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The coefficients of mutual coupling of rectangular dielectric resonators in open space are calculated under
the condition of their rotation relative to one of the axes of a given rectangular coordinate system. Analytical
formulas for complex coupling coefficients are obtained. The expressions found give complete information
about the frequencies and Q-factor of coupled oscillations of dielectric resonators. The dependences of the
coupling coefficients on the angles of rotation and spatial coordinates of resonators in the case of excitation
of the main magnetic types of natural oscillations in them are considered. The concept of pseudo-rotation
of resonators is introduced. Cases are noted when the pseudo-rotation of the resonators does not lead
to a change in the coupling coefficients. The dependences of the coupling coefficients for different types of
resonator pseudo-rotations are investigated. New integral representations are derived for the mutual coupling
coefficients of rectangular dielectric resonators provided that their axes rotate in open space. In particular
cases of parallelism of the resonator axes of one of the coordinate axes, the analytical expressions found in
the work coincide with those obtained earlier. For each case of rotation, approximate analytical formulas
are found for the integral representations obtained in this work, expressed in terms of the spherical Hankel
functions of the second kind. Comparison of calculations of coupling coefficients by integral formulas and
approximate expressions is carried out. It is shown that the approximate expressions have acceptable accuracy
for all the considered cases of rotations. The dependences of the coupling coefficients on the coordinates of
the resonators are investigated. The regions are marked in which the found integral representations make
it possible to correctly describe the coupling coefficients of rectangular resonators. In contrast to integral
representations, approximate formulas are correct in the entire spatial region of resonator interaction. The
results obtained make it possible to construct analytical models of antennas, multi-element arrays and devices
of infrared and optical wavelength ranges, made with the use of rectangular dielectric resonators; significantly
reduce computation timecompared to numerical methods and optimize complex multi-cavity structures of
microwave and optical communication systems.
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Introduction

Currently, rotatable dielectric resonators (DRs)
have found application in various lattices for the
implementation of optical metasurfaces [2, 4, 6-9],
arrays [1, 5, 13], metamaterials [11, 15] and another
frequency-selective structures, for the formation and
detection of twisted waves, Airy rays [9], as well
as antennas [3, 10, 12, 14] and filters [16, 18]. The
main advantage of DR lattices in comparison with
metal metasurfaces is the low level of dissipative
losses. For calculation and optimization the scatter-
ing parameters, it is necessary to build adequate
electromagnetic models describing the properties of
such lattices. The most convenient way to calculate the
physical properties of the lattices is the development of
the scattering theory based on the use of the coupling
coefficients of resonators in various structures [17,18].

Knowledge of the coupling coefficients makes it possi-
ble to calculate and optimize the basic scattering
parameters of the lattices with the least amount of
computing power.

1 Statement of the problem

The purpose of this article is calculation and
analysis of coupling coefficients of the rectangular di-
electric resonators in open space in the rotation of the
resonator axes.

Attempts to describe the rotation of dielectric
resonators relative to each other lead, usually, to
complex and cumbersome analytical expressions. To
minimize the size of the resulting formulas, in this
work the simplest rotations about only one axis, the
allocated rectangular coordinate system, are consi-
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dered. For simplicity, we considered only the basic
dipole oscillations of rectangular magnetic resonators
Hii.

2 Coupling coefficients of
X-rotation Rectangular DRs in
the Open Space

The main magnetic type of natural oscillations
Hy11, the field of a rectangular dielectric resonator
in the local coordinate system («',y’,z") (Fig. 1) is
represented as:

hliwuo

€y = e By cos(Bzx") sin(Byy’) cos(B.2");

ey = %‘gﬁoﬁw sin(Bgz") cos(Byy') cos(B.2");
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Here h; is the amplitude; w is the circular frequency
of natural oscillations; pg is the magnetic permeabi-
lity; (ﬁmﬂy,ﬁz) are the wave numbers: (52 + 52
B2 = ki ki = wypoer; ko = [ogo; €0, €1 18
the dielectric permittivity of the external space and
resonator, respectively.

