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The c-functions that determine the degree of influence of an external exciting electromagnetic field on
a rectangular dielectric resonator (DR) in open space are calculated and investigated. The presence of
directions with “zero” projection of the exciting electromagnetic field onto the DR field is shown. Using the
perturbation theory, the spatial distribution of the scattered electromagnetic fields, which arises when a plane
electromagnetic wave of p-, or s-type, is incident on a square lattice of rectangular dielectric resonators is
studied. An electromagnetic model of scattering on a rectangular DR lattice is constructed. The appearance
of a reflected and shadow lobe during scattering by a lattice of rectangular DRs with basic magnetic modes
is demonstrated. The features of scattering by a cubic lattice with degenerate magnetic oscillations of the
main type are investigated. It is shown that the degeneracy of the eigenoscillations of the resonators leads
to a more complex scattering pattern: the appearance of additional lobes, as well as a change in their shape.
It is noted that the shape of the spatial distribution of the scattered electromagnetic field of the grating
can change noticeably with frequency variation within the frequency band of coupled oscillations of the
resonators of the lattice. The obtained practical simulation results make it possible to significantly reduce
the computation time and optimize complex multi-cavity structures of microwave and optical communication
systems that simultaneously perform the functions of separation or combining of channels.
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Introduction

Today, lattices of rectangular dielectric resonators
are actively studied as a basis for creating new
metamaterials [1-3,5,10, 12], as guiding structures for
manipulating photons in the terahertz range [9], as
well as nanoantennas [6, 8], splitters [4, 7, 12], and
in the microwave range as filters [11] and antennas
[13-16,18,19]. The calculation and theoretical analysis
of the properties of such lattices is carried out based
on numerical solutions of Maxwell’s equations, which
complicate the understanding of the physical principles
defining behavior of such complex structures of coupled
Dielectric Resonators (DRs). The development of the
physical theory of scattering by complex structures of
DRs [8,17] made it possible not only to clarify their
behavior in various structures, but also showed the
effectiveness of this approach to a unified method for
describing various devices in the microwave and opti-
cal ranges. The proposed theory was mainly used to
describe DR of disk and spherical shapes; rectangular
dielectric resonators were not considered. The analysis
of scattering theory for rectangular DRs based on

perturbation theory was first carried out in [14]. In
order to extend this theory to complex structures
of rectangular DRs in open space, it is necessary
to first calculate the coupling coefficients of this
type of resonators [2]. The purpose of this work
is to calculate and analyze the expansion coeffici-
ents of the electromagnetic field of plane wave on a
rectangular DR in the open space, as well as create
an electrodynamic model of a lattice of rectangular
DRs. Study of the characteristics of scattering of
electromagnetic waves on lattices of rectangular di-
electric resonators.

1 Statement of the problem

The purpose of this article is to calculate and
analysis the electromagnetic field scattered by planar
lattices of rectangular DRs with lowest eigenoscillati-
ons of magnetic type. Representing the solution to the
problem of scattering in the form [8], it is necessary to
calculate the c-function for a rectangular DR for the
case of a plane wave incidence in open space.
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2 Calculation c-functions for the
plain electromagnetic
and rectangular DRs

waves

Let a plain electromagnetic wave (E*,]?I +) falls
on a rectangular DR at the frequency of its magnetic
oscillation H,.,; (Fig.1,a).

L+ _ 1, —iko(x cos~y1+y cosya2+zcos .
Et = Egeho(z cosmtycosya ),
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Ey = Eo(Zg cos a + Fo cos aa + Zp cos ag);
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Hy = w—o(xo cos 81 + o cos fa + Zp cos f3),
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where (&, 9, 20) — are the unit vectors of a rectangular

coordinate system (z, y, z), E, — amplitude vector,
and wy = +/po/eo — is the wave impedance of the
open space. Angles (aq, ag, as), (51,02, 83) define the
spatial orientation of the electric and the magnetic
field vectors, respectively, and the (v1,7v2,73) — defines
a direction of the wave expansion. Let us calculate
the projection of the electromagnetic field (ET,HT)
[8] onto the field of eigenoscillations of a rectangular
resonator (€, ﬁ) with magnetic oscillations H,,,; in
local DR coordinate system (2/,y’, 2’) [18]:
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Here ko = w,/Hog0, k1 = wy/fioé1 and (Be, By, B2) —
are the wave numbers; h; — is the amplitude; w — is the
circular frequency; po — is the magnetic permeability;
€0, €1 — is the dielectric permittivity of the external
space and resonator, respectively.

