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ABSTRACT This paper presents a comprehensive study on a new family of slotted hemispherical resonators
and their applications in waveguide bandpass filters (BPFs) to extend the spurious-free stopbands. The
proposed scheme focuses on suppressing unwanted spurious modes in the air-filled hemispherical resonators
by adding functional slots to the metallic cavity shells. The spurious TM2m1 and TE101 modes in the
hemispherical resonators are effectively suppressed by interrupting the surface current with slots, without
significantly degrading the unloaded quality factor of the fundamental TM101 mode. Resonant modes
in the slotted hemispherical resonators are analyzed. Design, fabrication, and measurement of X -band
proof-of-concept waveguide BPFs based on slotted hemispherical resonators are expounded. Each filter is
monolithically prototyped by employingmetallic additivemanufacturing technology. The filters demonstrate
good passband performance—average insertion loss: 0.6–1.1 dB, frequency shift: 0.9%–1%, and return
loss: >20 dB, and more significantly extended stopbands with spurious-free frequency ratios of >1.8:1 and
stopband rejections over 36 dB.

INDEX TERMS Additive manufacturing, direct metal laser sintering, slotted hemispherical resonator,
spurious-free stopband, spurious suppression, waveguide filter.

I. INTRODUCTION
High-performance waveguide/cavity-based filtering com-
ponents have been extensively used in microwave and
millimeter-wave frontend hardware [1]. These circuits usu-
ally demand high-quality-factor (high-Q) cavity resonators
because the high Q gives small loss and high power capacity.
Air-filledmetallic rectangular and cylindrical cavities are two
types of high-Q resonators that have been commonly used
to date in filters and multiplexers [2]–[4]. They can be read-
ily fabricated with conventional subtractive manufacturing
technology such as computer-numerical controlled (CNC)
milling. The other type of resonator with amuch higher intrin-
sic unloaded quality factor (Qu) under an identical build-
ing material and a same resonant frequency is the spherical
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cavity. However, it is not easy to fabricate spherical cavities
precisely and cost-efficiently using CNC milling. This limits
practical engineering applications of spherical resonators.
In the past, spherical cavities have been applied to multi-
mode bandpass filters (BPFs) (e.g., [5]), where the packages
of the filters need to be split into several parts for milling and
then assembled with many screws. Unfortunately, this would
introduce tolerance degrading RF performance of the filters.

In recent years, additive manufacturing (AM, also known
as 3-D printing) technology has been introduced to the fab-
rication of microwave devices enabling fast prototyping of
sophisticated geometries at reduced expenses [6]–[10]. This
makes fabrication of spherical-resonator-based circuits more
convenient. In [11]–[13], spherical resonators are 3-D printed
to construct microwave bandpass filters (BPFs). The spher-
ical resonator BPF in [11] exhibits an ultra-low passband
insertion loss (IL) due to the high Qu. However, the stopband
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performance of the filter is degraded because the spurious
modes in the spherical resonator are spectrally close to the
fundamental mode. The stopband rejection of the filter can
be improved by using either the 90◦-twisted coupling geome-
try [11], [12] that minimizes coupling strength of the spurious
TM211 mode, or the hemispherical resonator that features a
much reduced number of spurious modes [14], [15]. How-
ever, the stopband bandwidth is still limited by the spurious
resonances because in the aforementioned filter demonstra-
tions spurious modes in the constituent resonators are not
suppressed. A method to intrinsically suppress the spuri-
ous modes can be geometrically shaping the cavities. For
example, the waveguide filters in [16] and [17] are com-
posed of mathematically defined super-ellipsoid resonators
and demonstrate excellent passband and stopband perfor-
mances. Except for [16] and [17], there is little work in
spurious suppression for 3-D printed filters.

In this work, the other approach to effectively suppress the
spurious modes by slotting the cavity resonator is proposed
and a new class of air-filled slotted hemispherical resonators
is introduced. The suppression is realized by interrupting
surface current of the unwanted spurious modes via properly
slotting the hemispherical cavity. This significantly extends
the stopband of the hemispherical resonator BPF. The slot
is opened not to seriously impact the fundamental-mode Qu
and the fundamental-mode passband of the filter is thus not
interfered. It is noteworthy that the filter in [13] was designed
with perforated dual-mode spherical resonators and its feed-
ing waveguides were also slotted. Similarly, slots are also
adopted to 3-D printed rectangular and cylindrical waveguide
filters in [18]–[20]. However, they were used mainly to facil-
itate the metal electroplating process by offering pathways
through the cavities for the plating solution. Such slots do not
improve any RF performance of the filter. The emphasis of
this work is, therefore, enhancing the spurious-free region by
putting slots in the structure aiming to maximize the suppres-
sion. Significantly extended spurious-free stopbands with
suppressed resonances have been achieved as compared with
previous work. 3-D printing technology allows such complex
filter geometries to be fabricated monolithically, eliminating
the assembly tolerance and the use of any fastening element.

The content of this paper is organized as follows. The
structure and resonant modes of the slotted hemispherical
resonator are analyzed in Section II. The RF design of sev-
eral proof-of-concept X -band slotted hemispherical resonator
waveguide filters is presented in Section III. The fabrication
process for monolithically 3-D-printing the filters is intro-
duced in Section IV. The measurement and characterization
of the 3-D printed filters are discussed in Section V.