Fig. 1. Rectangular dielectric resonator in the local
coordinate system (z’,y’, 2’)
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In the general case, the complex coefficient of
mutual coupling of two resonators in a waveguide with a
cross section a x b, can be represented as an expansion:

k12 -
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s 2 () )pe ==l (2)

t

where ¢;* is the expansion coefficients of the DR, field
in terms of the waveguide field:

Eifzter-20) [ @ (B o
v
where ¢® — electric component field (1) of the s-th
resonator; ¢ — multi-index determined by the type of
waveguide mode (Ef, HY), ¢i* = (%) e (%), —
expansion coefficient Wlthout taking into account the
dependence on the longitudinal coordinate z,; wy —
energy stored in the resonator material.

To calculate the coupling coefficients in open space,
we assumed that the walls of the "virtual” waveguide
tend to infinity:

(3)

K12 = hm ]4;12
a,b—o0

as a result, sum (2) was transformed into the integral.

In the case of rotation of the resonator axes relative
to the x-axis of the selected rectangular coordinate
system, we will assume that the initial orientation of
the axes of both resonators 2z’ is parallel to the z-axis
(Fig. 2,a). Let us also assume that the coordinates of
the center of the first resonator are equal (x1,y1,21),
and the coordinates of the second resonator are equal
(22,Y2, z2) and the main type of magnetic oscillations
is excited in the resonators Hqq, the field of which is
described by expression (1).

In the case of rotation of 1 resonator relative to
the x-axis (Fig. 2,a) by an angle $; and the second
resonator relative to the x-axis by an angle s, the
mutual coupling coefficient takes the form:

X { [T 18,02 (&)zy (1 cos B + v sin B,) + €Bx cos Byma (€)wy (n cos B, + v sin B,)|w- (nsin B — v cos B, )e ™oAY 4

+ H [1Bywa (€)y (0 cos Bs — ysin Bs) + &By cos By (€)w,, (1 cos Bs — v sin Bs)|w, (nsin By + 7 cos Bs)e 02y 4

s=1
2
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s=1
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Fig. 2. Rotation of Rectangular DR relatively the x-axis (a); y-axis (b); z-axis (¢, d) of the coordinate system

in the open space. Dependence of the coupling coefficients on the rotation angle 8s relatively the x-axis (e, i).

Dependence of the DR, coupling coefficients on the rotation angle a relatively the y-axis (f, j). Dependence of

the coupling coefficients on the rotation angle oy relatively the z-axis (g, k) for the initial DR, position 2’ || z,

2’ || z. Dependence of the coupling coefficients on the angle of rotation «; for the initial DR position 2’ ||z (h,1).
(koAzx = 1; koAy = 1; koAz = 2; a1, 51 = 0).
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as ¢ = koao/2; gy = kobo/2; ¢ = koL/2 are the
characteristic parameters of the resonators. For Hyq

= e

X [py €08 py sin(gy€) — ¢ sin py cos(gv€)].

Integral (4) is not very convenient for calculations,
it is characterized by poor convergence, therefore, to
calculate it, we will use the approximation.
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The essential region of integration (4) is in the
region of small values of the arguments of the functions
wy(2), wy(2). Therefore we use here an approximate
representation of the functions wy(2), wy(z), v =
(z,v, 2), typical for small values of variables (£, 7):

wy(2) (5)

where Ay, C, are constants. Applying (5) and Sommer
feld’s integrals [18], we obtain a simpler formula,
expressed in terms of the angles of rotation of the
resonators:

~ AV? wV(Z) ~ CVZ7

K1g & Kzz €0s 31 cos B2 + Kyy sin 1 sin Ba+

+ Ky zsin(f1 + B2), (6)

where

Rzz = K1 X

Az?+Ay? (9 Az? th)(koAr) )
X{ Ar? ho” (ko AAr) = {1 SAr2 koAr ’

