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ABSTRACT This article presents a Ka-band fourth-order slotted spherical resonator waveguide bandpass
filter (BPF) with a wide spurious suppression stopband. It uses the first higher-order TM211 mode rather than
the fundamental TM101 mode of the spherical resonator in order to obtain a higher unload quality factor (Qu)
for smaller in-band insertion loss, as well as a larger filter volume that gives better tolerance to fabrication
errors in high frequency applications. By introducing slots that interrupt surface currents, the fundamental
TM101 and two higher spurious modes (TE101 and TM311) can be suppressed without compromising the
unloaded quality factor of the TM211 mode. In addition, the filter topology is optimized to further enhance
the suppression level of the spurious passbands. A Z-shaped topology has been found effective in decreasing
the coupling strength of the spurious TM311 mode. An analysis is performed to demonstrate the better
tolerance of the Z-shaped filter over the conventional TM101-mode spherical resonator filter. For verification,
a fourth-order slotted spherical resonator waveguide BPF with a center frequency of 31 GHz and bandwidth
of 880 MHz is designed and manufactured using a selective laser melting (SLM) 3-D printing process. The
measured results show an average in-band insertion loss of 1.53 dB, and a passband return loss better than
13.6 dB. The stopband of the filter is extended up to 40.9 GHz with a rejection level greater than 20 dB.

INDEX TERMS Bandpass filter, slotted spherical resonator, TM211, spurious suppression, selective laser
melting, 3-D printed.

I. INTRODUCTION
Microwave waveguide bandpass filters (BPFs) play an essen-
tial role in current communication systems due to their
advantages of low insertion loss and high-power hand-
ing capacity. Conventionally, waveguide BPFs using sim-
ple resonators such as rectangular and cylindrical shaped
resonators [1], [2] are usually fabricated by conventional
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computer numerical controlled (CNC) milling. Over the past
few years, 3-D printing (or additive manufacturing) has
found increasing applications in microwave BPFs [3]–[13].
For example, [3] reported a filter based on super-ellipsoid
resonators with excellent performance. In [6], quasi-elliptic
filters were realized using mushroom-shaped resonators.
Recently, spherical resonators have been shown to be suit-
able for 3-D printing [14]–[21], with ultra-low insertion
loss due to the high Qu of the printed resonators. How-
ever, they suffer from higher order modes that are close in
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frequency to the fundamental TM101 mode, and this degrades
the out of band performance of the filter. This problem
has been investigated by using the rotated topology [14],
the depressed super-ellipsoid cavity [3], and the slotted spher-
ical resonators [20], [21].

TABLE 1. Comparison of three types of resonators.

On the other hand, as mentioned in [14], higher order
modes of the spherical resonator offer higher Qus than that
of the fundamental TM101. The increased volume may be a
disadvantage at low frequencies, but a potential benefit for
high frequency components where the large volume gives
the filter a better tolerance to fabrication. In this work,
the first higher-order TM211 mode is utilized to design fil-
ters. Table 1 compares the characteristics of three types of
resonators (i.e., rectangular resonator, cylindrical resonator,
and spherical resonator) resonating at 31 GHz. These include
two spherical resonators working on the TM101 and TM211
modes. It is found that the TM211 mode has the highest Qu.
However, it suffers from a nearby spurious TE101-mode at
36.1 GHz that would deteriorate its stopband performance.