We need to calculate in general the integrals for
t=1,2,...,N DR of the lattice:

= —1/2}!{ €, 1

where S; is the surface of the t-th DR. For a rectangular
DR, it is more convenient to bring integral (3) to the
form with an accuracy 1/Qx:

+ (7 R(ET) s, (3)

cf ~i/2w(er — o) / (&, (E"’)*)dv.
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(4)

Here @Oy — is the resonator Q-factor.

The results of calculating the integral (4) in the ¢-
DR center coordinate system (z’,y’,2’) are presented
in the form:

a) for X-position (Fig.1,b)
polarization of the incident wave:

and for the p-

+

1
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s-polarization of the incident wave:
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(6)
b) for Y-position (Fig.l,c) and for the p-

polarization of the incident wave:
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+ B (cos 1 )wy (cos y3) Mw, (cos v2),
s-polarization of the incident wave:

1
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the p-
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c) for Z-position (Fig.1,d)
polarization of the incident wave:

and for

¢* = o - [Bywn (cos 71 )y (cos 72) cos 1 —

1
— Bty (cos y1 )wy (€os y2) cos ya]w, (cos 73)-M COS 73,
(9)

s-polarization of the incident wave:
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Fig. 1. EO, ﬁo, 1_50 :EO xﬁg unit vectors of the incident plain wave in the coordinate system of the lattice (x,y, z)
(a). Three orthogonal orientations of a rectangular DR: X (b); Y (¢); Z (d) relative coordinate system (z,y, z).
Module |¢* (¥, ¢)| in a spherical coordinate system for three orientations of the DR with H.,.. oscillation relative
to the lattice coordinate system X (e, f); Z (g) for p-scattering (e); for s-scattering (f,g); of the DR with H,,.
oscillation relative to the coordinate system X (h,i); Z (j, k) for p-scattering (h,j); for s-scattering (i, k)

C-functions (5-10) determine the degree of excitati-
on of a DR by an incident plane wave in open space.
The phase function is determined by the coordinates
of the t-th DR center (x4, 4, 2¢) in a lattice:

C;r _ C+eik0(wt cos y1+Y¢ cos y2+2¢ COSY3) )

(11)

Fig. 1,e-k shows the angular dependence of the
modulus c-functions for scattering of p-type (e,h,j),
s-type (f, g, i, k). Dependencies (e, h, i) in Fig. 1,
correspond to the X-orientation shown in Fig. 1(b),
and (g, j, k), correspond to Z-orientation (d). The
lowest frequency oscillation type H... corresponds
to (2) with h, = hycos B2’ cosByy cosB.z; next
frequency oscillation type Hg.. corresponds to (2) with
h,=hy sin B2’ cos By’ cos 5,2'. The relative dielectric
constant of the resonator e, = 36; relative sizes
bo/ao = ].; L/ao = 0,4

The given dependences make it possible to determi-
ne the degree of interaction of the isolated DR with
a plane wave, depending on the direction of its
propagation. For example, in the case of p-polarization
(Fig. 1,e), it is seen that there are no oscillations
in the DR in the plane ¢ =0,7, and in the case of
s-polarization (Fig. 1,f) at ¢ = 1/2m,3/27.

