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New structure of dielectric resonator
with greater separation of higher order modes
from fundamental mode

Krzysztof Derzakowski, and Adam Abramowicz

Abstract—The paper presents a new dielectric resonator
structure that allows to obtain a larger distance between the
resonant frequency of TEo11 mode and higher resonant modes:
HE111, TMo11 and EHi11. Obtaining a sufficiently large frequency
distance of the higher modes from the basic one allows realization
of filters with much better spurious response. The proposed
structure is based on a ring dielectric resonator in which the outer
edge is flat and cone-shaped regions are cut symmetrically (from
the top and bottom) to form the inner edge. To determine the
resonant frequencies of the new structure the radial mode
matching method has been applied. The proportions of the
dimensions of the cut volume of the dielectric resonator were
investigated in order to obtain the maximum frequency shift of
higher resonant modes from the fundamental one (TEo11). The
obtained results show that it is possible to achieve a much wider
spurious free frequency range than in the structures used so far.

Keywords—dielectric resonator; microwave filters; radial
mode matching method; modified cone shaped resonators

I. INTRODUCTION

IELECTRIC resonators employed in microwave filters

and antennas have variety of shapes. The most popular
are, easily produced, cylindrical dielectric resonators but they
are not the best ones taking into account the distribution of
spurious modes. In high-quality microwave filters the mode
TEo1 is quite popular due to possibility to realize a very high-
quality factor and a reasonable distance of higher order modes
resonant frequencies from the lowest mode resonant
frequency. This mode, as the lowest one in typical structures,
assures the minimum dimensions of the realized filters. But in
general, the cylindrical dielectric resonators have inconvenient
distribution of spurious resonant modes, which are usually
close to the frequency of operation of the TE¢;; mode [1-2].
Much better distribution of spurious resonant modes can be
obtained in ring shaped dielectric resonators or other more
complicated shapes [1,3-5]. The following examples of
dielectric resonator shapes used in high quality filters limited
to axisymmetric structures are commonly used: cylindrical or
disc [3-4], ring [1-5], split cylinders (SPDR) and split rings [7,
8], triple layer cylindrical and ring resonators [9,10,11]. These
resonators consist of many layers and/or regions of different
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dielectrics due to support structures. The spurious response of
high-quality filters is usually difficult to predict but always
related to the distribution of resonant modes in the single
resonator structure. The further from the resonant frequency of
fundamental TEo;; mode are frequencies of higher modes the
better can be spurious response of the filter.

In order to design a filter, it is necessary to know the
parameters of the structure. Therefore, it is necessary to
determine the resonant frequency of the used mode but also the
resonant frequencies of other (usually higher) modes. The
classical paper [1] gives some important directions how to
compose disc and ring dielectric resonator structures. It must
be also said that separation of modes for optimum conditions
in the ring type resonator as in [1] usually cannot be achieved
in real structures. The optimal proportions result in difficulties
with coupling between resonators and overall size of the filter
structure. The Q-factor of the dielectric resonators employed
in the filter is a very important factor. The quality factor
changes significantly due to mechanical tuning [12]. The
couplings between resonators also change due to mechanical
tuning [13]. The tunability characteristics of the resonant
modes and their quality factors and finally the couplings
between resonators and their influence on the resonant
frequencies’ distribution should be taken into account in the
design. It can be stated that due to inter-dependance of listed
above parameters the design of filters is quite complicated. The
design procedure of high-quality filters requires also high
accuracy.

In the case of simple resonator structures like a cylinder or
a ring, the calculation of the resonant frequency seems to be is
not so complicated, one can even use analytical relationships
e.g. in the case of a cylinder placed between two infinite metal
plates [18-19]. But the accuracy of analytical formulas is
limited to several percent what can be a problem for realization
of narrow band filters with relative bandwidths much lower
than 1%. Moreover, analytical formulas usually provide results
for the TEo;1 mode only. In the case of more complex
structures [14-17], more advanced numerical methods should
be used, i.e. 3-D electromagnetic simulators e.g. CST [22],
QuickWave [23], HFFS [24], the radial mode matching
method or the axial mode matching method. The last two
methods give the best accuracy of the calculations [3, 20-21].
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The mode matching method calculations give not only
resonant frequencies but also quality factors and mechanical
tuning characteristics, thus nearly all needed parameters.
Fortunately, in high quality filters the couplings between
resonators are very small thus usually have not significant
influence on resonant frequencies, quality factors and filter
tuning.

