IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 69, NO. 8, AUGUST 2021

3811
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Abstract—1In this article, a novel dual-mode monoblock dielec-
tric resonator (MDR) for compact monoblock dielectric bandpass
filters is presented and put into practical use for the first time.
In the dual-mode resonator, two dissimilar TEM modes are
generated by forming two perpendicular metalized blind holes
in a silver-coated cuboid-shapes dielectric block. The resonator
can maximize the space utilization with up to 50% volume
reduction while maintaining a wide spurious-free frequency band.
The coupling of the two modes in such a resonator can be
effectively controlled by one or more partial-height metalized
posts. A convenient input/output (I/O) coupling scheme for
surface-mount applications is introduced, and versatile cou-
pling arrangements for realizing various filter characteristics
are presented. To demonstrate the proposed filter miniatur-
ization technique, a six-pole inline bandpass filter with one
pure imaginary transmission zero (TZ) in a 3.5-GHz band
is electromagnetic (EM) designed, and a ten-pole symmetric
bandpass filter with two pure imaginary TZs in a 2.6-GHz
band of fifth-generation (5G) new radio (NR) frequency band is
designed, prototyped, and tuned. Experimental results show that
the proposed dual-mode MDR filter can obtain an acceptable
RF performance for 5G applications with a significant volume
reduction compared to existing single-mode solutions.

Index Terms—Dual-mode resonator, filter miniaturization
technique, monoblock dielectric resonator (MDR) filter.

I. INTRODUCTION

IELECTRIC resonator (DR) filters have been widely

used in terrestrial and space communication systems due
to their relatively compact size, higher unloaded Q-factor,
and better thermal stability compared to conventional metallic
cavity filters. Since practical implementations of DR filters
were attempted by Harrison and Cohn in the 1960s [1],
[2], tremendous research efforts have been devoted to the
design methodologies and viable realization options of DR
microwave filters, including electromagnetic (EM) modeling,
exploration of different resonant modes, and various minia-
turization techniques. The early works on DR filters were
well-reviewed in [3]. Presently, the available DR microwave
filter configurations can be classified into two categories:
DR-loaded metal cavity filters and monoblock DR (MDR)
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filters. The resonant mode and the unloaded Q of the former
are determined by the shape and electrical size of the loaded
DR and the association of the DR with the metal housing,
whereas those of the latter are only determined by the size and
the geometry of the dielectric block as the metallic housing is
formed by the conductive metal plated on the outer surface of
the dielectric block.

For a given dielectric constant of a DR, without significantly
sacrificing unloaded Q, the most effective way to reduce the
overall size of a filter is to realize multiple electric resonators
in the same physical resonator, namely, the multiple-mode
resonator. This concept is first adopted in metallic cavity
filters and then naturally used in DR-loaded metal cavity
filters. The earliest dual-mode DR filter was reported in [4],
in which a pair of degenerate modes whose field patterns
show strong resemblance with those of TE;;; modes in a
circular waveguide cavity are supported by mounting the
DR axially in a cylindrical metal cavity. To realize a more
compact dual-mode DR-loaded resonator, the dual TM;jq
(also called HE;;) modes are considered to be the most
popular degenerate modes in various applications [5]—[8]. With
an appropriate dimension tradeoff and a tactical geometry
modification, the degenerate TM;;p modes can be managed
to be the fundamental mode. Of course, exploration of higher
degrees of degenerate modes in the same physical metal
cavity has never been stopped. Such resonator configurations
include the triple-mode DR-loaded resonators [9] and the
quadruple-mode DR-loaded resonators [10], [11]. Usually,
the higher the degree of degeneracy, the poor the independent
controlling. The intrinsic issues of a degenerate multimode
DR-loaded resonator are obvious, which includes: 1) the mode
spectrum depends on the size and shape of the metal housing;
2) the size of a DR-loaded resonator that supports degenerate
modes is usually larger than that of the fundamental mode
DR-loaded resonator, resulting in limited space-saving; and
3) poor spurious mode performance compared to a single
fundamental mode resonator. A new type of mixed-mode
resonator consisting of a waveguide cavity and a loaded DR
is proposed in [12], in which uncoupled cavity TE;o; and
dielectric TE gy modes are employed within the same volume.

