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Technological Investigation of Metal 3D Printed
Microwave Cavity Filters Based on Different

Topologies and Materials
Povilas Vaitukaitis, Graduate Student Member, IEEE, Kenneth Nai, Jiayu Rao, Graduate Student Member, IEEE,

Mustafa S. Bakr, Member, IEEE, and Jiasheng Hong, Fellow, IEEE

Abstract—This paper presents metal 3D printed wideband
bandpass filters based on a deformed elliptical cavity resonator.
The resonator can produce a wide stopband response by re-
alising arbitrary real-frequency transmission zero at prescribed
frequencies. The design procedure of canonical filtering functions
is detailed. Six design examples of bandpass filters are presented
to validate the design methodology. Three of the designed filters
were metal 3D printed using Selective Laser Melting in AlSi10Mg
and commercially pure copper for experimental verification.
Copper filter prototypes were printed in one piece and electro-
polished to improve the surface finish. Aluminium filters were
printed in three different orientations to the wiper to investigate
the influence on RF performance. All measured results have
a good agreement with simulations. Furthermore, an in-depth
review and discussion of Additive Manufacturing techniques
for producing complex microwave components and strategies to
mitigate the drawbacks of AM are given.

Index Terms—AlSi10Mg, copper, deformed cavity resonator,
metal 3D printing, printing orientation, selective laser melting,
waveguide filter, wideband bandpass filter, wide stopband.

I. INTRODUCTION

M ICROWAVE filters are a crucial part of many wire-
less communication applications. As those applications

evolve and the spectrum becomes ever more crowded, the
requirements for microwave filters are becoming increasingly
stringent. Therefore, there has been a significant amount
of research concerning improving RF performance, reducing
footprint, and integrating different functions for all types
of bandpass filters. At higher frequencies, waveguide filters
dominate as they provide the required low insertion loss and
high power handling.
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Traditionally, waveguide filters are manufactured using
Computer Numerical Control (CNC) machines. CNC has good
dimensional accuracy and surface finish but produces rather
bulky parts in several pieces. On the other hand, Additive
Manufacturing (AM) or 3D printing can monolithically fab-
ricate parts with reduced weight and footprint. Furthermore,
AM offers design freedom which allows the design of complex
shaped components [2]–[10], integration of different functions
[2], [5], [6], [8]–[10], and monolithically manufacture com-
ponents [2], [4], [7] and subsystems [2], [8]–[10]. However,
two main disadvantages of 3D printing must be considered:
lower dimensional accuracy and rougher surface finish com-
pared to CNC. Both of these can be mitigated using various
post-processing techniques such as copper/silver plating or
polishing processes to improve surface finish and post-tuning
techniques using screws to compensate for dimensional inac-
curacies.

Furthermore, 3D printed microwave component perfor-
mance can be improved by selecting the most appropriate
3D printing system parameters such as printing orientation,
laser power, laser raster path, powder size, and layer thickness
[11]–[13]. These parameters, among others, are used in the
prediction and optimisation models, which can help improve

Fig. 1. Renishaw RenAM 500M machine build chamber detail. The direction
of the gas flow and wiper are indicated in red and black arrows, respectively
[1].
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(a) (b)
Fig. 2. Side view of the 3D model of the basic resonator with: (a) moving
rectangular apertures; (b) split elliptical cavity halves.

dimensional accuracy and surface finish [14], [15]. Different
printing orientations such as horizontal, vertical, and at a
45° angle, laser power, laser raster path, and various post-
processing techniques were investigated previously in regards
to RF performance [12], [13], [16], [17]. This paper considers
another aspect of printing orientation: part orientation to the
wiper. As part of the powder delivery system, the wiper
spreads the next powder layer onto the build platform, as
illustrated in Fig. 1. Orientation to the wiper can affect the
melt pool and, thus, the grain structure of the manufactured
part. Three orientations, 0°, 45°, and 90° to the wiper, were
investigated by comparing the performance of broadband
bandpass filters.

