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ABSTRACT This paper proposes a high-Q multiband waveguide filter implementation using spherical
resonators and an in-band transmission zeros approach. Three prototype filters in Ku-band, one 3rd order
triple-band filter with a fundamental TM101 mode and two 5th order dual-band filters with TM101 and
TE101 modes, are designed to validate the model. Compared to the previous multiband waveguide filter
model using cylindrical resonators, the presented model can realise all expected N transmission zeros
between the bands, where N is the filter order, and has a 112% higher simulated Qu value. Meanwhile,
the designed very narrowband dual-band filter using spherical resonators with TE101 mode has about 287%
higher simulated Qu value than the same filter would have if using rectangular resonator with TE101 mode.
For experimental validation, the 3rd order triple-band filter was fabricated using Selective Laser Melting
since using traditional milling techniques is not feasible for spherical resonator filters. Monolithic near-net
shape fabrication eliminated assembly, improved reliability, and reduced weight. The measured results had
a relatively good agreement with the simulations. The measured insertion loss was about 0.54-0.72 dB at
the centre frequency of each band, which is a noticeable improvement over the 1.1 dB insertion loss of the
previous cylindrical resonator triple-band filter prototype. As there were some deviations between simulated
and measured results, the proposed design was inspected in detail, and several improvements for optimising
the design for Additive Manufacturing were suggested.

INDEX TERMS Dual-band filter, high-Q, in-band transmission zeros, metal 3-D printing, multiband filter,
spherical resonator, triple-band filter, waveguide filter.

I. INTRODUCTION
Multiband waveguide filters are used in communication
systems with multiple separated frequency bands to simplify
system architecture, reducing weight and cost [1], [2].
There are two primary implementations of multiband filters:
combining single-band filters via manifold or circulators or
using multimode resonators where each mode corresponds to
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a specific passband. The former approach provides the best
design flexibility [3], [4] but has a large footprint. The latter
method has lower design flexibility but significantly reduces
footprint [4], [5]. Another, less explored in the literature,
method of implementing multiband filters is an in-band
transmission zeros (TZs). This approach sits somewhere
between the two aforementioned methods. It has better
design flexibility but a larger size than multimode resonators
and lower design flexibility but a more compact size than
the manifold approach [4]. Thus, the in-band TZ approach
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presents an excellent middle ground between the two popular
implementations.

A high Q-factor is a critical characteristic of waveguide
filters. Low insertion loss is a significant property in
satellite communications where received power is very low;
thus, losses within the receiver may deteriorate the signal
quality. Spherical resonators inherently have a higher Q than
rectangular and cylindrical resonators for the same resonant
frequency, although with a somewhat smaller spurious-free
window. With the advent of Additive Manufacturing (AM),
it became rather feasible to fabricate complex shapes such as
curved surfaces and spherical cavities. Several works report
AM of spherical/ellipsoid resonator filters operating at a
fundamental TM101 mode [6], [7], [8], [9], [10]. A TM211
mode was used in [11] and [12] to further increase the Q-
factor. Recently, a TE101 mode was used to significantly
increase the Q-factor of spherical resonator filters, about
1.67 times compared to the fundamental TM101 mode
at 10 GHz [13], [14]. Besides a very high Q-factor, there are
a few other advantages to using TE101 mode. Namely, lower
dimensional sensitivity since cavities are larger; reduced
sensitivity to the surface roughness due to the electric field
being concentrated around the centre of the cavity, which
minimises the surface currents; and there are additional
transmission zeros in both lower and upper stopbands due to
higher order modes’ coupling.

Spherical resonators have also been used to design dual-
band dual-mode filters [15]. The same concept has been
extended to elliptical cavities in [16]. Both works used AM
to fabricate the prototypes as the geometry is unfit for Com-
puter Numerical Control (CNC) manufacturing. Spherical
resonators exhibited higher Q values than rectangular and
cylindrical dual-mode counterparts (the Q value in elliptical
cavity filters was not reported). However, in both cases, the
concept only applies to the dual-band filters. To the best
of the author’s knowledge, there are no reported multiband
spherical resonator filters specifically designed to have high
Q value. Therefore, this paper aims to fill the knowledge gap.