II. SLOTTED HEMISPHERICAL RESONATORS
A. RESONANT MODE ANALYSIS
To clearly describe the principle of spurious suppression
of this work, the surface current distribution for the funda-
mental TM101 mode and several spurious modes of interest

FIGURE 1. Surface current distribution of several resonant modes in a
non-slotted hemispherical cavity. (a) The fundamental TM101 mode
(left/right: side/bottom face). (b) The first spurious TM2m1 mode
(left/right: bottom/top face). (c) The second spurious TE101 mode
(left/right: bottom/top face). (d) The third spurious TM3m1 mode
(left/right: bottom/top face).

in a non-slotted hemispherical cavity has been illustrated
in Fig. 1. When an air-filled hemispherical cavity is fed with
a rectangular waveguide, as demonstrated in [14] and [15],
the first, second, and third excited spuriousmodes are TM2m1,
TE101, and TM3m1 modes. The eigenmode frequencies of
these spurious modes are determined by the radius of the
hemisphere, and can be analytically calculated using (1)–(3)

fTM2m1 =
ωTM2m1

2π
=

y21
2πr
√
µε
=

3.870
2πr
√
µε
, (1)

fTE101 =
ωTE101

2π
=

x11
2πr
√
µε
=

4.493
2πr
√
µε
, (2)
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fTM3m1 =
ωTM3m1

2π
=

y31
2πr
√
µε
=

4.973
2πr
√
µε
, (3)

where ωTM2m1, ωTE101, and ωTM3m1 are the corresponding
angular frequencies, r is the radius variable of the cavity
with a unit in millimeter, and the roots y21, x11, and y31 of
the eigenvalue equation equal to 3.870, 4.493, and 4.973 for
TM2m1, TE101, and TM3m1 modes, respectively [21]. The
parameters µ and ε are permeability and permittivity of the
dielectric filled in the cavity. In free space, (1)–(3) yield

fTM2m1 ≈
1.8478× 1011

r
(Hz), (4)

fTE101 ≈
2.1452× 1011

r
(Hz), (5)

fTM3m1 ≈
2.3744× 1011

r
(Hz). (6)

For example, with a TM101-mode frequency of 10 GHz,
i.e., in case of r = 13.1 mm, fTM2m1, fTE101, and fTM3m1
equal to about 14.1, 16.37, and 18.13 GHz, respectively. This
was verified by performing electromagnetic (EM) simulation
using the eigenmode solver in Computer Simulation Technol-
ogy (CST) Studio Suite [22]. The eigenmode-simulated and
numerically calculated resonant frequencies are graphically
compared in Fig. 2 and show excellent agreement.

FIGURE 2. Eigenmode resonant frequencies of the spurious modes in a
non-slotted hemispherical cavity.

The principle of spurious suppression of this work is inter-
fering surface current of the unwanted spurious modes with
slots on the cavity shell whilst keeping surface current of the
fundamental mode intact. The spurious modes with surface
current interrupted radiate through the slots. As can be seen
in Fig. 1, at the top of the hemisphere, the surface current
density reaches the maximum for the TM2m1 and TE101
modes whereas the minimum for the TM101 mode. If a slot
is properly opened in this area, the TM2m1 and TE101 modes
can be seriously interfered and the impact of slotting on the
TM101 mode can be minimized. Similarly, in the center area
of the bottom face, the surface current reaches the minimum
for the TM101 and TM2m1 modes whereas the maximum for
the TE101 mode. If a slot is properly opened on the bottom
face, the TE101 mode can be suppressed without interfering
the TM101 and TM2m1 modes. It should be mentioned that
the TM3m1 mode has overlapping components of the surface

current to the TM101 mode. Therefore, suppressing TM3m1
and the modes beyond without interfering the TM101 mode is
difficult and is out of scope of this work.

B. SUPPRESSION OF SPURIOUS MODES
In order to maximize the suppression of the TM2m1 mode,
a rectangular slot is introduced along the y-axis on the top
shell of the hemispherical cavity, as illustrated in Fig. 3. The
slot is placed in a longitudinal direction perpendicular to the
current orientation of the TM2m1 mode on the top shell. Note
that the slot orientation is also perpendicular to the current
direction of the TE101 mode in this area. Therefore, both
spurious modes can be suppressed simultaneously.

FIGURE 3. A geometrical configuration of a hemispherical cavity with a
rectangular slot on the top shell. (a) A complete simulation model of the
waveguide-side-fed resonator. (b) The slot profile.

The spurious suppression was verified by investigating
power transmission response of the top-slotted resonator
under weak external couplings. The waveguide side-feeding
structure in Fig. 3 with a coupling aperture size ofws = 2mm
and hs= 5mm [as labeled in Fig. 3(a)] was used for EM simu-
lation in CST. The slotted hemispherical cavity was designed
with a TM101-mode frequency of 10 GHz and was mated to a
pair of WR-90 waveguides, where the following dimensions
were fixed in the simulation: a = 22.86 mm, b = 10.16 mm,
r = 13.1 mm, and twall = 2 mm. The suppression is
controlled by the width w and angle θ [as labeled in Fig. 3(b)]
of the slot. The EM-simulated transmission coefficient of the
weakly fed resonator under different slot dimensions is plot-
ted in Fig. 4. The slot angle θ is initialized to be 90◦ according
to the area that the spurious-mode current is concentrated in.
As can be seen in Fig. 4(a), the suppression of the TM2m1
and TE101 modes is enhanced simultaneously as the width w
is increased. When w ≥ 4 mm, the spurious resonances
at 14.1 and 16.37 GHz are fully eliminated. As expected,
the TM101 and TM3m1 modes are not much influenced by
the slot. The simulated result in Fig. 4(b) indicates that an
even larger angle (θ >90◦) of the slot does not improve any
spurious suppression. However, the suppression is degraded
as θ is reduced to 30◦ because under such circumstance the
slot is too short to interrupt the current sufficiently.

