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Introduction

While attempting to use DRs in the millimeter or shorter wavelength ranges,
the accurate tuning problem arises frequently in order to receive necessary scat-
tering parameters. Herewith obtaining the rigorously equal DRs is usually a very
difficult task [1 - 4], therefore the investigation of DR properties makes sense in
cases when their dimensions differ. The understanding of the interaction pro-
cesses in complex DR systems becomes possible while providing the proper
simulation of their properties.

Eigenmode simulation of detuned DRs
Suppose that the eigenoscillation field (€ ﬁ) as well as the resonance fre-

quencies ®, (S=12,...,N) of each DR are known. We assume that all high-Q
DR fields vary with frequency by known law o (w), but their spatial distribution

remains the same:

& (o, F)|_ &(r) _
{hs(co, F)}—as(w)[hs(r)} for o= o,. (1)
Herewith we suppose that

0, (0)=1; lim o,(0)=0. 0

The expansion coefficients of the DR field (1) on the propagation wave field
of the line (EZ, H:)are defined by applying the DR surface integrals:

c&i(aa)=—<1/2)<§{[ét<w>,ﬁ](ﬁf>* +[A R (@) B2 ds.

For the non propagating waves

! http://radap.kpi.ua/radiotechnique/article/view/1165
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C\t/i(w) N el = A ER ~ =y
(dvﬁ(m)]_mu/z f{[et(co),n](Hv) +[ 1.0, (0) | E€7)}s.
Here, for compactness, the dependence on spatial coordinates r has been

omitted.
Then, using (1), we obtained:

¢, (w) =0, (0)c"; d*(w)=a,(w)d;*, (3)
where

ol =1/ 2{[&,A](H;) +[ ., €)' ds;
St

Cti —\- - T F\* — =7 \*
(dvt+j:(+)|/2§3{[et,n](Hv) + .0 ED) }ds 4)
are known expansion coefficients [5] at the resonance frequency o, for the

propagating and non propagating waveguide waves, respectively.
The energy, stored inside t-th DR at frequency « can be defined as:

N — 2
(@) =1/ 41 |8 @) + o[ (@) |av,
(t=12,...,N). From (1) the following expression can be obtained:

Wt((D) = ‘O(‘s (0))‘ Wt’ (5)

—

2
h, }dv.

where w, =1/ 4j[sl\ét\2 + Uy

The mutual coupling coefficients of the S-th and the t-th DRs on the
damped and expanding waves at frequency o can be defined as:

o (©) = — S G (@)ch (@) e ™ 3 (o) d (@) e ™ |
W n=L
k., (0) =——cS(0)c! (0) e ™. (6)
Tt
By using (3), (5), the following expression can be obtained
kst (w) = = (©) kst; lzst (w) = = (©) Rst’ (7)
o, () o, ()

where, similarly

o =S [eree ™ —did e ™ | K, = ——cie ™. ()
W, n=1 oW,
As follows from (7):
ki (@) =k, =K. ©9)

Here I" - is the guided wavelengths; z_ - is the longitudinal coordinate of the
s-th DR in the transmission line; Az, =|z, —z.
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The eigenmode problem solution of the N -DR system (E(),h(w)) also can

be found as a superposition of fields of the isolated resonators (€ (co),ﬁs(oa)) (1),
(s=12,..,N):

5(0)= Y b, (0 o) = b (o). (10)

Here b, - is the unknown complex amplitude of the s-th resonator mode.
The expansion coefficients b, as well as the complex eigenmode DR-system

frequencies o can be generally obtained from Maxwell's equations, using per-
turbation theory [5]. After simple transformations of the eigenmode fields

(8(w),h(w)) and (8,(0),h,(w)) all values of b, can be found that satisfy the
equation system:

i[kﬂ(@t) +ik, ()b, +[ik (0) -2 b, =0, (t=12,.,N),

s#t

By using (2), (9), the following can be obtained:

>0, (0)k,b, + (K ~1,)b, =0, (11)
where
=2 (252 (t=12,...N); (12)
Kk, =k, +ik_; o, - is the real part of frequency of t-th DR mode.

