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Spurious Suppression Techniques for 3-D Printed
Coaxial Resonator Bandpass Filters

Kunchen Zhao™, Graduate Student Member, IEEE, and Dimitra Psychogiou™, Senior Member, IEEE

Abstract—Design methods to enhance the passband-to-
stopband bandwidth of coaxial bandpass filters (BPFs) are
reported. Stopband enhancement is achieved by: 1) introducing
a transmission zero (TZ) through mixed electromagnetic (EM)
coupling and 2) by reducing the RF signal coupling to one of
the spurious modes by varying the relative orientation of the
RF posts. A low-cost additive manufacturing (AM) concept is
proposed as the key-enabling integration scheme for these types
of filters due to 1) easing the manufacturing of otherwise complex
geometries and 2) allowing for monolithic integration. For proof-
of-concept demonstration purposes a two-pole prototype and a
four-pole prototype were designed at 3.5 and 3.6 GHz. They
were manufactured using a low-cost stereolithography apparatus
(SLA)-based 3-D printer. The BPFs exhibited low insertion loss
(IL < 0.5 dB) and a 4.5 stopband-to-passband ratio with 35 dB
rejection, which is the highest among the existing spurious-free
coaxial cavity-based BPFs.

Index Terms— Additive manufacturing (AM),
filter (BPF), coaxial cavity filters, spurious-free filter.

bandpass

I. INTRODUCTION

HE ever crowded frequency spectrum has posed new

challenges for the design of bandpass filters (BPFs)
that need to exhibit not only high stopband rejection but
also ultrawide stopband rejection bandwidth [1]. Spurious
mode suppression techniques have been extensively studied
for waveguide-based filters. In [2], the spurious band of the
BPF is suppressed by cascading a lowpass filter at the cost
of size and loss. In [3]-[5], the coupling to the parasitic
mode is reduced by varying the orientation of the cavity
resonators, leading to a stopband-to-passband ratio of 2 f ( fo:
center frequency of the fundamental mode). Other techniques
using staggered harmonics resonators (2.5 fp) [6], multimode
resonators (2.6 fy) [7], or introducing transmission zeros (TZs)
(1.76 fp) [8] have also been proposed, however, with <3 f;
stopband ratio.

Coaxial cavity-based filters are among the most popular
filtering configurations for ultrawide spurious suppression
because their first spurious passband usually occurs at 3 fj [9]
and they are smaller than their waveguide counterparts. BPFs
comprising coaxial and dielectric resonators have been pro-
posed to extend the stopband range of dielectric filters to
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Fig. 1. Conventional two-pole coaxial cavity-resonator BPF. (a) Geometry.
(b) S-parameter response plotted in a wide frequency range showing the main
passband created by the fundamental mode and the two spurious bands created
by Mode A and Mode B.

2.75 fo [10]-[12]. Techniques to enhance the stopband ratio of
substrate integrated coaxial (SIC) resonator-based BPFs have
also been reported [13]-[15]. In these cases, the dielectric
in the coupling iris is removed to push the spurious band
to higher frequencies, leading to a stopband ratio of 4.4 f.
However, this method is not applicable to air-filled coaxial
cavity BPFs that have significantly higher quality factor (Q)
than their SIC counterparts. In [16], the harmonic of an
air-filled coaxial BPF is suppressed by loading the cavity with
an additional post. Nevertheless, only one spurious mode is
suppressed, leading to a limited improvement of the stopband
range (only 3.4 fp).

This letter reports on novel air-filled coaxial BPFs with
ultrawide out-of-band response. Stopband enhancement is
achieved by 1) introducing a TZ through mixed electro-
magnetic (EM) coupling and 2) by reducing the RF signal
coupling to one of the spurious modes. A low-cost mono-
lithic additive manufacturing (AM) concept is proposed to
enable the fabrication of a geometrically complicated structure.
A similar integration concept has been shown in [17] and [18],
however, for different filter architectures that do not focus
on spurious suppression techniques. The proposed spurious-
suppression concept is validated through the manufacturing
and testing of two- and four-pole prototypes with ultrawide
passband-to-stopband ratio between 4.3 and 4.5 f;.

II. THEORETICAL FOUNDATIONS

A conventional two-pole air-filled coaxial-resonator BPF is
depicted in Fig. 1 alongside its corresponding power trans-
mission and reflection responses. It comprises the passband
of interest and two spurious bands (i.e., modes A and B).
The magnetic field distribution of both the main and the
spurious bands are simulated using full-wave EM simula-
tions in ANSYS HFSS and are plotted in Fig. 2. The main
passband is shaped by the fundamental resonance of the
capacitively-loaded coaxial resonator fy. Mode A is generated
by the resonance of the coupling iris and mode B is produced
by the cylindrical cavity. To broaden the passband-to-stopband
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13.5 GHz

11 GHz

Fig. 2. Magnetic field distribution of the conventional air-filled coaxial
cavity resonator BPFE. (a) At f = 4 GHz (fundamental mode fp) and
(b) At f =11 GHz (Mode A). (c) At f = 13.5 GHz (Mode B).
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Fig. 3. (a) Geometrical details of the mixed EM coupling structures based
on same-orientation posts and inverted posts. (b) Location of the TZ as a
function of d,,. (c) Simulated S-parameters for Mode A when inverted posts
are employed as mixed EM coupling structures showing maximum spurious
suppression when d,,, = 9.3 mm.

bandwidth of the BPF, both spurious bands need to be sup-
pressed, which is performed as follows.

