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Dual-Mode Dielectric Resonator Loaded
Cavity Filters

S. J. FIEDZIUSZKO, MEMBER,’ 1EEE

Abstract — A new miniature realization of dual-mode filters is presented.

As a basic building element of the filter, the dielectric resonator axially

mounted in a waveguide below cutoff and resonating in a hybrid, degener-

ate mode is used. A dramatic reduction in size and weight, and excellent

temperature performance with minimum degradation of resonator Q was

. achieved. Dual-mode configuration, preferred in satellite applications, al-

lows simple realization of high-performance elliptic function filters. Experi-

mental results are presented and demonstrate excellent agreement with the

theory. Bandpass filter configuration is discussed; however, realizations of
bandstop, directional, etc., filters are also possible.

1. INTRODUCTION

O EFFICIENTLY utilize an allocated frequency spec-
trum, channelization is usually necessary. In a typical
communication system, this is accomplished by the use of a
large number of high-performance bandpass filters. Due to

Manuscript received December 2, 1981; revised March 26, 1982.
The author is with the Ford Aerospace & Communication Corp., Palo
Alto, CA 94303.

narrow bandwidth and required low loss in the passband
of individual filters, high Q waveguide cavities are used.
However, such filters are bulky and present sharp contrast
when compared to other microwave components especially
those using MIC technology.

In communication satellite applications, waveguide filters
impose severe constraints as far as the weight and volume
of a communication transponder is concerned. At present,
to reduce weight, two implementations of cavity filters are
used; thin-wall INVAR and graphite fiber reinforced plas-
tic (GFRP) technologies. A dual-mode approach pioneered

by Atia and Williams [1] (using degenerate cavity modes)
-can be used to realize conveniently high performance,

elliptic function filters requiring coupling between. nonad-
Jacent cavities. However, even such advanced filiers present
a major constraint in satellite layout, and further reduction
in size and weight is still needed.

Due to recent developments in ceramics technology and
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the general availability of high performance temperature
stable ceramics, utilization of these materials in the form of
a dielectric resonator seems to meet this challenge very
well. In the past, several filter designs utilizing single-mode
TE,,s cyl. (TE,,s rect.) were reported [12], [13] and one
version developed by Bell Labs is being produced for
microwave link applications [2].

In our approach, in order to obtain additional miniaturi-
zation, the dual-mode cavity technique was combined with
the dielectric resonator technology, resulting in high-order
(e.g., 8-pole), small, and lightweight filters with excellent
electrical and temperature characteristics.

In the first part of the paper, the dual-mode approach
and hybrid modes in a dielectric resonator will be briefly
discussed. Because of enormous complexity and many as-
sumptions involving the description of a hybrid-mode di-
electric resonator in a waveguide below cutoff, the for-
mulas, e.g., for resonant frequency of the dielectric resona-

tor loaded cavity, were derived in the simplest way possible

and applicability was verified by experiment (for € and
frequency band of interest). In the second part, the design
of a typical C-band filter is described and experimental
results, including environmental, and space qualification of
the filter material, are presented.

II. THEORY

Reviewing the literature in the dielectric resonator area,

it is obvious that most attention was directed toward -

analysis and applications of the mode TE,; cyl. (TE,};
rect.) which is considered fundamental. Higher order modes
and the HE,; mode which, for certain ratios of
diameter /length has lower resonant frequency than that of
the TE,,;, were considered as hard to eliminate spurious
modes. One notable exception was work by S. B. Cohn [3],
who suggested the utilization of the HE,,; mode in direc-
tional filters. Even in the case of a radially symmetrical
mode like TEs;, which has only 3 components of the
electromagnetic field (E,, H,, H,), rigorous analysis-is still
a problem, and various simplifying assumptions are re-
quired. The situation is much more complex in the case of
-higher modes, which are in general hybrid (with two reso-
nant frequencies), and are usually degenerate and have all
six components of the electromagnetic field. Many more
studies were devoted to dielectric waveguides (in some
cases contained in a cylindrical metal shield), e.g., [7], [8],
and some results will be utilized to get a better understand-
ing of .the structure proposed to implement dielectric reso-
nator loaded cavity filters (Fig. 1).

For comparison, field patterns of the TE ;s mode with a
cylindrical dielectric resonator, TE,;, mode in a cylindrical
cavity, and HE,, mode in a dielectric waveguide are pre-
sented in Fig. 2, showing strong resemblance between the
latter modes. Consequently, utilization of the HE mode is
possible in dual-mode filters.

To design microwave cavity filters, a determination of
two basic factors, resonant frequency of the cavity and
coupling coefficient between individual cavities (or

input /output), is necessary. For this reason, the following’
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Fig. 1. Dual-mode dielectric resonator loaded cavity filter configura-
tion.
—_—F ﬁe/d
Omm_ H 7(1914 e/ecz‘r/c (mefa/) wall

TEo/d'

TENI

Fig. 2. Field patterns of mode TEg,; in a dielectric resonator, HE;
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section will deal with the resonant frequency calculation of
the dielectric resonator loaded cavity and a formula for the
coupling coefficient will be given.