The filters presented in this work are based on the de-
formed elliptical cavity resonator. The preliminary results of
a prototype filter using this resonator were introduced in a
conference paper [18]. This paper expands upon those results
in several ways. First, it introduces a modification to the
resonator, which can improve the performance, and verifies it
with two designed filters. Second, it presents two 3D printed
commercially pure copper filter prototypes, one with smaller
fractional bandwidth (FBW) and another with a higher centre
frequency (f0) than the filter prototype in [18]. Third, it
compares three different printing orientations to the wiper
effect on performance. Lastly, it discusses Stereolithography
(SLA) and Selective Laser Melting (SLM) 3D printed mi-
crowave components, the most suitable applications for each
manufacturing technique, and SLM parameters and the use
of prediction and optimisation models to improve the RF
performance of microwave components.

II. RESONATOR

A. Basic Resonator

For the sake of brevity, the information in the conference
paper [18] will not be repeated here. Therefore, the basic
resonator model, parameters1, response, H-fields of propagat-
ing modes, features such as transmission zero control and
spurious suppression, and other relevant information can be

1ares = 5.25 mm.

Fig. 3. Simulated frequency response of the resonator when TM110 mode is
excited.

found in [18]. However, one thing should be noted about
this resonator that was omitted from the conference paper.
Contrary to traditional elliptic cavity resonators, the resonance
of a deformed elliptical cavity resonator can be significantly
red-shifted when the waveguide ports are attached, resulting
in notable savings in volume and mass. One port is enough to
lower the TE101 resonance, although it resonates at a slightly
higher frequency, 16.198 GHz, compared to a resonator with
two ports, 15.005 GHz, for the base case. Quasi-TE102 mode
resonates at a higher frequency until both waveguide ports are
in place.

B. Types of Resonator

There are two types of possible modifications to the basic
resonator. The first one is moving rectangular apertures, dis-
played in Fig. 2a, to break the symmetry of excitation of the
elliptical cavity and thus excite TM110 mode of the elliptical
cavity to obtain additional pole and TZ. The second is adding
a metal plate through the middle of the elliptical cavity to
form a narrow iris, shown in Fig. 2b, which splits one of the
propagating modes, quasi-TE102, into two, thus introducing an
additional pole and TZ. The former modification is discussed
in this paper with its implementation and advantages demon-
strated, while the latter was comprehensibly addressed in [4].
Both of these modifications can help enhance some aspects of
filter performance.

C. Excited TM110 Mode

This modification, shown in Fig. 2a, was briefly introduced
in [18]. There are two ways to excite TM110 mode. Case 1 -
moving rectangular apertures to the same (hin = hout) and case
2 - opposite (hin = -hout) sides in the y-axis. In both cases,
hin = 0.3 mm and all other parameters are the same as for
the base case in [18] (the length of the ports is 3 mm). The
response of both cases can also be found in [18].

The position of TZ depends on the relative position of
rectangular apertures, but in both cases, an additional pole and
transmission zero are introduced. Since the pole is far from
the passband, this might seem counterproductive, considering
it significantly reduces the spurious-free window. However,
manipulating resonator parameters makes it possible to bring
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(a)

(b)
Fig. 4. Perspective view of the 3D model of the cascaded resonators: (a)
standard scheme; (b) with NRN scheme.

Fig. 5. Simulated frequency response of the cascaded resonators in standard
and with NRN schemes.

the pole into the passband, as displayed in Fig. 3. Again, the
response depends on whether both rectangular apertures are
moved to the same or opposite sides. In both cases, there are
three poles in the passband and two TZs in the stopband. The
TZ introduced with TM mode can be moved closer to the
passband than the other TZ, thus improving selectivity. This
comes at the cost of a shorter spurious-free range and reduced
ability to control the original semi-independent TZ.

