Visnyk NTUU KPI Serita — Radiotekhnika Radioaparatobuduvannia, 2017, Iss. 71, pp. 5—10

VIIK 621.372

Scattering of Electromagnetic Waves on Different
Dielectric Resonators of the Microwave Filters

Trubin A. A.

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”

E-mail: atrubin@ukrpost.net

The theory of scattering of electromagnetic waves by systems of various coupled the different shape and
variant permittivity dielectric resonators is expanded. A new definition of the coupling coefficients of different
dielectric resonators is given. The analytical expressions of coupling coefficient of different cylindrical and
spherical dielectric resonators made from different dielectrics are obtained. The main regularities of the
change in the coupling with the variation of the structure’s parameters are considered. The results of
calculation of the transmission and the reflection coefficients for bandpass and bandstop filters on various
dielectric resonators in the rectangular and circular waveguides are presented. Most optimal configurations,
allowing to achieve the best scattering characteristics are determined.
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Introduction

It is well-known that in addition to a very hi-
gh @ factors the dielectric resonators (DR) have a
number of disadvantages, such as increased density
of the spectrum, in some cases non-optimal coupling.
The scattering parameters of a variety of devices can
be significantly improved by using different forms of
DR [1-8]. For the purposes of theory development all
resonators are generally supposed to have the same
shape and manufactured of the same dielectric [9]. In
order to improve the parameters in some cases there is
need to build filters on DRs with different shapes made
of variant dielectrics. However, in this case the theory
describing scattering processes becomes more compli-
cated. In this article we developed electrodynamic
theory for describing different DRs. The equation
system for the unknown amplitudes of the DR coupled
oscillations have been obtained. Total analytical soluti-
ons have been found. The research of electromagnetic
wave scattering on different cylindrical and spherical
DR structures have been conducted in the propagati-
ng waveguide and evanescent waveguide segment. In
special case of identical resonators obtained solutions
are simplified to the known ones [9].

1 Statement of the problem

The goal of the current article is the development of
the theory of microwave filters, consisting of different
DRs, that can be used in the modern communication
systems.

2 Scattering theory

Consider the system of different DRs, consisting
of different materials. We assume that the eigenosci-
llation field of each isolated DR is known: (&,hs),
(s=1,2,...,N). Here & — is the electric field and hy —
is the magnetic field intensity of the s-th isolated DR.
The eigenoscillation field of the N-DR system (¢, k)
can be found as a superposition of fields of the isolated
resonators:
bshs (1)

As shown, the DR amplitudes b, should satisfy the
equation system [10]:
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where
A=2"(bw/wo + iw" Jwp), 3)

wo = Refws] is the real part of frequencies of isolated
partial resonators (s = 1,2,..., N); dw = Re(® — wp);
w"” = Im(®); @ — is the complex resonance frequency of
the DR system; ks, ken are the coupling coefficients
of the s-th and n-th DRs on damped and expanding
waves of the transmission line [10] respectively:
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Here tj; — is the ultimate multi index, determining
the numbers of the expanding waves in the line, and a
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(c;%)g — is the expansion coefficient of the s-th DR
field on the t-th wave of the transmission line [10],
calculated in the coordinate system, associated with
s-th resonator center; Az = |z5 — z,|; 25 — is the
longitudinal coordinate of the s-th DR; I' — is the
longitudlnal wave number of the transmission line; and

Wn = % f (5n|€1n| +#0|h1n| )dv — is the energy,

stored in the dielectric of the s-th DR; &, = Reéy;
&, = &n — iel — is the complex dielectric permittivity
and the pg is the permeability of the n-th DR.

In the case of different DRs the coupling coeffici-
ents (4) take different views: kg, # kns and kg, # Epns.

Generally, by providing the solution to the equation
systems (2) for each obtained A, it is possible both to
calculate approximately the complex frequency @V of
the system coupling oscillation and to determine all
amplitudes of partial resonators bV = (by,b5,...,0%),
(v=1,2,..,N).