There are many publications in the literature describing the
analysis of resonant structures by the radial mode matching
method [8,11,20-21] as well as the axial mode matching
method [2-4]. Unfortunately, most often these works
concentrate on structures with a small number of regions and
layers. In this work, a method described in [21] is used. The
radial mode matching method is more accurate and faster than
any of 3D simulators [21] thus is well suited for the vast
number of calculations described in the paper.

This article presents the possibility of using the radial mode
matching method to determine the resonant frequencies of a
dielectric resonator in the form of axially symmetric structures
including conical shapes. In order to more accurately represent
the lateral surface of the dielectric cone, a previously
developed computer program [21] that allowed the division of
the calculated structure into 20 regions and 20 layers has been
extended to 50 regions and 50 layers.

The influence of the accuracy of the dielectric cone mapping
in the mode matching method was analyzed, the influence of
the walls of the considered structures was examined, the
influence of tuning structures on distribution of modes has
been analyzed and, finally, the results of the calculations reveal
the possibility to improve spurious response of high-quality
filters employing modified ring dielectric resonators.

II. THE BASICS

The article presents an analysis of the reference structure
based on structures investigated in literature Fig.1. The ring
dielectric resonator with radius Rc = 8.636 mm, height H, =
7.62 mm and electric relative permittivity € = 35.74 was placed
symmetrically in a metal cavity with radius R = 12.95 mm and
height H = 15.24 mm [5]. By changing the inner radius of the
ring the distribution of the modes can be controlled. This
structure has rather bad spurious modes distribution for small
Ra, but when some changes of geometry are introduced the
distribution of spurious modes can be greatly improved.

R

Fig. 1. Basic structure.

The cone-shaped solids at the top and bottom have been
removed from this structure as shown in Fig.2.

K. DERZAKOWSKI, A. ABRAMOWICZ

In order to determine the distance between the resonant
frequencies of the higher modes from the basic mode TE,
these frequencies had to be calculated. For this purpose, a
previously developed program based on the radial mode
matching method was used [21]. As it is known in the radial
mode matching method, the structure should be divided into
regions along the r axis and layers in each region, taking into
account changes in material parameters (this time along the z
axis) This division is shown in Fig. 3.

Ry

Fig. 2. New dielectric resonator structure.
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Fig. 3. Division of the structure into regions.

According to the rules of the radial mode matching method,
the structure has been divided into N + 2 regions, where the
region 1 is the cylinder space in the center (r; in Fig. 3), and
the N + 2 area is the region between the resonator and the metal
cavity (ro in Fig. 3). The radii of the regions were determined
assuming that the height of the cut cone (Hc-ha)/2 will be
divided into N parts (hy) and that each region will have a height
equal to double multiple the value of hx plus h,. Hence, the
dependence on the radius of a given region is obtained in the
form (1):

) Rp-R
Ri=Ry— (N = i) hy * gt i M

2 2N

where: R; — is a radius of i region, N — numbers of regions in a
material with high permittivity, hyn=(Hc-ha)/2N.

Examples of region radii and layer heights for N = 7 are
given in Table I. It was assumed that the first region would be
a cylinder with a radius of 0.2R.. The next seven regions are
rings with three layers. The second layer is a dielectric with a
relative permittivity of 35.74, while the first and third is air.
The last, ninth region in the form of a ring consists of only one
air layer with a height equal to H.