In this article, a novel TM211-mode slotted spherical res-
onator with suppressed spurious modes is proposed. Two
approaches are applied to suppress the spurious resonances.
Firstly, the fundamental TM101 mode and two higher spurious
modes (TE101 and TM311) are suppressed by slotting the
spherical resonator diagonally and interrupting their surface
currents. This results in a wide spurious-free stopband. The
surface current of the TM211 mode is not interfered with
and therefore its high Qu is maintained. Secondly, the fil-
ter topology is optimized to increase the suppression level.
The slotted spherical resonator filter arranged in an inline
topology suffers from a relatively shallow suppression of the
spurious passbands formed by the TE101 and TM311 modes.
To overcome this problem, the geometrical configuration of
the filter is arranged in a ‘‘Z’’ topology to achieve better
spurious suppression by decreasing the coupling strength of
the spurious TM311 mode. Compared with previous work
on spherical resonators [14]–[21], the proposed new design
concept based on high-order mode offers higher unload qual-
ity factor, and allows higher tolerance to fabrication, which
is critically important for practical applications. Moreover,
higher lower and upper spurious suppression can be achieved.

It should be mentioned that the proposed slotted spherical
resonator can also be utilized in other topologies, such as
cascaded trisection (CT) filters, extracted pole filters, and
canonical filters [22].

FIGURE 1. Simulated surface current distributions (side views) of
resonant modes in a two-port weakly coupled air-filled spherical
resonator. (a) TM101; (b) TM211; (c) TE101; (d) TM311. The parameter b
represents the height of the feeding rectangular waveguide.

II. SLOTTED SPHERICAL RESONATORS
The first four resonant modes of a spherical resonator are
the TM101, TM211, TE101, and TM311 modes [14], [21],
their simulated surface current distributions (side views) in
a weakly coupled spherical resonator are shown in Fig. 1,
while the corresponding top views of these modes can be
found in our previous work [21]. Here the structure is fed
by rectangular waveguides. The first higher TM211 mode at
31 GHz will be utilized to form the filter passband in this
work. The fundamental TM101 and the spurious TE101 and
TM311 are located at 22.0 GHz, 36.1 GHz, and 39.8 GHz,
respectively. Our goal is to suppress the unwanted modes
without decreasing the Qu of the TM211 mode. This is
achieved by introducing slots at the diagonal positions of
the spherical resonator, as shown in Fig. 2(a). The slots are
deliberately placed in parallel with the current induced by
the TM211 mode so that it causes minimal disturbance at
the TM211 frequency. However, for the other three modes
(TM101, TE101, and TM311), the slots intercept their current
paths, and radiation will be generated. In addition, the slots
are placed in the region with a small current density for the
TM211 mode, but with relatively large current densities for the
other three modes. Accordingly, without significantly inter-
fering the TM211 mode, the TM101, TE101, and TM311 modes
are suppressed via radiation. Fig. 2(b) shows the simulated
transmission responses of the unslotted and slotted resonators
fed with waveguides. The simulations are performed from
Computer Simulation Technology (CST) Studio Suite [23].

213216 VOLUME 8, 2020
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FIGURE 2. The proposed slotted spherical resonator with weak
waveguide external couplings. Feeding windows of 1.5 mm × 3.556 mm
are used. (a) A geometrical illustration (upper: A 3-D view; lower: A side
view). (b) Simulated transmission coefficients. The electrical conductivity
of 3.56 × 107 S/m was used in the simulation for cavity boundaries. The
slot dimensions are s = 1.30 mm, l = 10.8 mm.

It is evident that the three spurious modes are effectively
suppressed, while the TM211 mode is conserved.

FIGURE 3. EM-simulated transmission responses of the slotted spherical
resonator with different slot dimensions. (a) The transmission response
against slot length l . (b) The transmission response against slot width s.

Fig. 3 shows the simulated transmission responses of
the slotted spherical resonator against different slot dimen-
sions. As it can be seen, slot length l plays the main
role in suppressing the TM101, TE101 and TM311 modes.

Moreover, the suppression level on the TM101 mode is
stronger than that on the TE101 and TM311 modes. With
the increasing length l from 8 to 12 mm, the suppression
level on the three modes is significantly enhanced, as shown
in Fig. 3(a). This is because the current densities of the
TM101, TE101, and TM311 modes are concentrated in the
slotted region. The slot width s can also be utilized to increase
the suppression level, as shown Fig. 3(b), but the effect is
much weaker.