A. Suppression of Mode A

To suppress Mode A without increasing the volume of the
BPF, a novel mixed EM coupling configuration is proposed to
create a TZ at the location of the spurious band. It is created by
inverting the coaxial posts and by adding two hooks as shown
in Fig. 3(a). The magnetic coupling is provided by the iris
between adjacent resonators, whereas the electrical coupling
by the pair of the L-shaped conductive hooks. The strength of
the electrical coupling can be adjusted by altering the size or
the distance of the hooks (d,,). An inverted post configuration
is used (as opposed to conventional approach based on same-
orientation posts) to reduce the electrical coupling such that the
TZ can be located at high frequencies, i.e., at the location of
Mode A, as shown in Fig. 3(b). The TZ location can be altered
by changing the electrical coupling [i.e., d, in Fig. 3(a)].
Fig. 3(c) depicts the EM-simulated response of the filter
around Mode A. As shown, the undesired spurious is canceled
when the TZ is located at the frequency of Mode A (e.g.,
d, = 9.3 mm).

B. Suppression of Mode B

As shown in Fig. 2(a) and (c), the H-filed at fy is
evenly distributed within the volume of each resonator and
is mostly higher around the post area. On the other hand,
the H-field of Mode B is stronger at the location of the RF
ports. Therefore, to reduce the coupling to Mode B, the RF
ports can be arranged perpendicularly as shown in Fig. 4(b).
Specifically, the coupling to Mode B decreased from 0.07 in
the conventional in-line configuration to 0.02 in the orthogonal
configuration, while the coupling to the fundamental mode
remains unaffected. Therefore, the spurious band generated
by Mode B can be readily suppressed by changing the port
orientation.

IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS

Fund .

H} =
L4 j=
ModeB  ~

) =

Fund@ @ !
22 23 24 25 26 27

Mode B

Fund. Mode

e
Y
)

=== In-line 1

=== Orthog.

=]
o
©

o
o
@

Coupling coefficient

=)
o
&
|
——pe
=
o
Q
®
@

o

®) ©

Fig. 4. Magnetic field distribution. (a) Conventional coaxial cavity BPF with
in-line input—output ports. (b) Proposed BPF configuration with orthogonal
port orientation for the suppression of Mode B. (c) Coupling strength for
different port orientations for both the fundamental mode and Mode B.
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Fig. 5. (a) Coupling routing diagram and synthesized response of the
proposed two-pole BPF for frequencies close to the main passband. Black
circles: resonating nodes, white circles: source and load, black line: inverters.
ko, = ko3 =1, k1o = 1.1. (b) Geometry of the proposed two-pole BPF.
The design parameters are (in mm): a =5, b=15,d =245,¢g=1,h =6,
dy =93, hy, =3, ho =3.5.

C. Filter Design

The coupling routing diagram and its corresponding syn-
thesized response around the main passband are shown
in Fig. 5 alongside the detailed geometry of the two-pole
coaxial BPF. In particular, the interresonator coupling (k; )
is mostly determined by the size of the coupling iris (d) and
the external coupling (ko ;) is materialized by tapping the inner
conductor of the Sub-Miniature version A (SMA) to the post
of the cavity, where its value is controlled by the tapping
location (ko). A small hole with depth of 1 mm is added to
the post of the coaxial resonator to ensure good connection of
the SMA connector. Stereolithography apparatus (SLA)-based
monolithic integration approach is used for the manufacturing.
To facilitate metallization of the SLA-based filter, nonradiating
slots are added to the cavity wall to allow for Cu-platting.
The size and location of the slots are carefully designed to
minimize the radiation loss at the operating frequency as
discussed in [13]. The BPF design process can be summarized
as follows.

1) Design a conventional coaxial cavity filter for the main
passband using the design method in [19]. Add slots
for monolithic integration [13] and ensure that their size
does not impact the quality factor of the filter.

2) Introduce the mixed EM-coupling in Fig. 3 and alter d,,
until Mode A is suppressed as detailed in Section II-A.

3) Change the port orientation to suppress Mode B as
discussed in Section II-B.