D. Cascading Resonators

There are two ways to couple resonators to design filters.
The first is simply connecting two elliptical cavities via the
present rectangular aperture of the resonator, as illustrated in
Fig. 4a. The second is using a large waveguide section to serve
as a non-resonating node (NRN) to couple the two resonators,
as shown in Fig. 4b. Fig. 5 shows the frequency response of
both cases. In the standard scheme, there are only three poles
in the passband because one of the resonant modes, TE101, is

(a)

(b)

(c)

(d)

(e)

(f)
Fig. 6. Side view (not to scale) of the 3D model of: (a) filter A; (b) filter B;
(c) filter C; (d) filter D; (e) filter E; (f) filter F.

detuned due to the loading effect at the interface. An NRN
can be used to couple the resonators to compensate for the
loading effect. In this case, all modes are excited at the desired
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frequency.
While using NRN gives an additional pole in the passband,

there are two main drawbacks to using NRN. First, due to
the NRN, another spurious appears in the stopband, at 24.24
GHz in Fig. 5. Second, NRN is as large as the elliptical cavity
section; therefore, it is more efficient to replace it with another
resonator, which gives an additional pole and transmission
zero. Considering these two drawbacks, it is clear that the
standard scheme of cascading resonators, as presented in Fig.
4a, is a more optimal approach.

Therefore, all filter prototypes use this method of coupling
resonators. Hence, the filter order is always equal to the
number of elliptical cavities plus one, and the number of TZs
equals the number of elliptical cavities. In cases where TM
modes are excited, filter order and the number of TZs increase
by the number of excited TM modes.

E. Filter Design

Filter design was discussed in-depth in [4] with an example
of a filter using the modified resonator with an additional
plate. The same design strategy applies to the filters using a
basic deformed resonator and resonator with an excited TM110
mode. The filter design can be summarised as follows: 1)
perform a parametric study of all parameters versus all prop-
agating modes and transmission zeros; 2) scale the base case
resonator to the desired centre frequency; 3) using parametric
curves, place transmission zeros and adjust bandwidth and
centre frequency to obtain a reasonable initial response; 3)
use global optimisation techniques to obtain final parameter
values. This design strategy was used for all prototypes and
has been relatively successful and easy to use.

III. PROTOTYPE FILTERS

Six filter prototypes, displayed in Fig. 6, were designed,
and three of them, namely filters A, E, and F, were metal 3D
printed for experimental verification. All three manufactured
filters were metal 3D printed using SLM with RenAM 500
AM system [19] at a 45° angle to the build plate. The material
used was aluminium alloy, AlSi10Mg, powder for filter A and
commercially pure copper (>99.5%) powder for filters E and
F.

Filters C and D are based on the modified resonator with
an excited TM110 mode, while filters A, B, E, and F are based
on the basic deformed resonator. Filters A, B, C, and D are
centred at 15.06 GHz with 18.26% FBW, filter E is centred at
14.23 GHz with 10.54% FBW, and filter F is centred at 24.87
GHz with 20.10% FBW. Each filter, except for filter B, is
presented and discussed in this section. Filter B, 3D model and
frequency response shown in Figs. 6b and 8, respectively, has
been designed to showcase that this resonator is also suitable
for higher order filters.

Measurement set-up is shown in Fig. 7. The test fixture
included two coaxial to waveguide adapters besides the DUT.
The calibration reference plane is at the end of coaxial cables,
as indicated in Fig. 7. Agilent Technologies 4-port 10 MHz
- 50 GHz Network Analyzer N5225A and 3.5 mm 85052D
calibration kit were used for all measurements. All measured

Fig. 7. Photograph of the measurement set-up with the calibration reference
plane and filter indicated.

Fig. 8. Simulated frequency response of filters A and B.

Fig. 9. Simulated frequency response of filters A, C, and D.

results were not de-embedded, hence, include additional losses
of coaxial to waveguide adapters.

A. TM Mode Filters

Two filters, C and D, were designed with excited TM110
mode to verify the modified resonator. Both filters have one
resonator with excited TM110 mode; thus, both are 5-pole
filters with four TZs. Filter C, shown in Fig. 6c, has the first
resonator elliptical cavity moved up, and filter D, shown in
Fig. 6d, has rectangular apertures around the first resonator
moved in the opposite sides to excite the TM110 mode. The
responses of both filters and filter A are presented in Fig. 9.
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Fig. 10. Photograph of the metal 3D printed filter A in 0° (parts 7-12), 45°
(parts 1-6), and 90° (parts 13-18) orientation to the wiper populated Renishaw
RenAM500 additive manufacturing build plate.