To confirm the slots do not have a significant impact on
the Qu of the TM211-mode, the radiation quality factor (Qr)
of the TM211 mode can be found from simulation. The loaded
quality factor (QL) can be calculated as

QL = f0/1f3dB (1)

where f0 and 1f3dB represent the resonant frequency and the
3-dB bandwidth with respect to the magnitude of S21 at f0.
From [22], the QL of the slotted spherical resonator in free
space can be expressed as

Q−1L = Q−1e + Q
−1
c + Q

−1
r (2)

where Qe, Qc, and Qr are the external quality factor, con-
ductor quality factor, and radiation quality factor, respec-
tively. The unloaded quality factor (Qu) can be expressed by
Qc and Qr, i.e.,

Q−1u = Q−1c + Q
−1
r (3)

In order to obtain Qr due to the slots for the TM211 mode,
we set the conductor making the sphere to be a perfect
electrical conductor (PEC) to make Qc infinite. To negate
the effect of Qe, a weakly coupled resonator as shown
in Fig. 2(a) is simulated by making a very small coupling
aperture (1.5 mm × 3.556 mm). Hence, the simulated QL
was approximately equal to Qr. It is found Qr is around
3.5 × 106. Qc is calculated by simulating the resonator
again with conductor set as aluminum (using an electrical
conductivity of 3.56 × 107 S/m). Qc is founded to be around
7.12 × 103, which is much lower than the value of Qr. This
shows that the radiation loss caused by the slots is negligible.

Fig. 4 plots the calculated quality factors of the slotted
spherical resonator for the TM211-mode against various slot
dimensions. In Fig. 4(a), as l increases from 4 to 12 mm, Qc
and Qu are only reduced by less than 2.8%. Qr is reduced by
over 63% within the inspected region. Similarly, in Fig. 4(b),
as s increases from 0.8 mm to 1.6 mm,Qc andQu are reduced
by less than 2.4%, and Qr is reduced by over 45%. Both
results in Fig. 4 indicate that the increased slot dimensions
introduce negligible conductor loss for the resonator. The
value of Qr is much larger than Qc, indicating very little
radiation loss for the TM211 mode. It should be mentioned
that the decreasedQu of the TM211 mode within the inspected
region is still much larger than that of the fundamental TM101
mode (i.e., 6215, as shown in Table 1).
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FIGURE 4. Simulated TM211-mode quality factors of a slotted spherical
resonator under different slot dimensions. (a) The quality factors versus
slot width l . (b) The quality factors against slot length s.

FIGURE 5. Illustration of the in-line fourth-order Ka-band BPF based on
slotted spherical resonators. (a) A 3-D view. (b) A side view. (c) Cross
section view. Critical dimensions of the filter in millimeters are a = 7.112,
b = 3.556, wS = 4.58, r1 = r4 = 5.59, r2 = r3 = 5.69, r12 = r34 = 2.26,
r23 = 2.16, twall = 2. The slot dimensions of the resonators (si and l i
denoted in Fig. 1(a), i = 1, 2, 3, and 4 for the i th resonator) are
s1 = s4 = 1.3, and l1 = l4 = 10.74, s2 = s3 =1.3, and l2 = l3 = 10.72.

III. FILTER DESIGN
A. INLINE TOPOLOGY
For demonstration, a fourth-order waveguide BPF based
on the proposed slotted resonator is designed. The filter is
firstly designed in an inline topology as shown in Fig. 5(a).

FIGURE 6. Extracted Qe, K12 (= K34) and K23 values from EM simulation.
(a) Qe versus ws. (b) K12 (= K34) or K23 versus r12/r34.or r23.

