeMHOIT INOTHOCTRIO J, TO M3 ypaBHeHmi Makcemna
MOXKHO TOJIYYHTh HECBSI3aHHBIE HEOJHOPOIHbIE MH((epeHINaIbHbIE YPABHEHUsI BTOPOTO TOPSIIKA JUIsi BEKTOPOB HAINPSHKEHHOCTH
3JIEKTPUUECKOTO TOJIsl BOJIH IIPABOM U JIEBOM KPyroBoi nossipuszauuu. /s pemenus noayyeHHbIX YpaBHEHUH BBOIATCS JIEKTPOAUHA-
MHUYECKHE MTOTEHIINAIIBI, KOTOPBIE MOJKHO MIPEICTaBUTh depe3 (pyHKnuio ['prHa cBOOOJHOTO IPOCTPAHCTBA.

B urore B citydyae U3BECTHOTO aMIUINTYIHO-(Aa30BOTO pacHpenesIeH s TOKOB CUCTEMbI HCTOUHUKOB MOJYYeHBI COOTHOLICHHUS, KO-
TOPBIE TTO3BOJISTIOT PACCYUTATH MOJIC N3y UCHUSL.

[Ipu pemenuu 3ana4 aHTEHHOW TEXHUKU MPAKTUYECKUN MHTEpeC MpeAcTaBiseT Moje, CO3/1aBaeMOe aHTEHHOH B JajbHEN 30HE,
KOT/Ia PacCTOSTHHUE OT HCTOYHUKA IO TOUKH MPHEMa MHOTO OOJIbIIE ATHHBI BOJIHBI SIEKTPOMATHUTHOTO OIS,

Ha ocHoBaHUM 00INX COOTHOIICHUIT IS TOJIS M3IYYEHHsI CHCTEMbI HCTOYHMKOB B PAMKaxX M3BECTHBIX NPHOIIKEHUH JalbHEH
30HBI TTOY4eHbI BBIPAKEHUS AT TIONIeH IPaBoil U JI€BOH KPYTOBOM MONSPU3aLUH, AHATIM3 KOTOPHIX MOKA3bIBAET, YTO BEKTOPHI MOJIS HE
HMMEIOT COCTABIIIOIIUX BJIOJIb HAIIPABICHUS PACIIPOCTPAHEHHUSL.

[IpoBe/ieH Tak)Ke pacueT OISl U3TYyUYSHHUs! SIEMEHTAPHOTO IEKTPUIECKOro BUOpaTopa (Aumost). YCTaHOBICHO, YTO HAMPaBIICH-
HBIE CBOMCTBA HJIEMEHTAPHOTO MEKTPHIESCKOTO BUOPATOpa B KUPAIbHOM U HEKHPAIbHOU Cpefax OANHAKOBBI. [10CKOIBKY aMILTHTY/bI
1 (ha30BBIE CKOPOCTH BOJIH MPABOH ¥ JICBOIT MOJSIPU3AIMY PA3IMYHBI, CyYMMapHOE 10JIe — MOJIe AJUTHIITHIECKOH MOJISIPU3aIMU U DIUTHIIC
TIOJSIPU3ANMH B TIPOIECCE PACTIPOCTPAHEHUSI BOJIHBI TOBOpadnBaeTcs. [Ipy ManbIx 3HAYEHHAX MapaMeTpa KUPAaTbHOCTH TI0JIe U3ITyde-
HUS 00J1a1aeT oJsIpu3alyei, OIM3KoH K JIMHEHHOM.

Knioueevie cnosa: H3JIYUYCHUE, CUCTEMA MCTOYHUKOB, KHpalibHas Cpe€la; SJICKTPOAMHAMUYCCKUEC ITOTCHIAJIBI (I)yHKL[I/IH Fana;
JAJIbHAA 30HA; MOJIAPU3AUA BOJIH.

The problem of electromagnetic wave radiation in chiral medium is poorly covered in publications. In general, only the problems
of radiation of elementary sources and rectilinear vibrator antennas, located in chiral media, are investigated.

The purpose of this paper is to consider the radiation peculiarities of the system of arbitrary sources, located in bi-isotropic chiral medium.

