New types of miniaturized bandpass filters have been constructed by using T™
dielectric rod resonator. The next higher order mode exists at an octave frequenc
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ABSTRACT

01p dominant mode of a shielded
y gand above the TM mode.

It is shown that no spurious response in the octave band, relative bandwidth of 6 % or more, and frequency sta-
bility of 10 ppm/°c or less can be realized for these filters. The insertion loss corresponding to the measured

unloaded Q of 2800 at 6 GHz is expected.

Introduction

Recently dielectric resonators have been widely
used to miniaturize microwave bandpass and bandrejec-
tion filters. For such resonators only TE016 mode has

been considered.l’z’3 The higher order modes exist at
approximately 1.5f , where £ is the resonant frequen-
cy for the dominant mode. Thése modes have unwanted
influences to the TE mode when the strong coupling
is wanted. Therefore, so far as this mode is used, it
is difficult to obtain the filter having the bandwidth
wider than 3 % or the second passband frequency higher
than 1.5f .

New types of bandpass filters using TM mode of
a shielded dielectric rod resonator are proposed in
this paper. The characteristics of the T™ 10 Tesonator
are described theoretically and experimengagly. Two
kinds of maximally-flat response bandpass filters were
constructed at the frequency region of 6 GHz. No spu-
rious response in an octave band, relative bandwidth
of 6 %, and frequency stability of 10 ppm/°c were ob-
tained. The insertion loss corresponding to the meas-
ured unloaded Q of 2800 at 6 GHz is expected.

Resonant Modes

A fundamental configuration of a shielded dielec-
tric rod resonator is shown in Fig. 1(a). This resona-
tor consists of a dielectric rod of relative permit-
tivity gy, relative permeability My= 1, diameter D,
and length L placed in the cylindrical metallic cavity
of diameter d along the axis.

The mode chart for this resonator can be calcu-
lated numerically using the following equations.
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In above equations, S=d/D is the diameter ratio, Ao is
the resonant wavelength, and J_(x) and N_(x) are the
Bessel functions of the first “kind and “the second
kind respectively. The prime above a cylinder function
denotes differentiation with respect to the argument x.
In the case of n¥0 and 1X0, the solutions of (1)
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Fig. 1 Configuration of shielded dielectric
rod resonators.

are for the hybrid modes.

In the case of n=0 or 1=0, (1) reduces to the two
equations for TEOml and TMOml (n=0) modes, or TEnmo
and TMan (1=0) modes,respectively. In addition,TEnmo
mode disappears because of the short-circuit boundary
condition at each end of this resonator.

The mode chart is shown in Fig. 2 when £u=10 and
36, and S= 3.5. For HE111 mode, the following property
is knowp: that is, if §58, this mode haz Hz=0 at
R=(D/L)"=0, while if £r<8r, this mode has Ez=0 at R=0,
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Fig. 2 A mode chart for a shielded dielectric
rod resonator in the case of S$=3.5.

where §F25 in the case of S$=3.5.( See Fig. 2 in the
reference 4.) The first resonant mode is TM 0’ whose
field lines are indicated in Fig. 1(a). In gﬁe case of
R»0.45, the next higher order mode TM11 exists at
about 2.1f . Therefore, TMO mode caf ge utilized for
fabricating the bandpass fliger with no spurious re-
sponse in an octave band.

Furthermore, since the unloaded quality factor Qu
for the TM010 mode is higher with increasing L as given
in (6) latér, higher Qu is obtained by smaller R. In
the case of R=0.065 for this example, the next higher

order mode HElll for &,.~36 appears at 2.03fo, while

for &.=10 the T™™

the T™ 1 resonator having the second resonant frequen-
cy of 9 9 and high value of Qu could be achieved by
using high-§, and low loss materials.

011 mode appears at 1.47fo. As a result,

Resonator Excitation

It is known5 that the energy loss by radiation
occurs for the TM01 mode, if the lateral plate of the
resonator is removeg. Therefore, the bandwidth wider
than that for the TE, o filter can be realized easily,
because the TM0 0 moge can be coupled strongly to
either coaxial }1ne or waveguide. The bandwidth of 6 %
is verified by the experiment described later.

Resonator Size

It is shown by calculation for &,=36 that the
volume of the dielectric material for the T™ Treso-
nator is below a half times that for the TE0 resona-
tor. Therefore, the T™M resonator can be mgﬁe smaller
than the TE0 resonator in volume. Paticularly, this
resonator w11§ find many applications in lower region
of microwave frequency.