It consists of four coupled slotted spherical resonators with
input and output feed waveguides. The filter is designed with
center frequency of 31 GHz, bandwidth of 880 MHz, and
passband return loss (RL) of 20 dB. Based on the coupling
matrix approach [22], the required denormalized external
quality factors and coupling coefficients are obtained as
QeS = QeL = 32.87, K12 = K34 = 0.0258, and K23 =

0.0198. The external quality factors QeS/QeL can be adjusted
by the aperture width ws as shown in Fig. 5(b). The inter-
resonator coupling coefficients K12/K34 and K23 can be con-
trolled by the radius r12/r34 and r23, respectively, as shown
in Fig. 5(c). Figs. 6(a) and 6(b) plot the extracted exter-
nal quality factors and inter-resonator coupling coefficients
against the aperture width ws and the radius of the coupling
iris, respectively. The initial dimensions of the filter can be
obtained from Fig. 6. It should be noted that enlarging the
slot dimensions not only improves the suppression level of
spurious passbands, but also increase the in-band insertion
loss of the filter due to the decreased Qu of the TM211
mode. Therefore, the slots dimensions should be carefully
selected to obtain a balance between the in-band insertion loss
and the suppression level. The dimensions of the filter after
optimization are given in the caption of Fig. 5.
Fig. 7 shows the simulated frequency responses of the

slotted filter in comparison with that of the unslotted filter.

213218 VOLUME 8, 2020
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FIGURE 7. EM-simulated frequency responses of the unslotted and
slotted BPFs arranged in inline topology.

It can be seen that the spurious passband constituted by
TM101 mode at 22.65 GHz is well suppressed, but the
suppression level on the spurious passbands constituted by
TE101 and TM311 modes at 36.97 and 38.96 GHz is poor.
To improve this, a new BPF arranged in ‘‘Z’’ topology is
proposed in the following section to achieve a better spurious
suppression stopband without enlarging the slots dimensions
significantly.

FIGURE 8. Illustration of the Z-shaped fourth-order Ka-band BPF.
(a) A 3-D view. (b) A side view (c) cross section view. Critical dimensions
of the filter in millimeters are a = 7.112, b = 3.556, wS = 4.58, r1 = r4 =
5.68, r2 = r3 = 5.77, r12 = r34 = 2.12, r23 = 2.03, twall = 2. The slot
dimensions of the resonators (si and l i denoted in Fig. 1(a), i = 1, 2, 3,
and 4 for the i th resonator) are s1 = s4 = 1.3, and l1 = l4 = 10.73,
s2 = s3 = 1.3, and l2 = l3 = 11.04.

B. ‘‘Z’’ TOPOLOGY
The ‘‘Z’’ topology is shown in Fig. 8, where the resonator 1
and resonator 2 as well as the resonator 3 and resonator 4 are
coupled horizontally, and the resonator 2 and resonator 3 are

FIGURE 9. (a) EM-simulated frequency responses of the unslotted BPFs
with inline topology and ‘‘Z’’ topology and slotted BPFs arranged in ‘‘Z’’
topology. (b) EM-simulated frequency responses of the slotted BPFs
arranged in inline topology and ‘‘Z’’ topology.