In order to quantify the influence of slotting on the loss
of the resonator, the TM101-mode Qu of the resonator under
different slot dimensions was investigated. The simulated Qu
is plotted in Fig. 5. In the simulation, the cavity boundary was
set as copper with an electrical conductivity of 5.96×107 S/m
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FIGURE 4. EM-simulated power transmission response of the weakly fed
top-slotted hemispherical resonator. (a) The transmission coefficient
(S21) under different slot widths. (b) The transmission coefficient (S21)
under different slot angles.

FIGURE 5. Simulated TM101-mode Qu of the top-slotted hemispherical
resonator under different slot dimensions. (a) Qus versus slot widths.
(b) Qus versus slot angles.

and the Qu values were extracted from the S21 parameter of
the weakly fed resonator using the method outlined in [23].
The result in Fig. 5 shows that the Qu is reduced with the
increase of θ and can be controlled almost unchanged in
a certain range of w. Therefore, by trading off the Qu and
suppression a group of parameters, i.e., w = 4 mm and
θ = 90◦, for the rectangular slot on the top face, was finalized
for the filter design in Section III.

A further quantitative comparison in the conductor quality
factor (Qc) and radiation quality factor (Qr) of the slotted
hemispherical resonator was accomplished by simulation as
follows. The loaded quality factor (QL) of the slotted hemi-
spherical resonator in free space can be expressed as [23]

1
QL
=

1
Qe
+

1
Qc
+

1
Qr
, (7)

where Qe is the external quality factor associated with the
small coupling aperture between the feeding rectangular

waveguide and the resonator. Note that in (7) the QL can be
extracted directly from the simulated S21 parameter, theQe is
determined by the feeding aperture size, and the Qr is deter-
mined by the slot configuration. Firstly, to find theQe, a non-
slotted hemispherical resonator with the feeding aperture size
of 2 mm × 5 mm was used. In this scenario, the cavity
boundary was set as a perfect electrical conductor (PEC),
hence there would be no radiation loss or conductor loss. This
makes reciprocals of bothQc andQr zero. From (7) this yields
QL = Qe, which by simulation turns out to be about 2.63 ×
105. Then, the slotted resonator was simulated with a PEC
boundary. In this case, (7) turns into (8)

1
QL
=

1
Qe
+

1
Qr
, (8)

and the QL value extracted from the simulated S21 is about
8.85 × 104. Using (8) and the previously calculated Qe for
the non-slotted PEC resonator, the Qr value was calculated to
be about 1.33 × 105. Next, the cavity boundary material was
changed to copper and the simulation of the slotted resonator
produced a QL value of 7574. Having the values of QL, Qe,
and Qr in (7) allows the calculation of Qc, resulting in a Qc
value of 8284. This approximation allows us to conclude that
the Qr has virtually no influence on the TM101 mode because
of the large difference in the Q values and Qc << Qr.
In addition, the TE101 mode can be suppressed inde-

pendently using a rectangular slot on the bottom shell of
the hemispherical cavity. An exemplified geometry of the
bottom-slotted hemispherical resonator with feeding waveg-
uides is illustrated in Fig. 6. The slot is opened along the
symmetrical line of the bottom face and is perpendicular
to the current orientation of the TE101 mode in this area.
In this way, surface current of the TE101 mode is significantly
interfered but the rest modes are not disturbed.

FIGURE 6. A geometrical configuration of a hemispherical cavity with a
rectangular slot on the bottom shell. (a) A complete simulation model of
the waveguide-side-fed resonator. (b) The slotted bottom face.

The simulated power transmission coefficient and the
TM101-modeQu of the weakly fed bottom-slotted hemispher-
ical resonator under different slot dimensions are plotted
in Figs. 7 and 8, respectively. According to the current density
in Fig. 1(c), the length lb_slot of the bottom slot was initialized
to be 25 mm, approaching the diameter of the hemisphere.
In this case, as shown in Fig. 7(a), the TE101 mode can be
suppressed with a very narrow bottom slot, e.g., wb_slot =

0.5 mm, and the suppression is enhanced with the increase
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FIGURE 7. EM-simulated power transmission response of the weakly fed
bottom-slotted hemispherical resonator. (a) The transmission coefficient
(S21) under different slot widths. (b) The transmission coefficient (S21)
under different slot lengths.

FIGURE 8. Simulated TM101-mode Qu of the bottom-slotted
hemispherical resonator under different slot dimensions. (a) Qus versus
slot widths. (b) Qus versus slot lengths.

of wb_slot until wb_slot reaches 4 mm. On the other hand, with
a fixed wb_slot, the suppression is not much degraded until
lb_slot is decreased to 5 mm, as shown in Fig. 7(b). Little
interference is brought to the other modes when varying the
bottom slot dimensions. The simulated result in Fig. 8 shows
that the Qu of the bottom-slotted resonator can be controlled
close to the Qu of the non-slotted resonator in the range of
wb_slot ≤ 1.5 mm, and is not much influenced by lb_slot in this
range. A group of appropriate slot dimensions can be selected
as wb_slot = 1.5 mm and lb_slot = 25 mm taking into account
the Qu and suppression.