By equating the determinant of (11) to zero, the complex natural frequen-
cies o= (0", o’,...,0") of the coupled DR system can be found.

The quality factor of the DR system can be derived by applying the known
formula: Q° =Re[w’]/2Im[w’], (s=12,...,N)

If |0, —o,|> o, for every s, then, as follows from (2), (11), the t-th DR os-
cillations are independent from other resonators: A =ik and Re(w)=o;
Im(w) =1/ 20k, ; the quality factor of the t-th mode will be: Q' =1/k,.

The unknown "amplitude™ functions o, (») are assumed to vary as in the case
of scattering by the S -th isolated DR:

C1+kQP

“O"
where Q(w)=o/o, +2iIQ°(w/w,—1-i/2k,);
Q> =1/tgd,, tgd, - is the dielectric loss tangent of the s-th resonator. For
the case Q” =10°; k, =0,01 the functions o, (w) have shown in Fig. (1), a.

(13)
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The expressions, obtained for the coupling coefficients, are not free from
controversy. For example, the mutual coupled coefficients should be calculated
at various frequencies at the same time, because the ratio (8) contains coeffi-

cients ¢ *;c.” for different detuned DRs. The inconsistency can be avoided by
remembering the finiteness of the frequency distribution of the field of each res-
onator ((2); Fig. (1), a). Interaction of high-Q resonators becomes noticeable on-
ly on close frequencies, so in this case it is sufficient to calculate the coupling

coefficients only for o, = w,.

Several out-of-tune DR coupled oscillations

Equations (11) allow obtaining frequencies of coupled oscillations of two
DRs in simpler way:

%:0 :%[\/z:l(nzl +2)+\/"(;:j(i122 +2)+VA]
A= [\/g(”zl +2)+ \/%(”22 + 2)]2 +4[oy (@,)a, (0)K,,K,; — (“21 + 2)(”22 +2)]

b, =%, —ik,; b, =0a,(w,)K,,. (14)

In Fig. (1) the coupled oscillation parameters of two detuned DRs have been
shown. One can see, that the DR frequency detuning has been conducted for the
cases of all structure parameters’ variation. The real parts of coupled resonance
frequencies never intersect each other, if both real parts of mutual coupling coef-
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ficients are no equal to zero. The quality factors reach their extreme values for
equal DRs only (Fig. (1), d). The relative amplitudes of the coupled oscillations
are equal to each other when o, = w, for the equal DRs only (e).
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Fig. 2. One-dimensional lattice of different Spherical DRs (a). The DR radii decreased by
linear law: r, = (1-107°s)r,, where I, - is the radius of the first DR. Relative frequencies and

Q-factors of the coupling oscillations of the lattices consisting of 100 DRs (b); for identical
DRs (green points); for different DRs (blue points) (b). Amplitude allocation of the most

representative oscillations; g, =16; Q> =10°; f, =300 THz.
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Fig. 3. Two embedded one-dimensional lattices of different Spherical DRs (a). The DR
radii of the first lattice make up r,, of the second lattice — 0,95r, . The relative frequencies
and quality factors of coupling oscillations of the lattices of 100 DRs (b). Amplitude alloca-
tion of the most high-Q oscillations (c, d); g, =16; Q7 =10°; f, =300 THz.

—D.ED

Coupled resonances of the Detuned Spherical DRs’ Lattices in
the Open Space

Using the system of equations (11), the lattices consisting of a large number
of the Spherical DRs have been investigated. Let’s suppose that all resonators
are excited in the basic magnetic mode H,,, [5]. The magnetic field in all DR

centers has been oriented orthogonally to the lattice’s axes in one-dimensional
case (Fig. (2), (3), a) and orthogonally to the lattice plane for two-dimensional
case (Fig. (4) - (6), a). All coupling coefficients (8 - 9) have been calculated
based on [6].