coupled vertically. Referring to Fig. 1(d), the current density
on the top and bottom of the spherical resonator at TM311
mode is small. Therefore, the ‘‘Z’’ topology can decrease
the coupling strength of the spurious passband constituted
by the TM311 mode. To illustrate the concept, Fig. 9(a) com-
pares the frequency responses of the unslotted BPFs arranged
in inline topology and ‘‘Z’’ topology and the slotted BPF
arranged in ‘‘Z’’ topology with the same passband speci-
fications. It is found that the TM311-mode spurious pass-
band at 38.96 GHz of the unslotted BPF arranged in ‘‘Z’’
topology (denoted with red dash line) has been suppressed
effectively.Meanwhile, due to the influence of the suppressed
TM311-mode spurious passband, the TE101-mode spurious
passband is shifted slightly. With further introduction of slots
on the unslotted ‘‘Z’’ topology BPF, the slotted BPF achieves
an enhanced spurious suppression stopband. Furthermore,
Fig. 9(b) shows the simulated results of the slotted ‘‘Z’’
topology BPF compared with that of the slotted inline topol-
ogy. As it can be seen, the proposed ‘‘Z’’ topology BPF
improves the suppression level by around 13.5 dB compared
with the slotted inline filter. The optimized dimensions of the
proposed filter are shown in the caption of Fig. 8.
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C. TOLERANCE ANALYSIS
The tolerance analysis is utilized to determine the sensitivity
of the filter frequency response with reduced dimensional
tolerances as a result of the fabrication. As mentioned in
the introduction, the volume of TM211-mode spherical res-
onator (i.e., 882 mm3, working at 31 GHz) is larger than
that of the TM101-mode resonator (i.e., 310 mm3), giving
the filter a better tolerance to fabrication errors at high fre-
quencies. Here, a tolerance analysis is performed to show the
advantage of the Z-shaped slotted filter over the conventional
TM101-mode spherical resonator BPF in terms of better tol-
erance performance.

FIGURE 10. Sensitivity analysis to fabrication tolerances (±10 µm) of
(a) the slotted ‘‘Z’’ topology BPF. (b) the TM101-mode spherical resonator
BPF with inline topology. Black solid lines: original optimized responses;
Gray lines: tolerance responses.

One hundred simulations using randomly varied filter
dimensions with a tolerance of ±10 µm are carried out.
Figs. 10(a) and 10(b) show the resultant responses (grey
lines) against the original optimized one (black solid lines)
for the Z-shaped slotted BPF and conventional TM101-
mode spherical resonator filter, respectively. As expected,
the results indicate that the high-order mode Z-topology filter
is less sensitive to dimensional changes than the conventional

FIGURE 11. (a) Illustration of the printing orientation of the BPF model
with the red arrows indicating the printing direction. (b) Fabricated filter
(left: A top view; right: A view from waveguide). (c) The frequency
performance. (d) The loss factor (1 − |S11|

2 − |S21|
2).

fundamental mode filter. The return loss of the proposed
filter drops from 20 to 10 dB in the worst case. Whereas the
conventional one, deteriorates from 20 to 7 dB. In addition,
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TABLE 2. Comparison with some reported 3-D printed BPFs.

the proposed filter exhibits smaller passband shift and band-
width variation. Therefore, the high-order mode slotted filter
offers a better tolerance, and thus easier fabrication can be
gained.

IV. FABRICATION, MEASUREMENT, AND DISCUSSION
The complex geometry of the filter would normally require
time-consuming CNC milling in a split-block form and
then assembly using screws. Here, a metal-based SLM 3-D
printing technique was employed to produce the filter in a
monolithic form without requiring any assembly. The filter
was printed with an aluminum-silicon-based alloy AlSi10Mg
(89 weight percent (wt. %) aluminum, 9.5 wt. % silicon,
and 1.5 wt. % others) in a powder form with particle sizes
ranging from 15 to 53 µm. The printing orientation for the
filter is illustrated in Fig. 11(a), Due to the self-supporting
capability of the spherical shaped resonators, no supporting
structures are required inside the cavity filter. The metallic
supports for the slots and outside the filter can be manually
removed with little effect on the microwave performance.
A chemical polishing process was utilized to reduce the sur-
face roughness of the printed device. Fig. 11(b) shows pho-
tographs of the fabricated filter. Themeasurement was carried
out by Agilent Vector Network Analyzer E8362C. Since the
Ka-to-K -band and Ka-to-U -band waveguide tapers were not
available, the frequency responses at K -band (18-26.5 GHz)
and U -band (40-60 GHz) were not measured. Here we give
the measured results at Ka-band. The measured frequency
responses compared with simulations are shown in Fig. 11(c),
showing a good agreement. The measured average passband
insertion loss (IL) is 1.53 dB in comparison with the simu-
lated IL of 0.46 dB (based on an ideal electrical conductivity
of 3.56 × 107 S/m for aluminum). Assuming the increased
IL is solely due to the surface roughness of the printed filter,
this would mean an equivalent root square roughness (Rq)
of 3.5µm (shown in the inset of Fig. 11(c)). However, the alu-
minum is not perfect so this is an upper limit. Assuming
the increased IL is solely due to the electrical conductivity
of the printed filter, the effective electrical conductivity of
the filter was fitted as 1.2 × 106 S/m from the measured
in-band IL in CST Studio Suite, which is much lower than