Using the selected slot dimensions and the same aperture
in Fig. 3 for weak external couplings, the simulatedQr andQc
of the bottom-slotted hemispherical resonators were obtained
as 2.30 × 106 and 8269, respectively. This again shows that
Qc << Qr and indicates negligible influence of the bottom
slot on the TM101 mode.

It is also known from Figs. 4 and 7 that the proposed
slot configurations have negligible influence on the resonant
frequency of the fundamental TM101 mode. This influence
is further quantified by simulation and the result is plotted
in Fig. 9. In Fig. 9, the parameter1fr is defined as the relative
resonant frequency shift and is calculated with reference to
the simulated resonant frequency of the TM101 mode in a non-
slotted hemispherical resonator. The calculated absolute val-
ues of1fr are less than 0.5% and 0.8% for the top-slotted and
bottom-slotted resonators, respectively. In the filter design,
these small frequency shifts are compensated by adjusting the
cavity radii.

FIGURE 9. The simulated relative resonant frequency shift (1fr) of the
TM101 mode in the slotted hemispherical resonator under different slot
dimensions. (a) The top-slotted resonator. (b) The bottom-slotted
resonator.

Again, it should be mentioned that the slot dimensions
selected for quality-factor quantification are not optimal but
are good reference values for the filter design in the next
Section. In order to maximize the suppression and Qu simul-
taneously, the slot structures can be further optimized in
simulation and more slot patterns can be devised flexibly.

III. SLOTTED HEMISPHERICAL RESONATOR BPFS
This Section focuses on RF design of waveguide BPFs based
on the proposed slotted hemispherical resonators aiming to
further verify the spurious suppression. Several fourth-order
filters featuring flexible coupling geometries and slot config-
urations were devised as proof of concept and their wideband
performance was investigated. In order to quantitatively com-
pare RF performance of the filter with previous work, all
the filters of this work were designed with following RF
specifications—a passband center frequency (f0) of 10 GHz,
a fractional bandwidth (FBW) of 3%, and a passband return
loss (RL) of 20 dB. The non-zero denormalized inter-
resonator and external coupling coefficients associated with
the filter specifications were calculated as M12 = M34 =

0.0273,M23 = 0.0210, and MS1 = M4L = 0.0311. Fre-
quency responses of the filters were obtained by performing
EM simulation in CST using the coupling-matrix-based filter
design methodology in [23].

A. FILTERS A AND B: FLIP-TYPE COUPLED RESONATORS
The first filter prototype (Filter A) of this work is based on the
compact flip-type resonator-coupling configuration in [24]
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FIGURE 10. The designed X -band bottom-fed fourth-order slotted
hemispherical resonator BPF: Filter A (With four slotted resonators in a
flip-type coupling configuration). (a) The complete fabrication model.
(b) The half profile. (c) Comparison in the wideband transmission
coefficient (S21).

with feedingwaveguides connected to the bottom shells of the
first and fourth resonators. The only difference in the geome-
try is the use of four top-slotted hemispherical resonators. The
filter structure is illustrated in Fig. 10(a). The inter-resonator
and external couplings of the filter are practically realized
by the magnetic coupling through the semicircular and cir-
cular apertures, respectively, on the bottom shells of the
cavities, as shown in Fig. 10(b). The coupling coefficients
are controlled by the radii of these coupling apertures. The
EM-simulated wideband power transmission coefficient of
the Filter A is plotted in Fig. 10(c) in comparison with previ-
ous work. It shows a significant suppression of the spurious
resonances at around 14 GHz with a stopband rejection over
38 dB within 10.6–16.3 GHz. The stopband performance has
been improved significantly as compared to the results in [13]
and [24].

It is inspired from the Filter A that the constituent res-
onators of the filter can be slotted selectively and the slotted
resonators can be assigned flexibly to any resonating node of
the filter. Then, we are interested in investigating stopband
performance of the filter composed of both non-slotted and
slotted resonators and comparing it with the Filter A. There-
fore, the second fourth-order filter prototype (Filter B) was
designed. Its geometry is illustrated in Fig. 11(a), where the
resonators ­ and ® are slotted and the resonators ¬ and ¯
are non-slotted. The only dimensional difference between the
two filters is the radii of the resonators ¬ and ¯ [labeled as
r1 and r4, respectively, in Figs. 10(b) and 11(b), and r1 = r4].
The simulated frequency responses of the Filters A and B are
graphically compared in Fig. 11(c). The result shows that the
Filter B has worse suppression of the spurious resonances at

FIGURE 11. The designed X -band bottom-fed fourth-order slotted
hemispherical resonator BPF: Filter B (With two slotted and two
non-slotted resonators in a flip-type coupling configuration). (a) The
complete fabrication model. (b) The half profile. (c) Comparison in the
wideband reflection and transmission coefficients (S11 and S21).

around 14.2 GHz because less number of slotted resonators
are used. The corresponding stopband rejection is deterio-
rated to around 20 dB. The small dimple at ∼12 GHz in
the S11 parameter of the Filter A should be noticed. Further
simulation shows that the dimple is generated by a spurious
propagation mode in the resonators ¬ and ¯. This propaga-
tion mode is excited as the semicircular apertures for external
couplings are significantly large, and it forms a spurious
passband at 12 GHz and a stopband at 14 GHz. As the
resonators ¬ and ¯ are top-slotted, this propagation mode
radiates. Therefore, for the Filter B this dimple is eliminated
and no radiation is introduced. Also noteworthy in Fig. 11(c)
is the negligible radiation around the suppressed resonances.
This is because these resonances are intrinsically detuned and
no spurious passband is formed in this region, as shown in
Fig. 10(c). As the detuned resonances are suppressed with
slots, the introduced radiation can be ignored.