The MDR filter, on the other hand, is more straightfor-
ward in structure and more compact in size. MDR filters
can be formed in a combline structure with TEM mode
resonators [13]-[15], the waveguide structure with non-TEM
mode resonators [16]-[19], and the dielectric rod loaded
resonator structure with TMy; mode [20]. With the wide
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adoption of massive multi-input-multi-output (M-MIMO)
antenna arrays in the fifth-generation (5G) wireless commu-
nication systems, the specifications for the filters that are
immediately cascaded to each of the antenna elements have
become ever-stringent with the primary constrain on the size of
the filters. Subject to the cost-effectiveness in mass production,
MDR filters have been receiving tremendous attention from the
industry. To further reduce the size of a waveguide MDR, the
concept of ridge-loaded waveguide resonator was first used in
low temperature co-fired ceramics (LTCC) chip filters [21] and
then was employed to support a quasi-TEM mode in an MDR
filter [22]. In designing an MDR filter, one of the challenges
is how to create transmission zeros (TZs) flexibly, for which
an effective way to realize negative coupling is essential.
An innovative way to realize negative coupling in an MDR
filter is to use a partial-height conductive post [23], which was
originally proposed as a dispersive coupling element [24], [25].
Single- and double-folded structures can also be used for
realizing certain compact MDR filter configurations [26], [27].
An attempt is made to utilize a triple degenerate waveguide
mode MDR filter [28]. Although a high- Q attribute is achieved
and a wide spurious-free frequency band is observed by cas-
cading a single-mode resonator on each side of the triple-mode
resonator cube, the filter structure is bulky and is difficult to
mass-produce. Since multiple segregated DR blocks need to
be assembled and bonded together delicately, strictly speaking,
the filters reported in [26]-[28] are not monoblock configura-
tions. To the best of our knowledge, there is no truly MDR
filter that employs multiple-mode resonators in the literature.
Despite that MDR filters have shown their vitality in various
wireless applications, including the 5G systems, the research
on their volume reduction while retaining design flexibility
and manufacturability would be highly desired.

Recently, an innovative idea to create a dual-mode res-
onator using two dissimilar modes in one physical waveguide
cavity was reported [29]. With the dual-mode resonator,
the input/output (I/O) feeding probe is tapped to a hori-
zontally situated three-quarter wavelength long coaxial res-
onator, which is, in turn, coupled to the TE;o; mode in the
terminal rectangular waveguide resonator. A further study
in [30] suggests that an auxiliary cylindrical post can be
introduced to increase the coupling between the two dissimilar
modes. Due to limited flexibility in waveguide resonators,
the dual-mode resonator only serves as the I/O resonator, while
other resonators of the filter are still conventional single-mode
waveguide resonators.

Inspired by the work in [29] and [30], a new type of
dual-mode MDR is proposed in this article. The resonator sup-
ports two dissimilar fundamental modes: one is the quasi-TEM
mode supported by a partial-height metal post loaded dielectric
waveguide cavity and the other is the TEM mode provided
by a quarter-wavelength long metal post (coaxial resonator)
that is horizontally projected from a sidewall of the cavity.
To effectively reduce the coupling of the two tightly coupled
dissimilar modes, a metalized blind hole extending from the
opposite side of the partial-height metal post for supporting
the quasi-TEM mode is introduced. Besides, various coupling
topologies utilizing the proposed dual-mode resonator for
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Fig. 1. (a) Isometric view of the quasi-TEM mode resonator. (b) Top view of
the resonator in (a) with offset distance d from the center of the top surface.
(c) Isometric view of the proposed dual-mode resonator with a decoupling
post.

constructing compact MDR filters are discussed, demonstrat-
ing high flexibility in designing high-performance bandpass
filters. Comparing to existing MDR filters, the proposed
dual-mode MDR filter possesses the following unique and
attractive features: 1) it virtually offers the space-saving ratio
up to 2, which is the highest achievable volume reduction
ratio for dual-mode filters; 2) it is a truly monolithic structure
that is suitable for mass production without assembling and
bonding process; 3) it allows a high degree of flexibility in
coupling layout for achieving TZs; and 4) it exhibits a wide
spurious-free frequency band.