(7)

—l’yk}oAZ
Kig = mo/ / cos[nkoAy] - (52 e )

AyAz
Ryz = —Ki Ar2

WP (ko Ar); (8)
(2s,9s, 2s) is the coordinates of the center of the s-th
resonator in the rectangular coordinate system (s =
1,2); Az = @1 — x9; Ay = y1 — y2; Az = |21 — 22);

Ar = \J(@n = 2)* + (1 — )’ + (21 — )5 B (2) s
the Hankel spherical functions of the second kind.
Under the conditions: A, = A, and 8,Cy = §,Cy,
which occur, for example, for resonators with a square
cross-section (ag = bp), the coefficient r; = ifrg x
|AzBIC’zAZ\2. The easiest way to choose a numerical
value of k7 is based on the mean theorem, directly for
the given parameters of the resonator from (4) for a
particular orientation, for example, for 51 =/8;=0 [17].

3 Coupling coefficients
of Y-rotation Rectangular DRs
In the case of rotation of each of the resonators,

respectively, at an angle a1, as (Fig. 2,b) relative to
the y-axis, we obtain similarly to (4):
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Using again approximation (5), we find:
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4 Coupling coefficients of the Rectangular DRs under Z1-rotation

In the case of rotation of 1 and 2 resonators relative to z-axis (Fig. 2,c), respectively, at an angle aq, aq,
relative to z-axis, the mutual coupling coefficient takes the form:

72'ykgAz 5
R12 = ZKJO WY X
| [ s e

X {H [By(ncosas + &sinag)wy (€ cos as — nsinag)w, (§sinas + ncosas)—
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2

+ H [By (1 cos ag — & sin aus )wy (€ cos o + msin o )y, (€ sin g — 1 cos o) —
s=1

— Be(nsina, + £ cos as)wg (€ cos as + nsin o )wy (€ sin o, — 1 cos a)] cos (Ekg Az — nkoAy) +
2

+ H [Byy(€ cos ag — msin ag)wy (€ cos ag — nsin ag ) ooy (€ sin ag + 1 cos ag)—
s=1
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2
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Using again approximation (5), we obtain from (13):

K12 ®R RKzz. (14)

5 Coupling coefficients of the Rectangular DRs under Z2-rotation

Let us consider another important type of resonator rotation about the z-axis, in which the initial position
of the axes of both resonators is oriented parallel to the x-axis (Fig. 2,d). In this case
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Taking into account (5), expression (15) takes the form:

K12 &2 KX X COS (] COS g + Kyy sin g sinag — kxy sin(a; + az), (16)

where
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AxAy
Ar?

Relations (4,9,13,15) as well as (6-8,10-12, 16-18)
make it possible to calculate the mutual coupling coeffi-
cients of the rectangular DRs in the cases of the consi-
dered rotations of their axes. Relations (4,9,13,15)
are valid under the condition Az > dyax, where dpyax
is the maximum size of the DR is in the directi-
on of the straight line connecting their centers. In
contrast to integral representations, the found approxi-
mate formulas (6-8, 10-12, 16-18) are finite in the entire
spatial region of resonator interaction.

RXy — K1 héQ)(k‘()AT) (18)

6 Analysis of mutual coupling
coefficients

In particular cases of parallelism of the resonator
axes of one coordinate axes, the found analytical
expressions (4-18) coincide with those obtained earlier
[17].

The results of calculating the dependences of the
mutual coupling coefficients on the coordinates and the
angle of rotation of the resonator are shown in Fig. 2-5
for E1r = 36, ag = b(); L/QG,() = 074, f() = 8 GHz.