On the other hand, when the resonators ¬ and ¯ are
side-fed with waveguides as in Fig. 3(a) and large rectangular
apertures are used for strong external couplings, the first
spurious passband appears at around 14 GHz because of
the TM2m1 mode. Under this circumstance if the resonators
¬ and ¯ were top-slotted, significant radiation would be
generated.

The simulated RF performance of the Filters A and B
indicates a compromise between improving the stopband
rejection at the suppressed resonances and mitigating the
radiation from the slots. An intuitive solution for the fil-
ter to improve stopband rejection is increasing the filter
order. However, simply doing this cannot eliminate the radia-
tion. Therefore, we move forward to enhance the stopband
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FIGURE 12. The designed X -band bottom-fed fourth-order slotted
hemispherical resonator BPFs: Filters C and D. (a) Top left: The complete
fabrication model of the Filter C; Top right: The half profile of the Filter C;
Middle: The inter-resonator coupling apertures; Bottom left: The
complete fabrication model of the Filter D; Bottom right: The half profile
of the Filter D. (b) Comparison in the wideband reflection and
transmission coefficients (S11 and S21).

performance by exploring appropriate coupling geometries
with slotted resonators selectively assigned to the resonat-
ing nodes, without increasing the filter order. In the next
part, we present an inline coupling structure for the slotted
hemispherical resonators and the other two filter prototypes
(Filters C and D) based on this configuration.

B. FILTERS C AND D: IN-LINE COUPLED RESONATORS
The geometries of the Filters C and D are similar and are
illustrated in Fig. 12(a). They are composed of two slotted
(­ and ®) and two non-slotted (¬ and ¯) hemispherical
resonators in an inline cascade. The resonators ­ and ® are
top- and bottom-slotted for the Filter C, and they are merely
top-slotted for the Filter D. The resonators ¬ and ¯ are
bottom-fed as for the Filters A and B so that the propagation
mode does not radiate. In such a configuration, the inter-
resonator coupling is realized by the rectangular aperture
between two adjacent resonators. The coupling coefficients
are controlled by the widths and heights of the apertures.

EM-simulated wideband power transmission coefficients
of the Filters C and D are plotted in Fig. 12(b) in compar-
ison with that of an inline filter composed of non-slotted
resonators. The simulated result shows significant suppres-
sion of the spurious resonances at around 14 GHz with
enhanced stopband rejections over 42 dB. In the simulation,
no radiation is found in the stopband because the spurious
resonances are detuned before they are suppressed, as indi-
cated in Fig. 12(b). A comparison in the simulated passband
responses of the Filters C and D shows little influence of
the bottom slots on the IL. The simulated passband ILs of
these two filters are only 0.1–0.15 dB higher than that of the
non-slotted one. The performance in Figs. 11(c) and 12(b)
also indicates deterioration in stopband rejections at around
16.5 GHz due to parasitic resonances induced by the higher
order TM11 mode in the feeding waveguides. This mode is
generated because of the specific external coupling struc-
tures. Using other feeding geometries, the parasitic reso-
nances are no longer existent.

Critical design parameters of the aforementioned four fil-
ters are summarized in Table 1. The package dimensions
such as the cavity and flange thicknesses twall and tflange
were chosen to ensure sufficient mechanical strength of the
architectures. The Filters A, C, and D performing relatively
good stopband rejections were fabricated for experimental
validation purpose. A high-precision metallic 3-D printing
technique known as direct metal laser sintering (DMLS)
was utilized to deal with the complex and enclosed cavity
geometries. This process has been applied to the fabrication
of compact and highly-integrated waveguide antenna arrays
and their feeding networks [25]–[27] and these components
demonstrate excellent RF performance.

IV. FILTER FABRICATION
The filters were 3-D printed with a commercially available
aluminum alloy AlSi10Mg [28] supplied in a powder form
with a typical particle size of 20–63 µm. The process was
carried out in an industrial-grade EOS DMLS printing sys-
tem [29]. In the software package of the printing system,
the electronic model of each filter was properly placed with
a tilted posture. The tilted postures of the Filters A and C
are graphically exemplified in Fig. 13, and the posture of
the Filter D is the same as in Fig. 13(b). Properly tilting
the printing model ensured that the structure could be self-
supported when the laser-sintered metal powder was stacked
layer by layer. In this way, the model could be 3-D printed as
a single part without generating any metallic support inside
the cavities. This is important as the internal metallic support
could be hardly removed and would disable the device. Under
such postures, the metallic support, as illustrated in Fig. 13,
was only generated outside the cavities. The sintering was
performed using a 400-W yttrium fiber laser and a vertical
printing resolution of 60µmwas used. After the sinteringwas
done, the external metallic support was removed manually
from the as-printed workpiece. Then, the workpiece was
polished and sandblasted to reduce the surface roughness.
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TABLE 1. Critical dimensions of the designed fourth-order slotted hemispherical resonator waveguide filters.

FIGURE 13. Illustrations of the exemplified tilted postures of the filter
models for 3-D printing. The red dual-arrow symbols indicate the vertical
printing orientation. (a) The Filter A. (b) The Filter C.