In the cases when the DR dimensions are changed smoothly (Fig. (2), (4),
(5), a) some coupled resonances have demonstrated shape allocated oscillations
(Fig. (2), (4), (5), c - e), occupying certain segment of the lattice only. This
phenomenon, evidently, can be connected with various DR dimensions, located
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in the specified part of the lattice that define frequencies of the coupling oscilla-
tions.
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Fig. 4. Square lattice of the detuned Spherical DRs (&, =16; Q> =10°; the resonance
frequency of DRs in the first row is f, =300 THz) in the Open Space (a). The DR radii of the
posterior rows decrease by linear law: r, = (1-5-107°s)r,, where 1, - is the radius of the first
DR. Q-factors and frequencies of the lattice (b). The typical localized DR's amplitude

distributions (c - e).
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Fig. 5. Square lattice of the linearly detuned Spherical DRs (&, =16; Q° =10%; the
resonance frequency of first DRs is f, =300 THz) in the Open Space (a). The DR radii

decrease by linear law: r, = (1-10°s)r, (s=1...100), where r, - is the radius of the first DR.

Q-factors and frequencies of the identical DRs lattice (green points); linearly detuned DR's
(blue points) (b). The amplitude distributions of typically localized DR (c - e).

If the structure was composed of two different kinds of DRs (Fig. (3), (6),
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(7), a), in some cases their frequencies and quality factors would be allocated as
in case of two different lattices (Fig. (3), (7), b). Herewith the amplitudes’ allo-
cation of the most high-Q oscillations has form of the antiphased distributions
(Fig. (3), ¢ - d; Fig. (6),c-d; Fig. (7),d - e)

In all cases the DR detuning results in the Q-factor decreasing for all oscilla-
tions of the lattice. For example, the Fig. (2), (5), (6), b show Q-factors and the
frequencies of the lattice, consisting of equal DRs, labeled by green points, and
by contrast the Q-factors and the frequencies of the lattice of DRs, having the
same material, but consisting of detuned DRs, have been illustrated by the blue
points. Obviously, the maximal Q-factor of the lattice have been decreased from

10% —10° to 10° —10°, respectively.
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Fig. 6. Two embedded Ring lattices of the Spherical DRs (&, =16; Q° =10°; the first DRs’
resonance frequency is f, =300 THz) in the Open Space (a). The radii of the first DRs are

I, ; the radii of the second DRs of the lattice are (1—0,0001)r,. Q-factors and frequencies of

the identical DR lattice (green points); the embedded Ring DR lattices (blue points) (b).
Amplitude allocation of some high-Q oscillations (c - d).

Conclusions
By using the perturbation theory for the equation system, the amplitudes and
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complex frequencies of the detuned coupled DRs have been obtained.
The study shows that the DRs detuning has been accompanied by decrease

in maximal Q-factor of coupled oscillations.
If the DR dimensions are changed by the smooth law, the certain coupled
resonances can be allocated only in a part of the lattice.

23232288 T
9900999 6

»