Fig. 2 compares the results of the numeri-
cal calculation of integral representations and the
calculation of the mutual coupling coefficients of the

Re[k] Re[x]
0.02 0.02
0 0
—0.02 1 1 1 _002‘ 1 1 1
0 1 2 By 1 2 oy
a b
Im[x] ' ' ' Im[x ] ' ' '
0.01 \/—\ 001k
gw gﬁ
-0.011 . -0.01F .
—0.02 1 1 1 —0.02 1 1 1
0 1 2 By 0 1 2 0y

resonators using approximate formulas. Solid curves
show the dependences calculated by the formulas
(4,9,13,15); the dotted curves show the dependences
obtained by approximate formulas (6,10,14,16). As
can be seen from the data presented, the approximate
relations are in satisfactory agreement with the integral
representation of the coupling coefficients in the region
of resonator coordinates of interest to us.

Fig. 3 shows the dependences of the coupling coeffi-
cients in the case of pseudo-rotation of resonators:
as,fs = a1,B1 + a, where a = const, accord-
ing to formulas (6,10,14,16). By pseudo-rotation of
resonators we mean rotation in which the relative di-
rection of the axes of each resonator remains fixed.
A change in the mutual coupling coefficients during
pseudo-rotation is associated with a change in the
relative coordinates of the DR. In the latter case
(Fig. 3,d,h), if the centers of the resonators are located
on the axis of rotation, then the coefficients of mutual
coupling remain constant.

Figures 4,5 show the dependences of the coupling
coefficients upon variation of the coordinates of the
second resonator, for different orientations of its axis.
The reason for the appearance of asymmetry in the
dependence in the case of y-rotation (Fig. 5,b,f) is due
to the different spatial distribution of the vector fields
of natural oscillations relative to the plane of symmetry
x = 0 of the first resonator.

Re[k] ' ' ' Re[x] ' ' '
0.02f .

or 1 o ]
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0 1 2 oy 0 1 2 o

C d
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or . %1071 .
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Fig. 3. Pseudo-rotations (as, 82 = a1, 81 + 1) of rectangular DRs relatively the x-axis (a,e); y (b,f) and z (c, g);
(d,h); (koAz = 0; kgAy = 0; kgAz = 2) — green curves; (kgAzx = 1; koAy = 0; kgAz = 2) — blue curves;
(koAzx = 2; koAy = 0; kgAz = 2) — red curves.
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Fig. 4. Dependence of the DRs rotated about the x-axis (Fig. 2,a) on the distance kgAz (a, e); rotated relatively
the y-axis (Fig. 2,b) (b, f); rotated relatively z-axis (Fig. 2,¢) (c,g); rotated relatively z-axis (Fig. 2,d) (d,h):
koAz = 1; kgAy = 0; for oy, 81 = 0; ag, B2 = 0 — green curves; as, B2 = 0,5 — blue curves;

g, B2 = 1 — red curves
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Fig. 5. Dependence of the coupling coefficients on the distance koAz (a,d) for rotated DRs about the x-axis

(Fig. 2,a) (a,e); rotated DRs relatively the y-axis (Fig. 2,b) (b, f); rotated DRs relatively z-axis (Fig. 2,c) (c, g);

rotated DRs relatively z-axis (Fig. 2,d) (d, h). (ko(y1 — y2) = 0; koAz = 2; a1, 51 = —7/4; ag, B2 = 0 — green
curves; aw, B2 = w/4 — blue curves; ag, f2 = 37/4 — red curves)

Discussion and Conclusion open space in the case of their rotations about one of
the axes of given coordinate system.
We obtained simple analytical expressions for the
mutual coupling coefficients of rectangular DRs in the
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The dependences of the coupling coefficients on the
angles of rotation and spatial coordinates of resonators
are considered.

The concept of pseudo-rotation of resonators is
introduced. The cases are investigated when the
pseudo-rotation of the resonators does not lead to a
change in the values of the mutual coupling coefficients.

The formulas found have good accuracy and make it
possible to calculate and optimize the electromagnetic
parameters of complex multi-element filters, antennas
and different metasurfaces containing a large number of
dielectric resonators much faster compared to numeri-
cal simulation methods.
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KoedimnienTu B3aeMHOro 3B’43Ky 06epTo-
BUX NPIMOKYTHUX JIieJIEKTPUYHUX PE30-
HATOPIiB y BiAKPUTOMY HPOCTOPi

Tpybin O. O.