If sources of current with volumetric density j are located in infinite chiral medium, then from Maxwell equations it is
possible to derive unbound heterogeneous differential equations of second order for the vectors of electric field for the waves
of left and right circular polarization. To solve the obtained equations electromagnetic potentials are introduced, that can be
represented by Green’s function in free space.

As a result, the relations are obtained for the case of known phase-amplitude current distribution for the system of sources. These
relations allow calculating the field of radiation.

When solving the tasks of antenna technics, the practical interest focuses on the field that is created by antenna in far-field region,
when the distance between the source and receiving point is much bigger than the wavelength of electromagnetic field.

On the basis of common relations for the radiation field of the source system and within the frames of the known approximations for
far-field region, the expressions are obtained for the fields of left and right circular polarization. Their analysis shows, that field vectors
do not have the components along the direction of propagation.

The calculation of radiation field of an elementary electric vibrator (dipole) is carried out. It was ascertained, that directional
properties of elementary electric vibrator in chiral and non-chiral media are identical. Since the amplitude and phase velocity of left-
polarized and right-polarized waves are different, the summarized field is of elliptical polarization and the polarization ellipse rotates in
the process of wave propagation. When the value of chiral parameter is small, the radiation field possesses polarization close to linear.

Key words: radiation; source system; chiral media; electromagnetic potentials; Green’s function; far-field region; waves polarization.
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Dusuka

[Ipobnema u3myueHHs HNEKTPOMAarHUTHBIX BOJH aHTCHHAMM, PACHIONOKEHHBIMU B PA3IIMUHBIX €CTECTBEH-
HBIX ¥ HCKYCCTBEHHBIX HEOJHOPOJIHBIX CpE/ax, a TaKKe CO3/1aHue aJIeKBaTHBIX TEOPETUUECKUX MOJIEeH pac-
YyeTa XapaKTepUCTUK TaKUX aHTEHH OCTAeTCsl OAHOM U3 aKTyalbHBIX 3a7a4 paguousuku. OcoOblii HHTEpeC
K UCCIIEIOBAHUSIM JICKTPOMArHUTHBIX CBOMCTB KUPAIBbHBIX CTPYKTYP CBSI3aH INIABHBIM 00pPa30oM C BO3MOXKHO-
CThIO MX Hcnosnb3oBaHus B CBU-TexHuke. SIBneHne kpocc-nomisipu3alui B KMPaJIbHOM cpesie AaeT BO3MOXK-
HOCTh CO3JIaHHsI YaCTOTHO- M TMOJSPU3AIHMOHHO-CEICKTUBHBIX (PUIBTPOB, MpeodpazoBareiell MoIspu3alny,
YaCTOTHO-CEJICKTUBHBIX 3aIUTHBIX DKPAHOB M T. . MI3BECTHO TaKkKe, YTO KAPAIBHOCTH IIPUBOIUT K YBEIIH-
YEHUIO MOIVIOMIEHHUS] 1 YMEHBLICHUIO YPOBHS IIPSIMOTO U 0OPAaTHOIO PacCEsIHUS AJIEKTPOMAarHUTHBIX BOJIH I10
CPaBHEHUIO ¢ HEKUPaJIbHON cpenoi. C 3TUM CBOMCTBOM CBSA3BIBAIOT MEPCIEKTUBBI CO3/IaHUS MaI0OTPaXKaro-
LIMX ¥ Mackupyroux nokpeituit B CBU-nuanasone. B aureparype ykasbiBaeTcst Ha BO3MOKHOCTD HCIIOJIB30-
BaHUS KMPAJIbHBIX CTPYKTYP B KaY€CTBE IIE€MEHTOB HHTETPATBHBIX CXEeM, JJMH30BBIX, PYMOPHBIX M TIEYaTHBIX
anteHH. [Ipu sToM mpobnema u3myyeHns HIEKTPOMarHUTHBIX BOJIH B KUPAJIbHOM cpelie B U3BECTHOM JIUTepa-
Type ocBeleHa ciabo. B ocHOBHOM paccMaTpUBaroTCsl JIMIIb BOIIPOCH! U3ITYUECHUS PACTIONOKEHHBIX B KUpaJIb-
HOM cpejie 371eMEeHTapHbBIX UCTOYHUKOB [ 1—2] ¥ MpAMOTMHEHHBIX BUOPATOPHBIX aHTEHH [3].