V. MEASUREMENT AND CHARACTERIZATION
A. TRANSMISSION AND REFLECTION RESPONSES
The transmission and reflection responses of the 3-D printed
filters were measured by using a Keysight N5247A network
analyzer [30] under a two-port waveguide thru-reflect-line
calibration. The frequency responses at X and Ku bands were
measured individually. For the measurement of the Ku-band
response, a pair of X -to-Ku-band waveguide tapers were
used and the network analyzer was calibrated at Ku band.
EM-simulated and RF-measured frequency responses and
photographs of the fabricated filters are graphically pre-
sented in Figs. 14–16, showing good agreement. Note that
all the measured passbands exhibit a frequency shift (1f )
around 0.9% toward higher frequencies. The1f is attributed
to the volume shrinkage of the metallic printed cavities.
The shrinkage was induced in the laser sintering process
by the phase transformation and the contraction of solids
from the solidification temperature to ambient tempera-
ture [31]–[33]. This phenomenon is caused by intrinsic prop-
erty of the printing material and is hardly controllable in
the process of 3-D printing. Because of the shrunk cavities,
the resonant frequency of each resonator is increased and the
inter-resonator as well as external couplings are decreased.
This deteriorates passband return loss and decreases band-
width of the filter. The shrinkage also occurs in other
3-D printing techniques such as stereolithography apparatus
(SLA) [34], where it is induced by phase transformation
of photosensitive resins from liquid to solid. The shrinkage
appears to be more significant for metallic 3-D printed parts
because high temperature is involved in the process.

FIGURE 14. The metallic 3-D printed Filter A. (a) The EM-simulated and
RF-measured passband reflection and transmission coefficients. The
dotted lines represent the re-simulated performance of the filter taking
into account the volume shrinkage. The inset shows the S21 group delay
response. (b) The EM-simulated and RF-measured wideband reflection
and transmission coefficients. The inset is a photograph of the fabricated
Filter A.

As shown in Figs. 14(a), 15(a), and 16(a), the measured
passband RLs of the filters are greater than 15 dB, where
the RL is over 20 dB for the Filter C. The good passband
performance demonstrates high fabrication accuracy of the
employed DMLS process. The measured passband S21 group
delays of the filters are less than 6 ns.

The tolerance introduced by the volume shrinkage was
evaluated by performing EM simulation through slightly
reducing size of the filters’ cavities. The re-simulation
aimed to obtain passband responses in better agreement
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FIGURE 15. The metallic 3-D printed Filter C. (a) The EM-simulated and
RF-measured passband reflection and transmission coefficients. The
dotted lines represent the re-simulated performance of the filter taking
into account the volume shrinkage. The inset shows the S21 group delay
response. (b) The EM-simulated and RF-measured wideband reflection
and transmission coefficients. The inset is a photograph of the fabricated
Filter C.

with the measured ones. To simplify the analysis, the
re-simulation was first done in CST by uniformly scaling
the entire simulation model of each demonstrated filter,
making the filter model slightly smaller than the optimal.
Then, we ran the simulation and adjusted the scaling
factor, obtaining the re-simulated passbands that shifted
towards higher frequencies and were in better agreement
with the measured ones in term of center frequency. The re-
simulated passband responses of the filters are included in
Figs. 14(a), 15(a), and 16(a) for comparison. Next, we mea-
sured the dimensions in the scaled filter models and compared
them with the originals. The critical dimensions after scaling
are smaller than the originals in a range of 0.02–0.33 mm.
In particular, the scaled radii of the air-filled hemispherical
cavities are about 0.13 mm smaller for the Filter A, and about
0.18 mm smaller for the Filters C and D.

Note that this is only a simple estimation of the toler-
ance values. However, it provides good reference values
to further optimize the filter design and the process recipe

FIGURE 16. The metallic 3-D printed Filter D. (a) The EM-simulated and
RF-measured passband reflection and transmission coefficients. The
dotted lines represent the re-simulated performance of the filter taking
into account the volume shrinkage. The inset shows the S21 group delay
response. (b) The EM-simulated and RF-measured wideband reflection
and transmission coefficients. The inset is a photograph of the fabricated
Filter D.

of 3-D printing. Quantifying the tolerance accurately only by
simulation is complicated because the practical shrinkage is
not uniform and is dependent on many other aspects such as
geometrical characteristics of the cavities. The most accurate
method to quantify the tolerance and its influence on RF
performance of the filters is using X-ray microcomputed
tomography (micro-CT) to reconstruct 3-D electronic models
from the 3-D printed filters. The practical dimensions of
the filters can be measured directly from the CT-rebuilt 3-D
models and the models can be used directly to characterize
the RF performance through re-simulation.

An effective approach to minimize the impact of vol-
ume shrinkage is performing a structural compensation [35].
In particular, for cavity resonators and filters, this can be
done before the 3-D printing process by properly increasing
the volume of the air-filled cavity in the electronic model
according to the quantified tolerance values.

Themeasured wideband performance in Figs. 14(b), 15(b),
and 16(b) shows broad spurious-free stopbands of the fil-
ters, verifying suppression of the spurious resonances. The
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FIGURE 17. EM-simulated and RF-measured passband transmission
coefficients of the filters. In the simulation, pure aluminum was used for
the cavity boundaries and different surface roughness values were taken
into consideration. (a) The flip-type coupling geometry. (b) The inline
coupling geometry.

spurious-free regions have been extended to beyond 18 GHz
with stopband rejections better than 32 dB in a range up
to 16.2 GHz. The stopband rejection in this range could be
further improved to approach the simulated value (>40 dB) if
the shrinkage-induced tolerance were minimized. In the mea-
sured range, the worst stopband rejections are deteriorated
to 11–12 dB beyond 16.8 GHz.