that of the aluminum (=3.56 × 107 S/m). In addition, from
the inset, the simulated average ILs of the unslotted and
slotted filters are 0.23 dB and 0.46 dB, respectively. The IL
difference is 0.23 dB, which is very small and corresponds to
the radiation loss. Due to the relatively low metal electrical
conductivity and high surface roughness, the measured Qu of
the slotted resonator is about 493 using the estimationmethod
described in [22]. The measured Qu of the proposed filter
can be significantly improved by using the SLA 3-D printing
process, which offers higher electrical conductivity and lower
surface roughness as demonstrated in our previous work [21].
The measured return loss (RL) is better than 13.6 dB. The
measured frequency shift (1f ) and bandwidth are 1.1%
(341 MHz) and 822 MHz, respectively. This is induced
mainly by shrinkage of the printed coupling irises and res-
onators [24], which can be compensated for by offsetting
the filter dimensions in the CAD design before fabrication.
In addition, the filter shows a 20-dB spurious suppression
stopband up to 40.9 GHz as predicted by the simulation and a
13.5-dB spurious suppression stopband up to 44.2 GHz, with
the spurious passbands at around 22.65, 36.97 and 38.96 GHz
suppressed. From the simulation, the first spurious passband
appears beyond 44.3 GHz. It should be mentioned that a
higher order slotted spherical resonator filter or an additional
band notch structure can be employed to increase the rejection
level of the lower and upper stopband.

It should be noted that radiation occurs in the lower and
upper stopband, which can be quantified by the loss factor
(1 − |S11|2 − |S21|2) of the filter, as demonstrated
in Fig. 11(d). Strong radiation of the spurious modes is
evident; the frequencies at lower and upper stopband with
the maximum loss of the loss factor (1 − |S11|2 − |S21|2)
are 22.7 and 40.6 GHz, while within the passband the sim-
ulated insertion-loss difference between the unslotted and
slotted filters is less than 0.23 dB, corresponding to the radia-
tion loss. Therefore, the slots introduce negligible radiation
within the passband, but strong radiation of the spurious
modes at the lower and upper stopband. Note that due to
the slots introducing negligible radiation within the passband,
any coupling effect between two adjacent slots/resonators
at frequencies within the passband is also insignificant.
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The potential interference due to the radiation to external
circuits can be alleviated by covering the slots with absorbing
materials. The passband and stopband measurement results
of the filter with the absorbing materials show no significant
difference from the ones in Figs. 11(c) and 11(d). Finally,
a comparison of the proposed filter to previous related work
is summarized in Table 2.

V. CONCLUSION
ATM211-mode slotted spherical resonator has been presented
in this article. Benefiting from the slots, the fundamental
TM101 and two higher spurious modes (TE101 and TM311)
can be rejected without decreasing the Qu of the TM211
mode significantly. In addition, A Z-shaped topology is pro-
posed for the filter to achieve better spurious suppression
by decreasing the coupling strength of the spurious TM311
mode. A prototype filter has been manufactured by SLM 3-D
printing process to verify the proposed idea. The presented
slotted resonator filter offers a 20-dB spurious suppression
stopband up to 40.9 GHz. It is worth mentioning that the
monolithic building of the filter offers a major advantage for
high power applications.
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