The problem solution of the waveguide wave
(E’l‘L, ﬁf) scattering on the DR system will be

searched in the form of expansion on coupling modes
of the DR lattices (1):

— — N —
A~ + S athe, (5)

s=1
where (5, h°) is the field of the N-DR systems (1),
corresponding to the eigenvalue s (3).

By using perturbation theory, after the volume
integration of each partial resonator, the equation
system with the unknown coefficients a® has been
obtained in the form:

2
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where for different resonators, the functions Qg (w)
are dependent on the partial DR and the coupled
oscillation numbers:

W —w? w
Qst(w) = 2i QP +—, (7)
Wo
QP = wowy/PP; PP = wyyt [ |&]?dv — is the loss
Vi
power in the dielectric of z-th DR.
The transmission 7" and the reflection coefficient R
of different DR system in the transmission line can be

obtained froms (5), s (1) in the form:

N
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Here Ty, Ry are the transmission and reflection
coefficients of the transmission line without DRs;

Bf (w) =
_ N ;
biQu(w) ... QF 2 bk . Y QN1 (w)
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];;_n—i_ = (cief)/(wown) = (iﬂsn)oe_ir(zs_zn); ifs_n+ =
(c; b)) [ (wown) = (ksn)oe T E+20); (k) — is the
coupling coefficients (4), for the propagating wave,
expressed without phase difference accounting in the
transmission line (s,n = 1,2,..., N).

3 Coupling coefficients of the di-
fferent DRs calculation

In order to determining the S-matrix parameters:
So1 = Sa(w) = 201g[T(w)|; Gn = Guw) =
arg[T'(w)]; S11 = Su(w) = 20Ig[Rw); Gu =
G11(w) = arg[R(w)], we have to calculate coupling
coefficients of different DRs in the transmission li-
ne. Suppose we have two DRs of cylindrical shape
with radius r; and 7, height of L; and Lo, respecti-
vely. Assume that each resonator is excited in the
fundamental magnetic oscillation Hiy, [10]. In this
case, the coupling coefficient is of the form:
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In the case of coupling on propagating rectangular
waveguide wave Hig:
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where vy = [JZ(p21)—Jo(p21)J2(p21)](2p2-+sin 2ps. );
Dl = BiTe; P2 = Btth/Q; ky = w\/eipo; e — is
the dielectric permittivity; o is the permeability and
(B, Bi=) are the wave numbers of the t-th DR [10];

Xsz = s7r/a; Xuy = U7T/b, X = \/X?z—’_X%y; I' —is

the longitudinal wave number; a x b — is the cross-
sectional dimensions of the waveguide; (z¢, yt, 2:) — are
rectangular coordinates of the t-th DR (¢ = 1,2); here
Az = |21 — 29|

Fig. 1. Two different cylindrical (a) spherical (¢) DRs

in the propagating metal rectangular waveguide (1, =

36;e2,, = 82). Dependence of mutual coupling coeffi-

cients versus the distance between the cylindrical (b)

or the spherical (d) DR centers (z1 = z2 = a/2;

11 = y2 = b/2; a = 58 mm; b = 25mm; f, = 4 GHz):
Al == L1/2T1 == 0,2; AQ = L2/2T2 = 0,8 (b)

Example of mutual coupling coefficients calculati-
ons for two different cylindrical DRs in the rectangular
waveguide, obtained on a basis of (10), (11), is showed
in fig. 1 a-b. As follows from (10), the difference
between the values of the coupling coefficients is mai-
nly due to the different value of stored energy in the
resonator material.