NEW STRUCTURE OF DIELECTRIC RESONATOR WITH GREATER SEPARATION OF HIGHER ORDER MODES FROM FUNDAMENTAL MODE 3

TABLE I
RADII AND HEIGHTS OF REGIONS AND LAYERS FOR A CONE
N Height of Eps of Height of
o . first and first and second Eps of
of a Radius . .
. third third layer second
regi [mm]
layer layer [mm] layer
on
[mm]
1 1.7272 3.81 1 7.62 1
2 2.4469 6.9124 1 1.4151 35.74
3 3.1665 6.3954 1 2.4493 35.74
4 3.8862 5.8783 1 3.4834 35.74
5 4.6059 5.3612 1 4.5176 35.74
6 5.3255 4.8441 1 5.5517 35.74
7 6.0452 4.3271 1 6.5859 35.74
8 8.636 3.81 1 7.62 35.74
9 12.95 3.81 1 7.62 1

III. RESULTS OF ANALYSES

This section presents the results of the calculations of the
resonant frequency of the proposed dielectric resonator
structure. The simulations started with determining the
resonant frequencies of various modes for a ring resonator
placed in a metal cavity as shown in Fig.1. The inner radius of
the ring was changed from a value of 0 to a value of 0.7 of the
outer radius.

Fig. 4 shows the resonant frequencies of the first few modes,
i.e. TEoi1, TMo11, HE 11 and EH;y; as a function of the ratio of
the inner ring radius to the outer radius.

Fig. 5 shows the relative spacing of the resonant frequencies
of higher modes from the frequency of the TE¢;; mode - Rras a
function of R./R.. The relative spacing Ry is defined by the
formula 2.

me e_f
Rf — d TEO11 100 [%]

fTE011
2
where: Ry — the relative difference of frequencies, fmode — the
resonant frequency of higher mode, frgoi1 — the resonant

frequency of TE11 mode.

The relative change in the resonant frequencies of several
types depending on the ratio of the radius of the ring inner
radius to the outer radius is shown in Fig. 6, wherein R; is
defined by (3).

Rr — fring_fcylinder -100 [%]
fcylinder

€)

where: R; — the relative frequency tuning, frin; — the resonant
frequency of a ring resonator, feylinder — the resonant frequency
of a cylinder resonator.
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Fig. 4. Resonant frequencies of few modes as a function of Ry/R..
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Fig. 5. The relative difference of the resonant frequency of higher modes to
the TE;; mode as a function of R./R..
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Fig. 6. Relative resonant frequency tuning of several modes vs. the R,/R.
ratio.

Fig. 4 shows that the resonant frequencies increase with the
increase of the ring inner radius. The resonant frequency
spacing of the higher modes from the mode TEy,; is different
for different modes (Fig.5). The mode closest to TE¢; is HE 1.
The largest relative distance of this mode is obtained for R, =
0.6R. and it amounts to 43%. Fig. 6 shows the relative change
in the resonant frequencies of several modes of the dielectric
ring resonator in relation to these frequencies of the dielectric
cylinder, taking the ratio R, to R as the parameter.

The obtained results are consistent with the results presented
in the literature [1-4]. This confirms the correct operation of
the previously developed program. These results also served as
a basis for comparisons with the results obtained for the new
proposed structure.

It is shown in [5] that in a structure with additional air
cylinders at the bottom and top of the structure with radii larger
than the inner radius of the ring a greater distance between the
following modes and basic mode can be obtained. For this
reason, a new structure has been proposed in which there are
cone shaped inner walls of the modified ring as shown in Fig.
2.

The proposed structure was analyzed in order to obtain the
maximum distance of the closest higher mode from the basic
one. The influence of different parameters (radii, heights) and
their mutual relations were investigated. Examples of
calculations are presented in the several following figures.

Figs. 7, 12 and 18 show the values of the resonant frequencies
of the first four modes of the structure under investigation
depending on the Ry, / R ratio for h, = 0.05H, for three different
values of the internal structure radius R,. It can be seen from
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Fig.7 that the mode HE; is the closest to the TEqi1 mode for
all Ry/R¢ values. For the radius R, = 0.2R. (Fig.12) also the
HEi11 mode is closest to the TE¢;; mode up to Ry/R=0.5,
however, above the Ry/R=0.5 value, the EH;1; mode becomes
closer to the basic one. A similar behavior can also be observed
in Fig.18, where the influence of the mode EHii; starts with
Ru/R. greater than 0.7R..
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Fig. 7. Resonant frequencies of lowest modes as a function of Ry/R. for
propose structure for R, = 0.1R, and h,=0.05H...