Iesbro 1aHHOI PabOTHI ABJISETCS PACCMOTPEHUE OCOOEHHOCTEH M3JIyueHUs IIPOU3BOJIBHON CUCTEMBI HUC-
TOYHHUKOB, PAcIOIOKEHHBIX B ONU30TPOIHOM KMpalbHOH cpefe.

Paccmotpum kupanbHyto cpeany, B KOTOPOH MMEIOT MECTO 3aKOHOMEPHOCTH, BBIPAXKaeMble CIENYIOIINMU
MaTepUaIbHBIMU YPaBHEHUSIMU:

DZSOSE_iX gouoﬁ» (1
B= N SOHOE"' lvlo“H- (2)

W3BecTHO, UTO MEKTPOMATHUTHOE TI0JIC B KHPATLHOU cpele, omuchiBaeMoit ypaBHeHus MU (1), (2), ompe-
JIEJSICTCS] B BUJIE CYTIEPIIO3UITNH Tojeit [1]:

E=E,+E,, 3)
H=in"(E,—E,), (4)

I7ie XapaKTepUCTUYECKUI UMITEAAHC CPEeNBl 1 =1, \[%’ Mo = \ % ; E, — BEeKTOp HANpPsHDKEHHOCTH DJIEK-
0

TPUYECKOTO TOJIS1 BOJIHBI IIPABOM KPYroBOH mosisipu3auuy; £, — BEKTOp HANPSIKEHHOCTH JICKTPUUECKOTO
10151 BOJIHBI JIEBOM KPYTrOBOM MOJISIPU3ALIMH.

Ecim B 6e3rpaHndHO KHpaasHOU Cpelie, OMMChIBAEMOI MaTeprualbHBIMH ypaBHeHUIMH (1), (2), Haxomsarces
VICTOUHHKH TOKA ¢ 00BEMHO#T ITOTHOCTBIO J, TO, HCTIONE3ys COOTHOMEH!s (3), (4) 3 ypaBHeHHMIt MakcBena,
MOKHO TIOJTYYNTh HECBSI3aHHBIC HEOMHOPOAHBIC AuddhepeHITHaTbHBIC YPaBHEHHSI BTOPOTO Topsiaka [2—3]:

V’E, +k.E, =% —VZIVJ + k] +10t7],
R
- -~ in.Vvdivj - -
V’E, +KE, :% ZIV] +k, j —rtotf].
L

JI1s pertieHns oIy YeHHBIX YPaBHEHHH BBOIATCS JIEKTPOIMHAMUYECKUE IOTEHIMAIBI A,, A, CIeayrommM 00pasoM:

- ; ivA - -
Bo=—MYdVAe G ot ),

2k,
- m VdivA4 - -
B ——MYAVA G rotd, ],
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ComacHo [4] BEKTOPHBIA MOTEHIMAI MOXHO NPEACTABUT Yepes Gpynkuuio ['puna G, :

- - —ikp 1
AR,L = .[jGR,Ldv’ GR,L =€ ATU” kR,L = ko (\/a 10, k() = 04/& Ly,
v

"2 "2 "2
r=yx—x) +(y-y) +(z-2),
7 — PacCTOSIHUE MEXK/Ty TOYKOH MCTOYHHMKA U TOYKOUM HAOIIONCHUSI.
U cnenoBarenbHoO,

_ Vdiv[jG,dv
7 _ .M v = =
Ey=-2 — +k, l ]GRvarrotJV. 7Gavl, (5)
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) VdiVI]GLdv
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E, === » +k, l JG,dv —rot l jG,av). (6)

Takum o6pa3om, B ciydae U3BECTHOTO aMIUIUTYIHO-(a30BOr0 pacrpeesieHus TOKOB CUCTEMbl UCTOYHU-
KOB cooTHOWEHHUS (5), (6) TO3BOJSIOT paccunTarh nonie uainydeHus. [Ipu pemiennn 3ana4 aHTEHHON TEXHUKU
MPaKTUYECKUH MHTEpEC MPEACTABISET T0JIe, CO3AaBaeMOe aHTEHHOH B JajibHEH 30HE, KOIa PacCTOSHUE #
OT MCTOYHHUKA JI0 TOUYKH TIPUEMa MHOTO OOJIbIIE AJTMHBI BOJIHBI 3JIEKTPOMAarHUTHOTO 1oJisi. B aToMm cityuae [5]