In this article, the concept of the dual-mode MDR filter will
be demonstrated by two design examples: an EM designed
six-pole MDR bandpass filter working in the 3.5-GHz band
of 5G systems with one TZ in the high rejection band and
a fabricated ten-pole MDR bandpass filter operating in the
2.6-GHz band of 5G systems with one TZ on each side of the
passband. The ten-pole prototyped filter consists of four pro-
posed dual-mode resonators and two single-mode resonators.
The experimental result of the prototyped filter justifies the
usefulness of the proposed dual-mode resonator and shows that
the proposed resonator configuration can significantly reduce
the volume of the existing single-mode counterpart with good
RF performance. The design examples further demonstrate
that the dual-mode resonator is a viable candidate for the
applications of M-MIMO radio units in 5G and future wireless
communication systems.

II. DUAL-MODE MDR

The basic structure of the proposed dual-mode MDR is
presented in Fig. 1. In the EM parametric analysis, it is
assumed that the resonant frequency f is set to 2.6 GHz, and
the dielectric material is with relative permittivity &, = 20.6,
the loss tangent tan 6 = 5 x 107>, and the metal conductivity
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of the silver coating layer ¢ = 3.5 x 107 S/m. The loss model
for EM simulation is pertinent to the prototype production
process and has been verified by a number of experimental
prototypes. To provide a realistic and practical picture through
the parametric study, the size of the single resonator is set to
10.5 x 10.5 x 6 mm? in all examples of this section.

A. Dual-Mode MDR

With the given dimensions of the cuboid resonator block,
the resonant frequency for the fundamental TE;p; mode is at
4.45 GHz, which is much higher than the target frequency
of 2.6 GHz. To lower the resonant frequency, a cylindrical
post formed by a metalized blind hole is inserted along the
vertical direction from the top surface of the dielectric block.
As shown in Fig. 1(a), the cavity with width A = 10.5 mm,
length L = 10.5 mm, and height B = 6 mm together with the
vertical cylindrical post with radius R; and depth H; located
near the center of the top surface forms a quasi-TEM mode
(mode 1) resonator. The offset distance d of the center of
the post from the center of the cavity in a diagonal direction,
as defined in Fig. 1(b), can be adjusted to control the coupling
of the dual modes. This kind of ridge-loaded DR has been well
known in the industry.

The second mode (mode 2) in the resonator is formed by
inserting a metalized quarter-wavelength long post horizontally
into the resonator cavity of mode 1. The post is short-circuited
with a metalized side wall at one end and open-circuited
at the other. The second resonator supports a TEM mode.
Again, the post can be formed by a metalized blind hole.
As shown in Fig. 1(c), the center of the short-circuited end of
the post, which is with radius R, and length H,, is positioned
at (0, py, pz) in the YOZ plane. The second resonator can also
be formed by a three-quarter wavelength long one-end-short
and one-end-open resonator post or a half-wavelength long
TEM mode resonator with both ends open-circuited. In this
article, only the quarter-wavelength long TEM mode resonator
is considered.

With a fixed radius R; = 1.5 mm, the resonant frequency of
the quasi-TEM mode (mode 1) f; can be adjusted by varying
the depth H;. By a simple parametric study with two typical
values of the offset distance d, the resonant frequency f; and
the corresponding unloaded Q-factor are plotted in Fig. 2(a).
It can be seen that, for d = 0 mm and H; = 3.8 mm,
J1 =2.6 GHz with Q = 1223. When the post is offset from the
center of the top surface, the Q-factor of the quasi-TEM mode
resonator will deteriorate. Therefore, to obtain a higher Q
resonator, the post should be placed as close to the center
as possible.