The analysis will follow an approach developed in the
past for the TE,; (TE,,5) mode in a dielectric resonator.
Due to the rather lengthy derivations and the experimental
nature of this paper, only final formulas will be given.
Interested readers can follow the derivations using the
referenced papers.

Consequently, in a first approximation, a magnetic-wall
waveguide model will be used (Fig. 3(a)). Utilizing the
method described in {4]-[6], the following transcendental
equation can be obtained:

(1)

Btan B2 ~ v, =0

where
B?=ek?—(3.832/R)’ 2)
= (3.832/R)*— k} (3)
ké = &ugeo = (27/X)’

€,  permittivity of the vacuum

o  permeability of the vacuum

€ relative dielectric constant

is a root of Bessel function, J;(3.832)=0

R radius of the resonator

L length of the resonator

wavelength in a free space corresponding to reso-
nant frequency f,.

Comparison between calculated (theor. 1 column using (1))
and measured values of the resonant frequency for a few
resonators is presented in Table I. Similar results can be
obtained using a dielectric waveguide approach, where the

dielectric waveguide is contained in a cylindrical metal

shield (Fig. 3(b)). Utilizing results of [7], [8], the following
equation can be derived:

11
(;AJ +hBJ)( —J'B, +hA J)

where
A =K,1,- I,K,
=K, I',~-I'K’,
Bl = K,bIa - I/bKa
B,=K,/1,—-1,K',

J=J,(hR)
Ia=11(PR) Ib=11(1’b)
Ka=K1(PR) szKx(Pb)
K,(x) modified Hankel function

I,(x) modified Bessel function
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TABLEI
Resonator Dielectric Resonator;Resonator;Freq. Freq : Freq.
material : constant s radius  :length  stheor.l:theor.2:measured:
H : mm ¢ mm : Miz : Mz 1 Miz
Resomics 37.6 : 10.0 : 8.0 :3546 :3460 :3368
C H H : H
Resomics ¢ 37.6 8.0 : 6.9 :4373  :4075.5 : 4196
C : : : : H
Resomics :  38.2 6.8 : 5.6 $5152  :4911 : 4994
E ' : : : :
Resomics : 37.6 5.4 : 4.6 $6500 6083  :6182
C : H H :
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Fig. 4. Resonant frequency of the dielectric resonator loaded cavity
versus distance from lateral wall.

h?=eK? -~ B2
P2 =B%— K2
=T
L

’denotes differentiation in respect to argument, and b is the
radius of the shield.

Results of the calculation using this formulatlon are also
presented in Table I.

To take into consideration the lateral walls of a dielectric
loaded cavity and improve the accuracy for large diame-
ter /length ratios, a set of equations containing modified
equation (1) and equation (4) can be used. This approach
uses the so-called “ghost mode” formulation analyzed by
Amman [14] and is somewhat similar to the method by
Guillon et al. [9].

Modified equation (1) has the form

,Btan,B% tanhyys — v, =0
t L
s=5-% (5)
1.841 \?
Y(;:(_b_) — k2J7,(1.841) =0. (6)

Equations (4) and (5) form a coupled set of equations for
B and k,, and the resonant frequency taking into consider-
ation lateral walls can be calculated. Comparison of some
experimental and theoretical data obtained using this for-
mulation is presented in Fig. 4.

To calculate the coupling coefficient we will utilize the
method described in [11]. In this approach, fields in a
metal evanescent mode cavity, excited by a dielectric reso-
nator are determined, and the standard formula for deriv-
ing a coupling coefficient between the cavities is used [10]

H 2
o= Po gy HV (7)

fD|E|2du
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Fig. 5. Coupling coefficient versus long slot length.

where k is the coupling coefficient, M is the magnetic
polarizability of the aperture (which is corrected for finite
thickness of the iris), H, is the tangential magnetic field at
the center of the aperture, and E is the electric field of the
cavity.

After some algebra, we obtain
3 ( 1.841 )2

Yo b

M =0.4082——
kg{sinhyyt — vy}

®)

where y, is defined by (6).

Equation (8) is very similar to the TE,;, formulation.
This was intuitively confirmed in early development of the
filters when it was found that scaling dimensions of the
irises from metal-wall cavity filters gave satisfactory re-
sults. Comparison of calculated and experimental values is
presented in Fig, 5.

The coupling was measured using the method described
by McDonald [15]. Formula (8) is sufficiently accurate for
practical design of the filters and was successfully used. A
similar approach can be used to calculate input /output iris
coupling. However, in our case, filters were usually desig-
ned with an electrical probe (connector type) input/output
configuration, and formulas for such probe coupling are
not yet available. Nevertheless, in filter development, in-
put/output coupling can be quickly and accurately ad-
Jjusted using a method developed by Atia and Williams
[16].