. 2 [ S — qr s -
VdiviG = —-k"G(je )e., rofG =ik[jxe.]G.
Coornomenus (5), (6) mpuUMyT BHIT
—J.k G, (jé.)e.dv

[ v +ky [ Grdv+i[ k[ % 8,1Gav], (7)
kR Vv 14
—j K2G, (jé.)é,dv
[ v +k, [5G dv—i[k,[] % &,1G,dv], (8)
kL Vv Vv

I1e € — eOQUHUYHBIN BEKTOP, YKa3bIBAIOLIUN HAIIPABICHUE OT TOUKM UCTOYHUKA JI0 TOUYKH HAOJIIOEHHUS.

. 1 1 -
Hcxonst n3 puOIMmKeHUs JaNbHEH 30HBI —~ —, € ~ €

r [
roor,

TAc 7, — pacCTOsIHUE OT Ha4aJla KOOpAUHAT 10

TOYKH HAONIOACHNUS, @ €, — C[IMHUYHBIIl BEKTOD, YKa3bIBAIOLIMII HAIIPABIICHUE OT HaYalla KOOPAMHAT JI0 TOUKH
HaOJIIOIeHN,
e—ikr e*ikro .

4nr 4,

b

ki = k(x'sinBcos @+ y'sinOsin@ + z' cos 0).
Torma coorHomenus (7), (8) MOXKHO 3amucaTh Kak

lT] e e _lkéeﬂ;k? (jéro )EVU » = ikpF . Tz 1,0k

v 7 3 +kR}[]e % dv+z;[kR[j xe, Je™ dv], ©
ln e’ikLr() —.’[ k;eﬂ;ﬁ (jérg )Er‘o dv . ) - . i

o~ 2 i +kL£]e L dv—zlkL[] x e, Je" dv]. (10)

Amnanu3 Boipaxenuil (9), (10) nokassiBaet, 4To BeKTOpel £, n £, HE UMEIOT COCTABIAIOIICH BAOJb Ha-
TIpaBIIEHUs PACTIPOCTPaHEHUsI, CIEIOBATENBHO, B C(hepruecKor CHcTeMe KOOPAMHAT OTINYHBI OT HYJISI TOJIBKO
KOMIIOHEHTHI E, n E :

Ep=E8, = ’264 [k, j ( ]ee)e’kR’dv+lIk (&, )e"" v, (11)
. —ikpry
= ime S\ kg . S ikgF
ER(P:ERe(P:—?n 7o [kRJ.(]e(p)ek dv—zij(Jee)e" vl (12)
0 4 Vv
”1 e*ikL’o = .
= TN\ ik F . TN ik
Ey =Ee, =—? - [kLI(jee)e g dv—zJ.kL(]eQ)ekL dv], (13)
0 4 Vv
. —ik; 1
—-FE3 —_me - Fr ik, . T ik, 7
E,=E¢é, = 2 dmn [kL'I[(Je(p)e dv+l;[kL(]ee)e dv], (14)

e €, €, — CAMHHYHBIC BEKTOPBI C(epUYECKOil CHCTEMBI KOOpAMHAT. [Ipn 5TOM OYEBUIIHO, YTO MONYYEHO
peuIeHue B BUJIE IByX BOJIH IIPABOM U JIEBOM KpyTroBOM NOJIsIpu3alui. [l HEeKUpaJIbHON Cpeibl COOTHOLIEHUS
(11) — (14) mepexoasaT B U3BECTHBIE BRIPAKEHUS JUIS TTOJIS B AalibHEH 30He [5].

AMIUIATYIa HAPSHKEHHOCTH CyMMAapHOTO TTOJIS

‘E‘z ‘ER‘2+‘EL ’ i, —J|ER9|2+|ER(D2,

|E,[ +|}5Lq,|2

L:
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MO3BOJIACT OIPEACTIUTD XapaKTCPUCTUKY HAITPABJICHHOCTHU H3J1yllaIOH_[eI>'I CHUCTCMBI:

£ 2]

2 =2 ’
B +]Eo] I

Pacuer KOB(I)(bI/II_II/IeHTa SJUTUNITHYHOCTH P MMPOBOAUTCA 1O U3BCCTHBIM COOTHOLICHUAM [6]

F(0, (P) =

m’ cos® y —mcosTsin 2y +sin’ y

pP= 2.2 . 2,
m”sin” y+mcostsin2y +cos” y
2m |Es°|
tg2y =1_—2cosr, m =|E—, T=argE, —argE,,
0
E,=Ezé,+Ee, E,=Ee, +Eé€,.