A close-up view for the filters’ passband transmission
coefficients are shown in Fig. 17. The measured average
passband ILs for the Filters A, C, and D are 1.1, 0.6, and
0.9 dB, respectively, and they are higher than the correspond-
ing simulated values. The increased IL is mainly attributed
to the lowered electrical conductivity of the printed metal.
First, surface roughness of the metallic cavities was not
taken into account in the simulation. Secondly, the effective
electrical conductivity of the practical aluminum alloy is
intrinsically lower than that of pure aluminum used in the
simulation. To quantify influence of the surface roughness
on the passband IL, the surface profiles in several relatively
smooth regions of the metallic printed waveguide flanges
of the filters were measured by using a Bruker DektakXT
stylus profiler [36] based on contact profilometry. A linear
scanning range of 1mmwas used under a sampling resolution

FIGURE 18. Measured surface profiles of the 3-D printed aluminum alloy
in the waveguide flange regions of the filters. The profiles 1–3 were
measured from the Filters A, C, and D, respectively.

of 0.333 µm. The measured profiles are depicted in Fig. 18.
The average surface roughness (Ra) and root mean square
surface roughness (Rq) were measured directly in the profiler.
A group of measured typical Ra and Rq values are 2.775
and 3.429 µm, respectively. Taking into account the Ra value
of 2.8 µm, the re-simulated passband S21 parameters are
obtained and plotted in Fig. 17 for comparison. As can be
seen, under circumstance of pure aluminum (with an electri-
cal conductivity of 3.56 × 107S/m) cavity boundaries, this
roughness contributes to an increase of about 0.5–0.7 dB in
the passband IL. The corresponding practical Qcs of the top-
slotted and bottom-slotted hemispherical resonators are esti-
mated to be 1520. Several measures can be taken to reduce the
IL through improving the effective electrical conductivity of
the metal. For example, abrasive flow machining process can
be applied to polish the printed metal and further minimize
the internal surface roughness [37]. Then, a thick layer of cop-
per can be electroplated to perform as the primary conductive
layer [38]. Finally, a passivation layer of silver or gold can be
plated to prevent oxidation of copper [9], [18], [19]. It should
be noticed that the surface profiles in Fig. 18 were sampled in
limited regions of the printed metal and they cannot precisely
represent the morphology for the other surface areas. For
example, the roughness inside the cavity could be larger
because the internal surface could not be polished as well as
the outside. However, the measured roughness values are still
good references to evaluate the loss of the filter because the
re-simulated S21 parameters are close to the measured ones.

Fig. 19 shows the calculated loss (1 − |S11|2 − |S21|2)
of the demonstrated filters. This loss includes the conductor
loss from the metal and the radiation loss from the slots.
It can be seen that in the passbands this loss is in the range
of 0.5–1.2 dB mainly due to the conductor loss. On the other
hand, at several stopband frequencies this loss is significantly
larger (e.g., >4 dB) because of the enhanced radiation. It is
possible to mitigate impact of the stop radiation on external
circuits by attaching microwave absorbers onto the slots,
and further measured RF performance of the filters with the
absorbers [39] attached shows no significant difference to the
results in Figs. 14–16.
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FIGURE 19. The loss (1− |S11|
2 − |S21|

2) of the demonstrated filters.

FIGURE 20. Photographs of the setup in the anechoic chamber for
measuring far-field radiation patterns of the filter A. (a) At the passband
center frequency (measurement at X band). (b) At the stopband
frequencies (measurement at Ku band).

B. RADIATION PERFORMANCE
To rigorously evaluate radiation performance of the slotted
cavities, the far-field radiation patterns at the passband center
frequencies and several stopband frequencies atKu band with
the maximum loss (1 − |S11|2 − |S21|2) of the filters were
measured in an anechoic chamber. This was done at X and
Ku bands individually. In the measurement, the input waveg-
uide port of the tested filter was mated to a coaxial cable
of the chamber system and the output waveguide port was
matched to minimize the power reflection. This allows the
tested filter to work normally with the measured frequency
response. For the far-field measurement at X band, the input
port was transitioned to the coaxial cable through a WR-90-
waveguide-to-coax adapter and the output port was connected
to an X -band waveguide matching load. For the far-field
measurement at Ku band, the input port was transitioned to
the cable through an X -to-Ku-band waveguide taper in-series
cascaded to a WR-62-waveguide-to-coax adapter, and the
output port was connected to a Ku-band waveguide matching
load through the other X -to-Ku-band taper. The radiation

FIGURE 21. EM-simulated and RF-measured far-field radiation patterns
of the Filter A. (a) The simulated 3-D realized gain pattern at 12 GHz
showing the orientation with a peak gain of 5.27 dBi. (b) At 10.1 GHz.
(c) At 12.14 GHz. (d) At 14.2 GHz. (e) At 16.5 GHz.