3 Calculating scattering of
electromagnetic waves by Plain
Lattice of Rectangular DRs

The eigenoscillation electromagnetic field of the
lattice of N coupled DRs we represented as a superposi-
tion of isolated fields of the resonators on the frequency
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wg of the lowest H,... mode:
N

&= bén;
n=1

N
R =" b,
n=1

The amplitudes b7, and frequencies ws of coupled
DRs obtained from [8]. Representation (12) we used for
solving the scattering problem of the wave (E*+, H™)
on a lattice:

(12)

(13)
H~H"+ Z a®h®,
s=1
where the unknown amplitudes a® (s=1,2,...,N) are

found from the relations [8] with considering (5-11).
In this case, the coupling coefficients of rectangular
resonators were calculated using the formulas [2].

The scattering electromagnetic field of the lattice
(13) in the wave zone in the direction towards the
observation point (6, @) represented as:

—iko?"

- - . e
E(ea(p)_E+(97r7307r)260f<97ra<P7r|6730>E0 kor

. (14)

Here €y = €y(0r, ©x|0, ©) — is the unit vector, defin-
ing the polarization of the scattered electric field in

the wave-zone; (¥, pr) — is the fall wave direction;
f(Or, oz, ) is the scattering amplitude.

Fig. 2,b,d illustrates the angular dependences of
the squared modulus of the scattering amplitude for a
plane p-type wave (b); s-type (d) on a square lattice (a)
of 10 x 10 DR, (c), respectively. The dots conventi-
onally show the centers of the resonators. The straight
line shows the direction of propagation of the incident
wave EO. The relative distance between the centers of
adjacent resonators is Ag/4 (Ao is the wavelength in free
space at the frequency of H,.. resonant oscillations wy).
As can be seen from the above data, petal 1 (Fig. 2,b)
is directed at an angle of "reflection” to the surface of
the grating. Petal 2 is directed along the vector ko,
whence, taking into account (14), it defines the lattice
“shadow” resulting from reflection [17]. Both petals are
located in the plane of incidence.

4 Calculating scattering of
electromagnetic waves by Plain
Lattice of Cubic shape DRs

The sketch of coupled Cubic DRs (ag =bo = L) latti-
ce is shown in Fig. 3, a. In this case, in each resonator at
the lowest frequency, three eigenoscillations of the H...
magnetic type can be simultaneously excited, differing
from each other by rotation by angles of 7/2.

d (i

Fig. 2. Square lattice of rectangular DRs in position Y (a); in position Z (c). Characteristics of the scattering
|f (0, 0110, )| of a plane wave on a lattice (a) - (b); (c) - (d). Fall wave direction 9, = 3/47; ¢, = 0
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All these degenerate oscillations of the DRs are
coupled to each other. This means that all 3N osci-
llations must be taken into account in the calculation
(12-13). Fig. 3, b, c shows the result of calculating the
angular scattering characteristics for a 10x10 cubic DR
lattice.

An increase in the number of coupled degenerate
oscillations of different "polarizations” leads to expansi-
on and the appearance of additional lobes (Fig. 3,b).
Additionally in some cases, frequency variation can
lead to a noticeable rearrangement of the scattered
electromagnetic field.

Discussion and Conclusion

In this paper, we propose model of scattering of
plane electromagnetic waves by gratings of rectangular
DRs in open space. The proposed model makes it
much easier and faster to analyze the electromagnetic
properties of complex structures of coupled DRs in
open space. Unlike other analytical methods, the
proposed model makes it possible to calculate all physi-

a b

Fig. 3. A square lattice of a cubic shape DRs (a). Characteristic of the scattering of a plane wave

cally significant parameters of the structure with less
computer time.

The performed calculations demonstrates the
retention of the basic properties established for latti-
ces of rectangulare resonators with the main magnetic
types of oscillations [17].

Calculation of the spatial distribution of the values
of the c-functions also makes it possible to determine
the directions of the most significant interaction of the
incident waves with the resonators of the array. This is
especially useful in cases of higher types of oscillations,
when the distribution of the DR electromagnetic field
has a complex spatial structure.

As follows from our calculations, lattices made
using a cubic DR are of considerable theoreti-
cal and practical interest. The indicated lattices,
along with the indicated drawbacks, have a more rarefi-
ed frequency spectrum and, moreover, a lower polari-
zation dependence.