Temperature-Stable Configuration of Resonator

For the structure in Fig. 1(a), the resonant fre-
quency of the TM mode is sensitive to small change
of the air-gap length. This was improved by using the
structure shown in Fig. 1(b): that is, both ends of the
rod were fitted in the holes drilled in the end plates.
Since these holes operate as circular cutoff waveguides
of TM01 mode, the fields decay exponentially with depth
of thé hole. Thus, the air-gap effect can be remarkably
reduced. For example, when a brass cavity and TiO,-B_O
ceramics material ( €=36) are used, the measured falle
of ﬂ§=(4f/AT)/f is about 130 ppm/°c for the structure
in Fig. 1(a). On the other hand, the measured value of
10 ppm/°c is obtained for the structure iu Fig. 1(b),
though this value is not optimum.

Estimation of Qu

Since the T™ 1 resonator corresponds to air-
filled TEM coaxia? ?ine resonator having the length of
a half wavelength if the dielectric rod is replaced by
the conductor, it is of interest to compare the values
of Qu between both resonators having the same resonant
frequency and volume.

The Qu for the TM
following equations:

010 resonator is given by the
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In above equations, Qc, Qlat, Qend, and Qd are the Q's
relating to the conductor loss, the lateral plate loss,
the end plates loss, and the dielectric loss, respec-
tively. o~ is the conductivity of the conductor. While,
for the TEM resonator the following relations hold:
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For example, when f =3 GHz, &~36, S=3.6 and R=0.1
the calculated dimensions for the T™ resonator are
D=6.0 mm, d=21.4 mm,and L=12.0 mm. 19@, the dimen-
sions for the TEM resonator having the same volume are
D=3.6 mm, d=12.8 mm, and L=50 mm. The next higher order
resonance occurs at 2f for each resonator. In the case
of copper conductor, Q8=9200 and 2500 are obtained for
the ™™ and TEM resonators, respectively. Further:4
more, considering the dielectric loss of tan &§=1x10 °,
the value of Qu becomes 4700 for the TM resonator.
For the TEOIB resonator, Qu=7000 is obtained. As a
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result, the Qu for the ™ resonator is lower than
that for the TE resonagog because of the increased
conductor wall 9055, but is higher than that for the
TEM resonator. The measured value at 6 GHz was Qu=2800
against the theoretical value of 3000.

Bandpass Filters

The direct-coupled bandpass filters having maxi-
mally-flat response are constructed by using the brass
cavity and the dielectric rods of &=36 and D=3 mm at
6 GHz.

The configuration in Fig. 3(a) shows a longitudi-
nal type of the filter in which the inter-resonator
coupling is carried out at the end of the rod by the
electric field. The coupling strength can be adjusted
by means of changing either size of the hole or the
thickness of the coupling plate. The structure shown in
the figure has a merit that the filter of desired stages
can be constructed easily by using conductor plates,
but a demerit that the lower value of Qu results from
the increased loss by current flow between the lateral
and end plates. The filter has 30 mm in diameter and
33 mm in length, excluding the both connectors. The
experimental result is shown in Fig. 3(b).
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Fig. 3 Two T™M resonator dielect-coupled

010
bandpass filter of a longitudinal type.

Fig. 4(a) shows the configuration of a transverse
type of the filter in which the inter-resonator cou-
pling is carried out at the lateral plane of the rod
by the magnetic field. The width W shown in the figure
is adjusted so that the rectangular cutoff waveguide
of TE, , mode is constructed. The coupling strength can
be adjusted by changing the width W or the space be-
tween two rods. This configuration is suitable to con-
struct the waveguide filters. The filter has 20x25x50
mn® in size, excluding the both comnectors. The experi-
mental result is shown in Fig. 4(b). The filter per-
formances of two example described above are excellent.
The spurious response does not appear in an octave band
for each case as expected. The relative bandwidth of
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Fig. 4 Three TM010 resonator direct-coupled

bandpass filter of a transverse type.

6 % was obtained in Fig. 4.
Conclusion

New types of bandpass filters using TM010 mode of
a shielded dielectric rod resonator have beén proposed.
The characteristics of the T resonator have been
described in detail. This resonator will also find
many applications in microwave frequency, paticularly
in lower region of it.
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