To investigate scalability of the spurious suppression con-
cept to higher-order transfer-function, a four-resonator BPF is
designed by cascading two two-resonator configurations with
a 90°-long (at fy) air-filled coaxial transmission line (TL) as
shown in Fig. 6(a). Nonradiating slots are also added to the
coaxial TL for Cu-plating. The impedance of the TL controls
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Fig. 6. (a) Geometry of the four-pole BPF using coaxial interresonator/filter
coupling. (b) Side-view. (c) EM-simulated response with different coax
position. (d) EM-simulated response of the four-pole BPF with iris and coaxial
line-based coupling element showing spurious resonance created by the iris.
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Fig. 7. Manufactured prototypes of the proposed BPFE. (a) Two-pole BPF.
(b) Four-pole BPF. (Left to right: 3-D printing model, before and after
Cu-plating.)
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Fig. 8. RF-measured and EM-simulated S-parameters of the proposed wide-
stopband filter. (a) Two-pole BPF in Fig. 7(a). (b) Four-pole BPF in Fig. 7(b).

the interfilter coupling and is chosen to be 45 Q for optimized
passband performance through parametric EM simulations.
The coaxial TL cascade-type coupling-concept is preferred
to the conventional iris-based one to avoid the creation of
additional spurs from the iris as shown in Fig. 6(d). In this
case, the external coupling of the two-resonator configuration
is now shaped by a Teflon-filled SMA connector on one side
and an air-filled coaxial TL on the other side. Therefore,
the unbalance due to the change of the external coupling in
one of the resonators needs to be compensated by altering the
tapping location of the coupling elements (4, k) as shown
in Fig. 6(b). The design procedure for the four-resonator BPF
is as follows.

TABLE I
COMPARISON WITH THE STATE-OF-THE-ART

Ref. #N Tech.  f, FBW IL O,  Rej. (dBY

(GHz) (%)  (dB) ratio to f;
[5] 4 SIW 10 21 21 190 50t019f
[14] 3 SIC 5 66 22 190 30t0d2f)
[15] 2 SIC__ 2183 223 22 150 30toddf,
[16f 2 CNC___ 07 71 009 2300 30t034f
[17] 2 AM 54 13 035 550 20t0238/,
[18] 2 AM 35 88 008 1833 201035/
TW. 2 AM 3.6 119 042 425  20t0d3f,
TW. 4 AM 35 96 045 700 35t04.5f

(#N=number of resonators, T.W.=this work, Rej.=rejection, Ref.=reference)

1) Cascade the two two-resonator BPFs using a 90° air-
filled coaxial line and remove the SMA connectors
between them. Optimize its impedance for optimum
passband performance (45 Q in this case) and change /4,
to compensate for the change of the external coupling
as shown in Fig. 6(c).

2) Fine tune the filter dimensions with EM simulations.

II1. MANUFACTURING AND TESTING

To validate the proposed spurious-suppression concept, a
two-pole prototype and a four-pole prototype were designed
for a center frequency of 3.8 GHz. They were manufactured
using a desktop SLA 3-D printer and a commercial Cu-platting
process with 50 #m copper thickness. The printing orientation
and the manufactured prototypes before and after Cu-plating
are shown in Fig. 7. An additional support structure is added
in the four-pole filter to allow for monolithic 3-D printing
and mechanical stability. The filters are characterized with a
Keysight N5224A PNA, and the measured S-parameters are
shown in Fig. 8 alongside their EM-simulated response. The
two-pole BPF shows the following measured performance:
fe = 3.6 GHz, fractional bandwidth (FBW) = 11.9%, minimal
insertion loss (IL) = 0.42 dB (effective quality factor Q. =
425), 20 dB stopband at 15.58 GHz (4.33 fy). The four-
pole BPF shows the following: f. = 3.5 GHz, FBW =
9.6%, minimal IL = 0.45 dB (Q.s = 700), 35 dB stopband
at 15.63 GHz (4.47 fy). As shown, the measured response
shifted to lower frequencies due to manufacturing tolerances
that required tuning by applying pressure on the upper cavity
walls to compensate for variations in the capacitive gap. It was
estimated to deviate by about 0.1 mm from its designed value
by fitting the EM simulations to its measured S-parameters as
shown in Fig. 8. A comparison with the state-of-the-art wide-
stopband BPFs is listed in Table I. As shown, the proposed
wide stopband technique exhibits the highest upper stopband
ratio (4.47) among the reported coaxial cavity BPFs and
higher Q. compared to the substrate integrated waveguide
(SIW)/SIC-based filters.

IV. CONCLUSION

This letter reported on a new class of BPFs based on
coaxial cavity with ultrawide passband-to-stopband bandwidth.
Spurious cancellation is achieved 1) by introducing a TZ and
2) by reducing the coupling to the spurious higher order
modes. The proposed BPF is validated by two prototypes
manufactured using monolithic SLA printing and exhibited the
highest stopband ratio among all reported coaxial cavity BPFs
to date.
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