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Introduction

Cylindrical DRs are applying today in various microwave devices [1 - 6]. For
calculation and optimization of such devices is more convenient to use electrody-
namic modeling with sufficient accuracy [7, 8]. Calculation of the systems, con-
taining multiple DRs in the open space, is based on computation of mutual cou-
pling coefficients. The coupling coefficients of the Cylindrical DRs did not stud-
ied in full measure even in case of the lowest modes. The goal of the present work
is the calculation and analysis of the Cylindrical DR coupling coefficients with
main modes, located in the open space, in the general case of its arbitrary spatial
orientation as well as for cases of various shapes and materials.

Coupling coefficient calculating

Allocation microresonators side by side with each other leads to the coupling
oscillations appearance. The fields and frequencies of the DR oscillations are de-
fined by values of the mutual coupling coefficients. In the common case, the
coupling coefficient can be determined as a surface integral [9]:

o W, 21+ 5,) Cﬁ{[é h |+ [& ﬁ]} nds, (1)

Sn

expressed via the eigenmode field (€,,h.) of one (s-th) DR on the surface of
another (n-th) DR. Here s,n=1,2; and 1 - is the normal to the surface s_of n-th
DR, ,- is the resonance frequency of the resonators; W, - is the energy, stored
in the dielectric.

L http://radap.kpi.ua/radiotechnique/article/view/1223
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Fig. 1. A - sketch of two different Cylindrical DRs in the AA position in Open space. The real
part of the coupling coefficients K,, (solid lines); K,, (dotted lines) (b, d - f) of two
Cylindrical DRs with H,, modes; (m=0): ¢, =36, ¢,, =81; A, =L, /2r,=0,4;

A, =L,/2r,=0,8. Imaginary part of the coupling coefficients versus coordinates of the DR
centers (¢, g -1i). B, ¢, f, it K, AX=Kk,Ay=0;d, g: kK,Ay=0; K,Az=11K,(r, +1,); &, h:
kKoAX=0; K,Az=11K,(r, +1,) .

As follow from (1), in the general case of unequal DRs: K, #K,,; K, #K,,.

A direct calculation of the integral (1) in most cases is not possible, so we will use
the well-known expressions for the mutual coupling coefficients found for the DR
in a rectangular waveguide [10]. Then the same coupling coefficients for the open
space can be simply obtained using the integral transformation of the known an-
alytical expression based on assumption that the transmission line metal walls
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have been "removed" to the infinity.

Using necessary expressions, for example, 5.2 of the [10], as well as integrals
[9, 11], after simplifications obtain:

For the AA position (see fig. 1, a) in the case of two different Cylindrical DRs,

with mode H;,,, the mutual coupling coefficients can be obtained in the form:
inthe area: Az2r1, +1,:

2= [ @ (1-E7) 0, (J1— &) HEP (KoApy1— £7) cos(K,AXE)IE ; (2)
(Ap=+JAY* +AZ%)
For the AB position (fig. 2, a) in the area: Az>1, +1,:
Ko =Ko~ (3)
N j : ‘Pl(\'”:y ) ‘Pz(\’& — V)" Gin(k, AXE)sin(k, Ayn) - En - dédn
\/Tl Y \ Y

For the AC position (see fig. 3, a) in the area: Az>r1,+L,/2:
K, =K, (4)

J’wj o-itkoAz (W +77) @, (V& + 1) sin(k, Axg) cos(k, Ayn) - &-d&dn;
0 Jo \/n +v° \/E; +n°

(& +n"+y° =1);
For the CC position (see fig. 4, a) in the area: Az>L,/2+L,/2:

o e—ikaAz

. 04 (1€) - @, (1€)" I (KoApre)reclic (5)

Y
(> +y° =1; Ap= A + Ay );
where; AX=X, —X,; Ay=Y, -Y,; Az=|z,-12,|; (X,,Y,,Z,) —are the rectangular
coordinates of the DR' centers;

K, = ﬂi& BZZ (81r _1)(82r _1) : (6)

v, I, By K €y
V, = [le(pu) - ‘]o(pu)\]z(pu)](szz +sin 2p22) .