patterns before and after the absorbers were attached to the
slots were measured. An exemplified measurement setup for
the filter A is shown in Fig. 20. To acquire the patterns
showing the strongest radiation, all the tested filters were
laid down horizontally in the xoz-plane (see Fig. 20), because
in this orientation the filters have the maximum simulated
realized gains. A simulated realized gain pattern of the Filter
A in the xoz-plane is illustrated in Fig. 21(a).
The EM-simulated and RF-measured far-field radiation

patterns of the filters are graphically compared in
Figs. 21–23, showing good agreement. At the passband cen-
ter frequency of 10.1 GHz, the measured realized gains are
mostly lower than −10 dBi. When all slots of the filters
are covered with the absorbers, the measured peak realized
gains are lower than −10, −18, and −18 dBi, respectively,
for the Filters A, C, and D. This verifies little radiation in
the passbands. For the Filter A, the measured peak gain at
the stopband frequency of 12.14 GHz is 5.187 dBi that is
close to the simulated value of 5.27 dBi. After slots on the
resonators ¬ and ¯ are covered with the absorbers, the mea-
sured peak gain is reduced to 1.451 dBi. The 1-mm thick
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FIGURE 22. EM-simulated and RF-measured far-field radiation patterns
of the Filter C. (a) At 10.1 GHz. (b) At 12.58 GHz. (c) At 14.6 GHz. (b) At
16.72 GHz.

FIGURE 23. EM-simulated and RF-measured far-field radiation patterns
of the Filter D. (a) At 10.1 GHz. (b) At 12.3 GHz. (c) At 14.6 GHz. (d) At
16.72 GHz.

absorbers provide an attenuation of about 4 dB (an attenuation
rate of ∼40 dB/cm at 12 GHz [39]). After all the slots
are covered with the absorbers, the measured peak gain is
further decreased to−0.015 dB. As can be seen in Fig. 21(c),
the patterns in cases of the slots all covered and partially

FIGURE 24. Measured peak realized gains for the filters with all slots
covered with the absorbers.

FIGURE 25. Simulated total efficiencies of radiation for the filters.

covered with the absorbers are very similar, verifying the
discussion in Section III A that the radiation at around
12 GHz mainly comes from the slotted resonators ¬ and ¯.
For the Filters C and D with the non-slotted resonators ¬
and ¯, the measured peak gains are as low as −15 dBi
at 12.58 and 12.3 GHz, respectively. At the other selected
stopband frequencies, the measured realized gains of the
filters with absorbers attached to the slots are smaller than
−10 dBi.

The measured peak realized gains and simulated total effi-
ciencies of radiation with relation to frequencies from 9 to
18 GHz are plotted in Figs. 24 and 25, respectively. The
practical total efficiencies were not obtained due to limitation
of the measurement facility. In this frequency range, the peak
realized gains of the Filters C and D are mostly lower than
−10 dBi, and the corresponding total efficiencies are smaller
than −20 dB. The result shows stopband radiation of these
filters much weaker than that of the Filter A. The peak
realized gains of the Filters C andD are increased at the higher
stopband edge, but the total efficiencies are still low, showing
very small leakage of the input power from the slots.

A quantitative comparison in major specifications of the
demonstrated filters with previous work is summarized
in Table 2. The cavity-slotted filters of this work are supe-
rior in much wider spurious-free stopbands over the results
in [11] and [13]–[15], and a spurious-free frequency ratio
of >1.8:1 with stopband rejections over 36 dB has been
achieved. The stopband rejections of the waveguide filters
in [16] and [17] are even higher, but they are more dependent
on the FBW and order of the filters. In spite of imperfection
in the filter performance in terms of relatively large ILs and
1f s, these prototypes successfully demonstrate the method
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TABLE 2. Comparison with previously reported 3-D printed waveguide BPFs.

of slotting cavity resonators for purpose of spurious suppres-
sion. In this work, the slots are functional geometries and are
in significant contrast to the ones in [13] and [18]–[20].

Finally, it should be mentioned that the limited number
of the demonstrated filters does not degrade the novelty of
this work. First, the proposed method to suppress spurious
resonances with slots can be applied to other types of cav-
ity resonators. Secondly, it can be extrapolated to design
even higher order filters with enhanced structural flexibility.
In addition, the presented filter structures can be implemented
by other polymer-based AM techniques such as SLA [40]
and digital light processing [41] with incorporation of copper
electroplating or electroless copper/silver plating process.
The polymer-based and copper-coated filters can have even
lighter weight due to a lower density of the polymer, and
furthermore much less conductor loss because of a smaller
surface roughness and a higher electrical conductivity of the
conductive layer.

VI. CONCLUSION
This work provides a method to effectively suppress
unwanted spurious modes in air-filled metallic hemispherical
cavity resonators to extend spurious-free stopbands of the
BPFs. A study focusing RF design, monolithic 3-D print-
ing, and characterization of slotted hemispherical resonator
waveguide BPFs has been presented systematically. The spu-
rious suppression is achieved by interrupting surface current
of the spurious modes of the resonator with slots, and signifi-
cantly enhanced stopband performance of the filters has been
experimentally validated. The high-quality metallic DMLS
process allows the complex filter geometries of this work to
be fabricated precisely. The filters demonstrate good pass-
band performance—average IL: 0.6–1.1 dB, RL: >20 dB,
and 1f : 0.9%–1%, and a spurious-free frequency ratio of

>1.8:1 with stopband rejections over 36 dB. Furthermore,
the radiation performance of the slotted filters has been quan-
tified, showing that the passband radiation is negligible and
the stopband radiation can be minimized by carefully design-
ing the coupling geometries, selectively assigning slotted cav-
ities to the resonant nodes, and covering slots with microwave
absorbers. The principle of slotting is also applicable to other
types of cavity resonators to enhance stopband performance
of the BPFs.
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