Figs. 8-10, 13-16 and 19-21 show the relative frequency
distance of the modes TMo11, HE 11 and EH,; from the mode
TEo1 as a function of the Ry/R. ratio for different values of h,
and R,.
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Fig. 8. Relative difference in the resonant frequency of mode TMy;; to mode
TEg, for the proposed structure for R, = 0.1R. and several h, values vs the
Ry/R, ratio.

As can be seen in Figs. 8. 13, 18, the distance of the TMo1:
mode from the basic mode increases with the increase of the
Ru/R¢ ratio. In addition, greater separation of the mode TMo1;
from TEo; is achieved for lower h, values. For different R,
values, this mode behaves essentially in the same way.

Fig.9 shows that the relative distance of the HE;;; mode
from the TEoi1; mode increases with the increase of the Ry/Re
ratio, then it stabilizes and starts to decrease slightly. This
tendency is more visible for lower h, values.
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Fig. 9. Relative difference in the resonant frequency of mode HE;;; to mode
TE, in the proposed structure for R, = 0.1R. and several h, values vs the
Ry/R. ratio.

For higher R, values (Figs.14, 19), the relative difference
between the resonant frequencies of the HE ;1 mode and the
TEoi1 mode increases in the entire Ry/R. variability range.

When analyzing the graphs in Figs.10, 15, 20, it should be
stated that the dependence of the relative distance of the EH;
mode from the TEqi; mode as a function of Ry/R. is different
for each R, value.
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Fig. 10. Relative difference of the resonant frequency of mode EHygy; to mode
TE1, in the proposed structure for R, = 0.1R. and few h, values as a function
of the Ry/R. ratio.
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Fig. 11. Minimal relative difference in the resonant frequency of higher mode
to mode TE;; in the proposed structure for R, = 0.1R. and several h, values
vs the Ry/R¢ ratio.
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The relative minimum frequency separation of higher modes
from TEo11 mode for R.=0.1R. is determined by HE;; mode
over the whole Ry/R. range (see. Fig.11). The maximum
distance of the higher mode from the basic mode occurs for the
structure with h,=0.05H. and Ry/Rc=0.7 and reaches 37.29%.
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Fig. 12. Resonant frequencies of few modes as a function of Ry/R. in the
propose structure for R, = 0.2R, and h,=0.05H...
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Fig. 13. Relative difference in the resonant frequency of mode TMy,; to mode
TEg in the proposed structure for R, = 0.2R, and several h, values vs the
Ry/R, ratio.
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Fig. 14. Relative difference of the resonant frequency of mode HE; to mode
TE; in the proposed structure for R, = 0.2R, and several h, values as a
function of the Ry/R. ratio.
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Fig. 15. Relative difference of the resonant frequency of mode EHgy; to mode
TEy1, in the proposed structure for R, = 0.2R. and several h, values as a
function of the Ry/R. ratio.

For a structure with R,=0.2R., (Fig.16) the relative minimum
distance between frequencies of higher mode and TEj;; mode
begins to be influenced by the mode EH;y; for the ratio Ri/R.
greater than 0.5 for h, = 0.05 Hc. The maximum distance of the
higher mode from the TEo;1 mode occurs for the structure with
h.=0.05H. and Ry/Rc=0.7 and reaches 44.16%.
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Fig. 16. Minimal relative difference of the resonant frequency of higher
mode to mode TE,; in the proposed structure for R, = 0.2R. and several h,
values vs the Ry/R. ratio.
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Fig. 17. Resonant frequencies of few modes as a function of Ry/R. in propose
structure for R, = 0.4R. and h,=0.05H..
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Fig. 18. Relative difference of the resonant frequency of mode TMyy; to
mode TE,, in the proposed structure for R, = 0.4R. and several h, values vs
the Ry/R, ratio.
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Fig. 19. Relative difference of the resonant frequency of mode HE,;; to mode
TEy, in the proposed structure for R, = 0.4R and several h, values as a
function of the Ry/R, ratio.