To investigate the resonant frequency and unloaded Q of
the second mode, i.e., the TEM mode resonator, the resonator
dimensions are chosen as Ry = 1.5 mm, H; = 3.8 mm, and
d = 0 mm, whereas the quasi-TEM mode resonator is detuned
by short-circuiting the vertical post. The parametric study by
varying length H, with a different radius R, is presented
in Fig. 2(b), for which py = 2.5 mm and pz = 2.3 mm. It can
be observed that, when R, = 0.75 mm, the actual length H, for
fo = 2.6 GHz is 4.8 mm, which is shorter than the theoretical
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Fig. 2. (a) Resonant frequency of the quasi-TEM mode ( f1) and its Q-factor
versus the depth of blind hole H; with radius R; = 1.5 mm. (b) Resonant
frequency of the TEM mode (f>) and its Q-factor versus the length of the
resonator Hp with py = 2.5 mm, pz = 2.3 mm and a different radius R».

quarter-wavelength in the dielectric due to the loading effect
of the quasi-TEM mode resonator.

The basic structure of the proposed dual-mode MDR is
formed preliminary by two perpendicularly inserted metalized
cylindrical posts. As shown in Fig. 3, because the aspect ratios
of the lateral and longitudinal dimensions of the two resonators
in the shared dielectric cavity are very different, the mode
field patterns are dissimilar and so are the unloaded Q-factors.
Since both modes are fundamental modes, their occupied
common volume is minimum, spurious-free frequency bands
are widest, and the dual-mode volume saving ratio is the
highest.

B. Control of Dual-Mode Coupling

Different from conventional dual-mode resonators in which
two degenerate modes are employed, the field distributions of
the two dissimilar modes in the proposed dual-mode resonator
are not strictly orthogonal to each other. Therefore, certain
coupling between the two modes is inevitable, especially when
the two orthogonal posts are placed electrically close to each
other.

Besides adjusting the relative positions of the two cylindri-
cal posts to control the intermode coupling to a limited extent,
an additional partial-height metalized post between the two
resonators can be introduced to further control (mainly reduce)
the coupling between the two dissimilar modes. As shown
in Fig. 1(c), the coupling control post is inserted into the
resonator cavity between the two cylindrical posts along the
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Fig. 3. Electric and magnetic field patterns of the two fundamental modes in
the dual-mode MDR at 2.6 GHz. (a) E-field of the quasi-TEM mode (mode 1).
(b) H-field of the TEM mode (mode 2). (¢) H-field of the quasi-TEM mode
(mode 1). (d) E-field of the TEM mode (mode 2). When plotting the fields
of one mode, the other mode is deliberately detuned.
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Fig. 4. Coupling coefficient M, and the frequency of the first spurious

mode versus the depth of decoupling post H, with tx = 3.7 mm and
ty = 3.6 mm.

vertical direction from the bottom surface of the cavity. The
coupling control post from the bottom can effectively reduce
the magnetic coupling between the two modes mainly by
increasing the electric field coupling and, thus, can be named
a “decoupling post.” Oppositely, when a coupling control
post is inserted vertically from the top surface of the cavity,
the intermode coupling is increased. Nevertheless, in most
cases, one only needs to reduce the coupling instead of
increasing the coupling.

Fig. 4 shows the variation of the coupling coefficient of the
two dissimilar modes in the dual-mode resonator versus the
depth H, of the “decoupling post” with a different radius R,.
The horizontal position of the post in this parametric study is
set to #x = 3.7 mm and ¢ty = 3.6 mm. The position of the
horizontal post is the same as that of the previous analysis,
and the offset distance d is set to 1.2 mm herein. The coupling
coefficient M|, of the two approximately and synchronously
tuned resonators of dissimilar modes can be calculated by the
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Fig. 5. Schematic of coaxial feeding structure with an annular insulative gap
around feeding probe. (a) Isometric view. (b) Top view.