TABLE I
FILTER A INBAND PERFORMANCE OF THREE ORIENTATIONS TO THE

WIPER.

Orientation Part Number IL (dB) RL (dB) ∆f (%)
7-8 0.53-0.80 12.33 0.52

0° 9-10 0.67-0.84 13.17 0.34

11-12 0.61-0.89 11.98 0.48

1-2 0.56-0.75 14.09 0.39

45° 3-4 0.72-0.88 13.15 0.43

5-6 0.51-0.73 13.46 0.52

13-14 0.54-0.75 14.17 0.62

90° 15-16 0.56-0.78 14.17 0.74

17-18 0.53-0.69 14.13 0.93

IL – insertion loss in the passband; RL – minimum return loss in the passband;
∆f – centre frequency shift.

TM mode filters have better selectivity at the cost of
somewhat worse stopband performance. That is because trans-
mission zeros from excited TM mode can be moved closer to
the passband than the other TZs.

B. Aluminium Filters

Filter A, displayed in Fig. 6a, was metal 3D printed in three
different orientations to the wiper: 0°, 45°, and 90°. The build
plate with the manufactured parts can be seen in Fig. 10. The
wiper goes back to front, and the gas flows from right to
left, as illustrated in Fig. 10. These prototypes were printed
in two pieces because that offers the best surface finish for
all surfaces, i.e., there are no downskin surfaces. On the other
hand, manufacturing in two pieces requires assembly, which
can introduce a mismatch and thus reduce performance. The
assembled filter prototype is shown in Fig. 13.

Filter A inband and wideband frequency responses are pre-
sented in Figs. 11 and 12, respectively. Table I summarises the
inband performance of all samples. Filter A, manufactured in
90° orientation to the wiper, has the best inband performance.
The 45° orientation also performs similarly, except for the
sample 3-4, which may be due to assembly errors. In contrast,
0° orientation had the worst performance in terms of IL and
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(c)
Fig. 11. Filter A inband frequency response in: (a) 0°, (b) 45°, and (c) 90°
orientations to the wiper (insets: insertion loss).

RL. Wideband performance of all three orientations is virtually
the same, with stopband rejection of 32 dB up to about 32
GHz.

C. Copper Filters
Filters E and F, shown in Figs. 6e and 6f, respectively,

were metal 3D printed using copper powder; thus, they have
better electrical conductivity but are heavier than aluminium
filters. Three prototypes for each filter were manufactured in
one piece, as seen in Fig. 13. Furthermore, they were electro-
polished to improve the surface finish since printing in one
piece at a 45° angle to the build plate means that half of
the filter has a downskin surface, which has the worst surface
finish possible [12].
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Fig. 12. Filter A wideband frequency response of all three orientations to the
wiper.

Fig. 13. Photograph of metal 3D printed filters. From left to right: filter A,
E, and F.

The electro-polishing was done in a solution of 85% phos-
phoric acid and de-ionised water. The applied voltage was 3 V
for all parts. The applied current was around 1 A and the time
in the solution varied between 3 to 7 minutes, depending on
the size of the part. The result of the electro-polishing on the
surface roughness of horizontally copper 3D printed samples
can be seen in Fig. 14. Compared to aluminium and copper
as-built samples, the surface roughness improved significantly.

Filter E inband and wideband performance is shown in
Figs. 15 and 16, respectively. There is a larger relative centre
frequency shift than filters A and F because of the narrower
bandwidth. The measured IL is 0.67-0.97 dB, while RL is
better than 12 dB in the passband. The stopband has 30 dB
rejection up to 33.5 GHz.

Filter F inband and wideband performance is shown in Figs.
17 and 18, respectively. The measured IL is 0.52-0.81 dB,
while RL is better than 12.34 dB in the passband. The stopband
performance is not as good as expected, with the rejection
of 20 dB up to 43.85 GHz. It is only 1.76 times the centre
frequency, compared with 2.12 and 2.35 for filters A and E,
respectively.