EH111 - Ra=0.4Rc

58

& EE—

E—
L —
—=— ha=0.05Hc %

+4{ —#—ha=0.1Hc

54 11 - raozre N 3
—&— ha=0.3Hc
——ha=0.4Hc

—=—ha=0.5Hc

—— ha=0.6Hc

—=—ha=0.7Hc

ha=0.8Hc

—=— ha=0.9Hc
50 T

0.4 0.5 0.6 0.7 0.8 0.9 1.0

Rb/Rc

AT

Fig. 20. Relative difference of the resonant frequency of mode EHy;; to mode
TEy, in the proposed structure for R, = 0.4R and several h, values.

For a structure with R;=0.4R. (Fig.21), the relative minimum
frequency spacing of the higher order from the TE¢:; mode also
depends on the EHij; mode for the larger Ry/R. ratio. In this
case, the maximum distance of the higher mode from the TEq:
mode occurs for the structure with h,=0.3H. and Ry/Rc=0.8 and
is equal to 54.29%.

In the case of structures with a higher R,, for higher h, values,
the EHi;1 mode begins to matter, which causes that the
minimum distance of the higher mode from the TEo;; mode
begins to decrease.
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Fig. 21. Minimal relative difference of the resonant frequency of higher
mode to mode TE,; in the proposed structure for R, = 0.4R. and several h,
values.

Dielectric resonators are often used in microwave filters. In
this case, the possibility of a slight re-tuning of the resonant
frequency of the resonator is often necessary. For this reason,
such a possibility was investigated by using a metal tuning
cylinder placed on one of the plates of the metal cavity, as in
Fig. 22. The influence of the height hy, and the radius R, of the
cylinder on the relative distance of the higher modes from the
TEoi1 one and the related frequency change of the basic and
higher mode. Selected results are presented in the following
figures.
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Fig. 22. Analyzed structure with a metal tuning cylinder.
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Fig. 23. Resonant frequency of few modes as a function of the height of the
metal tuning cylinder for the proposed structure for a radius of this cylinder
Rm=R..



NEW STRUCTURE OF DIELECTRIC RESONATOR WITH GREATER SEPARATION OF HIGHER ORDER MODES FROM FUNDAMENTAL MODE 7

Fig. 23 shows the resonant frequencies of several modes as
a function of the height of the tuning cylinder hy, for its radius
equal to the radius of the resonator R..

Figs. 24-27 show the dependence of the relative distance of
higher modes on the TE¢i; mode and the minimum distance of
the higher mode from the basic one as a function of the
thickness of the tuning cylinder for different radii of this
cylinder. As can be seen, by varying the thickness of the tuning
cylinder, the spacing of the higher modes from the TEoi; mode
can be controlled. As the thickness of the cylinder increases,
the mode separation decreases. The value of this separation
also depends on the radius of the metal cylinder. More
precisely it is presented in Figs. 29-31.

As the radius of the tuning cylinder Ry, increases, the relative
separation of the higher modes from the TE;; mode decreases,
reaching a minimum value for Ry of about R, and then
increases slightly. These changes are substantial and important
for practical applications. In the case of using a dielectric
resonator as a filter element, a re-tuning of a few percent seems
to be sufficient, which can be achieved with a tuning cylinder
with a small radius [12].
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- - - Rm=2.4469mm ~
- - Rm=3

R [%]

1.5 2.0 25 3.0 3.5

hm [mm]

Fig. 24. Relative difference of the resonant frequency of mode TMy; to
mode TE, as a function of the height of the metal tuning cylinder in the
proposed structure for different radii of this cylinder.
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Fig. 25. Relative difference of the resonant frequency of mode HE,;; to mode
TEo as a function of the height of the metal tuning cylinder in the proposed
structure for different radii of this cylinder.
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Fig. 26. Relative difference of the resonant frequency of mode EH;; to mode
TEy1 as a function of the height of the metal tuning cylinder in the proposed
structure for different radii of this cylinder.