This paper presents a high-Q multiband filter implementa-
tion using spherical resonators. The proposed model uses an
in-band transmission zeros approach like the work presented
in [4]. However, there are some key differences:

• Due to the in-line topology of the main coupling path,
all expected N TZs between the passbands are realised,
where N is the filter order;

• Although there is no cross-coupling, there are TZs in the
upper stopband due to higher order modes’ coupling;

• Spherical resonators have higher Q value compared to
cylindrical resonators for the same resonant frequency;
hence lower insertion loss (IL) is expected;

• Even higher Q value can be achieved by utilising higher
order modes, such as TE101 [13], [14].

This paper is organised as follows. Section II details
the resonator analysis, coupling matrix (CM) synthesis for
compound resonator topology, filter design, and designed

FIGURE 1. Section view of E-field distribution of: (a) TM101 mode;
(b) TE101 mode.

dual-band and triple-band filter prototypes using different
spherical resonator modes. Section III presents the experi-
mental results of the triple-band filter prototype, discusses
options for further optimisation of the proposed model for
AM, and compares filter prototype performance with other
state-of-the-art waveguide single- and multiband filters.

II. FILTER DESIGN
A. SPHERICAL RESONATOR ANALYSIS
The spherical cavity supports the propagation of TMnmp and
TEnmp modes. The resonant frequency of both types of modes
can be calculated as follows [17]:

f TEnmp =
unp

2πr
√

ϵµ
(1a)

f TMnmp =
u′
np

2πr
√

ϵµ
(1b)

where r is the sphere’s radius and unp and u′
np are the p-

th roots of the n-th order spherical Bessel function and its
derivative, respectively.

This work uses the fundamental TM101 (u′
np = 2.744)

and higher order TE101 (unp = 4.493) modes. The
radii of the spherical cavity resonating at 15 GHz are
8.73 and 14.29mm for TM101 and TE101 modes, respectively.
Eigenmode simulations using CST Studio Suite confirmed
the accuracy of 1, as seen in Table 1.

The E-field distribution of both modes is displayed in
Fig. 1. TE101 mode is concentrated around the cavity centre
and, as a result, reduces surface currents on the cavity wall.
It should be noted that spherical cavities support several
degenerate modes for each mode. However, only one mode
is excited if there are no perturbations within the cavity.

Table 1 gives a simulated unloaded quality factor, Qu,
comparison for different resonator types. Spherical cavity
has about 73% and 287% higher Q-factor than rectangular
and cylindrical cavities operating at 15 GHz frequency for
TM101 and TE101 modes, respectively. Therefore, using a
spherical resonator should lead to a reduction of insertion loss
in designed filters.

B. COMPOUND RESONATOR TOPOLOGY
Several possible coupling topologies allow to have in-band
transmission zeros [1]. Among them, compound resonator
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TABLE 1. Comparison of different resonator types.

FIGURE 2. Single-band network transformation to the triple-band filter
compound resonator network.

topology is the only one that applies to the multiband filters,
i.e. where the number of bands is higher than two. This topol-
ogy allows the realisation of N TZs between each passband
and flexible control of centre frequencies and bandwidths.
The flexibility of the compound resonator approach was
demonstrated in [4], where the reconfigurability of dual-band
filtering characteristics was shown with several examples.

The compound resonator coupling topology for a
triple-band filter is shown in Fig. 2. The resonance of
the shunt resonators controls the realised TZs, i.e. shunt
resonators can be considered bandstop resonators. Naturally,
reflection poles are controlled by all resonators.

The key to the compound resonator approach is deter-
mining the coupling matrix. Brand et al. [18] developed
a synthesis method based on reactance transformations.
Therefore, for a detailed, in-depth coupling matrix synthesis
for compound resonator topology, the reader is directed
to [18]. However, for the sake of article cohesion, the main
synthesis steps will be briefly introduced. A triple-band
filter, which has the exact specification as the manufactured
prototype, synthesis will be used as an example to better
illustrate the filter design steps.

The compound resonator synthesis is based on a reactance
transformation method that develops a frequency mapping
function between a single-band prototype network and a
multiband compound resonator prototype network. In other
words, the function enables each resonator of a single-band

FIGURE 3. Frequency mapping function for a triple-band filter example:
band 1 is from 13.1 to 13.5 GHz, band 2 is from 14.3 to 14.7 GHz, and
band 3 is from 15.5 to 15.9 GHz.

prototype to be replaced with a compound resonator. The
process for a triple-band filter is illustrated in Fig. 2.