Overall, both filters have good agreement with the simu-
lation results. Furthermore, all prototypes had relatively con-
sistent results, which may allow accounting for errors such
as frequency shift in narrowband filters during filter design.
The measured insertion loss was low, considering the rough
surface finish and high frequency. Also, it should be noted that
the test fixture included two coaxial to waveguide adapters that
were not de-embedded. Moreover, introducing tuning elements
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Fig. 14. Surface roughness of horizontally metal 3D printed samples: (a)
aluminium as-built; (b) copper as-built; (c) copper electro-polished.

12 13 14 15 16

Frequency (GHz)

-1.5

-1

-0.5

0
S

21
 (

dB
)

Fig. 15. Filter E inband frequency response (inset: insertion loss).

Fig. 16. Filter E wideband frequency response.
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Fig. 17. Filter F inband frequency response (inset: insertion loss).

Fig. 18. Filter F wideband frequency response.

such as tuning screws could improve both IL and RL in the
passband.

IV. DISCUSSION AND REVIEW

This section discusses two topics. The first is a review
and comparison of SLA and SLM microwave components
in terms of RF and thermal performance, weight, required
post-processing, and manufacturing capability of complex
monolithic components. The second concerns SLM parameters
which affect surface roughness and dimensional accuracy, and
strategies for overcoming these limitations.

A. SLA Versus SLM

Two AM techniques are popular for manufacturing mi-
crowave components: Stereolithography and Selective Laser
Melting. Each has its advantages and disadvantages. SLA
has better dimensional accuracy, lower weight, and lower
printing cost but requires metal plating and has lower temper-
ature operability. Meanwhile, SLM can produce whole metal
components and thus have higher mechanical and thermal
robustness but has lower dimensional accuracy and rougher
surface finish requiring some post-processing.

Table II gives a comparison of recently published mono-
lithically 3D printed bandpass filters. Filters produced using
SLA have lower frequency shift and mostly better IL in
the passband [20]–[22]. However, SLM can also produce
components with the same level of performance as SLA [22]–
[24].

Metals have better thermal properties, such as thermal
expansion coefficient and thermal conductivity than SLA
polymer resins [25]. Therefore, SLM printed components
can handle more heat and are more suitable for high power
applications. Somos Perform resin was used [20], [21], [26] to
improve high temperature operability, up to 140 °C, for SLA
components. However, Somos Perform resin’s coefficient of
thermal expansion (CTE) is about three times larger than cop-
per at high temperatures [21]. Hence, the thermal frequency
drift, which affects the centre frequency of the bandpass
filters, is more severe for SLA manufactured components,
particularly narrowband filters, at high temperatures [21], [27].
The thermal conductivity of Somos Perform resin was not
reported.

SLA parts must be plated since they are printed using poly-
mer or ceramic composite based resins. The plating process
requires sufficient access to the inner surface for uniform depo-
sition of the metallic layer. This is usually achieved by printing
the filter in two pieces, but this introduces assembly errors
which may affect the performance. However, it is possible to
plate the monolithic filters by incorporating side wall openings
into filter design [20]–[22] or use a specifically suited plating
process for which port openings on both sides of the filter are
enough [26]. In [22], the side openings were cleverly used
not only for plating but also as means for spurious resonance
suppression. However, the side openings introduce radiation
loss within the passband and stopband. In the passband, it is
minimal but can impact external circuits since radiation in the
stopband is high; hence additional absorbers might be required
[22].

Integrating different functions such as filtering, radiating,
phase shifting, and polarisation increases the complexity of
the component. Hence, the inner surface might have twists and
bends and limited access, which puts SLA at a disadvantage
as many post-processing steps (polishing, plating seed nickel
layer, copper/silver layer) require sufficient access to inner
surfaces. Therefore, SLM is more suited for monolithic 3D
printing of complex microwave subsystems for high power
applications [8]–[10].

SLA parts enjoy lighter weight compared to SLM printed
components. Somos Perform is about 39% lighter than alu-
minium [20], which translates to about 81% lighter than
copper (assuming the density for aluminium and copper to
be 2.7 g/cm3 and 8.96 g/cm3, respectively). The lightweight
feature of SLA is excellent for applications where weight is
a concern. This mainly applies to satellite communications,
where the price of a launch depends on the weight of a
payload. However, launch costs have and will continue to
decrease since commercial suppliers have entered the space
industry, causing rapid technology development [29].