Ko =Ko~
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Fig. 2. AB position of two Cylindrical DRs in Open space. Mutual coupling coefficients K,
(solid lines); K,, (dotted lines) (b - e) as a function coordinates of the DR centers with
g, =36; &, =81; A,=L/2r=0,4; A,=L,/2r,=0,8. B, d: kK,Ay=2;
koAz =1,1K, (1, +T1,); C, e: K,AX=K,Ay=2.

Here
[zﬂ 3o(P,,)3,(A,, M) — 3, (P, ) (@, )]
¢, (n) = L 5 - (7)
() =’

[gszsin p,, c:osqsz\/l—n2 - \/1— n? cosp,,sing,,1-n?]

()~ W=y’
and Ps, = Bs s P = Bsz 5/2 qu_ _kors; d,, =k0|_s/2; Bs’Bsz - are the wave
numbers of the eigenoscillation field of the s-th Cylindrical DR [10]; r,- is the

radius, L,- is the height of the s-th DR (s=1,2); H® (B p) are the Hankel func-
tions of the second kind; J (x) - are the Bessel functions of the first kind of the

n-th order; k, = /g, K,; K, =, /C; ,- is the circular resonance frequency; c-
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is the light velocity; ¢ - is the relative dielectric permittivity of the S-th DR' ma-
terial.
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Fig. 3. Position AC of the Cylindrical DRs in Open space. Mutual coupling coefficients K,
(solid lines); K,, (dotted lines) (b - e) as a function coordinates of the DR centers with
€, =36; ¢, =81; A,=L,/2r=0,4; A,=L,/2r,=0,8. B, d: kK,Ay=0;
koAz=13K,(r,+L,/2);c, e kAx=2; k,Ay=0.

The integral convergence provides by choice of the radical signs for & >1:

J1-E% =—i\&% —1 in the (2 - 4), as well as for k>1: J1-«* =—iVk’ -1 in
the (5).

Note also that the function @ (n) has no singularities in the region 0<n <.
It makes a major contribution to the integrals (2-6) only for small values n. Ex-
pand the function f (1) =¢,(n)/n in a series of M at 1 and taking into account
that f (1) = ¢, (1) obtain:

o,(n) =0,(1)- n*—dn[}%én)} nm-1+...

Next, using the approximation:

o,(n) = o,() M. (8)
we obtain
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Fig. 4. CC position of two Cylindrical DRs in Open space. Mutual coupling coefficients (b -
g) as a function coordinates of the DR centers with ¢, =36; ¢,, =81; A, =L /2r,=0,4;

A,=L,/2r,=0,8.B,c¢, e, g: K,AX=K,Ay=0;d, f: kjAz=17K,(L,+L,)/2.

For the AA position:
A ApY AX ), h@ (K, Ar), .
= 0,0, 32| 0 o —11-3 X 1080 )
(Ap=+JAY? +A7% )
For the AB position:
. AXA
Kyp =1 0,00, (D) Sl NP (K,Ar) (10)

Ar
For the AC position:
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AXAZh@xklao (11)

Kp, =Ko 0y (1)@, (1)
For the CC position:

(2)
Ky =15 cpl(l)cpz(l){(Apj h (K, Ar) —[1- 3@?)]%} (12)
(Ap = A +Ay?)

Inthe (9 - 12) Ar =JAx? + Ay? + Az2 ; h®(z) - are the spherical Hankel functions

of the second kind [12]. Here we have also used the generalized Sommerfeld's
integral [11].

Found relations allow us to calculate the coupling coefficients of different Cy-
lindrical DRs in the open space. It is interesting that at the same time restrictions
on the range DR coordinates (2 - 5) are removed. In the particular case of identical
DRs the relations (2, 5) coincide with [13].

Coupling coefficient analysis

Fig. 1, 4, b - c shows the dependence of the coupling coefficients of the DR
center coordinates, calculated according to the formulas (9, 12) (solid curves) as
well as the numerical formulas (2, 5) (dashed curves). As can be seen from these
curves, the use of approximation (8) gives a very good accuracy.

It is easy to verify that the coupling coefficients found (9 - 12) are proportional
to the respective magnetic field components of the first resonator in the axis of
symmetry direction of the second resonator.

Given this observation, we can assume that, in general, mutual coupling coef-

Hios will be represented

ficient of two different cylindrical DR with the mode
as:

i, =Ko ¢ (Do, (1) - (Hl(Ar’el’(Pl)’ n,) (13)

where h,(Ar,0,,¢,) - is the magnetic field of the first DR in the center of the

second one; 11, =1,(0,,¢,)is the unit vector directed from the DR' center along
the axis of second DR (fig. 5, a).