The frequency mapping function is composed of two
rational polynomials:

ωs(ωmi) =
pNbω

Nb
mi + pNb−1ω

Nb−1
mi + . . . + p1ωmi + p0

qNb−1ω
Nb−1
mi + . . . + q1ωmi + 1

=
P(ωm)
Q(ωm)

(2)

where ωs is the single-band prototype frequency variable,
ωm is the multiband prototype frequency variable, and Nb
is the number of bands. An example of the frequency
mapping function for a triple-band filter example is shown
in Fig. 3. The multiband filter passband edge frequencies
can be normalised using the standard lowpass to bandpass
transformation:

ωm =
1
1

(
ω

ω0
−

ω0

ω

)
(3)

where the frequencies in fractional bandwidth, 1, and centre
frequency, ω0, calculation are the frequencies of the lowest
band lower edge and highest band higher edge in the actual
frequency domain ω.

As the mapping function alternates between −1 and 1 in
ωs in the −1 to 1 range in ωm, it passes through 2Nb known
points. Therefore, a set of 2Nb coordinates for the triple-band
filter example may be constructed as follows:

{ωmi, ωs(ωmi)}

= {(−1, 1); (−0.6889, 1); (−0.0949,−1); (0.1895, 1);

(0.7364, −1); (1, 1)}, i = 1, 2, . . . , 2Nb (4)

The frequency mapping function in 2 can be rewritten as
follows:

P(ωmi) − ωs(ωmi)Q(ωmi) = 0, i = 1, 2, . . . , 2Nb (5)

Therefore, a set of 2Nb linear equations may be formed in the
matrix form:

AX = B (6)

where A is a 2Nb × 2Nb square matrix containing P(ωmi) and
−ωs(ωmi)Q(ωmi), X is a 2Nb column matrix containing the
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FIGURE 4. Prototype circuits: (a) single-band ‘‘lowpass resonator‘‘ with
frequency-invariant reactance; (b) triple-band compound resonator
(adapted from [1]).

unknown coefficients of polynomials P(ωm) and Q(ωm), and
A is a 2Nb column matrix containing the ωs(ωmi) values. The
full forms of A, B, and X matrices can be found in [18]. The
frequency mapping function is found by solving for X.

TheA, B, andXmatrices for the triple-band filter example
are as (7), shown at the bottom of the page.

The frequency mapping function can then be constructed:

ωs(ωm) =
−9.9782ω3

m + 0.709ω2
m + 6.692ωm − 0.3026

−4.2862ω2
m + 0.4064ωm + 1

(8)

The mapping function in 8 is plotted in Fig. 3.
The frequency mapping function may be considered

equivalent to an admittance function; therefore, it may
be synthesised as a one-port ladder network (compound
resonator), which can be used to replace each resonator of
any prototype network, as illustrated in Fig. 4 [1]. Classical
circuit synthesis techniques may be used to determine the
values of capacitors, frequency-invariant reactances (FIRs),
and inverters [1]. The values of the components for the
triple-band filter example are as follows:

CR1 = 2.3280 BR1 = 0.0553 MR12 = 1

CR2 = 0.9873 BR2 = −0.0122 MR23 = 1

CR3 = 4.3227 BR3 = −0.3564 (9)

The single-band prototype network is a simple 3rd order
in-line lowpass prototype with 20 dB return loss, which can

be synthesised using the classical methods [1]. The coupling
matrix for such a network is given as:

Ms =


0 1.0825 0 0 0

1.0825 0 1.0303 0 0
0 1.0303 0 1.0303 0
0 0 1.0303 0 1.0825
0 0 0 1.0825 0


(10)

Each resonator of the single-band prototype is replaced by
the compound resonator, as illustrated in Figs. 2 and 4. All
capacitors of both networks at the nodes have to be scaled to
unity to obtain the triple-band network coupling matrix. The
scaling operations are summarised in two steps, first for the
compound resonator network and second for the single-band
prototype network. First, scale the compound resonator
network components by: MR12 = 1/

√
CR1CR2, MR23 =

1/
√
CR2CR3, (Bi+BR1)/CR1 (Bi is the FIR of the single-band

prototype network), BR2/CR2, and BR3/CR3. Second, the
interresonator couplings in the single-band prototype network
coupling matrix have to be divided by CR1 and the external
couplings by

√
CR1 to scale the capacitors to unity.