The proposed theory can be used to calculate and
analyze complex antenna structures, various dividers,
multiplexers, and other communication devices in the
microwave, infrared and optical wavelength ranges.

—-0.5

C

of the

p-type (b), s-type on the lattice (¢) with degenerate oscillations of the DRs (¥, = 3/4m; ¢ = 0)
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Po3ciloBanusa ejgeKTpOMarHiTHMX XBWJIb
HA PelIiTKaX NPAMOKYTHUX JIieIeKTPUY-
HUX PE30HATOPIB

Tpy6bin O. O.

PospaxoBaHi i mocmimgxeni c-dyHKmii, 1[0 BU3HAYTAIOTH
CTYIIHb BIUIUBY 30BHIIIHBOTO 30y/KYIOI0OT0 €JIeKTPOMArHi-
THOTO [OJIs HA MPIMOKYTHHI JieJIeKTPUYHUI DPEe30HATOD
(IP) y Bimkpuromy mpoctopi. Iloka3aHO HAABHICTH Ha-
MPSIMKiB 3 "HYJIHOBOIO” TIPOEKIIIEI0 T/ 30YIKEeHHS Ha T10JIe
JP. 3a ngomomoroio teopil 30ypeHb, BUBYEHO IIPOCTOPOBUI
PO3IOIJI TOJIB PO3CIIOBaHHS, IO BUHUKAE IIPU ITaiHHI
IUTOCKOI eIeKTPOMArHiTHOI XBUJL P- abo S-TWiy, Ha KBa-
JAPaTHY PENliTKy HPAMOKYTHHUX [JleJIEKTPUYHUAX DPEe30HATO-
piB. IToGynoBama esleKTpOAMHAMIYHA MOJIEIH PO3CIIOBAHHS

ma pemitmi P mpamokytmoi dopmu. Ilpomemomcrposa-
HO TIOSIBY BiOMTOI i TIHHOBOI TE/IIOCTKY TIPYM PO3CISTHHI Ha
pemriThi npaMoKyTHUX /IP 3 OCHOBHIME MAarHITHUMU BUIA-
MU KOJIWBaHb. J{OCHIKYIOTHCS 0COOIMBOCTI PO3CIIOBAHHS
Ha pemriTi Ky6ivHOI (HOpMM 3 BHPOMKEHNMN MarHITHUMUI
KOJINBAHHSIMEU OCHOBHOro Tuiry. IlokazaHo, IO BHPOIKEH-
Hsl BJIACHUX KOJIMBAHb PE30HATOPIB IPU3BOIUTDH JI0 OL/IbII
CKJIQJTHOI KApTHHI PO3CIIOBAHHS: TOSBU JOJATKOBHUX ITEJIIO-
CTOK, a Takoxk 3MiHu ix ¢dopmu. Bigzmadeno, mo dopma
TPOCTOPOBOTO PO3IOILILY PO3CISHOTO IIOJIS PENIiTKH MOXKe
TIOMITHO 3MIHIOBATHCS 3 BapIaIli€i0 JaCTOTH B MeXKaX CMYTH
9aCcTOT 3B’S3aHUX KOJMBAHb pe30HATOpIiB pemritku. Orpu-
MaHl HIPAKTUYHI Pe3y/bTaTh MOIEIIOBAHHS [103BOJIAIOTH
3HAYHO CKOPOTUTH YaC 00YUMCIIEHb 1 ONTUMI3yBaTH CKJIAIHI
6araTope30HATOPHI CTPYKTYPH MiKPOXBHUJIbOBUX T3 OIITH-
YHUX CHUCTEM 3B’#A3KY, fKi OJJHOYACHO BHKOHYIOTH (DYHKIIT
oy abo 00’eTHAHHS KAHAJIB.