III. FILTER CONFIGURATION

A typical filter configuration is presented in Fig. 1.
Coupling between modes within a single cavity is achieved
via a mode coupling screw with angular location of 45° in
respect to orthogonal tuning screws. Intercavity couplings
are provided by means of selective polarization discrimina-
tive coupling slots (cross-slots). This arrangement is similar
to presently used metal-wall cavity filters. The design is
also identical and filters can be synthesized using the
approach described, e.g., in [1]. Dielectric resonators are
mounted axially in the center of each evanescent, circular
cavity. Low-loss, stable mounting is required to assure
good electrical and temperature performance.

It is convenient to use connectors as an input/output
. coupling means (electrical probes). However, coupling via
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Fig. 6. Comparison between C-band metal cavity filter and dielectric
resonator loaded cavity filter.

long slots in the bottom or side of the input/output cavity

.can also be utilized.

In the development process, a number of 4-, 6-, and
8-pole filters were realized in this in-line configuration. In
Fig. 6, a photograph of two 8-pole filters with identical
performance is shown. The filter on the left is a standard
TE,,, metal-wall cavity filter implemented in metallized
GFRP. The filter on the right uses a dual-mode dielectric
resonator approach. The similarity of these two filters is
obvious. However, the volume of the second filter is re-
duced by a factor of 12.

Electrical performance for two typical, miniature dielec-
tric 8-pole filters (narrow- and wide-band) meeting typical
satellite communication transponder requirements is pre-
sented in Figs. 7 and 8.

Excellent insertion-loss performance of the filters indi-
cate that degradation of dielectric resonator Q (approxi-
mately 8000) by the metal wall of the housing is minimal.

An additional advantage of this type of configuration is
that tuning and coupling adjustments are similar to metal-
cavity filters which facilitates production. Optimum re-
sponse, canonic type filters described by Atia [17] were also
implemented in this configuration and excellent perfor-
mance was achieved using a circular iris coupling.

For dielectric resonator filters utilizing the TE,,, mode,
spurious responses are usually a problem, especially when
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Fig. 7. Electrical performance of typical narrow-band (/-V) C-band
filter implemented in dielectric resonator loaded cavity configuration.
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Fig. 8. Electrical performance of typical wide-band (I-V") C-band filter
implemented in dielectric resonator loaded cavity configuration.

axial orientation [12] or microstrip configuration [13] is
used. Spurious response performance of one of the 8-pole
filters is presented in Fig. 9, and is very similar to the
TE,,,-mode cavity filter behavior. It was found that selec-
tion of a ratio diameter/length > 2 yields optimum spac-
ing of spurious responses for the filters. The TE,;; mode is
not excited due to the axial orientation of the resonator in
a circular waveguide. From a manufacturing point of view,
filters are easy to fabricate and costly technologies like
thin-wall INVAR and GFRP are not necessary. Also,
expensive microstrip capability (MIC), which is usually
required for the TE j,;-mode filters, is not needed.

One of the important factors in evaluation of the filter is
not only electrical performance, but also its temperature
performance and stability. Due to the fact that most of the
electromagnetic field of the dielectric resonator is con-
tained in a high dielectric constant material forming the
resonator, temperature properties of the filter are basically
determined by properties of the ceramics. Commercially
available ceramics, €.g., Resomics (by Murata Mfg. Co.),
are compensated to yield the required frequency tempera-
ture coefficient of the TE,; mode. Tests have shown that
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Fig. 9. Wide-band response of C-band dielectric resonator loaded cavity
filter.
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compensation is also valid for HE type modes. The typical
temperature coefficient of Resomics “C” composition is
=~ 0.5 ppm/°C, and this particular material was used to
implement the filters described above. The housing for the
filters was fabricated from aluminum and then silver plated.
Some compensation for tuning screws and radial expansion
of the housing was also necessary. Typical temperature
performance of one of the filters (6-pole in this case) is
presented in Fig. 10.

The filter was tested using an available computerized test
station (designed to test temperature performance of IN-
TELSAT-V filters), and in this case 1.2 ppm/°C was
achieved. Some filters had even better performance (under
1 ppm/°C) and by selecting ceramic material with a
slightly negative temperature coefficient, almost perfect
compensation is possible. Stability of the ceramic material
was tested by Murata Mfg. Co. and no changes were
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observed during a multi-year test. The material was also
tested by Ford for outgassing and radiation damage and
no changes were observed.
An additional advantage of the filters utilizing dielectric
resonators is their relative hght weight. Typical weight of
8-pole, C-band filters which were realized was in the 80-g
range (with further reduction possible), which is about
30-40 percent of the weight of GFRP filters and 18-25
percent of the weight of thin-wall INVAR filters. This
achievement is even more dramatic when compared with
standard single-mode brass or aluminum waveguide filters.

IV. CONCLUSION

Presented filter implementation, utilizing a dual-mode
dielectric resonator loaded cavity, represents significant
advantages from a size/weight and temperature perfor-
mance point of view. Basic design formulas have been
given to determine resonant frequency and coupling coeffi-
cient between cavities.
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