The use of different spherical DRs in some cases
allow to improve the filter parameters. We have
represented the coupling coefficients of different spheri-
cal DRs with magnetic oscillations Hi1; in the form:

k12 = of! (p1, q1; p2, 42) T (12)
where
H Jilp1)  Ji(p2)
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t=1
(z¢,yt,2:) — are rectangular coordinates of the t-
th spherical DR centers in the waveguide: Az =
|21 — 22; Jn(2); yn(2) are the spherical Bessel and the
Neumann functions, respectively [11]. The characteri-
stic parameters p; = ki1, ¢ = kory can be obtained
from the equations for natural oscillations of the t-th
spherical DR [12]. Here r; — is the radius of the ¢-th
spherical DR.

For the coupling on propagating wave Hig:

27 kb k2 M

(ph CILP%QQ)
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(14)

The mutual coupling coefficients, calculated for two
different spherical DRs in the rectangular waveguide,
obtained from (12) - (14), are showed in fig. 1 c¢-d. As
can be seen, the difference between the values of ki
and ko in this case is small.

If two different spherical DRs located on the axis
of the cylindrical metal waveguide [12], the mutual
coupling coefficients becomes:

ki2 = of’ (p1, q1:p2. 2) Y (15)
where
IV
Fl=3 — .
o (e ()

e TuAz _[1+(FE/k0)2] e~ TEAz
(s = D00 Fe/kol [T Gl )
I'g,r — is the longitudinal wave number for the
magnetic, electrical cylindrical waveguide waves,

respectively; jm.s, (J;,.¢) is the s-th root of the Bessel
Jm(z) (derivative of the Bessel J), (z)) function [8].
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4 Bandstop Filters on different
DRs

DRs in regular transmission lines represent the
most interesting case from the point of view of the
theory, because in this case all the resonators at the
same time exchange fluctuations both propagating and
by not extending waves.
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Fig. 2. The structure of different cylindrical DRs on

the symmetry axis of propagating rectangular metal

waveguide (a). Scattering parameters (b - e) of 5

cylindrical DRs with &1, = 36; QP = 2000; A, =

Ly/2ry = 0,4; and 6 cylindrical DRs with &5, = 82;
Q2D = 1500, AQ = L2/27’2 = 0,8

Fig. 2 shows scattering parameters of the bandstop
filter, consisting of 5 cylindrical DRs characterized by
the dielectric permittivity 1, = 36; QY = 2000 and
by the relative sizes Ay = Ly/2r; = 0,4 as well as 6
DRs with &2, = 82; QP = 1500; Ay = Lo/2r; = 0,8,
calculated by the formula (2),(7), (8), (9) with help of
the (10), (11). All resonators placed on the waveguide
axis. The distance between adjacent DR centers was
equal to A\, /4, where \,, — is the guided wavelength.

The result of the scattering of the rectangular
waveguide waves Hig on the structure of 9 different
spherical DRs is shown in fig. 3 b - e. The coupling
coefficients of the DRs were calculated by the formulas
(12)-(15).

As can be seen, the use of different alternating DRs
in this case gives acceptable results for the frequency
distribution of scattering parameters.
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Fig. 3. The structure of different spherical DRs on
the symmetry axis of propagating rectangular metal
waveguide (a). Scattering parameters (b-e) of 9 DRs
bandstop filter with 1, = 36; QP = 2000; e5, = 82;

QP = 1000.
b | |
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Fig. 4. Cylindrical DR on the symmetry axis of

evanescent rectangular metal waveguide segment (a).

Scattering parameters of the bandpass filter on 11 cyli-

ndrical DRs with &1, = 36; QP = 2000; o, = 82;
QY = 1500.
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5 Bandpass filters on different
DRs

The best results were obtained for the DR
structures, located in the evanescent waveguide
segment and forming bandpass filters. The filters
containing the DRs should have bands free of spurious
oscillations. A known solution to this problem is to use
different forms of DR.