PospaxoBani koedimieHTn B3a€MHOTO 3B’SI3KY Ii€jIeK-
TPUYIHUX PE30HATOPIB MPAMOKYTHOI HOPMH y BIAKPUTOMY
TPOCTOpL TIpM iX ODEepTaHHI MOAO0 OIHIET 3 Oceil 3aaaHol
NPSIMOKYTHOI CHCTeMH KOODAWHAT. 3HAJeH] BUPA3U JA0Th
HOBHY 1H(OPMAINIO IIPO YACTOTH Ta JOOPOTHOCTI 3B’ A3AHIX
KOJINBAHb JleJIeKTpUIHUX pe3onaTopis. OTpumani aHaIiTH-
gl HopMynIM A1 KOMILIEKCHHX KOediIieHTiB B3a€MHOTO
3B’a3Ky. Po3risgmaorses 3a1ekH0CT] KoedimieHTiB 3B’ a3Ky
Big KyTiB 06epTaHHS i TPOCTOPOBUX KOOPIAMHAT PE3OHATO-
piB B pasi 30ymxkKeHHS B HUX OCHOBHUX MArHITHUX THIIB
BJIACHUX KOJIMBAHb. BBEIEHO ITOHATTS IICEBI000EPTAHHS Pe-
3onaTopiB. JlocmikeHo 3asekHOCTI KoedilienTiB 3B'13Ky
nopy PidHUX BHIAAX IICEBA0OOEpTaHHs pe3oHaTopiB. Bi-
3HAYEHO BUIIAJIKK, KOJIU IICeBI000epTaHHs PE30HATOPIB HE
TPU3BOAUTH [0 3MiHM KOe(ilieHTiB 38 a3Ky. Busemerno HOBI
iHTerpaJibHi CIiBBIIHOIIEHHs A1 KOedIIli€HTIB B3aEMHOTO
3B’A3KYy JleJIeKTPUIHUX PE30HATOPIB IPAMOKYTHOI (dopmu
npu obepranHui ix oceil y Binkpmromy mpocTtopi. B okpe-
MHUX BHMNQJIKAX IAPaJIebHOCTI Ooceil pe30HATOpiB OmHiN 3
KOOPMHATHUX Ocell, 3HaiijeHi B poboTi aHaiTHYHI BUpA3U
36iraloThCs 3 OTPUMAHMMHK paHinre. Iyt KOXKHOTO BHUIAI-
Ky obepramus 3HalifeHi HabmmxkeHi aHamTHYIHI DOPMYIH
JJTsl OTPUMaHKUX B POOOTI IHTErpaJIbHAX CIIBBIIHOMIEHD, 110
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BUPAXKaOThCA depe3 cdhepuuni yurmii XaHkenas apyro-
ro poxy. IIposemero TOpiBHSHHSA 06UYMC/IEHh KOEDIIIEHTIB
3B’s13Ky 3a IHTerpaJbHIME (HOPMYJIAMHY i HAOIHMKEHUMU BU-
pa3amu. [Tokazano, 1m0 HabIMKEHI BUPA3W MAIOTh ITPUMAHS-
THY TOYHICTH IS BCIX PO3TUISTHYTHX BUIAJKIB 00EpPTaHb.
Pozrisinyro 3amexkHocTi KoedimieHTIB 3B's13Ky Bin KOOp-
auHaT pe3oHaTopis. Bigzuadeno obsacTi, B aKUX 3HaMIEH]
IHTerpayIbHi BUPA3M JO3BOJISIOTH KOPEKTHO OMHCYBATH KO-
edinmienTn 3B’ 43Ky IpAMOKYTHHX pe3oHaTopis. Ha Bimmimy
Bl iHTEerpajbHUX CIIBBIAHONIEHD, HAOIMKEH]I HOPMyIIH KO-
PEKTHI y BCiif TpOCTOPOBiii 06J1aCTi B3a€MO/IiI PE30HATOPIB.
OTpuMani pe3yiabTaTh MO3BOJISIOTH Oy/yBaTW AHAJITHIHI
MO/Ie/Ii aHTeH, 6araroe/IleMeHTHUX PEeIIiTOK i IIPUCTpoiB iH-
¢dbpavuepBOHOr0 i ONMTUYHOTO [IANA30HIB JOBXKUH XBUJIb,
BHKOHAHUX 3 3aCTOCYBAHHSM [ieJIeKTPUIHAX PE30HATOPIB
MPSAMOKYTHOI (pOPMU; 3HAYHO CKOPOIYBATH YaC O0IUCIIEHD
B TIODIiBHAHHI 3 YHCEJbHUMH METOJAMHU 1 ONTHUMi3yBaTH
CKJIaHI 6araTope30HaTOPHI CTPYKTYPH MiKPOXBHJIBOBHX i
OITUYHUX CHUCTEM 3B A3KY.