Generally, AM parts require some post-processing to im-
prove the surface finish. Components with complex inner
surfaces have fewer options: chemical or electro-polishing, or
metallisation. Mechanical polishing, such as shot peening, can-
not produce satisfactory results for complex non-linear internal
geometries [30]. AlSi10Mg parts have considerable silicon
content making them unsuitable for usual chemical or electro-
polishing, although unique solutions have been developed for
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TABLE II
COMPARISON WITH PREVIOUSLY REPORTED MONOLITHICALLY 3D PRINTED BANDPASS FILTERS.

Ref. f0 FBW N IL RL ∆f Spurious AM Material Post-processing
(GHz) (%) (dB) (dB) (%) Suppression Technology

[26] 32.17 5 4 0.43-1.00 >12 0.47 — SLA Somos Perform
resin

Sandblasting + heat
treatment + ELP
Ni/Cu/Ag

[20] 32.2 13.6 5 0.23-0.50 >17 0.37 — SLA Somos Perform
resin

EP Cu + ELP Ag

[21] 10 3 4 0.24 >17 0.8 — SLA Somos Perform
resin

ELP Ni + EP Cu

[22] 10 1 3 0.20 >20 0.04 Yes (>20 dB) SLA Accura Extreme
resin

Cu plating

[22] 10 1 3 0.33 >22 0.5 Yes (>20 dB) SLM Al-Cu alloy
powder

Mechanical polishing

[23] 14.125 1.77 5 0.20 >18 0.20 Yes (>55 dB) SLM Scalmalloy
powder

Ag plating

[28] 31 2.84 4 1.53 >13.6 1.1 Yes (>20 dB) SLM AlSi10Mg
powder

Chemical polishing

[24] 10 5 5 0.2-0.3 >15 0.9 Yes (>34 dB) SLM Al alloy powder Mechanical polishing

T.W. Filter E 14.23 10.54 4 0.67-0.97 >12 1.77 Yes (>30 dB) SLM Cu powder Electro-polishing

T.W. Filter F 24.87 20.10 4 0.52-0.81 >12.34 1.56 Yes (>20 dB) SLM Cu powder Electro-polishing

T.W. – this work; f0 – centre frequency; FBW – fractional bandwidth; N – filter order; IL – insertion loss; RL – return loss; ∆f – centre frequency shift;
SLA – stereolithography; SLM – selective laser melting; EP – electroplating; ELP – electroless plating.

3D printed AlSi10Mg parts [31]. Copper, on the other hand, is
perfectly suitable for electro-polishing. Fig. 14 shows surface
roughness profiles for horizontally printed AlSi10Mg and
copper as-built samples and electro-polished copper sample.
The reduction in surface roughness after electro-polishing is
evident. It should be noted that the surface tested was a top
surface of horizontally printed pieces, which has the best
surface finish possible [12].

In addition, copper has lower electrical resistivity than
aluminium. As-built additively manufactured copper and
AlSi10Mg parts do not exhibit the same electrical resistivity as
pure metals, mainly due to different element compositions and
melted lattice structure [32], [33]. The as-built conductivity
of 45° build orientation samples of AlSi10Mg and copper
were found to be 19.14% and 21.55% International Annealed
Copper Standard (IACS), respectively [32], [33]. However, the
value increased after heat treatment to 29.83% and 50.3%
IACS, respectively [32], [33]. Other factors such as defects due
to lack of fusion (low laser power, 200 W), unmelted powder
particles, and low porosity have contributed to the lower
electrical conductivity of 3D printed copper [33]. Renishaw
RenAM500 AM system uses higher laser power, 480 W, to
sinter copper powder, thus obtaining much higher conductivity,
namely, 88% IACS. The conductivity of the printed copper
can be further increased up to 99% IACS by appropriate heat
treatment (2 hours at 850 °C). In this work, the printed copper
prototypes, filters E and F, were not heat treated; thus, they
had 88% IACS conductivity.

In summary, to fully utilise freedom of design and design
complex integrated components and subsystems, Selective
Laser Melting offers better performance than Stereolithog-
raphy, especially when high power handling is required.
SLM in copper also improves performance at the cost of

increased weight. This might suit applications where perfor-
mance is more important than weight, or plating or polishing
of AlSi10Mg is infeasible due to complex inner structure.