The relation (13) is exactly the same (9-12) in the case of AA; AB; AC and
CC DR position. Fig. 5, b - e shows mutual coupling coefficients as a function of
arbitrary relative DR orientation.
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Fig. 5. General position of the Cylindrical DRs in the Open space. Mutual coupling
coefficients (b - e) as a function of the relative DR orientation: K,Ar=3;b, c: ¢, =, =0;

curve1: 0, =n/2;curve 2: 6, =n/4;curve 3: ,=n/8;d,e: ¢, =0; 6,=n/4; curve 1:
6,=mn/2;curve2: 0, =n/4;curve3: 6, =n/8.
Conclusions
Analytical relationships for mutual coupling coefficients for the H;,, modes

of different Cylindrical DR in the Open space has been obtained and investigated.
It stated, that mutual coupling coefficients are determined by the dependencies
on the DR magnetic field and relative orientation of the DR axes.
The resulting ratio can be used for calculations of the DR natural oscillations,
as well as the scattering parameters of the various element gratings in the com-

munication devices with dielectric resonators.
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Tpyoin O. O. Koeghiuicumu 38'a3Ky pi3Hux uuiiHOpuuHuX Oie1eKmpuuHUX pe3oHamopie
Yy 6ioKkpumomy npocmopi. [Ipusedeno pe3ynvmamu po3paxyHKie KoeghiyicHmie 63aEMHO20
368'S3KY YUNIHOPUYHUX OleIeKMPUYHUX PE30OHAMOPIE PI3HUX 8IOHOCHUX PO3IMIDI6 3 MACHIMHUMU
Mmunamu KoIu8aHv. 3Haudeno 3azanvha opmyna 0ns KoeQiyicnmie 3a€MHO20 36'A3Ky 04
006ibHOI opienmayii yuninopuunux [P y éiokpumomy npocmopi. Pozensinymi ocho6ni 3axko-
HOMIpHOCMI 3MIHU 38'513KY npu éapiayii 6i0HOCHO20 NOONCEHHS Pe30HAMOPIS.

Knrwouosi cnosa: yuninopuuni oieleKmpuyHi pe3oHamopu pisHUx po3mipis;, Koegiyienmu
38'513KY; MACHIMHI MUNU KOJIUBAHD.

Tpyoun A. A. Korpgpuyuenmol ceéazu paznuunvix yuauHOpUUecKux OUINEKmMpuiecKux
Pe30Hamopos ¢ OomKpvimom npocmpancme. IIpusedenvi pesynvmamsl paciemos K03 du-
yuenmoe B3AUMHOU C8A3U L;wzuHOpulteCKux Ouaﬂekmpuqeacux PE3OHaAmMopo6 pa3luvdHblX Onl-
HOCUMENbHBIX PA3MEPO8 ¢ MASHUMHbIMU munamu konebanui. Ilonyuena oowas gopmyna ons
KO3 puyuenmos 63aumnoll cesa3u 0Jis NPOU3BOIbHOU OpueHmayuy yurunopudeckux P ¢ om-
KpblmOM npocmpancmee. PCZCCMOI’I’lpeHbl OCHO6BHblE 3AKOHOMEPHOCMU USMEHEHUA C653U NpuU
sapuayuu OMHOCUMENbHO20 NOJONHCEHUS. PE3OHAMOPOS.

Knrwouegvle cnoga: yununopuueckue Ousdiekmpuyeckue pe3oHamopsl pasiudHbIX pasme-
po8, Koaghpuyuenmul c653uU, MazHUMHbIE MUNbL KONEOAHULL

Trubin A. A. Coupling coefficients of different cylindrical dielectric resonators in the
open space. The calculation results of the mutual coupling coefficients of different relative sizes
cylindrical dielectric resonators with magnetic modes are presented. A general formula for the
mutual coupling coefficients for an arbitrary orientation of the cylindrical DRs in the open
space are obtained. The basic patterns of coupling coefficient changing with the variation of
the relative position of the resonators are examined.

Keywords: different cylindrical dielectric resonator, coupling coefficient, magnetic mode.
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