Karwosi caosa: xkoedimieHT 3B's3Ky; KOoedillieHT B3a-
€MHOTO 3B’s13KYy; 00epTaHHS; MPIMOKY THHI /TieJIeKTPUTHAN
PEe30HATOD; BiAKPUTHI IPOCTIp

Kos¢dpdunuents: B3amMHOIT CBA3U Bpa-
HIae€MbIX NPAMOYTOJIBHBIX JIUIJIEKTPUIe-
CKHX PE30HATOPOB B OTKPHITOM MPO-
CTPaHCTBE

Tpybun A. A.

Paccunranst ko3 duImenTsl B3aUMHON CBSI3W  IH-
JIEKTPUTIECKUX PE30HATOPOB IIPSMOYTOIBHON (HOPMBI B
OTKPBITOM IIPOCTPAHCTBE IIPU yCJIOBUU UX BPAIEHUs OTHO-
CUTEJIbHO OJHOII M3 OCeil 3aJaHHONW NPAMOYTOJILHOI CHh-
creMbl KOOpauHaT. HaiileHHbIe BhIPAXKeHUs JAIOT TOJIHY IO
uHGOpPMAIMIO O YAaCTOTaX U JOOPOTHOCTH CBA3AHHBIX KO-
JIe6AHMI TUIEKTPUTIECKUX PE30HATOPOB. BuIBoasTCS aHa-
mmTrgeckre GOPMyJIbL st KOMILIEKCHBIX KO3()DGUITNEHTOB
B3aMMHOM CBA3U. PaccMaTpuBalOTCa 3aBUCUMOCTH KO3(h-
bunrenToB CBA3M OT yIJIOB BPAIIEHWsS] M IPOCTPAHCTBEH-
HBIX KOODJMHAT PE30HATOPOB B Clydae BO30OyXKIEHUS B