B. SLM Parameters
Besides the post-processing techniques such as polishing

and metal plating, surface roughness and dimensional accuracy
can be improved directly in the SLM process by understanding
and optimising different SLM parameters and applying in situ
strategies such as remelting [34]. The following parameters
affect the surface roughness and dimensional accuracy of
AM parts: 3D printer parameters such as laser power, layer
thickness, hatch distance, scanning speed, scanning strategy,
and laser spot diameter [35]–[37]; powder parameters like
powder morphology, microstructure, and chemical character-
istics [38]; placement of the part on the build plate like build
orientation (vertical, horizontal, at an angle), orientation to
the wiper, relative positioning to the other parts in terms of
the gas flow, and laser incident angle [35], [39], [40]; CAD
model processing such as .STL file conversion accuracy and
applied shrinkage factors [41], [42]. Multiple studies have
tried to relate some of those parameters to surface roughness
and dimensional accuracy [43]. However, as some of these
parameters are interdependent, e.g., laser spot diameter and
incident angle or powder morphology and layer thickness, it
is difficult to quantify the effects of each parameter.

This study tried to quantify one of the parameters, namely,
orientation to the wiper, in terms of microwave performance.
The results showed that 90° orientation had the best per-
formance. However, since all filter samples were printed in
two pieces, assembly errors might have affected these results.
Moreover, other types of influence include position to the gas
flow and laser incident angle. For example, 90° orientation
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parts were placed first in line to the gas flow, which means
that they did not have any spattered powder carried by the gas
flow from the previous parts, unlike the other two orientations.
The spattered powder can lead to variations in layer thickness,
balling effects, and other defects [35], [44]. Hence, 0° and 45°
orientations may have reduced performance.

Further proof of the gas flow influence may be that powder
spreading is inhibited when an edge of the part is parallel
to the wiper, as in 0° and 90° cases. Even so, the 90°
orientation performed better than the 45° one. More controlled
experiments should be done to evaluate orientation to the wiper
influence on the microwave performance.

Alternatively, a more fundamental approach could be taken
by measuring surface resistance which accounts for surface
roughness and can be directly related to microwave loss [12],
[16]. Such an approach should be used to evaluate different
types of surface roughness produced by 3D printing [45] and
their influence on the surface current flow [13].

Predicting surface roughness and dimensional accuracy of
SLM and thus allowing to optimise both would be of great
importance to any high standard application. Hence, several
studies have successfully attempted this regarding key SLM
parameters [14], [46], [47]. However, many challenges, such as
downskin surface roughness prediction, remain to be overcome
due to the complexity of the processes and many variables
involved in 3D printing [48].

Considering all of this, a model for predicting/optimising
SLM parameters and build orientation/position and incorpo-
rating advanced strategies such as remelting [34], [36], in
terms of surface resistance and dimensional accuracy could
potentially improve microwave component performance, with
chemical or electro-polishing if required, to a similar level
as CNC milled components. This model would particularly
benefit large monolithic components/subsystems with complex
internal geometry because of many different surfaces and a
large footprint on the build plate. Indeed, such a model would
require a lot of data and work to implement, but the benefits
would be great since SLM has demonstrated a sufficient level
of repeatability in this work and others [4], [11], [49].

V. CONCLUSION

This paper presented wideband bandpass filters based on a
deformed elliptical cavity resonator. Six prototype filters were
designed, and three were metal 3D printed using Selective
Laser Melting. The measured results agreed well with the
simulations, thus validating the resonator. Furthermore, one of
the SLM parameters, orientation to the wiper, was evaluated in
terms of frequency response, which is useful in predicting and
improving the performance of microwave components. Two
prototypes were monolithically 3D printed from commercially
pure copper and electro-polished. This enhanced the insertion
loss compared to the previously manufactured aluminium fil-
ters. An in-depth discussion was given concerning appropriate
applications for monolithic copper Selective Laser Melting and
the need for future research on improving the performance of
3D printed microwave components.
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