The final triple-band network prototype coupling matrix is
shown in (11), at the bottom of the next page. In [4], a dif-
ferent multiband synthesis method based on multi-prototype
frequency transformation was used to obtain a similar
coupling matrix. However, the reactance transformation
method [18] is more suitable as it does not involve any
optimisation and is easy to implement for many bands and
filtering functions with cross-couplings.

C. TRIPLE-BAND FILTER USING TM101 MODE
The coupling matrix synthesis was briefly introduced in
the previous subsection. The external quality factor, Qe,
and interresonator coupling coefficient, k , graphs must
be determined using EM simulations to extract physical
filter dimensions from the coupling matrix. The singly
loaded resonator group delay and weakly excited coupled
resonators methods for extracting external quality factor and

A =


−1 1 −1 1 1 −1

−0.3269 0.4746 −0.6889 1 −0.4746 0.6889
−0.0009 0.0090 −0.0949 1 0.0090 −0.0949
0.0068 0.0359 0.1895 1 −0.0359 −0.1895
0.3993 0.5423 0.7364 1 0.5423 0.7364

1 1 1 1 −1 −1

 ,

B =


−1
1

−1
1

−1
1

 , X =


−9.9782
0.7090
6.6920

−0.3026
−4.2862
0.4064

 (7)
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FIGURE 5. 3rd order triple-band filter’s 3-D model using: (a) spherical
resonators in in-line topology; (b) cylindrical resonators in Olympic
topology [4].

FIGURE 6. Coupling matrix in 11 and optimised simulated lossless, c.f.
Table 2, responses of the 3rd order triple-band filter.

interresonator coupling coefficient, respectively, are outlined
in [19] and were used here.

The first designed filter is a 3rd order triple-band
using spherical resonator fundamental, TM101, mode.
It has the exact specification regarding centre frequencies

FIGURE 7. Initial and corrected, c.f. Table 2, simulated lossless frequency
response of 3rd order triple-band filter.

(13.3/14.5/15.7 GHz) and bandwidths (400 MHz for all
channels) as the one presented in [4] for easier comparison.
The coupling matrix of this filter is shown in 11. Unless
otherwise stated, all simulated results were obtained using
bulk aluminium conductivity, 3.56 × 107 S/m.
Fig. 5a shows the filter’s 3-D model, and Table 2

summarises the filter’s physical dimensions. The irises and
resonators are defined according to the coupling topology
shown in Fig. 2. The iris thickness, t iris, is defined as the
distance between adjacent resonators or port and resonator.
airis is the iris width, and r res is the resonator radius. The
height of all irises was set to 7.9 mm. The ports are standard
WR62 size. Also, the filter is symmetrical. For simplicity’s
sake, the dimensions defined in Table 2 are of non-blended
filter, i.e. none of the edges are blended. Hence, there
is a minor difference in simulated responses between the
non-blended filter and the manufactured filter prototype,
which had all edges blended.

Couplingmatrix and optimised filter response are shown in
Fig. 6. The agreement between the two curves is good. Fig. 7
shows the initial and corrected filter responses. The initial
dimensions are obtained directly from the couplingmatrix via
Qe and k graphs. However, two factors influence the accuracy
of physical dimension extraction.

The first is that the coupling matrix method is based
on frequency-independent lumped elements; hence, the
accuracy of extracting physical dimensions deteriorates as



0 0.7095 0 0 0 0 0 0 0 0 0
0.7095 0.0238 0.6596 0 0.4426 0 0 0 0 0 0

0 0.6596 −0.0124 0.4841 0 0 0 0 0 0 0
0 0 0.4841 −0.0824 0 0 0 0 0 0 0
0 0.4426 0 0 0.0238 0.6596 0 0.4426 0 0 0
0 0 0 0 0.6596 −0.0124 0.4841 0 0 0 0
0 0 0 0 0 0.4841 −0.0824 0 0 0 0
0 0 0 0 0.4426 0 0 0.0238 0.6596 0 0.7095
0 0 0 0 0 0 0 0.6596 −0.0124 0.4841 0
0 0 0 0 0 0 0 0 0.4841 −0.0824 0
0 0 0 0 0 0 0 0.7095 0 0 0


(11)
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FIGURE 8. Simulated lossless frequency response comparison of 3rd

order triple-band in-line filter and Olympic topology 3rd order triple-band
filter presented in [4].