following simplified formula [31]:
2 2

pt T fo
My 51 n 52 BW (H
where f,; and f,, are the resonant frequencies of the two
coupled modes, and the center frequency f, and the band-
width (BW) are set to 2.6 GHz and 160 MHz, respectively.
It can be seen that the deeper the “decoupling post” is
inserted from the bottom surface, the smaller the coupling
becomes, and the larger the radius R, is the less the coupling
becomes. Fig. 4 also shows the trend of the first spurious
mode in the resonator, indicating that the longer and thicker
the decoupling post is, the closer to the passband the first
spurious mode turns out to be. Therefore, there exists a tradeoff
between the coupling control and the spurious performance.
A compromised solution is that more than one decoupling post
can be used.

It is worth mentioning that introducing the coupling control
post will not affect the Q-factors of the two resonant modes
noticeably. In addition, a design-in coupling control post
provides much convenience in post-fabrication fine-tuning by
slightly scratching the inner coating surface of the coupling
control post.

III. POSSIBLE COUPLING CONFIGURATIONS

In order to realize different filter characteristics by employ-
ing the proposed dual-mode resonator, the I/O coupling,
intercavity coupling, and possible coupling configurations for
higher-order filter applications should be addressed in a real-
izable manner and will be discussed in detail in this section.

A. I/O Coupling

As shown in Fig. 5, the I/O coupling structure includes a
coaxial feeding probe with height H; and radius R; extending
from the bottom of the dielectric block close to the vertical
blind hole; thus, the quasi-TEM mode can be excited by the
vertical field component of the fringe field of the feeding
probe. The radius of the outer conductor is R, that determines
the port impedance. To prevent the input/output feeding probe
from being short-circuited with the metalized outer surface
of the dielectric block, an annular insulative gap is trimmed
between the outer conductive layer and the feeding probe,
thus forming a shunt capacitor to the ground. The size of the
solder pad of the probe is controlled by dimension g, and the
170 coupling can be easily controlled by adjusting height H,
radius R;, and width g.
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Fig. 7. Possible intercavity coupling structures between two proposed
dual-mode resonators for fourth-order modules. (a) and (b) Isometric view
and top views of the arrangement coupled by two quasi-TEM modes. (c) Top
view of the arrangement coupled by two TEM modes. (d) Top view of the
arrangement coupled by two dissimilar TEM modes.

Fig. 6 shows the parametric study of the external Q and
input coupling coefficient M; versus the height of feeding
probe H; with g = 0.5 mm and a different radius R;. The
feeding probe is placed right below the vertical blind hole,
and the outer conductor radius R, is set to 2.3 x R; to ensure
a 50-Q port impedance of an air-filled coaxial connector. The
center frequency fp; and BW for calculating input coupling
My, are set to 2.6 GHz and 160 MHz, respectively. It can
be found that the external Q decreases with the increase of
Hy and R;, and a wide range of coupling values can be
reached. In practice, the desired input coupling coefficient
is realized mainly by adjusting H; and R;, while g can be
adjusted in the fine-tuning process. Apparently, the I/O struc-
ture is compatible with surface-mount process on a printed
circuit board (PCB).

B. Intercavity Coupling

To combine two or more proposed dual-mode resonators,
three basic intercavity coupling arrangements can be made
between either the same or different types of resonant modes.
For example, Fig. 7(a) and (b) shows one possible coupling
configuration for a fourth-order filter consisting of two pro-
posed dual-mode resonators coupled between two quasi-TEM
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modes. The intercavity coupling M>3; can be controlled by
adjusting the width w and the thickness ¢ of the partial-width
coupling window.