Fig. 4. shows scattering parameters of the filter,
consisting of two lattices with different cylindrical DRs.
First lattice contains 4 DR with €1, = 36, A; = 0,8,
the second lattice consists of 7 DR with &5, = 81,
Ag = 0, 4. The distance between the centers of adjacent
first type DRs was equal to 17 mm; for the second type
DRs 21 mm. All resonators placed on the waveguide
axis.
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Fig. 5. Different spherical DRs in the evanescent
rectangular metal waveguide segment (a). Scattering
parameters of the bandpass filter on 11 cylindrical DRs
with £1, = 36; QP = 3000; 5, = 82; QP = 2000 (b,
c). Group delay (d) of the filter and comparative group
velocity (e) as a function of the frequency.

Application of spherical DR with different dielectric
permittivity allows us to increase the coupling coeffi-
cients of the outside resonators in different structures
of bandpass filters and thereby reduce the loss in the
pass band.

Fig. 5 shows 8 spherical DR bandpass filter scatteri-
ng parameters. Recent resonators of the filter made
of dielectric with e;, = 36; QP = 3000, the rest are
made of dielectric o, = 81; QF = 2000. All resonators
form symmetrical structure. The distance between the
centers of first and second DR is 23,5mm, between

other DRs is 20mm. The cross section of the input
and output waveguides a x b = 58 x 25mm?; the
cross section of the evanescent waveguide az x bz =
20 x 25 mm?.
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Fig. 6. Different spherical DRs in the evanescent

cylindrical metal waveguide segment (a). Scattering

parameters of the bandpass filter on 11 spherical DRs

with 1, = 36; QP = 3000; £5, = 82; Q¥ = 2000 (b,

¢). Group delay (d) and comparative group velocity (e)
as a function of the frequency.

Fig. 6 shows 11 spherical DR bandpass filter
arrangement in circular cylindrical metal waveguide.
The cross section of the input and output waveguides
axb = 7x3mm?, the radius of the evanescent wavegui-
de Rz = 1,5mm. We have calculated the dependence
of group delay t, = —d/dw[G21(w)] and comparative
group velocity: vy/c = |zn — 21| /cty (fig. 1, fig. 6 d,
e), where ¢ — is the velocity of light; |2y — 21| — is the
longitudinal length of the filter. As can be seen from
Fig. 6 d, e, the results demonstrate a remarkable slowi-
ng of signal propagation, characteristic of the filters on
DRs.

Proposed enhancement of the electrodynamic
theory for the scattering electromagnetic waves on
different dielectric resonators greatly enhances desi-
gn of the filters and other devices. As shown from
calculations, the developed model correctly describes
the scattering processes in the system of different
DRs for a variety of transmission lines. The obtained
solutions makes it possible to calculate all scattering
parameters of the filters, made in various DR. Such
design has several advantages compared with identical
resonators for filters, in particular the filters have a
more clean stop band, and in the case of spherical
cavities, produce better scattering characteristics due
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to the wider coupling bands variations. The frequency
dependence of the scattering S-matrix can be further
improved even more after a fine optimization of the
filter parameters.

Conclusion

A scattering theory on different dielectric resonator
systems, based on perturbation theory, has been
expanded.

Given new definitions of coupling coefficients for the
different dielectric resonators in the transmission line.

New analytical relationships for the coupling coeffi-
cients of different spherical and cylindrical dielectric
resonators has been obtained.

A new design of the bandstop and bandpass filters
on different DRs are proposed.
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Po3sciroBanusga ejgekKTpoMarHiTHUX XBUJIb
Ha PIi3HUX OieJIEKTPUYHUX PEe30HATOpPaX
MiKpPOXBUJIKOBUX (biIBTPIB

Tpybin O. O.