the fractional bandwidth (FBW) increases beyond 10% FBW.
The FBW of the triple-band filter is 19.4%. The second and
far more influential is that Qe and k graphs are obtained
using a simple setup in simulations where resonators are only
coupled to the port or each other and the ports. Whereas
in the filter, c.f. Fig. 5a, each resonator is coupled to a
different number of irises/resonators. Therefore, a manual
dimension correction is necessary to obtain a reasonable
response for optimisation to account for additional loading
or lack of loading. In this case, only some resonators needed
a slight correction, c.f. Table 2, to move the bands into the
required position as shown in Fig. 7. It should be noted
that due to the nature of global EM optimisation, it is not
guaranteed to converge. Therefore, optimisation goals and
variable range must be appropriately selected, and even then,
multiple rounds of optimisation may be required to find the
optimal solution.

The middle branch of the filter, c.f. Fig. 5a, was moved
to the opposite side to remove design constraints between
the resonators of adjacent branches. Also, since overall FBW
is large, 19.40%, the physical coupling is strong too. That
means using spacing between resonators as a variable is
necessary to obtain sufficient coupling strength. Hence, the
main-line resonators intersect. Using the irises’ thickness
as an optimisation variable also increases the degrees of
freedom, which makes optimisation easier. In a filter where
overall FBW is small, all branches can be on the same side,
thus reducing weight as there are more common walls. Such
a case will be demonstrated in the following subsection.

The spherical triple-band filter in in-line configuration and
cylindrical triple-band filter in Olympic configuration [4]
responses are shown in Fig. 8. The in-line configuration
allows to realise all N transmission zeros between passbands.
Therefore, the rejection between passbands is higher.Without
cross-coupling, which is possible in Olympic topology (see
Fig. 5b), there is no TZ in the upper stopband; thus, the
selectivity of the upper band is lower. However, there are three
TZs further in the upper stopband resulting from higher order
modes’ coupling. Although it is impossible to control them,
they can still benefit rejection response in the stopband.

FIGURE 9. 5th order dual-band filter’s 3-D model using: (a) TE101 mode;
(b) TM101 mode.

Table 1 gives a comparison of the Q-factor for different
resonator types. Spherical resonator with the fundamental
mode has about 73% higher Q-factor than rectangular
and cylindrical resonators at 15 GHz working frequency.
However, in [4], cylindrical resonators with height, h =

5 mm, were used, which resulted in a Qu of 4402. The
lower height of the cylindrical resonators was used since
the first spurious is not from higher order modes of the
cylindrical resonator but from vertical coupling iris. Hence,
compared to [4], the theoretical Qu is about 112% larger when
using spherical resonators with fundamental mode. However,
a higher Q-factor comes at the cost of a somewhat smaller
spurious-free window.

D. DUAL-BAND FILTER USING TE101 MODE
The second designed filter is a 5th order dual-band using
spherical resonator TE101 mode to enhance the Q-factor
further. The passbands are centred around 14.575/14.85 GHz
with 100MHz bandwidth for both channels, i.e. with an FBW
of less than 1%. To compare the performance of TE101 and
TM101 modes, a third filter was designed using the exact
specification but with a TM101 mode. The electric fields of
both modes, and 3-Dmodels and frequency responses of both
filters are shown in Figs. 1, 9, and 10, respectively.

Filter with TE101 has TZs below and above the passbands
that can enhance the stopband rejection and filter selectivity.
These transmission zeros caused by the spurious modes’
coupling can be controlled to some degree by varying the
excitation angle of each resonator, i.e. coupling aperture
angular position w.r.t. each resonator. This was demonstrated
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TABLE 2. Main parameters of 3rd order triple-band filter design example.

FIGURE 10. Comparison of 5th order dual-band filters using TM101 and
TE101 modes: (a) wideband response; (b) in-band S21 response. 20
µ� · cm electrical resistivity was used in simulations.

in [14]. However, the filter with TM101 has a much wider
spurious-free window, with the first spurious resonance
appearing above 19 GHz.

The simulated frequency responses shown in Fig. 10 were
obtained using the effective metal resistivity of 20 µ� ·

cm that accounts for the bulk metal resistivity and surface
roughness. This value was previously reported to be accurate
for 3-D printed and post-processed (shot-peening) devices
using AlSi10Mg material [20], [21]. Fig. 10b shows an
insertion loss comparison between both designed filters.
While IL is also affected by the return loss (RL), and both
filters have slightly different RL, the difference between
expected IL in 3-D printed prototypes is evident.