MIN - Ra=0.2Rc, Rb=0.7Rc, ha=0.05Hc
45 I - - =] iEifiEiENtagaa
S B e - L] -a-—?gsutﬁ\\ R
40 R"m*O 5mm‘ - N
- - - -Rm=1mm ‘\\\\ N
35 1]----R <
-R 4469mm NN
Iy 30<,----E_.1665mm N
S m=3.8862mm ANRNNQY
u— — — Rm=4.6059mm N
X 25 4 — — Rm=5.3255mm
— — Rm=6.0452mm \
— — Rm=Rc \
20 Rm=9mm AN
—— Rm=10mm \
15 4{ ——Rm=11mm
—— Rm=12mm
——Rm=R
10 T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
hm [mm]

Fig. 27. Minimal relative difference of the resonant frequency of higher
mode to mode TE,, as a function of the height of the metal tuning cylinder
in the proposed structure for different radii of this cylinder.
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Fig. 28. Relative difference of the resonant frequency of mode TM,; to
mode TE,, as a function of the radius of the metal tuning cylinder in the
proposed structure for different height of this cylinder.

When analyzing the results presented in Fig. 13 and 14, it
should be stated that in the case of the resonator structure with
the conical cut, the number of waveguide modes taken into
account should be slightly greater than for simpler structures.
It seems that 10 to 15 of these modes should be included in this
case.
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Fig. 29. Relative difference of the resonant frequency of mode HE,;; to mode
TEg as a function of the radius of the metal tuning cylinder in the proposed
structure for different height of this cylinder.
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Fig. 30. Relative difference of the resonant frequency of mode EH,;; to mode
TEg, as a function of the radius of the metal tuning cylinder in the proposed
structure for different heights of this cylinder.
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Fig. 31. Minimal relative difference of the resonant frequency of higher
mode to mode TEy,, as a function of the radius of the metal tuning cylinder
in the proposed structure for different heights of this cylinder.

TABLE II
COMPARISON OF DIFFERENT STRUCTURES
Max mode
No. Structure separation
[%]
1 Cylinder [4] 23.24
2 Ring [4] R:=0.6R. 42.86
3 Modified Ring [5] R:=0.6R. 48.74
6 Proposed structure 54.23

K. DERZAKOWSKI, A. ABRAMOWICZ

CONCLUSION

The paper presents an analysis of the new dielectric
resonator structure. The radial mode matching method has
been used to determine the resonant frequencies of a dielectric
resonator in the shape of a truncated cone. The results of
calculations for different ratios of the radius of the upper to the
lower base of the cone are presented. The influence of mapping
the shape of the resonator with conical shape in the discussed
method through the cylinders and rings (regions) on resonant
frequencies and their accuracy were analyzed. On this basis
one can state that it was sufficient to divide the cone into 40
regions. The minimum number of waveguide modes
considered in the solution was also estimated. It was found that
this number should not be lower than 10. The results of the
calculations were compared with the results obtained with the
use of the commercial 3D electromagnetic simulator
QuickWave. The differences in the results were really small.
Based on the presented results, it can be concluded that the
radial mode of matching method is fully useful for the analysis
of a cone-shaped dielectric resonators and can be used to
accurately predict resonant frequencies as well as to optimize
cone dielectric resonator structures. Modification of the ring
shaped dielectric resonator with the conical cut produces better
spurious frequencies distribution thus it can be used to realize
dielectric resonator filters with wider spurious free frequency
band.

The proposed resonator shape is quite well fitted to the
present technology of firing dielectrics. Moreover, the
proposed resonator structure can be easily realized through the
additive manufacturing [25] when this technology overcome
the problems related to high permittivity dielectrics.
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