In Fig. 7(c), two TEM modes supported by two horizontal
blind holes in two dual-mode resonators are coupled. Simi-
larly, the coupling between two TEM modes can be controlled
by adjusting the width w; of the coupling window between two
horizontal blind holes. In this configuration, a parasitic cross-
coupling M4 between two nonadjacent quasi-TEM modes
(resonators 1 and 4) may exist since the magnetic field of the
quasi-TEM mode dominates the whole cavity, forming a cas-
caded quartet (CQ) section that will create a pair of complex
TZs. The cross-coupling M4 can be adjusted by the width w;
of the coupling window. Fig. 7(d) shows an asymmetric config-
uration in which the two dual-mode resonators are cascaded by
coupling two dissimilar modes. Besides controlling the width
w, of the partial-width window, an aforementioned “coupling
control post” can be added to control the intercavity coupling
M if needed. Note that a parasitic cross-coupling M3 may
exist between two quasi-TEM modes (resonators 1 and 3),
forming a cascaded trisection (CT) unit, which will create an
imaginary TZ at the upper side of the filter passband. Similarly,
the cross-coupling M;; can be adjusted by tuning the width
wi.

Having introduced the three basic intercavity coupling con-
figurations, various filter topologies with arbitrary order can be
realized by simply cascading the modules in Fig. 7 or coupling
one or more single-mode resonators between two dual-mode
resonators, showing great flexibility in the realization of com-
pact monoblock dielectric filters.

IV. TwoO DESIGN EXAMPLES

After introducing the basic characteristics of the proposed
dual-mode MDR and its possible intercavity coupling con-
figurations, the way of designing a bandpass filter using
such a dual-mode resonator becomes very straightforward.
First, a coupling matrix with achievable coupling topology to
satisfy the prescribed filter characteristic should be synthesized
with a standard procedure [32]. Then, within the given size
restriction, the dimension of each dual-mode resonator can be
determined, and the relative position of two blind holes needs
to be appropriately arranged by trading off the desired cou-
pling coefficient and unloaded Q-factors. The initial dimension
design of the resonators and the coupling structures can be
done with the help of the full-wave EM software ANSYS
HESS. The final EM design of a filter and the tuning of
its fabricated prototype rely on the computer-aided tuning
technique described in [33]-[35].

In this section, two design examples including one
EM-designed six-pole bandpass filter and one fabricated
ten-pole bandpass filter targeting 5SG wireless system base sta-
tion applications are presented, illustrating the design process
and demonstrating the features of the proposed dual-mode
MDR.

A. Six-Pole Inline Bandpass Filter

In this example, a six-pole inline bandpass filter with center
frequency fy = 3.5 GHz and BW = 200 MHz is synthesized
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Fig. 8. Coupling topology with synthesized coupling coefficients of the EM
designed six-pole inline bandpass filter.

Fig. 9.  EM model (perspective view) of the six-pole filter with its outer
dimensions and serial numbers of resonators.

and EM designed. The return loss level is 20 dB, and a
pure imaginary TZ at normalized low-pass frequency Q =
1.3 rad/s is prescribed to ensure a rejection level of 28 dB
on the right-hand side of the passband. Moreover, a pair
of complex TZs at —0.04 +j1 rad/s give a group delay
equalization over approximately 60% of the passband. The
coupling topology with the synthesized coupling coefficients is
superposed in Fig. 8, where the trisection with cross-coupling
M5 creates the TZ and the quartet with cross-coupling M3
realizes a self-equalized complex TZ pair.

As to the physical realization of the filter, three dual-mode
MDRs with relative permittivity &, = 20.6 are used, and the
size of each cavity is 10.5 x 11 x 6 mm?, with the total
size of the cascaded six-pole inline filter of 33 x 10.5 x
6 mm?, which means a 50% volume reduction compared to a
conventional single-mode monoblock dielectric filter.

The arrangement for the three dual-mode resonators is
shown in Fig. 9, where cavity 2 and cavity 3 are coupled
between two TEM modes in the way shown in Fig. 7(c),
whereas cavity 1 and cavity 2 are coupled between two
dissimilar modes in the way shown in Fig. 7(d). As dis-
cussed in Sections II and III, all coupling elements can be
adjusted independently in the EM design process: the resonant
frequency of each resonator can be adjusted by changing
the depth of the vertical blind hole or the length of the
horizontal blind hole, the interresonator coupling in each
dual-mode cavity can be adjusted by the relative position of
the resonator pair and the preset “decoupling post” between
them, the intercavity coupling and the cross-coupling can be
adjusted by the width of the coupling window, and a “coupling
post” is additionally formed between cavity 1 and cavity 2 to
increase the coupling M>;.