As shown in Table 1, the theoretical Qu of the spherical
resonator working in TE101 mode is about 124% and 287%

FIGURE 11. Photo of the 3rd order triple-band filter prototype fabricated
using SLM (Renishaw RenAM 500Q machine).

higher compared to the spherical resonator with fundamental
TM101 mode and rectangular resonator, respectively. How-
ever, the spurious resonances appear relatively close below
and above the propagating mode, limiting the available
bandwidth for multiband operation. Furthermore, as the
cavity is larger and TE101 mode’s maximum electric field
is concentrated around the middle of the cavity, refer to
Fig. 1b, the realisable physical coupling is lower; hence, the
achievable bandwidth of each band is also limited.

Therefore, these filters that use higher ordermodes are only
suited for very narrowband applications. However, as is well
known, insertion loss degrades as the bandwidth decreases;
thus, a high Q value is crucial for very narrowband designs.

III. EXPERIMENTAL RESULTS AND DISCUSSION
To experimentally validate the proposed model, a 3rd order
triple-band filter using spherical resonators with fundamental
mode was manufactured using Selective Laser Melting.
The prototype was fabricated using AlSi10Mg powder. The
printed triple-band filter prototype is shown in Fig. 11.

A. MEASURED RESULTS
The prototype was tested as-built, i.e. no surface post-
processingwas applied. Themeasured results of themanufac-
tured prototype are shown in Fig. 12. The agreement between
the measured results and simulation is primarily good,
particularly in the second passband. Some discrepancies in
the first passband and in and around the third passband will
be discussed in detail in the following subsection.
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FIGURE 12. 3rd order triple-band filter prototype’s measured response
(inset: insertion loss).

FIGURE 13. Measured frequency response comparison of 3rd order
triple-band in-line filter and Olympic topology 3rd order triple-band filter
presented in [4] (inset: insertion loss).

The measurement setup was identical to the one in [22];
thus, the measured results include losses from two coaxial to
waveguide adapters. The simulated and measured insertion
loss is about 0.54-0.72 dB at the centre frequency of each
band. The measured in-band return loss is lower than 13 dB
across all bands.

Fig. 13 compares measured results with previously
reported cylindrical triple-band filter. The results are mostly
similar except for the third passband. However, the spherical
resonator filter exhibits two superior properties: the full
realisation of transmission zeros between the passbands and
lower insertion loss due to high-Q resonators.

Since the prototype was not post-processed, it would be
valuable to approximately evaluate the effective resistivity
of unpolished AlSi10Mg. The middle passband has the best
performance in terms of RL, which is only slightly lower
than simulated RL. Therefore, it was used to compare the
transmission coefficient, as shown in Fig. 14. The results
suggest that unpolished AlSi10Mg has an effective resistivity
of about 80 µ�·cm. Surface post-processing could reduce
resistivity to around 20µ�·cm, thus improving insertion loss
from 0.5 dB to 0.2 dB at centre frequency.

B. TOWARDS AM OPTIMISED DESIGN
There are two main discrepancies between the simulated and
measured results. The first is noticeably lower RL in the first
passband, and the second is the spikes in response around the
third passband.

FIGURE 14. Middle band’s measured transmission coefficient comparison
with simulated response using different effective resistivity values.
A frequency shift of 30 MHz was applied to the measured curve for easier
comparison.

A larger coupling value between the main-line resonators
causes the first deviation. Section view of the spherical
resonator triple-band filter prototype CAD model is shown
in Fig. 15a. Since main-line resonators overlapped, the iris
created is circular, and the formed ridge is very narrow.
The ridge was blended with a 0.5 mm radius to remove
the sharp edge. However, the rectangular coupling iris from
the middle main-line resonator to the first side branch
resonator intersects with the circular iris between the main-
line resonator, thus creating a sharp edge. Additionally,
as seen in Fig. 15a, the rectangular coupling iris between the
main-line resonators was not removed, creating unnecessary
fine features at the corners of the circular coupling iris.
Therefore, to improve 3-D printing quality and measured
performance, a larger blend radius should be used for circular
iris between main-line resonators, and rectangular coupling
iris between main-line resonators should be removed unless
the required coupling is small and resonators only slightly
intersect or do not intersect at all.

As seen in Fig. 13, the first passband’s measured
performance is very similar. In the cylindrical model, the
larger coupling between main-line resonators is caused by
the smaller metal post between three top-row resonators, c.f.
Fig. 15b, in the fabricated prototype. That post should also be
blended using a larger radius to improve the printing quality
and measured performance.