Karwosi carosea: pO3CIIOBAHHS; PENITKA; IPAMOKYTHHII
JieJIEKTPUYIHUN Pe30HATOD; MOIEIIOBAHHS; C-DYHKITIS; aM-
IITysa PO3CIIOBAHHST

Paccegnmne 3/IeKTpOMarHUTHBIX BOJIH Ha
pPenieTkax MPAMOYTOJIBHBIX JIWIJIEKTPU-
YeCKIUX Pe30HaTOPOB

Tpyoun A. A.

Paccunranbl m umccsesoBaHbl C-(DYHKIUH, OLIpEeIesIsi-
OI[e CTeleHb BO3JEHCTBUS BHENIHErO BO30YIK/IAIOMIETO
3JIEKTPOMATHUTHOTO TIOJIST HA TIPSIMOYTOIBHBIN TU3JIEKTPH-
weckmii pesonarop (IP) B oTkpbrTom mpoctpanctse. [lo-
Ka3aHO HAJWYMe HAMpPaBJIeHWI ¢ “Hy/eBOil” mpoekmmeit
BO30y ) maromero moJist Ha mose /IP. C momMompbo Teopum
BO3MYIIEHNH, N3y9YeHO IIPOCTPAHCTBEHHOE PACIIpeieseHre
ToJiell paccedHUd, BO3HUKAIONIEEe IIPU IIAaJeHUM TIJIOCKOM
3JIEKTPOMATHUTHON BOJIHBI P- VI S-THIA, HA KBAJIPATHYIO
PeIIeTKY IPSIMOYTOJIbHBIX JUIIEKTPUIECKUX PE30HATOPOB.
IlocTtpoena ssekTposmHaMuYecKas MOAEIb PACCesHUs Ha
pemerke IP mpsimoyrosibaOit dopmet. IIpomemoncTpupo-
BAHO IOSIBJIEHHE OTPAa’KEHHOIO M TEHEBOTO JIEIeCTKA I[P’
paccessHUM Ha pemreTke mMpsaMoyroiabHbix JIP ¢ ocHOBHBIMEI
MarHUTHBIMHU THUTIAMU Kojebamuii. Vccmeayorcst 0coGeHHo-
CTH PACCesHUsI HA pelleTke KyOmdaeckoil ()OpMBI C BHIPOK-
JEeHHBIMU MATrHUTHBIMU KOJIEOAHUSIMU OCHOBHOTO THma. Ilo-
Ka3aHO, YTO BHIPOXKIEHME COOCTBEHHBIX KOJIe0AHUl pe3o-
HATOPOB NIPUBOAUT K 0OJIee CJI0KHOM KapTUHE DACCesHUs:
TOSBJIEHUIO [IOTIOJTHUTEIHHBIX JIEIIECTKOB, 8 TAKKe M3MEHe-
HUIO nX (Gopmbl. OTMedeHo, 94TO (GHOpMa TPOCTPAHCTBEH-
HOTO PACIPEIeIeHUsI PACCESHHOIO IIOJIsI PEIIeTKH MOXKET
3aMETHO MEHSATHCS C BapUaIueil YaCTOTH B [IPE/IeIaX MOJI0-
Chl JACTOT CBSI3AHHBIX KOJIEOAHUI DPE30HATOPOB PEIIETKM.
Ilonyuennbie mpakTut<eckue pe3yIbTATHI MOIEINPOBAHUS
TO3BOJISIOT 3HAYUTEIHHO COKPATUTH BPEMs BBIUUCJIEHUA 1
ONTHUMU3UPOBATEH CJIOKHBIE MHOTOPE30HATOPHBIE CTPYKTY-
PBI MHKDOBOJIHOBBIX WM ONTHYECKUX CHCTEM CBSI3H, OIHOB-
PEMEHHO BBITIOIHLAIONME (DYHKIINN PA3e/IeHnsT Win 00be-
JVHEHUs] KAHAJIOB.

Kamoueswie caosa: paccessHue; pemieTKa; MPIMOYTOJIb-
HBIA [OUIJIeKTPUYECKUN Ppe30HaTOop; MOAeJupOoBaHHUe; C-
byHKIUS; aMIUTUTYga PACCETHUS
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