The dimensional parameters of the resonators and coupling
structures are labeled in the top and the side views of the EM
model in Fig. 10, and the values of those parameters after the
fine-tuning process are listed in Table I. The EM simulation
results with lossless materials are shown in Fig. 11(a) and (b),
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dimensional parameters.
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Fig. 11. EM simulated and ideal synthesized responses of the EM designed
six-pole filter. (a) Magnitude of S-parameters. (b) In-band group delay
response.

where solid lines are the simulated data of the EM model and
dashed lines are the ideal synthesized responses given by the
coupling diagram in Fig. 8 for comparison. It can be observed
that the EM simulated responses show good agreement with
the ideal synthesized responses, which validates the proposed
dual-mode MDR filter from a theoretical perspective.

B. Ten-Pole Symmetric Bandpass Filter

In this example, a ten-pole symmetric bandpass filter pro-
totype with a target passband of 2515-2680 MHz, which is
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TABLE I
DIMENSIONS OF THE EM MODEL IN FIG. 10 (UNIT: mm)

x; y1 R H y zz L Rp Rt yp hp ¢
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Fig. 12. (a) Coupling topology with synthesized coupling coefficients of the
ten-pole symmetric bandpass filter (all self-coupling coefficients are zero and
are omitted herein). (b) Physical layout (top view) of the filter with serial
numbers of resonators, negative coupling, and cross-couplings.

a2.6-GHz 5G new radio (NR) frequency band, is designed and
experimentally verified. The designated return loss level is set
at 18 dB, and a pair of pure imaginary TZs at normalized low-
pass frequency = =+1.13 rad/s are prescribed to provide a
rejection level of 35 dB on both sides of the passband. A filter
circuit model with the Chebyshev response that satisfies the
specifications is synthesized, and the coupling topology with
coupling coefficients is given in Fig. 12(a), where the quartet
with cross-coupling My4; creates the pair of symmetric pure
imaginary TZs. Considering the parasitic couplings M4 and
M7 10 caused by two cascaded dual-mode resonators, two
mirror-image TZ pairs at Q = =£j2 rad/s are added in
the initial synthesis process. Since the filter characteristic is
symmetric, the self-coupling coefficients of each resonator are
zero and are omitted in the coupling topology diagram.
Different from the previous example, the realization of
this filter takes a double-folded structure with four side-by-
side dual-mode resonators and two single-mode resonators.
The dielectric material used for the prototype filter is
MgTiO3-CaTiO3 (MCT) compounds ceramic. Although its
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(b)

Fig. 13. Photographs of the fabricated ten-pole MDR filter. (a) Top and side
views. (b) Bottom view of the filter with input/output ports and “decoupling
posts” shown.

specified relative permittivity ¢, is 20.6 and the loss tangent
tan 0 = 5 x 1077, due to manufacturing variation, the
measured ¢, that is used in the design is 19.5. The size of
each MDR cavity is 11 x 10.5 x 6 mm? so that the total
size of the ten-pole filter prototype is 30.5 x 22 x 6 mm?,
which provides a 40% volume reduction compared to the
conventional single-mode solution. The arrangement of the
six resonator cavities is shown in Fig. 12(b), where cavities 1
and 2 and cavities 5 and 6 are coupled between two similar
TEM modes in the way shown in Fig. 7(c). The quartet section
is formed by the single-mode resonators 5 and 6 and the
quasi-TEM resonators 4 and 7. Note that, different from the
general quartet section, the polarities of couplings Mss and
My, are shifted herein, and the positive cross-coupling M7
is realized by a partial-width window between resonators 4
and 7, whereas the negative coupling Mss can be realized
by a blind hole or a via hole with an insulator gap on
one end, thus creating a strong capacitive coupling between
resonators 5 and 6.