Qo000 o¢

00000000
Ceoeseeee
Cocococoe
Cococ0c0e
0000000 C
CeQeQeee

Fig. 7. Two embedded Square lattices of the Spherical DRs (&, =16; Q° =10°; first DRs
resonance frequency is f, =300 THz) in the Open Space (a). The radii of the first lattice DRs
are r,; radii of the second DRs are 0,95r,. Q-factors and frequencies of the lattice (b).
Amplitude allocation of most high-Q oscillations (c - e).
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Tpyoin O. O. Mooentoeannsn 61acHux Koaueans 36'a3aHux po3cmpocHux oiejleKmpuy-
HUX Pe30Hamopis. 3anponoHo8aHo eileKmpoOUHAMIYHA MOOelb PO3CMPOEHUX OleIeKMPUUHUX
pesonamopis. Odepacana cucmema piGHAHL, 38'A3YI0UU H4ACMOMI Ma amMnAimyou pe3oHa-
mopis. Jocnioxicyromucs 3aKOHU 36'3aHUX KOIUBAHL 080X PI3HUX OieleKMPUYHUX De30Hd-
mopig. Po3efisinymo 61acHi KOIU8arHHs O00HO-, 080X-BUMIPHUX DEUIMOK, CKAAOEHUX i3 DI3HUX
cghepuunux /P y 8iokpumomy npocmopi. Bioznaueno nHosi énacmueocmi peutimox pisnux /[P.

Tpyouu A. A. Mooenuposanue cod6cmeeHHbIX KONeOAHUIl pACCMPOEHHBIX OUITEKMPU-
YyecKux pezonamopos. Paccmampusaemcs cucmema CA3AHHBIX OUINEKMPUUECKUX Pe30HA-
MOpPO8 pa3IUUHbIX PA3MEPOs, pACCMPOeHHbIX no yacmome. Ha ocnose meopuu 6o3myujenuil,
NOCMpoenHa Npocmas aHAIUMU4ecKds Mooenb C8A3aHHbIX Konedanuu. [lonyuena cucmema
VPasHeHUl, C83b18aI0Wast Meicdy coO0lU Yacmomvl U amMnaumyosl pezonamopos. Paccmom-
PeHbL OCHOBHbIE 3AKOHOMEPHOCMU USMEHEHUs. Napamempos cucmemvl 08yx paziuunvix [P
npu eapuayuu OMHOCUMENbHOL PACCMPOUKU UX Pe30HAHCHbIX Yacmom. Hccnedogsanvl 00HO-
u 08yx-mepuule peuwtemku cpepuyveckux /[P pasnuunvix pazmepos. [lokazano, umo uzmenenue
OMHOCUMENbHBIX PA3MEPO8 PE3OHAMOPO8 8 CIPYKMYpe PeuemKy KaK NPaguio COnposo’cod-
emcs 3aMemHblM YMeHbuleHueM 000pOMHOCMU UX CEA3AHHbIX Kolebanul. Ycemanoeneno no-
sA6lIeHUe TOKANUZ08AHHBIX 8 NPOCMPAHCIBE PeulemKU CE5A3aHHbIX KOJeOaHull, 803HUKaruee
npu NiA6HOM USMEHEeHUU pasmepos pe3zonamopos. llokazano, umo OanvHeliuee uzMeHeHue
OmMHOCUMENbHBIX pazmepos JIP npusooum K ux He3asucumvim cOOCMEEHHbIM KOeOAHUSM.

Trubin A. A. Modeling of eigenoscillations coupled detuned Dielectric Resonators . An
electrodynamic model of the detuned Dielectric Resonators’ (DRs) system has been proposed.
A new equation system connecting frequencies and resonator' amplitudes has been obtained.
The Coupled oscillations law of two different DRs has been explored. The resonances of one-,
two-dimensional lattices, composed of different Spherical DRs in the Open Space have been
considered. New properties of the detuned DR Lattices have been discovered.

Keywords: detuned dielectric resonators, coupled oscillations, equation system, lattice.

Bicnuxk Hayionanvnozo mexniunozo ynieepcumemy Yxpainu «KIID»
60 Cepia — Padiomexnika. Padioanapamodyoysanns. — 2016. — No64


http://dx.doi.org/10.1109/jstqe.2005.862951
http://dx.doi.org/10.1109/jstqe.2005.862951
http://www.mht.bme.hu/~bilicz/compumag2013/files/pb4-16.pdf
http://www.mht.bme.hu/~bilicz/compumag2013/files/pb4-16.pdf
http://dx.doi.org/10.1007/978-3-319-25148-6