HHMX OCHOBHBIX MATHUTHBIX TUIIOB COOCTBEHHBIX KOJIe0aHUIA.
Breneno monstme mceBmoBparenusi pe3oHaTopoB. OTme-
9YeHbl CJIydad, KOTJA IICeBIOBPAINEHNE PE30HATOPOB He
OPUBOJMT K W3MEHEHHUIO 3HaYeHHN KO03(DQUIMEHTOB CBsi-
3u. Vccnenosanst 3aBucnMocTy K03 MUIHEHTOB CBSI3U TP
Pa3HBIX BHJAX IICEBIOBPAINEHUN PE30HATOPOB. BbIBemeHbI
HOBbIE€ WHTErpaJjibHbIE IpecTaBjieHus g Koddhdurmen-
TOB B3aWMHOI CBSI3U JUIJIEKTPUYECKUX DPE30HATOPOB IIPS-
MOYTOJIbHON (POPMBI IIpH YCJIOBHH BPAIIEHWS HX OCeil B
OTKPBITOM IIPOCTPAHCTBE. B 9acTHBIX Ciydasx mapasuiesib-
HOCTH OCeil Pe30HATOPOB OJHON M3 KOOPAWHATHBIX OCei,
HalifeHHble B paboTe aHAJUTUIECKHE BBIPAYKEHHSI COBIIA-
JAIOT C MOJydeHHbIMu panee. [ KaxK0ro ciydas Bpa-
LIEHVST TIOJIyIeHbl TPUOJIMIKEHHBIe aHAJUTIHYeCKne (hopMy-
JIBL U1 HANZEHHBIX B pab0Te MHTErpaJIbHBIX IIPEICTABIIe-
HUH, BBIpaxKaeMble depe3 chepudeckne GyHKmm XaHKe s
BTOpPOTO pofa. IIpoBemeHo cpaBHEHHE pacyeToB KO3(hdu-
IWEHTOB CBSI3WM [0 WHTETrPAJIHHBIM (OPMyJIaM M IpUOJIH-
JKEHHBbIMU BbIpakeHusMu. 1IoKka3aHo, 410 mpubImKeHHbIe
BBIpaKeHNsT 06/IaJaI0T TIPUEMIIEMON TOYHOCTBHIO JJIsT BCEX
PAaCCMOTPEHHBIX CJIy<aeB Bpalnennii. Paccmorpens! 3aBucu-
MOCTH KO3} DUIMEHTOB CBA3M OT KOOPAUHAT PE30HATOPOB.
OrmedeHsr 061aCTH, B KOTOPHIX HAal€HHBIE WHTETPAJIHHBIE
NPEICTAB/ICHNS TIO3BOJIIOT KOPPEKTHO OIMCHIBATH KO-
dunmenTH CBA31 IPAMOYTOJIbHBIX PE30HATOPOB. B oriimuune
OT WHTErPAJIbHBIX IPEICTABJICHNN, HAMIEHHbIE IIPUOIIH-
JKeHHbIe (DOPMYJIBI KOPPEKTHBI BO BCEl MPOCTPAHCTBEH-
HOU obsracTu B3amMoaelicTBus pe30HATOPOB. llomydenunie
Pe3yAbTATHl IO3BOJIAIOT CTPOUTH AHAJIUTUYUECKUE MOIEIH
AHTEHH, MHOT'03JIEMEHTHBIX PEleToK U ycTpoiicTs undpa-
KPACHOI'O U OIITUYECKOIO [MAIa30HOB [JIMH BOJIH, BBIIOJI-
HEHHBIX C TPUMEHEHHEM [IMIIEKTPUIECKUX pPE30HATOPOB
NPAMOYTroJbHON (OPMBI; 3HAUUTEIHLHO COKPAIIATh BpPeMs
BBIYMCJIEHUA 110 CPABHEHUIO C YHUCJIEHHBIMM METOIAaMU U
ONTUMU3UPOBATEH CJIOKHBIE MHOIOPE30HATOPHBIE CTPYKTY-
Pbl MUKPOBOJIHOBBIX U OIITUYECKUX CUCTEM CBA3U.

Kmoueswie cro6a : KoapdunmeHT cBa3u; KO3 GUIIUEHT
B3aUMHOI CBs3M; BPAlllEHUE; [PAMOYIOJIbHBIA JUIJIEKTPU-
YEeCKUiIl pe30HATOP; OTKPBITOE MTPOCTPAHCTBO



	Introduction
	Statement of the problem
	Coupling coefficients of  X-rotation Rectangular DRs in the Open Space
	Coupling coefficients  of Y-rotation Rectangular DRs
	Coupling coefficients of the Rectangular DRs under Z1-rotation
	Coupling coefficients of the Rectangular DRs under Z2-rotation
	Analysis of mutual coupling coefficients
	Discussion and Conclusion
	References