The designed ten-pole filter is fabricated and fine-tuned.
The photographs of the filter prototype hardware are shown
in Fig. 13, where the silver conductive layer is coated outside
of the dielectric block. It can be seen in Fig. 13(b) that,
for each dual-mode resonator cavity, two “decoupling posts”
are introduced along the vertical direction from the bottom
surface. Different from the tuning method of the conventional
metal cavity coaxial resonator filter, in which tuning screws
are preset on the metallic top lid for post-fabrication tuning,
the monoblock dielectric filter can only be fine-tuned by
irreversibly scratching the conductive surface at strategic spots
to compensate for the fabrication error, presenting a limited
tuning range.

The measured responses of the fabricated filter prototype
after fine-tuning are shown in Fig. 14, where solid lines
are the measured data and dashed lines are the responses
of the synthesized circuit model shown in Fig. 12(a) for
comparison. Considering the loss effect of the dielectric mate-
rial and conductive layer of the filter hardware, estimated
unloaded Q values are added to each resonator in the circuit
model: Q = 1000 for quasi-TEM mode resonators (1, 4, 7,
and 10), Q = 700 for TEM mode resonators (2, 3, 8, and 9),
and Q = 1100 for single-mode resonators (5, 6). Note that the
estimated Q values are slightly lower than those of previous
parametric analysis due to the imperfection of the coating
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Fig. 14.  Experimental and the synthesized circuit model results of the
fabricated ten-pole MDR filter. (a) Measured S-parameters (solid lines) near
the passband and circuit model responses (dashed lines) with estimated loss.
(b) Measured |S>;| response in a wideband and comparison of insertion loss
with the circuit model response.

process and the smaller effective volume of a resonator. It can
be seen from Fig. 14(a) that the filter realizes a return loss
under 18 dB within the prescribed passband, and the measured
insertion loss at fy is 1.55 dB. An asymmetry of sidelobes
can be observed near the passband, which is caused by
the dispersion effect of the negative coupling structure Mse.
Moreover, due to the patching process of the conductive layer
over the overscratched areas in fine-tuning, the measured
insertion loss shown in Fig. 14(b) is found worse than that
of the circuit model with estimated Q values but is still at an
acceptable level. Fig. 14(b) also shows a wideband response
of the filter. Although some spurious resonances attributed by
those “decoupling posts” exist between 5 and 6 GHz, a wide
spurious-free frequency band (below —40 dB) up to 5.5 GHz
(more than 2.1 x fp) can be obtained, justifying a superior
spurious performance of such a dual-mode MDR filter.

V. CONCLUSION

In this work, a novel dual-mode resonator for compact
MDR bandpass filters is proposed. Different from previous
degenerate dual-mode DRs, the proposed dual-mode resonator
adopts two dissimilar TEM modes by forming two perpendic-
ular metalized blind holes in a silver-coated cuboid-shaped
dielectric block. Compared to the existing single-mode solu-
tion, the proposed dual-mode resonator can provide a maxi-
mum space-saving ratio with acceptable sacrifice in unloaded

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 69, NO. 8, AUGUST 2021

Q while maintaining a wide spurious-free rejection band
at the same time. The basic structure and characteristics of
the dual-mode resonator are presented in detail. Importantly,
the inevitable coupling between the two dissimilar modes in
one cavity can be effectively controlled by introducing one
or more ‘“coupling/decoupling metal posts.” Moreover, the
method for I/O coupling and possible coupling configurations
between resonators are also presented. A six-pole inline band-
pass filter is EM designed, and a ten-pole monoblock dielec-
tric filter using mixed dual- and single-mode resonators is
designed, fabricated, and measured. Good agreement between
the theoretical and experimental results justifies the proposed
dual-mode resonator and demonstrates the claimed features.
It can be expected that the MDR filters with the proposed
dual-mode MDR can be a viable option for the M-MIMO
radio units in 5G and future wireless communication systems,
in which the filter size matters.
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