The second deviation, and to some degree the first,
is caused by monolithically 3-D printing spherical cavities,
resulting in sagging of the top surface because of the shallow
print angle at the top. The CAD model positioned in a
printing direction in 3-D printing build preparation software
QuantAM is shown in Fig. 16. The software recommends
supports inside the filter to support the overhanging top
surface. Since there would be no way of removing supports
inside, the prototypes were printed without them. One of
the two manufactured prototypes was cut in half to inspect
the quality of the inside surface. The two halves of the
cut prototype are shown in Fig. 17. There is a noticeable
difference in printing quality between the two halves. The
sagging of the top surface of the spherical cavities is evident.
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FIGURE 15. CAD model section views of: (a) spherical resonator
triple-band filter; (b) cylindrical resonator triple-band filter [4].

FIGURE 16. Side view of the cross-section of the prototype’s CAD model
in 3-D printing build preparation software QuantAM [23].

Furthermore, the top half has a downskin surface which
is much rougher than the bottom half’s upskin surface.
Also, the downskin surface roughness was exacerbated by
the sagging. Therefore, surface polishing should reduce
deviations between measured and simulated results.

There are several ways to improve the manufacturing
quality of the presented model. One is to print the filter in
two parts, thus avoiding overhangs and downskin surfaces but
requiring assembly. Printing in two parts would also allow
copper/silver plating to be applied, significantly improving
surface finish and electrical conductivity. Another is using
micro SLM with a thinner layer thickness, 7 µm [24],
compared to 25-30 µm in SLM. Thinner layers would
improve the surface finish and reduce the size of each
layer’s overhang, thus potentially reducing sagging at the
top of the spherical cavities. Although, thinner layers would
not entirely eliminate overhangs and sagging. Furthermore,
micro SLM has a smaller build volume and is a slower
process, making it more expensive. Yet another way would

FIGURE 17. Photo of the prototype’s top (left) and bottom (right) halves.

be to measure the initial prototype and compensate for
the dimensional tolerance in the build preparation software.
Adequate repeatability of SLM was proven in previous
works [20], [22], [25]; therefore, it should be possible to
eliminate systematic dimensional tolerance errors.

Additionally, surface post-processing should be applied
whether filters are printed in one or two parts to reduce
surface roughness and improve insertion loss [6]. While
copper-printed parts can be electro-polished using the
usual process, AlSi10Mg parts have a high silicon content
making them unsuitable for electro-polishing [22]. Recently,
an electrochemical polishing was proposed that reduced
surface roughness (Sa) by 87.7%, from 14.90 µm to 1.84
µm [26]. The effects of such electrochemical polishing could
be investigated in the future regarding the insertion loss
reduction.

C. COMPARISON WITH STATE-OF-THE-ART
Table 3 summarises a quantitative comparison of recently
reported state-of-the-art single- and multiband filters. A vari-
ety of filters with different specifications, manufacturing
technologies, materials, and post-processing techniques have
been selected.

The triple-band prototype has a comparable performance
in terms of IL and RL. Especially considering that no
post-processing was applied. As previously discussed, c.f.
Fig. 14, surface polishing would increase the IL to about
0.2 dB. At this point, the performance could be similar to
those filters manufactured with CNC. Additionally, AM has
the advantage of monolithic near-net shape fabrication,
eliminating assembly, improving reliability, and reducing
weight.
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TABLE 3. Comparison with previously reported state-of-the-art single- and multiband filters.

IV. CONCLUSION
This paper proposed a high-Q multiband waveguide filter
implementation based on the in-band transmission zeros
approach. Two prototype filters were designed using spher-
ical cavity resonators, one with a fundamental TM101 mode
and another with a higher order TE101 mode. The former
prototype filter was metal 3-D printed using Selective
Laser Melting. The measured results had a relatively good
agreement with simulations. Notably, the prototype exhibited
a lower insertion loss compared to the previous work,
which is promising for future high-Q multiband filters.
Furthermore, several suggestions were proposed to optimise
the filter design for Additive Manufacturing and hence
improve measured RF performance.

In the future, the same filter model could be post-processed
and retested to establish the effect of surface polishing. If the
results prove unsatisfactory, the same prototype could be
printed in two parts and copper/silver plating could be applied
to obtain better surface finish and higher conductivity.
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