Posmupena Teopis po3CilOBaHHS €/IEKTPOMArHITHHX
XBWJIb JIHII II€pegadd Ha CUCTEeMaX 3B A3aHUX 1eJIeKTPHU-
YHAX PE30HATODIB pi3Hoi GopMHU Ta MieIEKTPUYIHOI MIPO-
aukHOCTL. /laHo HOBe Bu3HaYeHHsS KOeMIIEHTIB 3B A3Ky
pisHux giesiekrpuydnux pe3oHaropis. Orpumani aHaiTUYHI
BUpa3u i KOeDiI[ieHTIB B3a€MHOrO 3B’S3KY ieJIeKTpH-
YHUX PE30HATOPIB IWIHAPUYIHOI Ta cdepudunoi dopmu,
BUKOHAHUX 13 pi3HuX Marepiasis. Po3risHyTi ocHOBHI 3aK0-
HOMIPHOCTI 3MiHM 3B’S3Ky mpm Bapialil mapameTpiB cTpy-
krypu. [IpuBemeni pe3yspratun po3paxyHKIB KOedITieHTIB
mepeqadu Ta BIAOUTTS CMYIOBUX Ta DPeXKEKTOPHHUX (Disib-
TPIB, MOOYOBAHUX HA PI3HUX Ii€JIEKTPUIHUX PE30HATOPAX
B NPAMOKYTHOMY Ta KPYTJIOMY XBUJIEBOJaX. BcramoBie-
HO HaiOLIbm onTMMasbHI KoHMIrypamii, ski J03BOJIAIOTH
0CAraTy HAWKPAIIUX XapPaKTEPUCTUK PO3CIIOBAHHS.

Karo406i caro6a: MieTeKTPpUIHUN pe30oHaTOD; Koedii-
€HT 3B’#3KY; S-MaTPHUI; PEKEKTOPHU (BijbTp; CMyroBmit
diabTp

Paccesnmne 371€eKTpOMAarHUTHBIX BOJIH Ha
Pa3HBIX OUNIEKTPUUECKUX PE30HATOpaX
MHKPOBOJIHOBBIX (DUJIBTPOB

Tpyoun A. A.

Pacmupena Teopmsi paccesHUS IJIEKTPOMATHUTHBIX
BOJIH JIMHUU NTIE€PpeaavId Ha CUCTEMaX CBA3AHHBIX TUIJICKTPH-
YEeCKHUX PEe30HATOPOB Pa3HON (POPMBI M IUIIEKTPUIECKOMN
mpoHuaeMocTu. JIaHo HOBOe orpeesieHne KO3 hpuimen-
TOB CBA3U PA3IUYIHBIX JUIJIEKTPUIECCKUX PE30OHATOPOB. HO—
JIy9eHbl aHAJTUTUYECKHE BbIPAXKeHUs NI KO3 DUImeHTon
CBA3U JUJIEKTPUIECKUX PE30HATOPOB L[I/IJII/IH,HPI/I‘{QCKOI‘/’I n
cdepuyaeckoil GopMBbI, BHITOTHEHHBIX W3 PA3JIUIHBIX MaTe-
puasoB. PaccMOTpeHbI OCHOBHBIE 3AKOHOMEPHOCTU M3MEHe-
HHUS CBA3U IIPU BAapUAITUN apaMeTPOB CTPYKTYphl. IIpu-
BeJeHbI Pe3y/IbTaThl pacdera K03Gh UIMEHTOB Iepesatin u
OTPaKEeHUs II0JIOCOBBIX M PEXKEKTOPHBIX (UIBTPOB, IO-
CTPOEHHBIX Ha PA3IUYHBIX TUIJIEKTPUIECKUX PE30HATOpaX
B IPAMOYTOJBHOM B KDYIVIOM BOJHOBOZAX. YCTAHOBJIEHBI
HanbOJIee ONTUMAJIbHBIE KOH(DUTYPAITIH, ITO3BOJIAIOIIHE 10~
CTUTATh HAUJIYIITUX XaPAKTEPUCTUK PDaCCEAHUI.

Karouesoie c1066: 1U3IEKTPUIECKHUNI PE30HATOD; KO3b-
dunuenT cBsa3M; S-MaTPUIA; PEKEKTOPHBIN (DUIBTP; MMOJI0-
COBOM DUIIBTP
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