PaccMoTpuM B KauecTBE TpUMEpPA SNEMEHMAPHbLU IeKMpUYecKutl udpa- O %
mop — NPSIMOJIMHENHBINA OTPE30K MPOBOIHUKA, IO KOTOPOMY IPOTEKAET IEKTPH- 4 <
YECKUH TOK C JTMHOM BOJIHBI A ¥ KOMILICKCHON aMILTUTY/0W TUIOTHOCTH TOKA J,
MTOCTOSTHHOM B TIpe/iesiaX BCeH MTHMHBI / TPOBOAHUKA (PUCYHOK).

Jnuna npoBonHuKa [ <<A U ¥ =zé, . IIn1oTHOCTh TOKA j CyIIECTBYET TOJIb- A
KO B Tpefiesiax JIMHBI BuOpaTopa. CuuTaem, 4To IIIOMAAb TONEPEIHOTO CEUeHHUS 2
As BuOparopa oueHb Maina. [IpencraBum sneMeHT o0beMa dv Kak MPOU3BEICHHE Ty
Asdz. Torna jAs =Ie_,rne I —KOMIUIEKCHAs aMILIUTYAa CTOPOHHETO TOKa BUOpa-

2n

Topa. B Touke HabmoneHus Q COTIIacHO pUCYHKY k7 =kzcos@=—zcos0=0,a _ X . .
9J'IeMeHTapHI)II/I DJICKTPUYCCKHU

€.é, =—sin0. B urore naTerpan mo o0beMy J MOXKHO 3aMEHHTh HHTETPAJIOM 110 BHOpaTOp

-1/2

nuune subpatopa I [ e, dv = 1166, = ~1lsino.

|4 v
Ha ocHoBanuu caenanubix gonyienuii cootHomenus (11) — (14) MoxHO rpeICTaBUTh B BUJIE

—ikgty

Ep = %n:TrokRH sin 6, (15)
Ey, = g 64;0 kIlsin®, (16)
E, = % 64;0 k, I1sin 6, (17)

o= ‘347;0 k, sin. (18)

W3 cootrHomenuti (15) — (18) BUIHO, 4TO 3aBUCUMOCTb aMILTUTY/IbI HAMIPSHKEHHOCTH 3ICKTPUYESCKOTO OIS
AJIEMEHTAPHOTO JIEKTPUYECKOTO BUOpATOpa OT yriia HaOMIOJeHHs B KHPAIBHOM Cpefie Takas e, Kak U B He-
kupanbHOi. [lonspr3anys sxe moss u3ny4eHns Budparopa B KUpaIbHOH cpefe — armmntrdeckas. OgHako npu
MaJIbIX 3HAYCHHSIX TTapaMeTpa KHPaTLHOCTH ITOJI€ M3ITYICHHsSI 00JIaaeT IMONIIprU3arei, OMM3KOH K TMHSHHOM.

B pabore, Takum 00pa3oM, B paMKax H3BECTHBIX MPUOIMKCHUNA JaTbHEH 30HBI MOTYYCHBI BRIPAKEHUS IS
BEKTOpPA HAIPSKEHHOCTHU DIEKTPUUECKOTO TMOJS MNPOU3BOJIIBHOM CHCTEMbI UCTOYHUKOB B KUPAJbHOW Cpelie.
ITokazaHo, 4YTO MOJI€ U3IIYUYEHHUS — NOJIE AIUIUNTUUYECKON NOJIAPU3ALNH, BEKTOPBI MOJSI HE UMEIOT COCTaBIISIO-
LIUX BAOJb HallpaBleHUs pacnpocTpaHeHus. Ha ocHOBaHMU MOJIYYEHHBIX COOTHOLICHUIN PACCMOTPEHO MOJie
M3ITyYeHUS SJIEMEHTAPHOTO AIEKTPUYECKOr0 BUOpaTOpa B KUPAILHOU Cpe/ie.
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